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ABSTRACT

In this study, zinc acetate (as a precursor) and activated carbon
carboxylic acid derivative were used to create the nanostructure of
zinc oxide (ZnO) as a matrix. The carboxylic acid derivative was
produced by modifying the oxidized activated carbon with nitric
acid (AC-COOH). The modified activated carbon’s surface was then
impregnated with zinc to load it. By using BET, XRD, and SEM to
characterize the ZnO nanostructure, it was discovered that it was
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case for the catalyst’s performance. The primary variables were
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considered, including pH, catalyst dose, stirring effect, and starting
Methyl orange, dye concentration. Measurements of activity below UV light revealed
Photocatalytic satisfactory outcomes for photocatalytic hydrolysis of the methyl

orange (MO). In addition, the efficiency of the methyl orange (MO)
photolysis catalyst prepared with unmodified activated carbon was
also evaluated. The outcomes proved that zinc oxide (ZnO), made
using a derivative carboxylic acid of activated carbon molecules by
a matrix, had more good photocatalytic action than zinc oxide (ZnO)
made by the real activated carbon matrix.

1. Introduction

Reactive dye-containing effluents from various
sectors frequently generate environmental issues [1].
The ecosystem of the receiving surface waterways
is severely harmed by this pollution [2]. Many
researchers’ efforts have focused on removing
pollutants and toxins from wastewater from different
sectors [3]. A variety of chemical and physical
procedures, such as membranes [4], adsorption
methods [5], and photolysis, have been employed
to remove dyes [6] presently. Several researchers
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have recently used photolysis as one of the advanced
oxidation processes (AOPs) to get rid of dyes from
wastewater [7]. Without altering the substrate,
the photocatalytic reaction is catalyzed by light
and can proceed more quickly [8]. Under the right
circumstances, semiconductors function as catalysts
due to the down breaking energy between the
capacitance and conduction bands [9]. The process
of photocatalysis requires two levels of different,
equal energy. The movement of the electrons caused
by the absorption of this energy leads to a hole (h")
and a pair of electrons(e’). Both the oxidation of
the electron donor species and the reduction of the
electron acceptor species might include electrons
[10]. To degrade pollutants, many materials are



6 Anal. Methods Environ. Chem. J. 5 (4) (2022) 5-19

utilized as photocatalysts, including TiO,, ZnO,
Zr0,, CdS, MoS,, and WO, [11]. TiO, is one of
these materials frequently used as a photocatalyst
and has seen the most application to date. TiO, has
benefits like environmental safety, non-toxicities,
chemical constancy, and the capacity for restoration
and reuse. However, TiO, has drawbacks, including
a high price tag and a UV absorption band. The
importance of ZnO as a suitable TiO, alternative in
photocatalysis has lately increased [12]. One richest
structures, zinc oxide, has a variety of advantages.
As aresult, ZnO has several uses in various scientific
projects [13]. ZnO has been produced using a variety
of techniques, including the soft chemical method
[14], the sol-gel method [15], the vapor-phase
growth [16], the vapor-liquid-solid process [17],
electrophoretic deposition [18], thermal evaporation
[19], homogeneous precipitation [20], chemical
vapor deposition [21], chemical bath deposition
[22], etc. In the aforementioned investigations, ZnO
nanoparticles were only occasionally generated
through the activated carbon layer and by an auxiliary
matrix approach, as recommended by Park et al. [23].
In this study, the photocatalytic activity of the
generated ZnO was used to break down the azo dye
methyl orange. Additionally, ZnO was produced
using modified activated carbon (containing
carboxyl functional groups).

2. Materials and Methods

2.1. Reagents

All chemical substances were obtained with a high
degree of purity, including caustic soda (NaOH,
CAS Number: 1310-73-2, Sigma), hydrochloric acid
(HC1, CAS Number: 7647-01-0, Sigma, Germany),
activated carbon (AC, CAS Number: 7440-44-0,
Sigma), zinc acetate dihydrate (Zn(CH,CO,),.2H,0,
CAS Number: 5970-45-6, Sigma), nitric acid (HNO,,
CAS Number: 7697-37-2, Sigma, Germany), and azo
dye methyl orange (C ,H, N,O,SNa, CAS Number:
547-58-0, Sigma). Methyl orange was dissolved in
100 mL of deionized water (DI), 0.010 g at a time,
to create a stock solution (100 g mL™"). All working
solutions were made at the necessary concentration
using distilled water to dilute the stock solution.

2.2. Equipment

An ultraviolet-visible spectrophotometer (model
2600) to record Rayleigh UV-Vis spectra. A
Metrohm pH meter (model 744) to adjust the
working solution’s pH to the desired values. Field
emission-scanning electron microscope (FE-SEM)
(model SU5000) to know the characterization
of the sample’s surface and shape morphology.
X-ray diffraction instrument (XRD) (model BS
ADVANCE) to record patterns via BRUKER. The
transformer coupled plasma (TCP) (model VIStA-
PRO) to measure the presence of zinc in the samples.
Spectrophotometer (IR-470 Shimadzu) to record the
Infrared (IR) spectrum of samples. At the analytical
chemistry laboratory of the college of education
(Ibn Al-Haitham) at the University of Baghdad,
experiments in the photocatalytic bleaching and
degradation of dye MO were carried out at a
photoreactor framework prepared there for it.

2.3. Synthesizing Zinc Oxide nanoparticles by
modified activated carbon particles

2.3.1. Activated carbon surface modification
According to Chang et al. [24], adding carboxyl
functional groups to the surface of activated carbon
caused the carbon particles to become activated.
To eliminate metal ions and other impurities, a
hydrochloric solution (10% v/v) solution was
first used to clean the activated carbon powder
for 24 hours. Following that, 300 ml of a 32.5
% (v/v) HNO, solution was stirred with 10 g of
pure activated carbon added, and the mixture was
heated at 60 °C for five hours. The heterogeneous
mixture had filtered and neutralized with DI water
(deionized water) by wash and then dried below
decreased pressure for eight hours at 80 °C. the
carboxylic derivative of activated carbon makes up
the final product (AC-COOH).

2.3.2. Synthesizing nanoparticles of zinc oxide

As aprecursor for manufacturing ZnO nanoparticles,
100 mL of zinc acetate solution was mixed with 2
g of carboxylate-activated carbon (AC-COOH) in
different concentrations for 12 hours. The solution
was filtered, dried for 18 hours at 80 °C, and then
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calcined for 4 hours at 500 °C in an electric oven.
Different concentrations of zinc acetate dihydrate
were explored to create zinc nanoparticles by
examining the impact of the concentration of zinc
acetate precursor on the description of zinc oxide
(particle size, percentage values, photocatalytic
capabilities, etc.). To do this, ZnO nanoparticles were
created using solutions containing concentrations
of 0.09, 0.02, and 0.01 M(Molarity) zinc acetate
dehydrate, respectively. XRD spectra of three
samples were taken to verify the production of ZnO
nanoparticle forms. The XRD bandwidth pattern
and Scherrer’s Equation 1 [25, 26] were used to
measure the crystal size of three samples.
D=K (& /Bcose) (Eq.1)

Where D represents the size of crystalline particle
in units of a nanometer (nm), The coefficient is K
(that equals 0.89), A represents the wavelength of
the X-ray radiation in a unit of a nanometer (nm), §
means FWHM (full width at half maximum) is an
experimental value in radians (rad) and diffraction
angle expressed in degrees had represented 6.

2.3.3. Synthesis of Zinc Oxide nanoparticles
utilizing unmodified activated carbon

2.0 g of activated carbon had put in 200 mL of
hydrochloric solution (10% v/v) to eliminate
impurities for twenty-four hours to study the surface
modification phase of activated carbon particles in
the formation of Zinc Oxide(ZnO). After that, the
product was added to a concentration of 0.09 M
zinc acetate dihydrate solution for 12 hours, and the
resulting combination was then filtered. The finished
product was dried at 80 °C for 18 hours before being
calcined in an electric oven for 4 hours at 500 °C. To
determine the sample’s crystal size using Scherer’s
equation, XRD spectra were taken on a sample made
with unmodified activated carbon.

2.4. Procedure of methyl orange decomposition
in photocatalytic experiments

Initially, a 250 mL beaker was filled with 100 mL
of methyl orange(MO) solution with a concentration
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of 10 mg L' and a pH of 6. The solution was then
supplemented with 20 mg of Zinc Oxide (ZnO)
photocatalyst. Methyl orange was adsorbed onto
Zinc Oxide(ZnO) nanoparticles after being combined
with the solution utilizing a magnetic stirring device
in a dark environment for half hour (30 min).
Afterward confirming the balance of adsorption,
0.2 mL of the solution was placed into a test tube
and then centrifuged for five minutes at 3000 rpm
to collect the photocatalyst deposition particles.
captured the
adsorption spectra in the 200-600 nm range.

A spectrophotometer solution’s
After the absorption spectrum was recorded, the
combination was put into a photoreactor, and a UV
light was turned on. Twenty minutes after exposure
to UV light, ten samples were collected at intervals
of one, and their absorption spectra were recorded.
The control solution’s adsorption spectrum was
recorded similarly without including a photocatalyst.

2.5. Procedure of batch adsorption

To find the best circumstances for bleaching and
degrading MO (methyl orange) in the existence of
Zinc Oxide (ZnO) photocatalysts, batch experiments
were carried out. It was thoroughly explored how
relevant factors including methyl orange(MO)
concentration, pH, solution stirring, photocatalyst
dose, and solution oxygen affected the outcomes.
One variable at a time optimization was utilized to
improve factors that affected the reaction. With this
procedure, studies were carried out in a batch setting
with 100 mL of dye solution (10 mg L") placed into
a beaker (250 ml). The magnetic stirrer was used to
mix the suspensions for 30 minutes in the dark before
centrifuging them for 5 minutes at 3000 rpm. A UV-
Vis spectrophotometer was used to evaluate the clear
supernatant. Equation (2) was used to determine the
rate of bleaching and dye degradation [27].

R=(C,-C, +C) x 100 (Eq. 2)

Where R (percentage) represents the dye removal

effectiveness, C, represents the dye’s starting

0
concentration (mg L"), and Ct represents the dye’s

concentration at time t following adsorption (mg L).
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3. Results and Discussion

3.1. Study of Nanoparticles’ characteristics
3.1.1. X-Ray Diffraction (XRD) examination

The XRD spectra of three produced zinc oxide
(ZnO) samples are shown in Figure 1 to illustrate
that the nanoparticles formed appropriately.

Figures 1 show that the sample’s hexagonal zinc

oxide crystallization has been verified. Table 1
compares the XRD pattern characteristics for
three produced samples and the reference sample
[22]. It can be seen from the XRD spectrum in
Figure 1 and the data in Table 1 that as zinc acetate
dihydrate concentration increased, ZnO peak
density too increased, and spectral noise intensity

oos ‘ ﬁ |
N 102

I
| LI.JI||I||. I|I

[ntensity, a.u

|
| -JL,%.,_J LJ n
|

A A
Wt ] b rirnaged
'I

|
|| l\""-""\__fmw_m,' -\'-an;\ﬂu_w*-"l Ii"w—v-"\r"“w‘{ : 1‘«"‘“‘--’*"1'

| i
L Ty

j Pabipessns Iwnhhul \«W'Mw Wﬂmk‘w#"wm

110

ﬁ 103
|

I |

| II|

112

ﬁ, 201
Jin
¢ \‘-ma_...-h.‘\.m

)

) f
)

l|
1 i
g g o Mt

30 40

20

50
(deg)

60 70

Fig. 1. XRD spectra of synthetic ZnO nanoparticles at various concentrations
of zinc acetate dehydrate (a:0.01 M; b: 0.02 M; c¢: 0.09 M)

Table 1. Compares the standard sample with the XRD samples (a), (b), and (c),

as well as a sample made with unmodified carbon

Standard sample Samples the sample produced
utilizing unmodified
carbon
A b C
hkl d &) e d@d) v d@d) 11 d (&) e d (&) e
100 2.82 58 2.81 68 2.82 67 2.81 69 2.75 32
002 2.61 45 2.60 86 2.60 55 2.60 53 2.52 91
101 248 100 2.47 100 2.48 100 2.48 100 232 100
110 1.63 33 1.63 42 1.63 40 1.63 37 1.51 33

d angstrom distance(A) between plates, I peak intensity, I° maximum intensity to planes 100 and 002, 101 and

110
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decreased. This data may result from increased
ZnO nanostructure production with rising zinc
acetate concentration. This data may be the result
of increased ZnO nanostructure production with
rising zinc acetate concentration. According to Liu
et al. [20], the intensity of peak 005 in XRD spectra
is associated with carbon impurities that became
less intense as zinc acetate dihydrate concentration
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was raised. Figure 2 displays the XRD spectrum of
the carbon-free synthetic sample. The production
of hexagonal ZnO has been confirmed based on
Table 1 and the differentiation of the XRD data of
the produced samples (unmodified activated carbon
and the standard sample). Three samples that were
created using both modified and unmodified carbon
are shown in Table 2 by their crystal sizes.
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Fig. 2. XRD spectra sample using unmodified carbon and 0.09 M
of zinc acetate dihydrate.
Table 2. Scherrer’s equation-derived estimated particle size
Sample size (nm) the sample produced
utilizing unmodified
Planes carbon
A b C
101 26 25 22 24.50
100 27 28 24 36.66
002 33 27 25 25.34
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3.1.2. Study analysis using TCP, BET, and SEM

The ZnO percent (%) in samples was calculated
using TCP analysis. ZnO content was 9.94, 10.74,
and 31.81 % in samples a, b, and c, respectively.
according to TCP analysis. These findings suggest
that raising the zinc acetate concentration leads
to an increase in the samples’ ZnO content. ZnO
percent was 19.8% for unmodified carbon in the
TCP measurement, demonstrating that ZnO % is
decreased in the absence of surface modification
of activated carbon. The specific surface area of
produced ZnO nanoparticles was measured using
BET analysis (only for sample c). The specific
surface area of this material is higher than the
specific surface area of traditional ZnO particles
(4.49 m? g, according to the results of the BET
study, which also revealed a total pore volume of 0.1
cm’g! and average pore width of 51.6 nm [28]. The
inclusion of activated carbon in the produced ZnO
accounts for this elevated amount. ZnQO, activated
carbon, and AC-ZnO surface morphology and
textural characterization are significant criteria that
could improve the efficiency of the photocatalytic
activity [29]. SEM images of samples a, b, and ¢
as shown in Figure 3, were taken to evaluate the
morphology feature of produced ZnO nanoparticles.
It is evident that when the concentration of zinc
acetate rises, ZnO particles fill the pores of the
activated carbon, achieving uniform coverage on a
large portion of the activated carbons. Even though

the large holes in the activated carbon were filled
with ZnO particles, which prevent the porosity of
the carbon surface, sample C nevertheless displays
a porous nature with a sizable amount of surface
area and pore volume [30].

3.2. Study Ultraviolet-Visible (UV-Vis)
spectroscopic examination

Two adsorption bands at wavelengths of 464 and
272 nm can be seen in the methyl orange adsorption
spectra. While the breakdown of the azo link, which
results in bleaching, causes the absorption band
at 464 nm to drop, the methyl orange absorption
band decreases at 272 nm due to the phenyl rings
degrading and completing mineralization. As seen
in Figure 4, decolorization rates are very low, and
there is no total degradation or mineralization when
ZnO photocatalyst is not present. In contrast to
what is depicted in Figure 5, complete bleaching
and degradation take place when ZnO nanoparticles
are present as a catalyst. For additional research,
Figure 6 shows the absorption trend over time at
wavelengths of 464 nm and 272 nm under three
different circumstances: Ultraviolet radiation, dark
medium, and ultraviolet radiation with the catalyst
present.

The following figure demonstrates that dye methyl
orange completely bleaches and degrades in the
presence of a ZnO catalyst within 200 minutes; still,
these processes were nonexistent in the absence of

Fig. 3. SEM characterization for three samples (a, b, and ¢)
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a photocatalyst. After swirling the dye and catalyst surface catalyst was stable. As a result, dye and
combination in the dark for 20 minutes, data analysis catalyst mixtures were swirled for 30 minutes in
revealed that no simple degradation occurred and ~ complete darkness in each experiment to guarantee
that the adsorption of dye methyl orange onto the  that adsorption equilibrium was reached.
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Fig. 4. Shows the reaction system’s adsorption spectrum without a ZnO photocatalyst,

with 10 mg L! of methyl orange as the catalyst.
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Fig. 5. Shows the reaction system’s adsorption spectrum at pH 6, 200 mg L-!
of ZnO photocatalyst, and 10 mg L' of methyl orange.
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Fig. 6. The light absorption at wavelengths of 272 and 464 nm changes over time under the conditions
at pH 6, 200 mg L' of photocatalyst, and 10 mg L' of methyl orange.
3.3. pH effect adheres to the adsorbent particles more effectively
The pH significantly affects the adsorption  under optimal electrostatic attraction [32]. ZnO’s

capacity of the adsorbent and removal efficiency
by changing the adsorption chemistry of the
adsorbent-adsorbate [31]. The appropriate contact
time was used to dissolve 20 mg of photocatalyst
into 100 mL of MO solution (10 mg L) for the
pH-related experiments. To change the pH of the
solution, 0.1 M HCI and 0.1 M NaOH solution
were utilized. Figure 7 shows how the pH of the
solution affects how quickly MO is bleached and
degraded by AC-ZnO. It is clear that pH six results
in the fastest bleaching and dye degradation of
methyl orange (MO). Therefore, pH six was chosen
for additional research. Changes in the electrostatic
attraction between the dye MO and the ZnO surface
can explain this removal process’s pH-dependent
behavior. In comparison to acidic circumstances
(where the driving force is higher), the pollutant

surface charge is positive at low pH 9 [33]. As a
result, anions are more likely to bind to ZnO in an
aqueous environment at a low pH of 9. However,
the pKa for methyl orange has been reported to
be 3.8 £0.02 [34]. As a result, at pH values higher
than pKa, the concentration of methyl orange in its
anionic form is greater than in its cationic form. The
amount of methyl orange that could be adsorbed
onto ZnO increased as the solution pH was raised
to 6. The rate of bleaching and dye degradation was
shown to decrease at increasing pH values above 6,
because the hydroxyl radical’s oxidation potential
decreases with the rising pH of the solution [35].
Additionally, the anionic form of methyl orange
competes with OH ions in the solution due to the
greater OH content, which lowers the capacity of
methyl orange to bind to ZnO [36].
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Fig. 7. The pH effects of methyl orange under the conditions of 200 mg L' photocatalysts, and 10 mg L!
methyl orange on; (a) the rate of bleaching, (b)the rate of dye degradation

3.4. Photocatalyst dosage effects

To investigate the effects of photocatalyst dose on
the bleaching and degradation of MO, a solution
with a primary methyl orange concentration of
10 mg L' and a reaction duration of 180 min
was added to a range of photocatalyst doses from
100 to 500 mg L. Figure 8 depicts the findings
of these analyses. The result demonstrated that
bleaching and degradation increased when the
catalyst concentration was raised to 200 mg L.
When the catalyst concentration was increased
to 400 mg L', bleaching and degradation did
not change noticeably, but when the catalyst

concentration was increased to 500 mg L,
bleaching and degradation decreased. As catalyst
concentration grew, more surface active sites
were available. As a result, there is an increase
in the generation of hydroxyl radicals, which
increases ZnQO’s photocatalytic activity. UV
light cannot penetrate the catalyst’s surface
when the milky solution is in excess. As a result,
these occurrences can reduce the generation of
hydroxyl radicals, reducing the effectiveness
of dye deterioration and solution discoloration
[33,37]. For subsequent research, a dose of 200
mg L' photocatalysts was used.
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and 10 mg L' of methyl orange on; (a) the rate of bleaching (b)the rate of dye degradation

3.5. MO concentration effects

Several methyl orange (MO) concentrations
(5-20 mg L) at a reaction duration of 180 min
and a primary pH of 6 were studied to ascertain
the impact of primary MO concentration on the
method’s effectiveness. Figure 9 displays the
outcomes of these analyses. The findings showed
that raising the initial dye concentration reduced
bleaching and degradation. This might be brought
on by a decline in the number of active surface

sites. As a result, the generation of hydroxyl
radicals declines, which may result in decreased
photocatalytic activity. Furthermore, as the dye
concentration increases, the distance of a photon
into a dye solution shortens. To conduct additional
research, MO at a concentration of 10 mg L' was
chosen because, at higher dye concentrations, the
dye molecules may absorb more sunlight than
the catalyst, which could reduce the catalyst’s
effectiveness [38, 39].
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3.6. Effects of stirring the mixture

To find out how stirring the solution affected
the bleaching and degradation of MO, specific
tests were conducted at reaction periods of
180 minutes, pH levels of 6, primary MO
concentrations of 10 mg L', and catalyst doses
of 200 mg L. Figure 10 percent (%) the findings
of these analyses. The results show that swirling

the solution exacerbated the bleaching and
deterioration. First, agitation causes turbulence
in the solution, which promotes the solution’s
absorption of oxygen. In the synthesis of
hydroxyl radicals, soluble oxygen is crucial.
Second, stirring the solution shortens the time
needed for equilibrium by accelerating MO
transfer and surface diffusion [40].
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Fig. 10. Effect of solution stirring under the conditions of pH 6, 20 mg L' photocatalysts,

and 10 mg L' methyl orange on the rate of bleaching and dye degradation

4. Conclusion

In the current work, methyl orange from aqueous
solutions was subjected to adye degradation process
employing ZnO as a photocatalyst. The results
showed that the AC-ZnO system successfully
destroyed the MO dye. When ZnO was present,
the rate of deterioration was high, but when ZnO
wasn’t there, the degradation rate decreased. The
best dye degradation conditions were found at a pH
of 6.0 with 200 mg L' of photocatalyst for 10 mg
L' of MO based on agitating the dye solution in an
air environment. The outcomes also demonstrated
that synthetic photocatalysts in the actual world
had much high efficacy and that recovering and
reusing photocatalysts hurt the degradation rate
and bleaching. The current study offered a novel,
cost-effective adsorbent with great promise for
treating wastewater contaminated with dyes.
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