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ABSTRACT: Solutions of carboxymethyl sago pulp (CMSP) of various degree of substitution were irradiated with electron beam of vari-
ous radiation doses. The gelation dose (D) and p,/g, ratio (p, is degradation density, g, is crosslinking density) is dependent on CMSP
concentration and degree of substitution. In the range of concentrations of 10% to 80% (w/v) CMSP with degree of substitutions of 0.4,
0.6, and 0.8, the p,/q, ratio decreases with increasing %CMSP showing that crosslinking processes are dominating and increasing the gel
network of the CMSP hydrogel. The fourier transform infrared spectra of CMSP hydrogels of degree of substitutions of 0.4, 0.6, and 0.8
with percentage of gel fractions 25, 35, and > 40 show differences in the intensity of the absorption bands at 1020-1100, 1326, and 1422
cm ™" with different degree of substitutions and percentage of gel fraction (%GF) that correspond to different extents of chain scission
and crosslinking. The swelling behavior in water shows that CMSP hydrogels could absorb 3500-5300% of water by 1 g of CMSP hydro-
gel. The ability to absorb water increases with the decrease of degree of substitution and %GF of the CMSP hydrogels. It is also observed

that the optimum pH for swelling CMSP hydrogel is at pH 7. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000~000, 2012
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INTRODUCTION

Polysaccharides have been intensively researched due to their
sustainability, biodegradability, and biosafety." Modified polysac-
charides such as carboxymethyl starch,> carboxymethyl cellulose
(CMC),>* carboxymethyl chitosan,” carboxymethyl chitin,® so-
dium alginate,” carrageenan,® and other agricultural wastes can
be modified by irradiation for the production of biodegradable
hydrogels. Hydrogels of natural polysaccharides are nontoxic,
biodegradable, and biocompatible. This hydrogels are of great
interest because of their applications in biomedicine and phar-
maceutical,””' bioengineering,'" food industry,'* biotechnol-
ogy,"” agriculture®'* and other fields."” Naturally occurring bio-
materials such as collagens, gelatin, alginate, chitosan, and
fibrins are used as biomaterials which are capable of adjusting
to targeted in vivo microenvironment and may also have an
advantage of inducing mild inflammatory responses in vivo.The
composition of natural biomaterials exhibits batch-to-batch var-
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iations. The variations and the mechanical properties have not
been completely characterized and potential immunogenic
properties of such materials may pose additional problems.
Thus, there is important to develop and design novel modified
biomaterial with optimized physical properties and desirable
performance for use as polymeric scaffolds.'® Biomaterial pre-
pared using radiation technique where immobilization of bio-
logically active species in hydrogel matrices, their use as drug
delivery systems and enzyme traps and modification of material
surfaces to improve their biocompatibility and ability to bond
antigens and antibodies have been the subject of their
researches.” Hydrogels have been widely used as intelligent car-
riers in controlled drug delivery systems where the researchers
have optimized their properties such as permeability, enviro-re-
sponsive nature, surface functionality, biodegradability, and sur-
face bio recognition sites.'' Hydrogel for wound dressings pre-
pared by radiation crosslinking have been used on patients in
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the Navy 411 Hospital. From 60 case studies of the clinical
effects, the result showed that slow drug releasing relieves the
pain effectively for prolonged period of application. The dress-
ing can reduce wound oozing, make the wound heal faster, and
reduce number of dressing changes required.'”

The radiation technique is used to prepare hydrogels because
polymer solution undergoes crosslinking on radiation and forms
gel like material. This technique has advantages of relatively low
costs and not requiring chemicals such as initiators or cross-
linker."” The gel-sol analysis of irradiated polymers allows the
estimation of important radiation parameters such as yield of
crosslinking and degradation, gelation dose, and the correlation
of these with some physicochemical properties. The sols are dis-
persions of colloidal particles in the liquid and the gel is an
interconnected rigid network with pores and polymeric chains
with average lengths greater than micrometer. These crosslinked
polymers with high equilibrium swelling in water or aqueous
solutions can be based on macromolecules with high hydrophi-
licity and flexibility, often in combination with the polyelectro-
lyte nature of chains. Great attention has been given to the
application of superabsorbent hydrogels in agriculture for soil
improvement and plant growth. Superabsorbent hydrogel par-
ticles distributed in soil are capable of absorbing water and as a
result, this should efficiently improve the water holding capacity
of the soil and promote optimal plant growth."

The cellulose derivative, CMC when exposed to high-energy
radiation would undergo ionization which eliminates electrons
creating excited fragments of CMC polymers called CMC mac-
roradicals. Macroradicals are formed on main or side chains of
CMC. The formation of radicals on the main chain occurs on
C1-C6 atoms of the anhydroglucose repeating unit of cellulose.
The macroradicals placed on main chain initialized a random
cleavage of glycoside bonds in the main chain which leads to
chain scission. The macroradicals formed on the side chains are
responsible for intermolecular crosslinking.'®>°

In Sarawak, Malaysia, sago palms (Metroxylon sago) are inex-
pensive and grow well in swampy areas that are in urgent need
of economic development. Sago pulp (57% w/w) isolated from
sago waste was converted to carboxymethyl sago pulp (CMSP)
by etherification using sodium monochloroacetate and sodium
hydroxide.”"** The objectives of this article are to report on the
preparation of CMSP hydrogel from sago waste by electron
beam irradiation and investigate the swelling behavior of
formed CMSP hydrogel in water and various pH medium with
respect to the degree of substitution and crosslinking density of
CMSP hydrogel. The intention is to produce pure CMSP hydro-
gel without adding other polymer or crosslinker.

EXPERIMENTAL

Materials

Sago waste was supplied by PPES Sago Industries (Mukah) Sdn
Bhd., Sarawak. All the chemicals being used for this research
study were analytical grade. General solvents were obtained
from John Kollin Corporation, United Kingdom and industrial
grade ethanol was obtained from HmbG Chemicals, Germany.
Distilled water was used for all aqueous solution preparations.
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Isolation of Sago Pulp from Sago Waste

Sago waste was oven dried for 3 h, ground using a stainless steel
blender and sieved through a 0.5 mm?® test sieve. The ground
sago waste was predried in the oven at 60°C for 1 h. About 5 g
of sago waste was added into a 500 mL Erlenmeyer flask and
suspended in hot distilled water (160 mL) together with glacial
acetic acid (1 mL). Technical grade sodium chlorite (1.5 g) was
then added. The conical flask was stoppered and heated in a
water bath maintained at 70°C over a period of 3 h. The final
residue was an almost white solid that retained the woody
structure of the original sample. The mixture was filtered using
a Buchner funnel and washed with cold distilled water until the
pH of the filtrate was 7.0. The residue was dried in an oven at
60°C to constant weight.*"*?

Preparation of CMSP from Sago Pulp

CMSP was prepared by etherification of sago pulp with NaOH,
sodium monochloroacetate and the solvent used in this study
was 2-propanol.*"*

Preparation of CMSP of Degree of Substitution 0.4. Dried
sago pulp (5.0 g, 30.9 mmol cellulose) was added into 2-propa-
nol (100 mL) and sodium hydroxide (30% w/v, 10 mL) was
added in a drop-wise fashion. After stirring for 1 h, sodium
monochloroacetate (3.0 g, 0.026 mol) was added and the reac-
tion mixture placed in thermostated water bath with horizontal
shaker. The reaction mixture was heated to 45°C and shaken for
3 h. Once complete, the mixture was filtered and the residue
was suspended in methanol (300 mL) overnight. The suspended
methanol solution was then neutralized using glacial acetic acid
and the resultant residue was washed with 300 mL ethanol, fil-
tered and dried to constant weight.

Preparation of CMSP of Degree of Substitution 0.6. The same
procedure as for DS 0.4 except the quantity of sodium mono-
chloroacetate was 6.0 g (0.052 mol) with a reaction time of 2 h.

Preparation of CMSP of Degree of Substitution 0.8. The pro-
cedure was the same as preparation of CMSP of degree of sub-
stitution 0.4 except for the basification process where NaOH
was added (25% w/v, 10 mL) and the quantity of sodium
monochloroacetate was 6.0 g (0.052 mol). The absolute values
of DS were determined by potentiometric titration.*"**

Preparation of CMSP hydrogels from CMSP

CMSP Solutions Preparation and Irradiation Procedures. Distilled
water was added to CMSPs with degree of substitutions of 0.4,
0.6, and 0.8, which were then mixed until homogenous using a
glass rod. For preparing high concentrations of CMSP solutions
(above 20% (w/v) CMSP), CMSP were kneaded well and left
for 24 h for complete dissolution. The CMSP mixtures were
degassed before irradiation using a Henkovac vacuum. For free
air irradiation, the CMSP mixtures were placed into polyethyl-
ene bags to make the process impermeable to air. After evacua-
tion 15 mL of the mixture is spread evenly in a plastic mold
and covered with a plastic sheet. Then the covered plastic mold
was placed in polyethylene plastic bag and sealed using sealer
machine.

In the CMSP hydrogel preparation, the irradiation of the CMSP
mixture was carried out by electron beam generated from an
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electron beam machine (2 MeV; model EPS-3000, 10 mA cur-
rent) and various doses of irradiation were used.”’

Determination of Gel Content in CMSP Hydrogel with Vari-
ous Degrees of Substitutions. After electron beam irradiation,
the CMSP hydrogels were accurately weighed (W,) and
immersed in distilled water for 48 h and then dried in oven at
60°C to a constant weight (W;). The percentages of soluble
fraction and gel fraction were calculated according to the fol-
lowing equations, respectively.**

Sol fraction (%) = [W, — W;)/W,] x 100 (1)
Gel fraction (%) = 100 — Sol fraction (2)

The yield p,/q, ratio and gelation dose (D,) which is the mini-
mum energy required to start the gelation process were esti-
mated by gel-sol analysis on the basis of the Charlesby-Pinner
equation.” Estimation of p,/q, and gelation dose D, were per-
formed with the computer tool GelSol95 (http://mitr.p.lodz.pl/
gelsol.html) using the eq. (3) which allows plotting the relation
between sol and dose in a form of straight line:

s+ Vs =p,/q, + (2-p,/9,) (Dg + Dy)/(Dy + D) (3)

Here, s is the sol fraction, p, is degradation density, average
number of main chain scissions per monomer unit and per
unit dose, g, is the crosslinking density, proportion of mono-
mer units crosslinked per unit dose, D, is the gelation dose,
D, is the virtual dose, a dose required for changing the distri-
bution of the molecular weight of the polymer in such a way
that the relation between weight-average and number-average
molecular weight would be equal to 2 and D is radiation
dose.

Fourier transform infrared Analyses

The CMSP hydrogels of degree of substitutions of 0.4, 0.6, and
0.8 with percentage of gel fractions of > 40, 35, and 25% were
freeze-dried for two days. Upon completion, samples were
ground together with KBr and a pellet was formed. FTIR analy-
sis spectra with a range of 4000-360 cm™' were recorded by
Perkin Elmer FTIR spectrophotometer (model Spectrum RX) in
absorbance mode.

Swelling Behavior

Swelling of the CMSP Hydrogel in Water. From optimization
of the conditions on preparing the CMSP hydrogel, Table I
shows the conditions for preparing selected CMSP hydrogels of
degree of substitutions of 0.4, 0.6, and 0.8 and percentage gel
fractions of 25%, 35%, and > 40%. CMSP hydrogels of degree
of substitutions of 0.4, 0.6, and 0.8 with percentage of gel frac-
tions of 25, 35, and > 40 were subjected to swelling in distilled
water. The swelling of the CMSP increases with time but reaches
a limiting value which is proposed as the equilibrium value. It
was found that all the CMSP hydrogels attained the equilibrium
within 48 h.

The degree of swelling was determined by gravimetric method
where the dried hydrogel was immersed in excess distilled water
at room temperature. The hydrogels were periodically weighed
after the excess surface water was removed by dabbing dry with
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Table I. Preparation Conditions of CMSP Hydrogels with Various
%GFs from CMSP Solutions with Degree of Substitutions of
0.4, 0.6, and 0.8.

Radiation % Gel
Dose fraction
CMSP % CMSP (kGy) (%GF)
CMSP with DS 0.4 60 30 25
70 25 35
80 30 40
CMSP with DS 0.6 50 25 25
70 30 35
80 40 46
CMSP with DS 0.8 50 40 25
70 30 35
80 40 48

a filter paper. The swelling ratio was calculated according to the
equation:

M, — M,
%S =‘T x 100 (4)

o

where M, is the mass of dry hydrogel at time zero and M, is
the mass of swollen hydrogel at time t. The equilibrium degree
of swelling was calculated by changing M, to M, which is the
equilibrium weight of the swollen gel.>**%?”

Swelling of the CMSP Hydrogel in Various pH Media. In
order to investigate the sensitivity of the CMSP hydrogels to
pH, the CMSP hydrogels of degree of substitutions of 0.4, 0.6,
and 0.8 with percentage of gel fractions of 25%, 35%, and >
40% were immersed in excess buffer solutions at pH 3, 7, and
10. The hydrogels were periodically weighed after the excess sur-
face water was removed with a filter paper. The swelling ratio
was calculated using eq. 4.

RESULTS AND DISCUSSION

In this research electron beam irradiation was used to crosslink
CMSPs with degree of substitutions of 0.4, 0.6 and 0.8. The per-
centage of gel fraction is percentage of insoluble part (cross-
linked CMSP) after immersion in distilled water. Figure 1(a)
shows the percentage of gel fractions versus dose of irradiation
for different concentrations of CMSP of degree of substitution
of 0.4. At CMSP concentrations of 10-25% (w/v) homogeneous
dilute solutions were formed and a maximum percentage of gel
fractions of less than 10% (w/w) was achieved at 15 kGy. At
concentrations of 30-40% (w/v) the CMSP solution was in the
form of moderately viscous paste-like solution. The maximum
percentage of gel fractions of 10-20% (w/w) was obtained at a
radiation dose of 20 kGy. At concentration of 50-60% (w/v)
CMSP, the maximum percentage of gel fractions obtained was
only fractionally higher at 20-35% (w/w) and a higher dose of
radiation (30 kGy) was required to achieve this result. At the
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Figure 1. Electron beam radiation prepared CMSP hydrogel from CMSP solutions of degree of substitutions of (a) 0.4, (b) 0.6, and (c) 0.8 shows %GF
(w/w %) with various radiation doses (kGy). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

highest concentrations of CMSP (70-80% w/v), the maximum per-
centage of gel fractions achieved was 35-40% (w/w) at 25-50 kGy.

Figure 1(b,c) show the percentage of gel fractions for different con-
centrations of CMSP of degree of substitutions of 0.6 and 0.8 ver-
sus dose of irradiation, respectively. The same trends as for degree
of substitution of 0.4 apply and the maximum percentage of gel
fraction achieved with degree of substitution of 0.8 is on average
higher than for the CMSP with degree of substitution of 0.6.

All CMSP mixtures of higher concentration (from 30-80% (w/v))
formed a paste like mixture. It was observed that the CMSP with
degree of substitution of 0.4, at high concentration, was the
hardest to knead to achieve a homogeneous mixture and was
followed by degree of substitution of 0.6 and degree of substitu-
tion of 0.8. This could be attributed to the lower water solubil-
ity of the CMSP of degree of substitution of 0.4. It is important
for the CMSP molecules to dissolve homogenously in water for
maximum crosslinking to occur. There are two ways that water
contributes to the crosslinking of CMSP. First, it enhances the
mobility of the rigid CMSP molecules allowing the diffusion of
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CMSP macroradicals to decrease the distance between each rad-
ical and recombine. Second, during electron beam radiation it
induces an increase in radical concentration by producing
hydrogen atoms and hydroxyl radicals by water hydrolysis.
These hydrogen and hydroxyl radicals abstract hydrogen from
CMSP molecules and produce the CMSP macroradicals.”® These
macroradicals may undergo chain scission, hydrogen transfer,
intermolecular, and intramolecular recombination and dispro-
portionation of macroradicals. Recombination of CMSP macro-
radicals intermolecularly between two radicals on separate
chains linked the chains together. Intramolecular recombination
of CMSP macroradicals leads to formation of C—C bonds
between the segments of a chain itself.”®

At lower (5-30%) CMSP concentration, although the CMSP
chain mobility is unrestricted, the distance between macroradi-
cal is too long to form crosslinking bond and therefore degrada-
tion occurs predominantly. These lower concentrations CMSP
solutions also could undergo dehydrogenation, oxidative degra-
dation, and depolymerization reactions and cause destruction of
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Figure 2. The change of p./q, ratio of chain scission to crosslinking
yields for CMSP with degree of substitutions of 0.4, 0.6 and 0.8 hydrogels
used in this work with initial CMSP concentrations. (HG = Hydrogel).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

the CMSP chains when irradiated with high irradiation dose.”’
Study on electron beam radiation on different types of cellulose
derivative shows that diluted solution and solid form of cellulose
derivatives molecules are degraded under electron beam radiation
but crosslinked under special conditions. The chemical gel can be
produced by using high-energy electron beam radiation under
mild conditions as paste-like solutions that do not degrade poly-
saccharides.”> At lower CMSP concentration, there is also a possi-
bility that the density of the macroradicals produced by the elec-
tron beam radiation is not high enough to recombine on
different chains and the macroradicals then undergo a radiation
degradation reaction.™

At moderate (40-50%) and high (60-80%) concentrations of
CMSP, higher dose of electron beam irradiation is needed to
achieve maximum percentage of gel fraction. At these concentra-
tions of CMSP, two radicals of CMSP chains, formed upon elec-
tron beam irradiation, combined to form intermolecular cross-
linking between them to result in an insoluble gel. At high
concentration of CMSP, the macromolecules bearing the radicals
are immobilized by restricted mobility during irradiation which
favors the scission reactions. And also at high concentration of
CMSP, the amount of water is insufficient to provide the indirect
effect to enhance the combination of the CMSP macroradicals. At
moderate and high CMSP concentrations, high electron beam
dose rate may generate 10 or 100 of radicals simultaneously on
each chain. Under these conditions, the probability and yield of
intermolecular recombination is greatly reduced and intramolec-
ular recombination occurs preferentially and therefore, reduces
the crosslinking and reducing the percentage of gel fractions.*

A study on hydropropylmethylcellulose (HPMC) irradiated with
electron beam by Pekel et al. (2004) gave a similar result with
the current study. The result shows that the crosslinking against
chain scission is dependent on the HPMC concentration. At
low and high concentrations, the prevalence of chain scission
over crosslinking is observed. In moderate concentration range
of HPMC, the prevalence of crosslinking over chain scission was
observed and high gel values were reported.”

Previously a study made on various carboxymethyl cellulose
(CMCQ) types and concentration by using electron beam radia-
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tion showed that the maximum percentage of gel fraction was
obtained in 60-80% (w/v) concentration — consistent with the
findings herein. As crosslinking and scission occur simultane-
ously in the CMC mixture during irradiation, the yield of cross-
linking, G,y and degradation G, have an influence on the
results of irradiation. The G value is the number of crosslink
bonds or scission acts per 100 eV of absorbed energy. The yield
(crosslinking and scission) values and D, which is the minimum
energy required to start the gelation process were estimated by
gel-sol analysis on the basis of the Charlesby-Pinner equation.”

Figure 2 shows the p,/q, ratio, which measures the extent of
chain scission against crosslinking, is dependent on CMSP con-
centration and degree of substitution. In the concentration
range of 10% to 80% (w/v) CMSP with degree of substitutions
of 0.4, 0.6, and 0.8, the p,/q, ratio decreases with increasing %
CMSP showing that crosslinking processes is dominating on
increasing the gel network of the CMSP hydrogel. The p,/q, ra-
tio value of CMSP hydrogel decreases in the order degree of
substitutions of 0.4 > 0.6 > 0.8 in all types of CMSP with same
concentration. The trend suggests that the CMSP with degree of
substitution of 0.8 has the highest crosslinking (lowest p,/q, ra-
tio values) and least scission during the irradiation.

Figure 3 shows the gelation dose (D,) dependence on CMSP
concentration and degree of substitution. The D, is the mini-
mum energy required to start the gelation process. In each case
a pseudo parabolic shape is encountered with a unique maxi-
mum for each degree of substitution. The CMSP concentrations
and maximum D, required to start the gelation process of CMC
with degree of substitutions of 0.4, 0.6, and 0.8 are 60, 50, and
30% and 9.54, 8.99, and 8.94 kGy, respectively. The results show
that maximum D, required decreases slightly as expected from
degree of substitutions of 0.4 to 0.8. Crosslinking of CMSP with
a high degree of substitution of (0.8) occurs at lower concentra-
tion (30%) and low degree of substitution of (0.4) needs a
more concentrated solution (60%) to produce gel.>

The modified version of Charlesby equation (eq. 3) seems to be
a useful and convenient tool for analyzing the results of gel-sol

I —+—HG CMSPDS0.8
- | -®=HGCMSPDS0.6
10 { —*—HGCMSPDS0.4
8 4
"f.
2 64
a
4 -
0 : . . .
0 20 40 60 80 100

% C'MSP concentration

Figure 3. The variation in D, gelation dose yields for CMSP with degree
of substitutions of 0.4, 0.6, and 0.8 hydrogels used in this work with ini-
tial CMSP concentrations. (HG = Hydrogel).[Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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investigations in any systems undergoing crosslinking. It may be
preferable to choose a value of D, from GelSol95 software
which gives the closest approximation to a straight line (in
coordinate s + \/ s versus (Dg + D,)/(D + D,) plot. In many
cases this gives an accurate estimate of D,, and the straight line
plots also give Dy and p,/ G217

These results were consistent with a study on CMC with degree
of substitutions of 0.7 to 2.2 which were irradiated with gamma
radiation.”” The study showed that the highest crosslinking
occurred in CMC of DS 2.2 and gelation dose was lowest for
the CMC with degree of substitution of 2.2 and followed by
CMC with 1.29 and 0.86, respectively.

FTIR Spectral Analysis of CMSP Hydrogels

The structure of CMSP is shown in Figure 4 and the IR spectra
of CMSP hydrogels of various degrees of substitutions and per-
centage of gel fractions are shown in Figure 5. The strong
absorption bands at 1602-1617 cm™' confirm the presence of
the COO™ groups for all CMSP hydrogels.>* The absorption
bands at 1422 cm ™' and 1326 cm ™" are assigned to —CH, scis-
soring and —OH bending vibrations. Absorption bands at
1020-1100 cm ™" are due to C—O stretching vibration of ether
group of carboxymethylation of cellulose or ether linkage of the
1,4-f-D-glucoside group (>CH—O—CH<) of the cellulose
backbone. The C—O bands arising from the two types of ethers
present in CMSP hydrogels have overlapped.***

1

The absorption at 2930 cm™  in spectra of all CMSP hydrogels
is attributable to the aliphatic C—H stretching vibration of the
carboxymethyl group. The spectra of CMSP hydrogels with vari-
ous DSs and GFs have similar broad O—H stretching absorp-
tion band at 3420-3448 cm™'. This may be due to interaction
between water molecules and ionic groups with counter-ions or
hydroxyl groups active as sorption sites for the water molecules
and presence of hydrogen bonding.****

Under irradiation, macromolecular radicals are produced which
lead to chain scission and side chain reactions, resulting in deg-
radation and crosslinking of the macromolecular chains, respec-
tively. It has been reported that cellulose and its derivatives de-
grade by the rupture of glycosidic bond under irradiation and
the radical formed in the side chain (R—O—CH—COO") plays
an important role in formation of the CMSP hydrogels which
ultimately will lead to decrease in intensity of absorption bands

1 OCH,COONa

R =H or CH,COONa according to
DScmsp

sodium carboxymethyl sago pulp

Figure 4. Structure of CMSP.
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Figure 5. FTIR spectra of CMSP hydrogels as KBr pellets of degree of
substitutions of (a) 0.4 with i) %GF 25, ii) %GF 35, iii) %GF 40; (b) 0.6
with i) %GF 25, (ii) %GF 35, (iii) %GF 46; (c) 0.8 with i) %GF 25, (ii)
%GF 35, (iii) %GF 48. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

at 1330 and 1422 cm™' upon increase in crosslinking.'® How-
ever, the radicals formed in >CH—O—CH< of main chain
(glucose ring) of CMSP molecules lead to the scission of CMSP
molecular chain, so the absorption decreases in intensity bands
at 1020-1100 cm™ ' upon increase in chain scission (degrada-
tion). This suggests that besides crosslinking reaction, the chain
scission reaction of CMSP molecules occurred simultaneously
upon irradiation.*

In this work, the CMSP hydrogels spectra show differences in
the intensity of the absorption bands at 1020-1100, 1326, and
1422 cm™' with different DS and percentage of gel fractions
[Figure 5 (a—c)]. The intensity of absorption bands at 1326 and
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1422 cm™! decrease with the increase in degree of substitution
and percentage of gel fraction. The decrease in the intensity
absorption bands at 1326 and 1422 ¢cm™' means that more
—OH and —CH, groups are taking part in crosslinking reaction
of CMSP molecules due to the formation of radical —OH and
—CH, groups of the side chain of CMSP molecules.”” The FTIR
spectra of CMSP hydrogel of DS 0.4, 0.6, and 0.8 also shows
that the intensity of absorption bands at 1020-1100 cm '
decrease with the increase in degree of substitution and percent-
age of gel fraction. The decrease in the intensity absorption
bands at 1020-1100 cm™' means the radicals are formed in
>CH—O—CH< of main chain of CMSP molecules, leading to
chain scission of CMSP molecules. The spectra also show that
the intensity at 1602-1617 cm™' was significantly weakened
with the increase in degree of substitution and percentage of gel
fractions. This may be due to the participation of the COO™ at
the side chain to form radicals that leads to crosslinking.*’

Similar results were observed in the research work by Qiu et al.
(2007) on comparison studies of CMC hydrogels and activated
carbon added CMC hydrogel irradiated with y-radiation. The
FTIR spectra of the hydrogel show a decrease in the intensity at
absorption 1020-1100, 1326, 1422, and 1602 cm ™' with increas-
ing crosslinking caused by the radical of the side chain of CMC
molecules.”

Swelling Behavior

In Figure 6, all the nine types of CMSP hydrogels were swelled
in distilled water for 55 h and the degree of swelling was deter-
mined by gravimetric methods. For the hydrogels of CMSP
with degree of substitution of 0.4 with percentage of gel frac-
tions of 25, 35, and 40, the percentage of swelling increases with
time of immersion and reaches the equilibrium mass swelling
value at around 25 h. The equilibrium swellings of CMSP
hydrogels of degree of substitution of 0.4 of percentage of gel
fractions of 25, 35, and 40 achieved were 5300%, 5300%, and
4600%, respectively. For CMSP hydrogels with degree of substi-
tution of 0.6 with %GF of 25, 35, and 46, the equilibrium swel-
lings achieved were 4300%, 3900%, and 3800%, respectively.
For CMSP hydrogels with degree of substitution of 0.8 with
percentage of gel fractions of 25, 35, and 48, the equilibrium
swellings achieved were 4200%, 3900%, and 3500%, respectively.
All the CMSP hydrogels of degree of substitutions of 0.4, 0.6,
and 0.8 at percentage of gel fraction of 25 had the highest maxi-
mum equilibrium swelling and followed by the CMSP hydrogel
with percentage of gel fractions of 35 and 40, respectively.
Research work by Wang et al. (2007) showed that 20% CMC
with degree of substitution of 1.89, which was irradiated with y-
rays from *°Co source, produced CMC hydrogel with maximum
percentage of gel fractions of 40-50 and the maximum degree
of swelling was ~3000%. In another study, the degree of swel-
ling in distilled water was 6000% for a CMC hydrogel which
was prepared by adding CMC of degree of substitution of 0.9
solution to a crosslink agent, 1,3-diaminopropane to obtain
50% crosslinking.””

At a percentage of gel fraction of 25 the CMSP hydrogels are
relatively weak and consist of a low number of intermolecular
bonds and, as a result, are able to expand by absorbing water
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Figure 6. A plot of swelling over time for CMSP hydrogels of degree of
substitutions of (a) 0.4, (b) 0.6, and (c) 0.8 in distilled water with per-
centage of gel fractions of (blue daimond) 25, (Red square) 35, and (green
triangle) >40 at 25°C, respectively. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

and holding it in their voids. When the percentage of gel frac-
tion is increased to 35 and above 40, the number of intermolec-
ular bonds has increased and the crosslink density has
increased. As a result, the hydrogels become tightly packed and
firmer, lessening the ability of the hydrogel to absorb water. The
increase in the crosslink density reduces the average chain
length between crosslinks and restricting the chain motion and
extension. Volumetric expansion of the network reduces as a
function of increasing crosslink density.*® In short, the best sol-
vent for swelling all the CMSP hydrogels prepared by the EB
irradiation in this study is water and it could be used as water
retainer in the agricultural and water absorber in medical utility
sectors.

Swelling in Various pH Medium

The swelling ability of pH-sensitive hydrogels depends on the
functional pendant groups which could be either acidic or basic
groups (in our case conjugate base of acetic acid) that are
attached to the backbone of the hydrogel. The dissociation of
these groups will cause an influx of counterions to balance the
charge, which makes the concentration of ions in the hydrogel
higher than in the surrounding. As a result there will be differ-
ence in osmotic pressure and a solution flux into the hydrogel
happens, resulting in swelling. The elastic restoring force of the
hydrogel network balances the osmotic forces that result in an
equilibrium ionic hydrogel. In essence, swelling of the hydrogel
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Figure 7. Equilibrium swelling of all the CMSP hydrogels of degree of
substitutions of 0.4, 0.6, and 0.8 and with percentage of gel fractions of
25, 35, and above 40 in various pH media.[Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

happens when the hydroxide ions are transported into the
acidic hydrogel and shrinking of hydrogel results when the pro-
ton diffuse into the hydrogel and neutralize the negative charge
of acidic carboxylate groups.”®

Carboxymethyl groups in the CMSP hydrogel are an acidic
pendant group that remains in equilibrium between neutral and
ionized form. Any addition of electrolyte disturbs that equilib-
rium and will lead to the establishment of another one. The dis-
sociation degree is shifted to the right or left side of the Equa-
tion 5 depending on the pH value of the solution."

R—CH,—COOH=R—CH,—COO~ + H™ (5)

From Figure 7, it can be seen that the percentage of maximum
swelling ratio increases from pH 3 to pH 7 and attain maxi-
mum swelling at pH 7 and the swelling ratio slightly decreases
at pH 10. The maximum swelling ratio at pH 7 for hydrogel of
CMSP of degree of substitution of 0.4 with percentage of gel
fraction of 25, 35, and 40 are 1250 *= 50%. The maximum swel-
ling ratio at pH 7 for hydrogels of CMSP of degree of substitu-
tion of 0.6 with percentage of gel fraction of 25, 35, and 46 are
1355%, 1295%, and 1142%, respectively. The maximum swel-
ling ratio at pH 7 for hydrogel of CMSP of degree of substitu-
tion of 0.8 with percentage of gel fraction of 25, 35, and 48 are
1744%, 1528%, and 1411%, respectively. It is observed that
higher the degree of substitution of CMSP forming the CMSP
hydrogel has higher maximum swelling ratio and the higher the
percentage of gel fraction resulted in the lower maximum swel-
ling ratio. It can be concluded that the optimum pH for swel-
ling CMSP hydrogel is at pH 7.

CMC hydrogel prepared by Wach et al. (2003) by y-irradiation
by using 30% CMC concentration of degree of substitution of
2.2 at 30 kGy resulted in 80-90% percentage of gel fraction
whereby using electron beam irradiation on the sample of same
concentration resulted in 75-95%. The CMC hydrogel produced
using y-irradiation was used to study the swelling behavior in
pH 7 buffer solution which resulted percentage of swelling of
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750%.> Another CMC hydrogel was prepared using 25% CMC
concentration of degree of substitution of 0.64 at 15 kGy of y-
irradiation resulted in percentage of gel fraction of 45 and the
swelling behavior in pH 7 buffer solution had percentage of
swelling of ~3400%.'" Similar results by Liu et al. have been
obtained by swelling the CMC hydrogels formed by y-irradia-
tion in different pH buffer solutions. The CMC hydrogels
swelled to a maximum at pH 7.'%'* They proposed the network
of hydrogel absorbs a large amount of solution resulting in an
increase in the osmotic pressure inside in accordance with
Donnan equilibrium theory and that the density of crosslinks
confines the magnification of the mutual repulsion of the poly-
saccharide chains."

CONCLUSION

In summary, nine types of CMSP hydrogels were successfully
prepared by electron beam irradiation. In the investigated con-
centration range of CMSP with degree of substitutions of 0.4,
0.6, and 0.8, the p,/q, ratio decreases with increasing percentage
of CMSP showing that crosslinking process is dominating and
increasing the gel network of the CMSP hydrogel. The gelation
dose (Dy) and p,/q, ratios are dependent on CMSP concentra-
tion and degree of substitution. The p,/q, ratio value of CMSP
hydrogel decreases in the order degree of substitutions of 0.4 >
0.6 > 0.8 in all types of CMSP with same concentration. The
FTIR spectra of CMSP hydrogels of degree of substitutions of
0.4, 0.6, and 0.8 with percentage of gel fractions of 25, 35, and
> 40 show differences in the intensity of the absorption bands
at 1020-1100, 1326, and 1422 cm™' with different degree of
substitutions and percentage of gel fractions which correspond
to different extents of chain scission and crosslinking. The swel-
ling behavior in water shows that CMSP hydrogels could absorb
3500-5300% of water by 1 g of CMSP hydrogel. The ability to
absorb water increases with the decrease of degree of substitu-
tion and percentage of gel fractions of all the CMSP hydrogels.
The capability of holding large amount of water in the CMSP
hydrogel could lead to using these CMSP hydrogels as a multi-
functional water managing material which may find application
in agriculture, pharmaceuticals, and in the renewal of arid and
desert environments. It can be concluded that the optimum pH
for swelling CMSP hydrogel is at pH 7. At the optimum pH 7,
the higher the degree of substitution of CMSP forming the
CMSP hydrogel has higher maximum swelling ratio and the
higher the percentage of gel fraction resulted in the lower maxi-
mum swelling ratio. The crosslinked CMSP hydrogels are
endowed with pH responsive characteristic which could be used
in drug delivery systems to improve methods of delivering mol-
ecules for therapeutic applications and we anticipate that in
future this natural modified biomaterial hydrogels will play a
greater role in biomedical applications.
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