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Abstract

In this study, a poly (methacrylic acid-co-ethylene dimethacrylate (poly(MAA-co-EDMA))
monolith was prepared for the selective adsorption of acidic dye, namely, methylene blue (MB),
from wastewater. The fabrication of the monolith was carried out via photoinitiation
polymerization by irradiating a mixture of methacrylic acid (MAA), ethylene dimethacrylate
(EDMA), porogenic solvents and an initiator. Batch adsorption assays were performed to examine
the impact of monolithic dosage and initial dye concentration on the adsorption capacity and
efficiency of the monolith towards MB dye molecules. This adsorption kinetic study revealed that
MB adsorption on the monolith followed a pseudo-second-order model and equilibrium adsorption
behavior was best modeled with the Langmuir adsorption isotherm, which indicated monolayer
adsorption with a maximum adsorption capacity of 50.00 mg g'!. Owing to the presence of
negative binding sites on the monolithic surface, cationic MB molecules were selectively adsorbed
in the MB/methyl orange (MO) mixture with an adsorption efficiency of 99.54% at equilibrium.
Moreover, the MB-adsorbed monolith was regenerated up to four cycles, and the percentage
removal efficiency of MB on the monolith dropped to 67.64 % after the fourth cycle. Finally, the
monolith effectively adsorbed MB from the tap water in the presence of competing ions, and the
maximum adsorptive capacity obtained was 47.62 mg g with 84.5% adsorption efficiency.
Hence, the poly(MAA-co-EDMA) monolith was found to be an adequate sorbent for the treatment
of cationic dyes in the presence of other dyes and competing ions from wastewater.
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1. Introduction

Textile, leather, paper, plastic and other processing industries that utilize various dyes and
pigments are major sources of water pollution. During the coloring process, it is estimated that 10-
15% of the dyestuff is disposed into the aquatic environment; this is highly toxic and carcinogenic,
even at trace-level concentrations. Dyes are highly colored and water-soluble materials; thus, they
can reduce the amount of light penetrating the water. Subsequently, they have a derogatory impact
on photosynthetic phenomena (B. Hameed & Ahmad, 2009). Therefore, dyes from wastewater
should be removed or treated prior to their release into the environment to avoid serious health and
environmental consequences (Parshetti, Parshetti, Kalyani, Doong & Govindwar, 2012).
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Currently, several physical (D'Cruz, Madkour, Amin & Al-Hetlani, 2020), chemical (Al-
Hetlani, Amin & Madkour, 2017) and biological (Bharti , 2019) approaches are employed to aid
wastewater treatment. For example, coagulation/flocculation (Dotto, Fagundes-Klen, Veit, Palacio
& Bergamasco, 2019), membrane filtration (Jiang et al., 2018), ozonation (Venkatesh, Venkatesh
& Quaff, 2017) and biodegradation (B. B. Hameed & Ismail, 2018) are among the most commonly
used methods in wastewater treatment. Although they are highly effective, they still suffer from
some inherent limitations, e.g., some can be expensive and time consuming, require specialized
equipment and generate secondary waste. Adsorption, in terms of promoting water purification,
offers several advantages, such as the efficient adsorption of organic dyes using a variety of
adsorbents organic, inorganic and hybrids (D’Cruz, Amin & Al-Hetlani, 2021; Thilagavathi,
Arivoli & Vijayakumaran, 2015), and the ability to regenerate and reuse the adsorbents several
times after the adsorption process (Astuti, Sulistyaningsih, Kusumastuti, Thomas & Kusnadi,
2019) using simple apparatuses. The level of adsorption efficiency is largely influenced by several
factors, including the adsorbent properties and dosage as well as the adsorbate type, concentration
and pH (Rajendran, Samuel, Amin, Al-Hetlani & Makhseed, 2020). Thus, it is imperative to
optimize the experimental conditions to obtain a high adsorption efficiency.

A variety of organic, inorganic and hybrid adsorbents have been proposed for the
adsorption of pollutants from wastewater. They display a range of properties, such as high porosity
(Liu et al., 2021), hydrophobicity (Al-Hetlani, Amin, Bezzu & Carta, 2020), biocompatibility
(Asadi, Eris & Azizian, 2018), surface chemistry (Islam et al., 2017) and others (Astuti et al.,
2019), which can influence the adsorption process. Recently, organic polymers with controlled
porosity, a large surface area and different functional groups have been the focus of many research
studies (Shen et al., 2018). Such organic polymers have gained a lot of attention, and several
organic polymers are already utilized as effective adsorbents to remove organic dyes from
wastewater. For example, spirobifluorene polymers of intrinsic microporosity (PIMs) (Al-Hetlani,
Amin, et al., 2020), porous organic polymers (POPs) (Al-Hetlani et al., 2021), hypercross linked
porous polymers (Huang et al., 2018) and covalent organic frameworks (COFs) (Li, Yang, Qian,
Zhao & Yan, 2019) have been successfully used for the adsorptive removal of organic dyes from
wastewater. On one hand, despite their efficiency, the fabrication of these materials requires
several steps and thorough purification of the final product. On the other hand, polymer monolithic
materials (PMMs) are crosslinked co-polymers prepared via free-radical polymerization in a single
step. They have been extensively utilized for chromatographic separation (F. Svec, E. C. Peters,
D. Sykora & J. M. J. Fréchet, 2000), solid-phase extraction (Fan, Feng, Zhang, Da & Zhang, 2005)
and as solid supports for catalysis and other applications (Al-Hetlani, D’Cruz & Amin, 2020).
PMMs are generated via thermal or photo-initiation in the presence of an initiator to generate free
radicals, in the presence of a monomer to provide chemical functionality, a crosslinker to increase
the mechanical strength of the polymer and porogenic solvents to control the porosity. They can
be easily fabricated in large amounts (a few grams), and their functionality can be controlled with
commercially available monomers; they have high pH stability, and most importantly, they are
biocompatible (F. Svec, E. C. Peters, D. Sykora & J. M. Fréchet, 2000).
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In this work, we investigated the use of a poly (methacrylic acid-co-ethylenedimethacrylate)
(poly(MAA-co-EDMA)) monolith for the adsorption of methylene blue (MB) dye from
wastewater. To the best of our knowledge, these crosslinked co-polymers have not been previously
employed for wastewater treatment applications. The polymer monolith was prepared using photo-
initiation, and due to the abundance of the carboxylic acid groups in its skeleton which carry a
negative charge, it was ideal for the selective adsorptive removal of cationic pollutants. The
amount of poly(MAA-co-EDMA), the initial concentration of MB, the presence of competing ions
from tap water, polymer selectivity towards anionic dye (methyl orange (MO) and reusability were
investigated in this study.

2. Experimental
2.1 Materials and methods

Methacrylic  acid (MAA), ethylene dimethacrylate (EDMA), 2,2-dimethoxy-2-
phenylacetophenone (DAP), ethanol, toluene, 1-dodecanol, methylene blue (MB) and methyl
orange (MO) were purchased from Sigma-Aldrich and were used as received. Throughout all
experiments, double-distilled water was used.

2.2 Preparation of poly (MAA-co-EDMA) monolith

The fast and simple fabrication of methacrylic acid based monolith was adopted from (Al-Hetlani,
D’Cruz, et al., 2020) and the pre-polymerization mixture was prepared by dissolving 0.237 mL of
MAA, 1.998 mL of crosslinker EDMA and 0.023 g of initiator DAP in porogenic solvents,
1.45 mL of toluene and 4.35 mL of dodecanol. To obtain a homogeneous polymeric-mixture
solution, this was sonicated for 20 minutes, followed by irradiation with a UV lamp (A = 365 nm).
To remove unreacted materials from the obtained polymer monolith, this was repeatedly washed
with ethanol before being dried in an oven at 60 °C overnight.

2.3 Adsorption of methylene blue from wastewater

The synthesized methacrylic acid based monolith was utilized in the adsorption batch assays.
Variables affecting the monolithic absorption of MB, including the dose of the monolith, the initial
dye concentration and contact time, were evaluated and optimized. All adsorption assays were
conducted at room temperature using a 10 mL aqueous solution of MB and poly(MAA-co-EDMA)
as the adsorbent, and the reaction mixture was sonicated for 20 min. Afterwards, the solution was
filtered through a 0.45 um GHP syringe filter to obtain clear filtrate; then, UV—Vis measurements
at Amax = 663 nm were performed to find the concentration of unadsorbed MB in the filtrate after
adsorption. The percentage of dye removal (adsorption efficiency (%AE)) and the adsorption
capacities of the adsorbent towards MB were calculated using the following equations:
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%AE = x 100 (1)
(Co—Ceq)V
Qeq = OTq (2)

where C, represents the initial MB concentration (mg L); C;and Ceq are the MB concentrations
(mg L-!) at time t and at equilibrium, respectively; ¥ is the volume (L) of the MB solution; and m
represents the mass of the adsorbent (g).

To investigate the adsorption selectivity of the monolith towards a mixture of organic dye
molecules, 10 mg L! cationic MB and anionic MO mixture solution was chosen as the model
initial concentration. The effectiveness of the monolith as an adsorbent for MB adsorption in tap
water in the presence of competing ions was further examined with dye concentrations ranging
from 10 to 50 mg L ! under optimized adsorption conditions.

2.4 Regeneration of poly(MAA-co-EDMA)

To investigate the practical utility of the poly(MAA-co-EDMA) monolith as an adsorbent,
adsorption—desorption experiments were conducted. The desorption experiment was studied with
25 mg of adsorbent and a constant initial MB concentration (10 mg L") for a contact time of 20
min. The MB adsorbed monolith was collected via centrifugation, followed by washing five times
with water and ethanol. Then, the adsorbent was dried at 80 °C overnight and reused for the next
cycle. In this experiment, the adsorption—desorption cycle was repeated four times and the %AE
was assessed in each cycle using equation.1.

3. Results and discussion
3.1 Adsorption experiments

The characterization of the fabricated monolith using several analytical techniques can be found
in (Al-Hetlani, D’Cruz, et al., 2020). The maximum MB %AE with the minimum amount of
monolith dose played a key role in wastewater treatment. Hence, the effect of the adsorbent dose
towards the MB dye removal was investigated with various amounts of the monolith, ranging from
5 to 15 mg, mixed with the 10 mL MB solution (10 mg L), and UV-Vis measurements were
carried out. As depicted in Figure 1a, it was found that the adsorption efficiency increased from
97.81 t0 99.71% with an increment in the adsorbent dose from 5 to 8 mg mL!; thereafter, a slight
change in adsorption efficiency was observed. This could be attributed to the existence of a large
number of adsorption binding sites for adsorbent—adsorbate interactions with the increase in the
adsorbent dosage. However, the adsorption capacity showed a reverse trend with the further
increase in adsorbent dosage. At higher monolith dosages, there is a higher chance for the collision
and aggregation of poly(MAA-co-EDMA), which can limit the availability of binding sites for the
adsorption process to proceed (D'Cruz et al., 2020). Therefore, 8 mg was chosen as the optimum
adsorbent dosage to conduct the subsequent experiments.
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In wastewater treatment, there is a direct relation between the adsorption efficiency and the
initial MB concentration (Al-Ghouti & Al-Absi, 2020). Figure 1b shows the impact of the initial
dye concentration on the %AE and the adsorption capacity of the monolith towards MB in the
range from 5 to 50 mg L!. It was clear that, as the initial concentration of MB increased, the %AE
increased up to 99.71% at 10 mg L-!, and that at higher MB concentrations, the %AE decreased.
However, the adsorption capacities of the monolith increased as the initial MB concentration
increased. Due to this, the accessibility of the active sites on the poly(MAA-co-EDMA) monolith
was high at the lower initial MB concentration, but the adsorption and mass transfer of MB were
lowered at 5 mg L', leading to a lower %AE. As the initial concentration of MB increased from 5
to 10 mg L', the mass transfer resistance of dye molecules between water and adsorbent decreased,
showing a higher %AE at 10 mg L. Moreover, with the increase in the initial concentrations of
MB above 10 mg L-!, the saturation of the active adsorption sites on the adsorbent was observed,
and consequently, the %AE decreased (Al-Ghouti & Al-Absi, 2020). Accordingly, 10 mg L' was
selected as the initial concentration of MB for further studies.
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Fig. 1. Effects of (a) poly(MAA-co-EDMA) dosage (experimental conditions: Co = 10 mg L!;
contact time = 20 min; total volume = 10 mL; 25 °C) and (b) initial MB concentration
(experimental conditions: adsorbent dosage = 8 mg; contact time = 20 min; total volume =
10 mL; 25 °C) on adsorption efficiency and adsorption capacity.

3.2 Adsorption kinetics and isotherms studies

The effects of contact time between the monolith and dye molecules on the adsorption process
were significant. Hence, the influence of contact time on the adsorption of MB onto the monolith
was examined considering various time intervals under the optimum adsorption conditions, and
the amount of MB adsorbed was calculated using equation 2. As depicted in Figure 2a, the
adsorption capacity of the monolith was very high at the starting point of the adsorption process
due to the presence of highly active vacant surface adsorption sites on the adsorbent, and with the
increase in time, the saturation of the adsorption sites gradually occurred, followed by the state of
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adsorption equilibrium, which was reached after 20 min. The amount of MB adsorbed, qe, (exp,
experimental) at equilibrium was found to be 12.47 mg g!.

In order to illustrate the adsorption mechanism behind MB adsorption onto the poly(MAA-
co-EDMA) monolith, two conventional kinetic modelspseudo-first-order model and the pseudo-
second-order model were employed (D'Cruz et al., 2020). The suitability of the kinetic model was
evaluated by comparing the correlation coefficients (R?) or by comparing the amounts of MB
adsorbed on the monolith estimated experimentally, qe, (exp), and theoretically, qe, (calc)
(Sivaprakasam & Venugopal, 2019). The correlation coefficients (R?) and qe, (calc) obtained for
the two models are reported in Table 1. It was clearly observed that the pseudo-second-order model
was in good agreement with the experimental data calculated for the MB adsorption process on
the binding sites of the monolith, as demonstrated in Figure 2b. Additionally, Langmuir and
Freundlich models are well known to analyze the equilibrium adsorption isotherms data and
simulate with the experimental data (D'Cruz et al., 2020). Figure 3a illustrates the equilibrium
adsorption of MB onto the poly(MAA-co-EDMA) monolith at different initial MB concentrations
ranging from 10 to 50 mg L. As can be seen, the adsorbent exhibited a maximum adsorption
capacity of 50.00 mg g!. In addition, the equilibrium parameters of the isotherm models were
calculated and are here listed in Table 1. The Langmuir adsorption isotherm model was better
suited to describe the adsorption of MB on the active surface sites of the monolith, which could
also be observed from the linear plot of the Langmuir adsorption isotherm displayed in Figure 3b.
The Langmuir adsorption model assumes that the active adsorptive sites on the surface of a
monolithic adsorbent are homogeneous in nature and that the adsorption process occurs uniformly
within the adsorbent (monomolecular layer adsorption).

14
(a) . . (b)
12 - ./'_"—. 1.5-
l/
10 4 o~
— s 1.0d ¥=0.0792x + 0.0302
o0 8- E R*=0.9998
=] £
— E
=2l -
61 $ 054
4 4
0.0
2 E T T T T T T ' T T T T
0 5 10 15 20 25 30 0 5 10 15 20
t (min) t (min)

Fig. 2. (a) Influence of contact time on the adsorption capacity of poly(MAA-co-EDMA),

towards MB. (b) Plot of pseudo-second-order kinetic model for the adsorption of MB onto

poly(MAA-co-EDMA) (experimental conditions: initial concentration of MB = 10 mg L*!;
adsorbent dosage = 8 mg; 25 °C).
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Fig. 3. (a) Adsorptionisotherm study of MB onto poly(MAA-co-EDMA). (B) Langmuir plot for
MB adsorption onto poly(MAA-co-EDMA) (experimental conditions: adsorbent dosage = 8 mg;
pH = 6.28; contact time = 20 min; 25°C).

Table 1. Parameters of kinetic and isotherm adsorption models for MB adsorption onto the
poly(MAA-co-EDMA) monolith.

Model Parameters Values
Pseudo-first-order model k,(min™") 0.2780
qe (mgg') 6.90
R? 0.9450
Pseudo-second-order model | k,(g mg! min') 0.2077
qe(mg g 12.63
R? 0.9990
Langmuir isotherm model K, (L mg) 2.50
G (mg g™ 50.00
R? 0.9980
Freundlich isotherm model Kp ((mg g!) (L mg)'m) 2.49x 10
n 0.3962
R? 0.7360
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The adsorption capacities towards MB of some adsorbents found in the literature are displayed in
Table 2. Referring to the table, the adsorption capacity of poly(MAA-co-EDMA) towards MB was
quite effective compared with other nanomaterials. This can be explained by the predominant
negative charge on the surface of the polymer, which stimulated several electrostatic interactions
between the adsorbent and the adsorbate (section 3.4).

Table 2. Adsorption capacity of other adsorbents for the removal of MB in aqueous solution.

Adsorbent Conditions %0f Adsorption Reference
removal | capacity (mg g™)

FeFe,Os magnetic | pH = 10; t = 80 min; | 35 42.35 (Dinh, Tran, Tran, &
nanomaterial Co =100 ppm Nguyen, 2019)
Reduced graphene | pH = 6.02; t =30 min; 121.95 (Arias Arias et al,
oxide Co =100 ppm 2020; Dinh et al,

2019)
Ag-Fes;0s- pH=10; t=26 hours | - 169.5 (Wu, Li, Yue, Zhang,
polydopamine & Huang, 2017)
Magnetic carboxyl pH = 6.0; t = 30 min; | 90 57.74 (Su, Li, Han, & Liu,
functional Co=15 ppm 2018)
nanoporous
polymer
g-C3Ny t =50 min; Co = 0.5 | - 2.51 (Zhu, Xia, Ho, & Yu,
(Urea) ppm 2015)
CeO, pH =9.0; MB t = 30 | 80.3 4.37 (Wei et al., 2019)

min; Co =15 ppm
Poly(MAA-co- pH = 6.28; contact | 99.54 50 This work
EDMA time = 20 min; 25 °C;
Co =10 ppm

3. 3 Effect of water type

To examine the effect of competing ions on the adsorption capacity and %AE of the fabricated
monolith for the removal of cationic dye MB from tap water, a series of adsorption experiments
were conducted utilizing MB concentrations ranging from 10 to 50 mg L! with the optimum
amount of adsorbent. Inductively coupled plasma mass spectrometry (ICP-MS) was used to
examine the ions and their corresponding concentrations present in tap water, and [Na'] =13.90 mg
L', [K'] = 0.28 mg L, [Ca*'] =21.62 mg L' and [Mg?"] = 1.85 mg L' were detected. The
adsorption capacity and adsorption efficiency of the poly(MAA-co-EDMA) monolith towards MB
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adsorption from tap water are shown in Figure 4. Indeed, no significant differences were evident
in the %AE of the monolith when DI water was employed. The maximum adsorption capacity
obtained was 47.62 mg g*!, with 84.5% adsorption efficiency. It was found that the coexisting ions
had an insignificant effect on the adsorption process of MB onto the poly(MAA-co-EDMA)
monolith from tap water.

(73
n
1
/.
>
=

q,(mgg’)
[\°)
V)]
0\
40
3 |
[\ (=)}
Adsorption efficiency (%)

T
®
(=]

o [\°]

9] (=]

1 1
N N
EN =]

o
=S
L
L
N
S

10 20 30 40 50
Initial concentration of promazine (mg L'l)

Fig. 4. Adsorption capacity and adsorption efficiency for the removal of MB from ordinary tap
water samples using a poly(MAA-co-EDMA) monolith (experimental conditions: adsorbent
dosage = 8 mg; initial concentrations of MB = 10-50 mg L!; contact time = 20 min; 25 °C)

3.4 Selective adsorption and mechanism of MB from mixed dyes solution

To evaluate the selective adsorption property of the prepared monolith from a mixed dye solution,
two kinds of dye molecules with different sizes and charges were used for the adsorption
experiments (Pourzare, Farhadi, & Mansourpanah, 2018). Figure 5 presents the UV—Vis
adsorption spectra for the adsorption of MB and MO from the MB/MO mixture onto the monolith
under optimized conditions. The absorbance in the UV—Vis spectra of cationic MB declined within
25 min, indicating an enhanced adsorption property of the monolith towards MB dye molecules,
while there was no adsorption of MO dye molecules from the mixture solution. The inset in Figure
5 represents photographs of the MB/MO mixture solution before and after the adsorption process
that confirmed the presence of MO dye molecules after adsorption. Consequently, the adsorbent
showed an excellent adsorption efficiency (99.54%) towards MB in the mixture after 20 min due
to the surface charge property of the monolith. The measured initial solution pH of the MB/MO
mixture was 6.28, and at this pH, the monolith possessed a negative zeta potential value of -
17.10 mV (Al-Hetlani, D’Cruz, et al., 2020); hence, the surface of the monolith was eminently
negatively charged. Consequently, the selective capture of positively charged MB in the MB/MO
mixture was due to the electrostatic attraction between negatively charged carboxylate ligands on
the surface of the monolith and positively charged MB dye molecules, as shown in Figure 6a. The
stability of the monolith adsorbent before and after MB adsorption was investigated using scanning



Selective adsorption of cationic dye utilizing poly (methacrylic acid-co-ethylene dimethacrylate) monolith from wastewater

electron microscopy with energy-dispersive X-ray spectrometry (SEM-EDX). Based on the
micrographs shown in Figure 6b and ¢, no differences in the surface morphologies of the monolith
before and after MB adsorption were evident. However, the elemental analysis of the monolith
after MB adsorption confirmed the presence of nitrogen and sulfur in addition to carbon and
oxygen, which indicated the successful adsorption of MB molecules on the monolith. Hence,

poly(MAA-co-EDMA) is a promising adsorbent for the selective removal and separation of MB
in wastewater treatment.
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Fig. 5. UV—Vis adsorption spectra for the adsorption of MB and MO from the MB/MO mixture
before and after adsorption onto the poly(MAA-co-EDMA) monolith (experimental conditions:
adsorbent dosage = 8 mg; concentration of MB/MO mixture = 10 mg L'!; pH = 6.28; contact
time = 20 min). The corresponding photographs show the color change of the MB/MO mixture
solution before and after adsorption.

Element Mass% Atom% Element Mass% Atom%
C 91.34 93.36 C 78.95 82.54
(0] 8.66 6.64 N 8.92 7.99

(0] 11.99 9.41

S 0.15 0.06

Fig. 6. (a) Adsorption mechanism of MB adsorption onto the poly(MAA-co-EDMA) monolith.
(b) SEM-EDX analysis of the poly(MAA-co-EDMA) monolith before adsorption and (¢) SEM-
EDX analysis of the poly(MAA-co-EDMA) monolith after MB adsorption. Scale bar is 5 um.
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3.5. Desorption and reusability of poly(MAA-co-EDMA) monolith

The reusability of the used poly(MAA-co-EDMA) monolith was tested by performing four
adsorption-desorption cycles of MB onto the adsorbent using ethanol and water as desorption
eluents, and the results are shown in Figure 7. It was observed that the regenerated monolith could
be used for two cycles without any remarkable decrease in the %AE, and after the sequence of two
cycles, the %AE reduced from 97.97 to 77.13 %. Thus, the poly(MAA-co-EDMA) monolith could
be employed for the removal of MB molecules from wastewater for up to four successive cycles.
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Fig. 7. The adsorption efficiency of the regenerated poly(MAA-co-EDMA) monolith for the
removal of MB from wastewater after four adsorption-desorption cycles (conditions: initial MB
concentration = 10 mg L'!; adsorbent dosage = 8 mg; contact time = 20 min; 25 °C).

4. Conclusion

For the first time, an organic-based monolith namely poly(MAA-co-EDMA) was employed for
the selective adsorptive capture of MB from wastewater. The batch adsorption experiments were
performed to examine the adsorption efficiency and capacity of the poly(MAA-co-EDMA)
monolith, and under optimum conditions using 8 mg of the monolith and 10 mg mL! MB, the
monolith exhibited an excellent adsorption efficiency of 99.71% towards MB. The kinetic
adsorption model was described by the pseudo-second-order kinetic model, and the Langmuir
adsorption isotherm described the equilibrium adsorption isotherm of MB adsorption over the
monolith. Due to the high negative zeta potential of the monolith, the cationic dye molecules could
rapidly and selectively adsorb onto the surface of the monolith via electrostatic attraction in
aqueous solution in the presence of anionic MO dye. The adsorption process from the tap water
confirmed that the poly(MAA-co-EDMA) monolith could be a potential adsorbent to selectively
remove cationic dye molecules, which is very significant for environmental clean-up in the
presence of competing ions. Finally, the monolith was successfully regenerated and reused for the
removal of MB for four adsorption—desorption cycles.
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