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a b s t r a c t

Biodiesel, a renewable fuel of vegetal origin, has been an object of a rapidly growing interest, in the
latest years, both as a pure fuel and as blending component to reduce exhaust pollutants of traditional
diesel fuel. Biodiesel is conventionally produced through a well-established technology that involves the
use of alkaline catalysts and is, therefore, not compatible with the presence of free fatty acids (FFAs) in
the feedstock due to the formation of soaps. Also the presence of FFA in small amounts is detrimental,
because, formed soaps strongly affect the successive glycerol separation giving place to a long settling
time. Normally, highly refined vegetable oils are used as raw materials for biodiesel production. A pre-
liminary stage of acidity reduction is necessary, when the starting material is characterized by a high
free acidity (higher than 0.5% by weight). This pre-treatment can be pursued, as example, by means of
an esterification reaction of the FFAs with methanol, catalyzed by sulphonic ionic exchange resins. In the
present work, a batch reactor has been used for the study of the above-mentioned reaction and different
acid ionic exchange resins have been tested as heterogeneous catalysts. Two kinds of substrates have
been submitted for esterification with methanol: a model mixture of soybean oil artificially acidified

with oleic acid and a commercial high-acidity mixture of waste fatty acids (oleins). A detailed kinetic
model has been developed and tested in which the following key phenomena, characterizing the system,
have been introduced: (i) the physical phase equilibrium (partitioning equilibrium) of the components
between the resin-absorbed phase and the external liquid phase; (ii) the ionic exchange equilibria; (iii) an
Eley–Rideal surface reaction mechanism. The developed kinetic model was able to correctly interpret all

llecte
the experimental data co

. Introduction

Biodiesel represents a valuable alternative to petroleum-
erived fuels due to both its renewable nature and its substantially
educed net carbon dioxide emission. This biofuel is convention-
lly produced through batch or continuous transesterification of
ighly refined vegetable oils with methanol by using homoge-
eous alkaline catalysts such as sodium or potassium hydroxides
r methoxides [1,2]. The mentioned technology is not compatible
ith oils which free fatty acids (FFAs) content exceeding a thresh-

ld value of about 0.5% by weight. The main limitation for a wider
iodiesel market share is represented by the relatively high cost of
he raw material: the steps of production, transportation, storage
nd refining of vegetable oils affect for more than 85% of the total

ost of biodiesel [3].

A possible solution to this drawback could be the development
f new technologies enabling to employ waste raw materials such
s fried oils or mixture of oils from various sources that cannot

∗ Corresponding author. Tel.: +39 081 674027; fax: +39 081 674026.
E-mail address: elio.santacesaria@unina.it (E. Santacesaria).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.12.050
d, both as a function of the temperature and of the catalyst concentration.
© 2010 Elsevier B.V. All rights reserved.

be treated in the conventional process for their high content in
free fatty acids. This perspective discloses the way toward the
development of innovative biodiesel production processes such as
those based on supercritical methanol [4], or the two-stage process
(esterification and transesterification reaction) [5,6]. The esterifica-
tion reaction of acid oils or fats can then be used both as biodiesel
direct production (in the case of substrates with very high content
of FFAs) and as pre-treatment step in the framework of a con-
ventional transesterification process (for feedstock with moderate
free acidity). The generic esterification reaction of a carboxylic acid
with methanol, producing methylester and water, is schematically
shown below:

RCOOH
(A)

+ CH3OH
(M)

� RCOOCH3
(E)

+ H2O
(W)

The esterification processes for FFAs abatement are generally
promoted by homogeneous acid catalyzed reaction [5,6] or by
ionic exchange acid resins as heterogeneous catalysts. These resins

are constituted by a cross-linked polymeric matrix on which the
active sites for the esterification reaction are represented by pro-
tons bonded to sulphonic groups. However, due to their particular
structure, these resins are subjected to a remarkable swelling phe-
nomenon [7] when contacted with polar solvents and, considering

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:elio.santacesaria@unina.it
dx.doi.org/10.1016/j.cej.2009.12.050
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he components involved in the FFAs esterification reaction, the
esin shows a high tendency to incorporate mostly both the water
ormed by reaction and methanol used as esterification agent.
his occurs for both the relatively high polarity of water and
ethanol and for their reduced molecular size that correspond

o an increased diffusional rate inside the pores of the polymeric
atrix. According to this selective mechanism, in the interior of

he resin an environment is created that strongly differs in concen-
ration from the bulk phase. This aspect plays a fundamental role
oth on kinetics and on chemical equilibrium, because, the reaction
ccurring almost completely on the internal volume of the resin, is
trongly affected by the partitioning of the component between
he absorbed and bulk liquid phases. The correct description of
he kinetics for such systems requires then additional information
separately collected) regarding the phase partitioning of the var-
ous components between the liquid and the absorbed phase. A
urther complication is represented by the lack of partitioning data
ollected in correspondence to the reaction temperature. The men-
ioned phenomenon is widely described in the literature by means
f more or less complex models but this aspect is neglected in some
apers that deal with the esterification of fatty acids and the exper-

mental data are often correlated by using a pseudo-homogeneous
odel, mathematically much simpler but inadequate to the inter-

retation of the real reaction mechanism. An example of this kind
f approach is reported by Pasias et al. [8] who have investigated
he FFAs esterification reaction catalyzed by Purolite resin and
ave interpreted their kinetic data by using a pseudo-homogeneous
quilibrium model.

Marchetti et al. [9] have studied this reaction by using, on the
ontrary, basic resins as catalysts like Dowex monosphere 550

and Dowex upcore Mono A-625 obtaining interesting results,
ut without introducing a modeling approach. Tesser et al. [10]
eported the esterification reaction kinetics of oleic acid with
ethanol in the presence of triglycerides, catalyzed by acid resin

esindion Relite CFS in a batch reactor. Furthermore, Santacesaria
t al. [11,12] have shown that the esterification reaction, performed
n a continuous packed bed tubular reactor (PBR), was strongly
ffected by external mass transfer limitations, while, good results
an be achieved by adopting alternative reactor configurations rep-
esented by the well stirred slurry reactor (WSSR) and the spray
ower loop reactor (STLR).

Many authors have studied the esterification reactions on dif-
erent cationic exchange resins but mainly related to short chain
atty acids with different alcohols and adopting different kinetic

odeling approaches focused on the experimental data correla-
ion but always neglecting the partitioning phenomenon occurring
etween the interior and the exterior liquid phase with respect to
he resins.

For example, Sanz et al. [13] have studied the kinetics of lactic
cid esterification reaction with methanol, catalyzed by different
cidic resins. These authors have interpreted their results by means
f an Eley–Rideal (ER) and a Langmuir–Hinshelwood (LH) model.

Ali and Merchant [14] have reported kinetic results related to
he esterification between acetic acid and 2-propanol on different
esins interpreting the obtained data with various models: pseudo-
omogeneous (PH), Eley–Rideal (ER), Langmuir–Hinshelwood (LH)
nd a modified Langmuir–Hinshelwood (MLH). The last one con-
ains an empirical exponent, for water concentration, in order to
ake into account for the greater affinity of water for the catalytic
esin. Ali and Merchant [14] have statistically compared the var-
ous models tested and the MLH model resulted the best for the

escription of their experimental data, as a demonstration that the
artitioning phenomenon plays a fundamental role in the kinetics
escription.

Also Yalcinyuva et al. [15] have demonstrated that the phase
artitioning and the swelling phenomena cannot be neglected
g Journal 157 (2010) 539–550

for an accurate description of an esterification process involving
ionic exchange resins. In fact, they have investigated the esterifica-
tion reaction of myristic acid with isopropyl alcohol catalyzed by
Amberlyst 15 and they have shown that the water concentration
in the reactive mixture resulted always lower than the theoretical
value calculated on the basis of the measured acid conversion.

Mazzotti et al. [16] reported a kinetic study of acetic acid esteri-
fication with methanol, in the presence of Amberlyst 15 as catalyst
in which the partitioning phenomenon has been interpreted on the
basis of a Flory–Huggins model.

Popken et al. [17] and Song et al. [18] have studied the reaction
of acetic acid with methanol also using Amberlyst 15 as cata-
lyst. A mass-based Langmuir model has been used for describing
the absorption, while, the kinetic behavior has been interpreted
with LH model. At last, a recent review on properties and uses of
exchange resins has been published by Alexandratos [19].

The purpose of our work is, therefore, the study of the ester-
ification reaction performed on the following acid substrates: (i)
a model mixture of soybean oil containing controlled amounts of
oleic acids; (ii) commercial mixtures of oils and FFA (oleins) charac-
terized by high FFA concentrations (also greater than >95% by wt as
oleic acid). Methanol has been chosen as esterification agent, while,
selected acid ion-exchange resins are: Amberlyst 15 and Relite CS.
The catalyst selection has been based on both a previous catalysts
screening activity and on the availability of literature information.
As a matter of fact, Amberlyst 15 is one of the more widely used
and studied resin and some absorption and kinetic data are avail-
able in the literature. Relite CFS has been chosen because it is less
expensive.

The experimental runs, performed in a batch reactor, have been
interpreted with a new kinetic model based on an ionic exchange
reaction mechanism that takes into account also for the physi-
cal partitioning effects of the various components of the reacting
mixture between the liquid phase internal and external to the
resin. This phase partitioning effect has been studied separately
by means of some specific measurements, conducted both at 25
and 100 ◦C for what concerns the binary system methanol–water.
A simple partition–absorption model, suitable to be embedded into
the kinetic model, has been developed for the description of the
experimental binary phase equilibrium data. The absorption model
resulted formally equivalent to a Langmuir model based on the
resin void volume available for the absorption.

2. Experimental

2.1. Reactants and methods

The used reactants and the related purities are the following:
methanol (Aldrich, purity >99%, w/w), oleic acid (Carlo Erba, purity
>90%, w/w), and a commercially available acidity-free soybean oil
(acidity <0.3%, w/w). The oleins have been furnished by a local com-
pany (Parodi S.r.L.) and their acid composition is shown in Table 1.

The resins Amberlyst 15 and Amberlyst 16 have been purchased
by Acros Organics, Amberlyst 131 by Sigma–Aldrich and Relite CFS
has been purchased by Resindion.

These resins are macroreticular copolymer styrene-DVB in wet
form and their characteristics are shown in Table 2. Before the
experimental runs, resins have been dried, at 100 ◦C, for 24 h in
a ventilated oven.

The acidity of the resins has been evaluated by titration. A

weighed amount of the dry resin has been put in contact with
a solution 0.2 M of NaOH in excess. The excess has then been
titrated with HCl 0.1 M. For each determination, three different
titrations have been made and for the values reported in Table 1
an error of about 3% has been estimated. The bulk densities of
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Table 1
Fatty acids weight percent composition of the oleins (deter-
mined by GLC analysis).

Caprylic acid, C8 0.16
Caprinic acid, C10 0.2
Lauric acid, C12 2.51
Myristic acid, C14 1.43
Palmitic acid, C16 31.3
Heptadecanoic acid, C17 0.1
Stearic acid, C18 3.49
Oleic acid, C18:1 43.46
Linoleic acid, C18:2 15.40
Linolenic acid, C18:3 1.22
Arachic acid, C20 0.29
Gadolenic acid, C20:1 0.20
Eicosadienoic acid, C20:2 0.05
Behenic acid, C22 0.08
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Table 3
Experimental data of phase partition experiments at 100 ◦C.

Resin mR (g)a m0
W (g)b m0

M (g)c w0
W

d wB
W

e

Relite
CFS

9.83 1.9 163.73 0.011 0.010
9.83 4.8 163.73 0.028 0.024
9.83 5.7 163.73 0.034 0.027
9.83 7.9 163.73 0.046 0.039
9.83 12.4 163.73 0.070 0.063
9.83 16.6 163.73 0.092 0.083
9.83 17.8 163.73 0.098 0.084
9.83 19.2 163.73 0.105 0.090

Amberlyst
15

10.00 2.00 157.80 0.013 0.012
10.00 4.00 157.80 0.025 0.023
10.00 6.00 157.80 0.037 0.033
10.00 8.00 157.80 0.048 0.043
10.00 10.00 157.80 0.060 0.054
10.00 12.00 157.80 0.071 0.067

a Weight of dry resin.
b

T
P

Erucic acid, C22:1 0.06
Tricosanoic acid, C23 0.02

Average molecular weight 272.5 g/mol

he dry and wet resins have been measured in a graduated cylin-
er of 10 cm3. Five tests have been made for each determination
ith an estimated average error of 2% on the values reported in

able 2.
The analysis of the water present into the liquid phase, in

artition experiments, was accomplished via GC (HP9850 A gas
hromatograph) equipped with a thermoconductivity detector
TCD). The column used for the analysis was a Restek Rt-Q
lot 30 m × 0.32 mm and propan-2-ol was used as external stan-
ard. The temperature was programmed to 40 ◦C for 5 min, then

ncreasing at 10 ◦C/min to 200 ◦C. A simple mass balance was
ade to evaluate the weight percent of water and methanol

bsorbed by resin. The experimental error associated with this
nalytical method is below 1%. The device used for partition-
ng experiments at 100 ◦C under pressure was the same as for
he esterification reaction and is described in details below.
ome experimental partitioning data, collected at 100 ◦C, are
eported in Table 3 for, respectively, Amberlyst 15 and Relite CFS
esins.

For what concerns the esterification reaction, the withdrawn
amples were analyzed by a standard acid–base titration proce-
ure for the evaluation of the free residual acidity. The analysis
epeatability has been improved by removing methanol in excess
nd water formed, in an oven heated at 120 ◦C under stirring for
0 min, prior to submitting the samples to titration.
A weighed amount of the sample was then dissolved in ethanol,
ome droplets of phenolphthalein as indicator were added, and the
itration is then performed by means of an alkaline 0.1 M KOH solu-
ion. The volume of alkaline solution consumed is recorded, and the
cidity of the sample can be calculated by means of the following

able 2
hysico-chemical properties of the resins.

Properties Amberlyst 15 Amberlys

Matrixa Macroreticular
copolymer
styrene-DVB

Macroret
copolyme
styrene-D

Functional groupsa Sulphonics Sulphonic
Cross-linking degreea 20–25% 20–25%
Acidityb 4.7 mequiv./g 4.8 mequ
Particle size rangea 0.60–0.85 mm 0.60–0.80
Particle average diametera 0.7 mm 0.7 mm
Total exchange capacityb 1.6 equiv./L 1.7 equiv.
Maximum operating temperaturea 120 ◦C 120 ◦C
Bulk density of dry resinb 0.553 g/cm3 –
Bulk density of dry resinb 0.346 g/cm3 –

a Value from technical datasheet.
b Value determined experimentally in the present work.
Amount of water.
c Amount of methanol.
d Weight fraction of water in bulk before adsorption.
e Weight fraction of water in bulk after adsorption.

relation:

a = VtitrCtitrMOA

1000msample
× 100 (%wt) (1)

The acidity evaluated by Eq. (1) is referred to the oil phase
(triglyceride + oleic acid + ester) with an error less than 1–2% on the
free acidity expressed as weight percent of oleic acid.

The scheme of the experimental apparatus used for both batch
esterification runs and phase partitioning experiments under pres-
sure (runs performed at 100 ◦C) is reported in Fig. 1. The device is
composed by a stainless steel tank reactor (volume 0.6 L) equipped
with a magnetically driven stirrer and with pressure and liquid
phase temperature indicators. The reactor temperature is main-
tained at the prefixed value, within ±1 ◦C, by means of an electrical
heating device connected to a PID controller. The reactor body is
connected to a stainless steel pressurized chamber with a volume
of 150 mL by means of which methanol can be added to the reaction
system. The system is initially charged with the desired amount of
acid oil and catalyst and, when the temperature reached the desired
value, methanol is added using a nitrogen overpressure. This instant
represents the initial time for the reaction. During the run, small
samples of liquid phase were withdrawn by using a line equipped
with a stopping valve. In this way the evolution with time of the

mixture acidity can be monitored for different reaction times. At
the end of the sampling line, immersed in the reaction mixture, a
very narrow mesh screen was fitted in order to prevent dragging
of catalytic particles in the withdrawn sample that could produce
interference with the analysis.

t 16 Amberlyst 131 Relite CFS

icular
r
VB

Macroreticular
copolymer
styrene-DVB

Porous copolymer
styrene-DVB

s Sulphonics Sulphonics
20–25% 20–25%

iv./g 4.8 mequiv./g 5.2 mequiv./g
mm 0.70–0.80 mm 0.30–1.18 mm

0.7 mm 0.7 mm
/L 1.8 equiv./L 1.7 equiv./L

130 ◦C 140 ◦C
– 0.588 g/cm3

– 0.325 g/cm3
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ig. 1. Batch reactor experimental apparatus. 1: reactor; 2: heating device; 3: rock
ool thermal insulation; 4: pressure transducer and indicator; 5: liquid phase ther-
ocouple; 6: magnetically driven stirring device; 7: sampling line; 8: stainless steel

ressure chamber for methanol addition; 9: nitrogen cylinder.

In Table 4 are summarized the experimental conditions adopted
n each run.

. Results and discussion

.1. External diffusive phenomena

A preliminary investigation has been conducted in order to
valuate the influence of mass transfer limitations on the mea-
ured kinetic. The extent of the external diffusion has been verified
y doing experiments at different stirring rates (500, 1000, 1200

nd 1500 rpm), and a constant reaction rate has been observed
bove the threshold value of about 1200 rpm (see Fig. 2). All the
xperimental runs have been performed in conditions in which all
xternal diffusive phenomena can be neglected (1500 rpm) and the
eactive system can be considered in kinetic regime. The tempera-

able 4
perative conditions of experimental runs in batch reactor.

RUN Catalyst (g) Substrate T (◦C) Initial pressure
(bar g)

Amount of
catalyst (g)

A
s

1 Uncatalyzed OA-soyb 100 4.3 – 1
2 OA-soy 120 5.1 –
3 Oleins 100 4.5 –
4 Oleins 120 5.5 –

5 Amberlyst
15

OA-soy 80 2.8 5.08
6 OA-soy 90 3.9 5.01 1
7 OA-soy 100 4.5 1.00 1
8 OA-soy 100 4.3 3.10 1
9 OA-soy 100 4.4 5.01 1

10 OA-soy 100 4.5 10.00
11 OA-soy 120 5.0 5.00 1
12c OA-soy 120 5.3 5.00 1

13 Relite
CFS

OA-soy 100 4.3 5.00 1
14 Oleins 100 4.2 3.06
15 Oleins 100 4.3 5.01
16 Oleins 120 5.1 3.00
17c Oleins 120 5.2 3.01

18 Amberlyst
16

OA-soy 100 4.0 5.04

19 Amberlyst
131

OA-soy 100 4.3 5.03

a Expressed as % of oleic acid.
b Mixture oleic acid–soybean oil.
c Powdered catalyst.
Fig. 2. Experimental batch run at different rpm. Operative conditions: 200 g of oleic
acid/soybean oil at 50% of acidity; methanol:oleic acid molar ratio = 8:1; Amberlyst
15 = 5 g; temperature = 120 ◦C. (�) 500 rpm, (�) 1000 rpm, (�) 1200 rpm and (�)
1500 rpm.

ture for these specific runs has been fixed at 120 ◦C, the maximum
of the temperature range explored, and with 5 g of Amberlyst 15
as catalyst. For the experimental batch runs reported in Table 4,
a value of 1500 rpm has been chosen. At the end of each run the
catalyst was discharged from the reactor and visually inspected to
control if particles breakup has occurred. In all cases, also at the
higher stirrer speed, no appreciable formation of smaller pieces
of resin was observed, so, in principle, the catalyst is reusable.
Moreover, it is also important to point out that, in an industrial
perspective, the resin is used in a packed bed reactor in which no
stirring occurs.
3.2. Internal diffusive phenomena

As a preliminary activity, prior to the kinetic investigation, the
influence of the catalyst internal diffusion has been evaluated by

mount of
oybean oil (g)

Amount of OA
or oleins (g)

Initial aciditya

%
Amount of
methanol (g)

MeOH/acid
(mol/mol)

01.8 98.2 49.1 89.1 8:1
99.6 100.4 50.2 91.1 8:1

– 130.0 92.4 88.1 6.5:1
– 130.0 92.3 88.4 6.5:1

99.2 100.8 50.4 91.2 8:1
00.8 99.2 49.6 90.0 8:1
03.8 96.2 48.1 87.3 8:1
01.4 98.6 49.3 89.5 8:1
00.2 99.8 49.9 90.5 8:1
95.6 104.4 52.2 94.7 8:1
06.0 94.0 47.0 85.3 8:1
02.4 97.6 48.8 88.5 8:1

02.0 98.0 49.0 88.9 8:1
– 130.0 92.9 87.1 6.5:1
– 130.0 92.9 87.1 6.5:1
– 130.0 92.9 87.1 6.5:1
– 120 92.9 87.1 6.5:1

97.2 102.8 51.4 92.5 8:1

95.2 104.8 52.4 95.0 8:1
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Fig. 5. Experimental batch run for catalytic screening. Operative conditions: 200 g
of oleic acid/soybean oil at 50% of acidity; methanol:oleic acid molar ratio = 8:1;
ig. 3. Comparison of Amberlyst 15 in spheres and powdered. Operative conditions:
g of catalyst, temperature 120 ◦C, substrate oleic acid–soybean oil, molar ratio
ethanol/acid 8:1. (�) Catalyst spheres (run 11) and (�) catalyst powder (run 12).

eans of a test performed on powdered catalyst compared with
atalyst in its usual form of spheres. In Figs. 3 and 4 such results are
eported for both Amberlyst 15 (T = 120◦, 5 g of catalyst, substrate:
odel mixture oleic acid/soybean oil) and on Relite CFS (T = 120◦,
g of catalyst, substrate: oleins). For each catalyst the results are

elated to both powder and spheres and, as it can be observed, the
onversion-time profiles are quite similar for both Amberlyst 15
Fig. 3, runs 11 and 12) and Relite CFS (Fig. 4, runs 16 and 17). This
ehavior seems to indicate that the catalyst effectiveness factor is
lose to unity and allows to neglect the limitations on the reaction
ue to the internal mass transfer resistance.

.3. Catalytic screening

A first set of experimental runs has been conducted with the
cope of comparing the catalytic activity of different ionic exchange

esins such as: Amberlyst 15 (run 9), Amberlyst 16 (run 18),
mberlyst 131 (run 19) and Relite CFS (run 13). These runs have
een performed at a fixed temperature of 100 ◦C, with 5 g of cat-
lyst and on an artificially acidified soybean oil with oleic acid.
n Fig. 5 the conversion of oleic acid is reported as a function of

ig. 4. Comparison of Relite CFS in spheres and powdered. Operative conditions: 3 g
f catalyst, temperature 120 ◦C, substrate oleins, molar ratio methanol/acid 6.5:1.
�) Catalyst spheres (run 16) and (�) catalyst powder (run 17).
weight of catalyst = 5 g; temperature = 100 ◦C; rpm = 1500. (�) Amberlyst 15—run 9,
(�) Amberlyst 16—run 18, (�) Amberlyst 131 and (�) Relite CFS. The behavior of
uncatalyzed reaction is also reported for comparison (�).

reaction time for, respectively, the runs 9, 13, 18 and 19. From this
plot, a comparable activity can be observed for catalysts Amberlyst
15 and Amberlyst 131, while, quite better resulted the perfor-
mances related to Amberlyst 16 and Relite CFS. On the basis of these
obtained preliminary screening results, a more detailed study has
been performed on both Amberlyst 15 (more studied in the litera-
ture) and on Relite CFS (apparently more active and less expensive).

3.4. Development of the kinetic model

3.4.1. Uncatalyzed esterification
First of all, a preliminary study has been performed on the

reaction in the absence of the resin catalyst with the scope of eval-
uating the contribution of the uncatalyzed reaction on the overall
kinetics. Batch runs 1–4 have been made on both the two differ-
ent previously mentioned substrates in the temperature range of
100–120 ◦C. The runs performed are described in Table 4. The col-
lected experimental data, related to the uncatalyzed reaction, have
been correlated with a pseudo-homogeneous model by considering
the reacting mixture as a single liquid phase and neglecting both the
liquid–liquid eventual separation and the amount of volatiles com-
pounds (mainly methanol and water) that are present in the head
space of the reactor. This assumption was justified by an approx-
imate estimation that, in correspondence of about 2.8 moles of
methanol loaded in the reactor, only 0.048 moles (ideal gas approx-
imation) are present in the vapor space that is a negligible quantity.
This consideration made for methanol is mostly valid for water that
is less volatile. The kinetic expression for the reaction rate is the
following:

ruc = kC2
ACM − k−1CACWCE � kC2

ACM (2)

where ruc is the reaction rate for the uncatalyzed reaction, CA and
CM are the liquid phase bulk concentrations of, respectively, oleic
acid or other mixtures of fatty acids and methanol, k is the forward
kinetic constant, k−1 is the reverse kinetic constant. The second
order with respect to the acid reactant is suggested by different
authors [6,13,17,20], because, this compound would act both as

catalyst (in homogeneous phase) and reactant. In derivation of the
expression (2) we have also neglected the reverse term of the equi-
librium reaction because the reactive system is always far from
equilibrium conditions.
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ig. 6. Experimental batch run for uncatalyzed reaction. (�) Oleic acid–soybean oil
t 100 ◦C (run 1). (�) Oleic acid–soybean oil at 120 ◦C (run 2). (�) Oleins at 100 ◦C
run 3). (�) Oleins at 120 ◦C (run 4). (—) Simulated acidity.

According to a modified Arrhenius equation, the reaction rate
an be expressed as a function of temperature in the following way:

= kref exp
[

EA

R

(
1

T ref
− 1

T

)]
(3)

In the expression (3) kref is the kinetic constant at a reference
emperature Tref chosen at 373.16 K while R is the universal gas
onstant.

The mass balance for the isothermal batch reactor is then
efined through the following system of ordinary differential equa-
ion (ODE), one for each component in the reacting system, to be
olved starting from initial values of the concentrations:

dni

dt
= virucVL, with i = A(Oleic acid or olein), M(methanol),

E(methyl ester), W(water) (4)

here ni is the number of moles of the component i, �i is the cor-
esponding stoichiometric coefficient i, VL is the reaction volume
valuated with the ideal hypothesis of volumes additivity and using
he densities of each component at the reaction temperature.

The kinetic parameters in the expressions (2)–(4) have been
valuated by nonlinear fitting minimizing the following objective
unction represented by a quadratic mean square error between
he experimental and calculated acidities.

MS =

√√√√ 1
N

N∑
i=1

(aexp
i

− acalc
i

)
2

(5)

Fourth order Runge–Kutta method was used to integrate the
DE system (4) at each iteration of the minimization algorithm

sed in nonlinear least squares fitting.

In Fig. 6, the regression curve for experimental runs 1–4 are
eported, while in Table 5, the values of kinetic parameters for
he uncatalyzed esterification reaction are reported. An activation
nergy of about 16 kcal mol−1 has been found, in agreement with

able 5
inetic parameters of the uncatalyzed esterification (runs 1–4).

Parameter Oleic acid–soybean oil Oleins

kref (ref = 343.16 K) (cm6 mol−2 min−1) 88.98 65.78
Activation energy EA (kcal mol−1) 16.48 16.28
Pre-exponential factor A (cm6 mol−2 min−1) 4.06 × 1011 2.29 × 1011

RMS error 0.854 0.930
g Journal 157 (2010) 539–550

the values, for similar reactive systems, respectively obtained by
Popken et al. [17] for acetic acid esterification and by Sanz et al.
[13] for lactic acid esterification.

3.4.2. Catalyzed esterification
In a previous work, Tesser et al. [20] proposed some kinetic

models (pseudo-homogeneous and Eley–Rideal type) for describ-
ing the esterification reaction catalyzed by Amberlyst 15 but these
models neglect the physico-chemical phenomenology that is the
basis of the use of ionic exchange resins as catalysts: the phases
partition phenomenon and the ionic exchange equilibrium. The
consequence of this simplification involves that the model cannot
accurately describe the runs performed in the presence of differ-
ent catalysts concentrations, particularly in conditions near to the
equilibrium. This is because a great amount of catalyst retains
selectively more water altering the equilibrium conditions. This
has a dramatic effect in tubular packed bed reactors in which the
ratio between catalyst and fluid phase reacting mixture is normally
much higher.

3.4.2.1. Partition model. The description of the partitioning phe-
nomenon, due to the high swelling ratio of the polymeric resins, is
of particular relevance when acid ionic exchange resins are used
as catalyst in esterification reactions in which water is always
formed as a reaction product and, as mentioned, is more selectively
retained by the resin with respect to methanol. First of all, a swelling
effect is observed. The swelling phenomenon depends on several
factors like: (i) the nature of the solvent (polar, apolar); (ii) the
degree of polymer cross-linking; (iii) the nature of the fixed ionic
groups; (iv) the exchange capacity; (v) the form and size of solva-
tion shell. According to Helferrich [21] a rigorous and general theory
for equilibria with ion-exchangers does not yet exist and would be
very complex. For this reason, and according to the purpose of this
work, we have developed a simplified model for the description of
both the swelling as consequence of the solvation and the partition-
ing phenomenon. Our proposed model starts with the observation
that the driving force for the absorption of a pure component is
the difference in the osmotic pressure between the external and
internal part of the resin [21]. There is first of all a tendency of the
fixed and mobile ions to form stable solvation shells with some
molecules of the solvent. Then, the highly concentrated solution
of ions inside the exchange resin has a tendency to dilute itself
by absorbing additional solvent [21]. A third expanding force is
related to the electrostatic interactions and all this expanding forces
decrease as swelling progresses [21]. Inside the particles there are
fixed anionic groups (–SO3

−), bonded to the surface of the polymer,
and relatively mobile protonated molecules like methanol or water.
Each charged group, fixed or mobile, can then form a primary sol-
vation shell containing 4–6 molecules as in the following simplified
scheme:
Obviously, other molecules can enter and aggregate to form
greater clusters as a consequence of the solvation effect giving place
to swelling of the resin. The phenomenon is contrasted by the cross-
links of the polymeric matrix in correspondence to the maximum
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both the resins Amberlyst 15 and Relite CFS, at 100 C. This tem-
perature was assumed as an average temperature value and the
corresponding data have been considered valid also in the range of
90–120 ◦C in which the experimental esterification runs have been
conducted.

Table 6
Parameters for the partition model.

Component Amberlyst 15 Relite CFS

Ki (mL mol−1) Keff
i

Ki (mL mol−1) Keff
i

R. Tesser et al. / Chemical Engin

ncreasing volume. Pure methanol and water give place to a dif-
erent swelling ratio. Moreover, the addition of water to a polymer
aturated with methanol gives place to a cluster of mixed compo-
ition as described by Fujii et al. [22]. We have studied in detail
he influence of water/methanol composition on the swelling and
he results will be published in a future devoted paper. Besides, on
he basis of this study we can conclude that: (i) swelling is poorly
ffected by the temperature, (ii) oil phase gives no place to swelling,
iii) in the presence of an excess of methanol, the presence of water
oorly affects the swelling ratio and, consequently, the absorbed
olume. We have tested the effect of water on the absorbed liquid
olume in the range 0–50 wt% of water for both the resins A-15
nd R-CFS. In this range of water concentration the swelling ratio
esulted poorly affected and vary from 1.52 to 1.59 for A-15 and
rom 1.71 to 1.80 for R-CFS. Therefore, the internal volume acces-
ible to the reaction mixture is about the same determined in the
resence of pure methanol corresponding to about 0.609 and 0.790
mL g−1

res) for, respectively Amberlyst 15 and Relite CFS (the corre-
ponding swelling ratio are 1.519 and 1.714, respectively). Knowing
he resin accessible volume, in order to evaluate the partition of
he binary mixture methanol–water, we suggest to consider that
ach molecule (for example of methanol) inside the particle, occu-
ies a definite site in the available space volume characterized by
particular energy level according to its position (primary shell or

urroundings). Water molecules, formed by the esterification reac-
ion or coming from the external liquid bulk, displace methanol

olecules instauring the partition equilibrium. Considering that
he mentioned sites are distributed in the internal volume and that
he available volume is fixed, a volume based Langmuir expression
an easily be derived considering as driving force the volume fill-
ng degree with an approach very similar to the classical Langmuir
ased on surface coverage degree. Therefore, we can write for the
orward (absorption) and reverse (desorption) reaction rates:

abs
i = kabs

i CB
i �R

f Vabs (6)

des
i = kdes

i �R
i Vabs (7)

In the relations (6) and (7) kabs
i

and kdes
i

are the kinetic con-
tants for, respectively the absorption and desorption processes,
R
i

is the volumetric fraction of the ith component inside the resin
articles and �R

f
is the fraction of volume in which the absorption

s allowable. In equilibrium conditions, relations (6) and (7) can
e equated and a definition of the absorption constant Ki can be
traightforwardly derived:

i = kabs
i

kdes
i

= �R
i

CB
i

�R
f

(8)

For the complete definition of the model, a further equation is
ecessary, that is the relation between the volumetric fraction and
he internal concentration of the resin:

R
i = CR

i
Mwi

�i
(9)

The value of Vabs, appearing in Eqs. (6) and (7), can be calculated
hrough the following relation:

abs = (S − 1)(1 − ε)

�dry
bulk

(10)

here S is the swelling ratio and �dry
bulk represents the bulk density
f dry resin and ε the void fraction external to the particles that has
een assumed, for relatively uniform spheres, equal to about 0.35
23].

According to the proposed partitioning model, for a multicom-
onent mixture, the following Eq. (11) can be used for relating the
Fig. 7. Parity plot. Calculated vs experimental water mole fraction in the resin.

external (superscript B) to the internal (superscript R) concentra-
tion for each of the partitioned components:

CR
i = Keff

i
CB

i∑
jKjC

B
j

(11)

where CR
i

and CB
i

are the concentrations of the ith component in
the bulk phase and inside the resin, respectively, Kj is the parti-
tion constant, while, Keff

i
represents the effective partition constant

that takes into account for the molecular size of the pure ith compo-
nent through the introduction of its molar density �i and molecular
weight Mi through the relation (12).

Keff
i = Ki�i

Mi
(12)

In the relation (12) the partition constants Ki are determined
from experimental absorption data of the corresponding binary
system as explained below.

In our specific system, the physical equilibrium for triglycerides
partition has been neglected due to their relatively high molec-
ular size. The partition parameters related to the binary system
water/methanol have been determined on the basis of the exper-
imental data of Table 3. The reliability of the proposed partition
model can be appreciated in Fig. 7 where the parity plot, for parti-
tioning runs performed at 100 ◦C for both the resins Amberlyst 15
and Relite CFS, is reported.

All the parameters related to the partitioning model used in the
present work, are reported in Table 6 and have been evaluated, for

◦

Water 1 0.0542 1 0.0542
Methanol 0.519 0.0113 0.317 0.0069
Fatty acida 1 0.0029 1 0.0030
Methyl ester 0.519 0.0014 0.317 0.00088

a Oleic acid in the case of Amberlyst 15 and oleins for Relite CFS.
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Fig. 8. Scheme of reaction mechanism for the

The same parameters, related to the other binaries, in the
bsence of experimental data, have approximately estimated on
he basis of the following considerations. For what concerns the
atty acids and their corresponding methylesters, we have assumed
hat the differences in polarity and molecular sizes among them
re almost the same of those between water and methanol. In
uch a way, as a rough approximation, the partition constant for
he fatty acid is assumed equal to that of water (KA = KW), while
he constant for methylester is assumed equal to that of methanol
KE = KM). With this assumptions, the effective partition constants
etermine the competitive adsorption of the various components in
he quaternary system considered (methanol, water, methylester
nd fatty acid) according to their molecular weight (molecular size)
nd polarity.

.4.2.2. Reaction mechanism. When acid ionic exchange resins are
sed as catalysts, the active site is the sulphonic group that
xchange the hydrogen ion with the components involved in the
eaction adsorbed on the resin surface. The reactants are then
ubjected to a physical absorption equilibrium and to a succes-
ive protonic exchange equilibrium reaction. The proposed kinetic
odel keeps into account for both these aspects and is based on the

ollowing hypotheses: (i) all the active sites of the resin are occu-
ied and, in particular, the major part of them is occupied by the
ethanol in a protonated form. This hypothesis is justified by the

igh methanol molar excess used in the experimental runs (molar
atio methanol/oleic acid > 6.5:1) with respect to the other compo-
ents and by considering that, initially, water is not present in the
eacting medium. So methanol will be preferably adsorbed with
espect to fatty acid; (ii) all the components (fatty acid, water and
ethylester) undergo to a protonic exchange equilibrium with the

rotonated methanol adsorbed onto the active sites; (iii) the reac-
ive event occurs through an Eley–Rideal mechanism between a
rotonated fatty acid and the methanol coming from the liquid

hase absorbed inside the resin particles. The scheme of exchange
nd reaction steps is reported in Fig. 8.

The step (a) represents the exchange between fatty acid and pro-
onated methanol; the step (b) is the Eley–Rideal surface reaction
hat involves the protonated fatty acid and methanol. This reaction
cation catalyzed by ion-exchange acid resins.

leads to the formation of protonated methylester and the corre-
sponding amount of water that is partitioned between the internal
(absorbed) liquid phase and the external (bulk) liquid phase. The
water present in the internal liquid phase can then be involved in an
exchange equilibrium with protonated methanol giving place to a
competition on the active site, as expressed by step (d). Finally, the
step (c) represents the exchange reaction between the protonated
methylester and methanol from the internal liquid phase that, con-
temporarily, restore the active size with protonated methanol and
release the methylester that is partitioned between the internal and
the external liquid phase.

By assuming that the Eley–Rideal reactive event (step (b) in
Fig. 8) is the rate determining step (RDS) for the overall kinetics,
the following expression (13) can be derived for the reaction rate:

rcat =
kcatHACR

A − k−cat
HECR

E CR
W

CR
M

1 + HACR
A

CR
M

+ HECR
E

CR
M

+ HWCR
W

CR
M

(13)

In relation (13) kcat and k−cat are the kinetic constants for,
respectively, the forward and the reverse catalyzed reaction that
are both functions of temperature according to Arrhenius relation
(Eq. (3)); HA, HW and HE are the ionic exchange equilibrium con-
stants for the reactions of protonated methanol with, respectively,
fatty acid, water and methylester; CR

i
is the concentration of the var-

ious components in the resin-absorbed liquid phase. In the narrow
explored temperature range, we have assumed that the constants
HA, HW and HE are independent from temperature.

3.5. Reactor model

In the development of a suitable reactor model, we have made
the assumption that the system is always in physical equilibrium

in a way that the internal concentration of the reactants and prod-
ucts can be evaluated from the corresponding bulk concentrations
according to Eq. (11). The evolution with time of the moles of
each component can be evaluated by solving the following mate-
rial balance based on a set of ordinary differential equation (ODE)
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In Fig. 12, the acidity profiles for the runs performed with Relite

CFS as catalyst on oleins as substrate, adopting different tempera-
tures and catalysts concentrations, are reported. The dependence
R. Tesser et al. / Chemical Engin

xpressed by the relation (14):

dni

dt
= v(rucVL + rcatWcat) (14)

here ni represents the overall mole number of the ith species and
cat is the weight of catalyst loaded in the reactor. At each inte-

ration step in time of the system (14) the partitioning equilibrium
ust be solved by imposing the congruence balance Eq. (15):

R
i + nB

i = ni (15)

here nR
i

and nB
i

are, respectively, the moles of ith component in
he resin and in the bulk. The number of moles nR

i
is obtained as

imultaneous solution of the set of nonlinear algebraic equations
11) and the explicit algebraic equation (16):

R
i = CR

i VabsWcat (16)

here Vabs is the volume of adsorbed liquid phase per gram of
atalyst.

By considering the used high excess of methanol, the quantity
f water formed during the reaction is less than 10% in weight with
espect to the charged methanol. In these conditions it is reason-
ble to assume that Vabs is equal to the specific volume adsorbed
n the case of pure methanol (0.609 cm3/gres for Amberlyst 15 and
.790 cm3/gres for Relite CFS [20]). In other words, in the application
f our model for reactor simulation, we have neglected the variation
f the specific adsorbed volume with the liquid phase composition.

The moles in the bulk phase, nB
i
, are calculated from Eq. (15)

hile the bulk concentration is evaluated from the following rela-
ion (17):

B
i = nB

i

VL
. (17)

.6. Description of the experimental batch runs

The experimental runs reported in Table 4, devoted to the kinetic
nalysis of the resin-catalyzed reaction (runs 5–11 for Amberlyst
5 and runs 13–16 for Relite CFS), have been interpreted by means
f a commercial ODE solver (Berkeley Madonna®) in which the 7
djustable parameters of the model (kref

cat, EA,cat, kref
−cat, EA,−cat, HA,

W, HE) have been evaluated by minimizing the root mean square
rror (RMS, Eq. (2)) between the experimental and calculated data.
he best-fit parameters are reported in Table 7 for both the exam-
ned catalysts. From the values of the ionic exchange constants
elated to both the resins, we can observe that the only value greater
han one is that referred to water. This means that the more sta-
le protonated species is that of water bonded to the acidic site
orresponding to a strong water competition with respect to the
thers components present in the mixture. Moreover, by compar-
ng these constants, we can conclude that the equilibrium exchange

ater–methanol results favored with respect to the other two equi-
ibria of this kind: fatty acid–methanol and methylester–methanol.

In Fig. 9 the acidity–time profiles for the runs performed with
g of Amberlyst 15, on a model mixture oleic acid/soybean oil, at
ifferent temperatures (runs 5, 6, 9, 11) are reported. The temper-
ture dependence of the constant for Amberlyst 15 is defined by an
ctivation energy (related to the forward reaction) of 17 kcal/mol,
value in a close agreement to that found by Popken et al. [17] of
6 kcal/mol for the esterification of acetic acid with methanol on
he same catalyst.

In Fig. 10, the acidity–time profiles are reported for the runs per-

ormed, at 100 ◦C, with different Amberlyst 15 concentrations (runs
–10), with the model mixture as in the previous set of runs. We can
bserve that the dependence on the catalyst concentration of the
eaction rate is well described by the model, especially in the final
art of the runs. As the chemical equilibrium constant is the same
Fig. 9. Experimental batch run for esterification catalyzed by Amberyst 15 at differ-
ent temperatures. Substrates: oleic acid–soybean oil; catalyst loading: 5 g. (�) 80 ◦C
(run 5), (�) 90 ◦C (run 6), (�) 100 ◦C (run 9) and (�) 120 ◦C (run 11). (—) Simulated
acidity.

for all the considered runs, the presence of different final plateau
shown in Fig. 10 means that in the presence of different amounts of
catalyst, the equilibrium reached inside the catalyst particles is dif-
ferent for the different amounts of retained water. This behavior is
much more evident when a tubular reactor of pilot or industrial size
is employed, because, it is not possible to simulate their behavior by
using another model neglecting the effect of the selective partition.
These aspects are emphasized in the comparison reported in Fig. 11,
where, the final part of the previously mentioned runs are respec-
tively interpreted with a pseudo-homogeneous model neglecting
the partition phenomenon and the model proposed in this work.
As it can be seen the pseudo-homogeneous model that is able to
describe runs performed at different temperatures with the same
amount of catalyst, completely fails in describing runs performed
at the same temperature but changing the amount of catalyst. On
the contrary the partition model gives a good agreement in both
Fig. 10. Experimental batch run for esterification catalyzed by Amberyst 15 at dif-
ferent catalysts loading. Substrates: oleic acid–soybean oil; temperature: 100 ◦C. (�)
1 g (run 7), (�) 3 g (run 8), (�) 5 g (run 9) and (�) 10 g (run 10). (—) Simulated acidity.



548 R. Tesser et al. / Chemical Engineering Journal 157 (2010) 539–550

Fig. 11. A comparison between pseudo-homogeneous model and partition model, propo
the presence of different amounts of catalyst (Amberlyst 15). (�) 1 g (run 7), (�) 3 g (run

F
(
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o
o
a
w
o

concentration (if the partition of water is neglected). This consider-

T
K

ig. 12. Experimental batch run for esterification of oleins catalyzed by Relite CFS.
�) 1 g (run 7), (�) 3 g at 100 ◦C (run 14), (�) 5 g at 100 ◦C (run 15) and (�) 3 g at
20 ◦C (run 16). (—) Simulated acidity.

f the reaction rate from temperature has been evaluated by means

f two runs (runs 14 and 16) at 100 and 120 ◦C, respectively and an
ctivation energy of 13 kcal/mol has been evaluated for the for-
ard reaction, quite similar to that related to Amberlyst 15. By

bserving the agreement between the experimental runs 14 and

able 7
inetic and ion-exchange parameters.

Resin Kinetic parameters

kref
cat (cm3 gcat−1 min−1) EA,cat (kcal mol−1) kref

−cat (cm3 g

Amberlyst 15a 9.01 17.46 5.50
Relite CFSb 13.07 12.77 3.85

a Regression on experimental runs 5–11 reported in Table 3.
b Regression on experimental runs 13–16 reported in Table 3.
sed in this work, in the description of the final part of runs performed at 100 ◦C in
8), (�) 5 g (run 9) and � 10 g (run 10). (—) Simulated acidity.

15 and the model results, also for this catalyst the model is again
able to describe the dependency on the catalyst concentration. The
kinetic and ionic exchange constants, evaluated as for the previous
catalyst, are reported in Table 7 from which we can observe that
water–methanol exchange constant for Relite CFS is about 3 times
lower than the same parameter for Amberlyst 15.

In conclusions, from Figs. 9, 10 and 12, we can observe that the
kinetic and physical equilibrium model, developed in this work, are
characterized by an high accuracy degree in the description of the
collected experimental data and are also able to correctly interpret
the physical phenomena occurring when ion-exchange resins are
used as esterification catalysts (swelling and partitioning).

In order to better emphasize the characteristics of the proposed
model, in Fig. 13 a simulation result is reported in terms of the
amount of water retained by the resin during the reaction. These
profiles are referred to the run 10 with Amberlyst 15 (10 g of cata-
lyst) and it is interesting to observe that, at the end of the reaction,
about 6 g of water were globally produced and this overall amount
is partitioned as follows: about 1 g inside the resin and the remain-
ing 5 g outside. Considering the ratio between the external and the
internal volumes, it is evident that the internal concentration of
water is much higher than the external one and also than the overall
ation clearly indicates that the presence of such catalysts strongly
affects the concentration and consequently, being the local con-
centrations very different from the overall ones, the kinetics of the
process.

Ion-exchange equilibrium
constant

RMS

cat−1 min−1) EA,-cat (kcal mol−1) HA HW HE

8.78 0.46 4.74 0.13 7.02
7.96 0.31 1.55 0.17 3.35



R. Tesser et al. / Chemical Engineerin

F
1
S
w

4

h
a
l
a
a
t
s
f
a
(
a
c
(
o
w
t
d
c
c
p
o

A

f

L
a
C
C
E
H
k

k

k
k
K

[

[

ig. 13. Simulation of the water partition for the experimental run 10. Catalyst:
0 g of Amberlyst 15; temperature: 100 ◦C; substrate: oleic acid–soybean oil. (—)
imulated amount of water in the interior of the resin. (– – – ) Simulated amount of
ater in the external bulk phase. (– · –) Simulated total amount of water.

. Conclusions

In this paper the esterification reaction of free fatty acids in
igh-acidity substrates has been studied and modeled. Different
cid ionic exchange polymeric resins have been tested as cata-
ysts in a batch reactor and two of them have been selected after

preliminary screening. On the selected catalyst (Amberlyst 15
nd Relite CFS) different kinetic runs have been performed and
he influence of temperature and catalyst concentration has been
tudied. A detailed kinetic/equilibrium model has been developed,
or the description of the collected experimental data, taking into
ccount for the following aspects: (i) the physical phase equilibrium
partitioning equilibrium) of the components between the liquid
bsorbed phase inside the resin and the external liquid phase also
onsidering the swelling effect of the resin on the internal volume;
ii) the ionic exchange equilibria between protonated methanol and
ther molecules; (iii) a Eley–Rideal surface reaction mechanism in
hich a protonated fatty acid reacts with methanol coming from

he liquid phase absorbed by the particles. The model allows a good
escription of the kinetic behavior, also in the region close to the
hemical equilibrium, in particular for runs performed at different
atalyst concentrations. Such result makes the model suitable, in
erspective, for an accurate simulation of the behavior of continu-
us pilot or industrial tubular reactors.

cknowledgement

Thanks are due to the Italian Ministry of Foreign Affairs (MAE)
or the financial support.

ist of symbols
acidity (%wt in oleic acid)
concentration (mol mL−1)

titr concentration of titrant (mol mL−1)
A activation energy (kcal mol−1)

ionic exchange equilibrium constant
kinetic constant of uncatalyzed reaction
(mL2 mol−2 min−1)
cat, k−cat kinetic constants of the forward and the reverse reaction
(mL−1 gcat

−1 min−1)
abs kinetic constant for absorption process (min−1)
des kinetic constant for desorption process (mol min−1 cm−3)

partition constant (mL mol−1)

[
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Keff effective partition constant
M molecular weight (g mol−1)
msample weight of sample (g)
N number of experimental data
n number of moles (mol)
R universal gas constant (kcal mol−1 K−1)
rcat rate of catalyzed reaction (mol min−1 gcat

−1)
ruc rate of uncatalyzed reaction (mol min−1 cm−3)
r rate for absorption and desorption process

(mol min−1 g−1
res)

RMS root mean square error
S Swelling ratio
T Temperature (K)
t time (min)
VL liquid volume (mL)
Vabs volume of adsorbed liquid phase per gram of catalyst

(mL gcat
−1)

Vtitr volume of titrating solution (mL)
Wcat weight of catalyst (g)
� stoichiometric coefficient
� molar density (mol cm−3)
ε inter-particles void fraction
�dry

bulk bulk density of dry resin (g cm−3)
� volumetric fraction

Subscript
A oleic acid
E methyl ester
i index for ith component
M methanol
W water
T triglycerides

Superscript
B bulk-external of resin
calc calculated value
exp experimental data
R internal of resin
ref reference temperature, 373.16 K
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