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Removal of Mixed Cationic Dyes by a Biosorbent
Based on Magnetic Tragacanth Gum Hydrogel

Jaymand, Mehdi™*
Nano Drug Delivery Research Center, Health Technology Institute,
Kermanshah University of Medical Sciences, Kermanshah, I.R. IRAN

ABSTRACT: 4 magnetic tragacanth gum-grafted poly(acrylic acid) hydrogel (TG-g-PAA/Fe;O.) was applied
for the removal of Malachite Green (MG), basic yellow 28 (BY28) and rhodamine 6G (Rh6G) dyes
form industrial simulated wastewater: The most important parameters (e.g., initial dye concentrations,
adsorbent dosage, pH, and contact time) were optimized in all single, binary, and ternary systems.
The adsorption processes were better fitted with the Langmuir model than the Freundlich model which
revealed the linearity of the processes. Maximum adsorption capacities (Qy) for MG, BY28, and Rh6G
in the ternary system were obtained as 626.5, 568.2, and 459.7 mg/g, respectively. Kinetic studies exhibited
that the removal of all dyes in all systems was best fitted with the pseudo-second-order model, which proved
the rate-limiting step might be the chemical adsorption. The hydrogel was regenerated by the desorption
process after the loading process and reused several times. As a result, the removal efficiency
of the adsorbent almost remains the same for the first four cycles.
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Adsorption.

INTRODUCTION

Nowadays, water pollution caused by synthetic dyes
has become a global concern. Synthetic dyes are used
annually in different industries such as plastics, textiles,
leather, paper, and dyestuff because of their coloring
properties. These are toxic, non-degradable, bio-accumulative,
mutagenic, and carcinogenic which cause serious health issues
for humans, aquatic fauna, and flora [1-5]. Wastewater
containing synthetic dyes impedes sunlight penetration
and upsets the photosynthetic activity of aquatic life. Also,
it leads to dermatitis, allergy, and skin irritation as well as
carcinogenic agents. Consequently, the treatment of

wastewater containing these dyes is of high importance [6, 7].
Various methods have been used for the removal of dyes
from wastewater, including membrane filtration [8],
adsorption [9], ion exchange [10], photocatalytic [11],
coagulation [12], Advanced Oxidation Process (AOP) [13],
electrochemical [14], and biological methods [15].
The advantages and disadvantages of the mentioned
approaches are listed in Table 1. Among them, the adsorption
method has been widely applied for dye removal because
of its simplicity, high efficiency, low cost, and reusability
features [9]. Various types of adsorbents such as graphene
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Table 1: The advantages and disadvantages of various pollutants removal methods

4 Method Advantages Disadvantages )
lon change Stability of adsorbent High cost, and unsuitable to some dyes
. High performance, simplicity, low cost, and Unsuitable to some dyes, and the disposal of used
Adsorption "
re-usability adsorbent
Membrane separation High performance, and re-usability Short life-time, and high cost
Coagulation Simplicity, and low cost High sludge generation, and disposal problems
Electrochemical process High performance, and rapid operation High energy consumption, and high cost
S . . . Sludge generation, high cost, high reagents and
Advanced oxidation process High performance, and rapid operation g9e 9 . g g 9 .
energy consumption, and by-products creation
Photochemical process No sludge generation, and rapid operation By-products creation, and energy consumption
\_ Biodegradation Low cost, and facile Environmental conditions issues, and slow process )

oxide/manganese dioxide (GO/MnQO;) [16], activated
carbon [17], multi-functionalized fibrous silica
(MF-KCC-1) [18], nitrilotriacetic acid B-cyclodextrin-
chitosan (NTA-B-CD-CS) [19], polyaniline@zinc oxide
(PANI@ZnO) [20], mesoporous materials [21, 22], and
Metal-Organic Framework (MOF) [23] have been reported
for the removal of dyes from wastewater.

Hydrogels are another category of potent sorbent for
the removal of synthetic dyes owing to their excellent
physicochemical properties, including swelling in aqueous
media up to several times, colorlessness, odorlessness,
non-toxicity, excellent environmental stability, and low
production cost in most cases [24-28]. Amongst, natural
polymers-based hydrogels have been received more
and more attention due to their superior physicochemical
as well as biological features that lead to numerous
biological as well as industrial applications [25, 29-31].

Tragacanth Gum (TG), an acidic polysaccharide,
is a biocompatible and biodegradable natural polymer.
TG achieves in two different forms containing ribbon
and flake. Availability, high thermal and environmental
stability, cheap, non-toxicity, and eco-friendly are some
of the advantages of this natural gum [32, 33]. TG
is frequently applied in various fields, including
pharmaceuticals [21], food and cosmetics industries [34],
emulsifier [35], fat replacer [36], and cross-linking agent [37].
TG composed mainly from branched acidic hetero-
polysaccharides of D-galacturonic acid. Sugars include D-
galactose, L-fucose (6-deoxy-L-galactose), D-xylose and
L-arabinose generated after its hydrolysis. TG is composed
of two fractions of water-soluble and insoluble, so that
tragacanthin (30—40 %) act as the soluble fraction to create
a viscous colloidal hydrosol, while bassorin (60—70%) act
as the insoluble fraction to form a stiff gel [38].
The hydroxyl and carboxylic acid groups in TG backbone
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provide the proper opportunity for reacting with cross-
linking reagents and chemical modification [39]. In this
context, grafting of synthetic polymers (e.g., poly(acrylic
acid); PAA) can improve some physicochemical properties
of the resultant hydrogel for its final usage aim. Some
research projects have been conducted for the removal of
organic dyes using TG-based hydrogels. For example,
Sadeghi et al. applied a nanocomposite containing TG and
poly(methyl ~ methacrylate) (PMMA) reinforced
with bentonite for the removal of acid blue 113 (AB-113),
methyl orange (MO), and congo red (CR) dyes [40]. In
another study, Mallakpour et al. synthesized
TG/CaCO;@EDTA nanocomposite for the adsorption
of methylene blue (MB) dye [41].

Incorporation of FesO, nanoparticles (NPs) into the
hydrogel-based sorbent have been attracted a great deal of
interest due to simple separation of magnetic hydrogels
from aqueous solution by using a magnetic field. Magnetic
hydrogels-based adsorbents have been used for various
pollutants removal, including dyes [42], heavy metals [43],
phosphate [44], ammonia [45], and pesticide [46].

As the above-discussion, present study was aimed at
application of a TG-g-PAA/Fe;0, magnetic hydrogel as a
biosorbent for efficient removal of rhodamine 6G (Rh6G),
basic yellow 28 (BY28), and malachite green (MG) dyes
from single, binary, and ternary systems (Figs. 1 and 2).
The effects of different parameters such as pH, contact
time, initial dye concentration, and sorbent dosage
were studied and optimized.

EXPERIMENTAL SECTION
Materials

The magnetic hydrogel (TG-g-PAA/Fe;04) was synthesized
in our laboratory [47]. The MG, Rh6G and BY28
cationic dyes were obtained from (Sigma-Aldrich,
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Fig. 1: The chemical structures of MG, BY28 and Rh6G dyes

St. Louis, MO, USA). Sodium hydroxide (NaOH),
hydrogen chloride (HCI), sodium carbonate (NaCQs), and
sodium chloride (NaCl) were provided from Sigma-
Aldrich.

Swelling properties

The swelling properties of the TG-g-PAA/Fe;04
hydrogel was assessed by the well-established gravimetric
method. For this aim, the dried hydrogel was cut and
weighed. The species were immersed in deionized water
and weighed at the predetermined time intervals. The swollen
species were taken out, the additional water on the surface
was removed using a filter paper, and weighed again.
The swelling (SR) percent was quantified by the following
equation.
— Wi

x 100 (1

where, W is weight of swelled hydrogel at time t, and W;
is the initial weight of the hydrogel [48].

W,
SR (%) =

Zero point charge (pHzc) of TG-g-PAA/FesO4 hydrogel

In adsorption process, removal efficiency is
significantly depends on the zero point charge (PHzc)
of adsorbent. For investigation the pHgc value of the
adsorbent, NaCl solution (30 mL; 0.1 molL') were added
to Erlenmeyer flasks, and pH of solutions were adjusted
between 1 to 9 using dilute solution of NaOH or HCI (0.1
molL™?). The preliminary pH values were denoted as pH;.
Afterward, the sorbent (0.10 g) was added to each flask,
and stirred till no variation in pH values was observed
between two successive readings. The equilibrium pH
(pHe), which was used to calculate ApH (pHi—pHe). Graph
of ApH against pH; gave the pHzpc value at which the ApH
reads zero (Fig. 4) [49, 50].
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Fig. 2: The synthetic strategy of TG-g-PAA/Fe304 hydrogel [47]

Adsorption processes
Single dye system
The well-established batch approach was used for
the removal of MG, BY28 and Rh6G cationic dyes.
In a typical experiment, the TG-g-PAA/Fe;04 hydrogel
was immersed in 100 mL solutions of MG, BY28 and
Rh6G dyes with concentration of 100 to 700 mg/L. The pH
of solutions were adjusted in the range of 3 to 9 through
the addition of HCI or NaOH solutions (0.1 mol/L).
The removal processes were performed at contact times of
10-120 minutes. The sorbent dosage was optimized using
1, 2, 4, 6, 8, 10 g/L of hydrogel. The industrial condition
was stimulated through the addition of sodium carbonate
(0.003 mol/L) and sodium chloride (0.01 mol/L) to the
dyes solutions. The removal efficiency (R) and
equilibrium adsorption capacity (ge) of the sorbent were
calculated using a UV-vis spectrophotometer (at 618, 528
and 439 nm for MG, Rh6G and BY28, respectively)
by Equations (2) and (3), respectively.
R(%) = € =%, 100 )
Co
_ (Co - Ce)

= XV 3
de W 3)
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Fig 3. Swelling behavior of TG-g-PAA/Fe304 hydrogel at pH
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Fig. 4: The pHzx value for the TG-g-PAA/Fe304 hydrogel

where, C, (mg/L) and C. (mg/L) are the initial and final
concentrations of each dye, respectively, V is the dye
solution volume (mL), and W is the mass of sorbent (g)
[51, 52].

Binary dyes system

In a binary removal system, 100 mL (400 mg/L) of
dyes solutions taken for experiment at optimized
condition. The removal efficiency for each dye was
calculated by a UV-vis spectrophotometer using equations
2 and 3.

Ternary dyes system

In ternary system, 33.33 mL (400 mg/L) of each dye
was taken for process under optimized condition. The
concentrations of each dye was quantified by a UV-Vis
spectrophotometer using equations 2 and 3.

Regeneration and reusability

The dye(s) loaded TG-g-PAA/Fe;O, sorbent was immersed
in various solvents at various pH's (3 to 10) and stirred
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in ambient condition. Consequently, the hydrogel was
isolated by an external magnet bar, and the dyes concentration
were calculated by a UV-Vis spectrophotometer according to
Equation (4).

C
Desorption (%) = C_e x 100 4
o
Where, C, (mg/L) and C. (mg/L) are the initial and final
concentrations of dye(s), respectively. The regenerated
TG-g-PAA/Fe;0,hydrogel was taken for adsorption-desorption
process under optimized condition for several times.

Characterization

The Ultraviolet-visible spectra were provided using
a Specord 210 Plus spectrophotometer (Analytik-Jena AG,
Germany).

RESULTS AND DISCUSSION
Swelling behavior

The swelling properties of the TG-g-PAA/Fe;0,
hydrogel was investigated in numerous pH values (2, 7,
and 9) as depicted in Fig. 3. During swelling, the volume
of the sorbent increased significantly that can improve
dyes uptake significantly. As seen, by increasing time in
all pH values the swelling was increased, and after 350 min
the swelling reached equilibrium. In addition,
increasing the pH value lead to increasing the swelling.
The highest swelling was obtained as 316% after
350 min at pH 9.

The pHzec measurement

The pHze value for the TG-g-PAA/Fe;O, hydrogel
was measured as 4.65. Consequently, the surface of the
TG-g-PAA/Fe;04 adsorbent will be negatively charged
above pHz,. and positively charged below pHzpc. Therefore,
TG-g-PAA/Fe;04 hydrogel can be easily adsorb cationic
dyes at pH values higher than 4.65 due to efficient physical
interactions between dyes and hydrogel matrix (Fig. 4).

Removal condition optimization

The most important parameters, including pH, initial
dye concentration, adsorbent dosage, and contact time that
influence removal process were optimized as follows.

Effect of pH

The effect of pH on removal efficiency of MG, Rh6G
and BY8 dyes were studied in single, binary, and ternary
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Fig. 5: The effect of pH on the removal efficiencies of MG, BY28 and Rh6G dyes in single (a), binary (b, ¢, and d), and ternary (e)
systems (condition: 25 °C; dye concentration 400 mg/L, adsorbent dosage 8 g/L, and contact time 90 minutes)

systems in the range of 3 to 9 as depicted in Fig. 5. As
expected, at acidic pH values (especially below pHg;
4.65) the sorbent did not showed acceptable removal
efficiency owing to its positively charged surface. In
contrast, above pH;,c removal efficiency was increased in
all systems for all dyes due to excellent physical
interactions (e.g., ionic and hydrogen bonding) between
dyes and hydrogel matrix.

In single system (Fig. 5a), the highest removal
efficiencies for MG (95%), Rh6G (79%), and BY 28 (86%)
were obtained at pH 8, 7 and 7, respectively. In binary

2574

system composed of MG and BY28 dyes, the highest
removal efficiencies were obtained as 91 and 76%,
respectively, at pH 8 and 7, respectively (Fig. 5b). In MG
and Rh6G binary system, the highest removal efficiencies
were obtained as 89 and 76%, respectively, at pH 8 and 7,
respectively. The optimal pH value for the removal of
BY28 (88%) and Rh6G (82%) dyes in binary system was
obtained as 7 for both dyes. In the case of this binary
system, hydrogen bonding between the dyes as well as
matrix and m-m stacking between dyes lead to higher
removal efficiency than those of the other systems.
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Fig. 6: The effect of sorbent dosage on the removal efficiencies of MG, BY28 and Rh6G dyes in single (a), binary (b, ¢, and d), and
ternary (e) systems (condition: 25 °C; pH 7; dye concentration 400 mg/L; and contact time 90 minutes)

Finally, in ternary system the optimal pH value for
the removal of MG (92), BY28 (78%) and Rh6G (74%)
dyes were obtained 8, 7, and 7, respectively. As the results,
pH 7 was selected as the optimal pH value for all dyes and
systems.

Effect of adsorbent dosage

In adsorption process, adsorbent dosage optimization
iS an important stage owing to commercial and
environmental aspects of views. The effect of adsorbent
dosage on removal efficiencies of MG, BY?28 and Rh6G
dyes was studied in single, binary, and ternary systems
as illustrated in Fig. 6.
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The removal efficiencies of all dyes were increased
continuously with the increasing of adsorbent dosage up to
8 g/L in all single, binary, and ternary systems, and after
which the removal efficiencies did not changed
significantly. The maximum removal of MG, BY28 and
Rh6G dyes in optimum sorbent dosage (8 g/L) were
obtained as 91, 86, and 79%, respectively, in single system
Fig. 6a). As seen in Fig. 6b, in MG and BY28 binary
system the maximum removal were obtained as 83 and
76%, respectively.

In MG and Rh6G binary system, the maximum removal
were obtained as 85 and 76%, respectively (Fig. 6¢). In BY28
and Rh6G binary system, the maximum removal were quantified
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as 88 and 82%, respectively (Fig. 6d). Finally, in MG,
BY28 and Rh6G ternary system, the maximum removal
were calculated to be 87, 78, and 74%, respectively (Fig. 6e).
As the results, the optimum sorbent dosages for all single,
binary, and ternary systems was selected as 8 g/L for all
dyes.

Effect of initial dye concentration

In general, the wastewater containing dyes was concentrated
before treatment. Therefore, the optimization of initial
dyes concentrations is particular of interest in adsorption
processes. As seen in all single, binary and ternary
systems, the sorbent can be adsorb approximately 100%
of dyes up to concentration of 300 mg/L under
optimized condition. In contrast, at higher concentrations,
the saturation of the adsorbent active sites led to lower
quantities of dyes adsorption. As the high concentration
of wastewater and acceptable removal efficiency of dyes
up to concentration of 400 mg/L, this concentration
was selected as the optimal value for all dyes in all systems.

In detail, the adsorbent can be remove 91, 86 and 79%
of MG, BY28 and Rh6G dyes, respectively, at concentration
of 400 mg/L in single system (Fig. 7a). In MG and BY28
binary system, the removal efficiencies at dyes
concentration of 400 mg/L were quantified as 83 and 76%,
respectively (Fig. 7b). In binary system composed of MG
and Rh6G dyes, the sorbent can adsorb 85 and 76% of dyes,
respectively (Fig. 7c). The removal efficiency of BY28
and Rh6G dyes at optimal concentration were calculated
to be 88 and 82%, respectively (Fig. 7d). Finally, at the terary
system, the removal efficiencies of MG, BY28 and Rh6G
dyes at concentration of 400 mg/L were obtained as 87, 78,
74%, respectively (Fig. 7e).

Effect of contact time

The effect of contact time on removal efficiencies of
MG, BY28 and Rh6G dyes in all single, binary, and
ternary systems were investigated and the results obtained
are summarized in Fig. 8. As seen, the highest removal
efficiencies for all dyes in all systems (except MG in single
system; 80 minutes) were obtained to be 90 minutes, and
after which the removal efficiency of each dye is not
changed significantly. Therefore, 90 minutes was selected
as the optimum contact time for all dyes in all systems.

Time-dependent removal process
Time-dependent removal of MG, BY28 and Rh6G
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dyes in single, binary, and ternary systems were performed
on the above-mentioned optimal condition, and electronic
spectra as well as photographs are illustrated in Figs. 9,
10, and 11.

Adsorption isotherms

Langmuir and Freundlich isotherm models were applied
for adsorption isotherm study in all single, binary and
ternary systems at optimum condition (Equations (5) and
(6), respectively).

c, C, 1
=< ©)
qe Qm QmKL

qezKFCelln (6)

In these equations, g. (mg/g) is the adsorbed dye
concentration on the sorbent, C. (mg/L) is the equilibrium
concentration of dye in the bulk solution, Qn (Mg/g) is the
monolayer adsorption capacity, K. (L/mg) is the Langmuir
constant, Ke and n are the Freundlich constants.

Another important parameter in the Langmuir isotherm
model is dimensionless constant (R ; otherwise known as
equilibrium parameter) that investigated by following
equation [53].

1

= 7
1+a,C, ™

Ry

In Equation (7), R is the shape of the Langmuir
isotherm, a_ (L/mg) is the Langmuir constant associated
with the energy of adsorption, and Co (mg/L) is the initial
concentration of dyes. The a_ was obtained from the slope
of the Langmuir isotherm. If R_ > 1, R =1, R, =0, and R
< 1 the adsorption process are considered as un-favorable,
linear, irreversible, and favorable, respectively.

Langmuir and Freundlich isotherm plots for the
removal of MG, BY28 and Rh6G dyes in single system are
depicted in Fig. 12. The R? values for all dyes in Langmuir
model are approach's to one, which revealed the Langmuir
model is well-fitted in comparison with the Freundlich
model to describe the adsorption process. In the case
of binary (Fig. 13) and ternary (Fig. 14) systems were also
obtained the similar results. These data confirm the
linearity of the adsorption process.

Some Langmuir and Freundlich isotherm models
parameters are summarized in Tables 2 and 3, respectively.
According to R_ and 1/n values (< 1), the adsorption
of all dyes onto/into the sorbent is favorable. In addition,
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Fig. 7: The effect of dye concentration on the removal efficiencies of MG, BY28 and Rh6G dyes in single (a), binary (b, ¢, and d),
and ternary (e) systems (condition: 25 °C; pH 7, contact time 90 minutes, and adsorbent dosage 8 g/L)

Qm vales for MG, BY28 and Rh6G dyes in single,binary,
and ternary systems were quantified and listed in Table 2.

Adsorption Kinetics

The sorption rates of MG, BY28 and Rh6G dyes
onto/into the TG-g-PAA/Fe;04 hydrogel were evaluated
using pseudo-first-order and pseudo-second-order kinetic
models (Equations (8) and (9), respectively).

log(qe —q.) = l0gqe — 555t (8)
t _ 1 + t (9)
9 k0% q.
Research Article

Where, g. (mg/g) is the loaded number of dyes at the
equilibrium, g: (mg/g) is the loaded dyes amount at time t,
ki and k, are the pseudo-first-order and pseudo-second-
order equation rate constants, respectively. The kinetic
study results such as correlation coefficient, k; and k»
values are represented in Table 4. As seen, the adsorption
of MG, BY28 and Rh6G dyes in all systems (single,
binary, and ternary) are well-fitted with the pseudo-
second-order model (R? > 0.98) than those of the pseudo-
first-order model. As these data, the rate-limiting step
might be the sorption of dyes onto/into the adsorbent,
but not the mass transport.
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Table 2: Langmuir isotherm model parameters at 25 °C for single, binary, and ternary systems

(" Dye(s) Qumax (M/Q) Ki (L/mg) Re R2 N
MG 641.7 0.148 0.0053 0.9922
BY28 583.4 0.237 0.0059 0.9896
Rh6G 473.5 0.253 0.0067 0.9864
MG+BY28 634.3/572.1 0.172/0.246 0.0055/0.0063 0.9923/0.9841
MG+Rh6G 627.6/451.3 0.18/0.268 0.0055/0.0071 0.9908/0.9837
BY28+Rh6G 591.8/479.3 0.224/0.241 0.0054/0.0062 0.9864/0.9872
\_ MG+BY28+Rh6G 626.5/568.2/459.7 0.179/0.251/0.276 0.0057/0.0065/0.0074 0.9945/0.9945/0.9883 )
Table 3: Freundlich isotherm model parameters at 25 °C for single, binary, and ternary systems
4 Dye(s) n Ke (L/mg) R? )
MG 4.11 178.4 0.9695
BY28 4.04 161.7 0.9574
Rh6G 3.79 152.9 0.9392
MG+BY28 4.05/4.01 172.3/154.6 0.9323/0.9309
MG+Rh6G 4.02/3.57 171.7/146.2 0.9346/0.9376
BY28+Rh6G 4.08/3.82 166.2/159.1 0.9341/0.9294
\_ MG+BY28+Rh6G 4.01/3.94/3.48 164.1/151.3/142.72 0.9766/0.9674/0.9534 )
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Table 4: Adsorption kinetic parameters for the sorption of MG, BY28 and Rh6G dyes onto/into adsorbent in single, binary, and

ternary systems
4 Pseudo-first-order Pseudo-second-order )
Dye(s) k;x10°2 (min) R? kox10 (g/(mg.min)) R?
MG 1.69 0.969 3.02 0.998
BY28 1.76 0.954 291 0.993
Rh6G 1.83 0.942 2.73 0.991
MG+BY28 1.71/1.81 0.961/0.952 2.98/2.83 0.997/0.991
MG+Rh6G 1.74/1.87 0.969/0.951 2.96/2.63 0.996/0.984
BY28+ Rh6G 1.72/1.79 0.951/0.947 2.97/2.79 0.994/0.993
9 MG+BY28+Rh6G 1.62/1.72/1.86 0.967/0.949/0.941 2.97/2.77/2.52 0.993/0.989/0.984 )
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Fig. 11: Time-dependent removal of MG, BY28, and Rh6G dyes in ternary system
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Table 5: Desorption values of MG, BY28 and Rh6G dyes from TG-g-PAA/Fe304 hydrogel

4 Desorption efficiency (%)? N\
Eluent
MG BY28 Rh6G
Water (pH 7) 57 54 55
Methanol (pH 7) 49 47 46
Ethanol (pH 7) 47 45 44
Water (pH 3) 87 84 88
Water/Methanol (93:7 v/v) (pH 3) 96 95 97
\ Water/Ethanol (93:7 v/v) (pH 3) 95 93 96 /

2 Desorption condition: T=25 °C, time = 70 minutes, adsorbent amount=0.50 g, and desorption eluent volume = 100 mL, ternary system

B MG BY28 mRhoG

Removal (%)

89
80 - 5
o =
40
20 A
o 4

1 2 3 4 5 6 7 8
Cycles
Fig. 15: Removal efficiencies of MG, BY28 and Rh6G dyes in
ternary system under several consecutive cycles at optimized
condition

COO
0O0C

.

Fig. 16: Possible adsorption mechanism of MG, BY28 and
Rh6G cationic dyes onto/into the TG-g-PAA/Fe304 hydrogel

Regeneration and reusability study

In industrial process, regeneration and re-usability
of an adsorbent is an important stage from economic
and industrial pointes of views. The desorption ability
of the TG-g-PAA/Fe;04 hydrogel was assessed in various
solvents (Equation (10)), and the results obtained are
presented in Table 5.

2582

b tion (%)= Amount of dye liberated by acid %100 10
esorption (7o " Amount of dye in the adsorbent (10

As experiment results, the mixture of water/methanol
(93/7 viv) at pH 3 showed the highest desorption efficiency.
According to chemical composition of adsorbent, at acidic
condition (pH 3) the carboxylic acid groups of hydrogel (more
especially PAA segments) are fully protonated that resulted to
weaken physical interactions (e.g., ionic) and facilitate
desorption of cationic dyes from adsorbent.

The regeneration of the adsorbent was achieved
through desorption process as mentioned above, and then
the adsorbent was taken for several adsorption—desorption
cycles under optimized condition in ternary system.
As illustrated in Fig. 15, the removal efficiency of MG,
BY28 and Rh6G dyes using TG-g-PAA/Fe;0, hydrogel
almost remains the same for the first four cycles, after
which the removal efficiency decreased gradually owing
to saturation of the adsorbent surface that led to the
decrease in the availability of attaching sites [54].

Adsorption mechanism

As the chemical composition of TG-g-PAA/Fe;04
hydrogel, the electrostatic interactions (e.g., hydrogen
bonding and ionic) between the polymeric matrix as well
as FesO4 NPs and dyes are the main physicochemical
reason for the adsorption of MG, BY 28 and Rh6G cationic
dyes. In addition, m-n stacking as well as hydrogen
bonding interactions may occur between dyes as their
chemical structures (Fig. 16).

Removal efficiency comparison

The removal efficiencies of TG-g-PAA/Fe;0,
hydrogel in the removal of MG, BY28 and Rh6G dyes
was compared with some other sorbents (Table 6).
As seen, the TG-g-PAA/Fe;O4 hydrogel has acceptable Qn,
in comparison with others.
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Table 6: Comparison of the Qmax (mg/g) of other adsorbents in removal of MG, BY28 and Rh6G dyes in ternary system

4 Dyes I
Adsorbent
MG BY28 Rh6G Qm (mg/g) References
Akash Kinari coal + - 83.42 [53]
Copper sulfide nanoparticles + 253.2 [55]
Expanded polystyrene foam + 1197.3 [56]
Acid-treated Sawdust + 25 [57]
Natural safiot clay 166 [58]
G TG-g-PAA/Fe;0, hydrogel + + 626.5/568.2/459.7 Thiswork ~ /

CONCLUSIONS

The performance of TG-g-PAA/Fe;0, hydrogel in the
removal of MG, BY28 and Rh6G dyes from simulated
industerial single, binary and ternery systems were
investigated, and the most important affacted parametres
such as pH, adsorbent amount, contact time, and initial
dyes concentrations were optimized. The adsorption
isotherm for MG, BY28 and Rh6G dyes by TG-g-
PAA/Fe;O4 hydrogel were investigated by Langmuir and
Freundlich models, and it was revelead that the adsorption
of all dyes in all systems well-fitted with the Langmuir
adsorption isotherm model, which proved the linearity of
the adsorption process. The Qm values for MG, BY28 and
Rh6G dyes were quantified for single, bineray and ternary
systems. In ternary system, the Qn values were obtained
to be 626.5, 568.2, and 459.7 mg/g, respectively.

In addition, it was revealed that the adsorption process
in all systems and for all dyes were best-fitted with
the pseudo-second-order model that proved the rate-
limiting step might be the adsorption step. The dyes-loaded
hydrogel was regenerated through desorption process by
mixed water/methanol (93/7 v/v; pH 3), and then reused
for several times. It was revealed that the removal
performance almost remains the same for the first four
cycles, and then decreased gradually.

As the results, it could be conclude that owing to high
adsorption capacity of adsorbent, mild process condition
(e.g., pH 7 and 25 °C), as well as low cost and eco-friendly
nature of adsorbent the TG-g-PAA/Fe;O, hydrogel
can be applied for efficient removal of mixed cationic
dyes from industrial effluents.
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