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This research paper investigates the catalytic potential of a Dawson-type polyoxometalate-based metal complex
(Co-POM) in the efficient degradation of Indigo Carmine (IC) and Methyl Orange (MO) dyes. The synthesized
complex was characterized using a variety of characterization techniques, and its catalytic activity was evaluated
during the degradation of these dyes under different experimental conditions. The results of the study reveal that
this new environmental homogeneous catalytic system (H,O,/Co-POM/Dye) exhibits notable catalytic effi-
ciency, leading to effective degradation of the dyes under consideration. The influence of various parameters on
catalytic performance was systematically investigated.The cobalt-substituted complex (Co-POM) showed the best
catalytic efficiency compared with other transition metal-substituted POMs {Ni(II), Cu(II), Mo(I)} and the
parent POM, with a degradation of 87.4 % for IC and 94.3% for MO under the following optimized conditions: an
initial hydrogen peroxide (H202) concentration of 0.02 M, a catalyst concentration of 0.2 mM, and an initial dye
concentration of 5 mg/L at pH 3 and room temperature (25 °C). It revealed the oxidative role of hydroxyl radicals
(OH®), hydroperoxyl radicals (HO®), and superoxydes (Oye) as reactive species, on the basis of which a plausible
degradation mechanism is proposed.The recyclability test indicated good catalyst stability over five consecutive
cycles with a very low loss of catalytic efficiency (~5 %). Their stability and robustness were verified by various
characterization techniques such as UV-vis spectroscopy, FT-IR spectroscopy, single crystal X-ray Diffraction
(XRD), Field Emission Scanning Electron Microscopy (FE-SEM), and Energy Dispersive X-ray analysis (EDX).

1. Introduction

Industrial activities produce significant quantities of wastewater,
often contaminated by polluting organic and mineral substances [1,2].
Synthetic dyes are among the organic contaminants that play a major
role in today’s industry [3,4]. They are frequently used in various in-
dustrial sectors such as the paper industry [5], cosmetics [6], pharma-
ceuticals [7], agri-food [8] and more particularly in the textile industry
[9]. These non-degradable dyes can cause various alterations and have
the potential to pollute the environment and harm health in the short to
medium term [10].

To maintain and improve the quality of these resources, various
conventional treatment techniques have been applied, including
adsorption on various solid supports [11,12], chemical oxidation [13],
coagulation-flocculation [14], biological processes via biocomposite
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[15,16], and synergistic processes [17-19].

It is essential to look for more appropriate treatment techniques that
are both economical and effective, in order to purify effluents before
they are discharged into the environment, or to rehabilitate sources to
obtain safe drinking water.

A great deal of research has been carried out in recent years to
develop new treatment methods [20]. Among the various methods
available, advanced oxidation processes stand out as very promising
approaches to the degradation of organic pollutants [21].

Their operation is based on the total oxidation reaction of the con-
stituent elements of aqueous pollutants, converting them into carbon
dioxide (CO3), water (Ho0) and inorganic residues that can be retained
by filtration [22].

Oxidative treatment techniques can be classified into four distinct
categories: (a) homogeneous-phase chemical oxidation processes [23];
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Fig. 1. (a) Balls and stick structure of the Wells-Dawson clusters polyoxometalate ay-[P2W;7061Co].Black represents tungsten; red represents oxygen; green rep-
resents phosphorus and blue represents substituted cobalt. (b) Polyhedral representation of POM structures tested in this study.

(b) homogeneous and/or heterogeneous-phase photocatalytic processes
[24,25]; (c) sonochemical oxidation processes [26]; and (d) electro-
chemical oxidation processes [27].

Innovative methods include chemical oxidation using homogeneous-
phase metal-based catalysts [28,29], which work by stimulating the
oxidizing effect of HyO9 using these materials.

Hence, the advancement of selective oxidation systems employing
H20, and durable inorganic catalysts featuring precisely organized
polynuclear active sites can foster the progress of eco-friendly or
ecologically conscious chemical processes.

Over the years, a multitude of catalytic oxidations using POMs and
H0; have been produced. The POMs used for HyO,-based oxidations
can be categorized into three groups based on their structures and the
method of HyO» activation: (a) di- and tetranuclear small peroxotung-
states, (b) lacunary polyoxotungstates, and (c) transition-metal-
substituted POMs [30].

Several catalytic oxidations using transition-metal-substituted poly-
oxometalates (POMSs) have been created, and certain transition-metal-
substituted POMs with precisely regulated active sites have demon-
strated effective activation of HyO» [31,32]. Polyoxometalates of the
Wells-Dawson structural class, including their
transition-metal-substituted derivatives, form a large and growing class
of polyoxometalates (POMs). Their catalytic properties, such as thermal
and hydrolytic stability, redox potential, charge density, acid-base
properties, size and shape make these multifunctional POM-based ma-
terials particularly suitable for managing environmental problems
[33-35]. These fundamental properties can be systematically modified
and significantly tuned by modifying the constituent elements (char-
ge-compensating cations, central atoms and framework polyatoms)
[36]. These transition-metal-substituted POMs have attracted much
attention as oxidation catalysts in several oxidation reactions [37-41].

Contant and co-workers were able to control metal substitution by
(Mo"") and (V") by stereospecific preparation of lacunar species such as
al-[PZWUOﬁl]w’ and (xz-[P2W17O61]1°’ from the Wells-Dawson com-
plex a-[PaW15062]%~ [42-44].

The purpose of this study was to investigate new characterizations,
and the catalytic properties of a polyoxometalate complex formed by the
introduction of (Co) ions into the monolacunary 0g-[PaW170611107,
which was already used as a catalyst in our previous study intended the
degradation of dyes by KMnO4 as an oxidizing agent [45].

The aim of this work was to study the efficiency of HyO5 to separately

degrade indigo carmine and methyl orange in aqueous solution in the
presence of ((sz2W17061C0)8_ as catalyst. These toxic dyes are
frequently used in industry, mainly in the textile and food industries
[46-49], where their presence in industrial waste causes a noticeable
change in the color and odor of water, even at very low concentrations.
However, to date, no reports have been published concerning the
oxidation of indigo carmine and methyl orange by HyO, using oy-
[P2W17061C0]8’ as a homogeneous catalyst. The influence of different
reaction parameters controlling the separate degradation of these dyes
was investigated. The activity and stability of the az-[P2W17061C0]8’
catalyst after several oxidation reaction cycles were also verified.

2. Materials and methods
2.1. Synthesis of polyoxometalates compounds

The lacunary compound  agP2W;p7, also known as
((x2K10P2W17061.18H20)1O’, was synthesized from the saturated com-
pound aP;Wig, also known as (aK6P2W13062.-20H20)6’, using the
established methods described in the publications by Contant and
Ciabrini [50] and Massart et al [51]. The chemical asPoW;7 was syn-
thesized by removing the wo3~ group from aP;Wig.

The catalyst (aaKgPaW17C0061.-19H50), also known as agPaW17Co
(Fig. 1), was synthesized using the methodology described by Bartis et al
[52]. A10 ml (0.1 M) solution of Co(NO3)3.-9H50 was dissolved in 30 ml
of water. Then, 4.7 g of ®;Po2W17 was added to the solution while stirring.
The resulting product was precipitated by adding 20 ml of a saturated
solution of KCl. Ultimately, the crystals that emerged were separated
using filtration and subsequently dehydrated in ambient air.

2.2. Characterization of polyoxometalates compounds

The UV-vis spectroscopy measurements were conducted using a
JENWAY 6705 digital spectrophotometer. Quartz containers with a 10
mm distance for light to pass through were utilized.

The infrared spectroscopy data were recorded using an FT-IR spec-
trometer model K800A-MY14400002. The spectra were analyzed using
the Agilent resolution Pro program.

The X-ray diffraction patterns were obtained by utilizing a RIGAKU
model D/max 2500 diffractometer, which was configured in the Bragg-
Brentano setup and equipped with an anticathode Cu (1.541874 A°) X-
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Table 1
Chemical structures and characteristics of IC and MO dyes.

Dye Structure Mw (g.mol 1)

Indigo Carmine 0 466.353

Na0;§ NH
‘ NH ‘ S0,Na
0
Acid Orange 327.33

ray tube. The acquisition circumstances relate to a range of angles,
specifically from 5 to 90 °degrees.

The surface morphologies were analyzed using a QUANTA 250 Mi-
croscope, fitted with an Energy Dispersive X-ray (EDX) spectroscopy
instrument, through the technique of Field Emission Scanning Electron
Microscopy (FE-SEM).

2.3. Oxidation of dyes

2.3.1. Chemical reagents

Indigo carmine (IC), also known as cotton blue or acid blue 93, with a
molecular formula of C37H,7N3Nag0gS3, and Methyl orange (MO), also
known as Acid Orange 52, helianthine B, Orange III, Gold orange, and
Tropaeolin D, with a molecular formula of C;4H;4N3NaOsS, were
employed as model compounds. The IC and MO compounds were pro-
vided by Sigma-Aldrich without undergoing any purification process.
The chemical structures and properties are presented in (Table 1). The
hydrogen peroxide (H05) utilized in this investigation was acquired
from Merck Chemical Company. The remaining reagents (NaOH and
H2S04) utilized in this investigation were of analytical quality.

2.3.2. Procedure for the oxidation of the IC and MO dyes

The oxidation of IC and MO was carried out individually in batch
reactor of 200 mL at ambient temperature. An adequate quantity of
catalyst (axP2W77Co) was added to 100 mL of dye solutions (MO) or (IC)
with initial concentrations of 10 mg/L. In all trials, the beginning con-
centrations of dyes were maintained at a constant level, except for those
conducted specifically to investigate the impact of varying initial dye
concentrations. The pH of the reaction was modified using (0.1 M)
H2SO4 or (0.1 M) NaOH in aqueous solutions with the aid of a HANNA
pH meter. An electromagnetic stirrer was employed to guarantee ho-
mogeneous blending of the aqueous solution. Subsequently, a specific
amount of the oxidant (H,O,) with a defined concentration was intro-
duced. Currently, the oxidation reaction was started. During the initial
stages of the reaction involving IC or MO, a 2 mL sample was obtained
from the reactor every 2 min. The absorbance of dyes in the sample was
measured using a JENWAY 6705 UV-vis spectrophotometer. The
wavelength at which (IC) exhibits the highest absorbance is 611 nm, as
reported by Grabsi et al [45]. It is worth noting that this dye demon-
strates exceptional stability in an aqueous environment. However, the
color of the MO changes depending on the pH of the medium. To esti-
mate the maximum wavelength (Apax) of the MO, the absorbance of the
MO solution was measured at different pH levels within the range of
400-800 nm [37]. The oxidation of dyes was conducted based on the
following parameters: initial pH of the solution, concentration of the
oxidant, concentration of the catalyst, and initial concentration of the
dye. The impact of temperature, presence of inorganic salts, and kind of
particulate organic matter (POMs) was also investigated. The percentage
of dye degradation efficiency was estimated as follows:
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Where: DE (%) is the degradation efficiency; C; (mg/L) is the initial
concentration of dyes and C¢ (mg/L) is the final concentration of dyes.

After calculation, we found a limit of detection (LOD) of 0.81 for
indigo carmine and 1.02 for methyl orange.

The percentage error obtained is 2.63 % for indigo carmine and 1.66
% for methyl orange. These results indicate that the measured values are
very close to the values predicted by the linear regression model, con-
firming the good accuracy of the measurements in relation to the model.

3. Results and discussion
3.1. Characterization of polyoxometalates compounds

3.1.1. Phase structure of POMs nanoparticles

X-ray powder diffraction at room temperature is commonly used to
examine the structural characteristics of POMs and to explain their
properties [53]. This study aims to identify the crystalline phases pre-
sent in the three samples analyzed. All the structural parameters
deduced from the X-ray diffraction (XRD) data are summarized in
(Table 2). (Fig. 2) shows the X-ray diffractograms of the three
Dawson-based POMs. Peaks were analyzed and indexed by the
Search-Match method using Crystal Impact Match software and the
Crystallography Open Database (COD-Inorganics 2020.12.16).

According to the results, parent and lacunar POMs could indeed lead
to the formation of the P/W/O phases (entry number: 96-231-0828)
[61], and P/W/O/H phases (entry number: 96-210-6441) [59], where
rearrangement could occur due to significant structural transformation.
Removal of the WO%~ group leads to significant fragmentation of the
structure, resulting in partial amorphization of the P,W;7 gap structure.
This creates a point defect in the structure, rendering PoW;; partially
amorphous with a mixed (amorphous and crystalline) structure, as
evidenced by the enlarged bumps and overlapping peaks observed.

The monosubstituted Co-POM exhibits a structural rearrangement,
as shown by the predominant formation of a Dawson phase (entry
number: 96-231-0828) [61], and the presence of traces of Keggin
phases. We also observe the formation of a new phase (Co/O) (entry
number:96-152-6827 and 96-152-6823) [62], logically resulting from
the addition of cobalt. These new cobalt phases crystallize in the
orthorhombic and monoclinic systems with space groups (Ccmm) and
(C12/m1) respectively. The formation of these new phases results from
the reorganization of tungsten and phosphorus oxides due to the crea-
tion of vacancies, and is potentially influenced by the presence of alkali
metal Co(II). The addition of Co(II) appears to improve the degree of
crystallinity. The resulting compound exhibits distinct acid and redox
sites due to its unique structural properties, which may affect catalytic
performance.

It is entirely possible for a Dawson-type POM to contain a Keggin-
type fragment or subunit. This coexistence of phases results from par-
tial structural transformations, creating mixed structures with new and
interesting properties [54]. These transformations can also occur
because Keggin units are often more stable or thermodynamically
favored under certain conditions.

Additional UV-Vis and FT-IR characterizations were carried out in
the previous study [45], showing that the Dawson phase is in the ma-
jority in the sample. This is also confirmed by the atomic ratios
W/P/O/Co in the chemical composition determined by EDX and
elemental analysis presented in this study. This is also evident in the
Co-POM diffractogram, which is identical to those of Dawson-structured
Cu-POM and Ni-POM presented in the related literature [55,56].

3.1.2. Determination of crystallite size
X-ray diffraction can be used not only to identify the crystalline



M. Grabsi et al.

Table 2
Crystal data and structural parameters of POMs phases.

Molecular Catalysis 578 (2025) 114997

o- [PaW1g062] .20H20

Name phase O62P2Wi1g O47W17 014Ws H45061PW12 02.72W O40W1s
Entry number 96-231-0828 96-210-7066 96-152-7784 96-210-6441 96-153-8316 96-100-1679
FoM 0.780552 0.660434 0.612845 0.645521 0.618036 0.618036
Intensity scale factor 0.67 0.20 0.08 0.09 0.04 0.04
Space group P-1 P12/m1 P-421m Pcca P12/m1 P12/m1
Crystal system triclinic Monoclinic Tetragonal Orthorhombic Monoclinic Monoclinic
a(l) 12.8600 18.8400 23.3300 20.7880 18.3200 18.3200
b (/i) 14.8300 3.7870 - 13.0860 3.7900 3.7900
c ) 22.3400 12.3300 3.7970 18.8790 14.0400 14.0400
a (deg) 94.400 - - - - -
p (deg) 116.870 102.670 - - 115.030 115.030
Y (deg) 115.600 - - - - -
cell volume(A®) 3225.59 858.29 2066.67 5135.69 883.28 879.46
V4 2 1 8 4 18 1
I/1c 4.43 7.60 7.05 15.22 7.80 7.80
Calc. Density (g/cm®) 4.492 7.501 7.348 4.214 7.695 7.695
Amount (%) 74.5 12.6 5.3 2.7 2.6 2.3
Reference [51] [54] [55] [56] [57] [58]
Total cristalinity (%) 80.36
az-[P2W17061]1 .18H20
Name phase 062P2Wig H4506:PW1o
Entry number 96-231-0828 96-210-6441
FoM 0.780552 0.645521
Intensity scale factor 0.67 0.09
Space group P-1 Pcca
Crystal system triclinic Orthorhombic
a(4) 12.8600 20.7880
b (A) 14.8300 13.0860
¢4 22.3400 18.8790
a (deg) 94.400 -
B (deg) 116.870 -
Y (deg) 115.600 -
cell volume(A®) 3225.59 5135.69
zZ 2 4
I/1c 4.43 15.22
Calc. Density (g/cm?®) 4.492 4.214
Amount (%) 59.5 40.5
Reference [51] [56]
Total cristalinity (%) 62.58
o2- [P2W;706;Co] .19H,0
Name phase O6oPW12 Hy5061PW12 073Was Coo.885 O2 CoOy 062P2W1g
Entry number 96-901-5518 96-210-6441 96-210-6890 96-152-6827 96-152-6823 96-231-0828
FoM 0.668780 0.645521 0.607392 0.624153 0.621464 0.780552
Intensity scale factor 0.38 0.09 0.28 0.35 0.35 0.67
Space group Fd-3m Pcca P12/c1 Cl2/m1 Ccmm P-1
Crystal system Cubic Orthorhombic Monoclinic Monoclinic Orthorhombic Triclinic
ad) 23.2800 20.7880 11.9300 4.8360 4.8340 12.8600
b (A) - 13.0860 3.8200 2.8200 2.8200 14.8300
cA) - 18.8790 59.7200 32.4730 21.5180 22.3400
a (deg) - - - - - 94.400
B (deg) - - 98.300 95.840 - 116.870
Y(deg) - - - - - 115.600
cell Volume(1’§3) 12612.79 5135.69 2693.09 440.55 293.33 3225.59
Z 4 4 2 6 4 2
1/1c 35.95 15.22 7.02 30.06 32.55 4.43
Calc. Density (g/cm?®) 3.518 4.214 7.108 1.903 2.059 4.492
Amount (%) 3.4 10.9 13.2 3.8 3.5 59.5
Reference [59] [56] [60] [52] [52] [51]
Total cristalinity (%) 96.02
structure, but also to assess the average size of crystallites. Extracting Ki
size and strain independently from the full width at half maximum D= Feosd 2)

(FWHM) of X-ray diffraction (XRD) peaks is not highly reliable. There-
fore, we choose to use the well-established Modified Scherrer Method
and Hall-Williamson methods instead.

Scherrer Method: Scherrer has formulated an Eq. (2) to quantify the
widening of x-ray diffraction peaks solely caused by the presence of
small crystallite sizes.

Where ) is the wavelength of the x-rays used, 6 is the Bragg angle, D is
the "average" crystallite size measured in a direction perpendicular to
the surface of the specimen, and kis a constant. This equation is
commonly known as the Scherrer equation [63].

Modified Scherrer Method: The modified Scherrer formula utilizes
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Fig. 2. Powder X-ray diffraction patterns of the POMs nanocomposites.
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Fig. 3. Modified Scherrer plot of POMs nanocomposites. Crystallite size D is extracted from y-intercept. (a) parent POM; (b) lacunary POM; (c) Co-POM.
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Fig. 4. Williamson-Hall plots (UDM method) for POMs nanocomposites. The strain is extracted from the slope and the crystallite size D is extracted from y-intercept.
(a) parent POM; (b) lacunary POM; (c) Co-POM.

the least square method to reduce error in computing the crystallite size
and finding the average value of D from all main peaks [63]. The Ing(D)= In (ﬁ) + (L) 3)
Scherrer formula can be expressed as follows: D cosd)

Now by plotting a graph between Infy(D) and In(1/cosB), a straight
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Table 3
X-ray diffraction data and cristallite size of POMs compounds.
POM 206 dA) Peak Peak FWHM () Scherrer’s (D) Average (D) Hall- Williamson (D) Modifed Scherrer’s (D)
(deg) height area m (nm) (nm) (nm) (nm)
aP,W;g 7.1 12.4 196.1 531.60 0.12 0.0021 66.35 48.34 57.77 56.12
8.0 11.1 268.2 1454.1 0.24 0.0042 33.19
9.3 9.4 853.1 1542.0 0.08 0.0014 66.40
12.8 6.9 155.9 422.50 0.12 0.0021 66.61
15.0 5.8 177.3 480.60 0.12 0.0021 66.76
18.1 4.9 455.9 1647.9 0.16 0.0028 50.26
24.7 3.6 492.4 1335.0 0.12 0.0021 40.58
24.9 3.6 516.9 1401.4 0.12 0.0021 50.76
25.5 3.5 215.7 974.60 0.20 0.0035 33.91
26.6 3.3 333.7 1206.5 0.16 0.0028 22.72
28.8 3.1 558.4 2018.8 0.16 0.0028 34.23
aPW;7 6.5 13.5 946.6 4308.5 0.36 0,0063 22.10 23.25 45.46 30.30
8.2 10.7 1000 3540.1 0.28 0,0049 28.45
9.1 9.7 457.6 1157.5 0.20 0,0035 39.85
13.7 6.8 164.8 1083.5 0.52 0,0091 15.38
14.2 6.2 343.6 1216.5 0.28 0,0049 28.59
18.2 4.9 149.7 378.60 0.20 0,0035 40.23
24.3 3.6 623.5 4414.6 0.56 0,0098 14.51
24.5 3.5 597.7 5742.8 0.76 0,0133 10.71
25.2 3.3 141.0 2353.5 1.32 0,0230 6.19
27.6 3.2 433.9 1536.0 0.28 0,0049 29.22
29.8 3.0 469.2 2372.9 0.40 0,0070 20.55
ayP,W1,Co 7.6 11.4 670.34 2267.2 0.12 0,0021 49.65 59.28 92.28 65.88
8.1 10.8 357.70 2419.6 0.24 0,0042 66.20
8.9 10.0 1000 3382.1 0.12 0,0021 33.10
12.7 7.0 263.59 891.50 0.12 0,0021 99.30
14.7 6.0 439.17 1485.3 0.12 0,0021 66.20
17.9 5.0 263.19 1186.8 0.16 0,0028 66.20
24.0 3.8 262.37 1478.9 0.20 0,0035 49.65
24.9 3.7 913.75 4120.5 0.16 0,0028 66.20
25.1 3.6 170.51 1153.4 0.24 0,0042 66.20
27.5 3.2 126.95 1288.1 0.36 0,0063 39.72
29.3 3.0 516.78 3495.6 0.24 0,0042 49.65

a o

Fig. 5. FE-SEM micrographs and illustration show particle size histogram of nanocomposites. (a) parent POM; (b) lacunary POM; (c) Co-POM.
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Table 4
Elemental composition of sample (identified crystalline phases only).
Element PoWig PoW;, PoW;,Co
Amount
(%)
P 0.59 0.56 0.06
H 2.65 1.23 0.02
[0} 37.43 25.65 88.13
w 59.88 72.55 8.69
Co - - 3.09
Total (%) 100 100 100

line with an intercept equal to In(k\/D) is obtained (Fig. 3).

Williamson-Hall plot method: The equations (4) above represent
the W-H equations, which utilize the uniform deformation model
(UDM).

p=p(D)+p(e) or (ﬂc&sa) = (%) * (481?;0)

The plot fcosd/kA versus 4sinf/kA should be a straingt line, where
the slope provides the strain in the sample and the y axis provides the
inverse of average crystallite size in the materials.

The plot is represented by the equation 4sin8/k\ versus pcos6/kA.
The strain and average crystallite size are determined by analyzing the
slope and intercept, respectively [64]. The UDM analysis for three POMs
is displayed in (Fig. 4).

The results obtained with the three methods corroborate each other
and show a clear deformation of the structure. This supports the SEM
analysis presented in the previous study [45], which indicates a varia-
tion in grain size. The crystallite size of the monolacunar phase is smaller
than that of the parent POM and Co-POM,; the latter showing a larger
average crystallite size using all three methods. However, the average
crystallite size obtained from the Scherrer formula, the Modified
Scherrer Method and the W-H analysis (Table 3) shows a greater vari-
ation because of the difference in averaging the particle size distribution
[65].

4

3.1.3. Size distribution and morphology of POMs nanoparticles

The morphological and particle size distributions were determined
based on the digital pictures acquired. The average diameter of the
POMs was estimated using a set of 200 grains selected from arbitrary
areas of the magnified micrographs. The grain sizes in the micrographs
were quantified using Image J software (version 1.53e). The average
grain sizes of the three samples are depicted by the histogram in (Fig. 5).

From the SEM images shown in (Fig. 5), we can also observe a
deformation of the microstructure, manifested by a change in the grain
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geometry of each POM. This observation is in line with the XRD analysis
presented earlier, which shows a clear variation in the crystallite size of
the three POMs.

Co-POM grains appear to be more homogeneous than those of the
other two POMs, most being between 3 and 4 pm in size. Co-POM grains
show a uniform distribution with almost identical sizes, being evenly
dispersed and well-crystallized, with a cubic or pseudo-cubic
morphology. This morphology confers a high specific surface area,
which logically translates into enhanced catalytic activity.

Significantly, the micrographs (Fig. 5) show a morphological change
during synthesis, where the majority of PyW;g and P;W;7 grains are
characterized by an aggregate of irregular polyhedral shapes, which
cluster to form agglomerates. It is clear that the incorporation of Co(II)
ions into the lacunar POM considerably reduced the grain size (from
9.55 to 6.19 um) at the end of synthesis.

3.1.4. Elemental composition analysis

In this study, we used a different analytical technique to that used in
our previous study to analyze the chemical composition of the three
materials. This technique is based on the quantification of chemical el-
ements that are present only in the crystalline phases of the structure of
each POM. The (Table 4) confirms the result obtained by EDX elemental
analysis in the previous study [45], where the presence of high pro-
portions of the elements P, O, and W in the total crystalline structure of
the three POMs was consistently confirmed. In the case of the mono-
substituted Co-POM, the contribution of the added metal element (Co™)
to the crystallization of the complex is well verified. The appearance of
hydrogen (H) in this analysis is due to the crystallization of the water
molecule (H20) in the structure of the samples studied.

3.2. Oxidation of dyes

3.2.1. Effects of the operating parameters on IC and MO degradation

The catalytic activity of a catalyst is generally influenced by various
reaction parameters. In order to obtain the optimum degradation yield
for indigo carmine and methyl orange, an in-depth study to optimize the
experimental conditions for oxidation was undertaken. Several param-
eters were examined.

3.2.1.1. Effect of pH. The pH of the medium is a crucial factor in
advanced oxidation processes, as it significantly influences degradation
efficiency, as well as the stability and activity of catalysts in aqueous
solution [24-27]. The results are illustrated in (Fig. 6):

The results presented in (Fig. 6) show that maximum degradation of
both dyes was observed at acidic pH (pH = 3), with a maximum
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Fig. 6. Effect of pH on the degradation process using the (H,05/Co-POM) system ([Dyelo = 10 mg/L, [cat]=0.2mM, [H,0,] = 0,077 M, T=25 °C).
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Fig. 8. Effect of catalyst concentration on the degradation using the (H205/Co-POM) system (pH=3, [H20,] =0.154 M, [Dye]p =10 mg/L, T=25 °C).

degradation efficiency of 32.93 % for IC and 43.74 % for MO. Degra-
dation efficiency increased with decreasing pH.

These results are corroborated by several studies [37,39,40], which
indicate that this value (pH = 3) corresponds to the optimum rate of
H,0, decomposition into hydroxyl radicals OH®. Moreover, in aqueous
solution, the majority of Dawson-type POMs are stable only in acidic
media [66]. It is also important to note that POMs possess Brgnsted
acidity, and that H* protons act as catalytically active sites. Conse-
quently, a shift to a neutral or basic medium may result in a loss of their
acidic properties, due to a decrease in the accessibility of H* protons and
thus a reduction in the strength of the active acid sites [67].

The decrease in efficiency under basic conditions may be due to a
deactivation of the catalytic effect of the substituted transition metal
(Co™), caused by the precipitation of cobalt ions in the form of cobalt
hydroxide Co(OH); according to the following reaction:

2+ -
Co{,q+20H

(aq) - CO(OH)Z(S)

)

Furthermore, in strongly alkaline media, hydrogen peroxide (H2032)
is susceptible to decomposition into HyO and Oy [68], resulting in a
decrease in the production of OH® radicals required for optimal
degradation of organic matter.

3.2.1.2. Effect of H202 concentration. According to the literature [69],
activation of HpOy by homogeneous catalysts is attributed to the

formation of OH™ hydroxyl radicals, which are highly reactive. This
activation occurs via decomposition of HyO», resulting in homolytic
cleavage of the molecule’s O-O bond, leading to the formation of these
OH®, which can react with organic molecules [70]. (Fig. 7) illustrates
the degradation efficiency of indigo carmine (IC) and methyl orange
(MO) at different concentrations of HyOo.

Degradation efficiency increased with HyOy concentration up to a
critical concentration of 0.154 M for indigo carmine and 0.302 M for
methyl orange, where degradation efficiency reached its maximum,
namely 66.34 % and 66.18 % for the two dyes respectively. Above this
critical concentration, degradation efficiency decreased (Fig. 7). This
phenomenon, commonly observed in HyO»-based oxidation processes, is
known as the OH® radical trapping effect [71]. This decrease is mainly
due to the excess of HpO, which promotes competing undesirable re-
actions to the oxidation of pollutants, through the recombination of OH®
radicals on the one hand (Eq 6), and through the reaction between oH®
radicals and H30; on the other (Eq 7), producing an inhibitory effect
according to the following reactions [72]:

OH’+OH"® — H,0, (6)
H,0, +OH* — H,0 +HO; (7)
HO; +OH*®* — H,0+ O; (€©))

A solution concentrated in HyO, leads to the extinction of OH®
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Fig. 9. Effect of dye concentration on the degradation using the (H202/Co-POM) system (pH=3, [H202]=0.154 M, [cat]=0.3mM, T=25 °C).
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Fig. 10. Effect of temperature on the degradation using the (H,O,/Co-POM) system temperature (pH=3, [Dye]= 5 mg/L, [cat]= 0.3mM, [H0,] = 0.154 M).
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Fig. 11. Effect of the catalyst type on the degradation efficiency (pH=3,
[Dye]l= 5 mg/L, [cat]= 0.3mM, [H;0.] = 0.154 M, T=25 °C).

hydroxyl radicals by the formation of HO»® hydroperoxyl radicals and
superoxydes (Oqe) (Eq 8). However, these intermediate species are less
reactive, as their oxidation potential is much lower than that of OH®
radicals [73].

At low oxidant concentrations, HyO, does not produce sufficient
OH® radicals, which logically translates into reduced degradation effi-
ciency. Moreover, the majority of free radicals produced are directly

consumed by organic matter, making them insufficient for the complete
oxidation of pollutant molecules present in the reaction medium.
Several authors point out that, at high concentrations, HoO, can become
an OH® radical extractor [74]. Consequently, the concentration of 0.154
M H,0; was chosen as the optimum concentration and was considered
thereafter.

3.2.1.3. Effect of the catalyst concentration. The majority of published
work in the field of homogeneous POM catalysis indicates that there is
always an optimum catalyst concentration where the oxidation effi-
ciency reaches its maximum [75]. Moreover, for economic reasons, it is
important to avoid an excess of catalyst.

The study of the effect of the catalyst on the degradation of indigo
carmine (IC) and methyl orange (MO) was carried out using the system
(P2W;7Co/H205/pollutant) by varying the concentrations of PoaWyCo
from 0.1 to 1.3 mM, while maintaining optimal experimental conditions
(pH = 3, [H202] = 0.154 M).

(Fig. 8) shows that increasing the concentration of P;W;gCo pro-
moted the degradation of both dyes in the range of 0.1 to 0.7 mM for IC
and 0.1 to 0.4 mM for MO, where the maximum degradation efficiency
reached 78.5 % and 88.02 % respectively. These results are in line with
several studies [38,76], which explain that this improvement is due to
an increase in the number of active sites in the catalyst, resulting in
greater production of OH® radicals, responsible for oxidation. However,
above 0.7 mM for IC and 0.4 mM for MO, a decrease in efficiency was
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observed, from 78.5 % to 68.12 % for IC and from 88.02 % to 54.41 %
for MO.

Furthermore, it has been found that no further improvement in ef-
ficiency is achieved with an excessive increase in the amount of catalyst,
due to parasitic reactions that consume hydroxyl radicals [77].
Furthermore, the presence of an excess of Co-POM particles relative to
dye molecules increases the probability of dye molecule suspension,
creating an inhibitory barrier that reduces degradation efficiency. In
conclusion, an excess of catalyst does not improve the degradation
process and may even be counterproductive.

3.2.1.4. Effect of dye concentration. (Fig. 9) shows that increasing the
initial pollutant concentration, in the range 5-25 mg/L, led to a signif-
icant decrease in degradation efficiency, while an increase in residual
dye concentration was observed. These results can reasonably be
interpreted by an insufficient degradation for high-concentration color

11

solutions.

Other authors have obtained similar results [78], attributed to the
fact that, under high dye concentrations, the number of OH® radicals
produced in the dye solution becomes insufficient. In other words, the
decrease in efficiency may be due to the rapid and increased consump-
tion of OH® hydroxyl radicals by the dye molecules concentrated in the
solution. In addition, the amount of residual intermediates, which also
consume OH® radicals, increases [79].

In contrast, for low-concentration dye solutions, the opposite effect is
observed, as the solution becomes easier to attack by OH® radicals. It is
also claimed that, for a high initial dye concentration, the amount of
catalyst required for efficient degradation is also greater. Consequently,
for the same oxidation time with a constant amount of catalyst, the
number of OH® radicals regenerated in the solution remains constant
and does not increase. Consequently, the stable number of OH® radicals
attacking the dye molecules becomes insufficient for oxidation due to
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Fig. 17. Catalytic performance test of the catalyst for five oxidation test cycles
of dyes.

the excessive increase in the concentration of organic matter in the dye
solution [80]. Thus, optimization of the concentration of oxidizing agent
(H202) and PoW;7Co catalyst is crucial to achieve high degradation
efficiency.

The results obtained with the homogeneous Co-POM/H302 system
show a clearly superior efficiency for the degradation of anionic and
cationic dyes. These performances are particularly satisfactory when
compared with those of innovative heterogeneous systems reported in
other studies [49,81].

3.2.1.5. Effect of temperature. To examine the effect of temperature on

Molecular Catalysis 578 (2025) 114997

the degradation of indigo carmine (IC) and methyl orange (MO) by H0»
using (Co-POM) as catalyst, a series of experiments was carried out
under the same operating conditions as above (pH = 3, [Hy05] = 0.154
M, [Co-POM]=0.3 mM) at temperatures ranging from 25 to 60 °C.

According to (Fig. 10), increasing temperature significantly
improved reaction kinetics, manifested by an increase in oxidation rate.
However, this effect was not as marked on the overall degradation ef-
ficiency, which increased from 81.95 % to 87.4 % for CI and from 94.31
% to 98.24 % for MO, for increasing temperatures from 25 °C to 60 °C
respectively.

These results are in line with the literature [82], which reports that
increasing temperature in the reaction medium increases the mobility of
molecules, thus increasing the probability of collision between pollutant
molecules and OH® oxidizing species. This collision leads to a significant
acceleration in reaction kinetics.

In general, higher temperatures increase the reaction rate associated
with the activation of HoO; by the catalyst, which logically leads to an
increase in the rate of production of OH® oxidizing species [83]. How-
ever, as increasing temperature does not lead to a significant improve-
ment in degradation efficiency, and for economic reasons, ambient
temperature (25 °C) was considered thereafter.

3.2.2. Effect of the catalyst type

The nature of the catalyst used plays a crucial role in the success of
the catalytic cycle, and hence selecting the most appropriate one is
essential to maximize the production of OH® hydroxyl radicals [84].

Under the same operating conditions, a series of synthesized M-
POMs, containing transition metals such as (Co, Cu, Ni, and Mo)
(Fig. 11), were examined as catalysts for the degradation of indigo
carmine (IC) and methyl orange (MO) by H205.
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Fig. 18. Degradation as a function of irradiation time during scavenger test and their resultant efficiency for IC and MO dyes.
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Table 5
IR vibration frequencies of recovered catalyst.

Bandes IR (cm™!)

recovered Catalyst vas(P-0,) vas(M—0gq) vas(M-Op,—M) vas(M-OM)
From IC solution 1080 953 912 756
From MO solution 1088 949 910 758

Oxidation of IC and MO by Hy03 in the presence of the saturated salt
aP,Wig showed relatively low efficiency. However, the introduction of
different transition metal-containing substituted POM catalysts led to a
clear improvement in the degradation efficiency of both dyes. This
confirms the importance of POM catalysts in the degradation process.

Among the catalysts tested, our previously used Co-POM catalyst
showed the best efficiency under these operating conditions for both
dyes. These results are consistent with the related literature [85], which
indicate that POMs in saturated salt form are generally less efficient for
the oxidation of organic compounds than substituted forms.

The presence of the W-O-Co band in POMs catalysts enables satu-
rated and lacunar compounds to be activated more effectively than
catalysts with W-O-W bonds, thus contributing to better catalytic
performance.

3.2.3. Effect of inorganic ions

It is well known that polluted water can contain inorganic ions such
as chlorides Cl~ and sulfates SO~ in varying concentrations, which can
influence the treatment process. The effect of these ions on the

13
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degradation process logically depends on each ion, while also taking
into account the behavior of the catalyst used, P,W;7Co, with respect to
these inorganic ions.

3.2.3.1. Effect of chloride ions. According to (Fig. 12), the presence of
chloride ions had a significant inhibitory effect on the oxidation reaction
of both dyes, resulting in a decrease in degradation efficiency. The re-
sults obtained in the presence of NaCl, MgCl, and CaCl; ions were 40.96
%, 78.05 % and 64.39 % respectively for IC, and 72.14 %, 84.21 % and
87.52 % for MO. The inhibition of the degradation reaction by chloride
ions can be explained by the blocking of active catalyst sites and/or by
competition between chloride ions and pollutant molecules to react with
the OH® radicals generated.

Indeed, it has been reported that chloride ions capture oxidizing
radical species. This phenomenon is explained by the reaction of OH®
radicals with Cl™ ions, which leads to the formation of inorganic radicals
such as C1® and HCIO® according to the following reactions [86]:

Cl"+OH"* — ClO*+OH™ (C)]

Cl"+OH* —HCIO® (10)

These radicals, although in principle capable of oxidizing organic
pollutants and participating in the degradation process, are however less
reactive with organic matter than OH® radicals [87]. However, the
generation of Cl® radicals plays a major role in the formation of chlo-
rinated organic compounds, known to be particularly harmful inter-
mediate substances.

Moreover, in acidic conditions, it is highly likely that the CI®
dichloride radical is formed by reaction between the added Cl™ ions and
the C1® radicals produced (Eq 11), or with the OH® radicals generated
(Eq 12). This radical (Eg = 1.36 eV) is also less reactive than the OH®
radical [88].

c'+Cl” -l an

2ClI"4+OH* + H* —Cl; + H,0 (12)
3.2.3.2. Effect of sulfate ions. According to (Fig. 13), the presence of
sulfate ions does not significantly affect degradation efficiency. For
NaySO4, MgS04, and CaSOy ions, the yields obtained were 80.97 %,
77.61 %, and 78.5 % for indigo carmine (IC), and 90.06 %, 91.12 %, and
83.31 % for methyl orange (MO), respectively. However, there was a
noticeable slowdown in reaction kinetics.

This can be explained by the adsorption of sulfate ions on the catalyst
surface, which disrupts the proper functioning of certain active sites
[89].

In parallel, the stability of the degradation efficiency could be
explained by the reaction of sulfate ions with OH® radicals, leading to
the formation of the sulfate radical (SO®) according to the following
equation:

SO2” + OH*—S0," + OH" 13)

Then, the (SO;®) radical can react with the water molecule to pro-
duce more SO%_ and OH® ions as follows [90]:

SO,* +H,0 —SO; +OH" + H* a4

The sulfate radical (SO;®) formed is a powerful oxidant (Eg = 2.6
eV), which participates in reactions with organic compounds [88]. This
explains the continuation of the oxidation effect even after the time
required to reach final stabilization (180 min). However, this activity is
accompanied by a slowdown in reaction rate, due to disruption of the
catalyst’s active sites and a disturbance in the OH® radical production
cycle, affecting their oxidative role.

3.2.4. UV-vis absorbance spectra of dye before and after oxidation
The oxidation reaction of indigo carmine (IC) and methyl orange
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Fig. 21. Powder X-ray diffraction patterns of recovered catalyst after five test cycles.
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Fig. 22. FE-SEM photographs of recovered catalyst after five test cycle at different magnifications: (a) recovered from IC solution; (b) recovered from MO solution.

(MO) by the homogeneous (H202/P2W;7Co) system was carried out
under optimum conditions, tracking the spectral evolution as a function
of time by UV-visible spectrophotometry in a wavelength range from
200 to 800 nm. (Fig. 14) shows the spectral evolution of the two dyes
over the 180 min oxidation period.

The spectra show that the disappearance of IC and MO by the ho-
mogeneous (H202/Co-POM) system was confirmed, as the appearance
of the spectra after 180 min was different from that observed before the
addition of the HyO» oxidizing agent.

For indigo carmine, and according to similar studies on the oxidation
of this dye [91], the process begins with an attack of OH® radicals at the
C(1) and C(10) positions of the structure, resulting in the disruption of
the indigoid C—C band (Amax = 611 nm), producing isatin sulfonic acid
(A = 244 nm) as the main aromatic intermediate.

For orange methyl, the first stage of the oxidation process involves
the progressive disruption of the N=N azo band (Apax = 506 nm) by
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H0,, as illustrated in (Fig. 14). This progressive breakdown in the
visible region is accompanied by an increase in the absorption band in
the UV region (A = 270 nm), corresponding to the benzene ring, indi-
cating the conversion of oxidized MO to aromatic intermediates [92].
The decrease in the indigoid and azo bands, accompanied by a gradual
disappearance of color over time, testifies to the strong reactivity of
H20, towards these dyes. This reactivity is represented by the destruc-
tion of the C=C and N=N functional groups responsible for the color,
without the appearance of new absorption bands in this region.

3.2.5. Oxidation mechanism of IC and MO dyes

Several metals, particularly transition metals, are capable of initi-
ating hydrogen peroxide decomposition to generate OH® hydroxyl
radicals [82]. For cobalt (CoH), the hydrogen peroxide decomposition
reaction is written as follows:
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Fig. 23. EDX spectra of recovered catalyst after five test cycles.

Co** +H,0, —Co>*+OH +0OH"* 15)

The action of HyO, on a complex containing the Co(II) ion leads to
the release of OH® radicals, but also HO»®, which also participate in the
oxidation of the dye. For our Co-POM cobalt-substituted catalyst, (path
1) in the mechanism shown in (Fig. 15) can be considered.

Also, it has been reported that the presence of the oxidant HyO» in
the presence of POMs can lead to the formation of peroxo-POM com-
plexes [93], which are powerful oxidants capable of oxidizing organic
compounds by direct oxygen transfer (path 2) or by the superoxydes
(Oze) generated from the peroxo-complex, depending on (path 3) in the
oxidation mechanism (Fig. 15).

3.2.6. Catalyst activity and stability

The industrial application of a catalyst and its cost-effectiveness
depend to a large extent on its stability. One of the advantages of ho-
mogeneous polyoxometalate catalysis is that the catalyst can be easily
recovered and reused several times [37], which is a major economic
advantage. To verify the stability and catalytic performance of Co-POM,
we recovered it after each cycle by gradually adding KCI to the colored
solution until the formation of a precipitate (Fig. 16). The resulting
precipitate was then washed and dried at room temperature (25 °C) for
sufficient time to remove any water or organic molecules, then reused.
The recycling efficiency test is displayed in (Fig. 17), showing that the
activity and stability of Co-POM are clearly verified, since for both dyes
it retained almost the same catalytic performance even after several
oxidation cycles with hydrogen peroxide (H203). The slight decrease in
efficiency observed was logically due to the loss of mass during the
recycling process.

3.2.7. Scavenger test

A trapping test was carried out to identify the active chemical species
responsible for, or the main contributor to, dye degradation. This test
provides a better understanding of the mechanism underlying the cat-
alytic oxidation process. To this end, specific trapping agents were
added separately: isopropanol (IPA) to trap hydroxyl radicals (OH®),
potassium dichromate (KoCr,05) for superoxides (0®), and benzoic acid
(C7HgO3) for hydroperoxyl radicals (HO}).According to the test results
shown in (Fig. 18), OH® radicals are the main contributors to oxidation
activity. In contrast, (0®) and (HO®) have a relatively limited impact. In
the presence of the Co-POM metal nanocomposite, the addition of IPA to

15

the dye solution results in a significant reduction in degradation. These
observations are in line with numerous studies [94-97], which
demonstrate that (OH®) radicals play a predominant role in the degra-
dation of various dyes, surpassing the effect of other reactive species.

3.3. Characterization of recovered catalyst

To confirm the stability of the Co-POM structure, after the fifth cycle
characterizations using the analytical techniques used in the previous
study were performed [45], namely UV-Vis, FT-IR, DRX and SEM-EDX
spectroscopy.

3.3.1. UV-Visible spectroscopy

As shown in the (Fig. 19), after five oxidation cycles using HoO», the
UV-Vis spectra of the recovered catalyst remained unchanged from
those of the initial catalyst. They still displayed two main peaks, located
around 220 nm and 270 nm, corresponding to the n-d electronic tran-
sitions of the (Od—M) and (Ob/Oc—M) bands, respectively [45,98].

3.3.2. FT-IR Spectroscopy

(Fig. 20) shows the IR spectra of P;W;;Co after five cycles of
oxidation of the IC and MO dyes with H,O5 and the observed vibrational
bands are summarized in (Table 5), showing that all the characteristic
bands of the Dawson structure were present in the spectra of the
recovered catalyst, always in the region of 700 to 1100 cm™! [33,45].

3.3.3. X-ray diffraction (XRD)

The catalyst recovered after five cycles of HoO; oxidation of the IC
and MO dyes was analyzed by X-ray diffraction (Fig. 21), showing that
the principal 26 diffraction angles remain consistent with the Dawson
structure [37,45]. Indeed, characteristic peaks were observed at the
following angles: 7°-10°, 17°-20°, 23°-28°, and 28°-30°.

3.3.4. SEM-EDX

(Fig. 22) reveals that there was no significant change in the
morphology and microstructure of the catalyst after five cycles of use,
owing to the similarity of the SEM images between the recovered cata-
lyst and the initial one. It can be seen that the majority of the grains
display a cubic or pseudo-cubic shape, with heterogeneous sizes,
without any apparent modification.
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The EDX spectrograms in (Fig. 23) of the recovered catalysts
confirmed the results obtained, due to the presence of the same elements
(P, O, K and W) as in the initial catalyst. The high proportions of tung-
sten (W) and oxygen (O) indicated a chemical composition consistent
with that of the catalyst prior to its use.

4. Conclusion

In the present study, Wells-Dawson polyoxometalate nanoparticles
Ke-[aP3W15062]1%~ and Ke-[PoW170611'%~ were prepared by facile syn-
thesis, resulting in an environmental material Kg-[a2P2W17O61C0]8’.
The latter was used as a homogeneous catalyst for the degradation of the
toxic dyes IC and MO in aqueous solution by HyO,. These metal com-
plexes were characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM) and elemental analysis of chemical composition.
These characterizations showed that the metal element Co(II) tends to
fill the gap of monolacunar (PoW;7), leading to the saturated Co-POM
species with a pure, well-defined Wells-Dawson structure.

The degradation study shows conclusively that the use of Co-POM
nanoparticles for water depollution is technically feasible, environ-
mentally friendly and economically attractive. Separate oxidation of MO
and IC by Hy0; in the presence of the Co-POM catalyst confirmed the
reactivity of HpOo towards these organic pollutants, with a very high
degradation rate (ED = 87.4 % for IC and ED = 94.31 % for MO).

Catalyst recycling confirmed the catalytic performance of Co-POM,
as evidenced by high degradation efficiencies even after five cycles of
use. The stability and robustness of this catalyst recovered after the fifth
cycle were also confirmed by the FT-IR, UV-vis, XRD, FE-SEM and EDX
analytical methods used in our previous study [45]. The new homoge-
neous catalyst system (Hy02/Co-POM/Dye) used in this study can be
considered a promising and cost-effective environmental alternative for
the treatment of toxic organic pollutants in wastewater.
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