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ABSTRACT

High-energy gamma radiation was employed to synthesize acrylic acid (AA)-based simple
hydrogel adsorbent for environmental remediation of dye effluent. The adsorbent was
tested for the aqueous solutions of two basic dyes, namely, Basic red 29 (BR 29) and Methy-
lene blue (MB). The AA concentration of 20% (w/v) and absorbed dose of 30 kGy were
optimized to synthesize AA hydrogel having good strength, and faster uptake kinetics for a
wide range of dye concentration (10–5,000 mg/L). Equilibrium adsorption of both the dyes
BR 29 and MB were better described by Langmuir adsorption. The equilibrium dye adsorp-
tion capacity onto AA hydrogel was found to be very high i.e. 1,123 mg/g (or 3.04 mmol/g)
and 220 mg/g (or 0.68 mmol/g) for BR 29 and MB, respectively. The adsorption of BR 29
onto AA hydrogel followed the pseudo-first-order kinetics only in the initial time scale,
whereas the adsorption of MB on AA hydrogel followed pseudo-second-order kinetics over
the entire range of adsorption process. Desorption studies helped to elucidate the mecha-
nism of dye adsorption and recycling of the spent adsorbent. The overall adsorption–
desorption studies of these dyes on simple AA-based hydrogels are quite encouraging for
more exploration.
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1. Introduction

The textile industries are vital to the economy of
the developing countries. On the other hand, these
countries face scarcity of freshwater which has grown
to some extent due to the discharge of textile effluents
into the ecosystem. The threats due to textile effluents
come from the synthetic dye molecules, which are
mostly bio-resistant and result in intense visible colour
even at very low concentrations. The intense colour of
the dye hinders sunlight penetration in water reducing

photosynthesis of phytons, aquatic plants, etc. and
thus, threatens the whole ecosystem [1,2]. The heavy
organic load from dye effluent causes a negative
impact on the aquatic lives owing to the decrease in
the dissolved oxygen concentration in the water
stream [2]. The dyes in effluents are also source of
associated aesthetic and toxicity problems. Therefore,
an effective, efficient and economic method for the
treatment of textile effluent is need of time.

The process of dyeing with reactive azo dyes
under alkaline conditions renders the reactive group
of dyes non-reusable. Thus, degradation is the
ultimate fate of dyes for treatment of reactive dye
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effluents. Authors have been systematically putting
efforts to develop an efficient advanced oxidation pro-
cess for the mineralization of aqueous reactive azo
dye solutions [3,4]. Unlike azo dyes, the residual basic
dyes can be reused as they do not include any harsh
alkaline digestion step during dying. Under this cir-
cumstances, adsorption–desorption might be consid-
ered as an useful technique for effectively lowering
the concentration of dissolved dyes in the effluents
[5,6]. Activated carbon is widely used for adsorbing
dye molecules and other organic pollutants because of
its high porosity and good surface area for sorption of
organic compounds. However, the high cost and the
drawbacks associated with handling of spent carbon
limits its widespread application [7]. Hydrogels are
polymeric materials that imbibe considerable amount
of water within a polymeric network while keeping its
three-dimensional stability [8]. They swell readily and
adsorb heavy metal ions and dye molecules from
water [9–14]. These are also used in agriculture, horti-
culture, personal care products and drug delivery [15].

Gamma radiation crosslinked hydrogels have sev-
eral advantages over conventional crosslinked hydro-
gels [16]. The easy process control, absence of residual
initiators, no requirement of multifunctional crosslink-
ers, no waste generation, relatively low running costs
and sometimes more structural homogeneity of the
network are major advantages of radiation crosslinked
hydrogels. These make irradiation as the method of
choice for synthesis of hydrogels. Radiation synthe-
sized hydrogel adsorbents, both of synthetic and natu-
ral origin have been widely used for removal of dyes
from aqueous medium in recent years. Natural poly-
meric adsorbents, such as chitin and chitosan [17],
synthetic polymer-based hydrogels, such as acrylam-
ide/itaconic acid hydrogel and [18] starch-based
hydrogel [19] have been used for the removal of anio-
nic and cationic dyes from aqueous solutions.

Basic red 29 (BR 29) and Methylene blue (MB) are
the most frequently used basic dyes by acrylic fibre
industries. Therefore, radiation crosslinked acrylic acid
-based hydrogels (AA hydrogel) have been explored
for removal of these model basic dyes from their
aqueous solution in a wide concentration range (10–
5,000 mg/L). Desorption studies were also performed
to understand the mechanism of dye adsorption and
recyclability of the spent adsorbent.

2. Experimental

2.1. Chemicals

AA, BR 29 and MB were purchased from Sigma-
Aldrich and were used as such. The molecular struc-

tures of two dyes used in the study are shown in
Fig. 1. All other chemicals used were of the highest
purity and used without any pre-treatment.

2.2. Synthesis of hydrogels

Four different aqueous compositions of AA in
range 5–50% (w/v) were irradiated using a 60Co
gamma chamber GC-5000 supplied by BRIT, India
having a dose rate of 1.3 kGy h–1 as determined using
Fricke dosimetry in the dose range of 5–40 kGy. The
AA hydrogels were symmetrically cut into disc shapes
and were swelled-dried for several cycles to remove
trapped linear homopolymer or monomer and finally
vacuum dried at 70˚C.

2.3. Swelling studies of the hydrogels

The dynamic swelling of the hydrogels was carried
out in distilled water at ambient temperature. The
mass of the swollen gel was taken at different times
till no further change in mass was noticed. The water
uptake (W) of the hydrogels was determined by using
Eq. (1):

W ¼ ðWt �WdÞ
Wd

(1)

where Wt is the mass of swollen hydrogel at time “t”
and Wd is the mass of dry gel.

2.4. Adsorption of dyes

For equilibrium adsorption experiments, different
concentrations of aqueous solutions of BR 29 and MB
dyes were prepared covering a wide concentration
range (10–5,000 mg/L). The hydrogels of known dried
weight were immersed in known volume of the dye
solutions for 24 h with continuous stirring, until equi-
librium was reached. Then, dye solution was decanted
and initial and equilibrium concentrations of dye solu-
tions were determined by using UV–vis-2800

Basic red 29 (BR 29) Methylene blue (MB)

Fig. 1. The molecular structure of BR 29 and MB.
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pectrophotometer at λmax = 508 nm and 661 nm for BR
29 and MB, respectively, using a pre-calibrated curve
of absorbance vs. concentrations. The amount of dye
uptake (in mg) by unit mass (in g) of the hydrogel
(qe in mg/g) was calculated using Eq. (2):

qe ¼ ðC0V0 � CeVÞ
Wd

(2)

where C0 and Ce are the initial and equilibrium con-
centrations of dye solution (in mg dm−3), while V0

and V are volumes (in dm3) of the initial and equilib-
rium (after removing the hydrogel from the solution)
dye solutions and Wd is the mass (in g) of the dry
hydrogel used for the experiment. The uptake of dye
i.e. the % removal of dye by the hydrogel was deter-
mined using Eq. (3):

% Removal ¼ ðC0 � CeÞ
C0

� 100 (3)

3. Results and discussion

3.1. Optimization of AA concentration

The AA concentration for synthesis of suitable AA
hydrogel was optimized for a fixed adsorbed dose of
30 kGy. In the concentration range 5–10%, a highly vis-
cous but flowing solution was obtained. On the other
hand, for AA concentrations in the range of 20–50%,

gels with good strength and different extent of swell-
ing were formed. Fig. 2 shows the dye (BR 29) uptake
capacity of hydrogel prepared with varying AA con-
centrations. It is clear from the figure that hydrogel
synthesized from 20% AA showed maximum dye
uptake and at higher AA concentration the dye uptake
decreased. The water uptake for different hydrogels
was studied to probe this observation. The equilibrium
water uptake for the gels is shown in the brackets in
Fig. 2. It clearly shows maximum water uptake for 20%
AA hydrogel followed by a decrease with increasing
AA concentration. The swelling behaviour of radia-
tion-synthesized AA hydrogel with AA concentration
>50% has been reported earlier, where it has been
clearly mentioned that these AA hydrogel swell in
three steps of initial fast swelling followed by a long
phase of extremely low swelling and final step of spurt
in swelling before reaching equilibrium [20]. The sec-
ond step of swelling is so slow that it takes about three
months for gels to reach equilibrium swelling. Thus,
either for >20% AA hydrogel, the equilibrium swelling
was not attained or the gels formed with >20% AA
were more crosslinked. It has also been reported that
crosslink density (extent of crosslinking) is a function
of monomer/polymer concentration [21,22]. It seems
for the studied system at an absorbed radiation dose
the crosslinking density was much higher for gels syn-
thesized at higher monomer concentration which is
also reflected in lower equilibrium water uptake. The
lower water uptake would obviously result in lower
dye uptake as observed in the study. Therefore, further
studies were carried out at 20% AA concentration.

3.2. Optimization of adsorbed dose

The optimum absorbed dose for the synthesis of
20% AA hydrogel is shown in the inset of Fig. 2. It
shows that dye (BR 29) removal capacity of AA
hydrogel remained almost constant up to 30 kGy and
decreased at higher doses. This observation suggests
that although the crosslinking density of the AA
hydrogel is supposed to increase with dose [23], but it
did not have any significant effect on the extent of dye
uptake capacity up to 30 kGy. The effect was pro-
nounced at >30 kGy dose which led to the decrease in
dye uptake. Therefore, 20% AA concentration and
30 kGy dose were optimized to prepare the hydrogel
for further studies.

3.3. Effect of pH on dye removal capacity of AA hydrogel

The effect of solution pH on the removal of BR 29
and MB dyes by AA hydrogel is shown in Fig. 3. The
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Fig. 2. Dye removal by AA hydrogel prepared
(Dose = 30 kGy) from different AA concentration. Inset:
Dye removal by AA ([AA] = 20% (w/v)] hydrogel pre-
pared at different absorbed dose.
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dye removal capacity for both the dyes by AA hydro-
gel increased with pH and reached a plateau in the pH
range of 4–10 (~97%). At acidic pH (pH ~2), the acrylic
acid exists in non-ionic protonated (pka ~4.3) form. As
a result, there is feeble negative charge on AA hydro-
gel to electrostatically bind the basic dyes BR 29 or MB
resulting in lower dye uptake. The difference in the
extent of dye removal capacity by AA hydrogel for BR
29 and MB dyes at pH ~2 indicates that mode of inter-
action of the two dyes with AA hydrogel is different.
The lower extent of removal of MB dye (~51%) com-
pared with BR 29 (~81%) at pH ~2 (when gel is proton-
ated) indicates that MB predominantly interacts with
gel through ionic interaction. The gel is feebly ionized
at pH ~2 resulting into lower extent of MB uptake. On
the other hand, the extent of fully deprotonated (i.e.
ionized) AA increases at higher pH. Then, the avail-
ability of negative charge on the gel and electrostatic
repulsion between the charges on the gel enhances the
kinetics of dye uptake.

3.4. Equilibrium adsorption on AA hydrogel

Equilibrium adsorption isotherms correlate the
amount of adsorbate in the liquid phase and adsorbed
on the surface of the adsorbent at equilibrium at con-
stant temperature. Two well-known adsorption iso-
therms, Langmuir and Freundlich models were
applied to describe the adsorption phenomenon at
solid–liquid interface [24]. Langmuir adsorption iso-
therm assumes monolayer adsorption of adsorbate
over a homogeneous adsorbent surface with finite
number of identical and equivalent sites with no lat-
eral interaction and steric hindrance between the
adsorbed molecules [25]. The mathematical expression
of the Langmuir model is given by following Eq. (4):

qe ¼ qmaxbCe

ð1þ bCeÞ (4)

where qe is the solid-phase dye concentration at equi-
librium (in mg/g), Ce is the liquid-phase dye concen-
tration at equilibrium (in mg/L), qmax is the maximum
adsorption capacity of the adsorbent (in mg/g) assum-
ing monolayer coverage by the adsorbate and b is a
Langmuir adsorption constant (in L/mg). The Lang-
muir equation can be described in the linearized form
as Eq. (5):

Ce

qe
¼ 1

qmaxb
þ Ce

qmax
(5)

The linear plot of Ce/qe vs. Ce gives a straight line with
slope of (1/qmax) and intercept of (1/qmaxb) and from
the slope and intercept, theoretical monolayer adsorp-
tion capacity qmax can be evaluated. Fig. 4 and its inset
represent the linear and equilibrium Langmuir iso-
therms for the adsorption of two dyes BR 29 and MB at
room temperature, respectively. qmax and b were deter-
mined from the slope and intercept of the Fig. 4 and
are presented in Table 1. It shows that higher qmax

value was obtained for the adsorption of BR 29
(1,123 mg/g or 3.04 mmol/g) than MB (220 mg/g or
0.69 mmol/g). Though both dyes are in monovalent
state in aqueous medium, still the extent of uptake was
different. It has been well documented that extent of
dye adsorption is not solely because of electrostatic
interaction in such adsorbent–adsorbate system. Sev-
eral other factors, such as size of dye molecule, hydro-
phobic interaction of dye with polymer backbone, self-
association property of dye and number of anionic sites
which surround dye molecule influence the adsorbent–
adsorbate interaction [26–30]. It is clear that all these
combined effects result in much better interaction of BR
29 with AA hydrogel. However, the adsorption capac-
ity for both dyes was found to be superior than that
reported for activated carbon prepared from Euphorbia
antiquorum L wood [31], Delonix regia Pods [32] and
hydrolyzed wheat straw [33]. The adsorption capacity
of the optimized AA hydrogel showed superior
adsorption capacity than a few other hydrogels [9–14].

The essential characteristics of the Langmuir iso-
therm can be expressed by a dimensionless constant,
RL, that is given by Eq. (6) [25]

RL ¼ 1

ð1þ bC0Þ (6)

whereC0 is the adsorbate initial concentration (inmg/L).
ThevalueofRL indicates thenatureofadsorptionprocess.
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Fig. 3. Effect of pH on dye adsorption by AA hydrogel (a)
BR 29 and (b) MB.
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RL values calculatedwere in the range of 0.10 < RL < 0.98
and2.5 × 10–5 < RL < 0.01intheconcentrationrangeof10–
5,000 mg/LforBR29andMBdyes,respectively.RLvalues
for adsorption of both thedyes lie in between 0 and 1 indi-
catingfavourableadsorptionofthesedyesontoAAhydro-
gel.

The Freundlich adsorption isotherm assumes mul-
tilayer adsorption on heterogeneous surfaces with
interaction between the adsorbed molecules [34]. The
Freundlich equation is expressed by Eq. (7)

qe ¼ KFC
1
n
e (7)

where qe is the solid-phase dye concentration at
equilibrium (in mg/g), Ce is the liquid-phase dye

concentration at equilibrium (in mg/L), KF (in mg g–1

L–1/n mg1/n) and n are Freundlich isotherm constant
and heterogeneity factor and have been used to
describe adsorption capacity and intensity, respec-
tively [34]. To determine the constants KF and n, the
Freundlich equation is expressed in the linearized
form (Eq. (8)).

ln qe ¼ ln KF þ 1

n
ln Ce (8)

The equilibrium adsorption data for BR 29 and MB
were plotted by fitting in the model Eq. (8) and the
profiles are shown in Fig. 5. The KF and n values were
determined from the intercept and the slope of the
profiles, respectively, and are shown in Table 1.
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Fig. 4. Langmuir adsorption isotherms for dye adsorption on AA hydrogel (a) BR 29 and (b) MB. Inset: Equilibrium
adsorption isotherm for dye adsorption on AA hydrogel (a) BR 29 and (b) MB.

Table 1
Langmuir and Freundlich adsorption parameters for adsorption of BR 29 and MB dyes onto AA hydrogel adsorbent

Langmuir
Dye qmax (mg/g) qmax (mmol/g) qexp (mmol/g) b (L/mg) R2

BR 29 1,123 3.04 2.67 2.0 × 10–3 0.991
MB 220 0.69 0.69 14.29 0.998
Freundlich
Dye KF n R2

BR 29 11.4 1.7 0.881
MB 10.08 2.1 0.696
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However, to choose better fitting model, regression
coefficient (R2) was used as criteria [35]. The higher R2

values for Langumir model (∼0.991 for BR 29 and
0.998 for MB) compared with Freundlich isotherm
(0.881 for BR 29 and 0.696 for MB) and better degree
of agreement between qexp and qmax predicted from
Langmuir isotherm model for adsorption of BR 29 and
MB onto AA hydrogel suggested that adsorptions of
both of these dyes are better described by the Lang-
muir model over the whole concentration range stud-
ied.

The equilibrium adsorption of BR 29 and MB by
both dry and wet gels was studied to understand the
role of the physical state of the ionic gel in the adsorp-
tion process. The results are shown in Table 2. The rel-
ative uptakes of both the dyes were decreased when
the wet gel was used for the removal of dye from its

aqueous solution. This is attributed to the change in
the electrostatic osmotic pressure (πel) in dry-
unswelled and wet-swelled hydrogels. The πel is
defined as following Eq. (9):

pel ¼ kBTqðr;UÞ (9)

where kB is the Boltzman constant, T is the tempera-
ture in absolute scale and ρ(r,U) is the concentration
number density of ionic charge inside the hydrogel
and U is the ionic potential experienced by an ion in
solution at a distance r from the charge centre inside
the hydrogel. The U value is comparatively lower in
the wet gel than dry gel as the charge centres in wet
AA hydrogel are screened by the solvation layer of
water molecules. As a result, ρ(r,U) as well as πel are
greater in dry gel as compared with wet gel. This is
the driving force behind the higher extent of dye
uptake by the dry gel. The difference in the extent of
dye uptake by wet and dry hydrogels is very insignifi-
cant, because the electrostatic osmotic pressure effect
is very trivial comparative to the other osmotic pres-
sure components acting on water uptake and swelling
of hydrogels.

3.5. Adsorption kinetics

Adsorption kinetics is one of the most important
parameter which governs the solute uptake rate. It
represents adsorption efficiency of adsorbent for
design operation and optimization and provides valu-
able information on the mechanism of the adsorption
process [36]. The pseudo-first-order [37] and pseudo-
second-order kinetic models [38] were used to deter-
mine the kinetics of dye adsorption onto AA hydrogel
adsorbent.

3.5.1. Pseudo-first-order kinetic model

A simple kinetic analysis of adsorption is
expressed by pseudo-first-order equation (also known
as Lagergren equation) as shown in the Eq. (10):

dqt
dt

¼ k1 ðqe � qtÞ (10)

where qt and qe are the adsorption capacity at time t
and at equilibrium (in mg g–1), k1 is the pseudo-first-
order rate constant (in h–1) and t is the adsorption
time (in h). The integration of Eq. (10) for boundary
condition, qt = 0 at t = 0 and qt = qt at t = t leads to
Eq. (11):
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Fig. 5. Freundlich adsorption isotherms for dye adsorption
on AA hydrogel (a) BR 29 and (b) MB.

Table 2
The relative uptake of water and dye molecules by differ-
ent state of gels (in wt%)

Dry gel
dipped in
water

Dry gel
dipped in
500 ppm
aqueous dye
solution

Dry gel
swelled in
water
initially and
then dipped
in 500 ppm
aqueous dye
solution

BR 29 H2O Dye H2O Dye H2O Dye
100 0 96 4 98.2 1.8

MB 100 0 97 3 99.6 0.4
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log ðqe � qtÞ ¼ log qe � k1t

2:303
(11)

The slope and intercept of the linear plot of log (qe−
qt) vs. t were used to estimate k1 and qe,cal, respec-
tively. Fig. 6 shows pseudo-first-order plot for the
adsorption of BR 29 and MB onto AA hydrogel. The
k1 and qe,cal determined from the plot for the adsorp-
tion of two dyes are listed in Table 3 along with the
corresponding R2 values. From Fig. 6, it is clear that
BR 29 adsorption onto AA hydrogel has two different
k1 values for two different time scales ranging 0.1–2.0
and 2.9–7.2 h. It was found that the qe,cal value was
not in good agreement with the qe,exp value at higher
time scale (2.9–7.2 h). Therefore, it can be concluded
that the pseudo-first-order model for the adsorption of
BR 29 onto AA hydrogel fits well only in initial times
(0.1–2.0 h). Similar observations for dye adsorption

have been reported earlier for other systems by Ho
and Mckay where they reported pseudo-first-order
model is applicable for initial stage of the adsorption
process [39]. On the other hand, based on the kinetic
parameters obtained for adsorption of MB onto AA
hydrogel (shown in Table 3), it can be concluded that
its adsorption does not follow pseudo-first-order
kinetic model.

3.5.2. Pseudo-second-order kinetic model

The differential expression of the pseudo-second-
order model is given as Eq. (12)

dqt
dt

¼ k2 ðqe � qtÞ2 (12)

Integrating Eq. (12) and rearranging it gives rise to a
linear expression of the pseudo-second-order model
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Fig. 6. Pseudo-first-order adsorption kinetics onto AA hydrogel (a) BR 29 (Left y-axis) and (b) MB (Right y-axis).

Table 3
Kinetic parameters for adsorption of BR 29 and MB dyes onto AA hydrogel adsorbent

Pseudo-first order kinetic model
Dye K1 (h

–1) R2 qe,exp (mg/g) qe,cal (mg/g)

BR 29 0.478 (0.1–2.0 h) 0.8034 (2.9–7.2 h) 0.985 (0.1–2.0 h) 0.998 (2.9–7.2 h) 550 583 (0.1–2.0 h) 1,088 (2.9–7.2 h)
MB 0.032 0.963 80 219

Pseudo-second order kinetic model
Dye K2 (h

-1 g mg-1) R2 qe,exp (mg/g) qe,cal (mg/g)

BR 29 6.4 × 10–4 0.988 550 769
MB 3.5 × 10–3 0.997 80 74
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given as Eq. (13), which is mostly used for solid–
liquid adsorption systems.

t

qt
¼ 1

k2q2e
þ t

qe
(13)

where k2 is the pseudo-second-order adsorption rate
constant (in g mg–1h–1) and other parameters are same
as described in pseudo-first-order kinetic model. Fig. 7
shows t/qt vs. t plot for the adsorption of BR 29 and MB
onto AA hydrogel. Predicted equilibrium adsorption
amount qe,cal and k2 were calculated from the slope and
intercept of the linear plot for BR 29 and MB, respec-
tively, and are shown in the Table 2. Unlike pseudo-
first-order model, the pseudo-second order model is
more likely to predict the behaviour over the entire
range of the adsorption process [40]. The high R2 and
good agreement between the qe,cal and qe,exp values indi-
cate that the MB adsorption on AA hydrogel system fol-
lows pseudo-second order kinetics. Similar phenomena
were observed in the adsorption of MB onto activated
carbon [41]. On the other hand, low R2 and poor agree-
ment between the qe,cal and qe,exp values for BR 29
adsorption on AA hydrogel indicates BR 29 adsorption
does not follow pseudo-second-order kinetics.

3.6. Desorption study

The regeneration of the adsorbent by desorption
of adsorbed dyes in a suitable eluent is prerequisite
for the success of the adsorption process. Thus,
desorption of dyes was studied in some solvents or

solutions in which desorption was expected, and the
results are shown in Fig. 8. Desorption of MB was
less in methanol and urea solution which are known
to disrupt hydrophobic interaction [42,43] where as
its desorption was significantly high in 1 N HCl
which is expected to disrupt ionic interaction. How-
ever, the extent of desorption of BR 29 was almost
similar in 1 N HCl as well as in methanol and urea
solution. This indicated that adsorption of dyes on to
adsorbent was not solely due to ionic interaction but
might be due to cumulative effect of many attractive
forces viz. ionic interactions, hydrophobic interactions,
van der waals forces, hydrogen bonding, etc. [44].
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Thus, it could be fairly said that MB is adsorbed pre-
dominantly through ionic interaction, whereas BR 29
adsorption on to AA hydrogel follows ionic as well
as hydrophobic interactions.

4. Conclusion

Gamma radiation synthesized AA hydrogel adsor-
bent showed superior uptake of BR 29 and MB from
aqueous solution compared with the activated carbon
and a few other hydrogels. The optimized AA hydro-
gel was efficient to adsorb dye from its aqueous solu-
tion in a wide range of concentration (10–5,000 mg/L).
The extent of dye uptake was strongly depended on
concentration of the monomer initially taken for gel
formation and on the dose imparted. Equilibrium
adsorption of both the dyes BR 29 and MB were better
described by Langmuir adsorption model. The adsorp-
tion of BR 29 onto AA hydrogel follows pseudo-first-
order kinetics only in the initial time scale, whereas
the MB adsorption on AA hydrogel system follows
pseudo-second-order kinetic model over the entire
range of adsorption process. From the pH effect on
the dye uptake and the desorption studies at different
solvent or solutions, it can be concluded that MB is
adsorbed predominantly through ionic interaction,
whereas BR 29 adsorption on to AA hydrogel follows
ionic and as well as hydrophobic interaction.
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