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Abstract: Melanoidin, a complex polymer compound formed through Maillard reactions during fermentation,
constitutes a significant fraction of distillery wastewater and cannot be treated using standard treatment methods.
Silver doped zinc oxide nanoparticles (AgZnONPs) were synthesized, characterized, and used in this work as potential
adsorbent to remediate melanoidin from aqueous solutions. The as-synthesized nanoparticles were evaluated using
X-ray diffraction (XRD), UV-visible spectroscopy, field-emission scanning electron microscopy (FE-SEM) with
energy-dispersive X-ray spectroscopy (EDX), and Fourier-transform infrared spectroscopy (FTIR). Adsorption
experiments were performed under varying operational parameters, including solution pH, mass of adsorbent, initial
melanoidin concentration, and time of contact. Under optimal conditions, pH 7, 0.5 g/L adsorbent, 200 mg/L of
adsorbate concentration, and 90 min contact duration, a maximum removal efficiency of 92% was achieved. The
enhanced adsorption performance aligns with the Langmuir isotherm approach, demonstrating monolayer adsorption
with a 50 mg/g maximum adsorption capacity. It adheres to pseudo-second-order kinetics, providing strong evidence
of chemisorption with a rate-limiting mechanism and predominant process. These results illustrate the potential of
AgZnONPs as a robust and efficient adsorbent material for the treatment of melanoidin-rich distillery effluents.

Keywords: Melanoidin, Silver-doped Zinc Oxide, Adsorption, Nanoparticles, Wastewater Treatment, Kinetic
Modelling.

1. INTRODUCTION of wastewater creates serious problems for carrier

water bodies because it reduces the concentration

Melanoidin molecules pose a challenge to the
distillery industry because of their color and
complex nature. In addition to its high biological
oxygen demand (BOD) and chemical oxygen
demand (COD), the alcohol industry faces several
challenges, as previously described by Lin et al.
[1]. Melanoidin molecules produce this color by
reacting with sugar polymers and amino acids via
the Maillard reaction [2]. The dark brown color

of dissolved oxygen in water [3]. These compounds
may also accumulate in aquatic species, potentially
affecting their general health, growth, metabolism,
and reproduction [4]. When melanoidin-rich
wastewater is disposed off on land, it can disturb the
nutritional balance and microbial activity, which are
essential for plant and soil health, hindering seed
germination due to chemical toxicity and decreased
soil alkalinity [5].
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Conventional treatment techniques, such as
biological and chemical methods, are generally
ineffective for melanoidin degradation because
of their complex molecular structures and high
stability [6-7]. Advanced oxidation processes, such
as photocatalytic degradation, have demonstrated
up to a 90% removal efficiency [8]. However, their
large-scale industrial application is hampered by
catalyst deactivation, limited activity under visible
light, high energy demand, and challenges in catalyst
recovery and reuse [9]. Advanced technologies
can significantly enhance the physical, chemical,
and biological properties of distillery wastewater,
including melanoidin degradation [10]. Among the
advanced technologies explored, adsorption has
emerged as a highly effective and economically
viable approach owing to its ease of use, low
energy requirements, and capacity to eliminate a
variety of organic contaminants, including color-
imparting molecules [11]. The use of nanomaterial-
based adsorbents has further enhanced the efficacy
of the adsorption process because of their variable
surface chemical composition, large area of surface
and reactivity [12]. Zinc oxide (ZnO) is amongst
the mostly utilized metal oxides (MOs) owing to
its high surface area, convenient synthesis, cost-
effectiveness, and environmental compatibility.
Thus, it has been widely considered by researchers
seeking exceptional optical, chemical, physical,
and electrical properties to enhance manufacturing
and technical applications [13]. Abdelfattah and El-
Shamy showed that ZnO has superior adsorption,
photocatalytic activity under ultraviolet light,
and structural stability compared to other MOs,
including titanium dioxide (TiO,) and iron oxide
(Fe,0,) [14]. Nevertheless, the broad bandgap of
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ZnO (3.2 eV) hinders its activity under visible light,
limiting its practical application in wastewater
treatment. To get through these restrictions,
doping ZnO with metal ions, especially silver, is
a commonly investigated methodology to enhance
its optical, electrical, and adsorption qualities [15].
It has been demonstrated that adding Ag increases
the surface reactivity and electron mobility, while
also tuning the bandgap, both of which are essential
for enhancing the photocatalytic and adsorption
performances [16]. Prior research has shown that
Ag-doped ZnO nanostructures are exceptionally
effective in adsorbing and degrading a range
of organic contaminants, including pigments,
phenolic compounds, and pharmaceutical residues
[17-19]. Despite these promising outcomes, few
investigations have been conducted onthe adsorptive
elimination of melanoidin using Ag-doped ZnO
nanostructures. Furthermore, published reports lack
a thorough examination of crucial parameters like
impact of solution pH, and comprehensive kinetic
and equilibrium evaluations. These discrepancies
highlight the need for systematic research to
elucidate the adsorption behavior of AgZnONPs
toward melanoidin and to provide a mechanistic
understanding that can inform the development of
effective treatment plans.

In this study, AgZnONPs were synthesized
using a co-precipitation technique, and their
adsorption performance was examined in
melanoidin solution (MS). Moreover, to gain more
insight into the fundamental adsorption principle
and processes, adsorption data were simulated and
validated using kinetic and isothermal models, as
depicted in Figure 1.
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Fig. 1. Overall schematic representation of the synthesis of AgZnONPs and treatment of M'S using the adsorption

method.
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2. MATERIALS AND METHODS

The reagents and chemicals used were extremely
pure and of analytical quality. Zinc acetate (Zn
(CH3CO2)2), methanol (CH,OH), sodium hydroxide
(NaOH), Silver chloride (AgCl), glucose (C,H1,0,),
glycine (C-HsNO:), and sodium bicarbonate
(NaHCO,) were bought from Sigma-Aldrich and
utilized in their pure states. In this study, various
analytical techniques were used to characterize
the synthesized AgZnONPs. Crystallinity and
phase composition were assessed using a Malvern
Panalytical X Pert3 spectrometer. TESCAN VEGA
4th generation instruments equipped with tungsten
filament electron sources and EDS systems were
used to examine the morphology and particle size
of the AgZnONPs. To study the functional groups
and characteristic bonds fourier-transform infrared
spectroscopy (FTIR) analysis was executed using
IR Prestige 21 (Shimadzu spectrophotometer).
UV-visible spectroscopy was performed using a
Shimadzu UV-1800 spectrometer.

2.1. Synthesis of Melanoidin Solution

The procedure discussed by Watcharenwong et al.
[20] was executed to produce synthetic melanoidins.
One hundred milliliters of distilled water were used
to dissolve the reaction mixture containing 4500
mg of glucose, 1880 mg of glycine, and 420 mg
of sodium carbonate. The prepared solution was
oven dried for 7 h at 95 °C to promote melanoidin
production. The substance was then cooled and
freeze-dried for further examination. The molecular
weight of the resulting melanoidin was calculated
to be between 10,000 and 15,000 Da [21].

2.2. Synthesis of AgZnONPs

AgZnONPs were made via the co-precipitation
technique. Zinc acetate was dissolved in 200 mL
methanol (0.02 mol/L) and vigorously stirred at 500
rpm for 60 minutes at 55-60 °C. To add silver as a
dopant, 17.48 mg of AgCl (1 atomic %) was added
to the above solution. The separate solutions were
made by mixing (3 g) NaOH.H,O then added to 50
mL of methanol, and the mixture was stirred for
60 min. Subsequently, 30 mL of NaOH/methanol
solution was incorporated dropwise to the zinc
acetate/methanol solution and agitated for 40 min.
Subsequently, 200 mL of DI water was added to the
solution and heated at 85 °C for 1 h with continuous

mixing. The synthesized precipitate of AgZnONPs
was centrifuged to obtain a colloid and repeatedly
washed with methanol at least three times to remove
residual oxidants. After centrifugation, the products
were oven-dried and crushed in a mortar to obtain
the AgZnONP powder. The reaction scheme for
AgZnONP synthesis is shown in Figure 2.

2.3. Adsorption Experiments

The melanoidin removal from distillery wastewater
was assessed through column adsorption
experiments and the efficacy of AgZnONPs as an
adsorbent. A column filled with AgZnONPs was
used to pass MS at concentrations ranging from 50
to 500 mg/L, with an adsorbent dose from 0.1 to 1
g/L. Controlled flow conditions were employed in
the column, and an effluent sample was collected
at the outlet. Melanoidin concentrations in both the
influent and effluent were measured using UV-UV-
visible spectroscopy at a maximum wavelength of
291 nm. The removal percentage of melanoidin
was calculated using the standard formula [22].

R%:% % 100

Where, °
C, is the initial concentration of MS (mg/L) att =0

C, is the concentration of MS (mg/L) at time t (min).
2.4. Isotherms and Kinetics Studies

Kinetic experiments employing pseudo first-order
and pseudo second-order models were conducted
to elucidate the adsorption behavior of melanoidin
on the produced nanoparticles [23]. These two
models facilitate the assessment of adsorption rate

Methanol
= Zn(CH,C00), (Sol)

2n(CH,C00),(S) (1)

Methanol
NaOH =" NaOH (Sol)

(2)
& )
) p=— Z0(OH),

Zn(CH,CO0), +AgCl + NaOH p ° + Zn(CH,COONa) + NaCl

@)

<
P s
\\\

Washing (3 times)

AgZnOPs

Ag doped ZnO

Fig. 2. Reaction scheme of synthesis of AgZnONPs.



238 Qaseem et al

and illustrate whether the process is influenced by
chemical or physical interactions. Of these two, the
model displaying the highest correlation with the
experimental data revealed the primary mechanism.
Furthermore, the Langmuir and Freundlich models
were used in isothermal investigations to assess the
adsorption equilibrium [24]. The Freundlich model
takes multilayer adsorption on heterogeneous
surfaces into account, while the Langmuir model
assumes monolayer adsorption on a homogeneous
surface. The adsorption mechanism, surface
characteristics of the adsorbent, and process
efficiency could be better understood when the data
were fitted to these models.

3. RESULTS AND DISCUSSION
3.1. Structural Evaluation of AgZnONPs

The stimulated AgZnONPs were inspected using
different analytical techniques. By using X-ray
diffraction (XRD) analysis, the nanoparticles’
crystalline structure and phase integrating were
verified. while the FTIR spectra revealed the
characteristic vibrations of both doped and undoped

Zn-O bonds. Additionally, the SEM images
showed particle size dispersion and morphology.
Optical studies were performed using a UV-Vis
spectrophotometer.

3.1.1. SEM analysis of AgZnONPs

SEM analysis was carried out to examine the
structural traits and morphological characteristics
of the synthesized AgZnONPs. Figure 3(a)
shows that the cylindrical structures were shaped,
confirming the presence of nanoparticles. In
Figure 3(b), a similar view of the AgZnONPs is
presented at a magnification of 25 K, providing a
more detailed structural view than that in Figure
3(a) at a magnification of 5 k [25]. Both images
demonstrated a compact structure and good grain
size. Figure 3(c) shows a detailed elemental
analysis of the AgZnONPs using energy-dispersive
X-ray spectroscopy (EDX) analysis. The distinct
peaks related to Ag, Zn, and O suggest that Ag was
effectively integrated into the ZnO crystal structure
[26]. The elemental maps of the AgZnONP samples
were analyzed separately. The four highlighted
elements, Zn, O, C, and Ag, are shown in Figure. 4.
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Fig. 3. FESEM images of AgZnONPs: (a) with top view at 5 K magnification, (b) top view at 25 K magnification,

and (c) EDX analysis of AgZnONPs.
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Fig. 4. FESEM images with (a) overall elemental mapping of AgZnONPs, (b) zinc highlighted in green, (c) oxygen
highlighted in red, (d) Ag highlighted in yellow, and (e) carbon highlighted in blue.
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3.1.2. X-ray Diffraction analysis of AgZnOPs

The XRD spectra of AgZnONP powder was
obtained to confirm its structural properties. The
XRD images reveal pure ZnO and AgZnONP
diffraction peaks, as shown in Figure 5. The peaks
ideally align with the hexagonal/wurtzite structure
characterized by the space group P63mc (JCPDS
No. 00-036-1451) [27]. It is evident that the 20
valuesat31.6°,34.3°,and 36.1°, which represent the
crystal planes (100), (101), and (101), respectively,
make up the pattern of pure ZnO. In contrast, the
diffraction peaks for AgZnONPs exhibited at 26
= 31.7°, 34.4°, and 36.2°, corresponding to the
change compared to undoped ZnO nanoparticles
(ZnONPs) [28]. A prominent shift and higher
values of the diffraction peaks of AgZnONPs are
clearly visible in the figure, verifying the structural
alteration in AgZnONPs as Ag+ ions are integrated
into the ZnO Crystal lattice.

3.1.3. UV-VIS Spectroscopy of undoped ZnONPs
and AgZnOPs

Figure 6 displays the UV-visible absorption spectra
of the undoped AgZnOPs (red line) and ZnONPs
(black line). The absorption edge of the undoped
ZnONPs appeared at 396 nm with a lower intensity
than that of the AgZnONPs at 411 nm. In the visible
spectrum, silver doping increases the absorption
intensity, accompanied by a noticeable increase
in surface plasmon resonance (SPR), which is
explained by the surface plasmon resonance (SPR)
effect produced by silver nanoparticles [29]. The
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Fig. 5. XRD analysis of AgZnONPs (inset: higher
magnification results of the main peaks).

electronic band structure is changed and a red shift
is indicated by the bandgap energy decreasing
from 3.12 eV for undoped ZnONPs to 3.07 eV
for AgZnONPs [30]. The effective integration
of Ag into the matrix of ZnO was confirmed by
the increase in optical absorption and change in
bandgap energy.

3.1.4. FTIR of undoped ZnONPs and AgZnONPs

The undoped ZnONPs and AgZnONPs’ FTIR
spectra were captured in order to investigate the
functional groups, vibrational modes, and bonding
characteristics of the samples. Both materials
exhibited distinctive absorption bands in the FTIR
spectra, as shown in Figure 7, with significant
variations observed upon silver doping. The
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Fig. 6. UV-visible absorption spectrum of undoped
ZnONPs and AgZnONPs.
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presence of surface-adsorbed moisture or hydroxyl
groups is likely the cause of the broad absorption
bands observed in both spectra at around 3000-3600
cm ' and 1600 cm™, respectively. These bands were
attributed to vibrations caused by O-H stretching
and H-O-H bending. Additionally, both samples
depict bands at about 1394 cm™ and 1045 cm™,
which are tentatively attributed to C-O stretching
vibrations that may be caused by adsorbed ambient
CO: [31]. The distinctive stretching vibration of
the Zn-O lattice in undoped ZnO was detected
at 690.71 cm™. The metal-oxide bond (ZnO) is
associated with a band between 400 and 750 cm™!
[32-34]. The peaks in the Ag-doped ZnO spectrum
are slightly moved to a lower wavenumber (688.69
cm™), suggesting that the addition of Ag ions has
caused a little expansion of the ZnO lattice or a
change in the strength of the Zn-O bond [35, 36].
Most prominently, the FTIR spectrum of Ag-doped
ZnO shows a novel absorption peak at 858.38 cm™
that is absent from the undoped ZnO spectrum. This
new peak was ascribed to the stretching vibration of
Ag inclusion [37].

3.2. Adsorption Studies

Adsorption performance tests are crucial for
ensuring the efficacy of the adsorption method,
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selecting the most effective material, and optimizing
the adsorption process for treating MS.

3.2.1. Effect of pH, contact time, adsorbate
concentration, adsorbent dosage

The impact of pH on the AgZnONPs based MS
degrading efficiency is depicted in Figure 8(a).
The pH range of 3 - 10 was evaluated at a constant
adsorbent concentration of 0.5 g/L. At pH 7, the
removal efficiency reached a maximum of 92%,
representing a considerable increase from 50%
at pH 3, indicating that melanoidin adsorption
improved under near-neutral conditions [38].
Figure 8(b) shows a diagram of the melanoidin
removal efficiency as a function of contact time,
with a constant adsorbent concentration of 0.5
g/L. The contact time was varied from 10 min to
120 min. The figure shows that when the contact
duration was extended from 10 to 90 minutes, the
melanoidin removal efficiency increased quickly
from 40% to 92%. After 90 minutes, equilibrium
was reached, and the highest color removal
efficiency was 92% [39]. Similarly, Figure 9(a)
shows how the concentration of melanoidin affects
the AgZnONPs ability to absorb. The range of
melanoidin values was 50 - 500 mg/L. The 45 mg/g
of adsorption capacity at 50 mg/L was elevated to
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120 mg/g at a concentration of 200 mg/L. When the
concentration exceeded 200 mg/L, the adsorption
capacity steadily increased to 130 mg/g at 500 mg/L
[40]. Figure 9(b) demonstrates the dosage effect on
the remediation of MS. The result indicates that the
remediation efficacy increases from 50% to 92%
if the dosage of AgZnONPs is increased from 0.1
g/L to 0.5 g/L. The consequent pattern is ascribed
to the expanded accessibility of active adsorption
sites with a maximum adsorbent concentration,
resulting in improved pollutant removal until the
sites approach saturation [41]. After the dosage was
raised over 0.5 g/L, only marginal changes were
observed, ranging from 93% to 94% for dosages of
0.8g/Lto1g/L.

3.3. Isothermal Analysis

The adsorption isotherms after treatment with MS
were studied to evaluate the basic understanding
and optimize the sorption process of AgZnONPs.
The isothermal models, which were tested using
the Langmuir isotherm and Freundlich isotherm
are exhibited in Figure 10(a) and Figure 10(b),
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respectively. The values of the correlation
coefficients were in the high range for the Langmuir
model (R?=0.995) and low range for the Freundlich
model (R? = 0.982). There are no interactions
between adsorbed molecules in the Langmuir
model, which is a single-layer homogeneous
adsorption model. In contrast, the Freundlich
model describes multilayered and heterogeneous
adsorption phenomena. An excellent fit is provided
by the Langmuir model for melanoidin adsorption
on the AgZnONPs surface [42]. The specific
constant values for both models are listed in Table 1.

3.4. Kinetics Analysis

Adsorption kinetics were evaluated using practical
data after treating MS with AgZnONPs to obtain
basic information on the rate, mechanism,
and efficiency of pollutant removal during the
adsorption process. The pseudo-second-order and
pseudo-first-order kinetic models are displayed in
Figure 11(a) and 10(b), respectively. The kinetic
results presented in Table 2 show that the pseudo-
second-order kinetic model had a better coefficient
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Table 1. Linear equations of isotherm models and their constants.
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Table 2. Linear form of Kinetic models and the values of their constants.

Kinetic models Linear form Plots Constants
k,=0.010
Pseudo-first order log(ge — q¢) = logqe — (K1 /2.303)t log(qe — q¢) vst o= 0,088
t 1 t t K,=0.00018
Pseudo-second order — = 5|+ (=) —vst
g \K2qc qe qt R>=0.994

value (R? = 0.994) than the pseudo-first-order
kinetic model (R? = 0.988). Figure 11(a) shows
that chemisorption is the speed-limiting step, and
this adaptation suggests that chemical interactions
between melanoidin and AgZnONPs dominate the
adsorption process. The kinetic results indicated
that the pseudo-second-order model was more
favorable than the pseudo-first-order model for this
process [43].

3.5. Melanoidin Removal by AgZnONPs

The AgZnONP-based removal of melanoidin was
quantified by changes in the UV-Visible spectrum,
as shown in Figure 12. The untreated MS exhibited
a prominent absorbance peak at 291 nm, which can
be ascribed to the presence of conjugated systems
and aromatic moieties capable of absorbing light
within the 200400 nm range [44]. The absorbance
at this m—n* wavelength is primarily associated
with electronic transitions involving C=C and C=0
bonds linked to the aromatic structures [45]. A clear
decrease in absorbance intensity was observed after
adsorption treatment, suggesting that melanoidin
and the adsorbent material interacted well. The
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Fig. 12. UV-Visible analysis of untreated and treated MS
using AgZnONPs.(Inset: Photographic comparison of
MS before and after treatment with AgZnONPs).

results indicate that AgZnONPs treatment of MS
results in chromophoric groups in the solution,
which leads surface complexation, hydrogen
bonding, and electrostatic attraction to cause
melanoidin to engage with the nanoparticles,
resulting in the reduction of larger aggregates of
melanoidin into smaller fragments with distinct UV
absorption properties [46-48]. The changes can also
be seen through a pictorial comparison of before
and after treatment with MS. The inset of Figure 11
clearly shows the color change from dark brown to
light yellow for concentrated MS.

3.6. Comparison with other adsorbents

To approximate the interpretation of the as-
synthesized AgZnONPs with other reported
adsorbents such as activated carbon, Fe-
impregnated activated carbon, and oxides of metals
for the removal of MS, a comparative assessment
is demonstrated in Table 3. These results clearly
shows that nanomaterials such as graphene oxide
nanosheets exhibited significantly increased
theoretical adsorption capacities, with a value of
18,310 mg/g. Although the values are promising,
it is essential to note that this performance was
accomplished under highly acidic conditions, with
a pH of 2, which poses multiple challenges for
practical applications. Activated carbon is highly
effective, as demonstrated by the 85.6 percent
removal efficacy of melanoidin; however, it has
several drawbacks, including waste generation,
limited reusability, high cost, and sustainability
concerns. Similarly, the TiO,-ZnO composite
showed an 86% removal rate; however, using metal
oxides as composites makes them costly and limited
for large-scale industrial applications. Unlike
conventional adsorbents, AgZnONPs overcome
these limitations through nanoscale dispersion
and the presence of Ag™ ions, which increase the
pollutant binding affinity and electron transmission.
Finally, this study exhibits a tantalizing blend with
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Table 3. Comparison of adsorbents from previous literature studies.

S. Adsorbent Max. Adsorption Removal Optimal Contact Reference
No. Capacity (mg/g)  Efficiency (%) pH Time (min)

1 Graphene Oxide Nanosheets 18,310 - 2 120 [49]

2 Chitin Nanofibers 131 - - - [50]

3 Fe-impregnated Activated Carbon - 85.6 - 75 [51]

4 Coal Fly Ash 281.34 84 6 120 [52]

5 Mesoporous Activated Carbon 23.71 - - - [53]

6 Ti02-ZnO/AC Composite - 86 - - [54]

7 AgZnONPs 50 92 7 90 This Study

a high removal efficiency (92%) and a respectable
adsorption capacity (130 mg/g) under a neutral
pH of 7. This functional advantage distinguishes
AgZnONPs from other conventional and advanced
adsorbents, making them promising nano-material
for distillery wastewater treatment.

4. CONCLUSIONS

In summary, AgZnONPs were successfully
synthesized using a cost-effective solution process
and efficiently used for the adsorption-based
removal of MS. The synthesized AgZnONPs
were examined using FESEM, XRD, UV-VIS
spectroscopy, and FTIR spectroscopy. The
structural properties of AgZnONPs were confirmed
along with the confirmation of the doping of Ag
in ZnO nanoparticles. In addition, MS was treated
with AgZnONPs, which resulted in a clear light-
yellow solution. UV-Vis absorption spectroscopy
confirmed theremoval of melanoidin from the treated
MS. The AgZnONP-based treatment resulted in an
extraordinary adsorption capacity with a maximum
removal efficiency of 92%, the best pH value of
the treated solution was 7, the initial melanoidin
concentration was 200 mg/L for maximum removal
efficiency, and the adsorbent dosage of AgZnONPs
was 0.5 g/L. In addition, the adsorption performance
confirmed that the Langmuir isotherm and pseudo
second-order kinetics were feasible and that single-
layered sorption and chemisorption mechanisms
were feasible. These results highlight the potential
of AgZnONPs for the treatment of MS in industrial-
scale operations. In order to increase the practical
application of AgZnONPs and make it possible for
their industrial use to treat distillery effluent, future
research should concentrate on their regeneration
and reusability.
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