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Chapter 1

Introduction

1.1 Introduction

Nowadays, the energy requirement is increased continuously every vyear.
Conversely, fossil fuel is decreased and global warming issue has become the main
problem in the world. Therefore, human has developed clean and renewable energy
such as hydro power, solar energy, geothermal energy and bio energy to replace
petroleum based energy.

Biodiesel is one of the considerable bio energy. It can replace petro-diesel
fuel because the properties of biodiesel are similar to petro-diesel. Moreover,
biodiesel is clean, sustainable and biodegradable energy which can reduce CO,
emission [1]. The major feedstock used to produce biodiesel are such as vegetable
oil, animal fat and waste cooking oil (WCO). As we know, the main cost of biodiesel
from feedstocks is more than 70% of the overall production cost [2]. Low cost raw
material such as waste cooking oil (WCO) is required to reduce biodiesel production
cost. The cost of WCO is 50% cheaper than palm oil, especially in Thailand.
However, the drawback of using WCO as a biodiesel feedstocks is due to its typically
high free fatty acid (FFA) content derived from hydrolysis of triglycerides during frying
process and presence of water content. FFA content in WCO can react with base
catalyst via saponification simultaneously transesterification which consumes the
catalyst resulting in lower yield of biodiesel. To address this problem, several
researchers have proposed a two-step process in which the WCO first undergoes
using acid catalyzed esterification to lower the FFA content (less than 1%wt)
following by base-catalyzed transesterification [2-4].

As mentioned before, both esterification and transesterification require the
selection of suitable types of catalyst to provide higher yield under mild condition.
Acid catalyst is used for esterification while base catalyst is preferred to catalyze
transesterification. For the conventional method of biodiesel production, catalyst is
normally used in homogeneous phase such as NaOH, KOH, and HCL. Nevertheless, it

has disadvantage because of its large effluent disposal problems, loss of catalyst and



high equipment cost due to the corrosiveness [2, 5, 6]. There is another choice for
biodiesel production using heterogeneous catalyst such as anion ion-exchange resin,
Ca0 and MgO. The heterogeneous catalysis can overcome homogeneous catalysis by
elimination of the washing section and reduction of huge amounts of waste water;
easier disposal of spent solid catalyst, cheaper catalyst cost in term of reusability,
and high purity of the end product resulting to simplify process and eliminate the
entire sections from the process schemes [7].

Biodiesel production process can be separated into two main parts including
of the reaction and separation parts. The combination of reaction and separation
within one unit operation is called reactive distillation (RD). This unit is especially
used for equilibrium limited reaction and also consecutive reaction. RD is a promising
alternative process for chemical production due to its direct removal of the products
or intermediates resulting in higher conversions and selectivity in comparison with
the classical, sequential approach unit. The most important application for RD is for
equilibrium limited reactions such as esterification, ester-hydrolysis reaction,
transesterification, and etherification [8].

RD consists of reaction part in the middle of column and non-reaction parts
are rectifying at top and stripping at bottom of column [9]. Interoperability between
reaction and separation is happened at the same time. It makes process easy to
continuously operate because when reaction is taking place, product flows down to
bottom and some substrate (high volatility compound) moves to the top of the
column. It can reduce excessive use of a reactant. Previous work from Boon-anuwat
et al. [10], who studied homogeneous and heterogeneous processes of conventional
and RD processes using soybean oil and methanol as reactants. The results showed
that RD process with heterogeneous catalyst can eliminate the requirement of
processing separation and purification at cost-effective column design and operating
conditions. The optimum condition was 4:1 of methanol to oil molar ratio, reflux
ratio of 0.1, reboiler heat duty of 70 kW and 6 reactive stages. This condition
provided a biodiesel purity of 97%wt, biodiesel yield of 97.5%, and required energy
of 153.0 kWh/ton of FAME (i.e.,139.2 kWh/ton of FAME with allocation to 98% purity



of glycerol byproduct). To reduce biodiesel production cost, the change of feedstock
from virgin oil to WCO can overcome this problem as mentioned above. However,
this required a pre-treatment step to reduce FFA via esterification as presented by
Noshadi [11]. Fatty acid methyl esters (FAME or biodiesel) from waste cooking oil in a
RD using a heteropolyacid, H3PW;,040-6H,0 as a catalyst. The optimum conditions
were determined to be 116.23 mol/h total feed flow, feed temperature of 29.9°C, 1.3
kW reboiler duty, and 67.9 methanol to oil ratio. The optimum FAME vyield was
93.98%. However, this work used a large methanol to oil ratio (30:1-70:1) because
transesterification using acid catalyst was 4,000 times slower reaction compared to
base catalyst so this process needed high methanol to oil ratio. Then, Pérez-Cisneros
et al. [12] developed the integrated heterogeneous two-step reactive distillation
process for biodiesel production. The reactive distillation columns was used to carry
out the esterification and transesterification reactions using heterogeneous method.
This process can convert FFA (more than 1%wt) in the vegetable oil to fatty acid
ester (or biodiesel) before feeding continuously to transesterification RD column.
Recently, Petchsoongsakul et al. [13] developed the hybridization of ester- and
transesterification for biodiesel production in a single RD column. This process used
heterogeneous catalyst including of Amberlyst-15 and CaO/Al,0s. The optimum
condition was 4:1 of methanol to oil molar feed ratio, 0.1 of reflux ratio and net
energy 216 kWh/kmol biodiesel. However, this process used pseudo-homogeneous
kinetic model for ester and transesterification which did not take into account the
water effect. When the esterification takes place, it produces water as a by-product
and water might have effect on the catalyst activity which should be accounted into
kinetic rate model.

Actually, raw WCO has contaminated with water about 2-8%wt. Therefore,
the effect of water should be considered in the kinetic rate model for studying the
effect of water on the performance of the reactive distillation. The presence of water

in feed stream has effect on the catalytic activity for both Amberlyst-15 and CaO



catalyst. The water could have effect on the swilling and poisoning for amberlyst-15
[8]. While the presence of trace amount of water on CaO catalyst could generate
more methoxide anions to promote transesterification rate and the biodiesel yield
was improved within a short reaction time [14]. Steinigceweg and Gmehling [8]
proposed the kinetic rate model of esterification of the fatty acid decanoic acid and
methanol using a strong acidic ion-exchange resin (Amberlyst-15) as a catalyst. The
sorption of water was account into this kinetic model using a Langmuir-Hinshelwood-
Hougen-Watson (LHHW) approach. Therefore, this work aims to determine the
empirical rate model accounting the concentration of water for transesterification
using CaO as catalyst. Moreover, the simulation of the effect of water on the catalytic
activity of esterification and transesterification using WCO where related to the design

parameters of reactive distillation will be investigated.

1.2 Objectives

To simulate the effect of water in waste cooking oil on biodiesel production via ester-

transesterification in a reactive distillation column

1.3 Scope of works

1. To verify kinetic model of Amberlyst-15 catalyzed esterification of
decanoic acid in the presence of water using oleic acid.

2. To determine empirical rate model accounting the presence of water for
Ca0 catalyzed transesterification in batch reactor using triolein as a model
of triglyceride with various levels of water content in the range of 0 to
8%wt based on WCO in the temperature range of 50-70 °C.

3. To study the effect of water on the design parameter of reactive
distillation (water contain in feedstock, number of stage and feed
location) to obtain biodiesel yield and purity according to EN 14214 (FAME
> 96.5%)



1.4 Expected output
To obtain accurate empirical kinetic model accounting the presence of water
and to find suitable condition for producing biodiesel from waste cooking oil with

trace amount of water in the reactive distillation.



Chapter 2

Theory

2.1 Biodiesel production

Biodiesel can be used for diesel engines through 4 methods: blending with
petrol-diesel,  micro-emulsification  (co-solvent  blending),  pyrolysis  and
transesterification [15]. First method is direct blending, vegetable oil mix with diesel
directly but have many problems when used in diesel engine because property of
biodiesel such as viscosity is high, acid value, FFA contaminant, and gum formation
[16]. Second method is micro-emulsions, oil mix with methanol or ethanol and form
emulsions. The problem is coke formation impact to incomplete combustion [16].
Third method is pyrolysis thermal cracking, it involves the catalytic transformation of
the non-edible oils or animal fats in the absence of air or oxygen to liquid products
having fuel properties similar to diesel. The pyrolysis material includes considerable
amounts of sulfur, moisture, and sediments. The fourth method is transesterification
and esterification, are the most common method to produce biodiesel because
reactions operate at lower temperature than the pyrolysis. These reactions give

product have properties closely petroleum diesel.

2.2 Biodiesel feedstocks

Biodiesel can produce from variety of feedstocks as shown in Table 2.1. The
main component of vegetable oils and animal fats are triglycerides including of three
esters of fatty acid with one glycerol core. The triglycerides consist of difference fatty
acid (FA) composition (Table 2.2), therefore their properties of physical and chemical
are different.  When FA react with methanol to produce fatty acid alkyl ester or
biodiesel. It is fatty acid methyl ester and when react with ethanol call fatty acid
ethyl ester as shows in Table 2.3.

Furthermore, biodiesel there are two commercial standards both American
society for testing and material (ASTM D6751) and the European EN 14214 (Table 2.4,
2.5) [17].



Table 2.1 Feedstocks for biodiesel productions [18]

Edible oils Non-edible oil Other sources
Cottonseed Jatropha oil Waste cooking oil

oil Karanja (Pongamia ocil)  Microalgae

Coconut oil Mahua oil Animal fats

Sunflower oil  Neem Beef tallow

Canola oil Linseed Poultry fat

Soybean oil Polanga Chicken fat

Castor oil Yellow oleander Fish oil

Mustard oil Rubber seed Spirulina platensis algae
Peanut oil Eucalyptus oil Chlorella protothecoides microalgae
Palm oil

Rapeseed oil

Table 2.2 The properties of different vegetable oils [19]

Type Species Fatty acid Viscosity  Density  Flash  Heating Acid Cloud  Pour
of Oil composition (at 40 (g/cm3)  point  value value point  point
(%owt) °C) o) (MJ/kg)  (mg O O
KOH/g)
Edible Soybean C16:0, C18:1, 32.9 0.91 254 39.6 0.2 -39 -12.2
oil C18:2
Rapeseed C16:0, C18:0, 35.1 0.91 246 39.7 2.92 39 -31.7
C18:1, C18:2
Sunflower C16:0, C18:0, 32.6 0.92 274 39.6 - 18.3 -6.7
C18:1, C18:2
Palm C16:0, C18:0, 39.6 0.92 267 - 0.1 31.0 -
C18:1, C18:2
Peanut C16:0, C18:0, 22.72 0.90 271 39.8 3 12.8 -6.7
C18:1, C18:2,
C20:0, C22:0
Corn C16:0, C18:0, 34.9 0.91 277 39.5 - 1.1 -40.0
C18:1, C18:2,

C18:3




Type Species Fatty acid Viscosity —Density  Flash Heating Acid Cloud  Pour
of Oil composition (at 40 (g/cm3) point  value value point  point
(%wt) °C) O (MJ/kg)  (mg Yo Yo
KOH/g)

Camelina C16:0, C18:0, - 0.91 - 42.2 0.76 - -
C18:1, C18:2,
C18:3, C20:0,
C20:1, C20:3

Canola C16:0, C18:0, 38.2 - - - 0.4 - -
C18:1, C18:2,
C18:3

Cotton C16:0, C18:0, 18.2 0.91 234 39.5 - 1.7 -5.0
C18:1, C18:2

Pumpkin C16:0, C18:0, 35.6 0.92 >230 39 0.55 - -
C18:1, C18:2

Non- Jatropha C16:0, C16:1, 294 0.92 225 38.5 28 - -
edible curcas C18:0, C18:1,

C18:2

Pongamina C16:0, C18:0, 27.8 0.91 205 34 5.06

pinnata oil C18:1, C18:2,
C18:3

Sea mango C16:0, C18:0, 29.6 0.92 - 40.86 0.24 - -
C18:1, C18:2

Palanga C16:0, C18:0, 72.0 0.90 221 39.25 a4 - -
C18:1, C18:2

Tallow C14:0, C16:0, = 0.92 = 40.05 - - -
Cl6:1, C1T:0,
C18:0, C18:1,
C18:2

Others  WCO Depends on fresh  44.7 0.90 - - 2.5
cooking oil

Diesel 3.06 0.855 76 43.8 - - -16




Table 2.3 Formula, molecular weight and properties of fatty acids and their methyl

and ethyl esters.

Fatty acid Formula  Acronym*  Molecular  Higher Oxidation  Kinematic
Methyl ester weight heating stability viscosities
Ethyl ester (g/mol) value (h) (cSt)
(MJ/kg)

Palmitic acid CigH30,  Cigo 256.40 - - -

Methyl palmitate  C;7H3,0, 256.42 39.18 22.13 4.41
Ethyl palmitate 284.48 40.64 23.76 4.62
Stearic acid CigH3Os  Cigo 284.48 - - -

Methyl stearate CioH350, 298.51 40.21 17.93 5.82
Ethyl stearate 312.53 41.98 21.77 5.92
Oleic acid Ci8H340, Cigq 282.47 - - -

Methyl oleate CigH360, 282.46 40.13 6.61 4.55
Ethyl oleate 310.51 41.63 6.68 4.81
Linoleic acid CigH30,  Cigo 280.45 - - -

Methyl linoleate  Cy4H3,0, 280.45 40.06 4.37 3.69
Ethyl linoleate 308.5 40.86 5.02 4.28
Linolenic acid CigH3005  Cigs 278.44 - - -

Methyl linolenic  CyoH3,0, 278.43 39.98 3.87 3.22

Ethyl linolenic 306.5 40.69 4.23 3.46
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Table 2.4 ASTM D6751 (United States): Standard Specification for Biodiesel (8100)

Blend Stock for Distillate Fuels. [17]

Property Test method Limits Unit

Flash point (closed cup) D 93 130.0 min °C

Water and sediment D 2709 0.050 max % volume

Kinematic viscosity, 40°C D 445 1.9 -6.0 mm2/s

Sulfated ash D 874 0.020 max % mass

Sulfur D 5453 0.0015 max % mass
or 0.05 max®

Copper strip corrosion D 130 No. 3 max

Cetane number D 613 47 min

Cloud point D 2500 Report °C

Carbon residue (100% sample) D 4530 0.050 max % mass

Acid number D 664 0.80 max mg KOH/g

Free glycerin D 6584 0.020 max % mass

Total glycerin D 6584 0.240 max % mass

Phosphorus content D 4951 0.001 max % mass

Distillation temperature, atmospheric D 1160 360 max °C

equivalent temperature, 90% recovered

“The limits are for Grade S15 and Grade S500 biodiesel, respectively. S15 and S500

refer to maximum sulfur specifications (ppm).



Table 2.5 EN 14214 (Europe): Automotive Fuels: FAME for Diesel Engines.

Requirements and Test Methods. [17]

Limits
Property Test method min max Unit
Ester content EN 14103 96.5 % (m/m)
Density; 15°C EN 1SO 3675 860 900 kg/m’
EN ISO 12185
Viscosity; 40° EN 1SO 3104 35 5.0 mm?%/s
ISO 3105
Flash point EN ISO 3679 120 °C
Sulfur content EN ISO 20846 10.0 me/kg
EN I1SO 20884
Carbon residue (10% dist. EN ISO 10370 0.30 % (m/m)
residue)
Cetane number EN ISO 5165 51
Sulfated ash ISO 3987 0.02 % (m/m)
Water content EN 1SO 12937 500 me/ke
Total contamination EN 12662 24 me/ke
Copper strip corrosion E N ISO 2160 1
(3 h, 50°C)
Oxidative stability, 110°C EN 14112 6.0 H
Acid value EN 14104 0.50 mg KOH/g
lodine value EN 14111 120 g iodine/100 g
Linolenic acid content EN 14103 12 % (m/m)
Content of FAME with > 4 1 % (m/m)
double bonds
Methanol content EN 14110 0.20 % (m/m)
Monoglyceride content EN 14105 0.80 % (m/m)
Diglyceride content EN 14105 0.20 % (m/m)
Triglyceride content EN 14105 0.20 % (m/m)
Free glycerine EN 14105 0.02 % (m/m)
EN 14106
Total glycerine EN 14105 0.25 % (m/m)
Alkali metals (Na + K) EN 14108 5.0 mg/ke
EN 14109
Earth alkali metals (Ca + Mg) prEN 14538 5.0 me/ke
Phosphorus content EN 14107 10.0 mg/kg
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2.3 Biodiesel production method

Biodiesel can be used for diesel engines through 4 methods: blending with
petrol-diesel,  micro-emulsification  (co-solvent  blending),  pyrolysis  and
transesterification [15].

First method is direct blending, vegetable oil mix with diesel directly but have
many problems when used in diesel engine because property of biodiesel such as
viscosity is high, acid value, FFA contaminant, and gum formation [16]. Second
method is micro-emulsions, oil mix with methanol or ethanol and form emulsions.
The problem is coke formation impact to incomplete combustion [16]. Third method
is pyrolysis thermal cracking, it involves the catalytic transformation of the non-
edible oils or animal fats in the absence of air or oxygen to liquid products having
fuel properties similar to diesel. The pyrolysis material includes considerable
amounts of sulfur, moisture, and sediments. The fourth method is transesterification
and esterification, are the most common method to produce biodiesel because
reactions operate at lower temperature than the pyrolysis. These reactions give

product have properties closely petroleum diesel.

2.4 Reaction for biodiesel production

2.4.1 Transesterification

Transesterification or alcoholysis is simple way to produce biodiesel. This is a
catalytic reaction between triglycerides (TG) and alcohol (R’OH) to produce fatty acid
alkyl ester (Biodiesel, R’COOR) and glycerol as by product. Transesterification consists
of three reversible reactions which are triglycerides converted to diglycerides (DG)
then, diglycerides converted to monoglycerides (MG) followed by conversion of
monoglycerides to glycerol (Eqs 2.1-2.3). Biodiesel is produced in each reaction.
Therefore, the overall reaction for one molecule triglycerides should obtain 3

molecules of biodiesel as shown in Eq 2.4
TG+ R’OH = DG + R’COOR (2.1

DG + R’'OH = MG + R’COOR (2.2)
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MG + R’OH = Glycerol + R’"COOR (2.3)

QOverall reaction

TG + 3R’OH = 3R’COOR + Glycerol (2.4)

2.4.2 Esterification

Conversion of carboxylic acids to esters using acid and alcohols is shown in
Eqg 2.5. Mostly of esterification is used as pretreatment of oil when it has high free
fatty acid (FFA, R’COOH) content such as waste cooking oil. This reaction can

produce water as a by-product. A side reaction is hydrolysis of triglyceride.

R’COOH + R’OH = R’COOR + water (2.5)

2.4.3 Hydrolysis

Triglycerides can be hydrolyzed to produce 1 molecule of glycerol and 3
molecules of FFAs in the presence of acid and heat or with a suitable lipase enzyme
under biological conditions, namely hydrolysis. However, the product as FFAs can

continued convert to biodiesel via esterification (Eq 2.6).
TG + 3 Water = 3R’COOH + Glycerol (2.6)

2.4.4 Saponification

Saponification can convert FFA to soap in either a one- or a two-step process.
The FFA is treated with a strong base (e.g. NaOH, KOH shown in Eqgs 2.7 and 2.8),
which split the ester bond, releasing fatty acid salts (soaps) and glycerol. In some

soap-making, the glycerol is left in the soap.
R’COOH + NaOH = R’COONa + water (2.7)
R’COOH + KOH = R’COOK + water (2.8)

2.5 Catalyst
Reaction rate can be accelerated by catalyst and activation energy can be
decreased when using catalyst. The catalysts used for the ester-transesterification are

mainly divided into two types including of homogeneous and heterogeneous


https://en.wikipedia.org/wiki/Fatty_acid
https://en.wikipedia.org/wiki/Glycerol
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catalysts. However, the main problem of homogeneous is difficulty in catalysts
extraction [19] and requires a tremendous amount of water for separation which
have an impact to the environment [20]. Heterogeneous can use to overcome this
problem. Acid catalyst is used for esterification such as tungsten oxide, zirconia,
zeolites and heteropolyacids (Amberlyst-15) [21], transesterification can use both acid
or base catalyst but base catalyst is faster than acid catalyst around 4,000 times.
Therefore, base catalyst such as CaO [22], Mg-Zr [23], Zeolite [24], KI/A,O5 [25] and
CaO/AlL,O5 [26] are used for transesterification.
The mechanism of heterogeneous catalyst reaction is controlled by catalytic

reaction which can be explained step by step as follows [27]:

1. Diffusion mass transfer of the reactants from the bulk fluid to catalyst
surface.

2. Diffusion of the reactant from the pore mouth through the catalyst pores
to the immediate vicinity of the internal catalytic surface.

3. Adsorption of reactants onto the catalyst surface.

4. Reaction on the surface of the catalyst.

5. Desorption of the products from the catalyst surface.

6. Diffusion of the products from the interior of the pellet to the pore mouth
at the external surface.

7. Mass transfer of the products from the external pellet surface to the bulk

fluid.
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The overall process by which heterogeneous catalytic reactions is shown in Figure 2.1

External
Difm?ion

Internal
Diffusion

Photocatalyst Surface 4

Figure 2.1 Heterogeneous catalytic reaction step [27]

The overall rate of reaction is equal to the rate of the slowest step in the
mechanism. When compare step 1, 2, 6 and 7 of the diffusion steps faster than steps
3, 4 and 5 of the reaction step. Therefore, the rate of reaction of heterogeneous

catalyst is a majority of the reaction step.

2.6 Biodiesel production conventional process

Conventional process for biodiesel production composes of several steps as
shown in Figure 2.2. The process flow diagram of conventional homogeneous
acid/alkaline-catalyzed transesterification. First step, homogeneous catalyst is mixed
with alcohol then feed oil for react transesterification. After that, the reaction is need
to neutralization for remove catalyst leftover in reaction mixture. Next step is
separation to separate the polar and non-polar in decanter. The non-polar phase is
biodiesel containing of a few methanol which required water for washing before sent
to product tank and needed to dry under vacuum. Another phase is polar phase
including of methanol and glycerol which re-neutralized because some catalyst
dissolve in polar phase using the opposite chemical property. After that, this mixture

is sent to distillation column to separate recycle methanol and sglycerol as
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byproduct. The glycerol will be purified to be valuable subtract for other process
such as pharmaceutical process.

The conventional biodiesel production process have many problems. The
main problem is the huge amount of waste water in washing step and at the
neutralization used more chemical substance. However, there are many techniques
and technologies to solve this problem. First techniques is used heterogeneous
catalyst to avoid washing step and neutralization because heterogeneous catalyst
can reused by regeneration. On the other hand, reactive distillation can choose to
reduce unit operation for this fix problem because the configuration of reactive

distillation combines reaction and distillation in single unit.

Vacuum
Catalyst | / o drying —»{ FAME
k- CaFa-I\,tst Washing
mixing N
// t ™ Methanol
Methanol b
distillation
T Methanol recycle i
Y T
Qil source - terificati Crude Methanol
—.. | S
ransesterification biodiesel ditillation
| 'y 4
4 |
ﬂe.utrilzlng #  Neutralization  —» Phas? »|  Meutralization
Acid/Base separation
Pharmaceutical Glycerol Crude
4 — R -+ —
glycerol purification glycerol

Figure 2.2 Process flow diagram of conventional homogeneous

acid/base-catalyzed transesterification reaction [28].
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2.7 Biodiesel production reactive distillation process

As mentioned the conventional problem above, the intensification
technology for biodiesel production is reactive distillation. The reactive distillation
can solve many problems in biodiesel production such as to avoid the washing step,
to reduce waste water and no catalyst neutralization step. The investment costs is
reduced because of about 45% energy savings as compared to conventional
biodiesel production. Moreover, reactive distillation provide the higher conversion,
increase unit productivity and reduce the requirement of alcohol excess.

Reactive distillation consists of three parts: first is reaction part where in the
middle of column and two non-reaction part are rectifying at top and stripping at
bottom of column [9] as shown in Figure 2.3. Interoperability between reaction and
separation is occurred at the same time. It makes process easy to continuous
operate because when reaction is occurred, product is flow down to bottom and
some substrate (high volatility compound) go to top the column. The main purpose
of reactive distillation column is continuous removal of product from reactive zone

to improve the conversion and shift equilibrium restrictions [29].

— 1

Rectifying [-———1* e

Nr—j
C > | N

Reaction
Ns’__’
Stripping \  Je——

Figure 2.3 Flow sheet of ideal reactive distillation column [29].
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The basics concept of reactive distillation as thought the system of two
precursor (A and B) producing two products (C and D). The reaction takes place in

the liquid phase and is reversible (Eq 2.10).

A+B=C+D (2.10)

For reactive distillation concept, we should be able to remove the products from the
precursor by distillation of volatile product. For this reason, the products should be
lishter or heavier than the precursors. In terms of the relative volatilities of the four
components, an ideal case is when one component is the lightest and the other
components is the heaviest, with the reactants being the intermediate boiling

components (Eq 2.11).

aD > aC > aB (2.11)

From the idea case can improve the reaction yield and conversion. Because in
reactive distillation unit is a continuous separation of one product out of the reaction
zone [9].

Figure 2.3 shows the flow sheet of this ideal reactive distillation column. Feed
comprise of the heavier precursor A and lighter precursor B at upper and lower
section of the column, respectively. The middle of the column is the reactive section
and contains number of reaction trays (Ngy). As precursor B flows up the column, it
reacts with precursor A. The lighter product C is removed in the vapor phase and the
heavier product D is also removed in the liquid phase from the reaction zone.

The section of the column above feed stage of A is rectifying section (Ng) is
used to separate the lighter product C from all of the heavier components. The
section of the column below feed stage of B is stripping section (Ns) is used to
separate heavy product D from all of the lighter components resulting to fairly pure

product D as a bottom product.
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Temperature profile along the column is an important parameter for reactive
distillation design because it affects the phase equilibrium and chemical kinetics. At
the low temperature will slow the reaction rate which can be designed to increase
liquid holdup (or increase amount of catalyst) in order to obtain a higher conversion.
On the other hand, if high temperature operation will cause high reaction rate, which
will result in the separation is done so rarely. For the above reasons, reactive
distillation column should be considered in designing the appropriate operated with
optimum temperature. Furthermore, there are other operating and design parameter
should be considered including of number of stage (stripping, reactive, rectifying),

feed locations, reflux ratio and reboiler heat duty.

2.8 Kinetic reaction and activation energy

Chemical kinetics, also known as reaction kinetics, is the study of rates of
chemical conversion or production. Chemical kinetics includes investigations of how
different experimental conditions can influence the speed of a chemical reaction and
product yield information on the reaction’s mechanism, as well as the construction

of mathematical models to describe the characteristics of a chemical reaction.

2.8.1 Rate of reaction

Chemical kinetics deals with the experimental result to determine of reaction
rates from which rate laws and rate constant are derived. For example, the simple
rate laws exist for zero order reaction (for which reaction rates are independent of
concentration), first order reaction, and second order reaction, and can be derived
for others. In consecutive reaction, the rate-determining step often determines the
overall kinetics rate, Moreover, a steady state approximation can also use to simplify
the rate law for the consecutive first order reactions. The activation energy for a
reaction is experimentally determined through the Arrhenius equation. The main
factors that influence the reaction rate include: the physical state of the reactants,
the concentration of the reactants, the temperature at which the reaction occurs,

and whether or not any catalysts are present in the reaction[30].
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The rate law or rate equation for a chemical reaction is an equation which
links the reaction rate with concentrations or pressures of reactants and constant
parameter. To determine the rate equation for a particle system one combines the

reaction rate with a mass balance for the system.

A+B—>C+D (2.12)

For a generic reaction (Eq 2.12) the simple rate equation (as opposed to the

much more common complicated rate equation) is of the form (Eq 2.13).
r = k(T)[A]*[B]Y (2.13)

This Eq 2.13. expresses the given reactant concentration, usually in mol/L
(molarity). The k(T) is the reaction constant, although it is not really a constant
because it includes everything that effects reaction rate outside concentration such
as temperature but also including ionic strength, surface area of the adsorbent or
light irradiation. The exponents x and y are the reaction orders and depended on the
reaction mechanism. The stoichiometric coefficients and the reaction order are very
often equal, but only in one step reactions molecularity (number of molecules or
atoms actually colliding), stoichiometry and reaction order must be the same. The
rate equation is a differential equation, and it can be integrated in order to obtain an
integrated rate equation that corresponded to the concentrations of reactant or
products with time. If the concentration of one of the reactants remains constant
(because it is a catalyst or it is in large excess with respect to the other reactants) its
concentration can be included in the rate constant, obtaining a pseudo constant: if B
is the reactant whose concentration is constant then r=k[A][B]=k’[A]. This can make

the treatment to obtain an integrated rate equation much easier.
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2.8.2 Activation energy
For many reactions the rate expression can be written as a product of

temperature dependent term and a composition dependent term (Egs 14-15).
r; = f,(temperature)-f,(composition) (2.14)
ri = k-fy(composition) (2.15)

For such reactions the temperature dependent term, the reaction rate
constant has been found in practically all cases to be well represent by Arrhenius’

law in Eq 2.16.

—Ea

k = kgerT (2.16)
To rearrange the Arrhenius equation (Eq 2.17).

Ink = Ink, — % (2.17)

Where kg is called the frequency or pre-exponential factor, Ea is the activation
energy of the reaction (kJ), R is gas constant (8.314 kJ/(mol-K)) and T is temperature
(K). This expression should fit experimental data well over wide temperature ranges
and is strongly suggested from various standpoints as being a very good
approximation to the true temperature dependency. From equation, a plot of (nk vs
1/T give a straight line, with a slope equal to Ea/R. Reactions with high activation
energies are very temperature sensitive; reactions with low activation energies are

relatively temperature insensitive.
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Chapter 3

Literature review

3.1 Conventional and reactive distillation processes

For conventional process, homogeneous catalyst for biodiesel production in
chapter 2 have some drawbacks, therefore, in this chapter will focus on
heterogeneous process.

The conventional biodiesel production from fresh vegetable oil or triglyceride
was proposed by Boon-anuwat et al. [10] as shown in Figure 3.1. Feed steam of
triglyceride and methanol were fed to the CSTR reactor where operated isothermally
at 1 atm. The product stream containing biodiesel, glycerol and unreacted methanol
were sent to a distillation column to remove unreacted methanol. Optimal condition
was used methanol to triglyceride feed ratio of 15, reaction temperature of 70°C in
terms of product purity. It was found that the necessity of using hish methanol feed
ratio and vacuum distillation, very high energy consumption of 754.8 kWh/ton FAME
(with allocation to glycerol) were required. Glycerol purity from the decanter could
meet the crude glycerol purity (>85%); hence the distillation column to obtain high

purity grade glycerol was only optional.

:

Figure 3.1 Conventional process for biodiesel production using heterogeneous
catalyst (dashed line represent optional distillation column to obtain technical grade

glycerol) [10]
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Reactive distillation was used to produce biodiesel as shown in Figure 3.2. At
the top of RD feed triglyceride (60°C) while methanol was fed as vapor at the bottom
of RD. The reactive distillation column was operated at a pressure of 1 bar, reflux
ratio 0.1, bottom rate 4.3 kmol/h and total 15 theoretical stages, consisting of no
rectifying stage, 11 reaction stages and 2 stripping stages including of the condenser
and the reboiler. Then, the bottom stream was sent to a decanter for high purity
biodiesel recovery. Figure 3.3 shows the liquid composition profiles within the
reactive distillation column. It can be seen that the top stream is methanol and
bottom stream consists of biodiesel and glycerol. The temperature profile in the

reactive distillation column was in the range of 60 to 150°C.

M1
+—{ALco t—)l—{ ALCO2

Figure 3.2 Biodiesel production process by reactive distillation column using
heterogeneous catalyst (dashed line represent optional distillation column to obtain

technical grade glycerol) [10]
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Figure 3.3 Liquid composition profiles within the reactive distillation column using

heterogeneous catalyst [10]

This process can reduce methanol to oil molar ratio from 15:1 to 4:1 and
reduce unit operation when the reactive distillation combined reaction and
distillation in one unit was used.

Although fresh oils was usually being as feedstocks for biodiesel production,
the use of edible vegetable oils make the ‘food versus fuel’ debate on the use of
large farmland areas for biofuel production influence of food supply [31]. Therefore,
many researches [2, 21, 29, 32] proposed to use WCO as a feedstock. However, WCO
might be contaminate with FFA and water which requires the washing step to reduce
moisture and esterification step to reduce FFA before transesterification.

Noshadi et al. [11] studied biodiesel production using WCO and
heterogeneous process in reactive distillation pilots scale (8 trays and inner diameter
of 80 mm) as shown in Figure 3.4. WCO is needed to pre-heater at 50°C before feed
to RD and then mixed with methanol with the presence of 12-Tungstophosphoric
acid (10%wt with respect to WCO). Mechanical stirrer was used with speed of 300
rom to form one liquid phase. Residence time in this mixer was depended on the

feed flowrate with less than 60 min.
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The optimal conditions of feed flow rate 116.23 mol/h, feed temperature
29.94°C, methanol/oil ratio 67.3 and reboiler duty 1.3 kW can produce the purity and
actual FAME yield up to 93.98 and 93.94%, respectively.

Condenser

Reflux spliter

-/ pump
Mixer/Preheater

) [

WCO  Methanol & Catalyst

Methanol

Reboiler

, S
Methyl Ester
RD Column

Decanter

Glycerol

Figure 3.4 Schematic diagram of reactive distillation system [11]

This process required highly methanol/oil ratio because the acid catalyst was
used for both esterification and transesterification. Reaction rate of acid catalyzed
transesterification is very slow thus the highly methanol to oil ratio was used to
accelerate reaction rate.

Petchsoongsakul et al. [13] designed the biodiesel production from waste

cooking oil in a single reactive distillation scheme shown in Figure 3.5.
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Figure 3.5 Hybridization in a single reactive distillation for biodiesel production
(dashed frame represents optional distillation column to obtain technical grade

glycerol) [13]

This process combined esterification and transesterification in a single RD and
operated at high pressure of 3 bar. The hybrid RD was divided into two parts
including of the upper part for esterification and lower for transesterification using
WCO with FFA content about 6%wt as a feedstock. FFA must be reduced below
19%wt before sent to transesterification. Methanol and WCO were fed at the second
stage. In order to produce biodiesel according to standard, the suitable RD to
produce biodiesel by hybridized RD using Amberlyst-15 and CaO/Al,05 catalyst
include 4 stages for the esterification and 20 stages for the transesterification at
atmospheric pressure. The optimum condition was found to be 4:1 of methanol to
oil mol feed ratio, reflux ratio of 0.1 and reboiler heat duty of 216 kWh/kmol
biodiesel. The bottom stream was sent to separate biodiesel from glycerol.

The pseudo-homogeneous kinetic model above which related to

homogeneous catalyst has been used for all of simulation process. For
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heterogeneous catalyst, the adsorption and desorption processes should be

concerned.

3.2 Kinetic and mechanism of biodiesel reaction

3.2.1 Acid catalyst (Amberlyst-15) for esterification

Steinigeweg and Gmehling [8] proposed a reactive distillation process for the
production of decanoic acid methyl esters via esterification of the fatty acid decanoic
acid and methanol as presented in Eq 3.1. A strong acidic ion-exchange resin
(Amberlyst-15) has been used to catalyze esterification.

A pragmatic kinetic model based on a Langmuir-Hinshelwood-Hougen-Watson
approach has been derived in Eq 3.2. Langmuir-Hinshelwood-Hougen-Watson (LHHW)

approach is use to simplify the reaction rate with accounting for the sorption of

water.
Decanoic acid + Methanol = Methyl decanoate + Water (3.1)
(DecH) (MeOH) (MeDec) (H,0)
_ 1 dnl- _
r= U; dt

* *
" % ( kiKpecHpech Kmeor Ameorn — kKZ1KmepecAmenecKh,o0H,0 >
cat

1+ (Kpecuapeca +Kueon @meon + KuepecOmepec + KHZOaHZO)

(3.2)

Water is adsorbed and therefore sorption effects can be summarized with a
singular sorption constant Ksop as corresponding to Rehfinger and Hoffmann [33]
who derived an equation for the synthesis of methyl tert-butyl ether using this
simpilification. Their approach can also be applied for an esterification. This leads to

the following Eq 3.3.

1dn; kiapecHaMeoH k_i1apmepec
= = Meqr z (3.3)
v; dt (kSorbaHZO) kSorbaHZO
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Then adjust five parameters (k,°, k.,°, En1, En, 1, Kso) have to be fitted. The
results are given in Table 3.1. This following equation can determine the influence of
water on the reaction rate quantitatively. For fitting the sorption constant Ksy, nine
kinetic experiments have been performed under the conditions (i.e., initial amount of
acid and alcohol, temperature, and amount of catalyst) for different amounts of
water initially present. Figure 3.6 shows the weight fraction of decanoic acid as a
function of time for two of these kinetic experiments. It can be seen that the
adsorption-based model is able to describe the reaction rate for different water

concentrations.

o
o

o
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o
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Figure 3.6 Results of two kinetic experiments with different initial amounts of water.
(T = 333K, X}y, 0 = 0.019: (O) exp, (—) fitted £q 3.3 ; X}y_o = 0.179: (+) exp, (—) fitted
Eq 3.3). [8]

Table 3.1 Kinetic parameters for the modified LHHW model Eq 3.2 (K, = 2.766) [8]

Reaction i k(mol/ g's) E4 ;(kd/mol)
Esterification 1 3.1819 x 10° 72.23
Hydrolysis -1 3.5505 x 10° 71.90

From data above, the kinetic parameters using the modified LHHW model can
represent the reaction rate for different water concentrations (1.9 - 17.9 %wt) and

temperature between 35-65°C. Therefore, this model can be applied to our
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investigation of the effect of water for Amberlyst-15 catalyzed esterification in the

hybridized reactive distillation.

3.2.2 Base catalyst (Calcium oxide, CaO) for transesterification

Biodiesel is normally produced by a transesterification process of vegetable
oils with methanol. The overall transesterification reaction already given in chapter 2.
(Eg 2.4) and the side reaction (Eq 2.6) could be occurred with the presence of water
content in feedstock. Moreover, the presence of water and FFA in oil can be

emulsified to obstacle the transesterification [34].
Triglyceride + 3R’OH = 3R’COOR + Glycerol (2.9)
Triglyceride + 3 Water = 3R’COOH + Glycerol (2.6)

From above reaction, many researches [7, 35-37] neglected the effect of
presence of water on transesterification rate. The approach kinetic rate is derived

based on the elementary rate law in Eq 3.4.

—r = =2 = K[TG][ROH]? (3.)

Although, many researches avoid of water effect but some research has been
reported. Liu et al. [14] found that the effect of trace amount of water existing in the
reaction mixture (< 2.8 %wt oil) can accelerate the rate of transesterification because
basic site of CaO solid base catalyst extracts H" from H,O to form surface OH™ Eq 3.5.
Then, the OH™ extracts H™ from methanol to generate methoxide anion and H,0 Eq
3.6. That methoxide anion is strongly basic than CaO and has high catalytic activity in

transesterification.
Ca0 + H,0 = CaOH -OH" (3.5)
CH5OH + CaOH -OH" = CH,O + Ca-OH" + H,0 (3.6)

The results show that the biodiesel yield increased with the rising water

content in methanol. However, the water content in reaction mixture should be kept
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less than 2.8 %wt to prevent soap formation (Figure 3.7). Figure 3.8 also presented

the significant decrease in biodiesel yield, when water content was more than 2 %wt.
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Figure 3.7 Effect of water content of methanol on biodiesel yield. CaO/Oil mass

ratio: 8%wt reaction temperature 65°C; methanol/oil molar ratio 6:1[14]
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Figure 3.8 The effect of water (a, left) and FFA content (b, right). Conditions: reaction

time, 2.5 h; methanol to oil molar ratio of 9; catalyst loading, 7%wt; temperature

65°C [38]

However, this previous research proposed only the mechanism of the

presence of a trace amount of water during transesterification over CaO which did

not take account the concentration of water into the kinetic model. Therefore, in this
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work is going to propose kinetic rate model accounting the water effect for CaO

catalyzed transesterification.

3.2.3 Base catalyzed saponification

In  alkali-catalyzed homogeneous transesterification, hydroxides and
methoxides of sodium and potassium is commonly used. There also can
saponification of the oil (TG) or the fatty acid methyl esters (FAME) (Egs 3.8 and 3.9)
to form soap. This occurs alongside the main reactions due to the existence of the
hydroxide-alkoxide equilibrium (Eq 3.7). This equilibrium can shifts towards the
formation of hydroxide when the water content was increased.

The formation of soap leads to emulsification, which renders the downstream

separation of glycerol very difficult.

R'OH + OH = RO + H,0 (3.7)
HleOOR1 H2C|-OH
H|COOR2+ 30H - 3RCOO + HCl-OH (3.8)
H,COOR, H,C-OH
CHsCOOR + OH = RCOO + CH5OH (3.9)

Saponification of alkyl esters can occur in aqueous hydroxide solutions [39],
mixtures of water and soluble organic solvents. It has been reported that
saponification of carboxylic acid esters in hydroxide solutions is a bimolecular
reaction, which is first order for ester and hydroxide ions [39, 40]. Hydroxide ions
attack the carbonyl to form a tetrahedral intermediate, which then decomposes to

the products (Figure 3.9a).
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R—h"—m{' + OH —= R—(|_—OR' — R—(H—O' + R'OH
(6 5
(b) (|)R' - OR'
R—ﬁ{ ; \-O—III — » R— |‘—o—1|1 —» B—(C—0 + ROH + H0
: : 0
. H/(\H O""-H/ N v

Figure 3.9 Saponification of alkyl esters (a) reaction mechanism for alkyl esters
saponification; (b) bimolecular collision by solvated hydroxide ions to form H-bond

stabilized tetrahedral intermediate [41]

However, the recent studies [42, 43] found that the reactions did not occur
via simple bimolecular collisions, but rather required a molecule of water to form
the tetrahedral intermediate. This indicates that a water molecule stabilizes the
transition-state complex through hydrogen bonding (Figure 3.9b). Such hydrogen
bonding could also be provided by other protic solvents such as simple alcohols.

For saponification reaction in the presence of CaO is caused by Ca(OH), which
has base properties [44, 45]. The followings are the reaction of the saponification as

shown in Egs 3.10 and 3.11.

H2C|OOR1 H2C|—OH
2 H|COOR2 + 3Ca(OH), = 3RCOOCa + 2 H|C—OH (3.10)
H,COOR, H,C-OH

2CH;COOR + Ca(OH), = 2CH,OH + Ca (OOCR), (3.11)



33

Chapter 4
Kinetic experiment and simulation

4.1 Kinetics of esterification

4.1.1 Materials

Reactants are oleic acid from Vicchi Enterprise and methanol analytical grade
from QR&C (99.8% purity). Amberlyst-15 was purchased from Sigma-Aldrich used for
esterification and was dried at 100°C for overnight before used. Analytical agents is
methyl valerate as analytical grade from Sigma-Aldrich (99% purity) and propanol

was used as internal standard and solvent respectively for GC analysis.

4.1.2 Experimental

The experiments were performed in a 3-neck-flask with condenser and
thermometer into an oil bath to control temperature of reaction mixture at 60 °C
using stirring speed of 600 rpm. Prior to the experiment, oleic acid and methanol
were pre-heated to the desired temperature of 60°C in separated vessel. Then, the
catalyst was added to the reaction mixture at desired temperature. The reaction time
was started. Sample of 1 mL was taken every 30 min and centrifuged to separate the

catalyst from reactant and product to stop reaction.

4.2 Kinetics of transesterification

From the literature review in chapter 3, the presence of water during CaO
catalyzed transesterification has effect of counter balancing effect. For instance, a
trace amount of water could generate new active sites to accelerate
transesterification while laree amount of water could decrease transesterification rate
with soap formation. Therefore, the kinetic model accounting of the water effect on
the rate to biodiesel production was proposed by using triolein as triglyceride model
compound and methanol. This proposed kinetic model will be further used to
investigate the simulation of water effect on the operating parameter in a hybridized

RD to produce biodiesel from WCO.


http://www.vicchienterprise.com/
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4.2.1 Determination of the empirical rate model

The various concentration in unit mol/L of triolein [TG] and methanol [MeOH]
with amount of water (H,O) based on oil weight is shown in Table 4.1. The
experimental condition was 1 atm, 60°C and speed stirring 700 rpm to avoid mass
transfer limitation.

Determining rate law depend on H,0O for constant concentration of TG and

MeOH (run 1-7)

C[H,0]X

TFAME = Trapop C = [TG]"  [MeOH]*

Determining rate law depend on TG for constant concentration of MeOH and
H,O (run 4, 8-12)

_ w _ [MeOHJ” +[H;0]*
reame = A[TG]" A= Trdl,0p

Determining rate law depend on MeOH for constant concentration of TG and
H,O (run 4, 13-15)

_ [TG]Y +[H,0F"

_ Z
r'ramg = B[MeOH]?, B YT

Table 4.1 Initial mole ratio and percent water of each run

TG MeOH
Run H,O %wt oil
(mol) (mol)
1 1 6 0
2 1 6 1
3 1 6 2
4 1 6 5
5 1 6 8
6 1 6 10
7 1 6 15
8 1.35 6 5
9 1.25 6 5
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TG MeOH
Run H,O %wt oil
(mol) (mol)
10 0.9 6 5
11 0.75 6 5
12 0.65 6 5
13 1 1 5
14 1 3 5
15 1 9 5

4.2.2 Determination of activation energy (Ea)
Determine Ea of CaO catalyzed transesterification of triolein in the
temperature range of 50 to 70 °C and condition are [TG] = 1 mol/L , [MeOH] = 6

mol/L and [H,0] 5%wt oil

4.2.3 Materials

Triolein was used as a reactant from SHANGHAI TERPPON CHEMICAL (99.5%
purity) while methanol with analytical grade from QR&C (99.8% purity). Calcium oxide
(Ca0) catalysts was obtained from Sigma-Aldrich (96% purity) calcium oxide fine
powder catalyst was calcined in a furnace with the heating rate 15°C/min to 900°C
and hold for 5 h then kept in desiccator cabinet before use. Analytical agents were

used as well as esterification reaction.

4.2.4 Experimental

The experiments were performed in the same equipment of esterification
reaction but using stirring speed of 800 rpm. Prior to the experiment, triolein and
methanol were pre-heated to the desired temperature of 50-70°C in separated
vessel. Then, the catalyst was added to the reaction mixture at desired temperature.
The reaction time was started. Sample of 1 mL was taken every 15 min and

centrifuged to separate the catalyst from reactant and product to stop reaction.
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4.3 Sample analysis

The sample solution was then analyzed by gas chromatography from
Shimadzu GC-2010 Plus with DB-WAX capillary column and detected by flame
ionization detector (FID). Methyl valerate was used as internal standard. The column
temperature program starts at 40 °C with holding time 3 min with ramp rate 15
°C/min to 235 °C holding time 2 min, the ramp rate 10 °C/min to 260 °C with holding

time 20 min.

4.4 Simulation

Aspen Plus® version 8.0 was used to simulate the effect of water on the
operating parameter. Based on the previous work [13], it was reported that the
Dortmund modified UNIFAC model was the most suitable model for prediction of
the physical equilibria properties of various mixtures associated with the design of
biodiesel processes. The RADFRAC model was extensively used in the design of RD
columns. RADFRAC relies on an equilibrium stage model and is capable to deal with
ideal and non-ideal vapor-liquid equilibrium (VLE) and vapor-liquid (I)-liquid (Il)
equilibrium (VLLE).

Verification of kinetic model for Amberlyst-15 catalyzed esterification using a
Langmuir-Hinshelwood-Hougen-Watson (LHHW) approach derived from Steinigeweg
and Gmehling [8] was carried out by comparing the simulation results with the
experimental results performed in this study. The verified kinetic model was then
further applied in the simulations of hybridized RD in the esterification section (top
section) and the empirical kinetic model of CaO catalyzed transesterification with
accounting the effect of water would be used for transesterification (bottom section).

The effect of water on the operating parameter of reactive distillation in
terms of water contain in feedstock, number of stage and feed location to obtain the
biodiesel yield and purity according to EN 14214 (FAME > 96.5%) was used to

simulate and compare with the base case from the previous work [13].
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Chapter 5
Results and discussion

5.1 Esterification

5.1.1 Kinetic model verification for esterification of oleic acid

Figure 5.1 shows the verification results of kinetic model of Amberlyst-15
catalyzed esterification. Dots and continuous line represent the experimental results
and the results from simulation using the proposed kinetic rate model in chapter 3
(Eq 3.3).
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Figure 5.1 Kinetic model fitted eq.3.3 (continuous line) and experiment (s) condition

are T=60 °C methanol to oil ratio 5:1, X, water =0.019

The results indicated that there was less significant difference with the
maximum error about 13% in the experimental results (esterification of oleic acid
and methanol) and the simulation result using the kinetic model provided by
Steinigeweg and Gmehling [8] (Appendix C). Although, oleic acid composes of C18:1
having more carbon atom than that of decanoic acid (C10:0), these fatty acids
showed the similar reactivity using Amberlyst-15 catalyzed esterification investigated
by Banchero and Gozzelinolt [46]. They reported that the quite similar conversion
profiles versus time for the 1:1 esterification of the different acids (C12-C18) with

methanol using Amberlyst-15 catalyzed esterification at 70°C.
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Therefore, this kinetic model [8] was further used in simulations of biodiesel

production in the hybridized RD.

5.1.2 Validation of esterification in RD

Based on the kinetic constants and activation energies for the esterification of
decanoic acid using Amberlyst-15 reported by Steinigeweg and Gmehling [8] as
shown in Table 3.1, this work used oleic acid as feedstock in the RD. Therefore, the
validation of acid conversion as a function of reflux ratio was also performed as
shown in Figure 5.2. It was found that the obtained simulation results of the various
reflux ratios using kinetic model of oleic acid was close to experimental results of

decanoic acid obtained from Steinigeweg and Gmehling [8] with the maximum error

about 15%.
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Figure 5.2 Acid conversion as a function of reflux ratio. Experimental data (s)

[8] and simulation results (continuous line)

Banchero and Gozzelino [47] proposed the esterification of stearic acid with
methanol (P = 4 atm, number of reactive stages from 3 to 22, temperature of the
acid feed of 160°C, temperature of the methanol feed of 104.5°C). This result
showed that the higher conversions and lower energy consumption can be achieved
by operating at low reflux ratio values. For the RD configuration, the reflux functions

like an internal recycle of a methanol-water mixture whose composition depends on
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the reflux ratio. Higher reflux ratio values result in higher amounts of liquid flowing
through the column which involves higher heat duties both at the reboiler and

condenser. [47]

5.2 Transesterification

5.2.1 Determining the rate reaction of Transesterification in the presence

of water

Kinetics of transesterification was calculated based on the concentration of
produced FAME at the initial rate (0-60 min) to determine the forward
transesterification rate in the presence of water including the reaction order of TG

and methanol on the rate expression.
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Figure 5.3 The effect of concentration of water on the initial

transesterification rate

The effect of the presence of water on the initial rate is shown in Figure 5.3.
The highest initial rate of reaction was obtained when using the 5%wt of water based
on triolein (TG) weight. The water concentration of 0-2 mol/L as corresponding to 0-5
%wt was introduced in the reaction mixture, the increase in the initial rate was
obtained. This is corresponding to the previous work with using CaO catalyzed

transesterification. Water can promote the rate of transesterification by generation of
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the methoxide anion form the extracts H* from water to form surface OH on CaO

surface [14].

14

1.2

0.8

0.6

0.4

FAME concentration (mol/L)

0.2

0 100 200 300 400 500
Time (min)

Figure 5.4 Results from experimental run 1-5, the concentration of FAME

profile along the reaction time.

Figure 5.4 shows the FAME concentration profiles for CaO catalyzed
transesterification of triolein using various water content in the range of 0 to 8 %wt.
The induction period of FAME concentration profiles was found to be reduced from
60 to 15 min with increase amount of water content from 0 to 8 %wt. However, the
present of water only 1%wt, the FAME concentration was reduced after reach the
maximum value due to the saponification as a side reaction took place and the

emulsion phase of water and oil also performed [14].

The empirical kinetic model in the presence of water was also performed in

Eq 5.1 (Appendix D).

7.78x1073[H,0]%5
1+0.46[H, 0]

rFame =

[TG]%°[MeOH] (5.1)

It was found that the presence of water gave both the counter balance effect
on the initial transesterification rate. The presence of a trace amount of water less
than 1%wt (0.789 mol/L) could give rise of the forward transesterification rate

because the denominator term of 1 was greater than 0.46[H,0] resulting in the
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increase in the forward rate of reaction. While the increase amount of water content
more than 1 %wt, the denominator term of 1 was less than 0.46[H,0] resulting in

the decrease in the forward rate.

This should be noted that the FAME concentration was significantly
decreased after reaching the maximum value. This is because of the saponification of
TG and FAME with the hydroxyl group on the CaO surface and the presence of
emulsion phase of water and TG [14]. Therefore, the presence of side reactions as a
saponification with the water concentration of 1-8 %wt, can be found. This system
should be three overall reactions involving in the corresponding FAME concentration

profile.

The possible three overall reactions including of overall forward
transesterification, overall reverse transesterification and saponification were
proposed. It was found that transesterification in this work was used for overall
reaction rate (Eq 3.8). Egs 3.10 and 3.11 were represent the mechanistic partway of
CaO with the presence of water to generate Ca(OH), and react with TG or FAME to

produce soap.

H2|COOR1 H2C|—OH
HC|OOR2+ 3R°0OH = 3R’COOR + H(li—OH (3.8)
H,COOR, H,C-OH
H2|COOR1 H2|C—OH
2 HC|OOR2 + 3CalOH), = 3RCOOCa + 2 HCl—OH (3.10)
H,COOR, H,C-OH
2CH,COOR + Ca(OH), = 2CH,OH + Ca (OOCR), (3.11)

To simulate the concentration profile of FAME, this requires at least 3
equations of rate reactions including of forward transesterification (ry), backward

transesterification (r,) and saponification (rs) using a built-in ODE45 solver in MatLab
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(Appendix D). Egs 5.8 to 5.13 were used to derive the rate model and results were

shown in Figure 5.5.

r; =k, [TG]°°[Me] (5.8)
__ kT[H,0]%5

1™ 1430[H,0] (5.9)
k(T) = koexp(=) (5.10)

k
r, = K—elq[FAME] [GLY] (5.11)
r; =k, [FAME]*® (5.12)
k, = 0.003[20H7] (5.13)

k; was the reaction rate constant for the forward transesterification with taking
account of the effect of water. K.q was the equilibrium reaction rate constant for
transesterification. k, including of the dissociation of water or methanol to hydroxyl

group was the reaction rate for saponification of FAME.
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Figure 5.5 Result of the concentration of FAME profile along the reaction
time of experiment (&£ 1%wt, M2%wt and ®5%wt of water content) and

calculation from MatLab (- 1%wt, - - 2%wt and — 5%wt of water content)
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Figure 5.5 shows the simulation results of the proposed kinetic model
including of 3 reactions (ry-forward transesterification, r,-backward transesterification
and rs-sponification) was fitted with the experimental results for the water content of
1 to 5 %wt which refers to the water concentration of 0.397 to 1.932 mol/dm? in the

reaction mixture.

TG + 3MeOH = 3FAME + GLY (2.9)
2FAME + Ca(OH), = 2 MeOH + Calcium soap (3.11)
__ [FAME]®[GLY]
Keq = “TGI[MeOHTS. (5.14)

Generally, at equilibrium condition, the rate of forward reaction should be
equal to the rate of backward reaction. However, this work found that FAME can
react with CaO in the presence of water to generate saponification as a side reaction
as can be seen the remarkably drop in the FAME concentration when it reached the
plateau.

The reaction rate parameters for transesterification of triolein with the
presence of 5 %wt water content in the reaction temperature of 50 to 70°C including
of ko and Ea determining from Arrhenius plot were equal to 47.2 and 16 kJ/mol,

respectively. The Arrhenius plot is shown in Figure 5.5.
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Figure 5.6 Result between (n rate and 1/T in Kelvin
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Table 5.1 Kinetic constants from CaO catalyzed transesterification

Reaction condition Ea
Kinetic model / Rate
Oil feed T Molar Cat Time (ki/  Ref
Reaction order  constant
Q) ratio  (%wt)  (hr) mol)
Palm oil 65 9:1 5 1 -r,=kC, k=0.0119 - [36]
(/min)
Soybean oil 125- 91 3 25 Pseudo-first ko=29.9 30.7  [26]
200 order
Soybean oil 65 10:1 1 2 First with k=0.044 - (48]
and respect to TG (/min)
waste cooking
oil
Sunflower oil 60 6:1 1-10 2 Pseudo-first k=0.07 - [49]
(/min)
Triolein with ~ 50- 61 10 1 oKD -a72 160 This
17 30[H,0]05
o .
5%wt water 70 * TGP [Me] (/min) work
Triolein 50- 6:1 10 1 pseudo-second  ky=15.0 36.1  This
No water 70 order (/M*min) work

The comparison of k or ky and Ea with other researches was found that the
rate constant for transesterification of triolein with water was highest because the
positive effect of the presence of water in the reaction mixture can accelerate the
initial rate of transesterification as can be seen from Figure 5.4. The presence of
water in feedstock can reduce induction period due to the dissociation of water can
activate the CaO catalyst with the generation of methoxide ion as the active site for

transesterification [ref].

However, this should be noted that the presence of water also causes the
serious situation of the transesterification for biodiesel production even using
heterogeneous catalyst (CaO) for long reaction period. Therefore, the operation

condition of hybridized RD must be avoided the water contamination more than 1
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%wt for CaO catalyzed transesterification. Therefore, the kinetic model of CaO
catalyzed transesterification of triolein in the absence of water also investigated in
the next section.

5.2.2 Determining the rate reaction of Transesterification in the absence

of water

In order to determine the kinetic of transesterification of triolein in absence of
water. Assuming, the concentration of methanol is constant because of using
methanol to oil ratio of 6 to 1 which larger than the theoretical of transesterification.
The integration method was used to determine the reaction rate constant (k) as
derived from Egs 5.16 to 5.18. It was found that the pseudo second-order of TG was
fitted to the experimental result (Figure 5.7) with the reaction rate constant (k) of

3.30 x 10™ L/mol min for the reaction temperature of 50-70°C.

I'rg = —k [TG]Z (516)
dC

L8 = —kt (5.17)
Ctq

1 1
— = kt+ (5.18)
Crg Ctg,0

Then, k was the reaction rate constant, t was time in min, Cy was triolein

concentration at that time in mol/L and Cqg initial concentration of triolein.
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Figure 5.7 Pseudo second-order reaction model of transesterification at

various temperature 50-70°C.
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Figure 5.8 Result between (n rate and 1/T in Kelvin

The reaction rate parameters in the reaction temperature of 50 to 70°C
including of kg and Ea determining from Arrhenius plot were equal 15 and 36 kJ/mol,
respectively. The results show in Figure 5.8 and Table 5.1. The rate constant was in
agreement to that reported by Pasupulety et al. [26] but slightly lower because the

lower reaction temperature range was used in this work.
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5.3 Reactive distillation: effect of design parameter

The schematic diagram of ester-transesterification in a single reactive

distillation column is shown in Figure 5.9.

a X Esterification, Am-15

Transesterification, CaO
Dis LT

C)—{weo |

{Fave —o>

Figure 5.9 Ester-transesterification in reactive distillation column.

Petchsoongsakul et al. [13] reported that the operation of hybridized RD at 1
bar required 4 stage for esterification and 20 stage for transesterification of oil

contaminated FFA. Therefore, this condition was also preliminary used for this study.

This section was aimed to determine the optimal condition for biodiesel
production in the hybridized RD. The effect of water on the operating parameter of
hybridized RD in terms of water containing in feedstock, number of stage and feed
location to obtain the biodiesel yield and purity according to EN 14214 (FAME
content > 96.5%) was considered to simulate and compared to the other scenario
case. The kinetic model of esterification was used LHHW from Eq 3.3 for both cases.
The effect of water content on the transesterification rate using Eqs 5.8-5.10 was
presented in case 1 and compared to the transesterification rate in the absence of
water (case 2) as shown in Table 5.2. It was found that the activation energy

obtained from the transesterification in the presence of water was lower than that of
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the absence of water because the presence of less amount of water can generate

the methoxide ion as homogeneous catalyst to catalyze transesterification [14].

Table 5.2 Kinetic model used for simulation of hybridized RD

Case 1 Case 2
Reaction Ko Ea Ko Ea Ref
(mol/ ¢ min) (ki/mol)  (mol/ ¢ min)  (kJ/mol)
Kinetic esterification 1.91x108 72.23 1.91x108 72.23 [8]
Kinetic hydrolysis 2.13x10’ 71.90 2.13%x10’ 71.90 [8]
Kinetic forward
47.2 16 15 36 This work
transesterification
Kinetic backward
3.10x107? 16 9.88x107° 36 This work
transesterification
Thus work
Kinetic saponification a7.2 16 - -

(Appendix E)

Table 5.3 shows the all components in feed of waste cooking oil (WCO)

model compound in mass fraction and mole flow and methanol (MEOH) in mole

flow using for the simulation. In the absence of water in WCO as a based case, the

methanol to oil molar ratio was used 6 to 1. However, this molar ratio was not

appropriate for WCO feedstock with water contamination. Therefore, the difference

in mole flow of methanol was used with various amount of water content by fixed

the constant methanol to TG molar ratio of about 7. As can be seen from Table 5.3,

the water content in WCO was increased from 1 to 8%wt, the mole flow of TG was

significantly decreased.
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Table 5.3 WCO feedstocks and methanol composition

WCO with various Component Component Feed Methanol
Water content Mass fraction Mole flow (kmol/h)
(kmol/h)
(%wt) TG  FFA  Water TG FFA Water
0 1 0.1 0 0.76 0.24 0 6
1 1 0.1 0.01 0.55 0.17 0.27 a4
2 1 0.1 002 0.44 0.14 0.43 3
5 1 0.1 0.05 0.27 0.08 0.65 2
8 1 0.1 0.08 0.19 0.06 0.75 1.5

5.3.1 Hybridized RD in the presence of water for transesterification

section

This hybridized RD can produce biodiesel yield of 99.6% using a stage
residence time of 5 min because the low activation energy (16 kJ/mol) obtained from
Ca0 catalyzed transesterification in the presence of water using reflux ratio of 0.1
and reboiler duty 26.9 kW. Liquid mass fraction of all components are shown in
Figure 5.10. TG mass fraction was immediately reduced at stage 6 as the first stage of
transesterification section. Unfortunately, the biodiesel purity was lower than 96.5%
as presented in Figure 5.11. This is because the saponification as a side reaction took
place resulting in generation of the emulsion phase of water and oil in bottom of
reactive distillation. Therefore, the separation of glycerol and biodiesel could not be
performed in the decanter resulting in the lower biodiesel purity. The effect of stage
residence time of hybridized RD on the biodiesel yield and purity was also
investigated as illustrated in Figure 5.12. When the stage residence time was varied
from 5 to 60 min, the biodiesel yield was higher than 96.5% while biodiesel purity
was lower as about 80% which could not meet the EN14214 standard. This
simulation results confirmed that the serious separation of biodiesel and glycerol

with the presence of saponification. This can be concluded that the presence of



water

in transesterification
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should be limited to only 1%wt to avoid the

saponification as serious side reaction.
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Figure 5.10 Liquid mass fraction in hybridized RD using TG with water content

5 %wt, methanol to TG molar ratio of 7:1, reflux ratio of 0.1 and residence
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Figure 5.11 Percent of water in liquid fraction in a hybridized RD using TG

with water content 5 %wt, methanol to TG molar ratio of 7:1, reflux ratio of

0.1 and stage residence time of 5 min.
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Figure 5.12 Biodiesel yield and purity as function of residence time using

methanol to TG molar ratio of 7:1 and reflux ratio of 0.1

5.3.2 Hybridized RD in absence of water in transesterification section

The previous section showed the serious problem of biodiesel separation
resulting in low biodiesel purity with the presence of water in transesterification
section. Therefore, the water contamination in transesterification section for biodiesel
production in hybridized RD must be limited (less than 1 %wt of water content). The
pseudo second order of CaO catalyzed transesterification was used to simulate the
effect of water on the operating parameter of hybridized RD in terms of water
containing in feedstock, number of stage and feed location to obtain the biodiesel

yield and purity according to EN 14214 (FAME > 96.5%) for this case.

5.3.2.1 Water content in feed WCO

The simulation results of using WCO feedstocks with the water content of 1-
8%wt were illustrated in Figure 5.13. The water was vaporized to the top of column
even the presence of 8%wt water content in WCO. This might be due to the big
different boiling point between water and triolein in WCO [12]. Therefore, in
transesterification section, the trace of amount of water could be negligible. The
produced FAME purity constrain was selected to conform to EN standard of biodiesel

with 96.5%. Based on this result, the hybridized RD could be a suitable reactor for
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biodiesel production. Howevre, this shold be note that the amount of water must be

removed before introducing to the transesterification section.
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Figure 5.13 Water mass fraction in reaction section different water content in

feedstock 1-8 %wt.
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Figure 5.14 Biodiesel yield and purity as function of water content in WCO

using methanol to TG molar ratio 7:1 and reflux ratio 0.1

Figure 5.14 presents the effect of water content in WCO feedstocks on the
biodiesel yield and their purity using methanol to TG molar ratio of 7 to 1, reflux
ratio of 0.1 and stage residence time of 60 min. As can be seen, this case using longer

residence time could produce biodiesel yield more than 96.5% as compared to the
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case using kinetic model with presence of water because of the lower
transesterification as found the kinetic model. However, this case can use a decanter
to separate biodiesel from glycerol as a simple separation unit. It was found that
there were no significant differences in biodiesel yield and purity with increase of
amount of water because the high FAME vyield via transesterification was also
obtained for WCO feedstocks with water content from 1 to 8 %wt and the water was
also vaporized to the top of hybridized RD. This finding is in agreement to our
previous work using triglyceride with various amount of FFA and the presence of
water derived from esterification of FFA. This work found that water and methanol
were vaporized to the top of column and not flown down to the transesterification

section as in the bottom of column [13]

5.3.2.2 Number of stages

Based on the previous results, the hybridized RD with various amount of
water content from 1 to 8 %wt were used 26 total stages including 4 stages for
esterification, 20 stages for transesterification, rectifying and stripping stages. Figure
5.10 shows the liquid mass fraction profile of all components in hybridized RD for
5%wt of water content in WCO feedstock. At the top section, FFF was consumed via
esterification resulting to reduce in mass fraction of FFA from stage 1 to 5. TG, on the
other hand, this component was converted to FAME via transesterification section
with CaO catalyst packing from stage 6 to 25. The excess methanol was completely
separated at the last stage as the re-boiler stage and vaporized to the first stage at

the top of column resulting to obtain high FAME purity in this hybridized RD.
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Figure 5.15 Liquid mass fraction in a reactive distillation using TG with water

content 5 %wt, methanol to TG molar ratio of 7:1 and reflux ratio of 0.1

The effect on number of stage on the biodiesel yield and purity was also
investigated to minimize the number of stage with producing biodiesel purity
according to EN14214 standard. The simulation results showed that the esterification
section using Amberlyst-15 as a catalyst required only 4 stages to reduce amount of
FFA from 10%wt to less than 1%wt as can be seen in Figure 5.15. Therefore, the
number of stages for transesterification should be further investigated as shown in
Figure 5.16. It was found than the minimum number of transesterification stage using
Ca0 as a catalyst was 20 stages to meet the biodiesel purity of 96.5% corresponding
to the EN14214 standard. The biodiesel yield and their purity were significantly
reduced with decrease in the number of transesterification stage less than 20 stages.
This is because the CaO catalyzed transesterification has lower catalytic activity
compared to NaOH as a homogeneous catalyst [13]. This process required more
reaction as well as number of reaction stage to complete reaction resulting to lower
biodiesel yield and purity with reducing of number of transesterification stage.
However, the homogeneous catalyst could be appropriate for the hybridized RD in

terms of economic point of view and the green and sustainable process.
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transesterification using methanol to TG ratio 7:1, water content of 5%wt and

reflux ratio 0.1

5.3.2.3 Methanol and oil feed location

The feed location is one parameter that could affect the separation efficiency

of hybridized RD. This section investigated the effect of methanol and CO feed

location using WCO with 5%wt water content of 1 kmol/h, methanol 2 kmol/h, the

total stage number of 26 and reflux ratio of 0.1. The effect of co-feed and separated

feed was also studied to determine the optimum feed location.
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Figure 5.17 Co-feed WCO and MECH at stage 2
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Figure 5.19 Co-feed WCO and MECH at stage 13

Figures 5.17-5.18 present the co-feed of WCO with 5 %wt of water content at
2" 6™ and 13™ stage, respectively. It was found that for co-feed location of
methanol and WCO at 2" stage near the top of column, the methanol as the
lishtest phase was more likely to vaporize to the top of column leading to the
presence of lower amount of methanol for transesterification section. The lower
biodiesel yield was also obtained. When using co-feed location of methanol and
WCO at 6™ and 13" the amount of FFA in WCO were still existed along the
transesterification section even used co-feed location at 13" stage because FFA and

WCO are large higher boiling than that of methanol resulting to flow down to the
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bottom section without the presence of Amberlyst-15 as a catalyst to converted FFA.

The present

of FFA

in the transesterification

section might

reduce the

transesterification rate due to the lower concentration of reactant resulting to lower

biodiesel yield and it purity.
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Figure 5.20 Feed WCO at stage 2 and MEOH at stage 6
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Figure 5.21 Feed WCO at stage 2 and MEOH at stage 25

Figures 5.20 and 5.21 illustrate the separated feed of WCO and methanol.

WCO was fed at fixed location at 2" stage while methanol was varied fed location at

6" and 25"

These results, in contrast to, co-feed location as WCO with FFA can

flow down to the esterification section for converting of FFA resulting to higher

biodiesel yield and purity than that of co-feed of methanol and WCO. However,
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using the separated feed location of methanol at 25" stage provided the lower
biodiesel yield and purity when compared to the separated feed location of
methanol at 6" stage. This might be due to the fact that the methanol as a reactant
for both esterification and transesterification was fed at 6" stage as the location
between esterification and transesterification section resulting to provide the excess
amount of methanol for both reactions. The highest biodiesel yield and purity were
obtained at this separated feed location. Pérez-Cisneros et al. [12] also reported that
the separated feed location of methanol and oil provided the highest triolein

conversion for transesterification of 90-99.9% in the reactive distillation.
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Chapter 6

Conclusions and recommendation

This section provided the conclusion and recommendation of this research as

follows:

Kinetic model of Amberlyst-15 catalyzed esterification of decanoic acid using
a Langmuir-Hinshelwood-Hougen-Watson (LHHW) approach can be used to predict
Amberlyst-15 catalyzed esterification of oleic acid because there was no steric

hindrance effect of oleic carbon atom compared to its decanoic acid.

The initial rate of transesterification was increased with increase of amount of
water in WCO feedstocks in the range of 1 to 8 %wt. Water can promote the rate of
transesterification because of the increase of active site as methoxide ion. However,
the presence of water only 1%wt, the FAME concentration was remarkably reduced
after reaching the maximum value because the saponification as a side reaction took

place and the emulsion phase of water and oil was also performed.

The empirical kinetic model for transesterification of triolein in absence of
water was proposed because of the trace amount of water was flown down to the
transesterification section in the hybridize RD as found in the preliminary simulation
results. The pseudo second-order of TG was fitted the experimental results with
including of ky and Ea determined from Arrhenius plot were equal to 15 and 36

kJ/mol, respectively.

Finally, the effect of water content on the ester-transesterification of
hybridized RD performance was simulated using LHHW for esterification and pseudo-
second for transesterification. The simulation of hybridized RD which can produce
biodiesel according to standard EN 14214 was found to use 26 total stages including
of 4 stages for esterification, 20 stages for transesterification with each rectifying and

stripping stages. The optimum condition was using molar reflux ratio of 0.1 and
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reboiler duty of 50-128 kW depending on water content (0-8 %wt). The suitable feed
location should be separated between WCO and methanol using WCO feed location
at top of column and methanol feed location at middle of column (first stage of

transesterification).

Recommendation

1. The presence of water can enhance the initial transesterification rate as
well as reduce the induction period but lower the final biodiesel yield
because of the presence of saponification. Therefore, the pretreatment to
activated Ca0O catalyst and its stability should be also studied.

2. The hybridized RD using CaO catalyzed transesterification experimental
set up should require longer period to reach steady state operation due
to the presence of induction period. However, when the CaO catalyst is
activated, the higher biodiesel yield should be achieved in a short startup
time for hybridized RD. This hypothesis should be further investigated.

3. The presence of water does not only give rise the initial transesterification
rate but also the saponification as a side reaction. Therefore, the

optimum residence time in the hybridized RD should be further studied.
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Appendix A
Calibration curves for determining kinetic of esterification and transesterification
Standard curve of methyl oleate (FAME)

Plot between concentration of methyl oleate (FAME) in mol/L and GC area
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Appendix B

Calculations of conversion and yield for esterification and transesterification

Esterification
The weight fraction is calculated by the following Eq B.1.

Ct,i XMWXVLO
Massg o

Weight fraction = (B.1)

where C; is concentration of oleic acid at a difference time, MW is molecular
weight of oleic acid, Vi, is initial reaction volume of resulting sample and Mass, is

initial total mass of reaction mixture.

Transesterification

The biodiesel yield is calculated by the following Eq B.2.

FAMEy
TG

Biodiesel yield = x 100 (B.2)

where FAME;; is concentration of methyl oleate at different time and TGy, is

initial trioleate.



Appendix C

Verification of kinetic esterification

Table C1 Comparison of results between experiment and calculation with %error

Time

(min) Experiment Calculation  %kError

0 0.61 0.64 4.99
30 0.41 0.37 10.54
60 0.34 0.32 4.50
90 0.30 0.29 1.51
120 0.27 0.28 3.26
150 0.25 0.26 4.82
180 0.25 0.25 0.59
210 0.23 0.25 8.44
240 0.23 0.24 3.57
270 0.23 0.24 5.36
300 0.21 0.23 9.90
330 0.23 0.23 2.19
360 0.22 0.23 587
390 0.22 0.23 4.84
420 0.22 0.23 4.57
450 0.21 0.23 7.55
480 0.20 0.22 12.41

Table C2 Comparison of results between experiment and simulation with %error

Reflux

Ratio Experiment  Simulation %Error
0.5 36.65 31.39 14.35
1 32.64 29.84 8.57

2 26.58 22.75 14.41
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Empirical kinetic model for transesterification of triolein in presence of water

Initial rate and overall rate
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Figure D.1 Concentration of FAME profiles along the reaction time of initial
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Table D.1 Results of overall rate reaction
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l TG Methanol Water

Initial rate

Run concentration concentration concentration

(mol/g.min)
(mol/L) (mol/L) (mol/L)

1 1.95%10™ 0.814 4.875 0.397
2 2.73x10 0.807 4.847 0.789
3 3.57x10* 0.790 4.771 1.932
a4 2.28x10* 0.775 4.640 3.028
5 2.12x10 0.764 4.584 3.757
6 2.36x10" 0.739 4.432 5.452
7 4.21x107 0.929 2.073 1.693
8 6.56x107 0.859 2.073 1.693
9 4.54x107 0.687 2.073 1.693
10 4.64x107 0.622 2.073 1.693
11 2.47x107 0.516 2.073 1.693
12 1.80x10° 0.447 2.073 1.693
12 2.48x107 0.691 0.690 1.693
14 9.57x10” 0.691 2.073 1.693
15 2.06x10™ 0.691 4.145 1.693
16 2.35x10 0.691 6.218 1.693




Polymath regression

How to get Eq 5.1 from Program Polymath non-linear regression

1. Select regress and analyze data

2. Put data from experiment result CO1 is rate reaction, C02 is triglyceride

72

concentration, C03 is methanol concentration and C04 is water concentration

@ POLYMATH 6.10 Educational Release - [Data Table]

File Program Edit Row Column  Format  Analysis  Example
DeEE s @aF M @2
RO15: CO08 |C08 X v |
co1 | coz | co3 | Cco4 | Cos |

0 4 21E-05 0.528592 2.0728% 1.659311

02 6.56E-05 0.858323 2.072681 1.68311

03 4 54E-05 0.687458 2.072691 1.69311

04 4 B4E-05 0.621813 2.072681 1.68311

05 2.4TE-05 0.515594 2.072691 1.65311

05 1.80E-05 1.445248 2072681 168311

07 2.48E-05 0.650889 0.650366 1.65311

08 9.5TE-05 0.690389 2.072691 1.69311

05 2.06E-04 0.650889 4145383 1.659311

10 2.35E-04 0.650889 6.218074 1.68311

3. Select nonlinear and put the model and initial guess

4. Click =2

[v Beport

Regression lAﬂaIysis ] Graph l

‘ ﬂ ﬂ [~ Graph [~ Residuals

[~ Store Maodel

Linear&PoI}lnomiaI] Fultiple linsar Nonlinearl

todel; M

L+ hd

|cm (&H(C02 W] (C03 )]

Model Parameters Initial Guess:

Model parm | Initial guess
A 1
w 1
4 1

eg y=2%"A+B



5. Then get the report

POLYMATH Report

Monlingar Regression (L-M)

Model: CO1 = (A%(C024w)*(C0372))

73

Variable Initial guess Value 95% confidence

A 1. 2.934E-05 |5.83E-06
w 1. 0.7976658|0.5242611
z 1. 1.345928 |0.125258

Nonlinear regression settings
Max # iterations = 64

Precision

R*2 0.8606166

R~2adj |0.8207928

Rmsd 8.681E-06

Variance |1.077E-09

General
Sample size |10
Model vars |3
Indep vars |2
Iterations |17

- First regression of TG and MeOH order
Table D.2 First regression of TG and MeOH order

Model: C01 = AXTGAW)*(MeOHAZ)

Variable Initial guess Value 95% confidence
A 1 2.93E-05 5.84E-06
W 1 0.797527 0.525291
z 1 1.345962 0.125504
Precision
RA2 0.860174
RA2ad; 0.820224
The corresponding empirical rate is Eq C.1.
fe= 2.93x10”[TG]*"*[MeOH]"** (D.1)

then regress data with w=0.5 and z=1 the result show in Table D.3



Table D.3 Second regression of TG and MeOH order
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Model: CO1 = AX(TGA0.5)*(MeOHA1)

Variable Initial guess Value 95% confidence
A 1 4.27E-05 3.23E-09
Precision

RA2 0.799242

RA2ad;] 0.799242

The corresponding empirical rate is Eq D.2.

Me= 4.27x10°[TG]**[MeOH]

(D.2)

After getting the order of TG and MeOH next determine empirical rate depend on

concentration of water in form (Eq D.3).

C[H,0]*[TG]%5[MeOH]
Feame =
- 1+d[H,0]Y

(D.3)

then use the Polymath regression program to find the parameter values C, x, d and y

the result show in Table D.4

Table D.4 First regression of water order

Model: C01 = (cX(TGN0.5)*MeOH*(H,0Ax))/(1+(d* H,O Ay))

Variable Initial guess Value 95% confidence
C 0.1 0.045967 0.093681

X 0.1 0.66847 3.065261

d 0.1 0.097661 1.319493

y 0.1 2.58426 7.043031
Precision

RA2 0.9276446

RA2adj 0.7105784
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The corresponding empirical rate is Eq D.4.

0.046[H,0]%%°[TG]%>[MeOH]
1+0.098[H,0]3-58

Fame = (Dq')

then regress data with x=0.5 and y=2.5 the result show in Table D.5

Table D.5 Second regression of water order

Model: CO1 = (cX(TGN0.5)*MeOH*(H,070.5))/(1+(d* H,O A2.5))

Variable Initial guess Value 95% confidence
C 1 4.58E-05 8.79E-08

d 1 0.016188 0.00015
Precision

RA2 0.712057

RA2ad; 0.691489

The corresponding empirical rate is Eq D.5.

4.58x1073[H,0]%°[TG]%>[MeOH]
rFame = (DS)
1+0.016[H,0]%"

then try to regress data with y=1 because from Figure 5.4 trend of high water
concentration show similar to low water concentration then the result show in Table

D.6. R square and R square adjust higher than y=2.5

Table D.6 Third regression of water order

Model: CO1 = (cX(TGN0.5)*MeOH*(H,0M0.5))/(1+(d* H,O A1)

Variable Initial guess Value 95% confidence
C 1 7.78E-05 4.42E-05
d 1 0.464172 0.541116

Nonlinear regression settings

Max # iterations = 64

Precision
RA2 0.774419
RA2ad;] 0.758306




Finally, we get Eq 5.1.

7.78X10~5[H,0]%5[TG]*5[MeOH]

r ame — (51)
reme 1+0.46[H, 0]
MatLab code
$Input
%$initial concentration
cTG = [0.812, 0.806, 0.789]; STriglyceride
cMeOH = [4.9, 4.87, 4.77]; %$Methanol
cFAME = 0; %Biodiesel
cGly = 0; $Glycerol
cH20 = [0.397, 0.789, 1.93]; SWater
%parameters
KEgq = 0.9; $Equilibrium constant
Ea = 71871; %Ea (J/mol)
R = 8.314; %Gas constant (J/K.mol)
T = 333; $Temp (K)
kO = 2.29el10; %k0

kT

kO*exp (-Ea/R/T) ; SNew constant (T varied)

xp = zeros (501,3);

for i = 1:3

k1l kT* (cH20 (1) ~0.5) / (1+50*cH20 (1)) ;
k2 = 0.003* (2*cH20 (1)) ;

o\°
o\

%$Integration

$Time
tspan = 0:1:500;

%$initial & param

init = [cTG(i) cMeOH(i) cFAME cGly];
par = [kl KEqg k21];
[tt xx] = ode23s(@transes, tspan,init, [],par);

xp(:,1) = xx(:,3);
end
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@transes

function dc = transes(t,c,par)

%$Transesterification of triolein

$TG + 3MeOH <-> 3FAME + Gly
$2FAME + Ca(OH)2 -> Spon + 2MeOH

$parameters
k1l = par(l); $Forward 1lst reaction constant
Keqgl = par(2); $Equilibrium constant
k2 = par(3); $Forward 2nd reaction constant
dc = zeros(4,1);
%reaction

rl = k1*(c(1)"0.5)*c(2);

r2 = (kl/Keql)*c(3)*c(4);

r3 = k2*c(3)"1.5;

dc(1l,1) = -rl + r2; $triglyceride
dc(2,1) = =3*rl + 3*r2 + 2*r3; gmethanol
dc(3,1) = 3*rl - 3*r2 - 2*r3; S fame

dc(4,1) = rl - r2; $glycerol

end

Table D.8 result of Keq of difference %wt water

%wt Water Keq
1 0.26
2 0.4
5 0.9

At 60°C temperature difference %wt water difference Keq because occur side

reaction then the reaction is not at equilibrium, the result show in Table D.8
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Appendix E

Empirical kinetic model for saponification
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Figure E.1 Result from experimental run 1-3, the concentration of FAME profile in

saponification.

Polymath regression

How to get kinetic model of saponification from Program Polymath non-linear

regression

1. Select regress and analyze data
2. Put data from experiment result CO1 is rate reaction, C02 is FAME

concentration and C03 is water concentration

@ POLYMATH 6,10 Educational Release - [['ata Table]
ED File Program Edit Row Column  Format  Anal

DEEFE + 2RSS M. BEOE

RO04 : COOG |08 XV |
ci | coz | Co3 | co4 |
1y -5.5E-03  1.03175308 0.400600204
0z -1.0E-02 1.045037257 0.7235274448
03 -1.8E-02 09255593475 1.932048332

3. Select nonlinear and put the model and initial guess



4. Click =2

Regression l Analysis l Graph l

& | |§|| = | [ Gianh [ Residuals

v Beport [ Store Model

Lirear & F'u:ul_l,lnu:umiall Multiple inear  Monlinear l

fi
b odel: J L-t4

‘EEI'I =k CO2™ ] 2T 03]

&g y=2%"A+E

b odel Parameters |nitial Guess:

Model parm | Initial guess
k 1
x 1
¥ 1

5. Then get the report

POLYMATH Report
Nonlinear Regression (L-M}

Model: CO1 = k*(C02%)%(2*C03~y)

Variable Initial guess |Value 95% confidence

k 1. -0.005736 |0
X 1. 1.469386 |0
¥ 1. 0.8538505|0

Nonlinear regression settings
Max # iterations = 64

Precision

R™2 1.

R~Zadj |0

Rmsd 8.78E-16

Variance 1.0E+99

General
Sample size 3
Model vars |3
Indep vars |2
Iterations |6
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- First regression of FAME and Water order

Table D.2 First regression of FAME and Water order

Model: C01 = k¥(FAMEAX)*(Water/y)

Variable Initial guess Value 95% confidence
k 1. -0.005736 0

X 1. 1.469386 0

y 1. 0.8538505 0
Precision

RA2 1

RA2adj 0

The corresponding empirical rate is Eq E.1.
re= -0.005736[FAME]"'[MeOH]*®* (E.1)
then regress data with x=1.5 and y=1 the result show in Table D.5

Table D.5 Second regression

Model: C01 = kK¥(FAMEAX)*(Water/y)

Variable Initial guess Value 95% confidence
k 1. -0.005413 0.001124
Precision

RA2 0.9737307

RA2ad; 0.9737307

The corresponding empirical rate is Eq E.2.

rig= -0.005413[FAME]**[MeOH] (E2)
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Appendix F

Empirical kinetic model for transesterification of triolein in absence of water

First order
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Figure F.1 Pseudo first-order reaction model of transesterification at various

temperature 50-70°C.
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Figure F.2 Plot between (n rate and 1/T in Kelvin



82

Second order
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Figure 5.7 Pseudo second-order reaction model of transesterification at various

temperature 50-70°C.
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Figure 5.8 Plot between (n rate and 1/T in Kelvin

For pseudo first-order reaction result between (n rate and 1/T not fit show in
Figure F.2 and result of pseudo second-order show fit data more than pseudo first-

order



Appendix G

Hybridized RD in presence of water data

Condition are reflux ratio of 0.1 and reboiler duty 26.9 kW. Mass fraction of all

components in each feed different residence time

Table G.1 Residence time of 5 min

Mass Fractions WCO MEOH BOT DIS FAME GLY

TG 0.869565 0 2.57E-08 5.17E-15 2.57E-08 0
MECH 0 1 1.24E-02 8.45E-01 1.24E-02 0
FAME 0 0 8.89E-01 2.42E-06 8.89E-01 0

GLY 0 0 8.36E-02 1.29E-22 8.36E-02 0

FFA 0.086957 0 3.10E-03 8.00E-07 3.10E-03 0
WATER 0.043478 0 1.21E-02 1.55E-01 1.21E-02 0
CAOLE 0 0 4.52E-06 2.11E-32 4.52E-06 0

Table G.2 Residence time of 10 min

Mass Fractions WCO MECH BOT DIS FAME GLY

TG 0.869565 0 2.57E-08 5.17E-15 2.57E-08 0
MEOH 0 1 1.24E-02 8.45E-01 1.24E-02 0
FAME 0 0 8.89E-01 2.42E-06 8.89E-01 0

GLY 0 0 8.36E-02 1.29E-22 8.36E-02 0

FFA 0.086957 0 3.10E-03 8.01E-07 3.10E-03 0
WATER 0.043478 0 1.21E-02 1.55E-01 1.21E-02 0
CAOLE 0 0 4.52E-06 0.00E+00 4.52E-06 0




Table G.3 Residence time of 20 min

Mass Fractions WCO MECH BOT DIS FAME GLY
TG 0.869565 0 2.57E-08 5.19E-15 2.57E-08 0
MEOH 0 1 1.25E-02 8.45E-01 1.25E-02 0
FAME 0 0 8.89E-01 2.63E-06 8.89E-01 0
GLY 0 0 8.36E-02 1.29E-22 8.36E-02 0
FFA 0.086957 0 3.04E-03 6.26E-07 3.04E-03 0
WATER 0.043478 0 1.21E-02 1.55E-01 1.21E-02 0
CAOLE 0 0 4.52E-06 1.83E-24 4.52E-06 0
Table G.4 Residence time of 30 min
Mass Fractions WCO MECH BOT DIS FAME GLY
TG 0.869565 0 2.5TE-08 5.20E-15 2.5TE-08 0
MEOCH 0 1 1.25E-02 8.45E-01 1.25E-02 0
FAME 0 0 8.89E-01 2.70E-06 8.89E-01 0
GLY 0 0 8.36E-02 1.29E-22 8.36E-02 0
FFA 0.086957 0 3.02E-03 5.61E-07 3.02E-03 0
WATER 0.043478 0 1.20E-02 1.55E-01 1.20E-02 0
CAOLE 0 0 4.52E-06 1.27E-29 4.52E-06 0
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Appendix H

Hybridized RD in absence of water data

Tables H.1-4 show mass fraction of different streams in RD from operation
using WCO with different water contents for methanol to TG molar ratio of 7 to 1,
reflux ratio of 0.1, stage residence time of 60 min and total stage number of 26
including 4 stages for esterification, 20 stages for transesterification, one rectifying and

one stripping stages to produce biodiesel yield more than 96.5%.

Table H.1 1%wt Water in WCO

Mass Fractions WCO MECH BOT DIS FAME GLY
TROL 0.900901 0 0.023865  2.64E-16  1.68E-09  0.025905
OLEIC 0.09009 0 1.21E-04 ~ 332E-08  1.43E-05  1.30E-04
MEOH 0 1 0.003141  0.895795 0.018106  0.001862

GLY 0 0 0.083179  1.84E-15 0.979146  0.006593
MEOLE 0 0 0.889694  8.39E-07  0.002734  0.96551
W 0.009009 0 2.15E-11  0.104205  9.79E-11  1.50E-11

Table H.2 2%wt Water in WCO

Mass Fractions WCO MECH BOT DIS FAME GLY
TROL 0.892857 0 0.023942  1.66E-16 1.65E-09  0.025984
OLEIC 0.089286 0 3.33E-04  4.79E-08  3.93E-05  3.58E-04
MEOH 0 1 0.002715  0.830709  0.015682  0.001609

GLY 0 0 0.083209  3.63E-16  0.981575  0.006592
MEOLE 0 0 0.8898 4.55E-07  0.002704  0.965457
0

W 0.017857 4.76E-11  0.169291  2.16E-10 3.32E-11
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Table H.3 5%wt Water in WCO

Mass Fractions WCO MECH BOT DIS FAME GLY
TROL 0.869565 0 0.024009  7.25E-17  1.60E-09 0.02605
OLEIC 0.086957 0 8.86E-04  3.90E-08  1.04E-04  9.53E-04
MEOH 0 1 0.002172  0.731829  0.012569  0.001288

GLY 0 0 0.083252  1.02E-17  0.98466  0.006598
MEOLE 0 0 0.889681  1.22E-07  0.002667  0.965111
W 0.043478 0 8.69E-11 0.26817 3.95E-10  6.07E-11

Table H.4 8%wt Water in WCO

Mass Fractions WCO MECH BOT DIS FAME GLY
TROL 0.847458 0 0.023763  6.09E-17  1.67E-09  0.025793
OLEIC 0.084746 0 1.18E-03 ~ 3.99E-08  1.39E-04  1.27E-03
MEOH 0 1 0.002998  0.655906  0.017275  0.001779

GLY 0 0 0.083206  6.77E-18  0.979863  0.00662
MEOLE 0 0 0.888856  6.66E-08  0.002723  0.964542
W 0.067797 0 1.95E-10  0.344094  8.88E-10  1.36E-10

Tables H.5 and H.6 show mass fraction of different streams in RD from
operation using different number of transesterification stage for methanol to TG

molar ratio of 7 to 1, reflux ratio of 0.1 and stage residence time of 60 min.

Table H.5 14 stages for transesterification

Mass Fractions WCO MEOH BOT DIS FAME GLY
TROL 0.869565 0 0.109133  7.07E-17 1.43E-08 0.11778
OLEIC 0.086957 0 3.20E-04 3.57E-08 4.43E-05 3.42E-04
MECH 0 1 0.011413  0.731578  0.066951  0.007012

GLY 0 0 0.074396  3.53E-22  0.929737  0.006623
MEOLE 0 0 0.804738  1.53E-07  0.003268 0.868242
W 0.043478 0 2.84E-08  0.268422  1.37E-07 1.98E-08




Table H.6 18 stages for transesterification
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Mass Fractions WCO MECH BOT DIS FAME GLY
TROL 0.869565 0 0.079174  6.94E-17  8.14E-09  0.085612
OLEIC 0.086957 0 3.12E-04  3.33E-08  4.06E-05  3.34E-04
MEOH 0 1 0.008161  0.731574  0.047644  0.00495

GLY 0 0 0.077512  4.48E-22  0.949275  0.006614
MEOLE 0 0 0.834842  1.75E-07  0.003041  0.90249
W 0.043478 0 2.80E-09  0.268426  1.32E-08  1.95E-09

Tables H.7-10 show mass fraction of different streams in RD from operation

using different feed location for methanol to TG molar ratio of 7 to 1, reflux ratio of

0.1, stage residence time 60 of min and total stage number of 26 including 4 stages

for esterification, 20 stages for transesterification, one rectifying and one stripping

stages.

Table H.7 Co feed at stage 2

Mass Fractions WwCO MEOH BOT DIS FAME GLY
TROL 0.869565 0 0.073646  5.24E-16 9.47E-09  0.079682
OLEIC 0.086957 0 4.21E-02 2.06E-08 5.87E-03 4.50E-02
MECH 0 1 0.005347  0.775114  0.030354  0.003297

GLY 0 0 0.078022  2.71E-26  0.935623  0.007728
MEOLE 0 0 0.795897 3.06E-07  0.003341 0.86086
W 0.043478 0 5.04E-03  0.224886  2.48E-02 3.42E-03
Table H.8 Co feed at stage 6

Mass Fractions WCO MEOH BOT DIS FAME GLY
TROL 0.869565 0 0.073277 7.63E-16 9.70E-09  0.079274
OLEIC 0.086957 0 5.15E-02 1.51E-08 7.12E-03 5.51E-02
MEOH 0 1 0.005763  0.777463  0.032318 0.00359

GLY 0 0 0.078084 1.85E-20  0.933871  0.008045
MEOLE 0 0 0.786597 3.41E-07  0.003327  0.850702
W 0.043478 0 4.78E-03  0.222537  2.34E-02 3.26E-03




Table H.9 Co feed at stage 13
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Mass Fractions WCO MECH BOT DIS FAME GLY
TROL 0.869565 0 0.087699  3.14E-13 1.53E-08 0.09476
OLEIC 0.086957 0 8.24E-02 1.15E-07 1.13E-02 8.81E-02
MEOH 0 1 0.011491  0.774944  0.061235 0.007486

GLY 0 0 0.076559  6.35E-26 0.91258 0.009251
MEOLE 0 0 0.739432  2.56E-06  0.003411 0.79869
W 0.043478 0 2.44E-03  0.225054  1.15E-02 1.71E-03
Table H.10 Separated feed of WCO at stage 2 and methanol at stage 25

Mass Fractions WCO MECH BOT DIS FAME GLY
TROL 0.869565 0 0.071671 6.81E-17 1.04E-08  0.077734
OLEIC 0.086957 0 2.36E-04 3.42E-08 3.28E-05 2.54E-04
MEOCH 0 1 0.014054  0.720646 0.0794 0.008526

GLY 0 0 0.077717  453E-20 0917052 0.006718
MEOLE 0 0 0.836321 1.64E-07  0.003515  0.906768
W 0.043478 0 7.16E-22  0.279354  0.00E+00  0.00E+00
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