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Abstract: This work examines the use of pristine Mo2C as an intriguing sodium persulfate (SPS)
activator for the degradation of the drug losartan (LOS). Using 500 mg/L Mo2C and 250 mg/L SPS,
500 µg/L LOS was degraded in less than 45 min. LOS decomposition was enhanced in acidic pH,
while the apparent kinetic constant decreased with higher LOS concentrations. According to ex-
periments conducted in the presence of scavengers of reactive species, sulfate radicals, hydroxyl
radicals, and singlet oxygen participated in LOS oxidation, with the latter being the predominant
reactive species. The presence of competitors such as bicarbonate and organic matter reduced the
observed efficiency in actual matrices, while, interestingly, the addition of chloride accelerated the
degradation rate. The catalyst showed remarkable stability, with complete LOS removal being
retained after five sequential experiments. The system was examined for simultaneous LOS decom-
position and elimination of Escherichia coli. The presence of E. coli retarded LOS destruction, resulting
in only 30% removal after 3 h, while the system was capable of reducing E. coli concentration by
1.23 log. However, in the presence of simulated solar irradiation, E. coli was reduced by almost
4 log and LOS was completely degraded in 45 min, revealing a significant synergistic effect of the
solar/Mo2C/SPS system.

Keywords: 2D material; peroxydisulfate; pharmaceutical; pathogen; process synergy; solar
irradiation

1. Introduction

Following the “technological revolution”, also known as the second industrial revolu-
tion, aquatic environmental pollution escalated due to numerous compounds, the effects of
which on aquatic ecosystems and humans were unknown. Only in the last half-century,
prompted by the threat of drinking water shortages, did the World Health Organization,
in collaboration with nations worldwide, establish detection limits for many substances
and heavy metals in aquatic environments that are harmful to all organisms [1,2]. How-
ever, industrial, agricultural, and sewage wastewater treatment plants have proven to be
inadequate for certain types of pollutants (e.g., pharmaceuticals, endocrine disruptors, and
pesticides). Many researchers have detected these in surface and groundwater at extremely
low concentrations (ng/L–µg/L) [3]. These micropollutants have been found to be toxic to
many microorganisms and may cause metabolic disorders and various types of cancer [3,4].

Antihypertensive drugs, which are widely prescribed each year, are a significant type
of pharmaceutical [5,6]. In the United States alone, the number of adults with hyperten-
sion was approximately 37 million in 2017 [7,8]. Overconsumption of antihypertensive
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medications has resulted in their detection in surface waters, wastewater effluents, and
environments like wetlands, rivers, and seawaters, as well as in hospital wastewater. Their
concentrations ranged from 0.6 ng/L to 17.7 mg/L [9–16].

Losartan (LOS), an antihypertensive medication, reduces the risk of strokes and heart
attacks [17,18]. It has also been proven to be a beneficial agent in preventing kidney damage
caused by diabetes [17,18]. However, LOS has been found in effluents at concentrations
from 19.7 to 2760 ng/L [17,19], indicating the incomplete degradation of LOS using bio-
logical wastewater treatment [20–22]. Also, Cortez et al. [9] noted the occurrence of LOS
in a Brazilian coastal region with concentrations reaching up to 32 ng/L. Furthermore,
Cortez et al. [9], Ladhari et al. [20], Osorio et al. [21], and Adams et al. [22] revealed that
despite LOS’s numerous benefits for human health, it can be toxic to various organisms,
including humans, fish, crustaceans, algae, Daphnia magna, and Desmodesmus subspicatus.
Its byproducts can be more harmful and persistent than the parent compound (LOS). Thus,
there is a pressing need to develop alternative methods to efficiently degrade antihyperten-
sive drugs in aqueous media.

Over the past fifteen years, numerous attempts have been made to replace tra-
ditional disinfection processes like ozonation [23–25], chlorination [25,26], and UVC
irradiation [25,26] due to the potential carcinogenicity of their byproducts or the increased
cost. As a result, many scientists have turned their focus towards advanced oxidation
processes (AOPs) to find a technology with high efficiency for degrading micropollutants
and eradicating pathogenic microorganisms [27–29].

AOPs include a large set of processes (e.g., photocatalysis, Fenton, electrochemical
oxidation, and persulfate activation), all of which share the common characteristic of pro-
ducing strong reactive species such as hydroxyl radicals (HO•), superoxide radicals, singlet
oxygen, and sulfate radicals (SO•−4 ) [30]. Technologies based on persulfate activation have
garnered considerable attention from the research community for treating hazardous mi-
cropollutants in aquatic environments. Persulfate can be activated by heat, solar irradiation,
ultrasound, alkaline conditions, and transition metals to form SO•−4 with a redox potential
(E = 2.5–3.1 V) similar to the redox potential of HO• (E = 1.8–2.7 V) [31]. In addition,
SO•−4 has advantages over hydroxyl radicals in terms of activity over a large pH range,
lifespan, and selectivity [32–34]. Furthermore, in the past decade, heterogeneous persulfate
activation has gained interest due to the possible reuse of catalytic materials.

Recently, two-dimensional (2D) materials such as graphene [35] and MoS2 [36] have
gained recognition in the field of wastewater treatment. Up until now, 2D materials
have primarily found applications in renewable and sustainable energy production [36,37]
because of their high electrical conductivity, thermal stability, high hardness, and adsorption
capacity. Considering that 2D materials are characterized by high electron mobility, they
are potential persulfate activators. Bekris et al. [35] showed that graphene is an effective
persulfate (SPS) activator for propyl paraben degradation, while Zhou et al. [36] examined
the activation of peroxymonosulfate (PMS) and SPS with MoS2 for the degradation of
carbamazepine. However, an excessive use of MoS2 after persulfate activation may lead to
sulfuric leaching and the formation of H2S, which is toxic [38].

Molybdenum carbide (Mo2C) can be considered an alternative choice for persulfate
activation since Mo is the primary active site in Mo-based materials, and given that Mo2C
has two Mo atoms, there is a high probability of it being more reactive. Additionally, it
does not exhibit the drawbacks associated with the use of MoS2 [39–41].

The exploration of Mo2C as a persulfate activator for micropollutant degradation
has only recently begun. Yang et al. [38] treated Mo2C with 5% Cu to enhance its ability
to activate PMS for tetracycline degradation, while Chen et al. [31] and Bao et al. [42]
synthesized Mo2Ga2C and Mo2C/C respectively, to activate PMS for bisphenol A and car-
bamazepine removal. However, there are no studies that investigate solely the potential of
pristine Mo2C to activate SPS, a less expensive oxidant than PMS, for micropollutant degra-
dation and pathogen disinfection without increasing catalyst preparation costs through
material modification.
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To date, the oxidation of LOS has been explored through various methods, includ-
ing electrochemical oxidation, heat-activated persulfate, acoustic cavitation, UV/H2O2,
UV/Fe2+/H2O2, and photoelectro-Fenton, all of which have shown promising yields, as
can be seen in Table 1. However, these processes require energy (and thus a relatively
high operating cost), necessitating an alternative approach to degrade pharmaceuticals
such as LOS. This alternative could be the use of heterogeneous processes. For instance,
Andrade et al. [43] used N-doped porous carbon to activate PMS and achieved complete
LOS removal after 240 min of reaction time. However, there is no data on LOS degradation
or E. coli inactivation using a Mo2C/SPS process.

Table 1. Degradation of LOS using various AOPs.

Process Conditions LOS Removal Reference

Electrochemical
oxidation

[LOS]o = 377 µM,
[Na2SO4] = 0.05 M,

BDD anode, SS cathode,
J = 80 mA/cm2, pH = 7

100% in 180 min (UPW)

-
[44]

Ultrasound [LOS]o = 40 µM,
P = 88 W/L, pH = 6.5, 20 ◦C

100% in 120 min (UPW)

100% in 120 min (hospital
wastewater)

[16]

UVC/Fe2+/H2O2

[LOS]o = 40 µM, [Fe2+] = 40 µM,
[H2O2] = 400 µM,
pH = 6.1, 23 ◦C

76% TOC in 120 min (UPW)

30% TOC in 120 min
(groundwater)

[17]

N-doped porous
carbon and PMS

[LOS]o = 40 µM, [catalyst] = 26 mg/L,
[PMS] = 6.5 mM,
pH = 5.2, 25 ◦C

100%
(240 min)

96% in 240 min (20 mg/L humic
acid)

[43]

UVC/H2O2
[LOS]o = 43.4 µM, [H2O2] = 500 µM

pH 6.1

65.7% in 20 min (distilled water)

≈27% in 20 min (fresh urine)
[45]

Photoelectron Fenton

[LOS]o = 45 µM, [Na2SO4] = 0.05 M,
[Fe2+] = 36 µM,

BDD anode, SS cathode,
j = 5 mA/cm2, UVA = 1.4 W/m2, pH = 3

≈95%
(30 min)

-

[46]

Heat/US/SPS
[LOS]o = 1.18 µM,

[SPS] = 200 µM, US = 36 W/L,
20 kHz, 50 ◦C, pH = 5.25

100% in 15 min
(UPW)

60% in 45 min (WW)

[47]

Biochar from spent malt
rootlet treated with acid

and SPS

[LOS]o = 0.59 µM,
[SPS] = 1.05 mM, [Acid-C] = 90 mg/L

pH = 5.6, 25 ◦C

91% in 90 min (UPW)

20% in 90 min (WW)
[48]

Mo2C and SPS
[LOS]o = 1.18 µM,

[SPS] = 1.05 mM, [Mo2C] = 500 mg/L
pH = 5.5, 25 ◦C

100% in 45 min
(UPW)

34% in 45 min (WW)

This study

Furthermore, a promising strategy to enhance treatment performance is the concurrent
use of multiple processes. Although some studies have investigated the use of treated
molybdenum carbide to activate PMS, a combination of these systems with renewable
energy provided by solar irradiation is an intriguing strategy towards enhanced efficiency.
At the same time, most published studies are limited to the examination of the efficiency
over a probe compound, while the use of the proposed hybrid system as a tertiary treatment
(i.e., including disinfection) has not been explored.
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In summary, to the best of the authors’ knowledge, there is no data on losartan degrada-
tion via the Mo2C/SPS process or the synergistic effect of the Mo2C/SPS process combined
with solar irradiation for the simultaneous elimination of losartan and inactivation of
E. coli. Therefore, this study aims at (i) investigating the effects of different oxidants, cata-
lysts, SPS and LOS concentrations, initial solution pH, synthetic and real water matrices
on LOS oxidation and the degradation reaction mechanism using various scavengers, as
well as Mo2C reusability; (ii) testing the ability of the Mo2C/SPS process to eliminate
pathogenic microorganisms; and (iii) examining the synergistic effects of a hybrid process
for simultaneous losartan elimination and E. coli inactivation by coupling Mo2C/SPS with
simulated solar irradiation.

2. Results and Discussion
2.1. Mo2C Characterization

Figure 1 shows the X-ray diffraction pattern of the Mo2C used in the present study.
The typical crystal planes (100), (002), (101), (102), (110), (103), (112), and (201) of Mo2C
(JCPDS No 01-1188) are clearly discernible [49–51]. In addition, its primary crystallite size,
as estimated using the Debye–Scherrer formula, was found to be equal to 35 nm.

Figure 1. XRD pattern of Mo2C.

The zeta potential of Mo2C was measured in ultrapure water at various pH values to
determine its isoelectric point. The calculated pHzpc (pH at zero-point charge) was found
to be equal to 3.7, which is consistent with previous studies [42].

The morphology of Mo2C was studied by means of SEM/EDS, and characteristic
images are shown in Figure 2. It was observed that Mo2C consisted of almost spherical
particles agglomerated with each other homogeneously with an estimated average diameter
of approximately 1.41 µm (Figure 2D). Moreover, it could be stated that particle size
distribution (Figure 2D) was rather broad, including particles from 0.4 to ca. 2.8 µm [52]. In
addition, EDS spectra confirmed the presence of Mo, O and C alone without impurities.
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Figure 2. (A,B) Characteristic SEM images of Mo2C at different magnifications with the corresponding
EDS spectra. (C) Atomic percentage of Mo2C elements. (D) Particle size distribution of Mo2C.

2.2. Catalytic Results
2.2.1. Activation of Various Types of Oxidants

The decomposition of 500 µg/L LOS using 500 mg/L Mo2C to activate sodium meta-
periodate (NaIO4), sodium percarbonate (Na2H3CO6), H2O2, and SPS was examined, and
the results are displayed in Figure 3. The concentration of oxidants used was 1.05 mM.
A complete degradation of LOS was achieved using Mo2C-SPS after 45 min of reaction,
whereas in the cases of Mo2C-NaIO4, Mo2C-H2O2, and Mo2C-Na2H3CO6, only 58%, 39%,
and 17% of LOS removal were achieved after 45 min, respectively. These results clearly
demonstrate the superiority of SPS over NaIO4, H2O2 and Na2H3CO6 when Mo2C is used
as the activator since the decomposition rate, as demonstrated by the computed kapp values,
is 1–2 orders of magnitude greater. Similar results were reported by Bao et al. [42] and
Yang et al. [38]. Bao et al. [42] investigated the degradation of 5 mg/L carbamazepine with
300 mg/L Mo2C/C and 0.75 mM PMS. They found that the Mo2C/C-PMS process could
degrade carbamazepine after 75 min of reaction. Meanwhile, Yang et al. [38] studied the
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degradation of 40 mg/L tetracycline with 300 mg/L 5% Cu-Mo2C and 300 mg/L PMS.
They reported a complete degradation of tetracycline after 20 min of reaction.

Figure 3. Performance of Mo2C in activating various oxidants for 500 µg/L LOS degradation in UPW
and inherent pH ≈ 5.5. Experimental conditions: [Mo2C] = 500 mg/L, [NaIO4] = [Na2H3CO6] =
[H2O2] = [SPS] = 1.05 mM.

Thus, both pure Mo2C and modified Mo2C-based catalysts are capable of activating
SPS and PMS, respectively. However, it should be noted that none of the aforementioned
studies thoroughly examined the ability of pure, unmodified Mo2C to activate SPS, which
is a less expensive oxidant than PMS.

Interestingly, the Mo2C/persulfate system has the capability to generate different reac-
tive species, including sulfate and hydroxyl radicals and singlet oxygen. More researchers
are attributing this high efficiency to the redox potential of the formed radicals [53], as
well as to higher electrostatic adsorption and collision efficiency. Although the activation
of hydrogen peroxide can generate hydroxyl radicals with high redox potential, they are
also characterized by no selectivity and a very short lifetime. Conversely, the percarbon-
ate system also produces carbonate radicals with higher selectivity but reduced redox
potential [53]. Meanwhile, NaIO4 has a redox potential of 1.60 V. However, oxidation
reactions initiated by this ion are known to be selective and significantly slower than those
involving hydroxyl and sulfate radicals [54]. Therefore, in this study, Mo2C was chosen as
the activator and SPS as the oxidant for the degradation of LOS for further study.

2.2.2. Effect of Operating Parameters (Initial Concentration of Catalyst, Persulfate, Losartan,
and pH)

It is well known that parameters such as the pH of the solution and the concentrations
of catalysts, oxidants, and micropollutants can all affect catalytic performance.

Figure 4A shows that by increasing Mo2C concentration, both the degradation rate
and the adsorption of 500 µg/L LOS increased. Specifically, 41%, 63%, 88%, and 93% of
LOS removal were achieved with 125, 250, 500, and 750 mg/L Mo2C, respectively, after
15 min of reaction, while LOS adsorption rose from 4% for 125 mg/L Mo2C to 30% for
750 mg/L Mo2C during the same reaction time. (The respective kapp values are shown in
Figure S1.) Increasing the amount of Mo2C meant that more active sites were available for
LOS adsorption and SPS activation, leading to faster degradation rates. However, as seen
in Figure 4A, LOS degradation with 750 mg/L Mo2C was not significantly faster than that
for 500 mg/L Mo2C; thus, the chosen catalyst concentration was 500 mg/L. Moreover, an
additional experiment was carried out in the absence of Mo2C to investigate the potential
of SPS to oxidize LOS as a mild oxidant; only 20% LOS removal was achieved after 45 min
of reaction.
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Figure 4. Effect of (A) initial concentration of catalyst on 500 µg/L LOS degradation with 250 mg/L
SPS, (B) initial concentration of persulfate on 500 µg/L LOS degradation with 500 mg/L Mo2C,
(C) initial concentration of LOS on its degradation with 500 mg/L Mo2C and 250 mg/L SPS, and
(D) initial pH on 500 µg/L LOS degradation with 500 mg/L Mo2C and 250 mg/L SPS in UPW.

Consequently, several SPS concentrations (125, 250, 500, 750 mg/L) were tested;
the results are displayed in Figure 4B, showing that the yield increased as SPS con-
centration increased. kapp values increased 4.5-fold when SPS concentration rose from
125 to 250 mg/L. Further increases in SPS concentration led only to 1.44-fold and 2.78-fold
higher kapp for 500 mg/L, and 750 mg/L SPS, respectively, using the kapp value for
250 mg/L SPS as a reference. Taking into consideration the environmental impact that the
generated sulfate anions would have on aquatic systems, as well as the yield of the present
process, 250 mg/L SPS was selected for further experiments [55].

Figure 4C presents concentration–time profiles for different initial LOS concentra-
tions, as well as their respective kapp values. Although the rate constant decreased as the
initial LOS concentration increased (i.e., over five-fold, from 250 to 3000 µg/L LOS), the
Mo2C/SPS process was capable of degrading efficiently relatively high concentrations of
LOS; such concentrations are likely to occur in hospital wastewaters but not in secondary
treated effluents or surface waters [56]. After 15 min of reaction, the remaining quantity of
LOS was 1559, 211, 59, and 23 µg/L for 3000, 1000, 500, and 250 µg/L initial LOS concen-
tration, respectively. It is worth noting that, despite the 48% degradation observed after
45 min of oxidation for 3000 µg/L of LOS, the TOC removal after 45 min was only 14%.
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This indicates the production of transformation products, as already demonstrated in other
advanced oxidation processes [47].

Solution pH may be an important operating parameter since real water matrices
have different pH values than that of UPW, which is ≈5.5. Therefore, adsorption and
oxidation experiments were conducted at pH = 3.1 and pH = 9.1. As seen in Figure 4D,
LOS degradation was favored under acidic conditions (94% LOS removal in 15 min) and
slightly inhibited as the pH value increased (88% and 80% LOS removal after 15 min at pH
5.5 and 9.1, respectively). The kapp value decreased only 1.72 times as pH increased from
3.1 to 9.1. In contrast to oxidation, LOS adsorption was favored at an inherent pH ≈ 5.5;
there was a slight reduction in LOS adsorption at pH = 9.1, while at pH = 3.1 it was almost
completely inhibited. The zero-point charge of Mo2C is 3.7, while the pKa value of LOS
is 5.05 [47]. Thus, at pH = 3, Mo2C is positively charged, and LOS exists in neutral form,
while at inherent pH and pH = 9, both Mo2C and LOS are negatively charged. As a result,
the adsorption mechanism cannot be claimed to be due to repulsive/electrostatic forces
but to π–π interactions [57–59], which are not favored below pH = 3.

Therefore, the high degradation efficiency at pH = 3 is likely attributed to the higher
adsorption of S2O2−

8 on the positively charged surface of Mo2C, resulting in the formation
of more sulfate radicals.

2.2.3. Effect of Scavengers

Molybdenum is renowned for its various oxidation states (II, IV, VI), indicating a high
electron mobility and leading to the generation of reactive species with high redox potential,
such as SO•−4 , HO•, and 1O2.

To evaluate the contribution of singlet oxygen, sulfate, and hydroxyl radicals,
9.24 mM of NaN3, MeOH, and t-BuOH were used as scavengers, respectively. As de-
picted in Figure 5, the introduction of each scavenger reduced process efficiency, with NaN3
resulting in the most severe inhibition, wherein the kapp value decreased almost 22 times.
On the other hand, the kapp value decreased almost 2.5 and 5 times after the addition of
t-BuOH and MeOH, respectively. These results suggest that all examined reactive species
contribute to the oxidation of LOS via the multivalent characteristics of Mo, with singlet
oxygen being the predominant reactive species. A plausible mechanism of SPS activation
by Mo2C can be described by Equations (1)–(10).

Mo2+ + 2S2O2−
8 → Mo4+ + 2SO•−4 + 2SO2−

4 (1)

Mo4+ + 2S2O2−
8 → Mo6+ + 2SO•−4 + 2SO2−

4 (2)

Mo4+ + 2S2O2−
8 → Mo2+ + 2S2O•−8 (3)

Mo6+ + 2S2O2−
8 → Mo4+ + 2S2O•−8 (4)

S2O2−
8 + 2H2O→ HO−2 + 2SO2−

4 + 3H+(SPS hydrolysis catalyzed by M2C) (5)

HO−2 + S2O2−
8 → SO•−4 + SO2−

4 + H+ + O•−2 (6)

2SO•−4 + H2O→ H+ + SO2−
4 + HO• (7)

HO• + O•−2 →1O2 + HO− (8)

2H+ + 2O•−2 → H2O2+1O2 (9)
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HO•/SO•−4 / 1O2 + LOS→ by− product . . . . . . . . .→ CO2 + H2O (10)

The contributions of HO•, SO•−4 , and 1O2 were also reported by Bao et al. [42], who
studied the degradation of carbamazepine using Mo2C/C and PMS, and Yang et al. [38],
who investigated the degradation of tetracycline using 5% Cu/Mo2C and PMS. However,
in their studies, sulfate radicals were reported to be the dominant reactive species, unlike
in the present work.

Figure 5. Effect of reactive species scavengers on 500 µg/L LOS degradation with 500 mg/L Mo2C
and 250 mg/L SPS in UPW.

2.2.4. Effect of Water Matrix

Figure 6A illustrates how LOS degradation was affected by the addition of 10 mg/L HA
or 250 mg/L NaCl, NaNO3, and NaHCO3, respectively. Considering the findings from
Section 2.2.2 (i.e., pH effect) and 2.2.3, the negative impact of HCO−3 , HA and, to a lesser
extent, NO−3 was probably not related to pH alteration since alkaline conditions did not
delay LOS degradation. Consequently, it may have been be due to LOS adsorption being
hindered by the presence of NO−3 , HCO−3 , and HA, and the competition between LOS and
inorganic and organic matter for the generated reactive species (SO•−4 , HO•, 1O2, O•−2

)
[60].

NO−3 as well as HCO−3 reacted with the formed reactive species, and radicals with smaller
redox potential were produced, as described by Equations (11)–(15) [38,42,44,60].

SO•−4 + NO−3 → SO2−
4 + NO•3 (11)

HO• + NO−3 → HO− + NO•3 (12)

SO•−4 + HCO−3 → SO2−
4 + HCO•3 (13)

HO• + HCO−3 → H2O + CO•−3 (14)

HCO−3 + O•−2 → CO2−
3 + HO•2 (15)

Interestingly, the addition of NaCl facilitated the degradation of LOS, leading to
complete LOS removal after 150 min (Figure 6A); hence, the effect of NaCl concentra-
tion was studied further. As depicted in Figure 6B, increasing NaCl concentration from
0 to 500 mg/L led to a 5-fold degradation rate increase. Chloride anions may have reacted
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with hydroxyl and sulfate radicals to form active chlorine or hypochlorous reactive species,
as shown in Equations (16)–(20):

SO•−4 + Cl− → SO2−
4 + Cl• (16)

Cl− + HO• → HOCl•− (17)

Cl− + HO• → HO− + Cl• (18)

Cl− + Cl• → Cl•−2 (19)

Cl•−2 /Cl•/HOCl•− + LOS→ by− products (20)

Figure 6. (A) Effect of 10 mg/L HA and 250 mg/L NaCl, NaHCO3, and NaNO3, respectively, on LOS
degradation. (B) Effect of NaCl on LOS degradation. (C) Effect of real water matrices (BW, WW) on LOS
degradation. Experimental conditions: [LOS] = 500 µg/L, [Mo2C] = 500 mg/L, and [SPS] = 250 mg/L.

These results seem contradictory when compared to other studies, which documented
that the addition of Cl− had either no effect on their processes [38,60] or a detrimental
effect on the yield of other systems [44,61]. However, these results align with the works
of Bao et al. [42] and Chen et al. [31], who studied the degradation of carbamazepine and
bisphenol A using Mo2C/C and Mo2Ga2C for PMS activation, respectively. Both studies
reported an enhancement in carbamazepine and bisphenol A degradation in the presence
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of Cl− and attributed it to the direct reaction of chlorine or hypochlorous reactive species
with the unsaturated bonds of micropollutants.

In addition, real water matrices were used (BW and WW) and the results are shown in
Figure 6C. Only 25% and 34% of LOS removal were achieved after 15 min in BW and WW,
respectively, while in UPW, more than 90% of LOS removal was achieved. This decrease in
performance in real matrices was attributed to the presence of inorganic and organic matter,
with HCO−3 having the highest concentration among them (Table S1). However, it should
be noted that the aim of the present work was not to optimize the system, but to study
how the system was affected by various operating parameters. Therefore, the optimization
of the Mo2C/SPS system should be undertaken under representative conditions if the
proposed process is to be scaled up from the lab to a pilot unit.

2.2.5. Reuse

Eventually, the Mo2C/SPS system was evaluated in terms of catalyst reusability
according to the following procedure: The mixture was allowed to react for 45 min. After
this period, LOS conversion was measured, the mixture was centrifuged, the Mo2C sample
was collected, dried for 12 h, weighed, and then used for the degradation of another LOS
solution and repetition of the experiment. This cycle was run five times (including the
fresh sample) and, in all cases, a complete LOS conversion was achieved, indicating a
high stability of Mo2C, as seen in Figure S3. Moreover, the stability of the reused Mo2C
was corroborated by XRD analysis, as shown in Figure S2. It was observed that Mo2C
remained practically intact after exposure to reaction conditions for 225 min, with the
primary crystallite size remaining unchanged and equal to 35 nm.

2.3. Disinfection and Synergistic Effects with Simulated Solar Irradiation

In a final set of experiments, the Mo2C/SPS process was assessed as a disinfectant
agent. Adsorption, blank, and degradation experiments were performed in the presence
of 500 µg/L LOS and ≈106–107 CFU/mL E. coli. Figure 7A illustrates the degradation of
LOS, while Figure 7B shows the reduction in E. coli population. The presence of E. coli
significantly impacted the degradation and adsorption of LOS. Only 17% LOS removal and
10% LOS adsorption were observed after 60 min, while the E. coli population declined by
1.23 ± 0.11 log and 0.9 ± 0.12 log at the same time during the oxidation and adsorption
experiment, respectively. After 60 min, no further E. coli inactivation and adsorption were
observed, whereas in the case of LOS, slow oxidation was noted, with 30% LOS removal
after 180 min of reaction. These results suggest that both LOS and E. coli competed for the
active centers on the Mo2C surface and for the generated reactive species.

To accelerate the degradation of LOS and E. coli, a coupling of the Mo2C/SPS process
with simulated solar irradiation was conducted. The choice of simulated solar radiation
was made on the basis that in real-world conditions, solar irradiation is a cost-free, green
energy source that is abundant on Earth.

As observed in Figure 7, the solar/SPS process exhibited a high efficiency for LOS
degradation, while as for E. coli inactivation, the yield of the solar/SPS process was rel-
atively poor. After 180 min of reaction, 95% LOS oxidation and 1.30 ± 0.13 log E. coli
elimination were achieved. Regarding the inactivation of E. coli by the solar/SPS process,
similar results were reported by Wang et al. [62], who studied E. coli inactivation by visible
light persulfate activation. Specifically, they mentioned that a system using visible light
with 1 mM persulfate was not able to reduce the population of E. coli. However, when the
persulfate concentration increased to 4 mM, they reported a 7 log E. coli elimination after
80 min [62].

The way reactive species inactivate/eliminate E. coli is similar to the mechanism
proposed by Wang et al. [62] and Wang et al. [63], who studied the hybrid processes of
heat/visible light/persulfate and visible light/hydrochar/persulfate for E. coli inactivation,
respectively. They reported that reactive species cause severe damage to the cell membrane.
The reactive species then pass through the membrane, and the cell’s defense system tries
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to protect itself by producing a high level of intracellular antioxidant enzymes. But as the
reactive species continually penetrate through the membrane, the defense systems become
incapacitated, leading to the destruction of the cell.

Figure 7. Simultaneous degradation of 500 µg/L LOS (A) and inactivation of ≈106–107 CFU/mL
E. coli (B) in UPW with 500 mg/L Mo2C and 250 mg/L SPS and the synergistic effects with simulated
solar irradiation.

However, the results of the synergistic solar/Mo2C/SPS process were promising for
both pollutant and microorganism elimination. Complete LOS removal was achieved in
60 min, comparable to LOS degradation (100% removal in 45 min) in the absence of
E. coli. Regarding E. coli inactivation performance, a reduction by 3.98 log ± 0.21 was
observed, which is significantly higher than that achieved by the Mo2C/SPS and solar/SPS
processes alone.

The hybrid system with k(Solar/Mo2C/SPS) = 0.083 ± 0.005 min−1 exhibited a higher
yield than the sum of the individual processes with k(Mo2C/SPS) = 0.0024 ± 0.003 min−1

and k(solar/SPS) = 0.0165 ± 0.004 min−1, as seen in Figure 7A (curve with dotted lines). The
extent of synergy, S, for LOS decomposition may be computed as follows:

S =
kSolar/Mo2C/SPS

kMo2C/SPS + ksolar/SPS
where,

S > 1(synergistic effect)
S = 1(additive effect)
S < 1(antagonistic effect)

(21)

Subsequently, the value of S from the data in Figure 7A is 4.4.
To examine the observed synergy, an additional experiment was conducted for the

simultaneous removal of LOS and E. coli using the Mo2C/solar system in the absence of
the oxidant. Despite the fact that, according to the literature, the energy gap of Mo2C is
1.22 V [64], the obtained results were similar to adsorption (i.e., absence of light and oxidant).
A possible explanation may be the position of the conduction and valence bands of Mo2C,
which are −0.41 V and 0.81 V, respectively [64]. Therefore, the photogenerated holes have
very low oxidation potential, while the Mo2C/solar system is incapable of producing
hydroxyl radicals. On the other hand, SPS can trap the photogenerated electrons, thus
increasing the separation of photoproduced holes and electrons and producing additional
reactive species into the system through oxidant activation by the photoproduced electrons.
Therefore, the observed synergy can be justified by the higher concentration of reactive
species and the different activation mechanisms in the combined system. Thus, the role of
solar irradiation is associated with an acceleration of the production of additional SO•−4
and HO• through SPS activation, which consequently leads to the formation of more
O•−2 and 1O2 (Equations (6), (8), and (9)), which are available for the degradation of
LOS and E. coli. In summary, in the hybrid system, persulfate is activated in three ways:
(i) homogeneously by solar irradiation, which allows a direct attack on LOS molecules and
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on the cell membranes of E. coli, (ii) heterogeneously by Mo2C, and (iii) photocatalytically
by the photogenerated electrons.

3. Materials and Methods
3.1. Materials

Molybdenum carbide (Mo2C ≥ 99.5%, CAS: 12069-89-5), sodium (meta)periodate
(NaIO4 ≥ 99.0%, CAS: 7790-28-5), sodium nitrate (NaNO3 ≥ 99.0%, CAS: 7631-99-4),
sodium persulfate (SPS ≥ 99.5%), losartan potassium (LOS), humic acid (HA, technical
grade), Petri dishes (D = 9 cm), tert-butyl alcohol (t-BuOH), sodium azide (NaN3), sodium
bicarbonate (NaHCO3), ortho-phosphoric acid (H3PO4 ≥ 85%), and sulfuric acid (H2SO4)
were obtained from Sigma Aldrich (St. Louis, MO, USA). Further details for the above
reagents and LOS can be found in the study of Ioannidi et al. (2022). Sodium percar-
bonate (Na2CO3·1.5H2O2, CAS: 15630-89-4), and hydrogen peroxide solution 30% (H2O2,
CAS: 7722-84-1) were bought from Acros organics (Geel, ANTWERP, Belgium) and Carlo
Ebra reagents (Denzlinger Str., Emmendingen, Germany), respectively, while sodium hy-
droxide (NaOH, CAS: 1310-73-2), and sodium chloride (NaCl ≥ 99.5%, CAS: 16610-31000)
were purchased from Penta (Radiová, Prague, Czechia). Methanol (MeOH, hplc-grade,
CAS: 67-56-1) was purchased from Fischer chemicals (Riesbachstrasse, Zürich, Switzerland).
All chemicals were used without any further purification. Furthermore, microbiological
yeast extract (CAS:1702.00) and tryptone (CAS:1612.00) were purchased from Condalab
(C. Forja, Torrejón de Ardoz, Madrid, Spain), while agar (CAS: 9002-18-0) was purchased
from Serva (Carl-benz-str., Heidelberg, Baden-Wuerttemberg, Germany). E. coli (DSM 1103)
was obtained by the Leibniz Institute DSMZ (German Collection of Microorganisms and
Cell Cultures).

Most experiments were performed in ultrapure water (UPW, 18.2 MΩ·cm and
pH≈ 5.5), while commercial bottled water (BW) and secondary effluent from the University
of Patras campus wastewater treatment plant (WW) were also used. Details of the water
matrices can be found in Table S1.

3.2. Procedure of Degradation Experiments

For LOS oxidation experiments, a batch reactor with a maximum volume capacity of
150 mL was used. The working volume of the reactor with the desired LOS concentration
was 100 mL. The reaction started after the simultaneous addition of the preferred amount
of Mo2C and SPS under continuous magnetic stirring. At fixed time intervals, samples of
1.2 mL were collected, quenched with 0.3 mL MeOH, and filtered through 0.22 µm PVDF
filter.

To study the role of pH, 1 M NaOH and 1 M H2SO4 were used. pH adjustment to
9 or 3 was performed prior to the addition of the catalyst and oxidant. During the reaction,
solution pH was monitored but left uncontrolled. To investigate the contribution of several
kinds of reactive species, MeOH, t-BuOH, and NaN3 were used as scavengers.

3.3. Experimental Procedure of Disinfection

To evaluate the potential of the Mo2C/SPS system for disinfection, E. coli was used as a
representative Gram-negative bacterium. All experiments were conducted in the presence
of 500 µg/L LOS to investigate the simultaneous degradation of xenobiotics and pathogens
typically existing in secondary effluent. The necessary equipment (e.g., glass vessels,
Eppendorf tubes, pipette tips, stirring magnets, beakers, nutrient medium, ultrapure water,
and 0.8% w/v NaCl aqueous solution) for carrying out all inactivation experiments was
sterilized in an autoclave. Details of bacteria cultivation, concentration estimation, and the
execution of inactivation experiments can be found in the supplementary material [65–67].

3.4. Analytical Methods

The concentration of LOS was monitored using a high-performance liquid chromato-
graph (HPLC, waters alliance 2695). Details of the analytical method can be obtained in the
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study of Ioannidi et al. [47]. Total organic carbon (TOC) was measured using a Shimadzu
TOC-LCSH analyzer (Kyoto, Japan).

3.5. Mo2C Characterization

Scanning electron microscopy (JEOL 6300) (Tokyo, Japan) equipped with an energy-
dispersive spectrometer (EDS) was adopted to study the surface morphology and chemical
composition of Mo2C, while the crystal structure of the sample was obtained by X-ray
diffraction (XRD) (Bruker D8-Advanced diffractometer) (Billerica, MA, USA). Its primary
crystallite size was calculated by means of the Debye–Scherrer equation [68]. A zeta
potential analyzer (Zetasizer Nano Z (Malvern), UK) was employed to assess the electrical
characteristics of the catalyst’s solid-liquid interface within the reaction solution. Additional
information can be found in former publications from our group [69].

3.6. Data Analysis

LOS degradation obeys a pseudo-first-order kinetic rate with R2 > 0.98 in all cases.
The apparent rate constants (kapp, min−1) were calculated according to Equation (22):

rate =− d[LOS]
dt

= kapp[LOS]→ ln
(

[LOS]
[LOS]o

)
= −kappt (22)

where [LOS]o , and [LOS] refer to LOS concentration at times zero and t, respectively.

4. Conclusions

In this work, Mo2C, a 2D material, demonstrated notable efficiency in persulfate acti-
vation and LOS decomposition. The primary conclusions of this work can be summarized
as follows:

- The investigated system was capable of eliminating 500 µg/L of LOS in less than
45 min. This concentration is well over the upper limit typically found in surface
waters and/or secondary treated effluents, which implies that milder treatment condi-
tions would suffice to deal with environmentally relevant concentrations.

- Oxidation adhered to pseudo-first-order kinetics, and the apparent kinetic constant
decreased with increasing LOS concentration and increased in acidic pH.

- The presence of organic matter and carbonate impeded LOS degradation in the ex-
periments conducted in secondary effluent and bottled water; moreover, the presence
of E. coli slowed down LOS decomposition, while E. coli removal was only 1.23 log
after 180 min. This clearly highlights the critical role of the environmentally relevant
water matrix.

- Sulfate radicals, hydroxyl radicals, and singlet oxygen participated in LOS destruction,
but singlet oxygen emerged as the predominant species. In this respect, the possible
interplay between catalyst, oxidants, and the target and non-target species may be
quite complicated.

- Experiments conducted in the presence of simulated solar irradiation demonstrated a
significant synergy and efficiency improvement, leading to complete LOS elimination
in 60 min and nearly a 4-log reduction of E. coli in 180 min. This implies that process
coupling may be a step in the right direction in terms of enhancing treatment efficiency;
nonetheless, this should be complemented by cost-efficient strategies that can be
offered by the application of renewable energy sources.

- Though the use of 2D materials in environmental remediation appears as a promising
strategy, further research is needed to examine the operation of similar systems under
continuous flow, and scaling up is required. Future work must also delve deeper into
the mechanism and transformation products, as well as investigate toxicity and Mo
leaching during the treatment.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13091285/s1, Figure S1: Apparent rate constants at several initial
concentrations of Mo2C for LOS degradation and adsorption in UPW. Experimental conditions:
[LOS] = 500 µg/L, and [SPS] = 250 mg/L; Figure S2: XRD patterns of the “fresh” Mo2C, and after
exposure to reaction conditions for 225 min (500 mg/L Mo2C, 250 mg/L SPS and 500 µg/L LOS);
Figure S3. Reuse experiments of Mo2C for LOS removal in UPW. Experimental conditions:
[Mo2C] = 500 mg/L, [SPS] = 250 mg/L, and [LOS] = 500 µg/L at inherent pH ≈ 5.5.; Table S1: Main
properties of various water matrices used in this study.
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