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Abstract: In recent times, developments in polymer application properties have required the design of
different polymer structures more than ever. Cross-linked polymers (CPs) could be considered a good
candidate material for potential applications when used in conjunction with nanoparticles. Cross-
linked polymethyl methacrylate nanocomposites are considered to be one of the most commonly
polymeric adsorbents due to their varied and simple modification methods. A new class of C-
PMMA /SnOy(,_q) nanocomposites have been fabricated as surface-selective adsorbents of Cr (III)
with a good yield and different loading of SnO, nanoparticles. The morphology, molecular structures,
and thermal stability of the new cross-linked polymers were examined using a Scanning electron
microscope (SEM), the Fourier Transform Infrared method (FTIR), X-ray diffraction (XRD), and
Thermogravimetric Analysis (TGA). The adsorption study of C-PMMA /SnO, was investigated, and
an efficient level of adsorption for Cr (III) cations was detected. To evaluate the potential for the new
polymers to be used as adsorbents against Cr (III) ions, the contact time, the initial concentration of Cr
(III), and the effects of pH were studied. The introduction of SnO, into the polymer network enhanced
the efficiency of the adsorption of heavy metals. The C-PMMA /SnO; is highly efficient at removing
Cr (III) ions in wastewater samples at pH 6 for one hour. The adsorption study demonstrated that
the adsorption capacity of C-PMMA /SnO;c for Cr (III) was 1.76 mg /g, and its adsorption isotherm
agreed with the Langmuir adsorption model.

Keywords: cross-linked PMMA; SnO,; nanocomposite; adsorption; Cr (III) removal

1. Introduction

Water pollution is becoming an increasingly important environmental issue as popula-
tions and industries continue to grow. Heavy metal ions are the most dangerous pollutants
in wastewater because they are not biodegradable and can be collected through the food
chain inside of organisms, causing many diseases and severe environmental pollution. As
a result, any risk at ecosystem can cause damage to other organisms as well [1]. Among
the heavy metals, chromium is considered one of toxic metals in the environment due to
its flexible oxidizing properties. Chromium has two oxidizing states, chromium (III) and
chromium (VI), and chromium (VI) is known to have carcinogenic properties, thus render-
ing it more toxic than chromium (III). However, in the presence of oxidizing impurities, Cr
(IIT) can certainly be oxidized to chromium (VI) [2,3]. The primary industrial sources of
chromium heavy metals are the leather industry, tanning industry, electroplating industry,
textile industry, etc. Chromium must be significantly removed from wastewater before it
is released into the environment or before it needs to be reformed [4,5]. Therefore, many
approaches have reportedly developed more efficient technologies for removing chromium
from water. For example, chemical precipitation, liquid extraction, ion exchange, precipita-
tion, adsorption, membrane purifiers, reverse osmosis, and packing are all representative
of such techniques and technologies [6-10].

However, adsorption is one of the safest and most cost-effective, and some direct
methods can be used very efficiently to remove these metals from wastewater. The efficiency
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of adsorption depends mainly on the nature of the adsorbents. Many materials have been
used as adsorbents, categorized into synthetic, natural adsorbents, and nanoscale materials
such as activated carbon, synthetic zeolites, and diatomaceous earth [11-14]. However,
some adsorbents suffer from a long equilibration time and a low capacity; therefore,
preparing large volumes of material in a shorter period is challenging for water treatment.
The polymer can create active motifs in the chains, increasing the chances for higher uptake
so that it is considered a good candidate for adsorption. Several studies have been carried
out using polymers such as PMMA as adsorbents to remove heavy metals from industrial
wastewater because PMMA is stable, cheap, harmless, and a good material for use in water
treatment. [15-17].

In the past decade, nanotechnology has been frequently applied successfully in various
fields of science. However, recently its use to address heavy metal pollution in water and
has become a rapidly growing and exciting field for environmentalists. The dispersion
of various organic or inorganic particles in a polymer matrix has received significant
attention due to more accessible and cheaper techniques for changing the properties
of composites depending on the application required. Numerous nanofillers such as
nanofibers, platelets, spheres, and nanotubes have been used mainly as reinforcements for
polymer composites. The benefits of including other nanoparticles (NPs) into polymers such
as PMMA have also been reported concerning heavy metal removal efficiency [18-23]. SnO,
is attracting a great deal of attention because it has a high conductivity, transparency, and
sensitivity to gases. SnO; is considered an n-type semiconductor providing many technical
applications, operating as organic oxidation catalysts, solid-gas sensors, and environmental
applications for the removal of dyes and heavy metal ions [24,25]. (SnO,) nanoparticles
(SnO; NPs) are highly adsorbent and have an active group surface, intense interactions with
adsorbed materials either physical or chemical, a high mechanical stability and thermal
properties [26] and is considered a suitable cation exchanger [27]. The use of SnO; in
polymers is a practical strategy for developing water purification methods. The presence
of nanomaterials in the polymeric network gives these materials more flexibility and
adsorption immobilization, which prevents nanoparticle recovery after water treatment [28].
As an example of the incorporation of SnO, NPs into PMMA and employing them for water
treatment, m-phenylenediamine polymethylmethacrylate/tin(IV)oxide (m-PMMA /SnO,)
was applied for the degradation of methylene blue (MB) dye under UV light with an
efficiency of 99% for 120 min [29]. Another instance is graphene-SnO,-PMMA which was
utlized to decompose MB dye by different irradation levels [30].

In this work, the designed PMMA nanocomposite was prepared through a simple and
low-cost method that proved to be a good approach to water treatment. This study broad-
ened our understanding of how to create cross-linked polymethyl methacrylate (PMMA)
nanocomposites and found new ways to apply them in water purification. This study
opened a new route for developing high performance cross-linked PMMA nanocomposite
for water treatment. The cross-linked PMMA /SnO, nanocomposite was fabricated and
used to remove Cr (III) ions. The prepared cross-linked polymers were characterized
using FTIR, SEM, XRD, and TGA. C-PMMA /SnO, nanocomposites were examined as
an effective sorbent to remove chromium (III) from an aqueous solution. The pH effect,
contact time, concentration of metal ions, and isothermal kinetics were investigated in the
adsorption procedure.

2. Experiment
2.1. Materials

Poly (methyl methacrylate) (PMMA M,,+ = 300 K) was obtained from Alfa Aesar by
thermos Fisher, Erlenbachweg, Germany, Tin (IV) oxide nanoparticles were purchased
from Nano Gate CO, Cairo, Egypt. (SnO; < 100 nm). Tetrahydrofuran (THF; 99.5%) was
purchased from Fisher Chemical, Loughborough, UK, and p-phenylenediamine (p-PDA)
(CeH4NHpy),; Fluka, Loughborough, UK, and the chemicals were used without purification
or treatment. Cr(NO3)3-9H,O (97%) was provided by Panreac, Milano, Italy. HCI (35%)
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supplied from LOBA Chemie, Mumbai, Indiaand used without any further purifications.
ICP multi-element standard solution and yttrium solution were purchased from Merck,
Darmstadt, Germany.

2.2. Instrumental

Thermo-gravimetric analysis (TGA) was performed on a TGA4724 from 0.00 to 77.50 min
with heat flow E Indium: 191.5376 1/mW, dE relative: —23.3291 + 0.0000*T + 0.0000*T"2 and
air flow rate of 10 °C /min. Fourier transform infrared spectra (FTIR) with a Nicolet Magna
6700 FT spectrometer were conducted at a transmittance of 100% with wavenumbers range
(4000-600 cm~!) and scanning the rate was 32 scans per minute. X-ray diffraction (XRD)
patterns were examined using a Bruker D8 Advance with Cu K« radiation (wavelength
1.5418 A) at a power of 40 kV and 40 mA, step size:0.02, using LynxEye one dimensional
detector and 2theta range:10-80 degree at time/step:1.0 s. Scanning electron microscopy (SEM)
imaging was performed with an FEI TENEO VS microscope equipped with an EDAX detector.
The polymer sample was mounted on an aluminium stub using adhesive carbon tape and
sputter-coated with 3 nm Iridium to avoid sample charging during imaging. Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES) measurements were used in the
model of a Perkin Elmer ICP-OES model Optima 4100 DV, USA. An ICP-OES spectrometer
was used with the following parameters: FR power, 1300 kW; frequency, 27.12 MHz; glass
spray chamber according to Scott (Ryton), sample pump flow rate, integration time, 3 s;
replicates, 3; 1.5 mL/min; wavelength range of monochromator 165460 nm. Calibration
curves were carried out using ICP multi-element standard solution and yttrium solution was
added in as an internal standard.

2.3. Synthesis of C-PMMA/S5nO, Nanocomposites

C-PMMA /SnO, nanocomposites were prepared using polycondensation as described
in reference [31]. Briefly, 1 g of PMMA was dissolved in 50 mL THF solvent, then SnO,
nanoparticles with different ratios (5, 10, 20, and 40 wt%) were dispersed throughout the
PMMA solution in the ultrasonic for 10 min. Then, p-PDA was added as a cross-linker, and
the mixture was refluxed for 6 hours at 70 °C with regular shaking. The mixture was then
placed into Petri dishes and left to dry for 24 h at 25 °C, and the films were collected for
characterization and water treatment.

2.4. Adsorption Study

A standard solution of 1000 ppm of Cr (IlI) was prepared in deionized water. The
batch methods were utilized for pure C-PMMA and C-PMMA /SnO,(,_q). The standard
solution of 5 ppm of Cr (III) was prepared and adjusted to pH values ranging from 2.0 to
7.0 with appropriate buffer solutions. The effect of pH on the selectivity of the adsorption
of these materials for Cr (III) was studied. Regarding the study of the adsorption capacity
of Cr (III) under batch conditions, standard solutions of 0-100 mg/L Cr (III) were prepared
and adjusted to the optimum pH value of 6.0 and individually mixed with 20 mg C-
PMMA /5nOsc using a mechanical shaker.

3. Results and Discussion
3.1. Structural Investigation

Cross-linked-PMMA /SnOy(,_q) nanocomposites were prepared using an in-situ poly-
merization with different loadings of SnO, NPs. The suggested abbreviations for C-
PMMA /SnOy(,_q) nanocomposites of several ratios of SnO, NPs are listed in Table 1,
and the schematic diagram for the nanocomposite’s fabrication is illustrated in Figure 1.
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Table 1. Chemical composition of C-PMMA and C-PMMA /SnO2(a—-d) nanocomposites.

Abbreviation PMMA % -Phenylenediamine (p-PDA) % SnO, wt.%
p y p
C-PMMA 80 20 =
C-PMMA/Sn0O», 80 20 5
C-PMMA/SnOy;, 80 20 10
C-PMMA/SnOs 80 20 20
C-PMMA/SnOy4q 80 20 40
e}
NH ° V\‘(\%\\
0 (o] 2
+ /©/ ® reflux Q
HoN E——
THF e
n ‘
PMMA p-phenylenediamine o
S0, NP @
p-phenylenediamine .
PMA

Figure 1. Representation diagram for synthesis of C-PMMA /SnO, nanocomposites.

The FTIR spectra of the C-PMMA and the C-PMMA /SnO;(,_q) nanocomposites are
shown in Figure 2a. In the spectrum of C-PMMA, the peaks around 2990 and 2940 cm ™!
are assigned to the CH stretching vibrations of aromatic and aliphatic compounds, respec-
tively. A sharp peak appeared at 1720 cm~!, revealing the stretching vibrations of the
carbonyl group C=0. The C=C stretching vibration of the aromatic rings has a peak around
1490 cm ™!, and the peaks in the absorption range from 3450 to 3370 cm ! are related to the
stretching vibration of N-H. Additionally, the N-H bending has a peak at 1615 cm ™!, which
confirms the interaction between the carbonyl group of PMMA with the amine group of
p-phenylenediamine in the cross-linking structure [29,31,32].

As shown in Figure 2b, the XRD diffractograms of C-PMMA /SnO,(,_4) nanocom-
posites and pure C-PMMA were analyzed at the 20 range from 10° to 80°. The XRD
diffractogram (a) of pure C-PMMA in Figure 2b demonstrated the broadened peaks around
15°, 30°, and 43°, which were attributable to the amorphous nature of C-PMMA. After
adding SnO; NPs to the C-PMMA, the polymeric matrix has crystalline peaks that become
sharper, and the intensity also increases from (b) to (e), caused by the rising of the inter-
molecular interaction as presented in Figure 2b. The XRD patterns (b)—(e) display the broad
peaks related to the C-PMMA at 15°, 30°, and 43°, and there are other sharp peaks assigned
to SnO, NPs that confirm the structure of the nanocomposite polymers. The XRD studies
show that the addition of SnO, to C-PMMA yielded a considerable increase in the peak
intensity compared to that of the pure C-PMMA, indicating an increase in the crystallinity.
The crystallinity of the polymer nanocomposite can be determined by calculating the area
under the peak and normalized based on the peak area of the pure polymer. As a result,
the crystallinity of the obtained polymer increased withincreasing the content of SnO, NPs
in the nanocomposite.
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Figure 2. (a) FTIR spectra for pure C-PMMA and the C-PMMA /SnOy(,_q) nanocomposites,
(b) XRD diffraction patterns of (a”) C-PMMA, (b") C-PMMA /SnO;, (¢’) C-PMMA /SnOy,, (d’) C-
PMMA /SnOj, and (e) C-PMMA /SnO,y.

3.2. Morphological Investigation

As shown in Figure 3, the (SEM) images illustrate the surface morphologies of the C-
PMMA and C-PMMA /SnO,(,_q) nanocomposites. In Figure 3a, the SEM image of C-PMMA
shows smoothed holes on the polymer’s surface upon magnification (x = 50,000). The
SEM images of Figure 3b—e are assigned to C-PMMA /SnO,(,_q) nanocomposites after the
addition of SnO; NPs. According to the excellent interaction between SnO; and C-PMMA,
the surface morphology changed and rounded to the micropores. As a result, there is an
apparent deformation of the circular hole when a load of SnO, increases.

By using the EDX model, the existence of SnO; NPs in C-PMMA /SnO, was studied.
Figure Sla shows three signals of C, O, and N in C-PMMA, while the EDX spectra in Figure
S1b—e demonstrate the exhibited peaks corresponding to the C, N, O, and Sn elements. As
a result, when the ratio of SnO; NPs in the polymeric matrix increases, the composition of
Sn elements increases.

3.3. The Thermal Stability by TGA

Tests of the thermal stability of C-PMMA and C-PMMA /SnO,(,_4y hanocompos-
ites were performed using TGA under air atmosphere conditions with a heating rate of
10°C/min and a temperature range of 25-500 °C as shown in Figure 4. The weight loss
of C-PMMA occurred in a three-step process and the starting temperature of weight loss
occurred at 175 °C, which indicates that the polymer can remain stable at this temperature,
but become unstable at more than 175 °C [29,31,32]. In the thermal analysis, a similar
behavior of C-PMMA is detected for C-PMMA /SnO,(,-1,) with the difference being that
the initial temperature of the mass loss happened at 240 °C instead. The first step of weight
loss happened in the temperature range of 175-235 °C with a weight loss of 6%, and this
corresponds to the removal of water. The second and third stages of weight loss occurred in
the temperature ranges of 260-360 and 370-433 °C, respectively. The second stage of weight
loss, with the amount of 20% that is related to the degradation of the cross-linking bond
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and the polymer chain, was totally burned and decomposed in the third stage of weight
loss with an amount above of 60%. The polymer is destroyed above 500 °C; therefore, it can
be concluded that the stable temperature rises to 240 °C due to the incorporation of SnO,
NPs into the polymer. The stable temperature of the polymer will increase about 60 °C due
to the anchoring of NPs into the polymer matrix. The temperature of the decomposition
percentages for the mass losses of 10%, 25%, and 50% were listed in Table 2. As a result, the
T10, T2s, and Tsg of the C-PMMA /SnO; nanocomposites are higher than for pure C-PMMA.

Figure 3. SEM images for (a) C-PMMA (50,000%), (b) C-PMMA/SnO,, (30,000x), (c) C-
PMMA /SnOyy, (12,000x), (d) C-PMMA /SnO,, (5000 %), and (e) C-PMMA /SnO,q4 (12,000 ).

1 —— C-PMMA

= C-PMMA/SNnO,a
—— C-PMMA/SnO,b
== C-PMMA/SnO,c
—— C-PMMA/Sn0O,d

Mass change- 7% |
1
! |
80 Mass change -15’6:
1

40 Mass change- 50 %

Weight (%)

T T T T T
100 200 300 400 500
Temperature (°C)

Figure 4. TGA of C-PMMA and C-PMMA /SnOy(,_q).
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Table 2. Thermal behavior of C-PMMA and C-PMMA /SnOj(,_q) nanocomposites.

Temperature (°C) for Various Percentage Decompositions

Sample T10 Tas Tso
C-PMMA 295 384 410
C-PMMA/SnO,, 352 396 424
C-PMMA/SnOy;, 351 392 416
C-PMMA/SnO;. 354 386 415
C-PMMA/SnOyq 315 392 417

3.4. Adsorption Studies

Table 3 demonstrates the adsorption capacities (mg/g) of pure C-PMMA and C-
PMMA /SnOy,_q) for chromium (III) cations, and it was found that the C-PMMA /SnOy(,_q)
has an excellent uptake of Cr (III) compared to pure C-PMMA. Figure 5 indicates that
C-PMMA /SnO;, has the highest adsorption capacity of Cr (III). As a result, the chromium
(III) cations and C-PMMA /SnO,. were chosen for further adsorption experiments. The ad-
sorption capacity qe (mg/g) and the distribution adsorption coefficient (Ky) were calculated
according to the following equation

Ci—CoV
qe:( mf) 1)
G -C
ko= D @

where the V is the volume (L) of the solution, the amount of adsorbent is represented
as m (g), C; is the initial concentration of the metal cations (mg/L), and C; is the final
concentration of the metal cations (mg/L). The effect of the adsorbent’s efficiency to remove
the heavy metals was studied using different factors such as pH value, contact time, and
metal concentration. The experiments were repeated in three batches and the data are the
values of three measurements in all the figures.

Table 3. The adsorption studies of pure C-PMMA and C-PMMA /SnO,(,_q) for chromium (III) ions at

25°C.
Code Selected Ions qe (mg/g) Kq4 (mL/g)
C-PMMA Cr (IIT) 0.45 968.42
C-PMMA/SnO,, Cr (IIT) 0.98 1674.92
C-PMMA/SnO,;, Cr (I1I) 1.08 2749.65
C-PMMA/SnO;c Cr (IIT) 1.76 43518.24
C-PMMA/Sn0O,q4 Cr (IIT) 1.12 5673.62

3.4.1. Effect of pH

Figure 6 illustrates the effect of pH on the removal efficiency (R%) of Cr (III). As the pH
increases, the adsorption capabilities of Cr (III) increase significantly. The results indicate
that the significant adsorption of Cr (III) occurred at pH = 6, which was then employed in
subsequent adsorption studies. In an acidic medium, high concentrations of H" cooperate
with the surface, which decreases the adsorption at the surface. At high a pH, the same
occurrence can be used to describe the low adsorption efficiency because the hydroxyl
groups can reduce the removal of chromium.

G- «

1

R% 100 3)
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Figure 5. Surface selectivity study of pure C-PMMA and C-PMMA /SnO,,_q) for Cr (I1).
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Figure 6. The effect of pH on the adsorption of Cr (III) (5 mg/L) on 20 mg of C-PMMA /SnO,c at
25 °C.

3.4.2. Effect of Contact Time

Figure 7 displays the effect of contact time on the removal of Cr (III) using C-PMMA /SnOy,
nanocomposite. The adsorption of Cr (III) was fast in the 20 min interval which is attributable
to the high availability of the Cr (III) ions to the ion-dipole sites of the C-PMMA /SnOj,.. Thus,
the adsorption rate achieved equilibrium within 40 min.
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Figure 7. The impact of contact time on adsorption of Cr (IIT) 20 mg of C-PMMA /SnO;c at pH 6.0
and 25 °C.

3.4.3. Impact of Initial Concentration of Cr (III)

The effect of the initial concentration of Cr (III) on the adsorption efficiency of C-
PMMA /SnO,c was examined in the range from 0-100 mg/L as presented in Figure 8.
As the amount of Cr (III) cations in the solution increases, the adsorption capacity of C-
PMMA /5nO;, increases to reach a maximum value of ge = 75 mg/g at 80 mg/L. Thus, the
20 mg/L was chosen for optimum adsorption conditions to study the adsorption capacity
of C-PMMA /SnO,, at low concentrations.

0.9

0.8 _ —m— Adsorption capacity q.(mg/g)

0.7 _ /l\—-_l
0.6

0.5+
0.4

0.3{ /

0.2 /

g.(mg/g)

01 o

0.0 T T T T T
0 20 40 60 80 100

Cr(lll) Concentration (mg/L)

Figure 8. The of Cr (IIl) adsorption profile related to different concentration on 20 mg of C-
PMMA /SnO,, at pH 6.0 and 25 °C.

3.5. Adsorption Isotherms

The interaction between adsorbent and adsorbate was investigated using the adsorp-
tion isotherm model. In this study, the adsorption isotherm plays an essential role in
predicting the analytical results of the Langmuir model. [33] Figure 9 indicates that the
results align with the Langmuir equation. The validity of the Langmuir isotherm equation
is confirmed for the data obtained through the linear plot; it is adsorbed to the Langmuir
adsorption isotherm model.
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Figure 9. Isotherm model of the adsorption Cr (III) on 20 mg of C-PMMA /SnO,, at pH 6.0, 25°C and
at different concentrations (0-100 mg/L) of Cr (III).

The Langmuir isotherm measured the homogeneity of the surface area sites using the
classical adsorption isotherm, as shown in the equation below

% _ Ce 4 L

Je Qn bQn
where C. (mg/L) and g (mg/g) are Cr (III) concentration and the adsorption capacity of
the polymer, respectively. Qm (mg/g) is the maximum adsorption capacity of Cr (III) and b
(L/mg) is the Langmuir constant. Langmuir constants Qn, and b can be calculated from
a linear plot of C¢/qe against Ce with a slope and intercept equal to 1/Qm and 1/Qmnb,
respectively. In addition, the basic properties of the isotherm adsorption model can be

attained under the conditions of a constant dimensional separation factor or equilibrium
parameter, Rf, as follows

(4)

1
= 5
1+K * Co ®)

C, = initial Cr (II) concentration (mg/g) and Ky, = constant of Langmuir. As listed in
Table 4, the Ry, value of Cr (III) adsorption on C-PMMA /SnOsc is 0.03, demonstrating a
highly desirable adsorption. As reported in [34,35], the nature of the adsorption isotherm
can be determined by the value of Ry, and an obtained value between 0 <R, < 1 signals good
adsorption. In the adsorption process of Cr (III) for C-PMMA /SnO,., Langmuir constants
Qo and b were 72.32 mg/g and 0.24 L/mg, respectively. The correlation coefficient (R?)
obtained from the Langmuir model was calculated as 0.98. The data show that attaining
the Langmuir model and C-PMMA /SnO,c has a monolayered and homogeneous surface
during the adsorption process.

Rp

Table 4. Langmuir isotherm constants of C-PMMA /SnO;c toward the adsorption of Cr (III), at pH
6.0 and 25 °C.

Material Qo (mg/g) b (L/mg) R? Rp
C-PMMA /SnO;c 72.32 0.24 0.98 0.03

The new adsorbent in this study and another different adsorbent were listed in Table 5.
As a result, it was found that the present adsorbent has a good adsorption efficiency toward
Cr (III) with less dosage and short time, and it can be successfully applied for removal Cr
(IIT) from wastewater.
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Table 5. Comparison of the adsorption efficiency of C-PMMA /SnO, and the adsorption efficiencies
of various adsorbents for Cr (III).

Adsorbent R% PH Dose Time Ref.
Aluminum oxide hydroxid 90% 4 lg 60 min [36]
Modified carbon nanotubes (M-CNTs) 18% 7 150 mg 120 min [6]

cross-linked acidic tetrapolymer (CPZA) 90% 55 30mg 60 min [37]

Eggshell 40% 5 20 mg 14h [38]

powdered marble 25% 5 12 mg 30 min [38]

sugarcane pulp residue 90% 6 05g 24 h [39]
C-PMMA /SnO, 90% 6 20 mg 40 min This work

4. Conclusions

The prepared cross-linked PMMA /SnO, had a network structure that was beneficial
for the exposure of adsorptive sites on the cross-linked polymer adsorbent towards the
adsorbate. In this work, new cross-linked PMMA nanocomposites were synthesized and
applied for adsorption applications. The adsorption study results show that the obtained
nanocomposites have a higher adsorption efficiency than the pure cross-linked polymers
because the presence of SnO, NPs enhances the ability of adsorption. The maximum
adsorption efficiency was found at 60 min in the pH 6 range. The adsorption isotherm
model showed that the Langmuir isotherm model was the best to describe the metal
adsorption process. This study broadened our understanding of how to create cross-linked
polymethyl methacrylate (PMMA) nanocomposites and found new ways to apply them in
adsorption. This study opened a new route for developing high-performance cross-linked
polymer adsorbents for water purification. The findings of the present study may have
important implications for different applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /polym14102101/s1, Figure S1: EDX analysis for (a) C-PMMA, (b) C-
PMMA /SnOy,, (c) C-PMMA /SnOy,, (d) C-PMMA /SnOj, and (e) C-PMMA /SnOyy.

Funding: This research was funded by the Deanship of Scientific Research (DSR) at King Abdulaziz
University, Jeddah, under grant number [G-306-005-1440].

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

Acknowledgments: This Project was funded by the Deanship of Scientific Research (DSR) at King
Abdulaziz University, Jeddah, under grant no. (G-306-005-1440). The author therefore acknowledges
with thanks DSR for financial support and Mahmoud A. Hussein for technical support.

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

References

1.  Kyzas, G.Z.; Kostoglou, M. Green Adsorbents for Wastewaters: A Critical Review. Materials 2014, 7, 333-364. [CrossRef] [PubMed]

2. Ali, H,; Khan, E.; Sajad, M.A. Phytoremediation of heavy metals-concepts and applications. Chemosphere 2013, 91, 869-881.
[CrossRef] [PubMed]

3. Miretzky, P.; Fernandez Cirelli, A. Cr(VI) and Cr(IIl) removal from aqueous solution by raw and modified lignocellulosic materials:
A review. J. Hazard. Mater. 2010, 180, 1-19. [CrossRef] [PubMed]

4. Demim, S.; Drouiche, N.; Aouabed, A.; Benayad, T.; Dendene-Badache, O.; Semsari, S. Cadmium and nickel: Assessment of
the physiological effects and heavy metal removal using a response surface approach by L. gibba. Ecol. Eng. 2013, 61, 426-435.
[CrossRef]

5. Joseph, L.; Jun, B.M.; Flora, ].R.V,; Park, C.M.; Yoon, Y. Removal of heavy metals from water sources in the developing world
using low-cost materials: A review. Chemosphere 2019, 229, 142-159. [CrossRef] [PubMed]

6. Atieh, M.A.; Bakather, O.Y.; Tawabini, B.S.; Bukhari, A.A.; Khaled, M.; Alharthi, M.; Fettouhi, M.; Abuilaiwi, F.A. Removal of

chromium (III) from water by using modified and nonmodified carbon nanotubes. . Nanomater. 2010, 2010, 232378. [CrossRef]


https://www.mdpi.com/article/10.3390/polym14102101/s1
https://www.mdpi.com/article/10.3390/polym14102101/s1
http://doi.org/10.3390/ma7010333
http://www.ncbi.nlm.nih.gov/pubmed/28788460
http://doi.org/10.1016/j.chemosphere.2013.01.075
http://www.ncbi.nlm.nih.gov/pubmed/23466085
http://doi.org/10.1016/j.jhazmat.2010.04.060
http://www.ncbi.nlm.nih.gov/pubmed/20451320
http://doi.org/10.1016/j.ecoleng.2013.10.016
http://doi.org/10.1016/j.chemosphere.2019.04.198
http://www.ncbi.nlm.nih.gov/pubmed/31078029
http://doi.org/10.1155/2010/232378

Polymers 2022, 14, 2101 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

Hu, H; Liu, J; Xu, Z.; Zhang, L.; Cheng, B.; Ho, W. Hierarchical porous Ni/CoLDH hollow dodecahedron with excellent
adsorption property for Congo red and Cr (VI) ions. Appl. Surf. Sci. 2019, 478, 981-990. [CrossRef]

Inyang, M.I; Gao, B.; Yao, Y.; Xue, Y.; Zimmerman, A.; Mosa, A.; Pullammanappallil, P,; Ok, Y.S.; Cao, X. A review of biochar as a
low-cost adsorbent for aqueous heavy metal removal. Crit Rev Env. Sci Technol. 2016, 46, 406—433. [CrossRef]

Cao, J.; Wu, Y,; Jin, Y;; Yilihan, P.; Huang, W. Response surface methodology approach for optimization of the removal of
chromium (VI) by NH2-MCM-41. |. Taiwan Inst. Chem. Eng. 2014, 45, 860-868. [CrossRef]

Meng, Z.; Wu, M.; Yu, Y.,; Meng, E; Liu, A.; Komarneni, S.; Zhang, Q. Selective removal of methyl orange and Cr anionic
contaminants from mixed wastewater by in-situ formation of Zn-Al layered double hydroxides. Appl. Clay Sci. 2018, 161, 1-5.
[CrossRef]

Paulina, A.K.; Ashlee, ].H.; Omar, K.F; Sanjit, N. Metal-organic frameworks for heavy metal removal from water. Coord. Chem.
Rev. 2018, 358, 92-107.

Schneider, R.M.; Cavalin, C.F; Barros, M.A.S.D.; Tavares, C.R.G. Adsorption of chromium ions in activated carbon. Chem. Eng. ].
2007, 132, 355-362.

Chen, X.,; Lam, K.F,; Yeung, K.L. Selective removal of chromium from different aqueous systems using magnetic MCM-41
nanosorbents. Chem. Eng. J. 2011, 172, 728-734. [CrossRef]

Chen, X.; Lam, K.F,; Mak, S.F,; Yeung, K.L. Precious metal recovery by selective adsorption using biosorbents. J. Hazard. Mater.
2011, 186, 902-910. [CrossRef]

Singh, V.; Kumari, P; Pandey, S.; Narayan, T. Removal of chromium (VI) using poly (methylacrylate) functionalized guar gum.
Bioresour. Technol. 2009, 100, 1977-1982. [CrossRef]

Salisu, A.; Sanagi, M.M.; Abu Naim, A.; Ibrahim, W.W.; Abd Karim, K.J. Removal of lead ions from aqueous solutions using
sodium alginate-graft-poly(methyl methacrylate) beads. Desalination Water Treat. 2016, 57, 15353-15361. [CrossRef]

Wu, A, Jia, J.; Luan, S. Amphiphilic PMMA /PEI core—shell nanoparticles as polymeric adsorbents to remove heavy metal
pollutants. Colloids Surf. A Physicochem. Eng. Asp. 2011, 384, 180-185. [CrossRef]

Rajabi, M.; Mahanpoor, K.; Moradi, O. Preparation of PMMA /GO and PMMA /GO-Fe304 nanocomposites for malachite green
dye adsorption: Kinetic and thermodynamic studies. Compos. B Eng. 2019, 167, 544-555. [CrossRef]

Mohammadnezhad, G.; Dinari, M.; Soltani, R. The preparation of modified boehmite/PMMA nanocomposites by in situ
polymerization and the assessment of their capability for Cu?* ion removal. New J. Chem. 2016, 40, 3612. [CrossRef]

Hasan, I.; Ahamd, R. Facile Synthesis of Poly (methyl methacrylate) grafted Alginate@CysBentonite copolymer hybrid nanocom-
posite for Sequestration of Heavy Metals. Groundw. Sustain. Dev. 2019, 8, 82-92. [CrossRef]

Sethy, R.T.; Sahoo, P.K. Highly toxic Cr (VI) adsorption by (chitosan-g-PMMA)/silica bionanocomposite prepared via emulsifier-
free emulsion polymerization. Int. ].Biol. Macromol. 2019, 122, 1184-1190. [CrossRef] [PubMed]

Li, Z,;Li, T.; An, L,; Fu, P; Gao, C.; Zhang, Z. Highly efficient chromium(VI) adsorption with nanofibrous filter paper prepared
through electrospinning chitosan/ polymethylmethacrylate composite. Carbohydr. Polym. 2016, 137, 119-126. [CrossRef]
[PubMed]

Drah, A.; Tomi¢, N.Z.; Veli¢i¢, Z.; Marinkovi¢, A.D.; Radovanovi¢, Z.; Velickovi¢, Z.; Janc¢i¢-Heinemann, R. Highly ordered
macroporous y-alumina prepared by a modified sol-gel method with a PMMA microsphere template for enhanced Pb?*, Ni%*
and Cd?* removal. Ceram. Int. 2017, 43, 13817-13827. [CrossRef]

Nehru, L.C.; Swaminathan, V,; Sanjeeviraja, C. Photoluminescence studies on nanocrystalline tin oxide powder for optoelectronic
devices. Am. J. Mater. Sci. 2012, 2, 6-10. [CrossRef]

Ningthoujam, R.S.; Kulshreshtha, S.K. Nanocrystalline SnO, from thermal decomposition of tin citrate crystal: Luminescence and
Raman studies. Mater. Res. Bull. 2009, 44, 57-62. [CrossRef]

Davoodi, S.; Marahel, E; Ghaedi, M.; Roosta, M.; Jah, A.H. Tin oxide nanoparticles loaded on activated carbon as adsorbent for
removal of Murexide. Desalin. Water Treat. 2014, 52, 7282-7292. [CrossRef]

White, D.A.; Rautiu, R. The sorption of anionic species on hydrous tin dioxide. Chem. Eng. |. 1997, 66, 85-89. [CrossRef]

Gupta, VK,; Saravanan, R.; Agarwal, S.; Gracia, F.; Khan, M.M.; Qin, J.; Mangalaraja, R.V. Degradation of azo dyes under different
wavelengths of UV light with chitosan-SnO, nanocomposites. J. Mol. Lig. 2017, 232, 423-430. [CrossRef]

Alkayal, N.S.; Altowairki, H.; Alosaimi, A.M.; Hussein, M.A. Network template-based cross-linked Poly(methyl methacry-
late) /tin(IV) oxide nanocomposites for the photocatalytic degradation of MB under UV irradiation. ]. Mater. Res. Technol.
2022, 18, 2721-2734. [CrossRef]

Shanmugam, M.; Alsalme, A.; Alghamdi, A.; Jayavel, R. photocatalytic properties of graphene-sno2-pmma nanocomposite in the
degradation of methyleneblue dye under direct sunlight irradiation. Mater. Exp. 2015, 5, 319-326. [CrossRef]

Hussein, M.A.; El-Shishtawy, R.M.; Abu-Zied, B.M.; Asiri, A.M. The impact of cross-linking degree on the thermal and texture
behavior of poly(methyl methacrylate). . Therm. Anal. Calorim. 2016, 124, 709-717. [CrossRef]

Hussein, M.A.; Alam, M.M.; Albeladi, HK.; El-Shishtawy, R.M.; Asiri, A.M.; Rahman, M.M. Nanocomposite Containing
Cross-linked Poly(Methyl-Methacrylate) /Multiwall Carbon Nanotube as a Selective Y 3+ Sensor Probe. Polym. Compos.
2019, 40, 1673-1684. [CrossRef]

Langmuir, I. The Constitution and Fundamental Properties of Solids and Liquids. J. Frankl. Inst.-Eng. Appl. Math. 1917, 183, 102-105.
[CrossRef]


http://doi.org/10.1016/j.apsusc.2019.02.008
http://doi.org/10.1080/10643389.2015.1096880
http://doi.org/10.1016/j.jtice.2013.09.011
http://doi.org/10.1016/j.clay.2018.04.008
http://doi.org/10.1016/j.cej.2011.06.042
http://doi.org/10.1016/j.jhazmat.2010.11.088
http://doi.org/10.1016/j.biortech.2008.10.034
http://doi.org/10.1080/19443994.2015.1071685
http://doi.org/10.1016/j.colsurfa.2011.03.060
http://doi.org/10.1016/j.compositesb.2019.03.030
http://doi.org/10.1039/C5NJ03109E
http://doi.org/10.1016/j.gsd.2018.09.003
http://doi.org/10.1016/j.ijbiomac.2018.09.069
http://www.ncbi.nlm.nih.gov/pubmed/30218734
http://doi.org/10.1016/j.carbpol.2015.10.059
http://www.ncbi.nlm.nih.gov/pubmed/26686112
http://doi.org/10.1016/j.ceramint.2017.07.102
http://doi.org/10.5923/j.materials.20120202.02
http://doi.org/10.1016/j.materresbull.2008.04.004
http://doi.org/10.1080/19443994.2013.831781
http://doi.org/10.1016/S1385-8947(96)03163-4
http://doi.org/10.1016/j.molliq.2017.02.095
http://doi.org/10.1016/j.jmrt.2022.03.133
http://doi.org/10.1166/mex.2015.1246
http://doi.org/10.1007/s10973-016-5240-1
http://doi.org/10.1002/pc.25118
http://doi.org/10.1016/S0016-0032(17)90938-X

Polymers 2022, 14, 2101 13 of 13

34.

35.

36.

37.

38.

39.

McKay, G.; Blair, H.S.; Gardner, ]. Adsorption of dyes on chitin. I. Equilibrium studies. J. Appl. Polym. Sci. 1982, 27, 3043-3057.
[CrossRef]

Qi, X;; Chen, M,; Qian, Y,; Liu, M,; Li, Z; Shen, L.; Qin, T.; Zhao, S.; Zeng, Q.; Shen, J. Construction of macroporous salecan
polysaccharide-based adsorbents for wastewater remediation. Int. J. Biol. Macromol. 2019, 132, 429-438. [CrossRef] [PubMed]
Bedemo, A.; Chandravanshi, B.S.; Zewge, F. Removal of trivalent chromium from aqueous solution using aluminum oxide
hydroxide. SpringerPlus 2016, 5, 1288. [CrossRef]

Saleh, T.A.; Haladu, S.A.; Ali, S.A. A novel cross-linked pH-responsive tetrapolymer: Synthesis, characterization and sorption
evaluation towards Cr(III). Chem. Eng. |. 2015, 269, 9-19. [CrossRef]

Elabbas, S.; Mandji, L.; Berrekhis, F.; Pons, M.N.; Leclerc, ].P.; Ouazzani, N. Removal of Cr(III) from chrome tanning wastewater
by adsorption using two natural carbonaceous materials: Eggshell and powdered marble. J. Environ. Manag. 2016, 166, 589-595.
[CrossRef]

Yang, Z.H.; Wang, B.; Chai, L.Y.; Wang, Y.Y.; Wang, H.Y.; Su, C.Q. Removal of Cr(Ill) and Cr(VI) from aqueous solution by
adsorption on sugarcane pulp residue. Cent. South Univ. Technol. 2009, 16, 101-107. [CrossRef]


http://doi.org/10.1002/app.1982.070270827
http://doi.org/10.1016/j.ijbiomac.2019.03.155
http://www.ncbi.nlm.nih.gov/pubmed/30910674
http://doi.org/10.1186/s40064-016-2983-x
http://doi.org/10.1016/j.cej.2015.01.083
http://doi.org/10.1016/j.jenvman.2015.11.012
http://doi.org/10.1007/s11771-009-0017-3

	Introduction 
	Experiment 
	Materials 
	Instrumental 
	Synthesis of C-PMMA/SnO2 Nanocomposites 
	Adsorption Study 

	Results and Discussion 
	Structural Investigation 
	Morphological Investigation 
	The Thermal Stability by TGA 
	Adsorption Studies 
	Effect of pH 
	Effect of Contact Time 
	Impact of Initial Concentration of Cr (III) 

	Adsorption Isotherms 

	Conclusions 
	References

