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Abstract−Benzyl propionate, an ester with floral and fruity odor, has significant applications in perfumery and flavor
industries. This paper describes the optimization of the synthesis of benzyl propionate catalyzed by Amberlyst-15. The
effects of various process parameters such as catalyst loading, alcohol-to-acid molar ratio and reaction temperature on
propionic acid conversion and yield of ester were assessed by response surface methodology (RSM). The external and
internal mass transfer limitations were found to be absent. Analysis of variance (ANOVA) showed that the acquired
quadratic model successfully interpreted the experimental data with the coefficient of determination values, (R2>0.98)
and adjusted R2 values, (>0.97). The RSM model was validated by good agreement between the model predicted and
experimental values for responses. Pseudohomogeneous (PH) kinetic model was used and validated (R2>0.95) with the
experimental data. The activation energy and frequency factor were evaluated as 42.07 kJ mol−1 and 19,874.64 L mol−1

min−1, respectively.
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INTRODUCTION

Organic esters find significant applications in a wide range of
chemical applications, including flavors, fragrances, solvent addi-
tives, plasticizers, medicinal and surface-active agents [1]. Thou-
sands of different types of esters are commercially produced for
variety of applications. A number of routes are available for the
synthesis of organic esters [2] but; the simplest and common way
to produce esters is the direct esterification of carboxylic acids and
alcohols in presence of homogeneous or heterogeneous catalyst.

In general, esterification reactions are accompanied by slow
reaction rates and are limited by chemical equilibrium [3]. A cata-
lyst is used to enhance the reaction rate. The homogeneous cata-
lyst includes strong mineral acids such as H2SO4, HCl, p-toluene
sulfonic acid and methanesulfonic acid. Although, they have
strong catalytic activity but also have drawbacks of equipment cor-
rosion, side reactions and require one more step of product purifi-
cation. Due to these limitations, heterogeneous catalysts have gained
more attention in the past years. They have several benefits, such
as easy separation from reaction mixture, high product purity and
elimination of both corrosive environment as well as the side reac-
tions. Thus, heterogeneous catalysts are preferred for esterification
reactions. They include many solid acids and bases, zeolites, ion
exchange resins, supported catalyst and clay catalyst [4-10].

Ion exchange resins are the most commonly used heterogeneous
catalysts for the esterification reaction. They are selective in adsorp-
tion of reactants and possess swelling nature. Owing to this, they
not only catalyze but also affect the equilibrium conversion of ester-

ification reaction [11]. For the studies demonstrating to ion exchange
resins, readers may refer to several earlier works [12-21]. Amberlyst-
15 has a strong catalytic activity and is commonly applied as a cat-
alyst for various esterification reactions reported in the literature.

Response surface methodology (RSM) is an efficient mathemati-
cal and statistical method for experimental design, developing
models, optimizing multifactor experiments and evaluating opti-
mal operating condition for a reaction system. It is a time saving
tool that helps the user to collect a large amount of information by
performing a small number of experiments. In addition, it pro-
vides the possibility of observing the effect of individual variables
and their combinations of interactions on response variable [22].

Benzyl propionate, discussed in this study, is a colorless clear
oily liquid with an odor reminiscent of banana, apricot and pine-
apple. Due to these properties, it is widely used in chemical indus-
tries for flavoring certain food products and as a modifier in many
perfumeries. At present, no information is available in literature
depicting the esterification of propionic acid with benzyl alcohol
in presence of ion exchange resin catalysts. The detailed reaction
mechanism for the esterification of propionic acid with benzyl alco-
hol to produce benzyl propionate and water is given as Scheme 1
and explained as follows [23]:

• Protonation of carbonyl oxygen of propionic acid (P.A.) by
acid catalyst to form carbocation;

• Nucleophilic attack at positive carbon of carbocation by the
hydroxyl group of benzyl alcohol (B.A.);

• Transfer of proton from hydroxyl group of benzyl alcohol (B.A.)
to carbonyl oxygen of propionic acid (P.A.);

• Delocalization of positive charge, loss of water and formation
of reaction intermediate;

• Stabilization of reaction intermediate, production of benzyl pro-
pionate (B.P.) and regeneration of acid catalyst.
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The present study deals with the esterification of propionic acid
with benzyl alcohol in presence of Amberlyst-15 as catalyst. Multi-
response-based RSM analysis was employed in the study and the
interaction of various process parameters on the two response vari-
ables were investigated and optimized. The three critical process
variables namely catalyst loading, molar ratio of alcohol to acid and
reaction temperature, and two response variables--conversion of
propionic acid and yield of ester, were studied using Box-Behnken
experimental design (BBD), and subsequently an empirical math-
ematical model correlating process and response variables was
developed. The kinetics of the esterification reaction was studied at
the optimized process parameters obtained from RSM model. In
present study, the liquid concentration was used instead of the
activity of each component for the development of kinetic model.
It is built on the assumptions that the rate of the non-catalyzed
reactions is negligible compared with the catalyzed reactions, the
catalytic activity of all sites on the surface of the catalyst surface is
the same, and the complete reaction system is assumed as an ideal
solution [24-26]. Amberlyst-15 was the source of proton and the
model was developed by employing the reaction mechanism pre-
sented in Scheme 1. The adsorption of reactant and product on
catalyst surface was assumed to be weak and the surface reaction
was assumed to be the rate determining step. Under these condi-
tions, a pseudohomogeneous (PH) second-order model was as-
sumed and chosen to simulate the experimental data.

EXPERIMENTAL

1. Chemicals
Propionic acid (purity >99%) and benzyl alcohol (purity >99%)

were obtained from Merck and used without further purification.
Methanol and Karl Fischer reagent were procured from Rankem

Chem. Ltd. India. Ion exchange resin Amberlyst 15 (dry), a prod-
uct of Rohm and Haas was purchased from S.D. fine chem. Ltd.
Mumbai. Resin was dried to remove moisture content if any. The
physicochemical properties of catalyst are listed in Table 1.
2. Experimental Procedure

The ion exchange capacity of Amberlyst 15 resin was measured
experimentally. In a typical test, 1 g of dried resin was taken in a
conical flask containing 50 cm3 of 1 N sodium chloride solution.
The flask was ultrasonicated for 1 h. After that, the resin was fil-
tered and the filtrate solution was titrated against 0.1 N sodium
hydroxide solution using phenolphthalein as an indicator. The ion
exchange capacity was estimated as an average of three measure-
ments and found to be 4.3±0.05 meq/g, which was in accordance
with the value stated by the manufacturer.

The batch experiments were carried out in a 250 cm3 three neck
flask provided with reflux condenser and magnetic stirrer. The flask
was heated on a rotamantle (Remi 1RML) and the temperature was
maintained within accuracy of ±0.2 oC with the help PID tem-
perature controller. The alcohol and catalyst were first charged into
the flask and heated to the desired temperature followed by the
charging of propionic acid at the same temperature which was
heated separately. The time at which heated propionic acid charged
was taken as zero time. Aliquots of samples were collected for every
15 min for first two hours and for every 30 min for further hours.
3. Analysis

All experiments were performed in triplicate to ensure the repro-
ducibility of results. The amount of propionic acid in the reaction
mixture was determined by titrating with 0.1 N sodium hydrox-
ide solution using phenolphthalein as an indicator. The water con-
tent in the reaction mixture was evaluated by micro-processor based
Karl Fischer titrator (Optics Technology, India). After ensuring that
the measured water content corresponded to the calculated values
of stoichiometric equation, it was confirmed that there were no
side reactions.
4. Experimental Design and Mathematical Model

Response surface methodology (RSM) was used to investigate
the operating parameters of esterification to obtain high % conver-
sion of propionic acid and high yield of ester. An experimental design
was developed by selecting three independent process variables at
three levels, and the factors considered included catalyst loading
(X1), molar ratio of alcohol to acid (X2) and reaction temperature
(X3). The % conversion of propionic acid (Y1) and yield of ester

Scheme 1. Reaction mechanism for esterification of propionic acid
with benzyl alcohol.

Table 1. Physico-chemical properties of Amberlyst 15
Matrix type Styrene-divinylbenzene
Physical form Grey spherical beads
Ionic form H+ form
Ion exchange capacity

(meq/g of dry catalyst)
4.7

Surface area (m2/g) 53
Particle size (mm) 0.600-0.800
Pore Volume (cm3/g) 0.40
Maximum operating temperature 120
Operating pH range 0-14
Moisture holding capacity 52-57%
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(Y2) were selected as response variables for the experimental design.
Seventeen sets of experiments (12 factorial and 5 center points)
were performed according to standard Box-Behnken experimen-
tal design. For each independent variable, the experimental range
and central point are listed in Table 2. The Design Expert Version
9.0.6 (US, State-Ease Inc.) software was used for designing and
evaluating the experimental data.

A second-order polynomial equation recommended by RSM
was used to predict the optimum value and subsequently to reveal
the interactions between the factors:

(1)

where, Y denotes the response variable, Xi denotes the coded lev-
els of independent variables. β0, βi, βii, βij represents the regression
coefficients, the linear terms, squared terms for the variables i, and
interaction terms between i and j, respectively. Xi, Xii and Xij denote
the linear, quadratic and interactive terms of the coded indepen-
dent variables, respectively. The k is the total number of variables
used to optimize the propionic acid conversion and e is the ran-
dom error.

RESULTS AND DISCUSSION

1. Mass Transfer Considerations
The influence of external mass transfer resistance on the esterifi-

cation reaction was evaluated by performing the experiments under

similar operating conditions of 353 K temperature, M=2 and cata-
lyst loading of 1% (wt/wt) at different stirrer speeds of 200, 500
and 800 rpm. Results are given in Fig. 1, which indicated that reac-
tion rate as followed by conversion of propionic acid did not sig-
nificantly differ by varying the stirrer speed. Particularly, for stirrer
speeds above 500 rpm, the differences were considered to be negli-
gible. This indicated the absence of external mass transfer resis-
tance above 500 rpm and hence, all experiments were carried out
at a stirrer speed of 500 rpm to avoid the influence of external mass
transfer limitations.

To investigate the influence of internal mass transfer resistance
on the esterification reaction, experiments were conducted under
similar operating conditions as mentioned earlier by using the cat-
alyst in original form and by converting the catalyst into powdered
form. Results are given in Fig. 2, which shows that the reaction
rate as followed by conversion was almost independent of particle
size of catalyst. This indicated that the reaction was not internal
diffusion controlled.

These results are in accordance with the literature reports stat-
ing that the esterification reactions catalyzed by Amberlyst series
resins are not controlled by external and internal diffusion [18,19,
27-29].
2. RSM Analysis
2-1. Model Determination

The statistical summary for each model that was given by Design
Expert software is presented in Table 3. The R2 and Adj-R2 values for
linear relationship are 0.4435 and 0.3150 respectively, which showed
that the linear relationship was not adequate for the experimental
data. A quadratic model is suggested by the software, even though

Y = β0  + βiXi + βiiXi
2

 + βijXiXij + e
i=1

k
∑

i=1

k
∑

i=1

k
∑

Table 2. Coded levels for independent variables used in Box-Behnken
design

Variables Symbol
Coded levels

−1 0 +1
Catalyst loading (% wt/wt) X1 1 4 7
Molar ratio of alcohol to acid (M) X2 2 5 8
Reaction temperature (K) X3 353 363 373

Fig. 1. Conversion of esterification reaction at different stirrer speeds.

Table 3. Statistical summary for each model
Model Sum of squares R2 Adjusted R2 Suggestion
Linear 121.71 0.4435 0.3150 Not adequate
Quadratic 089.22 0.9884 0.9734 Suggested
Cubic 003.20 1.0000 1.0000 Aliased

Fig. 2. Conversion of esterification reaction for catalyst in original
form and for catalyst in powdered form.
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it has lower R2 and Adj-R2 values because the cubic model is aliased,
which means that the effects of each variable which causes differ-
ent signals become indistinguishable. Thus, the quadratic model
was selected to fit the experimental data.
2-2. Model Fitting and Analysis of Variance (ANOVA)

Experiments were performed according to standard Box-Behnken
experimental center-united design (BBD) in a randomized order to
avoid bias. The results obtained after conducting 17 sets of experi-
ments for the fixed reaction time of 6 hr in triplicate are presented
in Table S1 (Supporting Information). Multiregression and back-
ward elimination were used to determine the best fitting model.
Table S1 also represents the values of propionic acid conversion
and yield of ester that was predicted by the software.

The second-order quadratic relationship between process and
response variables based on RSM analysis is expressed as;

Y1=−83.60+11.21X1+9.13X2+2.81X3−0.44X1
2
−0.14X2

2 (2)
Y1=−0.013X3

2
−0.33X1X2−0.059X1X3−0.058X2X3

Y2=−77.54+11.20X1+8.70X2+2.68X3−0.43X1
2
−0.12X2

2 (3)
Y1=−0.012X3

2
−0.32X1X2−0.059X1X3−0.057X2X3

where, Y1 is the propionic acid conversion and Y2 is yield of ester.
The coefficients with positive sign in linear terms indicates that

the conversion of propionic acid and yield of ester increases lin-
early with increase in variable i.e., synergistic effect, whereas coeffi-
cients with negative sign show antagonistic effect [30-32]. From
Eqs. (2) and (3), the linear coefficient of the catalyst loading (X1)
has the highest value among the linear coefficients of other vari-
ables. This reveals that the catalyst loading has the strongest effect
on the conversion of propionic acid and yield of ester. The next
term which exhibits significant effect on the conversion of propi-
onic acid and yield of ester is the molar ratio of alcohol to acid
(X2), followed by the temperature (X3) which has least value. The
interaction effects between parameters (X1X2) were observed to be
highly significant, whereas slightly weaker interaction effects between
parameters (X1X3) and (X2X3) were observed. This may be due to
the cumulative effects of reaction parameters; similar results are
reported in the literature [22,24].

Tables S2 and S3 illustrate the ANOVA test results of the acquired

model. The ANOVA test provides the statistical significance of each
effect within the experimental range by comparing with the mean
square and the estimated error. To evaluate the goodness of model,
the coefficient of variation and the F-value test was also performed.
The F-value reported in Tables S2 and S3 is the ratio of model
mean square to the appropriate mean square error. The F-value test
uses the p-value standard to determine the significance of regres-
sion coefficients. The model F-values of 66.02 and 71.02 implied
that the model was significant and there was only 0.01% chance
that an F-value this large could occur due to noise. The p-value
<0.05 indicates the significant model terms. In this case all linear,
quadratic and interaction effects were significant model terms.

The coefficient of determination values (R2) of 0.9884 and 0.9892
revealed that the models could explain 98.84% and 98.92% of the
variability, respectively. The predicted R2 values of 0.8137 and
0.8271 are in reasonable agreement with the adjusted R2 values of
0.9734 and 0.9752, respectively, as their difference is less than 0.2.
An adequate precision value indicates the signal-to-noise ratio.
Generally, a ratio greater than 4 is desirable for the model to be
used efficiently. In the present case, ratios of 32.361 and 33.735
indicate an adequate signal; hence, this model can be used to navi-
gate the design spaces.
2-3. Model Accuracy Check

Since an accuracy check is essential to get an adequate model,
we checked by comparing the experimental and model predicted
values of propionic acid conversion and yield of ester. Fig. 3(a) and
(b) depicts a good linear correlation between predicted and exper-
imental values of propionic acid conversion and yield of ester.
Additionally, a normal plot of residuals was obtained between the
normal probability (%) and the internally studentized residuals. The
internally studentized residuals measure the standard deviations
separating the experimental and predicted values [33]. A good lin-
ear agreement between the normal probability (%) and the inter-
nally studentized residuals [Supporting Information, (Fig. S1 and
Fig. S2)] shows that no response transformation was required and
there was no apparent problem with normality.
2-4. Response Analysis

The relationships between the two response variables and three
selected parameters are presented in Figs. 4-9. Each plot indicates

Fig. 3. Predicted vs. experimental values of (a) propionic acid conversion; (b) yield of ester.
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the interaction of two parameters within their ranges on the response
variable by keeping the other variable at its zero level. The response
surfaces of the model better visualize the tendency of each factor
to influence the conversion. Eqs. (2) and (3) were used to generate
the three-dimensional (3D) response surface plots and two-dimen-
sional (2D) contour plots. The shape of contour plots depicts the
nature and extent of the interactions between the parameters. The
interaction between corresponding parameters becomes promi-
nent when the contour plot is elliptical, while it becomes negligi-
ble when the contour plot is circular.

Fig. 4(a) and (b) illustrates the effects of interaction between cat-
alyst loading and molar ratio of alcohol to acid on propionic acid
conversion. As can be seen from Fig. 4(a) and (b), enhancing the
amounts of catalyst could bring about higher conversion of propi-
onic acid. Similarly, the conversion of propionic acid increased with
increasing the molar ratio. It implies that both, catalyst loading and
molar ratio, had a significant effect on the conversion of propionic
acid. This result also is supported with lower p-value (<0.0001) of

interaction term X1X2 (Table S2) and positive coefficients of linear
terms of X1 and X2 (Eq. (2)). Similarly, the interaction of these param-
eters on yield of ester is shown in Fig. 5(a) and (b). It was observed
that the interaction between catalyst loading and molar ratio had
strong effect on yield of ester. The high catalyst loading with more
amounts of reactants increases the mass transfer rate, which subse-
quently increases the product yield. The elliptical shape of contour
plot and a very low p value (<0.0001) of interaction term X1X2

(Table S3, Supporting Information) reveals the significance of this
interaction effect.

Fig. 6(a) and (b) shows the effects of interaction between catalyst
loading and temperature on propionic acid conversion. Reaction
temperature plays a significant role in determining the reaction
rates of esterification reaction [25]. It is evident from the Fig. 6(a)
and (b) that at lower temperature, the enhancing amounts of cata-
lyst brings higher conversion of propionic acid. However, at higher
temperature, the conversion of propionic acid does not show sig-
nificant increase. This might be due to the slight deactivation of

Fig. 4. Effect of molar ratio and catalyst loading on conversion of propionic acid with temperature at the zero level: (a) Response surface plot;
(b) contour plot.

Fig. 5. Effect of molar ratio and catalyst loading on yield of ester with temperature at the zero level: (a) Response surface plot; (b) contour
plot.
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Fig. 7. Effect of temperature and catalyst loading on yield of ester with molar ratio at the zero level: (a) Response surface plot; (b) contour
plot.

Fig. 6. Effect of temperature and catalyst loading on conversion of propionic acid with molar ratio at the zero level: (a) Response surface plot;
(b) contour plot.

Fig. 8. Effect of temperature and molar ratio on conversion of propionic acid with catalyst loading at the zero level: (a) Response surface plot;
(b) contour plot.
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catalyst at higher temperature. In addition, Fig. 7(a) and (b) shows
the interaction between catalyst loading and temperature on yield
of ester. Enhancing the catalyst amount and temperature enhances
the yield of ester; however, a marginal enhancement in yield is ob-
served at higher temperature. A circular contour plot and a lower
p value (0.0008) of interaction term X1X3 (Table S3, Supporting
Information) illustrates that the interaction effect of catalyst load-
ing and temperature on yield of ester is considerably significant.

Fig. 8(a) and (b) illustrates the effects of interaction between molar
ratio of alcohol to acid and temperature on propionic acid conver-
sion. In Fig. 8(a) and (b), the propionic acid conversion increased
proportionally with molar ratio at any temperature from 353 to
373 K. This means that reaction temperature exhibited less effect
on the conversion at different molar ratios. This result also is sup-
ported with lower value of coefficient of linear term of X3 (Eq. (2)).
The contour plot shows the prominent interaction between these
two variables. Likewise, the interaction between molar ratio of alco-
hol to acid and temperature on yield of ester is presented in Fig.
9(a) and (b). The increase in molar ratio increases the product yield
proportionally with the increase in temperature. However, at higher
temperature very slight increase in yield of ester was noted. The
interaction effects of these two parameters were observed to be sig-
nificant with the elliptical nature of contour plot and lower p value
(0.0010) of interaction term X2X3 (Table S3, Supporting Information).
2-5. Optimization of Process Parameters

The optimum values for selected parameters were evaluated from
the numerical feature of Design Expert Version 9.0.6 software. In
numerical optimization, the selected parameters, namely catalyst
loading, alcohol to acid molar ratio and temperature, were set
within the coded range between low (−1) to high (+1) (Table 3),
while the propionic acid conversion and yield of ester was set to
maximize the value between minimum and maximum (See Table
S1). Subsequently, 100 solutions for optimum conditions were found
by software and the solution with highest desirability was selected
to confirm the prediction of the model. The optimum conditions,
including predicted and experimental values for propionic acid

conversion and yield of ester, are listed in Table 4. The experimen-
tal value reported in Table 4 is the average of three independent
experimental values, which is in reasonable agreement with the
predicted values. Thus, response surface methodology with Box-
Behnken design with a quadratic model was found to be adequate
and statistically accurate to optimize the esterification of propionic
acid and benzyl alcohol.
3. Kinetic Model

The esterification reaction of propionic acid (PA) with benzyl
alcohol (BA) for producing benzyl propionate (BP) and water (W)

Fig. 9. Effect of temperature and molar ratio on yield of ester with catalyst loading at the zero level: (a) Response surface plot; (b) contour
plot.

Table 4. Optimum process conditions for the esterification reac-
tion and model validation

Parameters X1 X2 X3 Y1 Y2

Predicted 4.27 7.82 353.37 90.95 89.17
Experimental 4.50 8.00 353.00 91.32±0.46 87.18±1.44

Fig. 10. Conversion and yield of esterification reaction under opti-
mal process conditions.
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in the presence of Amberlyst-15 catalyst is given as follows:

PA+BA BP+W (4)

An independent experiment was conducted under optimized
operating conditions (Table 4) for the kinetic study, and the results
are represented in Fig. 10. In absence of the internal and external
mass transfer limitations and large excess of benzyl alcohol as com-
pared with propionic acid was present, the formation of benzyl
propionate (BP) can be divided into three individual steps [23]:

PA+S PA·S; −r1=k1CPACS−k
−1CPAS (5)

PA·S+BA BP·S+W; −r2=k2CPASCBA−k
−2CBPSCW (6) 

BP·S BP+W; −r3=k2CBPSCBA−k
−3CBPCS (7)

where CPA, CBA, CBP and CW refer to the concentration of propi-
onic acid, benzyl alcohol, benzyl propionate and water, respectively.
k1 k2 k3 and k

−1 k−2 k−3 are the kinetic constants for forward and
reverse reaction, respectively.

It was considered that the surface reaction is the rate determin-
ing step, and then the overall rate can be expressed as

−ra=−r2=k2K1Ct(CPASCBA−k
−2CBPSCW/Keq)/(1+K1CPA+K

−3CBP) (8)

where, Keq is equilibrium constant for the esterification reaction.
The experiment was performed at optimized operating condition
for 24 hrs and the equilibrium constant was calculated by using
Eq. (9):

Keq=(CBPCW/CPACBA)=X2
eq/(1−Xeq)(M−Xeq) (9)

We also assumed that the adsorption of propionic acid on cata-
lyst surface was weak and thus K1 and K

−3 could be assumed to be
negligible. Thus, Eq. (8) could be transformed as:

−ra=−r2=ka(CPASCBA−k
−2CBPSCW/Keq), ka=k2K1Ct (10)

The reaction rate constant, ka can be calculated by using Eq.
(10) by means of regression method for the data obtained at opti-
mized process conditions. The reaction rate was also calculated by

using the derived model equation using Eq. (10). A parity plot of
rates calculated by experiment and derived model is presented in
Fig. 11(a). All the experimental data was in good agreement with
the model predicted data. The solid line represents the goodness
of fit (R2=0.952), and the dashed line represents the 95% confi-
dence interval. Additionally, using the kinetic model equation, the
change of components concentration was calculated under opti-
mized process conditions and plotted against time. It is evident
from Fig. 11(b) that the experimental and model predicted results
are in good agreement. This reveals that the PH kinetic model is
valid for the esterification reaction [23,30,33-34].

The Arrhenius equation is used to express the temperature de-
pendency of reaction and is expressed as Eq. (11). The rate con-
stants were obtained at different reaction temperatures under opti-
mized operating conditions (including optimized reaction tempera-
ture) using the kinetic model equation (Eq. (10)). A plot of lnka vs.

Fig. 11. Pseudohomogeneous (PH) model plot of esterification reaction under of propionic acid and benzyl alcohol under optimal process
conditions: (a) Parity plot between experimental and model predicted rate, (b) change of components concentration of reaction mix-
ture vs. time, experimental vs. model predicted results.

Fig. 12. Arrhenius plot of esterification of propionic acid and ben-
zyl alcohol.
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1/T presented in Fig. 12 indicates a straight line. The activation energy
(Ei) and frequency factor (ki

o) were evaluated by linear regression
using the software Origin Pro 8.

(11)

The activation energy and frequency factor for the esterification
of propionic acid and benzyl alcohol were evaluated to be 42.07 kJ
mol−1 and 19,874.64 L mol−1 min−1, respectively. It was reported that
diffusion-limited reactions show low activation energy (10-15 kJ
mol−1), whereas kinetically controlled reactions show activation
energy excess [35,36]. Thus, in the present study, the high activa-
tion energy (42.07 kJ mol−1) indicates that the esterification of pro-
pionic acid and benzyl alcohol is kinetically controlled.

CONCLUSIONS

The optimization of esterification of propionic acid with benzyl
alcohol catalyzed by Amberlyst-15 was carried out in a batch reac-
tor. The external mass transfer resistance was found to be absent at
the stirrer speed of ≥500 rpm. The internal mass transfer limita-
tion was assessed experimentally and found to be absent. The RSM
with Box-Behnken center united design was used to optimize the
various process parameters of esterification reaction with few num-
bers of experiments. A quadratic model was found to be signifi-
cant for the esterification reaction, and it fitted the experimental
data well, with a coefficient of determination values of, (R2=0.9884
and R2=0.9892) and an Adj-R2 values of (0.9734 and 0.9752). Addi-
tionally, the p-value of this model was <0.0001, which revealed that
the model is highly significant. At optimal process conditions of
(catalyst loading of 4.27 (% wt/wt), molar ratio (alcohol to acid) of
7.82 and reaction temperature of 353.37 K), the predicted responses
for conversion and yield were 90.95% and 89.17%. Experiments
were carried out to verify the validity and accuracy of the model,
and the results showed that the predicted value was in good agree-
ment with the experimental values (91.32±0.46% and 87.18±1.44).
Moreover, the kinetics was studied and second-order pseudoho-
mogeneous (PH) model was used to simulate the experimental
data. The developed kinetic model well predicted the experimen-
tal results. The esterification reaction was found to be kinetically
controlled owing to high activation energy of 42.07 kJ mol−1 and
the frequency factor was calculated as 19,874.64 L mol−1 min−1.

NOMENCLATURE

X1 : catalyst loading [% wt/wt]
X2 : molar ratio of alcohol to acid
X3 : reaction temperature [K]
Y1 : conversion of propionic acid [%]
Y2 : yield of ester [%]
β : regression coefficient
k : total number of variables
e : random error
S : active site surface
CPA : concentration of propionic acid [mol/L]
CBA : concentration of benzyl alcohol [mol/L]

CBP : concentration of benzyl propionate [mol/L]
CW : concentration of water [mol/L]
Ct : total concentration of surface sites [mol/L]
−ri : Rate constant for component i [L mol−1 min−1]
Keq : equilibrium constants for reaction
k1 k2 k3 : rate constants for forward reaction [L mol−1 min−1]
k
−1 k−2 k−3 : rate constants for reverse reaction [L mol−1 min−1]

K1 K−1 : surface reaction equilibrium constants [L mol−1 min−1]
ka : reaction rate constant [L mol−1 min−1]
Xeq : equilibrium conversion of propionic acid [%]
M : alcohol/acid molar ratio
T : temperature [K]
R : gas constant [kJ mol−1 K−1]
Ei : activation energy [kJ mol−1]
ki

o : frequency factor [L mol−1 min−1]

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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Table S1. Box-Behnken centre united design, experimental data and predicted values for three process variables at three levels

Run
Experimental variables Propionic acid conversion (%) % Yield of ester

X1 X2 X3 Experimental Predicted Experimental Predicted
01 4 5 363 87.85 87.85 87.19 87.21
02 4 8 373 86.00 85.51 85.57 85.15
03 4 5 363 87.85 87.85 87.29 87.21
04 1 8 363 86.45 86.34 86.12 85.97
05 4 2 353 80.86 81.35 80.64 81.06
06 4 5 363 87.85 87.85 87.19 87.21
07 4 2 373 83.68 82.93 83.28 82.55
08 1 2 363 74.11 74.26 73.93 74.09
09 7 5 353 88.04 87.44 87.53 86.96
10 4 8 353 90.28 91.03 89.78 90.51
11 4 5 363 87.85 87.85 87.19 87.21
12 1 5 373 80.46 81.06 80.18 80.75
13 4 5 363 87.85 87.85 87.19 87.21
14 1 5 353 80.17 79.53 79.66 79.08
15 7 5 373 81.34 81.98 80.85 81.43
16 7 2 363 84.52 84.63 84.08 84.23
17 7 8 363 84.94 84.79 84.56 84.40

Table S2. ANOVA for acquired model with propionic acid conversion as response variable
Source Sum of squares Degrees of freedom Mean square F-value P-value Characteristics
Model 271.27 09 30.14 066.02 <0.0001 Significant
X1 038.94 01 38.94 085.30 <0.0001
X2 075.03 01 75.03 164.35 <0.0001
X3 007.74 01 7.74 016.96 <0.0045
X1X2 035.52 01 35.52 077.81 <0.0001
X1X3 012.22 01 12.22 026.76 <0.0013
X2X3 012.60 01 12.60 027.61 <0.0012
X1

2 068.17 01 68.17 149.33 <0.0001
X2

2 007.35 01 7.35 016.10 <0.0051
X3

2 007.38 01 7.38 016.16 <0.0051
Residual 003.20 07 0.46
Lack of fit 003.20 03 1.07
Pure error 0. 04 0.000
Cor total 274.47 16
R2=0.9884; Adjusted R2=0.9734
Predicted R2=0.8137; Adequate precision=32.361
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Table S3. ANOVA for acquired model with yield of ester as response variable
Source Sum of squares Degrees of freedom Mean square F-value P-value Characteristics
Model 257.395 09 28.60 071.02 <0.0001 Significant

036.682 01 36.68 091.09 <0.0001
072.602 01 72.60 180.29 <0.0001
007.474 01 07.47 018.56 <0.0035
034.293 01 34.29 085.16 <0.0001
012.956 01 12.96 032.17 <0.0008
011.731 01 11.73 029.13 <0.0010
064.070 01 64.07 159.11 <0.0001
005.440 01 05.44 013.51 <0.0079
006.636 01 06.64 016.48 <0.0048

Residual 002.819 07 00.40
Lack of fit 002.811 03 00.94 501.76 <0.0001 Significant
Pure error 000.007 04 00.00
Cor total 260.214 16
R2=0.9892; Adjusted R2=0.9752
Predicted R2=0.8271; Adequate precision=33.735

Fig. S1. Normal plot of residuals showing the relationship between
normal probability (%) and internally studentized residuals
for propionic acid conversion.

Fig. S2. Normal plot of residuals showing the relationship between
normal probability (%) and internally studentized residuals
for yield of ester.
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