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I
n the present study, psyllium mucilage which is obtained from Plantago ovata has

been modified through graft copolymerization and network formation using acrylic

acid (AA) as the monomer, potassium persulphate (KPS) as an initiator, and hexa-

methylene tetramine (HMTA) as a cross-linker. Initially, various reaction parameters

such as initiator concentration, amount of solvent, reaction time, reaction temperature,

pH, monomer concentration, and cross-linker concentration were optimized. The opti-

mized cross-linked [Psy-g-poly(AA)] hydrogel was then investigated for its efficiency in

removing water from petrol/water, diesel/water, kerosene/water and petroleum

ether/water emulsions. The study was carried-out at various time, temperature, pH,

and NaCl concentration of the swelling media. The cross-linked Psy-g-poly(AA) hydro-

gel has been found to act as a smart polymer. It has been found that the functional-

ized polymer can absorb water up to 6710% and it is effective in selective removal of

water from different oil/water emulsions. The polymer has a high swelling affinity in

aqueous medium, though it fails to swell in ethanol, acetone, iso-propanol, petrol,

diesel, kerosene, and petroleum ether. Moreover, the polymer is pH-sensitive and can

act as a suitable candidate for colon-specific drug delivery systems. 
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Natural polysaccharides based

polymeric materials are attracting

attention of scientists owing to their

biodegradability and cost effective-

ness. Various polysaccharides such

as cellulose [1], starch [2], chitosan

[3], guar-gum [4], and psyllium [5]

have been modified for their use in

metal ion-sorption [6], drug-deliv-

ery [7], and water absorption stud-

ies [8]. Moreover, these polymeric

materials have been extensively

used in agricultural [9] and mem-

brane technology [10]. These stud-

ies have shown that these natural

polymers are very efficient and of

great significance in water treat-

ment processes [11-13]. Psyllium is

a medicinal plant being used against

various diseases like constipation,

 



diarrhoea, diabetes, high cholesterol, and ulcerative

colitis. Psyllium forms mucilage in water which is com-

posed of arabinoxylan having straight xylose chain with

arabinose branches at 2 or 3 positions [14]. Not much

work has been done previously on this polysaccharide.

It has only been modified earlier for use in flocculation

[15-18].

Oil industries usually face great difficulty during

the extraction of petroleum from the earth crust

because of formation of stable oil/water emulsions.

Removal of water from such emulsions during refining

process is one of the major challenges in oil industry.

To encounter this problem some attentions have been

focused on the use of polymeric materials which can

specifically remove water from such oil/water emul-

sions. The mucilage forming capacity by absorbing

water has tempted us to take psyllium as our backbone

polysaccharide onto which acrylic acid has been graft-

ed in presence of KPS-HMTA as an initiator-cross-

linking system. Optimization of various reaction

parameters such as initiator concentration, amount of

water, reaction time, reaction temperature, pH, and

monomer and cross-linker concentrations was carried

out initially and the optimized polymer formed was

then used for removal of water from different oil/water

emulsions.

EXPERIMENTAL

Materials and Methods

Psyllium (Sidhpur Sat-Isabgol Factory, India), acrylic

acid (Merck-Schuchardt, Germany), potassium per-

sulphate (S.D. Fine, India) and hexamethylene

tetramine (LOBA Chemie Pvt. Ltd., India) were used

as received. Pellets of the samples with KBr for FTIR

studies were prepared by hydraulic press and the spec-

tra were recorded using a Perkin Elmer spectropho-

tometer, and weighing was done by an electronic bal-

ance (LIBROR AEG-220, Shimadzu). SEMs of the

samples were taken on Jeol Steroscan 150 micro-

scope. In this test the gels were gold plated so to have

a conducting impact. Scanning was synchronized with

microscopic beam in order to maintain the small size

over large distance relative to the specimen. The

resulting images had a great depth of the field. A

remarkable three-dimensional appearance with high

resolution was obtained. TGA/DTA studies were car-

ried-out on Leinesis thermal analyzer in air at a heat-

ing rate of 10ºC/min with 6.0 mg of the dried sample. 

Synthesis of Cross-linked Psy-g-poly(acrylic acid)

Acrylic acid was grafted onto psyllium backbone via

free radical mechanism using KPS as an initiator.

Various reaction parameters such as initiator concentra-

tion, amount of solvent, reaction time, reaction temper-

ature, and pH were optimized with respect to the graft-

ing percentage (Pg) which was calculated using a well

documented equation [19]:

Wf - Wb
Pg = ——————————— × 100

Wb

where,  Wf and Wb are  the weights of the functional-

ized polymer and the backbone polymer, respectively.

The optimized Psy-g-poly(AA) was used for the net-

work formation using hexamethylene tetramine as the

cross-linker. The networks were further optimized for

their monomer and cross-linker concentrations with

respect to swelling percentage [20]. The optimized

cross-linked Psy-g-poly(AA) was then used for further

studies.

Water Uptake Studies in Oil/Water Emulsion

Water uptake studies have been carried-out by immers-

ing 100 mg of the polymer in 1:1 ratio (80 mL) of

petrol/water, diesel/water, kerosene/water, and petrole-

um ether/water emulsions at different time intervals (04,

08, 12, 16, and 24 h) at different temperatures ( 25, 30,

35, 40, 45, and 50ºC). Also, pH (4.0, 7.0, and 9.0) and

NaCl concentrations (1, 5, 10, and 15 wt%) were varied

at the optimized time and temperature conditions.

Tween-20 (10% of total solution) was used as an emul-

sifier. Different samples of hydrogels were taken-out

from different solutions after 24 h and weighed.

Swelling percentage (Ps) was calculated as per the meth-

ods reported earlier [21]:

Ws - Wd
Ps = ————————— × 100

Wd

where, Ws and Wd are the weights of swollen polymer

and dry polymer, respectively.
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RESULTS AND DISCUSSION

Cross-linked Psy-g-poly(AA) was formed through free-

radical polymerization mechanism. The –OH groups

present in the backbone polymer are the active sites for

the formation of Psy-g-poly(AA) and takes place

through the following mechanism as described in

Scheme I. Since the psyllium is an anionic polysaccha-

ride [22] the cross-linking of the tetrafunctional HMTA

takes place through secondary bonding forces with the

backbone as well as through multiarmed cross-linking

of HMTA with psyllium [23].

Optimization of Different Reaction Parameters 

Swelling percentage (Ps) has been found to increase

with the increase in initiator concentration up to

1.849×10-2 mol.L-1 (125%) while further increase in the

initiator concentration has led to decreased Pg. This has

been attributed to the fact that with the increase in the

initiator concentration there is an increase in the forma-

tion of free radical sites on the backbone as well as on

the monomer, resulting in the increase of Pg. Though,

after reaching optimum most of the active sites are inac-

tivated and the further increase in initiator concentration

would result in side-chain reactions and ultimately chain

terminations take place (Figure 1).

It is evident from Figure 2 that maximum Pg

(125%) is obtained with 25 mL of solvent, beyond

which it decreases. This can be explained on the basis

that with increase in reaction solvent, there is a
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Scheme I. Mechanism of the graft copolymerization reactions.

Initiation

¯ O3S-O-O-SO3¯ 2 SO4¯  *

SO4¯  * + H2O                                                          HSO4
- + *OH                               

Psy-OH + SO4¯  * Psy-O* + HSO4¯

Psy-OH + *OH                                                        Psy-O* + H2O                               

M + *OH                                                                *M-OH                                          

M + SO4¯  * *M-SO4¯

Propagation

Psy-OH + *M-OH                                                    Psy-O-M* + H2O                           

Psy-O-M* +nM                                                        Psy-O-(M)n-M*

Psy-O* + nM                                                           Psy-O-(M)n-1M*

*M-OH + nM                                                           HO-(M)n-M*

Termination

Psy-O-(M)n-M* +  M*-(M)n-O-Psy                              Psy-O-(M)n-M2-(M)n-O-Psy            
(Graft copolymer)

Psy-O-(M)n-1M* + M* -(M)n-1-O-Psy                           Psy-O-(M)n-1-M2-(M)n-1-O-Psy 
(Graft copolymer)

Psy-O-(M)n-M* + *OH                                              Psy-O-(M)n+1 –OH                        

HO-(M)n-M
* + *M-(M)n-OH                                       HO-(M)n-M2-(M)n-OH                

(Homopolymer)

M* = monomer free radical       Psy-O*= Backbone free radical

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)



decrease in the concentration of SO4
-* ions (eqn 2 in

Scheme I) which results in the reduction of Psy-O*

radicals (eqn 3 in Scheme I) and hence a decrease in

the graft yield.

It has been observed that Pg increases with the

increase in reaction time and temperature and maximum

of Pg (125%) has been found at 120 min and 65ºC

(Figures 3-4). This can be explained on the basis of

increasing reaction time during which more and more

sites become involved on the backbone and monomer

and then when optimum conditions is reached, the rate

of generation of new free radicals decreases. Moreover,

at higher temperature, the kinetic energy of the mole-

cules is very high resulting in rapid and increased colli-
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Figure 1. Effect of initiator concentration on the grafting per-

centage (Pg). Psyllium=1 g, [AA]= 0.725 mol.L-1, reaction

time = 120 min, and reaction temperature = 65ºC.

Figure 2. Effect of the amount of solvent on the grafting per-

centage (Pg). Psyllium=1 g, [AA]= 0.725 mol.L-1, reaction

time =120 min, reaction temperature = 65ºC, and [KPS]=

0.01849 mol.L-1.

Figure 3. Effect of reaction time on the grafting percentage

(Pg). Psyllium =1 g, [AA]= 0.725 mol.L-1,reaction temperature

= 65ºC, and [KPS]= 0.01849 mol.L-1.

Figure 4. Effect of temperature on the grafting percentage

(Pg). Psyllium =1 g, [AA]= 0.725 mol.L-1, reaction time = 120

min, and [KPS]= 0.01849 mol.L-1.



sions of free radicals which leads to termination reaction

and hence low Pg.

It has been found that 7.0 is the optimum pH for the

preparation of Psy-g-poly (AA) with maximum Pg.

Further increase in pH resulted in the reduction of graft

yield (Figure 5). This was due to the increase in OH*

concentration which assisted chain termination (eqn 13

in scheme I). Swelling percentage (Ps) of the polymers

formed with varied monomer concentrations was found

to vary inversely with that of the monomer concentra-

tion with a maximum at 5.8×10-1mol.L-1 (3244 %),

which was due to the fact that by increasing AA concen-

tration the amount of hydrophilic polymer in grafted

polymer increases, though by further increase of AA

concentration the total monomer concentration also

increases. 

As a result, the cross-linking efficiency increases

which results in the decrease of the swelling capacity of

the network (Figure 6). Cross-linker concentration also

has a significant effect on the swelling percentage (Ps).

It was observed that Ps decreases with increasing the

cross-linker concentration and maximum Ps (3200%)

was observed at 2.853×10-2 mol.L-1. The increasing

cross-linker concentration resulted in an increase of

cross-linking density in the polymer and hence lesser

accessibility of the solvent towards the matrix, thereby

resulting in decreased of Ps (Figure 7). 

FTIR Spectroscopy

The IR spectrum of psyllium showed broad peaks at

3780.9 cm-1 (O-H stretching bonded absorption of carbo-

hydrates), 3427.6 cm-1 (-OH stretching of polymers),

2925.8 cm-1 (CH2 asymmetric stretching), 1378.8 cm-1

(CH and CH2 in-plane bending), 1039.5 cm-1 (C-O
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Figure 5. Effect of pH on the grafting percentage (Pg).

Psyllium =1 g, [AA]= 0.725 mol.L-1, reaction time =120 min,

reaction temperature = 65ºC, and [KPS]= 0.01849 mol.L-1.

Figure 6. Effect of AA concentration on the swelling percent-

age (Ps). Psyllium =1 g, reaction time =120 min, [HMTA]=

0.01426 mol.L-1, reaction temperature = 65ºC, and [KPS]=

0.01849 mol.L-1.

Figure 7. Effect of cross-linker concentration on the  swelling

percentage (Ps). Psyllium =1 g, [AA]= 0.5800 mol.L-1, reaction

time = 120 min, reaction temperature = 65ºC, and [KPS]=

0.01849 mol.L-1.



stretching region as complex bands, resulting from C-O

and C-O-C stretching vibrations), and 897 cm-1 and 533

cm-1 (pyranose rings). On the other hand cross-linked Psy-

g-poly(AA) showed peaks at 2857.1 cm-1 (O-H stretching

of carboxylic acid), 2361.8 cm-1 (N-H stretching), 1737.9

cm-1 (C=O stretching in carboxylic acid), 1636.4 cm-1

(strong C…O asymmetric stretching vibration) and

1400 cm-1 (weak C…O asymmetric stretching vibration)

besides the peaks  had been obtained from psyllium.

Scanning Electron Microscopic Studies of Gels

Scanning electron microscopy was conducted to distin-

guish the morphological changes brought about by graft

copolymerization reactions onto the candidate backbone

polymer, i.e., psyllium. Figures 8 [24] and 9 clearly

reveal the marked differences in both, the backbone and

the functionalized polymers. Psyllium showed a smooth

homogeneous structure (Figure 8) while cross-linked

Psy-g-poly(AA) showed a net/work structure with cross-
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Figure 8. The SEM of psyllium. Figure 9. The SEM of cross-linked Psy-g-poly(AA).

Figure 10. The TGA/DTA of psyllium.

EHT= 15.00 kV          WD= 25 mm            Mag= 1.00 K X 

10 µm 



links in the form of overlapped fibrils (Figure 9).

Thermal Behaviour of Gels

Thermo-gravimetric analysis of both psyllium and cross-

linked Psy-g-poly(AA) were carried-out as a function of

percent weight loss versus temperature. It has been

found that in the case of psyllium, initial decomposition

temperature (229.3ºC) is higher than that of the cross-

linked Psy-g-poly(AA) (172.2ºC). This appears due to

the initial disturbance in the crystalline lattice of the

backbone during the graft copolymerization. However,

the final decomposition temperature of cross-linked Psy-

g-poly(AA) has been found to be higher (620.5ºC) than

that of psyllium (601.9ºC). This shows that by cross-

linking of psyllium with AA-HMTA, it becomes ther-

mally more stable. 

In both cases two-stage decomposition has been

observed (Figures 10 and 11). The results are further

supported with DTA studies. In the case of psyllium, one

endothermic peak at 67.1ºC (-2.3 µV) and two exother-

mic peaks at 298.9ºC (12.7 µV) and 487.9ºC (16.0 µV)

have been observed. Whereas, in the case of cross-linked

Psy-g-poly(AA), one endothermic peak at 138.7ºC (-3.1

µV) and one exothermic peak at 534.3ºC (22.4 µV) have

been found. It shows that exothermic combustion of

cross-linked Psy-g-poly (AA) persists at higher temper-

ature compared to that of psyllium. 

Water Absorption Studies in Oil/Water Emulsions

Effect of Time
Water absorption studies were carried-out at different

time intervals (04, 08, 12, 16, and 24 h). Swelling per-

centage (Ps) increased with increase in time but the rate

of swelling started decreasing after 12 h and attained a

constant value at 24 h. The reason behind these observa-

tions is that the porous network of the gel becomes sat-

urated and afterwards the absorption is almost ceased

(Figure 12).

Effect of Temperature 
Temperature of the absorption media was varied from

25 to 50ºC (Figure 13). Temperature variations

showed a marked effect on water absorption and it

was found that it increased with increase in tempera-

ture upto 45ºC. But further increase in temperature

resulted in the decrease of the removal of water from

different oil/water emulsions. This can be explained

by the fact that at elevated temperature the polymer
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Figure 11. The TGA/DTA of the cross-linked Psy-g-poly(AA).



starts collapsing due to the increase in the stretching

and higher kinetic energies of the coming solvent

molecules.

Effect of pH
Water absorption of the polymer was also investigated at

different media (0.5N NaOH, distilled water, and 0.5N

HCl). It was found that the polymer disintegrated in alka-

line medium while it showed lesser absorption in acidic

medium (Figure 14). 

Effect of NaCl Concentration
NaCl concentrations of different oil/water emulsions

were varied from 1% to 15% and it has been found that

Ps of the gel shows a gradual decrease with increase in
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Figure 12. Effect of time on the swelling percentage of the

cross-linked Psy-g-poly(AA) in different oil/water emulsions.

Figure 13. Effect of temperature on the swelling percentage

(Ps) of the cross-linked Psy-g-poly(AA) in different oil/water

emulsions.

Figure 14. Effect of pH on the swelling percentage (Ps) of the

cross-linked Psy-g-poly(AA) in different oil/water emulsion.

Figure 15. Effect of NaCl concentration on the swelling

percentage (Ps) of the cross-linked Psy-g-poly(AA) in different

oil/water emulsions.



NaCl concentration (Figure 15). This is due to the

increase in the osmotic pressure of the external solution. 

CONCLUSION

Modification of psyllium via graft copolymerization and

network formation with acrylic acid (AA) improves the

property profile and usability of the polymer in various

technical fields. This polymer has shown specific water

absorption in all different oil/water emulsions as it failed

to swell in ethanol, acetone, iso-propanol, petrol, diesel,

kerosene, and petroleum ether which makes it suitable

for oil-industry. The polymer behaves as a smart poly-

mer as it shows temperature and pH dependent absorp-

tions. These functionalized polymers are, thus, impor-

tant from technological view point.
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