
RESEARCH ARTICLE

Flexible photocatalytic membrane based on CdS/PMMA polymeric
nanocomposite films: multifunctional materials

Mai S. A. Hussien1,2
& Mervat I. Mohammed2

& Ibrahim S. Yahia3,4,5

Received: 19 February 2020 /Accepted: 28 July 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
In this study, poly(methyl methacrylate) with different doping nano-cadmium sulfide (CdS/PMMA) is prepared and character-
ized. CdS/PMMA polymeric nanocomposite films were synthesized using solution casting methodology. SEM and XRD are
used for structure analysis for the studied nanocomposite films. XRD revealed the amorphous domains of PMMA polymer,
which increased with increasing CdS nanoparticle contents. SEM revealed the CdS dispersion within the PMMA matrix. CdS
nanoparticles in the PMMAmatrix are expected to be aggregated due to the casting technique. The optical energy gap is found to
be decreased after the CdS addition. ε′ and ε″ have the same behavior with the applied frequency. Maxwell-Wagner interfacial
polarization is the responsible factor for higher values of ε′–ε″ at the higher frequencies. Electrical conductivity behavior σAC
tends to obtain a constant value at lower frequencies that approach from its DC conductivity values. After doping PMMA with
nano-CdS, an exponential increase after a critical frequency value and the values of σACwas also increased. Besides, a significant
reduction in laser energy power is identified by the reduction of the output power. CdS/PMMA can attenuate the laser power due
to its nonlinear effect. CdS/PMMA nanocomposite can act as a photocatalyst to improve the performance of the
photodegradation of Rhodamine B (RhB). Among the different CdS/PMMA nanocomposite films, 3.33 wt% CdS/PMMA
demonstrates the highest efficiency in visible photocatalysis of Rhodamine B. CdS/PMMA can be utilized as multifunctional
materials use like laser optical limiting to reduce the power of laser sources and as a photocatalyst membranes.

Keywords CdS/PMMA films . Membranes . Polymeric nanocomposites . Electrical conductivity . Optical filters . Visible
photocatalysis

Introduction

Attention has been attracted to the homogeneous polymeric
matrix with organic/inorganic contents. These new compos-
ites exhibit highly interesting and versatile applications. Metal
sulfides/polymer nanocomposites are promising materials
with particular characteristics. They can be applied in numer-
ous fields, like light-emitting diodes, solar cells, chemical
change, optoelectronic devices, photodetectors, and sensors
(Mthethwa et al. 2011; Ranjbar et al. 2013). Recently, poly-
mers incorporated with semiconductor particles form new
composites with new physical characteristics like electrical
and optical features, which can be used in photocatalytic and
photoelectrical applications (Chan et al. 2017).

Cadmium sulfide has Eg = 2.42 eVwith promising features in
optoelectronics. The adjustable bandgap leads to some uses such
as quantum computing, data storage, photovoltaic cells, and op-
tical devices (Venkatram et al. 2005; Miao et al. 2009). Jie Jiao
et al. found that PbS andCdS quantumdots are highly performed
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in applications of solar cells (Jie et al. 2013). Characteristics and
performance of nano-CdS were affected by their size.

PMMA has unique mechanical and chemical-physical prop-
erties (Ajibade and Mbese 2014; Dixit et al. 2009). The poly-
mer’s selection depends on its magnetic, mechanical, optical,
and thermal characteristics. Other properties, such as chemical
stability and functionalities, hydrophilic/hydrophobic, and bio-
compatibility properties, were considered during the composite
formation (Jeon and Baek 2010). It has -COOCH3 group, 1.6
Debye dipole moment, and 3.4 dielectrics (Chan et al. 2017). It
can be utilized in many technological and productive areas
(Kondawar et al. 2011; Zhang et al. 2011). Some disadvantages
have reduced global use to PMMA, such as the insufficiency of
UV-light filters and thermal sensitivity. Still, the incorporation
of some semiconductors may overcome some of these draw-
backs (Zhao et al. 2008; Ummartyotin et al. 2012).

The development of effective, low-cost water treatment
techniques is essential to human health (Mai and Yahia
2019). Heterogeneous photocatalysis is a popular way using
semiconductor catalysts such as ZnS, ZnO, Fe2O3, TiO2, PbS,
and CdS (Pichat 2013). The polymeric nanocomposites have a
combination of characteristics of nanomaterials with polymer
properties, such as high durability, flexible nature, chemical
resistance, low density, mechanical stability, ease of availabil-
ity, and low cost (Hafizah et al. 2013). PMMA is considered a
widespread suitable material with thermoplastic features to
water contact (Motaung et al. 2012).

Photocatalytic oxidation technology is a practical, low-cost
strategy for the degradation of the contaminants inwastewater; it
takes less time than traditional technologies (Murcia López et al.
2017). In the photocatalytic process, semiconductors obtain
chemical energy from the transformation of absorbed light en-
ergy (Tsai et al. 2017). There have recently been comprehensive
efforts to inhibit photo-corrosion and improve CdS perfor-
mance. It was announced by Wang et al. (2017) that covering
CdS with impermeable graphene layers leads to improving the
resistivity. Ai et al. (2018) solved the photo-corrosion of CdS
through the intersection of the appropriate phase between both
hexagonal and cubic phases of CdS according to the band en-
gineering theory. These materials maintained high stability and
optimum photocatalytic activity higher than single-phase mate-
rials. Furthermore, Ning et al. (2018) got water-splitting
photostable CdS nanoparticles by insertion Al2O3. On the pre-
mise of the above strategies, it has been proved that CdS is an
excellent photocatalyst due to its activity and stability.

Sol-gel, in situ polymerization, and blending are examples
of methods that can be used to obtain semiconductor/polymer
photocatalyst membranes. In situ polymerization is a simple
process with a simple reaction condition, so it was prevalently
used. Wang et al. (2008) improved TiO2 with PPy through the
in situ way, in which PPy/TiO2 composites exhibited greater
photoactivity than neat TiO2 nanoparticles for the degradation
of methyl orange under sunlight illumination.

Herein, the effect of CdS nano-fillers in the PMMA matrix
was studied. In this study, some necessary analysis was done,
such as X-ray diffraction (XRD) and scanning electron micros-
copy (SEM) for the structure confirmation. In the later part, the
effects of frequency, CdS concentrations, and laser power on
the PMMA/CdS polymeric nanocomposites were examined by
measuring the absorbance, transmittance, optical bandgap, ab-
sorption index, dielectric properties, and AC electrical conduc-
tivity. The studied nanocomposite films showed a higher con-
trol of the laser power CUT-OFF laser filter, i.e., laser power
attenuation. CdS/PMMA showed a significantly superior visi-
ble photocatalytic activity related to the pure PMMA. This may
be due to the significant synergistic effect among CdS and
PMMA. Moreover, the visible photocatalytic mechanism for
CdS/PMMA membranes was proposed and analyzed.

Experimental details

Preparation of CdS nanoparticles

The co-precipitation method was applied to synthesis CdS
nanoparticles. First, 0.5 M of cadmium nitrates and 0.5 M so-
dium sulfide (Na2S) were dissolved in aqueous media for 1 h
using hotplate/magnetic stirrer operated at (60 °C and 700 rpm).
After that 100 ml of cetyltrimethylammonium bromide
(CTAB) of 10 g/l was used as a surfactant. Na2S was poured
dropwise to form a yellow precipitate. The reaction was left at
60 °C for another 1 h to complete the reaction. The yellow
precipitate was washed several times by distilled water to re-
move any residuals or sodium ions from the solution. After that,
the CdS precipitate was applied for drying at 100 °C for 24 h.

Preparation of CdS/PMMA polymeric nanocomposites
films

The solution casting process was applied to get CdS/PMMA
polymeric nanocomposite films. We dissolve 20 g PMMA
powder in 200 ml chloroform (high grade) using magnetic
stirring for 48 h/700 rpm at room temperature. Different
weight percent of CdS (0, 0.033, 0.166, 0.33, 3.33 wt%) were
uniformly dispersed in PMMA solution using ultrasonic ho-
mogenizer for 5 min at 100 W. Flat-bottomed Petri dish was
used for the casting solutions of pure and CdS/PMMA solu-
tions until the complete drying at room temperature and was
saved in the dark area. All CdS/PMMA films were removed
from the Petri dish after 5 days.

Measurement techniques

Shimadzu LabX-XRD-6000 with CuKα (λ = 1.5406 Å) was
utilized to get the XRD patterns of CdS/PMMA films.
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The JSM-6360 scanning electron microscope operated at
20 kV (SEM) was hired to reach the morphological structure
of studied samples.

Linear optical characteristics were obtained by the JASCO
V-570 spectrometer in the wavelength region 230 nm to
2500 nm operated at room temperature.

Dielectric properties were determined using an LCR meter
(model FLUKE-PM-6306) at room temperature. Two probe de-
signed holder wasmade fromTeflon, and brass was used for AC
conductivity and dielectric properties without using silver paste.
The upper electrode was made from brass with a gentle spring to
have excellent contact with the upper sample contact.

The Z-scan system, including the optical rack, holder, lens,
and detector, was utilized for the estimation of the optical
limiting. The samples were fixed and inserted on the focal
point of the lens with focal length = 10 cm. The optical laser
power meter was inserted after the sample holder. A laser
source beam was obtained from the red He-Ne laser operated
at 632.8 nm, and a green laser diode was operating at 532 nm.
Newport, photodetector model-1916R, was hired to get
output/input power of the laser with/without samples, respec-
tively. A suitable fixed holder was designed and used.

Photocatalytic activity studies

A 200 ml of RhB (i.e. its concentration 10 mg/L) through a
visible-wooden photoreactor was used to evaluate the sample
photocatalytic activity. The photoreactor was designed by I.S.
Yahia and his group in NLEBA, Ain Shams University
(ASU), Egypt, as shown in Fig. 1. The reactor has two parts
named as external and internal sections. It consists of a wood-
en design in the outside part with a height of 100 cm, a length
of 95 cm, and a width of 65 cm. Inside, there are seven white
lamps of wavelength (400–700 nm) nm of 18-W power and

seven blue light lamps of 18-W power, each with a spectrum
more significant than 420 nm. Each lamp is controlled indi-
vidually. ON/OFF push-buttons were used to control the sys-
tem. To keep the temperature constant inside the photoreactor
at room temperature, a high-quality air fan was attached to the
system to circulate the air within the system. During the ex-
periments, the sample was stirred using a 15 multi-position
magnetic stirrer. During the time of light irradiation, the dis-
tance between the lamps and the sample was fixed.

CdS/PMMAmembranes were added to RhB about 200 ml
aqueous mixture at ambient temperature. The mixture was
stirred about 60 min using a magnetic stirrer without any illu-
mination to obtain CdS/PMMA of different concentrations/
RhB adsorption-desorption equilibrium. A total of 5 ml of
the suspension was drawn every 5 min interval from the mix-
ture through the irradiation process.

JASCO V-550, Japan UV-Vis double beam spectropho-
tometer, was applied for determining the remaining RhB con-
centration through the absorbance data/plots. This scan was
repeated for 5 cycles to check the reusability and stability of
the synthesized samples.

Results and discussion

XRD patterns of CdS/PMMA nanocomposite
membranes

X-ray diffraction patterns of pure CdS, pure PMMA, and the
other prepared CdS/PMMA polymeric nanocomposites are
shown in Fig. 2. XRD pattern for nano-CdS nanoparticles
reveals the characteristic peaks of the hexagonal wurtzite
structure for the crystalline CdS. The XRD pattern of a typical
CdS nanoparticles exhibits prominent broad peaks at 2θ

Fig. 1 Photoreactor design and
operation in NLEBA, Ain Shams
University, Cairo, Egypt
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values of 26.54°, 43.52°, and 51.49° which could be indicated
as scattering from the (111), (220), and (311) cubic phase CdS
plans, respectively (Al-Hussam and Jassim 2012). The dif-
fraction peaks in XRD patterns of nano-CdS have been
indexed to be consistent with the standard values for CdS
given in the JCPDS file (80-006). XRD patterns have diffrac-
tion peaks at 31.30°, 34.15°, 35.83°, 47.24°, and 56.30° for
CdS. In contrast, the pure PMMA has 16.11° and 31.95°
broad peaks, which are compatible with JCPDS-79-0208
(Mohammed and Yahia 2018; Mohammed 2018), indicating
the polymeric amorphous behavior of pure PMMA. CdS/
PMMA showed a loading impact. The broadness of the amor-
phous hump of CdS/PMMA was affected by CdS loading
contents. Upon raising the CdS concentrations in PMMAma-
trix, the peaks 26.54°, 43.52°, and 51.49° were broaden and
compatible with the diffraction planes of cubic CdS named
[111], [220], and [311], respectively (Mohamed et al. 2014)
(JCPDS file No. [00-10-454) (Tripathi et al. 2015).

Morphological characterization

SEM was used to create a high-resolution nanocomposite im-
ages to monitor the particle size of samples. SEM images of
pure PMMA are evidenced through Fig. 3a. Pure PMMA
surface indicates that PMMA is smoothed. SEM images of
different loading of CdS/PMMA nanocomposites films were
obtained in Fig. 3b–f. The dispersion of as-prepared CdS/
PMMA has been evaluated via increasing its density by in-
creasing the CdS loading through PMMA. Increasing the CdS
content leads to agglomeration, and size increase in CdS/
PMMA. The smoothed surface area was diminished by
raising the concentration of CdS. Vishal and Sharma (2013)

informed that the CdS/PMMAmatrix is created by exfoliation
of CdS through the polymeric void sites.

Optical analysis studies of CdS/PMMA nanocomposite
films

For the CdS/PMMA nanocomposite film, the transmittance as
a function of wavelength was elucidated in Fig. 4a, b. The
pure PMMA has ∼ 80% transparency with a decrease in its
values by increasing CdS contents, and the T(λ) values equal
to zero for 3.33 wt%, as seen from Fig. 4a. T(λ) is increased by
increasing the wavelength up to 1600 nm after that the inter-
action of light with polymer/dopants materials. Figure 4b rep-
resents the transmittance of the studied samples in the wave-
length region from 230 to 800 nm for more illustrations. The
light transparency of CdS/PMMA nanocomposite films is de-
creased due to the CdS loadings in the PMMA matrix.

Figure 5 shows the absorption spectrum of CdS/PMMA
nanocomposite films. Absorption spectra of the studied sam-
ples showed a decrease in its values with wavelength while it
is increased with increasing the CdS contents. Cadmium sul-
fide has free electrons to enhance the electromagnetic perfor-
mance, which is compatible with the previously reported work
(Mervat et al. 2018). UV-Vis absorption bands of CdS/
PMMA are inspected on antibonding–bonding, π-π* transi-
tions (Choudhary and Sengwa 2016; Choudhary 2017;
Mansour Sh et al. 2016). The following equation was used
to calculate the optical bandgap (Eg) (Dang et al. 2004). The
absorption value of pure PMMA is less absorbed than the
other nanocomposites and rises with the increase of CdS
nanoparticles (Heiba et al. 2017). For all CdS/PMMA nano-
composites, the absorption shoulder peak is detected between
320 and 570 nm. CdS nanoparticles in the nanocomposites
showed the appearance of the absorption shoulder. This ab-
sorption shoulder is ascribed to a bound exciton in crystalline
nanoparticles. This may be attributed to the following param-
eters: particles, shape, surface structure, defect concentration,
and charge (Padmaja et al. 2013).

Tauc’s plots were drawn to get an optical energy gap.
Devis and Mott’s equation was used to obtain the absorption
coefficient as a function of the light photon energy as (Tauc
et al. 1970):

αhυð Þ2 ¼ B2 hυ−Ed
g

� �
ð1Þ

where the Planck’s constant is h, the constant is B, the energy
bandgap is Eg among the conduction and valence bands, and
the absorption coefficient isα represented the symbol descrip-
tion of Eq. 1. The absorption coefficient can be determined by
the following equations: α = 2.303A/d where the absorbance
(Abs) and the film thickness d are the main components of this
equation. Figure 6a and b represent the plots between (αhυ)2

and (αhυ)1/2 versus hυ to get direct and indirect bandgaps for
Fig. 2 X-ray diffraction patterns of CdS, PMMA, and CdS/PMMAnano-
composite films with different content of CdS nanoparticles
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possible transition through the extrapolation the straight lines
to hυ = zero (Ismail et al. 2012). The obtained values of the
bandgap for direct and indirect transitions are mentioned in
Table 1. It is observable that CdS insertion in the PMMA
matrix diminishes the Eg due to the defects generated in the
studied nanocomposite films, causing a reduction of the
bandgap. The reasons for these defects lie in the localized
states in the bandgap, which reproduce the disorder degree
in extended samples, which can be the leading cause of the
generation charge transfer complexes (CTC) between HOMO

and LUMO energy bands that make lower energy transfers
possible due to interaction/coordinated PMMA chains and
CdS NPs. Also, this decrease in the bandgap may be attributed
to the presence of unstructured defects, which increase the
density of localized states in the bandgap. The decrease in
the optical gap with increasing the doping level results in a
decrease in the degree of crystallinity of the represented films.
These results are confirmed from the XRD analysis of the
investigated film samples. These values are in good agreement
with the values obtained previously. This performs previously

(a) Pure PMMA (b) 0.033 wt % CdS/PMMA

(c )  0.16 6 wt % CdS/PMMA (d) 0.33 wt % CdS/PMMA

(e )  1.665 wt % CdS/PMMA (f ) 3.33 wt % CdS/PMMA

Fig. 3 SEM micrographs of a
pure PMMA and CdS/PMMA
nanocomposite films with b
0.033 wt%, c 0.166 wt%, d
0.33 wt%, e 1.665 wt%, and f
3.3 wt% of CdS
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described when studied the CdS/PMMA by Vishal et al.
(2013) and Padmaja et al. (2015), CdS/PEO by Padmaja
et al. (2013), CdS/PVA by Al-Taay et al. (2016), and CdS/
PS by Vishal et al. (2013) (see Table 1). The bandgaps en-
hanced the light absorption behavior for the polymer
nanocomposites.

Figure 7 illustrates the variation of the extinction co-
efficient of CdS/PMMA films with the wavelength. The
behavior of k was increased by increasing the wave-
length and the CdS contents. The absorption has been
raised at the edge of the absorption region because of
electronic transitions lead to the increase of the absorp-
tion coefficient.

Dielectric properties and AC electrical conductivity of
CdS/PMMA nanocomposite films

Dielectric constants of CdS/PMMA nanocomposite films

The dielectric constant (ε′) as a real complex dielectric
constant part of CdS/PMMA nanocomposite films was
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Fig. 4 Transmittance spectra of CdS/PMMA nanocomposites films a
from 230 to 2500 nm, and b from 230 to 800 nm
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Fig. 6 The plot of a (αhυ)2, b (αhυ)1/2 vs. photon energy (hυ) of CdS/
PMMA nanocomposite films
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Fig. 5 Absorbance spectra versus wavelengths of CdS/PMMAnanocom-
posite films
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calculated at 30 °C from the relation (Mervat et al.
2018):

ε
0 ¼ Cd

εoA
; ð2Þ

where the measured capacitance is C, the thickness is d,
and the cross-section area is A. The dielectric loss (ε″)
as an imaginary complex dielectric constant part was
obtained through the equation (Mervat et al. 2018):

ε″ ¼ ε
0
tanδ ð3Þ

where the loss tangent is tanδ which represents the loss
during the applied AC field. Both the dielectric loss and
dielectric constant are illustrated in Fig. 8a and b, which
are functions of the applied frequency for CdS/PMMA
films. The capacitance depends on the dielectric

constant because it is proportional to polymeric speci-
men surface charge storage through the subjected to the
electric field (Parthibavarman et al. 2014). At the fre-
quency region from 10 to 1 MHz, CdS/PMMA dielec-
tric became frequency independent while dielectric loss
and dielectric constant rise per decrease the applied fre-
quency, which revealed the non-Debye manner at the
lower frequency. This caused by the generation of free
charge at the lower frequencies due to the interfacial
polarization. The interfacial polarization was responsible
for increasing both ε′ and ε″ values according to
Maxwell-Wagner-Sillars (MWS) (Sugumaran et al.
2015) which results from piling up the charges on the
interfaces of various components in the nanocomposite
leading to the construction of micro-capacitances over
the whole material. This contributes to the increasing
ε′ and ε″ at the lower frequencies. The dipole was
changed because of the interactions between polar func-
tional groups in PMMA structure and CdS nanoparti-
cles. This attitude causes the rise of ε′ and ε″ with
increasing CdS content (Choudhary 2017).

AC electrical conductivity analysis of CdS/PMMA
nanocomposites films

AC electrical conductivity of CdS/PMMA was evaluated by
Kashiwagi et al. (2007), Mervat et al. (2018), and Maji et al.
(2015):

ð4Þ

ð5Þ

ð6Þ

Table 1 The optical bandgap
(indirect and direct) of PMMA/
CdS nanocomposite films in
comparison with recent studies

Bandgap/polymer nanocomposite Eg
ind, (eV) Eg

d, (eV)

Pure PMMA 4.69 4.90 Present work
0.033 wt% CdS/PMMA 4.72 4.86

0.16 wt% CdS/PMMA 4.487 4.85

0.33 wt% CdS/PMMA 4.39 4.78

1.665 wt% CdS/PMMA 1.5 2.18

3.33 wt% CdS/PMMA 1.33 2.15

PMMA/CdS --- 2.94–3.01 Vishal et al. (2013)

PMMA/CdS --- 3.09 Padmaja et al. (2015)

PS/CdS --- 3.44 Vishal et al. (2013)

PVA/CdS ---- 2.55 2.4 Al-Taay et al. (2016)

CdS/PEO ---- 2.54–2.45 Padmaja et al. (2013)

PMMA/CdS ---- 3.25–2.54 Padmaja et al. (2014)
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Fig. 7 Extinction index as a function of the wavelength of CdS/PMMA
nanocomposite films
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The total AC electrical conductivity is σTotal.AC(ω), the
measured impedance is Z, and A is a constant depending on
the temperature, σDC(ω→0) and σAC(ω) are the DC and AC
electrical conductivities, the angular frequency is ω = 2πf, and
the frequency exponent is denoted as (s). Figure 9 showed the
AC electrical conductivity (σAC) varied with frequencies. σAC
is not affected by varying the frequency at the lower frequen-
cies, until a critical frequency, and the behavior is versed.
Disordered solids obey this manner according to AC universal
law revealing the hopping mechanism for the charge migra-
tion. Many electrons are subjected to a composite conducting
band by increasing the CdS content. The rising frequency
improves the hopping frequency polarity leading to a plateau
in both low and high-frequency regions. Available free
charges let the electrical conductivity by a frequency indepen-
dent at lower frequency region while trapped charges and so, a
dependent at the higher frequency region is expected (Maji
et al. 2015). The electrical conductivity of CdS/PMMA films
has higher than the pure PMMA due to facile electron-hole
hopping in the conduction process (Al-Hosiny et al. 2013).

The optical limiting of CdS/PMMA nanocomposites
films

Facile costless optical limiting flexible nanocomposite films
were urgently progressed to fabricate optical and eye-
protective laser sensors. Laser radiation power density was
diminished by optical limiters to safeguard laser sensitive
and delicate eye. CdS/PMMA is studied for its applications
in optical limiting filters using two different laser beams (i.e.,
the green laser diode operated at 532 nm and the red He-Ne
laser operated at 632.2 nm) using the same conventional Z-
scan experimental technique (here, the samples remain
constant).

Figure 10 reveals the normalized power curves versus wt%
of CdS content. The normalized power equals the input/output
power. PMMA slightly restricted energy intensity impact as
normalized yield energy. The concentration of the nano-CdS
fillers plays an essential role in the restrictive optical impact.
The increases of CdS content in PMMA are contributed to the
absorption processes interaction, i.e., increased the sample
density throughout the differential absorption procedures due
to the light interaction with nanocomposites. Thus, optical
limiting identified for the low concentration CdS samples is
much weaker than those of the higher concentration of Cd
content. Cd/PMMA nanocomposite film of 3.33 wt% reduces
the laser beams of both wavelengths operated at 632.8 nm and
533 nm. CdS/PMMA optical limiting arose from the current
samples depending on its transmission ability of the incident
light (see Fig. 4a, b). Both 1.66 and 3.33 wt% of CdS/PMMA
films showed a block in the transmittance in the region from
190 to 630 nm (i.e., T ≈ 0). CdS/PMMA has a good impact on
the light blocking for the studied laser sources.

From the previous work (Yahia and Keshk 2017; Shkir
et al. 2018; Assiri et al. 2019), the laser energy attenuation
(i.e., optical limiting) depends primarily on the film
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Fig. 8 Schematic curves for frequency dependent of a ε′ and b ε″ of CdS/
PMMA nanocomposite films
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transmittance values for the operated laser beam of distinct
wavelength (Elhosiny Ali et al. 2019). The attenuation and
blocking of laser power increase as the transmittance ap-
proaches to zero. This proves the possibility of using flexible
polymeric films as CUT-OFF laser filters (Yahia and
Mohammed 2018). So, CdS/PMMA nanocomposite films
have excellent optical limitation characteristics. Therefore,
these nanocomposite films, especially with a higher content
of CdS, can be used extensively in optoelectronic applications
for CUT-OFF laser filters.

The photocatalytic performance of CdS/PMMA nano-
composites films

CdS/PMMA was used for the visible photocatalytic perfor-
mance of RhB dye. The kinet ics model of RhB
photodegradation over CdS/PMMA catalysts obeys first-
order Langmuir–Hinshelwood equation:

ln C=Coð Þ ¼ K1t ð7Þ
whereC andCo are dye concentrations at different time t and 0
times of visible light exposure, respectively, and K1 is the
reaction rate constant. The plotting of ln(C/Co) versus time t
(min) gives straight of slope K1 (min−1) value. In Fig. 11, the
photodegradation rate was affected by the CdS content as
follows: for pure PMMA (0.00834 min−1), CdS/PMMA-
0.033 wt% (0.02093 min−1), CdS/PMMA-0.16 wt%
( 0 . 0 3 4 2 7 m i n − 1 ) a n d C dS / PMMA - 0 . 3 3 w t%
(0.05069 min−1), CdS/PMMA-1.66 wt% (0.06105 min−1),
and CdS/PMMA-3.3 wt% (0.07565 min−1), respectively.
The photocatalytic performance of the as-prepared material,
as per the results, is influenced by the CdS/PMMA wt%. The
rate constants of RhB are about pure PMMA < CdS/PMMA-
0.033 wt% < CdS/PMMA-0.16 wt % < CdS/PMMA-

0.33 wt% < CdS/PMMA-1.66 wt % > CdS/PMMA-3.3 wt%.
Figure 12 showed the cycling experiments (i.e., stability) of

CdS/PMMA nanocomposite films. Throughout five-time cy-
cling tests, there is no noticeable reduction in the degradation
of the studied films. CdS/PMMA showed excellent recycling
performance. The generated photocurrent of pure PMMAwas
too weak to be detected under these conditions; however,
PMMA acts as carrier transport. The generated 3.3 wt%
CdS/PMMA photocurrent is much higher by 10 times than
pure PMMA, indicating that the heterostructure efficiency
was formed between CdS and PMMA interfaces to prevent
the recombination of hole-electron pairs (Fan et al. 2016).
Initially, the illumination of light-producing holes on the sur-
face of the sample results in the photocurrent generation on the
semiconductor surface. The gradual decrease of the photocur-
rent intensity occurred with time due to the recombination of
the holes with the electrons (Yang et al. 2018). Therefore,
3.3 wt% of CdS/PMMA is more effective than pure PMMA
because the electrons-holes generated by photons become eas-
ier to be separated.

The outstanding of the 3.3 wt% CdS/PMMA catalytic ac-
tivity has been displayed among the full dye degradation that
happened within 30 min of simulated sunlight. The photocat-
alytic output is compatible with the optical studies. The reac-
tion rate is enhanced by incorporating a 3.3 wt%CdS/PMMA.
The rate K1 of 7.56 × 10−2 min−1 is 2.7 times higher than the
rate constant produced by Jithesh Kavil et al. (2018), which
was 2.8 × 10−2 min−1 that consequently 3.5 times TiO2. They
found that 10 wt% CdS/TiO2 by Liu et al. (2019) was
projected to have the larges t K1 value for RhB
photodegradation due to the formation of bet ter
heterostructure between CdS nanoparticles and PMMA ma-
trix. The computed K1 values were 0.00317/min for pure
PMMA, while it is equal 0.00714/min, 0.02467/min,
0.00288/min, and 0.00215/min for 5 wt%, 10 wt%, 20 wt%,
and 30 wt%, respectively. Liu et al. (2019) reported that
10 wt% Cu2–xSe/CdS was 7.8 times higher than the pure
CdS. Benjamin et al. (2015) indicated that TiO2-PMMA films
have a better methyl orange photodegradation efficiency than
the pure TiO2, which provides a general advanced photocata-
lytic application. K1 of TiO2-PMMA films is about
0.0185 min−1, which is 4.13 times less than 3.3 wt% CdS/
PMMA films.

RhB photocatalytic mechanism using CdS/PMMA films

A suggested mechanism for RhB photodegradation was pro-
posed under visible illumination in the presence of CdS/
PMMA nanocomposite membranes based on the above find-
ings and discussions. RhB photodegradation herein was af-
fected by CdS nanoparticles and PMMA as a matrix. It can
be observed in Scheme 1 that there is a limited energy gap of
about 2.4 eV expelled from the valence band to the conduction
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Fig. 10 The normalized power of CdS/PMMA nanocomposite films by
using a red He-Ne laser of 632.8 nm, and a green laser diode of 532 nm
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band of CdS utilizing visible radiation photons. The
photogenerated electrons have been transmitted from conduc-
tion to the valence band after absorbing sufficient photons
(Xue et al. 2014). Delocalization charge significantly de-
creases the electron-hole recombination rate and thus pro-
motes the oxidation-reduction process. The O2 traps CB elec-
trons for O2

−.and H2O2 creation. These intermediates respond
to form the OH., a strong oxidizing agent that can degrade

organic pollutants (Kalithasan et al. 2017). Prospective reac-
tions to photocatalytic degradation of RhB are as follows:

CdSþ hυ→ e−CB þ hþVB ð8Þ
e−CB þ O2→O2 � − ð9Þ
hþVB þ OH−→OH ð10Þ
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Fig. 11 Natural log of the ratio of RhB concentration (C) to the initial RhB concentration (Co) a function of time for six representative samples with
various CdS contents. The equations showed the least-squares fit to the first order

Scheme 1 Schematic diagram of electron-hole pair separation and the
proposed photocatalytic mechanism over CdS/PMMA polymeric nano-
composite films under visible light.
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Fig. 12 Photodegradation of RhB by CdS/PMMA during five consecu-
tive cycles ([RhB] = 10 mg/L)
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O2 � − þ 2Hþ þ 2e−→O2 þ H2O2 ð11Þ
O2 � − þ H2O→H2O � þOH− ð12Þ
H2O � þH2O→H2O2 þ OH ð13Þ
H2O2→2OH ð14Þ
OH � þRhB dye→CO2 þ H2O ð15Þ

The PMMA, as excellent carrier transport, played a role in
reducing photogenerated e−/h+ pair recombination rates and
prolong the photogenerated center life (Ying Mei et al. 2012).
It helps raise the photostability of CdS nanoparticles against
environmental conditions. PMMAwas used as a matrix mem-
brane due to its optical transparency. It is also facilitating the
separation during the cyclic process (Yousif et al. 2014). It
provides a higher nanoparticle semiconductor surface area.
Eventually, OH· radicals and O2·

−% active species mineralize
dye molecules into CO2 and water.

The obtained CdS/PMMA nanocomposite films had long
durability, stability, and reusability as elucidate through the
characterization and applications. Moreover, it can be consid-
ered highly stable photocatalytic material, which is highly ap-
preciated in the environmental applications. CdS have been
reported to have a high ability to absorb visible light due to a
narrow bandgap, thus contributing to enhancing its
photodegradation efficiency (Zhong et al. 2019). Recently, the
eco-friendly and low cost-effective technologies based on the
polymeric nanocomposites were considered the primary objec-
tive and point of interest for most researchers (Zhong et al.
2020). Moreover, heterojunction photocatalysts can accelerate
the photo-excited electron-hole separation in the photocatalytic
application (Xu et al. 2020). It was noted that enhancing pho-
tocatalytic performance of materials based CdS was attributed
to the charge separation, which can effectively reduce the re-
combination of electron-hole pairs (Liu et al. 2019).

Conclusion

Using the solution casting technique, efficient preparation was
processed for a sequence of CdS/PMMA nanocomposite
membranes. The structure of CdS/PMMA revealed the amor-
phous domains of the PMMA polymer, which increased with
the increase of CdS concentrations. SEM images demonstrate
that the CdS content in the PMMA matrix was uniformly
dispersed, while the CdS nanoparticles agglomerated at the
higher CdS content. The optical constants were analyzed via
UV-Vis-NIR spectroscopy. It was discovered that the optical
energy gap decreased. At the same time, the AC electrical
conductivity and dielectric properties were enhanced by CdS
doping owing to the enhanced density of localized states and
leading to the lower energy bandgap. Increasing the CdS con-
tent leads to an increase in the extinction coefficient. The AC

electrical conductivity indicates a low-frequency plateau and
high-frequency dispersion. By raising the CdS content in the
PMMA matrix, the optical limiting is massively improved.
From this consequence, it is concluded that CdS/PMMA
nanocomposite films are regarded as promising candidates
in the optical limiting and visible laser CUT-OFF filter tech-
niques, i.e., laser power attenuation using CdS/PMMA nano-
composite membranes. CdS/PMMA has efficiently degraded
RhB in aqueous solution in a short periodic time under visible
illumination. Besides, CdS/PMMA retains its photocatalytic
activity in RhB degradation during the recycling process.
CdS/PMMA membrane exhibited a prospective recyclable
photocatalytic performance for pollutant degradation. The
work offers a new strategy for sophisticated photocatalyst
polymeric membranes based on inorganic semiconductors
CdS nanostructured in the PMMA matrix.
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