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Abstract

:

An efficient redox initiating system, ceric ammonium nitrate/nitric acid, has been employed for the first time to carry out photo-induced graft copolymerization of acrylonitrile (AN) onto sodium salt of partially carboxymethylated sodium alginate, having an average degree of substitution value to be 1.10. The photo-grafting reaction conditions for maximum grafting have been systematically optimized by varying the reaction variables such as reaction time, temperature, the concentration of acrylonitrile monomer, ceric ammonium nitrate, and nitric acid, as well as the amount of the backbone. The optimum reaction conditions are obtained with a reaction time of 4 h, reaction temperature of 30 °C, acrylonitrile monomer concentration of 0.152 mol/L, initiator concentration of 5 × 10−3 mol/L, nitric acid concentration of 0.20 mol/L, amount of backbone of 0.20 (dry basis) and the total volume of the reaction system of 150 mL. The highest percentage of grafting (%G) and grafting efficiency (%GE) achieved are 316.53% and 99.31%, respectively. The optimally prepared graft copolymer, sodium salt of partially carboxymethylated sodium alginate-g-polyacrylonitrile (%G = 316.53), has been hydrolyzed in an alkaline medium (0.7N NaOH, 90–95 °C for ~2.5 h) to obtain the superabsorbent hydrogel, H–Na–PCMSA–g–PAN. The chemical structure, thermal characteristics, and morphology of the products have also been studied.
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1. Introduction


Chemical modification of biopolymers via graft copolymerization is the most attractive method because it helps in modifying the chemical and physical properties of biopolymers [1,2,3], thereby enlarging the range of its utilization. This investigation has been primarily taken to justify the premise that graft copolymerization is a very important technique to customize the properties of biopolymers. The synthesis of graft copolymers based on biopolymers involves the use of chemical and radiation (high- and low-energy) methods. However, the photo-grafting method has several advantages [4,5,6]: less degradation of the backbone polymer, and more control over the grafting reaction, in addition to achieving higher grafting efficiency, lower operation cost, and UV light absorption.



Sodium alginate (SA), an industrially important marine biopolymer derived mainly from brown algae, consists of two monomeric units, β-D-mannuronic acid (M) and α-L-guluronic acid (G) [7]. SA has a wide range of applications, such as the controlled release of drugs [8], pesticides [9], as a thickener, gelling agent and colloidal stabilizer [10]. Thus, although this important biopolymer, SA, is widely used in many fields despite beingprone to enzymatic degradation, it suffers from limitations in fabrication, which limit its use in fields such as pharmaceuticals and medicine. To overcome this problem, graft copolymerization of different vinyl monomers onto SA has been successfully carried out using various methods [11,12,13,14,15,16,17,18,19,20,21,22]. However, a comprehensive literature survey revealed that apart from our previously reported study [23], no report has been published on the case of photo-grafting of various vinyl monomers onto sodium alginate as well as its derivatives, including carboxymethylated ones.



In this research, SA was first modified via carboxymethylation followed byphoto-grafting of acrylonitrile (AN) onto sodium salt of partially carboxymethylated sodium alginate (Na–PCMSA,     DS  ¯   = 1.10) using cerium ammonium nitrate (CAN) as a photo-initiator. The use of AN as a grafted monomer in this present work is due to its excellent grafting efficiency [24], the improvement of heat resistance of the graft copolymer [25], and also the subsequent alkaline hydrolysis of the graft copolymer to obtain a water absorbent [4]. The photo-grafting reaction was optimized by systematically studying the effect of various reaction variables on the grafting yields. The results are discussed. The structure and properties of the products were characterized via FTIR, SEM, and TGA.



The optimally synthesized graft copolymer, Na–PCMSA–g–PAN (%G = 316.53,%GE = 99.31) was finally saponified to prepare a novel superabsorbent hydrogel, H–Na–PCMSA–g–PAN, which exhibited very high capability of water absorption in low-conductivity water as well as the different saline solutions. The swelling behavior of the hydrogel in various swelling media has been studied, and water absorption results are analyzed with a view to exploring the studies of the swelling kinetics of the hydrogel [26].




2. Results and Discussion


2.1. Synthesis of Na-PCMSA-g-PAN


In the present case of Ce(IV)–initiated photo-graft copolymerization, the oxidation reaction of Ce(IV) with Na-PCMSA will occur preferably at the C2-C3 glycol unit and to a lesser extent at the C6 primary hydroxyl as a result of one electron process [27]. The photo-initiator, Ce(IV) ion initially forms a Ce(IV)-Na-PCMSA complex, which is then reduced to Ce(III) ion with the formation of free radicals at either C2 or C3 on the trunk polymer. The proposed mechanism pathway for the synthesis of the graft copolymer, Na–PCMSA–g–PAN, has been depicted in Figure 1.




2.2. Influence of the Polymerization Variables on the Grafting Yields


2.2.1. Calculation of Grafting Yields


The values of the grafting yields, viz. the percentage of grafting (%G),percentage of grafting efficiency (%GE), and percentage of homopolymer (%Hp), were evaluated with the help of the following expressions [28]:


  ( i )   % G   =     W t .   o f   p o l y m e r   g r a f t e d   I n i t i a l   w t .   o f   b a c k b o n e       ×    10 2   



(1)






  ( i i )   % G E   =     W t .   o f   p o l y m e r   g r a f t e d   W t .   o f   p o l y m e r   g r a f t e d   +   W t .   o f   h o m o p o l y m e r       ×    10 2   



(2)






  ( i i i )   %   H o m o p o l y m e r   ( %  H p  )   =   100 − % G E  



(3)








2.2.2. Influence of Polymerization Variables


With a view to obtaining the optimal conditions for photo-grafting copolymerization, the effects of certain variables on polymerization were studied systematically. The results regarding the influence of the reaction variables on the grafting yields (%G, %GE, and %Hp) are discussed below.



The Effect of Na-PCMSA Amount


The effect of the amount of Na–PCMSA (0.2 g–3.0 g) on the grafting yields (%G and %GE) is shown in Figure 2a. It is evident from the figure that the value of %G decreases with an increasing amount of Na–PCMSA. However, the value of %GE increases very slowly in the beginning up to 1.0 g. of Na–PCMSA; thereafter, it decreases with increased amounts of Na–PCMSA. The continuous decrease in %G is traced to the fact that with an increasing amount of concentration of Na–PCMSA, the weight of the grafted PAN chains will increase, resulting in a decrease in the monomer-to-backbone ratio. Besides increasing the amount of Na–PCMSA, the formation of a greater number of macroradicals takes place, thereby making the termination rate of photo-graft copolymerization faster than the rate of initiation, as a result of which %GE also decreases. In the literature, similar outcomes have previously been documented [12,28,29].




The Photo-Initiator Concentration


The concentration of CAN was varied in the range (0.50 × 10−3 mol/L to 10 × 10−3 mol/L) to study its effect on grafting yields. The results are depicted in Figure 2b. The maximum value of %G (134.43%) was achieved at [Ce4+] = 5 × 10−3 mol/L, where homopolymer content was only 3.22%. Increased photo-initiator concentration resulted in the formation of more radical sites on the Na–PCMSA backbone that, in turn, led to higher %G and lower homopolymer formation. However, because the CAN photo-initiator was used as a dilute solution in HNO3, at CAN concentration higher than 5 × 10−3 mol/L, a more acidic pH probably partially terminates the macroradicals on the Na–PCMSA. As a result, the decrease in the values of grafting yields with a photo-initiator concentration beyond its optimum value (5 × 10−3 mol/L) is observed [cf. Figure 2b]. In the literature [30,31,32], similar observations have also been made and published.




The Acid (HNO3) Concentration


The concentration of HNO3 was varied from 0.051 to 0.506 mol/L to investigate its effect on grafting yields, and the results are presented in Figure 2c. Initially, the values of the grafting yields are found to be increased with the increase in nitric acid concentration up to 0.20 M. This is attributed to the increase in the concentration of [Ce4+] and [Ce(OH)3]3+ at the expense of [Ce-O-Ce]6+. The size of [Ce]4+ and [Ce(OH)3]3+ ions is smaller than that of [Ce-O-Ce]6+ ion, and, therefore, they are more effective in their ability to form complexes with the Na–PCMSA backbone than [Ce-O-Ce]6+ ion. Beyond [Ce]4+ = 0.20 M, it is observed that grafting yields decrease. This can be explained due to the fact that as the nitric acid concentration increases, the formation of more and more [Ce]3+ and [Ce(OH)3]3+ takes place, which in turn affects grafting yields adversely. In the literature [33,34,35], similar outcomes are described.




The Monomer Concentration


Monomer concentration affects the grafting yields. Accordingly, the monomer (AN) concentration varied from 0.051 to 0.506 mol/L when all the other conditions were kept constant. The results obtained are shown in Figure 2d. It is observed from Figure 2d, the value of %G increased gradually with the monomer concentration up to 0.405 mol/L, and then it became constant with a further increase in the monomer concentration. As the concentration of monomer increases, the diffusion of the monomer molecules into the backbone increases, resulting in a higher yield of grafting. However, the value of %GE decreases steadily with increasing the monomer concentration [cf. Figure 2d]; that may be attributed to the increase in the concentration of PAN macroradicals and thereby the rates of combination and disproportionation of PAN and monomer become faster than the rate of their combination with the Na–PCMSA molecules. This will result in the formation of a homopolymer; thereby, the viscosity of the medium increases, and the monomer diffusion into the Na–PCMSA backbone becomes more difficult, leading to a decrease in %GE. Similar behaviors were also seen in the previous research [11,16,30,33,36].




The Reaction Time


The influence of photo-polymerization time on the yields of grafting was studied by varying the reaction time from 0.5 h to 10 h keeping other variables such as temperature, amount of backbone, and concentrations of monomer, photo-initiator, and nitric acid constant. The results of this experiment are depicted in Figure 2e. It is seen from the figure that %G increased progressively with an increase in reaction time up to 4 h, reaching a maximum value of %G to be 113.35%; the value of the percent grafting efficiency (%GE) also increased very slowly, and the highest value obtained was 98.87% at 4 h.



The increase in grafting yields is attributed to the increase in the number of grafting sites on the backbone, and more monomer molecules will add to the growing grafted chains. After the optimum reaction time (4 h), the decrease in the values of %G and %GE is due to the decreased number of available active free radical sites for photo-grafting and retardation of diffusion of reactants. In addition, the longer UV irradiation time has a detrimental effect on the grafted chains of PAN in the presence of a photo-initiator which is responsible for the decrease in the grafting yield values. The literature has also documented a comparable reliance on grafting yields [28,31,32,34,37].




The Reaction Temperature


The influence of temperature [Figure 2f] on the grafting yields (%G and %GE) was studied at different temperatures ranging from 15 to 45 °C. It is seen from the figure that the value of %G increased with the rise of temperature from 15 to 30 °C and then with a further increase in temperature it decreased. The value of %GE also behaved in a similar fashion. The maximum values of the grafting yields, %G = 119.31 and %GE = 99.13 were obtained at 30 °C. The increase in %G up to 30 °C could be attributed to the increased rate of photolysis of the Na–PCMSA-Ceric complex so that more active sites are generated on the Na–PCMSA backbone resulting in the increased propagation of thephoto-graftcopolymerization onto Na–PCMSA. The enhanced diffusion of monomer (AN) and photo-initiator (CAN) into and onto Na–PCMSA backbone and the increased mobility of the monomer molecules and their higher collision probability with the backbonemacroradicals also resulted in the increase in %G up to the said temperature. However, the favored chain termination reactions, chain transfer reactions, and increase in the formation of homopolymer resulted in a decrease in the grafting yield values beyond 30 °C. Other researchers have found similar results [30,31,32,38,39].



Thus, the optimal reaction conditions evaluated in the photo-initiated graft copolymerization were Na–PCMSA = 0.20 g (dry basis), [CAN] = 5 × 10−3 mol/L, [HNO3] = 0.20 mol/L, [AN] = 0.152 mol/L, Time = 4 h, Temperature = 30 °C and Total Volume = 150 mL. The highest values of %G = 316.53 and %GE = 99.31 were obtained under the optimum reaction conditions evaluated.






2.3. Saponification or Alkaline Hydrolysis


The optimally synthesized PAN–grafted Na–PCMSA (%G = 316.53) was hydrolyzed under alkaline conditions (0.7N sodium hydroxide, 90–95 °C, ~2.5 h) by following the methanol precipitate method [40] for the formation of superabsorbent hydrogel, H–Na–PCMSA–g–PAN. The nitrile substituents of PAN were converted to a mixture of carboxamide, sodium carboxylate, and ammonia generated in the process (Figure 1). The reaction mixture initially assumed a deep orange-red color when reacted with alkali due to the formation from PAN of a highly conjugated polymer intermediate. The heterocycles are then opened via hydrolysis [to from hydrophilic carboxamide (–CONH2) and carboxylate (    C O  2 −   ) groups], continuing with a resulting color change from red to light yellow. This discoloration may be used as a practical indication to halt the alkaline treatment. As a result, the starting hydrophobic graft copolymer sample, Na–PCMSA–g–PAN, is converted to a hydrophilic gel, i.e., superabsorbent hydrogel (H–Na–PCMSA–g–PAN).




2.4. Characterization


2.4.1. FTIR Spectroscopy


The structures of the graft copolymer and the superabsorbent hydrogel were confirmed from IR data. The IR spectrum of Na–PCMSA (    DS  ¯    = 1.10) is shown in Figure 3a. The presence of a strong and broad absorption band at ~3440 cm−1 is assigned to O–H stretching vibrations. The absorptionbandat ~2926 cm−1 may be attributed to the –CH stretching. The C–O stretching is distributed in the absorptions at about 1125 cm−1, 1094 cm−1, and 1030 cm−1. The strong absorption at 1745 cm−1 is assigned to C=O stretching, suggesting the presence of –COO moiety in Na–PCMSA. The presence of the –COO moiety is evident from the absorption bands that appeared at 1617 cm−1 (due to asymmetric stretching of the moiety) and 1417 cm−1 (due to symmetric stretching of the moiety) [Figure 3a]. The IR spectra of Na–PCMSA–g–PAN and PAN (isolated by hydrolysis), respectively, are presented in Figure 3b,c. In addition to the absorptions of Na–PCMSA, an additional absorption band at ~2245 cm−1 showing the presence of –C≡N is seen in Figure 3b. The PAN isolated from the graft copolymer also showed an absorption at ~2245 cm−1 [Figure 3c]. Thus, the absorption in the IR indicated that the grafting occurred.



The IR absorption of the hydrogel, H–Na–PCMSA–g–PAN, is indicated in Figure 3d. The IR absorption at ~1564 cm−1 and ~1407 cm−1 are attributed to asymmetric and symmetric stretching of the carboxylate moiety, respectively. The absorption at ~1454 cm−1 may have some contributions from the symmetric stretching mode of the said group. The peaks at ~1663 cm−1 and ~1632 cm−1 have contributions from C=O stretching vibrations coupled with NH2 bending and N-H bending, respectively. The strong absorption of the -C≡N group completely disappeared after hydrolysis; this may be regarded as the conversion of the nitrile groups into hydrophilic groups after the alkaline hydrolysis of the graft copolymer. The hydrophilic groups may be responsible for imparting super swelling behavior of the H–Na–PCMSA–g–PAN.




2.4.2. Thermogravimetric Analysis (TGA)


The traces of TGA and DTG for Na–PCMSA (S1), Na–PCMSA–g–PAN (S2), and the superabsorbent hydrogel, H–Na–PCMSA–g–PAN (S3) samples are represented in Figure 4. Thermogravimetric data derived from these traces for all three samples are also tabulated in Table 1. It becomes evident from the TGA trace of Na–PCMSA (S1) that the decomposition process occurred in three stages. The one in the range of temperature 50–100 °C corresponds to the evaporation of water (7.19% weight loss). The major weight loss (40.64%) took place in the temperature range 135.95–280.85 °C (second step of decomposition). The DTG of Na–PCMSA also exhibited the temperature for the maximum decomposition for this stage at 212.88 °C. Beyond 280.85 °C, the sample degrades very slowly up to 552 °C, and, thereafter, it degrades with a maximum weight loss at 701.51 °C involving about 19.35% weight loss. The final decomposition temperature (FDT) was found to be 796.53 °C.



The graft copolymer, Na–PCMSA–g–PAN (S2), shows six-stage decomposition patterns. The grafting of acrylonitrile onto Na–PCMSA makes the graft copolymer, Na–PCMSA–g–PAN, hydrophobic. At the initial stage in the temperature range of 50–100 °C, the observed minor weight loss of about 2.09 wt% is ascribed to the loss of absorbed moisture, indicating that the graft copolymer Na–PCMSA–g–PAN is much more hydrophobic. On the other hand, the hydrogel H–Na–PCMSA–g–PAN (S3) shows a large amount of absorbed moisture (9.07% weight loss), which may be attributed to the presence of hydrophilic groups, such as   –   COO  −    and  – CONH2 in the hydrogel. The DTG curve of Na–PCMSA–g–PAN exhibited five steps in the temperature range of 66.88–136.13, 136.13–239.93, 239.93–317.77, 341.53–430.15, and 501.60–776.24 °C with the corresponding maximum temperatures at 92.82, 211.79, 270.26, 384.83, and 592.42 °C.



The superabsorbent hydrogel, H–Na–PCMSA–g–PAN (S3), shows a three-stage decomposition pattern in the temperature range 154.41–263.50, 263.50–469.99, and 530.65–782.64 °C involving about 9.33%, 24.19%, and 25.93% weight loss, respectively. The corresponding maximum decomposition temperatures occurred at 233.35, 378.25, and 611.79 °C, respectively. Upon comparing the thermal characteristics values (Table 1), such as T20 and char yield (C. Y.) at 800 °C for Na–PCMSA, Na–PCMSA–g–PAN, and H–Na–PCMSA–g–PAN samples, it becomes evident that the values of T20 and char yield at 800 °C are higher in the case of Na–PCMSA–g–PAN (T20 = 274.46 °C and C. Y. = 30.88%) in comparison with H–Na–PCMSA–g–PAN (T20 = 234.44 °C and C. Y. = 20.42%) and Na–PCMSA (T20 = 191 °C and C. Y. = 19.28%), indicating the following order of thermal stability:


Na–PCMSA–g–PAN >H–Na–PCMSA–g–PAN > Na–PCMSA.











Thus, the overall thermal stability of both grafted and hydrolyzed grafted copolymer is improved in comparison with Na–PCMSA itself. This may be attributed to the formation of conjugated cyclic systems consisting of -C=N- groups from the pyrolytic addition reaction of adjacent nitrile groups [41] in the case of Na–PCMSA–g–PAN. However, there is no nitrile group in the hydrogel H–Na–PCMSA–g–PAN structure, but the existence of COO−Na+, COOH, and CONH2 groups improve its thermal stability over Na–PCMSA.




2.4.3. Scanning Electron Microscopy (SEM) Analysis


The scanning electron micrographs obtained for Na–PCMSA (    DS  ¯    = 1.10), Na–PCMSA–g–PAN (%G = 316.53), and the superabsorbent hydrogel, H–Na–PCMSA–g–PAN samples are represented in Figure 5a, 5b, and 5c, respectively. It appears from the SEM of the Na–PCMSA [Figure 5a] sample, that it has got smooth surface. However, upon grafting AN onto it, the morphology of the Na–PCMSA sample changed. Twisted filament-like morphology is observed [Figure 5b] due to the grafted hydrophobic PAN chains and/or general arrangement of the polysaccharide–g–PAN chains. The graft copolymer morphology [Figure 5b] was converted to a porous structure when it was treated in the alkaline medium to obtain H–Na–PCMSA–g–PAN [Figure 5c]. These pores are the regions of water permeation, and these are the sites of interaction with external stimuli.






3. Conclusions


This work is the first report to evaluate the optimum reaction conditions in the case of photo-grafting of AN onto Na–PCMSA (    DS  ¯    = 1.10). The dependence of the grafting yields versus the reaction variables: time (0.5–10 h), reaction temperature (15–45 °C), concentrations of AN monomer (0.051–0.506 mol/L), CAN (0.5 × 10−3–10 × 10−3 mol/L), and HNO3 (Nil-0.5 mol/L), as well as the amount of Na–PCMSA (0.2–3.0 g, dry basis), was investigated systematically to optimize the photo-graft copolymerization. The maximum values of the grafting yields under the evaluated optimal reaction conditions were found to be %G = 316.53 and %GE = 99.31. FTIR spectrum of the graft copolymer, Na–PCMSA–g–PAN, confirmed the existence of a chemical link between the Na–PCMSA and PAN. The thermal stability of the graft copolymer was found to increase after being grafted with polyacrylonitrile, and scanning electron microscopy (SEM) micrographs revealed that the grafted and nongrafted Na–PCMSA samples were quite clearly different.



The optimally prepared Na–PCMSA–g–PAN (%G = 316.53 and %GE = 99.31) was hydrolyzed in an alkaline medium, during which the nitrile groups of PAN were converted to a mixture of hydrophilic carboxamide and carboxylate groups followed by an in situ crosslinking of the grafted PAN chains leading to the formation of the superabsorbent hydrogel (H–Na–PCMSA–g–PAN) network with high water absorption capacity [26].



In the FTIR spectrum of the hydrogel, the disappearance of the nitrile sharp peak at ~2245 cm−1 and the appearance of the two distinct absorption bands at ~1564 cm−1 and~1407 cm−1 indicatethe respective presence of C=O asymmetric and symmetric stretching modes of the carboxylate anion, and the absorption bands appeared at ~1663 cm−1 and ~1632 cm−1, indicating contributions from C=O stretching vibrations coupled with NH2 bending and N-H bending, respectively, in carboxamide functional groups provided measure proofs for the conversion of the nitrile groups into carboxamide and carboxylate groups during alkaline hydrolysis of the graft copolymer.



TGA analysis has proven that the overall thermal stability of the hydrogel was improved in comparison with Na–PCMSA (    DS  ¯    = 1.10). SEM studies illustrated that the superabsorbent hydrogel (H–Na–PCMSA–g–PAN) had a loose and porous structure, facilitating the permeation of water into the polymer network.



Thus, as per the hypothesis stated earlier, the chemical and physical properties of the carboxymethylated derivative of sodium alginate (Na–PCMSA,     DS  ¯    = 1.10), upon photo-induced grafting are found to be modified significantly. The synthesized superabsorbent hydrogel, H–Na–PCMSA–g–PAN, in the powder form, exhibited high water absorbency in low-conductivity water as well as different saline solutions, including simulated urine (SU), as discussed in part two of this communication [26], which may find potential application for personal health care products.




4. Materials and Methods


4.1. Materials


Loba Chemie Pvt. Ltd., Mumbai (India) supplied SA. The AN obtained from Fluka was distilled at atmospheric pressure and the middle fraction was collected and used.CAN was obtained from Qualigens, Glaxo India, India, and used as received. A fresh solution of CAN was prepared in analar grade nitric acid supplied by Qualigens, Glaxo India, India. All other reagents and solvents used were of reagent grade. Nitrogen gas was purified by passing through a fresh pyrogallol solution. Low-conductivity water was employed for the photo-graft copolymerization reactions.




4.2. Methods


4.2.1. Preparation of Sodium Salt of Partially Carboxymethylated Sodium Alginate (Na–PCMSA)


As described earlier [33,42], sodium salt of partially carboxymethylated sodium alginate (Na–PCMSA) was prepared. The degree of substitution (    DS  ¯   ) of Na–PCMSA was measured to be 1.10.




4.2.2. Photo-Initiated Synthesis of Poly(acrylonitrile) Grafted Na–PCMSA (Na–PCMSA–g–PAN)


Photo-chemical reactor supplied by Scientific Aids and Instruments Corporation (SAIC, Madras, India) was used to prepare the photo-induced graft copolymer Na–PCMSA–g–PAN [23]. A known amount of Na–PCMSA (0.2–3.0 g, dry basis) dissolved in low-conductivity water (in such a way that the total volume of the reaction system remains 150 mL), and the solution was stirred at 35 °C for an hour, followed by 20 min stirring at room temperature. Freshly prepared CAN solution (0.5 × 10−3–10.0 × 10−3 mol/L) in 10 mL nitric acid (Nil-0.5 mol/L) was added to the reaction flask, and contents were then flushed with purified nitrogen gas for half an hour, followed by an addition of known concentration of freshly distilled AN (0.051–0.506 mol/L). The reaction flask in the photo-chemical reactor was irradiated with a 125 W medium-pressure mercury lamp with a continuous flow of nitrogen gas and stirring for different time intervals (0.5–10 h) in the temperature range of 15–45 °C. After the stipulated time, the crude product was isolated by centrifugation and then purified by washing with dilute nitric acid as well as 95% methanol and finally washed with pure methanol. The crude copolymer of Na–PCMSA–g–PAN obtained was dried under vacuum at 40 °C. Figure 6 shows the photograph of the complete experimental setup for carrying out the photo-grafting reaction.




4.2.3. Purification of the Graft Copolymer by Solvent Extraction Method


The homopolymer (PAN) was separated from the crude graft copolymer by carrying out exhaustive Soxhlet extraction with DMF. After the complete removal of thehomopolymer, the pure graft copolymer was dried at 40 °C under vacuum until a constant weight was obtained.





4.3. Isolation of Grafted Chains


The graft copolymer of Na–PCMSA containing PAN was hydrolyzed by refluxing it for 12 h in 1N HCl [43]. After all the Na–PCMSA went into the solution, a resinous mass was obtained, which was characterized with FTIR spectroscopy.




4.4. Alkaline Hydrolysis


Methanol precipitation method [40] was used to form the hydrogel by alkaline hydrolysis of the optimally synthesized graft copolymer, Na–PCMSA–g–PAN (%G = 316.53, %GE = 99.31). 10.0 g of the Na–PCMSA–g–PAN was dispersed in 100 mL 0.7N sodium hydroxide solution and gently stirred in the base under atmospheric conditions (5 min). The saponification was carried out by heating the dispersion at 90–95°C with occasional stirring until the color of the mixture changed from deep orange-red to light yellow (~2.5 h). The pasty mixture was cooled to room temperature, and methanol (5 × 10 mL) was added carefully to the gelled product while mixing. To completethe precipitation of the hydrogel, 200 mL additional methanol was added after 1 h to the yellow dispersion of the hydrogel (H–Na–PCMSA–g–PAN). The supernatant wasdecanted after 30 min, and 300 mL fresh methanol was then further added and kept for 24 h to remove water completely. The hydrogel obtained in powder form was thoroughly washed with fresh methanol, finally dried at 50 °C, and stored in a vacuum desiccator.




4.5. Characterization Methods


4.5.1. FTIR Spectroscopy


The FTIR spectra of Na–PCMSA (    DS  ¯    = 1.10), Na–PCMSA–g–PAN (%G = 316.53), PAN, and the superabsorbent hydrogel H–Na–PCMSA–g–PAN were recorded via KBr pellet method using Nicolet Impact 400D Fourier Transform Infrared Spectrophotometer between 400 and 4000 cm−1.




4.5.2. Thermogravimetric Analysis (TGA)


The TGA traces of Na–PCMSA (    DS  ¯    = 1.10), Na–PCMSA–g–PAN (%G = 316.53), and the superabsorbent hydrogel H–Na–PCMSA–g–PAN were obtained from Perkin Elmer Pyris 1 TGA, STA 8000, in an inert atmosphere (nitrogen) at a heating rate of 10 °C/min.




4.5.3. Scanning Electron Microscopy (SEM)


Surface morphology of Na–PCMSA (    DS  ¯    = 1.10), Na–PCMSA–g–PAN (%G = 316.53), and the superabsorbent hydrogel, H–Na–PCMSA–g–PAN, were analyzed with the help of ESEM TMP + EDAX, Philips make model.









Author Contributions


Conceptualization, J.T.; methodology, A.C.; validation, J.T. and A.C.; investigation, A.C.; writing—original draft preparation, A.C.; writing—review and editing, J.T.; supervision, J.T.; project administration, J.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the University Grants Commission, New Delhi, India, grant number F. No. 40-93/2011 (SR).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bhattacharya, A.; Mishra, B.N. Grafting: A Versatile Means To Modify Polymers: Techniques, Factors and Applications. Pro. Polym. Sci. 2004, 29, 767–814. [Google Scholar] [CrossRef]

	



Setia, A. Chapter 1—Applications of Graft Copolymerization: A Revolutionary Approach. In Biopolymer Grafting Applications, 1st ed.; Thakur, V.K., Ed.; Elsevier: Amsterdam, The Netherlands, 2018; pp. 1–44. [Google Scholar]

	



Kumar, D.; Pandey, J.; Raj, Y.; Kumar, P. A Review on the modification of polysaccharide through graft copolymerization for various potential applications. Open. Med. Chem. J. 2017, 11, 109–126. [Google Scholar] [CrossRef] [PubMed]

	



Hebeish, A.; Guthrie, J.T. The Chemistry And Technology of Cellulosic Copolymers; Springer-Veriag: Berlin/Heidelberg, Germany, 1981. [Google Scholar]

	



El-Sherbiny, I.M.; Smyth, H.D.C. Photo-induced synthesis, characterization and swelling behavior of poly (2-hydroxyethyl methacrylate) grafted carboxymethyl chitosan. Carbohydr. Polym. 2010, 81, 652–659. [Google Scholar] [CrossRef]

	



Grajek, K.; Andrzejewska, E. Recent advances in photo-induced free radical polymerization. MOJ Poly. Sci. 2017, 1, 58–60. [Google Scholar]

	



Zongrui, T.; Yu, C.; Wei, L. Grafting Derivative from Alginate. In Biopolymer Grafting: Synthesis and Properties; Thakur, V.K., Ed.; Elsevier: Amsterdam, The Netherlands, 2018; pp. 115–173. [Google Scholar]

	



Basan, H.; Guruderelioglu, M.; Orbey, T. Diclofenac sodium releasing pH-sensitive monolithic devices. Int. J. Pharm. 2002, 245, 191–198. [Google Scholar] [CrossRef]

	



Aminabhavi, T.M.; Naik, H.G. Synthesis of graft copolymeric membranes of poly (vinyl alcohol) and polyacrylamide for the pervaporation separation of water/acetic acid mixtures. J. Appl. Polym. Sci. 2002, 83, 244–258. [Google Scholar] [CrossRef]

	



Rousseau, I.; LeCerf, D.; Picton, L.; Argillier, J.F.; Muller, G. Entrapment and release of sodium polystyrene sulfonate(SPS)from calcium alginate gel beads. Eur. Polym. J. 2004, 40, 2709–2715. [Google Scholar] [CrossRef]

	



Shah, S.B.; Patel, C.P.; Trivedi, H.C. Ceric-induced grafting of ethyl-acrylate onto sodium alginate. Die Angew. Makromol. Chemie 1994, 214, 75–89. [Google Scholar] [CrossRef]

	



Shah, S.B.; Patel, C.P.; Trivedi, H.C. Ceric-induced grafting of acrylate monomers onto sodium alginate. Carbohydr. Polym. 1995, 26, 61–67. [Google Scholar] [CrossRef]

	



Shah, S.B.; Patel, C.P.; Trivedi, H.C. Thermal behaviour of graft copolymers of sodium alginate. Die Angew. Makromol. Chemie 1996, 235, 1–13. [Google Scholar] [CrossRef]

	



Radhakrishnan, N.; Lakshminarayana, Y.; Uma Devi, S.; Srinivasan, K.S.V. Studies on the Graft Copolymerization of Acrylonitrile onto Sodium Alginate. J. Macromol. Sci. Part A Pure Appl. Chem. 1994, 31, 581–591. [Google Scholar] [CrossRef]

	



Akın, A.; Işıklan, N. Microwaveassistedsynthesisandcharacterizationofsodiumalginate-graft-poly(N,N′-dimethylacryla-mide). Int. J. Biol. Macromol. 2016, 82, 530–540. [Google Scholar]

	



Liu, Y.; Yang, L.; Li, J.; Shi, Z. Grafting of methyl methacrylate onto sodium alginate initiated by potassium diperiodatocuprate (III). J. Appl. Polym. Sci. 2005, 97, 1688–1694. [Google Scholar] [CrossRef]

	



Sen, G.; Singh, R.P.; Pal, S. Microwave-initiated synthesis of polyacrylonitrile grafted sodium alginate: Synthesis and characterization. J. Appl. Polym. Sci. 2010, 115, 63–71. [Google Scholar] [CrossRef]

	



Salisu, A.; Sanagi, M.M.; Abu Naim, A.; Abd Karim, K.J.; Wan Ibrahim, W.A.; Abdulganiyu, U. Alginate graft polyacrylonitrile beads for the removal of lead from aqueous solutions. Polym. Bull. 2016, 73, 519–537. [Google Scholar] [CrossRef]

	



Ciocoiu, O.-N.; Staikos, G.; Vasile, C. Thermoresponsive behavior of sodium alginate grafted with poly(N-isopropylacrylamide) in aqueous media. Carbohydr. Polym. 2018, 184, 118–126. [Google Scholar] [CrossRef]

	



Da Feira, J.M.C.; Klein, J.M.; Forte, M.M.d.C. Ultrasound-assisted synthesis of polyacrylamide-grafted sodium alginate and its application in dye removal. Polímeros 2018, 28, 139–146. [Google Scholar] [CrossRef][Green Version]

	



Flores-Hernández, C.G.; Cornejo-Villegas, M.d.L.A.; Moreno-Martell, A.; Real, A.D. Synthesis of a Biodegradable Polymer of Poly (Sodium Alginate/Ethyl Acrylate). Polymers 2021, 13, 504. [Google Scholar] [CrossRef]

	



Sun, F.; Guo, J.; Liu, Y.; Yu, Y. Preparation, characterizations and properties of sodium alginate grafted acrylonitrile/polyethylene glycol electrospun nanofibers. Int. J. Biol. Macromol. 2019, 137, 420–425. [Google Scholar] [CrossRef]

	



Trivedi, J.H.; Chourasia, A.V.; Trivedi, H.C. Photo-Induced Synthesis and Characterization of Poly(Methyl Acrylate) Grafted Sodium salt of Partially Carboxymethylated Sodium Alginate. Cellul. Chem. Technol. 2015, 49, 7–19. [Google Scholar]

	



Athawale, V.D.; Rathi, S.C. Role and Relevance of Polarity and Solubility of Vinyl Monomers in Graft Polymerization onto Starch. React. Funct. Polym. 1997, 34, 11–17. [Google Scholar] [CrossRef]

	



Athawale, V.D.; Rathi, S.C. Graft polymerization: Starch as a model substrate. J. Macromol. Sci. Rev. Macromol. Chem. Phys. 1999, C39, 445–480. [Google Scholar] [CrossRef]

	



Trivedi, J.H.; Chourasia, A.V. Sodium salt of Partially Carboxymethylated Sodium Alginate-graft-Poly(acrylonitrile): II Superabsorbency, Salt Sensitivity, and Swelling Kinetics Hydrogel, H-Na-PCMSA-g-PAN. Gels, 2023; in press. [Google Scholar]

	



Goyal, P.; Kumar, V.; Sharma, P. Graft Copolymerization of Acrylamide onto Tamarind Kernel Powder in the Presence of Ceric ion. J. Appl. Polym. Sci. 2008, 108, 3696–3701. [Google Scholar] [CrossRef]

	



Trivedi, J.H.; Thaker, M.D.; Trivedi, H.C. Photo-Induced Synthesis and Characterization of Poly (methyl methacrylate) grafted sodium salt of Partially Carboxymethylated Guar Gum. Chin. J. Polym. Sci. 2014, 32, 1690–1703. [Google Scholar] [CrossRef]

	



Keles, H.; Sacak, M. Graft copolymerization of methyl methacrylate onto gelatin using KMnO4-H2SO4redox system. J. Appl. Polym. Sci. 2003, 89, 2836–2844. [Google Scholar] [CrossRef]

	



Shi, Z.; Jia, C.; Wang, D.; Deng, J.; Xu, G.; Wu, C.; Dong, M.; Guo, Z. Synthesis and characterization of porous tree gum grafted copolymer derived from cerasifera gum polysaccharide. Int. J. Biol. Macromol. 2019, 133, 964–970. [Google Scholar] [CrossRef]

	



Sharma, G.; Kumar, A.; Naushad, M.; Al-Misned, F.A.; El-Serehy, H.A.; Ghfar, A.A.; Sharma, K.R.; Si, C.; Stadler, F. Graft Copolymerization of Acrylonitrile and Ethyl Acrylate onto Pinus Roxburghii Wood Surface Enhanced Physicochemical Properties and Antibacterial Activity. J. Chem. 2020, 2020, 6285354. [Google Scholar] [CrossRef]

	



Masry, B.A.; Shahr El-Din, A.M.; Al-Aidy, H.A. Ceric-ions redox initiating technique for Zirconium and Niobium separation through graft copolymerization of natural polysaccharides. Sep. Sci. Technol. 2022, 57, 603–618. [Google Scholar] [CrossRef]

	



Patel, G.M.; Patel, C.P.; Trivedi, H.C. Ceric-induced grafting of methyl acrylate onto sodium salt of partially carboxymethylated sodium alginate. Eur. Polym. J. 1999, 35, 201–208. [Google Scholar] [CrossRef]

	



Sharma, P.; Gupta, S.; Soni, P.L.; Kumar, V. Ce(IV)-ion initiated grafting of 1,3 galactomannan biopolymer with acrylonitrile. J. Macromol. Sci.-Pure Appl. Chem. 2020, 57, 519–530. [Google Scholar] [CrossRef]

	



Kaur, I.; Kumar, R.; Sharma, N. A comparative study of the graft copolymerization acrylic acid onto rayon fiber by a ceric ion redox system and γ-radiation method. Carbohydr. Res. 2010, 345, 2164–2173. [Google Scholar] [CrossRef]

	



Vora, R.A.; Trivedi, H.C.; Patel, C.P.; Trivedi, M.C. Grafting of Acrylonitrile onto Styrene-Maleic Acid Copolymer by Tetravalent Cerium Ion. J. Appl. Polym. Sci. 1995, 38, 1543–1550. [Google Scholar] [CrossRef]

	



Trivedi, J.H.; Joshi, H.A.; Trivedi, H.C. Synthesis and Characterization of Photo-Graft Copolymers of Sodium salt of Partially Carboxymethylated Tamarind Kernel Powder. Marcomol. Symp. 2021, 398, 2000014. [Google Scholar] [CrossRef]

	



Mukherjee, A.; Halder, S.; Datta, D.; Anupam, K.; Hazra, B.; Mandal, M.K.; Gopinath, H. Free radical induced grafting of acrylonitrile on pre-treated rice straw for enhancing its durability and flame retardancy. J. Adv. Res. 2017, 8, 73–83. [Google Scholar] [CrossRef]

	



Taskin, G.; Sanli, O.; Asman, G. Swelling assisted photo grafting acid onto sodium alginate membranes. Appl. Surf. Sci. 2011, 257, 9444–9450. [Google Scholar] [CrossRef]

	



Fanta, G.F.; Burr, R.C.; Doane, W.M.; Russel, C.R. Absorbent Polymers from Starch and Flour Through Graft Polymerization of Acrylonitrile and Comonomer Mixtures. Starch/Starke 1978, 30, 237–242. [Google Scholar] [CrossRef]

	



Athawale, V.D.; Lele, V. Thermal studies on granular maize starch and its graft copolymers with vinyl monomers. Starch/Starke 2000, 52, 205–213. [Google Scholar] [CrossRef]

	



Trivedi, J.H.; Prajapati, M.K. Carboxymethyl Sodium Alginate: Synthesis and Characterization. J. Pure Appl. Sci.-Prajna 2015, 22–23, 24–28. [Google Scholar]

	



Brockway, C.E.; Seaberg, P.A. Grafting of polyacrylonitrile to granular corn starch. J. Polym. Sci. Part A Polym. Chem. 1967, 5, 1313–1326. [Google Scholar] [CrossRef]








[image: Gels 09 00410 g001 550] 





Figure 1. The synthetic route for the photo-graft copolymer, Na–PCMSA–g–PAN, and its saponification for the formation of the superabsorbent hydrogel, H–Na–PCMSA–g–PAN. 
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Figure 2. Influence of (a) amount of sodium salt of partially carboxymethylated sodium alginate (Na–PCMSA); (b) ceric ammonium nitrate (CAN) concentration; (c) nitric acid (HNO3) concentration; (d) acrylonitrile (AN) concentration; (e) reaction time and (f) reaction temperature on -●- %G or -■- %GE. 
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Figure 3. FTIR spectra of the following:(a) sodium salt of partially carboxymethylated sodium alginate (Na–PCMSA, (    DS  ¯    = 1.10); (b) Na-PCMSA–g–PAN (%G = 316.53); (c) PAN; (d) the superabsorbent hydrogel, H–Na–PCMSA–g–PAN. 
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Figure 4. TG thermograms for (―) Na–PCMSA (    DS  ¯    = 1.10 (S1); (•••) Na–PCMSA–g–PAN (%G = 316.53) (S2) and (…) H–Na–PCMSA–g–PAN (S3) at 10 °C/min. The insert shows the first derivatives of the curves shown in the figure. 
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Figure 5. Scanning electron micrographs of (a) Na–PCMSA (    DS  ¯    = 1.10) (500×), (b)Na–PCMSA–g–PAN (%G = 316.53) (500×), and (c) the superabsorbent hydrogel H–Na–PCMSA–g–PAN (500×). 
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Figure 6. Detailed experimental setup for carrying out photo-graft copolymerization reaction. 
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Table 1. Thermogravimetric data of Na–PCMSA (    D S  ¯    = 1.10), Na–PCMSA–g–PAN (%G = 316.53), and the superabsorbent hydrogel H–Na–PCMSA–g–PAN samples.
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Sample

	
IDT

	
FDT

	
T10

	
T50

	
Temperature (°C) at Weight Loss

	
Temperature Range

	
Tmax

	
Weight Loss

	
Char Yield at 800 °C




	
(°C)

	
(°C)

	
(°C)

	
(°C)

	
20%

	
40%

	
60%

	
(°C)

	
(°C)

	
(°C)

	
(%)






	
S1

	
140

	
796.53

	
138.14

	
271.17

	
191

	
219

	
459

	
50–100

	
--

	
7.19

	
19.28




	
135.95–280.85

	
212.88

(34.52) a

	
40.64




	
552.40–795.81

	
701.51

(71.12) a

	
19.35




	
S2

	
140

	
798.72

	
215.99

	
588.03

	
274.46

	
482.04

	
683.05

	
50–100

	
--

	
2.09

	
30.88




	
66.88–136.13

	
92.82

(2.15) a

	
2.20




	
136.13–239.93

	
211.79

(9.27) a

	
9.30




	
239.93–317.77

	
270.26

(18.95) a

	
11.88




	
341.53–430.15

	
384.83

(31.80) a

	
8.47




	
501.60–776.24

	
592.42

(50.43) a

	
25.56




	
S3

	
97.71

	
797.81

	
87.35

	
488.62

	
234.44

	
387.03

	
604.29

	
50–100

	
--

	
9.07

	
20.42




	
154.41–263.50

	
233.35

(20.26) a

	
9.33




	
263.50–469.99

	
378.25

(38.41) a

	
24.21




	
530.65–782.64

	
611.79

(61.79) a

	
25.93








a the values correspond to respective weight loss, S1 = Na–PCMSA; S2 = Na–PCMSA–g–PAN; S3 = H–Na–PCMSA–g–PAN.
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