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ARTICLE INFO ABSTRACT

Keywords:
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During the COVID-19 pandemic, the extensive use of ribavirin (RBV) raised concerns about its environmental
residues and associated risks, necessitating remedial actions. This study investigates the degradation efficiency,
mechanism, and biotoxicity of RBV using ferrous (Fe?1) activated persulfate (PS) advanced oxidation technology
(Fe?* /PS oxidation). Experiments conducted under various conditions revealed that at pH = 3, PS concentration
of 4 mM, PS/Fe®" molar ratio of 2:1, and citric acid of 0.5 mM with Fe?>* added twice, the degradation rate of
RBV reached 98.70 %. The degradation process of RBV by Fe?*/PS from 0 to 5 mins followed a first-order re-
action kinetics model. The presence of halide ions (CI', Br’, I') was found to inhibit the degradation efficiency.
The active species involved were identified as SO%-, -OH, 102, and Fe02+, with SO%- and -OH being the most
significant. Moreover, the products of ribavirin were determined and their degradation pathways were proposed.
Dehydration, deamidation, C-N bond breaking and hydroxylation were the major pathways. Additionally,
toxicity assessment showed that Fe2*/PS oxidation reduced the inhibition rate of bioluminescence in Vibrio
fischeri from 31.58 % to 3.88 %, effectively controlling RBV toxicity during the reaction. This study provides
insights into managing water environmental risks associated with pharmaceutical residues in the post-pandemic
era.

Ferrous activated
Mechanism

1. Introduction damage and the accumulation of reactive oxygen species. However, RBV

degradation by traditional biological treatment processes is very

Ribavirin (RBV) has been widely listed as the potential antiviral drug
to treat respiratory diseases since the COVID-2019 pandemic (Tarighi
etal., 2021). In the post-pandemic era, an increasing amount of RBV and
its metabolites are being released and consumed into the wastewater
through human excretion, leaving potential environmental risks that
continue to require attention. The reported concentrations of RBV in
domestic wastewater, wastewater treatment plant (WWTP) effluent and
rivers were as high as 2102, 207 and 52.2 ng/L, respectively (Guo et al.,
2023). Its persistence and bioaccumulation posed a threat to natural
ecosystems and human health. Karjadi et al. (2022) suggested that
ribavirin had a significant inhibitory effect on the growth of crop roots.
Ye et al. (2020) conducted in vitro bioassay using human induced
pluripotent stem cells and conjectured that ribavirin might lead to DNA
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limited, only 2 % — 20 % removal rate being reported (Liu et al., 2022;
Morales-Paredes et al., 2022). Therefore, it is necessary to introduce
more efficient and green technologies to achieve RBV removal from
water.

To address the above issues, many researches about advanced
oxidation processes (AOPs) for RBV degradation have been developed
and reported, such as potocatalysis, ozonation, electrocatalysis, Fenton,
electrocoagulation etc (Dolatabadi et al., 2022; Tufail et al., 2021).
These technologies mainly relied on the newly produced hydroxyl
radical (-OH), which is non-selective to oxidize pollutants (Dolatabadi
et al., 2023b; Jin et al., 2020). However, these technologies might have
some drawbacks, such as high energy consumption, severe reaction
conditions, excessive sludge production, secondary pollution risk, etc
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(Dolatabadi et al., 2023a). In recent years, the persulfate advanced
oxidation processes (PS-AOPs) have been as promising technologies in
the field of wastewater treatment and groundwater pollution remedia-
tion, which was based on sulfate radical (SO3-) (Huang et al., 2021).
Compared with other AOPs, the PS-AOPs have some distinctive advan-
tages such as environmental friendliness, low cost, stability and simple
operation (Wang et al., 2021; Yan et al., 2023). SO%- has higher oxida-
tion capacity (Eg = 2.7 — 3.1 V) than -OH (E¢ = 1.9 — 2.7 V). In addition,
SO3- is more stable and cannot be easily disturbed by other background
ions, thus having a wide range of applications.

Although PS is a very powerful oxidant, its reactions with pollutants
are relatively slow. Thus, many researches have focused on activating PS
through light, heat, transition metals and other means to generate active
free radicals faster and more efficiently (Antoniou et al., 2010). Light-
activated PS requires high water quality due to the light penetration
ability involved. Thermal activation of PS makes thermal activation
unsuitable for large-scale restoration due to the high demand for energy
input(Wang and Wang, 2018). Metal-organic framework (MOF) acti-
vation of PS has an effective role, but cost is the biggest disadvantage(Su
et al., 2023). Ferrous (Fe?") activated PS was simple with mild reaction
conditions, no need of external energy consumption (such as heat and
light source). Among of these methods, Fe?™ activated PS process
gradually becomes to be one of wide applications. Thus, Fe?"/PS
oxidation technology has been used to oxidize and degrade many
emerging contaminants (ECs) in water and soil, such as pyrene, triclo-
san, 2,4,6-tricholoroanisole etc, with over 90 % removal rate being
obtained (Chen et al., 2023; Gao et al.,, 2021; Zhang et al., 2018).
However, most studies have put great emphasis on the removal effi-
ciency of RBV itself. The evaluations of RBV degradation mechanism
through the combination of laboratory instrument detection and quan-
tum chemical theory calculation are still far less explored to date. In
addition, the biotoxicity changes of the water samples during the re-
actions and controlling effect are large unknown.

Therefore, the objectives of this study were to systematically inves-
tigate the performance of Fe?'/PS oxidation technology on RBV
degradation, aiming to fill the gap in the application of this technology
for RBV degradation, and to validate the feasibility of its application.
Comprehensive studies on the degradation efficiency and mechanism of
RBV in Fe?*/PS oxidation were conducted through degradation exper-
iments under various operational conditions, identification of active
components, mass spectrometry analysis of products, and kinetic study.
At last, the toxicity variation and controlling effect of the treated water
samples were further evaluated.

2. Materials and methods
2.1. Chemicals and materials

RBV (purity 298 %, Sigma-Aldrich, USA) and PS (purity 297 %,
Aladdin, China) were purchased and used without further purification.
Other chemicals and reagents used in the experiments were of chro-
matographic of analytical pure. The solution used to prepare reagents in
the test is ultrapure water (Milli-Q Direct 8, USA). Luminescent bacteria
(the freeze-dried bacteria Vibrio fischeri) used for toxicity evaluation was
purchased from SDIX Company in USA (DeltaTox) and stored at —20 °C.

2.2. Experimental methods

2.2.1. RBV degradation experiments

The degradation experiments of RBV were performed in 500 mL
conical flasks. RBV solution with an initial concentration of 2.0 mg/L
was prepared prior to the degradation reactions and added to the conical
flask, following with the addition of hydrochloric acid or sodium hy-
droxide to adjust pH to the desired value. The reactions were initiated by
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adding a certain quality of PS powder according to the experimental
conditions. The reactions system was stirred at 350 r/min. 10 mL of
treated samples were taken at different times and filtered through a 0.22
pm polyethersulfone membrane for further analysis. All the experiments
were conducted at least twice.

2.2.2. Qualitative determination of active components

Some studies have confirmed that the active substances present in
the Fe?"/PS system are mostly SO3- and -OH; while some scholars have
also proposed that FeO?" is one of the active substances that sulfate
being activated by ferrous (Wang et al., 2018). Therefore, in order to
identify the active substances present in Fe2*/PS oxidation system, this
study has set up the electron paramagnetic resonance spectroscopy
(EPR) tests, the free radical quenching tests, and FeO?* capturing tests.

The EPR tests were applied for directly identifying the active com-
ponents produced in Fe?*/PS oxidation system. 5,5-Dimethyl-1-pyrro-
line N-oxide (DMPO) and 2,2,6,6-Tetramethylpiperidine (TEMP) were
used to capture the active substances, such as SOF, ¢OH and 102, so as to
form stable products DMPO-SOz, DMPO-OH and TEMP-'0,, which all
with the specific signal peaks (Lian et al., 2019).

Methanol (MeOH) had a large reaction rate constant with
SO%- ( ksoge_, Meon = 1.1 x 10’ M71S™! ) and -OH (keon, meon = 9.7 X
108 M’lsfl), while tert butyl alcohol (TBA) had much larger reaction
rate constant with -OH (Keon, TBA = 6.0 X 10® M~1s™1) than that with
SO%- (ksoge_, TBA = 4.0 x 10° M71S™Y) (Liu et al., 2021). Thus, MeOH
was selected as the quencher of SO3- and -OH, while TBA as the quencher
of -OH. The concentrations of MeOH and TBA were both 2.0 M, which
10° times than that of RBV and could fully quench the produced free
radicals during the reactions. The free radical quenching tests were
carried out by adding a certain volume of MeOH and TBA in advance.
The degradation rates of RBV were compared with the experiments
without the quenching agents in order to assess the dominant species of
free radicals.

2.2.3. Tracer experiment of sulfate radical and hydroxyl radical

The HO- can degrade nitrobenzene (NB) and atrazine (ATZ), whereas
the SO%- can only degrade ATZ. Therefore, by adding small amounts of
NB and ATZ to the degradation system, the exposure values of SO%- and
HO- can be calculated based on the degradation rate and the second-
order reaction constants with the active radicals. The specific formula
for this calculation is as follows:

(o) = () v

—In B _ K o a1z [ [HOJdt
(/ [s0; -W’> - ey Ko J O] @
ATZ K(sa;-,ATz)

where Kgo., n) and Ko., atz) represent the second-order reaction
constant of HO- with NB and ATZ, respectively - Lsh. K(so4 np) is the
second-order reaction constant of SO with ATZ (M~ 1.S1), ( JHO]
dt)yg and ( f [SO%-1dt)xp refer to the exposure value of HO- (M-S) ob-
tained using NB and ATT as a tracer, respectively.

In Fe?*/PS oxidation system, there also existed the non-free radical
active component FeO?", which could react with tetramethylene sulf-
oxide (TMSO) to form tetramethylsulfoxide (TMSO53). Thus, the FeO?*
capturing tests were carried out by adding 0.5 mM TMSO before the start
of RBV degradation and detecting the content of TMSO; to calculate the
concentration of FeO?". The quantification of TMSO and TMSO, is ach-
ieved through High-performance liquid chromatography (HPLC). Chro-
matographic conditions include operating at 35 °C using a C18 column
(4.6 x 150 mm, 5 um), with an isocratic elution of acetonitrile/water (60/
40 v/v) at a flow rate of 1 mL/min. The injection volume is set at 100 pL,
and ultraviolet detection is conducted at a wavelength of 212 nm.
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2.3. Analytical methods

The concentration of RBV was determined by using a HPLC (7980,
Waters, USA), equipped with a UV-vis detector and a C18 column (4.6
mm x 150 mm, 5 pm) at 35 °C. The mobile phase consisted of methanol/
water (20 / 80) at a flow rate of 1 mL/min. The injection volume was
100 pL, and the detection wavelength was 209 nm.

The presence of Fe** (Fe0?") was determined by adding TMSO to
the experimental system. TMSO and TMSO, were detected by HPLC
under the following chromatographic conditions: C18 column (4.6 X
150 mm, 5 um), column temperature 35 °C, mobile phase acetonitrile/
water (60 / 40), injection volume 100 pL, isocratic elution with flow rate
at 1 mL/min, UV detection wavelength 212 nm.

The degradation products (DPs) of RBV were analyzed using a LC-MS
system (1290-AB SICEX Triple, Agilent, USA). The specific testing
methods were detailed in the “Supplementary Material (Text S1)”. The
solution pH was detected by a portable digital pH meter (pHS-3B,
Shanghai Hongyi, China).

The comprehensive biological toxicity of the water samples during
RBV degradation was evaluated by TX1315 toxicity detection analyzer
(TX1315, HACH, USA), which was according to the ISO standard
luminescent bacteria toxicity test. The specific steps were as followed in
the “Supplementary Material (Text S2)”. The results of the toxicity test
were characterized by the relative inhibitory rate (T%) of luminescent
bacteria, which was calculated with the formula shown below.

Ey - E
T% = =2"= x 100% 3)
Ey

where Ep and E represents initial and measured luminescence,
respectively.

3. Results and discussion
3.1. The degradation performance of RBV in different system

To determine the degradation capability of the Fe2t/PS system on
RBV, four experimental groups were set up: PS alone, Fe?* alone,
simultaneous addition of both, and a control group. Other conditions
included a pH of 3, room temperature, and a reaction time of 60 min.
Post-reaction sampling and RBV concentration measurement revealed
the degradation performance as shown in Fig. 1.

It was observed that the group with only Fe?™ added showed

1.0 — — ’9
v— Only PS
—o— Only Fe**
0.8 - —=— PS,Fe?
—&— Control group
< 06
:
04
0.2
1 " 1 " 1 " 1 " 1 M 1 " 1
0 10 20 30 40 50 60
Time (min)

Fig. 1. Degradation of ribavirin by adding PS, Fe>" alone, adding both at the
same time or not adding either (control group). [RBV]y = 2.0 mg/L, [PS]y =
4.00 mM, [Fe“]o = 2.00 mM, [pH]p = 3, t = 60 min.
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negligible degradation of RBV after 60 min, similar to the control group,
indicating that Fe?* alone does not degrade RBV. A slight reduction in
RBV was noted with PS alone. However, in the Fe?*/PS system, the RBV
concentration significantly decreased, with a degradation rate of 82.17
% after 60 min. Although PS is a strong oxidant, it reacts slowly with
organic substances and requires activation to generate reactive radicals
that enhance pollutant degradation. This explains why the degradation
effect of RBV in the combined PS and Fe?* experiment was significantly
better than in the first three experiments. Fe®" activates PS to produce
reactive radicals, thereby removing RBV. These results demonstrate the
evident degradation capability of the Fe?'/PS system on RBV.
Compared with other AOPs processes, Fe>'/PS also demonstrates
certain advantages in degradation performance. For instance, Wu et al.
(2022) utilized UV/TiO2/H204 process, achieving an approximate 80 %
degradation rate of RBV with a HyO5 dosage of 0.5 %o; Liu et al. (2021)
employed PMS/O3 process, yielding less than 50 % degradation rate of
RBV (PMS = 0.025 mM, O3 = 0.025 mM). The degradation rates re-
ported in these studies are lower than that of RBV degradation by Fe?*/
PS in our research. Reaction stoichiometric efficiency is a crucial
parameter to evaluate the catalyst per formance. The catalytic perfor-
mance of PS by Fe?" in Fe?*/PS was calculated by the method in Text S3
and %RSE was obtained as 0.424 %.We summarize the %RSE in the
different PS systems (Table S1) and find that Fe?t/PS is lower than the
other systems. Future studies should focus on optimizing the reaction
conditions to improve %RSE for avoiding any loss of energy and
materials.

3.2. The degradation mechanism of RBV

3.2.1. Identification of active components during RBV degradation

To directly confirm the presence of -OH and SOj- radicals during the
oxidation of RBV in the Fe?*/PS system, EPR spectroscopy was
employed. DMPO was used to capture free radicals, with the EPR spectra
scanned using an electron spin resonance spectrometer. The EPR
spectra, as shown in Fig. 2(a), revealed the detection of four DMPO-OH
characteristic peaks (intensity ratio 1:2:2:1) and six DMPO-SO4 peaks in
the Fe?'/PS added experimental group. This confirmed the existence of
-OH and SO%- during the RBV oxidation process in the Fe?>*/PS system.
The high degradation rate of RBV by Fe?'/PS oxidation further sub-
stantiates the role of -OH and SOj- in the system’s degradation mecha-
nism of RBV.

Additionally, the spectra revealed that in samples where only PS was
added, neither DMPO-OH nor DMPO-SO4 peaks were detected. How-
ever, a minor degradation of RBV was still observed in these PS-only
experiments, suggesting the presence of active species other than -OH
and SO%- in the FeXt/PS system. EPR spectroscopy using TEMP as a
radical trap was thus employed to detect these species. The EPR spectra,
as shown in Fig. 2(b), indicated the presence of three characteristic
TEMP-'0, peaks with an intensity ratio of 1:1:1 in both PS-only and
Fe?'/PS-added samples, signifying 'O, as another active species
involved in RBV oxidation. Notably, the intensity of TEMP-'0, peaks in
the Fe?*/PS group was significantly higher than in the PS-only group,
indicating enhanced 'O, generation upon the addition of Fe?*, .OH and
other reaction intermediates may ultimately be converted into 'O
through a series of complex reaction pathways. Considering that no
DMPO-OH was detected in the sample with only PS added, so the main
source of 10y in the PS system may be the conversion of other inter-
mediate products. Existing studies suggest that 'Oy can selectively
oxidize and degrade recalcitrant pollutants in water, though its activity
in degrading saturated alcohols like ethanol, methanol, and tert-butanol
is negligible (Hong et al., 2021).

FeO?" is another non-radical active component in the Fe>/PS sys-
tem (Zhou et al., 2023). Experiments under optimal conditions were
initiated with the addition of 0.5 mM TMSO. Sampling at different in-
tervals to detect TMSO, concentrations allowed for estimation of FeO*"
concentration changes, as illustrated in Fig. 2(c). The generation of
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Fig. 2. EPR spectra of (a) DMPO-OH and DMPO-SOy, (b) TEMP-'0, in RBV Fe?*/PS oxidation process and (c¢) TMSO,, concentration for FeO?' measure, for FeO?*
measure test, the [RBV]y = 2.0 mg/L, initial pH = 3,[PS]o = 4.0 mM, [PS/Fe?*] = 2/1, [CAlo = 0.5 mM, add in Fe?* in twice, [TMSO], = 0.5 mM).

TMSO; indicates the presence of FeO?" in the Fe?" /PS system. However,
the sulfonation rate of approximately 6.00 % indirectly suggests a minor
contribution of FeO?* to RBV degradation. This could be attributed to
the instability of FeO>" under acidic conditions, as previous study in-
dicates a higher stability of FeO?" in alkaline conditions, providing
sufficient time for interaction with pollutants (Koppenol, 2022).

3.2.2. Contribution of active components in RBV degradation

Alcohol inhibition experiments were conducted to study the contri-
butions of -OH and SOy to the degradation of RBV. The impact of various
alcohols on RBV degradation is depicted in Fig. 3(a). It was observed
that MeOH and TBA significantly inhibited RBV degradation, with
MeOH exhibiting a higher inhibition rate than TBA. The degradation
rates of RBV in the absence of alcohol, with MeOH, and with TBA were
96.01 %, 11.14 %, and 66.27 %, respectively, indicating the predomi-
nant contribution of SOz, followed by -OH. The addition of MeOH did
not inhibit the action of 10, due to its low reaction rate with 105, sug-
gesting that 10, does not play a major role in RBV degradation.

Radical tracer experiments, as shown in Fig. 3(b), further indirectly
confirm that -OH and SOj are the active components in the Fe?*/PS
oxidation process of RBV, with the exposure value of SO4 being signif-
icantly higher than that of -OH, indicating a stronger degradation effect
of SO on RBV. At 10 mins into the reaction, there was a substantial

increase in the exposure values of the radicals, due to the activation of
PS by the second addition of Fe?*, generating a large amount of -OH and
SO%.

3.2.3. RBV degradation products and pathways

Using HPLC-MS, ten products with m/z values of 113, 147, 198, 211,
241, 256, 283, 338, 340, and 344 were detected. Liu et al. (2021)
identified five DPs of RBV with m/z values of 241, 211, 198, and 147.
Thus, four identifiable DPs were determined as DP-1, DP-2, DP-3, and
DP-4, with corresponding mass spectral parameters listed in Table 1. DP-
1, with an m/z of 241, slightly lower than RBV’s 245, indicates the
presence of alcohol, carbonyl, and amide groups in RBV. The increased
unsaturation suggests DP-1 as a hydroxyl dehydrogenation product.
Researchers have demonstrated through quantum chemical calculations
that the amide group is likely susceptible to attack (Liu et al., 2021). DP-
2 and DP-3, based on their mass difference from DP-1, are hypothesized
to be the de-alcoholized and de-amidized degradation products of DP-1,
respectively. DP-3 may undergo C-N bond breakage and hydroxylation,
transforming into DP-4. Therefore, a possible RBV degradation pathway,
based on the above analysis, is proposed in Fig. 4. The mineralization of
RBV in the system was determined to be 13.1 % by total organic carbon
(TOC) analyzer(Fig. S5). Combined with the fact that the detected
products of RBV are macromolecules it can be seen that the degradation
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Fig. 3. (a) Effect of different alcohols on the degradation rate of RBV ([RBV] = 2.0 mg/L, initial pH = 3,[PS]o = 4.0 mM, [PS/Fe?*] = 2/1, [CA]o = 0.5 mM, add in
Fe?' in twice, [MeOH] = 2.0 M, [TBA] = 2.0 M), (b) Radical tracer experiments of SO3- and OH-.
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Table 1
Mass spectrometry parameters of the four degradation products.
Retention time Molecular formula Relative molecular mass ESI(+)/MS (m/2) Structural
DP-1 7.45 min CgHgN4O5 240 241 on
CL
N CoNH,
(o}
DP-2 6.22 min CyHgN4O4 210 211 Fi\
i %‘N N con,
0
DP-3 5.92 min C7H7N304 197 198 it
3
%’“\{
(o]
DP-4 8.20 min CsHgOs 146 147

i;[% _on

of RBV by the PS/Fe* system is not sufficient.

3.3. The effect factors of Fe>*/PS oxidation system on RBV degradation

To enhance the degradation efficiency of the Fe>™/PS oxidation
system for RBV, the influence of operational conditions on RBV degra-
dation was further investigated.

3.3.1. Impact of initial pH on RBV degradation

The effects of different initial pH levels on RBV degradation are
presented in Fig. 5. Results indicate that acidic conditions generally
promote higher degradation rates compared to neutral and alkaline
conditions. At pH 9, the degradation rate drops to its lowest at 24.22 %.
However, the optimal initial pH for RBV degradation is identified as 3,
achieving a degradation rate of 82.18 %. The enhanced efficiency under
acidic conditions is attributed to multiple factors: (1) Formation of Fe2t
complexes at pH > 4.0 impedes the reaction between Fe?' and PS,
leading to Fe?' precipitation as Fe>* ions, reducing the available Fe?*
and consequently diminishing PS activation (Xu and Li, 2010); (2) SO3-
exhibits higher redox potential in acidic solutions, resulting in higher
degradation rates (Romero et al., 2010). At pH 2, the degradation rate of
RBV is 54.57 %, lower than at pH 3, possibly due to reduced radical
quantities at lower pH levels, as corroborated by Khan and Adewuyi,
(2010).

3.3.2. Impact of reagents on RBV degradation

The influence of varying PS concentrations on RBV degradation is
illustrated in Fig. 6(a). An initial increase in degradation rate is observed
with rising PS molar concentrations, peaking when the concentration

shifts from 2 mM to 4 mM, elevating RBV degradation from 71.70 % to
83.88 %. This enhancement is attributed to an increase in active radicals
generated upon PS activation. However, degradation stabilizes with
further PS concentration increments, as demonstrated at 6 mM and 8
mb], yielding RBV removal rates of 81.39 % and 80.69 %, respectively.
This indicates that at 4 mM PS, sufficient active radicals for RBV

—=—pH2 —e—pH3 g 5
1.0 —A—pH5 —v—pH7 g
—6—pHY ; w0
E
0.8 -
o
<
T 0.6
0.4
0.2 -
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0 10 20 30 40 50 60
Time(min)

Fig. 5. Effect of different initial pH on the degradation of RBV. Initial experi-
mental conditions: [RBV]o = 8.0 uM, [PS]o = 4.0 mM, [Fe?'], = 2.0 mM.

N
—> v
):E/N\ N CONH,
o
OH o
[~ B\ /:B\ DP-2 m/z=211
N V
N ConH, —* "N “CONH, —
HG G
OH
Ribavirin m/z=245 DP-1 m/z=241 OH OH
/:
N
o o
DP-3 m/z=198 DP-4 m/z=147

Fig. 4. Possible RBV degradation pathway.
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Fig. 6. Effects of (a) different PS concentrations ([RBV], = 2.0 mg/L, initial pH = 3, [Fe?*]y = 2.0 mM), (b) different PS/Fe?* molar ratio ([RBV], = 2.0 mg/L, initial
pH = 3, [PS]p = 4.0 mM) and (c) different Fe?* dosage on the degradation of RBV([RBV]o = 2.0 mg/L, initial pH = 3, [PS]p = 4.0 mM, [PS/Fe?*] = 2/1, [CA]o=0.5

mM) on the degradation of RBV.

degradation are produced under the experimental conditions of this
study.

Additionally, altering PS/Fe?>" molar ratios under a 4 mM PS con-
centration was explored for its effect on RBV degradation, as shown in
Fig. 6(b). RBV removal rates initially increase then decrease with rising
Fe?* concentrations. A PS/Fe?™ molar ratio of 1/0.1 results in a 55.47 %
degradation rate at reaction completion. Increasing Fe>* to a 1/0.5 PS/
FeZ* ratio enhances the degradation rate to 83.86 %. However, further
Fe?t increments hinder RBV degradation, with a 1/1 PS/Fe?* ratio
resulting in only a 78.59 % degradation rate. Similar findings by Chen
et al. (2009) suggest that organic matter degradation initially increases
and then decreases with rising Fe?t concentrations. They explain that an
increase in Fe®* enhances SOj- generation from PS activation (Eq. (4),
thus elevating RBV degradation rates. Conversely, excess Fe2* competes
for SOy-, forming sulfate (Eq. (5), thereby diminishing RBV degradation
capacity. Consequently, a PS/Fe?" molar ratio of 1/0.5 is identified as
the optimal ratio for RBV degradation in the Fe>"/PS system.

Fe** + 5,05 >Fe’™ + SO - + SOy @)

2Fe* + 8,07 —2Fe +280%" (5)

The impact of different Fe> addition methods on RBV degradation
was additionally investigated, as shown in Fig. 6(c). In the Fe?*/PS
system, a single addition of Fe?* resulted in a lower RBV degradation
rate compared to batch additions. The RBV removal rate with a single
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FeZ* addition was 94.27 %, whereas batch additions of Fe>" consistently
achieved degradation rates over 98.00 %. The highest removal rate,
reaching 98.70 %, was observed with two separate additions of Fe?*.
Shang et al. (2019) also discovered that batch addition of Fe?* increased
the removal rate of diatrizoate by 61 %. This phenomenon can be
attributed to the gradual, batch addition of Fe?", leading to a slower
generation of SOy in the system, which allows for more effective
interaction between RBV and the radicals, thereby enhancing the
degradation rate.

3.3.3. Influence of reaction environment on RBV degradation

In addition to initial pH and reagent addition, other coexisting
components in the reaction environment can also impact the degrada-
tion of RBV by the Fe?*/PS oxidation system. Citric acid (CA), a green
chelating agent, has been confirmed by Han et al. (2015) to significantly
enhance the activation of Fe> on PS. Consequently, this study explored
the impact of different concentrations of CA on RBV degradation in the
Fe?'/PS system, as shown in Fig. 7(a). When the CA concentration
increased from 0 mM to 0.5 mM, the removal rate of RBV rose from
83.02 % to 95.53 %. However, further increases in CA concentration led
to a decrease in RBV removal. At a CA concentration of 2 mM, the RBV
removal rate was 87.27 %. Zeng et al. (2021) reached similar conclu-
sions in his study on the degradation of naphthalene solutions using Fe?*
activated persulfate coupled with CA, attributing the effect to CA pre-
venting Fe?™ precipitation and promoting the generation of active
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Fig. 7. Effects of (a) different molar ratios of citric acid (CA) ([RBV]o = 2.0 mg/L, initial pH = 3, [PS]o = 4.0 mM, [PS/Fe?*] = 2/1) and (b) different halogen ion
concentrations on the degradation of RBV ([RBV]y = 2.0 mg/L, initial pH = 3, [PS]y = 4.0 mM, [PS/Fe**] = 2/1, [CA]o = 0.5 mM, add in Fe?*' in twice).
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Table 2
Kinetic fitting of RBV degradation.
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Test Group Kobs' (min~1) in 0-5 min R2 for 0-5 min R2 for all data
Initial pH 2 0.1156 0.999 0.491
3 0.1806 0.985 0.733
5 0.0638 0.977 0.758
7 0.0488 0.989 0.625
9 0.0252 0.982 0.746
PS concentration 2 0.1419 0.969 0.624
4 0.2200 0.999 0.666
6 0.2004 0.994 0.653
8 0.1736 0.999 0.726
PS/Fe*" molar ratio 1/1 0.1573 0.998 0.675
1/0.5 0.2288 0.999 0.597
1/0.2 0.1199 0.999 0.553
1/0.1 0.0954 0.988 0.543

@ Apparent kinetic rate constant.

radicals. Excessive CA forms highly stable chelates with Fe?*, which is
not conducive to catalytic reaction of Fe’* (Rastogi et al., 2009). Huang
et al. (2005)also mentioned in his research that high concentrations of
citrate compete with target pollutants for SO%-.

Halide ions, commonly found in natural water bodies, were detected
in a river in Shenzhen, China, with concentrations of Cl', Br’, and T,
where Cl reached up to 3200 mg/L (Shi et al., 2018). Yang et al. (2014)
noted that halides compete with pollutants for reactive species, making
it essential to understand their influence on RBV degradation in the
Fe?"/PS system. The effect of varying concentrations of halide ions on
RBV degradation in the Fe?*/PS process is shown in Fig. 7(b). All three
halides inhibited RBV degradation, with the effect intensifying at higher
ion concentrations. This correlates with halide reactions forming weaker
halogen radicals compared to -OH and SOz-, as indicated in Egs. (6) —
(10) (Zhang and Parker, 2018). For instance, Cl- and Clz- have lower
oxidation potentials than SO4- and -OH. Thus, the presence of halide ions
reduces the Fe?"/PS removal rate of RBV. A first-order Kinetics fit was
conducted to understand the rate changes under different conditions.

X~ +-OH—XOH~ (6)
XOH -+ H'—-HXOH )
HXOH-—X- + H,0 (8)
X+ X =X, 9
SO, -+ X =807 +X 10)

3.3.4. RBV degradation kinetics
Pseudo first-order kinetic fitting was applied to RBV degradation
under various operational conditions (Table 2) as Eq. (11).

In(Ci/Co) = — kopst an)

where Ct and CO is RBV concentration at reaction time t and initial
concentration, respectively. The kops is apparent kinetic rate constant, t
refers to reaction time.

It was found that during the initial 5 min, the degradation process
followed a first-order kinetic model, with fitting R? values above 0.969.
However, as the reaction progressed, the process no longer followed this
model, with R? values dropping to 0.491 — 0.758 when fitting 0 — 60 min
data. In the subsequent degradation process, the degradation rate de-
creases, resulting in no longer following the first-order reaction kinetics.
This could be attributed to the rapid consumption of radicals due to RBV
degradation, resulting in a deviation from first-order kinetics as reactant
concentrations decreased. The result indicates the relatively rapid
degradation efficiency of RBV by PS/Fe?*. Besides, it also suggests that
achieving complete degradation of RBV requires a more sufficient
dosage of reagents.

Experiments on factors affecting the degradation efficiency in the
FeZ*/PS system indicated that optimal RBV degradation was achieved at
pH = 3, [PS] = 4 mM, and a PS/Fe?" molar ratio of 1/0.5. Kinetic study
demonstrated a correlation between apparent kinetic constants and re-
action conditions, with the highest constants observed under optimal
degradation conditions.

3.4. Biotoxicity assessment of DPs

During the degradation of pollutants, more toxic byproducts may be
formed. Therefore, to determine the least toxic reaction time in the RBV
degradation process, a sequential biotoxicity test was performed. The
inhibition rate of bioluminescence in Vibrio fischeri at different reaction
times is shown in Fig. 8. A general declining trend in toxicity was
observed, indicating a reduction in system toxicity over time. The most
significant decrease occurred within the first 30 min, with the inhibition
rate dropping from 31.58 % to 15.98 %, likely due to the rapid degra-
dation of RBV by abundant reactive species formed at the start of the
reaction. Between 30 and 60 min, the inhibition rate first increased, then
decreased, and increased again, with rates at 40, 50, and 60 min being
16.67 %, 11.91 %, and 13.23 % respectively. This fluctuation might be
due to the formation of more toxic byproducts during these periods, as
also indicated in studies by An et al. (2015a) and An et al. (2015b).
Continuing the reaction up to 150 min led to a further decrease in
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Fig. 8. Inhibition rate of luminescent of Vibrio fischeri from RBV degraded by
Fe2t/PS at different time ([RBV]o = 2.0 mg/L, [pH]o = 3,[PS]p = 4.0 mM, [PS/
Fe?*] = 2/1, [CAlo = 0.5 mM, add in Fe?* in twice).
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toxicity to 3.88 %. However, a slight increase in toxicity was observed
between 150 and 180 min, possibly due to the formation of toxic
degradation products. Therefore, based on these results, the optimal
degradation time for RBV should be controlled between 120 and 150
min to avoid the formation of toxic byproducts. However, it should be
noted that this is only the preliminary conclusions based on the current
single batch experiment, and further detailed exploration is still needed
in conjunction with the corresponding toxicology model study.

4. Conclusion

This study systematically investigated the degradation of RBV by the
Fe?"/PS system, demonstrating its significant effectiveness. Optimal
degradation (98.70 %) was achieved at pH = 3, PS concentration of 4
mM, PS/Fe?" molar ratio of 2:1, and CA concentration of 0.5 mM, with
two additions of Fe?". The impact of coexisting components in the re-
action environment on the degradation of RBV were also discussed, such
as CA and halide ions. The process followed first-order kinetics within
the initial 0 — 5 min, while due to the rapid consumption of radicals with
RBV degradation, resulting in a deviation from first-order kinetics as
reactant concentrations decreased. Furthermore, compared to existing
studies that focuses more on degradation efficiency, the degradation
mechanisms and biotoxicity assessment were also investigated. Active
species such as SOz-, -OH, 10,, and FeO*" were identified, with SOy and
-OH playing major roles. Four organic RBV degradation products were
detected, proposing a degradation mechanism based on active species
and product characterization. Toxicity assessment showed a reduction
in Vibrio fischeri inhibition rate from 31.58 % to 3.88 %. This research
provides a reference for addressing water environmental risks of phar-
maceutical residues post-pandemic, and fill the gap in the application of
Fe?"/PS technology for RBV degradation. Further studies are required to
validate degradation efficiency in real-world scenarios and consider the
influence of coexisting natural water conditions on the degradation
process.
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