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Adsorption of Bemacid Red by Poly Tetra (Ethylene Glycol) Dimethacrylate Crosslinked
with 2-Hydroxypropyl Methacrylate Hydrogels: Equilibrium and Kinetic Studies
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Abstract: Besides others, textile industries are the primary sources of discharging a
massive amount of highly colored wastewater. Adsorption can be considered the most
economically favorable technology method for removing dyes from wastewater. This
paper reports the synthesis of Poly tetra (ethyleneglycol) dimethacrylate crosslinked with
2-hydroxypropyl methacrylate (Poly (TtEGDMA-cross-2-HPMA)) hydrogels and its
application as a novel sorbent to remove bemacid red (ET,) dye from aqueous solution
under various operating conditions. The equilibrium adsorption capacity was found
142.82-883.60 mg ET, g' of 1% TtEGDMA. The adsorbent was characterized using
Fourier transform infrared radiation (FTIR) and “carbon solid-state nuclear magnetic
resonance spectra (PC-NMR). The effects of the experimental parameters include dye
concentration and crosslinked agent concentration. The kinetic sorption uptake for ET,
by Poly (TtEGDMA-cross-2-HPMA) at various initial dye concentrations was analyzed
by pseudo-first and pseudo-second models. Two sorption isotherms, namely the Langmuir
and Freundlich isotherms, were applied to the sorption equilibrium data. The sorption
kinetics of ET, onto the hydrogels followed the pseudo-second-order kinetics model (R* =
0.999) and the adsorption equilibrium data obeyed the Langmuir isotherm model (R? =
0.999). It can be concluded that Poly (TtEGDMA-cross-2-HPMA) is an alternative
economic sorbent to more costly adsorbents used for dye removal in wastewater treatment
processes.

Keywords: tetra (ethylene glycol) dimethacrylate; 2-hydroxypropyl methacrylate;
bemacid red; pseudo-second model; Langmuir isotherm

= INTRODUCTION

More than 10,000 dyes have been widely used in
textile, paper, rubber, plastics, leather, cosmetics,
pharmaceutical, and food industries to color their

carcinogenic aromatic amines under anaerobic
conditions, which could cause serious health problems
to humans and animals [1]. Dyes prevent light from
penetrating water masses and suppress the
photosynthesis process. Thus, the biological energy flow

products, which generates a huge volume of wastewater
every year [1-2]. The disposal of dye wastewater without
proper treatment is a big challenge and has caused harm
to the aquatic environment, such as reducing light
penetration and photosynthesis [1]. Some of the dyes
contained in wastewater are decomposed into

in the water environment is affected. Due to the
carcinogenic and mutagenic properties of the dyes, they
also affect microbial and other living organisms in water
(3].

Due to the low biodegradability, conventional
biological wastewater treatment processes are not
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efficient in treating dyes wastewater [1]. Therefore, dye
wastewater is usually treated by physical, chemical, and
biological processes [3-4]. Due to its cost-effectiveness,
simple design, and ease of use, adsorption is the most
preferred method for physical-chemical wastewater
treatment [3,5-7]. Several adsorbents have been reported
in the literature, such as clay such as smectites [8-10],
zeolite [11-13], fly ash [10,14-15], silica gel [16-18],
[9,19], and algae [20-21]
adsorption of basic dyes from aqueous solution. Several

chitosan regarding the
methods were developed for wastewater treatment [21-
24].

Adsorption is the best

comprehensive technique [25], the most effective process

process, the most
of advanced wastewater treatment employed to reduce
hazardous pollutants present in the effluent [21,26-27],
the most economical and effective way to eliminate many
types of contaminants [21].

The major advantages of adsorption over
conventional treatment methods include; low operating
cost [21,28-32], simplicity of implementation [21,28-31],
affordability [28-31], ease of operation [32], high
efficiency [21,28-32], minimization of chemical or
biological sludge [32], no additional nutrient requirement
[32], regeneration of biosorbent [32], possibility of sorbate
recovery [32], and reusability of the adsorbent [28-31].

Hydrogels with three-dimensional crosslinking
networks can be used to treat printing and dyeing
wastewater with simple operations efficiently. Most
hydrogels are intelligently responsive to external stimuli,
such as light, electric field, temperature, pH, magnetism,
and so on [33]. These unique properties of hydrogel
endow it with broad application prospects and great
application values in printing and dyeing wastewater
Due to the

carbohydrate polymers, they have been used as the main

treatments. excellent properties of
materials to construct hydrogel skeletons [33].

In this study, we prepared Poly (TtEGDMA-cross-
2-HPMA) hydrogels as a novel sorbent to remove ET,
from aqueous solutions. Adsorption isotherm, the effect
of initial dye concentration, and crosslinked agent were

studied. The adsorption isotherms were fitted by
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Langmuir and Freundlich models. The adsorption was
examined by using pseudo-first-order and pseudo-
second-order kinetic models.

m EXPERIMENTAL SECTION
Materials

Sorbent

The crosslinked agent, tetraethylene glycol
dimethacrylate (TtEGDMA) (Ci6H2607) (MW = 330.38
g mol') was supplied by Fluka, the monomer, 2-
hydroxypropylmethancrylate (2-HPMA) (MW = 144.17
g mol”) was supplied by Merck-Schuchardt and the
initiator, I'azobisisobutyronitrile (AIBN) was supplied
by Merck, Darmstad, Germany. All chemicals were used
as received. The mole number of 2-HPMA is 7 x 10~
mol, and the concentration of 1, 5, and 10% of
TtEGDMA are 7.1 x 107, 3.55 x 10, and 7.1 x 10~* mol,
respectively.

Sorbate
The basic cationic dye, bemacid red
(C14H17sNSOsCl) [34], was obtained from the silk

production (SOITEX) Tlemcen industry (Algeria). The
structure of this dye is displayed in Fig. 1. A 500 mg L~
stock solution was prepared by dissolving the required
amount of dye in distilled water. Working solutions of
desired concentrations were obtained with successive
dilutions.

Instrumentation

The samples were analyzed using FTIR
spectroscopy IFS66 in 4000-400 cm™'. Before the
measurement, the samples were dried under a vacuum
until reaching a constant weight. The dried samples were
pressed into the powder, mixed with 10 times as much
KBr powder, and then compressed to make a pellet for
FTIR characterization.

cl o

N il /CHs
HaN 0—S5—0 N
I \
o
0 H,C—SH
CHa

Fig 1. Chemical structure of bemacid red
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The "C solid-state nuclear magnetic resonance
spectra of Poly (TtEGDMA-cross-2-HPMA) were
measured at 400 MHz on a Bruker MSL 300 spectrometer,
using the cross-polarization/magic angle spinning
(CP/MAS) probe with 4 mm O.D. rotors, under high
power proton decoupling. The sample spinning was
performed at 7.5 kHz, to easily recognize the sidebands.
For each spectrum, 1000 scans were averaged using a
recycling time of 4 s. The “C chemical shifts were
calibrated in ppm relative to TMS by taking the “C
chemical shift of the methine carbon of solid adamantane
(29.5 ppm) as an external reference standard. All the
measurements were performed at room temperature.

Procedure

Preparation of analytical method TtEGDMA-cross-2-
HPMA

Poly (tetra (ethylene glycol) dimethacrylate-cross-2-
hydroxypropyl methacrylate) materials, henceforth
designated as Poly (TtEGDMA-cross-2-HPMA), were
prepared by solution polymerization with a total
concentration 10 wt.% (10.3 g of 2-HPMA). The
concentration of 0.1 wt.% (0.1 g) was the initiator shown
in Fig. 2. The free radical copolymerization was carried
out under a nitrogen atmosphere in a three-necked flask
equipped with a nitrogen inlet and a reflux condenser
immersed in a constant temperature oil bath (yellow,
+1°C). The reaction mixture was stirred using a magnetic
stirrer. A continuous supply of nitrogen was maintained
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the
polymerization proceeded for 24 h at 60 °C. Three
various crosslinked Poly (TtEGDMA-cross-2-HPMA)
samples were prepared with nominal crosslinking ratios,
X, of 1, 5 and 10% mol TtEGDMA/mol 2-HPMA. Then,
the copolymers obtained were washed by CH,Cl, several
The solid
copolymer slab was cut into circular disks using

throughout reaction period. The solution

times to extract unreacted monomers.

punches.

Adsorption kinetics

Batch adsorption experiments were carried out at
25 °C by adding adsorbent (2.0 g) into several 300 mL
glass Erlenmeyer flasks containing 200 mL solution of
different initial concentrations (5, 10, 20, 30, 40, and
50 mg L") of dye. The flasks were placed on a rotary
shaker (120 rpm) in a thermostat. Agitation was
provided for 240 min, which was more than sufficient to
reach equilibrium. The samples (5 mL aliquot) were
taken at suitable time intervals and centrifuged for
10 min at 3000 rpm. The ET, concentration in the
supernatant solution was analyzed by measuring the
optical density at 505 nm, using a spectrophotometer
(Spectronic Genesys 5).

To investigate the kinetic mechanism, which
controls the adsorption process of ET;, on the hydrogel,
the pseudo-first-order (PFO) [9,35] and pseudo-second-
order (PSO) models were used to test the experiment
data [9,35-37]. The pseudo-first-order kinetic model can

CH CHs fe)
3
| | AIBN | o fHoH, \OQ |
H,C=—C + HZC:C\ THF, 60 °C, 24 h ch—cl:—C—O Cc-C -0 C—Cll—CH;;
c—o OH CH, 4 CH,
c—o | Ha I I H
| | HyC-HC—C"-0—C—C—CH H3C—?—ﬁ—0—c|:—CH3
o}
o} O CH CH
| + 2 | 0 OH
CH CHy Il Hy H 0
| 2 | H3C—T—C—O c-c-o C—T—CH3
- CH> 4
HO CH | CH, CH,
o |
CH
8 N
c—o
_ 7
H,C=—C
CHg

Fig 2. Chemical structure of Poly (TtEGDMA-cross-2-HPMA) hydrogel
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be as Eq. (1). The pseudo-second-order model is based on
the assumption of chemisorption of the adsorbate on the
adsorbents. This model is given as Eq. (2):

Ln(q, —q)=Lnq, — kl’s t (1)
€ ¢ 2303

St @

9 kg e

where, q. is equilibrium adsorption capacity (mg g™'), and
ki is the pseudo-first-order rate constant (min™). The q;
parameter is the amount of adsorption dye (mg g) at a
time (min) while k,; is the pseudo-second-order rate
constant (min g mg™).

m  RESULTS AND DISCUSSION
Characterization of Copolymer

The FTIR spectra of poly (TtEGDMA-cross-2-
HPMA) (a) 1% (b) 5% and (c) 10% TtEGDMA are shown
in Fig. 3(a-c). It is observed that poly (TtEGDMA-cross-
2-HPMA) spectra showed an absorption band typical at
1060 cm™, which is attributed to C-O [38-40], and the
O-H bending vibrations 1006 cm™ correspond to the
HPMA comonomer of the copolymer. The ester
stretching vibration (-C=0) of -COOR band at 1738 cm™,
the C-O stretching at 1255 cm™. The other strong bands
at 1450 correspond to the C-H bending (alkane, -CHs,
alkane, -CH,-) of the alkane [41]. The FTIR shows C-O-
C stretching peaks of the ester group of 1108 cm™ [2,42],
1385 cm™ due to the symmetrical deformation of its
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methyl (CHs) [39] and deformation of the group CH-
OH [43]. The absorption peak at 976 cm™ corresponds
to its ~-CH,-CH,-O group vibration [2].

The "“C-NMR spectrum of Poly (TtEGDMA-
cross-2-HPMA) and its assignment are shown in Fig. 4.
The a-methyl of TtEGDMA and 2-HPMA appeared at
18.8 ppm, the methylene of TtEGDMA and 2-HPMA
appeared at 55.5 ppm. The signal due to the backbone
methylene carbon of TtEGDMA is observed at 65.1 and
75 ppm, while the ester carbonyl of Tt(EGDMA and 2-
HPMA appeared at 167 and 178.2 ppm, respectively.

Adsorption Studies

Fig. 5-6 shows experimental data, and the
predicted curves for the sorption of ET, by Poly
(TtEGDMA-cross-2-HPMA) using a linear method for
the three hydrogels used models pseudo-second-order.
Table 1 shows the pseudo-first and pseudo-second-
kinetic different
concentrations of ET, obtained by utilizing the linear

order parameters  for initial
regression analysis method.

According to experimental data, a straight-line
plot with a correlation coefficient of 0.995 suggests the
applicability of the pseudo-first-order kinetics model to
fit the experimental data (Table 1). The calculated value
of adsorption capacity for 1% TtEGDMA for 50 mg g',
Qeca (9.33 mg g') is higher than the value of
experimental adsorption capacity, Qeex (9.25 mg g™').

Therefore, the theoretical q. values estimated from the
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Fig 3. FTIR spectrum of Poly (TtEGDMA-cross-2-HPMA) hydrogels: (a) 1%, (b) 5% and (c)10% of TtEGDMA
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Fig 4. "C-NMR spectrum of Poly (TtEGDMA-cross-2-HPMA) hydrogels
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Fig 5. Pseudo-first order adsorption kinetics dyes of ET, by Poly (TtEGDMA-cross-2-HPMA) with (a) 1, (b) 5, and
(c) 10% of TtEGDMA for various initial dye concentrations

Asmahane Fasla et al.



646 Indones. J. Chem., 2022, 22 (3), 641 - 652

(b) 300000 1
(a) 300000 - o 5mgi - ) P —
| 10 mg/L | 10mg/L
250000 -
& 20 mon. 200000 A A 20mg/L
x 30 mg/L s
< 200000 1 x 40 mg/L ? X  30mg/L
E» ® 50 mg/L % 150000 1 x40 mg/L
c 150000 1 o ® 50mg/L
€ S
- 100000 -
= 100000 -
50000 4
50000 A
0 1 e 0 - s v r .
- v v \ 4
0 10000 20000 30000 40000 . 200 4000 60000
Time (min) Time (min)
140000 1
¢ 5mgL )
120000 1 | 10 mg/L
A 20 mg/L
100000 1 x 30 mg/L
5 x 40 mg/L
Esoooo
® 50 mg/L
c
?—60000 1
o
S
40000 -
20000 -
0

0 5000 10000 15000 20000 25000 30000 35000
Time (min)

Fig 6. Pseudo-second order adsorption kinetics dyes of ET, by Poly (TtEGDMA-cross-2-HPMA) with (a) 1, (b) 5, and
(c) 10% of TtEGDMA for various initial dye

Table 1. Calculated model parameters and regression coefficients for the pseudo-first-order and pseudo-second order
for all studied concentration

) Pseudo first order Pseudo second order
TtEGDMA Concentration 10 o 10°
(% mol) (mgL") s 2 oal R 2200 Geal Qe py
(min')  (mgg") (gmg'min') (mgg') (mgg')
5 3.76 1.81x107° 0.958 9.00 1.45 1.42 0.966
10 3.86 2.20%x 107 0.950 4.97 3.62 3.65 0.998
] 20 4.23 8.00x 10% 0.982 2.26 6.65 6.58 0.998
30 3.81 8.30x 1072 0.965 1.89 8.51 8.44 0.997
40 4.97 9.60x 102 0.978 2.72 8.94 8.84 0.999
50 1.99 559 x 107" 0.931 3.97 9.33 9.25 0.999
5 1.27 1.21x10* 0.963 2.03 0.65 0.65 0.997
10 1.24 5.72x107% 0.975 8.02 1.71 1.69 0.998
5 20 1.23 9.51x 1072 0.980 5.06 2.52 2.48 0.999
30 1.35 1.48 x 10 0.992 4.01 3.05 3.02 0.998
40 2.14 2.12x 107" 0.994 8.20 3.37 3.33 0.999
50 1.74 3.90x 107" 0.993 5.92 3.87 3.82 0.999
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Table 1. Calculated model parameters and regression coefficients for the pseudo-first-order and pseudo-second order

for all studied concentration (Continued)

Pseudo first order

Pseudo second order

TtEGDMA Concentration

(% mol) (mg L) kis 1?2 el 2 kz’j 10 _ el Qeew — po
(min')  (mgg") (gmg'min') (mgg"') (mgg")

5 0.70  3.67x102 0.981 26.6 0.55 0.55  0.995

10 056 19.5x102 0.990 10.3 1.14 112 0.99

10 20 0.48  22.4x102 0.980 10.4 1.29 127  0.99
30 038  39.3x102 0.961 9.50 1.60 158  0.997

40 0.65 69.8x102 0.952 6.30 2.04 199  0.997

50 0.19 664x102 0.949 13.2 2.09 207 0.999

first-order kinetic model gave significantly different
values compared to experimental values comparing
pseudo-second-order kinetic model, the correlation
coefficient (R*) of PSO model (0.996) is higher than that
of PFO kinetic model (0.949) for ET,, indicating that
chemisorptions dominate the removal mechanism and
due to the sharing or exchange of electrons of ET, [36,44-
45]. These results showed that the first-order kinetic
model did not describe these sorption systems. Thus, it
could be suggested that the adsorption of ET, on hydrogel
follows the pseudo-second-order better than the pseudo-
first-order model. The pseudo-second-order kinetic
model assumes that the rate-limiting step may be
chemical adsorption. The rate-determining step may be
chemical sorption involving valence forces through
sharing or exchange of electrons between adsorbent and
adsorbate. It may lead to the inference of a greater affinity
and rapid bonding of ET, molecules to the surface of poly
(TtEGDMA-cross-2-HPMA) [35,46].

Adsorption Isotherms

In this work, the most commonly used equilibrium
isothermal models, Langmuir and Freundlich models,
were adopted to simulate the adsorption isotherm of the
prepared foams. Langmuir model is based on the
assumption of a homogeneous adsorbent surface with

identical adsorption sites, which can be expressed in Eq.
(3) [36,47]:

_ 9o xbx Ce
 1+bx Ce

qe (3)

where, b is an equilibrium adsorption constant (L mg™),
and qo is the saturated monolayer adsorption capacity
(mg g™). A linearized plot of 1/q. against 1/c. gives a qo
and b.

Freundlich adsorption isotherm describes the
adsorption of adsorbates onto heterogeneous surfaces
with different functional groups or adsorbent-adsorbate
interactions as shown in Eq. (4) [36,48].

n
g =kpxc} @
This expression can be linearized to give:
1
Lnq, =Lnk +—Lnc, (5)
n

where, k¢ and n are Freundlich constants, which
represent adsorption capacity and adsorption intensity,
respectively. Krand n can be calculated from a linear plot
of Lnq. against Lnc..

The calculated results of the Langmuir and
Freundlich isotherm constants are given in Table 2. The
R* of the Langmuir isothermal model for the ET; is
0.999, higher than those of the Freundlich isotherm
model 0.959, demonstrating that the cationic dyes are

Table 2. Langmuir and Freundlich isotherm model constants and correlation coefficients

TtEGDMA Langmuir model Freundlich model
Hydrogel
(% mol) b @ R K10° n R
1 953.16 0.13 0999 926 0.18 0.959
Poly (TtEGDMA-Cross-2-HPMA 5 329.31 025 0999 2533 039 0.981
10 48.39 0.85 0.999 208.88 1.03 0.959
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Table 3. Comparing the adsorption capacities of the various hydrogels adsorbents towards ET, dye adsorption

Quax (mg g')  Hydrogel adsorbent Ref.
0.7 Poly (methacrylic acid-cross-dodecyleacrylate ammonium bromide)  [34]
0.159 Poly (acrylamide-cross-hydroxyethylmethacrylate) [41]
0.85 Poly (TtEGDMA-cross-2-HPMA)
H-Bonding (a)
T
HaC——N SH

H

(e}
n--TT interaction (c)

Yoshida H-bonding (b)

Cl' NH,
A

Bemacid red (ET2)

i
HsC-HC— c -O—ﬁ—C—CH3

HsC— ~< o>»c C—CH3

H3C—C—C—O— —CHs

O CH CH
20 | ZO OH
I Ha Ha Q
H3C—C—C—0O-tC -C -OC—C—CHj;
|
CH, TH2

2-HPMA / TTEGDMA Hydrogel

Fig 7. Proposed adsorption mechanisms of ET; on poly (TtEGDMA-cross-2-HPMA)

adsorbed in (TtEGDMA-cross-2-HPMA) a

poly
monolayer mode [36].

The adsorption capacity of Poly (TtEGDMA-cross-
2-HPMA) towards ET, was compared with various types
of hydrogel adsorbents reported in the literature, as
recorded in Table 3. The results indicate a higher

adsorption capacity than those used by other researchers.
Adsorption Mechanism

The proposed mechanisms for the adsorption of ET>
dye onto poly (TtEGDMA-cross-2-HPMA) are illustrated
in Fig. 7. Poly (TtEGDMA-cross-2-HPMA) contains a
large number of hydroxyl functional groups, making it an
ideal adsorbent for removing basic pollutants from the
aqueous systems. Two types of hydrogen bonding
interactions can occur in the 2-H system: (1) between
hydroxyl groups (H-donor) on the poly (TtEGDMA-
cross-2-HPMA) surface and H-acceptor atoms (ie.,

nitrogen) in ET,, and (2) between hydroxyl groups on the

poly (TtEGDMA-cross-2-HPMA) surface and the
aromatic rings in ET,. The former is known as dipole-
dipole H-bonding (Fig. 7(a)) and the latter is known as
Yoshida H-bonding (Fig. 7(b)). The n-m interactions
(also
interactions) between oxygen groups on the poly
(TtEGDMA-cross-2-HPMA) surface act as electron
donors, while the aromatic rings of ET, act as electron
acceptors (Fig. 7(c)) [35,49-50].

known as n-m electron donor-acceptor

m CONCLUSION

The potential of poly tetra (ethylene glycol)
dimethacrylate-crosslinked-2-hyroxypropyl methacrylate)
for the sorption of ET, from an aqueous solution was
investigated. FTIR and "“C-NMR confirmed the
chemical structures. The effects of experimental
parameters such as initial dye and crosslinked agent

concentrations were studied. Initial dye concentration
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and crosslinked agent concentration were found to have
an influence on the sorption efficiency. Kinetic studies
showed that the adsorption followed a pseudo-second-
order kinetic model, indicating that chemical adsorption
was the rate-limiting step. According to the best
correlation results, the adsorption data of both hydrogels
are found to fit well with the Langmuir isotherm. The dye
adsorption mechanism onto hydrogels was electrostatic
attraction, dipole-dipole hydrogen bonding, and Yoshida
H-bonding. It can be concluded that Poly (TtEGDMA-
cross-2-HPMA) is an alternative economic sorbent to
more costly adsorbents used for dye removal in
wastewater treatment processes.
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