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CHAPTER |
INTRODUCTION

1.1 Introduction

Carboxylic acids are widely used as basis of chemical in many industries, such
as food beverages, pharmaceutical and chemical industries. On the other hand,
petrochemical and wood pulping industries usually discharge wastewater, polluted
with carboxylic acids, especially acetic acid. Acetic acid is an important chemical in
many industries, such as synthesis of cellulose acetate, printing, textile, dyeing and
also food industries (Acetic acid, 2015). In pharmaceutical production, the carboxylic
acid is used in form of lactic acid in order to produce soluble lactates from insoluble
active composition. Because of acidity and antiseptic properties of lactic acid, it also
can be used in topical preparation and cosmetics. Moreover, in polylactic acid (PLA)
production, lactic acid performs as a monomer, also recognized as a raw material of
biodegradable plastic (Lactic acid, 2015). To produce several types of butyrate esters,
butyric acid is certainly involved. As a result of low molecular weight of butyric acid
ester, methyl butyrate attains pleasant aromatic or taste properties. Therefore, it can
be utilized as an additive in food and perfume productions (Butyric acid, 2015). Another
form of carboxylic acid, which is generally used as a chemical intermediate, is valeric
acid. For instance, it can be used as vinyl stabilizer for plasticizers and another benefit
of veralic acid is to be odorant constituent in agricultural pesticide and lubricants
(Valeric acid, 2015). The acid waste streams discharged from these manufacturing
processes generally contain low levels of organic acid such as acetic acid concentration
less than 5% from terephthalic acid process and valeric acid concentration in the range

of 0.5-2.5 g/l from waste stream of nylon manufacturing (Jung et al., 2008; Rodriguez



et al., 2000) Typically carboxylic acids, which consist of carbon between two and five,
are known as fermentation products (acidogenesis) in anaerobic digestion. They are
created by acidogenic bacteria as a result of converting of less soluble organic
compounds to organic acids. These acids are known as volatile fatty acids (VFAs), which
mainly contain acetic acid. Unlike acidogenic bateria, methanogenic bacteria, creates
a variety of by-products which are water, methane and carbon dioxide. Balancing the
presences of these two types of bacteria, one for acid ferment and another for
methanogen, would accomplish the overall anaerobic digestion rate of waste
stabilization in the digester system (Yang et al., 2003). However, most of wastewater
treatment plants have discharged usable VFA effluent from incomplete anaerobic
digestion because the growth rate of methanogens can be maintained only in a narrow
pH range and their growth rates are relatively lower than acidogens. Concentration,
recovery and reuse these valuable materials from waste streams therefore are certainly
more preferable than to treat them and then form undesired sludge for disposal,

regarding to environments and economics.

Recently the membrane processes, such as ultra-infiltration (UF), reverse
osmosis (RO), electro-dialysis (ED) and nano-filtration (NF), are recognized as effectively
successful processes to treat organic waste streams and to retrieve the diluted organic
pollutant (Timmer et al., 1994; Vertova et al., 2009). Based on desalination, membrane
technology, that becomes more globally recognized and continuously developed, is
forward osmosis (FO) or direct osmosis (DO) as a result of the depletion of fossil fuel
leading to the escalating of fuel price (McCutcheon et al., 2006, McGinnis and
Elimelech, 2008). Unlike the pressure-driven membrane processes, forward osmosis or
direct osmosis requires less energy because it operates under low hydraulic pressure.
The driving force is developed by differential osmotic pressure between two sides,

intrinsically generated by difference of concentration gradient between low



concentration of feed solution side and high concentration of draw solution side.
Certainly, this process consumes less energy than pressure-driven membrane
processes, such as reverse osmosis. With less energy consumption, if the draw solution
can be discharged without any post treatments or easily recovered by less energy
processes, overall energy cost of forward osmosis process will be definitely less than
pressure-driven membrane processes. The pressure-driven membrane processes, such
as reverse osmosis, are typically driven by hydraulic pressure, created from high
pressure pump. Using a high hydraulic pressure leads to high tendency of fouling on
membrane surface since all unselective substances in feed stream are pushed against
the membrane surface. In a different manner, the forward osmosis is driven by natural
osmotic pressure produced by the circulated draw solution. This pressure pulls
molecules of water but leaves suspended solids or foulants in the concentrated feed
solution. Hence the current processes to remove and recover organic contaminants,
such as ultrafiltration (UF), reverse osmosis (RO), known as the pressure-driven
membrane processes, may possibly be replaced by the forward osmosis membrane
recently. As stated above, if the forward osmosis requires no osmotic agent separation
or recovery, it will draw more attentions. In some remote irrigated areas, where fresh
water is shortage, the forward osmosis process can extract water from feed solution
and also produces the diluted fertilizer which can be utilized in irrigation immediately
(Phuntsho et al,, 2011). Therefore, to simulate this application of forward osmosis
process, this research selects one molar of NH4Cl as draw solution to represent the
fertilizer. This advantage can also be applied for concentrated brine, rejected from
seawater reverse osmosis. The concentrated brine draw solution after diluting from
the forward osmosis process can directly be discharged into the sea. In the aspect of
environmental conservation, the diluted brine which has identical concentration to

the seawater will also not damage or affect to marine fauna and flora (Latorre, 2005).



Subsequently, the current study also selects one molar of NaCl draw solution to

represent the RO concentrated brine of seawater desalination.

Forward osmosis has been tested to reuse human wastewater for portable
water in spacecraft (Cath et al., 2005a; Cath et al,, 2006). Due to high contaminant
rejection and low membrane fouling, the forward osmosis process is superior to the
traditional pressure-driven membrane process (Achilli et al., 2009). The treatment of
nutrient-rich liquid stream, anaerobic digester centrate from dewatering of digested
biomass, has been researched both batch and continuous operations of FO process
(Holloway et al, 2007). In food processing, forward osmosis application for
concentrating a variety of liquid food shows the potential membrane technology to
be applied in food industries (Nayak & Rastogi, 2010; Sant’Anna et al., 2012). Both
effects of pH and temperature on forward osmosis membrane flux by using rainwater
as the makeup water source for cooling water dilution have been investigated (Latorre,
2005). Forward osmosis desalination is also applied in oil and gas wastewater which
has been addressed in the impacts of membrane selection and operating conditions
(hydrodynamic) on the performance of FO process (Wang et al.,, 2014). As a result of
their large specific membrane area, the performance of CTA HF membranes has been
evaluated with regard to various operating conditions such as draw solution
concentration, membrane orientation, cross flow velocity and temperature (Shibuya

et al., 2015).

In each application, the process performance which is evaluated by water
recovery, permeate water flux and solute rejection are clearly governed by the
inherent membrane properties itself, anti-ICP and anti-fouling along with water
permeability, solute rejection and the structure parameter of the membrane (Zhao et
al., 2012). The another essentially external factor is process operation parameters that

definitely affect to system efficiency such as the characteristic of feed and draw



solutions (type, concentration and capacity), the liquid temperature in the process and
the flow velocity in the membrane module as well as the module design and the
operation time of the process which also play the significant role in the performance
of FO process. However, no such a research has specifically described these
parameters in aspect of dynamic modeling to express or model their behaviors to the
system performance over time. For this reason, the current study is intended to
develop dynamic process model as the useful tools that can help to predict how the
system efficiency or flux behavior will change over time by varying operating conditions
and therefore assist to optimize performance with no experiment time consuming. This
study can also implement as a guideline to configure the initial operating parameters
of the FO process so that the optimal performance can be obtained by considering

both operational and economical aspects as a whole.

The main objective of this research is to develop the dynamic process model,
developed by systematically investigating and compiling each single logical
phenomenon equation and associated variables during the operation of forward
osmosis process, simulated by using low concentration of single carboxylic acid (10
mM of acetic acid, butyric acid, valeric acid and lactic acid) and a mixture of two
carboxylic acids as feed solution. 1 M NH,Cl and 1 M NaCl were prepared as draw
solution. By means of Levenberg-Marquardt algorithm, the developed model is able
to determine all precise dependent process variables varying over time during
simulating the carboxylic acid concentration in forward osmosis process. In order to
achieve this goal, the relevant performance membrane constants which are water
permeability coefficient, NH4,Cl and NaCl permeability coefficient and structure
parameter, have to be determined and evaluated from corresponding water flux and
solute flux models, derived from FO mode configuration (AL-facing-FS) (Tiraferri et al.,

2013) while acid permeability coefficients are defined from proposed water flux and



acid flux models which are derived from PRO mode configuration (AL-facing-DS). After
accomplishment of model development, the model is validated against the well-
controlled FO experiment under the same operating conditions where pH of feed
solution and weight change of draw solution are employed as experimental data for
model validation. The developed model of this research can also forecast the
behaviors of other carboxylic acids and thus offers the further profound understanding
and advancing knowledge in this area which can be contributed to future application

of wastewater reuse for a large-scale FO process in more pragmatic manner.

1.2 Objectives of the study

1. To investigate the concentrating carboxylic acid performance by forward
OSMOSIS Process.

2. To investigate the effect of chemical properties of carboxylic acids on
membrane water flux and carboxylic acid retention.

3. To develop dynamic mathematical models of forward osmosis process during
the concentration of carboxylic acids.

4. To validate the mathematical models by using controlled laboratory

experiments.

1.3 Scope of the study

1. The experiment uses a synthetic wastewater as feed solution.

2. The variable parameters during operation study are carboxylic acid types, a
mixture of two carboxylic acids and draw solution types.

3. Development of mathematical models is used to explain concentrating

carboxylic acids by forward osmosis process.



4. This research is performed at controlled temperature at 28 + 0.5°C.

1.4 Expected benefits

1. To know about concentrating performance of carboxylic acids by forward
0OSMOSis process.

2. To know about chemical properties of carboxylic acids effect on water flux and
carboxylic acid retention during concentration process.

3. To know about the simulation of mathematical models to predict acid
concentration performance as a function of time during the concentration of

carboxylic acid



CHAPTER Il
LITERATURE REVIEW

2.1 Introduction

Since the early age of mankind, osmosis, natural phenomenon, has been used
by human being. In early period, for long term preservation, salt could be used to
dehydrate foods. This makes most bacteria, fungi or any possibly harmful organisms to
briefly inactivate or dry up and then decease due to osmosis. In general, osmosis is
described as the net movement of water which transfers across a particular porous
membrane. This movement is caused by a difference of osmotic pressure across the
membrane. Only water can pass through this particular porous membrane while
dissolved substance molecules or ions are rejected. Many applications of the driving

force, created by osmotic pressure, will be examined and discussed later.

However, in the area of water treatment, osmosis is typically a less recognizable
process than reverse osmosis. For this reason, a concise RO process narrative is given
before proceeding with any discussion about osmosis. RO uses hydraulic pressure to
oppose, and exceed, the osmotic pressure of an aqueous feed solution to produce
purified water (Sourirajan, 1970). RO uses the applied pressure as a driving force to
transport mass through the membrane. On the other hand, osmosis used intrinsic
osmotic pressure as a driving force. Several publications on the application of RO in
the area of both water treatment and wastewater reclamation show in the literature.
A small number of publications about water treatment engineering applications, using
forward osmosis (FO) or osmosis or direct osmosis (DO) show in the literature. Yet, at
bench scale, FO has been utilized to treat wastewater from industries (Anderson &

University of Rhode, 1977; Holloway et al,, 2007) (Votta et al, 1974) to condense



landfill leachate at both pilot and full-scale (Beaudry & Herron, 1997) and to treat fluid
foods in food industry at bench scale (Jiao et al., 2004). Moreover, FO is being assessed
to reclaim wastewater for mobile reuse in life aid systems at demonstration scale
(Beaudry & Herron, 1997; Cath et al.,, 20053; Cath et al., 2006; Cath et al., 2005b) to
desalinate seawater (McCutcheon & Elimelech, 2006), and purify water in urgent
alleviation situations (Cohen, 2004). In field of material science, recent development
has accepted the application of FO to control drug releasing in the body (Bhatt, 2004).
Since the 1960s, Pressure-retarded osmosis (PRO), a familiarly associated process, has
been examined and evaluated as a possible process for power generation (Aaberg,
2003[Loeb, 2001 #52; Loeb, 2002)] (Aaberg, 2003; Loeb, 2001; Loeb, 2002). PRO utilizes
the osmotic pressure variation between seawater or concentrated brine and clean
water to pressurize the saline flow, thus transforming the osmotic pressure of seawater
into a hydrostatic pressure, used to generate electricity. The major advantages of
application of FO are that it runs at no or low hydraulic pressure, has great rejection
of broad spectrum of contaminants, and probably has a lesser membrane fouling
tendency than processes that use pressure-driven membrane (Holloway et al., 2007).
As, in FO process, the only concerned pressure, a few bars, is resulted from flow
resistance in the membrane module, the required equipment is very straightforward
and the membrane support is not problematic. In addition, FO is also useful in food
and pharmaceutical processing due to the ability to concentrate the feed stream in
the absence of high pressures and temperatures that may be able to damage the feed
solution. FO application can use for medical purpose as well as a result of the ability
to facilitate the slow and precise discharge of drugs which have low oral bioavailability

because of their limitation on dissolvability or permeability (Bhatt, 2004).
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2.2 Osmotic Processes

2.2.1 Classification of osmotic processes

Osmosis is defined as the transport of water across a particular porous
membrane. This water is transported from a higher water chemical potential area to a
lower water chemical potential area, which is forced by a difference in solute
concentrations across the membrane that allows water passage, but virtually disallows
solute molecules or ions. If osmotic pressure (m) was applied to the greater
concentrated, it would avert water transport through the membrane. Unlike RO, using
hydraulic pressure, FO utilizes the differential of osmotic pressure, defined as Am, as a
driving force to transport water across the membrane. The FO processes cause a feed
stream to concentrates and extensively concentrated stream, known as the draw
solution, to dilute. In PRO, pressure is oppositely applied to the osmotic pressure
gradient direction, same as RO, while the net water flux is still in the concentrated
draw solution direction, same as FO. Therefore, PRO can be considered as intermediate

process of both.

The typical water transport equation for FO, RO and PRO is
J» = A(cAm — AP) (2.1)

where J,,, the water flux, A is the water permeability constant of the membrane, g is
the reflection coefficient, and AP is the applied pressure. AP = 0 in case of FO, AP >
Am in case of RO and Am > AP in case of PRO. The permeating water flux directions
for FO, PRO and RO are shown in Fig. 2.1 In early 1980s, Lee and his peer (Lee et al,
1981) described flux directions and also driving force for these three processes. Fig. 2.2

shows the FO point, PRO region and RO region as well as the flux reversal point.
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FORCE (AP) FORCE (AP)

FO PRO RO

Fig. 2.1 Solvent flow in FO, PRO and RO Solvent flow in FO, PRO and RO
In FO, AP is zero and water transportacross the membrane to the more saline
side. In PRO, water disperses across the membrane to the more saline side under

positive pressure (At > AP). In RO, water disperses across membrane to the less

side because of hydraulic pressure. (Lee et al., 1981)

A N
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] \
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Pressure-
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Forward _ _ _ _ _ _ _ _ ______ I
Osmosis

(AP=0)
Fig. 2.2 Water flux direction and magnitude, corresponding to applied pressure in FO,

PRO and RO.
FO occurs whereas the hydraulic pressure difference is zero. PRO take places

whereas the applied hydraulic pressure is between zero and flux reversal point and
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RO happens whereas the applied pressure difference is more than the osmotic

pressure difference. (Lee et al., 1981)
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Fig. 2.3 Osmotic pressures correspond to solution concentrations at 25°C for several
types of draw solution. Data were computed by OLI Stream Analyzer 2.0 (OLI Stream

Analyzer 2.0, 2005)

2.3 Draw Solutions

On the permeable side of the membrane, the concentrated solution is the
cause of the driving force in the FO processes. In the literature, this solution is named
by different terms such as draw solution, sample solution, brine, osmotic agent,
osmotic media, osmotic engine or driving solution. This paper selectively uses the term
draw solution to name this solution. The key requirement to select the draw solution
is the greater osmotic pressure than the feed solution. By utilizing OLI Stream Analyzer
2.0 (OLI Systems Inc., Morris Plains, NJ), the solution osmotic pressures can be
determined in order to select as proper draw solution. The osmotic pressures,
calculated by this software, as a function of solution concentration are illustrated in
Fig. 2.3 To forecast the characteristics of solutions upon a broad range of

concentrations and temperatures, this software applies thermodynamic modeling
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which is constructed on published experimental data. Selecting a proper process to
reconcentrate the draw solution, which has been already diluted after the FO
processes, is another critical requirement in some FO application. A sodium chloride
solution is usually exploited due to high solubility and ease of reconcentrating to high
concentration with RO in the absence of threat of scaling. Furthermore, study of solute
diffusion from the draw solution across the membrane is also mandatory. In case of
high rejection, which is a requirement in some applications, multivalent ion solution
may be a suitable choice. Seawater may be utilized as the draw solution in some
applications in PRO. Formerly, seawater (Aaberg, 2003), Dead Sea Water (Loeb, 1998)
and Salt Lake Water have been selected or considered as draw solution in several
investigations of PRO and FO. Especially, in seawater desalination application, a variety
of other chemicals have been considered and examined as solutes for draw solution
as well. Batchelder (1965) proposed sulfur dioxide as solute for draw solution for this
application. Glew (1965) studied furthermore on this concept and proposed the FO
draw solution which consisted of water and another gas (e.g., sulfur dioxide) or liquid
(e.g., aliphatic alcohols). Frank (1972) proposed an aluminum sulfate solution, Kravath
and Davis (1975) proposed a glucose solution in FO application of seawater
desalination, Kessler and Moody (1976) proposed a mixture of glucose and fructose
for desalination of seawater and Stache (1989) proposed a concentrated fructose
solution to produce a nutritious drink for the course of FO of seawater. McGinnis (2002)
proposed a two-stage FO process due to an advantage of temperature-depended
solubility of the solutes. Definitely, McGinnis suggested potassium nitrate (KNO;) and
sulfur dioxide (SO,) solutions to be draw solution for seawater desalination. Later,
McGinnis and colleague also suggested the innovative FO application which was shown
that mixture of carbon dioxide and ammonia gases in definite ratio generated
substantially concentrated draw solution of ammonium salts which were thermally

removable. In this process, FO draw solution was created with osmotic pressure over
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250 atm. This caused original high recoveries of clean water from concentrated saline
feeds and significant decrease of brine ejections from desalination. In a modern
nanotechnological method, original non-toxic magnetoferritin (NanoMagnetics, 2005) is
being examined as a promising solute for draw solutions. By using a magnetic field, this

substance can be promptly isolated form aqueous streams.

2.4 Concentration Polarization in Osmotic Processes

In osmotic—driven membrane processes, the water flux is expressed by
Equation (2.1). The osmotic pressure difference through the active layer of the
membrane is represented by AT in this equation. In these processes, because the
osmotic pressure difference through the active layer is relatively considerably low,
compared with the bulk osmotic pressure difference, water flux is significantly lower
than expected (McCutcheon et al., 2006[Loeb, 1998 #51)] In many membrane-related
transport phenomena, such water flux attribute is often noticeable. In osmotic-driven
membrane processes, there are two types of concentration polarization (CP)
phenomena. Those are external CP and internal CP. Following sections will discuss

about both these phenomena.

2.4.1 External concentration polarization

An accumulation of solute at the surface of active layer of membrane is
resulted from convective permeate flow in pressure-driven membrane processes.
According to concentration polarization (CP), permeate water flux is decreased by this
incident as a consequence of enlarged osmotic pressure. To deal with this increased
osmotic pressure, hydraulic pressure is necessarily introduced (Sablani et al., 2001,
Song & Elimelech, 1995). CP can take place in both pressure-driven membrane
processes and osmotic-driven membrane processes, on both the feed and permeates

sides of the membrane, because of water permeation. Solutes accumulate at the
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membrane’s active layer, whereas like RO process, the feed solution permeates across
the active layer of the membrane. Similar to CP in pressure-driven processes, this
phenomenon can be defined as concentrative external CP. Instantaneously, while
contacting with the membrane’s permeate side, the draw solution is being diluted
whereas the permeate membrane interacts with the permeate water. This
phenomenon can be described as dilutive external CP. The effectiveness of osmotic
driving force is hindered by both phenomena. By controlling the water flux or
enhancing velocity and turbulence at the surface of membrane, this unfavorable effect
can be reduced (Mulder, 1997). Nevertheless, in FO, the capability to decrease external
CP by reducing flux is constrained due to a ready low water flux. The equations to
define external CP phenomena in FO can use those modeled for CP of pressure-driven

membranes (Elimelech & Bhattacharjee, 1998).

Compared to the effects in the pressure-driven membrane processes, the
effects of membrane fouling caused by external CP on water flux is weaker because
FO process uses the low hydraulic pressure. This can be clarified that external CP has
a minimal influence in osmotic-driven processes and also has a minor effect to lower

the expected water flux in FO process.

2.4.2 Internal concentration polarization

Once an osmotic pressure incline is crated through an entirely rejecting
symmetric dense membrane, as shown in Fig. 2.4a, without external CP, the driving
force is the difference of osmotic pressures of the bulk solutions. On the other hand,
the CP phenomena in FO processes are more complicated as the result of the
asymmetric composite membranes consisted of a dense dividing layer and a porous
support layer. Couple phenomena can appear in such membranes which depend on
the orientation of membrane. Like PRO when an asymmetric membrane’s porous

support layer confronts the feed solution, whereas solute and water disseminate



16

across the porous layer, a polarized layer is created next to the dense active layer
inside as shown in Fig. 2.4b. This phenomenon likes concentrative internal CP
(McCutcheon et al., 2006), but it occurs inside the porous layer, and so, cannot be
diminished by cross flow. In desalination and water treatment applications of FO, the
feed solution confronts the active layer of the membrane and the draw solution
confronts the porous support layer. It is referred to as dilutive internal CP as shown in
Fig. 2.4c (McCutcheon et al., 2006), the draw solution inside the porous base turns out

to be diluted, while water spreads through the active layer.
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Fig. 2.4 Driving force profiles for osmosis across the membrane types and orientation
in term of water chemical potential (ly) (McCutcheon et al.,, 2006) (a) A rejecting
symmetric dense membrane. (b) An asymmetric membrane with porous support layer
confronting the feed solution; the profile depicts concentrative internal CP. (c) An
asymmetric membrane with dense active layer confronting the feed solution; the
profile depicts dilutive internal CP. Ap,, expresses the actual/effective driving force.
The effect of external CP is assumed to be insignificant in this diagram.

Fig. 2.5 clearly depicted that the osmotic pressure difference between the bulk
feed and bulk draw solution (ATy,x) is sreater than the osmotic pressure through the

membrane (Am,,) because of external CP. It also shows the effective osmotic
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pressure-driving force (Amesf) is smaller because of internal CP. Additionally, like heat
exchanger operation, FO operates in a counter-current flow pattern where draw and
feed solution flow tangentially to the membrane but in the opposite directions. Such
this pattern offers constant Am along the membrane module and cause the process

to be more efficient (Loeb, 1971).
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Fig. 2.5 (a) Concentrative internal CP. (b) Dilutive internal CP through a FO composite
or asymmetric membrane(a) Concentrative internal CP. (b) Dilutive internal CP

through a FO composite or asymmetric membrane.

2.4.3 Modeling concentrative internal concentration polarization

In RO, the hydraulic resistance, caused by the membrane structure,
predominantly affects water passage across the membrane. In contrast, in FO, this
water passage across the membrane is also affected by internal CP in the porous
support layer. Fig.2.5a depicted the profile of concentration through an
asymmetric/composite FO membrane for concentrative internal CP, whereas C; and

Cs are respectively the concentrations of the bulk feed and draw solutions; C, and Cq4
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are respectively the concentrations of the feed membrane and draw solution
membrane interfaces, developing from external CP; and Cs is the concentration at

interface between the active layer and support layer.

Regardless of membrane orientation, a following simplified equation, proposed
by Loeb (Loeb, 1998), implemented the models which were formulated by Lee et al.

(Lee et al,, 1981) express the water flux in FO.

1 .
= |n-ZHL (2.2)
K TLow

Jw =
where K is the resistance to solute diffusion within the membrane porous support
layer; and my; and my,,, are respectively the osmotic pressures of the bulk feed

solution (C;) and draw solution (Cs). Despite effects of external polarization, K is

expressed as

tt
K = oD, (2.3)
s= = (2.4)
&

where S, t, T and € are respectively the structure parameter, thickness, tortuosity and
porosity of membrane; and Dy is the coefficient of solute diffusion. Nevertheless, Eq.
(2.2) has been just proved that it is acceptable only in very low water flux condition
(Gray et al., 2006). Later, this equation has been further improved to a more general

equation of concentrative internal CP as the following equation:

K = (D) In( 2= 2.5)

B+ Aty ow

where B is the coefficient of the solute permeability of the membrane active layer.
This value can be determined by the following equation, obtained by using an RO-

type experiment:
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B = (1—R)A1(2AP—AT[) (2.6)

where R is the salt rejection. The severity of internal CP can be described by Eq. (2.5);

the greater values of K, the more severity of internal CP.

2.4.4 Modeling dilutive internal concentration polarization

Fig.2.5b depicted the concentration profile for dilutive internal CP across an
asymmetric/composite FO membrane. A simplified general equation for dilutive
internal CP in such membranes was suggested by Loeb (Loeb, 1976) as the following

equation:

B+ATy;
B+ AT ow

= (—) n(——) (2.7)

In later investigations (Gray et al., 2006, McCutcheon et al., 2006), during experiments
on an FO-designed membrane, this simplified equation has forecasted the results of

such experiments as effectively as the equation for concentrative internal CP.

2.4.5 Influence of internal concentration polarization on water flux

Both effects of the porous support layer on internal CP and high draw solution
concentrations on the total membrane permeability coefficient were investigated by
Mehta and Loeb (1978, 1979). As the results of investigation, by switching the
performing fluids on the both sides of the membrane, flux, defined by the permeability

coefficient, rapidly decreases because of internal CP as shown in Fig. 2.6.
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Fig. 2.6 Test of FO by using NaCl and MgSO4 solutions as draw solutions. After 2 hour
when the membrane support side is exposed to the draw solution in place of DI
water, the effect of internal CP can be noticed. The rate of water permeation rapidly
reduces after dilutive internal CP initiates (Mehta & Loeb, 1978)

After the experiments on DuPont B-9 (plane sheet) and B-10 (hollow fiber)
Permasep RO membrane, Mehta and Loeb (1979) revealed that the permeability
constant of membrane (4, used in Eq. (2.1) is not steady in PRO and FO. Instead, it
decreases while osmotic pressure (i.e., concentration) of the draw solution increases.
The reduction of the membrane permeability coefficient was caused by the membrane
osmotic dehydration or partial drying, which is able to be accompanied by pore
concentration, called osmotic deswelling. Thus, such partial draying enlarged
resistance to transport of water. Based on recent studies, the internal CP has been

verified as the reason of the considerable reduction of flux.

2.4.6 Define solute permeability coefficient (Bs)

Solute permeability coefficient (Bg), a membrane’s ability to retain salt, is
determined by testing the FO membrane in a cross-flow RO mode with target feed

solution. Solute rejection is measured during RO operation with varying of applied
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pressure. Solute permeability coefficient (B;) related to applied pressure is derived

from the classical solution-diffusion model as following:

Feed  Active  Support
solution  layer layer

Water Fu, J,

Fig. 2.7 Solute concentration profile in RO operation mode.

Fig.2.7 shows the system, operating in a RO mode. The feed solution is against the

active layer and salt flux through FO membrane is expressed as

Js = Bs(Cf,s - Cp,s) (2.8)

Js and J,, are related by the salt concentration transported across the selective

membrane.
s
Cp,s = E (2.9)

Substituting equation 2.9 in equation 2.8 yields an expression for salt flux from feed

solution side to permeate side.

B
SBS Cfﬂs (210)
1425

Jw

Is =
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where B; is the salt permeability coefficient, Cf‘s is salt concentration in a feed
solution and Cp,s is leakage salt concentration that transports through a selective

membrane. The salt rejection in a cross flow RO mode is define as

C
R,=1-—2 (2.11)
Cf,s

Substituting equation 2.9 in equation 2.11 yields

s
R, =1-— (2.12)
s ]wa,s

Combining equation 2.10 and 2.12 express as

Bs

R, =1- (2.13)
s Bs+Jw
Substituting J,,, from Equation 2.1 into equation 2.13, thus
1
Rs = — B, (2.14)
I+ er-am

where R; is solute rejection, AP and Am are applied pressure and solute osmotic

pressure across the membrane, respectively.

2.4.7 Define of structure parameter (S)

The structure parameter is defined by using FO membrane operation in a FO
mode. The structure parameter can derive from the classical solution-diffusion theory

and the diffusion-convection transport model as following:
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Fig. 2.8 The solute concentration profile, active layer facing feed solution.
Fig. 2.8 depicts the water flux (J,,,) direction coming from feed solution side by passing
through the FO membrane. The solute flux (Js) direction comes from draw solution

side then the solution-diffusion model are applied to the non-porous rejection layer.
]W =A (T[i,s - T[f) (2.15)
]S = B(Ci,s _— Cf,S) (2.16)

where A and B are water permeability coefficient and solute permeability coefficient
respectively; mty and Cr s are osmotic pressure and concentration of feed solution; and
;s and C; ¢ are osmotic pressure and concentration at the interface of support layer

and active layer.

The solute transport in support layer due to the convection (J,,C) and the solute
back-transport through the active layer (J5) can be balanced by using the diffusion

convection transport model

d
JwC+]s = Deffd_; (2.17)

where C is the solute concentration in the support layer at a distance X away from

the interface between active layer and support layer. D,¢r is the effective solute
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diffusion coefficient in support layer. € is a porosity of support layer and relates to

Dess, Desy = €D. D is the solute diffusion coefficient.

The boundary conditions of equation 2.17 are

C=C,  at X=0

C = Cd,s at X = leff = 1l

where [ is the real thickness of support layer; l.ff is the effective thickness of support

layer; and t is the tortuosity of support layer.

Solving equation 2.15, 2.16 and 2.17 results in:

S

Jw = Eln(

Cist B(Cis—Crs)/A(Tis—Tf)
CastB(Cis—Crs)/A (Tis— Tf)

(2.18)

where S is structure parameter, given by § = tl/e. The osmotic pressure of the

solution is equivalent to its molar concentration. Equation 2.18 can be simplified to:

S

Jw = Eln(

ATg+ B
Td -) (2.19)
AT p+Jy+B

To define the structure parameter in FO testing by using de-ionized water as feed
solution (s = 0), the final equation is

D (Bs+Amg)

=Gy

(2.20)

Where D is solute diffusion coefficient, water flux (J,,) is measured constantly in a FO
testing. g is @ osmotic pressure of draw solution. 4 is a water permeability coefficient

and By is a solute permeability coefficient.
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2.5 Membrane for Forward Osmosis

To use as a FO membrane, any dense, impermeable or preferably permeable
material can be selected. Early, many membranes, as stated, (Kravath and Davis, 1975;
Anderson, 1977; Mehta and Loeb, 1978, 1979; Loeb et al., 1997) have been evaluated
in flat and capillary configurations for several FO applications. Such period, researchers
tested on many types of the membrane materials that were available such as bladders
of cattle, fish and pigs, rubber, collodion (nitrocellulose), goldbeaters’ skin (Anderson
& University of Rhode, 1977) and porcelain. By 1960, the Loeb-Sourirajan process had
been developed to create flawless, high flexible, anisotropic RO membranes (Baker,
2004). This breakthrough crucially leaded to switch the membrane applications form
laboratorial scale to industrial scale. Loeb et al. (1995, 1997) researched the FO and

PRO applications of asymmetric aromatic polyamide membranes.

All related osmosis researches, mostly about PRO, in the 1970s, exploited either
flat sheet or tubular RO membranes and demonstrated much lower flux than
expected. Votta et al. (1974) and Anderson (1977) utilized various available RO
membranes in the market and domestic cellulose acetate membranes for FO
applications to treat diluted wastewater by selecting simulated seawater as the draw
solution. Kravath and Davis (1975) utilized Eastman’s flat sheet RO membranes and
Dow’s cellulose acetate hollow fiber membranes for FO applications to desalinate
seawater by selecting glucose as the draw solution. Goosens and Van-Haute (1978)
utilized cellulose acetate membranes, which were strengthen by mineral fillers, to
investigate the predictability of membrane performance under RO process through FO
experiment. Mehta and Loeb (1978, 1979), in the 1970s, tested with DuPont B-9 flat
sheet and B-10 Permasep hollow fiber RO membranes, consisted of an aromatic
polyamide polymer. The latter membrane caused relatively low flux (around 8 I/m? at

80 bar driving force).
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In the 1990s, Osmotek Inc. Albany, Oregon, presently Hydration Technologies
Inc. (HTI), developed a special FO membrane, which has been evaluated to use in
extensively various applications by several researchers (Beaudry & Herron, 1997; Cath
et al., 2005a; Cath et al,, 2006; Cath et al., 2005b; McCutcheon et al., 2006; Wrolstad
et al,, 1993). This membrane was effectively utilized in marketable applications that
were emergency relief, water purification for military and recreational purposes. Fig.
2.7 shows a cross-sectional SEM image of the membrane. This exclusive membrane is
assumed to be consisted of cellulose triacetate (CTA). The thickness of this CTA FO
membrane is smaller than 50 um and the structure of such membrane is rather
different from general RO membranes which usually comprise an extremely thin active
layer, smaller than 1 um, and a thick porous support layer. Unlike RO membrane, CTA
FO membrane doesn’t have this thick porous support layer. As the result of many
researches, the CTA FO membrane, produced by HTI, is the high quality membrane,
utilized in FO configuration. The main supporting reasons are seemed to be the
comparable thinness of the membrane and the absence of the constructed support

layer.

100 ym

Fig. 2.9 A cross-sectional SEM image of HTI’s FO membrane. A cross-sectional SEM

image of HTI’s FO membrane. Within the polymer material, a polyester mesh is
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embedded for mechanical support. The thickness of the membrane is less than 50
um. (McCutcheon et al., 2005)

Conclusively, the favorable characteristics of FO membranes would be the high
density active layer in order to gain the high solute rejection and minimum porosity
support layer in order to obtain low internal CP. Those characteristics lead to less
membrane fouling, higher water flux, hydrophobicity for improved flux and greater
mechanical force to maintain hydraulic pressure while operate in PRO mode. With the
crucial advance of semi-permeable FO membranes, the membranes can obtain high
flux, salt rejection, minimal internal CP and the mechanical strength to maintain high
hydraulic pressures. This critical improvement will direct to more effective
performance of existing applications and further development of innovative FO

applications.

2.6 Application of Forward Osmosis Processes

2.6.1 Concentration of landfill leachate

As landfill leachate, a highly variable and complex solution, is selected as feed
solution, the treatment becomes challenging complicated, especially when a high
quality of effluent is required. It comprises organic compound, dissolved heavy metals,
organic and nonorganic nitrogen and total dissolved solids (TDS). All constituents are
four typical types of pollutants as shown in Table 2.1. Normally landfill leachate is
treated in the wastewater treatment facility. However, in such a process, there is
frequently no treatment for TDS and sometimes ever increases its concentration (York

et al., 1999).

Table 2.1 Water quality characteristics of raw leachate and final effluent (York et al.,

1999)



Contaminant Untreated Recovered water from Rejection NPDES

(metals or salts)  leachate (pg/\) leachate (ug/\) (%) TMDL(pg/V)
Aluminum 1320 ND 100
Arsenic 39 ND 100
Barium 305 1 99.67
Cadmium 4 0.036 99.1 1.8
Calcium 91600 150 99.84
Chromium 146 ND 100 16
Copper 18 ND 100 18
Iron 8670 24 99.72
Lead 12 ND 100 53
Magnesium 73700 33 99.96
Manganese 1480 ND 100
Nickel 81 ND 100
Phosphorus 5740 ND 100
Potassium 56000 543 99.03
Selenium ND ND 100
Silicon 35500 ND 100
Silver 7 ND 100
Sodium 1620000 3990 99.75
Strontium 2370 ND 100
Titanium 468 ND 100
Vanadium 132 ND 100
Zinc 531 ND 100 120

Table 2.2 (continue) Water quality characteristics of raw leachate and final effluent

(York et al.,, 1999)



29

Contaminant Untreated Recovered water Rejection NPDES
leachate (ug/l)  from leachate (ug/V) (%) TMDL
(pg/V)
Alkalinity 5000 4 99.92
BOD-5 472 2 99.58 a5
Chloride-water 1580 23 98.54 378
COD 3190 ND 100
Fluoride-free 1 ND 100
N-Ammonia 1110 1.6 99.86 2.8
TKN 780 ND 100
pH 8 5.6 30
TDS 2380 48 97.98
TSS 100 ND 100
Specific conductance 9940 pS/cm 25 puS/cm 99.75

ND = not detect

There are two commercial available treatment practices to remove TDS from
wastewater, mechanical evaporation and membrane process. Based on thorough
evaluation on both practices, FO, one of membrane process, is successfully effective
process to treat landfill leachate (York et al., 1999). In 1998, at the Coffin Butte Landfill
in Corvallis, where obtains more than 1,400 mm per year of rainfall and produces
annually nearly 20,000 - 40,000 m? of leachate, Osmotek build a pilot-scale FO system
to experiment on the concentration landfill leachate. As the requirement of the
National Pollutant Discharge Elimination System (NPDES), the total maximum daily load
(TMDL), TDS level of the leachate must be less than 100 mg/l before land application.
For 3 months of experiment, Osmotek used CTA membrane (Section 2.5) and NaCl as
the draw solution. As the result of the experiment, 94-96% water recoveries were
yielded with excessive contaminant rejection and there is no flux reduction during raw
leachate process, but 30-50% flux reduction was notices during concentrated leachate

process. However, after cleaning, almost overall flux restoration was resulted.
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Fig. 2.10 The flow diagram of full-scale FO leachate treatment process. (York et al,,

1999)

The successful result of this pilot scale experiment directed to the full scale
application, as shown in Fig. 2.8 In the full scale application, prior to six stages of FO
cells in water extraction, the raw leachate is accumulated and pretreated. Both a flux
of purified water for land application and a reconcentrated flux of draw solution at
around 75 ¢/l NaCl are generated by a three-pass (permeate-staged) RO system and
after the solidification, the solidified concentrated leachate is disposed. From June
1998 to March 1999, over 18,500 m?® of leachate were treated in the treatment plant
that accomplished 91.9% average water recovery and 35 pS/cm average RO permeate
conductivity (York et al., 1999). Table 2.1 shows the main contaminant concentrations
in feed and the full-scale FO system effluent. As shown in such table 2.2, exceeding
99% rejections of most contaminants were obtained and the NPDES TMDL required

levels on final effluent concentrations were undoubtedly achieved.
2.6.2 Direct potable reuse for advanced life support systems

In the long-distance space missions, such as mission to Moon or Mars, the self-

sufficient and incessant condition of fresh water supply is very critical. This fresh water



31

supply is depleted for consumptive, hygienic and maintenance purposes. To achieve
such a condition, the water treatment system is compulsory in order to retrieve
potable water from wastewater, produced on the spacecraft during a mission.
Typically, in the long-range space mission, the three major sources of wastewater,
which can be treated or reused in water treatment system, are urine, hygienic
wastewater and a product of humidity condensation. Due to demanding conditions of
space missions, this water treatment system must be dependable, robust, lightweight
and highly efficient in team of fresh water recovery rate, compared to input
wastewater. Beside those characteristics, the system is supposed to operate
independently and require minimal energy consumption, low maintenance and least

consumables (Wieland, 1994).

On the basis of the direct osmotic concentration (DOC) system, a pilot scale
FO system was built to produce potable water during space missions (Beaudry and
Herron, 1997, Beaudry et al, 1999). The U.S. National Aeronautics and Space
Administration (NASA) is assessing various technologies and DOC is one of them. The
DOC test module of NASA comprises a permeate-staged RO cascade and two
subsystems of pretreatments. An FO process is used in the first subsystem (DOC#1)
and a distinctive mix of FO and osmotic distillation (OD) is used in the second (DOC#2).
The purpose of DO process is to reject miniscule composition, such as urea, which
effortlessly propagate across semi-permeable membranes (Beaudry & Herron, 1997,
Cath et al., 2005a). Fig. 2.9 depicts a schematic diagram of the original NASA DOC test

module.
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DOC#2

Fig. 2.11 A flow diagram of the original NASA DOC test module. In DOC#1 and DOC#2,
three waste streams are pretreated. Then, the draw solution is reconcentrated and, in
the RO subsystem, drinking water is generated.

During 1994-1999, the first DOC investigation stage which pertained to design,
construction and testing of the fundamental functions of the DOC module was
completed by NASA and Osmotek (Beaudry & Herron, 1997) and during 2002-2004, this
DOC module was handover to the University of Nevada, Reno to complete the second
stage which related to system optimization of functioning environments (Cath et al,,
2005a; Cath et al., 2005b). This stage aimed to investigate the long-run performance,
including pros and cons of DOC, and to justify a mass metric data to compare the DOC
system with other potential advanced alternative recovery processes. The third stage
occurred during 2004-2007, where the up-to-date prototype was designed and built
for delivery to NASA. In spite of resemblance to the original DOC system, which FO will
be utilized as a RO pretreatment, this prototype was distinctive system in company

with an isolated urine treatment process (Cath et al., 2005a).
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Table 2.3 Water flux across one FO membrane and four RO membranes in FO mode

(Cath et al., 2005)

Membrane used

Water flux (Um?h)

CTA (Osmotek)

Osmonics (CE)

Osmonics (CD)
Hydranautics (LFC1)
Hydranautics (LFC3)

17.4
1.9
1.97
0.54
0.66

*Remark 100 ¢/l NaCl solution was used as the draw solution and DI water as the feed.

The second stage of this investigation focused on two issues that were consumption

of energy and performance of membranes. Probably because of the unique structure

of the CTA membrane, utilized in this investigation, led to the lower internal CP in the

membrane, the CTA outclassed available RO membrane in the market, as shown in

Table 2.3 The energy consumption was gauged under variable working conditions. The

parameters which were discovered to be crucial for this process operation were

various. Under these variable working conditions, the particular energy consumption

for every 1 m® of effluent of recovered water is approximately always less than 30

kWh, illustrated in Fig. 2.10. Besides the process optimization is currently studied.
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Fig. 2.12 Specific energy consumption corresponds to draw solution flow rate, salt

loading, and RO pump capacity for the DOC system. (Cath et al., 2005a)

2.6.3 Forward osmosis for source water purification-hydration bags

Section 2.6.2 concisely presented the FO application for water purification. The
purpose of hydration bags is also to be used for recreation, military and emergency
life support system where potable water is rare or not accessible (HTI, 2005). Not many
FO applications are marketable and hydration bags are one of them. Compared to
other water purification implements, the FO hydration-bags are slower, but there are
no energy consumption and minimal fouling when even feed by muddy water. By
meticulously selecting FO membrane, hydration-bags are confidently workable in most
conditions and for most water sources, moreover, and able to produce water without

microorganism, most ions and most macromolecules.

The edible draw solution, such as sugar or beverage powder, is contained in a
closed semi-permeable FO membrane bag. Once immersed into the source solution,
the bag is diffused into by water, because of the difference of osmotic pressures, and
then the originally solid draw solution is gradually diluted. The output of the process
is the consumable diluted draw solution with minerals and nutrients, containing the
bag. The hydration-bags characterize a fundamental treatment process, not a
pretreatment process. Fig. 2.11 illustrates the personal hydration-bag, whose process
may take 3-4 hour to complete and produces a 12 oz. beverage. The hydration-bags
can be immersed directly in the source water or in any container where the source
water is held so that it offers better flexibility with self-coverning. The hydration-bags
were recently world-wildly acquired by the military for emergency and relief uses

(Cohen, 2004). However, some experts argue that hydration-bags don’t provide water
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treatment since it can be only utilized for particular applications and the output of

process is a sweet drink, not fresh water.

Fig. 2.13 Figure of water purification hydration bag (HTI, 2005)

2.6.4 Osmotic power — Pressure-Retarded Osmosis

In any circumstance in which two streams of different chemical potentials,
including saline solutions, interact, the restorable energy can be obtained. For instance,
the interaction between the salinity of seawater, producing roughly 2.7 MPa of osmotic
pressure, and river water, yielding relatively insignificant osmotic pressure, can generate
energy due to a large 2.7 MPa of osmotic pressure difference. To attain such energy,
PRO, one of many processes which can be used for this purpose, is selected, as

described in Section 2.2.1 and depicted in Fig. 2.1 and 2.2.
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Fig. 2. 14 Simplified process diagram of a PRO power generation plant (Aaberg, 2003)
Fig. 2.12 depicts the schematic diagram of PRO energy generation. In the PRO

module, fresh water is pumped into membrane module, consisted of membranes,
theoretically, same as the FO semi-permeable membranes as previously described. As
the fresh water flows into one side of the membrane modules and disperses across
the membrane into another side of the membrane, which is pressurized, the
pressurized seawater is diluted and then separated into two streams. One flows to the
pressure exchanger, which facilitates the pressurizing process for the incoming water
and other flows to a turbine to be depressurized in order to generate the power. Both
the pressure exchanger and the membrane are two crucial components in PRO system.
Referred to suggestion of Loeb et al (Loeb, 1998; Loeb, 1992) two methods, to
pressurize the entering draw solution on the permeable receiving side of the
membrane, possibly provide the stable flow system. Those are draw solution pump
pressurization, as shown in Fig. 2.12, and draw solution permeate pressurization which
utilizes no less than two containers, which are able to resist the pressure on the

permeable receiving side.

Due to the characteristics of the energy, produced by PRO, which are large

unutilized resource, restorability, least environmental impact and relatively high
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density (i.e., power capacity per physical size), compared to other potential oceanic
sources (Loeb, 1998). From estimation, the world-wide salinity gradient power

production potential is approximately 2,000 TWh per year (Aaberg, 2003).

Loeb and colleagues (Loeb, 1998; Loeb, 2001; Loeb, 2002) has research on the
PRO process for power generation for the last many decades. In addition, the power
was generated by PRO pilot testing, experimented by Jellinek and Masuda (Jellinek &
Masuda, 1981) and the comparison of power generation by PRO and reverse-
electrodialysis form salinity gradient sources was conducted by Wick (Wick, 1978). At
this time, the comprehensive research on PRO to generate energy is being subsidized
by the European Union and being carried on by collaboration of several parties, which
are Statkraft SF of Norway, ICTPOL of Portugal, SINTEF of Norway, GKSS
Forschungszentrum of Germany and Helsinki University of Technology of Finland. The
core objective of this research is to develop PRO membranes for energy generation
that is capable to produce the energy, no less than 4 W/m? or equivalent (Aaberg,
2003). Both PRO for energy generation and FO for water treatment and desalination
rely on the similar semi-permeable membranes, currently not for a commercial
purpose, so the further development and accomplishment of PRO for energy
generation will favorably affect the development and success of FO for water

treatment and desalination as well.

2.7 Literature Reviews

McCutcheon et al,, (2006) studied about osmosis through asymmetric
membrane in desalination e by means of forward osmosis and power generation
known as pressure retarded osmosis (PRO). The primary obstacle in osmosis processes
by using asymmetric membrane is severe internal concentration polarization which
reduces the osmotic driving force. They explored the effect of both concentrative and

dilutive internal concentration polarization on transmembrane flux by using a
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commercially available FO membrane. The coupling effect of internal and external
concentration polarization is also studied. A developed water flux model to describe
the presence of both internal and external concentration polarization involving feed
and draw solution for two membrane orientations is present. The mathematic model
is validated by experiment data obtained from well controlled laboratory-scale
experiments in both membrane orientations. Additionally, the model is used to
describe water flux improving performance after changing in membrane structure or

system condition.

(Holloway et al., 2007) In wastewater treatment plant, the influent, a raw
wastewater, normally mingle with the high nutrient liquid stream created by the
dewatering process in digested biomass such as centrate. It results in the rise of
operating cost due to increasing of nitrogen and phosphorous load on biological
processes. Sometimes it causes the effluent has built-up nutrient concentration. Bench
scale testing on forward osmosis (FO) was conducted to verify the practicability to
concentrate centrate in batch and continuous operating environment. In continuous
bench scale testing, forward osmosis was utilized as pretreatment for reverse osmosis
(RO). The testing outcome confirmed that the high-water flux and high nutrient
rejection were attainable. With the blended processes between forward osmosis and
reverse osmosis, flux could sustain over extensive period of time. To find the specific
energy, power and required area of membrane for a greater scale of this process, the
mathematic model was acquired. From model, the system should be run at roughly

70 % water recovery in order to optimize power and required area of membrane.

(Cornelissen et al,, 2008) Under the development of osmotic membrane
bioreactor (OMBR), applying forward osmosis technology, grounded on the osmotic
pressure difference, the FO membrane must perform at satisfactory high level, whereas

the membrane fouling and draw solution leakage must be at satisfactory low level as
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well with the aim of achieving both technical and economical purposes. To optimize
FO membrane, applying de-ionized water, investigation of the effect of temperature,
membrane type, membrane orientation, type and concentration of draw solution was
executed. By utilizing an activated sludge solution, generated from a membrane
bioreactor (MBR), investigation of both membrane fouling and draw solution leakage

was carried out at laboratory scale experiment.

As the results of the investigation, a FO-type membrane (J,, = 6.2 /m?h at 20+2
°C with 0.5 M NaCl, whereas 1 = 24 bar) yielded the best FO membrane performance
with an activated sludge solution. As the flux of the FO membrane were non-linearly
corresponded to the concentration of the draw solution, monovalent ions (NaCl and
NaNOs) salts created draw solution which had a better quality than bivalent ions
(MgSQq, ZnSQ,) did. The deterring of internal concentration polarization on the FO
performance resulted in the thickness and structure of the porous substructure of the
sample membrane. No fouling was explored during investigation for both reversible
and irreversible membrane. In addition, draw solution leakage for FO membrane were

insignificant at several draw solution concentrations for various draw solutions.

(Garcia-Castello et al.,, 2009) In many food productions, concentrating process
is generally used for both dewatering of the valuable products and concentrating of
effluent wastewater effluent. Due to immense energy consumption, thermal and
pressure-driven dewatering method is avoidably expensive. The alternative, like
osmotic membrane method, such as forward osmosis, may be a feasible and
sustainable solution. By applying NaCl as the substitute draw solution, forward osmosis
process outclasses the pressure-driven membrane process, such as reverse osmosis,
by ability to concentrate sucrose. For instance, forward osmosis can provide a
concentration factor at 5.7 with an initial sucrose concentration at 0.29 M, while reverse

osmosis can obtain only up to 2.5. This substantial higher concentration factors in
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association with internal concentration polarization affect the lower water fluxes.
However, a present prevailing problem of forward osmosis is the utilization of
anisotropic polymeric membrane technology. Thus, the enhanced membrane

technology can lead to the greater water fluxes and concentration factors.

(Tang et al., 2010) Applications of forward osmosis (FO) in water and wastewater
treatment and desalination are being interested growingly. However, besides the major
disadvantage of FO, internal concentration polarization (ICP), hindering the efficiency
of the FO flux, membrane fouling also can undesirably influence FO membrane flux.
In current study, investigation on the effects of ICP and fouling on flux was
methodically performed. Based on theoretical model and experiment results, the FO
flux was significantly non-linear regarding the apparent driving force, the concentration
difference between the draw solution and feed water, due to ICP. Because of the
exponential dependence of ICP on flux level, ICP extremely prevailed on FO flux
behavior at higher draw solution concentration and/or higsher membrane fluxes. While
the membrane active layer faced the feed water (AL-facing-FW) by means of dilutive
ICP in the FO support layer, ICP was more critical by comparing with the active layer
facing draw solution (AL-facing-DS) configuration. Noticeably, against both dilution of
bulk draw solution and membrane fouling, impressive flux stability was gained by the
AL-facing-FW configuration because a reduction of ICP level counteracted the any
attempt to decrease membrane flux. The remaining was only a minimal level of flux
reduction. Furthermore, this configuration also yielded a minor foulant deposition. For
this reason, the AL-facing-FW configuration intrinsically retained stable flux at the cost
of severer initial ICP. On the other hand, the AL-facing-DS configuration adversely
gained severe flux reduction while porous membrane support exposed to the humic
acid containing feed water. Both the internal congestion of the FO support structure

and the consequential greater ICP in the support layer were the reasons of the flux
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shortfall in this configuration. The greater ICP was resulted in the reductions of porosity
and mass transfer coefficient of the support. At the high level of flux, FO flux reduction
was possibly mainly caused by the pore congestion which boosted ICP mechanism. As
author stated, this investigation was the first study which systematically revealed the

couple effects of both ICP and fouling on the FO flux behavior as author stated.

Nayak & Rastogi, (2010) explored the forward osmosis process in the
concentration of anthocyanin extract from Garcinia indica Choisy, normally known as
kokum, evaluated against thermally concentrated sample. When feed has, the
different molecular compound causes the different characteristics of water flow from
feed to osmotic agent side through forward osmosis. These characteristics were
studied, including the effects of membrane orientation, osmotic agent concentration,
flow rate of feed and osmotic agent and temperature on transmembrane flux amidst
the concentration of anthocyanin extract. The concentration of anthocyanin extract
was varied from 49 mg/l to 2.69 ¢/l (54-fold increase) in large scale experiment.
Compared with the concentration generated by forward osmosis, non-enzymatic
browning index for thermally concentration sample was uncovered about two (0.78-
0.35) times, also degradation constant about eight (63.0 x 10° to 8.0 x 10~ day) times.
During experiment, ratios of HCA lactone to HCA of sample produced by thermal
concentration and concentrate produced by forward osmosis were founded at 2.84:1
and 1.50, respectively. From the results of the experiment, the advantages of the
concentration of anthocyanin extract created by forward osmosis over the thermal
concentration were obviously shown as greater stability, lesser browning index and

less ratio of HCA lactone to HCA.

Phillip et al., (2010) developed mathematical model for describes the reverse
permeation flux of draw solute across an asymmetric membrane from the draw

solution into feed solution in a forward osmosis operation. The effective forward
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osmosis system requires that solute reverse flux to be minimized. Forward osmosis
experiments were set up to validate the mathematical model predictions with a highly
soluble draw solution salt (NaCl) and a cellulose acetate FO membrane. Strong
agreement between the model predictions and experiment result was observed by
using independently determined membrane transport coefficients. Further analysis
indicates that the ratio of forward water flux to reverse solute flux, defined as reverse
flux selectivity, is a key design parameter in osmotically driven membrane processes.
The both model predictions and experiment result show that this parameter is
independent of draw solution concentration and structure of membrane support layer.
The reverse flux selectivity value is determined only by the selectivity of membrane

active layer.

Garcia-Castello and McCutcheon (2011) studied an alternative for dewatering
orange peel press liquor by a forward osmosis that have used in this experiment. A
Dewatering process, generated by osmosis into concentrated draw solutions
(comprised of sodium chloride at 2 M and 4 M of concentration) across a polymetric
cellulose acetate membrane, causes the press liquor to be concentrated. Synthetic
press liquor used these draw solutions for concentration process. At a 4 M NaCl draw
solution and the synthetic press liquor, concentration factors greater than 3.7 gained.
The fouling behavior was noticed, during the experiment, whose mechanism was
systematically clarified by pinpointing the crucial elements of the press liquor which
mostly cause the fouling. Although Calcium typically is the key element of organic
fouling and omnipresent to press liquor, it had a slightly influence on fouling activity
in this experiment because of perplexity with citric acid. By decreasing 50% of infiltrate
flux, Pectin was the prevailing element providing the fouling. Thus, in order to improve

dewatering process, Pectin should be eliminated before proceeding.
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Zhang et al,, (2011) developed a novel osmotic microbial fuel cell (OsMFC) by
using a forward osmosis membrane as a separator. The draw solution, NaCl solution
and artificial seawater as catholyte, is used to define the performance of OsMFC.
Compare to a conventional MFC with a cation exchange membrane was also operated
in parallel. The result indicated that the OsMFC produced more electricity than the
MFC in both batch operation using NaCl solution and continuous operation using
seawater. Because of a better proton transport or water flux pass through the FO
membrane from anode into cathode was observed in the OsMFC system but not in
the MFC. While the solute concentration of catholyte effect on both electricity
generation and transmembrane flux. This result show a proving concept that the
OsMFC can accomplish wastewater treatment, water extraction from wastewater and
electricity generation. The potential OsMFC applications are proposed (linking to

microbial desalination cells for further wastewater treatment and desalination).

Jin et al,, (2011) studied the contaminant transportation and reject by forward
osmosis processes in permeate from feed solution into draw solution through the
semi-permeable membrane. This is a first time, in the investigation, rejection of
contaminants was defined in forward osmosis processes. The processes have significant
technical implications by the way of separating clean water from diluted draw solution.
In this study a model was developed to predicted boron flux in forward osmosis
operation. The experiment result and model have strong agreement which indicated
that the model developed in this study can accurately predict the boron transport
through forward osmosis membrane. Furthermore, they can guide an improvement of
forward osmosis membrane fabrication with decreased boron permeability and
structure parameter to minimize boron flux. Both theoretical model and experiment

results indicated that when membrane active layer was against draw solution, boron
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flux was significantly ereater compared to the other membrane orientation, causing by

more severe internal concentration polarization.

Zhu et al,, (2012) investigated which performed to explore the practicability to
use forward osmosis to the simultaneous thickening, digestion, and direct dewatering
of waste activated sludge. The overall reduction efficiencies of both the simultaneous
thickening and digestion, as operation run for 19 days, in aspects of mixed liquor
suspended solids (MLSS) and mixed liquor volatile suspended solids (MLVSS) were
nearly 63.7% and 80 % in a row as the MLVSS/MLSS ratio constantly diminished from
80.8% to 67.2%. A superior thickening efficiency was verified by the increasing of MLSS
concentration from 7 ¢/L at the beginning to 39 m/L. To exercise forward osmosis for
sludge dewatering, initial sludge depth and draw solution (DS) concentration were
specified. At 3 mm sludge depth, roughly 35% of dry sludge content can be obtained
in around 60 min, suitable for further applications, whereas the workability of applying

the seawater reverse osmosis as draw solution was supported by the current study.



CHAPTER IlI
METHODOLOGY

3.1 Experimental Scope

All experiment scope is shown by Fig. 3.1

Experimental preparations
1. Bench scale FO apparatus preparation
2. Equipment setup

3. Synthetic feed and draw solution

Experimental steps
1. Take the experiment following experimental
plan
2. Collecting the experimental data

3.Comparing to developed mathematical model

Fig. 3.1 Experimental diagram
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3.2 Experimental Chemicals and Instruments

3.2.1 Chemicals

All chemical substances used in this research are reagent grade and supply
from Merck Company. All solution is prepared by 0.1 microsiemens/cm de-ionized
water from pure water treatment system.

1. Sodium Chloride 99.99 Suprapur® NaCl, Merck Co., Ltd.
2. Ammonium Chloride (99%) NH,Cl, Merck Co., Ltd.

3. Butyric Acid C4HgO,, Merck Co., Ltd.

4. Acetic Acid (30%) C,H,0,, Merck Co., Ltd.

5. Valeric Acid CsH;40,, Merck Co., Ltd.

6. Lactic Acid (90%) C5HOs, Merck Co., Ltd.

3.2.2 Experiment Instruments and Equipment

1. pH meter: HANNA HI 4222

2. Analytical Balances: JADEVER SCALES JIK-8CAB
3. Peristaltic Pump: Shenchen BT600N

4. High Pressure Pump: SKY WATER RO-50

5. Personal Computer: SONY

6. FO Test Cell: STELITECH

7. TFC FO Membrane: Hydration Technolosgies, Inc.

3.3 Experimental Variables

Experimental Variables are classified as Fixed Variables, Independent Variables,

and Dependent Variables. All experimental variables are shown as following;
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3.3.1 Fixed Variables

Fixed Variables are the constant parameters in the experiment, there are
- Flow rates of feed and draw solution
- Surface area of a membrane.
- Operating temperature

- Sizing of membrane cell channel

3.3.2 Independent Variables

Independent Variables are parameters that can be changed to know their
effects on system performance, there are
- Carboxylic acid types
(acetic acid, butyric acid, valeric acid and lactic acid)
- Draw solution types
(NaCl and NH,Cl)
- Initial carboxylic acid concentration and volume

- Initial draw solution concentration and volume

3.3.3 Dependent Variables

Dependent Variables are parameters that are changed resulted from changing

in independent variables, there are

- Physical and chemical properties of carboxylic acid

feed solution
- Physical and chemical properties of salt draw solution
- Water flux
- Salt flux

- Acid flux
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3.4 Forward osmosis process experimental procedures

3.4.1 Feed solution

The FO experiments use each four-single carboxylic acid as feed solution. The

chemical properties of four carboxylic acids are shown in Table 3.1.

Table 3.1 pKa and molar mass of carboxylic acids

Carboxylic acid Formula Molar mass(g/mol) pKa
Acetic Acid C,H,0, 60.05 4.75
Lactic Acid C4H¢Os 90.08 3.86
Butyric Acid C4HgO, 88.11 4.82
Valeric Acid CsH100, 102.13 4.82

In table 3.1, comparing acetic acid with valeric acid, valeric acid has a significant
molar mass greater than acetic acid but they have close pKa value. Therefore, the
mixed feed solution of acetic and valeric acid is the selected one that will be used to
the simulation of FO experiment. In contrast, lactic acid and butyric acid have
significantly different pKa value but they are closely molar mass. Consequently, in this
study, the mixed solution of lactic acid and butyric acid will be used to simulate

competitive retention of these two carboxylic acids by FO process.

3.4.2 Draw solution

The osmotic agent or draw solution is the source of the osmotic driving force
in FO process. As previously stated, two draw solution types, NaCl 1 M and NH,Cl 1 M,

are used to operate in FO process in this study.
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3.5 Membrane testing

3.5.1 Determination of water permeability coefficient(4), salt permeability

coefficient (By) and structure parameter (S)

To characterize the pure water permeability (A4), salt permeability coefficient
(Bs) and structure parameter (S) of the FO membrane, the testing would be defined
by FO methodology. The transport and structure parameter (4, By, S) received from
RO+FO protocol significantly different from FO protocol (Tiraferri et al.,, 2013). The
fundamental principal in the FO process, the permeate water driving force is created
by the natural different osmotic pressure across membrane which differs from RO
process that utilizes hydraulic pressure, exerting on the membrane active layer. Thus,
the intrinsic transport and structure properties evaluation of a FO membrane
characterized by means of FO protocol represent more plausible values. In this

research, the transport parameters were evaluated from the following models (Tiraferri

et al,, 2013):
JwS Jw
(Gan' ) )
_ npe: D ’—mpe‘k
]w =A ( (]_W) ; M)> (3.1)
1+ e k’—e* D
w
JwS Tw
c e(_—)c e(_)
] =B|—=2  — (3.2)

where k is the feed solute mass transfer coefficient. D is the bulk diffusion coefficient
of the draw salt. A is the intrinsic permeability coefficient of water. B is the intrinsic
permeability coefficient of salt. Last of all, S is the support layer structure parameter
as a function of the thickness of support layer (tg), tortuosity (t) and porosity (¢),

which is defined as %T
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Fig. 3.2 Four stages FO experiment, draw solution concentration, Cp, and feed
solution concentration, Cr, are plotted as single lines of the top diagram.
Experimental water flux, J,,, and experimental solute flux, J, are showed as double

line in the bottom diagram

According to Fig.(3.2), in the four stage experiments, J, ; and Jg; will be
measured, where i = 1, 2, 3, 4. As a result, the eight equations have been acquired
with only three unknowns (4, B and S). To fit Eq.(3.1) and Eq.(3.2) with the current
experiment, least-squares non-linear regression is applied by defining A, B and S as
regression parameters as well as Cp (1rp) and Cr (1tx) as independent variables, gained
by experiment. D and k are known parameters which are the bulk diffusion coefficient
of the draw salt and the feed solute mass transfer coefficient respectively. Pertaining

to error of fitting, the global error can be determined by the following equation:

Exp _]Cal Exp _]Cal
w,i s,
Eglobal = EW + ES = 1(2 1( —Expn ) Z 1( —Expn

(3.3)

where the superscript Cal and Exp are assigned to the calculated and experimental

values respectively. The minimum global error in Eq.(3.3) can be accomplished, where
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are f,’fip =J&% and ]ffp = JEM Thus, Eq.(3.4) and Eq.(3.5) can be reformed to these

the following equations:

Cal
Lwis, dw— VC,Vcal
Ccal _ TTpie D ’-mpie .
w,i =A Cal Cal (l - 1’ 2' 3'4)
B Jw,i ]W,is
1+ eCk )—e""D )
I |
(3.4)
Cal
(_]Wfli 5) jGal
Cal _ mpie D ‘-mpet k . -
si =B Cal Cal (i =1234)
B dwiy  Jwid
1+—=.l e k '—e D
w,i 1
(3.5)

Initially, three estimated sets of regression parameters (4, B and S), applying as lower,
higher and the best-estimated value, were mandatory for the calculating process. The
solutions were calculated by reiterating process which the acceptable solutions can
be obtained where the lowest Egjopq; Was reached on the subject of the initial

estimates of regression parameters.

The coefficients of determination which were represented the goodness of both final

solution fits, can be calculated by the following equation:

Exp_ cal
SSE,, T U —he)?

Rz =1 =1- L (3.6)
w SSTy, S U P =T P2
E.
R2 _ 1 _ SSEg _ _ ?:1 Sljicp_]gfill)z (3 7)
S SSTS Z‘{L=1 SE‘:;CP_]—EXP)Z .

A, B and S have been solved by downloadable excel spreadsheet at

http://dx.doi.org/10.1016/j.memsci.2013.05.023, supplementary materials of the online


http://dx.doi.org/10.1016/j.memsci.2013.05.023
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version, by inputting these experiment data into the excel algorithm (Tiraferri et al,,

2013).

3.5.2 Determination of acid permeability coefficient (B,)

Pertaining to acid concentration, the experiment operating in FO mode was
configured by arranging dense selective active layer of a FO membrane against acid
solution (feed solution), and the porous support layer against salt solution (draw
solution). Otherwise, the internal clogging of organic acid within support layer is prone
to reduce support layer porosity that promotes undesired ICP in the support layer
(Tang et al.,, 2010). PRO experiment therefore was conducted in order to determine
the acid permeability coefficient of a FO membrane by setting dense active layer
against concentrated acid solution (draw solution) and using de-ionized water as feed
solution. The acid permeability coefficient (B,) was determined from both governing
equations of water flux in Eq. (3.8) and acid flux in Eq. (3.9). The derivation of these
two equations, adapted from the developed J,, model and J; model from Eq. (3.8)

and Eq. (3.9) respectively, were delineated in Appendix A:

where D, is apparent weak acid diffusion coefficient, mgz, and s, are osmotic
pressure of acid draw solution and acid feed solution respectively, C4 4 and Cr , are

the acid concentration in draw solution tank and in feed solution tank respectively.
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The acid concentration in feed solution was measured by the calibrated conductivity
meter (HANNA Instruments, USA). Each experiment used the membrane pieces which
were manufactured in the same production batch, so their values of structure
parameters (§) and water permeability (A) were identical. Both values were
determined from mathematical equations of Eq.(3.1), Eq.(3.2) and the results of
experiment which was set deionized water as feed solution and sodium chloride or
ammonium chloride as draw solution. Since the number of conditional equations was
more than the number of unknown (S, 4 and Bg), the minimal global error techniques
was applied to acquire A, B; and S values. The yielded values of S and A can directly
represented as S and A values in both Eq.(3.8) and Eq.(3.9). Consequently, B, value
was a single unknown in both Eq.(3.8) and Eq.(3.9). By setting experiment with two
different initial acid concentrations (Cyq 4) for each membrane sample, two values of
B, were yielded by applying minimal global error principle. The averaged value of B,
was determined to reasonably represent the acid permeability coefficient of the

membrane for further calculation.

3.6 Carboxylic acid concentration by FO experiment

The well-controlled experiment of FO laboratory scale was run to validate
mathematical model. The FO test cell unit had a rectangular channel sized 9.207 width
X 4.572 length X 0.23 depth (cm) on both sides of the installed membrane coupon,
the effective membrane area of which was 42 cm?. Feed draw solutions were pumped
into the FO test cell unit which set as the counter-current mode of closed loop system,
by using two variable speed peristaltic pumps (Shenchen Precision Pump, China) at
flow rate of 1.58 /min (25 cm/s), gauged by two flow meters. Membrane orientation
was in FO mode and experiments were carried out using four carboxylic acid types
(acetic acid, lactic acid, butyric acid and valeric acid), a mixture of acetic acid and
valeric acid or a mixture of lactic acid and butyric acid as feed solution while draw

solution used one molar of sodium chloride or one molar of ammonium chloride. An
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initial draw solution volume was 0.5 liter and initial feed solution volume was 1 liter.
The temperature of both solutions was maintained at 28 + 0.5°C by air conditioning.
Water permeate volume from feed to draw solution was detected by measuring the
online weight change of draw solution with analytical balance (Jadever Scales, UK) and
the real time pH of feed solution was measured by on-line pH meter (HANNA

Instruments, USA). All observed data were recorded in personal computer.
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Fig. 3.3 Schematic of FO bench scale process

3.7 Experimental plan

As shown in Fig. 3.4 experimental plan is divided into two parts. The first part
is to define the all membrane constants which were inputted into the developed
mathematical models. In the second part, the acid concentration experiments of
forward osmosis processes, the acquired experimental data are used to validate

developed mathematical models.



Experimental Plan

Membrane Testing

1. A

2.B

NaCl

B
NH4CL

4.5

Acetic
Butyric
Lactic

Valeric

Acid Concentration

Experiment

Draw Solution NH,Cl 1 M

10. Acetic 10 mM

11. Butyric 10 mM

12. Lactic 10 mM

13. Valeric 10 mM
21. Lactic 10 mM +Butyric 10 mM
22. Lactic 10 mM +Butyric 5 mM

23. Lactic 5 mM +Butyric 10 mM

Draw Solution NaCl 1 M
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10. Acetic 10 mM

11. Butyric 10 mM

12. Lactic 10 mM

13. Valeric 10 mM
14. Acetic 10 mM + Valeric 10 mM
15. Acetic 10 mM + Valeric 5 mM

16. Acetic 5 mM +Valeric 10 mM

Fig. 3.4 Experimental plan
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Table 3.2 Summarized of all experimental runs

No. Description FO PRO Feed solution Draw
operation operation solution
1. Define A, Byaci, S v X De-ionized water NaCl 1 M
2. Define A, Bunaci, S v X De-ionized water NH,CL 1 M
q. Define Bacetic X v De-ionized water Acetic acid
5. Define By yeic X v De-ionized water Lactic acid
6. Define Bgtyric X v De-ionized water Butyric acid
7. Define Byateric X v De-ionized water Valeric acid
10. Acid Concentration v X Acetic acid 10 mM NaCl 1 M
11. Acid Concentration v X Lactic acid 10 mM NaCl 1 M
12. Acid Concentration v X Butyric acid 10 mM NaCl 1 M
13. Acid Concentration v X Valeric acid 10 mM NaCl 1 M
14. Acid Concentration v X Acetic 10 mM & Valeric 10mM NaCl 1 M
15. Acid Concentration v X Acetic 10 mM & Valeric 5 mM NaCl 1 M
16. Acid Concentration v X Acetic 5 mM & Valeric 10 mM NaCl 1 M
17. Acid Concentration v X Acetic acid 10 mM NH,CL 1 M
18. Acid Concentration v X Lactic acid 10 mM NH,CL 1 M
19. Acid Concentration v X Butyric acid 10 mM NH,ClL 1 M
20. Acid Concentration v X Valeric acid 10 mM NH,ClL 1 M
21. Acid Concentration v X Lactic 10 mM & Butyric 10mM NH,CL 1 M
22. Acid Concentration v X Lactic 10 mM & Butyric 5 mM NH,CL 1 M
23. Acid Concentration v X Lactic 5 mM & Butyric 10 mM NH,CL 1 M

3.8 Prediction of FO process performance by developing mathematical models

The acquired performance parameters of membrane testing are used to
accomplish developed mathematical models. An integration of involved equations for
developing mathematical models in concentrating carboxylic acid by FO process is as
following:

1. The water flux model
2. The salt flux model

3. The acid flux model
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4. The internal concentration polarization model

5. The external concentration polarization model

6. The osmotic pressure of membrane interface model in a mixture of
leakage acid ion and salt ion at a membrane interface of active layer
and support layer

7. The osmotic pressure of membrane surface model at feed solution
side

8. The mole balance model of acid and salt ion in membrane test cell,

both draw and feed solution stock tank

3.9 Model verification

The predicted data, simulated from mathematical model, were evaluated by
coefficient of determination (R?), root mean square error (RMSE) and standard error

of prediction (SEP), according to the the following equations:

Yj=1(Xjprea—Xjexp)®
Rz — _ 111 jpred _]exp - (3'10)
Zj:l(Xj,pred_Xj,exp)
2
Yi=1(Xjexp—Xjpred
RMSE = \/[ =i e ) (3.11)
RMSE
SEP = — x100 (3.12)
j.exp
where X;,req is predicted data from mathematical simulation model, X; .xp is

experimental data, )?j,exp is average value of experimental data and n is the total
number of data. R? should be close to 1, RMSE and SEP should be as less as

possible.



CHAPTER IV
RESULTS AND DISCUSSIONS

4.1 Single carboxylic acid as feed solution and NH,Cl as draw solution

4.1.1 FO process modeling of a single carboxylic acid

Fig. 4.1 illustrates carboxylic acid and salt concentration gradients across a semi-
permeable membrane and depicts water transport, acid flux and salt flux operating in
FO mode at any moment during filtration. Osmosis, as natural physics phenomena,
generates osmotic pressure, driving the water molecules through a semi-permeable
membrane from diluted feed to highly concentrated draw solution. Consequently, the
feed solution becomes more concentrated while the draw solution is diluted over the
period of time.
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Fig. 4. 1 Schematic of water transport, acid and salt concentration gradients across a

semi-permeable membrane for acid concentration by FO filtration process
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4.1.1.1 Permeate water permeability

Referred to classical solution-diffusion model, the water flux, J,,,, across the

active layer in a Fig. 4.1 relies on the different osmotic pressure and is expressed as
Jw = aA(ni — nmf) (4.1.1)

where A is the water permeability coefficient of the membrane, m; is the osmotic
pressure at interface of support layer-active layer, Ty, ¢ is the osmotic pressure at the
active layer surface and the reflection coefficient, g, is equal to 1.

4.1.1.2 Reverse salt permeability

The reverse salt flux through active layer, Js, is proportional to salt

concentration gradient across the membrane active layer and expressed as

]S = Bs(Ci,s - Cmf,s) (4.1.2)

where Bg is the salt permeability coefficient of the membrane, C; is the salt
concentration at support layer-active layer interface and Cpys is the salt

concentration at active layer surface.

4.1.1.3 Acid permeability

The acid flux, J,, induced from acid solution side, depends on its

concentration gradient across the membrane active layer. It can be expressed as

]a = Ba(Cmf,a - Ci,a) (4.1.3)

where B, is the acid permeability coefficient of the membrane, Cprq is the acid
concentration at active layer surface and C;, is the acid concentration at support
layer-active layer interface.

The acid concentration in bulk draw solution, Cy 4. is given as
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Cd,a = Ci,a = Umd,a (4.1.4)

Caq equals to C; 4 as well as Cpq 4, Where Cpq 4 is the acid concentration at support
layer surface. Since the acid species diffuse through the active layer and then pass into
the support and boundary layers in the same direction of permeate water, acid species
thus do not experience the internal and external concentration polarizations likewise
the reverse osmosis membrane (Jin et al,, 2011). J, and ], are related to the acid

concentration in bulk draw solution by

Cd,a :]a/]w (4.1.5)

4.1.1.4 Osmotic pressure at the support layer-active layer joint

m;, the osmotic pressure at support layer-active layer interface, is the sum
of osmotic pressure of salt and weak acid species at the support layer-active layer
joint. At equilibrium, weak acids partially dissociate to acid ions and hydrogen ions. m;

is expressed as
m; = OsnsCiRT + 04(Ci o + Ciy+)RT (4.1.6)

where @ is the osmotic coefficient of salt solutions, ng is the number of salt ion
species, R is the gas constant, T is the absolute temperature, @, is the osmotic
coefficient of acid solutions and assumed to be equal to 1. C; y+, taking ionic strength
into account, is the hydrogen ion concentration at support layer-active layer interface

at equilibrium. It can be expressed as

Ka,T(Ci,a_Ci,H+)

Yin+Yia-

C.p+ =

ot (4.1.7)

where K, r is the ionization constant, y; ,+ is hydrogen ion activity coefficient at

support layer-active layer interface and y; 4- is acid ion activity coefficient at support
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layer-active layer interface. y; y+ and y; 4- can be calculated from the Davies equation

which is recommended for high ionic strength and proved for strong electrolyte or

weak acid/base pair (Merkel and Planer-Friedrich, 2008):

1
2
—logy; y+ = A1 Z%(—5 — 0.31) (6.1.8)
1+17
1
2
(@.1.9)

i _03I)

1
2
1+1;

— 2
—logyia- = A1Z°(
where A, is the temperature-dependent constant, calculated by (Merkel and Planer-

Friedrich, 2008)

6
A = s = (4.1.9-a)
: —374.3
d=1— ((T-273)—-3.9863)" ((T—273)+288.9414) + 0.0114450T-575
508929.2X((T—273)+68.12963)
(4.1.9-b)
€ = 2727.586 + 0.6224107xT — 466.9151InT — 222
(4.1.9-c)

where d is density, € is dielectric constant, Z is the charge of ion and I; is ionic

strength at support layer-active layer interface and calculated by
(4.1.10)

I; = 0.5(2C; s + 2C; y+)
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4.1.1.5 Osmotic pressure at the active layer surface

The osmotic pressure at the active layer surface, Ty, is the sum of osmotic

pressure of salt and weak acid species at active layer surface. It can be expressed as

Tms = OsNsCnpsRT + Bq(Cnpa + Conp o+ )RT (4.1.11)

where Cpr s is the salt concentration at active layer surface, Cpq and Cpy,r g+ are the
acid and hydrogen ion concentration at active layer surface respectively. Cp,¢ g+ can

be determined by

Kar(Cmf,a=Cpppy+) (4.1.12)

Cmf,H+ =

ymf,H+me'A_

where Vg H+ and Y5 4- are hydrogen ion activity coefficient and acid ion activity

coefficient at active layer surface and calculated by

1
12
—108 Vs u+ = A1Z%(—4— 0.31f) (4.1.13)

2
1+Imf

1
IE
—108 Ymfa- = A1 Z*(—— 0.31,) (4.1.14)

2
1+Imf

Where I, ¢ is ionic strength at active layer surface, determined by

Img = 0.5(2Cmps + 2C s p+) (4.1.15)
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4.1.1.6 Dilutive internal concentration polarization

The internal concentration polarization (ICP) of salt species inside the

membrane support layer can be expressed as

dDerrCs

s = Jwls ——— (4.1.16)

where Cs is the salt concentration in membrane support layer. Related to the salt
diffusion coefficient, Dy, by Ders = €Ds, Desris the effective salt diffusion coefficient
in porous support layer where € is membrane support layer porosity.

Integrating Eq. (4.1.16) across the membrane support layer thickness

atx =0,Cs=Cisand x = lrr = 71, Cs = Cpg s

where C; ¢ is the salt concentration at support layer-active layer interface, Cp,q s is the
salt concentration at support layer surface, loff is the effective thickness of support
layer, T is the tortuosity of support layer and [ is the actual thickness of support layer
yields

Cmad,s
S=le; (chs+Js) 4(DasCs) (4.1.16-2)

where §, defined by § = %l is the structure parameter of membrane support layer and
Dy s, the average NH,Cl diffusion coefficient in draw solution, is calculated by (Cussler

1997)

2
Dds = 1 T (4.1.16-b)

( f
DNHZ,T bei=r

where Dyy+ 7 and D¢ are the ammonium ion and chloride ion diffusion coefficient

respectively.

4.1.1.7 Dilutive external concentration polarization and the salt mass transfer

coefficient at draw solution side
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At support layer surface, the external concentration polarization (ECP), which

is affected by dilutive permeate water from feed solution side, reduces the salt

concentration away from membrane support layer surface at the draw solution side

and is expressed as

dDg sC

—Js = JwC — doc

where C is the salt concentration in the boundary layer.

Integrating Eq. (4.1.17) across the boundary layer thickness (§)
atx =0,C= Cpgsandx =06,C= Cy

where Cy ¢ is the salt concentration in bulk draw solution yields

§ =% = [T g(D,C)

ka Cmd,s (JwC +Js)

where kg is the salt mass transfer coefficient at draw solution side.

(4.1.17)

(4.1.17-a)

For flowing in rectangular channel for the appropriate flow regimes in open channel

at draw solution side, Sherwood number of salt, Shy, is represented by (McCutcheon

& Elimelech, 2006; McCutcheon et al., 2006)
Laminar flow (Rey; < 2,100):

Shy = 1.85(RegScy 2)'/3

Turbulent flow (Regz > 2,100):

Shy = 0.04Re’/*sc}/®

(4.1.18-a)

(4.1.18-b)

where dj, is the hydraulic diameter and Re,, the Reynolds number in draw solution

channel, is defined by

Lvgpa

Re,; =
d Ud

(4.1.19)
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where L is the channel length of FO test cell, v, is the average flow velocity in draw
solution channel and pg is the density of NH,Cl solution as a function of its molar
concentration and absolute temperature (Novotny & Sohnel, 1988). It can be

calculated by

pa = Pw +0.2061%x10%C,4 5 — 0.1577C4 (T — 273) + 1.553%
1073C, (T — 273)? — 2.556C;% + 5.67x1072Cy3(T — 273) —
5.082x107*C32(T — 273)?

(4.1.20)

where p,, is the water density, according to the empirical equation Eq. (4.20-a)

(Novotny & Sohnel, 1988):

pw = 999.65 + 2.0438%x10~ (T — 273) — 6.174x107%(T — 273)3/2
(4.1.20-a)

where pg is the dynamic viscosity of NH4Cl solution as a function of its molar

concentration, density and absolute temperature. It can be calculated by (Marc, 2007)

12.396(53.491C4 5/pg)1-503%-1.7756)

(0.23471(T-273)+1)(~2.7591(53.491Cq 5/p q) 8408 +1)

Uqg = 6e (4.1.21)

where Scg, Schmidt number of salt at draw solution side, is defined by

Scy = 4 (4.1.22)
d PdaDa,s

The salt mass transfer coefficient at draw solution side, kg, is related to Shy by

ShgD
ky = % (4.1.23)
h

4.1.1.8 Concentrative concentration polarization and acid mass transfer

coefficient at feed solution side
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The active layer of the semi-permeable membrane retains selective solutes as the
water molecules permeate across the membrane. Consequently, the solute
concentration is built up in the boundary layer on the active layer surface. The

concentrative concentration polarization can be expressed by

de,aCa

Ja = Jwla +—— (4.1.24)

where C, is the acid concentration in the boundary layer.

Integrating Eq. (4.1.24) across the boundary layer thickness (&)

at x = 0,Cq= Cppq and x = —=6,Cq= Crq

where Cprq is the acid concentration at active layer surface and Cfq is the acid
concentration in bulk feed solution, yields

_Dra _ (Cra _
0= kfa mefa(]WCa —Ja) d(Df aC ) (4.1.24-3)

where ky 4, the acid mass transfer coefficient at feed solution side, is defined by

_ ShraDlra

kra=—4 (4.1.25)

where Dy ,, the apparent weak acid diffusion coefficient in feed solution, is calculated

by (Cussler, 1997)

Dt a (ZDI;’C’;Z( 1+*/1+4cha)+f;f( 1+1/1+4cha)>

(4.1.26)

where Dj,,,  , the average acid ion diffusion coefficient, is defined by (Cussler, 1997)

Dion,T =( T T ) (4.1.26-a)
DH+,T DA_,T
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where Dy+ r and Dy- 1 are hydrogen and acid ion diffusion coefficient respectively, K
equal to 1/ K, 7, K, 1 is the ionization constant, Cr 4 is the acid concentration in feed
solution and Dy 4 r is the acid molecule diffusion coefficient.

Shg 4 is Sherwood number of acid in open channel at feed solution side. There are
two different equations for different flow regimes, as following:

Laminar flow (Res < 2,100):
d
Shyq = 1.85(RerScrq 79'? (4.1.27-)
Turbulent flow (Re; > 2,100):
Shy,, = 0.04Re}’*Sc;”? (4.127-b)

where Ref, Reynolds number in feed solution channel, is defined by

Lvspr
Kr

Res = (.1.28)

where v¢ is the average flow velocity in feed solution channel and py is the density
of feed solution. The dynamic viscosity of feed solution, py, is assumed to be equal

to water viscosity (9r), according to Eq. (4.1.28-a) (Marc, 2007):

(T-273)+246

ﬁT - (0.05594 x(T—-273)+5.2842)x(T—273)+137.37 (4.1.28-3)
where Scy o, Schmidt number of acid at feed solution side, is defined by
i
Scrqa = (4.1.29)
f.a PfDfa

4.1.1.9 Dilutive external concentration polarization and the salt mass transfer

coefficient at feed solution side
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That the leakage salts diffuse from draw solution side and build up within
the boundary layer at the membrane active layer surface. As a result, the dilutive
external concentration polarization can be expressed by

de'sC

x (4.1.30)

—Js = JwC —

Integrating Eq. (4.30) across the boundary layer thickness (§)

at x = 0,Cpps and x = —6,C= Crg

where Cp,r s is salt concentration at active layer surface and Cy s is salt concentration
in bulk solution, yields

D Cc 1
-6 = e e L — d(Df,C (4.1.30-
ks “Cmfs JwC+Js) ( 1 ) °

where the average salt diffusion coefficient in feed solution, Dy, is estimated to the
salt diffusion coefficient in draw solution, Dy 5. kf s, the salt mass transfer coefficient

at the feed solution side, is defined by

SheD
k. =L ts (4.1.31)
f,S dh

where Shy ¢ is Sherwood number of salt in open channel at feed solution side. There
are two different equations for different flow regimes, as following:

Laminar flow (Rey < 2,100):
Shy, = 1.85(ReyScr,s 213 (4.132-a)

Turbulent flow (Re; > 2,100):

3/4 1/3
e Sc

s (4.1.32-b)

Shss = 0.04R

where Scy 5, Schmidt number of salt at feed solution side, is defined by
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Scp. = (4.1.33)
1 PfDf s
f1,Cra1,Cts f.Cd,a,Cd,s
7
’
% O
.
/
Jw %
/
Ja %
Feed / J Draw
Solution |V % ° | Cdso Solution
Tank Ctao % Vd,o Tank
f f2
O
f,Cf,a,Cf,Si, f2,Cd,a,Cd,52

Fig. 4.2 Schematic diagram of forward osmosis system for carboxylic acid
concentration.

4.1.1.10 Mole balance on operation units

In this experiment, the recirculating pump delivered the feed and draw
solutions into the FO test cell unit, internally installed with a FO membrane piece, and
then recycled them back to their storage tanks (Fig. 4.2) where the feed and draw
solution would be concentrated and diluted respectively corresponded with elapsed
time. Subsequently, the differential osmotic pressure across a membrane between
feed and draw solution would decrease and the water flux of the system would also
decline in the period of experiment time.

In a Fig. 4.2, making mole balance equations on acid and salt in the feed solution tank

can be written as

Vf,OCf,a,O + Cf,alflt _— Cf’aft = Cf,a(Vf,0+f1t - ft) (4134)

Cf,sflt - Cf,sift = Cf,si(Vf,O + fit — ft) (4.1.35)
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where Vs o is the initial volume of feed solution, G q o is the initial acid concentration
in feed solution tank, Cr 44 is the acid concentration from the outlet of feed solution
channel, f is the flow rate of recirculating pump, t is elapsed time, and Cy; is the salt
concentration into the inlet of feed solution channel. f;, the flow rate from the outlet

of feed solution channel, is determined by

fi=f—Jwhu (4.1.36)

where Ay, is the effective membrane area.

Making mole balance equations on acid and salt in the feed solution channel can be

written as
Cf’aft _]aAMt = Cf,alflt (4137)
Cf,sift +]SAMt == Cf,sflt (4.1.38)

Making mole balance equations on acid and salt in the draw solution tank can be

written as
Caafot = Caqift = Caai(Vao + fot — ft) (4.1.39)
Cas0Va0 + Caszfot = Casft = Cas(Vao + fot — ft) (4.1.40)

where Vg ¢ is the initial volume of draw solution, Cy 5 is the initial salt concentration
in draw solution tank, Cg4 s, is the salt concentration from the outlet of draw solution
channel and Cy 4; is the acid concentration into the inlet of draw solution channel. f;,

the flow rate from the outlet of draw solution channel, is determined by

fo=f+JwAu (4.1.41)

Making mole balance equations on acid and salt in the draw solution channel can be

written as



Cd'aift +]aAMt = Cd’afzt (4142)

Casft —JsAut = Cqsofot (4.1.43)
vy, the average flow velocity in the feed solution channel, is calculated by

— fitf
f~ wp

(4.1.44)

where Wand D are the channel width and depth of FO test cell, respectively.

V4, the average flow velocity in the draw solution channel, is calculated by

d = f;V_-}: (4.1.45)
The weight change of draw solution, W, can be determined by

where pg is the density of NH4Cl solution.

4.1.1.11 pH of feed solution
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As feed solution was exposed to the atmosphere, open system, the

carbonate species in the feed solution was in equilibrium with the CO, gas in the

atmosphere over the solution. At ground level, the atmosphere contains 104%

CO; gas (Pco,) and then equilibrates with feed solution. This can be written as

Ch,co; = Crco, = KuPco, = 0.0387x10734%8 = 1.51x107°M

atm of

where Ky=0.0387 molar/atm, the temperature dependence Henry’s constant at 301

K, is calculated from Eq. (4.1.69) and Cy,co; Or Crco, is the carbonic acid

concentration in feed solution. The dissociation equilibrium of diprotic carbonic acid

in feed solution can be written as

H,CO; & H* + HCO3
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HCO; & H*™+ C0%

The equilibrium reactions are also established to determine Cr ycoy and Cy coz- by

the following equations:

Kco,,1(Cr,co,—CrHcoz )

C - = (4.1.47)
f,HCO?, Cf,H+yf,H+yf,HC03_

Kucozr(Cruco3=Cp coz-)
Crcoz- = (4.1.48)
o CrutYru+Yrcoz-

where Ko, r and Kyco;,r are the first ionization constant of carbonic acid, Kq1, and
the second ionization constant of carbonic acid, Kg,, respectively, Cr ycos is the
bicarbonate ion concentration and Cf g2~ is the carbonate ion concentration in feed
solution. ¥¢ u+, ¥r uco3= Yr,.a= Yr.on— Yf.coz- and YiNH} hydrogen, bicarbonate, acid,
hydroxide, carbonate and ammonium ion activity coefficients in feed solution, are

determined from Davis equation:

N[

I
—logysy+ = A;Z%(—5 — 0.3If) (4.1.49)

2
1+If

N[ =

I
—log ¥ ucos- =AZ* (L5 - 0.315) (4.1.50)

2
1+If

1

12
—logy; - = A Z%(—L5 - 0.31) (4.1.51)

2
1+If

| =

12
—log¥son- = A1 Z*(—5 — 0.3Iy) (4.1.52)

2
1+If
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N[

1
—logyy coz- = A1Z%( L —03I) (4.1.53)

2
1+If

N| R

1
—logysyuy = 41 Z*(—15 - 0.31p) (4.1.54)

2
1+I}c

where H*,A=,HCO3 ,0H and NH] ion have one valence electron (Z = 1), C03~
has two valence electrons (Z = 2) and I, the ionic strength of feed solution, is

determined by

If =0.5 (Cf,Cl_ + Cf,NHI + Cf,H+ iR Cf,A_ + Cf,OH_ + Cf,HCOr; +

4C; ¢o2- ) (4.1.55)

where the chloride ion concentration in feed solution, Cs ¢;-, is equal to C g, Cr oy
is the ammonium ion concentration, Cr y+ is the hydrogen ion concentration, Cr o~
is the hydroxide ion concentration and Gy 4- is the acid ion concentration in feed
solution.

Soluble ammonium chloride salt releases ammonium ions into the solution. It
functions as weak acid and ionizes a small amount of ammonia and hydrogen ion in
equilibrium, written as

NH,Cl > NH; + Cl~
NH} & NH; + H*
Cr nmy can be calculated from ionization constant which accounts for ionic strength

and expressed by

_ YeutCru+CrNH3

Crnup = (4.1.56)
J.NH; VenutEnuir
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where Kyy+r is the NH,CL ionization constant and Cryp, is the ammonia
concentration in feed solution.
In equilibrium, weak acid donates its proton into the water and can be written in the

short notation as
HA o A~ +H?
The above equilibrium reaction of weak acid can determine Cy 4- by Eq. (4.1.57):

KarCrHA

Cra- =

(4.1.57)
CrutYru+tVra-

where Cr 4 is the acid molecule concentration in feed solution.

The self-ionization of water acts as either an acid or base as following reaction:
H,0 & H* + OH™
Cron- can be determined from the equilibrium constant and written as

Kw T
f,0H CrutY pu+YF.0H-

where Ky, 7 is the water ionization constant.

The mass balance for the conjugate acid-base pair in feed solution can be expressed

by
Crsi = Cf,NH;r + Cr nH, (4.1.59)
Cra = Crua + Cr a- (4.1.60)

The charge balance equation in feed solution can be described by

Cf,H+ + Cf,NHI ES Cf,A_ + Cf,OH_ + Cf,Si + Cf,Hco?’— + ZCf,COZQZ,_

(4.1.61)



The pH of feed solution, pHy, can be calculated by
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pHy = —log (v¢u+ Cru+) (4.1.62)
4.1.1.12 List of all variables and unit in mathematical model
Table 4.1 Constant variables
Variable Value Unit Ref.
D¢i- 208 2.032x107° cm?/sec (Haynes, 2014-2015)
Dy+ 508 9.311x107° cm? [sec (Haynes, 2014-2015)
Dy 208 1.957%x1075 cm?/sec (Haynes, 2014-2015)
ng 2 - -
R 0.08314 L bar K Ymol™? B}
o 1 _
Bs 0.897 -

(Robinson and Stokes, 1959)

Table 4.2 Diffusion coefficients of carboxylic acid in water at 298 K

Acid D4~ 98 Ref. D 298 Ref. Dyp 208
(cm?/sec) (cm?/sec) cm?/sec
Type (em?/sec)
Acetic acid 1.089x10°5 (Bidstrup and 1.27%x10°5 (Haynes, 2014~ 1.26x10°5
Geankoplis, 1963) 2015)
Butyric 0.868x107° (Bidstrup and 0.918x107° (Haynes, 2014- 0.905x107°
acid Geankoplis, 1963) 2015)
Lactic acid 1.033%x1075 (Bidstrup and 0.993x107° [Ribeiro et al., 0.764x1075
Geankoplis, 1963) 2005)
Valeric 0.871x1073 (Bidstrup and 0.817x1073 (Haynes, 2014- 0.80x107°3
acid Geankoplis, 1963) 2015)
* Dya29g Was calculated from Eq. (4.1.26)
Table 4.3 Fixed variables
Variable Value Unit Variable Value Unit
Ay 0.42 dm? f 1.58 L/min
D 0.023 dm T 301 K
d;, 0.0438 dm w 0.4572 dm




Table 4.4 Initial independent variables
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Variable Value Unit Variable Value Unit
Caso 0.5 mole/L Vio 1 L
Ciao 0.01 mole/L t 0to 30 hr
Vao 0.5 L

Table 4.5 Unknown dependent variables

Variable Unit Variable Unit
1. Cgqq mole/L 32. [, L/dm?/min
2. Cqqi mole/L 33. ky dm/min
3. Capg+ mole/L 34. Kpq dm/min
4. Cgg mole/L 35. Ky dm? /min
5. Cgs mole/L 36. pHy
6. Csq mole/L 37. Rey
7. Cia- mole/L 38. Rey
8 Crg mole/L 39. Scg
9 Cpepz- mole/L 40. S¢sq
10. Cpp+ mole/L 41. Scy
1. Crpya mole/L 42. Shy
12 Cgpcos mole/L 43. Shy,
13 Cynpg mole/L 4a. Shy
14, Cf,NH;{ mole/L 45. Vg dm/min
15 Cron- mole/L 46. Vg dm/min
16. Cpg mole/L 7. Wy g
17. Crg mole/L 4. Via-
18. Ciq mole/L 9. Yfcot
19. Cyg mole/L 50. Yyu+
20. Cpggs mole/L 51. YfHCO3™
21. Crfa mole/L 52. V¢ nup
22 Cppp+ mole/L 53. Yr,0H~
23 Cpys mole/L 50. Via-
2. Dysq dm? /min 55. Vgt
25 f1 L/min 56. ¥Ymf,a~
26. fo L/min 57. Vg u+
27 I mole/L 58. Hq g/dm/min
28 I; mole/L 59. TC; bar
29. Iy mole/L 60. TCpf bar
30 Jq mole/dm? /min 61. Pg g/L
31 J mole/dm?/min 62. ps g/L
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4.1.1.13 Temperature dependence of constant variables

The solution temperature is one of the major factors which directly influence
the performance of membrane process. It has the positive correlation with permeate
water flux. Thereby, the temperature dependence of constant variables ( the
equilibrium constants, the solute diffusion coefficients and the Henry’s law constant
correction) are provided as functions of temperature. These constant variables must

be adjusted to desired operation temperature, 301K, prior to use in the model.

4.1.1.14 Equilibrium constants

The equilibrium constant is a function of temperature. As the temperature
increases, the equilibrium reaction produces more ionization products. The ionization
constants at the given temperature, K, r, can be determined by the equation in Table

4.6.

Table 4.6 lonization constants as functions of temperature

Acid type Equation Reference
; ; 1170.48 i
Acetic acid “log Kor = - 31649 + 0.013399XT (Robinson and Stokes, 1959)
; ; 1033.39 i
Butyric acid —log Koy = - 26215 + 0.01334XT (Robinson and Stokes, 1959)
; ; 1286.49 i
Lactic acid “log Kor = - — 48607 + 0.014776XT (Robinson and Stokes, 1959)
; ; 921.38 i
Valeric acid —log Koy = - 18574 + 0.012105XT (Robinson and Stokes, 1959)
i i 3404.71 i
Carbonic acid —log Kal,T _ - —14.8435 + 0.032786XT (Robinson and Stokes, 1959)
2902.39 i
—log Kaz,T _ = — 6.4980 + 0.02379XT (Robinson and Stokes, 1959)
: 2835.76 Robi
Ammonium —log Ka,T _ — 0.6322 + 0.001225XT (Robinson and Stokes, 1959)
chloride T
Water 4470.99 (Harned and Owen, 1958)

—logK,, r = —r 6.0875 — 0.017060XT
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4.1.1.15 Solute diffusion coefficients

Solute diffusion coefficient and viscosity of solvent are functions of
temperature. According to the well-known Stokes-Einstein equation (Einstein, 1926),
the temperature correction of the diffusion coefficient for any solute can be calculated

by the following equations:

T Y208

Dy+ 1 = Dy+ 98X 795 % . (4.1.63)
Dy-1 = Dy g9 X 5o X ’9;—;8 (4.1.69)
Dyar = DyazosX % X 19;_? (4.1.65)
Dyugr = Dyug 208X % X 19;_38 (4.1.66)

Dei-1 = Dei- 298X % X ﬁ;—;s (4.1.67)
9. (T—273)+246 @168

~ (0.05594 X(T—273)+5.2842)X(T—273)+137.37

where T is absolute temperature, 97 and ¥,9g are water viscosity at the given

temperature and at 298 kelvins, respectively.

4.1.1.16 Henry’s law constant

Henry’s law constant as a function of temperature is defined by (Compilation

of Henry’s Law Constant)
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Ky = K oexp(—2"— SOI"H (1 ) (4.1.69)

where Ko is the Henry’s law constant at standard condition (T9=298.15 kelvins),

—AgoinH

3.4x1072 molar/atm, R is the gas constant and is the temperature

dependence, 2400 Kelvins.

4.1.2 Model solutions

A set of sixty-two simultaneous equations, given with the sixty-two jointly
dependent variables, describes the logical phenomena during simulating the filtration
of carboxylic acid in FO process. This system of equation model was solved by
Levenberg-Marquardt (LM) algorithm running in MATLAB R2012a software in order to
simultaneously determine the sixty-two jointly dependent variables at each point in
simulating time. The procedures of model solutions are described in Fig. 4.3. The
calculation was initiated by inputting constant variables (e.g. acid ionization constant,
diffusion coefficient, gas constant), fixed variables (e.c. membrane area, test cell
channel sizing, liquid temperature, flow rate of pump), initial conditions (e.g. initial
draw solution volume and concentration, initial feed solution volume and
concentration) and the assumed initial dependent variables at t = 1. Based on
Levenberg-Marquardt algorithm, the sixty-five dependent variables at t = 1 could be
simultaneously determined and were applied as the new initial dependent variables
at t = 2. The sets of dependent variables at each point in time (t = 1, 2, 3,..., n) could

be yielded at the end of each simulation cycle.
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Entering : t=1 t=1,2 3.1 || avenberg-Marquardt

— | DYNAMIC MODEL

- Constant variables Algorithm
- Fixed variables
- Initial conditions 1=n
- Assumed dependent variables t=n+1
!
Reentering dependent Solved dependent
variables variables at f = n

Simultaneously solved dependent variables atf = 1 —-——
Simultaneously solved dependent variables at f =2 —a——

Simultaneously solved dependent variables at f =3 ~=———

Simultaneously solved dependent variables at f =n -

Fig. 4. 3 The flow chart of model solution procedures 1 The flow chart of model

solution proceduresThe flow chart of model solution procedures.

4.1.3 FO membrane parameter characterization

Table 4.7 Membrane parameters (4, B, S), with the correlated coefficient of
determinations of water flux (R? — J,,), salt flux (R? — J5) and the coefficient of
variation (CV'), have been calculated by excel error minimization algorithms from

Ref. (Tiraferri et al., 2013).

Sample A B S R*-], R*—]; V(%)
(L/m?/h/bar) (L/m?/h) (pm)
1 0.419 0.463 494 0.994 0.986 3.83
2 0.382 0.433 456 1 0.993 2.86
3 0.439 0.484 524 0.982 0.998 4.71
Mean Value 0.413 0.460 491

Three samples of TFC membranes were used to determine water permeability
coefficient, NH4Cl permeability coefficient and structure parameters (4, B, S) of the
membrane in the FO experiment. In Table 4.7, the simulation results are reported
along with the related coefficient of determination of water flux (R? — J,,), salt flux

(R? — J) and the coefficient of variation (CV). The mean values of the 4, B; and S



81

obtained from excel algorithms were 0.413 L/m?/h/bar, 0.460 L/m?h and 491 um

respectively.

Table 4.8 Experiment results and calculation report of four acid permeability

coefficients (B,) by excel algorithms

Acid Type Sample Stage Cia Cra Jw Ja B, Mean Value
mM) M) (L/m?/h @mmole/m?/h) (L/m?/h LJm?

Acetic 1 1 379 8.82 1.6 930.83 1.979 2.10
2 736 29.8 3.4 1,999.60 2.145
2 1 488 1943 2.2 1,337.28 2.178
2 906 42.0 339 2,385.42 2.102

Butyric 1 1 392 2.11 1.8 241.46 0.576 0.64
2 606 5.89 2.1 343.86 0.539
2 1 280 1.09 1.4 239.31 0.767
2 521 5.14 2.1 379.28 0.674

Valeric 1 1 120 3.02 0.5 59.42 0.470 0.49
2 254 8.97 0.9 123.87 0.468
2 1 159 SEIES) 0.7 85.23 0.510
2 292 12.74 1.1 158.02 0.521

Lactic 1 1 365 0.17 4.3 75.22 0.198 0.15
2 536 0.55 5.2 94.22 0.170
2 1 415 0.51 3.1 54.23 0.128
2 677 1.48 4.9 79.96 0.116

To characterize the acid permeability coefficients of the membrane, two
membrane samples were tested for each acid type. The mean value of acid
permeability coefficient (B,) was calculated from two membrane samples and
determined by two-stage individual calculation, using excel algorithms. The calculation
of J,and J, were delineated in Appendix B. The experimental data and simulation
results of four different carboxylic acids are reported in Table 4.8. The highest
permeability value was acetic acid, 2.10 L/m?/h. Butyric and valeric acid had relatively

close permeability value, 0.64 L/m?h and 0.49 L/m%h, respectively and the value of
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lactic was lowest at 0.15 L/m%/h. These all performance parameters were inputted to

the upcoming mathematical model.

4.1.4 Validation of the developed mathematical model
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Fig. 4.4 Comparison of the simultaneous results from developed mathematical model
(solid line) and the experimental data (cross symbols) from the acid concentration FO
experiment of four different carboxylic acids, weight change of draw solution (A, B, C,

D) and pH of feed solution (E, F, G, H), are plotted against elapsed time.

In Fig. 4.4, the model has also been compared to dynamic experiments
performed with acid concentration by FO processes. Each carboxylic acid model was
simulated to predict the weight changes of draw solution (W) and pH of feed solution
as a function of time. The values of predicted and measured weight change of draw
solution (Fig. 4.4A-D) and pH of feed solution (Fig.4.4E-H) were compared in the 30
hour operation. As a result of the different osmotic pressures of feed and draw
solutions, the weight change of draw solution (Wy) increases over the period of
experimental time by convective permeate water from feed solution accumulated in
draw solution tank. Consequently, the volume reduction of acid solution in feed
solution tank affects to the pH of feed solution declining over the period of time. The
agreement between the simulated results from proposed model and experimental
data has been evaluated by statistical factors, as shown in Table 4.9. The coefficient
of determination, R?is used to gauge the goodness of developed model fit to
experimental data. R? of W, of all four carboxylic acids were higher than 0.95. In case

of pH of feed solution, due to the extremely high sensitivity of pH probe, any additional
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undefined variances from external can easily lead to variation of measuring pH. These
cannot be unexpressed in the developed model, but affect directly to R? value.
Another important aspect of mathematic model validation is the accuracy of the
model. This can be measured by root mean square error, RMSE. The RMSE of both
W, and pH of all carboxylic acids were fairly close, but represented in different unit
of measurement. This value can be interpreted as the standard deviation of
unexplained variances. The comparison of prediction accuracy between W, and pH
was performed by using standard error of prediction, SEP, which is unit-less metric.
Results in Table 4.9 indicate that the prediction accuracy of Wy is lower than pH, as
the unexplained variances on the accuracy of developed model to predict Wy is likely
to have more impact than pH, even though the model can comprehend over 98%
indicated by R? of all W, phenomena during the period of time in each experiment.
Nevertheless, SEPs of all Wy-predictions were still less than 7% where the SEPs of

all pH-predictions were less than 1.13%.

Table 4.9 Quantitative comparisons of model predictions to experimental data

Weight of Draw Solution pH of Feed Solution
Acid R? RMSE SEPY% R? RMSE SEPY%
Acetic 0.99 0.0164 4.65 0.71 0.0171 0.52
Butyric 0.99 0.0170 4.85 0.68 0.0332 0.99
Valeric 0.98 0.0253 6.99 0.64 0.0375 1.13
Lactic 0.99 0.0149 4.19 0.77 0.0304 1.08

4.1.5 Simulations

4.1.5.1 Simulation results of acetic acid feed solution at 30 hour operation of
FO process, acid rejection and concentration performance of FO process as functions

of time
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Fig. 4.5 Rejection rate and concentration performance of the FO process from

simulation results of four carboxylic acids as functions of time for 30 hour system

operation.

In order to quantify the concentration performance of carboxylic acid in the FO

process, the developed mathematical model was simulated to predict concentration

performance (Cf q/Cr ). defined by acid concentration (Cy,,) which is normalized by

its initial concentration (Cr =10 mM) and acid rejection (R,) as functions of time. The

acid rejection of the FO system, R, can be expressed by
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— 1 _ Gaa
Ro =1 =22 (56)

where (g 4; is acid concentration in draw solution tank and (s 4 is acid concentration

in feed solution tank.

Fig. 4.5 shows rejection and concentration performance of four carboxylic acids
as functions of time for 30 hour system operation. According to acetic acid (Fig. 4.5A
and B), acid rejection declined rapidly with elapsed time, comparing to other carboxylic
acids. At the end of simulation, 30 hours, it showed the acid rejection 71% and
concentration up to 1.65 fold increase. Table 4.10 summarizes the acid rejection and
concentration performance at 30 hour system operation. Acetic acid performs the
lowest acid rejection and concentration performance due to its minimum molar mass,
corresponding to the highest acid permeability coefficient among the other carboxylic
acids. Butyric and valeric acid have the same pKa value but valeric acid has higher
molar mass than butyric acid, causing acid rejection and concentration performance of
valeric acid to be higher than those of butyric. In other words, valeric acid is retained
easier in the feed solution side than butyric acid. Therefore, the valeric permeability
coefficient is rationally lower than butyric acid. Comparing lactic acid to butyric acid,
the molar mass of lactic acid is close to butyric acid but lactic acid has significantly
lower pKa than butyric acid. Consequently, more ionization products of lactic acid will
appear in feed solution. This rising of ionic strength in feed solution affects the increase
of membrane surface charge. In this moment, the membrane is certainly able to hold
the lactate and hydrogen ion by pushing them away from its surfaces. Lactic acid
therefore performed the highest acid rejection of 97.3% and concentration
performance of 2.4 fold increase corresponding to the lowest acid permeability

coefficient.

Table 4.10 Summary of acid rejections and concentration performances of four
carboxylic acids at the end of simulation, thirty hours, along with their chemical

properties and acid permeability coefficients
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Acid Rejection Cra/Cyp Molar mass Pk, B,
(L/m?/h)
(g/mole)
Acetic 71 1.65 60.05 4.75 2.10
Butyric 89 2.2 88.11 4.82 0.64
Valeric 91.5 2.3 102.13 4.82 0.49
Lactic 97.2 2.4 90.08 3.86 0.15

4.1.5.2 Rejection and concentration performance as functions of draw

solution concentration and draw solution volume

% Rejection
% Rejection

0 05

Draw sol. concentration() Draw sol. concentration(M) Draw sol. valume(L)

Draw sol. volume(L)

Fig. 4. 6 3-D curved surfaces of acid rejection for acetic acid (A) and lactic acid (B) as

functions of the draw solution concentration (M) and of the draw solution volume (L)

at 30 hour system operation.

Fig. 4.6 shows 3-D curved surfaces of rejection for acetic acid (Fig. 4.6A) and
lactic acid (Fig. 4.6B) as functions of the draw solution concentration (M) and of the
draw solution volume (L) at 30 hour system operation. The shape of curved surfaces
for these two carboxylic acids is obviously similar. The highest rejection of acetic and
lactic acid, 87% and 99.5% respectively, were at 0.25 M of and 2.5 L of draw solution,
the minimum concentration and maximum volume of draw solution, whereas the
lowest rejection of acetic and lactic acid, 55% and 95.5% respectively, was at 0.25 M
and 0.5 L of draw solution, the minimum concentration and volume of draw solution.

According to curved surfaces of acetic acid (Fig. 4.6A), in the draw solution area range
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from 1.5 L to 2.5 L for any draw solution concentration, the system could perform
greater than 79% rejection, remarked by the flat curved surfaces in this area. In similar
fashion, lactic acid (Fig. 4.6B) could achieve the rejection greater than 98% in the draw
solution area range from 1.25 L to 2.5 L for any draw solution concentration. In the
aspect of system operation flexibility and in order to maximize the utilization of draw
solution, it evidences that the developed model can suggest the optimal region of

initial condition of draw solution to attain the nearby maximum rejection of the system.

4.1.5.3 Concentration performance as functions of draw solution concentration

and draw solution volume.

Cfa/Cf0

Draw sol. concentration(M) ~ Draw sol.concentration(M) 0 05 Draw sol volume(L)

Draw sol. volume(L)

Fig. 4. 7 3-D curved surfaces of concentration performance for acetic acid (A) and lactic
acid (B) as functions of the draw solution concentration (M) and of the draw solution

volume (L) at 30 hour system operation.

Fig. 4.7 illustrates the concentration performance for acetic acid (Fig. 4.7A) and
lactic acid (Fig. 4.7B) as functions of the draw solution concentration (M) and of the
draw solution volume (L) at 30 hour system operation. The physical shapes of these
two curved surfaces are different. According to acetic acid curved surface (Fig. 4.7A),
the maximum concentration performance of acetic acid was concentrated up to 2.3
fold increase on condition that the FO system operated with the initial condition of 2

M and 0.6 L of draw solution, represented by the top of curved surfaces. As regards
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the nearby maximum concentration performance, the system performance could
accomplish the concentration performance greater than 2 fold increase in the region
of draw solution range from 1.5 M to 2 M and 0.5 L to 1.0 L. The curved surfaces then
moved down rapidly, either draw solution concentration reduced to 0.25 M or draw
solution volume increased to 2.5 L. Once the draw solution volume was increasing
more than 0.6 L, the diluted acetic acid concentration in the draw solution will
dominantly effect on rising of acetic acid flux into the draw solution, which reduces
concurrently both acetic acid concentration in feed solution and concentration
performance. Eventually, the concentration performance of acetic acid was down to
0.75 fold decrease at 2 M and 2.5 L of draw solution, located at the base of curved
surfaces. According to curved surfaces of lactic acid (Fig. 4.7B), the system performance
could achieve the concentration performance greater than 10 fold increase, the nearby
maximum concentration performance, in the region of draw solution range from 1.75
M to 2 M and 1.75 L to 25 L. The peak of curved surfaces appeared at the
concentration up to more than 11 fold increase with the extreme initial condition, 2
M and 2.5 L of draw solution. This reveals that the higher concentration performance
of the system can proportionally be obtained from the increasing of initial condition
of draw solution. This is caused by the high rejection membrane property or low
membrane permeability coefficient of lactic acid. Regarding operational flexibility in FO
processes, it can be seen that 3D simulation of the developed model can illustrate
the availability of FO process to operate over a range of draw solution conditions while

satisfying process performance.

4.1.5.4 Sensitivity analysis

The purpose of sensitivity analysis is to determine the influence of independent
variable on dependent variable in terms of percentage change. Changing a value of

independent variable affects the dependent variables in varied manners, relying on
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the function of each independent variable on dependent variable. The sensitivity
analysis of rejection rate and concentration performance, dependent variables, have

been conducted as functions of four initial condition variables, independent variables,

which were initial draw solution concentration (Cy 5 = 1.0 M), initial acid concentration

0.5 L) and initial feed solution

(Cr a0 = 10 mM) initial draw solution volume (Vg g
volume (Vg o = 1.0 L). The sensitivity analysis results of rejection rate and concentration
performance for acetic and lactic acids at 30 hour system operation have been
determined and presented in sensitivity charts, as shown in Fig. 4.8 A-D. Referred to
exhibited charts, the sensitivities of both dependent variables were relatively
distinctive in degree of sensitivity and correlation, depending on acid types of feed

solution and assigned independent variables.
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Fig. 4. 8 Sensitivity charts of rejection rate and concentration performance for acetic
and lactic acids. Sensitivity charts of rejection rate and concentration performance for

acetic and lactic acids.

Table 4.11 Correlation of rejection to Cy 0, Cr a0, Va0 and Vo for each acid feed

solution
Initial variable Acetic acid Lactic acid
Caso Positive Positive
Cra0 Negative Negative
Vao Positive Positive
Vo Positive Positive

Table 4.12 Correlation of Cfq/Cf a0 10 Cas,0. Cr a0 Va0 and Vg o for each acid feed

solution
Initial variable Acetic acid Lactic acid
Caso Positive Positive
Crao Negative Negative
Vao Positive Positive
Vio Negative, greater than -30% Negative, greater than -60%

The shape of sensitivity curve can unveil correlation and degree of sensitivity
of designated dependent variables on independent variables. Categorized by feed
solution types, the correlation of rejection rate and concentration performance among
Ca,s,0 Cra,0 Va,0,and Vr o are demonstrated in Table 4.11 and 4.12. In sensitivity curves,
by comparing with initial values, the increase and decrease rates of variable values of
are expressed in positive and negative percentages correspondingly. Two types of
correlation between independent and dependent variables are positive and negative.

With positive correlation, a relationship between two variables is that their values
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increase or decrease together. On the other hand, the negative correlation results in a
relationship between two variables in which one variable increases as the other
decreases, and vice versa. Typically the negative correlation is favorable because the
lesser value of independent variable can efficiently yield the greater value of

dependent variable.

Referred to sensitivity charts of rejection rate for acetic acid (Fig. 4.8A) and lactic
acid (Fig. 4.8B) ,increasing rejection rate was given by reducing Cy 4 o Or increasing any
of Ca5,0. Va0 and V. Negatively correlated with Cr 4, the rejection rates began to
increase rapidly when percentages of change in (s 4 were less than -40% and -60%
of acetic acid and lactic acid respectively. However, the rejection rate of acetic acid
could gain 10% at -100% of change, while the rejection rate of lactic acid could only
reach 3.8% at -100% of change. On the contrary, due to the positive correlations, to
raise the rejection rate was to enlarge any of Cy0,Vq and Vg values. According to
acetic acid sensitivity chart, with the steepest curve on the positive side, Cy 5 o attained
the highest degree of sensitivity. It means that at the same percentages of increase the
highest rejection rate could be achieved by raising Cy 59, comparing with Vg o and Vg o.
However, the degree of sensitivity of Vg o was very close to Cy g0 while Vg was the
lowest. In case of lactic acid, increasing V; o acquired the highest degree of sensitivity
while Vo gained the lowest degree of sensitivity same as acetic. At 100% of change in
V40, the rejection rate could be escalated only to 0.78%, less than 7.1% of rejection

rate of acetic acid at 100% of change in Cy ¢ 0.

Conversely, a rejection rate also could be decreased by increasing Cr 4
(negative correlation) or reducing any of Cg 50, Vg0 and Vo (positive correlation). For
both acetic and lactic acids, increasing Cy 4 o caused a comparatively insignificant effect
to reduce a rejection rate while compared with decreasing Cys0 Vgo and Vyg.

Decreasing V¢ o leaded to the highest percentage of rejection rate deduction only when
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decreasing percent was greater than about 45%. In other words, at less than -45% of
change, decreasing Vs, of any acid had the highest degree of sensitivity whereas the
lowest degree of sensitivity was acquired by decreasing V; o for acetic acid and Cy 5o
for lactic acid. In another condition, whereas percentages of change was greater than
-45%, of acetic acid, reducing C4 ¢ caused the highest influence to rejection rate,
compared to Vg and V4. Unlike acetic acid, the highest degrees of sensitivity for
rejection rate of lactic acid could be obtained by reducing Vg o and reducing Vs o
leaded to the least degrees of sensitivity instead. Nevertheless, by comparing the
effect of decreasing positive correlated independent variables on rejection rate, the
effect on rejection rate of acetic acid was significantly higher than lactic acid, as shown

in the sensitivity charts of rejection rate.

Another designated dependent variable is concentration performance
(Cr,a/Csa,0) which has been analyzed in terms of sensitivity against the same set of
independent variables as rejection rate. The shapes of sensitivity curve of acetic and
lactic acids are nearly alike in pattern (Fig. 4.8C and D). Hence, for both acids, changing
Ca,s,0 and Vg o were positively correlated to Crq/Cr g0 ON both positive and negative
sides where the highest degrees of sensitivity was obtained by changing Cy 5. With
the negative correlation, reducing Cy 4o began to dramatically increase Cy,/Cr a0
whereas the percentage change of Cr 4o was less than -80 % of lactic acid, but, in
case of acetic, Crq/Crqo Was prone to increase rapidly, once Cr,o began to
decrease. Nevertheless, at -100% of change in Crgqo of both acids, Crq/Cr a0
approached to infinity. Because Cf o becomes zero, Crq/Cs a0 is certainly infinity.
Last independent variable is Vs o whose the correlation to Cs 4/Cr 40 Was conversed
from negative to positive when percentages of decreasing raised up to around 20% of

acetic acid and 60% of lactic acid. This configuration leaded to the concave downward
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shape of curve. At inflection points of both curves of Vg, Crq/Cr a0 could be

maximally yielded at 6.2% of acetic acid and 148% of lactic acid.

The sensitivity analysis can be practically applied as a guideline to design and
modify a comparable FO system so that the optimal result can be accomplished in
terms of performance and cost-effectiveness. The sensitivity analysis depicts not only
the effect of changing independent variables on system performance, defined by
dependent variables, but also the cost of construction and modification system
because some independent variables, which are Cy 0, V0 and Vy, are associated
with cost. During design phase, wastewater influent, rejection rate and concentration
performance are basically specified as system requirement. Regarding system
performance, the sensitivity analysis on Cr 4, defining as wastewater concentration
can help designers to recognize how the system suits to the influent concentration.
Designers can increase rejection rate by increasing Cy 50, Vg0 and Vr o, represented
concentration of draw solution, volume of draw solution and wastewater respectively.
Inevitably, cost of designated system is also increased in different level, depending on
selected draw solution properties and designs of both solution containers. Based on
sensitivity analysis for concentration performance (Cfq/Csq,0 ratio), designers can
simply raise this value by increasing Cy 5 o and V o. However these subsequently create
extra cost, as described previously. Without additional cost, decreasing V¢ o similarly
can increase Crq/Cs g0 ratio whereas the optimum value of both acids, which system
can attain, are evidently shown in the sensitivity charts at the inflection points of V¢
curves. Besides facilitating design of new system, the sensitivity analysis can also assist
designers to modify any pertinent existing system in more systematic and effective
manners. Based on sensitivity curves of relevant independent variables, designers can

reassign related system parameters, which are volume of containers for wastewater
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and draw solution as well as concentration of draw solution, to result in the optimal

system performance with the least cost of modification.

Nomenclature
A water permeability coefficient of the membrane
Ay effective membrane area

° acid permeability coefficient of the membrane

S salt permeability coefficient of the membrane

salt concentration in the boundary layer

P acid concentration in the boundary layer
Caa acid concentration in bulk draw solution
Cap bulk draw solution concentration
Caai acid concentration into the inlet of draw solution channel
Cap bulk draw solution concentration
Ciy+ hydrogen ion concentration at support layer-active layer interface
Cas salt concentration in bulk draw solution
Casz salt concentration from the outlet of draw solution channel
Caso initial salt concentration in draw solution tank,
Cra acid concentration in feed solution
Crp bulk feed solution concentration
Cra- acid ion concentration in feed solution
Cra1 acid concentration from the outlet of feed solution channel
Ct a0 initial acid concentration in feed solution tank
Crp bulk feed solution concentration
Crcr- chloride ion concentration in feed solution
Cru+ hydrogen ion concentration in feed solution
Crnmp ammonium ion concentration in feed solution
Cron- hydroxide ion concentration in feed solution

Cr s

salt concentration in bulk feed solution



]s,l
Jw
]w,l

salt concentration into the inlet of feed solution channel
acid concentration at support layer-active layer interface
salt concentration at support layer-active layer interface
acid concentration at support layer surface

salt concentration at support layer surface

acid concentration at active layer surface

hydrogen ion concentration at active layer surface

salt concentration at active layer surface

salt concentration in membrane support layer
coefficient of variation

channel depth of FO test cell

apparent weak acid diffusion coefficient

acid ion diffusion coefficient at 298 kelvins

chloride ion diffusion coefficient at 298 kelvins

average salt diffusion coefficient in draw solution
effective salt diffusion coefficient in porous support layer
apparent weak acid diffusion coefficient in feed solution
average salt diffusion coefficient in feed solution
hydraulic diameter

hydrogen ion diffusion coefficient at 298 kelvins

acid molecule diffusion coefficient at 298 kelvins
ammonium ion diffusion coefficient at 298 kelvins

salt diffusion coefficient

flow rate of recirculating pump

flow rate from the outlet of feed solution channel

flow rate from the outlet of draw solution channel

acid flux

reverse salt flux

reverse salt flux in stage [

water flux

water flux in stage [
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mass transfer coefficient

ionization constant

salt mass transfer coefficient at draw solution side

acid mass transfer coefficient at feed solution side

salt mass transfer coefficient at the feed solution side

NH,Cl ionization constant

water ionization constant

actual thickness of support layer

channel length of FO test cell

effective thickness of support layer

total number of data

number of salt ion species

pH of feed solution

gas constant

coefficient of determination

coefficient of determination of salt flux

coefficient of determination of water flux

acid rejection

Reynolds number in draw solution channel

Reynolds number in feed solution channel

root mean square error

structure parameter of membrane support layer

Schmidt number of salt at draw solution side

Schmidt number of acid at feed solution side

Schmidt number of salt at feed solution side

standard error of prediction

Sherwood number of salt in open channel at draw solution side
Sherwood number of acid in open channel at feed solution side
Sherwood number of salt in open channel at feed solution side
elapsed time

absolute temperature



vy average flow velocity in the draw solution channel
Vao initial volume of draw solution

Vr average flow velocity in feed solution channel
Vo initial volume of feed solution

w channel width of FO test cell

Wy weight change of draw solution

Greek symbols

) boundary layer thickness

€ support layer porosity

Ua dynamic viscosity of NH,Cl solution

Ur dynamic viscosity of feed solution

Tgq osmotic pressure of acid draw solution

Ty p osmotic pressure of bulk draw solution
Tfq osmotic pressure of acid feed solution

s p osmotic pressure of bulk feed solution

T; osmotic pressure at interface of support layer-active layer
Ty osmotic pressure at the active layer surface
Pd density of NH,Cl solution

Pr density of feed solution

Pw water density

o reflection coefficient

T tortuosity of support layer

9r water viscosity

Da osmotic coefficient of acid solutions

Dy osmotic coefficient of salt solutions
Subscripts

0 initial condition

98



ion

md

NH}

outlet of feed solution channel

outlet of draw solution channel

acid species

acid ion species

acid species from the outlet of feed solution channel
acid species into the inlet of draw solution channel
bulk solution

chloride ion species

draw solution

effective

feed solution

hydraulic

hydrogen ion species

membrane support layer- active layer interface

ion species

number of experiment stages

membrane

membrane support layer surface

membrane active layer surface

ammonium ion species

hydroxide ion species

salt species

salt species into the inlet of feed solution channel
salt species from the outlet of feed solution channel
absolute temperature

water species
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4.2 Mixture of two carboxylic acids as feed solution and NH,Cl as draw solution

4.2.1 FO process modeling of a mixture of two carboxylic acids

Fig. 4.9 shows salt and two carboxylic acid concentration gradients across a
semi-permeable membrane and indicates water transport, acid flux and salt flux
operating in FO mode, configured by arranging dense selective active layer of FO
membrane against acid solution (feed solution), and the porous support layer against
salt solution (draw solution).

Active Support
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Fig. 4.9 Schematic of semi-permeable membrane cross section for the concentration

of two acid species by FO process.
4.2.1.1 Permeate water permeability

The water flux, J,, in a Fig. 4.9 depends on the different osmotic pressure

across the membrane active layer and can be expressed as

Jw = O_A(T[i - 7-"-mf) (4.2.1)
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where A is the water permeability coefficient of the membrane, m; is the osmotic
pressure at interface of support layer-active layer, T, is the osmotic pressure at the

active layer surface and the reflection coefficient, g, is equal to 4.2.1.
4.2.1.2 Salt permeability

The salt flux, Jg, is related to the salt concentration gradient across the

membrane active layer and can be expressed as
Is = Bs(Ci,s - Cmf,s) (4.2.2)

where Bg is the salt permeability coefficient of the membrane, C;¢ is the salt
concentration at support layer-active layer interface and Cpyps is the salt

concentration at active layer surface.
4.2.1.3 Acid permeability

The two acid flux, /51 and J,,, are simulated from feed solution side,
depending on their concentration gradients across the membrane active layer and can

be expressed as

]a,l = Ba,l(Cmf,a,l - Ci,a,l) (4.2.3)
]a,Z = Ba,z (Cmf,a,z - Ci,a,z) (4.2.4)

where B, 1and B, are the acid permeability coefficients of the membrane of acid
type 1 and type 2 respectively, Cif g1 and Cpy g are the acid concentration at active
layer surface of acid type 1 and type 2 respectively and C; ;4 and C; 4, are the acid
concentration at support layer-active layer interface of acid type 1 and type 2

respectively.
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The acid concentrations of acid type 1 and type 2 in bulk draw solution, Cy 44 and

Caq2, are given as
Cd,a,l = Ci,a,l = Cmd,a,l (4.2.5)
Cd,a,Z = Ci,a,Z = Cmd,a,z (4.2.6)

For acid type 1, Cg 4,1 equals to Cj 41 and Cpg a1 N Eq. (4.2.5). A acid type 2 acts like
a acid type 1 that Cy 41 equals to Cj 41 and Cpg g1 In Eq. (4.2.6) where Cppg 41 and
Cma,qaz2 are the acid concentrations at support layer surface of acid type 1 and acid
type 2 respectively. For the reason that the acid species pass through the active layer
and then enter the support and boundary layers in the same direction of permeate
water, acid species thus do not experience the internal and external concentration
polarizations likewise the reverse osmosis membrane. J,; and J,, with J, are

associated to the acid concentration in bulk draw solution by

Cd,a,l = ]a,l/]w (4.2.7)

Cd,a,Z = ]a,Z/]W (4.2.8)

4.2.1.4 Osmotic pressure at the support layer-active layer interface

The osmotic pressure at support layer-active layer interface, m;, is the sum
of osmotic pressures of salt and both weak acid species at the support layer-active
layer interface. At equilibrium, weak acids partially ionize to acid ions and hydrogen

ions. 1; can be expressed as

T[l = QSnSCi,SRT + ®a'1(Cd’a’1 + Cd,H+)RT + @a'Z(Cd,a’z + Cd,H+)RT
(4.2.9)
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where @ is the osmotic coefficient of salt solutions, ng is the number of salt ion
species, R is the gas constant, T is the absolute temperature, @, 1and @, , are the
osmotic coefficients of acid solutions of acid type 1 and type 2, assumed to be equal
to 1 and C4 y+, hydrogen ion concentration in bulk draw solution at equilibrium, is

defined by charge balance equation as
Can+t = Can-1 1 Cap-2+ Ciop-+ Cis—Cinpp (4.2.10)

where C; yy+, ammonium chloride ion concentration at support layer-active layer
, 4

interface, is defined by

YintCqanu+CiNH;

Conpr = (4.2.11)

VingtEngt
iNHf“NH} T

where Kyy+ r is the ionization constant of ammonium chloride, €; yg,, ammonia
concentration at support layer-active layer interface, is defined by the mass balance

on nitrogen in feed solution as
Cingy = Cis — Ci,NH;{ (4.2.12)

where y; 4+ is hydrogen ion activity coefficient at support layer-active layer interface
and y; yg; is ammonium ion activity coefficient at support layer-active layer interface.

Y+ and ¥ yup can be calculated from the Davies equation (Merkel et al., 2008)

1
2
~logy,ypt = A1Z2(—5 — 0.31) @213
1+1i2
1
12
—logy;y+ =A;Z*(—= — 0.3[)) (4.2.14)
1+17

where 4; is the temperature-dependent constant, calculated by
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_1.82483x10%Vd

A= (eT)™* (4.2.14-a)
2 —374.3
d =1 — (E279-39063) (U279)12009414) | () 111445 ¢T-279)
508929.2x((T—273)+68.12963)
(4.2.14-b)
€ = 2727.586 + 0.6224107XT — 466.9151InT — 2>
(4.2.14-c)

where d is density, € is dielectric constant, Z is the charge of ion and I;, ionic strength

at support layer-active layer interface, is calculated by

I; = 05(Cap+ + Conup + +Caon-+ Cis+ Cau1+ Can2)
(4.2.15)

where, Cyq oy-, hydroxide ion concentration in bulk draw solution and determined

from the equilibrium constant, can be written as

K
Caon- = 2L (4.2.16)
’ Cau+Yig+VioH™

where Ky, 7 is the water ionization constant. y; goy-, hydroxide ion activity coefficient

at support layer-active layer interface, is determined from

1
2
—log¥;on- = A1 Z%(— — 0.31;) (4.2.17)

2
1+I;

Caa-1 and Cy4 4- 2, acid ion concentration of acid type 1 and type 2, respectively in

bulk draw solution, are defined as

Kat11CaHAL

Cia-q1= (4.2.18)
@471 Cau+Yin+Yia—n
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(4.2.19)

C _ Kqr2CaHAn
dA~2 —
Can+YintYia—:

where K711 and K,r, are the ionization constant of acid type 1 and type 2

respectively, ¥; 4~ 1 and ¥; 4- », acid ion activity coefficient of acid type 1 and type 2

at support layer-active layer interface respectively, can be defined as

1
2
—logy; 4-1 =A1Z%( ! 7 — 0.31;) (4.2.20)
1+IL.E
1
2
= —0.3]) (4.2.21)

1
2
1+

—log Via—2 = AIZZ(

where Cy ya1and Cq ya 2, the acid molecule concentration of acid type 1 and type 2

in bulk draw solution respectively, are defined by the acid mass balance equation at

support layer-active layer interface as
(4.2.22)

Cd,HA,l = Cd,A_,l - Cd,a,l
(4.2.23)

Cd,HA,Z = Cd,A—,z = Cd,a,z

4.2.1.5 Osmotic pressure at the active layer surface

The osmotic pressure at the active layer surface, 7y, is the sum of osmotic

pressures of salt and both weak acid species at active layer surface. T, can be

expressed as

T = anscmf,sRT + Q)a,l(cmf,a,l + Cmf,H"')RT + Qa,Z(Cmf,a.Z +
(4.2.24)

Cmsut)RT
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where Cp,r g+, the hydrogen ion concentration at active layer surface, is defined by

charge balance equation:

Cmf,H+ = Cmf,A,l + Cmf,A,Z + Cmf,OH_ + Cmf,s — Cmf,NH;" (4.2.25)

where Cp,r vy @ammonium chloride ion concentration at active layer surface, is

defined by

_ ymf,H+Cmf,H+Cmf'NH3

YmsnutKnug

where Kyy+ 7 is the ionization constant of ammonium chloride, Ciyf nu,, ammonia
concentration at active layer surface, is defined by the nitrogen mass balance equation

at active layer surface:

Cmf,NH3 = Cmf,s - Cmf,NH;" (4.2.27)

where Ympu+ 1S hydrogen ion activity coefficient at active layer surface and YmfNH}
is ammonium ion activity coefficient at active layer surface. Ympu+ and Vopp vmy CAN

be calculated from

1
2
—logVmsnuy = A Z( m{ — 0.315) (4.2.28)
1+1n21f
1
2
_logymf,H+ :AIZZ( m{ - 0-3Imf) (4.2.29)
1+11§1f

where I, ¢, ionic strength at active layer surface, is calculated by

Imf = OS(Cmf,H"’ + Cmf,NHI + +Cmf‘0H_ + Cmf’s + Cmf,A,l + Cmf,A,Z)

(4.114)
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where, Cp5, o~ is hydroxide ion concentration at active layer surface and determined

from the equilibrium constant:

Kw T
C - = 2 (4.2.30)
minH Cmf,H+me,H+ymf'OH_

where Yms on-, hydroxide ion activity coefficient at active layer surface, is determined

from:
1
IE

—108 Vs on- = A1Z2(— — 0.31f) 4.2.31)
1+I§1f

Cmf.a-1 and G a- 2, acid ion concentration of acid type 1 and type 2 respectively at

active layer surface, are defined as

Ka11Cmf HAL (4.2.32)

C _
mf,A",1
4 Conp HYYmfHYYmfA— 1

KaT12CmfHAL

Cinfa-2 (4.2.33)

Conp HYYmf HYYmf,A— 2

where K, 11 and K, 1, are the ionization constant of acid type 1 and type 2
respectively, Yo r a-1 and ¥Yimr 4~ 2, acid ion activity coefficients of acid type 1 and type
2 at active layer surface respectively, are calculated from

1
2

I
—10g Vs a1 = A4 Z* (= — 0.31,np) (4.2.30)

2
1+Imf

1
2

I
—log¥Vms a2 =A,Z%( m{ — 0.31y) (4.2.35)

2
1+Imf
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where Cpf pa1and Cpp a2, the acid molecule concentration at active layer surface
of acid type 1 and type 2 respectively, are defined by the acid mass balance equation

at active layer surface as follows:

Cmf,HA,l = Cmf,a,l - Cmf,A',l (4.2.36)

Cmf,HA,Z = Cmf,a,z - Cmf,A‘,Z (4.2.37)

4.2.1.6 Dilutive internal concentration polarization

The internal concentration polarization (ICP) of salt species inside the

membrane support layer can be expressed as

dDefsz

—Js = JwCs — T ax (4.2.38)

where Cj is the salt concentration in membrane support layer and D¢y, the effective
salt diffusion coefficient in porous support layer, is related to the salt diffusion
coefficient, Dg,by D,rr = €Dg where € is membrane support layer porosity.
Integrating Eq. (4.2.38) across the membrane support layer thickness

atx =0,C5=Cisand x = lgrp = 71, Cs = Crpa s

where C; ¢ is the salt concentration at support layer-active layer interface, G4 5 is the
salt concentration at support layer surface, lsf is the effective thickness of support
layer, T is the tortuosity of support layer and [ is the actual thickness of support layer
yields

Cma,s
S=Jo (chs+fs) d(DysCs) (4.2.38-2)

where § is the structure parameter of membrane support layer, defined by § = T:l and

D s, the average NH,Cl diffusion coefficient in draw solution, is calculated by
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2
Dys =—= T (4.2.38-b)

”

4
T
DNHI,T DCl_,T

where Dyy+ 7 and D¢ are the ammonium ion and chloride ion diffusion coefficient

respectively.

4.2.1.7 Dilutive external concentration polarization and the salt mass transfer

coefficient at draw solution side

The result of convective permeate water flux from the feed solution side,
reduces the salt concentration away from membrane support layer surface at the draw

solution side. The dilutive external concentration polarization (ECP) can be expressed

by
_ _ dDg sC
Js = JwC dx (4.2.39)
Integrating Eq. (4.2.39) across the boundary layer thickness (6)
atx =0,C= Cpgsandx =6,C= Cy
where Cy ¢ is the salt concentration in bulk draw solution yields
D C 1
§ =-22= % —— d(DyC) (4.2.39-a)

ka Cmd,s (JwC +Js)

where kg, is the salt mass transfer coefficient at draw solution side.
For flowing in rectangular channel for the appropriate flow regimes in open channel
at draw solution side, the sherwood number of salt, Shy, can be represents by:

Laminar flow (Re; < 2,100):

d
Shy = 1.85(ReySc, Th)1/3 (4.2.40-a)
Turbulent flow (Reg > 2,100):

Shg = 0.04Re./*Sc/® (4.2.41-b)
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where dj, is the hydraulic diameter and Reg, the Reynolds number in draw solution

channel, is defined by

L
Re, = —4Pd (4.2.42)

Ha

Where L is the channel length of FO test cell, v, is the average flow velocity in draw
solution channel, pg is the density of NH,Cl solution as a function of its molar

concentration and absolute temperature and calculated by

pa = Pw +0.2061%x10%C45 — 0.1577C4 (T — 273) + 1.553%
1073C, (T — 273)? — 2.556C;% + 5.67x1072Cy3(T — 273) —
5.082x107*C33 (T — 273)? (4.2.43)

where p,, is the water density, according to the empirical equation Eq. (20-a):

pw = 999.65 + 2.0438%x107 (T — 273) — 6.174x107%(T — 273)3/2
(4.2.43-3)

where pg, the dynamic viscosity of NH,Cl solution as a function of its molar

concentration, density and absolute temperature, is calculated by

12.396(53.491C4 5/pg)1-503%-1.7756)

(0.23471(T—273)+1)(—2.7591(53.491Cd’5/pd)2-3403+1))

Ha = 6e (4.2.44)

where Scg, Schmidt number of salt at draw solution side, is defined by

Scy = —4 (4.2.45)
d PaDa,s

The salt mass transfer coefficient at draw solution side, kg, is related to Shy by

ShgD
ky = Z d.s (4.2.46)
h
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4.2.1.8 Concentrative concentration polarization and acid mass transfer

coefficient at feed solution side

The active layer of the semi-permeable membrane holds acid species as the
water molecules permeate across the membrane. Therefore, the solute concentration
is built up in the boundary layer on the active layer surface. The concentrative

concentration polarization can be expressed by

de,a,lca,l
) ) dx
de,a,ZCa,z
]a’z == ]wCa,Z + —dx (4248)

where Cy 1and C, 4 are the acid concentration in the boundary layer of acid type 1
and type 2 respectively.

Integrating Eq. (4.2.47) and Eq. (4.2.48) across the boundary layer thickness (&)

at x = 0,Cq1= Cpfa1 and x = —=6,Cq1= Craq

at x = 0,Cq2= Cnfaz and x = =6,Cq2= Crqao

where G5 1 and Cpy g, are the acid concentrations at active layer surface of acid
type 1 and type 2 respectively and Cfqq and Crq, are the acid concentrations in
bulk feed solution of acid type 1 and type 2 respectively, yields

D C
ks = Jempas Gutarinn 4(PraaC (4.2.47-a)
kfaa Cmfa1(]W(:a1 —Ja1) ( f.a1 al) 2

Df_a,Z Cf a2 d D C
UwCaz—Jaz) (4.2.48-a)
kf.a2 Cmf.a2 (]wcaz —Ja,2) ( f.az2 aZ)

where ks g 1and Kf 4 5, the acid mass transfer coefficient at feed solution side of acid

type 1 and type 2 respectively, are defined by

ShfalDfal

ar (4.2.49)

kfal -
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Sh D
T (4.2.50)

where D¢ 41 and Dy 4 5, the apparent weak acid diffusion coefficient in feed solution

of acid type 1 and type 2 respectively, are calculated by

Dion, D
Dfan = (lechall( L+ THAK o) + 20 (<1 +

JTFRG.)')

(4.2.51)

_ [ Dionr2 DHar2 (
Df,a,z_(zwfaz( 1+ /1+4KCr,,) + chfaz( 1+

JTT4KC07) )
(4.2.52)

where Dj,, r1and Diop 12, the average acid ion diffusion coefficients of acid type 1

and type 2 respectively, are defined by

Dion,T,l = T T (4.2.51-a)

Dion,T,Z = T T (4.2.52-3)
DH+,T Dag-T2

where Dy+ r is hydrogen ion diffusion coefficient, Dy~ 11 and Dy-r, are acid ion
diffusion coefficient of acid type 1 and type 2 respectively, K; equal to 1/K, 71, K>
equal to 1/K, 72, Cr q1and Cf 4, are the acid concentration in feed solution of acid
type 1 and type 2 respectively. Dy, 1and Dya o are the acid molecule diffusion

coefficient of acid type 1 and type 2 respectively.
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Shg o1 and Shy g, are Sherwood numbers of acid in open channel at feed solution
side of acid type 1 and type 2 respectively. There are two different equations for
different flow regimes, as follows:

Laminar flow (Rey < 2,100):

Shf a1 = 1.85(RefScr a1 %)1/ 3 (4.2.53-a)

Shy a2 = 1.85(ReyScy,q , 3 @.250-)

Turbulent flow (Re; > 2,100):

3/40.1/3
Shyar = 0.04Re}/*Sc; 2, (4.2.53-b)
_ 3/4c.1/3
where Ref, Reynolds number in feed solution channel, is defined by
L
Rep = ifpf (4.2.55)
f

where vy is the average flow velocity in feed solution channel, py is the density of
feed solution and uy is the dynamic viscosity of feed solution, assumed to be equal
to water viscosity (97), according to Eq. (4.2.55-a) :

_ (T-273)+246
~ (0.05594 X(T—273)+5.2842)X(T—273)+137.37

Ir (4.2.55-a)

where Scf g 1and S¢f g 5, Schmidt number of acid at feed solution side of acid type 1

and type 2 respectively, are defined by

Ky
SCra1 = (4.2.56)
f.a1 PfDfa
SCraz = — (4.2.57)

PfDfaz
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4.2.1.9 Dilutive external concentration polarization and the salt mass transfer

coefficient at feed solution side

The salt species diffuse from draw solution side and build up within the
boundary layer at the membrane active layer surface causing the dilutive external

concentration polarization. It can be expressed by

dDgsC
dx

—Js = JwC — (4.2.58)

Integrating Eq. (4.2.30) across the boundary layer thickness (&)

at x = 0,Cpps and x = —=6,C= Cr5

where Gy, ¢ 5 is salt concentration at active layer surface and Cy s is salt concentration
in bulk solution, yields

= —2rs— (Crs 1
§ = = S s d(DysC) (4.2.58-)

where Dy ¢ is the average salt diffusion coefficient in feed solution, estimated to the
salt diffusion coefficient in draw solution, Dg 5. ks s, the salt mass transfer coefficient
at the feed solution side, is defined by

_ ShysDrs

a4 (4.2.59)

ks

where She ¢ is Sherwood number of salt in open channel at feed solution side. There
are two different equations for different flow regimes, as follows:

Laminar flow (Rey < 2,100):
Shys = 1.85(ReyScy, )1/? (4.2.60-2)

Turbulent flow (Re; > 2,100):

3/4 1/3
e Sc

Shys = 0.04Re’*Sc;”

(4.2.60-b)
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where Scy s is Schmidt number of salt at feed solution side, defined by

(4.2.61)

—_Hr
Scf’s prf'S

f1,Cis fCds
Ct,a1,1,Cras,2 Cd,a,1,Cd a2
Jw D
Jai
Jaz
Feed J Draw
Solution | A"© " | Case | solution
Tank | Craoe Vao | Tank
f f2
G
f,Cf,Si fz,Cd.sz
Cf.a.1.C1‘.a.z Cd}an,Cd.a.z

Fig. 4.10 Schematic diagram of forward osmosis system for the concentration of

carboxylic acid mixture

4.2.1.10 Mole balance equation

In Fig. 4.10, the recirculating pump delivered the feed and draw solutions
into the FO test cell unit installed a FO membrane piece and recycled them back to
their storage tanks. The feed and draw solution in these storage tanks will be
concentrated and diluted with corresponding elapsed time. Subsequently, the
differential osmotic pressure across a membrane between feed and draw solution
decreases and thus the water flux of the system declines in the period of experimental
time.

In a Fig. 4.10, making mole balance equations on acid and salt in the feed solution

tank can be written as
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VroCrao1 + Crarafit = Craift = Cra1(Vrot+fit — ft) (4.2.62)
VioCraonz + Crarafit — Craaft = Craa(Viot+fit — ft) (4.2.63)
Cf,Sflt - Cf,Sift == Cf,si(Vf,O + flt - ft) (4.2.64)

where Vs o is the initial volume of feed solution, Cs g0,1, C,a,02 are the initial acid
concentrations in feed solution tank of acid type 1 and type 2 respectively, Cf 41,1 and
Cf,a1,2 are the acid concentrations from the outlet of feed solution channel of acid
type 1 and type 2 respectively, f is the flow rate of recirculating pump, t is elapsed
time, Cr; is the salt concentration into the inlet of feed solution channel and f;, the

flow rate from the outlet of feed solution channel, is determined by

fi=f—JwAu (4.2.65)

where Ay, is the effective membrane area.

Making mole balance equations on acid and salt in the feed solution channel can be

written as

Crarft —Ja1Amt = Cra11fit (4.2.66)
Craz2ft — Ja2Amt = Cra12f1t (4.2.67)
Crsift + JsAut = Crsfit (4.2.68)

Making mole balance equations on acid and salt in the draw solution tank can be

written as
Caarfat — Caairft = Cd,ai,l(Vd,o + fot — ft) (4.2.69)
Caaz2fot = Caqi2ft = Caqip (Vd,o + fot — ft) (4.2.70)

CasoVao + Casafot — Casft = Cys (Vd,o + fot — ft) (4.2.71)
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where Vg ¢ is the initial volume of draw solution, Cy4 5 ¢ is the initial salt concentration
in draw solution tank, Cy s, is the salt concentration from the outlet of draw solution
channel, Cg 4;1 and Cy 4; 2 are the acid concentrations into the inlet of draw solution
channel of acid type 1 and type 2 respectively and f,, the flow rate from the outlet

of draw solution channel, is determined by

fo=f+JwAu (@.2.72)

Making mole balance equations on acid and salt in the draw solution channel can be

written as

Caainft + Ja1Aut = Cagrfot (4.2.73)
Caai2ft +Ja2Aut = Caaafot (4.2.74)
Casft — JsAut = Casafot (6.2.75)

vy, the average flow velocity in the feed solution channel, is calculated by

— fitf
f~— wp

(4.2.76)

where Wand D are the channel width and depth of FO test cell, respectively.

Vg, the average flow velocity in the draw solution channel, is calculated by

L =2 (4.2.77)
WD
The weight change of draw solution, Wy, can be determined by

where pg is the density of NH,Cl solution.
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4.2.1.11 pH of feed solution

As feed solution was exposed to the atmosphere, open system, the
carbonate species in the feed solution was in equilibrium with the CO, gas in the

-3.408
030

atmosphere over the solution. At ground level, the atmosphere contains 1 atm of

CO; gas (Pco,) and then equilibrates with feed solution by the following equation:
Cu,cos = Crco, = KuPco, = 0.0387x10734%8 = 1.51x107°M

where Ky=0.0387 molar/atm, the temperature dependence Henry’s constant at 301
K and Cp,coz or Cr o, is the carbonic acid concentration in feed solution. The

dissociation equilibrium of diprotic carbonic acid in feed solution can be written as
H,CO; & H* + HCO3~
HCO3~ & H* + €02~

The equilibrium reactions are also established to determine Cf yco; and Cf'm%— by

the following equations:

c . Kco,1(Cr,co,~CfrHco3 ) (4.2.79)
f,HCO3 Ceu+Ypu+Yf HCO3™ -

Kucoz r(Cruco3=Cr coz-)
Cf co:~ = (4.2.80)
’ 3 Cf'H+yf'H+yf,CO%_

where Ko, r and Kyco;,r are the first ionization constant of carbonic acid, Kg4, and
the second ionization constant of carbonic acid, Kgz, respectively, (s ycos is the
bicarbonate ion concentration and Cf o2~ is the carbonate ion concentration in feed
solution. ¥¢ u+ . Yrucoz— Yra—a Yra-2 YF0H Yr.coz~ and Yrnu} hydrogen,
bicarbonate, acid type 1, acid type 2, hydroxide, carbonate and ammonium ion activity

coefficients in feed solution, are determined from Davis equation:
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N =

1

—logy; y+ =A;Z*(—5 — 031)) (4.2.81)
1+11?
1
12
—log Yf.HCO3™ :AIZZ( fl - 0-3If) (4.2.82)
1+1}%
1
12
—logyya-1 =A1Z%( fl — 0.31If) (4.2.83)
1+I]%
1
12
—log Yra-2 =A,Z%( fl = 0.3If) (4.2.84)
1412
f
1
12
—log¥son- = A1 Z*(—5 — 0.31y) (4.2.85)
1412
f
1
12
~logVycoz- = AZ* (15— 03Iy) (4.2.86)
1+I]%
1
12
—logysyuy = 4Z*(—15 - 0.31)) (4.2.87)
1+11%

where H*,A",HCO3 ,0H and NH, ion have one valence electron (Z=1), CO%™ has
two valence electrons (Z=2) and Iz, the ionic strength of feed solution, is determined

by

I =0.5 (Cf,Cl_ + Crp+ + Cf,NHI + Crp-2 + Cra-2 + Cron- +

Crcos +4Cycoz- ) (4.2.88)
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where Cf ¢~ is the chloride ion concentration in feed solution which is equal to Cr;,
Ct npy is the ammonium ion concentration, Cr y+ is the hydrogen ion concentration,
Cron- is the hydroxide ion concentration and Cy4-1 and Cr 4~ is the acid ion
concentration in feed solution of acid type 1 and type 2 respectively.

Crnmy can be calculated from ionization constant which accounts for ionic strength

and expressed by

_ Yeut Cf'H+Cf,NH3

Crnup = (4.2.89)

YenufEnugr

where Kyy+r is the NH,Cl ionization constant and Cyyy, is the ammonia
concentration in feed solution.
Cra-1 and Cr 4-, can also be calculated from ionization constant which accounts for

ionic strength and expressed by:

K Cc
Cpp-q = — LA (4.2.90)

CrutYrutYra—1

K Cc
Cpp-p = — 2 LHA2 (4.2.91)

CrutYrutVra—2

where Cr a1 and Cr pa2 is the acid molecule concentration in feed solution of acid
type 1 and type 2 respectively.
Cron- can be determined from the water ionization constant and written as

Ky,
Cf,H+Yf,H+yf,OH_

Cron- = (4.2.92)

where Ky, r is the water ionization constant.

The mass balance for the conjugate acid-base pair in feed solution can be expressed

by
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Crsi = Cf,NH;f + Cr nu, (4.2.93)
Crar = Cruar +Cra1 (4.2.94)
Craz2 = Cruaz + Crap (4.2.95)

The charge balance equation in feed solution can be described by

Cf,H+ + Cf,NHI == Cf,A_,l + Cf,A_,Z + Cf,OH_ + Cf,Si + Cf,HCO:; + ZCf,CO—g_

(4.2.96)
The pH of feed solution, pHy, can be calculated by
pHy = —log (v¢u+ Cru+) (4.2.97)
4.2.1.12 List of all variables and unit in developed model
Table 4.13 Constant variables
Variable Value Unit Ref.
D¢~ 298 2.032x1073 cm?/sec (Haynes, 2014-2015)
Dy+ 598 9.311x107° cm? /sec (Haynes, 2014-2015)
DNHI,Z‘)B 1.957x10°° sz/SeC (Haynes, 2014-2015)
ng 2 -
0.08314 L bar K 'mol™?
o 1

D 0.897 - (Robinson and Stokes, 1959)
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Table 4.14 Diffusion coefficients of carboxylic acid in water at 298 K

Acid Type D 4- 298 Ref. D298 Ref. Dy 298"
(cm?/sec) (cm?/sec) (cm?/sec)
Acetic acid 1.089x107° (Bidstrup and 1.27x1075 (Haynes, 2014- 1.26x107°
Geankoplis, 1963) 2015)
Butyric acid 0.868x1073 (Bidstrup and 0.918x1073 (Haynes, 2014- 0.905x1073
Geankoplis, 1963) 2015)
Lactic acid 1.033x107° (Bidstrup and 0.993x107° [Ribeiro et al,, 0.764x1075
Geankoplis, 1963) 2005)
Valeric acid 0.871x107° (Bidstrup and 0.817x107° (Haynes, 2014- 0.80x107>
Geankoplis, 1963) 2015)
* Dya29g Was calculated from Eq. (4.1.26).
Table 4.15 Fixed variables
Variable Value Unit Variable Value Unit
Ay 0.42 dm? f 1.58 L/min
D 0.023 dm T 301 K
d, 0.0438 dm W 0.4572 dm
Table 4.16 Initial independent variables
Variable Value Unit Variable Value Unit
Caso 0.5 mole/L Vao 0.5 L
Craoa 0.01,0.005 mole/L Vio 1 L
Crao2 0.01,0.005 mole/L t 0to 30 hr
Table 4.17 Unknown dependent variables
Variable Unit Variable Unit
1. Ciai mole/L s0. I mole/L
2. Ciaz mole/L 51. I mole/L
3. Cin1 mole/L 52. Lis mole/L
a. Caia> mole/L 53. Ja1 mole/dm? /min
5. Caai1 mole/L 54. J oz mole/dm? /min
6. Ciaiz mole/L 55. Jg mole/dm? /min
7. Cap+ mole/L 56. J L/dm?/min
8. Cana mole/L 57. kg dm/min



10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24,
25.
26.
27.
28.
29.
30.
31.
32.
33.
34,
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45,
46.
47.
48.
49.

mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
mole/L
dm? /min
dm? /min
L/min
L/min

58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
T1.
72.
73.
74.

75.
76.
7.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.

kf,a,l
kf,a,Z

pHy
Re,
Re;
Scy
Scf,ajl
SCf a2
Scy
Sh,
Shy a1
Shy g2
Shy
Va

Vs

Ydon-
Yra-1
Yra-2
Yyco}-
Yru+
YrHco3~
Yenug
YroH-
Yia-a
Yia-2
Yinut
Yinug
Ymfa-1
YmfAa-2
Ymru+
LT
Ymf,0H"
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dm/min
dm/min
dm? /min

dm/min
dm/min

g/dm/min

g/dm/min
bar
bar
g/L
g/L




4.2.1.13 Temperature dependence of constant variables

124

The solution temperature is one of the major factors which directly influence

the performance of membrane process. It has the positive correlation with permeate

water flux. Thereby, the temperature dependences of constant variables, which are

the equilibrium constants and the solute diffusion coefficients are provided as

functions of temperature. These constant variables must be adjusted to desired

operation temperature, 301K, prior to use in the model.

4.2.1.14 Equilibrium constants

The equilibrium constant is a function of temperature. As the temperature

increases, the equilibrium reaction produces more ionization products. The ionization

constants at the given temperature, K, r, can be determined by the equation in Table

4.18.

Table 4.18 lonization constants as functions of temperature

Acid type Equation Reference
; ; 1170.48 ;
Acetic acid —log Kor = = — 31649 + 0.013399XT (Robinson and Stokes, 1959)
; ; 1033.39 ;
Butyric acid —logK,r = - — 26215 + 0.01334XT (Robinson and Stokes, 1959)
; : 1286.49 ;
Lactic acid —log Ka,T _ - — 4.8607 + 0.014776XT (Robinson and Stokes, 1959)
; ; 921.38 ;
Valeric acid —log Ka,T _ —1.8574 + 0.012105XT (Robinson and Stokes, 1959)
; ; 3404.71 ;
Carbonic acid —log Kai,T — - — 14.8435 + 0.032786XT (Robinson and Stokes, 1959)
2902.39 i
log Kaz,T _ - — 6.4980 + 0.02379XT (Robinson and Stokes, 1959)
: i 2835.76 ;
Ammonium chloride “log Kor = - 0.6322 + 0.001225XT (Robinson and Stokes, 1959)
Water 4470.99 (Harned and Owen, 1958)

—logK,,r = — 6.0875 — 0.017060xT
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4.2.1.15 Solute diffusion coefficients

Solute diffusion coefficient and viscosity of solvent are functions of
temperature. According to the well- known Stokes-Einstein equation, the temperature

correction of the diffusion coefficient for any solute can be calculated by the following

equations:

Dy+ 1 = Dy+ 98X % X 19;_;8 (4.2.98)
Dp-;r1 = Dg- 2981 % % X 19;—;8 (4.2.99)
Dp-12 = Dg= 2082 % % X 19;—;8 (4.2.100)
Dyar1 = Drazosi % 19;;8 (4.2.101)
Dyar2 = Dhaog2X % 19;—38 (4.2.102)
Dyyyr = Dypy 208 % X 19;—;8 (4.2.103)
Dei-1 = Dei- 298X % X 19;_;8 (4.2.104)
Or (q-273)+24 (4.2.105)

~ (0.05594 X(T—273)+5.2842)X(T—273)+137.37

where T is absolute temperature, 9 and U,9g are water viscosity at the given

temperature and at 298 kelvins, respectively.
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Fig. 4.11 Comparison of the simultaneous results from model predictions (solid line)
and the experimental data (cross symbols) from the acid concentration FO experiment
of carboxylic acid mixture, weight change of draw solution (A, B, C, D) and pH of feed

solution (E, F, G, H), are plotted against elapsed time.

Each mixture of carboxylic acid model was simulated to predict the weight
changes of draw solution (Wy) and pH of feed solution, as functions of time. The
values of predicted and measured weight change of draw solution (Fig. 4.11A-D) and
pH of feed solution (Fig.4.11E-H) were compared in the period of experimental time.
In case of a mixture of lactic acid and butyric acid, to obtain the precise simulation
results, the algorithm requires a great number of reiterations, leading the very lengthy
simulating time for this acid mixture models. Based on the actual simulation, the
simulation result at 30 hour of the model of a mixture of 10 mM lactic acid and 10
mM butyric acid can be determined by 2 months. To avoid a lengthy simulating time,
the adjustment of simulation time from 30 hour to 20 hour have been introduced on
the simulation of a mixture of 10 mM lactic acid and 10 mM butyric acid and 10 mM
lactic acid and 5 mM butyric acid. Moreover, in case of a mixture of 5 mM lactic acid
and 10 mM butyric acid as feed solution, the consumption of simulation time was
much more than 3 months. However, regarding the accuracy of model prediction, the
additional experiments of a mixture of 10 mM acetic acid and 10 mM butyric acid and
a mixture of 10 mM acetic acid and 10 mM valeric acid as feed solution were presented
to validate this acid mixture model. In Fig.4.11, it can be seen that the strong

agreements between the model predictions and experiment data for each acid mixture
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model were observed in an allowable error of measurement. The agreements between
the simulated results from proposed model and experimental data have been

evaluated by statistical factors, as given in Table 4.19.

Table 4.19 Quantitative comparisons of model predictions to experimental data

Weight of Draw Solution pH of Feed Solution
Acid Type R? RMSE SEP% R? RMSE SEPY%
Lactic 10 mM+Butyric 10 mM 0.97 0.0215 8.55 0.62 0.0236 0.83
Lactic 10 mM+Butyric 5 mM 0.97 0.0235 9.34 0.61 0.0199 0.69
Acetic 10 mM+Butyric 10 mM 0.99 0.0202 5.88 0.68 0.0215 0.68
Acetic 10 mM+Valeric 10 mM 0.98 0.0217 6.33 0.64 0.0278 0.88

4.2.3 Sensitivity analysis

The purpose of sensitivity analysis is to define the effect of independent
variables on dependent variables in term of percentage of change. Varying a value of
independent variable alters the dependent variable in unique manners, leaning on the
relationship of each independent variable to dependent variable. The sensitivity
analysis of both rejection rate and concentration performance, as dependent variables,
have been directed and initiated at five initial conditions of independent variables,
which are initial draw solution concentration (Czo = 1.0 M), initial acetic acid
concentrations (Cro=10 mM) initial butyric acid concentrations (Crg1=10 mM), initial
draw solution volume (V= 0.5 liter) and initial feed solution volume (Vf = 1.0 liter)
After 30 hour of simulation, the sensitivity analysis results of rejection rate and
concentration performance for acetic and lactic acids have been defined in sensitivity
charts, as shown in Fig. 4.12 The sensitivities of both dependent variables are
comparatively idiosyncratic in degree of sensitivity and correlation, hinging on acid

types of feed solution and designated independent variables.
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Fig. 4.12 Sensitivity charts of rejection rate and concentration performance for a

mixture of 10 mM acetic acid and 10 mM butyric acid at 30 hour system operation

The sensitivity curve shows the correlation and degree of sensitivity between

designated dependent and independent variables. Characterized by feed solution

types, the correlation of rejection rate and concentration performance (Crq/Cro) or

(Cr,a/Cro1) among Cqg, Cro, Cro1,Va,o and Vo are demonstrated in Table 4.20 and

Table 4.21
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Table 4.20 Correlation of rejection rate to Cq, Cro, Cro1, Va0, and Vy o for each acid

feed solution

Initial parameter Acetic Acid Butyric Acid
Cao positive positive
Cro negative negative
Cro1 negative negative
Vao positive positive
Vio positive positive

Table 4.21 Correlation of concentration performance to Cq g, Cro, Cro1, Va0 and Vs o for

each acid feed solution

Initial parameter Acetic Acid Butyric Acid
Cap positive positive
Cro negative negative
Cro1 negative negative
Vao positive positive
Vio negative, greater than -55% negative, greater than -70%

In sensitivity curves, the increase and decrease rates of values of independent
variables are expressed in positive and negative percentage on the x-axis while the
dependent value is on the y-axis. The correlation between independent and
dependent variables is defined by the slope of the curves. The positive correlation
between two variables is that their values increase or decrease together. Oppositely,
a negative correlation causes that one variable increases as the other decreases, and
vice versa. Usually the negative correlation is advantageous because the lesser value
of independent variable can competently yield the greater value of dependent

variable.
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The sensitivity charts of both acids are fairly alike in pattern. The sensitivity
charts of rejection rate expresses that increasing rejection rate can be obtained by
reducing any of Crg and Crgq Or increasing any of Cg40, Vg0 and Vs o. Comparatively,
the degree of sensitivity of acetic acid is greater than butyric acid due to the higher
absolute slope values for each of independent variables. Considering negative
correlation, C4 9 obviously possess the highest degree of sensitivity, while V¢ is the
lowest. At 100% of change for Cg4 o the rejection rate can be increased up to 9.52%
and 3.47% for acetic acid and butyric acid respectively, but for V¢ o the rejection rate
can be rise only to 0.61% and 0.25%. Another way to increase the rejection rate is to
reducing any of Crg and Croq. However, it causes a slim effect to the rejection rate,
because at -50% of change in Crq and Croq, it can be increased only to 0.25% and

0.37% for acetic acid and 0.11% and 0.1% for butyric acid.

Similar to the rejection rate, the sensitivity charts for concentration
performance of both acids are comparable in shape, but in term of degree of
sensitivity, they are different. The degree of sensitivity of butyric acid is obviously higher
than acetic acid for any of independent variables. Increasing Cy ofor 100% can highly
rise concentration performance up to 20.44% and 24.47% for acetic acid and butyric
acid respectively, while, at the same percentage of change, concentration performance
can be increased only to 6.94% and 10.15% by increasing V 9. As shown in both charts,
Cro and Croq have a negative correlation and also a little impact on concentration
performance for both acids. With concaved downward shape of curve, reducing Vf‘o
can optimally raise concentration performance up to 21.81% at -55% of change for
acetic acid and to 78.82% at -70% of change for butyric acid. Those values can be

identified at the inflection points of the curves.

The sensitivity analysis can be basically useful as a guideline to design and

modify an analogous FO system so that the optimal outcome can be obtained in terms
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of performance and cost-effectiveness. The sensitivity analysis not only describes the
effect of changing independent variables on system performance, expressed by
dependent variables, but also on the cost of construction and modification system
also since some independent variables, which are Cyq, Vg and Vo, are cost

associated.

Throughout design phase, basically, wastewater influent, rejection rate and
concentration performance must be specified as system requirement by designer.
Concerning system performance, the sensitivity analysis on Crq and Crqq, defining as
wastewater concentrations, can aid designers to judge whether the designated
wastewater influence is appropriate to a system or not. Designers can increase rejection
rate by increasing Cq 0, Vg0 and Vs g, represented draw solution concentration, volume
of draw solution and wastewater respectively. Certainly, cost of designated system is
also increased in different level, depending on the particular draw solution properties
and the designs of both solution containers. Grounded on sensitivity analysis for
concentration performance, designers can simply rise this value by increasing Cy o and
V4 0. However these subsequently lead to extra cost, as described previously. Without
additional cost, decreasing V¢ o can also increase concentration performance whereas
the optimum value is graphically shown in the sensitivity charts at the inflection points
of Vo curves. Besides helping design of new system, the sensitivity analysis can also
assist designers to modify any related existing system in more systematic and effective
way. Referred to sensitivity curves of relevant independent variables, designers can
reassign some of system parameters, which are volume of containers for wastewater
and draw solution as well as concentration draw solution, to optimize the system

performance with the suitable cost of modification.


https://www.mathsisfun.com/calculus/inflection-points.html
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Nomenclature

A water permeability coefficient of the membrane

Ay effective membrane area

Bai acid type 1 permeability coefficient of the membrane

Bao acid type 2 permeability coefficient of the membrane

B; salt permeability coefficient of the membrane

C salt concentration in the boundary layer

Can acid type 1 concentration in the boundary layer

Ca2 acid type 2 concentration in the boundary layer

Caan acid type 1 concentration in bulk draw solution

Caaz acid type 2 concentration in bulk draw solution

Cap bulk draw solution concentration

Caain acid type 1 concentration into the inlet of draw solution channel
Caaiz acid type 2 concentration into the inlet of draw solution channel
Cap bulk draw solution concentration

Ciy+ hydrogen ion concentration at support layer-active layer interface
Cas salt concentration in bulk draw solution

Caso salt concentration from the outlet of draw solution channel
Caso initial salt concentration in draw solution tank,

Cran acid type 1 concentration in feed solution

Cr a2 acid type 2 concentration in feed solution

Crp bulk feed solution concentration

Cra1 acid ion type 1 concentration in feed solution

Cra-2 acid ion type 2 concentration in feed solution

Cra11 acid type 1 concentration from the outlet of feed solution channel
Cra1,2 acid type 2 concentration from the outlet of feed solution channel
Cra01 initial acid type 1 concentration in feed solution tank

Ct a2 initial acid type 2 concentration in feed solution tank

Crp bulk feed solution concentration

Crcr-

chloride ion concentration in feed solution
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hydrogen ion concentration in feed solution

ammonium ion concentration in feed solution

hydroxide ion concentration in feed solution

salt concentration in bulk feed solution

salt concentration into the inlet of feed solution channel
acid concentration at support layer-active layer interface
salt concentration at support layer-active layer interface
acid concentration at support layer surface

salt concentration at support layer surface

acid concentration type 1 at active layer surface

acid concentration type 2 at active layer surface
hydrogen ion concentration at active layer surface

salt concentration at active layer surface

salt concentration in membrane support layer
coefficient of variation

channel depth of FO test cell

apparent weak acid type 1 diffusion coefficient

apparent weak acid type 2 diffusion coefficient

acid ion type 1 diffusion coefficient at 298 kelvins

acid ion type 2 diffusion coefficient at 298 kelvins
chloride ion diffusion coefficient at 298 kelvins

average salt diffusion coefficient in draw solution
effective salt diffusion coefficient in porous support layer
apparent weak acid type 1 diffusion coefficient in feed solution
apparent weak acid type 2 diffusion coefficient in feed solution
average salt diffusion coefficient in feed solution
hydraulic diameter

hydrogen ion diffusion coefficient at 298 kelvins

acid molecule type 1 diffusion coefficient at 298 kelvins
acid molecule type 2 diffusion coefficient at 298 kelvins

ammonium ion diffusion coefficient at 298 kelvins
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salt diffusion coefficient

flow rate of recirculating pump

flow rate from the outlet of feed solution channel
flow rate from the outlet of draw solution channel
acid flux of type 1

acid flux of type 2

reverse salt flux

reverse salt flux in stage [

water flux

water flux in stage [

mass transfer coefficient

ionization constant of acid type 1

ionization constant of acid type 2

salt mass transfer coefficient at draw solution side
acid type 1 mass transfer coefficient at feed solution side
acid type 2 mass transfer coefficient at feed solution side
salt mass transfer coefficient at the feed solution side
NH,Cl ionization constant

water ionization constant

actual thickness of support layer

channel length of FO test cell

effective thickness of support layer

total number of data

number of salt ion species

pH of feed solution

gas constant

coefficient of determination

coefficient of determination of salt flux

coefficient of determination of water flux

Reynolds number in draw solution channel

Reynolds number in feed solution channel



RMSE root mean square error

S structure parameter of membrane support layer

Scy Schmidt number of salt at draw solution side

Scr a1 Schmidt number of acid type 1 at feed solution side

S¢ra,2 Schmidt number of acid type 2 at feed solution side

Scr s Schmidt number of salt at feed solution side

SEP standard error of prediction

Shy Sherwood number of salt in open channel at draw solution side

She a1 Sherwood number of acid type 1 in open channel at feed solution
side

Shf a2 Sherwood number of acid type 2 in open channel at feed solution
side

She Sherwood number of salt in open channel at feed solution side

t elapsed time

T absolute temperature

Vg average flow velocity in the draw solution channel

Vao initial volume of draw solution

vr average flow velocity in feed solution channel

Vo initial volume of feed solution

w channel width of FO test cell

Wy weight change of draw solution

Greek symbols

1) boundary layer thickness

£ support layer porosity

Ua dynamic viscosity of NH4Cl solution

Us dynamic viscosity of feed solution

Tgq osmotic pressure of acid draw solution
Tap osmotic pressure of bulk draw solution

Tfq osmotic pressure of acid feed solution

136
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TTf b osmotic pressure of bulk feed solution

T; osmotic pressure at interface of support layer-active layer
T f osmotic pressure at the active layer surface

Pd density of NH,Cl solution

Py density of feed solution

Pw water density

o reflection coefficient

T tortuosity of support layer

Ir water viscosity

a1 osmotic coefficient of acid type 1

Dao osmotic coefficient of acid type 2

D osmotic coefficient of salt solutions

Subscripts

0 initial condition

1 outlet of feed solution channel or acid type 1

2 outlet of draw solution channel or acid type 2

a acid species

A~ acid ion species

al acid species from the outlet of feed solution channel
ai acid species into the inlet of draw solution channel
b bulk solution

Cl~ chloride ion species

d draw solution

eff effective

f feed solution

h hydraulic

H* hydrogen ion species

i membrane support layer- active layer interface

ion ion species
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l number of experiment stages

M membrane

md membrane support layer surface

mf membrane active layer surface

NHf ammonium ion species

OH™ hydroxide ion species

s salt species

Si salt species into the inlet of feed solution channel
s2 salt species from the outlet of feed solution channel
T absolute temperature

w water species

4.3 Single carboxylic acid and a mixture of two carboxylic acids as feed solution

using NaCl as draw solution

4.3.1 FO process modeling of a single carboxylic acid

Fig. 4.13 illustrates the cross section of semi-permeable FO membrane along
with carboxylic acid concentration gradient, salt concentration gradient, CO,
concentration gradient, water flux, acid flux, salt flux and CO, flux. The different
osmotic pressure between feed and draw solution drives the water molecules passing
through a semi-permeable membrane from diluted acid, as feed solution, to highly

concentrated NaCl solution, as draw solution.
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Fig. 4.13 Schematic of a cross section of a semi-permeable FO membrane indicated
by water flux, acid flux, salt flux, CO2 flux and concentration gradients for acid

filtration in forward osmosis.

4.3.1.1 Permeate water permeability

The water flux across the active layer in a Fig. 4.13, J,,, depends on the

different osmotic pressure across the membrane active layer and can be expressed as
Jw = aA(ni — nmf) (4.3.1)

where A is the water permeability coefficient of the membrane, m; is the osmotic
pressure at interface of support layer-active layer, T, is the osmotic pressure at the

active layer surface and the reflection coefficient, g, is equal to 1.
4.3.1.2 Reverse salt permeability

The reverse salt flux through active layer, Js, is proportional to salt

concentration gradient across the membrane active layer and can be expressed as
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Js = Bs(Ci,s - Cmf,s) (4.3.2)

where B is the salt permeability coefficient of the membrane, C;s is the salt
concentration at support layer-active layer interface and (s is the salt concentration

at active layer surface.
4.3.1.3 Acid permeability

The acid flux, J,, depends on its concentration gradient across the

membrane active layer and can be expressed as

Ja = Ba(Cmf,a - Ci,a) (4.3.3)

where By is the acid permeability coefficient of the membrane, Cyf 4 is the acid
concentration at active layer surface and C;, is the acid concentration at support

layer-active layer interface.

The acid concentration in bulk draw solution, Cy 4, is given as
Cd,a = Ci,a = Ulmd,a (4.3.4)

Caq equals to C; 4 and Cpg g, Where Chq 4 is the acid concentration at support layer
surface. Since the acid species diffuse through the active layer and then pass into the
support and boundary layers in the same direction of permeate water, acid species do
not thus experience the internal and external concentration polarizations like the
reverse osmosis membrane (Jin et al, 2011). J, and ], are related to the acid

concentration in bulk draw solution by

Caa=Jallw (4.3.5)
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4.3.1.4 Osmotic pressure at the support layer-active layer interface

The osmotic pressure at support layer-active layer interface, m;, is the sum

of osmotic pressure of salt and weak acid species and can be expressed as
m; = @sngCisRT + Oy (Ciq + Cyy+ )RT (4.3.6)

where @ is the osmotic coefficient of salt solutions, ng is the number of salt ion
species, R is the gas constant, T is the absolute temperature, @,, the osmotic
coefficient of acid solutions, is assumed to be equal to 1 and C; y+ is the hydrogen
ion concentration at support layer-active layer interface and takes into account ionic

strength. C; y+ is defined by

KﬁJ(CLa_CLH+)

2
nzl

where K, 7 is the acid ionization constant, y; 54 is single charge activity coefficient of
hydrogen and acid ion at support layer-active layer interface and calculated from the
Davies equation. This equation is recommended for high ionic strength and proved for

strong electrolyte or weak acid/base pair:

1
?
—logy;,1 = A;Z*(—=5 — 0.31)) (4.3.8)

2
1+

where 4; is the temperature-dependent constant which is estimated to 0.51 , Z is the
charge of ion and [;, ionic strength at support layer-active layer interface, is calculated

by

I; =0.5(2C;5 + 2C; y+) (4.3.9)
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4.3.1.5 Osmotic pressure at the active layer surface

The osmotic pressure at the active layer surface, T, is the sum of osmotic

pressure of salt and weak acid species at active layer surface and can be expressed as
Tmp = OsNsCnpsRT + Bo(Conpa + Conp+ )RT (4.3.10)

where C,s is the salt concentration at active layer surface, Gy q and C, g+ are the
acid and hydrogen ion concentrations at active layer surface respectively. Cp¢p+ is

determined by

Ka,T(Cmf,a_Cmf’H+)

Cmf,H+ = (4.3.11)

yrznf,zl

where Yo 21, single charge activity coefficient of hydrogen and acid ion at active layer

surface, is calculated by

1
IE
—108 Vmf 1 = A1 Z2(— — 0.31,) (4.3.12)

2
1+Imf

where [,,.¢, ionic strength at active layer surface, is determined by

Img = 0.5(2Cnz5 + 2Cnp 1) (4.3.13)

4.3.1.6 Dilutive internal concentration polarization

The internal concentration polarization (ICP) of salt species inside the

membrane support layer can be expressed as

ADerrCs

ix (4.3.14)

—Js = JwCs
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where (s is the salt concentration in membrane support layer. D ¢ is the effective
salt diffusion coefficient in porous support layer and related to the salt diffusion

coefficient (Ds), by D.gsr = €D where € is membrane support layer porosity.
Integrating Eq. (4.3.14) across the membrane support layer thickness
atx =0,Cs=Cisand x = losr = 71, Cs = Crg 6

where C; ¢ is the salt concentration at support layer-active layer interface, Gy s is the
salt concentration at support layer surface, lofs is the effective thickness, T is the
tortuosity and [ is the actual thickness of support layer, yields

Cmds
fcls (chs+15) d(DysCs) (4.3.14-a)

where §, the structure parameter of membrane support layer, is defined by S = T;l and
Dy s, the average NaCl diffusion coefficient as a function of its molar concentration at

28 °C, is obtained from OLI software (Appendix C) and determined by

Dys = 5.05x10711C,* — 2.59x1079C, + 4.65x1078C," +
4.03x1077C, + 1.06x107° (4.3.14-b)

4.3.1.7 Dilutive external concentration polarization and salt mass transfer

coefficient at draw solution side

At support layer surface, the external concentration polarization (ECP), which
is affected by dilutive permeate water from feed solution side, reduces the salt
concentration away from membrane support layer surface at the draw solution side

and can be expressed as

dDgsC

—Js = JwC ——— (4.3.15)

where C is the salt concentration in the boundary layer.
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Integrating Eq. (4.3.15) across the boundary layer thickness (§)
atx =0,C=Cpgsandx =6,C=Cy

where Cy ¢ is the salt concentration in bulk draw solution, yields

— Dd,S _ Cd,s 1 ]
6= ka  “Cmds JwC+Js) d(Dd'SC) (4.3.15-a)

where kg is the salt mass transfer coefficient at draw solution side and Dy is

determined by

Dgs = 5.05x10711C* — 2.59%1077C3 + 4.65%x1078C? + 4.03x
1077C + 1.06x107° (4.3.15-b)

For flowing in rectangular channel for the turbulent flow regimes(Re; >
2,100)in open channel at draw solution side, Sherwood number of salt (Shy) is

represented by:
Shg = 0.04Re./*sc/? (a.3.16)

where Reg, Reynolds number in draw solution channel, is defined by

Lvgpa
Ua

Red = (4.3.17)

where L is the channel length of FO test cell, v, is the average flow velocity in draw
solution channel, pg, the density of NaCl solution as a function of its molar

concentration at 28 °C, is obtained from OLI software (Appendix C) and determined by
pg = 37.0166C, ; + 997.2911 (4.3.18)

where pg, the dynamic viscosity of NaCl solution as a function of its molar

concentration at 28 °C, is obtained from OLI software (Appendix E) and determined by
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ug = 0.0538C, ;% + 0.4159C, ; + 5.0095 (4.3.19)

where Scg, Schmidt number of salt at draw solution side, is defined by

(4.3.20)

where Dy ¢ is determined by

Dgs = 5.05x10711C7, — 2.59x107°C3 ¢ + 4.65%1078CF ; +
4.03%x1077C4 s + 1.06x107° (4.3.21)

The salt mass transfer coefficient at draw solution side, kg, is related to Shy

kg =——= (4.3.22)

where dj, is the hydraulic diameter

4.3.1.8 Concentrative concentration polarization and acid mass transfer

coefficient at feed solution side

The selective solutes are retained by active layer as the water
molecules permeate across the membrane. Thus, the solute concentration is built-up
in the boundary layer on the active layer surface. The concentrative concentration
polarization can be expressed as

dDfaCq
dx

Jo = JwCq + (4.3.23)

where C, is the acid concentration in the boundary layer. Integrating Eq. (4.3.23) across

the boundary layer thickness (&)

at x = 0,Cq= Cppqand x = —6,C4= Crq
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where Cprq is the acid concentration at active layer surface and Cfq is the acid

concentration in bulk feed solution, yields

_ DPra _ (Cra ;
§=5-= Iele (cha = d(Ds 4C,) (4.3.23-2)

where Dy 4, the apparent weak acid diffusion coefficient in feed solution, is determined

by
Dion,T Duart
Dra = (S8 (—1 + JTH+4KC,) + 2247 (— 1+T+4KC,) )
(4.3.23-b)
where D,,, r, the average acid ion diffusion coefficient, is defined by
2
Dionr = ———— (4.3.23-0)
(DH+,T DA_,T)

where Dy+ r and Dy- r are hydrogen and acid ion diffusion coefficients respectively,
K equals to 1/Kg, 1, Dyar is the acid molecule diffusion coefficient and ks 4, the

acid mass transfer coefficient at feed solution side, is defined by

She,D
k, =>lata (4.3.24)
f,a dh

where Dy , is determined by

Dpa = (2ot (-1 4 JTTARG ) + 2242 (-1 4 (TTART,,) )

(4.3.25)

Shf,a, Sherwood number of acid in open channel at feed solution side, is

defined by

3/4 1/3

Shyq = 0.04Re

S Cr (4.3.26)
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where Ref, Reynolds number in feed solution channel, is defined by

Lv
Rep = =L (4.3.27)
f

where vy is the average flow velocity in feed solution channel, pf is the dynamic
viscosity of feed solution and py is the density of feed solution, assumed close to

water density (p,,) according to the empirical equation by Eq. (4.3.27-a):

pw = 999.65 + 2.0438%x10~ (T — 273) — 6.174x107%(T — 273)3/2
(4.3.27-a)

Scr,q, SChmidt number of acid at feed solution side, is defined by

(4.3.28)

4.3.1.9 Dilutive external concentration polarization and salt mass transfer

coefficient at feed solution side

The salt concentration declines away from the membrane active layer
surface in the boundary layer at the feed solution side. The dilutive external

concentration polarization can be expressed by

dDf sC
dx

—Js = JwC — (4.3.29)
Integrating Eq. (4.3.29) across the boundary layer thickness (&)

at x = 0,Cpps and x = —6,C= Crg

where Cp s is salt concentration at active layer surface and Gy is salt concentration

in bulk solution, yields

5= _Drs_ (Crs 1 _
0= ks Cmf,s JwC+]Js) d(Df'SC) (4.3.29-a)
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where Dy is the average salt diffusion coefficient in feed solution and estimated to

the salt diffusion coefficient in draw solution (Dg). Df s is determined by

Dfs = 5.05x10711C* — 2.59x107°C3 + 4.65x1078C? + 4.03%
1077C + 1.06x107°>
(4.3.29-b)

where ky g, the salt mass transfer coefficient at the feed solution side, is defined by

_ Shf’st’s

i (4.3.30)

kps
where Dy ¢ is determined by

Dy s = 5.05x1071Cf, — 2.59x1079CF, + 4.65x1078CA + 4.03x
1077C; ¢ + 1.06x107° (4.331)

where Shy ¢, Sherwood number of salt in open channel at feed solution side, is defined

by
Shys = 0.04Re’/*Sc;”? (4.332)

where Scy 5, Schmidt number of salt at feed solution side, is defined by

(4.3.33)
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4.3.1.10 CO, permeability

2(aq)
COztaq)+H20HHZCO,, H‘+H003'HCOZ(“)
(Eq.48) d d (Eq.42)
I
. :E: I y
: =3 CO, (gas)
UEJ Jo J’(quw J' J«
HAGH A" . % £03q
Jco, O .
(Eq.44) == H,CO, «—H*+HCO,
Carboxylic Acid & 4 (Eq.43) (Eq.36)
True Carbonic Acid Brine
. Y A i
Feed Solution . Draw Solution
| H,CO, HCO;

R

Fig. 4.14 The dynamical system of forward osmosis shows the novel CO, transportation
mechanism through a FO membrane from NaCl draw solution side to successively
generate the true carbonic acid in feed solution side. The reaction pathways of
carbonate system with carboxylic acid in the FO process are presented in

corresponding with mathematical equations.

4.3.1.11 Draw solution side

In Fig. 4.14, when draw solution tank is exposed to the air, the carbonate

species in the NaCl draw solution is in equilibrium with atmospheric CO, above the

-3.408
0

solution. In the atmosphere, the CO, partial pressure is 1 atm (pco,) and

equilibrates with draw solution as the following equation:

Ky pco,
Yo

Cd,COZa = (4.3.34)

where Cy co,q is the CO, concentration in draw solution tank, Ky=0.0387 molar, the

temperature dependence Henry’s constant at 298 K and y,, activity coefficient of
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dissolved CO, in the NaCl draw solution as a function of ionic strength (I;) and

temperature (¢, °C), is calculated from the following empirical equation (butler, 1991):

_(33.5-0.109t+0.0014t2)13—(1.5+0.015t+0.004t2) 5

logy, = eTe (4.3.35)

The dissociation equilibrium of dissolved CO, in draw solution can be written

as
H,CO; & H* + HCO3

The equilibrium reaction is established to determine bicarbonate ion concentration by

the following equation:

Kco,1(Ca,co,~CaHcoz )

Cancos (4.3.36)

2
yd,zl

where Ko, r is the first ionization constant of carbonic acid and Cgpco; is the
bicarbonate ion concentration in draw solution. y4 1, single charge activity coefficient
of hydrogen, bicarbonate, acid and hydroxide ions in draw solution, is determined by
1
I

—logya, =A;Z*(—4 — 0.31y) (4.3.37)

2
1+15

where H*,A=,HCO3 and ,OH~ ion have a single valence electron (Z=1) and I, the

ionic strength of draw solution, is determined by

Ig = 0.5(2Cqs + Capr + Caon- + Caa- + Cancos ) (4.3.38)

where Cy s, Cq y+, Cqon— and Cq 4- are salt, hydrogen ion, hydroxide ion and acid ion

concentration in draw solution, respectively.
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In equilibrium, weak acid donates its proton into the water and can be written

in the short notation as

HA o A~ +H?

The above equilibrium reaction can determine Cy4 4- by Eq. (4.3.39):

(4.3.39)

The self-ionization of water acts as either an acid or base as the following

reaction:
H,0 < H* + OH™
Ca0n- can be determined from the equilibrium equation and written as

Kw,r

Caon- = (4.3.40)

2
CanutYaz

where Ky, r is the water ionization constant.

The charge balance equation in draw solution can be described by

Can+ = Can- + Caon- + Cancos (4.3.41)

In the draw solution channel of FO test cell, the bicarbonate ion species
instantly react with hydrogen ions, eradually diffusing from acid feed solution channel,
and then can quickly convert to soluble carbon dioxide in the aqueous solution above

atmospheric by the following equilibrium reaction:

H* + HCO3 & CO,y4q + H0

2(aq

This equilibrium reaction is written to determine the concentration of carbon dioxide

in draw solution channel by the following equation:
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2
_ YanCqpt

Caco, = + Cancos (4.3.42)

Kco,,T

where Cy o, is carbon dioxide concentration, generated by acid permeability, in the

draw solution channel.

The transmembrane CO, flux, J¢p,, into feed solution channel can be

determined by

]COZ = PC02 Cd,COZ (4.3.43)

where P, is the membrane CO, permeability coefficient. As illustrated in Fig.4.14, the
carbon dioxides partially diffuse through the membrane to feed solution channel. The
rest of them flow into a draw solution tank and then disperse to the atmosphere. By
means of inverse problems techniques, the membrane CO, permeability coefficient,
which cannot directly be observed, is determined by fitting the dynamic model to the

experimental pH profiles (in the section 4.2).

4.3.1.12 Feed solution side

In the feed solution tank, weak acid ionizes its proton into the water and

can be written as

HAo A~ +HY

The above equilibrium reaction of weak acid can determine acid ion concentration by

Eq. (4.3.44):

(4.3.44)

where Cr 4- is the acid ion concentration in feed solution, ¥ .1, single charge activity
coefficient of hydrogen, acid, bicarbonate and hydroxide ion in feed solution, is

determined from
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R

12
—logysn =A;Z%(—5 - 03I5) (4.3.45)

2
1+I}c

where I, the ionic strength of feed solution, is determined by

Iy = 05 (2Cs; + Cr+ + Cra- + Cron- + Cracos ) (4.3.06)

where C¢p+ is the hydrogen ion concentration and Cfoy-, the hydroxide ion

concentrations in feed solution, is determined from

Kw,r

Cf,H"'yj%,zl

As illustrated in Fig.4.14, the generated CO, in draw solution channel (Cq co,)
diffuses across a membrane and enters the feed solution channel under the
increasingly acidified condition and the rising levels of CO, in the aqueous phase above
atmospheric pressure in FO module. Under this condition, as the following chemical
equilibrium, the position of equilibrium hydration reaction is moved to right side to
produce the true carbonic acid in the bulk feed solution (Cfc,,) according to

Lechatelier’s principle.

CO, + H,0 & H,CO5

The true carbonic acid can dissociate to form bicarbonate ion (HCO3) by the

following chemical equilibrium:

H,CO; & HT"+ HCO3
Ct Hcos» the bicarbonate ion concentration in feed solution tank, is determined by

Khyc053(Cfco,—CrHCOT)
Crucos = —22Leoz TRCOs (4.3.48)
s CrutYfz1
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where Ky, o, is the true carbonic acid ionization constant (Pkg=3.45) (Adamczyk et
al.,, 2009), Cf o, is true carbonic acid concentration and Cf yco; is bicarbonate ion

concentrations in feed solution.
The charge balance equation in feed solution can be described by
Crut = Cra- + Crop= + Crrcos (4.3.49)
As validating parameter, the pH of feed solution, pHy, is calculated by
pHy = —log (Y21 Crpu+) (4.3.50)

4.3.1.13 Mole balance equations

Ff,o,Cf,s F,Cd,s
Cf,ao,Cf,coz Cd,ai
Ju @
Ja
\ Js
Acid Bl .. ——— NaCl
Feed Vf,tG JC()2 Cd,s,to Draw
Solution Cfat Vdt  Solution
Tank Tank
} Fa,0
&,
F,Cf,si Fd,o,Cd,so
Ct.a,Crfco,i Cd,a

Fig. 4.15 Mole balance diagram of forward osmosis process, using carboxylic acid as
feed solution and NaCl as draw solution.

In Fig. 4.15, two recirculating pumps transfer the feed and draw solutions to
the inlet of FO test cell, internally installed a FO membrane. Feed and draw solution
are then returned back to their storage tanks. Corresponded with elapsed time, the

feed and draw solution concentration will respectively be concentrated and diluted.
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Making mole balance equations on acid, salt and true carbonic acid in the feed

solution tank can be written as

Ve t,Craty + CraoFrot — CraFt = Cro(Viy,+Fr ot — Ft) (4.3.51)
CrsFr ot — CrsiFt = Cpi(Vpy, + Fp ot — Ft) (4.3.52)
Cr co,Frot = Cro,iFt = Cro,i(Vy e, +Fp ot — Ft) (4.3.53)

where V¢ . - is the initial volume of feed solution, Gy q ¢, is the initial acid concentration
in feed solution tank, Cr 4, is the acid concentration from the outlet of feed solution
channel, F is the flow rate of recirculating pump, t is elapsed time, Crg; is the salt
concentration into the inlet of feed solution channel, Cf ,,; is the true carbonic acid
concentration into the inlet of feed solution channel and Ff ,, the flow rate from the

outlet of feed solution channel, is determined by
Ff,o =F—J,Ay (4.3.54)
where Ay, is the effective membrane area.

Making mole balance equations on acid, salt and true carbonic acid in the feed

solution channel can be written as

Cf’aFt _]aAMt == Cf,aOFf,Ot (4.3.55)
Cf,SiFt +]SAMt - Cf,SFf,Ot (4.3.56)
Cf,coth +]C02AMt = Cf,COZiFf,Ot (4.3.57)

Making mole balance equations on acid and salt in the draw solution tank can

be written as

CaaFaot — CaaiFt = Cyai(Vay, + Faot — Ft) (4.3.58)
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Case,Vart, + CasoFaot — CasFt = Cas(Var, + Faot — Ft)
(4.3.59)

where Vg ¢, is the initial volume of draw solution, Cy s, is the initial salt concentration
in draw solution tank, Cg 5, is the salt concentration from the outlet of draw solution
channel, Cy 4; is the acid concentration into the inlet of draw solution channel and

F, 0, the flow rate from the outlet of draw solution channel, is determined by
Fio=F +],Ay (4.3.60)

Making mole balance equations on acid and salt in the draw solution channel

can be written as
Caaif't +JaAut = CqaFaot (4.3.61)
Cd,SFt _]SAMt == Cd,SOFd,Ot (4362)

vy, the average flow velocity in the feed solution channel, is calculated by

Ffo+F
— fo
Vp = WD (4.3.63)
where Wand D are respectively the channel width and depth of FO test cell.

V4, the average flow velocity in the draw solution channel, is calculated by

_ FgotF
Vg = _WD (4.3.64)
As validating parameter, the weight change of draw solution, Wy, is determined
by

Wd :]WAMt Pd (4.3.65)
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4.3.2 FO process modeling of a mixture of two carboxylic acids

f:g:f S:’::;" Ffo,Cts F,Cds
_5_ —B—l Cf,co,,Cf,ao,Cf,ao' Cd,ai,Cd,ai'
® - ,*C“s - - | [ - |
P gl 7
Acid | Cmasy | NaCl Juw %
Feed [/ ‘ Draw ; %
Solution Chta 2 Gily / } Solution a %
ey ¥ ) %
Cmfa' A = } Ca Ja %
Cra' o G0z % oeld
Cmf‘s,' | ?Cd‘a i - % JS -
. 3 | Acid Vi . c NaCl
= 47 Gia | Criga | ' Feed Cf,: % Joo,  ~9%8 Draw
Creo 6 %C"'a Solution  Cyay, = % Vdt  Solution
o (f Ci,a' Cmd,a ‘ Tank 24 Tank
||k Fl TFoo |
el T T
j: _ F,Cisi Fa,0,Cd,so
- Jeo, Cf,c0,i,Cf,a,Ct,a Cd,a,Cd,a'

Fig. 4.16 Schematic of a FO membrane cross section during the acid filtration (left side)
and mole balance diagram of forward osmosis process (right side), using a mixture of
two carboxylic acids as feed solution and NaCl as draw solution.

The modeling of FO process for a single carboxylic acid as feed solution (section
4.3.1) is a part of the modeling of a mixture of two carboxylic acids. The number of
sixty-five equations is alike. The ten modified equations and sixteen additional
equations are added to developed model of a single carboxylic acid to acquire
modeling of a mixture of two carboxylic acids. The ten modified equations are

described as follows:

Equation (4.3.6) is modified to m; = @sngC; RT + ®a(Ci,a + Ci‘H+)RT +

Qa’(Ci,a’ + Ci,H+)RT (4.3.6)

Equation (4.3.7) is modified to the charge balance equation: CiH+ =

Kw,r
Ci,H"' Yiz1Viz1

Cia-+Cip- + @.3.7)
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Fquation (4.3.9) is modified to I; = 0.5 <2Ci,s + Ci,A_+Ci,A_’ + Ci,H+ +

K 1
— ) (4.3.9)
Cig+Yiz1Viz1

Equation (4.3.10) is modified to T = @sNgCrr sRT + (Z)a(Cmf,a +

Confi+)RT+00 (Confar + Cong o+ )RT 4.3.10)

Equation (4.3.11) is modified to Cmf gt = Cmf,A"l'Cmf,A" +

Kw,r

Cmf,H+ Ymf,z1Vmf,z1

@.3.11)

Equation (4.3.13) is modified to Imf =0.5 (ZCmf’S + Cmf,A""Cmf,A" +

Conpu+ T fwr ) 4.3.13)

Cmf,H+ Ymf,z1¥mf,z1

Fquation (4.337) is modified to Iz; = 0.5 (ZCd,S + Cypy+ + Caon- +

Can-1Cya' + Cancos ) (4.3.37)

Equation (4.3.40) is modified to Cq g+ = Cqa- + Cy 4~ + Caon- + Canco;

(4.3.40)

Equation (4.3.45) is modified to Ir = 0.5 <2Cf,si + Cra-+Crypr +Cpp+ +

Kw,r '
’ " trees ) (4.3.45)
CrptVfmVin 1 HCO3
Equation (4.3.47) is modified to C¢ g+ = Cra= + Cp 4~ + Kw,T
| | ’ CrutYfz1Vfz1
e (4.3.47)

where the prime symbols (") above the letter and number represent the carboxylic

acid type 2.
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The sixteen additional equations of carboxylic acid type 2 are described as

follows:
Jot =By (Crppar — Cig) (4.3.66)
Cd,a’ = Ci,a’ = Cmd,a’ (4.3.67)
Caa =Ja'llw (4.3.68)
Ka',T(Cmf,a'_CmfA—’)

CmfA_' = : (4.3.69)

’ ymf,zlymf,zl

D, 1 C. 1

_ f.a — f.a 1 )

6 - kf,a’ fcmf,a’ (]WC ,_]a,) d(Df,a, Ca,) (4370 a)

D, (;{’gf( 14+ /1+4KCy) + ””( 1+\/1+Tc)>

(4.3.70-b)
2
Dion’,T =1 oI (4.3.70-¢)
(DH+,T+DA_’,T)
K'=1/Kgyr (4.3.70-d)
Sh ’
f.a' f.a
keq = — (4.3.71)

Df’a,=<;;l°ng,( 1+ T+ K Crr) + - H”( 1+

JIF 4K'cf,a,)2)

(4.3.72)
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Hf
Scy 1 = (4.3.73)
f.a prf,a’
. 3/4~ 1/3
Shyq' = 0.04Re;""Sc. (4.3.74)
VtoCralty + Crao' Frot = CrarFt = Cp g1 (Vp g, +Fr ot — Ft)  (4.3.75)
Cf,a'Ft _]a,AMt - Cf,ao’Ff,ot (4376)
CaaFarst = CaairFt = Cqaqr(Vae, + Faot — Ft) (4.3.77)
Cd,ai’Ft +]a,AMt - Cd,a,Fd,Ot (4378)
4.3.2.1 List of all variables and unit used in mathematical model
Table 4.22 Constant variables
Variable Value Unit Ref.
Dy+ 508 9.311x107° cm? /sec (Haynes, 2014-2015)
ng 2 — -
R 0.08314 L bar K™ Ymol™ B
o 1 _
D 0.936 - (Robinson and Stokes, 1959)

Table 4.23 Diffusion coefficients of carboxylic acid in water at 298 K

Acid Type D 4- 298 Ref. Dg 298 Ref. Dy4298°
(cm?/sec) (cm?/sec) (cm?/sec)
Acetic acid ~ 1.089x1075 (Bidstrup and 1.27%x107° (Haynes, 2014- 1.26x107°
Geankoplis, 1963) 2015)
Butyric acid  0.868x107° (Bidstrup and 0.918x1075 (Haynes, 2014- 0.905x107°
Geankoplis, 1963) 2015)
Lactic acid 1.033%107° (Bidstrup and 0.993x107° [Ribeiro et al., 0.764x1075
Geankoplis, 1963) 2005)
Valeric acid 0.871x107° (Bidstrup and 0.817x1075 (Haynes, 2014- 0.80x107°

Geankoplis, 1963)

2015)
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Variable Value Unit Variable Value Unit
Ay 0.42 dm? f 1.58 L/min
D 0.023 dm T 301 K
d, 0.0438 dm w 0.4572 dm
Table 4. 25 Initial independent variables
Variable Value Unit Variable Value Unit
Caso 0.5 mole/L Vao 0.5 L
Crao 0.01,0.005 mole/L Vio 1 L
Cra'p’ 0.01,0.005 mole/L t 0 to 30 hr
*Cy a0 is initial acid concentration of acid type 2
Table 4.26 Unknown dependent variables of single carboxylic acid model
Variable Unit Variable
1. Cgq mole/L 34. Iy mole/L
2. Cgga- mole/L 35 I; mole/L
3. Cqai mole/L 36. Ing mole/L
4. Cqco, mole/L 37. ] 4 mole/dm? /min
5. Cacopa mole/L 38.J co, mole/dm? /min
le/L le/dm?/mi
6 Cap+ mole/ 3., mole/dm*/min
7. Canco; mole/L 40. ], L/dm?/min
8. Cqon- mole/L a1 kg dm/ml:n
9. Cqs mole/L 2. kg dm/min
10. Cysr mole/L a3 kg g dm? /min
1. Crq mole/L aa. pHy
122 Csa- mole/L 45. Rey
13. Cyg mole/L 46. Rey
14. Cy o, mole/L 47.Scq4
15 Cfco,i mole/L 48.5¢s,
16. Cppy+ mole/L 49. 8¢y ¢
17. Crhco; mole/L 50. Shy
18. Cyop- mole/L 51. Shy g,
19. Cyg mole/L 52. Shy g
20. Cyg mole/L 53. Vg dm/min
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21. Ciq mole/L 54. U dm/min
22. Cipy+ mole/L 55. Wy g

23. Ci,S mOle‘/L 56. Yd,Zl -

20. Cpgs mole/L 57. Vi

2. Cpfa mole/L 58. Viz1

26. Coppp+ mole/L 59. ¥mf.z1

21. Cps mole/L 60. Vo

28. Dy dm? /min 61. g g/dm/min
29. Dy, dm? /min 62. Iy g/dm/min
30. Dy dm? /min 63. TT; bar

3. fq L/min 64. T g bar

32. fo L/min 65. Pa g/L

33. Ig4 mole/L

Table 4.27 Additional unknown dependent variables of the model of carboxylic acid

mixture
Variable Unit Variable Unit
1.Cqq mole/L & Confa' mole/L
2 Cyy-r mole/L 9. Dy o1 dm?/min
3. Cyayf mole/L S mole/dm? /min
4. Cpy mole/L 1. K gr dm/min
5 Cpy-r mole/L 12.8€C¢ o -
6. Csopf mole/L 13.Shy o
7.Ci g mole/L

4.3.3 Temperature dependence of constant variables

4.3.3.1 Equilibrium constants

As a function of temperature, the ionization constants, Ka,T: can be

determined by the equation in Table 4.28.
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Table 4.28 lonization constants as functions of temperature

Acid type Equation Reference

; ; 1170.48 ;

Acetic acid —log Kor = — 31649 + 0.013399XT (Robinson and Stokes, 1959)
; ; 1033.39 ;

Butyric acid —logK,r = — 26215 + 0.01334XT (Robinson and Stokes, 1959)
; ; 1286.49 ;

Lactic acid —log Ka,T _ — 48607 + 0.014776XT (Robinson and Stokes, 1959)
; ; 921.38 ;

Valeric acid —log Ka,T _ —1.8574 + 0.012105xT (Robinson and Stokes, 1959)
i i 3404.71 )

Carbonic acid —log KCOZ,T _ —14.8435 + 0.032786XT (Robinson and Stokes, 1959)

4470.99
Water —log Ky 7 = — 6.0875 — 0.017060XT (Harned and Owen, 1958)

4.3.3.2 Solute diffusion coefficients

According to the Stokes-Einstein equation, the temperature correction of the

diffusion coefficient can be determined by the following equations:

DH+,T = DH+,298 X % X 19;—?8 (4.3.80)
Dy-g =D A_,298X% '9;_i8 (4.3.81)
Dyerp = Dyt gos X o X 22 (4.3.82)
Dyar = Dyg29gX % X '9;—;8 (4.3.83)
Dyt = Dyt pogX o= X 19;—;8 (4.3.80)

(T-273)+246 (4.3.85)

T ™ (0.05594 x(T—273)+5.2842)x(T—273)+137.37
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where T is absolute temperature, 97 and ¥,9g are water viscosity at the given
temperature and at 298 kelvins, respectively.
4.3.3.3 Henry’s law constant
As a function of temperature, Henry’s law constant is determined by

Ky = K yoexp(—=22 (

1 1

T 78 ) (4.3.86)

where Ko is the Henry’s law constant at standard condition (T9=298.15 kelvins),

—AgoinH

3.4x107% molar/atm, R is the gas constant and is the temperature

dependence, 2400 Kelvins.

4.3.3.4 Model solutions

A set of simultaneous equations were given with the same number of
dependent endogenous variables. The system of equations model describes the
logical phenomena during the carboxylic acid filtration in forward osmosis process. By
Levenberg-Marquardt (LM) algorithm running in MATLAB, the dynamic model was able
to simultaneously define the unknown dependent variables at each point in simulating
time. The process of model solutions is described in Fig. 4.17. The calculations were
inaugurated by inputting constant variables (e.g. acid ionization constant, diffusion
coefficient, gas constant), fixed variables (e.g. membrane area, test cell channel sizing,
liquid temperature, flow rate of pump) , initial conditions (e.g. initial draw solution
volume and concentration, initial feed solution volume and concentration) and the
assumed initial dependent variables at t = 1. By means of Levenberg-Marquardt
algorithm, the dependent variables at t = 1 could be simultaneously determined and
were applied as the new initial dependent variables at t = 2. The sets of dependent

variables at each point in time (t = 1, 2, 3,..., n) could be yielded at the end of each
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simulation cycle. The MATLAB code files of each acid model were presented in

Appendix F.

Entering : t=1 t=1,2.3..n | | evenberg-Marquardt
—— = | DYNAMIC MODEL | ——— :
- Constant variables Algorithm

- Fixed variables
- Initial conditions
- Assumed dependent variables t=n+1

Reentering dependent Solved dependent
variables variables at t =n

Simultaneous solved dependent variables att =7 —a—
Simultaneous solved dependent variables att =2 -~

Simultaneous solved dependent variables att =3

Simultaneous solved dependent variables att =n -~

Fig. 4.17 The flow chart of model solution procedures

4.3.4 Results and discussion

4.3.4.1 FO membrane parameter characterization

Table 4.29 Membrane parameters (4, Bs, S), along with the correlated coefficients of
determination of water flux (R? — J,,), salt flux (R? — J5) and the coefficient of
variation (CV'), have been calculated by excel error minimization algorithms from

Ref. (Tiraferri et al., 2013)

Sample A By S R*—], R*—]J; CV(%)
(L/m?/h/bar) (L/m?/h) um)
1 0.458 0.262 545 0.997 0.999 2.50
2 0.436 0.249 a87 0.989 0.980 2.04
3 0.431 0.256 470 0.984 0.981 3.05
Mean Value 0.442 0.256 500

Using excel algorithms, the mean values of 4, B and S calculated from three

samples of FO membrane were shown in Table 4.29. The simulation results have been
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reported together with the related coefficients of determination of water flux (R? —
Ju), salt flux (R? —J,) and the coefficient of variation (CV). The mean values of A,
B, and S determined by this method were 0.442 L/m?h/bar, 0.256 L/m?/h and 500
um, respectively. The result of structure parameter (500 um) is in the range 424 ym to

589 um which is consistent with the reported value from Ref. (Tiraferri et al., 2013).

Table 4.30 Experiment results and calculation report of four acid permeability

coefficients (B,) by excel algorithms

Acid Sample Stage Caa Cfa Jw Ja B, Mean Value
mM) M) (L/m?/h) anmole/m?/hy (L/m*/h)
Type (L/m?/h
Acetic 1 1 379 8.82 1.6 930.83 1.979 2.10
2 736 29.8 3.4 1,999.60 2.145
2 1 488 193 2.2 1,337.28 2.178
2 906 42.0 3.9 2,385.42 2.102
Butyric 1 1 392 2.11 1.8 241.46 0.576 0.64
2 606 5.89 2.1 343.86 0.539
2 1 280 1.09 1.4 239.31 0.767
2 521 5.14 2.1 379.28 0.674
Valeric 1 1 120 3.02 0.5 59.42 0.470 0.49
2 254 8.97 0.9 123.87 0.468
2 1 159 5.19 0.7 85.23 0.510
2 292 12.74 1.1 158.02 0.521
Lactic 1 1 365 0.17 4.3 75.22 0.198 0.15
2 536 0.55 5.2 94.22 0.170
2 1 415 0.51 3.1 54.23 0.128
2 677 1.48 4.9 79.96 0.116

To characterize the acid permeability coefficients of the membrane, two
membrane samples were tested for each acid. The mean value of acid permeability
coefficient (B,) was calculated from two membrane samples and determined by two-
stage individual calculation, using excel algorithms. The experimental data and
simulation results of four different carboxylic acids are reported in Table 4.30. The

highest permeability value was acetic acid, 2.10 L/m?/h. Butyric and valeric acid had
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relatively close permeability values, 0.64 L/m?/h and 0.49 L/m?/h respectively, and the

value of lactic was the lowest at 0.15 L/m?/h.

4.3.4.2 Validation of the mathematical model
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Fig. 4.18 A comparison of the simultaneous results from model predictions of both
respective CO, permeation phenomena (solid line) and irrespective CO, permeation
phenomena (dot line) with the experimental data (cross symbols) obtained from the
acid concentration FO experiment of four different carboxylic acids. Weight change of
draw solution (A, B, C, D) and pH of feed solution (E, F, G, H) are plotted against elapsed
time.

In Fig. 4.18A-D, as a result of the different osmotic pressure between feed and
draw solutions, the weight change of draw solution (W) escalates over the period of
experimental time by accumulated permeate volumes in a draw solution tank.
According to Fig.4.14 and Henry’s law in Eq.(4.3.34), 1M NaCl draw solution, equilibrated
with atmosphere, has the low CO, concentration (Cy,co,q) In @ draw solution tank.
This low CO, concentration also produces very low bicarbonate ion concentration,
determined by Eq.(4.3.36). The bicarbonate ions pass into the draw solution channel
of FO test cell unit and then instantly react with hydrogen ions which gradually diffuse
across a membrane from acid feed solution. The bicarbonate ion species are quickly
converted to soluble carbon dioxides (Cy co, in Fig.4.13), determined by Eq.(4.3.42).
This small amount of the generated CO, partially diffuses through a membrane from
draw solution to feed solution channel. At the support layer-active layer interface, the
permeating CO, has a relatively tiny osmotic pressure, compared with the high osmotic
pressure of NaCl draw solution. Consequently, this developed model can neglect the

generated CO, in the osmotic pressure calculation at support layer-active layer
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interface (m;) in Eq.(4.3.6). In feed solution channel, the generated CO, diffuses
through the boundary layer from membrane active layer surface and enters the acid
feed solution channel under the increasingly acidified condition above atmospheric
pressure in a FO module. Under this circumstance, the true carbonic acid (Cy ¢, in
Fig.d.13) is produced in the bulk feed solution. At membrane active layer surface, since
the generated CO,, which partially diffuses across a membrane from draw solution
channel, is expected to be negligibly small, this very low CO, concentration and the
irrelevant true carbonic acid in the bulk feed solution were thus not addressed in the
osmotic pressure calculation at membrane active layer surface (7,,f) in Eq.(4.3.10).
Depending on the different osmotic pressure across the membrane active
tayer(rtl- — nmf), the impact of CO, permeation phenomena on the water flux (J,,,) in
Eq.(4.3.1) is rationally ignorable. Therefore, the model predictions of irrespective and
respective CO, permeation phenomena for the weight change of draw solution were
alike (Fig. 4.18A-D). Indicated by R? of W, for four carboxylic acids, the agreements
between the simulation results from developed model and experimental data were

higher than 0.95.

In case of the pH of feed solution, the pH of feed solution declined over the
period of experimental time corresponding to the volume reduction of acid feed
solution. Considering the acetic acid as feed solution in Fig. 4.18E at the end of
experiment, 1800 minutes (cross symbol), the pH of acetic acid is 2.8, which is
approximately equivalent to 145 mM acetic acid. By initial concentration of 10 mM,
acetic acid was likely concentrated up to a 14.5-fold increase, whereas the weight
change in Fig. 4.18A at 1800 minutes was observed to be 0.645 kg of draw solution.
Since the decreasing feed solution volume is equal to the increasing draw solution
volume, by initial feed solution volume of 1 L, acetic acid should possibly have the
concentration up only to a 2.8-fold increase which is equivalent to pH of 3.15,
determined by 28 mM acetic acid. This pH result could be performed by the
irrespective CO, permeation model (dot line). Nonetheless, at 1800 minutes, the
experimental pH of 2.8 was noticeably much lower than 3.15 of acetic acid feed

solution. This discrepancy can be explained by the formation of true carbonic acid
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which is a fairly strong acid (Pk,=3.45) in a composition of acid feed solution. This
phenomenon could be described by the respective CO, permeation model that was
stated in section 2.10 (CO, permeability). Regardless of CO, permeation phenomena
(dot line), the CO, permeation is neglected (J¢o, = 0 in £q.(4.3.43)) as CO, permeability
coefficient is zero (Pgo, = 0). Indicated by R? of -0.28, the pH predictions of irrespective
CO, permeation model were obviously much far from the experimental data by
considering only acetic acid component in feed solution. However, to reflect the
consequence of CO, permeability phenomena during acid filtration, is to define the
unobserved membrane CO, permeability coefficient (Pgp,), in the Eq.(4.3.43). By
means of inverse problems techniques, the process of calculating from a set of
experimental data to infer the actual values of the model parameter, the respective
CO, permeation model was fitted to experimental pH profiles (solid line), where R?
was adjusted from -0.28 to 0.99. A Py, value of 0.0025 L/m?/h was determined. This
model parameter was also applied to the remaining acid models to validate against
the experimental pH profiles in Fig. 4.18F-H. The goodness of fit of butyric acid, lactic
acid and valeric acid models was obviously improved where R? were increased from
0.15 to0 0.99, from 0.71 to 0.97 and from -0.01 to 0.98, respectively. Despite the much
different R? values between the irrespective CO, model predictions (Pgo,= 0) and the
experimental pH profiles for each acid model, a P, value of 0.0025 L/m?/h could
evidently improve the goodness of fit of all acid models to the experimental data. The
agreement between the simulated results from proposed irrespective and respective
CO, permeation model with experimental data have been evaluated by statistical

factors, as shown in Table 4.31.

Regarding the model prediction, the targeted acid could be characterized by
inputting three specific acid parameters, ionization constant (K,), diffusion coefficient
(Dg) and membrane permeability coefficient (B,), into the model. In case of the
acetic acid model which performs the lowest R® of -0.28, the lowest R? infers the
highest impact from CO, permeation phenomena. As a result of high acid permeability
property of 2.10 L/m%h or high acid flux of acetic acid, CO, is increasingly generated

in draw solution channel and then transports across a membrane to feed solution
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channel to unignorably form the higher true carbonic acid content (Pk,=3.45) which
is more acidic than acetic acid (Pk,=4.75). The consequence of the dominant true
carbonic in the mixture of them could lead to the abnormally low pH results of acetic
acid feed solution. Conversely, the lactic acid model could perform the highest R of
0.71, interpreted as the lowest impact from CO, permeation phenomena due to the
lowest corresponding acid permeability of 0.15 L/m?h. This reveals how much the
CO, permeation phenomena influence to the pH of feed solution during carboxylic

acid filtration. It relies on its acid permeability coefficient.

While using NaCl as draw solution, the impact of generated true carbonic acid
on the increasing acidity in feed solution shows the distinguishable mechanism during
the carboxylic acid filtration. Unlike using NH,Cl as draw solution in section 4.1, since
the CO, permeation phenomena did not appear, the experimental pH of the targeted
acids were normally corresponding to their concentrations. This filtration mechanism
was comparably demonstrated by the previous irrespective CO, permeation model.
The diversity of chemical properties of draw solution can lead to the different
mechanisms in the forward osmosis membrane processes. A NH,Cl solution exhibits as

a weak acid whereas a NaCl solution, common salt, acts like a CO, absorber.

Table 4.31 Quantitative comparisons of model predictions to experimental data

Irrespective CO, permeation model Respective CO, permeation model
Weight VS. Time pH VS. Time Weight VS. Time pH VS. Time
Acid <) o <) <)
L8 £. 08 £y £ .8 s
& = o= = = & = = & =
/g “ R “» =] %) /< ©

Acetic 098 0.0281 636 -0.28 02698 879 |]098 0.0281 6.36 0.99 0.0159 0.51
Butyric 099 0.0192 543 0.15 0.1010 343 ] 0.99 0.0192 543 098 0.0153 0.48
Valeric 099 0.0172 476 -0.11 01272 396 | 099 0.0172 4.76 098 0.0195 0.61

Lactic 099 0018 514 0.71 00400 143 ]099 0.0186 514 097 0.0192 0.68
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4.3.4.2.2 In case of a mixture of two carboxylic acids as feed solution
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Fig. 4.19 A comparison of the simultaneous results from model predictions of
respective CO, permeation phenomena (solid line) and irrespective CO, permeation

phenomena (dot line) with the experimental data (cross symbols) obtained from acid
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filtration FO experiment of three different compositions of acetic and valeric acid.
Weight change of draw solution (A, B, C) and pH of feed solution (D, E, F) are plotted
against elapsed time.

Likewise explaining in case of a single carboxylic acid as feed solution, in Fig.4.19
A-C, weight changes of draw solution of three different compositions of the acetic and
valeric acid mixture, the prediction of irrespective CO, permeation model and
respective CO, permeation model results for the weight change of draw solution were
identical. Indicated by R? of weight change of draw solution, the agreements between
the simulation results from developed model and experimental data for all different
acid mixtures were higher than 0.95. In case of pH of feed solution, Fig.4.19D-F, the
acetic acid as the composition of feed solution, has the high acid permeability as well
as the high impact to the pH reduction of feed solution that stated in section 4.3.4.2.
In Fig. 4.19E, the model prediction of irrespective CO, permeation (Pg,,= 0) for the
highest 10 mM acetic acid to 5 mM valeric acid ratio presents the lowest R? of pH of
feed solution (R?= -0.21) compared with experimental pH profiles. Since a higher acetic
acid ratio leads to produce a higher true carbonic acid content in the three-component
system of acetic acid-valeric acid-true carbonic acid, the lowest R? of irrespective CO,
permeation model was therefore observed. By inputting a P¢q, value of 0.0025 into
the model, the goodness of fit of all acid mixture models could be improved.
Compared with the experimental pH profiles, the goodness of fit of respective CO,
permeation model, for a mixture of 10 mM acetic acid+10 mM valeric acid, 10 mM
acetic acid+5 mM valeric acid and 5 mM acetic acid+10 mM valeric acid, could be
increased in term of R? from -0.12 to 0.96, from -0.21 to 0.98, and from 0.15 to 0.96,
respectively. This is evidence that the P, value of 0.0025 L/m%/h could successfully
be applied not only in the model of a single carboxylic but also a mixture of two

carboxylic acids. The agreement between the simulated results from proposed
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irrespective and respective CO, permeation model with experimental data have been

evaluated by statistical factors, as given in Table 4.32.

Table 4.32 Quantitative comparisons of model predictions to experimental data

Irrespective CO, permeation Respective CO, permeation

Weight VS. Time pH VS. Time Weight VS. Time pH VS. Time

x S [ [2 x =
@ R 3 = 3

Acetic 10mM+Valeric 10mM 0.98 0.0204 590 -0.12 0.1400 4.62|0.98 0.0204 5.90 0.97 0.0286 0.95
Acetic 10mM+Valeric 5mM 0.990.0194 545 -0.21 0.1824 6.00]0.99 0.0170 4.85 0.99 0.0200 0.66

Acetic 5mM+Valeric 10mM 0.990.0192 531 0.15 0.1450 4.7410.99 0.0192 531 096 0.0352 1.15

4.3.4.4 Simulation results of acetic acid feed solution at 30 hour operations of
FO process.

Table 4.33 List of the simulation results on dependent variables of respective CO,
permeation model for acetic acid feed solution at 30 hour system operation. The

variable results were solved by Levenberg-Marquardt algorithm

Variable Value unit Variable Value Unit

1. Caq 5.2735x1073 mole/L 4.l 3.7560x1072 mole/L
Caa- 3.9860x107* mole/L 3.1 2.8768x1071 mole/L
Caai 5.2725x1073 mole/L 4 Inf 3.8920x1072 mole/L
Cayco, 1.3750x1073 mole/L  37.], 4.3850x107%  mole/dm?/min
Cacora 1.3048x107> mole/L 5 j., 3.4374x107%  mole/dm? /min
Cant 4.0155x10~* mole/L 2], 1.1404x107%  mole/dm?/min
Capcos 2.9538x107° mole/L  1.], 8.3153x10™* L/dm? /min
Caon- 5.8623x10711 mole/L 4 k, 1.4851x1071 dm/min
Cas 4.3879x1071 mole/L 02 ke q 1.5219x1071 dm/min

10. Cyso 4.3869x1071 mole/L a3 kp 1.4446x1071 dm? /min

1. Crao 1.9953x1072 mole/L 4. pHf 2.8207

12. Cpy- 2.7344x107* mole/L 45 Rey 26,954

13 Crq 1.9957x1072 mole/L a6 Rey 25,450

1. Creo, 7.0042x1073 mole/L  47.5cq 541.08

15 Cr oy, 7.0017x1073, mole/L  48.Scpq 532.74

16, Cry 1.8126x1073 mole/L 4. ¢, 576.05

7. Crucos 1.5391x1073 mole/L  s0. Shy 685.67

8. Cron- 9.9616x10712 mole/L 51 Shgg 653.38

19. Crs 3.7957x1072 mole/L  52. Shyg 670.63
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20.  Crg 3.7944x1072 mole/L 53 vy 150.27 dm/min
21, Ciqg 5.2735x1073 mole/L  s4. vy 150.24 dm/min
2. Ciy+ 3.9820x107* mole/L 55 Wy 637.14 g

2. Cigs 2.8728x1071 mole/L s y,,, ~ 7:3017x1071 -

2. Cpgs 4.3645x1071 mole/L  57. yf 8.3370x1071

25 Cpfa 2.0051x1072 mole/L 58 ¥, 7.3364x1071

2. Coppt 6.9715x107* mole/L  59.VYmr,1 ~ 8.3490x1071

27, Cpps 3.8223x1072 mole/L  60.y, 1.1035

28. Dy 9.4864x107° dm?/min 61 ug 5.2023 g/dm/min
29. Dgq 1.0202x1075 dm?/min 2. us 5.4145 g/dm/min
3. Dy 9.4350x107° dm?/min 6. m; 13.600 bar

3. Fry 1.5797 L/min 64. Tt 2.3099 bar

2. Fy, 1.5803 L/min 65. Pg 1013.5 g/L

3. Iy 4.3909x1071 mole/L

Table 4.34 List of dependent variable for a mixture of 10 mM of acetic and valeric

acid as feed solution at 1800 minute system operation, solved by LM algorithm

Variable Value Unit Variable Value Unit
i Caq 6.8443%x1073 mole/L. a0 Fr, 15797 L/min
2 Caq 2.8844x1073 mole/L a1 Fy, 1.5803 L/min
5. Cqa- 3.9511x107* mole/L a2 1y 4.6631x1071 mole/L
a. Cg 4~ 1.36691x10~* mole/L a3 Iy 6.4337x1072 mole/L
5. Cqai 6.8437x1073 mole/L 4. I; 3.1490x1071 mole/L
6. Caqi’ 2.8841x1073 mole/L a5. Lns 6.3663%x1072 mole/L
7. Cayco, 1.8267x1073 mole/L a6. J, 5.2798x107°%  mole/dm? /min
8. Cacoya 1.2975x1075 mole/L a7 J 1 2.2250x107%  mole/dm? /min
9. Cap+ 5.3474x107* mole/L a8. Jco, 4.5665x107%  mole/dm?/min
10. Cq ncos 2.9416x107° mole/L a9, J 1.1163x107>  mole/dm? /min
11. Caon- 4.3924x1011 mole/L 0., 7.7141x10~*  L/dm?/min
12.Cy 4.6587x1071 mole/L s51. kg 1.4828x107! dm/min
13. Cy s 4.6578x1071 mole/L 52.kpq 1.5278x1071 dm/min
14.Crq 2.3086x1072 mole/L 53. K qr 1.4874x1071 dm/min
15.Cpqr 3.7927x1072 mole/L sa. kg 1.4415x107* dm?/min
16. Cr 4~ 2.7270x107* mole/L 55. pHp 2.7407
17.Cp 4= 3.6461x107* mole/L 56. Reg 26,916
18. Cf 40 2.3090x1072 mole/L 57. Rey 25,451
19. Cf g0/ 3.7936x1072 mole/L 58.SCq 542.59
20. Cf co, 8.2912x1073 mole/L 59. ¢ q 529.67
21. Cy co,i 8.2883%x1073 mole/L 60. SCr g 552.86
22.Cpy+ 2.2544%x1073 mole/L 61.Scr g 577.89
23. Cr ycos 1.6171x1073 mole/L 62.Shy 685.57
24. Crop- 8.5701x10712 mole/L 63.Shy o 652.13
25 Cr s 6.2101x1072 mole/L 64. Shy g1 661.52
26. Cp g 6.2082x1072 mole/L 65. Shy 671.35
21.Ciq 6.8443x1073 mole/L 66. Vg 150.27 dm/min
28.Cy g 2.8844x1073 mole/L 67. Uf 150.24 dm/min




176

29. Cy 5.3268x107* mole/L 68 Wy 591.66 g

30. Cy s 3.1437x1071 mole/L 69. Y71 7.3098x1071

31 Cna s 4.6357x1071 mole/L 70.¥f,21 8.0597x1071

32.Cmfoq 2.3168x1072 mole/L Yz 7.3176x1071

33. Conga! 3.8264x1072 mole/L 2. Ymfz1 8.0658x1071 -

34. Confo+ 1.1963x1073 mole/L 3. pg 999.0 g/L

35. Cin f.s 6.2467x1072 mole/L 4. Ug 5.2149 g/dm/min
36. Dy s 9.4735x107° am?/min 75 ug 5.4295 g/dm/min
37. D q 1.0261x1075 dm?/min  7t6.m; 14.998 bar

38. Dy o 9.8306x107° dm? /min 1. s 4.5241 bar

50 Dy 9.4048x107 dm?/min 18 pq 1014.5 g/L

Based on Levenberg-Marquardt algorithm, Table 4.33 and Table 4.34 illustrate
the simulation results of 65 and 78 dependent process variables at the end of
simulation, 1800 minutes, for a single acetic acid and a mixture of 10 mM acetic and
10 mM valeric acid, respectively. As given in table, the proposed model could predict
all dependent variables, the hydrodynamic parameters, physical and chemical
properties of both feed and draw solutions in the FO process at 1800 minute system
operation. Furthermore, the immeasurable parameters, the concentrations and
osmotic pressures at membrane surface and at support layer-active layer interface
depend on the individual membrane properties. These membrane parameters could
be predicted and also reflect comprehensively the membrane performance. Due to
the true carbonic acid formation in forward osmosis process, the developed model
can express the influence of permeating CO, on the incongruous pH results with its
concentration. Regarding the pH operating condition, this developed model can help
to forecast the unexpected pH drop, caused by the undesired true carbonic acid in
forward osmosis system. By simulating the targeted acid as feed solution, the results
can practically be used to select proper material in FO system in designing phase.
Even in the operating phase, the operator can also use this information to plan more
protective maintenance procedures on FO system to minimize corrosion of system

hardware.
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Nomenclature

A water permeability coefficient of the membrane

A temperature-dependent constant

Ay effective membrane area

B, acid permeability coefficient of the membrane

B, acid type 2 permeability coefficient of the membrane
B; salt permeability coefficient of the membrane

salt concentration in the boundary layer

Cq acid concentration in the boundary layer or support layer
Caa acid concentration in bulk draw solution

Caq' acid type 2 concentration in bulk draw solution

Caa- acid ion concentration in draw solution

Can acid ion type 2 concentration in draw solution

Caai acid concentration into the inlet of draw solution channel
Cqai’ acid type 2 concentration into the inlet of draw solution channel
Ca,co, carbon dioxide concentration in the draw solution channel
Caco,a CO, concentration in draw solution tank

Cap bulk draw solution concentration

Can+ hydrogen ion concentration in draw solution

Cancos bicarbonate ion concentration in draw solution

Caon- hydroxide ion concentration in draw solution

Cas salt concentration in bulk draw solution

Caso salt concentration from the outlet of draw solution channel
Casyt, initial salt concentration in draw solution tank

Cra acid concentration in feed solution

Cra’ acid type 2 concentration in feed solution

Cra- acid ion concentration in feed solution

Crar acid ion type 2 concentration in feed solution

Ct a0 acid concentration from the outlet of feed solution channel

Ct a0’ acid type 2 concentration from the outlet of feed solution channel



Ct.at
Cra’ b
Cf,b

Ct.co,
Cr coyi

Cf,H+
Cr Hcos

Cron-
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initial acid concentration in feed solution tank

initial acid type 2 concentration in feed solution tank

bulk feed solution concentration

true carbonic acid concentration

true carbonic acid concentration into the inlet of feed solution
channel

hydrogen ion concentration in feed solution

bicarbonate ion concentration in feed solution

hydroxide ion concentration in feed solution

salt concentration in bulk feed solution

salt concentration into the inlet of feed solution channel

acid concentration at support layer-active layer interface

acid type 2 concentration at support layer-active layer interface
hydrogen ion concentration at support layer-active layer interface
salt concentration at support layer-active layer interface

acid concentration at support layer surface

acid type 2 concentration at support layer surface

salt concentration at support layer surface

acid concentration at active layer surface

acid type 2 concentration at active layer surface

hydrogen ion concentration at active layer surface

salt concentration at active layer surface

salt concentration in membrane support layer

coefficient of variation

channel depth of FO test cell

average weak acid diffusion coefficient

average weak acid type 2 diffusion coefficient

average weak acid diffusion coefficient at 298 kelvins

acid ion diffusion coefficient

acid ion type 2 diffusion coefficient

acid ion diffusion coefficient at 298 kelvins



DHA,T
D HA'T
DHA,298

D ion,T

Jco,

Js
]s,l

Kco,r
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average salt diffusion coefficient in draw solution
effective salt diffusion coefficient in porous support layer
apparent weak acid diffusion coefficient in feed solution
apparent weak acid type 2 diffusion coefficient in feed solution
average salt diffusion coefficient in feed solution
hydraulic diameter

hydrogen ion diffusion coefficient at 298 kelvins
hydrogen ion diffusion coefficient

acid molecule diffusion coefficient

acid molecule type 2 diffusion coefficient

acid molecule diffusion coefficient at 298 kelvins
average acid ion diffusion coefficient

salt diffusion coefficient

flow rate of recirculating pump

flow rate from the outlet of feed solution channel

flow rate from the outlet of draw solution channel
ionic strength of draw solution

ionic strength of feed solution

ionic strength at support layer- active layer interface
ionic strength at active layer surface

acid flux

acid type 2 flux

transmembrane CO, flux into feed solution channel
reverse salt flux

reverse salt flux in stage [

water flux

water flux in stage [

mass transfer coefficient

acid ionization constant

acid type 2 ionization constant

first ionization constant of carbonic acid



Ku,co,

SCrq!
Scy s
Shy
Shf.q
Shs o/

She

180

true carbonic acid ionization constant

salt mass transfer coefficient at draw solution side

acid mass transfer coefficient at feed solution side

acid type 2 mass transfer coefficient at feed solution side

salt mass transfer coefficient at the feed solution side
temperature dependence Henry’s constant

water ionization constant

actual thickness of support layer yields

channel length of FO test cell

effective thickness of support layer

number of salt ion species

membrane CO, permeability coefficient

CO, partial pressure

pH of feed solution

gas constant

coefficient of determination

coefficient of determination of salt flux

coefficient of determination of water flux

Reynolds number in draw solution channel

Reynolds number in feed solution channel

structure parameter of membrane support layer

Schmidt number of salt at draw solution side

Schmidt number of acid at feed solution side

Schmidt number of acid type 2 at feed solution side

Schmidt number of salt at feed solution side

Sherwood number of salt in open channel at draw solution side
Sherwood number of acid in open channel at feed solution side
Sherwood number of acid type 2 in open channel at feed solution
side

Sherwood number of salt in open channel at feed solution side

elapsed time
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T absolute temperature

Vg average flow velocity in draw solution channel
Vr average flow velocity in feed solution channel
Ve to initial volume of feed solution

Vat, initial volume of draw solution

w channel width of FO test cell

Wy weight change of draw solution

Z charge of ion

Greek symbols

Yaz1 single charge activity coefficient in draw solution

Yrz1 single charge activity coefficient in feed solution

Yiz1 single charge activity coefficient at support layer-active layer interface
Ymf z1 single charge activity coefficient at active layer surface

Yo activity coefficient of dissolved CO, in the NaCl draw solution
6 boundary layer thickness

£ support layer porosity

Ua dynamic viscosity of NH4Cl solution

Us dynamic viscosity of feed solution

Tgq osmotic pressure of acid draw solution

Ty p osmotic pressure of bulk draw solution

Tt q osmotic pressure of acid feed solution

s osmotic pressure of bulk feed solution

T; osmotic pressure at interface of support layer-active layer

T f osmotic pressure at the active layer surface

Pd density of draw solution

Pr density of feed solution

Pw water density

o reflection coefficient

tortuosity of support layer

D, osmotic coefficient of acid solution



Ds

Subscripts

ao
ao

ai

HCO;
H,CO,

ion
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osmotic coefficient of salt solution

initial condition

298 kelvins

acid species

acid type 2 species

acid ion species

acid ion type 2 species

acid species from the outlet of feed solution channel

acid type 2 species from the outlet of feed solution channel
acid species into the inlet of draw solution channel

acid type 2 species into the inlet of draw solution channel
bulk solution

carbon dioxide or true carbonic acid species

carbon dioxide species from the air

true carbonic acid species into the inlet of feed solution channel
draw solution

effective

feed solution

hydraulic

Henry’s constant

hydrogen ion species

acid molecule species

acid molecule type 2 species

bicarbonate ion species

true carbonic acid species

ionic strength

membrane support layer- active layer interface

ion species



L0
on

z1

ion type 2 species

number of experiment stages

membrane

membrane support layer surface

membrane active layer surface

hydroxide ion species

salt species

salt species into the inlet of feed solution channel
salt species from the outlet of feed solution channel
absolute temperature

zero time

water species

single charge
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CHAPTER V
CONCLUSIONS

5.1 In case of a single carboxylic acid as feed solution and NH,Cl as draw
solution

In the membrane testing, the mean values of the A4, B; and S obtained from
excel algorithms were 0.413 L/m?/h/bar, 0.460 L/m?/h and 491 pm respectively. Butyric
and valeric acid had relatively close permeability value, 0.64 L/m?/h and 0.49 L/m%h,
respectively. The highest permeability value was acetic acid, 2.10 L/m?/h and the value

of lactic was lowest at 0.15 L/m%h.

Formulating the forty-five logical phenomena equations during concentrating
carboxylic acid by forward osmosis process, the developed mathematical model of FO
process was proposed. With well-controlled experiments, the model has been
validated against four selected carboxylic acid as feed solutions at the similar initial
condition. R?, RMSE and SEP have been determined to act as validation metrics
against the experimental data. The goodness of the model can be measured by R-
squared (R?) which had the value in the range from 0.98 to 0.99 and 0.64 to 0.77 for
weight change of draw solution and pH of feed solution respectively. RMSE and SEP
are used to quantify the accuracy of the model. The developed model had root mean
square error (RMSE) for weight change of draw solution and pH of feed solution in
the range from 0.0149 to 0.0253 and 0.0171 to 0.0375 respectively and standard error
of prediction (SEP) for weight change of draw solution and pH of feed solution in the

range from 4.19% to 6.99% and 0.52% to 1.13% respectively.

Regarding the rejection and concentration performance of the FO process,
acetic acid performs the lowest acid rejection (71%) and concentration performance

(1.65 fold increase) due to its minimum molar mass, corresponding to the highest acid
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permeability coefficient among the other carboxylic acids. Butyric acid and valeric acid
have the same pKa value but valeric acid has higher molar mass than butyric acid,
causing acid rejection and concentration performance of valeric acid (91.5% and 2.3
fold-increase) to be higher than those of butyric acid (89% and 2.2 fold-increase).
Comparing lactic acid to butyric acid, the molar mass of lactic acid is close to butyric
acid but lactic acid has significantly lower pKa than butyric acid. As lactic acid can
induce the increasing of membrane surface charge, it performed the highest acid
rejection of 97.3% and concentration performance of 2.4 fold increase corresponding

to the lowest acid permeability coefficient.

The developed simulation model not only could quantify acid rejection and
concentration performance of forward osmosis system at any point in simulating time
(Dynamic Model) but also could suggest the optimal region of initial operating
condition to attain the nearby maximum system performance at the end of acid

concentration process.

In sensitivity analysis, the effects of change in four variables of initial condition
on the rejection rate and concentration performance have been determined in terms
of percentage change. It can be used as a guideline to configure the starting condition
of the system so that the optimal rejection rate and concentration performance can

be obtained by considering both operational and economical aspects as a whole.

5.2 In case of a mixture of two carboxylic acids as feed solution and NH,Cl as
draw solution

Integrating by the ninety-seven logical phenomena equations during
concentrating carboxylic acid by forward osmosis process, the developed
mathematical model of the carboxylic acid mixture as feed solution and NHA4Cl as
draw solution has been accomplished. With dynamic experiments, the model has been
validated against the three selected carboxylic acid mixture as feed solutions at the

same initial condition. The accuracy of model prediction, R-squared (R?) had the value
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in the range from 0.97 to 0.99 and 0.61 to 0.68 for weight change of draw solution and
pH of feed solution respectively. The developed model had root mean square error
(RMSE) for weight change of draw solution and pH of feed solution in the range from
0.0202 to 0.0235 and 0.0199 to 0.0278 respectively and standard error of prediction
(SEP) for weight change of draw solution and pH of feed solution in the range from

5.88% to 9.34% and 0.68% to 0.88% respectively.

5.3 In case of a single carboxylic acid and a mixture of two carboxylic acids as
feed solution and NaCl as draw solution

The mean values of A, Bg and § determined by FO protocol were 0.442
L/m?/h/bar, 0.256 L/m?/h and 500 pm, respectively. By simulating the filtration of
carboxylic acid in forward osmosis, the novel CO, transportation mechanism, across a
FO membrane from NaCl draw solution to sequentially form the true carbonic acid in
acid feed solution, was proposed and could be demonstrated by the dynamic process
modeling. The developed model is formulated from the simultaneous sixty-five
equations for a single carboxylic acid and seventy-eight equations for a carboxylic acid
mixture, respectively. The dissolution of CO, in brine draw solution plays the significant
role in generating the true carbonic acid and substantially affects the lowering of pH
of acid feed solution. The greater acid permeability value, the higher impact of CO,
permeation phenomena occurs. Normally, the membrane CO, permeability (0.0025
L/m?%/h) could not directly be observed, but could be determined by inverse problems
techniques. To simulate the experiment results, all initial condition variables and
required constant variables must be inputted into the model to determine the time-

dependent variables via Levenberg-Marquardt algorithm.

The accuracy of model predictions for a single carboxylic acid, R-squared (R?)
had the value in the range from 0.98 to 0.99 and 0.98 to 0.99 for weight change of

draw solution and pH of feed solution respectively The developed model had root
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mean square error (RMSE) for weight change of draw solution and pH of feed solution
in the range from 0.0172 to 0.0281 and 0.0153 to 0.0195 respectively and standard
error of prediction (SEP) for weight change of draw solution and pH of feed solution

in the range from 4.76% to 6.36% and 0.48% to 0.68% respectively.

In case of a mixture of acetic acid and valeric acid as feed solution, the higher
acetic acid ratio can lead to the more influential CO, transport phenomena, affecting
the pH reduction as a result of the higher true carbonic acid content in a mixture of
them. The Pgq,value of 0.0025 L/m?/h could be effectively applied not only in the
model of a single carboxylic but also a mixture of two carboxylic acids. The accuracy
of model predictions, R-squared (R?) had the value in the range from 0.98 to 0.99 and
0.96 to 0.99 for weight change of draw solution and pH of feed solution respectively.
The developed model had root mean square error (RMSE) for weight change of draw
solution and pH of feed solution in the range from 0.0192 to 0.0204 and 0.02 to 0.0352
respectively and standard error of prediction (SEP) for weight change of draw solution
and pH of feed solution in the range from 5.31% to 5.90% and 0.66% to 1.15%

respectively.

In the simulations, either the sixty-five dependent variables of a single
carboxylic acid model or the seventy-eight dependent variables of a mixture of two
carboxylic acid model were solved by Levenberg-Marquardt (LM) algorithm that could
exactly determine any concerning variables at each point in simulating time by
inputting the initial condition variables, the fixed variables and the constant variables
into the model. By changing the three acid parameters: acid ionization constant (K,),
acid diffusion coefficient (D,) and acid permeability coefficient (B,), the models
could be validated against various types of carboxylic acids. Under similar
environment and system configuration, these models can comprehensively predict

the behavior of other carboxylic acids by inputting those three characteristic
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parameters of targeted acids into the model. Due to the true carbonic acid formation
in forward osmosis process, the developed model can express the influence of
permeating CO, on the incongruous pH results with its concentration. Regarding the
pH operating condition, this developed model can help to forecast the unexpected
pH drop, caused by the undesired true carbonic acid in forward osmosis system. By
simulating the targeted acid as feed solution, the results can practically be used to
select proper material in FO system in designing phase. Even in the operating phase,
the operator can also use this information to plan more protective maintenance

procedures on FO system to minimize corrosion of system hardware.

Practically, the wastewater characteristic is the combination of various
contaminants. The forthcoming research should subsequently focus on a mixture of
various organic acids and inorganic salts to simulate more feasible environments. The
achievement on such a research will offer the further profound understanding and
advancing knowledge in this area, which can be contributed to future application of

acid concentration of FO process in more practical manner
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Appendix A

Derivation of water flux and acid flux equations for acid permeability coefficient
determination
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The figure shows the acid concentration profile across FO membrane layers
operating in PRO mode. Carboxylic acids enter and penetrate through the porous
support layer difficultly resulting in the internal concentration polarization (ICP). The
acid flux (J4) can be written in term of convective water flux and direct diffusion,

according to the following equation:

dc,
—Ja = JwCa — Deff,ag (A1)

where C, is the acid concentration in membrane support layer and Desfq is the
effective acid diffusion coefficient in porous support layer with porosity (8) and

related to the apparent weak acid diffusion coefficient (D,), by Desfq = €Dq.

The acid flux, J,, across rejection layer is expressed by

Ja = B, (Cmda,a - Ci,a) (A2)
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where B, is acid permeability coefficient of the membrane, Cpgq4 is the acid
concentration at active layer surface and C;, is the acid concentration at support
layer-active layer interface. At steady state, the acid flux across the support layer and

rejection layer are equal. Substituting Eq. (A2) for ], in Eq. (A1) yields

dc,
_Ba(Cmd,a - Ci,a) = JwCq — Deff,a “dx (A3)

Integrating Eq. (A3) across the membrane support layer thickness (lgfs)
atx =0,Cq= Cigandatx = —lgrr = —7l,Ch= Cpfsq

where t is the tortuosity of support layer and [ is the actual thickness of support layer

and Cp,rs,q is the acid concentration at support layer surface, yields

IwS —C. JwS
Cia = Cmfs,ae(ﬁ) + Ba(cm‘j“'“ L) [e(Da) — 1] (Ad)

where S is the structure parameter of the membrane support layer and defined by

Tl
S =—
£

The dilutive external concentration polarization (ECP) at active layer surface can be

expressed by

dDyC,
—Ja = JwCa — o (A5)
Substituting Eq. (A2) for J, in Eq. (A5) yields
dc,
_Ba(Cmda,a - Ci,a) = JwCq — Da? (A6)

Integrating Eq. (A6) across the boundary layer thickness (§)

atx = 0,Cq = Cpgaq and x = 8 = l;—d Co = Caq, vields

[Cd \ Ba(cmda,a_ci,a)] ( )

— a” Jw _ Ba(Cmda,a—Cia

Cmda’a - (]W) ]W (A7)
e

kd,a
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where kg, 4 is acid mass transfer coefficient at the draw solution side
Subtracting Eq. (Ad) from Eq. (A7) results in

(), )
Cqqe\ 32 —Cmfsa Da

_Jw_ JwS
1_ﬁ(e( kd,a) —e (DLa))
Jw

Cmda,a - Ci,a = (A8)

As supplementary assumption, the effect of concentrative external concentration
polarization at feed solution side is insignificant by comparing to membrane support
layer thickness, hence Cpyss o is estimated to Cr 4, Cpsa = Cr g, and then substituting
Eq. (A8) into Eq. (A2) results in acid flux equation for determination of acid permeability

coefficient in the PRO mode below:

( ) ]wS
Cd.ac€ Cr

Ja = Bq ( Z ) ]w5> (A9)

Jw across the active layer depends on the effective difference of osmotic pressure and

can be expressed as

Jw = A(nmda,a - T[i,a) (A10)

where A is the water permeability coefficient of the membrane, 44 4 is the osmotic
pressure of acid solution at the membrane active layer surface and ; , is the osmotic

pressure of acid solution at support layer-active layer interface.

By applying Van’t Hoff equation, the differential of osmotic pressure is a linear function
of concentration gradient. According to Eq. (A8), concentration gradient, (Crngaa —
Ciq), is equivalent to different osmotic pressure, (nmda,a - ni,a) , and then
substituting into Eqg. (A10) yields the water flux equation for determination of acid

permeability coefficient in the PRO mode:
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(A11)

where 1 4 is the osmotic pressure of acid draw solution and 7y 4 is the osmotic
pressure of acid feed solution. 74 q and ¢, can be determined by Egs. (A12) and

(A13) respectively:
Taq = (Caa + Cqpy+)RT (A12)
e q = (Crq + Cpy+)RT (A13)

where C¢ g+ and Cy g+ are the hydrogen ion concentration in feed solution and draw

solution and can be calculated from Egs. (A14) and (A15), respectively:

_ (—Ka+(KE+4K.Cr0)Y?)

Cry+ = - (A14)

_ (—Kq+(K2+4KqCq.0)Y?)
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Appendix B

Calculation of water flux (Jy,;) and acid flux (J, 1) in Table 4.18

]w,i is a water flux in stage i and determined by the following equation:

_ Wy

Jwi =3¢ (B1)

where Wy is the weight change of draw solution, t is elapsed time and Ay is

membrane area.

Ja,i is acid flux in stage i and calculated from the following equation:

Cr,i(VFo,i—Jw,iAmt)—Cro,iVFo,i
]al — l( 1 w, 14 m ) 1 1 (BZ)

Apt

where CF,i is the concentration of acid feed solution in stage i at time (t), VFo,i is the
initial volume of feed solution, Cgqj is the initial concentration of feed solution in

stage i and Vg j is the initial volume of feed solution in stage i.
In stage one for a sample no. 1 of acetic feed solution

where Wy=6.72X1073 kg, Ay= 42 cm? and t= 60min.

B 6.72x1073%10*%x60
Jwa = 42%60

= 1.6 L/m?/h

where Cgj= 8.82 mM, Vg = 0.987 L and Cggj = 4.8 mM

1.6 X42x10-4X60
| 8.82 (0.987 _ - ) — 4.8x0.987 150, mmmole
al — = O o
42x10-+x &0 m<h

60
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Appendix C

Diffusion coefficient (dm2/min)
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Fig. C The values of average NaCl diffusion coefficient at 28 °C (Dyg4c1), correlated

with its molar concentration (circle symbols). Dy4c; Were calculated from Na™ and CU

diffusion coefficient data (Cussler, 1997), provided by OLI software. The curved fitting

of average NaCl diffusion coefficient as a function of molar concentration, C, is

represented by the following polynomial

Dyacy = 5.05%10711C* — 2.59x107°C3 + 4.65x1078C2 +
4.03x1077C + 1.06x1075
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Appendix D
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Fig. D The density of NaCl solution at different molar concentrations was calculated
by using OLI software and the results are plotted. The correlation can be represented

by the following equation:

Pnact = 37.0166C + 997.2911 (D1)
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Appendix E
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Fig. E The viscosity of NaCl solution at different molar concentrations was calculated
by using OLI software and the results are plotted. The correlation can be represented

by the following equation:

Unac: = 0.0538C2 + 0.4159C + 5.0095 (E1)



Appendix F

F.1 - The curved fitting of molar concentration of acetic acid as a function of

. e
conductivity.
Concentration(millimolar) | Cond S/cm y = -2.3285E-06% + 6.6841E-04x’ + 3.6306E-03x - 1.0824E-02
R2 = 9.9855E-01
1.00 386 %0
0.90 36.9
1.00 »
0.80 338 = /
% 0.80
0.70 320 §
0.60 285 § 0
o
0.50 26.5 g 040
8 /
0.40 231 0.20 —
0.30 196 0.00
i - 0.0 50 100 150 200 250 300 350 400 450
010 106 Conductivity (uS/cm)
S/cm) Y = 1.8646E-06xC - 9.3138E-05x + 4.7953E-02x - 1.1960E+00
R2 = 9.9949E-01
10.00 1480 55
9.00 1424
10.00 >
8.00 1335 = /
g 500
7.00 1254 s /
=
6.00 1155 £ /
@
5.00 105.0 § 4.00
3 /
400 927 2.00 —
3.00 81.4 00 :
566 i 0.0 20.0 40.0 60.0 800 1000 1200 1400  160.0
100 4.0 Conductivity (uS/cm)
Concentration(millimolar) Conductivi S/cm) y = 4.7504E-08x® + 5.5270E-04x2 - 2.2269E-03x + 8.2325E-02
R2 = 9.9853E-01
100.00 4200 o6
90.00 400.0
100.00 >
80.00 370.0 3 /
< 80.00 >
70.00 356.0 5 /
k=
60.00 3260 P00 /
@
50.00 3020 g 0.0 /
o
40.00 266.0 20.00 —
30,00 =5l 0.00 - = - = - -
500 1676 00 500 1000 1500 2000 2500 3000 3500 4000  450.0
10.00 137.0 Conductivity (uS/cm)

207



208

F.2 - The curved fitting of molar concentration of butyric acid as a function of

conductivity.
Concentration (millimolar) | Conductivity(uS/cm Iy = 1.3550E-06C - 2.4637E-04x2 + 2.0267E-01x - 1.3972E+01
R? = 9.9927E-01
100.00 377.0 st
90.00 358.0
100.00 5
80.00 343.0 S /
< 80.00
70.00 319.0 8 /
o —
60.00 2065 § 0000 /
50.00 270.0 § 40.00 /
40.00 242.0 20.00 —
30.00 214.0 000 : - ‘ - - -
2666 s 0.0 500 1000 1500 2000 2500 3000 3500  400.0
10.00 125.9 Conductivity (uS/cm)
Concentration (millimolar) | Conductivity(pS/cm Y = 3.9706E-06x - 2.0312E-04%" + 6.8490E-02x - 1.4222E+00
10.00 1147 R2? = 9,9780E-01
- - 12.00
9.00 112.2
10.00 9
8.00 1038 5. /
7.00 97.8 é /
o
6.00 89.5 § &0 /
<
g
{ 82.0 £ 400
5.00 2 S /
4.00 72.0 2.00 /
3.00 63.0 _ - - - - :
2.00 50.0 0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0
1.00 36.4 Conductivity (uS/cm)
Concentration (millimolar)| Conductivi S/cm y = -5.4682E-06x> + 8.9516E-04x2 + 1.5590E-03x - 3.2963E-02
R2 = 9,9638E-01
1.00 37.3 5
0.9 35.8
1.00 9
0.80 332 3 /
< 080
0.70 30.3 o /
®
0.60 28.2 g 260 /
@
g
0.50 24.8 5 040 L2
o /
0.40 23.7 0.20 —
0.30 19.8 0.00 . . = = . > > :
0.20 155 0.0 50 10.0 150 200 250 300 350 400
0.10 12.0 Conductivity (uS/cm)
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F.3 - The curved fitting of molar concentration of valeric acid as a function of

conductivity.
Concentration (millimolar) | Conductiv S/cm
10.00 120.6
9.00 116.2
8.00 107.6
7.00 102.1
6.00 92.1
5.00 84.1
4.00 78.6
3.00 68.1
2.00 54.7
1.00 36.8
Concentration (millimolar) | Conductivi S/cm’
1.00 40.5
0.90 37.8
0.80 35.6
0.70 33.8
0.60 30.7
0.50 27.9
0.40 23.2
0.30 20.8
0.20 174
0.10 14.2

12.00

10.00

8.00

6.00

4.00

Concentration (M)

2.00

0.00

1.20

1.00

0.80

0.60

0.40

Concentration (M)

0.20

0.00

y = -4.0229E-06x* + 1,6539E-03x - 7,2906E-02x + 1.6464E+00
R? = 9,9761E-01

0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0
Conductivity (uS/cm)
y = 2.4460E-05x - 1.6720E-03x + 6.7046E-02x - 5.8528E-01
R2 = 9.9778E-01
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0
Conductivity (uS/cm)
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F.4 - The curved fitting of molar concentration of lactic acid as a function of

conductivity.
IConcentration (millimolar){Conductivity(uS/cm)) y = 2.1610E-08x> + 1.0913E-05x% + 1.2428E-02x - 6.2835E-01
R2 = 9.9887E-01
10.00 470.0 fien
9.00 450.0
10.00 > o
8.00 420.0 3 /
‘:' 8.00
7.00 381.0 H /
]
6.00 349.0 g 600
2
s 4.00
o

5.00 3120 g /
4.00 272.0 2.00

/

3.00 233.0

0.00
2.00 170.6 0.0 100.0 200.0 300.0 400.0 500.0
1.00 117.5 Conductivity (uS/em)
Cone n (millimolar)|Conducth S/cm Y = -3.3221E-07% + 1.0809E-04%" + 1.6113E-03x + 1.5840F-02
R? = 9,9643E-01
1.00 104.0 -
0.90 9.7
1.00 .
0.80 91.4 g
< os0
0.70 82.7 5
0.60 73.3 £ os0
0.50 63.7 g 0.40
0.40 59.7 020 =
0.30 48.3 o ‘
0.20 S 00 200 400 600 80.0 100.0 120.0
0.10 21.7 Conductivity (uS/cm) j




F.5 - The curved fitting of molar concentration of NaCl as a function of

conductivity.
Concentration(millimolar) | Conductivity(us/cm) y = 8.6445E-11C - 1.3814E-06x* + 1.7566E-02x - 2.2728E+00
R2 = 9,9475E-01
100.00 8530.0 12000
90.00 7540.0
100.00 —
80.00 6780.0 S /
< 80.00
70.00 5740.0 § /
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[Concentration(millimolar)|Conducti S/cm y = 4,0820E-07x? - 8.3112E-05x* + 1,3428E-02x - 2.8518E-02
R2 = 9,9309E-01
0.90 101.5 1166
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0.70 787 2 0 //
A : 2 070 ===
0.60 64.0 § 060
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- - c
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Concentration(millimolar)|Cond! S/cm y = -1.6591E-05x> + 2.9345E-04x2 + 6.2769E-03x - 5.2565E-03
R2 = 9.9682E-01

0.09 13.0 o6
0.08 114 0.00 »
0.07 103 z 08 —

- = 2 007 /
0.06 8.4 § 0.06 >
0.05 7.2 £ oos /

3 ; £
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0.01 /

0.02 39 0.00 : S = : :
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F.6 - The curved fitting of molar concentration of NH,Cl as a function of

conductivity.
Concentration(Molar) | Conductivity(uS/cm) y = 3.3840E-17x + 2.0145E-12x2 + 9.1513E-06x - 1.9663E-02
R2 = 9.9955E-01
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Appendix G MATLAB Code
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G.1 Acetic acid as feed solution and NH,Cl as draw solution

1..clc
2 clear
3 [g]l=[1.608e-03 2.3629e+01 2.748e-01 4.033e-0
6.598e-11 1.013e-02 3.656e-08...
4 3.531e-08 3.5274e-08 7.33%e-01 7.33%e-01 5.
9.712e-01 9.712e-01...
5 6.586e-04 9.9100e-01 1.880e-01 6.372e+02 3.
1.012e+03 4.83%+00...
6 1.581e+00 1.1698e-05 1.724e-01 1.000e-02 6.
1.579e+00 4.285e+02...
7 1.843e-01 1.4116e-05 1.001e-02 3.388e-06 3.
9.767e-01 4.193e-04...
8 9.767e-01 4.2273e-04 5.621e-12 6.245e+02 3.
9.767e-01 9.767e-01...
9 1.657e-08 2.1502e-15 9.09%e-01 3.388e-06
e+02 3.3877e+00 9.7668e-01];
10 FHHEEHFFEFFIIVLHILBNLLRHILHBLIHHH955%%%
11 ts8=0.2:0.2:1800;
12 F5HEEE LR RLTTLRTETRLILLTHLDLED%559%%
13 for ti=l:numel (ts);
14 t=ts(ti);
15 options = optimset ('Algorithm', 'Levenberg-Marquardt'
I3 sus
16 , "Maxiter',25, '"Maxfun',15000) ;
17
18 [r,fval,exitflag,output] = fsolve (@ (z)Acetic_NH4C1 (z
19
20 j(ti)=r(1,1):
21 c(ti)=r(1,31);
22 d(ti)=r(1,51);
23 p(ti)=r(1,62);
24 T(ti)=t;
25 e(ti)=r(1,52);
26 % For Rejection
27 O(ti)=(1-r(1,10)/r(1,31))*100;
28 K4(ti)=r(1,31)/0.01;
29 Kl(ti)=r(1,1);
30 [gl=[r];
31 %for Plotting
32 [A(ti)]=t;
33 [B(ti)]=d(ti):;
34 [C(ti)]=p(ti);
35 % For Rejection
36 [M(ti)]=0(ti);
37 [N(ti)]=K1l(ti):
38 [K5(ti)]=K4(ti); %Cfa/Cf0
39 disp(ti)
40 fprintf('\n Time (min) J_w(L/dm2/min)
W(kg)\n");
41
42 fprintf('\n%11.4£%20.4e%$19.4£f%19.4e%19.4e%\n" ,T(ti)
43
44 format short e
45
46 %Result of Best guess
47 fprintf('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e

5 5.263e-01 2.341e-04V

263e-01 9.997e-01 4.245e-04¢
700e+02 2.894e+04 1.503e+02¢
456e+02 2.759%e+04 1.502e+02¢
075e-08 9.993e-01 9.767e-01¢
879e+02 1.367e-04 4.193e-04¢
3.137e-11  9.5820e-03  9.9624¢

,'"TolFun',1%10~-13, 'TolX"', 1*10~-«

+t),[g],options)

pH Cf,a(mole/1l)

fJ(td),p(ti),c(ti),d(ti));

%13.3e%13.3e%\n"...
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49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

(x(1,1),r(1,2),x(1,3),r(1,4),r(1,5),r(1,6),r(1,7),r(1,8),x(1,9));

fprintf('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
,r(1,10),r(1,11),r(1,12),r(1,13),r(1,14),r(1,15),r(1,16) ,r(1,17),r(1,18));

fprintf ('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
,r(1,19),r(1,20),r(1,21),r(1,22),r(1,23),r(1,24),r(1,25),r(1,26),r(1,27));

fprintf('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
,r(1,28),r(1,29),r(1,30),r(1,31),r(1,32),r(1,33),r(1,34),r(1,35),r(1,36));

fprintf('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%13.3e%13.3e%\n"...

,r(1,37),r(1,38),r(1,39),r(1,40),r(1,41),r(1,42),r(1,43),r(1,44),r(1,45));

fprintf('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
,r(1,46),r(1,47),r(1,48),r(1,49),r(1,50),r(1,51),r(1,52),r(1,53),r(1,54));

fprintf('\n%8.3e%15.4e%10.3e%14.3e%13.3e%13.4e%13.4e%13.4e%13.4e%\n"...
,r(1,55),r(1,56),r(1,57),r(1,58),r(1,59),r(1,60),r(1,61),r(1,62),r(1,63));
end

$Time Interval%FssteT45593592559%899%%%
Ai=0:30:1800;
B R e e e e A e T
format short

Ci=spline(A,C,Ai);

format short e

Bi=spline(A,B,Ai);

F=[ 0 0.0150 0.0310 0.0470 0.0630 0.0780 0.0920 0.1060 0.1210¢

0.1340 0.1470 0.1600...

78

0.1730 0.1860 0.1980 0.2100 0.2220 0.2330 0.2450 0.2610¢

0.2720 0.2830 0.2940 0.3050...

79

0.3150 0.3260 0.3360 0.3460 0.3560 0.3660 0.3750 0.3840¢

0.3940 0.4030 0.4120 0.4210...

80

0.4300 0.4390 0.4470 0.4560 0.4640 0.4730 0.4850 0.4930¢

0.5010 0.5080 0.5160 0.5240...

81

0.5310 0.5390 0.5460 0.5530 0.5600 0.5670 0.5740 0.5810¢

0.5880 0.5950 0.6010 0.6060...

82
83
84

0.611];

G=[3.4000 3.3950 3.3930 3.3900 3.3850 3.3840 3.3820 3.3780¢

3.3740 3.3730 3.3690 3.3660...

85

3.3640 3.3600 3.3570 3.3550 3.3520 3.3490 3.3470 3.3440¢

3.3410 3.3390 3.3370 3.3340...

86

3.3330 3.3290 3.3270 3.3240 3.3220 3.3190 3.3160 3.3140¢

3.3110 3.3090 3.3060 3.3030...

87

3.2980 3.2940 3.2910 3.2870 3.2840 3.2800 3.2770 3.2740¢

3.2730 3.2690 3.2670 3.2640...

88

3.2620 3.2600 3.2580 3.2590 3.2570 3.2550 3.2530 3.2520¢

3.2510 3.2500 3.2490 3.2480...

89

3.247);

LR AR S AR R R R R AR A R AR A R R A i S A A R A AR A A A AR R Rt A A A R A 1
F_m=mean (F) ;

G_m=mean (G) ;
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99
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101
102
103
104
105
106
107
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109
110
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112
113
114
115
116
117
118
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123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
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suml=0; sum2=0;

sum3=0; sumd4=0;

%%% Number of Data %3%%%%5%3%553555%%8%% 0559559555552 %%9%%5%%%%%%%%5%%
for k=1:1:61

SRR R LR e R L e R L e e Rt R e b e L e R L e R L b L e R Rt R R L LR R L e R R L L e L L
suml=(Bi(1l,k)-F(1,k))"2+suml;

sum2=(Bi (1, k) -F_m)*2+sum2;

sum3=(Ci(1,k)-G(1,k))"2+sum3;

sum4=(Ci(1,k) -G _m)"2+sumé;

end

format short
R2_W=1-suml/sum2;
R2_pH=1-sum3/sumd;
MSE_W=suml/k;
MSE_pH=sum3/k;
RMSE_W=sqrt (MSE_W)
RMSE_pH=sqrt (MSE_pH)
SEP_W=RMSE_W/F_m*100
SEP_pH=RMSE_pH/G_m*100

% Plotting

subplot{2,3,1)
plot([A]/60,[B],'-g',[Ai]/60,[F], 'xr")
xlabel ('Time (hr)'")

ylabel ('Weight (Kg)')

title('Weight Change as a Function of Time')
legend('Model’', 'Experiment’, 2)

subplot(2,3,2)

plot ([A]/60, [C],'-g', [A11/60, [G], 'xr")
xlabel ('Time {hr)")

ylabel ('pH')

title('pH as a Function of Time')
legend('Model’, 'Experiment',1)

subplot (2, 3, 3)

plot{[A]/60, [M],"'-g")

xlabel ('Time (hr)"')

ylabel ('%$Rejection')

title('%Rejection as a Function of Time')
legend('Model’, 1)

subplot(2,3,4)

plot([N], [M], '-g")

xlabel ('Jw (L/dm2/min) ')

ylabel ('%Rejection')

title('%Rejection as a Function of Jw')
legend('Model’, 1)

subplot(2,3,5)

plot{[A]/60, [K5],'-g")

xlabel ('Time (hr) ")

ylabel ('Cfa/Cf0")

title('Cfa/Cf0 as a Function of Time')
legend('Model’, 1)

216
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150

151 subplot{2,3,6)

152 plot([N], [K5],'-g")

153 xlabel ('Jdw (L/dm2/min)"')

154 ylabel ('Cfa/Cf0")

155 title('Cfa/Cf0 as a Function of Jw')

156 legend('Model’,1)

157

158 fprintf('\n \n')

159 fprintf{'\n n*)

160 fprintf('\n CONCLUSION \n"')

161 fprintf('\n R2_W MSE_W R2_pH MSE_pH\n') ;
162 fprintf('\n%11.3f%20.4e%19.4f%19.4e%\n",R2 W,MSE_W,R2_pH,MSE_pH)

163 fprintf('\n \n")

164

165 fprintf{'\n Time (min) J_w(L/dm2/min) pH Cf,a(mole/1) ¥
W (kg) £ £ Hxn');

166 for x=5:5:200000000;

167 z=x*4;

168 fprintf{'\n%11.3f%20.4e%19.4f%19.4e%19.4e%19.4e%\n",T(2),j{(2),p(2),c(2z),d(z),e(2));
169 end

170

171
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function fu=Acetic NH4C1 (z,t)

%$Independent Variable

v_f 0=1;C d s 0=1;C_f a 0=10*10~(-3);Vv_d _0=0.5;

%Fixed Variable

T=301;f=1.58;

L=0.9207;D=0.023;W=0.4572;A m=42*10"(-2) ;d_h=0.0438;

%Constant Variable

SRR R R L e R R Lt LA L R S LR L R LR L £ L

B_a=2.102/60/100;

R AL R R R R R AL AR AR A R R EE LR R AR LA L £ A 1

B_s=0.460/60/100;

A=0.413/60/100;

o_s=0.897;%amonium chloride coefficient

§=491*10"-5;

R R R R R R R R R R R AR R AR R AR R R A AR R AR R AR R A AR R AR R AR A R AR R AR R A A A A AL 1

D NH4_298=117.42e-7;D_Cl_288=121.92e-7;%amonium & chloride diffusion coefficient
den w=999.65+2.0438/10* (T-273)-6.174*10"-2*(T-273)*1.5;

D A 298=6.534%10"(-6);D_HA 298=7.5429*10"(-6);%Acetic Physicocmical Property
D _H 298=5.587*10~(-5);
visco_298=((298-273)+246)/((0.05594* (298-273)+5.2842) * (298-273) +137.37) ;
visco T=((T-273)+246)/((0.05594* (T-273)+5.2842) *(T-273)+137.37) ;

mul_ f=visco T*6;

SRR AR R R R R R R R R R A R R R R R AR R R R R R R R R R R A b R R A R R R R R A R AR L
o_a=l;n_s=2;R=0.08314;

%$Temperature Correction

R R R R e R R R R R Lt e e R L E e R R R RS LA L L LR R

K a T=107-(1170.48/T-3.1649+0.013399*T) ;%Acetic acid
K_CO02_T=10"-(3404.71/T-14.8435+0.032786*T) ;

K _HCO3 T=10"-(2902.39/T-6.4980+0.02379*T);

K w_T=10"(-4470.99/T+6.0875-0.017060*T) ;
K_NH4CL=10"-(2835.76/T-0.6322+0,001225*T) ; $Amonium Chloride
E=2727.586+0.6224107*T-466.9151*10g(T)~-52000.87/T;
d=1-(((T-273)-3.9863) "2* ((T-273)+288.9414))/(508929.2* ((T-273)+68.12963)) ...
+0.011445%exp{(-374.3)/(T-273));

A I=(1.82483*1076*d"0.5)/(E*T)"1.5;

K=1/K _a_T;

D H T=D H 298*T/298*visco_298/visco T ;

D A T=D A 298*T/298*visco_298/visco_T;

D HA T=D HA 298*T/298*visco_298/visco T;
D_NH4_T=D NH4_298*T/298*visco_298/visco_T;
D Cl1 T=D_Cl_298*T/298*visco_298/visco_T;

D 1 T=2/(1/D_H T +1/D A T);
D_S_T=2/(1/D_NH4_T +1/D _Cl_T);

D d s=D S _T;
D_f s=D S_T;

K_H=0_034*exp(_2400*(l/T_l/zga))’-%i**i**i**i*‘k*i****i******

c f C02=10A"3.408*K H;%****************************

R R e R e et e R R e R L L e R e e et E e s L e R L R L L e e e L 11
%$Unknown Variable

J w=z(1);P_i=2z(2);P m=2(3);J s=z(4);C_1i s=z(5);

C mf s=z(6);J _a=z(7);C mf a=z(8);C i a=z(9);C_d a=z(10);
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103
104
105
106
107
108
109
110
L1
L1:2

C d H=z(11);gamma_d H=z(12);gamma_d A=z(13);I_i=z(14);C_d s=z(15);

C mf H=z(16);gamma m H=z(17);gamma m A=z(18);I m=z(19);C md s=z(20);
k_d=z(21) ;Sh_d=z(22) ;Sc_d=z (23) ;Re_d=z(24) ;

v_d=z(25) jden_d=z (26) ;mul_d=z(27);f_2=z(28);D_f a=z(29);

k f a=2(30);C_f a=z(31);Sh_f a=z(32);Re f=z(33);v_f=z(34);

f 1=2(35);8c_f a=z(36);k_f s=2z(37);C_f s=2(38);

C f ai=z(39);C_f si=z(40);C_d_ai=z(41);C_d_si=z(42);gamma_f Ac=z{43);
gamma_f H=z (44);C_f Ac=z(45);gamma_f A=z (46);I_f=z(47);C_f NH3=z(48);
Sh_f s=2z(49);Sc_f s=z(50);w=z(51);C_f H=z(52);gamma_f HCO3=z(53);
gamma_f_ OH=z (54) ;C_f HCO3=z(55);C_f C03=z(56);

gamma_f CO3=z(57);C_f NH4=z(58);C_f OH=z(59);:;C_f HA=z(60);den_f=z(61l);
pH_f=z(62) ;gamma_f NH4=z(63);

format short e

$Math Model

fu(l)=A*(P_i-P_m )-J w;

fu(2)= B s *(C_i_s-C mf s)-J_s;

fu(3)= B_a*(C_mf a-C i a)-J_a;

fu(4)=C_d_a-C_i_a;

fu(5)=J_a/J_w-C_d_a;

fu(6)= o_s*n_s*C_i_s*R*T+o_a* (C_d_a+C_d_H) *R*T-P_i;

fu(7)=(-K a_T+((K _a_T)"2+4*K_a T*gamma d H*gamma d A*C d a)"(1/2))...
/ (Z*gama—d_ﬂ*gamma_d_A) _c_d_H;%**********t******

fu(8)=A I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)+logl0(gamma_d H);

fu(9)=A I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)+loglO(gamma d A);

fu(10)=0.5* (2*C_i_s+2*C d H)- I_i;

fu(ll)=o_s*n_s*C mf s*R*T+o_a*(C_mf a+C_mf H)*R*T-P_m;

fu(l2)=(-K_a T+((K_a T)"2+4*K_a T*gamma_m H*gamma m A*C_mf a)”"(1/2))...

/ (zigama_m_H*gama_m_A) _C_mf_H,- %****’r*********‘k*
fu(13)=A I*(I_m"(1/2)/(1+I_m"(1/2))- 0.3*I_m)+logl0(gamma m H);
fu(l4)=A I*(I_m"(1/2)/(1+I_m~(1/2))- 0.3*I_m)+logl0(gamma m A);
£u(15)=0.5% (2*C_mf_s+2*C_mf_H)-I_m;

£u(16)=(C_md_s-C_i_s)/2*D_S_T*(1/(J_w*(0.789*C_i_s+0.211%C md _s)+J_s)...

+1/(J_w* (0.211*C_i_s+0.789*C md s)+ J_s))-S;

£u(17)={C_d_s-C_md_s)/2*D_S_T*(L1/(J_w* (0.789*C_md_s+0.211*C_d_s)+J_s)...

+1/(J_w* (0.211*C_md _s+0.789*C_d s)+ J_s))-D_d_s/k_d:
fu(18)=sh_d*D_d s/d_h-k_d;

fu(19)=L*v_d*den d/mul d-Re d;
fu(20)=(f_2+£)/2/W/D-v_d;

fu(21)=£f+J w*A_ m-f 2;

% amonium chloride density and viscosity

fu(22)=6*exp((12.396*(C_d s*53.491/den_d)~1.5039-1.7756)/(0.23471*(T-273)+1) /...

(-2.7591* (C_d_s*53.491/den_d)~2.8408+1))-mul_d;

fu(23)=den_w+0.2061e2*C_d s-0.1577*C_d_s* (T-273)+1.553e-3*C_d_s* (T-273) *2-...
2.556%C_d_s*1.5+5.67e-2*C_d_s”1.5*%(T-273)-5.082e-4*C_d_s"1.5* (T-273) *2-den_d;

$535535535558552552352%50%598595593593%9%5%%
fu(24)= 0.04*Re_d”(3/4) *Sc_d~ (1/3)-5h_d;
fu(25)= mul_d/den d/D d s-Sc_d;
fu(26)=(0.5*(C_f_a-C_mf a)*((D_1_T-D HA T)/...
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(sqrt (1+4*K* (0.789*C_mf a+0.211*C_£ a))*(J_w*(0.789*C_mf a+0.211*C £ a)-J a))...

+(D_1_T-D HA T)/(sqrt(L+4*K* (0.211%C_mf a+0.789*C_£ a))*(J_w*(0.211*C mf a...
+0.789*C_f a)-J a))+ D_HA T/(J_w*(0.789*C_mf a+0.211*C_f a)-J a)...

+D_HA_T/ ({(J_w*(0.211*C_mf a+0.789*C_f a)-J a))))+D_f a/k_f a;
fu(27)=sh_f a*D f a/d h-k f a;
fu(28)=(D_1_T/(2*K*C_f a)* (-l+sqrt(1+4*K*C_f a))+D HA T/...
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(4*K*C_f_a)* (-1+sqrt (1+4*K*C_f_a))"2)-D_f a;
fu(29)=L*v_f*den f/mul f -Re f;
fu(30)=(£+£_1)/W/D/2-v_£:
fu(31)=f-J_w*A m-f_1;
fu(32)= 0.04*Re_£f"(3/4)*Sc_f a"(1/3)-sh f a;
fu(33)= mul_f/den f/D f a-Sc_f a;
fu(34)=(C_f_s-C_mf_s)/2*D_S_T*(1/(J_w*(0.789*C_mf_s+0.211*C_£ s)+J_s) ...
+1/(J_w* (0.211*C_mf_s+0.789*C_f s)+ J_s))+D_f_s/k £ s;
fu(35)=sh_f_s*D_f s/d h-k f s;
%$Mole balance Equation
fu(36)=C_f£ a*(V_f O0+f 1*t-f*t)-(V_£f 0*C_f a 0+C £ ai*f 1*t-C f a*f*t);
fu(37)=C_f si*(V_f O+f 1*t-f*t)-C_f s*f 1*t+C_f si*f*t;
fu(38)=C_f a*f-J a*A m-C_f ai*f 1;
fu(39)=C_f si*f+J s*A m-C_f s*f 1;

fu(40)=C_d s _0*V_d 0+C d_si*f 2*t-C d s*f*t-C d_s*(V_d_0+f 2*t-f*t);
fu(41l)=C_d _a*f 2*t-C_d _ai*f*t-C_d ai*(vV_d O0+f 2*t-f*t);

fu(42)=C_d s*f-J_s*A_m-C_d_si*f 2;

fu(43)=C_d ai*f+J a*A m-C_d a*f 2;

% Adjust Part

%additional Equation

fu(44)= 0.04*Re_£f"(3/4)*Sc_f s”(1/3)-Sh_f_s;

fu(45)= mul_f/den f/D f s-Sc_f s;

fu(46)=J_w*A m*t*den_d/1000-w;

%pH Equation..

%$ionic strenght in feed solution%%%%$%%%T%%%%%5%5%%%%%

fu(47)=0.5*(C_f si+C_f NH4+C f H+C f OH+C_f Ac+C_f HCO3+4*C_f CO3)- I_f;

SRR R R R R R R R R R R R R R R R R R R R R R R R R e R R R R R R RS R R T
fu(48)=A_I*(I_£*(1/2)/(1+I_£~(1/2))- 0.3*I_f)+logl0O(gamma_f H);

fu(49)=A I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_£f)+logl0(gamma f A);
fu(50)=A_I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_f)+1logl0(gamma_£f HCO3);
fu(51)=A_I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_f)+1logl0(gamma_f_OH);

%Charge Balance Equation $%%3%%3%5555555550555555%%5%35%%9%3%%%9%%9%%9%%9%%%%%
fu(52)=C_f HCO3+2*C_f CO3+C_f Ac+C f OH+C f si-C_f NHA-C f H;

R R A R R R R R R R A R R R R R R R R R R R R R R R R R R R R R R R R R R R R R E R R R R R R R R R R R R e R R e ]
%New Equation for charge balance

fu(53)=K a_T*C f HA/gamma f H/gamma_f Ac/C_f H-C f Ac;
fu(54)=K_C02_T/gamma_f H/gamma f HCO3/C f H*(C_f co2-C_f HCO3)-C_f HCO3;g******
fu(55)=K_HCO3_T*gamma_f_HCO3/gamma_f H/gamma_f_CO3/C_f_H*(C_f_HCO3-C_f CO03)-C_f_C03;%V¥

*kkkkk

152
153
154
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159
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162

fu(56)=A I*4*x(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_£f)+logl0(gamma_f CO3);
fu(57)=A I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_f)+logl0(gamma_f_ Ac);
fu(58)=K _w_T/C_f H/gamma_ f OH/gamma_f H-C_f OH;
fu(59)=C_f NH4+C_f NH3-C_f si;

fu(60)=C £ HA+C f Ac-C f a;

fu(6l)=gamma_f H*C_f H*C_f_ NH3/gamma_f_ NH4/K_NH4CL-C_f_ NH4;
fu(62)=pH f+loglO(gamma f H*C f H):;

fu(63)=A_ I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_£f)+logl0(gamma_f NH4);
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G.2 Butyric acid as feed solution and NH,Cl as draw solution

X
2
3
1.65
4
9. 71
5
1.01
6
157
7
9.77
8
9.77
9
e+02
10
11
12
13
14
15

cle

clear

[g]l=[1.608e-03 2.3632e+01 2.752e-01 4.035e-05 5.264e-01 2.325e-04¢

8e-11 1.019%e-02 8.682e-09...

8.567e-09 1.1650e-08 7.33%e-01 7.33%e-01 5.264e-01 9.999%e-01 3.940e-04
8e-01 9.718e-01...

6.264e-04 9.9113e-01 1.880e-01 6.372e+02 3.700e+02 2.894e+04 1.503e+02¢
2e+03 4.83%e+00...

1.581e+00 1.1694e-05 1.724e-01 1.000e-02 6.457e+02 2.759%e+04 1.502e+02¢
9e+00 4.287e+02...

1.843e-01 1.2425e-05 1.000e-02 1.695e-06 7.604e-09 9.994e-01 9.776e-01¢
6e-01 3.878e-04...

9.776e-01 3.8955e-04 3.03%e-12 6.245e+02 3.879e+02 6.835e-05 3.879e-04V
6e-01 9.776e-01...

1.243e-08 9.0797e-15 9.133e-01 1.695e-06 3.386e-11 9.6128e-03 9.9624¢

3.4212e+0];
R R R R R R R R R R R R A R R R R R LA R AR R A R 1 20
ts=0.1:0.1:1800;
R e R e e e e e e R LR S S LR 1]
for ti=l:numel (ts);
t=ts(ti);
options

optimset(‘Algorithm',‘Levenberg-Marquardt','TolFun',l*lO“-l3,'TolX‘,l*lO“-(

13 .ae

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
W(kg
41
42
43
44
45
46
47

; "Maxiter',25, '"Maxfun',15000) ;

[r,fval,exitflag, output] fsolve (@ (z)Butyric_NHACl(z,t), [g],options)
j(ei)=r(1,1):

c(ti)=r(1,31);

d(ti)=r(1,51);

p(ti)=r(1,62);

T(ti)=t;

e(ti)=r(1,52);

% For Rejection
O{ti)=(1-r(1,10)/r(1,31))*100;
K4 (ti)=r(1,31)/0.01;
Kl(ti)=r(1,1);

[gl=[x];

%for Plotting

[A(ti)]=t;

[B(ti)]=d(ti);

[C(ti)]=p(ti);

% For Rejection

[M(ti)]=0(ti);

[N(ti)I=K1l(ti):

[K5(ti)]=K4 (ti); %Cfa/Cf0

disp(ti)

fprintf('\n Time (min) J_w(L/dm2/min) pH Cf,a(mole/1) ¢
)\n");

fprintf('\n%11.4£%20.4e%$19.4£%19.4e%19.4e%\n" ,T(ti),j(ti),p(ti),c(ti),d(ti));
format short e

%$Result of Best guess
fprintf ('\n%8.3e%15.4e%10.3e%14.3e%11.3e%$13.3e%13.3e%13.3e%13.3e%\n"'...



48 ,r(1,1),r(1,2),x(1,3),r(1,4),r(1,5),r(1,6),r(1,7),r(1,8),r(1,9));

49

50 fprintf('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

51 ,r(1,10),r(1,11),r(1,12),r(1,13),r(1,14),r(1,15),r(1,16) ,r(1,17),r(1,18));
52

53 fprintf('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

54 »2(1;19),r(1,20),r{1,21),r(1,22),r(1,23),xr(1,24),r(1,25),r(1,26),r{l,27));
55

56 fprintf('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

57 ,r(1,28),r(1,29),r(1,30),r(1,31),r(1,32),r(1,33),r(1,34),r(1,35),r(1,36));
58

59 fprintf('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%13.3e%13.3e%\n"...
60 ,c(1,37),r(1,38),r(1,39),r(1,40),r(1,41),r(1,42),r(1,43),r(1,44),r(1,45));
61

62 fprintf('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...

63
64
65
66
67
68
69
70
71
72
73

yr(1,55),r(1,56),r(1,57),r(1,58),r(1,59),r
end

$Time Interval%%%3t335535539539359%339%%%%
Ai=0:30:1800;

R R R R R R R R R R R LR R bR R LR R LR R R R R R LR e R R R
format short

Ci=spline(a,C,2i);

rr(l1,46),r(1,47),r(1,48),r(1,49),r(1,50),r(1,51),r(1,52),r(1,53),r(1,54));

fprintf('\n%8.3e%15.4e%10.3e%14.3e%13.3e%13.4e%13.4e%13.4e%13.4e%\n"'...

(1,60),r(1,61),r(1,62),r(1,63));

222

74 format short e

75 Bi=spline(A,B,Ai):

76

77 F=[ 0 0.0160 0.0330 0.0480 0.0640 0.0780 0.0930 0.1070 0.1210¢
0.1340 0.1470...

78 0.1600 0.1730 0.1850 0.1980 0.2080 0.2210 0.2320 0.2440¢
0.2610 0.2720 0.2830...

79 0.2940 0.3040 0.3140 0.3240 0.3350 0.3440 0.3540 0.3630¢
0.3730 0.3820 0.3910...

80 0.4000 0.40890 0.4180 0.4270 0.4350 0.4440 0.4520 0.4600¢
0.4680 0.4810 0.4890...

81 0.4970 0.5050 0.5120 0.5190 0.5270 0.5340 0.5410 0.5480¢
0.5550 0.5610 0.5680...

82 0.5740 0.5810 0.5870 0.5940 0.6000 0.606];

83

84 G=[ 3.4431 3.4440 3.4428 3.4445 3.4426 3.4408 3.4376 3.4337¢
3.4298 3.4266 3.4228 3.4189 3.4145...

85 3.4092 3.4047 3.3995 3.3956 3.3913 3.3875 3.3837 3.3791¢
3.3761 3.37389 3.3716 3.3687 3.3664...

86 3.3642 3.3613 3.3591 3.35649 3.3539 3.3518 3.3489 3.3467V¢
3%8453 3.3424 3.3385 33373 3:38525 53

87 3.3331 3.3302 3.3281 3.3252 3..3231, 3.3202 3.3174 3.3145¢
33117 3.3096 3.3068 3.3047 3+3019% ; &

88 3.2998 3.2978 3.2965 3.2937 3.2924 3.2897 3.2877 3.2857¢
3.2837]1;

89

FHRE R R R R R R L R L Rt R R R R R R R R R R L e Rt E L e R L Rt L Rt e R R SR R R L B L EE 13

91 F_m=mean (F);
92 G _m=mean (G);

93



94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
l46
147
148
149

suml=0; sum2=0;

sum3=0; sum4=0;

%$%% Number of Data %5355 553 0585558500595 55 %% 095955 %%%%%%%%%
for k=1:1:61

S R R LR e e L e R L e e e e R L e e e L e e R LR R s R e e L b e s L AR L e R R L L]
suml=(Bi(1l,k)-F(1,k))”*2+suml;

sum2=(Bi (1, k) -F_m) *2+sum2;

sum3=(Ci(1,k)-G(1,k))"2+sum3;

sum4=(Ci(1,k) -G _m)"2+sumé;

end

format short
R2_W=1-suml/sum2;
R2_pH=1-sum3/sum4;
MSE_W=suml/k;
MSE_pH=sum3/k;
RMSE_W=sqrt (MSE_W)
RMSE_pH=sqrt (MSE_pH)
SEP_W=RMSE_W/F _m*100
SEP_pH=RMSE_pH/G_m*100

% Plotting

subplot{(2,3,1)
plot([A]/60,[B],'-g',[Ai]/60,[F], '®xr")
xlabel ('Time (hr)'")

ylabel ('Weight (Kg)')

title('Weight Change as a Function of Time')
legend('Model’', "Experiment’, 2)

subplot(2,3,2)

plot ([A]/60, [C],'-g', [A1]1/60, [G], 'xr")
xlabel ('Time {(hr)")

ylabel ('pH')

title('pH as a Function of Time')
legend('Model’, 'Experiment',1)

subplot (2, 3, 3)

plot ([A]/60,[M], '-g")

xlabel ('Time (hr) ")

ylabel ('$Rejection')

title('%$Rejection as a Function of Time')
legend('Model’, 1)

subplot (2,3, 4)

plot ([N], [M], '-g")

xlabel ('Jw (L/dm2/min) ')

ylabel ('%Rejection')

title('%Rejection as a Function of Jw')
legend ('Model’, 1)

subplot(2,3,5)

plot{[A]/60, [K5],"'-g")

xlabel ('Time (hr) ")

ylabel ('Cfa/Cf0")

title('Cfa/Cf0 as a Function of Time')
legend('Model’, 1)

223
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150

151 subplot(2,3,6)

152 plot([N], [K5],'-g")

153 xlabel('Jw (L/dm2/min)"*)

154 ylabel ('Cfa/Cf0")

155 title('Cfa/Cf0 as a Function of Jw')

156 legend('Model’, 1)

157

158 fprintf('\n \n')

159 fprintf{'\n xnt)

160 fprintf('\n CONCLUSION \n')

161 fprintf('\n R2_W MSE_W R2_pH MSE_pH\n') ;
162 fprintf('\n%11.3£%20.4e%19.4f%19.4e%\n",R2_W,MSE_W,R2_pH,MSE pH)

163 fprintf('\n \n')

164

165 fprintf{('\n Time (min) J_w(L/dm2/min) pPH Cf,a(mole/1) ¢
W(kg) e £ Hxn');

166 for x=5:5:200000000;

167 z=x*4;

168 fprintf('\n%11.3f%20.4e%19.4f%19.4e%19.4e%19.4e%\n",T(2),](2),p(2),c(z),d(z),e(2));
169 end

170

171

L12
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function fu=Butyric NH4Cl(z,t)

%$Independent Variable

v_f 0=1;C d s _0=1;C_f a 0=10*10~(-3);Vv_d 0=0.5;

$Fixed Variable

T=301;f=1.58;

% T=300..normal f=1.58...normal
L=0.9207;D=0.023;W=0.4572;A m=42*10"(-2) ;d_h=0.0438;

%Constant Variable

LT EIILLLLLLLLLELLLLLLLLLRLE%%%

B _a=0.639/60/100;% B of Butyric Acid

SRR R R R R R e R R R R R R e e R R R AT

A=0.413/60/100;B s=0.46/60/100;

§=491*10”(-5);

E R R e e R R R e T e e
o_s5=0.897;%amonium chloride coefficient
D_NH4_298=117.42e-7;D_Cl_298=121.92e-7;%amonium & chloride diffusion coefficient
D_A 298=5.208*10~(-6);D_HA 298=5.429*10”(-6);%Butyric Physicocmical Property
D H 298=5.587*10"(-5);

den_w=999.65+2.0438/10* (T-273)-6.174*10"-2* (T-273) ~1.5;
visco_298=((298-273)+246)/((0.05594*(298-273)+5.2842) *(298-273) +137.37) ;
visco T=((T-273)+246)/((0.05594* (T-273)+5.2842) *(T-273)+137.37);
mul_ f=visco T*6;

EEEE R R R AR R R R e R b R R R R E Rt e L R e R b R b E e R R R LA+ T
n_s=2;o0_a=1;R=0.08314;

$Temperature Correction

SR R R R R R R R R Lt R e R R LR Rt e LR R R R S L LR R R R R

K a_T=107-(1033.39/T-2.6215+0.013334*T) ; 3Butyric Acid
K_CO2_T=10"-(3404.71/T-14.8435+0.032786*T) ;

C_f co2=le-5;

K_HCO3 T=10"-(2902.39/T-6.4980+0.02379*T) ;
K_w_T=10"(-4470.99/T+6,0875-0.017060*T) ;

K _NH4CL=10"-(2835.76/T-0.6322+0.001225*T) ; $Amonium Chloride
E=2727.586+0.6224107*T-466.9151*10g (T)-52000.87/T;
d=1-(((T-273)-3.9863) 2% ((T-273)+288.9414))/(508929.2*({T-273)+68.12963))...
+0.011445%exp ((-374.3) /(T-273)):

A T=(1.82483*1076*d"0.5)/(E*T)"1.5;

K=1/K a T;

D H T=D H 298*T/298*visco_298/visco T ;

D A T=D A 298*T/298*visco_298/visco_T;

D_HA T=D HA 298*T/298*visco_298/visco_T;

D_NH4_T=D NH4_298*T/298*visco_298/visco_T;

D Cl1 T=D_Cl_298*T/298*visco_298/visco_T;

D1 T=2/(1/D H T +1/D A T);

D S _T=2/(1/D_NH4 T +1/D Cl T);

D_d_s=D_S_T;

D f s=D S_T;

R e R R L e e e e e e R L L]
%$Unknown Variable

J_w=z(1);P_i=2(2);P_m=2(3);J_s=z(4);C_1i_s=z(5);

C mf s=z(6);J_a=z(7);C_mf a=z(8);C_i_a=z(9);C_d_a=z(10);

C d H=z(ll);gamma d H=z(12);gamma_d A=z (13);I_i=z(14);C_d_s=z(15);

C mf H=z(16);gamma m H=z(17);gamma m A=z (18);I _m=z(19);C_md s=z(20);
k_d=z(21);Sh_d=z(22);Sc_d=z(23) ;Re_d=z (24);

v_d=z(25) ;den_d=z(26) ;mul_d=z(27);f 2=z(28);D f a=z(29);

k_f a=2(30);C_f a=z(31);8h_f a=z(32);Re_f=2z(33);v_f=z(34);
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57 £ 1=2z(35);8c_f a=z(36);k f s=z(37);C_f s=z(38);
58 C_f ai=z(39);C_f si=z(40);C_d ai=z(41);C_d si=z(42);gamma_f Ac=z(43);
59 gamma_f H=z(44);C_f Ac=z(45);gamma_f A=z (46);I_f=z(47);C_f NH3=z(48);
60 sh_f s=z(49);Sc_f s=z(50);w=z(51);C_f H=z(52);gamma_f HCO3=z(53);
61 gamma f OH=z (54);C_f HCO3=z(55);C_f CO3=z(56);
62 gamma_ f CO3=z (57);C_f NH4=z(58);C f OH=z(59);C f HA=z(60);den f=z(61);
63 pH_f=z(62);
64
65 format short e
66 %$Math Model
67 fu(l)=A*(P_i-P m )-J_w;
68 fu(2)= B_s *(C_i_s-C mf_s)-J_s;
69 fu(3)= B_a*(C_ mf a-C i a)-J_a;
70 fu(4)=C d a-C_1i_a;
71 fu(5)=J_a/Jd_w-C d a;
72 fu(6)= o_s*n_s*C i s*R*T+o_a*(C_d_a+C_d H) *R*T-P_i;
73 fu(7)=(-(gamma_d H*K a T)+((gamma_d H*K a T)~ 2+4*K_a T*gamma_d H*gamma d A*C d_a)*«
(1/2)) ...
74 /(2*gamma_d_H*gamma_d A)-C_d H;
75 fu(8)=A_I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)+loglO(gamma_d H);%"Davies"
76 fu(9)=A I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)+logl0(gamma_d_A);%"Davies"
77 fu(10)=0.5*(2*C_i s+2*C d H)- I_i;
78 fu(ll)=o_s*n s*C mf s*R*T+o _a*(C_mf a+C mf H)*R*T-P m;
79 fu(l2)={-(gamma_m H*K a T)+({gamma m H*K a T)"2+4*K_a_ T*gamma m_H*gamma m A*C mf a)”!
(1/2))...
80 / (2*gamma_m H*gamma m A)-C_mf H;
81 fu(13)=A I*(I_m"(1/2)/(1+I_m"(1/2))- 0.3*I_m)+logl0(gamma m H);%$"Davies"
82 fu(l4)=A I*(I_m"*(1/2)/(1+I_m*(1/2))- 0.3*I_m)+logl0(gamma_m A);%"Davies”
83 fu(15)=0.5* (2*C_mf_s+2*C mf_H)-I_m;
84 fu(l6)={(C md s-C i s)/2*D S T*(1/(J w*(0.789*C_i s+0.211*C md s)+J_s)...
85 +1/(J_w*(0.211*C_i s+0.789*C_md s)+ J_s))-S;
86 fu(l7)={C_d_s-C_md_s)/2*D_S_T*(1/(J_w*(0.789*C_md_s+0.211*C_d_s)+J_s) ...
87 +1/(J_w*(0.211*C_md s+0.789*C d s)+ J_s))-D d_s/k_d;
88 fu(18)=Sh _d*D d s/d h-k_d;
89 fu(19)=L*v_d*den_d/mul_d-Re_d;
90 fu(20)=(f_2+f)/2/W/D-v_d;
91 fu(2l)=£f+J_w*A m-f_2;
92 % amonium chloride density and viscosity
93 fu(22)=6%*exp((12.396*(C_d s*53.491/den_d)~1.5039-1.7756)/(0.23471*(T-273)+1) /...
94 (-2.7591*(C_d s*53.491/den_d)"2.8408+1))-mul_d;
95 fu(23)=den_w+0.2061e2*C_d s-0.1577*C_d s*(T-273)+1.553e-3*C_d_s*(T-273)"2-...
96 2.556*C d_s"1.5+5.67e-2*C_d s"1.5*(T-273)-5.082e-4*C _d s"1.5*(T-273) “2-den_d;
97 FHELHLLELEEELHLLLLLHLLELLLLLLLLHLLBLLHE9%%%
98 fu(24)= 0.04*Re_d~(3/4)*Sc_d"(1/3)-Sh_d;
99 fu(25)= mul_d/den_d/D_d s-Sc_d;
100 fu(26)=(0.5*(C_f a-C mf a)*((D_1_T-D _HA T)/...
101 (sqrt (1+4*K* (0.789*C_mf a+0.211*C £ a))*(J_w*(0.789*C mf a+0.211*C_f a)-J a))...
102 +(D_1_T-D_HA T)/(sqrt(l+4*K* (0.211*C_mf_a+0.789*C_f a))* (J_w* (0.211*C_mf a...
103 +0.789*C_f a)-J a))+ D HA T/(J _w*{0.789*C_mf a+0.211*C_f a)-J a)...
104 +D_HA T/((J_w*(0.211*C_mf_a+0.789*C_f a)-J a))))+D_f a/k f a;
105 fu(27)=8h_f a*D f a/d h-k f a;
106 fu(28)={(D_1 T/ (2*K*C_f a)*(-l+sqrt(l+4*K*C_f a))+D_HA T/...
107 (4*K*C_f_a)*(-l+sqrt (1+4*K*C_f a))"2)-D_f a;
108 fu(29)=L*v_f*den_f/mul_f -Re_f;
109 fu(30)=(f+f_1) /W/D/2-v_£;
110 fu(31)=f-J_w*A m-f 1;



111
112
113
114
L15;
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
l46
147
148
149
150
151,
152
153
154

fu(32)= 0.04*Re_£f~(3/4)*Sc_f a~(1/3)-sh f a;

fu(33)= mul_f/den £/D f a-Sc_f a;

fu(34)=(C_f s-C_mf s)/2*D_S_T*(1/(J_w*(0.789*C_mf_s+0.211*C_f s)+J_s)...
+1/(J_w*(0.211*C_mf_s+0.789*C_f s)+ J s))+D_f s/k_f_s;
fu(35)=sh_f s*D f s/d h-k f s;

%$Mole balance Equation

fu(36)=C_f a*{(V_f O0+f 1*t-f*t)-(V_f 0*C_f a 0+C_f ai*f 1*t-C_f a*f*t);
fu(37)=C_£ si*(V_f O0+£f 1*t-£*t)-C_f s*f 1*t+C_f si*f*t;

fu(38)=C_f a*f-J a*A m-C_f ai*f 1;

fu(39)=C_f_si*f+J_s*A m-C_f_s*f 1;

fu(40)=C_d s_0*v_d 0+C_d_si*f 2*t-C_d_s*f*t-C_d_s*(V_d_0+f_ 2*t-f*t);
fu(4l)=C d a*f 2*t-C d ai*f*t-C d ai*{(v_d 0+£f 2*t-f*t);

fu(42)=C _d s*f-J_s*A m-C_d si*f 2;

fu(43)=C_d ai*f+J_a*A m-C_d_a*f 2;

%additional Equation

fu(44)= 0.04*Re_£f~(3/4)*Sc_f s~(1/3)-5h f s;

fu(45)= mul_f/den f/D_f s-Sc_f_s;

fu(46)=J_w*A m*t*den_d/1000-w;

%ionic strenght in feed solution%%%%%%%%¥%%%%%%%%%%%
fu(47)=0.5*(C_£f_si+C_f NH4+C_f H+C_f OH+C_f Ac+C_f HCO3+2*C_f CO3)- I_f;
LR R R L L R R R e R R L LR R R R R LR L R LR L £ AT

fu(48)=A_ I*(I_£"(1/2)/(1+I_£~(1/2))- 0.3*I_f)+logl0(gamma_f H);%Davis
fu(49)=A I*(I_£~(1/2)/{1+I_£~(1/2))- 0.3*I_f)+loglO(gamma_f A);%Davis
fu(50)=A I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_£f)+loglO(gamma_£ HCO3);%Davis
fu(51)=A I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_f)+1loglO(gamma_f OH);%Davis

%Charge Balance Equation 333335530858ttt t st ettt b s stssdsssssssssssssss

fu(52)=C_f_HCO3+2*C_f_CO3+C_f Ac+C_f OH+C_f si-C f NH4-C_f H;

FEEFHEE LT EETLEIILRRLLHLHNETVLIILALLLHLHETDLIILTLLLHLVEDVLIILLLBHH5559%99%%

%$New Equation for charge balance

fu(53)=K a_ T*C_f HA/gamma_f H/gamma f Ac/C_f H-C f Ac;
fu(54)=K_CO2_T/gamma_f_H/gamma_f HCO3/C_f_ H*C_f_ co2-C_f_HCO3;
fu(55)=K_HCO3_T*gamma_f HCO3/gamma f H/gamma f CO3/C_f H*C_f HCO3-C_f CO3;
fu(56)=A I*4*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_f)+1logld (gamma_f CO3);%Davis
fu(57)=A_I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_f)+logl0(gamma_£_Ac);%Davis
fu(58)=K_w_T/C_f H/gamma f OH/gamma_f H-C_f OH:

fu(59)=C_f NH4+C_f NH3-C_f si;

fu(60)=C_f HA+C f Ac-C_f a;

fu(6l)=C_f H*C_ f NH3/K_NHACL-C_f NH4;

fu(62)=pH_f+logl0 (gamma f H*C_f H);
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G.3 Valeric acid as feed solution and NH,Cl as draw solution

1. clec
2 clear
3
4 [gl=[ 1.608e-03 2.3632e+01 2.755e-01
1.285e-11 1.021e-02 6.716e-09...
5 6.647e-09 9.0535e-09 7.33%e-01 7.33%e-01
9.720e-01 9.720e-01...
6 6.171e-04 9.9113e-01 1.880e-01 6.372e+02
1.012e+03 4.839e+00...
7 1.581e+00 1.1701e-05 1.725e-01 1.000e-02
1.579e+00 4.284e+02...
8 1.843e-01 1.2422e-05 1.000e-02 1.694e-06
9.781le-01 3.711e-04...
9 9.78le-01 3.7277e-04 3.176e-12 6.245e+02
9.781le-01 9.781le-01...
10 1.298e-08 1.8932e-15 9.151e-01 1.694e-06
e+02 3.4402e+00];
13

12 S5t E Tt AT IR LTS HTLITLIISES%S
13 ts=0.1:0.1:1800; %ts=0.1:0.1:1800;
14 5555535 EELH 5L EE LSRR LLL955%%%

15 for ti=l:numel (ts);
16 t=ts(ti):

17 options = optimset ('Algorithm’,'Levenberg-Marquardt’, 'TolFun',1*10%-15,

15 ...
18 , 'Maxiter', 25, '"Maxfun',15000);
19

4.034e-05 5.264e-01

5.264e-01 9.99%e-01

3.700e+02 2.89%4et+04

6.455e+02 2.759%e+04

5.900e-09 9.994e-01

3.879%e+02 6.835e-05

3.536e-11 9.6296e-03

20 [r,fval,exitflag,output] = fsolve(@(z)Valeric_NH4Cl(z,t), [g],options)

21

22 j(ti)=r(1,1);

23 c(ti)=r(1,31);

24 d(ti)=r(1,51);

25 p(ti)=r(1,62);

26 T(ti)=t;

27 e(ti)=r(1,52);

28 % For Rejection

29 O(ti)=(1-r(1,10)/r(1,31))*100;
30 K4 (ti)=r(1,31)/0.01;
31 Kl(ti)=r(1,1);

32 [gl=[r];

33 %for Plotting

34 [A(ti)]=t;

35 [B(ti)]l=d(ti);

36 [C(ti)]=p(ti);

37 % For Rejection

38 [M(ti)]=0(ti);

39 [N(ti)]=Kl(ti):

40 [K5(ti)]=K4(ti); %Cfa/Cf0
41 disp(ti)

42 fprintf('\n Time (min) J_w(L/dm2/min)
W(kg)\n");
43

228

2.324e-04¢

3.847e-04¢
1.503e+02¢
1.502e+02¢
9.781e-01¢
3.71le-04¢

9.9624¢

"TolX',1*104-«

PH Cf,a(mole/1) ¥

44 fprintf('\n%11.4f%20.4e%19.4f%19.4e%19.4e%\n"' ,T(ti),Jj(ti),p(ti),c(ti),d(ti));

45
46 format short e
47



48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79

229

$Result of Best guess
fprintf('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
,r(1,1),r(1,2),r(1,3),r(1,4),r(1,5),r(1,6),r(1,7),r(1,8),r(1,9));

fprintf ('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
(r(1,10),r(1,11),r(1,12),r(1,13),r(1,14),r(1,15),r(1,16) ,r(1,17),r(1,18));

fprintf ("\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...
,r(1,19),r(1,20),r(1,21),r(1,22),r(1,23),r(1,24),r(1,25),r(1,26),r(1,27));

fprintf ('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...
s 2:01,28),r{l,29). (1,30} ,2(1,31) ,24(1,32) (1, 33) , (1,34} ,2{l,35),r(l,36));

fprintf('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%13.3e%13.3e%\n"...
,r(1,37),r(1,38),r(1,39),r(1,40),r(1,41),r(1,42),r(1,43),r(1,44),r(1,45));

fprintf ('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
,r(1,46),r(1,47),r(1,48),r(1,49),r(1,50),r(1,51),r(1,52),r(1,53),r(1,54));

fprintf('\n%8.3e%15.4e%10.3e%14.3e%13.3e%13.4e%13.4e%13.4e%\n"'...
,r(1,55),r(1,56),r(1,57),r(1,58),r(1,59),r(1,60),r(1,61),r(1,62));
end

%Time Interval$%ttsetsssssssesdsssssssssss
Ai=0:30:1800;
R R e e e
format short

Ci=spline(A,C,Ai):

format short e

Bi=spline(A,B,Ai);

F=[ 0 0.0060 0.0210 0.0350 0.0430 0.0640 0.0780 0.0920¢

0.1070 0.1200 0.1340...

80

0.1490 0.1630 0.1760 0.1890 0.2020 0.2150 0.2280 0.2400¢

0.2530 0.2660 0.2780...

81

0.2900 0.3030 0.3130 0.3260 0.3370 0.3490 0.3600 0.3720¢

0.3830 0.3930 0.4040...

82

0.4140 0.4270 0.4350 0.4460 0.4570 0.4660 0.4760 0.4860¢

0.4960 0.5050 0.5150...

83

0.5240 0.5340 0.5420 0.5510 0.5600 0.5690 0.5780 0.5860¢

0.53940 0.6030 0.6110...

84
85
86

0.6200 0.6270 0.6350 0.6430 0.6490 0.6550];

G=[3.4300 3.40860 3.4168 3.4176 3+41.39 3.4000 3.4025 3.3921¢

3.3943 3.3908 3.3803 3.3781 3.3736...

87

3.3688 3.3704 3.3610 3.3552 3.3550 3.3476 3.3486 3.3439¢

3.3431 3.3347 3.3252 3.3288 3.3235...

88

3.319F 3.3163 3.3124 32091 3.3004 3.3012 3.2962 3.2894¢

3.2902 3.2854 3.2749 3.2727 3.2706...

89

3.2717 3.2635 3.2579 3.2552 3.2532 3.2422 3.2436 3.2445¢

3.2448 3.2428 3.2396 3.2366 3.2308...

90

3.2232 3.2206 3.2186 3.2168 3.2145 3.2126 3.2116 3.2097¢

3.2082];

91
92
93

kR AR AR R R R AR A R A R L R R A A b A L R L R R A A AL L AR LR R LR A LR LR A AL L LR L L LT 1



94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
l4e
147
148
149

F_m=mean (F) ;

G_m=mean (G) ;

suml=0; sum2=0;

sum3=0; sum4=0;

%%% Number of Data 53555ttt sttt s e b 5555254054555 %5%%%%
for k=1:1:61

R e R e e R R e e e e R L et e e P L et R s Pt e L et
suml=(Bi(1l,k)-F(1l,k))*2+suml;

sum2=(Bi(1,k)-F_m)~“2+sum2;

sum3=(Ci(1,k)-G(1,k))"2+sum3;

sumd=(Ci(1,k)-G_m) ~2+sumd;

end

format short
R2_W=1-suml/sum2;
R2_pH=1-sum3/sum4;
MSE_W=suml/k;
MSE_pH=sum3/k;
RMSE_W=sqrt (MSE_W)
RMSE_pH=sqrt (MSE_pH)
SEP_W=RMSE_W/F_m*100
SEP_pH=RMSE_pH/G_m*100

% Plotting

subplot(2,3,1)

plot ([A]/60, [B],'-g', [A11/60, [F], 'xr")
xlabel ('Time (hr)"')

ylabel ('Weight (Kg)')

title('Weight Change as a Function of Time')
legend ('Model’, "Experiment’,2)

subplot (2, 3, 2)

plot([A]/60,([C],'-g', [Ai]/60, [G],'xr")
xlabel ('Time (hr)')

ylabel ('pH'")

title('pH as a Function of Time')
legend('Model’, "Experiment’, 1)

subplot (2,3, 3)

plot ([A1/60, [M],'-g")

xlabel ('Time {(hr)")

ylabel ('%Rejection')

title('%Rejection as a Function of Time')
legend ('Model’, 1)

subplot(2,3,4)

plot ([N], [M],'-g")

xlabel ('dw (L/dm2/min) ')

ylabel ('$Rejection')

title('%$Rejection as a Function of Jw’)
legend('Model’, 1)

subplot (2,3,5)
plot([A]/60, [K5], "-g")

230



231

MSE _pH\n');

cf,a(mole/1) ¥

150 xlabel('Time (hr)")

151 ylabel('Cfa/C£0")

152 title('Cfa/Cf0 as a Function of Time')

153 legend('Model’, 1)

154

155 subplot(2,3,6)

156 plot([N], [K5],"-g")

157 xlabel ('Jw (L/dm2/min)"')

158 ylabel ('Cfa/Cf0")

159 title('Cfa/Cf0 as a Function of Jw')

160 legend('Model’,1)

161l

162 fprintf('\n \n')

163 fprintf('\n A%

164 fprintf('\n CONCLUSION \n')

165 fprintf{'\n R2 W MSE_W R2_pH
166 fprintf('\n%11.3f%20.4e%19.4f%19.4e%\n',R2_W,MSE W,R2_pH,MSE pH)
167 fprintf{'\n \n'")

168

169 fprintf('\n Time (min) J_w(L/dm2/min) pH
W (kg) C_£ HYA");

170 for x=5:5:200000000;

171 z=x*4;

172 fprintf{'\n%11.3£%20.4e%19.4£f%19.4e%19.4e%19.4e%\n",T(2),J(2),p(2),c(2),d{(z),e(2));
173

174 end

50

176

117

178
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function fu=Valeric NHA4Cl({(z,t)

%$Independent Variable

V_f 0=1;C d s 0=1;C_f a 0=10*107(-3);V_d 0=0.5;

%$Fixed Variable

T=301;£f=1.58;

% T=300..normal f=1.58...normal
L=0.9207;D=0.023;W=0.4572; A m=42*10"(-2) ;d_h=0.0438;

%$Constant Variable

SRR R R R R R L R R L R SR S L R RS R R LR

B a=0.492/60/100;% B of Valeric Acid
e e e e R LR L T e

A=0.413/60/100;B s=0.46/60/100;

8§=491*10"(-5) ;

SRR R R AR A R AR R R R R R R R R R R LR R R AR A R R R R R R R R R R LR A R AR R R LR AL
o_s=0.897;%amonium chloride coefficient

D NH4_298=117.42e-7;D_Cl_298=121.92e-7;%amonium & chloride diffusion coefficient
D A 298=5,226%10"(-6) ;D_HA 298=4.8022*10"(-6) ;%$Valeric Physicocmical Property
D H 298=5.587*10~(-5);

den_w=999.65+2.0438/10* (T-273)-6.174*10"-2*(T-273) *1.5;
visco_298=((298-273)+246) /((0.05594* (298-273)+5.2842) *(298-273) +137.37) ;
visco T=((T-273)+246)/((0.05594* (T-273)+5.2842) *(T-273)+137.37) ;
mul_ f=visco_T*6;

SRR R R R R R R R e R R R L e e R R R R R R L e R R e R R LR R LR R R R RS
n_s=2;0_a=1;R=0.08314;

%Temperature Correction

SRR R R R R R R R R R R AL R AR R AR R R R R R R R L R R R R R AR R R R A L R AR R AR R R R L £ L £ 5]

K a T=10"-(921.38/T-1.8574+0.012105*T);%Valeric Acid

K CO2 T=10"-(3404.71/T-14.8435+0.032786*T);

C_f co2=le-5;

K_HCO3_T=10"-(2902.39/T-6.4980+0.02379*T) ;

K w_T=10"(-4470.99/T+6.0875-0.017060*T) ;
K_NH4CL=107-(2835.76/T-0.6322+0.001225*T) ; $Amonium Chloride
E=2727.586+0.6224107*T-466.9151*10g(T)-52000.87/T;
d=1-(((T-273)-3.9863) 2% ((T-273)+288.9414))/(508929.2* ((T-273)+68.12963)) ...
+0.011445%exp ((-374.3)/(T-273));

A I=(1.82483*1076*d"0.5)/(E*T)"1.5;

K=1/K_a T;

D H T=D H 298*T/298*visco_298/visco T ;

D A T=D A 298*T/298*visco_298/visco_T;

D_HA T=D_HA 298*T/298*visco_298/visco_T;

D_NH4_T=D NH4_298*T/298*visco_298/visco_T;

D_Cl_T=D Cl_298*T/298*visco_298/visco_T;

D 1 T=2/(1/D_H_T +1/D_A_T);

D_S_T=2/(1/D_NH4_T +1/D_Cl_T);

D d s=D S T;

D f s=D 5_T;

R R e R e e R b e e bRt b e e R R R R E b e e R L L b et LR
%$Unknown Variable

J w=z(1);P_i=2(2);P_m=z(3);J_s=z(4);C_i_s=z(5);

C mf s=z(6);J_a=z(7);C mf a=z(8);C_i _a=z(9);C d a=z(10);
C_d_H=z(11);gamma_d H=z(12);gamma_d A=z (13);I_i=z(14);C_d_s=z(15);
C_mf H=z(16);gamma_m H=z(17);gamma m A=z (18);I m=z(19);C_md s=z(20);
k_d=z(21);Sh _d=z(22);Sc_d=z(23);Re_d=z (24);

v_d=z (25) ;den_d=z (26) ;mul_d=z (27) ;f_2=z(28) ;D _f a=z(29);

232



233

57 k_f a=z(30);C_f a=z(31);8h_f a=z(32);Re_f=z(33);v_f=z(34);
58 £ 1=z(35);Sc_f a=z(36);k_f s=2(37);C_f s=z(38);
59 C_f ai=z(39);C_f_si=z(40);C_d ai=z(41):C_d si=z(42);gamma_f Ac=z(43);
60 gamma_f H=z(44);C_f Ac=z(45);gamma_f A=z(46);I_f=z(47);C_f NH3=z(48);
61 Sh f s5=2z(49);Sc_f s=z(50);w=z(51);C_f H=z(52);gamma f HCO3=z(53);
62 gamma_f OH=z (54);C_f HCO3=z(55);C_f CO03=z(56);
63 gamma_f_CO3=z (57) ;C_f_NH4=z (58) ;C_f_OH=z (59) ;C_f_HA=z (60) ;den_f=z (61);
64 pH f=z(62);
65
66 format short e
67 %Math Model
68 fu(l)=A*(P_i-P m )-J_w;
69 fu(2)=B_s *(C_i s-C mf s)-J_ s;
70 fu(3)= B a*(C_mf a-C i a)-J_a:
71 fu(4)=C_d_a-C_i_a;
72 fu(5)=J_a/J_w-C_d_a;
73 fu(6)= o_s*n_s*C_i_s*R*T+o_a*(C_d_a+C _d H)*R*T-P_i;
74 fu(7)=(-(gamma d H*K a T)+((gamma_d H*K a T)*2+4*K a T*gamma d H*gamma d A*C d a)*¢
(LA2) Yiasasa
75 /(2*gamma_d_H*gamma_d A)-C_d H;
76 fu(8)=A_I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)+1logl0(gamma_d_H);%"Davies"
77 fu(9)=A I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)+loglO(gamma d A);%"Davies"
78 fu(10)=0.5*(2*C_i_s+2*C d H)- I_i;
79 fu(ll)=o_s*n_s*C_mf s*R*T+o_a* (C_mf a+C mf H)*R*T-P_m;
80 fu(l2)=(-(gamma_m H*K a T)+((gamma_m H*K a T)”~2+4*K_a T*gamma_m H*gamma m A*C_mf a)"¢
(1/2)) ...
81 /(2*gamma_m H*gamma m A)-C_mf H;
82 fu(l13)=A I*(I_m*(1/2)/(1+I_m~(1/2))- 0.3*I_m)+logl0(gamma_m H);%"Davies"
83 fu(l4)=A I*(I_m*(1/2)/(1+I_m*(1/2))- 0.3*I_m)+loglO(gamma_m_A);%"Davies"
84 fu(15)=0.5*(2*C_mf s+2*C mf H)-I m;
85 fu(l16)=(C_md s-C_i_s)/2*D S T*(1/(J_w*(0.789*C_i s+0.211*C _md s)+J_s)...
86 +1/(J_w*(0.211*C_i_s+0.789*C_md_s)+ J_s))-S;
87 fu(l7)=(C_d_s-C_md _s)/2*D_S_T*(1/(J_w*(0.789*C_md s+0.211*C d s)+J_s)...
88 +1/(J_w*(0.211*C_md s+0.789*C_d s)+ J_s))-D d_s/k_d;
89 fu(18)=Sh_d*D_d_s/d_h-k_d;
90 fu(l9)=L*v_d*den_d/mul_d-Re_d;
91 fu(20)=(f_2+f)/2/W/D-v_d;
92 fu(21)=f+J w*A m-f 2;
93 % amonium chloride density and viscosity
94 fu(22)=6*exp((12.396*(C_d s*53.491/den_d)"1.5039-1.7756)/(0.23471*(T-273)+1)/...
95 (-2.7591*(C_d s*53.491/den_d)"2.8408+1))-mul_d;
96 fu(23)=den_w+0.2061e2*C_d s-0.1577*C_d s* (T-273)+1.553e-3*C_d s*(T-273)"2-...
97 2.556*C_d_s"1.5+5.67e-2*C_d_s"1.5%(T-273)-5.082e-4*C_d_s"1.5*{T-273) “2-den_d;
98 FEFTH TR TR RIS TN IR SRR IR ITSRTRINRNY
99 fu(24)= 0.04*Re_d"(3/4)*S8c_d~(1/3)-Sh_d;
100 fu(25)= mul_d/den_d/D_d_s-Sc_d;
101 fu(26)=(0.5*(C_f a-C_mf a)*((D_1_T-D HA T)/...
102 (sqrt (1+4*K* (0.789*C_mf_a+0.211*C_f_a))* (J_w*(0.789*C_mf_a+0.211*C_f a)-J a))...
103 +(D_1 T-D HA T)/(sqrt(l+4*K*(0.211*C mf a+0.7838*C_f a))*(J_w*(0.211*C mf a...
104 +0.789*C_f a)-J_a))+ D_HA T/(J_w*(0.789*C_mf_a+0.211*C_f a)-J a)...
105 +D_HA T/ ((J_w*(0.211*C mf a+0.789*C_f a)-J a))))+D_f a/k f a;
106 fu(27)=sh_f a*D_f a/d h-k £ a;
107 fu(28)=(D_1_T/(2*K*C_f_a)* (-1+sqrt (1+4*K*C_f a))+D_HA T/...
108 (4*K*C_£_a) * (-1+sqrt (L+4*K*C_f_a))"2)-D_£_a;
109 fu(29)=L*v_f*den f/mul f -Re f;
110 fu(30)=(f+f_1)/W/D/2-v_f;



111
112
113
114
L15;
116
117
118
119
120
121
122
123
124
125
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127
128
129
130
131
132
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134
135
136
137
138
139
140
141
142
143
144
145
l4e
147
148
149
150
151
152
153
154
155

fu(31)=£f-J w*A m-f 1;

fu(32)= 0.04*Re £~ (3/4)*Sc_f a~(1/3)-Sh_f a;

fu(33)= mul_f/den f/D_f a-Sc_f_a:

fu(34)=(C_£f s-C mf_s)/2*D S _T*(1/(J_w*(0.789*C_mf s+0.211*C_f s)+J_s)...
+1/(J_w*(0.211*C_mf s+0.789*C_f s)+ J s))+D_f s/k f s;
fu(35)=sh_f s*D f s/d h-k f s;

%$Mole balance Equation

fu(36)=C_f a*(V_f O+f 1*t-f*t)-(V_f 0*C f a 0+C_f ai*f 1*t-C_f a*f*t);
fu(37)=C_f si*(V_£f 0+f 1*t-f*t)-C_f s*f 1*t+C_f si*f*t;
fu(38)=C_f_a*f-J_a*A m-C_f ai*f_ 1;

fu(39)=C_£ si*f+J_s*A m-C_f s*f 1;

fu(40)=C d s 0*V_d 0+C d si*f 2*t-C d s*f*t-C_d s*(V_d 0+f 2*t-f*t);
fu(4l1)=C_d a*f 2*t-C_d ai*f*t-C_d ai*(V_d O0+f 2*t-f*t);

fu(42)=C_d s*f-J s*A m-C_d si*f 2;

fu(43)=C_d ai*f+J a*A m-C d_a*f 2;

%additional Equation

fu(44)= 0.04*Re_£~(3/4)*Sc_f s*(1/3)-Sh_f s;

fu(45)= mul_f/den_f/D f s-Sc_f_s;

fu(46)=J_w*A m*t*den_d/1000-w;

%$ionic strenght in feed solution%%%%%%%3%LHL%5%%%%

fu(47)=0.5* (C_f si+C_f NH4+C_f H+C_f OH+C_f Act+C_f HCO3+2*C _f CO03)- I f;
AL L R R R R R R R R R R A R R Lt R R R L e L LA SR R £ S L2+
fu(48)=A_I*(I_£~{1/2)/{1+I_£~(1/2))- 0.3*I_f)+1logl0(gamma_£f H);%Davis
fu(49)=A I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I £f)+loglO(gamma_f A);%Davis
fu(50)=A I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_f)+loglO(gamma_f HCO3);%Davis
fu(51)=A_I*(I_fA(l/2)/(l+I_fA(1/2))— O.3*I_f)+log10(gamma_f_OH);%Davis
%$Charge Balance Equation %3535 %5%5555 885055805055t 8%% %5935 4%%%%%%%%
fu(52)=C_f HCO3+2*C_f CO3+C_f Ac+C f OH+C_f si-C f NH4-C_f H;

SRR R R R R R R R R bR R bR R e R R b e R e R R R R R e R e R R R R b e R e R L LR L R s AL L
$New Equation for charge balance

fu(53)=K_a_T*C_f_HA/gamma_f_ H/gamma_ f Ac/C_f_H-C_f_Ac;
fu(54)=K_CO2_T/gamma_f H/gamma_f HCO3/C_f H*C_f co2-C_f HCO3;

fu (55)=K_HCO3_T*gamma_ f HCO3/gamma f H/gamma f CO3/C_f H*C f HCO3-C f CO3;
fu(56)=A_I*4*(I_£f~(1/2)/(1+I_£~(1/2))- 0.3*I_f)+1logl0(gamma_f_CO3) ;%Davis
fu(57)=A_I*(I_£"~(1/2)/(1+I_£~(1/2))- 0.3*I_£f)+loglO(gamma_f Ac);%Davis
fu(58)=K w_T/C_f H/gamma_ f OH/gamma_f H-C_f OH;

fu(59)=C_f NH4+C f NH3-C f si;

fu(60)=C_f HA+C f Ac-C_f a;

fu(61)=C_f H*C_f NH3/K NHACL-C_f NH4;

fu(62)=pH f+logl0(gamma_ f H*C f H);
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G.4 Lactic acid as feed solution and NH,Cl as draw solution

1 clc

2 clear

3 [g]l=[1.607e-03 2.3637e+01 2.3943e-01 4.035e-05 5.265e-01 2.342e-04V¢
4.120e-12 1.017e-02 2.153e-09. ..

4 2.147e-08 2.9253e-09 7.338%e-01 7.33%e-01 5.265e-01 9.997e-01 1.165e-03¢
9.589%e-01 9.58%e-01...

5 1.39%e-03 9.9100e-01 1.880e-01 6.372e+02 3.700e+02 2.89%4e+04 1.503e+02¢
1.012e+03 4.83%e+00...

6 1.581e+00 7.0595e-06 1.231e-01 1.000e-02 7.640e+02 2.75%e+04 1.502e+02¢
1.579%e+00 7.101e+02...

7 1.843e-01 1.4121e-05 1.001e-02 3.390e-06 1.870e-09 9.993e-01 9.625e-01¢
9.625e-01 1.147e-03...

8 9.625e-01 1.1508e-03 2.055e-12 6.245e+02 3.879%e+02 1.366e-04 1.147e-03¢
9.625e-01 9.625e-01...

9 4.336e-09 2.1805e-16 8.581e-01 3.390e-06 1.18le-11 8.853%e-03 9.9624¢

e+02 2.9569e+00];

10 5555555500005 %5%%5%59%%%%%

11 ts=0.2:0.05:1800;

12 5555550000000 2555555%5%%%%%%%%%

13 %$ts=0.2:0.05:1800;

14 for ti=l:numel (ts);

15 t=ts{ti);

16 options = optimset(‘Algorithm',‘Levenberg-Marquardt','TolFun',l*lO”—lS,'TolX‘,l*lO‘—1
15 wwe

i7 , 'Maxiter',75, '"Maxfun',20000) ;

18

19 [r,fval,exitflag,output] = fsolve(@(z)Lactic NHACl(z,t), [g],options)
20

21 j{ti)=r(1,1);

22 c{ti)=r{1,31);

23 d(ti)=r(1,51);

24 p{ti)=r{l,62);

25 T{ti)=t;

26 e(ti)=r(1,52);

27 % For Rejection

28 O(ti)=(1-r(1,10)/r(1,31))*100;

29 K4 (ti)=r(1,31)/0.01;

30 K1(ti)=r(1,1);

31 [g]=I[rl;

32 %$for Plotting

33 [A(ti)]=t;

34 [B(ti)]=d(ti);

35 [C(ti)]=p(ti);

36 % For Rejection

37 [M(ti)]=0(ti);

38 [N(ti)]=K1l{ti);

39 [K5(ti)]=K4(ti); %Cfa/Cf0

40 disp{(ti)

41 fprintf{'\n Time (min) J_w(L/dm2/min) pH Cf,a(mole/l)f
W(kg)\n');

42

43 fprintf('\n%11.4£%20.4e%19.4%19.4e%19.4e%\n" ,T(ti),j(ti),p(ti),c(ti),d(ti));

44

45 format short e

46

47 %Result of Best guess



48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

fprintf ("\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...
,r(1,1),r(1,2),r(1,3),r(1,4),r(1,5 ,r(1,6),r(1,7),r(1,8),r(1,9));

fprintf ('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
,r(1,10),r(1,11),r(1,12),r(1,13),r(1,14),r(1,15),r(1,16),r(1,17),r(1,18));

fprintf('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
,r(1,19),r(1,20),r(1,21),r(1,22),r(1,23),r(1,24),r(1,25),r(1,26),r(1,27));

fprintf('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
(r(1,28),r(1,29),r(1,30),r(1,31),r(1,32),r(1,33),r(1,34),r(1,35),r(1,36));

fprintf('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%13.3e%13.3e%\n"...

,£(1,37),r(1,38),r(1,39),r(1,40),r(1,41),r(1,42),r(1,43),r(1,44),x(1,45));

fprintf('\n%8.3e%15.4e%10.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
+r(1,46),r(1,47),r(1,48),r(1,49),r(1,50),r(1,51),r(1,52),r(1,53),r(1,54));

fprintf ('\n%8.3e%15.4e%10.3e%14.3e%13,.3e%13.4e%13.4e%13.4e%\n"...
,r(1,55),r(1,56),r(1,57),r(1,58),r(1,59),r(1,60),r(1,61),r(l,62));
end

$Time Interval%%%3s%3ss5%3559%595%%5%5%%%%%%
Ai=0:30:1800;
e R L L e e b e e R L e b e S R
format short

Ci=spline(A,C,Ai);

format short e

Bi=spline(A,B,Ai);

F=[ 0 0.01890 0.0360 0.0540 0.0720 0.0300 0.1060 0.1220¢

0.1390 0.1560 0.1710, ..

79

0.1840 0.1960 0.2090 0.2200 0.2300 0.2400 0.2520 0.2620¢

0.2790 0.2880 0.2980...

80

0.3080 0.3170 0.3270 0.3360 0.3440 0.3530 0.3620 0.3700¢

0.3780 0.3870 0.3940...

81

0.4010 0.4090 0.4170 0.4240 0.4320 0.4410 0.4470 0.4560¢

0.4640 0.4740 0.4800...

82

0.4870 0.4940 0.5010 0.5070 0.5130 0.5200 0.5260 0.5330¢

0.5380 0.5440 0.5500...

83
84
85

0.5580 0.5660 0.5750 0.5840 0.5920 0.600];

G=[2.941 2.9360 2.89330 2.9290 2.9260 2.9220 2.9180 2.9160¢

2.9120 2.9080 2.9030 2.9010.

86

2.8970 2.8930 2.8900 2.8860 2.8820 2.8790 2.8750 2.8720¢

2.8680 2.8640 2.8610...

87

2.8570 2.8540 2.8490 2.8470 2.8420 2.8400 2.8350 2.8310¢

2.8260 2.8230 2.8190. ..

88

2.8140 2.8100 2.8070 2.8020 2.7980 2.7930 2.7890 2.7840¢

2.7810 2.7770 2.7720...

89

2.7670 2.7630 2.7580 2.7530 2.7490 2.7440 2.7390 2.7350¢

2.7300 2.7250 2.7200...

920
91
92
23

2.7140 2.7090 2.7040 2.6990 2.6930];

R R R R R R R R R R R R R R R R R R R R R R R R R e R R R LR L R LRt L]
F_m=mean (F) ;

G_m=mean (G) ;
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suml=0; sum2=0;

sum3=0; sum4=0;

$%% Number of Data 3455535555555 4550559500555 9%59%%%5%9%%%%
for k=1:1:61
R e e T
suml=(Bi(1l,k)-F(1l,k))"*2+suml;

sum2=(Bi (1, k)-F_m)*2+sum2;

sum3=(Ci(1,k)-G(1,k))"2+sum3;

sumd=(Ci (1,k)-G_m) *2+sum4;

end

format short
R2_W=1-suml/sum2;
R2_pH=1-sum3/sum4;

MSE W=suml/k;
MSE_pH=sum3/k;
RMSE_W=sqrt (MSE_W)
RMSE_pH=sqrt (MSE_pH)
SEP_W=RMSE_W/F_m*100
SEP_pH=RMSE_pH/G_m*100

% Plotting

subplot{(2,3,1)

plot ([A]/60, [B],'-g', [A1]1/60, [F], "xXr")
xlabel ('Time (hr)"'")

ylabel ('Weight (Kg)')

title('Weight Change as a Function of Time')
legend ('Model’, 'Experiment’, 2)

subplot(2,3,2)

plot{[A]/60,[C],'-g', [A1]/60,[G], 'xr")
xlabel('Time (hr)")

ylabel ('pH')

title('pH as a Function of Time')
legend ('Model’, '"Experiment’, 1)

subplot (2,3, 3)

plot([A]/60, [M],'-g")

xlabel ('Time (hr)"')

ylabel ('%Rejection')

title('%Rejection as a Function of Time')
legend ('Model’, 1)

subplot (2, 3, 4)

plot ([N], [M],'-g")

xlabel ('Jw (L/dm2/min)"')

ylabel ('$Rejection')

title('%Rejection as a Function of Jw')
legend ('Model’, 1)

subplot (2, 3,5)

plot ([R]/60, [K5],'-g")

xlabel ('Time (hr)")

ylabel ('Cfa/C£f0")

title('Cfa/Cf0 as a Function of Time')
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150 legend('Model’,1)

151

152 subplot(2,3,6)

153 plot([N], [K5],'-g")

154 xlabel ('Jw (L/dm2/min) ')

155 ylabel ('Cfa/Cf0")

156 title('Cfa/Cf0 as a Function of Jw')

157 legend('Model’,1)

158

159 fprintf{'\n An')

160 fprintf('\n \n"')

161 fprintf('\n CONCLUSION \n')

162 fprintf('\n R2_W MSE W R2_pH MSE_pH\n');
163 fprintf('\n%11.3£%20.4e%19.4£%19.4e%\n’,R2_W,MSE_W,R2_pH,MSE_pH)

164 fprintf('\n \n')

165

166 fprintf('\n Time (min) J_w(L/dm2/min) pH Cf,a(mole/1l) ¢
W(kg) e £ H\n");

167 for x=5:5:200000000;

168 z=x*4;

169 fprintf{'\n%11.3f%20.4e%19.4f%19.4e%19.4e%19.4e%\n",T(z),]{(2),p(2),c(z),d{(z),e(z));
170

171 end

172

173

174
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function fu=Lactic NHACl (z,t)

%$Independent Variable

v_f 0=1;C d s _0=1;C_f a 0=10*10~(-3);v_d 0=0.5;

$Fixed Variable

T=301;f=1.58;

% T=300..normal f=1.58...normal
L=0.9207;D=0.023;W=0.4572;A m=42*10"(-2) ;d_h=0.0438;

%Constant Variable

SEETEEEELLLLLLETLTLLLLLLLLLLLLL5%%S

B _a=0.153/60/100; %B of Lactic Acid or(0.153 L/m2/h)

SRR R R R R e R e R L R LR Rt

A=0.413/60/100;B s=0.46/60/100;

S=491*10~(-5);
e R e L R LR R R R e R R R L L
o_s=0.897;%amonium chloride coefficient

D _NH4_298=117.42e-7;D_Cl_298=121.92e-7;%amonium & chloride diffusion coefficient
D _H 298=5.587*10~(-5);

D A 298=6.198*10"(-6);D_HA 298=4.5834*10"(-6) ;%Lactic Physicocmical Property
den_w=999.65+2.0438/10* (T-273)-6.174*10"-2* (T-273) ~1.5;
visco_298=((298-273)+246)/((0.05594*(298-273)+5.2842) *(298-273) +137.37) ;
visco T=((T-273)+246)/((0.05594* (T-273)+5.2842) *(T-273)+137.37) ;
mul_ f=visco T*6;

AR R R R R R R AR R R R R R R R R R AR R R R AR AR R R AR R R R R AR R R R R R R R R R AR R A R R A A
n_s=2;o0_a=1;R=0.08314;

$Temperature Correction

R R R R A R A A R R R R R LR R R R e E A bR R R A R R R R R e LR LA

K a T=107-(1286.49/T-4.8607+0.014776*T) ; 3Lactic Acid
K_CO2_T=107-(3404.71/T-14.8435+0.032786*T) ;

C_f co2=le-5;

K_HCO3 T=107-(2902.39/T-6.4980+0.02379*T) ;
K_w_T=10%(-4470.99/T+6.0875-0.017060*T) ;

K _NH4CL=107-(2835.76/T-0.6322+0.001225*T) ; $Amonium Chloride
E=2727.586+0.6224107*T-466.9151*10g (T)-52000.87/T;
d=1-(((T-273)-3.9863)"2*((T-273)+288,9414))/(508929.2* ((T-273)+68.12963))...
+0.011445*%exp((-374.3) /(T-273));

A T=(1.82483*1076*d"0.5)/(E*T)"1.5;

K=1/K a T;

D H T=D H 298*T/298*visco_298/visco_ T ;

D A T=D_A 298*T/298*visco_298/visco_T;

D HA T=D_HA 298*T/298*visco_298/visco_T;

D_NH4_T=D NH4_298*T/298*visco_298/visco_T;

D _Cl_T=D_Cl_298*T/298*visco_298/visco_T;

D 1 T=2/(1/D H T +1/D A T);

D S T=2/(1/D_NH4 T +1/D_Cl_T):

D_d_s=D_S5_T;

D f s=D S T;

R L R e R e et L e e et et L e e
%$Unknown Variable

J_w=z(1);P_1i=z(2);P_m=z(3);J_s=z(4);C_1i_s=z(5);

C mf s=z(6);J _a=z(7);C_mf a=z(8);C_i a=z(9);C_d a=z(10);

C_d H=z(ll);gamma_d H=z(12);gamma_d A=z (13);I_i=z(14);C_d s=z(15);
C_mf H=z(16);gamma_m H=z(17);gamma_m A=z (18);I_m=z(19);C_md s=z(20);
k_d=z(21) ;Sh_d=z(22);Sc_d=z(23) ;Re_d=z(24);

v_d=z(25) ;den_d=z(26);mul _d=z(27);f 2=z(28);D f a=z(29);

k f a=z(30);C_f a=z(31);Sh_f a=z(32);Re_f=z(33);v_f=z(34);



240

57 £ 1=2(35);Sc_f a=z(36);k f s=z(37);C_f s=z(38);

58 C_f ai=z(39);C_f si=z(40);C _d_ai=z(41);C d_si=z(42);gamma f Ac=z(43);

59 gamma_f H=z(44);C_f Ac=z(45);gamma_f A=z(46);I_f=z(47);C_f NH3=z(48);

60 Sh_f s=z(49);Sc_f s=z(50);w=z(51);C_f H=z(52);gamma_f HCO3=z(53);

61 gamma f OH=z(54);C_f HCO3=z(55);C_f CO03=z(56);

62 gamma_f CO3=z(57);C_f NH4=z(58);C_f OH=z(59);C_f HA=z(60);den f=z(61);

63 pH_f=z(62);

64

65 format short e

66 %Math Model

67 fu(l)=A*(P_i-P m )-J_w;

68 fu(2)= B_s *(C_i s-C_mf s)-J_s;

69 fu(3)= B a*(C_mf a-C i a)-J_a;

70 fu(4)=C d a-C_i_a:

71 fu(5)=J_a/J _w-C_d_a;

72 fu(6)= o_s*n_s*C_i_ s*R*T+o_a*(C_d a+C _d_H)*R*T-P_i;

73 fu(7)=(-(gamma_d H*K a T)+((gamma_d H*K_a T)“~2+4*K a T*gamma_ d_ H*gamma d A*C d _a)*«
(172) ) s

74 /(2*gamma_d H*gamma_d A)-C_d_H;

75 fu(8)=A I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)+logl0(gamma_d H);%"Davies"

76 fu(9)=A_I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)+logl0(gamma_d A);%"Davies”

77 fu(10)=0.5*(2*C_i s+2*C d H)- I _i;

78 fu(ll)=o_s*n s*C_mf s*R*T+o_a*(C_mf a+C_mf H)*R*T-P_m;

79 fu(l2)=(-(gamma_m H*K a T)+((gamma m H*K a T)*2+4*K a_T*gamma m H*gamma m A*C mf a)~«
(1/2))...

80 / (2*gamma_m_H*gamma m A)-C mf H;

81 fu(l3)=A I*(I_m"(1/2)/(1+I_m"(1/2))- 0.3*I_m)+loglO(gamma m H);%"Davies”

82 fu(l4)=A I*(I_m"(1/2)/(1+I_m"*(1/2))- 0.3*I_m)+logl0(gamma_m A);%"Davies”

83 fu(15)=0.5* (2*C_mf_s+2*C_mf H)-I_m;

84 fu(lé)=(C md s-C i s)/2*D S T*(1/(J _w*(0.789*C i s+0.211*C md s)+J_s)...

85 +1/(J_w*(0.211*C_1i s+0.789*C md s)+ J _s))-S;

86 fu(l7)={(C_d_s-C_md_s)/2*D_S_T*(1/(J_w*(0.789*C_md s+0.211*C_d_s)+J_s)...

87 +1/(J_w*(0.211*C_md s+0.789*C _d s)+ J _s))-D d s/k d;

88 fu(18)=8h d*D d s/d h-k d;

89 fu(l9)=L*v_d*den_d/mul_d-Re_d;

90 fu(20)=(f_2+£f)/2/W/D-v_d:

91 fu(21)=£f+J_w*A m-f 2;

92 % amonium chloride density and viscosity

93 fu(22)=6*exp((12.396*(C_d s*53.491/den_d)"1.5039-1.7756)/(0.23471*(T-273)+1) /...
94 (-2.7591*(C_d_s*53.491/den_d)"2.8408+1))-mul_d;

95 fu(23)=den_w+0.2061le2*C_d s-0.1577*C_d_s*(T-273)+1.553e-3*C_d_s*{(T-273)"2-...
96 2.556*C_d s”1.5+5.67e-2*C_d s"1.5*%(T-273)-5.082e-4*C_d_s"1.5*(T-273) "“2-den_d;

97

98

99
100
101
102
103
104
105
106
107
108
109
110

SEETELETLLHELLLTLLLLLLBLLLLLLLLLLLBLLLL%%%

fu(24)= 0.04*Re_d~ (3/4) *Sc_d~ (1/3)-Sh_d;

fu(25)= mul_d/den_d/D_d s-Sc_d;

£u(26)=(0.5%(C_f_a-C_mf_a)*((D_1_T-D HA T)/...
(SQrt (1+4*K* (0.789*C_mf a+0.211%C_£ a))* (J_w*(0.789*C_mf a+0.211%*C £ a)-J a))...
+(D_1_T-D HA T)/(sqrt(1+4*K* (0.211*C_mf a+0.789*C £ a))*(J w*(0.211*C mf a...
+0.789%C_f a)-J a))+ D_HA T/(J_w*(0.789*C_mf_a+0.211%C £ a)-J a)...
+D_HA T/ ((J_w*(0.211*C_mf a+0.789*C_f a)-J a))))+D_f a/k f a;

fu(27)=Sh £ a*D f a/d h-k f a;

fu(28)=(D_1 T/ (2*K*C_f a)*(-1l+sqrt(1+4*K*C £ a))+D HA T/...
(4%K*C_£_a) * (-1+sqrt (1+4*K*C_£ a))~2)-D_f_a;

fu(29)=L*v_f*den f/mul_f -Re_f;

£u(30)=(£+£ 1) /W/D/2-v_£;

fu(31)=£f-J_w*A m-f 1;



ki
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
l46
147
148
149
150
151
152
153
154

fu(32)= 0.04*Re_£f~(3/4)*Sc_f _a”~(1/3)-Sh f a;

fu(33)= mul_f/den f/D f a-Sc_f a;

fu(34)=(C_£f_s-C mf _s)/2*D_S_T*(1/(J_w*(0.789*C_mf s+0.211*C_f s)+J_s)...
+1/(J_w*(0.211*C_mf s+0.789*C_f s)+ J s))+D_£f s/k _f_s;

fu(35)=sh_f s*D f s/d h-k f s;

%$Mole balance Equation

fu(36)=C_£f_a*(Vv_f O+f 1*t-f*t)-(V_f 0*C_f a 0+C_f ai*f 1*t-C_f a*f*t);
fu(37)=C_£ si*(V_f O0+f 1*t-f*t)-C £ s*f 1*t+C_f si*f*t;

fu(38)=C_f a*f-J a*A m-C_f ai*f 1;

fu(39)=C_f_si*f+J_s*A m-C_f_s*f 1;

fu(40)=C_d s 0*vV_d_0+C_d si*f 2*t-C_d s*f*t-C_d_s*(V_d_0+f 2*t-f*t);
fu(4l)=C_d a*f 2*t-C d ai*f*t-C d ai*(v_d 0+£f 2*t-f*t);

fu(42)=C_d s*f-J s*A m-C_d si*f 2;

fu(43)=C_d ai*f+J a*A m-C_d_a*f 2;

%additional Equation

fu(44)= 0.04*Re_f"(3/4)*Sc_f s~ (1/3)-8h_f s;

fu(45)= mul_f/den £/D f s-Sc_f s;

fu(46)=J_w*A m*t*den d/1000-w;

%ionic strenght in feed solution%%%%%¥%%%%%%%%%%%%%%

fu(47)=0.5* (C_f_si+C_f NH4+C_f H+C_f OH+C_f Ac+C_f_ HCO3+2*C_f CO3)- I_f;
SRR R R R R R R e R R L R R R A R R R R R R R R R R A

fu(48)=A I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_f)+logl0(gamma f H);3%Davis
fu(49)=A I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_£)+logl0(gamma_f_A);%Davis
fu(50)=A I*(I_£"(1/2)/(1+I_£~(1/2))- 0.3*I_£f)+loglO(gamma_f HCO3);%Davis
fu(51)=A I*(I_£*(1/2)/(1+I_£~(1/2))- 0.3*I_f)+loglO(gamma_f OH);%Davis
%Charge Balance Equation $3%%%%%%553558558%%5 555585505055 85%8%%%5555%%%%%9%%
fu(52)=C_f HCO3+2*C_f CO3+C_f Ac+C_f OH+C_f si-C_f NH4-C f H;

EER R R R R R R R R A R R R R A R R e R R R R Rt Rt Rt R R R AR R L A A R R AR R A L
%New Equation for charge balance

fu(53)=K_a T*C_f HA/gamma_f H/gamma_f Ac/C_f H-C f Ac;
fu(54)=K_C02_T/gamma_f_H/gamma_f_HCO3/C_f H*C_f co2-C_f_ HCO3;

fu (55)=K _HCO3_T*gamma_ f HCO3/gamma_ f H/gamma f CO3/C_f H*C_f HCO3-C_f CO3;
fu(56)=A I*4*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_£f)+1logl0(gamma_f CO3);%Davis
fu(57)=A_I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_f)+loglO(gamma_f Ac);%Davis
fu(58)=K_w_T/C_£f_H/gamma f OH/gamma_f H-C_f OH;

fu(59)=C_f NH4+C_f NH3-C f si;

fu(60)=C_f HA+C f Ac-C_f a;

fu(61)=C_f H*C_ f NH3/K NHACL-C_f NH4;

fu(62)=pH_f+logl0 (gamma_f H*C_f H);
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G.5 A mixture of 10 mM lactic acid and 10 mM butyric acid as feed solution and

NH,Cl as

1
2
3
4.32
4
e-01
5
e+00
6
e+02
7
e-03
8
e-11
9
e+00
10
e-01
11
12
13
14
15
16
17

18
15
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
S
38
39
40
41
42
43
W(kg
44
45
(ti)

draw solution

clc
clear

[g]=[1.594e-03 2.3745e+01 5.822e-01 4.053e-05 5.28%e-01

6e-12 1.021e-02 2.304e-09...

2.298e-09 1.9193e-05 7.340e-01 5.289%-01
1.486e-03 9.909e-01...

1.880e-01 6.3719%9e+02 3.700e+02 2.89%4e+04
1.581e+00 1.168e-05...

1.723e-01 1.0002e-02 6.459%e+02 2.759%e+04
1.843e-01 1.657e-05...

1.001le-02 5.7890e-06 1.424e-09 9.991e-01
6.245e+02 3.879%e+02...

2,305e-04 1.2317e-03 5.830e-09 1.660e-15
9.962e+02 2.927e+00...

2.137e-09 1.2131e-09 5.289e-01 1.096e-03
1.013e-02 3.904e-08...

6.932e-11 3.7792e-08 2.376e-08 1.526e-04
6.457e+02 4.287e+02...

1.001le-02 2.3431e-08 1.515e-04];

FHEEFEFHLHTLHAHBALLLHLLTHHLBHHBH9%9%%

t8=0.31:0.000025:1200;

FHEHLLFLLIHLLLILLATLLHLDLIDBBH99959%%

for ti=l:numel (ts);

t=ts(ti);

9

.995e-01

.503e+02

.502e+02

.612e-01

.535e-01

.153e-11

.000e-02

1.

2.376e-04¢
248e-03 9.577¢
.012e+03 4.839¢
.579e+00 4.291¢
.080e-03 1.237¢
.789e-06 1.103¢
.376e-04 4.994¢
.169e-05 1.724¢

options = optimset ('Algorithm', 'Levenberg-Marquardt','TolFun',1*10%-18, "TolX',1*10*-«
18 e

, "Maxiter', 30, 'Maxfun',15000);

[r,fval,exitflag,output] = fsolve(@(z)Lacticl0_ButyriclO(z,t), [g],options)

j(ti)=r(1,1);%Iw
c(ti)=r(1,29);%Cfa
d(ti)=r(1,46) ;%W
p(ti)=r(1,54);%pH

T(ti)=t;

e(ti)=r(1,68);%Cfal

% For Rejection
O(ti)=(1-r(1,10)/r(1,31))*100;%Rej
0l (ti)=(1-r(1,65)/r(1,68))*100;%Rejl
$For Concentration Performance

K4 (ti)=r(1,29)/0.01;%Cfa/Cf0

K6 (ti)=r(1,68)/0.01;%Cfal/Cf0

K1l (ti)=r(1,1);

[gl=[r];

$for Plotting

[A(ti)]=t;

[B(ti)]=d(ti);

[C(ti)]=p(ti);

% For Rejection

[M(ti)]=0(ti);

[N(ti)]=K1(ti);

[K5(ti)1=K4 (ti); %Cfa/Cf0

disp(ti)

fprintf('\n Time (min) J_w(L/dm2/min)

) Cf,al (mole/1)\n');

fprintf ('\n%11.4£%20.4e%19.4£%19.4e%19.4e%19.4e%\n"

)i

pH

Cf,a(mole/l)

ST(ti), 3 (ti),p(ti), c(ti),d(ti), eV
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46 format short e

47

48 %Result of Best guess

49 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

50 ,r(1,1),r(,2),r(1,3),r(1,4),r(1,5) ,x(1,6),r(1,7),r(1,8),x(1,9));

51

52 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

53 ,x(1,10),r(1,11),r(1,12),r(1,13),r(1,14),r(1,15),r(1,16),xr(1,17),xr(1,18));
54

55 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

56 ,£(1,19),¢(1,20),x(1,21),2(1,22),x(1,23),x(1l,24),x(1,25),£(1,26),x(1,27)):
57

58 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%$13.3e%13.3e%\n"...

59 ,r(1,28),r(1,29),r(1,30),r(1,31),r(1,32),r(1,33),r(1,34),r(1,35),r(1,36));
60

61 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%13.3e%13.3e%\n"...
62 ,r(1,37),r(1,38),r(1,39),r(1,40),r(1,41),r(1,42),r(1,43),r(1,44),xr(1,45)):
63

64 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11,.3e%13.3e%13.3e%13.3e%13.3e%\n"...

65 ,r(l1,46),r(1,47),r(1,48),r(1,49),r(1,50),r(1,51),r(1,52),r(1,53),r(1,54));
66

67 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

68 +£(1;55) ;x(1;56),x(1,57) ;x(1,58),2(1,59),xr(1,60),r(1;61),;x(1,62),r({1,63));
69

70 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...

71 ,r(l,64),r(1,65),r(1,66),r(1,67),r(1,68),r(1,69),r(1,70),r(1,71),r(1,72));
72

73 fprintf('\n%8.3e%15.4e%13.3e%\n'...

74 ,r(1,73),r(1,74),x(1,75));

75

76 end

77 %Time Interval%$$3TEE53445555532558%5%%%%

78 Ai=0:30:1200;

79 FHEFHETHHTHLIHBHALLLTHHTHLI559959559%%%%

80 format short

81 Ci=spline(A,C,Ai);

82 format short e

83 Bi=spline(A,B,Ai);

84 %$Experiment Value W and pH%%335553 5555555359500 505%00%9%%30%90595%5%%%%%

85 F=[ 0 0.0160 0.0310 0.0430 0.0580 0.0720 0.0860 0.1000¢
0.1140 0.1270 0.1400 0.1530 0.1650...

86 0.1780 0.1900 0.2010 0.2130 0.2250 0.2360 0.2480 0.2600¢
0.2710 0.2830 0.2940 0.3050 0.3160...

87 0.3260 0.3370 0.3480 0.3590 0.3690 0.3790 0.3900 0.4000¢
0.4100 0.4200 0.4300 0.4400 0.4500...

88 0.4600 0.4690];

89

90 G=[ 2.9210 2.9140 2.9100 2.9060 2.9000 2.8960 2.8920 2.8890¢
2.8870 2.8840 2.8800 2.8760 2:8730:44

91 2.8700 2.8660 2.8630 2.8600 2.8550 2.8520 2.8500 2.8470¢
2.8440 2.8400 2.8360 2.8330 2.8290.....

92 2.8260 2.8230 2.8190 2.8150 2.8110 2.8080 2.8040 2.8010¢
2.7980 2.7950 2.7930 2.7890 2.7880...

93 2.7850 2.7820]1;

94

PR R L R e e ]
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96
97 F_m=mean (F);
98 G_m=mean (G) ;
99 suml=0;sum2=0;
100 sum3=0; sum4=0;
101
102 %%% Number of Data $5E58E 3t E et e s TP LFLLHTD59589%%%
103 for k=1:1:41
104 $5EFHETBETHHLLLLLEILTLLLBLLDITLTABLLHTLLULBHLTLLLLLBHB559%%%%%%
105 suml=(Bi(1,k)-F(1,k))*2+suml;
106 sum2=(Bi(1l,k)-F_m)"2+sum2;
107 sum3=(Ci(1,k)-G(1,k))"2+sum3;
108 sumd=(Ci(1,k)-G_m)~2+sumd;
109 end
110
111 format short
112 R2_W=1-suml/sum2;
113 R2_pH=1-sum3/sum4;
114 MSE_W=suml/k;
115 MSE_pH=sum3/k;
116 RMSE_W=sqrt (MSE_W)
117 RMSE_pH=sqrt (MSE_pH)
118 SEP_W=RMSE W/F_m*100
119 SEP_pH=RMSE_pH/G_m*100
120
121 % Plotting
122 subplot{2,3,1)
123 plot([A]/60, [B],'~-g', [A1]/60, [F], 'xr")
124 xlabel ('Time (hr)"')
125 ylabel ('Weight (Kg) ')
126 title('Weight Change as a Function of Time')
127 legend('Model’', 'Experiment’,2)
128
129 subplot(2,3,2)
130 plot([A]/60,[C],'-g',[Ai]/60,[G], 'xr")
131 xlabel('Time (hr)"')
132 ylabel ('pH')
133 title('pH as a Function of Time')
134 legend('Model’, 'Experiment’,1)
135
136 subplot(2,3,3)
137 plot([A]/60, [M],'-g")
138 xlabel ('Time (hr)")
139 ylabel ('%Rejectionl’')
140 title('%Rejectionl as a Function of Time')
141 legend('Model’,1)
142
143 subplot(2,3,4)
144 plot([A]/60,[01],"'-g")
145 xlabel ('Time (hr)"')
146 ylabel ('%Rejection2')
147 title('$Rejection2 as a Function of Time')
148 legend('Model’',1)
149
150 subplot(2,3,5)
151 plot([A]1/60, [K5],'-g")
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152 xlabel('Time (hr)")

153 ylabel ('Cfa/Cf0"')

154 title('Cfa/Cf0 as a Function of Time')
155 legend('Model’,1)

156

157 subplot(2,3,6)

158 plot([A]/60, [K6], '-g")

159 xlabel ('Time (hr)")

160 ylabel ('Cfal/Cf0"')

161 title('Cfa/Cf01 as a Function of Time')
162 legend('Model’',1)

163

164 fprintf('\n \n')

165 fprintf('\n \n')

166 fprintf('\n CONCLUSION \n')

167 fprintf('\n R2_W MSE_W R2_pH MSE_pH\n');
168 fprintf('\n%ll.3f%20.4e%19.4f%19.4e%\n',R2_W,MSE_W,R2_pH,MSE_pH)

169 fprintf('\n \n')

170

171 fprintf(*\a Time (min) J_w(L/dm2/min) pH Cf,a(mole/1) ¥
W(kg) Cf,al(mole/l)\n");

172 for x=1:1:200000000;

173 z=x*40000;

174 fprintf('\n%11.3f%20.4e%19.4£f%19.4e%19.4e%19.4e%\n",T(2),j(z),p(2),c(2z),d(z),e(2));
175 end

176

177

178
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3
4
5
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7
8

9

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

10
ek
12
13
14
15
16
1k
18
19
290
2.

function fu=Lacticl0 ButyriclO(z,t)

%$Independent Variables

v_f 0=1;C_d s 0=1;v_d 0=0.5;

%$Fixed Variable

T=301;f=1.58;

L=0.9207;D=0.023;W=0.4572;A m=42*10"(-2);d_h=0.0438;
% Acid Variables

£1'4

C_f_a_0=10%10"(-3);
C_f_al 0=10*10~(-3);
$942539355555555585595559%9%59353%3%
B a=0.153/60/100;

B_al=0.639/60/100;
$585558525555555585259525559535585%%%

D A 298=6.198*10~(-6);D HA 298=4.5834*10"(-6);%Lactic Physicocmical Property
D_Al 298=5.208*10"(-6);D_HAl 298=5.429*10%(-6);%Butyric Physicocmical Property

3SR 55555%555553555%5%5%3%%%

K a T=10"-(1286.49/T-4.8607+0.014776*T) ; $Lactic Acid
K_al_T=10~-(1033.39/T-2.6215+0.013334*T) ; $Butyric Acid
s
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AAAA

22
23
24
25
26
279
28
239
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

%Constant Variable

B 5=0.460/60/100;

A=0.413/60/100;

o_s=0.897;%amonium chloride coefficient
§=491%10%-5;

D NH4 298=117.42e-7;D Cl1 298=121.92e-7;%amonium & chloride diffusion coefficient

den w=999.65+2.0438/10% (T-273) -6.174%104-2% (T-273) ~1.5;
D_H_298=5.587*10" (-5) ;

visco 298=((298-273)+246)/((0.05594*(298-273)+5.2842) *(298-273)+137.37) ;

visco T=((T-273)+246)/((0.05594* (T-273)+5.2842) *(T-273)+137.37) ;
FEP LI AT LA LL LT LA LA IR L LLILTRLLL LRI LLILILTHL LYY
o_a=1l;n_s=2;R=0.08314;0_al=1;

$Temperature Correction

FETEE LT LT L IVIL LT LLIVLLTTLLLIVLRTHLLLRIILTHRLLBHH55%4%%
K _CO2_T=10"-(3404.71/T-14.8435+0.032786*T) ;
K_HCO3_T=107-(2902.39/T-6.4980+0.02379*T);
K_w_T=10"(-4470.99/T+6.0875-0.017060*T) ;
K_NH4CL=10"-(2835.76/T-0.6322+0.001225*T) ; $Amonium Chloride
E=2727.586+0.6224107*T-466.9151*10g (T)-52000.87/T;
d=1-(((T-273)-3.9863) 2% ((T-273)+288.9414))/(508929,2* ((T-273)+68
+0.011445*%exp ((-374.3) / (T-273));
A_T=(1.82483*10%6*d"0.5)/(E*T)"1.5;

K=1/K_a_T;

GAAAANAAAAAAAAAAAAAAAAAAAAAAAARAAAAAA

K1=1/K al T;

GAAAAAAAAAANAARAAAAAAAAAAAAAANAAAAAAAA

D H T=D_H_298*T/298*visco_298/visco_T ;

D A T=D A 298*T/298*visco_298/visco_T;

D_HA T=D HA 298*T/298*visco_298/visco_T;
GAAARAAAAAAAAAAAAAAAAAAAAAANAAAAAAAAANAAAAAAAAAAAAAAAAAAAAAAAAAAA
D_Al _T=D Al 298*T/298*visco_298/visco_T;

D_HAl_ T=D HAl_ 298*T/298*visco_298/visco_T;

.12963)) ...



54
55
56
57
58
539
60
61
62
63
64
65
66
67
68
69
70
it
72
i
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109

GAAANAAAAAAANAAAAANAANNRNAANAANANAAANARNARNAANARNANNAARNARANANAAN

D_NH4_T=D_NH4_298*T/298*visco_298/visco_T;
D_Cl_T=D_Cl_298*T/298*visco_298/visco_T;

D 1 T=2/(1/D_H T +1/D_A_T);
%AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

D 11 T=2/(1/D H T +1/D Al T);
GAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
D_S_T=2/(1/D_NH4_T +1/D_Cl_T);

D d s=D S T;

D_f s=D_S_T;

K H=0.034%exp (-2400% (1/T=1/298) ) ; $* **k*dkosodxdondohkx
C f co2=102-3.408*K H'-%****************************

R R R R R R e R R R e R e R R R R LR R R R R R R R E LR R b A R R i L]

$Unknown Variable

J w=z(1);P_i=2z(2);P_m=2(3);J_s=z(4);C_i_s=z(5);

C mf s=z(6);J _a=z(7);C mf a=z(8);C_1i_a=z(9);C_d a=z(10);

C d H=z(ll);gamma i H=z(12);I_i=z(13);C d s=z(14);

C mf H=z(15) ;gamma_mf H=z(16);I_mf=z(17);C md s=z(18);
k_d=2z(19);Sh_d=z(20);Sc_d=z(21);Re_d=z(22);

v_d=z(23) ;den_d=z(24) ;mul_d=z (25);f_2=z(26);D_f_a=z(27);

k_f a=z(28);C_f_a=z(29);8h_f_a=z(30);Re_f=z(31);v_£f=2(32);

£ 1=2(33);Sc_f a=z(34);k_f s=z(35);C_f s=z(36);

C f ai=z(37);C_f si=z(38);C d ai=z(39);C_d si=z(40);

gamma_f H=z(41);C_f A=z(42);I_f=z(43);Sh_f s=z(44);Sc_f_s=z(45);
w=z(46);C_f H=2z(47);C_f HCO3=z(48);C_f CO03=z(49);gamma_£f CO3=z(50);
C _f NH4=z(51);C f OH=z(52);den f=z(53);pH_f=z(54);

% for charge balance of NH4

C_d A=z(55):;C_d_OH=z(56);C_i NH4=z(57);C_mf A=z (58);C_mf OH=z(59):;
C_mf NH4=z(60) ;mul_f=z(61);

% for two acid

C mf al=z(62);C_i al=z(63);J al=z(64);C_d al=z(65);C_d Al=z(66);
C_mf_Al=z(67);C_f_al=z(68);D_f_al=2z(69);k_f_al=z(70);Sh_f_al=z(71);
Sc_f al=z(72);C_f ail=z(73);C_d ail=z(74);C_f Al=z(75);

format short e

$Math Model

fu(l)=A*(P_i-P_m )-J_w;

fu(2)= B_s *(C_i_s-C mf_s)-J_s;

fu(3)= B a*(C_mf a-C i a)-J_a;
GANAAAAANAAAANAAANAAAAAAAAAANANAAAAANAAAAANANAAANAAANAR

fu(4)= B al*(C_mf _al-C i _al)-J_al;
SANAAAAAAAAAAAAAAAAAAANAAAANAAAAANAAAAANAAANAAAAAAAAAA

fu(5)=C d a-C_i_a;
%AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
fu(6)=C_d_al-C_i al;
FAAAAAAAAAAAAAAAAAAANAANAANAANAANAANAARAANAAAAAAAAAAAA
fu(7)=J_a/J_w-C_d_a;
GAAAAAAAAAAAAAAANAAAAAAAAAAAAAAAANAAANANAAANAAAAANAAAA
fu(8)=J_al/J_w-C_d_al;

GAAAAANAANAANAAANAAAAANAANAANAANAANAANAANANANANAANAANAA

fu(9)= o_s*n_s*C_i_s*R*T+o_a* (C_d_a+C_d_H) *R*T+o_al*(C_d_al+C_d_H)*R*T-P_i;
$Charge Balance Equation at interface $%%%3%%%55355355555955953535%59%%%%

fu(10)=C_d_A+C_d_Al+C_d_OH+C_i_s-C_i NH4-C_d_H;

B E BT E A AR AT AT AR TR A AL THRT AR TAINRL LN HIUBNRLHH%%%

£u(11)=10% (- (A_T*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)))-gamma i H;
fu(12)=0.5% (C_i s+C_i NH4+C d H+C d A+C d Al+C d OH)- I i;
fu(13)=K a T*(C d a-C d A)/gamma_i H/gamma i H/C_d H-C d A;

247
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R0 e e A S A N AN SE N R LA R e R L R NS SR I ENS

111 fu(l4)=K al T*(C_d al-C d Al)/gamma_ i H/gamma i H/C_d H-C d Al;

112 FANNANNONNAANANNANAANNANNANNANNANNANNANNANNANNANNANNAANANARNNNRNNARNNNAR

113 fu(15)=K_w_T/C_d H/gamma_i_H/gamma_ i_H-C_d_OH;

114 fu(l6)=gamma i H*C d H*(C_i s-C i NH4)/gamma i H/K NHACL-C i NH4;

115 fu(l17)=o_s*n_s*C_mf s*R*T+o_a*(C_mf a+C mf H)*R*T+o_al*(C_mf al+C mf H)*R*T-P_m;
116 %$Charge Balance Equation at membrane active layer $%%%%%%%%%5%%3%%5%%%%%%%%%
117 fu(18)=C_mf A+C mf Al+C mf OH+C_mf s-C mf NHA-C mf H;

118 #3553 888888 a bttt sttt s u st ssa bbbt LR UBRLLLRL55545%%%%
119 fu(19)=10"(-(A_I*(I_mf"~(1/2)/(1+I_mf~(1/2))- 0.3*I_mf)))-gamma mf H;

120 fu(20)=0.5*(C_mf s+C_mf NH4+C mf H+C mf A+C mf OH+C_mf Al)-I mf;

121 fu(21)=K_a_T*(C_mf_a-C _mf A)/gamma mf H/gamma mf H/C_mf H-C_mf A;

122! FANERBANCEARENNEREANNEEEERRORBBNCEBELANDEEANENRELRNENODNELBROR

123 fu(22)=K_al T*(C_mf al-C mf Al)/gamma_mf H/gamma mf H/C mf H-C mf Al;

152t e G S O o i e ek e e

125 fu(23)=K w_T/C mf H/gamma mf H/gamma_mf H-C mf OH;

126 fu(24)=gamma_mf H*C mf H*(C mf s-C mf NH4)/gamma_mf H/K NH4CL-C mf NH4;

127 fu(25)=(C_md_s-C_i s)/2*D_S_T*(1/(J_w*(0.789%C_1i s+0.211*C _md s)+J_s)...

128 +1/(J_w*(0.211*C_i s+0.789*C_md s)+ J_s))-S;

129 fu(26)=(C_d_s-C md s)/2*D_S_T*(1/(J_w*(0.789*C_md s+0.211*C_d s)+J_s)...

130 +1/(J_w*(0.211*C_md s+0.7838*C_d_s)+ J_s))-D_d_s/k_d;

131 fu(27)=Sh _d*D d s/d_h-k d;

132 fu(28) =L*v_d*den_d/mul_d—Re_d;

133 fu(29)=(f_2+f)/2/W/D-v_d;

134 fu(30)=£f+J_w*A m-f 2;

135 % amonium chloride density and viscosity

136 fu(31)=6*exp((12.396*(C_d s*53.491/den_d)"1.5039-1.7756)/(0.23471*(T-273)+1)/...
137 (-2.7591*(C_d_s*53.491/den_d)~2.8408+1))-mul_d;

138 fu(32)=den w+0.2061e2*C d s-0.1577*C_d_s*(T-273)+1.553e-3*C_d s*(T-273)"2-...
139 2,556*C d s*1.5+5.67e-2*C_d s*1.,5%(T-273)-5.082e-4*C_d s"1.5%(T-273)"2-den_d;
140 335535535595 B422BH5H5555UB45BH559%%%%%%

141 fu(33)= 0.04*Re_d"(3/4)*Sc_d"(1/3)-Sh_d;

142 fu(34)= mul_d/den_d/D _d_s-Sc_d;

143 fu(35)=(0.5*(C_f a-C mf a)*((D 1 _T-D HA T)/...

144 (sqrt (L+4*K* (0.789*C_mf_a+0,211%C_£_a))* (J_w* (0.789*C_mf_a+0.211*C_£ _a)-J_a))...
145 +(D_L_T-D_HA_T)/(sqrt (1+4*K* (0.211*C_mf_a+0.789*C_£_a))*(J_w* (0.211*C_mf_a...
146 +0.789*C_£ a)-J_a))+ D_HA T/(J_w*(0.789*C_mf a+0.211*C_f a)-J a)...

147 +D_HA T/ ({(J_w*(0.211*C_mf a+0.789*C f a)-J a))))+D f a/k f a;

148 3¢

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

149 fu(36)=(0.5%(C_£f al-C mf al)*((D_11 T-D HAL T)/...

150 (sqQrt (1+4*K1* (0.789*C mf al+0.211*C £ al))*(J w*(0.789*C mf_al+0.211*C_f al)-¥
J @l ) s

151 +(D_11 _T-D_HAL T)/(sqrt (l+4*K1*(0.211%C_mf al+0.789*C_f al))*(J_w*(0.211¢
*C_mf _al...

152 +0.789*C_f_al)-J_al))+ D_HAl T/(J_w*{0.789*C_mf_al+0.211*C_f_al)-J_al)...

153 +D HAl T/ ((J w*(0.211*C mf al+0.789*C f al)-J al))))+D f al/k f al;

154 s«

AAAAAAAANAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAANAANAANAANAANAAAAAAAARNAAAAAAAAAAAAAAAAAAA

155 fu(37)=Sh_f a*D f a/d h-k f_a;

A
157 fu(38)=Sh f al*D f al/d h-k_f al;

158 REARBEBBRBARRENARAEARBLERRRENRBERBSREBRSNERSBEEBRBREBERBEBANER
159 fu(39)=(D_1_T/(2*K*C_f a)* (-1l+sqrt (L+4*K*C_f a))+D HA T/...
160 (4%K*C_f _a)* (-1+sqrt (L+4*K*C_f a))~2)-D_f a;

161 SANAAAAAAAAAAANAAANANAANAANAANAANAANAANAANNARNAANAANAANAANAANAANA



162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214

215 £u(72)=10~ (- (A I*4*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I f)))-gamma_f CO3;%Davis

216

fu(40)=(D_11_T/(2*K1*C_f al)*(-l+sqrt (1+4*K1*C_f al))+D HA1 T/...
(4*KL*C_f al)*(-l+sqrt (1+4*K1*C £ al))~2)-D_f al;

GAAAAAAAAAANAAAAAAAAAAAAAAAAAAAANAANAAAAAAAANAAAAAAAAAAAAAAAAAAA

fu(41)=L*v_f*den_f/mul_f -Re_f;

fu(42)=(£+£f_1) /W/D/2-v_f;

fu(43)=f-J w*A m-f 1;

fu(44)= 0.04*Re_£~(3/4)*Sc_f_a”(1/3)-Sh_f_a;

fu(45)= mul_f/den £/D f a-Sc_f a;

%A/\/\AA/\AAAAA/\A/\AAAAAA/\AAAI\/\/\AI\/\AAAA/\AAA/\AAAA/\AAAAAAA

fu(46)= 0.04*Re_£*(3/4)*Sc_f_al~(1/3)-Sh_f al;

fu(47)= mul_f/den £/D f al-Sc_f_al:

GAAAAANAANANANANAANANANAANANANAANNNANAANNANAANANANANA

fu(48)=(C_f s-C_mf _s)/2*D_S_T*(1/(J_w* (0.789%C mf s+0.211*C_£ s)+J s)...

+1/(J_w*(0.211*C_mf s+0.789*C_f s)+ J s))+D_f s/k £ s;
fu(49)=sh_f s*D_f s/d h-k_f s;

%Mole balance Equation

fu(50)=(vV_£f 0*C_f a 0+C_f ai*f 1*t)/(V_f O+f 1*t)-C_f a;

GAAAAAAAANAANAANAANAAAARARAANAAAARNNANNANAANAANRAARARARAANARANANNANAANAAA

fu(51)=(V_f_0*C_£f al 0+C_f_ail*f 1%t)/(V_f 0+f_1*t)-C_f_al;

FAANANAANAAAAAANAANANANANAANAANNANNANAAANANNANANANRNNANANANAANANANANANA

fu(52)=C_£f_s*f_1*t/(V_f_0+£f_1*t)-C_£f si;

fu(53)=(C_f a*f-J a*A m)/f 1-C f ai;
GANAAAAAAAAAAANAAAAANAAAAANAAAAANAAAAANAAAAANAAAAANAAAAANAA
fu(54)=(C_f_al*f-J al*Aa m)/f_1-C f ail;
FAAAAAAAAAANAAAAAAAAAAAAAAAANAAAANAANAAAAAAANAAAAAAAAAAAAANAANAAAN
fu(55)=(C_f si*f+J s*A m)/f 1-C_f s;

fu(56)=(C_d s_0*V_d 0+C_d si*f 2*t)/(v_d 0+f 2*t)-C d_s;
fu(57)=(C_d_ai*f*t+C_d _ai*(V_d_0+f 2*t-f*t))/(f_2*t)-C_d a;
fu(58)=(C_d ail*f*t+C_d ail*(Vv_d _O0+f 2*t-f*t))/(f_2*t)-C d al;
%AA/\AAAAAI\AI\/\/\A/\/\AAAI\/\AAAAAAAA/\AAAAAI\AAAAAAAAAAA/\AAAAAI\AAAI\AI\A/\AA
fu(59)=(C_d_s*f-J s*A m)/f 2-C d si;
fu(60)=(C_d_a*f_2-J_a*A_m)/f-C_d_ai;
FAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARAAAAAAANA

fu(6l)=(C_d al*f 2-J al*A m)/f-C_d ail;
SGAAAAAAAAAANAAAAAAAAAAAAANAANAAARAAANAAAAAAANAAAAAAA

%$additional Equation

fu(62)= 0.04*Re_f~(3/4)*Sc_f s*(1/3)-Sh_f s;

fu(63)= mul_f/den_f/D f s-Sc_f_s;

fu(64)=J_w*A m*t*den_d/1000-w;

%$ionic strenght in feed s0lution%$%%%%%e5%E5%5%%%%%%

fu(65)=0.5* (C_f si+C_f NHA+C_f H+C_f OH+C_f A+C_f Al+C_f HCO3+4*C_f CO3)- I_f;

L LI R R LD DA ST T DL PR PR P P T )
fu(66)=10% (- (A_I*(I_£~(1/2)/{1+I_£~(1/2))- 0.3*I_f)))-gamma f H;

%Charge Balance Equation $33%%535%%35555%5555855385%55%5%55285339%535585%35%%55%
fu(67)=C_f_HCO3+2*C_f_CO3+C_f A+C f Al+C_f OH+C f si-C_f NH4-C f H;
D D R D D T L T LT T

%New Equation for charge balance
fu(68)=K a T*(C_f a-C f A)/gamma_f H/gamma_f H/C f H-C_f _A;

GAAAAAAAAAAANAANAANAANAANAANAANANANANAANAANAANAANANNAARNANARANAAANAAA

fu(69)=K al T*(C_f al-C_f Al)/gamma_f H/gamma_f H/C_f H-C f Al;

GAAAAAAAAAAAAAAAAAAAARANAAAARAARANARNAAAAANANAAAAARAARAARANARNARAAANA

fu(70)=K _CO2_T/gamma_f H/gamma_f H/C_f H*(C_f co2-C_f HCO3)-C_f HCO3;g****x*

249

fu(71)=K_HCO3_T*gamma_f_H/gamma_f_H/gamma_f_ CO3/C_f_H*(C_f HCO3-C_f CO03)-C_f C03;%V

*kkkkk

fu(73)=K w_T/C_f H/gamma_f H/gamma f H-C f OH;
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217 fu(74)=gamma_f H*C_f H*(C_f si-C f NH4)/gamma_f H/K _NHACL-C_f NH4;
218 fu(75)=pH_f+logl0d(gamma f H*C f H);

218

220
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G.6 A mixture of 10 mM lactic acid and 5 mM butyric acid as feed solution and

NH,Cl as draw solution

1 cle
2 clear
3 [g]=[1.594e-03 2.3745e+01 5.822e-01 4,053e-05 5.289%e-01 2.376e-04v
4.326e-12 1.021e-02 2.304e-09...
4 2,298e-09 1.9193e-05 7.340e-01 5.289%e-01 9.995e-01 1.248e-03 9.577¢
e-01 1.486e-03 9.90%9e-01...
5 1.880e-01 6.3719e+02 3.700e+02 2.894e+04 1.503e+02 1.012e+03 4.839¢
e+00 1.581e+00 1.168e-05...
6 1.723e-01 1.0002e-02 6.459e+02 2.75%e+04 1.502e+02 1.579%e+00 4.291¢
e+02 1.843e-01 1.657e-05...
7 1.001le-02 5.7890e-06 1.424e-09 9.991e-01 9.612e-01 1.080e-03 1.237¢
e-03 6.245e+02 3.879%e+02...
8 2.305e-04 1.2317e-03 5.830e-09 1.660e-15 8.535e-01 5.78%e-06 1.103¢
e-11 9.962e+02 2.927e+00...
9 2.137e-09 1.2131e-09 5.289%e-01 1.096e-03 1.153e-11 2.376e-04 4.994¢
e+00 1.013e-02 3.904e-08...
10 6.932e-11 3.7792e-08 2.376e-08 1.526e-04 1.000e-02 1.16%e-05 1.724¢
e-01 6.457e+02 4.287e+02...
11 1.001e-02 2.3431e-08 1.515e-04];

12 $HEEELELEEHLLLLLLLELLLLLHLLHL94%%%%%
13 ts=0.31:0.000025:1200;

14 553 FEELLTILLLLLTLLLLTL599%9%%%%%
15 for ti=1l:numel (ts);

16 t=ts(ti);

17 options = optimset('Algorithm’, 'Levenberg-Marquardt', 'TolFun',1*10%-18, "TolX',1*10"-«¢
18 e

18 ; "Maxiter', 30, "Maxfun',15000) ;

19 [r,fval,exitflag,output] = fsolve(@(z)Lacticl0_Butyric5(z,t), [g],options)
20 j(ti)=r(1,1);%dw

21 c(ti)=r(1,29);%Cfa

22 d(ti)=r(1,46) ;%W

23 p(ti)=r(1,54);%pH

24 T(ti)=t;

25 e(ti)=r(1l,68);%Cfal

26 % For Rejection

27 O(ti)=(1-r(1,10)/r(1,31))*100;%Re]j

28 01 (ti)=(1-r(1,65)/r(1,68))*100;%Rejl

29 %For Concentration Performance

30 K4(ti)=r(1,29)/0.01;%Cfa/Cf0

31 K6(ti)=r(1,68)/0.01;%Cfal/Cf0

32 K1(ti)=r(1,1);

33 [gl=[r];

34 %$for Plotting

35 [A(ti)]=t;

36 [B(ti)]=d(ti);

37 [C(ti)]=p(ti);

38 % For Rejection

39 [M(ti)]=0(ti);

40 [N(ti)]=K1(ti);

41 [K5(ti)]1=K4(ti); %Cfa/Cf0

42 disp(ti)

43 fprintf{'\n Time (min) J_w(L/dm2/min) pH Cf,a(mole/l) ¢
W (kg) Cf,al (mole/1)\n');
44

45 fprintf('\n%11.4£%20.4e%19.4£%19.4e%19.4e%19.4e%\n" ,T(ti),](ti),p(ti),c(ti),d(ti), eV
(ti));



46 format short e

47

48 %Result of Best guess

49 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...

50 ,r(1,1),r(1,2),r(1,3),r(1,4),r(1,5),r(1,6),r(1,7),r(1,8),r(1,9));

51

52 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

53 ,x(1,10),r(1,11),r(1,12),r(1,13),r(1,14),r(1,15),r(1,16),r(1,17),r(1,18));
54

55 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...

56 ,x(1,19),r(1,20),xr(1,21),r(1,22),r(1,23),xr(1,24),(1,25),r(1,26),xr(1,27));
57

58 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...

59 7r{1,28),r(1,29),r(1,30),r(l,31),(1,32),r(1,33),r(1,34),x(1,35),xr(1,36)):
60

61 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%13.3e%13.3e%\n".

62 ,r(1,37),r(1,38),r(1,39),r(1,40),r(1,41),r(1,42),r(1,43),r(1,44),r(1,45));
63

64 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11,3e%13.3e%13.3e%13.3e%13.3e%\n"...

65 ,r(1,46),r(1,47),r(1,48),r(1,49),r(1,50),r(1,51),r(1,52),r(1,53),r(1,54));
66

67 fprintf ('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

68 y2(1;55);x(1;56),x{1,57) »x(1;58),x(1,59),xr(1,60),r(1;61),r(1,62),r(1,63));
69

70 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...

71 ,r(l,64),r(1,65),r(1,66),r(1,67),r(1,68),r(1,69),r(1,70),r(1,71),r(1,72));
72

73 fprintf('\n%8.3e%15.4e%13.3e%\n'...

74 +2(1,73), 41,74 ,x{1,75));

5

76 end

77 %Time Interval%$%%3%%5555555555%5%%5%%%%

78 Ai=0:30:1200;

79 FHETHETHELLELHHLLLTLLTHBTLLTHHTHEHH99%5%%%

80 format short

81 Ci=spline(A,C,Ai);

82 format short e

83 Bi=spline(A,B,Ai);

84 %Experiment Value W and pH¥$ 5555455533335 3 0033300940059 5599%9%%%%

85 F=[ 0 0.0160 0.0310 0.0450 0.0600 0.0740 0.0880 0.1020¢
0.1150 0.1280 0.1410 0.1530 0.1650...

86 0.1780 0.1900 0.2010 0.2130 0.2240 0.2360 0.2500 0.2630¢
0.2750 0.2870 0.2970 0.3080 0.3180...

87 0.3280 0.3380 0.3480 0.3570 0.3670 0.3760 0.3860 0.3950¢
0.4040 0.4120 0.4220 0.4300 0.4390...

88 0.4470 0.4560];

89

90 G=[ 2.9910 2.9270 2.9520 2.9420 2.9230 2.9290 2.9410 2.9190¢

2.9230 2.9200 2.9210 2.9060 2.9120.4,

91 2.9150 2.9120 2.8920 2.8880 2.8860 2.8920 2.8920 2.8850¢
2.8770 2.8780 2.8680 2.8670 2.8580...

92 2.8530 2.8540 2.8450 2.8430 2.8400 2.8330 2.8300 2.8230¢
2.8200 2.8150 2.8090 2.8050 2.7970 .4

93 2.7920 2.7890];

94

EE e R e R R R R e R R R R RS A S L R £ 3
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96

97 F_m=mean (F);

98 G_m=mean (G);

99 suml=0;sum2=0;

100 sum3=0; sum4=0;

101

102 %%% Number of Data $%5555 5555580 e 0PSSBT LEBL559%%%%
103 for k=1:1:41

104 $535E 5 H T EFBFULHLLLTLLTLLLHBLH LTS LLLVLITLEALLILLILLLBH5%%%%
105 suml=(Bi(1,k)-F(1,k))*2+suml;

106 sum2=(Bi(1,k)-F_m)~2+sum2;

107 sum3=(Ci(1,k)-G(1,k))" 2+sum3;

108 suméd=(Ci(1l,k)-G_m)"2+sum4;

109 end

110

111 format short

112 R2_W=1-suml/sum2;

113 R2_pH=1-sum3/sum4;

114 MSE_W=suml/k;

115 MSE_pH=sum3/k;

116 RMSE_W=sqrt (MSE_W)

117 RMSE_pH=sqrt (MSE_pH)

118 SEP_W=RMSE W/F_m*100

119 SEP_pH=RMSE_pH/G_m*100

120

121 % Plotting

122 subplot{(2,3,1)

123 plot([A]/60, [B],'~g', [Ai]/60, [F], 'xr")
124 xlabel ('Time (hr)")

125 ylabel ('Weight (Kg)')

126 title('Weight Change as a Function of Time')
127 legend('Model’', 'Experiment’,2)

128

129 subplot(2,3,2)

130 plot([A]/60,[C],'-g', [Ai]/60,[G], 'xr")
131 xlabel('Time (hr)"')

132 ylabel('pH')

133 title('pH as a Function of Time')

134 legend('Model’, 'Experiment’,1)

135

136 subplot{(2,3,3)

137 plot([A]1/60,[M], " '-g")

138 xlabel ('Time (hr)")

139 ylabel ('%Rejectionl')

140 title('$Rejectionl as a Function of Time')
141 legend('Model’, 1)

142

143 subplot(2,3,4)

144 plot([A]/60,[01],"'-g")

145 xlabel ('Time (hr)')

146 ylabel ('%$Rejection2')

147 title('%Rejection2 as a Function of Time')
148 legend('Model’', 1)

149

150 subplot(2,3,5)

151 plot([A]/60, [K51,'-g")
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152 xlabel ('Time (hr)")

153 ylabel ('Cfa/Cf0')

154 title('Cfa/Cf0 as a Function of Time')
155 legend('Model’,1)

156

157 subplot(2,3,6)

158 plot([A]/60, [K6],'-g")

159 xlabel ('Time (hr)")

160 ylabel('Cfal/Cf0')

161 title('Cfa/Cf01 as a Function of Time')
162 legend('Model',1)

163

164 fprintf('\n \n'")

165 fprintf('\n \n')

166 fprintf('\n CONCLUSION \n')

167 fprintf('\n R2_W MSE W R2_pH MSE_pH\n');
168 fprintf('\n%11.3f%20.4e%19.4f%19.4e%\n’,R2_W,MSE_W,R2_pH, MSE_pH)

169 fprintf('\n \n')

170

171 fprintf('\n Time (min) J_w(L/dm2/min) pH Cf,a(mole/1) ¥
W(kg) Cf,al{mole/1l)\n");

172 for x=1:1:200000000;

173 z=x*40000;

174 fprintf('\n%$11.3£%20.4e%19.4£%19.4e%19.4e%19.4e%\n",T(2z),j(2),p(2),c(2),d(z),e(2));
175 end

176

177

178
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function fu=Lacticl0 Butyric5(z,t)
%$Independent Variables
v_f 0=1;C_d s _0=1;v_d 0=0.5;
%$Fixed Variable
T=301;f=1.58;
L=0.9207;D=0.023;W=0.4572;A m=42*10"(-2);d_h=0.0438;
% Acid Variables
9 s«
AAAAANAAAANAAAAAANAAANAAANAAANAANAAANAANAAAAANAAANAAANAAANAANANAANAAANAAANAAANAANAANAAANAAANAAAAANAAANAANAAN
10 C_ £ a 0=10*%10"(-3);
11 C_£f al_0=5*10"(-3);
12 S350 4500000000000 0%%%9%%%
13 B_a=0.153/60/100;
14 B_al=0.639/60/100;
15 S35t E et e b et e v RSS9 %%%%
16 D A 298=6.198*10~(-6);D_HA 298=4.5834*10"(-6);%Lactic Physicocmical Property
17 D_Al 298=5.208%10(-6);D _HAl 298=5.429%10%(-6);%Butyric Physicocmical Property
18 H5%55 5T E LT ELTLHETHITRLTLIH599%%
19 K a_T=10"-(1286.49/T-4.8607+0.014776*T) ; $Lactic Acid
20 K_al_T=10"-(1033.39/T-2.6215+0.013334*T) ; $Butyric Acid
21 s¢

AR AR A R A R A P N O A N BB N B B A R I N A DR A O A N AN PRGN I O RO AT

0 N oy Ul W N

AAAA

22 %Constant Variable

23 B_s5=0.460/60/100;

24 A=0.413/60/100;

25 o_s8=0.897;%amonium chloride coefficient

26 8=491*10”-5;

27 D NH4 298=117.42e-7;D Cl 298=121.92e-7;%amonium & chloride diffusion coefficient
28 den_w=999.65+2.0438/10* (T-273)-6.174*107-2* (T-273) *1.5;

29 D_H_298=5.587*10"(-5);

30 visco_298=((298-273)+246) /((0.05594*(298-273) +5.2842) *(298-273)+137.37) ;
31 visco T=((T-273)+246)/((0.05594* (T-273)+5.2842) *(T-273)+137.37) ;
32 S E L LAY E T LAY LRI TR LA LA L LI LLLLLILTLL LR LLLNNY
33 o_a=1l;n_s=2;R=0.08314;0_al=l;

34 $Temperature Correction

35 555 ELLRALHIL L LLLLLBILLLLLLLLLIVLLLLLLLLLLIRTLILL LY
36 K CO2_T=10~-(3404.71/T-14.8435+0.032786*T) ;

37 K_HCO3_T=107-(2902.39/T-6.4980+0.02379*T);

38 K w_T=10"(-4470.99/T+6.0875-0.017060*T) ;

39 K _NH4CL=10~-(2835.76/T-0.6322+0.001225*T) ; $Amonium Chloride

40 E=2727.586+0.6224107*T-466.9151*1og(T)-52000.87/T;

41 d=1-(((T-273)-3.9863) 2% ((T-273)+288.9414))/(508929,.2* ((T-273)+68.12963))...
42 +0.011445%exp((-374.3)/(T-273));

43 A T=(1.82483*1076*d"0.5)/(E*T)"1.5;

44 K=1/K _a_T;

U e e i

46 K1=1/K al T;

47 JAESDBRARBRNBE KRB NBLBADNRANSDERBNIBNNE

48 D H T=D H 298*T/298*visco_298/visco T ;

49 D A T=D A 298*T/298*visco_298/visco_T;

50 D_HA T=D HA 298*T/298*visco_298/visco_T;

I i i LRt st vl b i S S R ]
52 D Al T=D Al 298*T/298*visco_298/visco_T;

53 D _HAl T=D HAl 298+*T/298*visco_298/visco T;



54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101

103
104
105
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107
108
109

GAAAAAAAANAANAAAAANAANNRNAANAANARAARANARAARANANARNAANARNARNNANAAN

D NH4_T=D _NH4 298*T/298*visco_298/visco T;

D_Cl _T=D_Cl_298*T/298*visco_298/visco_T;

D 1 T=2/(1/D_H T +1/D_A_T);
%AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

D 11 T=2/(1/D H T +1/D Al T);
SAAAAAAAAAAAAAAAAAAAAANAANAAAAAAAAAAAAAAAA
D_S_T=2/(1/D_NH4_T +1/D_Cl_T);

D d s=D S T:

D_f s=D_S_T;

K H=0.034%exp (-2400% (1/T-1/298) ) ; $* ***kakkkkkhkdkkx
C f co2=10~-3.408*K H,'96****************************

R R R R R R b R e R R R R b R e R R R R R R e R e R R R R R AR E AR R R RS R LA R R R R Rk

%Unknown Variable
J_w=z(1);P_i=2(2);P_m=2z(3);J_s=z(4);C_i_s=z(5);

C mf s5=2z(6);J_a=z(7);C_mf a=z(8);C_i a=z(9);C_d a=z(10);

C d H=z(ll);gamma_i H=z(12);I_i=2z(13);C_d _s=z(14);

C_mf H=z(15);gamma mf H=z(16);I_mf=z(17);C_md s=z(18);
k_d=z(19);Sh d=z(20);Sc_d=z(21);Re_d=z(22);

v_d=z(23) ;den_d=z (24) ;mul_d=z (25);f_2=2z(26);D_f_a=z(27);
k_f a=z(28);C_f a=z{29);Sh_f_a=z(30);Re_f=z(31);v_£=z(32);
f 1=2(33);Sc_f a=z(34);k f s=z(35);C_f s=z(36);

C_f ai=z(37);C_f si=2z(38);C_d ai=z(39);C_d _si=z(40);
gamma_f H=z(41);C_f A=2z(42);I f=z(43);Sh _f s=z(44);Sc_f s=z(45);

w=z(46);C_f H=2z(47);C_f HCO3=z(48);C_f CO3=z(49);gamma_f CO3=z(50);

C f NH4=z(51);C_f OH=z(52);den f=z(53);pH f=z(54);
% for charge balance of NH4

C_d A=z (55):C_d OH=z(56) ;C_i_NH4=z (57) ;C_mf_A=z (58) ;C_mf_OH=z (59) ;

C_mf NH4=z (60) ;mul_f=z(61);
% for two acid
C mf al=z(62);C_i al=z(63);J al=z(64);C_d al=z(65);C_d Al=z(66);

C_mf_Al=z(67);C_f_al=z(68);D_f_al=z(69);k_f_al=z(70);Sh_£f_al=z(71);

Sc_f al=z(72);C f ail=z(73);C_d ail=z(74);C_f Al=z(75);
format short e

$Math Model

fu(l)=A*(P_i-P . m )-J_w;

fu(2)= B_s *(C_i_s-C_mf s)-J_s;

fu(3)= B a*(C_mf a-C i a)-J_a;
FAAAAAAANAAAAAAANAAANANAAAAAANAAAAANAAANANANANANANANAN
fu(4)= B_al*(C_mf al-C i al)-J_al;
GAAAAAAAAAAAAAAANAAAAANAAAAAAAAAANAAAAANAAANANAAAAAAAA
fu(5)=C_d a-C i_a;
GAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAN
fu(6)=C_d al-C_ i al;
FAAAAAAAANAANAANAANAAAAAAAAAAAAAAAAAAAAAAAAAAANAAAANAAN
fu(7)=J_a/J_w-C_d_a;
FAAAAAAAAAAAAAAAANAAAAAAAAAAAAAAAANARAAANAAANANAAANANAA
fu(8)=J_al/J w-C d_al;

GAAAAAAAAAAANAANAANAANAAAAANAAAAANAANNANAANAANANNAARAA

fu(9)= o_s*n_s*C_i_s*R*T+o_a*(C_d_a+C_d H)*R*T+o_al*(C_d_al+C d H)*R*T-P_i;
%$Charge Balance Equation at interface $%%%$$%%%%535535532595535T5595%59%9%%

fu(10)=C_d A+C_d Al+C_d OH+C_i_s-C_i_NH4-C_d H;

SRR R R R R R R R A AR R AR R R R R R R R R A R R R AR R A R A R R A L R R R R R A AR R R AR R R LA Rk

Fu(11)=10% (- (A_I*(I_i~(1/2)/(1+I_i*(1/2))- 0.3*I_i)))-gamma_i_ H;
fu(12)=0.5*%(C_i s+C_i NH4+C d H+C d A+C d Al+C d OH)- I i;
fu(l3)=K a T*(C_d a-C d A)/gamma_i H/gamma_ i H/C_d _H-C_d A;

256
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LA A A R A R e S A C R PN SN R 2 s,

111 fu(l4)=K al T*(C_d_al-C_d Al)/gamma i H/gamma i H/C d H-C_d Al;

112 FANNANNANANNNANNANANNNARANNANNANALANNANNANNNNNANNANANNNANNANNANNRANNANNNNARN

113 fu(15)=K_w_T/C_d H/gamma_ i H/gamma i H-C_d OH;

114 fu(l6)=gamma i H*C d H*(C i s-C_i NH4)/gamma i H/K NHACL-C_i NH4;

115 fu(l17)=o0_s*n_ s*C_mf s*R*T+o_a*(C_mf a+C mf H)*R*T+o_al*(C_mf al+C_mf H)*R*T-P_m;
116 %Charge Balance Equation at membrane active layer %$%%%%%%%%35%5%%%%%%5%5%%%%%
117 fu(18)=C_mf A+C mf Al+C_mf OH+C mf s-C_mf NH4A-C mf H;

118 3%t e bt et a sttt bttt s a bR E s TR AL LA URLALRLRLRLUHLLLEHH55%%%%
119 fu(19)=10"{-(A_I*(I_mf~(1/2)/(1+I_mf*(1/2))- 0.3*I_mf)))-gamma mf H;

120 fu(20)=0.5*(C_mf_ s+C_mf NH4+C_mf H+C mf A+C mf OH+C mf Al)-I_mf;

121 fu(21)=K a_T*(C_mf_a-C mf A)/gamma mf H/gamma_mf H/C mf H-C_mf A;

122 %AAAA’\AAAAI\AA)\AAAAAAAAAAA/\AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

123 fu(22)=K al_T*(C_mf al-C mf Al)/gamma mf H/gamma mf H/C mf H-C mf Al;

LI ot S R S S s S

125 fu(23)=K w_T/C_mf H/gamma mf H/gamma mf H-C_mf OH;

126 fu(24)=gamma_mf H*C mf H*(C_mf s-C mf NH4)/gamma_mf H/K NH4CL-C mf NH4;

127 fu(25)=(C_md s-C i_s)/2*D_S_T*(1/(J_w*(0.789*C_i s+0.211*C_md s)+J_s)...

128 +1/(J_w*(0.211*C_i_s+0.789*C_md s)+ J_s))-S;

129 fu(26)=(C_d s-C_md_s)/2*D_S_T*(1/(J_w*(0.789*C md s+0.211*C d s)+J_5s)...

130 +1/(J_w*(0,211*C_md_s+0.788*C_d_s)+ J_s))-D_d_s/k_d;

131 fu(27)=Sh _d*D d s/d h-k d;

132 fu(28) =L*v_d*den_d/mul_d—Re_d;

133 fu(29)=(f_2+f)/2/W/D-v_d;

134 fu(30)=£f+J w*A m-£f 2;

135 % amonium chloride density and viscosity

136 fu(31)=6*exp((12.396*(C_d s*53.491/den _d)~1.5039-1.7756)/(0.23471*(T-273)+1)/...
137 (-2.7591*(C_d_s*53.491/den_d)~2.8408+1))-mul_d;

138 fu(32)=den_w+0.2061e2*C_d s-0.1577*C_d s* (T-273)+1.553e-3*C_d_s*(T-273)"2-...
139 2.556*C d s71.5+5.67e-2*C_d s"1.5*%(T-273)-5.082e-4*C d s*1.5%(T-273)*2-den_d;
140 $55FHFEHFUBALBBILLBUBLLBBHHH54%39%3%4%%%

141 fu(33)= 0.04*Re_d"(3/4)*Sc_d”~(1/3)-5h_d;

142 fu(34)= mul_d/den_d/D_d_s-Sc_d;

143 fu(35)=(0.5*(C_f a-C mf a)*((D_1_T-D HA T)/...

144 (sqrt (L+4*K* (0.789*C_mf_a+0.211*C_£_a))* (J_w* (0.789*C_mf_a+0.211%C_£f a)-J_a))...
145 +(D_L_T-D_HA_T)/(sqrt (1+4*K* (0.211*C_mf_a+0.789*C_£_a))* (J_w* (0.211*C_mf_a...
146 +0.789*C_£ a)-J_a))+ D_HA T/ (J w*(0.789*C_mf_a+0.211*C_f a)-J a)...

147 +D_HA T/ ({(J_w*(0.211*C_mf a+0.789*C f a)-J a))))+D_f a/k_f a;

148 ¢

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

149 fu(36)=(0.5%(C_f al-C_mf al)*((D 11 T-D HAl T)/...

150 (sqQrt (1+4*K1* (0.789*C_mf al+0.211*C_f al))*(J_w*(0.789*C_mf al+0.211*C_f al)-¥
Al ) e

151 +(D_11_T-D_HAL T)/(sqrt(1l+4*K1*(0.211%C_mf al+0.789*C_f al))*(J_w*(0.211¢
*C_mf al...

152 +0.789*C_f_al)-J_al))+ D_HALl T/ (J_w*(0.789*C_mf_al+0.211*C_£_al)-J_al)...

153 +D _HAl T/ ((J w*(0.211*C_mf al+0.789*C f al)-J al))))+D f al/k f al;

154 ¢

AAAAAAANAAAAAAAAAAAAAAAAAAAAAAANAAAAANAANAANAAANAANAAAAAAAAAAAAAAAAAAAANAANAANAANAAAAAAA

155 fu(37)=Sh_f_a*D f a/d h-k _f a;

156 FERAARRARNRERFRNR SR RERRENETAN BB AR TR SR RRRRERR R BB RRA IR RN
157 fu(38)=Sh f al*D f al/d h-k f al;

158 BARSAABIDAMBERIAKSBELREABRCBABELKDKBEAEBERERESRBARBBBDBENB BB
159 fu(39)=(D_1_T/(2*K*C_f a)* (-l+sqrt (1+4*K*C_f a))+D HA T/...
160 (4%K*C_f a)* (-1+sqrt (L+4*K*C_f a))~2)-D_f a;

161 SANAAAAAAAANAANAAAAANAANAANAANAANAANANANANAANAANANANANAANAANAANA



215 fu(72)=10"(- (A I*4*(I_f~(1/2)/(1+I_£~(1/2))~- 0.3*I_f)))-gamma f CO3;%Davis

216

fu(40)=(D_11_T/(2*K1*C_f al)*(-1+sqrt (1+4*K1*C_f al))+D HAL T/...
(4*K1*C_f_al)* (-l+sqrt (1+4*K1*C_f_al))~2)-D_f_al;

FAAAAAAAAAAAAANAAANAAAANAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

fu(41)=L*v_f*den f/mul_f -Re_ f;

fu(42)=(£+£f_1) /W/D/2-v_£;

fu(43)=£f-J_ w*A m-f 1;

fu(44)= 0.04*Re_f~(3/4)*Sc_f_a~(1/3)-Sh_f_a;

fu(45)= mul_f/den_£/D f a-Sc_f a;

%A/\AAA/\AI\/\AA/\A/\/\A/\/\A/\/\A/\A)\/\AAAAAAAAAAAAAA/\AAAAAAAAI\/\

fu(46)= 0.04*Re_f*(3/4)*Sc_f_al~(1/3)-Sh_£f_al;

fu(47)= mul_f/den_£/D £ al-Sc_f_al:

FAAAAAAANAANAAANANAANARANANAANAAANAANAANANANANAANAANA

fu(48)=(C_f s-C mf_s)/2*D_S_T*(L1/(J_w*(0.789%C mf s+0.211*C £ s)+J_s)...

+1/(J_w*(0.211*C_mf s+0.789*C_f s)+ J s))+D_f s/k f s;
fu(49)=sh_f s*D f s/d_h-k_f s;

%Mole balance Equation

fu(50)=(V_f 0*C _f a 0+C f ai*f 1*t)/(V_f O+f 1*t)-C f a;

GAAAAAAAANAANANARAAAAAAAANANAARARAANANAANAAAANARANAANAANANARAANANAANAAA

fu(51)=(V_f_0*C f al 0+C _f ail*f 1*t)/(V_f O+f 1*t)-C_f al;

FAANAAAANAANAAANAAAANAANAANANANAANANAANANAANANANNANAANANANANNANAANAANA

fu(52)=C_£f_s*f_1*t/(V_f 0+f_1*t)-C_f si;

fu(53)=(C_f a*f-J a*A m)/f 1-C f ai;
GAAAAAAANAAAAAAAAAAANAANAANANAAAANAAAANAANANAANANAAAANAANAA
fu(54)=(C_f al*f-J al*A m)/f 1-C f ail;
FAAAAANAAAAAAAANAAAAANANAAANAAAANANANANAAANAAAAAAAAAANANANANANAAA
fu(55)=(C_f si*f+J s*A m)/f 1-C f s;

fu(56)=(C_d s _0*v_d 0+C_d si*f 2*t)/(v_d 0+f 2*t)-C_d s;
fu(57)=(C_d_ai*f*t+C d ai*(V_d_0+f 2*t-f*t))/(f_2*t)-C_d a;
fu(58)=(C_d_ail*f*t+C_d_ail*(v_d_0+f 2*t-f*t))/(f_2*t)-C_d al;
%AI\AAI\I\AA/\AI\I\/\AAAA/\AA/\A/\AAAA/\AA/\/\I\AAI\/\/\AAAAAAAAAAAI\AA/\AAAAA/\AI\/\I\I\
fu(59)=(C_d s*f-J s*A m)/f 2-C d si;

fu(60)=(C_d a*f_2-J_a*A m)/f-C_d_ai;
LAAAAAAAAAAAAAAAAAAAAAANAAAAAAAAANAANAAAAAAAAAAAAAANA

fu(6l)=(C_d al*f 2-J al*A m)/f-C_d ail;
GAAAAAAAAAAAARANANANAAANANAARANANANAAANANAARAAANANAN

%$additional Equation

fu(62)= 0.04*Re_f"(3/4)*Sc_f s*(1/3)-Sh_f_ s;

fu(63)= mul_f/den £/D f s-Sc_f_s;

fu(64)=J_w*A m*t*den d/1000-w;

%$ionic strenght in feed solution%$%%$%%E5545555%5%%%%

fu(65)=0.5% (C_f_si+C_f NH4+C_f H+C_f OH+C_f A+C_f Al+C_f HCO3+4*C_f C03)- I_f;

IR EETES9S55532559529234555559%3%%55%59%%
fu(66)=10" (- (A I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_f)))-gamma £ H;

%Charge Balance Equation $%3%3%%3%%%5555%5553855555552%5585552535585559%55%%%3%
fu(67)=C_f_HCO3+2*C_f CO3+C_f A+C_f Al+C_f OH+C f si-C_f NH4-C_f H;
D D D L R T I L L e T T i

%New Equation for charge balance
fu(68)=K a T*(C_f a-C_f A)/gamma_f H/gamma_f H/C_f H-C_f A;

GAAAAANAANAANAAAAAAAAANANAANAAAANANANAANAANAAAAARNAANAANAANAANANAAAA

fu(69)=K al T*(C_f al-C f Al)/gamma_f H/gamma_f H/C _f H-C_f Al;

GAAAAAAAAAAAAAAAANAANAANANAARAARNAANANAANANAAAANAANANAAARNARAARNAANA

fu(70)=K_CO2_T/gamma_ f H/gamma f H/C_f H*(C_f co2-C_f HCO3)-C_f HCO3;%****x*

258

fu(71)=K_HCO3 T*gamma_f H/gamma_f H/gamma_f CO3/C_f_H*(C_f_HCO3-C_f CO03)-C_f_C03;%V

*hkkkkk

fu(73)=K w_T/C_f H/gamma f H/gamma f H-C f OH;



259

217 fu(74)=gamma_f H*C_f H*(C_f si-C f NH4)/gamma_ f H/K NHACL-C_f NH4;
218 fu(75)=pH_f+logl0(gamma f H*C f H);

218

220



G.7 A mixture of 10 mM acetic acid and 10 mM butyric acid as feed solution

and NH,Cl as draw solution

1
2
3

3.840e-11

4

e-04

5

e+02

6

e+02

7

e-01

8

e-01

9

e+00

10

e-11

11

e-08

12

e-02

13

e-03

14

cle
clear
[g]=[1.596e-03
1.013e-
1.837e-08 Lo
9.680e-01
8.191e-04 9.
1.012e+03
1.581e+00 T
1.57%e+00
1.843e-01 2 Y
3.106e-04
5.800e-04 3
9.729e-01
5.354e-15 8.
7.340e-01
1.155e-08 1.
2.346e-04
9.680e-01 2.
1.05%e-11
2.898e-09 T
1.169e-05
6.457e+02 4.
1.43%e-05

SR A A A A A A R R AR A A A A A R A R A A R A R R AR R A A L 1

2.3736e+01
02 1.962e-08...
9184e-05
9.680e-01...
9110e-01
4.839%e+00...
1682e-05
4,291e+02...
3668e-05
9.729%e-01...
4869e-12
1.214e-08...
9579e-01
7.340e-01...
2134e-09
9.680e-01...
7921e-10
4.901e-09...
3399e-01
1.724e-01...
2873e+02
1.214e-08];

15 ts=0.17:0.0006:1800;

16
13
18
19
15
20
21
22

FELLLLLLLLLELLLTLLLIILLLLLILIILL59%%%

for ti=l:numel (t
t=ts(ti);

s):

5.483e-01

7.340e-01

1.880e-01

1.723e-01

1.001le-02

6.245e+02

2.893e-06

5.287e-01

9.820e-03

2.003e-09

1.001le-02

4,051e-05 5.287e-01 2.346e-04¢
7.340e-01 5.287e-01 9.998e-01 5.845¢
6.372e+02 3.700e+02 2.894e+04 1.503¢
1.000e-02 6.459e+02 2.759e+04 1.502¢
2.893e-06 7.723e-09 9.993e-01 9.729¢
3.879e+02 1.154e-04 5.771e-04 9.729¢
2.298e-11 9.691e-03 9.962e+02 3.251¢
1.917e-05 6.820e-09 3.138e-04 2.407¢
9.729e-01 4.994e+00 1.018e-02 5.017¢
2.707e-04 9.680e-01 9.914e-03 1.000¢
2.060e-09 2.665e-04 9.729e-01 9.735¢

options = optimset ('Algorithm','Levenberg-Marquardt', 'TolFun',1*10”-15, 'TolX",1*10~-¥

s, 'Maxiter',2

[r] = fsolve(@(z)Aceticl0_ButyriclO(z,t),[g],options)

J(ti)=x(1,1);%Iw

5, '"Maxfun',15000) ;

23 c(ti)=r(1,31);%Cfa

24

d(ti)=r(1,50) ;%W

25 p(ti)=r(l,61);%pH

26
27
28

T(ti)=t;
e(ti)=r(1,88);%C
% For Rejection

fal

29 O(ti)=(1-r(1,10)/r(1,31))*100;%Re]j

30 0O1(ti)=(1-r(1,81)/r(1,88))*100;%Rejl

31
32

$For Concentrati
K4 (ti)=r(1,31)/0

on Performance
.01;%Cfa/C£0

33 K6(ti)=r(1,88)/0.01;%Cfal/C£0

34
35
36
37
38
39
40
41
42
43
44

K1l(ti)=r(1,1);
[gl=[r];

$for Plotting
[A(ti)]1=t;
[B(ti)]=d(ti):
[C(ti)]=p(ti);
% For Rejection
[M(ti)]=0(ti);
[N(ti)1=K1(ti);
[K5(ti) 1=K4 (ti);
disp(ti)

%Cfa/C£f0

260
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45 fprintf{'\n Time (min) J_w(L/dm2/min) pH Cf,a(mole/l)¢
W (kg) Cf,al(mole/1)\n");

46

47 fprintf('\n%11.4£%20.4e%19.4£%19.4e%19.4e%19.4e%\n" ,T(ti),j(ti),p(ti),c(ti),d(ti), e¥
(ti)):

48

49 format short e

50

51 %Result of Best guess

52 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

53 ,£(1,1),r(1,2),r(1,3),x(1,4),r(1,5),r(1,6),x(1,7),r(l,8),r(1,9));

54

55 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

56 y (L L0), (1, 1) 8(1;12) +8(1;13) 241, 14).; (1 15) 801, 16) 21, 17) .+ 5(1;18)) 3
57

58 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

59 ,r(1,19),r(1,20),r(1,21),r(1,22),r(1,23),r(1,24),r(1,25),r(1,26),r(1,27));
60

61 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11,3e%13.3e%13.3e%13.3e%13.3e%\n"...

62 + T(1,28),% (1,29) ,1(1,30),1(1,31),%(1,32) ,x(1,33),2(l,34),2(1,35) ;x(1l,36))¢
63

64 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%13.3e%13.3e%\n"...
65 ,¥r(1,37),r(1,38),r(1,39),r(1,40),r(1,41),r(1,42),r(1,43),r(1,44),r(1,45));
66

67 fprintf{'\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

68 ,r(l,46),r(1,47),r(1,48),r(1,49),r(1,50),r(1,51),r(1,52),r(1,53),r(1,54));
69

70 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

71 ,r(1,55),r(1,56),r(1,57),r(1,58),r(1,59),r(1,60),r(1,61),r(1,62),r(1,63));
72

73 fprintf({'\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

74 yr(l,64),r(l,65),r(l,66),r(l,67),r(l,68),r(l,69),r(1,70),r{l,71),r(1,72));
15

76 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

77 ,r(1,73),r(1,74),r(1,75),r(1,76),r{1,77),x(1,78),r(1,79),r(1,80),r(1,81));
78

79 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

80 ,r(1,82),r¢(1,83),r(1,84),r(1,85),r(1,86),r(1,87),r(1,88),r(1,89),r(1,90));
81

82 fprintf{'\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

83 ,r(1,91),r(1,92),r(1,93),r(1,94),r(1,95),r(1,96),r(1,97),r(1,98),r(1,99));
84 end

85

86 %Time Interval®%%3ss¥PE35%3T35559%39%%%%

87
88
89
90
91
92
93
94
95

Ai=0:30:1800;
SEEELLLLLLRLLLLLLLLLLLLLLLLLLLLLL599%5%%%
format short

Ci=spline(A,C,Ai);

format short e

Bi=spline(A,B,Ai);

$Experiment Value W and pH33 %3535 5558555853050 % 8550000059485 5%%%%%%%
F=[ 0 0.0120 0.0220 0.0340 0.0460 0.0580 0.0680 0.0800¢

0.0910 0.1020 0.1130 0.1240 0.1340...

96

0.1450 0.1560 0.1660 0.1760 0.1870 0.1970 0.2080 0.2180¢

0.2280 0.2370 0.2470 0.2570 0.2670...



0.3230

0.4390

0.5410

.2950

3.2430

3.1910

3.1330

3.0980

0.3330

0.4480

0.5480

.2930

3.2390

3.1860

3.1290

0.3420¢
0.4570¢

0.5550¢

.2890

3.2360¢
3.1810¢
3.1240¢

3.0940¢

97 0.2760 0.2860 0.2850 0.3140
0.3510 0.3610 0.3690 0.3780 38804
98 0.3970 0.4050 0.4130 0.4310
0.4640 0.4720 0.4800 0.4890 .4960...
99 0.5040 0.5120 0.5200 0.5340
0.5620];

100

101 G=[ 3.3010 3.2990 3.2960 3.2870

3.2820 3.2780 3.2730 3.2680 .2640...
102 3.2610 3.2570 3.2530 3.2450

3.2330 3.2290 3.2260 3.2220 21805 ¢ 5
103 3.2150 3.2110 3.2060 3.1960

3.1760 3.1710 3.1650 3.1600 15505 ¢ »
104 3.1500 3.1460 3.1420 3.1350

3.1230 3.1220 3..11:80 3.1140 lild05% «
105 3.1060 3.1060 3.1050 3.1010

3.0930]1;

106 3555555525550 555 000500554555 2%53%0%%9205 0055905905595 99559055%9%%%%%
107 F_m=mean (F);

108 G_m=mean (G);

109 suml=0;sum2=0;

110 sum3=0;sum4=0;

111 %%% Number of Data 5555558358t s et s0 5053095558555 %59%%39%%%%5%%
112 for k=1:1:61

113 555588000ttt stt ettt ettt e s oo essuse oo ee%%%9%%%
114 suml=(Bi(1l,k)-F(1,k))"2+suml;

115 sum2=(Bi(1,k)-F_m)"2+sum2;

116 sum3=(Ci(1,k)-G(1,k))"2+sum3;

117 sumé4=(Ci(1,k)-G_m)~*2+sum4;

118 end

119

120 format short

121 R2_W=1l-suml/sum2;

122 R2_pH=1-sum3/sum4;

123 MSE_W=suml/k;

124 MSE_pH=sum3/k:

125 RMSE_W=sqrt (MSE_W)

126 RMSE_ pH=sqrt (MSE_pH)

127 SEP_W=RMSE_W/F_m*100

128 SEP_pH=RMSE_pH/G m*100

129

130 % Plotting

131 subplot{2,3,1)

132 plot([A]/60, [B]l,'-g', [Ai]/60, [F], 'xr")

133 xlabel ('Time (hr)"')

134 ylabel ('Weight (Kg)')

135 title ('Weight Change as a Function of Time')
136 legend('Model’, 'Experiment’,2)

137

138 subplot(2,3,2)

139 plot([a]/60,[C]," '-g', [Ai]/60, [G], 'xr")

140 xlabel ('Time (hr)")

141 ylabel ('pH')

142 title('pH as a Function of Time')

143 legend('Model’, 'Experiment’,1)

144

262
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145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180

subplot (2, 3, 3)

plot([A]/GO, [M] r '_g')

xlabel ('Time (hr)")

ylabel ('$Rejectionl’)

title('%Rejectionl as a Function of Time')
legend ('Model’, 1)

subplot (2,3, 4)

plot ([A]/60, [01],'-g")

xlabel ('Time {(hr)")

ylabel ('%Rejection2')

title('%Rejection2 as a Function of Time')
legend ('Model’, 1)

subplot(2,3,5)

plot ([A]/60, [K5],'-g")

xlabel ('Time (hr)'")

ylabel ('Cfa/Cf0")

title('Cfa/Cf0 as a Function of Time')
legend ('Model’, 1)

subplot (2,3, 6)

plot ([A]/60, [K6],'-g")

xlabel ('Time {(hr)")

ylabel ('Cfal/C£0"')

title('Cfa/Cf01 as a Function of Time')
legend('Model’, 1)

fprintf{*\n %nt)

fprintf ("\n i)

fprintf ("\n CONCLUSION \n')

fpringf {(*\n R2_W MSE_W R2_pH

fprintf("\n%11.3£%20.4e%19.4£%19.4e%\n"',R2 W,MSE W,R2_pH,MSE pH)

fprintf('\n \n')

fprintf('\n Time (min) J_w(L/dm2/min) pH

W(kg) Cf,al (mole/1)\n");

181
182
183
184
185
186
187

for x=1:1:200000000;
z=x*5000;

MSE_pH\n') ;

263

Cf,a(mole/1) ¢

fprintf('\n%11.3f%$20.4e%19.4f%19.4e%19.4e%19.4e%\n",T(2z),j(2),p(2),c(2z),d(z),e(2));

end



1
2
3
4
5
6
7
8

9
10

function fu=Aceticl0 ButyriclO(z,t)

%Independent Variables

v_f 0=1;C_d s 0=1;v_d 0=0.5;

%Fixed Variable

T=301;f=1.58;

% T=300..normal f=1.58...normal
L=0.9207;D=0.023;W=0.4572;A m=42*10"(-2) ;d_h=0.0438;
% Acid Variables

E1'4

264

AAAAAAAAAAAAAAAAAAAAAAAANAAAAAAAAAAAAAAAAANAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAAAAAAAAAAAAAAAAN

11
12
13
14
15
16
17
18
19
290
21
22

C_f a 0=10%*10%(-3);

C £ al 0=10%10~(-3);

AR R R R R R R R R R R R R R R R R R LR A A R AR E L £
B a=2.102/60/100;%B of Acetic Acid

B al=0.639/60/100;% B of Butyric Acid
SRR R R R AR R R R R L R R LR L AR R AR LR R L1

D A 298=6.534*10~(-6) ;D_HA 298=7.5429*10"(-6) ;%Acetic Physicocmical Property
D_Al 298=5.208*10~(-6);D_HAl 298=5,429%10"(-6);%Butyric Physicocmical Property

B E R E LR ETRETLLLRLRLRLERBY%S
K_a_T=10"-(1170.48/T-3.1649+0.013399*T) ; $Acetic acid
K al T=107-(1033.39/T-2.6215+0.013334*T) ;%Butyric Acid
[ 4

AAAAAAAAAAAAAAAAAAAAAANARAAAAAAAAAAAAAAANAAAAAAAANAAAAAAAANAAAARAAAAAAAAAAAAAAAAAAAAAAAAA

AAAA

23
24
25
26
217
28
29
30
31
32
33
34
38
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

%Constant Variable

B_s=0.460/60/100;

A=0.413/60/100;

o_5=0.897;%amonium chloride coefficient
S5=491%*10~-5;

D NH4_298=117.42e-7;D_Cl_298=121.92e-7;%amonium & chloride diffusion coefficient

den_w=999.65+2.0438/10% (T-273) -6.174*10~-2* (T-273) *1,5;
D_H_298=5.587*10* (-5) ;

visco _298=((298-273)+246)/((0.05594* (298-273)+5.2842) * (298-273)+137.37) ;

visco_T=((T-273)+246)/((0.05594* (T-273)+5.2842) *(T-273)+137.37) ;
SRR R R AR R R R R R R R A R A R R A R A R R R R R R R R R R AR A AR A R A R R A R L 41
o_a=l;n_s=2;R=0.08314;0_al=1;

$Temperature Correction

AR R R R R R R R R R R R R R R A R R A R R A R R R R R R R R R R R R R R A R R R R R R R R R R R R 1]
K _CO2_T=107-(3404.71/T-14.8435+0.032786*T);

K_HCO3 T=107-(2902.39/T-6.4980+0.02379*T) ;

K w_T=10"(-4470.99/T+6.0875-0.017060*T) ;
K_NH4CL=10"-(2835.76/T-0.6322+0.001225*T) ; $Amonium Chloride
E=2727.586+0.6224107*T-466.9151*10g (T)-52000.87/T;
d=1-(((T-273)-3.9863)*2* ((T-273)+288.9414))/(508929.2* ((T-273) +68
+0.011445*%exp((-374.3)/(T-273));

A I=(1.82483*1076*d"0.5)/(E*T)"1.5;

K=1/K a T;

%AAAAAAAAAAAAAAAAAAAAAAAAI\AAAAAA/\AAAA

K1=1/K al_T;

GAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

D H T=D H 298*T/298*visco_298/visco_ T ;

D A T=D A 298*T/298*visco_298/visco_T;

D_HA T=D HA_298*T/298*visco_298/visco_T;
FAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAAAAANAAAAAAAAAANAANAANAANAAAAAA

D Al T=D Al 298*T/298*visco_298/visco T;

.12963)) ...



54
55
56

76

79
80
81
82
83
84
85
86
87
88
89
90

D_HAl T=D HAl 298+%T/298*visco_298/visco T;
GAANAAAANAANAAAANAANAAAAAAANAANAANAANANAANANAAAAANAAAAAAANAANAA

D_NH4_T=D NH4_298*T/298*visco_298/visco_T:
D_Cl_T=D_Cl_298*T/298*visco_298/visco_T;

D1 T=2/(1/D H T +1/D A T);

GAAAAAAAAAAAAAAAAAAAAAAAANAAAAAAAAAAAAAAANA

D_11 T=2/(1/D_H T +1/D_Al1 T);

SANAAAAAAAAAAANAAAAANAAAAAAAAAAAAAAAAAAAAAA

D_S_T=2/(1/D_NH4 T +1/D_Cl1_T):

D d s=D_S_T;

Df s=D S T:

K H=0.034%exp(-2400%* (1/T-1/298) ) ; §*******xhkhhhhhxk

c f co2=loA_3.408*K H'-%**‘k******‘k****************‘k‘k

R R R R R R R R R R R R R R R R R R R R Rt R L R R R R R AR R AR R A R R R R SRR R Rt T
$Unknown Variable

J_w=z(1);P_i=2(2);P_m=2(3);J_s=2(4);C_1i_s=z(5);

C mf s=z(6);J_a=z(7);C_ mf a=z(8);C i a=z(9);C d a=z(10);

C_d H=z{1l1);gamma_d H=z(12);gamma_d A=z (13);I_i=z(14);C_d s=z(15);

C_mf H=z(16);gamma _mf H=z (17);gamma mf A=z(18);I mf=z(19);C md s=z(20);
k_d=z(21);Sh_d=z(22) ;Sc_d=z(23) ;Re_d=z(24);

v_d=z(25) ;den_d=z (26) ;jmul_d=z(27);f 2=z(28);D_f_a=z(29);

k_f a=z(30);C_£f a=z(31);Sh_f a=z(32);Re_f=z(33);v_£f=z(34);

f 1=2(35);8c f a==z(36);k_f s5=2(37);C_f s=2z(38);

C f ai=2z(39);C_f si=z(40);C_d ai=z(41);C d_si=z(42);

gamma_f£ H=z(43);C_f A=z (44);gamma_f A=z (45);I_£f=z(46);C_£f NH3=z(47);

Sh_f s=z(48);8c_f s8=z(49);w=z2(50);C _f H=z(51);gamma_f HCO3=z(52);

gamma_f OH=z(53);C_f HCO3=z(54);C_f CO3=z(55);

gamma_f CO3=z(56):;C_f NH4=z(57);C_f OH=z(58);C_f_ HA=z(59);den_f=z(60);
pH_f=z(61);

% for charge balance of NH4

gamma_d_OH=z (62) ;gamma_i_NH4=z (63) ;C_d_A=z(64);C_d_OH=z(65);C_i_ NH4=z(66);
C_i_NH3=z (67) ;C_d_HA=z (68) ; C_mf_A=z (69) ;C_mf_OH=z{70) ;C_mf_NH4=z (71);

gamma mf OH=z (72);gamma mf NH4=z(73);C mf NH3=z(74);C_mf HA=z(75);gamma f NH4=z(76);
mul_f=z(77);

% for two acid
C_mf_al=z(78):;C_i_al=z(79);J_al=z(80);C d_al=z(81);C_d Al=z(82);gamma_d_Al=z(83);
C_d HAl=z(84);C_mf Al=z(85);gamma_mf Al=z(86);C_mf HAl=z(87);C_f al=z(88);D_f al=z¢

(89);

k_f al=z(90);sh_f al=z(91);Sc_f al=z(92);C_f_ail=z(93);C_d ail=z(94);C_f Al=z(95);
gamma_f Al=z(96);C_f HAl=z(97);C_f HCO3e=z(98);C_f_ C03e=z(99);

format short e

$Math Model

fu(l)=A*(P_i-P m )-J_w;

fu(2)= B_s *(C_i s-C mf s)-J_s;

fu(3)= B_a*(C_mf a-C_i a)-J_a;
GAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAAAAAAAAAAANANAAANANANA
fu(4)= B al*(C_mf al-C i al)-J_al; %Bal,C mf al,C i al,J al
GAAAAAAANAANAANAANAANAAAAAAAAANANAAAAANAANAANAANAANANAANANAAAANAAAAANAANAANAANA
fu(5)=C_d _a-C i a;

FANAAANAAAAANANAAANANAAANANAAANANAAANANAAANANAAANANAAAN

fu(6)=C_d al-C i al; %C_d al
GAANAAAAAAAANAAAAAAAAAAAANAANAANAANAANAANANAAAANAAAAAAAA

fu(7)=J_a/J w-C_d_a;
GAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
fu(8)=J_al/J w-C_d _al;

FAAAANAAAAANAANANANANANANANAANAANAANANANANANNAANAANAANNANAA

265



266

109 fu(9)= o_s*n s*C_i s*R*T+o_a*(C_d a+C_d H)*R*T+o_al*(C_d al+C_d_H)*R*T-P i;
110 %Charge Balance Equation at interface %%%%%%3%%3553355223524349552995339%%%%
111 fu(10)=C_d A+C_d Al+C d OH+C_i_s-C_i_ NH4-C d _H; %C_d Al

112 $555555555555 0808080580080 0800 0000000005000 0800%0000% 0050900058995 9%%9%%%%%
113 fu(11)=10"(-(A_I*(I_i~(1/2)/(1+I_i*(1/2))- 0.3*I_i)))-gamma_d H;

114 fu(12)=10"(-(A_I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)))-gamma_d A;

L < B B B I O P B I B L R B B I O A I T N B R B BB T P s
116 fu(13)=10"(-(A_I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)))-gamma_d Al; %gamma_d_Al
LT O O B S S B O O A N N T P O O I A NI S (S S B N O N O T N N BN A S S B N O NP R
118 fu(14)=10"(-(A_I*(I_i~(1/2)/{1+I_i"*(1/2))- 0.3*I_i)))-gamma_d OH;

119 fu(15)=10"(-(A_I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)))-gamma_ i NH4;

120 fu(16)=0.5*(C_i_s+C_ i NH4+C d H+C_d A+C d Al+C d OH)- I_i;

121 fu(l7)=K_a_T*C_d HA/gamma_d_H/gamma_d A/C_d H-C d A;

122 -4 AR OARRA RN AR S SN B 0NN AR RSO NN SA R GO N A DR SRR RN NS RANRAR G BN

123 fu(18)=K al_T*C_d HAl/gamma_d H/gamma d Al/C_d H-C d_Al; $C_d_HAl

124 SAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAAAAAAAANAANAANAANAANAAAA

125 fu(19)=K w_T/C_d H/gamma d OH/gamma_d H-C_d OH;

126 fu(20)=C_i NH4+C i NH3-C i_s;

127 fu(21)=C_d HA+C d A-C d_a;

28] H RN e A S R A I N RGO S

129 fu(22)=C_d_HAl+C_d_Al-C_d al;

130 GAANNAANAAANNANANAANANNANNNANNANNANNANANNANNAR

131 fu(23)=gamma_d H*C_d H*C_ i NH3/gamma_i NH4/K NH4CL-C_i_ NH4;

132 fu(24)=0_s*n_s*C_mf s*R*T+o_a*(C_mf a+C _mf H)*R*T+o_al*(C_mf_ al+C_mf H)*R*T-P_m;
133 %Charge Balance Equation at membrane active layer %%%%%%%%%3%%%%%3%%%%%%%%%%
134 fu(25)=C_mf A+C_mf Al+C_mf OH+C_mf s-C_mf NH4-C mf H; $C_mf Al
135 5553555455450 5 0050054005054 5 4054550503551 554995%9%%%
136 fu(26)=10"(-(A_I*(I_mf~(1/2)/(1+I_mf~(1/2))- 0.3*I_mf)))-gamma_mf H;

137 £fu(27)=10"(-(A_I*(I_mf~(1/2)/(1+I_mf*(1/2))- 0.3*I_mf)))-gamma mf_ A;

AL e s i S i R S S R O R R i S
139 fu(28)=10"(-(A_I*(I_mf~(1/2)/(1+I_mf~(1/2))- 0.3*I_mf)))-gamma_mf Al; s
gamma_mf_Al

14.Q] BB EABRNNNENEESNADNONNCENNB LR NN RO OO NN NI AN NN GISIIN DN NBBINI
141 fu(29)=10"(-(A_I*(I_mf~(1/2)/(1+I_mf~(1/2))- 0.3*I_mf)))-gamma mf OH;

142 fu(30)=10"(-(A_I*(I_mf~(1/2)/(1+I_mf*(1/2))- 0.3*I_mf)))-gamma_mf_ NH4;

143 fu(31)=0.5*(C_mf_s+C_mf NH4+C mf H+C_mf A+C mf OH+C mf Al)-I_mf;

144 fu(32)=K_a_T*C_mf HA/gamma_mf H/gamma mf A/C_mf H-C_mf A;

145 %AAAAAAAAAAAA/\AA/\I\AAAAAAA/\AAAAI\AAAAAAAAAAAAi\AAAAAAAAAAAAAAAAAA

146 fu(33)=K al_T*C mf HAl/gamma mf H/gamma_mf Al/C mf H-C mf Al;

L B A O N O NS A O SISOl

148 fu(34)=K w_T/C mf H/gamma mf OH/gamma mf H-C_mf OH;

149 fu(35)=C_mf NH4+C mf NH3-C_mf s;

150 fu(36)=C_mf HA+C mf A-C mf a;

aEo i oo e b S R G S S

152 fu(37)=C_mf HA1+C mf Al-C mf al; %C_mf HAL

153 SANNAAAARARNANNANNANNNNANNNANNARNNANANNNANNNNNNNNANNANANNNNNNNNA

154 fu(38)=gamma_mf H*C_mf H*C_mf NH3/gamma mf NH4/K NH4CL-C_mf NH4;

155 fu(39)={(C_md_s-C_i_s)/2*D_S_T*(1/(J_w*(0.789*C_i_s+0.211*C md s)+J_s)...

156 +1/(J_w*(0.211*C_i s+0.789*C _md s)+ J_s))-S;

157 fu(40)=(C_d s-C_md s)/2*D_S_T*(1/(J_w*(0.789*C_md s+0.211*C_d s)+J_s)...

158 +1/(J_w*(0.211*C_md s+0.789*C_d s)+ J_s))-D_d s/k d;

159 fu(41)=Sh _d*D d_s/d h-k_d;

160 fu(42)=L*v_d*den_d/mul_d-Re_d;

161 fu(43)=(f_2+f)/2/W/D-v_d;

162 fu(44)=f+J w*A m-f 2;

163 % amonium chloride density and viscosity
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164 fu(45)=6*exp((12.396*(C_d s*53.491/den_d)"1.5039-1.7756)/(0.23471*(T-273)+1)/...
165 (-2.7591*(C_d _s*53.491/den d)~2.8408+1))-mul d;

166 fu(46)=den wt+0.2061le2*C d s5-0.1577*C_d s* (T-273)+1.553e-3*C_d_s* (T-273)*2-...
167 2.556*C_d s*1.5+5.67e-2*C_d_s”1.5*(T-273)-5.082e-4*C_d_s"1.5*(T-273)*2-den_d;
168 S50 5 R R L0555 %%%

169 fu(47)= 0.04*Re_d"(3/4)*Sc_d~(1/3)-sh_d;

170 fu(48)= mul_d/den_d/D_d_s-Sc_d;

171 fu(49)=(0.5*(C_f a-C mf a)*((D_1 T-D HA T)/...

172 (sqrt (1+4*K* (0.789*C_mf_a+0.211*C £ a))*(J_w*(0.789*C mf a+0.211*C f a)-J a))...
173 +(D_1_T-D_HA_T)/(sqrt(l+4*K* (0.211*C_mf_a+0.789*C_f_a))* (J_w* (0.211*C_mf_a...
174 +0.789*C_f a)-J a))+ D_HA T/(J_w*(0.789*C_mf a+0.211*C_f a)-J a)...

175 +D_HA T/((J_w*(0.211*C mf a+0.789*C_f a)-J a))))+D f a/k f a;

176 s¢

177 fu(50)=(0.5%(C_£f al-C mf al)*((D_11 T-D HAl T)/... EY4
C f al,D f al,k f al

178 (sqrt (1+4*K1* (0.789*C mf al+0.211*C_f al))*(J_w*(0.789*C_mf al+0.211*C f al)-«
J al))...

179 +(D_11_T-D HAl T)/(sqrt(l+4*K1* (0.211*C_mf al+0.789*C_f al))*(J_w*(0.211¢

* mE dleee

180 +0.789*C_f_al)-J_al) )+ D_HAL_T/(J_w*{0.789*C_mf_al+0.211*C_£f_al)-J_al)...

181 +D_HA1l T/ ((J_w*(0.211*C_mf_al+0.789*C_f al)-J al))))+D_f al/k f al;

182 s¢

AAAAAAANAANAANANANANAANNAANNAANNAANANANAANAANAANAARNAAANAANNAANNANANANNANANANNAANAAANAANANAANNANAANANANNANN
183 fu(51)=sh_f a*D f a/d h-k_f a:

i S e e

185 fu(52)=Sh_f_al*D_f al/d_h-k_f_al; $sh £ al

LG A A A A SN O A N N O N N A A A A N A AN O SR

187 fu(53)=(D_1_T/(2*K*C_f_ a)* (-1l+sqrt (1+4*K*C_f a))+D HA T/...

188 (4%K*C_f a)* (-1+sqrt (L+4*K*C £ a))~2)-D £ a;

189 FFNNEASEASCRARAAAKSANNRANARNSRESEASSNARINASACIRENNLIND BN BRNRANARNR

190 fu(54)=(D_11_T/(2*K1*C_f_al)* (-l+sqrt (1+4*K1*C_f_al))+D_HAl T/...

191 (4*K1*C_f al)*(-l+sqrt (1+4*K1*C_f al))"2)-D_f al;

(EC T R e e e i b e e e e e R e

193 fu(55)=L*v_f*den f/mul_f -Re_f;

194 fu(56)=(f+f_1)/W/D/2-v_£;

195 fu(57)=£f-J_w*A m-f 1;

196 fu(58)= 0.04*Re £~ (3/4)*Sc_f a~(1/3)-Sh f a;

197 fu(59)= mul_f/den_£/D f_a-Sc_f a;

L AN A A R RN N A

199 fu(60)= 0.04*Re_f£~(3/4)*Sc_f al~(1/3)-Sh f al; $Sc_f al

200 fu(6l)= mul_f/den_£/D_f al-Sc_f al;

I e e i

202 fu(62)=(C_f s-C mf_s)/2*D S_T*(1/(J w*(0.789*C mf s+0.211*C_f s)+J_s)...
203 +1/(J_w*(0.211*C_mf s+0.789*C_f s)+ J s))+D_f s/k f s;

204 fu(63)=Sh_f_s*D_f_s/d_h-k_f_s;

205 %$Mole balance Equation

206 fu(64)=(V_f _0*C_f a 0+C_f ai*f 1*t)/(V_f O0+f 1*t)-C_f a;

207 %A/\I\/\AA/\/\AI\/\I\A/\A?\’\A/\AA/\/\I\I\/\AAAA/\AAAAA/\/\AA/\I\AI\AA/\A/\AAI\AAAI\I\I\I\AAI\AAAA/\I\A
208 fu(65)=(V_f 0*C_f al 0+C_f ail*f 1*t)/(V_f O+f 1*t)-C_f al;

209 SANAAAAANAAAAANANANANANNANANNANANRNNNNNNNNNNANANANANNNNRNANANRANRNANANAR
210 fu(66)=C_f s*f 1%t/(V_f O+f 1%t)-C_f si;

211 fu(67)=(C_f a*f-J a*A m)/f 1-C f ai;

D B R O RSN AT

213 fu(68)=(C_f al*f-J al*A m)/f 1-C f ail;

D14 FSAANAAAAAAAAAAANAAAAANAANAAANAANAANAANAANAANARNNAANANANANANNAA



215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236

fu(69)=(C_f si*f+J _s*A m)/f_1-C f_s;
fu(70)=(C_d s 0*vV d 0+C d si*f 2*t)/(v_d 0+f 2*t)-C d s;
fu(71)=(C_d ai*f*t+C_d_ai*(V_d_0+f_2*t-f*t))/(f_2*t)-C_d a;

GAAAAAAAAAANANAARNAAAAANAAAAANANAAANANAARNANANANARAAANANAAANANAAAAN

fu(72)=(C_d_ail*f*t+C_d_ail* (V_d _O+f 2*t-£*t))/(f_2*t)-C_d_al;

FAANAAAAAAAANNAANANAAANANANANANANNNANANANANANANANANANANANANANANAANANA

fu(73)=(C_d_s*f-J_s*A m)/f _2-C_d_si;
fu(74)=(C_d a*f 2-J a*A m)/£-C d ai;
%AA/\A/\/\A/\l\AI\/\A/\/\AAAAAAAAAAAAAAAAAAAAAA/\AAAAAA/\/\AAAA/\/\
fu(75)=(C_d_al*f_2-J_al*A m)/£-C_d_ail;
GAAAAAAAAAANAAAAANAAAAAAAAAAAAAANAANAAAAAAAAAAAAAANAA
%additional Equation

fu(76)= 0.04*Re_f"(3/4)*Sc_f s*(1/3)-Sh_f s;

fu(77)= mul_£f/den £/D_f s-Sc_f s:

fu(78)=J_w*A m*t*den d/1000-w;

%ionic strenght in feed solution%%%%%%%%%3%%%%%%%%%
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fu(79)=0.5* (C_f si+C_f NHA+C_f H+C_f OH+C_f A+C_f Al+C_f HCO3+4*C _f CO3)- I_f;%C_f Al

FHEIBTLILTVLTLHEHHLLHLHHLHHLLHLLILR9999%%%

£u(80) =10~ (- (A_I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_f)))-gamma_f H;%Davis
fu(81)=10" (- (A_I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_£)))-gamma_f A;%Davis

GAAAAAAAAAAAAAANAAANANARANANANANANAARANAANAAANANAAAAAAAARAAAANANAAANANRAANANA

£u(82)=10" (- (A _I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_f)))-gamma f Al;%Davis

gamma_f Al

237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266

LAAAAAAAAAAAAAAAANAAANAANAAAAAAARNAANAAAAAAARAAAAANAANAANAANAAAAAAAARAAAAAAAAAAAA

£u(83)=10" (- (A_I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_£)))-gamma_f_HCO3;%Davis
£u(84)=10" (- (A_I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_£)))-gamma_f OH;%Davis
%Charge Balance Equation $3%%%%3%3%%5%%55595553855%3552%32%553335%35%9559%5%3%
fu(85)=C_f HCO3+2*C_f CO3+C_f A+C_f Al+C f OH+C_f si-C_f NH4-C f H;
55855555555 955555555555555255555%5555595555553555535595595553555535%953955%3%

%New Equation for charge balance
fu(86)=K a T*C_f HA/gamma f H/gamma_f A/C_f H-C f A;

GAAAAAAAAAAAANANAAANANAAANANAAANANARANANANANANANANANANANANANANANANN

fu(87)=K_al T*C_f HAl/gamma_ f H/gamma_ f Al/C f H-C_f Al;

GAAAAAAAAAANAAAAAAAAAAANAAAAAAAAAAANAAAAAAAANAAAAANAAAAAAAAAAANAAAAN
fu(88)=K_CO2_T/gamma_f_ H/gamma_f HCO3/C_f H*C_f HCO3e-C_f_ HCO3;$******
fu(89)=K_HCO3_T*gamma_f HCO3/gamma_f H/gamma_ £ CO3/C_f H*C_f CO3e-C_f CO3;%*****x
fu(90)=10" (- (A _I*4*(I_£~(1/2)/(1+I_£7(1/2))- 0.3*I_f)))-gamma_f CO3;%Davis

fu(91)=K w_T/C _f H/gamma_f OH/gamma f H-C f OH;
fu(92)=C_f NH4+C_f NH3-C_f_ si;
fu(93)=C_f HA+C_f A-C_f a;

LAAAANAAAAAAAANAAAAAAAANAANNAANAANAANAANAAN

fu(94)=C_f HAl+C_f Al-C_f al; %C_f HAIL

GAAAAAAAAAAAANANAAANANAAANANANANANANANANAAA

fu(95)=gamma_f H*C_f H*C_f NH3/gamma_f NH4/K _NHACL-C_f NH4;

Fu(96)=10~ (-~ (A _I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_f)))-gamma f NH4;:

fu(97)=pH_f+1logll (gamma_f H*C_f H);

fu(98)=C f co2-C_f HCO3-C_f HCO3e;

fu(99)=C_f HCO3-C_f C03-C_f_CO3e;

$protron condition

$fu(51)=C_f HCO3+2*C_f CO3+C_f Ac+C_f OH+C_f NH3-C_f H;

s
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G.8 A mixture of 10 mM acetic acid and 10 mM valeric acid as feed solution and

NH,Cl as draw solution

1 cle

2 clear

3 [g]=[1.596e-03
3.840e-11 1.013e-

4 1.837e-08 ¥

e-04

9.680e-01

5 8.191e-04 9.

e+02

1.012e+03

6 1.581e+00 4 I

e+02

1.579%e+00

7 1.843e-01 1.

e-01

3.106e-04

8 5.800e-04 3.

e-01

9.728%e-01

9 5.354e-15 8.

e+00

7.340e-01

10 1.155e-08 1

e-11

2.346e-04

11 9.680e-01 2.

e-09

1.05%e-11

12 2.898e-08 7.

e-02

1.169%e-05

13 6.457e+02 4.

e-03

14
15
16
17
18
19
15
20
21
22
23
24
25
26
27

1.438e-05
FHTTEELEL559%%%
ts=0.17:0.0006:1
SR LLE5E5%%%
for ti=l:numel (t
t=ts(ti);

options = optimset('Algorithm’, 'Levenberg-Marquardt’',

, "Maxiter',2

[r] = fsolve(@(z)Aceticl0_ValericlO(z,t), [g],options)

J(ti)=r(1,1);%Iw
c(ti)=r(1,31);%C
d(ti)=r(1,50) ;%W
p(ti)=r(1,61);%p
T(ti)=t;
e(ti)=r(1,88);%C
% For Rejection
Oo(ti)=(1-r(1,10)
Ol (ti)=(1-r(1,81
%$For Concentrati
K4 (ti)=r(1,31)/0
K6 (ti)=r(1,88)/0
K1l(ti)=r(1,1);
[gl=[z]:

$for Plotting
[A(ti)]=t;
[B(ti)]=d(ti):
[C(ti)]=p(ti);

% For Rejection
[M(ti)]=0(ti);
[N(ti)]=K1l(ti);
[K5(ti) ]=K4 (ti);
disp(ti)

2.3736e+01 5.483e-01

02 1.962e-08...
9184e-05 7.340e-01
9.680e-01...

9110e-01 1.880e-01
4.839%+00...

1682e-05 1.723e-01
4.291e+02...

3668e-05 1.001le-02
9.729%e-01...

486%e-12 6.245e+02
1.214e-08...

9579e-01 2.893e-06
7.340e-01...

2134e-09 5.287e-01
9.680e-01...

7921e-10 9.820e-03
4.901e-09...

3399e-01 2.003e-09
1.724e-01...

2873e+02 1.001le-02
1.214e-08];

$EELIELILLILILLLILLI%%S

800;

3529523555553 855835%%

s):

5, 'Maxfun',15000) ;

fa

H

fal
/r(1,31))*100; %Rej
)/r(1,88))*100;%Rejl
on Performance

.01;%Cfa/Cf0
.01;%Cfal/Cf0

¥Cfa/C£f0

4.051e-05 5.287e-01 2.346e-04V

7.340e-01

6.372e+02

1.000e-02

2.893e-06

3.879%e+02

2.298e-11

1.917e-05

9.72%e-01

2.707e-04

2.060e-09

5.287e-01 9.998e-01 5.845¢
3.700e+02 2.894e+04 1.503¢
6.459e+02 2.759e+04 1.502¢
7.723e-09 9.993e-01 9.729¢
1.154e-04 5.771le-04 9.729¢
9.691e-03 9.3962e+02 3.251¢
6.820e-09 3.138e-04 2.407¢
4.994e+00 1.018e-02 5.017¢
9.680e-01 9.914e-03 1.000¢

2.665e-04 9.729e-01 9.735¢

"TolFun',1*107-15, 'TolX',1*10~-¥
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45 fprintf{'\n Time (min) J_w(L/dm2/min) pH Cf,a(mole/l)f
W(kg) Cf,al(mole/1)\n');

46

47 fprintf{'\n%11.4£%20.4e%19.4f%19.4e%19.4e%19.4e%\n" ,T(ti),j(ti),p(ti),c(ti),d(ti),e!
(ti)):

48

49 format short e

50

51 %Result of Best guess

52 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...

53 r£(1,1),r(1,2),x(1,3),r(1,4),r(1,5),r(1,6),c(1,7),r(1,8),r(1,9));

54

55 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

56 dELLL0Y e (LI 5201 12) 5201 13) ;2 (L, 14) s 201; 15) w21 06) 2 (1 1) ; £(1; 18) ) 2
57

58 fprintf{'\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

59 r24L,19)x(1,209) ;2(l,2L) ,£{1,22).,2(1,23) ,2{l,28) ,241,258),x(1,26) ,2{l,.27) );
60

61 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

62 p Bl 28), 0 (1,29) ;2(1,30) , £{1,3L1),7(1,32) ;v{1,33) ,2{l,34),7(1,35) ;v(1,36))5
63

64 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%13.3e%13.3e%\n"...
65 ,r(1,37),r(1,38),r(1,39),r(1,40),r(1,41),r(1,42),r(1,43),r(1,44),r{(1,45));
66

67 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

68 yE(1:46) 2L, 4AT7) ;2(1;48) ;£ (1;:49),;2{1,;50) ;x(1,;51) £ (1;52),x(1,;53) ;x(1,54) )3
69

70 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...

71 rE2{L,55) 2 (1,56} ;2(l,5]) ,2{1,58),2(1,59) ;2{Ll,60) ,2{l,6L),2[l,62) ,x{l,63)};
72

73 fprintf{'\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...

74 ,r(l,64),r(1,65),r(1,66),r(1,67),r{(1,68),r(1,69),r(1,70),r{l,71),r(1,72));
75

76 fprintf{'\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...

7 ,r(1,73),r(l,74),r(1,75),r(1,76),r{1,77),r(1,78),r(1,79),r{1,80),r(1,81));
78

79 fprintf{'\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...

80 ,r(1,82),r(1,83),r(1,84),r(1,85),r(1,86),r(1,87),r(1,88),r(1,89),r(1,90));
81

82 fprintf{'\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...

83 ,r(l1,91),r¢(1,92),r(1,93),r(1,94),r(1,95),r(1,9%6),r(1,97),r{1,98),r(1,99));
84 end

85

86 %Time Interval%$%33%353P549%39535539%%%%

87 Ai=0:30:1800;

88 3LHILLLLLLLLTLLLLLLLLLLLLLLHLL559%%%%%

89 format short

90 Ci=spline(A,C,Ai);

91 format short e

92 Bi=spline(A,B,Ai):;

93

94 %Experiment Value W and pH¥%%3 5555550500550 5000555055955 959 5%%%%%%%

95

F=[ 0 0.0160 0.0320 0.0470 0.0620 0.0770 0.0900 0.1040¢

0.1170 0.1310 0.1430 0.1560 0.1670...

96

0.1790 0.1910 0.2020 0.2140 0.2250 0.2360 0.2490 0.2600¢

0.2710 0.2810 0.2920 0.3030 0.3130...



97 0.3240 0.3340 0.3440 0.3540 0.3630
0.4000 0.4090 0.4180 0.4260 0.4340...
98 0.4430 0.4510 0.4590 0.4730 0.4800
0.5100 0.5170 0.5240 0.5310 0.5380...
99 0.5440 0.5500 0.5570 0.5640 0.5700
0.5980];
100

0.3730

0.4880

0.5760

101 G=[ 3.2380 3.2300 3.2240 3.2210 3.2170 3

3.2050 3.2020 3.2000 3.1980 3.1940...
102 3.1910 3.18890 3.1850 3.1830 3.1790
3.1690 3.1670 3.1640 3.1620 3.1590...
103 3.1570 3.1550 3.1520 3.1500 3.1480
3.1390 3.1360 3.1340 3.1320 3.1300...
104 3.1280 3.1260 3.1240 3.1220 3.1200
3.1120 3.1110 3.1080 3.1080 3.1060...
105 3.1050 3.1030 3.1020 3.1010 3.0990
3.0850];

106

3.1780

3.1450

3.1190

3.0980

0.3820

0.4960

0.5830

.2140 3

3.1750

3.1430

3.1170

3.0970

.2110
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.3910¢
.5030¢

.5890¢

3.2080¢
.1720¢
.1410¢
.1150¢

.0960¢

107 $%%Es 5ttt sttt Tt Tttt E I L AT LTI LLILLTLLH9%%%

108 F_m=mean (F);
109 G_m=mean (G);

110 suml=0;sum2=0;
111 sum3=0;sumé4=0;

112 %%% Number of Data %3%33%%35355555334545555 3344235055599 %%3%%%%

113 for k=1l:1:61

114 555555555535 55 5555044555055 LH55H0 5445 HH509%9%%%%%%

115 suml=(Bi(1,k)-F(1,k))"2+suml;

116 sum2=(Bi(1l,k)-F_m)"2+sum2;

117 sum3=(Ci(1,k)-G(1,k))"2+sum3;

118 sumé4=(Ci(1,k)-G_m)"2+sumé;

119 end

120 format short

121 R2_W=l-suml/sum2;

122 R2_pH=1-sum3/sum4;

123 MSE_W=suml/k;

124 MSE_pH=sum3/k;

125 RMSE_W=sqrt (MSE_W)

126 RMSE pH=sqrt (MSE_pH)

127 SEP_W=RMSE_W/F_m*100

128 SEP_pH=RMSE_pH/G_m*100

129

130 % Plotting

131 subplot{2,3,1)

132 plot([A]/60, [B],"'-g', [Ai]/60,[F], 'xr")
133 xlabel('Time (hr)")

134 ylabel ('Weight (Kg)')

135 title('Weight Change as a Function of Time')
136 legend('Model’', 'Experiment’, 2)

137

138 subplot(2,3,2)

139 plot([A]/60,([C],'-g',[Bi]/60,([G], " "'xr")
140 xlabel ('Time (hr)')

141 ylabel('pH')

142 title('pH as a Function of Time')

143 legend('Model’, 'Experiment’,1)

144



145
146
147
148
149
150
151
152
153
154
155
156
151
158
159
160
16l
162
163
164
165
166
167
168

subplot (2, 3, 3)

plot([A]/60, [M],'-g")

xlabel ('Time (hr)")

ylabel ('$Rejectionl’)

title('%Rejectionl as a Function of Time')
legend ('Model’, 1)

subplot (2, 3, 4)

plot ([A]/60, [01],'~g")

xlabel ('Time {(hr) ")

ylabel ('%Rejection2')

title('%Rejection2 as a Function of Time')
legend ('Model’, 1)

subplot{2,3,5)

plot([A]/60, [K5],"'-g")

xlabel ('Time (hr) ")

ylabel ('Cfa/Cf0")

title('Cfa/Cf0 as a Function of Time')
legend ('Model’, 1)

subplot (2, 3, 6)
plot ([A]/60, [K6],'-g")
xlabel ('Time (hr)")
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169 ylabel('Cfal/C£0"')

170 title('Cfa/Cf0l1 as a Function of Time')

171 legend('Model’, 1)

172

173 fprintf('\n \n')

174 fprintf{'\n \n'")

175 fprintf('\n CONCLUSION \n')

176 fprintf{'\n R2_W MSE_W R2_pH MSE_pH\n') ;
177 fprintf('\n%ll.3f%20.4e%19.4f%19.4e%\n',RZ_W,MSE_W,R2_pH,MSE_pH)

178 fprintf('\n \n')

179

180 fprintf('\n Time (min) J_w(L/dm2/min) pH Cf,a(mole/1) ¢
W(kg) Cf,al (mole/l)\n");

181 for x=1:1:200000000;

182 z=x*5000;

183 fprintf('\n%11.3f%20.4e%19.4£%19.4e%19.4e%19.4e%\n",T(2),]j(2z),p(2),c(z),d(z),e(2));
184

185 end

186

187
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13
14
18
16
g7
18
19
20
21
22

function fu=Aceticl0 ValericlO(z,t)

%$Independent Variables

v £ 0=1;C d s 0=1;v_d 0=0.5;

%$Fixed Variable

T=301;f=1.58;

% T=300..normal f=1.58...normal
L=0.9207;D=0.023;W=0.4572;A m=42*10"(-2) ;d_h=0.0438;
% Acid Variables

s

C_f a 0=10*10"(-3);

C_f al 0=10*10~(-3);

LR E R R R R R R R R R R AR R R R LR R R R R AR L L £ L

B_a=2.102/60/100;%$New Value 2.102 L/m2/h/60/100 = L/dm2/min....

B _al=0.492/60/100;% B of Valeric Acid, L/dm2/min Unit(0.57 L/m2/h)
EEL R LT R R R R R RS LR L b R bR L b L b b b et ]

D_A 298=6.534*10~(-6) ;D_HA 298=7.5429*10"(-6) ; 3Acetic Physicocmical Property
D Al 298=5.226*10"(-6);D HAl 298=4,8022*10"(-6);%Valeric Physicocmical Property

kXA R LR LR AR LA R R R LR R AR LA LA R AL L 1]

K a_T=107-(1170.48/T-3.1649+0.013399*T) ; %Acetic acid
K _al T=10"-(921.38/T-1.8574+0.012105*T) ;%Valeric Acid
14
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23
24
25
26
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28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

%Constant Variable

B s=0.460/60/100;

A=0.413/60/100;

o_s=0.897; %amonium chloride coefficient
$=491*10~-5;

D_NH4_298=117.42e-7;D _Cl_298=121.92e-7;%amonium & chloride diffusion coefficient

den_w=999.65+2.0438/10* (T-273) -6.174*10~-2* (T-273) ~1.5;
D_H 298=5.587*10"(-5) ;

visco_298=((298-273)+246)/((0.05594*(298-273)+5.2842) * (298-273)+137.37) ;

visco_T=((T-273)+246)/((0.05594* (T-273) +5.2842) * (T-273)+137.37);
SRR R R R R R R R R R R A R R R R R R R A R R R A R R R A R AR R e Rk
o_a=1l;n s=2;R=0.08314;0_al=l;

%Temperature Correction

SRR R R AR R R R R R R A R A R A R A R R R AR R A R R AR R AR R R R R R AR L
K_CO2_T=107-(3404.71/T-14.8435+0.032786*T) ;

K _HCO3 T=107-(2902.39/T-6.4980+0.02379*T) ;

K w_T=10"(-4470.99/T+6.0875-0.017060*T) ;

K _NHACL=10"-(2835.76/T-0.6322+0.001225*T) ; $Amonium Chloride
E=2727.586+0.6224107*T-466.9151*10g (T)-52000.87/T;

d=1-(((T-273)-3.9863)"2* ({T-273)+288.9414))/(508929.2* ((T-273)+68.12963)) ...

+0.011445%exp((-374.3)/(T-273));

A I=(1.82483*1076*d"0.5)/(E*T)"1.5;
K=1/K a T;
%AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
K1=1/K_al_T;
GAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAN
D H T=D H 298%*T/298*visco_298/visco T ;
D A T=D A 298*T/298*visco_298/visco_T;

D _HA T=D_HA 298*T/298*visco_298/visco_T;

GAAAAAAAAAAANAAANAAAANAAANAAANNAANNANAANNAANANAANNAANANANANAAAAAN

D Al T=D_Al 298*T/298*visco_298/visco_T;
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54 D HAl T=D HAl 298*T/298*visco_298/visco_T;
55 %/\AAAA/\A/\A/\A/\/\A/\AAAAAA/\/\/\AAA/\/\A/\A/\A/\/\/\/\AI\A/\AAA/\AAI\/\I\/\AAAA/\AAAAA
56 D_NH4_T=D_NH4_298*T/298*visco_298/visco_T;
57 D Cl1 _T=D_Cl_298*T/298*visco_298/visco_T;
58 D 1 T=2/(1/D H T +1/D A T);
B Rt SR I R R
60 D 11 T=2/(1/D_H T +1/D_Al_T);
Bl FANANANNAANANNANNNANANNNNNNANNNNNNNANNANAN
62 D S T=2/(1/D_NH4 T +1/D _Cl_T);
63 D_d_s=D S5_T;
64 D f s=D 5 T;
65 K_H=0.034*exp(-2400* (1/T-1/298)) ;$*****hrrhxahrdsss
66 C f co2=lo'~_3.408*K H’-%****************************
[YAR LR R R R R R R R R R R R R R R R R R LR R R R R R R R L R L R R R LR E L R L R E R L L R R R L L £ L 1]
68 %Unknown Variable
69 J w=z(1l);P_i=2z(2);P m=z(3);J_s=2(4);C i _s=z(5);
70 C_mf_s=z(6);J_a=z(7);C_mf a=z(8);C_i_a=z(9);C_d a=z(10);
71 C_d H=z(1l1) ;gamma_d H=z(12) ;gamma_d A=z (13);I_i=z(14);C d s=z(15);
72 C_mf H=2z(16);gamma mf H=z(17);gamma _mf A=z (18);I mf=z(19);C md s=z(20);
73 k_d=z(21) ;Sh_d=z(22) ;Sc_d=z(23) ;Re_d=z(24) ;
74 v_d=z(25) ;den_d=z(26) ;mul_d=z(27);f_2=z(28);D_f_a=z(29);
75 k_f a=z(30);C_f a=z(31):;Sh_f a=z(32);Re_f=2z(33);v_£f=z(34);
76 £ 1=2(35);Sc_f a=z(36);k_f s=z(37);C_£f s=2(38);
77 C_f_ai=2z(39);C_f si=z(40);C_d ai=z(41);C_d_si=z(42);
78 gamma_f H=z(43);C_£f A=z (44);gamma_f A=z(45);I f=z(46);C_f NH3=z(47);
79 8h_f s=z(48);5c_f s=z(49);w=z(50);C_f H=z(51);gamma_f HCO3=z(52);
80 gamma f OH=z(53);C_f HCO3=z(54);C_f CO03=z(55);
81 gamma_f CO3=z(56);C_f NH4=z(57);C_f OH=z(58);C_f HA=z(59);den_f=z(60);
82 pH_f=z(61);
83 % for charge balance of NH4
84 gamma_d OH=z(62) ;gamma_1 NH4=z (63);C_d A=z(64);C_d OH=z(65);C_i NH4=z(66);
85 C_i_NH3=z(67);C_d_HA=z (68) ;C_mf_A=z (69) ;C_mf OH=z(70);C_mf_NH4=z(71);
86 gamma mf OH=z (72);gamma_mf NH4=z (73);C_mf NH3=z(74);C_mf HA=z (75);gamma_f NH4=z(76);
87 mul f=z(77);
88 % for two acid
89 C mf al=z(78):C_i_al=z(79);J _al=z(80);C_d al=z(81);C_d Al=z(82);gamma_d Al=z(83);
90 C_d HAl=z(84);C mf Al=z(85);gamma mf Al=z(86);C mf HAl=z(87);C_f al=z(88);D f al=z¢
(89);
91 k f al=z(90);Sh f al=z(81);Sc_f al=z(92);C_f ail=z(93);C_d ail=z(94);C_f Al=z(95);
92 gamma_f Al=z(96);C f HAl=z(97);C_f HCO3e=z(98);C f CO3e=z(99);
93 format short e
94 %$Math Model
95 fu(l)=A*(P_i-P m )-J_w;
96 fu(2)= B s *(C_i s-C mf s)-J_s;
97 fu(3)= B_a*(C_mf a-C_i_a)-J_a;
L
99 fu(4)= B al*(C_mf al-C i al)-J_al; $Bal,C mf al,C i al,J al
100: FHNARCBENDRNANDIDERINARNADODDNALOMBADNONDBIBRRENAB BB NDONNERDNEDDBEBDOBNDIOINS
101 fu(5)=C d_a-C_i_a;
102 FEARRRRBREENRSARBRESBBDNEERRNBRARE BB ERBRBSREDRRERRERR
103 fu(6)=C d _al-C_i al; $C_d al
104 %/\A/\/\A/\I\AAA/\A/\AAI\AAA/\AAAI\/\/\A/\AA/\A/\/\/\AA/\/\AAA/\/\AI\AA/\AAA/\A

105 fu(7)=J_a/J_w-C_d_a;

106 SAAAAAAAAAAAAAAAAAAAAAAAANANAAAAAANANANANAANANAAANAANANAANA
]

107 fu(8)=J_al/J w-C_d al;

108 SANANAAAAAAANAAAAAAAANAANAANAANAANAARNAANAANANANARNAARNAANARNAA



109

139

140
141

fu(9)= o_s*n_s*C_i_ s*R*T+o_a*(C_d a+C_d H)*R*T+o_al*(C_d al+C d H)*R*T-P_i;
%Charge Balance Equation at interface %%%%%%3%%%5555%55%505559%50%0%%%9%%%%%
%C_d a1l
R R R R R R e L e e R e R e L e e e
fu(11)=10"{-(A I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I _i)))-gamma_d H;
fu(12)=10"{=(A_I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)))-gamma_d A;

RO A R R A T A g (SRR ORI
£u(13)=10" (- (A TI*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)))-gamma d Al;
AN ANBNASNANNANAANAASNARNANNANEAKNNANAANE NN NNA AN NANKDNANEANANANEANANNANNNNANINAANA
£u(14)=10% (- (A_I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)))-gamma_d_OH;
£u(15)=10" (- (A_I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)))-gamma_i NHA4;

fu(10)=C_d_A+C_d Al+C d_OH+C_i_s-C_i_NH4-C_d H;

fu(16)=0.5*(C_i_ s+C_i NH4+C_d H+C_d A+C d Al1+C d OH)- I i;
fu(l7)=K a T*C_d HA/gamma d H/gamma d A/C d H-C d A;

275

%gamma_d_Al

FGANAAAAAANANNANAANAANAANAANNAANANAANAANAANNANANANAANAANNARNANNANANNANAA

fu(18)=K_al T*C_d HAl/gamma_d_H/gamma_d Al/C_d H-C_d_Al;

$C_d HAL

GAAAANAAANAANAANANAAANAAANAANAAAANAANAAANAANAANANAANAAANAANANAANAANAAANA

fu(19)=K_w_T/C_d_H/gamma_d_OH/gamma_d H-C_d OH;

fu(20)=C_i NH4+C_i NH3-C i_s;
fu(21)=C_d HA+C_d A-C d a;

FAAAAAAANAANAAANANAANAANANANNAAANAANANANANARNAA

fu(22)=C_d_HA1+C_d_Al-C_d_al;

FANAAAAAAAANANNANANNANANAANANNANANANNANAANANAA

fu(23)=gamma_d_H*C_d H*C_i_ NH3/gamma_i NH4/K NH4CL-C_i_NH4;

fu(24)=0_s*n_s*C_mf s*R*T+o_a* (C_mf a+C_mf H)*R*T+o_al*(C_mf al+C mf H)*R*T-P_m;
%$Charge Balance Equation at membrane active layer %%%%%%%%%33%%%%3%3%%%%%%%%%%

fu(25)=C_mf A+C mf Al+C_mf OH+C mf s-C_mf NH4-C mf H;

$C_mf a1l

SRR R R AR AR R R AR AR R R A A AR AR R AR R AR R R AR AR R AR R AR R R R A R AR R R R AR R

fu(26)=10% (- (A_I* (I_mf~(1/2)/(1+I_mf~(1/2))~ 0.3*I_mf)))-gamma_mf_H;
£u(27)=10% (- (A_I* (I_mf~(1/2)/ (1+I_mf~(1/2))- 0.3*I_mf)))-gamma_mf A;

GAAAANANAANANAANANANANANNANANANANANANNANNANAANANANAANANARAANAANANNANANARNANAANA

fu(28)=10"{-(A_I*(I_mf~(1/2)/(1+I_mf~(1/2))- 0.3*I_mf)))-gamma mf Al;
gamma_mf_ Al

s«

FAAAAAAAAAAAAAAAAAAAANAAAAAAAAAAAAAANANAAANAAAANAAAAAAAAAANAAANANAAAAAAAANAAAAA
fu(29)=10" (- (A_I*(I_mf~(1/2)/(1+I_mf~(1/2))- 0.3*I_mf)))-gamma_mf OH;

fu(30)=10"{~(A_I* (I_mf*(1/2)/(1+I_mf*(1/2))- 0.3*I_mf)))-gamma mf NH4;
fu(31)=0.5*(C_mf_ s+C_mf NH4+C mf H+C mf A+C mf OH+C _mf Al)-I_mf;

fu(32)=K a_T*C_mf HA/gamma_mf H/gamma mf A/C_mf H-C mf A;

GAAAAAAAANAANAAAANAAANAANAANAANAANNANANANAANAANAANAAAAANAANANAA

fu(33)=K_al _T*C _mf HAl/gamma mf H/gamma mf Al/C mf H-C mf Al;

GAAAAAAAAAAAAANAAAAAAAAAAAAAANAAANAAAANAARAAAANAANANAARANAAAANAAA

fu(34)=K w_T/C_mf H/gamma mf OH/gamma mf H-C mf OH;

fu(35)=C_mf NH4+C mf NH3-C mf s;

fu(36)=C_mf HA+C mf A-C mf a;

FARAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
fu(37)=C_mf_HA1+C_mf A1-C_mf al; %C_mf HA1
GAAAAAAAAAAAAAAAAAAAAAAAARAARAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
fu(38)=gamma_mf H*C mf H*C mf NH3/gamma mf NH4/K NH4CL-C mf NH4;
£u(39)=(C_md_s-C i _s)/2*D_S_T*(1/(J_w*(0.789*C_i_s+0.211*C_md s)+J_s)...
+1/(J_w* (0.211%C_i s+0.789*C md s)+ J_s))-5;
fu(40)=(C_d s-C md_s)/2*D_S_T*(1/(J_w* (0.789*C md s+0.211*C d s)+J_s)...

+1/(3_w* (0.211*C_md s+0.789*C d s)+ J_s))-D d s/k_d;

fu(41)=sh_d*D d_s/d _h-k d;
fu(42)=L*v_d*den_d/mul_d-Re_d;
fu(43)=(f_2+f)/2/W/D-v_d;
fu(44)=£f+J w*A m-f 2;

% amonium chloride density and

viscosity
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164 fu(45)=6*exp((12.396*(C_d s*53.491/den_d)~1.5039-1.7756)/(0.23471*(T-273)+1)/...
165 (-2.7591*(C_d s*53.491/den_d)"~2.8408+1))-mul_d;

166 fu(46)=den w+0.2061le2*C_d s-0.1577*C_d_s*(T-273)+1.553e-3*C_d_s*(T-273)"2-...
167 2.556*C_d s”1.5+5.67e-2*C_d_s”1.5*(T-273)-5.082e-4*C_d_s"1.5*(T-273)*2-den_d;
168 3355t h R R LTI ERLLLRRRSEYY

169 fu(47)= 0.04*Re_d"(3/4)*Sc_d~(1/3)-sh_d;

170 fu(48)= mul_d/den_d/D_d_s-Sc_d;

171 £u(49)=(0.5%(C_f _a-C mf a)*((D_1 T-D HA T)/...

172 (sqrt (1+4*K* (0.789*C_mf_a+0.211*C_f a))*(J_w* (0.789*C mf a+0.211*C f a)-J a))...
173 +(D_1_T-D_HA_T)/(sqrt(l+4*K* (0.211*C_mf_a+0.789*C_f_a))*(J_w* (0.211*C_mf_a...
174 +0.789*C_f a)-J a))+ D_HA T/(J_w*(0.789*C_mf_a+0.211*C f a)-J a)...

175 +D_HA T/ ((J_w*(0.211*C_mf a+0.789*C_f a)-J a))))+D_f a/k f a;

176 ¢
AARCNARARNRRKNANANANANARAARNARANAARARNANANNN ASARAAR SRR RARARARNARNNANANNAANAANARNAARANS
177 fu(50)=(0.5*(C_£f_al-C_mf al)*((D_11_T-D HAl T)/... EY4
C_f al,D f al,k f al

178 (sqrt (1+4*K1* (0.789*C_mf al+0.211*C_f al))* (J_w*(0.789*C_mf_al+0.211*C_f al)-«
T8 Y e

179 +(D_11 T-D HAl T)/(sqrt (l+4*K1* (0.211*C mf al+0.789*C £ al))* (J w*(0.211¢

*C WL a8l

180 +0.789*C_f_al)-J_al))+ D_HAL T/ (J_w*(0.789*C_mf_al+0.211*C_f_al)-J_al)...

181 +D_HAl T/((J w*(0.211*C_mf al+0.789*C_f al)-J al))))+D_f al/k f al;

182 3¢

AAANAAAAANAAANANANNNAANAANAANAANAANANNANANANANANANAANANANANNAANNAANANNAANANNANANNANAAANAANNAANANAANANANANANNANAANANANANANN
183 fu(51)=sh_f a*D_f a/d_h-k f a;

184 %AAAAA/\/\/\AAAAAI\/\AAAI\/\I\AAAAA/\)\/\A/\AAAI\AAAAA/\AAI\/\AAAA/\I\AAAAAAA/\

185 fu(52)=Sh_f al*D_f al/d h-k f al; $sh_f_al

186, AN SN AN NSO SN NN NN O N AN DN

187 fu(53)=(D_1_T/(2*K*C_f a)* (-l+sqrt(1+4*K*C_f a))+D _HA T/...

188 (4*K*C_f_a)* (-1+sqrt (L+4*K*C_f a))~2)-D_£f a;

189 FHRGNENABELNBENNABBABBRODECNNEBLOLANCBENCOBBAB BN LERGIRDBDLLNBEND

190 fu(54)=(D_11_T/(2*K1*C_£f_al)* (-1+sqrt(1+4*K1*C_£f_al))+D_HAl T/...

191 (4*K1*C_f al)* (-l+sqrt (1+4*K1*C_f al))"2)-D_f al;

TR el e L R e s L e s

193 fu(55)=L*v_f*den_ f/mul_f -Re_f;

194 fu(56)=(f+f_1)/W/D/2-v_£;

195 fu(57)=£f-J_w*A m-£f_1;

196 fu(58)= 0.04*Re_f"(3/4)*Sc f a*~(1/3)-Sh f a;

197 fu(59)= mul_f/den f/D f a-Sc_f a;

LB S A N A S NN NSNS

199 fu(60)= 0.04*Re_£f~(3/4)*Sc_f al~(1/3)-Sh_f al; %$Sc_f al

200 fu(6l)= mul_f/den f/D f al-Sc_f al;

201 FARNEEBBBBIANBEBENRAEDBONENNBEBELBEBSNEREADREBBENBINNOER

202 fu(62)=(C_f s-C mf_s)/2*D_S_T*(1/(J_w*(0.789*C_mf_s+0.211*C_£f s)+J_s)...
203 +1/(J_w*(0.211*C_mf s+0.789*C_f s)+ J_s))+D_£f _s/k f_s;

204 fu(63)=sh_f s*D_f_s/d_h-k_f_s;

205 %Mole balance Equation

206 fu(64)=(V_f 0*C_f a 0+C_f ai*f 1*t)/(V_f 0+f 1*t)-C_f a;

P e e e e e G e G G e s e
208 fu(65)=(v_f_0*C_f al 0+C_f ail*f 1*t)/(V_f 0+f 1*t)-C_f al;

209 SANANAAAAAAANANANNARNNNANNNANNANNNNANNANNNNNRNNNNANANNANNNANNNNARNAANANARN
210 fu(66)=C_f_s*f 1*t/(V_f_0+f_1xt)-C_f_si;

211 fu(67)=(C_f_a*f-J_a*A m)/f_1-C_f_ai;

7l e SR s i R S

213 fu(68)=(C_f al*f-J al*A m)/f 1-C f ail;

214 FANAAAAAAAAAAAAAANAANAANANNAANAANNANAANAANANANAANANNAANNANAA



215
216
217
218
219
220
221
222
223
224
225
226
2217
228
229
230
231
232
233
234
235
236
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fu(69)=(C_f si*f+J s*A m)/f 1-C_f s;

fu(70)=(C_d_s 0*V d 0+C _d si*f 2*t)/(V_d 0+f 2*t)-C d_s;
fu(71)=(C_d_ai*f*t+C_d_ai*(V_d_0+f 2*t-f*t))/(f 2*t)-C d_a;
FAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARAAAAAAAAAAAAAAAAAARAAAAAAAAAAAAA
fu(72)=(C_d_ail*f*t+C d ail*(V_d 0+f 2*t-f*t))/ (£ 2*t)-C_d al;
GAAAAAAAAAANAAAAANAAAAANAANAAAAANAAAAAAAAAAAAAAAANAAAAAAAANAAAAAANA
fu(73)=(C_d s*f-J_s*A m)/f_2-C_d si;

fu(74)=(C_d_a*f 2-J a*A m)/f-C_d_ai;
FAAAAAAAAAAAAAAAAAAANAANAANAAAAAAAAAAAAAAAAAANAAAAAAA
fu(75)=(C_d_al*f 2-J al*A m)/f-C_d_ail;
FANAAAAAAAAAAAAAAAAAAAAAANANAAAAAAAAAAAAAARANANANAAA

%additional Equation

fu(76)= 0.04*Re_f~(3/4)*Sc_f s~(1/3)-Sh_f s;

fu(77)= mul_£f/den_£/D_f s-Sc_f s:

fu(78)=J_w*A m*t*den_d/1000-w;

%ionic strenght in feed solution$%%%¥%%%%%%%5%%%%%%%%

fu(79)=0.5*(C_f si+C_f NH4+C_f H+C f OH+C_f A+C_f Al+C f HCO3+4*C_f CO3)- I_f;%C f Al
AL LL5 L5 LLLLLLILLLLLLRLL595L599%%%

£u(80)=10" (- (A_I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_£)))-gamma_f_H;%Davis
fu(81l)=10" (- (A_I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_f)))-gamma_f_ A;%Davis

GAAAAAAAAAAAANAAAANAAAAAANANAAAAAANAANANAAAAAANAAAANANANAANAAAANANAAAANAAA

fu(82)=10"(-(A I*(I_£~(1/2)/(1+I_£f~(1/2))- 0.3*I_f)))-gamma f Al;%Davis 24

gamma_f Al

237
238
239
2490
241
242
243
244
245
246
247
248
248
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266

GAAAAAAAAAAAAAANAAAANANANANANAANAANANAAARAANANANAANAANANRAARAAAANANAANAANANAAN

£fu(83)=10"(-(A_I*(I_£7(1/2)/(1+I_£~(1/2))- 0.3*I_£f)))-gamma £ HCO3;%Davis
fu(84)=10"{-(A_I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_f)))-gamma_ f OH;%Davis
%Charge Balance Equation $%3%%%%3%%3%%55555%5%85530500%90%00%8%089555849%39%%%%%
fu(85)=C_f HCO3+2*C_f CO3+C_f A+C f Al1+C f OH+C_f si-C_f NH4-C f H;
FHSEHEESLLLLILLLLLIDLLILLLELELTLLLLLLH0ELLL5L59509%98559%5%%%
%$New Equation for charge balance

fu(86)=K_a T*C_f HA/gamma_f H/gamma_f A/C f H-C f A;
GAAAAAAAAAAAAAAAAAAAAAAAANAAAAAAAAAAAANAAAAANAAAAANAAAAAAAAAAAAAAAAAN

fu(87)=K al T*C f HAl/gamma f H/gamma f Al/C f H-C_f Al; %C_f HAl
%AA/\AA/\AA/\AAAAAAAAAAA/\AAAAAAAAAAAAAAAAAAAAAAAAAAAA/\AAAAAI\AA/\/\AAAAAA
fu(88)=K_CO2_T/gamma_f_ H/gamma_f HCO3/C_f H*C_f HCO3e-C_f HCO3;%******
fu(89)=K_HCO3_T*gamma_f HCO3/gamma_f H/gamma_ f CO3/C_f H*C_f CO3e-C_f CO3;g****xx*
fu(90)=10" (- (A_I*4*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_f)))-gamma_ £ CO3;%Davis
fu(91l)=K w _T/C_f H/gamma_f OH/gamma_f H-C f OH;

fu(92)=C_f NH4+C_f NH3-C_f si;

fu(93)=C_f HA+C f A-C_f a;

GAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

fu(94)=C_f HAl+C_f Al-C f al; %C_f HAl
%AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

fu(95)=gamma_f H*C_f_H*C_f NH3/gamma_f NH4/K_NHACL-C_f_NH4;
fu(96)=10"(-(A_I*(I_£~(1/2)/(1+I_£~(1/2))- 0.3*I_f)))-gamma_f NH4;
fu(97)=pH_f+logl0 (gamma_f H*C_f H);

fu(98)=C_f co2-C_f HCO3-C_f HCO3e;

fu(99)=C_f HCO3-C_f CO3-C_f CO3e;

$protron condition

$fu(51)=C_f HCO3+2*C_f CO3+C_f Ac+C_f OH+C_f NH3-C f H;



1 clear
2 clc
3 %ts=0.44
4 [g]=[1.545e-03 2.1245e+01 2.700e-01
7.366e-11 1.013e-02 4.342e-08...
5 4.219%e-08 2.6398e-06
e-01 5.512e-04 9.893e-01...
6 9.545e-06 1.4718e-01
e+03 5.47%e+00 1.581e+00..
7 1.060e-05 1.5607e-01
e+00 5.129%e+02 9.258e-06..
8 1.426e-01 8.7212e-06
e+00 9.767e-01 4.19%4e-04..
9 4.22%e-04 5.4140e+00
e-08 5.497e-09 6.303e-09..
10 2.974e-08 1.1896e-05
e-01 1.176e-05];
11 5535352 TETHTBTLTH2529593993%%9%%
12 ts=0.44:0.025:1800;
13 S5 FHETEETHETHEPLLETELHLHLLITETLHH55%%%
14 for ti=l:numel(ts);
15 t=ts(ti);
16 options =
1S s
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

, 'Maxiter', 25, '"Maxfun',15000) ;
[r,fval,exitflag,output] =

[gl=[r];

j(ei)=r(1,1);

p(ti)=r(1,43);%pH f
c(ti)=r(1,30);3C_£f_a
d(ti)=r(1,50);%w

T(ti)=t;

dl(ti)=r(1,55);%J_co2

d2 (ti)=r(1,52):%C_£f co2
d3(ti)=r(1,54);%C_£_ HCO3C
d4(ti)=r(1,56);%C_d co2
d5(ti)=r(1,57);%C_d_HCO3

dé (ti)=-1logl0(r(1,12)*r(1,11));%pH _d
d7 (ti)=(1-r(1,43)/r(1,32))*100;% %Rejection

$for Plotting
[A(ti)]=t;
[B(ti)]=d(ti);
[C(ti)]=p(ti);
[M(ti)]=d7(ti):
[N(ti)]=] (ti);
[K5(ti) ]=d8 (ti);

42 disp(ti)

43 fprintf('\n
W(kg)\n');

44

Time (min)

45 fprintf('\n%11.2f%20.4e%19.4f%19.4e%19.4e%\n’

46
47 format short e

7.898e-01 4.
6.754e+02 5.
i.OOOe-OZ 6.
i.OOle-OZ 3.
;.748e+02 5.

2.601le-06 9.

G.9 Acetic acid as feed solution and NaCl as draw solution

for mathlab Den,Vis for den_dMl mul_dM2 work

1.934e-05 4.535e-01

535e-01

550e+02

452e+02

576e-06

870e+02

990e-01

d8 (ti)=r(1,32)/0.01;%Concentration Performance

J_w(L/dm2/min)

9.994e-01

2.612e+04

2.545e+04

3.576e-08

2.953e-04

3.856e-08

PH

4.

fsolve (@ (z)Acetic NaCl(z,t),[g],options)

1.278e-04¢
234e-04 9.735¢
.503e+02 1.034¢
.502e+02 1.579¢
.990e-01 3.388¢
.194e-04 1.341¢
.214e-08 7.306¢

optimset('Algorichm','Levenberg-Marquardt','TolFun',l*lO‘-lS,'Tolx‘,l*lO‘-i

Cf,a(mole/1) ¢

S T(E1), (i) ,p(ti),c(ti),d(tl));

278



279

48 %Result of Best guess

49 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

50 yr(,1),r(1,2),r(1,3),r(1,4),r(1,5),r(1,6),r(1,7),r(1,8),r(1,9)):

51

52 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

53 P BT 10 (LpTL) w21, 12) 3 Bl 13)wit (114) 21, 15) » Bl 16Ye (L,17)»E (1, 18) ) 3
54

55 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

56 yE(1719) y2(1,20) ;£ (1;21) ;£ (1;22) »£(1,23) ;T (1;24) ,£(1,25),r(1,26) ,c{1,21) )%
57

58 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

59 ,r(1,28),r(1,29),r(,30),r(1,31),r(1,32),r(1,33),r(1,34),r(1,35),r(1,36));

60

61 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%13.3e%13.3e%\n"...

62 ,r(1,37),r(1,38),r{(1,39),r(1,40),r(1,41),r{(1,42),r(1,43),r(1,44),r(1,45));

63

64 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...

65 ,r(l,46),r(1,47),r(1,48),r(1,49),r(1,50),r(1,51),r(1,52),r(1,53),r(1,54));

66

67 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%\n"'...

68 FE (L 58)t (1456) s Bl1: 57 7€ (158) 0w (1:59) ¥L1; 60) 38 (1 61) ¥ (1:62) ) ;

69 end

70

71 %Time Interval%$ttssssssseesesoo599%%%%

72 Ai=0:30:1800;

73 S50 5555 5055952555955 55 50559555 %9%%%%

74 format short

75 Ci=spline(A,C,Ai):

76 format short e

77 Bi=spline(A,B,Ai);

78

79 %Experiment Value W and pH

80 F=[ 0 0.0170 0.0310 0.0450 0.0600 0.0770 0.0300 0.0990 0.1130¢
0.1300 0.1450 0.1590 o 88 7 o T

81 0.1820 0.1960 0.2050 0.2210 0.2310 0.2440 0.2550 0.2630¢
0.2750 0.2890 0.2980 0.3080 0.3230...

82 0.3320 0.3400 0.3540 0.3670 0.3760 0.3880 0.3990 0.4130¢
0.4220 0.4290 0.4400 0.4510 0.4610...

83 0.4680 0.4770 0.4860 0.4940 0.5030 0.5120 0.5220 0.5300¢
0.5390 0.5470 0.5560 0.5640 0:5720% s s

84 0.5800 0.5880 0.5980 0.6040 0.6140 0.6190 0.6280 0.6340¢
0.6450];

85

86 G=[3.4270 3.3840 3.3600 3.3570 3.3710 3.3510 3.3610 3.3570¢
3.3140 3.3270 3.3000 3.2850 3.2890...

87 3.2760 3.2660 3.2520 3.2410 3.22890 3.2190 3.2070 3.1980¢
3.1880 3+1770 3.1680 3.1600 3.1400...

88 3.1260 3.1130 3.1140 3.0910 3.0870 3.0720 3.0640 3.0580¢
3.0400 3.0360 3.0250 3.0110 3.0050...

89 2.9950 2.9800 2.9680 2.9610 2.9510 2.9420 2.9280 2.9210¢
2.9110 2.9030 2.8950 2.8860 2.8770...

90 2.8700 2.8610 2.8510 2.8440 2.8360 2.8320 2.8250 2.8180¢
2.81101;

R e e e L et ]

92 F m=mean (F);

93 G_m=mean (G);



94
95
96
97
98
99
100
101
102
103

105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143

145
146
147
148
149

suml=0; sum2=0;
sum3=0; sum4=0;

%%% Number of Data %%%333%555555EH3LHHLHHHHL5BBTBLHHHH55393%%%%%

for k=1:1:61

X R AR R R R R R R R LR R R R AR R R R R R R A A L R R R R R R LR LA R A R L R A AL AL R R A R £ R4

suml=(Bi(1,k)-F(l,k))*2+suml;
sum2=(Bi (1, k) -F_m) “2+sum2;
sum3=(Ci(1,k)-G(1,k))”2+sum3;
suméd=(Ci (1, k) -G_m) *2+sum4d;
end

format short
R2_W=1-suml/sum2;
R2_pH=1-sum3/sum4;

MSE W=suml/k;

MSE pH=sum3/k;
RMSE_W=sqrt (MSE_W)
RMSE_pH=sqrt (MSE_pH)
SEP_W=RMSE_W/F_m*100
SEP_pH=RMSE_pH/G_m*100

% Plotting
subplot(2,3,1)

plot ([A]/60, [B],'-g', [A1]/60, [F], "xr")

xlabel ('Time (hr)")
ylabel ('Weight (Kg)')

title('Weight Change as a Function of Time')

legend ('Model’, "Experiment',2)

subplot (2, 3, 2)

plot([A]/60,[C],'-9", [Ai]/60, [G], 'xr")

xlabel ('Time (hr)")

ylabel ('pH')

title('pH as a Function of Time')
legend('Model’, '"Experiment’, 1)

subplot (2,3, 3)

plot ([A]/60, [M],'-g")
xlabel ('Time (hr)")
ylabel ('%Rejection')

title('%Rejection as a Function of Time')

legend ('Model’, 1)

subplot (2,3, 4)

plot {([N], [M],'-g")
xlabel ('Jw (L/dm2/min) ')
ylabel ('$Rejection')

title('%Rejection as a Function of Jw')

legend ('Model’, 1)

subplot {2, 3,5)

plot ([A]/60, [K5],'-g")
xlabel ('Time {(hr)")
ylabel ('Cfa/C£f0")

title('Cfa/Cf0 as a Function of Time')

280



281

150 legend('Model’',1)

151

152 subplot(2,3,6)

153 plot{[N], [K5],'-g")

154 xlabel ('dw (L/dm2/min) ')

155 ylabel ('Cfa/Cf0")

156 title('Cfa/Cf0 as a Function of Jw')

157 legend('Model’, 1)

158

159 fprintf('\n \n')

160 fprintf('\n \n"')

161 fprintf('\n CONCLUSION \n')

162 fprintf('\n R2_ W MSE_W R2_pH MSE_pH\n') ;
163 fprintf('\n%11.3£%20.4e%19.4£%19.4e%\n',R2_W,MSE_W,R2_pH,MSE_pH)

164 fprintf('\n \n')

185 Fpridte{*\n Time (min) J_w(L/dm2/min) pH Cf,a(mole/1l) ¥
W(kg)\n'):

166

167 for x=5:5:20000;

168 z=x*4;

169 fprintf{'\n%l1l.4f %20.4e%19.4f%19.4e%19.4e%\n",T(2),](2),p(z),c(z),d(z2));
170

171 end

172
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function fu=Acetic NaCl(z,t)

%Independent Variable

v_f 0=1;C d s 0=1;C_f a 0=10*10~(-3);Vv_d 0=0.5;
%$Fixed Variable

T=301;f=1.58;

% T=300..normal f=1.58...normal
L=0.9207;D=0.023;W=0.4572;A m=42*10"(-2);d_h=0.0438;
%$Constant Variable

10¢
L L L e L L e R L e e e e e T L e L R LA T e T L L R R TR TP TR TR L PR TR LR LI L1 1)

%
i
12
13
14
15
16
17
18

B _a=2.093/60/100;%B of Acetic Acid,

R R R R L L L b s et S L L L]

B 5=0.256/60/100;

A=0.442/60/100;

5=500*10~-5;

K _a T=10"-(1170.48/T-3.1649+0.013399*T) ; %Acetic acid

D A 298=6.534*107(-6) ;D HA 298=7.74*10”(-6);%Acetic Physicocmical Property
D _H 298=5.587*10"(-5);

19¢
L L e T T

%5
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

o_s=0.936;

den £=999.65+2.0438/10% (T-273)-6.174*10"-2*(T-273) *1.5;
e R R e e R e L e e
n_s=2;0_a=1;R=0.08314;

$Temperature Correction
R R R R R T R R LR
K CO2 T=10"-(3404.71/T-14.8435+0.032786*T) ;

K w_T=10"(-4470.99/T+6.0875-0.017060*T) ;

R R R R R R R R R R R R R R R R R R R R R R
E=2727.586+0.6224107*T-466.9151*10g(T)~-52000.87/T;
d=1-(((T-273)-3.9863)"2*((T-273)+288.9414))/(508929.2* ((T-273)+68.12963)) ...
+0.011445%exp((-374.3)/(T-273));

A I=(1.82483*1076*d"0.5)/(E*T)~1.5;

K=1/K _a T;
visco_298=((298-273)+246)/((0.05594* (298-273) +5.2842) * (298-273) +137.37) ;
visco_T=((T-273)+246)/((0.05594* (T-273)+5.2842) *(T-273)+137.37) ;
D_H T=D_H_298*T/298*visco_298/visco T ;

D A T=D_A 298*T/298*visco_298/visco_T;

D_HA T=D_HA 298*T/298*visco_298/visco_T;

D1 T=2/(1/D H T +1/D A T);

K_H=0.034*exp(-2400* (1/T—l/298) ) ;%*************************

%$For carbonic acid

P_M =0.0025;

%$Unknown Variable

J w=z(1);P_i=z(2);P m=2(3);J s=z(4);C i s=z(5);

C mf s=2z(6);J _a=z(7);C mf a=z(8);C_i a=z(9);C_d a=z(10);

C d H=z(l11);gamma_d H=z(12);I_i=z(13):C_d_s=z(14);

C_mf H=z(15);gamma_m H=z(16);I_m=z(17);C_md s=z(18);

D d s=z(19);k d=z(20);Sh_d=z(21);5c_d=z(22);Re_d=z(23);
v_d=z(24) ;den_d=z (25) ;mul_d=z(26);f_2=2z(27);D f a=z(28);

k £ a=z{29);C_£f a=z(30);Sh_f a=z(31);Re f=z(32);v_£f=z(33);

£ 1=2(34);Sc_f_a=z(35);D_f s=z(36);k f s=z(37);C_£f_s=z(38);

C_f ai=z(39);C_f si=z(40);C_d_ai=z(41);C_d si=z(42);pH f=z(43);



53
54
55
56
51
58
59
60
61
62
63
64
65
66
67
68
69
70
Al
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106

107

gamma_f H=z (44);C_f A=z (45);I_f=z(46);mul_f£f=z(47);

Sh_f s=z(48);Sc_f s=z(49);w=z(50);C_f H=z(51);

C_f co02=z(52);C_f co02i=z(53);C_f_HCO3c=z(54):;

J_co2=z{55);C_d_co2=z(56);C_d HCO3=z(57);I_d=z(58);C_d A=z(59);

C i H=z(60);gamma_ i H=z(61);C_d co2a=z(62);

%Math Model

fu(l)=A*(P_i-P m )-J_w;

fu(2)=B s *(C_i s-C mf s)-J_s;

fu(3)= B_a*(C_mf a-C_i a)-J _a;

fu(4)=C_d_a-C_i_a;

fu(5)=J_a/J_w-C_d_a;

fu(6)= o_s*n_s*C_i_s*R*T+o_a*(C_i_a+C_i_ H)*R*T-P_i;

fu(7)=(-(K_a_T)+((K_a_T)"2+4*K_a_T*gamma i H*gamma_i H*C d a)"(1/2))...
/(2*gamma_1i_ H*gamma i H)-C_1i H;

fu(8)=A I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)+loglO(gamma_i_ H);%$"Davies”

fu(9)=0.5*(2*C_i s+2*C i H)- I_i;

fu(l0)=o_s*n_s*C_mf s*R*T+o_a* (C_mf_a+C_mf H)*R*T-P_m;

fu(ll)=(-(K_a T)+((K_a T)”*2+4*K_a T*gamma m H*gamma m H*C mf a)"(1/2))...

/(2*gamma_m H*gamma m H)-C_mf H;
fu(l2)=A I*(I_m"*(1/2)/(1+I_m*(1/2))- 0.3*I_m)+logl0(gamma_m H);%"Davies"
fu(13)=0.5* (2*C_mf_s+2*C_mf_H)-I_m;

fu(14)=((C_md s-C_i s)*(12.625%10" (-11)*((0.789*C_i s+0.211*C md s)~4
/{J_w*(0.789*C_i s+0.211*C md s)+ J_s)+(0.211*C_i s+0.789*C_md s)"4
/(3_w*(0.211*C_i s+0.789*C md s)+ J s ))...
-3.885*10"(-9)*((0.789*C_i s+0.211*C md s)”3 ...

/(J_w*(0.789*C_i s+0.211*C_md s)+ J_s)+(0.211*C_i s+0.789*C_md_s)"3
/(3_w*(0.211*C_i s+0.789*C md s)+ J s ))...

+6.975*%10* (-8) *((0.789*C_1i_s+0.211*C_md_s) "2

/{(J_wx(0.789*C i s+0.211*C md s)+ J_s)+(0.211*C i s+0.789*C md s)"2
/(J_w*(0.211*C_1i s+0.789*C md s)+ J s ))...
-4.03*%10%(-7)*((0.788*C_i_s+0.211*C_md s)...

/(J_w*(0.789*C_i s+0.211*C md s)+ J_s)+(0.211*C_i s+0.789*C md_s)...
/(J_w*(0.211*C_1i s+0.789*C md s)+ J s))...

+0.53%10% (=5)* (1/ (J_w*(0.789*C_i_s+0.211*C_md_s)+J_s) ...
+1/(J_w*(0.211*C_i_s+0.789*C_md_s)+ J_s))))-S;

fu(15)=((C_d s-C_md s)*(12.625%10~(-11)* ((0.789*C md s+0.211*C_d_s)~4
/{(J_w*(0.789*%C md s+0.211*C_d s)+ J_s)+(0.211%C_md s+0.789*C_d_s) ~4
/{3_w*(0.211*C_md_s+0.789*C d s)+ J s ))...

-3.885%10 (~9) * ((0.789*C_md_s+0.211*C_d_s)"3 ...
/(J_w*(0.789*C_md_s+0.211*C_d_s)+ J_s)+(0.211*C_md_s+0.789*C_d_s) 3
/{3 _w*(0.211*C_md s+0.789*C d s)+ J_ 8 ))...

+6.975%10 (~8) * ( (0.789*C_md_s+0.211*C_d_s) 2
/(J_w*(0.789*C_md_s+0.211*C_d_s)+ J_s)+(0.211*C_md_s+0.789*C_d_s) *2
/{J_w*(0.211*C_md_s+0.789*C_d s)+ J_s )) ...

-4.03%107(=7)* ((0.789*C_md s+0.211*C d s)...

/{J_w*(0.789*C_md s+0.211*C_d s)+ J_s)+(0.211*C_md s+0.789*C d s)...
/(J_w*(0.211%C_md_s+0.789*C d s)+ J_s))...

+0.53%107 (=5)* (1/ (J_w* (0.789*C_md_s+0.211%C_d s)+J_s) ...

+1/(J_w* (0.211*C_md s+0.789*C d s)+ J_s))))-D d s/k d;

fu(16)=Sh_d*D d_s/d_h-k_d;

283

fu(17)=5.05%10" (-11) *C_d_s"4-2.59*10% (-9) *C_d_s"3+4.65*10" (-8) *C_d_s"2-4.03*10* (-7) ¥
*C d s+1.06%10~(-5)-D d s;

fu(18)=L*v_d*den_d/mul_d-Re_d;



108
109
110
b

fu(19)=(f_2+£)/2/W/D-v_d;
fu(20)=£f+J_w*A m-f 2;

P4
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112
113
114

£u(21)=0.0538*C_d_s+0.4159+5.0095/C_d_s-mul_d/C_d_s;%Math Lab
£u(22)=37.0166*C_d_s+997.2911-den_d; %Math lab
s

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 1

AAAAAAAAAAAAAAAAAAAAA

118
116
117
118
119
120
121
122
123
124
125
126
127
128
129

133
140
141
142
143
144
145
146
147

fu(23)= 0.04*Re_d"(3/4)*Sc_d"(1/3)-sh_d;

fu(24)= mul_d/den_d/D_d s-Sc_d;

fu(25)=(0.5*(C_£ a-C mf a)*((D_1_T-D HA T)/...
(sqrt (1+4*K* (0.789*C_mf_ a+0.211*C_f_a))* (J_w*(0.789*C_mf_a+0.211*C_f a)-J a))...
+(D_1_T-D HA T)/(sqrt{(l+4*K*(0.211*C mf a+0.783*C_f a))*(J_w*(0.211*C mf a...
+0.789*C_f a)-J_a))+ D_HA T/(J_w*(0.789*C_mf a+0.211*C_f a)-J a)...
+D_HA T/ ({J_w*(0.211*C_mf_a+0.789*C_f a)-J_a))))+D_f_a/k f_a;

fu(26)=sh_f a*D f a/d h-k_f a;

fu(27)=(D_1_T/(2*K*C_£f_a)* (-1+sqrt (1+4*K*C_f a))+D_HA T/...
(4*K*C_£_a) * (-1+sqrt (L+4*K*C_f_a))*2)-D_f_a;

fu(28)=L*v_f*den_f/mul_f -Re_f;

fu(29)=(f+£f_1)/W/D/2-v_£;

fu(30)=£f-J_w*A m-f_1;

fu(31l)= 0.04*Re_f~(3/4)*Sc_f a”(1/3)-sh_f_a;

fu(32)= mul_f/den_f£f/D_f a-Sc_f_a;

fu(33)=((C_f s-C_mf s)*(12.625*10" (-11) *((0.789*C mf s+0.211*C_f s)*4 ...
/{3_w*(0.789*C_mf s+0.211*C_£ s)+ J_s)+(0.211*C_mf s+0.789*C_f s)~4 ...
/(3 _w*(0.211%C mf s+0.789*C £ s)+ T s ))...

~3.885% 107 (~9)* ((0.789%C mE s+0.2L1*C f 8)23 ...

/(3_w* (0.789*C_mf_s+0.211*C_£_s)+ J_s)+(0.211*C_mf_s+0.789*C_f_s)"3 ...
/(J_w*(0.211*C_mf s+0.789*C £ s)+ J s ))...

+6.975*10" (=8)* ({0.183*C mE s+0.211*C £ 8)72 aus
/(J_w*(0.789%C_mf_s+0.211*C_£_s)+ J_s)+(0.211*C_mf_s+0.789*C_f_s)"2 ...
/(3_w*(0.211*C_mf s+0.789*C £ s)+ J s ))...

=4 03%10™ (Ty* (0, 7892C WE 94021158 f H) wus

/(J_w*(0.789*C_mf s+0.211*C_f s)+ J_s)+(0.211*C_mf s+0.789*C_f s)...
/(3_w*(0.211*C_mf_s+0.789*C_£ s)+ J_s))...

+0.53%10% (-5) * (1/ (J_w* (0.789*C_mf s+0.211*C_f s)+J_s)...
+1/(J_w*(0.211*C_mf s+0.7839*C_f s)+ J_s))))+D_f s/k f s;

fu(34)=Sh_f_s*D_f_s/d_h-k_f_s;
£u(35)=5.05%10" (-11) *C_£ s*4-2.59%10" (=9) *C_£ s"3+4.65%10" (-8) *C_£ s~2-4.03*10~ (-7) ¢

*C_f s+1.06%10~(-5)-D_f_s;

148
149

%$Mole balance Equation

fu(36)=C_f_a*(V_f_O0+f_1*t-f*t)-(V_£f 0*C_f a 0+C_f ai*f 1*t-C_f_a*f*t);%new
fu(37)=C_£ si*(V_£f O+f 1*t-f*t)-C_f s*f 1*t+C f si*f*t;%old

fu(38)=C f a*f-J a*A m-C f ai*f 1;%new

fu(39)=C_f_si*f+J_s*A m-C_f s*f 1;%old

fu(40)=C d s 0*V_d 0+C _d si*f 2*t-C d s*f*t-C d s*(V_d 0+f 2*t-f*t);%new
fu(4l)=C_d a*f 2*t-C_d ai*f*t-C d_ai*(V_d_0+f 2*t-f*t);%old

fu(42)=C d s*f-J _s*A m-C d si*f 2;%new

fu(43)=C_d ai*f+J a*A m-C d a*f 2;%0ld



159
160
16l
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
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%$additional Equation

fu(44)= 0.04*Re_f~(3/4)*Sc_f s~(1/3)-Sh_f_ s;
fu(45)= mul_f/den f/D f s-Sc_f_s:
fu(46)=J_w*A_m*t*den_d/1000-w;

%$pH Equation..

LT THTLELTHLIHIIELTRLHEVHILHLH%%S

fu(47)= pH_f+loglO(gamma_f H*C_f H);

R R RS LR R Lttt e R R R LR Rt R L]

fu(48)=K_a T*(C_f_a-C_f_A)/gamma_ f_ H/gamma_f H/C_f H-C_f A;

fu(49)=A I*(I_£"(1/2)/(1+I_£~(1/2))-0.3*I_£f)+logl0(gamma_ £ H);%Davies;

%ionic streanght in feed solution%%%$%%%3%%5%%%5%%%%%%%

fu(50)=0.5*(2*C_f si+C_f H+K w_T/C_f H/gamma_f H/gamma_f H+C_f A+C_f HCO3c)- I_f;
S R R R R R R R R R R R R R R R R R R R R R R R R R A

%$Charge Balance Equation %%%%%5%555555 8555555585585 5%53% 355595535 55%5%%%%%%%
fu(51)=(C_f HCO3c+C_f A+K w_T/C_f H/gamma_ f H/gamma f H)-C_f H;

CEEE LR R R R R R R R L R R R R R R LR e e R e R R R R R R R R R L E E R R S R LR L R e R L L 1]
fu(52)=P_M*C_d co2-J_co2;

fu(53)=C_f_co2i*(V_f O+f_1*t-f*t)-(C_f co2*f 1*t-C_f co2i*f*t);
fu(54)=C_£f_co2i*f*t+J_co2*A m*t-C_f co2*f_ 1*t;
fu(55)=10%-3.45/gamma_f H/gamma_f H/C_f H*(C_f_co2-C_f HCO3c)-C_f HCO3c;

% Draw solution

fu(56)=gamma_d H*gamma_d_H*C_d_H*C_d_HCO3/K CO2_T+C_d HCO3-C_d co2;%*#*¥***
fu(57)=(-K_CO2_T+sqrt (K_CO2_T*2+4*K_CO2_T*gamma_d H*gamma_d H*C_d_co2a)) /¥

(2*gamma_d_H*gamma_d_H)-C_d_HCO3;

183
184
185
186
187
188
189
190
191

%$ionic streanght in draw solution$%%%%%%%%%%%%%%%%%%
fu(58)=0.5*(2*C_d_si+C_d H+K w_T/C_d H/gamma_d H/gamma_d H+C_d A+C d HCO3)- I_d;

AR R R R R R R R L R R R EE R AR R AR LR L R R R AR R L L R AR R R R L L LA £ L £ L]

%Charge balance at draw solution%$3%$%%%%%5%5%%%5%%%%%

fu(59)=(C_d HCO3+C d A+K w T/C f H/gamma d H/gamma d H)-C_d H;

SRR R AR A R A R i R R R R R A R R A R R R A R Rt R R R A R A R R AL A L e L Lt
fu(60)=K_a T*(C_d_a-C_d_A)/gamma_d_H/gamma_d _H/C_d_H-C_d_A;

fu(61)=107- (A _I*(I_d~(1/2)/(1+I_d~(1/2))-0.3*I_d))-gamma_d_H;%Davies;
fu(62)=10“-3.408*K_H/10”((((33.5—0.109*(T—273)+0.0014*(T—273)A2)*I_d-(1.5+0.015*(T-1

273)+0.004*(T-273)~2)*I_d"2))...

192
193
194

/T)-C_d_co2a;



G.10 Butyric acid as feed solution and NaCl as draw solution

1 clear

2 cle

3 [g]=[1.545e-03 2.1244e+01 2.706e-01 1.934e-05 4.535e-01 1.283e-04v
2.100e-11 1.018e-02 1.203e-08...

4 1.192e-08 2.6120e-06 7.898e-01 4.535e-01 9.993e-01 3.927e-04 9.742¢
e-01 5.210e-04 9.892e-01...

5 9.545e-06 1.4718e-01 6.754e+02 5.550e+02 2.612e+04 1.503e+02 1.034¢
e+03 5.479%e+00 1.581e+00...

6 1.060e-05 1.5607e-01 1.000e-02 6.452e+02 2.545e+04 1.502e+02 1.579¢
e+00 5.12%e+02 9.258e-06...

7 1.426e-01 9.2088e-06 1.001le-02 4.063e-06 1.007e-08 9.98%e-01 3.421¢
e+00 9.775e-01 3.87%e-04...

8 3.3920e-04 5.4140e+00 6.748e+02 5.870e+02 3.356e-04 3.87%e-04 1.404¢
e-08 6.196e-09 6.868e-09...

9 2.3850e-08 1.1798e-05 2.601e-06 9.989%e-01 1.075e-08 1.191e-08 7.306¢

e-01 1.176e-05];
10 55555555 AETTL555599%9%%
11 ts8=0.5:0.05:1800;
12 5553 E s e T et sTT Lo 555%995%%
13 for ti=l:numel (ts);
14 t=ts(ti);

15 options = optimset(‘Algorithm','Levenberg—Marquardt',’TolFun',l*lO“—lS,'TolX',l*lO“—(

15 weis

16 ; "Maxiter', 25, '"Maxfun',15000) ;

17

18 [r,fval,exitflag,output] = fsolve (@ (z)Butyric_NaCl(z,t), [g],options)
19 [g]=[r];

20 j(ti)=r(1,1):

21 p(ti)=r(1,43);%pE_f

22 c(ti)=r(1,30);%C_£f a

23 d(ti)=r(1,50);%w

24 T(ti)=t;

25 dl1(ti)=r(1,55);%J_co2

26 d2(ti)=r(1,52);%C_f co2

27 d3(ti)=r(1,54);%C_f_HCO3C

28 d4(ti)=r(1,56):;%C_d _co2

29 d5(ti)=r(1,57);%C_d_HCO3

30 d6(ti)=-10gl0(r(1,12)*r(1,11));%pH d

31 d7(ti)=(1-r(1,43)/r(1,32))*100;% %Rejection
32 d8(ti)=r(1,32)/0.01;%Concentration Performance
33 %for Plotting

34 [A(ti)]=t;

35 [B(ti)]=d(ti);

36 [C(ti)]l=p(ti);

37 [M(ti)]=d7(ti):

38 [N(ti)]=j(ti);:

39 [KS5(ti)]=d8(ti);

40 disp(ti)

41 fprintf('\n Time (min) J_w(L/dm2/min) pH Cf,a(mole/l)¢

W(kg)\n');
42 fprintf('\n%$11.2f%20.4e%19.4£f%19.4e%19.4e%\n" ,T(ti),j(ti),p(ti),c(ti),d(ti));
43 format short e
44 %Result of Best guess
45 fprintf{'\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
46 ,r(1,1),r(,2),r(1,3),r(1,4),r(,5),r(1,6),r(1,7),r(1,8),r(1,9));
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48 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
49 ,r(1,10),r(1,11),r(1,12),r(1,13),r(1,14),r(1,15),r(1,16),xr(1,17),r(1,18));

50

51 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

52 ,r(1,19),r(1,20),r(1,21),r(1,22),r(1,23),r(l,24),r(1,25),r(1,26),r(1,27));
53

54 fprintf({'\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...
55 ,r(1,28),r(1,29),r(1,30),r(1,31),r(1,32),r(1,33),r(1,34),r(1,35),r(1,36));

56

57 fprintf{'\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%13.3e%13.3e%\n"...
58 FEALe 3T wE1L1,:38) s (1 39)  ENLs40)uZ (1,40) s 2(1:42) v E(LedB) B 11,44) ;X (1,;45)) ¥

59

60 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...
61 ,r(l,46),r(1,47),r(1,48),r(1,49),r(1,50),r(1,51),r(1,52),r(1,53),x(1,54));

62

63 fprintf{'\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%\n"...

64 ,r(l,55),r(1,56),r(1,57),r(1,58),r(1,59),r(l,60),r(l,61),r(l,62));
65 end

66

67 %$Time Interval%$%%3%3T5345%54%%92%9%%%5%%%%
68 Ai=0:30:1800;

69 FEEEILEHEIILEILLIILLNLLLHILIILLIIEEILENS
70 format short

71 Ci=spline(Aa,C,Ai);

72 format short e

73 Bi=spline(A,B,Ai);

0.0780

0.2450

0.3890

0.50490

0.5940

0

.401

.305

.035

.0940

0.2610

0.4000

0.5120

0.5990

3.394

3.292

34153

3.031

0.1070 0.1210¢
0.2730¢
0.4090¢
0.5190¢

0.6060¢

3.389¢
3.288¢
3.145¢

3.026¢

74

75 %$Experiment Value W and pH%$%3%3343 5555555555538 4 3333005955953 9%%%%%%%

76 F=[ 0 0.0160 0.0320 0.0460 0.0630
0.1350 0.1490 0.1610 051730

77 0.1870 0.1970 0.2100 0.2230 0.2340
0.2850 0.2960 0.3060 03170 0.3280...

78 0.3390 0.3500 0.3600 0.3710 0.3800
0.4190 0.4280 0.4370 0.4460 0.4550...

79 0.4620 0.4710 0.4800 0.4880 0.4960
0.5270 0.5350 0.5420 0.5490 0.5560...

80 0.5630 0.5690 0.5750 0.5820 0.5880
0.6100];

81

82 G=[3.448 3.432 3.427 3.422 3.411 3.405
3.383 3..3176 3.365 3358 L2 N0 7 -

83 3.348 3.334 3.336 3.327 3.314 3.308
3..275 3.262 3.254 3.248 3.246 3.223. ..

84 3,211 3.204 3199 3.19% 3.182 3.174
3.133 3.136 3.128 3.111 3.103 3.092...

85 3.0806 3.078 3.074 3.069 3.055 3.046
3.018 3.013 3.005 2.997 2.993 2:989. 45

86 2.978 2.974]1;

87 LT E L ELLLLELTLALLLLLLTLI%%%%
88 F_m=mean (F);

89 G_m=mean (G);

90

91 suml=0;sum2=0;

92 sum3=0; sum4=0;

93 %%% Number of Data %5335 3458053930535 9%9%%%%%%

94 for k=1:1:61

AL AR EEEE A AR AR R AR R R R R AL R AR L A



95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150

R e R AL R
suml=(Bi(1l,k)-F(1l,k))"2+suml;

sum2=(Bi (1,k)-F_m)"2+sum2;

sum3=(Ci(1,k)-G(1,k))"2+sum3;

sumé4=(Ci(1,k)-G _m)"2+sumé;

end

format short
R2_W=1-suml/sum2;
R2_pH=1-sum3/sum4;
MSE_W=suml/k:
MSE_pH=sum3/k;
RMSE_W=sqrt (MSE_W)
RMSE_pH=sqrt (MSE_pH)
SEP_W=RMSE_W/F_m*100
SEP_pH=RMSE_pH/G_m*100

% Plotting

subplot{2,3,1)

plot ([A]/60, [B],'-g', [A1]1/60, [F], 'xr")
xlabel ('Time {hr)"')

ylabel ('Weight (Kg)')

title('Weight Change as a Function of Time')
legend ('Model’, 'Experiment’,2)

subplot(2,3,2)

plot([A]/60,([C],'-g', [Ai]/60, [G], 'xr")
xlabel('Time (hr)")

ylabel ('pH')

title('pH as a Function of Time')
legend ('Model’, '"Experiment’, 1)

subplot (2, 3, 3)

plot ([A]/60, [M], " '-g")

xlabel ('Time {(hr)"')

ylabel ('%Rejection')

title('%Rejection as a Function of Time')
legend ('Model’, 1)

subplot (2, 3, 4)

plot([N]l [M], '_g‘)

xlabel ('Jdw (L/dm2/min) ')

ylabel ('%Rejection')

title('$Rejection as a Function of Jw')
legend ('Model’, 1)

subplot (2, 3,5)

plot ([A]/60, [K5], '—-g")

xlabel ('Time (hr)"')

ylabel ('Cfa/C£0")

title('Cfa/Cf0 as a Function of Time')
legend('Model’, 1)

subplot {2, 3, 6)
plot ([N], [K5],"'-g")
xlabel ('dw (L/dm2/min) ')

288



289

MSE_pH\n');

Cf,a(mole/1l) ¢

151 ylabel('Cfa/C£0'")

152 title('Cfa/Cf0 as a Function of Jw')

153 legend('Model’, 1)

154

155 fprintf{'\n \n'")

156 fprintf('\n \fi")

157 fprintf{'\n CONCLUSION \n')

158 fprintf('\n R2 W MSE_W R2_pH
159 fprintf('\n%11.3£%20.4e%19.4£f%19.4e%\n',R2_W,MSE W,R2_pH,MSE_pH)
160 fprintf{'\n n")

161 fprintf('\n Time (min) J_w(L/dm2/min) pH
W(kg)\n');

162

163 for x=5:5:20000000;

164 z=x*4;

165 fprintf('\n%l1l.4f %20.4e%19.4f%19.4e%19.4e%\n"',T(2),](2),p(z),c(z),d(z));
166

167 end

168

169
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function fu=Butyric NaCl(z,t)

%$Independent Variable

v_f 0=1;C d s _0=1;C_f a 0=10*10~(-3);v_d 0=0.5;
%Fixed Variable

T=301;f=1.58;

% T=300..normal f=1.58...normal
L=0.9207;D=0.023;W=0.4572;A m=42*10~(-2);d_h=0.0438;
%Constant Variable

10¢
L L e L L L R e R e e e e L L T L L LA L L L e L L e R P LR T T R LA LR L L LA T AT L T AT 1074

%
11
12
1.3
14
15
16
17
18

B _a=0.637/60/100;% B of Butyric Acid,

R R R R R R R e R R e R L R e L R et

B_s=0.256/60/100;

A=0.442/60/100;

S=500*10~-5;

K a T=10"-(1033.39/T-2.6215+0.013334*T) ; $Butyric Acid

D A 298=5.208*10"(-6);D_HA 298=5.429*10"(-6);%Butyric Physicocmical Property
D_H 298=5.587*10%(-5);

19¢
214

%5
20
21
22
23
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o_s=0.936;

den_f£=999.65+2.0438/10* (T-273)-6.174*10"-2* (T-273) ~1.5;
e e e R e R L
n_s=2;0_a=1;R=0.08314;

$Temperature Correction

AT L I AL AL LA LILLILLILLLLLILLTLLILLLLLLRLILLILLELLE5%%%
K CO2_T=10"-(3404.71/T-14.8435+0.032786*T);

K w_T=10%(-4470.99/T+6.0875-0.017060*T) ;

R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R
E=2727.586+0.6224107*T-466.9151*10og(T)-52000.87/T;
d=1-(((T-273)-3.9863) "2+ ((T-273)+288.9414))/(508929.2* ((T-273)+68.12963)) ...
+0.011445%exp((-374.3)/(T-273));

%B=50.2916*d~0.5/ (E*T)*0.5;

A T=(1.82483*1076*d"0.5)/(E*T)"1.5;

K=1/K a T;
visco_298=((298-273)+246)/((0.05594* (298-273) +5.2842) * (298-273) +137.37) ;
visco_ T=((T-273)+246)/((0.05594* (T-273)+5.2842) *(T-273)+137.37) ;
D H T=D _H 298*T/298*visco_298/visco T ;

D A T=D_A 298*T/298*visco_298/visco_T;

D _HA T=D HA 298*T/298*visco_298/visco_T;

D 1 T=2/(1/D H T +1/D A T);

K_H=0.034%exp (-2400% (1/T-1/298)) ; §**Frxkhkhkhhrhhhhhkhhhnhs

%For carbonic acid

P M =0.0025;

$Unknown Variable

J_w=z(1);P_i=2z(2);P m=2(3);J_s=2(4);C_i_s=z(5);

C mf_s=z(6);J_a=z(7);C_mf a=z(8);C_i_a=z(9);C_d a=z(10);

C d H=z(ll);gamma_d H=z(12);I_i=z(13);C d s=z(14);

C_mf H=z(15);gamma m H=z(16);I m=2z(17);C_md s=z(18);
D_d_s=z(19):k d=2z(20);Sh_d=z(21);Sc_d=z(22) ;Re_d=z(23);
v_d=z(24) ;den_d=z (25) ;mul_d=z(26);f_2=z(27);D_f a=z(28);

k £ a=2(29);C_f a=z(30);Sh_f a=z(31);Re_f=z(32);v_f=z(33);

f 1=z(34);Sc_f a=z(35);D_f s=z(36);k_f s=z(37);C_f s=2z(38);
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C f ai=z(39);C_f si=z(40);C_d_ai=z(41);C d si=z(42);pH_f=z(43);

gamma_f H=z(44);C_f A=z(45);I_f=z (46) ;mul f=z(47);

Sh_f s=z(48);Sc_f s=2z(49);w=z(50);C_f H=z(51);

C_f co2=z(52);C_f co2i=z(53);C_f HCO3c=z(54);

J_co02=z(55);C_d co2=z(56);C_d HCO3=z(57);I _d=z(58);C d A=z(59);

C i H=z(60);gamma_i H=z(61);C_d co2a=z(62);

$Math Model

fu(l)=A*(P_i-P m )-J_w;

fu(2)= B_s *(C_i_s-C_mf s)-J_s;

fu(3)= B a*(C_mf_a-C i _a)-J_a;

fu(4)=C_d _a-C_i_a;

fu(5)=J_a/J w-C_d_a;

fu(6)= o_s*n_s*C i s*R*T+o_a*(C_i_a+C_i H)*R*T-P_i;

fu(7)=(-(K_a T)+((K_a T)"2+4*K_a_T*gamma_i_ H*gamma_i H*C d a)”~(1/2))...
/(2*gamma_i_H*gamma_i H)-C_i_H;

fu(8)=A I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)+logl0(gamma_ i H);%"Davies"

fu(9)=0.5*%(2*C_i s+2*C_i H)- I_i;

fu(l0)=o0_s*n_s*C _mf s*R*T+o_a*(C_mf a+C mf H)*R*T-P_m;

fu(ll)=(-(K_a T)+((K a_T)"2+4*K a T*gamma_m H*¥gamma m H*C mf a)~(1/2))...

/(2*gamma_m H*gamma_m_H)-C_mf_H;
fu(l2)=A_I*(I_m"{1/2)/{1+I_m"*(1/2))- 0.3*I_m)+logl0(gamma_m H);%"Davies”
fu(13)=0.5*(2*C_mf s+2*C mf H)-I m;

fu(14)=((C_md s-C i s)*(12.625%10(-11)*((0.789*C_ i s+0.211*C md s)"4
/(J_w*(0.789*C_i s+0.211*C md s)+ J_8)+(0.211*C i s+0.789*C_md s) "4
/(J_w*(0.211*C_i s+0.789*C md s)+ J s ))...

—-3.885*107(-9) * ((0.789*C_1i_s+0.211*C_md s)"3 ...

/(J_w*(0.789*C_i_ s+0.211*C md_s)+ J_s)+(0.211*C_i s+0.789*C_md _s)"3 ...
/(J_w*(0.211*C_i s+0.789*C md s)+ J s ))...

+6.975%10% (=8) * ((0.789*C_i s+0.211*C md_s) "2

/(J_w*(0.789*%C_i s+0.211*C md s)+ J_s)+(0.211*C_i s+0.789*C_md s) 2
/(J_w*(0.211*C_i_s+0.789*C_md_s)+ J_s ))...

-4.,03%107(=7)*((0.789*C_i s+0.211*C md_s)...
/(J_w*(0.789*C i s+0.211*C md s)+ J s)+(0.211*C_i s+0.789*C md s)...
/{J_w*(0.211*C_i_s+0.789*C_md _s)+ J_s))...

+0.53%10% (=5)* (1/(J_w*(0.789*C_i s+0.211*C_md_s)+J_s)...
+1/(J_w*(0.211*C_i_s+0.789*C_md s)+ J_s))))-8;

fu(15)=((C_d s-C_md_s)*(12.625%10"(-11) *((0.789*C_md_s+0.211*C_d_s)~4
/{J_w*(0.789*C_md_s+0.211*C_d s)+ J_s)+(0.211*C_md_s+0.789*C_d s)"4
/{J_w*(0.211*C md_s+0.789*C_d s)+ J s ))...

-3.885%107(-9) *((0.789*C_md_s+0.211*C d_s)"3 ...
/{J_w*(0.789*C_md_s+0.211*C_d_s)+ J_s)+(0.211*C_md_s+0.789*C_d_s)"3 ...
/(J_w*(0.211*C_md_s+0.789*C_d s)+ J_s ))...

+6.975%10~ (-8) * ((0.789*C_md_s+0.211*C_d_s) "2
/{J_w*(0.789*C_md_s+0.211*C_d_s)+ J_s)+(0.211*C_md_s+0.789*C_d_s) ~2
/{J_w*(0.211*C_md_s+0.789*C_d _s)+ J s ))...
-4.03*%10~(-7)*((0.789*C_md_s+0.211*C d_s) ...
/{J_w*(0.789*C_md_s+0.211*C_d_s)+ J_s)+(0.211*C_md s+0.789*C_d s)...
/{J_w*(0.211*C_md_s+0.789*C_d_s)+ J_s))...

+0.53%10~ (=5)* (1/ (J_w*(0.789*C_md_s+0.211*C_d_s)+J_s) ...

+1/(J_w* (0.211%C_md s+0.789*C_d s)+ J_s))))-D_d s/k_d;

fu(16)=Sh_d*D_d_s/d_h-k d;
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fu(17)=5.05%10" (-11) *C_d_s"4-2.59%107 (-9) *C_d _s*3+4.65%10" (-8) *C_d_s"2-4.03%10" (=7
*C d s+1.06%10~(-5)-D d s;
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fu(18)=L*v_d*den_d/mul_d-Re_d;
£u(19)=(f 2+f) /2/W/D-v_d;
£u(20)=f+J_w*A m-f 2;

s
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£u(21)=0.0538*C_d_s+0.4159+5.0095/C_d s-mul_d/C_d_s;%Math Lab
fu(22)=37.0166+C_d_s+997.2911-den_d;%Math lab
s

ANAAAAAAAAAAAANAAAAAAAAAAAAAAAAAAANARARANARAAANANAAANAAAAAAAAAAAAAAAARANAAAAAAAAARAAANAAA

AAAAAAAAAAAAANAAANAAAAA

116
117
118
119
120
121
122
123
124
135
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148

fu(23)= 0.04*Re_d*(3/4)*Sc_d*(1/3)-Sh_d;
fu(24)= mul_d/den d/D d_s-Sc_d;
£u(25)=(0.5%(C_£ a—C mf a)*((D_1 _T-D HA T)/...
(sqQrt (L+4*K* (0.789*C_mf_a+0.211%C_£ a))*(J_w*(0.789*C mf_a+0.211%C £ a)-J a))...
+(D_1_T-D_HA T)/(sqrt (1+4%K+* (0.211%C_mf_a+0.789*C_f a))*(J_w*(0.211%C mf_a...
+0.789*C_f a)-J_a))+ D_HA T/ (J_w*(0.789*C_mf a+0.211*C £ a)-J a)...
+D_HA T/ ((J_w*(0.211*C mf a+0.789*C_f a)-J a))))+D f a/k f a;
fu(26)=Sh f a*D f a/d h-k f a;
£u(27)=(D_1_T/ (2*K*C_f_a) * (-L+sqrt (L+4*K*C_f _a))+D_HA T/...
(4*K*C_£_a) * (-1+sqrt (1+4*K*C_f_a))~2)-D_f_a;
fu(28)=L*v_f*den_f/mul_f -Re_f;
fu(29)=(f+£f_1)/wW/D/2-v_£f;
£u(30)=£-J_w*A m-f 1;
fu(31)= 0.04*Re_£~(3/4)*Sc_f a*(1/3)-Sh_f a;
fu(32)= mul_f/den £/D f a-Sc_f a;

£u(33)=((C_f_s-C_mf _s)*(12.625%10~ (-11) *( (0.789*C_mf s+0.211*C £ s)*4 ...
/(J_w*(0.789*C mf s+0.211%C_f s)+ J_s)+(0.211%C_mf s+0.789*C_f s)"4
/(J_w*(0.211*C_mf s+0.789*C_f s)+ J s ))...

~3.885%10% (=9) * ((0.789*C_mf_s+0.211*C_£_s)*3
/(J_w*(0.789*C mf s+0.211%C_f s)+ J_s)+(0.211%C mf s+0.789*C_f s)3 ...
/{J_w*(0.211*C_mf s+0.789*C_f s)+ J s ))...

+6.975%10% (=8) * ((0.789*C_mf_s+0.211%C_f_s)~2
/(J_w*(0.789*C mf s+0.211*C £ s)+ J_s)+(0.211*C mf s+0.789*C_f s)~2
/(J_w*(0.211*C_mf s+0.789*C £ s)+ J s ))...

-4.03%10(=7)* ((0.789*C_mf_s+0.211*C_f_s) ...
/{J_w*(0.789*C mf s+0.211*C £ s)+ J_8)+(0.211*C mf s+0.789*C f s)...
/(J_w*(0.211*C_mf s+0.789*C £ s)+ J s))...

+0.53%10% (=5)* (1/ (J_w* (0.789*%C_mf_s+0.211%C_£ s)+J_s) ...

+1/(J_w* (0.211%C_mf_s+0.789*C_f _s)+ J_s))))+D_£f s/k £ s;

fu(34)=Sh_f_s*D f s/d_h-k _f s;
£u(35)=5.05%10" (-11) *C_£_s"4-2.59*10~ (-9) *C_£f_s5"3+4.65%10" (-8) *C_£_s5"2-4.03*10" (-7) ¢

*C_£f_s+1.06*10%(-5)-D_£f_s;
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$Mole balance Equation

fu(36)=C_£f a*(V_f O+f 1*t-£*t)-(V_f 0*C £ a 0+C_f ai*f 1*t-C_f a*f*t);%new
fui37)=C f gi*(V £ ORf 1¥—£%E)~C f s*f 1*EtC f si*xf*ceoleld

fu(38)=C_f a*f-J a*A m-C_f ai*f 1;%new

fu(39)=C_£f si*f+J s*A m-C_f s*f 1;%o0ld

fu(40)=C_d s_0*V_d 0+C d si*f 2*t-C_d s*f*t-C_d_s*(V_d_0+f 2*t-f*t);%new
fu(4l)=C_d a*f 2*t—C d ai*f*t-C d ai*(V_d 0+f 2*t-f*t);%o0ld

fu(42)=C_d s*f-J_s*A m-C d_si*f 2;%new

fu(43)=C_d ai*f+J _a*A m-C_d_a*f_ 2;%old
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%additional Equation

fu(44)= 0.04*Re f~(3/4)*Sc_f_s~(1/3)-Sh f s;
fu(45)= mul_f/den f/D f s-Sc_f s;
fu(46)=J w*A m*t*den d/1000-w;

%pH Equation..

R R R L R R R R R R AR R R R R R R R R R R R R A

fu(47)= pH_f+loglO(gamma f H*C f H);

T LHILLLLRLLLISTLILLEHRILHHLRL5H4%

fu(48)=K a_T*(C_f a-C_f A)/gamma_f H/gamma_f H/C f H-C_f A;
fu(49)=A_I*(I_£~(1/2)/(1+I_£~(1/2))-0.3*I_f)+1logl0(gamma_f H);%Davies;

%ionic streanght in feed solution%%%%%3%%%%5%%%%%%%%

fu(50)=0.5* (2*C_£f si+C_f H+K w _T/C_f H/gamma_ £ H/gamma £ H+C £ A+C_f HCO3c)- I_f£;
AR R R R R A R R R AR R AR R AR R AR AR A R E R R A AR R R AR R £ T

%Charge Balance Equation %%%%3%%3333533333533358008008 55555055555 5%%%%%%%%%%%%
fu(51)=(C_f HCO3c+C_f_A+K w_T/C_f H/gamma_f H/gamma_f H)-C_f H;
FEEEELIHILLELLELHLLLLLHLLLLLLILLLLLLLLLLLLHLLHLDLBLLLLL5005905998%9%%
fu(52)=P_M*C d co2-J_co2;

fu(53)=C_£ co2i*(V_f O0+f 1*t-f*t)-(C_f co2*f 1*t-C f co2i*f*t);
fu(54)=C_f_co2i*f*t+J_co2*A m*t-C_f co2*f 1*t;
fu(55)=10"-3.45/gamma_f H/gamma f H/C f H*(C_f co2-C_f HCO3c)-C_f HCO3c;

% Draw solution

fu(56)=gamma_d H*gamma d H*C_d H*C d HCO3/K CO2_T+C_d HCO3-C_d co2;g*****x
fu(57)=(-K_CO2_T+sqrt (K_CO2_T"2+4*K_CO2_T*gamma_d H*gamma_d_H*C_d_co2a))/¥

(2*gamma_d_H*gamma_ d H)-C_d_HCO3;
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%ionic streanght in draw solution%%%%%%%%%%%%%5%%%%%%

fu(58)=0.5* (2*C_d_si+C _d H+K w_T/C_d H/gamma_d H/gamma_d H+C_d A+C d _HCO3)- I_d:
A E TR T EE TR LT LT IT LTI LHLLHVLHTHITBITHHHH%%%

%$Charge balance at draw solution$$%3%%%%%%%%%%%%%%

fu(59)=(C_d HCO3+C_d A+K w_T/C_f H/gamma_d_H/gamma d H)-C d H;

SR R e R e R et R R e e R R E e R e B R R e e LR L R R SR e
fu(60)=K_a T*(C_d a-C_d A)/gamma_d H/gamma_d H/C_d H-C d_A;

fu(61)=10"- (A _I*(I_d~(1/2)/(1+I_d~(1/2))-0.3*I_d))-gamma_d H;%Davies;

fu(62)=10"-3.408*K_H/10" ({((33.5-0.109*(T-273)+0.0014* (T-273) ~2)*I_d-(1.5+0.015* (T~

273)+0.004*(T-273)~2) *I_d"*2))...
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/T)-C_d_co2a;
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G.11 Valeric acid as feed solution and NaCl as draw solution

1 clear

2 cle

3 [g]l=[1.545e-03 2.1246e+01 2.708e-01 1.934e-05 4.535e-01 1.275e-04¢
1.471e-11 1.020e-02 8.299e-09...

4 8.230e-09 2.6086e-06 7.898e-01 4.535e-01 9.995e-01 3.833e-04 9.745¢
e-01 5.108e-04 9.893e-01...

5 9.545e-06 1.4718e-01 6.754e+02 5.550e+02 2.612e+04 1.503e+02 1.034¢
e+03 5.479e+00 1.581e+00...

6 1.060e-05 1.5607e-01 1.000e-02 6.452e+02 2.545e+04 1.502e+02 1.579¢
e+00 5.129e+02 9.258e-06...

7 1.426e-01 8.3963e-06 1.00le-02 3.25le-06 6.997e-09 9.991e-01 3.432¢
e+00 9.778e-01 3.783e-04...

8 3.815e-04 5.4140e+00 6.748e+02 5.870e+02 2.685e-04 3.783e-04 1.279¢
e-08 4.951e-09 6.333e-09...

9 2.947e-08 1.1786e-05 2.601e-06 9.991e-01 7.385e-09 8.228e-09 7.306¢

e-01 1.176e-05];

10 $5EE NN T TIPS ATLTHITLESSE%S
11 ts=0.4:0.006:1800;

12 S5 5 5000205253590 559%5%%%%
13

14 for ti=l:numel (ts);

15 t=ts(ti):;

16 options = optimset(‘Algorithm','Levenberg—Marquardt','TolFun',l*lO‘-lS,'TolX',l*lO“-l

D! iz

17 , 'Maxiter',25, '"Maxfun',15000) ;

18

19 [r,fval,exitflag,output] = fsolve(@(z)Valeric NaCl(z,t), [g],options)
20 [g]l=I[r]:

21 j(ti)=r(1,1);

22 p(ti)=r(1,43);%pH_f

23 c(ti)=r(1,30);%C_f a

24 d(ti)=r(1,50);%w

25 T(ti)=t;

26 dl(ti)=r(1,55);:;%J_co2

27 d2(ti)=r(1,52);%C_£f_co2

28 d3(ti)=r(1,54);%C_f_ HCO3C

29 d4(ti)=r(1,56);%C_d co2

30 d5(ti)=r(1,57);%C_d HCO3

31 d6(ti)=-1logl0(r(1,12)*r(1,11));%pH d

32 d7(ti)=(1-r(1,43)/r(1,32))*100;% %Rejection
33 d8(ti)=r(1,32)/0.01;%Concentration Performance
34 %for Plotting

35 [A(ti)]=t;

36 [B(ti)]=d(ti):;

37 [C(ti)]=p(ti);

38 [M(ti)]=d7(ti);

39 [N(ti)]=j(ti):

40 [K5(ti)]=d8(ti);

41 disp(ti)

42 fprintf('\n Time (min) J_w(L/dm2/min) pH cf,a(mole/1) ¢

W(kg)\n');

43 fprintf('\n%11.2f%20.4e%19.4£%19.4e%19.4e%\n" ,T(ti),j(ti),p(ti),c(ti),d(ti));

44 format short e

45 %$Result of Best guess

46 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
47 »x(1,1),r{1,2),r(1,3),r(1,4),r(1,5),r(1,6),r(1,7),r(1,8),r(1,9)):
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fprintf ('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%\n"...

fprintf ('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
,r(1,10),r(1,11),r(1,12),r(1,13),r(1,14),r(1,15),r(1,16),r(1,17),r(1,18));

fprintf ("\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
,r(1,19),r(1,20),r(1,21),r(1,22),r(1,23),r(1,24),r(1,25),r(1,26),r(1,27));

fprintf ("\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
,x(1,28),r(1,29),r(,30),r(1,31),r(1,32),r(1,33),r(1,34),r(1,35),r(1,36));

fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...
,r(1,46),r(1,47),r(1,48),r(1,49),r(1,50),r(1,51),r(1,52),r(1,53),r(1,54));
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fprintf ('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%13.3e%13.3e%\n"...
(x(1,37),r(1,38),r(1,39),r(1,40),r(1,41),r(1,42),r(1,43),r(1,44),r(1,45));

65 pE(Lp55) 211, 586) ;{1 5T) p2(1:58) 2 (1;89) ,E(1:60) pr(1,61),£(1,62));

66 end

67

68 $Time Interval%$%355%55555%5555%55%3%%%%%

69 Ai=0:30:1800;

70 $555555555555%55559%59%5955505%55%%5%%%%%

71 format short

72 Ci=spline(A,C,A1);

73 format short e

74 Bi=spline(A,B,Ai);

75 %$Experiment Value W and pH3%%3%3% 555055585055 45% 05 0%59%59%595%%%%9%%%%%%

76 F=[ 0 0.0270 0.0430 0.0570 0.0710 0.0830 0.0980 0.1100 0.1250¢
0.1390 0.1490 0.1650 017605

77 0.1880 0.2030 0.2140 0.2280 0.2380 0.2530 0.2630 0.2750¢
0.2870 0.2970 0.3110 0.3210 0433005,

78 0.3440 0.3530 0.3620 0.3720 0.3860 0.3950 0.4030 0.4150¢
0.4250 0.4340 0.4460 0.4560 0.4670...

79 0.4750 0.4730 0.4840 0.4910 0.5000 0.5130 045220 0.5310¢
0.5390 0.5460 0.5530 0.5600 0.5660...

80 0.5700 0.5750 0.5820 0.5900 0.5970 0.6060 0.6140 0.6200¢
0.6200];

81

82 G=[ 3.4080 3.4100 3.4090 3.4090 3.4040 3.3900 3.39%00 3.3790¢
3.3780 3.3730 3.3610 3.3560 3.3490...

83 3.3410 3.3390 3.3270 3.3180 3.3150 3.3040 3.3010 3.2930¢
3.2880 3.2710 3.2640 3.2630 3.2540. ..

84 3.2460 3.2330 3.2310 3.2230 3.2110 3.2070 3.1980 3.1880¢
3.1840 3.1750 3.1610 3.1550 3.1480...

85 3.1450 3.1330 3.1240 3.1170 3.1100 3.0960 3.0920 3.0890¢
3.0840 3.0780 3.0700 3.0630 3:0530: 43

86 3.0410 3.0340 3.0280 3.0210 3.0150 3.0080 3.0030 3.0020¢
2.99901;

B7 3535505505955 9%5 5550050000005 0055505500009 %55559%%9%%%%

88

89 F_m=mean (F);

920
91
92
923

G_m=mean (G) ;

suml=0; sum2=0;
sum3=0; sum4=0;



$%% Number of Data %%3%%$35%53%%535%5555555055952555%5%50%559%%59%%5%9%5%%%
for k=1:1:61

R R R R R L R R e R R e R R L R e R R L R R L e L R L R E RS R L B L £
suml=(Bi(1,k)-F(1l,k))*2+suml;

sum2=(Bi (1,k)-F_m) *2+sum2;

sum3=(Ci(1,k)-G(1,k))”*2+sum3;

sumé=(Ci(1,k)-G_m)*2+sum4;

end

format short
R2_W=1-suml/sum2;
R2_pH=1-sum3/sum4;
MSE_W=suml/k;

MSE pH=sum3/k;
RMSE_W=sqrt (MSE_W)
RMSE_pH=sqrt (MSE_pH)
SEP_W=RMSE_W/F_m*100
SEP_pH=RMSE_pH/G m*100

% Plotting

subplot(2,3,1)

plot([A]/60, [B],'-g', [Ai]/60, [F], "xr")
xlabel ('Time (hr)")

ylabel ('Weight (Kg)')

title('Weight Change as a Function of Time')
legend ('Model’, 'Experiment', 2)

subplot (2, 3,2)

plot([A]l/60,[C],'-g’, [Ai]/60,[G], "xr")
xlabel ('Time {(hr)"'")

ylabel ('pH')

title('pH as a Function of Time')
legend('Model’, 'Experiment’,1)

subplot (2,3, 3)

plot ([A]/60, [M],'-g")

xlabel ('Time (hr)")

ylabel ('%Rejection’')

title('%Rejection as a Function of Time')
legend ('Model’, 1)

subplot (2,3, 4)

plot ([N], [M],'-g")

xlabel ('Jw (L/dm2/min) ')

ylabel ('%Rejection’')

title('$Rejection as a Function of Jw')
legend ('Model’, 1)

subplot(2,3,5)

plot ([A]/60, [K5],"=g")

xlabel ('Time (hr)")

ylabel ('Cfa/C£f0")

title('Cfa/Cf0 as a Function of Time')
legend ('Model’, 1)

subplot (2,3, 6)

296
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151
152
153
154
155
156
157
158
159
160
16l
162
163

plot ([N], [K5], "-g")

xlabel ('Jw (L/dm2/min) ')

ylabel ('Cfa/Cf0")

title('Cfa/Cf0 as a Function of Jw')
legend ('Model’, 1)

fprintf{'\n \n')

fprintf({'\n X))

fprintf ("\n CONCLUSION \n')

fprintf ("\n R2_W MSE_W R2_pH

fprintf('\n%ll.3f%20.4e%19.4f%19.4e%\n‘,RZ_W,MSE_W,R2_pH,MSE_pH)
fprintf('\n xnt)

fprintf ('\n Time (min) J_w(L/dm2/min) pH

W(kg)\n');for x=5:5:200000000;

164

z=x*100;

297

MSE_pH\n') ;

Cf,a(mole/1l) ¥

165 fprintf('\n%11.4f %20.4e%19.4f%19.4e%19.4e%\n",T(2),](2z),p(2),c(z),d(z));

166
167
168
169

end
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function fu=Valeric NaCl(z,t)

%$Independent Variable

V_f 0=1;C_d s 0=1;C £ a 0=10*107(-3);v_d 0=0.5;
%$Fixed Variable

T=301;f=1.58;

% T=300..normal f=1.58...normal
L=0.9207;D=0.023;W=0.4572;A m=42*10"(-2);d _h=0.0438;

10 %Constant Variable

11¢
L L T L T I I Tt ¢
%

12 B a=0.491/60/100;% B of Valeric Acid

13 S5 HLLTLHLLHLTRLL5ITH559959%%%

14 B s=0.256/60/100;

15 A=0.442/60/100;

16 8=500*10"-5;

17 K _a T=107-(921.38/T-1.8574+0,012105*T) ;%Valeric Acid

18 D A 298=5.226*10~(-6);D_HA 298=4,902*10"(-6) ;%Valeric Physicocmical Property
19 D_H 298=5.587*10"(-5);

20¢
L L L LTI T I T I LTS
%5

21 o_s=0.936;

22 den f=999.65+2.0438/10* (T-273)-6.174*10"-2*(T-273) "1.5;

23 SHEEEET L RLALL LA T LA LLLLLLLLLAITELLLITLLLLLILLLLLNYS

24 n_s=2;o0_a=1;R=0.08314;

25 %Temperature Correction

26 FEATEEEE T E NN NN NN R TN NI LLRLIILLTLIILLS

27 K_CO2_T=10"-(3404.71/T-14.8435+0.032786*T) ;

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
Ll
52

K w_T=10"(-4470.99/T+6.0875-0.017060*T) ;

SRR R R R R R R R R e e R e R R R R R R R RS R R R R SRR e R R s R R E L £
E=2727.586+0.6224107*T-466.9151*10g (T)-52000.87/T;
d=1-(((T-273)-3.9863) "2* ((T-273)+288,9414))/(508929.2* ((T-273)+68.12963))...
+0.011445*%exp((-374.3) / (T-273));

A _TI=(1.82483*1076*d"0.5)/(E*T)"1.5;

K=1/K a_T;

visco_298=((298-273)+246) /((0.05594%(298-273) +5.2842) * (298-273) +137.37) ;
visco T=((T-273)+246)/((0.05594* (T-273)+5.2842) * (T-273)+137.37) ;
D H T=D H 298*T/298*visco 298/visco_T ;

D A T=D A 298*T/298*visco_298/visco_T;

D_HA T=D HA 298*T/298*visco_298/visco T;

D 1 T=2/(1/D H T +1/D A T);

K_H=0_034*exp(_2400* (1/'11_1/298) ) ;%**************k**********

%$For carbonic acid

P _M=0.0025;

%Unknown Variable
J_w=z(1);P_i=2(2);P_m=2z(3);J_s=z(4);C_i_s=z(5);

C mf s=z(6):J a=z(7):C mf a=z(8):C i a=z(8):C d a==(10]}3

C d H=z{ll);gamma_d H=z(12);I_i=z(13);C d s=z(14);
C_mf_H=z(15);gamma_m_H=z(16);I_m=z(l7);C_md_s=z(18);
D_d_s=z(19);k _d=z(20);8h_d=z(21);Sc_d=z(22) ;Re_d=z(23);
v_d=z(24) ;den_d=z (25) ;mul_d=z(26);f_2=z(27);D_f a=z(28);

k_f a=z(29);C_f a=z(30);Sh_f a=z(31);Re f=z(32);v_£f=z(33);

f 1=z(34);Sc_f a=z(35);D f s=2(36);k_f s=2(37);C_f s=2z(38);
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C f ai=z(39);C_f si=z(40);C_d ai=z(41);C_d si=z(42);pH f=z(43);

gamma f H=z(44);C_f A=z (45);I f=z(46);mul f=z(47);

Sh_f s=z(48);Sc_f s=z(49);w=z(50);C_f H=z(51);

C_f co2=z(52);C_f co2i=z(53);C_f_ HCO3c=z(54);

J_co2=z{55);C_d co2=z(56);C_d HCO3=z(57);I_d=z(58);C_d A=z(59);

C i H=z(60);gamma_i H=z(61);C_d co2a=z(62);

$Math Model

fu(l)=A*(P_i-P_m )-J_w;

fu(2)=B_s *(C_i_s-C mf s)-J_s;

fu(3)= B_a*(C_mf_a-C_i_a)-J_a;

fu(4)=C_d_a-C_i_a;

fu(5)=J_a/J w-C_d a;

fu(6)= o_s*n_s*C_i s*R*T+o_a*(C_i_a+C i H)*R*T-P_i;

fu(7)=(-(K_a_T)+((K_a T)”"2+4*K_a T*gamma_i H*gamma i H*C d a)*(1/2))...
/(2*gamma_i_H*gamma_i_H)-C_i_H;

fu(8)=A_I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)+loglO(gamma_i H);%"Davies"

fu(9)=0.5*%(2*C_i s+2*C i H)- I_i;

fu(l0)=o0_s*n_s*C mf s*R*T+o_a*(C_mf a+C mf H)*R*T-P_m;

fu(ll)=(-(K_a T)+((K_a_T)"2+4*K_a T*gamma m H*gamma m H*C mf a)" (1/2))...
/ (2*gamma_m H*gamma_m_H)-C_mf_H;

fu(l2)=A_I*(I_m"{1/2)/(1+I_m*(1/2))- 0.3*I_m)+logl0(gamma_m_H);%"Davies"

fu(13)=0.5* (2*C_mf s+2*C_mf H)-I m;

fu(l4)=((C_md s-C i s)*(12.625*10"(-11)*((0.789*C_i s+0.211*C md s)"4 ...
/(J_w*(0.789*C_1i_s+0.211*C_md s)+ J_s)+(0.211*C_i s+0.789*C_md s)"4
/{J_w*(0.211*C_i s+0.789*C_md s)+ J s ))...

—-3.885*107(-9) *((0.789*C_1i_ s+0.211*C_md_s)"3 ...
/(J_w*(0.789*C_i_s+0.211*C_md_s)+ J_s)+(0.211*C_i s+0.789*C_md_s)"3 ...
/{J_w*(0.211*C_i s+0.789*C_md s)+ J_s ))...

+6.975%107 (-8) * ((0.789*C_i_s+0.211*C_md_s) "2

/{J_w*(0.789*C_1i s+0.211*C_md _s)+ J_s)+(0.211*C_i s+0.789*C md s)"2
/{J_w*(0.211*C_i_s+0.789*C_md_s)+ J_s ))...

-4.03*%107(-7)*((0.789*%C_1i s+0.211*C md s)...

/{J_w*(0.789*C_i s+0.211*C_md s)+ J_s)+(0.211*C_i s+0.789*C md s)...
/{J_w*(0.211*C_i_s+0.789*C_md s)+ J_s))...

+0.53%10~(=5)* (1/(J_w*(0.789*C_i_s+0.211*C md_s)+J_s)...
+1/(J_w*(0.211*C_i_s+0.789*C_md s)+ J_s))))-85;

fu(15)=((C_d s-C_md_s)*(12.625%10"(-11) *((0.789*C_md_s+0.211*C_d s)"4 ...
/(J_w*(0.789*C_md s+0.211*C_d _s)+ J_s)+(0.211*C_md_s+0.789*C_d s) "4
/{J_w*(0.211*C_md_s+0.789*C d s)+ J s ))...

-3.885%107(-9) *((0.789*C_md_s+0.211*C d s)"3 ...

/(J_w*(0.789*C_md s+0.211*C_d_s)+ J_s)+(0.211*C_md_s+0.789*C_d s)"3 ...
/{J_w*(0.211*C_md_s+0.789*C_d_s)+ J_s ))...

+6.975*10” (-8) * ((0.789*C_md_s+0.211*C_d s)"2

/(J_w*(0.789*C_md s+0.211*C_d_s)+ J_s)+(0.211*C_md_s+0.789*C_d_s) "2
/(J_w*(0.211*C_md s+0.789*C_d_s)+ J_s ))...

=4.03*10"(-7)*((0.789*C_md s+0.211*C_d s)...

/(J_w*(0.789*C_md s+0.211*C_d_s)+ J_s)+(0.211*C md s+0.789*C d s)...
/(J_w*(0.211*C_md s+0.789*C d_s)+ J_s))...

+0.53*10"(-5)* (1/(J_w* (0.789*C_md_s+0.211*C_d s)+J_s) ...
+1/(J_w*(0.211*C_md s+0.789*C d s)+ J_s))))-D _d s/k d;

fu(16)=Sh_d*D d_s/d_h-k_d;
£u(17)=5.05%10~ (-11) *C_d_s"4-2.53%10" (-9) *C_d_s"3+4.65%10~ (-8) *C_d_s~2-4.03*10" (-'

*C d s+1.06%10~(-5)-D_d s;
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AAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAAAAAAAANAAAAAAAAAAANAAAAAAAANAAAAAAAAAAAAAAAAAAAANAAAAAAA |

fu(18)=L*v_d*den_d/mul_d-Re_d;
fu(19)=(f_2+£f)/2/W/D-v_d;
fu(20)=f+J_w*A m-f 2;

(74

AAAAAAAAAAAAAAAAA

113
114
115

AAAAAAAAAAAANARAAAAAANAAAAAAAARAAAAAAAAAAAAAAAAARAAAAAAAAAAAAANAAAAAAAAANAAARAAAANAARANAA

fu(21)=0.0538*C d s+0.4159+5.0095/C_d_s-mul d/C_d_s;%Math Lab
fu(22)=37.0166*C_d_s+997.2911-den_d;%Math lab
s

AAAAAAAAAAAAAAAANAAAAA

116

148

fu(23)= 0.04*Re_d~(3/4) *Sc_d~ (1/3)-5h_d;
fu(24)= mul_d/den_d/D_d_s-Sc_d;
fu(25)=(0.5*(C_f a-C mf a)*((D_1 _T-D HA T)/...
(Sqrt (1+4*K* (0.789%C_mf_a+0.211%C_£ a))* (J_w*(0.789*C_mf a+0.211*C_£ a)-J a))...
+(D_1_T-D HA T)/(sqrt(1+4*K* (0.211%C _mf a+0.789*C_f a))*(J_w*(0.211*C mf a...
+0.789*C_f a)-J a))+ D_HA T/ (J_w*(0.789*C_mf a+0.211*C £ a)-J a)...
+D_HA T/ ((J_w*(0.211*C_mf a+0.789%C_f a)-J a))))+D_f a/k f a;
fu(26)=8h f a*D f a/d h-k f a;
£u(27)=(D_1_T/(2*K*C_f_a)* (-l+sqrt (1+4*K*C_f_a))+D_HA_T/...
(4*K*C_£ a)*(-l+sqrt (L+4*K*C_f a))~2)-D f a;
fu(28)=L*v_f*den_f/mul f -Re_ f;
fu(29)=(f+f 1) /W/D/2-v_£f;
£u(30)=f-J w*A m-f 1;
fu(31)= 0.04*Re f~(3/4)*Sc_f a~(1/3)-Sh £ a;
fu(32)= mul_f/den £/D f a-Sc_f a;

fu(33)=((C_f_s-C_mf_s)*(12.625%10~ (-11) *((0.789*C_mf_s+0.211*C_£ s)"4 ...
/(J_w*(0.789%C_mf_s+0.211%C_£ s)+ J_s)+(0.211*C_mf_s+0.789*C_£ s)"4 ...
/{(J_w*(0.211*C mf s+0.789*C f s)+ J s ))...

~3.885%10% (~9) * ({0.789*C_mf_s+0.211*C_£_s)*3 ...

/(J_w*(0.789*%C mf_s+0.211%C_£ s)+ J_s)+(0.211%C_mf_s+0.789*%C_£ s)"3 ...
/{J_w*(0.211*C_mf_s+0.789*C_f s)+ J s ))...

+6.975%10% (~8) * ({0.,789*C_mf_s+0.211%C_£_s)*2 ...
/(J_w*(0.789*C_mf_s+0.211*C_f_s)+ J_s)+(0.211*C_mf_s+0.789*C_£ 8)"2 ...
/(J_w*(0.211*C_mf_s+0.789*C_£ s)+ J 8 ))...
~4.03%107(=7)* ((0.789*C mf s+0.211*C f s)...
/(J_w*(0.789*C_mf_s+0.211*C_f s)+ J_s)+(0.211*C_mf s+0.789*C_f s)...
/{J_w*(0.211*C_mf s+0.789*C £ s)+ J s))...

+0.53%107 (=5) * (1/ (J_w* (0.789*C_mf_s+0.211*C_f s)+J s)...

+1/(J_w* (0.211*C_mf_s+0.783*C_f s)+ J_s))))+D £ s/k f_s;

fu(34)=Sh_£ s*D £ s/d _h-k_f_s;
£u(35)=5.05%10" (-11) *C_f_s"4-2.59%10" (-9) *C_f_s"3+4.65%10" (-8) *C_f_s"2-4.03%10"(-7) ¥

*C_f_s+1.06*10% (-5)-D_£_s;

149
150
151
152

$Mole balance Equation

fu(36)=C_f a*(V_f 0+f 1*t-f*t)-(V_f 0*C f a 0+C_f ai*f 1*t-C f a*f*t);%new
fu(37)=C_£f_si*(V_£f_0+f 1*t-f*t)-C_f s*f 1*t+C f si*f*t;%old

fu(38)=C_f a*f-J _a*A m-C_f ai*f 1;%new

fu(39)=C_f si*f+J s*A m-C_f s*f 1;%old

fu(40)=C_d s_0*V_d_0+C d_si*f 2*t-C_d s*f*t-C d_s*(V_d 0+f_2*t-f*t);%new
fu(4l)=C_d_a*f_2*t-C_d ai*f*t-C_d_ai*(V_d_0+f_2*t-£*t);%old

fu(42)=C_d s*f-J_s*A m-C _d_si*f 2;%new

fu(43)=C_d ai*f+J _a*A m-C_d_a*f 2;%0ld
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%additional Equation

fu(44)= 0.04*Re_f~(3/4)*Sc_f_s"(1/3)-Sh_£f_s:
fu(45)= mul_f/den f/D f s-Sc_f_s;
fu(46)=J w*A m*t*den d/1000-w;

%pH Equation..

AR AR R R R SRR LR R AR R At R L R EE

fu(47)= pH_f+logl0(gamma_f H*C f H);

SEELLETLLLLLLLLLLLLLLLLLLLLLLLL4%9%%

fu(48)=K_a T*(C_f_a-C_f A)/gamma_f_ H/gamma_f H/C_f H-C_f_A;

fu(49)=A I*(I_£~(1/2)/(1+I_£~(1/2))-0.3*I_£f)+logl0(gamma_f H);%Davies;

%ionic streanght in feed solution%%%%%%%%3%%%%%%%%%%

fu(50)=0.5* (2*C_f si+C_f H+K w _T/C_f H/gamma_ f H/gamma f H+C_f A+C f HCO3c)- I_f£;
EEE R R R R R R R R R R R AR R At R R R R AR A R R R At A LR R R R R R A

%Charge Balance Equation %%%%3%%%5535535% 3558555555093 388500599%%%%%%%%%%%%
fu(51)=(C_f_HCO3c+C_f A+K w_T/C_f H/gamma f H/gamma_f H)-C_f H;
SEEELLLLULLLLLLLLLRLLLLLLLLLLLLLILLLLULLLLLLLLTLLITLLLLLLLLLLLH988998%%%
fu(52)=P_M*C_d_co2-J_co2;

fu(53)=C_f co2i*(V_f O0+f 1*t-f*t)-(C_f co2*f 1*t-C f co2i*f*t);
fu(54)=C_£f_co2i*f*t+J_co2*A m*t-C_f_co2*f 1*t;
fu(55)=107-3.45/gamma_f H/gamma f H/C f H*(C_f co2-C_f HCO3c)-C_f HCO3c;

% Draw solution
fu(56)=gamma_d_H*gamma d _H*C d H*C d HCO3/K_CO2_T+C_d_HCO3-C_d co2; g*¥**x*x
fu(57)=(-K_C02_T+sqrt (K_CO2_T~2+4*K_CO2_T*gamma_d_H*gamma_d_H*C_d_co2a)) /¥

(2*gamma_d_H*gamma_d H)-C_d_HCO03;

184
185
186
187
188
189
190
191
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%ionic streanght in draw solution%%%%%%%%%%%%%%%%%%%

fu(58)=0.5*% (2*C_d_si+C_d_H+K w_T/C_d H/gamma_d H/gamma_d_H+C_d A+C_d HCO3)- I_d:
FHEEEEFTLITLLLLEHTHVLIILLRLEHLTVLDVLLLLHHHH95%%9%%%

$Charge balance at draw solution$$%%%%%%%%%%%%%%%%
fu(59)=(C_d_HCO3+C_d A+K_w_T/C _f H/gamma_d H/gamma_d H)-C d_H;

TR T E A AT T LT AR IHEL LTI LTLEIL LI ILILEILIL LV ILTBIH4%%%
fu(60)=K a T*(C _d a-C_d A)/gamma_d H/gamma d H/C_d H-C d A;

Fu(61)=107- (A T*(I_d~(1/2)/(1+I_d~(1/2))-0.3*I_d))-gamma_d H;%Davies;
fu(62)=10"-3,408*K_H/10"((((33.5-0.109*(T-273)+0.0014* (T-273)"2)*I_d-(1.5+0.015* (T

273)+0.004*(T-273)~2) *I_d"2))...

193
194
195

/T)-C_d_co2a;
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G.12 Lactic acid as feed solution and NaCl as draw solution

1.935e-05 4.537e-01

.537e-01

.550e+02

.452e+02

.065e-06

.870e+02

.989e-01

9

.993e-01

.612e+04

.545e+04

.302e-09

.354e-04

.692e-09

4,

1.283e-04¢
.162e-03 9.604¢
.503e+02 1.034¢
.502e+02 1.579¢
.989e-01 2.957¢
.148e-03 1.401¢
.724e-09 7.306¢

options = optimset('Algorithm',‘Levenberg—Marquardt','TolFun',l*lO”—lS,'TolX',l*lO“-I

fprintf('\n%11.2f%20.4e%19.4f%19.4e%19.4e%\n"' ,T(ti),j(ti),p(ti),c(ti),d(ti));

= fsolve(@(z)Lactic_NaCl{z,t), [g],options)

J_w(L/dm2/min)

pPH

Cf,a(mole/1) ¥

fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

1 clear

2 clc

3 [g]l=[1.544e-03 2.1253e+01 2.904e-01
4.828e-12 1.020e-02 2.731e~09:-

4 2.724e-08 2.6040e-06 7.898e-01
e-01 1.290e-03 9.892e-01...

5 9.545e-06 1.4718e-01 6.754e+02
e+03 5.478%e+00 1.581e+00...

6 1.060e-05 1.5607e-01 1.000e-02
e+00 5.12%e+02 9.258e-06...

7 1.426e-01 9.2126e-06 1.001e-02
e+00 9.624e-01 1.148e-03...

8 1.152e-03 5.4140e+00 6.748e+02
e-08 6.18le-09 3.506e-09...

9 2.942e-08 1.1770e-05 2.601le-06
e-01 1.176e-05];

10 $5555555 55555559595V 45%%5%%

11 ts=0.5:0.0003:1800;

12 £35S E55 0500405595955 %%%

13 for ti=l:numel (ts):;

14 t=ts(ti);

15
18 waa

16 ; "Maxiter',25, '"Maxfun',15000) ;

17

18 [r,fval,exitflag, output]

19 [gl=I[r]l;

20 j(ti)=r(1,1):;

21 p{ti)=r(1,43);%pH_f

22 ¢(Ei)=r(1,30);%C £ a

23 d(ti)=r(1,50);%w

24 T(ti)=t;

25 dl(ti)=r(1,55):%J_co2

26 d2(ti)=r(1,52);%C_f co2

27 d3(ti)=r(1,54);%C_f_ HCO3C

28 d4(ti)=r(1,56):%C_d co2

29 d5(ti)=r(1,57);%C_d_HCO3

30 d6(ti)=-1logl0(r(1,12)*r(1,11));%pH d

31 d7(ti)=(1-r(1,43)/r(1,32))*100;% %Rejection

32 d8(ti)=r(1,32)/0.01;%Concentration Performance

33 %for Plotting

34 [A(ti)]=t;

35 [B(ti)]l=d(ti);

36 [C(ti)]=p(ti);

37 [M(ti)]1=d7(ti):

38 [N(ti)]=j(ti);

39 [K5(ti)]=d8(ti):

40 disp(ti)

41 fprintf{('\n Time (min)
W(kg)\n'):

42

43 format short e

44 %Result of Best guess

45

46

47

,r(1,1),r(1,2),r(1,3),r(1,4),r(1,5),r(1,6),r(1,7),r(1,8),r(1,9));
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48 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

49 ,r(1,10),r(1,11),r(1,12),r(1,13),r(1,14),r(1,15),r(1,16),r(1,17),r(1,18));

50

51 fprintf('\n%$8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...

52 ,r(1,19),r(1,20),r(1,21),r(1,22),r(1,23),r(1,24),r(1,25),r(1,26),r(1,27));
53

54 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...

55 rx(1,28),r(1,29),r(1,30),r(1,31),r(1,32),r(1,33),r(1,34),r(1,35),r(1,36));

56

57 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%13.3e%13.3e%\n"'...
58 ,£(1,37),r(1,38),r(1,39),r(1,40),r(1,41),r(1,42),r(1,43),r(1,44),r(1,45)):

59

60 fprintf('\n%8.3e%15.4e%13,.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

61 ,r(l,46),r(1,47),r(1,48),r(1,49),r(1,50),r(1,51),r(1,52),x(1,53),c(1,54));

62

63 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%\n"'...

64 ,r(,55),r(1,56),r(1,57),r(1,58),r(1,59),r(1,60),r(1,61),r(1,62));

65 end

66

67 %Time Interval%$%%%%%3553%%5%55%%%%%%%%%%%
68 Ai=0:30:1800;

(AR EE LR L EE S LR R LR R LR EE L EEEE LR LR EE LR E L 13
70 format short

71 Ci=spline(A,C,Ai);

72 format short e

73 Bi=spline(A,B,Ai);

0.0780

2.9220

74

75

76 %Experiment Value W and pHH$3$333333555555533555555059335555555%589%%%%%%
77 F=[0 0.0150 0.0320 0.0490 0.0640
0.1320 0.1450...

78 0.1620 0.1740 0.1850 0.1970 0.2100
0.2570 0.2630 0.2810...

79 0.2930 0.3040 0.3160 0.3270 0.3380
0.3810 0.3910 0.4010...

80 0.4120 0.4220 0.4320 0.4410 0.4510
0.4890 0.4990 0.5080...

81 0.5170 0.5260 0.5350 0.5430 0.5520
0.5820 0.5890 0.5970...

82 0.6040 0.6110 0.6180 0.6260 0.6320
83

84 G=[2.9260 2.9300 2.9260 2.9310

2.9010 2.8990 2.8990 2.8890 2.8880...
85 2.8800 2.8730 2.8770 2.8740 2,8710
2.8550 2.8490 2.8460 2.8400 2.8350...
86 2.8300 2.8240 2.8200 2.8140 2.8080
2.7860 2.7810 2.7750 2.7710 2.7650...
87 2.7600 2.1550 2. hal0 2.7470 2.7420
2.7250 2,7210 2.7160 2.7140 257090554
88 2.7050 2.7010 2.7000 2.6950 2.6930
2.67601;

89 FEYT TR AT LT AT I Lt E TR LA H I TR AL LTI EIIRLLHLLRLNS

90
91 F_m=mean (F);
92 G_m=mean (G);
93
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0.0910 0.1050 0.1180¢
.2220 .2350 .2450¢
.3490 .3600 .3710¢
.4610 L4710 .4780¢
.5600 .5670 .5750¢
.6390];

2.9190 2.9130 2.9090¢
.8660 .8630 .8600¢
.8030 L7970 .7920¢
.7380 .7330 .7280¢
.6900 .6850 .6800¢



suml=0; sum2=0;

sum3=0; sumd=0;

%$%% Number of Data 3353535553058 0%%9%%9%%%5%0%%9%%9%%%%5%%
for k=1:1:61

R e L e e L L e e Rt b e b e e R L L E L R R e e R L e e L L R R L LR
suml=(Bi(1l,k)-F(1,k))"2+suml;

sum2=(Bi (1,k)-F_m)*2+sum2;

sum3=(Ci(1,k)-G(1,k))"2+sum3;

sum4=(Ci (1,k)-G_m)*2+sum4;

end

format short
R2_W=1-suml/sum2;
R2_pH=1-sum3/sumd;
MSE_W=suml/k;
MSE_pH=sum3/k;
RMSE_W=sqrt (MSE_W)
RMSE_pH=sqrt (MSE_pH)
SEP_W=RMSE_W/F_m*100
SEP_pH=RMSE_pH/G_m*100

% Plotting

subplot{2,3,1)
plot([A]/60, [B],'-g', [A1]/60, [F], 'xr")
xlabel ('Time (hr)"')

ylabel ('Weight (Kg)')

title('Weight Change as a Function of Time')
legend('Model’, 'Experiment’, 2)

subplot(2,3,2)

plot ([Al/60, [C],'-g', [A1]1/60, [G], "xr")
xlabel ('Time {(hr)")

ylabel ('pH')

title('pH as a Function of Time')
legend('Model’, 'Experiment’, 1)

subplot (2, 3, 3)

plot{([A]/60,[M],'-g")

xlabel ('Time (hr)"')

ylabel ('$Rejection')

title('%$Rejection as a Function of Time')
legend('Model’, 1)

subplot (2,3, 4)

plot ([N], [M],'-g")

xlabel ('Jw (L/dm2/min)"')

ylabel ('%Rejection')

title('%Rejection as a Function of Jw')
legend ('Model’, 1)

subplot(2,3,5)

plot ([A]/60, [K5],'-g")

xlabel ('Time (hr) ")

ylabel ('Cfa/C£0")

title('Cfa/Cf0 as a Function of Time')
legend ('Model’, 1)
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305

150

151 subplot{(2,3,6)

152 plot([N], [K5],'-g")

153 xlabel('Jw (L/dm2/min)"')

154 ylabel ('Cfa/C£f0")

155 title('Cfa/Cf0 as a Function of Jw')

156 legend('Model’,1)

157

158 fprintf('\n \n'")

159 fprintf{'\n \n')

160 fprintf('\n CONCLUSION \n')

161 fprintf('\n R2_W MSE_W R2_pH MSE_pH\n') ;
162 fprintf('\n%11.3f%$20.4e%19.4f%19.4e%\n"',R2_W,MSE W,R2_pH,MSE pH)

163 fprintf('\n \n')

164 fprintf{'\n Time (min) J_w(L/dm2/min) pPH Cf,a(mole/1) ¥
W(kg)\n'");

165

166 for x=5:5:2000000000;

167 z=x*1000;

168 fprintf('\n%1l.4f %20.4e%19.4f%19.4e%19.4e%\n"',T(2),]J(2),p(2),c(z),d(2));
169

170 end

171

172
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function fu=Lactic NaCl(z,t)

%Independent Variable

v f 0=1;C_ d s 0=1;C f a 0=10*10"~(-3);V_d 0=0.5;
%Fixed Variable

T=301;f=1.58;

% T=300..normal f=1.58...normal
L=0.9207;D=0.023;W=0.4572;A m=42*10"(-2);d_h=0.0438;
%Constant Variable

10¢
L e L e e L L e e e e L R R e e L T e L R TR R T L L e L e L it 1)

%
11
12
1-3
14
15
16
17
18

B a=0.153/60/100; %B of Lactic Acid

A A A R R AR R R A R R R R AR R A R A R R AR A R A L A A £

B_s5=0.256/60/100;

A=0.442/60/100;

S$=500*10"-5;

K a T=10"-(1286.49/T-4.8607+0.014776*T) ; %Lactic Acid

D A 298=6.198*%10"(-6) ;D _HA 298=4.5834*10"(-6);%Lactic Physicocmical Property
D_H 298=5.587*10"(-5);

19¢
L e e e TS

%5
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

o _s=0.936;

den f=999.65+2.0438/10* (T-273)~-6.174*107-2*(T-273) ~1.5;
e e e e Lt
n_s=2;0_a=1;R=0.08314;

SRR R R R R R R R R R R R R R R R R R R R R R R R R R e R R R R R R R R R R R AR R L R E]
K _C02_T=10"-(3404.71/T-14.8435+0.032786*T) ;

K w_T=10"(-4470.99/T+6.0875-0.017060*T) ;

EEEE R R Rt R e R e e et Rttt R S LR Lt e R st S L Lt A4 1
E=2727.586+0.6224107*T-466.9151*10g (T)-52000.87/T;
d=1-(((T-273)-3.9863)"2* ((T-273)+288.9414))/(508929.2% ((T-273)+68.12963))...
+0.011445%exp((-374.3)/(T-273));

A _I=(1.82483*10"6*d"0.5)/(E*T)"1.5;

K=1/K_a_T;
visco_298=((298-273)+246)/((0.05594* (298-273)+5.2842) * (298-273)+137.37) ;
visco T=((T-273)+246)/((0.05594* (T-273)+5.2842) *(T-273)+137.37) ;
D H T=D_H 298*T/298*visco_298/visco T ;

D A T=D_A 298*T/298*visco 298/visco_T;

D HA T=D HA 298*T/298*visco 298/visco T;

D 1 T=2/(1/D_H_T +1/D_A T);

K_H=0_034*exp(_2400t (1/T_1/298) ) ;%*k****i***t*iﬂr*i**tkt****

%For carbonic acid

P M =0.0025;

$Unknown Variable

J w=z(1);P_i=2z(2);P _m=2z(3);J_s=z(4);C i s=z(5);

C mf s=z(6);J a=z(7);C mf a=z(8);C_i a=z(9);C_d a=z(10);

C d H=z(ll);gamma d H=2z(12);I i=z(13);C_d s=z(14);

C_mf H=z(15) ;gamma_m_H=z(16);I_m=2z(17);C_md s=z(18);

D_d s=z(19);k _d=z(20);Sh_d=z(21);Sc_d=z(22) ;Re_d=z(23);
v_d=z(24) ;jden_d=z (25) ;jmul_d=z(26);f 2=z(27);D_f a=z(28);

k_f a=z{29);C_f a=z(30);8h_f a=z(31);Re_f=2z(32);v_f=z(33);

f 1=2(34);8c_f a=z(35);D_f s=z(36);k_f s=z(37);C_f s=z(38);

C f ai=z(39);C_f si=z(40);C_d ai=z(41);C_d _si=z(42);pH f=z(43);
gamma_f H=z(44);C_f A=z (45);I_f=z(46);mul_f£f=z(47);



53
54
55
56
Lt
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105

106
107

Sh_f s=z(48);Sc_f s=z(49);w=z(50);C_f H=z(51);

C £ co2=z(52);C_f co2i=z(53);C_f HCO3c=z(54);

J_co02=z(55);C_d _co2=z(56) ;C_d HCO3=2z(57);I_d=z(58);C_d A=z(59);

C_i H=z(60);gamma_i H=z(61);C_d_co2a=z(62);

%$Math Model

fu(l)=A*(P_i-P m )-J_w;

fu(2)= B_s *(C_i_s-C_mf_s)-J_s;

fu(3)= B a*(C_mf a-C_i a)-J_a;

fu(4)=C_ d a-C_i_a;

fu(5)=J_a/J_w-C_d_a;

fu(6)= o_s*n_s*C_i s*R*T+o_a*(C_i_at+C_i H)*R*T-P_i;

fu(7)=(-(K_a_T)+((K_a_T)"2+4*K_a_T*gamma_i_ H*gamma i H*C d a)”~(1/2))...
/(2*gamma_i_ H*gamma_i H)-C_i H;

fu(8)=A I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)+loglO(gamma_i H);%"Davies"

fu(9)=0.5*(2*C_i s+2*C i H)- I_i;

fu(l0)=o_s*n_s*C_mf s*R*T+o_a*(C_mf_ a+C_mf_ H)*R*T-P_m;

fu(ll)=(-(K a T)+((K_a_T)"2+4*K_a T*gamma m H*gamma m H*C mf a)”"(1/2))...

/(2*gamma m H*gamma m H)-C_mf H;
fu(l2)=A I*(I_m"(1/2)/(1+I_m"(1/2))- 0.3*I _m)+loglO(gamma m H);%"Davies"
fu(13)=0.5* (2*C_mf_s+2*C_mf_H)-I_m;

£u(14)=((C_md s-C_i s)*(12.625*10" (-11)*((0.789*C_i s+0.211*C_md s)~4
/(J_w*(0.789*%C i s+0.211*%C md s)+ J_s)+(0.211*C_i_s+0.789*C_md s)~4
/(J_w*(0.211%C_i s+0.789*C md s)+ J_s ))...

-3.885%10" (~9) * ((0.789*C_i s+0.211*C md_s) "3

/(3_w*(0.789*%C_i s+0.211*C md s)+ J_s)+(0.211*C_i_s+0.789*C md s)*3 ...
/(J_w*(0.211*C_i s+0.789*C md s)+ J s ))...

+6.975%10% (-8) * ((0.789*C_i_s+0.211*C_md_s) 2

/(3_w*(0.789*C_i s+0.211*C md s)+ J_s)+(0.211*C_i_s+0.789*C_md_s)*2
/(3 _w*(0.211*%C i s+0.789*C md s)+ J s ))...

-4.03%10% (=7)* ((0.789*C_i s+0.211*C md s)...
/(I_w*(0.789*C_i_s+0.211*C_md_s)+ J_s)+(0.211*C_i_s+0.789*C_md_s) . ..
/(J_w*(0.211*%C_i s+0.789*C md s)+ J_s))...

+0.53%10" (=5)* (1/ (J_w* (0.789*C_i_s+0.211*C_md_s)+J_s) ...

+1/(J_w* (0.211%C_i_s+0.789*C_md_s)+ J_s))))-S;

fu(15)=((C_d_s-C_md_s)*(12.625*10" (-11)*((0.789*C_md s+0.211*C_d s)"4
/(3_w*(0.789*%C_md s+0.211*C_d s)+ J_s)+(0.211*C_md_s+0.789*C_d_s)*4
/(J_w*(0.211%C md s+0.789*C d s)+ J s ))...

~3.885%10% (~9) * ((0.789*C_md_s+0.211*C_d_s)*3
/(J_w*(0.789%C_md_s+0.211*C_d_s)+ J_s)+(0.211*C_md_s+0.789*C d s)*3 ...
/(J_w*(0.211*C_md_s+0.789*C d s)+ J s ))...

+6.975%10% (~8) * ((0.789*C_md_s+0.211*C_d_s)~2

/(J_w*(0.789*%C_md s+0.211*C_d_s)+ J_s)+(0.211*C_md_s+0.789*C_d_s)~2
/(J_w*(0.211*C_md_s+0.789*C_d 8)+ J 8 ))...

-4.03%10% (=7)* ((0.789*C_md_s+0.211*C_d_s) ...
/(J_w*(0.789*%C_md_s+0.211*C_d_s)+ J_s)+(0.211*C_md s+0.789*C d_s)...
/{3 _w*(0.211*C_md_s+0.789*C_d s)+ J_s))...

+0.53%10% (=5)* (1/ (J_w*(0.789*C_md_s+0.211*C_d_s)+J_s) ...

+1/(J_w* (0.211*C_md_s+0.789*C_d s)+ J_s))))-D d s/k d:

fu(16)=Sh_d*D_d_s/d_h-k_d;

307

£u(17)=5.05%10" (-11) *C_d_s~4-2.59%10% (=9) *C_d_s~3+4.65%10" (-8) *C_d_5"2-4.03*10~ (-7) ¢
*C_d_s+1.06%10%(-5)-D_d_s;

fu(18)=L*v_d*den d/mul_d-Re d;
fu(19)=(f 2+f)/2/W/D-v_d;



108
109
110

fu(20)=£f+J w*A m-f 2;

14
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112
113

fu(21)=0.0538*C_d_s+0.4159+5.0095/C_d_s-mul_d/C_d s;%Math Lab
£u(22)=37.0166%C_d_s+997.2911-den_d;%Math lab
PN 4

AAAAAAAAAAAAAAAAAANAANAAAAAAAAAAAAANAANAAANAANAAAAAAAAAAAAAAAAAAAANAANAANAAAAAAAAAAAAAAAA |

AAAAAAAAAAAAAAAAAAAAA

114
115
16
117
118
T19
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
35
136
137
138
139
140
141
142
143
144
145
146

fu(23)= 0.04*Re_d"~(3/4)*Sc_d~(1/3)-Sh_d;

fu(24)= mul_d/den_d/D_d s-Sc_d;

£u(25)=(0.5%(C_f a-C mf a)*((D_1 T-D HA T)/...
(sqrt (1+4*K* (0.789*C_mf_ a+0.211*C_f a))* (J_w*(0.789*C_mf a+0.211*C_f a)-J a))...
+(D_1_T-D_HA T)/(sqrt(1+4*K*(0.211*C_mf_a+0.789*C_f a))*(J_w* (0.211%C mf_a...
+0.789*C_f a)-J a))+ D _HA T/(J_w*(0.789*C_mf a+0.211*C £ a)-J a)...
+D_HA T/ ((J_w*(0.211%*C_mf_a+0.789*C_£ a)-J a))))+D_f a/k £ a;

fu(26)=Sh_f_a*D_f a/d_h-k_f a;

fu(27)=(D_1_T/(2*K*C_f_a)* (-l+sqrt (L+4*K*C £ a))+D_HA T/...
(4*K*C_£_a)* (-1+sqrt (1+4*K*C_f_a))~2)-D_f_a;

fu(28)=L*v_f*den_f/mul_f -Re_f;

fu(29)=(£+£ 1) /W/D/2-v_£;

fu(30)=£f-J w*A m-f 1;

fu(31)= 0.04*Re £~(3/4)*Sc_f a~(1/3)-Sh £ a;

fu(32)= mul_f/den £/D_f a-Sc_f_a;

£u(33)=((C_£ s-C_mf_s)*(12.625%10~(-11)*((0.789*C mf s+0.211*C £ s)*4 ...
/(J_w*(0.789*C_mf s+0.211*C_f s)+ J 8)+(0.211*C mf s+0.789*C_f s)"4 ...
/(J_w*(0.211*C_mf s+0.789*C_f s)+ J_ 8 ))...

-3.885%10~ (=9) * ((0.789*C_mf_s+0.211*C_£ s)"3 ...

/(J_w*(0.783*C_mf s+0.211*C_f s)+ J_s)+(0.211%C mf s+0.789*C_f s)*3 ...
/{J_w*(0.211*C_mf_s+0.789*C_f_s)+ J_s )) ...

+6.975%10~ (=8) * ((0.789*C mf s+0.211%C £ s)*2 ...

/(J_w*(0.789*C_mf s+0.211*C_f s)+ J_s)+(0.211%C_mf s+0.789*C_f s)*2 ...
/(J_w*(0.211*C_mf_s+0.789*C_f_s)+ J_s ))...
-4.03%10%(=7) * ((0.789*C mf s+0.211*C £ s)...
/(J_w*(0.789*C_mf_s+0.211*C_f s)+ J_s)+(0.211*C_mf s+0.789*C_£ s)...
/(J_w*(0.211*C_mf s+0.789*C £ s)+ J_s))...

+0.53%10% (=5) * (1/ (J_w* (0.789*C_mf s+0.211*C_f s)+J_s)...

+1/(J_w* (0.211%C_mf_s+0.789*C_£ s)+ J_s))))+D_£f s/k_f_s;

fu(34)=sSh_f s*D f s/d_h-k_f s;
£u(35)=5.05%10" (-11) *C_£_8"4-2.59%10* (-9) *C_£_s~3+4.65%10* (-8) *C_£_s"2-4.03*10* (-7) ¥

*C_f s+1.06%10"(-5)-D_f s;

147
148
149
150
151
152
153
154
155
156
157
158

%$Mole balance Equation

fu(36)=C_f a*(V_f 0+f_ 1*t-f*t)-(V_f 0*C_f a 0+C £ ai*f 1*t-C f a*f*t);%new
fu(37)=C_£f_si*(V_£f_0+f 1*t-f*t)-C f s*f 1*t+C_f si*f*t;%old
fu(38)=C_f a*f-J_a*A m-C_f ai*f 1;%new

fu(39)=C f si*f+J s*A m-C f s*f 1:;%o0ld

fu(40)=C_d s _0*v_d_0+C d si*f 2*t-C_d s*f*t-C_d s*(V_d O0+f_ 2*t-f*t);%new
fu(41)=C_d a*f 2*t-C_d ai*f*t-C d ai*(V_d_0+f 2%t-f*t);%o0ld

fu(42)=C d s*f-J_s*A m-C _d_si*f 2;%new

fu(43)=C_d ai*f+J_a*A m-C_d_a*f_2;%0ld

%additional Equation
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159 fu(44)= 0.04*Re_f"(3/4)*Sc_f s*(1/3)-Sh_f_s;

160 fu(45)= mul _f/den £/D f s-Sc_f s;

161 fu(46)=J w*A m*t*den d/1000-w;

162

163 %pH Equation..

164 F53%FFTRLRSHRBHBBLHLHHB0559559%%%9%%%

165 fu(47)= pH_f+loglO(gamma_f H*C_f H);

166 233533553332 LLIBLLLLLBLE%S

167 fu(48)=K_ a T*(C_f a-C_f A)/gamma_f H/gamma f H/C _f H-C f A;

168 fu(49)=A I*(I_£~(1/2)/{1+I_£~(1/2))-0.3*I_f)+1logl0 (gamma_f_ H);%Davies;

169 %ionic streanght in feed solution%%%%%%%%%%%%%%%%%%%

170 fu(50)=0.5*(2*C_f si+C_f H+K w_T/C_f H/gamma_f H/gamma_f H+C_f A+C_f HCO3c)- I_f;
171 2335392505550 0058500000058%98%58%%%%%%

172 %Charge Balance Equation %3%%%3333335080 000000ttt tittirtirasrasrassssssssss
173 fu(51)=(C_f_HCO3c+C_f A+K w_T/C_f H/gamma_ f H/gamma_f H)-C_f H;

174 %3555ttt sttt a st r Tttt TNt TN TR TR R LTI R LTSI HH%%%
175 fu(52)=P_M*C_d co2-J_co2;

176 fu(53)=C_f co2i*(V_f O0+f 1*t-f*t)—(C_f co2*f 1*t-C f co2i*f*t);

177 fu(54)=C_f_co2i*f*t+J_co2*A_m*t-C_f co2*f 1%t;

178 fu(55)=107-3.45/gamma_f H/gamma f H/C f H*(C_f co2-C_f HCO3c)-C_f HCO3c;

179 % Draw solution

180 fu(56)=gamma_d H*gamma d H*C d H*C d HCO3/K CO2_T+C_d HCO3-C_d co2;%¥******

181 fu(57)=(—K_COZ_T+sqrt(K_COZ_T“2+4*K_COZ_T*gamma_d_H*gamma_d_H*C_d_coZa))/1
(2*gamma_d_H*gamma_d H)-C_d_HCO3;

182 %ionic streanght in draw solution$%%%%%%%%%%%%%%%%%%

183 fu(58)=0.5*(2*C_d_si+C_d H+K w_T/C_d_H/gamma_d H/gamma_d_H+C_d_A+C_d_HCO3)- I_d;
184 2533335335530 59559555%%5%%%

185 %$Charge balance at draw solution%%%%%%%%%%%%%%%%%%

186 fu(59)=(C_d_HCO3+C d A+K w_T/C_f H/gamma d_H/gamma_d H)-C_d H;

187 $%%55 358ttt r ettt et LLTEILLILITLLILLTLLN%Y
188 fu(60)=K_a T*(C_d _a-C_d A)/gamma_d H/gamma_d H/C_d H-C_d A;

189 fu(61)=10"-(A_I*{I_d~(1/2)/(1+I_d*~(1/2))-0.3*I_d))-gamma_d_H;%Davies;

190 fu(62)=10"-3.408*K H/10"((((33.5-0.109%(T-273)+0.0014%(T-273)~2)*I_d- (1.5+0.015% (T-¢
273)+0.004*(T-273)"2) *I_d"2)) ...

191 /T)-C_d_co2a;

192

193



G.13 A mixture of 10 mM acetic acid and 10 mM valeric acid as feed solution

and NaCl as draw solution

1 clear
2 clc

3 [g]l=[1.534e-03

2.1368e+01 5.433e-01 1.946e-05 4.56le-01 1.266e-04v

3.988e-11 1.013e-02 2.178e-08...
4 2.053e-08 2.6311e-06 7.306e-01 4.56le-01
e-01 7.031e-04 9.896e-01...
5 9.545e-06 1.4718e-01 6.754e+02 5.550e+02
et+03 5.473%e+00 1.581e+00...
6 1.060e-05 1.5607e-01 1.000e-02 6.452e+02
e+00 5.129e+02 9.258e-06...
7 1.426e-01 6.8090e-06 1.001e-02 1.634e-06
e+00 9.730e-01 3.140e-04...
8 5.721e-04 5.4291e+00 6.748e+02 5.870e+02
e-08 2.492e-09 4.116e-09...
9 2.966e-08 1.1865e-05 2.601e-06 9.993e-01
e-02 4.215e-09 8.332e-12...
10 4.146e-09 3.7171e-09 2.602e-04 1.000e-02
e+02 5.129e+02 1.001e-02...
11 1.937e-09 2.5647e-04 3.163e-04 7.899%e-01
e-09 1.176e-05];

12 $555555555555555559050050%05%%5%%%
13 ts=0.2:0.006:1800;
14 FHHEEEEEHELHENLLLHLULHLLLLHLIBHH5%99%%
15 for ti=l:numel (ts);

16 t=

ts(ti);

9.997e-01 5.766e-04 9.703¢
2.612e+04 1.503e+02 1.034¢
2.545e+04 1.502e+02 1.579¢
9.595e-09 9.993e-01 3.256¢
1.333e-04 5.704e-04 1.038¢
9.990e+02 1.877e-08 1.020¢
1.060e-05 1.561e-01 6.452¢

1.668e-07 2.167e-08 4.189¢

17 options = optimset ('Algorithm', 'Levenberg-Marquardt', 'TolFun',1*10%-17, 'TolX',1*10~-¢

17 ...
18
19

, "Maxiter', 25, '"Maxfun',15000);

20 [r,fval,exitflag,output] = fsolve(@(z)Aceticl0 ValericlO(z,t), [g],options)
21 [gl=[r];
22 j(ti)=r(l,1);%JIw
23 c(ti)=r(1,30);%C £ a
24 d(ti)=r(1,50) ;%W
25 p(ti)=r(1,43);%pH
26 T(ti)=t;
27 e(ti)=r(1,67);%C_f_al

28 %

Rejection

29 O(ti)=(1-r(1,43)/r(1,32))*100;
30 K4(ti)=r(1,32)/0.01;
31 %$for Plotting

32 Kl(ti)=r(1,1);

33 [A(ti)]=t;
34 [B(ti)]=d(ti);s%w
35 [C(ti)]l=p(ti);%pH
36 % For Rejection

37 [M(ti)]=0(ti);

38 [N(ti)]=K1l(ti);

39 [K5(ti)]=K4(ti);%Cfa/Cf0
40 disp(ti)

41 fprintf('\n

W(kg)

(ti));

43 format short e

Time (min) J_w(L/dm2/min)

Cf,al (mole/1l)\n');
42 fprintf('\n%11.4f%20.4e%19.4f%19.4e%19.4e%19.4e%\n"

44 %Result of Best guess

pH Ccf,a(mole/l) ¢

,T(ti),](ti),p(ti),c(ti),d(ti), e’
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45 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
46 ,r(1,1),r¢1,2),r(1,3),r(1,4),r(1,5),r(1,6),r(1,7),r(1,8),x(1,9));

47

48 fprintf('\n%8.3e%15.4e%$13.3e%14.3e%11.3e%13.3e%13.3e%$13.3e%13.3e%\n"...
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49 (1,10} 01,11} ,x1,12) ,x{1,13),r(1,14) ,x{1,15) ,x{(1,16),2{l, 17),(l,18))¢

50

51 fprintf{'\n%$8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

52 ,r{,19),r(1,20),r(1,21),r(1,22),r(1,23),r(1,24),r(1,25),r(1,26),r(1,27));
53

54 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
55 ,r(l,28),r(1,29),x(1,30),x(1,31),r(1,32),r(1,33),r(1,34),r(1l,35),r(1,36));

56
57 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%13.3e%13.3e%\n"...
58 ,r(1,37),r(1,38),r(1,39),r(1,40),r(1,41),r(1,42),r(1,43),r(1,44),r(1,45));

59

60 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
61 ,r(1,46),r(1,47),r(1,48),r(1,49),r(1,50),r(1,51),r(1,52),r(1,53),r(1,54));

62

63 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

64 ,r(1,55),r(1,56),r(1,57),r(1,58),r(1,59),r(1,60),r(1,61),r(1,62),r(1,63)):
65

66 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...
67 7 (1,64),r(1,65),r(1,66),r(1,67),r(1,68),r(1,69),r(1,70),r{1,71),x(1,72));

68

69 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%\n"...
70 ,r(1,73),r{(1,74),x(1,75),r(1,76),r(1,77),x(1,78),r(1,79),r(1,80));

71

72 end

73

74 %Time Interval%%$3%35%%5553955555%5%%%%%
75 Ai=0:30:1800;

76 S5 HLTHLLLLLILLLLLLLH9H59%%%%%
77 format short

78 Ci=spline(A,C,Ai);

79 format short e

80 Bi=spline(A,B,Ai):;

8l

82 %Experiment Value W and pH3%%3%%555555 5553953038555 50555 390005 3%5%%5%%%%%%%

83 F= [0 0.0170 0.0330 0.0490 0.0640 0.0780 0.0930 0.1070 0.1200¢
0.1340 0.1470 0.1600 051730505

84 0.1850 0.1970 0.2090 Q2210 0.2320 0.2440 0.2600 0.2710¢
0.2820 0.2920 0.3030 0.3140 0.3230...

85 0.3340 0.3440 0.3540 0.3640 0.3730 0.3820 0.3910 0.4000¢
0.4090 0.4170 0.4260 0.4340 0.4430...

86 0.4500 0.4580 0.4660 0.4790 0.4860 0.4930 0.5000 0.5060%¢
0.5130 0.5190 0.5260 0.5320 0.5380...

87 0.5440 0.5480 0.5550 0.5600 0.5650 0.5700 0.5750 0.5800¢
0.5850];

88

89 G= [3.2770 3.2680 3.2640 3.25830 3.2540 3.2460 3.2390 3.2310¢
3.2220 3.2150 3.2040 3.1970 3.1890u .«

90 3.1810 3.1730 3.1640 3.1550 3.1470 3.1370 3.1290 3.1190¢
3.1100 3.1010 3.0910 3.0820 3.0720...

91 3.08630 3.0540 3.0450 3.0360 3.0270 3.0170 3.0070 2.9980¢
2.9900 2.9790 2.9700 2.9600 2.9520...

92 2.9440 2.9360 2.9260 2.9180 2.9070 2.8950 2.8900 2.8840¢
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2.8750 2.8660 2.8580 2.8510 2.8400...
93 2.8340 2.8250 2.81860 2.8090 2.8000 2.7930 2.7840 2.7770¢
2.7710] 3
P e e et e e e e
95
96 F_m=mean (F);
97 G_m=mean (G);
98
99 suml=0;sum2=0;
100 sum3=0;sumd4=0;
101 %%% Number of Data 3533353353535 5558508055555 53953 5%%%5%%%%%%
102 for k=1:1:61
103 S5t ettt ettt ittt et I L TR L IR TLTLES%%%%
104 suml=(Bi(l,k)-F(1,k))"2+suml;
105 sum2=(Bi(1,k)-F _m)*2+sum2;
106 sum3=(Ci(1,k)-G(1,k))"2+sum3;
107 sum4=(Ci(1l,k)-G_m)"2+sumé4;
108 end
109
110 format short
111 R2_W=1-suml/sum2;
112 R2_pH=1-sum3/sumd;
113 MSE_W=suml/k;
114 MSE_pH=sum3/k;
115 RMSE_W=sqrt (MSE_W)
116 RMSE_pH=sqrt (MSE_pH)
117 SEP_W=RMSE_W/F_m*100
118 SEP_pH=RMSE pH/G_m*100
119
120 % Plotting
121 subplot(2,3,1)
122 plot{[A]/60,[B],'-g',[Ri]/60,[F], 'xr")
123 xlabel('Time (hr)")
124 ylabel ('Weight (Kg)')
125 title('Weight Change as a Function of Time')
126 legend('Model’, 'Experiment’,2)
129
128 subplot(2,3,2)
129 plot([A]/60, [C],"'-g', [A11/60, [G], 'xr")
130 xlabel('Time (hr)")
131 ylabel('pH')
132 title('pH as a Function of Time')
133 legend('Model’, 'Experiment”, 1)
134
135 subplot(2, 3, 3)
136 plot{[A]/60,[M],"'-g")
137 xlabel('Time (hz)"')
138 ylabel ('%$Rejection')
139 title('%Rejection as a Function of Time')
140 legend('Model’, 1)
141 %text(2,3.3638, 'R2= MSE="')
142
143 subplot(2,3,4)
144 plot{[N],[M],’'-g")
145 xlabel ('Jw (L/dm2/min)’)
146 ylabel ('%Rejection')



147 title('%Rejection as a Function of Jw')
148 legend('Model’, 1)

149 %text(2,3.3638,'R2= MSE=")

150

151 subplot{(2,3,5)

152 plot([A]/60, [K5],'-g")

153 xlabel ('Time (hr)")

154 ylabel('Cfa/Cf0")

155 title('Cfa/Cf0 as a Function of Time')
156 legend('Model’',1)

157 %text(2,3.3638, 'R2= MSE=")

158

159 subplot{2,3,6)

160 plot([N], [K5],'-g")

161 xlabel ('Jw (L/dm2/min)"')

162 ylabel('Cfa/Cf0")

163 title('Cfa/Cf0 as a Function of Jw')
164 legend('Model’,1)

165 %text(2,3.3638,'R2= MSE=")

166

167 fprintf{'\n B

168 fprintf{'\n \n')

169 fprintf('\n CONCLUSION \n')

170 fprintf('\n R2_W MSE_W
171 fprintf('\n%11.3£%20.4e%19.4£%19.4e%\n’',R2_W,MSE W,R2_pH,MSE pH)
172 fprintf('\n \n')

173 fprintf('\n \n")

174 fprintf('\n Time (min)

W(kg) c f al\n');

175 for x=5:5:200000000;

176 z=x*100;

177

178

179 end

180

181

fprintf{'\n%11.3£%20.4e%$19.4£f%19.4e%19.4e%19.4e%\n",T(2z),j(2),p(2),c(2),d(z),e(2));

J_w(L/dm2/min)

R2_pH

pH

MSE_pH\n');
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Cf,a(mole/1) ¢
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function fu=Aceticl0 ValericlO(z,t)

%$Independent Variables

v_f 0=1;C d s 0=1;v_d 0=0.5;

%Fixed Variable

T=301;f=1.58;

L=0.9207;D=0.023;W=0.4572;A m=42*10"(-2);d_h=0.0438;
% Acid Variables

s

AAAAAAAAAAAAAANAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAAAAAAAAAAAAAAAAAANAAAAAAAAA

10
L1
12
13
14
15
16
a7
18
19
20
21

C_f a 0=10*%10"(-3);

C_f al 0=10*10"(-3);

FEEEETELLLLILBILLTLLLLLLLRILNLLHE5%%%

B a=2.093/60/100;% B of Acetic Acid

B al=0.491/60/100;% B of Valeric Acid

SEE R AR R AR R R R R AR R AR L AR R R R AR AR R R b

D A 298=6.534*10~(-6) ;D_HA 298=7.74*10"(-6) ; 3Acetic Physicocmical Property
D Al 298=5.226*10"(-6);D HAl 298=4.802*%10"(-6);%Valeric Physicocmical Property
S E TR TELTTLLTRIHSIHSHILHRRLN%S

K a T=107-(1170.48/T-3.1649+0.013399*T) ; %Acetic acid

K _al T=10"-(921.38/T-1.8574+0.012105*T);%Valeric Acid

t1'4

B B P A R O P N B N N P N B B P A B B A O BB PP RN B PO RIS BBl

AAAA

22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

%Constant Variable

B 5=0.256/60/100;% normal..B s(0.256) =4.27*10"(-5)
A=0.442/60/100;%..(0.413) New Value

o_s=0.936;

8=500*10"-5;

D H 298=5.587*10"(-5);
visco_298=((298-273)+246)/((0.05594* (298-273) +5.2842) * (298-273)+137.37) ;
visco_T=((T-273)+246)/((0.05594* (T-273)+5.2842) *(T-273)+137.37) ;
R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R RS LR R R R E R EE L R L £
o_a=1l;n_s=2;R=0.08314;

o_al=l;

$Temperature Correction

ST ITH LR LILLALLRLTILILLLLLILLLLLILLLLLLHLH9%%%%
K _CO2_T=10%-(3404.71/T-14.8435+0.032786*T) ;

K w_T=10"(-4470.99/T+6.0875-0.017060*T) ;
E=2727.586+0.6224107*T-466.9151*10g (T)-52000.87/T;
d=1-(((T-273)-3.9863)"2*((T-273)+288.9414))/(508929,2*((T-273)+68.12963)) ...
+0.011445*%exp((-374.3)/(T-273));

A I=(1.82483*10"6*d"0.5)/(E*T)"1.5;

K=1/K a T;

FAAAAAAAAAANAANAANAAAAANAANAAAAAAAAAA

K1=1/K_al_T;

LANAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

D_H T=D H 298*T/298*visco_298/visco_ T ;

D A T=D A 298*T/298*visco 298/visco_T;

D_HA T=D HA 298*T/298*visco_298/visco_T;
%AAAAAAAAAAAAA/\AAAAAAAAAAA/\AAAAI\AAAAAAAAA/\AAAAAAAAAAAAAAAAAAAA/\A
D Al T=D Al 298*T/298*visco_298/visco_T;

D_HAl T=D HAl 298*T/298*visco_298/visco_T;
GAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
D1 T=2/(1/D H T +1/D A T);

FANAAANAAAAANAANAANAANNANARNAANARNAANANNAARNA
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54 D 11 T=2/(1/D H T +1/D Al T);

55 %AAI\/\AAAA/\AAAAAAAAAAAAAAAAAI\AAAA/\/\A/\/\/\AA/\A

56 K_H=0.034*exp(_2400* (1/T_1/298) ) ;%*************k***k*********

57 %For carbonic acid

58 P M =0.0025;

PR R e e R R R E R Rt R E  t e R R R R R L R e L R e L 1

60 %Unknown Variable

61 J w=z(1);P_i=z(2);P_m=2z(3);J_s=z(4);C_i_s=z(5);

62 C mf s=z(6);J _a=z(7);C_mf a=z(8);C i a=z(9);C_d a=z(10);

63 C_d H=z{ll);gamma_ i H=z(12);I_i=z(13);C_d_s=z(14);

64 C mf H=z(15);gamma_mf H=2z(16);I_mf=z(17);C_md s=z(18);

65 D d s=z(19):;k d=z(20);Sh d=z(21);8c_d=z(22);Re_d=z(23);

66 v_d=z(24);den d=z(25);mul_d=z(26);f 2=z(27);D_f a=z(28);

67 k £ a=2(29);C_f a=z(30):;Sh_£f a=z(31);Re f=z(32);v_£=z(33);

68 £ 1=z(34);Sc_f a=z(35);D_f s=z(36);k f s=z(37);C_f s=z(38);

69 C f ai=z(39);C_f si=z(40);C_d ai=z(41);C_d_si=z(42);pH f=z(43);

70 gamma_f H=z(44);C_f A=z (45);I_f=z(46);mul_f=z(47);Sh_f s=z(48);

71 Sc_f s=z(49);w=z(50);C_f H=z(51);C_f co2=z(52);C_f co2i=z(53);

72 C_f HCO3c=z(54);J_co2=2z(55);C_d _co2=z(56);C_d HCO3=z(57);

73 I_d=z(58);den_f=z(59);C_d A=z (60);

74 %For 2 acid

75 C_mf al=z(61);C i al=z(62);J al=z(63);C d al=z(64);C_d Al=z(65);C_mf Al=z(66);

76 C_f al=z(67);D f al=z(68);k f al=z(69);8h f al=z(70);Sc_f al=z(71);

77 C_£f ail=z(72);C_d ail=z(73);C_f Al=z(74);C_mf A=z (75);gamma d H=z(76);C_i H=z(77);

78 C_i_ A=z (78);C_i_ Al=z(79):;C_d co2a=z(80);

79 $Math Model

80 fu(l)=A*(P_i-P m )-J_w;

8l fu(2)= B_s *(C_i s-C_mf s8)-J_s;

82 fu(3)= B_a*(C_mf_a-C_i a)-J_a;

83 %AAAAAAAA/\/\A/\A/\/\/\AI\AA/\A/\AAAAAA/\I\/\I\/\A/\A/\/\AAAAAAAAAAAA/\AAAAAAAAAAAAAAAAAAAAAAAA

84 fu(4)= B_al*(C_mf al-C i al)-J al;

85 FANNAANAANAAANNANNANNANNANNANNNNNANNANNANNANNNNNNNNANRANNNANNNNNNNNANNANNANNNNNAN

86 fu(5)=C d a-C_i_a;

B S A S S A R S R E S S

88 fu(6)=C_d_al-C_i_al;

89 FAARABNOBNRARANABORELBNBRDNRB R REINRBNREELDENEREBNORBLN

90 fu(7)=J_a/J w-C_d_a;

91 %AAAAAAAAAAAAA/\AAAAAAAAAAAAAAAAA/\AAAAAAAAAAAAAAAAAAAAAAA/\AA

92 fu(8)=J _al/J w-C_d_al;

PR shiuiniiddigiisiesb bl atisn it e i e e bt e

94 fu(9)= o_s*n_s*C_i s*R*T+o_a*(C_i_a+C i H)*R*T+o_al*(C_i al+C i H)*R*T-P_i;

95 %Charge Balance Equation at interface %%%%%%%%%3¥%343E539BBUB9LH559289%%%%%

96 fu(l0)=C_i A+C_i Al+K w T/C i H/gamma i H/gamma i H-C_i H;

YRR R R R e e R R R R R e e R R R R R R e e e R R R R L R R e e e R R R R R R L L L e e s T T R

98 fu(ll)=A I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)+logl0(gamma_i_ H);%"Davies”

99 fu(12)=0.5*(2*C_i_s+C_i H+C_i A+C_i Al+K w_T/C_i_H/gamma i H/gamma_i H)- I_i;
100 fu(l3)=o_s*n_s*C mf s*R*T+o_a*(C_mf a+C mf H)*R*T+o_al*(C_mf al+C mf H)*R*T-P_m;
101 %Charge Balance Equation at membrane active layer $%%%3%53%%5%%5%53%59%%%%%%%%%
102 fu(l4)=C mf A+C mf Al+K w_T/C mf H/gamma mf H/gamma mf H-C mf H;

103 $%558 000ttt t Rt R eI AR TRLLEH99%%

104 fu(15)=A_I*(I_mf~(1/2)/(1+I_mf*(1/2))- 0.3*I_mf)+1logl0(gamma mf H);%"Davies"”

105 fu(l6)=K a T*(C_mf a-C mf A)/gamma mf H/gamma mf H/C mf H-C mf A;% **additional "4
C mf A

e e B R S 5
107 fu(1l7)=K al T*(C_mf al-C mf Al)/gamma mf H/gamma mf H/C mf H-C mf Al;

108 SANAAAAAAAAAAANAANAANAANNANAANANANANAANAANAANAANNANAANAANAAANANAANAANAANANANARNA
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119
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128
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130
131
132
133
134
135
136
137
138
139
140
141
142
143
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fu(18)=0.5* (2*C_mf_s+C mf H+K w_T/C_mf H/gamma mf H/gamma mf H+C mf Al+C mf A)-I_mf;

fu(19)=((C_md s-C_i_s)*(12.625%10"(-11) *((0.789*C_i_s+0.211*C_md s) "4
/(3_w*(0.789*C_i s+0.211*C md s)+ J_s)+(0.211*C_i s+0.789*C_md s)"4
/{J_w*(0.211*C i s+0.783%*C md s)+ J s ))...

-3.885*%10"(-9)*((0.789*C_i s+0.211*C_md s)"3 ...
/(3_w*(0.789*C_i_s+0.211*C_md_s)+ J_s)+(0.211*C_i_s+0.789*C_md_s)*3 ...
/{J_w*(0.211*C_i s+0.789*C md s)+ J s ))...

+6.975*10" (-8)*((0.789*C_1i_s+0.211*C md_s) "2

/{3 _w*(0.789*C_i_s+0.211*C_md _s)+ J_s)+(0.211*C_i s+0.789*C md_s) "2
/(J_w*(0.211*C i s+0.789*C md s)+ J s ))...

-4.03*10~(-7)*((0.78%*C_i s+0.211*C_md_s)...
/{J_w*(0.789*C_i_s+0.211*C md s)+ J_s)+(0.211*%C_i_s+0.789*C md s)...
/(3_w*(0.211*C i s+0.789*C md s)+ J_8))...

+0.53*%10%(-5)* (1/(J_w*(0.789*C_i_s+0.211*C_md_s)+J_s) ...
+1/(J_w*(0.211*C_i s+0.789*C md s)+ J_s))))-S;

£u(20)=((C_d s-C_md s)*(12.625%10~ (-11) * ((0.789*C_md s+0.211*C_d s)"4
/(J_w*(0.789*C_md_s+0.211*C_d_s)+ J_s)+(0.211*C_md_s+0.789*C_d_s) 4
/{J_w*(0.211%C_md_s+0.789*C_d s)+ J_s )) ...

-3.885%10~ (=9) * ((0.789*C_md_s+0.211%C d s)"3 ...
/(3_w*(0.789*C_md_s+0.211*C_d s)+ J_s)+(0.211*C_md s+0.789*C_d_s)"3 ...
/{J_w*(0.211%C_md_s+0.789*C d s)+ J_s ))...

+6.975%10~ (~8) * ( (0.789*C_md_s+0.211*C_d_s)*2
/(3_w*(0.789*C md s+0.211*C_d s)+ J_s)+(0.211*C_md_s+0.789*C_d_s) "2
/(3_w*(0.211*C md s+0.789*C d s)+ J s )) ...

-4.03%10% (=7)* ((0.789*C_md_s+0.211*C_d_8) ...
/(3_w*(0.789*C_md_s+0.211*C_d s)+ J_s)+(0.211*C_md_s+0.789*C d_s) ...
/(3_w*(0.211*C md s+0.789*C d s)+ J_s))...

+0.53%10% (=5) * (1/ (J_w* (0.789*C_md_s+0.211*C d_s)+J_s)...

+1/(J_w* (0.211*C_md_s+0.789*C_d_s)+ J_s))))-D_d_s/k_d;

fu(21)=Sh_d*D d s/d _h-k d;
£u(22)=5.05%10" (-11) *C_d_s"4-2.59*%10" (-9) *C_d_s"3+4.65*10" (-8) *C_d_s"2-4.03*10~ (-7) ¥

*C_d_s+1.06%10%(-5)-D_d_s;:

144
145
l46
147
148
149
150
151
152
153
154
155
156

fu(23)=L*v_d*den_d/mul_d-Re_d;

fu(24)=(f_2+f)/2/W/D-v_d;

fu(25)=f+J_w*A m-f 2;

fu(26)=0.0538*C_d s72+0.4159*C_d_s+5.0095-mul_d;

fu(27)=37.0166*C_d_s+997.2911-den_d;

fu(28)= 0.04*Re_d"(3/4)*Sc_d*(1/3)-sh_d;

fu(29)= mul_d/den_d/D_d s-Sc_d;

fu(30)=(0.5*(C_f a-C_mf a)*((D_1 T-D HA T)/...
(sqrt (1+4*K* (0.789*C_mf_a+0.211*C_f a))*(J_w*(0.789*C_mf a+0.211*C_f a)-J a))...
+(D_1_T-D_HA T)/(sqrt{1+4*K*(0.211*C mf_ a+0.789*C_f a))*(J_w*(0.211*C_mf_a...
+0.789*C_f a)-J a))+ D_HA T/(J_w*(0.789*C mf a+0.211*C f a)-J a)...
+D_HA T/ ({(J_w*(0.211*C_mf_a+0.789*C_f a)-J_a))))+D_f_a/k f a;

s

AAAAAAAAAAAAAAAANAARNAANAAAAAAAAAAAAAAAAAAAAAAANAANAAANAAAAAAAAAAAAAANAANAANAAANAANAAAAAAA

157
158

fu(31)=(0.5%(C_f al-C_mf_al)*((D_11 T-D_HAl T)/...
(SQrt (1+4*K1* (0.789*C mf al+0.211*C £ al))*(J w*(0.789*C mf al+0.211*C f al)-«

J_al))...

159

+(D_11_T-D_HAL T)/(sqrt (1+4*K1* (0.211*C_mf_al+0.789*C_£f al))* (J_w*(0.211¢

*C mf al...

160

+0.789*C_f al)-J al))+ D HAL T/(J w*(0.789*C mf al+0.211*C f al)-J al)...
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161 +D_HA1 T/ ((J_w*(0.211*C_mf_al+0.789*C_f al)-J al))))+D _f al/k f al;
162 s¢

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAANAAANAAANAANAANAAAAAAAAAAANAANAAAAAAAARAAAAAANAAAAANAAANAANAA

163 fu(32)=Sh_f a*D_f a/d_h-k £ a;

164 SANAAAAAAAAAAAANAANAANAAAANNANAANARNANAANANNANAANRAANARANAANAA

165 fu(33)=8h_f al*D f al/d h-k f al;

BB < R A S O R N P A N N SR RV

167 fu(34)=(D_1_T/(2*K*C_f_a)* (-l+sqrt (1+4*K*C_£f a))+D_HA T/...

168 (4*K*C_f a)*(-1l+sqrt (1+4*K*C_f a))"2)-D_f a;

Ji69; Free et Raa et e S SR S S A R e O R P R R R e e
170 fu(35)=(D_11_T/(2*K1*C_f al)* (-l+sqrt(1+4*K1*C_£f al))+D HALl T/...
171 (4*K1*C_£ al)*(-1l+sqgrt (1+4*K1*C_f al))*2)-D_f al;

1'72 %AAA/\I\AAAAAAAAAAAAAAAAAAAAAAA’\AAI\AAAAAAAAAAAAAAAAAAAAAAAAAI\AA)\I\A
173 fu(36)=L*v_f*den f/mul f -Re f;

174 fu(37)=(f+f_1)/W/D/2-v_£;

175 fu(38)=£f-J w*A m-f 1;

176 fu(39)= 0.04*Re_f£~(3/4)*Sc_f a”(1/3)-Sh_f_a;

177 fu(40)= mul f/den f/D f a-Sc f a;

118 RAASHRSENNARNAENRESRRNANAARS S REERNE RSN AR RS HNB RN RENE

179 fu(4l)= 0.04*Re_f£~(3/4)*sc_f al”~(1/3)-Sh_£f_al;

180 fu(42)= mul_f/den_£f/D_f al-Sc_f_al;

181 GANNNNAAAAANANNNANANNANNANNNANNNNANNNNNNANNNNRNNNNNNNNAN

182

183 fu(43)=((C_£f s-C mf s)*(12.625*10"(-11)*((0.789*C mf s+0.211*C f s)"™4
184 /(J_wx(0.789*C_mf s+0.211*C_£f s)+ J_s)+(0.211*C_mf s+0.789*C_f s)"4
185 /(J_w*(0.211*C_mf s+0.789*C f s)+ J s ))...

186 —-3.885*107(-9)*((0.789*C_mf s+0.211*C f s)"3

187 /(J_w*(0.789*C mf s+0.211*C_f s)+ J_s)+(0.211*C_mf s+0.789*C_f s)"3
188 /(J_w*(0.211*C_mf s+0.789*C f s)+ J s ))...

189 +6.975%107(-8)* ((0.789*C mf s+0.211*C _f s)"2

190 /(J_w*(0.789*C_mf s+0.211*C_f s)+ J_s)+(0.211*C_mf s+0.789*C_f s)"2
191 /{J_w*(0.211*C_mf_s+0.789*C_£f_s)+ J_s ))...

192 -4.03*%107(-7)*((0.789*C_mf s+0.211*C f s)...

193 /(J_w*(0.789*C_mf s+0.211*C_f s)+ J_s)+(0.211*C_mf s+0.789*C_f s)...
194 /(J_w*(0.211*C_mf_s+0.789*C_f s)+ J_s))...

195 +0.53%10%(-5)* (1/(J_w*(0.789*C_mf_s+0.211*C_f s)+J_s)...

196 +1/(J_w*(0.211*C_mf s+0.789*C_f s)+ J _s))))+D_f s/k f s;

197

198 fu(44)=Sh_f s*D f s/d h-k _f s;

199 fu(45)=5.05%10"(-11)*C_f_s"4-2.59*10~(-9) *C_£ s"3+4.65*10%(-8)*C_f s5"2-4.03*10%(-7) ¢
*C_f s+1.06*107(-5)-D_f_s;

200 %Mole balance Equation

201 fu(46)={(v_£f 0*C_f a 0+C_f ai*f 1*t)/(V_f O+f 1*t)-C f a;

SO i s i R e SO e e i s
203 fu(47)=(v_£f_0*C_f al 0+C f ail*f 1*t)/(V_f 0+f 1*t)-C_f al;

204 SANNNNAAANAAANNANNANNANNNNNANANNANNNANNANNNNNANNANNNNNNNRANNRANNRNNANNAR
205 fu(48)=C_f s*f 1*t/(V_f 0+f 1*t)-C_f si:

206 fu(49)=(C_f a*f-J a*A m)/f_1-C_f ai;

740k Al el s S R S e s

208 fu(50)=(C_f_al*f-J_al*A m)/f 1-C_f ail;

209 SANANNAANARAAAANANNARNANANANNNNNNNNRNNANNNRNRNNANNANNRNNRNNAR

210 fu(51)=(C_f si*f+J s*A m)/f_1-C_f_s;

211 fu(52)=(C_d_s 0*v_d 0+C_d si*f 2*t)/(v_d 0+f 2*t)-C_d s;

212 fu(53)={(C_d_ai*f*t+C_d ai*(vV_d_ 0+f 2*t-f*t))/(f_2*t)-C d_a;

e T e

214 fu(54)=(C_d ail*f*t+C_d ail*(V_d O+f 2+t-f*t))/(f _2+t)-C d al;
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215 %AA/\I\AAAAI\AAAAAAAAAAAAAI\AAI\I\AAAAI\AAAI\AA/\AAAAAAAAAAAAAAAAAAAAAAAI\AAA

216 fu(55)=(C_d _s*f-J s*A m)/f 2-C_d si;

217 fu(56)=(C_d_a*f 2-J _a*A m)/f-C_d ai;

218 FANNANANAAAANANNNNNNNNANNNNNNNNANNNNNNNNNNANRNNNNNRNNNAR

219 fu(57)=(C_d_al*f 2-J al*A m)/f-C_d ail;

) A A R S S NS S A g R e

221 %additional Equation

222 fu(58)= 0.04*Re_£f~(3/4)*Sc_f s~(1/3)-sh_f s;

223 fu(59)= mul_f/den_f/D f s-Sc_f_s;

224 fu(60)=J_w*A m*t*den_d/1000-w;

225 %pH Equation..

226 SH5UHSEHEELETLTUTLLHLTLLLLIALLLNLNNLS

227 fu(6l)= pH f+loglO(gamma f H*C_f H);

228 %555 FFEITSHHLILLILIILALLIED9%%9%

229 fu(62)=K a T*(C_f a-C f A)/gamma_f H/gamma f H/C_f H-C f A;

230 %I\AAAAAAAAI\AAI\AAAAAl\AA/\AAAAAI\AA/\AAAAAI\AAI\/\AAAAAAAAAAA/\AI\AAI\AAAAAAAAAI\A

231 fu(63)=K_ al T*(C_f al-C_f Al)/gamma_f H/gamma_ f H/C_f H-C_f Al;

232 GANNAANAANNANNANAANNANNANNANAANNANNANNANNANNANNARNNNNNANNANNANNNNNANNARR

233 fu(64)=A_I*(I_£~(1/2)/(1+I_£~(1/2))-0.3*I_f)+1logl0(gamma_f H);%Davies;

234 %ionic streanght in feed solution

235 AL RNt TR LA L LA L LA LR T LLLLLLL LRI LLLLLLLLRLAILLLLLBEL4%%5
236 fu(65)=0.5%(2%C_f si+C f H+K w _T/C f H/gamma f H/gamma f H+C_f A+C_f Al+C f HCO3c)-¢
I_f;

237¢

R R R R R R R R R R L R R R e e e R e R R e e e R L R e e e e R L LR L]
238 %$Charge Balance Equation $%$%%%%%%%%5%3%5555555%5% 5950550559509 0%555%%9%%9%%%%%

239 fu(66)=(C_f HCO3c+C_f A+C_f Al+K w T/C_f H/gamma f H/gamma f H)-C_f H;

VLI R R R R R R R R R R R R R R R R R R R R e R R R R R R R R R R R R R R R R R R R R R R R A R R R R R R L RS R RS S R L L 1]

241 %Co2 diffuse to feed solution

242 fu(67)=P_M*C d co2-J co2;

243 fu(68)=C_f co2i*(V_f 0+f 1*t-f*t)-(C_f co2*f 1*t-C_f co2i*f*t);

244 fu(69)=C_f_co2i*f*t+J_co2*A_m*t-C_f_ co2*f_l1*t;

245 %Carbonic acid produce in feed solutions

246 fu(70)=10"-3.45/gamma_f H/gamma f H/C_f H*(C_f co2-C_f HCO3c)-C_f HCO3c;

247 % In draw solution

248 fu(71)=gamma_d_H*gamma_d H*C_d_H*C_d HCO3/K_CO2_T+C_d HCO3-C_d_co2; %¥******

249 fu(72)=(-K_CO2_T+sqrt (K_CO2_T*2+4*K_CO2_T*gamma_d H*gamma_d_H*C_d_co2a))/¥¢

(2*gamma d H*gamma d H)-C_d HCO3;

250 %ionic streanght in draw

251 ¢

S0lution%dss sttt Tt et TN TR AT LILRLTRTRIIN
%

252 fu(73)=0.5*(2*C_d si+C d H+K w T/C d H/gamma d H/gamma d H+C_d A+C_d Al+C_d HCO3)-¥
I d;

253¢
R e e et e R R e e
%%

254 %Charge balance at draw solution$%%3%%%8%38530555554052559559539%%8%9%%%

255 fu(74)=(C_d HCO3+C d A+C d Al+K w_T/C d H/gamma d H/gamma d H)-C d H;

VAT R R R R R R R R R R R R R R R R R R R R R R R e R R R R R R R R R R R R R e R R SRS L LR SRS R S E 1]

257 fu(75)=K_a T*(C_d _a-C d A)/gamma_d H/gamma_d_H/C d _H-C d A;

258 T E Rt E T LAt AN I E TR AT AT E IR A LRI R LI LA TR BREHEIRRS

259 fu(76)=K_al_T*(C_d al-C_d Al)/gamma_d H/gamma_d _H/C_d_H-C d Al;

260 %L E TRttt TRttt L I AL LR L IR LLLL LRI LILLLHL L9545

261 fu(77)=10"-(A I*(I _d~(1/2)/(1+I_d~(1/2))-0.3*I_d))-gamma d H;%Davies;

262 %Additional Equation From Interface



263
264
265
266
267

319

fu(78)=K a T*(C_i a-C_i A)/gamma i H/gamma_i H/C i H-C_i A;

SGAANAAAAAAAANAANAANAANANAAANAANNANAANANNANANANAANAANAANAARNANNANAAANAANAANAA

fu(79)=K_al_T*(C_i_al-C_i_Al)/gamma_i H/gamma_i H/C i H-C_ i Al;

GAAAAAAAAAAAANAANAAAAAANANAAAAARAAARNANAAAAAANARAANAAAAARNNANAANAAAAARNANAANAA

fu(80)=10%-3.408*K H/10”((((33.5-0.109*(T-273)+0.0014*(T-273)"2)*I _d-(1.5+0.015* (T-¢

273)+0.004*(T-273)"2)*I_d"2)) ...

268
269
270
271

/T)-C_d_co2a;
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G.14 A mixture of 10 mM acetic acid and 5 mM valeric acid as feed solution and

NaCl as draw solution

1 clear

2 clc

3

4 [g]=[1.5394e-03 2.130%e+01 4.1219%e-01 1.9404e-05 4.5491e-01 1.2623e-04¥
4.0138e-11 1.0126e-02 2.1835e-08 2.0592e-08...

5 2.6293e-06 7.3060e-01 4.5487e-01 9.9974e-01 5.0557e-04 9.7173e-01 6.3180¢
e-04 9.8961e-01 9.5448e-06 1.4718e-01...

6 6.753%e+02 5.5500e+02 2.6120e+04 1.5028e+02 1.0343e+03 5.4791e+00 1.5806¥
e+00 1.0595e-05 1.5607e-01 1.0001le-02...

7 6.4517e+02 2.5450e+04 1.5022e+02 1.5794e+00 5.1292e+02 9.2585e-06 1.4265¢
e-01 6.7910e-06 1.0005e-02 1.6302e-06...

8 9.6220e-09 9.9932e-01 3.3118e+00 9.7467e-01 3.5521e-04 5.0203e-04 5.4291¢
e+00 6.7484e+02 5.8698e+02 1.3375e-04...

9 5.0040e-04 1.0376e-08 2.4907e-09 4.4346e-09 2.9648e-08 1.1859%e-05 2.6010¢
e-06 9.9933e-01 9.9900e+02 1.8828e-08...

10 5.0978e-03 2.1132e-09 4.192%e-12 2.0790e-09 1.863%e-09 1.4740e-04 5.0006¢
e-03 1.0595e-05 1.5607e-01 6.4518e+02...

11 5.1294e+02 5.0027e-03 9.7144e-10 1.4519%e-04 3.5816e-04 7.8989e-01 3.2817e-¢
05 3.2807e-05 =-9.0963e-09 1.175%e-05];

12

13 SEEEEEEEAE LR LT ESLLLLLLTLELLLEL0%%

14 ts=0.2:0.006:1800;

15 $5%%553559559559599595999%%9599%99949%%

16

17 for ti=l:numel(ts);

18 t=ts(ti);

19 options = optimset('Algorithm','Levenberg—Marquardt','TolFun',l'lO‘—l?,'TolX',l*lOA—(

17 swsa

20 ; 'Maxiter', 25, '"Maxfun',15000) ;

21

22 [r,fval,exitflag,output] = fsolve(@(z)Aceticl0_Valeric5(z,t), [g],options)
23 [gl=[r];

24 j(ti)=r(1,1);%Jw

25 c(ti)=r(1,30);%C f a

26 d(ti)=r(1,50) ;%W

27 p(ti)=r(1,43);%pH

28 T(ti)=t;

29 e(ti)=r(1,67);%C_f al

30 % Rejection

31 O(ti)=(1-r(1,43)/r(1,32))*100;
32 K4(ti)=r(1,32)/0.01;

33 $for Plotting

34 K1(ti)=r(1,1);

35 [A(ti)]=t;

36 [B(ti)]=d(ti);%w

37 [C(ti)]=p(ti);%pH

38 % For Rejection

39 [M(ti)]=0(ti);

40 [N(ti)]=K1l(ti);

41 [K5(ti)]=K4(ti);%Cfa/Cf0

42 disp(ti)

43 fprintf('\n Time (min) J_w(L/dm2/min) pH cf,a(mole/l) ¢
W(kg) Ccf,al (mole/1l)\n');
44 fprintf('\n%11.4f%20.4e%$19.4f%19.4e%19.4e%19.4e%\n" ,T(ti),j(ti),p(ti),c(ti),d(ti),et'
(ti)) s

45 format short e



46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
17
78
79
80
81
82
83
84
85
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%$Result of Best guess
fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
,r(1,1),r(1,2),r(1,3),r(1,4),r(1,5),r(1,6),r(1,7),r(1,8),r(1,9));

fprintf ('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
,r(1,10),r(1,11),r(,12),r(1,13),r(1,14),r(1,15),r(1,16),r(1,17),r(1,18));

fprintf ("\n%8.3e%15.4e%13.3e%14.3e%11,3e%13.3e%13.3e%13.3e%13.3e%\n"...
,x(1,19),r(1,20),r(1,21),r(1,22),r(1,23),r(1,24),r(1,25),r(1,26),r(1,27));

fprintf ("\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...
(1,28} ,x{l,28) .20(1,30) ,x:(1,31) ,x(1,32),r(1,33) ,r(1,34) ,x {1, 35),r(l,36));

fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%13.3e%13.3e%\n"...
,r(1,37),r(1,38),r(1,39),r(1,40),r(1,41),r(1,42),r(1,43),r(1,44),r(1,45));

fprintf ('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
,r(1,46),r(1,47),r(1,48),r(1,49),r(1,50),r(1,51),r(1,52),r(1,53),r(1,54));

fprintf("\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
,r(1,55),r(1,56),r(1,57),r(1,58),r(1,59),r(1,60),r(1,61),r(1,62),r(1,63));

fprintf{'\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...
,r(l,64),r{1,65),r(1,66),r(1,67),r{l,68),r(1,69),r(1,70) yr{l,71),x(1,72));

fprintf{'\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%\n"'...
,r(1,73),r(1,74),r(1,75),r(1,76),r(1,77),r(1,78),r(1,79),r(1,80));

end

$Time Interval%%%%%%%%%%%%%9%%5%%%5%%%%%%
Ai=0:30:1800;

R L R R R L L R R L R R R R R L LR LR SRS R R £
format short

Ci=spline(A,C,Ai);

format short e

Bi=spline(A,B,Ai);

$Experiment Value W and pHES35555 8555000000050 0 0500005055905 %%0%50%%%%%%%
F=[ 0 0.0150 0.0300 0.0450 0.0570 0.0720 0.0850 0.1000¢

0.1130 0.1270 0.1410 0.1540 0.1680...

86

0.1820 0.1940 0.2080 0.2210 0.2320 0.2450 0.2570 0.2690V¢

0.2810 0.2930 0.3040 0.3160 0.3260...

87

0.3370 0.3430 0.3600 0.3700 0.3810 0.3890 0.3980 0.4100¢

0.4220 0.4300 0.4330 0.4490 0.4600...

88

0.4690 0.4780 0.4870 0.4965 0.5044 0.5125 0.5200 0.5275¢

0.5350 0.5420 0.5494 0.5570 0.5635...

89 0.5705 0.5770 0.5840 0.5900 0.5969 0.6025 0.6085 0.6150¢
0.6210];

90

91 G=[ 3.3600 3.3690 3.3480 3.3300 3.3200 3.3100 3.2990 3.2870¢

3.2730 3.2640 3.2560 3.2450 3.2340...

92

3.2240 3.2140 3.2010 3.1910 3.1800 3.1710 3.1590 3.1460¢

3.1340 3.1230 3.1120 3.1000 3.0890...

93

3.0770 3.0660 3.0560 3.0450 3.0350 3.0260 3.0120 3.0010¢

2.9910 2.9740 2.9670 2.9530 2.9430...
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94 2.9320 2.9220 2.9120 2.9030 2.8920 2.8810 2.8710 2.8640¢
2.8550 2.8450 2.8350 2.8270 2.8190,:«
95 2.8110 2.8050 2.7970 2.7880 2.7820 2.7780 2.7720 2.7670¢
2.7670] ;
96 HEFTEITER T T TN TRt TN LNt T LR LI TR TILLILLTLIILETLSS
97
98 F_m=mean (F);
99 G_m=mean (G);
100
101 suml=0;sum2=0;
102 sum3=0;sumd=0;
103 %%% Number of Data %%%5%355%5 5055955053055 9%59%%0%90%%9%%0%%%%%9%%%
104 for k=1:1:61
I R R R R R R R R L R L R R R R R R R R R R R R R L L R L R LR LR LR L L L L LS
106 suml=(Bi(1l,k)-F(1,k))"2+suml;
107 sum2=(Bi(l,k)-F m)"2+sum2;
108 sum3=(Ci(l,k)-G(1,k))"2+sum3;
109 sum4=(Ci(1,k)-G m)” 2+sum4;
110 end
s
112 format short
113 R2_W=1-suml/sum2;
114 R2_pH=1-sum3/sum4;
115 MSE_W=suml/k;
116 MSE pH=sum3/k;
117 RMSE_W=sqrt (MSE_W)
118 RMSE_pH=sqrt (MSE_pH)
119 SEP_W=RMSE W/F_m*100
120 SEP_pH=RMSE_pH/G_m*100
121
122 % Plotting
123 subplot(2,3,1)
124 plot([A]/60, [B],'-g', [Ai]/60, [F], 'xr")
125 xlabel('Time (hr)")
126 ylabel ('Weight (Kg)')
127 title('Weight Change as a Function of Time')
128 legend('Model’, 'Experiment’,2)
129
130 subplot(2,3,2)
131 plot{[A]/60,[C],"'-g"', [Ai]/60,[G], 'xr")
132 xlabel ('Time {(hr)"')
133 ylabel ('pH')
134 title('pH as a Function of Time')
135 legend('Model’, '"Experiment’,1)
136
137 subplot(2,3,3)
138 plot([A]/60, [M],'-g")
139 xlabel ('Time (hr)"')
140 ylabel ('%Rejection’)
141 title('%Rejection as a Function of Time')
142 legend('Model’, 1)
143 %text(2,3.3638, 'R2= MSE=")
144
145 subplot(2,3,4)
146 plot([N], [M],'-g")
147 xlabel('Jdw (L/dm2/min)"')



148 ylabel ('%Rejection')

149 title('%Rejection as a Function of Jw')

150 legend('Model’, 1)

151 %text(2,3.3638, 'R2=
152

153 subplot(2,3,5)

154 plot([A]/60, [K5],'-g")
155 xlabel('Time (hr)"')
156 ylabel ('Cfa/Cf0")

MSE=")

157 title('Cfa/Cf0 as a Function of Time')

158 legend('Model’',1)
159 %text(2,3.3638, 'R2=
160

161 subplot(2,3,6)

162 plot([N], [K5],'-g")

MSE=")

163 xlabel('Jw (L/dm2/min)"')

164 ylabel('Cfa/Cf0")

165 title('Cfa/Cf0 as a Function of Jw')

166 legend('Model',1)

167 %text(2,3.3638,'R2= MSE=")

168

169 fprintf('\n \n')

170 fprintf('\n \n'")

171 fprintf('\n CONCLUSION \n')

172 fprintf('\n R2_W MSE_W R2_pH
173 fprintf('\n%11.3£%$20.4e%19.4£%19.4e%\n',R2_W,MSE_W,R2_pH,MSE_pH)
174 fprintf('\n \n')

175 fprintf('\n \n')

176 fprintf('\n Time (min) J_w(L/dm2/min) PH
W(kg) g _F glNg1)j

177 for x=5:5:200000000;
178 z=x*150;

323

MSE_pH\n') ;

Cf,a(mole/1) ¢

179 fprintf('\n%11.3£%20.4e%19.4f%19.4e%19.4e%19.4e%\n"',T(2),Jj(2z),p(2),c(z),d(z),e(2));

180
181 end
182
183
184
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1
2 function fu=Aceticl0 Valeric5(z,t)
3 %Independent Variables
4 v _f 0=1;C d s _0=1;v_d 0=0.5;
5 %Fixed Variable
6 T=301;f=1.58;
7 L=0.9207;D=0.023;W=0.4572;A m=42*10"(-2) ;d_h=0.0438;
8 % Acid Variables
9 3¢
AAAAAAAANAAAANAAANAAANAAANAAANAAAAAANAANAAANAANAANAAAAAAAAANAAANAANAANANANAAANAAAAANAANAAANAAANANAAANAANAAN
10 C_£f a 0=10*10"(-3);
11 C_f al_ 0=5*107(-3);
12 %3585 5520000005505 %%%%%%
13 B _a=2.093/60/100;% B of Acetic Acid
14 B _al=0.491/60/100;% B of Valeric Acid
15 B35t e IR R TR RPN L RS
16 D A 298=6.534*10~(-6) ;D_HA 298=7.74*10"(-6) ; 3Acetic Physicocmical Property
17 D_Al 298=5.226*10"(-6) ;D HAl 298=4.802*10"(-6);%Valeric Physicocmical Property
18 %550 TE SRS LTSLLRLLTRLT5%%%%
19 K a_T=10-(1170.48/T-3.1649+0.013399*T) ; %Acetic acid
20 K_al_T=107-(921.38/T-1.8574+0.012105*T) ;%Valeric Acid
21 ¢

A R R O R R P N X N A B B B RO P N B W NS AR BB osmipiatsens !

AAAA

22 %Constant Variable

23 B s=0.256/60/100;% normal..B s(0.256) =4.27*10"(-5)

24 A=0.442/60/100;%..(0.413) New Value

25 o_s=0.936;

26 $=500%10"-5;

27 D _H 298=5.587*10"(-5);

28 visco_298=((298-273)+246)/((0.05594* (298-273)+5.2842) * (298-273)+137.37) ;
29 visco_T=((T-273)+246)/((0.05594* (T-273)+5.2842) *(T-273)+137.37) ;
30 FHEEEEE LB AT LA T LA LAV ILI I LLLLLILLIILIEEH%%Y
31 o_a=1;n_s=2;R=0.08314;

32 o_al=l;

33 %Temperature Correction

34 FF5FE5TEEL L LT LALEHLLTRLLLLHLLLHLLLLLITHLLLLLLLTHLILLR%S
35 K CO2 T=10"-(3404.71/T-14.8435+0.032786*T) ;

36 K w_T=10~(-4470.99/T+6.0875-0.017060*T) ;

37 E=2727.586+0.6224107*T-466.9151*10g (T)-52000.87/T;

38 d=1-(((T-273)-3.9863)"2*((T-273)+288.9414))/(508929.2% ((T-273)+68.12963))...
39 +0.011445%exp((-374.3)/(T-273));

40 A T=(1.82483*1076*d"0.5)/{(E*T)"1.5;

41 K=1/K a_T;

R e e

43 K1=1/K_al_T;

CTR e e s s e

45 D _H T=D H 298*T/298*visco 298/visco T ;

46 D A T=D A 298*T/298*visco_298/visco_T;

47 D_HA T=D HA 298*T/298*visco_298/visco_T;

48 FANANNNAARANANNARNNNNANNNNARNNANNANNNRNANNNANRANANNNNNRRNNNNNNNAS
49 D Al T=D Al 298*T/298*visco_298/visco T;

50 D_HAl_T=D HAl_298*T/298*visco_298/visco_T:

HINE i G S R S
52 D 1 T=2/(1/D H T +1/D A T);

53 FANAAAAAAAAAAAAAANAANAANAANAANAANAANAANNANA
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54 D 11 T=2/(1/D H T +1/D Al T);

55 %A/\A/\/\/\/\AA/\AAAAAAAA/\AAI\AAA/\AAAA/\/\A/\AA/\AA/\A

56 K_H=0'034*exp(_2400* (1/T_1/298) ) ;%********************‘k****

57 %For carbonic acid

58 P M =0.0025;

LR Rt R e R R R R R Rt R e e R R R R R L R e LR 1]

60 %Unknown Variable

61 J w=z(1);P_i=z(2);P_m=z(3);J_s=z(4);C_i_s=2z(5);

62 C_mf s=z(6);J_a=z(7);C_mf a=z(8);C_i a=z(9);C_d a=z(10);

63 C_d H=z{ll);gamma_i H=z(12);I_i=z(13);C_d_s=z(14);

64 C_mf H=z(15);gamma _mf H=z(16);I mf=z(17);C md s=z(18);

65 D d_s=z(19):;k _d=z(20);Sh_d=z(21) ;S8c_d=z(22) ;Re_d=z(23);

66 v_d=z(24);den d=z(25);mul d=z(26);f 2=z(27);D_f a=z(28);

67 k_f a=z(29):;C_f a=z(30):;Sh f a=z(31);Re f=z(32);v_£=z(33);

68 f 1=2z(34);8c_f a=z(35);D_f s=z(36);k f s=z(37);C_f_s=z(38);

69 C f ai=z(39);C_f si=z(40);C_d _ai=z(41);C_d si=z(42);pH f=z(43);

70 gamma_f H=z(44);C_f A=z (45);I_f=z(46);mul_f=z(47);Sh_f s=z(48);

71 Sc_f _s=z(49);w=z(50);C_£f H=z(51);C_f co2=z(52);C_f co2i=z(53);

72 C_f HCO3c=z(54);J_c02=z(55);C_d _co2=z(56);C_d HCO3=z(57);

73 I_d=z(58);den_f=z(59);C_d A=z(60);

74 %For 2 acid

75 C_mf al=z(61);C i al=z(62);J al=z(63);C d al=z(64);C_d Al=z(65);C_mf Al=z(66);

76 C_f al=z(67);D_f al=z(68);k f al=z(69);8h f al=z(70);Sc_f al=z(71);

77 C_f ail=z(72);C_d ail=z(73);C_£f Al=z(74);C_mf A=z (75);gamma_d H=z(76);C_i H=z(77);

78 C_i A=z (78):;C_i_ Al=z(79):;C_d co2a=z(80);

79 %$Math Model

80 fu(l)=A*(P_i-P m )-J_w;

81l fu(2)= B_s *(C_i_s-C_mf s)-J_s;

82 fu(3)= B_a*(C_mf_a-C_i a)-J_a;

83 %A/\A/\/\/\AAAA/\I\AA/\AAAAAAAAAAI\AA/\/\/\AAAAAAAAAAAAAAAAAAAAAAAI\AA/\/\I\A/\/\AAAAAAAAAAAAA

84 fu(4)= B al*(C_mf al-C i al)-J_al;

85 FANNAAAAANAANAANNANNANNANNANNNANANRNANRANRANRNNNNNNANRNNNARRANNNNNANRANRARNANRAR

86 fu(5)=C d a-C_i_a;

G e S s s D s e AT e

88 fu(6)=C_d_al-C_i_al;

89 -FANSABNODRREREEBADANINERND OB BB OB ERRBSLEADBELBNBBNDBIBY

90 fu(7)=J_a/J w-C_d_a;

91 %A/\AA/\AA/\AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA/\AA

92 fu(8)=J al/J w-C_d_al;

PR Tt s s e Rl

94 fu(9)= o_s*n_s*C_i s*R*T+o_a*(C_i a+C_i H)*R*T+o_al*(C_1 al+C_i H)*R*T-P_i;

95 %Charge Balance Equation at interface %%%%%%%%%%3%5¥55E3E5229B5L538%%9%%%%%

96 fu(l0)=C_i A+C i AI+K w T/C_i H/gamma i_H/gamma i H-C_i H;

AR R R R R R R e e e e R R R R L e e e e R R R R R L e e e e R R R R R R R R R R L e e e e R R R S A AL

98 fu(ll)=A_I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)+logl0(gamma_i_H);%"Davies”

99 fu(l2)=0.5*(2*C_i_s+C_i H+C_i A+C_i Al+K w_T/C_i_H/gamma_i H/gamma_i H)- I_i;
100 fu(l3)=o_s*n_s*C mf s*R*T+o_a*(C_mf a+C mf H)*R*T+o_al*(C_mf al+C_mf H)*R*T-P m;
101 %Charge Balance Equation at membrane active layer $%%%3%53%%53%5%55%59%5%%%3%%%%
102 fu(l4)=C mf A+C mf Al+K w_T/C mf H/gamma mf H/gamma mf H-C mf H;

103 $55558 05ttt t Rt a T IRRLLRLREEHI%Y

104 fu(15)=A_I*(I_mf~(1/2)/(1+I_mf*{(1/2))- 0.3*I_mf)+logl0(gamma mf H);%"Davies"”

105 fu(1l6)=K a T*(C_mf a-C mf A)/gamma mf H/gamma mf H/C mf H-C mf A;% **additionalw
C_mf A

WL G ot R A L G S R S i
107 fu(17)=K al T*(C_mf al-C mf Al)/gamma mf H/gamma mf H/C mf H-C mf Al;

108 SANAAAAAAAAAAANAANAAAAANARNAANANANANAANAANAANAARNNANARNAANAANANANARANARNAANANANAANA



109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
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fu(18)=0.5* (2*C_mf_s+C_mf H+K w T/C_mf H/gamma mf H/gamma mf H+C mf Al1+C mf A)-I_mf;

fu(l9)=((C_md_s-C_i_s)*(12.625%10% (-11) *((0.789*C_i_s+0.211*C md_s)*4 ...
/{3 _w*(0.789*C_i_s+0.211*C_md s)+ J_s)+(0.211*C_i_s+0.789*C_md_s) 4
/{J_w*(0.211*C_i s+0.789*C md s)+ J s ))...

-3.885*10"(-9)*((0.789*C_i s+40.211*C_md s)"3 ...
/{J_w*(0.789*C_i_s+0.211*C_md_s)+ J_s)+(0.211*C_i_s+0.789*C_md_s)"3 ...
/{J_w*(0.211*C_1i s+0.789*C md s)+ J_s ))...

+6.975*10" (-8) *((0.789*C_i_ s+0.211*C_md_s) "2
/{T_w*(0.789*C_i_s+0.211*C_md s)+ J_s)+(0.211*C_i_s+0.789*C_md_s)~2
/(J_w*(0.211*C i s+0.789*C md s)+ J s ))...
-4.03*10"(-7)*((0.789*C_i_s+0.211*C_md _s) ...

/(3_w*(0.789*C_i s+0.211*C md s)+ J_s)+(0.211*C_i s+0.789*C md s)...
/{J_w*(0.211%C i s+0.789*C_md s)+ J_s))...

+0.53*10*(-5)*(1/ (J_w*(0.789*C_i_s+0.211*C_md s)+J_s)...

+1/(J_w* (0.211*C_i_s+0.789%C md_s)+ J_s))))-S;

fu(20)=((C_d_s-C_md_s)*(12.625%107 (-11)* ((0.789*C_md s+0.211*C d s)"4 ...
/(J_w*(0.789*C_md_s+0.211*C_d_s)+ J_s)+(0.211*C_md_s+0.789*C_d_s) ~4
/{J_w*(0.211*C_md_s+0.789*C_d_s)+ J_s ))...

-3.885%10% (=9) * ((0.789*C_md_s+0.211*C_d s)~3 ...
/(J_w*(0.789*C_md_s+0.211*C_d_s)+ J_s)+(0.211*C_md_s+0.789*C_d _s)*3 ...
/{J_w*(0.211*C md_s+0.789*C_d_s)+ J_s ))...

+6.975%10% (~8) * ((0.789*C_md_s+0.211*C_d_s) ~2
/(3_w*(0.789*C_md_s+0.211*C_d _s)+ J_s)+(0.211*C _md_s+0.789*C_d_s) 2
/(J_w*(0.211*C md_s+0.789%C d s)+ J_s ))...

-4.03%10~ (=7)* ((0.789*C_md_s+0.211*C_d_s) ...
/(3_w*(0.789*C_md_s+0.211*C_d_s)+ J_s)+(0.211*C_md_s+0.789*C_d s)...
/(J_w*(0.211*C md_s+0.789*C d s)+ J_s))...

+0.53%107 (=5) * (1/ (J_w*(0.789*C_md s+0.211%C d s)+J_s)...

+1/(J_w* (0.211*C_md_s+0.,789*C_d_s)+ J_s))))-D_d_s/k_d;

fu(21)=Sh d*D d s/d_h-k d;
£u(22)=5.05%10" (-11) *C_d_8"4-2.59*10" (-9) *C_d_s"3+4.65*10" (-8) *C_d_s"2-4.03*10~ (-7) ¢

*C_d_s+1.06*10"(-5)-D_d_s;

144
145
l46
147
148
149
150
151
152
153
154
155
156

fu(23)=L*v_d*den_d/mul_d-Re d;

fu(24)=(f_2+f) /2/W/D-v_d;

fu(25)=£f+J_w*A m-f 2;

fu(26)=0.0538*C_d_s"2+0.4159*C_d_s+5.0095-mul_d;

fu(27)=37.0166*C_d s+997.2811-den_d;

fu(28)= 0.04*Re_d"(3/4)*Sc_d*(1/3)-sh_d;

fu(29)= mul_d/den_d/D_d s-Sc_d;

fu(30)=(0.5*(C_f a-C mf a)*((D_1 T-D HA T)/...
(sqrt (1+4*K* (0.789*C_mf_a+0.211*C_f a))*(J_w*(0.789*C_mf a+0.211*C_f a)-J a))...
+(D_1_T-D_HA T)/(sqgrt(1+4*K* (0.211*C_mf_a+0.789*C_f a))*(J_w*(0.211*C_mf_a...
+0.789*C_f a)-J a))+ D HA T/(J w*(0.789*C_mf a+0.211*C f a)-J a)...
+D_HA T/ ({(J_w*(0.211*C_mf_a+0.789*C_f a)-J a))))+D_f a/k f a;

s

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAARNAARNAANAAAAANAANAANAANAARNAAAAAAAAAAAAAAAAANA

157
158

fu(31)=(0.5*(C_f_al-C mf al)*((D_11_T-D HAl T)/...
(SQrt (1+4*K1* (0.789*C mf al+0.211*C_£ al))*(J_w*(0.789*C mf al+0.211*C £ al)-«

J_al))...

159

+(D_11_T-D_HAL T)/(sqrt (1+4*K1* (0.211*C_mf_al+0.789*C_£ al))* (J_w*(0.211¢

*C mf al...

160

+0.789*C_f al)-J_al))+ D HAl T/(J _w*(0.789*C_mf al+0.211*C f al)-J al)...



161
162

327

+D_HA1 T/((J_w*(0.211*C_mf al+0.789*C_f al)-J al))))+D_f al/k f al;
s

AAAAAAAAAAAAAAAAAANAAANAAANAAAAAAAANAAAAAAAAAAAAAAAAAAAAAAAANAAAAAANANAAANANAAAAANAANAAAAA

163
164
165
166
167
168
169
170
LI
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199

fu(32)=Sh £ a*D f a/d h-k_f a;

%A/\AAAA/\AA/\AAAAAAAAAAA/\AAAA/\/\A/\AAAAAAAAAAAAAAAAAAAAAAAAAAAAA

fu(33)=Sh f al*D f al/d h-k f al;

GAAAAAAAAAANAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAN

fu(34)=(D_1 T/ (2*K*C_f a)*(-l+sqrt (L+4*K*C_f a))+D HA T/...
(4*K*C_f_a)* (-1+sqrt (L+4*K*C_f a))~2)-D_f a;

GAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAAAAAAAARANAAAAAAAAAAAAAAAAAA

fu(35)=(D_11_T/(2*K1*C_£f al)*(-l+sqrt(1+4*K1*C_£f al))+D HALl T/...
(4*K1*C_f_al)* (-1+sqrt (1+4*K1*C_f al))~2)-D_f al;

%AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA/\A/\AAAAAAAI\AAAA/\AAAAAAAAAAAAA

fu(36)=L*v_f*den_ f/mul f -Re_f;

Fu (37)=(£+£_1) /W/D/2-v_£;

fu(38)=f-J w*A m-f 1;

fu(39)= 0.04*Re f~(3/4)*Sc_f a~(1/3)-Sh f a;

fu(40)= mul_f/den f/D f a-Sc_f a;

SAAAAAAAAAANAAAAAAAAAAAAAAAANAAAAAAAANAAAAAAAAAAAAAN

fu(41l)= 0.04*Re_f£~(3/4)*Sc_f al~(1/3)-Sh_f_al;

fu(42)= mul_f/den_f£f/D_f al-Sc_f_al;

FAAAAAAAAAAARNANAAAAAAANAANAANNNANANNANAANANANANAANANANAA

fu(43)=((C_£f_s-C mf s)*(12.625*%10*(-11)*((0.789*C_mf s+0.211*C_f s)"4
/{(J_w*(0.789*C_mf s+0.211*C_f s)+ J_38)+(0.211*C_mf s+0.789*C_f s)"4
/{J_w*(0.211*C_mf s+0.789*C_f s)+ J s ))...
-3.885%107(-9) * ((0.789*C_mf_s+0.211%C_f_s)*3

/(J_w*(0.789*C_mf s+0.211*C_f s)+ J_8)+(0.211*C mf s+0.789*C_f s)"3
/{J_w*(0.211*C_mf s+0.789*C_f s)+ J s ))...

+6.975*%107(-8) *((0.789*C mf s+0.211*C f s)"2

/{J_w* (0.789*C_mf s+0.211*C f s)+ J_s)+(0.211*C_mf s+0.789*C_f s)"2
/{J_w*(0.211*C_mf_s+0.789*C_f_s)+ J_s ))...
=4.,03*%10"(-7)*((0.789*C_mf s+0.211*C f s)...

/{(J_w*(0.789*C_mf s+0.211*C_f s)+ J s)+(0.211*C_mf s+0.789*C_f s)...
/(J_w*(0.211*C_mf s+0.789*C_f_s)+ J_s))...

+0.53*%107 (=5)* (1/(J_w* (0.789*C_mf_s+0.211*C_f s)+J_s)...
+1/(J_w*(0.211*C_mf s+0.789*C_f s)+ J _s))))+D_f s/k f s;

fu(44)=Sh f s*D f s/d h-k f s;
£u(45)=5.05%10* (-11) *C_f_s"4-2.59*10~ (-9) *C_£_s~3+4.65*10% (-8) *C_£ s~2-4.03%10(-7) ¢

*C_f s+1.06*107(-5)-D_f_s;

200
201
202
203
204
205
206
207
208
209
210
211
212
213
214

%¥Mole balance Equation

fu(46)=(v_£f 0*C_f a 0+C_f ai*f 1*t)/(V_f O+f 1*t)-C f a;
FAAAAAAAAAAAAAAAAAAAAAAAANAAAAANARAAAANAAAAAAAAAARAAAAANAAANANAAAAAAAAA
fu(47)=(V_£f 0*C_f al 0+C_f ail*f 1*t)/(V_f 0+f 1*t)-C_f al;
GAAAAAAAAAAAAAAAANAANAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAAAAAAA
fu(48)=C_f s*f 1*t/(V_f O0+f 1*t)-C_f si;

fu(49)=(C_£f a*f-J a*A m)/f _1-C _f ai;
%A/\I\AAAAAA/\AAI\AI\AAI\A/\l\/\/\l\/\I\Al\AAl\AAAl\AAAA/\I\A/\/\AI\AA)\AAAAAA/\A/\

fu(50)=(C_f al*f-J al*A m)/f 1-C_f ail;
GAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAA
fu(51)=(C_f si*f+J_s*A m)/f_1-C £ s;

fu(52)=(C_d_s 0*v_d 0+C_d _si*f 2*t)/(v_d 0+f 2*t)-C_d_ s;
fu(53)=(C_d_ai*f*t+C_d_ai*(v_d 0+f 2*t-f*t))/(f_2*t)-C_d_a;
GAAANANAAANANAAANAAAAAAAAAANAAANANAAANANAAANANAANAAANANANANANAAANA

fu(54)=(C_d ail*f*t+C d ail*(V_d_0+f 2%t-f*t))/(f_2*t)-C_d al;
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L R B R O P N P D SR S RS T e

216 fu(55)=(C_d s*£-J s*A m)/f 2-C_d_si;

217 fu(56)=(C_d a*f 2-J a*A m)/f-C_d ai;

218 FANANNANANAAANAANNARNANNAANNNNNNNANNNANNRNANNANNNRANNNN

219 fu(57)=(C_d al*f 2-J al*A m)/f-C_d ail;

. O A e S R S R A B

221 %additional Equation

222 fu(58)= 0.04*Re_£~(3/4)*Sc_f s~ (1/3)-Sh_f_s;

223 fu(59)= mul_f/den_ £/D_f s-Sc_f s;:

224 fu(60)=J_w*A_m*t*den_d/1000-w;

225 %pH Equation..

226 HEETHHFHLRHLHHTULIVLLLHLLRIVLIIRL%%%

227 fu(6l)= pH_f+logl0(gamma_f H*C_f H);

228 53535 LRILRHTTLSILLILLLLBTLSILLRH%%5%%

229 fu(62)=K a T*(C_f a-C _f A)/gamma_f H/gamma_f H/C_f H-C_f A;

230 %AAAAAA/\AAI\AAAAAAAAI\AAI\/\AAAAAAA/\AAI\AAI\AAAAAAAAI\AAAAAI\AAAAAAAAAAAAAAAAA

231 fu(63)=K_al_T*(C_f al-C_f Al)/gamma_f H/gamma_f H/C_f H-C_f_Al;

232 SANNAANAAANANNANNANNANNANNANNANRANNANNANNANNARRANNANNARNRANRANNNNNNNNNAR

233 fu(64)=A_I*(I_£f~(1/2)/(1+I_£~(1/2))-0.3*I_f)+logl0(gamma_f H);%Davies;

234 %ionic streanght in feed solution

235 FEEELLLLLLLLLRELLLLLLLLLLRLLLLLLLLLLLRLILLLLLLLLRLLLLLLLLLLLRLLLLLLLLBLRL9%%%%%5
236 fu(65)=0.5%(2*C_f si+C_f H+K w_T/C_f H/gamma f H/gamma_f H+C_f A+C f Al+C_f HCO3c)-¢
I_f;

237¢

SRR R R R R R R R R R R R R R R R R R R R R R R A R R R R R R R R R R R R R R R R R A R R A R R R L R R A R AR L R R L L 1
238 %Charge Balance Equation $%$%%%5%%5%3555%555535559%8905503050958059%85%9%%%9%%%%%

239 fu(66)=(C_f HCO3c+C_f A+C_f Al+K w_T/C_f H/gamma_ f H/gamma f H)-C_f H;

PR R R R e R R R R R R R R e R R R R R e R R R R R R R R R R R R R R e s R L R R R R R RS S R A R R £ E S

241 %Co2 diffuse to feed solution

242 fu(67)=P_M*C_d_co2-J_co2;

243 fu(68)=C_f co2i*(V_f 0+f 1*t-f*t)-(C_f co2*f 1*t-C_f co2i*f*t);

244 fu(69)=C_f_co2i*f*t+J_co2*A_m*t-C_f_co2*f 1l*t;

245 %Carbonic acid produce in feed solutions

246 fu(70)=10"-3.45/gamma_f H/gamma f H/C_f H*(C_f co2-C_f HCO3c)-C_f HCO3c;

247 % In draw solution

248 fu(71)=gamma_d H*gamma_d H*C_d_H*C_d_HCO3/K_CO2_T+C_d_HCO3-C_d_co2; %******

249 fu(72)=(-K_CO2_T+sqrt (K_CO2_T"2+4*K_CO2_T*gamma_d H*gamma_d_H*C_d_co2a)) /¥
(2*gamma_d H*gamma d H)-C_d HCO3;

250 %ionic streanght in draw

251 $¢
S0lutionsss%3%%5555555555%55%5%5%55%55%55%5%55%5%%%%%55%3555%5%5%5%3%%5%%35%3%%%%%%%%%% ¢
%

252 fu(73)=0.5*(2*C_d_si+C_d_H+K w_T/C_d_H/gamma_d_H/gamma_d_H+C_d_A+C_d_Al+C_d_HC03)-¥
I d;

253¢

5555355505555 55%55555500555555550555505550%5505%95555555%5535%5525%5355%555%%33%%%¢
%%

254 %Charge balance at draw solution$%%$$%%%533559555H3DH95L93I8559%%%%%

255 fu(74)=(C_d HCO3+C_d A+C d Al+K w_T/C _d H/gamma d H/gamma d H)-C_d H;

VAL IR R R R i R R R R R R e R R R R R e R R R R R R e A R R R AR R R R R e S AR R R R R R R R A S R A LR £ 4]

257 fu(75)=K_a_T*(C_d a-C_d_A)/gamma_d H/gamma_d_H/C_d_H-C_d A;

VAR R R R A R R R R R R R R R AR R R AR R AR R R R R R R R R R R R AR R R R AR R AR R R R AR AR R R R R A SRR 4511

259 fu(76)=K al T*(C_d_al-C d Al)/gamma_d H/gamma_d H/C_d_H-C_d_Al;

260 5T HEERL L LT ILELRL IR LERLLLLTRLLILELLLHLIHLUDLLLLLBLTHLVRLLDLDHLEHH9%%5

261 fu(77)=10"-(A_I*(I_d~(1/2)/(1+I_d~(1/2))-0.3*I_d))-gamma d H;%Davies;

262 %Additional Equation From Interface
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263 fu(78)=K a_T*(C_i_a-C i_A)/gamma_i H/gamma_i H/C_i_ H-C i_A;

264 %I\/\AAA/\AAI\A/\A/\AA/\/\A/\AA/\AA/\AAA/\/\/\A/\A/\A/\/\AA/\A/\/\A/\/\A/\AA/\/\AI\A/\AAA/\/\I\)‘\/\I\/\/\AA/\A/\A

265 fu(79)=K_al_T*(C_i_al-C_i_Al)/gamma_i_H/gamma_i_H/C_i_H-C_i_Al;

266 FANANNNNANNNANAANNANNNNNNNNNNANNNNNARNNNNNNNNNNNNNNNNNANNNNNNNNNANNRANNNNNRDANR

267 fu(80)=10"-3.408*K H/10”((((33.5-0.109*(T-273)+0.0014*(T-273)"2)*I_d-(1.5+0.015* (T-¢
273)+0.004*(T-273)*2)*I_d"2))...

268 /T)-C_d_co2a;

269

270

271
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G.15 A mixture of 5 mM acetic acid and 10 mM valeric acid as feed solution and

NaCl as draw solution

1 clear
2 clc

3 [g]=[ 1.539%94e-03 2.1310e+01 4.1227e-01 1.9404e-05 4.5491e-01

1.9969%e-11 5.0626e-03 1.085%e-08 1.0243e-08...

4 2.6217e-06 7.3060e-01 4,5488e-01 9.9974e-01 4.8905e-04
e-04 9.8961e-01 9.5448e-06 1.4718e-01...

5 6.753%e+02 5.5500e+02 2.6120e+04 1.5028e+02 1.0343e+03
e+00 1.0595e-05 1.5607e-01 5.0006e-03...

6 6.4517e+02 2.5450e+04 1.5022e+02 1.5794e+00 5.1292e+02
e-01 6.790%e-06 5.0027e-03 1.6301e-06...

7 4.7862e-09 9.9932e-01 3.3266e+00 9.7509e-01 1.8345e-04
e+00 6.7484e+02 5.8698e+02 1.3375e-04...

8 4.8345e-04 1.0353e-08 2.4851e-09 4.5100e-09 2.9581e-08
e-06 9.9933e-01 9.9900e+02 9.3675e-09...

9 1.0197e-02 4.2187e-09 8.3702e-12 4.1503e-09 3.7220e-09
e-02 1.0595e-05 1.5607e-01 6.4517e+02...

10 5.1293e+02 1.0005e-02 1.9393e-09 3.0000e-04 1.8477e-04
e-05 5.7807e-08 -2.6691e-05 1.1759e-05];

11 B e e e Tt LT L LI TL IR EHE%%

12 ts=0.2:0.006:1800;

13 SHEE PR LTLETTLILLLLILLELHLHII9%%%

14

15 for ti=l:numel(ts):

16 t=ts(ti);

1.2623e-04¢
9.7209e-01  6.1528¢
5.4791e+00 1.5806«
9.2585e-06 1.4265¢
4.8508e-04 5.4291¢
1.1832e-05 2.6010¢
3.0429e-04 1.0001¢
7.8989e-01 -2.6634¢

17 options = optimset('Algorithm’,'Levenberg-Marquardt', 'TolFun',1*104-17, 'TolX',1*10~-«

17 s
18 , "Maxiter',25, '"Maxfun',15000) ;
19

20 [r,fval,exitflag,output] = fsolve(@Q(z)Acetic5_ValericlO(z,t), [g],options)

21 [gl=I[r];

22 j(ti)=r(1,1);%dw

23 c(ti)=r(1,30);3C_f_a

24 d(ti)=r(1,50) ;%W

25 p(ti)=r(1,43);%pH

26 T(ti)=t;

27 e(ti)=r(1,67);%C_£f al

28 % Rejection

29 O(ti)=(1-r(1,43)/r(1,32))*100;

30 K4(ti)=r(1,32)/0.01;

31 %$for Plotting

32 K1l(ti)=r(1,1);

33 [A(ti)]=t;

34 [B(ti)]=d(ti);%w

35 [C(ti)]=p(ti);%pH

36 % For Rejection

37 [M(ti)]=0(ti);

38 [N(ti)]=K1l(ti):

39 [K5(ti)]=K4(ti);%Cfa/Cf0

40 disp(ti)

41 fprintf('\n Time (min) J_w(L/dm2/min) pPH
W(kg) cf,al (mole/1l)\n');

cf,a(mole/1) ¢

42 fprintf('\n%11.4£%20.4e%19.4f%19.4e%19.4e%19.4e%\n" ,T(ti),J(ti),p(ti),c(ti),d(ti), e

(ti));
43 format short e
44 %Result of Best guess

45 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...



46 ,r(1,1),r(,2),r(1,3),r(1,4),r(1,5),r(1,6),r(1,7),r(1,8),r(1,9));

47

48 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

49 F B L0t (e TEY ¢ B0 120 s B (w13 P i TAY  #11,; 18) s B (L1l 8) e Pl T B, 18) ) &
50

51 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

52 w20l 19) e (1,207 o2 l1;21) ¢ tl;22) 3e{1,:23) x2(1;24) e {l:258)+r(1,26Y 21,27 ) ;2
53

54 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"...

55 ,r(1,28),r(1,29),r(1,30),r(1,31),r(1,32),r(1,33),r(1,34),r(1,35),r(1,36));
58

57 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%13.3e%13.3e%\n"...
58 ,c(1,37),r(1,38),r{(1,39),r(1,40),r(1,41),r(1,42),r(1,43),r(1,44),r(1,45));
59

60 fprintf('\n%$8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...

61 ,r(l,46),r(1,47),r(1,48),r(1,49),r(1,50),r(1,51),r(1,52),r(1,53),r(1,54));
62

63 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%13.3e%\n"'...

64 ,r(1,55),r(1,56),r(1,57),r(1,58),r(1,59),r(1,60),r(1,61),r(1,62),r(1,63));
65

66 fprintf{'\n%8.3e%15.4e%13.3e%14.3e%11,3e%13.3e%13.3e%13.3e%13.3e%\n"'...

67 ,r(l,64),r(1,65),r(1,66),r(1,67),r(l,68),r(1,69),r(1,70),r{l,71),r(1,72));
68

69 fprintf('\n%8.3e%15.4e%13.3e%14.3e%11.3e%13.3e%13.3e%13.3e%\n"...

70 e, F3Y 4L, 74) yE(L; 75 o (L T6Y 3 2{L,TT) » E(1L; 78) o (1, 79) 2 {1,80))

7L

72 end

13

74 %Time Interval%$%33%$55335535%555%5%5%59%%%

75 Ai=0:30:1800;

76 5555555555555 55%55%5%5%5%5%55%%59%%9%%%%%

77 format short

78 Ci=spline(A,C,Ai);

79 format short e

80 Bi=spline(A,B,Ai);

81 %Experiment Value W and pH%3%%% %5355 0550595500008t % 0050005935955 5%%%%%%

331

82 F=[ 0 0.0150 0.0310 0.0460 0.0630 0.0760 0.0%10 0.1040 0.1190¢

0.1320 0.1460 0.1600 0.1730...

83 0.1860 0.1990 0.2130 0.2250 0.2380 0.2500 0.2620 0.2730¢
0.2850 0.2960 0.3080 0.3190 0.3300...

84 0.3410 0.3510 0.3620 0.3720 0.3820 0.38930 0.4030 0.4120¢
0.4220 0.4320 0.4420 0.4520 0.4610...

85 0.4700 0.4790 0.4890 0.4980 0.5070 0.5160 0.5240 0.5340¢
0.5420 0.5500 0.5530 0.5670 05760, s

86 0.5840 0.5920 0.6010 0.6090 0.6160 0.6240 0.6290 0.6290¢
0.6290];

87

88 G=[ 3.3110 3.2990 3.2890 3.2810 3.2680 3.2610 3.2530 3.2480¢
3.2380 3.2300 3.2210 3.2130 3.2040...

89 3.1950 3.1880 3.1790 3.1690 3.1580 3.1500 3.1410 3.1330¢
3.1240 3.1140 3.1060 3.0960 3.0880...

90 3.0770 3.0680 3.0580 3.0500 3.0420 3.0330 3.0250 3.0180¢
3.0100 3.0030 2.9960 2.9890 2.9820...

91 2.8750 2.9680 2.9620 2.9560 2.9510 2.9450 2.9370 2.9300¢
2.9230 2.9180 2.9110 2.9060 2.9010...

92 2.8950 2.8910 2.8880 2.8790 2.8750 2.8730 2.8670 2.8620¢



2.8590];
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93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
lle
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147

F_m=mean (F) ;

G_m=mean (G) ;

suml=0;sum2=0;

sum3=0; sum4=0;

%%% Number of Data %3353 3%%30% 00 s0 0t b e85 9%39%%%%%%
for k=1:1:61

e R R R R R ]
suml=(Bi(1,k)-F(1,k))"2+suml;

sum2=(Bi (1,k)-F_m) *2+sum2;

sum3=(Ci(1l,k)-G(1,k))*2+sum3;

sumé4=(Ci(1l,k)-G m)"2+sumé;

end

format short
R2_W=1-suml/sum2;
R2_pH=1-sum3/sum4;
MSE_W=suml/k;
MSE_pH=sum3/k;
RMSE_W=sqrt (MSE_W)
RMSE_pH=sqrt (MSE_pH)
SEP_W=RMSE_W/F_m*100
SEP_pH=RMSE_pH/G_m*100

% Plotting

subplot(2,3,1)
plot([A]l/60,[B],"'-g', [Ai]/60, [F], 'xr")
xlabel ('Time {hr)"')

ylabel ('Weight (Kg)')

title ('Weight Change as a Function of Time')
legend('Model’, 'Experiment’, 2)

subplot{2,3,2)
plot([A]l/60,[C],'-g"', [A1]1/60, [G], "xr")
xlabel ('Time (hr)"')

ylabel ('pH')

title('pH as a Function of Time')
legend ('Model’, 'Experiment’, 1)

subplot (2, 3, 3)

plot ([A]/60, [M], '-g")

xlabel ('Time (hr)'")

ylabel ('$Rejection’)

title('%Rejection as a Function of Time')
legend('Model’, 1)

$text (2,3.3638, 'R2= MSE=")

subplot (2, 3, 4)

plot ([N], [M],'-g")

xlabel ('Jw (L/dm2/min)"')

ylabel ('%Rejection')

title('%Rejection as a Function of Jw')
legend('Model’, 1)

$text (2,3.3638, 'R2= MSE=")
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148
149
150
1:51
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172

subplot(2,3,5)

plot ([A]/60, [K5],'-g")

xlabel ('Time (hr)")

ylabel ('Cfa/C£0")

title('Cfa/Cf0 as a Function of Time')
legend ('Model’', 1)

%text (2,3.3638, 'R2= MSE=")

subplot (2,3, 6)

plot ([N], [K5],'-g")

xlabel ('Jw (L/dm2/min)"')

ylabel ('Cfa/Cf0")

title('Cfa/Cf0 as a Function of Jw')
legend ('Model’, 1)

%text (2,3.3638, 'R2= MSE="')

fprintf ('\n \n')

fprintf ('\n \n'")

fprintf (*\n CONCLUSION \n')

fprintf ('\n R2_W MSE_W R2_pH

fprintf('\n%11.3£%20.4e%19.4£%19.4e%\n’,R2_W,MSE_W,R2_pH,MSE_pH)

fprintf('\n \n'")
fprintf{'\n \n")
fprintf('\n Time (min) J_w(L/dm2/min) pH

W (kg) ¢ £ a@l\n');

173
174

175 fprintf('\n%$11.3£f%$20.4e%19.4£%19.4e%19.4e%19.4e%\n",T(2z),J(2),p(2),c(2),d(z),e(2));

176
77,
178
179
180

for x=5:5:200000000;
z=x*150;

end

MSE_pH\n') ;
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12
13
14
15
16
17
18
1.9
20
21

function fu=Acetich ValericlO(z,t)

%Independent Variables

v £ 0=1;C d s 0=1;v_d 0=0.5;

%Fixed Variable

T=301;f=1.58;

L=0.9207;D=0.023;W=0.4572;A m=42*%10"(-2);d_h=0.0438;
% Acid Variables

s

C_£ a 0=5*10"(-3);

C £ al 0=10*10~(-3);

FEEEEELLILRILIILLLLLLLRILLLLLLLHIYS

B_a=2.093/60/100;% B of Acetic Acid

B_al=0.491/60/100;% B of Valeric Acid

T RSP IR R TR IR LARLLLNHRNRSYY

D A 298=6.534*10~(-6) ;D_HA 298=7.74*10"(-6) ; 3Acetic Physicocmical

D Al 298=5.226*10"(-6) ;D HAl 298=4.902*10"(-6);%Valeric Physicocmical Property

R R R R e R e e R e L L LR LR £ L

K a_T=10%-(1170.48/T-3.1649+0.013399*T) ; %Acetic acid
K al T=10"-(921,.38/T-1.8574+0.012105*T) ;%Valeric Acid
L 1"4

Property
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22
23
24
25
26
27
28
29
30
3L
32
33
34
45,
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

%Constant Variable

B s8=0.256/60/100;% normal..B s(0.256) =4.27*10"(-5)
A=0.442/60/100;%..(0.413) New Value

o_s=0.936;

§=500*10*-5;

D _H 298=5.587%10" (-5) ;

visco_298=((298-273)+246)/((0.05594* (298-273) +5.2842) * (298-273)+137.37) ;

visco_T=((T-273)+246)/((0.05594* (T-273)+5.2842) *(T-273)+137.37) ;
SRR AR R R R R R R R R R AR R R R R R R R R AR R A R R A R A R A R R R R R R R AL R AR R A X S A A A £ £
o_a=l;n_s=2;R=0.08314;

o_al=l;

$Temperature Correction

E R R R R R R AR R R R R R R R A R A R R AR R R R R R R R R R R LR R A R A LA R L L £ ]
K CO2_T=10"-(3404.71/T-14.8435+0.032786*T) ;

K _w_T=10"(-4470.99/T+6.0875-0.017060*T) ;
E=2727.586+0.6224107*T-466.9151*10g (T)-52000.87/T;
d=1-{(((T-273)-3.9863) "2* ((T-273)+288.9414))/(508929.2* ((T-273) +68
+0.011445%exp ((-374.3) /(T-273));

A I=(1.82483*10"6*d"0.5)/(E*T)"1.5;

K=1/K_a_T;

FAAAAAAAAAAAAAANAAAAAAAAAAAAAAAAAAAAAN

K1=1/K_al_T;

GAAAAAAAAAARAAAAAAAAAAAAAAAAAAAAAAAAAA

D H T=D_H 298*T/298*visco_298/visco T ;

D A T=D A 298*T/298*visco 298/visco_T;

D_HA T=D HA 298*T/298*visco_298/visco_T;
GAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
D Al T=D Al 298*T/298*visco_298/visco_T;

D _HAl T=D HAl 298*T/298*visco_298/visco_T:
GAAAAAAAAAAAAAAAAAAAAAAAAAAAANAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
D 1 T=2/(1/D H T +1/D_A_T);

FAAAAAAAAAANAANAANANAAANARNAANANNAANAANAANA

.12963)) ...
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54 D 11 _T=2/(1/D H T +1/D_Al T);

55 %/\/\A/\AAAAAA/\AAAA/\AAA/\AI\/\AAAI\/\AA/\A/\AAAAAAAA

56 K_H=0.034*exp(_2400* (1/T_1/298) ) :%***'k*********k*‘k**********

57 %For carbonic acid

58 P M =0.0025;

LR R e R Rt e R R R R R R R R R e R R R R LR L e e L1

60 %Unknown Variable

61 J w=z(1);P_i=z(2);P m=2(3);J_s=2(4);C_i_s=z(5);

62 C_mf s=z(6);J_a=z(7);C_mf a=z(8);C_1i _a=z(9);C d a=z(10);

63 C_d H=z(ll);gamma_i H=2z(12);I_i=z(13);C_d s=z(14);

64 C mf H=z(15);gamma_mf H=2(16);I _mf=z(17);C_md s=z(18);

65 D d_s=z(19);k _d=z(20);Sh d=z(21);8c_d=z(22);Re_d=z(23);

66 v_d=z(24);den d=z(25);mul d=z(26);f 2=z(27);D f a=z(28);

67 k_f a=z(29);C_f a=z(30):;Sh_f a=z(31);Re_f=z(32);v_£=z(33);

68 f 1=z(34);8c_f a=z(35);D f s=z(36);k f s=z(37);C_f s=z(38);

69 C f ai=z(39);C_f si=z(40);C_d ai=z(41);C d _si=z(42);pH f=z(43);

70 gamma_f H=z(44);C_f A=z(45);I_f=z(46);mul_f=z(47);Sh f s=z(48);

71 Sc_f s=z(49);w=z(50);C £ H=z(51);C f co2=z(52);C_f co2i=z(53);

72 C_f HCO3c=z(54);J_co2=z(55);C_d co2=z(56);C_d HCO3=z(57);

73 I_d=z(58);den_f=z(59);C_d A=z (60);

74 %For 2 acid

75 C_mf al=z(61);C_i al=z(62);J _al=z(63);C_d al=z(64);C_d Al=z(65);C_mf Al=z(66);

76 C_f al=z(67);D_f al=z(68);k f al=z(69);8h_f al=z(70);S8c_f al=z(71);

77 C_f ail=z(72);C_d ail=z(73);C_£f Al=z(74);C_mf A=z (75);gamma_d H=z(76);C_i H=z(77);

78 C_i_A=z(78);C_i Al=z(79);C_d co2a=z(80);

79 $Math Model

80 fu(l)=A*(P_i-P m )-J_w;

81l fu(2)= B_s *(C_i_s-C mf s)-J_s;

82 fu(3)= B_a*(C_mf _a-C_i_a)-J_a;

83 %A/\/\AA/\A/\/\AAAI\A/\/\AI\AA/\AAAA/\AA/\AA/\/\AI\AA/\AAAA/\AAAAAAA/\A/\I\AAAAAAAAI\AAAAAA/\AAA/\AA

84 fu(4)= B_al*(C_mf al-C i al)-J_al;

85 FANAAAAAAAAANNANNANNANNANNANRNANNNNNANNANRNANNANAANNNANRANRNNNNARNNNNANRANRARNNARAN

86 fu(5)=C d a-C_i_a;

G e S S e e e e Sl

88 fu(6)=C_d_al-C i al;

89 FAMNBRNBSNNARARABDDELANABRONBRENEANABADEOSDESCRNADEBERN

90 fu(7)=J_a/J w-C_d_a;

91 %A/\AAAAAAAAAAA/\AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

92 fu(8)=J al/J w-C_d_al;

3. A SN NN IS ST A

94 fu(9)= o_s*n_s*C_i s*R*T+o_a*(C_i_a+C i H)*R*T+o_al*(C_i_al+C_i H)*R*T-P_i;

95 %Charge Balance Equation at interface %%%%%%%%%3353TUBTLHT59BUB355%9%%%%%

96 fu(l0)=C_i A+C_i Al+K w_T/C i H/gamma i H/gamma i H-C i H;

N R R R R R e R R R R R R R e R R R R R e R R R R R Rt e e e R R R R R R L A e L R R R R R R L A e L

98 fu(ll)=A I*(I_i~(1/2)/(1+I_i~(1/2))- 0.3*I_i)+loglO(gamma_i_ H);%"Davies”

99 fu(l2)=0.5*(2*C_i_s+C_i H+C_i A+C_i Al+K w_T/C_i_ H/gamma_i H/gamma_i H)- I_i;
100 fu(l3)=o_s*n_s*C _mf s*R*T+o_a*(C_mf a+C mf H)*R*T+o_al*(C_mf al+C mf H)*R*T-P m;
101 %Charge Balance Equation at membrane active layer %$%%%%%%3%3%%5%5%3%9%%%%%%%%%
102 fu(l4)=C_mf A+C mf Al+K w _T/C_mf H/gamma mf H/gamma mf H-C mf H;

103 $5555 5000ttt TR T AT ILIIRLLRLRRE9%%%

104 fu(15)=A_I*(I_mf*(1/2)/(1+I_mf~(1/2))- 0.3*I_mf)+1loglO(gamma mf H);%"Davies"”

105 fu(1l6)=K a T*(C_mf a-C mf A)/gamma_mf H/gamma mf H/C mf H-C mf A;% **additional
C_mf A

L A U T ey
107 fu(l7)=K al T*(C_mf al-C mf Al)/gamma mf H/gamma mf H/C mf H-C mf Al;

108 SAANAAAAAAAANAAAAAAAANAANAANAANAANAANAARNAANNANAANAANAANANNAANAANAANAANAANARNAANA
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158
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fu(18)=0.5* (2*C_mf_s+C_mf H+K w_T/C_mf H/gamma mf H/gamma mf H+C mf Al+C mf A)-I mf;

fu(19)=((C_md_s-C_i_s)*(12.625%10~(-11)*((0.789*C_i_s+0.211*C_md_s)~4
/(3_w*(0.789*C_i s+0.211*C md s)+ J_s)+(0.211*C_i_s+0.789*C_md s)~4
/{J_w*(0.211*C i s+0.789*C md s)+ J s ))...
-3.885*%10"(-9)*((0.789*C_i_s+0.211*C md s)”3 ...
/(3_w*(0.789*C_i_s+0.211*C_md_s)+ J_s)+(0.211*C_i_s+0.789*C_md_s) 3
/(J_wx(0.211*C_i s+0.789*C_md s)+ J s ))...

+6.975*%10" (-8) *((0.789*C_1i_s+0.211*C md s)"2
/{J_w*(0.789*C_i_s+0.211*C_md _s)+ J_s)+(0.211*C_i_s+0.789*C_md_s)*2
/(3_w*(0.211*C_i s+0.789*C md s)+ J 5 ))...
-4.03*10"(-7)*((0.789*C_i_ s+0.211*C_md s)...
/{J_w*(0.789*C i s+0.211*C md s)+ J_s)+(0.211*C_i s+0.789*C md s)...
/(3_w*(0.211*C_i s+0.789*C md s)+ J_s))...

+0.53%10%(-5)* (1/(J_w*(0.789*C_i_s+0.211*C_md s)+J_s)...
+1/(J_w*(0.211*C_1i_s+0.789*C_md s)+ J_s))))-S;

fu(20)=((C_d_s-C_md_s)*(12.625%10" (-11) * ((0.789*C_md_s+0.211*C_d_s)"4
/(J_w*(0.789*C_md_s+0.211*C_d_s)+ J_s)+(0.211*C_md_s+0.789*C_d_s) ~4
/{J_w*(0.211*C_md_s+0.789*C_d_s)+ J_s ))...

-3.885%10 (=9) * ( (0.789*C_md_s+0.211*C d s)"3 ...

/{3_w*(0.789*C_md s+0.211*C_d _s)+ J_s)+(0.211*C md_s+0.789*C d s)"3 ...

/{J_w*(0.211*C_md_s+0.789*C_d_s)+ J_s ))...

+6.975%10~ (~8) * ( (0.789*C_md_s+0.211*C_d_s) "2
/{3_w*(0.789*C_md_s+0.211*C_d s)+ J_s)+(0.211*C _md s+0.789*C_d _s) "2
/{3_w*(0.211*C_md_s+0.789%C d s)+ J_s ))...

-4.03%10" (=7)* ((0.789*C_md_s+0.211*C_d_s) ...
/(3_w*(0.789*C_md_s+0.211*C_d_s)+ J_s)+(0.211*C_md s+0.789*C_d s)...
/(3_w*(0.211*C md_s+0.789*C d s)+ J_s))...

+0.53%10" (=5)* (1/ (J_w* (0.789*C_md_s+0.211%C d s)+J_s) ...

+1/(J_w* (0.211*C_md_s+0.789*C_d_s)+ J_s))))-D_d_s/k_d;

fu(21)=Sh d*D_d_s/d_h-k d;

£u(22)=5.05%10" (-11) *C_d_s"4-2.59%10~ (-9) *C_d_s"3+4.65%10* (-8) *C_d_s*2-4.03*10" (-7) ¢
*C_d_s+1.06%10~(-5)-D_d_s:

fu(23)=L*v_d*den_d/mul_d-Re d;

fu(24)=(f_2+f) /2/W/D-v_d;

fu(25)=£f+J_w*A m-f 2;
fu(26)=0.0538*C_d_s"2+0.4159*C_d_s+5.0095-mul_d;
fu(27)=37.0166*C_d_s+997.2911-den_d;

fu(28)= 0.04*Re_d"(3/4)*Sc_d*(1/3)-sh_d;

fu(29)= mul_d/den_d/D_d s-Sc_d;
fu(30)=(0.5*(C_f a-C mf a)*((D_1 T-D HA T)/...

(8qrt (1+4*K* (0.789*C_mf_a+0.211*C_f a))* (J_w*(0.789*C_mf_a+0.211*C_£ a)-J_a)) ...

+(D_1_T-D_HA_T)/ (sqrt(1+4*K* (0.211%C_mf_a+0.789*C_£_a))* (J_w* (0.211*C_mf_a...
+0.789%C_£ a)-J a))+ D_HA T/(J w*(0.789*C mf a+0.211*C_f a)-J a)...

+D_HA T/ ((J_w*(0.211*C_mf_a+0.789*C_f a)-J a))))+D_f a/k £ a;
s

fu(31)=(0.5*(C_£ al-C_mf_al)*((D_11 _T-D HAl T)/...

(SQrt (1+4*K1* (0.789%C mf al+0.211*C_ £ al))*(J_w*(0.789*C mf al+0.211*C £ al)-«
J_al))...

+(D_11_T-D_HAL T)/(sqrt (1+4*K1* (0.211*C_mf_al+0.789*C_f al))*(J_w*(0.211¢

*C mf al...

160

+0.789*C_f al)-J al))+ D _HAl T/(J w*(0.789*C mf al+0.211*C f al)-J al)...



161
162
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+D_HA1 T/ ((J_w*(0.211*C_mf_al+0.789*C_f al)-J al))))+D_f al/k £ al;
s

AAAAAAAAAAAAAAAAAAAAAAAAANAAAAANAAAAAAANAANANAAAAAAAAAAANAAANAAAAAANANAAANAAANAAAAANAANAAAAA

163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199

fu(32)=Sh_f a*D_f a/d h-k_f a;

%AA/\AAAAAA/\AAAAAAAAAAAAAAAAAAAAAA/\AAAAAAAAAAAAAAAAAAAAAAAAAA

fu(33)=Sh _f al*D f al/d h-k f al;

GAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAN

fu(34)=(D_1 T/ (2*K*C_f a)*(-l+sqrt(l+4*K*C_f a))+D HA T/...
(4*K*C_f _a)* (-1+sqrt (1+4*K*C_£_a))*2)-D_f_a;

SANAAAAAAAAAAAAARAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAAAAAAAAAAAAAAAAAA

fu(35)=(D_11_T/(2*K1*C_f al)*(-lt+sqrt(l+4*K1*C_f al))+D HAl T/...
(4*K1*C_f al) * (-l+sqrt (1+4*K1*C_f al))*2)-D_f al;

%AAAAAAAAAAAAAAAAAAAAAAAAAAA/\AAI\AAAI\AAAAAAAAAAAAAAAAAAAAAI\AAAAAA

fu(36)=L*v_f*den f/mul f -Re f;

fu(37)=(f+£f_1) /W/D/2-v_£;

fu(38)=£f-J w*A m-f 1;

fu(39)= 0.04*Re f~(3/4)*Sc_f a~(1/3)-Sh f a;

fu(40)= mul_f/den f/D f a-Sc_f_a;

FAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAN

fu(41l)= 0.04*Re f~(3/4)*Sc_f al~(1/3)-Sh _f_al;

fu(42)= mul_f/den_£f/D_f al-Sc_f_al;

FANAANAAAAANAAANNAAANNANAAANAANAANAANNANAANANAAAANANAANAA

£u(43)=((C_£_s-C_mf s)*(12.625%10~ (-11)* ((0.789*C_mf s+0.211*C_ £ s) "4
/(J_w*(0.789*C_mf s+0.211*C_£ 8)+ J_s)+(0.211*C_mf_s+0.789*C_f s)~4
/(3 _w*(0.211*C_mf s+0.789*C £ s)+ J 8 ))...

~3.885%10% (~9) * ((0.789*%C_mf_s+0.211%C_£ s)~3
/(J_w*(0.789*C_mf_s+0.211*C_f _s)+ J_s)+(0.211*C_mf s+0.789*C_f s)"3
/(3_w*(0.211*C_mf s+0.789*C_£ s)+ J_ 8 ))...

+6.975%10" (~8) * ( (0.789*C_mf s+0.211%C_f s)"2

/(J_w*(0.789%C_mf s+0.211%C_£f s)+ J_s)+(0.211*C_mf_s+0.789%C_f s)~2
/(J_w*(0.211*C_mf_s+0.789*C_£ s)+ J_s ))...

-4.03%107 (=7)* ((0.789*C_mf_s+0.211*C £ s)...

/(3_w*(0.789*%C_mf s+0.211%C_f s)+ J_s)+(0.211*C_mf s+0.789*C_f s)...
/(J_w* (0.211%C_mf_s+0.789*C_£_s)+ J_s))...

+0.53%10% (=5)* (1/ (J_w* (0.789*C_mf_s+0.211*C_£_s)+J_s) ...

+1/(J_w* (0.211*C_mf_s+0.789*C_£ s)+ J_8))))+D_f s/k £ s;

fu(44)=Sh f s*D f s/d h-k f s;
£u(45)=5.05*10% (-11) *C_£_s*4-2.59%10% (~9) *C_£ s~3+4.65%10% (-8) *C_£_s"2-4.03*10* (-7) ¥

*C_f s+1.06*%10~(-5)-D_f_s;

200
201
202
203
204
205
206
207
208
209
210
211
212
213
214

%$Mole balance Equation

fu(46)=(v_£f 0*C_f a O+C £ ai*f 1*t)/(V_f O+f 1*t)-C_f a;
GAAAAAAAAAAAAAAAARANAAAAAAANAAANAAAAAAAAAAAAAAAANAAAAANAAANANAAAAAAAAA
fu(47)=(V_£f 0*C_f al 0+C f ail*f 1*t)/(V_f O0+f 1*t)-C_f al;
GAAAAAAAANANAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
fu(48)=C_f s*f 1*t/(V_f 0+f 1*t)-C_f si;

fu(49)=(C_f a*f-J a*A m)/f_1-C_f ai;
%AAAAAA/\AI\/\/\A/\Al\l\/\AI\I\I\/\I\A/\Al\l\r\Al\AAI\AI\A/\AA/\A/\AI\/\AAI\AAAAAA/\AA

fu(50)=(C_f al*f-J al*A m)/f 1-C _f ail;
GAAAAAAAAAAAAAAAAAAAAAAAAAAARAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
fu(51)=(C_f_si*f+J_s*A m)/f_1-C_f_s;

fu(52)=(C_d s_0*V_d 0+C_d si*f_2*t)/(V_d 0+f_2*t)-C_d s;
fu(53)=(C_d_ai*f*t+C_d ai*(V_d 0+f 2*t-f*t))/(f_2*t)-C_d a;
GAAAAAAAAANAAAAAAAAAANAAANANAAANANAAAAAAAAAAAAAANAAANANANANANAAANA

fu(54)=(C_d ail*f*t+C_d_ail*(V_d_0+f 2*t-f*t))/(f_2*t)-C_d al;
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215 %AAI\AAAAAI\AA/\AA/\AA/\AAAAAAAl\I\AAI\AAI\I\I\AAA/\AA/\AAAAAAAAI\AAAAI\AAAA!\AAA/\A

216 fu(55)=(C_d s*f-J s*A m)/f _2-C_d si;

217 fu(56)=(C_d a*f 2-J _a*A m)/f-C_d ai;

218 FANANNAAANAAANAANNNNNNNNANAARNNANANNNNNNNNANNNANNNNNAR

219 fu(57)=(C_d al*f 2-J al*A m)/f-C_d ail;

) e R S N R A o R AR e e,

221 %additional Equation

222 fu(58)= 0.04*Re_f~(3/4)*Sc_f s~(1/3)-Sh_f s;

223 fu(59)= mul_f/den f/D f s-Sc_f_s;

224 fu(60)=J_w*A_m*t*den_d/1000-w;

225 %pH Equation..

226 SH5TETUHLLLLLALLLLLIILLLLLLLLLHLN%%Y

227 fu(6l)= pH_f+loglO(gamma f H*C_f H);

228 535555 HBPTTTHTLALLLDHI9%%9%%%%

229 fu(62)=K_a T*{(C_f a-C_f A)/gamma_f H/gamma f H/C_f H-C_f A;

230 %AAAA/\/\I\AAI\AAI\AAAAAAAAAAAAAI\I\AA/\AAI\AAI\AAA/\AA/\AAAAAAAAAAAAAAAAAAAAAAAAA

231 fu(63)=K_al T*(C_f_al-C_f Al)/gamma_ f H/gamma_ f H/C_f H-C_f Al;

232 FANNANNAANNANNANNANNNRNANNANNANNANNARNNANNANNANNANNANNANAARNNANNARRARNANA

233 fu(64)=A I*(I_£~(1/2)/(1+I_£~(1/2))-0.3*I_£)+logl0 (gamma_f H);%Davies;

234 %ionic streanght in feed solution

235 AL AL LRI E R AL LA L LA L AL LELLEIILLLLLLLLLLLLLILLLLLLLLLRELL%%%%5
236 fu(65)=0.5%(2*C_f si+C f H+K w T/C_f H/gamma f H/gamma f H+C f A+C f Al+C_f HCO3c)-¢
I_f;

237¢

SRR R R R R R e R R R e e R R e R R R R e R R R L R R e e R R R R R R R R R R L E]
238 %Charge Balance Equation $%%%%%%555%55%550555555559% 3002055055955 9%%9%%%%5%%%%%%

239 fu(66)=(C_f HCO3c+C_f A+C f Al+K w_T/C f H/gamma f H/gamma f H)-C_f H;

240 5355550ttt NIt LLSLILLLLSR%S

241 %Co2 diffuse to feed solution

242 fu(67)=P_M*C_d co2-J co2;

243 fu(68)=C_f co2i*(V_f 0+f 1*t-f*t)-(C_f co2*f_ 1*t-C_f co2i*f*t);

244 fu(69)=C_f_co2i*f*t+J_co2*A_m*t-C_f_co2*f_l*t;

245 %Carbonic acid produce in feed solutions

246 fu(70)=10"-3.45/gamma_f H/gamma f H/C_f H*(C_f co2-C_f HCO3c)-C_f HCO3c;

247 % In draw solution

248 fu(71)=gamma_d H*gamma_ d H*C_d H*C_d_HCO3/K_CO2_T+C_d_HCO3-C_d_co2;%**#****

249 fu(72)=(-K_CO2_T+sqrt (K_CO2_T*2+4*K_CO2_T*gamma_d H*gamma_d H*C_d_co2a))/¥¢
(2*gamma_d H*gamma d H)-C_d HCO3;

250 %ionic streanght in draw

251 s«

SOlutions sttt sttt sttt sttt r st sttt sttt ot r e r et oT oo %%9%5%%3%
%

252 fu(73)=0.5* (2*C_d si+C_d H+K w _T/C d H/gamma_d H/gamma d H+C d A+C_d Al+C_d HCO3)-¢
I_d;

253¢

R L T T T 1"
%%

254 %Charge balance at draw solution$$%$%$%5t555555553530555959555505555%59%%%%%

255 fu(74)=(C_d HCO3+C_d A+C d Al+K w T/C d H/gamma d H/gamma d H)-C d H;

VAT IR R R R R R R R R R R R R R R R R R R R R R R R R R R R R R L R R R R R e R R R R R R R R L s R R SRR LR L £ 1]

257 fu(75)=K_a T*(C_d_a-C_d_A)/gamma_d H/gamma_d H/C d H-C d A;

258 LR It T A N T AR AT LLT LTI LLLRRERSS

259 fu(76)=K_al_T*(C_d_al-C_d Al)/gamma_d H/gamma_d_H/C d_H-C d Al;

260 SRR LA LRttt Attt T LRI L AL AL TLLIRLLLL LTI LILLLHLERLS

261 fu(77)=10"-(A I*(I_d~(1/2)/(1+I_d~(1/2))-0.3*I _d))-gamma _d H;%Davies;

262 %Additional Equation From Interface



263
264
265
266
267
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fu(78)=K a _T*(C i a-C i A)/gamma i H/gamma i H/C_i H-C_ i A;
GAAAAANAAAAAAAAAAAAAAAAANAAANAAAAAAAANAAAAAAAAAAAAAAAAANARAAAAAANAAAAAAAANAAA

fu(79)=K_al _T*(C_i_al-C_i_Al)/gamma_i_ H/gamma_i_ H/C_i H-C i Al:

GAAAAAAAAAAAANAAAAARANAAAANAAAAARNARAARAARAAAANANAAAAARNANAANAAAAARNANAAAAAANA

fu(80)=10%-3.408*K H/10”"((((33.5-0.109*(T-273)+0.0014* (T-273)72)*I d-(1.5+0.015* (T-¢

273)+0.004*(T-273)~2) *I_d"2))...

268
269
270
271

/T)-C_d_co2a;



Appendix H Experimental Data

H1. A single carboxylic acid as feed solution and NaCl as draw solution

Acetic acid Butyric acid
Time(hr)  Weight Change of Draw solution (Kgs) pH of feed solution Weight Change of Draw solution (Kgs) pH of feed solution
0.0 0.000 3.427 0.000 3.448
0.5 0.017 3.384 0.016 3.432
1.0 0.031 3.360 0.032 3.427
15 0.045 3.357 0.046 3.422
2.0 0.060 3371 0.063 3411
2:5: 0.077 3.351 0.079 3.405
3.0 0.090 3.361 0.094 3.401
3.5 0.099 3.357 0.107 3.394
4.0 0.113 3.314 0.121 3.389
4.5 0.130 3.327 0.135 3.383
5.0 0.145 3.300 0.149 3.376
5.5 0.159 3.285 0.161 3.365
6.0 0.171 3.289 0.173 3.353
6.5 0.182 3.276 0.187 3.357
7.0 0.196 3.266 0.197 3.348
7.5 0.205 3.252 0.210 3.334
8.0 0.221 3.241 0.223 3.336
8.5 0.231 3.229 0.234 3.327
9.0 0.244 3.219 0.245 3.314
9.5 0.255 3.207 0.261 3.308
10.0 0.263 3.198 0.273 3.305
10.5 0.275 3.188 0.285 3.292
11.0 0.289 3.177 0.296 3.288
11.5 0.298 3.168 0.306 3.275
12.0 0.308 3.160 0.317 3.262
12.5 0.323 3.140 0.328 3.254
13.0 0.332 3.126 0.339 3.248
13.5 0.340 3.113 0.350 3.246
14.0 0.354 3.114 0.360 3.223
14.5 0.367 3.001 0.371 3.211
15.0 0.376 3.087 0.380 3.204
15.5 0.388 3.072 0.389 3.199
16.0 0.399 3.064 0.400 3.197
16.5 0413 3.058 0.409 3.182
17.0 0.422 3.040 0.419 3.174
17.5 0.429 3.036 0.428 3.165
18.0 0.440 3.025 0.437 3.153
18.5 0.451 3.011 0.446 3.145
19.0 0.461 3.005 0.455 3.133
19.5 0.468 2.995 0.462 3.136
20.0 0.477 2.980 0.471 3.128
215 0.486 2.968 0.480 3.111
21.0 0.494 2.961 0.488 3.103
215 0.503 2.951 0.496 3.092
22,0 0.512 2,942 0.504 3.081
225 0.522 2.928 0.512 3.078
23.0 0.530 2,921 0.519 3.074
235 0.539 2911 0.527 3.069
24.0 0.547 2.903 0.535 3.055
245 0.556 2.895 0.542 3.046
25.0 0.564 2.886 0.549 3.035
25.5 0.572 2.877 0.556 3.031
26.0 0.580 2.870 0.563 3.026
26.5 0.588 2.861 0.569 3.018
27.0 0.598 2.851 0.575 3.013
275 0.604 2.844 0.582 3.005
28.0 0.614 2.836 0.588 2.997
28.5 0.619 2.832 0.594 2.993
29.0 0.628 2.825 0.599 2.989
295 0.634 2.818 0.606 2.978

30.0 0.645 2.811 0.610 2974



Time(hr)
0.0

17.5
18.0
18.5
19.0
18.5
20.0
21.5
21.0
215
22.0
225
23.0
235
24.0
245
25.0
25.5
26.0
26.5
27.0
27.5
28.0
28.5
29.0
29.5
30.0

Weight Change of Draw solution (Kgs) pH of feed solution

0.000
0.015
0.032
0.049
0.064
0.078
0.091
0.105
0.118
0.132
0.145
0.162
0.174
0.185
0.197
0.210
0.222
0.235
0.245
0.257
0.269
0.281
0.293
0.304
0.316
0.327
0.338
0.349
0.360
0371
0.381
0.391
0.401
0412
0.422
0.432
0.441
0.451
0.461
0.471
0.478
0.489
0.499
0.508
0.517
0.526
0.535
0.543
0.552
0.560
0.567
0.575
0.582
0.589
0.597
0.604
0.611
0618
0.626
0.632
0.639

Lactic acid

2926
2.930
2.926
2,931
2922
2.919
2913
2.909
2.901
2.899
2.899
2.889
2.888
2.880
2.879
2.877
2.874
2,871
2.866
2.863
2.860
2.855
2.849
2.846
2.840
2.835
2.830
2.824
2.820
2.814
2.808
2.803
2.797
2,792
2.786
2.781
2.775
2771
2.765
2.760
2.755
2751
2.747
2.742
2,738
2733
2.728
2725
2721
2716
2714
2.709
2.705
2.701
2.700
2,695
2,693
2.690
2.685
2680
2676

Valeric acid
Weight Change of Draw solution (Kgs)
0.000
0.027
0.043
0.057
0.071
0.083
0.098
0.110
0.125
0.139
0.149
0.165
0.176
0.188
0.203
0.214
0.228
0.238
0.253
0.263
0.275
0.287
0.297
0.311
0.321
0.330
0.344
0.353
0.362
0.372
0.386
0.395
0.403
0415
0.425
0434
0.446
0.456
0.467
0.475
0.479
0.484
0.491
0.500
0.513
0.522
0.531
0.539
0.546
0.553
0.560
0.566
0.570
0.575
0.582
0.590
0.597
0.606
0.614
0.620
0.620

pH of feed solution
3.409
3.410
3.409
3.409
3.404
3.390
3.390
3.379
3.378
3.373
3.361
3.356
3.349
3.341
3.339
3.327
3.318
3.315
3.304
3.301
3.293
3.288
3.277
3.264
3.263
3.254
3.246
3.239
3.231
3.223
3.211
3.207
3.198
3.188
3.184
3.175
3.161
3.155
3.148
3.145
3.133
3.124
3.117
3.110
3.096
3.092
3.089
3.084
3.078
3.070
3.063
3.053
3.041
3.034
3.028
3.021
3.015
3.008
3.003
3.002
2.999

341
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H2. A mixture of two carboxylic acids as feed solution and NaCl as draw

solution
Acetic acid 5 mM+Valeric acid 10 mM Acetic acid 10 mM+Valeric acid 5 mM
Time(hr) Weight Change of Draw solution (Kgs)  pH of feed solution Weight Change of Draw solution (Kgs) pH of feed solution
0.0 0.000 3.311 0.000 3.360
0.5 0.015 3.299 0.015 3.369
1.0 0.031 3.289 0.030 3.348
15 0.046 3.281 0.045 3.330
2.0 0.063 3.268 0.057 3.320
25 0.076 3.261 0.072 3.310
3.0 0.091 3.253 0.085 3.299
3.5 0.104 3.248 0.100 3.287
4.0 0.119 3.238 0.113 3.273
4.5 0.132 3.230 0.127 3.264
5.0 0.146 3.221 0.141 3.256
5.5 0.160 3.213 0.154 3.245
6.0 0.173 3.204 0.168 3.234
6.5 0.186 3.195 0.182 3.224
7.0 0.199 3.188 0.194 3.214
7.5 0.213 3.179 0.208 3.201
8.0 0.225 3.169 0.221 3.191
8.5 0.238 3.159 0.232 3.180
9.0 0.250 3.150 0.245 3.171
9.5 0.262 3.141 0.257 3.159
10.0 0.273 3.133 0.269 3.146
10.5 0.285 3.124 0.281 3.134
11.0 0.296 3.114 0.293 3.123
115 0.308 3.106 0.304 3.112
12.0 0.319 3.096 0.316 3.100
12.5 0.330 3.088 0.326 3.089
13.0 0.341 3.077 0.337 3.077
13.5 0.351 3.068 0.349 3.066
14.0 0.362 3.058 0.360 3.056
145 0.372 3.050 0.370 3.045
15.0 0.382 3.042 0.381 3.035
15.5 0.393 3.033 0.389 3.026
16.0 0.403 3.025 0.398 3.012
16.5 0.412 3.018 0.410 3.001
17.0 0.422 3.010 0422 2,991
17.5 0.432 3.003 0.430 2.974
18.0 0.442 2.996 0.439 2.967
18.5 0.452 2.989 0.449 2.953
19.0 0.461 2.982 0.460 2.943
195 0.470 2975 0.469 2.932
20.0 0.479 2.968 0.478 2.922
215 0.489 2.962 0.487 2912
21.0 0.498 2.956 0.497 2.903
215 0.507 2,951 0.504 2.892
22.0 0.516 2945 0.513 2.881
225 0.524 2937 0.520 2.871
23.0 0.534 2.930 0.528 2.864
235 0.542 2923 0.535 2.855
24.0 0.550 2918 0.542 2.845
245 0.559 2911 0.549 2.835
25.0 0.567 2.906 0.557 2.827
25.5 0.576 2.901 0.564 2.819
26.0 0.584 2.895 0.571 2.811
26.5 0.592 2.891 0.577 2.805
27.0 0.601 2.888 0.584 2.797
275 0.609 2.879 0.590 2.788
28.0 0.616 2.875 0.597 2.782
28.5 0.624 2.873 0.603 2.778
29.0 0.629 2.867 0.609 2.772
29.5 0.629 2.862 0.615 2.767

30.0 0.629 2.859 0.621 2.767
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Acetic acid 10 mM+Valeric acid 10 mM
Time(hr)  Weight Change of Draw solution (Kgs) pH of feed solution

0.0 0.000 3.277
0.5 0.017 3.268
1.0 0.033 3.264
1.5 0.049 3.259
2.0 0.064 3.254
2.5 0.078 3.246
3.0 0.093 3.239
3.5 0.107 3.231
4.0 0.120 3.222
4.5 0.134 3.215
5.0 0.147 3.204
5.5 0.160 3.197
6.0 0.173 3.189
6.5 0.185 3.181
7.0 0.197 3.173
7.5 0.209 3.164
8.0 0.221 3.155
8.5 0232 3.147
9.0 0.244 3.137
9.5 0.260 3.129
10.0 0.271 3.119
10.5 0.282 3.110
11.0 0.292 3.101
11.5 0.303 3.091
12.0 0.314 3.082
12.5 0.323 3.072
13.0 0.334 3.063
13.5 0.344 3.054
14.0 0.354 3.045
14.5 0.364 3.036
15.0 0373 3.027
15.5 0.382 3.017
16.0 0.391 3.007
16.5 0.400 2.998
17.0 0.409 2.990
17.5 0417 2.979
18.0 0.426 2.970
18.5 0434 2.960
19.0 0.443 2.952
19.5 0.450 2.944
20.0 0.458 2.936
215 0.466 2.926
21.0 0479 2.918
215 0.486 2.907
22.0 0.493 2.895
22,5 0.500 2.890
23.0 0.506 2.884
235 0.513 2.875
24.0 0.519 2.866
24.5 0.526 2.858
25.0 0.532 2.851
255 0.538 2.840
26.0 0.544 2.834
26.5 0.549 2.825
27.0 0.555 2.816
27.5 0.560 2.809
28.0 