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ABSTRACT
Development of efficient catalytic methods for the hydrolysis of cellulose is a major research chal-
lenge in sustainable biofuel and polymer areas. In this study five hydroxy sulfonic acids were
studied as simple model compounds for cellulase enzyme for the hydrolysis of cellulose. The cata-
lytic activities were measured by analysis of total reducing sugar (TRS) yields produced in a series of
reactions carried out at 150–190 C using 0.050 M aqueous hydroxy sulfonic acid solutions. The
highest catalytic activity was observed with isethionic acid, producing 62.7% TRS yield at 180 C
after 4 hr. In the second phase of the work, Density Functional Theory (DFT) calculations were
used to study the interactions between hydroxy sulfonic acids and cellulose model compound D-
cellobiose to supplement the experimental results. The D-cellobiose – hydroxy sulfonic binding
energies and the distance between glycosidic oxygen and -SO H acidic H were evaluated and the -SO
H to glycosidic oxygen distance was identified as the more important parameter co-related to the
catalytic activity. The isethionic acid with highest cellulose hydrolysis activity showed the short-est -
SO3H to glycosidic oxygen distance of 1.744 Å.
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Introduction

Efficient hydrolysis of the most abundant biopolymer cellu-
lose for processing to biofuels and feedstocks is one of the
main challenges in utilization of renewable biomass in
achieving a sustainable carbon-based future. At present
three fundamental approaches based on biochemical, che-
mocatalytic and pyrolysis techniques are investigated for
processing cellulosic biomass and generally all these routes
have their inherent limits and challenges such as: meager
yields, coke or char formation, poor catalyst efficiencies or
inability to recycle catalysts as well as high energy costs
[1,2]. As in any large scale chemical process, catalysis is the
clear choice for processing cellulosic biomass; and the use of
concentrated and diluted mineral acids [3,4], Lewis acids [5–
7], ionic liquids in combination with diverse acids [8],
Brønsted acidic ionic liquids [9,10], transition metal ions as
co-catalysts in Brønsted acidic ionic liquids [11] as well as
immobilized Brønsted acidic ionic liquids [12,13] are well
known. Then there are several innovative approaches such
as: acidic ionic liquids or organic acids in place of trad-
itional mineral acids [14,15], solid acids [16], silica sup-
ported acidic ionic liquids [17], mechanical activation
methods like ball milling [18] and also the integration of a
co-catalyst to an acid catalyst [19–21] tested in recent years
in attempts to improve the acid-catalyzed biomass process-
ing. The enzymatic process is exceptionally energy efficient
and high yielding on its own; however, cellulase enzyme
catalyzed     degradation     method     invariably     requires     an
energy intensive pretreatment, and also the inability to
recycle the labile enzymes is a certain disadvantage.
Therefore, an inexpensive, recyclable chemocatalytic

process, mimicking the enzymatic hydrolysis is the ideal
and     most     sought-after     route     for     cellulosic     biomass
hydrolysis.

Heterogeneous catalysts with -CO2H or -SO3H groups
immobilized on a solid surfaces are excellent catalysts for
cellulose hydrolysis and in these examples, superior cata-
lytic activities are explained as a result of proximity of
these active groups [22–26]. For instance, Kobayashi and
Fukuoka have reported a remarkable glucose yield of 88% in
depolymerization of cellulose at comparatively gentle
reaction environments, while using a functionalized gra-
phene catalyst with -COOH and -OH groups immobilized
on the surface [23,27]. In sulfonated carbon catalysts, the
use of a gas-liquid interfacial plasma method for the prep-
aration of the catalyst is a notable example where high -
SO3H group densities of 3.47 3.63 mmol g1 are reported [28].
By using this heterogeneous catalyst, Qin et al. has
achieved 34.2 38.3% cellulose conversions for hydrolysis at
150 C for 15 h [28]. In another instance Van de Vyver et al.
utilized a sulfonated silica/carbon nano-composite as the
catalyst for cellulose hydrolysis in 60.7% conversion with
50.4% glucose yield for a reaction carried out at 150 C
[29].     Additionally,     exceptionally     high     cellulose hydrolysis
yields are reported with application of cellulose nanocrystals
as the catalyst support with di and tricarb-oxylic acid
groups anchored on cellulose catalyzing the reaction [30].
As several studies are demonstrating the syn-ergistic effect
of multiple -COOH or -SO3H and -OH groups close to each
other in enhancing the cellulose hydrolysis, this effect was
interpreted as a consequence of multiple dipolar
interactions and also hydrogen bonds linking the acid
catalyst and the polysaccharide -OH groups [23,27].
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This type of collective effects is possible in aqueous
medium homogeneous cellulose depolymerization reac-
tions as well and prominent in catalysts with -OH and
-COOH groups adjacent to the active -COOH group. This
unique case in point was recently demonstrated by
Kobayashi’s group; where they investigated the cellulose
hydrolysis by using a set of aromatic carboxylic acids with
halogens, phenolic -OH and secondary -COOH functions
attached to an aromatic ring system as catalysts and
observed     that     o-hydroxybenzoic     and     o-phthalic     acids
exhibit enhanced catalytic activities in comparison to other
substituted aromatic carboxylic acids [31]. In addition, our
recent experimental and computational work on homoge-
neous phase poly-carboxylic acid catalysts have also shown
the importance of secondary interactions between carbox-
ylic acid catalyst and the carbohydrate [32,33].

Even though cellulosic ethanol plants in 1940s used sul-
furic acid as the catalyst, studies on use of sulfonic acid
catalysts are rare in the literature [2,34]. However, we have
previously evaluated the effect of hydrophobic nature of a
group of sulfonic acids in cellulose depolymerization at
140–190 C by determining sugars produced [14]. For
instance, hydrolysis of DP  450 cellulose in 2-naphthale-
nesulfonic acid, p-toluenesulfonic acid and 4-biphenylsul-
fonic acid aqueous solutions produced total reducing sugar
yields of 25.4, 28.0 and 30.3% respectively for reactions car-
ried out for 3 h at 160 C. Whereas, aqueous H2SO4 of simi-lar
acid strength produced only 21.7% TRS yield under
identical conditions [14].

Since 2009 we have studied a wide range of cellulose
binding catalysts, including the use of -SO3H functionalized
Brnsted acidic ionic liquids [9,35,36], acidic ionic liquids
with a metal ion co-catalysts as well as polycarboxylic acids
as simple cellulase enzyme mimics in depolymerization of
cellulose and lignocellulosic biomass for biofuel applica-
tions. Guided by previous work on hydroxy-carboxylic acids
and polycarboxylic acids as cellulose hydrolysis catalysts we
hypothesized that substitution of the carboxylic acid group
by a strongly acidic sulfonic acid group in previously
studied hydroxy-carboxylic acid systems may produce even
higher sugar yields. In addition, as far as we are aware
there are no reports on the influence of a hydroxyl group or
groups in proximity to a highly acidic sulfonic acid group
in homogeneous phase cellulose hydrolysis reaction. In an
attempt to fill this void, we have undertaken a study on
cellulose depolymerization using a series of hydroxy sul-fonic
acids as catalysts in hot-compressed water as shown in
Figure 1. Structures of the series of acids used in the study
are shown in Figure 2. Furthermore, in this research article
we present the co-relation between hydroxy sulfonic acid
structure and the catalytic activity based on cellulose
hydrolysis yield data, as well as a mechanistic interpretation
based on a Density Functional Theory (DFT) study on cellu-
lose model compound D-cellobiose.

Experimental

Materials and instrumentation

Cellulose from cotton linters (DP  450), 3,4-dinitrosalicylic
acid ( >  99%), sulfuric acid (98%), hydrochloric acid (37%),
sodium isethionate (98.0þ%), sodium 4-hydroxybenzenesul-
fonate (98.0þ%), potassium hydroquinonesulfonate

(98.0þ%), 3,5-dichloro-2-hydroxybenzenesulfonic acid
sodium salt (98%), and 1,2-dihydroxybenzene-3,5-disulfonic
acid disodium salt monohydrate (97%) were used. Stainless
steel solvothermal reaction kettles with Teflon inner sleeves
and internal volumes of 25 mL were used for cellulose
depolymerization experiments. The high pressure reactors
were heated in a temperature regulated oven with an
accuracy ±1 C. Total reducing sugars (TRS) in aqueous sol-
utions were measured by 3,4-dinitrosalicylic acid (DNS)
assay [37,38]. This colorimetric assays were carried out
using a GENESYS 150 UV-Vis spectrophotometer and 1.0 cm
polystyrene cuvets.

General procedure for the hydrolysis of cellulose using
hydroxy sulfonic acids and sulfuric acid as catalysts in
water

Isethionic acid (ISE), 4-hydroxybenzene sulfonic acid (HBS),
hydroquinone sulfonic acid (HQS), 3,5-dichloro-2-hydroxy-
benzene sulfonic acid (DCS), 1,2-dihydroxybenzene-3,5-
disulfonic acid (DHS) stock solutions were prepared by dis-
solving appropriate amounts of their sodium or potassium
salts in 50.00 mL of deionized water with the addition of
an equivalent amounts of 0.100 mol/L of aqueous hydro-
chloric acid to produce of 0.050 mol Hþ/L acid concentra-
tion.     Sigmacell     cellulose     (DP          450)     (0.030 g)     was
suspended in 2.00 mL 0.050 mol Hþ/L acid solution in a
high pressure reactor and heated in a temperature con-
trolled oven for 4.00 h. At the end of the reaction time
high pressure reactor was removed from the oven and
immediately cooled in a crushed ice bath. Then the reac-
tion products were diluted with deionized water, trans-
ferred into a glass centrifuge tube and, neutralized with
0.10 mol/L aqueous NaOH, total volume was adjusted to
10.00 mL and centrifuged at 3500 rpm for 10 min. The solids
were separated by withdrawing the clear supernatant
liquid using a pipette and used for the total reducing sugar
measurement as shown below.

Total reducing sugar (TRS) analysis of hydrolyzate

1.00 mL of cellulose hydrolyzate supernatant from previous
experiment was diluted with 2.50 mL of deionized water in
a 20 mL glass vial. Then 0.50 mL of 3,4-dinitrosalicylic acid
(DNS) reagent was added to the diluted hydrolyzate and
incubated at 90 C, for 5 min using a water bath [37,38]. The
reagent blank sample was prepared by mixing 0.50 mL of
3,4-dinitrosalicylic acid (DNS) reagent and 3.50 mL of
deionized water and was incubated as the test samples.
The orange-brown color developed in test samples were
measured against the blank solution at 540 nm using
Fisherbrand 1.0 cm polystyrene cuvets. Total reducing sugar
amounts in test samples were determined by utilizing a
standard plot prepared by using a series of six glucose
concentrations.

Computational methods

Computational study was carried out on cellulose model
compound with two D-glucose units: D-cellobiose, which
occurs as two anomers a and b; both anomers were con-
sidered. The geometries a and b D-cellobiose anomers and
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Figure 1. Hydrolysis of cellulose (DP  450) to D-glucose and D-glucose oligomers using hydroxy sulfonic acids and sulfuric acid in water.

Figure 2. Acids used in the cellulose hydrolysis study: isethionic acid (ISE), 4-hydroxybenzene sulfonic acid (HBS), hydroquinone sulfonic acid (HQS), 3,5-
dichloro-2-hydroxybenzene sulfonic acid (DCS), 1,2-dihydroxybenzene-3,5-disulfonic acid (DHS), and sulfuric acid (SFA).

Figure 3. The Up and Down approaches of hydroxy sulfonic acids towards cellulose model anomers: a-D-cellobiose and b-D-cellobiose. R ¼ alkyl/aryl.

four possible up and down face approaches of hydroxy sul-
fonic acids or sulfuric acid are shown in Figure 3. Avogadro
software was used in drawing structures for initial optimi-
zations. The same software was used in obtaining the pre-
liminary Z-matrix coordinates and these data were further
optimized using Gaussian 16. The final Gaussian 16 optimi-
zations were carried out on computational cluster at
Tennessee State University – Department of Physics,
Nashville, Tennessee, USA. These structure optimizations
were performed by Density Functional Theory (DFT) calcu-
lations using the B3LYP exchange-correlation function
method [39–41]. The basis set 6–31 g with polarization
functions was used and applied for every atom [42,43]. The
self-consistent reaction field method (SCRF) with a polar-
ized continuum model was used to incorporate solvation

effects in all calculations [44]. The optimized structures of
a/b D-cellobiose, acids and complexes are included under
the supplementary information of this article. Mulliken
population analysis method was used to obtain the charge
distributions of the atoms.

Binding energies of the cellobiose-catalyst complexes
were calculated using the equations shown below:

DE ¼  Ecellobiosecatalyst–½Ecellobiose þ  Ecatalyst

and

Ebind ¼       DE

Aqueous environments were used in all structure optimiza-
tions and calculations. Both up and down approaches of
acids were considered in the analysis of a and b D-

https://doi.org/10.1080/17597269.2023.2221969
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Table 1. Calculated binding energies (Ebind) in kJ/mol for a/b D-cellobiose-
acid complexes when hydroxy sulfonic acids and sulfuric acid are approach-
ing a/b D-cellobiose from up (U) and down (D) faces. Arbitrarily selected
binding energies >  57.00 kJ/mol are highlighted.

Anomer – approach ISE HBS HQS DCS DHS SFA
a-U 58.5591 62.7731 70.0864 61.5821 70.925      95.0069 a-
D 57.4562 38.8826 58.0566 49.3289 81.8003 81.1111 b-
U 33.3775 62.0734 31.8673 52.3527 66.0854 94.0202 b-
D 47.3422 38.9532 60.9066 60.9413 94.2423 54.6159

cellobiose glycosidic oxygen to closest catalyst acidic
hydrogen distances, as illustrated in Figure 3. Calculated
binding energies (Ebind) in kJ/mol for a/b D-cellobiose-acid
complexes when hydroxy sulfonic acids and sulfuric acid
are approaching a/b D-cellobiose from up (U) and down
(D) faces are shown in Table 1. The -SO3H to D-cellobiose
glycosidic -O- atom distances (Å) for a/b D-cellobiose-acid
complexes when hydroxy sulfonic acids and sulfuric acid
are approaching a/b D-cellobiose from up (U) and down
(D) faces are shown in Table 2.

Results and discussion

Five commercially available aliphatic and aromatic hydroxy
sulfonic acids were selected for the current study. The con-
centrations of acid solutions, cellulose loading, tempera-
tures and reaction times were selected based on our prior
experiments on acid catalyzed depolymerization of DP  450
Sigmacell cellulose in hot compressed water [45,46]. The
changes in % yields of total reducing sugar (TRS) pro-duced
during the hydrolysis of Sigmacell cellulose (DP  450) using
the five hydroxy sulfonic acids are shown in the plot in
Figure 4. Isethionic acid catalyzed reaction produced the
highest TRS yield of 62.7% at 180 C after 4.00 h as shown
in Figure 4. In comparison to sulfuric acid, all hydroxy
acids except 1,2-dihydroxybenzene-3,5-disulfonic acid (DHS)
showed higher TRS yields for experiments car-ried out at
150–170 C range. For instance, at 170 C, isethi-onic (ISE),
hydroquinone sulfonic (HQS), 4-hydroxybenzene sulfonic
(HBS) and 3,5-dichloro-2-hydroxybenzene sulfonic acid
(DCS) produced 59.3, 54.4, 52.9 and 47.7% TRS yields in
comparison to 41.5% yield of sulfuric acid. These are 34.4,
31.1, 27.5 and 14.9% enhancements in yields due to
neighboring group effects when compared to sulfuric acid.
Most importantly, all hydroxy sulfonic acids show their
peak TRS % yields at temperatures lower than the peak
performance temperature of sulfuric acid of equivalent H þ

concentration. This is most likely due to lowering of the
activation energy of the reaction as a consequence of a
binding or hydrogen bonding group of dipolar interactions
between the polysaccharide and hydroxy sulfonic acid
catalysts.

Next, Density Functional Theory (DFT) calculations were
used to further explore the interactions and structural
effects of hydroxy sulfonic acid catalysts on cellulose
hydrolysis reaction. D-cellobiose was chosen as the model
compound for cellulose as it is the simplest cellulose model
with two glucose units connected through a b-glycosidic
bond [47]. D-cellobiose exists as a mixture of a and b
anomers. These anomers undergo an isomerization and b
form is the major anomer in water; though this a/b ratio
can be perturbed due to the pH value of the solvent and
the acid catalyzed hydrolysis may take place in both a and

Table 2. Calculated -SO3H to D-cellobiose glycosidic -O- atom distances (Å) for
a/b D-cellobiose-acid complexes when hydroxy sulfonic acids and sul-furic
acid are approaching a/b D-cellobiose from up (U) and down (D) faces.
Arbitrarily selected close distances <  3.00 Å are highlighted. Two distances
each are shown for acids with two acidic hydrogens, DHS and SFA.

Anomer –
approach ISE HBS HQS DCS DHS SFA
a-U 4.312 4.301 2.869 4.281 11.154, 4.235 4.568, 3.948
a-D 1.744 6.38 3.093 3.129         4.651, 6.977 3.895, 4.599
b-U 4.999 6.213 7.896 4.146         4.505, 8.318 4.514, 3.985
b-D                   4.52 2.909 4.134 4.067         4.739, 6.267 2.664, 5.451

Figure 4. The changes in % yields of total reducing sugar (TRS) produced
during the hydrolysis of Sigmacell cellulose (DP  450) using five hydroxy
sulfonic acids: isethionic acid (ISE), 4-hydroxybenzene sulfonic acid (HBS),
hydroquinone sulfonic acid (HQS), 3,5-dichloro-2-hydroxybenzene sulfonic
acid (DCS), 1,2-dihydroxybenzene-3,5-disulfonic acid (DHS), and sulfuric acid
(SFA) at 150–190 C. Acid concentration: 0.050 mol Hþ/L in all acid solutions,
0.030 g of Sigmacell cellulose in 2.00 mL of aq. acid and reaction time: 4.0 hr. in
all experiments.

b forms of the glucose dimer [32]. Additionally, the hydroxy
sulfonic acid or sulfuric acid can approach the a and b
anomers from up and down faces of D-cellobiose molecule
during the critical glycosidic oxygen protonation step in
the hydrolysis reaction as illustrated in Figure 3.

The series of sulfonic acids as well as sulfuric acid used
in the study are strong acids, which are expected to ionize
completely in aqueous phase and the acidic H þ  can leave
the acid function during the approach towards the glyco-
sidic bond. In a leading study, Suzuki and co-workers have
recently optimized the molecular structures of a series of
-SO3H functionalized Brønsted acidic ionic liquids with vari-
ous anions and different alkyl chain lengths using B3LYP/6-
311 Gþþ(d,p) methods. In their study Suzuki and co-work-
ers have successfully interpreted experimental cellulose
hydrolysis results by using DFT calculations and by optimiz-
ing Brønsted acidic ionic liquid structures with -SO3H
groups containing acidic protons for assessing geometries
of these organic catalysts [48]. In our calculations we have
adopted     the     Suzuki     and     co-workers     DFT     calculation
approach used in -SO3H functionalized Brønsted acidic
ionic liquids for our catalyst system while considering the
geometries of hydroxy sulfonic acids just before the ioniza-
tion in approach to D-cellobiose [48]. Consequently, in our
cellulose hydrolysis model we have considered the inter-
molecular     interactions     between     D-cellobiose     and     the
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down (a-D) and b-cellobiose -SFA down (b-D) configura-
tions respectively as shown in Table 2. This DFT prediction
also support the experimental result shown in Figure 4;
where small ISE and SFA approaches closer to glycosidic
oxygen producing 62.7 and 53.7% high TRS yields at
180 C. Interestingly the shortest -SO3H to glycosidic oxy-
gen distances of 1.744 Å predicted in a-cellobiose – ISE
down (a-D, Table 2) by DFT calculations on model com-
pound substantiate the highest cellulose hydrolysis TRS
yield of 62.7% observed for 180 C experiment as shown in
Figure 4.

Figure 5. The DFT optimized geometry of isethionic acid (ISE) approaching
a D-cellobiose anomer from down face.

hydroxy sulfonic or sulfuric acid in all four configurations
as in Figure 3. The representative example of DFT opti-
mized geometry of isethionic acid (ISE) approaching a D-
cellobiose anomer from down face is shown in Figure 5.
This view shows the approach of -SO3H acidic hydrogen
towards the glycosidic oxygen with a proximity of 1.744 Å,
which is the closest observed in all cases studied. All other
DFT optimized geometries of a/b D-cellobiose anomers,
acids and a/b D-cellobiose-acid complexes are included in
the supplementary material.

The calculated binding energies (Ebind) in energy mini-
mized structure for a/b D-cellobiose-acid complexes when
hydroxy sulfonic acids and sulfuric acid are approaching
a/b D-cellobiose from up (U) and down (D) faces are
shown in Table 1. We have arbitrarily selected binding
energies >  57.00 kJ/mol as relatively strong interaction
between acid and the disaccharide and these values are
highlighted in Table 1. The complexes from ISE, HBS and
DCS show two possible strong interaction configurations.
Whereas, DHS with two sulfonic acid groups and two
hydroxyl groups show strong interactions in all possible
configurations as expected. The sulfuric acid (SFA) with two
acidic hydrogens and hydroquinone sulfonic acid (HQS)
with two hydroxyl groups and one sulfonic acid group also
strongly interacting in three modes each as shown in
Table 1.

The calculated -SO3H to D-cellobiose glycosidic -O- atom
distances     for     a/b     D-cellobiose-acid     complexes     when
hydroxy sulfonic acids and sulfuric acid are approaching
a/b D-cellobiose from up (U) and down (D) faces are
shown in Table 2. We have arbitrarily selected <  3.00 Å as
a close interaction between -SO3H and D-cellobiose glyco-
sidic -O- atom and these values are highlighted in Table 2.
The hydroxy sulfonic acids ISE, HBS and HQS as well as sul-
furic acid -SO3H acidic hydrogens shows at least one <
3.00 Å close approach towards the glycosidic oxygen in
one configuration. Whereas 1,2-dihydroxybenzene-3,5-disul-
fonic acid (DHS) with two -SO3H groups and bulky 3,5-
dichloro-2-hydroxybenzene sulfonic acid (DCS) failed to
approach close in any of the configurations. This DFT result
from cellulose model compound corroborate well with cel-
lulose hydrolysis results shown in Figure 4; in particularly
where DHS catalysis resulted the lowest reducing sugar
yields for all experiments carried out below 180 C. Short -
SO3H to glycosidic oxygen distances of 1.744 and 2.664 Å
were predicted for interactions between a-cellobiose – ISE

Conclusion

Cellulose hydrolysis catalytic activities of a series hydroxy
sulfonic acids were evaluated against H2SO4; and except
1,2-dihydroxybenzene-3,5-disulfonic acid, all acids studied
showed higher activities than H2SO4 in 150–170 C tem-
perature range. The most noticeable catalytic activity
enhancements were observed for isethionic, hydroquinone
sulfonic, and 4-hydroxybenzene sulfonic acids in experi-
ments carried out at 170 C. In addition, the experimental
study was supplemented by Density Functional Theory
(DFT) study on D-cellobiose, which was used as the model
compound for cellulose. Possible interactions between a/b
D-cellobiose and acid catalysts were evaluated by calculat-
ing the binding energies as well as distances between
acidic protons of the acid catalysts used and D-cellobiose
glycosidic oxygen. Out of the six acids studied isethionic
acid, 4-hydroxybenzene sulfonic acid and 3,5-dichloro-2-
hydroxybenzene sulfonic acid showed two binding modes
each with binding energies greater than 57.00 kJ/mole for
the four configurations studied. The shortest -SO3H to
glycosidic oxygen distance of 1.744 Å was observed for
isethionic acid, supporting the experimental result of high-
est catalytic activity observed at 180 C. In conclusion,
although the binding between the carbohydrate and sul-
fonic acid is an important factor in enzyme mimicking cata-
lytic activity, the distance between -SO3H acidic hydrogen
and the glycosidic oxygen in the polysaccharide is the
more influencing factor in determining the cellulose
hydrolysis yield in the set of five hydroxy sulfonic acids
studied.
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