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Abstract: In the present research, activated carbon-supported sulfonic acid catalysts were synthesized
and tested as pretreatment agents for the conversion of switchgrass into glucose. The catalysts were
synthesized by reacting sulfuric acid, methanesulfonic acid, and p-toluenesulfonic acid with activated
carbon. The characterization of catalysts suggested an increase in surface acidities, while surface
area and pore volumes decreased because of sulfonation. Batch experiments were performed in
125 mL serum bottles to investigate the effects of temperature (30, 60, and 90 ◦ C), reaction time (90
and 120 min) on the yields of glucose. Enzymatic hydrolysis of pretreated switchgrass using Ctec2
yielded up to 57.13% glucose. Durability tests indicated that sulfonic solid-impregnated carbon
catalysts were able to maintain activity even after three cycles. From the results obtained, the solid
acid catalysts appear to serve as effective pretreatment agents and can potentially reduce the use of
conventional liquid acids and bases in biomass-into-biofuel production.
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1. Introduction

doi.org/10.3390/pr9030504

There has been significant interest in using lignocellulosic biomasses as feedstock to
produce fuels and chemicals [1–3]. Specifically, switchgrass has attracted the attention
of bioenergy researchers due to its faster rate of growth, even on non-arable lands with
limited agronomic inputs [4–7]. With yields ranging between 13.5 and 17.9 Mg ha−1 and
an ethanol production potential of 60 GJ ha−1 yr−1 , switchgrass is an excellent choice as a
biofuel feedstock [8,9].
The conversion of switchgrass to alcohols involves the pretreatment of switchgrass,
followed by hydrolysis and fermentation [10–14]. Pretreatment is an important step in
the switchgrass-to-alcohol and chemical supply chain [1,15]. Pretreatment allows for disruption of the switchgrass structure [16,17] by breaking down the lignin that binds to
cellulose and hemicelluloses, reducing the crystalline structure of cellulose and increasing
the available surface area that facilitates enzymatic reactions with cellulose and hemicelluloses [18,19]. Hence, several pretreatment methods, viz., acid [20,21], base [22,23], ammonia [24,25], hot water [19], and ozone [26,27], have been explored extensively for the last two
decades [16,18,28]. However, dilute sulfuric acid pretreatment (140–215 ◦ C) is most
used [29]. Sulfuric acid works well as a pretreatment agent by solubilizing hemicellulose
and depolymerizing lignin [21]. However, sulfuric acid is highly corrosive and requires
specialized equipment to pretreat biomass [16]. Moreover, the spent liquor needs additional
downstream treatment before its safe disposal, thereby adding costs to the overall process.
One approach to minimizing the corrosion and downstream treatment problems associated with sulfuric acid pretreatment is to employ recyclable solid acid
catalysts [28,30,31]. Solid acid catalysts are simple to synthesize and can be reused several times with minimal loss in activity [32–34]. Nonetheless, based on the review of the
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literature, few studies have been performed on the solid acid catalyst pretreatment of
biomasses. Pena et al. [35] synthesized propyl sulfonic groups on silica-coated cobalt-iron
oxide nanoparticles to serve as solid acid catalysts for the pretreatment of corn stover
(160–200 ◦ C and 60 min). When the pretreated corn stover was hydrolyzed via Accellerase,
an average glucose yield of 59% was observed. Similarly, Dowex (TM) Dr-G8 was systematically employed as a solid catalyst by Tan and Lee [36] for the treatment of microalgal
residue to study the effects of catalyst loading, pretreatment time and temperature, and
biomass loading. When pretreated algal residue was hydrolyzed, glucose yields up to 99%
were recorded under optimal conditions (4% catalyst loading, 120 ◦ C, 30 min pretreatment
time, and 30 h hydrolysis at 45 FPU). Furthermore, the catalyst was able to maintain activities for up to five cycles. As suggested in these reports, solid acid catalysts offer great
potential as pretreatment agents. Similarly, Qi et al. [37] evaluated a solid acid carbon
catalyst derived from cellulose-impregnated sulfuric acid for pretreatment of corncob and
reported that sulfonic group-supported carbon catalysts were effective in pretreating corn
cob powder with an enzymatic digestibility between 91% and 96% while maintaining
activity after five reuses.
Considering the importance of switchgrass as a bioenergy crop in the U.S. and across
the world, the next step would be to develop solid-acid catalysts that can pretreat switchgrass effectively and at lower temperatures than conventional liquid sulfuric acid. In this
regard, sulfonic acid-supported carbons offer great promise based on their high activity
and selectivity in several acid-catalyzed reactions [38–42]. However, for scalability purposes, the choice of sulfonic acid precursor plays an important role. Currently, however,
there is not much information on the efficacy of different sulfonic acids, especially for
switchgrass processing. Therefore, the overall goal of this research is to synthesize and
systematically compare different sulfonic solid acid-impregnated carbon catalysts sideby-side for pretreating switchgrass for subsequent hydrolysis into glucose. Sulfonic acid
catalysts are usually synthesized via a reaction between sulfuric acid and carbon supports.
In addition, methanesulfonic acid (MSA) and p-toluene sulfonic acid (pTSA) have also
been investigated as environmentally friendly acids for the processing of biomasses [43,44].
Supported MSA was shown to be significantly less corrosive than sulfuric acid, biodegradable relative to other mineral acids, and an effective acid catalyst for conversion of glucose
into levulinic acid and for fatty acid esterification reactions [44,45]. Similarly, pTSA was
reported to be more stable and active than sulfuric acid based sulfonic acid catalysts in esterification reactions with succinic acid containing ethanol [46]. Thus, the specific objectives
focused on: (1) synthesizing activated carbon (AC)-impregnated sulfonic acid catalysts
using sulfuric acid (SA), p-toluene sulfonic acid (pTSA), and methanesulfonic acid (MSA)
as precursors; (2) testing the effects of pretreatment time and temperature on glucose yield;
and (3) evaluating the reusability of the acid catalysts in pretreatment reactions.
2. Materials and Methods
2.1. Switchgrass Preparation
Alamo switchgrass used in this study was harvested from North Carolina State
University Field Laboratory in Reedy Creek Road Field, Raleigh, NC. Switchgrass was
dried in the field for 3 days and baled with a conventional square hay baler. Switchgrass
samples were then ground to pass a 2 mm sieve, transferred into air-tight plastic bags, and
stored at room temperature until they were used.
2.2. Catalyst Preparation
Three solid acid catalysts were synthesized using activated carbon and
p-toluenesulfonic acid (pTSA), methanesulfonic acid (MSA), and sulfuric acid (SA) as
precursors. Briefly, 50 g of activated carbon (2–3 mm granules; C270C, Fisher Scientific)
was impregnated with 100 mL of MSA and SA for 6 h. For the pTSA catalyst, the support
(activated carbon) was impregnated with a solution of pTSA in water (67 g dissolved in
100 mL water), followed by washing with deionized (DI) water (1 h) and re-soaking in DI
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water overnight. Subsequently, the catalysts designated as AC-SA, AC-MSA, and AC-pTSA
to represent activated carbon impregnated with sulfuric acid, activated carbon impregnated
with methanesulfonic acid, and activated carbon impregnated with p-toluenesulfonic acid,
respectively, were dried at 105 ◦ C (2 h), calcined at 250 ◦ C (2 h), and stored in air-tight glass
containers until further use.
2.3. Catalyst Characterization
2.3.1. BET Surface Area Analysis
The Gemini VII 2390 Brunauer–Emmett–Teller (BET) surface area analyzer from Micromeritics was used for the surface area analysis. The catalyst samples (approximately
0.5 g) were degassed at 150 ◦ C (2 h) followed by nitrogen adsorption–desorption to determine the specific surface area, pore volume, pore size, and isotherms.
2.3.2. Determination of Surface Functional Groups
The Boehm titration method was used to quantify the surface functional groups of
catalysts. Briefly, 0.5 g of catalyst was mixed with solutions of 0.05 M NaHCO3 , 0.05 M
Na2 CO3 , and 0.05 M NaOH at 125 rpm for 24 h at room temperature as described by [47].
After separating the catalysts from the solutions, 10 mL of each solution was titrated
with 0.05 M HCl using methyl red as an indicator. As suggested by [48], it was assumed
that NaOH neutralized sulfonic, carboxylic, lactonic, and phenolic groups; NaHCO3
neutralized sulfonic and carboxylic groups; and Na2 CO3 neutralized sulfonic, carboxylic,
and lactone groups.
2.3.3. Thermogravimetric Analysis
The catalyst samples were also analyzed using a thermogravimetric analyzer (TGA,
Q500, TA Instruments, New Castle, DE, USA). Approximately 18–35 mg of catalyst sample
was placed on a platinum pan and heated from 0 to 600 ◦ C at a rate of 30 ◦ C min−1 in a
nitrogen atmosphere.
2.3.4. Energy-Dispersive Spectroscopy
A variable-pressure scanning electron microscope (Hitachi S3200) equipped with
an Oxford energy-dispersive X-ray spectrometer was employed to obtain the elemental
composition of the catalyst surface. Typically, the catalyst samples were placed on an
adhesive carbon stub and the data was acquired via a beam energy of 0–20 keV.
2.3.5. X-ray Photoelectron Spectroscopy
Two to three randomly selected catalyst granules were mounted on a double-sided
conductive sticky tab on a sample holder. The data were acquired via a SPECS FlexMod
XPS equipped with Mg Kα excitation (1254 eV). The energy calibration was performed
based on adventitious carbon that was referenced at 285.0 eV. Subsequently, the raw data
were analyzed using Casa XPS software (Casa Software Limited, Devon, UK).
2.4. Catalytic Pretreatment of Switchgrass
Catalyst granules (1.5 g) and switchgrass (6 g) were mixed (350 rpm) with 90 mL of
deionized water in a heated conical flask at atmospheric pressure. Temperatures of 30,
60, and 90 ◦ C, and pretreatment times of 90 and 120 min, were selected. All experiments
were performed in triplicates using a factorial experimental design. After pretreatment,
the catalyst granules were manually separated, and biomass was vacuum-filtered. Subsequently, the catalyst was dried at 105 ◦ C for 2 h and stored for subsequent reuse, while the
recovered switchgrass was stored at 4 ◦ C for subsequent enzymatic hydrolysis.
2.5. Reusability of the Catalyst
The reusability of the catalysts was assessed under all conditions. After the first use,
the catalyst was separated and dried for 2 h at 105 ◦ C and prepared for the next batch of
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pretreatment. Pretreated switchgrass samples were separated and stored for enzymatic
hydrolysis and composition analysis.
2.6. Enzymatic Hydrolysis
All pretreated switchgrass samples were hydrolyzed by mixing (150 rpm for 72 h)
1 g of switchgrass (dry basis) with 0.167 mL of Cellic® Ctec2 (19.8 FPU/g-solid biomass)
(Novozymes North America, Franklinton, NC, USA) ((3.5% w/w (g enzyme protein g−1
dry biomass); activity ≈ 119 FPU mL−1 ) [49] and 40 µg ml−1 of tetracycline hydrochloride
(to minimize any bacterial growth during hydrolysis). Moreover, 0.05 M sodium citrate
buffer was added to bring the total hydrolysate volume to 20 mL, corresponding with 5%
solid loading.
2.7. Composition Analysis
The composition of raw and pretreated switchgrass was determined using standard
National Renewable Energy Laboratory (NREL) procedures [50]. The samples were analyzed for acid-insoluble lignin (AIL), acid-soluble lignin (ASL), moisture, and carbohydrate
contents (glucan, xylan, arabinan) (Table 1). AIL and ASL were determined via two-step
acid hydrolysis in which switchgrass was hydrolyzed in 72% sulfuric acid at 30 ◦ C for
1 h, followed by 1 h hydrolysis in 4% sulfuric acid at 121 ◦ C. The clear acid hydrolysate
was separated from solid residues via filtration through the crucible and stored at 4 ◦ C
for further analysis to determine ASL and total carbohydrate content via a UV–Vis spectrophotometer that was set to 205 nm. The retained solid residues were placed in an
oven at 105 ◦ C before being placed in a furnace at 550 ◦ C for AIL determination. Total
sugars including glucose, xylose, and arabinose were determined using high-performance
liquid chromatography (HPLC) (Dionex UltiMate 3000, Dionex Corporation, Sunnyvale,
CA, USA) equipped with a refractive index detector and an Aminex HPX-87H column
set to 65 ◦ C with an eluant (5 mM sulfuric acid) flow of 0.6 mL min−1 . The data were
quantified based on comparison with glucose, xylose, and arabinose standards analyzed by
the HPLC, and the glucose yields were calculated based on the remaining glucan content
in the pretreated switchgrass samples.
Table 1. Compositional analysis of the raw switchgrass (SG) (control) and pretreated switchgrass with various sulfonic
acid catalysts.
Raw Switchgrass

SA-Treated
Switchgrass

MSA-Treated
Switchgrass

pTSA-Treated
Switchgrass

Weight
Percentage (%)

Weight
Percentage (%)

Weight Percentage
(%)

Weight Percentage
(%)

No

Composition

1

Glucan

33.36 ± 1.02

29.15 ± 2.03

26.35 ± 1.08

26.22 ± 0.34

2

Xylan

20.84 ± 1.88

18.58 ± 1.28

15.78 ± 0.75

16. 54 ± 1.02

3

Arabinan

3.78 ± 1.1

2.88 ± 0.9

3.02 ± 0.34

2. 95 ± 0.8

4

Ash

2.65 ± 0.9

2.04 ± 0.04

1.95 ± 0.1

1.88 ± 0.43

5

Acid-Soluble Lignin

3.46 ± 0.75

2.86 ± 0.09

2.58 ± 0.07

2.46 ± 0.09

6

Acid-Insoluble Lignin

22.78 ± 0.4

20.62 ± 0.96

18. 84 ± 0.81

18.98 ± 0.93

7

Others

13.13 ± 0.3

Some parts lost during treatment. Solid Recovery less than 100%

Total

100%
SA: Sulfuric acid; MSA: Methanesulfonic acid; pTSA: p-toluene sulfonic acid.
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2.8. Experimental Design and Statistical Analysis
All experiments in this study were performed in triplicates and all catalysts were
reused three times. Four treatment variables (catalyst type, pretreatment temperature,
pretreatment time, and catalyst durability) were tested in this research. While catalyst
(AC-SA, AC-pTSA, and AC- MSA), temperature (30, 60, and 90 ◦ C), and catalyst durability
(Run 1, Run 2, Run 3) had 3 levels, the pretreatment time (90 and 120 min) had 2 levels.
A Proc Mixed model was used to analyze the data and a slice effects test was adapted to
observe individual class/main and interaction effects for all treatment combinations using
SAS 9.3 (Cary, NC) within 95% confidence limits using Type 3 tests of fixed effects.
3. Results and Discussion
3.1. Catalyst Characterization
The physicochemical analyses of the activated carbons are presented in Table 2. It
appeared that after sulfonation treatment, the specific surface area and pore volume of all
three sulfonic acid-supported carbon catalysts decreased (when compared with control)
despite a constant pore diameter of around 20 Å. The surface area decreased, probably due
to the oxidation reaction between carbon and sulfonic acid.
Table 2. Physicochemical characterization of the sulfonic acid catalysts used for pretreatment of switchgrass.
Characteristic

Raw AC

AC-SA

AC-MSA

AC-pTSA

Surface Area

(m2 /g)

781 ± 31

734.5 ± 29

668.9 ± 26

317.8 ± 7

Pore Volume

(cm3 /g)

0.4 ± 0.02

0.37 ± 0.03

0.33 ± 0.02

0.14 ± 0.00

20.75 ± 0.8

20.24 ± 0.8

20.23 ± 0.8

20.6 ± 0.4

0.1

0.365

0.3

0.425

Pore Size (Å)
Total Acidity (mmol

g−1 )
g−1 )

0.025

0.2

0.2

0.175

Lactone (mmol

g−1 )

0.025

0.09

0.05

0.125

Phenolic (mmol

g−1 )

0.05

0.075

0.05

0.125

Carboxylic and Sulfonic (mmol

Raw AC: Untreated activated carbon; AC-SA: Activated carbon treated with sulfuric acid; AC-MSA: Activated carbon treated with
methanesulfonic acid; AC-pTSA: Activated carbon treated with p-toluene sulfonic acid.

Impregnation of sulfonic groups within the activated carbon framework reduced
the available pore volume, which was also corroborated via adsorption isotherm plots
(Figure 1). Our results are similar to the data presented by Liu et al. [51], who investigated
the sulfonation of activated carbon and reported that surface area, pore volume, and pore
diameter were reduced as a result of sulfonation, even though the pore diameter was
consistent at around 20 Å in our research.
The data also suggest that the surface chemistry of activated carbon was altered substantially. The total acidity of the sulfonic acid-impregnated carbon catalysts increased
substantially when compared to control (raw activated carbon). Specifically, the total acidity increased from 0.142 mmol g−1 (raw activated carbon) to 0.3, 0.365, and 0.42 mmol g−1
for AC-MSA, AC-SA, and AC-pTSA consisting of sulfonic, carboxylic, lactonic, and phenolic groups, indicating an oxidative reaction between activated carbon and sulfonic acid
precursors. Further, when analyzed for the elemental analysis, sulfonic acid-supported
carbons also exhibited a clear change in surface. The EDX spectra of raw AC and AC-MSA
are presented in Figure 2. The surface exhibited the presence of sulfur at 2.3 keV due to
the formation of sulfonic acid. Similar observations were reported by Shu et al. [52], who
tested sulfonated asphaltic carbon catalyst in esterification reactions in which sulfur peaks
were detected around 2.3 keV. Our characterization data were also corroborated via XPS
analysis, which provided information about the surface chemistry of the sulfonated carbon.
A comparison of XPS spectra obtained from raw AC and AC-MSA is shown in Figure 3. The
XPS data obtained for untreated activated carbon indicated two distinct peaks of C 1s and
O 1s, as well as iodine (perhaps from the manufacturer’s chemical activation of activated
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Amount Adsorbed (cm 3 /g STP)

carbon) on the surface. However, the carbon impregnated with sulfonic acids exhibited
peaks of C 1s, O 1s, S 2p, and iodine. The S 2p peak captured at 168.2 eV is indicative of
sulfonic acid groups, as previously observed [39,42,53–55]. Further, the oxygen-to-carbon
(O/C) ratio increased by 31% (from 0.12 to 0.158), suggesting the formation of surface
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pTSA (Figure 5). Our results are similar to those of Qian [28], who also reported that
the yield of monosaccharides increased by 12.5% when the reaction time was increased
from 1 to 3 h when sulfated zirconia (SA-J1) was used as a catalyst at 150 ◦ C. Tan and
Lee [36] also reported an increased glucose yield from 97.6% to 99.8% with an increase in
the pre-treatment time from 15 to 30 min (using Dowex Tr-G8), although a pretreatment
time of 60 min resulted in a decrease in the yield of glucose (82.3%). Moreover, a longer
reaction time between catalyst and switchgrass may have created additional porosity in
the switchgrass matrix, which may have facilitated favorable adsorption by enzymes on
switchgrass surface during hydrolysis. However, as the temperature was increased to 60
and 90 ◦ C, the increase in glucose yield (when the time was increased from 90 to 120 min)
was not as great (between 0.06% and 6.99%) as the increase that was observed at 30 ◦ C,
perhaps due to degradation of cellulose during longer pretreatment at higher temperatures,
as was also observed by [28,36].
3.4. Effect of the Reusability of Catalyst on Glucose Production
Experimental data suggest that the catalysts were able to maintain activity even after
they were reused three times. Overall, catalyst durability was found to be not significantly
different between the catalysts’ uses (p = 0.18). For the case of 90 ◦ C, when AC-SA was
employed as a catalyst, the change in conversion was not significant (p > 0.05) for 120 min
(yield of 53.9% ± 1.01%), while for 90 minutes’ pretreatment, change in conversion was
significant (p < 0.05) corresponding to a yield of 49.9% ± 1.05%. Meanwhile, both AC-pTSA
and AC-MSA exhibited similar results in which yields were not significant (p > 0.05) for a
reaction time of 90 min, while data for 120 min were found to differ (p < 0.05) (Figure 5).
The slight differences in catalytic activities observed for AC-pTSA and AC-MSA at 120 min
may be attributed to repeated agitation of carbon particles that resulted in the breakdown
of the structure and may have affected catalytic activity.
Our results are somewhat consistent with those reported by Tan and Lee [36], who
reused Dowex (TM) Gr-8 six times for pretreating microalgae residue. The authors reported
a glucose yield of about 94% after the fifth reuse, suggesting the unique benefits accorded
by solid acid catalysts in biomass-to-energy processes.
3.5. Effect of Sulfonic Solid Acid Pretreatment on Delignification
Figure 6 presents plots for the delignification by all treatment conditions. The analysis
of the data revealed that reaction time and temperature did not individually affect the
delignification of switchgrass (p = 0.1762 and p = 0.9735) based on type 3 test of fixed effects.
However, the interaction effect in combinations of catalyst, temperature, time, and reuse
was significant (p < 0.05), suggesting that delignification varied with each temperature and
reaction time. In addition, catalyst type and the number of times the catalyst was reused
had a significant effect on the delignification of switchgrass (p < 0.05).
Despite exhibiting no clear trend, it was observed that activated carbon treated
with AC-SA provided the least delignification (5.1–15.2%) when compared to AC- pTSA
(14.0–24.8%) and AC-MSA (14.3–22.2%). However, it is interesting to note that despite
minimal delignification, switchgrass pretreated with AC-SA provided glucose yields similar to AC-pTSA and AC-MSA. Similar results were observed by Yang et al. [14], who
employed dilute sulfuric acid for the pretreatment of oven-dried switchgrass. The authors
reported 39–68% glucose conversions despite low lignin removals (5.4–6.5%) that were
attributed to simultaneous depolymerization and polymerization of lignin components
when reacting with sulfuric acid. Besides, as proposed by Li et al. [59], it may be possible
that sulfonated carbon catalysts may have disrupted the structure of lignin by the formation of hydrophobic and hydrophilic groups and may have subsequently enhanced the
adsorptive interaction between cellulose and the enzyme. Therefore, from our results, it
appears that sulfonic solid-impregnated carbon behaved somewhat similar to dilute acid
for the pretreatment of switchgrass.
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4. Conclusions

Switchgrass samples were pretreated with sulfonic acid-impregnated activated carbon
4. Conclusions
catalysts for subsequent enzymatic conversion of glucan into glucose. Results indicated that
Switchgrass samples were pretreated with sulfonic acid-impregnated activated
sulfonic acid-impregnated activated carbon catalysts were effective for the pretreatment
carbon catalysts for subsequent enzymatic conversion
of glucan into glucose. Results
of switchgrass. At lower temperatures (30 and 60 ◦ C), AC-SA was found to be more
indicated that sulfonic acid-impregnated activated carbon catalysts were effective
for the
effective than AC-pTSA and AC-MSA, but no differences were found at 90 ◦ C. However,
pretreatment of switchgrass. At lower temperatures (30 and 60 °C), AC-SA was found to
the reaction time was found to significantly influence the pretreatment process. In addition,
be more effective than AC-pTSA and AC-MSA, but no differences were found at 90 °C.
the catalysts were successfully reused three times with a minimal loss of activity. Our results
suggest that sulfonic acid-impregnated activated carbon catalysts may potentially reduce
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the use of acids for treatment and make biomass-to-alcohol operations more effective and
environmentally friendly.
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