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A B S T R A C T   

Citric acid and oleic acid modified cobalt oxide nanomaterials successfully fabricated by sol-gel process and used 
to remove malachite green (MG) by photocatalytic degradation. The synthesized nanomaterials were charac
terized by powder X-ray diffraction (P-XRD), Scanning electronic microscopy (SEM), Transmission electron 
microscopy (TEM), UV–Visible spectrophotometer, Fourier transform infrared spectroscopy (FT-IR) and Ther
mogravimetric Analysis (TGA) in order to investigate their structural, morphological, optical, functional and 
thermal properties, respectively. The PXRD gave the crystalline nature with average crystallite size of 29 and 42 
nm for citric acid and oleic acid modified cobalt oxide nanomaterials, respectively. SEM images indicate layered 
porous aggregates morphology having higher porosity. Optimum condition for photocatalytic degradation of MG 
dye were found at pH 6.84, dose 0.5 gL-1 for 1 × 10− 5 M concentrated dye. Citric acid modified cobalt oxide 
catalyst exhibited 91.2% photocatalytic degradation of MG dye while in oleic acid modified sample exhibited 
66.6% under simulated light due to greater chelating power of citric acid as compare to oleic acid. Kinetics 
results for MG dye degradation follow to pseudo-second-order kinetics with rate constants 0.00653, 0.084 and 
0.00633 mol− 1L1min− 1 for CoCA, CoOA and Co NPs, respectively. In addition, possible mechanism for the 
photodegradation of MG dye is also proposed.   

1. Introduction 

Recently, due to rapid development of industries and social econ
omy, non-biodegradable pollutants in aqueous system becomes more 
and more serious and greatly influenced the health people and animals 
[1]. Also, toxicity of pollutants could be assessed by using bacterial and 
plant bioassay such as Vibrio fischeri and Vicia faba respectively [2–4]. 
Dyes are also included in this category which are released from indus
trial sectors such as printing, food, textile, leather, paper, cosmetics, 
rubber, and pharmaceutical, and become a serious threat to the human 
health and environmental safety. These are carcinogenic in nature and 
are responsible for potential health hazards to living being. Among the 
different dyes, MG a synthetic cationic dye for both laboratory research 
as well as industrial products, and show higher toxicity [5]. Since MG 
capable to enter into cells due to its easy interaction with membranes 
[6]. It is widely used as an additive in food colouring and dye in varieties 
of industries [7,8]. Therefore, it is highly recommended to degrade the 
dyes into nontoxic forms. Different chemical, biological and physical 

processes have been used for the treatment of wastewater to get rid from 
dyes and related toxic pollutants. Some of the physico-chemical water 
treatment methods like flocculation, precipitation, membrane filtration, 
coagulation, ion-exchange and adsorption techniques are extensively 
used for removal pollutants, however, these are not ideal to remove he 
pollutants completely [9–13]. Heterogeneous photocatalysis is carried 
out using semiconductor oxides for complete mineralization of organic 
pollutants to CO2, H2O and inorganic ions [14]. Photocatalysis gets good 
position as compared to other conventional methods in water treatment 
due to solar energy [15]. 

The nanomaterials possess unique physical and chemical properties 
such as higher surface area, surface defects etc. And, would be utilized in 
the photocatalytic process. Nanomaterials exhibit unique optical prop
erties which usually dependent upon size and shape [16,17]. Cobalt 
oxides are utilized in various form such as lithium ion batteries, het
erogeneous catalysts, gas sensor, ceramics, energy storage devices etc. 
[18–20]. 

Efficiency of heterogeneous catalyst increases by altering size, 
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distribution and morphology of nanoparticles. For the synthesis of Co
balt oxide nanoparticles (Co NPs) numerous methodologies are 
mentioned i.e. co-precipitation, sol-gel combined with thermal decom
position [21], hydrothermal [22], green synthesis [23,24], pulsed laser 
deposition [25] and solution combustion [26]. The sol-gel method has 
reported profusely as it offers modulated size, shape, distribution of 
nanoparticles and low temperature condition [27]. 

Small nanomaterials have an extremely high surface area to volume 
ratio and tendency to agglomerate. Hence, agglomeration can be pre
vented by capping [16,28]. Along with nature of capping agent, its 
critical concentration also deciding factor for the morphology of the 
synthesized particles [29]. Therefore, sol-gel along with capping agent is 
considered as simple, efficient and cost effective soft chemical route 
with monodisperse stable nanoparticles at low temperatures. 

In the present work, two different types of capping agents: citric acid 
and cis-oleic acid were utilized to prepare the stable cobalt oxide 
nanomaterials. Then, efficiency of these two samples were investigated 
as a photocatalytic agent in the photodegradation of typical organic 
pollutant (MG dye) in aqueous solutions. As these are prepared by 
simple and cheap chemical route i. e. sol-gel process at low temperature 
which gives good crystallinity and better removal efficiency for the 
degradation of MG dye [30,31]. Therefore, it may be an alternative for 
the removal MG dyes from wastewater. In the last section, probable 
mechanism of photocatalytic activity relied on experimental data have 
also been anticipated. 

2. Experimental 

2.1. 1Materials 

Cobalt nitrate (≥98%), citric acid (≥99.5%), oleic acid (≥99%), 
NaOH (≥99%) and Malachite green (≥90%)were procured from Sigma 
Aldrich, India. Deionized water was used as a medium. MG (colour Index 
No. 93405), an anionic dye (C52H54N4O12) was used as model pollutant. 

2.2. Synthesis of citric acid capped cobalt oxide (CoCA), oleic acid 
capped cobalt oxide (CoOA) and uncapped cobalt oxide nanoparticles (Co 
NPs) 

In the synthesis of CoCA, CoOA and Co NPs, sol-gel method was used 
according to reported in previous work [32,33]. A 0.2 M aqueous cobalt 
nitrate solution was taken as precursor and properly mixed with NaOH 
till pH = 10 was achieved. Solution of capping agents citric acid and 
oleic acid were prepared and then stoichiometrically added in already 
prepared basic solution under constant stirring. After that, the reaction 
mixture was heated at 75–80 ◦C for ~16 h till a gel like consistency 
formed. Then gel was aged for 12 h, and calcined at 190–200 ◦C in dry 
air oven for 2–3 h to obtain the nanomaterials of modified cobalt oxide. 
CoNPs was synthesized without use of any capping agent by using the 
same procedure. 

2.3. Photocatalytic activity 

Reaction was started at optimum condition. 50 mg of nanocatalysts 
samples were put in 100 mL of 1 × 10− 5 M aqueous MG dye under 
simulated sunlight using xenon lamp with constant light intensity 80 
mW/cm2. To prevent thermal radiations circulating water use as 
coolant. 5 mL of aliquot sample was withdrawn from the mixture at 
regular intervals, centrifuge and supernatant used for measurement of 
photocatalytic activity. It was done through UV–visible spectropho
tometer by measuring of absorbance of irradiated solution at range of 
wavelength. % degradation and rate constant were calculated at λmax =

610 nm value. Blank experiment with dye also performed to measure 
photolysis. 

2.4. Characterization 

The powder X-ray diffractometer (PXRD, Bruker AXS D8 Advance) 
patterns of the Co NPs samples were recorded by using: Cu Kα radiations 
(wavelength 1.5406 nm) at a 2θ scan rate of 1◦ per min to indentify the 
structral phase and crystallite size. The morphology of nanomaterials 
was evaluated by Scanning electron microscopy (SEM, Model Zeiss EVO 
18) and Transmission electron microscopy (TEM, Jeol/JEM 2100, 200 
kV power). The absorption spectra were recorded by UV–Vis–NIR 
spectrophotometer (Cary 5000 Series). The chelating power of the 
capping agent over the nanomaterial surface were determined from the 
Fourier transform infrared (FT-IR, Thermo Nicolet, Avatar 370) spec
troscopy in ranging of 4000 cm− 1 to 400 cm− 1 using KBr pellets and the 
absorption frequencies were concurrent with the functional groups. 

3. Results and DISCUSSION 

3.1. Powder X-ray power differaction (PXRD) 

Fig. 1 represents PXRD pattern of synthesized samples which show a 
series of characteristic peaks situated at 2θ: 20.06 (111), 31.4 (220), 
37.04 (311), 45.06 (400), 59.3 (511), 65.38 (440) of all samples of 
synthesized cobalt oxide. These planes match well with the FCC phase 
and Fd3m space group (spinel like Fe3O4) with JCPDS file no. 01-078- 
1970. Among them, few small impurity peaks were observed due to 
presence of citrate/oleate etc. Co3O4 spectra show sharp peaks with 
higher degree of crystallinity. The crystalline size (D)was evaluated by 
using the Debye–Scherrer expression as given below: 

D=
Kλ

β Cosθ
(1) 

Fig. 1. PXRD of CoCA, CoOA and CoNPs.  
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where, K is equal to 0.94 indicating Scherrer constant, λ is the used X-ray 
wavelength and equal to 1.540 Å, β is full width at half-maximum 
(FWHM), and θ is the angle of Bragg diffraction (Degree). The 
measured D was 29 and 42 nm for CoCA, CoOA respectively. 

3.2. Scanning electron microscopy (SEM) 

Citric acid is a good chelating agent having four denticity sites that 
facilitated spherical shapes of particles by surface functionalization. 
Fig. 2a shows the SEM micrographs of CoCA powder having morphology 
as constituting of layered porous aggregates and superimposed. Their 
porous structures exposed greater surface area. Oleic acid is another a 
good agent using in capping that binded powerfully with the surface of 
the metal through the COO− and played a important role in the growth 
and stability of particles and inhibit further oxidation. Fig. 2b shows the 
flake like aggregates morphology of CoOA. They are also porous and 
constituted nanosheets. Co NPs powder (Fig. 2c) has no specific 
morphology and show high agglomeration. 

3.3. Transmission electron microscopy (TEM) 

TEM of CoCA represent continuous morphology with the average 
particle size was 30 nm. SAED pattern of CoCA has been given in Fig. 3, 
where the distinct diffraction rings with bright sharp spots correspond to 
the high degree of crystallinity than that of the other samples. In CoOA 
image the particles were discrete and polydisperse with size ranging 
from 8 to 12 nm. The TEM sizes were in close agreement with average 
crystallite (DXRD), indicating that the synthesized nanoparticles did not 
coalesce into larger crystallites after calcination. 

3.4. UV-spectroscopy 

Fig. 4 shows the absorption spectra for the capped and uncapped 
samples. The absorption curves for the samples showed two strong 
bands at 250–350 and 400–580 nm. The first band occurs due to charge 
transfer process between O2− to Co2+ while other one corresponds O2−

to Co3+ [34]. Absorption spectra, peaks were without any prominent 
blue shift due to uneven distribution of the particles. However, the CoCA 
showed higher and CoOA represented lower absorption than CoP. This 
can be explained by different morphology and size of particles by 
capping agents [35]. 

3.5. FT-IR spectroscopy 

As compare with pure citric acid [36] and oleic acid [37] spectra, 
absorption bands of capped samples are highly resolved as shown in 
Fig. 5. Due to chelation of capping agent with Co NPs nanomaterials, 
CoCA and CoOA showed broader and low transmittance peaks. The 
broad absorption band centred around 3400 cm− 1 was due to –OH 
stretching vibrations of absorbed moisture available in all samples. Two 
bands around 1650 and 1558 cm− 1 exhibited of the symmetric and 
asymmetric –COO− vibrations [37]. These group also involved in 
esterification reaction with hydroxyl groups present on the Co NPs 
surface [38], that gave partial double bond feature to –C––O group. 
–C––C–stretching peak of oleic acid was disappeared due to merging 
with carbonyl group [34]. Sharp shoulders at 2925 and 2852 cm− 1 

found in CoOA spectrum only, that corresponded symmetric and 
asymmetric stretching vibrations of –CH2 of oleic acid. These peaks were 
although present but very weak in the CoCA spectrum due to less alkyl 
groups. The sharp intense absorption band situated at 1383 cm− 1 might 
possibly be ascribed to the bending vibrations of –CH2 groups in both 
spectra. Also, the sharp peak at 880 cm− 1 could be due to out of plane 
bending vibration of –CH and –OH. The sharp bands around 573 and 
662 cm− 1 characteristic of Co–O stretching vibration and O–Co–O 
bridging vibration respectively as observed in the all spectra [39]. 

3.6. Thermogravimetric analysis (TGA) 

CoCA samples showed weight loss up to 13% while CoOA showed 
less than 10% weight loss till 200 ◦C as shown in Fig. 6. This decrement 
corresponding to the elimination of moisture and desorption of physi
osorbed water. Samples exhibited a broad plateau, around 200 ◦C, 
indicating thermal stability of the samples, in this temperature range. 
Hence, it could be concluded that the surface coated capping ligands of 
the samples were intact and did not decompose till 200 ◦C. Above 200 ◦C 
decomposition of the capping functional groups began. 

3.7. Photocatalytic activity 

The decrement in the absorbance values of the MG dye could be 
related with the photodegradation. The degradation efficiency was 
calculated by following expression and represented in Fig. 8. 

% Degradation= 100 ×
(Ao − A)

Ao
(2) 

Fig. 2. SEM micrographs of Samples (a) CoCA (b) CoOA (c) Co NPs.  
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where, AO and A are the dye absorbance before and after of photo
catalytic reaction. 

Fig. 7 (a) and (b) display the time dependent photocatalytic degra
dation of MG dye for the samples under visible light irradiation. The 
curves represent the linear fitting of pseudo-first-order [40] and 
pseudo-second-order reaction [41] kinetics which is represented by 
following expressions: 

k1 =
1
t

ln(A /Ao) (3)  

k2 =
1
t

[
1
A
−

1
Ao

]

(4) 

The kinetics results are shown in Table 1. From the results, the value 
of R2 is closed to pseudo-second-order kinetics in the MG dye degrada
tion. The CoCA photocatalyst was found to be more efficient for dye 
degradation compared to the CoOA. The overall order of efficiency of 
photocatalytic activity for the samples was as follow: CoCA > CoOA >
Co NPs as display in Table 1. After 100 min of irradiation, the photo
catalytic degradation activity shown by CoCA was 24.6% greater than 
that of CoOA, which could be associated with higher stability, increased 
surface area and more dispersion per unit volume in aqueous solution 
due to less hydrophobic character of the surface of citric acid than the 

Fig. 3. TEM image of CoCA and CoOA.  

Fig. 4. Absorption spectra of CoCA, CoOA and CoNPs.  

Fig. 5. FTIR spectrum of CoCA, CoOA and CoNPs.  

Fig. 6. TGA analysis of CoCA and CoOA samples.  
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case for oleic acid. 
Amphiphilic molecule like oleic acid got chemisorbed as carboxylate 

onto nanoparticles surface and surround it by vertical attachment 
forming surface monolayers and hence the surface properties of Co NPs 
change from hydrophilic to hydrophobic which stabilized them against 
agglomeration and aggregation and this also prevented from air oxida
tion [37]. 

Citric acid molecule through four donor sites can easily coordinate 
metallic ions to form chelating ring. This would encourage the formation 
of several types of titanium complexes [42]. 

Porous structures favor photocatalysis by increasing the surface area 
that facilitate the dye molecule to penetrate the surface of catalyst and 
promote short diffusion path length of photogenerated charge carriers 

that lead to higher photocatalytic activity [25]. Hence, nanosized CoCA 
catalyst produced good performance in the photocatalytic degradation 
of MG dye. 

4Probable mechanism 

From the experimental results and reported literature reveal [33], a 
tentative mechanism for the photocatalytic degradation of MG dye by 
modified Co3O4 nanomaterials was examined. The reaction sequences 
are given below: 

MG*
ads +Co3O4 →MG⋅+ + Co3O4(e− ) (5)  

Co3O4(e− ) +O2 → O⋅−
2 (6)  

Co3O4(h− ) +OH− →OH⋅ (7)  

OH⋅ or O⋅−
2 +MG⋅+→degradation products (8)  

OH⋅ or O⋅−
2 +MG*

ads →degradation products (9) 

With the absorption of light MG dye excited and shifted electrons to 
the conduction band of Co NPs. These electrons are scavenged by dis
solved oxygen to produce highly reactive superoxide oxygen radical 
anion (O2

•− ). These O2
•− can react with the adsorbed moisture of the 

surface to produce H2O2 which is finally converted into •OH. Hence, O2
•−

and •OH radicals might be responsible for dye degradation. In this case, 
•OH did not participate in reaction since the degradation rate of MG did 
not reduce by the existence of •OH scavenger (2− propanol). Hence, O2

•−

was the main oxidizing moieties which causes oxidation of compounds 
and leads to mineralization. 

5. Conclusions 

Role of citric acid and oleic acid as capping agents was ceased the 
particles growth rate by forming surface complexes and stabilized 
nanomaterials, and, then photocatalytic degradation of MG dye by 
modified Co NPs was investigated. The results revealed that citric acid 
capped cobalt oxide exhibited higher photocatalytic activity for the 
photodegradation of MG dye. The pollutant MG undergoes 91.2% and 
66.6% degradation in presence of CoCA and CoOA, respectively while it 
was only 47.7% with Co3O4 nanoparticles. CoOA exhibited lower ac
tivity due to its morphology having lack stacked nanolayer structure 
which exposes lesser surface area as compared to nanograin structure of 
CoCA. The value of MG dye degradation rate was higher for both sam
ples against pure one. The introduction of larger number of chelating 
sites in the capping molecules also provided superior stability to nano
materials and a synergistic effect on their photocatalytic ability. 
Therefore, synthesized materials can be used for the photocatalytic 
degradations of other cationic and anionic dyes such as Rodhamine B 

Fig. 7. The fitting curves of the (a) pseudo-first order, and (b) pseudo-second-order kinetics model for MG dye with CoCA, CoOA and Co NPs.  

Fig. 8. Effect of time on photocatalytic degradation of MG dye with CoCA, 
CoOA and CoNPs. 

Table 1 
The value of rate constants and % degradation of MG Dye by solar/nano Co NPs.  

Samples First-order kinetic 
fitting 

Second-order kinetic % Degradation 

fitting 

k R2 k R2 

(min− 1) (mol− 1L1min− 1) 

CoCA 0.01278 0.9714 0.00653 0.9882 91.2 
CoOA 0.00666 0.8280 0.084 0.8533 66.6 
CoNPs 0.00277 0.9620 0.00653 0.9671 47.7  
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(RB), Congo Red (CR), Methylene blue (MB), Methyl Orange (MO) etc. 
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