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Abstract: In this study, the potential of biogenic zinc oxide nanoparticles (ZnO NPs) in the removal of
alizarin yellow R (AY) from aqueous solutions by photocatalytic degradation, as well as adsorption,
was investigated. The synthesized ZnO NPs were prepared by the simple wet-combustion method
using the plant extract of Serratula coronata L. as a reducing and stabilizing agent and characterized
by powder X-ray diffraction, scanning electron microscopy, energy dispersive X-ray and X-ray photo-
electron spectroscopy. Photocatalytic degradation of AY was monitored by UV-visible spectroscopy
and the effects of parameters, such as light source type (UV-, visible- and sunlight), incubation
time, pH, catalyst dosage and temperature on degradation were investigated. It was demonstrated
that the source of light plays an important role in the efficiency of the reaction and the UV-assisted
degradation of AY was the most effective, compared to the others. The degradation reaction of AY
was found to follow the Langmuir-Hinshelwood mechanism and a pseudo-first-order kinetic model.
The degradation kinetics of AY accelerated with increasing temperature, and the lowest activation
energy (E;) was calculated as 3.4 k] /mol for the UV-light irradiation system, while the E, values were
4.18 and 7.37 k] /mol for visible light and sunlight, respectively. The dye removal by the adsorption
process was also affected by several parameters, such as pH, sorbent amount and contact time. The
data obtained in the kinetics study fit the pseudo-second-order equation best model and the rate
constant was calculated as 0.001 g/mg-min. The isotherm analysis indicated that the equilibrium data
fit well with the Freundlich isotherm model. The maximum adsorption capacity of AY on biogenic
ZnO NPs was 5.34 mg/g.

Keywords: biogenic nanoparticles; wet combustion synthesis; zinc oxide; alizarin yellow R;
fotocatalysis; adsorption; dye removal; Serratula coronata L.

1. Introduction

Over the last two decades, zinc oxide nanoparticles (ZnO NPs) have been the object of
close attention due to their unique properties and high performance. In modern laboratory
practice, a variety of physical, chemical and combined synthetic methods are used to
produce ZnO NPs of different morphologies and sizes [1-3]. Although many of these
methods yield excellent results in terms of physical and morphological properties and size,
the production of nanomaterials for medical and pharmacological purposes additionally
requires the meeting of bioavailability, safety and efficacy standards. For this reason,
efficient and “green” synthesis methods, that ensure the use of synthesized NPs, especially
in the mentioned application areas, are of great interest. In this regard, one of the most
promising groups of synthesis methods are biological green chemistry methods that use
plant and animal objects, as well as various enzymes and microorganisms, as highly
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effective reducing agents [4,5]. At the heart of most biogenic methods in which NPs are
synthesized using plant materials, a metal salt reacts with a plant extract and the reaction
is completed in a relatively short time at ambient temperature. The undeniable advantages
of green chemistry methods for producing “biogenic” nanoparticles are the simplicity of
the methodology, environmental friendliness, high reactivity, purity, and low toxicity of the
final product [6,7].

The high biocompatibility of ZnO nanoparticles, along with their cytotoxic, antibac-
terial, and fungicidal activities, ensure their large-scale use in medicine [8,9]. Along with
titanium dioxide, ZnO-based nanomaterials are among the most frequently used in pho-
tocatalysis due to the high thermal conductivity, high exciton binding energy (60 meV),
high electron mobility and wide bandgap (3.2-3.4 eV) of zinc oxide [10,11]. In a number of
studies, ZnO nanoparticles have demonstrated high catalytic and sorption activity in the
reactions of removing nitrophenol [12,13], metal ions [14-17], antibiotics [18] and organic
dyes [19-21].

All modified alizarin dyes (alizarin red C, alizarin yellow P and alizarin yellow GG)
are widely used in the textile industry and also as indicators. Alizarin in wastewater is
not biodegradable and causes significant damage when released into the environment.
The development of new types of materials that enable the effective removal of this dye,
which is known for its high toxicity and strongly pronounced carcinogenic properties, is
of interest and demand. Practically, catalytic degradation and sorption methods are most
commonly used for the removal of alizarin dye [22], although different methods, such as
gamma irradiation, have also been studied [23]. The high efficiency of nanoscale catalysts
for the removal of alizarin yellow P from aqueous solutions under UV light [24-26], and
Nd:YAG laser [27] have been previously demonstrated. Sorbents based on nanoparticles,
including biogenic ones, supported by attachment to large substrates of different origins,
have been widely used to achieve removal of alizarin dyes [23,24].

The novelty of this research is the obtaining of ZnO NPs using a plant extract of the
aerial part of Serratula coronata L., grown in Central Kazakhstan, as well as a comprehensive
application of these biogenic nanoparticles in the photocatalytic degradation and sorption
of alizarin yellow (AY) dye. Since the synthesis method is based on plant extracts, the
obtained biogenic ZnO NPs are also promising for medical or pharmaceutical applications.
Serratula coronata L. is a polycarpic, small-rooted, sympodial herbaceous perennial with
semi-rosette above-ground shoots [25]. At least 14 phenolic compounds (7.3%), ten of which
can be classified as flavonoid glycosides and aglycones (apigenin, luteolin, quercetin and
their glycosides), were found in the above-ground part of Serratula coronata L., cultivated in
Siberia [26]. In addition, 3-O-methoxyquercitin, 4-B-D-glucosides of luteolin and quercetin
have also been isolated [27]. Most of the flavonoids in the aerial part of the plant are concen-
trated in the leaves (14.87-18.5%), much less in inflorescences (4.18-5.88%) and minimally in
stems (2.61-3.44%), and vary by location and year of collection [28,29]. We have previously
found that the above-ground part of Serratula coronata L., grown in Central Kazakhstan,
also contains significant amounts of phenolic compounds, including flavonoids [30].

In this research, we studied the degradation of AY under the influence of different light
sources and determined not only the optimal reaction conditions, but also the main thermo-
dynamic characteristics of biogenic ZnO NPs as catalyst. The physicochemical conditions
of the removal of AY by sorption, such as pH, dye concentration and sorption time were
optimized, allowing a detailed elucidation of the kinetic and thermodynamic aspects and
mechanism of dye sorption. The results obtained with this study underline the potential of
biogenic NPs obtained by using sustainable sources for environmental protection.

2. Materials and Methods
2.1. Materials and Reagents

Analytical reagent grade zinc nitrate hexahydrate, alizarin yellow, petroleum ether
(all Sigma Aldrich), isobutanol (Component-Reactive LLC, Moscow, Russia) and ethanol
(Talgar-Spirt LLP, Almaty, Kazakhstan) were used without additional purification. Deion-
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ized water (18.2 Mohm/cm, Aquilon-D301, Aquilon, Podolsk, Russia) was used in
all experiments.

2.2. Preparation of the Plant Extract

The collection of Serratula coronata L. was carried out at the vegetation phase in mid-
May 2021. The raw material collection area was in Spasskie Sopky of the Abay district of the
Karaganda region (Central Kazakhstan region). The dry raw materials (buds, leaves and
stems) of Serratula coronata L. were crushed to a particle size of 2-3 mm, and the weight of
the sample for each extraction experiment was 20 g. To obtain the maximum polyphenolic
component extraction, a 70% (v/v) water-ethanol solution was used, which ensured the
maximum amount of flavonoids from plant raw materials [31].

Zinc oxide nanoparticles were obtained via wet combustion, as summarized in
Figure 1, by the following procedure: 1.0 g of Serratula coronata L. extract and 4.02 g
of Zn(NO3),-6H,O were dissolved in 25 mL of water-ethanol mixture under constant
stirring, then the solution was placed in a ceramic crucible in a muffle oven preheated to
200 °C for combustion for 3 min. The resulting mixture was filtered to remove ash from the
plant extract and thoroughly washed several times with deionized water to remove any
remaining impurities. The resulting mixture was then annealed in a muffle oven at 600 °C
for 2 h. The resulting fine white powder, weighing 3.77 g, was stored in a sealed container
and used without further purification.

Plant sourse: Precursor: Plant extract+ Formation of 2-nd step: Resulting
Serratula Coronata L. metal salt Precursor combustion fuel fuel burning powder of NPs
Figure 1.  Schematic representation of obtaining biogenic ZnO nanoparticles via wet

combustion approach.

2.3. Study of the Structure and Composition of Nanoparticles

Morphological examinations and dimensional measurements of the resulting nanopar-
ticles were performed using a JEOL JFC-7500F scanning electron microscope (SEM) (Tokyo,
Japan) and JEOL JEM-1400Plus transmission electron microscope (TEM) (Tokyo, Japan).
Energy-dispersive X-ray spectroscopy (EDS) measurements were carried out using a Hi-
tachi TM3030 (Hitachi Ltd., Chiyoda, Tokyo, Japan) microscope with a Bruker XFlash MIN
SVE (Bruker, Karlsruhe, Germany) microanalysis system at an accelerating voltage of 15 kV.

The crystal structure of the nanoparticles was examined on a D8 Advance diffractome-
ter (Bruker, Karlsruhe, Germany) in the angular range of 20 10-80° with a step of 26 = 0.02°
(measuring time: 1 s, tube mode: 40 kV, 40 mA). The mean size of crystallites was deter-
mined via the broadening of X-ray diffraction reflections using the Scherrer formula [32].
The phase composition was determined using the Rietveld method, which is based on
approximating the areas of the diffraction peaks and determining the convergence with
reference values for each phase [33]. The volume fraction of the phase was determined
using Equation (1) [34]:

RIphase
Lndmixture + R1 phasel

Vadmixture = @
where Iphase is the average integral intensity of the main phase of the diffraction line,
Ladmixture 15 the average integral intensity of the additional phase, and R is the structural
coefficient equal to 1.

XPS measurements were carried out using a Thermo Scientific K-Alpha spectrometer
(Waltham, MA, USA) with a monochromatized Al K« X-ray source (1486.6 eV photons) at
a constant dwell time of 100 ms, pass energy of 30 eV with a step of 0.1 eV for core-level
spectra and 200 eV with a step of 1.0 eV for survey spectra. The pressure in the analysis
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chamber was maintained at 2 x 10~ Torr or lower. The binding energy (BE) values were
referred to the C 1s peak at 285 eV. Processing of the data was carried out using Avantage
software (version 5.41, 2019, Waltham, MA, USA).

The charge on the adsorbent surface, depending on pH, was investigated by determin-
ing the pH,p. value in the pH range from 3.0 to 9.0, according to the method described
in [35]: 10 mL of NaCl solution (0.01 M) was brought to the desired pH value (pH;) by
adding 0.1 M of HCI or NaOH. Then, 50 mg of ZnO nanopowder was added to each flask
and shaken on a shaker (IKA KS 3000i, Konigswinter, Germany) at room temperature for
12 h. The NPs were removed from the solution by filtration and the final pH (pHys) of the
filtrate was measured using a pH-meter (HI2020-02, HANNA Instruments, Smithfield,
VA, USA).

2.4. Photocatalytic Degradation of AY

A certain amount (between 10 to 100 mg) of zinc oxide catalyst powder was sus-
pended in 100 mL of pre-determined concentration of dye solution in ethanol-water
mixture (50% v/v) and then stirred intensively for 60 min in the dark to achieve adsorption
equilibrium in the “catalyst-dye” system. A 300 W high-pressure UV-lamp (Ultra-Vitalux
300 W, Osram, Augsburg, Germany) was used as the source of UV-light. In the case of
visible light, a 500 W linear halogen lamp with a UV cut-off filter (Econur, Vito) was used.
The distance from the light source to the working solution was 15 cm. Experiments under
sunlight were conducted on a sunny day in May, between 1 p.m. and 3 p.m., without using
any additional light sources. In all cases, a 1.0 mL reaction mixture was taken every 30 min
and the optical density was determined on a Specord-250 spectrophotometer (Jena Analytic,
Jena, Germany) in the wavelength range 200-800 nm. The degree of dye degradation (D%)
was determined according to Formula (2):

Cy—-C Ag— A
S0 Mt 100% = 20 At
0 0

D= x 100% 2
where Cy and C; are AY concentrations, and Ay and At are absorbances at 373 nm at the
beginning and time t, respectively.

The effect of temperature on the dye degradation efficiency was studied under similar
conditions in the temperature range of 1045 °C.

In order to examine the effect of catalyst mass on dye degradation efficiency, the
nanoparticle mass ranged from 10 to 100 mg, the concentration of alizarin yellow was
1.0 mg/L, and the exposure time of the mixture in all experiments was 60 min.

The influence of the initial feed concentration of the dye on its degradation efficiency
was investigated in the concentration range of 3.0-30.0 mg/L; the amount of catalyst loaded
in all experiments was 50 mg.

When examining the reproducibility of the results obtained, at the end of each test
cycle the catalyst was precipitated by centrifugation at 15,000 x g for 15 min, washed with
deionized water, dried at 50 °C and used in the next cycle.

2.5. Study of Removal of AY by Sorption

All experiments conducted to determine the AY adsorption performance of biogenic
ZnO NPs were conducted in batch mode. Adsorption kinetics were studied at an AY
concentration of 1.0 mg/mL (pH 7.0). Disposable plastic vials (Isolab, Eschau, Germany)
containing 15.0 mL of AY solution and 50 mg of NPs were shaken at 100 rpm (IKA KS
3000 IS, Konigswinter, Germany) for different times between 15 min and 6 h at room
temperature. Each experiment was repeated in triplicate. The concentration of AY in
aliquots was determined using the calibration curve (y = 0.058x + 0.0343 R? = 0.997). The
amount of AY adsorbed was calculated using Equation (3) [36]:

Q= =S XV ®

m



Nanomaterials 2022, 12, 3293

50f 20

where Q, is the amount of AY adsorbed by the unit mass of ZnO (mg/g), Cy is the feed
concentration (mg/L), Ce is the concentration of AY in aliquots (mg/L), V is the volume of
the solution (L), and m is the amount of ZnO NPs used (g).

The percent dye removal (% R) was calculated from Equation (4):

_ (CO - Ce)

100% 4
& x 100% 4)

where Cj is the feed concentration (mg/L), Ce is the concentration of AY in aliquots (mg/L).

The effect of pH on AY adsorption was studied in the pH range of 3 to 9, keeping other
parameters constant (initial AY concentration: 20 mg/L; adsorbent dose: 50 mg; contact
time: 120 min). The pH of the solution was adjusted dropwise with 1.0 N HCl(,q) and 1.0 N
NaOH,q). and measured using a digital pH meter (HANNA HI2020-02, Smithfield, VA,
USA). All experiments were performed in triplicate.

3. Results
3.1. Synthesis and Structural Characterization of ZnO NPs

In order to obtain information on the crystallographic and chemical structure, along
with physical characteristics, of biogenic ZnO NPs, a variety of analyses were carried
out. The X-ray diffractogram of the synthesized nanoparticles in Figure 2 identified ZnO
phase-specific diffraction peaks at 20 = 32.54° (110), 35.58° (002), 38.86° (200), 40.43° (112),
48.57° (—202), 53.65° (020), 58.39° (202), 61.57° (—113) and 68.07° (113) [37-39]. The defined
planes were in accordance with the JCPDS file (JCPDS: 01-007-2551) corresponding to the
wurtzite structure of ZnO, which consists of two interpenetrating hexagonal close packed
sublattices (symmetry group P62mc (186)). According to Equation (1), the nanoparticles
consisted of a single ZnO phase (100%). Using the Scherrer equation, the average size of the
synthesized zinc oxide nanoparticles was calculated as 44.6 = 5 nm. The change in the full
width at half maximum (FWHM) value of the main diffraction lines on X-ray diffraction
patterns depended directly on the degree of crystallinity (DC) of the samples. The width of
the registered FWHM lines was calculated by approximating the lines on the diffractogram
with the necessary number of symmetric pseudo-Voigt functions, which, in the long run,
allowed us to characterize the perfection of the crystalline structure and to evaluate the
DC [36,40]. The degree of crystallinity of biogenic ZnO was calculated to be 91.2%.

. 101
;;_
. 100
2 S 002
‘quN
- 110
g 102 103 112
- 201
] 200
D_\ﬁlll‘\\\
20 30 40 20 50 60 70

Figure 2. X-ray diffraction (XRD) pattern of the synthesized biogenic ZnO NPs.

The surface morphology of the nanoparticles was examined by scanning electron
microscopy (Figure 3a,b). The microphotographs show ZnO nanoparticles of spherical
and cubic geometry, with voids and pores between them, the formation of which can be
explained by the large amount of hot gases released from the reaction mixture during
synthesis via wet combustion [41]. Nanoparticle crystallites were interconnected with each
other through these pores of different sizes and shapes. The average nanoparticle size
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was determined to be around 31 &+ 5.5 nm. The majority of the ZnO NPs were ~30 nm
in size and presented a narrow size distribution in the range of ~20-45 nm, as seen from
the size distribution histogram inserted in Figure 3b. TEM analysis presented in Figure 3c
confirmed the observations obtained by SEM. As can be seen in Figure 3¢, spherical and
cubic ZnO nanoparticles of approximately 30 nm in size were observed in the TEM analysis.

As can be seen in Figure 3d, by examining the chemical composition through energy
distribution analysis, in addition to Zn (weight: 79.2%, atomic: 46.9%) and O (weight: 17.4%,
atomic: 43.0%) elements, some C atoms were detected in the structure of nanoparticles,
which were attributed to the Seratula coronata L. extract used as a stabilizing and reducing
agent during the synthesis, in agreement with previous works [42,43]. ZnO nanoparticles
were also analyzed by the XPS method. The main advantage of XPS, compared to other
techniques, is that it allows the elucidation of a chemical structure, as it provides infor-
mation about precise determination of the oxidation state and chemical environment [36].
Therefore, this technique could be used to confirm the purity, but more importantly, the
chemical composition and oxidation states of the ZnO nanoparticles we synthesized using
plant extracts [44]. The wide energy range X-ray scan of biogenic ZnO, in Figure 3e, shows
oxygen and the corresponding metal atom (Zn) present in its chemical composition. In
addition, carbon (8.2%) was detected in the survey scan of ZnO. The high-resolution C
1s spectra in Figure 4f indicated a trace amount of K (around 1.0%) as impurities. The C
1s spectrum presented a main peak at 284.5 eV attributed to carbon containing C-C/C-H
bonds, and another component at higher energy, of approximately 288.1 eV, assigned to
carbon atoms containing O-C=0 binding. Both peaks of the C 1s spectrum were attributed
to the organic residues of plant extracts, in agreement with the EDS result. Figure 3g shows
the high resolution XPS spectrum of the Zn 2p region. From this figure, the Zn 2p core-level
of ZnO NPs had two fitting peaks located at approximately 1044.6 and 1021.5 eV, which
were attributed to Zn 2p;/, and Zn 2p3/;, respectively. Furthermore, the XPS spectrum
of the O 1s region of ZnO nanoparticles (Figure 3h) showed an asymmetrical peak that
could be deconvoluted into three near-Gaussian sub-peaks at 529.9, 531.3, and 532.3 eV.
The peak at 529.9 eV (O;) was attributed to fully oxidized O ions in a wurtzite ZnO lattice,
while the peak at 531.3 eV (O,) was assigned to oxygen vacancies. The peak at the highest
binding energy (O3, 532.4 eV) was associated with the presence of loosely bound oxygen
on the surface, such as hydroxyl groups of H,O integrated into the material. The results
from the core-level Zn 2p and O 1s spectra were clearly in very good agreement with the
previous data and confirmed the ZnO structure [45—48]. In the light of the results discussed
above, it could be concluded that the synthesis of biogenic ZnO NPs was accomplished
successfully and the desired structures were obtained.
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Figure 3. Electron microphotographs at 40,000 (a); and 80,000x magnification (the inset size
distribution histogram was calculated from SEM analysis at 100,000x magnification) (b). TEM
image (c) and Energy dispersion spectrum (EDS) of ZnO nanopowders (d). X-ray photoelectron

spectroscopy of ZnO nanoparticles: survey wide spectrum (e) and C 1s (f), high-resolution spectra of
Zn 2p (g) and O 1s (h).
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Figure 4. Absorption spectra of AY (1.0 mg/L) as a function of time in the presence of ZnO oxide
nanoparticles (dye concentration—10.0 mg/L, loaded catalyst—50 mg) using visible light (a), sunlight
(b) and UV-light (c), dye degradation efficiency (D, %) under different light sources (d) and Langmuir—
Hinshelwood plot for the degradation of AY under different light sources (e).

3.2. Study of the Photocatalytic Degradation Reaction of AY in the Presence of ZnO Nanoparticles

Figure 4a—c shows the spectroscopic monitoring of the optical density of AY degrada-
tion reaction under different light sources. Using the maximum absorbance at 373 nm in
Formula (2), the calculated variation in dye degradation efficiency, depending on reaction
time (Figure 4d), demonstrated that the highest efficiency of biogenic ZnO nanoparticles
was observed when using UV-light. At 60 min after the beginning of the reaction, more
than 95% of the initial dye was degraded under UV-light, while only 13.2 and 6.2% of AY
were removed from the reaction mixture when sunlight and visible light were used for the
same period of time, respectively.

The values of the reaction rate constants calculated from the kinetic curves in Figure 4e
were 0.0019 min~!, 0.0017 min~—! and 0.0204 min~", respectively, when conducting the
reaction under sunlight, visible light and UV-light, indicating that the degradation reaction
was significantly faster under UV light.

Another important parameter affecting the reaction kinetics was temperature, which is
typically described via the Arrhenius law [49]. The effect of temperature on the degradation
efficiency of AY was studied in the temperature regime of 1045 °C. As can be seen from the
graphical dependencies of the dye degradation efficiency (D, %) at different temperature
regimes in Figure 5, biogenic ZnO nanoparticles effectively accelerated the degradation
of AY, even at 10 °C under UV light. After 60 min of reaction, about 88% of the dye was
degraded at 10 °C, and D showed an overall increasing trend with temperature. Whereas,
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when AY was exposed to sunlight, even at elevated temperatures, the D did not exceed
40%, and the maximum D value at 45 °C was only 31% when visible light was used.

100 - . - )
UV-light 100 1 sunlight
—o0—45°C
75 - 75 A —=—30°C
——20°C
= 50 e—10°C %0 4 —e—10°C
—tC _—
25 - —=—30°C 54 o
—0—45°C
0O T T T ) 0 T T ,
0 15 30 45 60 0 60 120 180
Irradiation time, min Irradiation time, min
004
Visible light
—o0—45°C
75 - —=—30°C
—e—20°C
= 50 | —e—10°C
[a]
25 1 N
e °
7?0/
L J
0 : : :
0 60 120 180

Irradiation time, min

Figure 5. Influence of temperature on the degree of AY degradation (D, %) depending on the radiation
source (nanoparticle mass—50 mg, AY concentration—10.0 mg/L).

The activation energy (E;) was calculated using the Arrhenius Equation (5):

Ink=InA-— E”,

= ©)
where k is the rate constant, min~!; A is the pre-exponential multiplier; E 4 is the activation
energy, ]/mol; R is the gas constant, equal to 8.314 J/mol-K; T is the temperature, K.

AE,; was determined graphically from the dependence of In k — (1000/T), in Figure 6.
For all light sources used in the study, the obtained dependencies were characterized by
a high coefficient of determination, R2. Eyring diagrams were plotted (Figure 6) [50] for
the graphical determination of the activation enthalpy and entropy of the studied reaction.
The calculated thermodynamic functions are summarized in Table 1. Clearly, the positive
AH value referred to an endothermic reaction and the positive AG indicated that the
photodegradation of AY was not spontaneous under any type of radiation. While ordinary
catalyzed reactions were limited to negative AG values, i.e., spontaneous reactions, both
cases were possible for photocatalytic reactions. In other words, a photocatalyst could drive
reactions with both positive and negative AG [51,52].
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Figure 6. Arrhenius plots (left) and Eyring’s plots (right) for determining the thermodynamic
characteristics of AY degradation reaction under (a) UV light, (b) visible light and (c) sunlight.

Table 1. Thermodynamic parameters of the degradation of AY.

Type of Radiation AE,, kJ/mol AH, kJ/mol AS, J/(mol-K) AG, kJ/mol (283 K)
UV light 3.40 0.90 —-0.27 87.96
Visible light 4.18 1.68 —0.29 84.64
Sunlight 7.37 4.87 —0.28 76.97

As can be seen from the obtained data in Table 1, the degradation had the lowest activa-
tion energy AE; when AY was exposed to UV light. As discussed earlier, the degradation of
AY was also kinetically faster under UV light; therefore, it was decided to use UV radiation
in further studies, as the catalytic degradation of AY dye was the most effective compared
to solar and visible light. Since photocatalytic reactions proceeded even when overall AG
was positive, their rate might not be controlled by AE,. Actually, AE, values measured
in a variety of photocatalytic reactions have been reported to be around 10 k] /mol [53],
much smaller than those of ordinary chemical reactions. In the field of photochemistry,
the activation energy and rate determining step are rarely discussed because, generally
speaking, photochemical reactions are not series reactions involving a rate determining
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D, %

chemical step, and, thus, the observed relatively low activation energy usually corresponds
to a physical step, e.g., diffusion depending on the reaction temperature. Considering that
photocatalysis is essentially a photochemical reaction, it makes no sense to discuss the
chemical step that determines the rate. However, there are many publications that clearly
show the temperature dependence of photo-catalytic reactions and use Arrhenius law to
calculate the apparent activation energies, AE, [51-53]. Although these are modest values
compared to typical catalytic processes, AE, should not be overlooked either.

Examining the effect of dye concentration on the degree of decomposition, D, al-
lowed us to determine the concentration range in which the catalyst could be further
used effectively. The change in D value, depending on the concentration of AY, is shown
in Figure 7. Biogenic ZnO nanoparticles provided almost 100% degradation of AY in
the concentration range of 3-10 mg/L. When dye solutions at concentrations of 20.0 and
30.0 mg/L were exposed to UV-irradiation for 60 min, 65.7% and 26.7% degradation were
obtained, respectively.

30
Irradiation time, min

(@)

45

100 1 e —© 01 -
® O
e o
// @ /O///O
i [ 7 —
75 o 0.075 -
@3 mg/L / o
o
@5 mg/L N / J— T
=01 o ) ° £ 005 -
@10 mg/L /(; Ny
/ @1 run
020 mg/L 25 03 run 0.025 -
©30 mg/L ©5run
I @6 run
' 0 ‘ ‘ : ‘ 04
60 0 15 30 45 60 1 2 3 4 5 6

Irradiation time, min

(b)

Number of run
(c)

Figure 7. Change of degree of degradation, D, of AY depending on the dye concentration under
UV-light (a). Variation of D (b) and reaction rate constant, ka (c) of AY in repeated uses of ZnO
catalyst over 6 consecutive test cycles.

Stability and reusability are of great importance for the practical application of catalysts.
In this study, in order to evaluate the stability of the properties of catalysts based on ZnO
nanoparticles, 6 consecutive test cycles were carried out to decompose AY at a concentration
of 10.0 mg/L (Figure 7b,c). After the 6th test cycle, the value of the D decreased from
98.97% to 55.0% (Figure 7b). In order to evaluate the catalyst activity, we calculated the
rate constant, k, of the reaction in each test cycle. The value of the reaction rate constant
decreased by 43% after the second test cycle and by more than 82% at the end of the
6th cycle. This finding suggested that decreasing degradation efficiency over the recycling
experiments was mainly caused by the deactivation of catalytic sites. A comparison of
existing catalysts in the literature developed for the photocatalytic degradation of AY
with the performance the biogenic ZnO nanoparticles we synthesized in this study is
presented in Table 2. When the data are carefully examined, the achievement of a very high
degradation efficiency of 98% at comparable levels of the parameters affecting degradation,
such as initial concentration of AY, contact time and amount of catalyst, indicated that the
performance of the synthesized nanoparticles could compete with existing alternatives or
be even higher.
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Table 2. Comparison of some properties and catalytic activities of different types of catalysts in the
AY degradation reaction.

Nano-catalyst Test Conditions

Dmax, ka, E,,

Catalyst . Ref.

y Light Source ALY, .Contacf Catalyst T,°C o, min-1 kJ/mol Re€

mg/L Time, min Dosage, mg
NiFe,O4@AC/UiO-66(Zr) Visible light 50.0 180.0 50.0 250 751 0.007 - [54]
WOj3; doped Zn NS;:QG 100.0 60.0 400 - 100.0 0.197 - [55]
Sn-CCMN composite UV-light 5.0 120 200.0 - 91.5 0.039 - [56]
Ce?* /TiO, UV-light 5.0 120 50.0 250 386 0004 - [57]
. . UV-light 5.0 100 15.0 - 75.6  0.014 -

Biogenic ZnONPs (cow dung) 1o Tight 5.0 100 15.0 Y R L)
SnO, /CeO, nano-composite UV-light 25.0 90 150.0 - 91.1 - - [59]
ZnO UV-light 40.0 120 300.0 40.0 925 - - [60]
Fe NPs Sunlight 100.0 2520 100.0 25.0 9251 0.065 1099 [61]
TiO,-ZrO, Sunlight 10.0 240 200 - 68.0 - - [62]

. . Visible light 31.6 0.002 4.18 .

. Th
( S;g%f;‘lf Czofo(zaﬁpi ) Sunlight 10,0 180 50.0 450 387 0002 737 M

’ UV-light 98.5 0.020 3.40 y

3.3. Kinetic and Isotherm Study of AY Removal by Sorption

It has been shown in detail in the previous section that ZnO nanoparticles catalyze
the photodegradation of AY under an applied light source, especially UV light. Besides a
degradation process, ZnO nanoparticles may also be effective in adsorption of AY, due to
their high surface area. Therefore, in addition to their catalytic activities, in this section, we
examined the performance of the biogenic nanoparticles we synthesized in the removal
of AY by sorption. The point of zero charge pH (pHpzc) defines the pH of the solution
at which the net surface charge of adsorbent is equal to zero. The study of pHpzc is
important to identify the adsorption mechanism and, thus, to explain the nature of the
interactions [63]. Figure 8a shows the plot of pHna1 versus pHipitial. It can be seen from this
figure that the pHpzc value obtained for biogenic ZnO NPs was approximately 7.1, which
was consistent with the value obtained by Katarina et al. [64]. Meanwhile, Leiva et al. [17]
and Chauhan et al. [65] reported pHy,c values of 6.21 and 7.5 respectively. The differences
observed with existing studies might be a consequence of the synthesis method, the
aggregation of NPs, and the presence of impurities, among other factors [17]. The effect of
solution pH on dye adsorption is presented in Figure 8b. The neutral condition favored
AY removal, and the maximum adsorption was observed at pH 7.0 (78.3% removal after
120 min), consistent with the previously reported optimum pH [59].

AY is an azo dye with an orthohydroxybenzoic group (Figure 8h). Its pKa value is 11.0
and its colour is yellow at pH 10.1 and turns to red at pH 12 [66,67]. The carboxyl group
of AY is capable of deprotonation in the aqueous solution. Therefore, the anion (AY™)
and neutral (AY) forms of alizarin yellow R are likely to coexist. On the other hand, the
deprotonation of AY may also result in a hydrazone tautomer (iAY), via an attachment of
the departed proton to the azo group [68]. At pH > 7.1, the adsorption efficiency decreased
because the negatively charged ZnO NPs provided fewer effective sites for adsorption,
due to increased repulsive forces. Thus, the removal of AY from aqueous solutions should
not be conducted at a pH higher than 7.1. Generally, at pH < pHp,c, the sorbent surface
has positively charged. At lower pH values, the interaction between AY and ZnO NPs
is expected to be greater, due to the protonation of the carboxyl groups, compared to the
higher pH values, at which they are negatively charged [22]. On the other hand, at even
lower pH, ZnO NPs are highly soluble in aqueous solution [17]. In the presence of these
opposite effects, the optimum pH was determined as 7.1. The effect of contact time on the
adsorption of AY was studied in the range of 10 min to 420 min using 50 mg adsorbent at
25 °C and at pH 7, which was determined as optimum (Figure 8c). As can be seen from this
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figure, the maximum removal efficiency was achieved within around 300 min and there
was no change in the equilibrium sorption capacity (Q.) after 360 min. Therefore, 360 min
was considered to be an effective equilibrium time for adsorption. The Q, of biogenic ZnO
NPs was found to be 5.34 mg AY/g.
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Figure 8. Point zero charge (pHPZC) plot (a), removal of AY as a function of solution pH (b) (AY
concentration: 20 mg/L; biogenic ZnO NPs: 50 mg; contact time: 300 min); effect of contact time
(c) and initial dye concentration (d) on the sorption of AY; kinetic model plots of pseudo-first-order
(e), pseudo-second-order (f) and Elovich (g). (pH = 7.0, biogenic ZnO NPs: 50 mg; contact time:
120 min), (h) different forms of AY depending on solution pH.
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In general, the initial concentration of the analyte is considered an important factor
that can affect the adsorption process, creating the necessary driving force to overcome the
resistance to mass transfer of AY between the aqueous solution and the sorbent surface [23].
According to the plot presented on the Figure 8d, the AY adsorption capacity increased
from 0.15 to 3.2 mg/g when the initial concentration increased from 1 mg/L to 20 mg/L,
and beyond this concentration it remained almost constant, due to the saturation of the
active sites of the solid phase with dye molecules. Therefore, all further experiments were
carried out with solutions at a feed concentration of 20 mg/L.

Adsorption kinetics studies are important to know the mechanism of adsorption and
to design the treatment system. Three kinetic models, namely, pseudo-first-order, pseudo-
second-order and Elovich models, were used to investigate the adsorption kinetics of AY
on the biogenic ZnO NPs. Figure 8e—g shows the kinetic plots for the examined models.
The correlation coefficients (R?), as well as the parameters calculated from the models, are
summarized in Table 3. The pseudo-second-order kinetic model fitted the experimental
data better (R? = 0.99) than the pseudo-first-order-kinetic model. For the Elovich model,
the initial sorption rate constant («) of AY was higher than the desorption constant (j),
confirming a high affinity of AY to the biogenic ZnO NPs [69]. The sorption capacity
calculated by the pseudo-second-order model (6.56 mg/g) was in very good agreement
with the experimental data. The applicability of the pseudo-second-order kinetic model
for the biogenic sorbent led to the conclusion that chemisorption was the rate-determining
step of the process, and the effect of the diffusion stage was insignificant.

Table 3. Parameters calculated from various kinetic models (initial AY concentration: 20 mg/L,
adsorbent dose: 50 mg, pH: 7.0).

Biogenic ZnO NPs

Kinetic Model General Equation Linearized Equation
Model Parameters Value
kq, min~1 0.003
Pseudo-first-order dd—qf =k1(9e — q¢) In(ge — q¢) =Inge — kyt Je, Mg/ g 1.0
R? 0.75
ky, g/mg-min 0.001
Pseudo-second-order @ =kp(ge — qt)z é = kzlqg + é Je, MZ/ g 6.56
R? 0.99
&, mg/g-min 0.84
Elovich @ = wexp(—p4gt) qt = %(ln aB) + %ln t B, mgz/min 852

Besides photocatalytic removal, one of the most popular and cost-effective techniques
for the effective treatment of various water contaminants (dyes, heavy metals ions, pes-
ticides, etc.) is adsorption. The correct understanding and interpretation of adsorption
isotherms is a key step for the development of new types of effective adsorbents [70]. The
equilibrium in the adsorption system depends on the nature of the interactions between
adsorbent and adsorbate [71]. Well-known adsorption models, namely Langmuir, Fre-
undlich and Dubinin—Radushkevich (DR), describe these interactions in different ways.
The linearized equation forms of all studied isotherm models and the determined isotherm
parameters are presented in Table 4. The Langmuir model describes the equilibrium be-
tween the adsorbate and adsorbent, where the adsorbate adsorption is limited to one
molecular layer at, or before, a relative pressure of unity is reached [72]. Langmuir parame-
ters b and Qg were calculated from the intercept and slope of the linear plot presented in
Figure 9a.
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Table 4. Parameters calculated from various isotherm models (initial AY concentration: 20 mg/L,
adsorbent dose: 50 mg, pH: 7.0).

Biogenic ZnO NPs

Isotherm Model Linearized Equation
Model Parameters Value
o c . Qo, mg/g 1.57
Langmuir q—: = Q—‘O + o b,L/mg 091
R? 0.87
kp, mg/g 6.11
Freundlich Ing, = Inkp + % InC, n 1.04
R? 0.99
Qu, mg/g 2.98
2 /1,12
.. . _ ) B, mol- /K] 0.52
Dubinin-Radushkevich Ing. =InQ, — Be Epg, K] /mol 0.98
R? 0.65
12 1 -0.7 1 °
P 8.5 - ©
)
9 4
0.2 1 8251 o
g’ 6 - g 8— Q
S %03 | =810
)
3 7.75
- _ ° y = 0.522x + 8.0022
®y = 0.6371x - 1.7144 0.8 {¥ 703058 18098 R? = 0.6504
R2=0.8708 :
0 o7 : , , : : 7.5 : : : :
0 4 8 12 16 0.8 14 2 0 0.3 0.6 0.9 1.2
Ce, ug/L LnCe €, kJ?/mol?

(a) (b) (0)

Figure 9. Fitted Langmuir (a), Freundlich (b) and DR (c) adsorption isotherms for AY adsorption on
biogenic ZnO NPs.

The Freundlich model suggests neither homogeneous energy sites nor limited ad-
sorption levels. This means that the Freundlich model can describe experimental data of
the adsorption isotherm whether adsorption occurs on homogeneous or heterogeneous
sites, and is not controlled by the formation of the monolayer. According to this model,
adsorption centers have different energy values. Therefore, the active sorption centers with
maximum energy are filled first, then the process continues with the others. Figure 9b
shows experimental data adapted to the linear Freundlich equation. The constant “n” is
an empirical parameter related to the adsorption strength, which varies depending on the
heterogeneity of the adsorbent. In our study, value of the adsorption intensity (n) was
calculated as 1.04. According to Freundlich theory, n can also be used to determine whether
adsorption is favorable. When n > 1, adsorption is favorable, n = 1 indicates a linear adsorp-
tion, and when n < 1, adsorption is unfavorable [73]. The Freundlich isotherm constant for
adsorption capacity (kr) was calculated as 6.11 mg/g. The correlation coefficient (R?) was
equal to 0.99, indicating very good agreement of the experimental data with the Freundlich
adsorption isotherm. It was obvious that the Freundlich isotherm model described the
adsorption process better than the Langmuir model. The applicability of the Freundlich
model to the absorption of AY by biogenic ZnO nanoparticles indicated that the adsorption
centers on the surface of nanoparticles were energetically nonequivalent and the surface of
these natural sorbents was inhomogeneous.

Although the Langmuir and Freundlich models are widely used to explain the sorption
process, they do not provide much information about the adsorption mechanism. Therefore,
the equilibrium data were tested using the DR isotherm model to examine the mechanism
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of the adsorption process. The DR isotherm model (Figure 9c¢) is often used to identify
physical or chemical adsorption, as the DR constant § is used to determine the sorption
energy. Physical adsorption is believed to occur when the adsorption energy is less than
8 k] /mol. At adsorption energies between 8 to 16 k] /mol, it is assumed that chemisorption
takes place. From the application of the DR model, an adsorption energy of 0.81 k] /mol was
obtained for the adsorption of AL dye on biogenic ZnO NPs, indicating a process through
physical adsorption. However, a very low R? value (0.65) indicated that the experimental
data poorly fit the DR adsorption isotherm and, therefore, the obtained values might fall
outside the confidence interval. In other studies, for example, using multi-walled carbon
nanotubes (MWCNTs) encapsulated by polyaniline (PANI), the adsorption free energy was
calculated as 14.14 k] /mol, and the interactions between AY dye and the composite were of
chemical type [74]. A comparison of the adsorption capacities of different AY adsorbents
and biogenic ZnO attained in this study is presented in Table 5. It should be noted that
it is rather difficult to directly compare the data of various studies, as some determining
parameters, such as amount of loaded sorbent, agitation speed, pH and temperature, are
not exactly the same. Overall, the adsorption capacity appeared to be low, but still, given
the sustainability of the synthesis method and their ability to simultaneously photo-catalyze
the degradation of AY, it could be concluded that biogenic ZnO nanoparticles might be
advantageous and effective alternatives for AR removal.

Table 5. Comparison of the AY adsorption capacity of Serratula coronata L. mediated ZnO NPs and
some other available sorbents.

Sorption Conditions
Rate Constant

Adsorbent Initial Concentration =~ Amount of Adsorbent Aliquot Q., mglg ko, g/mg-min Ref.
of Adsorbate, ppm Utilized, mg Volume, mL
Fe304@PPY composite 50.0 49.5 20.0 34.1 0.012 [23]
MWCNTs/PANI composite 100.0 5.0 20.0 884.8 0.002 [74]
Mg Al,OH;,CO; 50.0 1000.0 25.0 26.3 0.071 [75]
CuFe;O4@graphene 50.0 500.0 30.0 98.0 1.534 [22]
CuFe,O4 145.0 0.063
Biogenic ZnO 20.0 50.0 15.0 53 0.003 This study

4. Conclusions

In this study, biogenic ZnO nanoparticles were successfully synthesized using an eco-
friendly wet combustion technique with Serratula coronata L. plant extract as the reducing
and stabilizing agent, and, then, characterized by XRD, SEM, XPS, TEM and EDS methods,
which confirmed the formation of monoclinic ZnO phase of high purity and narrow
size distribution.

The as-prepared NPs were examined as to their effectiveness as photocatalyst/sorbent
and their activities were evaluated in the removal of alizarin yellow R (AY) dye. The
influences of light source, dye concentration, pH, temperature and reusability on the
efficiency of the biogenic photocatalyst in the photodegradation of AY were studied. The
results revealed that in the presence of synthesized ZnO NPs, the highest removal efficiency
of AY was achieved when exposed to UV-irradiation (98.5%), whereas the removal efficacy
efficiency remained at 31.6% and 38.7% under visible-light and sun-light, respectively.

The kinetics of the reaction was also evaluated, showing that the photocatalytic degra-
dation of AY dye follows the Langmuir-Hinshelwood kinetics. The effect of temperature
in the range of 1045 °C was studied and activation energy was found to be 3.4 k] /mol
for UV-irradiation, while it was calculated as 4.18 and 7.37 k] /mol under visible-light and
sun-light, respectively.

Besides their photocatalytic activities, the performance of the synthesized ZnO nanopar-
ticles was also investigated for the removal of AY dye from aqueous solutions by sorption.
Examination of different pHs showed that the maximum removal efficiency was at 7.0. The
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adsorption process followed pseudo-second-order-kinetics with a correlation coefficient
of 0.99. Adsorption data were best supported by the Freundlich model with maximum
adsorption capacity of 6.11 mg/g, in accordance with the experimentally obtained values.
The value of Epg obtained using the Dubinin-Radushkevich isotherm model suggested that
the adsorption process occurred by a physical mechanism rather than chemical adsorption.
The results show that biogenic nanoparticles with both photocatalytic activity and sorption
capacity can provide an efficient way to remove toxic dyes from water.
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