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Abstract

Background/Objectives: The coloured wastewater discharge from industrial
sources cause harm to the human health due to these substance toxicities.
Indigo dyes are among the most widely used in the dyeing process.This
study is intended to achieve suitable approach to remove the dye using a
catalytic method. Methods: The dye removal involves a natural catalyst and
an oxidant coupled with ultrasound. Initially, the catalyst was characterized
using analytical techniques, including Fluorescence and Diffractometer X-ray.
Subsequently, the isotherm adsorption was modelled. Then, the degradation
parameters optimization such as catalyst dose, dye concentration, PDS
concentration and pH was investigated. To establish the involvement of SO,* —,
OH?*, and HO,*/0,°~ radicals in the degradation of IC, BQ, i-PrOH and t-
BuOH, a scavenging test was performed using 100 mM of each product.
Findings: The catalyst revealed the presence of quartz (SiO,), goethite (a-
Fe''O(OH)), kaolinite (Al,Si;O5(0OH),) and (KA;5(AlSi;04,)(OH),). Elemental
chemical analysis demonstrated the presence of significant quantities of iron
(48.98%) and silica (29.43%) in the sample. The adsorption phenomenon
enabled the modelling of the isotherm, which demonstrated a perfect fit
with the Langmuir model, and the determination of the adsorption kinetics,
which are second-order. The subsequent analysis of degradation parameters
indicated the following optimal conditions: The concentration of the catalyst
(IC) was determined to be 30 M, the dosage of the catalyst was established
as 2 g/L, the concentration of the PS was measured to be 25 M, and the pH
was adjusted to 6.45. These conditions resulted in 61.35% degradation. The
degradation mechanism demonstrated the involvement of various free radicals
in the process, most notably sulfate (SO,°* ), hydroxyl (OH®) and superoxide
(O5° 7). In conclusion, it was observed that the catalyst demonstrated a
satisfactory catalytic capacity across a series of oxidation cycles, with this
capacity being maintained until the fifth cycle. Novelty: The dye removal
innovative process is involving a natural catalyst and an oxidant coupled with
ultrasound. The implementation of this process is an effective approach for the
dyes treatment in wastewater.

Keywords: Indigo Carmine (IC); Peroxydisulfate (PS); Adsorption;
Degradation; Innovative Oxidation Process
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1 Introduction

The issue of access to drinking water is of paramount importance in numerous countries and is frequently associated with
economic disadvantage. Despite the abundance of water on Earth, only a small fraction of this is suitable for consumption.
Indeed, the Earth’s water reserves are estimated to be approximately 1.38 billion km?. It is evident that the vast majority of the
world’s water resources are comprised of sea and oceanic waters, accounting for 97.2% of the total. In contrast, consumable
fresh water constitutes a comparatively negligible proportion, representing a mere 2.8% of the total water on Earth!). This
resource is heavily used in textile industries, which generate effluents containing micropollutants, including dyes, posing risks
to human health and the environment ®). It is estimated that a considerable quantity of dyes, amounting to 1,000,000 tonnes per
year, is released into the environment during the synthesis and dyeing of fabrics®, with azo dyes accounting for the majority,
representing 60-70 % ). Conventional water purification methods can be costly and sometimes unsuitable for the treatment of
influents.

In order to address the challenge posed by bio-recalcitrant organic compounds in water and the wider environment, there
is an urgent need to develop effective and environmentally friendly treatment techniques (e.g. adsorption, advanced oxidation
processes (AOP), membrane filtration) ). Many researchers around the world are devoting their efforts to developing these
processes. The principle of adsorption treatment is to trap dyes using a solid material called an adsorbent. The literature
describes other solid materials (clays, zeolites, activated aluminas, peat, biomass, biopolymers, agricultural residues, industrial
by-products, etc.) that can be used in water decolourisation processes®, ), ) AOPs are reliant upon the in situ formation
of highly reactive free radicals. These radicals are capable of degrading all organic contaminants present in water, or breaking
them down into biologically degradable molecules” These technologies, which are based on the production of radical entities
that can be used in wastewater or industrial effluent treatment, transform complex organic molecules into by-products (which
are either biodegradable, like the original compounds, or completely mineralised into CO5 and H,0)®.

In developing countries, such as Cote d’Ivoire, the water situation has become a concern due to the absence of effluent
treatment systems in artisanal dyeing workshops and the inadequate functioning of wastewater collection networks.

The objective of this study is to elucidate the adsorption and degradation mechanisms of an innovative process implemented
using a natural catalyst, a strong oxidant coupled with ultrasound. Specifically, the aim is to characterize the catalyst (natural
soil), understand the adsorption phenomenon, monitor the degradation kinetics of the dyes by varying its concentration, the
catalyst dose and the oxidant concentration in order to optimize the treatment system, the degradation mechanism, and the
performance of the catalyst.

2 Methodology

2.1 Chemicals

All chemicals utilized in this study are of analytical purity. These were supplied by Sigma-Aldrich (Saint-Quentin-Fallavier,
France) and others by PubChem. Finally, the FerroVerR reagent kits and the LCK 380 kit were supplied by Hach (Loveland,
Colorado, USA). The Table 1 provides a comprehensive list of products and their respective details.

Table 1. Complete list and chemical product details

Chemicals Cas number  Molar mass (g mol ‘1) Chemical formula
Indigo Carmine 860-22-0 466.36 C16HgN5NasOgSo
Persulfate de sodium  15092-81-6 192.11 NayS50¢
Tertbutanol 75-65-0 74.12 (CH3)3COH
Isopropanol 67-63-0 60 C3HgO
Chloroform 67-66-3 119 CHCl4

Sodium Hydroxide 1310-73-2 40 NaOH

Hydrogen Chloride ~ 7647-01-0 36.46 HCl

2.2 Collecting and analysing soil

The clay utilized in this study was sourced from Youhoulil, a town situated within the Lopou area of the Dabou district, which
serves as the capital of the region (Cote d’Ivoire). The following coordinates delineate the extraction point: The geographical
coordinates are 05°21°29”N and 04°31°18”W. The clay blocks were extracted at a depth of 3.2 m 19,11 _ubsequently, the sample

https://www.indjst.org/ 3397


https://www.indjst.org/

Kamagate et al. / Indian Journal of Science and Technology 2025;18(43):3396-3405

was pulverised and subjected to a 50 pm sieve. Thereafter, the targeted fraction was subjected to a rinse with ultrapure water
and elevated to a temperature of 50 °C for the purpose of drying. A variety of instruments were utilized to ascertain the physical
and surface characteristics of the soil. The equipment employed for this study included an X-ray fluorescence (XRF) instrument
(Horiba, MESA-50, Kyoto, Japan), a Scanning Electron Microscope coupled with Energy Dispersive X-ray (SEM-EDX) (Hirox,
SH 4000 M, Tokyo, Japan), and an X-Ray Diffraction instrument (GBC Emma, Hampshire, IL, USA). UPW, with a resistivity of
18.2 M2 cm, was obtained from a Millipore Milli-Q system and utilized in the production of standard solutions and synthetic
wastewater.

2.3 Tests and analysis of ultrasonic oxidation

The reactor was constructed within a 10 L stainless-steel tank, which measured 15 cm in height, 24 cm in width, and 30 cm
in length. The power and frequency of the signal are 240 W and 40 kHz, respectively. All experiments (i.e., sorption and
oxidation) were conducted within a 250 mL batch reactor at ambient temperature (28 + 2 °C) and a pH of 7 & 0.2. Both
experiments were conducted at ambient temperature. Initially, the pollutant solutions (i.e., IC) and the catalyst (i.e., clay) were
stirred together in the dark for a period of 4 h, with the aim of ensuring complete absorption. In the second experiment, the
pollutants, oxidants and catalyst were amalgamated under ultrasound at 200 rpm for an equivalent duration. The temperature
of the suspension remained constant throughout the times of the experiments. During experimentation, the pH variation in the
samples was meticulously regulated and monitored using a PHS-38W microprocessor pH meter/mV meter/thermometer. In
order to maintain the stability of the solution’s pH level, HCl and NaOH were utilized at varying concentrations (0.1; 0.01; 1 M).
In both cases, 250 mL of IC solution at the appropriate concentration was added, along with an adequate amount of the catalyst.
Thereafter, the requisite quantity of oxidant (PS) was introduced to the solution. During the experimental process, 3 mL of the
solution was collected at 30-min intervals for analysis. The measurement of IC concentrations was conducted utilizing the UV-
6000PC UV/VIS Spectrophotometer (HKNDT, Single Beam Ultraviolet Visible Spectrophotometer, Wavelength Range 190-
1100 nm, Bandwidth 1.8 nm with UV VIS Analyst Software). The assessment of degradation percentage for varying treatment
times was executed in accordance with the following equation:
co-Ct

Degradation (%) = TX 100 (Eqn. 1)

Where C, and Ct represent the initial and the variable-time interval t concentrations of the pollutants, respectively.

TOC Concentration was measured during the reaction using a DR 3900TM spectrophotometer (Hach®) with 10 mL of
solution and a pre-programmed method. The study also monitored the level of some heavy metals (e.g. Fe, Cr, Mn, Cu, Co, Ni,
and Zn) that could be extracted from the surfaces of the catalyst to the treated solution using the XRF instrument. In order to
demonstrate the involvement of SO,°*~, OH®, and HO,* /O,* ~ radicals in the degradation of IC, BQ, i-PrOH and t-BuOH,
a scavenging test was performed using 100 mM of each product. It is evident that the optimum concentration of scavengers
for the execution of these experiments was ascertained via the method of varying their concentrations from 10 to 100 mM. All
experiments were performed thrice and exhibited minimal variation, with a mean standard error of less than 3%.

3 Result and discussion

3.1 Catalyst Morphology

Figure 1 illustrates images obtained by scanning electron microscopy (SEM) of the catalyst at varying magnifications. This
technique is employed to visualise the morphology and to determine the size of the catalyst pores. At 30 um, the presence of
detached flakes and more visible pores can be observed, as indicated by the parts circled and marked with red arrows. The area
delineated in yellow on the provided diagram will be subjected to microanalysis.

3.2 Chemical element and oxide of the catalyst

The elemental chemical analysis yielded significant results, indicating the presence of iron (28.98%), followed by silicon
(51.43%). The elevated iron and silica content indicates that the catalyst is a ferrosilicate. With regard to oxide composition,
the predominant substances identified were iron oxide (26.85%) and silicon oxide (57.34%).

3.3 Microanalysis mapping

The preliminary mapping, conducted at a scale of 30 zm (See Figure 2), substantiates the coexistence of elements O, Al, Si, Ti, Fe
and K across all samples. The distribution of the elements oxygen (O), aluminium (Al) and silicon (Si) is almost identical and can
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Fig 1. Morphology of the catalyst sample at different magnifications using a HIROX SEM, model SH-4000 M. a: 50 pm and b: 30 zm

be superimposed. In a similar manner, the distribution of elements Fe and K is almost identical and can also be superimposed
to form oxides.

Fig 2. Mapping of the catalyst sample at 30 m using BRUCKER EDS, model XFlash 30/100

3.4 Microanalysis quantification

The results of the 30 4m microanalysis in Figure 3 confirmed the presence of chemical element and that the sample contains
11.92% carbon (C), 49.41% oxygen (O), 12.93% aluminium (Al), 15.74% silica (Si), 9.22% iron (Fe) and 0.84% titanium (T1).
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Fe 26 K-Serie 15099  9.22 9.16 3.09

Total: 100.72 100.00 100.00
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Fig 3. Spectrum (a) and quantification (b) of the catalyst sample at 30 ©m using BRUCKER EDS, model XFlash 30/100

3.5 X-ray diffractogram pattern of catalyst

As illustrated in Figure 4, the mineralogical analysis of the catalyst indicates that it is composed mainly of quartz (SiO,),
goethite (a-FeO(OH)), kaolinite (Al,Si,O5(OH),) and muscovite (KA;5(AlSi; O10)(OH),). The analysis primarily reveals
the presence of an intense peak corresponding to quartz.

Q: Quartz
Q G: Geothite
K: Kaolinite
M: Muscovite

10 20 30 40 50 60 70 80 920
2 Theta (20)

Fig 4. X-Ray diffractogram of catalyst

3.6 Langmuir and Freundlich models

As demonstrated in Figure 5, the linear forms of the Langmuir and Freundlich models are presented. It is evident that the
Langmuir model provides a more accurate fit to the data when compared with the Freundlich model, as evidenced by the
regression coefficient (R* = 0.9924) approaching unity. In accordance with the stipulations set out in the Langmuir model, the
isotherm constant is determined to be 6.19 L g'!, whereas that of freundlich is 0.936 L g™
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Fig 5. IC adsorption isotherms. a: Freundlich model, b: Langmuir model

3.7 Different degradation systems

As demonstrated in Figure 6, the degradation and adsorption kinetics of IC from different systems over time are shown. The
IC/Cat system, which essentially represents adsorption, has an efficiency of 9.5%. In contrast, the Ox/Cat system has an efficiency
of 13.73%. The combined systems demonstrate an efficiency of 26.36%, representing a 3.13% gain. With regard to the IC/Ox/US
system, an efficiency of 40.15% was obtained. The addition of the catalyst to the system results in an efficiency of 61.35%,

representing a 21.2% increase.

=l | C/ Cat IC/OX IC/OX/Cat IC/OX/US === |C/OX/Cat/US

C/C,

0.2

0 " v v v " .

0 50 100 150 200 250 300
Time (min)

Fig 6. Kinetic degradation and adsorption of IC. Experimental conditions: [IC] =30 M, [PS]=25 uM, catalyst dose = 2 g/L, pH = 6.45,

reaction time 270 min
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3.8 Degradation kinetic and second-order rate constant

The amounts of the pollutant, the oxidant and the catalyst were optimized by changing each one over time. The decay of organic
compounds by radicals (R) is usually described as a second-order reaction 12);

d[1C]

o = KUCLR (Eqn. 2)

In this equation, [R] denotes the steady-state concentration of the radicals, [IC] represents the concentration of IC in water, k
is the second-order rate constant, and t is the reaction time.

It is assumed that the instantaneous concentration remains constant. In this case, the kinetics of the degradation of IC in
water can be described using the pseudo-first-order equation given below:

[IC]t = [1C] <@PP - ¢ (Eqn. 3)

In this study, the pseudo-first-order apparent rate constant (kapp) (min™') was calculated using linear regression of In (C,/C,)
versus time t. The resulting kapp (min™!) was then plotted against [IC] or [PS] concentrations, as well as catalyst dose.

Indeed, the rate constant gets higher until 25 ;M [IC], then gets lower very quickly after this concentration (See Figure 7a).
As was the case in earlier experiments, the observed rate constant increased initially with increasing laterite load up to 2 g L',
and then decreased (See Figure 7b). Finally, the second-order kinetic constant increases with PS concentration from 10 to 25
1M, and decreases beyond this concentration (See Figure 7c). Consequently, the optimal amount of [PS], [IC] and catalyst dose
was determined to be 25 uM, 30 uM and 2 g L™}, respectively.

0.0017 0.006
0.0013 b
0.004
- a -
£ 0.0009 £
g g
2
~ 0.002
0.0005
0.0001 0 . . )
0 20 40 60 80 0 1 ) 3
[ICT(uM) Catalyst dose (g/L)
0.0055
0.0045
c
£~ 0.0035
=
g
= 0.0025
0.0015
0.0005 v r T v r T v 3
0 10 20 30 40 50 60 70 80
[PS](uM)

Fig 7. Rate constants as a function of [PS] (a), [IC] (b) and catalyst doses (c). Experimental conditions: [PS] = 10-75 puM, [IC] = 20-90 uM,
catalyst dose = 0.5-2.5 g L'}, pH = 6.45, Power US= 240 W, Frequency = 24 KHz, reaction time 270 min
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3.9 IC amount trapped and implication radical

Figure 8 illustrates the involvement of radicals in the degradation process. Degradation of approximately 59.05%, 38.65% and
2.3% was observed in the presence of 1-4 Benzequinone (BQ), terbutanol (t-BuOH) and isopropanol (iPrOH), respectively,
compared to degradation of 61.35% without scavenger. The use of BQ, t-BuOH and i-PrOH resulted in inhibition of 2.3%, 22.7%
and 36.35%, respectively (Figure 8a). It can be assumed that the difference in inhibition (36.25%) observed when terbutanol
and isopropanol were used separately corresponds to the contribution of the SO, * ~ radical. The relative contributions of SO, * ",
OH*, and O,°" to IC degradation are 59.25%, 37%, and 3. 75%, respectively (Figure 8b).

100 +
90 +
80 +
70 +
60 1 a
50 +
40 +
30 +
20 1
10 A
0

Wlthout t—BuOH i-PrOH
scanveger

-
=
3

=]
o
L

%)
[=]
L

Ja
L]
2

Radical implication rate (%)
5 &

IC remaining concentration (uM)
=
o

SO4-- oH- 02--

Fig 8. Scavenger’s effect on degradation kinetic: Remaining concentration in the solution (a) and implication rates of each radicals (b).
Experimental conditions: [PS] = 0.5 mM, [IC] = 40 uM, [Catalyst dose] = 0.2 g L1, pH = 6.45, Power US= 240 W, Frequency = 24 KHz,
reaction time 270 min

The elemental composition of the catalyst has been analysed, and the results indicate that iron (Fe) and silica (Si) are the most
abundant elements, at 28.98% and 59.13% respectively. These results are consistent with the XRD data, which also indicate a
majority of iron oxide III (Fe,Os5, 26.85%) and quartz (SiO,, 57.34%). The presence of these elements was also confirmed
through microanalyses. This outcome is consistent with those obtained by Atsé et al. 19, who utilised a catalyst from the
same geographical area. The study of adsorption in terms of the equilibrium time effect demonstrates that the percentage of
elimination increases with contact time until it reaches a constant value, characteristic of the state of equilibrium between the
clay and the substance present in the aqueous solution. The high linearity of the straight lines, as indicated by a high regression
coefficient R? of 0.99, suggests an excellent fit to the Langmuir model. Conversely, the Freundlich model appears to be less
suitable, as evidenced by the linear regression coeflicients. The Langmuir model suggested a monolayer of uniform molecules
would cover the surface 1), These values were generally less than one, which suggests that the clay was sticking to the surface .
Then, the addition of the catalyst to the system results in an efficiency of 61.35%, representing a 21.2% increase. The fact that clay
and ultrasound irradiation work so well together is down to the increased generation of reactive oxygen species (SO,°°, OH®,
and HO,* /O45°* ). The radicals in question are produced from persulfate activation in the context of redox cycling occurring at
the interface between surface-bound =Fe'! and =Fe'! on clay, as has been previously documented in the extant literature 19,
The process is facilitated by sonication activity ). The following equation is derived:

I+
e

=r!* 1m0 — =r!"1oH +H' (1)

It has been shown that the production of =Fe!! can be accomplished by reducing Fe'! sites found on the surfaces of laterite.
After this, something else happens: the Fe!! that was made reacts with PS, and SO, is formed. This is what happened next !,

=rell 15,07 — =re!ll 4507 +50% k=27x10'M ‘s ! )
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Then, another substance called OH® can be produced when SO, * " reacts with H, O/HO*® (19).

SO, +H,0 — SO; +OH"+H' k[H,0]=1.3x103s"" 3)

SOy +OH™ — SO +OH'(pH>85) k=6.54+1x10"M ‘s (4)

Finally, the combination of SO,°*~ and OH® is also formed as a result of chain reactions, which are mostly controlled by the
superoxide anion radicals (05®") 1.

=rll10, — =rllio0y (5)

Otherwise, the rate constant goes up from 20 to 25 M and then down after this concentration (See Figure 3a). This is because
there is a competition between IC and PS to interact with a certain number of active sites on solid surfaces. When there is
a higher amount of IC, it can take over more of the Fe!! spots, which then can’t be used to make Fe'! after being exposed to
light or to interact with PS. This result matches earlier research that says how fast the reaction happens is limited when the
catalyst or the surface sites are exposed to light, which starts the oxidation reaction'”, ! What's more, it has been shown
that if there is more IC in the solution, fewer photons (particles of light) will enter the solution. This will reduce how well the
ultrasound-assisted Fenton reaction works, as has been reported before !”). As was seen in earlier experiments, the observed
pseudo-first-order rate constant increased initially with increasing clay dose up to 2 g L'}, and then decreased (See Figure 7b).
This can be explained by the effects of screening, which occur when there are a lot of solid particles in a liquid, as has been
previously reported for different types of ultrasound-Fenton reactions??). The rate constant increases up to 25 M PS, then
decreases quickly above this dose (See Figure 7c). This can be explained by the fact that PS can trap sulfate radicals and/or
radical recombination at concentrations of over 25 M of PS. Also, there might be a competition between IC and PS to see who
can win over the radicals "), Firstly, it was hypothesised that i-PrOH would efficiently scavenge both generated SO, *~ and OH®,
due to the second-order rate constants of k i-PrOH, SO ,*~ (7.42 x 10’ M'!s!) and k i-PrOH, OH® (1.9 x 10° Ms!). However,
t-BuOH has been found to be more selective towards OH® (k t-BuOH, OH ®* = 6.0 x 108 M's!) than SO,°~ (k t-BuOH, SO,*"
=8.31 x 10°M's1)®? 29 The radical scavenging percentage can then be calculated from the chemical concentration and
the reactivity of the radicals with the IC. The addition of BQ to the PS/UVA/clay system resulted in a 2.3 % inhibition of IC
degradation. BQ is notable for its ability to accept electrons from dissolved oxygen, effectively trapping the superoxide radical
anion (O,*") with a high second-order rate constant (k BQ, 0,° =9 x10% M'! s71) (2,

4 Conclusion

This work has demonstrated that the system, incorporating US/PS/iron-rich clay, is capable of effectively removing dyes from
wastewater. This work achived the best conditions for PS, the pollutant, and the amount of catalyst. This produced the following
results (i.e., [IC] = 30 uM, [PS] = 25 uM, [catalyst dose] = 2 g L'1). So, 61.35 % of the degradation efficiency was seen under
these best conditions. The degradation of IC was later found to be caused by SO,*~, OH® and O,°* ", with SO, * - being the main
cause at 53.81%. This can be applied to work out how much SO,*~, OH®* and O,° " contributed to the IC degradation (61.35%).
It can be estimated that SO,° " contributed 55.95%, OH® 34.16% and O,°~ 9.89%. At the end of the fifth cycle, the efficiency
of the degradation was recorded as a decrease to 5% more or less 2%. However, the TOC confirmed that the system was very
stable, which was also shown by US/PMS/iron-rich clay. This shows that the mineralisation (i.e., 52 4+ 2%) was good and did
not change even after five oxidation cycles. This process system is an effective way to treat dyes in water. Thus, the current work
is credited for a new process to remove dyes from water which is environmental friendly.
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