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ABSTRACT: 5-hydroxymethylfurfural (5-HMF) is a promising
high value-added platform chemical, which can be produced from
glucose, fructose, or lignocellulosic biomass via catalysis technology.
However, the effective separation of 5-HMF from aqueous solution
and actual biomass hydrolysate is still challenging because 5-HMF
can be further rehydrated into levulinic acid (LA) and formic acid
(FA) under acidic conditions. Herein, the adsorption behavior of
glucose and 5-HMF and its follow-up products (LA and FA) from
aqueous solutions onto polymeric adsorbents modified with various
functional groups (XAD-4, XAD7HP, and XAD761 resins) was
systematically investigated. The results showed that XAD761 resin
exhibited the highest adsorption selectivity (α5‑HMF/glucose = 42.42 ±
5.84, α5‑HMF/FA = 18.41 ± 0.50, and α5‑HMF/LA = 3.01 ± 0.10) and
capacity for 5-HMF (106 mg g−1 wet resin). The adsorption
equilibrium was better fitted by the Freundlich isotherm model at the studied range of 5-HMF concentrations. The thermodynamic
study and activation energy also revealed that the adsorption process of XAD761 resin for 5-HMF was spontaneous, exothermic, and
physical. The kinetic regression results revealed that the kinetic data of 5-HMF was accurately followed by the pseudo-second-order
kinetic model. In conclusion, the present study revealed that the potential of phenol formaldehyde resin with hydroxyl groups could
be used as an adsorbent for aldehyde organic compounds.

1. INTRODUCTION

Petroleum, coal, and natural gas industries have made
significant contributions to mankind and played a vital role
in the sustainable development of economy and society.1,2

However, owing to the declining supply and rising cost of fossil
resources, combined with the global warming and climate
change, great attention has been paid on sustainable routes to
produce chemicals, solvents, and fuels from renewable
lignocellulosic biomass.3,4 Lignocellulosic biomass, as the
maximum renewable plant biomass in nature, can be
transformed into high value-added platform chemicals by
chemical catalysis technology or biorefinery.5,6 Among these
attractive platform chemicals, 5-hydroxymethylfurfural (5-
HMF) has drawn increasing interest as a potential biomass-
derived platform chemical, which can be produced from C6
sugars (i.e., glucose and fructose) via acid catalysts.7−14

Furthermore, 5-HMF can be used as a building block platform
to synthesis high value-added chemicals currently being
produced from fossil resources, such as levulinic acid (LA),
2,5-dimethylfuran, 2,5-furandicarboxylic acid, and 2,5-difor-
mylfuran.15−21 LA is one of United States Department of
Energy’s top 12 platform chemicals because it can be used as

spice raw materials, pesticide intermediates, animal feed, resin
raw materials, coatings, and so forth.22 Formic acid (FA) is a
biomass-derived organic acid, and it can be used in leather,
dye, medicine, and rubber industries for its low cost and
abundant supply.23

However, 5-HMF can be further rehydrated into byproducts
under acidic conditions, such as LA, FA, and humins,24,25

which results in great difficulty to separate and purify 5-HMF
from such diluted and complex multicomponent systems.26 In
the last two decades, considerable efforts have been devoted to
the selection and optimization of the catalyst systems to
enhance C6 sugar conversion as well as 5-HMF yields.27−29

However, only a few investigations have been focusing on the
separation of 5-HMF from such dilute aqueous solutions or
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hydrolysates.30−39 Separation and recovery of 5-HMF by
distillation not only requires high energy consumption but also
leads to a great risk of polymerization of 5-HMF due to
instability at high temperature. Vinke and Bekkum30

first
presented selectively recovered 5-HMF from aqueous mixtures
with fructose and LA using three activated carbons in terms of
R0.8 A, ROX 0.8, and C-granular. Ranjan et al.31 proposed
using three different surface-modified activated carbons to
selectively adsorb 5-HMF from fructose/DMSO mixtures. The
results show that the microporosity and oxygen-containing
functional groups of adsorbent are very important for the
adsorption capacity and selectivity of 5-HMF. Leoń et al.34

investigated the adsorption of 5-HMF from fructose hydro-
lysate using H-BEA zeolite with SiO2/Al2O3 = 18 and found
that the zeolite H-BEA showed stronger capacity to 5-HMF
and LA than sugars and FA from aqueous solution. Although
these nonpolar porous materials possess high 5-HMF
adsorption capacity owing to their high surface area, the
adsorption selectivity and desorption rate remain low.40 It
raises a question whether a new adsorbent material can
improve the adsorption performance in terms of high
adsorption capacity, high selectivity, high desorption rate,
and fast diffusion rate (3-H−1-F).41
Compared to activated carbons and zeolite, hyper-cross-

linked polymer (HCP) possesses advantages in terms of large
specific surface area, rigid skeleton structure, easy regeneration,
and stable physical and chemical properties, which have
attracted extensive attention in separation,41−44 gas stor-
age,45−47 and heterogeneous catalysis.48 Rose et al.32

developed a HCP to recover 5-HMF from aqueous solution.
It was concluded that the adsorption selectivity of 5-HMF
depended on the specific surface area, the pore volume, and
the surface polarity of the HCP. In our previous study, the
adsorption behavior of 5-HMF onto an amide functional
group-modified HCP from both single-component and
multicomponent systems was systematically investigated.33

The result shows that the hydrophobic interaction between the
benzene ring skeleton and the furan ring of 5-HMF and the
hydrogen bond between the functional amide groups of SY-01
resin particle and the aldehyde functional group of 5-HMF
played a key role in the adsorption process.33

To further evaluate the feasibility of the adsorbent, which
can form hydrogen bond force with 5-HMF, could be used for
the separation and purification of 5-HMF. In the current work,
three different commercial porous resins (XAD-4 without
functional group, XAD7HP with ester functional group, and
XAD761 with hydroxyl functional group) were used to adsorb
5-HMF, LA, FA, and glucose in single-component and
multicomponent systems. Furthermore, the equilibrium
isotherm, kinetic simulation, and thermodynamics were
systematically investigated.

2. MATERIALS AND METHODS
2.1. Materials. Analytical grade (AR) glucose (Glu,

99.0%), FA (99.0%), and LA (99.0%) were obtained from
Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shanghai,
China). 5-HMF (AR, ≥98%) was purchased from Nanjing
Spring & Autumn Biological Engineering Co., Ltd. Details of
the chemicals are given in Table 1. Amberlite resins (XAD-4,
XAD7HP, and XAD761) were purchased from Rohm & Hass.
The physical characteristics of these three resins are listed in
Table 2. All chemicals used in this study were never further
purified.

2.2. Methods. 2.2.1. Selectivity Factor Testing. XAD-4,
XAD7HP, and XAD761 resins were used to test the selectivity
factor in the mixture containing 5-HMF, LA, FA, and glucose
using batch experiments. Typically, 1.0 g of wet resin was
weighed by an electronic balance (CP224C, Changzhou Ohaus
Instrument Co., Ltd., Changzhou, China) after vacuum
filtration (SHZ-DIII, Gongyi Yuhua Instrument Co., Ltd.,
Gongyi, China) and added to 50 mL of 5-HMF-LA-FA-Glu
mixture solution (5-HMF: 5.021 g L−1, LA: 20.251 g L−1, FA:
9.103 g L−1, and glucose: 9.854 g L −1) in a 100 mL conical
flask and maintained at 298 K for 4 h with the speed of 120
rpm in a constant temperature incubator shaker (ZQZY-80BS,
Shanghai Zhichu Instrument Co., Ltd., Shanghai, China). After
reaching the equilibrium state, the concentrations of the
adsorbate were determined by high-performance liquid
chromatography (HPLC, Agilent Technologies 1200 Series,
USA). The experiments were carried out three times, and the
mean values were recorded for evaluation. The capacity of the
adsorbate and the selectivity of 5-HMF to LA, FA, and glucose
were calculated by the following equations42,49
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2.2.2. Adsorption Equilibrium Experiments. Batch adsorp-
tion equilibrium experiments were conducted in a shaking
incubator (ZQZY-80BS, Shanghai Zhichu Instrument Co.,
Ltd., Shanghai, China) with temperature control and
reciprocating shaking. The tests of saturated adsorption
behavior of three different resins (XAD-4, XAD7HP, and
XAD761) were carried out using glucose, 5-HMF, FA, and LA
at 288, 298, 308, and 318 K accompanied by different initial
concentrations in the single-component system. The detailed
operation process is the same as that described in Section
2.2.1. Adsorption experiments were repeated three times, and
the average value was used for evaluation. The experimental

Table 1. CAS Registry Number, Suppliers, and Mass
Fraction of the Chemicals

component CAS reg. no. suppliers
mass

fraction

glucose 14431-43-7 Shanghai Aladdin Bio-Chem
Technology Co., Ltd.

0.990

FA 64-18-6 Shanghai Aladdin Bio-Chem
Technology Co., Ltd.

0.990

LA 123-76-2 Shanghai Aladdin Bio-Chem
Technology Co., Ltd.

0.990

5-HMF 67-47-0 Nanjing Spring & Autumn
Biological Engineering Co., Ltd.

≥0.980

Table 2. Physical Properties of the XAD-4, XAD7HP, and
XAD761 Resins

resin XAD-4 XAD7HP XAD761

surface area (m2 g−1) 750 500 200
particle size (μm) 640 560 700
average pore diameter
(nm)

100 450 600

polarity nonpolarity weak polarity polarity
functional groups ester groups hydroxyl groups
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equilibrium adsorption capacity, qe (mg g−1), was calculated
according to eq 1.
2.2.3. Adsorption Kinetic Studies. The batch adsorption

kinetic experiments were performed in three-necked bottles
with a thermometer and stirrer to investigate the effect of
temperature on 5-HMF adsorption onto XAD761 resin.
Briefly, 10.0 g of XAD761 wet resin was added to the flask
containing 500 mL of a certain initial 5-HMF concentration in
a collector-type constant temperature heating magnetic stirrer
(DF-101S, Gongyi Yuhua Instrument Co., Ltd., Gongyi,
China) at 288, 298, 308, and 318 K. The 5-HMF solution
with XAD 761 resin was shaken by an IKA cantilever agitator
(RW 20 digital, Aika (Guangzhou) instrument equipment Co.,
Ltd., Guangzhou, China) at the speed of 120 rpm. All
adsorption kinetic studies were carried out three times. The
samples were collected at preset time intervals, filtered, and
detected by HPLC. The amount at any time, qt (mg g−1), was
calculated by eq 3.

=
− ×

q
C C V

m
( )

t
t0

(3)

2.2.4. Analysis Method. The concentrations of glucose, FA,
LA, and 5-HMF were determined by an Agilent 1200 HPLC
instrument equipped with a hydrogen-form Aminex HPX-87H
anion exchange column (300 mm × 7.8 mm, Bio-Rad Corp.,
CA, USA). The separation conditions were set as follows:33,43

flow rate: 0.5 mL min−1, mobile phase: 5 mM sulfuric acid,
sample injection volume: 20 μL, detector: refractive index
detector (RID, Agilent Technologies 1260 Infinity II) and UV,
column temperature: 65 °C, and RID detector temperature: 55
°C.

3. RESULTS AND DISCUSSION

3.1. Adsorption Equilibrium Selectivity Factor. To
evaluate the differences in affinity between the adsorbate
(glucose, FA, LA, and 5-HMF) and different functional
modified resins (XAD-4, XAD7HP, and XAD761), compet-
itive adsorption experiments were performed toward coexisting
multicomponent solution (5.021 g L−1 5-HMF, 20.251 g L−1

LA, 9.103 g L−1 FA, and 9.854 g L−1 glucose). Figure 1 (data
given in Tables S1 and S2) represents the equilibrium
capacities of glucose, FA, LA, and 5-HMF onto various resins
and selectivity factors of α5‑HMF/glucose, α5‑HMF/FA, and α5‑HMF/LA.
As illustrated in Figure 1, all three different functional modified
resins displayed much higher adsorption capacity toward 5-
HMF and LA than toward FA and glucose. It is worth noting
that the 5-HMF and LA capacities onto XAD761 resin were
higher than the other two resins. Most importantly, the
selectivity factors α5‑HMF/glucose, α5‑HMF/FA, and α5‑HMF/LA onto
XAD761 resin reached up to 42.42 ± 5.84, 18.41 ± 0.50, and
3.01 ± 0.10, respectively, suggesting that 5-HMF and LA
molecules could specifically bind to the active adsorption sites
on XAD761 resin. While glucose and FA have no special
recognition sites, they are difficult to be adsorbed on XAD-761
resin and transferred straightforwardly through XAD761 with
low resistance. Furthermore, the selectivity factors α5‑HMF/glucose
(42.42 ± 5.84), α5‑HMF/FA (18.41 ± 0.50), and α5‑HMF/LA (3.01
± 0.10) were much higher than XAD-4 and XAD7HP resins,
which further demonstrated that the XAD761 resin had higher
recognition specificity to 5-HMF and easily separates 5-HMF
from multicomponent mixture solution. This may be because
the 5-HMF molecule contains aldehyde and hydroxyl groups

and can combine with XAD761 resin through hydrogen
bonding interaction, as well as hydrophobic interaction
between the benzene ring of phenol formaldehyde resin and
the furan ring of 5-HMF.33,50

3.2. Adsorption Isotherms. It is important to describe the
interaction between the adsorbate and surface properties of the
adsorbent by various equilibrium adsorption isotherm model
analyses.51,52 In this work, the equilibrium adsorption data of
5-HMF, LA, FA, and glucose were determined using three
adsorbents with different functional groups (XAD-4, XAD7HP,
and XAD761) in a single-component solution system. Four
temperatures of 288, 298, 308, and 318 K were chosen for the
investigation of adsorption isotherms. Langmuir,53 Freund-
lich,54 and Henry isotherm55 models were applied to fit the
experimental equilibrium adsorption data.

=
+

q
q K C

K C
Langmuir isotherm model

1e
m L e

L e (4)

=q K CFreundlich isotherm model n
e F e

1/
(5)

=q K CHenry isotherm model e H e (6)

Figure 1. Adsorption capacity (a) and selectivity (b) of 5-HMF
(5.021 g L−1), LA (20.251 g L−1), FA (9.103 g L−1), and glucose
(9.854 g L−1) onto XAD-4, XAD7HP, and XAD761 resins in a
multicomponent system at 298 ± 1 K.
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The equilibrium adsorption isotherms of 5-HMF with
various initial concentrations onto XAD-4, XAD7HP, and
XAD761 resins were carried out at the studied temperatures
and are shown in Figure 2 (data given in Tables S3−S5). The
corresponding isotherm parameters obtained from nonlinear
regression of experimental data are shown in Table 3. It can be
observed from Figure 2 that the 5-HMF equilibrium
adsorption capacities onto the three resins were negatively
correlated with temperature. At the same temperature, the

adsorption capacity of 5-HMF on the three resins increased
with the increase of initial concentration and then gradually
tended to equilibrium. Furthermore, as seen from Table 3, the
parameters of KL decreased with increasing temperature,
indicating the fact that higher adsorption capacity can result
from the large BET surface and pore volume.55 During the
experimental concentration range, the adsorption of 5-HMF
on the three resins was favorable (0 < RL = 1/1 + KLC0 < 1, 0 <
1/n < 1).51,56,57 The regression correlation coefficients of the

Figure 2. Adsorption of 5-HMF onto XAD-4 (a), XAD7HP (b), and XAD761 (c) resins in a single-component system at 288, 298, 308, and 318 K.

Table 3. Isotherm Parameters of Each Isotherm Model for the Adsorption of 5-HMF Onto Three Resins (XAD-4, XAD7HP,
and XAD761) at 288−318 K

Langmuir Freundlich

resin T (K) qm (mg/g) KL (L/g) R2 RL KF (mg/(g·(L/g)1/n) 1/n R2

XAD-4 288 47 0.349 0.9897 0.36−0.85 12.547 0.579 0.9953
298 45 0.312 0.9837 0.39−0.86 10.980 0.598 0.9956
308 49 0.241 0.9952 0.45−0.89 9.762 0.650 0.9952
318 48 0.221 0.9959 0.47−0.90 8.998 0.665 0.9952

XAD7HP 288 33 0.265 0.9823 0.43−0.88 7.086 0.626 0.9829
298 31 0.247 0.9915 0.44−0.89 6.461 0.637 0.9965
308 35 0.188 0.9992 0.51−0.91 5.769 0.693 0.9943
318 37 0.173 0.9925 0.53−0.92 5.642 0.703 0.9951

XAD761 288 106 1.634 0.9707 0.11−0.55 61.086 0.386 0.9928
298 105 1.415 0.9758 0.12−0.58 57.332 0.401 0.9892
308 102 1.159 0.9494 0.15−0.63 50.931 0.438 0.9601
318 102 0.837 0.9831 0.19−0.70 44.143 0.479 0.9915
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Freundlich isotherm model were better than those of the
Langmuir isotherm model, suggesting that the adsorption of 5-
HMF onto the surface of XAD761 resin was heterogeneous.
The values of KF were decreased with increasing temperature,
indicating the exothermic nature of the adsorption process.58

Moreover, it is worth noting that the uptakes of 5-HMF onto
XAD761 resin were all higher than those onto XAD-4 and
XAD7HP resins at all studied temperatures and initial
concentrations. The highest uptake of 5-HMF was 106 mg

g−1 wet resin in the experimental concentration range (0.51−
5.06 g L−1) at 288 K. The main reason is that 5-HMF can be
adsorbed onto resins through hydrogen bonding between the
phenolic hydroxyl of the XAD761 resin and the aldehyde
group of 5-HMF, as well as π−π stacking generated between
the benzene ring of the XAD761 resin and the furan ring of 5-
HMF.33 The hydrophobic−hydrophobic forces and hydrogen
bond forces copromote the adsorption capacity of 5-HMF.

Figure 3. Adsorption of LA onto XAD-4 (a), XAD7HP (b), and XAD761 (c) resins in a single-component system at 288, 298, 308, and 318 K.

Table 4. Isotherm Parameters of Each Isotherm Model for the Adsorption of LA onto Three Resins (XAD-4, XAD7HP, and
XAD761)

Langmuir Freundlich

resin T (K) qm (mg/g) KL (L/g) R2 RL KF (mg/g·(L/g)1/n) 1/n R2

XAD-4 288 91 0.072 0.9892 0.40−0.93 8.946 0.613 0.9987
298 92 0.068 0.9899 0.42−0.93 8.481 0.624 0.9966
308 97 0.056 0.9866 0.47−0.95 7.245 0.666 0.9929
318 88 0.053 0.9923 0.48−0.95 6.305 0.668 0.9967

XAD7HP 288 109 0.035 0.9945 0.58−0.97 4.890 0.750 0.9904
298 91 0.040 0.9968 0.55−0.96 4.709 0.726 0.9934
308 76 0.047 0.9967 0.51−0.95 4.661 0.702 0.9904
318 86 0.033 0.9931 0.60−0.97 3.680 0.752 0.9951

XAD761 288 136 0.256 0.9718 0.16−0.79 37.221 0.403 0.9944
298 136 0.221 0.9858 0.18−0.82 33.664 0.427 0.9891
308 135 0.196 0.9856 0.20−0.83 30.723 0.446 0.9922
318 129 0.175 0.9801 0.22−0.85 26.747 0.467 0.9929
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Furthermore, the equilibrium adsorption of LA onto the
three resins is displayed in Figure 3 (data given in Tables S6−
S8), and the model parameters are listed in Table 4. It can be
concluded that the equilibrium data of LA at different
adsorption temperatures could also be better described by
the Freundlich model, and the variations of the model
parameters of LA onto the three kinds of resins are similar
to those of 5-HMF. The adsorption capacity of LA onto
XAD761 resin is higher than those onto XAD-4 and XAD7HP.
The main reason is due to the fact that the phenolic hydroxyl
group of the XAD761 resin can form a hydrogen bond with the
carboxyl group of LA, and the n-alkyl group of LA forms π−π
hydrophobic force with the benzene ring of the resin.42

In addition, the adsorption experiments of FA and glucose
were also studied, the results are displayed in Figures 4 and 5
(data given in Tables S9−S14), and the isotherm constants are
listed in Tables 5 and 6, respectively. Clearly, the adsorption
isotherms of FA and glucose are in a straight line which is
typical of low surface coverage and poor affinity between the
adsorbate and adsorbents, especially when the isotherm is
represented by Henry’s law.55 In the process of liquid-phase
adsorption, the capacity of the adsorbate depends not only on
the affinity between the adsorbate and the adsorbent but also
on the interaction between the adsorbate and the solvent, as
well as the affinity between the solvent and the adsorbent.59

The skeleton of the three resins is hydrophobic, while FA and

glucose are hydrophilic and water-soluble substances, increas-
ing their preference for remaining in the aqueous phase rather
than being adsorbed. Thus, FA and glucose present a lower
affinity for adsorption on the resins. It can be seen from Tables
5 and 6 that during the experimental concentration range, both
RL and 1/n values of FA were very close to 1, while all RL

values of glucose were equal to 1 and all 1/n values of glucose
were greater than 1, indicating that FA and glucose are weak
adsorption components. The comparison of the three
adsorption models shows that the equilibrium data of FA
and glucose are better fitted by the Henry isotherm model. All
KH values obtained from the Henry isotherm model at different
temperatures decreased with increasing temperature, implying
that the adsorption capacity of FA and glucose decreases
gradually with the increase of adsorption temperature.
As can be seen from Table 3, the highest adsorption uptake

of 5-HMF onto XAD761 resin was 106 mg g−1 wet resin in the
experimental concentration range (0.51−5.06 g L−1) at 288 K.
At present, some researchers have studied the adsorption
capacities of several adsorption resins for 5-HMF in different-
component solution. By comparing the results obtained in this
study with those in previously published reports (Table 7) on
various adsorption resins in different-component solution for
5-HMF, it can be concluded that our findings are extremely
good. This information may be useful for further research and

Figure 4. Adsorption of FA onto XAD-4 (a), XAD7HP (b), and XAD761 (c) resins in a single-component system at 288, 298, 308, and 318 K.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c01894
ACS Omega 2021, 6, 16955−16968

16960

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01894/suppl_file/ao1c01894_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01894/suppl_file/ao1c01894_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01894/suppl_file/ao1c01894_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01894?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01894?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01894?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01894?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01894?rel=cite-as&ref=PDF&jav=VoR


practical applications of XAD761 resin in the efficient recovery
of 5-HMF from solution or actual hydrolysate.
3.3. Thermodynamics of 5-HMF Adsorption. The

thermodynamics investigation, including Gibbs free energy
change (ΔG), enthalpy change (ΔH), and entropy change
(ΔS), provides important information to assess the nature and
feasibility of the adsorption process, which were calculated by
the following equations62

ρ= ×K
q

CC
e

e (7)

Δ = −G RT Kln C (8)

= Δ − Δ
K

S
R

H
RT

ln C (9)

Figure 5. Adsorption of glucose onto XAD-4 (a), XAD7HP (b), and XAD761 (c) resins in a single-component system at 288, 298, 308, and 318 K.

Table 5. Isotherm Parameters of Each Isotherm Model for the Adsorption of FA onto Three Resins (XAD-4, XAD7HP, and
XAD761)

Langmuir Freundlich Henry

resin T (K) qm (mg/g) KL (L/g) R2 RL KF (mg/g·(L/g)1/n) 1/n R2 KH (L/kg) R2

XAD-4 288 45 0.0264 0.9959 0.81−0.98 1.224 0.899 0.9931 1.010 0.9986
298 47 0.0277 0.9897 0.80−0.97 1.359 0.882 0.9889 1.087 0.9954
308 35 0.0382 0.9887 0.74−0.96 1.384 0.857 0.9841 1.055 0.9932
318 34 0.0307 0.9896 0.78−0.97 1.079 0.884 0.9861 0.865 0.9947

XAD7HP 288 64 0.0164 0.9911 0.87−0.98 1.051 0.942 0.9891 0.942 0.9969
298 20 0.0669 0.9663 0.62−0.94 1.468 0.739 0.9799 0.897 0.9854
308 43 0.0219 0.9290 0.83−0.98 1.106 0.843 0.9405 0.822 0.9855
318 37 0.0269 0.9825 0.80−0.98 1.083 0.853 0.9881 0.822 0.9946

XAD761 288 93 0.0234 0.9985 0.82−0.98 2.269 0.896 0.9984 1.866 0.9980
298 75 0.0282 0.9980 0.80−0.97 2.236 0.877 0.9980 1.773 0.9972
308 104 0.0185 0.9961 0.86−0.98 2.037 0.906 0.9972 1.707 0.9981
318 204 0.0076 0.9909 0.94−0.99 1.523 0.981 0.9902 1.470 0.9976
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The thermodynamic parameters of 5-HMF adsorption onto
the three resins are listed in Table 8. Clearly, negative values of
ΔH and ΔG during the adsorption process at different
temperatures indicated the exothermic and spontaneous
adsorption process of 5-HMF onto the three resins. Moreover,
the values of ΔH and ΔG were all less than 20 kJ mol−1,
indicating that the physical sorption governed the interaction
between 5-HMF and XAD761 resin.63 Under the same initial
concentration of 5-HMF, the ΔH and ΔG absolute values of 5-
HMF onto XAD761 resin were higher than those onto XAD-4
and XAD7HP resins, further suggesting that XAD761 resin
possesses the best adsorption capacity to 5-HMF. These
findings were consistent with the results of the adsorption
isotherm.
Interestingly, the entropy changes of 5-HMF with various

initial concentrations onto XAD761 resin were different. When
the initial 5-HMF concentration is low, the adsorption of 5-
HMF is an entropy decreasing process. Nevertheless, when the
concentration increases to 3.08 g L−1, the adsorption of 5-
HMF is an entropy increasing process. This phenomenon may
be due to the fact that the liquid phase adsorption process
includes not only the adsorption of the adsorbate but also the
desorption of the solvent (H2O molecules).64 When the initial
concentration of 5-HMF is low, because the adsorption active
sites are sufficient, the 5-HMF molecule is adsorbed by
XAD761 resin, which is an orderly process with less confusion
and entropy reduction.65 When the initial 5-HMF concen-
tration increases, more active sites are needed. The adsorption
of 5-HMF must be accompanied by desorption of the same
volume of solvent H2O molecules. However, the molecular
volume of 5-HMF is much larger than that of water molecules.

In other words, the adsorption of one 5-HMF molecule will
cause desorption of multiple H2O molecules. Therefore, the
entropy reduced by the adsorption of a 5-HMF molecule to
the XAD761 resin is less than the entropy increased by
desorption of several H2O molecules from the resin, and the
values of ΔS are greater than 0 at the high initial 5-HMF
concentration system. The entropy increase may be regarded
as the increase of disorder and randomness at the solution/
solid interface caused by the desorption of H2O molecules.66

3.4. Kinetic Studies. 3.4.1. Effect of Contact Time and
Solution Temperature. The contact time and solution
temperature are essential parameters to establish an ideal
chromatographic adsorption process.67 The effect of solution
temperature on the adsorption rate and adsorbed amount of 5-
HMF onto XAD761 resin was investigated using an initial 5-
HMF concentration of 2.71 g L−1 at 288, 298, 308, and 318 K
and a fixed resin dosage for m = 20 g L−1 at a contact time t =
240 min (Figure 6, data given in Table S15). It is apparent that
the adsorption rate of 5-HMF onto XAD761 resin increased
significantly at the first stages of the contact period at all
experiment temperatures, and then it decreased slowly near the
equilibrium. It may be attributed to the fact that a great deal of
adsorption sites on the XAD761 resin surface is sufficient for
adsorption during the initial stage of the adsorption process,
improving the rate of diffusion of the 5-HMF molecules across
the external boundary layer.68 With the extension of adsorption
time, the available vacancy on the surface of XAD761 resin
decreased gradually, and 5-HMF diffuses from the surface to
the inside of the particle along the direction of the pore, which
slowed down the adsorption rate until the adsorption reaches
equilibrium. Besides, the equilibrium time of 5-HMF onto

Table 6. Isotherm Parameters of Each Isotherm Model for the Adsorption of Glucose onto Three Resins (XAD-4, XAD7HP,
and XAD761)

Langmuir Freundlich Henry

resin T (K) qm (mg/g) KL (L/g) R2 RL KF (mg/g·(L/g)1/n) 1/n R2 KH (L/kg) R2

XAD-4 288 5507 1.325 × 10−4 0.9555 1 0.599 1.100 0.9608 0.729 0.9871
298 7015 9.355 × 10−5 0.9782 1 0.511 1.127 0.9863 0.656 0.9937
308 4605 1.313 × 10−4 0.9807 1 0.519 1.078 0.9840 0.604 0.9947
318 4937 1.006 × 10−4 0.9728 1 0.390 1.122 0.9803 0.496 0.9919

XAD7HP 288 7031 9.869 × 10−5 0.9898 1 0.566 1.104 0.9954 0.693 0.9972
298 2122 3.102 × 10−4 0.9788 1 0.586 1.058 0.9808 0.657 0.9942
308 4798 1.173 × 10−4 0.9564 1 0.435 1.131 0.9650 0.562 0.9866
318 6228 7.954 × 10−5 0.9683 1 0.363 1.158 0.9801 0.495 0.9902

XAD761 288 8015 3.024 × 10−5 0.9343 1 0.104 1.426 0.9918 0.242 0.9772
298 3232 6.151 × 10−5 0.9626 1 0.140 1.177 0.9762 0.199 0.9892
308 6504 2.712 × 10−5 0.9317 1 0.074 1.435 0.9919 0.176 0.9763
318 7028 2.142 × 10−5 0.8997 1 0.049 1.567 0.9865 0.151 0.9613

Table 7. Comparison of the Maximum Sorption Capacity of XAD761 Resin for 5-HMF Adsorption with other Adsorption
Resins

adsorption resin
temperature

(K) sorbent dose
maximum adsorption

capacity adsorption selectivity references

SY-01 298 0.5−5.0 g/L (single-component solution) 107.73 mg/g 33
HCP 293 0.05 g/gsol >99% 32
Dowex Optipore L493 298 0.6 g/L (three-component solution) >95% 60
PCL-PDE 288 4.985 g/L (single-component solution) 60.28 mg/g 41
HQ-18 298 0.61 g/L (multicomponent solution) 9.65 (selectivity coefficient) 61
XAD-4 288 0.51−5.06 g/L (single-component solution) 47 mg/g this work
XAD7HP 288 0.51−5.06 g/L (single-component solution) 33 mg/g this work
XAD761 288 0.51−5.06 g/L (single-component solution) 106 mg/g this work
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XAD761 resin was found to decrease from 120 to 60 min with
the increasing solution temperature from 288 to 318 K,
revealing that the higher temperature is beneficial to accelerate

the diffusion rate of 5-HMF onto XAD761 resin and shorten
the time required for adsorption equilibrium. However,
increasing the temperature also reduces the equilibrium
adsorption capacity. The equilibrium adsorption capacity of
288 K was the highest among the studied temperatures, further
suggesting the exothermic nature of the adsorption process.
This result was consistent with the adsorption equilibrium
results and the adsorption thermodynamic analysis discussed
above.

3.4.2. Adsorption Kinetics. Detailed adsorption kinetic
model studies are useful to understand the mass transfer
mechanism and law of adsorbate onto adsorbents.69 In this
work, the Lagergren’s pseudo-first-order,70 Mckay pseudo-
second-order,71 and Weber−Morris intraparticle diffusion
model72 were applied to describe the adsorption kinetics.

‐ − = −q q q k tLagergren’s pseudo first order ln( ) lne t e 1

(10)

‐ = +t
q k q

t
q

Mckay pseudo second order
1

t 2 e
2

e (11)

−

= +

q

k t C

Weber Morris intraparticle diffusion model t

i
1/2

(12)

Table 8. Thermodynamic Parameters for the Adsorption of 5-HMF onto Three Resins at Various Temperatures

XAD-4 XAD7HP XAD761

C (g/L) T (K)
ΔG

(kJ mol−1)
ΔH

(kJ mol−1)
ΔS

(J mol−1 K−1)
ΔG

(kJ mol−1)
ΔH

(kJ mol−1)
ΔS

(J mol−1 K−1)
ΔG

(kJ mol−1)
ΔH

(kJ mol−1)
ΔS

(J mol−1 K−1)

0.51 288 −6.89 −12.31 −18.72 −5.11 −7.72 −8.95 −13.23 −26.32 −45.13
298 −6.82 −5.20 −13.16
308 −6.44 −4.78 −12.15
318 −6.39 −4.95 −12.06

1.04 288 −6.25 −9.42 −11.28 −4.72 −6.75 −7.22 −11.49 −15.79 −14.93
298 −5.99 −4.57 −11.39
308 −5.85 −4.42 −11.07
318 −5.93 −4.54 −11.10

1.52 288 −5.83 −9.79 −13.49 −4.49 −4.67 −0.76 −10.80 −13.89 −10.34
298 −5.86 −4.47 −10.97
308 −5.68 −4.24 −11.49
318 −5.43 −4.56 −10.52

2.04 288 −5.60 −8.23 −9.32 −4.36 −7.73 −11.91 −10.16 −13.57 −11.52
298 −5.42 −4.11 −10.32
308 −5.26 −4.03 −9.91
318 −5.36 −4.00 −9.90

2.56 288 −5.22 −5.68 −1.70 −3.79 −3.05 2.69 −9.67 −11.02 −4.52
298 −5.09 −3.90 −9.72
308 −5.24 −3.88 −9.68
318 −5.12 −3.88 −9.52

3.08 288 −5.15 −6.32 −4.24 −3.73 −2.87 2.87 −9.27 −9.26 0.16
298 −4.99 −3.67 −9.36
308 −4.99 −3.78 −9.29
318 −5.01 −3.79 −9.30

4.04 288 −4.85 −5.93 −4.00 −3.63 −1.11 7.65 −8.57 −8.08 1.97
298 −4.63 −3.39 −8.74
308 −4.68 −3.45 −8.79
318 −4.71 −3.54 −8.61

5.06 288 −4.50 −5.36 −3.02 −3.25 −2.53 2.39 −8.13 −6.29 6.44
298 −4.45 −3.24 −8.21
308 −4.44 −3.21 −8.30
318 −4.40 −3.34 −8.31

Figure 6. Effect of temperature on the adsorption rate of 5-HMF
adsorbed onto XAD761 resin at initial concentration C0 = 2.71 g L−1

and resin dosage m = 20 g L−1.
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Figure 7 (data given in Tables S16−S18) shows the
adsorption kinetics of 5-HMF onto XAD761 resin at various
temperatures, which were analyzed by the measurement of
time-dependent adsorption capacities. The corresponding
kinetic parameters are listed in Table 9. It is apparent from
Figure 7B and Table 9 that the pseudo-second-order model
presented linear correlation, and the R2 values was very close to
1 and higher than those of the pseudo-first-order model (see
Figure 7A). Furthermore, the values of qcal calculated using the
pseudo-second-order model also agreed with the experimental
results, qexp (see Table 9). It is worth noting that the model
parameter k2 increased with the increasing solution temper-
ature from 288 to 318 K, resulting from the low viscosity and
rapid diffusion of 5-HMF molecules in solution at high
temperature and leading to the accelerated adsorption rate of
5-HMF onto XAD761 resin.73

In addition, Figure 7c presents the adsorption process of 5-
HMF onto XAD 761 resin divided into three linear curves
without passing through the origin, suggesting that intra-
particle diffusion is not the only rate-limiting step. The first
stage (0−10 min) was considered to be the diffusion of 5-
HMF from the bulk solution to the boundary layer film of the
solvent and transport from the film of the solvent onto the
external surface of XD761 resin, which was controlled by film
diffusion. At the second stage (20−60 min), 5-HMF entered
into XAD761 resin particle pores from resin particle surface
through intraparticle diffusion. Then, at the third stage, the
adsorption reached saturation state finally because most 5-
HMF molecules was adsorbed by XAD761 resin and the low 5-
HMF concentration remained in the solution. Furthermore,
the diffusion rate parameters of mass transfer at different stages
are given in Table 9. It can be seen that the values of ki,1 and

Figure 7. Pseudo-first-order (a), pseudo-second-order (b), and intraparticle diffusion (c) kinetic models for the adsorption of 5-HMF onto
XAD761 resin at various temperatures.

Table 9. Kinetic Parameters for the Adsorption of 5-HMF Onto XAD761 Resin at Various Temperatures (Co = 2.71 g L−1)

pseudo first-order pseudo second-order intraparticle diffusion

T
qexp

(mg/g)
qcal

(mg/g)
k1

(min−1) R2
qcal

(mg/g)
k2

(g mg−1 min−1) R2
ki,1

(mg g−1 h1/2) R2
ki,2

(mg g−1 h1/2) R2
ki,3

(mg g−1 h1/2) R2

288 70.9 53.8 0.0253 0.9887 73.7 0.0015 0.9984 10.103 0.9965 4.999 0.9851 0.561 0.9009

298 65.1 43.9 0.0324 0.9855 66.8 0.0026 0.9993 9.678 0.9994 4.106 0.9695 0.179 0.8513

308 59.0 40.8 0.0507 0.9885 60.2 0.0041 0.9998 10.890 0.9944 2.733 0.9126 0.025 0.5716

318 57.5 36.0 0.0644 0.9887 58.3 0.0064 0.9999 11.361 0.9916 1.846 0.8736 0.004 0.9656
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ki,2 were much higher than ki,3, illustrating that the equilibrium
stage is quite fast.65

3.4.3. Adsorption Activation Energy. The activation energy
(Ea) for the adsorption of 5-HMF onto XAD761 resin was
calculated by the Arrhenius equation74

= −k A
E

RT
ln ln2

a
(13)

The values of A and Ea were calculated from the intercept
and slope of the plotted line ln k2 versus 1/T (see Figure 8,

data given in Table S19), respectively. In the current study, the
activation energy calculated by Arrhenius equation was 36.64
kJ mol−1, indicating that physical sorption plays an important
role in the adsorption of 5-HMF on XAD761 resin.75 The
results of activation energy analysis are consistent with those of
thermodynamic analysis in Section 3.3. Moreover, the positive
value of Ea suggested that the adsorption rate would increase
with increasing solution temperature, which is in accordance
with the values of the rate constants (see Table 9).

4. CONCLUSIONS
In this study, various porous polymers (XAD-4, XAD7HP, and
XAD761 resin) modified by different functional groups were
used to adsorb 5-HMF, LA, FA, and glucose from aqueous
solutions. Experimental results showed that XAD761 resin
possessed the highest 5-HMF selectivity and uptake for 5-
HMF. During the experimental concentration range (0.51−
5.06 g L−1) at 288 K, the maximum capacity of 5-HMF onto
XAD761 resin reached 106 mg g−1 wet resin. Moreover, the
Freundlich isotherm model could well fit the equilibrium data
of 5-HMF at various temperatures. The thermodynamic results
revealed that the adsorption process of 5-HMF on XAD761
resin was a spontaneous and exothermic process. Furthermore,
the kinetic data of 5-HMF onto XAD761 resin was followed by
the pseudo-second-order kinetic model. The activation energy
was 36.64 kJ mol−1, implying that the adsorption process was
physical adsorption. Accordingly, the phenol hydroxyl group-
modified XAD761 resin showed an excellent adsorption
performance to 5-HMF, which not only provides a new choice
for the separation and purification of 5-HMF from aqueous
solution or real hydrolysates but also provides a new direction
for the development of resin synthesis technology.
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■ NOTATION
A Arrhenius constant
C0 initial concentration (g L−1)
Ce equilibrium concentration (g L−1)
Ct concentration at contact time (g L−1)
KL Langmuir adsorption isotherm constant (L g−1)
KF Freundlich adsorption isotherm constant (mg g−1)(L

g−1)1/n

KH Henry adsorption isotherm constant (L kg−1)
Kc thermodynamic equilibrium constant
RL separation factor
m mass of the wet resin (g)
n Freundlich adsorption isotherm constant
qe equilibrium adsorption capacity (mg g−1)
qe,cal calculate adsorption capacity (mg g−1)
qe,exp experimental adsorption capacity (mg g−1)
qm maximum saturated adsorption capacity (mg g−1)
qt adsorption capacity at contact time (mg g−1)
R gas constant (8.314 J mol−1 K−1)
T solution temperature (K)
t contact time (min)
V volume of solution (mL)
ΔG Gibbs free energy change (kJ mol−1)
ΔH enthalpy change (kJ mol−1)
ΔS entropy change (J mol−1 K−1)
α selectivity factor
Ea apparent activation energy (kJ mol−1)

k1 pseudo-first-order rate constant (min−1)
k2 pseudo-second-order rate constant (mg g−1 min−1)
ki intraparticle diffusion rate constant (mg g−1 min−1/2)
ρ the density of the solution (g L−1)
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