
A

A
D

a

A
R
R
2
A
A

K
C
H
S
S
C

1

t
c
c
b
r
i
d
o
i
b
p
c
t
s
i

p
e
o
a
s
e

0
d

Applied Catalysis A: General 417– 418 (2012) 259– 262

Contents lists available at SciVerse ScienceDirect

Applied  Catalysis A:  General

j ourna l ho me page: www.elsev ier .com/ locate /apcata

ryl  sulfonic  acid  catalyzed  hydrolysis  of  cellulose  in  water

nanda  S.  Amarasekara ∗, Bernard  Wiredu
epartment of Chemistry, Prairie View A&M University, Prairie View, TX 77446, USA

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 4 October 2011
eceived in revised form
5 December 2011
ccepted 31 December 2011
vailable online 8 January 2012

a  b  s  t  r  a  c  t

Catalytic  activities  of eight  alkyl/aryl  sulfonic  acids  in  water  were  compared  with  sulfuric  acid  of  the  same
acid  strength  (0.0321  mol  H+ ion/L)  for hydrolysis  of  Sigmacell  cellulose  (DP  ∼  450)  in  the  140–190 ◦C
temperature  range  by  measuring  total  reducing  sugar  (TRS),  and  glucose  produced.  Cellulose  sam-
ples hydrolyzed  at  160 ◦C for 3 h, in  aqueous  p-toluenesulfonic  acid,  2-naphthalenesulfonic  acid,  and
4-biphenylsulfonic  acid  mediums  produced  TRS yields  of 28.0,  25.4,  and  30.3%  respectively,  when  com-
pared  to  21.7%  TRS  produced  in aqueous  sulfuric  acid medium.  The  first order  rate  constants  at  160 ◦C  in
eywords:
ellulose
ydrolysis
ulfonic acids
accharification
atalyst

different  acid  mediums  correlated  with  octanol/water  distribution  coefficient  log  D  of  these  acids,  except
in the  case  of highly  hydrophobic  4-dodceylbenzenesulfonic  acid.  In the  series  of  sulfonic  acids  studied,
4-biphenylsulfonic  acid  appears  to  be  the best cellulose  hydrolysis  catalyst.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Efficient and economical hydrolysis of lignocellulosic biomass
o fermentable sugars is the major hurdle for the realization of
ellulosic ethanol, as well as the unsolved problem for the effi-
ient generation of fuels and feed stock chemicals from abundant
iomass [1–5]. For instance, cellulase enzyme technologies cur-
ently being tested in about a dozen of cellulosic ethanol pilot plants
n US, are confronting enormous challenges in bringing the pro-
uction cost competitive with gasoline [6]. This is due to a number
f deficiencies in the current technology, firstly energy consum-
ng high pressure, high temperature pretreatment [7–9] is required
efore the enzymatic saccharification process, and secondly the
rohibitive cost and inability to recycle the enzyme adds to the
ost of the enzyme [10]. Other alternative technology of gasifica-
ion of biomass and then the use of microorganisms to convert the
yngas to ethanol generally suffers from poor efficiency due to the
nherent insolubility of these gases in water [11].

Saccharification using dilute aqueous sulfuric acid at high tem-
erature and pressure is the oldest method used in the cellulosic
thanol process, which was replaced by enzyme methods devel-
ped in the last two decades. The main disadvantage of this dilute

queous sulfuric acid hydrolysis of cellulosic biomass is the poor
ugar yields, resulting in low ethanol yield, and secondly the high
nergy cost associated with operating at temperatures above 250 ◦C

∗ Corresponding author. Tel.: +1 936 261 3107; fax: +1 936 261 3117.
E-mail address: asamarasekara@pvamu.edu (A.S. Amarasekara).

926-860X/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcata.2011.12.048
at high pressures [12,13]. Although, this direct dilute aqueous acid
saccharification gives low sugar yields, several research groups
have taken an interest in recent times [12–16] taking a second look
at this classical method due to its lower cost, and simplicity, com-
pared to enzymatic saccharification, which however requires an
energy intense pretreatment.

Ionic liquids are well known [17–19] for their ability to dis-
solve cellulose and our interest in the search for efficient catalytic
methods for saccharification of cellulose has led us to develop
Brönsted acidic ionic liquids as solvents as well as catalysts for
the degradation of cellulose [20,21]. Later we found that these
acidic ionic liquids can be used in aqueous phase as well, where a
dilute aqueous solution of acidic ionic liquid 1-(1-propylsulfonic)-
3-methylimidazolium chloride was  shown to be a better catalyst
than aq. sulfuric acid of the same H+ ion concentration for the
degradation of cellulose at moderate temperatures and pressures
[22]. During these studies we  have observed that p-toluenesulfonic
acid used for comparison of the catalytic activity could also show
activities similar to acidic ionic liquids with imidazolium cation.
Surprisingly, dilute acid catalyzed aqueous phase cellulose hydroly-
sis has been studied only with mineral acids H2SO4 [12–16],  H3PO4
[23,24],  HCl [25] and small organic acids like formic [26], succinic
[27], acetic [27], maleic [27], and oxalic [28,29] acids.

In these studies Ladisch and co-workers have shown [27] that
maleic acid hydrolyzes microcrystalline cellulose Avicel as effec-

tively as dilute sulfuric acid but with minimal glucose degradation.
Furthermore, maleic acid was found to be superior to other car-
boxylic acids like succinic and acetic acid reported in this paper,
and gives higher yields of glucose, that is more easily fermented

dx.doi.org/10.1016/j.apcata.2011.12.048
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:asamarasekara@pvamu.edu
dx.doi.org/10.1016/j.apcata.2011.12.048
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Fig. 1. Sulfuric acid (SA, 1), methanesulfonic acid (MSA, 2), trifluromethanesulfonic
acid (TFMSA, 3), p-toluenesulfonic acid (PTSA, 4), 2-naphthalenesulfonic acid (2-
60 A.S. Amarasekara, B. Wiredu / Applied C

s a result of lower concentrations of degradation products [27].
he only kind of sulfonic acid group containing catalyst that has
een tested for the cellulose hydrolysis in water is a heterogeneous
atalyst, bearing SO3H, COOH and OH groups on amorphous
arbon surface. This catalyst is known to give low glucose yields
nder thermal [30] and microwave [31] conditions.

The effects of relatively large carbon groups attached to a Brön-
ted acid function like sulfonic acid groups in the catalysis of
ellulose hydrolysis process in aqueous phase are not known. As
ar as we are aware the effects of large carbon groups, and their
ydrophobicities in sulfonic acid catalysis have been studied only

n the case of alkyl/aryl sulfonic acid functionalized hybrid meso-
orous silica materials in the catalysis of an actylation reaction [32].
herefore, in an attempt to develop a recyclable, efficient acid cat-
lyst, and as an extension of our earlier work [20–22] on sulfonic
cid substituted imidazolium ionic liquid catalysts, we  have stud-
ed a series of alkyl/aryl sulfonic acids for the hydrolysis of cellulose
n water at moderate temperatures and pressures.

. Experimental

.1. Materials and instrumentation

Sigmacell cellulose – type 101 (DP ∼ 450, from cotton linters),
ulfuric acid, and alkyl/aryl sulfonic acids were purchased from
ldrich Chemical Co. Cellulose hydrolysis experiments were car-
ied out in 25 mL  stainless steel solvothermal reaction kettles
ith Teflon inner sleeves, purchased from Lonsino Medical Prod-
cts Co. Ltd., Jingsu, China. These reaction kettles were heated

n a preheated Cole-Palmer WU-52402-91 microprocessor con-
rolled convention oven with ±1 ◦C accuracy. Total reducing sugars
TRS, total of glucose and glucose oligomers with reducing groups)
nd glucose concentrations in aqueous solutions were determined
sing a Carey 50 UV–vis spectrophotometer and 1 cm quartz cells.

.2. General experimental procedures for hydrolysis of cellulose
amples in aqueous acid solutions

Stock solutions of the alkyl/aryl sulfonic acids and sulfuric acid
ere prepared by dissolving appropriate amounts of these acids

n deionized water to give acid concentration of 0.0321 mol  H+/L
n each solution. The accuracy of the concentration was  checked
y titration with standardized aq. NaOH solution using phenolph-
halein as the indicator. Sigmacell cellulose-type 101 (DP ∼ 450)
0.030 g, 0.185 mmol  of glucose unit of cellulose) was suspended in
.00 mL  of aqueous acid solution in a 25 mL  high pressure stain-

ess steel reaction kettle with Teflon inner sleeve. The reaction
ettle was firmly closed and heated in a thermostated oven main-
ained at the desired temperature for 3.0 h. Then reaction kettle was
emoved from the oven and immediately cooled under running cold
ater to quench the reaction. The contents were transferred into a

entrifuge tube and diluted to 10.0 mL  with deionized water, neu-
ralized by drop wise addition of 0.5 M aq. NaOH, and centrifuged at
500 rpm for 6 min  to precipitate the solids before TRS determina-
ion using 3,4-dinitrosalicylic acid (DNS) method [29]. The glucose
ormed was measured using glucose oxidase/peroxidase enzymatic
ssay.

.3. Analysis of hydrolyzate

.3.1. TRS assay
A 1.00 mL  portion of the clear hydrolyzate solution from the cen-
rifuge tube was transferred into a vial and 2.50 mL  of deionized
ater was added. To this, was added 0.50 mL  of DNS reagent [33]

nd the mixture was incubated in a water bath maintained at 90 ◦C
or 5 min. The reagent blank sample was prepared with 3.50 mL
NSA,  5), 10-champhorsulfonic acid (10-CSA, 6), 4-biphenylsulfonic acid (4-BPSA,
7),  4-dodecylbenzenesulfonic acid (4-DBSA, 8), and 1,5-naphthalenedisulfonic acid
(1,5-NDSA,  9) used in the cellulose hydrolysis.

of deionized water and 0.50 mL  of DNS reagent and heated simi-
lar to the samples. Then the absorbance was measured at 540 nm,
against the reagent blank, and TRS concentrations in solutions were
calculated by employing a standard curve prepared using glucose.

2.3.2. Glucose assay
A 0.20 mL  portion of the clear hydrolyzate solution from the cen-

trifuge tube was  transferred into a vial, and diluted with 1.80 mL
deionized water. At zero time, reaction was started by adding
2.00 mL  of glucose oxidase–peroxidase assay reagent [34,35] to the
vial and mixing thoroughly, and the vial was incubated in a water
bath at 37 ◦C for 30 min. Then reaction was  quenched by adding
2.00 mL  of 6 M HCl to give a pink solution. The reagent blank was
prepared by mixing 2.00 mL  of deionized water and 2.00 mL of assay
reagent, and was  treated similarly. Then the absorbance was imme-
diately measured at 540 nm against the reagent blank and glucose
concentration in the solution was  calculated by employing a stan-
dard curve prepared using glucose.

3. Results and discussion

In this study, eight alkyl/aryl sulfonic acids (2–9) shown in Fig. 1
were compared with aqueous sulfuric acid (1) of the same H+ con-
centration of 0.0321mol H+ ion/L for the hydrolysis of Sigmacell
cellulose type 101 (DP ∼ 450) samples. Alkyl/aryl sulfonic acids
used are thermally stable [36] in the temperature range used in
this study, and all aqueous acid mediums used in the study were of
the same H+ ion concentration. According to Oscarson and Izatt’s
expression on temperature dependence of the first and second
dissociation constants of sulfuric acid in aqueous medium, it is
assumed that H2SO4 completely dissociates to give two H+ ions
in the 140–190 ◦C temperature range [26,37].

The average TRS and glucose yields produced in a series of
experiments conducted in nine acid mediums, at 140–190 ◦C tem-
perature range are shown in Figs. 2 and 3 respectively. These results
show that cellulose samples heated in aqueous p-toluenesulfonic
acid (4), 2-naphthalenesulfonic acid (5), and 4-biphenylsulfonic
acid (7) at 160–170 ◦C temperature range produces significantly
higher total reducing sugar yields compared to the sample heated

in aqueous sulfuric acid solution of the same molar H+ ion concen-
tration (Fig. 2). These three acid mediums produced their maximum
TRS yields at relatively lower temperatures; p-toluenesulfonic acid,
33.3% (170 ± 1 ◦C), 2-naphthalenesulfonic acid 31.5% (172 ± 1 ◦C),
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Fig. 2. The changes in % yields of total reducing sugar (TRS) produced during the
hydrolysis of Sigmacell cellulose (DP ∼ 450) in aq. sulfuric acid and eight alkyl/aryl
s
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ulfonic acids at different temperatures. All acid solutions are 0.0321 mol  H+/L, reac-
ion  time: 3.0 h 0.030 g of Sigmacell cellulose in 2.00 mL  of aq. acid was  used in all
xperiments. Averages of duplicate experiments.

nd 4-biphenylsulfonic acid 32.6% (165 ± 1 ◦C), compared to
ulfuric acid 25.6% (180 ± 1 ◦C). Two other acid mediums, 10-
amphorosulfonic acid 35.1%, and 1,5-naphthalenedisulfonic acid
4.6% reached their maximum TRS yields around 180 ± 1 ◦C,
hereas the 4-dodeylbenzenesulfonic acid produced the highest

RS yield of 37.6% at 190 ± 1 ◦C. The one carbon small sul-
onic acids, methanesulfonic acid and trifluromethanesulfonic
cid showed curves similar to the sulfuric acid curve, indicat-
ng that their catalytic activities are similar to the sulfuric acid

◦
hroughout the 140–170 C range. This is a clear indication of
he enhancement of catalytic activity by the large hydropho-
ic group attached to the sulfonic acid function. Furthermore,
hen we compare the TRS yields of the three aryl sulfonic acids,

ig. 3. The changes in % yields of glucose produced during the hydrolysis of Sig-
acell cellulose (DP ∼ 450) in aq. sulfuric acid and eight alkyl/aryl sulfonic acids at

ifferent temperatures. All acid solutions are 0.0321 mol  H+/L, reaction time: 3.0 h,
.030 g of Sigmacell cellulose in 2.00 mL  of aq. acid was  used in all experiments.
verages of duplicate experiments.
Fig. 4. The plot of first order rate constant k (h−1) at 160 ◦C versus the octanol/water
partition coefficient of sulfonic acids log P.

p-toluenesulfonic acid (28.0%), 2-naphthalenesulfonic acid (25.4%),
and 4-biphenylsulfonic acid (30.3%) with that of sulfuric acid
(21.7%) medium at 160 ◦C, the relative catalytic activity enhance-
ments are 29.0, 20.3, and 39.6% respectively for these three acids.

The variation of glucose % yields with temperature is shown
in Fig. 3, and shows a pattern similar to the TRS % yields (Fig. 2)
for most of the acid mediums. The glucose yields also reached
higher maximum yields at relatively lower temperatures for p-
toluenesulfonic acid 21.5% (166 ± 1 ◦C), 2-naphthalenesulfonic acid
21.4% (167 ± 1 ◦C), and 4-biphenylsulfonic acid 23.3% (160 ± 1 ◦C),
compared to sulfuric acid 17.4% (170 ± 1 ◦C). Additionally, the
glucose yield shows rapid decrease beyond 170–180 ◦C for all
the acid mediums, and this is due to well known decomposi-
tion of glucose to various products like 5-hydroxymethulfurfural,
1,6-anhydroglucose, levulinic acid, and formic acid at high temper-
atures [38,39].

We have studied the correlation of catalytic efficiencies of these
sulfonic acids with octanol/water partition coefficient log P and dis-
tribution coefficient log D of the sulfonic acids by plotting first order
rate constants (k) with log P and log D. The partition coefficient is a
ratio of concentrations of un-ionized compound between octanol
and water. Whereas the distribution coefficient is the ratio of the
sum of the concentrations of all forms of the compound (ionized
plus un-ionized) in each of the two  phases in octanol/water sys-
tem [40]. The log P, and log D (at pH 1.49) values were calculated
using software, ChemAxonTM log P/D calculator [41]. The plot of
first order rate constants (k) for the degradation of cellulose to
reducing sugars at 160 ◦C, versus log P is shown in Fig. 4, whereas
the k versus log D is shown in Fig. 5. The first order rate con-
stants (k) at 160 ◦C were used in the analysis, because at higher
temperatures sugars produced tend to decompose into complex
by-products, and we assume that at 160 ◦C, degradation of cellu-
lose to glucose and glucose oligomers is the dominant reaction.
The correlation plots, Figs. 4 and 5 shows that rate constants for
degradation of cellulose correlate better with log D (Fig. 5) than
log P (Fig. 4). It is well known that log D [42,43] is a better param-
eter than log P for ionizable compounds like sulfonic acids, and

our results further support those observations. The rate constant
(k)–log D plot (Fig. 5) clearly shows that sulfonic acids with similar
hydrophobicities show similar catalytic efficiencies, and increasing
hydrophobicity can produce an increase in cellulose degradation
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ig. 5. The plot of first order rate constant k (h−1) at 160 ◦C versus the octanol/water
istribution coefficient of sulfonic acids log D.

p to a certain limit, as very large 4-dodecylbenzenesulfonic acid
s completely out of the trend. Highly hydrophilic methanesulfonic
cid (MSA), 1,5-naphthalenedisulfonic acid (1,5-NDSA) and sulfuric
cid (SA) points were seen close together, where as the remaining
cids follow an approximately linear correlation.

As seen in Figs. 2 and 3, very small sulfonic acids like strong
cid trifluoromethanesulfonic acid (TFMSA) are not highly active
s expected. Therefore, having a small alkyl group does not help
o penetrate into the complex H-bonding network of cellulose. The
ctivity enhancement can be explained as a result of an adsorption
f alkyl/aryl sulfonic acids on to the cellulose surface, which is sup-
orted by the repulsion of the hydrophobic molecule from the bulk
f the water phase, thereby pushing in to the cellulose structure,
hich causes the disruption of the cellulose H-bonding network.

his repulsion from water, sustained by the hydrophobic group is
ot found in small acids like methanesulfonic acid and sulfuric acid.
herefore, MSA  and H2SO4 showed relatively weaker activity. On
he other extreme, water phase can exert a strong pushing towards
he cellulose surface in the case of 4-dodecylbenzenesulfonic acid
4-DBSA) with very large hydrophobic group, but the bulkiness can

ake this molecule too big to penetrate into the H-bonding net-
ork in cellulose, especially at lower temperatures, making 4-DBSA

 poor catalyst below 170 ◦C, however, a very effective catalyst
bove 180 ◦C (Fig. 2).

. Conclusion

In the series of sulfonic acids studied, 4-biphenylsulfonic acid (7)
ppears to be the optimum size and shape to produce maximum
atalytic activity with high TRS and glucose yields at relatively low
emperatures, as seen in Figs. 2 and 3. This fundamental discov-

ry is a lead for a small molecule that can efficiently penetrate and
ydrolyze cellulose in the water phase at moderate temperatures
nd pressure. This type of system would work like a simple artifi-
ial cellulase, and with the use of thermally stable small aromatic

[
[
[
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hydrophobic compound, the catalyst is easily recyclable through
solvent extraction from the resulting aqueous sugar solution, mak-
ing an excellent economical catalyst in the industrial scale.

Acknowledgment

We thank American Chemical Society – PRF grant UR1-49436,
NSF grant CBET-0929970, and USDA grant CBG-2010-38821-21569
for financial support.

References

[1] C.C. Geddes, I.U. Nieves, L.O. Ingram, Curr. Opin. Biotechnol. 22 (2011) 312–319.
[2] R. Huang, R. Su, W.  Qi, Z. He, Bioenerg. Res. 4 (2011) 225–245.
[3] B.B. Hallac, A.J. Ragauskas, Biofuels Bioprod. Biorefin. 5 (2011) 215–225.
[4] J.Y. Zhu, X.J. Pan, Bioresour. Technol. 101 (2010) 4992–5002.
[5]  S. Brethauer, C.E. Wyman, Bioresour. Technol. 101 (2010) 4862–4874.
[6] S.M. Martin, J. Robinson, H. Curran, Int. Sugar J. 111 (2009) 701–708.
[7] M.  Pedersen, A.S Meyer, New Biotechnol. 27 (2010) 739–750.
[8] P. Alvira, E. Tomás-Pejó, M.  Ballesteros, M.  Negro, J. Bioresour. Technol. 101

(2010) 4851–4861.
[9] J.Y. Zhu, X. Pan, R.S. Zalesny Jr., Appl. Microbiol. Biotechnol. 87 (2010) 847–857.
10] R.K. Sukumaran, R.R. Singhania, G.M. Mathew, A. Pandey, Renewable Energy 34

(2009) 421–424.
11] R.S. Lewis, A. Frankman, R.S. Tanner, A. Ahmed, R.L. Huhnke, Int. Sugar J. 111

(2008) 150–155.
12] P. Lenihan, A.O. Orozco, E. Neill, M.N. Ahmad, D.W. Rooney, G.M. Walker, Chem.

Eng. J. 156 (2010) 395–403.
13] R.W. Torget, J.S. Kim, Y.Y Lee, Ind. Eng. Chem. Res. 39 (2000) 2817–2825.
14] G. Sanchez, L. Pilcher, C. Roslander, T. Modig, M.  Galbe, G. Liden, Bioresour.

Technol. 93 (2004) 249–256.
15] J.S. Kim, Y.Y. Lee, R.W Torget, Appl. Biochem. Biotechnol. 91–93 (2001) 331–340.
16] Q. Xiang, Y.Y. Lee, R.W. Torget, Appl. Biochem. Biotechnol. 113–116 (2004)

1127–1138.
17] P. Maki-Arvela, I. Anugwom, P. Virtanen, R. Sjoholm, J.P. Mikkola, Ind. Crops

Prod. 32 (2010) 175–201.
18] L. Feng, Z. Chen, J. Mol. Liq. 142 (2008) 1–5.
19] S. Zhu, Y. Wu,  Q. Chen, Z. Yu, C. Wang, S. Jin, Y. Ding, G.  Wu,  Green Chem. 8

(2006) 325–327.
20] A.S. Amarasekara, O.S. Owereh, Ind. Eng. Chem. Res. 48 (2009) 10152–10155.
21] A.S. Amarasekara, O.S. Owereh, Catal. Commun. 11 (2010) 1072–1075.
22] A.S. Amarasekara, B. Wiredu, Ind. Eng. Chem. Res. 50 (2011) 12276–12280.
23] M.A. Harmer, A. Fan, A. Liauw, R.K. Kumar, Chem. Commun. 43 (2009)

6610–6612.
24] P.A. Lenihan, A. Orozco, E. O‘Neill, M.N.M. Ahmad, D.W. Rooney, G.M. Walker,

Chem. Eng. J. 156 (2010) 395–403.
25] G. Bustos, J.A. Ramírez, G. Garrote, M.  Vázquez, Appl. Biochem. Biotechnol. Part

A.  104 (2003) 51–68.
26] L. Kupiainen, J. Ahola, J. Tanskanen, Ind. Eng. Chem. Res. 49 (2010) 8444–8449.
27] N.S. Mosier, A. Sarikaya, C.M. Ladisch, M.R. Ladisch, Biotechnol. Progr. 17 (2001)

474–480.
28] T. Vom Stein, P. Grande, F. Sibilla, U. Commandeur, R. Fischer, W.  Leitner, P.

Domínguez De María, Green Chem. 12 (2010) 1844–1849.
29] J.W. Lee, T.W. Jeffries, Bioresour. Technol. 102 (2011) 5884–5890.
30] S. Suganuma, K. Nakajima, M.  Kitano, D. Yamaguchi, H. Kato, S. Hayashi, M.

Hara, J. Am.  Chem. Soc. 130 (2008) 12787–12793.
31] Y. Wu,  Z. Fu, D. Yin, Q. Xu, F. Liu, C. Lu, L. Mao, Green Chem. 12 (2010) 696–700.
32] M.  Rat, M.H. Zahedi-Niaki, S. Kaliaguine, T.O. Do, Microporous Mesoporous

Mater. 112 (2008) 26–31.
33] C. Breuil, J.N. Saddler, Enzyme Microb. Techol. 7 (1985) 327–332.
34] H.U. Bergmeyer, E. Bernt, in: H.U. Bergmeyer (Ed.), Methods of Enzymatic Anal-

ysis, Academic Press, New York, 1974, pp. 1205–1212.
35] D.A.T. Southgate, Determination of Food Carbohydrates, Applied Science Pub-

lishers, Ltd., London, 1961.
36] C. Vogel, J. Meier-Haack, A. Taeger, D. Lehmann, Fuel Cells 4 (2004) 320–327.
37] J.L. Oscarson, R.M. Izatt, P.R. Brown, Z. Pawlak, S.E. Gillespie, J.J. Christensen, J.

Solution Chem. 17 (1988) 841–863.
38] Q. Xiang, Y.Y. Lee, R.W. Torget, Appl. Biochem. Biotechnol. 115 (2004)

1127–1138.
39] X. Huang, H. Duan, S.A. Barringer, Food Sci. Technol. 44 (2011) 1761–1765.
40] J. Sangster, Octanol-Water Partition Coefficients: Fundamentals and Physical
Chemistry, in: Wiley Series in Solution Chemistry, vol. 2, John Wiley & Sons
Ltd., Chichester, 1997.

41] Log P/D calculator, www.chemaxon.com.
42] S.K. Bhal, K. Kassam, I.G. Peirson, G.M. Pearl, Mol. Pharm. 4 (2007) 556–560.
43] M.  Kah, C.D. Brown, Chemosphere 72 (2008) 1401–1408.

http://www.chemaxon.com/

	Aryl sulfonic acid catalyzed hydrolysis of cellulose in water
	1 Introduction
	2 Experimental
	2.1 Materials and instrumentation
	2.2 General experimental procedures for hydrolysis of cellulose samples in aqueous acid solutions
	2.3 Analysis of hydrolyzate
	2.3.1 TRS assay
	2.3.2 Glucose assay


	3 Results and discussion
	4 Conclusion
	Acknowledgment
	References


