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a b s t r a c t

The synthesis of ethyl levulinate, a fuel additive, by catalytic esterification of levulinic acid with ethanol
over carbon cryogel has been investigated. The carbon cryogel catalyst, coupled with a large surface area
and strong acidity, has been identified as an effective carbon-based catalyst for obtaining high ethyl
levulinate yield of 86.5mol%. The pseudo-homogeneous kinetic model is adopted to evaluate the
different reaction orders. The first-order pseudo-homogeneous model is considered most suitable
(R2> 0.98) while the selection of kinetic model is also clarified and supported by the linearity of the
parity plot. The activation energy of the esterification reaction is estimated to be 20.2 kJ/mol. Based on
the thermodynamic activation parameters, the reaction is classified as endergonic and more ordered. The
results from this study could provide valuable information for reactor modeling and simulation purposes
in the future.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The derivatives of bio-fuel from renewable sources are appro-
priate for applications as transportation fuels and bio-based
chemicals. Biodiesel, derived from many sources including waste
oil, has been credited as a promising bio-fuel [1e3]. In addition,
many processes have been conducted on lignocellulosic biomass to
produce bio-fuels and bio-chemicals via thermochemical conver-
sion [4]. The catalytic hydrolysis of biomass has been conducted to
derive chemicals such as reducing sugar and 5-hydroxymethyl
furfural (HMF) for further conversion to levulinic acid [5]. Levu-
linic acid is recognized as a building block and chemical platform
[6]. Previous studies have reported the direct conversion of ligno-
cellulosic biomass to levulinic acid using homogeneous and het-
erogeneous catalysts [5,7e10].

As a platform chemical, levulinic acid can be used to synthesize
levulinate esters via esterification reactionwith alcohol. Esters such
as methyl, ethyl and n-butyl levulinate are produced using meth-
anol, ethanol, and n-butanol, respectively as co-reactants [11e14].
ring Group (CREG), Faculty of
i Malaysia, 81310, UTM, Johor

Amin).
The production of alkyl levulinate from levulinic acid as biomass-
derived chemical has attracted great attention in the green en-
ergy sector. The reaction products could be separated and purified
from the feedstock using separation methods such as reactive
distillation [15] and membrane technology [16,17]. Levulinate es-
ters have extensive application mainly as additives in gasoline and
biodiesel, in g-valerolactone (GVL) production, and also in flavoring
and fragrance industries [18e20].

The application of carbon-based catalyst has attracted signifi-
cant attention owing to its large surface area, high activity and
thermal stability. The catalyst is prepared by modification of acti-
vated carbon [3,21,22] and sulfonation of carbonaceous material
[23,24] mainly from biomass. The main motivation for synthesizing
a new carbon cryogel is to tailor the properties of carbon-based
catalyst more suited for esterification. Based on our previous
studies, carbon cryogel synthesized from lignin and furfural gel
demonstrated good reactivity in esterification [25,26]. Lignin and
furfural, as major byproduct and derived chemicals from biomass
processing, have advantages as green substitutes in gel synthesis.
Previously, more toxic chemicals such as phenol or resorcinol and
formaldehyde have been used for gel synthesis to produce carbon
gel [27e30]. Therefore, it is envisaged ligninefurfural based carbon
cryogel could substitute homogeneous acid catalysts, such as the
strong H2SO4 acid, for esterification reaction.
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Modeling studies on kinetic and thermodynamic provide
important parameters related to activity, reaction rate, and acti-
vation energy in heterogeneous reaction. The models should fit the
experimental data at different reaction time and temperature and
are very useful for scaling-up purposes [31]. Moreover, the kinetic
parameters are needed in chemical process analysis and optimi-
zation of the reaction parameters for catalysis application in the
industry [32,33].

The kinetic model is commonly developed based on simple
power law for determining the reaction rate constant. Hoo and
Abdullah [34] stated for rapid investigation on the reaction rate
constant and activation energy of developed heterogeneous cata-
lysts, the simple power law model has frequently been used. The
pseudo-homogeneous approach is usually applied in determining
the kinetic model [20,35e37]. The first-order kinetic model is
frequently adopted to fit the data based on the assumptions made
[38e40]. Previous studies on the levulinic acid esterification re-
ported first-order and second-order kinetic models [20,31,35].

Thermodynamic study involves parameters such as enthalpy,
entropy, and Gibbs free energy. Based on the activated complex
theory, Ong et al. [41] have calculated the Gibbs free energy with
the Eyring-Polanyi equation (generally known as Eyring equation).
Similar equations has been used in previous studies for calculation
of thermodynamic activation parameters [42e44].

In this paper, the kinetic and thermodynamic parameters of
levulinic acid esterification with ethanol by using lignin-furfural
carbon cryogel have been determined. The effects of internal and
external diffusions were studied before conducting the kinetic
analysis on the reaction at various temperatures and reaction time.
The experimental data were interpreted using the pseudo-
homogeneous kinetic model with different reaction orders. The
kinetic parameters of the selected model were reported including
the reaction rate constants, activation energy and the pre-
exponential factor. In addition, the thermodynamic activation pa-
rameters namely the enthalpy of activation, entropy of activation
and Gibbs energy of activation were determined for the levulinic
acid conversion. Important basic information will be obtained
through this study for process development of catalytic levulinic
acid conversion to ethyl levulinate using carbon cryogel.

2. Materials and methods

2.1. Materials

Ethanol (C2H6O, 95%, QRec), sulfuric acid (H2SO4, 95e97%,
QRec), lignin (alkali, Sigma-Aldrich Co.), and furfural (C5H4O2,
Merck) were used in gels synthesis. Levulinic acid (C5H8O5, 98%,
Merck), ethanol (C2H6O, 99%, Merck) and ethyl levulinate standard
(C7H12O3, 99%, Merck) were purchased with analytical grade and
used as received for the esterification reaction.

2.2. Preparation and characterization of carbon cryogel

Lignin, furfural and distilled water were mixed with a ratio of
1:1:1 for gel synthesis following the methods described by Zainol
et al. [25] and [26]. Themixturewas homogenized and reactionwas
conducted at 90 �C for 30min to synthesize the gel. Next, the gel
was immersed in t-butanol for solvent exchange, pre-frozen for
24 h and freeze-dried for 8 h to form cryogel. Finally, the cryogel
was calcined in the furnace at ambient atmosphere and 500 �C for
1 h to produce carbon cryogel.

The surface area of the carbon cryogel was evaluated by using
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
methods based on nitrogen adsorption and desorption at �196 �C
via Surfer instrument by Thermo Scientific. The total acidity of the
carbon cryogel was measured by NH3-TPD (Micromeritics
AutoChem II 2920 V4.03) with thermal conductivity detector (TCD)
and gas passing of 10% NH3/He up to 900 �C. The TGAwas analyzed
by Perkin Elmer TGA 7 instrument at ramp temperature of 10 �C/
min from 30 to 900 �C under nitrogen flow to evaluate the thermal
stability.
2.3. Synthesis of ethyl levulinate

The esterification reaction of levulinic acid was conducted in a
100mL high-pressure reactor. A series of carbon cryogel with par-
ticle size in the range of 100e300 mm were utilized in the experi-
ment to determine if internal diffusion resistance was a controlling
factor. Varying agitation speed from 100 to 300 rpmwas studied to
evaluate the effect of external diffusion on levulinic acid conver-
sion. For a typical experiment, the agitation speed was fixed at
200 rpm and the reaction was conducted at 25wt% of catalyst
loading and 15M ratio of ethanol to levulinic acid. For determining
the kinetic and thermodynamic parameters, the reaction time and
temperature range were from 0 to 180min and 78e150 �C,
respectively. The experimental runs were randomly selected and
repeated to test the reproducibility of the data. The product sam-
ples were separated using vacuum filtration with 0.45 mm nylon
membrane filter for further analysis.
2.4. Product analysis

A gas chromatograph system (GC-FID 7820A, Agilent Technol-
ogy) was used to determine the number of moles of ethyl levulinate
(EL) under the following conditions: HP-5 column (length, 30.0m;
diameter, 320.0 mm); injector temperature, 270 �C; column tem-
perature, set from 80 to 170 �C (13 �C/min) and the 170e300 �C
(40 �C/min); carrier gas, nitrogen (1.0mL/min). The levulinic acid
concentration was determined for the calculation of conversion
with high performance liquid chromatography (HPLC) from Agilent
Technology (1260 Infinity) with the following conditions: Hi-Plex H
column (length, 300mm; diameter, 7.7mm); UV detector
(210 nm); column temperature of 60 �C; auto-injector (20 mL in-
jection volume) and mobile phase of 5mMH2SO4 (0.6mL/min).

The standard concentration of ethyl levulinate and levulinic acid
were obtained from the standard calibration curves of the respec-
tive compounds. The conversion and product yield were calculated
using eqs. (1) and (2):

EL yield ðmol%Þ ¼ ��
CE � Vp

��
1000=ME

��ðWi=MLÞ � 100 (1)

Conversion ð%Þ ¼ �
Wi �

��
CL � Vp

��
1000

� ��
Wi � 100 (2)

where, CE and CL are the final product concentrations of ethyl lev-
ulinate and levulinic acid (mg/L), respectively, Vp is the final volume
of product (L), Wi is the weight of levulinic acid (g), and ME and ML

are the molecular weight of ethyl levulinate and levulinic acid (g/
mol), respectively.
2.5. Mathematical model for kinetic and thermodynamic studies

The esterification reaction of the levulinic acid and ethanol is
shown in eq. (3), while the rate of the reaction is derived in eq. (4).

Levulinic acid
CA

þ Еthanol
CB

%
k1

k2
Ethyl Levulinate

Cc

þ water
CD

(3)
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e rA ¼ e dCA=dt ¼ k1C
a
AC

b
B e k2C

g
CC

d
D (4)

where CA, CB, CC, and CD are the concentrations of levulinic acid,
ethanol, ethyl levulinate and water, respectively. a, b, g, and d are
their respective reaction order. k1 is the kinetic constant for the
forward reaction, while k2 is the kinetic constant for the reverse
reaction.

The kinetic model of levulinic acid conversion reaction was
based on the following assumptions:

1) Excess ethanol was used (i.e. CB » CA, CC, CD), thus, the expression
for concentration of ethanol (Cb

B) can be treated as a constant.
2) The excess ethanol could push the equilibrium reaction forward

(i.e. k1 » k2) and is considered as irreversible reaction.

Thus, the kinetic model could be simplified to eqs. (5) and (6).

e dCA=dt ¼ k1C
a
AC

b
B (5)

e dCA=dt ¼ k Ca
A (6)

where k ¼ k1C
b
B is a constant.

The equation was solved using integration method by studying
the different reaction orders for levulinic acid. The kinetic order of
reaction was determined and justified based on the experimental
results.

Based on the transition state theory, the Eyring equation is
developed to describe the relationship of the reaction rate with
temperature which could be also explained by Arrhenius equation.
However, the Eyring equation is more appropriate to define the
reaction in gas, condensed and mixed-phase. Thus, the Eyring
equation and theory of the activated complex was applied to
evaluate the thermodynamic activation parameters of the reaction
[42e44] in accordance to eqs. (7) and (8).

DGz ¼ DHz � ΤDSz (7)

k ¼ kkBT
h

þ e�
DGz

RT
(8)

The linearized Eyring equation (eq. (9)) has been used previ-
ously to calculate the thermodynamic activation parameters
[42e44]. The values of DHz, DSzwere determined from the plot of ln
k/T versus 1/T and the Gibbs energy of activation was calculated
using eq. (10).

In
k
T
¼ �DНz

RT
þ In

kB
h

þ DSz

R
(9)

DGz ¼ �RT In
�
kh
kBT

�
(10)

where, DGz is the Gibbs energy of activation, DHz is the enthalpy of
activation and DSz is the entropy of activation, Kz is the thermo-
dynamic equilibrium constant, k is rate constant (s�1), R is gas
constant, k is the transmission factor (assume to be equal to 1), kB is
Boltzmann's constant (1.381� 10�23 J/K), h is Planck's constant
(6.626� 10�34 Js), T is the absolute temperature (K), and notation z

refers to the state of activated complex.
3. Result and discussion

3.1. Carbon cryogel synthesis

Lignin and furfural were applied as alternative feedstocks in the
synthesis of gel to replace phenol and formaldehyde. The proposed
reaction, shown in Fig. 1, involved condensation of the mixture
under acidic condition. The acidic condition created high electron
density on C2 and C6 of the lignin phenylpropanoid units for the
linkage between the lignin-lignin and lignin-furfural condensation
[45]. Twomechanismswere reported to be involved in this reaction
system: the induction effect of the alkyl group and the resonance
effects of the electron pairs on the methoxy oxygen of the lignin
structure [45e47]. These mechanisms contributed to the linkage of
the lignin-lignin and lignin-furfural through the electrophilic sub-
stitution at the reactive site of phenylpropanoid unit. Li and Gel-
lerstedt [48] and Samuel et al. [49] have also reported about the
lignin-lignin condensation product in their study which shows
similar possible mechanism. Under acidic condition furfural as
furan monomer would undergo polymerization condensation
including self-condensation [50]. The potential of furfural as cross-
linking agent for condensation with lignin has been reported [45].
As for lignin-furfural, the electrophilic substitution by lignin phe-
nylpropanoid units will cause the condensation with the electro-
philic aldehyde carbonyl carbon to form lignin-furfural linkage.
Thus, the mechanism on gel synthesis reaction of the mixture
possibly produces a complex lignin and furfural condensation
product.

Fig. 2(a) exhibits the N2 adsorption and desorption isotherms of
carbon cryogel. The isotherm has type I influence as strong
adsorption was evident at the initial step of the adsorption region
(<0.05 relative pressure) due to the existence of micropores
structure. Around 0.05 to 0.3 relative pressures, monolayer fol-
lowed by the first fewmultilayers formationwas likely based on the
low slope region in the middle of isotherm. Besides, the isotherm
also presented the formation of small hysteresis loop (>0.5 relative
pressure) that indicated capillary condensation. The carbon cryogel
has small mesoporous structure based on the small hysteresis loop
in the figure. The total surface area was 426.5m2/g with the mi-
cropores and mesopores areas were 364.6m2/g and 61.9m2/g,
respectively. Large total surface area is desired for catalyst to
facilitate adsorption of reactants. The pore size distribution of
selected carbon cryogel presents a pore structure with mostly
2.0 nm pore width attesting the micropores distribution of carbon
cryogel (Fig. 2(b)).

The carbon cryogel was also thermally stable based on thermal
degradation (TGA/DTG) study through a heating process in nitro-
gen flow at high temperature up to 900 �C. The carbon cryogel
registered a small weight loss up to 500 �C with low mass
decomposition about 8wt% [26]. The continuous decomposition up
to 600 �C is attributed to low molecular weight organic compound
and the functional group present in furfural and lignin structure
including the sulfonate group asmentioned by Zainol et al. [25] and
[26]. Singare et al. [51] have stated about the decomposition of
sulfonate functional group at temperature up to 521 �C. Further
decomposition above 600 �C might be contributed by the heavy
organic material mainly from the lignin structures and the available
sulfonate functional group (the strong acid site presented).

The result is consistent with NH3-TPD thermograph in Fig. 2(c)
that depicts the strong acidity of carbon cryogel, linked to the
sulfonate group, is fully decomposed up to 800 �C. The decompo-
sition of acid site, contributed by low and moderate acidity, were
decomposed between 100 to 300 �C and 300e600 �C, respectively.
As for strong acidity, the decomposition occurred above 600 �C.



Fig. 1. Proposed reaction mechanism of lignin with furfural in acidic condition (adapted from Refs. [45e47,49,50]).
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3.2. Esterification reaction

The synthesized carbon cryogel was applied in levulinic acid
esterification reaction. Fig. 3 proposed a simplified reaction
mechanism of levulinic acid with ethanol in the presence of lignin-
furfural carbon cryogel for ethyl levulinate formation. The surface
acidity of the carbon cryogel correlated to the Brønsted acid sites
contributed by sulfonate group (-SO3H). Modified catalyst with the
sulfonate group has been reported to possess Brønsted acidic sites
[52e54]. Therefore, the proposed mechanism considered the re-
action of levulinic acid and ethanol on the Brønsted acid sites of
carbon cryogel. The reaction mechanism was suggested according
to the previous proposed mechanism [18,55e58]. Levulinic acid
was adsorbed over the Brønsted acid sites of carbon cryogel by
joining the oxygen of the carbonyl group and increased the elec-
trophilicity of the adjoining carbon atom to form protonated lev-
ulinic acid intermediate. Similarly, Khder et al. [59] have described
reaction mechanism between acetic acid and alcohol as acetic acid
was adsorbed on Brønsted acid sites to form protonated acetic acid
intermediate. The protonated levulinic acid intermediate was then
subjected to nucleophilic attack by the oxygen of ethanol to form
oxonium ion [18,58]. A proton transfer from the oxonium ion leads
to formation of a new oxonium ion. The final step of the reaction
involves deprotonation of former carbonyl oxygen eliminating
water and forming ethyl levulinate. The regeneration of the acid
sites occurs from the deprotonation step [18,60].
3.3. Effect of external and internal diffusions

In the kinetic study of heterogeneous levulinic acid conversion
the influence of external and internal diffusions should be exam-
ined. The external and internal resistance might lead to mass
transfer limitation in the reaction between levulinic acid and
ethanol with carbon cryogel and could affect the apparent reaction
rate [35,39,61]. Based on the experimental results in Fig. 4(a),
particle size has no effect on levulinic acid conversion inferring that
the internal mass transfer resistance is negligible.

In addition, agitation speed could improve the contact between
the levulinic acid and carbon cryogel, and thus eliminate the
external mass transfer resistance in the reaction system [39,62]. No
clear influence of agitation speed on the levulinic acid conversion
was observed and the external mass transfer resistance was also
negligible (Fig. 4(b)). Therefore, the internal and external diffusions
were not the rate limiting factors in levulinic acid conversion
catalyzed by carbon cryogel. Thus, the assumption of pseudo ho-
mogeneous kinetic model is valid in this study.
3.4. Effect of reaction temperature and time

Effects of temperature and time on ethyl levulinate yield and
levulinic acid conversion are shown in Fig. 5. The ethyl levulinate
yield and levulinic acid conversion increased with time from 1 to
4 h. Small changes in yield and conversionwere observed above 4 h



Fig. 2. (a) N2 sorption isotherm, (b) pore distribution and (c) NH3-TPD thermograph of
carbon cryogel.
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of reaction time. Different reaction temperatures conferred a
similar trend and the reaction time of 4 h was the optimum. At
78 �C, the ethyl levulinate yield and levulinic acid conversion
increased from 17.0 to 59.8mol% and 18.2e61.6%, respectively up to
4 h of reaction time. The reaction time and temperature marked
significant effect on the production of ethyl levulinate and also
levulinic acid conversion. High yield and conversion were obtained
with increasing temperature up to 150 �C. The yield increased from
51.3 to 86.5mol% in 4 h and remained constant above this period.
Similarly, the increment of levulinic acid conversion from 51.4 to
87.2% was registered.

High ethyl levulinate yield attained at the selected condition
corresponded to the efficient catalyst activity. As reported by Fer-
nandes et al. [63], the levulinic acid conversion was lower for blank
reaction without any catalyst present. The application of catalyst
together with the reaction time and temperature is important to
determine the optimum ethyl levulinate yield. Therefore, high ethyl
levulinate yield was obtained in less reaction time and moderate
reaction temperature in the presence of carbon cryogel. High
selectivity (~100%) towards ethyl levulinate production and levu-
linic acid conversion explained that the reactionwas not influenced
by the side reaction.
3.5. Kinetic study

The concentration profile of levulinic acid consumption using
carbon cryogel is displayed in Fig. 6. Significant reduction of the
levulinic acid concentration was observed at both reaction tem-
peratures of 78 �C and 150 �C. The consumption of levulinic acid
was inversely proportional to the reaction rate of the ethyl levuli-
nate production. Hoo and Abdullah [34] stated that the simple
power law model has frequently been used for the heterogeneous
catalyst for the rapid investigation in obtaining the rate constant
and activation energy. In some cases, the mechanism-based model
is required to explain the detail of the mechanism for the reaction
as the simple power law model is deficient to describe. However,
the esterification of alcohol with a carboxylic acid is well-known to
be nucleophilic substitution which can be related to the reaction of
ethanol and levulinic acid. Thus, themechanism-basedmodel is not
considered in the present work. Hence, the power law model has
been adapted in this investigation to determine the rate constant
and activation energy of the reaction.

Based on the mathematical model in eq. (6), the pseudo-zeroth-
order, pseudo-first-order and pseudo-second-order kinetic
approach were evaluated to study the reaction order for levulinic
acid consumption. The integrated rate equation for pseudo-zero-
order kinetic reaction (a¼ 0), pseudo-first order kinetic reaction
(a¼ 1) and pseudo-second-order kinetic reaction (a¼ 2) are
simplified as in eqs. (11)e(13), respectively. CA0 and CB0 are the
initial concentrations of levulinic acid and ethanol, respectively, XA
is levulinic acid conversion, and k is the kinetic constant.

XACA0 ¼ k t (11)

ln ð1 � XAÞ ¼ � k t (12)

XA= ð1 � XAÞ ¼ CA0 k t (13)

The reaction rate constants for three types of pseudo-order ki-
netic studies are computed as follows:

(1) For pseudo-zero-order, the levulinic acid conversion rate
constant (k) was obtained from the slope of the plot of XA
versus reaction time.

(2) As in pseudo-first-order, the levulinic acid conversion rate
constant (k) was calculated from the slope of the plot of ‒
ln(1‒XA) versus reaction time.

(3) The plot of XA/(1‒XA) versus time determined the levulinic
acid conversion rate constant (k) for pseudo-second-order
model approach.

The experimental data was subjected to the Arrhenius equation
(eq. (14)) to calculate the activation energy (Ea) and exponential
factor (A) of the reaction.

ln k ¼ ln A � Ea=RT (14)



Fig. 3. Proposed reaction mechanism of levulinic acid with ethanol in the presence of carbon cryogel (adapted from Refs. [18,55e59]).

Fig. 4. Effect of (a) carbon cryogel particle sizes and (b) agitation speed on levulinic
acid conversion (78 �C, 25wt%, 15:1).
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The linear plot of pseudo-zero-order in Fig. 7(a) exhibited the
rate was independent of the reactant concentration or conversion.
Within the temperature range, the change of reactant concentra-
tion or conversion with time did not affect the rate of reaction in
accordance with the zero-order kinetic. A good fit of experimental
data was observed at the lower reaction temperature. However, as
the temperature increased, the data deviated from the linear
model. Therefore, the reaction was not zero-order under all con-
dition and only significant at certain condition. The situation could
also be observed as the reaction time was further increased. As
shown in Fig. 5, the reaction above 78 �C slowed after 2 h of reac-
tion, but the conversion increased which possibly involved transi-
tion into different kinetic order. Thus, the approach of the zero-
order model was insignificant since only valid for a limited
amount of time. The conversion of levulinic acid increased with
time until it reached a plateau inferring the reactionwas kinetically
controlled by different reaction order. Therefore, pseudo-first-order
and pseudo-second-order model kinetic models were proposed.

Table 1 summarizes the correlation coefficients (R2) for all
pseudo kinetic models. The coefficients at different reaction tem-
peratures for pseudo-first-order model were all higher than the
pseudo-second-order model (Fig. 7(b) and (c), respectively). A good
fit of the linear plot for the pseudo-first-order kinetic model was
obtained. The linearity inferred the pseudo-first-order was
dependent on the levulinic acid conversion. Therefore, the selection
of pseudo-first-order as the kinetic model for the catalytic reaction
using carbon cryogel was confirmed. The reaction rate constant of
levulinic acid conversion to ethyl levulinic using carbon cryogel was
calculated at different reaction temperature (Table 1). The rate
constant, k increased with temperature. The fast consumption of
levulinic acid at high temperature can be validated from the higher
reaction rate of levulinic acid, compared to the reaction rate at low
temperature. The yield of ethyl levulinate increased until it reached
a plateau. Hence, it can be claimed that levulinic acid was converted
into ethyl levulinate as the final product of the esterification re-
actions. This indicates that at high temperature, ethyl levulinate
formation rate increases more quickly compared to reaction at
lower temperatures.



Fig. 5. Effect of temperature and time on the (a) levulinic acid conversion and (b) ethyl
levulinate production (at 25wt%, 15:1).

Fig. 6. Concentration profile of levulinic acid decomposition and ethyl levulinate
production at 78 �C and 150 �C (25wt%, 15:1).

Fig. 7. Plot of (a) pseudo-zeroth-order, (b) pseudo-first-order, and (c) pseudo-second-
order kinetic model for levulinic acid conversion. C 78 �C, - 100 �C, : 120 �C, x
150 �C.
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Fig. 8 compares the parity plot between experimental and
predicted data of all the kinetic models. Hoo and Abdullah [34] has
used the parity plot to verify and compare the variation and ac-
curacy of the data for the selection of kinetic model. The pseudo-
zero-order model could not fit the actual with the predicted data
as the slope and R2 of the plot (Fig. 8(a)) were lower compared to
the other twomodels. The pseudo-zeromodel attained a significant
deviation of the predicted levulinic acid conversion from the actual
conversion data. The parity plots presented that both pseudo-first
and pseudo-second-order models (Fig. 8(b) and (c), respectively)
have high R2 of 0.9869 and 0.9787, respectively. However, pseudo-



Table 1
Kinetic parameters of levulinic acid decomposition using carbon cryogel.

Temp. (�C) Pseudo-Zero Order Pseudo-1st Order Pseudo-2nd Order Pseudo-1st Order

R2 R2 R2 k (min�1)

78 0.9967 0.9906 0.9566 0.0036
100 0.9654 0.997 0.9584 0.0059
120 0.9186 0.9917 0.9826 0.0095
150 0.8529 0.9856 0.9766 0.0113

Fig. 8. Parity plot of (a) pseudo-zeroth-order, (b) pseudo-first-order, and (c) pseudo-
second-order kinetic model.

Table 2
Activation energy and exponential factor of levulinic acid decomposition using
carbon cryogel.

Reaction condition Pseudo 1st Order

R2 Ea (kJ/mol) A (min�1)

78e150 �C
Carbon Cryogel

0.9473 20.2 3.97

Fig. 9. Arrhenius plot of ln k versus 1/T of pseudo-first order reaction.
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first-order model marked high accuracy in representing the actual
levulinic acid conversion as the slopes value of 0.994 was very near
to unity. Compared to pseudo-second-order, the model attained
high R2 value, but a small deviation from unity was observed be-
tween the predicted and actual levulinic acid conversion. These
findings suggest that the pseudo-zero-order kinetic model is not
accurate to represent the reaction compared to the other two
models. The pseudo-first-order model is pertinent in levulinic acid
esterification in presence of carbon cryogel. Therefore, the reaction
rate constant of the pseudo-first-order kinetic could be calculated
as the validity of the selected kinetic model was confirmed.

The activation energy (Ea) and pre-exponential factor (A) values
for levulinic acid conversion to ethyl levulinate using carbon cry-
ogel are listed in Table 2. The Arrhenius plot in Fig. 9 is used to
determine both constants with the plot intercept and slope pro-
vided the values of Arrhenius constant and the activation energy,
respectively. The conversion of levulinic acid to ethyl levulinate has
a low activation energy of 20.2 kJ/mol, which indicates the reaction
requires low energy to initiate. Kinetically controlled reactions have
been reported with activation energy above 14.0 kJ/mol, and for
lower value diffusion limited reaction prevailed [35,64]. Therefore,
the reaction conducted using carbon cryogel in the levulinic acid
conversion process is kinetically controlled based on the Ea value.

From previous studies, levulinic acid esterification over various



Table 3
Activation energy (Ea) of the esterification of levulinic acid by using a different type
of catalysts and solvents.

Catalyst Solvent Ea (kJ/mol) Ref.

UDCaT-5 Ethanol 37.7 [31]
Desilicated HZSM-5 Ethanol 21.1 [35]
DPTA/DH-ZSM-5 Ethanol 29.4 [20]
micro/meso HZ-5 Ethanol 27.4 [61]
micro/meso HZ-5 Methanol 51.6 [61]
micro/meso HZ-5 n-Butanol 23.8 [14]
micro/meso HZ-5 n-Octanol 17.1 [61]
SO4

�2/ZrO2-membrane Ethanol 14.6 [65]
Carbon Cryogel Ethanol 20.2 This study

Table 4
Thermodynamic parameters of levulinic acid decomposition using carbon cryogel.

Reaction
condition

Thermodynamic parameters

R2 DHz

(kJ mol�1)
DSz

(J mol�1 K�1)
DGz

(kJ mol�1)

78e150 �C
Carbon Cryogel

0.9473 17.0 �278.0 124.1
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types of catalysts and alcohol conferred different reaction rate and
activation energy values. As tabulated in Table 3, a high activation
energy of 37.7 kJ/mol was obtained in the presence of mesoporous
super acidic zirconia (UDCaT-5) for the conversion of levulinic acid
into ethyl levulinate [31]. Besides, the Ea of 21.1 kJ/mol was obtained
by using desilicated HZSM-5 in synthesis ethyl levulinate [35]. The
ethyl levulinate production using DPTA/DH-ZSM-5 presented Ea of
29.4 kJ/mol [20] and micro/meso HZ-5was reported to have Ea of
27.4 kJ/mol [61]. In addition, the conversion of levulinic acid using
different types of alcohol was performed in the presence of micro/
meso HZ-5 where the production of methyl, n-butyl, and n-octyl
levulinate were reported to have an Ea of 51.6, 23.8 and 17.1 kJ/mol,
respectively [14,61]. Low activation energy of 14.6 kJ/mol was ob-
tained by SO4

�2/ZrO2-membrane for levulinic acid conversion to
ethyl levulinate [65]. The activation energy obtained in this study is
comparable with the other reported studies since low activation
energy is reported in the presence of carbon cryogel.
3.6. Thermodynamic study

Based on Fig. 10 and Table 4, a positive enthalpy of activation,
DHz indicates that the activation process is endothermic. Ong et al.
[41] have explained that positive enthalpy indicated that the en-
ergy input from an external source which refers to heat, was
required to raise the energy level for reactants transformation to
their transition state. This is also agreed by Nautiyal et al. [66], as
positive enthalpy indicated that the heat input required by the
Fig. 10. Plot of ln k/T versus 1/T for the levulinic acid esterification in the presence of
carbon cryogel.
reaction to bring the reactants to the transition state before forming
the product.

Considering the value of entropy of activation, DSz, the negative
DSz value predicted the system is less disordered. Negative entropy
infers no degrees of freedom due to the activated complex forma-
tion. This means the reacting species formed the transition state
during the reaction, thereby having a more ordered state than the
reactants in the ground state structure [43]. Ong et al. [41]
mentioned that the negative value of DSz might result in an asso-
ciative mechanism confirming that reactants interacted with each
other to form transition state along the reaction pathway. Nautiyal
et al. [66] also stated that negative entropy indicated the degree of
the ordered alignment of transition state was better than the re-
actants in the ground state.

As for the Gibbs free energy of activation, DGz, the positive
values of DGz inferred that the reaction is endergonic and not
spontaneous in nature [41,66]. Besides, the positive DGz was
attributed to the higher energy level in the transition state
compared to the reactant species in the ground state [41]. Based on
the study performed by Badgujar and Bhanage [64], negative DSz

and positive DGz were obtained for the levulinic acid conversion to
alkyl levulinate.

4. Conclusion

Large surface area and high acidity carbon cryogel provides a
good surface chemistry to enhance esterification reaction. Based on
the external and internal diffusion studies, the esterification reac-
tion using carbon cryogel has been confirmed to be in the kinetic
regime. The developed kinetic models are applied to investigate the
reaction rate of levulinic acid conversion to ethyl levulinate. Among
the pseudo-order kinetic models (zero, first and second-order), the
reaction fits with the pseudo-first-order kinetic model. The
selected kinetic model is in good agreement with the experimental
data as observed through the parity plot. The activation energy of
the esterification reaction, performed in the presence of carbon
cryogel, is reported as 20.2 kJ/mol. The thermo activation parame-
ters (DHz, DSz, DGz) are determined for this reaction using Eyring
equation for energy assessment. The reaction is endergonic, not
spontaneous and the system is more ordered at the transition state
of ethyl levulinate production. The proposed kinetic model and
thermo activation parameters could be applied for modeling and
simulation studies in industrial reactor applications.
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