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Simplified synthesis

and identification of novel
nanostructures consisting of cobalt
borate and cobalt oxide for crystal
violet dye removal from aquatic
environments
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Crystal violet dye poses significant health risks to humans, including carcinogenic and mutagenic
effects, as well as environmental hazards due to its persistence and toxicity in aquatic ecosystems.
This study focuses on the efficient removal of crystal violet dye from aqueous media using novel Co;0,/
Co;(B0O3), nanostructures synthesized via the Pechini sol-gel approach. The nanostructures, which
were abbreviated to EN600 and EN800, were fabricated at calcination temperatures of 600 and 800 °C,
respectively. X-ray diffraction (XRD) analysis revealed that the synthesized samples have a cubic

Co;0, phase and an orthorhombic Co;(BO;), phase, with mean crystal sizes of 43.82 nm and 52.93 nm
for EN600 and EN800 samples, respectively. The Brunauer-Emmett-Teller (BET) surface areas of
EN600 and EN800 samples were 65.80 and 43.76 m?/g, respectively, indicating a significant surface
area available for adsorption. Optimal removal of crystal violet dye was achieved at a temperature of
298 K, a contact time of 70 min, and a pH of 10. The maximum adsorption capacities were found to

be 284.09 mg/g for EN600 and 256.41 mg/g for EN800, which are notably higher compared to many
conventional adsorbents. The adsorption process followed the pseudo-second-order kinetic model and
fitted well with the Langmuir isotherm. The adsorption was exothermic, spontaneous, and physical

in nature. Moreover, the adsorbents exhibited excellent reusability, retaining high efficiency after
multiple regeneration cycles using 6 mol/L hydrochloric acid. These findings highlight the potential

of these Co;0,/Co5(B0O;), nanostructures as effective and sustainable materials for water purification
applications.
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Aquatic contamination with organic chemical dyes is a considerable environmental subject stemming from
various industrial activities'™. The primary sources include the textile, leather, paper, and plastics industries,
where dyes are extensively used to color products®®. These industries often discharge untreated or inadequately
treated effluents containing high concentrations of dyes into water bodies. Additionally, the use of dyes in
pharmaceuticals, cosmetics, and food processing further contributes to water pollution”®. Improper disposal of
dye-containing wastes and accidental spills during transportation and storage are also critical factors leading to
the release of dyes into the aquatic environment. Organic dyes in water pose major environmental and human
health risks. Environmentally, dyes can inhibit light penetration in water bodies, affecting photosynthetic activ-
ity and disrupting aquatic ecosystems. This can lead to reduced oxygen levels and the death of aquatic flora and

'Department of Chemistry, College of Science, Princess Nourah Bint Abdulrahman University, 11671 Riyadh,
Saudi Arabia. 2Chemistry Department, Faculty of Science, Benha University, Benha 13518, Egypt. 3Department
of Chemistry, Faculty of Science, Umm Al-Qura University, 21955 Makkah, Saudi Arabia. “Present address:
Department of Chemistry, College of Science, Imam Mohammad Ibn Saud Islamic University (IMSIU),
11623 Riyadh, Saudi Arabia. *email: hesham.feky2010@yahoo.com; EAAAhmed@imamu.edu.sa

Scientific Reports|  (2024) 14:21631 | https://doi.org/10.1038/s41598-024-71981-4 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-71981-4&domain=pdf

www.nature.com/scientificreports/

fauna. Dyes can also form toxic by-products through chemical reactions, further aggravating their environmental
impact®!'!. For humans, subjected to polluted water can induce several health difficulties. Some dyes are carci-
nogenic, mutagenic, and teratogenic, posing long-term health risks such as cancer and genetic mutations. Skin
contact with dye-contaminated water can cause dermatitis and other skin disorders. Ingestion of contaminated
water can induce gastrointestinal disturbances, liver and kidney damage, and other systemic effects'>. Crystal
violet dye, also known as gentian violet, is particularly hazardous to human health. It is extensively utilized in
the textile and microbiological industries and has found purposes as a medicinal antiseptic. However, crystal
violet is a potent mutagen and has been classified as a potential carcinogen. Chronic exposure can lead to severe
health problems, including cancer, organ toxicity, and reproductive issues. Ingestion or prolonged skin contact
can result in skin irritation, respiratory problems, and damage to vital organs such as the liver and kidneys'>'¢.
Different approaches, such as adsorption'”'$, electrochemical '?, photocatalytic decomposition?, as well as
biological®!, have been designed to eliminate organic dyes from wastewater. Adsorption involves the accumu-
lation of dye molecules on the surface of solid adsorbents. It is widely used owing to its simplicity, efficiency,
and cost-effectiveness’>. Common adsorbents include activated carbon, clay minerals, and metal oxides®2.
Electrochemical methods use electric current to degrade dye molecules. Techniques like electrocoagulation,
electrooxidation, and electroflotation are employed to remove dyes from water. These methods are effective
but can be energy-intensive and costly?*~?%. Photocatalytic degradation utilizes light-activated catalysts to break
down dye molecules into less harmful substances. Titanium dioxide is a commonly used photocatalyst. This
method is environmentally friendly but can be limited by the availability of suitable light sources®. The synthe-
sis and application of novel materials offer significant advantages for environmental remediation, particularly
in adsorption and photocatalysis processes®*~*. Enhanced adsorption efficiency for heavy metals and organic
pollutants, including Pb(II) ions, coupled with effective photocatalytic degradation of dyes such as eriochrome
black T and trinitrophenol, has been demonstrated***. Biological methods involve the use of microorganisms
to degrade dyes. Bacteria, fungi, and algae can metabolize dye molecules, converting them into non-toxic sub-
stances. While this approach is eco-friendly, it may require longer treatment times and specific environmental
conditions***2. The adsorption method offers several advantages over other dye removal techniques, such as
efficiency, simplicity, cost-effectiveness, versatility, and environmental impact. Adsorption can effectively remove
dyes at low concentrations and is capable of achieving high removal efficiencies. The process is straightforward
and does not require complex equipment or highly skilled operators. Adsorbents are often inexpensive and can
be regenerated and reused, reducing overall treatment costs**. Nano-metal oxides have gained prominence in
adsorption due to their unique properties. Their high surface area, tunable pore sizes, and active surface sites
enhance their sorption capacity and potency. Nano-metal oxides, for example, ZnO/MgO and CaFe,0, exhibit
excellent adsorption performance for a variety of organic dyes. Their ability to interact with dye molecules
through various pathways, encompassing electrostatic attraction, van der Waals forces, and hydrogen bonding,
makes them highly effective adsorbents***>. Co;0,-based nanocomposites, such as Co/C0;0,, ZnCo0,0,/C050,,
and reduced graphene oxide/Co;0,, have demonstrated excellent adsorption and photocatalytic properties for
various dyes in wastewater treatment applications**~*%. Its high surface area, coupled with active surface sites,
allows for efficient interactions with pollutants, making it a versatile adsorbent for environmental remediation®.
No direct studies currently focus on the use of Co;(BOs), for pollutant separation. However, research on similar
borate compounds, such as magnesium borate (Mg;(BO;),), has shown promising results in adsorption applica-
tions. For instance, magnesium borate has demonstrated high efficiency in removing dyes from wastewater due to
its structural properties and high surface area®’. The Pechini sol-gel method is a versatile and efficient technique
for synthesizing metal nanooxides. It involves the formation of a polymeric network through the reaction of
metal salts with a chelating agent (typically citric acid) and a crosslinker (such as ethylene glycol). This method
offers several advantages, such as control over composition and structure, uniform particle size, scalability, and
versatility'. In this research, novel Co;0,/Co;(BO;), nanostructures were synthesized using the Pechini sol-gel
method with citric acid as a chelating agent and ethylene glycol as a crosslinker. The combination of cobalt oxide
(Co30,) and cobalt borate (Co;(BO;),) phases in a single material is unique, leveraging the synergistic effects
of these components. This novel material composition is not extensively explored in previous research. This
method’s versatility and cost-effectiveness in producing high-performance adsorbents is a notable improvement
over other approaches used in similar studies. The resulting nanostructures exhibit high surface area, uniform
morphology, and enhanced adsorption properties towards crystal violet dye, making them suitable for water
treatment applications. Also, the excellent reusability and minimal efficiency loss after multiple regeneration
cycles position these nanostructures as more practical and cost-effective compared to many existing adsorbents,
enhancing their significance for real-worldapplications.

Experimental

Materials

Ethylene glycol (C,HO,), Boric acid (H;BO;), cobalt nitrate hexahydrate (Co(NO;),-6H,0), citric acid (CsHgO,),
hydrochloric acid (HCl), sodium hydroxide (NaOH), crystal violet dye (C,5H3,CIN3), as well as potassium chlo-
ride (KCI) were bought from the Sigma-Aldrich Chemical Company. Each material was employed in its original
form without any additional purification steps.

Synthesis of Co;0,/Co;(BO;), nanostructures

C0;0,/Co5(BO;), nanostructures were synthesized using the Pechini sol-gel method™. In this regard, 7.56 g of
Co(NO;),-6H,0 was solubilized in 70 mL of distilled water. Similarly, 1.51 g of H;BO; was solubilized in another
70 mL of distilled water. Besides, the two aqueous solutions were then combined and stirred continuously for
5 min. Following this, citric acid solution, which was prepared by solubilizing 6.30 g of citric acid in 70 mL of
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distilled water, was incorporated into the mixture under vigorous stirring for another 15 min. Next, 6 mL of
ethylene glycol was added, and the blend was heated to 120 °C until total evaporation of the water was achieved.
The resulting powder underwent calcination at 600 and 800 °C to produce Co;0,/Co;(BO3), nanostructures,
designated as EN600 and EN800, respectively. Figure 1 illustrates the synthesis process of Co;0,/Co;(BO3),
nanostructures. It is worth mentioning that the addition of 6.30 g of citric acid is based on the stoichiometric
ratio required for chelation and complex formation in the Pechini sol-gel method. Citric acid serves as a chelat-
ing agent that binds to cobalt and borate ions, forming a stable metal-citrate complex. This chelation is crucial
for ensuring homogeneity and controlled particle growth during the synthesis process.

Instrumentation

X-ray diffraction (XRD) patterns of the EN600 and EN800 samples were obtained using an X-ray diffractometer
(D8 Discover, Bruker, USA). The Fourier transform infrared (FTIR) spectra of the EN600 and EN800 products
were acquired utilizing an FTIR spectrometer (Nicolet IS10, Thermo Fisher Scientific, USA). The surface features
of the EN600 and EN800 samples were investigated utilizing a field emission scanning electron microscope (FEG
Quanta 250, FE-SEM, Thermo Fisher Scientific, USA). The particle morphology of the EN600 and EN800 samples
was investigated utilizing a high-resolution transmission electron microscope (HRTEM, JEM-2100Plus, JEOL
Ltd., Japan). The surface properties of the EN600 and EN800 products were acquired utilizing a nitrogen gas
analyzer (NOVA2000 series, Quantachrome, USA). Energy dispersive X-ray (EDX) spectra of the EN600 and
EN800 samples were obtained using a detector (X-Max 20, Oxford, England) attached to FE-SEM.

Removal of crystal violet dye from aquatic environments
The effectiveness of crystal violet dye removal was assessed in a dark place utilizing EN600 or EN800 adsor-
bents under various conditions, as outlined in Table 1. The experiments employed 100 mL solutions of crystal
violet dye at a concentration of 150 mg/L, treated with 50 mg of the adsorbent. Adjusted variables included pH
values between 2 and 10, contact times varying between 10 and 100 min, and temperatures varying between
298 and 328 K, as detailed in Table 1. Furthermore, the effects of crystal violet dye concentrations, between 50
and 250 mg/L, were evaluated while maintaining a constant solution volume as well as adsorbent dosage. The
experimental procedure included stirring the crystal violet solutions for predetermined durations, separating
the synthesized adsorbent through centrifugation, and subsequently calculating the remaining concentration
of crystal violet dye at 590 nm utilizing an ultraviolet-visible (UV-Vis) spectrophotometer (Cintra 3030, GBC,
Australia) to evaluate the adsorption performance.

Equations (1) and (2) were utilized to determine the adsorption capacity (O, mg/g) and removal efficiency
(R %) of the synthesized adsorbents®>>?,

151 ¢ of H:BOs
70 mL of distilled water

(D @ Stirring for S min

7.56 g of Co(NOs)-6Hz0 | ¥ 6 mL of ethylene glycol
< Stirring at 120 °C until complete

70 mL of distilled water evaporation of solvent

[ Powder
@ﬁ Stirring for 15 min >

6.30 g of citric acid @ Culeination I
70 mL of distilled water I600 °C 800 °C |
Co03(B03)2/C0304 nanostructures Co03(B0O3)2/C0304 nanostructures
EN600 EN800

Fig. 1. Synthesis of Co;0,/Cos(BO;), nanostructures.

Volume of studied dye solution Concentration of studied dye

Effect (mL) (mg/L) Amount of adsorbent (mg) | Temperature (K) | Time (min) | Solution pH
pH 100 150 50 298 360 2-10
Time 100 150 50 298 10-100 10
Temperature 100 150 50 298-328 70 10
Concentration of dye | 100 50-250 50 298 70 10

Table 1. Experimental conditions for removing crystal violet dye from aquatic environments utilizing the

EN600 and EN800 adsorbents.
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C, indicates the preliminary concentration of crystal violet dye, expressed in mg/L. C, indicates the residual
concentration of crystal violet dye at equilibrium, also in mg/L. V refers to the volume of the crystal violet dye
solution, measured in liters (L). W denotes the weight of the adsorbent used, measured in grams (g).

Elution was performed using hydrochloric acid (HCI) at 2, 4, and 6 M concentrations, with 50 mL of each
concentration being used, to regenerate adsorbents saturated with crystal violet dye.

Equation (3) was employed to determine the desorption potential (D %) of crystal violet dye from the utilized
adsorbent™.

100C4Vq

PR C—cov ©

V, indicates the desorptive solvent volume, measured in liters (L). C4 denotes the crystal violet dye concentra-
tion in the desorption solvent, expressed in mg/L.

Upon completion of regeneration, the durability and effectiveness of the utilized adsorbents were assessed
over five successive cycles. In each cycle, 100 mL of a dye solution having a concentration of 150 mg/L was treated
with an amount of 0.05 g of the adsorbent. Besides, the experimental settings, including a temperature of around
298 K, a contact time of 70 min, as well as a pH of 10, were consistently preserved throughout each cycle. After
that, the adsorbent was separated by centrifugation, and then the remaining concentration of crystal violet dye
was determined at 590 nm utilizing an ultraviolet-visible (UV-Vis) spectrophotometer.

Estimation of point of zero charge (pHp,¢) for the EN600 and EN800 products

To assess the pHp, for the EN600 and EN800 products, a batch procedure was implemented®. Initial pH meas-
urements (pH;) of 60 mL potassium chloride (KCl) solutions were set using 0.1 M NaOH or HCl and registered
before the addition of 0.12 g of the synthesized adsorbent. Moreover, after 10 h of continuous mixing, the final
pH measurements (pH;) were registered. The differences between the initial and final pH points (ApH) were
plotted with respect to the initial pH points. Furthermore, the point where the ApH against pH; curve intersects
the horizontal axis represents the pHpy.

Results and discussion

Production and identification of Co,0,/Co,(BO,), nanostructures

The formation of Co;0,/Cos(BO;), nanostructures via the Pechini sol-gel method involves a series of reactions
that each play an essential role in the construction of the final product. Initially, cobalt nitrate hexahydrate
undergoes dissociation to produce cobalt ions, as shown in Eq. (4).

Co(NO3), - 6H,0 — Co** + 2NOj + 6H,0 (4)

Following this, boric acid reacts with water to produce borate ions, which are vital for the next stages of
synthesis, as shown in Eq. (5).

H;BO; + H,O — B(OH); +HT (5)

The cobalt ions then interact with the borate ions and citric acid to form a [CoB(Citrate)] complex, as dem-
onstrated in Eq. (6).

Co*t + B(OH), + C¢HgO7; — [CoB(Citrate)]complex + 4H,0O (6)

Ethylene glycol is subsequently introduced into the mixture, serving as an interlinking agent. Also, it under-
goes a reaction with the carboxyl functional groups present in the citrate of the metal coordination complex,
resulting in the establishment of ester bonds. This reaction leads to polymerization, producing a stable and vis-
cous gel that effectively encapsulates the metal ions homogeneously within the framework. The resultant thick
gel is then subjected to drying. This process eliminates water and initiates the solidification of the coordination
complex. Finally, the polymeric network is subjected to heat, resulting in the formation of cobalt oxide and cobalt
borate, alongside the evolution of carbon dioxide and water, as demonstrated in Eq. (7).

Polymericnetwork + heat — Co3(BO3), + Co304 + CO; + H,0 (7)

XRD analysis was utilized to investigate the structural properties of the EN600 and EN800 products, as dem-
onstrated in Fig. 2A,B, respectively. Both samples contain two distinct crystalline phases: Co;0, (82.91%), which
crystallizes in a cubic system, and Co;(BO3), (17.10%), which crystallizes in an orthorhombic system. These
phases are confirmed by their respective JCPDS files, with Co;0, being linked to JCPDS No. 00-009-0418 and
Co;3(BO;), to JCPDS No. 00-025-0102. The characteristic peaks at 20° (hkl) values of 33.32° (121), 40.03° (211),
42.33°(102), 52.33° (202), 54.63° (132), 60.50° (330), 61.41° (142), and 68.58° (251), indicate the orthorhombic
structure of Co,;(BOs;),. The characteristic peaks at 20° (hkl) values of 19.01° (111), 31.29° (220), 36.82° (311),
38.56° (222), 44.79° (400), 55.73° (422), 59.40° (511), and 65.28° (440), indicate the cubic structure of Co;0,. The
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Fig. 2. XRD patterns of the EN600 (A) and EN800 (B) products.

average crystal size of the EN600 sample is 43.82 nm, while the EN800 sample exhibits a larger average crystal
size of 52.93 nm. This increase in average crystal size can be attributed to the higher temperature, which promotes
the formation of larger crystals. These values are comparable to those reported for other cobalt-based nano-
composites, such as ZnCo,0,/Co;0, (40-60 nm) synthesized by Heidari-Asil et al., where higher temperatures
similarly resulted in increased crystal sizes*’. Additionally, the crystal structure comparison aligns with findings
from other borate compounds like magnesium borate (Mg;(BO;),), which exhibit similar crystalline behavior™.
Table 2 tabulates the surface characteristics of both samples. Also, the N, adsorption/desorption isotherms for
both samples, as depicted in Fig. 3, exhibit a type IV isotherm with a noticeable H3 hysteresis loop, characteristic
of mesoporous materials®. The isotherm curves reveal that the EN600 sample adsorbs more N, at higher relative
pressures compared to the EN800, aligning with its larger pore volume and surface area, as shown in Table 2. The
BET surface area and total pore volume are higher for the EN600 sample compared to the EN800 sample. This
suggests that the EN600 sample possesses a more porous structure, potentially facilitating enhanced N, adsorp-
tion capabilities. The average pore sizes of the EN600 and EN800 samples are relatively similar, with values of
8.12 and 8.38 nm, respectively. Despite the minor difference in average pore size, this similarity implies that the
overall porosity characteristics of the samples are comparable in terms of the size of the pores, although the total
number and volume of these pores differ. The BET surface area for EN600 (65.80 m?/g) is significantly higher
than that of EN800 (43.76 m?/g), which corresponds to their enhanced adsorption capabilities. These values
are notably larger than those reported for other nanocomposites, such as Mn, ;Zn, ;Fe,0,/Fe,O; (43.18 m*/g),
copper oxide/cobalt manganese oxide/manganese oxide (33.37 m?/g), and MgO/Cu;MgO, (42.20 m?/g)>¢->%.

Surface textures EN600 EN800
Total pore volume (cc/g) 0.2672 0.1834
BET surface area (m?/g) 65.80 43.76
Average pore size (nm) 8.12 8.38
Isotherm type TypeIV | TypeIV
Hysteresis loop type Type H3 | Type H3

Table 2. BET surface textures of the EN600 and EN800 products.
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Fig. 3. N, adsorption/desorption isotherms of the EN600 and EN800 products.

FE-SEM analysis was conducted on the EN600 and EN800 products, as depicted in Fig. 4A,B, respectively.
In the images, variations in the surface morphology and grain sizes of the two samples are clearly observed. The
average grain size for the EN600 sample is 0.23 um, where a denser and more uniform distribution of smaller
grains is evident. Conversely, a larger average grain size of 0.34 pum is noted in the EN800 sample, along with a
less uniform distribution of grains, indicating a coarser structure. These morphological properties are almost
similar to those observed in several nanocomposites, such as ZnO/MgO composite (average grain size ~0.37 um),

Fig. 4. FE-SEM images of the EN600 (A) and EN800 (B) products.
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Mn, ;Zn, sFe,0,/Fe,O; (average grain size ~0.47 um), and copper oxide/cobalt manganese oxide/manganese
oxide (average grain size ~ 0.42 pm) which are known for their high adsorption efficiency due to similar struc-
tural attributes**>”*°. The smaller grain size and denser distribution in EN600 likely lead to more available active
sites for adsorption, which directly enhances its efficiency in dye removal compared to EN800. This structural
difference aligns with the observed higher BET surface area and adsorption capacity of EN600.

HR-TEM analysis was conducted on the EN600 and EN800 samples, as outlined in Fig. 5A,B, respectively.
The EN600 sample displayed an average particle diameter of 102.84 nm, where the particles appear somewhat
agglomerated. Conversely, the EN800 sample has a larger average diameter of 148.89 nm, which is indicative
of significant coalescence among particles. The difference in particle sizes between the EN600 (102.84 nm) and
ENB800 (148.89 nm) samples, can be attributed to the increased calcination temperature for EN800, which leads
to greater particle growth and agglomeration. The higher calcination temperature of 800 °C enhances atomic dif-
fusion and crystal growth, resulting in larger particle sizes due to the sintering effect. This behavior is consistent
with findings reported in the literature for similar nanostructures, such as ZrO,/MgMn,0,/Mg(Mg; 333Mn, 333)
O, barium titanate, and ZrO,/CdMn,0,/CdO®-. The larger particle size in EN800 reduces its surface area,
negatively impacting its adsorption efficiency compared to EN600. It is noted that the observed differences in
particle sizes between the HR-TEM and XRD analyses are attributed to the tendency of the samples to coalesce.
This coalescence leads to larger apparent sizes in the HR-TEM images compared to the crystallite sizes deter-
mined by XRD, which typically measures the size of coherent scattering regions within the crystals.

Figure 6A,B represents the FTIR absorption spectra of the EN600 and EN800 products, respectively. Besides,
the stretching vibration modes associated with Co(III)-O in an octahedral coordination and Co(II)-O in a
tetrahedral coordination within Co;0, were recorded at 581 and 676 cm™! for EN600 and 553 and 638 cm™! for
ENB8O00, respectively®. Moreover, the B-O-B bending vibrations were noted at 883 cm™ for EN600 and 869 cm™!
for EN800. The B-O-B symmetric stretching vibration modes showed at 1181 cm™ for EN600 and 1163 cm™
for EN800. The B-O-B asymmetric stretching vibrations appeared at 1285 cm™ for EN600 and 1257 cm™! for

EFEAE

Fig. 5. HR-TEM images of the EN600 (A) and EN800 (B) products.
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Fig. 6. FTIR Spectra of the EN600 (A) and EN800 (B) products.

EN800%¢°. Bending vibration modes from adsorbed water were identified at 1648 cm™ for EN600 and 1630 cm™
for EN800. Additionally, the stretching vibration modes of adsorbed water were recorded at 3439 cm™ for
EN600 and 3433 cm™ for EN800%. The FTIR spectra for EN600 and EN800 products are discussed, showing
vibration modes associated with Co(III)-O and Co(II)-O bonds and the specific B-O-B bending and stretching
vibrations that confirm the presence of Co;(BO;),. The peak positions (e.g., 581 and 676 cm™ for EN600 and
553 and 638 cm™ for EN800) are detailed, explaining how these correspond to the nanostructures identified
through XRD.

The elemental composition of the EN600 and EN800 nanostructures was determined through energy disper-
sive X-ray (EDX) analysis, as illustrated in Fig. 7A,B, respectively. The EDX spectra, as shown in Table 3, confirm
the presence of cobalt (Co), oxygen (O), and boron (B) elements, aligning with the expected composition of the
Co5(B0O;),/Co;0, composite.

Removal of crystal violet dye from aquatic environments

Influence of dye solution pH

In the analysis presented in Fig. 8A, the influence of solution pH on the elimination percentage of crystal violet
dye applying the EN600 and EN800 adsorbents was systematically examined. The disposal percentage of the
crystal violet dye was observed to increase with rising pH values for both samples. The highest removal percent-
age was observed at pH 10, with EN600 achieving 93.17% and EN800 achieving 82.91%.

The relationship between pH and adsorption efficacy is closely linked to the point of zero charge (pHpy) of
the adsorbents, which was detected to be 6.75 for EN600 and 7.28 for EN800, as shown in Fig. 8B. The point of
zero charge is critical, as it indicates the pH at which the surface charge of the adsorbent is neutral. Below the
pHyp,c, the surface of the adsorbents is positively charged, enhancing electrostatic repulsion with the positively
charged crystal violet dye molecules, thus explaining the decreased dye removal efficiency as shown in Fig. 9.
Above the pHpy, the surface of the adsorbents becomes negatively charged, enhancing electrostatic attraction
with the positively charged crystal violet dye molecules and thus explaining the increased crystal violet removal
efficiency as indicated in Fig. 9.

Influence of contact time

Figure 10 exhibits the systematic study of crystal violet dye removal using EN600 and EN800 adsorbents at
different times. An increasing trend in the percentage of crystal violet dye removal was observed from 10 to
70 min for both samples. The highest removal percentage was observed at 70 min, with EN600 achieving 92.45%
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Fig. 7. EDX patterns of the EN600 (A) and EN800 (B) products by EDX.

Weight percentage
Samples | Co (o] B
EN600 68.10 |30.20 |1.70
EN800 70.24 | 2823 |1.53

Table 3. Elemental composition of the EN600 and EN800 products.

and EN800 achieving 82.38%. Beyond 70 min, both adsorbents reached a plateau in crystal violet dye removal
efficiency owing to the saturation of active sites®.

The findings were analyzed with the application of pseudo-second-order in addition to the pseudo-first-order
kinetic models, as depicted in Eqs. (8) and (9), respectively>>*.

t_1 1
0. F0? ' O (8)

F

log(Oe — Oy) =1ogO, — mt

)

Measured in mg/g, O, and O, indicate the amount of crystal violet dye separated at contact time t in addition
to at equilibrium, respectively.

Furthermore, F, and F, are the rate constants for the pseudo-first-order in addition to the pseudo-second-
order models, respectively, quantified in 1/min and g/mg min. Figure 11A,B display the utilization of both
pseudo-second-order and pseudo-first-order models in the adsorption of crystal violet dye utilizing EN600 and
ENB800 adsorbents, respectively. Table 4 lists the kinetic parameters associated with the discarding of crystal
violet dye using these adsorbents. The evaluation of the kinetic findings reveals that the pseudo-second-order
provides a more precise fit than the pseudo-first-order, as corroborated by the greater R? values of 0.9999 for
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Fig. 8. (A) Correlation between primarily pH values and the elimination percentage of crystal violet dye by
EN600 and EN800 adsorbents. (B) Measurement of pHp,. for the EN600 as well as EN800 products.
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Fig. 9. The mechanism of adsorption of crystal violet dye using Co;0,/Co5(BOj3), nanostructures.

EN600 in addition to 0.9997 for EN800 in the pseudo-second-order, in contrast to 0.9612 as well as 0.9767 in
the pseudo-first-order for the same materials, respectively. Additionally, the close match between the O, values
and Ogyp in the pseudo-second-order reveals that the discarding of crystal violet dye onto the EN600 and EN800
products predominantly adheres to this model. Moreover, the rate constants for EN600 (0.000355 g/mg min)
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Fig. 11. The pseudo-second-order (A) in addition to the pseudo-first-order (B) kinetic models for disposing of
crystal violet dye by EN600 and EN800 products.
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Pseudo-first-order Pseudo-second-order
Adsorbent | Og,, (mg/g) | F, (1/min) |R® O, (mg/g) | F,(g/mg.min) | R* O, (mg/g)
EN600 277.36 0.0238 0.9612 | 159.80 0.000355 0.9999 | 275.48
EN800 247.14 0.0237 0.9767 | 166.41 0.000276 0.9997 | 252.53

Table 4. Kinetic constants for crystal violet dye removal by EN600 and EN800 adsorbents.

and EN800 (0.000276 g/mg min) align with those reported for metal oxide adsorbents like ZnO/MgO and ZrO,/
CdMn,0,/CdO composites**.

Effect of temperature
The effectiveness of the EN600 and EN800 adsorbents in removing crystal violet dye at different temperatures
was assessed, as depicted in Fig. 12A. Both adsorbents demonstrated a consistent decrease in the percentage of
crystal violet dye removal as the solution temperature elevated from 298 K up to 328 K.

Equations (10), (11), and (12) were employed to calculate the Gibbs free energy (AG®), entropy change (AS®),
as well as enthalpy change (AH®) for the discarding of crystal violet dye utilizing the EN600 and EN800 products®®
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Fig. 12. (A) Correlation between temperature and the percentage of crystal violet dye removed by EN600 and
EN800 adsorbents. (B) The graph of In F, against 1/T.
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AG° = AH® — TAS® (11)
Fq= % 12
i= (12)

Fy T, and R symbolize the distribution coefficient, temperature, and gas constant, respectively, measured
in units of L/g, K, and kJ/molK. Figure 12B illustrates the graph of In F, vs. 1/T for the discarding of studied
crystal violet dye by the EN600 and EN800 products. Table 5 details the previous thermodynamic constants for
the adsorption operation using these adsorbents. The positive alteration in entropy (AS>0) suggests that the
disposal of crystal violet dye onto the EN600 or EN800 adsorbents is feasible, marked by a growth in irregularity
at the liquid-solid boundary. An alteration in enthalpy (AH) fewer than 40 kJ/mol indicates that the elimination
mechanism is principally physical. The negative enthalpy change (AH < 0) demonstrates the exothermic nature
of the adsorption process. A negative Gibbs free energy change (AG <0) indicates that the disposal of crystal
violet dye is a spontaneous process. These findings regarding thermodynamic parameters are consistent with
those reported in similar composites, such as ZnO/MgO and ZrO,/CdMn,0,/CdO**'.

Effect of concentration
The removal efficiency of crystal violet dye from aqueous solutions using EN600 and EN800 adsorbents decreases
as the initial concentration of the crystal violet dye elevates, as revealed in Fig. 13. This trend may be assigned to
the fullness of the provided adsorption positions on the adsorbents. At lower crystal violet dye concentrations,
there are more accessible active centers relative to the number of crystal violet dye particles, leading to greater
removal efficiency. Nevertheless, as the crystal violet dye concentration increases, the available adsorption posi-
tions become saturated, and the removal efficiency per unit mass of adsorbent decreases. This is because the
adsorbents reach their maximum capacity, while the excess dye molecules remain in the solution.

The experimental results for the disposal of crystal violet dye on EN600 and EN800 adsorbents were evaluated
using both the Langmuir (Eq. 13) and Freundlich (Eq. 14) isotherms®>™.

Ce L (13)
Oe F3 Omax Omax
1
InO. =InF4 + ~InC, (14)
n
AG° (kJ/mol)
Adsorbent AS° (kJ/molK) | AH° (kJ/mol) |298 308 318 328
EN600 0.0767 —-30.74 -5358 | -5435 | -55.12 | -55.88
EN800 0.0452 —-19.10 —32.58 |-33.03 | -33.48 |-33.93

Table 5. Thermodynamic parameters for crystal violet dye removal using the EN600 and EN800 products.
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Fig. 13. Correlation between preliminary concentration of dye and the percentage of crystal violet dye removed
by EN600 and EN800 adsorbents.
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where, C, operates as the equilibrium concentration of the crystal violet dye (mg/L), O, operates as the amount
of crystal violet dye adsorbed per unit mass of adsorbent (mg/g), O, operates as the maximum adsorption
capacity (mg/g), F; is the Langmuir constant (L/mg), F, is the Freundlich constant (mg/g) (L/mg)"'"), and n is the
heterogeneity factor. Equation (15) represents the calculation of O, from the Freundlich equilibrium isotherm?°.

Omax = F4 (C(l)/n) (15)

The uptake behavior of crystal violet dye on EN600 and EN800 adsorbents was investigated through the Lang-
muir and Freundlich isotherms, as illustrated in Fig. 14A,B and detailed in Table 6. The adsorption process does
not follow the Freundlich isotherm, as indicated by the lower correlation coefficients (R?) of 0.6076 for EN600
and 0.6741 for EN800. The Langmuir isotherm, which assumes monolayer adsorption on a surface with a finite
number of identical sites, fits the experimental results exceptionally well, as indicated by the high correlation
coefficients (R?) of 0.9998 for EN600 and 0.9994 for EN800. The maximum adsorption capacity (Oy,,,) obtained
from the Langmuir model is 284.09 mg/g for EN600 and 256.41 mg/g for EN800. This suggests that EN600 has a
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Fig. 14. Langmuir (A) in addition to Freundlich (B) graphs for the adsorption of crystal violet dye by EN600
and EN800 products.

Langmuir Freundlich
Adsorbent | O,,,, (mg/g) |R? F; (L/mg) |F,(mg/g)(L/mg)"" | O, (mg/g) |1/n R?
EN600 284.09 0.9998 | 0.8980 132.94 344.72 0.1902 | 0.6076
EN800 256.41 0.9994 | 0.3971 100.30 299.03 0.2180 | 0.6741

Table 6. Langmuir and Freundlich isotherm parameters for EN600 and EN800 products.
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slightly higher capacity for crystal violet dye removal compared to EN800, possibly due to differences in surface
properties or pore structure. Moreover, these findings regarding equilibrium constants are consistent with those
reported in similar composites, such as ZnO/MgO and ZrO,/CdMn,0,/CdO**5!.

This study compared the elimination capacity of multiple adsorbents for crystal violet dye, as outlined in
Table 771-7°. EN600 exhibited the highest capacity at 284.09 mg/g, followed by EN800 at 256.41 mg/g, both
significantly outperforming other adsorbents. The exceptional performance of recently established EN600 and
ENB800 products demonstrates their viability for enhanced crystal violet dye removal from effluents. These obser-
vations emphasize developments in adsorption procedures and the crucial significance of matter engineering
in environmental decontamination. The crystal size plays a crucial role in determining the surface area and the
availability of active sites for adsorption. The smaller nanoparticle size in EN600 (43.82 nm) corresponds to a
higher BET surface area (65.80 m?/g) compared to EN800 (52.93 nm, 43.76 m?*/g). This difference is a critical
factor influencing the adsorption capacity, with EN600 showing a higher maximum adsorption capacity of
284.09 mg/g for crystal violet dye, compared to 256.41 mg/g for EN800. This finding is consistent with literature,
where smaller nanoparticle sizes typically lead to higher adsorption efficiencies due to the increased surface area
and better dispersion of nanoparticles within the solution.

Assessment of regeneration and reusability

This research evaluated the impact of different HCI concentrations on the discarding of crystal violet dye from
EN600 and EN800 adsorbents, as shown in Fig. 15. The findings revealed that increasing HCI concentrations
enhanced crystal violet dye removal efficiency for both adsorbent types. At a 6 M concentration, desorption
efficiencies were 99.86% for EN600 and 99.93% for EN800. These results indicate a strong correlation between
desorption efficiency and the acidity level of the eluent. Higher HCI concentrations likely improve desorption
percentages by breaking the bonds between crystal violet dye particles and adsorbent surfaces. Besides, the nearly

Adsorbent O,.x (Mg/g) | References
Polypyrrole-decorated bentonite magnetic composite | 78.74 7
Poly(acrylamide)-Kaolin 25.00 72

Natural zeolite 177.75 7
Magnetic g-poly(methacrylic acid)-k-carrageenan 28.24 74
Fe;0,/sodium dodecyl sulphate composite 166.70 7

Silica aerogel 137.17 e
Silver/graphene oxide composite 48.78 7
Activated carbon/Fe;O, composite 35.30 78
Calcium oxide modified fly ash 32.12 7

EN600 284.09 This study
EN800 256.41 This study

Table 7. Evaluation of maximum elimination capacities for different adsorbents concerning crystal violet dye.
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Fig. 15. Efficiency of crystal violet dye desorption from EN600 and EN800 adsorbents at varying HCI
concentrations.
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whole crystal violet dye removal at this concentration emphasizes the feasibility of reactivating and reusing the
adsorbents. The research highlights the necessity of optimizing the eluent concentration to maximize crystal
violet dye recovery and promote the sustainable use of adsorbents. It also demonstrates that both EN600 and
ENB800 adsorbents are highly effective for repeated use with strong desorption performance.

The repeated application of EN600 and EN800 products for the extraction of crystal violet dye was compre-
hensively tested across multiple cycles, as illustrated in Fig. 16. The crystal violet dye removal efficiency demon-
strated stable behavior throughout the five cycles, implying that the adsorbents maintained their performance
despite repeated use. This stable performance across multiple cycles underscores the economic feasibility and
prolonged effectiveness of these products in water purification processes.

The structural stability of the EN600 and EN800 adsorbents after multiple adsorption-desorption cycles
was thoroughly analyzed using XRD (Figures omitted for brevity). The XRD patterns of the reused EN600 and
EN800 samples indicate that the crystalline phases of Co;0, and Co;(BOj3), remain stable after repeated cycles.
The characteristic peaks for both phases are still present, with only very slight broadening observed, which is
attributed to minor changes in crystallite size due to potential surface restructuring during the adsorption-des-
orption processes®.

Practical application

In a practical demonstration of the utility of Co;0,/Co;(BO;), nanostructures, experiments were conducted to
assess the adsorption performance of the EN600 and EN800 samples in a student chemistry laboratory waste-
water (containing crystal violet dye). For these experiments, 0.05 g of each adsorbent type was introduced into
100 mL of wastewater sample containing crystal violet dye at a concentration of 60 mg/L. The pH of the solution
was adjusted to 10, and the system was maintained at room temperature for a contact time of 70 min to simulate
typical laboratory conditions. The EN600 sample achieved a crystal violet dye removal efficiency of 97.52%, while
the EN800 sample demonstrated an enhanced removal efficiency of 93.29%. This significant efficacy in crystal
violet dye removal underscores the potential of Co;0,/Cos(BO;), nanostructures, particularly the EN600 type,
for application in the wastewater treatment field.

Conclusions

In this work, novel Co;0,/Co;(BO3), nanostructures were synthesized via a simple Pechini sol-gel method,
representing a unique combination of cobalt oxide and cobalt borate phases tailored for enhanced crystal violet
dye adsorption. These nanostructures, which were synthesized at 600 and 800 °C, were abbreviated as EN600 and
ENB800, respectively. The mean crystal sizes were 43.82 nm for EN600 and 52.93 nm for EN800. The BET surface
areas were 65.80 m?/g for EN600 and 43.76 m?/g for EN80O, respectively. Optimal removal of crystal violet dye
was achieved at a solution temperature of 298 K, an interaction time of 70 min, and a pH of 10. The synthesized
EN600 and EN800 nanostructures demonstrate exceptionally high adsorption capacities of 284.09 mg/g and
256.41 mg/g for crystal violet dye, respectively, outperforming many conventional adsorbents. The innovation
of this research lies in the development of a dual-phase material that leverages the synergistic effects of cobalt
oxide’s high reactivity and cobalt borate’s structural stability. This novel material composition, combined with a
scalable and cost-effective synthesis approach, provides a new avenue for sustainable environmental remediation.
The adsorption process, which aligns best with the pseudo-second-order model and Langmuir isotherm, was
determined to be exothermic, physical, and spontaneous. Besides, the adsorbents were effectively regenerated
with 6 M hydrochloric acid and reused several times with minimal efficiency loss, demonstrating their excellent
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Fig. 16. Reusability of EN600 and EN800 products across multiple cycles for crystal violet dye adsorption.
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reusability. Future research will focus on scaling up the synthesis of EN600 and EN800 nanostructures for larger-
scale environmental remediation applications.

Data availability
All data generated or analyzed during this study are included in this published article.
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