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Performance analysis of aromatic adsorptive
resins for the effective removal of furan
derivatives from glucose
Anne Corine IJzer, Erik Vriezekolk, Erik Rolevink and Kitty Nijmeijer∗

Abstract

BACKGROUND: Many countries have set goals to replace conventional energy sources with renewable energy sources. This has
led to investigations into the use of lignocellulosic biomass as a feedstock for renewable fuels and base chemicals. Unfortunately
hydrolysation of this biomass introduces impurities that are toxic to the fermentation bacteria. This study aims to find the key
adsorber properties for the separation of toxic 5-hydroxymethylfurfural (HMF) from glucose.

RESULTS: Batch adsorption experiments on styrene based (anion exchange) adsorbers showed that a high surface area is a key
property for effective HMF adsorption. Introduction of polar groups in the form of anion exchange groups appears to increase
the HMF-affinity of the resin material, unfortunately these groups also introduce affinity for glucose. Competitive adsorption
studies of HMF and glucose showed that glucose does not affect HMF adsorption in any of the resins.

CONCLUSION: Furan derivatives can be removed from water and sugar solutions with styrene based (anion exchange) polymeric
resins. For efficient removal, a high surface area of the resin is a key property. Dowex Optipore L-493 shows the best specific
HMF adsorption and no specificity for glucose, which makes it an excellent adsorber for HMF removal from hydrolysate for the
fermentation of glucose.
c© 2013 Society of Chemical Industry
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INTRODUCTION
Many countries have set goals to replace conventional energy
sources with renewable energy sources, because of growing
energy demands, greenhouse emissions and depleting oil and
natural gas resources.1 This has led to investigations into the use
of biomass as a feedstock for renewable fuels and base chemicals.2

Biofuels derived from lignocellulosic biomass could fulfill a large
part of the demand for biobased fuels responsibly.3 Lignocellulosic
biomass not only includes dedicated energy crops but also
agricultural residues (corn stover and sugarcane bagasse), wood
residues and municipal paper waste.4 Lignocellulosic biomass is
biomass of plants and consists of cellulose, hemicellulose and
lignin. Cellulose and hemicellulose are carbohydrate polymers
that, once removed from the lignin, can be hydrolysed into sugars
(glucose and xylose). After removal of the impurities induced by
the hydrolysation, these sugars can serve as a feedstock to produce
ethanol, lactic acid and other valuable chemicals.

Sulfuric acid is a well known catalyst for the hydrolysation of
cellulose and hemicellulose in biomass to sugars.4 Unfortunately
this can lead to formation of byproducts (acetic acid) and to
degradation of lignin to phenolic compounds and of the sugars
to furfural (from xylose) and 5-hydroxymethylfurfural (HMF) (from
glucose).3 These components are toxic for the bacteria in the
downstream fermentation process and need to be removed before
further processing. Several authors showed that these toxins can

be removed by adsorption. Polymeric adsorbers,5–8 cat- and anion

exchange resins (weak and strong),2,9–11 zeolites1 and activated

carbon11–13 have shown to remove these toxins. Because of
regeneration, stability and capacity, polymeric adsorbers (resins),
with and without ion exchange groups, are considered most
promising for adsorption of these toxins.4,14

Acids and phenolic compounds adsorb best on anion exchange
resins.15 However, research on furan adsorption is inconclusive on
the best adsorption resin for furan adsorption. Dowex recommends
the use of a styrene–divinylbenzene (DVB) based weak base ion
exchange resin (Optipore SD-2) for the removal of the furan 5-
hydroxylethylfurfural (HMF).16 While literature has shown good
results for HMF removal with anion exchange resins,9,15,17 it is
probably the non-polar styrene–DVB matrix that is responsible for
furan adsorption.5,14 Some authors have compared the adsorption
of furans on weak anion exchange resins, strong anion exchange
resins and polymeric adsorbers.9,15 Unfortunately the matrix of the
different resins varied (acrylic or styrene based) making it difficult
to relate the adsorption performance purely to the presence
or absence of ion exchange groups. Fargues et al.14 made a
thorough comparison based on single component isotherms and
breakthrough curves of ion exchange (weak and strong) resins
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Table 1. Physiochemical properties of solutes

Solute

Mw

[g mol-1]

log

Kow pKa Structure

HMF18 126.11 −0.09 12.82 O
OHO

Glucose19,20 180.16 −2.82 >14

O

OH

OH

OH

OH

OH

with polymeric adsorbers, all with styrene–DVB based matrices.
Although the good furan adsorption on the styrene–DVB resin is
consistent with the findings of others,5,6,15 the low adsorption of
furans on styrene based anion exchange resins is not consistent
with the findings of others.2,9,15 Other research on this subject only
examines the effect of adding different resins to the hydrolysate
on the effectiveness of the fermentation.2,8,9 Although this leads
to a selection of resins that improve fermentation production, it
does not provide further insight into the adsorption mechanisms
involved (e.g. specificity of adsorption of toxin, competitive
adsorption, sugar loss) and therefore design of specific resins
for this rapidly increasing industry is difficult. Although literature
has shown that a styrene based resin is a good furan adsorber, the
addition of polar anion exchange groups in the resin on the furan
adsorption is not well understood.

This study aims to provide more insight to the adsorption
mechanism of furans for the removal of furans from sugar on
commercial styrene–DVB based resins. In contrast to previous
research,9,15 this study investigates resins with a similar matrix.
Two styrene based resins and three different styrene based
anion exchange resins are investigated. Insight to the adsorption
mechanism is obtained by relating the adsorption isotherms of
HMF and glucose (pure and competitive) to the physical (BET
surface area, pore size, pore volume, swelling and water uptake)
and chemical properties (none, weak or strong anion exchange
groups) of the resins. HMF and glucose are chosen as model
components. HMF represents a large class of furan toxins and is
therefore chosen as a model component for furans, while glucose
represents a large class of sugars and is therefore chosen as model
component for sugar (see Table 1).

MATERIALS AND METHODS
Materials
The resins Amberlite XAD4 (XAD4), Dowex Optipore L-493
(Optipore), Lewatit MP 62 (MP62), Lewatit M500 (M500) and Reillex
HP (PVP) were purchased from Sigma Aldrich (Table 2). All resins
have a styrene matrix crosslinked with divinylbenzene (DVB).
The matrix of all resins therefore fully consists of polar aromatic
rings. The resins MP62, PVP and M500, contain the following
alkaline functional groups attached to the matrix: tertiary amine,
4-vinylpyridine and quaternary amine, respectively. All resins are
macroporous, except for Lewatit M500, which is a gel type resin.
5-hydroxymethylfurfural (HMF), glucose, sulfuric acid (H2SO4) and
sodium hydroxide (NaOH) were obtained from Sigma Aldrich.

XAD4 and Optipore are polymeric adsorbents without functional
groups. They have the same chemical structure, a styrene based
matrix crosslinked with DVB, but they have different physical
properties (e.g. surface area and pore size). They are selected
to determine the HMF and glucose adsorption capacity of the
styrene–DVB matrix. Because they have different surface areas,
the adsorption capacity can also be related to the surface area.
HMF is more apolar than glucose and it is therefore expected
that it will adsorb on the apolar styrene resin while the polar
glucose is less or not adsorbed. This is also seen by the
relative lower log octanol/water partition coefficient (log Kow)
of glucose compared with HMF, which represents the solubility
in octanol relative to the solubility in water (Table 1). MP62
and PVP are weak base anion exchange resins and M500 is
a strong base anion exchange resin. These resins have the
same matrix as XAD4 and Optipore, but with different alkaline
functional groups (tertiary amine, vinylpyridine and quartinary
amine, respectively). These polar alkaline groups can alter the
affinity for HMF and/or glucose of the adsorbent, as well as the
swelling in water of the resin due to the introduction of the polar
groups.

To remove impurities present in the resins, all resins were rinsed
with MilliQ water prior to use until no impurities were visible by
UV–vis (200–400 nm). M500 is received in the Cl- form (M500(Cl-))
and is also brought into the OH– form (M500(OH-). 10 g M500(Cl-)
was rinsed with a 500 mL 1 mol L-1 sodium hydroxide (NaOH)
solution (24 h). The solution was refreshed four times to ensure
complete exchange of Cl- to OH– . The resins were rinsed with
MilliQ water to remove excess NaOH (24 h).

Resin properties
Particle size
The particle size distribution of all resins were measured by
dynamic light scattering (DLS) at 25 ◦C in a Malvern Zetasizer
HS3000. A nominal 5 mW Helium Neon laser with a wavelength
of 633 nm was used to measure the particle size distributions at
angles of 12◦ and 90◦. The correlograms were analyzed using the
CONTIN algorithm.

Nitrogen adsorption
The specific surface area (BET), pore size and pore volume
were measured using nitrogen adsorption at −195.8◦C with a
Micromeritics Tristar 3000.27 Before the measurement the resins
were heated overnight to 80◦C under nitrogen flow.

Volume change and water uptake
The volume change and water uptake of the resins under the
influence of water was investigated. The volume of the resins
was measured after the resins were equilibrated in water (24 h).
The resins were subsequently removed from the excess water by
filtration and their mass was determined. The mass and volume
were measured again after the resins were dried in a vacuum oven
at 80◦C (24 h). This mass was used to determine the swelling and
the water uptake with the following equations:

S = Vwet − Vdry

mdry
(1)

with S the volume change per gram dry resin [mL g-1
dry resin], Vwet

and Vdry the volume mL of the wet and dry resin, respectively, and
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Table 2. Resin specifications

Resin Matrix Type

Functional

group

Ion exchange

capacity [min. eq L-1]

Surface area

[m2 g-1]

XAD421 Poly(styrene- DVB) Adsorbent None - >750

Optipore22 Poly(styrene- DVB*) Adsorbent None - > 1100

MP6223 Poly(styrene- DVB) Weak base anion exchanger Tertiary amine 1.7 n.a.

PVP24 Poly(styrene- DVB) Weak base anion exchanger Vinyl pyridine 1.7 n.a.

M500 (Cl-)25 Poly(styrene- DVB) Strong base anion exchanger Quaternary amine 1.3 n.a.

*Crosslinker not specified by Dow, information on crosslinker obtained from Ramaswamy et al. 26 and Vern et al. 8

mdry the mass of the dry resin [gdry resin].

WU =
(

mwet − mdry
)

mdry· ρH2O
(2)

with WU the water uptake per gram dry resin [mL g-1
dry resin], mwet

and mdry the mass [g] of the wet and dry resin, respectively, and
ρH2O the density of water [g mL-1].

Adsorption isotherms
HMF and glucose adsorption isotherms were determined to
investigate the capacity, affinity and selectivity of the different
resins (XAD4, Optipore, MP62, M500 (Cl-, OH-) and PVP) for HMF
and glucose. Adsorption behavior of the resins was studied by
measuring the following adsorption isotherms:

1. single HMF adsorption (low and high HMF concentrations);
2. single glucose adsorption;
3. competitive HMF/glucose adsorption;
4. HMF adsorption as function of temperature.

The maximum adsorption capacity was determined from
the HMF adsorption isotherms at high HMF concentrations in
water (1000–20 000 mg L-1). The HMF binding strength and
adsorption capacity of the resins was investigated at low HMF
concentrations (1–30 mg L-1) in water since this gives more
information on the affinity of the materials for HMF. Furthermore
this is the concentration range of the targeted industrial processes.
Glucose adsorption of the resins was investigated with glucose
concentrations ranging from 1–100 g L-1 in water.

Competitive adsorption of HMF and glucose was studied by
measuring HMF adsorption in a glucose solution (100 g L-1).
HMF adsorption from a glucose solution was determined at low
(1–30 mg L-1) concentrations for Optipore and XAD4 and due
to analysis limitations, at high HMF concentrations (1000–20
000 mg L-1) for the other resins. All these experiments were
performed at 20◦C.

Additionally the effect of temperature on the HMF adsorption
capacity of Optipore was studied at 20 and 60◦C and HMF
concentrations from 1000–20 000 mg L-1 in water.

In general 25 mL of solution was added to 0.3 g wet resin in
a 30 ml flask. The solutions were equilibrated for 48 h (MP 62)
or 24 h (all other resins) in a thermostatic shaking bath (20◦C
or 60◦C). The equilibration time for the solute adsorption was
determined in separate experiments (not shown in this article).
After the equilibration time, the equilibrium concentration was
determined using HPLC.

HMF and glucose concentrations were determined with a Waters
HPLC with a 515 pump, a 2487 dual λ adsorbance detector and

Millenium32 (version 3.20) software. Analysis was carried out using
the column Resex ROA-organic acid 300 × 7.8 mm (Phenomenex).
The mobile phase was 0.005 mol L-1 H2SO4. The column was
operated at 90 ◦C with a flow rate of 0.3 mL min-1 of the mobile
phase. Peak detection was performed with UV at 284 nm (HMF)
and 205 nm (glucose).

At high concentrations the adsorption isotherms are described
by Langmuir sorption:28

q = b· ceq· qmax

1 + b· ceq
(3)

with q [gsolute/gresin] the adsorption capacity at equilibrium
concentration ceq [gsolute L-1], b [L g-1

solute] the Langmuir
equilibrium constant that indicates the energy of adsorption,
which increases when the strength of the adsorption bond
increases, and qmax [gsolute g-1

resin] is the maximum adsorption
capacity of the resin.

At low concentrations the adsorption isotherms are correlated
using the Freundlich equation:28

q = K· c1/n
eq (4)

with q [mgsolute g-1] the adsorption capacity at equilibrium
concentration, ceq [mgsolute L-1], K [L g-1

resin] the freundlich
equilibrium constant that indicates the maximum adsorption
capacity, and 1/n the constant measuring the strength of
adsorption. A lower 1/n indicates a higher adsorption strength.

RESULTS AND DISCUSSION
Resin analysis
The particle size, BET surface area, mean pore size and volume,
water uptake and swelling were determined for all resins in order
to relate the adsorption performances to the resin properties. The
results are summarized in Table 3. The BET surface area of M500 is
not determined since this is a gel type resin.

The particle size diameter determined is the diameter of the
wet resins and is determined by the swelling of the material
(explained later) and by the manufacturing method.29 The particle
size decreases in the following order: M500(OH-), MP62, XAD4,
M500(Cl-), Optipore and PVP. The difference in particle size
between M500(OH-) and M500(Cl-) is explained by differences
in swelling as explained below. The particle size is important
for adsorption kinetics, but does not influence the adsorption
capacity. It is therefore not further considered.

The BET surface area decreases in the following order: Optipore,
XAD4, PVP and MP62. The BET surface area is high for the
polymeric adsorbers Optipore and XAD4 and low for the ion

J Chem Technol Biotechnol 2015; 90: 101–109 c© 2013 Society of Chemical Industry wileyonlinelibrary.com/jctb
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Table 3. Resin properties

Resin

Particle

size diameter [μm]

BET surface

area [m2 g-1
resin]

Mean pore

size [nm]

Pore volume

[mL g-1
resin]

at p/p0 = 0.99

Wateruptake

[mLH2O g-1
dry resin]

Swelling

[mLH20 g-1
dry resin]

XAD4 590 746.4 ± 1.5 6 1.11 2.4 0.1

Optipore 557 1321.2 ± 1.5 56 0.85 2.8 1.1

MP62 625 39.3 ± 0.2 40 0.12 2.1 0.6

PVP 366 53.7 ± 0.1 30 0.14 2.4 0.8

M500 (OH-) 660 - - - 2.6 2.3

M500 (Cl-) 585 - - - 0.9 1.3

exchange resins PVP and MP62. The surface areas of Optipore and
XAD are comparable with the areas given by the manufacturers
(>1100 m2 g-1 and 750 m2 g-1, respectively21,22). Surface areas of
MP62 and PVP are not provided by the manufacturer. Because ion
exchange resins are manufactured to contain many accessible ion
exchange groups while the structure is pH resistant and capable
of resisting pH induced swelling and shrinkage, surface area is
of minor importance compared with mechanical strength, and
ion exchange resins therefore have smaller surface areas. It is
expected that when the chemical composition is similar, a larger
surface area will lead to a higher adsorption capacity for the solute
than when compared to a similar resin with a lower surface area.
As such we expect Optipore to show a higher adsorption capacity
for HMF than XAD4. The macroporous ion exchange resins MP62
and PVP show much lower BET surface areas and although they
contain polar groups that could enhance HMF adsorption they are
expected to show lower adsorption capacities.

The pore sizes of all resins are comparable except for XAD4,
which has a smaller pore size. The pore sizes are determined by the
production method.29 Pore sizes larger than ∼5 nm are suitable
for the adsorption of small solutes because the solutes can migrate
through the pores to occupy the entire surface area.30 Since HMF
is a small solute (126.11 g mol-1), all of these resins are suitable for
HMF adsorption.

Pore volume from low to high is in the following order:
MP62, PVP, Optipore and XAD4. M500 is a gel type resin and
therefore contains no pores. Gel type resins possess higher
loading capacities but have diffusion limitations in their adsorption
kinetics. Macroporous resins show lower adsorption capacity but
the adsorption sites are more readily available.

Water uptake of the resins shows, except for M500(Cl-), only
little variation and is from low to high in the following order: MP62,
PVP and XAD4, M500(OH-), Optipore. M500(Cl-) has a lower water
uptake due to lower swelling of the matrix.

Swelling of the resins is from low to high in the following
order: XAD4, MP62, PVP, Optipore, M500(Cl-) and M500 (OH-).
Swelling of the resins is determined by the nature of the matrix,
the degree of crosslinking, the macrostructure, the nature of the
functional groups, the ion exchange capacity, and the nature of
the counter ion.31 Swelling of the resins can affect the adsorption
capacity in different manners. A higher degree of swelling could
influence the adsorption by making the adsorption sites better
available.29 Furthermore swelling increases the polymer volume
thereby increasing the absorption area of the polymer matrix.29

The water in the resins can be located in the pores, in the matrix of
the resins or in a combination of both. In the first case no swelling
is observed while in the second case swelling of the matrix is
observed.

Although the water uptake of XAD4 is high, the swelling is very
low. This indicates that the water present in the resin is mostly
located in the pores of the resin. XAD4 consists of styrene–DVB and
the apolar structure of the matrix explains the low swelling in water.
It is generally accepted that water absorption in styrene–DVB
polymers is due to filling of the pores and not by swelling of the
matrix,32,33 although swelling in water has been observed when
the polymerization occurred in a good solvent for the matrix.32

The observed higher swelling of PVP and MP62 compared with
XAD4 was expected since their matrix is less polar due to the
introduction of the polar alkaline groups.31

The relatively high swelling of Optipore is unexpected since,
like XAD4, Optipore is specified as a apolar resin.22 This is
probably explained by the polymerization method. According
to Xu et al.,29 Optipore is a hypercrosslinked polymer. These types
of adsorbents are, after preparation in emulsion polymerization,
further crosslinked with a crosslinker while swollen in a good
solvent. The crosslinkers used for hypercrosslinking usually contain
oxygen or chlorine containing reactive groups.29 If the crosslinking
reaction is incomplete, these groups are still present in the polymer
matrix, thereby increasing the hydrophilicity of the polymer. Verne
at al.8 also mention that Optipore contains hydrophilic groups.
Furthermore Yan et al.32 observed that these hypercrosslinked
resins, in contrast to the conventional macroporous resins, do
swell in water at high degrees of crosslinking. This is caused by the
inner strain caused by the high degree of crosslinking, which is
released by swelling of the polymer. Although XAD4 and Optipore
were chosen as resins with comparable chemical structure, these
results show that this might not be the case. Not only the difference
in surface area, but also the difference in degree of swelling, as
well as the possibility of the presence of polar groups could affect
the respective adsorption capacities.

M500 shows very high swelling due to the gel type structure
(e.g. crosslinking) of the resin. The resin swells a lot more when
OH– is chosen as counterion than when Cl- serves as counterion
of the ammonium group, as the first counterion is known to cause
the largest swelling of the resin.31 Since M500(OH-) shows much
more swelling than M500(Cl-) it is therefore expected that the HMF
adsorption capacity of M500(OH-) is higher than that of M500(Cl-).

We realize that the water mass balance does not add up. The
water uptake [mL g-1

dry resin] is larger than the sum of the pore
volume [mL g-1

dry resin] and the swelling [mL g-1
dry resin]. This is

likely due to the use of a combination of different techniques
(e.g. nitrogen adsorption or water adsorption) and errors in the
measurement. Nitrogen is a smaller molecule and can access
smaller pores, at the same time swelling due to water affects
pore volume and pore accessibility of some resins. Although the
numbers do not fully match, the water uptake and swelling give a

wileyonlinelibrary.com/jctb c© 2013 Society of Chemical Industry J Chem Technol Biotechnol 2015; 90: 101–109
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Figure 1. HMF adsorption isotherms ([c0, HMF] = 1000–20 000 mg L-1). The
dotted lines show the fit according to the Langmuir isotherms, obtained
Langmuir parameters are summarized in Table 4.

Figure 2. HMF adsorption isotherms ([c0, HMF] = 1–30 mg L-1). The dotted
lines show the fit according to Freundlich (the obtained Freundlich
parameters are summarized in Table 4).

good idea of the mechanisms of water uptake (in the pore volume,
due to swelling of the matrix or a combination of both).

Adsorption isotherms
HMF adsorption
HMF adsorption isotherms were determined to obtain information
on the affinity and capacity of the different resins for HMF. The
HMF adsorption isotherms are shown in Fig. 1 for high HMF
concentrations (1000–20 000 mg L-1) and Fig. 2 for low HMF
concentrations (1–30 mg L-1). The data are fitted with Langmuir
(1000–20 000 mg L-1) and Freundlich adsorption isotherms
(1–30 mg L-1). The fitted curves are shown in the figures as well
and the adsorption isotherm parameters are given in Table 4.

Figure 1 shows the adsorption isotherms for all resins of HMF at
high concentrations. All resins show a type 1 Langmuir adsorption.
Type 1 adsorption is limited to a single monolayer of adsorbate
on the adsorbent surface characterized by saturation at high

concentrations. Type 1 adsorption is often seen when the solvent
has low affinity for the surface and does not compete for adsorption
with the solute.34 Type 1 Langmuir adsorption is also confirmed by
the modeled data, since R2 is larger than 0.95 for all resins except
for XAD4, which shows a lower R2 (see Table 4). Although XAD4
shows a lower R2 due to more scatter in the data, the shape of the
measured data still justifies the assumption of type 1 Langmuir
adsorption. Langmuir type adsorption of furans on styrene-DVB
resins with and without anion exchange groups was also observed
by several others.5,14,35

The adsorption capacity of the resins increases in the following
order: MP62, M500(Cl-), PVP, XAD4, M500(OH-) and Optipore.
The adsorption isotherms of MP62 and M500(Cl-) show the
lowest adsorption capacity and are saturated at the measured
concentrations. MP62 has a low surface area and therefore
less available adsorption sites. M500(Cl-) swells only little and
adsorption sites cannot be reached by diffusion through the gel.
Since no other groups than aromatic rings are present in the
matrices of XAD4 and Optipore, adsorption of HMF on Optipore
and XAD is established by π−π interactions between the styrene
matrix and the ring of HMF. Adsorption of the polar groups of HMF
on the apolar matrix of XAD or Optipore of HMF is unlikely. XAD4
shows a lower adsorption capacity than Optipore. This is related to
the surface area of the resins. The surface area of Optipore is 1321.2
m2 g-1 while the surface area of XAD4 is 746.4 m2 g-1 only. The ratio
of maximum adsorption capacity to BET surface area is 0.63 mgHMF

m-2 and 0.73 mgHMF m-2 for XAD4 and Optipore, respectively.
Since the swelling experiments showed that Optipore swells while
XAD4 does not, we believe that this causes the relatively higher
HMF adsorption since swelling increases the accessibility of the
adsorption sites.29

The adsorption capacities of the macroporous anion exchange
resins MP62 and PVP is much lower than that of Optipore and
XAD4. This is explained by the small surface area of these resins.

M500(OH-) shows a very high adsorption capacity while
M500(Cl-) shows a very low adsorption capacity. This is caused
by the swelling of the resin, which depends on the counter ion.
M500(Cl-) swells only little while M500(OH-) has a huge degree of
swelling. This is directly reflected in a lower adsorption capacity.

The affinity of the resins could provide more insight to the
HMF adsorption mechanism of the resins. It is clear that HMF
adsorbs on XAD4 and Optipore by π−π bonds since no other
interactions are available. For the other resins an increased or
reduced affinity compared with XAD4 and Optipore is observed,
depending on the affinity of the resin for HMF. The affinity of the
resins is indicated by the affinity parameter b of the Langmuir
isotherm and is determined by the slope of the curve at lower
equilibrium concentration ranges when the curve is still linear.
Values of b were obtained by fitting the data of Fig. 1 to the
Langmuir equation (see Table 4). The values obtained for b are
comparable for all resins. Since there are not so many data points
in the linear part of the graph that determine b, the value of b is
further investigated by analyzing the adsorption isotherms at low
concentrations (Fig. 2).

Figure 2 shows the adsorption isotherms of the resin at low
concentrations. The adsorption capacity of the resins for HMF
increases in the following order: M500(Cl-), PVP, M500(OH-), MP62,
XAD4 and Optipore. 1/n and K are obtained by modeling the data
to the Freundlich isotherm (Equation (4) and Table 4). Although the
data fitted with Freundlich describe the adsorption isotherms well,
1/n and K have no physical meaning in this case, as the isotherms
are mostly linear and consequently 1/n and K are correlated.

J Chem Technol Biotechnol 2015; 90: 101–109 c© 2013 Society of Chemical Industry wileyonlinelibrary.com/jctb
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Table 4. Adsorption isotherm parameters obtained from the data in Figs 1, 2 and 3

Langmuir Freundlich Henry

b [L g-1
HMF] qmax [gHMF g-1

resin] R2 K [L g-1
resin] 1/n R2 b [L mg-1

HMF] R2

XAD 4 0.09 0.47 0.82 0.12 0.98 1.00 0.24 0.99

Optipore 0.10 0.97 0.98 0.97 0.89 1.00 0.86 0.99

MP 62 0.15 0.14 0.97 0.16 0.78 1.00 0.60 0.98

PVP 0.08 0.34 0.92 0.04 0.94 0.95 0.11 0.96

M500(OH-) 0.22 0.66 0.95 0.10 0.77 0.99 0.07 0.99

M500(Cl-) 0.07 0.20 0.98 0.01 1.23 0.95 0.05 0.95

Figure 3. HMF adsorption isotherms ([c0, HMF] = 1–30 mg L-1). The dotted
lines show the fit based on Henry (the obtained Henry parameters are
summarized in Table 4).

However, when the maximum capacity (qmax) obtained from
the adsorption isotherms at high concentrations (Fig. 1, Table 4) is
used, more information on the affinity at low concentrations can
be obtained. For low concentrations (b.ceq <<1) Equation (3) can
be simplified to Henry’s law:

q

qmax
= b· ceq (5)

The adsorption capacity (q) measured at low concentrations (Fig. 2)
is divided by the maximum adsorption capacity (qmax) obtained at
high concentrations (Table 4). Figure 2 was recalculated using the
maximum adsorption capacity and Fig. 3 was obtained. Equation
(5) shows that the slope of the adsorption isotherms is equal to
the affinity parameter b.

The data fits Henry’s law well since R2 > 0.95 (Table 4). The slope
and therefore the affinity is highest for Optipore, immediately
followed by MP62 and subsequently XAD4, PVP, M500(OH-) and
M500(Cl-). Since the adsorption isotherm is corrected for the
maximum capacity, the resin swelling and surface area have no
effect on the slope of the graph. Optipore mainly consists of a
styrene–DVB matrix and since the affinity of HMF is largest for
this resin, it shows that π−π stacking is the main contributor to
HMF adsorption. XAD4 contains the same chemical composition as
Optipore but shows a lower affinity for HMF. This is caused by the
altered morphology of the hypercrosslinked Optipore compared

with that of XAD4 as was shown before by Jerabek et al.35 for
comparable resins, who showed that the micropores formed by
hypercrosslinking enhance the adsorbence at low concentration
similar to adsorption in micropores in gas–solid adsorption.

It appears that the addition of a tertiary amine enhances the
affinity of HMF for the resin since the affinity of MP62 is higher
than that of XAD4 and almost comparable with Optipore. It is
possible that the polar groups of HMF form hydrogen bonds with
the tertiary amine of MP62, as was suggested by Fargues et al.14

as a mechanism for furfural adsorption on tertiary amines. The
adsorption mechanism of HMF on MP62 is further discussed when
glucose adsorption and competitive adsorption is evaluated.

Addition of a pyridine to the matrix reduces the affinity of
the resins for HMF, as the affinity of PVP is lower than that of
XAD4 and Optipore. We expected the bulky aromatic group to
show π−π stacking with HMF and hydrogen bond formation
between the polar groups of HMF with the amine of the pyridine,
thereby enhancing the affinity. However, the affinity is reduced
compared with XAD4 and Optipore upon addition of a pyridine
group. We hypothesize that since the aromatic group does not
seem to contribute to HMF adsorption, it blocks the access to the
styrene matrix thereby reducing HMF adsorption, this was also a
considered mechanism for other ion exchange resins by Fargues
et al.14

Addition of strong ion exchange groups such as in M500 (OH–

and Cl-) also does not enhance the affinity of the materials for
HMF as these resins show very low affinity constants. The slope of
M500(OH-) is slightly higher than that of M500 (Cl-) but we believe
that is caused by the value of qmax, which is very different for both
resins and susceptible to a certain error. The affinities of the resins
are therefore comparable and differences in adsorption capacity
are likely caused by different swelling due to the different counter
ions. The reduced affinity of M500 compared with the other
styrene–DVB resins might also be caused by steric hindrance of
the styrene matrix by the quaternary amine.

The results on the HMF adsorption capacity (low and high
concentration) show that the main factor influencing HMF
adsorption capacity of the styrene–DVB resins is the surface area.
The main mechanism for HMF adsorption for all resins is π−π

stacking with the styrene–DVB matrix. It appears that the addition
of polar anion exchange groups reduces the affinity, probably
caused by steric hindrance. In the case of the tertiary amine, the
adsorption mechanism is less obvious. It is possible that HMF
adsorption is caused by π−π stacking or hydrogen bonding or a
combination of both.

Glucose adsorption
In the targeted industrial application glucose is abundantly
present while HMF is present only in trace amounts. As such,
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Figure 4. Glucose adsorption isotherms of M500(OH-) and MP62
([c0, glucose] = 1–30 g L-1).

undesired glucose adsorption may affect HMF adsorption by
competitive adsorption if both components exhibit similar
adsorption mechanisms. Additionally sugar loss due to adsorption
of sugars (e.g. glucose) reduces the final fermentation yield.
Glucose adsorption for all resins was therefore studied as well.
The glucose adsorption isotherms of M500(OH-) and MP62 are
given in Fig. 4. Glucose adsorption was not observed for XAD4,
PVP, M500(Cl-) and Optipore.

Figure 4 shows that the weak and strong ion exchange resins
MP62 and M500(OH-) show glucose adsorption. Since glucose
adsorption was not observed for XAD4 and Optipore, adsorption
does not occur at the styrene–DVB matrix of the resins. This is
in agreement with Weil et al.5 The absence of glucose adsorption
on PVP is in line with the work of Xie et al.10 However, these
studies were both performed with column experiments. The
observed glucose adsorption on MP62 is most probably due
to hydrogen bonding of the alcohol group of glucose to the
tertiary amine. Saari et al.36 also observed glucose adsorption
on a weak anion exchanger. The amount of glucose adsorption
at these concentrations was comparable but the curve did not
reach maximum adsorption and was linear instead of following
Langmuir. This could be related to the unknown differences in
physical properties (e.g. pore size, surface area) of the resins used
in this work and in the work of Saari et al. Although we believe
that glucose binds to MP62 through hydrogen bonding we do not
observe glucose adsorption on PVP.

Although glucose is known not to adsorb on strong ion
exchange resins,37 examples of glucose adsorption on strong
ion exchange resin in their OH– form were found.15,38 The
mechanism of this glucose adsorption on a quaternary ammonium
countered with OH– (M500(OH-)) is, however, unclear since
hydrogen bonding with a quaternary ammonium is not possible.39

According to Nilvebrant et al.15 glucose adsorption is caused by
the tendency of glucose to ionize and form ionic bonds with
quaternary ammonium. We believe that since glucose has a very
high dissociation factor (pKa > 1420) and therefore only dissociates
at high pH, this mechanism might be an explanation for glucose
adsorption at high pH, but it does not explain the adsorption
of glucose at neutral pH, as was measured in this research
and at pH 5.5 by Nilvebrant et al.15 Since glucose adsorption is

Figure 5. HMF adsorption in water (open symbols) and the presence of
glucose ([cglucose] = 100 g L-1) (closed symbols) for Optipore and XAD 4 ([c0,

HMF] = 1–30 mg L-1).

not observed for the Cl- form (this research) or the SO4
2- form

(Nilvebrandt et al.15) of the ammonium salt, hydrogen bonding
with the counter ion OH– can be an explanation for glucose
adsorption on M500(OH-).

The very high glucose adsorption on M500(OH-) compared
with MP62 is due to the different matrix structure (e.g. gel type vs
macroporous). A higher degree of crosslinking tightens structure of
the matrix, making this less accessible for the large hydrate glucose

molecule as was also shown for cation exchange resins.40–43

Competitive adsorption
The effect of the presence of glucose on HMF adsorption was
studied as well to examine if glucose and HMF compete for
adsorption sites. As described, the main mechanism for HMF
adsorption of all resins is π−π stacking, however, hydrogen
bonding may play a role for the resin MP62. To verify the
importance of competitive adsorption of HMF and glucose
Fig. 5 shows the HMF adsorption isotherms in the presence of
glucose determined for XAD4 and Optipore. It was not possible
to determine the HMF adsorption on MP62, PVP and M500 at
low HMF concentrations as contamination of the resins related
to the production of the resins hindered HMF analysis for the
ion exchange resins at low concentration. Although the anion
exchange resins were very intensively rinsed with water until
contaminants were no longer visible with UV–VIS before the
adsorption experiments, when the resins were exposed to the
glucose solution in the adsorption experiment, they released
additional contaminants. This, combined with the presence of
glucose, hindered accurate HMF analysis at this concentration
range. However, in case competitive adsorption occurs, this would
also be visible at high concentrations. Therefore HMF adsorption
for M500(OH-), PVP and MP62 in the presence of glucose was
determined at higher HMF concentrations (0–20 000 mg L-1) in
order to be still able to evaluate the contribution of competitive
adsorption between HMF and glucose.

Figure 5 clearly shows that for the two resins without specific
functional groups, competitive adsorption is essentially not
observed. In the presence of glucose or not, the same amount
of HMF is adsorbed over the full HMF concentration range
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Figure 6. HMF adsorption in water (open symbols) and the presence of
glucose ([cglucose] = 100 g L-1) (closed symbols) for M500, PVP, MP62 ([c0,

HMF] = 1000–20 000 mg L-1).

investigated. The resins M500(OH-), PVP and MP62 show similar
behavior (Figure 6), however, the adsorption isotherms show
more scatter. As discussed earlier, this is caused by contaminants,
related to the production of the resins and released from the anion
exchange resins.

The absence of competitive adsorption on M500 and MP62
shows that the adsorption mechanism for HMF differs from that
of glucose, which confirms that HMF adsorption is established
through π−π interactions. We believe that glucose adsorption on
MP62 is established through hydrogen bonding with the tertiary
amine. Although HMF has an alcohol and a keton group that
could bind through hydrogen bonds to MP62 as well, the absence
of competitive adsorption shows that this mechanism does not
play a role in HMF adsorption on MP62. This result also confirms
that HMF adsorption for all resins is predominantly through π−π

bonding with the styrene matrix.
Fargues et al.14 suggest that furfural adsorption on a strong

anion exchange resin with a styrene matrix is due to hydrogen
bonding of the polar keton group of furfural to the quaternary
amine. We believe however that the only possibility for hydrogen
bonding is with the OH– counter ion of the quaternary ammonium.
We believe that glucose binds to M500(OH-) through hydrogen
bonding and since competitive adsorption between glucose and
HMF is not observed, hydrogen bonding does not play a role in
HMF adsorption.

All competitive adsorption isotherm graphs show that the
presence of glucose does not affect the HMF adsorption capacity of
the resins. Additionally, this also shows that the presence of glucose
does not alter the solubility of HMF, since the HMF adsorption
capacity of the resins is not affected by the presence of glucose.

Temperature effect
The HMF adsorption isotherms show that styrene–DVB based
resins are good adsorbers for HMF. The affinity of these adsorbers
for HMF is high, however this could make subsequent desorption
difficult. Regeneration with steam is a common method to
desorb solutes from a column.44 Furthermore the pretreatment
methods to extract sugars from lignocellulosic mass often
include a temperature increase (e.g. liquid hot water extraction,

Figure 7. HMF adsorption on Optipore at 20◦C and 60◦C ([c0,

HMF] = 1000–20 000 mg L-1).

steam explosion) that affects the adsorption thermodynamics. So
additionally we investigated the effect of temperature on HMF
adsorption for Optipore at 20◦C and at 60◦C (Fig. 7).

Figure 7 clearly shows that the adsorption capacity of Optipore
for HMF is higher at lower temperatures. This confirms that
adsorption is established by physical adsorption. This effect was
also observed for XAD4 by Weil et al.5 The efficiency of the
adsorbers at higher temperatures is reduced, but this reduced
affinity can also be used to regenerate the column after saturation
by increasing the temperature. This is especially effective at higher
HMF concentrations.

CONCLUSIONS
Furan derivatives can be removed from water and sugar solutions
with styrene based (ion exchange) polymeric resins. For efficient
removal, a high surface area of the resin is a key property. Although
introduction of polar groups in the form of tertiary amines appears
to increase the affinity of the resin material for HMF, these groups
also introduce affinity for glucose resulting in loss of fermentable
sugar. However the presence of glucose did not affect the HMF
adsorption capacity and solubility and competition between HMF
and glucose for adsorption sites was not observed in the ion
exchange resins. HMF adsorption is likely established by π−π

interactions between the styrene matrix and the ring of the
furan, while glucose adsorption is predominantly by hydrogen
interactions with the polar groups of the ion exchange groups.
Optipore shows a high specificity for HMF adsorption while it
does not exhibit specificity for glucose. This makes it an excellent
adsorber for HMF removal from hydrolysate for the fermentation
of glucose.
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