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Abstract

Thin films of cadmium sulphide/poly methyl methacrylate (CdS/PMMA) were synthesized by the
using solution casting method. This method was used due to the hydrophilic and hydrophobic
compatibility of metal sulphide with PMMA matrix. The fabricated films were characterized by using
X-ray diffraction (XRD), Fourier-transform infrared (FTIR) and Ultraviolet-visible (UV-Vis)
spectroscopy. The photocatalytic activity of these films was carried out by using methylene blue
solution as a water pollutant. Results revealed that as the content of CdS was increased in the polymer
matrix, the band gap values became narrower (2.3 eV for sample F). Furthermore, the thin film of
0.8g CdS/IPMMA exhibited the highest and fastest rate of photocatalytic degradation (99 % in 240
minutes) among all the composites. These results are attributed to the narrow band gap, higher
adsorption capacity and good electron acceptability of CdS. Hence, toxic waste products produced by
different industries could be removed by using CdS/PMMA photocatalysts.
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Introduction

Methylthioninium Chloride, formally known as methylene blue (MB) is a lipophilic azo compound
with a dark bluish-green color and crystalline structure. In 1876, this compound was synthetically
synthesized for the textile industry (textile manufacturer Heinrich Caro), however, its use in
laboratory and medication began only 14 years later. MB as a diagnostic substance has several
applications in medication like staining cell cultures, DNA detection, visualizing microbiological
structures, photodynamic therapy, fungal and parasitic infections, antimalarial agent, treatment of
methemoglobinemia, an antidote for cyanide poisoning. As its mechanism of action in human
medicinal practice is not precisely known therefore US FDA has issued a safety warning and its higher
dose may cause diseases like abdominal pain, dyspnea, precordial pain and reversible staining of skin
[1,2]. MB is commonly used in the dye industry for coloring silk, cotton, wool, silk and paper and
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causing water contamination (due to its stable water solubility) which is ultimately hazardous for life
[3-5]. The number of articles published on the removal of MB has been increasing continuously via
adsorption and bioremediation [6-8], however, articles on photodegradation of MB via polymer
composites are very few.

Transition metals that belong to 11-VI semiconductor group, have fascinated the interest of researchers
due to their excellent luminescent and optical properties. Cadmium sulphide (CdS) nanoparticles are
one of them, that are being studied due to their n-type photo sensible semiconduction and prompt
response towards the light with 2.42 eV direct band gap [9,10]. These nanoparticles are also known
as fluorescent nanoparticles [11] and they have been synthesized by different methods like,
hydrothermal, sol-gel, chemical co-precipitation, sonochemical, and so on [10,12]. They have several
applications like in photodetectors, light emitting diodes, photocatalyts, biological indicators, sensors,
transistors, solar cells, etc. [11,13,14]. In the last few years, CdS nanoparticles have been used as a
promising candidate in photochemical reactions, as they can illuminate visible light and enable the
excitation of the electrons from the valence to the conduction band. However, their applications in
photochemical reactions are limited because of their degradation when exposed to the atmosphere,
low surface area, lack of active sites and low efficiency in utilizing UV light. These limitations result
in the fast recombination of the excited electrons and thus decrease the quantum efficiency. To
overcome these limitations two methods have been reported; coupling of these nanoparticles with
nonmetals or polymers and hybrid formation with different semiconducting materials [15,16].
Doping of CdS with polymer matrix has appealed to the attention of researchers, as their combination
results in several new photocatalytic and photoelectric applications by increasing the rate of
photogenerated excited electron/hole pairs separations [17]. Poly methyl methacrylate (PMMA) has
been used in many technological and productive areas because of its eco-friendly, low-cost effective,
optical transparency, and unique mechanical and physio-chemical characteristics. It can reduce the
recombination rate of photogenerated electron-hole pairs by prolonging their center life However,
its thermal instability and lack of UV light filtration have reduced its utilization globally but these
drawbacks can be reduced by its combination with semiconductors [18]. Literature is reported where
incorporation of CdS and PMMA had not only improved the properties of CdS nanoparticles but also
enhanced the mechanical, electrical and optical properties of PMMA dramatically and made them
useful in photocatalytic and photoconductivity applications. Effective dispersion of CdS
nanoparticles in the PMMA matrix enhances the transition temperature of the matrix. Similarly,
PMMA serves as a protective shield for these nanoparticles by encapsulating them and protecting
them from their direct exposure to any external environment. It is also observed that being transparent,
PMMA allows the photons to interact with these nanoparticles through penetration [9]. Methods like
solution casting [18,19], and embedding by using a photocuring process [20] have been employed for
the synthesis of CdS/PMMA composites.

The present research is focused on the investigation of photocatalytic properties of CdS/PMMA
composites by using different concentrations of CdS nanoparticles. The novelty of this work lies in
the photodegradation of methylene blue by using CdS/PMMA composite in an alkaline medium by
using a few drops of barium hydroxide solution to keep the observed system at pH equal to 10.
Characterization of these composites was done by using X-ray diffraction (XRD) for crystalline
properties, FTIR for molecular interactions and ultraviolet-visible (UV-Vis) spectrophotometer for
adsorption and optical band gap studies.

Methodology

Three steps were followed for the present study.

Synthesis of CdS nanoparticles

CdS nanoparticles were prepared at room temperature by using cadmium sulphate (CdSOs) and
sodium sulphide (Na2S) chemicals as main precursors. Equimolar (0.1M) aqueous solutions of CdSO4
and NaxS were prepared separately in 25 mL of deionized water at constant stirring for 10 minutes.
Later, NaxS solution was added dropwise into the solution of CdSOa. This solution mixture was kept
on stirring for 20 minutes. The whole process was carried out at room temperature without the
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addition of any capping agent. Wet yellow precipitates were obtained as the resultant product. After
the centrifugation process, these precipitates were dried in an oven at 80°C for 48 hours [10].
Synthesis of pure PMMA film

Pure poly methyl methacrylate (PMMA) film was prepared by dissolving 1g of PMMA in 20 mL of
chloroform at room temperature and kept on stirring until a clear solution was obtained. Later, the
solution was poured into a petri dish for the evaporation of solvent [21].

Synthesis of CAS/PMMA composites

For the formation of thin films of CAS/PMMA composites, different amounts of CdS nanoparticles
were added in a constant amount of PMMA solution, separately. In the first step, 1g of PMMA was
dissolved in 20 mL of chloroform and kept on constant stirring until the formation of a clear solution.
A specific amount of CdS nanoparticles was added to this solution and stirring was continued for a
further 20 minutes. Afterward, to obtain the homogeneous suspension, this mixture was sonicated for
30 minutes in an ultra-sonicated bath. Finally, the suspension was poured into a petri dish for solvent
evaporation at room temperature [22]. Different films of CAS/PMMA were prepared by varying the
amount of nanoparticles in 1 g of PMMA matrix as shown in Table 1.

Table 1. Composition of CAS/PMMA nanocomposites

Nanocomposite Name | Composition

Sample A 0.1 g of CdS / 1 gPMMA
Sample B 04 g of CdS / 1 gPMMA
Sample C 06 g of CdS / 1 gPMMA
Sample D 0.8 g of CdS / 1 gPMMA
Sample E 1gofCdS/1gPMMA
Sample F 1.2 g of CdS / 1 gPMMA

Photocatalytic activity

For the photodegradation of methylene blue (MB), CdS/PMMA films were used as photocatalysts at
room temperature in the presence of an artificial visible light source of 40 W. Photocatalytic activities
were observed by mixing CdS/PMMA composites, with different quantities of CdS, in 100 mL of
aqueous solution of MB (1x10* M), separately at constant stirring. During stirring, 1pL of barium
hydroxide (0.06M) was added to this solution to maintain the pH of the solution at 10. This solution
was kept on stirring for 4 hours and the degradation of dye was studied periodically after different
time intervals with the help of a UV-Visible spectrophotometer. As concentration is directly
proportional to absorbance the degradation efficiency of MB can be calculated with the help of the
following equation (1), [23]:

X100 =

o o

Co

Degradation Ef ficiency = E = X100 (1)

Here, Co, C, A and Ao are the concentrations and absorbance of MB at 0 and t time of reaction,
respectively. Similarly, with the help of the following equation (2):

ns = ke )
"o
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Where t is illumination time and K is the first-order rate constant, the rate of reaction was calculated
by plotting a graph between In C/Co and time [23].

Results and Discussion
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Figure 1. FTIR spectra of different compositions of CdS /PMMA composites, pure PMMA and
pure CdS nanoparticles

Figure 1 shows the FTIR spectra of pure PMMA, pure CdS nanoparticles and different compositions
of CdS/IPMMA nanocomposites from sample A to sample F respectively. There are usually two
regions in the FTIR spectrum named as functional group region (range from 4000 to 1500cm™) and
fingerprint region (range from 1500 to 400 cm™). FTIR Spectrum of pure PMMA showed stretching
vibration for the C=0 group at 1728 cm™, bending vibrations for the C-O group between 1075 to
1274 cm™, and a peak at 1442 corresponds to the bending vibrations for the O-CHs group [22,24,25].
The peak at 756 cm™ appeared due to the vibration in polymer chains [26] peak at 841 cm™ is
attributed to the bending vibrations of the C-H group [27]. FTIR spectra of pure PMMA and those of
CdS/PMMA nanocomposites are almost the same. It is reported that CdS nanoparticles with a
maximum 3 % (0.045 g) weight percent in solution, do not disturb the continuous 3-D network of
PMMA matrices and both matrices and fillers kept their independent chemical properties [27].

Pristine PMMA is a transparent polymer with low transmission of light in the ultraviolet region. This
transparency decreases as the amount of CdS is increased in the PMMA matrix. CdS is a direct band
gap (n-type photo sensible) semiconductor and its conduction band minimum and valence band
maximum lie at the same momentum. It means that the transition of electrons takes place directly
between these bands at the same momentum (K=0) and makes the process of absorption and emission
more effective. The direct band gap value of CdS is 2.4 eV [9,10]. To determine the optical properties
of CAS/PMMA composites, direct band gap energy (Eg) was calculated by plotting the graph between
“(ahv)?” verses “hy~ (asshown in Figure.2) by following equation (4) [23,24];

(ahv)? = B(hv — Ey) (4)

Here, “a” represents the coefficient of absorption and is equal to 2.303(A/t) (where A represents the
absorption or optical density and t represents the cuvette’s path length: which is equal to 1cm in the
present case), B is a constant and “4v” represents the energy of photon [23]. Differences in band
gap energy of different samples of CAS/PMMA composites with respect to pristine PMMA are shown
in Table 2 as follows:
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Table 2. Band gap energy differences of different composites of CdS/PMMA with respect to pure
PMMA

Sample Name Band gap energy (eV) Band gap energy difference
with respect to pure PMMA
Pure PMMA 4.31 -
Sample A 3.88 0.43
Sample B 3.01 1.30
Sample C 2.56 1.75
Sample D 2.39 1.92
Sample E 2.31 2.00
Sample F 2.30 2.01
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Figure 2. Tauc plots of pure PMMA and its composites with different compositions of CdS
nanoparticles

The band gap energy observed for PMMA is 4.31 eV and to make it useful for different optical
applications, its band gap energy can be tuned by integrating any conducting material into it. The
incorporation of materials like CNTs or semiconducting nanoparticles may introduce new electronic
states in the PMMA matrix and result in narrowing the band gaps and enhancing the electrical
properties [28]. Table 2 shows the band gap energy values of pure PMMA and its composites with
different concentrations of CdS nanoparticles. The subsequent decrease in band gap energy of PMMA
upon increasing the amount of CdS depicts that the incorporation of CdS into the PMMA matrix is
increased gradually by developing the strong interaction between the electronic states of CdS and the
polymeric structure of PMMA [24,29]. The same is depicted in Figure 3, the broadness of the pure
PMMA peak is subsequently changed into a sharp one that reflects the uniform distribution of CdS
nanoparticles in the matrix. It is noteworthy here, that as the nanoparticles are uniformly distributed
each CdS nanoparticle has the chance to interact with light individually and leads towards the decrease
in band gap energy of the PMMA matrix [30].
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Figure 3. UV-Visible spectra of Cd/PMMA composites with different wt.% of CdS in PMMA
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Figure 4. XRD patterns of PMMA, CdS and composites of CdS/PMMA composites with different
contents of CdS nanoparticles

XRD patterns of pure PMMA, CdS and different composites of CdS/PMMA are shown in Figure 4.
Characteristic 2 theta peaks obtained for pure PMMA are present at 14.9°, 30.5° and 43.4° and 26.4°,
43.6°, 51.5° for pure CdS. These results are well matched with the previous studies as well like XRD
pattern as reported for CdS nanoparticles indicated the 2 theta values at 26.54°, 43.52° and 51.49°
with (111), (220) and (311) cubic phase plans of CdS, respectively [18]. Similarly, peaks of pure
PMMA are close to the ones reported in the literature [18,24]. In the cases of CdS/PMMA composites,
an increase in the broadness of peaks of CdS in the PMMA matrix is observed representing the
increase in the roughness of the system due to the incorporation of CdS nanoparticles in the polymeric
structure. This surface roughness is increased as the concentration of the CdS nanoparticles is
increased because these particles may have started developing a chain-like network/agglomerates in
the system upon increasing the concentration [31].
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Figure 5. Photodegradation of MB by using different CAS/PMMA nanocomposites

The effect of the catalyst against MB was investigated under visible irradiation, at A max equals to
665 nm, by using different thin films of CAS/PMMA nanocomposites. Figure 5 shows that as the
amount of CdS was increasing the interaction of the molecules of MB with CdS was increased. The
maximum interaction is observed for sample D and a significant decrease in absorbance is observed
as the light irradiation time was increased. However, as the amount of CdS nanoparticles was
increased, this sharp effect slowed down and it may be suggested here, that at higher concentrations,
the availability of free charges and defects in PMMA matrix may have decreased. Figure 6 shows the
plot between In C/C, and different irradiation times. This plot helps to calculate the values of the rate of
reactions as its slope gives the value of rate constant “k” and the square of the correlation coefficient of
linear fit (R?). The % removal of MB at different irradiation times is shown in Figure 7. Near 40
minutes all the samples showed significant thresholds in the removal of MB that show the availability
of free charges on CdS and pores on the surface of the PMMA matrix. However, with increasing time
between 50-100 minutes sample D showed a different behavior, first a significant increase in the
threshold of % removal of MB and after that, it showed a slow or almost close to equilibrium state.
This behavior of sample D shows that till 200 minutes, free charges and defects were sufficiently
available for the molecules of MB to react with CdS nanoparticles in the presence of UV light,
however, when the reaction became fast the availability of free charges on CdS and defects in the
PMMA matrix decreases and therefore this sample slowed down its further reaction and almost
became constant at the end. The behavior of other samples was somehow slow as compared to sample
D. In Figure 8, the difference between the values of R? and k can easily be observed. For sample A
the values of k and R? are 0.00363 min™ and 83, for sample B: 0.01602 min* and 0.95, for sample C:
0.0093 min! and 0.65, sample D: 0.02361 min™* and 0.96, for sample E: 0.01494 min and 0.94 and
for sample D: 0.01707 min't and 0.98. The rate of reaction increases (sample A < Sample B ~ sample
C< sample D > sample E < sample F) as the amount of CdS was increased in the PMMA matrix but
after sample D, the reaction rate became slightly slow in sample E and F which may be due to some
sort of agglomeration among the CdS nanoparticles that may hinder the interaction of MB molecules.
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Overall, the incorporation of CdS into the PMMA matrix affected the photodegradation of MO
significantly. CdS nanoparticles possess narrow band gap energy and could be used as strong
photocatalysts. When these nanoparticles are exposed to light (hv) they absorb photons and cause the
excitation of the electrons (e-) present in their conduction band to the valence band by leaving holes
(h+) behind at their places. These e- and h+ pairs are the initiators of the redox reactions required for the
photodegradation of MB. On the other hand, the PMMA matrix provides a platform where these
nanoparticles can be dispersed uniformly and reduce the recombination of e- and h+ pairs upon
irradiation with light. In Figure 3, the sharpness of the UV-Visible peaks affirms the uniform
distribution of nanoparticles in the PMMA matrix with a higher surface area that increases the chances
of more interaction of nanoparticles with light and dye molecules. The e- present in the conduction
band reduces the dissolved oxygen (present in the aqueous solution of MB) and converts it into
superoxide radicals (*O2). On the other hand, the h+ present in the valence band produces hydroxyl
radicals ((OH) by oxidizing the water molecules or hydroxyl ions ((OH). Both of these radicals (*O,
*QOH) are known as reactive oxygen species (ROS). These ROS react with the molecules of MB and
break them into CO2 and H2O. Equations (5) to (11) show the reactions that occur between the
CdS/PMMA catalyst and aqueous solution of MB under the irradiation of light (hv) [18,30].

CdS/IPMMA +hv > ecs+h*vs 5)
ece +0O; 2> *0, (6)
*0,+ H,0 - H,0* + OH (7)
*07+ H,0* > H,0,+ O, (8)
h*vs+ OH -> *OH (9)
h*ve+ H:O - H"+*OH (10)
*OH + MB -> Degradation product / CO; + H,O (11)
Table 3. Comparison of different nanocomposites, their % removal of dye and time duration
Composite Wit% Degradation % | Time Reference
Sample A 01g 65 % 240 minutes Present work
Sample B 0449 98 % 240 minutes
Sample C 0.6¢g 94 % 260 minutes
Sample D 08¢ 99 % 240 minutes
Sample E 1lg 97 % 220 minutes
Sample F 129 98 % 260 minutes
ZnO/PMMA 259 100 % 80 minutes [30]
TiO,(0D)/PMMA 5¢ 28.8% 4 hours [32]
& 59 18 %
TiO,(1D)/PMMA
Graphene- 0.1g 99 % 60 minutes [33]
SnO,/PMMA
TiO.//PMMA Sprinkled TiO; 30 % 200 minutes [34]

Table 3 shows the comparison of the present work with the recent research done by incorporating
different nanoparticles into the PMMA matrix. From the present investigation, it may be stated that
each nanoparticle creates a different atmosphere within the polymer structure and thus the availability
of free charges and spaces varies. When the CdAS/PMMA composite was used for the removal of RhB
from aqueous water, it degraded the 100 % dye in just 30 minutes [18]. On the other hand, in another
research, when CdS/PMMA was treated as a photocatalyst for the degradation of MB, methyl orange
(MO) and RhB, three days were taken and only 36 % MB, 80 % MO and 90 % RhB were degraded
[35]. CdS and PMMA both possess tunable properties which make them useful in several applications
like the one studied in present research.
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Conclusion

Nanoparticles of CdS (0.19,0.49,0.6g,0.8g,1gand 1.2 g) were incorporated in each 1 g of PMMA
polymer structure by solution casting method. These thin films were characterized by using Hi-tech
instruments like FTIR, UV-visible spectroscopy and XRD. FTIR analysis showed that the
incorporation of CdS nanoparticles did not disturb the polymer structure of PMMA. The band gap
energy values of PMMA were decreased as the amount of CdS was increased. The XRD pattern
showed an increase in the peak broadness which depicts that the smoothness of the PMMA surface is
enhanced with the addition of CdS. Composite of CdS /PMMA thin film with 0.8 g of CdS showed
99 % degradation of MB in 240 minutes whereas a sharp degradation jump was observed in just 120
minutes with 94 % removal of dye. These fabricated thin films can be investigated to find the
synergetic impact of CdS on the electrical and thermal properties of the PMMA matrix so that these
films can be used in electronic industries as well.
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