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Abstract

Photodegradation of Congo Red textile dye was successfully carried out using ZnO Al and ZnO
Al+Mn nanoparticles synthesized using the bottom-up coprecipitation method. Powder X-ray diffraction
provides information that Al and Mn doping successfully inserted in the host crystal structure while
maintaining the Hexagonal Wurtzite crystal structure. However, a shift in the diffraction peak caused by
the lattice distance changes with the addition of doping. FE-SEM EDS provides information that both
nanoparticles are nonuniform sphere-like due to the addition of dopping, and each dopping is detected
through EDS spectra. There is a decrease in the gap energy in each sample. ZnO Al nanoparticles have a
gap energy of 3.29 eV, and ZnO Al+Mn nanoparticles have a gap energy of 3.28 eV. However, the decrease
in the gap energy is not directly related to the percentage and kinetic rate of Congo Red photodegradation.
Adding 5 mg of ZnO Al Nanoparticles powder could degrade Congo Red up to 97.9 % within 120 min
using UV A radiation or 0.03504/min. At the same time, adding ZnO Al+Mn Nanoparticles powder with
the same parameters could only degrade 67.6 % or 0.00759/min.
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Introduction

Textiles are the dominating industry in various countries. This dominance occurs because the need
for multiple types of textiles increases along with the population increase. It has a good impact on economic
growth in various related industrial sectors. Nevertheless, it still leaves many problems in the environmental
industry. Related and binding laws always accompany industrialization. One of them is the waste from
textile production, whose processing has been regulated by state regulations. Unfortunately, not all
industrial centers follow these rules due to the high cost of handling waste. This textile industry waste is
disposed of in public disposal, directly impacting the environment. One of the wastes that this research
focuses on is textile dye waste [1]. In Indonesia, especially in cultural tourism centers such as Bali,
Yogyakarta, Pekalongan and several regions producing typical regional fabrics, some industry players still
dispose of fabric dye waste, especially Congo Red, into the river. This organic dye is a type of textile dye
that is used directly on textiles. Congo Red is also categorized as a residual compound and is highly toxic.
The long half-life of Congo Red in soil and water causes this compound to be known and suspected as a
carcinogen. Humans can suffer serious harm from its toxic properties, such as kidney damage, nervous

system disorders and reproductive disorders. The presence of this pigment in aquatic ecosystems causes
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blockage of solar radiation, reducing the photosynthetic efficiency of aquatic plants and thus disrupting the
balance of marine ecosystems [2-4].

Many parties have carried out countermeasures for textile dye pollution using various methods such
as adsorption, filtration, coagulation and enzymatic. However, as reported by previous studies, these
methods need to be more effective. One of the methods offered and being developed is degradation using
semiconductor nanomaterials. One of the semiconductor nanomaterials developed is Zinc Oxide (ZnO);
this nanomaterial has a gap energy of 3.37 eV in the Ultra Violet (UV) spectrum, a significant binding
energy of about 60 MeV at room temperature, and naturally has n-type electrical conductivity [5,6]. The
mechanism of ZnO nanoparticles in degrading textile dye waste is called photodegradation through a
photocatalyst process. Here is the mechanism: Molecular reactions occur on the surface of the photocatalyst
agent during the radiation process of Ultraviolet, Visible or Infrared light. This irradiated photon energy
will excite electrons in the valence band to the conduction band so that the valence band leaves a hole.
Then, the electrons in the conduction band are reduced with O, to produce superoxide anion radicals, while
the holes in the valence band are oxidized with H>O to form hydroxyl radicals. These 2 oxidative solid
radicals are the agents that play an essential role in degrading the bonds of organic compounds in textile
dyes [7,8].

One method of modifying nanoparticles to reduce the energy gap is dopping using transition, post-
transition and noble metals. Post-transition doping has attracted the attention of many researchers because
it can effectively change optical properties, such as decreasing the energy gap. Aluminum is one of the
post-transition metals used for the main doping of ZnO semiconductors. Aluminum metal, which produces
AI** ions, has a smaller atomic size than the primary Zn atom. This positively affects changes in lattice
parameters that can increase Reactive Oxygen Species (superoxide anion and hydroxyl radicals). So, based
on research by Sholeha et al. [9], Single dopping ZnO Al can reduce the energy gap from the initial 3.37 to
3.30 eV. This has the potential for ZnO doping Al to increase the percentage of photodegradation and the
kinetic rate of photodegradation in its application as a photodegradation agent for textile dye waste [9].
This increases the possibility of Al-doped ZnO nanoparticles being used as a photodegradation agent for
Congo Red textile dye waste. After a literature study, ZnO nanoparticles doping Al as a photodegradation
agent were used for various textile dyes such as Rhodamine, Methylene Blue, Metanil Yellow and Congo
Red [10-12]. This process is reported to be quite effective in degrading the chemical bonds of textile dyes.
The next challenge faced is how to maximize the photodegradation process. One of the things under
development is co-doping using transition metals. Co-doping ZnO-Al nanoparticles with transition metals
can effectively minimize electron-hole recombination to maximize the excitation process. This is expected
to lead to photocatalysts using visible light [13,14]. Some researchers have reported co-doping ZnO-Al
with one of the transition metals, such as Ni. Ni co-doping ZnO-Al is said to be able to reduce charge
recombination during the photocatalyst process, which increases its degradation capability [8]. The element
Mn is also one of the exciting transition metals to be used as a co-doping candidate; according to Al-Gariaa,
2023 [15] ZnO in single doping with Mn can degrade cefotaxime waste effectively; this happens because
Mn?" ions have a larger size, thus preventing charge carriers for electron-hole recombination. When tested
photocatalytically using UV radiation, this Mn-doped ZnO could degrade cefotaxime by 99 % for 2 h [15].

From the research that has been done before and to answer the challenges faced, this research wants
to focus on combining the ability of ZnO nanoparticles, both single-doping Al and co-doping Al+Mn, to
reduce the gap energy and increase the ability of Congo Red textile dye waste photodegradation rate. The
synthesis method used in this research is the bottom-up coprecipitation nanoparticle synthesis method with
parameters referring to supporting journals [16,17]. The material composition was determined using the

equation Zng.gs-xAlg.osMny with x values of 0 and 0.01.



Trends Sci. 2024; 21(11): 8219 30f13

Materials and methods

Materials

In this study, the materials used include Zinc acetate dihydrate Zn(CH3COO),-2H>0 (Merck, 99.9 %),
Aluminum chloride AICI; (Analysis grade 99 %) and Manganese acetate Mn(CH3COO),-4H,O (Merck,
99.9 %), precipitator NaOH, solvent DI (Deionized) Water and ethanol.

Coprecipitation synthesis

All materials were prepared using the Zng os-xAlg.osMny concentration ratio with x = 0 and 0.01. Each
sample with a concentration of 1M was dissolved in 200 mL of deionized water and stirred using a magnetic
stirrer at room temperature for 30 min. After that, the sample solution was titrated using NaOH solution
with a concentration of 1 M until it reached pH 10. The precipitate was filtered using Whatman paper size
42. This process was carried out simultaneously with washing the sample using DI water and Ethanol. After
that, the sample was transferred to the crucible and dried using an oven at a temperature of 90 °C for 12 h.

All samples were calcined using a High-Temperature Furnace at 800 °C for 3 h.

Photodegradation of Congo Red

Congo red photodegradation activity using Al and Al+Mn doping ZnO nanoparticles was carried out
using a standard dye solution with the same ten ppm 20 mL concentration. Pure congo red sample is written
as CR, congo red sample + 5 mg ZnO Al nanoparticles are referred to as S1, and congo red sample + 5 mg
ZnO Al+Mn nanoparticles are called S2. Each sample is irradiated under the UV A spectrum. All samples
were characterized using UV-Vis spectroscopy to determine initial absorbance before being irradiated.
Afterward, the initial absorbance spectra result data is labeled “Pre”. Then, each sample was irradiated in a
chamber with a magnetic stirrer and 5 UV A lamps. Each sample was stirred using a magnetic stirrer and
irradiated for 15 min. After 15 min, the samples were taken for UV-Vis testing. This process lasts up to 120
min, with step testing every 15 min. Every 15 min of characterization, absorbance data is labeled as “15 m”
until “120 m”.

Characterisation technique

The characterization performed was divided into 3. The crystal structure was characterized using X-
ray powder diffraction (XRD) with CuKa radiation (A = 1.5406A) 20 angle used from 20 - 90°.
Morphological shape and material composition were characterized using Field Emission Scanning Electron
Microscopy (FESEM) and Energy Dispersive Spectroscopy (EDS). Optical properties to determine the gap
energy were carried out with Diffuse Reflectance Spectroscopy (DRS) using 200 — 1.100 nm wavelengths.

Results and discussion

X-ray diffraction data

The XRD spectra of Al and Al+Mn doped ZnO nanoparticles are given in Figure 1. The blue vertical
line is the JCPDS 36 - 1,451 data combined with the black line (ZnO Al) and the red dashed line (ZnO
Al+Mn). From Figure 1, it can be seen that all spectra appear in the same hkl plane as pure ZnO. Additional
peaks are also not observed in the spectra of either ZnO Al or ZnO Al+Mn nanoparticles. Both modified
samples retain pure ZnO and a hexagonal Wurtzite crystal structure with space group P6smc [18]. The
observed change is a shift in the peak of ZnO Al+Mn nanoparticles. One of the enlarged peaks to be
observed is the peak that shows the 101 lattice plane. The peak of pure ZnO lattice 101 is at angle 26
36.253°. In Al and Al+Mn doped ZnO nanoparticles, the 101 lattice peak shifts towards a larger angle of
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36.320 ° in Al ZnO and 36.300 ° in Al+Mn ZnO. The shift of the ZnO Al peak towards a larger angle occurs
because the 0.53 A sized AI** ions are smaller than the host Zn?* ions of 0.74 A. Al ** ions inserted in the
ZnO crystal structure make the distance between the lattice larger. This results in a larger X-ray diffraction
angle. After the 0.82 A Mn? ions enter the second sample, the diffraction angle moves towards a smaller
angle. The larger ion size makes the distance between lattices closer, decreasing the X-ray diffraction angle.
The shifting of the diffraction peak towards a higher angle indicates a change in the lattice parameters,
which is decreasing. ZnO is a semiconductor that has a hexagonal wurtzite phase. Changes in this
diffraction peak will affect the lattice parameter ¢, which shortens with adding Al and Mn doping. The
decrease in the crystal lattice affects the stronger electron bonds at each angle. This has an impact on
narrowing the width of the energy band gap. This is following the hypothesis described in the introduction.
Narrowing the energy band gap will make it easier for electrons to excite from the n bond to the «* bond.

Electrons excited and in contact with water will produce more ROS, so the possibility of increasing

photocatalyst activity is more significant [9].
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Figure 1 Powder X-ray diffraction patterns of JCPDS Pure ZnO, ZnO Al nanoparticles and ZnO Al+Mn

nanoparticles.
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FE-SEM EDS data
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Figure 2 FE-SEM images of (a) ZnO Al nanoparticles and (b) ZnO Al+Mn nanoparticles.

FE-SEM results of Al and Al+Mn doped ZnO nanoparticles are shown in Figure 2. Figure 2(a) shows
the morphology of Al-doped ZnO nanoparticles. Most particle distribution is in the range of 100 - 110 nm.
However, the average ZnO Al nanoparticles have a particle size of 89.7 nm. After the addition of double
doping, Mn peak particle distribution does not shift towards larger or smaller, remaining in the range of
100 - 110 nm. This happens because the added Mn elemental ions are insignificant enough to change the
particle size. However, when averaged, ZnO Al+Mn nanoparticles have an average particle size of 133.6
nm. Figure 2(a) shows the non-uniform shape of ZnO Al nanoparticles. Most are irregularly shaped sphere-
like, but they are still nanorod-shaped. This is based on research conducted by Gnanamozhi 2023 [19] that
shows that adding Al doping will change the shape of nanorods into nanoparticles [19]. Figure 2(b) shows
the morphology of the ZnO Al+Mn nanoparticle, which has a more uniform particle shape than in Figure
2(a). Each doping that subtitute the ZnO host element makes it like a ZnO/Al or ZnO/Al/Mn nanocomposite
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arrangement. This well-dispersed aggregate is beneficial for increasing the adsorption activity of Congo
Red dye molecules on the surface of the photocatalyst material. It plays a vital role in entering photon
radiation as a photodegradation source. The composition of each sample was characterized using EDS, as
shown in Figures 3(a) and 3(b). The mass percentage resulting from this EDS mapping indicates that the
Al and Mn elements were successfully inserted into the ZnO nanoparticle structure.
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Figure 3 Energy dispersive images for (a) ZnO Al nanoparticles and (b) ZnO Al+Mn nanoparticles.

Band gap study

Optical properties were observed using Ocean Optic DRS reflectance spectroscopy with a 200 - 800
nm wavelength range. Reflectance testing of materials was done to calculate the gap energy values of ZnO
Al and ZnO Al+Mn nanoparticles. The extrapolation point of the linear part that meets the abscissa point
will be given as the gap energy value of a material. Calculation of the gap energy value is done using Eq.
(1) below [20].

(F(R) ) "=A(lw—E ) ()

where F(R) is the Kubelka-Munk function, which is the ratio of absorption coefficient and scattering
coefficient, while vy is the value of % for indirect band gap and 2 for direct band gap, the gap energy can be
obtained by plotting a graph of (F(R)hv)? as a function of hv.
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Figure 4 (a) Diffuse Reflectance Spectra (DRS) of ZnO Al and ZnO Al+Mn nanoparticles (b) plot of
(F(R)hv)? with hv of ZnO Al and ZnO Al+Mn nanoparticles.

Figure 4(a) shows the reflectance spectra of ZnO Al and ZnO Al+Mn nanoparticle samples. The
addition of Mn doping can be seen to decrease the reflectance peak around the wavelength of 400 nm.
Figure 4(b) shows the gap energy values of the 2 nanoparticles that have been characterized. Changes in
the calculated gap energy values and comparison with the reference gap energy are displayed directly in
Figure 4(b). All the gap energy values of the materials dropped using Al and Mn are lower than those of
pure ZnO. The decrease in the percentage of reflectance is a sign that the greater the UV radiation absorbed
by ZnO Al+Mn Nanoparticles than ZnO Al Nanoparticles. This occurs because of the narrowing of the
energy band gap in ZnO Al + Mn nanoparticles; this results in more photon energy absorbed by electrons
to move from the Ground State to the Excited State. The decrease in the percentage of reflectance is
confirmed by the decrease in the energy gap, which is physically directly related to the excited behavior of
electrons. This decrease in gap energy value occurs due to incorporating Al and Mn ions in the Zn lattice,
creating a new recombination pattern. Gaurav Saxena described the reduction in gap energy value and the
addition of Al and Mn doping as a form of p-d spin exchange interaction between localized d electrons
resulting from substituting AI*" and Mn?" ions. ZnO Al+Mn nanoparticles produce a significant decrease

in the gap energy. This is due to the strong p-d assimilation between O and Mn [21].
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Photodegradation study

Figure 5(a) shows the physical changes of the congo red solution without degradation agent (CR),
ZnO Al Agent (S1) and ZnO Al+Mn Agent (S2). Figure 5(b) shows the absorption spectrum of pure Congo
Red from before irradiation to irradiation for 120 min. Without any degradation agent, the Congo Red

absorption spectrum did not decrease. This means that the photodegradation process does not occur without
degradation agents.
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Figure 5 (a) Congo Red solution after photodegradation (b) Pure Congo Red absorbance spectra.

Visually, in Figure 5(a), it can be seen that ZnO Al nanoparticles can reduce the color intensity
significantly compared to ZnO Al+Mn nanoparticles. This is confirmed by Figures 6(a) and 6(b), which
show a decrease in absorbance value in Congo Red dye solution. The absorption peak of Congo red dye
waste is at around 498 nm wavelength. The photodegradation process was carried out every 15 min using
UV A light and repeated up to 120 min of observation. When viewed, the intensity of Congo Red absorption
decreases with increasing irradiation time, both in the ZnO Al nanoparticle agent and ZnO Al+Mn
nanoparticles. This means that both nanoparticles successfully degrade Congo Red textile dye waste with
the help of UV A radiation. In the photodegradation agent ZnO Al nanoparticles, the decrease in absorption

intensity is quite significant. This is likely due to the amount of adsorption on the surface of ZnO Al
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nanoparticles. On ZnO Al+Mn nanoparticles, the decrease in intensity is not significant. This may occur
due to the presence of Mn?" ions inserted in the main ZnO crystal along with AI** ions so that the adsorption
is manageable, as in ZnO Al, where there are only AI** ions.
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Figure 6 Absorbance spectra of Congo Red peaking at 498 nm due to the effect of (a) ZnO Al NPs and
(b) ZnO Al+Mn NPs.

After the solution is irradiated using UV A light, electrons (¢”) in ZnO Al and Al+Mn nanoparticles
will be excited from the ground state or valence band to the conduction band; this event leaves holes in the
valence band, which then reacts with water molecules to produce products in the form of hydroxyl radicals.
Then, the electrons in the conduction band have superoxide radicals, effectively reducing charge
recombination. This hydroxyl radical mineralizes the Congo Red dye due to its strong oxidizing properties.
Substituting AI** and Mn?* ions can increase electron mobility, accelerating photocatalyst activity. The
electrons from these AI** and Mn?" ions produce superoxide radicals. One of the other species is Reactive
Oxygen Species (ROS); when the dye interacts with ROS, this dye molecule will be absorbed by its surface,
and the molecule will be degraded easily into a non-toxic solution.
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The percentage of Congo Red photodegradation by ZnO Al and Al+Mn nanoparticles was calculated
using absorbance data from UV-Vis characterization using Egs. (2) - (3). C, is the initial absorbance before
UV A radiation, and C; is the absorbance at the last radiation time. The photodegradation rate can be
calculated using Eq (3). Kapp is the photodegradation rate with units (min™") obtained from the slope value
of In C,/C; as a function of radiation time (t) [3,22,23].

CO_ C!
% degradation= ———x100%
o @)
C
1n70 =kt
! 3)

Table 1 Percentage of photodegradation activity.

No Degradation agent % Degradation Kapp (min™)
1 ZnO Al NPs 97.9 0.03504
2 ZnO Al+Mn NPs 67.6 0.00759

After calculating the percentage of degradation using Eq. (2) and the kinetic rate of photodegradation
using Eq. (3), the values presented in Table 1 were obtained. ZnO Al nanoparticles can degrade 97.9 % of
Congo Red textile dye waste using UV A radiation within 120 min. This is evident from Figure 6(a), which
illustrates that the absorption peak of Congo Red decreased drastically. This value is lower than the research
conducted by Gnanamozhi et al. [19], which uses 5 % Al doping in ZnO material to degrade 99.5 % of
Methylene Blue textile dye waste for 120 min using UV A radiation. Figure 6(b) shows the degradation
ability of ZnO Al+Mn nanoparticles in Congo Red textile dye solution. The absorbance value of Congo
Red decreased as the radiation time increased. The photodegradation ability from the first min of irradiation
to 120 min was recorded at 67.6 %. This value is smaller than the ability of ZnO Al nanoparticles. The
radiation rate expressed by K., confirmed the percentage of degradation. ZnO Al nanoparticles were
recorded to degrade at a rate of 0.03504/min, while ZnO Al+Mn was only able to degrade at a rate of
0.00759/min. This means that ZnO Al nanoparticles have better Congo Red photodegradation ability than
ZnO Al+Mn nanoparticles. The decrease in the energy gap in Al+Mn codoping on ZnO nanoparticles does
not linearly impact its photocatalyst activity. This differs from the initial hypothesis that adding Mn
codoping can increase the photocatalyst activity. Saqib et al. [24] also experienced the same thing with this.
This happens because Mn is used as codoping, so there is a possibility that Mn atoms do not replace Zn
atoms due to the overlapping of atoms, so irradiation is not established ideally. This can be seen in the FE-
SEM characterization results. It can be seen that particle agglomeration occurs, which indicates the
imperfection of the UV irradiation exposure process. Saqib et al. [24] also proved by removing Al doping
so that Mn is the main doping. The results of this synthesis reduced the energy gap to 1.8 eV. MB textile
dye can be degraded using visible light for 150 min with this modification.
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Conclusions

Congo Red is one type of organic textile dye waste that is difficult to decompose when reacting with
water. Therefore, the role of nanoparticles as a photodegradation agent is a solution to this problem. The
synthesis of ZnO Al and Al+Mn nanoparticles has been successfully carried out using the coprecipitation
method using DI Water and 1 M NaOH at pH 10. XRD and FESEM EDS characterization was carried out
to determine changes in the structure and morphology of nanoparticles. This aims to ensure that both doping
inserts are perfect on ZnO nanoparticles. The incorporation of metal ions on ZnO impacts photocatalyst
activity, including a decrease in the gap energy. The impact of Al doping on ZnO nanoparticles reduces the
gap energy from 3.37 to 3.29 eV, while adding Al+Mn codoping reduces the gap energy to 3.28 eV. Both
nanoparticle powders were photodegradation agents on Congo Red textile dye waste liquid. Each 5 mg
nanoparticle powder was added to 20 mL of 10 ppm Congo Red. For 120 min, ZnO Al nanoparticles were
able to degrade 97.9 % of Congo Red, while ZnO Al+Mn nanoparticles were recorded to be able to degrade
67.6 %. From this study, it can be concluded that ZnO Al nanoparticles are more effective in degrading
Congo Red textile dye waste using UV A radiation for 120 min than ZnO Al+Mn nanoparticles.
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