& Desalination and Water Treatment

¢ www.deswater.com
(
doi: 10.1080/19443994.2013.871342

53 (2015) 3668-3680
March

Taylor & Francis
Taylor & Francis Group

Kinetics and thermodynamics of cationic dye adsorption onto dry and
swollen hydrogels poly(acrylic acid-sodium acrylate-acrylamide) sodium

humate

Tripti Singh, Reena Singhal*

Department of Plastic Technology, Harcourt Butler Technological Institute, Kanpur 208002, India
Emails: reena_singhall23@rediffmail.com; reenasinghal123@gmail .com

Received 27 May 2013; Accepted 26 November 2013

ABSTRACT

A novel superabsorbent hydrogel (SAH) composed of poly(acrylic acid-sodium
acrylate-acrylamide)/sodium humate poly(AAc-SA-AM)/SH was synthesized and applied
as adsorbent to adsorb crystal violet (CV) and methylene blue (MB) dye in its dry as well
as swollen condition from the aqueous solutions. The swelling ratios of the synthesized
SAHs were determined. The factors affecting adsorption capacity of the poly(AAc-SA-AM)/
SH hydrogel, such as contact time, temperature, SH content (wt.%), and initial concentration
of both dyes, were systematically investigated. The experimental data suggested that an
appropriate addition of SH (2.40 wt.%) increases the swelling ratio as well as adsorption
capacity of poly(AAc-SA-AM) hydrogel. The adsorption capacity was approximately equal
for the dry (231 mg/g for CV and 270 mg/g for MB) and equilibrium SAHs (240 mg/g for
CV and 278 mg/g for MB). The results also revealed that the swollen SAHs exhibited
higher adsorption rate than the dry SAHs due to presence of functional anionic groups in
its elongated state. The adsorption equilibrium data fitted very well to the Langmuir
isotherm than the Freundlich isotherm. Thermodynamic parameters of adsorption were also
calculated, and the negative change in AG® and AH® confirmed that the dye adsorption
process was spontaneous and exothermic in nature. The kinetic studies showed that the
adsorption phenomenon followed the pseudo-second-order kinetic model.

Keywords: Hydrogels; Dye adsorption; Adsorption kinetics; Thermodynamic parameter

1. Introduction

Nowadays, with the increased development of
modern industries, various environmental contamina-
tions associated with the coloring dyes existing in
wastewaters of different industrial sectors such as
printing, dying, cosmetics, papermaking, textile, food
coloring, etc. has drawn much attention [1]. From
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environmental point of view, release of dyes into the
water resources even in a small quantity has posed
serious environmental problems to the aquatic life and
food web (such as skin irritation, allergic dermatitis,
and even cancer) [2-4]. Thus, colored effluents pose a
challenge to the existing conventional methods for
wastewater treatment. So, many conventional
wastewater  treatment methods that include
electro-coagulation [5], oxidation or ozonation [6,7],
membrane separation [8], coagulation and flocculation
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[9], and adsorption [10] have already been used for
removing various dyes present in wastewater. Among
these treatment methods, adsorption process exhibited
particular advantages over the others due to its
cheapness, effectiveness, simple design, flexibility, and
insensitivity towards toxic pollutants and no produc-
tion of harmful by-product to the treated water [11].

Superabsorbent hydrogels (SAHs) are three-
dimensional chemically or physically cross-linked poly-
mer networks, capable to swell in water, and increasing
substantially their original weight while keeping their
integrity. These SAHs are used in many applications
including hygiene products (disposable diapers,
surgical pads, and sanitary napkins, etc) [12] and in
medicine used for the drug-delivery systems [13,14].
Besides, to health care products, they are applied in soil
for agricultural and horticultural programs [15], sealing
material, drilling fluid additives, water-blocking tapes,
gel actuators [16], anti-redecomposition agents for
detergent formulations and communication cables.

SAHs possess ionic functional groups such as
amine, hydroxyl carboxylic acid, and sulfonic acid
groups; they may adsorb and trap cationic dyes such
as MB [17] or metal ions [18,19] from wastewater.
Thus, a considerable attention has been given to SAHs
with chelating functional groups for the adsorption
and separation of dyes from dyes contaminated water.

Most of the SAHs used in practice are primarily
formed of pure synthetic polymers with high pro-
duction cost, low stability, as well as poor environ-
ment friendly characteristics. So, to overcome these
drawbacks, the development of SAHs, with the
introduction of natural raw materials, which are low
in cost, non-toxic, biodegradable in nature and
renewable such as humic acid or humates has been
focused upon. Humic acid, a principal component of
humic substances, is found in many places in nat-
ure. It consists of multifunctional aromatic compo-
nents and aliphatic constituents and has large
number of functional hydrophilic groups (such as
carboxylates and phenolic hydroxyls) [20]. Existence
of these carboxylate and phenolate groups helps
sodium humate to form complexes/chelates with
dye molecules.

Hizal and Apak [21] observed that clay mineral, in
the presence of humic acid, act more like a chelating
agent for adsorption of metal ion than a simple ion
exchanger and so in the presence of humic acid the
stability of surface complexes was more in comparison
to binary metal ion complexes. Solpan et al. [22]
have prepared poly(acrylamide-co-acrylic acid (poly
(AAm-co-AAc)) hydrogels by irradiating with gamma
radiation and applied it for the adsorption of cationic
dyes such as Safranine-O (SO) and Magenta (M).
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Although, there are many investigations on the
adsorption of dyes onto the SAHSs in their dry state,
nevertheless, as to the best of our knowledge, none of
these reports evaluated the adsorption kinetics and
thermodynamic parameters of adsorption onto SAHs
already swollen to equilibrium. The SAHs of the
domestic waste, in contact with textile exist in its dry
or equilibrium swollen state in waste.

In the present study, a novel biodegradable
multifunctional SAHs composed of acrylic acid
(AAc), sodium acrylate, and acrylamide monomers
and modified with sodium humate was synthesized;
as a combination of natural and synthetic polymers.
The synthesized SAHs (in dry as well as equilibrium
swollen state) were applied for the adsorption of
crystal violet (CV) and methylene blue (MB) dye
molecules. The effects of SH content, contact time,
temperature and initial CV, and MB dye molecules
concentration on the adsorption capacity were inves-
tigated. Kinetic data and models fit to equilibrium
adsorption isotherm for the adsorption process were
evaluated here to understand the adsorption mecha-
nism to validate the usefulness of this novel hydrogel
in the field of wastewater treatment. Thermodynamic
parameters for the adsorption process of CV and MB
dye molecules were also investigated. We also inves-
tigated the simultaneous adsorption of above two
dyes from their aqueous mixture. The desorption
capacity as well as the reusability of this solid adsor-
bent poly(AAc-SA-AM)/SH were assessed based on
four consecutive adsorption-desorption cycles.

2. Experimental
2.1. Materials

AAc (analytical grade), acrylamide (AM, analytical
grade), ammonium per sulphate (APS, analytical grade),
sodium hydroxide (NaOH, analytical grade), and
N,N-methylene bisacrylamide (NMBA, analytical
grade), were purchased from CDH New Delhi, India.
Methanol (analytical grade), CV, and MB dyes (spectro-
scopic grade) were purchased from Qualikems, New
Delhi. AM was recrystallized from methanol before use.
Sodium humate (SH, analytical grade), (supplied from
Aldrich) was used as received. Double distilled water
was used throughout the experiments.

2.2. Synthesis of poly(AAc-SA-AM)/SH SAHs

Synthesis of poly(AAc-SA-AM)/SH SAHs can be
described as AM (5 g) was dissolved in 10 ml
distilled water. Seven grams of AAc were neutralized
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with NaOH solution. Then, AAc/SA was added to
AM solution under constant stirring and after that the
reaction mixture solution was taken in a 250 ml-three-
neck round bottom flask. The cross-linker NMBA
(0.21 wt.% of total monomer) was added to the reac-
tion mixture solution and then appropriate amount of
SH was dispersed into mixed solution. Then, the reac-
tion mixture solution was stirred with nitrogen for
30 min, and then the mixed solution was heated at
60°C in a thermostat oil bath gradually and after that
the APS (0.40 wt.% of total monomer) was introduced.
The reaction solution was stirred vigorously maintain-
ing the nitrogen atmosphere until the gel was formed.
After complete polymerization, the reaction product
was removed, cut into small pieces and then washed
with methanol followed by water, and then dried in
an oven at 60°C.

The actual feed compositions for the synthesis of
poly(AAc-SA-AM)/SH SAHs are provided in Table 1.

2.3. Fourier transforms infrared spectroscopy (FT-IR)
studies

The FT-IR spectra of the synthesized poly(AAc-SA-
AM)/SH SAHs and after swelling in CV and MB
solutions were recorded with Perkin Elmer Spectro-
photometer using solid pellet potassium bromide
(KBr) after completly drying the sample at 60°C to
constant weight.

2.4. Scanning electron microscopy

The surface morphology of poly(AAc-SA-AM)/SH
(SH4) hydrogel before and after dye adsorption was
examined under the scanning electron microscope
(SEM). Dried SAHs were coated with a thin layer of
pure gold in S150 Sputer Coater, and imaged with a
SEM (LEO Electron Microscopy Ltd. England).

Table 1
The feed compositions for synthesis of various poly(AAc-
SA-AM)/SH SAHs

Sample AAc SA AM SH
designation (Wt%) (Wt%) (Wt%) (Wt%)
H, 12.50 37.50 50.00 00.00
H; 14.36 43.10 41.05 1.47
H, 14.29 42.89 40.84 1.96
H; 14.22 42.68 40.65 2.40
H, 14.15 42.47 40.45 2.91
Hs 14.09 42.27 40.25 3.38

Note: Other conditions: NMBA, 0.21 wt%; APS, 0.40 wt%; distilled
water, 30 ml; temperature 60°C.
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2.5. Equilibrium swelling studies

The completely dried preweighed SAHs samples
were placed in 1,000 ml distilled water (sink condi-
tion) at the room temperature 30.0 + 5.0°C. Then, the
swollen gel samples were taken out at regular time
intervals and their surface were quickly blotted free of
water with the help of filter paper. After that it was
weighed and then placed in same bath. This mass
measurement was continued till the attainment of the
equilibrium swelling.

The equilibrium swelling (S.;) was determined
following the conventional gravimetric method by
applying the following equations:

Equilibrium swollen weight — dry weight
dry weight

Seq(8/8) =
1)

2.6. Measurement of CV and MB dye molecules adsorption

To study the adsorption of CV and MB dye
molecules, 50 mg of dry hydrogel was introduced in
100 ml of CV and MB dye solution and was left in
their solutions at different constant temperatures
(x0.5°C) for 48 h. Then, the samples were
withdrawn at various predetermined time intervals
(1, 2, 3,45 6,78 9 10, 11, 12, 24, and 48 h),
and 2 ml of solution was sampled to analyze CV
and MB dye molecules content left in solution by
UV-vis spectroscopy. The dye content in supernatant
solution was evaluated at characteristic wavelength
665 nm for CV and 617 nm for MB by UV-visible
spectrophotometer. The various absorbance values at
Amax Were converted to their concentration with the
help of predetermined calibration curves of each
dye.

The analysis of adsorption capacities for the poly
(AAc-SA-AM)/SH SAHs for CV and MB dye were
performed through the following equation:

C —C,
m

xV 2

Je =

where g, is the amount of CV/MB dye molecules
adsorbed at equilibrium, C, is the initial concentration
of CV/MB dye molecules, C, is the equilibrium
concentration of CV/MB dye molecules, V is the
volume of the CV/MB dye molecules, and m is the
mass of hydrogel sample.

Adsorption of CV and MB dye molecules onto
poly(AAc-SA-AM)/SH SAHs done in both dry as
well as equilibrium swollen condition state. To study
the adsorption in dry state the above given process
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was applied. To investigate the adsorption in equilib-
rium swollen state, firstly the SAHs was swollen to
its equilibrium state and after achieving the equilib-
rium swelling, the equilibrium swollen sample was
taken out and the excess water was drained out.
These swollen samples were used for the dye adsorp-
tion study onto equilibrium swollen sample.

In order to evaluate the influence of temperature
on adsorption capacity for CV/MB dye molecules,
isotherms were established at 30, 45, and 60°C.

For the kinetic study adsorption experiments were
conducted as follows: pre-weighed SAHs samples
were suspended in 100 ml solution containing
350 mg/L of CV/MB dye molecules. Then, the sealed
flasks were put in a shaker bath at 30 + 0.5°C. The
flasks were then taken out at different times for the
analysis of CV/MB dye molecules. The rate of
CV/MB dye molecules adsorption was evaluated from
the amount of CV/MB dye molecules adsorbed at
different times.

2.7. Desorption and regeneration

Elution of CV/MB dye molecules from the poly
(AAc-SA-AM)/SH hydrogel was carried out in
500 ml distilled water for 48 h at temperature
30 + 0.5°C. The hydrogel-adsorbed CV/MB dye
molecules was placed in the distilled water and
stirred with a magnetic stirrer at room temperature.
The SAHs was washed several times with distilled
water and followed by methanol, and then dried at
60°C for 48 h. The obtained regenerated SAHs
hydrogel was employed for another adsorption. The
final CV/MB dye concentration in the aqueous
phase was determined by UV-vis spectroscopy.
Desorption ratio was calculated from the amount of
CV/MB dye ions adsorbed on the polymer surface
and final CV/MB dye molecules concentration in
the elution medium.

Desorption  ratio
following expression:

was calculated using the

Amount of MB/CV dye desorbed to the elution medium
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3. Result and discussion

3.1. Fourier transforms infrared spectroscopy (FT-IR)
studies

The FT-IR technique was applied for the character-
ization of poly(AAc-SA-AM)/SH SAHs before and
after the adsorption of dye molecules. The FT-IR spec-
tra of representative sample poly(AAc-SA-AM)/SH
SAHs before and after CV and MB dye adsorption
were investigated and displayed in Fig. 1. Few facts
are readily apparent in the figure. A broad band
corresponding to -NH stretching vibrations of —-NH,
functional group (AM) and overlapping absorption
bands of O-H functional group due to formed hydro-
gen bonding and AAc existing at 3,447 cm™ ! was
broadened after the dye adsorption and appeared at
3,441 and 3,436 cm ! for CV and MB, respectively,
because of combined interaction of CV and MB dye
molecules with the -OH functional group. The charac-
teristic band at 1,715 cm™" assigned to C=O group of
carboxyl functional group after adsorption of CV and
MB dye molecules appeared at 1,694 and 1,690 cm™’,
respectively. An absorption band present at
1,560 cm™" ascribed due to symmetric stretching was
now shifted at 1,522 and 1,520 cm ™! for CV and MB
dye as well as an absorption band at 1,400 cm™’;
because of asymmetric stretching, the carboxylate
groups now appeared at 1,456 and 1,452 cm™' CV and
MB dye, respectively. On the basis of FI-IR spectra
observation it can be concluded that the CV and MB
dye adsorption onto the poly(AAc-SA-AM)/SH SAHs
surface mainly occurred through chelation and ion
exchange mechanism formed between positively
charged CV and MB dye molecules and carboxylates
as well as phenolic hydroxylics.

3.2. Scanning electron microscopy

The SEM images of poly(AAc-SA-AM)/SH SAHs
(H;3) before and after the dye adsorption are shown in
Fig. 2. It can be observed from Fig. 2(a) that the
structure of Hz SAHSs prior to dye adsorption is highly

Desorption % =

In order to determine the reusability of the SAHs
consecutive adsorption desorption cycle was repeated
for the five times of the same sample.

~ Amount of MB/CV dye adsorbed on the superabsorbent hydrogel x

100 3)

porous. Fig. 2(b) and (c) show the SEM of above SAHs
after 48 h of CV and MB dye adsorption. It is obvious
from Fig. 2(b) and (c) that CV and MB dye adsorption
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Fig. 1. FT-IR spectra of (a) poly(AAc-SA-AM)/SH (H,)
SAHs, (b) poly(AAc-SA-AM)/SH (Hjz) SAHs after swelling
in CV dye solution, and (c) poly(AAc-SA-AM)/SH (Hj)
SAHs after swelling in MB dye solution.

blocks the open pores of SAHs. The adsorption of CV
and MB dye onto the H; SAHs, leads to the formation
of a smooth and nonporous surface morphology,
which is because of the newly formed layer of dye
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molecules on the SAHs surface. These evidences
clearly suggest that dye molecules have a prominent
influence on the structure of poly(AAc-SA-AM)/SH
SAHs surface by sealing the pores.

3.3. Effect of content of sodium humate on equilibrium
swelling

The relationship between SH content variation and
equilibrium swelling in distilled water, CV and MB dye
is displayed in Fig. 3. It can be easily seen from Fig. 3
that initially, the equilibrium swelling in distilled water
was increased slightly from 378 to 536gg " for the
SAHs H; to H, with SH concentration 1.40 to 1.96 wt.%.
After that the equilibrium swelling ratio increased
drastically from 536 to 747 g ¢ for H, to H; SAHs that
have 1.96 to 240wt.% SH content in the feed. On
further increasing the content of SH from 2.40 to
3.38 wt.%, the equilibrium swelling shows sharp
decrease for H; to Hs hydrogels. The SAHs, H; exhibits
maximum equilibrium swelling of 747gg™'. The
increment in equilibrium swelling can be explained as,
SH; a complex organic macromolecule, consists free
and bound phenolic -OH groups, oxygen, and nitrogen

Fig. 2. (a) SEM of poly(AAc-SA-AM)/SH SAHs (H;) superabsorbent hydrogel, (b) SEM of poly(AAc-SA-AM)/SH SAHs
(Hz) superabsorbent hydrogel after swelling in CV dye solution, and (c) SEM of poly(AAc-SA-AM)/SH SAHs (Hj)

superabsorbent hydrogel after swelling in MB dye solution.
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Fig. 3. Effect of SH concentration (wt%) on equilibrium
swelling of poly(AAc-SA-AM)/SH SAHs.

acting as bridge unit, quinine structure, -COOH and
-NH, groups placed on the aromatic ring [22,23]. The
species and the number of hydrophilic groups present
onto the poly(AAc-SA-AM)/SH SAHs network were
much more, and they react with AAc and AM during
the polymerization process. The introduction of
irregular SH into SAHs poly(AAc-SA-AM) polymeric
network decreases the effective cross-linking density
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that causes increased equilibrium swelling with
increasing SH content. However, as the SH content
increases above 2.43 wt.%, the decrease in equilibrium
swelling may be because of the fact that excessive SH
particles only act as a filler and so the amount of hydro-
philic groups present onto the polymeric backbone
decreased on increasing the SH content [24]. Thus,
formation of an efficient adsorbent three-dimensional
structures became difficult and the solubility of SAHs
increased. Similar type of observation has been
reported by Liu et al. [25] for SAHs formed of chitosan-
g-poly(acrylic acid)/sodium humate having various
concentration of SH. They find out that equilibrium
swellling increases from 0 to 10% SH content and after
that decreases and SAHs having 10 wt.% SH show the
equilibrium swelling of 183 g g~

3.4. Adsorption mechanism

Many investigations have been worked out on the
binding of dyes to polyelectrolytes. Generally, two pos-
sible mechanisms for cationic dye adsorption can be
considered. First one is the interaction among the posi-
tively charged cationic dye molecules and negative
active binding site onto the adsorbent surface occurring
mainly because of electrostatic forces [26]. These inter-
actions held at the adsorbate/adsorbent interface. The
adsorption takes place through the phenolic hydroxyls
and carboxylates functional groups as these groups

Hydrophobic interaction

Electrostatic interaction

Hydrogen bonding

Poly(AAc-SA-AM)SH-Cationic dye

SAHs

5 ¢
00 Q

” NICH,),
N
£—0) \@Z N(CH,),

NtCH )

'@'C\@-N{cm

ion exchange

Fig. 4. (a) Possible complexation process between poly(AAc-SA-AM)/SH SAHs and cationic dye, (b) Adsorption
mechanisms of MB adsorption onto poly(AAc-SA-AM)/SH SAHs, and (c) Adsorption mechanisms of CV adsorption onto

poly(AAc-SA-AM)/SH SAHs.
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have high affinities towards cationic dyes [27], so an
ionic complex formed between the positively charged
functional groups of dyes and negatively charged func-
tional groups of SAHs. Then, the other type of interac-
tions are hydrophobic and hydrogen bonding.
Hydrophobic interaction is an aqueous solutions inter-
action which in this case involves the methane and
methyl groups and aromatic rings existing on the SAHs.
Hydrogen bonding may specifically involve the reactive
—-OH and -COOH groups present on SAHs polymer
chains and the amine groups of cationic dye (Fig. 4).

For the dry samples, the adsorption occurs with
the swelling. In the case of swollen sample the adsorp-
tion takes place after the swelling. As in case of dry
SAHs due to simultaneous swelling and adsorption,
all the anionic functional groups are not available at
the beginning so initially the dye molecules are
adsorbed by the anionic functional groups present on
the surface of the SAHs. As the swelling proceeds,
more anionic functional groups become available for
interaction. For the equilibrium swollen sample the
dye molecules replaced the already adsorbed water
molecules. In the equilibrium swollen state, the poly-
meric chains are in its fully elongated confirmations
and so all the anionic functional groups are accessible
from the initial stage for the adsorption of dye
molecules. Thus, the equilibrium swollen sample
shows slightly higher adsorption capacity as well as
faster rate of adsorption.

The findings of IR investigations (i.e. shift in
characteristic asymmetric stretching band of carboxyl-
ate and C=0 group of carboxyl group) also confirmed
the COO™ and -COOH functional group involvement
in the adsorption process.

3.5. Effect of contact time on adsorption of CV/MB dye
molecules

In order to investigate the influence of contact time
on the adsorption of CV/MB dye molecules onto poly

Table 2
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Fig. 5. Effect of contact time on the adsorption of CV and
MB dye in dry as well as equilibrium swollen condition
initial ion concentration, 350 mg/L; temperature
30 + 0.5°C; hydrogel content, 50 mg.

(AAc-SA-AM)/SH SAHs from aqueous solution, the
SAHs samples in dry as well as equilibrium swollen
state were equilibrated with adsorbate solution for
various predetermined period, as shown in Fig. 5. As
clear from Fig. 5, it can be observed that the
adsorption capacity of hydrogel for CV/MB dye both
molecules rapidly increased with the increase in
contact time of adsorption because initially adsorption
sites were void and dye molecules easily interacted
with these sites.

It is also observed from Fig. 5 as well as Table 2
that adsorption capacity of the SAHs is approximately
equal for the dry and equilibrium swollen SAHs. Rate
of adsorption for both dyes was faster for the
equilibrium swollen SAHs sample than the dry SAHs.
For the dry SAHs the swelling and adsorption process
occur simultaneously. So, in dry state all the active

Estimated adsorption kinetic parameters for the adsorption of CV and MB dye onto SAHs Hj in aqueous solutions

Pseudo-first-order model

Pseudo-second-order model

Je €Xp. g1 cal. ky x10° Je €Xp. qae cal. ky x 10*
(mg/g) (mg/g) (min) R? (mg/g) (mg/g) (g/mg min)  R?
Sample Linear/ Linear/ Linear/ Linear/ Linear/ Linear/non Linear/
designation Dye non linear non linear non linear non linear non linear linear non linear
SAHs Hj in CV  231.00 323.59 20.49 0.97 231.00 294.00 4.80 0.99
dry state MB 270.00 562.34 29.93 0.94 270.00 344.00 447 0.98
SAHs Hj; in CV  240.00 301.99 25.33 0.90 240.00 303.00 6.52 0.97
swollen MB 278.00 275.42 13.81 0.98 278.00 357.00 4.30 0.99

state
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functional groups are unavailable at the initial state
for adsorption but with the progress in swelling their
availability for adsorption becomes more due to
increased elongation of polymeric chains. Therefore,
because of presence of more interaction site to dye
molecules the swollen samples exhibit higher
adsorption rate.

3.6. Effect of SH content on adsorption of CV/MB dye
molecules

Effect of SH content on adsorption capacity of poly
(AAc-SA-AM)/SH SAHs for CV (initial concentration
350 mg/L; temperature 303.15 K) and) and MB (initial
concentration 350 mg/L; temperature 303.15 K) dye
molecules has been shown in Fig. 6. It can be
examined from the figure that in the same conditions
the adsorption amount of poly(AAc-SA-AM)/SH
SAHs with various concentration of SH are different.
Poly(AAc-SA-AM)/SH SAHs show higher adsorption
capacity than that of poly(AAc-SA-AM) SAHs. It can
also be observed that adsorption amount of poly(AAc-
SA-AM)/SH SAHs increases for CV and MB both dye
molecules when the content of SH was less than
24 wt.%. SH has many functional groups that have
capability to react with AAc, SA, and AM during
polymerization process and improves the polymeric
network; thus enhanced the adsorption capability to a
certain extent. However, on further increasing the SH
amount above 2.4 wt.% resulted in a decrease of
adsorption efficiency. This phenomenon can be

| —m—
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|| —®  CV adsorbed on swollen Hy /‘\' %
| . \
260 - A MB adsorbed on dry Hy .../// \\\ 3
| —#— MB adsorbed on swollen Hy| -~ & AN ‘e
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E 20 " //-\\ b
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& .
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Fig. 6. Effect of SH concentration on the adsorption of CV
and MB dye onto poly(AAc-SA-AM)/SH SAHs contact
time, 48 h; initial ion concentration, 350 mg/L;
temperature 30 + 0.5°C; hydrogel content, 50 mg.
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explained as there are lots of -OH groups present on
the surface of SH molecule, and thus SH particles can
function as cross-linking points in the polymeric net-
work. Therefore, higher SH content could form more
cross-link points and so the elasticity of the molecular
polymeric network decreased, which decreases the
adsorption amount of the SAHs. Additionally, at
higher SH concentration the amount of hydrophilic
groups existing on the polymeric backbone decreased
which results in difficulty of the formation of efficient
three-dimensional structures of adsorbent and thus
decreased the adsorption efficiency.

3.7. Adsorption kinetics

Kinetic studies are beneficial to understand the
mechanism of dye molecules adsorption process as
well as to judge the performance of the adsorbents
applied for dye adsorption.

Lagergren pseudo-first-order [28] and Ho and
McKay’s pseudo-second-order kinetics model [29], the
two widely used models applied for the solid-liquid
adsorption. These two models were shown by the
following equations, respectively.

log (q1c — q:) = log q10 — kst /2.303 @)

t/ge = 1/(k5q%e) +1/q2e )

where 1., g2., and g; (mg/g) represent the amount of
dye molecules adsorbed per unit mass of SAHs at
equilibrium and at any time ¢, respectively. The
parameter k¢ (min~') is the rate constant for the
pseudo-first-order model, and k; (g/(mg min)) is
the rate constant for the pseudo-second-order model.
The parameters g;, and k; may be calculated from the
intercept and slope of the plot of log (71, — g¢) vs. t. In
the same manner, the intercept and slope of the plot
of t/q; against t gives the values of k; and gp.. The ini-
tial adsorption rate ri; (mg/g/min) is evaluated using
the equation r;; = ks q3,. The experimental data for the
adsorption of CV and MB dye molecules in both dry
as well as equilibrium swollen state are analyzed by
the above two kinetic models and the parameters cal-
culated from above given equations together with cor-
relation coefficients are tabulated in Table 2.

It was examined from Table 2 that the correlation
coefficients (R®) of the CV and MB dye adsorption for
the pseudo-first-order kinetic model were obtained
between 0.90 and 0.98 (with the large differences
between the calculated 4;, values and experimental g,
values (qeexp)), Which reveals that pseudo-first-order
kinetic model did not fit well for the adsorption
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processes. It can also be observed from Table 2 that
the correlation coefficients (R? for the pseudo-
second-order kinetic model had extremely high values
at around 0.98 (having g, values in good agreement
with the experimental data (gcexp) Vvalues), which
showed that pseudo-second-order kinetic model can
describe well the adsorption kinetics of CV and MB
dye onto poly(AAc-SA-AM)/SH SAHs for the whole
adsorption process. Thus, the results obtained suggest
that the pseudo-second-order adsorption kinetic model
well describe the adsorption process, and so implies
that adsorption rates of both dyes onto the
poly(AAc-SA-AM)/SH SAHs adsorbents are probably
controlled by the chemical process.

3.8. Effect of initial concentration of CV/MB dye molecules
on adsorption capacity

Adsorption capacity of the poly(AAc-SA-AM)/SH
SAHs in dry as well as in swollen to equilibrium
condition, for the CV and MB dye molecules as a
function of different initial dye concentrations ranging
from 100 to 350 mg/L was given in Fig. 7. As clearly
seen from Fig. 7, the amount of dye molecules
adsorbed on to the poly(AAc-SA-AM)/SH SAHs
increased with increase in initial concentration of dye
solution if the amount of adsorbent was kept
unchanged. This can be explained as, when the initial
dye concentration was low, the amount of the anionic
functional groups in the SAHs is more in comparison

300
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Fig. 7. Variation in the adsorption capacity as function
of initial CV and MB dye concentration using
poly(AAc-SA-AM)/SH SAHs in dry as well as equilibrium
swollen condition. Inset figure (Langmuir adsorption
isotherm for adsorption of CV and MB dye in dry as well
as equilibrium swollen condition).
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to amount of dye molecules. In addition to this,
increase in the driving force of the concentration
gradient at the high initial dye concentration. The
initial dye concentration provides the driving force to
conquer the resistance to the mass transfer of dye
molecules between liquid and solid phases [30]. At a
fixed adsorbent dose, the adsorption capacity of the
adsorbent increased with increasing concentration of
dye solution, on the other hand the percentage of
adsorption decreased or for high initial dye concentra-
tion the residual concentration of dye molecules will
be high. At the low concentration of dye molecules
the ratio of initial number of dye molecules to the
available active binding sites is low and due to that
the fractional adsorption becomes independent of
initial dye concentration. Then, after obtaining a
maximum at 350 mg/L, the adsorption capacity levels
off. From these values the maximum adsorption
capacities for H; SAHs were found to be 231 and
240 mg/g/L for CV (in dry and equilibrium swollen
sample, respectively) and 270 and 278 mg/g/L for
MB (in dry and equilibrium swollen sample,
respectively). After a certain initial concentration of
dye molecules, dye molecules concentration exceeds
the concentration of the anionic functional groups
present on the SAHs surface, so the number of
available active sites becomes lesser. Due to this all
the dye molecules cannot be adsorbed and the SAHs
become saturated after adsorbing a fixed amount of
the dye molecules and subsequently the adsorption of
dye depends on the initial concentration.

3.9. Equilibrium point adsorption

The equilibrium adsorption isotherm is fundamental
to describe how solutes or adsorbate interact with
adsorbent and so, equilibrium adsorption isotherms are
critical in optimizing the application of adsorbent. The
adsorption experimental data are generally interpreted
using the Langmuir and Freundlich isotherm models.

The Langmuir adsorption isotherm model is
derived by assuming a structurally homogeneous
adsorbent surface, where all the binding sites are
identical and with equal adsorption activation energy
for the adsorption of each molecule onto the adsorbent
surface energetically equivalent. The Langmuir adsorp-
tion model is applied for the fitting of experimental
data of a monolayer and/or chemical adsorption. The
adsorption data of CV/MB dye molecules adsorption
onto poly(AAc-SA-AM) SAHs and poly(AAc-SA-AM)/
SH SAHs have been interpreted using this model. It
provides a quantitative relationship between the con-
centration of CV/MB dye molecules in the solution
and the amount of CV/MB dye molecules adsorbed



T. Singh and R. Singhal | Desalination and Water Treatment 53 (2015) 3668-3680

onto solid phase when the existing two phases are at
equilibrium. The Langmuir adsorption isotherm equa-
tion may be represented as [31,32]:

C, 1 C,
= + (6)
qe Ke qmax qmax

The Freundlich model is used to describe a heteroge-
neous surface system which is characterized by a
heterogeneity factor of 1/n. This model is described
by reversible adsorption and it is not restricted to the
production of the monolayer. The Freundlich model in
linear form may be shown as follows [33]:

1
log (g.) = Elog (Ce) + log K (7)

where K, is the adsorption equilibrium constant
(L/mg)) and gmax is maximum capacity of adsorption
(mg/g), and C, is the equilibrium concentration of the
dye in the solution (mg/L), g. is the adsorption
capacity at equilibrium mg/g. 1/n (dimensionless)
and K (L/g) are the Freundlich constants and related
to the degree of heterogeneity and adsorption
capacity, respectively. The Langmuir and Freundlich
constants and linear regression coefficients were
evaluated by plotting the linear plots of C,/g, vs. C,
and log (g.) vs. log (C,), respectively.

The isotherm constant parameters and linear
regression coefficients obtained from Langmuir and
Freundlich adsorption isotherm equations mentioned
above are tabulated in Table 3.

It can be observed from the fit of the experimental
data for CV/MB dye molecules adsorption that the
values of linear regression coefficients for Langmuir
model were higher than those of Freundlich model
during the whole concentration investigated. So, the
linearity obtained from Langmuir adsorption isotherm
model correctly fitted the equilibrium data. The plots
of Langmuir adsorption isotherm of CV and MB dye
molecules (onto dry and equilibrium swollen SAHs
sample) are shown in inset Fig. 7. The gm.x values of
the SAHs evaluated by Langmuir equation were quite

Table 3
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consistent with the experimental one (Table 3). The
higher values of correlation coefficient (R* value found
in the range of 0.9813-0.9985 and 0.9891-0.9997 for
Pb** ions and Fe®* ions, respectively) signifies the
applicability of Langmuir isotherm model and suggest
the favorable and monolayer adsorption process.
Therefore, it can be concluded that the adsorption
process for CV and MB dye molecules can be satisfac-
torily described by Langmuir adsorption isotherm.

3.10. Thermodynamic parameters of adsorption

The equilibrium constants obtained from Langmuir
adsorption equation at 30, 45, and 60°C were used to
calculate the various thermodynamic activation
parameters such as Gibbs free energy change (AG),
standard enthalpy change (AH), as well as standard
entropy change (AS). These thermodynamic parame-
ters are the actual indicators of an adsorption process
for its practical application. Depending on the values
of these parameters, spontaneity of any adsorption
process can be determined. In the present case, these
parameters were calculated for the H; SAHs. The
change in Gibbs free energy of any reaction can be
expressed as follows [34]:

AG = AG° + RTInK, (€))

When the adsorption acquires the equilibrium
condition, then AG becomes zero, and so AG® will be
equal to —-RT In K,, here K, signifies the equilibrium
constant, R represents the universal gas constant
(8.314 ] mol ! K™Y, and T defines the temperature in
Kelvin.

Temperature dependence of any reaction for the
Gibbs free energy change can be given by the
following equation [35]:

d(AG°/T) = —AH°/T?dT ©

InK, = —(AH°/R)(1/T) + AS°/R (10)

Estimated adsorption isotherm parameters for the adsorption of CV and MB dye onto SAHs Hj in aqueous solutions

Langmuir model

Freundlich model

Sample designation Dye g.(mg/g)  Gmax (mg/g) K,x10* (L/mg)  R? K¢ (mg/g) n R?

SAHs Hj in dry state Cv 231 277 42 099 3715 253  0.96
MB 270 294 9.5 0.99 6456 3.03 095

SAHs Hj in swollen state Ccv 240 285 4.8 0.99 40.73 2.63 0.98
MB 278 303 11.82 0.99  70.79 312 091
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The thermodynamic equilibrium constant of Langmuir
equation can be expressed in terms of enthalpy change
(AH") of adsorption process as a function of tempera-
ture. Assuming that, if standard enthalpy change
(AH") for the reaction is approximately independent of
temperature, then slope of the linear plot of In K, vs.
1/T will be equal to —~AH"/R. Now, the standard
adsorption entropy change is determined from the
equation as follows,
AS° = (AH® — AG®)/T (11)
The plots of In K. vs. 1/T are represented in Fig. 8.
Changes in AS° and AG® are used to determine
whether the process is spontaneous or not. The nega-
tive Gibbs free energy change reveals the spontaneous
nature of the adsorption process and its higher nega-
tive value indicates more energetically favorable
adsorption [36]. The values of various parameters are
summarized in Table 4.

It can be clearly observed from the Table 4 that the
obtained values for standard enthalpy change are
negative, thus suggesting that the adsorptions of both
dyes are exothermic, which is also evidenced by the
decrement in the adsorption of both dyes with
increase in the temperature. Negative change in AG’
values shows that the adsorption process is
spontaneous [37] as well as, with the increase in
temperature the decrease in the AG® values indicates
the more spontaneous nature of the adsorption
reaction at higher temperatures. The obtained positive
value for entropy change shows increase in
randomness at the solid-solution interface during the
dye adsorption on the adsorbent.

3.11. Competitive adsorption of both dyes

The wastewater released from textile industries
contains multiple pollutants. Therefore, it is desirable

Table 4
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to investigate the adsorption of more than one pollu-
tant from the aqueous solution. Thus, the adsorption
of CV and MB dyes from their aqueous mixture was
carried out and shown in Fig. 9. To investigate the
competitive adsorption, SAHs sample were used in its
dry as well as swollen condition. The concentration of
both dyes was same in mixture (mg/L). In case of
competitive adsorption three types of responses can
take place: (i) the influence of mixture is more than
that of each of the individual influence of the
constituents present in the mixture (synergism); (ii)
the influence of mixture is lesser than that of each of
the individual influence of the constituents present in
the mixture (antagonism); and (iii) the influence of
mixture is not greater or lesser than that of each of the
individual influence of the constituents present in the
mixture (non-interaction) [38]. Adsorption of the
CV/MB dye from the mixtures takes place in a similar
manner as occur from the individual solution of each
dye. It is worth mentioning that the adsorption capac-
ity of poly(AAc-SA-AM)/SH SAHs for the adsorption
of both dye was lower than the individual solution
(antagonistic effect). The most logical reason for this
type of action is claimed to be due to competition for
the binding sites on the SAHs and/or a screening
effect by the other dye molecules.

3.12. Desorption/regeneration of adsorbent

A good adsorbent in addition to its excellent
adsorption ability should also exhibit good regenera-
tion properties for multiple applications. The recovery
of dyes is an important parameter for the characteriza-
tion of economics of the process. Desorption studies
helps in recovering the CV and MB dyes from the
adsorbent surface and regenerating the SAHs, and
thus it can be used again and again. Dyes desorption
were also investigated in a batch experimental setup.
The same SAHs poly(AAc-SA-AM)/SH which were

Thermodynamic parameters for adsorption of CV and MB dye onto SAHs Hj at various temperatures

SAHs Hj in dry state

SAHs Hj; in swollen state

K, x10>°  AG® AH® AS® K, x10° AG* AH" AS®
Dye T (K) (kJ/mol) (kJ/mol) (J/mol K) (kJ /mol) (kJ/mol) (kJ/mol) (J/mol K)
CV 303.15 4.20 3.61 7.80 4.80 3.93 4.75
318.15 4.09 3.79 -1.24 8.00 4.52 4.12 —2.49 5.10
333.15 4.01 3.97 8.19 4.34 4.32 5.49
MB 303.15 9.50 5.67 11.40 11.82 6.20 12.79
318.15 9.11 5.95 -2.21 11.70 11.24 6.50 —2.32 13.13
333.15 8.75 6.23 12.06 10.80 6.81 13.47
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Fig. 9. Competitive adsorption of CV and MB dyes from
their aqueous mixture.

applied for dye adsorption were placed in distilled
water for 48 h and the amount of CV/MB dye
desorbed to the distilled water was measured. Table 5
displayed the relationship between the adsorption
amount and times for reuse for the SAHs sample. So
after many times of reuse, the adsorption capacity of
SAHs decreases only slightly as compared to initial
capacity. It can be concluded that the SAHs poly
(AAc-SA-AM)/SH showed stable CV/MB dye
removal capacities after repeated regeneration.
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Table 5
Adsorption amount of CV and MB dye onto SAHs Hj after
repeated adsorption-desorption cycle

CV dye MB dye
Cycle no. A D A D
1 231.00 97.00 278.00 97.20
2 230.20 96.12 275.00 96.88
3 228.00 95.00 274.64 95.04
4 227.40 94.78 272.33 94.62
5 224.50 94.17 272.00 94.00

Note: A-adsorption (mg/g), D-desorption (%).

4. Conclusion

The study showed that both dyes CV and MB
dye were removed effectively in high quantity from
aqueous solutions using adsorbent poly(AAc-SA-
AM)/SH SAHSs in its dry as well as swollen state.
Adsorption experiments were carried out at various
conditions including time, SH content, temperature,
and initial concentration of dye to investigate the
optimized values of given parameters. The results
revealed that poly(AAc-SA-AM)/SH SAHs adsorbs
both dyes in higher amount with higher adsorption
rate in its swollen condition as compared to dry state
and the maximum adsorption amount was obtained
when 2.4wt.% SH content was used. The adsorption
isotherms for CV and MB both dyes in its dry as
well as swollen state agree well with the Langmuir
adsorption isotherm model. The adsorption process
of CV and MB dye onto poly(AAc-SA-AM)/SH SAHs
is exothermic and spontaneous with the pseudo-sec-
ond-order kinetics. The results of five time consecu-
tive adsorption—desorption cycle show that the poly
(AAc-SA-AM)/SH hydrogel has high reusability
efficiency, indicating that it can be used as effective
solid adsorbent for the removal of dye from waste
water and aqueous effluents.
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