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Abstract: Several sulfonated cross-linked copolymers functionalized with hydroxyl and carboxylic
groups have been synthesized. The amount of the cross-linking monomer was tailored (from 4% up to
40%) to tune the resulting micro- and nano-morphologies, and two types of catalysts, namely, gel-type
and macroreticular catalysts, were obtained. These copolymers were employed in the catalytic
hydrolysis of wheat straw pretreated in 1-ethyl-3-methylimidazolium acetate to obtain sugars.
Remarkably, the presence of additional oxygenated groups enhances the catalytic performances of
the polymers by favoring the adsorption of β-(1,4)-glucans and makes these materials significantly
more active than an acidic resin bearing only sulfonic groups (i.e., Amberlyst 70). In addition,
the structure of the catalyst (gel-type or macroreticular) appears to be a determining factor in
the catalytic process. The gel-type structure provides higher glucose concentrations because the
morphology in the swollen state is more favorable in terms of the accessibility of the catalytic centers.
The observed catalytic behavior suggests that the substrate diffuses within the swollen polymer matrix
and indirectly confirms that the pretreatment based on dissolution/precipitation in ionic liquids yields
a substantial enhancement of the conversion of lignocellulosic biomass to glucose in the presence of
heterogeneous catalysts.

Keywords: heterogeneous catalysts; ionic liquid; lignocellulosic biomass; acidic resin catalysts

1. Introduction

Sustainable energy is increasingly being applied to all social, economic and political fields
worldwide. The European Union (EU) has a political objective to decarbonize its economy by 2050 and
reduce 80%−95% of its greenhouse gas (GHG) emissions [1,2].

In addition, market requirements are trending towards an ecological compromise, and society
is increasingly becoming aware of the need to consume products that have been obtained through
processes with minimized environmental impacts. As a result, the use of bioproducts, renewable
energy [3] and biorefineries is constantly expanding to various industries, such as the chemical,
pharmaceutical, paper and food industries, as well as others.

The total amount of lignocellulosic biomass produced in the EU-28 is calculated to be 419 Mt,
among which wheat is the main contributor (155 Mt, 37%). Thus, these residues are highly suitable raw
materials for both producing second-generation biofuels and preparing high value-added compounds
in the EU [4].

The transformation of lignocellulosic biomass into valuable chemicals requires, almost inevitably,
a previous treatment (physical, chemical, biochemical, biological or a combination of them) of the
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substrate [5]. In this way, the particle size can be reduced, the porosity can be improved, and the
crystallinity of the cellulose can be altered. After fractioning its main components, e.g., cellulose,
hemicellulose and lignin, biomass can be converted into a wide variety of industrial products, such as
biofuels, biomaterials, cellulose pulps, cellulose nanofibers, oligosaccharides and a large number of
by-products, in addition to lignin derivatives.

Numerous studies have shown ionic liquids (ILs) to be effective at solubilizing lignocellulosic
biomass, allowing for subsequent regeneration by precipitation with anti-solvents. Depending on the
anti-solvent used, it is possible to achieve selective precipitation and separate the lignocellulosic biomass
into its main components [6–14]. Among the most commonly employed ILs, 1-ethyl-3-methylimidazolium
acetate ([EMIM]OAc) holds a privileged position due to its physico-chemical properties.

The acid hydrolysis of the polysaccharide fractions of lignocellulosic biomass, which leads to
monosaccharides that can be converted into fine chemicals or platform molecules used for industrial
applications, can be performed in the presence of enzymes, homogeneous catalysts or heterogeneous
catalysts [15–21]. During the last few years, increasing attention has been focused on the heterogeneous
approach, which leads to several advantages in terms of the process design and plant costs [22–25].
Some of us have investigated using resins as catalysts or scaffolds in material chemistry [26–30].
These resins could be more advantageous materials than the most commonly employed materials
used for the acid hydrolysis of lignocellulosic biomass (e.g., zeolites, carbon and hybrid materials),
especially due to their structural and functional versatility and stability in reaction media. In fact,
the morphology and chemical properties of these resins can be easily tuned by modifying the nature
and amount of structural, cross-linking and functional monomers used [31–33].

The presence of additional polar groups in combination with sulfonic groups in carbon-based
materials clearly enhances the hydrolysis of cellulose [34–37] by favoring the adsorption of β-(1,4)-glucans.
This effect was observed also in other supports, such as silica and resins [38–40]. However, the effect
on the catalytic performances of the polar group amount and of the synergy between the presence of
additional acid groups and the morphology of the polymer matrix has not yet been studied.

In this work, we describe the design and synthesis of several novel cross-linked copolymers,
as well as the ability of these copolymers to catalyze the acid hydrolysis of wheat straw pretreated
with [EMIM]OAc. For these catalysts, the amount of the cross-linking monomer has been tailored to
tune the morphology of the materials from a gel-type matrix to a macroreticular structure. Moreover,
the chemical properties of the supports have been controlled by decorating the polymers with carboxylic
and hydroxyl groups. The percentage of the functional monomer was adjusted to study the effect of
the number of polar groups on the performance of the catalyst.

2. Results and Discussion

2.1. Synthesis of the Catalysts

Two copolymers containing 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS), 2-hydroxyethyl
methacrylate (HEMA) and ethylene dimethacrylate (EDMA) and four copolymers containing
AMPS, methacrylic acid (MAA) and EDMA were prepared by free radical polymerization using
N,N-Dimethylformamide (DMF) as the solvent.

For both the AHE (AMPS-HEMA-EDMA) and AME (AMPS-MAA-EDMA) polymers
(see Sections 3.2 and 3.3 of this work), the ratio of HEMA or MAA to AMPS was tuned from
1:2 to 1:3 to obtain materials with different amounts of polar groups. In the case of the AHE catalysts,
the molar amount of the cross-linking monomer (EDMA) was established to obtain gel-type textures.
For the AME materials, the molar percentage of EDMA was varied from 4% to 40%, and two kinds of
catalysts were obtained, i.e., gel-type structures and rigid macroreticular resins. The notations AHE
Y-X and AME Y-X, where Yand X are the nominal molar ratios of AMPS and EDMA, respectively,
will be used henceforward to refer to the polymer materials. The expected chemical structures of the
AHE and AME materials are reported in Figures 1 and 2.
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2.2. Elemental Analysis and Cation Exchange Capacity (CEC) of the Catalysts  

The elemental analysis and determination of the cation exchange capacity (CEC) by back-
titration confirmed the composition of the synthetized AME and AHE materials (Tables 1 and 2). 
Slight differences between the expected elemental composition (calculated from the composition of 
the monomer mixtures) and the experimental results may be due to the incomplete polymerization 
of the monomers or the presence of moisture in the materials. As a matter of fact, the presence of a 
substantial amount of water in acrylic resins is well known, particularly in the case of polar 
monomers, which makes quite reliable the hypothesis of the presence of water in the AHE and AME 
materials. Regarding the cation exchange capacity of the AME and AHE catalysts, back-titration 
pointed out that the actual CEC of the materials is somewhat lower than the nominal CEC (calculated 
from the AMPS molar content), although the results appear in good agreement. 

Table 1. The expected molar composition of the AHE materials. 

 
χ (%) Weight Ratios (%) CEC 

AMPS HEMA EDMA C H N S (mmol H+/g) 
AHE 
64-4 

Experimental - - - 45.36 6.56 4.75 10.29 3.12 
Theoretical1 64 32 4 45.12 6.06 4.95 11.34 3.482 

AHE 
72-4 

Experimental - - - 43.94 6.49 5.27 11.53 3.47 
Theoretical 1 72 24 4 43.87 6.59 5.35 12.26 3.782 

1 Excludes the presence of contaminants; 2 cation exchange capacity (CEC) was calculated from the AMPS 
content. 

The explanations for these discrepancies are the same as those mentioned in the elemental 
analysis. In the case of the AME polymers, the possibility that the CEC values were underestimated 
due to the re-acidification of the more accessible carboxylic groups during the titration must also be 
considered. 
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2.2. Elemental Analysis and Cation Exchange Capacity (CEC) of the Catalysts

The elemental analysis and determination of the cation exchange capacity (CEC) by back-titration
confirmed the composition of the synthetized AME and AHE materials (Tables 1 and 2). Slight
differences between the expected elemental composition (calculated from the composition of the
monomer mixtures) and the experimental results may be due to the incomplete polymerization
of the monomers or the presence of moisture in the materials. As a matter of fact, the presence of
a substantial amount of water in acrylic resins is well known, particularly in the case of polar monomers,
which makes quite reliable the hypothesis of the presence of water in the AHE and AME materials.
Regarding the cation exchange capacity of the AME and AHE catalysts, back-titration pointed out that
the actual CEC of the materials is somewhat lower than the nominal CEC (calculated from the AMPS
molar content), although the results appear in good agreement.

Table 1. The expected molar composition of the AHE materials.

χ (%) Weight Ratios (%) CEC

AMPS HEMA EDMA C H N S (mmol H+/g)

AHE 64-4
Experimental - - - 45.36 6.56 4.75 10.29 3.12
Theoretical 1 64 32 4 45.12 6.06 4.95 11.34 3.48 2

AHE 72-4
Experimental - - - 43.94 6.49 5.27 11.53 3.47
Theoretical 1 72 24 4 43.87 6.59 5.35 12.26 3.78 2

1 Excludes the presence of contaminants; 2 cation exchange capacity (CEC) was calculated from the AMPS content.

The explanations for these discrepancies are the same as those mentioned in the elemental analysis.
In the case of the AME polymers, the possibility that the CEC values were underestimated due to the
re-acidification of the more accessible carboxylic groups during the titration must also be considered.
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Table 2. The expected molar composition of the AME materials.

χ (%) Weight Ratios (%)
CEC (mmol H+/g)

AMPS MAA EDMA C H N S

AME 64-4
Experimental - - - 43.4 6.42 5.08 10.75 5.49
Theoretical 1 64 32 4 44.01 6.48 5.23 12.21 5.71 2

AME 72-4
Experimental - - - 42.53 6.42 5.45 11.56 5.3
Theoretical 1 72 24 4 43.23 6.44 5.67 12.98 5.4 2

AME 40-40
Experimental - - - 50.82 6.65 3.01 6.3 2.99
Theoretical 1 40 20 40 50.8 6.74 3.12 7.15 3.34 2

AME 45-40
Experimental - - - 49.97 6.65 3.36 6.66 2.98
Theoretical 1 45 15 40 50.19 6.71 3.4 7.78 3.24 2

1 Excludes the presence of contaminants; 2 CEC was calculated from the AMPS content.

2.3. FTIR Spectroscopy of Catalysts

From the FTIR spectra of the AHE materials (Figure 3), the broad band at approximately 3500 cm−1

is due to the N-H stretching of the acrylamide moiety (AMPS), the O-H stretching of the hydroxyl
group of HEMA and the sulfonic group of AMPS and the water contribution. The group of bands
at 2858–2964 cm−1 can be attributed to the stretching of C-H bonds. The signal corresponding to the
C=O stretching of the ester group of HEMA and EDMA can be observed at 1732 cm−1. The signal at
1644–1647 cm−1 can be ascribed to the stretching of the carbonyl groups of the acrylamide moiety (amide
I band), whereas the weak signal at 1557 cm−1 is due to N-H bending (amide II band). The stretching of
the C-N bond of the acrylamide group produces a signal at 1408 cm−1. The strong bands at 1262 cm−1

and 1097–1099 cm−1 can be attributed to the asymmetric and symmetric stretching of the sulfonic
group of AMPS, respectively, whereas the band at 1024–1025 cm−1 can be ascribed to the asymmetric
O-C-C stretching of HEMA and EDMA. The strong band at 802–803 cm−1 is due to the out-of-plane
wagging vibration of the N-H bonds of the primary amide group. Finally, it is possible to exclude the
presence of a significant amount of unreacted C=C double bonds, due to the lack of signals at 1637 and
1610 cm−1, which are expected for alkenes conjugated to carbonyl groups [41].

In the FTIR spectra of the AME materials (Figure 4), the N-H stretching of the acrylamide moiety
and the O-H stretching of the sulfonic group in the AMPS monomer (as well as the water contribution)
generate the broad band at approximately 3500 cm−1. The C=O stretching of the ester group in the
cross-linking monomer produces a band at 1725–1734 cm−1. The C=O stretching of the acrylamide
moiety generates a peak at 1652–1646 cm−1 (amide I band), whereas N-H bending is associated with
a weak signal at 1557–1555 cm−1. The signal at 1400 cm−1 is associated with the stretching of C-N.
In addition, the asymmetric and symmetric stretching of the sulfonic group of AMPS produces two
intense signals at 1261 cm−1 and 1101–1105 cm−1, respectively, whereas the coupled C-C(=O)-O and
O-C-C vibrations produce a band at 1035 cm−1 and contribute to the strong signal at 1261 cm−1.
The strong signal at 800–802 cm−1 is related to the out-of-plane wagging of the N-H bond in AMPS.
As observed for the AHE resins, the lack of bands related to C=C stretching confirms the absence of
appreciable amounts of unreacted monomers.



Catalysts 2019, 9, 675 5 of 18

Catalysts 2019, 9, x FOR PEER REVIEW 5 of 18 

 

 

Figure 3. FTIR absorption spectra of the AHE catalysts. 

 

Figure 4. FTIR absorption spectra of the AME catalysts. 

2.4. X-Ray Diffraction Analysis of the Wheat Straw Samples 

The X-ray diffraction pattern of the untreated wheat straw (Figure 5) shows the characteristic 
peaks of the raw cellulose crystalline structure, although the signals are slightly weaker and broader 
with respect to the pure commercial cellulose. This effect can be attributed to the presence of 
amorphous components, such as hemicellulose and lignin, which do not have ordered structures. 
The strong peak at 23° corresponds to the diffraction generated by the (200) plane, whereas the wide 
peak between 15° and 17° represents the combination of the two reflections corresponding to (110) 
and (110). The combined signal centered at 34° consists of several overlapping signals, among which 
is the signal generated from the (004) plane [42]. 

3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400

2964

1261

800
1023

1098 AHE 64-4
 AHE 72-4

Wavenumber (cm-1)

3500

3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400

110529643500 1035

1723 800

 AME 64-4
 AME 72-4
 AME 40-40
 AME 45-40

Wavenumber (cm-1)

1261

Figure 3. FTIR absorption spectra of the AHE catalysts.

Catalysts 2019, 9, x FOR PEER REVIEW 5 of 18 

 

 

Figure 3. FTIR absorption spectra of the AHE catalysts. 

 

Figure 4. FTIR absorption spectra of the AME catalysts. 

2.4. X-Ray Diffraction Analysis of the Wheat Straw Samples 

The X-ray diffraction pattern of the untreated wheat straw (Figure 5) shows the characteristic 
peaks of the raw cellulose crystalline structure, although the signals are slightly weaker and broader 
with respect to the pure commercial cellulose. This effect can be attributed to the presence of 
amorphous components, such as hemicellulose and lignin, which do not have ordered structures. 
The strong peak at 23° corresponds to the diffraction generated by the (200) plane, whereas the wide 
peak between 15° and 17° represents the combination of the two reflections corresponding to (110) 
and (110). The combined signal centered at 34° consists of several overlapping signals, among which 
is the signal generated from the (004) plane [42]. 

3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400

2964

1261

800
1023

1098 AHE 64-4
 AHE 72-4

Wavenumber (cm-1)

3500

3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400

110529643500 1035

1723 800

 AME 64-4
 AME 72-4
 AME 40-40
 AME 45-40

Wavenumber (cm-1)

1261

Figure 4. FTIR absorption spectra of the AME catalysts.

2.4. X-Ray Diffraction Analysis of the Wheat Straw Samples

The X-ray diffraction pattern of the untreated wheat straw (Figure 5) shows the characteristic peaks
of the raw cellulose crystalline structure, although the signals are slightly weaker and broader with
respect to the pure commercial cellulose. This effect can be attributed to the presence of amorphous
components, such as hemicellulose and lignin, which do not have ordered structures. The strong peak at
23◦ corresponds to the diffraction generated by the (200) plane, whereas the wide peak between 15◦ and
17◦ represents the combination of the two reflections corresponding to (110) and (110). The combined
signal centered at 34◦ consists of several overlapping signals, among which is the signal generated
from the (004) plane [42].

The X-ray diffraction pattern of the IL-treated wheat straw shows important changes with respect to
the original sample (Figure 5). The intensity of the diffractogram is very low, indicating a clear loss in the
initial crystallinity. Only a low intense and broad peak is detected at approximately 23◦, which indicates
the incipient formation of cellulose II, a structure that can appear in dissolved/regenerated cellulose.
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This behavior has already been reported in previous works published by us and other authors using
different samples of lignocellulosic biomass after pretreatment with ILs [17,21,43].
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2.5. SEM Analysis of the Wheat Straw Samples

From the SEM micrographs of the original raw wheat straw samples, which were obtained at
different magnifications, a structure consisting of vascular bundles forming hollows along small
fragments (0.250 µm) is observed (Figure 6). In contrast, the treated sample shows a dramatic change
in the structure and morphology of the material (Figure 7). These structural changes have been
previously described for cellulose or lignocellulosic biomass samples treated with [EMIM]OAc and
other ILs [21,39]. The surface of the pretreated solid (Figure 7) appears to be more porous than in
the untreated wheat straw, making the biomass more susceptible to hydrolysis. The presence of
remaining fragments of raw wheat straw (Figure 7) may be due to incomplete dissolution of the
biomass, which allowed for the partial retention of the initial structure.Catalysts 2019, 9, x FOR PEER REVIEW 7 of 18 
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Figure 7. SEM micrographs of the wheat straw after dissolution in [EMIM]OAc (at 105 ◦C) and
precipitation with acetone:water (1:1).

These results agree with the data obtained from X-ray diffraction, as both techniques clearly
indicate that the original structure of the wheat straw is altered after pretreatment with [EMIM]OAc
and subsequent fractional precipitation in the presence of acetone:water (1:1).

2.6. FTIR Spectroscopy of the Wheat Straw Samples

The changes in the composition of the wheat straw samples after pretreating with [EMIM]OAc
were studied by attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR).
The region between 1800 and 850 cm−1 of the spectra is quite complex, and many peaks related to the
main biomass component can be detected, allowing for changes in the composition of the untreated
and treated lignocellulosic biomass to be monitored [44,45].

The FTIR spectrum of the starting material (Figure 8) shows several signals attributed to the main
components of the lignocellulosic biomass (cellulose, hemicellulose and lignin). In particular, the band
at 1715 cm−1 is associated with the C=O stretching of unconjugated carbonyl groups, whereas the
signal at 1370 cm−1 is associated with the C-H symmetric deformation that is typical in cellulose and
hemicellulose. The band at 1224 cm−1 can be attributed to the aryl C-O stretching vibration mode
of phenolic hydroxyl groups and is thus assigned to lignin; in addition, the signal at 1260 cm−1 is
attributed to the methoxy substituents of the aromatic rings in lignin [21,46]. The other weaker bands at
1422 and 1460 cm−1 are attributed to the asymmetric component of the C-H deformations in lignin and
carbohydrates, respectively. The band at 1508 cm−1 is associated with the vibrations of the aromatic
C-C skeletons of lignin, the signal at 1158 cm−1 is attributed to the C-O-C vibration in cellulose and
hemicellulose, and the intense wide peak at 1035 cm−1 is associated with the C-O stretching vibrations
of cellulose and hemicellulose. The absorption band at 899 cm−1 is assigned to the asymmetric C-O-C
stretching of the β-(1,4)-glycosidic linkage [44,47].

On the other hand, from the spectrum of the IL-treated sample (Figure 8), many of the peaks
associated with the presence of lignin disappear or decrease in intensity, and the peaks characteristic
of cellulose and hemicellulose are clearly the predominant peaks. The spectra of the treated samples
show an intense absorbance at 1640 cm−1 due to the presence of absorbed water. In summary, the FTIR
analysis indicates a dramatic change in the chemical composition of the samples after treatment in
[EMIM]OAc and subsequent regeneration in presence of acetone:water, which eliminates most of
the lignin.
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Figure 8. FTIR absorption spectra of the original wheat straw and the solid fraction (rich in sugars)
obtained after pretreatment with [EMIM]OAc.

2.7. Catalytic Hydrolysis

To study the effect of the morphology and the presence of additional functional groups on the
properties of the catalysts, we compared the reactivity of the AME and AHE catalysts with that of
the commercial catalyst Amberlyst 70 in hydrolyzing wheat straw fragmented with [EMIM]OAc.
In all the catalytic tests, a suitable amount of the synthesized resin catalyst was employed to keep the
concentration of the sulfonic groups constant in the reaction mixture. The changes in the concentration
of the main products obtained by hydrolyzing the biomass (glucose, levulinic acid, xylose and furfural)
over time are depicted in Figures 9 and 10. Due to the quick decomposition of 5-HMF to levulinic acid
in water, the concentration of 5-HMF was generally very low [17]. For this reason, the evolution of the
concentration of this product over time is not reported.

Remarkably, the glucose and levulinic acid concentrations are definitely higher in the presence
of the AME and AHE copolymers, both gel-type and macroreticular (Figures 9 and 10) than in the
presence of the commercial acid catalyst Amberlyst 70. This evidence does not agree with what was
expected based on the acid strength of the alkyl and aryl sulfonic groups of the tested catalyst (pKa = 1.9
for propanesulfonic acid; −2.7 for benzenesulfonic acid) [48]. This suggests that the hydroxyl groups
(AHE) and carboxylic groups (AME) of the synthetized resins, which are not present in the Amberlyst
70 reference catalyst, act as promoters. Their direct co-catalytic role seems to be ruled out by the
relatively low acid strength of the carboxylic and especially of the hydroxyl groups in comparison
with the sulfonic groups. For instance, the pKa of propionic acid, which can be taken as representative
of the carboxylic moieties of AME resins, is 4.88 [49] three order of magnitude lower than the pKa

of propanesulfonic acid. In addition, the carboxylic groups of AME resins are lower in amount in
comparison with the sulfonic acid groups.

Therefore, the promoting effect of these protic polar groups is likely physico-chemical rather than
chemical. On the one hand, their presence could simply affect the hydrophilicity and the swelling
behavior in the water of the catalysts, making them more readily accessible to the reactant’s molecules.
Swelling is of the utmost importance in heterogeneous solid–liquid processes involving cross-linked
organic polymers. In this context, a clear difference in the behavior of the AME catalysts can be
observed depending on the extent of cross-linking. In particular, the glucose concentration achieved
over AME 64-4 and AME 72-4 (gel-type) is higher than that achieved over AME 40-40 and AME 45-40
(macroreticular). Whereas the 4% cross-linked resins are gel-type, the 40% are macroreticular [31,32].
These two classes of polymers differ in many ways; the most important way being their swelling
behavior. The gel-type resins are glassy nonporous materials when dry, but, due to the low cross-linking
degree, a suitable liquid can permeate the whole polymer framework, making the polymer to completely
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swell and thus producing a fully accessible gel-phase that extends throughout the whole volume of
the resin. In contrast, the macroreticular resins have permanent mesopores, arising from the partial
agglomeration of small, highly cross-linked and dense polymer particles. In this case, only a relatively
thin layer of the polymer framework, just beneath the pore walls, can swell. Accordingly, only a small
fraction of the polymer framework is involved in forming the accessible gel-phase. This implies
that the number of accessible acidic groups per unit of catalyst volume is much higher in the case of
sulfonated gel-type resins, which are consequently more catalytically active, than in macroreticular
resins. This is somewhat counter-intuitive because macroreticular resins have permanent pores and
moderate specific surface areas and are generally believed to be more active catalysts than gel-type
resins. However, this simplistic view does not consider that macroreticular resins, due to their relatively
high cross-linking degree, have more rigid frameworks, which eventually lower their efficiency and
the apparent reaction rate. According to the previous discussion, the generally best performance of the
gel-type catalysts investigated herein can be likely attributed to their higher swelling degree. For them,
it can be observed that the curves of glucose production are practically superimposed for AHE 64-4
and AHE 72-4 and very close to each other up to 120 min for AME 64-4 and AME 72-4. The promoting
effect in the gel-type catalysts, if any, seems little dependent on the OH/SO3H or COOH/SO3H ratio.
As the catalytic performance of the gel-type resins is the most dependent on the swelling behavior,
this implies that for them the OH/SO3H or COOH/SO3H ratio has a limited effect on the production
of glucose.

To get a deeper insight into the origin of the promoting ability of the hydroxyl and carboxylic
groups, macroreticular catalysts can be better compared. The results of AME 40-40 and AME 45-40 not
only show that they produce a higher amount of glucose than Amberlyst 70, but also that a higher
COOH/SO3H ratio leads to a higher concentration of glucose. This also true for the gel-type AME
64-4 and AME 72-4 at relatively long reaction time. The beneficial role of polar groups has already
been observed in previous works with different heterogeneous catalysts functionalized with sulfonic
groups [22] and other polar functional groups [34–38,41]. In some of these examples, the supports
were rigid inorganic oxides, whereby effects connected to the swelling of the catalyst do not make
sense. Moreover, it has already been reported that in resin catalysts, additional functional groups can
favor the adsorption of the reagents with no appreciable increase of their swelling degree (“assisted
adsorption”), provided they have some kind of affinity towards the molecules of the reagents. In
that case, the “assisted adsorption” was based on hydrophobic interaction [50–52]. It can be therefore
argued that also in AME 40-40 and AME 45-40 there is an “assisted adsorption” of the β-(1,4)-glucans
sustained by the interactions of their molecules with hydroxyl and carboxylic groups. The effect of the
assisted adsorption is to bring to closer contact the β-(1,4)-glucans with the active sulfonic groups or to
increase their concentrations nearby the active sites. In view of the polar, protic nature of the hydroxyl
and carboxylic groups they most likely interact with β-(1,4)-glucans through hydrogen bonding, in
which they can act both as donors or acceptors.



Catalysts 2019, 9, 675 10 of 18

Catalysts 2019, 9, x FOR PEER REVIEW 10 of 18 

 

 
(a)                                       (b) 

 
(c)                                       (d) 

Figure 9. The concentration of (a) glucose, (b) levulinic acid, (c) xylose and (d) furfural over time in 
the hydrolysis of wheat straw catalyzed by the AME materials at 140 °C. 

0 60 120 180 240 300
0.0

0.2

0.4

0.6

0.8

1.0
 A-70
 AME 64-4
 AME 72-4
 AME 40-40
 AME 45-40

G
lu

co
se

 (g
/L

)

Time (min)
0 60 120 180 240 300

0.0

0.2

0.4

0.6

0.8

1.0

Time (min)
Le

vu
lin

ic
 A

ci
d 

(g
/L

)

 A-70
 AME 64-4
 AME 72-4
 AME 40-40
 AME 45-40

0 60 120 180 240 300
0.0

0.3

0.6

0.9

1.2

1.5

 A-70
 AME 64-4
 AME 72-4
 AME 40-40
 AME 45-40

Time (min)

Xy
lo

se
 (g

/L
)

0 60 120 180 240 300
0.0

0.3

0.6

0.9

1.2

1.5
 A-70
 AME 64-4
 AME 72-4
 AME 40-40
 AME 45-40

Time (min)

Fu
rf

ur
al

 (g
/L

)

Figure 9. The concentration of (a) glucose, (b) levulinic acid, (c) xylose and (d) furfural over time in the
hydrolysis of wheat straw catalyzed by the AME materials at 140 ◦C.
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Figure 10. The concentration of (a) glucose, (b) levulinic acid, (c) xylose and (d) furfural over time in
the hydrolysis of wheat straw catalyzed by the AHE materials at 140 ◦C.

The concentrations of the products of the hydrolysis of hemicellulose, i.e., xylose and its
dehydration product (furfural), are also reported in Figures 9 and 10 as functions of time.
The concentration of xylose increases at short reaction times, reaches a maximum and eventually
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drops at long reaction times. This can be expected for an intermediate product like xylose, which can
be transformed into other products (e.g., furfural) in further consecutive reactions. As expected,
the concentration of xylose increases faster than that of glucose, because hemicellulose is easier to
hydrolyze than cellulose [5,21,53,54]. This also explains why the concentration of xylose, over time,
appears practically independent of the catalyst (including A-70). However, again, the products are
generally formed faster over the gel-type catalysts than over the macroreticular catalysts.

3. Materials and Methods

3.1. Materials

Ethylene dimethacrylate (EDMA, Aldrich, St. Louis, MI, USA) and methacrylic acid (MAA,
Aldrich, St. Louis, MI, USA) were purified upon distillation prior to use. 2-Acrylamido-2-methyl-1-
propane-sulfonic acid (AMPS, Aldrich, St. Louis, MI, USA), 2-hydroxyethyl methacrylate (HEMA,
tech grade 97%, Aldrich, St. Louis, MI, USA), azo-bis-isobutyronitrile (AIBN, Janssen Chimica, Beerse,
Belgium), dimethylformamide (DMF, Analyticals Carlo Erba, Milano, Italy), methanol (MeOH, Aldrich,
St. Louis, MI, USA), sulfuric acid 95%–97% (Aldrich, St. Louis, MI, USA), 1-ethyl-3-methylimidazole
acetate ([EMIM]OAc, Aldrich, St. Louis, MI, USA), Avicel cellulose (Fluka Analyticals, Munich,
Germany), acetone (Scharlau, Barcelona, Spain), D-(+)-glucose, D-(+)-xylose, 5-hydroxymethylfurfural
(5-HMF, Alfa Aesar, Ward Hill, MS, USA), levulinic acid (LA, Aldrich, St. Louis, MI, USA), furfural
(Aldrich, St. Louis, MI, USA) and Amberlyst-70 (A-70, Dow chemical, Midland, MI, USA) were
used as received. The lignocellulosic biomass (wheat straw) was characterized and supplied by the
Unit of Biofuels from the Centre of Energy, Environmental and Technological Research (CIEMAT,
Madrid, Spain).

3.2. Synthesis of the AHE Copolymers

Two copolymers containing AMPS, HEMA and EDMA were prepared by adapting the synthetic
procedure described by Zecca et al. [55]. The polymers were labeled as AHE Y-X, where Y and Xare the
nominal molar ratios of AMPS and the cross-linker (EDMA). AHE 64-4 and AHE 72-4 are characterized
by a 4% nominal EDMA molar fraction and a nominal AMPS:HEMA molar ratio of 2:1 and 3:1,
respectively. As an example, the procedure used to prepare AHE 64-4 is reported. DMF (10 mL)
was added at room temperature to a mixture of AMPS (3.64 g), HEMA (1.14 g), freshly distilled
EDMA (0.22 g) and AIBN (0.05 g). The heterogeneous mixture was magnetically stirred at room
temperature until AMPS and AIBN were completely dissolved (approximately 30 min). The reaction
mixture was held at 70 ◦C for 72 h. A yellowish solid was obtained. After cooling the system to room
temperature, the solid was manually crushed with a steel spatula and swollen in methanol (80 mL)
for 3 h. Then, the material was washed with methanol in a Soxhlet extractor for 72 h. The swollen
resin was recovered by vacuum filtration and dried for 72 h in a ventilated oven at 70 ◦C under
atmospheric pressure. The resulting yellowish solid was mechanically ground with an impact grinder
and sieved to collect the 180–400 µm fraction. The solid was then washed on a column with 1.0
M H2SO4 (250 mL) and subsequently washed with distilled water until the filtrate pH was neutral.
After vacuum filtration, the solid was dried for 6 days in a ventilated oven at 110 ◦C under atmospheric
pressure. The AHE materials were characterized by elemental analysis, back-titration of the sulfonic
groups and FTIR spectroscopy.

3.3. Synthesis of the AME Copolymers

Four copolymers containing AMPS, MAA and EDMA were prepared as reported for the AHE
materials, except HEMA was replaced with freshly distilled MAA. The polymers were labeled as AME
Y-X, where Y and X are the nominal molar ratios of AMPS and the cross-linker (EDMA). AME 64-4 and
AME 72-4 are characterized by a 4% nominal EDMA molar fraction and nominal AMPS:MAA molar
ratio of 2:1 and 3:1, respectively. AME 40-40 and AME 45-40 are characterized by a 40% nominal EDMA
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molar fraction and a nominal AMPS:MAA molar ratio of 2:1 and 3:1, respectively. The AME materials
were characterized by elemental analysis, back-titration of the acidic groups and FTIR spectroscopy.

3.4. Characterization of the Catalysts

The elemental analysis of the catalysts was carried out with a Leco CHNS-932 analyzer. For the
back-titration, approximately 100 mg of resin (previously dried at 110 ◦C in an oven until the weight was
constant) was exactly weighed and transferred into a 50 mL Erlenmeyer flask. Then, 10 mL of a 0.1 M
NaOH aqueous solution was added. The flask was stoppered and swirled overnight with a mechanical
orbiting plate. The next day, the suspension was titrated under magnetic stirring with a standard 0.1
M HCl aqueous solution using a pH-meter equipped with a glass electrode. To assess the potential
reaction between NaOH and CO2 from air, a blank mixture made with 10 mL of the abovementioned
0.1 M NaOH solution was swirled and titrated using the same procedure. The apparent specific content
of the sulfonic groups was determined to be the difference of the initial and final millimoles of NaOH
(corrected for any overconsumption due to carbonation of the base) divided by the resin mass. Infrared
spectra of the catalysts, in absorption mode, were collected with a Bruker Tensor 27 spectrophotometer
with KBr pellets. A total of 128 cumulative scans were performed with a resolution of 4 cm−1 in the
wavenumber range of 4000–400 cm−1 in absorption mode.

3.5. Characterization of the Wheat Straw Samples

Raw material (approximately 250 µm particle size) was provided by the Biofuels Unit from
the Centre of Energy, Environmental and Technological Research (CIEMAT, Madrid, Spain) and
characterized using the National Renewable Energy Laboratory (NREL) standard methods for
determining structural carbohydrates and lignin in biomass [21,56] at CIEMAT Biofuels Unit laboratories
(Table 3).

Table 3. Composition of the wheat straw samples with respect to the dry weight.

Original Wheat Straw

Extractives 12.2 ± 0.7
Aqueous 9.9 ± 0.4
Organic 1.7 ± 1.22

Monomeric glucose 1 0.23 ± 0.08
Total glucose 2 1.04 ± 0.13

Cellulose 40.1 ± 0.2
Hemicellulose 28.6 ± 0.3

Xylose 24.2 ± 0.2
Galactose 1.6 ± 0.01

Arabinose + Mannose 2.8 ± 0.14
Acid insoluble lignin 15.4 ± 0.3

Ashes 3.6 ± 0.1
Acetyl groups 1.6 ± 0.02

1 The fraction of monomeric glucose determined in the aqueous extracts after hydrolysis (4% sulfuric acid, 120 ◦C,
30 min), which was obtained with respect to the dry weight (105 ◦C). 2 The fraction of monomeric and oligomeric
glucose determined in the aqueous extracts after hydrolysis (4% sulfuric acid, 120 ◦C, 30 min), which was determined
with respect to the dry weight (105 ◦C).

The wheat straw samples before and after pretreatment with [EMIM]OAc were analyzed by X-ray
diffraction (XRD, Kassel, Germany), scanning electron microscopy (SEM, Tokyo, Japan) and FTIR
spectroscopy (Tokyo, Japan). The XRD diffractograms were recorded using an X’Pert Pro PANalytical
diffractometer equipped with a Cu Kα radiation source (λ = 0.15418 nm) and X’Celerator detector
that recorded data by Real-Time Multiple Strip (RTMS). After grinding, the samples were placed
on a stainless-steel plate. The diffraction patterns were recorded in steps over a range of Bragg
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angles (2θ) between 4◦ and 90◦ at a scanning rate of 0.02◦ per step and an accumulation time of 50 s.
The diffractograms were analyzed with X’Pert HighScore Plus software (Kassel, Germany).

The scanning electron microscopy (SEM) images of the samples were recorded using a Hitachi
S-3000 N microscope. The samples were treated with increasing concentrations of ethanol to fix the
structure and dehydrate the samples. After critical-point drying with a Polaron CPD7501 critical point
drier, the samples were sputter-coated with a thin layer of gold in a Balzers SCD 004 gold-sputter coater.

The infrared spectra of the wheat straw samples were obtained using Jasco FT/IR-6300
spectrophotometers. The FT-IR spectra were collected in an attenuated total reflectance geometry
using a diamond crystal. A total of 180 cumulative scans from 4000–800 cm−1 were taken in absorption
mode with a resolution of 4 cm−1.

3.6. Wheat Straw Fragmentation

The wheat straw pretreatment was performed in a Mettler Toledo Easy Max 102®reactor
equipped with a 100 mL glass vessel, and the samples were mechanically stirred at atmospheric
pressure. In a typical pretreatment, 0.5 g of wheat straw was dissolved in 9.5 g of [EMIM]OAc,
which had been previously heated at 105 ◦C under mechanical stirring (500 rpm). The reactor was
stoppered, and the mixture was maintained at 105 ◦C under vigorous mechanical stirring (950 rpm) for
25 min, according to a previous study [6]. A viscous dark brown suspension was obtained. A partially
dissolved biomass was regenerated by adding 50 mL of a 1:1 (v/v) water:acetone solution previously
cooled in an ice-water bath. The cellulose- and hemicellulose-enriched solid was collected by filtration
using a glass fiber filter (pore diameter: 1.6 µm). The wet solid was weighed, and the amount of dry
material was determined from the weight loss of an aliquot after drying overnight in an oven at 100 ◦C.

3.7. Catalytic Tests

The hydrolytic tests were carried out by adapting the optimized procedure for hydrolyzing
cellulose as reported by Morales-delaRosa et al. [17]. The tests were performed under magnetic stirring
in a 100 mL Teflon-lined steel Berghof reactor equipped with a thermostat, a pressure addition funnel
and a tap fitted with a filter, which allowed aliquots to be collected from the reaction mixture free from
the solid material.

All the catalytic tests were performed on the fraction that was enriched with polysaccharides,
obtainedby precipitating the wheat straw treated with [EMIM]OAc using a water:acetone (1:1) solution
for 25 min at 110 ◦C.

For all the experiments, the amount of catalyst added to the reaction mixture was varied to
maintain the sulfonic group concentration at 0.1 M. In a typical run, the heterogeneous catalyst, 0.5 g
of wheat straw and 50 mL of water were added, and the suspension was heated to 140 ◦C. The stirring
(500 rpm) and reaction time recording was started when a temperature of 140 ◦C was attained. Aliquots
were periodically withdrawn from the reactor. After 5 h, the reaction was stopped by rapidly cooling
the reactor in an ice-water bath (5 min).

3.8. HPLC Analysis

The samples from the reaction mixture were analyzed by HPLC. The monosaccharides (glucose
and xylose) were analyzed with an Agilent Technologies 1260 Infinity HPLC (Santa Clara, CA, USA)
equipped with an Agilent Technologies Hi-Plex Pb capillary column (300 mm × 7.7 mm) held at 70 ◦C,
and water was used as the mobile phase (0.6 mL/min). Levulinic acid, 5-HMF and furfural were
analyzed with an Agilent Technologies 1200 Series HPLC equipped with an Aminex HPX-87H capillary
column (300 mm × 7.8 mm) held at 65 ◦C, and a 0.01 M H2SO4 aqueous solution was used as the
mobile phase (0.6 mL/min). For the analysis of 5-HMF and furfural, a UV-vis detector (λ = 285 nm) was
employed, while the other compounds were analyzed using a refractive index detector. The samples
used for the analysis in the 1260 Infinity HPLC were diluted with distilled water (reaction slurry/water
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1:1, v:v). The products were identified by comparing their retention times with those of pure reference
analytes. The identified compounds were quantified using internal standard calibration curves.

4. Conclusions

The dissolution of wheat straw in [EMIM]OAc and subsequent fractional precipitation with
a mixture of acetone:water (1:1) lead to the enrichment of the solid in the polysaccharide fraction,
checked by FTIR Spectroscopy. This pretreatment method allows to recover the IL in the filtrate
liquid avoiding the presence of [EMIM]OAc in the following steps and rendering the process more
economically attractive.

This methodology allows to make the wheat straw surface much more accessible to an acid
catalyst. The XRD pattern of the treated wheat straw indicated that it was noncrystalline, and SEM
micrographs showed that the original structure disappeared after IL-pretreatment.

Sulfonic resins functionalized with polar groups in addition to -SO3H groups (AHE and AME)
are more effective catalysts in the hydrolytic process than Amberlyst 70. In the case of the gel-type
catalysts (AHE 72-4, AHE 64-4, AME 72-4 and AME 64-4) this could be simply the result of their
higher swelling degree, which makes a larger fraction of active sites accessible to the molecules of the
reagents. This highlights the importance of the morphology of the catalyst and its swelling ability
when it is a cross-linked organic resin and is used under liquid–solid conditions. However, it can be
also argued that the alcoholic hydroxyl groups and carboxylic groups in the polymer framework of
the AHE and AME catalysts, respectively, speed up the breakdown of the β-(1,4) glycosidic bonds by
favoring the adsorption of glucans (“assisted adsorption”) through hydrogen bonding. This effect
seems particularly relevant in the macroreticular catalysts (AME 40-40, AME 45-40).

In addition, the morphology of the catalysts appears to be crucial in terms of glucose production.
Gel-type catalysts had the highest glucose concentration, as a larger number of the catalytic sites were
accessible to the substrate.

The use of heterogeneous catalysts in the hydrolysis of lignocellulosic materials is a difficult topic
because it involves an interaction between two solids. In this way, some different approaches have
been studied, firstly the modification of the lignocellulosic materials increasing their accessibility and
favoring the contact with catalysts, and the second approach beingthe use of the catalysts supports with
polar groups that favor the adsorption of cellulose chains increasing the interaction with the acid site.
In this work, we add a step forward, using catalysts functionalized with some polar groups, but also
showing the importance of the morphology of the catalysts (gel-type or macroreticular), to enhance
the interaction with carbohydrate substrates, mainly cellulose chains. Summing up, this manuscript
combines all three approaches, pretreatment of lignocellulosic biomass, catalysts with polar groups
and morphology of the catalysts, and the results showed opens the way to design new and efficient
heterogeneous catalysts for the hydrolysis of lignocellulosic biomass.
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55. Centomo, P.; Jeřábek, K.; Canova, D.; Zoleo, A.; Maniero, A.L.; Sassi, A.; Canton, P.; Corain, B.; Zecca, M.
Highly Hydrophilic Copolymers of N,N-Dimethylacrylamide, Acrylamido-2-methylpropanesulfonic acid,
and Ethylenedimethacrylate: Nanoscale Morphology in the Swollen State and Use as Exotemplates for
Synthesis of Nanostructured Ferric Oxide. Chem. A Eur. J. 2012, 18, 6632–6643. [CrossRef]

56. Sluiter, J.B.; Ruiz, R.O.; Scarlata, C.J.; Sluiter, A.D.; Templeton, D.W. Compositional analysis of lignocellulosic
feedstocks. 1. Review and description of methods. J. Agric. Food. Chem. 2010, 58, 9043–9053. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acscatal.5b00965
http://dx.doi.org/10.1021/jo01073a026
http://dx.doi.org/10.1016/S0144-8617(00)00196-X
http://dx.doi.org/10.1039/C5RA05061H
http://dx.doi.org/10.1007/s11244-013-0021-6
http://dx.doi.org/10.1533/9780857097385.1.152
http://dx.doi.org/10.1021/ie801542g
http://dx.doi.org/10.1002/chem.201102359
http://dx.doi.org/10.1021/jf1008023
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Synthesis of the Catalysts 
	Elemental Analysis and Cation Exchange Capacity (CEC) of the Catalysts 
	FTIR Spectroscopy of Catalysts 
	X-Ray Diffraction Analysis of the Wheat Straw Samples 
	SEM Analysis of the Wheat Straw Samples 
	FTIR Spectroscopy of the Wheat Straw Samples 
	Catalytic Hydrolysis 

	Materials and Methods 
	Materials 
	Synthesis of the AHE Copolymers 
	Synthesis of the AME Copolymers 
	Characterization of the Catalysts 
	Characterization of the Wheat Straw Samples 
	Wheat Straw Fragmentation 
	Catalytic Tests 
	HPLC Analysis 

	Conclusions 
	References

