
Thermodynamic and Kinetic Equilibrium for Adsorption of Cellulosic
Xylose of Commercial Cation-Exchange Resins
Jiraporn Phojaroen, Marisa Raita, Verawat Champreda, Navadol Laosiripojana,
Suttichai Assabumrungrat, and Santi Chuetor*

Cite This: ACS Omega 2024, 9, 3006−3016 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: The development of low-cost purification technol-
ogy is an indispensable need for industrial biorefinery. Xylose is
easily obtained from hydrothermal pretreatment of lignocellulosic
biomass. This current study emphasizes the chromatographic
monosaccharide separation process using commercial cation-
exchange resins (CER) including Amberlite 120 and Indion 225
to separate xylose from a mixture of hydrolysates. To understand
the performance of the two CER, the studies of equilibrium,
thermodynamics, and kinetics were evaluated. In this study, with
different xylose concentrations, the adsorption equilibrium was
found to follow the Freundlich isotherm model well (R2 > 0.90 for
both CER). The results indicated that a pseudo-second-order
model represented the xylose adsorption kinetics. In addition, the activation energy of xylose adsorption onto both CER, i.e.,
Amberlite 120 and Indion 225 was 34.9 and 87.1 kJ/mol, respectively. The present adsorption studies revealed the potential of these
commercial CER to be employed as effective adsorbents for monosaccharide separation technology.

1. INTRODUCTION
The rise in population directly affects the requirement of high
global energy consumption. The continuous use of conven-
tional energy resources, such as coal, petroleum, and natural
gas, generates greenhouse gases (GHGs) and has high
contribution to the global warming phenomenon. The
COP26 conference assembled all nations around the world
to tackle climate change. One of the important goals of this
conference was to accelerate the phase-out of coal utilization
and to encourage investment in renewables. The bioresources
are considered renewable resources, which have the potential
to produce several biobased products such as biofuels,
biochemicals, and biomaterials through biorefinery processes.
Lignocellulosic biomass being a promising renewable resource
can be utilized for producing various high-value-added
products. Different biomolecules including cellulose, hemi-
cellulose, and lignin are the important biopolymers that can be
converted to useful biobased chemicals. However, the
utilization of this material is inadequate because of its
recalcitrant structure and low bioconversion. A crucial process
in biorefinery is a pretreatment process, which is typically
employed to alter the complex structure of lignocellulosic
material to release all the biomolecules for further
applications.1−3 Different pretreatment technologies have
their own advantages and drawbacks that affect the
bioconversion of lignocellulosic material directly.

The hydrothermal pretreatment is commonly a thermo-
chemical conversion process, which operates by using water as
medium to decompose the lignocellulosic structure, thereby
providing a complex liquid fraction called hydrolysate.4 The
chemical reaction taking place in the hydrothermal process is
mostly hydrolysis by disrupting and solubilizing the hydroxyl
groups of hemicellulose and some specific chemical bonds.5

The biomass hydrolysate consists typically of monosaccharides,
organic acids, phenolic compounds, furfurals, inhibitors, and
some other derivatives.6,7 Monosaccharides are the major
components contained in the hydrolysate, which could be
useful for conversion into biofuels, biochemicals, food, and
pharmaceutical ingredients.8 The separation and purification
methods are thus crucial steps in the downstream processes in
a biorefinery to purify or recover pure monosaccharides for
further applications. The large amount of pentose sugars such
as xylose and arabinose and minor hexose including glucose
and mannose are typically produced from the hydrothermal
process, which must be separated individually for further use.9
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The hydrolysate obtained from hydrothermal pretreatment
contains typically pentose (C5) sugars in particular xylose and
arabinose depending on the plant species and its operating
conditions. The hydrolysate contains some of hemicellulose
derivatives such as 5-hydroxymethylfurfural (5-HMF), levulinic
acid (LA), and furfuryl alcohol.6,7,10 The pentose (C5) can be
a useful chemical for high-value-added products such as
xylooligosaccharides (XOs), xylitol, D-xylose sweetener, inter-
mediate pharmaceuticals, and bioethanol.11 The use of xylose
is commonly large in terms of sugar platform compounds for
further applications.12 Moreover, xylose is an alternative high-
value-added sweetener with anticariogenic properties, which
are of great concern both for the food and biochemical
industries.13−15 The critical process in the production of the
xylose-based molecules is the purification of the xylose from
the hydrolysate itself.
There have been several separation techniques developed to

separate monosaccharides, such as adsorption by cation-
exchange resin or anion-exchange resin, membrane filtration,
crystallization, and electrochemical techniques.16 The develop-
ment of separation and purification downstream processes
integrated into the biorefinery is necessary with an eco-friendly
approach and economic feasibility. Nowadays, several separa-
tion techniques have been integrated into the downstream
process; however, they are of high cost. Therefore, the
development of the downstream separation process should
be an economically feasible and recyclable process for
sustainable future utilization. Membrane filtration is one of
the common techniques used for monosaccharide separation
such as raw sugar juice, fructooligosaccharides, enzymatic
sugars, and fermented sugars.17 On the other hand, the
adsorption technique has been proven to effectively separate
monosaccharides in particular cation-exchange resin.18−20

Liquid chromatography is broadly a potential method of
separation of saccharides from the biomass hydrolysate. In
chromatography, ion-exchange resins are generally used as
adsorbents.21 Han et al. investigated using 335 gel-type anion-
exchange resin to remove the xylose and acetic acid in the
liquid hydrolysate of hydrothermally pretreated corncob.22

The chromatographic separation method of saccharides using
ion-exchange resins widely provides a manufacturing process in
which the resin is used as a selective medium to separate
dissolved compounds from each other.23−25 Several commer-
cial resins have become popular in the chromatographic
separation of sugars.8 Jiang et al. investigated the use of
Amberlite 732 strong acid styrene CER and Amberlite FPA53
anion exchange to integrate the XOS production from
bamboo, which enhanced the purity of XOS approximately
92.3%.26 The effectiveness of sugar separation obtained from
hydrolysates can be enhanced by their adsorption onto
polymeric adsorbents.27 Vegas et al. claimed that the use of
commercial adsorbents, i.e., Amberlite IRA 400 and Amberlite
IRA96, could separate 9.1 and 74.7% of the monosaccharides
and oligosaccharides, respectively. Nobre et al. revealed that
using an ion-exchange technique could purify the fructooligo-
saccharides from the steam explosion pretreatment process.28

Table 1 summarizes the potential of chromatographic sugar
separation, which can be implemented to industrial-scale
production.29 Although cation-exchange resin shows its
effectiveness for the separation technique, several previous
studies do not evaluate its efficacy on biomass hydrolysate.30

The deficiency in understanding the mechanism of mono-
saccharides obtained from the hydrothermal process persists. T
ab
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Moreover, the CER in particular Amberlite is usually applied
for sugar decolorization in the sugar industry.26,31

To our knowledge, there is paucity of information on how to
separate and purify xylose, glucose, and arabinose from the
lignocellulosic hydrolysate. Besides, the design of industrial-
scale chromatographic separation to be integrated into the
biorefinery process begins with the selection of a suitable
adsorbent material and understanding the thermodynamic
properties and kinetic adsorption. This work studied the
adsorption equilibrium, thermodynamics, and kinetics of two
commercial CER including Amberlite IR120 and Indion 225
for separation of xylose from single synthetic monosaccharides
(xylose, arabinose, and glucose). Both commercial CER were
selected due their availability and local supply. Moreover, these
two commercial resins have strong capability of separating the
monosaccharides and low costs. Studies on the thermody-
namics properties of sugars, furans, and other components
existing in hydrolysates have not been done with these two
CER yet.7,10 The studies would provide valuable information
for the selection of a cheap and effective adsorbent and the
design of chromatographic separation processes integrated to
the downstream process of large-scale biorefinery.

2. MATERIALS AND METHODS
2.1. Materials and Chemicals. Corncob (CC) was

provided from local farmers in Maetha District, Lampang
Province, Thailand. CC was oven-dried until the moisture
content was constant approximately 8−10% and coarsely
ground by knife milling to obtain a particle size of 2−4 mm.
Samples for hydrothermal pretreatment were sieved approx-
imately to a particle size of 1 mm.
The CER Amberlite IR120 in H+ form was purchased from

Filter Supply Co., Ltd., Muang Nonthaburi District, Non-
thaburi Province, Thailand. Indion 225 in H+ form was kindly
supplied by Ion Exchange India Ltd. The properties of both
CER are presented as seen in Table 2.

2.2. Analytical Method. Chemical compositions of
hydrolysate and monosaccharides were quantified by using
high-performance liquid chromatography (HPLC) (Shimadzu
with UV-detector and RI detector). Before injection, the
hydrolysate was filtered through a 0.22 μm filter. The
monosaccharide analysis was conducted using an Aminex
HPX-87H column, using a 5 mM concentration of the sulfuric
acid aqueous solution as the mobile phase at a flow rate of 0.5
mL/min. The column temperature was maintained at 65 °C.
2.3. Hydrothermal Pretreatment. CC was pretreated by

using a hydrothermal technique without using a catalyst. 30 g
of CC was dissolved in 300 mL of distilled water in a Parr
reactor (1L) at different temperatures (165−180 °C) and for

four different time durations (10, 20, 30, and 40 min) under 20
bar pressure with N2 and a rotation speed of 200 rpm. After
pretreatment, the CC was divided into a mixture of
hydrolysates and solid residues, which were then separated
through a filter to obtain its hydrolysate. The hydrolysate was
analyzed via high-performance chromatography (HPLC) to
optimize the conditions for obtaining maximum xylose
content.
2.4. Adsorption Equilibrium. Adsorption equilibrium was

investigated through static adsorption. To study the effect of
initial concentration, about 0.1 g of two different resins was
submerged in 25 mL of synthetic monosaccharide solutions at
different concentrations in flasks. The concentrations of
glucose, xylose, and arabinose solutions varied in a range of
1−40 g/L. After the resin was dispersed in the solution, the
flasks were kept at 25 °C for 24 h in an incubator shaker at 150
rpm. This operational duration (h) was too long enough for
the adsorption to reach the equilibrium. The adsorption
isotherms were analyzed according to the equilibrium
concentration in the liquid phase and the equilibrium
adsorption capacity in the solid phase. The adsorption capacity
of monosaccharide solutions was estimated using the following
equation eq 120

=q
C C V

m
( )

e
0 e

R (1)

where qe is the adsorption capacity of the resin at equilibrium,
C0 is the initial monosaccharide concentration in the solution,
Ce is the residual monosaccharide concentration in the solution
after equilibrium, V is the volume of the solution, and mR is the
amount of resin used.
The study of the effect of adsorbent dosage on the extent of

pure xylose and mixed sugars (10 g/L xylose, 0.5 g/L glucose,
and 2.5 g/L arabinose) was evaluated with different adsorbent
dosages (0.5, 1, 1.5, 2, 2.5, and 3 g) for two different resins.
Each adsorbent dosage was added into 50 mL for both the
solutions.
2.5. Adsorption Isotherms. To study the adsorption

isotherms, 1 g of Amberlite IR120 and 0.2 g of Indion 225
were added into 20 mL of 10 g/L synthetic xylose in the glass
flasks. The flasks were shaken in an incubator shaker at 150
rpm for 24 h at different temperatures, i.e., 15, 25, 35, and 45
°C. This operational duration (h) was too long enough for
reaching the equilibrium. After equilibrium, the liquid phase
was analyzed for the residual xylose concentration by using
HPLC. The adsorption capacity of xylose solutions was
determined using eq 1.
2.6. Adsorption Kinetics. The adsorption kinetic curves

of xylose solutions on the resins were obtained to evaluate the
influence of time duration at different temperatures (15, 25,
and 35 °C). In the kinetic experiments, 500 mL of mixed
synthetic sugar solutions (10 g/L xylose, 0.5 g/L glucose, and
2.5 g/L arabinose) were in contact with 25 g of Amberlite
IR120 and Indion 225 in three different flasks. The flasks were
shaken in an incubator shaker at 160 rpm for 5 h. The amount
of xylose on resin at any duration time ‘t’ was calculated using
eq 216

= =q
C V C V V

m
( )

t
t i

n
i0 0 0 1

R (2)

where qt is the adsorption capacity of xylose at duration time,
Ct is the concentration of xylose in solution at duration time,

Table 2. Properties of the Both Commercial CER

Indion 225 Amberlite IR120

matrix: polystyrene matrix: styrene divinylbenzene
copolymer

ionic form as supplied: H+ ionic form as supplied: H+

total exchange capacity:
1.8 mequiv/mL

total exchange capacity: ≥1.80 equiv/L

functional group: sulfonic acid functional group: sulfonic acid
particle size range: 0.3−1.2 mm particle size uniformity coefficient:

≤1.8 mm
effective size: 0.45−0.55 mm harmonic mean size: 0.62−0.83 mm

<0.300 mm 2% max
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V0 is the initial volume of solution, and Vi is the sampling
volume.

3. RESULTS AND DISCUSSION
3.1. Effect of Hydrothermal Pretreatment on Bio-

chemical Compositions. The hydrolysate compositions of
corncob obtained from liquid hot water (LHW) pretreatment
at different temperatures and time durations are illustrated in
Figure 1. The results indicate that xylose is the major
saccharide present in the CC hydrolysate followed by
arabinose and glucose. The obtained results are consistent
with the results by Chotirotsukon et al.36 The concentration of
xylose increases with increasing temperature and duration of
pretreatment. The highest xylose content obtained was 9.705
g/L at 180 °C after 60 min. The obtained results suggest that
the LHW triggers the hemicellulose solubilization due to H3O+

reacting with hydroxyl groups in hemicellulose in order to
release pentose molecules. However, LHW generates several
byproducts including acetic acid, 5-hydroxymethylfurfural
(HMF), furfuryl alcohol, linoleic acid (LLA), and lactic acid,
which are significant inhibitors of the enzymatic hydrolysis and
fermentation process.37,38 The quantity of byproducts
generated during pretreatment increases with the increase in
temperature and duration as seen in Table 3. These byproducts
in particular HMF and furfural affect the enzymatic
accessibility and fermentation directly via hindering the active
site of the material.

As seen in Table 3, the concentration of xylose is a major
component in the liquid fraction, which could be used as
building blocks (in the form of saccharides) for further
applications. In addition, the initial concentration of xylose
obtained in this study was selected to evaluate the performance
of chromatographic ion-exchange separation in the next
studies.
3.2. Adsorption Equilibrium. The adsorption equilibrium

experiments of three different monosaccharides on the two
commercial resins were conducted at 25 °C. The initial
concentration of each monosaccharide was approximately 1,
10, 20, and 30 g/L. Under these experimental conditions,
xylose, arabinose, and glucose were linearly adsorbed on
Amberlite IR120 resin with R2 values of 0.99, 0.99, and 0.93 for
xylose, arabinose, and glucose, respectively. Concerning the
Indion 225 resin, three monosaccharides were also linearly
related to R2 values of 0.99, 0.99, and 0.99 for xylose,
arabinose, and glucose, respectively, as seen in Figure 2.
All the experimental data fitted well with linear isotherms

having the different distribution coefficient (K). It has been
reported that the adsorption monosaccharides on cation resin
are driven by linear regression.39 The slope of linear regression
represents the constant of adsorption isotherm of different
monosaccharides. The distribution coefficient K is represented
in Table 4. From Table 4, the distribution coefficient
represents the affinity between the adsorbate and the
adsorbent. The distribution coefficients (K) of Amberlite
IR120 were 90.97, 33.55, and 8.25 L/kg, while the K values of
Indion 225 were 54.21, 25.10, and 8.83 L/kg for xylose,
arabinose, and glucose, respectively. The high K value of xylose
has the strongest affinity with both resins (among the three
monosaccharides), indicating that xylose was predicted to be
separated last in the chromatographic column.
Moreover, the adsorption capacity of both CER with respect

to individual monosaccharides decreased in the order of xylose
> arabinose > glucose, respectively. These obtained results can
be thus explained by the different size of molecules of each
monosaccharides. The separation of neutral sugars is mostly
based on differences in molecular sizes and diffusivities. The
xylose and arabinose are pentoses, while glucose is a hexose,
having larger molecular size than the others.40 Moreover, the

Figure 1. Effect of temperature and time on hydrolysate composition from the hydrothermal process of corncob.

Table 3. Compositions of Solid and Liquid Fractions from
Corncob via Hydrothermal Pretreatment at 180 °C, 60 min

composition solid yield (mg/g biomass) liquid fraction (g/L)

glucose 442.465 0.578
xylose n/a 9.705
arabinose 32.038 2.382
DL-lactic n/a 5.571
formic n/a 2.028
acetic n/a 5.380
LLA n/a 2.207
furfuryl alcohol n/a 0.042
HMF n/a 0.223
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monosaccharide molecules must pass through the resin pores
to combine with the resin and be trapped by the pore structure
of the resin.35,41,42 To evaluate the separation efficiency, the
selectivity factor (α) defined in eq 3 was determined and the
values are presented in Table 4.

= K
K

i

j (3)

where Ki and Kj are the different distribution coefficients of
each monosaccharide.
The selectivity factor (α) represents the preference of a resin

for the target monosaccharides over other monosaccharides
present in a mixture of binary sugars. Both Amberlite IR120
and Indion 225 provide a larger xylose/glucose selectivity
factor than their xylose/arabinose and arabinose/glucose.
These results imply that for both resins a better separation

effect of xylose and glucose could be achieved in comparison to
that of xylose/arabinose and arabinose/glucose.
Comparing both the commercial resins, the distribution

coefficient K, the capacity of adsorbent, and the selectivity
factor indicate that Amberlite IR120 is more suitable for the
separation of a mixture of cellulosic sugars from the
hydrolysate (in particular xylose).
3.3. Effect of the Liquid to Solid Ratio on Xylose

Purification. The xylose concentration obtained from LHW is
considered as the initial concentration of xylose for this study
in order to determine the quantity of suitable resin for xylose
separation. The quantity of adsorbent is one of the crucial
parameters for the purification method.
In the current study, the liquid to solid ratio was varied to

optimize the amount of cation resin used to separate the
hydrolysate-xylose. The suitable quantity of resins would
subsequently be used to study the adsorption isotherm and
adsorption kinetics at different temperatures. The adsorbent

Figure 2. Adsorption isotherms of three monosaccharides on the resins: (a) Amberlite IR120 (b) Indion 225.

Table 4. Distribution Coefficients (K) and Selectivity Factors (α) of Different Resins

K (L/kg) α

type of resin glucose R2 xylose R2 arabinose R2 Xyl/Glu Xyl/Ara Ara/Glu

Amberlite IR120 8.250 0.938 90.967 0.996 33.547 0.998 11.026 2.712 4.066
Indion 225 8.834 0.997 54.268 0.999 25.070 0.999 6.143 2.165 2.838

Table 5. Effect of the Liquid to Solid Ratio on Xylose Purification

10 g/L of xylose

mixed sugars

selectivity factor
(α)

type of resin mass of resin (g)
qe

(mg/g)
suitable liquid/solid ratio

(mL/g) mass of resin (g) Xyl/Glu Xyl/Ara
suitable liquid/solid ratio

(mL/g)

Indion 225 0.5 2.268 100:1 0.5 0.7517 0.9512 20:1
1.0 0.516 1.0 0.8381 0.9467
1.5 1.777 1.5 0.8739 0.9617
2.0 1.635 2.0 0.8702 0.9678
2.5 1.766 2.5 0.9550 0.9894
3.0 1.619 3.0 0.8211 0.9526

Amberlite IR120 0.5 1.578 20:1 0.5 0.8190 0.9659 20:1
1.0 1.131 1.0 0.8091 0.9630
1.5 1.930 1.5 0.9072 0.9775
2.0 2.810 2.0 0.8505 0.9883
2.5 5.100 2.5 0.9166 0.9815
3.0 0.978 3.0 0.7049 0.9425
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weight in the range of 0.5−3 g on initial xylose concentration
was studied. The suitable liquid to solid ratios of pure xylose
and mixed sugar solution are summarized in Table 5, where C0
is the initial concentration of xylose, i.e., 10.170 g/L, while Ce
is the equilibrium concentration (different depending on the
quantity of resins used). The highest qe were 2.268 and 5.100
mg/g for Indion 225 and Amberlite IR120, respectively. For
mixed sugars, the highest selectivity factor (α) was at 2.5 g for
both CER. The effectiveness of the xylose adsorption decreases
with the increasing adsorbent amount. This obtained
phenomenon was potentially due to the fact that the number
of available adsorption sites increases with an increase in the
resin ratio, resulting in an increase in recovery efficiency. On
comprehensive consideration of the xylose adsorption

efficiency for both commercial resins, 0.5 and 2.5 g dry resins
were selected as the most suitable adsorbent ratio in the further
experimental studies.
3.4. Studies on Adsorption Isotherms. Adsorption

isotherm is crucial information for understanding how
adsorbate interacts with the adsorbent during adsorption. In
this study, three commonly used isotherm models, namely,
Langmuir, Freundlich, and Temkin, were applied to evaluate
the equilibrium data of adsorption for xylose onto two different
CER at 15, 25, 35, and 45 °C.16,43−45

The first adsorption isotherm is Langmuir isotherm, which
was originally applied for gas−solid adsorption.46 In the
current study, the Langmuir isotherm is applied to the liquid−
solid adsorption between cation resin and the xylose solution.

Figure 3. Langmuir adsorption isotherms for both CER at different temperatures: (a) Amberlite IR120 and (b) Indion 225.

Figure 4. (a, b) Freundlich adsorption isotherms of Amberlite IR120 (a) and Indion 225 (b); (c, d) Temkin adsorption isotherms of Amberlite
IR120 (c) and Indion 225 (d) for xylose on both CER at different temperatures.
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The Langmuir isotherm typically assumes that the monolayer
adsorption occurs onto a special surface containing a finite
number of binding sites of uniform strategies of adsorption
without interaction between the xylose molecules adsorbed
and is not transmigrated on the surface of the adsorbent.16,43,44

The experimental results obtained indicated that both the CER
used in this study do not follow homogeneous adsorption
phenomena. Graphically, it is uncharacterized by a linear line
as seen in Figure 3. Therefore, it suggests that both CER
including Amberlite IR120 and Indion 225 did not show
monolayer adsorption.
On the other hand, the Freundlich isotherm model has been

used to fit the experimental data. This mathematical model
follows an empirical equation. This equation is based on the
assumption that multilayer adsorption takes place at the
heterogeneous surface and considers the interactions between
the adsorbed molecules. The linear equation form of the
Freundlich isotherm model16,46 can be written as (eq 4)

= +q K
n

Cln ln
1

lne F e (4)

Graphically, the Freundlich adsorption isotherms of xylose
with two different CER are depicted in Figure 4. The
adsorption isotherms behave linearly in the investigated
concentration range with R2 close to 1, as observed by
different previous studies. KF and n are the Freundlich
constants that can be related to adsorption capacity and
adsorption strength. The n value gives an indication of the
favorability of the adsorption process. A value of 1/n < 1
indicates favorable adsorption, whereas 1/n > 1 indicates
cooperative adsorption.16,47 The obtained KF in this study for
both CER is in the range of 16−19 and 38−87 L/mg for
Amberlite IR120 and Indion 225, respectively. Another
Freundlich constant is 1/n (higher than 1), indicating that
both CER show cooperative adsorption. In this study, the 1/n
is in the range of 1.07−1.14 and 1.02−1.32 for Amberlite

IR120 and Indion 225, respectively, which is higher than 1,
indicating that both CER show cooperative adsorption.
Another adsorption isotherm model is Temkin isotherm,

which is the model used to describe the interaction between
adsorbent−adsorbate. The Temkin model indicates a linear
decrease in energy adsorption with surface coverage and
considers the interaction between the adsorbate and
adsorbent.16,45 The Temkin isotherm model is defined as eq 5

= +q
b

A
b

C
RT

ln
RT

lne
T

T
T

e

i
k
jjjjj

y
{
zzzzz (5)

Graphically, the adsorption isotherm also behaves linearly in
the investigated concentration range with an R2 value between
0.90−0.99 as seen in Figure 4. The values of the obtained RT/
bT or heat of sorption are in the ranges of 44−60 and 152−249
J/mol for Amberlite IR120 and Indion 225, respectively. The
heat of sorption of Amberlite IR120 indicates physisorption,
whereas that of Indion 225 indicates chemisorption. However,
the Temkin isotherm is generally inappropriate for liquid-
phase adsorption.
Among the three-adsorption isotherm models used to

describe the interaction between xylose and CER including
Amberlite IR120 and Indion 225, the Freundlich isotherm
model provides the best fit for adsorption of xylose on both
CER. However, the low correlation coefficient (R2) is an
indication that it is not only monolayer adsorption but also the
equilibrium isotherms cannot be described by the Langmuir
isotherm model.
3.5. Thermodynamic Studies of Both CER. One of the

crucial characteristics of both CER is to determine the
thermodynamic parameters including ΔG° (Gibbs free
energy), ΔH° (enthalpy), and ΔS° (entropy) for under-
standing the mechanism of adsorption. To determine the
thermodynamic parameters related to the adsorption mecha-
nism, the use of the linear Van Hoff equation to describe the

Figure 5. Plot of ln KC versus 1/T for xylose adsorption on (a) Amberlite IR120 and (b) Indion 225.

Table 6. Thermodynamic Parameters of Different CER

Amberlite IR120 Indion 225

temp (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/mol·K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/mol·K)
288 −6.230 10.703 58.797 −9.759 10.570 70.589
298 −6.818 −10.465
308 −7.406 −11.171
318 −7.994 −11.877
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adsorption phenomena of both commercial CER can be
described in the form of the following equation eq 616,48

=
°

+
°

K
H S

R
ln

RTC
r r

(6)

The thermodynamic parameters obtained from the slope
and intercept of ln KC versus 1/T have been depicted in Figure
5, where KC is the thermodynamic equilibrium constant.
The ΔG° was calculated by the following equation eq 7

° = ° °G H T S (7)

The thermodynamic parameters calculated using the
previous equation are displayed in Table 6. As shown in
Table 6, ΔG° has a negative value indicating that the
adsorption process was spontaneous at all temperatures. The
value of ΔG° ranged between (−7.0) − (−8.0) and (−9.0) −
(−11.0) kJ/mol for Amberlite IR120 and Indion 225 CER,
respectively, and the absolute value was less than 20 kJ/mol,
which implied that the adsorption was a physical adsorption
process for both the CER.44 The physical sorption is typically
caused by relative weak long-range van der Waals force formed
between the adsorbate and CER surface.49 Furthermore, the
decrease in ΔG° value with increasing temperature indicated
that the adsorption of xylose onto both Amberlite IR120 and
Indion 225 became favorable at a low temperature. On the
other hand, the positive value of ΔH° indicated that the
sorption process of xylose on both CER was endothermic in
nature. The adsorption capacity of xylose onto both CER
decreased with increasing temperature. The positive value of
ΔS° showed the affinity of the adsorbent toward the adsorbate.
It also suggested that the irreversible adsorption increased
randomness at the solid/liquid interface with some structural
changes in the adsorbent and adsorbate and also that the ion
replacement reactions have occurred.44,50 The obtained
thermodynamic parameters in this study were used to
determine the inherent energy change of the adsorbent after
adsorption and the mechanism involved in xylose adsorption
onto both commercial CER.

3.6. Adsorption Kinetic Studies. The adsorption kinetics
is important to estimate the rate of the adsorption and evaluate
the controlling mechanism of the adsorption process. More-
over, the kinetic behavior of adsorbates on adsorbents has been
studied using the effect of time on the adsorption process. In
this study, Lagergren’s pseudo-first order and pseudo-second-
order models were applied as adsorption reaction models to
investigate the adsorption kinetic behavior of xylose onto both
commercial resins including Amberlite IR120 and Indion
225.16,45 The adsorption reaction models typically revealed the
rate of adsorbate uptake by adsorbents, but they do not
indicate the actual cause of adsorption. The equation for
Lagergren’s pseudo-first order kinetics is as follows eq 8

=q q q k tln( ) lnte e 1 (8)

The values of k1 and adsorption capacity qe were computed
from the plots of ln(qe − qt) versus t.51 Comparing the
experimental data, i.e., the equilibrium adsorption (qexp) with
the calculated results (qe,cal), it was obvious that there was no
agreement between the values. The correlation coefficient (R2)
for the pseudo-first order indicated poor linearity (nonlinear
curve).
On the other hand, the pseudo-second order was applied,

which was expressed as eq 9

= +t
q k q

t
q

1

t 2 e
2

e (9)

where k2 is the pseudo-second rate constant for the sorption
that was obtained by a plot of t/qe with t.52 Graphically, it can
be observed from Figure 6 and Table 7 that the values of
correlation coefficient (R2 > 0.90) for both CER under all
operating conditions indicated that the adsorption process
followed a pseudo-second-order kinetic model. There was an
insignificant error between qeexp and qecal. The pseudo-second-
order kinetic model is generally used to describe the
adsorption of adsorbates onto adsorbents where the chemical
bonding (interaction) between adsorbates and functional

Figure 6. Pseudo-second-order kinetic model of xylose on (a) Amberlite IR120 and (b) Indion 225.

Table 7. Pseudo-Second-Order Parameters of Different CER

Amberlite IR120 Indion 225

temp (K) 1/T (K−1) qe,exp qe,cal k2 R2 ln k2 qe,exp qe,cal k2 R2 ln k2
288 0.0035 5.5132 5.6980 0.0032 0.9284 −5.7519 7.5847 7.6336 0.0034 0.8958 −5.6877
298 0.0034 6.2067 6.9156 0.0040 0.9681 −5.5340 8.6790 7.8989 0.0067 0.9304 −5.0108
308 0.0032 6.4383 7.6453 0.0042 0.9177 −5.4726 9.9776 8.8339 0.0073 0.9258 −4.9186
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groups on the surface of adsorbents is responsible for the
adsorption capacity of the adsorbent. In this study, the pseudo-
second-order kinetic model indicated that the adsorption
mechanism between xylose sugar and both CER was a
chemisorption process. In addition, the pseudo-second-order
kinetic model of both CER suggested that it was a cooperative
adsorption process. As xylose is typically an uncharged
substance, the electrostatic interactions are unlikely to occur
in this study. The cooperative adsorption is typically applicable
to physisorptions, as no assumption has been made on the type
of interaction.53 In this study, it would lead to pure physical
adsorptions, since the interaction between the adsorbate
(xylose) molecules and the adsorbent (CER) surfaces becomes
negligible on layers above the adsorbed molecules.54

3.7. Determination of Adsorption Activation Energy
(Ea). Activation energy is typically the minimum energy
required to cause a chemical reaction between an adsorbate
and adsorbent. Ea is determined by the second-order rate
constant (k2) obtained from the pseudo-second-order kinetic
model. The calculation of activation energy for adsorption
processes can be estimated by using the Arrhenius equation as
follows eq 1016,48

= +k
E

Aln
RT2

a
(10)

where ka = Arrhenius factor A plot of ln k2 against 1/T gives a
straight line from which the activation energy (Ea) can be
estimated (slope of the linear graph).
Figure 7 illustrates the relationship between ln k2 and 1/T

for the adsorption of xylose on both CER. The R2 values were
0.91 and 0.85 for Ambertlite120 and Indion 225, respectively.
According to the previous graphics, the calculated activation
energy (Ea) was 10.358 and 28.589 kJ/mol for Amberlite
IR120 and Indion 225, respectively. In this study, the obtained
Ea indicates the physical nature of the adsorption process for
both Amberlite IR120 and Indion 225. The slight difference of
Ea of both CER represents the capability of physical attraction
that occurred in the adsorption process between the absorbate
and adsorbent surface.53 In this study, the activation energy of
adsorption ranging between 5 and 40 kJ/mol is physisorption,
while Ea higher than 40 kJ/mol is typically a chemisorption
process.55 These obtained results are consistent with the
thermodynamic parameters obtained by previous thermody-
namic studies.

4. CONCLUSIONS
An efficient ion-exchange method was presented for the
recovery of monosaccharides (xylose) from lignocellulosic
hydrolysates. The equilibrium, thermodynamics, and kinetics
of both commercial CER including Amberlite 120 and Indion
225 were studied in order to understand the mechanism of
xylose adsorption onto the resins. The optimized hydrothermal
pretreatment at 180 °C for 60 min provided the highest xylose
concentration contained in the hydrolysates. This obtained
quantity of xylose in the hydrolysate was used as the initial
xylose concentration for equilibrium, thermodynamic, and
kinetic studies. The studies of equilibrium revealed that
Amberlite IR120 resin was a more suitable resin for xylose
purification, compared to Indion 225, with higher selectivity
(11.026 and 6.143, respectively). The adsorption isotherm was
studied for understanding the interaction between the
adsorbate (xylose) and adsorbent, which indicated that it
was physical adsorption. Moreover, the thermodynamic studies
evaluated the types of the adsorption process, which was
physisorption phenomena for both CER (Amberlite IR120 and
Indion 225). In addition, the activation energy of adsorption
(Ea) (<40 kJ/mol) also indicated the physical nature of the
adsorption process for both Amberlite IR120 and Indion 225,
which was consistent with the results obtained in the
thermodynamic studies.
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