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Abstract

In this study, cobalt sulphide-reduced graphene oxide (CoS-rGO) nanocomposite was
prepared by a solvothermal route and its structure, morphology and composition were
assessed using various techniques, including transmission electron microscopy (TEM),
Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS) and thermogravimetric analysis (TGA). The catalytic performance of
CoS-rGO was evaluated for activation of peroxymonosulfate (PMS) for the elimination of
rhodamine B (RhB) and pentachlorophenol (PCP) in water. The effects of various operating
parameters on the degradation efficiency were systematically studied. Under optimized
operating conditions, the CoS-rGO/PMS system achieved fast (less than 10 min) elimination
of RhB and PCP at room temperature, as evidenced by high-performance liquid
chromatographic analysis (HPLC). Electron Paramagnetic Resonance (EPR) studies along
with scavenging experiments revealed that sulphate radicals (SO, °) were the primary players
in the catalytic process. Interestingly, the CoS-rGO catalyst was stable after 8 cycles without
obvious activity loss. The results reported in the present study hold promise for potential

application of CoS-rGO for PMS activation for the elimination of various organic pollutants.

Keywords: Cobalt sulphide; Reduced graphene oxide; PMS; Rhodamine B;

Pentachlorophenol



1. Introduction

Water is a vital element for the survival of living beings. The contamination of water
resources, due to the discharge of several organic pollutants from agricultural, urban and
industrial activities, is a problem of world-wide scale that needs special attention. Most of
these organic pollutants are harmful to eco-environment and human being, calling for their
degradation/removal before being discharged into water. Among organic pollutants,
rhodamine B (RhB) is an important synthetic dye used in the textile industry, owing to its
good stability. However, RhB is potentially toxic, carcinogenic, and neurotoxic to humans
and animals [1, 2]. Another persistent organic pollutant is pentachlorophenol (PCP). It is
commonly applied as wood preservative, herbicide, and pesticide. It is characterized by high
toxicity, carcinogenicity, and persistence [3-6]. PCP could be found in various environmental
compartments, including air, water, land and aquatic sediments, soils... Therefore, RhB and
PCP removal/degradation from wastewater effluents becomes nowadays a major topic of
research.

The elimination of organic pollutants is particularly difficult, because they are persistent in
the environment. Over the past decades, several techniques have been developed for organic
pollutants removal from water using various approaches like adsorption, membrane
separation, biological treatment, ion exchange, advanced oxidation processes (AOPs), and
photocatalysis [7-15], etc. AOPs occupy a particular place among these techniques, owing to
their efficacy to eliminate recalcitrant molecules under relatively mild conditions [14, 15].

The working principle of AOP is to produce very active species (OH®,05°, SO, *) for the
effective degradation and, in some cases, full mineralization of persistent organic molecules
and pathogens in water [16]. Currently, the Fenton reagent is frequently used for the treatment

of wastewater from different industries (textile, pharmaceutical, food and others), owing to its



high efficacy for the destruction of a wide range of contaminants in aqueous solutions [17].

The Fenton reaction could be described using the following equations:
Fe?t + H,0, — Fe3* + OH® + OH~ (1)
Fe3* + H,0 - Fe?* + HOO® + H* (2)

The process is very efficient in converting organic molecules into less toxic compounds and,
in some cases, in their complete mineralization. The Fenton reaction results in the formation
of hydroxyl radical (OH"), a very powerful oxidant which can initiate the degradation of many
organic molecules [18]. However, this radical has a limited life time and is not selective. In
contrast, the sulphate radical, SO;* (Eo=2.5-3.1 V) [19], due to its high reactivity and stability,
allows effective removal of organic compounds present in the environment where OH* failed
to achieve efficient degradation. SO;° is generated from peroxymonosulfate (PMS) or
persulfate precursors through pyrolysis, radiolysis, photolysis or chemical means [20, 21].
Chemical activation is commonly achieved using transition metal ions (Co, Ni, Fe, Mn...)
with Co?* being the most effective species [21]. One of the main disadvantages of PMS
activation using Co?* in a homogeneous phase is its proven toxicity along with its difficult
recovery. Therefore, the last decades have witnessed a growing interest in the preparation of
supported Co-based catalysts with the aim to limit of Co ions discharge and, at the same time,
achieve high reactivity and recovery of the catalyst [14, 22-26].

In recent years, cobalt sulphides (CuCo2S4, CoS, Co3S4, CooSs, etc) have emerged as an
interesting class of materials for different catalytic, photocatalytic and electrocatalytic
processes [27]. Despite the high-performance of cobalt sulphides in catalytic processes, their
application for PMS activation is scarce. For instance, CuCo2S4 was successfully applied for
PMS activation for bisphenol S oxidation. The sulphide spinel showed higher activity
compared to the corresponding oxide [28]. Yin et al. assessed the performance CoS loaded on

SBA-15 for the catalytic degradation of phenol using PMS, and found that under optimized
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conditions, complete removal can be achieved within 10 min [29]. The enhanced activity was
ascribed to the homogeneous distribution of cobalt active sites within the porous matrix. Zhu
et al. prepared cobalt sulphide nanocrystals supported on graphene nanosheets (Co3S4+/GN and
CoS/GN) and investigated their ability for PMS activation for bisphenol A (BPA) oxidation.
A high BPA degradation efficiency was reached using CoS/GN (100% within 8 min) and
40.64% mineralization [30]. The developed catalyst was stable for up to 3 cycles. Wang et al.
synthesized Co9Ss and CoO nanostructures encapsulated with nitrogen and sulfur co-doped
sludge-derived biochar [31] and nitrogen, sulfur and oxygen co-doped carbon armored cobalt
sulfide [32], and applied them successfully for sulfamethoxazole degradation using PMS. Li
et al. demonstrated the higher efficiency of CoS, as compared to Co3Ss4, and Co9Sg hollow
nanospheres for PMS activation for ciprofloxacin degradation [33].

In this work, we assessed the efficacy of reduced graphene oxide (rGO) decorated with
cobalt sulphide nanoparticles (CoS-rGO) for PMS activation for the removal of organic
pollutants, including rhodamine B (RhB) and pentachlorophenol (PCP) in aqueous media.
Upon optimization of operating conditions, the CoS-rGO/PMS system achieved complete
degradation of the pollutants in relatively short times with a total organic content (TOC) of

89% for PCP and 95% for RhB.

2. Experimental Section

2.1.  Preparation of cobalt sulphide-reduced graphene oxide (CoS-rGO)
nanocomposite

The CoS-rGO nanocomposite was synthesized adopting a solvothermal technique, according

to a previous procedure [34]. The detailed synthesis is described in the Supporting

Information (SI) file.

2.2.  Catalytic oxidation procedure



The catalytic decomposition was conducted at room temperature in a spectrometric quartz
cuvette by adding 0.4 pL. of PMS (0.05 mM) to 2 mL of RhB (30 uM) previously prepared in
the presence of (0.1, 0.25 or 0.5 g/L) CoS-rGO catalyst. The resulting mixture was maintained
under constant stirring to achieve a homogeneous suspension. The course of the RhB
degradation was followed by UV-vis spectrophotometry (Bio-UVmc? spectrophotometer
Safas, Monaco) in the wavelength range of 250-800 nm at 554 nm.

The decomposition efficacy was determined using the equation (3):

, _ G =0 _ (A 4)
Degradation(%) = — % 100 = — X 100 3)
0 0

where Cy and C correspond respectively to the initial and final concentrations of RhB, and Ao
and A stand respectively for the initial and final absorbance of RhB at 554 nm.

The stability of CoS-rGO for the degradation of RhB was evaluated through recycling
experiments as follows: a mixture of RhB (30 uM), CoS-rGO (0.25 g/L) and 0.4 uL of PMS
(0.05 mM) was allowed to react for 8 min (one run). After that, 0.6 uL of a fresh solution of
0.1 M of RhB was added to maintain an initial concentration of 30 uM. This cycle was
repeated 8 times.

Similarly, the catalytic decomposition of pentachlorophenol (PCP) using CoS-rGO/PMS was
carried out in a quartz cuvette using 2 mL of PCP (0.4 mM) aqueous solution, rGO-CoS (0.5
g/L) and 2.4 pL of PMS (0.3 mM) under continuous stirring. The course of the reaction was

monitored by recording the decay of the PCP absorption maximum at 220 nm.

3. Results and discussion
3.1. Characterization of CoS-rGO

CoS-rGO nanocomposite was prepared using a solvothermal process, according to our
previously published procedure [34]. The nanocomposite was analysed using various

analytical techniques to establish its structure, morphology and chemical composition.



Fourier-transform infrared spectroscopy (FTIR) is a well-suited technique for the analysis
of polar functional groups. The FTIR spectra of graphene oxide (GO), reduced graphene
oxide (rGO), cobalt sulphide (CoS) and cobalt sulphide-reduced graphene oxide (CoS-rGO)
are displayed in Figure 1A. The characteristic peaks in the FTIR spectrum of GO are
observed at ~3415 cm™! (O-H vibrations in COOH moieties and/or intercalated water), 2917
cm™' (C-H stretching), 1730 cm™ (carbonyl C=0 stretching), 1626 cm™ (C=C stretching in
the aromatic domains), 1399 cm! (O-H bending vibration), 1228 cm™ (C-O vibrations of
epoxy), and 1045 cm™ (C-O vibration of alkoxy) [35]. Upon GO reduction using hydrazine

(refer to the SI for details), the intensity of vibrations related to oxygen functional groups are

reduced significantly while the C=C

(C-0)
/\/' vibration is blue-shifted to 1604 cm™.

These results clearly indicate GO
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The FTIR spectrum of CoS comprises several vibration bands at 3412 cm™ (OH stretching),
1629 cm’! (OH bending), 1141 and 1093 cm™! assigned to stretching vibrations of SOZ~ [37].
The 865 and 666 cm™ are attributed to the characteristic stretching vibrations of metal
sulphide.[38] Similar vibrations bands were observed in the FTIR spectrum of CoS-rGO with
a slight decrease of the vibrations related to H.O, demonstrating the existence of CoS in CoS-
rGO [38].

Raman spectroscopy is a valuable tool for the analysis of carbonaceous materials. Figure
1B presents the Raman features of rGO and CoS-rGO. The Raman plot of rGO comprises the
characteristic D- and G-bands at about 1340 and 1590 cm’!. The D-band, commonly caused
by disordered structure of graphene, is assigned to the breathing modes of sp? atoms in rings,
while the G-band is ascribed sp? atoms stretching in both rings and chains [36]. The Raman
spectrum of CoS-rGO consists of the characteristics D- and G-bands of rGO along with small
peaks at 410, 495 and 623 cm™! due to CoS. The obvious feature at 623 cm’! is ascribed to
stretching-vibration A1 mode and the small bands at 410 and 495 cm'! are related respectively
to the E; and F2; modes of CoS, further proving the existence CoS in the composite [30, 39].
The Ip/lg ratio is commonly used to assess the amount of defects in graphenic-based
materials. The results from the Table S1 reveal that the Ip/Ig ratio values of rGO (0.86) and
CoS-rGO (0.85) are comparable, indicating that the defect content was not affected upon
CoS-rGO formation.

The thermal behaviour of the prepared materials was assessed by thermogravimetric
analysis (TGA), Figure S1. The thermogram of rGO comprises three different weight loss
stages. The first one (18 wt.%) below 100°C was most likely due to water evaporation. This
was followed by another 31 wt.% loss in the 100-250°C temperature range ascribed to the
evaporation of organic-containing oxygen groups. Thereafter, a steady weight loss was

registered to reach about 75 wt.% at 900°C. The thermal degradation of bare CoS comprised



several stages: about 7 wt.% loss between room temperature and 150°C ascribed to adsorbed
water evaporation, 15 wt.% loss in the 150-250°C temperature range attributed to evaporation
of reagent residues; the weight loss recorded above 250°C was assigned to CoS sublimation
with a residual mass of 40% at 900°C [40]. The thermogram of CoS-rGO follows the same
trend as that of CoS with residual mass of about 23% at 900°C.

The chemical composition of CoS-rGO sample was analysed by X-ray photoelectron
spectroscopy (XPS). The XPS wide scan in Figure S2a comprises the main characteristic
elements i.e. C, O, S and Co [34]. The atomic percentages of Co and S, determined from the
survey spectrum, are respectively at 20.60 and 7.33 at.%. The Co/S ratio is 2.81, indicating a
deviation from the stoichiometric composition of the material and the presence of other Co
phases.

The high-resolution spectrum of the Cis can be deconvoluted into three peaks at ~284.3,
286.0 and 287.7 eV due respectively to graphitic sp? (C-C), C-O and C=0 species (Fig.S2b).
The core level spectrum of the Coz, (Fig. S2¢) is curve-fitted with several bands at 780.9 and
796.8 eV with a spin orbit split of 15.9 eV due to Co*" in CoS [41]. The bands at 784.8 and
801.8 eV are ascribed to Co>* in CoSOy; the satellite peaks at 789.3 and 801.8 eV are
characteristic of Co®* [34]. The core level plot of the Sz, (Fig. S2d) consists of two main
bands at around 162 and 168 eV due respectively to Sz, in CoS and CoSOs. Both bands are
fitted with peaks due to Szp12 and Szp3s2 at respectively 161.5 and 163.4 eV for CoS and 167.5
and 170.2 eV for CoSOs.

TEM and HAADF-STEM images of the CoS-rGO are depicted in Figure S3. Figure S3a
shows plenty of CoS nanoparticles homogeneously anchored on the sheets of rGO. TEM
images (Fig. S3b-d) suggest that, during the synthesis, the CoS particles underwent
agglomeration. The elemental mapping of different elements confirmed a good homogeneous

distribution of the carbon, oxygen, cobalt and sulphur elements.



3.2. Catalytic decomposition of pollutant molecules

3.2.1. Rhodamine b (RhB) degradation using CoS-rGO/PMS
The catalytic efficacy of CoS-rGO was examined for RhB (model pollutant)
decomposition in presence of potassium peroxymonosulfate (PMS). In Figure 2 are displayed

the absorption spectra of a mixtutr of RhB (30 uM) and CoS-rGO (0.25 g.L'!) before and after

addition of PMS (0.05 mM).
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Figure 2. The absorption spectra of a mixture of RhB (30 uM) and CoS-rGO NPs (0.25 g/L)
before and after PMS (0.05 mM) addition at room temperature.

A fast decrease of the absorption features and particularly the peak at A,,,,=554 nm was
observed over time. Interestingly, there is no apparent shift in the absorption peak with a

complete decomposition after 8 min reaction.

To shed light on the synergistic effect of CoS and rGO, several control experiments were
carried out (Fig. S4). PMS (0.05 mM) alone, in absence of CoS-rGO, was not efficient for
RhB degradation under our operating conditions. Similarly, in absence of PMS, rGO, CoS or

CoS-rGO achieved limited RhB removal (<10% maximum observed for CoS-rGO), due most
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likely to RhB adsorption on the catalysts’ surface. From these results, we can conclude that
RhB was stable in presence of PMS and CoS-rGO taken separately. Additionally, rGO alone
was not efficient for PMS activation with about 10% degradation after 16 min. The result
contrasts with the performance achieved by CoS. Indeed, CoS (0.25 g/L) was able to induce

complete RhB (30 uM) decomposition in presence of PMS (0.05 mM) after 10 min.

3.2.2. Effects of initial RhB concentration, PMS loading, CoS-rGO loading, pH, and
temperature
Several operating parameters like PMS concentration, CoS-rGO loading, pH, and solution

temperature, that may influence the RhB degradation were systematically investigated (Fig. 3

and Fig.S5).

The influence of initial RhB concentration was studied using CoS-rGO loading of 0.25 g/L
and PMS concentration of 0.05 mM. As can be observed in Figure S5, by elevating the initial
RhB concentration from 30 to 50 uM, the degradation time increased from 8 to 18 min. This
could be due to the low concentration of SO, and OH® radicals produced under these

experimental conditions to compensate the increase of the RhB concentration.

Figure 3a presents the RhB (30 puM) degradation process using various PMS
concentrations (0.01, 0.05, and 0.1 mM) in presence of CoS-rGO (0.25 g/L). The results
revealed a clear dependence of the catalytic process on the PMS concentration at fixed RhB
and CoS-rGO concentrations. A complete RhB removal was achieved using 0.1 and 0.05 mM
of PMS after 6 and 8 min, respectively. Even though 0.1 mM PMS achieved full degradation
of RhB in a shorter time, we selected the lower PMS concentration of 0.05 mM throughout
the study.

In the next step, the influence of CoS-rGO catalyst loading on RhB (30 puM)
decomposition was assessed using 0.05 mM of PMS (Fig. 3b). Here again, the catalytic
process was accelerated upon increasing the catalyst loading from 0.1 to 0.5 g/L although
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there was no marked difference between 0.25 and 0.5 g/L under our experimental conditions.
Thus, a catalyst loading of 0.25 g/LL was selected for this catalytic transformation. Based on
these results and with the aim to limit the catalyst loading and PMS concentration, the
following conditions were applied throughout the study: [CoS-rGO]=0.25 g/l and

[PMS]=0.05 mM.

The effect of the initial pH value on RhB decomposition was studied in the pH window
between 3 and 10 using RhB (30 uM), PMS (0.05 mM), and CoS-rGO (0.25 g/L). The results
in Figure 3c revealed that, while the degradation process was slightly affected by the change
of the pH of the medium at the initial stage, the full RhB was removal complete after 8 min

independent of the pH value of the solution.
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Figure 3. Influence of various operating parameters on RhB removal: (a) PMS loading
([RhB]=30 uM, [CoS-rGO]=0.25g/L); (b) CoS-rGO catalyst loading ([RhB]=30 uM,
[PMS]=0.05 mM); (¢) pH ([RhB]=30 uM, [PMS]=0.05 mM, [CoS-rGO]=0.25 g/L); (d)
temperature ([RhB]=30 uM, [PMS]=0.05 mM, [CoS-rGO]=0.25 g/L).

Reaction temperature is another significant parameter affecting PMS activation and
consequently the RhB removal process. Therefore, the catalytic decomposition of RhB (30
uM) using PMS (0.05 mM) and CoS-rGO (0.25 g/L) was carried out at 20, 30 and 40 °C. As
illustrated in Figure 3d, the fastest removal efficiency of RhB was obtained at 40 °C. The
kinetics of RhB removal were significantly improved from 0.6714 to 1.7259 min™' upon

varying the temperature from 20 to 40 °C.

In terms of reaction kinetics, the entire process could not be described by a zero-order or
even a pseudo-first order models. Thus, the first step i.e. the first 4 min of the reaction and the
second step (remaining catalytic process) were both fitted with pseudo-first order kinetics

using equation (4) [42]:

InC;/Cy =kt+y 4)

where, k the apparent rate constant (min!), t the reaction time (minutes), y a constant, and C,
et C; are respectively the RhB concentration at time t =0 and t > 0.

For each reaction, two rate constant values (k;for the initial stage and k, for the remaining
degradation process) were determined from the slopes of the two linear curves of the In C/Co
vs. time plots along with the corresponding correlation coefficients (R). The results are
summarized in Table 1. The k;, recorded in the first 4 min, gives more information on the
initial reaction rate, while the k, provides information on the equilibrium between the

reactants and the reaction products [42].

The apparent rate constant exhibits a non-uniform variation with the amount of the catalyst,

whereas the variation is more uniform with the increase in PMS loading. During the first 4
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min of the catalytic process, RhB degradation rate constant is reduced as the catalyst loading
increases from 0.1 to 0.5 g/L. For the lowest catalyst concentration tested (0.1 g/L), the RhB
removel starts more slowly than for 0.25 g/L, this significant increase in rate constant is also
observed at the end of the catalytic process, because of the low content of Co(Il) species

available at the beginning of the reaction.

Table 1. Kinetic constants k; and k, according to the kinetics of the first order.

Catalyst PMS Rate R? Rate R?
dosage concentration  constant Ky constant kK,
(g/L) (mM) (min™) (min™)
0.25 0.05 0.67 0.9301 0.65 0.924
0.25 0.1 0.68 0.9942 0.85 0.975
0.25 0.01 0.40 0.9110 0.23 0.813
0.5 0.05 0.48 0.9708 0.62 0.863
0.1 0.05 0.58 0.9069 0.27 0911

At the end of the catalytic process, the degradation rate constant of RhB for a catalyst loading
of 0.1 g/L is lower than that of 0.25 g/L, this can be explained by Co(Il) active species
consumption [42].

The apparent rate constant for the initiation of the degradation process was found to be
uniform and proportional to the PMS concentration. The rate of initiation increased from 0.4
to 0.68 min™' upon increasing the PMS concentration from 0.01 to 0.1 mM. For the remaining
time degradation process, the value of k increases with the concentration of PMS.

Therefore, the removal efficiency is obviously ascribed to active sites’ availability on the
catalyst surface for the reaction with PMS to generate more sulphate radicals (SO3°). It is

clear that upon increasing the cobalt active species, SO3° could be generated more rapidly,
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which can accelerate the degradation process of the pollutants. The degradation reaction can

be described by the following equations (5-8) [42]:

rGO — Co(I)S + HSO; — rGO — Co(IID)S + SO;* + OH~ (5)
SO;* + OH™ > S02~ + OH" (6)
Co(1IDS + HSOF — Co(IDS + SOz* + H* (7)

S0;°/OH* + RhB or PCP - reaction intermediates — CO, + H,O0 (8)

Co(Il) regeneration from Co(Ill) by HSOs™ (Eq. 7) is an important step that allows a
continuity of the reaction and to maintain the presence of Co(Il). In addition, the hydroxyl
radical (OH") can be generated (Eq. 6) and can participate in the degradation process.

The performance of CoS-rGO/PMS for RhB degradation was comparable to and even
better than that achieved by different catalytic systems described in the recent literature
(Table S2), with several benefits such the use of low PMS concentration, fast reaction

kinetics, and improved stability of catalyst.
3.2.3. Influence of coexisting anions in the water matrix

The presence of anions in the matrix water could affect the performance of the catalytic
process. Indeed, it has been reported that the addition of anions can potentially lead to
scavenging effects in AOPs [43]. Therefore, the influence of anions (CO3>, NOs", CI', SO4,
PO4*" and humic acid), usually occurring in wastewater, on the degradation process was
evaluated under optimized conditions i.e. RhB (30 uM), PMS (0.05 mM), and CoS-rGO (0.25
g/L). As seen in (Fig. S6), the presence of anions (20 mM) or humic acid (5 mg/mL) in the
reaction medium had no effect on the removal kinetics of RhB under our experimental

conditions.

3.2.4. Identification of reaction intermediates
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To better understand the decomposition process, the course of the catalytic reaction was
monitored by high-performance liquid chromatography, HPLC (Fig. 4a). The peak of RhB
(retention time=13 min), under our operating conditions, disappeared after 8 min with no
obvious new peaks due to reaction intermediates. The data indicates that RhB degradation is

rapid and takes place with complete destruction of the aromatic structure.

Furthermore, the efficacy of CoS-rGO/PMS system for RhB mineralization was evaluated
using total organic carbon (TOC) measurements (Fig. 4b). Interestingly, the amount of
residual carbon is 5.35% after 8 min using the CoS-rGO/PMS system, confirming RhB

mineralization.
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Figure 4. (a) HPLC chromatograms of RhB (30 uM) before (black) and after (red) addition of
CoS-rGO NPs (0.25 g/L) and PMS (0.05 mM). (b) The TOC removal efficiency of RhB.

3.2.7. Stability of CoS-rGO catalyst

To assess the reusability of CoS-rGO, the catalytic degradation of RhB in the presence of
PMS over eight cycles was performed using the recycled catalyst (Fig. 5). After each cycle,
0.6 uL of a fresh solution of RhB (0.1 M) and 0.4 pL of PMS (0.05 mM) were added to the
reaction mixture containing CoS-rGO (0.25 g/L). We found that recycling CoS-rGO did not
affect its catalytic efficacy after eight runs, indicating its good stability. Inductively coupled

plasma atomic emission spectrometry (ICP-AES) measurement was performed to assess the
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amount of cobalt leaching after the cycling stability test. ICP-AES analysis of the supernatant
after the 8" cycle revealed the presence of 23.46 pg/L of cobalt, confirming the high stability

of CoS-rGO catalyst for RhB degradation by activation of PMS and negligible Co leaching.

"Nl
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Figure 5. The stability of the CoS-rGO catalyst was studied by recycling experiment of RhB
(30 uM) degradation in presence of PMS (0.05 mM) and CoS-rGO (0.25 g/L).

Additionally, zeta potential measurements of CoS-rGO before and after reaction
RhB/PMS were recorded to assess any change of the surface charge. The results revealed a
slight change of the zeta potential from -14.2+4.3 mV for pristine to -19.2+4.1 mV at the end
of the catalytic reaction (Fig. S7). This is most likely due to surface oxidation of a small
fraction of terminal sulphur atoms of CoS.

To identify the dominant radicals, sulphate (SO, ) vs. hydroxyl (HO®) radicals, formed
during PMS activation by the CoS-rGO catalyst, the catalytic removal of RhB by CoS-

rGO/PMS was carried out in presence of different scavengers. While ethanol (EtOH)

quenches both SO4~ and HO' radicals with rate constants of respectively 1.6-7.7x10” and 1.2-

1.8x10° M1.s!, tert-butanol (TBA) quenches selectively HO® not SO4™ radicals [44]. The
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scavenging experiment was carried out by addition of EtOH (0.2 M) or TBA (0.2 M) to the
reaction mixture of 30 uM of RhB, 0.25 g/L of CoS-rGO and 0.05 mM of PMS. In presence
of 0.2 M of TBA, a slight increase of the removal time to 10 min was observed, which
contrasts with 18 min recorded upon addition of 0.2 M EtOH (Fig. 6). The data suggest that
the predominant species in this catalytic process are the sulphate radicals, even though
hydroxyl radicals cannot be excluded; the contribution of the latter is minor as compared to
that of SO, ° radicals.

In order to determine whether oxygen species contribute to the degradation process,
sodium azide (NaN3) and p-benzoquinone were applied respectively as singlet oxygen (2x10°
M5!y and superoxide radical anion (0.1-1x10° M.s™!) scavengers [15]. As can be seen in
Fig. 6, the degradation reaction was not affected even at high NaN3 and p-benzoquinone
concentration of 1 mM, suggesting that the singlet oxygen and superoxide radical anion are

not be the primary reactive oxygen species.
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Figure 6. Effect of scavengers ([EtOH]=0.2M, [TBA]=0.2M, [NaN3]=1mM, [p-
benzoquinone]=1 mM) on the removal process of RhB (30 uM) using the CoS-rGO/PMS

system.
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Additionally, Electron Paramagnetic Resonance (EPR) technique was used to shed light
and further validate the presence and contribution of SO, * and/or OH"® radical species in the
RhB removal using CoS-rGO catalyst and PMS oxidant. EPR spectroscopy measurements
were carried out at room temperature using DMPO (5,5-dimethyl-1-pyrroline N-oxide) as a
spin trap molecule. In absence of CoS-rGO (Fig. 7A, pink spectrum), a typical four-peak
spectrum of DMPO-OH"* spin adduct was observed with its characteristic hyperfine coupling
constant AN=An=14.9G, resulting from the PMS hydrolysis, as already reported by Tan et
al.[45] However, both DMPO-OH® and DMPO-S0;" adducts appeared in PMS and CoS-
rGO/PMS systems. The intensity of the signals is much higher in the CoS-rGO/PMS system
(Fig. 7A, orange spectrum), which denoted that the catalyst improves significantly the
radical’s formation. Increasing the weight of the catalyst from 0.4 to 1 mg induces slight

changes on the EPR spectra.
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Figure 7. (A) EPR spectra of CoS-rGO and CoS-rGO/PMS and rhodamine b. (B) double
integral of the second peak of DMPO-OH signal. Reactions conditions: [DMPO]=150 mM,
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[PMS]=0.45 mM, [RhB]=30 uM. EPR analysis conditions: microwave power: 10.02 mW,

amplitude modulation: 1 Gauss.

The amount of OH® species decreases together with an increase of the amount of
SOZ* adduct, as reported in Figure 7B (double integral of the second peak of DMPO-OH*®
signal). This is could be ascribed to OH® species consumption to form SO;° radicals, as
previously reported by Wang et al. for phenol/PMS/a-MnO> system by increasing the time of

the reaction [46], according to the following reaction (9):

20H" + 2HSOZ - 2S0;° + 2H,0 + 0, 9)

3.3. PCP removal using CoS-rGO/PMS system

Encouraged by the high efficacy of the CoS-rGO/PMS system for RhB fast
decomposition, we have examined the efficacy of the system for catalytic degradation of
pentachlorophenol (PCP), a priority pollutant known for its high toxicity, carcinogenicity, and
persistence. PCP degradation using CoS-rGO/PMS system was studied using different
operating conditions to find the optimal parameters. The results in Figure 8 clearly indicate
that PCP (400 uM) is stable in presence of CoS-rGO (0.5 g/L) and PMS (0.3 mM), taken
separately with less than 10% removal after 20 min. In addition, PCP adsorption on the CoS-
rGO surface is negligible under our operating conditions. When the catalytic degradation of
PCP (400 uM) was conducted in CoS-rGO (0.5 g/L) and PMS (0.3 mM), a full removal was
achieved within 10 min, testifying the efficacy of the CoS-rGO/PMS system for PCP
degradation. This contrasts with 68% PCP removal attained after 20 min when the PMS
concentration was diminished to 0.1 mM. The process required longer time (20 min) to reach
full PCP degradation upon decreasing the PMS concentration to 0.2 mM. The best results
were acquired using 0.3 mM PMS and 0.5 g/L of CoS-rGO with an almost full PCP removal

(~ 100%) after 10 min.
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Other influencing parameters such as catalyst loading (Fig. S8), initial PCP concentration
(Fig. S9), solution pH (Fig. S10), and co-existing anions (Fig. S11) have been systematically
evaluated. When the PCP (400 uM) degradation reaction was carried out using various CoS-
rGO catalyst loadings in presence of PMS (0.3 mM), full degradation was observed after 8, 10

and 20 min, respectively for catalyst loadings of 0.75, 0.5, and 0.25 g/L (Fig. S8).
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Figure 8. Catalytic degradation of PCP (400 uM) under different operating conditions at
room temperature, [CoS-rGO=0.5 g/L].

Consequently, the removal efficiency was obviously ascribed to the availability of active
sites for the reaction with PMS to produce sulphate radicals, which can accelerate the PCP
degradation. Therefore, a CoS-rGO loading of 0.5 g/l was selected for subsequent
experiments. The effect of PCP initial concentration on CoS-rGO/PMS degradation
performance was studied in the range of 400 to 600 uM (Fig. S9). Obviously, PCP

elimination efficiency in the system has decreased upon increasing PCP initial concentration

21



from 400 to 600 uM. While complete removal was achieved for the lowest PCP concentration
investigated i.e. 400 uM within 10 min using 0.5 g/L of CoS-rGO loading and 0.3 mM of
PMS, less than 80% PCP degradation was reached after 15 min under otherwise identical
experimental conditions for higher PCP concentrations (Fig. S9). Hereafter, a concentration
of 400 uM of PCP was chosen for further investigations.

The initial dependence of the catalytic degradation was tested by varying the solution pH
from 3 to 10 (Fig. S10). The impact of pH on the catalytic degradation of PCP is obvious in
acid and alkaline conditions with pH=6.4 corresponding to the optimal value at which the
highest elimination efficiency and constant rate 0.40519 min"! were achieved. This result
could be attributed to many reasons. It is known that the pH of the solution influences the
PMS forms; it has been reported in the literature [47] that the pKai of H,SOs is around 0.4
and the pKa; is 9.4, which means that the dominant species of PMS at pH 3-7 is HSOs", while
HSOs and SOs”" are the predominant species at a pH of about 9.4. Secondly, PCP elimination
was reduced at low pH, because of the stabilizing effect of H* on HSOs". It is more difficult to
dissociate H from the O-O group of HSOs™ at acidic pH, which hinders its reaction with
catalyst surface and thus PMS activation [48]. Therefore, the maximum removal efficiency
was achieved at pH=6.4, testifying that the CoS-rGO/PMS system is suitable for wastewater
purification.

Inorganic anions, such as chlorides, sulphates, carbonates, nitrates and phosphates and
organic acids (humic acid) are common in water as well as in natural waters, and could
potentially react with free radicals and influence the catalytic process. Thus, it is important to
study the influence of anions on PCP removal using CoS-rGO/PMS catalytic system. As
displayed in Fig. S11, the presence of Cl~, humic acid (HA), CO%~, SO%~ and H,PO} led to a
significant decline of the reaction rate, suggesting that inorganic anions and humic acid have

an inhibitory effect. The quenching effect could be ascribed to radical quenching by these
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entities. This is due to the structure of pentachlorophenol which is difficult to decompose. The
ions added in the solution CO%~, NO3,H,P0; and Cl™ can scavenge (quench) SO;- by
electron transfer reaction, according to the following reactions (Egs. 10-13) to form less

reactive species to degrade PCP [49].

HCO3; + S03" - HCO3 + SO3%~ (10)
H,PO; + SO » H,PO; + S03%~ (11)
NO3 + SO3 - NO3 + S0%~ (12)
Cl™ +S03 > Cl~ +S0%~ (13)

CW-EPR measurements were also carried out as in the case of RhB to check the presence
and the contribution of SO,"* and/or OH"® radical species in the PCP degradation by CoS-
rGO/PMS system. In the absence of catalyst and organic pollutant (pink spectrum), only HO’
radicals were detected (due to PMS hydrolysis). However, in the presence of both, CoS-rGO
catalyst and PCP, two main radicals OH® and SO, ° were produced, resulting from the PMS
activation by the catalyst. An additional small signal marked by stars was obvious in presence
of CoS-rGO, and it could be assigned to an oxidized DMPO, as already reported by Cherifi et
al.[50] The increase of the catalyst weight improves significantly the formation of SO, °
radical whereas the signal of OH® is diminishing, which indicates that the SO, " species

originate from OH* radicals’ consumption (Fig.9b).
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Figure 9. (a) EPR spectra of CoS-rGO and CoS-rGO/PMS and pentachlorophenol. (b) double
integral of the second peak of DMPO-OH signal. Reaction conditions: [DMPO]=150 mM;
[PMS]=0.45 mM; [PCP]=400 uM. EPR analysis conditions: microwave power: 10.02 mW,

amplitude modulation: 1 Gauss.

Finally, to gain a better understanding on the PCP catalytic degradation using CoS-
rGO/PMS system, HPLC analysis was conducted on the initial PCP solution and after
addition of 0.3 mM of PMS and 0.5 g/L of CoS-rGO. Figure 10a depicts the chromatogram
of the initial PCP aqueous solution, comprising a main peak at around 17 min. The peak
completely disappeared 10 min after addition of CoS-rGO/PMS in the PCP solution,
confirming the UV-vis analysis. The finding was additionally corroborated by TOC

measurements, showing about 89% mineralization of PCP (Fig. 10b).
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Figure 10. (a) HPLC chromatograms of PCP (400 uM) in presence of 0.3 mM of PMS before
(black) and after (red) addition of CoS-rGO (0.5 g L“l). (b) TOC removal efficiency of PCP.

4. Conclusion
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Cobalt sulphide-reduced graphene oxide (CoS-rGO) nanocomposite was prepared using a
solvothermal technique and its physico-chemical characteristics were evaluated by FTIR,
TGA, Raman, HR-TEM, HAADF-STEM and XPS techniques. The CoS-rGO nanocomposite
was applied as an efficient catalyst for PMS activation for the catalytic fast (less than 10 min
at room temperature) removal of rhodamine B (RhB) and pentachlorophenol (PCP). Total
organic content (TOC) analysis revealed high mineralization efficiency, reaching about 95%
and 89% for RhB and PCP, respectively. The catalyst was stable and could be easily reused
for eight cycles without apparent activity loss. Quenching experiments along with electron
paramagnetic resonance (EPR) measurements revealed that sulphate radicals are the key
players in the catalytic process. High stability, enhanced degradation rate, and improved

mineralization are some of the benefits of the developed catalyst.
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