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a b s t r a c t

In this work the deactivation of an ionic exchange resin, used as catalyst for promoting the esterification
of fatty acids for producing biodiesel, has been studied. At this purpose, a dynamic mathematical model,
suitable to describe the performances of a continuous tubular reactor containing the catalysts mixed
ccepted 14 April 2010

eywords:
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on-exchange resins

with stainless steel springs as inert diluent, and its evolution with time due to the catalyst deactivation,
has been developed. Experimental runs, performed in a pilot plant tubular reactor on fatty acid mixtures
(oleins), are reported in the paper. The catalyst deactivation has been shown to depend mainly on the
poisoning effect of iron that was present as impurity in the fatty acids used as feedstock. Some information
about catalyst regeneration is also given at the end of the paper.
eactivation

ree fatty acids
iodiesel

. Introduction

The worldwide interest towards biofuels has recently grown sig-
ificantly as a direct result of the renewed need of facing the global
arming effect by reducing the greenhouse gases emissions that

re related to the wide use of fossil fuels. With this respect, biodiesel
epresents a valuable alternative to petroleum-derived fuels due
o both its renewable nature and its substantially null net carbon
ioxide emission. Biodiesel is normally produced by transesterifica-
ion of highly refined vegetal oils with methanol in the presence of
omogeneous alkaline catalysts like sodium or potassium hydrox-

de or related alkoxides [1,2]. The use of the mentioned alkaline
atalysts is not compatible with the presence of free fatty acids
nd moisture, because, the formation of soaps determining long
ettling time for separating biodiesel from the by-product glyc-
rol. This is a drawback of this technology because many cheaper
eedstock like waste or fried oils cannot be used for producing
iodiesel. As a matter of fact, with the current technology the cost
f biodiesel is affected for more than 85% by the feedstock supply
3]. At this purpose, new technologies have recently been proposed
ike: the use of supercritical methanol [4] and a two-stage pro-
ess (esterification + transesterification) [5,6]. Esterification of free

atty acids (FFA) can be promoted by Broensted acid catalysts, both
omogeneous [5,6] and heterogeneous. Many different heteroge-
eous acid catalysts have been proposed for this reaction but one
f the most studied and used is the sulphonic acid exchange resin

∗ Corresponding author. Tel.: +39 081 674027; fax: +39 081 674026.
E-mail address: elio.santacesaria@unina.it (E. Santacesaria).
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[7]. A recent review on the use and properties of exchange resins
has been published by Alexandratos [8]. The exchange resins are
subjected to remarkable swelling [9–12] in the presence of polar
substances. This phenomenon must be carefully considered in a
kinetic approach for either the liquid volume absorbed or the selec-
tivity in absorption. The liquid composition inside an exchange
resin particle could be quite different with respect to the liquid bulk.
This is particularly true for the binary mixture water–methanol.

We have studied the importance of this aspect in a previous
work [12] where we have shown the effect of neglecting the par-
tition equilibria for runs performed in the presence of different
amounts of catalyst. As water is more retained by the resin than
methanol, the use of a greater amount of catalyst has the conse-
quence of altering the reaction rate inside the particles. This aspect
becomes dramatic in packed bed pilot plant reactor where the cat-
alyst concentration is very high.

A first paper published by Tesser et al. [13] reported a simplified
kinetics of the esterification reaction of oleic acid with methanol in
the presence of triglycerides, catalyzed by an acid exchange resin
in a batch reactor. Furthermore, Santacesaria et al. [14,15] have
shown that the esterification reaction, performed in a continuous
packed bed tubular reactor (PBR), is possible but, in order to achieve
high conversions, a long residence times and consequently low
volumetric flow rates are required resulting in very low Reynolds
numbers at which the external fluid-to-solid mass transfer resis-

tance becomes significant in comparison with the intrinsic kinetics.
Tesser et al. [16] have shown that the kinetic regime can be reached
by conducting the esterification reaction in a packed bed loop reac-
tor (PBLR) operated in batch conditions. By adopting a sufficiently
high recirculation flow rate, as expected, the PBLR operates near to

dx.doi.org/10.1016/j.cej.2010.04.026
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:elio.santacesaria@unina.it
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Nomenclature

Ac acidity wt% in oleic acid
as specific interface area (cm2 cm−3)
C concentration (mol mL−1)
Ccat concentration of catalyst (gcat mL−1)
CFe iron concentration (mmol mL−1)
Ctitr concentration of titrant (mol mL−1)
C� concentration of active sites (meqH+ gcat

−1)
dp particles average diameter (cm)
Deff effective diffusivity (cm2 min−1)
EA activation energy (kcal mol−1)
H ionic exchange equilibrium constant
k kinetic constant of uncatalyzed reaction

(mL2 mol−2 min−1)
kcat, k−cat kinetic constants of the forward and the reverse

reaction (mL−1 gcat
−1 min−1)

kd deactivation kinetic constant
(gcat mL min−1 meqH+ −2)

kS mass transfer coefficient (cm min−1)
K partition constant (mL mol−1)
Keff effective partition constant
msample weight of sample (g)
M molecular weight (g mol−1)
n number of moles (mol)
N number of experimental data
Q volumetric flow rate (mL min−1)
rcat rate of catalyzed reaction (mol min−1 gcat

−1)
rd rate of deactivation (mmol min−1 gcat

−1)
ruc rate of uncatalyzed reaction (mol min−1 cm−3)
R universal gas constant (kcal mol−1 K−1)
Rep particle Reynolds number
RMS root mean square error
Sc Schmidt number
Sh Sherwood number
t time – for continuous run (h), – for batch run (min)
T temperature (K)
U linear velocity than tubular section (cm min−1)
Ubed linear velocity in the bed (cm min−1)
Vabs volume of adsorbed liquid phase per gram of cata-

lyst (mL gcat
−1)

VC volume of single cell (mL)
VL liquid volume (mL)
VR volume of tubular reactor (mL)
Vswell total swelling volume (mL)
Vtitr volume of titrating solution (mL)
Wcat weight of catalyst (g)
x conversion
z axial coordinate (cm)

Greek letters
ˇ deactivation factor
�mix viscosity of the mixture (g cm−1 min−1)
� stoichiometric coefficient
� molar density (mol cm−3)
�mix density of the mixture (g mL−1)

Subscript
A fatty acid
E fatty acid methyl ester
h height of bed
i index for i-th component
j index for j-th cell
M methanol

n index for n-th experimental data
T triglycerides
W water
0 reactor inlet

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

S surface of catalyst
uc uncatalyzed reaction

the chemical regime but without the negative effect of breaking the
catalyst particles as it occurs in well stirred reactors and with per-
formances higher than the continuous tubular reactor, operating at
high conversions, that works in diffusional regime.

In the present work, the esterification with methanol of a mix-
ture of free fatty acids (oleins) has been studied in the presence
of an acid exchange resin catalyst of the type Resindion Relite
CFS in a pilot-size continuous fixed bed tubular reactor operated
for relatively long time-on-stream. The experimental runs have
been shown a progressive deactivation of the resin that we have
observed mainly due to the presence of iron dissolved in the feed-
ing mixture. The experimental data have been interpreted with
a kinetic model based on an ionic-exchange reaction mechanism,
reported in more details in our previous work [12], that takes into
account also for the physical partitioning effects of the various
components of the reacting mixture between internal and external
liquid phase of the resin. The catalyst deactivation mechanism has
been studied and we have found that the kinetics of the resin acid
sites poisoning was essentially due to iron contained in the oleins
mixture fed to the reactor. This aspect has been appropriately intro-
duced in the dynamic reactor model to describe the experimental
data.

In the final part of the work a study of the deactivation and
regeneration of the Relite CFS resin is reported, in which batch
esterification runs have been performed on a model mixture repre-
sented by soybean oil artificially acidified with oleic acid (about 50%
by weight of oleic acid). These runs have been conducted on sam-
ples of resin taken at different axial positions in the tubular reactor
at the end of the continuous run when the reactor was opened and
the resin discharged. The aim of this set of runs was the study of
the catalyst deactivation along the reactor axis and its influence on
the reactor performances.

2. Experimental

2.1. Reactants and methods

The reactants used in the investigation are the following:
methanol (Aldrich, purity > 99%, w/w), oleic acid (Carlo Erba,
purity > 90%, w/w), and a commercially available acidity-free soy-
bean oil (acidity < 0.3%, w/w). The oleins have been furnished by a
local company (Parodi s.r.l.) and their composition in fatty acids is
shown in Table 1. The amount of iron and other metals dissolved in

this mixture has been analyzed by atomic absorption spectroscopy
and the result are reported in Table 2.

The resin Relite CFS has been purchased by Resindion. This resin
is a macroreticular copolymer styrene-DVB in wet form and their
characteristics, as reported by the technical data sheet from the
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Table 1
Fatty acids wt% composition of the oleins determined by GLC analysis.

Fatty acids wt%

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
Erucic acid, C22:1 0.06
Tricosanoic acid, C23 0.02
Average molecular weight 272.5 g/mol

Table 2
Metals content in the fatty acids mixture (oleins) (ppm).
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endor, are summarized in Table 3. Before the experimental runs,
esin has been dried, at 100 ◦C, for 24 h in a ventilated oven.

The withdrawn samples of the reaction mixture were analyzed
y a standard acid–base titration procedure for the evaluation of the
ree residual acidity. The analysis repeatability has been improved
y removing methanol in excess and water formed by heating in
n oven 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
elation:

c = VtitrCtitrMOA

1000msample
× 100 (wt%) (1)

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

The regeneration of the samples of exhaust resin, discharged
rom the reactor, has been made by contacting the resin with a

ixture of sulfuric acid (50% by weight) for 24 h. After this treat-
ent the resin was washed three or four times with demineralized
ater until washing solution reaches the neutrality. At the end of
he washing procedure, the catalyst was dried in a ventilated oven
or 24 h at 100 ◦C.

able 3
haracteristics of the resins Relite CFS.

Matrix Porous copolymer styrene-DVB

Functional groups Sulfonics
Acidity 5.2 meq/g
Particles mean diameter 0.7 mm
Particles size range 0.3–1.18 mm
Total exchange capacity 1.7 eq/L
Maximum operating temperature 140 ◦C
Bulk density 0.325 g/cm3
g Journal 161 (2010) 212–222

2.2. Continuous packed bed reactor

The scheme of the experimental apparatus, used for the continu-
ous runs, is reported in Fig. 1. The reactor is composed by a stainless
steel (AISI 304) tubular reactor with length 50 cm and an internal
diameter of 8.2 cm. The catalytic bed contained 1 kg of exchange
resin and 1.8 kg of stainless steel springs having the scope of com-
pensating the swelling effect and avoiding an excessive pressure
drop along the catalytic bed [17]. Methanol and fatty acids mixture
(oleins) were mixed in a weight ratio 0.72:1 in a reservoir, gently
mixed and preheated at 35 ◦C. This solution was fed to the reactor
with a constant flow rate of 1 L/h. The reactor was kept at 100 ◦C
and six bars in order to maintain methanol in a liquid state.

The reactor was operated continuously 11 h per day, for a total
of 242 h, and samples were withdrawn at different times and at
different heights of the reactor (respectively 0, 17, 33, 50 cm, see
Fig. 1).

2.3. Batch reactor

The experimental apparatus used for the batch runs on the
exhausted resin is described in details in our previous work [12].
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 maintained at the prefixed value, within ±1 ◦C, by means of an
electrical heating device connected to a PID controller. The reac-
tor 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 time instant represent 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.

3. Result and discussion

3.1. Experimental continuous runs

In the device reported in Fig. 1 a total of 23 continuous runs have
been performed by feeding oleins mixture (acidity 95% by weight
expressed as oleic acid) and methanol. The overall duration of this
set of runs was of 242 h without changing the catalyst charged in
the reactor. In each run, samples of the reacting mixture were taken
at different positions (z-coordinate) along the reactor axis and in
Table 4 the measured residual acidities are reported. From the data
reported in Table 4, the loss in catalytic activity is evident, especially
for the resin located in the first part (section between the inlet and
z = 17 cm) and the intermediate part of the reactor (section between
z = 17 cm and z = 35 cm).

From the values of acidity determined by titration, it is straight-
forward to evaluate the experimental conversion profile along the
reactor by using the relation (2):

xexp
h

= Ac0 − Ach

Ac0
(2)

where Ac0 is the acidity at the reactor inlet, while, Ach is the acidity

determined at the height z = h. The activity loss of the catalyst can
be expressed as in (3):

activityh = xexp
h

− xuc
h

xexp
h

∣∣
t→0

− xuc
h

(3)
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ig. 1. Continuous reactor experimental apparatus. (1) Feeding reservoir containin
eating system; (5)–(8) valves for withdrawing samples of the reaction mixtures at

here xuc
h

is the conversion of the uncatalyzed reaction (estimated

eparately by a specific kinetic expression [14]), while, xexp
h

∣∣
t→0

s the one of the catalyzed reaction in the absence of deactivation
corresponding to the initial time when the catalyst is assumed with
ull activity), both related to the different heights of the catalytic
ed.

.2. Kinetic model

.2.1. (a) Uncatalyzed esterification
In a previous work, Tesser et al. [12] have described the kinetics

f the uncatalyzed esterification reaction, with oleins as sub-
trate, using a pseudo-homogeneous model by considering the
eacting mixture as a single liquid phase and neglecting both the
iquid–liquid eventual separation and the amount of volatiles com-
ounds (mainly methanol and water) that are present in the head
pace of the reactor. The kinetic expression for the reaction rate is
he following:

uc = kC2
ACM − k−1CACWCE � kC2

ACM (4)

here CA, CM, CW, and CE are the liquid phase concentrations of,
espectively, oleic acid or olein (A) methanol (M), water (W) and

ster (E), k is the forward kinetic constant, k−1 is the reverse kinetic
onstant and ruc is the reaction rate for the uncatalyzed reaction.
he reaction kinetics was assumed of second order with respect to
he acid concentration, as suggested by different authors [5,16,18],
ecause this compound would act both as catalyst (in homogeneous
e fatty acids and methanol; (2) feeding pump; (3) packed bed tubular reactor; (4)
ent reactors heights (5, inlet; 6 and 7, intermediate heights; 8, outlet).

phase) and reactant. In the derivation of the expression (4), the
reverse term of the equilibrium reaction was neglected because
the reactive system is always far from equilibrium conditions.

The Arrhenius equation, in a modified form, express the reaction
rate constant as a function of temperature in the following way:

k = kref exp
[

EA

R

(
1

T ref
− 1

T

)]
(5)

In the expression (5), kref is the kinetic constant at a reference
temperature Tref chosen at 373.16 K, R is the universal gas constant
and EA is the activation energy. In Table 5 are reported the obtained
kinetic parameters [12] related to the uncatalyzed esterification
reaction for oleins mixtures.

3.2.2. Catalyzed esterification
Always in the previous work of Tesser et al. [12] a kinetic model

has been developed, able to describe, with a sufficient accuracy, the
esterification reactions of oleins catalyzed by Relite CFS in batch
conditions, considering the real 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.

3.3. Partition model
The partitioning phenomenon is of particular relevance when,
as in this case, ionic exchange resins are used as catalysts in esteri-
fication reactions because water, produced by the reaction, is more
selectively retained than methanol and other components and the
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Table 4
Acidity wt% for experimental continuous runs at different times and at different
heights of the reactor.

Run Time (h) Acidity% at 17 cm Acidity% at 33 cm Acidity% at 50 cm

1c 11 18.6 6.9 6.2
2c 14 18.5 8.6 9.6

22 19.7 8.8 7.8
3c 28 19.3 8.2 7.3

33 21.8 8.1 7.5
4c 40 21.8 8.9 7.2

44 22.9 8.0 7.1
5c 51 22.6 8.1 6.9

55 22.7 8.0 6.8
6c 62 25.8 8.7 7.3

66 26.4 9.0 8.1
7c 73 28.7 9.1 7.3
8c 84 30.5 9.6 7.2

88 35.3 9.7 8.1
9c 95 39.2 9.9 8.0

99 39.9 9.8 8.2
10c 106 43.9 9.8 7.9

110 42.8 9.4 7.8
11c 117 50.9 10.8 8.8

121 52.3 11.3 9.4
12c 128 54.3 10.8 9.5

132 57.6 11.8 9.2
13c 139 60.9 12.3 9.7

143 62.0 13.2 10.4
14c 150 62.8 13.6 11.0

154 67.2 14.0 11.7
15c 161 63.9 14.6 11.4

165 63.1 13.6 10.6
16c 172 66.1 17.1 12.9

176 66.9 17.1 13.4
17c 183 67.5 20.6 13.9

187 70.6 20.2 13.8
18c 194 73.3 21.8 14.3

198 74.9 23.7 15.3
19c 209 72.5 27.2 19.5
20c 220 73.9 35.2 19.9
21c 227 73.5 32.8 19.8

c
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Table 6
Partition constants [12].

Component Ki (mL mol−1) Keff
i

− + − +
22c 234 75.7 37.6 20.0
23c 242 77.3 39.1 23.7

omposition inside the particles (that is crucial for the reaction) is
ery different from that of bulk liquid phase. Another important
spect is that this phenomenon cannot be neglected when a great
mount of exchange resin is used, because, the amount of absorbed
ater, in this case, is significantly high. Water and methanol

bsorbed interacts with both fixed anionic groups (–SO3
−), and

elatively mobile protonated molecules (methanol or water) form-
ng a primary solvation shell containing 4–6 molecules [19]. Other

olecules can then further aggregate to form clusters of methanol
nd/or water [19] that are responsible of the swelling effect. Ini-
ially, we have only clusters surrounding protonated methanol.
ntering water molecules displace methanol that goes outside the
article and new mixed clusters are formed. A volume based Lang-
uir expression [12] can easily be derived considering as driving
orce the volume filling degree. According to this model, for a mul-
icomponent mixture, following Eq. (6) can be used for relating the
xternal (superscript B, bulk) to the internal (superscript R, resin)
oncentration for each of the partitioned components in equilib-

Table 5
Kinetic and ion-exchange parameters [12].

Uncatalyzed reaction Catalyze

kref
uc = 65.78 mL2 mol−2 min−1

EA,uc = 16.28 kcal mol−1

kref
cat = 13

EA,cat =
kref

−cat = 3
EA,−cat =
Water 1 0.0542
Methanol 0.317 0.0069
Fatty acid in olein 1 0.0030
Ester 0.317 0.00088

rium condition:

CR
i = Keff

i
CB

i∑
nKn CB

n

with i or n = A (oleic acid or olein),

M (methanol), E (methyl ester), W (water) (6)

where CR
i

and CB
i

are the concentration of the i-th component in
the bulk phase and inside the resin respectively, Kj is the partition
constant, while, Keff

i
represent the effective partition constant that

takes into account for the molecular size of the pure i-th compo-
nent through the introduction of its molar density �i and molecular
weight Mi through the relation (7).

Keff
i = Ki�i

Mi
(7)

In our specific system, the physical equilibrium for eventual triglyc-
erides partition has been neglected due to their relatively high
molecular size. All the parameters related to the partitioning model
used in the present work, are reported in Table 6 and have been
experimentally evaluated [12], for the resin Relite CFS, at a tem-
perature of 100 ◦C. More details about these data can be found
in the mentioned paper [12]. Moreover, the partition parameters
related to the binary system water/methanol have been experimen-
tally determined, while the same parameters related to the other
binaries in the absence of experimental data have approximately
estimated, on the basis of the following considerations. For what
concerns the fatty acids and their corresponding methylesters,
we have assumed that the differences in polarity and molecular
sizes among them are almost the same of those between water
and methanol. In such a way, as a rough approximation, the par-
tition constant for the fatty acid is assumed equal to that of
water (KA = KW), while the constant for methylester is assumed
equal to that of methanol (KE = KM). With these assumptions, the
effective partition constants determine the competitive adsorption
of the various components in the quaternary system considered
(methanol, water, methylester and fatty acid) according to their
molecular weight (molecular size) and polarity.

3.4. Reaction mechanism

A reliable reaction mechanism has been proposed and discussed
in a previous work [12] such as in the following scheme:

surface-SO3
−O+H2–CH3 + RCOOH � surface-SO3

−O+H COHR+ H3C–OH (A)
surface-SO3 O H COHR + H3C–OH � surface-SO3 O H COCH3R + H2O (B)

surface-SO3
−O+H COCH3R + H3C–OH � surface-SO3

−O+H2–CH3 + RCOOCH3 (C)

surface-SO3
−O+H2–CH3 + H2O � surface-SO3

−O+H3 + H3C–OH (D)

d reaction

.07 mL gcat−1 min−1

12.77 kcal mol−1

.85 mL gcat−1 min−1

7.96 kcal mol−1

HA = 0.31
HW = 1.55
HE = 0.17
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By assuming that the step B, an Eley–Rideal reactive event, is rate
etermining step (RDS) the following expression can be derived for
he overall reaction rate [12]:

cat = kcatHACR
A − k−cat(HECR

E CR
W/CR

M)

1 + (HACR
A/CR

M) + (HECR
E /CR

M) + (HWCR
W/CR

M)
(8)

In relation (8) kcat and k−cat are the kinetic constants for, respec-
ively, the forward and the reverse catalyzed reaction that are both
unctions of temperature according to the Arrhenius relation (Eq.
5)); HA, HW and HE are the ionic exchange equilibrium constants for
he reactions of protonated methanol with, respectively, fatty acid,
ater and methylester and we have assumed that the constants

re independent from temperature; CR
i

is the concentration of the
arious components in the resin-absorbed liquid phase. The kinetic
nd equilibrium exchange parameters are summarized in Table 5.
he detailed procedure for the derivation of Eq. (8) is reported in
eference [12] and the presence of the equilibrium dimensionless
arameters H is the consequence of the mathematical derivation
f the reaction rate expression from the assumed sequence of ele-
entary steps.

.5. Packed bed reactor (PBR) model in stationary state and
ithout catalyst deactivation

The low flow rates used in the continuous experimental runs,
etermine the existence of diffusional resistance to the exter-
al mass transfer at the interface fluid-particle [15]. In order to
uantitatively evaluate the extension of this phenomenon a first
athematical model has been developed that is able to describe

he stationary behavior of the PBR reactor, in absence of catalyst
eactivation phenomena, by considering as the unique experimen-
al data the acidity profile along reactor axis after the first 11 h run
run no.1 in Table 4).

For this model, the mass balance along the reactor axis (z-
oordinate) is described by the following system of ordinary
ifferential Eq. (9):

dCB
i

dz
= �i

1
U

rcatCcat + �i
1
U

(
rR
uc

Vswell

VR
+ rB

ucε
)

(9)

here �i is the stoichiometric coefficient (−1 for A and M, +1 for
and W), U is the linear fluid velocity evaluated on the full geo-
etrical cross section of the tubular reactor, Ccat is the catalyst

oncentration calculated as mass of catalyst per reactor volume
R, ε is the void fraction assumed equal to 0.23, Vswell is the total
olume of liquid absorbed by the resin (Vswell = Vabs × weight of
atalyst, where Vabs is the specific swelling volume of the resin
n the presence of only methanol, experimentally evaluates as
.790 mL gcat

−1), rcat is the catalyzed reaction rate described by rela-
ion (8) while rR

uc and rB
uc are the uncatalyzed reaction rates in the

bsorbed and bulk phases respectively, both expressed according
o the relation (4) in which are introduced the corresponding con-
entration of the resin-absorbed phase and the bulk liquid phase.

The mass transfer resistance has been described, according to
he theory of boundary layer, by considering that a concentration
radient between the bulk liquid and the catalyst surface is present.
n this way, is the surface concentration that intervenes in the parti-
ioning phenomenon between the external and internal (absorbed)
iquid phase and in the equation (6) appears the surface concentra-
ion CS

i
instead that of bulk CB

i
. Assuming that a pseudo-steady state

olds for the mass transport, the amount of each reactant consumed
y the reaction must be equal to the amount transferred by diffu-

ion from bulk to the catalyst surface. This concept is expressed
athematically by the relation (10).

SaS(CB
i − CS

i ) = −�ircatCcat − �ir
R
uc

Vswell

VR
(10)
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where kS is the mass transfer coefficient, aS is the specific inter-
face area (cm2 cm−3), estimated as the external geometric surface
area of the resin per unit of reactor volume and assuming that
the swollen resin particle are like rigid spheres. The estimation of
kS can be done both from literature correlation or, alternatively,
from regression analysis of the experimental data considering this
mass transfer coefficient as an adjustable parameter. In the present
work, the correlation proposed by Olive (see Seguin et al. [20]),
represented by the following expression:

Sh = 4.4Re0.35
p Sc(1/4) = ksdp

Deff
[0.004 < Rep < 1.78] (11)

has been used. From this relation the value of mass transfer coeffi-
cient can also be evaluated and introduced in the Eq. (10).

The particle Reynolds number is calculated by the following
expression

Rep = dpUbed�mix

�mix
(12)

where dp is mean diameter of the resin particle (0.08 cm), this rep-
resent an approximate estimation of the swollen particles diameter
(particles are not uniform in size) in the interior of the catalytic bed
where the presence of the metallic springs limit the swelling phe-
nomenon. This value for the averaged particle diameter has been
used for the calculation of the Reynolds number), Deff is the effec-
tive diffusivity, UB is linear velocity of mixture through the bed, �mix
and �mix are density and viscosity of mixture. The particle Reynolds
number in which this correlation was developed is compatible with
our experimental runs (Rep = 0.5) and the correlation should furnish
a suitable mean estimation of kS equal 0.210 cm min−1.

In our calculations this parameter was referred to the diffusion
of oleic acid and was assumed, as a first approximation, the same for
all the components. In the application of Eq. (11) to the estimation of
mass transfer coefficient, pure components properties depending
on temperature and composition like viscosity and density have
been evaluated by using the databank of a commercial process
simulator (Chemcad 5.2). The properties of the mixture have been
evaluated according to Reid et al. [21] for what concerns viscosity
and density while the diffusivity has been calculated as reported
by Santacesaria et al. [15]. It is therefore possible to express the
experimental result in terms of residual wt% acidity as oleic acid
with respect to the weight of non-volatiles compounds (acid, ester
and triglyceride) according to Eq. (13):

Accalc = CB
AMA

CB
AMA + CB

E ME + CB
T MT

× 100 (13)

In Fig. 2 is reported the acidity profile calculated according to
the expression (13) in comparison with the experimental data col-
lected. From this plot a good agreement between the data and the
developed model can be appreciated.

3.6. Deactivation

The poisoning effect observed on the resin could be attributed to
both fouling phenomena derived from the raw nature of the feed
and to ionic exchange with metals, also present in the feed, that
deactivate the catalytic acid sites of the resin. This last effect can
be considered predominant being the feed relatively rich in iron as
can be appreciated in Table 2. Although sodium would contribute to
catalyst deactivation, we observed a negligible effect of this metal
even if it is present in a relatively high concentration, as reported

in Table 2. This was confirmed by the experimental observation
that sodium was not accumulated in the resin particles, probably
because iron and other metals like chromium are more selectively
retained. As a further visual confirmation of the resin poisoning and
alteration with respect to its initial state, in Fig. 3 some photographs
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ig. 2. Acidity profile along the catalytic bed in the absence of deactivation phe-
omena. (�) Experimental data (run 1); (—) simulation in diffusive regime; (- - -)
imulation in kinetic regime.

re reported that show the resin discharged from the various sec-
ions of the reactor at the end of the sequence of continuous runs.

pronounced difference in color is evident between the samples
f resin located at different positions along the reactor longitudinal
xis being darker the resin located near the reactor inlet. The darker
olor of the resin seem to be related with its more pronounced deac-
ivation as will be shown later from the samples taken at 17 cm from
he inlet that are characterized by the more evident deactivation
ith time.

.7. Packed bed reactor (PBR) model in transient condition in the
resence of deactivation

In this work, a mathematical model able to simulate the dynamic
ehavior of the packed bed tubular reactor has been developed. This
odel considers the tubular reactor approximated by a sequence of

0 different cells operating as dynamic CSTRs in series. This model
onsider also the physical partition of the reagents and products
etween the internal and the external part of the catalytic particles,
he chemical absorption on the catalytic sites and the effect of the
xternal mass transfer. The mass balance of the j-th cell is given by
he following system of differential equations:

C
L

dCB
i,j

dt
=

[
QCB

i,j−1 − QCB
i,j

+ �i

(
rB

uc,j
VC

L + rR
uc,j

VC
swell + rcat,jW

C
cat

)]
× 60 (14)

here Q is the volumetric flow rate of oil and methanol, CB
i,j

is the
oncentration of the i-th component in the liquid bulk of the j-
h cell. The superscript C, that appears in the Eq. (14), means that
he related value corresponds to a single cell, therefore, VC

L , VC
swell,

C
cat are respectively the bulk liquid volume, the swelling volume

f the resin and the mass of the catalyst all referred to a single
eaction cell. Moreover, rB

uc,j
ed rR

uc,j
are the uncatalyzed reaction

ates, respectively in the liquid bulk and in the resin of the j-th cell.
hese reaction rates are calculated with the following relations (15)
nd (16):

( )2
B
uc,j = k CB

A,j CB
M,j (15)

R
uc,j = k

(
CR

A,j

)2
CR

M,j (16)
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rcat,j is the catalyzed reaction rate that can be calculated with rela-
tion (17):

rcat,j =
ˇj(kcatHACR

A,j
− k−cat(HECR

E,j
CR

W,j
/CR

M,j
))

1 + (HACR
A,j

/CR
M,j

) + (HECR
E,j

/CR
M,j) + (HWCR

W,j
/CR

M,j
)

(17)

In the relation (17), ˇj is a deactivation parameter, variable from
0 to 1 that depends on the specific catalyst poisoning mechanism
and the corresponding kinetics.

The mass transfer limitation has been evaluated by assuming a
pseudo-steady state condition for the amount of fatty acid diffusing
and reacting. According to this condition we can write:

kSaS
(

CB
i,j − CS

i,j

)
= −�i

(
rcat,jCcat + rR

uc,j

VC
swell
VC

)
(18)

where CS
i,j

is the concentration of the i-th component on the surface

of the resin in the j-th cell and VC is the volume of a single cell.
The concentrations of each component in the liquid bulk and

on the surface of the resin are related through the partitioning
equilibrium and can be calculated by relations (19).

CR
i,j =

KiC
S
i,j

�i/Mi∑
nKnCS

n,j

(19)

3.8. Kinetics of catalyst deactivation

The catalyst deactivation parameter ˇj, as said before, depends
on the mechanism of catalyst poisoning and the corresponding
kinetics. By analyzing the poisoned catalyst for the iron content,
it has been observed that poisoned resin retains large amounts
of iron that is present in the fatty acids mixture fed to the reac-
tor. For this reason we have attributed to the presence of iron
the main effect of catalyst deactivation. The effect of poison-
ing can then be interpreted as the result of a reaction of the
type:

Feq+ + ˛sitefree
kd→˛siteoccupied (20)

a power law kinetics of the type expressed by relation (21) can
be assumed valid, as a first approximation, for the description of
catalytic site poisoning:

rd = kdCFe(C�)� (21)

where, rd is the rate of poisoning (mmol min−1 gcat
−1), kd is

the deactivation constant, CFe is the iron concentration in the
feed (mmol mL−1), C� is the concentration of active sites per
gram of resin (meqH+ gcat

−1), ˛ is the mole number of active
sites poisoned per mole of adsorbed iron and � is the exponent
that identify the reaction order with respect to active sites con-
centration. The best value for ˛ resulted equal to 3, while, a
value of 2, for � , was estimated. The first order with respect to
iron concentration (see Eq. (20)) has furnished the lowest mean
square error between experimental and calculated values (best
fitting).

Deactivation kinetics is taken into account in the previously
described dynamic model of the tubular reactor by considering the
mass balance related to the poison (Fe) in each cell, as reported in
the following differential equation:

VC
L

dCFe,j = (Q CFe,j−1 − Q CFe,j − rd,j WC
cat) × 60 (22)
where the rate of poison disappearing from the liquid bulk, rd,j, is
given by:

rd,j = kdCFe,j

(
C0

�ˇj

)�
(23)
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Fig. 3. Microphotographs of resin particles discharged from v

In this relation C0
� is the initial concentration of the acid

ites of the resin. The deactivation factor ˇj corresponds to the
atio between the un-poisoned residual and the initial acid sites
or each cell. In order to evaluate ˇj, the mass balance on the
n-poisoned acid sites, represented by relation (24), must be
olved.

dˇj

dt
= −˛

rd,j

C0
�

× 60 (24)

The initial conditions for solving the deactivation model are:

Fe,j(t = 0) = 0.00450 mmol mL−1 (25)

(t = 0) = 1
j

The described dynamic model of the tubular reactor with deacti-
ation can be solved by a numerical approach, using the Rosenbrock
lgorithm for the solution of the ordinary differential equation sys-
em. In the meantime the only adjustable parameter, kd, has been
section of the reactor after the sequence of continuous runs.

determined by applying nonlinear fitting that minimizes the fol-
lowing objective function represented by a quadratic mean square
error between the experimental and calculated acidities.

RMS =

√√√√ 1
N

N∑
n=1

(Acexp
h,n

− Accalc
j=h,n

)
2

(26)

The acidity profiles for different reactor heights have been cal-
culated by Eq. (27)

Accalc
j =

CB
A,j

MA

CB
A,j

MA + CB
E,j

ME + CB
T,j

MT
× 100 (27)
In Fig. 4 are reported both experimental data in terms of activityh
and the results of a simulations by assuming a deactivation constant
kd equal to 0.221 gcat mL min−1 meqH+ −2. By observing Fig. 4 it is
possible to appreciate the good agreement obtained for the profiles
related to the intermediate sections located at z = 17 and 33 cm.
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Fig. 4. Continuous runs in pilot-scale packed bed reactor. Loss in catalytic activity
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or various reactor sections during the operation. (�) Experimental data at 17 cm;
�) experimental data at 33 cm; (©) experimental data at reactor outlet (50 cm); (—)
imulation at 17 cm. (- - -) simulation at 33 cm; (– · –) simulation at reactor outlet.

n the contrary, the experimental profile at the reactor outlet is
ot adequately simulated. This is probably due to the additional
elease of chromium ions from the stainless steel springs used
s catalyst diluent. In this hypothesis chromium acts as further
oison for the catalyst and its detrimental effect results particu-

arly evident in the last part of the reactor, near the outlet section.
his phenomenon, although experimentally observed by measur-
ng chromium concentration in the outlet stream, has not been
ncluded in the developed model because it was dependent on the
articular device employed. However, by assuming that a single
hromium atom deactivates a single active site (1:1 stoichiom-
try), the loss in activity of the resin due to chromium can be
pproximately estimated to be about 6.2%. The value of 6.2% of
ctivity loss, has been estimated as follows: the final chromium
oncentration in the resin is 1.68% corresponding to 0.32 meq Cr/g
esin. Considering a 1:1 stoichiometry, we obtain 0.32 meq of active
ites poisoned per gram of resin. By taking into account that the
nitial active sites concentration in the resin is of 5.2 meq/g, the
oss of activity is therefore of 6.2%. The difference between the
alculated final activity (see Fig. 4) and the experimental value
t 50 cm (exit of the reactor) is about 13%. A similar activity
oss can therefore be explained with an average stoichiometry of
:2 (one chromium atom poison two active sites) that is quite
easonable.

The experimental evidences of the exposed consideration are
epresented by XRF (X-ray fluorescence) analysis reported in
able 7 performed on each portion of the resin discharged from dif-
erent reactor sections. As it can be seen, iron is adsorbed mainly in
he first part of the reactor while chromium concentration increases
long the catalytic bed. From further analyses conducted by AAS
atomic absorption spectroscopy) after the last run (run 23, 242 h
n stream) on the bulk liquid phase, a maximum in chromium con-
entration has been detected approximately in the middle of the
atalytic bed, in the section at z = 33 cm and this represent an indi-
ation that the chromium ion are released by the metallic spring of
he previous section and accumulate here while, in the final part
f the catalytic bed, the chromium content in the liquid resulted
educed of about 50%, an indication that this metal was adsorbed

y resin located in the last reactor section. The observed chromium
elease is very probably due to the relatively high acidity of the
eed (around 95% by weight of oleic acid) and to the relatively long
uration of the tests.
Fig. 5. Result of batch runs on soybean oil–oleic acid mixture (50/50, w/w) at
100 ◦C and 1 g of catalyst. (�) Fresh resin; (�) averaged resin sample of section
33–50 cm; (�) averaged resin sample of 17–33 cm; (�) Averaged resin sample of
section 0–17 cm; (�) uncatalyzed esterification; (—) model simulation.

3.9. Modeling of experimental batch runs

The catalytic resin discharged from the reactor has then been
submitted to an activity test conducted in batch conditions. A total
of seven runs have been performed by using 1 g of resin, 100 g
of refined soybean oil and 100 g of oleic acid. In this way a 50%
by weight acidic substrate, free from poisoning agents, has been
obtained. For the batch runs, enough methanol was added in order
to have a molar ratio methanol/oleic acid of 8:1. The reaction mix-
ture was stirred at 1500 rpm and maintained at 100 ◦C for the whole
reaction time (150 min). During the reaction, nine samples of liquid
phase were withdrawn from the reactor and were used for acidity
determination as previously described. In Fig. 5 the comparison
is reported, in terms of percent conversion, between the perfor-
mances obtained with, respectively, fresh and poisoned resin used
as samples averaged on the three following reactor sections: 0–17,
17–33 and 33–50 cm.

In the development of this batch reactor model, we have made
the assumption that the system is always in physical equilibrium in
a way that the concentration of the reactants and products inside
the resin can be evaluated from the corresponding bulk concentra-
tions according to the Eq. (6). 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)
expressed by the relation (28):

dni

dt
= vi(r

B
uc VL + rcat Wcat) (28)

where ni represent the overall mole number of the i-th specie and
Wcat is the weight of catalyst loaded in the reactor. At each inte-
gration step in time of the system (28) the partitioning equilibrium
must be solved by imposing the congruence balance Eq. (29):

nR
i + nB

i = ni (29)

where nR
i

and nB
i

are, respectively, the moles of i-th component in
the resin and in the bulk. The number of moles nR

i
are obtained as

simultaneous solution of the set of nonlinear algebraic Eq. (6) and
the explicit algebraic Eq. (30):
nR
i = CR

i Vswell (30)

The moles in the bulk phase, nB
i
, are calculated from Eq. (29)

while the bulk concentration are evaluated from the following rela-
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Table 7
Analysis of iron and chromium poisons after 242 h of reaction.

Resin phase: XRF analysis Bulk phase: AAS analysis

Fresh (wt%) 0–15 cma (wt%) 27–33 cma (wt%) 45–50 cma (wt%) 17 cmb (ppm) 33 cmb (ppm) 50 cmb (ppm)

Cr – 0.16 1.18 1.68 0.4 23.4 10.4
8.44 197 27.0 6.5
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Fig. 6. Result of batch runs on soybean oil–oleic acid mixture (50/50 by wt) at 100 ◦C
and 1 g of catalyst. Effect of resin regeneration. Comparison between fresh, deacti-
Fe 0.089 49.51 24.39

a Analysis on the resin discharged.
b Analysis of liquid phase sampled.

ion (31):

B
i = nB

i

VL
(31)

The experimental run with fresh catalyst has been simulated by
djusting the parameters kcat and k−cat (Table 8), being the kinetic
onstants reported in Table 5 related to the use of a complex mix-
ure of fatty acids (oleins). For the uncatalyzed reaction the kinetic
onstant k, from Tesser et al. [12], has been used. For the experimen-
al batch runs performed on deactivated and regenerated catalyst,
he deactivation parameter ˇ has been adjusted by regression on
he experimental data and the kinetic expression adopted is repre-
ented by relation (32) that is formally identical to Eq. (17) in which
he cell subscript has been dropped.

cat,j =
ˇj(kcatHACR

A,j
− k−cat(HECR

E,j
CR

W,j
/CR

M,j
))

1 + (HACR
A,j

/CR
M,j

) + (HECR
E,j

/CR
M,j

) + (HWCR
W,j

/CR
M,j

)
(32)

All the experimental results and the parameters used for the
imulations of the batch runs like the ones reported in Fig. 5 are
eported in Table 8. The kinetic parameters related to the catalyzed
sterification are different from those reported in Table 5, because,
hey are related to an artificial mixture soybean oil/oleic acid rather
han to a mixture of fatty acids (olein). In Fig. 5, a comparison
s reported between experimental and simulated conversion/time
rofiles for both fresh and deactivated resin. It is interesting to
bserve that, as it can be expected, the catalytic activity corre-
ponding to the resin from different reactor sections is related to
he deactivation extent along the position as illustrated previously
or continuous runs on oleins feedstock. As a matter of fact, the
veraged sample of the section 0–17 cm seems to be almost com-
letely deactivated and shows a residual activity in esterification
f oleic acid that is less than 10% if compared to that of the fresh
atalyst for the same reaction (the value of 10% has been estimated
y considering the fresh catalyst correspondent to 100% of activ-

ty and the uncatalyzed reaction as 0%). The subsequent sections
f the catalytic bed, 17–33 and 33–50 cm, respectively, resulted
ess deactivated at the end of the series of continuous runs and are
haracterized by a residual activity of, respectively, 35% and 48%.

In Fig. 6 a comparison is reported between experimental and
imulated conversion/time profiles for fresh and regenerated cat-

lyst. An almost complete regeneration has been observed for the
atalyst taken from the first 0 to 17 cm section while the catalyst
rom the subsequent sections has recovered its activity only par-
ially up to a level of about 75%. This difference in activity recovery
as been attributed to the presence of a relatively high chromium

Table 8
Result for batch runs on acidified soybean oil (50 wt%).

Run Resin

1b Fresh resin
2b Deactivated (section 0–17 cm
3b Deactivated (section 17–33 c
4b Deactivated (section 33–50 c
5b Regenerated (section 0–17 c
6b Regenerated (section 17–33
7b Regenerated (section 33–50
vated and regenerated catalyst. (�) Fresh resin; (©) regenerated sample of section
0–17 cm; (�) regenerated sample of section 17–33 cm; (�) regenerated sample of
section 33–50 cm. Continuous and dashed lines are related to the corresponding
model simulations.

concentration adsorbed on these portions of catalyst. Chromium
ions resulted more difficult to remove, with the adopted regener-
ation procedure, with respect to iron. On the contrary, iron, being
continuously introduced in the system together with the reactant,
shows a poisoning effect that is mainly concentrated on the first
part of the reactor.

4. Conclusions

This study has shown that the deactivation phenomenon of ionic
exchange resins, frequently used as catalysts in the esterification of
fatty acids mixtures, is mainly due to the ionic exchange of the pro-
ton with iron or other metals that can be present in the feedstock
probably as a consequence of the corrosive action of free fatty acids
during their storage in tanks. A dynamic model has been developed
for describing the performances of a pilot-scale continuous tubu-

lar reactors containing exchange resins, more or less diluted with
an inert material. The model can be usefully used to approximately
forecast the lifetime of the catalyst if the amount of iron dissolved in
the feedstock is known. By taking into account that, very frequently,
oleins and other acid substrates are stored in iron container, in this

Parameter

ˇ = 1.00
) ˇ = 0.07

m) ˇ = 0.35
m) ˇ = 0.48

m) ˇ = 1.00
cm) ˇ = 0.72
cm) ˇ = 0.77
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ork, relevant information has also been obtained concerning the
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