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Abstract
In photocatalysis, the optical properties and surface parameters significantly affect the catalytic performance. To engineer the
optical properties and textural structure, Cr and p-phenylene diamine (PDA) were utilized as dopant and textural structure
regulator, respectively. A series of Cr-doped Co3O4 with dopant percentages of 0, 1, 3, and 5, templated PDA at a fixed
ratio of 5%, and another un-templated sample with a dopant ratio of 5% were prepared. The co-precipitation method was
applied in swift and innovative procedures, where a calculated amount of NaOH was used as a precipitant. The optical
properties, dopant concentration quenching, and surface parameters are strongly affected by the order–disorder in the lattice
and dopant concentration. The lattice regularity affects the optical properties and the surface parameters along with the dopant
concentration. The photocatalysts were evaluated in the disposal of organic pollutants in a representative sample of wastewater
collected from different industrial activities. The function of another function was applied to monitor the pollutants’ disposal,
taking the total organic carbon (TOC) as a function of the pollutants’ concentration and the photometric absorbance as a
function of the TOC. The kinetic investigation exhibited the significant role of the pore system on the reaction rate.
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1 Introduction

Water, energy, and the environment are the current and future
challenges worldwide. Water is the main requirement for all
human activities, animals, plants, and micro-organisms [1].
The quality and specifications of water determine its suitabil-
ity for use for diverse purposes. The rapid pace of industrial
development and its by-products, which include smoke, haz-
ardous waste, and poisonous gas emissions, have a severe
impact on the environment [2]. Contamination with organic
compounds is one of the most prevalent contaminants in
wastewater [2, 3]. The detergent, textile, food processing,
ship maintenance, oil and gas sectors, etc., are the impor-
tant assets that release organic pollutants that end up in
the water [4]. The contamination with a low amount of
organic pollutants causes the water to collect distinctive col-
ors, which prevents daylight from penetrating and disrupts
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aquatic lifestyles and the ecology; its disposal has emerged
as one of the most challenging situations [5]. Therefore,
wastewater treatment and recycling are principal issues, and
researchers are working to create low-cost, effective genera-
tion technology. Different physical, chemical, and biological
techniques have been used to treat wastewater. One of the
most promising technologies for wastewater remediation is
the advanced oxidation process [6]. Heterogeneous photo-
catalysis is a potential technique among many advanced
oxidation processes that can be utilized to degrade differ-
ent organic contaminants in wastewater [7]. Over the past
two decades, great attention has been paid to the reactions
that occur at the irradiated surface of semiconductor metal
oxides and sulfides [5, 8]. The semiconductors with moder-
ate bandgap energy of 1.7–3.32 eV between their valence and
conduction bands are TiO2, ZnO, CuO, CdS, ZnS, Co3O4,
and WO3. The wide band energy gap restricts the catalyst’s
viability and reasonability for usage in industrial applications
because UV makes up approximately 4% of solar radiation
[9].

Because of its magnetic, electrical, and catalytic capabil-
ities, Co3O4 has attracted the attention of many researchers.
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Several research papers have been published on the dop-
ing of cobalt oxide with various transition metals such as
Fe, B, Cr, and Ag for its use in supercapacitors, potential
electrodes, catalytic and photocatalytic oxidation processes
[5, 10–14]. Also, the effect of dopant concentration on cat-
alytic activity in Cr-doped Co3O4 was reported without
discussing the effect of lattice regularity on the optical prop-
erties and dopant concentration quenching [15]. The current
work aims to study the effect of the dopant ratio alongwith the
order–disorder in the lattice on the optical properties, dopant
concentration quenching, surface analysis, and consequently
photocatalytic performance. The as-prepared photocatalysts
were evaluated in the disposal of different organic pollutants
from a representative sample of different industrial wastew-
ater.

2 Experimental

2.1 Materials

All the used chemicals, chromium chloride hexahydrate
(≥ 98.0%), cobalt nitrate hexahydrate (99.999%), sodium
hydroxide (≥ 98%, pellets, anhydrous), Triton X-100 sur-
factant (laboratory grade), and p-phenylene diamine (PDA)
(99.5%), purchased from Sigma-Aldrich and used without
further treatment. Samples of organic pollutants contami-
nated wastewater were collected from different companies,
such as companies producing detergents, foods, pesticides,
and textiles. The collected samples were mixed in equal
volumes to be a representative sample. The representative
sample was let overnight for decantation.

2.2 Preparation of Catalytic Materials

Composites of Co3O4 andCr2O3 at different ratios templated
with PDA at a fixed percent ratio of 5% were prepared. The
metal precursors, Co(NO3)2·6H2O and CrCl3·6H2O, were
dissolved in demineralized water before adding PDA at a
rate of 5% (based on the expected metal oxide). Gelatinous
mixed hydroxides were co-precipitated by adding a precisely
calculated amount of NaOH equivalent to the Cl− and NO3

−
portion-wise with vigorous stirring, Eq. (1).

Co(NO3)2 + CrCl3 + 5NaOH −→
︷ ︸︸ ︷

Co(OH)2 + Cr(OH)3 (gelatinous hydroxides) + 3NaCl + 2NaNO3 (1)

The templated mixed hydroxides were stirred for 48 h
and recovered by filtration, then washed with demineralized
water several times to ensure the complete removal of NaCl
and NaNO3. The clean gelatinous precipitate was put in a

clean porcelain crucible to put in a programmed muffle with
multi-stage heating. The first heating stage was adjusted at
120 °C for 3 h, followed by the second stage in which the
template was removed under controlled heating by raising
the temperature with a ramp of 5 °C min−1 and held for
2 h at 600 °C to obtain porous Co-Cr mixed oxides. The
same procedures were repeated to prepare a series of Cr-
dopedCo3O4 with Cr2O3 percentages of 0, 1, 3, and 5. The
materials obtained were designated as (CoO)T, (1%Cr2O3:
CoO)T, (3%Cr2O3: CoO)T, and (5%Cr2O3: CoO)T, respec-
tively.A sample ofCr-dopedCo3O4 with a dopant ratio of 5%
without the template was prepared. The sample was denoted
as (5%Cr2O3: CoO)WT.

2.3 Photocatalytic Evaluation

The as-prepared catalytic materials were employed in the
photocatalytic degradation of industrial organic pollutants.
In the photocatalytic performance test, a cylindrical batch-
typequartz reactorwas used.Magnetic stirringwas utilized to
keep the catalyst in suspension. In all experiments, the water-
dissolved oxygen was compensated by aeration through
bubbling using a small blower. A 300 W high-pressure mer-
cury lamp was utilized to provide visible light (Yaming
Company, Shanghai). Before each run, the lamp was turned
on andwarmedup for 10min to ensure a constant light output.
For a homogenous dispersion of the organic phase, a non-
ionic surfactant, namely Triton X-100, was added in a dose
of 0.5 gL−1 with vigorous stirring toobtain a stable emulsion.
For spectrophotometric monitoring for the photodegradation
of organic contaminants, the total organic carbon (TOC) was
taken as a function in the concentration of organic contam-
inants and the photometric absorbance as a function in the
TOC, viz., a function of another function is applied. The cal-
ibration curve was obtained by drawing six samples from a
prepared emulsion and diluting them at different concentra-
tions to cover the range of the samples under study. The total
organic carbon (TOC) of the drawn samples was standard-
ized using analytikjenaMultiN/C2100s,Germany. TheTOC
is plotted against the average value of two readings of the
absorbance of eachdatumpoint at the obtainedλmax (325nm)
using a Shimadzu 1603 spectrophotometer, Fig. 1. Another
stock of the emulsified contaminated water with pollutants’

initial concentration of 150 ppm (TOC)was prepared by dilu-
tionwith distilledwater for catalytic performance evaluation.

In the range of 0.5–1.5 gL−1, the influence of catalyst
dosage on catalytic performance was examined. During both
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Fig. 1 Photometric calibration curve of the organic pollutants at λmax
325 nm

the dark sorption and visible light irradiation periods, the
chosen catalyst dose was distributed in 100 mL of the emul-
sified pollutants. In each experiment, aliquots (10 mL) of
the sample were taken every hour and filtered through a sin-
tered glass filter with a 0.2 μm Millipore disk. The average
value of each datum point was recorded after each run was
done twice. The efficiency of the catalytic photodegradation
process was estimated using Eq. (2):

Degradation(%) = Co − Ct

Co
× 100 (2)

whereCo is the initial concentration of contaminated organic
pollutants and Ct is the detected concentration at a time "t"
expressed in ppm of TOC.

2.4 Characterization Procedures

The constitutional composition and the role of the template
and the dopant were investigated using SEM imaging with
EDX field emission, XRD patterns, BET surface analysis,
and XP spectra. The SEM images and EDX analysis were
examined on a Zeiss Sigma 300 vp Field Emission electron
microscope. An X-ray diffractometer, PANalytical model
X, pert PRO, with a Cu K radiation (k = 1.5418 Å) and
a scanning rate of 0.3 min−1 was used for the XRD anal-
ysis. Nitrogen adsorption–desorption isotherms at 196 °C
were used to characterize the textural analysis of the cat-
alytic systems utilizing the NOVA 3200, USA. The samples
were pre-treated for surface degassing for 2 h under vacuum
(104 Torr) at 150 °C. The surface areas (SBET) were calcu-
lated using the BET equation from the adsorption isotherms
branch. The Barrett, Joyner, and Halenda (BJH) method
was applied to estimate the pore size distribution from the
isotherms desorption branch. The X-ray photoelectron spec-
troscopy (XPS) data were collected on K-ALPHA (Thermo

Fisher Scientific, USA) using monochromatic X-ray Al K-
alpha radiation with a spot size of 400 μm at a pressure of
10–9 mbar and a full-spectrum pass energy of 200 eV and a
narrow-spectrum pass energy of 50 eV.

The diffusional reflectance (R) and photoluminescence
spectra (PL) were recorded to investigate the optical proper-
ties. The diffusional reflectance spectra were acquired using
a Jasco V-750 spectrophotometer in the wavelength range
of 200–800 nm. A spectrofluorometer (JASCO FP-6500)
with an excitation wavelength of 300 nm was used to record
the photoluminescence (PL) characteristics of the samples at
room temperature.

3 Results and Discussion

The current study focuses on threemain points: (1) the design
of a photocatalyst with good activity in the visible region
through doping or, in other words, hybridization between
the photoactive materials where the energy gap is dimin-
ished; on the other hand, the tuning of the textural structure
using a suitable pore regulator, (2) the correlation between the
order–disorder in the lattice, dopant concentration, dopant
concentration quenching, and photocatalytic activity; and (3)
the use of the as-prepared catalyst in the photodegradation
of organic pollutants in a representative sample of industrial
wastewater collected from the wastewater of some compa-
nies with different activities.

3.1 Constitutional Examination

In this study, Cr-doped Co3O4 with different Cr: Co ratios
were synthesized via the co-precipitation method. To avoid
the problem that may result from the use of ammonium
hydroxide as a precipitant, which leads to the dissolution
of some of the objective materials [16], sodium hydroxide
equivalent to the acid radicals of the precursors (NO3

− and
Cl−) was used as a precipitant in the presence of p-phenylene
diamine as a pore regulator. The constituent properties of the
as-obtainedmaterials were investigated byXRD,XPS, SEM,
and BET surface analysis.

The XRD patterns of (5%Cr2O3: CoO)T and (5%Cr2O3:
CoO)WT are displayed in Fig. 2, using JCPDS No. 80-1535,
space group Fd3m. From the patterns of both samples, it
can be seen that both samples have the same crystal phases
with a high degree of crystallinity, the same lattice planes,
and crystallite sizes, revealing that the crystal growth is not
affected by the existence of the template. The crystallite size
was calculated using the Scherrer equation [17] at the main
peak centered at 36.75 °C:

τ = Kλ

β cos θ
(3)
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Fig. 2 XRD patterns of (5%Cr2O3: CoO)T and (5%Cr2O3: CoO)WT

Fig. 3 SEM image and EDX spectra of: a (5%Cr2O3: CoO)WT; and b (5%Cr2O3: CoO)T

where K is dimensionless in shape factor with a value of
about 0.9, λ is the X-ray wavelength (= 1.5418), β is the
line broadening at half maximum intensity (FWHM) in radi-
ans, θ is the Bragg’s angle, and "τ" is the average size of the
ordered crystalline domains, which may be smaller or equal
to the particle size. As shown in Fig. 2, the position and rela-
tive intensities of the peaks are compatible with cubic spinel

Co3O4 phases, implying that Co3O4 formation is preferred
[18]. The peaks at 31.27°, 36.75°, 44.48°, 59.22°, and 64.85°
are assigned to (220), (311), (400), (511), and (440) planes of
the cubic spinel Co3O4 (cf., the SEM images). The absence
of Cr characteristic peaks suggests that chromium ions have
been well incorporated into the Co lattice with good disper-
sion.
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Table 1 The XPS data of (5%Cr2O3: CoO)T

Name Peak BE FWHM eV Atomic%

Co2p 781.31 4.62 33.9

O1s 531.19 3.58 62.66

Cr2p 577.41 4.85 3.44

C1s 286.01 4.09 0

TheSEMimages andEDXspectra of (5%Cr2O3:CoO)WT

and (5%Cr2O3: CoO)T are depicted in Fig. 3. The lattice
of (5%Cr2O3: CoO)T appears more ordered than that of
(5%Cr2O3: CoO)WT, revealing the role of PDA as a textural
structure regulator. In the SEM image of (5%Cr2O3: CoO)

T, Co3O4 sharpened nanoparticles with sizes between 20 and
40 nm have been observed. Although (5%Cr2O3: CoO)WT

has the same crystallite size as that of (5%Cr2O3: CoO) T, as
detected from XRD patterns, its SEM image depicts bigger
nanoparticles in the range of 80–120 nm. The corresponding
EDX spectra exhibit the existence of Cr, Co, andOwith a Co:
O atomic ratio of ~ 3:4, confirming the formation of Co3O4

in good agreement with XRD spectra.
As catalysis is a surface phenomenon, the surface chem-

istry and properties determine the catalytic performance of
catalytic materials. The surface chemistry and the chemical
states of the elements located on the surface were investi-
gated from XP- spectra. As shown in Table 1, the negligible
content of C reveals the low surface contamination and the
accuracy of quantitative measurements. Figure 4 displays the
survey spectrum and the deconvolution spectra of Co, Cr, and
O on the surface of (5%Cr2O3: CoO)T. The deconvolution
of the Co2P and Cr2P spectrum indicates a multi-splitting
accompanied by the characteristic satellites suggesting the
existence of different oxidation states [19]. The deconvolu-
tion of Co2P depicts an intense peak centered at 780.96 eV
assigned to 2P3/2 with doublet splitting at 779.78 eV and
780.9 eV assigned to 2P3/2 of CoCr2O4 and Co3O4, respec-
tively.

Also, an intensive broad peak is observed at 795 eV that
fits with 2P1/2 with doublet splitting at 794.3 eV and 796 eV
assigned to 2P1/2 of CoCr2O4 and Co3O4, respectively [19].
The deviation in the values of BE of the characteristic peaks
(from the standard values of pristine materials) is due to the
work function of thematerial, which is an onto function, viz.,
a function in the material identity, Eq. (4):

BE = Ephoton−(Ekinetic + Wf) (4)

BE is the binding energy,which equals the energy required
to free an electron from the nucleus attraction force,Ephoton is
the photon energy of the applied X-ray, Ekinetic is the kinetic
energy of the ejected electron, and W f is the work function,

which is a characteristic value for the material surface and
defined as the minimum energy required to release an elec-
tron (in the vacuum) from a solid to be loosely on thematerial
surface with zero kinetic energy. The BE of Co2P in Cr-Co
compound oxide is lower than in the case of Co3O4, which
runs in harmony with bandgap results.

For Cr2P, the spectrum deconvolution exhibits that Cr+3 is
the predominant oxidation state. The obtained spectra consist
of two main intensive peaks at 576.1 eV and 585.7 eV, corre-
sponding to Cr2P3/2 and Cr2P1/2, respectively. The doublet
splitting is due to the existence of Cr+3 with a higher popu-
lation and Cr+6. The intimal four peaks observed at 576 eV,
578 eV, 585 eV, and 587.4 eV are assigned to Cr+32P3/2,
Cr+62P3/2, Cr+32P1/2, and Cr+62P1/2, respectively [20].

For O1S, the intense peak at 529.93 eV is assigned to the
’O−2’ ions of the lattice oxide. Another broad peak with
lower intensity at 530.92 eV is attributed to the subsur-
face oxygen ions with lower electron density than O−2 and
described asO− species [21]. Thismay be linked to siteswith
a lower oxygen ion coordination number and a higher M–O
bond covalence than conventional sites. This could be linked
to the various oxidation states of Co and Cr (Co+2, Co+3,
Cr+3, and Cr+6), which lead to an increase in the concentra-
tion of O− species. The surface oxygen vacancy (SOV) has
been observed to induce sub-bands between the valence band
(VB) and the conduction band (CB), which has a significant
impact on the PL properties [8].

The surface parameters derived from adsorption–desorp-
tion isotherms are given in Table 2, including specific surface
areas (SBET, m2/g), pore volumes (Vp, cc g−1) estimated at
0.95 p/po, and the average pore diameter (Dp

cp) assuming
a cylindrical pore (cp) model derived from PSD curves are
depicted inFig. 5.As shown inTable 2, textural remodelingof
CoO using the PDA and Cr-dopant can result in a significant
increase in the surface area accompanied by a diminishing in
pore parameters. The PDA molecule, as a symmetric biden-
tate ligand, and Cr-dopant engineer the pore system to give
unimodal PSD curves with a narrower pore system. For all
samples, the PDS curves represent a main peak of the most
frequent hydraulic radius, ranging from 7.2 to 13.3 nm. The
textural tuning and individual role of Cr-dopant and PDA
template can be represented by comparing the PSD curve of
(CoO)T with (5%Cr2O3: CoO)T and (5%Cr2O3:CoO)WT.

It is obvious that Cr-dopant creates a narrower pore system
and evolves a much larger interval surface area. The SBET
jumps from61.4m2/g for (CoO)T with polymodal PSD curve
to 125.7 m2/g for (5%Cr2O3: CoO)T with unimodal PSD
curve and diminished pore parameters. Also, the PDA could
lead to marked increases in surface area from 98.6 m2g−1 for
(5%Cr2O3: CoO)WT to 125.7 m2g−1 for (5%Cr2O3: CoO)T.
These findings run in harmony with SEM images in Fig. 3
and postulate the formation of pore structure involving Co,
Cr and amine [22], Fig. 6.
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Fig. 4 XP-spectrum of (5%Cr2O3: CoO)T and its constituent metallic species

Table 2 Values of the surface analysis of the as-prepared photocatalysts

Item (CoO)T (1%Cr2O3:CoO)T (3%Cr2O3:CoO)T (5%Cr2O3:CoO)T (5%Cr2O3:CoO)WT

DP
CP (nm) 13.2 9.41 8.11 7.52 7.92

VP
0.95 (cm3 g−1) 3.95 2.91 2.62 2.42 2.54

SBET (m2 g−1) 61.4 88.3 102.4 125.7 98.6

The bandgap energy (Eg) and PL spectra of a semiconduc-
tor define the energy required to generate e−/h* pairs, the
efficiency of trapping, migration, and transition of charge
carriers, as well as the fate of the e–h* pairs, which gives
a prediction of the photocatalytic performance. Figure 7
shows the Tauc plot and PL spectra for the as-prepared
materials. From the figure, it is noticed that there is a sig-
nificant effect of the template and the dopant on the Eg value
and the PL spectra. This could be attributed to the influ-
ence of the intermediary energy levels between the VB and
CB, as the exponential optical absorption edge and Eg are
controlled by the degree of structural order–disorder in the
lattice, dopant concentration, and crystal size [23]. Also, all
materials have two bandgaps that are most probably related
to O2

− →Co+3/Cr+6 charge transitions for the lower transi-
tion bandgap (the main peak) and O2

− → Co+2/Cr+3 for
the higher bandgap [15]. The decrease in the bandgap value
with increasing dopant concentration could be attributed to
the induction of sub-bands between the VB and the CB,
which leads to a change in the distribution of the electron
trap within the forbidden bandgap, as discussed in XP spec-
tra. The increase in the broadness of the lower bandgap with

an increase in the dopant concentration has been attributed
to the shifting to lower values due to the increase in created
defects during the crystals’ growth process [24]. By com-
paring the Tauc plot of (5% Cr2O3: CoO)T and (5% Cr2O3:
CoO)WT, the effect of the regularity of the crystal lattice on
Eg is evident.

For PL spectra, the PL emission intensity is significantly
influenced by: (1) the dopant concentration and (2) the
order–disorder in the lattice. To show the doping material’s
effect, the other agent must be fixed. So, using (CoO)T as
reference material, (1% Cr2O3: CoO)T, (3% Cr2O3: CoO)T,
and (5% Cr2O3: CoO)T were put in comparison with each
other. It is obvious that the PL intensity for (1%Cr2O3:CoO)T
is decreased, compared to (CoO)T), to come back to increase
with the increase in the dopant concentration up to 3%. As
the concentration is increased further, the PL intensity begins
to decrease. This suggests that the dopant concentration of
3% is the critical value; beyond it, the phenomenon of con-
centration quenching occurs [25]. The primary source of
concentration quenching is the cross-relaxation mechanism,
which is the non-radiative energy transfer between the dopant
activator ions through different interactions. The effect of
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Fig. 5 PSD of the as-prepared photocatalysts

lattice regularity on the PL spectra is demonstrated by com-
paring the spectrum of (5%Cr2O3: CoO)T and (5%Cr2O3:
CoO)WT. Although both samples have the same dopant con-
centration, (5%Cr2O3: CoO)T shows a lower PL intensity
than (5%Cr2O3: CoO)WT, revealing that the order–disorder
in the lattice has a significant effect on PL spectra and that
the dopant concentration is not the only factor in determining
the dopant concentration quenching. This result is consistent
with and confirms Dexter’s equation:

N

N

CoO

Cr

Co

HO n

Co
O

Co

Cr
n OH

Generation of narrow pore

Fig. 6 The probable formation of pore structure involving Co, Cr and
the amine
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Fig. 7 Band gap energy calculated from Tauc plot and PL spectra of the as-prepared photocatalysts

1

x
= K

1 + β(x)Q/a
(5)

1/x is the PL intensity per quencher concentration; Q is the
exchange interaction, whereas K and β are constants char-
acteristic of a given lattice.

3.2 Photocatalytic Performance

After the textural analysis, surface chemistry, and opti-
cal properties are provided, the as-prepared materials are
employed and evaluated in the photodegradation of organic
contaminants in industrial wastewater at ambient temper-
ature. In each experiment, 100 mL of emulsified organic
pollutants in wastewater (150 ppm as TOC) were vigorously
stirred with the chosen catalyst dose in a dark period for 1 h
to attain the pre-equilibrium sorption of the substrate on the

catalyst surface. Then, the disposal of the organic contami-
nants was continued under visible irradiation to assess each
material’s rate of photodegradation of the organic pollutants.

In the dark period, the optical properties have no role
in removing the pollutants, only the textural structure and
the active sites intensity determine the sorptivity of the cat-
alytic material. So, in this period, as shown in Fig. 8, the
amount of the organic pollutants sorbed by the materials
slightly increased as the catalyst dose was increased from
0.5 to 1 g L−1. This can be attributed to the increase in the
active sites as the catalyst dose increased. Figure 8 shows
that there was no increase in pollutant sorption as the cata-
lyst dose was raised to 1.5 g L−1, indicating that the sorption
equilibrium had been reached and no additional sorption was
possible.

Generally, at different catalyst doses, (5%Cr2O3: CoO)T
has the highest sorptivity. Precisely, the maximum removal
of the organic pollutants with a percentage of 58.8%
was achieved by (5%Cr2O3: CoO)T while it was 40.4%,
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Fig. 8 The catalytic activity of as-prepared photocatalysts with different catalyst doses and reusability test for (5%Cr2O3: CoO)T

52.3%, 55,1%, and 57.4% for (CoO)T, (1%Cr2O3: CoO)T,
(3%Cr2O3: CoO)T, and (5%Cr2O3: CoO)WT, respectively.
In the irradiation period, the optical properties (bandgap and
PL intensity) and the textural structure determine the photo-
catalytic performance. The low Eg and PL intensity indicate
low energy requirements to generate e−/h* pairs and the
suppression of their radiative recombination process, lead-
ing to the enhancement of photon efficiency [26, 27]. On
the other hand, the increase in surface area and pore dimen-
sions increases the availability of the catalyst active sites and
reduces the diffusional limitation of reactants and products
[28]. As displayed in Table 2, and Fig. 7, all materials have
absorption in the visible region with a difference in Eg value,
PL intensity, and surface analysis. The strength of the influ-
ence of each of the three factors may vary, but the difference
in the value of each of them determines which one is pre-
dominant. Although (1%Cr2O3: CoO)T has the lowest PL
intensity, it exhibits lower activity than (3%Cr2O3: CoO)T
and (5%Cr2O3: CoO)T, suggesting that a lower Eg value
with an increase in the surface area of (3%Cr2O3: CoO)T and
(5%Cr2O3: CoO)T is sufficient to be the predominant factor.
For the same concept, (5%Cr2O3: CoO)WT exhibits higher
activity than (CoO)T. On the contrary, the lower Eg value and
higher surface area of (5%Cr2O3: CoO)WT are not enough to
compensate for the difference in PL intensity of (1%Cr2O3:
CoO)T, which exhibits higher activity. According to these
affecting factors, as displayed in Fig. 8, the catalytic activ-
ity increased in the order: (CoO)T < (5%Cr2O3: CoO)WT

< (1%Cr2O3: CoO)T < (3%Cr2O3: CoO)T < (5%Cr2O3:
CoO)T.

The catalytic rate of the employed catalysts increased
significantly upon increasing the catalyst dose from 0.5 to
1 g L−1 up to 120 min, where the degradation percentage
reached 83.1%, 87.7%, 90.3, 95.6%, and 98.3% for (CoO)T,
(5%Cr2O3: CoO)WT, (1%Cr2O3: CoO)T, (3%Cr2O3: CoO)T
and (5%Cr2O3:CoO)T, respectively. These percentageswere
observed after 180 min of irradiation with the catalyst dose
of 0.5 g L−1. During the last hour of the irradiation period
(between 120 and 180 min), a slight increase in pollutants
disposal was observed, going from 98.3% to 99.4% for
(5%Cr2O3: CoO) T. All catalysts showed damped activity
when the catalyst dose was increased to 1.5 g L−1. This
might be explained by the fact that the excess catalyst dose of
1.5 g L−1 hinders light from penetrating the reactionmedium
[29].

3.3 Kinetics

The Eley–Rideal mechanism, which describes the reaction
mechanism of an adsorbed reactant with another reactant in
the gaseous phase, can be applied to the current reaction of
photodegradation of organic pollutants by oxidation with O2

over Cr-Co3O4 catalyst [30]. Irradiation of the photocata-
lyst results in electron–hole pair formation between valence
and conduction bands in the photocatalyst. When a photo-
excited electron reacts with oxygen, it forms a superoxide
anion (O2

−), which yields an OH radical when it is pro-
tonated. The positive hole also produces an OH radical in
reaction with water, taking part in the degradation of pollu-
tant molecules [31].
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Eley–Rideal mechanism can be described by Eq. (6):

−dC

dt
= KrCθO2 (6)

K r = rate constant, C = concentration of the organic pollu-
tants and θO2 = concentration of adsorbed oxygen.

Continuous aeration (at the ambient temperature, 32 °C)
makes the reaction independent of the oxygen surface con-
centration. Hence, Eq. (6) devolves to Eq. (7), which changes
to Eq. (8) on integration, where Kap is the apparent or the
observed rate constant and Co is the initial concentration of
the organic pollutants (150 ppm, TOC).

−dC

dt
= KapC (7)

ln
Co

C
= Kapt (8)

Figure 9 is obtained by applying Eq. (8) to the experimen-
tal data collected at a catalyst dose of 1 g L−1 (the detected
optimal dose). The apparent rate constants (regression coef-
ficients) of the as-prepared photocatalyst in descending order
are given as follows: 0.98855 > 0.98711 > 0.97769 > 0.97531
~ 0.97506 min−1, corresponding to (3%Cr2O3: CoO)T,
(5%Cr2O3: CoO)WT, (CoO)T, (1%Cr2O3: CoO)T and (5%
Cr2O3: CoO)T, respectively. Comparing these results with
the textural analysis of the catalytic materials in Table 2 and
the optical properties in Fig. 7, it becomes clear the impor-
tant role of the textural structure. This ismost probably linked
with the bulky molecules of the organic contaminants, where
the mass transfer through the pore system has a significant
role [32].

3.4 Periodicity Test

The catalyst’s potential for use in several cycles is the most
crucial element in industrial applications. The reusability test
for (5%Cr2O3:CoO)T, as a promised catalyst,was carried out
under the optimal circumstances (catalyst dose of 1 gL−1 and
irradiation time of 120 min), where any change in catalytic
performance will be obvious. Figure 8 shows the stability of
the catalyst throughout four successive cycles.

4 Conclusion

A series of Cr-doped cobalt oxide with different dopant
concentrations were successfully prepared by simple and
innovative swift procedures. PDA as a symmetric bidentate
ligand exhibited good functionality in ordering the crystal
lattice. The existence of Cr-dopant with the PDA causes a
tuning of the textural structure. The main dopant effect is
evident in the formation of surface oxygen vacancies, which
induces sub-band levels between VB and CB, stabilizing the
e−/h* pair and increasing photocatalytic activity. The study
showed that the order–disorder in the lattice has a signifi-
cant effect on the optical properties along with the dopant
concentration. The catalytic performance of the employed
catalysts in the disposal of different industrial organic pol-
lutants confirmed all the results obtained from the various
examinations of the catalytic materials. Among the prepared
samples, (5%Cr2O3: CoO)T exhibited the highest photoac-
tivity with a disposal percentage of 99.4% after 180 min
with a catalyst dose of 1.0 g L−1. The kinetic study depicted
the significant role of the pore dimensions due to the bulky
molecules of the organic contaminants. The reusability test
exhibited the stability of (5%Cr2O3:CoO)T through four suc-
cessive cycles.
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