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ABSTRACT 

Perfluoroalkylsulfonic (PFS) and alkylsulfonic (AS) acid-functionalized magnetic nanoparticles were synthesized, 
characterized, and then evaluated for their ability to hydrolyze hemicelluloses. The magnetic core was made of cobalt 
spinel ferrite and was coated with silica to protect it from oxidation. The silanol groups allowed surface chemical modi-
fication of the nanoparticles with the PFS and AS acid functionalities. Thermogravimetric analysis gave a total organic 
load of 12.6% and 32.5% (w/w) for AS and PFS nanoparticles, respectively. The surface sulfur content was calculated 
from XPS analysis as 1.37% and 1.93% for PFS and AS nanoparticles, respectively. Wheat straw samples were treated 
with the acid-functionalized nanoparticles at two different conditions: 80˚C for 24 h and 160˚C for 2 h. These experi-
ments aimed to hydrolyze wheat straw hemicelluloses to soluble oligosaccharides. PFS nanoparticles solubilized sig-
nificantly higher amounts of hemicelluloses (24.0% ± 1.1%) than their alkyl-sulfonic counterparts (9.1% ± 1.7%) at 
80˚C, whereas the hydrothermolysis control solubilized 7.7% ± 0.8% of the original hemicelluloses in the sample. At 
160˚C, PFS and AS nanoparticles gave significantly higher amounts of oligosaccharides (46.3% ± 0.4% and 45% ± 
1.2%, respectively) than the control (35.0% ± 1.8%). The hemicelluloses conversion at 160˚C reached 66.3% ± 0.9% 
using PFS nanoparticles and 61.0% ± 1.2% using AS nanoparticles compared with the control experiment, which solu- 
bilized 50.9% ± 1.7% of hemicelluloses in the biomass. 
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1. Introduction 

Uncertainties in the oil supply and environmental prob- 
lems associated with fossil fuels have motivated the 
search for other energy sources. Ethanol is a renewable 
energy source that can be used as transportation fuel. 
Global ethanol production increased 400% in the last 
decade. In 2009, 19 billion gallons of ethanol were pro- 
duced worldwide [1]. In 2007, the USA government 
called for an increase in domestic biofuel production of 
up to 36 billion gallons by 2030 [2]. Production of etha- 
nol as transportation fuel reached more than 13 billion 
gallons in 2010 in the US [3]. Currently, bio-ethanol is 
obtained from the alcoholic fermentation of monosac- 
charides derived from sugar-based and starchy crops [1]. 
These materials are also staple foods, so using them as 
fuel could strain the food supply. Alternatively, forest- 
and agricultural-derived biomass can be used for ethanol 
production after hydrolysis of their constitutive sugar 
polymers into monomers. 

Lignocellulosic biomass comprises 38% - 50% cellu- 

lose, 23% - 32% hemicellulose, 15% - 22% lignin, and 
other minor components [4,5]. Cellulose fibers are poly- 
mers of β-1,4-linked glucopyranose units whose linear 
chains are glued with hemicelluloses and covered with a 
lignin sheath [6-8]. Hemicellulose is a heteropolymer of 
five- and six-carbon sugars that can be simultaneously 
fermented by modified strains [9]. Arabinoxylans are the 
most common hemicelluloses of the cell wall of cereal 
grains. The backbones of arabinoxylans are made of β-1, 
4-D-xylopyranosyl units substituted with α-D-arabino- 
furanosyl units linked through the oxygens in the second 
or third position. Endosperm cell walls of wheat also 
have hemicelluloses rich in hexose units such as 1,4- and 
1,3-linked β-D-glucan [10-12]. Xyloglucans are other he- 
micelluloses containing six carbon sugars; these hemi- 
celluloses have β-1,4-linked D-glucopyranosyl back- 
bones substituted with D-xylopyranose residues at the 
O-6 position. Xylose residues in xyloglucans can be fur- 
ther substituted with galactose or arabinose. These hemi- 
celluloses can be found in the primary cell wall of plants; 
because of their chemical composition, xyloglucans can 
form strong associations with the cellulose fibrils [10,  *Corresponding author. 
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13-15]. Significant efforts have been made to obtain ge- 
netically engineered strains that can simultaneously me- 
tabolize hexose and pentose sugars into ethanol [10,11,16, 
17]. The utilization of sugars from both hemicelluloses 
and celluloses could improve the economic feasibility of 
the production of cellulosic ethanol [18]. 

Pretreatment of lignocellulosic biomass is necessary to 
increase its susceptibility to enzymatic action. The most 
common pretreatment methods employ mineral acids and 
high temperatures to remove the lignin component [19- 
22]. Under these conditions, most of the sugars from 
hemicelluloses are degraded and can’t be used for alco- 
holic fermentation [7,23-26]; moreover, substantial capi- 
tal investment is required because corrosion-resistant ma- 
terials need to be used. Neutralization, detoxification, 
and waste disposal are additional costs. Solid acids pro- 
vide the catalytic properties of homogeneous acids with 
the advantage that they can be recovered from the reac- 
tion media by physical separation [27-29]. In previous 
studies, acid-functionalized mesoporous silicas have been 
employed for the conversion of starch and cellobiose to 
glucose [30,31]. Zeolites, Amberlyst-15, heteropolyacids, 
and sulfonated activated-carbon have been used for hy-
drolysis of cellulose into its glucose monomers [32,33]. 
Similar types of solid acids were used in the hydrolysis 
of hemicellulose and the recovery of xylose and arabi- 
nose sugars [34]. Dispersions of functionalized nanopar- 
ticles have similar catalylitic performance as their ho- 
mogeneous counterparts [35,36]. Acid-functionalized na- 
noparticles could provide effective catalysis over a solid 
substrate such as biomass because their size is in the 
nanoscale. Furthermore, the magnetic nanoparticles can 
be recovered from the reaction media using a strong 
magnetic field [37-39]. The present work uses per-
fluoro-alkylsulfonic and alkyl-sulfonic acid-functionalized 
nanoparticles (PFS and AS) to catalyze the hydrolysis of 
hemicelluloses into oligosaccharides at two different 
temperatures. 

2. Materials and Methods 

2.1. Materials 

Cobalt(II) chloride hexahydrate (99%), D-(+)-Cellobiose 
(98%), iron(II) chloride tetrahydrate (99.99%), 3-mer- 
captopropyltrimethoxysilane (MP-TMS) (95%), Nafion® 
SAC-13 (98%), methylamine (40% w/w, 98.5%), so- 
dium dodecyl sulfate (98.5%), and tetraethylorthosilicate 
(TEOS) (99.999%) were purchased from Sigma-Aldrich 
Co. (St. Louis, MO). Ammonium hydroxide, toluene, and 
isopropanol (A.C.S. reagent) were purchased from Fisher 
Scientific (Pittsburgh, PA). Ethanol (95%) was pur-
chased from Decon Laboratories (King of Prussia, PA). 
Hexafluoro (3-methyl-1-2-oxathiethane)-2,2-dioxide (HFP 
sultone) (95%) was purchased from SynQuest Labs 

(Alachua, FL). Wheat biomass was harvested from the 
Kansas State Agronomy Farm (Manhattan, KS) in No-
vember, 2008. 

2.2. Synthesis of Acid-Functionalized 
Nanoparticles 

2.2.1. Preparation of Silica-Coated Magnetic 
Nanoparticles (SiMNPs) 

SiMNPs were synthesized according to methods pre- 
viously described in the literature [38,40,41]. First, the 
magnetic core, which is composed of cobalt spinel ferrite 
(CoFe2O4), was synthesized by a microemulsion me- 
thod. Figure 1, step 1, shows the procedure for prepa- 
ration of SiMNPs. In a typical experiment, 500 ml of an 
aqueous solution was prepared containing 4 mmol of Co- 
balt(II) chloride hexahydrate, 5 mmol of iron(II) chlo- 
ride, and 45 mmol of sodium dodecylsulfate (SDS). The 
solution was stirred at room temperature with a mecha- 
nical stirrer for 30 min and heated to 60˚C. Then, a warm 
methylamine solution (12% w/w) was added, and the 
mixture was stirred for 3 h. The nanoparticles were se- 
parated magnetically and washed 3 times using distilled 
water and twice with ethanol. The nanoparticles were 
dispersed in 100 ml of ethanol and stored at room tem- 
perature before coating with silica. The ethanol disper- 
sion of nanoparticles was sonicated and stirred for 30 
min, then 15 ml of the solution was added to a solution 
containing 500 ml isopropanol, 50 ml water, and 50 ml 
concentrated ammonium hydroxide. This solution was 
also sonicated under mechanical stirring for 1 h. A solu- 
tion of 1 ml of tetraethylorthosilicate (TEOS) in 40 ml of 
isopropanol was added dropwise to the former solution. 
The mixture was sonicated under mechanical stirring for 
another 2 h. The nanoparticles were magnetically sepa- 
rated and washed with distilled water. Then the nanopar- 
ticles were dried in a vacuum oven at 45˚C for 48 h. 

2.2.2. Acid Functionalization of the SiMNPs 
Acid functionalization of SiMNPs was carried out fol- 
lowing procedures reported in the literature [38]. Figure 
1, steps 2 and 3, show the procedure for acid function- 
alization of SiMNPs. For the preparation of supported 
perfluoroalkylsufonic (PFS) acid-functionalized nanopar- 
ticles, dried SiMNPs (250 mg) were placed in a pressure 
bottle. Approximately 1 ml of HFP sultone and 20 ml of 
anhydrous toluene were poured into the bottle in a nitro- 
gen glove bag. The pressure bottle was sealed and soni- 
cated for 30 min. The mixture was stirred at 80˚C for 4 h 
in a water bath. The product (PFS nanoparticles) was mag- 
netically separated and washed three times with 20 ml of 
anhydrous toluene. The nanoparticles were dried at 45˚C 
overnight in a vacuum oven. Figure 1, step 3, shows the 
procedure for preparation of supported alkylsufonic acid- 
functionalized (AS) nanoparticles. A solution containing 
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Figure 1. Step 1 depicts the silica-coating procedure. Cobalt iron oxide nanoparticles (CoFe2O4) are covered by a silica layer. 
The silica precursor is tetraethylorthosilicate (TEOS). The reaction is carried out in a basic media at room temperature un-
der sonication and mechanical stirring. Step 2 shows the acid-functionalization procedure to obtain PFS nanoparticles. The 
reaction was carried out at 80˚C in a non-polar medium for 4 h. Step 3 shows a scheme of the acid functionalization of 
SiMNPS to obtain AS. Mercaptopropyltrimethoxysilane (MPTMS) was used as the precursor of the propylsulfonic acid 
grafted onto SiMNPs. An oxidation step is required to oxidize –SH groups to –SO3H. 
 
1 ml of MPTMS, 10 ml of ethanol, and 10 ml of distilled 
water was prepared, and then 1 g of SiMNPs was added. 
The mixture was sonicated for 60 min and refluxed over-
night. The product was recovered magnetically and washed 
four times with 10 ml of water. To oxidize the mercapto 
groups in the nanoparticles, a blend of 10 ml of 30% hy-
drogen peroxide, 10 ml of water, and 10 ml of methanol 
was added to the nanoparticles. This mixture was kept 
under static conditions and at room temperature for three 
days. The product from the oxidation step was recovered 
magnetically and washed three times with 20 ml water. 
The particles were reacidified with 20 ml of 2 M H2SO4, 
washed three times with distilled water, and dried at 
45˚C for 48 h. 

2.3. Characterization of Acid-Functionalized 
Nanoparticles 

Transmission electron microscope (TEM) images were 
used to estimate the size and size distribution of the na- 
noparticles. A model CM100 TEM (FEI Company, Hill- 
sboro, OR) equipped with an AMT digital image cap- 
turing system was operated at 100 kV. The images were 
taken under both dispersed and dried conditions. For 
dispersed solutions, the nanoparticles were absorbed for 
approximately 30 s at room temperature onto Formvar/ 
carbon-coated, 200-mesh copper grids (Electron Micro- 

scopy Sciences, Fort Washington, PA), then viewed by  
TEM. The mean size of the nanoparticles was estimated 
using the software ImageJ, available from the National 
Institute of Health. Particle analysis of aggregates was 
done on a particles size analyzer (LTS-150, LECO Corp., 
St Joseph, MI). 

Fourier transform infrared (FTIR) spectra were used to 
investigate the chemical bonds presented on the nanopar- 
ticles. Spectroscopy-grade KBr and samples were dried 
at 45˚C for 48 h, and then prepared by mixing 2 mg of 
sample with 200 mg of KBr. The measurement was ca- 
rried out between wave numbers 400 - 4000 cm–1, with 
detectors at 4 cm–1 resolution and 32 scans per sample 
using a Thermo Nicolet NEXUSTM 870 infrared 
spectrometer with a ZnSe window. An OMNIC software 
program (Thermo Electron Corporation, Madison, WI) 
was used to determine the peak positions and intensities. 

X-ray photoelectron spectroscopy (XPS) was used to 
analyze the surface functional groups covalently attached 
to SiMNP. The data were obtained with a PerkinElmer 
PHI 5400 (Waltham, MA) electron spectrometer using 
acrochromatic AlKα radiation (1486.6 eV). Spectra were 
obtained under vacuum pressure around 2.0 × 10–8 Torr. 
XPS binding energies were measured with a precision of 
0.1 eV. The analyzer pass energy was 17.9 eV, with a 
contact time of 50 ms. The nanoparticles were sputtered 
for 2 min before analysis. 
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Thermogravimetric analysis (TGA) was used to count 
the organic load over the nanoparticles after immobiliza- 
tion. The TGA was carried out in a PerkinElmer Pyris1 
TGA (Norwalk, CT). About 5 mg of each sample was 
placed in the pan and heated from 30˚C to 700˚C at a rate 
of 20˚C/min under a nitrogen atmosphere. 

2.4. Biomass Pretreatment 

The capacity of PFS and AS nanoparticles to hydrolyze 
hemicellulose was evaluated at two temperatures, 80˚C 
and 160˚C. For the experiments at 80˚C, 2.5% (w/w) 
wheat straw and 1.5% (w/w) catalyst were used. The 
total weight of the slurry was 26 g. The hydrolysis was 
carried out in pressure bottles for 24 h. All bottles were 
sealed to avoid mass loss. For the experiments at 160˚C, 
2.5% (w/w) wheat straw samples were pretreated with 
0.25% (w/w) AS or PFS nanoparticles for 2 h. In this 
case, the hydrolysis was carried out in a 600 ml pressure 
reactor (Model 4544; Parr Instrument Co., Moline, IL). 
An experimental control was also run at both tempera- 
tures with the biomass sample under the same conditions 
but without catalyst. After pretreatment, the solid fraction 
was separated from the slurry using a 200-mesh sieve. 
The nanoparticles were magnetically separated from the 
liquid fraction, which was analyzed for sugar content. 

2.5. Analytical Methods 

Structural carbohydrates and lignin content of wheat 
straw were analyzed following the NREL LAP procedure 
TP-510-42618 [42]. After the biomass pretreatment with 
AS, PFS, and without catalyst (control), the total amount 
of carbohydrates in the liquid fraction was determined 
following the NREL LAP procedure TP-510-42623 [43]. 
This method hydrolyzes the oligosaccharides in the li- 
quid fraction into their monomer constituents. Sulfuric 
acid (72% w/w) was used to bring the acid concentration 
of the liquid fraction to 4% (w/w). The samples were 
placed in pressure bottles and sealed. The bottles were 
autoclaved at 121˚C for 1 h, then the samples were neu- 
tralized with CaCO3, filtered, and analyzed by HPLC. 
The sugars were quantified using RCM-Ca+2 and RPM- 
Pb+2 monosaccharide columns (300 × 7.8 mm; Pheno- 
menex, Torrance, CA) and a refractive index detector. 
Samples were run at 80˚C and 0.6 ml/min with deio- 
nized water. Recovered hemicellulose was counted as the 
amount of D-(+)-xylose, and D-(+)-arabinose derived 
from the initial hemicellulose fraction in the biomass 
samples before pretreatment. Hemicellulose yield (%) 
was calculated as the ratio of total hemicellulose sugars 
detected in the liquid fraction after pretreatment to the 
initial amount of hemicelluloses in the biomass before 
pretreatment. 

3. Results and Discussion 

3.1. Characterization of Acid-Functionalized 
Nanoparticles 

The TEM images were taken under both dispersed and 
dried conditions. Images (a) and (b) in Figure 2 were 
taken over CoFe2O4 particles dispersed in ethanol. Etha- 
noldispersed nanoparticles were sonicated for 60 min 
before TEM analysis. Dispersed CoFe2O4 nanoparticles 
can be seen in Figure 2(a). CoFe2O4 aggregates were 
also observed in ethanol solution (Figure 2(b)). Mono- 
dispersed nanoparticles had an average diameter of 7.6 
nm with a standard deviation of 2.7 nm based on a total 
of 120 particles. The size of the aggregates measured the 
particle analyzer was equal to 2.3 µm with a standard 
deviation of 0.3 µm. The silica-coating process is sen- 
sitive to the TEOS addition rate. When the TEOS was 
added at high rates, the mean size and standard deviation 
of the silicacoated nanoparticles were 653 nm and 56 nm, 
respectively, based on total of 226 nanoparticles (Figure 
2(c)). A TEM image of SiMNPs obtained after dropwise 
addition of the TEOS is shown in Figure 2(d). The mean 
size of SiMNPs was 3.5 nm with a standard deviation of 
1.6 nm based on 629 nanoparticles. The mean size of 
SiMNPs aggregates was 2.2 µm with a standard devia- 
tion of 0.3 µm. Acid functionalization changed the dis- 
persability of the nanoparticles because larger aggregates 
were found after this step. The material functionalized 
with PFS acid groups showed a bimodal distribution; the 
smaller distribution could be attributed to silica-coated  
 

 

Figure 2. TEM images of (a) cobalt iron oxide (CoFe2O4) 
nanoparticles; (b) CoFe2O4 aggregates of nanoparticles; (c) 
SiMNPs synthesized at high addition rates of TEOS; and (d) 
SiMNPs synthesized at low addition rates of TEOS. 
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iron oxide that escaped the functionalization. The smaller 
material had a mean of 2.3 (±0.1) µm, which is the same 
as that obtained for silica-coated iron oxide aggregates. 
The functionalization with PFS had promoted the forma-
tion of larger aggregates with a mean size of 74.0 (±4.1) 
µm. AS nanoparticles also showed a bimodal distribution 
with mean diameter of 13. (±2.5) µm for the larger ag- 
gregates and mean diameter of 0.8 (±0.1) µm for the 
smaller aggregates. 

FTIR spectra for acid-functionalized nanoparticles are 
shown in Figure 3. The broad band in the wavelength 
500 - 600 cm–1 appears in all the spectra. This band has 
been associated to Fe-O bonds [44,45]. The bands at 820 
and 960 cm–1 in SiMNPs, AS, and PFS spectra have been 
attributed to the stretching vibrations of Si–O–Si and 
Si–O–H groups [46]. Similarly, a broad band at 1120 
cm–1 from the Si–O bond appears in all these spectra [47]. 
The peak at 1370 cm–1 has been assigned to the O=S=O 
stretching vibrations [48-51]. The peaks at 1425 cm–1 in 
the spectra of AS and PFS nanoparticles have been at-
tributed to undissociated SO3H groups [48,50]. The 
peaks at 1080, 1150, and 1190 cm–1 in the spectrum of 
PFS nanoparticles have been assigned to the C-F bond 
[52-54]. The results from FTIR analysis showed that all 
of the nanoparticles had the functional groups expected. 

XPS profiles for PFS and AS functionalized nanopar- 
ticles were used to analyze their atomic concentration 
(Figure 4). A peak at 104 - 108 eV was observed for 
both acid-functionalized nanoparticles. This peak is as- 
sociated with silicon bonds from the silica layer that co- 
vers the CoFe2O4 nanoparticles [51,55]. The peaks asso- 
ciated with carbon, silicon, and sulfur were observed in 
the AS spectrum. The surface composition of both PFS 
and AS nanoparticles is shown in Table 1. For AS, the 
C/Si theoretical value was calculated from the molecular 
formula of the propylsulfonic acid attached to the silica 
surface as 3. The C/Si ratio of 3.4 from the XPS experi- 
ment agrees with the theoretical value. The C/S ratio of 
26.6 was much larger than the theoretical value, which is 
also 3.0. The large amount of carbon with respect to sul- 
fur suggests that the loss of the sulfonic acid groups 
might have occurred during the synthesis procedure. The 
peaks that correspond to F, O, C, S, and Si were found in 
the XPS profiles for PFS nanoparticles. As in the AS 
case, the C/S ratio of 10.4 was greater than the theoretic- 
cal value of 3.0. The large amount of carbon also sug- 
gests the loss of the sulfonic acid group during the syn- 
thesis procedure; however, the ratio of fluorine to carbon 
(0.8) was lower than expected (3.0), which indicates that 
the acid sulfonic group leached out along with other 
fluorine atoms of the HFP sultone moieties. 

The thermal decomposition scans of the nanoparticles 
before and after acid functionalization were used to 
evaluate the thermal stability of the nanoparticles and  

 

Figure 3. FTIR spectra of CoFe2O4, SiMNPs, AS-SiMNPs, 
and PFS-SiMNPs after synthesis. All the samples were 
dried at 45˚C under vacuum before taking the spectra. 
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Figure 4. XPS profiles of PFS and AS nanoparticles. 
 
Table 1. Atomic concentration and organic load of the acid- 
functionalized nanoparticles. 

 Atomic concentrationa (%) 

 F O C S Si 

Organic loadb 
(%) 

mmol 
H+/gc

PFS 11.52 47.94 14.2 1.37 24.36 30.4 0.13 

AS - 31.61 51.28 1.93 15.19 12.6 0.07 

aFrom XPS analysis; bFrom TGA analysis; cCalculated. 

 
their total organic loading (Figure 5). The DTA curves 
show that the drying step occurred before the samples 
reached 150˚C. SiMNPs had absorbed more water than 
the acid-functionalized nanoparticles. The moisture con- 
tent of SiMNPs, AS, and PFS nanoparticles was 3.9%, 
2.6%, and 2.6%, respectively. The incorporation of alkyl- 
sulfonic and perfluoroalkylsulfonic acids groups increased  
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Figure 5. TG/DTA profiles of SiMNP, PFS, and AS func- 
tionalized nanoparticles. 
 
the hydrophobicity of the nanoparticles. Similar results 
were found during functionalization of silica with per- 
fluoroalkylsulfonic acid [51]. An increase in the hydro- 
phobic properties of the nanoparticles can affect their 
dispersability in the biomass slurry and could promote 
aggregation of nanoparticles, thus reducing the available 
area for the reaction. The TGA profile of SiMNPs showed 
a total weight loss of 4.2% during heating from 150˚C to 
800˚C. The weight loss between 150˚C and 400˚C was 
1.7% and it has been attributed to bound water. The 
weight loss at temperatures higher than 400˚C was mea- 
sured as 2.5% and it has been explained as the weight 
lost due to a ferrite crystallization process [44,56]. PFS 
and AS nanoparticles showed similar thermal stabilities; 
when heated to 450˚C, PFS nanoparticles lost 22% of 
their weight, or about 60% of their original organic con- 
tent; AS lost 10% of their weight, or about 55% of their 
original organic content. The first derivative profile for 
PFS nanoparticles shows four peaks at 225˚C, 292˚C, 
417˚C, and 492˚C, which indicates that the perfluoroal- 
kylsulfonic acid group splits into smaller moieties. The 
sulfonic acid groups and the CF2-chains decompose at 
different temperatures [51]. The first derivative profile 

for AS nanoparticles shows a main peak at 437˚C that 
corresponds to the alkyl-sulfonic acid. The left shoulder 
on this peak could be attributed to mercapto-propyl 
groups that were not completely oxidized to the sulfonic 
acid [57]. The total organic content was counted as the 
total mass lost between 150˚C and 600˚C; these values 
can be seen in Table 1 along with the number of acid 
sites on the nanoparticles. The hydronium ion concentra-
tion per mass of catalyst was calculated from the values 
of total organic content on the nanoparticles and the sur- 
face sulfur concentration. 

3.2. Biomass Pretreatment 

Table 2 shows the biomass composition on a dry mass 
basis, and the total hemicellulose sugars recovered at 
80˚C and 160˚C from wheat straw are shown in Figure 
6. 

At temperatures as low as 80˚C, solubilization of he- 
micellulose rather than cellulose hydrolysis is expected 
[8]. The amount of sugars solubilized (24.0% ± 1.1%) at 
80˚C in the presence of PFS nanoparticles was greater 
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Figure 6. Wheat straw hemicelluloses recovered after pre- 
treatment with PFS and AS acid-functionalized nanoparti- 
cles. The left columns correspond to results of the experi- 
ments carried out at 80˚C for 24 h with a catalyst load of 
1.5% and biomass load of 2.5%. Results of the experiments 
carried out at 160˚C for 2 h with a catalyst load of 0.25% 
and biomass load of 2.5% are shown in the right columns. 
The error bars represent the standard errors of two repli- 
cate experiments. 
 

Table 2. Whole biomass composition. 

Biomass constituents Wheat straw 

95% ethanol extractives 16.4 ± 2.5 

Acid-insoluble ash (%) 3.6 ± 1.0 

Acid-soluble lignin (%) 0.8 ± 0.1 

Acid-insoluble lignin (%) 15.3 ± 0.6 

Total lignin (%) 16.1 ± 0.6 

Xylan (%) 17.2 ± 2.1 

Glucan (%) 33.5 ± 3.1 

Arabinan (%) 1.7 ± 0.4 
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than the sugars released from the control (7.7% ± 0.8%); 
but the amount of hemicelluloses recovered with AS 
(9.1% ± 1.7%) was not significantly different from the 
control. PFS experiments used 2 mmol H+/L based on the 
values obtained for organic content and sulfur atomic 
concentration; this is equivalent to using 0.02% (w/w) 
sulfuric acid solutions. By a similar calculation, the load 
of AS nanoparticles provides 1.02 mmol H+/L, which is 
equivalent to using 0.01% (w/w) sulfuric acid solutions. 
Hemicellulose yield of 20% can be considered moderate 
because low temperature and acidity levels were used. 
Complete (100%) hemicellulose solubilization requires 
temperatures higher than 160˚C using 1% sulfuric acid 
[8]. Previous work reported that complete xylan solubi-
lization was reached at 130˚C using 3% (w/w) sulfuric 
acid solutions for 4 h [58]. Higher temperatures have 
been used (180˚C - 220˚C) for hemicellulose hydrolysis 
with acid concentrations between 0% to 0.1% sulfuric 
acid (w/w) [59-61].  

Very few monosaccharides were obtained after pre- 
treatment of biomass with PFS or AS nanoparticles. PFS 
and AS solubilized the xylan fraction into its monomeric 
form at very low levels: 3.5% ± 0.1%, 1.0% ± 0.2% at 
80˚C. Xylose monomer units were not detected in the 
solution for the control experiment. In the experiments 
carried out at 160˚C, only 0.3% and 1.2% of the original 
xylan was found in the solution as xylose for PFS and AS 
nanoparticles, respectively. From the initial arabinan, 
49.5% ± 2.1% and 57.9% ± 11.2% was found as arabi- 
nose monomer in the pretreatment liquor of AS and PFS 
nanoparticles. In the control experiment, 36.0% ± 1.6% 
of arabinan was hydrolyzed to the monomeric form. 
These results agree with previous findings in which acid- 
functionalized amorphous carbon was used to hydrolyze 
cellulose, the yield of monomers was only 4%, and most 
of the sugars obtained were in oligomeric form [49]. 
About 30% monomers yield was obtained from loblolly 
pine hemicelluloses using 1% sulfuric acid at 150˚C and 
60% at 200˚C [62]. At 160˚C, the low percentage of xy- 
lose found in the solution could be explained by degrada- 
tion of the xylose units to other products such as furfural 
and formic acid [63-67]; in this experiment, 16.0% ± 
0.2%, 20.0% ± 1.3%, and 15.7% ± 1.2% of the original 
xylan was found in solution as furfural for AS, PFS, and 
control, respectively (Figure 7). Formic acid was also 
found in the pretreatment liquor, but it may have been a 
degradation product of either cellulose or xyloglucans. 
The results of this paper agree with the hemicellulose 
hydrolysis models proposed in the literature [59,68-71]. 
These models suggest that either hemicelluloses or xylan 
are made of two different fractions that are hydrolyzed at 
different rates, one slow and one fast. In the present work, 
the fast-hydrolyzing fraction of hemicellulose is degraded 
to decomposition products, and that is why very few 
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Figure 7. Wheat straw hemicelluloses solubilized after pre- 
treatment with PFS and AS acid-functionalized nanoparti- 
cles. The pretreatment was carried out at 160˚C for 2 h with 
a catalyst load of 0.25% and biomass load of 2.5%. The 
error bars represent the standard errors of two replicate 
experiments. 
 
monomers were found in the pretreatment liquor. The 
slow-hydrolyzing fraction is found in solution as oligo- 
mers or remains in the non-hydrolyzed solid fraction. 

In the experiments performed at high temperature, a 
0.25% (w/w) catalyst load was used; the PFS and AS na- 
noparticle dispersions are equivalent to using 0.003% 
and 0.002% (w/w) sulfuric acid solutions, respectively. 
The total hemicellulose (oligosaccharides and monosac- 
charides) recovered from wheat straw at 160˚C reached 
46.3% ± 0.4% and 45.0% ± 1.2% using PFS and AS, 
respectively. The control experiment recovered 35.0% ± 
1.8% of the original hemicellulose in the wheat straw 
sample. Most of the sugars found in solution came from 
the xylan fraction 38.6% ± 0.9% and 40.4% ± 0.2% using 
AS and PFS, respectively. Hemicellulose solubilization 
could have been affected by the buffering effect of the 
biomass, which has been said could reduce 1% (w/w) 
acid concentration in half [8]. Low acid levels are fre-
quently used along with high temperatures; hemicellu- 
lose conversions of up to 97% (w/w) have been reported 
when using 0.1% (w/w) sulfuric acid at 180˚C, but still 
more than 50% was oligomers of hemicellulose [72]. In a 
another study, 96% (w/w) conversion of hemicellulose 
was obtained with 0.8% (w/v) sulfuric acid from yellow 
poplar sawdust at 175˚C [61]. PFS and AS nanoparticles 
converted 66.3% ± 1.7% and 61.0% ± 1.2% of the hemi-
celluloses at acid levels 50 and 400 fold lower than those 
acid sulfuric solutions at 160˚C.  

PFS and AS nanoparticles gave similar amounts of re- 
covered hemicellulose; and both catalysts gave more 
sugars than the control. A better performance of PFS 
nanoparticles was expected because perfluorosulfonic 
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acids are known as superacids and can be more acidic 
than sulfuric acid [27,48,73]. The acid strength of these 
acids has been explained by the electron-withdrawing 
properties of the Fluorine atoms [74], but the leveling 
effect of water could have an effect on the catalytic ac-
tivity of PFS nanoparticles [74]. Nanoparticles function-
alized with alkyl-sulfonic acid show a significant im-
provement on hemicelluloses solubilization when using 
160˚C instead of 80˚C, although the acid loading for this 
catalyst was relatively low. Similar acid capacity was 
reported previously for propyl-sulfonic acid-function- 
alized materials [38]. Low catalytic activity also could 
have been a consequence of the low water affinity ob-
served for this catalyst in TGA experiments. These re-
sults agree with the findings of Van Rhijn et al. [75], 
who synthesized mesoporous silicas functionalized with 
propylsulfonic acid and obtained moisture contents of 
less than 1%. The aggregation of both PFS and AS 
nanoparticles also could have an effect on their capacity 
to hydrolyze hemicelluloses due to a considerable reduc-
tion of their surface area; however, the attachment of 
PFS and AS acid functions could have stabilized the acid 
and allowed moderate levels of hemicellulose hydrolysis 
compared with sulfuric acid solutions of similar acid 
strength.  

4. Conclusion 

Acid-functionalized magnetic nanoparticles were syn- 
thesized as catalysts for pretreatment and hydrolysis of 
lignocellulosic feedstock. TEM images confirmed that 
the synthesis of cobalt spinel ferrite yielded particles 
with diameters less than 10 nm. Coating the cobalt spinel 
ferrite particles did not significantly change the size dis- 
tribution of the nanoparticles, although some particles 
agglomerated upon coating. FTIR and XPS spectra con- 
firmed the covalent bonding between the magnetic core 
and the silica layer and the presence of sulfonic acid 
groups following functionalization. Analysis of sugars in 
the liquid fraction after pretreatment revealed a signifi- 
cant amount of oligosaccharides compared with the hy- 
dro-thermolysis when using PFS or AS nanoparticles at 
160˚C. The acid-functionalized nanoparticles broke down 
the non-soluble polysaccharides into oligomeric forms. 
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