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Abstract9

To better use wheat straw and minimize its negative impact on environment, a novel 10

semi-interpenetrating polymer networks (semi-IPNs) superabsorbent resin (SAR)11

composed of wheat straw cellulose-g-poly (potassium acrylate) (WSC-g-PKA) 12

network and linear polyvinyl alcohol (PVA) was prepared by polymerization in the 13

presence of a redox initiating system. The structure and morphology of semi-IPNs 14

SAR were characterized by means of FTIR, SEM and TGA, which confirmed that 15

WSC and PVA participated in the graft polymerization reaction with acrylic acid 16

(AA). The factors that can influence the water absorption of the semi-IPNs SAR were 17

investigated and optimized, including the weight ratios of AA to WSC and PVA to 18

WSC, the content of initiator and crosslinker, neutralization degree (ND) of AA,19

reaction temperature and time. The semi-IPNs SAR prepared under optimized 20

synthesis condition gave the best water absorption of 266.82 g/g in distilled water and 21

34.32 g/g in 0.9 wt% NaCl solution.22
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1. Introduction 25

Superabsorbent resin (SAR) is loosely cross-linked hydrophilic polymers with 26

network structure, which has the ability to absorb and retain large amounts of aqueous 27

fluids, and the absorbed solution cannot be released even under certain pressure. 28

Based on these properties, SAR has been successfully applied in agriculture and 29

horticulture to reduce irrigation frequency, and improve the physical properties of soil30

(Chu et al., 2006; Abedi-Koupai, Sohrab, & Swarbrick, 2008). Semi-interpenetrating 31

polymer networks (semi-IPNs) are characterized by the penetration on a molecular 32

scale of networks by some of the linear or branched macromolecules (Sperling, 1984).33

Semi-IPN systems usually exhibit surprising properties superior to either of the two 34

single polymer alone (Myung et al., 2008). Superabsorbents of semi-IPNs, which are 35

composed of crosslinked and linear polymers can be used to enhance the performance 36

of polymer composites.37

Recently, SARs with excellent properties prepared by synthesis (Hua & Wang, 38

2009), starch (Keshava, Murali, Sreeramulu, & Mohana, 2006) and cellulose (Bao, 39

Ma, & Li, 2011) have already been reported. Synthetic polymer SAR is difficult to 40

biodegrade and starch grafted SAR has poor performance in mildew resistance, which 41

restrict their application in agriculture. SAR based on cellulose can overcome the 42

disadvantages of them. Due to the abundant resources and enormous potential to 43

reduce production cost, cellulose grafted SAR with eco-friendly property and 44
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biodegradability are found increasing interest in the academic and industrial field45

(Lionetto, Sannino, & Maffezzoli, 2005). Wheat straw (WS), as a by-product of grain 46

crops, is an important biological resource in the crop production system (Talebnia, 47

Karakashev, & Angelidaki, 2010) and contains 40–60 % natural cellulose. Wheat 48

straw cellulose (WSC), which has a large amount of hydrophilic groups, can be used 49

as the basic skeleton to synthetize SAR.50

Polyvinyl alcohol (PVA) has been widely explored as a water-soluble polymer 51

for numerous biomedical and pharmaceutical applications due to its advantages of52

non-toxic, non-carcinogenic, excellent chemical resistance and bioadhesive properties53

(Roberts, Bently, & Harris, 2002; Sahlin & Peppas, 1996). Moreover, PVA is also a 54

biocompatible polymer that allows casting from water or organic solvents (Hirai,55

Muruyama, Suzuki, & Hayashi, 1992). So it is a suitable component for the 56

preparation of semi-IPNs SAR and can enhance the mechanical toughness properties 57

of SAR.58

On the other hand, the growth of plants and their quality are mainly depended on 59

the quantity of fertilizer and water. So researches in semi-IPNs superabsorbent have 60

been contributed to the development of the superabsorbent containing fertilizer, such 61

as N, P, K and humic substances (Guo, Liu, Zhan, & Wu, 2005; Liang, Liu, & Wu, 62

2007; Zhang, Liu, Li, & Wang, 2006 b). In this work, WS pretreated by ammonia can 63

contain more nitrogen. Potassium hydroxide (KOH) was used as a neutralizing agent 64

to neutralize acrylic acid (AA) during the polymerization, which can make the 65

superabsorbent rich in potassium and provide crops with potassium fertilizer.66
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In the present paper, a novel wheat straw cellulose-g-poly (potassium 67

acrylate)/polyvinyl alcohol (WSC-g-PKA/PVA) semi-IPNs SAR, which was68

synthesized by graft copolymerization and semi-IPNs technology was studied. The 69

introduction of the WSC-g-PKA/PVA semi-IPNs SAR was expected to provide a new 70

way to extend the utilization of WS, what was more, to lower the cost of production 71

and improve biodegradation property of semi-IPNs superabsorbents. It is expected 72

that water absorbency of the new type SAR with improved structure and performance 73

can be developed by the effective combination of WSC, AA and PVA. The74

WSC-g-PKA/PVA semi-IPNs SAR can be effectively used in agriculture as water 75

retention material and improve the water retentivity of soil.76

2. Experimental77

2.1. Materials78

Acrylic acid (AA, AR), polyvinyl alcohol (PVA, AR), 79

N,N’-methylene-bis-acrylamide (MBA, AR), potassium persulfate (K2S2O8, AR), 80

ammonium cerium nitrate ((NH4)2Ce(NO3)6, AR), sodium sulfite (Na2SO3, AR) and81

potassium hydroxide (KOH, AR) were all purchased from Dengke factory, Tianjin, 82

China. Stock solutions of MBA (2.0 g/100 ml dist. water), PVA (15.0 g/250 ml dist. 83

water) and the concentrations of all initiators were 2.0 g/100 ml dist. water.84

2.2. Preparation of WSC-g-PKA/PVA semi-IPNs SAR85

    The washed and dried wheat straw were smashed and sifted through a 100-mesh 86

sieve. Then the WS powder was soaked in 10 % ammonia at the mass ratio of 1:12 for 87

48 h, washed with distilled water and filtered by a vacuum filter. The filtered residue 88
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was dipped in 1 mol/L nitric acid at a mass ratio of 1:12, and heated at 100 oC for 45 89

min. Then the mixture was washed and filtered by the same way. Finally, it dried at 90

70 oC to obtain WSC. 91

The semi-IPNs SARs were prepared by graft polymerization among AA, PVA 92

and WSC in aqueous solution. 1.0 g WSC was put in a three-necked flask equipped 93

with a stirrer. The water bath was heated slowly to 50 oC and maintained at this 94

temperature. Stock solutions of K2S2O8 and (NH4)2Ce(NO3)6 were added into the 95

flask. After 15 minutes, Na2SO3 and monomer AA partially neutralized by KOH were 96

successively added. AA and WSC were adequately polymerized. 15 minutes later, 97

PVA was put in. Finally, MBA was added after 45 minutes. The same temperature 98

and stirrer speed were maintained for 4 hours. After the reaction, the formed 99

semi-IPNs SARs were oven dried at 70 oC until to reach constant weight.100

2.3. Characterization101

The transformation infrared spectra (FTIR) of the WSC-g-PKA/PVA semi-IPNs102

SARs were recorded using a NEXUS-470 series FTIR spectrometer (Thermo nicolet, 103

NEXUS). The samples were powdered and mixed with KBr to make pellets. The 104

morphological variation of the samples were examined with a Hitachi S-520 scanning 105

electron microscope (Tokyo, Japan). Thermo gravimetric analysis (TGA) was 106

performed on an analyzer with the temperature ranged from 10 to 600 oC. N2 was used 107

as the carrier gas with a 10 oC /min heating rate.108

2.4. Measurement of swelling behavior and kinetics109

In the experiment, 0.50 g samples were immersed in excess distilled water and 110
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0.9 wt% NaCl aqueous solution, respectively, at room temperature for 5 h to reach 111

swelling equilibrium. Then swollen samples were filtered through a 100-mesh gauze112

to separate from unabsorbed water and weighted. The water absorption amount Qeq113

(g/g) was calculated using the following equation:114

00 /)( MMMQeq        (1)115

where M0 (g) and M (g) are the weights of the dry and swollen sample, respectively. 116

Qeq was calculated as grams of water per gram of sample. Water absorbency of the 117

sample in both distilled water and 0.9 wt% NaCl solution were tested in the same 118

way.119

The swelling kinetics of WSC-g-PKA/PVA semi-IPNs SAR in distilled water 120

was measured according to the following procedure: 0.50 g sample was immersed in 121

500 mL distilled water at set intervals (3, 5, 10, 15, 30, 45, 60, 75, 90, 120, 150, 180, 122

210 and 240 min) , then swollen samples were filtered and the water absorption of 123

SAR can be calculated according to Eq. (1). The swelling kinetics in 0.9 wt% NaCl 124

solution was tested in the same way.125

3. Results and discussion126

3.1. FTIR results127

The FTIR spectrums of WSC and WSC-g-PKA/PVA semi-IPNs SAR were128

shown in Fig. 1. From the FTIR spectrum of WSC, the absorption peaks at 3412 cm-1, 129

2916 cm-1 and 1636 cm-1 were assigned to hydrogen bonded –OH stretching vibration, 130

methylene and –OH stretching, respectively, which were characteristic absorptions in 131

cellulose structures.132
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Compared with absorption peaks of WSC, the SAR revealed some changes of the 133

characteristic spectra peaks, suggesting that the serial compositions of WSC had 134

changed during the polymerization (Riyajan, Chaiponban, & Tanbumrung, 2009). The 135

peak at 3443 cm-1 in SAR was larger than that of WSC, which was attributed to –OH 136

stretching vibration of PVA. Furthermore, compared with WSC, the peaks observed 137

between 1636 cm-1 (C=O of amide�band) and 1420 cm-1 (carbonyl stretch) were 138

decreased in SAR. Due to the cross-linking reaction, peak at 1426 cm-1 (symmetric 139

CH2 bending vibraton) was shifted to a lower wavenumber, 1414 cm-1. And the 140

intensity of this peak was also reduced. This shift indicated the development of new 141

inter- and intramolecular hydrogen bonds (Oh et al., 2005; Ciolacu, Kovac, & Kokol, 142

2010). However, three larger peaks appeared at 1566, 1414 and 1105 cm-1 were 143

related to –COO− groups, C–O–C stretching and υC=O of AA, respectively. 144

Specifically, –COOH groups in AA had transformed to –COO− groups (Zheng, Liu, &145

Wang, 2011). The peak at 1058 cm-1, assigned to C–O stretching vibration, 146

disappeared from SAR spectrum as a result of cross-linking process. The weaker147

absorption peak at 559 cm-1 in SAR than in WSC, and the bending vibration observed 148

at 478 cm-1, suggested that the graft copolymerization between hydroxyl groups on 149

WSC and AA occurred during the reaction (Li, Zhang, & Wang, 2007). Based on the 150

information revealed in Fig. 1, it could obtain that grafting polymerization of AA onto 151

WSC and further semi-interpenetrating with PVA occurred during the chemosynthesis,152

and the resulting product was a composite based on PKA incorporating with WSC and 153

PVA.154
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3.2. SEM results155

The scanning electron microscope (SEM) micrographs of both WSC and 156

WSC-g-PKA/PVA semi-IPNs SAR were shown in Fig. 2 to compare the surface 157

structure changes. As can be seen, WSC showed a smooth and dense surface, whereas158

WSC-g-PKA/PVA semi-IPNs SAR exhibited a comparatively loose, coarse and 159

porous surface. This coarse and improved surface was convenient for the penetration160

of water into the polymeric network (Liang, Yuan, Xi, & Zhou, 2009) and the161

enhancement of water absorption. This surface change might be ascribed to the 162

removal and degradation of the cellulose particles and the formation of many irregular163

aggregates during graft copolymerization reaction. The different structures between 164

WSC and WSC-g-PKA/PVA semi-IPNs SAR clearly indicated that graft 165

copolymerization reaction was taken place between WSC and AA. Moreover, it 166

revealed the combination of PVA, WSC and AA through semi-IPNs technology.167

From the SEM micrographs, it can be concluded that WSC-g-PKA/PVA semi-IPNs168

SAR was prepared.169

3.3. TGA results170

In order to understand and investigate the thermal behavior of WSC and 171

WSC-g-PKA/PVA semi-IPNs SAR, both the samples were tested by TGA. From Fig.172

3 it could be found that pure WSC showed a two-step thermogram, with the weight 173

loss of 6.765 % and 75.50 %, respectively. The first stage occurred between 30 oC and 174

85 oC was due to the water evaporation. The major weight loss of WSC (a) was 175

located at 315 oC and 354 oC, which was due to the degradation of cellulose in the 176
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graft copolymer. Comparatively speaking, WSC-g-PKA/PVA semi-IPNs SAR (b) had177

a mainly three-step thermogram, with the weight loss of 19.26 %, 16.11 % and 19.25178

%, respectively. The weight loss of the first stage was also corresponded to the water 179

evaporation. The second stage occured between 240 oC and 320 oC might be 180

acceptable evidence for the decomposition of PVA and cellulose. To be more exact, it 181

showed the decomposition of branches and side chain groups of the graft copolymer. 182

The third stage occurred between 400 oC and 450 oC which was assigned to the main 183

chain decomposition of the PVA and the main chain of the graft copolymer. The TGA 184

results confirmed that the graft copolymerization reaction was taken place between 185

WSC and AA, and then interpenetration between PVA and the grafted polymer186

occurred.187

3.4. The effects of synthesis conditions on water absorbency of semi-IPNs SAR188

3.4.1. Effect of weight ratios of AA to WSC and PVA to WSC on water 189

absorbency of semi-IPNs SAR190

 The synthesis of WSC-g-PKA/PVA semi-IPNs SAR was mainly by the 191

combination of WSC and AA, and then with PVA through semi-IPNs technique. A 192

schematic illustration of the preparation of WSC-g-PKA/PVA semi-IPNs SAR was 193

shown in Fig. 4. As the basic skeleton, each cellulose unit couldn’t be broken and the 194

main reaction of the first step was activation. A large proportion of the reaction 195

function groups, such as –COOH groups in AA, –CH2 and –OH groups in cellulose 196

could be grafted in the second step, resulting in the ratio of graft was about 70 %197

(Singha & Rana, 2012). For the convenience of study, as the only monomer, AA was 198
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used as the reference. The effects of weight ratios of AA to WSC and PVA to WSC199

on water absorbency of SAR were shown in Table 1. It was clear that with the 200

increase of weight ratios of AA to WSC from 6 to 10 and PVA to WSC from 1 to 2, 201

the water absorbency of SAR in distilled water and 0.9 wt% NaCl solution increased 202

from 107.16 to 244.66 g/g and 18.64 to 28.48 g/g, respectively. The optimized weight 203

ratios of AA to WSC and PVA to WSC were 10:1 and 2:1, respectively. It could be 204

concluded that with the increase of AA content, more AA molecules grafted onto the 205

skeleton of WSC, increasing the hydrophilicity and water absorbency of SAR. 206

Concretely, more hydrophilic groups such as –OH, –COO－ and –COOH were grafted 207

onto the WSC, which was favorable to the water absorption. PVA contained nonionic 208

hydrophilic groups, such as –OH. Therefore, with the increase of PVA content, more 209

PVA would react with WSC-g-PKA during the polymerization process and improved 210

the polymeric network, so enhanced the water absorption ability. However, when the 211

amount of monomer AA was high, the network of polymer became closer and the 212

superfluous AA turned to be PKA homopolymer. So, soluble materials at fixed 213

cross-linking density (Finkenstadt & Willett, 2005) increased and the expansion of net 214

structure and the movement of free radicals were restricted, which resulted in the drop 215

of water absorbency. Meanwhile, when PVA content was too high, there would be 216

less –COO－, and the water absorption could be decreased. Specifically, more PVA 217

were generated in the polymeric network and therefore the osmotic pressure between 218

the polymeric network and external solution decreased (Liu, Miao, & Wang, 2009), 219

resulting the apparent decrease of water absorbency.220
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3.4.2. Effect of initiator content on water absorbency of semi-IPNs SAR221

The three initiators, i.e. K2S2O8, Na2SO3 and (NH4)2Ce(NO3)6 were combined to 222

form a oxidation and reduction system. The best mass ratios between the three223

initiators were m(K2S2O8): m(Na2SO3) = 3:1 and m((NH4)2Ce(NO3)6): m(K2S2O8) = 224

1:5 (Guo, Li, & Li, 2006). In this work, it used the weight change of K2S2O8 to study 225

the effect of initiator content on water absorbency of semi-IPNs SAR. As can be seen226

in Table 1, as the weight ratio of K2S2O8 to AA increased from 0.5 to 2 wt% , the 227

water absorbency in distilled water and 0.9 wt% NaCl solution increased from 89.10228

to 206.48 g/g and from 16.34 to 30.58 g/g, respectively, and then decreased with 229

further weight ratio increase. The change of the water absorbency of the semi-IPNs 230

SAR with the increase of the amount of K2S2O8 was related to the relationship 231

between average chain length and concentration of the initiator in the polymerization 232

(Zhang, Wang, & Wang, 2009). When the dosage of initiator was low, free radicals of 233

cellulose molecules couldn’t be fully produced and the polymerization was tardive, 234

which led to less grafted points and grafted monomer amount. As a result, effective 235

three-dimensional polymer network couldn’t be formed, which might result in low 236

water absorbency. With the increase of the initiator content, more graft 237

polymerization occurred between AA and WSC, leading to the formation of more 238

stable network structures and contributed to the enhancement of water absorbency. 239

When the amount of the initiator was too high, a strong reaction with the cellulose 240

molecular occurred, which could produce more free radicals and the cross-linking 241

density was high. As a result, more AA molecules were grafted with the cellulose 242
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molecules and the main polymer chain length was shortened. Consequently, the water 243

absorbency of semi-IPNs SAR dropped. 244

3.4.3. Effect of cross-linker content on water absorbency of semi-IPNs SAR245

The relationship between water absorbency and cross-linking density can be 246

explained by Flory’s network theory. Based on the theory, water absorbency of 247

superabsorbents is mainly affected by cross-linking density. The effect of MBA248

content, which was used as the cross-linker in the polymerization on water absorbency 249

of semi-IPNs SAR was shown in Table 1. As can be seen from the table, the water 250

absorbency increased with the increase of cross-linker content from 0.2 to 0.4 wt%251

and then decreased. This was largely due to the fact that cross-linking density was 252

likely to increase alongside increasing content of MBA. When the weight ratio of 253

MBA to AA was lower than 0.4 wt%, the cross-linking density was low which 254

resulted in the decreasing of the gel strength of semi-IPNs SAR. Semi-IPNs SAR 255

would become water soluble resin after water absorbed. So the water absorption was256

low. As the cross-linking density increasing, more three-dimensional polymer network 257

with small aperture formed, which would contribute to the water absorbency of 258

semi-IPNs SAR. However, when the cross-linker content was too high, the259

crosslinking density would be high and the apertures in three dimensional networks260

became smaller, and the elasticity of the polymeric network of the superabsorbent 261

decreased, which led to the decrease of water absorbency.262

3.4.4. Effect of neutralization degree of AA on water absorbency of semi-IPNs 263

SAR264
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The neutralization degree (ND) of AA is also an important factor on the 265

absorbency of SAR. The effect of ND of AA, which was neutralized by KOH, was 266

shown in Table 1. The water absorbency increased with the increase of the ND of AA 267

until to 65 % and then showed a downward trend when above 65 %. The colloid 268

elasticity, ionic osmotic and affinity of polymer toward water had an influence on the 269

swelling ability and absorbency of SAR, according to previous works (Pourjava &270

Amini-Fazl, 2007). When the ND was low, the acidity of water phase was high and271

the polymerization was quickly completed, which consequently led to the formation 272

of highly cross-linked polymers and caused low water absorbency. With the increase 273

of ND, on one hand, the speed of reaction was slowed down and the self-crosslinking 274

degree of AA was reduced; on the other hand, more hydrophilic groups grafted on the 275

chain of the composite and the amount of K+ rised, which resulted in the enhancement 276

of ionic strength and the inside osmotic pressure of cross-linking network. Both of 277

them could contribute to the increase of water absorbency. However, if the ND of AA278

was above 65 %, more K+ ions in the polymeric network would react with the –COO－
279

group, resulting in the reduction of void space caused by mutual repulsion of –COO－
280

groups. Furthermore, branched chains of small molecules turned longer which281

blocked the mesh of SAR and restricted the expansion of the mesh structure.282

Consequently, the water absorbency of SAR dropped.283

3.4.5. The effect of reaction temperature on water absorbency of semi-IPNs SAR284

The effect of reaction temperature on the water absorbency was studied by 285

preparing a series of SAR at different temperatures and the results were shown in 286



Page 14 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

14

Table 1. At lower temperatures, graft polymerization reaction was slow and grafted 287

yield was low, which hampered the formation of three-dimensional polymer network. 288

With the increase of temperature, the molecular would obtain more activation energy 289

and consequently both the chain initiation and chain growth of polymerization 290

reaction were accelerated. So, the grafting copolymerization reaction was enhanced, 291

which would lead to higher grafted yield and water absorption capacity. However,292

when the temperature was too high, the reaction rate would increase substantially 293

even resulted in violent polymerization. As a result, a lot of monomer groups would 294

graft to the main chain and led to a close network structure, which was not helpful for 295

water absorption. Meanwhile, many side effects between the monomers would happen296

at higher temperature and the by-products would have a bad effect on the water 297

absorption (Ma et al., 2011). So the optimized reaction temperature was 50 oC.298

3.4.6. The effect of reaction time on water absorbency of semi-IPNs SAR299

The effect of reaction time on water absorbency was shown in Table 1. As can be 300

seen from the table, the water absorbency increased along with the increase of the 301

reaction time and the optimized time was 5 h. This was ascribed to the fact that when 302

the reaction time was short, grafted polymerization reaction was not complete. As the 303

time increasing, more cross-linking reaction happened and promoted the formation of 304

more network structure. However, overlong reaction time would result in many 305

branched chains in the network structure, which would intertwine with each other and 306

obstruct the expansion of the resin mesh structure. So the water absorbency showed a 307

decrease above the optimum time.308
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3.4.7. Swelling kinetics309

The swelling kinetics of WSC-g-PKA/PVA semi-IPNs SAR in distilled water and 310

0.9 wt% NaCl were evaluated by Schott’s pseudo second order kinetics model (Schott, 311

1992).312

tQKQt ist )1(1    (3)313

where Qt (g/g) was the water absorption of SAR at time t; Q∞ (g/g) was the theoretical 314

equilibrium swelling capacity; Kis was the initial swelling rate constant (g/g·s). As can 315

be seen in Fig. 5, the plot of t/Qt versus t gave straight lines and the linear correlation 316

coefficients of the lines were 0.9983 and 0.9904, respectively. The results indicated 317

that the pseudo second order model can be effectively used to evaluate swelling 318

kinetics of SAR. Q∞ and Kis of SAR can be calculated by the slope and intercept of 319

each fitted straighted line. Q∞ values were 322.58 g/g and 49.3496 g/g, Kis were 320

0.2806 g/g·s and 0.0165 g/g·s in distilled water and 0.9 wt% NaCl solution, 321

respectively. It can be concluded that the swelling capacity and swelling rate in 322

distilled water were much higher than in 0.9 wt% NaCl solution.323

3.5. An orthogonal experiment324

Orthogonal experimental design is a widely used method in the tests which 325

orthogonally selects the representative dots from the overall ones. The orthogonal 326

experimental design is the main method of the fractional factorial design which can 327

comprehensively reflect the influence of all the factors selected in the tests, and has 328

been used in many research domains for its high efficiency, speediness and economy.329

In order to verify and sift out the optimal condition, an orthogonal experiment 330



Page 16 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

16

with four factors and three levels was designed. Four variables, i.e. the weight ratio of 331

AA to WSC, the weight ratio of PVA to WSC, ND of AA and weight ratio of K2S2O8332

to AA were considered to be the important factors (Zheng, Liu, & Wang, 2011). Nine 333

synthesis conditions were carried out at weight ratio of AA to WSC 8, 10 and 12, 334

weight ratio of PVA to WSC 1.5, 2 and 2.5, ND of AA 55 %, 65 % and 75 %, weight 335

ratio of K2S2O8 to AA 1.5 %, 2 % and 2.5 %. All selected factors were examined 336

using an orthogonal L9 (3)4 test presented in Table 2, with water absorbency in337

distilled water (Q1) and water absorbency in 0.9 wt% NaCl solution (Q2) as indexes.338

The orthogonal tests were designed and analyzed by the software of Orthogonal 339

Design Assistant II, v3.1.340

It was observed from Table 2 that the parameters of the highest Q1 and Q2 were 341

304.92 g/g and 37.14 g/g (No.9), respectively, which were obvious among all the 342

designed orthogonal tests from No.1 to No.9. Compared results of orthogonal test 343

with that of the single factor experiments, all the optimal synthesis conditions were 344

the same except the weight ratio of AA to WSC. It was indicted that at the condition 345

of m(AA): m(WSC) =12, the water absorbency of SAR in both distilled water and 0.9 346

wt% NaCl solution was higher than other conditions. Taking into account of reducing347

the dosage of reactants and making the most of them, thereby the optimal synthesis 348

conditions for WSC-g-PKA/PVA semi-IPNs SAR preparation can be concluded as349

m(AA): m(WSC) =10, m(PVA): m(WSC) =2, m(K2S2O8): m(AA)=2 %, ND of AA 65350

%. Under this condition, the water absorbency in both distilled water and 0.9 wt% 351

NaCl solution reached the maximum value.352
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A further orthogonal analysis (Table 3) was warranted to determine the key 353

influential factor. The results of experiments presented in Table 3 indicated that the 354

most outstanding effect factor on the water absorption performance of semi-IPNs 355

SAR was the weight ratio of AA to WSC. The influence of each factor on the water 356

absorbency of WSC-g-PKA/PVA semi-IPNs SAR was decreased in the order: the 357

weight ratio of AA to WSC > ND of AA > the weight ratio of PVA to WSC > the 358

weight ratio of K2S2O8 to AA in distilled water and the weight ratio of AA to WSC > 359

ND of AA > the weight ratio of K2S2O8 to AA > the weight ratio of PVA to WSC in 360

0.9 wt % NaCl solution, respectively, according to the R values. The weight ratio of 361

AA to WSC was found to be the most important determinant in the preparation of 362

WSC-g-PKA/PVA semi-IPNs SAR for its markedly high R value than other 363

influential factors.364

4. Conclusions365

A series of WSC-g-PKA/PVA semi-IPNs superabsorbent resins were synthesized 366

by free-radical graft copolymerization and semi-interpenetration through WSC and 367

AA in the presence of PVA in aqueous solution. Structure and properties of SAR were 368

analyzed by FTIR, SEM and TGA, the results of which confirmed the occurrence of 369

copolymerization process. It was found that the optimum condition was that the 370

weight ratio among the WS, AA and PVA was m(WS): m(AA): m(PVA) = 1:10:2, 371

reaction tempreture 50 oC, reaction time 5 h, neutralization degree of AA 65 %. The 372

maximum water absorbency of semi-IPNs was 266.82 g/g in distilled water and 34.32373

g/g in 0.9 wt% NaCl solution. The Schott’s pseudo second order kinetics model374
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presented high coefficient of determination in distilled water and 0.9 wt% NaCl 375

solution, which provided evidence for future study. This paper was an effort to 376

develop new kind of SAR with improved structure and environmental friendly 377

property and also provided a new way to expand the utilization of wheat straw to 378

product superabsorbent material.379
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Figure Captions471

Fig. 1. FTIR spectra of WSC and WSC-g-PKA/PVA semi-IPNs SAR472

Fig. 2. SEM of WSC (a) and WSC-g-PKA/PVA semi-IPNs SAR (b)473

Fig. 3. TGA thermogram of WSC (a) and WSC-g-PKA/PVA semi-IPNs SAR (b)474

Fig. 4. Scheme of graft-copolymerization of WSC-g-PKA/PVA semi-IPNs SAR475

Fig. 5. Swelling kinetic curves of WSC-g-PKA/PVA semi-IPNs SAR in distilled 476

water and 0.9 wt% NaCl solution477

478
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Highlights556

1. Semi-IPNs superabsorbent resin (SAR) was prepared by wheat straw cellulose.557

2. SAR used in agriculture that can improve the water retentivity of soil.558

3. Polyvinyl alcohol can enhance the mechanical toughness properties of SAR. 559

4. The effects of synthesis conditions on water absorbency were studied. 560

561

562

563

564
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Table 1. Effects of AA, PVA, initiator, MBA, ND of AA, temperature and time on 564

water absorbency of semi-IPNs SAR.565

Various conditions in synthesis    The water absorbency 
in distilled water (g/g)  

The water absorbency in 
0.9wt% NaCl solution (g/g)

The weight ratio of 6:1 107.16 18.64
AA (g) to WSC (g) 8:1 157.44 21.34

10:1 246.66 28.48
12:1 186.54 27.12
14:1 165.28 22.26

The weight ratio of 1:1 170.20 22.06
PVA (g) to WSC (g) 1.5:1 225.12 23.64

2:1 239.66 28.12
2.5:1 194.32 24.14
3:1 159.26 21.42

The weight ratio of 0.5 89.10 16.34
K2S2O8 to AA (%) 1 122.14 20.42

1.5 181.60 27.90
2 206.48 30.58

2.5 177.64 26.86
3 176.82 25.96

The weight ratio of 0.2 143.26 20.14
MBA to AA (%) 0.4 212.38 27.24

0.6 190.64 24.36
0.8 156.82 22.22
1.0 139.84 20.12
1.2 118.10 18.34

Neutralization degree of 55 190.64 22.36
AA (%) 65 225.38 29.80

75 189.04 23.24
85 174.68 22.16
95 147.62 19.76

Temperature (oC) 30 172.10 21.78
40 189.62 24.88
50 266.82 34.32
60 240.76 32.46
70 212.14 28.56

Time (h) 3 150.90 21.76
4 214.24 27.82
5 182.52 23.44
6 176.36 23.12

566
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Table 2. Optimal reaction conditions determined by orthogonal tests.567

Sample Aa(g) Bb(g) Cc(%) Dd(%) Q1
e(g/g) Q2

f(g/g)

1 8 1.5 1.5 55 144.56 20.36

2 8 2 2 65 224.76 27.74

3 8 2.5 2.5 75 167.52 23.84

4 10 1.5 2 75 193.40 24.16

5 10 2 2.5 55 259.12 33.46

6 10 2.5 1.5 65 227.28 26.68

7 12 1.5 2.5 65 273.46 29.52

8 12 2 1.5 75 242.44 25.68

9 12 2.5 2 55 304.92 37.14

a the weight ratio of AA to WSC; b the weight ratio of PVA to WSC; c the weight ratio 568

of K2S2O8 to AA; d ND of AA; e water absorbency in distilled water; f water 569

absorbency in 0.9 wt% NaCl solution.570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586



Page 32 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

32

Table 3. Orthogonal L9 (3)4 test analysis.587

A B C D

Q1 Q2 Q1 Q2 Q1 Q2 Q1 Q2

ka
1 178.947 23.98 203.807 24.68 204.760 24.24 236.200 30.30

k2 226.600 28.08 242.107 28.94 241.027 29.68 241.833 27.98

k3 273.607 30.78 233.240 29.22 233.367 28.92 201.120 24.56

Rb 94.660 6.80 38.300 4.54 36.267 5.44 40.713 5.74

a mean values of each factor in different levels; b extremum of ecah factor.588

589
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