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ABSTRACT: A sequence of semi-interpenetrating polymer network (semi-IPN) were synthesized by free radical photo copolymerizing

acrylic acid and isopropyl acrylamide (NIPAAm) in aqueous sodium alginate (NaAlg). Their structures (FT-IR), thermal stability

(TG/DTG), morphology (SEM), mechanical properties, reactive blue 4 (RB 4) dye adsorption (624 mg/g) and its dying characteris-

tics, reusability of dye and adsorbent were evaluated. TG thermograms of semi-IPN in air revealed zero order kinetics for initial step

thermal degradation with an activation energy of 68.68 kJ/mol. Dye adsorption showed best fit for Langmuir adsorption isotherm

and the kinetics followed pseudo-second-order model. The water and dye diffusion kinetics followed non-Fickian mechanism. The

changes in thermodynamic parameters namely Gibbs free energy (DG�), entropy (DS�) and enthalpy (DH�) indicated that the adsorp-

tion was spontaneous and exothermic process for RB 4/semi-IPN system. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40968.
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INTRODUCTION

The increased population and industrialization caused water

and soil pollution by the discharged effluents from garbage and

industries such as dying, paper, plastic, leather, food, mineral

processing1 and so forth. without proper treatment leading to

various health hazards both to mankind and other living beings.

Among them textile dye effluents contributes a lot by discharg-

ing huge quantity of unabsorbed residual dyes which are having

low biochemical oxygen demand and high chemical oxygen

demand2 values. Many synthetic organic dyes from effluent are

highly toxic and endanger the aquatic life3 and the environ-

ment.3 The presence of such reactive dyes in water bodies may

be mutagenic and carcinogenic4 and can cause severe damage to

the liver, digestive and the central nervous system2 of human

beings and affect agricultural cultivation2 and underground

water quality.2 Hence, it is necessity to remove colored material

from the effluent before being discharged into land and water

using any one of the following physico-chemical or biological

methods. Among them the adsorption technology which

employs activated carbon,2 natural clays,5 modified clays,6 fly

ash,7 and so forth. as adsorbents is generally considered to be a

cost effective method to bring down the concentration of unab-

sorbed dyes in dye effluent.8 In recent years IPN and semi-

interpenetrating polymer network (semi-IPN) are progressively

being used to remove the colors, toxic substances, heavy metals

and other pollutants from effluent9,10 through adsorption mech-

anism.11 They comprise minimum of two polymers exhibiting

different characteristics and it is prepared by generating a poly-

mer in the presence of another preformed linear polymer.9–11

IPN and semi-IPN can produce synergistic effect by sharing the

properties of both the polymers consequently avoiding the limi-

tations of natural as well as synthetic polymers.12 They exhibit

high equilibrium swelling (ES) in water or aqueous solutions

when the preformed macromolecules used to have high hydro-

philicity and flexibility. The high hydrophilicity may be achieved

by choosing the pre polymer with polyelectrolytic nature or by

choosing a linear polymer having the functional groups such as

carboxylic acid, amine, hydroxyl, amide, and sulfonic acid

groups in the polymer chain.13 Because of these properties, they

are finding widespread applications14,15 in bioengineering, bio-

medicine, agriculture, food industry, water purification, separa-

tion process, effluent treatment, and so forth.

In the present investigation, NaAlg was used as preformed mac-

romolecule for synthesizing semi-IPN. The primary choice of

NaAlg is due to the attractive combination of availability, price,

and its performance16 in effluent treatment. NaAlg, a natural

ionic hydrophilic linear polysaccharide containing b-D-mannu-

ronic acid and a-L-guluronic acid (Scheme 1) with AOH and

ACOO2 groups are commonly used in the synthesis of hydro-

gels for different applications with improved mechanical
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properties.14 The sugar residues in NaAlg can either be arranged in

blocks or they can be randomly distributed.17 Moreover, NaAlg-

based semi-IPN was shown to be an excellent adsorbent for the

removal of colored materials and toxic heavy metal ions from

industrial effluent.16–19 Hence, semi-IPN is viewed as one of the

potential adsorbent for recycling of colored materials.11,18 The pres-

ent investigation involves the synthesis and evaluation of potential

adsorbent to recycle reactive dye from the textile dye effluent.

EXPERIMENTAL

Materials

Acrylic acid (AA) (Himedia, Mumbai), ammonium persulphate

(APS) (NICE, Cochin) was used after purification by vacuum

distillation (700 mmHg) and recrystallization with double dis-

tilled water respectively. Potassium hydroxide (KOH), NaAlg,

trimethylolpropane triacrylate (TMPTA) (Himedia Mumbai),

NIPAAm (Aldrich), acetone, methanol, isopropanol (Rankem,

New Delhi), sodium chloride (NaCl), sodium carbonate

(Na2CO3) (Merck), reactive blue 4 (RB 4) (Sigma-Aldrich,

molecular weight 5 637.43, color index no 5 6,1205, kmax 5

595 nm) were used as received, and the chemical structure of

RB 4 is shown in Figure 1(a).

Photo Synthesis of Semi-IPN

For the photo synthesis of semi-IPN using AA, KA (potassium

acrylate), NIPAAm with TMPTA were taken in a quartz tube

containing NaAlg aqueous solution (0.25–1.5 g, Table I) using

APS (0, 3, 6, 9, and 12 3 1023 M) initiator with the polymer-

ization volume of 40 mL. The solution was nitrogen purged for

20 min to remove the dissolved oxygen. Then, the homogenous

mixture was irradiated with UV light (254 nm) for the dura-

tions of 0, 2, 4, 6, 8, and 10 h by keeping the distance between

the lamp and solution surface in the tube as 15 cm. During

irradiation, monomers and crosslinker was photo polymerized

in the presence of preformed macromolecules.11,13 After the

polymerization, the obtained semi-IPN was recovered by repeat-

edly washing with ice cold methanol immediately to remove

unreacted monomers. The semi-IPN thus obtained were cut

into small pieces and dried to constant weight at 50�C under

vacuum. The dry polymer was powdered and further purified

by Soxhlet extraction using acetone–methanol (1 : 1, v/v) at

50�C for 3–4 days, powdered, sieved (mesh size 100 and 150

lm) and stored after vacuum drying.

Chemical Characterization of Photo Synthesized Semi-IPN

FT-IR spectra of NaAlg, semi-IPN, virgin and recovered RB 4

were recorded in KBr pellet for the spectral range 400–4000

cm21 using Shimadzu FT-IR–8400S by accumulating 48 scans

at a resolution of 2 cm21. Thermal degradation studies were

performed on TGA Q 500 V20.10 Build 36 with a sample size

of 1–3 mg under air at a heating rate of 10�C min21 for the

temperatures ranging from ambient to 800�C. The concentra-

tion of RB 4 in the synthetic dye effluent was spectrophotomet-

rically estimated by measuring the absorbance at 573 nm using

Scheme 1. Photo synthesis mechanism for formation of semi-IPN. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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UV–visible absorption spectrometer (Perkin Elmer Lambda 35).

The virgin and recovered RB 4 dye concentration in the dyed

cotton fabrics was spectrophotometrically estimated by meas-

uring the absorbance at 602 nm using Gretag Macbeth spectro-

photometer. SEM (Scanning electron microscopy) micrographs

of semi-IPN, SAP and RB 4 adsorbed semi-IPN 21 at different

magnifications were recorded using ZEISS EVO Series SEM

model EVO 50. The equilibrium swelled and lyophilized semi-

IPN, SAP and powdered SAP samples were used for recording

SEM micrographs.

Swelling Measurement

The degree of swelling of semi-IPN was measured using a tea

bag as discussed elsewhere20 in double distilled water by taking

0.1 g of sieved sample in 200 mL of distilled water at 30�C
under ES conditions (4 h). The swelling profiles were con-

structed by plotting the water-absorbed during various time

intervals at 30�C against time. The ES was calculated by taking

an average of three absorption measurements using the eq. (1)

ES 5
Ws2Wd

Wd

(1)

where Ws and Wd are the weights of the swollen gel and the dry

sample respectively.

Measurement of Mechanical Properties

The mechanical properties of the water swollen semi-IPN 21

and SAP were measured at room temperature in terms of elastic

modules and ultimate tensile strain using tensile-compressive

Figure 1. Chemical structure of RB 4 (a), FT-IR spectra of SAP (b), NaAlg (b), Semi-IPN 21 (b), Semi-IPN 25 (b), virgin (c) and recovered (c) RB 4

dye. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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tester (Tensilon RTC-1310A, Orientec Co.).19,21 Figure 2 has

showed the physical appearance of semi-IPN 21 under compres-

sion. The compressive test of semi-IPN and SAP were per-

formed using cylindrical gel samples of 10-mm diameter and 5-

mm thickness and these samples were set on the lower plate

separately and compressed by the upper plate, which was con-

nected to a known loaded cell with a strain rate of 10% min21

till the onset of damage. The corresponding ultimate compres-

sive strain and moduli values were also measured for semi-IPN

21 and SAP. The strain under compression is defined as the

change in the thickness relative to the thickness of the speci-

men. For the tensile tests of semi-IPN 21 and SAP, samples

were cut into dumbbell shapes and stretched parallel to the

sample axis using a clamp attachment at a strain rate of 10%

min21. Strain rates were referenced to the initial thickness of

length of specimen. Failure points of compressive and tensile

tests were determined from the peak of the stress–strain curve.

Dying Using Virgin and Recovered RB 4

The dyebath (2%) for dying process was prepared using cold

brand RB 4 dye and keeping material: liquor ratio as 1 : 20.

Then, 5 g of well scoured, bleached, and wetted cotton fabric

was dipped in the dyebath for 10 min. The dye exhausting agent

(NaCl, 3.5 g) was added in two installments and the dyebath

was set aside for another 20 min, and subsequently 20 mL dye

fixing agent (Na2CO3, 0.45 g) was added22,23 to the dyebath and

allowed for dye fixation for another 60 min. The cold and hot

water rinsing followed by detergent washing removed the

unfixed dye from the fabric21,22 and these fabric washings with

water were added into the dye bath solution. The visible

absorbance for dyed and air dried fabric were recorded. The

unfixed dye in dyebath after dying was recovered by passing

through semi-IPN 21 in a column followed by elution using

isopropanol eluent, and the dye was recovered through by dis-

tilling out of isopropanol. The adsorption–desorption of RB 4

was performed over five times for the same adsorbent to deter-

mine the frequency of reusability of semi-IPN 21 in effluent

treatment. After each cycles of adsorption–desorption, semi-IPN

21 was washed with distilled water thrice and then dried in an

air oven at 60�C for reuse. The amount of total residue along

with RB 4 in the solution was quantified after evaporation.

Then, the recovered residue was dissolved in 100 mL double

Table I. Composition of Semi-IPN Samples and Their Equilibrium Dye and Water Uptake Capacity

IPN sample code
S/A
Mole ratioa

NIPAAm
(M)

TMPTA
(M)

Weight of
NaAlg (g)

Dye adsorption in
column mode (mg g21)

Water uptake
(g g21)

semi-IPN 1 0 0.05 0.05 0.5 228.56 319.77

semi-IPN 2 0.0316 0.05 0.05 0.5 236.61 325.72

semi-IPN 3 0.0562 0.05 0.05 0.5 270.45 342.26

semi-IPN 4 0.5723 0.05 0.05 0.5 295.34 378.26

semi-IPN 5 6.3095 0.05 0.05 0.5 258.43 290.38

semi-IPN 6 28.1838 0.05 0.05 0.5 211.33 281.67

semi-IPN 7 446.684 0.05 0.05 0.5 191.12 279.77

semi-IPN 8 0.5723 0.05 0.0025 0.5 320.45 798.98

semi-IPN 9 0.5723 0.05 0.005 0.5 395.56 843.78

semi-IPN 10 0.5723 0.05 0.0375 0.5 356.76 675.98

semi-IPN 11 0.5723 0.05 0.0625 0.5 345.24 503.45

semi-IPN 12 0.5723 0.05 0.075 0.5 328.15 489.76

semi-IPN 13 0.5723 0.05 0.0875 0.5 301.91 508.67

semi-IPN 14 0.5723 0.0125 0.005 0.5 456.87 678.46

semi-IPN 15 0.5723 0.025 0.005 0.5 461.34 728.34

semi-IPN 16 0.5723 0.0375 0.005 0.5 472.87 783.81

semi-IPN 17 0.5723 0.0625 0.005 0.5 485.78 968.54

semi-IPN 18 0.5723 0.075 0.005 0.5 480.62 756.52

semi-IPN 19 0.5723 0.0875 0.005 0.5 473.76 412.97

semi-IPN 20 0.5723 0.0625 0.005 0.25 530.97 1012.47

semi-IPN 21 0.5723 0.0625 0.005 0.75 624.05 993.26

semi-IPN 22 0.5723 0.0625 0.005 1 577.73 734.98

semi-IPN 23 0.5723 0.0625 0.005 1.25 521.56 645.23

semi-IPN 24 0.5723 0.0625 0.005 1.5 510.97 623.42

semi-IPN 25b 0.5723 0.0625 0.005 0.75 391.42 467.56

SAP 0.5723 0.0625 0.005 0 387.43 1130.21

a S/A ratio: (Potassium acrylate/AA) constant amounts of AA (1.27 M) and APS(0.009 M) were taken in all the experiments for a polymerization volume of 40 mL.
b Photo polymerized without APS.
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distilled water and the concentration of RB 4 in the residue was

determined spectrophotometrically after appropriate dilution.

Another dye bath was prepared with same dyebath concentra-

tion using recovered RB 4 for dying and the solid state absorp-

tion spectra were recorded for comparing the absorption

spectra. The color fastness properties of the dyed fabric with

virgin and recovered RB 4 were also determined (under sunlight

and 0.2% soap solution containing 0.5% Na2CO3 solution) over

a period of 12 h by recording and comparing the absorption

spectra.

Adsorption Studies

Batch Mode. The stock solution of RB 4 (7.84 3 1023 M

(5 4.9 g) was prepared using distilled water, and a series of

Figure 2. Photographs of semi-IPN 21 with 90% water content before compression (a), during compression (b), after compression (c), SAP after

compression (d) and stress–strain curve for semi-IPN 21 and SAP (e). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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concentrations of (1, 2, 3, 4, and 5 3 103 mg L21) dye solu-

tions were prepared by appropriate dilution of stock solution in

the presence NaCl (5 g L21) as dye exhausting agent and

Na2CO3 (1.5 g L21) as dye fixing agent.21–23 The adsorption

study of RB 4 was investigated as a function of the structure of

adsorbent and environmental factors like time, temperature,

pH, and ionic strength of the medium. All batch mode adsorp-

tion experiments were carried out by mixing 0.1 g of semi-IPN

21 with 100 mL of aqueous solution (RB 4) taken in a 250 mL

conical flask. The flasks were shaken in a thermostatic mechani-

cal shaker for 24 h to provide sufficient contact time for equi-

librium to be established between the solid and liquid phases at

30�C and 120 rpm. The experiments were conducted in tripli-

cate and average values are reported. The solution was separated

from the adsorbents using a 100-mesh (nylon) sieve and the

concentration of RB 4 in dye effluent before and after the

adsorption was measured spectrophotometrically after suitable

dilutions. The equilibrium adsorption of RB 4 was calculated

(Table I) using the mass balance eq. (2)

qe5ðCi2CeÞ
V

W
mg=g (2)

where, qe is the equilibrium amount of dye adsorbed onto the

adsorbents (mg g21), Ci the initial concentration of dye in the

dye effluent (mg L21), Ce is the equilibrium concentration of

the dye in solution (mg L21), V is the volume of the solution

(L) and W is the weight of the adsorbent (g) qe is average value

of three experiments.

Column Mode. The unfixed dye in the dyebath was recovered

using a glass column24 filled with 10 g of powdered and sieved

semi-IPN 21 without voids. Then, 100 mL of appropriated

diluted RB 4 dye solution (1, 2, 3, 4, and 5 3 103 mg L21) was

added to the column at a constant flow rate (2 mL min21) at

30�C. The effluent solution was collected at various time inter-

vals after 30 min retention time within the column and the

concentration of dye in solution was estimated spectrophoto-

metrically at 573 nm. Similarly the adsorption capacity of semi-

IPN 21 was tested for some commercial reactive dyes namely

remazol black 13, reactive black 5, reactive red 189, reactive red

228 and reactive blue 19 under similar experimental conditions

in column mode. An average of triplicate was used for the dye

concentration. The equilibrium adsorption of RB 4 was calcu-

lated (Table I) using the mass balance eq. (2)

Adsorption Isotherm Modeling

The experimental equilibrium adsorption data for RB 4 onto

semi-IPN 21 were fitted to four isotherms namely Langmuir,

Freundlich, Temkin and Sips models to describe the interactive

behavior between solutes and adsorbents.25–28 These equilibrium

data are essential for the practical design and operation of

adsorption systems. In the present investigation the interactive

behavior of dye-adsorbent was analyzed by fitting in Langmuir,

Freundlich, Temkin and Sips models isotherm models as per

eqs. (3)–(6) respectively.

1

qe

5
1

qm

1
1

qmKLCe

(3)

log qe5log KF1N log Ce (4)

qe5
RT

bT

ln aT Ce (5)

N ln Ce52
qm

qe

� �
1ln aS (6)

where qm is the equilibrium monolayer adsorption capacity (mg

g21), KL is the Langmuir constant (L mg21) related to the

adsorption energy which is a measure of the affinity between

the adsorbent and adsorbate, KF is Freundlich constant, which

predicts the quantity of dye adsorbed (mg g21) per gram of

polymer under equilibrium, N is a measure of the nature and

strength of the adsorption process, bT is the Temkin constant

related to the heat of adsorption (kJ mol21), aT is the equilib-

rium binding constant corresponding to the maximum binding

energy (L mg21) and aS is Sips constant related to energy of

adsorption. The terms Ce and qe have been defined earlier.

These isotherm models describe the equilibrium adsorption

behavior of the dye on semi-IPN.

Adsorption Kinetics

The adsorption processes such as mass transfer and chemical

reactions were tested with several kinetic models and reported

elsewhere.27–29 In the present investigation, the adsorption

kinetics of RB 4 was tested using pseudo-first and second order

kinetic models based on the eqs. (7) and (8) respectively.

log ðqe2qt Þ5log qe2
k1

2:303

� �
t (7)

where qe and qt (both in mg g21) are amounts of RB 4

adsorbed at equilibrium and at time “t” respectively.

dqt

dt

5k2ðqe2qt Þ2 (8)

where k1 (min21) and k2 (g mg21 min21) are the rate constants

of adsorption for pseudo-first and second order kinetic models,

respectively.

Thermodynamics of Dye Adsorption

The thermodynamic parameters are the actual indicators and

are necessary to evaluate the practical applicability of an adsorb-

ent. In the RB 4/semi-IPN system, the changes in the thermody-

namic parameters namely, Gibbs free energy (DG�), enthalpy

(DH�) and entropy (DS�) were determined30 using eq. (9) and

the spontaneity of the adsorption process was predicted using

these parameters.

ln Kd5
DS8

R
2

DH 8

RT
(9)

where Kd is the distribution coefficient of the adsorbate, (Kd 5

Ce/qe), R is the universal gas constant (8.314 J K21 mol21), T is

the absolute temperature (K). The plot of lnKd as a function of

1/T yields a straight line. From its slope and intercept, the aver-

age values of DH� and DS� were obtained respectively for the

temperature range 303–323 K.

RESULT AND DISCUSSION

Mechanism of Semi-IPN Synthesis

The mechanism for the formation of semi-IPN is presented in

Scheme 1. APS was used as a photo initiating agent for the
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crosslinking of partially neutralized poly (AA). Upon irradiation

(254 nm) APS cleaves to yield two SO4�2 radical anions. These

radical anions generate reactive carbon-centered radicals. In the

absence of radical scavengers, the carbon centered radicals com-

bine to form non radical products.31,32 But in the presence of

oxygen during irradiation oxygen insertion reaction may also

occur between the methine carbon and hydrogen ( ) lead-

ing to the formation of hydroperoxide ( ) weak

links. As this link is photolabile which may result in the forma-

tion of oxygen centered radicals and HAO• during pho-

tolysis31,32 these may also induce crosslinking (Scheme 1).

FT-IR Analysis

Typical FT-IR spectra of semi-IPN, NaAlg and SAP were shown

in Figure 1(b). The assignments of the absorption peaks for

these IR spectra were given in Table II. Analysis of this data

indicated the presence of crosslinker, monomeric unit and

NaAlg moieties in the photo synthesized semi-IPN.32–35 For

example the absorption peaks around 1730 and 1620 cm21

attributed to the >C@O stretching of ester group20 (TMPTA)

and carboxylate anion20 (KA) respectively were present in both

semi-IPN and SAP. The peaks at 1655–1660 cm21 in all semi-

IPN and SAP indicated the presence of NIPAAm moiety. The

IR spectra also showed a broad peak at 3502 cm21 (AOH), a

peak at 1612 cm21 is endorsed to ACOO2, and a peak at 1029

cm21 corresponding to CAO group, which are characteristics

peak of polysaccharide (NaAlg). The characteristic peak of

sodium alginate appeared at 810–816 cm21 (ANaAO) in all

semi-IPN and NaAlg. Representative IR spectrums of virgin and

recovered RB 4 are given in Figure1(c). The broad peaks at

3450 and 3455 cm21 are attributed to the amino groups of vir-

gin and recovered RB 4 respectively. Peaks at 1720, 1718 and

1639, 1636 cm21 indicated the presence of exocyclic >C@O

and endo cyclic >C@N groups in both the dyes. The character-

istic peaks at 1139, 1146 and 679, 671 cm21 correspond to

>CAN and >CACl groups of these dyes and it corroborated

the original chemical nature of the recovered RB 4.

Thermogravimetric (TG) Analysis

TG thermograms for representative semi-IPN 21, semi-IPN 25

and SAP are presented in Figure 3(a) showed multistep degra-

dations. The initial weight loss up to 100�C was attributed to

the residual volatile matters such as moisture present in the

semi-IPN and SAP. The initial onset degradation temperature of

semi-IPN around 210�C with considerable decomposition was

ascribed to a complex process including dehydration of the sac-

charide rings, de-polymerization with the formation of water,

CO2 and methane.33,36 The degradation step around 340�C is

more likely due to the degradation initiated via the olefinic

bonds, decarboxylation of carboxylate anion, scission of cross-

links,20 and so forth, in both SAP and semi-IPN. The major

degradation of semi-IPN 25 around 550�C corresponding to a

weight loss of 50% is likely attributed to the degradation of

NaAlg moiety. For the same feed composition, the higher degra-

dation temperature corresponds to 20% weight loss at 680�C in

semi-IPN 21 may be due to degradation of crosslinks which was

formed by photo generated radicals.34 Comparison of DTG

curves revealed that the thermal stability of the semi-IPN 21 isT
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greater than that of semi-IPN 25 and SAP. The higher thermal

stability of semi-IPN 21 over semi-IPN 25 is due to higher APS

concentration leads to high radial generation and crosslinks.

This was also supported by the higher AE (Table III) for semi-

IPN 21 over semi-IPN 25 and SAP. The TG analysis indicated

that the thermal stability of semi-IPN 21 in air is good enough

to withstand different adverse environmental conditions for

continuous and prolonged applications.

Thermo Kinetic data

The kinetic data such as order and AE for thermal degradation

of semi-IPN 21, semi-IPN 25 and SAP were determined using

the weight loss data from single TG trace through the linear plot

of Freeman and Carroll20 eq. (10) for different values of “n”.

Y 5log10

AR

aE
12

2RT

E

� �
2

E

2:3RT
(10)

where Y 5log10
12ð12aÞ12n

T2ð12nÞ

� �
, a: degree of degradation, n: order,

E: activation energy

The linear plots are obtained by plotting

1. Y versus 1
T

for n 5 0, 1
2

and 2
3
, except n 5 1

2. Y versus 1
T

for n 5 1,

Thermo kinetic parameters were determined from the slope and

intercept of the best linear fit of Y versus 1/T [Figure 3(b)] for

the above different values of “n” for semi-IPN 21, semi-IPN 25

and SAP. The kinetic order for the best linear fit seemed to be

zero for these samples and the corresponding AEs were given in

Table III.

Water Uptake and Dye Adsorption

Figure 4(a) showed dye and water uptake profiles of semi-IPN

21 with respect to time. The maximum equilibrium water

uptakes by semi-IPN 21 and SAP were 993 and 1130 g g21

respectively at 30�C. The dye adsorption capacities of semi-IPN

21 in column and batch mode were 624 and 597 mg g21

respectively at 30�C, but SAP had adsorbed only 387 mg g21

under ambient conditions. The adsorption capacity of semi-IPN

21 in column mode for remazol black 13 (reactive dye), reactive

black 5, reactive red 189, reactive red 228 and reactive blue 19

dyes were given in Table IV. However, the adsorption capacities

of the reported37–41 adsorbent materials for these dyes were 130,

198, 180, 420, and 324 mg g21, respectively. The comparison of

adsorption capacity of semi-IPN 21 with reported37–41 material

revealed that the dye adsorption capacity of semi-IPN 21 was

significantly good enough for reactive dye recycling. Analysis of

adsorption profiles revealed the water and dye uptake rates were

greater than the corresponding release rates. The decrease in the

release rates of water and dye may be due to the enhanced

physico-chemical crosslinking through H-bonding with dye

molecule.20 However, in the absence of salts [Figure 4(b)] the

adsorption capacity of semi-IPN 21 was around 898 mg g21

(in the absence of co-ions). But at higher salt loading

Figure 3. TG/DTG traces of (a) semi-IPN 21, semi-IPN 25, SAP and Arrhenius plots (b) from TG data for thermal degradation of semi-IPN 21. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table III. Thermo Kinetic Parameters from TG Data for Semi-IPN 21,

Semi-IPN 25 and SAP

Sample code
Tested kinetic
order (n)

AE
(kJ mole21)a

Kinetic order
for the best fit

Semi-IPN 21 0 68.68 Zero

1/2 71.65

2/3 72. 71

1 74.76

Semi-IPN 25 0 52.38 Zero

1/2 54.71

2/3 58.45

1 60.42

SAP 0 31.45 Zero

1/2 48.83

2/3 51.36

1 53.67

a AE for the initial thermal degradation step (up to 220�C for semi-IPN
and 200�C for SAP).
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(Ionic strength 5 >0.2062 mol dm23) in the effluent the adsorp-

tion capacity decreased to 455 mg g21. Therefore the adsorption

rate may be altered in the presence of co ions in the effluent.

SEM

The surface morphological features of freeze dried semi-IPN 21,

SAP, RB 4 adsorbed semi-IPN 21 and dried semi-IPN 21 were

analyzed by SEM and the representative SEM micrographs are

shown in Figure 5. Analysis of these SEM images revealed the

formation of pores during freeze drying [Figure 5(a,b,d)] and

porous network structure in irradiated samples. The porous

morphology is more likely due to water evaporation in all swol-

len hydrogel. The shapes of the pores are irregular and intercon-

nected. The massive distribution of pores in the freeze dried

samples indicated water uptake throughout the material and the

presence of void volume. The unequal pore sizes may imply

that the crosslinking may not be uniform throughout the mate-

rial. The porous structure appeared to be more compact in SAP

possibly due to intermolecular crosslinking. These porous may

be the areas, where the water permeation occurs and interaction

sites are available to form secondary bonds with dyes, metal

ions, drugs, and so forth.42–45 Analysis of Figure 5(c,d) also

confirms the absence of pores and void volume in dried and

powdered semi-IPN 21, and adsorption of RB 4 on semi-IPN

21. Hence, the porous structure appeared to be the predomi-

nant cause for the high swellability and dye adsorption. The

analysis of SEM micrographs of semi-IPN 21 revealed NaAlg

was dispersed in the continuous phase of TMPTA crosslinked

poly (AA/KA-NIPAAm) hydrogel.

Mechanical Properties

Under modest compression the water swollen SAPs are frag-

ments into pieces due to its insubstantiality. But the photo

crosslinked semi-IPN was able to withstand cycles of compres-

sion and regains its original shape on relieving the compression

as shown in Figure 2. Moreover, the semi-IPN 21 can able to

hold water and water soluble material through adsorption even

under compression unlike SAP. This demonstrated that semi-

IPN having significantly improved mechanical properties in

terms of elongation and modulus. Figure 2(e) shows typical

compressive stress–strain curve of semi-IPN 21 and SAP. The

representative semi-IPN 21 gel showed a compressive elastic

modulus 788 MPa, which is very much greater than that of SAP

(55 MPa). The ultimate stress and the strain at the breaking

(failure) point of semi-IPN 21 and SAP were 39.4 (at % elonga-

tion 388) and 2.98 MPa (at % elongation 2.75) respectively.

Hence the adsorbent may be persistently used for textile effluent

treatment process.

Adsorption Isotherms

The interactive behaviors of adsorbate with adsorbent were

described by equilibrium adsorption isotherms as shown in Fig-

ure 6 and the isotherm data for RB 4 on semi-IPN 21 was fitted

to Langmuir, Freundlich, Temkin and Sips isotherms. The best

fit [correlation coefficient (R2, 0.991] was observed with Lang-

muir model [Figure 6(a)] indicating monolayer dye adsorp-

tion.27 This was also supported by the nearly identical values

for the experimentally determined equilibrium dye adsorption

and theoretically calculated equilibrium RB 4 adsorption for

Langmuir isotherm model on semi-IPN 21. Langmuir isotherm

parameters qm and KL calculated from the slope and intercept

of the plot [Figure 6(a)] were 641 mg g21 and 0.102 L mg21,

respectively for column mode adsorption of RB 4 on semi-IPN

21. Langmuir isotherm is an outstanding isotherm model and is

Figure 4. Water and RB 4 uptake profiles for semi-IPN 21 and SAP (a) effect of ionic strength on dye adsorption of semi-IPN 21 (b). [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table IV. Adsorption Capacity of Semi-IPN 21 for Some Reactive Dyes

Sample code
Name of the
reactive dye

Adsorption capacity
(column mode, mg g21)

semi-IPN 21 Remazol black 13
(reactive) dye

598

Reactive black 5 603

Reactive red 189 644

Reactive red 228 587

Reactive blue 19 431
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being frequently used to quantify the performance of different

adsorbents.27,28

Adsorption Kinetics

The rate of adsorption an important parameter is essential for

column design and process optimization for successful commer-

cial application of an adsorbent such as heavy metal and textile

dye removal from effluent. Comparing the adsorption capacities

(mg g21) of semi-IPN 21 and SAP for RB 4 measured as a

function of time [Figure 4(a)] revealed rapid dye adsorption

during the initial 60 min of contact time, which subsequently

slowed down over a longer period of time until the equilibrium

was attained. During the initial 60 min contact time, 80% of

equilibrium adsorption for semi-IPN 21 was accounted. The

rapid dye adsorption28,29 is most probably due to the abundant

availability of active sites on the adsorbent, whereas with the

gradual occupancy of these sites, adsorption became less effi-

cient after 60 min of contact time. The degree of dye adsorption

was tested with the pseudo-first order and pseudo-second order

kinetics models by comparing the R2 values using the plot

“log(qe 2 qt) versus t” and t/qt versus t, respectively (Figure 7).

This implied that the dye adsorption followed28,29 pseudo

second-order kinetics. The rate constants of adsorption deter-

mined from the slopes of profiles in Figure 7(a,b) were

decreased with temperature, indicating enhanced temperature

does not favor the adsorption of RB 4. The extent of dye

adsorption, and the amount of dye adsorbed per unit mass of

the adsorbents (qe) decreased appreciably with temperature

which may be attributed to the competing desorption process as

well as supply of excess energy that promote desorption at

enhanced temperatures.

Thermodynamics of Dye Adsorption

In adsorption studies, changes in both energy and entropy

should be considered to determine spontaneity of the reaction,

and the DG�, DH� and DS� values for dye adsorption were

measured as per the eq. (9). The negative values of DG� namely,

219.73, 220.47 and 221.20 kJ mol21 for the temperature 303,

313 and 323 K, respectively indicated that the RB 4 adsorption

on semi-IPN 21 was spontaneous and confirmed affinity of sor-

bent for the dyes. The average negative value of DH� (212.04

kJ mol21) for the above temperatures indicated adsorption is

exothermic which may be due to the weak interactions between

the adsorbent and dye molecules. The positive value of entropy

(4.19 kJ mol21) was attributed to the increased volume of the

system (adsorbent and dye solution) through swelling which

may enhance the mobility of the adsorbed dye molecule during

the adsorption of RB 4 on semi-IPN 21. The above discussed

observations indicated that the semi-IPN 21 is a good candida-

ture material for recycling of dye46,47 from the textile dye

effluent.

Kinetics of Water and RB 4 Diffusion

The dye and water uptake kinetics of semi-IPN 21 can be more

quantitatively understood by fitting the initial swelling data

(up-to 60%) of semi-IPN 21 in power law48 eq. (11)

Figure 5. SEM micrographs of freeze dried, lyophilized semi-IPN 21(a), SAP(b), RB 4 adsorbed semi-IPN 21(d) and powdered semi-IPN 21(c).
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Mt

M1
5ktn (11)

where Mt 5 amount of the water/or dye adsorbed by the swol-

len polymer at time t, M1 5 amount of the water/or dye

adsorbed under equilibrium condition, k 5 swelling constant

related to the structure of network and n 5 diffusion expo-

nent, the values of n and k were calculated from the slopes

and intercepts of the plot of log(Mt/M1) against log(t), at dif-

ferent temperature, respectively. . In case of adsorption/or

release from swellable matrices, if n 5 0.5 then transport is

Fickian. For n 5 1, the zero order adsorption is operative,

whereas for n > 1, transport is super Case-II. In the present

investigation the values of ‘n’ were found to be in the range of

0.35–0.42 and 0.66–0.69 with dye solution and pure water

respectively. These values indicate that the diffusion of dye in

the swollen polymer and diffusion of water in water swollen

polymer both followed non-Fickian48 mechanism. The non-

Fickian nature of the dye and water molecule transport during

swelling of matrix may be attributed to the segmental mobility

of the semi-IPN.

Reusability of Dye and Adsorbent

The reusability and reliability of the adsorbent was tested dur-

ing the repeated adsorption–desorption cycle of it usage. It was

observed that the adsorption capacity of semi-IPN 21 for RB 4

was 624 mg g21. The adsorption capacity remains nearly con-

stant after five adsorption–desorption cycle demonstrating that

semi-IPN 21 may be repeatedly used for the removal of reactive

dye from textile dye effluent in the column mode in commercial

effluent treatment plants due to the improved mechanical prop-

erties over SAP. The nearly identical molar extinction coeffi-

cients values at 573 nm (kmax) for the virgin (865,550 L mol21

cm21) and recovered RB 4 (865,932 L mol21 cm21) indicated

that the dye remain chemically intact after repeated adsorption–

desorption cycle. The solid state visible absorption spectra (Fig-

ure 8) for the cloth dyed using virgin and recovered dye were

nearly identical corroborating the chemical stability of the dye

during dye recovery processes in column mode. Besides, IR

spectrum of virgin RB 4 and recovered RB 4 were identical even

after five adsorption–desorption cycles demonstrating that the

dye remained stable structurally and hence the recovered RB 4

Figure 6. Langmuir (a), Freundlich (b), Temkin (c) and Sips (d) adsorption isotherms model for semi-IPN 21/RB 4 system. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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may be reused for dying fabrics. The constant color fastness

properties of the dyed fabric with RB 4 and recovered RB 4 also

supported that the original chemical nature of recovered dye

remained same, and the dyed fabrics showed good color fastness

under sunlight and also in soap solution.

Factors Affecting Dye adsorption

Feed Composition. AA salt and AA ratio(S/A), NIPAAm, TM-

PTA and NaAlg. The nature and percentage of monomers

incorporated in semi-IPN may greatly influence its quantum of

water dye and uptakes. The profiles for water (g g21) and dye

(mg g21) absorption in terms of uptake versus time for typical

semi-IPN with various values of S/A are given in given in Figure

9(a). The maximum dye uptake was obtained for S/A 5 0.5723.

When, S/A values > 0.0573, a significant reduction in water as

well as dye uptakes were noticed. This was mainly attributed to

the more hydrogen bonding at lower values of S/A, and osmatic

pressure effect.20 In addition, at S/A values >0.0572, physical

crosslinking via H-bonding may be reduced. The water and dye

uptake profiles with respect to time for typical semi-IPN pre-

pared using different concentrations of NIPAAm are displayed

in Figure 9(b). Increased concentration of NIPAAm in the feed

displayed an increased water uptake for low S/A values in the

feed. The swellability of the synthesized semi-IPN prepared

using low concentration of NIPAAm showed a decrease in ES

due to the weakening of the hydrogen bonding between the car-

boxylic acid groups and water, and synergistic effect of the dif-

ferent hydrophilic groups.20 ES was increased till the

concentration of NIPAAm reached 0.0625 M, and decreased

with increased concentration of NIPAAm (beyond 0.0625 M).

Crosslinker concentration, a key factor which affecting the water

and dye uptakes of semi-IPN, and the uptake behavior was

directly proportional to lower crosslinker concentration and

inversely proportional to it at higher crosslinker concentra-

tions.20 Since the water absorbency can be altered with a small

change in crosslinker concentration in the feed composition.

The hydrogel network with different crosslinker levels were pre-

pared and evaluated by their water absorption and release

characteristics. The influence of crosslinker level on water

uptake profile is shown Figure 9(c). For the crosslinker concen-

tration 0.005 M, water and dye uptakes were increased to the

maximum extent of 1130 g g21 and 624 mg g21, respectively.

With the increased crosslinker concentration beyond 0.005 M

(Table I) for the constant concentrations of other ingredients

both water and dye uptake were decreased. The higher cross-

linker concentration (>0.005 M) may decreased the space

among the grids of the three-dimensional network of hydrogel

leading to decrease in uptake behavior of semi-IPN. In addition

to that the physical crosslinking may also significantly influence

both water and dye uptakes.20 For the various concentrations of

the crosslinker below 0.005 M with constant concentrations of

other ingredients also leads to decreased water and dye uptakes,

and this may be due to poor physico chemical crosslinking. The

amount of NaAlg in the feed also altered the water and dye

uptake behavior of semi-IPN 21 as shown in Figure 9(d). The

Figure 8. Solid state visible absorption spectra of virgin and recovered RB

4 dyed specimen. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 7. Pseudo first (a) and second (b) order adsorption kinetics plots at different temperatures, for RB 4 and semi-IPN 21 systems. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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increased dye uptake was observed till the weight of NaAlg

reached to 0.75 g (constant concentrations of other ingredients).

Further increase (beyond 0.75 g) of NaAlg content the dye and

water uptake decreased significantly. This could be attributed to

the poor physico-chemical crosslinking between monomer and

crosslinker residue and electrostatic repulsion between carboxy-

late anions as well.

APS Concentration. The equilibrium dye and water uptake

capacity of semi-IPN 21 was investigated as a function of differ-

ent initiator concentration as shown in Figure 10(a). The uptake

behaviors of the adsorbent had increased till it reaches the 0.009

M concentration of APS and the obtained maximum water and

dye uptakes were 993 g g21 and 624 mg g21, respectively. The

reduction of uptake beyond 0.009 M APS may be attributed to

an increase of chain termination reactions via bimolecular colli-

sion49 (this reason is referred to as self-crosslinking) and radical

generation in NaAlg may leads to extensive cross linking. In the

absence of APS with the minimum dose of irradiation time (�
6 h) the water and dye uptake was reduced drastically. This may

be due to less number of radicals generation in the monomeric

unit as a function of decreased APS concentration. Hence, the

network cannot be formed efficiently with this few numbers of

radicals during free-radical polymerization reaction,50 which

may decreased the water and dye uptakes to some extent.

Irradiation Time. Duration of irradiation has also altered the

dye adsorption behavior of semi-IPN for a given composition

of semi-IPN 21 as shown in Figure 10(b). The semi-IPN 21 (6

h irradiated) had absorbed 993 g g21 of water under ambient

conditions. However it had adsorbed 624 and 781 mg g21 of

dye in effluent and distilled water, respectively. For irradiation

time beyond 6 h, the water uptake and dye adsorption were

reduced drastically and this may be attributed to extensive

crosslinking between vinylic monomers and crosslinker mole-

cules. The identical viscosity values and flow time (Ostwald vis-

cometer) of virgin and 6 h irradiated NaAlg also supports the

lack of proton abstraction and radical generation on NaAlg.

pH Values. The pH value of dye effluent is one of the major

factors that affecting the dye adsorption behavior of an adsorb-

ent, and it was investigated over a pH range of 2–10 are given

in Figure 10(c). The functional groups on the surface of an

adsorbent may be altered by the variation in pH of dye effluent

Figure 9. Influence of S/A (a), NIPAAm concentration (b), TMPTA concentration(c) and NaAlg content (d) on water uptake (g g21) and RB 4 dye

adsorption (mg g21). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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taken for treatment process. It was obvious that the adsorption

capacity increased with increasing pH of dye effluent, and sig-

nificant enhancement was observed till it reached a pH of 6 and

further increase of pH beyond 8 had reduced the dye adsorp-

tion. In acidic pH most of the carboxyl groups on the surface

of the adsorbent exist in the form of ACOOH, which lead to a

competition between hydrogen ion and RB 4 to seek the active

site on the adsorbent. This may result in the reduction of dye

adsorption. At higher pH (beyond 8) the electrostatic repulsive

force between adsorbent and adsorbate may diminish51,52 the

dye adsorption on semi-IPN 21.

Temperature. The effect of temperature on the uptake behavior

of semi-IPN 21 was investigated for the temperatures range

303–323 K. The temperature profiles for water absorption of

semi-IPN 21 are given in Figure 10(d). A maximum of 624 mg

g21 of dye adsorption was absorbed at 303 K. When the tem-

perature was increased beyond 303 K the decreased dye uptake

was observed. This could be attributed to the temperature

dependence association/dissociation of the hydrogen bonding by

the hydrophilic groups of the copolymer20 and chemically cross-

linked NIPAAm may also showed phase transitional behavior

with respect to changes in external temperature.53

CONCLUSIONS

Semi-IPNs with different compositions were synthesized photo

chemically using APS as photo initiator at 254 nm. Studies on TG

and mechanical properties of representative semi-IPNs revealed

that they are thermally and mechanically stable under usual envi-

ronmental conditions. SEM micrographs of swelled, freeze dried

and lyophilized semi-IPN 21 implied that NaAlg was dispersed in

continuous phase of TMPTA crosslinked poly (AA/KA-NIPAAm).

In every adsorption–desorption cycle nearly constant amount of

(624 mg g21) dye was recovered for a frequency of five cycles. The

originality of recovered RB 4 was confirmed by visible absorption

spectra and constant color fastness properties of dyed fabrics. The

equilibrium dye adsorption profiles at different dye concentrations

implied predominantly Langmuir adsorption isotherm and the

kinetic data of adsorption followed pseudo-second order model.

The water and dye diffusion inside the semi-IPN matrix followed

non-Fickian mechanism. The values of DG�, DH� and DS� for the

RB 4 dye adsorption indicated that adsorption is a spontaneous

and exothermic process for the chosen semi-IPN 21. This study

demonstrated that semi-IPN 21 can serve as a potential adsorbent

for the effective recycling of reactive dyes from the textile effluent

in commercial textile effluent treatment plants.

Figure 10. Effect of APS concentration (a), irradiation time (b), pH (c), and temperature (d) on dye adsorption. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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