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CHAPTER |
INTRODUCTION

1.1 Statement of problem

Volatile organic compounds (VOCs) are organic chemicals that have high
vapor pressures under normal conditions to rapidly vaporize and enter the
atmosphere. The main component of VOCs is carbon atoms that bond to hydrogen
and other elements. The VOCs have vapor pressure greater than about 0.0007 atm
(70 Pa) and initial boiling points less than or equal to 250 °C (482 °F, 523 K) measured
at a standard atmospheric pressure (101.3 kPa). The VOCs are both outdoor
pollutants and indoor pollutants that emitted from manufacture process and the use
of household products containing VOCs. These substances are able to participate in
atmospheric photochemical reactions under certain condition to form smog or
ozone, which is well known to cause adverse effects on plant and living things. The
chemicals also have short- and long-term serious human health effects.

In this research work, benzene is chosen to represent a toxic VOC. The
benzene molecule is a hexagon formed by six sets of carbon and hydrogen atoms
bonded together with alternating single and double bonds. Due to their low boiling
points, it is found most often in air as a result of emissions from burning coal and oil,
gasoline vapors at gasoline service stations, motor vehicle exhaust, cigarette smoke,
wood-burning fires, some adhesives, and other sources (EPA, 1998). Human exposure
to benzene has been associated with a range of acute and long-term adverse health
effects and diseases. For high concentrations exposure can result in death.
Moreover, the U.S. EPA classified benzene as a human carcinogen for all routes of
exposure. Therefore, the emissions of benzene to atmosphere are regulated to
reducing their emission.

A number of methods for controlling benzene emissions have been
developed. The chemical and physical properties of benzene are of primary concern
in choosing the treatment system. Moreover, selecting a benzene abatement

technology usually depends on their concentration and operation cost.



Absorption process is a commonly used as a raw material or product recovery

techniques inspiration and purification of gases streams containing high
concentrations of VOC. However, it is possibility used as an emission control
technique (EPA, 2009). The absorption is a diffusional mass-transfer operation by
which a soluble gaseous component is removed from a gas stream by dissolution in
a solvent liquid. The driving force for mass transfer is the concentration difference of
the solute between the gaseous and liquid phases (Higbie, 1935).
Bubble column (BC) and airlift reactor (ALR) are multiphase absorption reactors in
which a gas phase is dispersed in form of small bubbles into liquid phase. These gas-
liquid reactors have been extensively used in emission control process due to their
simple construction, ease of operation, flexibility, and relatively high mass transfer
efficiency.

In recent years, the addition of solid phase in gas-liquid reactors has also
attracted much attention due to their numerous advantages. The main advantages
over conventional reactors include excellent contact among the gas-liquid-solid

phases, which improve mass transfer rates.

1.2 Objectives

The purpose of this study was to determine the impact of plastic media on
oxygen mass transfer and bubble hydrodynamic parameters at a variety of gas flow
rate in a bubble column (BC) and an internal loop airlift reactor (ILALR). The different
types and amount of small size plastic particles were added into the reactors, overall
mass transfer coefficients, bubble diameters, terminal rising bubble velocity, specific
interfacial area, and liquid film mass transfer coefficient were investigated. These
experimental results can be applied for designing a high-efficiency benzene
absorption system. Moreover, the most practical condition was determined. The
scope of this work is as follows:

1. Effect of plastic media on overall mass transfer coefficient in BC.

2. Effect of plastic media on bubble hydrodynamic parameter in BC.

3. Study the oxygen mass transfer and bubble hydrodynamic parameters in ILALR.



4. Effect of plastic media on oxygen mass transfer and bubble hydrodynamic
parameters in ILALR.

5. Comparison the effect of best plastic media condition on mass transfer
and bubble hydrodynamic parameters in BC and ILALR.

6. Application for benzene gas absorption.

1.3 Scopes of the Study

1. This experiment is carried out in laboratory scale with the BC and ILALR at
atmospheric pressure and water temperature 26 (+1) °C. The BC was made of
Plexiglas with 14 cm in diameter and 100 cm in height. For ILALR system, the
rectangular Plexiglas baffle (with 13 cm width, 80 cm height, and 0.5 cm thickness) is
installed within the BC in order to divide the cross section into a riser zone and a
down-comer zone.

2. Gas diffuser used in this work is rigid orifice diffuser and different gas flow
rates (2.5, 5, 7, 10, 15, 20 L/min).

3. The experiment can be divided into two part; oxygen absorption and
benzene absorption parts. For oxygen absorption part, the mass transfer parameters
(overall mass transfer coefficient, K.a; and liquid-side mass transfer coefficient, K)
and the bubble hydrodynamic parameters (bubble size, Dg; terminal bubble rising
velocity, Ug; and specific interfacial area, a) will be studied in BC and ILALR for with
and without plastic media particles. For benzene absorption part, the best condition
(most practical reactor, most practical types and amount of plastic media) obtained
with oxygen absorption part will be applied for this part, the mass transfer
parameters (overall mass transfer coefficient, K .a) and benzene removal efficiency
will be studied.

4. For oxygen absorption part, the liquid phase used in this study was tap
water. Sodium sulfite was added into water to decrease the oxygen concentration in
water. The overall mass transfer coefficients (K.a) are determined by using the
experimental data based on the variation of oxygen concentration in liquid phase
with time. The oxygen concentrations obtained in this study are measured by

dissolved oxygen electrode (DO electrode).



5. Specific interfacial area (a) is calculated by using experimental results of
bubble diameter (Dg), and terminal rising bubble velocity (Ug). The Dg and Ug values
are determined with photographic technique by using a high speed camera (350
images/second).

6. For benzene absorption part, the K .a values are determined by using the
experimental data based on the variation of benzene concentration in liquid phase
(absorbent) with time. The benzene concentrations obtained in this study are
measured by UV-Visible Spectroscopy. Moreover, the benzene gas inlet and outlet of
the reactor were collected into air bag at 5.0-5.5 minutes. The benzene gas
concentrations were measured by the Agilent Technologies gas chromatograph (GC)
6890N equipped with flame ionization detector. The area under curve of benzene
gas obtained with gas chromatography will applied to calculate the benzene removal

efficiency.

1.4 Hypotheses:

1. Addition of plastic media in the reactors affect to oxygen mass transfer and
bubble hydrodynamic parameters.

2. The most practical condition (Reactor, and types and concentration of
plastic media) obtained with oxygen absorption part provides high efficiency of

benzene removal.



CHAPTER Il
BACKGROUND AND LITERATURE REVIEW

2.1 Volatile organic compounds

Volatile organic compounds (VOCs) are organic chemicals that have high
vapor pressures under normal conditions to rapidly vaporize and enter the
atmosphere. The main component of VOCs is carbon atoms that bond to hydrogen
and other elements. The VOCs have vapor pressure greater than about 0.0007 atm
(70 Pa) and initial boiling points less than or equal to 250 °C (482 °F, 523 K) measured
at a standard atmospheric pressure (101.3 kPa). The VOCs are both outdoor
pollutants and indoor pollutants that emitted from manufacture process and the use
of household products containing VOCs. These substances are able to participate in
atmospheric photochemical reactions under certain condition to form smog or
ozone. Ozone is well known to cause adverse effects on plant and living things. The
chemicals also have short- and long-term serious human health effects. Therefore,
the emissions of VOCs to atmosphere are regulated to reducing their emission. The
several VOCs treatment system has been studied in order to controlling their
emission to meet the regulation standard.

In this research work, benzene is chosen to represent a toxic VOC. Benzene is
found most often in air as a result of emissions from burning coal and oil, gasoline
vapors, motor vehicle exhaust, wood-burning fires, and other sources. Human
exposure to benzene has been associated with a range of acute and long-term
adverse health effects and diseases. Moreover, the U.S. EPA classified benzene as a
human carcinogen. Therefore, the study and development of benzene emission
control technique is very important.

A number of methods for controlling benzene emissions have been
developed. The chemical and physical properties of benzene are of primary concern
in choosing the treatment system. Moreover, selecting a benzene abatement

technology usually depends on their concentration and cost.



2.2 Control of gaseous benzene

There are many methods have been used for controlling benzene emission,
which are including:

2.1.1 Combustion

Combustion process has been used in petrochemical and other industries for
reducing benzene to non-hazardous compounds such as carbon dioxide and water.
Efficiency of this abatement method depends on combustion temperature and
burning duration.

2.1.2 Adsorption

Adsorption is primarily a physical process that a gas or liquid solute
accumulates on the surface of a solid or a liquid (adsorbent) to form a molecular or
atomic film (adsorbate). The process requires very large surface areas to be effective.
Adsorption technology is usually applied for control of organic compounds. In case
of benzene, the contaminated gas is trapped on the surface of solid adsorbent such
as activated carbon, and synthetic resins. If a surface already heavily contaminated
by adsorbate, it is hard to have much capacity for additional binding. Therefore,
regeneration system is required to clean spent adsorbents.

2.1.3 Absorption

Absorption process was developed to remove benzene from air into an
aqueous phase. For benzene treatment, the benzene gas is absorbed by liquid
(absorbent). Absorption efficiency depends on the property of the liquid, contact
area between the gas and the liquid, contact time between gas and liquid, and the
absorption rate between the gas and the absorbent.

The efficiency, advantage, and disadvantage of these methods are shown in

details in Table 2.1



Table 2.1 Technology for removal benzene

Inlet
Device
Conc. | Efficiency Advantages Disadvantages
Inlet
PPMV
250 90%
- Especially good for inorganic
Absorption 1,000 95% - Limited applicability
acid gasses
5,000 98%
200 50%
- Low capital investment | - Selective applicability moisture
Adsorption 1,000 90-95%
good for solvent recovery and temperature constraints
5,000 98%
- High destruction efficiency
Thermal 20 95% - No organics can be recovered
- Wide applicability can
incineration 100 99% - Capital intensive
recover heat energy
Catalytic
50 90% - High destruction efficiency - No organics can be recovered
incineration
- Can be less expensive than | - Technical limitations that can
>95% thermal poison
Flares 100
>98% - High destruction - No organics can be recovered
efficiency - Large emissions only

In this work, the absorption method is chosen to controlling benzene
emission. The absorption techniques are often used to remove benzene from

gaseous stream, since they provide high performances in benzene treatment process.

2.3 Absorption process

Absorption is a mass transfer operation in which a gas stream is contacted
with a liquid for the purpose of dissolving one or more components of the gas
stream and to provide a solution of them in the solvent liquid. Mass transfer is
directly proportional to the magnitude of the concentration gradient between the
two phases.

2.3.1 Absorption mechanism

The absorption system, in case of removal gaseous pollutant, the
contaminant gas stream must be contact with a liquid. There are three steps in the
absorption process. The first step, the pollutant diffuses from the bulk area of the
gas phase to the gas-liquid interface. The second step, gaseous pollutants transfer

across the interface to the liquid phase. The third step, the pollutants diffuse into



the bulk area of the liquid, making room for additional gas molecules to be
absorbed.

The most efficient system can be designed by knowing variables that control
the process. It is assumed that the first and second steps occur simultaneously. The
second step does not need to be considered when deriving absorption efficiency
equations because it is extremely rapid. The absorption rate is dependent upon the
diffusion rate in either the gas phase or the liquid phase.

Both gas phase controlled absorption and liquid phase controlled absorption
are used to describe mass transfer rates. Each mechanism depends on the diffusion
rate in both phases and upon the solubility of the pollutant in the liquid phase. The
gas phase controlled systems absorb pollutants more readily than do the liquid
phase controlled systems. Thus, absorption systems for air pollution control are
basically designed to be gas phase controlled.

2.3.2 Gas solubility in liquid phase
Solubility of gaseous contaminant is an important factor affecting the amount of a
contaminant that can be absorbed. Solubility is a function of both the pressure and
temperature of the system. If the pressure of system increases, the amount of gas
absorbed by the liquid also increases. If temperature increases, the amount absorbed
decreases. At a constant temperature, the amount of a gas that dissolves in liquid is
directly proportional to the partial pressure of that gas in equilibrium with that liquid

as shown in Henry’s law equation below:

p * = Hx (2.1)
where p* = Partial pressure of solute at equilibrium (units of pressure)
H = Henry’s law constant (pressure/mole fraction)
X = Mole fraction of solute in the liquid

If the partial pressure is low, the component has very little potential to leave
the liquid phase, thus the component is high solubility. Henry’s law is generally used
to predict solubility of component in the low concentration range. The Henry’s law

constant is the slope of the calibration curve between partial pressure and



concentration. Henry’s law can predict only for the permanent gases which do not
change molecular form upon being dissolved.

High Henry’s law coefficients compounds are the compounds that have high
vapor pressures and low solubility. If Henry’s law coefficient of compounds above
0.01 (milligrams per liter over milliscrams per liter), they are considered as volatile
compounds. If Henry’s law coefficient is between 0.0001 and 0.01, the compounds
are considered semi-volatile. If Henry’s law coefficient is below 0.0001, the
compound is considered nonvolatile from the aqueous phase. Table 2.2 provides the
Henry’s law coefficients for some compounds.

Table 2.2 Henry’s law coefficients of some common compounds.

Compound Gas-phase concentration [ppm/(mg/L)]

Octane 33,900

Oxygen 22,600
Hydrogen sulfide 255
Benzene 71
PCBs 2.96
Ammonia 0.78
Ethanol 0.66

2.3.3 Equipment description for absorption process

Absorption equipment is designed to increase the potential for absorption to
occur by increasing the sufficient contact time and contact surface area between two
phases. Mass transfer rate depends on the contact area between air and liquid.

Absorption equipment includes:

Tray (Plate) columns/towers

Plate column includes of a vertical cylindrical vessel in which gas is injected
into the tower from the bottom of the tower, rising gas and falling liquid on each
tray. Bubble-cap or valve-cap trays are the vapor and liquid contact devices used in
plate columns. To design an absorption process, the number of bubble-cap tray
required in the process should be determined. Example of plate column is shown in

Figure 2.1



10

4 Gas

55 oo s <— Liquide

OO0, 000

(o] C; o CECJ ﬁ]

o0 000 ]
Gas —» Liquide

Figure 2.1 Pate column
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Packed bed towers/columns

Packed bed tower is the most common gas absorption device. Packed bed
tower consists of a vessel containing a packing material inside in order to provide a
large surface area contact between air and liquid. Packed column are classified
according to the relative direction of gas-to-liquid flow. The most common packed
tower is the countercurrent flow tower, which flow of liquid and gas streams in
opposite directions as shown in Figure 2.2. The gas stream enters the bottom of the
tower and flows rising over the packing material. Liquid is sprayed at the top of the

packing and flows downward over the packing material.

o~ Mist eliminator

/— Liquid sprays

| — Packing

Figure 2.2 Packed towers
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Spray towers/chambers

Spray towers or spray chambers consist of vacant vertical vessels containing
nozzles that spray liquid into the vessels. The contaminated gas stream typically
enters the bottom of the vessels and moves upward, while liquid is sprayed
downward from one or more levels, thus it is countercurrent flow. The smaller liquid
droplets provide a large surface area for absorbing gas. However, the liquid droplets
must be large enough to not be carried out of the scrubber by the scrubbed outlet
gas stream. The spay towers can be used for gas absorption, but they are not as

effective as tray tower and packed column. Example is shown in Figure 2.3

Liqud sprays f.‘

Figure 2.3 Spray towers

Bubble columns

Bubble column reactor is widely used as gas-liquid absorption process.
Bubble columns are basically a cylindrical vessel with a gas distributor at the bottom
as show in Figure 2.4. The gas is sparged in the form of bubbles into a liquid phase.

The bubble column can achieve high efficiency for benzene removal.
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Figure 2.4 Bubble columns

The performance and efficiency of a bubble column is generally upon these

factors:

1) Mass transfer parameters such as overall mass-transfer coefficients and
liquid side mass transfer coefficients.

2) Hydrodynamic parameters such as bubble diameter, terminal rising bubble

velocity, and bubble formation frequency.

Centrifugal contactors

Centrifugal contactors or annular centrifugal contactor, as shown in Figure 2.5,
consist of a stationary ringed housing, intermeshed with a ringed rotating section. The
liquid phase enters to the column and flow outward by centrifugal force. The gas
flows inward by a pressure driving force. Very high mass transfer rates can be achieved
with only moderately high rotation rates. This contactor is frequency used when tray

tower or packed column is not available or when a short residence time is desired.

Motor

1

Agueous

hase outlet A <
pHazg autle Organic

phase outlet

Aqueous phase

Rotor

Organic — Aqueous

phase inlet phase inlet

Organic phase

Mixing section

Figure 2.5 Centrifugal contactors
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The different reactor types provide different gas-liquid interfacial area, which
is an important parameter for absorption process. The bubble column reactor offers
a number of advantages over the others such as simple construction, well mixed,
high thermal stability, low energy requirements; thus low operation costs. Moreover,
this reactor generates high amount of small bubble sizes, thus increase the residence
time of the gas phase in liquid phase even under relatively high gas velocities,
thereby improving mass transfer. Therefore, the bubble column reactor was chosen
for controlling benzene in this work. The effect of various parameters on
hydrodynamic and mass transfer of benzene is necessary to investigate for well
understanding of the mechanism in order to increase benzene absorption in bubble

column.

2.4 Mass transfer theory

Mass transfer is the net movement of a component from one location to
another to minimize the concentration differences within the system. The theory has
been always used as model for describe the transport of mass at gas-liquid interfacial
area. Mass transfer occurs in many processes, such as absorption, evaporation,
adsorption, and distillation. In a multi-phase system which called interphase mass
transfer, a mass is transferred due to the chemical potential difference of each
species. In a single phase system where temperature and pressure are uniform, the
difference in chemical potential is due to the variation in concentration of each
species. Van Winkle presented the two types of mass transfer mechanisms as
follows:

1) Molecular diffusion: the diffusion from the random molecular motion

2) Eddy (turbulent) diffusion or convection: the diffusion from the random,
macroscopic fluid motion

Molecular diffusion moves mass from regions of higher concentration to
regions of lower concentration, and if left to continue indefinitely, it would result in
equal concentrations on both sides of the system.

Mass transfer of a benzene gas which is absorbed in the solution is the mass

transfer between phases and the convective mass transfer. Mass transfer between
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the fluid and air depends on the movement properties and the dynamics. The

equation of the convective mass transfer can be written according to Newton’s law:
NA == kcACA (22)

In this equation, N, is molar flux of specie A with respect to coordinates that
are fixed in space, kc is the convective mass transfer coefficient, and AC, is the
difference between the concentration at the phase boundary and the concentration
at some arbitrarily defined point in the fluid medium.

Mass-transfer operations frequently involve the transfer of material between
two contacting phases. In this section, we shall consider the mechanism of steady-
state mass transfer between two phases.

2.4.1 Two - resistance theory
Interphase mass transfer involves three transfer steps, these three steps are: the
mass transfer from the bulk condition of one phase to the interfacial surface, the
transfer of mass across the interface to another phase, and the mass transfer from
the interfacial surface to the bulk condition of second phase. A two-resistance theory
was originally proposed by Whitman (1962), has been shown to be appropriate for
many interphase mass transfer problems. The general theory has two principal
assumptions which are:

1) The rate of mass transfer between the phases is controlled by the rates of
diffusion through the phases on each side of the interface.

2) The rate of diffusion component across the interface is instantaneous.
Therefore, equilibrium at the interface is maintained at all times.

Figure 2.6 shows the transfer of component A from the gas phase to the liquid phase
with partial pressure gradient from the bulk gas composition (pag), to the interfacial
gas composition (pa;), and a concentration gradient in the liquid from (c,), at the
interface to the bulk liquid concentration (ca|). The distance between the interface
and the location of component in the gas phase which the concentration of
contaminant equals the bulk gas concentration, is the gas phase film thickness (8¢),
while the similar distance for the component in the liquid phase is referred to as the

liquid phase film thickness (8y). If no resistance to mass transfer exists at the



15

interfacial surface, pa; and cu; are equilibrium concentrations. The concentrations pa;
and c,; are related by thermodynamic relations. The p,;can be less than, equal to, or
greater than c,; according to the equilibrium conditions at a certain fixed
temperature and pressure of the system. Since transport is occurring from the ca

will be greater than c,; and similarly pa; will be greater than pag.

Gas phase Liquid phase Gas phase Liquid phase
i f
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= 4] = a
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Figure 2.6 Concentration gradients between two contacting phases.

2.4.2 Overall mass transfer coefficient in liquid phase (K.a)

The overall mass transfer coefficient is used in order to analyses the
absorption process and the Ka determination procedure can be described as
follows;

® Measuring the variation of outlet gas concentration with time until
the saturated condition, for this small bubble column, the mass balance equation

can be applied:

dC(t
Qgcg,in = Qgcg,out(t) + VL% (2.3)

In this equation, Q is the flow rate and V, is the absorbent volume, Cg;, and
Cgin are the inlet and outlet concentration of benzene in the gas phase, respectively.
® Then, the concentration of VOCs in the liquid phase C(t) can be

expressed by:

L) = E[Coin(® ~ J Cgour(®dt] 24)
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From this equation, the variation of the benzene concentration in the liquid
phase with the time and also the saturated benzene concentration C* can be
obtained.

Based on the Non-stationary or dynamic method (Deckwer, 1992), the overall
mass transfer coefficient in liquid phase (K a) is given by the following equation:

dc *
< = Kua(C'- 0 (2.5)

or in its integral from by:
In[C*- C] = InC"- kpa(t) (2.6)

where C and C* are the concentration of contaminant and the saturation
concentration of contaminant in the liquid phase, respectively.

2.4.3 Liquid-side mass transfer coefficient (K,)

The overall volumetric mass transfer coefficient (K.a) is the product of the
liquid-side mass transfer coefficient (K) and the interfacial area (a). The liquid-side

mass transfer coefficient is determined by Painmanakul et al. (2005) as:

K
K, = %“ 2.7)
where KL = Liquid-film mass transfer coefficient (m/min)
Kia = Overall mass transfer coefficient in liquid phase (min")
P . -1
a = specific interfacial area (m )

The value of liquid-side mass transfer coefficient (K) and saturation
concentration of contaminant in the liquid phase (C*) depends on liquid surfactant,
which involved the relevant physical and chemical properties of liquid phase.

Other than mass transfer parameters, the bubble performance and efficiency
of a bubble column also depend on bubble hydrodynamic parameters, which are
including bubble diameter (Dg), bubble formation frequency (fz) and terminal rising

bubble velocity (Ug).



17

2.5 Bubble hydrodynamic

This part will describe the determination method based on bubble
hydrodynamic parameters in order to understand their effect on VOCs bubble
characteristics on absorption mechanism and also to calculate the associated
interfacial area. Bubble diameters (Dg), bubble formation frequency (fg), and terminal
rising bubble velocities are determined by image analysis.

2.5.1 Bubble diameter (Dg)

Normally, 60-100 bubbles obtained with any gas flow rate were captured and
analyzed to be a good statistical representative. The average bubble diameter (d,,,)

can be calculated from equation:

N
N . d;
davg = Z“Nl (2.8)

In this work, the Sauter mean bubble diameter (ds,) is used for present the
bubble size. It refers to the diameter of a sphere with the same volume-to-surface
ratio as the gas bubble and for a distribution of bubble sizes, is calculated from

equation:

Tima df
ds; = 573 (2.9)

where N is the frequency of occurrence of bubbles, and d; is bubble diameter

The gas bubbles size depends upon the gas flow rate through the orifices, the
orifice diameter, the fluid properties, and the extent of turbulence prevailing in the
liquid. What follows is for cases where turbulence in the liquid is solely that
generated by the rising bubbles and when orifices are horizontal and sufficiently
separated to prevent bubbles from adjacent orifices from interfering with each other.

« Very slow gas flow rate: For water-like liquids, the diameter can be
calculated by equating the buoyant force on the immersed bubble, which tends to
lift the bubble away from orifice, to the force due to surface tension, which tends to

retain the bubble at the orifice. This provides the correlation as:

_ 6do0gdc 1/3
dg = (—gAp ) (2.10)
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« Intermediate gas flow rates: The bubbles generated in this zone are larger
than those described above, although still fairly uniform, they form in chains rather
than separately.

For air-water,

dg = 0.0287d./*Rel/3 (2.11)
For gases and liquids,
A 720, \"* 0.4
dg = (nngp) 0 (2.12)

- Large gas flow rates: The bubbles are smaller than those described above

and non-uniform in size. For air-water orifice diameters 0.4 to 1.6 m:
dg = 0.0071Re™00> (2.13)

For the transition range (Re = 2,100 to 10,000) there is no correlation of data.
It is suggested that dg for air-water can be approximated by the straight line on log-
log coordinates between the points given by dg at Re = 2,100 and Re = 10,000.

2.5.2 Terminal rising bubble velocity

In steady-state, the rising velocity of single gas bubbles, which occurs when
the buoyant force equals the drag force on the bubbles, varies with the bubble

diameter as show in Figure 2.7
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Figure 2.7 Terminal rising bubble velocity of single gas bubbles.
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« Region 1, Dy < 0.7 mm: The bubbles are spherical, and they behave like

rigid spheres, for which the terminal rising bubble velocity is given by Stokes’” law:

_ gbjAp
Up = L8 (2.14)

« Region 2, 0.7 mm < Dg < 1.4 mm: The gas within the bubble circulates, so
that the surface velocity is not zero. Consequently the bubble rises faster than rigid
spheres of the same diameter. There is no correlation of data; it is suggested that Ug
may be estimated as following the straight line on Figure 2.7 drawn between points A
and B.

+ Regions 3, (1.4 mm < Dz < 6 mm) and 4 (Dg > 6 mm): The bubbles are no

longer spherical and in rising follow a zigzag or helical path. For region 4 the bubbles

have a spherically shaped cap. In both these regions the terminal velocity is

_ [209 _ gD
Up =[50+ % (2.15)

However the rising velocity of large numbers of bubbles crowded together
may be different from that of isolated bubbles by liquid turbulence, which causes
bubble coalescence and break-up. From Painmanakul et al. (2005) bubble rising
velocity are determined by image analysis by estimating its distance between two

frames at any time frame (tgame) @s shown in the equation below
AD

Us = tframe (2.16)
where Us — bubble rising velocity (cm/s)
AD = distance between two frames (cm)
thame = time frame (s)

2.5.3 Bubble formation frequency (fg)

Bubble formation frequency is the amount of bubble generated per one
second. From Painmanakul et al. (2005), it can be calculated from the gas flow rate
divided by bubble volume as shown in following equation:

Qg

where f = Bubble formation frequency (s )
Q, = Gas flow rate (m’/s)

Ve = Bubble volume (m’)
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Airlift reactor is a modified bubble column, which is often applied in
absorption processing because of their various advantages over the normal bubble
column. The airlift reactor is characterized as a well-mixed reactor.

Media which generally used in packed column has been added to bubble
column in order to improve contact between liquid-gas phases in a chemical
process. The purpose of a media is typically to improve absorption efficiency and
reduce pressure drop.

Therefore, this research approach combines advantages of airlift reactors and
media. An internal-loop airlift reactor with different media which are packing media,
suspended media, and the combine of packing media and suspended media, were
used in this study for design the high benzene removal system.

2.5.4 Specific interfacial area (a)

Interfacial area (a) is the ratio of interfacial area of bubble and capacity of
reactor at a certain time. It is a function of the bubble formation frequency, the
terminal rising bubble velocity and the generated bubble diameter. It can be

expressed as (Painmanakul et al., 2005):

Ng = fg X E—; (2.18)
a = Ng X Vi]ial = f3 X S—; X #‘i% (2.19)
where a = Interfacial area (m")
Ng = Number of bubbles generated
Sg = Total bubble surface (m’)
YR = Total volume in reactor (m°)
f = Bubble formation frequency (s )
H, = Liquid height (m)
Us = Bubble rising velocity (m/s)
Dg = Bubble diameter (m)
A = Cross-sectional area of reactor (mz)
Ve =  Bubble volume (m’)

Note that the value of Sy is calculated by multiplying the product of number
of bubbles with bubble surface.
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From the equation 2.19, the value of interfacial area depends on a very large
number of parameters, including mixing condition and bubble generation, which are

involved the capacity of reactor.

2.6 Airlift reactor

2.6.1 General concepts

Airlift reactor contains a liquid vessels divided into two zones which only one
zone is sparged by gas. It improves circulation, gas transfer, and equalizes shear
forces in the reactor. The different gas hold-up in the gassed and ungassed zone
results in different bulk densities of the fluid in these regions which causes circulation
of the fluid in the reactor by an airlift action. The major patterns of liquid circulation
are determined by the design of the reactor, which has a channel for gas-liquid up
flow and another channel for down flow. All airlift reactors include of four distinct
sections with different flow characteristics as follow:

« Riser: The gas is injected at the bottom of column, and gas and liquid flow
is predominantly upward.

« Down-comer: The down-comer section is parallel to the riser. It is
connected to the riser at the top and at the bottom. The flow of gas and liquid is
predominantly downward. The driving force for recirculation is the density difference
between the down-comer and the riser.

« Base: In the majority of airlift reactor designs, the bottom connection zone
between the riser and down-comer is very simple. It is usually believed that the base
does not significantly affect the overall behavior of the reactor, but the design of this
section can influence gas hold-up, liquid velocity, and solid phase flow.

« Gas separator: This section at the top of the reactor connects the riser to
the down-comer, facilitating liquid recirculation and gas disengagement.

2.6.2 Classification

Airlift reactors can be divided into two basic classes of reactors on the basis
of their structure: (1) the internal-loop (or baffled) vessels where what would
otherwise be a simple bubble column has been split into a riser and a down-comer

by an internal baffle, and (2) the external-loop or (outer-loop) vessel where the riser



22

and the down-comer are two quite separate tubes connected by horizontal section
near the top and the bottom. The designs of both structures can be modified
further, leading to variations in the fluid dynamics, in the extent of bubble
disengagement from the fluid, and in the flow rates of the various phases. The

different types of airlift reactor are shown in Figure 2.8.

Internal-loop split Internal-loop External-loop
concentric
tube reactor
Gas output Gas output Gas output

Gas input Gas input Gas input
Figure 2.8 Different types of airlift reactors

2.6.3 Gas hold-up
Gas hold-up is the volumetric fraction of the gas in the total volume of a gas—
liquid dispersion. The overall gas hold-up in the reactor is defined as:

p— Vg
€ = Vit Ve (2.20)

where V¢ is gas volume in the reactor, and V¢ + V| is the mixed volume of both
phases. In airlift reactors, the individual riser gas hold-up (e;) and down-comer (eq4)
are related to the overall gas hold-up as

Arer+ Age
€ = OrérT Aded (2.21)
Ar+Ad

This equation is exact for internal-loop airlifts and is able to use for external-
loops when the dispersion heights in the riser and the down-comer are nearly equal.

2.6.4 Liquid circulation

In airlift reactor, the liquid circulates along a well path, which up flow in riser

and down flow in down-comer. It depends on difference of gas hold-up between the
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riser and down-comer zones of an airlift reactor. A mean circulation velocity (Uj.) is
defined by Blenke (1979), which calculated using the following equation:

U, = ’t‘— (2.22)

where x. is the circulation path length and t. is the average time for one complete
recirculation.
By mass balance, the superficial velocity in the down-comer (U.4) and the

superficial velocity in the riser (U;,) are related as follow:
ULI‘AI' == ULdAd (223)

where A, and A4 are the cross-sectional area of riser and down-comer respectively.
The superficial velocity must be distinguished from the true linear liquid
velocity, also known as the interstitial velocity (V). The interstitial velocity is related

to the superficial velocity as follows:

ULr
Vir = 1—_Lsr (2.24)
and
U
Via = —1_Lsd (2.25)

In this research work, different small plastic media particles are added in the
reactors in order to enhance surface contact between gas and liquid phases, which

related to an increase in overall mass transfer coefficient in the reactors.

2.7 Plastic media

Media play an important role on the performance of packed bed column.
They are used to provide the consistent surface for mass transfer operations. The
tower packing typically made from metal, ceramic, and thermoplastic such as
polyethylene and polypropylene (PP), high density polyethylene (HDPE), and
polyvinyl chloride (PVC).

Media elements may be arranged in an absorber in one of two ways: random
or structured designs. The following factors provide a general guide for selecting

packing.
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® Cost: The packing is normally specified in the lowest cost material of
manufacture that will satisfy temperature and corrosion requirements. Plastic packing
are generally less expensive than metal and ceramic packinsg.

® |ow pressure drop: Pressure drop is a function of the volume of void
space in a tower when filled with packing. Normally, the larger packing size for a
given bed size, the smaller the pressure drop becomes. This is important because a
high pressure drop would mean that more energy is required to drive the gas up the
distillation column.

® Corrosion resistance: Ceramic packing is basically used for high

temperature and corrosion chemicals.

® | arge specific area: Packing is used for maximize the specific surface area.
Increasing the surface area per unit volume maximizes the vapor-liquid contact area,
which provides high removal efficiency. Efficiency normally increases as the random
packing size is decreased.

® Structural strength: Packing must be strong enough to resist normal loads
during installation, service, physical handling, and thermal fluctuations.

® Weight: Heavy packing may require additional support materials or heavier
tower construction. Plastics packing have an advantage in this area because they are

lighter than either ceramic or metal packing.

® Design flexibility: Packing must be able to handle the process changes

without substantially affecting removal efficiency.

In this work the small plastic media particle will added in to the reactors
instead of the large-size packing media. The advantages of small plastic media over
the large size of random packing element are:

- Small plastic media particles are well suspended into the liquid phase;
thus, the contaminant particles in tap water cannot be clogged in the porous of
media as normally occur in pack bed.

- Cost of small plastic media particles is lower than those of the packing

media.
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Since benzene is a relatively insoluble contaminant, the only pure water
cannot be a good absorbent for achieve the required removal efficiency. Other kinds

of substance are required for used as absorbent or add to water.

2.8 Surfactant

A surfactant is a compound that reduces the surface tension of a liquid, the
interfacial tension between two liquids, or that between a liquid and a solid. There
are a wide variety of these compounds that work with oil, water, and an assortment
of other liquids. At the molecular level, a surfactant consists of at least one lyophilic
(“solvent-loving”) and one lyophobic (“solvent-fearing”) group in the molecule. If
the surfactant is used with water or an aqueous solution, the respective terms are
hydrophilic and hydrophobic. A surfactant can be classified by the presence of
formally charged groups in its head as shown in Figure 2.9.

A non-ionic surfactant has no charge groups in its head. The head of an ionic
surfactant carries a net charge. If the head carries a net negative charge, the
surfactant is more specifically called anionic; if the charge is positive, it is called
cationic. If a surfactant contains a head with two oppositely charged groups, it is
termed zwitterionic. Some of surfactant types include:

® (Cationic surfactant is the surfactant that the surface-active part is cation.
It is usually salt of quaternary ammonium hydroxide, which its hydrogen of the
ammonium ion have been replaced with alkyl groups.

® Anionic surfactant is the surfactant that ionizes to yield a positive charge,
free ion and a negative charge which localizes at the interface.

® Non-ionic surfactant is the surfactant that does not ionize and have to
depend on groups in the molecule to make it soluble. The groups are usually
polymers of ethylene oxide (C,H4O).

® Amphoteric surfactant is the surfactant that contains both positive and

negative surface-active part.
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Figure 2.9 Symbols of surface active agent

2.9 Activated carbon

Adsorption is a process where a solid is used for removing a soluble
substance from the water. In this process active carbon is the solid. Activated carbon
(also called activated charcoal, activated coal, or carbo activates) is a form of carbon
processed to be riddled with small, low-volume pores that increase the surface area
available for adsorption or chemical reactions. Their very big internal surface is in
range between 500 - 1500 mz/g.

Physical adsorption is the primary means by which activated carbon works to
remove contaminants from water. Their highly porous nature provides a large surface
area for contaminants to collect. In simple terms, physical adsorption occurs because
all molecules exert attractive forces, especially molecules at the surface of a solid
(pore walls of carbon), and these surface molecules seek other molecules to adhere
to. The large internal surface area of carbon has many attractive forces that work to
attract other molecules. Thus, contaminants in water are adsorbed to the surface of
carbon by surface attractive forces similar to gravitational forces. Adsorption from
solution occurs as a result of differences in adsorbate concentration in the solution
and in the carbon pores. The adsorbate migrates from the solution through the pore
channels to reach the area where the strongest attractive forces are.

Besides physical adsorption, chemical reactions can occur on a carbon

surface. Water contaminants were adsorbed because the attraction of the carbon
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surface for them is stronger than the attractive forces that keep them dissolved in
solution (Deithorn and Mazzoni, 2014).

Active carbon comes in many variations base on their physical characteristics:
® Powder Activated Carbon (PAC)

® Granular Activated Carbon (GAQ)

® Extruded activated carbon (EAC)

® Bead activated carbon (BAC)

® |mpregnated carbon

® Polymer coated carbon

The GAC version, mostly used in water treatment, is used in this research
work. It has a relatively larger particle size compared to powdered activated carbon;
therefore, it presents a smaller external surface. Diffusion of the adsorbate is thus an
important factor. The GACs are preferred for all absorption of gases and vapors as
their rate of diffusion are faster. Granulated carbons have been used for water
treatment, deodorization and separation of components of flow system and are also
used in rapid mix basins. GAC can be either in granular or extruded form. GAC is
designated by sizes such as 8x20, 20x40, or 8x30 for liquid phase applications and
4x6, 4x8 or 4x10 for vapor phase applications. The most popular aqueous phase
carbons are the 12x40 and 8x30 sizes because they have a good balance of size,

surface area, and head loss characteristics.

2.10 Literature reviews

2.10.1 VOC absorption in bubble column

Peevaa et al. (2001) have studied the absorption of n-decane in water-
silicone oil emulsions in a laboratory-scale bubble column at different gas flow rates
for the whole range of emulsion compositions. They found that the volumetric mass
transfer coefficient (K.a) to the emulsions in the bubble column reactor is
independent of the emulsions composition. Since the solubility of decane in silicone
oil is high, the rate of absorption is an approximately 70% of the incoming decane in

a single pass through a relatively small apparatus. The experiments indicate that the
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rate of VOC absorption into emulsions of silicone oil can reach high values using a
small fraction of oil. This bubble column system provided a high VOC absorption
capacity.

2.10.2 Airlift reactor

Airlift reactor has been investigated for absorbing oxygen, which is a relatively
insoluble gas in water as same as benzene. Freitas and José (2001) determined
oxygen mass transfer coefficient (K.a) in a high solids loading three-phase internal-
loop airlift reactor. They studied the effect of the airflow rate, solids loading, solids
density and the liquid-phase properties on Ka. They reported that the increased
airflow rate and the introduction of ethanol increased the K, a in the reactor. The
progressive introduction of solids and a small increase on solids density caused the
increase mass transfer rate. Moreover, the investigators determined correlations for
the K a with the riser superficial gas velocity and solids loading.

2.10.3 The hydrodynamics and mass transfer characteristics in airlift
reactor with packed bed

There are many researches combined airlift reactor with packed bed and
fluidized beds in order to study the effect of these packing on hydrodynamics and
mass transfer characteristics. All of the researches showed that the elements
enhanced the overall gas-liquid volumetric mass transfer coefficient (K a).

Chisti et al. (1990) studied the influence of motionless mixers on the K. a
value in an external-loop type airlift bioreactor. This study used aqueous salt
solution and pseudoplastic solution of carboxymethyl cellulose as liquid phese. The
presence of SMV-12 static mixers increased K .a by 30-500%, depending on the fluid
thickness. The increased Kia involved the increased gas hold-up and gas-liquid
interfacial area, which depend on bubble breakup accomplished by the static mixing
elements.

Han et al. (2000) designed a gas-liquid-solid inverse fluidization airlift
bioreactor, which combining advantages of external-loop airlift reactors and inverse
fluidized beds. They investigated the gas hold-up in the riser, the particle loading in
the down-comer and the liquid circulation velocity in the loop. The results showed

that the gas hold-up in the riser increased with the increase in the superficial gas
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velocity and particle loading, and the two-phase drift model of Zuber and Findlay
satisfactorily fitted the gas hold-up in the GLS-IFAB. The liquid circulation velocity
decreased with the increase in the particle loading whereas it increased with the gas
velocity. It was found that the Richardson and Zaki model fitted experimental data
of bed expansion of liquid-solid inverse fluidization in the down-comer well. Based
on an energy balance, two hydrodynamic models were proposed to predict the
liquid circulation velocity in the present bioreactor.

Meng et al. (2002) combined the packed bed bioreactor (PB) and an external
loop airlift bioreactor (ELAB) design strategies into one vessel for studied the
hydrodynamics behavior of the combined system. A woven nylon packing used as a
packing installed in the riser section of the airlift bioreactor. This study showed that
the gas hold-up continuously increased by increasing the packing height and packing
porosity up to 0.99, but at a porosity of 1.0 (no packing), the gas hold-up dropped.
Moreover, increased amounts of packing in the riser of the bioreactor, whether in the
form of packing height or packing density, the liquid circulation rate was decreased
caused by the increased frictional resistance and tortuosity. Bubbles that passing
through the packed bed were more uniform and had smaller size while the
Bodenstein number was decreased that indicated greater axial dispersion and
enhanced mixing. The authors concluded that the highest gas hold-up improved
mass transfer. It prepared large void spaces and reduced plugging and liquid frictional
losses.

Nikakhtari and Hill (2005) investigated gas hold-up and mass transfer rates of
three volatile organic chemicals (VOCs) in an external loop airlift bioreactor (ELAB),
with and without packing. They used a stainless steel mesh packing with 99.0%
porosity as a packed bed in the riser section of ELAB. The results show that the
packing enhanced the overall volumetric mass transfer coefficient (Kia) by an
average of 65.1% and 33.4% for toluene and benzene, respectively, in comparison
with unpacked bed. Moreover, the packing increased gas hold-up and decreased
bubble size in the reactor, which increase the mass transfer rates. Desorption of
VOCs was slower than absorption, which was explained by the change in gas bubble

sizes in the presence of VOCs. A full, mechanistic mathematical model was
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developed to predict the transient concentration distribution in the ELAB and was
shown to be an accurate method to determining K.a for VOC absorption in ELABs
with low liquid circulation rate, as compared to models assuming well-mixed
conditions.

Moraveji et al. (2012) studied the effects of various surface active agents (SDS,
HCTBr and Tween 40) with different concentrations (0-5 ppm) added to pure water
on the hydrodynamic and mass transfer characteristics of oxygen in a spilt-cylinder
airlift bioreactor both with and without packed bed. They reported that the
surfactant solutions decrease surface tension of the liquid and produce smaller
bubbles compared with pure water. The surfactants increased mixing time and
overall gas hold-up (&) although the liquid circulation velocity (U,) and volumetric
mass transfer coefficient (K.a) decreased. Moreover, the packed bed reactor
increased the Ka in comparison with unpacked bed reactor. They decreased
bubbles size and U, ., which the decrease in U . caused higher gas-hold up.

2.10.4 Solubility of benzene in different solutions

The solubility of benzene in various surfactants was studied in order to design
of gas absorption operations. Erto and Lancia (2012) studied the solubility of benzene
in amphiphilic block copolymers (ABC). The four ABC used in this work included: two
thermosensitive  ABC containing poly-ethylene oxide and poly-propylene oxide
blocks - Pluronic L62 and Pluronic®P123, one non-thermosensitive ABC - poly(vinyl
pyrrolidone) - polystyrene (PVP-PS), and one non-ionic surfactant - polyoxyethylene
sorbitol monooleate (Tween 80®). Each copolymer aqueous solution, benzene
Henry’s constant (H) is calculated. Moreover, the investigators studied the effects of
temperature (4-90 °C) and copolymer concentration (4-20%). The results showed
that, at 20 OC and 4% copolymer concentration, the H values are in the 50 -280 atm,
with a ranking PVP-PS < P123 < Tween 80 < L62. Due to the formation of a higher
number of micelles, and increase in copolymer concentration results in an increase
in benzene solubility. All the copolymers were slightly increased in benzene Henry’s
constant with temperature except P123. The investigators concluded that the P123

aqueous solution is the most promising liquid for benzene recovery among those
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investigated, being effective for both operations of gas absorption (at low

temperature) and solvent regeneration by thermal stripping (at high temperature).

2.11 Research focuses

These literature reviews suggest that even though a wide variety of
experiments have been performed on bubble column and airlift reactor with media,
the knowledge of many factors inside this reactor can be further enhanced. The
literature reviews also illustrate that there is still a lack of some information on
bubble hydrodynamic behaviors and mass transfer mechanisms of bubble column
and airlift reactor with small plastic media particles. For this propose, a bubble
column and an internal loop lift reactor with small plastic media are required for
determine and associate both important parameters for well understanding the
mechanism in order to enhance the absorption of hydrophobic VOCs (benzene in
this study).

This research work is mainly focused on the study of benzene absorption in a
bubble column and an internal loop airlift reactor with small plastic media particles
in order to designed an effectively benzene controlled system. The effects of
different types and concentration of small plastic media particles on oxygen mass
transfer and bubble hydrodynamic characteristics in a bubble column are studied in
order to find the appropriate condition for mass transfer efficiency of hydrophobic
substance. The bubble hydrodynamic behaviors and mass transfer characteristics of

oxygen and benzene in the reactor are studied.
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CHAPTER IlI
METHODOLOGY

3.1 Research overview

The purpose of this study was to determine the impact of plastic media on
oxygen mass transfer and bubble hydrodynamic parameters at a variety of gas flow
rate in a bubble column (BC) and an internal loop airlift reactor (ILALR). The different
types and amount of small size plastic particles were added into the reactors, overall
mass transfer coefficients and bubbles diameter were investigated. These
experimental results can be applied for designing a high-efficiency benzene

absorption system. Research flow chart can be demonstrated in Figure 3.1

1) Oxygen absorption

2) Benzene absorption

BC ILALR
_ The most practical
Without With plastic media: .
) ) condition
plastic media PVC, ABS, and PP
Study of oxygen mass transfer Study the mass transfer
and bubble hydrodynamic parameters of benzene absorption
in tap water at different flow rate. [

___________________________ |

Mass transfer parameters: K .a and K

Bubble hydrodynamic parameters:
' Dg, Ug, and a Study the removal of

.....................................................

benzene gas

I — —

Determining the most practical condition: % Benzene removal

Reactor. Plastic media L efﬂoency

Figure 3.1 Experimental framework
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3.2 Experimental set-up

L )

1
Air Pump

I—I_I

Figure 3.2 Bubble column (BC) Figure 3.3 Internal loop airlift reactor (ILALR)

The schematic diagrams of experimental set-up for this research work were

shown in Figures 3.2 and 3.3. The equipment used in this study contains:

1) Air pump 2) Ball valve

3) Pressure gage 4) Gas flow meter

5) Rigid orifice gas diffuser 6) Reactor

7) Liquid phase 8) Dissolved oxygen electrode

9) Plastic media
The BC was made of Plexiglas with 14 cm in diameter and 100 cm in height.
For ILALR system, the rectangular Plexiglas baffle (with 13 cm width, 80 cm height,
and 0.5 cm thickness) was installed within the BC in order to divide the cross section
into a riser zone and a down-comer zone. The gas diffuser was injected at the
bottom of reactors: in the middle and in the riser zone for BC and ILALR,

respectively. The gas diffuser used in this work was rigid orifice with 5 cm in diameter
as shown in the Figure 3.4

Figure 3.4 Rigid orifice gas diffuser
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3.3 Materials and methods
3.3.1 Chemical agents

In this study, sodium sulfite (Na,SOs, Analytical grade, 99.99 %) was purchased
from Ajax Finechem Australiz Company. Benzene (C4Hg, analytical grade, 99%) was
purchased from Roongsub Chemical Company.

Benzene is an organic chemical compound and is very volatile and readily
partitions into the atmosphere. Its molecule is composed of a ring of six carbon
atoms joined with six hydrogen atoms. Benzene is a clear, colorless liquid that has an
aromatic odor and is highly flammable. Benzene is toxic, has mutagenic properties
and can cause cancer in humans. Short term exposure to low levels can be irritating
to eyes, cause drowsiness, dizziness, rapid heart rate, headaches, tremors, confusion
and in some cases unconsciousness. Exposure to high concentrations can result in
death (EPA, 2009). The physical and chemical properties of benzene are shown in
details in Table 3.1.

Table 3.1 Physical and chemical properties of benzene

Property

Characteristic

Structure

H
L OO0 R
H" kT_.-'H.H T o

H

Chemical formula CeHq

Molecular weight 78.11 ¢/mol

Color Clear, colorless liquid
Melting point 55°C

Boiling point 80.1 °C

Density at 15 °C, ¢/cm’ 0.8787

Odor Aromatic

Solubility:
Water at 25 °C
Organic solvent

w/w:0.188%
Alcohol, chloroform, ether, carbon disulfide, oils,
acetone, carbon, tetrachloride, glacial acetic acid

Partition coefficients:

Log Ko, 2.13

Log Ky 1.8-1.0
Vapor pressure at 20 °C 75 mm Hg
Henry’s law constant at 25 °C 5.5x10° atm-m /mol
Autoignition temperature 498 °C

Flashpoint

-11 °C (closed cup)

Flammability limits in air

1.2% (lower limit); 7.8% (upper limit)

Conversion factors

1 ppm = 3.24 mg/m3 at 20°C and 1 atm pressure;
1 mg/m3 = 0.31 ppm

Explosive limits

1.4% (lower limit); 8% (upper limit)
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Tween 80 (Polyoxyethylene (20) sorbitan monooleate) is used in this work as

a surfactant for benzene absorption. It is a nonionic surfactant and emulsifier derived

from polyethoxylated sorbitan and oleic acid. The Tween 80 is a viscous, water-

soluble yellow liquid. The hydrophilic groups in this compound are polyoxyethylene

groups which are polymers of ethylene oxide. The Tween 80 is often used in food

and other products as an emulsifier. Its physical and chemical properties are shown

in Table 3.2

Table 3.2 Physical and chemical properties of Tween 80

Property

Characteristic

Structure

[¢]

O\/%VOM
0 oH

\O»Nt \L

HO OH
V\O : O/\a; Wx+y+2=20 H
Chemical formula CoaH12409
Molecular weight 1310 g¢/mol

Appearance

Amber colored viscous liquid

Detergent Class

Nonionic

Critical Micelle Concentration (CMC)

0.012 mM (0.0016%, w/v)

Density

1.06 — 1.09 ¢/mL, oily liquid

Boiling point

> 100°C

Solubility in water

Very soluble

Solubility in other solvents

Soluble in ethanol, cottonseed oil, corn oil,

ethyl acetate, methanol, toluene

Main hazards

[rritant

Flash point

113 °C, 235 °F, 386 K

3.3.2 Plastic media

The three different plastic media particles with different concentration (2-15

(%vV/Vv)) were used in this work contain:

® Polyvinyl Chloride (PVQ)

® Acrylonitrile Butadiene Styrene (ABS)

® Polypropylene (PP)



http://upload.wikimedia.org/wikipedia/commons/4/42/Polysorbate_80.png
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The properties of these three small plastic media particles were shown in

details in the Table 3.3

Table 3.3 Types and properties of plastic media

Density 1380 kg/m’ 1050 kg/m’ 946 kg/m’
Average size 0.425 mm 0.305 mm 0.349 mm
Specific
0.018 m*/m’ 0.014 m’/m’ 0.028 m’/ m’
surface area

3.3.3 Benzene generator

For generating benzene gas in this study, 100 mL of pure benzene was added
in a closed Erlenmeyer flask. Then, air was injected into the flask in order to
generating benzene gas stream from their volatilization. The schematic diagram of

experimental set-up for benzene generation is show in Figure 3.5
1
Air

pump

Figure 3.5 Benzene generator

The equipment used for benzene generator contains:

1) Air pump 2) Gas tube
3) Ball valve 4) Glass tube L shape
5) Rubber stopper 6) Erlenmeyer flask

7) Pure benzene 8) Gas flow meter.
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3.4 Analytical methods

3.4.1 Mass transfer parameters

® The overall mass transfer coefficient (K .a)

The overall mass transfer coefficient (K.a) is used in order to analyses the
absorption process. According to the Non-stationary or dynamic method (Deckwer,
1992), the K a is given by the following equation:

dc :
< = Ka( - 0) (3.1)

or in its integral from by:

In[c* -]
IncC*

= - KLa(t) (32)

where C and C* are the concentration of contaminant and the saturated
concentration of contaminant in the liquid phase, respectively. The slope of this
equation gives - K.a

® Liquid film mass transfer coefficient (K)

The liquid film mass transfer coefficient (K) was the proportions of the
overall mass transfer coefficient and interfacial area (a) obtained experimentally in
this study. Therefore, the value of K, can be determined by Sardeing et al. (2006):

K, = 22 (3.3)

a

3.4.2 Bubble hydrodynamic parameters

® Bubbles diameter (Dg)

The bubble hydrodynamic parameters were determined with photographic
technique by using a Basler high speed camera (350 images/second) as shown in
Figure 3.6. The 60-150 moving bubbles were randomly chosen in twenty pictures
which captured at the middle of the reactor (0.6 m above the bottom). Then,
bubbles diameter was measured by PylonViewer vision software. The Sauter mean
bubble diameter (ds,), which refers to the diameter of a sphere with the same
volume to surface ratio as the gas bubble and for a distribution of bubble sizes, is
calculated from equation (Kracht et al., 2008):

Ti=1d}

Dp = d3; = ST (3.4)
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Figure 3.6 High speed camera
® Specific interfacial area (a)
For BC and the riser zone of ILALR, the specific interfacial area (a) is the ratio
of bubble surface (Sg) and the total volume of reactor (V7). It can be calculated using

Garcia Maldonado equation (Painmanakul et al., 2005):

2

a = Ny X Vi‘ial:fog—;xﬁ (3.5)
where a = Interfacial area (m")

Ng = Number of bubbles generated

Sg = Total bubble surface (m’)

Vigtal = Total volume in reactor (m>)

fs = Bubble formation frequency (s

H, = Liquid height (m)

Us = Bubble rising velocity (m/s)

Dg = Bubble diameter (m)

A = Cross-sectional area of reactor (mz)

Vg = Bubble volume (m’)

The bubble formation frequency can be calculated by the following equation

where f Bubble formation frequency s

Gas flow rate (m3/s)

@)
[a)
I

Bubble volume (m3)

<
@
I
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For the down-comer zone of ILALR, the specific interfacial area is the
proportions of the overall mass transfer coefficient and the liquid film mass transfer
coefficient as show in the following equation:

— K
a = K. (3.7)

® Terminal rising bubble velocity (Ug)
The bubble rising velocity were calculated by taking picture of bubble in
reactor to analyze its distance at any time frame, thus, the bubble rising velocity

were calculated from equation (Painmanakul and Hébrard, 2008):

AD

Us = trame (3.8)
where Us # Terminal rising bubble velocity
AD = Distance between two frames
tame = Time frame

3.4.3 Gas flow rate: Down-comer zone (Qg)
From the equation 3.5, and 3.6, the Qg: Down-comer (Qg) can be determined
by the equation below:

QG=fBXVB=aX%XwXVB (39)

Hy, nD}

3.4.4 Benzene removal efficiency (%Eff)

The benzene removal efficiency (%Eff) indicated the performance of the
absorption process occurred in the reactor. It was defined as the ratio between the
amounts of benzene gas transferred and injected to the liquid phase. Note that the
area under curve obtained with gas chromatography was used as the benzene
concentration. The %Eff can be determined by the following equation:

Ci -C Area; — Area
%Eff = M X 100 —_ inlet outlet

inlet Areajplet

x 100 (3.10)

3.4.5 Oxygen concentration
The oxygen concentrations in liquid phase were measured by dissolved
oxygen electrode (DO electrode). The DO electrode was positioned within the

reactors at depth of 0.45 m from the surface of the gas-free liquid. Moreover, the DO
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electrode was inserted at the middle of the BC, and the both side (Riser zone and
down-comer zone) of the ILALR.

3.4.6 Benzene concentration

In this work, the overall mass transfer coefficients (K a) of benzene absorption
were calculated by plot the equation 3.2. The concentrations of benzene in liquid
phase will be measured with time by UV-Visible spectroscopy technique. The values
of absorbent observed referred to the concentration of benzene in liquid phase.
Moreover, the sample (liquid phase) were collected at 1-25 minutes.

For study the benzene removal efficiency, the benzene gas inlet and outlet
of the reactor were collected into air bag at 5.0-5.5 minutes. The benzene gas
concentrations were measured by the Agilent Technologies gas chromatograph (GC)
6890N equipped with flame ionization detector. A fused-silica, HP-1 column (100%
dimethyl-polysiloxane; 30 m x 0.32 mm i.d., 0.2 um film thickness), supplied by J&W
Scientific, USA was employed, with helium (purity 99.995%) as carrier gas at flow rate
of 2.1 mL.min-1. The column temperature was programmed as follows: 40 °C for 5
min, then post run to 200 °C and holding time for 1 min. The injection port and
detector were operated at 100-250 °C, respectively. The area under curve of
benzene gas obtained with gas chromatography was applied to calculate the

benzene removal efficiency.

3.5 Experimental procedure

The scope of this work is as follows:

1. Effect of plastic media on overall mass transfer coefficient in BC.

2. Effect of plastic media on bubble hydrodynamic parameter in BC.

3. Study the oxygen mass transfer and bubble hydrodynamic parameters in ILALR.

4. Effect of plastic media on oxygen mass transfer and bubble hydrodynamic
parameters in ILALR.

5. Comparison the effect of best plastic media condition on mass transfer
and bubble hydrodynamic parameters in BC and ILALR.

6. Application for benzene gas absorption.



41

1. Effect of plastic media on overall mass transfer coefficient in BC.

The objective of this study was to evaluate the oxygen mass transfer
characteristics in BC with the different applied gas flow rates. The outline of this part
was presented in Figure 3.7, and the summary variables concerning to this study can

be presented in Table 3.4.

Air pump

; | With plastic media:
L— 1 PVC ABS,and PP
L at 2 - 15 (%)

.................................

Without
plastic media

Measure oxygen concentrations in liquid phase
by using DO electrodes with time

KLO

Figure 3.7 Flow diagram for studying effect of plastic media

on overall mass transfer coefficient in BC.

Table 3.4 Variable of studying effect of plastic media on K a coefficient in BC.

Fixed Variable Parameter

Reactor Bubble column

Gas phase (absorbate) Oxygen

Liquid phase (absorbent) Tap water

Independent Variable Parameter

Gas flow rate 2.5, 5,10, 15, and 20 L/min
Media type PVC, ABS, PP

Media concentration 2,5, 10, 15 (%v/V)
Dependent Variable Parameter

Mass transfer parameters K.a
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2. Effect of plastic media on bubble hydrodynamic parameter in BC.

The aim of this part was to evaluate the bubble hydrodynamic in BC at

different gas flow rates. The outline of this part was presented in Figure 3.8, and the

summary variables concerning to this study can be presented in Table 3.5.

Air pump

BC

Without
plastic media

With plastic media:

——T—— PVC, ABS, and PP

at 2 — 15 (%v/v)

Measure bubble size
by using a high speed camera

v v
Dg Us
| |

v

a

v

K

Figure 3.8 Flow diagram for studying effect of plastic media on

bubble hydrodynamic parameter in BC.

Table 3.5 Variable of studying effect of plastic media on bubble hydrodynamic

parameter in BC.

Fixed Variable Parameter
Reactor Bubble column
Gas phase (absorbate) Oxygen

Liquid phase (absorbent) Tap water
Independent Variable Parameter

Gas flow rate 2.5, 5,10, 15, and 20 L/min
Media type PVC, ABS, PP
Media concentration 2,5, 10, 15 (%Vv/v)
Dependent Variable Parameter

Mass transfer parameters K

Bubble hydrodynamic parameters Ug, Dg, and a
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3. Study the oxygen mass transfer and bubble hydrodynamic parameters in
ILALR.

The objective of this part is to study the oxygen mass transfer and bubble
hydrodynamic characteristics in ILALR with a variety of gas flow rates. The outline of

this study was presented in Figure 3.9 and the summary variables concerning to this

study can be presented in Table 3.6.

Air pump

Without plastic media

.............

_______ \]/

v

Measure oxygen concentrations
in liquid phase by using
DO electrodes with time

A

v

Measure bubble size
by using a high speed camera

2

Qg (Down-comer)

Ka v \
K
- | |
a (Down-comer)
\l’ a (Riser)

Figure 3.9 Flow diagram for studying the oxygen mass transfer and

bubble hydrodynamic parameters in ILALR.

Table 3.6 Variable of studying the oxygen mass transfer and bubble hydrodynamic

parameters in ILALR.

Fixed Variable

Parameter

Reactor Internal loop airlift reactor

Gas phase (absorbate) Oxygen

Liquid phase (absorbent) Tap water

Independent Variable Parameter

Gas flow rate 2.5,5,7,10, 12, 15, and 20 L/min
Media type PVC, ABS, PP

Dependent Variable Parameter

Mass transfer parameters

K.a (Riser and down-comer zone)

Bubble hydrodynamic parameters

Ug, Dg, and a (Riser and down-comer zone)




aq

4. Effect of plastic media on oxygen mass transfer and bubble hydrodynamic

parameters in ILALR.

The aim of this study is to evaluate the effect of plastic media on

hydrodynamic and oxygen mass transfer characteristics in ILALR with a variety of gas

flow rates. The outline of this study was presented in Figure 3.10 and the summary

variables concerning to this study can be presented in Table 3.7.

Air pump

Measure oxygen concentrations
in liquid phase by using
DO electrodes with time

v

Measure bubble size
by using a high speed camera

A

KLa \I/ \I/
Ds Ug
K l ]
a (Down-comer)
\Z a (Riser)
Q, (Down-comer)

Figure 3.10 Flow diagram for studying the effect of plastic media on oxygen

mass transfer and bubble hydrodynamic parameters in ILALR.

Table 3.7 Variable of studying the effect of plastic media on oxygen mass transfer

and bubble hydrodynamic parameters in ILALR.

Fixed Variable

Parameter

Reactor Internal loop airlift reactor
Gas phase (absorbate) Oxygen

Liquid phase (absorbent) Tap water

Independent Variable Parameter

Gas flow rate 2.5, 5,10, 15, and 20 L/min
Media type PVC, ABS, PP

Media concentration 2, 5,10, 15 (%v/v)
Dependent Variable Parameter

Mass transfer parameters

K. a (Riser and down-comer zone)

Bubble hydrodynamic parameters

Ug, Dg, and a (Riser and down-comer zone)
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5. Comparison the effect of best plastic media condition on mass transfer and
bubble hydrodynamic parameters in BC and ILALR.

The aim of this study is to comparing the effect of best plastic media
condition on mass transfer and bubble hydrodynamic parameters in BC and ILALR.
The best reactor used was determined. The parameters compared were presented in

Table 3.8.

Table 3.8 Variable of studying the oxygen mass transfer and bubble hydrodynamic
parameters in BC and ILALR.

Fixed Variable Parameter

Reactor BC and ILALR

Gas phase (absorbate) Oxygen

Liquid phase (absorbent) Tap water

Gas flow rate 2.5, 5,10, 15, and 20 L/min

Independent Variable Parameter

Media addition Most practical type and concentration
of media (15% of PP media)

Dependent Variable Parameter

Mass transfer parameters K. a, K. (Riser and down-comer zone)

Bubble hydrodynamic parameters Dg, and a (Riser and down-comer zone)

6. Application for benzene gas absorption.

The objective of this study is to apply the most practical condition obtained
with oxygen absorption part for enhance benzene gas absorption. The outline of this
study was shown in Figure 3.11 and the summary variables concerning to this study

can be presented in Table 3.9.
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Figure 3.11 Flow diagram for studying application for benzene gas absorption.

Table 3.9 Variable of studying application for benzene gas absorption.

Fixed Variable

Parameter

Reactor

Most practical reactor (ILALR)

Gas phase (absorbate)

Benzene

Liquid phase (absorbent)

Tap water, Tween 80 (0.1 and 1.0 CMC)

Gas flow rate

10 L/min

Pure benzene liquid 100 mL
(For generate benzene gas)
Independent Variable Parameter

Media addition

Most practical type and concentration
of media (15% of PP media)

Granular activated carbon (GAC)

195 ¢

Dependent Variable

Parameter

Mass transfer parameters

K.a (Riser zone)

Benzene gas removal efficiency

% Eff




a7

CHAPTER IV
RESULTS AND DISCUSSIONS

The effect of plastic media on oxygen mass transfer and bubble
hydrodynamic parameters at a variety of gas flow rate in a bubble column (BC) and
an internal loop airlift reactor (ILALR) will be discussed in this chapter. Moreover, the
application of the best condition was applied to removal benzene gas from the gas
stream. The results were consists of 5 parts as follow:

1. Effect of plastic media on overall mass transfer coefficient in BC.

2. Effect of plastic media on bubble hydrodynamic parameter in BC.

3. Study the oxygen mass transfer and bubble hydrodynamic parameters in ILALR.

4. Effect of plastic media on oxygen mass transfer and bubble hydrodynamic
parameters in ILALR.

5. Comparison the effect of best plastic media condition on mass transfer and
bubble hydrodynamic parameters in BC and ILALR.

6. Application for benzene gas absorption.

4.1 Effect of plastic media on overall mass transfer coefficient in BC.

The aim of this study was to determine the impact of plastic media with
different density on overall mass transfer coefficient (K a) at a variety of gas flow rate
in the BC. For analyzed the K a values, the oxygen concentrations in the liquid phase
were measured with time using dissolved oxygen electrode, and calculated as
previously described in equation 3.2. Different types and amounts of plastic media
were added into the BC in order to study the overall mass transfer coefficients.

® No plastic media

Figure 4.1 presents the variation of overall mass transfer coefficient with gas

flow rates obtained in the BC.
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Figure 4.1 Overall mass transfer coefficient versus gas flow rate in BC
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As shown in Figure 4.1, it can be seen that the values of K a obtained with BC
varied between 0.53 and 2.03 min" for gas flow rates changing between 2.5 and 20
L/min. The K a values increased with the gas flow rate. It also observed that the slow
increase of Kia values at a high flow rate. This result was due to the bubble
coalescence phenomena at high gas flow rate, and thus affected the specific
interfacial area and the K a coefficient. This was similar to the observation that was

reported by others (Gourich et al., 2006; Pjontek et al., 2014).
® Polyvinyl Chloride (PVC)

Figure 4.2 presents the variation of overall mass transfer coefficient with gas

flow rates obtained in the BC for different amount of PVC.
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Figure 4.2 Overall mass transfer coefficient versus gas flow rate in BC

for different amount of PVC

According to Figure 4.2, it was shown that the K a values varied between 0.04
to 2.36 min" when gas flow rates augmented between 2.5 and 20 L/min. The K.a
values increased with the gas flow rate. The addition of PVC media can modify the
K.a coefficient; therefore, the positive effect can be found in the case of 2-5% of
PVC addition. However, it can be stated that the large amount of PVC loadings in the
BC (more than 10% of PVC media loadings) can cause the adversely effect on the K .a
values. The highest and lowest K a values were observed with the 5% and 15% PVC
addition, respectively. This was due to high density of PVC particles, which settled
down and located at the bottom of the reactor, blocking or modifying the bubble

generation from the diffuser.
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® Acrylonitrile Butadiene Styrene (ABS)
Figure 4.3 presents the variation of overall mass transfer coefficient with gas

flow rates obtained in the BC for different amount of ABS.
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Figure 4.3 Overall mass transfer coefficient versus gas flow rate in BC

for different amount of ABS

According to Figure 4.3, the Ka values obtained with BC rose with the gas
flow rates. The values of K.a were in range of 0.23 - 2.63 min " when the gas flow
rate varied between 2.5 - 20 L/min. Similar to the case of PVC media, the high ABS
loading (15% media loadings) can decrease the values of K.a values. However, the
adversely effect of ABS media presence was insignificantly observed in this work
compare to the case of PVC media loading. In this regard, the difference of media
density (Dpgs = 1050 kg/m3 and Ppyc = 1380 kg/m3) and of suspension phenomena
occurred in the reactor should be responsible for these results. That is to say fewer

amounts of ABS media located at the bottom of the reactor.

In conclusion, the positive effect of ABS and PVC addition (high density
media) was not clearly observed in this study. Therefore, the effect of PP media
which its density lower than water (ppp = 946 kg/m3) will be analyzed in the following

section.
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® Polypropylene (PP)
Figure 4.4 presents the variation of overall mass transfer coefficient with ¢as

flow rates obtained in the BC for different amount of PP.
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Figure 4.4 Overall mass transfer coefficient versus gas flow rate in BC

for different amount of PP

From the Figure 4.4, the Ka values obtained in BC increased with the gas
flow rate. The Ka values varied between 0.59 to 2.72 min" when gas flow rate
ranged between 2.5 - 20 L/min. The PP media can be well suspended within the
reactor, the enhancement of K a coefficients can be thus obtained, in this part, and
possibly due to the increase of contact surface between gas and liquid phases.

By considering the effect of PP loading, it can be noted that the increase of
PP media presence in the liquid phase can augment the K a values obtained in this
study. In this regard, the highest K a values were found at 15%PP (34% increased).
Moreover, the undesirable outcome from the media settled at the bottom of reactor
was not observed. As the K a coefficient related with the liquid-side mass transfer
coefficient (K) and the specific interfacial area (a); the bubble size (Dg) and the
terminal rising bubble velocity (Ug) are the important factors governing the previous
mass transfer parameters. Therefore, it is interesting to continue analyzing on the
bubble size and Ug value obtained with different types of media and operating
conditions in the next section in order to provide a better understanding on mass

transfer mechanism occurred within the reactor.
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4.2 Effect of plastic media on bubble hydrodynamic parameter in BC.

Propose of this part was study the effect of plastic media on bubble
hydrodynamic parameter in the BC. Bubble diameter (Dg) and terminal rising bubble
velocity (Ug) in the BC were analyzed for different types and concentrations of small
plastic media particles.

4.2.1 Effect of plastic media on the bubble size in BC.

In this section, the variation of the bubble diameter (Dg) with different plastic
media addition (type and amount) and operating conditions (gas flow rates) were
studied in the BC. The values of bubble diameter can be obtained by using the
Image Treatment Techniques by using the high speed camera (350 images/second).
Moreover, the sampling point was located at the middle of the reactor (0.6 m above
the bottom). Notably, in order to obtain statistically significant distribution, the
average bubble diameter (Dg), presented in this study, was deduced from the
measurement of 60-150 bubbles. The Sauter mean bubble diameter (ds;,) from
equation 3.4 was used as the bubble diameter (Dg) in this work.

® No plastic media

Figure 4.5 presents the variation of bubble diameter with gas flow rates

obtained in the BC.
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Figure 4.5 Bubble diameter versus gas flow rate in BC
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According to Figure 4.5, the bubble diameter obtained in BC were in range
from 2.65 to 4.57 mm when gas flow rates changing between 2.5 and 20 L/min. The
bubble sizes were slightly increased with the gas flow rate due to the coalescence
phenomena of many small bubbles suspended in the reactor. The photographs of

bubbles in BC at different gas flow rate were shown in the Figure 4.6.

Figure 4.6 Bubble formation photographs in BC at gas flow rate:
(@) 2.5 L/min (b) 5 L/min, and (c) 20 L/min

The bubble size distributions for different gas flow rates were illustrated in
the Figure 4.7. It can be seen that equilibrium shapes were observed for all three gas
flow rates. Moreover, the peaks obtained at high gas flow rates were wider than
those obtained at low gas flow rates. Coalescence and break-up of bubbles play a
role for this result. This was similar to the observation reported by others (Hasanen
et al., 2006; Polli et al., 2002).

[ —25Lmn  —10L/min  —20L/min |

Count

0 2 4 6 8
bubble diameter (mm)

Figure 4.7 Bubble size distribution measured in the BC at different gas flow rate
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® Polyvinyl Chloride (PVC)
Figure 4.8 presents the variation of bubble diameter with gas flow rates
obtained in the BC for different amount of PVC.
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Figure 4.8 Bubble diameter versus gas flow rate in BC for different amount of PVC

According to Figure 4.8, for PVC media loading in the BC, it can be shown that
the bubble diameters were obtain at range of 2.64-27.89 mm for gas flow rate
changing between 2.5 and 20 L/min. Furthermore, it can be noted that the bubble
sizes gained at low media concentration (2-5% PVC loadings) were not significantly
changed. Whereas, at high concentration of media (10-15% PVC loadings), the
increase of bubble size can be observed. The accumulated of PVC media at the
bottom of the reactor can possibly perform as the gas diffuser with large orifice size
for generating the bubble as shown in Figure 4.9. It can be observed that the orifice
size has been verified by various studies as one of the most factors controlling the

bubble size. 1
i<
@

<>

IDORI

Rigid orifice

diffuser

(a) (b)
Figure 4.9 Bubble size and bubble generator for:

(a) No media (b) large PVC loadings
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® Acrylonitrile Butadiene Styrene (ABS)
Figure 4.10 presents the variation of bubble diameter with gas flow rates

obtained in the BC for different amount of ABS.
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Figure 4.10 Bubble diameter versus gas flow rate in BC for different amount of ABS

As shown in Figure 4.10, the bubble diameter in BC increased from 2.58 to
6.03 mm when gas flow rates augmented between 2.5 and 20 L/min. By considering
this Figure, at low ABS media loading in the BC, the values of Dg were closed to
those of no media. However, same as case of PVC media loading, at high
concentration of media (15% ABS loadings), the increase in bubble size can be
observed. As discussed previously, the ABS media can be suspended in tap water, as
well as, submerged at the bottom of reactor. Thus, the high amount of ABS loading
provides smaller adversely effect on the bubble size compare to the case of PVC
media loading. The occurrence of bubbles and plastic media particles (PVC and ABS)

in BC was shown in Figure 4.11.



55

0~ @DEDﬁ

o (8o o~ Bo

] o ]

°© o o OO

o o D

[m] o (m] o
© 0o

o o

o [m] o o

O " O %
o o 0O

o (@° 0° o
Do ©
E @) (@]

||n|||- OCLl

[ [
(a) (b)

Figure 4.11 Occurrence of bubbles and plastic media particles in BC for:

(a) PVC, and (b) ABS

® Polypropylene (PP)
Figure 4.12 presents the variation of bubble diameter with gas flow rates

obtained in the BC for different amount of PP.
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Figure 4.12 Bubble diameter versus gas flow rate in BC for different amount of PP

As shown in Figure 4.12, it can be shown that the bubble diameter obtained
with BC for 2-15% PP loading varied between 2.56 and 4.56 mm for gas flow rates
changing between 2.5 and 20 L/min. The bubble diameter increased continuously
with the gas flow rate. Moreover, it can be observed that the bubble size was not

significantly changed compare to those of no media. Simulation of bubbles and PP
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media particles occur in the BC shown in the Figure 4.13. It can be noted that the PP
media particles were well suspended in liquid phase; therefore, the negative effect

from the plastic media located at the bottom of the BC was not observed.

O o

(@) (d)
Figure 4.14 Bubble formation photographs in BC at gas flow rate 5 L/min for:
(a) No plastic media (b) 15% PVC loading

(c) 15% ABS loading, and (d) 15% PP loading
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In conclusion, for plastic media addition in the BC, the PP media addition did
not provide an increase in bubble size as obtained with the case of high amount of
PVC and ABS loading. This result can be stated that, due to their lower density than
water, the PP particles not accumulate at the bottom of the BC; thus, they did not
perform as the large orifice size diffuser. Therefore, the bubble diameter obtained
with PP addition was similar to those obtained with no media. The photographs of
bubbles for the 15% of plastic media addition in the BC at 5 L/min were showed in
Figure 4.14. From the Figure, it proved that the bubble size obtained with 15% of PP
media addition was similar to those observed for no media. Furthermore, the largest
bubble size was detected in 15% of PVC media loading.

By considering the results from part 4.1 (Figure 4.4), the Ka values
significantly increased with increasing the amount of PP media in the BC. Whereas,
from part 4.2 (Figure 4.12), the addition of the PP media not significantly effect on
the bubble sizes. Therefore, the increase in K.a value must due to the change in
other parameter. The terminal rising bubble velocity (Ug) is an important parameter
that deducted to the specific interfacial area (a), and also to the Ka values. The
decreased in Ug value was due to the increased in specific interfacial area and K.a
values. Therefore, the next section, effect of the three plastic media on Ug values in
the BC will be studied.

4.2.2 Effect of plastic media on terminal rising bubble velocity (Ug) in BC.

In this section, the variation of the terminal rising bubble velocity (Ug) with
different types (PVC, ABS, PP) and amount of plastic media particles (2, 5, 10, 15
(%v/v)) were studied at different gas flow rate (2.5, 5, 10, 15, 20 L/min) in the BC. As
same as the measuring of bubble diameter, the Ug values can be obtained by using
the Image Treatment Techniques by wusing the high speed camera (350
frames/second). The sampling point was located at the middle of the reactor (0.6 m
above the bottom of the BC). The 10 rising bubbles were measured. The Ug values

were calculated from equation 3.8.
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® No plastic media
Figure 4.15 presents the variation of terminal rising bubble velocity with gas

flow rates obtained in the BC.
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Figure 4.15 Terminal rising bubble velocity versus gas flow rate in BC

Concerning to Figure 4.15, the Ug values obtained in BC for no plastic media
addition varied between 16.80 and 22.17 m/min for gas flow rates varying between
2.5 and 20 L/min. From the Figure, it can be noted that the Uz values linearly
increased with the gas flow rate.

® Polyvinyl Chloride (PVC)
Figure 4.16 presents the variation of terminal rising bubble velocity with gas

flow rates obtained in the BC for different amount of PVC.
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Figure 4.16 Terminal rising bubble velocity versus gas flow rate in BC

for different amount of PVC
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According to Figure 4.16, the values of Ug obtained experimentally varied
between 15.27-29.94 m/min while gas flow rates change between 2.5 - 20 L/min. The
lowest and highest Ug values were observed at 5% and 15% of PVC media loading,
respectively. Moreover, the results have shown that, at low PVC addition (2-5% of
media loading), the Ug values were lower than those obtained with no media.
However, for high PVC media loading (10-15% of media loading), at low gas flow rate
(2.5-5 L/min), the Ug values were greater than those of no media. These results can
be explained that, the suspended PVC particles within the liquid phase decreased
the Ug value; however, the increase in bubble size caused an increase in the Ug
value.

By considering to the low media addition, the suspended media momentarily
hindered the rising-up of bubble as well as increased the flow-path distance of
bubble in the reactor, which consequently decreased the vertically rising-bubble
distance observed for a time period, caused the decreased in Ug value.

® Acrylonitrile Butadiene Styrene (ABS)
Figure 4.17 presents the variation of terminal rising bubble velocity with gas

flow rates obtained in the BC for different amount of ABS.

I ¢Nomedia M2% ABS A5%ABS 10% ABS \IS%ABSI

= 30

c

E s

=

£ 20 :

2 s * =

4 % % * g as %

215 R

=

=

=

210

E s

£

5

=0 : : ; : ‘
0 5 10 15 20 25

Gas flow rate, Q¢ (L/min)

Figure 4.17 Terminal rising bubble velocity versus gas flow rate in BC

for different amount of ABS

From the Figure 4.17, the increase of the Ug values were obtained with gas
flow rate. The values of the Ug varied between 14.98-17.90 m/min for gas flow rates
varying between 2.5 and 20 L/min. Form the Figure, it was observed that the addition
of low media loading (2-10% of ABS loading) caused the decreased in the Ug values.

Whereas for 15% of ABS loading, at low gas flow rate (2.5 L/min), the Ug values were
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higher than those obtained with no media: the large size of the bubble obtained at
this gas flow rate should be responsible for this result. It can be stated that the Ug
values obtained with 15% of ABS loading were lower than those obtained with 15%
PVC loading due to the smaller bubble size. Moreover, as the previously describe, it
was noticed that the decrease in Ug value is due to the presence of suspended
plastic media; therefore, the Uy value obtained with ABS addition was lower than
those obtained with PVC addition.
® Polypropylene (PP)
Figure 4.18 presents the variation of terminal rising bubble velocity with gas

flow rates obtained in the BC for different amount of PP.

| eNomedia m2%PP A5%PP <10%PP +15%PP |

= 30

g

E

E s

R .

Z

: e ¢t = Iy

: AW 4 % %

215

=

=

=

=

e 10

=]

E S

E

5

£ 0 ; : ; ; ‘
0 5 10 15 20 25

Gas flow rate, Q¢ (L/min)

Figure 4.18 Terminal rising bubble velocity versus gas flow rate in BC

for different amount of PP

Form the results in Figure 4.18, the Ug values obtained with the BC for 2-15%
of PP loading varied between 14.75 and 19.00 m/min for gas flow rates changing
between 2.5 and 20 L/min. It may be seen from the Figure that Ug values slightly
increase with increasing gas flow rate. Furthermore, the increased in PP media loading
decreasing the Ug values especially at high gas flow rate. Therefore, it can conclusion
that the addition of PP media provided the decreased in Uy values, which related to
the increased in the specific interfacial area and also the K a values.

In conclusion, the addition of media in the BC were significantly reduced the
values of terminal rising bubble velocity (Ug), which deducted to an increase in
values of specific inter facial area (a). Therefore, the next section, the effect of plastic

media on the specific interfacial area obtained in the BC was investigated.
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4.2.3 Effect of plastic media on the specific interfacial area (a) in BC.

In this section, the interfacial area, which calculated from the bubble size,
bubble formation frequency and their rising velocity as previously described in
equation 3.5, were presented.

® No plastic media
Figure 4.19 presents the variation of specific interfacial area with gas flow

rates obtained in the BC.
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Figure 4.19 Specific interfacial area versus gas flow rate in BC

From Figure 4.19, the specific interfacial area increase with the gas flow rates.

These values varied between 21.90 and 79.09 m " for gas flow rates varying between

2.5 and 20 ml/s: the specific interfacial area obtained with high gas flow rate was

greater than low gas flow rate. Moreover, it can be note that the slow increase of the

specific interfacial area was observed at high gas flow rate due to the bubble
coalescence phenomena in the reactor.
® Polyvinyl Chloride (PVC)

Figure 4.20 presents the variation of specific interfacial area with gas flow

rates obtained in the BC for different amount of PVC.
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Figure 4.20 Specific interfacial area versus gas flow rate in BC
for different amount of PVC

By considering the Figure 4.20, it can be shown that the specific interfacial
area values were increased with the gas flow rate. The specific interfacial area
obtained in the BC varied between 1.49-94.8 m " for the gas flow rate varied between
2.5 to 20 L/min. The addition of low amount of PVC media (2-5 % of plastic media)
enhanced the specific interfacial area. Whereas, for high amount of PVC media (more
than 10% of plastic media), the values of specific interfacial area were decreased
especially at the low gas flow rate (2.5-5 L/min). The large bubble diameters
obtained should be responsible for these results.

® Acrylonitrile Butadiene Styrene (ABS)

Figure 4.21 presents the variation of specific interfacial area with gas flow

rates obtained in the BC for different amount of ABS.
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Figure 4.21 Specific interfacial area versus gas flow rate in BC
for different amount of ABS
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Form the results in Figure 4.21, the specific interfacial area values obtained
with the BC for 2-15% of ABS loading varied between 9.04 and 107.07 m for gas
flow rates changing between 2.5 and 20 L/min. It may be seen from the Figure that
the specific interfacial area increased with increasing gas flow rate. Considering the
15% ABS loading at low gas flow rate (2.5-5 L/min), the values of specific interfacial
area were lower than those obtained with no media due to the bubble size.

® Polypropylene (PP)

Figure 4.22 presents the variation of specific interfacial area with gas flow

rates obtained in the BC for different amount of PP.
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Figure 4.22 Specific interfacial area versus gas flow rate in BC

for different amount of PP

From the Figure 4.22, the specific interfacial area obtained in the BC increased
with the gas flow rate. The specific interfacial area values varied between 23.78 to
108.96 m~ when gas flow rate ranged between 2.5 - 20 L/min. As discussed
previously, the PP media can be well suspended within the reactor and reduced the
Ug values in the reactor, therefore; the enhancement of specific interfacial area can
be thus obtained.

4.2.4 Study the liquid film mass transfer coefficient (K.) in tap water.

The liquid film mass transfer coefficient or K_ is a mass transfer parameter. It
was calculated from the values of Ka divided by the specific interfacial area as
shown in the equation 3.3.

Figure 4.23 presents the variation of liquid film mass transfer coefficient with

gas flow rates obtained in the BC for different amount of plastic media.
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From the results in Figure 4.23, whatever the gas flow rate applied in this
work, the values of K_were not significantly changed. Moreover, it can be stated that
the K_ coefficients were in range of 4.02 x10" to 4.49 x10 in the BC. This is coincided
with results obtained by Sardeing et al. (2006). The literature has shown that the K_
values obtained with Higbie’s equation were close to those obtained with tap water
(90%) at bubble diameters for Dg < 6 mm. The appropriate model for predicted the

K. values should be proposed.

Dy, Ug
Dy

K, =

For the same liquid phase, the increase on K.a must be primarily conformed
to an increase in specific interfacial area, which related to the decrease in the Ug
values as shown in previously studied.

From the part 4.1 and 4.2, it can be conclusion that the addition of plastic
media can provide the increase in mass transfer rate in the BC. However, the
adversely affect due to the high concentration of plastic particles located, and
modifying the bubble size from the diffuser was observed. An internal loop airlift
reactor (ILALR) was an interested reactor to increase the Ka values due to the
increase in liquid-gas contact time. Moreover, the liquid and gas recirculation in the
reactor may be able to increase the suspension of plastic media and also reduce
their accumulation at the bottom of the reactor. Therefore, the effect of plastic
media on oxygen mass transfer and bubble hydrodynamic parameters in an ILALR

will be analyzed in the next part.

4.3 Study the oxygen mass transfer and bubble hydrodynamic parameters in

ILALR.

The aim of this part was study the oxygen mass transfer and bubble
hydrodynamic parameters in ILALR. The overall mass transfer coefficient, bubble
diameter, and terminal rising bubble velocity were observed at different gas flow
rates. The methods for analyzed the values of these parameters were the same as in

the BC.
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Figure 4.24 presents the variation of overall mass transfer coefficient with gas

flow rates obtained in the BC (No media, and best type and concentration of plastic

media) and ILALR.
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Figure 4.24 Overall mass transfer coefficient versus gas flow rate in BC and ILALR

From Figure 4.24, for all causes, it can be noted that the Ka values were

increased with the gas flow rate. Concerning to the ILALR, the K a values obtained in

the riser zone were closed to those obtained in the down-comer zone: the variation

of the Ka values varied between 0.89-3.47 min" and 0.91-3.48 min" for the riser

zone and the down-comer zone, respectively. Furthermore, the highest K a values

obtained with ILALR were found at gas flow rate 20 L/min: 71% and 37% increased

compare to the BC (No media), and the best type and concentration of plastic media

in the BC (15% PP), respectively. The liquid and bubble recirculation in ILALR should

be responsible for these results. Thus, the increase in the K.a values may be due to

the increase in bubble-liquid contact time. The bubbles recirculation in BC and ILALR

were shown in Figure 4.25.
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For the next section, the bubble sizes obtained in the riser zone and the
down-comer zone of the ILALR were determined at different gas flow rates for

providing a better understanding on mass transfer mechanism.

4.3.2 Bubble size in ILALR.
Figure 4.26 presents the variation of bubble diameter with gas flow rates

obtained in the BC and ILALR.
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Figure 4.26 Bubble diameter versus gas flow rate in BC and ILALR

According to Figure 4.26, the bubble diameter in the BC increased from 2.65
to 4.57 mm when gas flow rates augmented between 2.5 and 20 L/min. For ILALR, at

the same range of the gas flow rates, it can be found that the range of bubble sizes
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are 2.62 - 4.39 mm for the riser zone, and 2.66 - 2.48 mm for the down-comer zone.
Moreover, the bubble sizes from both reactors were closed and linearly increased
with the gas flow rate. The photographs of bubbles in ILALR at different gas flow rate
were shown in the Figure 4.27. The similar diffuser used in this work should control
the average bubble size. This result proved that the difference of Ka values
obtained with BC and ILALR not depended on the change in bubble size. Therefore,
the next section, the terminal rising bubble velocities were analyzed in both side of

the ILALR for different gas flow rates.

(a (b) (9
Figure 4.27 Bubble formation photographs in ILALR at gas flow rate:
(a) 2.5 L/min (b) 5 L/min, and (c) 20 L/min

4.3.3 Terminal rising bubble velocity (Ug) in ILALR.
Figure 4.28 presents the variation of terminal rising bubble velocity with gas

flow rates obtained in the BC and ILALR.
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Figure 4.28 Terminal rising bubble velocity versus gas flow rate in ILALR
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According to Figure 4.28, for the riser zone, it was shown that the Ug values
varied between 16.75 to 22.18 m/min for riser zone, whereas, for the down-comer
zone, the Ug values varied between 2.42 to 0.70 m/min, when gas flow rates
changing between 2.5 and 20 L/min. The Ug values obtained with the riser zone
increased with the gas flow rate. Moreover, the Ug values obtain in the riser zone of
ILALR were closed to those obtain in BC. For the down-comer zone of the reactor,
the values of the Uy decreased with the gas flow rate. It can be noted that the liquid
recirculated from the riser zone reduced the rising of bubble in the down-comer
zone. The rising bubbles in down-comer zone of ILALR at different gas flow rates
were shown in the Figure 4.29. Note that, the low values of the Ug in the down-

comer zone caused an increase in the bubble-liquid contact time in the reactor.
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Figure 4.29 Rising bubble in down-comer zone of ILALR at:
(a) low gas flow rate (b) high gas flow rate
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4.3.4 Specific interfacial area (a) in ILALR.

The specific interfacial area in the ILALR can divide into two parts: Riser zone
and down-comer zone. For the riser zone, the specific interfacial area was calculated
by equation 3.5, which was the same as case of BC. However, the cross-sectional
area (A) of reactor was changed to the cross-sectional area of the riser zone. And for
the down-comer zone, the specific interfacial area was calculated by the overall
mass transfer coefficient divide by the liquid film mass transfer coefficient, which was
shown in equation 3.7.

Figure 4.30 presents the specific interfacial area with gas flow rates obtained

in the BC and ILALR.
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Figure 4.30 Specific interfacial area versus gas flow rate in BC and ILALR

As shown in Figure 4.30, it can be shown that the values of specific interfacial
area obtained with BC and ILALR. For ILALR, at gas flow rates changing between 2.5
and 20 L/min, the specific interfacial area varied between 30.01-106.10 m_1, and
33.78-128.89 m ' obtained in the riser zone and the down-comer zone, respectively.
The specific interfacial area increased with the gas flow rate. It should be observed
that the slow increase of the specific interfacial area at a high flow rate. This result
was due to the bubble coalescence phenomena at high gas flow rate, and thus

affected the specific interfacial area.
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From the Figure 4.29, it can be noted that the liquid flow from the riser zone
into the down-comer zone affected to the U value. In the down-comer zone, the
high liquid flow down can reduced the Ug value. Therefore, the gas flow rate in the
down-comer zone was analyzed in the next section in order to prove this
explanation.

4.3.5 Effect of plastic media on the gas flow rate in down-comer zone
(Qg) of ILALR

The gas flow rate in down-comer zone (Qg) of the ILALR was calculated by
the equation 3.9 as shown below. Note that the cross-sectional area (A) and the

specific interfacial area (a) used are obtained with the down-comer zone of ILALR.

Ug AH; + NgVp
= fp XV = X — X —m— —
Qg B B a H, 1TD2B

Figure 4.31 presents the variation of gas flow rate (Down-comer zone) with

gas flow rates (Riser zone) obtained in the ILALR.
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Figure 4.31 Gas flow rate (Down-comer zone) versus gas flow rate

(Riser zone) in ILALR

From Figure 4.31, the ¢as flow rates obtained in the down-comer zone in
ILALR were in range of 0.18-2.13 L/min while the gas flow rate applied to the riser
zone of the reactor varying between 2.5 and 20 L/min. It can be seen that the gas
flow rates (Down-comer zone) were continuously increased with the gas flow rate

(Riser zone). Noted that the ratio of Qg (Down-comer zone) to Qg (Riser zone) were in
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range of 0.054-1.01; it seems slowly increased with gas flow rated applied. It can be
noted that, at high gas flow rate, the high amount of bubble and liquid circulated
from the riser zone to the down-comer zone was significantly increased. The Figure

4.32 showed the gas flow rate (Down-comer zone and riser zone) of the ILALR.

Qg (Down-comer zone)

Qg (Riser zone) -

Figure 4.32 Gas flow rate (Down-comer zone and riser zone) of ILALR

For the next part, the plastic media were added into the ILALR in order to
increase the bubble-liquid contact time between gas and liquid phases. The effect of
plastic media on oxygen mass transfer and bubble hydrodynamic and mass transfer

parameters will be explored in ILALR.

4.4 Effect of plastic media on oxygen mass transfer and bubble hydrodynamic

parameters in ILALR.

The objective of this part was to study the impact of different types and
amounts of plastic media on oxygen mass transfer and bubble hydrodynamic
parameters in ILALR. The overall mass transfer coefficient, bubble diameter, and
terminal rising bubble velocity were observed at different gas flow rates. The methods

for analyzed the values of these three parameters were the same as in the BC.
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4.4.1 Effect of plastic media on the overall mass transfer coefficient
(KLa) in ILALR
® Polyvinyl Chloride (PVC)
Figure 4.33 presents the variation of overall mass transfer coefficient with gas

flow rates obtained in the ILALR for different amount of PVC.
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Figure 4.33 Overall mass transfer coefficient versus gas flow rate in ILALR

for different amount of PVC: (a) Riser zone, (b) Down-comer zone
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From the Figure 4.33, it can be shown that the Ka values observed in the
riser zone (a) were close to those observed in the down-comer zone (b). The Ka
values increased with the gas flow rate.

According to Figure riser zone, it was shown that the Ka values varied
between 0.057 to 4.23 min" when gas flow rates augmented between 2.5 and 20
L/min. Same as the case of BC, the positive effect can be found in the case of 2-5%
of PVC addition. Whereas, the addition of 10-15% PVC media provided the negative
effect due to the accumulation of PVC particles at the bottom of the reactor,
increased the bubble size in the reactor. It can be noted that the adverse effects
obtained in ILALR were lower than those obtained in BC due to the liquid and
bubble recirculation in the ILALR increased the suspension of PVC particles, and
decrease the PVC particles at the bottom of the reactor.

For the down-comer zone, the K a values varied between 1.92 to 4.25 mirf1
when gas flow rates changing between 2.5 and 20 L/min. However, for 15% of PVC
addition, it can be noted that the K a values at low gas flow rate (2-5 L/min) cannot
be measured because the dissolve oxygen not continuously increased with time at
the down-comer zone. This can be noted that the PVC particles at the bottom of the
reactor hindrance of bubbles fluid.

® Acrylonitrile Butadiene Styrene (ABS)
Figure 4.34 presents the variation of overall mass transfer coefficient with gas

flow rates obtained in the ILALR for different amount of ABS.
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Figure 4.34 Overall mass transfer coefficient versus gas flow rate in ILALR

for different amount of ABS: (a) Riser zone, (b) Down-comer zone

According to the Figure 4.34, the K a coefficient obtained in both zone of the
ILALR (Riser and down-comer zone) provided same trendline and increased with the
gas flow rate. The variation of K a coefficients obtained in the riser zone and down-
comer zone of the reactor ranged between 0.24-4.98 min" and 0.96-5.01 min_l,
respectively. Same as case of the BC, for 2-10% of ABS media addition, the positive
effect can be found. Whereas, at low gas flow rate (2.5-5 L/min), the K a coefficient
obtained with 15% ABS loading were lower than those obtained with no media.
Furthermore, for the Figure 4.31 (b), it can be shown that the K a values at low gas
flow rate (2.5 L/min) cannot be measured because the plastic particles at the
bottom of the reactor hindrance of bubbles fluid.



76

® Polypropylene (PP)

Figure 4.35 presents the variation of overall mass transfer coefficient with gas
flow rates obtained in the ILALR for different amount of PP.
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Figure 4.35 Overall mass transfer coefficient versus gas flow rate in ILALR

for different amount of PP: (a) Riser zone, (b) Down-comer zone

According to Figure 4.35, the K a values obtained with ILALR rose with the gas
flow rates. When the gas flow rate varied between 2.5 - 20 L/min, the values of K a
coefficient were in range of 0.93 — 5.33 min" and 0.95-5.34 min " for the riser zone
and the down-comer zone of the ILALR, respectively. The K.a coefficient obtained
from both zones of the reactor were closed. The highest K a value was obtained

with 15% of plastic media loading (53% increased).
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4.4.2 Effect of plastic media on bubble size parameter in ILALR.
® Polyvinyl Chloride (PVC)
Figure 4.36 presents the variation of bubble diameter with gas flow rates
obtained in the ILALR for different amount of PVC.
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Figure 4.36 Bubble diameter versus gas flow rate in ILALR

for different amount of PVC: (a) Riser zone, (b) Down-comer zone

Figure 4.36 (a) shows that the addition of low concentration of PVC (2-5% of
plastic media loading) not has significant effect on the bubble size, whereas the high
addition of PVC (10-15% of plastic media loading) caused an increase in bubble size.
Same as the case of BC, the PVC particles which located at the bottom of the
reactor caused an increase in bubble size. Moreover, the values of bubble size
obtained with BC were larger than those obtained with ILALR.
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From the Figure 4.36 (b), for all cases, the bubble sizes were no significantly
changed. Furthermore, it can be noted that, for 15% of PVC at low gas flow rates (2.5-7
L/min), the bubble cannot be observed. This result can be explained that the large
size of bubble trend to not circulated from the riser zone to the down-comer zone.

® Acrylonitrile Butadiene Styrene (ABS)

Figure 4.37 presents the variation of bubble diameter with gas flow rates

obtained in the ILALR for different amount of ABS.
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Figure 4.37 Bubble diameter versus g¢as flow rate in ILALR

for different amount of ABS: (a) Riser zone, (b) Down-comer zone

According to Figure 4.37, for ABS media loading in the ILALR, it can be shown
that the bubble diameters were obtained at range of 2.58-5.26 mm and 2.59-4.39
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mm for the riser zone and the down-comer zone, respectively. Furthermore, it can
be noted that the bubble sizes gained at low media concentration (2-10% ABS
loadings) were not significantly changed. Whereas, at high concentration of media
(15% ABS loadings), the increase of bubble size can be observed at low gas flow rate
(2.5-10 L/min). However, the values of bubble size obtained with BC for 15% ABS
loading were larger than those obtained with ILALR.
® Polypropylene (PP)

Figure 4.38 presents the variation of bubble diameter with gas flow rates

obtained in the ILALR for different amount of PP.
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Figure 4.38 Bubble diameter versus gas flow rate in ILALR

for different amount of PP: (a) Riser zone, (b) Down-comer zone
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According to the Figure 4.38, the bubble sizes obtained in the riser zone and
the down-comer zone increased with the gas flow rate. The bubble diameters
obtained at gas flow rate ranged between 2.5 - 20 L/min varied between 2.64-4.59
mm and 2.61-4.56 mm for the riser zone and the down-comer zone, respectively.
The same trendline of the bubble sizes gained from both zone of the reactor were
observed. However, for 15% of PP loading at low gas flow rate (2.5 L/min), the
bubble cannot recirculate from the riser zone to the down-comer zone.

In conclusion, the addition of PP particles performed better than the addition
of PVC and ABS. Due to their lower density than water, it can be noted that the PP
particles not accumulate at the bottom of reactors; thus, they did not perform as
the large orifice size diffuser. The photographs of bubbles for the plastic media
loadings were showed in Figure 4.39. It demonstrated that for 15% PP loading was
similar to those observed for no media. Meanwhile, the largest was detected in PVC

loading.

(@) (d)
Figure 4.39 Bubble formation photographs in ILALR (Riser zone)

at gas flow rate 5 L/min for: (a) No plastic media (b) 15% PVC loading
(c) 15% ABS loading, and (d) 15% PP loading
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4.4.3 Effect of plastic media on terminal rising bubble velocity in ILALR
® Polyvinyl Chloride (PVC)
Figure 4.40 presents the variation of terminal rising bubble velocity with gas
flow rates obtained in the ILALR for different amount of PVC.
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Figure 4.40 Terminal rising bubble velocity versus gas flow rate in ILALR

for different amount of PVC: (a) Riser zone, (b) Down-comer zone

According to Figure 4.40 (a), the Uy values obtained experimentally varied
between 15.31-22.56 m/min while gas flow rates change between 2.5 - 20 L/min. The
Ug values increased with the gas flow rate. Same as the case of BC, the lowest and
highest Ug values were observed at 5% and 15% of PVC media loading, respectively.
Furthermore, at low PVC media loading (2-5% loading), the Uy values were lower
than those obtained with no media. However, for hish PVC media loading (10-15%

loading), low gas flow rate (2.5-5 L/min), the Uy values were greater than those of no
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media. The large size of the bubble diameters obtain with the case of high PVC
media should be responsible for these results.
® Acrylonitrile Butadiene Styrene (ABS)
Figure 4.41 presents the variation of terminal rising bubble velocity with gas
flow rates obtained in the ILALR for different amount of ABS.
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Figure 4.41 Terminal rising bubble velocity versus gas flow rate in ILALR

for different amount of ABS: (a) Riser zone, (b) Down-comer zone

As shown in Figure 4.41 (a), the Ug in riser zone of the ILALR increased from
15.02 to 20.42 m/min when gas flow rates augmented between 2.5 and 20 L/min. By
considering this Figure, at low ABS media loading (2-10% of media loading), the
values of Uz were lower than those of no media. However, same as case of PVC
media loading, at high concentration of media (15% ABS loadings), the increase in Ug

can be observed due to the increase in bubble size. However, the values of Ug
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obtained with BC were higher than those obtained with the riser zone of ILALR: the
difference of bubble size should be responsible for these results. For the down-
comer zone of the ILALR, as shown in Figure 4.41 (b), the Uy decreased from 0.49 to
2.23 m/min when gas flow rates augmented between 2.5 and 20 L/min. It can be
noted that an increase in gas flow rate of the riser zone caused the decrease in the
Ug values in the down-comer zone. Moreover, the addition of ABS media caused the
increase in the Ug values.
® Polypropylene (PP)

Figure 4.42 presents the variation of terminal rising bubble velocity with gas

flow rates obtained in the ILALR for different amount of PP.
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Figure 4.42 Terminal rising bubble velocity versus gas flow rate in ILALR

for different amount of PP: (a) Riser zone, (b) Down-comer zone
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Concerning to Figure 4.42, the variation of Ug obtained experimentally varied
between 14.78-19.04 m/min for the riser zone and 0.49-2.36 m/min while gas flow
rates can change between 2.5 - 20 L/min. The values of the Ug increased with gas
flow rate in the riser zone, whereas, decreased with gas flow rate in the down-comer
zone. It can be stated that the addition of PP media provided the lower of Ug values
in the reactor. Moreover, the Ug values obtained with the riser zone of the ILALR
were lower than those obtained with the BC. This result was due to the small
bubble size obtained in the ILALR.

4.4.4 Effect of plastic media on the specific interfacial area (a) in ILALR

® Polyvinyl Chloride (PVC)

Figure 4.43 presents the variation of specific interfacial area with gas flow

rates obtained in the ILALR for different amount of PVC.
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Figure 4.43 (a) shows that the addition of low concentration of PVC (2-5% of
plastic media loading) not has significant effect on the specific interfacial area,
whereas the high addition of PVC (10-15% of plastic media loading) caused the
decrease in the specific interfacial area, especially at low gas flow rate. Same as the
case of BC, the PVC particles which located at the bottom of the reactor caused the
increase in bubble size and the decrease in the specific interfacial area. Moreover,
the values of specific interfacial area obtained with BC were lower than those
obtained with ILALR, which related to the K a value.

From the Figure 4.43 (b), for all cases, the specific interfacial area values were
closed to those of the riser zone. Moreover, the specific interfacial area of 15% PVC
cannot be calculated because the bubble generated in the riser zone not
recirculated into the down-comer zone.

® Acrylonitrile Butadiene Styrene (ABS)

Figure 4.44 presents the variation of specific interfacial area with gas flow

rates obtained in the ILALR for different amount of ABS.
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Figure 4.44 Specific interfacial area versus gas flow rate in ILALR
for different amount of ABS: (a) Riser zone, (b) Down-comer zone
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According to Figure 4.44, it was shown that the specific interfacial area varied
between 12.41 to 143.77 m’1 for riser zone, whereas, for the down-comer zone, the
specific interfacial area values varied between 33.46 to 144.64 mfl, when gas flow
rates changing between 2.5 and 20 L/min. For both side of the reactor, the values of
specific interfacial area were closed and increased with the gas flow rate. Moreover,
for the 15% ABS loading at low gas flow rate (2.5-5 L/min), the values of specific
interfacial area were lower than those obtained with no media due to the large
bubble size obtained.

® Polypropylene (PP)

Figure 4.45 presents the variation of specific interfacial area with gas flow

rates obtained in the ILALR for different amount of PP.
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Figure 4.45 Specific interfacial area versus gas flow rate in ILALR

for different amount of PP: (a) Riser zone, (b) Down-comer zone
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Considering the Figure 4.45, it was shown that the specific interfacial area
varied between 32.48 to 144.25 m_1 for riser zone, and 33.11 to 144.57 rr{1 for down-
comer zone, when gas flow rates ranged between 2.5 and 20 L/min. The specific
interfacial area in both zones were closed and continuously increased with the gas
flow rate. The highest values obtained for both zone of the reactor were observed
for 15% of PP particles at gas flow rate 15 L/min.

4.4.5 Effect of plastic media on the gas flow rate (Down-comer zone) in

ILALR

® Polyvinyl Chloride (PVC)
Figure 4.46 presents the variation of gas flow rate (Down-comer zone) with

gas flow rates (Riser zone) obtained in the ILALR for different amount of PVC.
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Figure 4.46 Gas flow rate (Down-comer zone) versus gas flow rate (Riser zone)

in ILALR for different amount of PVC

From the Figure 4.46, it was shown that the gas flow rate obtained in down-
comer zone varied between 0.18 to 2.10 L/min when gas flow rates applied into the
riser zone changing between 2.5 and 20 L/min. Moreover, it can be noted that the
gas flow rate (Down-comer zone) slowly increased with the gas flow rate (Riser zone).
Due to none of bubble in the down-comer zone, the gas flow rate (Down-comer

zone) for 15% PVC cannot be calculated.
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® Acrylonitrile Butadiene Styrene (ABS)
Figure 4.47 presents the variation of gas flow rate (Down-comer zone) with

gas flow rates (Riser zone) obtained in the ILALR for different amount of ABS.
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Figure 4.47 Gas flow rate (Down-comer zone) versus gas flow rate (Riser zone)

in ILALR for different amount of ABS

According to the Figure 4.47, it was shown that the gas flow rate obtained in
down-comer zone varied between 0.17 to 2.25 L/min when gas flow rates applied
into the riser zone changing between 2.5 and 20 L/min. The increase in gas flow rate
(Riser zone) caused an increase in the gas flow rate (Down-comer zone). Moreover,
for 15% of ABS loading at gas flow rated applied into riser zone 2.5 L/min, the gas
flow rate (Down-comer zone) cannot be calculated due to none of bubble in the

down-comer zone.
® Polypropylene (PP)
Figure 4.48 presents the variation of gas flow rate (Down-comer zone) with

gas flow rates (Riser zone) obtained in the ILALR for different amount of PP.
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Figure 4.48 Gas flow rate (Down-comer zone) versus gas flow rate (Riser zone)

in ILALR for different amount of PP

It can be shown from the Figure 4.48 that the gas flow rate obtained in down-
comer zone varied between 0.18 to 2.38 L/min while the gas flow rates applied into
the riser zone ranged between 2.5 and 20 L/min. The increase in gas flow rate (Riser
zone) caused an increase in the gas flow rate (Down-comer zone). Moreover, the
highest value of gas flow rate (Down-comer zone) was observed with 15% PP media

addition at gas flow rate applied 20 L/min.

4.5 Comparison the effect of best plastic media condition on mass transfer and

bubble hydrodynamic parameters in BC and ILALR.

By analyzed the best condition for oxygen absorption in this work, the
impacts of 15%PP (best type and concentration of plastic media) obtained with the
BC and ILALR on the K a, Dg, a, and K, parameters were show in Figure 4.49-4.52.

® Overall mass transfer coefficient (K a) in BC and ILALR
Figure 4.49 presents the variation of overall mass transfer coefficient with gas

flow rates obtained in the BC and ILALR for no media and 15% of PP.
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Figure 4.49 Overall mass transfer coefficient versus gas flow rate in BC and ILALR

According to the Figure 4.49, the K a values obtained with ILALR were higher
than those obtained with BC. Moreover, at 20 L/min, the addition of 15% PP
provided an increase in the K a values for 34% and 53% obtained with BC and ILALR,
respectively. It can be noted that the higher increase in Ka values obtained with
ILALR was due to the higher amount of suspended PP particles within the tap water.
Therefore, the bubble and liquid recirculation in ILALR should be responsible for this
result.

® Bubble diameter (Dg) in BC and ILALR

Figure 4.50 presents the variation of bubble diameter (Dg) with gas flow rates

obtained in the BC and ILALR for no media and 15% of PP.
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Figure 4.50 Bubble diameter versus g¢as flow rate in BC and ILALR
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By considering to the Figure 4.50, the bubble diameters obtained with BC and
ILALR (Riser and down-comer zone) were close. From the Figure, it can be stated that:

- For all gas flow rates, the bubble size obtained with BC and ILALR for no
media and 15% PP addition were closed. The similar gas diffuser used in this work
should be responsible for this result.

- The bubble size obtained for all cases depend only on the gas flow rates.
The increased in gas flow rate provided an increase in bubble diameter. In this
regard, the bubble coalescence phenomena should be responsible for this result.

- The addition of 15% PP media, and the different type of reactors not
modified the bubble size.

- By considering the bubble diameter in the ILALR, for both no media and
15% of PP addition, the bubble diameters obtained with riser zone were closed to
those of down-comer zone.

From these results, it can be again concluded that the change in specific
interfacial area by adding PP media was not related to the change in bubble size.

® Specific interfacial area (a) in BC and ILALR

Figure 4.51 presents the variation of specific interfacial area (a) with gas flow

rates obtained in the BC and ILALR for no media and 15% of PP.
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Figure 4.51 Specific interfacial area versus gas flow rate in BC and ILALR

From the Figure 4.51, the specific interfacial areas obtained with ILALR (Riser
and down-comer zone) were higher than those of BC. Moreover, at 20 L/min, the
15% of PP media loading caused an increase in the specific interfacial area values for

38%, 36%, and 36% obtained with the BC, the riser zone, and the down-comer zone
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of ILALR, respectively. It can be observed that the increase in the specific interfacial
area obtained with the BC and ILALR were closed.

As presented previously, the terminal rising bubble velocity (Ug) in down-
comer zone of ILALR decreased with the gas flow rates. The Ug values varied
between 2.42-0.70 and 2.36-0.49 m/min for no media and 15% of PP addition,
respectively while gas flow rates can change between 2.5-20 L/min. From the

equation 3.9;

Up AH;,+ NgVg
= fg X = X — X —m———— X
Q¢ g X Vg aXq e Vg

It can be stated that the increase in specific interfacial area and Ujg values
caused an increase in the Qg in down-comer zone. Therefore, the next section the
effect of plastic media on the gas flow rate (Qg) in down-comer zone of ILALR will be
studied.

® Effect of plastic media on the gas flow rate in down-comer zone
(Qg) of ILALR
Figure 4.52 presents the variation of gas flow rate (Down-comer zone) with

gas flow rates (Riser zone) obtained in the ILALR for no media and 15% of PP.
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Figure 4.52 Gas flow rate (Down-comer zone) versus gas flow rates

(Riser zone) in the ILALR

From the Figure, it can be show that the Qg (Down-comer zone) was lower
than Qg (Riser zone); the ratios of Qg (Down-comer zone) to Qg (Riser zone) were in

range of 0.07-0.09 and 0.06-0.11 L/min for no media and 15% PP addition,
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respectively. Therefore, it can be observed from the Figure that the addition of 15%
PP media provided an increase in the Q¢ values (Down-comer zone). The flow of gas
(bubble) phase and liquid phase through the suspended plastic media porous caused
an increase in Qg values (Down-comer zone) which consequently decreased the
terminal rising bubble velocity and increased the specific interfacial area in the
down-comer zone.

In conclusion, the addition of 15% PP media provides the positive effect on
oxygen mass transfer in tap water; these effects can be explained below:

- The PP addition not modified the bubble size.

- The PP particles increased the gas flow rate in down-comer zone,
increased the flow-path distance of bubble in the reactor and momentarily hindered
the rising-up of bubble. These results related to the decreased in the Ug values in
the down-comer zone.

- This decrease in the Ug value related to an increase in specific interfacial
area in the down-comer zone, which related to an increase in the specific interfacial

area in the total of ILALR.

® Liquid film mass transfer coefficient (K.) in BC and ILALR
Figure 4.53 presents the variation of liquid film mass transfer coefficient (K)

with gas flow rates obtained in the BC and ILALR for no media and 15% of PP.
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Figure 4.53 Liquid film mass transfer coefficient versus gas flow rate

in BC and ILALR
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From the Figure 4.53, the K values of tap water obtained with BC and ILALR
(Riser and down-comer zone) were ranged between 4.09 x 10" and 4.74 x 10" m/s.
The K_ values of tap water obtained in this work were acceptable. This result can
proved that an increase in K a values must be primarily conformed to an increase in
specific interfacial area.

The overall results obtained with oxygen absorption part were show in the
Table 4.1. The effect of 15% plastic media addition on the overall mass transfer
coefficient (K a), bubble diameter (Dg), terminal rising bubble velocity (Ug), specific
interfacial area (a), and liquid film mass transfer coefficient (K) comparing to no

media addition in BC and ILALR were concluded.



Table 4.1 The overall results obtained in oxygen absorption part.

Paramete BC ILALR
; Remark
PVC ABS PP PVC ABS PP
® For high plastic media loading,
. latlowa, || atlowa, T LatlowQe | atlowQ, T at low gas ﬂoyv rate, the K.a values
L 1 athigh Q. | 1 at high Q. 1 athigh Q| 1 at high Qg for PVC loading lower than those
for ABS loading.
® For high plastic media loading,
5 PatlowQ, |1 atlowQ ) PatlowQ | 1 atlowQ ) a‘F low gas flow rate, the bubble
B ~athish Qs | = at high Q ~ ~athigh Qs | = at high Q ~ diameter for PVC loading larger
than those for ABS loading.
® For high plastic media loading,
U TatlowQ, |71 atlowa, | TatlowQ, |1 atlowQ | at low gas ﬂc?w ra’Fe, the Ug values
B Lathigha. | | athigh Q. L athighQe | | at high Q. for PVC loading higher than those
for ABS loading.
® For high plastic media loading,
] Latlowa, || atlowa, T LatlowQe | atlowa, ’]‘ .at Low.gas flow rate, the spec.iﬁc
1 athighQ. | 1 at high Q. 1 athigh Q. | 1 at high Q. interfacial area for PVC loading

lower than those for ABS loading.
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Q
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From the experimental results in part 4.5, it can be concluded that the best
condition (reactor, and types and concentration of plastic media) was observed with
the addition of 15% PP loading in the ILALR. This result was due to the decrease in
the Ug value, which related to an increase in the specific interfacial area and the K a
coefficients. The next part, the best condition will be applied for remove the

benzene gas from the gas stream.

4.6 Application for benzene gas absorption.

The aim of this part was to study the application of the best condition
obtained from the previously part for benzene gas absorption. The effects of
surfactant, plastic media addition, and granular activated carbon (GAC) addition on
the overall mass transfer coefficient for benzene absorption were investigated in the
ILALR.

Benzene gas generator was applied in order to generate the benzene gas at
room temperature. The air was injected into the 100 mL of pure benzene in the flask
in order to generating benzene gas stream from their volatilization. Due to the low
boiling point of benzene (80.1 °C), it proved that the benzene was evaporated. The
benzene gas stream was added into the bottom of the ILALR.

4.6.1 Overall mass transfer coefficient (K .a) for benzene absorption

The Ka values from this section were calculated by measured the
concentration of benzene in liquid phases with time using the UV/Visible
Spectroscopy technique. The liquid samples were collected at 1-25 minutes. In this
work, the absorbents were referred to the concentration of benzene in liquid phase.
Figure 4.49 presents the variation of absorbent with time obtained in the ILALR for
benzene absorption with different condition (different liquid phases, media addition,

and GAC addition).
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Figure 4.54 Absorbent versus time for benzene absorption

Concerning to Figure 4.54, it can be found that, the benzene concentrations
rapidly increased in first step, and then nearly to the constant values (saturated
concentration, Cs) with increasing times. From the Figure, it can be stated that the
values of saturated benzene concentration were related to types and concentration

of liquid phases, and GAC addition.

Cs Tween 80:1 cMc > Cs Tween 80:0.1 cmc > Cs water > Cs Tween 80:0.1 cmc (6A0) > Cs water (6AQ)

Note that, the effect of plastic media addition on the values of Cs was not
observed. The experimental results shown that the addition of GAC

Table 4.2 Summary of K a values for benzene absorption

Condition K.a (min™)

Surfactant (No media)

® \Vater 0.3213

® Tween 80: 1 CMC 0.3501

® Tween 80: 0.1 CMC 0.3323
Surfactant (Media)

® \Water (Media) 0.3642

® Tween 80: 0.1 CMC (Media) 0.2688
Surfactant (GAC)

® \Water (GAQ) 0.2683

® Tween 80: 0.1 CMC (GAQ) 0.2905
Surfactant (Media, and GAC)

® Water (Media, GAC) 0.2105

® Tween 80: 0.1 CMC (Media, GAC) 0.2613




98

Table 4.2 presents the values of overall mass transfer coefficient obtained in

the ILALR for benzene absorption. From the Table, it can be concluded that:

® (oncerning to the different types and concentrations of surfactant (an row), it
can be shown that the K a values depended on the concentration of surfactant: K.a
(1 CMC) > Ka (0.1 CMQ) > K.a (Water). However, for Tween 80, the K a coefficient
obtained with 1 CMC was not much higher than those obtained with 0.1 CMC.

® For surfactant with media (3rd row), the Ka coefficients obtained for both
liquid phases with 15% of PP loading were higher than those obtained with no
media. The increase in the Ka value by adding the plastic media obtained with
water (13% increased) was higher than those obtained with 0.1 CMC Tween 80 (11%
increased) compared with no media. This was due to large number of bubble foam
generated at the surface of the liquid phase (0.1 CMC Tween 80), led the PP particles
out of the liquid phase. Therefore, the number of PP particles suspended in the

liquid phase was decreased, and related to an increase in Ug values.

® For surfactant with GAC (4th row), the K a coefficients obtained for both liquid
phases with GAC were lower than those obtained with no GAC. This result can be
explained that the benzene gas in liquid phase was reduced by adsorbing into the
GAC; thus, the decrease in Ka values was observed. Moreover, the Ka value
obtained with water (0.2683 minfl) was lower than those obtained with 0.1 CMC
Tween 80 (0.2905). This is to say the benzene gas adsorption in GAC obtained with
0.1 CMC Tween 80 was lower than those obtained with water. The surfactant may
block the adsorption efficiency of GAC.

® [or surfactant with 15% of PP media and GAC (5th row), the K a coefficients
obtained for both liquid phases with media and GAC were lower than those obtained
with only media and with only GAC. The decrease in the Ka value due to the

decrease in Ug values.
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In this section, the inlet and outlet benzene concentrations in the gas phase

were sampling and collected at 5 to 5.5 minutes using air bag, and measured by

using the GC-FID equipment. The benzene removal efficiency (%Eff) was calculated

by using the equation 3.10.

Table 4.3 presents the values of overall mass transfer coefficient obtained in

the ILALR for benzene absorption.

Table 4.3 Summary of K .a benzene removal efficiency.

e Average Benzene removal
ondition
peak area efficiency (%Eff)

Benzene gas inlet 40419.97 -
Benzene gas outlet
Surfactant (No media)

¢ Water 28248.00 30

® Tween 80: 1 CMC 18249 80 55

® Tween 80: 0.1 CMC 16297 60 60
Surfactant (Media)

® \Water (Media) 20307.80 50

® Tween 80: 0.1 CMC (Media) 1242290 69
Surfactant (GAC)

® Tween 80: 0.1 CMC (GAC) 1017536 75
Surfactant (Media, and GAQC)

® Water (Media, GAC) 4790.07 88

® Tween 80: 0.1 CMC (Media, GAC) 8954.40 78

From the Table 4.3, it can be concluded that:

® For no GAC addition, for all cases, the addition of Tween 80 into the tap

water provide the increased in benzene removal efficiency. By considering the Figure

4.49, the saturated benzene concentration obtained with Tween 80 was higher than




100

those obtained with tap water. Therefore, at the same period of time, the benzene

gas can absorb in Tween 80 more than in tap water.

® The addition of 15% PP media increased the benzene removal efficiency at 5
to 5.5 min. This result was agreeable with the Figure 4.49 and Table 4.1. According to
the Figure 4.49, the benzene concentration in liquid phase was not reached the
saturated benzene concentration. And from the Table 4.1, the K.a values obtained
with media addition were higher than those obtain with no media. Therefore, the
benzene gas can absorption obtained with media addition was higher than those

obtained with no media.

® For GAC addition, for all cases, the benzene removal efficiency was higher
than those obtained with no GAC addition. Moreover, the %Eff obtained with tap
water was higher than those obtained with Tween 80. This result can explained that

Tween 80 blocked the benzene gas adsorption into the GAC.

® The highest value of the %Eff was observed with the addition of 15% PP

media and GAC in tap water.

In conclusion, it can be expressed that the best condition for hydrophobic
VOCs absorption in this work observed with the 15% PP and GAC addition in water
within the ILALR.
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The emission of volatile organic compounds (VOCs) into the air has been an
environmental concern. Benzene is one of toxic VOC; it is known to be a human
carcinogen based on sufficient evidence of carcinogenicity from studies in humans.
Therefore, the objective of this work was to study the absorption system for
controlling benzene emissions. The effect of plastic media on oxygen mass transfer
and bubble hydrodynamic parameters at a variety of gas flow rate in a bubble
column (BC) and an internal loop airlift reactor (ILALR) was studied. The different
types and amount of small size plastic particles were added into the reactors in
order to increase the liquid-gas surface contact, which improve mass transfer rates.
The best condition system from the experimental results was applied for designing a
high-efficiency benzene absorption system.

In this research work, the experiments were carried out in laboratory scale at
atmospheric pressure and liquid temperature 26 (+1) °C. The BC was made of
Plexiglas with 14 cm in diameter and 100 cm in height. For ILALR system, the
rectangular Plexiglas baffle (with 13 cm width, 80 cm height, and 0.5 cm thickness)
was installed within the BC in order to divide the cross section into a riser zone and a
down-comer zone. Gas diffuser used in this work is rigid orifice diffuser, it was
injected at the bottom of reactors: in the middle and in the riser zone for BC and
ILALR, respectively. In this study, the experiments can be divided into two parts;
oxygen absorption and benzene absorption parts.

For the oxygen absorption part, the effect of small plastic media particles on
overall mass transfer coefficient (K a), bubble diameter (Dg), terminal rising bubble
velocity , specific interfacial area (a), and liquid film mass transfer coefficient (K,) in
BC and ILALR were investigated. The operating conditions were as follows: liquid
phase is tap water, liquid height (H) = 86.5 cm (13 L) and gas flow rate of 2.5, 5, 7,
10, 12, 15 and 20 L/min. The three different plastic media particles (PVC, ABS, and
PP) with different concentration (2, 5, 10, 15 (%v/v)) were used.



102

In this part, the following results have been obtained;

1. For no plastic media, the overall mass transfer coefficient (K a) seemed to be
higher in ILALR than in BC because of the gas and liquid recirculation from the riser
zone to the down-comer zone in ILALR.

2. The same trendline of bubble diameter in BC and ILALR without plastic media
was observed due to the similar diffuser applied in this work. The K_ values of tap
water calculated in this study were accepTable.

3. For both reactors, the similar effect of plastic media loading on the K a value
was found. The following results were observed:

- For PVC addition, by the large amount of media loadings (10-15%), the PVC
blocked or modified the bubble generation, which caused the negative
effect on the K a value. This adverse effect was smaller in ILALR than in BC
because the liquid and bubble recirculation in the ILALR enhanced the
suspension and reduced the accumulation of PVC.

- The addition of ABS insignificantly changed the K a value. However, similar
to the case of PVC, the slight decrease in the K.a value was observed at
high amount of ABS loading (15%).

- The PP addition significantly enhanced the K a value due to the increase
of specific interfacial area.

4. The effect of plastic media on bubble diameter in the BCR and ILALR was
concluded as follows:

- At high amount of PVC loading, the accumulated of PVC particles
performed as the large orifice diffuser, which generated the large size of
bubble.

- For ABS addition, the bubble size was not significantly changed, except the
large amount of ABS particles (15%), the large size of bubble was
observed.

- The increase in PP loading not significantly changed bubble diameter.

5. The similar effect of plastic media loading on the Ug value in BC and the riser

zone was found. The following results were observed:
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- At high amount of PVC loading, the large size bubbles were generated. An
increase in bubble size increased the Ug value.

- For ABS addition, there was no significantly change in Ug value, except the
high amount of ABS particles (15%).

- The increase in PP loading not significantly changed the Ug value.

For the down-comer zone, for all types of plastic media addition, the Ug
value slightly decreased with the gas flow rate. The Ug values (Down-comer zone)
were in range: No plastic media > PVC > ABS > PP. An increase in the amount plastic
media particles suspended within the reactor caused the decreased in Ug value in
the down-comer zone.

6. The similar effect of plastic media loading on the specific interfacial area in BC
and the riser zone was found. The following results were observed:

- At high amount of PVC loading, the large size bubbles were generated. An
increase in bubble size and Ug value caused an increase in the specific
interfacial area.

- For ABS addition, there was no significantly change in specific interfacial
area, except the high amount of ABS particles (15%); the specific interfacial
area was lower than those obtained with no media.

- The increase in PP loading not significantly changed the specific interfacial

area value.

For the down-comer zone, the specific interfacial area increased with the
decrease in Ug value.

In conclusion for the oxygen absorption part, the ILALR provides higher
oxygen mass transfer rate than BC. Moreover, the highest specific interfacial area
and overall mass transfer coefficient was observed with 15% of PP media. Therefore,
the best condition for oxygen absorption part is the 15% of PP media addition in
ILALR.

The best condition obtained from the oxygen absorption part (15% of PP

media addition in ILALR) was applied for benzene absorption part. For the benzene
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absorption part, the K a values and the benzene removal efficiency was analyzed.
The operating conditions were as follows: liquid phase is tap water and Tween 80
(0.1 and 1 CMQ), liquid height (H,) = 86.5 cm (13 L), and gas flow rate of 10 L/min.
The 100 mL of pure benzene was added in to the benzene gas generator in order to
generating benzene gas stream from their volatilization. The 15 % of PP was added
into the ILALR. Moreover, the granular activated carbon (GAC) was added into the
reactor in order to increase the benzene removal efficiency.

In this part, the following results have been obtained;

1. The values of saturated benzene concentration were in ranged:

Cs Tween 80:1 cMc > Cs Tween 80:01 cMc > Cs water > Cs Tween 80:0.1 cmc (6a0) > Cs water (6AQ)»

2. The addition of 15% PP media increased the Ka values of benzene
absorption.

3. For no GAC addition, the benzene removal efficiency obtained with Tween
80 was higher than those obtained with tap water.

4. For GAC addition, the benzene removal efficiency obtained with tap water
was higher than those obtained with Tween 80. This results can be explained that the

Tween 80 hindrance the mass transfer of benzene from liquid phase into the GAC.

In conclusion, the best condition for benzene absorption in this work was
observed with the 15% PP media and GAC addition into tap water in the ILALR.

The absorption system obtained in this work can be applied for VOCs gas
removal and also for water treatment. The advantages of this system over other

techniques are simple construction and low operation costs.
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5.2 Recommendations for future work

In the future, the development of a continuous system internal loop airlift
reactor should be studied in order to provide a high hydrophobic VOCs removal
efficiency system. Figure 5.1 shows a schematic diagram of the design continuously
internal loop airlift reactor. According to the Figure, the VOC gas (absorbate) is
injected at the base of the reactor through a single gas rigid orifice and the rest of
VOC gas out at the top of the column. The liquid phase (absorbent) is flow in and
out at the lower- and upper- of the riser zone and down-comer zone of the ILALR,

respectively.

|7 —> (Gas out

4 P — Liquid out

Liquidin  —> —4— °

Gasin —> |

Figure 5.1 Schematic diagram of continuous ILALR system

More different types of small plastic media particle should be investigated in
order to increase the mass transfer rate of the hydrophobic VOCs absorption. Noted
that the density (p) of plastic media should be similar to density of water (p,ate)-
Furthermore, the effect of different shapes of plastic media (for a similar density) on
mass transfer rate is interested to investigate.

From the results of this work, the addition of GAC increased the benzene
removal efficiency; therefore, the activated carbon may be used as media particles
for VOCs removal system.

Moreover, more different types and concentration of surfactant used should
be investigated in order to increase the overall mass transfer coefficient and removal

efficiency of hydrophobic VOCs.



REFERENCES

Chisti, Y., Kasper, M., & Moo-Young, M. (1990). Mass transfer in external-loop airlift
bioreactors using static mixers. Chemical Engineering Science, 68(45-50).

Deckwer, W. (1992). Bubble column reactors (Vol. 38): Institution of Chemical
Engineers

Deithorn, R. T. & Mazzoni, A. F. (2014). The Story of Activated Carbon. from

http://www.tigg.com/what-is-activated-carbon.html

EPA, U. S. (1998). Toxicological review of benzene (Noncancer effects). Retrieved
september 1998

EPA, U. S. (2009). Benzene TEACH Chemical Summary. Retrieved 2/27/2009, from
Toxicity and Exposure Assessments for Children’s Health

Erto, A. & Lancia, A. (2012). Solubility of benzene in copolymer aqueous solutions
for the design of gas absorption unit operations. Chemical Engineering
Journal, 187, 166-171.

Freitas, C. & José, T. A. (2001). Oxygen mass transfer in a high solids loading three-
phase internal-loop airlift reactor. Chemical Engineering Journal, 84, 57-61.

Gourich, B., Vial, C, El Azher, N., Belhaj Soulami, M., & Ziyad, M. (2006).
Improvement of oxygen mass transfer estimation from oxygen
concentration measurements in  bubble column reactors. Chemical
Engineering Science, 61(18), 6218-6222.

Han, S. J.,, Tan, R. B. H., & Loh, K. C. (2000). Hydrodynamic Behaviour in a New Gas-
Liquid-Solid Inverse Fluidization Airlift Bioreactor. Food and Bioproducts
Processing, 78(4), 207-215.

Hasanen, A., Orivuori, P., & Aittamaa, J. (2006). Measurements of local bubble size
distributions  from various flexible membrane diffusers. Chemical
Engineering and Processing: Process Intensification, 45(4), 291-302.

Higbie, R. (1935). The Rate of Absorption of a Pure Gas Into Still Liquid During Short
Periods of Exposure. Transactions of the American Institute of Chemical
Engineers, 31 365-378.

Kracht, W., Gomez, C. O., & Finch, J. A. (2008). Controlling bubble size using a frit
and sleeve sparger. Minerals Engineering, 21(9), 660-663.

Meng, A. X, Hill, G. A,, & Dalai, A. K. (2002). Hydrodynamic Characteristics in an
External Loop Airlift Bioreactor Containing a Spinning Sparger and a Packed
Bed. Industrial & Engineering Chemistry Research, 412124-2128.


http://www.tigg.com/what-is-activated-carbon.html

107

Moraveji, M. K., Mohsenzadeh, E., Fakhari, M. E., & Davarnejad, R. (2012). Effects of
surface active agents on hydrodynamics and mass transfer characteristics in
a split-cylinder airlift bioreactor with packed bed. chemical engineering
research and design, 90(7), 899-905.

Nikakhtari, H. & Hill, G. A. (2005). Volatile Organic Chemical Mass Transfer in an
External Loop Airlift Bioreactor with a Packed Bed. Industrial & Engineering
Chemistry Research, 44, 9299-9306.

Painmanakul, P. & Hébrard, G. (2008). Effect of different contaminants on the a-
factor: Local experimental method and modeling. chemical engineering
research and design, 86(11), 1207-1215.

Painmanakul, P., Loubiere, K., Hébrard, G., Mietton-Peuchot, M., & Roustan, M.
(2005). Effect of surfactants on liquid-side mass transfer coefficients.
Chemical Engineering Science, 60(22), 6480-6491.

Peevaa, L., Ben-zvi Yonab, S., & Merchukb, J. C. (2001). Mass transfer coecients of
decane to emulsions in a bubble column reactor. Chemical Engineering
Science, 56, 5201-5206.

Pjontek, D., Parisien, V., & Macchi, A. (2014). Bubble characteristics measured using
a monofibre optical probe in a bubble column and freeboard region under
high gas holdup conditions. Chemical Engineering Science, 111, 153-169.

Polli, M., Stanislao, M. D., Bagatin, R., Bakr, E. A., & Masi, M. (2002). Bubble size
distribution in the sparger region of bubble columns. Chemical Engineering
Science, 57(1), 197-205.

Sardeing, R., Painmanakul, P., & Hébrard, G. (2006). Effect of surfactants on liquid-
side mass transfer coefficients in gas-liquid systems: A first step to
modeling. Chemical Engineering Science, 61(19), 6249-6260.

Whitman, W. G. (1962). THE TWO-FILM THEORY OF GAS ABSORPTION. International
Journal of Heat and Mass Transfer, 5, 429-433,



108

APPENDIX



APPENDIX

1. Overall mass transfer coefficient (K, a) in BC and ILALR

Table 1-1 Overall mass transfer coefficient (minﬂ) in BC

Flow

Flow rate No PVG ABS PP
rate
(L/min) | media (Uminy | 2% | 5% | 10% | 15% | 2% | 5% | 10% | 15% | 2% | 5% | 10% | 15%
2.5 0.534 25 | 0598 | 0.606 | 0.048 | 0.036 | 0.606 | 0.606 | 0.606 | 0.228 | 0.594 | 0.606 | 0.612 | 0.612
5 0.978 5 1.092 | 1.116 | 0.132 | 0.120 | 1.110 | 1.116 | 1.122 | 0.714 | 1.086 | 1.110 | 1.134 | 1.152
7 1.242 10 1668 | 1.752 | 1.110 | 0.954 | 1.734 | 1.842 | 1.854 | 1.698 | 1.704 | 1.812 | 1.872 | 1.920
10 1.584 15 2.034 | 2.124 | 1.956 | 1.806 | 2.106 | 2.214 | 2.274 | 2.280 | 2.088 | 2.184 | 2.298 | 2.352
12 1.716 20 2232 | 2.358 | 2.328 | 2.148 | 2.286 | 2.592 | 2.634 | 2.652 | 2.268 | 2.502 | 2.640 | 2.724
15 1.926
20 2.034




Table 1-2 Overall mass transfer coefficient (minﬂ) in riser zone of ILALR
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Flow rate No Flow rate PVC ABS PP
(L/min) | media | (L/min) | 205 | 5% | 10% | 15% | 2% | 5% | 10% | 15% | 2% | 5% | 10% | 15%
2.5 0.894 2.5 0.930 | 0.993 | 0.060 | 0.057 | 0.948 | 1.005 | 1.014 | 0.240 | 0.930 | 0.990 | 0.936 | 0.942
5 1.338 5 1.398 | 1.518 | 0.300 | 0.288 | 1.422 | 1.554 | 1.650 | 1.326 | 1.404 | 1.530 | 1.656 | 1.860
7 1.734 10 2382 | 2640 | 1.860 | 1.410 | 2.412 | 2.658 | 2.814 | 2.922 | 2.394 | 2.580 | 2.874 | 3.270
10 2.208 15 3300 | 3.630 | 3.060 | 2.820 | 3.312 | 3.678 | 3.936 | 4.158 | 3.300 | 3.600 | 3.888 | 4.254
12 2.634 20 3774 | 4.230 | 4.140 | 3.660 | 3.804 | 4.296 | 4.710 | 4.980 | 3.786 | 4.230 | 4.890 | 5.328
15 3,054
20 3.474



Table 1-3 Overall mass transfer coefficient (minﬂ) in down-comer zone of ILALR
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Flow rate No Flow rate PVC ABS PP
(L/min) | media | (L/min) | 205 | 5% | 10% | 15% | 2% | 5% | 10% | 15% | 2% | 5% | 10% | 15%
2.5 0.912 2.5 0.924 | 0.999 | - - 10960 | 1.014 | 1.026 | - | 0948 | 1.032 | - -
5 1.362 5.0 1.404 | 1530 | - - | 1434 | 1560 | 1.674 | 1.332 | 1.428 | 1.560 | 1.638 | 1.848
7 1.740 100 | 2388 | 2.658 | 1.920 | - | 2418 | 2.664 | 2.814 | 2.940 | 2.400 | 2.658 | 2.874 | 3.318
10 2.250 150 | 3312 | 3.648 | 3.120 | - | 3324 | 3.684 | 3.966 | 4.140 | 3.318 | 3.666 | 3.924 | 4.296
12 2.634 200 | 3.780 | 4.248 | 4170 | - | 3.816 | 4.290 | 4.722 | 5.010 | 3.768 | 4.278 | 4.932 | 5.340
15 3.060
20 3.480




2. Bubble diameter at different gas flow rate in BC and ILALR

Table 2-1 Bubble diameter (mm) at different gas flow rate in the BC

Flow rate No Flow rate PVC ABS PP
(L/min) | media | (L/min) | 205 | 5% | 10% | 15% | 2% | 5% | 10% | 15% | 2% | 5% | 10% | 15%
2.5 2.65 2.5 264 | 265 | 17.01 | 27.88 | 264 | 260 | 258 | 6.03 | 263 | 256 | 264 | 2.65
5 2.90 5 288 | 285 | 13.75 | 2131 | 287 | 285 | 283 | 443 | 288 | 287 | 2.88 | 287
7 3.15 10 342 | 342 | 586 | 610 | 3.42 | 336 | 337 | 397 | 346 | 344 | 345 | 345
10 3.43 15 4.04 | 400 | 421 | 420 | 403 | 397 | 393 | 415 | 403 | 402 | 4.02 | 4.02
12 3.72 20 456 | 455 | 461 | 459 | 446 | 440 | 427 | 438 | 456 | 453 | 4.56 | 4.53
15 4.05
20 4.57




Table 2-2 Bubble diameter (mm) at different gas flow rate in the riser zone of ILALR
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Flow rate No Flow rate PVC ABS PP
(L/min) | media | (L/min) | 205 | 5% | 10% | 15% | 2% | 5% | 10% | 15% | 2% | 5% | 10% | 15%
2.5 2.64 2.5 262 | 264 | 1068 | 1525 | 259 | 258 | 2.58 | 526 | 264 | 264 | 264 | 2.65
5 2.90 5 287 | 286 | 7.71 | 1007 | 283 | 281 | 2.83 | 390 | 290 | 288 | 2.88 | 2.87
7 3.22 10 342 | 342 | 4.02 | 491 | 339 | 336 | 335 | 380 | 346 | 342 | 344 | 3.43
10 3.43 15 401 | 4.02 | 418 | 446 | 400 | 393 | 392 | 381 | 402 | 403 | 4.04 | 4.02
12 3.72 20 439 | 441 | 442 | 440 | 439 | 430 | 427 | 417 | 459 | 454 | 456 | 4.54
15 4.02
20 4.55




Table 2-3 Bubble diameter (mm) at different gas flow rate in the down-comer zone of ILALR

Flow rate No Flow rate PVC ABS PP
(L/min) | media | (L/min) | 205 | 5% | 10% | 15% | 2% | 5% | 10% | 15% | 2% | 5% | 10% | 15%
2.5 2.61 2.5 266 | 262 | - - | 257 | 254 | 259 | - | 264 | 261 - -
5 2.82 5 283 | 282 | - - | 282 | 282 | 282 | 386 | 287 | 284 | 287 | 2.80
7 3.16 10 342 | 342 | 368 | - | 336 | 336 | 334 | 379 | 345 | 342 | 343 | 3.43
10 3.28 15 398 | 398 | 413 | - | 399 | 390 | 3.90 | 3.88 | 401 | 400 | 402 | 4.01
12 3.58 20 438 | 439 | 438 | - | 428 | 430 | 426 | 426 | 455 | 453 | 455 | 4.52
15 4.01

20 4.39




3. Terminal rising bubble velocity (Ug) in BC and ILALR

Table 3-1 Terminal rising bubble velocity (m/min) in the BC

Flow rate No Flow rate PVC ABS PP
(L/min) | media | (L/min) | 205 | 5% | 10% | 15% | 2% | 5% | 10% | 15% | 2% | 5% | 10% | 15%
2.5 16.80 2.5 1559 | 15.27 | 29.94 | 23.59 | 1551 | 15.23 | 14.98 | 17.90 | 15.56 | 15.28 | 15.29 | 14.75
5 16.85 5 15.75 | 15.64 | 27.71 | 19.73 | 15.63 | 1526 | 15.05 | 15.73 | 15.69 | 15.32 | 15.37 | 14.89
7 17.40 10 17.11 | 16.69 | 15.75 | 17.22 | 16.74 | 16.69 | 15.86 | 1539 | 16.95 | 16.52 | 16.38 | 15.44
10 18.54 15 18.51 | 17.41 | 1830 | 19.14 | 18.46 | 17.41 | 1636 | 1534 | 18.47 | 17.52 | 16.69 | 15.71
12 19.32 20 19.43 | 1833 | 18.86 | 20.28 | 19.95 | 17.54 | 17.50 | 16.75 | 19.01 | 17.65 | 16.71 | 15.82
15 19.77
20 22.17




Table 3-2 Terminal rising bubble velocity (m/min) the riser zone of ILALR

116

Flow rate No Flow rate PVC ABS PP
(L/min) | media | (L/min) | 205 | 5% | 10% | 15% | 2% | 5% | 10% | 15% | 2% | 5% | 10% | 15%
2.5 16.75 2.5 1559 | 1531 | 20.46 | 22.56 | 15.49 | 15.23 | 15.02 | 20.42 | 15.50 | 15.30 | 15.34 | 14.78
5 16.81 5 15.74 | 15.64 | 2021 | 20.31 | 15.66 | 15.30 | 15.10 | 17.50 | 15.70 | 15.33 | 15.47 | 14.96
7 17.41 10 17.11 | 16.87 | 19.60 | 19.18 | 16.71 | 16.76 | 15.97 | 15.60 | 16.94 | 16.82 | 16.45 | 15.48
10 18.54 15 18.51 | 17.54 | 18.43 | 18.08 | 18.46 | 17.44 | 16.41 | 16.79 | 1849 | 17.51 | 16.69 | 15.74
12 19.37 20 19.41 | 1871 | 19.03 | 20.93 | 19.98 | 17.54 | 17.59 | 17.49 | 19.01 | 17.77 | 16.74 | 15.84
15 19.75
20 22.18




Table 3-3 Terminal rising bubble velocity (m/min) the down-comer zone of ILALR

Flow rate No Flow rate PVC ABS PP
(L/min) | media | (L/min) | 205 | 5% | 10% | 15% | 2% | 5% | 10% | 15% | 2% | 5% | 10% | 15%
2.5 2.42 2.5 240 | 235 | - - | 230 | 223 | 218 | - | 236 | 235 | 224 | -
5 1.59 5 158 | 155 | - 2 150 | 145 | 139 | 1.82 | 1.50 | 1.50 | 1.50 | 1.41
7 1.46 10 127 | 122 | 131 : 122 | 115 | 1.09 | 1.28 | 1.25 | 120 | 1.15 | 1.09
10 1.32 15 079 | 078 | 079 | - | 075 | 071 | 066 | 065 | 076 | 075 | 0.72 | 0.66
12 1.10 20 068 | 064 | 070 | - | 066 | 060 | 054 | 049 | 067 | 063 | 059 | 049
15 0.81
20 0.70
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4. Benzene concentration (Absorbent) in liquid phases for different condition

Table 4-1 Outlet benzene concentration (Absorbent) in liquid phases for different condition at gas flow rate 10 L/min with time

Surfactant (No media) Surfactant (Media) Surfactant (GAC) Surfactant (Media, GAC)
Time Tween 80: Tween 80: Tween 80:
Tween 80: | Tween 80: Water Water Water
(min) Water 0.1 CMC 0.1 CMC 0.1 CMC
1 CMC 0.1 CMC (Media) (GAQ) (Media, GAC)
(Media) (GACQ) (Media, GAC)

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1 0.249 0.319 0.272 0.271 0.275 0.228 0.281 0.255 0.261
3 0.499 0.602 0.515 0.557 0.532 0.410 0.511 0.392 0.507
5 0.612 0.726 0.614 0.644 0.656 0.456 0.621 0.468 0.627
7 0.680 0.777 0.698 0.691 0.731 0.487 0.683 0.492 0.674
9 0.721 0.824 0.766 0.741 0.789 0.485 0.679 0.495 0.672
11 0.748 0.839 0.789 0.760 0.802 0.502 0.681 0.499 0.680
13 0.760 0.856 0.802 0.752 0.829 0.482 0.670 0.497 0.683
15 0.758 0.883 0.818 0.746 0.825 0.484 0.656 0.500 0.670
17 0.757 0.877 0.824 0.754 0.810 0.482 0.664 0.484 0.660
19 0.759 0.888 0.825 0.743 0.823 0.472 0.670 0.494 0.652
21 0.730 0.886 0.827 0.760 0.829 0.484 0.685 0.502 0.654
25 0.760 0.891 0.823 0.753 0.819 0.499 0.683 0.499 0.670
(r:iL:I) 0.3213 0.3501 0.3323 0.3642 0.3688 0.5026 0.4639 0.5492 0.4873
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