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Introduction
The textile industry makes a significant contribution to global 
economic development; however, it is also a significant source 
of environmental pollution. For example, dye manufacturers 
produce dyes that are formed of complex aromatic compounds 
that are chemically stable and exhibit low biodegradability in 
aquatic systems.1–4 These dyes are potentially toxic, hazardous, 
and carcinogenic compounds; as such, there is a need to remove 
from the waste water produced during the production of tex-
tiles before it is discharged into the environment.5–8

Polysaccharides, such as cellulose and chitin, are the most 
abundant biomaterials on earth.9 Chitosan (CS) is a significant 
chitin derivative that has attracted the attention of researchers 
in more recent years because it is environmentally friendly, 
soluble in aqueous media, non-toxic, biocompatible in nature, 
and renewable.10–14 Furthermore, CS’s chemical structure 
entails that it can naturally support the immobilisation of vari-
ous species.15–17 Researchers have successfully employed CS 
films to remove a variety of organic dyes from coloured waste 
water, and this approach has proven to be cost-effective and 
simple while also producing low levels of sludge. However, the 
use of a natural adsorbent (CS) to remove dyes is not without 
its drawbacks. Some of the disadvantages of the approach 
include long adsorption contact time, non-resistance against 

acid solution, and low adsorption capacity.18 These shortcom-
ings limit the practical applications of natural adsorbents and, 
as such, they need to be addressed through the development of 
more commercially viable approaches by which harmful dyes 
can be removed from waste water.19,20

In recent years, researchers have focused on the use of semi-
conductor photocatalysts to photodegrade harmful dyes 
because they demonstrate the ability to completely degrade 
such colourants.21,22 Zinc oxide (ZnO) nanoparticles are com-
monly used as photocatalysts due to their unique physical and 
chemical properties; for example, they are non-toxic and have 
high chemical stability, broad absorption, high photostability, 
and are cost-effective in comparison with the alternative nano-
sized metal oxides that are available.7,23–25 In addition, their 
broad direct energy band makes them suitable for use as a sem-
iconductor photocatalyst.26–29 However, the absorption range 
of ZnO nanoparticles is limited to a narrow range of the solar 
spectrum; specifically, the UV region. As such, it exhibits low 
photocatalytic efficiency. In an attempt to overcome this, some 
researchers have loaded metals onto the surface of the ZnO 
nanoparticles to enhance the photocatalytic efficiency of the 
metal oxides and improve the efficiency of the use of the visible 
light by trapping the photoexcited electrons and subsequently 
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transferring them to the metal oxides.30,31 Researchers have 
developed a specific interest in techniques that involve loading 
copper oxide (CuO) onto the surface of ZnO nanoparticles 
because CuO is chemically stable in atmospheric conditions 
and during photocatalytic reactions.32–34

Nanomaterials tend to agglomerate to decrease their surface 
area and surface energy, and this can directly influence their 
performance. To overcome this, a matrix can be employed to 
act as a support that diminishes the reduction of surface area 
and inhibit the aggregation of nanomaterials.5,35 ZnO/CuO 
composites have been studied as potential photocatalysts for 
the removal of dyes.36–41 However, to the best of our knowl-
edge, no work has yet been performed that has specifically 
investigated the immobilisation of these nanocomposites on a 
CS membrane for use within dye removal applications. Adding 
nanocomposites to a CS polymer can enhance its properties. 
As such, this study investigated the preparation of a CS film for 
use as a matrix phase, whereas the nanomaterials were used as 
photocatalysts. Four techniques were used to characterise the 
prepared membrane: X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), energy-dispersive X-ray (EDAX), and 
atomic force microscopy (AFM) analyses. In addition, the per-
formance of the membrane as a photocatalyst was evaluated 
using FCF as a model dye for tests under solar light and UV 
light irradiation.

Experiment
Chemicals and materials

Zinc acetate dihydrate [Zn(CH3COO)2·2H2O], oxalic acid 
dihydrate [HO2CCO2H·2H2O], CS from shrimp shells 
(molecular weight, 190 000-375 000 Da; degree of deacetyla-
tion, 75%), and analytical standard Fast Green FCF were pur-
chased from Sigma-Aldrich (Poole, UK). Ethanol, copper(II) 
sulphate pentahydrate (CuSO4·5H2O) (99.8%), and acetic acid 
were purchased from Sinopharm Chemical Reagent Co., Ltd 
(Beijing, China). All the chemicals were used as supplied with-
out any further purification. The solutions were prepared using 
distilled water, and the same solutions were subsequently used 
for all the preparations. Petri plates were purchased from Fisher 
Scientific (Waltham, MA, USA).

Instrumentation

A magnetic stirrer and heater were purchased from Fisher 
Scientific Co. Ltd. (Shanghai, China). A furnace (WiseTherm 
high-temperature muffle furnace) was bought from Wisd 
Laboratory Instruments (Wertheim, Germany). X-ray diffrac-
tion patterns were obtained using a Bruker diffractometer 
D8-ADVANCE with CuKα1 radiation (Coventry, UK). 
Energy-dispersive X-ray analysis was performed using a JEOL 
JSM 6390 LA Analytical device (Tokyo, Japan). The UV-Vis 
spectrophotometer was from Thermo Scientific GENESYS 
10S (Toronto, Canada). High-resolution AFM was used to test 

the morphological features and to produce a topological map 
(Veeco-di Innova Model-2009-AFM-USA). The UV radia-
tion source was a 100-W high-pressure mercury lamp with a 
wavelength of 290 to 450 nm and peak intensity of 365 nm 
(Model OCRS-I; Kaifeng Hxsei Science Instrument Factory, 
Kaifeng, China).

Fabrication of the ZnO nanoparticles

The sol-gel ZnO nanoparticles were fabricated using the 
method described in our previous work.7 Briefly, 5.5 g of zinc 
acetate dihydrate was mixed with 150 mL of ethanol in an oil 
bath at 60°C under constant stirring (350 rpm). Then, 6.3 g of 
oxalic acid dihydrate was dissolved in 100 mL of ethanol. 
Oxalic acid in ethanol was then added drop-wise to the warm 
zinc acetate dihydrate in ethanol. The obtained gel was washed 
with plenty of distilled water before being dried in a vacuum 
oven at 80°C for 72 hours. Finally, the white product was cal-
cined at 500°C in a muffle furnace for 4 hours.

Fabrication of the ZnO/CuO nanocomposites

The nanocomposites were fabricated via a wet impregnation 
method using a method described in a previous work42 by mix-
ing 0.5 g of the fabricated ZnO nanoparticles with an aqueous 
solution of 8 mol of CuSO4·5H2O. The mixture was then 
stirred for 72 hours to allow the penetration of Cu2+ ions into 
the zinc oxide crystal matrix. The product was calcined at 
550°C in a muffle furnace for 5 hours.

Fabrication of the thin f ilm membrane

About 1.0 g of CS was dissolved in an aqueous acetic acid solu-
tion (2%, v/v). The mixture was then stirred at 700 rpm at 30°C 
for 24 hours to obtain a homogeneous solution before being 
filtered through a nylon cloth to remove any undissolved mate-
rial. Then, 0.05 g of ZnO nanoparticles or ZnO/CuO nano-
composites was added to 20 mL of the previous solution, which 
was then stirred at 700 rpm at 30°C for 24 hours. Finally, 10 mL 
of the formed solution was cast onto a Petri plate and dried at 
room temperature. Once completely dry, the membranes were 
ready to use.

Characterisation of the prepared materials

Phase identification and structural analysis were performed 
using XRD with Cu Ka radiation (=1.5405 Å) in the 2-theta 
(2θ) range from 5° to 80°. The surface morphology of the fab-
ricated ZnO nanoparticles was characterised by SEM analysis 
after coating the samples with a thin layer of gold to prevent 
charge problems and enhance the resolution. Compositional 
analysis was performed using EDAX analysis. The fabricated 
materials were imaged by an AFM instrument to determine 
the sample thickness.
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Degradation of FCF

The photocatalytic experiments were conducted at ambient 
temperature by placing the film in a beaker (Pyrex) that con-
tained 100 mL of FCF dye (30 mg L−1). The solution was mag-
netically stirred at 500 rpm in the dark to reach the 
adsorption-desorption equilibrium. After 1 hour, the degrada-
tion experiment was performed under sunlight or with the UV 
lamp (365 nm) at different light exposure times (0-110 min-
utes). Solar light reactions were performed on a house roof in 
Taif City between 11 am and 1 pm, and the intensity of the 
solar light irradiation was 1150 W m−2.43,44 Aliquots of 2 mL 
were extracted with the aid of a syringe at 5-minute intervals 
for immediate analysis.

The concentration of FCF was determined using a UV-Vis 
spectrophotometer in the range of between 350 and 800 nm. 
The decolourisation efficiency (%) was calculated using equa-
tion (1)45–48:
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where Co  is the initial concentration of the dye solution, C  is 
the concentration of the dye solution after photoirradiation 
over a selected time interval (5 minutes), and Ao  and A  are 
the absorbance of the dye solution at the initial time and at any 
time period thereafter, respectively.

Results and Discussion
Characterisation of the fabricated membranes

The aim of this study was to fabricate ZnO nanoparticles and 
ZnO/CuO nanocomposites immobilised on a CS matrix for 
use during the process of photodegrading FCF dye. The thin 
film membrane was prepared in an acetic acid medium using 
the solvent casting method.49 Figure 1 shows the appearance of 
the fabricated films before and after peeling from the Petri 

dishes. As can be seen, the prepared CS membranes were thin, 
flexible, smooth, and transparent. The same result was obtained 
by Azad et  al50 and Averineni et  al.51 The colour of the CS 
membrane that contained ZnO nanoparticles was white, 
whereas the colour of the CS membrane that contained ZnO/
CuO nanocomposites was green.

The X-ray powder diffraction (XRD) pattern of the 
CS-ZnO/CuO membrane is shown in Figure 2. The two 
strong peaks in the diffractogram of 2θ at 11.80° and 25.29° 
were ascribed to CS, highlighting the high degree of crystallin-
ity of the membrane, whereas the XRD of the CS membrane 
was characteristic of an amorphous polymer.52–55 The diffrac-
tion peaks of 2θ at 33.34°, 37.96°, and 53.32° were ascribed to 
tenorite and monoclinic CuO.35,56 In addition, diffraction 
peaks belonging to the hexagonal structure of ZnO were 
observed for 2θ at 46.36° and 72.52°.7,57,58 However, not all the 
diffraction peaks of ZnO and CuO were fully resolved due to 
the lower concentration of CuO on the membrane and/or the 
overlap between these peaks and those of CS.

The fabricated film membranes were studied using SEM 
analysis, and the electron microscopy images are presented in 
Figure 3. As Figure 3A indicates, the structure of the CS mem-
brane was homogeneous and exhibited smooth surfaces and 

Figure 1. Images of the fabricated thin film membranes before (left) and after (right) peeling from the Petri dishes. CS indicates chitosan; CuO, copper 

oxide; ZnO, zinc oxide.

Figure 2. X-ray diffraction pattern of the CS-ZnO/CuO membrane (circle) 

chitosan, (star) CuO, and ZnO (triangle). CS indicates chitosan; CuO, 

copper oxide; ZnO, zinc oxide.
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without pores or cracks. Similar results have been previously 
reported.59 However, the electron microscopy images of the 
CS-ZnO membrane (Figure 3B) and the CS-ZnO/CuO 
membrane (Figure 3C) revealed that the immobilisation of the 
nanomaterials in the CS membranes led to an increase in the 
surface roughness and the formation of numerous holes. In 
addition, it was found that the roughness of CS membrane 
containing ZnO/CuO nanocomposite was more than that of 
CS membrane containing ZnO nanoparticles. The roughness 
and presence of holes indicated that the biopolymer network 
had undergone a change that led to the development of high 
porosity and a large active surface area.60

The EDAX analysis was performed on the synthesised 
membranes to identify the chemical composition of the fabri-
cated materials. Figure 4 shows the EDAX spectra of the CS 
membrane, the CS membrane containing ZnO nanoparticles, 
and the CS membrane containing ZnO/CuO nanocomposites 

between 0 and 10 kV. As can be observed in Figure 4A, the 
EDAX spectrum of the CS membrane showed strong peaks of 
carbon (C) at 0.277 keV and oxygen (O) at 0.525 keV.12 Three 
peaks related to zinc in the tested material were observed in the 
CS membrane containing ZnO nanoparticles for the zinc (Zn) 
element, Zn Lα, Zn Kα, and Zn Kβ (Figure 4B), and this con-
firms the existence of ZnO nanoparticles.7,61,62 The EDAX 
spectrum of the ZnO/CuO nanocomposites embedded in the 
CS membrane (Figure 4C) revealed that, in addition to the 
peaks for the C, O, and Zn elements, a new peak was observed 
at 8.040 keV that was related to copper (Cu). These results 
confirmed that a CuO layer had been successfully loaded on 
the ZnO nanoparticles. The source of Au (at 2.12 keV) in the 
EDAX spectra corresponds to the Au coating used for the 
characterisation.

Table 1 presents the composition of 59.35% carbon and 
40.65% oxygen in the CS membrane sample, while 8.39% zinc 
was found in the CS film containing ZnO nanoparticles, and 
1.28% copper was found in the CS membrane containing 
ZnO/CuO nanocomposites, without any elemental impurities 
present in the fabricated materials. The low concentration of 
CuO in the latter membranes exhibited a good agreement with 
the result obtained from the XRD analysis.

To access qualitative and quantitative information pertain-
ing to the diameter of the synthesised membranes, the surface 
properties of the synthesised membranes were studied using 
AFM.63–66 Figure 5 shows the 3-dimensional (3D) AFM 
images of the fabricated materials obtained using AFM. As can 
be clearly observed, the flat surface of the CS membrane was 
smooth and uniform, with an average particle size of 23.1 nm. 
However, after embedding the ZnO nanoparticles, the surface 
roughness increased to 36.6 nm. The 3D AFM image of the 
ZnO/CuO nanocomposites–embedded CS membrane showed 
that the roughness increased to 41.2 nm, confirming the pres-
ence of the nanocomposites in the CS membrane.

Evaluation of the photocatalytic performance

Degradation under solar light. The photocatalytic activities of 
the fabricated membranes were evaluated by decolourising a 
heterocyclic dye, namely, Fast Green FCF, under solar light. To 
verify the photocatalytic activities of the fabricated membranes, 
each membrane was placed in a beaker containing 100 mL of 
the FCF solution (30 mg L−1). Before being exposed to the 
solar light, the mixture was magnetically stirred at 500 rpm. 
The experiment was performed in the dark to establish an 
adsorption-desorption equilibrium between the dye and the 
surface of the photocatalyst under normal atmospheric condi-
tions.67–70 The suspension was then magnetically stirred and 
exposed to solar light for different irradiation times ranging 
between 0 and 11 minutes. At every 5-minute interval, an ali-
quot of 2 mL was withdrawn from the beaker to determine the 
dye concentration.

Figure 3. Morphology of (A) CS film, (B) CS-ZnO membrane, and (C) 

CS-ZnO/CuO membrane by scanning electron microscopic observation. 

CS indicates chitosan; CuO, copper oxide; ZnO, zinc oxide.
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Figure 6 presents the photographic images that represent 
the change in the colour of the FCF dye during the photodeg-
radation experiments in which fabricated membranes were 
employed over different irradiation times under solar light. The 
dye solution should be bright sea green. No degradation of 
FCF was observed when the CS membrane was used as the 
photocatalyst. In fact, the bright sea green colour of the dye 
actually increased. However, when the CS-ZnO and CS-ZnO/

CuO membranes were employed as the photocatalysts, the col-
our of the FCF dye steadily decreased in response to the 
increase in exposure time to solar light, indicating the decom-
position of the dye.

Qualitative information related to the intermediates formed 
during the photodegradation was obtained from the absorb-
ance spectrum in the region between 350 and 800 nm, whereas 
the quantitative information was obtained by calculating the 

Figure 4. Energy-dispersive X-ray spectra of (A) CS membrane, (B) CS membrane containing ZnO nanoparticles, and (C) CS membrane containing ZnO/

CuO nanocomposites. CS indicates chitosan; CuO, copper oxide; ZnO, zinc oxide.

Table 1. Elemental composition of the fabricated materials determined by energy-dispersive X-ray analysis.

SAMPlE ElEMEnT TOTAl

C O Zn Cu

CS membrane 59.35 40.65 0 0 100.00

CS-ZnO membrane 51.76 39.85 8.39 0 100.00

CS-ZnO/CuO 
membrane

43.76 46.64 8.32 1.28 100.00

Abbreviations: CS, chitosan; CuO, copper oxide; ZnO, zinc oxide.
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decrease in the absorption intensity of FCF at a λmax of around 
623 nm.71,72 The changes in the FCF absorption spectra as a 
function of irradiation time were recorded using a UV-Vis 
spectrometer and are presented in Figure 7, which presents the 
UV-Vis spectra of FCF at 5-minute intervals over a 110-min-
ute period recorded using a UV-Vis spectrophotometer in the 
presence of CS membrane (Figure 7A), CS membrane con-
taining CS-ZnO (Figure 7B), and CS-ZnO/CuO membrane 
as photocatalysts (Figure 7C). As can be seen in Figure 7A, the 
characteristic absorption peaks of FCF decreased until 35 min-
utes of exposure to solar light. The characteristic absorption 
peaks of FCF then increased until 110 minutes reaction time. 
These results could be attributed to the rupture of the CS 
membrane during the experiment, which could have affected 
the photocatalytic activity of the film membrane. In the case of 
the CS membrane embedded with ZnO nanoparticles (Figure 
7B) and the membrane embedded with ZnO/CuO nanocom-
posites (Figure 7C), the characteristic absorption peaks of the 
Fast Green FCF decreased gradually in response to an increase 
in the irradiation time and exposure to solar light from 0 to 

110 minutes, without exhibiting additional absorption features 
and with no breakage of the prepared film membranes. The 
gradual reduction in the absorbance of the FCF dye over time 
indicated that the prepared membranes contributed to the 
gradual photodegradation of FCF.73

Table 2 shows the wavelength and the absorbance of the 
FCF dye at 5-minute intervals together with details of the deg-
radation percentage of the dye. A hypsochromic shift (ie, a blue 
shift of the band gap) in the absorption wavelength was 
observed when the CS membrane was used, whereas the posi-
tions of the absorbance peaks of the FCF dye were shifted 
bathocromically (ie, a red shift of the band gap) when the 
CS-ZnO and CS-ZnO/CuO membranes were used. In addi-
tion, the CS membrane embedded with ZnO nanoparticles 
achieved a 57.90% degradation efficiency, whereas the 
CS-ZnO/CuO membrane reached an efficiency of 60.23% 
within 110 minutes of the reaction. The results, therefore, indi-
cated that the CS membranes embedded with ZnO/CuO 
nanocomposites achieved an enhanced photocatalytic activity 
in terms of efficiency under solar light irradiation than the 

Figure 5. Atomic force microscopy of (A) CS membrane, (B) ZnO nanoparticles embedded CS membrane, and (C) ZnO/CuO nanocomposites–

embedded CS membrane. CS indicates chitosan; CuO, copper oxide; ZnO, zinc oxide.

Figure 6. Photographic image representing the change in colour of FCF during photodegradation for different irradiation times (0-110 minutes) under solar 

light using (A) CS membrane, (B) CS-ZnO membrane, and (C) CS-ZnO/CuO membrane. CS indicates chitosan; CuO, copper oxide; ZnO, zinc oxide.
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Figure 7. Absorption spectra of FCF (30 mg l−1) at different times (0-110 nm) after exposure to solar light using (A) CS membrane, (B) CS membrane 

containing ZnO nanoparticles, and (C) CS membrane containing ZnO/CuO nanocomposites as photocatalysts.

Table 2. Photochemical degradation of FCF under solar light using the fabricated membranes: W (wavelength), A (absorbance), and D 
(degradation).

TIME, MIn CS MEMBRAnE CS-ZnO MEMBRAnE CS-ZnO/CuO MEMBRAnE

 W, nM A, A.U. D, % W, nM A, A.U. D, % W, nM A, A.U. D, %

0 626 0.860 00.00 623 0.449 00.00 623 0.684 00.00

5 626 0.754 12.32 626 0.375 16.48 623 0.604 11.69

10 626 0.692 19.53 626 0.326 27.39 623 0.560 18.12

15 626 0.632 26.51 626 0.308 31.40 623 0.521 23.83

20 626 0.589 31.51 626 0.294 34.52 623 0.490 28.36

25 626 0.573 33.37 626 0.283 36.97 623 0.437 36.11

30 626 0.571 33.60 626 0.261 41.87 623 0.392 42.69

35 626 0.595 30.81 626 0.250 44.32 623 0.376 45.02

40 626 0.698 18.83 626 0.237 47.21 623 0.349 48.97

45 626 0.768 10.69 626 0.227 49.44 623 0.339 50.43

50 626 0.788 8.370 626 0.212 52.78 626 0.327 52.19

55 626 0.866 −0.69 626 0.209 53.45 626 0.325 52.48

60 626 1.143 −32.90 629 0.207 53.89 626 0.323 52.77

65 626 1.182 −37.44 629 0.206 54.12 626 0.316 53.80

70 623 1.582 −83.95 629 0.205 54.34 626 0.308 54.97

75 623 1.641 −90.81 629 0.204 54.56 626 0.292 57.30

 (Continued)
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other prepared membranes. The photodegradation efficiency 
of FCF did not increase as the reaction time increased. This 
could be attributed to the accumulation of the dye on the sur-
face of the catalyst and is in agreement with previous research 
that has found that the photocatalytic degradation of different 
dyes ceases after a certain period of degradation.34,74

Degradation under UV light. The photocatalytic activities of 
the fabricated membranes were also examined under UV light 
irradiation (365 nm) using the same procedure as that used for 
the degradation of FCF under solar light. Figure 8 presents a 
photograph that exhibits the change in the colour of the FCF 
solution in response to increased photodegradation time. As 
the figure indicates, the colour of the FCF dye did not change 
when the CS membrane was used as a photocatalyst under UV 
light irradiation, indicating a poor photocatalytic activity for 

the photodegradation of the FCF dye. However, the colour of 
the dye changed from a bright sea green to become nearly 
transparent at the end of the degradation process when the 
CS-ZnO or CS-ZnO/CuO membranes were employed, indi-
cating the destruction of the chromophoric structure and the 
complete photodegradation of the dye.

The degradation processes were evaluated in accordance 
with the change in absorbance at the maximum absorption 
wavelength by monitoring the maximum wavelengths (λmax) of 
FCF at 623 nm for different irradiation times (0-110 minutes) 
using a UV-Vis spectrophotometer in the range of 350 to 
800 nm. Figure 9 shows the UV-Vis spectra of the FCF in 
aqueous solution as a function of irradiation time under UV 
light irradiation. As can be observed in Figure 9A, the UV-Vis 
absorption peaks corresponding to the FCF dye gradually 
decreased as the exposure time to UV light irradiation increased. 

Figure 8. Photographic image representing the change in colour of FCF during photodegradation for different irradiation times (0-110 minutes) under UV 

light irradiation (365 nm) using (A) CS membrane, (B) CS-ZnO membrane, and (C) CS-ZnO/CuO membrane. CS indicates chitosan; CuO, copper oxide; 

ZnO, zinc oxide.

TIME, MIn CS MEMBRAnE CS-ZnO MEMBRAnE CS-ZnO/CuO MEMBRAnE

 W, nM A, A.U. D, % W, nM A, A.U. D, % W, nM A, A.U. D, %

80 623 1.642 −90.93 629 0.200 55.45 626 0.290 57.60

85 623 2.724 −216.74 629 0.199 55.67 626 0.285 58.33

90 623 2.830 −229.07 629 0.198 55.90 626 0.284 58.47

95 Out of range 629 0.197 56.12 626 0.280 59.06

100 Out of range 629 0.196 56.34 626 0.279 59.21

105 Out of range 629 0.191 57.46 626 0.274 59.94

110 Out of range 629 0.189 57.90 626 0.272 60.23

Abbreviations: CS, chitosan; CuO, copper oxide; ZnO, zinc oxide.

Table 2. (Continued)
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However, after 30 minutes of irradiation, the absorption peaks 
of the FCF dye increased. In contrast, when the CS-ZnO 
(Figure 9B) or CS-ZnO/CuO (Figure 9C) membranes were 
used in the absorption process, a reduction in the absorbance 
bands in response to the increase in the UV light irradiation 
time from 0 to 110 minutes was observed. Furthermore, the 
absorbance peaks of the FCF dye almost disappeared at 
110 minutes exposure to UV light irradiation but no other 
absorption features were detected by the UV-Vis spectropho-
tometer, thereby confirming the degradation of the FCF dye.

Table 3 presents the change in the peak position and absorb-
ance of the FCF dye together with the photodegradation per-
centage of FCF for the fabricated membranes at different 
irradiation times. The photodegradation efficiency of the CS 
membrane increased until 30 minutes of reaction, reaching 
26.44%, before the photodegradation efficiency started to 
decrease. The lower performance of the CS membrane could 
be attributed to the instability of the CS membrane, which 
ruptured during the experiment. However, the CS-ZnO and 
CS-ZnO/CuO membranes did not change. In addition, the 
degradation percentage of the dye increased in response to the 
increase in the irradiation time when the CS-ZnO and 
CS-ZnO/CuO membranes were used. The degradation per-
centage of the Fast Green FCF dye was 71.45% when the 
CS-ZnO membrane was used, whereas the use of the CS-ZnO/
CuO membrane resulted in an even greater increase in the 
photodegradation efficiency and degradation capability, 
decomposing 91.21% of FCF in 110 minutes. Furthermore, the 

efficiency was maintained at this value as the reaction contin-
ued. The results also demonstrated that there was a shift in the 
position of the peak-to-longer wavelength (ie, a red shift of the 
band gap) when the CS-ZnO or CS-ZnO/CuO membranes 
were used, whereas the position of the peak fluctuated when 
the CS membrane was used.

Photodegradation rate. The degradation kinetics of the FCF dye 
were calculated and are depicted in Figure 10, which presents the 
plot of C/Co versus irradiation time, where C is the absorption of 
FCF at a wavelength of 623 nm at a particular time interval and 
Co is the absorption after the adsorption equilibrium of the sam-
ple before irradiation (t = 0). The degradation kinetics of FCF 
indicate that the CS membrane containing ZnO/CuO nano-
composites achieved the most effective performance in terms of 
the removal of FCF from an aqueous solution in the presence of 
solar light irradiation and UV light irradiation, reaching 60.23% 
and 91.21% decolourisation efficiency, respectively, over a 
110-minute duration in comparison with the CS/ZnO mem-
brane which achieved 57.90% and 71.45% decolourisation in the 
presence of solar light and UV light irradiation, respectively.

The photocatalytic degrading capability of the CS-ZnO/
CuO membrane compared with the CS-ZnO membrane 
could be attributed to the doping of a CuO narrow band gap 
semiconductor on the surface of the ZnO semiconductor nan-
oparticles. Furthermore, using different semiconductors could 
enhance the charge separation and increase the lifetime of the 
charge carriers. The work function of Cu (4.9 eV) is smaller 

Figure 9. Absorption spectra of FCF (30 mg l−1) at different times (0-110 nm) after exposure to UV light irradiation (365 nm) using (A) CS membrane, (B) 

CS membrane containing ZnO nanoparticles, and (C) CS membrane containing ZnO/CuO nanocomposites as photocatalysts. CS indicates chitosan; 

CuO, copper oxide; ZnO, zinc oxide.
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than that of ZnO (5.3 eV)34,75 and this promotes the transfer of 
the photoexcited electrons from CuO (more cathodic valence 
band than the valence band of ZnO) to the ZnO conduction 
band (more anodic valence band) with a reduction in the oxy-
gen vacancies of the nanocomposites. This is supported by the 
electron affinities of Cu (1.235 eV) and ZnO (2.087 eV), 
whereas the hole transfer from ZnO to the valence band of 
CuO is in competition with electron-hole recombination in 
the respective semiconductors34,42,66,76:

CuO e h ZnO e h

CuO h h ZnO e e

ZnO e FCF pho

− + − +

+ + − −

−

+( ) + +( ) →
+( ) + +( )

( ) + → ttobleached products

CuO h FCF photobleached products+( ) + →

Therefore, the doping of CuO on the surface of ZnO semi-
conductor nanoparticles can improve the photocatalytic degra-
dation of Fast Green FCF.

Reproducibility of the membranes. It was very important to check 
the lifetime and reusability of the fabricated membranes as a 
means of better understanding the cost of the treatment. The 
calcination method is commonly used for the regeneration of the 
photocatalyst77–79; however, this method could not be used in 
this study because the matrix was an organic material that could 
affect the film. Filice et al80 boiled a Nafion membrane that had 
previously been used to remove methyl orange dye in a regenera-
tion experiment in distilled water for 15 minutes and then dried 
it at 80°C for 30 minutes. The same procedure was used in this 
study. After the membranes had been used, they were taken from 
the reaction beaker and soaked in distilled water for 1 hour, air 

Table 3. Photochemical degradation of FCF under UV light irradiation using the fabricated membranes: W (wavelength), A (absorbance), and D 
(degradation).

TIME, MIn CS MEMBRAnE CS-ZnO MEMBRAnE CS-ZnO/CuO MEMBRAnE

 W, nM A, A.U. D, % W, nM A, A.U. D, % W, nM A, A.U. D, %

0 623 1.093 00.00 623 0.515 00.00 623 2.607 00.00

5 626 0.914 16.37 623 0.412 20.00 623 2.516 3.49

10 626 0.896 18.02 623 0.341 33.78 623 1.227 52.93

15 626 0.851 22.14 626 0.318 38.25 623 1.171 55.08

20 626 0.841 23.05 626 0.273 46.99 626 0.581 77.71

25 626 0.819 25.06 626 0.243 52.81 626 0.529 79.70

30 626 0.804 26.44 626 0.225 56.31 626 0.432 83.42

35 626 0.925 15.37 629 0.197 61.74 626 0.361 86.15

40 632 0.977 10.61 629 0.188 63.49 626 0.347 86.68

45 623 0.996 8.87 629 0.180 65.04 626 0.298 88.56

50 626 1.017 6.95 629 0.178 65.43 626 0.277 89.37

55 626 1.085 0.73 629 0.174 66.21 626 0.272 89.56

60 626 1.173 −7.31 629 0.170 66.99 626 0.271 89.60

65 623 1.208 −10.52 629 0.168 67.37 626 0.270 89.64

70 623 1.221 −11.71 629 0.165 67.96 626 0.269 89.68

75 626 1.300 −18.93 629 0.163 68.34 626 0.268 89.71

80 623 1.393 −27.44 629 0.162 68.54 626 0.267 89.75

85 623 1.800 −64.68 629 0.160 68.93 626 0.266 89.79

90 623 2.101 −92.22 629 0.158 69.32 626 0.263 89.91

95 623 2.145 −96.24 629 0.156 69.70 626 0.262 89.95

100 623 2.367 −116.56 629 0.154 70.09 626 0.246 90.56

105 623 2.924 −167.52 629 0.150 70.87 626 0.242 90.71

110 623 2.926 −167.70 629 0.147 71.45 626 0.229 91.21
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dried, and then reused to investigate their reusability. Figure 11 
presents the photographs of the membranes over three recycling 
photocatalysis runs. The images indicate that the appearance of 
the CS-ZnO/CuO membrane remained constant, whereas the 
CS-ZnO membrane deteriorated.

It is well known that separating the nanomaterials that have 
been used for degradation of target analytes after use is not an 

easy task, can result in the pollution of the treated water (the 
photocatalytic system), and can increase the cost of their prac-
tical application. In this study, separating the catalyst from the 
film membrane after use was simple. In addition, centrifuge or 
filtration was not required to separate the nanomaterials from 
the treated water system.

Figure 12 presents the stability evaluation of the membranes 
in FCF photodegradation for three recycling photocatalysis 
runs under UV light irradiation. During the regeneration cycle, 
the photodegradation percentage of FCF using the CS-ZnO 
membrane decreased to 62.92% and 57.40% for the second and 
third cycles, respectively, whereas the photodegradation per-
centage of FCF using the CS-ZnO/CuO membrane decreased 
to 89.22% and 87.04% for the second and third cycles, respec-
tively. The decline in the degradation rate achieved by the fab-
ricated membrane could be attributed to the fact that the 
surface of the membrane became covered with dye, which can 
be difficult to remove and results in a reduction in the photo-
degradation efficiency.81,82 However, the relatively good repeat-
ability of the fabricated membranes (RSD < 5) can make them 
a potential recyclable candidate as a photocatalyst for the 
removal of organic pollutants from waste water. In addition, 
they exhibit excellent stability under UV light irradiation.

Conclusions
The membranes of CS, CS-ZnO, and CS-ZnO/CuO were 
successfully fabricated. The photodegradation of FCF solution 
was studied using the fabricated membranes. The results indi-
cated that the photocatalytic activities of the fabricated mem-
branes were greater in the presence of UV light irradiation than 
they were under solar light. In addition, the photocatalytic 
results indicated that the fabricated CS-ZnO/CuO membrane 
achieved a better UV light irradiation response than the CS 
and CS-ZnO membranes. The feasibility of recycling the pre-
pared membranes was examined and the results indicated that 

Figure 10. Degradation kinetics of FCF with respect to time (Co and C 

are the equilibrium concentrations of the dye before and after 

photodegradation, respectively). The top curve represents FastGreen 

FCF mixed with the CS-ZnO membrane and CS-ZnO/CuO membrane, 

respectively, exposed to solar light. The bottom curve corresponds to 

Fast Green FCF mixed with the CS-ZnO membrane and CS-ZnO/CuO 

membrane, respectively, exposed to UV light irradiation. CS indicates 

chitosan; CuO, copper oxide; ZnO, zinc oxide.

Figure 11. Photos of films taken after using the membrane for 3 cycle 

runs: CS-ZnO membrane (left) and CS-ZnO/CuO membrane (right). CS 

indicates chitosan; CuO, copper oxide; ZnO, zinc oxide.

Figure 12. Reproducibility tests of the CS-ZnO membrane and CS-ZnO/

CuO membrane catalyst. Decomposition percentage of Fast Green FCF 

versus time as a function of the cycle number. CS indicates chitosan; 

CuO, copper oxide; ZnO, zinc oxide.
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the CS-ZnO/CuO membrane continued to achieve a rate of 
photodegradation of FCF of around 87.04% even after the film 
had been used 3 times. Moreover, the experimental results of 
this study clearly demonstrated the successful photodegrada-
tion of FCF using the CS-ZnO/CuO membrane under solar 
light (60.23%). Further investigations to improve the photo-
degradation of FCF using the fabricated membranes under 
solar light should be performed because solar light is safe, 
cheap, and available throughout the year.
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