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Abstract 9 

Poly(HEMA) chains grafted chemically modified Holarrhena antidysenterica fiber was 10 

converted into cation-exchanger using phosphorylation and p-doping technique. The cation-11 

exchanger synthesized was found to remove about 94.6% methylene blue dye from aqueous 12 

solution. The graft copolymer and cation exchanger vis-a-vis backbone were characterized using 13 

different techniques like FTIR, SEM, EDX and XRD. The samples were further evaluated for 14 

thermal behavior using TGA/DTA/DTG techniques. The synthesized cation-exchanger was 15 

found to possess high thermal stability. 16 

Keywords: Cation exchanger; methylene blue; biodegradable polymer; graft copolymerization; 17 

thermal stability 18 

 19 

1. Introduction 20 

An exceptional increase in industrial, agricultural and domestic activities has led to increase in 21 

water pollutants  such as dyes, detergents, insecticides, pesticides and heavy metal ions [1-2]. In 22 

industries dyes play an important role in diversified applications like paper colouring, hair 23 

colourant, cotton dyeing and wood colouring.  More than 0.7 million tons of synthetic dyes are 24 

produced all over the world. In paper and textile industries about 10,000 different dyes and 25 

pigments are used for colouring purpose. Scientists estimated that about 15% of the total 26 

produced synthetic dyes are wasted during processing operations per year which get mixed up 27 

with water resources and are hazardous to human health. The non-biodegradable dyes are stable 28 

toward photo-chemical effects and are difficult to separate [3-12]. Such accumulation of toxic 29 

dyes in water resources causes health problems including heart diseases, vomiting, jaundice, 30 

cyanosis, quadriplegia and tissue necrosis [13]. Moreover, the interference of dyes in aquatic 31 

Page 2 of 41RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



2 

 

system leads to serious problems in the aquatic life cycle. The coloured compounds retard the 32 

process of photosynthesis and result in the growth inhibition of aquatic life.  The dissolved O2 33 

concentration in aqueous sources contaminated with toxic dyes also get affected [14-18]. 34 

Researchers all over the world are working on the treatment of industrial effluents. A number of 35 

methodologies such as adsorption, coagulation, photo-catalysis, chemical precipitation, 36 

membrane filtration, reverse osmosis and ion exchange have been developed for the removal of 37 

contaminates from water sources.  Researchers have been found to use the powdered natural 38 

materials as adsorbents for the removal of different types of toxic dyes from waste water [19-24] 39 

Ion exchange is one of the important methods which can be used to remove dyes and heavy 40 

metal ions from waste water. The ion exchangers have been extensively used for water antibiotic 41 

purification and separation of radioisotopes. This method has advantages like large surface area, 42 

rapid adsorption and ease of exchange of metal ions.  Ion exchangers are found to possess better 43 

mechanical, chemical, thermal and radiation stabilities which help them to remain useful under 44 

adverse conditions such as boilers and atomic power plants [25-42]. 45 

______________________________________________________________________ 46 

Corresponding author *  47 

 E-mail: jitenderdhiman81@gmail.com   48 

 49 

Both synthetic and natural backbone can be used in preparation of ion-exchange resins. Since the 50 

synthetic materials are not ecofriendly, therefore, attention is focused on the use of natural 51 

backbones for the preparation of ion-exchangers. Biopolymers are renewable sources, eco-52 

friendly and get biodegraded at the end of life cycle. A large number of organic polymers such as 53 

polyaniline, pectin, cellulose, chitosan, polystyrene and polyacrylamide are used for the 54 

preparation of ion-exchangers [43-55]. 55 

Ion-absorption capacity of the backbones can be enhanced by the addition of specific functional 56 

group. Various methods are available in the laboratory to enhance such properties e.g. thermal, 57 

radiation induced modification, plasma treatment, gas-phase oxidation, ultrasonic method and 58 

wet chemical or electrochemical oxidation [56-65]. Microwave-induced grafting technique is an 59 

effective technique to alter the morphology of polymeric material [66-67].  Desired modification 60 

in the materials can be brought about under the influence of microwave radiation [68].  61 
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Holarrhena antidysenterica fiber is a bio-polymer which can be converted into ion-exchanger 62 

through chemical methods. H. antidysenterica is a small to medium-size tree and grows all over 63 

India in wild mountains.  It is a flowering plant and belongs to Apocynaceae family. Its common 64 

names are Bitter Oleander, Connessi Bark, Kurchi Bark, Dysentery Rose Bay and Tellicherry 65 

Bark. Its stem contains Kutaja as one of the ingredients which is used in Ayurveda for the 66 

treatment of diarrhoea and dysentery.  Scientific studies proved that it also possesses anti-67 

protozoal, anti-giardia and antiamoebic properties. According to Ayurveda the bark of H. 68 

antidysenterica has anti-diarrhoeal, constipating, astringent, antidysenteric, anthelmintic, 69 

carminative and digestive properties [69-72]. 70 

Since till date no work on the conversion of H. antidycentrica into cation exchanger and its 71 

application in the removal of toxic dyes from aqueous medium has been reported in the 72 

literature, therefore, the present research work includes the chemical modification of   H. 73 

antidycentrica into a graft copolymer by the incorporation of poly(2-hydroxyethylmethacrylate) 74 

chains onto backbone under the influence of microwave radiations and its conversion into cation-75 

exchanger through phosphorylation. The synthesized cation-exchanger was evaluated for its 76 

efficiency in removing the dye methylene blue from aqueous medium (Fig.1). 77 

 78 

2. Experimental 79 

2.1. Material and Methods 80 

The Holarrhena antidycentrica (Ha) fiber was collected from district Kangra, Himachal Pradesh, 81 

India. Ferrous ammonium sulfate (FAS), potassium persulfate (KPS), phosphorous oxychloride 82 

and methylene chloride were procured from SD Fine Chemicals. Methylene blue dye was 83 

purchased from E-Merk Chemicals.  84 

 85 

2.2. Chemical Modification of Holarrhena antidysenterica fiber 86 

50 g of powdered H. antidysenterica plant material was put in cellulosic thimble and was 87 

defatted through soxhlet extraction in 500 ml of acetone for 72 hours. The lignins and other 88 

undesired impurities were removed from the dried defatted plant material by treating with 40% 89 

sodium chlorite solution, maintaining 1:1.5 (mass : volume) for 4 h at 65
0
C. pH of the reaction 90 

medium was maintained 4.0 by slow addition of acetic acid. The delignified plant material was 91 

repeatedly washed with distilled water to ensure the removal of lignins and other soluble 92 
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impurities. The resulting plant material was treated with 5% sodium bisulphite solution and final 93 

washing was given with distilled water. The modified material was dried in hot air oven at 45
0
C 94 

to ensure the moisture content of 5-10% (Fig. 2a) [73].  95 

 96 

2.3. Graft Copolymerization of poly(2-hydroxyethyl methacrylate) chains onto chemically 97 

modified H. antidycetrica 98 

Chemically modified H. antidycentrica (MHa) material was activated by immersing 1.0 g of 99 

each sample in distilled water ranging from 6 ml to 18 ml for 24 hours. To each reaction mixture 100 

molar ratio of initiator FAS-KPS ranging from 0.3:1.0 to 0.7:1.0 was added followed by the drop 101 

wise addition of 0.41 x 10
-4

 to 2.06 x 10
-4

 mol L
-1

 of 2-hydroxyethylmethacrylate and the 102 

reaction was carried-out in microwave reactor at a temperature ranging from 50 
O
C to 90 

O
C, 15 103 

psi pressure and for a time period of 4 to 8 mins. Homo-polymer formed was removed through 104 

extraction with dimethylformamide. Graft copolymer was dried at 50
0
C till constant weight was 105 

obtained (Fig. 2b). Percentage graft yield (Pg) was calculated using Eq. 1 [74]:  106 

                                                                       107 

Percentage graft co-polymerization (Pg)    =                                                                              (1)                         108 

Where, W1 = initial wt. of sample; W2 = final wt. of sample (after removal of homopolymer). 109 

 110 

2.4. Synthesis of [MHa-g-poly(HEMA)PO4
2-

2H
+
] Ion exchanger 111 

MHa-g-poly(HEMA) graft copolymer (1.0 g) was phosphorylized (Fig. 2b) with phosphorous 112 

oxychloride (0.8 ml) in pyridine (100 ml) as reaction medium to obtain desired cation-exchanger 113 

[75]. The reaction mixture was refluxed using circulating water condenser for 2h at 115
O
C. After 114 

the reaction was completed the product was cooled to 0
O
C followed by repeated washings with 115 

distilled water, 0.1 M HCl and methanol, respectively, in order to remove the traces of pyridine. 116 

The product obtained was dried in hot air oven at 50
O
C. The product was converted to particle 117 

size ~ 125 µm and was recovered through sieving. The  ~ 125 µm particle sized material was 118 

dipped into 100 ml of 1.0 M HNO3 for 24 hours with occasional shaking and intermittently 119 

replacing the supernatant solution with fresh acid for 3 times to convert it into H
+
 form.  The 120 

product was finally washed with distilled water to remove extra acid.  121 

 122 

�����

��
  x 100 
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2.4.1. Ion exchange capacity 123 

Cation exchange capacity of MHa-g-poly(HEMA)PO4
2-

2H
+
 was determined with respect to 124 

different alkali and alkaline earth metal ions. Glass-wool was kept at bottom of the glass column 125 

with internal diameter (i.d.) ~1.5 cm and a bed length of 5.0 cm was prepared using             126 

cation-exchanger. Different alkali and alkaline earth metal chlorides were used to equilibrate   127 

5.0 g    ion-exchanger with 1.0 mol L
-1

 solution. Flow rate for solution passage was maintained at     128 

~0.5 ml min
-1

 and the collected effluent was titrated against standard 0.1 mol L
-1

 NaOH using 129 

phenolphthalein indicator [76]. 130 

 131 

2.5. Characterization  132 

Agilent Carry 630 Fourier transform infrared (FTIR) spectrometer was used to record the spectra 133 

of samples using KBr pellets. SEM-EDX studies of MHa, graft copolymer and cation-exchanger 134 

were carried out using FEI Quanta 200 microscope for morphological and elemental analysis of 135 

the samples. TGA, DTA and DTG studies were carried-out in air under the temperature range of 136 

50
O
–700

O
C at a heating rate of 10

O
C min

-1
 on TG/DTA 6300, SII EXSTAR 6000. X-ray 137 

diffraction studies of the samples were performed on X-ray diffraction instrument (Bruker D8, 138 

USA) under ambient conditions using Cu-Kα (1.5418 A
O
). The % crystallinity was calculated 139 

using Eq. 2 [77]:  140 

 141 

                                                                                                                                                       (2) 142 

 143 

where I22 and I18 are the crystalline and amorphous intensities at 2θ-scale close to 22° and 18°, 144 

respectively 145 

 146 

2.6. Swelling studies 147 

The swelling behavior of backbone (MHa), graft copolymer (MHa-g-poly(HEMA)) and cation 148 

exchanger (MHa-g-poly(HEMA)PO4
2-

2H
+
) was studied by immersing 0.5 g  of each sample in 149 

100 ml of water for 24 hours. The samples were gently wiped-out using filter paper to remove 150 

the superficial residual water and the increase in weight of samples was recorded. The 151 

percentage swelling was calculated using Eq. 3 [78-79]: 152 

                                                                                             153 

%	Swelling = 		
��.	��	�������	�������	�	��.	��	���	�������

��.	��	���	�������
   x 100                                     (3) 

    

%Cr	 =
���

�� !���
 x 100   

Page 6 of 41RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



6 

 

 154 

2.7. Dye Removal Studies 155 

Methylene blue dye was used as a model dye to carry-out adsorption studies using cation 156 

exchanger in 100 ml flask.  50 ml of methylene blue solution was maintained at a constant 157 

temperature to study the effect of contact time and dose of cation-exchanger on the initial 158 

concentration of dye. 100-600 mg cation exchanger was used to remove dye from aqua media of 159 

concentration 2, 4, 6, 8 and 10 mg L
-1

 at pH 7.0 and 25
O
C for our experimental work. The extent 160 

of dye adsorption was determined at different time intervals during adsorption process until 161 

equilibrium was attained. Number of replications for each experiment was three. UV 162 

spectrophotometer operated at λmax 664 cm
-1 

was used to measure the concentration of dye at 163 

different time intervals. The calibration curve was plotted in order to calibrate the instrument to 164 

find-out the concentration of unknown samples. Percentage of dye removal was calculated using 165 

the Eq. 4 [80]: 166 

 167 

% Dye Removal = [(Co – Ceq)/C0] x 100              (4)  168 

Where Co and Ceq are the initial and equilibrium concentration of dye in mg L
-1

.   169 

 170 

2.8 Adsorption Isotherm  171 

The Langmuir isotherm model was used to predict the adsorption of dye methylene blue on the 172 

surface of cation exchanger. This model based on the assumption that adsorbate (in liquid, 173 

methylene blue) got adsorbed in the form of monolayer on the uniform surface of adsorbent 174 

(solid phase, cation exchanger) at a constant temperature and the distribution of the adsobate 175 

(methylene blue) between two phases is controlled by equilibrium constant. Thus, at equilibrium 176 

the rate of adsorption and desorption is equal [81-82]. The value of qm and KL is calculated using 177 

Langmuir Eq. 5: 178 

                                                   179 

                                                                                                                                                       (5) 180 

 181 

where qm= the maximum capacity of adsorption (mg g
-1

) and KL = affinity constant of the 182 

binding sites (L mg
-1

); are the Langmuir isotherm constants. qe= dye adsorbed at equilibrium and 183 

Ce= dye concentration at equilibrium 184 

1

#$
 

1
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 185 

2.8.1 Separation Factor 186 

Separation factor (RL) is a characteristic of Langmuir isotherm which indicated that whether the 187 

adsorption of dye is favorable or not. If the value of RL =1 then the shape of plot is linear, but if 188 

the value of RL> 1, then the adsorption is unfavorable, whereas, if the value of RL lies between   189 

0 to 1 the adsorption is favorable, but the value of RL=0 indicated that the process is irreversible. 190 

RL is dimensionless constant and can be calculated by the Eq. 6 [83]: 191 

 192 

                                                                                                                                                       (6) 193 

 194 

3. Results and Discussion 195 

3.1. Graft copolymerization 196 

Fig. 2 exhibits the mechanism of the incorporation of poly(HEMA) onto H. antidysenterica 197 

cellulosic backbone through covalent bonding in presence of ferrous ammonium persulphate and 198 

potassium persulphate as an initiator system [84-89] . Different reaction parameters were found 199 

to affect the percentage grafting. Various reaction conditions such as reaction temperature, time, 200 

initiator concentration, monomer concentration and pH were optimized as per the reported work 201 

[90-95] to achieve maximum graft yield (422.0%). Optimum reaction conditions obtained were: 202 

reaction time, 5 min; reaction temperature, 80
0
C; initiator ratio, 0.5:1.0; solvent volume, 10 ml; 203 

pH of medium, 7.0 and HEMA, 1.23 × 10
−4

 mol L
-1

 (Fig. 3a-f). Initially with increase in reaction 204 

temperature, reaction time and pH of medium percentage grafting was found to increase upto 205 

critical limit. However, further increase resulted in decreased grafting. Initially increase in 206 

grafting percentage could be due to the fact that with increase in temperature there was 207 

generation of OH* and SO4
2-*

 which was followed by generation of active sites on the backbone. 208 

Live chains on approaching to the backbone active sites get grafted over there resulting in the 209 

formation of graft copolymers. However, further increase in temperature and reaction time 210 

beyond the optimum, resulted in predominance of homo-polymerization over graft 211 

copolymerization. In case of variation in pH of reaction medium, acidic to basic reaction 212 

conditions resulted in premature termination of graft copolymerization, thereby giving the 213 

decreased graft yield [96]. Reaction parameters like initiator molar ratio, monomer concentration 214 

and solvent volume were found to play significant role in grafting process. In the beginning the 215 

R
L
 = �

�!)
*
+
,
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percentage grafting was found to increase with increase in initiator dose till the optimum ratio 216 

(0.5:1.0) was attained. Further increase in initiator concentration resulted in decreased graft 217 

yield. This could be due to the reduction of Fe
3+

 ions to Fe
2+

, thereby resulting in termination of 218 

graft copolymerization, hence decreased graft yield [97-98]. The termination of propagating 219 

chain reaction can be explained as per the following chemical Eq.  7 [77]: 220 

 221 

 222 

 223 

 Increase in solvent volume beyond optimum value led to decrease in graft yield which was due 224 

to the fact that with increase in volume, the concentration of free radicals per unit volume 225 

decreased leading to decreased interaction between the active sites of backbone and live chains. 226 

Hence, decreased graft yield was observed. Initially graft percentage was found to increase with 227 

increase in monomer concentration. However, further increase in monomer concentration beyond 228 

optimal resulted in decreased graft yield. This could be due to the occurrence of chain transfer 229 

reactions resulting in premature termination of live chains [99]. HEMA has been found to be a 230 

potent vinyl monomer for grafting onto bio-polymers and better graft yields have been reported 231 

by various workers [100-102].  Grafting of HEMA onto H. antidysenterica has been found to 232 

give 422.0% graft yield which is quite good in comparison to grafting of HEMA onto other 233 

natural backbones. A Comparative study of the graft copolymerization of HEMA onto 234 

cellulosics vis-a-vis MHa-g-poly(HEMA) is given in Table 1. 235 

 236 

3.2. Ion-exchange capacity  237 

Ion-exchange capacities (IEC) of cation-exchanger with various alkali and alkaline earth metal 238 

ions are given in Table 2. Maximum ion-exchange capacity observed was 1.42 mmol g
-1 

for K
+
 239 

ions and 1.31 mmol g
-1

 for Na
+
 ions. Since the Ion-exchange capacity of cation exchanger 240 

depends on hydrated radii of metal ions, therefore, smaller the hydrated radii more the ion 241 

exchange capacity and the sequence observed accordingly for alkali metal ions was K
+ 

> Na
+ 

> 242 

Li
+ 

and in case of alkaline earth metal ions the sequence observed was Sr
2+

 > Ca
2+

 > Mg
2+

 [103]. 243 

Comparison of the reported results on ion-exchange capacities of different cation exchangers has 244 

shown that poly(methyl methacrylate) Zr(IV) phosphate exhibited higher IEC (2.54 mmol g
-1

)  245 
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and followed the order: nylon-6,6 Sn(IV) phosphate (1.98 mmol g
-1

) > nylon-6,6, Zr(IV) 246 

phosphate (1.90 mmol g
-1

) > acrylamide zirconium (IV) arsenate (1.63 mmol g
-1

) > acetate–tin 247 

(IV) phosphate (1.48 mmol g
-1

) > poly-o-toluidine Ce(IV) phosphate (1.07 mmol g
-1

). However, 248 

the cation exchanger reported in the present manuscript showed 1.48 mmol g
-1

 IEC which is 249 

quite comparable with that of the existing cation exchangers (Table 3) [53, 103-107]. 250 

 251 

3.3. Fourier transform-infrared (FT-IR)  252 

FTIR spectra of MHa, MHa-g-poly(HEMA) and phosphate cation-exchanger (MHa-g-253 

poly(HEMA)PO4
2-

2H
+
  are shown in Fig. 4.  A broad peak at 3330.8 cm

-1
 was observed which 254 

was due to the presence of free –OH groups in MHa. Peaks at 2910.0 cm
-1

 and 1021.9 cm
-1

 were 255 

due to C-H and C-O stretchings, respectively (Fig. 4a). The IR spectra of MHa-g-poly(HEMA) 256 

revealed that there was an increase in the intensity of peak at 1708.8 cm
-1

 which was due to 257 

grafting of poly(HEMA) chains containing –C=O functional groups, onto backbone [108]. 258 

Decrease in peak intensity at 3363.2 cm
-1 

in IR spectrum of grafted fiber was due to the 259 

involvement of free –OH groups in graft copolymerization (Fig. 4c). FTIR spectrum of cation-260 

exchanger MHa-g-poly(HEMA)PO4
2-

2H
+
  also revealed the presence of P=O group by 261 

exhibiting peak at 1151.4 cm
-1 

(Fig. 4d) [109]. Reduced intensity of peak corresponding to –OH 262 

groups in case of IR spectrum of MHa-g-poly(HEMA)PO4
2-

2H
+
 showed that the phosphorylation 263 

involved –OH groups of graft copolymer. Further it has been observed that the absorption ratio 264 

of –OH functional groups in case of backbone (MHa), graft copolymer (MHa-g-poly(HEMA)) 265 

and cation-exchanger (MHa-g-poly(HEMA)PO4
2-

2H
+  

was found to be  2.8 : 1 : 1.15, 266 

respectively, thereby confirming the grafting of poly(2-hydroxyethyl methacrylate) chains on the 267 

backbone. 268 

 269 

3.4. SEM and Energy-dispersive X-ray (EDX) Studies  270 

SEM and EDX analysis confirmed the successful graft copolymerization of HEMA onto 271 

modified plant material. The atomic percentage (Table 4) of carbon (52.97%) and oxygen 272 

(47.03%) indicated the cellulosic nature of the modified plant material (Fig 5). SEM images of 273 

MHa (Fig. 5a) revealed smooth and homogeneous morphology. The effect of graft 274 

copolymerization of HEMA onto MHa was clearly observed in SEM and EDX images of MHa-275 

g-poly(HEMA) (Fig. 5b). These images revealed the information about the increase in roughness 276 
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and discontinuity of surface. Increased percentage of carbon (57.19%) content and decrease in 277 

oxygen (42.81%) content confirms the incorporation of poly(HEMA) chains onto MHa 278 

backbone. On the other hand the SEM image of cation-exchanger showed a high degree of 279 

heterogeneity. An additional peak of phosphorus (3.21%) with respect to carbon (72.71%) and 280 

oxygen (23.86%), was observed in EDX image which indicated the presence of phosphorous in 281 

the graft copolymer and the presence of PO4
3-

 group in the cation-exchanger was confirmed (Fig. 282 

5c).  283 

   284 

3.5. X-ray diffraction 285 

XRD patterns of MHa, graft copolymer and cation-exchanger is shown in Fig. 6. MHa fiber 286 

showed peak at 21
O
C on 2θ scale (Fig. 6a). % crystallinity of MHa was found to be 47.27%. 287 

Peaks of graft copolymer (Fig. 6b) and cation-exchanger (Fig. 6c) were observed at 18
O
 and 9

O 
288 

with percentage crystallinity of 43.43% and 35.88%, respectively. XRD results showed that the 289 

crystallinity of MHa decreased after graft copolymerization and its further conversion to cation-290 

exchanger. The introduction of poly(vinyl) chains onto MHa backbone and its further 291 

phosphorylation resulted in reduced crystallinity.  Decrease in crystallinity was due to 292 

disturbance in crystal lattice of MHa by the incorporation of poly(vinyl) chains on the backbone 293 

and further functionalization with phosphorylization [77]. A  Comparative study of the effect of 294 

grafting of HEMA onto bio-polymers vis-a-vis MHa-g-poly(HEMA) and cellulosics is shown in 295 

Table 5 [110-112]. 296 

 297 

3.6. Thermal Studies 298 

Thermogravimetric analysis (TGA) of MHa fiber, graft copolymer and cation exchanger    299 

(Table 6) was carried-out as a function of percentage weight loss and temperature [113]. 300 

Dehydration, glycogen formation and depolymerization are the processes which take place 301 

during the degradation. MHa was found to exhibit two stages of decomposition. First stage was 302 

observed in the temperature range between 227.9-339.7
O
C with 58.2% of weight loss and the 303 

second stage from 339.7-495.9
O
C with 30.6% weight loss. This was due to dehydration, loss of 304 

volatile matters and depolymerization processes. Moreover, breakdown of different functional 305 

groups like –OH present on the backbone followed by the denaturing of the cyclic rings takes 306 

place during second stage decomposition.  MHa was found to show 0.287 mg min
-1

 and 0.100    307 
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mg min
-1

 rate of weight loss at 300 
O
C and 445.6 

O
C, respectively.  DTA analysis showed 308 

exothermic reactions which took place during thermal degradation at 310.4 
O
C and 445.5 

O
C 309 

with the release of 25.8 µV and 20.6 µV energy, respectively (Fig. 7a).  310 

TGA studies of graft copolymer showed one stage decomposition ranging from 205.2-428.8
O
C. 311 

Moreover, the decomposition involves the breaking down of covalent bonding between the 312 

poly(vinyl) chains and backbone whereas, the loss of functional groups like –OH and –C=O 313 

from the backbone and poly(HEMA) chains takes place during  the decomposition with 314 

evolution of H2O vapors and CO2. Similarly, DTG studies gave clear indication towards the 315 

comparatively higher rates of weight loss i. e. 0.852 mg min
-1

, 0.1479 mg min
-1

 and 0.423 mg 316 

min
-1

 at 223.3
O
C, 271.0

O
C and 423.0

O
C, respectively. These observations revealed the fact of 317 

decreased thermal stability of graft copolymer in comparison to backbone (Fig. 7b).  318 

Single stage degradation was observed in the TGA studies of phosphorylated ion-exchanger  319 

(Fig. 7c).  Degradation was observed in the temperature range of 220.8-589.9
O
C with 85.4% 320 

weight loss and the residue left was 7.7%.  However, the final decomposition temperature (FDT) 321 

was found to be higher in case of cation exchanger in comparison to graft copolymer and 322 

backbone indicating the higher thermal stability of the cation exchanger. Rate of weight loss of 323 

cation exchanger was observed to be 0.143 mg min
-1 

and 0.273 mg min
-1 

at 268.1 
O
C and   542.5 324 

O
C, respectively. Whereas, DTA showed  the exothermic reactions during thermal degradation 325 

process at 267.3 
O
C, 454.2 

O
C and 542.5 

O
C  with 17.9 µV, 24.3 µV and 38.9 µV energy loss,  326 

respectively (Table 6) [113-116]. It is evident from the results that though grafting of HEMA 327 

onto H. antidysenterica cellulosics lead to decrease in thermal stability but conversion of graft 328 

copolymer into cation-exchanger through phosphorylation resulted in higher thermal stability. 329 

Therefore, the cation-exchanger prepared can work even at higher temperature and is important 330 

from technological view point.  331 

 332 

3.7. Swelling capacity 333 

The % swelling observed was 238.4%, 126.9% and 176.7% for backbone (MHa), graft 334 

copolymer (MHa-g-poly(HEMA)) and cation exchanger (MHa-g-poly(HEMA)PO4
2-

2H
+
), 335 

respectively. The decrease in % swelling of graft copolymer can be explained on the bases of 336 

fact that the hydrophilic sites present on the surface of backbone were blocked due to grafting of 337 

poly(HEMA) chain on it. Whereas, an increase in % swelling was observed in case of cation 338 
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exchanger prepared from graft copolymer, which was due to the fact that in case of cation 339 

exchanger there was repulsion between similar charges thereby, creating more space between 340 

different chains and hence, more absorption of water [117-120]. It has been observed that though 341 

the swelling capacity of the H. antidysenterica cellulosics decreased after graft copolymerization 342 

with HEMA but the conversion of MHa-g-poly(HEMA) into cation exchanger resulted in higher 343 

swelling efficacy. Thus, the cation-exchanger was found to show higher water uptake behavior 344 

than the graft copolymer and can be of importance for toxic heavy metal ions removal through 345 

adsorption as well as cation exchange processes. 346 

  347 

3.8. Dye Adsorption Studies 348 

Cation-exchanger MHa-g-poly(HEMA)PO4
2-

2H
+
 was evaluated for the removal of methylene 349 

blue dye from aqueous solution and was found to remove 95.7% dye. Eq. 8 Adsorption action 350 

could be due to the electrostatic interactions between PO3
2-

 groups of cation exchanger MHa-g-351 

poly(HEMA)PO4
2-

2H
+
 and MB=N

+
(CH3)2 groups of MB (Fig. 8). The adsorption process could 352 

also take place through the exchange of H
+
 ions of cation exchanger with MB=N

+
(CH3)2 of MB 353 

dye. Dye adsorption mechanism is depicted in Eq. 9.  354 

Effect of pH on dye sorption can be explained on the basis of mechanism shown in Fig. 8. First 355 

step in adsorption is usually deprotonation followed by the formation of X-PO4
2-

 and 2H
+
. Eq. 9 356 

and Eq. 11 showed the adsorption of methylene blue on the surface of cation exchanger due to 357 

electrostatic interactions. As we raise the pH of reaction medium, the production of large number 358 

of X-PO4
2-

 species took place which facilitated the adsorption of MB dye on the surface of cation 359 

exchanger.  Further, MB
+
 can also get adsorbed on the cation exchanger through ion exchange 360 

process between MB
+
 and H

+
. pH higher than neutral led to facilitate the Eq. 10 and Eq. 15 but 361 

does not facilitate the Eq. 13 which leads to decrease in adsorption capacity of the cation-362 

exchanger [121]. 363 

 364 

3.8.1. Effect of initial concentration of dye 365 

The effect of Initial concentration of dye was studied as a function of time of contact with   366 

cation-exchanger (Fig. 9a). Different methylene blue solutions with initial concentration             367 

2 mg L
-1

, 4 mg L
-1

, 6 mg L
-1

, 8 mg L
-1

 and 10 mg L
-1

 were allowed to undergo cation exchange 368 

process and adsorption with fixed amount of cation exchanger (500 mg/ 50 ml of MB) till 369 
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saturation point was reached. The maximum time of contact was found to be 225 min. 370 

Percentage of dye removal is depicted in Fig 9a. Initially with increase in concentration of MB 371 

there was an increase in percentage of dye removal from 73.68% to 84.62%. This could be either 372 

due to increase in interaction of dye with adsorbent or ion exchange process. On further increase 373 

in the concentration of dye from 4 mg L
-1

 to 10 mg L
-1

 a decrease in the rate of dye removal from 374 

84.62% to 69.31% was found. This decrease in the rate of dye removal from aqueous medium 375 

was due to decrease in ion-exchange capacity of adsorbent. This can be explained on the basis of 376 

the fact that with the increase in the dye concentration active sites on adsorbent for dye removal 377 

decreases and hence decrease in dye-adsorbent interaction. Thus, at low concentration of MB i.e. 378 

from 2 mg L
-1

 to 4 mg L
-1

, the presence of dye removal was higher as compare to MB 379 

concentration with 4 mg L
-1

 to 10 mg L
-1

 [122]. 380 

 381 

3.8.2. Effect of the time on dye removal  382 

Studies on the removal of methylene blue dye from the aqueous medium using cation exchanger 383 

were carried-out as a function of contact time (Fig. 9a). It has been observed that dye removal 384 

process involved three phases. First phase showed a sharp increase in graph slope during the 385 

initial time interval upto 20 min. Afterward the rate of dye removal was found to decrease with 386 

time interval till the equilibrium was attained.  Enhanced initial rate of dye uptake was due to the 387 

presence of a large number of vacant sites on cation exchanger and dye removal was observed to 388 

occur due to adsorption through ionic interaction as well as through ion-exchange process.  Later 389 

phase of slow adsorption can be attributed to intra-particle diffusion which is a slow process. In 390 

final stage of adsorption the constant values obtained showed that the diffusion which occurred 391 

through small pores of adsorbent led to equilibrium between adsorbate and adsorbent. Moreover, 392 

final stage includes the saturation of vacant sites and thus showed a constant slope of curve. The 393 

equilibrium point was attained at 80 min, 110 min, 140 min, 180 min and 200 min in case of 394 

methylene blue dye solution with concentration of 2 mg L
-1

, 4 mg L
-1

, 6 mg L
-1

, 8 mg L
-1

 and 10 395 

mg L
-1

, respectively. However maximum dye removal (73.68% to 84.62 %) was observed at 110 396 

min time interval with 4 mg L
-1

 dye concentration [123].       397 

 398 

3.8.3. Effect of adsorbent dose 399 
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Impact of adsorbent dose on dye adsorption was studied by varying the dose from 100 mg to 600 400 

mg while keeping all other parameters constant (Fig. 9b). Initially an increase in dye adsorption 401 

(60.0%- 94.6%) was observed with increase in adsorbent dose from 100 mg/ 50 ml of MB to 500 402 

mg/ 50 ml of MB. This was due to increase in availability of active sites which enhanced the 403 

percentage adsorption of dye. Further increase in adsorbent dose resulted in decreased rate of dye 404 

removal from the aqueous medium. This decrease in the rate of adsorption is attributed to 405 

aggregation of adsorption sites with decreased vacant sites surface area available for dye 406 

adsorption and increased diffusion path length. Adsorbent dose beyond optimal and the diffusion 407 

path length are directly proportional. Hence, the increased dose beyond optimum concentration 408 

resulted in decreased adsorption of methylene blue dye along with delayed equilibrium [123].  409 

 410 

3.9 Langmuir isotherm 411 

Fig. 10 shows the linear fit graph of Langmuir isotherm for the adsorption of methylene blue on 412 

the surface of cation exchanger MHa-g-poly(HEMA)PO4
2-

2H
+
 at 25

O
C. Table 7 represents the 413 

calculated values of qm, KL and R
2
 using Langmuir isotherm. The calculated value of R

2
 from 414 

Langmuir isotherm is 0.9881 which is quite high. Moreover, if the value of R
2 

comes higher than 415 

0.89 in that case the adsorption data would follow the Langmuir isotherm. The maximum 416 

adsorption capacity (qm) of cation exchanger calculated from isotherm was found to be           417 

3.12 mg g-1 of material and the value of KL was 0.076 L mg
-1 

as shown in Table 7. Since the 418 

adsorption data followed the Langmuir isotherm which revealed the fact that the surface of 419 

cation exchanger was homogeneous and MB dye was adsorbed in the form of monolayer at the 420 

outer surface of the cation exchanger [124-128]. 421 

 422 

3.9.1 Separation Factor 423 

The value of separation factor (RL) was calculated using the value of KL which was obtained 424 

from the Langmuir isotherm. The adsorption process of methylene blue dye on the surface of 425 

cation-exchanger was favorable as the calculated value of RL = 0.767 which is less than 1 [125, 426 

129].  427 

                                                                    428 

4. Conclusion 429 
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Property profile of the chemically modified H. antidysenterica fiber was enhanced with the 430 

incorporation of poly(HEMA) chains through graft copolymerization and further its conversion 431 

to cation exchanger on phosphorylation and doping with 1.0 M HNO3. Cation exchanger 432 

synthesized was found to remove 94.6% methylene blue dye from aqueous medium. 433 

Concentration of dye solution, adsorbent-adsorbate contact period and adsorbent dose were 434 

found to have significant role in dye adsorption process. Hence, the cation exchanger prepared 435 

from natural backbone is important from technology view point for the treatment of waste water. 436 
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Figure legends 626 

Fig. 1: Structure of methylene blue 627 

 Fig. 2: Schematic representation of (a) Chemical modification of H. antidysenterica fiber 628 

(b) synthesis of graft copolymer and phosphate cation-exchanger 629 

Figs. 3a-f: Effect of (a) reaction time (b) reaction temperature (c) initiator ratio (d) solvent 630 

concentration (e) pH of medium (f) monomer concentration on graft yield 631 

Figs. 4a-c: FT-IR spectra of (a) MHa (Modified H. antidysenterica fiber) (b) MHa-g-632 

poly(HEMA) (c) MHa-g-poly(HEMA)PO4
2-

 2H
+
   633 

Figs. 5a-a1 to c-c1: SEM-EDX of (a-a1) MHa-Fiber (b-b1) MHa-g-poly(HEMA) (c-c1) MHa-634 

g-poly(HEMA)PO4
2-

2H
+
   635 

Figs. 6a-c: XRD pattern of (a) MHa-Fiber (b) MHa-g-poly(HEMA) (c) MHa-g-636 

poly(HEMA)PO4
2-

2H
+
   637 

Figs. 7a-c: TGA/DTA/DTG of (a) MHa-Fiber (b) MHa-g-poly(HEMA) (c) MHa-g-638 

poly(HEMA)PO4
2-

2H
+
   639 

Figs. 8a-b: (a) Electrostatic interaction and cation (b) exchange reaction between phosphate 640 

resin and methylene blue (c-h) effect of pH on dye adsorption 641 

Figs. 9a-b: Effect of (a) contact time and initial concentration of dye (b) dose of cation 642 

exchanger on % dye removal 643 

Fig 10: Langmuir adsorption isotherm 644 

 645 

Table legends 646 

Table 1: Comparitive study of the graft copolymerization of HEMA onto cellulosics vis-a-647 

vis  MHa-g-poly(HEMA) 648 

Table 2: Ion-exchange capacity of various exchanging ions on phosphate cation-exchanger 649 

Table 3: Comparison between the ion-exchange capacity of various cation exchangers to 650 

MHa-g-poly(HEMA)PO4
2-

2H
+ 

cation exchanger 651 

Table 4: Comparison between the atomic percentage of MHa, MHa-g-poly(HEMA) and 652 

MHa-g-poly(HEMA)PO4
2-

2H
+ 

653 
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Table 5: Comparative study of the effect of grafting of HEMA onto bio-polymers on          654 

% crystallinity vis-a-vis MHa-g-poly(HEMA) and cellulosics  655 

Table 6: Thermal studies of MHa, MHa-g-poly(HEMA) and MHa-g-poly(HEMA)PO4
2-

2H
+
  656 

Table 7: Parameters of Langmuir isotherm 657 
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Table 1: Comparitive study of the graft copolymerization of HEMA onto cellulosics vis-a-766 

vis  MHa-g-poly(HEMA) 767 

 768 

Sr. No. Graft Copolymer %Grafting References 

1. CMCH-g-HEMA 201.2 [100] 

2 CMC-g-HEMA 397.0 [101] 

3 CMCs-g-HEMA 857.0 [102] 

4. MHa-g-poly(HEMA) 422.0 [Present study] 
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Table 2: Ion-exchange capacity of various exchanging ions on phosphate cation-exchanger  792 

 793 

Exchanging 

Ions 

pH 

 

Ionic Radii  

(A
0
) [53] 

Hydrated Ionic 

Radii(A
0
) [53] 

Ion-Exchange Capacity 

(m mol g
-1

) 

Li
+
 6.70 0.68 3.40 0.97 

Na
+
 6.70 0.97 2.76 1.31 

K
+
 6.80 1.33 2.32 1.42 

Mg
2+

 6.50 0.78 7.00 1.37 

Ca
2+

 6.50 1.06 6.30 0.91 

Sr
2+

 6.30 1.27 -- 0.86 

                                                794 
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Table 3: Comparison between the ion-exchange capacity of various cation exchangers      808 

vis-a-vis MHa-g-poly(HEMA)PO4
2-

2H
+ 

cation exchanger 809 

  810 

Sr. No. Cation exchanger IEC (mmol g
-1

) References 

1. Nylon-6,6, Zr(IV) phosphate 1.90 [53] 

2 Poly(methyl methacrylate) Zr(IV) phosphate 2.54 [103] 

3 Acrylamide zirconium (IV) arsenate 1.63 [104] 

4 Poly-o-toluidine Ce(IV) phosphate 1.07 [105] 

5. Acetate–tin (IV) phosphate 1.48 [106] 

6. 

7. 

Nylon-6,6 Sn(IV) Phosphate 

MHa-g-poly(HEMA)PO4
2-

2H
+
 

1.98 

1.42 

[107] 

Present study 
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Table 4: Comparison between the atomic percentage of MHa, MHa-g-poly(HEMA) and 830 

MHa-g-poly(HEMA)PO4
2-

2H
+ 

831 

 832 

Sr. No.  Sample name Carbon (%) Oxygen (%)  Phosphorous (%) 

1 MHa 52.97 47.03 Nil 

2 MHa-g-poly(HEMA) 57.19 42.81 Nil 

3 MHa-g-poly(HEMA)PO4
2-

2H
+
 72.71 23.86 3.21 

 833 

 834 

 835 

 836 

 837 

 838 

 839 

 840 

 841 

 842 

 843 

 844 

 845 

 846 

 847 

 848 

 849 

 850 

 851 

 852 

 853 

 854 

 855 

Page 38 of 41RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



38 

 

Table 5: Comparative study of the effect of grafting of HEMA onto bio-polymers on          856 

% crystallinity vis-a-vis MHa-g-poly(HEMA) and cellulosics 857 

 858 

Sr. No. Bio-polymer %Cr References 

1. Cellulose 51-64% [110] 

2 Cellulose 56-78 % [111] 

4 HaC-g-poly(HEMA) 35.04 % [112] 

5 Cellulose 47.27% Present study 

6. MHa-g-poly(HEMA) 43.43% Present study 

Where, %Cr = percentage crystallinity  859 
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Table 6: Thermal studies of MHa, graft copolymer and cation exchanger 880 

  881 

Sample Code TGA DTA DTG 

IDT 

(
O

C) 

FDT 

(
O

C) 

Residue 

left (%) 

Exothermic 

peak at 
O

C 

(µV) 

 

Rate of wt. 

loss in 

mg min
-1 

(
O

C) 

MHa Fiber 227.9 495.9 - 310.4 (25.8 ) 

445.6 (20.6) 

0.287 (300.4) 

0.100 (445.6) 

MHa-g-

poly(HEMA) 

205.2 428.8 - 271.0 (11.2) 

422.3 (10.6) 

85.2 (223.3) 

35.6 (423.0) 

 

MHa-g-

poly(HEMA)PO4
2-

2H
+
 

220.8 589.9 7.7 267.3 (17.9) 

542.5 (38.9) 

0.143 (268.1) 

0.273 (542.5) 
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Table 7: Parameters of Langmuir isotherm  893 

 894 

Sample name                              Calculated values    

qm 

(mg g
-1

) 

KL 

(L mg
-1

 ) 

R
2
 RL 

MHa-g-poly(HEMA)PO4
2-

2H
+
 3.12 0.076 0.9881 0.767 
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