Journal of Biomaterials and Nanobiotechnology, 2014, 5, 241-253 ’0:0 Scientific
Published Online October 2014 in SciRes. http://www.scirp.org/journal/jbnb .02:0 Research
http://dx.doi.org/10.4236/jbnb.2014.54028

Synthesis of Propyl-Sulfonic
Acid-Functionalized Nanoparticles
as Catalysts for Cellobiose Hydrolysis

L. Pefia?’, K. L. Hohnz?, ]. Li3, X. S. Sun4, D. Wang!

1Department of Biological and Agricultural Engineering, Kansas State University, Manhattan, USA
2Department of Chemical Engineering, Kansas State University, Manhattan, USA

*Department of Chemistry, Kansas State University, Manhattan, USA

4Department of Grain Science and Industry, Kansas State University, Manhattan, USA

Email: dwang@ksu.edu
Received 22 August 2014; revised 19 September 2014; accepted 23 October 2014

Copyright © 2014 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Abstract

Functionalization of silica surfaces using organo-silanes is highly sensitive to reaction conditions.
Silica-coated nanoparticles were functionalized with propyl-sulfonic acid groups (PS) under dif-
ferent synthesis conditions including, various solvents (Ethanol, methanol, acetonitrile, and tolu-
ene), water content in the reaction media (0% to 50%), 3-mercaptopropyl-trimethoxysilane con-
centration (MPTMS) (0.5% to 10%), and reaction time (6 to 16 h). Size of the PS-nanoparticles was
determined by TEM and varied from 3.5 to 20.3 nm with sulfur load. Elemental analysis revealed
sulfur contents from 0.8% to 22%. FTIR analysis showed increased C-H band intensities with in-
creasing sulfur content of PS-nanoparticles. Although PS-nanoparticles with sulfur loads under 3%
did not improve the hydrolysis of cellobiose, PS acid-functionalized nanoparticles with about 6% S
achieved 96.0% cellobiose conversion. The control experiment, without catalyst, converted 32.8%
of the initial cellobiose. PS-nanoparticles with (6% - 8% S) were obtained using (0.5%) silane
concentration and 15 - 16 h reaction time in ethanol.
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1. Introduction

One of the challenges in the production of renewable fuels and chemicals from lignocellulosic biomass is
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breaking down the complex structure of biomass into monomeric sugars. Biomass comprises a complex mixture
of cellulose, hemicellulose, and lignin [1]. Cellulose is a polymer of glucose units linked by $-1,4-glycosidic
linkages. Cellobiose, a disaccharide of glucose, is the true repeating unit of the cellulose polymer [2]. The -1,4
bonds between glucose units allow the formation of hydrogen bonds between adjacent chains and make the
structure of the polymer highly stable and resistant to hydrolysis [3]-[5]. Currently, the most accepted process
for production of cellulosic ethanol uses an acid hydrolysis to pretreat lignocellulosic biomass and an enzymatic
hydrolysis to break the cellulose chains into monomer sugars [6]. Cellulolytic enzymes are a big portion of the
operational cost to produce cellulosic ethanol because they are expensive catalysts with limited reusability [7]
[8]. These enzymes work optimally under a narrow set of conditions, plus reaction rates are slow [9] [10]. The
efficiency of enzymatic hydrolysis of cellulose affects the economic feasibility of the process. Solid catalysts
could act similarly to cellulolytic enzymes, with the additional benefits that these catalysts can be recovered and
reused and could work well under a broad set of conditions [11]-[14]. Although a number of articles have been
published on the performance of heterogeneous catalysts on the hydrolysis of glycosidic bonds [15]-[18], re-
search is in the early stage and more investigation is needed.

Organosilanes are broadly used for modification of surfaces to produce materials with special properties.
Condensation of an organosilane on a surface gives the surface new attributes depending on its functional
groups. Extensive literature is available on the modification of siliceous materials. This technology has been uti-
lized in numerous coating applications on glass surfaces [19]-[22]. Alkyl-silanes are attractive silica coupling
agents because of the high stability of the Si-C bond. Silanating agents such as 3-mercaptopropyl-trimethoxysi-
lane (MPTMS) have three leaving groups, and this feature gives the molecule the chance to anchor through
more than one silanol group on siliceous surfaces [23].

One specific application of silica surface modification is to produce catalytic materials. The attachment of a
catalytic group on a solid surface allows its recovery and reutilization. The catalytic groups are usually placed
on porous materials because these materials can hold a larger number of the functional moieties. Propyl-sulfonic
acid-functionalized silicas have been used on acid catalysis in several studies [24] [25]. Nevertheless, using he-
terogeneous catalysis brings about mass transfer issues that could decrease the efficiency of the catalysis. Nano-
catalysts are a hybrid of heterogeneous and homogeneous catalysts. Functionalized nanoparticles can be used for
catalysis of liquid and gas-phase reactions and can be separated and recovered from the reaction media [26]-[28].
At the same time, nanocatalysts have properties similar to those of homogeneous catalysts because they are very
small and can be accessed easily by the reactants, circumventing the diffusion problems that solid catalysts
could present. Similar to silica surfaces, the surface of nanoparticles can be modified to confer them with desired
chemical features [29].

Numerous studies have been reported on functionalization of nanoparticles for various applications [28]
[30]-[32]. In previous work, for instance, magnetic nanoparticles have been successfully coated with silica [33]
[34]. These nanoparticles can be separated out of aqueous solutions using a magnetic field, and their silica sur-
face can be further modified. The functionalization of silica-coated nanoparticles can be done using procedures
similar to those reported on acid functionalization of silicas [34] [35]. Silica-coated nanoparticles could be
treated in the same manner as siliceous materials because these nanoparticles have silanol groups sticking out
from their surfaces. Although extensive work has been published in the area of coating with organosilanes, the
production of a good film is a complex and delicate process. In aqueous solutions, the functionalization of silica
with MPTMS occurs through a two-step reaction [36]-[39]. In the first step, the silane is hydrolyzed into hydro-
lyzate or alkyl-silanol, releasing three molecules of methanol (Figure 1, step 1). In the second step, the organo-
silanol condenses on the surface through the formation of silicon-oxygen bonds with the hydroxyl groups of the
surface (Figure 1, step 2). Neighboring silanol groups (Si-OH) can crosslink and release water; this stabilizes
the coating and prevent their detachment from the surface [38]. Then, the mercapto-propy! groups are oxidized
to sulfonic acid groups using a hydrogen peroxide solution (Figure 1, step 3). Silanol solutions are unstable in
the presence of water. Before they are linked to the surface, silanol molecules can condense with each other and
then the solution hazes [40] (Figure 1, step 4). Stability of silane solutions can be determined by measuring the
time it takes for the solution to haze to the point that a printed page cannot be read through a clear bottle [39].
Another mechanism by which the modification could occur is through the condensation of siloxanols upon the
surface [36]. This physisorbed layer would be attached to the surface by weak linkages such as hydrogen bonds
or van der Waals forces; it could be easily washed off by the solvent or hydrolyzed by water [36] [41].

The loading of functional groups on silica surfaces is greatly influenced by the presence of water, solvent po-
larity, silane concentration, and reaction time [39] [42]. Glass et al. summarized a number of protocol parame-
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Figure 1. Schematic of the preparation of propyl-sulfonic acid-functionalized nanoparticles.

ters for organosilane deposition. Among others, the solvents used in these protocols were toluene, ethanol, iso-
propanol, acetone, and benzene. The reaction time varied from seconds up to 24 h, and the silane concentration
varied from 0.1 up to 50% [19]. Such parameters are also expected to affect the number of acid sites placed on
silica-coated nanoparticles. In this work, various synthesis conditions were used to functionalize silica-coated
cobalt iron oxide nanoparticles with propyl-sulfonic acid groups. The objective of this research was to investi-
gate the effect of synthesis conditions on the loading of organosilane on the nanoparticle surface and evaluate
the performance of the functionalized nanoparticles for the hydrolysis of cellobiose into glucose. A schematic
representation of the cellobiose hydrolysis using PS-nanoparticles is shown in Figure 2.

2. Methods and Materials
2.1. Materials

Cobalt (I1) chloride hexahydrate (99%), D-(+)-Cellobiose (98%), iron (I1) chloride tetrahydrate (99.99%), 3-
mercaptopropyltrimethoxysilane (MPTMS) (95%), methylamine (40%w/w, 98.5%), sodium dodecyl sulfate
(98.5%), and tetraethylorthosilicate (TEQOS) (99.999%) were purchased from Sigma-Aldrich (St. Louis, MO).
Acetonitrile, ammonium hydroxide, hydrogen peroxide, isopropanol, methanol, and toluene (A.C.S. reagent)
were purchased from Fisher Scientific (Pittsburgh, PA). Ethanol (95%) was purchased from Decon Laboratories
(King of Prussia, PA).

2.2. Synthesis of CoFe204

Cobalt iron oxide (CoFe,0,) was synthesized by precipitating salts of Co™ and Fe*? using a microemulsion me-
thod [43] [44]. In a typical experiment, a solution was prepared with 4 mmol (0.9 g) of cobalt (I1) chloride hex-
ahydrate CoCl,-6H,0, 10 mmol (1.9 g) of iron (Il) tetrahydrate FeCl,-4H,0, and 45 mmol (12.9 g) of sodium
dodecyl sulfate (SDS). The salts and surfactant were dissolved in distilled water, mixed, and diluted to 1 L. One
liter solution of 12 wt% methylamine was also prepared. After stirring the first solution for 30 min at room tem-
perature, both solutions were heated to 55°C - 65°C and then combined. The mixture was kept at 55°C - 65°C
under rigorous mechanical stirring. After 3 h, the particles were magnetically separated and washed three times
with water and once with ethanol, then stored in 100 mL of ethanol.
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Figure 2. Schematic representation of cellobiose hydrolysis catalyzed with PS-nanoparticles.

2.3. Silica Coating of CoFe;04

Cobalt iron oxide nanoparticles were coated with silica using the procedures reported in the literature [34]-[46].
The dispersion of CoFe,O, in ethanol was sonicated for 1 h. Then about 15 ml of this solution were added to
550 ml of a mixture of isopropanol and water in a 9:1 ratio. This solution was sonicated and mechanically stirred
for 30 min. One mL of tetraethylorthosilicate (TEOS) was diluted in 40 mL of isopropanol. After the 30-min
stirring period, 50 mL of concentrated ammonium hydroxide were added, and the dilute TEOS solution was
added dropwise at a rate of 0.3 ml/min. After the addition of the TEOS solution, the mixture was sonicated for
another hour. Then the silica-coated magnetic nanoparticles (SIMNPs) were magnetically separated, washed
four to five times with water, and dried at 105°C in a forced-air convection oven.

2.4. Functionalization of Silica-Coated Magnetic Nanoparticles (SiMNPs)

Silanol groups in silica surfaces react with silane coupling agents by dehydration [47]-[49] or hydrolysis of the
silane in the presence of water [34]. Solvent polarity, MPTMS concentration, and time affect the synthesis of
mercaptopropyl-functionalized nanoparticles, and subsequently the loading of the sulfonic acid-functional group
on propyl-sulfonic (PS) acid-functionalized nanoparticles [42]. PS nanoparticles were synthesized with the syn-
thesis conditions shown in Table 1. In a typical experiment, 500 mg of dry SIMNPs were sonicated in the sol-
vent for 1 h. After sonication, MPTMS was added, and the blend was refluxed and mechanically stirred. After
the reaction, the nanoparticles were allowed to cool and then were magnetically separated from the reaction me-
dia. The mercaptopropyl-functionalized nanoparticles were washed three times with ethanol, isopropanol, or
hexane according to the solvent used for the reaction. Then, the nanoparticles were placed in 60 ml solution with
equal amounts of water, methanol, and hydrogen peroxide for oxidization of the mercapto groups. After 48 h in
this solution, the nanoparticles were washed three times with distilled water and left overnight in 10 mL of 0.1
M sulfuric acid. The solution was then washed multiple times with distilled water until the pH remained con-
stant. Then, the samples were dried at 105°C for 24 h.

2.5. Characterization of PS-Nanoparticles

The transmission electron microscope (TEM) images were used to estimate the size and size distribution of the
nanoparticles. A TEM (model CM100, FEI Company, Hillsboro, OR) equipped with an AMT digital image
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Table 1. Synthesis conditions to obtain acid-functionalized nanoparticles.

Parameter Typical Values
Water Content (%) 0, 2, 10, 30, 50
MPTMS Concentration (%) 05,1,2,4,5,10
Solvent Ethanol, Methanol, Acetonitrile, Toluene
Time (h) 6,8, 10, 15, 16

capturing system was operated at 100 kV. The nanoparticles were placed onto Formvar/carbon-coated, 200-
mesh copper grids (Electron Microscopy Sciences, Fort Washington, PA), then viewed by TEM. The size dis-
tribution of the nanoparticles was calculated using ImageJ software from the National Institutes of Health.

Fourier transform infrared (FTIR) spectra were used to confirm the presence of the propyl-sulfonic acid bonds
in the synthesized nanoparticles. The spectra and peak positions were determined using an infrared spectrometer
and its spectrum software (Spectrum 400, PerkinElmer Inc., Waltham, MA). The measurement was carried out
in the wave number range 500 - 4000 cm *, with 4 cm * resolution and 32 scans per sample.

Hydronium ion concentration per unit mass of catalyst was determined with an ion-exchange titration method
[48] [50]. To withdraw the hydronium ions from the catalyst, 0.05 g of catalyst was added to 20 ml of sodium
chloride (NaCl, 2 mM).The nanoparticle suspensions were homogenized, sonicated, and left overnight at room
temperature. After 24 h, the particles were separated from the solution using centrifugation. The particles were
re-dispersed in another 20 ml of sodium chloride, and the previous salt solution was set aside. Again the par-
ticles were homogenized, sonicated, and left overnight. Then, the particles were separated from the solution. Fi-
nally, the salt solutions were titrated to neutrality with a 0.01 M NaOH solution. Samples were analyzed after
each synthesis batch in duplicate.

Sulfur content was used as an indicator of the silane grafting level on the nanoparticles, and it was determined
by an elemental analyzer (Model 2400 Series 11, PerkinElmer Inc.). The percentage of sulfur involved in sulfon-
ic acid groups was calculated from the ion exchange capacity values by multiplying the milimoles of hydronium
ions by the atomic mass of sulfur. The percentage of sulfur involved in mercap to groups (%Ssy) was calculated
by subtracting the percentage of sulfur from sulfonic acid groups (%S_sosn) to the total sulfur content measured
through chemical analysis (%Sta).

2.6. Hydrolysis of Cellobiose

The catalytic ability of the PS nanoparticles to hydrolyze the $-1-4 glycosidic bond was evaluated using 4 mg/ml
cellobiose solutions with 1% (w/w) PS nanoparticles. The dispersions were sonicated for 20 min, then placed in
a 60-ml Swagelok tube reactor (Swagelok, Kansas City Valve & Fitting Co., KS) made from 316-L stainless
steel with a measured internal volume of 75 mL (outside diameter of 38.1 mm, length of 125 mm, and wall
thickness of 2.4 mm) [51] [52]. The reaction was carried out at 175°C for 30 min in a sand bath (Techne, Inc.,
Princeton, NJ). Two replicates were run for all experiments. The control experiment was carried out under the
same conditions as the experiments using PS nanoparticles. The control experiment had no catalyst and was re-
ferred to as hydro-thermolysis. After the reaction, the solutions were analyzed by HPLC to determine the gluco-
seyield and residue cell obiose using a RCM-Ca*? monosaccharide column (300 x 7.8 mm; Phenomenex, Tor-
rance, CA) and refractive index detector. Samples were run at 80°C at 0.6 ml/min with water as mobile phase
[53]. To calculate the glucose yield, the moles of glucose in the solution were divided by the theoretical amount
of glucose that could have been obtained from cellobiose.

3. Results and Discussion

The acid loading in PS nanoparticles varied from 0.02 - 0.59 mmol H*/g among all solvents used (Table 2). The
range of the acid loading values from this research agrees with values previously reported for propyl-sulfonic
acid-functionalized silicas [54]; however, the acid capacity of some of the nanoparticles was probably underes-
timated because the nanoparticles could not be dispersed in the NaCl solution. Nanoparticles that gained a high
load of propyl groups floated on the top of the solution and were difficult to disperse in aqueous solutions, so not
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Table 2. Sulfur analysis and ion exchange titration results by solvent used during grafting.

%Stotal’ mmol H*/g %S_s03n’
Toluene 0.77 0.05 0.16
Acetonitrile 0.26 0.02 0.05
Ethanol 0.41 0.08 0.26
Methanol 3.15 0.07 0.21
Ethanol/Water 18.59 0.59 1.88

®Mass percentage of S atoms over total mass of nanoparticlesdetermined from elemental analysis. "Sulfur percentage involved in sulfonic acid groups;
calculated as 3.2 times themmol H*/g obtained from titration.

all of the hydronium ions could be released into the solution. This problem was evidenced by the low hydronium
ion concentrations compared with the total sulfur content (p.e. for toluene the acid capacity should have been
around 0.4 mmol H*/g instead of 0.05 mmol H*/g according to its final sulfur content of 0.77%). Because ion
exchange titrations are sensitive to the final wettability of the sample, the total sulfur content on the PS nanopar-
ticles was used as the main indicator of the level of functionalization of these nanoparticles. Besides being a
more robust method, elemental analysis can detect small differences in the number of functional groups that
were attached.

The sulfur content (%Sy) 0f PS nanoparticles functionalized under different synthesis conditions varied
from 0.26% to 18.59% (Table 2). Sulfur and carbon were not detected in CoFe,O, or in silica-coated nanopar-
ticles. Badley et al. reported %S values from 3.25% to 8.32% for propyl-sulfonic acid-functionalized silicas [48].
Other works reported 1.17 mEq S/g (3.7%) for propyl-sulfonic modified SBA-15 [55] and 10.88% S on thiol-
MCM-41 [56]. The %S calculated from the ion exchange capacity values were lower than %S obtained from the
chemical analysis, which indicates that not all the incorporated sulfur (%S Was oxidized to the sulfonic acid
form (%S_sosn). In this study, up to 63% of the total sulfur was oxidized to sulfonic acid, but for most samples
was less than 20%. Badley and Ford reported that only 34% of the sulfur incorporated was in the sulfonic acid
form [48]. Cano-Serrano et al. reached 57% for the best scenario [54]. The acid capacity of the nanoparticles
could increase significantly if the mercapto-propyl groups were completely oxidized, but using stronger oxidiz-
ing conditions could detach the mercapto-propyl group [48] [54]. Some of the thiol groups could also have
reacted with each other to form S-S bridges before the oxidation step was carried out [25] [57]. Moreover, some
PS nanoparticles had a lot of thiol groups buried in lower molecular layers due to high loads of MPTMS and
were not exposed to the oxidizing agent.

It has been calculated that 0.25% silane gives about eight molecular layers and 2% silane generates about 70
[58]. Low concentrations of MPTMS are preferred because the extent of the polymerization reaction is easier to
control. 0.5% MPTMS provided sufficient organosilane to reach about 5% - 8% S on the PS nanoparticles when
given enough time to react (Figure 3). Condensation of multiple layers of silane was expected when concentra-
tions up to 4% or 5% of MPTMS were used. Deposition of multiple molecular layers could prevent oxidation of
thiol groups in deeper layers. On the other hand, low silane concentrations could result in poor and uneven cov-
erage of the surface with some areas of scarce functionalization.

The effect of water concentration on silanol deposition was studied using various blends of ethanol and water
(0% - 50% water in ethanol). Although several authors have recommended the use of only traces of water during
the modification of surfaces with organosilanes, we found that the level of functionalization when using water
concentrations under 20% was less than 1% (Figure 4). To obtain sulfur contents of about 5% - 7%, more than
33% water concentration had to be used in the synthesis setup.

All pure solvents yielded very low levels of acid functionalization (Table 2). Using non-polar solvents such
as toluene is good to control silanol polymerization, but the hydrolysis and condensation reaction rates are too
slow. We expect that longer reaction times would be needed to improve acid functionalization if non-polarsol-
vents are used. The moisture in the SIMNPs did not provide sufficient water to catalyze the reaction. Acetoni-
trile did not help the functionalization of the nanoparticles; the reaction media did not haze, which could be an
indicator that MPTMS was not hydrolyzed. Methanol accelerated the reaction and helped the silanol groups
react with each other before they attached to the surface. Some chunks of polysiloxane were observed, which
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Figure 4. Effect of water concentration in the reaction media on the total sul-
fur incorporated after functionalization of silica-coated nanoparticles with 4%
MPTMS. The grafting reactions were carried out in ethanol.

were separated from the nanoparticles using a 500-mesh sieve; the polysiloxane deposits were retained, and the
nanoparticle dispersion passed through it. Ethanol alone could not catalyze the hydrolysis of MPTMS into
propyl-silanols; at least 33% water is needed to yield nanoparticles with a considerable number of functional
groups. To some degree, ethanol controls the hydrolysis and condensation reactions since these reactions oc-
curred when the reaction time was longer than 12 h.

To obtain at least 6% S on the nanoparticles, at least 15 h of reaction time was needed when using 0.5%
MPTMS and 50% water (Figure 5). The level of functionalization increased with time of exposure of the nano-
particles to the silanol solution. Reducing reaction time may require higher concentrations of MPTMS in the so-
lution, but then reaction 4 in Figure 1 could be favored.

FTIR spectra of the acid-functionalized nanoparticles with two different levels of functionalization are shown
in Figure 6. More intense bands are seen in the nanoparticles with larger %S. The peaks at 1620 cm* and 3400
cm * observed on the spectra have been attributed to the O-H vibration and stretching vibrations of physisorbed
water [28] [59]. The weak peak at 3640 cm* corresponds to surface hydroxyl groups that are forming hydrogen
bonds with other neighboring silanol groups [49] [59]; these silanol groups are not available for reaction with
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MPTMS. This could be advantageous because it maintains the hydrophilic properties of the silica surface. Wet-
tability of the surface is preferred when the targeted reactions are carried out in aqueous solutions, because it is
expected that MPMTS would cause an increase in the hydrophobicity of the surface [42] [54]. The peaks at 1850
- 1929 cm* are associated with symmetric and asymmetric vibrations of the C-H bonds in the propyl chain, re-
spectively [37] [49] [60]. Deformation vibrations bands of —CH, are also observed at 1440 cm™* [47]. The peaks
at 1410 cm™* in both spectra have been assigned to the stretching vibrations of S = O from undissociated acid
sulfonic groups [61] [62]. The doublet at 1300 - 1340 cm™* in the upper spectra has been attributed to stretching
vibrations of —~SO;" species [62]. The peak at 2520 cm * in the upper spectra can be associated with thiol groups
from the mercaptopropy! groups that were not oxidized [54]. The peaks associated with the C-H bonds as well
as the peaks corresponding the O = S = O and —SO3zH bonds had larger intensities for PS nanoparticles that had
larger % S.

Before MPTMS madification, SiIMNPs had an average particle size of 3.5 £ 1.6 nm (Figure 7, image A)).
After functionalization with MPTMS, the size of the nanoparticles increased with the incorporated % S, indicat-
ing that the silanol has been deposited on their surface (Figure 7, image E). PS nanoparticles with a low level of
functionalization (0.77% S) had an average Feret size of 7.7 £ 7.8 nm (Figure 7, image B). Surface modification
carried out in toluene yielded small particles with low % S. The condensation of MPTMS on the surface of the
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Figure 7. TEM images of propyl-sulfonic acid-functionalized nanoparticles. Image A depicts nanoparticles before MPTMS
modification. Image B depicts PS nanoparticles with low sulfur content (0.77%); image C depicts particles with a total sulfur
content of 8.82%, and image D depicts particles with 22.21% S. The scale in all the images is 100 nm except for image A,
which is 20 nm. Image E depicts the relationship between incorporated sulfur vs. mean Feret diameter.

silica-coated nanoparticles was better controlled in anhydrous conditions even at high silane concentration
(10%). This can be explained by the fact that using nonpolar solvents such as toluene prevents excessive con-
densation of MPMTS [36] [42] [63]. PS nanoparticles with a medium level of functionalization (7.42% S),
which were synthesized in a 1:1 blend of water and ethanol with 2.5% MPTMS are shown in Figure 7, image C.
Their average size was 26.4 £ 9.8 nm. PS particles synthesized with 5% MPTMS in a 1:1 blend of water and
ethanol had the highest sulfur content 22.2% S obtained in this study. These particles also had the largest par-
ticle size. Their average size was 42.5 £ 44.5 nm (Figure 7, image D). MPTMS is effectively hydrolyzed by
water and reacts readily with Si-OH groups that are available [42]. Therefore, it was expected to observe that
high water and silane concentrations promoted the condensation of the hydrolyzate into a thick silica layer on
the surface of the nanoparticles. Although, PS remained in the nanoscale at the high modification levels (e.g.,
22.2% S), excessive MPTMS condensation gives hydrophobic nanoparticles [64]. In aqueous conditions, hy-
drophobic nanoparticles agglomerate to reduce the surface area in contact with water molecules. The formation
of nanoparticle aggregates in the reaction solution can hamper the catalytic activity of these nanoparticles by
lowering the surface area available for reaction.

Results from the cellobiose hydrolysis using PS nanoparticles are shown in Figure 8. Increments in cellobiose
conversion when the level of sulfur incorporated on the nanoparticles increased from 0.26% to 6.0% S can be
observed. The conversion of cellobiose reached up to 96.0% =+ 0.7%. The control experiment without nanopar-
ticles gave a cellobiose conversion of 32.8% + 8.7%. The hydrolysis of cellobiose was catalyzed with disper-
sions of PS nanoparticles that were equivalent to sulfuric acid solutions with concentrations less than 0.06%
(w/w). Although the acid concentration provided by the nanoparticles was rather low, the results are promising
and showed significant improvement in the conversion of cellobiose using acid-functionalized nanoparticles
compared with the control. However, the catalyst lost about 30% - 49% of the incorporated sulfur after the hy-
drolysis reaction. More research is required to find a post-grafting curing method to avoid leaching the acid
functional groups.

4. Conclusion

Silane concentration, water content in the reaction media, and acid functionalization time had a significant effect
on propyl sulfonic acid-functionalized nanoparticles. The most active nanoparticles with 5% - 7% S were syn-
thesized with sufficient water (30% - 50%) and 0.5% MPTMS with 15 - 16 h of reaction time. Propyl-sulfonic
acid-functionalized nanoparticles effectively hydrolyzed cellobiose (96.0%), which was significantly higher than
the conversion of the control without catalyst (32.8%).
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and 4% (w/v) cellobiose.
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