
Nuhu et al. BMC Chemistry           (2025) 19:31  
https://doi.org/10.1186/s13065-025-01394-5

RESEARCH Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by- nc- nd/4. 0/.

BMC Chemistry

Cobalt titanate nanocatalyst for enhanced 
photodegradation of atrazine: kinetics, 
degradation efficiency, and mechanistic analysis
Jeremiah Suleiman Nuhu1, Femi Emmanuel Awe2, Rajni Garg3, Rishav Garg4, Nnabuk Okon Eddy5* and 
Hazratullah Paktin6* 

Abstract 

In this study, cobalt titanate nanoparticles (CoTiO₃ NPs) were synthesized and applied as a photocatalyst to degrade 
atrazine. Scanning electron microscopic (SEM) analysis showed irregularly shaped particles prone to agglomera-
tion, while X-ray diffraction (XRD) confirmed the formation of a rhombohedral CoTiO₃ phase with a crystallite size 
of 3.76 nm. Raman spectroscopic analysis showed vibrations typical for Ti–O and Co–O bonds and confirmed a well-
defined cobalt titanate structure. Thermogravimetric analysis (TGA) showed that the nanoparticles remained stable 
up to 800 °C. The photocatalytic activity of CoTiO₃ NPs was tested under sunlight irradiation and the results obtained 
demonstrated excellent efficiency compared to the photolysis reaction. The efficiency was influenced by concentra-
tion (20–50 ppm), catalyst dosage (0.5–2.0 mg/L), pH (4.21–10.22), and irradiation time (0–120 min). The synthesized 
nanoparticles exhibited a surface area of 32.5  m2/g (DFT) and 828.03 m⁻1 (BET), a pore volume of 0.03925  m3/g, 
and a bandgap energy of 2.66 eV. Kinetic studies demonstrated that the degradation followed the Langmuir–Hin-
shelwood model, with the photocatalytic reaction being the rate-determining step. Adsorption rate constants 
were found to range from 0.03828 to 0.166528 min⁻1, while photocatalytic rate constants ranged from 0.373692 
to 0.977135 min⁻1. The CoTiO₃ NPs also showed excellent recyclability, maintaining high degradation efficiency 
after five cycles. Scavenger experiments confirmed that hydroxyl radicals (HO•) are responsible for atrazine degrada-
tion while GCMS analysis confirmed the complete mineralization of atrazine with carbon dioxide (CO₂) and water 
(H₂O) as the final degradation products.
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Introduction
Pesticides are useful chemicals in reducing the negative 
impact of insects, rodents, nematodes, fungi, and weeds 
on the environment including man [1]. Therefore, they 
are useful in several applications including agriculture, 
industrial, household, etc. [2]. However, several updated 
studies on the post-impact assessment of pesticides have 
indicated different levels of risks if not properly managed 
[3]. Studies have also confirmed that the severity of the 
toxicity of pesticides depends on their solution chemistry 
such as the ability to be dissolved or transported through 
the aqueous medium to target organisms [4].

Atrazine is one of the popular pesticides that are widely 
applied for agricultural developmental purposes. How-
ever, several reports have been documented on its tox-
icity in aqueous media. The acute toxicity of atrazine 
has been reported to result in signs such as respiratory 
irritation, nausea, dizziness, headache, convulsion, and 
comma due to inhalation [5]. Skin contact with atrazine 
may also result in allergic reactions. Chronic toxicity 
concerning carcinogenetic and disruption of endocrine 
function (such as hormonal functioning, estrogen and 
testosterone levels, and consequence reproductive and 
developmental complications) have also been reported 
[6]. Also reported on the toxicity of this pesticide are 
environmental toxicity to fishes, algae, plants, and soil 
[7]. The high toxicity levels of atrazine are linked to per-
sistency and mobility, which has resulted in several doc-
umented impacts on common sources of water (such as 
groundwater, boreholes, etc.) [8]. Given the known toxic-
ity of atrazine in water, investigative studies on mitigation 
measures are crucial to the restoration of the environ-
ment concerning its impacts.

Given the established knowledge of the toxicity of pes-
ticides, especially in an aqueous medium, several water 
treatment protocols have been tested and confirmed for 
the removal of pesticide residuals including adsorption 
[9], Fenton-oxidation [10], photocatalysis [11], ozona-
tion [12], coagulation-flocculation, reverse osmosis, etc. 
[13]. Literature has been reviewed on the advantages 
and disadvantages of the listed methods such as disposal 
of the generated product, formation of stable and more 
toxic compounds, high operational cost and technology, 
etc. [14]. Photocatalysis has advantages over most of the 
listed methods because it can be effective to initiate the 
complete breakdown of the pesticides to a harmless form, 
eliminate secondary contaminants, is versatile, requires 
low energy, has less chemical requirement, can easily 
mannerize organic matter and method is sustainable [15]. 
However, the success of photodegradation is influenced 
by several factors such as the choice of catalyst, source of 
radiation, optical properties of the catalyst, the nature of 
contaminants, and environmental friendliness [16]. Most 

of the expected properties for a good photocatalyst are 
hardly met by conventional materials but the employ-
ment of nanoparticles has significantly shown enhanced 
degradation of atrazine [17].

High efficiencies recorded for the photodegradation 
of atrazine have been reported using titanium oxide 
 (TiO2) nanoparticles [18]. However,  TiO2 often suffers 
from some limitations such as low degradation efficiency 
under solar light, broad band gap, ease of electron–hole 
recombination, photo corrosion and instability, agglom-
eration, limited specificity, high cost of production, envi-
ronmental challenges, and poor dispersion [19]. These 
limitations have been overcome in several research 
quarters through composite, doped, and other forms of 
modifications [20]. For example, Shamsedini et  al. [21] 
observed 99% degradation when titanate was doped 
with  Fe3+, which showed an enhancement in degrada-
tion efficiency of above 20%. The observed enhancement 
was attributed to the doping of the original  TiO2 which 
lead to an increase in light harvesting ability of the cata-
lyst in addition to other optical properties. However, the 
work carried out by Sun et al. [22] for the degradation of 
altrazine using titanate in the presence of fulvic acud and 
 Ca2+, indicated that the  Ca2+ and fulvic acid acted as a 
stabilizers to the titanium oxide nanoparticles and con-
sequently led to a reduction in adsorption and a decline 
in photodegradation rate. These two observation suggest 
that dopant can significantly alter the surface proper-
ties of titanate as a photocatalyst based on their charge 
associated properties. Cobalt can exist in stable oxidation 
state of + 2 or + 3 and if doped into  TiO2 nanoparticles, 
it has the potential to alter their electronic structure by 
forming new energy level inside the original bandgap, 
prevention of hole election re-combination, formation 
of surface plasmon resonance, improvement in surface 
area and active sites, in addition to other properties [23, 
24]. Based on this information, some advantages have led 
to excellent results (with average efficiency greater than 
85%) obtained from scanty number of literature concern-
ing the applications of Co-TiO2 nanoparticles for the 
photodegradation of methyl orange [25], TiO₂-ZnO-CoO 
nanocomposite for the degradation of methylene blue 
dye and altrazine [26]. Considering the adverse environ-
mental impact of atrazine residue, the need to present 
updated information on the degradation profile, espe-
cially on the use of Co-TiO2 since the previous work pub-
lished by Chan and and Chu [27] since 2009 is outdated 
and did not cover wider scope of investigations. There-
fore, in this study, we present a contribution to further 
improve and validate current research data on the syn-
thesis, characterization, and application of cobalt titanate 
nanoparticles for the photodegradation of atrazine under 
various experimental conditions.
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Materials and methods
Instruments and reagents
The phase identification of the product was studied using 
X-ray diffraction (XRD)—Rigaku Ultima IV with Cu Kα 
radiation (λ = 1.544426  Å). Using a Thermos Scientific 
instrument, Nicolet iS50 model, Fourier Transform-
Infrared (FT-IR) spectra were recorded. Using a scanning 
electron microscope (Evo LS10, Zeiss) the morphology of 
the CoTiO-NPs nanoparticles sample was examined. The 
optical property of the material was examined with pho-
toluminescence (PL) spectra analyzed by a Perkin-Elmer 
spectrometer (Model LS-55) and Thermo-Scientific, UV–
vis spectrophotometer, Evolution 201 model. ProRaman 
L-785-B1S (made in USA) was used to obtain the Raman 
spectra of synthesized CoTiO-NPs nanocomposite, while 
the thermal property was canalized using Perkin-Elmer 
STA 6000. Brunauer–Emmett–Teller (BET) theory was 
used to measure the surface areas of the nanocompos-
ite using Nitrogen adsorption–desorption isotherms at 
77 K and the mean pore diameter based on the Nitrogen 
adsorption volume at a relative pressure of 0.29. A tan-
dem GCMS (Shimadzu) was used to evaluate the poten-
tial of the as-synthesized CoTiO-NPs nanocomposite on 
the degradation of ATRZ in aqueous medium.

The CoTiO-NPs photocatalyst nanomaterial was made 
using Titanium Isopropoxide (Ti{OCH(CH3)2}4) as a 
precursor for titanium ion, purchased from Merck Life 
Sciences Private Limited (India). Anhydrous ethanol, 
Cobalt nitrate hexahydrate (Acros, 99%), and Citric acid 
monohydrate were purchased from Fisher Scientific, all 
of which are commercially available. Ultra-pure de-ion-
ized water was prepared with a Milli-Q water purification 
system (A10, Merck Group Germany), equipped with 
Q-POD remote dispenser. The analytical pesticide stand-
ard—Atrazine applied in this research was purchased 
from AccuStandard (USA).

Synthesis of photocatalyst
The CoTiO-NPs nanocomposite material was synthe-
sized  (Scheme  1) using a modified Pechini method as 
reported by Rasalingam and Koodali [28]. In the typical 
synthesis, approximately 0.016 mol of ethanolic citric acid 
solution was prepared by weighing 3.00  g of citric acid 
 (C6H8O7), using Ohaus—Explorer EX 225D analytical bal-
ance, then dissolved in 10 mL of ethanol  (CH3CH2OH). In 
a separate beaker, 0.004 mol of ethanolic titanium isopro-
poxide solution was prepared by taking 1.2 mL of titanium 
isopropoxide (Ti{OCH(CH3)2}4) mixed with 3 mL of etha-
nol. This solution was then added dropwise into the citric 
acid solution. Using Ohaus Analytical balance—(Explorer 
EX 225D), approximately 1.1669  g (0.004  mol) of cobalt 
nitrate hexahydrate [Co(NO3)2.6H2O] was weighed in 

ethanol then added drop-wisely to the mixture to obtain 
a mixture with ratio of citric acid: metal ion ([Citric Acid: 
 Co2+:  Ti4+)]) of 4:1:1. All the mixing steps were carried out 
at room temperature and humidity throughout the experi-
ment. The thick gel obtained was allowed to stand for 
30 min. Then, the material was transferred to an oven for 
drying at 120 °C for 24 h. The expected, pink-colored crys-
tals obtained were then grounded to powder and calcined 
at 900 °C for 6 h in the furnace (Carbo Lite ELF 1100, range 
30–3000 °C).

Photo‑degradation study
The ATRZ photocatalytic degradation study was carried 
out in batches. A batch experiment was prepared by adjust-
ing the simulated polluted water sample to a pH of 4.21 
using 0.1 M  HNO3 and measured with a pH meter (Mettler 
Toledo SevenExcellence S470). A stock solution of ATRZ 
pesticide was added until a concentration of 20 ppm was 
obtained and 0.5  mgL−1 loading of CoTiO-NPs photocata-
lyst was then added to the sample. Before the photocatalytic 
reaction, the sample was stirred in the dark with a mag-
netic stirrer (Barnstead STEM coupled with A-S601 Stir-
rer controller UK) for 30 min to establish the adsorption/
desorption equilibrium. Afterward, the sample was then 
exposed to sunlight. At fixed reaction intervals of 30 min, 
5 mL of the sample was drawn out four times, and the cata-
lyst was removed by centrifuging at 4000 rpm (Eppendorf 
centrifuge 5702 Germany) for 5  min. A tandem GCMS 
(Shimadzu TQ8040) was used to determine the remaining 
pesticide’s concentration after extraction with hexane in a 
separating funnel and evaporation to 1.5 mL using a Tur-
boVap evaporator (Biotage). The same degradation evalu-
ation was then repeated at pH of 7.22 and 10.21, adjusted 
with 0.1 M NaOH. The experiment was then repeated with 
CoTiO-NPs loading of 1.0 and 2.0   mgL−1. The evaluation 
process above was repeated for ATRZ pesticide concentra-
tion of 50 ppm. The removal of the pesticides during the 
adsorption on CoTiO-NPs photocatalyst was extremely 
small and could be disregarded because the variations in 
the concentration of ATRZ throughout the entire experi-
ment before and after 30  min of adsorption equilibrium 
were very low. A set of photolytic (without CoTiO-NPs) 
experiments was also conducted in the presence of sunlight 
radiation to assess the degradation of the ATRZ pesticides. 
The residual concentrations were again measured using a 
gas chromatograph mass spectrometer (GCMS).

The effectiveness of the pesticide’s photocatalytic 
breakdown was calculated using the expression below.

where  Co represents the pesticide’s concentration at the 
start of the experiment,  Ct represents the pesticide’s 

(1)DE% =
Co − Ct

Co
× 100
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concentration in the sample that was taken at time t and 
DE represents degradation efficiency.

Results and discussion
Synthesis and characterization
By using citric acid as a complexation agent, the cations 
 (Co2+ and  Ti4+) were first made chelated. Next, the che-
late is then cross-linked to produce a gel, which was then 

calcined at 900 °C. As shown in Fig. 1a, it was observed 
that the colour of the un-calcined material changed 
from pink to green after calcination. The green colour 
of the material makes it likely that it could activate when 
exposed to sunlight.

The SEM images of cobalt titanate nanoparticles at dif-
ferent magnifications are provided in Fig. 1b and c. The 
image provides knowledge of the particle morphology, 

Scheme 1: Proposed reaction pathway of synthesis

Fig. 1 a Image of the synthesized nanoparticles (b) SEM image of CCT nanoparticles at 2 µm magnification 5.00 KX and Image (B): SEM image 
of CCT at 8 µm magnification 20.00 KX
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size distribution, and surface characteristics of the cata-
lyst. The micrograph obtained at 2  µm magnification 
and 5.00 Kx reveals distinct particles, irregular clusters, 
and evidence of agglomeration. The micrograph shows 
a random distribution of particles with non-uniformity. 
However, although the surface texture of the particles is 
not revealed at this low magnification, the image gives 
evidence for the formation of clusters by the cobalt titan-
ate nanoparticles which may be due to their high surface 
energy causing them to stick together. At 8 µm magnifi-
cation and 20.00 Kx (Fig. 1c), irregularity of the particles 
ae still observed but the surface roughness and porosity 
are visible at this magnification. Also, a larger central par-
ticle is clearer and suggests the presence of agglomera-
tion from smaller particles or a highly porous structure. 
The central particle surrounded by smaller particles con-
firms some degree of polydispersity that could impact its 
functional properties.

Comparing both images, the higher magnification in 
the second image allows for a clearer observation of sur-
face features, which are not as visible in the first image. 
The agglomeration of particles is a common feature in 
both images, although the higher resolution of the sec-
ond image suggests that the particles may be composed 
of smaller units that are not resolvable at the lower mag-
nification. The rough surface texture observed in the 
second image indicates potential active sites that could 
enhance catalytic behaviour, which is harder to assess 
from the first image alone.

Both images reveal the tendency of cobalt titanate 
nanoparticles to form irregular shapes and agglomerate. 
However, the higher magnification image highlights sur-
face characteristics, which are critical for understanding 

their potential in applications such as catalysis or energy 
storage. While the lower magnification image gives an 
overview of the particle size distribution, the higher mag-
nification provides necessary details about the surface 
structure and particle interactions.

The XRD profile of the nanoparticles is shown in Fig. 2. 
While crystallography information obtained from the 
plot is recorded in Table 1. The results contain the peak 
area and the various diffraction angles as well as the cor-
responding full width at half maxima (FWHM). The XRD 
pattern showed a close match with the card number, 
ICDD:04-007-9559, and the Miller indices for the respec-
tive peaks were deduced [29] Phase separation shows 
that the CCT nanocomposites consist of a rhombohe-
dral phase structure of  CoTiO3, cubic phrase structure 
of  Co2TiO4, and tetrahedral phase structure of  TiO2 with 
relative intensity of 87, 12 and 1% respectively.

The lattice microstrain for the nanoparticles was calcu-
lated using Eq. 2 while the crystallite size was evaluated 
using the Scherer equation (Eq. 3) [15]:

Values of micro lattice strain and crystallite size for 
different peak angles are also presented in Table  1. The 
average microstrain was evaluated as 0.002177 while 
the average crystallite size was 3.76  nm, which con-
firmed that the material has a dimension that describes 
it as nanoparticles. The crystallite size was also evaluated 

(2)ε =
FWHM

4tanθ

(3)dcryt =
k�

FWHM × cosθ

Fig. 2 XRD pattern of the CCT nanocomposites and Williamson-Hall (W–H) plot
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using the Williamson Hall (W–H) model represented as 
Eq. 4 [30]:

From Eq.  4, a plot of βTCosθ versus 4sinθ was lin-
ear (Fig.  2) and therefore conforms to the W–H model 
with  R2 = 0.9513. Consequently, the average macrostrain 
obtained as the slope of the plot is 0.95550 which is rel-
atively higher than the value of 0.002177 obtained from 
Scherrer’s equation.

Also, the crystallite size deduced from the intercept 
of the W–H plot was 0.10  nm which is also lower than 
the value calculated from the Scherrer equation. The 
observed gap between the two sets of results can be 
attributed to the differences in assumptions between the 
two models. The W–H model tends to give average crys-
tallite size while the Scherrer model evaluates this param-
eter based on the individual diffraction angle. Therefore, 
where peak broadening is significant, the two models 
may yield slightly different results [31]. Also, from the 
XRD pattern, the surface area of the nanocomposite was 
evaluated as 725. 40   m2 while the evaluated percentage 
purity was 98.89% leaving a value of 1.21% as the percent-
age impurity.

The Raman spectrum of the synthesised nanoparticles 
is shown in Fig. 3. The spectrum indicated major peaks 
at 204, 235, 336, 390, 492, 604 and 702   cm−1. The peak 
observed at 204  cm−1 is associated with the bending and 
twisting vibrational model for the Ti–O or Co–O bond 
in the cobalt titanate structure [32]. At 235 and 336  cm−1 
peaks corresponding to deformation or bonding vibra-
tions with the titanate lattice were observed [33]. These 

(4)βTCosθ =
k�

dcryt
+ 4εsinθ

vibrational modes are sensitive to Ti–O and Co–O bond 
length and angles and are customry to the tetrahedral 
or octahedral sites of the cobalt titanate crystal lattice. 
Also, a peak typical for the octahedral stretching vibra-
tion (Ti–O stretching in  TiO6) involving Ti ions with six 
surrounding oxygen atoms was observed at 390   cm−1 
[34]. At 492  cm−1, the observed peak is associated with a 
complex deformation or twisting mode within the crys-
tal structure that involves both Co and Ti movement 
relative to the oxygen matrix. High-frequency peaks 
observed at 604 and 702   cm−1 are indicative of symme-
try and asymmetric stretching vibrations of the oxygen 
atoms surrounding the Co center in the titanate lattice. 
For example, the peak at 702  cm−1 represents symmetric 
stretching vibrations in  TiO6 octahedral groups and indi-
cates a high degree of crystallinity and order [35].

The stability of the nanoparticles was studied using the 
thermogravimetric analyzer, which gave results is also 
shown in Fig. 3. The red line is the TGA curve for cobalt 
titanate representing a plot of weight loss at various cor-
responding temperatures ranging from 0 to 800  °C. A 
slight weight loss was observed at around 85  °C due to 
the loss of adsorbed water from the nanocomposites. 
However, significant weight loss was observed at 340 °C 
which is an indication of the decomposition of organic 
components or the breakdown of precursor materials. 
This trend is not uncommon concerning the synthesis of 
cobalt titanate and is often attributed to the removal of 
organic binders or residual organic solvents during heat-
ing [36]. However, beyond this temperature, the TGA 
shows a significant minimal weight loss, which confirms 
that the cobalt titanate is stable above 340 and up to 
800 °C.

Table 1 Crystallographic data for the synthesized CCT nanocomposites

2θ Area FWHM Crystalline Size 
(nm)

Lattice Strain Miller Indices Phase JCPDS Card No

23.90 220.79 0.1362 62.24 0.00281 0 1 2 CoTiO₃ 01-089-7216

27.48 33.54 27.00 0.316 0.4818 1 1 0 TiO₂ 89-4921

32.77 751.79 0.1574 54.90 0.00234 1 0 4 CoTiO₃ 01-089-7216

36.35 688.85 0.2150 40.60 0.00286 1 1 0 CoTiO₃ 01-089-7216

40.50 225.72 0.1948 45.39 0.00230 1 1 3 CoTiO₃ 01-089-7216

49.01 310.01 0.2111 43.10 0.00202 0 2 4 CoTiO₃ 01-089-7216

53.47 412.80 0.2257 41.15 0.00195 0 2 4 CoTiO₃ 01-089-7216

56.78 174.65 0.4201 22.44 0.00339 1 1 5 CoTiO₃ 01-089-7216

61.94 333.85 0.3505 27.60 0.00255 2 2 0 TiO₂ 89-4921

63.55 264.76 0.2660 36.68 0.00187 1 2 4 CoTiO₃ 01-089-7216

70.86 66.19 0.1397 72.87 0.00086 3 0 0 CoTiO₃ 01-089-7216

74.86 36.80 0.1759 59.39 0.00190 4 0 0 Co₂TiO₄ 02-086-1210

71.05 66.22 0.6252 16.30 0.00382 4 0 0 Co₂TiO₄ 02-086-1210

74.84 40.44 3.8601 2.70 0.02201 5 3 3 Co₂TiO₄ 02-086-1210
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Similarly, the DTA curve of the same materials displays 
the pattern of change in temperature that aligns with a 
transition within endothermic and exothermic reac-
tions within the sample, when compared to the reference 
materials. The endothermic peak was observed around 
85  °C, which corresponds to the temperature of the ini-
tial weight loss and therefore interprets the evaporation 
of moisture. A sharp peak describing an exothermic peak 
was observed at 340  °C, which also corresponds to the 
point where significant weight loss was observed in the 
TGA curve. Therefore, this peak represents the decom-
position of cobalt titanate precursor or the crystallization 
process [37].

The FTIR of the calcines and uncalcined cobalt titanate 
are shown in Fig. 4a and b respectively. The broad peak 

at 3400  cm−1 observed in the spectrum of the uncalcined 
nanoparticles may be due to the differences in the chemi-
cal structure and bonding characteristic after calcination 
and can be assigned to O–H stretching vibration, charac-
terized with hydrogen bonding, and suggest the presence 
of moisture. The peaks between 2924 and 2852   cm−1 
are assigned to C-H stretching vibration due to organic 
residue in the uncalcined materials. Also, the peak at 
1627   cm−1 is likely due to H–O-H bending vibration 
and confirms the presence of water in the lattice struc-
ture but the peak around 1382 is typical for the presence 
of nitrate group residue from the organic compounds in 
the uncalcined sample. At 1109 and 458  cm−1, peaks cor-
responding to metal–oxygen bond vibration represent 
the formation of titanate framework while the peak at 

Fig. 3 Raman spectrum and TGA/DTA of cobalt titanate nanoparticles
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587  cm−1 confirms the formation of Ti–O-Ti or Ti–O-Co 
bonds and the early stage formation of titanate structure.

However, after calcination, the peak due to the presence 
of moisture is significantly reduced and therefore con-
firms the expulsion of the O–H peak, which represents 
water. Therefore, the calcination promotes the higher 
transition to the crystalline phase through the removal 
of water. Also, peaks due to C-H vibrations observed at 
2924 and 2852  cm−1 were not found after calcination and 
therefore confirmed the removal of organic compounds 
through decomposition or volatilities. The calcined prod-
uct displays a sharp Ti–O and Co–O peak at 906   cm−1 
which indicates an increase in the degree of crystallinity 
and the onset of a more stable product. The broadening 
of the metal–oxygen band also confirms the increase in 
the degree of crystallinity compared to the earlier sharper 
band before calcination. Also, the Ti–O-Ti stretching 
vibrational peak at 426   cm−1 confirms the formation of 
an enhanced ordered titanium oxide framework.

In Fig. 5, the photoluminescence spectrum of the pro-
duced nanoparticles is provided. From the spectrum, the 

wavelength of maximum absorption demonstrated by the 
nanoparticles is 467 nm. This indicates that the nanoma-
terial has a strong emission in the visible range and can 
therefore absorb ultraviolet light and re-emit it as visible 
light. Also, the peak is associated with electronics within 
the nanoparticles, typically for band-to-band or defect 
state in the crystal lattice. The tendency to emit visible 
light after UV absorption supports the functionality of 
the cobalt titanate nanoparticles (CoTiONPs) to harness 
UV light and become suitable as an efficient photocata-
lyst through visible light activation. The Planck equation 
relates bandgap  (EBG) with the Planck constant (h) and 
the wavelength of maximum absorption ( �max) according 
to the equation given below [15].

Therefore, the calculated bandgap of the CoTiONPs 
was 2.66  nm, which further supports the suitability of 
the nanoparticles as a photocatalyst that can absorb suffi-
cient solar energy to produce electron–hole pairs needed 
for the catalysis of the degradation of atrazine.

Furthermore, the shape of the photoluminescence peak 
indicates a rise and fall, which suggests that the recom-
bination of electron and hole is primarily radiative with 
minimal non-radiative recombination losses. Such effi-
cient radiative recombination is again supporting evi-
dence for CoTiONPs as a good photocatalyst because 
a significant proportion of the absorbed energy is re-
emitted and could be useful in driving photocatalytic 
degradation of atrazine. The shape of the spectrum also 
suggests the presence of defect states or surface states 
in the CoTiONPs. The usefulness of the defect is for the 
trapping charge carriers with consequent delaying of 
the re-combination and prolonged lifetime of the charge 
carriers.

Figure 6a and b show the DFT plots (based on the BET 
nitrogen adsorption isotherm) for the nanoparticles. 

(5)EBG =
h

�max

Fig. 4 FTIR spectra of as-synthesized CCT nanomaterial: (a) Un-calcined (b) Calcined

Fig. 5 Photoluminescence spectrum of the cobalt titanate 
nanoparticles
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Consisting of (a) the variation of cumulative pore vol-
ume /surface area with pore diameter and (b) differen-
tial pore volume/surface area versus pore diameter. The 
plots, reveal a steady increase in pore surface area and 
pore volume as the pore size of the particles increases 
which is an indication that more volume is available for 
adsorption as the pore increases. The figure also shows 
an increase in surface area as the pore diameter, espe-
cially between 2.65 and 2.77 nm, which indicates a par-
ticle size range of 28.4 to 32.5 m.2/g. We also observed 
some peaks based on the derivative function plots of 
dV(d)/dS(d) versus pore diameter, that showed the dis-
tribution of pore volume and surface area with pore 
diameter. Based on these plots (Fig.  6b), significant 
peaks were also observed at the range, that is similar to 
that Fig. 6a revealed. Therefore, the average pore diam-
eter was obtained as 2.41 nm, which confirms that the 
nanomaterial is mesoporous with expected high poros-
ity [16]. Also, the surface area was analyzed by integrat-
ing the dS(d) plot (Eq. 6)

The result of the integration shows that the average 
surface area is 32.5   m2/g, which is consistent with the 
information displayed in Fig.  9b. Also, the average pore 
volume was obtained as 0.03925  m3/g, which is also con-
sistent with the value suggested by Fig.  9b. One indica-
tion of the obtained data is that the ratio value 828.03  m−1 
representing the surface area to pore volume ratio for this 
materials has a well developed porous structure that 
could makes it a good adsorbent [15]. Also, the surface 
area was estimated using the slope obtained from the 

multiple BET plot which defines a plot of 
P
/P0

V

(

1−
P
/P0

) ver-

sus P
P0

 . (Eq. 7) [38]:

(6)STotal =

∫ dmax

dmin

dS(d)

The above equation has the reduced pressure defined 
as the ratio of the absolute pressure to the initial pressure 
represented as P

/

P0
 , Vm Is the volume of gas required 

for monolayer formation and C is the BET constant at 
temperature, T, defined as consequences of heat of 
adsorption of the gas at the formation of a monolayer. 
(Em) and the heat of liquefaction of the gas (El) such 
that,C = exp

(

(Em−El)
RT

)

 . From the Multiple BET plot 
(Figure not shown), the slope and intercept were calcu-
lated to be equal to 0.0188 and 0.0099 respectively, while 
the fitness of the plot linearity measured as  R2 was 
0.9989. The monolayer adsorption volume was evaluated 
using the following relationship:
intercept = 1

VmC
 and slope = C−1

VmC
 . Therefore, we 

obtained C = Slope/intercept + 1 and C = 3.00. The posi-
tive value of C indicates that adsorbate has a very high 
affinity for the adsorbent and points towards a strong 
interaction between them. The extent of monolayer 
adsorption rather than multilayer adsorption is also pro-
moted by C = 3 and confirms that the ideal requirement 
for the BET model is obeyed especially when compared 
to the obtained value of R2

≈ 1
.. These results also indi-

cated that the Vm =
1

intercept×C = 34.83cc/g . Therefore, 
the monolayer adsorption will cease above this volume, 
and the multiple-layer adsorption will increase. From the 
slope of the plot, the Multi-BET surface area (SBET) was 
calculated using Eq. 8 [31]:

With the calculated values 
ofVm = 34.83cc/g = 34.83× 10

−6m3/g . Avoga-
dro’s number 

(

N = 6.022× 10
23molecules/mol

)

 , 

(7)
P
/

P0

V
(

1− P
/

P0

) =
1

VmC
+

C − 1

VmC
.

(

P

P0

)

(8)SBET =
Vm × N × A

22.414 ×m

Fig. 6 DFT plots based on (a) Variation of cumulative volume/surface area with pore width (b) dV(V)/dS(d) with pore width
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cross-sectional area 
(

A = 0.162nm2
= 1.62× 10

−19m2
)

 
And the sample mass(m = 0.15g) , we 
obtainedSBET = 151.69m2/g . The Multi-BET surface 
area measured from BET significantly differs from the 
DFT-measured surface area. Although the BET and DFT 
models are representatives of experimental and theoreti-
cal models, the major factor that could account for the 
differences is the assumption behind the DFT model, 
which majorly assumes a perfect defect-free surface, 
unlike the BET model which measures accessible sur-
face area that can penetrate small pores and crevices 
due to surface roughness, defects and pores, that are not 
accounted for in the DFT model.

Photolysis and photocatalysed degradation
Figures 7 and 8 show the observed patterns for the deg-
radation of different concentrations of ATRZ under the 
variation of some experimental variables including time, 
pH, catalyst concentration, and sorbate concentration. 
Consequently, results are discussed in terms of the influ-
encing factors.

Effect of concentration
The Figures generally indicate that the initial concen-
tration of the ATRZ had a significant impact on the 

degradation of ATRZ. At lower concentrations of ATRZ 
(1. e, 20  ppm) higher degradation efficiencies were 
observed compared to the higher concentration, which 
was 50 ppm.

Specifically, at a catalyst load of 0.5  mg/L and 
pH = 10.22, 20 ppm of ATRZ showed a degradation rate 
of approximately 80% after 120  min of contact. How-
ever, at an ATRZ concentration of 50  ppm, a degrada-
tion efficiency of 74% (which is 10% lower, compared to 
efficiency for 20 ppm) was observed at the same catalyst 
load. Also, an increase in the catalyst load to 2.0  mg/L 
showed complete degradation (i.e. 100%) for the 20 ppm 
at a pH = 10.22, 20 ppm whereas the efficiency of the cat-
alyst for the 50 ppm ATRZ was 90%, which corresponds 
to a 10% reduction in efficiency when compared to the 
value observed at ATRZ concentration of 20 ppm.

The observed trend can be interpreted based on 
time requirements expected for the processing of an 
increased load of ATRZ compared to the lower time 
expected at a lower concentration. Several studies have 
shown that the rate of photocatalyzed degradation 
tends to increase with the lowering of concentration, 
considering a given time interval because it becomes 
easier for the catalyst to process and degrade the prod-
uct with a lower concentration (load) than a higher 
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ad catalyst dosage (1.00 and 2.00 mg/L) (those marked with ‘a’ represent photolysis-without catalyst)



Page 11 of 19Nuhu et al. BMC Chemistry           (2025) 19:31  

load, expected to be processed by the same catalyst 
with similar efficiency [39]. Therefore the time require-
ment and hence the degradation efficiency is a func-
tion of the degree of saturation of available active sites 
and since at higher ATRZ concentration, the number 
of molecules may likely exceed the available sites on 
the catalyst surface, efficiency would be expected to be 
lowered due to increase burden [39].

Effect of catalyst dosage
Based on the observed insignificant (or almost zero) 
photodegradation of ATRZ in the absence of the cata-
lyst, it is evident that the presence of the catalyst as well 
as its dosages has a significant impact on the photodeg-
radation of ATRZ, irrespective of the pH, concentration 
and time. Without the catalyst. The results indicated 
that at a pH of 10.22 and [ATRZ] of 20 ppm, an increase 
in the concentration of the catalyst from 0.5  mg/L to 
2.0 mg/L resulted in a jump in the photocatalyzed deg-
radation efficiency from 80 to 100%, which approxi-
mate a 20% incremental rate. Also, at a pH of 7.21 and 
[ATRZ] = 20  ppm, The  CoTiO3-catalyzed photodeg-
radation of ATRZ witnessed a 25% rise from 40% (at 
0.5  mg/L) to 65% (at 2.0  mg/L). Therefore, at higher 
 CoTiO3 dosages, more active sites are available for the 
acceleration of the photocatalytic degradation of ATRZ 
in water. Similar results have been reported elsewhere 
for ATRZ and other photocatalyzed degradation of 
ATRZ concerning the increase in degradation efficiency 
with an increase in the mass of the catalyst [17].

Effect of time
The degradation of a substrate such as ATRZ is a 
function of time, irrespective of the prevailing condi-
tion. Based on the degradation plots shown above, in 
all cases, minimal degradation was observed (below 
10%) within the first 20 min but after 60 min, a signifi-
cant rise in the degradation rate was recorded, which 
implies that there is a minimum time lag that is needed 
before the degradation of ATRZ [40]. At ATRZ concen-
tration of 50 ppm and a pH of 10.22, an improvement in 
degradation efficiency from 30% (at 60 min) to 70% was 
observed after 120  min, which corresponds to a 40% 
increase over time. Similar patterns are ascertained in 
this work irrespective of the pH levels, ATRZ concen-
trations, and the concentrations of the catalyst. There-
fore, a prolonged exposure time enhances the arrival 
of more ATRZ molecules to the surface of the catalyst 
and hence effective adsorption in the active sites of the 
catalyst and consequent degradation by the reactive 
species.
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Effect of pH on the degradation of ATRZ in the absence 
and presence of sunlight
The plots also indicated that the pH of the ATRZ solu-
tion has a significant contribution to its degradation 
with alkaline conditions (pH 10.22) giving the highest 
degradation efficiencies which is consistent with the 
results recorded by Shamsedini et  al. [41] concerning 
the degradation of ATRZ using  Fe3+-TiO2 (as a photo-
catalyst) with maximum degradation efficiency of 94% 
at pH = 11 and [ATRZ] = 25  mg/L [41]. At a catalyst 
dosage of 2.0 mg/L and [ATRZ] = 20 ppm, a 100% deg-
radation at pH 10.22 was observed after 120 min but at 
a pH of 4.21, the degradation efficiency was generally 
observed to be below 30%, hence a 70% higher deg-
radation rate at alkaline pH was recorded. At a lower 
catalyst dosage of 0.5 mg/L and [ATRZ] = 50 ppm, the 
photocatalyzed degradation of ATRZ recorded effi-
ciency equal to 70% at pH 10.22 but at acidic pH (pH 
4.21), the efficiency was less than 20%, indicating a 50% 
difference. Therefore, clearly shows that alkaline con-
ditions promote more efficient generation of hydroxyl 
radicals (•OH), enhancing the degradation process 
because of improved adsorption [42]. Adsorption is the 
initial mechanism in the photodegradation process. The 
ATRZ has to be adsorbed on the surface of the catalyst 
and attacked before degradation. The impact of pH on 
the photodegradation of ATRZ can therefore be ana-
lyzed using the behaviour of the ATRZ ions at acidic, 
neutral and alkaline pH.

In acidic pH, the ATRZ will likely exist in the pro-
tonated form because of the protonation of the ring 
nitrogen by the excess hydrogen ion in the solution as 
shown in Eq. 9 below.

However, at neutral pH, the neutral molecule domi-
nants because of a balance between hydrogen and 
hydroxyl ions but at alkaline pH, because of the interac-
tion between the ATRZ and the hydroxy ion, the stable 
form is the deprotonated form (Eq. 10)

Consequently, it would be expected that since the 
potential at zero charge of the catalyst is 8.3, the deg-
radation at acidic and basic pH shouldn’t be favoured 
because the atrazine exists as a negatively charged spe-
cies at alkaline pH (where pH > 8.3), and the surface of 
the catalyst is expected to be negative charge since its 
PZC = 8.3 (Fig.  9). However, the results obtained is at 
variance with this theoretical expectation such as elec-
trostatic repulsion. However, it is evident from the pre-
sent results that the repulsion is countered by factors 

(9)ARTZ +H+
→ ARTZ −H+

(10)ARTZ + OH−
→ ATRZ−

+H+

such as the formation of reactive intermediates, the 
available adsorption sites (that can initiate photodegra-
dation) and the presence of specific interactions at the 
catalyst surface. This implies that the employed photo-
catalyst can generate reactive species (such as hydroxyl 
radicals after activation by photons) that can oxidize 
atrazine without recourse to the surface charge. Based 
on the literature, the generation of hydroxyl or other 
radicals is not often influenced by the electrostatic 
interaction between the catalyst surface and the ATRZ 
molecules [43]. Secondly, the binding of ATRZ on the 
catalyst surface can be facilitated by other interactions 
such as van der Waals forces or hydrogen bonds, hence 
enhanced photocatalyzed degradation can be observed 
[44].

Thirdly, the cobalt titanate catalyst seems to have typi-
cal properties that enhance the generation of reactive 
species and consequently facilitate a reaction with the 
ATRZ that also counters the expected electrostatic repul-
sion [45]. Lastly, although hydroxyl ions may not directly 
cause the degradation of ATRZ, their presence at alkaline 
pH can enhance photodegradation (without regard to the 
influence of electrostatic repulsion) through interaction 
with the catalyst to facilitate surface activation, genera-
tion of reactive species and hydrolysis [46].

The catalytic efficiency of atrazine degradation at spe-
cific pH values such as 4.2 and 10.22 can be attributed 
to the interplay between the material’s surface charge, 
the isoelectric point (pI), and the chemical properties 
of atrazine. The isoelectric point of the material is 8.3, 
meaning that at pH 8.3, the material’s surface is neutrally 
charged. Below pH 8.3, in acidic conditions, the surface 
of the material becomes positively charged due to proto-
nation. Above pH 8.3, in alkaline conditions, the surface 
becomes negatively charged due to deprotonation.

At pH 4.2, the material’s surface is positively charged. 
Atrazine, being neutral or slightly negatively charged in 
acidic conditions, is attracted to the positively charged 
surface through electrostatic interactions. This enhanced 
interaction facilitates the adsorption of atrazine onto 
the material, increasing its proximity to catalytic sites 
and thereby improving degradation efficiency. Addi-
tionally, acidic conditions can enhance the reactivity of 
reactive species such as hydroxyl radicals (•OH), which 
are commonly involved in catalyzed degradation pro-
cesses. At pH 10.22, the material’s surface is negatively 
charged. Atrazine becomes increasingly protonated as 
pH decreases, but at highly alkaline conditions, it may 
also exhibit polar interactions that favor degradation. 
The high pH promotes the generation of hydroxyl radi-
cals from oxidizing agents, such as H₂O₂ in Fenton-like 
processes, which boosts the degradation reaction. The 
material’s active sites may also exhibit maximum catalytic 
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activity under these alkaline conditions, further enhanc-
ing the degradation rate. However, at other pHs, or inter-
mediate pH values close to the isoelectric point, around 
pH 8.3, the material’s surface charge is neutral, resulting 
in weaker electrostatic interactions with atrazine. Neutral 
or minimal interactions reduce the adsorption of atrazine 
onto the catalytic surface, thereby lowering degradation 
efficiency. At these pH levels, the production of reactive 
oxidative species may also be suboptimal, contributing to 
the lower catalytic activity observed.

Photolysis (non catalyzed degradation study)
In the absence of sunlight (indicated by the “a” in pH val-
ues), the degradation was observed to be minimal (almost 
zero) at all pH, ATRZ concentration and catalyst dosage. 
At 0.5  mg/L catalyst dosage and pH = 4.22a, degrada-
tion remains below 5% even after 120 min, while in the 
presence of sunlight at pH 10.22, degradation efficiency 
was 80% under the same conditions, which aligns with a 
75% improvement due to the effect of sunlight. Sunlight 
is essential for activating the photocatalyst and driving 
the degradation reactions. In acidic conditions (pH 4.21 
and 4.22a), the absence of sunlight led to poor degrada-
tion, with less than 5% efficiency because the generation 
of reactive radicals is limited in the acidic environment.

The statistical analysis of the factors affecting the pho-
todegradation of ATRZ was also carried out to ascertain 
the reliability of the obtained parameters. A one-way 
ANOVA was performed to evaluate the contribution of 
the factors that affected the photocatalyzed degradation 
of ATRZ. The results obtained from the ANOVA indi-
cated that all factors analysed (including time, [ATRZ], 
catalyst dosage and pH) were statistically significant, 
with p-values (below 0.05) that indicate a strong influ-
ence on ATRZ degradation. The analysis indicated that 
[ATRZ] (F = 24.00, p = 0.016), catalyst dosage (F = 75.00, 
p = 0.003), pH (F = 27.75, p = 0.012), and period of contact 
(F = 75.00, p = 0.003) significantly affected the photodeg-
radation of ATRZ. The residual variance was relatively 
low, indicating that the model fits the data well.

Also, the regression results revealed that the dosage 
of the catalyst exerted the most significant impact on 
the degradation of the ATRZ (coefficient = 11.77 and 
p-value = 0.041) with the interpretation that matches 
an increase in degradation with an increase in the dos-
age of the catalyst. A string positive coefficient of 5.67 
and a significant p-value of 0.027 were also observed for 
pH which confirmed that the alkaline pH displayed the 
best efficiency concerning the degradation of ATRZ. 
However, the impact of concentration was minimal com-
pared to pH and catalyst dosage (coefficient = 0.67 and 
p-value = (0.065). Also, time showed a small positive 
coefficient of 0.24, but the p-value of 0.101 which indi-
cates the influence of time is also less significant.

In Table  2, the results obtained in this study is com-
pared with some literature value and it is observed that 
this study that performed photocatalytic degradation of 
atrazine using CoTiO₃ demonstrates shows significant 
improvements over other reported catalysts in the lit-
erature when comparing degradation efficiency, catalyst 
dosage, degradation time, and the concentration of atra-
zine degraded. The study achieved 100% degradation effi-
ciency, which matches the best-performing catalysts like 
g-C₃N₆ and Ag@Mg₄Ta₂O₉ but surpasses others such as 
ZnIn₂S₄ (90%), Ag-WO₃/SBA (68%), and hydroxyapa-
tite (52%). A particularly notable feature of this study is 
its use of only 2.0  mg/L of CoTiO₃, which is exception-
ally low compared to other catalysts, such as ZnIn₂S₄ 
(0.5 g/L), g-C₃N₆ (1 g/L), Ag@Mg₄Ta₂O₉ (2.5 wt%), Fe3⁺-
TiO₂ nanoparticles (25 mg/L), and hydroxyapatite (0.7 g). 
This demonstrates a significant advancement in material 
efficiency.

Although the degradation time of 120  min in this 
study is not the shortest, it remains competitive com-
pared to g-C₃N₆, which required 5 h, and hydroxyapa-
tite, which took 150 min. Faster catalysts, like Ag-WO₃/
SBA (20  min) and Ag@Mg₄Ta₂O₉ (60  min), outper-
formed in terms of time, but these often required 
higher catalyst dosages. In terms of atrazine concentra-
tion, this study successfully degraded 20  mg/L, which 

Table 2 Comparative overview of the present and literature results for the phodegradation of atrazine by different catalysts

Catalyst Catalyst dosage Concentration 
(mg/L)

Degradation time % degradation Light source References

CoTiO3 2.0 mg/L 20 120 min 100.00 Sunlight This Study

ZnIn₂S₄- 0.5 g/L 20 60 min 90.00 UV/Vis [47]

g-C3N6 1 g/L 10 5 h 100.00 UV/Vis [48]

Ag@Mg₄Ta₂O₉ 2.5 wt % 100 60 min 100.00 UV/Vis [49]

Ag-WO₃/SBA 25 mg/L 20 20 min 68.00 UV/Vis [50]

Fe3⁺-TiO₂ nanoparticles 25 mg/L 10 120 min 93.22 UV/Vis [51]

hydroxyapatite 0.7 g 70 150 min 52.00 UV/Vis [52]
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is a moderate level and consistent with most other 
catalysts except for Ag@Mg₄Ta₂O₉ and hydroxyapatite, 
which handled higher concentrations of 100 mg/L and 
70 mg/L, respectively. Conversely, catalysts like g-C₃N₆ 
and Fe3⁺-TiO₂ nanoparticles only degraded 10 mg/L of 
atrazine.

Overall, this study highlights significant improve-
ments in the photocatalytic degradation of atra-
zine, particularly with its minimal catalyst dosage of 
2.0  mg/L while achieving 100% degradation efficiency. 
It strikes a balance between efficiency, time, and con-
centration handling, offering a sustainable and cost-
effective approach to atrazine degradation compared to 
other reported methods. This advancement is particu-
larly beneficial in reducing material costs and environ-
mental impacts while maintaining high performance.

Degradation kinetics
The best-fitted kinetic for the photodegradation of 
the ATRZ was the Langmuir–Hinshelwood mechanic, 
which can be represented as Eq. 10.

The equation is valid with the following parameters, 
kads defining the adsorption rate constant, kphot repre-
senting photocatalyzed rate constant and Ct Represent-
ing concentration. The rearrangement of Eq.  10 led to 
the linear model given as Eq. 11

(11)Rate =
kphotkadsCt

1+ kadsCt

Based on Eq. 11, a plot of 1/Rate versus 1/Ct generated 
straight lines with slope, intercept and  R2 values that are 
recorded in Table 3. Figure 9 shows a representative plot 
at 2 ppm concentration.

The results obtained from the Langmuir–Hinshelwood 
plots reveal information on the rate of adsorption and 
photorefractions through the respective rate constant. 
The model relates the two reaction rates to the concen-
tration of the substrate (ATRZ) and the catalyst dosage 
and proposes that the overall reaction rates depend on 
the adsorption of the substrate onto the catalyst surface, 
followed by the photodegradation of the ATRZ [53]. Spe-
cifically, at a catalyst dosage of 2.0 mg/L, the photodegra-
dation rate constant (photo) is higher than the adsorption 
rate constant (kids) at all pH and ATRZ concentrations, 
indicating that the photocatalytic reaction is the primary 
mechanism driving the degradation of ATRZ compared 
to the adsorption on the catalyst surface. This also con-
firms that once the ATRZ molecule is adsorbed onto 
the catalyst surface, the photocatalytic process is highly 
effective in the degradation of the ATRZ [23].

At pH 10.2 with 20  ppm ATRZ, high photo (0.977135) 
and low  kads (0.03828) values were obtained and indi-
cate that photodegradation is the rate-limiting step for 
the degradation process. The observed trend indicates 
that at this pH and ATRZ concentration, the catalyst sur-
face adsorbs ATRZ and facilitates a rapid photodegrada-
tion process. Also, at pH 7.2 and ATRZ concentration of 

(12)
1

Rate
=

1

kphot
+

1

kphotkadsCt

Table 3 Langmuir–Hinshelwood kinetic parameters for the  CoTiO3 catalyzed photodegradation of various concentrations of ATRZ and 
different pH (‘a’ is attached to pH values at 20 ppm concentration of ATRZ and ‘b’ for 50 ppm concentration)

Catalyst dosage 
(mg/L)

Plot parameter pH = 10.2a pH = 7.2b pH = 10.2b pH = 7.2a pH = 4.2b pH = 4.2a

Slope 25.526 36.927 15.39 36.358 47.96 19.269

2.0 Intercept 1.0234 1.9377 1.0238 2.6891 1.5413 1.5368

2.0 R2 0.9322 0.9377 0.8699 0.9941 0.9832 0.769

2.0 photo 0.977135 0.516076 0.976753 0.371872 0.648803 0.650703

2.0 ads 0.03828 0.013976 0.166528 0.073962 0.013528 0.079755

1.0 Slope 34.379 40.21 10.494 49.229 32.137 38.59

1.0 Intercept 1.1772 6.6617 1.2388 2.6531 1.9149 1.6657

1.0 R2 0.849 0.9678 0.9832 0.9516 0.9058 0.955

1.0 photo 0.849473 0.150112 0.807233 0.376918 0.52222 0.600348

1.0 ads 0.034242 0.165673 0.118048 0.053893 0.059586 0.043164

0.5 Slope 24.754 42.968 35.257 20.021 33.55 22.056

0.5 Intercept 1.054 2.9752 1.512 1.753 2.676 1.9017

0.5 R2 0.9195 0.9545 0.9377 0.9737 0.9438 0.983

0.5 photo 0.948767 0.336112 0.661376 0.570451 0.373692 0.525845

0.5 ads 0.038328 0.069242 0.018759 0.087558 0.079762 0.023841
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20 ppm ATRZ,  kphoto (0.516076) is relatively low but still 
supports photocatalyzed degradation as the rate-deter-
mining step.

An increase in the ATRZ concentration from 20 to 
50  ppm ATRZ, still indicated a high  kphoto (0.976753 at 
pH 10.2) and lower  kads value (0.166528) still lower. This 
suggests that the catalyst is also active at concentra-
tions towards the photocatalyzed degradation of ATRZ, 
although the rate was slightly reduced compared to the 
rate at 20  ppm. When the pH was adjusted to 4.2, the 
 kphoto was also observed to be lower (0.373692) but still 
higher than the  kads (0.079762). This indicates a low pho-
tocatalytic efficiency that can be attributed to changes 
in the electrostatic properties of photocatalysts through 
their influence on adsorption and reaction kinetics.

At the photocatalyst dosage of 1.0  mg/L, the trend 
of higher photodegradation rate constants compared 
to adsorption rate constants was still sustained. Spe-
cifically, at an adjusted pH of 7.2 and ATRZ concentra-
tion of 20  ppm, the  kads (0.165673) exceeded the  kphoto 
(0.150112), and therefore suggest that under this condi-
tion, the adsorption process is the rate-limiting step for 
the photodegradation of ATRZ This trend also follows 
the assumptions of the Langmuir–Hinshelwood mecha-
nism, however, at a lower dosage of the photocatalyst 
(i.e. 0.5  mg/L) the rate of photocatalyzed degradation 
was relatively higher than the rate of adsorption but the 
values are lower compared to those observed at 2.0 and 
1.0  mg/L. At a pH value of 10.2 and ATRZ concentra-
tion of 20 ppm, the  kphoto (0.948767) was observed to be 
significantly higher than the  kads (0.038328), which indi-
cates even in the presence of the catalyst, the photocata-
lytic mechanism dominates when the catalyst is effective. 
However, under these conditions, the average rate was 
diminished due to fewer active sites [54].

Recyclability/reusability of the photocatalyst
The photocatalyst was recycled by drying after washing 
it severally with distilled water. The recovered photocata-
lyst was re-used for five times trials. The results obtained 
indicated efficiencies for 1st, 2nd, 3rd, 4th and 5th cycles 
to be equal to 98.7, 98.0, 97.3, 96.2 and 94.3% respec-
tively. This indicates that the catalyst still retains an excel-
lent efficiency after five cycles of trial.

Scavenger experiment
Scavenger experiments were conducted to determine 
the role of different reactive oxygen species in the pho-
tocatalytic degradation of ATRZ. In these experiments, 
50  mM concentration of Formic acid, methanol, p-ben-
zoquinone, sodium azide, and silver nitrates were added 
into the system to quench photo-generated holes  (hVB

+), 
hydroxyl radical  (HO•), super-oxide radical  (O2

•−), 

singlet oxygen  (O2), and photo-generated electrons  (eCB
−) 

respectively. The effect of the scavengers on the photo-
catalytic activity confirmed the role of the correspond-
ing reactive species. The addition of Methanol (hydroxyl 
radical scave. er) showed the maximum decrease in deg-
radation percentage of 17%, indicating that the hydroxyl 
radical  (HO•) was the most involved reactive species in 
photodegradation, followed by the super-oxide radicals 
 (O2

•−) at 47%. The photo-generated electrons-hole pair 
and singlet oxygen  (eCB

−,  hVB
+and  O2) were the least 

involved reactive species in the photodegradation of ATZ 
as they show insignificant differences with the reaction 
system without any scavenger [21].

GCMS investigation of the photodegradation mechanism
Atrazine degradation intermediates were identified using 
a triple-quadrupole gas chromatography-mass spec-
trometer (Shimadzu GCMS TQ8040), electron impact 
ionization (EI), and an SH-Rxi-5Sil MS-type fused silica 
capillary column (95% dimethylpolysiloxane, 5% phenyl) 
with a 30 m length, 0.25 mm internal diameter, and 0.25 
film thickness. The MS data were gathered using a full 
scan mode with helium gas flowing at a linear velocity of 
1.31 mL/min at a pressure of 13.0 psi.

Following 60 min of exposure to visible light, the GC–
MS chromatogram of atrazine degradation obtained is 
shown in is shown in Fig. 10 while the formed degrada-
tion products are provided in Table  4, which presented 
reference information for the development of the pro-
posed mechanism shown in Fig. 11

Figure  11 shows the proposed mechanism for the 
photodegradation of ATRZ using cobalt titanate as a 
photocatalyst. The figure indicates that ATRZ was first 
transformed to various intermediates and ultimately 
formed cyanuric acid, which is a non-toxic byproduct. 
Intermediates such as TETZ and TBTZ retain the tria-
zine ring and the chlorine atom, due to partial degrada-
tion of the ATRZ. PRMT was another intermediate that 
has a methoxy group and indicates the occurrence of a 
substitution reaction arising from the interactions with 
hydroxyl radicals or other organic species during the 
photocatalyzed degradation (Table 5).

The progress of the degradation was witnessed by the 
formation of TGIC (triglycidyl isocyanurate), a cyclic 
product with epoxide groups, this formation indicates 
that further oxidation of the triazine ring advanced the 
photodegradation process towards the formation of 
smaller, reactive components. Cyanuric acid was the final 
product of the photodegradation. This compound cobalt 
titanate (CoTiO₃) plays a crucial role in facilitating this 
degradation process due to its photocatalytic proper-
ties. Under visible light, cobalt titanate generates elec-
tron–hole pairs that promote redox reactions [55]. The 



Page 16 of 19Nuhu et al. BMC Chemistry           (2025) 19:31 

cobalt ions present in the catalyst must have provided 
active sites for the transfer of electrons that facilitated 
the degradation of ATRZ. The catalyst has the poten-
tial to produce reactive oxygen species (ROS), hydroxyl 

radicals (•OH) and superoxide anions (O₂⁻•) according to 
the equations given below The highly reactive and active 
ROS can attack and destroy the bonds in ATRZ through 
dichlorination, ring cleavage and mineralization before 
forming cyanuric acid [28].

Fig. 10 GCMS chromatogram of ATRZ photocatalytic degradation after 60 min of visible light irradiation

Table 4 GCMS retention time (Rt), MS, degradation products and structural characteristics of atrazine
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Conclusion
In this study, we have synthesised and characterized 
cobalt titanate nanoparticles using the sol–gel method. 
The nanoparticle has a rhombohedral phase structure, 
high crystallinity, and a mesoporous structure. They also 

exhibited nanoparticles with a strong emission in the vis-
ible range, indicating their potential for visible light acti-
vation. The photocatalytic activity of the nanoparticles 
was evaluated for the degradation of atrazine (ATRZ) 
under various conditions. The results indicated that the 

Fig.11 Proposed Photocatalytic Degradation Mechanism

Table 5 Atrazine degradation intermediates by GCMS/MS
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 CoTiO3-NPs exhibited significant photocatalytic activ-
ity towards ATRZ degradation, with a maximum degra-
dation efficiency of 100% under optimal conditions. The 
present results shows some levels of improvement in 
degradation efficiency over previous work published in 
this regards and over over similar works involving other 
photocatalysts. The Langmuir–Hinshelwood kinetic 
model adequately described the degradation kinetics. 
Within the scope and limitation of the present investiga-
tion, the aim of the study has been achieved. However, 
recommendations are made towards further optimiza-
tion of synthesis conditions, investigation of other pho-
tocatalytic applications, scale-up of the synthesis process, 
study of the mechanism of photocatalytic degradation, 
and evaluation of long-term stability and reusability of 
the nanoparticles.
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