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Abstract 

The research in biopolymer-based superabsorbents is gaining importance in the green 

chemistry field thanks to their environmentally friendly properties. In this study, a 

biopolymer-based superabsorbent made of calcium ion crosslinked 

alginate/carboxymethyl cellulose composite was prepared by a new quasi-cryogelation 

process, where the complete ionic gelation takes place before the freezing step, in 

contrast to the conventional cryogelation technique in which gelation occurs under 

semi-frozen conditions. Thanks to the facile quasi-cryogelation method, the 

morphology of the gels changed and a significant increase in water absorption 

properties has been achieved. The swelling properties of the material were 

investigated in distilled water and different physiological fluids. Results show that the 

proposed material shows good water absorption property where a water absorption of 

2366% was reached and even after five cycles this value was 1200%. As a result, this 

study reports a biopolymer-based sustainable superabsorbent which is appropriate for 

various applications such as the removal of pollutants from water or diaper production.  
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INTRODUCTION Biopolymers are 

frequently used in different fields such 

as food packaging [1], removal of 

pollutants from water [2, 3], drug 

release [4, 5], tissue engineering [6] and 

wound dressing [7] due to their 

biodegradable, biocompatible and non-

toxic properties compared to synthetic 

polymers. Among these, alginate (Alg) 

is a polysaccharide obtained from the 
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cell walls of brown algae and consists of 

covalently (1→4)-linked blocks of β-D-

mannuronate (M) and α-L-guluronate 

(G) groups. It forms a hydrogel by 

crosslinking in the presence of divalent 

cations. The solubility of alginate is 

dependent on the pH and ionic strength 

of the solution [8] and this property also 

affects the degree of swelling. 

Carboxymethyl cellulose (CMC), a 

derivative of cellulose, is another 

hydrophilic biopolymer. Its hydrophilicity 

is due to carboxymethyl moieties in its 

backbone is a factor for using CMC as 

an additive in superabsorbents.  

Superabsorbent polymers (SAPs) can 

absorb water from 1 to 1000 times their 

mass [9]. Their main fields of use are 

disposable hygiene products like 

diapers and sanitary napkins [10, 11], 

self-healing concretes [12, 13], oil 

removal [14], agriculture [15] and dye 

removal [16].  

Alginate/CMC is a known mixture for 

various applications such as drug [17] 

and agrochemical [18] delivery. 

Although there are studies on Alg-

based [19] and cellulose-based [20] 

superabsorbents, there are very few 

studies on Alg/CMC described as 

superabsorbents. Pourjavadi et al. [21] 

reported a superabsorbent hydrogel 

containing methylenebisacrylamide 

crosslinked Alg/CMC. In their study, the 

biopolymers are crosslinked using a 

chemical crosslinker which requires an 

additional synthesis step. El-Naggar 

[22] reported another Alg/CMC based 

superabsorbent. In the study, N,N-

Methylene bisacrylamide (MBAM) was 

used as a crosslinker and γ irradiation 

was applied to initiate crosslinking. In 

addition to chemical crosslinking by 

MBAM, irradiation process causes a 

more complicated synthesis procedure 

and needs extra instrument that 

increases the cost. Compared to these 

kind of covalent and ultraviolet 

crosslinking techniques, ionic 

crosslinking of alginate is more 

advantageous as no toxic reagents or 

organic solvents are used and no steps 

are required to remove unreacted 

compounds [23]. 

This study aimed to prove the 

hypothesis that it is possible to obtain 

an Alg/CMC superabsorbent without 

any covalent modification of the 

polymer chain with toxic chemicals. To 

obtain that, a green method called 

quasi-cryogelation was employed. 

Quasi-cryogelation is a complete ionic 

cross-linking process before freezing, 

mimicking the cryogelation method in 

which gelation occurs under semi-

frozen conditions. In this technique, 
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gelation takes place by well-known ionic 

(Ca2+) cross-linking of alginate. After the 

cross-linking, obtained hydrogels are 

frozen at -21 °C where the retained 

water molecules are still inside the gel 

capsules. As the volume of water 

increases during the freezing stage, the 

hydrogel expands and beads with a 

higher surface area are obtained. The 

method is   convenient and effective 

process for biopolymers, which was first 

applied in our previous study to 

enhance the dye adsorption capacity of 

alginate-clay composite hydrogels [24].  

EXPERIMENTAL 

Materials Alginic acid sodium salt 

(source algae (marine), 15-25 cP, 1% in 

H2O), carboxymethyl cellulose sodium 

salt (50-200 cP, 4% in H2O, Degree of 

substitution= 0.88) and CaCl2 · 2H2O 

were purchased from Sigma-Aldrich 

(St. Louis, MO). Sodium chloride and 

citric acid were purchased from Tekkim 

(Bursa, Turkey). Potassium dihydrogen 

phosphate was purchased from Merck 

(Darmstadt, Germany). pH adjustments 

were done by using sodium hydroxide 

(Sigma-Aldrich) and hydrochloric acid 

(Merck) solutions. All solutions were 

prepared with deionized water from the 

Rephile-Direct Pure Up system 

(Boston, MA). 

Preparation of Ca+2 crosslinked 

Alg/CMC beads  

According to the manufacturer’s 

product specification sheet, the alginate 

used in this study has a viscosity 

between 15-25 cP when it is 1% in H2O. 

Mannuronic acid/guluronic acid ratio 

(M/G) and molecular weight (Mw) are 

not provided in the product specification 

sheet. However, Girón-Hernández et al. 

used an alginate that its viscosity 

ranges 15-25 cP, in 1% H2O which is 

the same with the alginate used in this 

study [25]. The alginate with the same 

properties has an M/G ratio of 1.56, and 

the molecular weight is in the range of 

120,000-190,000 g.mol-1. 

A mixture was prepared by dissolving a 

proper amount of Alg and CMC to 

obtain 2% (w/v) of both polymers at 

room temperature. The mixture was 

dropped onto a 3% (w/v) CaCl2 

crosslinking solution using a syringe 

above 30 cm. Crosslinked beads were 

stirred for 20 mins to obtain complete 

crosslinking, then filtered from the 

solution and washed two times with 

pure water to remove the excess Ca2+ 

ions. Beads were spread onto a Petri-

dish and let to dry for 24h at room 

temperature. These beads prepared 

with a solution containing Alg and CMC 

at a mass ratio of 1/1 were named 
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AlgCMC. The same procedure was 

applied with 2% (w/v) Alg solution to 

prepare alginate beads as control, and 

these beads are named as Alg.  

Quasi-cryogelation process Alg/CMC 

beads were prepared as described 

above. After the washing step, beads 

were put in deionized water and kept at 

-21℃ for 24h. Afterwards, the beads 

were thawed, filtered, and dried for 24h 

at room temperature. The beads were 

named QuasiAlgCMC.  

Characterization of beads The 

surface morphology of the beads was 

investigated using scanning electron 

microscopy (SEM). In the 

measurements, a JEOL JIB-4601 

MultiBeam FIB-SEM system (Kyoto, 

Japan) was utilized. The Fourier 

transform infrared (FTIR) spectra of the 

biopolymers and prepared beads were 

obtained by a Shimadzu IRAffinity-1S 

(Kyoto, Japan) infrared spectrometer. 

Swelling experiments of the beads 

The swelling degrees of the beads were 

measured gravimetrically. Swelling 

tests were performed in deionized 

water, 0.9% isotonic solution, simulated 

intestinal fluid (SIF) at pH 6.8 containing 

KH2PO4 and NaOH, simulated gastric 

fluid (SGF) at pH 1.2 containing NaCl 

and HCl, and citrate-phosphate buffer 

saline (Citrate-PBS) at pH 5.5 solutions 

containing citric acid. SIF, SGF and 

citrate-PBS solutions were without 

enzymes. Alg, AlgCMC and 

QuasiAlgCMC beads were separately 

taken 0.1 g and submerged into 

swelling solutions. Incubated beads 

were swollen in a water-bath of Nüve 

ST-30 (Ankara, Turkey) at 37℃ and 90 

rpm shaking rate. Beads were filtered 

from their solution at specific time 

intervals, and the excess solution was 

gently removed using filter paper. Then, 

beads were weighed and submerged 

back. The experiment was replicated 

three times for each type of bead. 

Percentage swelling is calculated 

according to the following equation:  

Swelling (%) =
𝑚𝑓−𝑚𝑖

𝑚𝑖
× 100              (1) 

Where mf and mi define the mass of 

swollen bead and the mass of dried 

bead, respectively. 

Deswelling and reusability tests of 

the beads Pre-weighted 0.016 g of 

QuasiAlgCMC beads were swollen in 

deionized water and isotonic solution 

for 4h to achieve their maximum 

swelling degree in shaking water bath at 

37 °C. Swollen beads were extracted 

from the solution and dried at 120 ℃ 

with a moister analyzer of Shimadzu 

MOC63u (Kyoto, Japan). Dried mass 
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was read from the instrument and 

recorded. The same beads were 

treated with the same procedure to 

obtain five cycles. Swelling capacity is 

calculated according to the following 

equation: 

Swelling capacity =
𝑚𝑓−𝑚𝑖

𝑚𝑖
                     (2) 

 

Swelling kinetic study Kinetic 

behavior of the QuasiAlgCMC in 

different solutions were modelled 

pseudo-first order and pseudo-second-

order kinetic models. Pseudo-second 

order kinetic model was found to be 

suitable for the data (R2 > 0.99), where 

the R2 value for pseudo-first order was 

below 0.90. Therefore, the pseudo-

kinetic model, which represented in the 

following equation was used in the 

kinetic modeling: 

𝑡

𝑄𝑡
=

1

𝑘2𝑄𝑒
2 +

𝑡

𝑄𝑡
         (3) 

Here Qe (g/g) and Qt (g/g) are the 

swelling values (absorbed amount of 

solution) in equilibrium and time t, 

respectively. K2 is the rate constant for 

the pseudo-second-order kinetic model 

[26]. 

 

 

 

 

RESULTS AND DISCUSSION 

Swelling ratio of beads 

 

Fig. 1 Swelling ratios of Alg, AlgCMC 
and QuasiAlgCMC beads tested in pure 
water 

 

Fig. 2 Swelling ratios of Alg, AlgCMC 
and QuasiAlgCMC beads in different 
swelling solutions: 0,9% (w/v) isotonic 
solution (a), SGF (b), SIF (c) and 
Citrate-PBS (d), respectively 

Alginate hydrogels have wide 

applications in the drug release 

systems. Drug release occurs as 

hydrogel swells. Drug release system 

may be directed to any part of the body 

including the stomach, gut, and skin. 

Therefore, in addition to pure water, 

four different solutions such as isotonic, 

SGF, SIF and citrate-PBS were used as 
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swelling solutions to provide a basis for 

drug release applications. Those 

solutions are supposed to simulate cell 

osmolarity, stomach medium, gut 

medium, and skin medium, 

respectively. 

Fig. 1 and Fig. 2 show the graphs 

comparing the swelling degrees of Alg, 

AlgCMC and QuasiAlgCMC beads in 

pure water (Fig. 1) and in isotonic, SGF, 

SIF and citrate-PBS solutions (Fig. 2). 

As seen in Fig. 1 and Fig. 2, the swelling 

degree was the lowest for Alg, followed 

by AlgCMC and the highest for 

QuasiAlgCMC beads in each solution. 

Alg beads swelled 56% in pure water, 

197% in isotonic solution, 90% in SGF, 

1683% in SIF and 2066% in citrate-

PBS. The addition of CMC resulted in 

higher swelling degrees that their 

values are mentioned further on. 

Alginate and CMC are pH-sensitive 

polyanionic polymers. Under acidic 

conditions where pH is below pKa of 

alginate (3.5) and CMC (3-4), 

protonation of -COO- groups occurs, 

and hydrophilic character decreases 

due to the decreased number of 

negative charges on the polymer chain, 

consequently swelling decreases. In the 

exact opposite conditions, dissociation 

of -COOH groups occurs and swelling 

increases due to repulsion of negative 

charges and expansion of the hydrogel 

[27]. Based on this, as seen in Fig. 2, 

AlgCMC beads swelled least in SGF 

(pH 1.2) solution with a swelling degree 

of 160% and most in SIF and citrate-

PBS with swelling degrees of 2526% 

and 2598%. However, beads degraded 

after 90 mins in SIF and 240 mins in 

citrate-PBS. It is thought to be caused 

by the affinity of phosphate ions to Ca2+ 

ions. With their interaction, phosphate 

withdraws Ca2+ toward itself and causes 

breakage of crosslinks. AlgCMC beads 

swelled 959% in pure water and 1847% 

in isotonic solution because of neutral 

pH above their pKa values. Ionic 

strength is the reason for more swelling 

in isotonic solution even if pH values are 

the same. The other reason also can be 

explained by the salting-in phenomenon 

[19]. The phenomenon states that the 

charge of polymer increases in the 

existence of salt ions and promotes 

enhancing absorbency. Studies where 

alginate has a higher swelling ratio in 

saline solutions compared to pure water 

have been reported. Mallepaly et al. 

reported an alginate aerogel that swells 

120 g/g in saline solution and 20 g/g in 

deionized water [19]. Moreover, Mikula 

et al. reported that calcium crosslinked 

alginate hydrogel changed its weight 

10% in pure water and 90% in isotonic 

solution [28]. In addition to this, in the 

presence of sodium ions cation 
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crosslinked alginate chains tend to 

convert into sodium alginate by ion-

exchange mechanism, and sodium 

alginate tends to absorb high quantity of 

water [29]. However, AlgCMC beads 

did not degrade in the isotonic solution, 

unlike Mikula et al. [28] reported.  

QuasiAlgCMC beads substantially 

enhanced the swelling of AlgCMC 

beads in each solution as shown in Fig. 

1 and Fig. 2. In pure water, isotonic and 

SGF solutions, swelling enhanced from 

959% to 1677%, from 1847% to 2366% 

and from 160% to 309%, respectively 

by quasi-cryogelation. In SIF and 

citrate-PBS solutions, QuasiAlgCMC 

beads degraded in 30 mins due to the 

phosphate effect occurring quickly 

because of rapid swelling. Fig. 3 shows 

the images of dried and swollen 

QuasiAlgCMC beads in pure water. As 

can be seen in the figure, unlike the 

ordinary alginate beads, quasi-cryogels 

have a snowflake-like appearance in 

their dried form. However, in the swollen 

form, they regain the spherical shape. 

Since SIF solution (pH 6.8) is more 

basic than citrate-PBS solution (pH 

5.5), AlgCMC and Alg beads degraded 

earlier in SIF (90 mins) compared to 

citrate-PBS (240 min). Under basic 

conditions where pH is above pKa of 

alginate (3.5) and CMC (3-4), 

dissociation of -COOH groups occurs, 

and swelling increases due to repulsion 

of negative charges and expansion of 

the hydrogel. So, the early degradation 

of AlgCMC and Alg beads in SIF is 

thought to be caused by both the 

basicity and phosphate effect. 

 

Fig. 3 The photos of QuasiAlgCMC 
beads before swelling test treatment (a) 
and after being swollen (b) in pure water 
 

Deswelling and reusability of beads 

An important property of adsorbents is 

reusability due to environmental and 

economic concerns. They are reusable 

if the adsorbents exhibit similar 

performance when repeatedly swelled 

and dried. 

Fig. 4 shows the graph swelling 

capacity against the number of uses in 

pure water. QuasiAlgCMC beads 

maintain their swelling capacity with a 

minimal decrease until the third cycle 

but later begin to decrease in pure 

water. Starting from ~22 g/g (~%2200), 

the capacity was 12 g/g (~%1200) even 

at the end of the fifth cycle, and no 

structural alteration was detected on the 

beads. The test was performed also in 
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the isotonic solution. The swelling 

capacity in isotonic solution was ~29 g/g 

(~%2900). Although the decrease in 

capacity between the first and second 

cycles was from 29.75 g/g to 29.42 g/g, 

the beads degraded at the 3rd cycle and 

became unusable. 

 

Fig. 4 Changing in swelling capacity 
against the number of uses in pure 
water related to deswelling & reusability 
test 

Characterization of beads 

 
Fig. 5 FT-IR spectra of alginic acid 
sodium salt (Na-Alg), carboxymethyl 
cellulose sodium salt (Na-CMC), 
AlgCMC and QuasiAlgCMC beads 

Fig. 5 shows the FT-IR spectrums of 

four compounds: sodium alginate 

powder, sodium CMC powder, 

AlgCMC, and QuasiAlgCMC beads. 

Characteristic peaks of alginate have 

been seen as O-H stretch at 3286 cm-1, 

C-H stretch at 2931 cm-1, antisymmetric 

CO2
- stretch at 1597 cm-1, symmetric 

CO2
- stretch at 1404 cm-1 and 

antisymmetric C-O-C stretch at 1026 

cm-1 [30]. Besides small shifts, these 

characteristic peaks are also present for 

CMC as it has O-H, -CO2
-, C-O-C, and 

C-H bonds either. The stretching 

vibration peaks of O-H of AlgCMC and 

QuasiAlgCMC beads were more 

intense than the pure powder form of 

biopolymers which demonstrates that 

there may be hydrogen bonds between 

alginate and CMC [31]. It is approved 

that alginate and CMC are not 

covalently bonded due to the lack of 

new peaks except broadening or 

shifting in the AlgCMC sample. No 

significant difference has been 

observed between AlgCMC and 

QuasiAlgCMC spectra since quasi-

cryogelation is a physical process 

instead of a chemical modification.  

 

Fig. 6 SEM images of QuasiAlgCMC 
(a) and AlgCMC (b) beads 
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Fig. 6 shows SEM images of AlgCMC 

and QuasiAlgCMC beads. When 

compared to AlgCMC, the 

QuasiAlgCMC bead was much more 

complex and sponge-like. The increase 

in the volume of beads due to the 

freezing of entrapped hydrogel moisture 

resulted in cracking and a higher 

surface area of the beads, where a 

similar result was also observed 

previously for alginate-clay and 

alginate-graphene oxide gels obtained 

by quasi-cryogelation [24, 32]. 

 

Fig. 7 SEM images of QuasiAlgCMC 
beads before (a) and after (b) 
deswelling & reusability test 

Fig. 7 shows the morphology of the 

same QuasiAlgCMC bead before and 

after the 5th cycle. Besides the 

additional fractures, the surface kept its 

integrity at the end of the fifth cycle, 

which explains the adsorption capacity 

is still above 10 g/g at the end of the fifth 

cycle. 

As for the superabsorbent 

characterization, a hydrogel that can 

absorb deionized water at a range of 

10-1000 g/g is defined as a 

superabsorbent [33]. Since the 

QuasiAlgCMC beads have ~22 g/g in 

deionized water (and 12 g/g after five 

cycles) and ~29 g/g in sodium chloride 

solution, the QuasiAlgCMC beads can 

be classified as a superabsorbent. 

Therefore, it is proven that it is possible 

to obtain Alg/CMC superabsorbents 

without any chemical crosslinking. 

The results of the pseudo-second order 

model is shown in Figure 8 and the 

parameters are summarized Table 1. R2 

value of the model is very high for all of 

the solutions listed in Table 1, therefore 

pseudo-second order model can be 

used for representing the swelling 

kinetics of the QuasiAlgCMC. 

Additionally, the calculated Qe values 

are very close to the measured Qe 

values. The data in SIF and PBS are not 

included in results, since the swelling is 

very fast in these two medium and early 

degradations were observed. 

 

Fig. 8 Pseudo-second-order kinetic 
plot for the swelling of QuasiAlgCMC 
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beads in pure water, isotonic NaCl 
solution and SGF 

Table 1 Results of the pseudo-second-
order kinetic model for QuasiAlgCMC 
beads in pure water, isotonic NaCl 
solution and SGF 

 

CONCLUSION 

A polymer solution containing 2% (w/v) 

Alg and 2% (w/v) CMC (AlgCMC) was 

crosslinked with calcium to prepare 

hydrogel beads. These beads were 

later modified to QuasiAlgCMC beads 

by deep-freezing at -21 ⁰C called the 

quasi-cryogelation method. The 

swelling degree of the beads was tested 

in distilled water and different 

physiological fluids. In each swelling 

solution, CMC addition to Alg rose the 

swelling degree. The swelling 

percentage of ionically cross-linked 

beads dramatically increased after the 

freezing process due to a significant 

change of the morphologies of the 

beads. QuasiAlgCMC beads swelled 

1677%, 2366%, 309% in pure water, 

isotonic solution and SGF, respectively. 

The behaviour in pure water, isotonic 

solution and SGF provides a potential 

for drug delivery in osmotic and 

stomach medium. Additionally, the 

beads swelled 2318% in citrate-PBS 

and 2294% in SIF however they 

degraded in 30 mins. A good reusability 

of the beads was obtained with almost 

constant swelling capacity around 22 

g/g after three cycles. Based on these 

results, it is proven that QuasiAlgCMC 

beads were successfully prepared and 

have superabsorbent properties. 
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