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Kinetic study for esterification of lactic acid with ethanol and hydrolysis
of ethyl lactate using an ion-exchange resin catalyst
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bstract

The esterification of lactic acid with ethanol and the hydrolysis of the corresponding ester, ethyl lactate, have been studied in the presence of the
ommercial cation-exchange resin Amberlyst 15. The influence of different operating parameters such as stirrer speed, catalyst particle size, initial
eactant molar ratio, reaction temperature and catalyst loading, has been examined. Additionally, the adsorption constants for the four components
n Amberlyst 15 were determined by performing adsorption experiments between two non-reacting species. The values found for the adsorption
onstants follow the order: water > ethanol > lactic acid > ethyl lactate. Experimental kinetic data of the esterification and the hydrolysis reactions

ere correlated simultaneously with the Langmuir–Hinshelwood (LH) and pseudo-homogeneous (PH) models. The activity coefficients were

alculated according to the UNIQUAC model. The LH model gave the best agreement with the kinetic experimental data. The activation energy
f esterification and hydrolysis reactions were found to be 52.29 and 56.05 kJ mol−1, respectively.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Food industry generates large volumes of carbohydrates
hich can be substrates for bioconversion to valuable products

uch as lactic acid and its derivates. Lactic acid and their esters
an be used in the food industry for preservation and flavoring
urposes, as well as in the pharmaceutical and cosmetic indus-
ries. Lactic acid is also used as a monomer for the manufacture
f biodegradable polymers as substitutes for conventional petro-
hemical polymers. Fermentation-derived lactic acid requires
xtensive purification operations [1]. Esterification of lactic acid
ith lower alcohols, such as methanol, ethanol, isopropanol and
utanol, can be used as a method to obtain highly purified lactic
cid from fermentation broths. The volatile lactate ester pro-
uced can be separated from the reactive mixture and hydrolyzed
ack to pure lactic acid and the corresponding alcohol that can
e recovered and reused [2].
In previous work, our research group studied the catalyzed
sterification of lactic acid (20 wt.%) with methanol [3] and the
ydrolysis of the methyl lactate [4]. Analysis of the experimental
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ata showed that the pseudo-homogeneous (PH) model repre-
ented the esterification and hydrolysis kinetics over Amberlyst
5 fairly well.

Kinetic studies on the esterification of lactic acid with ethanol
re scarce in the literature and usually the hydrolysis of ethyl
actate is not included. Troupe and Dimilla [2] studied this ester-
fication reaction in the presence of sulfuric acid as homogenous
atalyst. In their experiments lactic acid of 85 and 44 wt.%
nalytical grade was used. They studied the effect of reac-
ion temperature, amount of catalyst and initial reactant molar
atio. Based on their results they suggested that the mecha-
ism of reaction changed above an initial reactant molar ratio
nEtOH/nHL) of 4. Zhang et al. [5] investigated the esterifi-
ation of lactic acid (80 wt.%) with ethanol in the presence
f five different cation-exchange resins. They found that the
angmuir–Hinshelwood (LH) model based on the selective
dsorption of water and ethanol on the catalyst was the most
ppropriate model to describe the kinetic behavior. Engin et
l. [6] carried out also the esterification of lactic acid with
thanol over hetero-poly-acid supported on ion-exchange resins

Lewatit® S100) showing higher activities than the resin itself.
hey used lactic acid 92 wt.% and the hydrolysis reaction of

actoyllactic acid (the linear dimer of lactic acid) was taken into
ccount.

mailto:tersanz@ubu.es
dx.doi.org/10.1016/j.cej.2006.09.004
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Nomenclature

a activity
EA apparent activation energy (kJ mol−1)
k adsorption coefficient
ke forward reaction rate constant (mol min−1 g−1)
ko pre-exponential Arrhenius factor (mol min−1 g−1)
Keq thermodynamic equilibrium constant
mcat mass of catalyst (g)
MRD mean relative deviation
n number of experimental data
ni moles of component i
O.F. objective function
r reaction rate (mol g-cat−1 min−1)
R gas constant (kJ mol−1 K−1)
t time (min)
T absolute temperature (K)
w mass fraction
x mole fraction

Greek symbols
γ activity coefficient
ν stoichiometric coefficient

Subscripts
e esterification reaction
eq equilibrium
i, j components
calc calculated value
exp experimental value
HL lactic acid
EL ethyl lactate
EtOH ethanol
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carried out since lactic acid is obtained as aqueous solution.
W water

Several studies have also been performed based on hybrid
rocesses combining reaction and pervaporation [7–9]. Shifting
he equilibrium towards product formation, higher conversions
han the equilibrium conversion were obtained.

In this work, the esterification of lactic acid with ethanol
nd the hydrolysis of the corresponding ester, ethyl lactate,
oth over Amberlyst 15, have been investigated. Dilute solu-
ions of lactic acid were used in the esterification experiments
n order to avoid the presence of polymers of high molecular
eight. Because of the two functional groups, acid and hydroxyl,

actic acid can suffer intermolecular esterification [10]. Dilute
actic acid solutions containing about 20 wt.% lactic acid cor-
espond mainly to monomer lactic acid and water. Polylactic
cid of different chain lengths is formed in aqueous solutions
f higher concentration due to the self-esterification process.
everal experiments have been carried out to analyze the influ-
nce of the stirrer speed, catalyst size, catalyst loading, initial

eactant molar ratio and temperature on the forward and the
ackward reactions. To provide a general kinetic model, experi-
ental esterification and hydrolysis kinetic data were correlated

w
fl
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ltogether by using different models based on homogeneous and
eterogeneous approaches. To take into account the non-ideality
f the liquid mixture, activities were used instead of mole frac-
ions. The activity coefficients were calculated by the UNIQUAC
quation. Additionally, some esterification kinetics of lactic acid
ith ethanol were carried out at different temperatures without

he addition of catalyst.

. Experimental

.1. Materials

Ethyl lactate was supplied by Aldrich with a reported purity
f 99 wt.%. Ethanol of 99.9 wt.% purity was purchased from
ab-Scan. Water was nanopure. An aqueous lactic acid solution

20 wt.%) was obtained from Acros. The amount of polymerized
actic acid was considered negligible after being determined by
ack titration [4]. The purity of the chemicals was checked by
as chromatography (GC). All of them were used without further
urification.

The strongly acidic ion-exchange resin, Amberlyst 15, with
n exchange capacity of 4.75 mequiv H+/g of dry catalyst (Rohm
Haas) was used as catalyst. The resin was washed several times

efore use with distilled water and dried at 353.15 K until the
ass remained constant.

.2. Kinetic measurements

The kinetics of esterification of lactic acid with ethanol and
f ethyl lactate hydrolysis were carried out in a thermostated
tirred batch reactor of 500 mL capacity. The equipment and
rocedure have already been described in detail elsewhere [3].
or the esterification reaction, the aqueous lactic acid solution
nd Amberlyst 15 were charged into the reactor and heated to the
esired reaction temperature. Ethanol was heated separately up
o the desired temperature and fed to the reactor, through a ther-

ostated funnel connected to one of the necks of the reactor.
his time was considered to be the starting time of the reac-

ion. In the case of the hydrolysis reaction, water and catalyst
ere heated together in the reactor and ethyl lactate was heated

eparately and added to the reactor after reaching the reaction
emperature. The temperature in the reactor was kept constant
ithin ±0.5 K. The kinetic reaction was conducted by withdraw-

ng samples at regular time intervals that were analyzed by gas
hromatography.

.3. Sorption equilibrium experiments

Some sorption experiments were performed for three of the
inary non-reactive mixtures to take into account the sorption of
he different reactants on the Amberlyst 15 surface. The experi-

ents were carried out by following the procedure proposed by
öpken et al. [11]. Among the four non-reactive binary systems,
nly three independent binary adsorption experiments can be
Binary samples of known weight composition were contacted
ith a certain amount of Amberlyst 15 (12 wt.%) in 50 mL glass
asks at 303 K. This mixture was stirred in an orbital shaker
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Grant-OLS 200), where the temperature was maintained with an
ccuracy of ±0.5 K. The establishment of sorption equilibrium
as ensured by checking the liquid phase composition. It was
bserved that the equilibrium was reached in a very short time,
owever, the samples were kept for more than 24 h in the orbital
haker and after that, they were analyzed by gas chromatography.

.4. Sample analysis

All kinetic and adsorption samples were analyzed by gas
hromatography using an HP 6890 chromatograph equipped
ith series-connected thermal conductivity detector (TCD) and
ame ionization detector (FID). Helium, with a purity higher

han 99.99 wt.%, was used as the carrier gas. The GC col-
mn was a bonded-phase fused-silica capillary column of
0 m × 0.25 mm. The injector and detectors were kept at 523.15
nd 533.15 K, respectively. The oven temperature was controlled
rom 363.15 to 473.15 K. The amount of lactic acid was also
etermined by titration using phenolphthalein as indicator.

. Kinetic model

Esterification reactions catalyzed by ion-exchange resins
an be described by using different kinetic models based
n homogeneous and heterogeneous approaches. The pseudo-
omogeneous model has been successfully used in high
olar reaction media [4,12,13] where a complete swelling of
he polymeric catalyst can be assumed, leading to an easy
ccess of the reactants to the active sites. However, the PH
odel does not take into account the sorption effect into the

esin of the different species in the reactant medium. The
angmuir–Hinshelwood and the Eley–Rideal (ER) mechanisms

nclude sorption effects in their kinetic model. The basic idea
f the Langmuir–Hinshelwood mechanism is that all reactants
re adsorbed on the catalyst surface before chemical reaction
akes place. Castor González and Fair [14] proposed an empiri-
al kinetic expression, based on Langmuir–Hinshelwood model
ssuming that water is adsorbed on the resin following an expo-
ential distribution (modified LH model). The ER model is
pplied when the reaction takes place between an adsorbed and a
on-adsorbed reactant. In this work the kinetic data of the ester-
fication of lactic acid with ethanol and the hydrolysis of ethyl
actate were correlated simultaneously by using the PH and LH

odels. Among the different heterogeneous approaches the LH
odel was chosen based on the results found in the literature

or this kind of reaction [3,5]. The modified LH model was not
tudied in order not to have an additional kinetic parameter. A
eneral kinetic expression can be written as:

= 1

mcat

1

�i

dni

dt
= ke(aHLaEtOH − (aELaW/Keq))(

1 + ∑
ikiai

)n (1)

here mcat is the catalyst mass, νi the stoichiometric coefficient

f the ith component, ni the number of moles of the ith com-
onent, t the time, ke the forward reaction rate constant, ki the
dsorption constant of the ith component, ai the activity of the
th component, Keq the equilibrium constant and the exponent is

d
o
a
c
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= 2 for the LH model and n = 0 for the PH model. An Arrhenius-
ype temperature dependence for the reaction constant was used:

e = ko
e exp

(−EA,e

RT

)
(2)

here ko
e is the pre-exponential Arrhenius factor, EA the activa-

ion energy, R the gas constant and T is the absolute temperature.
The non-ideality of the liquid phase was considered by using

ctivities instead of mole fractions. The activity coefficients of
he components in the liquid phase were calculated by using
he UNIQUAC equation. For the non-reactive binary systems
NIQUAC parameters were taken from the literature [15,16].

n the case of the reactive binary systems, vapor liquid equilib-
ium (VLE) data were predicted by UNIFAC, and the estimated
ata were used to obtain the UNIQUAC parameters [17]. In the
ase of the binary system water (1) + lactic acid (2) new UNI-
UAC parameters were obtained by using previously reported

xperimental VLE data [18] and the lactic acid vapor pres-
ure provided by the simulation Software Aspen Plus [16]. The
esulting parameters for this system were �u12 = −39.61 K and
u21 = 155.18 K.
The equilibrium constant was calculated from the component

omposition at equilibrium:

eq =
(

aELaW

aHLaEtOH

)
eq

=
(

xELxW

xHLxEtOH

)
eq

(
γELγW

γHLγEtOH

)
eq

(3)

here xi and γ i are the mole fraction and activity coefficient of
he ith component, respectively, at equilibrium.

The kinetic parameters of the PH and LH models were
btained by reduction of the experimental kinetic data to Eq.
1), minimizing the following objective function (O.F.):

.F. =
∑

all samples|xEL,exp − xEL,calc|
nsamples

× 100 (4)

y using the Simplex–Nelder–Mead method [19]. The differ-
ntial equation was solved numerically with a fourth order
unge-Kutta method.

The quality of the fit was evaluated through the mean relative
eviation (MRD):

RD =
∑

all samples|(xEL,exp − xEL,calc)/xEL,exp|
nsamples

× 100 (5)

he subscripts ‘exp’ and ‘calc’ in Eqs. (4) and (5) are referring
o the experimental and calculated mole fraction of ethyl lactate
or each experimental kinetic data (nsamples).

. Results and discussion

.1. Homogeneous esterification

The esterification of lactic acid with ethanol was performed at

ifferent temperatures (358.15–328.15 K) without the addition
f Amberlyst 15. In this case, the reaction is catalyzed by lactic
cid itself. To take into account the autocatalytic effect of the
arboxylic acid in homogeneous esterification reactions, Pöpken
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Table 1
Parameters of the kinetic model for the homogeneous esterification of lactic acid
with ethanol without external catalyst

Exponent, α ko
e (mol g−1 min−1) EA,e (kJ mol−1) O.F. MRD (%)
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.5 8.354 × 108 62.50 0.028 4.99
5.298 × 108 64.44 0.030 5.46

t al. [11] proposed the following kinetic equation:

1

�i

dni

dt
= ko

e exp

(
−EA,e

RT

)
aα

HL

(
aHLaEtOH − aELaW

Keq

)
(6)

ll terms in Eq. (6) have the same meaning as in Eq. (1). The
xponent α can take different values according to the autocat-
lytic mechanism [11]. If catalysis is assumed to take place via
he solvated protons of the dissociated carboxylic acid, α = 0.5,
hereas α = 1 if catalysis is assumed via the molecular acid.
The kinetic parameters of this model were obtained by

inimizing the objective function in Eq. (4), using the
implex–Nelder–Mead [19] method and solving the differential
quation numerically with a fourth order Runge-Kutta method.
he quality of the fit was evaluated through the mean relative
eviation (Eq. (5)). These kinetic parameters are presented in
able 1. Slightly better results were obtained when α = 0.5. The
ctivation energy of the auto-catalyzed esterification reaction
esulted to be 62.50 kJ mol−1.

The Arrhenius plot of the reaction rate constant for the homo-
eneous esterification reaction is presented in Fig. 1. The reac-
ion rate constants calculated by the model are included as lines.

.2. Sorption experiments

The adsorption constants for the LH model were obtained
rom independent sorption experiments as it has been described
n the Section 2. In this case a better extrapolation capability

f the model can be reached [11]. The sorption experiments
ere performed for three of the four binary non-reactive systems

nvolved in the esterification of lactic acid with ethanol, i.e.,
thanol + water, ethanol + ethyl lactate and water + lactic acid.

ig. 1. Arrhenius plot of the esterification of lactic acid with ethanol
nEtOH/nHL = 3). Auto-catalyzed reaction (©). The dashed line represents the
esults of the autocatalysis model (α = 0.5). Reaction catalyzed by 2.5 wt.%
mberlyst 15 (�). The continuous line represents the results of the LH model.
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ig. 2. Adsorption equilibrium for the non-reactive binary systems ethanol +
ater (©) and ethanol + ethyl lactate (�) on Amberlyst 15 at 303.15 K. The

ines represent the results of Eq. (7).

he results obtained are presented in Figs. 2 and 3. The following
xpression proposed by Pöpken et al. [11] was used to obtain
he sorption constants assuming Langmuir-type adsorption:

mo(wo
1 − wL

1 )

mcat
= ms

mcat

(k1a1w
L
2 − k2a2w

L
1 )

1 + k1a1 + k2a2
(7)

here mo is the initial weight of liquid mixtures, mcat the cat-
lyst mass, wo

1 the initial weight fraction of component 1, wL
i

he weight fraction at equilibrium of the ith component, ki the
dsorption constant for the ith component and ms/mcat is the
otal amount of adsorbed components per unit of catalyst mass.
ased on swelling experiments of Amberlyst 15 in pure com-
onents the ratio ms/mcat was assumed to be constant for all
inary mixtures studied in this work. In the case of the binary
ystem water + lactic acid the presence of lactoyllactic acid was
aken into account. The sorption constants for the components
nvolved in this system as well as the ratio ms/mcat were obtained
y using the Simplex–Nelder–Mead [19] method and are pre-
ented in Table 2. It can be observed that water was adsorbed

ost strongly followed by ethanol, lactic acid and ethyl lac-

ate. Similar results were obtained by Zhang et al. [5]. Through
TIR experiments they proved that water was adsorbed much
tronger on the resin surface than lactic acid and ethyl lactate

ig. 3. Adsorption equilibrium for the non-reactive binary system water + lactic
cid (�) on Amberlyst 15 at 303.15 K. The line represents the results of Eq. (7).
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Table 2
Results of the correlation of the non-reactive binary adsorption equilibrium on
Amberlyst 15 at 303.15 K

Adsorbed mass per catalyst mass
ms/mcat 0.3600

Adsorption equilibrium constants
kw 8.2421
kEtOH 5.0193
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Fig. 4. Conversion vs. time at different temperatures for the esterification reac-
tion (catalyst loading = 2.5 wt.%, nEtOH/nHL = 3): (�), 328.15 K; (�), 339.15 K;
(�), 347.15 K; (�), 353.15 K; (�), 358.65 K; and for the hydrolysis reaction
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kEL 0.1270
kHL 0.5121

or the macroporous resin D002. Zhang et al. [5] also found by
inetic experiments that the adsorption coefficient of water was
reater than that of ethanol over the catalyst NKC and D002,
uggesting that water was adsorbed more strongly than ethanol
n the active sites of the catalyst.

.3. Mass transfer resistance

Preliminary experiments were carried out to evaluate the
nfluence of the different mass transfer resistances. First of all,
he stirrer speed was varied between 100 and 235 rpm to study
he external mass transfer resistance. The experiments showed
hat in the range considered in this work, there was little effect of
he stirrer speed in the reactor on the overall reaction rate. This
onclusion agrees with the work of Chakrabarti and Sharma
20] who established that external diffusion does not control the
verall reaction rate unless the agitation speed is very low or the
iscosity of reactant mixture is very high. To ensure the absence
f external mass transfer resistance, the kinetic experiments in
his work were performed at 185 rpm.

To investigate the internal diffusion, the Amberlyst 15 was
creened into several different particle sizes [3]. Different runs
ere carried out in the particle range between 250 mm and the
aximum particle size of Amberlyst 15. No significant differ-

nces were found for the different catalyst sizes, and unsieved
esin was used for the following kinetic experiments in this work.
his result agrees with Liu and Tan [21] who pointed out that

ntra-particle diffusion resistance is usually negligible for most
f the reactions catalyzed by the Amberlyst series resins.

.4. Ion-exchange catalyzed reaction

A set of kinetic experiments was performed for the esteri-
cation of lactic acid with ethanol and the hydrolysis of ethyl

actate catalyzed by Amberlyst 15. The effect of catalyst load-
ng, initial reactant molar ratio and reaction temperature on the
sterification and hydrolysis kinetics was analyzed.

.4.1. Effect of temperature
The study of the effect of the temperature is very impor-

ant since it is useful to calculate the activation energy of the

eaction. Kinetic experiments were performed in a temperature
ange from 328.15 to 358.65 K for the esterification reaction
nd from 328.15 to 360.15 K for the hydrolysis reaction. Typical
esults are shown in Fig. 4. It can be seen that the reaction rate

c
v
r
o

catalyst loading = 2.5%, nW/nEL = 15): (�), 328.15 K; (�), 339.15 K; (©),
46.15 K; (�), 353.15 K; (♦), 360.15 K. The continuous lines represent the
esults of the LH model.

ncreases with increasing reaction temperature. However, the
quilibrium conversion was nearly equal in the range of temper-
tures considered in this work. In general, in most esterification
eactions, the equilibrium constant is a weak function of the tem-
erature because of the small value of the heat of reaction. The
ame behavior was observed in the reaction of lactic acid with
ethanol [3]. A value for the activation energy of 52.29 kJ mol−1

as found in the fitting procedure to the LH model for the ester-
fication reaction of lactic acid with ethanol. The high value of
he activation energy confirms that there is no mass transport
imitation. Fig. 1 shows the Arrhenius plot of the reaction rate
onstant together with the rate constant for the homogeneous
sterification. Zhang et al. [5] obtained activation energies for
he esterification reaction of 51.58 and 52.26 kJ mol−1 for the
esins D002 and NKC, respectively. In all cases, the catalyst
educes the activation energy of this reaction that was found to
e 62.50 kJ mol−1 when no external catalyst was used (see Sec-
ion 4.1). An activation energy of 56.05 kJ mol−1 was obtained
or the hydrolysis of ethyl lactate.

.4.2. Effect of catalyst loading
The catalyst loading was expressed as the weight ratio of the
atalyst to the total reaction mixture. The catalyst loading was
aried from 1.1 to 6 wt.% for the esterification and hydrolysis
eactions. An increase in the catalyst loading leads to an increase
f the reaction rate due to an increase in the total number of active
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Fig. 5. Conversion vs. time at different catalyst loading, for the esterifica-
tion reaction (T = 353.15 K, nEtOH/nHL = 3): (�), 1.1 wt.%; (�), 2.5 wt.%; (�),
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Fig. 6. Conversion vs. time at different initial reactant molar ratios (nEtOH/nHL)
for the esterification reaction (T = 353.15 K, catalyst loading = 2.5 wt.%): (�),
0
(
1

r
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the value of the equilibrium constant was minor. However, a def-
inite trend was found with the initial reactant molar ratio. Fig. 8
shows the equilibrium constant based on concentration (Kx) as
a function of the initial reactant molar ratio for the esterification
wt.%; and for the hydrolysis reaction (T = 353.15 K, nW/nEL = 15): (©),
.1 wt.%; (�), 2.5 wt.%; (�), 6 wt.%. The continuous lines represent the results
f the LH model.

atalytic sites. The effect of catalyst loading can be observed in
ig. 5.

.4.3. Effect of initial reactant molar ratio
The initial molar ratio of ethanol to lactic acid (nEtOH/nHL)

as varied from 0.5 to 6 for the esterification reaction. For the
ydrolysis reaction the initial molar ratio of water to ethyl lac-
ate (nw/nEL) was varied from 1 to 15. As can be seen in Fig. 6
he equilibrium conversion increases with the initial reactant

olar ratio. From this figure, it can be observed that the equi-
ibrium conversion of 9% for a nEtOH/nHL = 1 increases up to a
alue of 35% for a nEtOH/nHL = 6. By using a large excess of
ne of the reactants the reaction yield of the other compound is
nhanced. But, because of the presence of the large excess of one
f the reactants, the recovery of the product will become more
xpensive. In Fig. 7 the conversions obtained at different initial
eactant molar ratios for the esterification reaction of lactic acid
ith ethanol are compared with the conversions obtained in the

ase of the esterification with methanol [3]. Higher conversions
ere reached with the lowest alcohol. Under similar reaction

onditions higher equilibrium constant, Kx, were obtained for
ethanol than for ethanol. Due to the lower values of Kx, the con-

ersions reached for ethanol are lower than those for methanol.

As it has been shown previously, temperature and catalyst

oading have not a great effect on the equilibrium constant
Kx) in the range considered in this work. However, a con-
iderable variation has been observed by changing the initial

F
r
l

.5; (�), 1; (�), 2; (�), 3; (©), 5; (�), 6; and for the hydrolysis reaction (nW/nEL)
T = 353.15 K, catalyst loading = 2.5 wt.%): (�), 1; (�), 3; (♦), 7; (�), 10; (©),
5. The continuous lines represent the results of the LH model.

eactant molar ratio. Similar results were obtained by Troupe
nd Dimilla [2]. They studied the homogeneous esterification
f lactic acid with ethanol catalyzed by sulfuric acid. In their
xperiments, lactic acid aqueous solutions of different analyti-
al grades (wHL = 85 and 44 wt.%) were used as reactants. In
oth cases, the influence of temperature or catalyst loading in
ig. 7. Lactic acid conversion vs. initial molar reactant ratio for the esterification
eaction of lactic acid with methanol (�) and ethanol (©) (T = 353.15 K, catalyst
oading = 2.5 wt.%). The continuous line is to guide the eye.
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Fig. 8. Equilibrium constant based concentration at different initial molar reac-
tant ratios (nEtOH/nHL) for esterification reaction for different mass fraction
of lactic acid in the initial aqueous solution (wHL): (�), this work, wHL =
20 wt.%, T = 353.15 K, catalyst loading = 2.5 wt.%; (♦), this work, wHL =
2
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0 wt.%, T = 347.15 K, catalyst loading = 2.5 wt.%; (�), Troupe and Kobe [2],

HL = 85 wt.%, T = 373.15 K, mass fraction of sulfuric acid = 0.1 wt.%; (©),
roupe and Kobe [2], wHL = 44 wt.%, T = 373.15 K, mass fraction of sulfuric
cid = 0.1 wt.%.

f lactic acid with ethanol. In this figure the values of the equi-
ibrium constant for three different analytical grades of lactic
cid (wHL = 85, 44 and 20 wt.%) are plotted. Similar behavior
as observed in the study of the esterification of lactic acid with
ethanol [3,22,23].

.4.4. Kinetic modeling
The kinetic data of the esterification and the hydrolysis reac-

ions were correlated with two different kinetic models: the
seudo-homogeneous model and the Langmuir–Hinshelwood
odel according to Eq. (1). The adjustable kinetic parame-

ers obtained in the fitting procedure (ko
e , EA,e) are presented

n Table 3 together with the value of the objective function and
he mean relative deviation.

Both models were found to represent the experimental data
ithout high errors. The low value of the MRD obtained in

he case of the PH model was quite expected due to the high
olarity of the reaction medium. In the kinetic study of the
sterification of acetic acid with 2-propanol with different acidic
ation-exchange resins [24], the PH was found to be also a com-
etent model at predicting the esterification system, taking into
ccount that is the less complex model. Additionally, it was [24]
ound that when the system was catalyzed by Amberlyst 15, the

odified LH model gave a slightly higher error even compared
ith the PH model.
The PH model was expressed in terms of activities as well

s in terms of mole fractions. From Table 3 it can be concluded

able 3
arameters of the kinetic models for the ion-exchange catalyzed esterification
f lactic acid with ethanol

odel ko
e (mol g−1 min−1) EA,e (kJ mol−1) O.F. MRD (%)

H 4.105 × 106 58.47 0.1679 7.4404
H (ideal) 6.577 × 104 41.01 0.4223 17.0988
H 3.844 × 107 52.29 0.1269 6.1967

[

[

[
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hat the assumption of ideal behavior of the liquid phase results
n large errors. The continuous lines in Figs. 1 and 4–6 represent
he results obtained with the LH model since it presents the lower
alue of the MRD. From these figures good agreement between
xperimental data and the results obtained with this model can
e observed. Zhang et al. [5] also found the LH model to be
uitable for predicting lactic acid esterification with ethanol.

. Conclusions

The kinetics for the esterification of lactic acid with ethanol
nd the hydrolysis of the corresponding ester, ethyl lactate, cat-
lyzed by Amberlyst 15 have been investigated. The effect of the
eaction temperature, catalyst loading and initial reactant molar
atio was studied in a stirred batch reactor. The reaction rate has
een found to increase with temperature and catalyst loading.
he activation energy was reduced from 62.50 to 52.29 kJ mol−1

n the presence of Amberlyst 15 for the esterification reaction.
he equilibrium conversion was found to increase with the initial

eactant molar ratio for the esterification and hydrolysis reac-
ions.

The pseudo-homogeneous model and the Langmuir–
inshelwood model were used to correlate the kinetic exper-

mental data. Independent adsorption experiments were carried
ut to obtain the adsorption equilibrium constants of the LH
odel. Water and ethanol were found to be adsorbed stronger

han lactic acid and ethyl lactate. A better description of the react-
ng system is achieved by taking into account the non-ideality of
he liquid mixture. Slightly better results were obtained for the
H model; nevertheless, due to the high polarity of the reacting
edium, the PH model also provides a good agreement with the

xperimental kinetic data.
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