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Using a membrane reactor for reversible transesterification reaction involves reaction and product separation within a
single unit. However, a pseudohomogeneous reaction and heterogeneous separation must be maintained for successful
membrane reactor operation. Present research is aimed to develop an integrated model of chemical and phase equilib-
rium (CPE) and modified Maxwell-Stefan equation that describes the simultaneous CPE and mass transport phenomena
of biodiesel production from crude palm oil (CPO) using a membrane reactor. In the first part of this work, a systematic
approach describing simultaneous CPE of CPO transesterification in the membrane reactor was developed with the rec-
onciliation of transesterification reaction and phase equilibrium that involves six-component. The results revealed that
regressed apparent equilibrium constant, K., value of 17.557%*1.51% were higher than the literatures. This indicates
that forward reaction of the reversible CPO transesterification is much favored in the membrane reactor than the con-
ventional reactor. © 2015 American Institute of Chemical Engineers AIChE J, 61: 1968—1980, 2015
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Introduction TG+CH3;OH «+ DG+R;COOCH; 1)
Recently, the two-phase membrane reactor technology )
for simultaneous transesterification reaction and separation ky
to produce high quality biodiesel receives great attention 5
to overcome the problems of poor reaction and purifica- 3

tion. Cao et al.,' Dubé et al.,> and Cao et al.> were the DG+CH30H «— MG+R,COOCH; 2)
earliest group that has reported several research works on Jy
biodiesel production via membrane reactor. The mem- 4
brane reactor technology is able to maintain high mass L
5

transfer between the immiscible phases. It combines reac-

tion and separation into a single processing unit to over- MG+CH30H <« GLY+R3COOCH; 3)

come the incomplete conversion as well as downstream ,

puriﬁcation.4 ks
Transesterification is a three-step reversible reaction as

where TG is triglyceride, DG is diglyceride, MG is mono-

Correspondence concerning this article should be addressed to M. F. Chong at glyceride GLY is glycerol R.COOCH3 is fatty acid methyl
meifong.chong@nottingham.edu.my or J. Chen at jason@wavenet.cycu.edu.tw. i o / / /
s ehoneEmoting Y ! g ester (FAME), CH30H is methanol (MEOH), k|, k;, and kj

© 2015 American Institute of Chemical Engineers are the effective forward rate constants for the catalyzed
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Figure 1. Schematic diagram of CPO transesterification in the membrane reactor prototype.

reactions and k’2, k. , and k/6 are the effective reverse rate
constants for the catalyzed reactions.

In transesterification reaction, oils, MEOH and FAME are
partially miscible.” During the reaction, reaction mixture
passes from a biphasic (MEOH phase and oil phase) system to
another biphasic (FAME-rich phase and MEOH/GLY-rich
phase) system, probably through an emulsion.® This results in
a two-phase reaction system causing a mass-transfer limitation
for effective reaction. Yet, Dubé et al.” proved that the forma-
tion of two-phase system is necessary for efficient operation of
the membrane reactor.

Zhou and Boocock® proposed that MG and DG could more
easily access the polar GLY-rich phase while TG preferred to be
in the less polar FAME-rich phase. However, Cao et al.! claimed
that neither TG nor MG was detected in the permeate, which
later separated into MEOH/GLY-rich phase and FAME-rich
phase. To confirm TG rejection by the membrane reactor, the
knowledge of the phase behavior for the multicomponent trans-
esterification system is crucial.” Cheng et al.” shows that perme-
ate stream to be free of TG with high permeation rate can be
achieved when the feed bulk composition of oil-biodiesel-
alcohol was controlled within the two-phase zone of the system.

For such a system, it is important to consider the strong
interactions between thermodynamics, chemistry, and kinetics,
which are the prerequisite for design, investigation and devel-
opment of the membrane reactor. To achieve successful opera-
tion of the membrane reactor, a pseudohomogenous reaction
and heterogeneous separation condition must be obtained.

Therefore, chemical and phase equilibrium (CPE) should
be computed simultaneously to control the FAME concentra-
tion for the two-phase formation by taking into account the
changing compositions within the CPE as well as the effects
of transesterification reaction. Nevertheless, CPE alone with-
out considering the simultaneous separation of reaction prod-
uct during the membrane reactor operation is inadequate to
describe the simultaneous transesterification reaction and
product separation in the membrane reactor. Performance of
a membrane reactor system usually deals with specific inter-
nal mass balances as well as their equilibrium relationships,
transport phenomena and thermodynamic properties that can
only be investigated effectively by mathematical models.
Therefore, the complete mathematical model describing the
membrane reactor for biodiesel production with the integra-
tion of CPE and transport phenomena is developed for the
first time and becomes the major contribution in this study.
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In this two-part article, we present a systematic approach in
describing the simultaneous CPE of crude palm oil (CPO)
transesterification in membrane reactor in part I, to reconcile
the reaction and phase separation conditions as well as to sat-
isfy the strong interactions between thermodynamics, chemis-
try, and kinetics for biodiesel production using membrane
reactor. This article is then extended in Part II to present a
mathematical model (modified Maxwell-Stefan model)
describing the transport phenomena and separation behavior,
which is integrated with CPE model to obtain a complete
model for multicomponent two-phase membrane reactor for
biodiesel production.

This article focuses on the reconciliation of phase behavior
and reaction kinetics within the feed side of the membrane
reactor by integrating the liquid-liquid equilibrium (LLE) ther-
modynamic model and reaction kinetic model through the CPE
model. A set of binary interaction parameters required for LLE
describing the multicomponent transesterification system was
obtained from our previous work through the correlation of
experimental phase equilibrium data based on UNIQUAC ther-
modynamic model.® Furthermore, kinetic rate constants were
obtained from our previous work, which studies the kinetic
modeling for CPO transesterification reaction in the membrane
reactor.” With these parameters, this article presents a study of
CPE of CPO transesterification system in the membrane reactor
based on the model developed to reconcile the simultaneous
effects of reaction and phase equilibrium, and the CPE model
was then evaluated by comparing the model prediction results
with the experimental data.

Basis of membrane reactor for transesterification

Consider a schematic representation of the membrane
reactor as shown in Figure 1, in which a mixture of MEOH
and CPO (represented as TG) with alkali-catalyst sodium
hydroxide (NAOH) was continuously fed into the mem-
brane reactor. The molar ratio of CPO:MEOH at the feed
side of the reactor is controlled in a way that MEOH
becomes the continuous phase (MEOH-rich phase), and the
transesterification occurs at the surface of the oil droplets
or micelles (oil- or TG-rich phase) formed. The membrane
reactor will encounter failure in operation when phase
inversion happens, in which the TG becomes continuous
phase. The point of phase inversion in a two-phase system
can be expressed as'’
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Figure 2. Schematic diagram of forced convection with
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The MEOH to TG volume ratio should be maintained at
Qg—fi?“ > 0.44 so that the MEOH is maintained as a continu-
ous phase in the emulsion.’

As soon as the transesterification occurs, the FAME/GLY/
NAOH that solubilized in MEOH-rich phase with trace
amount of TG, DG, and MG will permeate through the
membrane following the phenomena as shown in Figure 2.
As the oil droplets are too large to pass through the mem-
brane pores, they will be retained on the membrane wall
forming a polarization layer, which poses the major mass-
transfer limitation for permeation. This is the first assump-
tion made for the transport of a biphasic system through a
membrane as illustrated in Figure 2.

Excess of MEOH was used in all experimental runs to
ensure that MEOH is the continuous phase. Thus, MEOH is
regarded as solvent and other components are regarded as
solutes in the process of model development. The compo-
nents are then taken as the concentrations in the mobile
MEOH-rich phase, whereas the TG-rich phase is considered
as a single component dispersed as oil droplets or micelle in
the MEOH-rich phase. Therefore, the MEOH-rich phase is
defined as Phase I and TG-rich phase as Phase II as shown
in Figure 2. The concentration of TG, DG, MG, GLY,
FAME, MEOH, and micelles in Phase I were denoted as CII»,
in which the superscript I indicates the solutes and solvent
concentrations in Phase I. Likewise, the solutes and solvent
concentration in Phase II were denoted as c}' whereby the
summation of these concentrations is equated to be the con-
centration of oil droplet or micelle, which was denoted as
C}\/licelle as shown in Figure 2. Furthermore, we assumed that
alkali-catalyst component is negligible during the ultrafiltra-
tion in the membrane reactor.

1970 DOI 10.1002/aic

After completion of transesterification reaction, the permeate
phase (c;p) was separated into MEOH/GLY-rich phase and
FAME-rich phase once it was cooled down to room temperature
at 298.15 K as shown in Figure 1. Subscript p represents the
permeate phase. The components concentrations in MEOH/
GLY-rich phase are denoted as cf . Likewise, the components
concentrations in FAME-rich phase are denoted as c!. .

By taking the concept as illustrated in Figures 1 and 2, the
model of membrane reactor was developed based on several
assumptions as follow:

1. The reaction is operated at a function of time until it
reaches steady state, and the mixture on retentate side
is assumed to be perfectly mixed and recycled back to
the feed side of the membrane reactor. The concentra-
tion and temperature of the mixture were uniform in
the circulation loop of the reactor as shown in Figure
1. This condition can be maintained by controlling the
cross flow velocity of 0.75 m/s in the circulation loop.

2. In ideal condition, micelles are fully retained on the reten-
tate side of the membrane due to its larger size than the
membrane pores, and it forms a polarization layer.

3. There is no gradient in concentrations, temperature and
reaction rate of bulk flow in the radial and axial direc-
tion of the tube side of tubular membrane.

4. Excess of MEOH was used to ensure the MEOH
becomes the continuous phase. By assuming the alkali-
catalyst to be negligible, MEOH is regarded as solvent
and other components are regarded as solutes.

Model Development
Chemical and phase equilibrium model development

In the process of CPE model development, component
indices based on the order as depicted in Table 1 were used
throughout the study. For the transesterification reaction or
any other reaction systems, it should satisfy"

> BSi=0; j=1,2,...,N (&)
i=1

where i is the component indices based on the order as
shown in Table 1. j is the reaction indices with n being the
total number of solutes, N is the total number of reaction,
which is 6 for reversible transesterification reaction, f is the
stoichiometric coefficient where it is defined to have positive
values for products and negative values for reactants, and S
is the chemical species.
The apparent equilibrium constant, K is defined as'?

n n
Keay= [T 1 =T G5 j=1.2,..08 (©)

i=1 i=1

where x! and x!' are the mole fraction of component i in

Phase I and Phase II, respectively. 7} and ! are the activity

I

Table 1. Order of Component i in the Bulk Phase of CPE
Model

Component in Bulk Phase

1 TG

2 DG

3 MG

4 GLY

5 FAME
6 MEOH
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coefficient of component i/ in Phase I and Phase II, respec-
tively, which have taken into account the nonideality in both
Phase I and Phase 1I'?

By considering Figure 1, the material balance for multiple
reactions at steady-state condition is given as'*

N
Fion=Fin+t Y  By&s i=1,2, ..., n @)
j=1

where F and ¢ are defined as the molar flow rate of the spe-
cies i and the extent of reaction, respectively. The subscripts
in is representing inlet to the membrane reactor and out is
representing the final flow rate within the membrane reactor,
which can be obtained by the summation of retentate (F;,)
and permeate (F;,) flows.

The reaction of TG-rich phase (dispersed phase) in MEOH-
rich phase (continuous phase) formed a liquid—liquid reaction
system where a pseudohomogenous system is maintained by
efficient mixing so that the residence time of the dispersed
phase does not differ much from that of the continuous phase.
This is achieved by carrying out the reaction in the membrane
reactor in which the dispersion is maintained by turbulence
that occurred in the circulation loop and thus the reactions
take place at the surface around the dispersed phase. Under
this condition, conversion in the dispersed phase is same
everywhere due to the same contact/residence time.

Therefore, the objective of this work is to calculate the
reaction conversion at the dispersed phase as well as the reac-
tants and products distribution between both phases at equilib-
rium condition. In this case, the flash equations can be used
as the simplified procedure to solve the equilibrium, reactions
and material balance of both phases algebraically by taking
the phase equilibrium and reaction kinetic relationships as the
integral parts of the model. The isothermal flash equations are
able to calculate the equilibrium composition between two
phases of a mixture at a given temperature and pressure.

A prior specification of possible reactions and their equi-
librium constants is required.12 The Phase I and Phase II are
assumed to be in equilibrium, thus the phase equilibrium
equations and the flash equations are'?

Fip CipVo
Zi— i = e (8)
i Fiv Zi=lci’bv(’
zi=o+ (1—o)al! ©)
=it 10)
A=K (11)
) G (12)

S dd= (3)
=1

3 =1 (14)

i=1

where V,, is the reactor volume, c;p is the component con-
centration in the bulk phase of the reactor, K; is the phase
equilibrium ratio for species i and o is the mole fraction of
Phase I in the system.

CPE model parameter estimation

Figure 3 presents the algorithm for CPE model parameter
estimation. As shown in Figure 3, Eqs. 6-14 can be solved
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Figure 3. Algorithm for CPE model parameter estimation.

once the values of «, y, and k;- are known. The 7y value can
be correlated from thermodynamic model.® The k; can be
calculated from the reaction kinetic data of CPO transesteri-
fication reaction in the membrane reactor.” The CPE model
was fitted with the experimental data using the genetic algo-
rithm (GA) as the optimization tool of MATLAB.

For a multicomponent liquid mixture, Rachford-Rice
equation is often used to calculate the amounts of liquid-lig-
uid in equilibrium with each other at a given temperature
and pressure.15 After the calculation of z; and K; from Egs. 8
and 12, the o value can be estimated from equilibrium iso-
thermal flash calculation that involves solving the Rachford-
Rice equation as

ﬂ@z}jf%%g?ﬁzo (1s)

As the solution of Rachford-Rice equation requires trials-
and-error iterative procedure, Newton—Raphson method was
used to estimate the o value.

After the equality of o was checked as shown in Figure 3,
the equilibrium composition, x},. can be immediately calcu-
lated as

i} Zi
n_ 16
N K- 1) (16)

Subsequently, the x!

i,calc

13, and 14. The calculated x!

i,calc

can be calculated using Egs. 11,

1l
and x; . values are then

DOI 10.1002/aic 1971
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substituted into Eq. 6 to estimate the apparent equilibrium
constant, K.q; value for each phase as shown in Figure 3.
When the deviation values between the calculated apparent
equilibrium constant, K.,; value for each phase are less than
5%, the goodness of fit was measured by root mean square
deviation (RMSD) defined as

. . 2
n (xg,exp _xf',calc) ( 17)
2n

1
2

RMSD= i

j=1 i=1

CPE model solution

Figure 4 presents an overall algorithm to solve the CPE
model. Once the Rachford-Rice equation is solved for o, the
z; and K; can be calculated from Egs. 11 and 15. The equi-
librium composition, x!' . can be immediately calculated
from Eq. 16, while x! can be calculated from Egs. 11, 13,

and 14. The calculated x} and x!' values are then being sub-

Heating Element

stituted into Eq. 6 to calculate Kcq;cac value and compared
with the K¢y, value. The iterative will stop when the devia-
tion values between Kegjcae and Keq; are less than 5% as
shown in Figure 4. If the calculated Keqjcae value is not
within the acceptable range, the xj . and X}, values
used in the algorithm of are unsuitable and must be updated
with new values. When the deviation values between the cal-
culated apparent equilibrium constant, Keqjcaec value for
each phase are less than 5%, the goodness of fit was meas-
ured by RMSD as Eq. 17.

Materials and Methods
Materials

The CPO was obtained from the Malaysian Palm Oil
Board (MPOB) Experimental Palm Oil Mill in Labu, Negeri
Sembilan, Malaysia. NAOH with a minimum of purity of
98.0% was used in this study. Methanol [high performance
liquid chromatography (HPLC) grade, >99.9% purity] and
acid hydrochloric (HCI), (Grade AR, 37%) were all used as
received. The silylating reagent N,O-bis(trimethylsilyl) tri-
fluoroacetamide with 1% trimethylchlorosilane (BSTFA) was
purchased from Fluka Chemicals (Buchs, Switzerland). All
solvents were purchased from Merck (Darmstadt, Germany)
and were of HPLC grade.

Methods

Transesterification of CPO with MEOH in the presence of
NAOH catalyst was conducted to investigate the CPE of
transesterification system and the transport phenomena in the
6 L membrane reactor system as shown in Figure 5. A filta-
nium™ tubular ceramic membrane (TAMI, Nyons, France)
consisting of a titanium oxide support and selective layers
was used in the reactor. The tubular membrane with molecu-
lar weight cut off (MWCO) of 300 kD used in this study is
expected to have the pore size at approximately 0.02 um as
calculated by the size of a 300 kD dextron molecule.'®. The
pore size selected is smaller than the smallest calculated oil
droplet size in the membrane reactor for biodiesel production
process, which is 12um as reported by Cao et al.!

For all experimental runs, the CPO and MEOH/NAOH
were continuously fed to the membrane reactor at a volume
ratio of 1:1 basis (CPO:MEOH of 1:24 in molar basis) to
have at least an initial 50% volume of MEOH in the reactor.
This feed ratio was selected to maintain a continuous
MEOH-rich phase within the reactor. Experiments were car-
ried out in varying conditions to study the effects of using
different alkali catalyst: 0.05, 0.1, and 0.5 wt % of NAOH
by weight of oil (CPO), at constant temperature of 333.15 K
and different TMPs. The transesterification conditions used
were depicted in Table 2.

—

Pumpceo

Centrifugal Pump

Pumpueonmaon

Circulation loop

} Retentate

:

QF_>—°W—§ )

/
Membrane reactor

— & F——» Permeate

Figure 5. Process flow diagram of membrane reactor prototype system.
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Table 2. Experimental Conditions for Transesterification
Using Membrane Reactor Prototype at 333.15 K and
Reaction Time of 3 h with a Constant CPO:MEOH Molar

Table 3. Experimental Runs Used for Model Parameter
Regression and Validation

Ratio of 1:24 Model l?ar[t)eorf feagf;?seif; Model validation
Run Catalyst Concentration (wt %) TMP (kPa) CPE model I Run 1, 4,7 Run 2, 3,5,6, 8,9
1 0.05 103.4 Maxwell-Stefan I Run 1, 4,7 Run 2, 3,5,6,8,9
2 0.05 120.6 model
3 0.05 137.9
4 0.10 103.4 .
5 0.10 120.6 tions of TG, DG, MG, GLY, and FAME were measured
6 0.10 137.9 with the GC-flame ionization detector (FID) method. Thus,
7 0.50 1034 component composition for each phase collected at different
g 828 ggg predetermined time intervals can be obtained. Experimental

First, 6 L of MEOH solution with dissolved NAOH cata-
lyst at predetermined concentration was fed into the mem-
brane reactor system. 3 L of preheated CPO was
subsequently fed into the system by displacing the excess
3 L of MEOH/NAOH solution from the reactor. Once the
system is filled with both materials, the heating element was
turned on to heat up the reactor to 333.15 K. As soon as the
centrifugal pump turned on, both the feed pumps were
turned on and operated at preset flow rates of 3 L/h, respec-
tively. The pressures of the system were allowed to gradu-
ally increase until they reached an initial pressure of 86.2
kPa (12.5 psi), and this took about 15 min. Once the initial
pressure was achieved, the valve at the permeate side was
opened. Then, permeate began to flow through the mem-
brane, and it was collected at the permeate tank. The TMP
of the system were then controlled at predetermined value
by regulating the valves at the permeate side and retentate
side, monitored, and recorded at predetermined time interval.
The feed flow rate and permeate flow rate were also meas-
ured at predetermined time interval.

After each experimental run, hot tap water was used to
flush the membrane reactor. Once the hot water rinsing was
completed, the forward flushing was repeated with pure
MEOH solution to ensure all the water was removed from
the pipelines and equipment. The membrane permeability
was determined with pure MEOH solvent after each forward
flushing. Multiple forward flushing was conducted until the
initial pure MEOH permeability is recovered to ensure the
tubular membranes are properly cleaned.

During the reaction, two sets of samples were collected
each at retentate and permeate side of the membrane reactor
at predetermined time intervals. For all the experimental
runs, the total reaction time was 3 h. As the reaction pro-
ceeds in a rapid manner in the first 60 min, samples were
collected at every 10 min intervals. Subsequently, samples
were collected at every 30 min interval. The samples were
quenched immediately using MEOH containing HCL solu-
tion. Samples collected at retentate side were considered as
bulk phase, and they were allowed to settle into two phases
for 1 h, that is, Phase I (MEOH-rich phase) and Phase II
(TG-rich phase) at temperature of 333.15 K. Whereas, the
samples collected at permeate side were allowed to separate
into a MEOH-rich phase and a FAME-rich phase at tempera-
ture of 298.15 K.

For the first set of sample, volumes of both phases were
measured, and MEOH content in both phases of the sample
was determined. For the second set of sample, about 1.0 mL
of sample was withdrawn from each phase and dried with
compressed nitrogen gas to remove MEOH. The concentra-

AIChE Journal June 2015 Vol. 61, No. 6
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runs used for parameter regression and validation for differ-
ent models was tabulated in Table 3. The errors involved in
the experiments were calculated in term of overall mass bal-
ance analysis based on the measured concentrations and
were maintained at =5%. All experimental runs were con-
ducted in duplicate to obtain average data with the standard
deviation maintained at =5%.

Analysis

The GC-FID test method is in accordance with the ASTM
D6584 test method for determination of glycerine, glycerides
and ester in B-100 biodiesel methyl esters. This method has
been tested for about 12 years in the Palm Diesel Quality
Control Laboratory of the MPOB for numerous analyses of
oil samples.19

A 0.02 g of sample was weighed accurately into a 2 mL
GC vial. Then, 1.2 mL of dichloromethane and 0.3 mL of
the silylating reagent, N,O-bis(trimethylsilyl) trifluoroaceta-
mide (BSTFA) with 1% trimethylchlorosilane was pipetted
into the vial contains experimental glyceride samples to give
derivatives of enhanced volatility and make the derivatives
suitable for analysis by gas chromatography (GC). Perkin
Elmer AutoSystem XL GC with a flame ionization detector
(GC-FID) was used for simultaneous determination of com-
ponents including TG, DG, MG, FAME, and GLY.?>?' The
GC uses an SGE forte BPX 5 fused-silica capillary column
(15 m X 0.32 mm), which was coated with 5% of phenyl or
95% of polysilphenyl-siloxane, with a film thickness of 0.25
pm. Quantification of the components was performed using a
five-point external standard calibration assay, with R? values
of >0.99.

Results and Discussion
CPE model parameter estimation

The CPE model developed in this study was fitted to the
experimental data obtained from the CPO transesterification
reaction in the membrane reactor. The CPE model parameter
regression requires the fitting of apparent equilibrium constant,
K.q, which /is the only fitting parameter as the reaction rate
constants, k; and adjustable parameters, A; were estimated
from the kinetic’ and LLE"® modeling studies, respectively.

The K.q was determined based on the equilibrium compo-
nent compositions in each phase, which were calculated
from the kinetic data of overall component compositions at
equilibrium state. Therefore, similar experimental runs used
in the kinetic model parameter regression study were used
for the CPE model parameter regression, which were the
experimental runs of 1, 4, and 7 as shown in Table 3. Owing
to DG and MG are the minor components with very low
concentrations as shown in the kinetic modeling study, it is

DOI 10.1002/aic 1973



Table 4. K.q Values Obtained from Existing and Literature Studies for Various Transesterification Reactions

T (K) Material/ reactor Catalyst Catalyst conc. (wt %) Keq RMSD (%) Refs.
333.15 Crude palm oil, methanol/ NAOH 0.05 17.504 1.51 Present work
Membrane reactor 0.1 17.352 1.87
0.5 17.815 1.35
Average 17.557(=5%) N/A
333.00 Palm oil, isoprophyl ether CaO/ N/A 0.220 N/A 16
solution of methanol/ CaCO;
Fixed-bed integral reactor
333.15 Soybean oil, methanol/ KF/ N/A 3.500 N/A 17
Packed bed reactor Ca—Mg—Al
hydrotalcite
333.15 Canola oil, methanol/ NAOH N/A 3.210 N/A 8
Continuous stirred tank reactor
100 100
90 1 [@Phase I,exp 90 1 [@Phase II,exp
9 80 1 OPhase I,calc §80 i BPhase 1I,calc
2 70 1 270 4
2 2
c 60 4 - 60 -
S 50 A 250 A
3 40 - 340 -
(=% Q
g 30 A1 £ 30 A
O 20 4 O 20 A
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Figure 6. Experimental and CPE model simulation results of components compositions obtained for reactions that
used different catalyst concentration of (a,b) 0.5 wt %, (c,d) 0.1 wt %, and (e,f) 0.05 wt % at CPO:MEOH
molar ratio of 1:24, temperature of 333.15 K and TMP of 103.4 kPa.
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Figure 7. Pseudo-ternary phase diagram for experimental data (exp) and CPE predicted results (calc) for the six-
component TG-DG-MG + MEOH-GLY + FAME system at constant CPO:MEOH molar ratio of 1:24, temper-
ature of 333.15 K and TMP of 120.6 kPa with different catalyst concentration of (a) 0.05 wt %, (b) 0.1 wt
% and (c) 0.5 wt %. Diagram (aii) and (bii) show the enlarged lower section of respective diagram (ai)

and (bi).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

reasonable to calculate the apparent equilibrium constant
based on the overall reaction, whereby the elementary reac-
tion steps were combined. The Ky results obtained from the
CPE model fitting using experimental data were tabulated in
Table 4 with RMSD values ranging from 1.3-1.9%.

Figure 6 shows the component compositions of TG/DG/
MG/GLY/MEOH/FAME in Phase I and Phase II at the feed
side of membrane reactor that reacted at CPO:MEOH molar
ratio of 1:24 with different catalyst concentration of 0.05,
0.1, and 0.5 wt % at constant temperature of 333.15 K and
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constant TMP of 103.4 kPa. The good fit between the simu-
lated results and the experimental data as illustrated in the
Figure 6 shows that the CPE model parameter regression
results as tabulated in Table 4 were satisfying. The conver-
sions obtained are very low for a ratio of CPO:MEOH of
1:24, at the catalyst concentrations used 0.1 and 0.05 wt%.
The CPO used in this study consists of 0.15-0.5 % max of
moisture content and impurities as well as FFA content of
3.3-4.5 wt % of oil basis. In this case, the catalyst was con-
sumed by the FFA in the present of moisture to form soap.
Thus, the catalyst concentration became too low for efficient
reaction.

It is reported in Table 4 that the K., values were almost
constant as the catalyst concentration used in the CPO trans-
esterification reaction increased. This finding can be sup-
ported by similar results reported in several literatures, '>*>23
which have investigated the effect of catalyst loading on the
apparent equilibrium constant calculation. The results of Keq
obtained in this study explain that the use of catalyst only
accelerates and helps to attain equilibrium rapidly for the
reversible CPO transesterification in the membrane reactor
but do not affects the equilibrium shift in the system. Thus,
the K.y values obtained in the present work further confirm
the Le Chatelier’s principle in which the reaction equilibrium
is a function of temperature only but not of catalyst concen-
trations and this is also supported by the finding reported by
Forsythe and Parsons.”*

Since the K.q values obtained from different catalyst con-
centration were consistent and fall within the =2% error
boundary, an average value of K.y of 17.557+2% was used
in the all the subsequent works of this study. The compari-
son between the K., values obtained from existing work and
literatures were tabulated in the Table 4. It is clearly seen
that the average value of K.q obtained from the present work
is different from the literature values and there is no unique-
ness for the apparent equilibrium constant values observed
from all the studies.
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At equilibrium, the standard Gibbs free energy change
equation, AG°=—RTInK., relates the equilibrium composi-
tion of a chemical reaction system to measurable physical
properties of the reactants and products.zs’26 Though transes-
terification reactions were conducted at identical reaction
temperature, different types of feedstocks and substances
used in the transesterification reactions have different entro-
pies and enthalpy of formations. This generates different
standard Gibbs free energy change of the reaction and thus
different apparent equilibrium constant values were obtained.
This statement clearly explains the different K., values
obtained from reactions that used different feedstocks and
substances that exhibit different physical and chemical prop-
erties as shown in Table 4.

Furthermore, it is important to note that the K., value
obtained from present work is clearly higher as compared to
the literature values as tabulated in Table 4. High apparent
equilibrium constant shows that the forward reaction of
reversible CPO transesterification reaction in the membrane
reactor is favored. This shows that the regressed K., value
from the CPE model is in agreement with the rate constants
obtained from the developed kinetic model. This finding also
confirms that the role of membrane reactor in reaction prod-
ucts separation to shift the reaction toward the favorable path.

CPE model validation

The regressed apparent equilibrium constant, K. was further
validated in the prediction of CPE model using another inde-
pendent sets of experimental data (run 2, 5, and 8 as shown
in Table 3), which were also the similar experimental runs
used for the kinetic model validation. The time-dependent
experimental data obtained during the CPO transesterification
reaction and CPE predicted results were transposed into pseu-
doternary phase diagrams as shown in Figure 7. Raw data of
Figure 7 were tabulated in Appendix A.

A good agreement between the experimental data and pre-
dicted results was observed in all the experimental runs with
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Table 5. Experimental and Simulation Results of Mole Frac-
tion of Phase I in the Feed Bulk System at Constant Tem-
perature of 333.15 K and Steady State

Catalyst conc.

(wt %) TMP (kPa) Olexp Oeale Deviation (%)

0.05 103.4 0.9000  0.9009 0.10
120.6 0.9080  0.9226 1.61
137.9 0.9075  0.9025 0.55

0.1 103.4 0.9093  0.9080 0.14
120.6 0.8477  0.8581 1.23
137.9 0.9105 0.9128 0.25

0.5 103.4 0.8231  0.8219 0.15
120.6 0.8095  0.8101 0.07
137.9 0.7982  0.8074 1.15

the RMSD values ranges from 1.3-1.5% that is less than 5%.
The good match between CPE model predicted results and
experimental data shows that the CPE model with regressed
apparent equilibrium constant, K., can be used to describe
and predict the CPE accurately for the six-component CPO
transesterification reaction in the membrane reactor.

It can be observed in Figure 7a, b that tie lines represent-
ing the LLE of each reaction time were overlapping with
each other, which indicates that no variation between the
two phases of reaction mixtures at constant CPO:MEOH
molar ratio of 1:24 with catalyst concentration of 0.05 and
0.1 wt %, respectively. Furthermore, Figure 7a and b also
show that most of the FAME solubilized in TG-rich phase
(Phase II) when the reaction mixture had a high TG compo-
sition. This situation is undesirable because a mixture with
high TG composition will not make efficient separation of
FAME from TG in the membrane reactor.

This is because the membrane reactor will reject FAME
that solubilizes in Phase II during the separation process.
Cao et al." and Cao et al.* conducted researches on the phase
behavior of transesterification reaction system. They reported
that the oil rich phase and alcohol rich phase would form an
emulsion during the reaction in which oil rich phase or TG
rich droplets (referred as Phase II or micelles in this study)
will be dispersed in the continuous phase, i.e. alcohol rich
phase (referred as Phase I in this study). The FAME formed
will then diffused from the surface of TG rich droplets into
Phase I. To have efficient product separation, the FAME
concentration in Phase I should be maintained at its highest
achievable concentration.

As shown in Figure 7c, it is interesting to note that at this
reaction condition, the tie lines shift gradually from the
“TG-DG-MG” axis toward the “MEOH-GLY” axis as the
reaction time increased. This indicates that as the reaction
progressed, the FAME formed was more solubilized in the
TG-rich phase at the beginning of the reaction, had finally
become the FAME-rich phase when the TG was gradually
being reacted with the MEOH along the reaction. It is
noticeable in Figure 7c¢ that FAME formed its own phase
with very low TG concentration of less than 1.0 wt % for
the reaction mixture with CPO:MEOH molar ratio of 1:24
and catalyst concentration of 0.5 wt %. However, the FAME
concentration in Phase II, which contains of TG, DG, and
MG concentrations, was always higher than Phase 1. None-
theless, TG component was undetectable in Phase I in all the
experimental runs depending on the CPE condition as shown
in Figure 7 as well as Figure 6. This observation is desirable
if an efficient reaction and simultaneous product separation
need to be achieved in the membrane reactor.
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Controlling the CPE at the feed side of membrane
reactor

The concept behind in obtaining the high membrane separa-
tion efficiency is depending on the formation of micelles, in
which the TG free permeate can only be obtained when the
CPE is controlled in such a way that the continuous phase
must be free from TG and the micelles or dispersed phase
should be large enough to be rejected by the membrane.

Table 5 depicted the simulation results of mole fraction of
Phase I, o in the feed bulk system at steady state, which
obtained from the CPE modeling study at operating condition
of varying catalyst concentration and TMP. The values of o
are used to determine the amount of FAME solubilized in
Phase I once the compositions of both phases are known. It is
noticed from Table 5 that a good agreement between the
experimental and predicted results of « values with the devia-
tion values of less than 5%. The results show that 80-92 mol
% of Phase I present in the feed side of the membrane reactor
whereby the feed bulk concentrations were within the hetero-
geneous phase zone. Although the FAME content in the Phase
I is lower than that in Phase II, more FAME can be solubilized
in Phase I as shown in Table 5 due to the higher o values
obtained in all runs. Besides, the results tabulated in Table 5
show that constant oo were obtained for all the simulation runs
at varying catalyst concentration and TMP. This shows that
the effects of catalyst concentration and TMP on the o were
negligible when high CPO:MEOH molar ratio was used.

The CPE modeling and simulation results obtained in this
study show that the CPE modeling is important to provide the
information needed for controlling the reaction and phase sep-
aration simultaneously. The major outcome of the CPE analy-
sis in this study shows that if the feed bulk concentration of
the membrane reactor needs to be controlled within the heter-
ogeneous phase zone as shown in Figure 7c for efficient reac-
tion and product separation, the reaction conditions need to be
maintained at constant CPO:MEOH molar ratio of 1:24, cata-
lyst concentration of 0.5 wt % and temperature of 333.15 K.
Under these conditions, more FAME will diffuse into the TG-
free Phase I and permeate through the membrane as the con-
tinuous phase. At the same time, Phase II, which is rich with
TG-DG-MG will be retained by the membrane as micelles.

Conclusions

A general approach has been developed in this work for
simultaneous CPE modeling. With the parameters of activity
coefficients and effective rate constants regressed from UNI-
QUAC thermodynamic model and kinetic model developed
in the previous works, a systematic CPE model was success-
fully developed for the first time to simulate the simultane-
ous CPE of CPO transesterification in the membrane reactor,
which gives a good fit to the experimental data for all the
conditions tested.

The values of K., were greater than the literatures as the
forward reactions of the reversible CPO transesterification are
much favored in the membrane reactor than the conventional
reactor. With the regressed chemical apparent equilibrium
constant, K., obtained from the CPE model, the model is able
to predict the equilibrium compositions and phase behavior at
the feed side of the membrane reactor system with high pre-
diction capability. In the second part of this two paper series,
we study the mass transport phenomena modeling of CPO
transesterification reaction in the membrane reactor.
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APPENDIX

Table Al. Experimental CPE Data for the

Six-Component System in the Bulk Phase, MEOH- and Oil-Rich Phase for Figure a

Bulk Phase (Mass Fraction, z;exp)

MEOH-Rich Phase (Phase I)

(Mass Fraction, x!

z.exp)

Oil-Rich Phase (Phase II)
(Mass Fraction, Al )

iexp

TG DG MG GLY MEOH FAME TG DG MG GLY MEOH FAME TG DG MG GLY MEOH FAME
0.354 0.087 0.001 0.001 0.529 0.027 ND  0.003 0.001 0.003 0974 0.019 0.728 0.174 0.001 ND 0.061  0.036
0.355 0.095 0.003 0.002 0.527 0.018 ND 0.014 0.004 0.004 0963 0.014 0.731 0.182 0.001 ND 0.065  0.022
0.353 0.091 0.002 0.001 0.525 0.027 ND  0.009 0.003 0.003 0955 0.030 0.733 0.180 0.001 ND 0.062  0.023
0.373 0.103 0.004 0.003 0.506 0.011 0.001 0.031 0.007 0.006 0948 0.007 0.744 0.174 0.001 ND 0.065 0.016
0.345 0.124 0.003 0.002 0.513 0.012 0.001 0.034 0.006 0.005 0947 0.007 0.697 0.216 0.001 ND 0.069 0.017
0.351 0.113 0.004 0.002 0.522 0.008 0.001 0.035 0.006 0.004 0948 0.005 0.722 0.196 0.001 ND 0.069  0.011
0.394 0.105 0.002 0.002 0.494 0.002 0.002 0.038 0.005 0.004 0947 0.004 0.760 0.168 ND ND 0.072 ND
0.380 0.116 0.003 0.001 0.499 0.002 0.002 0.039 0.005 0.002 0948 0.004 0.740 0.189 ND ND 0.071 ND
0.355 0.122 0.004 0.001 0.512 0.006 0.002 0.039 0.007 0.002 0946 0.004 0.713 0.207 0.001 ND 0.072  0.007

*ND, Nondetectable.

Table A2. Predicted CPE Data for the Six-Component System in the MEOH- and Oil-Rich Phase for Figure a

MEOH-Rich Phase (Phase I)

(Mass Fraction, x!

LCMC)

Oil-Rich Phase (Phase II)

ass Fracti il
(Mass Fraction, x; .,,.)

TG DG MG GLY MEOH FAME TG DG MG GLY MEOH FAME
0.000 0.003 0.000 0.002 0.988 0.007 0.720 0.173 0.002 0.000 0.056 0.048
0.000 0.002 0.000 0.003 0.992 0.003 0.676 0.180 0.005 0.001 0.106 0.031
0.000 0.002 0.000 0.002 0.993 0.004 0.640 0.164 0.003 0.001 0.146 0.046
0.000 0.006 0.000 0.004 0.987 0.003 0.689 0.185 0.007 0.002 0.099 0.019
0.000 0.002 0.000 0.003 0.994 0.001 0.610 0.218 0.006 0.002 0.144 0.020
0.000 0.007 0.000 0.004 0.987 0.003 0.697 0.218 0.007 0.001 0.063 0.014
0.000 0.018 0.000 0.003 0.977 0.001 0.753 0.184 0.004 0.001 0.055 0.003
0.000 0.010 0.000 0.002 0.988 0.001 0.715 0.210 0.005 0.000 0.067 0.003
0.000 0.005 0.000 0.001 0.992 0.001 0.676 0.229 0.007 0.000 0.078 0.009

*Any absolute zero obtained in the simulation data represents non-detectable in the experiment.

Table A3. Experimental CPE Data for the Six-Component System in the Bulk Phase, MEOH-, and Oil-Rich

Phase for Figure b

Bulk Phase
(Mass Fraction, z;exp)

MEOH-Rich Phase (Phase I)

(Mass Fraction, x!

uexp)

Oil-Rich Phase (Phase II)

(Mass Fraction, x!!

LEXp)

TG DG MG GLY MEOH FAME TG DG MG GLY MEOH FAME TG DG MG GLY MEOH FAME
0.387 0.020 0.001 0.002 0.560 0.030 ND 0.002 0.002 0.003 0961 0.032 0.853 0.041 ND ND 0.077  0.028
0.430 0.030 0.005 0.006 0.514 0.015 ND 0.007 0.009 0.013 0.962 0.009 0.870 0.053 0.001 ND 0.056  0.021
0.413 0.026 0.001 0.001 0.534 0.025 ND 0.001 0.001 0.002 0.972 0.024 0.841 0.052 0.001 ND 0.080  0.026
0.444 0.026 0.005 0.005 0.508 0.012 ND 0.007 0.009 0.011 0.966 0.007 0.858 0.043 0.001 ND 0.082  0.016
0.392 0.021 0.001 0.001 0560 0.024 ND 0.001 0.002 0.002 0.968 0.026 0.792 0.042 0.001 ND 0.145  0.021
0.367 0.027 0.006 0.005 0.587 0.008 ND 0.009 0.010 0.011 0.964 0.006 0.741 0.045 0.001 ND 0.203  0.010
0.355 0.031 0.006 0.005 0.597 0.007 ND 0.010 0.011 0.009 0.965 0.006 0.718 0.052 0.001 ND 0.221  0.008

*ND, Nondetectable.

Table A4. Predicted CPE Data for the Six-Component System in the MEOH- and Oil-Rich Phase for Figure b

MEOH-Rich Phase (Phase I)

Oil-Rich Phase (Phase II)

(Mass Fraction, x! ;) (Mass Fraction, x )
TG DG MG GLY MEOH FAME TG DG MG GLY MEOH FAME
0.000 0.021 0.000 0.003 0.952 0.024 0.879 0.019 0.003 0.001 0.061 0.038
0.000 0.022 0.000 0.009 0.960 0.008 0.828 0.036 0.009 0.004 0.102 0.021
0.000 0.010 0.000 0.001 0.980 0.009 0.774 0.040 0.002 0.001 0.143 0.039
0.000 0.020 0.000 0.008 0.965 0.007 0.846 0.031 0.009 0.003 0.095 0.016
0.000 0.006 0.000 0.001 0.984 0.008 0.763 0.036 0.002 0.001 0.160 0.038
0.000 0.011 0.000 0.008 0.975 0.005 0.847 0.047 0.012 0.002 0.079 0.012
0.000 0.011 0.000 0.007 0.978 0.004 0.837 0.058 0.013 0.002 0.080 0.010
*Any absolute zero obtained in the simulation data represents non-detectable in the experiment.
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Table AS. Experimental CPE Data for the Six-Component System in the Bulk Phase, MEOH- and Oil-Rich Phase for Figure ¢

Bulk Phase MEOH-Rich Phase (Phase I) Oil-Rich Phase (Phase II)
(Mass Fraction, z;exp) (Mass Fraction, x}aexp) (Mass Fraction, x}}exp)
TG DG MG GLY MEOH FAME TG DG MG GLY MEOH FAME TG DG MG GLY MEOH FAME
0.382 0.028 ND 0.003 0.552 0.034 ND ND ND 0.005 0.963 0.032 0.842 0.061 0.001 0.001 0.057 0.038
0.104 0.019 0.003 0.011 0.480 0383 ND ND 0.001 0.018 0.807 0.174 0.228 0.041 0.005 0.003 0.093 0.629
0.067 0.016 0.003 0.042 0.459 0412 ND ND 0.001 0.077 0.700 0.222  0.149 0.035 0.006 0.001 0.167 0.643
0.017 0.006 0.005 0.010 0.502 0459 ND ND 0.004 0.016 0.828 0.151 0.038 0.014 0.008 0.003 0.093 0.845
0.005 0.002 0.004 0.022 0.480 0486 ND ND 0.003 0.039 0.728 0.230 0.012 0.005 0.005 0.002 0.177 0.800
0.382 0.028 ND 0.003 0.552 0.034 ND ND ND 0.005 0.963 0.032 0.842 0.061 0.001 0.001 0.057 0.038
0.104 0.019 0.003 0.011 0.480 0.383 ND ND 0.001 0.018 0.807 0.174 0.228 0.041 0.005 0.003 0.093 0.629
0.067 0.016 0.003 0.042 0.459 0412 ND ND 0.001 0.077 0.700 0.222 0.149 0.035 0.006 0.001 0.167 0.643

*ND, Nondetectable.

Table A6. Predicted CPE Data for the Six-Component System in the MEOH- and Oil-Rich Phase for Figure c

MEOH-Rich Phase (Phase I)

Oil-Rich Phase (Phase II)

(Mass Fraction, x ;) (Mass Fraction, )
TG DG MG GLY MEOH FAME TG DG MG GLY MEOH FAME
0.000 0.020 0.000 0.005 0.952 0.023 0.850 0.038 0.001 0.001 0.062 0.048
0.000 0.000 0.000 0.017 0.925 0.058 0.197 0.036 0.005 0.006 0.086 0.670
0.000 0.000 0.001 0.061 0.839 0.099 0.126 0.029 0.005 0.026 0.127 0.686
0.000 0.000 0.001 0.015 0.942 0.041 0.032 0.013 0.009 0.006 0.088 0.852
0.000 0.000 0.001 0.032 0.881 0.086 0.010 0.004 0.006 0.014 0.134 0.831
0.000 0.020 0.000 0.005 0.952 0.023 0.850 0.038 0.001 0.001 0.062 0.048
0.000 0.000 0.000 0.017 0.925 0.058 0.197 0.036 0.005 0.006 0.086 0.670
0.000 0.000 0.001 0.061 0.839 0.099 0.126 0.029 0.005 0.026 0.127 0.686

*Any absolute zero obtained in the simulation data represents nondetectable in the experiment.
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