Pertanika J. Sci. & Technol. 27 (1): 489 - 498 (2019)

/ SCIENCE & TECHNOLOGY

PERTA N ! KA Journal homepage: http://www.pertanika.upm.edu.my/

N\

Preparation and Swelling Study of CMC Hydrogel as Potential
Superabsorbent

Nur Fitrah Che Nan, Norhazlin Zainuddin* and Mansor Ahmad

Department of Chemistry, Faculty of Science, Universiti Putra Malaysia, 43400 UPM,
Serdang, Selangor, Malaysia

ABSTRACT

Carboxymethylcellulose (CMC) is a water-soluble polymer, which is widely used in various
fields such as food additives, textiles, pharmaceuticals and cosmetics. In this study, hydrogel
was prepared from CMC by using calcium chloride as a crosslinking agent. Optimization
of the reaction was done through investigation of four different parameters which had
different percentage of CMC (w/v), percentage of calcium chloride (w/v), reaction time and
temperature. The gel content and swelling properties of the CMC hydrogel were studied.
The highest gel content was 85.33% at 7% of CMC (w/v) with 2% of calcium chloride (w/v)
in 24 hours reaction time at room temperature. The gel content increased with the increasing
concentration of CMC and CaCl,. This was due to the higher number of functional groups
of COO" that were available in more concentrated CMC which could crosslink with CaCl,
to give higher gel content. Increasing the percentage of CaCl, will increase the electrostatic
attraction between anionic charges of polymer chains and multivalent cation (Ca*") that
leads to increase in ionic crosslinking of CMC. The swelling properties of CMC hydrogel
showed that the optimum degree of swelling was 45.33 (g/g). The swelling capacity of the
hydrogel in water decreased with the increase of the gel content of CMC hydrogel. This
could be due to the increase in the degree of crosslinking of the CMC hydrogel.
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INTRODUCTION

Polysaccharides play crucial roles in
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and biochemical processes. The main polysaccharides of primary walls are cellulose,
hemicellulose, and pectin.

Cellulose is the most inexhaustible natural polymer on earth and rich with hydroxyl
groups which can easily form hydrogen bonding. It is characterized by its hydrophilicity,
chirality, and biodegradability which is formed from repeated connection of D-glucose
building blocks (Klemm, et al., 2005). Cellulose is suitable in the making of cellulose
—based hydrogel and can be applied in various fields such as food additives, agriculture,
civil engineering, cosmetic and pharmaceuticals. Cellulose is biorenewable material that
represents one of the largest and renewable sources of environmentally friendly raw
materials (Thakur & Thakur, 2014). Cellulose is the main component that provides the
strength in plants. Other than cellulose, starches and chitin are also part of natural polymers
that can be obtained from plants and animals. Both of cellulose and starches are made from
sugars and are known as polysaccharides.

Cellulose derivatives such as hydroxypropyl cellulose (HPC), methyl cellulose, and
carboxymethylcellulose (CMC) have been used to make cellulose based hydrogel (Shen,
Shamshina, Berton, & Rogers, 2016). It can be made through physical, chemical and
radical crosslinking (Pourjavadi and Hosseinzadeh, 2010). In this study, we concentrated on
carboxymethylcellulose (CMC) since it has great properties that can be applied in various
applications especially in hydrogel form.

Carboxymethylcellulose (CMC) known as a polyelectrolyte cellulose derivative that
contains carboxyl and hydroxyl groups (Benhalima, Ferfera-Harrar, & Lerari, 2017). This
polymer chain is composed of anhydroglucopyranose units joined together by 1,4-glycosidic
bonds. Moreover, CMC is regarded as anionic carboxymethyl ether which is prepared
by reacting alkali cellulose with sodium monochloroacetate. The polar carboxyl group
makes CMC chemically reactive, tasteless, nontoxic, and have water soluble characteristics
(Wang et al., 2013). CMC is an important material in industries especially as stabilizing
and bonding agent.

Hydrogels which are physically or chemically crosslinked with hydrophilic polymer
networks are capable of absorbing large amount of water and retain significant amount
of water in their structures. Hydrogels do not dissolve and can swell in the water. The
rate of absorption of hydrogels in the water is influenced by the presence of functional
groups such as alcohols, carboxyls, sulphonic acid on the polymer backbone (Dafader
et al., 2011). Many physical forms of formulating hydrogel can be obtained due to the
ability of the semi-flexible polymer. For example slabs, membranes, beads, microgels
(microspheres), and nanogels (nanoparticles). Other than that, once the hydrogels had
been dried using freeze-dried or supercritically dried, hydrogels will become aerogels or
cryogels respectively (Shen et al., 2016).

By definition, superabsorbent can be considered as a three-dimensional network
structure that can absorb a large amount of water without dissolving it in the water due
to particular amounts of hydrophilic groups (Wang et al., 2013). Superabsorbent mostly
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comes from polymer that are highly crosslinked and able to swell when they are immersed
in aqueous solutions. In terms of the crosslinking, either through chemical or physical
crosslinking, solubilization can be avoided as water can invade without breaking the
vigorous interaction that binds the polymer chains.

In this study, calcium chloride was used as a crosslinker via ionic crosslinking.
Many researchers investigated the potential of CMC in various applications especially
in the making of CMC hydrogel that acts as superabsorbent. However, the making of
superabsorbent from CMC using divalent salts as crosslinker has not been studied widely.
It has been reported previously that cellulose hydrogel is capable in response to external
stimuli such as solvents, temperature, pH, ionic force, electric field, light irradiation,
and salt concentration (Sanna, 2013). In this study, optimization and swelling studies
of CMC hydrogel were investigated and the reaction of four different parameters with
different percentage of CMC (w/v), percentage of calcium chloride (w/v), reaction time
and temperature were studied as it can be used as potential superabsorbent in the future.

MATERIALS AND METHODS

Carboxymethylcellulose sodium salt (CMC) and calcium chloride were purchased from
R&M Chemical. All the other chemicals used were of analytical grade. Distilled and
deionized water were used throughout the experiment.

Preparation of CMC Hydrogel

The preparation of CMC hydrogel in calcium chloride solution which acts as a crosslinker
was carried out according to the method published by (Chia et al., 2015). (1-7%) of
CMC (w/v) was dissolved in (1-6%) of calcium chloride (w/v). The paste-like solution of
CMC-CaCl, was then transferred into petri dish and it was expected to crosslink for 24h
reaction time at room temperature. The optimization of CMC hydrogel was determined
by percentage of gel content and degree of swelling.

Determination of Gel Content

The CMC hydrogel was immersed in deionized water for 72 hours at room temperature.
After 72 hours, the hydrogel was dried in an oven at 60°C until constant weight was
obtained. The percentage of gel content was calculated using the following formula:

Percentage of gel content (%) = (Wi —Wo) x 100 (1)
Wi

where W= initial weight of the sample, and W,= weight of the sample after immersion
and drying process.
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Determination of Degree of Swelling

The degree of swelling of CMC hydrogel was calculated after removal of the surface water
until equilibrium swelling value was obtained. The degree of swelling was determined
by following equation:
(Wt—Wo)
Degree of swelling= — — x 100
W 2)

where Wt and Wo are the weight of the swollen hydrogel at time t and the weight
of dry samples. All experiments were carried out in triplicate or quadruplicate. Where
appropriate, data were presented as means + standard deviation.

RESULTS AND DISCUSSION
Effect of Concentration of CMC on CMC Hydrogel

Figure 1(a) shows the gel content of CMC hydrogels. To isolate the effect of percentage
of CMC, all other parameters were fixed. Percentage of calcium chloride was kept at 1%
(w/v), and the experiment was conducted for 24 hours of reaction time at room temperature.
In this study, the percentage of CMC was varied from 1 to 9% (w/v). The gel content
increased from 4% to 7%. At higher concentration of CMC, the distance between CMC
molecules became closer and consequently allowed the Ca?"ions to crosslink the CMC
molecules. However, the gel content started to decrease at 8% of CMC concentration. This
may be due to incomplete dissolution of CMC powder in the salt solution. Interactions
between —OH groups of the polymer (CMC) and the metal ions (Ca*") contributed to the
stability and the water insolubility of these polymer aggregated (Patil et al., 2010). CMC
was found to be at the optimum condition at 7 % w/v with 50.83% gel content.
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Figure 1. Percentage of gel content: (a) Effect of concentration of CMC; and (b) Effect of concentration
of calcium chloride
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Figure 2. Reaction between carboxymethylcellulose and calcium chloride

Effect of Percentage of Calcium Chloride on CMC Hydrogel

Figure 1(b) shows that the percentage of gel content rapidly increased when less than 2%
of CaCl, were used and gradually decreased when more than 2% were used. The reduction
was slightly rapid when the concentration of CaCl, was between 2%-3% where the
percentage dropped from 85.94% to 71.90%. Increasing the electrostatic attraction between
anionic charges of polymer chains and multivalent cation (Ca**) lead to the increase of
ionic crosslinking of polymer (Sultana et al., 2012). Figure 2 shows the reaction between
carboxymethylcellulose and calcium chloride. lonic strength of salt had a remarkable effect
on the cross-linking of CMC but at 3% CacCl, ionic strength showed a reversible result. At
high concentrations of salt, the CMC chains lose their flexibility. Thus, the hydrodynamic
size of the molecule diminished, producing an agglomeration of polymer chains. The
presence of high concentration of calcium ion prevented the full hydration of the CMC in
water, thus, reducing the dissolution of CMC in the water. (Khaled & Abdelbaki, 2012).
Equation 1.1 shows the reaction between CMC and CaCl, to form CMC hydrogel.

Cell-OCH2COO™Na* + CaCl, —> Cell-OCH,COO™-Ca*-"00CCH,0-Cell + NaCl

Equation 1.1

Effect of Reaction Time on CMC Hydrogel

In this investigation, the reaction time of cross-linking was varied from 12 hours to 96 hours.
7% CMC (w/v) was dissolved in 2% of CaCl, (w/v) at different reaction time. It was found
that, 24 hours was the optimum condition for the highest gel content. Figure 3(a) shows
that after 24 hours, the gel content reduced and reached to half of its optimum value at 96
hours reaction time. There was a weak electrostatic attraction between CMC molecule and
Ca?" ion. The longer the CMC was in contact with calcium chloride solution, the stronger
the physical appearance of the gel formed, as more crosslinks were formed (Patil et al.,
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2010). However, after 24 hours, the reduction of the gel content of CMC hydrogel was
observed. This could be due to the presence of NaCl in the hydrogel. As the Ca*" ions
attached to the polymer chains and formed crosslinkages, the Na* ion from —CH,COONa
combined with Cl ions to form NaCl. The presence of NaCl will weaken the electrostatic
attraction between the charges on the polymer chains. Therefore, the longer reaction time
may trigger reversible reaction in CMC hydrogel (Qiao et al., 2012).
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Figure 3. Percentage of gel content at different: (a) reaction time; and (b) reaction temperature

Effect of Temperature on CMC Hydrogel

Figure 3(a) shows the percentage of gel contents of CMC hydrogel formed at room
temperature to 70°C. The trend of the graph depicts that, the higher the reaction temperature,
the lower the gel content. The highest percentage of gel content obtained was at room
temperature with 84.89% gel content. The gel content reduced to 64.77% when the
temperature increased to 40°C. As ionic interaction is a physical crosslinking then it could
be a reversible reaction. At high temperature with low concentration of calcium chloride
it triggered the reversible reaction thus lowering the gel content. Similar finding was
reported by Nie at al. (2004) where they stated that hydrogel structure formed through
salt crosslinking with CMC was stable at low temperature and easily decomposed at high
temperature.

Degree of Swelling

The swelling capacity of the hydrogel is inversely proportional to gel content for all
parameters studied using deionized water (Figure 4). The swelling emulated the degree
of crosslinking of CMC hydrogel. The swelling behavior is influenced by hydrophilicity
of the carboxylic group in the structure of the hydrogels (Jamingan et al., 2015). As
cross-linked density of CMC hydrogel increased, the swelling capacity of CMC hydrogel
was reduced as a result of the limited space available for the free water to enter into the
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hydrogel network. Therefore, the lowest degree of swelling was found in all parameters
at the highest gel content of CMC hydrogel which due to the limited space available for
the water. Furthermore, swelling process can occur in three particular steps: (a) diffusion
of water molecules through the matrix, (b) relaxation of polymer chains via hydration,
and (c) expansion of polymer network upon relaxation. This process occurred when CMC
hydrogel was immersed in deionized water, the hydrophilic polymeric chains created an
osmotic pressure within the hydrogel leading to the swelling of the hydrogel matrix (Abd
El-salam Deghiedy, 2004).
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Figure 4. Degree of swelling of CMC hydrogel at different parameters: (a) concentration of CMC; (b)
concentration of calcium chloride; (c) reaction time; and (d) temperature
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Figure 5. IR spectra for a) CMC and b) CMC hydrogel
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Figure 5 shows the IR spectra for CMC and CMC hydrogel. In comparison to CMC,
the absorbance region of O-H bonds for CMC hydrogel shifted to lower wavenumber.
The difference occurs due to the engagement of hydroxyl and carboxylate groups of
CMC to calcium ion forming chelating structure and subsequent decrease in hydrogen
bonding between hydroxyl functional groups that promote shifting to lower wavenumber.
In addition, the asymmetric stretching vibration of carboxylate ion at 1612 cm™ deviates
to lower wavenumber at 1584 cm. This could be due to substitution of calcium ion for
sodium ion in CMC to form CMC hydrogel. The replacement of sodium ion contribute
to the change of charge density, the radius and the atomic weight (Daemi & Barikani,
2012). Hence, the absorbance was expected to shift to lower wavenumber. The formation
of COO" group will give resonance effect between two C-O bond that caused the carbonyl
absorbance to vanish and replaced by two bands between 1610-1550 cm™ and 1400-300
cm due to anti-symmetrical and symmetrical vibration of -COO" structure.

Figure 6.SEM micrograph of: (a) CMC and (b) CMC hydrogel at 200%

Figure 6 shows a 200x magnification morphology of CMC and CMC hydrogels,
respectively. CMC exhibited irregular granular surfaces and long ‘thread’ in structure while
CMC hydrogel confirmed the macroporous structure of the crosslinked hydrogels which
has three dimensional networks with empty pores. The presence of these pores in CMC
hydrogel proved that a better matrix-water interaction and easier water absorption can be
achieved through large surface area of the pore.
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CONCLUSION

Several natural polymers have been effectively utilized as potential superabsorbent
hydrogel based on natural resources. These polymers can replace and avoid excessive
use of petroleum based polymer. In this study, we investigated the potential of CMC
hydrogel as superabsorbent. The highest percentage of gel content obtained was 85.33%
and the degree of swelling was 45.29 g/g. Overall, CMC hydrogel was obtained by ionic
crosslinking and addition of calcium chloride has a significant effect on crosslinking of
CMC. Optimum conditions of formation of CMC hydrogel obtained were 7% (w/v) of
CMC, 2% (w/v) CaCl,, 24h reaction time at room temperature. High percentage of gel
content gives low degree of swelling due to less spaces available for the free water to enter
the hydrogel network.
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