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ABSTRACT

One of the greatest sources of industrial wastewater is the textile industry which
produces effluents that are rich in persistent dyes, high chemical oxygen demand, and
complex salts and organic compounds mixtures. The reactive dyes, including Synozol
Yellow, are some of these pollutants that are hazardous to the environment and health in
that they are not biodegradable and they may produce intermediates which are toxic.
Cobalt ferrite (CoFe204) nanoparticles and their complex with Ficus religiosa bark-
based biochar were produced and tested in this study with regard to their capacity to
decontaminate dye-contaminated waste water.

The production of cobalt ferrite nanoparticles was done through a co-precipitation
technique and the composite material was produced through a hydrothermal technique
with the addition of biochar as a support media. Fourier transform infrared spectroscopy
(FTIR) was used to describe the characteristics of the materials, scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) were used to
confirm the existence of the functional groups, the porous morphology, and the elemental
composition that would be favorable to adsorption process. Experiments of batch
adsorption were performed to examine the operational parameters such as pH, dosage of
adsorbent, initial dye concentration and contact time.

The findings revealed that the performance of dye removal was extremely affected by pH
with the most favorable performance at around pH 6. A higher dosage of adsorbent
increased the dye removal because of the availability of more active sites but a change in
the dye concentration and contact time affected the adsorption behavior. It was shown
that the composite material showed better adsorption ability than that of the isolated
components due to the synergistic actions between magnetic nanoparticles and biomass-
derived functional groups. Also, cobalt ferrite magnetic nature allowed easy separation
and reuse of the adsorbent.

In general, it can be concluded that CoFe204 nanoparticles and Ficus religiosa
biocomposite of nanoparticles are a promising, inexpensive, and green method of
removing reactive dyes in wastewater, and may have implications in multifaceted textile
effluent treatment procedure.
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Introduction

One of the most water intensive industries in the world is the textile manufacturing
industry(Catarino et al., 2025). The wet-processing processes (scouring, bleaching,
dyeing, printing, rinsing and finishing) involve very large amounts of process water, and
have very contaminated effluents; it has been estimated that the fashion/textile value
chain contributes a very large portion of industrial wastewater (the fashion industry itself
has been estimated as contributing around 20 percent of all industrial wastewater), and
the water consumption in the sector is measured in billions to trillions of liters each
year(Al Montasir et al., 2025). The textile industry achieves this massive water footprint
which makes it a target of water-quality management and reuse plans(Aykac Ozen et al.,
2025).

Textile effluents are heterogeneous and fluctuating mixtures, the distinguishing
pollutants of which are a high colour loading (dyes), a high chemical oxygen demand
(COD), suspended solids and salts (high TDS), surfactants, sizing agent and occasionally
heavy metals (mordants)(El Ouadrhiri et al., 2025). Even synthetic dyes are produced
and consumed at very high scale, and it is not uncommon in the dyeing process to lose to
effluent a non-negligible portion of dyes(Abd El-Fattah et al., 2025). Moreover,
numerous reactive dyes are developed to be wash-fast and not biodegradable that
enhances their persistence in a water body(Rani et al., 2025).

Ecological and social impacts of colour pollution have been much more significant than
their own since even slight residues of the dyes decrease the penetration of light through
surface waters, inhibited photosynthesis in aquatic plants and phytoplankton, changed
regimes of dissolved-oxygen, and thereby destabilised food webs(Apau et al., 2025). The
effects on primary productivity, benthic community structure and downstream oxygen
dynamics are recorded in lab and field studies of the textile discharges and are the
impacts that have a cascading effect on ecosystem-wide impacts(Guild et al., 2025). To
these ecological effects pre-dating the occurrence of acute chemical toxicity limits,
colour and light-attenuation are themselves causes of ecological damage(Barnard et al.,
2023).

In addition to dyes, major operating issues also include salts and process auxiliaries
(surfactants, complexing agents, finishing chemicals): dye baths cause high salinity
(TDS) that degrades the performance of many adsorption and membrane treatments and
makes desalting or the management of brine even more expensive and
challenging(Yadav et al., 2025). Organics (e.g. softeners, binders, dispersants) are
frequently radical scavengers in advanced oxidation reactions that boost the oxidant
demand and thereby the costs of treatment(Delfino et al., 2025). This is the reason pilot
and scale-up experiments focus more on the matrix effects - success with pure dye
solutions in the bench fails to translate to real textile effluent(Ferri & Bolelli, 2025).

The toxicological issues are centered on dye molecules of parent dyes as well as on the
degradation products of the dyes(de Souza et al., 2025). Thousands of azo dyes can be
reduced (e.g. in anaerobic conditions or in the gut or in the interior of cells) to aromatic
amines, some of which are mutagenic or carcinogenic(Rajendran et al., 2025). Therefore,
strategies to be wused in removal should not only take into consideration the
decolorization process but also mineralization (TOC removal) and screening of the
existence of hazardous intermediates (LC-MS, aromatic-amine assays, genotoxicity
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tests)(Chmelova et al., 2024). This trade-off in treatment is criticized in many reviews:
biological treatments can quickly decolorize through the conversion of dye to amines,
whereas AOPs can degrade dyes but may need large amounts of oxidants, and can be
highly sensitive to control to prevent the production of oxidized side products(Yabalak et
al., 2025).

Regional in dependence but real, human-health and socio-economic impacts may include
contaminated sources of irrigation or drinking, with research associating the chronic
effects of contaminated with organics caused by the textile effluents, which may lead to
the increased ecological risks and the possible human health problems(Nurullah et al.,
2025). Occupational (dust/skin contact with powdered dyes, splashes during processing)
is also a known risk factor and regulatory systems are progressively demanding effluent
monitoring on a case-by-case basis, besides colour and COD, individual toxicants and
genotoxicity endpoint(Leppanen et al., 2024).

Due to the scale and complexity and persistence of textile wastes, multi-barrier treatment
and water-management is the best practice currently: increased process efficiency to
minimise water/dye losses, recovery and recycling (including Zero Liquid Discharge
concepts), primary-secondary treatment of solids and biodegradable loads, and specific
tailored tertiary steps (coagulation/flocculation, adsorption, AOPs, membrane filtration)
to the effluent matrix(Ferri & Bolelli, 2025).

Although there are various treatment options, effective extraction of textile dyes in
composite wastewater matrices has been a major scientific and technological challenge.
The drawbacks that conventional methods are usually faced with include high operation
cost, incomplete mineralization, susceptibility to matrix interferences and producing
secondary pollutants. In this regard nanotechnology based adsorbents, more so the
magnetic nanoparticles like cobalt ferrite have come to be considered as good candidates
since they are high surface area, easy to separate and their adsorption efficiency is
increased. Nevertheless, isolated nanoparticles are likely to be aggregated, less stable,
and perform poorly in actual effluent systems. As a solution to these challenges, the
research of composite material hybrids with natural, low-cost biomaterials has become
more popular. Ficus religiosa bark is a plant-based material that contains a large number
of functional groups, biodegradability, and environmental compatibility that has
synergistically positive effects in increasing the adsorption capacity and sustainability.
However, the literature in assessment of such composite systems in removing reactive
dyes such as Synozol Yellow in real life situations is conspicuously lacking. Thus, the
purpose of the study is to explore the decontamination capacity of cobalt ferrite
nanoparticles and their composite with the Ficus religiosa bark towards the effective
adsorption of Synozol Yellow dye in wastewater with an emphasis on enhancing the
adsorption efficiency, adsorption stability, and applicability in complicated aqueous
systems.

Material and Method
There are several phases involved in creating Cobalt Ferrite (CoFe,O4) nanoparticles.
This is a broad overview of the procedure.

Material and Equipment:
Cobalt chloride hexahydrate
Iron chloride hexahydrate
Sodium hydroxide

Ficus religiosa bark

Beaker
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Funnel

Distilled water

Equipment’s for Filtration (e.g. filter paper)
Drying apparatus (e.g. oven)

Weighing balance

Preparation of Cobalt Ferrite (CoFe,O,) nanoparticles

We dissolved 31.8 g of cobalt chloride hexahydrate and 55.6 g of iron chloride
hexahydrate in 1000 mL of distilled water to initiate the experiment, ensuring that the
ingredients were thoroughly mixed. After that, 11.5 g of sodium hydroxide (NaOH) was
dissolved in 1000 mL of distilled water to prepare the NaOH solution. This solution was
gradually added to the first solution, and titration occurred while the mixture was
continuously stirred. Following this, filter paper was used to obtain the precipitate from
the solution. Finally, the produced cobalt ferrite nanoparticles were dried in an oven at 80
°C(HASSAN, 2021).

Stir the

: Stir at speed 140 rpm
CuFe.0O, I Temp. 25 °C
Time 3hrs
CoCl,.6H,0
Solution

o | /é,” Temperature = 80 °C
oot pH = 11.05 W CoFe,0,
""{'"-’- ( . ( 3 ‘ \  Drying

1 Mixing ‘ +
{ ; ‘ Annealin

D’-‘-'m' \

FeCly Solution Hot plate Continuous Stirring
and Heating

Fig 1: Preparation of Cobalt Ferrite (CoFe,0,4) nanoparticles

Preparation of Biochar

Ficus religiosa bark was used to produce the biochar. Prior to the experiment, the Ficus
religiosa bark was collected and allowed to dry. Based on previous thermogravimetric
results on a similar Ficus religiosa bark feedstock reported by McCaffrey, biochar
formation was assessed in laboratory-scale studies using a muffle furnace at temperatures
between 400 °C and residence times ranging from 30 to 90 minutes. All experiments
were conducted with a heating rate of 20 °C/min(Rao et al., 2022).

Preparation of Composite of cobalt ferrite with biochar

In 200 mL of distilled water, 0.1 M CoCl.-6H-0 (4.83 g in 200 mL) and 0.2 M
FeCls-6H20 (16.16 g in 200 mL) were dissolved. Subsequently, 5 g of biochar was added
to the metal salt solution, and the mixture was stirred for two hours to allow adsorption
of metal ions. A 2M NaOH solution was then added dropwise until the pH reached 11,
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and the suspension was agitated for an additional hour to facilitate the formation of metal
hydroxides on the biochar surface. CoFe.Oa crystallization was achieved by heating the
mixture in an autoclave at 180 °C for 12 hours. After completion, the composite was
filtered and centrifuged, then washed repeatedly with distilled water and ethanol until a
neutral pH was obtained. The final product was dried overnight at 80 °C(Zeng, 2020).

A batch-scale experiment was conducted to evaluate the effectiveness of CoFe:Oa
nanoparticles for dye removal. A stock solution of the dye was prepared, and solutions of
varying concentrations were obtained by appropriate dilution of the stock solution. The
effects of pH, initial dye concentration, adsorbent dosage, and contact time were
systematically investigated.

Stability and Reusability Assessment

The stability and recyclability of cobalt ferrite (CoFe2Oa4) nanoparticles were assessed by
conducting multiple degradation cycles under actual operating conditions. After each
cycle, changes in the catalyst’s structural integrity and catalytic activity were investigated
using characterization techniques.

Characterization

The functional groups present on the adsorbent surface were identified using Fourier
transform infrared spectroscopy (FTIR). The materials and nanoparticles were fully
characterized using scanning electron microscopy coupled with energy-dispersive X-ray
spectroscopy (SEM-EDX) and X-ray diffraction (XRD). The elemental composition of
the adsorbent was determined by energy-dispersive X-ray spectroscopy (EDX), while
surface morphology and imaging were obtained using scanning electron microscopy
(SEM).

Batch scale adsorption study

A Dbatch-scale experiment was conducted to assess the efficiency of cobalt ferrite
nanoparticles and Ficus religiosa biochar for dye removal. A stock solution of the dye
was prepared, and different concentrations were obtained by diluting the respective stock
solution. The effects of pH, initial dye concentration, adsorbent dosage, and contact time
were studied.

Table 1: Detail of experimental conditions for batch scale for sequestration of synozol
yellow dye

Process Material Dye pH range Exposure time
dosage mg/L Concentration (min)
mg/L
CoFe;04 50,100,150, 100,150,200, 2,4,6,8 30, 60, 130, 3hours
200 250

Ficus religiosa | 50,100,150, 100,150,200, 2,4,6,8 30, 60, 130, 3hours
Biochar 200 250

Data Analysis
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The equilibrium sorption data were analyzed using the Langmuir, Freundlich, Timkin,
and Dubinin—Radushkevich (D-R) isotherm models. Additionally, least-squares methods
were applied for data analysis.
C,-C €y
q. (&e),, y
M

a
Here, the quantity of Synozol dye adsorbed per unit weight of the adsorbent (mg g!) was
denoted, where Co represented the initial dye concentration (mg L") and Cf represented
the equilibrium dye concentration (mg L™). V indicated the volume of solution used in
the experiment. The removal efficiency (R%) of the Synozol dye was calculated
accordingly.

R:(CO C jxlOO (2)
C

0

Results

Characteristics of Adsorbents

FTIR analysis Copper ferrite
It is a FTIR (Fourier Transform Infrared) spectrum, or a graph that represents the
absorbance of a material to infrared light at varying wavenumbers (cm -1). The FTIR
is applied in the determination of functional groups and chemical bonds in a sample

110
100 -
90 —-
= 2109cm™!
=
< 80 —
L
S
[ —1
33 70 -
E i
= 60 - 1635cm™
p -
= 50 - 480cm™!
40
30 - 515cm™’
L] L] L] L] L] | L]
3500 3000 2500 2000 1500 1000 500
Wavenumber (ecm™)
~3260 cm™

Broad absorption band

O-H stretching (hydroxyl groups, usually of water, alcohols or surface -OH)
*~2331 cm!and ~2109 cm™!

Weak absorption features

— Can be related to CO; in air or triple bond stretching (CsC or CsN ) depending on
sample.

*~1635cm™

Strong, sharp dip
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— H -O -H bending (adsorbed water) or C = C in certain materials.

*~515cm™ and ~480 cm™

Low-wavenumber absorptions

— Metaloxygen (MO ) vibrations or lattice vibrations (usually in metal oxides, ceramics
or inorganic compounds).

The spectrum indicates the following:

0 Groups of hydroxyl or water.

0 Potential CO», or triple bond vibrations.

0 Metal-oxygen bonds, which is an inorganic or oxide-based material(Chen et al., 2019).

Energy Dispersive X-Ray (EDX) Copper Ferrite

Cu (X=0.9)

Intensity (a.u.)

L Fe

é ) :l 6 8 10
Energy (Kev)

o-

1.6

y = 0.0148x + 0.0158
R*=0.993

1.4

1.2

0.8 e
0.6
0.4 ot

0.2

20 40 60 80 100 120

This is an EDS (Energy Dispersive X-ray Spectroscopy) spectrum that indicates the composition
of the elements of the sample.

The x-axis (Energy, keV) is the energy of X-ray and the y-axis (Intensity) is the abundance of the
element.

Co peaks are strong and prove cobalt to be a prime component of the material.

Co and Fe Peaks show the existence of cobalt and iron in a lesser quantity.
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The O peak is low energy which implies the presence of oxygen possibly because of formation of
oxides whereas the C peak can be attributed to contamination of the surface or sample
holder(Petrosino et al., 2022).

Scanning Electron Microscopy (SEM) Copper Ferrite

€ N g

b {{
R L i
¥ lk_. ’: L
L 4

18 rmm CRL «UOPF

The present image is a Scanning Electron Microscopy (SEM) image of the surface
morphology of the prepared sample. The image is captured at a magnification of x 2,
500 and a scale bar of 10 Om, which shows micro-scale structure. The surface is rough
and highly agglomerated, made of particles which are densely packed and of irregular
shape. This agglomeration implies that the particles have high interparticle interactions
and may clustering occurs during the synthesis of drying process. The porous texture is
uneven and it enlarges the surface area, which is useful when required in catalysis,
adsorption, or electrochemical reactions. On the whole, SEM image confirms that the
morphology is not uniform and granular, and there is good connectivity of the
particles.

Biochar:
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The image represents a Scanning Electron Microscope (SEM) micrograph of biochar
captured at 20,000x magnification. The SEM analysis reveals the surface morphology
and microstructural characteristics of the biochar material.

Key features observed:

The biochar exhibits a highly irregular, porous, and heterogeneous surface structure.

Numerous agglomerated carbon-rich particles are visible, forming a rough and uneven texture.
The presence of micro- and nano-scale pores can be observed, which are characteristic of biochar
produced through pyrolysis.

The clustered morphology suggests the collapse and reorganization of the biomass structure
during thermal decomposition.

Scale interpretation:

Based on the 1 um scale bar, the observed features indicate nanometer to sub-micron sized pores
and particles, contributing to a large specific surface area.

Significance:

The porous structure of biochar enhances its adsorption capacity, making it suitable for
applications such as soil amendment, pollutant removal, wastewater treatment, and
carbon sequestration. The rough surface also provides active sites for nutrient retention
and microbial colonization.

Overall, the SEM image confirms the successful formation of porous biochar with a
well-developed microstructure, which is a key factor influencing its physicochemical
properties and environmental performance.
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BATCH SCALE EXPERIMENT
Effect of pH
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The curve indicates the impact of pH on the percentage removal of a dye, probably
through the use of CoF as an adsorbent. X-axis: The level of pH. Y-axis: This is the
percentage of dye removal. The dots on the graph are the percentage of dye removal that
has been measured in various pH levels. The line indicates the data points on the
visualization of the trend.

Interpretation:

The score of the maximum percentage of removal of dyes is at a pH of approximately 6.
The lower the pH, the lower the percentage will be removed. The percentage of removal
starts to decline at a slower rate with an increase in the pH above 6.

Effect of Dose
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The graph is aimed at illustrating the dependence between the dose of CoF (probably a
cobalt-based compound) and the percentage of dye removal in a solution. X-axis: The
dose of CoF in grams/100 units (probably in mL or g) of solution.Y-axis: The percentage
of dye removed off the solution. Curve: The curve downward indicates that the higher
the dose of CoF, the higher the percentage of dye removal. This implies that CoF works
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effectively in eliminating the dye with increasing doses resulting in increased efficiency
of the dye.

Effect of Concentration
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The graph depicts the relationship between the CoF concentration and the per cent of
dye removal.

x -axis: the CoF concentration (probably in milligrams per liter or other unit).

y-axis is the percentage of dye removed.

* With the concentration of CoF, the percentage of dye removal is elevated.

The correlation seems to be a non- linear relationship that is, the rate of dye.

Effect of Time

100
90 —— (Catalyst —@—Photo PhCa |

80
70

o /
50
40
30
20

10
0

Removal %

Time (h)

23



www.thedssr.com

Dialogue Social Science Review (DSSR) [ﬁr
'45

ISSN Online: 3007-3154
ISSN Print: 3007-3146 DIALOGUE SOCIAL SCIENCE REVIEW

Vol. 4 No. 3 (March) (2026)
100

920 —=@=—_CuF —=@=—BC
80 °
70
60
50
40
30
20
10
0

REmoval (%) of Dye

15.00 30.00 60.00 120.00 180.00
Time
* X-axis: The X-axis is time, but the time is not denoted.
* Y-axis: Responsive to the percentage of dye removed.
* Plot Area: This area is probably the best conditions to remove dye with the most

percentage of dye removed. This point can be taken to be a particular condition or
treatment implemented and lead to a reduction in the removal percentage.

Disscusion

The findings of this research demonstrate that cobalt ferrite nanoparticles and their
composite with Ficus religiosa bark have a great potential in removing Synozol Yellow
dye in wastewater. The high decolorization efficiency is observed as a result of the
synergistic action between the adsorption and the surface interaction between the dye
molecules and the adsorbent materials.

The improved performance of CoFe204/Ficus religiosa is probably due to the presence
of oxygen-containing active groups (hydroxyl group and carboxyl group) on the
vegetable product. These functional groups enable electrostatic attraction and hydrogen
bonding to the anionic dye molecules increasing adsorption capacity. Also, the porous
support of the biomass gives more active sites where the dye is uptaken; this is more
efficient in general (Alam et al., 2025; Matinise, 2025).

The pH of the solution was very important in dye removal because it affected the surface
charge of the adsorbent and ionization state of dye molecules. The increased removal
efficiencies in the acidic environment could be attributed to the fact that there is
increased electrostatic attraction between positively charged adsorbent surface and
negatively charged dye ions. The present case of pH-dependent behavior is not new and
has been observed in other earlier experiments with reactive azo dyes and metal-oxide
based adsorbents (Azeez et al., 2018; de Farias Silva et al., 2020).

Magnetic characteristics of cobalt ferrite were used to speedily and effectively extract the
adsorbent out of treated water, using an external magnetic field. This characteristic is
very important in eliminating secondary pollution and operational expenses that come
with filtration or centrifugation and therefore enables the process to be more practical in
large scale (Vinosha et al., 2021).

In comparison to the traditional treatment techniques, including coagulation, bio-
degradation, and adsorption on activated carbon, the developed composite will have
beneficial characteristics in the context of reusability, separation rate, and sustainability.
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The use of Ficus religiosa bark, a biomass that is free and cheap, also contributes to the
improvement of the environmental and economic feasibility of the treatment process.

Conclusion

This study was able to prove the efficiency of cobalt ferrite nanoparticles as well as their
composite with Ficus religiosa bark in the removal of Synozol Yellow dye in
wastewater. This composite material had a higher dye removal potential than cobalt
ferrite alone due to improvements in surface characteristics and the availability of natural
functional groups as a result of the plant biomass. The adsorbent was magnetically active
which made collecting and reusing the adsorbent easy, whereas the adsorption of cobalt
ferrite was known to have a significant drawback to the traditional adsorption processes.
The results indicate that CoFe,O4-derived bio-composites are a potential solution that is
economical and environmentally friendly in the treatment of textile effluents
contaminated with dye. Such a strategy is in line with sustainable wastewater
management and the idea of a circular economy. To further confirm the practical
usefulness of such a treatment method at the industrial level, future research ought to be
conducted on the regeneration cycles, its application on actual textile wastewater, and
evaluation of the degradation by-products.
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