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a  b  s  t  r  a  c  t

Xylan  sulphate  derivatives  with  degree  of  substitution  (DS)  up  to  1.40  at 90%  yield  for  film  applications
were  prepared.  The  structure  and  substitution  were  confirmed  by 2D  NMR  spectroscopy  and  elemental
analysis.  The  highest  DS  was  obtained  by  sulphation  with  sulphur  trioxide  pyridine  complex  in N,N-
dimethylformamide  (DMF)  when  the least  degradative  conditions  were  used.  The  samples  at  high DS  did
not form  a compact  film.  The  best  mechanical  properties  of  xylan  sulphate  film  were  achieved  on  the  par-
tially water  soluble  derivate  with  DS  0.07 when  sulphated  in  dimethylsulfoxide  (DMSO).  It was  observed
that  partially  soluble  films  with  low  DS  and  high  molar  mass  of  soluble  component  exhibited  better
ilm
omposite
EM
MR
aterials

mechanical  properties  than  films  with  higher  DS  and  low  molar  mass.  This  could  be  explained  by adhesion
of  insoluble  components  with  solubilized  xylan  sulphate.  This  was  supported  also  by the  shapes  of  images
of samples  observed  by  scanning  electron  microscopy  (SEM).  The  thermal  and  thermo-oxidative  prop-
erties  of  xylan  sulphate  were  not  as  good  as  for films  from  unmodified  xylan,  hydroxypropylsulfonated
(HPSX)  or  hydroxypropyltrimethylammonium  (HPAX)  xylan  studied  previously.  The  best  mechanical
properties  obtained  on xylan  sulphate  were  superior  in comparison  to  those  of  HPSX  or  HPAX.

© 2011 Elsevier Ltd. All rights reserved.
. Introduction

Composites based on polysaccharide films could replace materi-
ls from plastics due to environmental safety, biodegradability and
ustainability of used sources (Grondahl, Eriksson, & Gatenholm,
004; Saxena, Elder, Pan, & Ragauskas, 2009; Šimkovic, 2008;

ˇimkovic, Gedeon, Uhliariková, Mendichi, & Kirschnerová, 2011).
ylan sulphate, as possible analog of heparin was  prepared by
ifferent methods under either heterogeneous or homogeneous
onditions in DMF  or N2O4–DMF (Chaidedgumjorn et al., 2002;
hilipp, Nehles, Wagenknecht, & Schnabelrauch, 1987). It was  also
pplied for treatment of osteoporosis as hyaluronan replacement
Cullis-Hill, 2003). This polysaccharide derivate might be also help-
ul for inflammatory action for dermatological applications or as a
omponent of composite. In the present paper we  ascribe the film
roperties of xylan sulphate using NMR, SEC–MALLS, SEM, TG/DTA,
nd mechanical testing method.
∗ Corresponding author. Tel.: +421 2 59410289; fax: +421 2 59410222.
E-mail address: chemsimk@savba.sk (I. Šimkovic).

144-8617/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.04.034
2. Experimental

2.1. Materials

Xylan (X) was extracted from beech sawdust holocellulose with
5% NaOH analogically as ascribed for hornbeam wood (Ebringerová,
Kramár, & Domanský,  1969) and contained 19.3% of carboxyls and
2.93% of methoxyls. The neutral portion formed on hydrolysis con-
tained 98% of xylose. The water-soluble part of xylan (WX; 6% yield;
Mw 9.275 kg/mol; D 3.8) was  analyzed using 0.1 M acetate buffer at
pH 4.5 as SEC mobile phase (35% recovered mass; for more details
on SEC–MALLS see Section 2.3). Sulphur trioxide pyridine complex
(Py·SO3, Aldrich) and all other chemicals used were of commercial
grade and were not further purified.

2.2. Sulphation

Xylan (0.15 g; 1 mmol) was  mixed with 38.72 ml  of DMF
(500 mmol) and stirred (500 RPM) for 20 h at room temperature

(RT) and subsequently 4.7748 g of Py·SO3 (30 mmol) was added
and reacted for 6 h at 60 ◦C. The sample was  precipitated into 96%
ethanol saturated with sodium acetate and the precipitate dialyzed
(1 kDa MWCO) and lyophilized to yield 0.2804 g of XS (S, 13.76;

dx.doi.org/10.1016/j.carbpol.2011.04.034
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:chemsimk@savba.sk
dx.doi.org/10.1016/j.carbpol.2011.04.034
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Table 1
NMR data of D2O soluble samples [ppm].

Sample C1/H1 C2/H2 C3/H3 C4/H4 C5/H5 C6/H6 OCH3

XS/MeGlcAs – – – – – – 61.28/3.49a

XS/Xyls 101.16/5.16 73.70/4.47 73.21/4.79 75.10/3.97 59.14/3.85b – –
XS*/MeGlcAs 98.97/5.32 72.55/3.61 73.54/3.79 83.82/3.26 73.31/4.36 178.37/– 61.19/3.50
XS*/Xyls 100.39/5.19 74.33/4.50 73.89/4.82 75.15/4.00 60.15/4.44c – –
XS′ ′/MeGlcA 102.66/4.66 77.65/3.47 74.33/3.66 77.58/3.85 64.12/4.18 – –
XS′ ′/Xyl 102.97/4.51 73.98/3.32 74.93/3.59 77.58/3.82 64.27/4.14d

Key: XS – xylan sulphated in N,N-dimethylformamide; XS* – xylan sulphated in dimethyl sulphoxide; XS′ ′ – xylan sulphated in pyridine; MeGlcAs – sulfated 4-O-methyl-d-
glucuronic unit; Xyls – sulfated xylose unit; MeGlcA – non-substituted 4-O-methyl-d-glucuronic unit.

a Methoxyls; Xyl – non-substituted xylose unit.
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b CH2 with H5eq at 4.43 and CH2 with H5ax at 3.85 ppm; Xyl′ – xylose substituted 

c CH2 with H5eq at 4.44 and CH2 with H5ax at 3.88 ppm.
d CH2 with H5eq at 4.14 and CH2 with H5ax at 3.42 ppm.

, 15.68; H, 2.20). The DS {[sampes sulphur content (%)/sulphur
ontent of fully substituted anhydroxylose (%)] × 2} was 1.40. The
ield (90%) was calculated from the amount of sample obtained
n relation to theoretical yield at determined DS. When treated as
bove at X/DMF/Py·SO3 = 10/500/30 ratio at 40 ◦C for 8 h and 16 h at
T and after precipitation and dialysis the sample was  preconcen-
rated with vacuum evaporator and after filtration poured on Petri
ish and dried to constant weight (XS′, 0.3140 g; S, 1.96; C, 31.87;
, 5.46; DS, 0.2; 16% yield).

When reaction was run in pyridine (Py) at
/Py/Py·SO3 = 25/567/50 for 7 days/RT, it was stopped by dilution
ith water and the pH attenuated from 5.75 to 8.00 with NaOH,
ialyzed, filtered, and lyophilized. In this way  0.8892 g of water
oluble (S, 1.13; DS, 0.12; 20% yield; XS′ ′) and 3.2404 g of insoluble
S, 0.34; DS, 0.04; 76% yield; IXS) material was obtained.

By the treatment in DMSO when X was mixed with DMSO and
tored at 5 ◦C overnight and subsequently sulphating agent was
dded at X/DMSO/Py·SO3 = 2.5/500/30 and after 6 h/60 ◦C stirring,
ialysis, and lyophylization XS* (0.4180 g; S, 10.57; DS, 1.11; 60%
ield) was obtained. At X/DMSO/Py·SO3 = 1/1000/30 and stirred
or 14 days/RT, dialysis, and lyophylization XS′ ′ ′ (0.1090 g; S,
.83; C, 34.17; H, 5.69; DS, 0.50; 56% yield) was prepared. When
/DMSO/Py·SO3 = 10/1000/30 was stirred at RT/24 h and treated as
bove, than water-insoluble product (XSI; 1.4346 g; S, 0.78%; DS,
.07) was obtained.

.3. Analytical methods

The elemental analyses of all the samples were performed in
uplicate using a Fisons EA-1108 instrument. The water solubil-

ty of X was determined as described before (Šimkovic, Synytsya,
hliariková, & Čopíková, 2009).

NMR measurements were performed in D2O at 25 ◦C on Var-
an 600 MHz  UNITY INOVA spectrometer equipped with 5 mm 1H
13C, 15N} PFG Triple Res IDTG600-5 probe head. 1H and 13C
hemical shifts are referred to 3-(trimethylsilyl)-propionic acid
TSP) internal standard. Multiplicity edited 1H–13C HSQC spec-
ra were recorded in phase-sensitive pure absorption mode with
ptimization on one bond coupling constant 1JCH = 165 Hz. 1H–1H
OSY spectra with gradient selection and 1H–13C HMBC spectra
ere measured in absolute intensity mode. The spectral widths

mployed in 2D NMR  experiments were typically 6000 Hz (1H) and
0,000 Hz (13C), respectively.

SEC–MALLS characterization was performed using 0.1 M acetate
uffer at pH 4.5 as SEC mobile phase (two TSK PW columns;
4000 and G3000; 35 ◦C; 0.8 ml/min; dn/dc = 0.146 g/ml). The rest

f instrument setting was published previously (Šimkovic et al.,
009).

The SEM analysis was performed as described previously
Šimkovic et al., 2011).
eGlcA.

The mechanical properties of films conditioned at 50 ± 2%
humidity and 23 ± 1 ◦C (24 h) were determined on a universal ten-
sile strength tester INSTRON 1122, Instron Ltd., High Wycombe,
Buckinghamshire, England. The jaws distance used was 25 mm
at film width of 10 mm.  At least five replicated measurements
were run for each sample. The thickness of films measured when
using micrometer was  within 10 �m accuracy. Thermogravimet-
ric measurements were run on SDT 2960 (TGA-DTA module; TA
Instruments) thermobalance at 90 cm3/min nitrogen or air flow and
10 K/min heating rate from 20 to 1000 ◦C using 3–24 mg  sample
amounts in platinum pan.

2.4. Film preparation

Samples (0.1–2 g) were mixed with 5–30 ml  of deionized water,
heated up to boiling point, filtered and introduced on the surface
of plastic Petri dish (8.5 cm in diameter) to dry out at RT. They
were separated from the plastic surface during the drying pro-
cess without further assistance. When less material than 0.1 g was
introduced the films remained bonded on the plastic surface. When
more material was used the films were thicker and mechanically
more stable. In some cases as listed above the produced derivative
was  directly dried on Petri dish instead of lyophylization. Films
were prepared also by repeating dissolving of the broken pieces
of films after mechanical testing without observable effect on the
results. Some samples (XS, XS*, IXS) broke into small peaces after
drying even at several grams amount and could not be used for
mechanical testing.

3. Results and discussion

3.1. Sulphation of (4-O-methyl-d-glucurono)-d-xylan

By sulphation of X in DMF  with Py·SO3 at 1/500/30 ratio a water
soluble polysaccharide was  prepared (XS) in 90% yield with DS,
1.40. According to 13C-NMR spectrum there were only five signals
of xylose (Xyl) units and methoxyl signal related to 4-O-methyl-
d-glucuronic acid (MeGlcA). According to COSY, TOCSY, and HSQC
experiments the corresponding signals were assigned as listed in
Table 1. The 1H-NMR spectrum was identical with values assign-
ment by Chaidedgumjorn et al. (2002).  The rest of signals of MeGlcA
could not be assigned due to low intensity of the correspond-
ing signals. We  assume that during the sulphation the MeGlcA
units were eliminated. When the sample was  sulfated in DMSO
at X/DMSO/Py·SO3 = 2.5/500/30 under identical conditions as XS
slightly lower yield (60%) and DS (1.11) were obtained for XS*. The

NMR  data were identical with XS sample. By treatment in pyridine
at X/Py/Py·SO3 = 25/567/50 for 7 days/RT lower DS (0.12) and yield
(20%) were obtained for XS′ ′. Additionally also water-insoluble part
(DS, 0.04; 76% yield; IXS) material was obtained. The NMR  data of
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Table 2
SEC–MALLS characterization of samples.

Sample Mp [kg/mol] Mw [kg/mol] Mw/Mn Recovered mass [%]

WX 390 9.3 3.8 35.0
XS 26.6 22.3 1.2 35.1
XS′ 91.6 593.8 20.0 86.1
XS′ ′ 82.0 65.4 1.6 39.8
XS* 8.1 7.1 1.2 38.8
XSI 14.9 11.1 2.1 20.8

Key: WX  – water soluble part of xylan; XS – xylan sulphated in N,N-
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imethylformamide with DS 1.40; XS – xylan sulphated in N,N-dimethyl-
ormamide with DS 0.20; XS′ ′ – xylan sulphated in pyridine; XS* – xylan sulphated
n dimethyl sulphoxide; XSI – water insoluble part of xylan sulphated in pyridine.

S′ ′ are listed in Table 1 and according to the integrated anomeric
ignals in the HSQC spectrum the ratio of substituted MeGlcA/Xyl
as 1/4.37. Additionally also unsubstituted MeGlcA and Xyl units
ere present at 1/7 integrated ratio.

.2. SEC–MALLS analysis

For the water-soluble part of X (WX) the biggest molar mass
alue at the peak was observed (Table 2). On the other hand Mw was
he second smallest from all analyzed samples with polydispersity

 = 3.8. The amounts of recovered masses could be related to the
olubility of individual samples in the mobile phase as well as the
etention of the sample on the column immobile phase. The XS
ample prepared by treatment in DMF  had more than one order
f magnitude smaller Mp value, but its Mw was bigger than for WX
nd with the lowest polydispersity. The XS′ sample also prepared in
MF  but with lower DS had the highest Mp and Mw values from all

ulfated samples, but D = 20.0 and the amount of recovered sample
as the biggest from all samples. The sample sulfated in pyridine

XS′ ′) with similar DS like XS′ had lower Mw than XS′. The sample
S* sulfated in DMSO with DS close to XS sample had the lowest Mp

nd Mw values from all sulphated samples, but the polydispersity
as the same as for XS. The amount of sample recovered for XS* was

n the level of other samples. From the XSI sample which was  also
reated in DMSO but at room temperature only 21% was recovered,
ut Mp, Mw, and D were the second lowest from all studied samples.
t means the least degradative condition for sulfation was  in the
resence of DMF  as obtained for XS.

.3. SEM analysis

The starting material (X), which was only partially soluble in
ater and the obtained film (123.2 ± 7 �m thick) looked on the

urface of the fracture very inhomogeneous (Fig. 1a), but similar to
X (Šimkovic et al., 2011). The water-insoluble sample sulphated

n DMSO (XSI; 60 �m thick) when analyzed with SEM on the sur-
ace (Fig. 1b) or on the fracture (Fig. 1c) looked different than X. On
he other hand it was similar like positively and negatively charged
ylan films ascribed before (Šimkovic et al., 2011) although its sur-
ace was more homogeneous than on X. It seems that the water
oluble component covers the insoluble part and makes the smooth
urface. The sample sulphated in DMF  to a DS 1.18 (XS; 23 ± 3 �m
hick; Fig. 2a) looks very smooth on the fracture. The sample sul-
hated in DMF  with DS 0.2 which is just partially soluble in water is

ess smooth on the fracture (XS′; 23 ± 2 �m thick; Fig. 2b). The sam-
le sulphated in pyridine formed sharper clusters on the fracture
XS′ ′; Fig. 2c) than XS and XS′. The image of XS′ ′ film from the sur-
ace (Fig. 2d; 51 ± 3 �m thick) even at lower magnification looked

ifferent than the surface of XSI. On the basis of these results it
ould be stated that the soluble part covers the insoluble and holds
he film together in its form which has been developed after drying.
he shape of films prepared from differently soluble derivatives is
Fig. 1. SEM images of samples X on the fracture (a), XSI on the surface (b) and on
the  fracture at low magnification (c).

also varying probably due to different intensities of intermolecular
interactions of hydrogen bonds and charged groups.

3.4. Thermal analysis features
The film prepared from sample XS was  analyzed by TG/DTA
methods in nitrogen and air (Table 3). In comparison to the data of
the unmodified xylan X, the degradation of XS starts under nitrogen
environment at lower temperature (Šimkovic et al., 2011). The first
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Fig. 2. SEM images of XS (a), XS′ (b) and XS′ ′

xotherm is at the same temperature as the first DTG maximum.
fter the second broad exotherm with maximum at 404 ◦C which is
ue to SO2 formation (Šimkovic & Jakab, 2001) sample XS degraded
urther by producing an endotherm at 793 ◦C. The residue of 16%
t 1000 ◦C is identical with carbon content of XS. Under the oxida-
ive environment four separated exotherms were observed. While
he first exotherm is identical with the one obtained under inert

nvironment, the oxidation of the carbon residue at higher tem-
eratures resulted into two sharp exotherms at 327 and 417 ◦C,
hich were not observed in inert atmosphere. We  explain the last

able 3
hermal analysis features of samples.

Sample Atmosphere DTA peaks DTG peaks 

[◦C] � [◦C/mg] [◦C] Max

XS Nitrogen 169 −0.014 169 0.76
404  −0.027 793 0.26
792 −0.047

Air 170 −0.015 170 1.29
327  −0.015 406 0.19
417 −0.001
940 −0.042

XSI Nitrogen 206 0.011 222 0.40
270  0.012 253 0.10

Air 481 0.503 249 0.37

ey: XS – xylan sulphated in N,N-dimethylformamide with DS 1.40; XSI – water insoluble
s on the fracture and XS′ ′ (d) on the surface.

exotherm with the peak at 940 ◦C due to incorporation of sulphur
into the residual carbon, which is supported by slight increase of
the residue between 800 and 1000 ◦C when compared to the con-
ditions under inert environment. In comparison to X the presence
of sulphate groups in sample XS decreased the thermal as well as
thermo-oxidative stability of the prepared films. At temperatures
above 400 ◦C the residue did not drop that much as for X due to

salts formed from sodium sulphate group.

The insoluble XSI was thermally more stabile in inert environ-
ment than XS, but less than X. The first small exotherm at 206 ◦C

Residue [%] at [◦C]

. rate [mg/min] 200 300 400 500 1000

 53 44 41 39 16

 39 32 25 21 21

 86 35 27 23 11

 87 46 35 7 7

 part of xylan sulphated in pyridine.
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Table 4
Mechanical properties of studied xylan films.

Sample Young’s
modulus [MPa]

Tensile
strength [MPa]

Elongation
[%]

Thickness
[�m]

XS′ 160 3.40 0.97 50
XSI 5390 140 2.78 60
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ey: XS′ – xylan sulphated in N,N-dimethylformamide with DS 0.20; XSI – water
nsoluble part of xylan sulphated in pyridine.

as followed by the second at 270 ◦C in inert environment. The
wo DTG maxima were at lower temperature than observed on X
ith residue bigger at 200 ◦C than for XS and X. At higher temper-

tures the residues were similar for all three discussed samples.
he surprising thermal stability of XSI was observed up to 481 ◦C
n air environment when the only sharp exotherm occurred. The
esidues at 500 and 1000 ◦C were identical and smaller than for XS,
ut bigger than for X.

.5. Mechanical properties

According to mechanical testing results XS′ has smaller value
f Young’s modulus as well as tensile strength (Table 4) than X
Šimkovic et al., 2011). This might be due to the presence of sulphate
roup which resulted in less of intermolecular hydrogen bonds
nteraction and causing lower mechanical stability than X due to

ixing of soluble and insoluble components. The XS′ sample has
robaly in average smaller molar mass than XSI from which smaller
mount of sample was recovered by SEC although the polydispesity
f both samples is very high. The thickness of both films is similar,
ut the Young’s modulus and tensile strength of XSI is superior

n comparison to XS′. Also on hydroxypropylsulfonated (HPS) and
rimethylammoniuhydroxypropyl (TMAHP)-xylan smaller values
f Young’s modulus and tensile strength at comparable thicke-
ess were observed than on XSI (Šimkovic et al., 2011). These
esults were also better than those obtained on oat spelt xylan
lms enforced with cellulose whiskers (Saxena et al., 2009). The
longation values were similar like on other samples. As it could be
redicted that the molar mass of insoluble component of sample is
igher than that of the soluble part it seams to be probable that the

igher molar mass of insoluble polysaccharides is responsible for
he better mechanical properties. The soluble part of xylan sulphate

ight function as adhesive which covers the insoluble residues to
orm compact film.
lymers 86 (2011) 214– 218

4. Conclusions

Xylan sulphate films even at high DS are not forming mechani-
cally stable films. On the other hand partially soluble samples were
having suitable mechanical properties at lower DS. The thermal
properties of XS are not as good as those observed on XSI samples.
According to SEM analysis there is a difference in the shape of sur-
face and on the fractures of individual samples. It seems likely the
intermolecular hydrogen bonds are responsible for better mechani-
cal properties of XSI in comparison to XS′. The adhesion of insoluble
parts with solubilized xylan sulphate polysaccharide seams to be
causing the improved mechanical properties.
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Šimkovic, I. (2008). What could be greener than composites made from polysaccha-
rides? Carbohydrate Polymers, 74,  759–762.
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