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In this study, nano zero-valent iron (nZVI) was utilized to activate persulfate (PS) for the degradation of
metoprolol (MTP), a commonly used drug for curing cardiovascular diseases, in water. Quenching tests
indicated that both the sulfate radical (SO4~) and hydroxyl radical ("OH) contributed to the degradation
of MTP, while SO,~ seemed to play a large role under natural pH conditions. Batch tests were
conducted to investigate the effects of several influencing factors, such as PS concentration, initial MTP
concentration, pH, temperature and common anions, on the degradation performance of MTP.
Generally, lower MTP concentration and pH values, and higher PS concentration and temperature
favoured MTP degradation. HCOz~, NOs~ and S0O42~ were found to inhibit MTP degradation, while CL™
enhanced MTP degradation. Several corrosion products of nZVI, including FezO,4, Fe,Oz and FeSO,4, were
formed during the reaction, which was reflected by the combined XRD and XPS analysis. Degradation

Received 10th February 2020 pathways of MTP were proposed according to the identified transformation products, and the peak areas

Accepted 28th May 2020
of the major products along with the time were also monitored. Finally, the toxicity of the reaction

DOI: 10.1035/d0ra01273d solution was assessed by experiments using Aliivibrio fischeri. Overall, it could be concluded that nZVI/PS

rsc.li/rsc-advances might be a promising method for the rapid treatment of MTP-caused water pollution.

ecosystem and their low removal efficiency by WWTPs,
a method to remove these compounds efficiently from the
aquatic environment by suitable technologies is urgently

1. Introduction

Beta (B)-blockers are a type of drug that can inhibit the activa-

tion and stimulation of beta-adrenergic receptors in multiple
organs and are extensively used for curing cardiovascular
diseases, i.e., angina and hypertension.* Currently, this kind of
drug is often detected in wastewaters or surface waters at
concentrations in the range of ng L™ to pg L™, largely due to
their wide utilization as well as incomplete removal by our
conventional wastewater treatment plants (WWTPs).>® As
a frequently prescribed B-blocker, metoprolol (MTP) shows
higher stability and has a longer estimated half-life in
comparison with two other commonly prescribed B-blockers,
propranolol and atenolol, under the condition of simulated
solar irradiation.* A considerable number of studies have
demonstrated that B-blockers including MTP have potential
environment risks.>® Therefore, due to their side effects on our
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required.

Lately, emerging sulfate radical (SO, " )-based advanced
oxidation processes have gained much attention owing to their
ability to decompose and mineralize recalcitrant micro organic
pollutants in aqueous solution. SO,"~ (2.5-3.1 V) has a compa-
rable or even higher standard redox potential than "OH (2.8 V),
which can also readily degrade organic contaminants.”®
Commonly, SO,"~ can be produced from stable and low-cost
persulfate (PS) or peroxymonosulfate (PMS) by various activa-
tion paths, ie., ultraviolet radiation, transition metals, heat,
and ultrasound (US), as shown in eqn (1).°

$:0¢°" + activator — SOy~ + (SO;~ or SOS) (1)
Fe?" +5,0¢° — S04~ +S0,> + Fe’* (2)
Fe* +804~ — Fe'' +50,> 3)

2Fe’ + 0, + 2H,0 — 2Fe*" + 40H™ @

Fe’ + 2H,0 — Fe’* + 20H™ + H, )
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Fe’ + S,04%” — Fe?* + 250, (6)
Fe’ + 2Fe’ — 3Fe?* 7)

Among these methods, transition metals, especially iron
species such as ferrous iron (Fe**), are generally recognized as
highly effective and non-toxic activators of PS to produce SO, ™
(eqn (2)).** Considering that ferrous iron (Fe**) is hard to
regenerate after rapid oxidation to ferric iron (Fe**) and excess
Fe”" can also scavenge SO,"~ (eqn (3)), the application of such
a process for water treatment would be easily restricted.'® To
overcome this drawback intrinsic to Fe** activated PS system,
zero-valent iron (ZVI) is considered as a potential alternative
that can maintain proper quantities of Fe>* during the activa-
tion of PS. To further improve the efficiency of the ZVI/PS
system, nanoscale ZVI has recently been widely adopted for PS
activation to remove organic contaminants in water owing to its
larger surface area and high reactivity."* During the nZVI/PS
system, dissolved Fe** can be generated from the corrosion of
nZVvI (eqn (4)-(6)), which would serve as the activator for PS to
produce SO; .2 In addition, Fe® is capable of regenerating Fe**
to Fe®" on its surface (eqn (7)) as well as reducing the precipi-
tation of iron hydroxides, which would accelerate the decom-
position of the target contaminants.****

Hence, in the present study we aimed to evaluate the feasi-
bility of the nZVI/PS system for degrading MTP in water and to
investigate the effects of major influencing factors, including PS
concentration, initial MTP concentration, pH, temperature and
anions. Then, the variation of nZVI after PS corrosion were
analysed by XRD and XPS. Furthermore, four possible degra-
dation pathways were tentatively put forward according to the
intermediate products. Lastly, Aliivibrio fischeri experiments was
used to estimate the toxicity of MTP and its products.

2. Materials and methods

2.1. Chemicals

High ultrapure water, obtained from a Milli-Q water purification
system, was used for preparing all the solutions. Metoprolol
tartrate salt (98%), commercial nZVI (50 nm) and ferrous sulfate
heptahydrate (>99%) were acquired from Aladdin (Shanghai,
China). Sodium persulfate (PS), tert-butanol (TBA), ethanol
(EtOH), sodium hydroxide (NaOH), sulfuric acid (H,SO,),
sodium chloride (NaCl), sodium sulfate anhydrous (Na,SO,),
sodium nitrate (NaNOs;) and sodium bicarbonate (NaHCOj3)
were purchased from Shanghai Sinopharm Chemical Reagent
Co., Ltd (China). The effluent of the secondary treatment was
collected from one wastewater treatment plant (WWTP) in
Shanghai, China. The major qualities of WWTP effluent were
summarized in Table S1.f The WWTP effluent were filtered
through a 0.45 pym membrane filter with 48 h after sampling
and stored at 4 °C until use.

2.2. Experimental procedure

Batch experiments were conducted in 500 mL beakers con-
taining 300 mL reaction solution. All the tests were maintained
at a fixed temperature of 20 £ 1 °C via a water bath. A
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mechanical agitator (HJ-4S, Jiangsu Jintan Xicheng Xinrui
Instrument Factory, China) was placed in the middle of the
beaker to guarantee the solution mixed thoroughly during the
reaction. The reactions were initiated by adding appropriate
amounts of PS and nZVI to the MTP solution. Control tests in
which PS was activated by Fe*" were also conducted using the
same molar ratio as nZVI did. The desired solution pH values
were adjusted by adding 1 N NaOH or H,SO,. Aqueous samples
were collected at designated times and immediately filtered
through a 0.22 um pore polytetrafluoroethylene filter and then
instantly quenched with EtOH for further analysis. All the tests
were conducted in triplicate, and the mean values were recor-
ded and reported.

2.3. Analyses

MTP was quantified using a Shimadzu HPLC system (Japan)
equipped with a UV detector set at 222 nm and a Waters C18
column (5 pm, 4.6 x 250 mm). The mobile phase consisted of
acetonitrile and 10 mM acetate buffer (v/v, 40/60) at a flow rate
of 0.8 mL min~'. The Fe** and PS concentrations were quanti-
fied using the o-phenanthroline and potassium iodide spec-
trophotometric methods, respectively. Total organic carbon
(TOC) was measured by a Multi N/C 3100 carbon analyser
(Analytik Jena, Germany).

The intermediate products of MTP were analyzed by LC/MS/
MS, which consisted of a HPLC system (Waters, €2695) and
a TSQ Quantum mass spectrometer (Thermo) equipped with an
electrospray ionization (ESI) source and operating in positive
mode. Products separation were acquired on a Hypersil Gold
C18 column (5 pm, 2.1 x 150 mm, Thermo). Elution was per-
formed at a flow rate of 0.25 mL min~" with 10 mM acetate
buffer (solvent A) and acetonitrile (solvent B). A gradient pro-
gramme was adopted as follows: 1% B for the first 5 min, linear
increase to 50% B for the afterward 10 min and gradual
decrease to 1% B over the next 10 min. The spray voltage was 3.5
kv. The sheath gas pressure and the capillary temperature were
30 arbitrary units and 250 °C, respectively. The mass analyser
was operated in both full scan mode and product scan mode for
product identification.

The morphology of nZVI was examined by transmission
electron microscopy (TEM) (JEM 2100 F) at 200 kV. The crystal
structure of nZVI was analysed by X-ray diffraction (XRD) (Dmax
2500, Rigaku, Japan), and the elemental composition of nZvI
was analysed by X-ray photoelectron spectroscopy (XPS) (Kratos
AXIS SUPRA, Shimadzu, Japan).

2.4. Toxicity evaluation

The acute toxicity of samples treated with nZVI/PS was deter-
mined by quantifying the decrease in the bioluminescence of
Alivibrio fischeri. The luminescence was detected using a Mith-
ras LB 940 multimode microplate reader (Berthold Technolo-
gies, Germany). The inhibition rate is expressed by eqn (8).

Ly— L

0

Inhibition rate = x 100% (8)
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where L, and L are the luminosity of the blank sample and the
reaction samples, respectively.

3. Results and discussion

3.1. Removal of MTP under different systems

Tests were first performed to evaluate the removal performance
of MTP by four different systems, namely, PS, nZVI, Fe**/PS and
nZVI/PS. Fig. 1(a) shows that no noticeable MTP degradation
within 30 min for PS or nZVI alone. In contrast, the degradation
of MTP largely improved in the latter two systems, reaching
47.5% and 91.1% in the Fe*/PS and nZVI/PS systems after
30 min of treatment, respectively. The enhancement of MTP
degradation is attributed to the production of high oxidizing
power species (SO," /°OH).” In addition, the Fe*'/PS system
seemingly achieved a higher MTP degradation rate in the initial
phase. This phenomenon could be attributed to a fast reaction
between Fe®* and PS to rapidly produce a higher amount of
SO,"~ that resulting in a significant MTP degradation rate.
While, the formed Fe*" was difficult to reduced back to Fe*",
thus less production of SO,"” led to the termination of the
degradation of MTP in the subsequent phase. However, as an
iron source, nZVI can gradually release Fe®', resulting the
scavenging effect caused by excess Fe*>" becomes weaken and
the production of SO,"~ becomes more moderately, which could
explain the better performance on MTP degradation in the latter
period during the nZVI/PS system.

The variation in the PS and Fe®" concentrations was moni-
tored during the treatment in order to interpret the interactions
between PS and nZVI. As presented in Fig. 1(b), the PS
concentration significantly decreased from 2 to 0.25 mM within
30 min, while the concentration of Fe*>* only increased from 0 to
3.6 mg L' at 30 min. This slight increase indicated that Fe>*
was consumed to speed up the reaction described in eqn (2),
thereby leading to an increase in PS decomposition. In addition,
excess Fe?* can scavenge SO, ~, resulting in less Fe** but more
Fe** (eqn (3)).**** However, the recycling of Fe** to Fe*>" on the
surface of nZVI can maintain a suitable Fe** concentration in
solution (eqn (7)).
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Both SO, and "OH may participated in the degradation of
MTP during the nZVI/PS process. EtOH and TBA were selected
as probes during the reaction to confirm the major oxidizing
species for MTP degradation. EtOH has been reported to react
with both SO, (1.6-7.7 x 10’ M~" s~ ") and "OH (1.2-2.8 x 10’
M " s7') at high rates. While, TBA reacts with SO,"~ and "OH at
different rates, and the second order rate constant for TBA
reacting with "OH is 3.8-7.6 x 10° M~' s™', which is about 3-
order greater than that with SO;"~ (4.0-9.1 x 10° M ' s 1).*%
Fig. S17 presents the degradation of MTP decreased from 91.1%
to 83.4% and 63.6%, respectively, in the presence of 20 mM TBA
or EtOH ([scavenger],/[PS]p = 10:1). Moreover, when the
concentration of TBA or EtOH reached to 200 mM ([scavenger],/
[PS]o = 100 : 1), the degradation of MTP further decreased to
72.5% and 25.3%, respectively. The inhibition of the degrada-
tion of MTP in the presence of TBA was much less than that in
the presence of EtOH, indicating that despite both SO,"~ and
‘OH contributed to the degradation of MTP, SO, had a more
predominant role.

3.2. Effect of PS concentration

The effect of PS concentration on MTP degradation is shown in
Fig. 2. As seen, the degradation of MTP increased from 40.2% to
96.3% as the PS concentration rised from 0.5 to 3 mM, revealing
that a higher PS concentration favoured MTP degradation. This
enhancement could be ascribed to the greater decomposition of
PS to produce more SO, . However, as the PS concentration
further increased to 4 mM, the degradation of MTP remained
almost unchanged, probably due to the side reaction between
SO," " and excess PS and the self-combination of SO,", causing
an insignificant improvement during the process (eqn (9) and

(10)).¢
SO~ + S,08% — 280, + 8,05, k=6.1 x 10° M~ ' s71(9)

SO, ™ +5047 = $,08 7, k=40x10°M7's™" (10
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Fig.1 (a) Removal of MTP under different systems; (b) the changes in PS and Fe* concentrations in the nZVI/PS system. Conditions: [MTP]g =
0.05 mM, [PS]g = 2 mM, [nZVI]p = 0.33 g L™ (5.89 mM), [Fe?*]y = 5.89 mM, no pH adjustment.
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Time (min)

Fig. 2 Effect of PS concentration on MTP degradation. Conditions:
[MTP]p = 0.05 mM, [PSly = 0.25-4 mM, [nZVll, = 0.33 g L%, no pH
adjustment.

3.3. Effect of initial MTP concentration

The effect of initial MTP concentration on MTP degradation is
shown in Fig. 3. As displayed in Fig. 3, the degradation effi-
ciency of MTP was largely depended on its initial concentration.
When the initial concentration was 0.01 mM, almost completely
MTP removal was achieved within 30 min. With the initial MTP
concentration increased from 0.1 mM to 0.2 mM, the MTP
degradation efficiency decrease to 47.5%. Thus, higher initial
MTP concentration resulted a lower removal efficiency. Gener-
ally, the generation of SO,"~ would be constant under identical
conditions. Further, increasing initial MTP concentration
would increase the time took to transfer to the nZVI surface,
thus reducing the rate of SO, yielded by PS activated by nZVI."”

0 5 10 15 20 25 30
Time (min)

Fig. 3 Effect of initial MTP concentration on MTP degradation.
Conditions: [MTPlp = 0.01-0.2 mM, [PSlg =2 mM, [nZVIlo=0.33g L%,
no pH adjustment.
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3.4. Effect of initial pH

The effect of the initial solution pH on MTP degradation is
shown in Fig. 4. It can be clearly observed that the maximum
degradation efficiency of 99.5% was achieved at pH 3 and
almost 88.7% of MTP was degraded within the first 5 min. With
the pH rised from 5 to 9, the degradation of MTP slightly
reduced from 95.9% to 83.8%. These results verified that acidic
conditions favour MTP degradation because of the generation
of more SO, ~ by accelerated nZVI corrosion to activate PS (eqn
(11)).*® However, it is worth noting that significant inhibition of
MTP degradation was observed at pH 11, suggesting that the
degradation is hindered under alkaline conditions. As the pH
increased, more "OH would be produced according to eqn (12)
and (13)." "OH can also be scavenged by a high concentration of
OH™ (eqn (14)).>° Moreover, the precipitates of Fe*>" and Fe*
under strong alkaline conditions (eqn (15) and (16)) covered the
nZVl surface, thus leading to less release of Fe>* for PS
activation.*

Fe’ + 2H" — Fe** + H, (11)

All pH: SO, + H,0 < SO~ + H" + "OH (12)
Alkaline pH: SO4"~ + OH™ — SO,*>~ + "OH (13)
'OH+OH — 'O +H,0,k=12x10"M's™' (14)
Fe** + 20H™ — Fe(OH), (15)

Fe** + 30H™ — Fe(OH); (16)

3.5. Effect of temperature

The effect of temperature on MTP degradation is shown in
Fig. 5. The degradation slightly increased from 91.1% to 94.9%
after 30 min as the temperature increased from 20 to 55 °C (293-

Time (min)

Fig. 4 Effect of initial pH on MTP degradation. Conditions: [MTP]p =
0.05 mM, [PSlp = 2 mM, [nZVllo = 0.33 g L%, pH = 3-11.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Effect of temperature on MTP degradation. Conditions: [MTP]q
=0.05mM, [PSlp =2 mM, [nZVllp = 0.33 g L%, T = 293-328 K, no pH
adjustment.

328 K). These findings indicate that higher temperatures favour
MTP degradation, possibly because the reaction between PS
with Fe®" is accelerated by increasing the temperature (eqn
(2)).* Another possible explanation is that more Fe** is
produced by iron corrosion in the nZVI/PS system under higher
temperature conditions (eqn (4) and (5))."®* There is a good
linear relationship between In kand 1/T as exhibited in the inset
of Fig. 4, and the data are well fit by the Arrhenius equation
described in eqn (17).

E,

Ink=In4-
n n RT

17)

where k is the initial rate constant for each temperature (s~ ), A
is the pre-exponential factor (s™'), E, is the apparent activation
energy (k] mol %), R is the universal gas constant (8.314 J mol *
K™ '), and Tis the absolute temperature (K). Then, the activation
energy was determined as 14.58 k] mol ™ *, the value is relatively
lower than that required for other previously reported
contaminants, such as 2,4-dichlorophenol (91.5 kJ mol '),
and fenitrothion (90.6 kJ mol ')*® and bentazon
(43.5 kJ mol "),*® indicating that such a reaction can be easily
attained. However, prior studies also revealed that rapid
consumption of PS and side reactions may also occur simulta-
neously at higher temperatures, which can explain the slight
increase in MTP removal within 30 min by nZVI/PS under
different temperatures.”* Therefore, an optimal temperature
should be determined for efficient removal of MTP in practical
usage.

3.6. Effect of common anions

The effect of common anions on MTP degradation is shown in
Fig. 6. As observed, all the tested anions showed an inhibitory
effect towards MTP degradation except for Cl™. Specifically, the
removal efficiency of MTP decreased from 91.1% (without
anions) to 79.5%, 72.3%, and 14.7% with the addition of SO,>~,
NO;, and HCO; ™, respectively, indicating that the inhibitory

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Effect of anions on MTP degradation. Experimental conditions:
IMTPlp = 0.05 mM, [PSlg = 2 mM, [nZVIlp = 0.33 g L™, [anions]y =
5 mM, no pH adjustment.

extent of the tested anions followed the order of HCO;™ > NO; ™
>S0,%".

The observed slight inhibition exerted by NO;~ on the
removal efficiency can be explained by its ability to react with
SO, ~ at a low rate of 2.1 x 10° M~' s~ to produce NO;" (2.50
V), which is a comparatively less reactive radical (eqn (18)).>
The inhibitive effect of SO,>~ on MTP degradation resulted
from the following reasons: first, the oxidation-reduction
potential of SO, 7/SO,>~ reduced with increasing SO4>~
concentration;*® second, SO,>~ could react with both Fe*" and
Fe*" to produce a mixture of Fe(SO,)*~ and FeSO," complexes,
resulting in lower concentration of Fe** by coordination;”
furthermore, SO,>~ could reduce the oxygenation of Fe* in
neutral and slightly acidic solutions due to the generation of ion
pairs (FeSO,) that are more difficult to oxidize.?® Compared to
NO;~ and SO,>, the stronger inhibitory effect exerted by
HCO;™ on MTP degradation was attributed to HCO;™ being
a great scavenger for both SO, and '‘OH and CO;"~ with
a lower oxidation potential would be generated through the
reactions described in eqn (19)-(21).%° Moreover, the addition of
HCO;™ would increase the pH of the reaction solution, and the
basic conditions decreased the degradation of MTP as dis-
cussed earlier. Finally, the dissociation equilibrium of HCO;™
in aqueous solution resulted in the coexistence of HCO;  and
CO; ™, and it has been reported that CO;>~ can combine with
Fe®" to precipitate FeCOs, resulting in less Fe*" available for PS
activation.””

SO,~ + NO;” =80, +NO;, k=21x10°M"s" (18)
SO, + HCO; —S0,* + HCO; (19)

"OH + HCO;~ — CO3™~ + H,0 (20)
HCO;—H" + CO;™~ (21)

RSC Adv, 2020, 10, 20991-20999 | 20995
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It is of interest to observe that the addition of C1™ accelerated
the degradation of MTP, although it is commonly assumed that
Cl™ has an adverse impact on SO,  -based oxidation perfor-
mance.*® Our observation is in accordance with the results of
Wei et al., who reported that CI™ could accelerate bentazon
degradation.”® The positive effects can be explained by the
generation of reactive chlorine radicals including C1" (2.4 V) and
Cl,"” (1.36 V) according to eqn (22) and (23), which can also be
involved in the degradation of MTP.** According to Fang et al.,
the addition of Cl™ could influence the distribution of radical
species and the sum of radical species during a SO,  -based
oxidation process.** Despite the reported rate constant between
Cl,"” and MTP ((5.07 + 0.38) x 10® M~ " s7') being lower than
that of SO, and MTP ((5.11 £ 0.12) x 10° M~" s "), the total
amount of radical species would increase with the presence of
Cl™, thus enhancing MTP degradation.**** Another explanation
for our observation in MTP degradation might be that the
presence of Cl™ increases the ion strength, enhancing the
adsorption of MTP on the surface of iron and/or iron oxide, and
finally accelerating the surface reaction because the radicals
were produced at the surface of iron.**

SO, + ClI” « CI' + SO~ (22)

Cl'+ClI” « ClLy'™ (23)

In order to evaluate the feasibility of nZVI/PS process on the
removal of MTP in the aquatic environment, MTP degradation
in WWTP effluent was also conducted. Fig. S21 presents the
degradation kinetics of MTP in the WWTP effluent. Obviously,
MTP degradation was significantly reduced in WWTP effluent
than that in pure water. The removal rate of MTP at 30 min was
47.8% by the nZVI/PS in the WWTP effluent, while that was
91.1% in pure water. As listed in Table S1,} inorganic anions
and NOM are presented in wastewater (WW) sample. Fig. 6
showed that the co-existing inorganic anions, such as NO;,
S0,>, inhibited the degradation of MTP and the presence of
NOM would also compete with MTP for SO,”~ and/or "OH,
which were likely to affect the MTP degradation in WW. Thus,
higher temperature as well as longer reaction time may be
needed for more efficiently removal of MTP in real water matrix.

3.7. Transformation of nZVI

The pristine nZVI exhibited itself as aggregates of spherical
particles with a diameter of approximately 50 nm (Fig. S37).
After exposure to the reaction process for 30 min, the surface of
nZvI particles became coarse and their diameters notably
increased, possibly because of the formation of iron oxidation
products, such as goethite (o-FeOOH), haematite (o-Fe,03) and
magnetite (Fe;0,), that covered the nZVI surface as previously
reported.>®

Fig. 7(a) shows that the diffraction peaks at 26 values of 44.7°
(hk1=110),65.2° (hkl=200)and 82.5° (h k=21 1) were
sharp and intense, confirming the presence of Fe’ according to
the basic reflection.”” XRD patterns exhibited some new
diffraction peaks after nZVI exposure to the reaction, and the
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weak characteristic peaks at 26 values of 35.4° and 62.7° indi-
cated the formation of Fe;0, and Fe,O3, respectively."”

XPS analysis was also employed to further inspect the surface
composition of nZVI after being subjected to the oxidation
process. Fig. 7(b) presents the spectra of the Fe 2p region. The
peaks at binding energy (BE) values of 711.9, 710.2 and 706.9 eV
were related to Fe(m), Fe(u1) and Fe(0) of Fe 2ps,, in pristine nZVI,
respectively. For Fe 2p,,,, peaks appeared at 725.7, 723.8 and
719.1 eV.% After the reaction, it can be clearly observed that the
peak of Fe(0) cannot be found in the spectra of Fe 2pj3/,, and the
proportion of Fe(u) species improved from 47.75% to 60.12%;
these results were related to the exhaustion of Fe(0) to trans-
form into more Fe(m) during the process. The changes in the
distribution of Fe(mr) and Fe(u) suggested that electron transfer
occurred on the nZVI surface. Fig. 7(c) exhibits the O 1s spectra
of nZVI before and after the reaction, the two main peaks at
529.8 and 531.2 eV observed from the fresh nZvI were assigned
to lattice oxygen (O®) and OH ™, respectively.®® After the reac-
tion, an additional peak located at 533.2 eV can be seen in the O
1s spectra, which was assigned to the oxygen in sulfate (SO,>").
Moreover, the results of the S 2p spectra further confirmed the
generation of sulfate. As presented in Fig. 7(d), compared to no
detectable sulfur on the surface of fresh nZvI, a significant
sulfur peak at 168.0 eV assigned to sulfate was found after
reaction, and these observations implied that ferrous sulfate
(FeSO,) probably formed on the nZVI surface after utilization.*
These results confirmed the formation of oxidation layer after
nZVI was subjected to the oxidation process.

3.8. Degradation pathways of MTP

The intermediate products of MTP via nZVI/PS were explored by
LC/MS/MS. Fig. S47 depicts the total ion current (TIC) chro-
matograms of the samples obtained under different reaction
times. As exhibited in Fig. S4,T the chromatograms show clearly
the appearance of new peaks corresponding to the products
from the degradation of MTP. In addition, these products have
more hydrophilic structure than MTP since it was eluted out
from the column prior to MTP. The identified products and
their MS/MS patterns are displayed in Fig. S5 and Table S2.1 In
brief, four major pathways for MTP degradation can be sug-
gested based on the identified products (Fig. 8). Pathway I was
initiated by the attack of SO,"~ and/or '‘OH at the ether bond of
MTP, resulting in the cleavage of an ether linkage to form
P133.*° Pathway II was initiated by SO,"~ through electron
transfer or "OH through hydroxyl addition mechanisms, leading
to the formation of the hydroxylated product P283-I, which was
further hydroxylated to form P299. The hydroxylation of an
aromatic ring has always been considered a major oxidation
pathway induced by SO, -based oxidation systems.** The
product P281 with m/z of 282 was recognized as 1-(4-(2-hydroxy-
3-(isopropylamino)propoxy)phenyl)-2-methoxyethanone,

deriving from the oxidation of -OH to the -C=0 on the branch
chain of P283-11.** Unlike P283-I, P283-11 was derived from the
hydroxylation that occurred at the methoxyethyl side chain
rather than the aromatic ring of MTP.** However, P283-II was
not detected in the present study most likely owing to its fast

This journal is © The Royal Society of Chemistry 2020
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transformation rate in the nZVI/PS system. Pathway III occurred
via "OH attack on the ether side chain followed by elimination
to yield a transformation product P239, followed by the oxida-
tion of alcohol to aldehyde, which produces P237. Then,
hydroxylated P237 and P253-1 formed under the attack of SO,
and/or "OH. Pathway IV includes the cleavage of the terminal
methyl group to yield P253-II, which was also identified as the
ozonation product of MTP.* The proposed reaction mechanism
involved in MTP degradation includes hydroxylation, cleavage
of an ether bond, demethoxylation and demethylation.
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Fig. S61 shows the evolution of the products' peak areas
along with the reaction time. As seen, the peak areas of the
majority of products show an up-down trend, indicating the
capability of oxidizing these products by the nZVI/PS system.
For example, the maximum formation of P283-I, P299, P281,
and P237 appeared during the first 10-20 min, and then slowly
declined with increasing the reaction time. Of note, the major
product (P133) increased continuously until the end of the
reaction.
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Fig. 8 Degradation pathways for MTP during nZVI/PS treatment. Conditions: [MTPlg = 0.05 mM, [PSlg = 2 mM, [nZVIlo = 0.33 g L™, no pH

adjustment.
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0.33 g L™, no pH adjustment.

3.9. Toxicity analysis

The toxicity of the intermediate byproducts of target pollutant is
important in assessing whether a technique is effective and
environmentally friendly or not. Fig. 9 exhibits the evolution of
acute toxicity along with the reaction time evaluated by biolu-
minescence experiments. As seen, although complete MTP
removal could be achieved within 45 min, the specific value of
TOC,/TOC, decreased gradually from 100% to 75.9% in 60 min,
indicating that most of the degraded MTP remained in the
solution, as discussed earlier, and was not completely miner-
alized. The toxicity change showed an increasing and then
decreasing trend, with a maximum value of 71.2% occurred at
30 min, revealing the intermediate products with more toxic
than MTP were formed during the initial stage of the reaction.
The presence of some identified or unidentified products
including aliphatic intermediates, have also been reported to
exert more toxicity than its parent compound.** Further, some
carcinogenic products, such as P237, should also be deserved of
great concern.”” On the other hand, it has been demonstrated
that there has a positive correlation between a compound and
its octanol-water partition coefficient.*® Thus, the toxicity of the
formed hydroxylated products, such as P283-I, which derived
from the oxidation of SO,"/°OH, might be reduced. Most of the
products were expected to decompose or even mineralize with
prolonging the reaction time. Therefore, the nZVI/PS process
possesses promising potential for treating MTP-polluted water
as well as controlling its toxicity.

4. Conclusions

This study investigated the applicability of the nZVI/PS process
for MTP degradation in water. Nearly 91.1% removal of 0.05 mM
MTP was achieved within 30 min at a PS concentration of 2 mM
and a nZVI dosage of 0.33 g L™'. SO,"~ was identified as the
predominant radical responsible for MTP degradation. Higher
PS concentrations and temperatures, initial MTP
concentrations and acidic conditions could enhance the

lower
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removal of MTP. Moreover, inorganic anions such as NO;,
SO,>”, HCO;™ and Cl~ greatly affect MTP degradation in the
nZVI/PS system. On the basis of XRD and XPS analysis, it can be
concluded that Fe;O4, Fe,O; and FeSO, formed on the nZVI
surface after reaction. Several intermediate products were
recognized, of which reveals the four initial degradation path-
ways, such as hydroxylation, cleavage of an ether bond, deme-
thoxylation and demethylation. Toxicity test indicated that the
toxicity of MTP could be controlled by the nZVI/PS treatment.
This study can help us to understand the reaction mechanisms,
as well as the transformation pathways of MTP by the nZVI/PS
treatment.
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