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Abstract: Methylene blue azo dye (MB) immobilized onto Poly (glycidyl methacrylate-Co-methyl
methacrylate), (PGMA-co-PMMA), and sulphonated Poly (glycidyl methacrylate-Co-methyl methacry-
late), (SPGMA-co-PMMA), polymers composites have been developed as novel adsorbents for water
treatment applications. The effect of copolymer composition and sulphonation on the MB content
has been studied. Maximum MB content was correlated to the Polyglycidyl methacrylate content for
both native and sulphonated copolymers. Furthermore, the effect of the adsorption conditions on the
MB content was studied. Sulfonated Poly (glycidyl methacrylate; SPGMA) was the most efficient
formed composite with the highest MB content. The developed composites” chemical structure and
morphology were characterized using characterization tools such as particle size, FTIR, TGA, and
SEM analyses. The developed MB-SPGMA composite adsorbent (27 mg/g), for the first time, was
tested for the removal of Cr (VI) ions and Mn (VII) metal ions from dichromate and permanganate
contaminated waters under mild adsorption conditions, opening a new field of multiuse of the same
adsorbent in the removal of more than one contaminants.

Keywords: water treatment; immobilization; MB; sulphonated; poly glycidyl methacrylate; composites;
metal ions removal; dichromate ions; permanganate ions

1. Introduction

Many industries, such as food, paper, carpet, and mainly textile, use different dyes
types: ionic, and non-ionic. As a result, wastewater resulting from such industries is
polluted with dyes. Ten thousand tons are consumed annually worldwide, and at least a
thousand tons are released in the wastewater from these industries [1,2].

Textile dyes are considered the most threatening source among other dyes [3,4]. The
negative impact of releasing colors into the water system ranges from direct ones on aquatic
life, and indirect ones on humankind’s life. Methylene blue (MB) is a cationic dye commonly
used worldwide as a coloring material [5]. Accordingly, corrective action to remove dyes
from wastewater is needed. Different techniques have been used to remove dyes from
wastewater, including physical, chemical, and even biological [6]. Among these techniques,
physical and chemical ones have been shown to be the most compromising techniques from
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many points of view [7-10]. Sustainability and cost-effective characteristics have driven the
research for exploring alternative adsorbents for the last decades. Many publications have
been published on the removal of different dyes [11-13]. The physiochemical technique
attracts much attention among different techniques [14-21]. The physical adsorption of
the dyes or chemicals bound over the surface of the adsorbent surface through electron
exchange is the responsible interaction in the removal process [22]. Different factors affect
the adsorption efficiency. Some of them are related to the structure of the adsorbent, and
others are related to the operational conditions [23].

The adsorption technique is generally the most favored in the dye removal process,
based on many criteria [7-24]. In this context, activated carbon has shown a wide applica-
tion [25]. Khan et al. investigated a novel, green, and economical dual-functionalized pul-
lulan/kaolin hydrogel nanocomposite (f-PKHN), which was fabricated and subsequently
applied for the liquid-phase decontamination of paracetamol (PCT), a pharmaceutical pollu-
tant [26]. However, different polymer-based adsorbents, such as grafted cotton fabrics [27],
carboxylated alginate beads [28], and Phosphoric Acid Doped Pyrazole-g-Polyglycidyl
Methacrylate [29], have been investigated in the removal of methylene blue dye from
contaminated waste water.

Equally, environmental pollution with heavy metals is pervasion worldwide with
advances in industry. Many heavy metals, such as nickel, copper, cadmium, manganese,
and chromium, are the most familiar toxic heavy metals used and the prevalence of
environmental contaminants [30,31]. Low concentrations of those metals are essential as
enzymes’ co-factors, while high concentrations cause high toxicity to the living cells by
inhibiting metabolism.

Potassium permanganate is commonly used in multidiscipline processes as a potent
oxidizing agent for the oxidative treatment of many organic and inorganic compounds in
soil and water solutions [32,33]. To our knowledge, few publications have addressed the
removal of permanganate ions. Adsorption is considered to be a cheap and efficient method
for the removal of Mn (VII) from wastewater, using different adsorbents such as activated
orange peel powder [34], activated carbon [35,36], Prosopis cineraria leaf powder [37], and
millet husk [38].

Chromium can exist mainly as Cr (VI) or Cr (III) in the natural environment. Cr (III)
species are less soluble and more stable compared to Cr (IV) species, which are highly
soluble and mobile in aqueous solutions [39]. Chromium (VI) also has higher mobility
than chromium (III); therefore, it has a more significant potential to contaminate ground-
water. The high risk of chromium (VI) is associated with its high reactivity and potential
carcinogenic properties [40]. Acute exposure to Cr (VI) causes nausea, diarrhea, liver, and
kidney damage, dermatitis, internal hemorrhage, and respiratory problems [5]. Inhalation
may cause acute toxicity, irritation, and ulceration of the nasal septum and respiratory
sensitization (asthma) [41]. Ingestion may affect kidney and liver functions. Skin contact
may result in systemic poisoning damage, severe burns, and interference with the healing
of cuts or scrapes. If not treated promptly, this may lead to ulceration and severe chronic
allergic contact dermatitis. Eye exposure may cause permanent damage. Adsorption
is also considered to be a cheap and efficient method for the removal of Cr (VI) from
wastewater using different adsorbents such as charcoal [42], activated carbon from various
sources [43-45], polyaniline and its composites [46], and Chitosan [47].

Recently, Nicoleta Mirela Marin [48] developed natural and acrylic polymers with
diazo acid Blue 11 (AB 113) as a chelating reagent to selectively remove metal ions; Zn?",
Mn?*, and Cr®* from acid polluted wastewater.

The present study’s novelty is the first emphasis on using one adsorbent to remove
multi-contaminants from wastewater. This goal has been achieved as follows. Native
PGMA and SPGMA-based copolymers have been immobilized with azo dye through the
removal of methylene blue (MB) molecules as the first contaminates to develop novel com-
posites adsorbents having an affinity for removal of Cr (VI) and Mn (VII) metal anions from
dichromate and permanganate contaminated waters as second contaminates. The study
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focuses on the MB adsorption conditions affecting the formation of MB-SPGMA polymer
composites. The copolymer formation was verified by FTIR and TGA analyses. Moreover,
the effect of the copolymer composition on its particle size and morphology was investi-
gated. Finally, the MB-SPGMA composite novel adsorbent was examined by removing Cr
(VI) and Mn (VII) ions from dichromate and permanganate-contaminated waters.

2. Materials and Methods
2.1. Materials

Methyl Methacrylate (MMA) and Glycidyl methacrylate (GMA) were purchased from
ACROS (USA), and Potassium persulfate and sodium bisulfite were obtained from Sigma
Chem. Co. (St. Louis, MO, USA), Ethanol absolute perused from Adwic, Egypt, and finally,
MB from Aldrich, Germany was perused. Potassium dichromate (K;Cr,Oy), minimum
assay 99%, was supplied by Sigma Aldrich, Germany. Potassium permanganate (KMnOy),
a minimum assay of 99%, was supplied by Sigma Aldrich, Darmstadt, Germany.

2.2. Polymerization Process

Glycidyl methacrylate, methyl methacrylate, and their mixture were polymerized
under fixed conditions to prepare polyglycildyl methacrylate, polymethyl methacrylate,
and poly (glycidyl methacrylate-co-methyl methacrylate) with varied composition [49]. The
monomer (W) was dissolved in 0.05 M KPS solution in ethanol/water (1:1) and mixed
well. The mixture was kept in a water bath at temperature of 60 °C for 3 h to polymerize
and then left overnight at RT. white ppt was formed. The formed polymer was filtered
and successively washed with ethanol/water solution to remove unreacted monomers and
initiator. The polymers were dried overnight at temperature of 80 °C (W;). The polymer
yield (%) was calculated according to the following equation:

Polymer Yield (%) = (W1/Wp) x 100 @D

2.3. Sulphonation Process

0.5 g of the polymer was reacted with 20 mL of 3% sodium sulfite (S.S.) solution
(ethanol/water) at temperature of room for one hour. The sulphonated polymer was
washed with ethanol/water to remove the unreacted S.S. The polymer was then dried at
temperature of 60 °C overnight [50].

2.4. Particle Size Analysis

Particle size distribution was performed using Submicron Particle Size Analyzer
(Beckman Coulter-Pasadena, Pasadena, CA, USA) through a dispersed polymer sample in
water at a temperature of 20 °C, a viscosity of 1.002 cP, and a refractive index of 1.33 [51].

2.5. Fourier Transform Infrared Spectroscopic Analysis

The Fourier transform infrared spectroscopic (FTIR) spectra of the polymers particles
were recorded with an FTIR spectrometer in the spectral range 4000-500 cm .

2.6. TGA Analysis

Thermal gravimetric analysis (TGA) investing the PGMA and SPGMA-based polymers
was carried out using a Shimadzu Thermal Analyzer 50. (Kyoto 604-851, Japan).

2.7. Scanning Electron Microscopic Analysis

The scanning electron microscope (SEM) image of the polymer particles was obtained
by placing the particles onto carbon tape-attached aluminum SEM stubs after coating them
with gold to a few nanometer thicknesses under vacuum.
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2.8. Preparation of Basic Methylen Blue Solution

Methylene blue (MB) stock solution was prepared by dissolving 0.1 g in 1000 mL dis-
tilled water using a magnetic stirrer. The MB concentration in the solutions after completing
of the MB immobilization process was determined by measuring their absorbance in a 1cm
light-path cell at a Max wavelength of 665 nm using UV- Visible spectrophotometer (T70+
PG Instruments).

2.9. Standard Curve of MB Concentration

Varied MB solution concentrations from 0.1 ppm to 5 ppm were prepared. The
samples’ absorbance (A abs) was measured using a UV-Visible spectrophotometer and
plotted against their concentrations. From the slope, we can derivative the Constant, equal
to (1/Slope). The standard curve of MB concentrations is presented in Figure 1. The
constant has been calculated from the curve’s slope and was found to be 4.65.

12 -

Absorbance

I] L T 1

4
ME (PPM)

Figure 1. Standard curve for MB concentration.

2.10. Methylene Blue-Polymers Composites Formation (Immobilization Process)

The methylene blue-polymers composites formation process was performed through
immobilization experiments in a batch process using MB aqueous solution. The MB im-
mobilization was performed by mixing 0.1 g of PGMA-based polymers with 10 mL of
1040 ppm MB. The mixture was agitated at RT using a magnetic stirrer for 30 min, then
centrifuged at 12,000 rpm to separate the matrix of the liquid phase. The MB concentra-
tion at ppm, before and after the immobilization, for each solution was determined by
measuring the absorbance at the maximum wavelength (£,,x = 665 nm) using a UV-VIS
spectrophotometer and multiplying by constant extracted from the slope of the standard
curve. The MB-polymers composites composition as (mg/g) was calculated according to
the following formula:

MB-polymers composites composition (mg/g) =V (Cy — Ct)/M 2)

Cp and C; are the MB initial and final concentrations at definite immobilization time,
Vis the volume of the MB solution (L), and Mis the mass of the PGMA and SPGMA-based

polymers (g).
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2.11. Chromium (VI) and Manganese (VII) Ions Removal

Synthetic dichromate (Cr VI) and permanganate (Mn VII) solutions, 20 mL, with
varying concentrations, 2-8 ppm, were mixed with 0.1 g of MB-SPGMA composite at room
temperature for 3 h, then separated by centrifugation under 12,000 rpm for 30 min, used
in batch adsorption experiments. The Cr (VI) and Mn (VII) concentration at ppm, before
and after the adsorption, for each solution was determined by measuring the absorbance at
the maximum wavelength (£ax = 380 nm and 550 nm) using UV-VIS spectrophotometer
and multiplied by constant extracted from the slope of the standard curve [52,53]. The
adsorption capacity was calculated according to Equation (2). Cy and C; are the metal ions’
initial and final concentrations at definite immobilization time, V is the volume of the metal
ions solution (L), and M is the mass of the MB-SPGMA composite polymer (g).

3. Results and Discussion
3.1. Polymerization Process

The impact of the comonomers’ composition variation on the polymerization process
has been studied. From the polymerization yield (%) results (Table 1), the polymerization
yields are 89% and 100% for parent monomers; MMA and GMA. From the table, it is clear
that the increase in the MMA percentage has an effect. The copolymers’ yield ranged between
86% and 93% depending on the MMA percentage in the feeding comonomers solutions.

Table 1. The polymerization yield (%).

GMA (%) MMA (%) Polymerization Yield (%)
100 0 100
0 100 89
75 25 85.6
50 50 92.3
25 75 93.5

3.2. Methylene Blue-Polymers Composites Formation (Immobilization Process)

The composition of both MB-PGMA-co-PMMA and MB-SPGMA-co-PMMA compos-
ites is tabulated in Table 2. First, it is clear from the inspection of the results that maximum
immobilization capacity is assigned to the SPGMA polymers. Second, the variation of the
PGMA content in the copolymers, sulfonated or not, is the determining factor affecting
the immobilization capacity. The induced sulfonic ionic sites contributed mainly to the
immobilization process through a chemo-sorption step for sulfonated samples. The PMMA
moieties’ contribution to MB immobilization is mainly a physical one. Indeed, PMMA
particles show enhancement in the immobilization capacity after the sulfonation step by
three folds compared to the native one. That enhancement could be referred to some
adsorbed sulfite groups remaining from sodium sulfite treatment. Based on the results
mentioned above, the MB molecules immobilization process was found maximum using
SPGMA polymer and further used in the following investigations.

Accordingly, the effect of variation of the MB concentration, polymer matrix dosage,
immobilization time and temperature, and agitation speed on the composition of MB-
SPGMA composite was monitored, and the results are presented in the following.
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Table 2. The composition of both MB-PGMA-co-PMMA and MB-SPGMA-co-PMMA composites.

Comonomers Composition

(GMAMMA) MB-PGMA-Co-PMMA MB-SPGMA-Co-PMMA
(©lv) (mg/g) (mg/g)
100:0 0.9738 0.974
0:100 0.0935 0.258
75:25 0.255 0.978
50:50 0.4700 0.974
25:75 0.1676 0.853

3.2.1. Methylene Blue Concentration

Figure 2 shows the effect of variation of the MB concentration between 8 and 40 ppm
on the MB-SPGMA-co-PMMA composites composition. The effect of the initial dye con-
centration factor depends on the immediate relation between the dye concentration and
the available binding sites on a matrix surface [9]. Usually, the percentage of dye immo-
bilization decreases with an increase in initial dye concentration, which may be due to
the saturation of immobilization sites on the matrice surface [54]. As a result, there will
be unoccupied active sites at low concentrations on the matrix surface. When the initial
dye concentration increases, the active sites required to immobilize the dye molecules
disappear [55]. In this work, the increase in the initial MB concentration will cause an
increase in the MB content of the MB-SPGMA-co-PMMA composites, and this may be due
to the high driving force for mass at a high initial dye concentration [56]. That indicates a
high number of active sites relative to the number of MB molecules in the liquid phase of
all the MB concentrations used where free active sites are still available. This postulation
has been confirmed by the linear increase of the MB content of the MB-SPGMA-co-PMMA
compositesto reach the highest value; 3.94 mg/g.
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Figure 2. Effect of the MB concentration on the MB content of the MB-SPGMA composites composition.

3.2.2. SPGMA Polymer Dose

The SPGMA polymer amount increment has negatively affected the amount of im-
mobilized MB amount s seen in Figure 3. The increment of the available active sites for
the immobilization process explains the noticed behavior where the immobilization per-
centage increased from 73% to 98%. As a result, the immobilization capacity decreased
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from 14.7 mg/g to 3.94 mg/g. This behavior agrees with previous results obtained by the
author [51].

16 -

[ ot ot
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ME content of the MB-Polymer
Composites Composition (mgig)
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0 T T T T T ]
0 002 0.04 0.06 0.08 0.1 012
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Figure 3. Effect of the SPGMA polymer dosage on the MB content of the MB-SPGMA composites
composition.

3.2.3. MB Immobilization Time

The variation of the MB immobilization time from 5 to 30 min slightly affects the
MB immobilized amount from 3.65 to 3.94 mg/g (Figure 4). This behavior agreed with
previously published data by the author using amidoximated polyacrylonitrile particles [57]
and OPA-pyrazole-g-PGMA particles [29] for the immobilization of MB dye. In addition, a
very fast equilibrium was achieved due to many available exchange sites relative to the MB
molecules in the liquid phase.

45
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.___L
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25
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1

0s

B content of the MB-Polymer Composites

0 5 10 15 20 5 30 3s

MBE immohilization time (minutes)

Figure 4. Effect of the MB immobilization time on the MB content of the MB-SPGMA composites
composition.

3.2.4. Agitation Speed

The variation of the agitation speed shows the same behavior, while no noticeable
effect was observed with variation from 150 rpm to 300 rpm. That is an indication of the
external mass diffusion absence due to the surface immobilization process nature, which is
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mainly controlled by the ratio between the number of active sites available on the polymer
particles’ surface for the immobilization process of MB molecules from the solution (Table 3).
This finding is contrary to other published results [29].

Table 3. Effect of agitation speed on the MB content of the MB-SPGMA composites composition.

Agitation Speed (rpm) 150 200 250 300

MB content of the MB-SPGMA
composites composition (mg/g)

3.91 3.88 3.89 3.88

3.2.5. MB Immobilization Temperature

Finally, Figure 5 shows the effect of varying the MB immobilization temperature on
the MB content of the MB-SPGMA composites composition. The figure clearly shows
that elevation of the immobilization temperature has a negative effect. The negative
behavior upon elevation of the temperature indicates the exothermic nature of the MB
immobilization process (Figure 5). This trend agrees with that obtained earlier using
amidoximated crosslinked polyacrylonitrile particles [51]. The obtained results are an
advantage since the dye immobilization process does not need additional heating or other
costs. This behavior may be referred to as the acceleration effect of temperature on the
dye molecules” immobilization on the surface of SPGMA particles. This fast initial step
reduces the concentration gradient between the MB dye liquid and polymer solid phases.
MB concentration limitation from one side and high concentration of exchange sites over
the surface of the particles on the other side contributes significantly to this behavior. The
absence of a pore diffusion process also eliminates the effect of temperature [57].
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Figure 5. Effect of the immobilization temperature on the MB content of the MB-SPGMA composites
composition.

3.3. Matrix Characterization

The effect of the monomers composition on the particle size of the developed copoly-
mers has been monitored after the sulphonation step, Figure 6. The figure clearly shows
that the PMMA pure polymer has the smallest particle size; 280.7 nm, while the SPGMA
has a larger particle size, 430 nm. The incorporation of MMA with 25% in the monomer
composition reduces the particle size of the formed SPGMA-co-PMMA to 148.0 nm. A
further increase of the MMA monomer percentage to 50% sharply increases the formed
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SPGMA-co-PMMA to 755.2 nm, followed by a sharp decrease with a further increase of the
MMA monomer percentage to 75%, reaching 180.0 nm. This behavior may be explained
by the type of the formed copolymers and the steric effect of the introduced sulphonate
groups. The obtained observations could be attributed mainly to the SPGMA content of
the prepared copolymers. According to Toshio Kakurai [58], the epoxy content of the pre-
pared PMMA-co-PGMA decreased directly with the GMA concentration in the comonomer
composition. The maximum was obtained with 50:50 (v/v). These results support the
changes in the developed SPGMA-co-PMMA particles size, taking into account the effect of
introducing hydrophilic sulphonic groups into the epoxy pendants of PGMA content and,
subsequently, the adherent water molecules, which directly causes swelling of the SPGMA
particles. Accordingly, it was expected to have the largest particle size of the SPGMA.
The partial sulphonation of the epoxy pendant rings of the SPGMA particles may be the
logical explanation.

The effect of the monomers composition on the polymer’s particle morphology has
been monitored, in Figure 7. The parent polymers, PMMA and SPGMA, have two different
morphology structures. PMMA particles are smaller than the SPGMA, confirming the
particle size results obtained previously in Figure 6. Both of the two polymers’ particles
are irregular. PMMA particles are aggregated, while SPGMA particles have a flacked
shape. Incorporating both monomers in different ratios affects the copolymers’ particle
morphology. Increases the MMA monomer ratio and changes the flacks’ shape of the
SPGMA particles to irregular particle shape. The only exceptional case appears in the
copolymer particles produced from MMA:GMA equal volume ratio, 50%:50%, where the
copolymer particles have the largest particle size, as confirmed by Figure 6.

The typical IR spectrum of pristine PMMA with characteristic peaks below 2000 cm !
is shown in Figure 8A. The peak at 1720 cm ™! could be assigned to the C=0 stretching of
the esters. The absorption bands at 1271, 1240 em !, and 1189, 1141 cm™ could be assigned
to C-0O, and C-O-C stretching, respectively. Because the PGMA polymer has a similar
molecular structure to PMMA, most of the characteristic peaks discussed above also appear
in the spectrum of PGMA-co-PMMA. It can be seen that a new and distinct absorption
peak at 908 cm~! appears in the spectrum of PGMA-co-PMMA (Figure 8B), which could
be assigned to the epoxy group stretching. However, there is no noticeable absorption
peak at the same wave number for the pristine PMMA [59]. As a result of the sulfonation
process, the characteristic absorption band of the sulphonate group at 1050-1060 cm ! was
recognized for sulphonated samples. Since the epoxy groups in PGMA and PGMA-co-
PMMA reacted with NaySOs3 to form PGMA-503Na, the epoxy groups would produce
-OH groups. The figure shows that the intensity of the -OH peak (3500 cm~!) increases as
the concentration of GMA increases in the feeding polymerization solution [49].

On the other hand, TGA thermo-grams (Figure 9) showed the weight loss of samples
at temperature of 120 °C due to water evaporation. The variation of water loss due
to the sulphonation process was observed for SPGMA and SPGMA-co-PMMAsamples.
Remarkable thermal stability was observed for the sulphonated samples. A positive shift
of the characteristic thermogram of PGMA starting at temperature of 240 °C to a higher
temperature range 260-280 °C was recognized with an increase in the PGMA content of
the sulfonated copolymers [50].
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Figure 6. Effect of the comonomer composition on the particles size of the SPGMA based copolymers.
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@) (b)

Figure 7. SEM photographs of: (a) PMMA, (b) SPGMA-co-PMMA; 25:75, (c) SPGMA-co-PMMA;
50:50, (d) SPGMA-co-PMMA; 75:25 copolymers, and (e) S PGMA.
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and (B) 400-1000 cm 1.
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Figure 9. TGA thermo-gram of PMMA, SPGMA-co-PMMA copolymers, and SPGMA.

3.4. Dichromate and Permanganate Metal Ions Removal

Selected MB-SPGMA composite adsorbent with a composition 27.32 mg/g has been
used for the first time in treating synthetic contaminated water with dichromate (Cr VI) and
permanganate (Mn VII) ions under batch conditions. Synthetic contaminated water with
various metal ions concentrations, 2-8 ppm, has been used in the study, Figures 10 and 11.
In general, the adsorption capacity of the MB-SPGMA composite adsorbent increased
exponentially with an increase in the metal ions concentration. The capacity and rate
of removal in the case of permanganate ions, Figure 11, is higher than the dichromate
counter ions. Figure 10 shows that the adsorption capacity of MB-SPGMA composite
adsorbent increased from 0.067 mg/g to 0.57 mg/g with an increase of the dichromate ions
concentration from 2 ppm to 8 ppm. The curve shows two stages. The first stage is an
almost linear increase of the adsorption capacity with an increase of the dichromate ions
concentration up to 6 ppm. The second stage is an exponential increase of the adsorption
capacity with an increase of the dichromate ions concentration from 6 ppm to 8 ppm, where
the adsorption capacity increased by about two folds to reach 0.57 mg/g. Mohy Eldin
et al. [52] found that the adsorption capacity of 0.2 g commercial Amberlite IRA 420 anion
exchanger treating 50 mL Dichromate solution for 30 min in RT at pH 5.6 with a stirring
rate 200 rpm reached 1.73 mg/g. The superiority of the commercial Amberlite IRA 420
anion exchanger may be referred to as the pH of the dichromate solution, which is lower
than that used in this study; pH 7.4. On the other hand, Figure 11 shows that the adsorption
capacity of MB-SPGMA composite adsorbent increased from 0.044 mg/g to 0.88 mg/g with
an increase of the permanganate ions concentration from 2 ppm to 8 ppm. The curve shows
two stages. The first stage is a linear increase of the adsorption capacity with an increase
of the permanganate ions concentration up to 4 ppm. The second stage is an exponential
increase of the adsorption capacity with an increase of the permanganate ions concentration
from 4 ppm to 8 ppm, where the adsorption capacity increased by about ten folds to reach
0.88 mg/g. Mohy Eldin et al. [53] obtained the same adsorption capacity (0.93 mg/g) using
0.1 g of wet Amberlite IRA 420 with 10 mL of 100 ppm permanganate. The mixture was
agitated at R-T using a magnetic stirrer for 30 min. The MB-SPGMA composite adsorbent
shows superiority to the commercial Amberlite IRA 420 anion exchanger, which has the
same adsorption capacity with treating 8 ppm permanganate solution compared with
100 ppm permanganate solution used in the case of using commercial Amberlite IRA 420
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anion exchanger. The adsorption rate and capacity of the permanganate metal ions are
higher than the dichromate metal ions. This superiority could be referred to as the metal
ion radius difference, which directly affects the affinity of MB-SPGMA composite adsorbent
towards the permanganate metal ions. The pH of the metal ions solution ranged between
7.0 and 8.0, which affects the charge of the MB-SPGMA composite adsorbent mainly by the
deprotonation process of the nitrogen atom in the MB immobilized molecules, and finally,
the hydrophilicity and porosity of the MB-SPGMA composite adsorbent.

0.7
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Figure 10. Effect of the dichromate metal ions concentration on MB-SPGMA composite adsorbent
adsorption capacity.
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Figure 11. Effect of the permanganate metal ions concentration on the adsorption capacity of MB-
SPGMA composite adsorbent.
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4. Conclusions

Methylene blue-Polymers composites novel adsorbents have been developed by im-
mobilizing MB azo dye onto both PGMA-co-PMMA and SPGMA-co-PMMA particles. The
MB content of the MB-polymers composites has been monitored with the variation of the
MB immobilization conditions. On the other hand, the sulfonation process of the copoly-
mers’ PGMA content improves the MB content of the MB-polymers composites. Therefore,
the PGMA content is determined to control the MB content of the MB-polymer composites.
The MB content of the MB-polymers composites using SPGMA particles reached 15 mg/g.
The immobilization process was very fast, with more than 90% of MB being immobilized
within 5 min.

On the other hand, the agitation speed over 150 rpm was found to have of neglect
able effect. Elevating the immobilization temperature from 25 °C to 60 °C reduced the
MB content of the MB-SPGMA composites by about 22.5%. FTIR and TGA analyses
monitored the effect of the comonomers’” composition on the chemical structure. In contrast,
the physical changes were monitored by changes in the copolymers’ particle size and
morphology. Finally, the capability of the developed MB-SPGMA composite in removing
dichromate metal ions (Cr VI) and permanganate metal ions (Mn VII) has been proven for
the first time in very mild adsorption conditions; room temperature and pH range 7.0-8.0.
Further optimization of the adsorption conditions, especially the metal ions solution pH,
concentration, temperature, agitation speed, and the adsorbent dose, should be investigated.
The MB content of the MB-SPGMA composite is expected to be a determining factor.

In conclusion, the obtained data open a new area of research to benefit from the use of
an adsorbent loaded with the first contaminant, such as MB in our study, in the removal of
a second contaminant, such as dichromate and permanganate in our study, which reduces
the cost of the wastewater treatment process of the industrial fluents.

Author Contributions: Conceptualization, M.S.M.-E.; data curation, E.EE.-A.; funding acquisition,
M.R.E.-A,; investigation, TM.T., AM.O., REA., M.S.A. and M.S.M.-E.; methodology, M.Y.E.-S. and
E.EE.-A,; project administration, M.R.E.-A ; software, M.LE.Y.; supervision, TM.T.,, M.Y.E.-S.,, 1LO.A.,
AM.O., MEYY. and M.S.M.-E.; validation, E.EE.-A.; writing-review and editing, M.R.E.-A. and
M.S.M.-E. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the Deanship of Scientific Research at Jouf University under
Grant Number (DSR2022-RG-0136).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gomez, V,; Larrechi, M.S.; Callao, M.P. Kinetic and adsorption study of acid dye removal using activated carbon. Chemosphere
2007, 69, 1151-1158. [CrossRef]

2. Gupta, VK,; Kumar, R.; Nayak, A.; Saleh, T.A.; Barakat, M.A. Adsorptive removal of dyes from aqueous solution onto carbon
nanotubes: A review. Adv. Colloid Interface Sci. 2013, 193, 24-34. [CrossRef] [PubMed]

3. Ayad, M.M.; Abo El-Nasr, A. Adsorption of cationic dye (methylene blue) from water using polyaniline nano-tubes base. J. Phys.
Chem. C 2010, 114, 14377-14383. [CrossRef]

4. Wong, Y.C,; Szeto, Y.S.; Cheung, W.H.; McKay, G. Equilibrium studies for acid dye adsorption onto chitosan. Langmuir 2003, 19,
7888-7894. [CrossRef]

5. Baybars, A.F,; Cengiz, Q.; Mustafa, K. Cationic dye (methylene blue) removal from aqueous solution by montmorillonite. Bull.
Korean Chem. Soc. 2012, 33, 3184-3190.

6.  Yagub, M.T; Sen, TK.; Ang, H.M. Equilibrium, kinetics, and thermodynamics of methylene blue adsorption by pine tree leaves.
Water Air Soil Pollut. 2012, 223, 5267-5282. [CrossRef]

7. Sen, TK.; Afroze, S.; Ang, HM. Equilibrium, kinetics and mechanism of removal of methylene blue from aqueous solution by

adsorption onto pine cone biomass of Pinus radiate. Water Air Soil Pollut. 2011, 218, 499-515. [CrossRef]


http://doi.org/10.1016/j.chemosphere.2007.03.076
http://doi.org/10.1016/j.cis.2013.03.003
http://www.ncbi.nlm.nih.gov/pubmed/23579224
http://doi.org/10.1021/jp103780w
http://doi.org/10.1021/la030064y
http://doi.org/10.1007/s11270-012-1277-3
http://doi.org/10.1007/s11270-010-0663-y

Polymers 2022, 14, 4672 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Mohammad, M.; Maitra, S.; Ahmad, N.; Bustam, A.; Sen, T.K. Metal ion removal from aqueous solution using physic seed hull. J.
Hazard. Mater. 2010, 179, 363-372. [CrossRef]

Abd EI-Latif, M.M.; Ibrahim, A.M.; EI-Kady, M.E. Adsorption equilibrium, kinetics and thermodynamics of methylene blue from
aqueous solutions using biopolymer oak sawdust composite. ]. Am. Sci. 2010, 6, 267-283.

Yao, Z.; Wang, L.; Qi, J. Biosorption of methylene blue from aqueous solution using a bioenergy forest waste: Xanthocerassorbifolia
seed coat. Clean 2009, 37, 642—-648.

Yagub, M.T; Sen, T.K.; Afroze, S.; Ang, HM. Dye and its removal from aqueous solution by adsorption: A review. Adv. Colloid
Interface Sci. 2014, 209, 172-184. [CrossRef] [PubMed]

Salleh, M.A.M.; Mahmoud, D.K,; Karim, W.A.W.A_; Idris, A. Cationic and anionic dye adsorption by agricultural solid wastes: A
comprehensive review. Desalination 2011, 280, 1-13. [CrossRef]

Srinivasan, A.; Viraraghavan, T. Decolorization of dye wastewaters by biosorbents: A review. ]. Environ. Manag. 2010, 91,
1915-1929. [CrossRef]

Leszczyniska, M.; Hubicki, Z. Application of weakly and strongly basic anion exchangers for the removal of brilliant yellow from
aqueous solutions. Desalination Water Treat. 2009, 2, 156-161. [CrossRef]

Purkait, M.K.; Maiti, A.; Das Gupta, S. Removal of congo red using activated carbon and its regeneration. J. Hazard. Mater. 2007,
145, 287-295. [CrossRef]

Hernandez-Montoya, V.; Perez-Cruz, M.A.; Mendoza-Castillo, D.I.; Moreno-Virgen, M.R.; Bonilla-Petriciolet, A. Competitive
adsorption of dyes and heavy metals on zeolitic structures. J. Environ. Manag. 2013, 116, 213-221. [CrossRef] [PubMed]

Errais, E.; Duplay, J.; Elhabiri, M.; Khodja, M.; Ocampo, R. Anionic RR120 dye adsorption onto raw clay: Surface properties and
adsorption mechanism. Colloids Surf. A Physicochem. Eng. Asp. 2012, 403, 69-78. [CrossRef]

Ofomaja, A.E. Equilibrium sorption of methylene blue using mansonia wood sawdust as biosorbent. Desalination Water Treat.
2009, 3, 1-10. [CrossRef]

Reddy, M.C.; Sivaramakrishna, L.; Reddy, A.V. The use of an agricultural waste material, Jujuba seeds for the removal of anionic
dye (Congo red) from aqueous medium. J. Hazard. Mater. 2012, 203, 118-127. [CrossRef]

Sarioglu, M.; Atay, U.A. Removal of Methylene blue by using biosolid. Glob. Nest . 2006, 8, 113-120.

Deniz, F.; Karaman, S. Removal of Basic Red 46 dye from aqueous solution by pine tree leaves. Chem. Eng. J. 2011, 170, 67-74.
[CrossRef]

Dawood, S.; Sen, T.K. Removal of anionic dye Congo red from aqueous solution by raw pine and acid-treated pine cone powder
as adsorbent: Equilibrium, thermodynamic, kinetics, mechanism and process design. Water Res. 2012, 46, 1933-1946. [CrossRef]
[PubMed]

Auta, M.; Hameed, B.H. Coalesced chitosan activated carbon composite for batch and fixed-bed adsorption of cationic and
anionic dyes. Colloids Surf. B Biointerfaces 2013, 105, 199-206. [CrossRef] [PubMed]

Poinern, G.E].; Senanayake, G.; Shah, N.; Thi-Le, X.N.; Parkinson, G.M. Adsorption of the aurocyanide, View the MathML
source complex on granular activated carbons derived from macadamia nut shells—A preliminary study. Miner. Eng. 2011, 24,
1694-1702. [CrossRef]

Dawood, S.; Sen, TK,; Phan, C. Synthesis and characterization of novel-activated carbon from waste biomass pine cone and its
application in the removal of congo red dye from aqueous solution by adsorption. Water Air Soil Pollut. 2014, 225, 1-16. [CrossRef]
Khan, S.A.; Abbasi, N.; Hussain, D.; Khan, T.A. Sustainable Mitigation of Paracetamol with a Novel Dual-Functionalized
Pullulan/Kaolin Hydrogel Nanocomposite from Simulated Wastewater. Langmuir 2022, 38, 8280-8295. [CrossRef]

Mohy Eldin, M.S.; Gouda, M.H.; Abu-Saied, M. A ; El-Shazly, YM.S.; Farag, H.A. Development of Grafted Cotton Fabrics Ions
Exchanger for Dye Removal Applications: Methylene Blue Model. Desalination Water Treat. 2016, 57, 22049-22060. [CrossRef]
Mohy Eldin, M.S.; Elkady, M.E; Abdel Rahman, A.M.; Soliman, E.A.; Elzatahry, A.A.; Youssef, M.E.; Eweida, B.Y. Preparation and
characterization of iminodiacetic acid functionalized alginate beads for removal of contaminates from waste water: I. methylene
blue cationic dye model. Desalination Water Treat. 2012, 40, 15-23. [CrossRef]

Mohy Eldin, M.S; Aly, KM.; Khan, Z.A.; Meky, A.E; Saleh, T.S.; Elbogamy, A.S. Development of Novel Acid-Base Ions Exchanger
for Basic Dye Removal: Phosphoric Acid Doped Pyrazole-g-Polyglycidyl Methacrylate. Desalination Water Treat. 2016, 57,
24047-24055. [CrossRef]

Aksu, Z. Biosorption of heavy metals by microalgae in batch and continuous systems. In Wastewater Treatment with Algae; Wong,
Y.-S., Tam, N.EY., Eds.; Springer: Berlin/Heidelberg, Germany, 1998; pp. 37-53.

Donmez, G.; Aksu, Z. The effect of copper (II) ions on growth and bioaccumulation properties of some yeasts. Process Biochem.
1999, 35, 135-142. [CrossRef]

Ahmaruzzaman, M. Adsorption of phenolic compounds on low-cost adsorbents: A review. Adv. Colloid Interface Sci. 2008, 143,
48-67. [CrossRef]

Waldemer, R.H.; Tratnyek, P.G. Kinetics of contaminant degradation by permanganate. Environ. Sci. Technol. 2006, 40, 1055-1061.
[CrossRef] [PubMed]

Gupta, V.; Kumari, S.; Virvadiya, C. Adsorption Analysis of Mn(VII) from Aqueous Medium by Activated Orange Peels Powder.
Int. Res. ]. Pure Appl. Chem. 2015, 9, 1-8. [CrossRef]

Zhang, K; Li, C,; He, J.; Liu, R. Adsorption of permanganate onto activated carbon particles. Hua Xi Yi Ke Da Xue Xue Bao 1997,
28,344-346. [PubMed]


http://doi.org/10.1016/j.jhazmat.2010.03.014
http://doi.org/10.1016/j.cis.2014.04.002
http://www.ncbi.nlm.nih.gov/pubmed/24780401
http://doi.org/10.1016/j.desal.2011.07.019
http://doi.org/10.1016/j.jenvman.2010.05.003
http://doi.org/10.5004/dwt.2009.254
http://doi.org/10.1016/j.jhazmat.2006.11.021
http://doi.org/10.1016/j.jenvman.2012.12.010
http://www.ncbi.nlm.nih.gov/pubmed/23321372
http://doi.org/10.1016/j.colsurfa.2012.03.057
http://doi.org/10.5004/dwt.2009.433
http://doi.org/10.1016/j.jhazmat.2011.11.083
http://doi.org/10.1016/j.cej.2011.03.029
http://doi.org/10.1016/j.watres.2012.01.009
http://www.ncbi.nlm.nih.gov/pubmed/22289676
http://doi.org/10.1016/j.colsurfb.2012.12.021
http://www.ncbi.nlm.nih.gov/pubmed/23376092
http://doi.org/10.1016/j.mineng.2011.09.011
http://doi.org/10.1007/s11270-013-1818-4
http://doi.org/10.1021/acs.langmuir.2c00702
http://doi.org/10.1080/19443994.2015.1128363
http://doi.org/10.5004/dwt.2012.2179
http://doi.org/10.1080/19443994.2015.1136696
http://doi.org/10.1016/S0032-9592(99)00044-8
http://doi.org/10.1016/j.cis.2008.07.002
http://doi.org/10.1021/es051330s
http://www.ncbi.nlm.nih.gov/pubmed/16509357
http://doi.org/10.9734/IRJPAC/2015/17917
http://www.ncbi.nlm.nih.gov/pubmed/10684050

Polymers 2022, 14, 4672 17 of 17

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Mahmoud, M.E.; Yakout, A.A.; Saad, S.R.; Osman, M.M. Removal of potassium permanganate from water by modified
carbonaceous materials. Desalination Water Treat. 2016, 57, 15559-15569. [CrossRef]

Virvadiya, C.; Kumari, S.; Choudhary, V.; Gupta, V. Combined bio- and chemosorption of Mn(VII) from aqueous solution by
Prosopis cineraria leaf powder. Eur. Chem. Bull. 2014, 3, 315-318.

Chaudhary, M. Use of Millet Husk as a Biosorbent for the Removal of chromium and Manganese Ions from the Aqueous Solutions.
Int. . Chem. Environ. Pharm. Res. 2011, 2, 30-33.

Wan Ngah, W.S.; Hanafiah, M.A.K.M. Removal of heavy metal ions from wastewater by chemically modified plant wastes as
adsorbents: A review. Bioresour. Technol. 2007, 99, 3935-3948. [CrossRef]

Waranusantigula, P.; Pokethitiyook, P.; Kruatrachue, M.; Upatham, E.S. Kinetics of cbasic dye (methylene blue) biosorption by
giant duckweed (Spirodelapolyrrhiza). Environ. Pollut. 2003, 125, 385-392. [CrossRef]

Mohan, D.; Pittman, C.U. Activated carbons and low cost adsorbents for remediation of tri- and hexavalent chromium from water.
J. Hazard. Mater. 2006, 137, 762-811. [CrossRef]

Varga, M.; Takacs, M.; Zaray, G.; Varga, I. Comparative study of sorption kinetics and equilibrium of chromium (VI) on charcoals
prepared from different low-cost materials. Microchem. J. 2013, 107, 25-30. [CrossRef]

Srinivasan, K. Evaluation of Rice Husk Carbon for the Removal of Trace Inorganic Form Water. Master’s Thesis, Indian Institute
of Technology Madras, Chennai, India, 1986.

Igbal, M.; Saeed, A.; Zafars, S.I. Hybrid biosorbent: An innovative matrix to enhance the biosorption of Cd(II) from aqueous
solution. . Hazard. Mater. 2007, 148, 47-55. [CrossRef] [PubMed]

Malathi, S.; Srinivasan, K.; Gomathi, M. Studies on the removal of Cr (VI) from aqueous solution by activated carbon developed
from Cottonseed activated withsulphuric acid. Int. . ChemTech Res. 2015, 8, 795-802.

Ansari, R. Application of Polyaniline and its Composites for adsorption/Recovery of Chromium (VI) from Aqueous Solutions.
Acta Chim. Slov. 2006, 53, 88-94.

Jassal, P.S.; Raut, V.P.; Anand, N. Removal of Chromium (VI) ions from Aqueous solution onto Chitosan and Cross-linked
Chitosan Beads. Proc. Indian Natl. Sci. Acad. 2010, 76, 1-6.

Marin, N.M. Natural and Synthetic Polymers Modified with Acid Blue 113 for Removal of Cr3*, Zn?* and Mn?2+. Polymers 2022,
14, 2139. [CrossRef] [PubMed]

Mohy-Eldin, M.S.; Elkady, M.E; Abu-Saied, M.A.; Rahman, A.A.; Soliman, E.A.; Elzatahry, A.A.; Youssef, M.E. Removal of
cadmium ions from synthetic aqueous solutions using a novel nano-sulphonated poly glycidylmethacrylate cation exchanger:
Kinetic and equilibrium studies. J. Appl. Polym. Sci. 2010, 118, 3111-3122. [CrossRef]

Elkady, M.E;; Abu-Saied, M.A.; Abdel Rahman, A.M.; Soliman, E.A.; Elzatahry, A.A.; Youssef, M.E.; Mohy Eldin, M.S. Novel
nano-sulphonated polyglycidyl methacrylate cation exchanger for removal of heavy metals: Optimization of the operational
conditions. Desalination 2011, 279, 152-162. [CrossRef]

Mohy Eldin, M.S.; Aggour, Y.A.; Elaassar, M.R.; Beghet, G.E.; Atta, R.R. Development of nano-crosslinked polyacrylonitrile ions
exchanger particles for dyes removal. Desalination Water Treat. 2016, 57, 4255-4266. [CrossRef]

Mohy Eldin, M.S.; Al-Bogami, A.S.; Aly, KM.; Khan, Z.A.; Mekky, A.E.M,; Saleh, T.S.; Hakamy, A.A.-W. Removal of Chromium
(VI) Metal Ions Using Amberlite IRA-420 Anions Exchanger. Desalination Water Treat. 2017, 60, 335-342. [CrossRef]

Mohy Eldin, M.S.; Alamry, K.A.; Al-Malki, M.A. Kinetic and Isothermal Studies of Manganese (VII) Ions Removal using Amberlite
IRA-420 Anions Exchanger. Desalination Water Treat. 2017, 72, 30—40. [CrossRef]

Eren, Z.; Acar, EN. Adsorption of reactive black 5 from an aqueous solution: Equilibrium and kinetic studies. Desalination 2006,
194, 1-10. [CrossRef]

Kannan, N.; Sundaram, M.M. Kinetics and mechanism of removal of methylene blue by adsorption on various carbons: A
comparative study. Dye. Pigment. 2001, 51, 25-40. [CrossRef]

Bulut, Y.; Aydin, A. A kinetics and thermodynamics study of methylene blue adsorption on wheat shells. Desalination 2006, 194,
259-267. [CrossRef]

Mohy Eldin, M.S.; El-Sakka, S.A.; El-Masry, M.M.; Abdel-Gawad, L.I.; Garybe, S.S. Removal of methylene blue dye from aqueous
medium by nano polyacrylonitrile particles. Desalination Water Treat. 2012, 44, 151-160. [CrossRef]

Kakurai, T.; Yoshida, E.; Noguch, T. The Reaction of Glycidylmethacrylate Copolymers with Amines. Kobunshi Kagaku 1968, 25,
413-418. [CrossRef]

Liu, Y.; Hu, W,; Lu, Z.; Ming, C. Photografted poly (methyl methacrylate)-based high performance protein microarray for hepatitis
B virus biomarker detection in human serum. MedChemComm 2010, 1, 132-135. [CrossRef]


http://doi.org/10.1080/19443994.2015.1073180
http://doi.org/10.1016/j.biortech.2007.06.011
http://doi.org/10.1016/S0269-7491(03)00107-6
http://doi.org/10.1016/j.jhazmat.2006.06.060
http://doi.org/10.1016/j.microc.2012.08.009
http://doi.org/10.1016/j.jhazmat.2007.02.009
http://www.ncbi.nlm.nih.gov/pubmed/17360112
http://doi.org/10.3390/polym14112139
http://www.ncbi.nlm.nih.gov/pubmed/35683813
http://doi.org/10.1002/app.32587
http://doi.org/10.1016/j.desal.2011.06.002
http://doi.org/10.1080/19443994.2014.1000383
http://doi.org/10.5004/dwt.2017.0296
http://doi.org/10.5004/dwt.2017.20208
http://doi.org/10.1016/j.desal.2005.10.022
http://doi.org/10.1016/S0143-7208(01)00056-0
http://doi.org/10.1016/j.desal.2005.10.032
http://doi.org/10.1080/19443994.2012.691688
http://doi.org/10.1295/koron1944.25.413
http://doi.org/10.1039/c0md00032a

	Introduction 
	Materials and Methods 
	Materials 
	Polymerization Process 
	Sulphonation Process 
	Particle Size Analysis 
	Fourier Transform Infrared Spectroscopic Analysis 
	TGA Analysis 
	Scanning Electron Microscopic Analysis 
	Preparation of Basic Methylen Blue Solution 
	Standard Curve of MB Concentration 
	Methylene Blue-Polymers Composites Formation (Immobilization Process) 
	Chromium (VI) and Manganese (VII) Ions Removal 

	Results and Discussion 
	Polymerization Process 
	Methylene Blue-Polymers Composites Formation (Immobilization Process) 
	Methylene Blue Concentration 
	SPGMA Polymer Dose 
	MB Immobilization Time 
	Agitation Speed 
	MB Immobilization Temperature 

	Matrix Characterization 
	Dichromate and Permanganate Metal Ions Removal 

	Conclusions 
	References

