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The  sorption  of  anionic  polysaccharides  pectin,  alginate,  and  xanthan  with  cellulose  were  investigated
in  presence  of calcium.  Calcium  sorption  to  cellulose  was  limited  by the  carboxyl  group  content  in  fibers.
Atomic  Absorption  Spectroscopy  (AAS)  analysis  was  used  to measure  the  calcium  in  cellulose  fibers  and
chemical  oxygen  demand  (COD)  analysis  reveals  that the  divalent  ions  calcium  can  bind  the  polysac-
charide  onto  cellulose  fibers.  The  amount  of  calcium  and  polysaccharide  bound  in  Ca2+/polysaccharide
modified  cellulose  fibers  was  5.8–12.5  mM Ca2+/kg  fibers  and  1500–2400  mg  polysaccharide/kg  fibers,
orption
ellulose
olysaccharide
ectin
lginate

respectively.  Fourier  Transform  Infrared  Spectroscopy–Attenuated  Total  Reflectance  (FTIR–ATR)  analysis
confirmed  the  presence  of  polysaccharide  on  calcium  containing  cellulose  fibers.  The  results  of  alizarin
dyeing  experiments  at the end  of polysaccharide  sorption  further  confirmed  the  presence  of  calcium
in  Ca2+/polysaccharide  modified  cellulose  fibers.  The  basic  phenomenon  of  interaction  of  soluble  ionic
polysaccharide  and  cellulosic  fibers  in  presence  of  divalent  cations  such  as  calcium  is a key to understand

echn
anthan
alcium ions

biological  functions  and  t

. Introduction

Polysaccharides are complex carbohydrate polymers consist-
ng of two or more monosaccharide units. Cellulose is a natural
iodegradable homopolysaccharide with the formula (C6H10O5)n,
onsisting of a linear chain of � (1 → 4) linked d-glucose units
Emsley & Stevens, 1994; Hon, 1994). The amorphous regions of
ellulose have greater accessibility to solvent or solution penetra-
ion than crystalline regions and act as an insoluble carbohydrate
ype ligand (Fitz-Binder & Bechtold, 2009). Cellulose has many dis-
ociable groups which also influence the adsorption and strength
roperties of cellulose fibers (Horvath & Lindstrom, 2007).

Pectin is a family of complex heterogeneous polysaccha-
ides, usually amorphous with degree of polymerization around
00–400 units (Calafell, Klug-Santner, Guebitz, & Garriga, 2005;

olin, Nielsen, & Glahn, 1998). The major constituent of pectin is

 linear sequence of 1,4-linked �-d-galacturonic acid units. The
alacturonic acid unit determines the functional properties of the

Abbreviations: CV, Viscose; CLY, Lyocell; RH, Relative humidity (%); MC,
oisture content (%); DM,  Demineralised; PS, Polysaccharide; COD, Chemical

xygen demand; AES, Atomic emission spectroscopy; AAS, Atomic Absorp-
ion Spectroscopy; MB,  Methylene blue; FTIR–ATR, Fourier Transform Infrared
pectroscopy–Attenuated Total Reflectance; ESEM, Environmental scanning elec-
ron  microscopy.
∗ Corresponding author. Tel.: +43 5572 28533; fax: +43 5572 28629.

E-mail address: thomas.bechtold@uibk.ac.at (T. Bechtold).
1 Member of EPNOE – European Polysaccharide Network of Excellence,
ww.epnoe.eu.

144-8617/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.08.049
ological  applications.
© 2011 Elsevier Ltd. All rights reserved.

pectin (Yadav, Yadav, & Yadav, 2007). Alginate is a collective term
for a family of linear 1,4-linked �-l-gulurono-�-d-mannuronans of
widely varying composition and sequential structure. The degree of
polymerization of alginate is between 300 and 1500 units (Shirai,
Hashimoto, & Irie, 1989). The main sources of this water soluble
polysaccharide are various species of marine brown algae (Davis,
Voleskya, & Mucci, 2003; Zhang et al., 2004).

Xanthan gum is a microbial extracellular heteropolysaccharide.
Xanthan contains a cellulosic backbone, with a trisaccharide side
chain on every second glucose residue (Stokke, Christensen, &
Smidsrod, 1998). The molecular weight of xanthan gum is very high
(>106), the polymer contains d-glucose, d-mannose, d-glucuronate
as well as acetyl, and pyruvate units (Argin-Soysal, Kofinas, & Lo,
2009; Hamcerencu, Desbrieres, Popa, Khoukh, & Riess, 2007).

These polysaccharides have wide range of applications in many
fields such as biological function, food, textile, paper, pharma-
ceuticals, agricultural, paint, and petroleum industries (Kennedy
& Bradshaw, 1984; Sabra & Deckwer, 2005; Sandford, Cottrell, &
Pettitt, 1984; Sikorski, Mo,  Skjak-Break, & Stokke, 2007). Therefore
adsorption of these polysaccharides to cellulose fibers will offer
many advantages because of their biological activity, non toxicity,
biodegradability, and biocompatibility.

The structure of the different polysaccharides used in this study
is shown in Fig. 1.

The interactions of polysaccharide with cellulose have

recently been gained considerable attention and the polysac-
charide/cellulose interactions were suggested by some authors
(Chanliaud & Gidley, 1999; Mishima, Hisamatsu, York, Teranishi,
& Yamada, 1998; Rakkolainen et al., 2009; Teeri, Brumer, Daniel,

dx.doi.org/10.1016/j.carbpol.2011.08.049
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:thomas.bechtold@uibk.ac.at
http://www.epnoe.eu/
dx.doi.org/10.1016/j.carbpol.2011.08.049
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ig. 1. Polysaccharides used for sorption on regenerated cellulose fibers: (a) pectic 

anthan  gum.

 Gatenholm, 2007; Torre, Rodriguez, & Saura-Calixto, 1992;
ykwinska, Ralet, Garnier, & Thaibault, 2005; Zykwinska et al.,
007; Zykwinska, Thibault, & Ralet, 2008). Moreover, due to
he electrostatic repulsion between negatively charged cellulose
nd anionic polysaccharide, it is difficult to bind the anionic
olysaccharide to cellulosic fibers. Therefore, addition of divalent
ation in the system may  increase the binding capacity of anionic
olysaccharide to cellulose fibers. In our experiment, the inter-
ctions between polysaccharides and cellulose have performed
n presence of calcium. If the divalent cation such as calcium
s first adsorbed onto a cellulosic surface, the calcium adsorbed
ellulose surfaces are expected to attract the negatively charged
olysaccharide molecules. Here the function of calcium is to
ediate the charge interactions between the negatively charged

olysaccharides and the anionic cellulose surface so that the
olysaccharides molecules can absorb to the fiber surface. Ca2+

ons are also used as a chelating agent for polysaccharides (Dario,
ortencio, Sierakowski, Neto, & Petri, 2011; Kohn, 1975).

In the present work, at first we bound the calcium in cellulose
bers and then the sorption of polysaccharides pectin, alginate, and
anthan on calcium adsorbed cellulose fibers were performed. This
nvestigation was  evaluated for the sorption of polysaccharides to
ellulose fibers and determined the amount of polysaccharide and
alcium on cellulose substrates by COD and AAS analyses. After
orption experiment the properties of the modified cellulose fibers
ere also investigated by ESEM, FTIR, carboxyl group content and

lizarin dyeing.

. Materials and methods
.1. Materials

Pectin (P9135, citrus fruit, galacturonic acid ≥ 74.0%), sodium
lginate (A2158, brown algae, �-d-mannuronic acid) and gum xan-
nit, (b) mannuronic acid unit of alginate, (c) guluronic acid unit of alginate, and (d)

than (G1253, Xanthomonas campestris) were of analytical grade and
used as received without further purification (Sigma Aldrich, St.
Louis, USA). All other chemicals – calcium chloride, hydrochloric
acid, sodium hydroxide, sodium acetate, sodium carbonate, acetic
acid, ammonia, sulphuric acid, alizarin dye (C14H8O4), methylene
blue (C16H18N3SCl), and boric acid were of analytical grade (Merck,
Darmstadt, Germany; Fluka, Buchs, Switzerland; Carl Roth GmbH
Germany). Lyocell staple fibers (CLY) TENCEL® and Viscose ® (CV)
both of titer 1.3 dtex, length 38 mm,  without spin finish were kindly
supplied by Lenzing AG (Lenzing, Austria). The fibers were condi-
tioned in a standard atmosphere at 65 ± 2% relative humidity (RH)
and 20 ± 2◦ C for a minimum period of 48 h prior to use.

2.2. Demineralization (DM) of the fibers

To remove any Ca2+ present in fibers, samples (1 g) were
immersed in 5% (w/w) hydrochloric acid (100 mL)  at 40◦ C and
agitated for 1 h, washed thrice in deionised water (100 mL)  for
5 min  each, followed by neutralization in 0.01 M sodium acetate
solution (100 mL)  for 2–3 min. The fibers were rinsed again in
deionised water (100 mL)  for 5 min  and dried in ambient condition
for 24 h.

2.3. Calcium sorption onto cellulose

The demineralised fibers sample (1 g) was immersed and agi-
tated in 8 mM and 32 mM calcium chloride solution (40 mL) 1 h at
40 ◦C, and pH 9. The pH of this solution was adjusted by 9 mM acetic

acid and 25% ammonia solution. The wet fibers were then cen-
trifuged at 4000 × g for 10 min  to remove excess solution, washed
thrice in deionised water (100 mL)  for 5 min each and dried in ambi-
ent condition for 24 h.
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.4. Polysaccharide sorption onto cellulose

Polysaccharides (PS) pectin, alginate and xanthan were dis-
olved in deionised water and the concentration of polysaccharide
or sorption experiment was 0.5 g/L and pH 10 adjusted with 0.2 M
aOH. The calcium pre-treated samples (1 g) were immersed in
olysaccharide solutions (50 mL)  at 30 ◦C and agitated for 24 h.
he soaked fibers were then centrifuged at 4000 × g for 10 min  to
emove excess polysaccharide solution and dried in ambient con-
ition for 24 h.

.5. Measurements

For determination of the moisture content in cellulose fibers a
onditioned fiber sample (0.5 g) was weighed accurately (Wc) and
ried for 4 h at 105 ◦C. The dried samples were allowed to cool in
2O5 desiccators for 24 h and reweighed (Wd). The moisture con-
ent was calculated according to Eq. (1).

C (%) = Wc − Wd

Wc
× 100 (1)

Calcium content in fibers and residual solutions was measured
y Atomic Absorption Spectrometer (Hitachi-Polarized Zeeman,
apan) in emission mode (wavelength 422.7 nm,  Air–C2H2 flame).
o measure the calcium in fiber, the fiber was  extracted (40 оC,

 h) with 5% hydrochloric acid solution to remove the calcium from
bers. The samples were then quantified directly based on its con-
entration. For calibration stock solutions of CaCl2·2H2O (100 mg/L)
as used to make calibration solutions in range of 0.1–1.0 mg/L
a2+. 5% HCl was used to dilute the stock solution and each sam-
le to prevent the formation of calcium carbonate. All glassware
nd containers were thoroughly cleaned with 5% hydrochloric acid
rior to use. At least three repetitions were made for the determi-
ation of calcium in each step.

Polysaccharide content in the modified cellulosic fiber was mea-
ured by the chemical oxygen demand (COD) method described
n BS ISO 15705 (2002).  The COD test is used to measure the
mount of oxygen required to decompose the organic materials
resent in a sample with a strong chemical oxidant. To mea-
ure the polysaccharides bound in fiber, at first the fiber was
xtracted with 1% (w/w) sulphuric acid solution to remove the
olysaccharide from the fibers. Then the polysaccharide extracted
olution (2 mL)  was pipette thoroughly into the COD digestion
ube. The COD tube was then heated in a thermo reactor at 148 ◦C
or 2 h and the residual dichromate was determined by measur-
ng the absorbance of the digested solution in a photometer (SQ
00, Merck, Darmstadt, Germany) at 585 nm.  The COD (expressed
s “milligram of O2 per liter”) was then measured by the fol-
owing equation (R2 = 0.9969, standard error, ε = 0.0075), obtained
rom the calibration curve of reference potassium hydrogen
hthalate.

OD (mg  O2/L) = absorbance

4.427 × 10−4
(2)

The polysaccharide content in the modified cellulose fiber was
hen determined by using the following relationship between
OD and polysaccharide concentrations obtained from calibration
urves of polysaccharides, Fig. 2.

OD (mg  O2/L) = (910.15 ± 55.59)

× concentration of pectin (g/L) (3)
OD (mg  O2/L) = (676.16 ± 20.72)

× concentration of alginate (g/L) (4)
Fig. 2. COD values of polysaccharides – alginate, pectin, and xanthan as a function
of  polysaccharide concentrations. Each data point is the mean of three repetitions.

COD (mg O2/L) = (887.56 ± 17.21)

× concentration of xanthan (g/L) (5)

Infrared spectra of a series of polysaccharide modified sam-
ple were recorded with an FTIR spectrometer (Brucker, Vector
22, Germany) equipped with an ATR attachment (Universal ATR,
Brucker, Vector 22, Germany). All the spectra were obtained by
an accumulation of 32 scans, with a resolution of 4 cm−1 at
400–4000 cm−1.

For ESEM observation, the calcium–polysaccharide modified
samples were mounted on aluminum stubs with black carbon
tape and were observed with an environmental scanning electron
microscope (LX 30 ESEM-FEG, Philips, the Netherland) in an accel-
erating voltage of 20 kV.

The carboxyl group content of the modified fiber was measured
by the methylene blue sorption method (Philipp, Rehder, & Lang,
1965). 0.3 g/L methylene blue (25 mL)  and borate buffer (25 mL)
pH 8.5 were added to 0.25 g fiber sample at 30 ◦C and agitated for
24 h. The fiber was  then taken out and methylene blue solution
(2.5 mL)  and 0.1 M HCl (5 mL)  were added in a 50 mL  volumetric
flask and filled to 50 mL by deionised water. The absorbance of
the solution was then measured at 664.5 nm by means of a dou-
ble beam spectrophotometer (Hitachi U-2000, Japan). The carboxyl
content of the demineralised and polysaccharide modified sam-
ple was  then determined from the calibration curves of methylene
blue.

For alizarin dyeing, 0.2 mM alizarin in 0.1 M NaOH (100 mL)  was
added to fiber sample (1 g) at 30 ◦C for 1 h. Afterwards, fibers were
rinsed thrice in 4.7 mM Na2CO3 (100 mL)  for 5 min each to avoid
color change due to pH and dried at ambient condition for 24 h.
The alizarin dye exhaustion was  determined by Spectrophotometer
(Hitachi U-2000, Japan). The absorbance of the diluted dye solution
was measured at the wavelength of maximum dye absorption and
the exhaustion of dye was  measured from the calibration curve of
alizarin.

The CIE LAB color strength (K/S) measurement was  determined
by spectrophotometer (Konica Minolta, CM-3610d, Japan). The CIE
LAB color space, illumination viewing angle was 10◦ with D65 illu-
minant.

3. Results and discussion
The fibers were analyzed for the calcium content before and
after polysaccharide sorption. The data of the calcium analysis are
shown in Fig. 3 (a – shows the calcium content in fiber before
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Fig. 3. Calcium content in cellulose fibers (a) before polysaccharide sorption, (b)
after polysaccharides sorption as a function of polysaccharide type and Ca2+ con-
centrations in treatment solution.
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surements on the electron micrographs with an image processing
ig. 4. Sorption of polysaccharides in cellulose as a function of polysaccharide type
nd Ca2+ concentrations in treatment solution.

olysaccharide sorption and b – shows the calcium content in fiber
fter polysaccharide sorption). Calcium binding in CV and CLY fibers
id not increased significantly with increasing calcium concentra-
ions in solution. It is apparent from Fig. 3(a) that CV fiber exhibited
igher ability for Ca2+ binding than CLY fiber. Calcium binding
bility in CV and CLY fibers became saturated by 8 mM Ca2+ concen-
ration, as a results the binding of Ca2+ by 32 mM Ca2+ concentration
n CV and CLY fibers did not increase significantly. The amount of
alcium bound in cellulosic fibers indicates a remarkable affinity of
a2+ ions in the cellulose fibers.

Fig. 4 shows the sorption of different polysaccharides on calcium
ontaining cellulose fiber. The concentration of polysaccharide in

olution was 0.5 g/L, from this concentration the amount of each
olysaccharide adsorbed on calcium containing cellulose fiber was
bserved between 1.5 mg/g and 2.4 mg/g of fibers. It can be seen

Fig. 5. Representative examples of ESEM images of (a) untreated (DM) CV, (b) 8 mM 
lymers 87 (2012) 695– 700

from Fig. 4 that, virtually there is very little adsorption of anionic
polysaccharides onto the anionic cellulosic (DM) fibers. When cal-
cium was present in cellulose fibers, the binding of polysaccharide
to cellulosic fibers increased compared to calcium free (DM) fibers.
In this case it is predicted that Ca2+ ion building the bridges to link
through functional groups of polysaccharides and cellulose sur-
faces. Hence, it can be concluded that due to the presence of calcium
in cellulose fibers, the fibers were enable to adsorb more polysac-
charides on cellulose. There was no significant influence of calcium
concentrations on binding of polysaccharides to cellulose.

The 32 mM calcium treated CLY fibers show comparatively low
alginate content in fibers, compared to pectin and xanthan. How-
ever, in CV fibers the sorption of alginate was  higher compared with
pectin and xanthan and also compared with CLY fibers. This higher
binding capacity of alginate to CV fibers compared with CLY proba-
bly due to the differences in surface area of CV and CLY. Binding of
polysaccharides to cellulose is also a function of time, initial con-
centration of polysaccharides in solution, temperature, cellulose
surface area available, cation binding ability and also depend on
the cellulose crystallinity index and their character and structure
(Venkateswaran, 1970; Zykwinska et al., 2005).

Fig. 3(b) shows the amount of calcium present in cellulosic
CV and CLY fibers after polysaccharides sorption. Cation exchange
capacity of the polysaccharides is a key parameter for their inter-
actions with divalent cations (Debon & Tester, 2001). It can be seen
from Fig. 3(b) that less than 50% of calcium transported from fiber
to polysaccharide solution during polysaccharide sorption and rest
of the calcium is still remained in cellulose fibers. Alginate signif-
icantly drawn more calcium from fibers, compared to pectin and
xanthan. This is probably due to the tendency of alginate to form
gel in presence of Ca2+ ions (Sikorski et al., 2007; Yang, Zhang, Peng,
& Zhong, 2000). However, this effect was not observed for pectin
and xanthan, because the interaction of pectin and xanthan with
calcium ions is very little (Dario et al., 2011; Torre et al., 1992).
Moreover, the binding capacity of divalent cations with polysac-
charide is also depends on the free carboxyl groups present in
polysaccharide (Debon & Tester, 2001). So, it can be said that Ca2+

plays an important role as a chelating agent to bind the negatively
charged polysaccharides to the negatively charged cellulose and
also bridging with polysaccharides in solution.

In support of this polysaccharide sorption in cellulose fibers,
environmental scanning electron microscopy (ESEM), Fig. 5
was used to see the fiber surface structural arrangement in
Ca2+/polysaccharide modified fiber compared with the structure
of untreated and calcium treated cellulose fibers. From Fig. 5 it
can be seen that the Ca2+/polysaccharide modified fiber is similar
to the untreated and only calcium treated fibers. Diameter mea-
software yielded values of: (a) untreated fiber: 11.64 ± 0.85 �m,  (b)
8 mM Ca2+ treated fiber: 11.98 ± 0.80 �m, (c) Ca2+-polysaccharide
treated fiber: 12.08 ± 0.81 �m.  A one-way ANOVA test yielded

Ca2+ treated CV, and (c) Ca2+/pectin treated CV fibers at 1000× magnifications.
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Fig. 6. (a) FTIR spectra of cellulose fibers: (a) untreated (DM) CV, (b) 8 mM Ca2+

treated CV, (c) only pectin treated CV, and (d) Ca2+/pectin treated CV fiber. (b) FTIR
spectra of cellulose fibers: (a) untreated (DM) CLY, (b) 8 mM Ca2+ treated CLY, (c)
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Table 1
Moisture content, carboxyl group and alizarin exhaustion (%) of different pre-treated
CV  and CLY fibers. Results are expressed as the mean of three values ± standard
deviation.

Sample Moisture
content (%)

COOH content
(mmol/kg fiber)

Alizarin
exhaustion (%)

Demineralised
CV 9.2 ± 0.3 18.1 ± 1.1 10.8 ± 0.5
CV  + pectin 9.8 ± 0.2 22.9 ± 0.3 8.8 ± 0.4
CV  + alginate 9.6 ± 0.3 20.8 ± 0.7 1.6 ± 0.2
CV  + xanthan 10.0 ± 0.1 22.9 ± 0.9 4.4 ± 0.8
CLY 8.3 ± 0.1 20.9 ± 0.9 11.3 ± 0.0
CLY + pectin 8.9 ± 0.1 24.7 ± 0.6 7.9 ± 0.8
CLY + alginate 9.4 ± 0.4 23.5 ± 1.0 1.7 ± 0.1
CLY + xanthan 9.7 ± 0.2 22.8 ± 0.6 4.8 ± 0.6
Demineralised and treated with 8 mM CaCl2·2H2O
CV 9.3 ± 0.1 19.4 ± 0.2 79.1 ± 1.7
CV  + pectin 10.2 ± 0.1 18.8 ± 0.9 59.4 ± 0.7
CV  + alginate 10.4 ± 0.2 19.2 ± 3.2 39.4 ± 1.0
CV  + xanthan 10.2 ± 0.0 20.2 ± 3.9 67.6 ± 0.4
CLY 8.5 ± 0.0 21.6 ± 1.0 67.3 ± 0.9
CLY + pectin 9.3 ± 0.0 20.0 ± 1.2 50.4 ± 0.2

is directly related to the ions binding capacity of fibers includ-
ing Ca2+. The carboxyl group content in DM,  CV and CLY fibers
was 18–21 mmol COOH/kg cellulose fibers. From Table 1, it can be
seen that only polysaccharide treated fibers showed slightly higher
nly alginate treated CLY, and (d) Ca2+/alginate treated CLY fiber. (c) FTIR spectra of
ellulose fibers: (a) untreated (DM) CV, (b) 8 mM Ca2+ treated CV, (c) only xanthan
reated CV, and (d) Ca2+/xanthan treated CV fiber.

 p-value of 0.744, indicating that the differences were not
ignificant.

On the basis of the assumptions that the fibers are uniform cylin-
ers, there was homogenous polysaccharide sorption on fibers and
hat polysaccharide density may  be approximated at 1 g/cm3; the
hickness of polysaccharide layers on fibers were estimated at 7 nm
pectin), 8 nm (alginate) and 5 nm (xanthan) with Eq. (6):

 = d

2�r
× p

1
�

× 10−6 (6)

here, T = thickness of polysaccharide layer (nm), d = fiber linear
ensity (1.3 dtex = 1.3 g/10,000 m),  r = fiber radius (m), p = average
olysaccharide content on fiber (g/g), � = polysaccharide density

approximated at 1 g/cm3).

The estimated polysaccharide layers were less than 10 nm
n cellulose fibers, and were not detectable due to the limit-
ng resolution of ESEM. However, it could be predicated that the
CLY + alginate 9.1 ± 0.1 20.5 ± 3.4 34.8 ± 1.3
CLY + xanthan 9.4 ± 0.3 18.5 ± 3.3 55.6 ± 0.4

polysaccharide layers uniformly distributed on cellulose surfaces,
as there was  no agglomeration or precipitation of polysaccharides
or calcium ions on Ca2+/polysaccharide modified fiber surfaces
observed.

The FTIR–ATR spectra of treated and untreated cellulosic fibers
are shown in Fig. 6(a–c). In comparison with the spectrum obtained
from the untreated (DM), calcium treated and only polysaccha-
ride treated fibers, in can be seen that the Ca2+/polysaccharide
treated fibers [Fig. 6(a–c), d] have the obvious characteristic peaks
in the range 1700–1750 cm−1 and in the range 1650–1550 cm−1

due to the carbonyl (C O) and the carboxyl group (COOH) group of
polysaccharides. The Ca2+/polysaccharide treatment caused shifts
of the COO− peaks indicating the interaction between the cellulose
molecules and polysaccharide chains.

Table 1 shows the moisture content, carboxyl group content
and alizarin dye exhaustion (%) of modified fibers. There is no
significant difference in moisture content of Ca2+/polysaccharide
modified cellulose fibers compared to DM and only polysaccha-
ride treated fibers. The carboxyl group content of cellulosic fibers
Fig. 7. K/S of a series of alizarin dyed samples: (a) demineralised (DM) CV, CLY,
(b)  DM CV treated with polysaccharides, (c) DM CLY treated with polysaccharides,
(d)  calcium treated DM CV and CLY, (e) calcium–PS treated CV, and (f) calcium–PS
treated CLY.
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for in vitro binding of pectin side chains to cellulose. Plant Physiology,  139,
397–407.
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arboxyl group content compare to (DM) samples, however the
hange in carboxyl group content on Ca2+/polysaccharide modi-
ed fibers is very marginal. The alizarin dye exhaustion percentage
f Ca2+/polysaccharide modified cellulose fibers show significant
ifference compared to DM and only polysaccharide treated fibers.

In order to confirm the presence of calcium on
a2+/polysaccharide modified fibers, the K/S of different alizarin
yed samples was performed to see the visual staining effect of
bers in relation with its calcium ions concentrations.

From Fig. 7, it can be seen that the K/S values increased in
he fiber because alizarin form complex with Ca2+ and fixed on
bers. The K/S function is proportional to the concentration of
he dye on the substrate and indicates dye adsorption and fixa-
ion. The K/S value of DM and only polysaccharide treated fibers
as very marginal compared to Ca2+/polysaccharide modified
bers, and these fibers showed almost colorless after alizarin dye-

ng because there was no Ca2+ present in these fibers. In case
f Ca2+/polysaccharide modified fibers, the K/S values increase,
ecause of the complex formation of alizarin with increase in Ca2+

oncentration of fibers.

. Conclusions

In this work the sorption ability of anionic polysaccharides to
ellulose fibers was studied. As the calcium sorption to cellulose
as limited by the carboxyl content, fibers loaded with calcium

rom 8 mM  and 32 mM Ca2+ solution did not show differences in
olysaccharide sorption. When calcium was present in the fibers
s counter ion of the carboxylic groups, sorption of polysaccharide
o cellulosic fibers increased, this indicated that the mechanisms of
orption probably involved cation bridging between cellulose and
he polysaccharide molecules. The amount of calcium and polysac-
haride bound in cellulose fibers was 5.8–12.5 mM Ca2+/kg fibers
nd 1500–2400 mg  polysaccharide/kg fibers, respectively.

FTIR–ATR spectra indicate the presence of polysaccharide on
a2+ containing cellulose fibers. There was no deposition of calcium
arbonate on fibers. In presence of water soluble polysaccha-
ide the mobility of Ca2+ was increased and Ca2+ was released
rom the fibers into the polysaccharide solution in the order:
lginate > pectin > xanthan. The results of the alizarin dyeing exper-
ments at the end of polysaccharide sorption further confirmed
he presence of calcium in Ca2+/polysaccharide adsorbed cellulose
bers. The adsorbed behavior of polysaccharides on cellulose fibers

n presence of calcium ions was calculated and the thickness of
he adsorbed polysaccharide layer was less than 10 nm.  The study
emonstrated that Ca2+ can play a significant role in the interaction
etween dissolved polysaccharide and cellulose surface.
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