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Abstract

In this study, cobalt oxide (Co;0,) and manganese oxide (MnO) were employed for synthesizing hybrid oxides CoMnOx
using a ball-milling technique and evaluated for congo red (CR) removal. The prepared adsorbent samples were charac-
terized by using XRD, SEM-EDX, BET/N,, FT-IR, and XPS to determine their structural, morphological, and chemical
properties. Adsorption studies were carried out to optimize the parameters of adsorbent dosage, time, pH, temperature and
different water matrices. The obtained results demonstrated that CoMnOx2 exhibited the highest adsorption capacity of
218.54 mg g~! following the Langmuir model. Kinetic studies revealed that adsorption reached equilibrium at 300 min and
was supported by the Elovich model, meaning that chemical interactions were dominant. Adsorption process was exothermic
and spontaneous at low temperatures. Despite the presence of anions and cations in the water medium, it showed effective
removal. CoMnOx2 maintained stable performance for five cycles and also performed well in removing different pollutants.
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Introduction

Water is one of the most basic needs of all living things
(humans, animals, and vegetables) to survive. Eliminating
the factors that pollute water is of great importance for the
sustainability of the life cycle, one of these pollutants is syn-
thetic dyes (Oladoye et al. 2021; Lade et al. 2015; Mahmoodi
et al. 2018). These materials are widely utilized in many
industries such as textile, solvents, leather, petroleum, food,
cosmetics, paint, pigments, rubber, plastic, paper, printing,
pesticides, wood preservation chemicals and the pharma-
ceutical industry (Adam et al. 2021; Dadfarnia et al. 2015;
Mohajershojaei et al. 2015; Katheresan et al. 2018; Hosseini
et al. 2019). The removal of pollutants that are used in such a
wide range of sectors has become the subject of many stud-
ies in recent years (Oladoye et al. 2022; Mahmoodi 2013).
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Over the last 25 years, dyes and heavy metals have become
a significant problem for water resources (Mandal et al.
2021). Methylene blue removal was successfully achieved
with metal-based adsorbents in the study conducted by Sen-
thilnathan et al. (Marcelino and Amorim 2019). Dyes and
pigments are the pollutants most commonly found in the
wastewater of food, clothing and pharmaceutical industries.
These structures are highly carcinogenic and mutagenic.
Because pigments are harmful wastes that are unlikely to
biodegrade (Costa et al. 2020; Oladoye et al. 2022; Gadore
et al. 2023).

Among the substances that pollute water is the congo
red (CR) dye, which has a very high toxicity. This
material, also known as 1-naphthalenesulfonic acid,
3,3'-(4,4'-biphenylenebis(azo)) bis(4-amino-) disodium salt,
is a synthetically produced anionic dye. CR is used in the
polymer, paint and textile industries. Approximately 7000
articles have been published in the last quarter century on
the removal of this material, which shows the intense interest
in the subject (Jasim and Salman 2024). In these scientific
studies for CR removal, photocatalytic methods (Prabha-
kar et al. 2024), oxidation (Tehrani et al. 2024), membrane
systems (Harja et al. 2022a), adsorption methods and cata-
lytic systems were examined. The adsorption method for
dye removal is a tremendous water cleaning technique that
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stands out with its molecular separation feature. In addition,
the adsorption method offers many advantages with its fast
process time, easy applicability and low economic require-
ment (Raval et al. 2016). In the case of adsorption stud-
ies, structures consisting of clay, activated carbon, biochar,
metal-organic frameworks and metal oxide composites were
used as adsorbents and their effects on Congo red removal
were investigated (Al-Tohamy et al. 2022; Rasilingwani
et al. 2024). The practical application of Congo Red removal
in industrial wastewater treatment has significant environ-
mental and operational implications. Efficient adsorption
or catalytic degradation of this azo dye can substantially
reduce the release of toxic and recalcitrant organic pollutants
into aquatic ecosystems, mitigating potential ecological and
human health risks. In industrial settings such as textile and
dyeing facilities, the integration of effective adsorbents or
advanced oxidation catalysts allows for continuous treatment
of effluents, lowering chemical oxygen demand (COD) and
color intensity while facilitating compliance with regulatory
discharge standards. Moreover, the recyclability and stability
of the adsorbent or catalyst are crucial for economic feasi-
bility, as frequent replacement or regeneration can increase
operational costs. Consequently, optimizing removal effi-
ciency, treatment time, and material reusability is essential
for implementing sustainable and scalable solutions for
Congo Red-contaminated wastewater in real-world industrial
contexts (Oladoye et al. 2022; Karadirek et al. 2024; Al Ajmi
et al. 2024). Among these adsorbents, metal oxides stand
out with their high adsorption capacities, chemical-thermal
stability, functional surface properties, ability to form vari-
ous composites, reasonable prices, easy accessibility, and
effectiveness in removing toxic materials and heavy metals
(Avornyo and Chrysikopoulos 2024). The high adsorption
capacity of metal oxides comes from their high surface area
and reactive surface groups. In this way, they provide more
intense binding with pollutants and their interactions are effi-
cient. The high adsorption capacity of metal oxides comes
from their high surface area and reactive surface groups. In
this way, they provide more intense binding with pollutants
and their interactions are efficient. In addition, metal oxide
composites do not show any decomposition by preserving
their structures in a wide pH and temperature spectrum.
Thus, they can be easily used in processes requiring high
temperature and abrasion service conditions. In addition,
due to the ability of metal oxides to be composite with other
adsorbents, their adsorption capacity and the variety of toxic
substances they can remove increase. Metal oxide structures
appear as effective adsorbents against heavy metals and pol-
lutants in a wide spectrum thanks to the variable bonding
regions on their surfaces (Keshta et al. 2024; Agravat et al.
2024; Sharma et al. 2021; Sachin et al. 2023).

Metal based adsorbents have attracted considerable
attention in adsorption technologies due to their unique
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physicochemical properties, such as high surface area, tun-
able porosity, and abundant active sites that facilitate strong
interactions with pollutant molecules. Their surface chem-
istry, often enriched with hydroxyl groups, enables efficient
binding through electrostatic attraction, hydrogen bonding,
or surface complexation, thereby enhancing adsorption
selectivity and capacity. Moreover, the ability to modify
metal oxides into nanostructured or composite forms sig-
nificantly improves their adsorption efficiency, regenera-
tion potential, and stability under varying environmental
conditions. These characteristics make metal oxide-based
adsorbents promising candidates for the removal of a wide
range of contaminants, including dyes, heavy metals, and
organic pollutants, thus underscoring their critical role in
advancing adsorption-based water treatment technologies
(Lafi et al. 2016; Fouda-Mbanga et al. 2024; Akcamli and
Senyurt 2021).

The negative factors that can be considered in the use
of metal oxide-based adsorbents can be listed as the high
energy requirement of the synthesis methods, the inability
to provide homogenization due to agglomeration of pow-
ders and the high raw material cost (Senyurt et al. 2021).
However, the absence of any heating process in the mechani-
cal alloying method used in this study eliminates the need
for high energy requirements. In addition, as a result of the
contact of the high-energy balls used in the method with the
powders, the balls first merge and then break apart with the
impact in the process. This increases the surface area of the
material and has a positive effect on the adsorption capacity.
In addition, as a result of the planetary milling process, the
charge is mixed homogeneously and shows the same effect
everywhere (Dapson 2018; Mohd Aamir Khan et al 2025).
Accordingly, composites synthesized by mechanical alloying
have eliminated the aforementioned disadvantages of metal
oxide structures.

According to the literature, there is no study in which
congo red removal is performed by using manganese
oxide—cobalt oxide composites. Previous reports have
demonstrated the use of other bimetallic oxides such as
MnFe and CoFe for dye removal, showing good adsorption
performance. However, the Co—Mn binary oxide system
provides unique advantages, including dual functionality,
strong redox activity, and synergistic interactions between
Co and Mn, which can significantly enhance adsorption effi-
ciency. To the best of our knowledge, Congo Red removal
by CoMnOx composites has not been reported, underscoring
the novelty of this study. In addition, these two oxide struc-
tures were first transformed into dual functional composites
by using the mechanical alloying method in this study. The
obtained samples were analysed by XRD, SEM-EDX, BET/
N,, XPS and FTIR techniques to determine their crystalline,
surface, morphological and chemical structures. Congo red
is a carcinogenic and mutagenic pollutant used intensively
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in different industries and its removal from wastewater is of
great importance. The large number of publications on this
subject reveals the currency of the subject. In this study, a
new material was proposed as an adsorbent for the removal
of congo red and all the details of the process were examined
with deep sensitivity. In addition to the effects of adsorbent
dosage, time, pH, temperature and different water environ-
ments, the reusability of the adsorbent and its removal per-
formance in different pollutants were investigated within the
scope of the study.

Materials and methods
Materials

NaOH, NaCl, CaCl,, MgNO;, ZnNO;, KNO;, Na,SO, were
obtained from Merck. Congo red (Fig. 1), MnO (99.9%),
Co050, (99.9%), HCI (fuming, 37%), doxycycline hyclate,
levofloxacin, rhodamine-b, orange (II) sodium salt and meth-
ylene blue were supplied from Sigma-Aldrich. All chemicals
were in analytical purity.

CoMnOx synthesis by ball-milling

The ball milling synthesis of cobalt-manganese oxide com-
posites can, in principle, be scaled up for industrial applica-
tions in Congo Red removal. Although energy consumption
is a notable consideration due to prolonged milling times,
process optimization—such as reducing milling duration,
using energy-efficient mills, and employing renewable
energy sources—can enhance sustainability. Moreover, the
high stability and recyclability of the composite minimize
material replacement and secondary waste, supporting
environmentally sustainable wastewater treatment at larger
scales.

Fig.1 Congo red dye chemical
structure and toxic character-
istics

Mutagenic

Carcinogenic

Varying the milling time and ball-to-powder ratio (BPR)
significantly affects the physical properties of Co—Mn oxide
(CoMnOx) composites. Increasing the milling time generally
leads to finer particle sizes and higher surface areas due to
increased mechanical activation and repeated particle break-
age. However, excessively long milling can cause particle
agglomeration, reducing accessible surface area and altering
pore structure. Similarly, a higher BPR generally promotes
more efficient particle size reduction and defect formation
by increasing collision frequency and impact energy, which
can increase surface area and create mesopores. Conversely,
a BPR that is too high can cause cold welding and densifica-
tion, reducing porosity. Therefore, careful optimization of
both milling time and BPR is essential to obtain CoMnOy
composites with the desired surface area and pore size
distribution for efficient adsorption of contaminants such
as Congo Red. In this study, initial experiments were per-
formed for 1, 2, 4, 5 and 8 h with varying BPR ratios and
the studies were continued with the 5-h experiment, which
showed the most optimum adsorption ability.

0.5, 1.0, 1.5 and 2.0 g of cobalt oxide powder (Co;0,)
was added to 10 g of manganese oxide (MnO) and milled
in a ball mill at 500 rpm for 5 h. Stainless steel balls with
a diameter of 0.5 cm at 10 times the mass were placed
on the powders during milling. At the end of the mill-
ing time, the powders were sieved to separate from the
balls, kept at 105 °C for 2 h and were ground in a mor-
tar. Adsorbents were labelled as CoMnOx1, CoMnOx2,
CoMnOx3 and CoMnOx4 according to the increasing
mass amount of Co;0, from 0.5 to 2.0. The preparation
steps of adsorbents are illustrated in Fig. 2. Ball milling
parameters (time, speed, ball-to-powder ratio) directly
influence crystallite size and surface area, thereby tun-
ing adsorption performance. Compared with hydrother-
mal or co-precipitation methods, the mechanochemical
route avoids solvents and heating, offering higher energy
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Fig.2 CoMnOx sorbent syn-
thesis route and CR adsorption
steps

MnO _Jo. .

-
P

Co,0

CoMnOx Synthesis |

Sieving

Ball-milling

CR Adsorption l

\

efficiency. Its simplicity and scalability further underline
the sustainability advantages of this method. In this study,
the cost estimation for synthesizing a MnO-Co0304 com-
posite via planetary ball milling was conducted for a bulk-
scale production of 1 kg. Considering raw material prices
of MnO at 0.01 USD/g and Co0s04 at 0.10 USD/g, the
total material cost amounts to approximately 110 USD.
Energy consumption of a 0.5 kW planetary mill operat-
ing for 5 h corresponds to 2.5 kWh, which translates to
an electricity cost of roughly 0.38 USD assuming a unit
price of 0.15 USD/kWh. Therefore, the total estimated
cost for producing 1 kg of the MnO—Cos04 composite is
around 310 USD, demonstrating that planetary ball mill-
ing remains a relatively cost-effective method for prepar-
ing bulk quantities of mixed metal oxide powders under
laboratory-scale conditions.
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Characterization techniques

X-Ray diffractometer (PANalytical X-Pert3 Powder) was
utilized to identicate crystalline structures. The functional
groups of the sorbents were determined by Fourier Trans-
form-Infrared Spectroscopy (FT-IR, Perkin Elmer Spec-
trum 100) in the range of 4000—650 cm ™' wavenumber. The
surface morphology of fresh and CR loaded sorbents were
obtained from scanning electron microscopy-energy disper-
sive X-ray spectroscopy (SEM-EDX, Carl Zeiss 300VP).
The surface area properties of the sample were carried out
using the BET technique using a high vacuum analyzer
(Quantachrome Quadrasorb SI). The electronic states of the
metal oxide sorbent was determined by X-ray photoelectron
spectroscopy (XPS; Thermo Scientific K-Alpha X-ray pho-
toelectron spectrometer).
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Batch studies

10 mL of 70 mg L™! CR solution was added to 15 mL plastic
tubes over different amounts (3—100 mg) of sorbent and shaken
at 15 rpm for 24 h by using rotator. In the kinetic experiments,
10 mL of 50 mg L™ CR solution was shaken with the opti-
mum amount of adsorbent for times ranging from 15-360 min.
CR solutions prepared at different pHs (pH:5.5-11.0) were
studied for the system under the same conditions. It was inves-
tigated at 298 K-328 K to examine the temperature effect
on CR removal process. To explore the water matrix effect,
50 mg L~! CR solutions were prepared using tap water, lake
water and seawater and 50 mg L~! of Ca?*, Na*, Mg?*, Zn?",
NO,~, SO, solutions. The removal stability of the adsorbent
was investigated by regenerating the adsorbents with 10 mL
ethyl alcohol after each cycle, then drying and conducting CR
adsorption again. 10 mL of 50 mg L™" of other types of con-
taminants which were rhodamine-b (Asss,,,,), methylene blue
(Mgg5nm)> orange-II (Aygs, ), levofloxacin (A,gg,,,) and doxycy-
cline (Ass4,,,) Were conducted. After the adsorption process,
the suspension was filtered by using a 0.45 um syringe filter to
determine CR concentration. The concentration of the solution
was measured at 500 nm wavelength in UV-Vis Spectropho-
tometer. The adsorption capacity and adsorption ratio were
calculated as in Egs. 1 and 2.

(Co—Ce) XV
g = e X 0
(Co - Ce,t)
CR Removal (%) = C—XIOO 2)
0
(a) L & :MnO 4:Co0
e ¢ €:8-MnO, #:Co O,
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oy | -..L el ey
l * CoMnOx3
L ‘ CoMnOx2

I T T
20 40 60 80

2-theta degree

Intensty

where g, ;, C,, C,, V and m are adsorption capacity at equi-
librium and at t time (mg g~'), initial CR concentration,
CR concentration in equilibrium and at t time (mg L),
the volume of CR solution (L) and the adsorbent mass (g),
respectively.

Results and discussion
Characterization of samples

The crystal structure of the inorganic samples consisting of
MnO and Co;0, and the determination of the phases formed
were first analysed. Figure 3 (a) shows the XRD results of
mechanically alloyed samples. The change in the amount
of cobalt oxide added to MnO from 0.5 to 2 g caused an
increase in the intensity of the peaks. This showed that the
increased cobalt oxide encouraged alloying and provided
the formation of more intense peaks. In addition, the same
phases were obtained in all cobalt oxide amounts, the MnO
phase was visualized as a clubs, Beta MnO, phase as a cir-
cle, CoO as a diamond and Co;0, phase as a spades. When
the mixing ratios were taken into consideration, it was seen
that the main phase was MnO as it should be, and it was
determined that cobalt contents were included in the struc-
ture at every ratio. Here, cobalt oxide structures appear in
cubic form, while manganese oxide structures are in tetrago-
nal form. The Co;0, structure has the Fd-3 m space group
symmetry and is located at the [111], [220], and [310] posi-
tions in the cubic lattice. The CoO structure has the F-43 m
space group symmetry and is located at the [111], [200],
and [220] positions in the lattice. MnO, has the tetragonal
structure and has the P 42/m n m space symmetry. Peaks

(b)
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Fig.3 a XRD patterns (JCPDS: Co;0,(01-078-1970), CoO (01-075-0419), MnO,(98-000-5737), MnO (00-005-0673) and b FT-IR spectra of
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in the XRD diagram appear at the [110], [011], and [020]
points of the tetragonal lattice. Finally, MnO gives peaks
at the [100], [110], and [111] points without showing any
space geometry.

FT-IR spectra of CoMnOx samples (Fig. 3 (b)) confirm
the presence of metal oxides with their characteristic peaks.
Accordingly, FT-IR findings with parallel characteristics to
Fig. 3 (a) were obtained. Similar peaks were obtained in all
mixture ratios, and an intensification of peak intensities was
observed in CoMnOx3 and CoMnOx4 ratios. This shows
that the increasing amount of cobalt oxide in the mixture
promotes alloying, as observed in XRD findings. On the
other hand, the sharp peak observed around 1085 cm™!
confirms the presence of metal-oxygen (M—O) bonds and
indicates Co-Mn—O bonding. The peaks at 875 cm™! and
789 cm™! are attributed to the typical stretching modes of
Co0;0,. The low-frequency peak observed at 711 cm™! corre-
sponds to the characteristic vibration mode of Mn—O bonds.
The FT-IR data show that CoMnOx adsorbents were suc-
cessfully prepared for dual functionalities of binary oxides
and that these structures provide active metal oxide sites that
favour the adsorption of congo red molecules.

SEM analyses were performed to determine the micro-
structure and chemical composition of the powders and the
500 X and 20 k X magnification results of the CoMnOx2
sample are shown in Fig. 4 (a and b), respectively. In addi-
tion, the mapping and EDX results of the sample are shown
in Fig. 4 (c and d). According to the SEM results, it was seen
that cobalt oxide phases were attached and combined on the
MnO matrix structure and according to the EDX results, no
structure other than Mn, Co and oxygen was observed. When
the scaling of the SEM micrographs is considered, it is easily
seen that the powder size is below 20 microns as a result of
mechanical grinding. This plays an important role in increas-
ing the adsorption capacity of the powders. The mapping
results show that cobalt-based structures are concentrated
in certain regions and positioned on the homogeneously dis-
tributed Mn-based structure and that oxygen is distributed
equally everywhere. These results confirm that the optimized
milling parameters (5 h milling time and selected BPR) pro-
moted a balance between particle refinement and avoidance
of agglomeration, resulting in improved surface area and
accessible adsorption sites.

N, adsorption/desorption analysis was employed to char-
acterise the surface properties of CoMnOx2. The BET iso-
therm graph obtained for the sample is presented in Fig. 5
(a) and the curve indicates Type IV isotherm. Type IV is
generally characteristic for mesoporous materials and is also
consistent with a typical hysteresis loop, which increases
dramatically when the P/P, value is above 0.9, as illustrated
in the graph. This implies that CoMnOx2 has a significant
amount of mesopores. According to surface area calcula-
tions, the specific surface area of CoMnOx2 was found

a
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to be 11.01 m? g~!, which is very valuable in supporting
the adsorption performance of the material. The pore size
distribution presented in Fig. 5 (b) reveals an average pore
diameter of 23.71 nm. The pore volume was calculated as
0.06 cm® g7! and these results indicate that CoMnOXx2 is a
suitable material for adsorbing large organic molecules such
as congo red (1.4 A, 9.3 A and 21 A) (Miao et al. 2021).

The XPS analysis results of CoMnOx2 powder are dis-
played in Fig. 6 (a-d). As seen in Fig. 6 (a), the broad scan
spectrum clearly demonstrates the characteristic binding
energy peaks for the elements Co 2p, Mn 2p and O 1 s.
The high-resolution spectrum of the Co 2p region (Fig. 6
(b)) gives Co 2p;,, peaks at 780.0 eV and Co 2p,,, peaks at
795.0 eV, indicating the +2 and + 3 oxidation states of Co.
The spectrum in the Mn 2p region (Fig. 6(c)) shows that
Mn is in the + 2 oxidation state with binding energies of
Mn 2p5,, at 642.0 €V and Mn 2p,, at 653.8 V. In addition,
the O 1 s peak (Fig. 6 (d)) was observed around 530.0 eV,
which confirms that oxygen is present in the oxide form in
the CoMnOx2 structure. These XPS analysis results reveal
that both Co and Mn metal centres in CoMnOx2 are in oxide
form and present active adsorption sites. In this context, it
is an important parameter explaining the high efficiency of
CoMnOx2, an oxide structured hybrid, in the adsorption of
congo red. Notably, Co**/Co** redox couples provide strong
affinity toward sulfonate groups of CR, while Mn?* species
facilitate electrostatic interactions with azo groups, and the
balanced surface composition enables synergistic binding.
This indicates that the surface composition and oxidation
states of Co and Mn play a critical role in governing adsorp-
tion efficiency.

Adsorption isotherm and adsorbent dosage effects

The adsorption performances of four different samples
were compared to determine the highest capacity hybrid.
Accordingly, 10 mL of 70 mg L' CR solutions were shaken
with 0.003-0.1 g adsorbent and adsorption capacities (q,)
were calculated over the estimated concentrations of the fil-
trates (C,). Afterwards, Langmuir, Freundlich, Temkin and
Dubinin-Radushkevich isotherm model equations (Egs. (S1-
4)) presented in the supplementary file were applied to the
C.-q. data obtained. Figure 7 (a-d) shows the experimental
and model isotherm curves of each sample, while Fig. 7 (c)
shows the collective experimental isotherm curves of the
four adsorbents. Langmuir curves showed the best matching
to the experimental equilibrium data.

The isothermal parameters calculated from the isotherm
model equations, the correlation coefficients (R?) giving
the model fits and the chi-squared (Xz) results analysing
the differences between the experimental and expected data
from the model are tabulated in Table 1. Correlation coef-
ficients were compared, and it was concluded that monolayer
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Langmuir model was the most suitable. It is observed that
when the monolayer adsorption capacities were com-
pared, the distribution was as follows: CoMnOx2 > CoM-
nOx3 > CoMnOx4 > CoMnOx]1. In these four different
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samples, different doping ratios were used to determine the
optimal ratio at which Co;0, could promote dye adsorption.
CoMnOx2, containing 1 g of Co;0,, appeared as a ratio
containing both the best adsorption performance achieved by

* @ Springer



39 Page100f 18

International Journal of Environmental Science and Technology (2026) 23:39

Table 1 Isothermal coefficients

- Models Parameters CoMnOx 1 CoMnOx2 CoMnOx3 CoMnOx4
of CR adsorption onto sorbents
Langmuir G (ME &) 79.90 218.54 117.96 87.05
Isotherm K, (Lmg™) 0.08 0.02 0.04 0.04
R’ 0.99 0.98 0.91 0.97
7 426 75.43 102.05 25.69
Freundlich Kr(Lg™) 10.67 8.03 9.38 6.56
Isotherm I 0.47 0.72 0.56 0.56
R’ 0.93 0.92 0.79 0.87
7 75.45 125.27 182.35 58.45
Temkin Isotherm Ky (Lmol™) 0.86 0.36 0.39 0.35
by (J mol™) 145.74 61.62 90.00 121.21
R? 0.98 0.96 0.89 0.94
7 9.38 31.82 77.88 14.53
Dubinin Radushkevich Gax (Mg &) 58.87 101.02 77.73 55.17
Isotherm E (Jmol™) 0.13 0.09 0.08 0.09
Kpp (mol ) 27.68 62.83 70.32 58.49
R? 0.84 0.84 0.90 0.92
7 33.93 93.37 22.41 10.73

the high MnO content and the optimum Co;0, dual support.
The CR adsorption capacity of CoMnOx2 was calculated
as 218.54 mg g~! from Langmuir equation. The superior
fitting of CoMnOx2 to the Langmuir model suggests that
its optimized Co/Mn ratio generates more homogeneous and
energetically uniform adsorption sites, favoring monolayer
adsorption compared to the other composites. Although
the BET surface area of CoMnOx2 is relatively low (11.01
m? g1, its high adsorption capacity (218.54 mg g~!) can
be attributed to abundant surface active sites arising from
Co/Mn redox couples and oxygen functional groups, which
favor strong dye binding rather than surface area-driven phy-
sisorption. The value demonstrates a higher performance
than many adsorbents consisting of inorganic components
(Ammar et al. 2021; Parimelazhagan et al. 2022). The 1/n
values obtained from Freundlich equations below 1 point out
that CR adsorption is favourable. In addition, the correlation
coefficient values for Freundlich model in CoMnOx1 and
CoMnOx2 were quite high, indicating the involvement of
multilayer interactions in the mechanisms occurring on these
two adsorbent surfaces. In Temkin model, it is assumed that
the heat of adsorption of the active sites on the adsorbent
surface decreases linearly with the surface coverage. In Tem-
kin model, which is highly correlated for each adsorbent, the
by coefficient, calculating the average of these energies, is
the lowest for CoMnOx2, where the surface is covered the
most. Taken together, the isotherm results reveal that CoM-
nOx2 outperforms the other composites due to its optimal
Co/Mn ratio, which balances high surface area from MnO
with the enhanced redox activity and active site availability
introduced by Co;0,, leading to superior adsorption affinity
toward CR molecules.

]
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The removal percentage of CR for varying adsorbent
amount was investigated and the results were given in Fig. 7
(f). By increasing the adsorbent amounts from 0.003 g to
0.1 g, both almost all the CR molecules could be removed,
and the lowest adsorbent amount was determined. As can
be seen in the figure, it was concluded that CR was removed
95% and above for all four adsorbents with 5 g L™! solid-lig-
uid ratio, in other words 0.05 g of adsorbent. In the follow-
ing sections, it was continued with this optimized adsorbent
amount.

Here is a comparative table of adsorbents (Table 2) used
for Congo Red (CR) adsorption, with maximum adsorption
capacities (qp,y)-

The comparative evaluation of adsorbents employed for
Congo Red removal reveals that PDFe/Al nanocompos-
ites exhibit the highest adsorption capacity (411 mg g');
however, their applicability remains largely restricted to
laboratory-scale studies due to synthesis complexity and
cost considerations. In contrast, Nelumbo nucifera biomass
sorbent demonstrates relatively low adsorption capacity
(1.179 mg g~') and rapid equilibrium attainment, which
highlight their potential for practical water treatment appli-
cations. Chitosan-derived materials (CS-ECH), while offer-
ing comparatively lower adsorption capacity (34.48 mg g~}),
present advantages in terms of biodegradability and envi-
ronmental compatibility. Carboxymethylated Xhantan
Gum adsorbent (182.82 mg g~ ') stands out as sustainable
and economically viable alternatives. Furthermore, iron
oxide/carbon nanocomposites, although exhibiting moder-
ate adsorption performance (140.19 mg g™'), benefit from
chemisorption-dominated mechanisms that ensure strong
and stable dye binding.
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Table 2 Comparative table of
adsorbents used for Congo Red

(CR) adsorption

Adsorbent material Qax (Mg g1 References
Chitosan—epichlorohydrin (CS-ECH) 34.48 Muedi et al. (2022)
Nelumbo nucifera biomass 1.179 Pinheiro et al. (2023)
Fe- and Al-based nanocomposites (PDFe/Al) 411 Harja et al. (2022b)
Carboxymetylated Xhantan Gum 182.82 Singh et al. (2023)
Magnetic Fe;Os-loaded fly ash 154 Lu et al. (2022)
Heterophase iron oxide/carbon nanocomposite 140.19 Xie et al. (2021)

Adsorption kinetics

To determine equilibrium time of CR adsorption and to eval-
uate the mass transfer mechanisms of CR molecules to the
hybrid adsorbent surface, the suspensions were shaken in the
range of 15-360 min. When the time-dependent CR removal
performance of CoMnOx2 was explored, it was observed
that the adsorption started rapidly, and the system reached
equilibrium after 300 min with 97.44% removal rate. Fig-
ure 8 (a) shows the change in the percentage of CR adsorp-
tion over time, indicating that the active sites on the surface
are rapidly filled by CR molecules and the adsorption rate
slows down when equilibrium is reached. Although the over-
all equilibrium time was 300 min, it should be emphasized
that the adsorption proceeds very rapidly in the initial stage,
which is evident from the steep slope of the adsorption curve
in the first 60 min. This indicates that a large fraction of the
available sites are occupied within a relatively short time.

Similar equilibrium times in the range of 240-360 min have
also been reported for CR adsorption onto various modified
metal oxide and carbon-based adsorbents in the literature
(Kanmaz et al. 2025; Yardimci and Kanmaz 2025). There-
fore, our results are consistent with previously reported stud-
ies, and the system can be considered to have a reasonably
fast adsorption process at the initial stage, even though full
equilibrium requires a longer contact time. In Fig. 8 (b),
the fit of the kinetic models (Egs. (S5-8)) to the adsorption
data was analyzed and the best fit was found in the Elovich
model, indicating that adsorption is governed by chemical
interactions. In Fig. 8 (c), the intraparticle diffusion model
reveals that there are three different phases in the adsorption
process: fast surface adsorption (Phase-1), intrapore diffu-
sion (Phase-2) and equilibrium phase (Phase-3).

Among the kinetic parameters in Table 3, the k, value of
the pseudo second order model was calculated as 9.7x 107 g
(mg min)~! and the regression coefficient (R?) of this model
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§ 9 @ 3--9 k ,=0.23
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Fig. 8 a CR removal percentage by time, b experimental and model fitting curves, ¢ intraparticle diffusion phase behaviour, d CR solution pig-

mentation in different pHs, e pH of solution effect on CR removal and

f pH,,,. plot of CoMnOx2
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Table 3 Kinetic model parameters of CR adsorption

Kinetic models Parameters Values
Pseudo first order model k; (L min~!) 7.7%1072

q.(mgg™) 11.54

R? 0.64

7 10.30
Pseudo second order model k, (g (mg min )) 9.7x107

q,(mgg™") 12.31

R? 0.90

Y 3.11
Elovich model a (g (mg min)~!) 48.67

B(mgg™) 0.75

R? 0.99

7 0.15
Intraparticle diffusion model k(g mg~! min=?) 0.48

R/ 0.94

k> (g mg™ min™"?) 0.23

R,’ 0.98

ki3 (g mg™ min~"?) 0.13

R 0.84

was found as 0.90, which indicates that adsorption is a pro-
cess governed by chemical adsorption. The correlation coef-
ficient of the Elovich model was found to be R*=0.99 and
when the a and § values calculated from this model are ana-
lysed, the initial adsorption rate is many times higher than
the desorption rate. This good correlation with the Elovich
model suggests that chemisorption dominates the CR
removal, consistent with FT-IR analysis that revealed surface
oxygen-containing groups (-OH, Mn-0O, and Co-O), which
provide reactive sites for strong dye—surface interactions.
The intraparticle diffusion model (Fig. 8 (c)) shows that
adsorption consists of more than one mass transfer phase.
Initially, a fast surface adsorption phase was observed, while
slower intraparticle diffusion occurred in the second phase.
These results reveal that the adsorption is initially fast, but
over time the mass transfer rate of CR molecules reaching
the pores in the particle decreases.

pH effect on CR removal

Since congo red is an organic pigment affected by pH
changes, the colour changes under different pH condi-
tions are shown in Fig. 8 (d). At neutral and alkaline pHs,
CR solution exhibits its original red colour and peaks at
500 nm, whereas at acidic pH its colour changes to dark
blue and peaks at 570 nm. Figure 8 (e) shows the effect of
CR pH on adsorption. The highest adsorption efficiency was
obtained at neutral CR solution pH (around pH 6), which
can be explained by the strong electrostatic attraction forces
formed between the surface and CR molecules at weakly

* @ Springer

acidic-neutral pH. As the pH increases, the adsorption per-
formance decreases and especially decreases to low levels
(69.40%) at pH 10.95. Finally, the zero charge point (pH,,,.)
of CoMnOx2 was determined as 9.83 in Fig. 8 (f). Accord-
ing to this value, below pH,,., negatively charged CR mol-
ecules are adsorbed more effectively because the surface is
positively charged, while above pH,,. the surface becomes
negatively charged and the adsorption of CR molecules
decreases. While adsorption is efficient below pH 9.83, it
decreases above this value due to repulsive forces. These
results reveal that adsorption is strongly governed by sur-
face charge and electrostatic interactions. The pH-dependent
behavior can be attributed to the interplay between CR spe-
ciation and the surface charge of CoMnOx2. At pH around 6,
CR exists predominantly in its anionic form, while the point
of zero charge (pH,,.=9.83) indicates that the adsorbent
surface is positively charged, resulting in strong electrostatic
attraction and maximum uptake.

Adsorption thermodynamics

In order to investigate the effects of the operating tempera-
ture of the process on the adsorption efficiency, shaking was
carried out at different temperatures. The obtained Ce and
ge values were evaluated as response and Gibbs free energy
(AG°), enthalpy (AH®) and entropy (AS®) changes and equi-
librium constant (K,) were calculated by using the equations
(S9-11) presented in the supplementary file. The results
presented in Table 4 show that the temperature increase
has a significant effect on the adsorption capacity in CR
adsorption. Based on Kd, the adsorption capacity decreases
gradually in the temperature range from 298 to 328 K. The
calculated AS® value is negative (-120.47 J mol~' K1), indi-
cating that the order is decreasing. AH° is -0.035 kJ mol~!,
suggesting that the adsorption process is exothermic and low
temperatures favour adsorption. AG® values become positive
with increasing temperature, showing that the adsorption
process becomes less spontaneous and less realisable with
temperature. The Van't Hoff plot presented in Fig. 9 (a) con-
firms that this relationship is linear and that the adsorption
mechanism is highly temperature dependent. The decrease
in spontaneity at higher temperatures (less negative AG°
values) can be attributed to partial desorption driven by
enhanced molecular motion, which weakens dye—surface

Table 4 Thermodynamic parameters of CR adsorption

TXK) K; AH°(kJmol™") AG°®(kJmol™") AS°(J mol™'K™)
208 0.77 -0.035 0.65 -120.47

308 045 2.03

318 0.29 3.24

328 021 4.17
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interactions. In real wastewater conditions, this indicates that
the material is most effective under ambient temperatures
without additional energy input, underscoring its practical
applicability.

Water matrix effects

The adsorption performance of CR in different water envi-
ronments was investigated and the results are presented in
Fig. 9 (b). In distilled water 97.44% was obtained, however,
adsorption rates in natural waters show a decrease; the
removal rate was 87.92% in tap water, 75.12% in lake water,
and 97.12% in seawater. According to the data, organic sub-
stances and dissolved ions in the composition of the water
may affect the adsorption efficiency. Figure 9 (c) shows the
effect of anions and cations present in the solution on CR
adsorption. In particular, the existence of ions such as Na*,
Ca** and CO32_ significantly decreases the adsorption; for
example, in the presence of CO;>~ the adsorption rate dropes
to as low as 10.05%. This can be attributed to the fact that
large ions or high ion concentrations in the solution fill the

active sites on the adsorbent surface and inhibit the CR
removal (Xu et al. 2024). In the presence of Na* ion, CR
adsorption was reduced to 54.26%. Na* ion is a monovalent
cation with a single positive charge and a small, hydrated
diameter. It can be concluded that Nat has high mobil-
ity in solution and quickly reaches the CoMnOx2 surface
and competes with CR molecules (Sun et al. 2025). On the
other hand, the possible co-existence of heavy metals in real
wastewaters may lead to increased competition for active
surface areas and alter CR adsorption.

CR adsorption mechanism

CR adsorption mechanism steps were investigated and illus-
trated in Fig. 10. Despite the relatively low BET surface
area (11.01 m? g!), CoMnOx2 exhibited a remarkably high
adsorption capacity for CR. This behavior can be attributed
to the abundance of chemically active sites provided by Co/
Mn redox couples and surface oxygen-containing functional
groups (-OH, Co-O, Mn-0), as confirmed by FT-IR and
XPS analyses. At the optimum pH (~6.0), CR exists in its

* @ Springer
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Fig. 10 Possible CR adsorp-
tion mechanism on CoMnOx2
surface

Mn2+ & —N=N-

anionic form while the CoMnOx2 surface (pH,,,. =9.83) is
positively charged, resulting in strong electrostatic attrac-
tion. The Elovich kinetic model further indicates the pre-
dominance of chemisorption, in line with the surface func-
tionalities observed.

XPS results confirm that Co?*/Co®* redox couples prefer-
entially interact with the sulfonate groups of CR, while Mn**
species stabilize azo groups through electrostatic interac-
tions. Langmuir isotherm fitting suggests that adsorption
mainly follows a monolayer process on relatively homoge-
neous active sites. Thermodynamic analysis demonstrates
that adsorption is spontaneous and endothermic at ambient
temperatures, but less favorable at elevated temperatures due
to partial desorption caused by enhanced molecular motion.

Overall, the adsorption mechanism involves synergis-
tic effects of (i) electrostatic attraction between positively
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charged Co/Mn oxide sites and anionic CR species, (ii)
redox-assisted interactions of Co**/Co’* couples with sul-
fonate groups, and (iii) stabilization of azo functionalities by
Mn?* sites. This cooperative mechanism explains the high
and selective adsorption performance of CoMnOx2 for CR.

Reusability results

The CR removal performance of CoMnOx2 was evaluated
over five adsorption cycles, the results are shown in Fig. 11
(a). After each adsorption, the adsorbents were regenerated
with ethyl alcohol. While a high removal percentage of
97.44% was obtained in the first use, 78.95% removal was
achieved in the fifth cycle. As a result, although CoMnOx2
showed high efficiency in the first few cycles, it experienced
a slight loss of performance with successive adsorption

(B) 0 |
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a CR removal stability and b different pollutant adsorption performances of CoMnOx2
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processes. This decrease may be due to the partial satu-
ration of the active sites on the adsorbent surface and the
regeneration process did not fully recover the active sites.
Despite being used five times in a row, it had a significantly
better CR removal profile than many other sorbents in the
literature. This is because it is an inorganic composite mate-
rial, which gives it a stable matrix [50,51]. The observed
decrease in efficiency may also stem from residual CR mol-
ecules blocking some of the pores. Moreover, ethanol as
a regenerant may not fully desorb strongly adsorbed dye
species. The dilute acid/alkali-based regeneration agents,
thermal-assisted treatments, or combined solvent strategies
could enhance the regeneration efficiency.

Performance in different contaminants

The performance of CoMnOx2 on different organic pollut-
ants under CR optimized conditions (10 mL volume, 50 mg
L~! pollutant concentration, natural pH, 5 g L™! adsorbent
dose and 298 K temperature) was investigated. The experi-
mental results are illustrated in Fig. 11 (b). While CoMnOx2
effectively removed CR by 97.44%, it was observed that the
removal rates of MB, OII and RB were 71.91%, 45.49%
and 45.96%, respectively. These results suggest that, based
on the structural properties and molecular interactions of
the dyes, the surface properties of CoMnOx2 offer differ-
ent interaction mechanisms in certain pollutants. The high
removal with CR indicates that electrostatic interactions and
n-1 interactions with the surface of the adsorbent strongly
occur. The relatively high removal of MB suggests electro-
static attractions between the cationic nature of this dye and
negatively charged active sites on the surface.

Concerning antibiotics, the removal rates of Lvx and Dox
were 20.14% and 60.59%, respectively. The higher efficiency
in Dox shows that hydrogen bonds and other specific interac-
tions with the adsorbent surface occur, while the interactions
of the Lvx molecule with the surface are weak. The perfor-
mance of CoMnOx2 with these pollutants reveals that both
electrostatic interactions and physical adsorption are effec-
tive, but the chemical and physical interaction capacities of
the adsorbent vary according to the pollutant speciation.

Conclusion

This study investigated the performance of CoMnOx hybrid
oxides synthesised by ball milling technique for adsorption
of toxic congo red dye from aqueous media. XRD, FTIR,
SEM-EDX, BET and XPS analyses of the prepared sam-
ples were carried out and the successful synthesis was char-
acterised. It was concluded that all adsorbents conformed
to the Langmuir monolayer adsorption model. CoMnOx2
containing 1 g Co;0, doped with CoMnOx2 exhibited the
highest adsorption performance and the adsorption capac-
ity was found to be 218.54 mg g~!. The process was found
to be driven by chemical interactions in accordance with
the Elovich kinetic model and the equilibrium time was
300 min. Since it is an anionic dye solution affected by pH,
the removal performance decreased in strongly acidic and
basic regions. Besides being an exothermic and spontaneous
process, it is also a system that can be affected by the pres-
ence of components in the water environment. The CoM-
nOx2 adsorbent confirmed its reusability after five consecu-
tive cycles, maintaining relatively good efficiency with a
very small decrease. Finally, the removal performances of
different types of organic pollutants were also analysed and
showed adsorption efficiency through significant interactions
in these different structures. The results of the study under-
line the potential of CoMnOx materials as cost-effective and
environmentally friendly adsorbents and offer a sustainable
solution for the removal of hazardous dyes from industrial
wastewater.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13762-025-06912-5.
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