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Abstract

Nanoparticles were first used a century ago, but have recently gained
popularity due to their ease of use, eco-friendliness, pollution-free nature,
nontoxicity and low cost for wastewater treatment applications. In terms of
nanoparticles preparation, green synthesis is a more convenient, economical,
quick, and environmentally friendly process than traditional synthesis (i.e.
chemical and mechanical) methods. The objective of this study was to
synthesise iron oxide nanoparticles from iron (I11) chloride using microalgae
(Chlorella vulgaris) extract for photodegradation of crystal violet (CV) dye.
Various characterization methods such as X-ray diffraction (XRD), field
emission scanning electron microscopy (FESEM), and Fourier-transform
infrared spectroscopy (FTIR) were used to examine properties of the
nanoparticles including its crystallinity, morphologies and sizes, and
functional groups, respectively. The CV photodegradation process was
carried out under different process conditions included initial CV
concentration (10 mg/L — 25 mg/L), CV solution pH (5.39 — 8.98), and
irradiation period (30 — 90 mins) to investigate the optimum operating
conditions for the CV removal. The analysis using FESEM demonstrated that
the nanoparticles exhibited irregularities and cylindrical shapes, measuring
109 nm in size. Meanwhile, the XRD analysis indicated that the iron oxide
nanoparticles possessed a tetragonal crystal structure. The presence of Fe-O
stretching vibrations at 486 cm™ was confirmed by the FTIR spectrum. In
terms of CV photodegradation studies, the optimum operating conditions for
CV removal using iron oxide nanoparticles were determined to be at initial
CV concentration of 10 mg/L, solution pH of 8.98, and an irradiation period
of 90 mins, with a percentage removal of 96.21 %.

Copyright © 2023 PENERBIT AKADEMIA BARU - All rights reserved

1 Introduction

Article Info

Received 2 January 2023
Received in revised from 18
March 2023

Accepted 20 March 2023

Available online 27 March
2023

Keywords

Crystal violet

Iron oxide nanoparticle
Photodegradation
Microalgae

Extract

Textile, paint and varnish, ink, plastics, pulp and paper, cosmetics and tanneries, as well as dye-

producing firms, all generate considerable amounts of wastewater that contains dyes as a significant
component of the waste stream. Colored dye effluents endanger local ecosystems. Colors can be
extremely toxic and dangerous in many cases. With a wide range of applications, crystal violet (CV)
has become a well-known dye. It can be used for everything from skin care and cosmetics to animal
medicine and poultry feed additives that help prevent mold and fungal growth, among other things. In
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addition, it is frequently used in textile dyeing and printing processes. CV dye is toxic and mutagenic
at the same time. Adsorption [1], photodegradation, coagulation flocculation, chemical oxidation [2],
electrochemical oxidation [3], and biological processes are just some of the treatment methods available
to remove dye pollutants from wastewater [4]. The above-mentioned methods for removing dyes from
wastewater have several limitations, primarily a low removal effectiveness [5], because dyes are light
and oxidizing agent stable [6]. Heterogeneous photocatalysis [7] is a potential alternative to all the
methods because it is an advanced oxidation technology that allows for the removal of a wide range of
organic pollutants at a high rate of degradation [8]. It is superior to other treatment methods because it
could be operated in all weather conditions of mild pressure and temperature, as well as at very low
pollutant concentrations. This process employs ultraviolet (UV) radiation and an oxidizing chemical to
create hydroxyl radicals. These radicals then non-selectively target organic molecules during the
photodegradation process.

Numerous studies have been published on the use of nanoparticles for dye removal from wastewater
using photodegradation, including titanium dioxide [9], gold [9], and iron oxide nanoparticles [10].
Nathan et al. [11] discovered that iron (IlI) oxide nanoparticles (Fe20s-NPs) synthesised using
Rhizophora mucronate Lam demonstrated remarkable photodegradation efficiency, lowering phenol
red and CV by 83% and 95%, respectively, when exposed to fluorescent light. Titanium dioxide
nanoparticles have also been shown to photodegrade CV dye up to 98 % after 25 mins of UV light
exposure [12]. As a result, nanomaterials have been regarded as efficient, cost-effective, and
environmentally friendly wastewater treatment materials, particularly for heavy metal and dye removal,
as an adsorbent and photocatalyst for pollutant degradation.

Green production of microalgae-based silver nanoparticles is becoming more popular due to their
antimicrobial properties. However, reports on the synthesis of other metallic microalgae-based
nanoparticles, such as iron oxide, are scarce. Furthermore, the use of microalgae-based nanoparticles
for CV removal via photocatalytic degradation remains unexplored. In this study, the potential of
producing iron oxide nanoparticles using Chlorella vulgaris extract is explored. Various
characterization methods are used to examine the physical properties and functional groups of the
nanoparticles produced. The ability of iron oxide nanoparticles derived from C. vulgaris to
photodegrade CV dye in the presence of UV light is studied in relation to various process parameters
such as initial CV dye concentration, solution pH, and UV irradiation period.

2 Methodology and Experimental Set-Up
2.1 Synthesis of iron oxide nanoparticles from C. vulgaris extract

The iron oxide nanoparticles were synthesized following the procedures reported by Mishra et al. [13]
with slight modifications. Briefly, 40 mL of C. vulgaris extract was added to 360 mL of 0.1 M iron (I11)
chloride solutions. After 2 hours of stirring at 70 <C, the solution changed colour to dark brown,
suggesting the production of the iron oxide nanoparticles. Centrifugation at 10, 000 rpm and 25 <C for
approximately 30 mins was then done to isolate the nanoparticles. This procedure was repeated twice
to remove any biomaterials from the surfaces of the nanoparticles. The nanoparticles were dried and
stored in an airtight container for future use.

2.2 Characterization of iron oxide nanopatrticles

Various analysis were employed to characterize the iron oxide nanoparticles that were synthesized
whereby X-ray diffraction (XRD) analysis was done using Cu-Ka radiation (k = 1.54 A) at 45 kV and
40 mA. Meanwhile, the shape and morphology of the nanoparticles were determined by field emission
scanning electron microscopy (FESEM). The presence of functional groups in synthesized iron oxide
nanoparticles is investigated using Fourier-transform infrared spectroscopy (FTIR) in the wavelength
range 400-4000 cm™,

2.3 Photodegradation of crystal violet using iron oxide nanoparticles

UV light irradiation was used to investigate the photodegradation efficacy of the synthesised iron oxide
nanoparticles for CV degradation. 50 mg of the iron oxide nanoparticles were added to 100 mL of CV
solution with an initial concentration of 10 mg/L. A UV light (with wavelength of 395 nm) was used as
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the source of the irradiation. The mixture was agitated in the presence of UV light for 30, 50, 70, and
90 mins to determine the CV removal percentage. The concentration of the CV dye solution after the
irradiation was measured using a UV-Vis spectrophotometer at a wavelength of 582 nm. The CV
removal percentage removal was calculated using Eq. (1):

Co=Ct 1000 (1)
0

where Co and Ct was the concentration of CV in the solution before and after irradiation, respectively.

Ct was calculated based on the correlation (obtained from calibration curve) presented in Eq. (2):

y=0.1108x , R? =0.9964 )

where y was the absorbance value measured at 582 nm and x was the concentration of CV dye (mg/L).

Percentage removal (%) =

2.4 Removal of crystal violet using iron oxide nanoparticles without UV irradiation

To reveal the photodegradation ability of iron nanoparticles on the CV dye, the same procedures as
described in Section 2.3 were repeated without UV irradiation. 100 mL of CV solution with an initial
concentration of 10 mg/L was mixed with 50 mg of iron oxide nanoparticles, and stirring was conducted
for 30, 50, 70, and 90 mins in the absence of UV irradiation. The purpose of this was to determine the
percentage of CV removed from the solution by the adsorption process in the absence of UV irradiation
and to confirm the removal of CV dye through photodegradation. Table 1 shows the process parameters
for comparing CV adsorption and photodegradation in this study.

Table 1 The process parameters fixed for CV removal in this study.

Parameter Unit Value

Initial CV concentration mg/L 10

Iron Oxide Nanoparticles mg 50

Volume of CV Solution mL 100

Irradiation Period mins 30, 50,70 and 90

2.5 Effect of different parameters on photodegradation process

A few parameters were manipulated throughout the photodegradation process to optimise the CV
degradation. These included initial CV dye concentration, solution pH, and irradiation period.

2.5.1 Effect of initial CV dye concentration

To determine the effect of the initial CV concentration on the photodegradation performance of iron
oxide nanoparticles, the concentration was varied between 10, 15, 20, and 25 mg/L while all other
experimental parameters remained constant. The pH of the solution was kept at 8, while the radiation
temperature and time were maintained at 25 <C and 90 mins, respectively. The percentage of CV
removal was then calculated using Eq. (1) for each initial concentration investigated.

2.5.2 Effect of solution pH

The influence of pH on CV photodegradation was investigated by varying the pH of the CV solution.
0.05 M hydrochloric acid (HCI) and 0.05 M sodium hydroxide (NaOH) solution were used to change
the pH of the solution. The pH of the CV solution was adjusted to 5.39, 6.07, 7.68, and 8.98. After that,
the photodegradation experiments were carried out for 90 mins at 25 <C using the optimum initial CV
dye concentration determined in Section 2.5.1. The CV percentage removal was then calculated using
Eq. (1) for each pH tested.

2.5.3 Effect of irradiation period
The effect of different irradiation period was studied with the photodegradation experiments conducted
for 30, 50, 70 and 90 mins, at the optimum initial CV concentration and solution pH determined in

Section 2.4.1 and 2.4.2, respectively. The CV percentage removal was then calculated using Eq. (1) for
each irradiation period investigated.
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3 Results and Discussion

3.1 Characterization of iron oxide nanopatrticles

In this study, the production of iron oxide nanoparticles involved mixing the solution of iron (1)
chloride with C. vulgaris extract, which acted as a reducing agent. The color of the solution changed to
a dark brown, indicating the formation of iron oxide nanoparticles. This change was attributed to the
surface plasmon excitation in the iron-associated nanoparticles [14].

3.1.1 X-Ray Diffraction (XRD)

Characterization of iron oxide nanoparticles was performed in this study using the XRD pattern by
determining the width of the peaks in the XRD pattern. The XRD spectrum of the synthesised iron oxide
nanoparticles is shown in Fig. 1. The XRD pattern shows diffraction peaks at 11.96°, 16.88 °, 26.81°,
34.04°, 35.29°, 39.33° 46.53° 52.02° and 55.95 ° marked by their indices (11 0), (02 0), (130), (2
1 1), and (6 2 0) respectively. The results obtained were almost identical to the peaks of gamma-Fe203
crystal with the tetragonal structure when compared with ICDD data card no. 00-034-1266. The
results are in agreement with the standard XRD pattern of gamma-Fe2Os [15]. Hence, it was clear that
iron oxide nanoparticles formed using C. vulgaris were crystalline in nature.
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Fig. 1 XRD spectrum of iron oxide nanoparticles.

3.1.2 Field Emission Scanning Electron Microscopy (FESEM)

Fig. 2 shows FESEM images of the synthesised iron oxide nanoparticles, which revealed a sphere with
cylindrical shape and a size of about 109 nm. Zheng et al. [16] discovered similar results when
synthesising iron oxide nanoparticles which were also cylindrical in shape. In addition, the iron oxide
nanoparticle composition was determined using energy dispersive X-Ray (EDX), as shown in Fig. 3.
The highest peaks on the EDX graph were found to be the components Fe and O, which were the
expected iron oxide nanoparticles.

3.1.3 Fourier-Transform Infrared Spectroscopy (FTIR)

The presence of any functional group on the surface of nanoparticles was detected using FTIR analysis.
The FTIR spectrum of the iron oxide nanoparticles produced is shown in Fig. 4. The FTIR spectrum
exhibits several distinguishing peaks whereby the peak at 3433 cm™ was attributed to the OH group's
O-H stretching [17]. Peak 1636 cm™ represented the stretching vibration band of C=C bonds [18]. The
stretch group C-O-C and =C-H were represented at bands of 1061 cm™ and 850 cm™, respectively [19].
The detected peak at 682 cm™ belonged to the metal-oxygen group [19], whereas the peak at 486 cm™
corresponded to the Fe-O stretching vibrations, which confirmed the formation of iron oxide
nanoparticles [21].
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Fig. 2 FESEM image of the synthesized iron oxide nanoparticles at (a) magification of x50k and (b)
magnification of x40k
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Fig. 3 EDX graph of the synthesized iron oxide nanoparticles
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Fig. 4 FTIR spectrum of synthesized iron oxide nanoparticles.
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3.2 Photodegradation of crystal violet using iron oxide nanoparticles

Iron oxide nanoparticles were investigated for their ability to photodegrade CV dye. The dye removal
process was carried out in two conditions namely with the presence of UV light and in the dark (without
UV irradiation). The experiment was carried out in the dark to determine whether an adsorption process
was taking place. The colour of the solution changed from purple to nearly colourless as CV dye was
removed from the solution.

Fig. 5 depicts the percentages of CV removal when stirring iron oxide nanoparticles in the dark and
in the presence of UV light for 90 mins. The percentage removal differed significantly between the two
conditions, with a higher removal percentage consistently recorded under the UV lamp for all tested
periods compared to those in the dark. These findings indicated that the synthesised iron nanoparticles
could be used as an adsorbent in the absence of UV light and could potentially be investigated for their
ability to photodegrade CV. According to Bhuiyan et al. [10], UV light irradiation caused the iron oxide
nanoparticles to form hydroxy! radicals, which resulted in the formation of a hole (h*) and electron (e°)
pair. This hole would convert water into a hydroxyl radical, causing the dye to oxidise and degrade. At
the same time, when the electron combined with an oxygen molecule, it formed a superoxide radical,
which was then transformed into a powerful oxidising agent, the hydroxyl radical, which would then
break down the dye into harmless by-products.
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Fig. 5 The effect of irradiation time on the percentage removal of CV in the dark and under the UV lamp.

The initial 70 mins showed a rapid removal of CV dye. Following that, a slightly lower removal
percentage was observed, which is possibly due to the desorption of CV dye from the nanoparticle
surface. However, to reinforce this desorption hypothesis, further studies are required to measure the
pH of the CV dye solution along the removal process. Notably, the performance of iron oxide
nanoparticles in removing CV dye in the presence of UV light was significantly superior to that in the
dark, despite the similar percentage removal trend.

3.3 Optimization of crystal violet photodegradation process

3.3.1 Effect of initial concentration of crystal violet

Initial dye concentration is a powerful driving force in overcoming the mass transfer resistance of
molecules between the aqueous and solid phases in wastewater treatment processes. To assess the
influence of initial CV concentration on photodegradation, the concentration was varied from 10 mg/L
to 25 mg/L. The graph in Fig. 6 depicts the experimental results for the percentage removal of CV with
varying initial CV concentrations.
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Fig. 6 The effect of initial concentration on the CV removal percentage.

It was discovered that as the initial concentration of CV increased, the removal of CV decreased,
demonstrating that the degradation efficiency and initial concentration of the dyes were inversely
proportional to one another. This result was consistent with the findings by Talib and Al-Kadum [21]
who discovered that increasing the initial CV dye concentration from 1 x 10°M to 5 x 10° M in the
presence of UV irradiation reduced the percentage of CV dye removal from 42.3 % to 16%. According
to Piranshahi et al. [12], when the CV initial concentration was increased, photons were intercepted
before they could reach the surface of the iron oxide nanoparticles, resulting in a decrease in photon
absorption by the nanoparticles, hence reducing the photodegradation efficiency. Jouali et al. [22]
explained that at high initial concentrations, the dye molecules prevented UV light from reaching the
photocatalyst (iron oxide nanoparticles in this study), reducing the amount of hydroxyl radicals formed.
Furthermore, because the amount of iron oxide nanoparticles was constant, the decrease in
photodegradation efficiency as the initial CV concentration was increased in this study could be
attributed to an insufficient number of free radicals to break down the dye. Although there was a slight
increase in the percentage of CV removal when the initial concentration of CV was raised to 25 mg/L,
the result was not significantly different from that of the initial concentration of 20 mg/L.

3.3.2 Effect of pH of the solution

pH of the solution affects both the surface charge of the nanoparticles and the CV dye. The electrostatic
interactions of nanoparticle surfaces with other substances, such as solvent molecules, substrate
molecules, and charged radicals produced during photodegradation, are highly pH dependent. In this
study, the effect of pH on CV photodegradation was investigated over a pH range of 5.39 to 8.98 for an
initial dye concentration of 10 mg/L and an irradiation period of 90 mins. Fig. 7 shows the results of
CV removal percentage as the pH of the solution was changed.
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Fig. 7 The effect of pH on the CV removal percentage.
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The results showed that pH 8.98 demonstrated the highest CV removal percentage from the solution
(96.21%), while pH 5.29 resulted in the lowest removal percentage (85%). As shown in Fig. 7,
increasing the pH from 5.39 to 8.98 significantly improved the elimination of CV dye from the aqueous
solution. According to the literature, the rate of CV photodegradation typically increases as pH rises
[23,24]. The photocatalyst, iron oxide nanoparticles with negative charges, became more accessible to
the cationic CV dye molecules in the solution as the pH increased from 5.39 to 8.98, allowing for the
formation of more hydroxyl radicals.

3.3.3 Effect of irradiation period

Several UV light irradiation periods ranging from 30 to 90 mins were investigated to determine the
photodegradation effectiveness of CV using iron oxide nanoparticles (Fig. 8). The results showed
positive correlation between the irradiation period with the CV removal percentage. The highest CV
removal was 96.21 % after 90 mins of irradiation time, whereas the lowest percentage removal was
51.62 % at 30 mins. Wardhani et al. [24] explained that the amount of time exposed to UV radiation
was proportional to the percentage elimination of CV dye. As more hydroxyl radicals were produced,
the photodegradation efficiency increased until it reached an equilibrium level. According to Abdullah
et al. [25], during the photodegradation process, the irradiation time is defined as the time when the iron
oxide nanoparticles interact with the inner rays to produce hydroxyl radicals, as well as the time when
the hydroxy| radicals interact with the organic component substrate. The CV compounds will be broken
down by hydroxyl radicals, which are powerful oxidizers. As a result, the higher the amount of hydroxyl
radicals produced, the higher the percentage of photodegradation attained. The results obtained in the
present study was consistent with those of Kumar and Pandey [26], who attributed the observed trend
to the interaction of dye molecules with the surface of the photocatalyst. As the irradiation time
increased, so did the interaction of dye molecules with the surface of the photocatalyst. As a result, the
photodegradation efficiency was enhanced.
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Fig. 8 Effect of irradiation period on percentage removal of CV.

4 Conclusion

Iron oxide nanoparticles synthesised from C. vulgaris extract were found to be a potential photocatalyst
for CV dye photodegradation in this study. The characterization results of the nanoparticles revealed
that the nanoparticles' properties were acceptable, though optimization of the synthesis procedures may
be required to achieve particle sizes less than 100 nm. The experimental results revealed a significant
difference in the percentage removal of CV dye from the solution when CV removal was performed in
the dark versus under UV light, with the latter consistently resulting in higher CV removal percentage
removal up to 90 mins. The highest CV removal percentage of 96.21 % could be achieved at the initial
CV dye concentration of 10 mg/L, pH of 8.98 and 90 mins of irradiation period. The present study
found that synthesising iron oxide nanoparticles from C. wvulgaris extract and using them to
photodegrade crystal violet dye was feasible. To further investigate the effectiveness of green iron oxide
nanoparticles in removing CV dye from aqueous solution, detailed optimization of iron oxide
nanoparticle synthesis or preparation is suggested.
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