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The current research aims to develop a natural polymer based nanocomposite film using low molecular weight chitosan and
zinc oxide nanoparticles (ZnO NPs) for the removal of pollutants from refinery wastewater. The ZnO NPs have been
synthesised by modified sol gel technique. The nanocomposite thin films have been fabricated using dip coating method by
immersing a glass substrate into the chitosan -nanoparticle composite. The refinery wastewater treatment is carried out using the
fabricated composite film by altering the processing conditions of wastewater pH, exposure time, speed of agitation and the
number of deposition layers and the best treatment conditions are established. The SEM micrographs of composite thin films
exhibited excellent surface morphological behaviour of the nanocomposite. The AFM topographic image demonstrated the
nanoscale formation of thin films. From the experimental studies performed with the composite thin films for the treatment of
refinery wastewater, the best performance was achieved at pH 8.0, 60 min of contact time with 10 layers of thin-film deposition,
and a stirring speed of 100 rpm. The outcome of the study demonstrates that the nanocomposite thin films developed from
chitosan and ZnO NPs has a promising pollutant removal capacity in the refinery wastewater treatment.
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Introduction

Most of the industrial operations results in the
discharge of huge quantity of inorganic and organic
pollutants that are accumulated in water bodies and
destroy the habitat for animals and plants. This
environmental concern is to be addressed by the
effective treatment of wastewater and utilization of
water resources through appropriate recycling and
reuse techniques. Intensification in industrial and
domestic activities results in the deterioration of water
quality. This imposes the pressing need and essential
requirement for the elimination of impurities from
industrial and domestic wastewater. Regardless of the
widespread technological advancement in the
manufacturing sectors, the uninterrupted discharge of
polluted water from various industrial activities leads
to environmental and human health risks.
Nanomaterial based wastewater treatment techniques
are found to be effective and recommended due to
their attractive surface properties, better thermo
chemical stability, and environmental friendly nature,
high oxidation potential and prospective applications
in solar energy systems '~. Different categories of

nanoparticles have been broadly considered due to
their flexible and tuneable properties such as
antimicrobial activity, bio sensing, cytotoxicity, photo
catalytic, and corrosion inhibition®’

Several studies have been focussed on the removal
of toxic chemicals, microorganisms and pathogens
present in water bodies®'’. Majority of the chemical
and manufacturing industries produces extensive
amount of highly toxic wastewater, which causes
serious health issues'™". The petroleum oil refining
operations generates billions of wastewater and it
disturbs communities across the world particularly in
the Gulf region™'”. The major contaminants present
in the refinery wastewater are mainly phenols,
sulfides, chlorides, oil, ammonia, and mercaptans.
Crude oil contains high levels of sulfur, salts and

metals'®'®. The conventional treatment processes
such as chemical precipitation, coagulation,
sono-oxidation,  flocculation, photo  catalysis,

electrochemical precipitation; ozonation, adsorption
etc. have several limitations in removing colour,
dissolved solids, suspended solids, turbidity, and also
require additional treatment techniques' ™.
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Different types of nanoparticles such as titanium
dioxide, mesoporous silica, iron oxide, ZnO etc. are
extensively employed in the treatment of industrial
effluents. ZnO NPs are preferred in biomedical,
optics, and electronics applications due to their low-
cost, effectiveness, simple preparation method, and
eco-friendly behavior’?®. The synthesis techniques
employed in the ZnO NPs preparation includes
chemical, physical, and biological methods*" . Green
synthesis of ZnO nanoparticles from leaf extract are
used iIn wastewater treatment, antibacterial and
cosmetic applications™. Owing to the high specific
surface area and excellent biocompatibility, ZnO NPs
are extensively used in the fields of electrochemistry,
medical devices, cosmetics, textile industry“’”. Ultra-
thin Film Membranes (UFM) derived from Graphene
Oxide (GO), chitosan and polyvinyl alcohols have
been investigated in industrial wastewater treatment™.
Majority of the treatment processes are either
expensive or creates environmental issues through the
discharge of huge volume of solid wastes, which
require enhanced purification by series of processing
stages and thereby incur high cost’* **. In the past few
decades, nanothin film technology is gaining great
attention owing to their facile fabrication techniques,
eco-friendly nature and cost effectiveness, minimum
utilization of resources, and discharge of less sludge
volume. ZnO/chitosan nanocomposite was
successfully employed as a promising adsorbent for
the removal of Congo red from aqueous solutions™.
Another study focused on the in situ fabrication of
ZnO@chitosan nanocomposite (ZOCS) to remove
Pb(Il), Cd(II) and Cu(Il) ions from polluted water’’.
Anna et al. reviewed the application of sustainable
biopolymeric  nanocomposites  highlighting its
advantages and disadvantages in wastewater
remediation. Also, the study outlined the reusability
and current challenges of the polymeric
nanocomposites for environmental applications™.
However, the treatment of refinery wastewater
using nanocomposite thin films using biopolymers
has been studied to a lesser extent; particularly
the removal of pollutants from refinery
wastewater using the biopolymer chitosan and
nanoparticles are studied to a lesser extent.
Therefore, the present study attempted the in-house
synthesis ZnO NPs for the fabrication of
chitosan-ZnO nanocomposite thin films, and to
study its effectiveness in the treatment of
refinery wastewater.

Experimental Section

Zinc acetate dihydrate [Zn (CH;COO), 2H,0] and
sodium hydroxide (NaOH) was chosen as the raw
material for the synthesis of ZnO NPs using modified
sol-gel method. The development of nanocomposite
thin film was prepared by dip-coating technique. Low
molecular weight Chitosan (MW: 20 kDa) with a
degree of deacetylation of 80% was used for the
development of thin film. The functional group,
particle size distribution, phase identification, surface
morphology and elemental analysis are performed
using Fourier Transform Infrared Spectroscopy (FTIR
- Perkin Elmer Frontier), Dynamic Light Scattering
(DLS), X-ray Diffraction (Rigaku, Mini Flex 600),
Field emission Scanning Electron Microscope (SEM-
JEOL JSM-7600F), and Energy Dispersive X-Ray
Analysis (EDX) respectively. The surface topology of
the fabricated thin film was analysed by Atomic Force
Microscopy (AFM). COD test was conducted using
Thermo Reactor (AQ 400, thermo Scientific Orion
and Thermo Reactor Orion COD 125) and turbidity
measurements using digital Turbidity meter (WTW
Turb 550). The raw and treated refinery wastewater
parameters were tested as per APHA standards®. The
raw wastewater sample was collected from Petroleum
Development Oman (PDO), and the characteristics
are shown in Table 1.

Synthesis of ZnO NPs

The ZnO NPs were synthesized at room
temperature by modified sol-gel process at room
temperature’’. The synthesis was performed by
mixing equal volumes of Zn (CH;COO), 2H,O
(0.05 M) and NaOH (0.1 M) for 24 h at a stirring
speed of 200 RPM and the resulting mixture was
centrifuged at 5000 RPM for 20 min. The ZnO NPs
particles are washed five times with ethanol to
remove the impurities followed by drying at 400°C
for 2 h in a furnace and then powdered using a mortar
and a pestle to obtain the desired size range. The
reaction involved in the formation of ZnO NPs is
indicated in Eq. 1.

Table 1 — Characteristics of refinery wastewater

Parameters Average values
pH 6.8
TSS (mg/L) 398
TDS (mg/L) 1400
Turbidity (NTU) 10
COD (mg/L) 1100
DO (mg/L) 20
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Zn[CH3C00)], 2H,0 + 2NaOH — ZnO + 2NaCH3CO0 + H0 ...(1)

Nanocomposite thin film fabrication and characterization

A desired quantity (5.0 g) of low molecular weight
chitosan was mixed with 100 mL of acetic acid (1%
by wt) and kept under vigorous stirring at the rate of
1500 RPM for 3 h followed by slow addition of 0.4 g
of ZnO NPs and then sonicated in an ultrasonic bath
for 24 h to form a uniform dispersion of the NPs with
required consistency. The layer deposition was
performed by placing the glass substrate vertically
into the coating solution for 15 min under gentle
stirring. After layer deposition, the coated glass
substrates are rinsed with Millipore water to remove
the excess solution followed by drying at ambient
temperature for 24 h. The layer deposition was
continued till the required layers are deposited on the
glass plate. Finally, the coated substrates are used for
the refinery wastewater treatment.

Refinery wastewater treatment

The wastewater treatment was carried out using
coated glass substrates in batch mode by studying the
influence of wastewater pH, contact time, agitation
speed and the number of deposition cycles and the
ideal processing conditions were established. The
coated glass substrates were placed vertically along the
sides of a beaker containing 1000 mL of refinery
wastewater under shaking. The treated wastewater
samples were collected at definite time intervals and
tested for measurement of TDS, COD, TSS, turbidity
and dissolved oxygen values. All experiments were
repeated, and the mean value of three data sets was
taken for the determination of treatment efficiency. The
efficiency of wastewater treatment using the fabricated
thin films are calculated using the Eq. (2)

% Reduction in parameters =

x100  ...(2)

Where, ‘C’ and ‘D’ are the initial and final values.

Results and Discussion

The SEM image of the ZnO NPs was used to
analyse the surface characteristics of the
nanoparticles. The SEM micrograph depicted in Fig. 1
describes the microstructural characterization, grain
boundaries and surface morphology of the ZnO NPs
displaying the actual shape. Fig. 1 validates the spread
of nanoparticles. Fig. 2 shows the EDS spectrum of
ZnO NPs with major peaks demonstrating the
elemental composition of 61.6% Zn, 21.8% O,, 12.9%
Cand 3.7% Al

The FTIR characterization studies were performed
for the identification of varied peaks present in the
sample. The spectrum shown in Fig. 3 reveals the
characteristic functional groups of ZnO NPs. The
ZnO stretching vibrations are observed from a
significant peak identified at a wavenumber
corresponding to 563 cm’. The broad bands at
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3478 cm” and 889 cm’' were attributed to the O-H
stretching vibration and deformation. Another
significant peak observed at 1003 cm™ is mainly
due to the C-N bond conforming to the presence
of primary amine and the stretching vibration
of the C-O bond of the primary alcohol. Additionally,
the C-H stretching vibration of alkane group is
observed at wavenumbers between 2800 cm ' and
3000 cm 4D,

The powder X-ray diffraction patterns of the ZnO
NPs with hexagonal unit cell structure are represented
in Fig. 4. The diffractogram and inter planar spacings
are well matched with the standard diffraction pattern
of wurtzite ZnO, demonstrating the formation of ZnO
nanocrystals*. ZnO NPs shown in Fig. 4 exhibited a
single phase and free from any impurities confirming
the crystallinity of the sample. A variety of peaks
observed at different Bragg’s diffraction angles of
31.87°,34.58°,36.43°,47.73°, 56.81°, 62.94°, 68.11°,
and 69.12° are strongly indexed as hexagonal wurtzite
phase of ZnO .

The particle size distribution of ZnO NPs depicts
the average diameters as well as the purity of the
sample. The size analysis of ZnO NPs demonstrated
in Fig. 5 shows the average size of particles
(about 60 nm) which clearly shows the homogeneous
distribution of the nanoparticles. A single peak in the
Fig. 5 confirms the uniform size distribution of
particles, which is one of the essential requirements in
wastewater treatment applications.

Preparation of composite thin films

The SEM micrograph of the nanocomposite film
shown in Fig. 6, revealed a uniform distribution of
ZnO NPs with slight accumulation of particles on the
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Fig. 4 — XRD pattern of ZnO NPs

chitosan surface™. Additionally, the atomic level
surface topology of the chitosan-ZnO composite thin
film was examined through AFM. The Fig. 7 (a) and
Fig. 7(b) illustrate the 2-D and 3-D images of the
thin film using AFM. It has been realized that during
the process of nanocomposite layer formation; ZnO
NPs are spread over the thin film surface with even
distribution®.

Refinery wastewater treatment using chitosan-ZnO nanothin
film

The efficacy of refinery wastewater treatment using
the fabricated chitosan-ZnO nanothin film was
appraised by altering the processing conditions of
wastewater pH, duration of mixing, agitation speed
and number of deposition cycles on reduction of
COD, DO, TSS, TDS and turbidity.

The pH of oily wastewater is one of the crucial
parameters affecting the treatment efficiency. The
impact of variation in wastewater pH with parameter
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Fig. 5 — Size distribution of ZnO NPs using DLS

Fig. 6 — SEM micrograph of ZnO-NP thin film



DEVI et al.: CHITOSAN- ZINC OXIDE NANOCOMPOSITE THIN FILMS IN WASTEWATER TREATMENT 925

Fig. 7— (a) 2-D image and (b) 3-D images of chitosan - ZnO thin film using AFM
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Fig. 8 — Effect of variation of wastewater pH

reductions are demonstrated in Fig. 8. As observed in
the Fig. 8, considerable numbers of protons are
available on the thin film surface at lower pH values,
which results in the enhanced adsorption rate. The
refinery wastewater solution pH was altered from
acidic to alkaline range and the best COD removal
efficiency (86%) was achieved at pH 8.0 and this pH
was reflected as the ideal pH for the subsequent
experiments. The highest COD reduction at pH 8.0
was due to the availability of maximum number of
adsorption sites on the thin film surface and hence
greater transfer of pollutants on to the vacant sites.
Contact time play a significant role in the
adsorption process, as the contact time influences the
diffusion and transfer of pollutants from bulk solution
to the adsorbate surface. Fig. 9 depicted the graphical
representation of the influence of contact time on
percent reductions. The increase in the contact time
enhances the removal efficiency and maximum
parameter reductions are observed at 60 min of
stirring time. This is due to the availability of
significant number of active sites on the surface of the
composite at the early contact and pollutants occupied
sites near the equilibrium. The percentage reduction
increased with increase in contact time till it reached

90 | 1 T
3 l I
X 80} :
" A
5l S
° : *
3 60}
& I
5 50| —A— Turbidity ?
- | —wy—TDS
g —e—DO
& 40 —<¢—coD
& s TSS
& 30f
1 M L " 1 2 L M 1 2 [

0 20 40 60 80 100 120
Contact time, (min)

Fig. 9 — Effect of variation of stirring time

equilibrium adsorption time. As shown in Fig. 9, the
best performance was witnessed at 60 min of stirring
time, and there experience a dip in performance above
60 min of contact time.

The influence of number of deposition layers is a
key factor determining the best pollutant removal.
The best performance was accomplished with 10
numbers of deposition layers and a little drop in COD
reduction was observed when the number of
deposition layers is increased from 10 to 12 as
indicated in Fig. 10. As the number of deposition
layers is increased, the treatment efficiency also
increased with a maximum COD amounts to 87%.
This result clearly shows that more ZnO is getting
immobilized on to the coated layers of glass substrate
which in turn increase the contaminant removal
efficiency.

The influence of agitation speed variation with
pollutant removal efficiency is shown in Fig. 11. It is
observed that the parameter reductions are greater at a
stirring speed of with 87% reduction in COD at 8.0
pH and 75 min contact time with 10 deposition layers.
Considerable reduction in the pollutant removal are
observed with increased stirring speed up to a
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maximum agitation speed of 100 RPM, beyond this a
dip in percentage reduction was observed. The
morphological characteristics of the composite film
after the treatment process are shown in Fig. 12. The
surface of the film looks very thick along with the
appearance of dark spots confirms the successful
deposition of pollutants on the composite film
showing the accomplishment of treatment process.
The nanocomposite film after one cycle of
treatment process was again reused for another 3
cycles of operation. It was observed that the
nanocomposite film showed excellent pollutant
removal efficiency. The percentage pollutant removal
efficiency after third treatment cycle was 70%.
Reusability of the film is gauged as the measure
of nanocomposite film stability. Another advantage
of using nanocomposite film in the treatment is the

y

Fig. 12 — SEM of nanocomposite film after treatment

generation of fewer amounts of solids after treatment.
Hence, this eco-friendly and cost-effective treatment
method using chitosan-ZnO nanocomposites shows
great potential in addressing the challenges in refinery
wastewater treatment. The nanocomposite thin film
represents a promising avenue for environmental
pollution remediation strategies.

Conclusion

In this work, chitosan-ZnO nano thin films were
developed by dip coating technique for the refinery
wastewater treatment applications. The ZnO NPs of
size around 60 nm were successfully synthesized
using modified Sol-gel method. The effectiveness of
chitosan-ZnO nanocomposite thin films in the
treatment of refinery wastewater was investigated at
different experimental parameters by varying the pH,
contact time, agitation speed, and number of coating
layers. The optimum processing conditions were
established at pH 8.0, contact time 60 min,
10 numbers of layers of chitosan-ZnO and 100 RPM
stirring speed. The experimental results validate that
chitosan-ZnO nanocomposite thin films demonstrated
excellent pollutant removal from refinery wastewater.
The outcome of the study reveals an easy and simple
way to immobilize ZnO NPs in chitosan thin films
and offers a promising alternative to the conventional
methods in the treatment of refinery wastewater. This
novel research ensures a sustainable water
management system aligning with the goals and
targets of the 2030 agenda of United Nations
Sustainable Development Goals (SDG — 6 i.e., clean
water and sanitation for all) and also supports the
objectives of Oman Vision 2040. Currently, the
research team is investigating the performance of
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chitosan—ZnO nanothin films for textile and diary
wastewater treatment.
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