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Trichloroethylene (TCE) is an Environmental Protection Agency (EPA) priority pollutant that is difficult to be
removed by some remediation methods. For instance, TCE removal using persulfate (PS) activated by
ferrous iron (Fe(i) has been tested but is limited by the unstable Fe(i) concentration and the initial pH of
contaminated water samples. Here we reported a new TCE removal system, in which tannic acid (TA)
promoted the activation of PS with Fe(i) (TA-Fe(i)-PS system). The effect of initial pH, temperature, and
concentrations of PS, Fe(i), TA, inorganic anions and humic acid on TCE removal was investigated. We
found that the TA-Fe(i)-PS system with 80 mg L™ of TA, 1.5 mM of Fe(i) and 15 mM of PS yielded about
96.2-99.1% TCE removal in the pH range of 1.5-11.0. Radical quenching experiments were performed to
identify active species. Results showed that SO, ~ and ‘OH were primarily responsible for TCE removal in
the TA-Fe()-PS system. In the presence of TA, the Fe-TA chelation and the reduction of TA could
regulate Fe() concentration and activate persulfate for continuously releasing reactive species under
alkaline conditions. Based on the excellent removal performance for TCE, the TA-Fe()-PS system
becomes a promising candidate for controlling TCE in groundwater.
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Introduction

In recent years, the cases of soil and groundwater polluted by
chlorinated-volatile organic compounds (CI-VOCs) have
increased dramatically around the world, which has become an
environmental problem that cannot be ignored.'* According to
the statistics of the superfund remedy report 16th edition, 78%
of the contaminated sites have excessive Cl-VOCs. Trichloro-
ethylene (TCE) is a typical Cl-VOC, commonly used as an
industrial solvent, household cleaner, and metal degreaser.*”
TCE is classified by the Environmental Protection Agency (EPA)
as a priority environmental pollutant because of its greater
density than water, stable chemical properties, and toxicity.*® It
has been reported that exposure to TCE may damage the human
central nervous system with major symptoms such as nausea,
facial numbness, and incoordination.’®'* Therefore, there is
a great need to develop an efficient removal process for TCE.
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In order to control the content of TCE in groundwater,
several studies have been reported, such as bioremediation
processes,”” membrane separation processes,"”® physical
adsorption processes,'*** chemical reduction processes,'>"”
advanced oxidation processes (AOPs),>® etc. Among these tech-
nologies, AOPs have received a lot of attention in the last
decade.'® AOPs refer to the introduction of strong oxidants into
groundwater, which can be activated by some methods, thereby
oxidatively degrading the pollutants into low-toxic or non-toxic
substances.'*' Due to their green and environmentally friendly
characteristics, AOPs have become a panacea for environmental
remediation. Persulfate (PS) is a commonly used oxidant in
AOPs. Compared with H,0,, PS has higher redox potential,
easier storage way and lower price.”**® Through activation
methods such as heating,**** ultrasound,***” ultraviolet,**** and
transition metals,**** etc., PS can be activated to generate
reactive species, which are responsible for the oxidative degra-
dation of pollutants. Due to the abundant content in nature,
ferrous iron (Fe(u)) is considered as a promising homogeneous
activator.**2* Similar to the traditional Fenton reaction, the
activation of PS by Fe(u) (Fe(u)-PS system) can generate reactive
species such as sulfate radicals (SO, ) and hydroxyl radicals
(OH).>** In the pursuit of higher reaction rate, excess Fe(u) is
often added to Fe(u)-PS system, which results in the consump-
tion of large amounts of generated SO, ~.*** To solve this
problem, some complexing agents, such as ethyl-
enediaminetetraacetic acid (EDTA),*** citric acid (CA),*® are
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used to adjust the concentration of Fe(u) to maintain the reac-
tivity of the Fe(u)-PS system. However, Fe(u) still gradually acti-
vate PS and convert to trivalent iron (Fe(mr)). Meanwhile, these
removal systems generally have better removal percentage
under acidic conditions due to the generation of iron hydroxide
under alkaline conditions.*

Tannic acid (TA), a biodegradable natural polyphenol, is
a benign reducing agent.* Our previous work showed that the
Fe-TA chelation could keep Fe ions stable under alkaline
conditions.*** Considering the reducing properties and tran-
sition metal complexation, we believe that TA facilitate the
activation of PS by Fe(u). Therefore, in this study, a new TCE
removal system was established in which TA was used to
promote Fe(u) activated PS (TA-Fe(u)-PS system). The effects of
some reaction parameters, such as TA, PS, and Fe(u) concen-
trations, temperature, and initial pH on TCE removal were
evaluated. Moreover, the effects of inorganic anions and humic
acids were used to investigate the potential of TA-Fe(u)-PS
system in practical groundwater treatment. Through radical
quenching experiments, the reactive species of TA-Fe(u)-PS
system were identified. Based on the following results, a reac-
tion mechanism of TA-Fe(u)-PS system for removing TCE was
proposed.

Experimental
Materials

Sodium persulfate (Na,S,0g, >99%), ferrous sulfate heptahy-
drate (FeSO,-7H,0, 99%), sodium chloride (NaCl, 99.8%),
sodium bicarbonate (NaHCO3, 99.7%), methanol (CH;OH, GR),
tannic acid (C,¢Hs,046, AR), and catechol (C¢HgO,, AR) were
supplied by Aladdin Reagent Company (Shanghai China).
Sodium hydroxide (NaOH, 99%), sulfuric acid (H,SO,, 98%),
tert-butanol (C4H;,0, 99.5%) and trichloroethylene (C,HCl;,
99%) were purchased from Yuanli Technology (Tianjin, China).
p-benzoquinone (C4H40,, 99%), sodium nitrate (NaNO3, 99.7%)
and humic acid were obtained from commercially available
chemical reagent companies. Thus, all the commercially
chemicals could be used without further purification. Pure
water (resistivity 18.2 MQ) was prepared by a water purification
system (Sartorius Arium Pro VF).

TA-Fe(u)-PS system for TCE removal

Batch experiments of TCE removal by TA-Fe(u)-PS system were
set up in 100 mL brown anaerobic bottles. Briefly, a certain
volume of TCE mother liquor was added to ultrapure water to
obtain 100 mL of TCE solution with an initial concentration of
55 mg L~ '. Subsequently, 50 mg L™ * of TA, 3 mM of Fe(i), and
15 mM of PS solutions were added to the TCE solution, which
was defined as the TA-Fe(u)-PS system. PS, TA-PS, Fe-PS, and
catechol-Fe(u)-PS system were established in similar methods
and were defined as control groups. Brown anaerobic bottles
were placed in a water bath shaker (Julabo SW22, Germany,
120 rpm, 298 K) to start the removal experiment. H,SO, (0.1 M)
or NaOH (0.1 M) solution was used to adjust the initial pH of the
rection solutions. The detection method for TCE is similar to
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our previous work.”>*® Specifically, the concentrations of TCE
from 1 mL of water samples were monitored using a gas
chromatograph-mass spectrometer (GC-MS, Agilent Technolo-
gies, 7890A GC, 5975C MSD) equipped with a headspace
sampler (Agilent Technologies G1888). An HP-5 chromato-
graphic column (Agilent Technologies, 19091S-413, 30 m, 0.32
mm, 0.25 um) was used for the separation of the samples. The
mass spectrometer was operated using MS full scan mode at 1.5
kv with a detection range of 35-300 m/z. The effect of the
different parameters, including persulfate concentrations (1-20
mM), Fe(u) concentrations (0-15 mM), tannic acid concentra-
tions (0-200 mg L"), and reaction temperatures (288-308 K)
was investigated.

Analytic methods

Removal efficiency. The residue percentage of TCE (R, %),
and the removal percentage of TCE (R, %) were calculated
using the following equations:

Ry = CICy x 100 (1)
Rune = (Co — O)ICy x 100 )

where C, was the initial concentration of TCE, C was the
concentration of TCE at the preset time intervals. All experi-
ments were repeated at least three times in parallel and re-
ported as mean values.

Free radicals quenching experiment. In quenching experi-
ments, 1 M of tert-butyl alcohol, 1 M of methanol or 0.1 M of p-
benzoquinone was added into the reaction solutions to quench
sulfate radicals (SO, 7), hydroxyl radicals (OH) or superoxide
radicals (O, ~) before the start of the experiments. The experi-
mental parameters were similar to those described in Section
2.2 except for the addition of scavengers.

Simulated groundwater analysis. A certain concentration of
cl™ (1, 5,10 mM), HCO; ™ (1, 5, 10 mM), NO;~ (1, 5, 10 mM) or
humic acid (10, 50, 100 mg L") was introduced into the reac-
tion solution to simulate inorganic anions or natural organic
matter present in groundwater. The experimental parameters
were set similar to those described in Section 2.2 except for the
addition of inorganic anions or natural organic matter.

Detection of CI™ concentrations. The concentrations of CI™
were determined through ion chromatography (Thermo ICS-
1100).

Results and discussion
Removal of TCE in different systems

Fig. 1a showed the time profiles of Ry in five removal systems:
Blank, PS, TA-PS, Fe(u)-PS and TA-Fe(u)-PS system. It was
obvious that the Ry had little change in Blank, PS, and TA-PS
system, all less than 10%, which showed that TCE was mainly
consumed by volatilization in the above three systems. At the
same time, single TA did not have the ability to activate per-
sulfate. As reported in previous studies, Fe(u) could activate
persulfate to remove organic pollutants, and 33% of TCE was
removed in this work.”* Interestingly, with the addition of TA,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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from TA-Fe(i)-PS system at different times. Effect of (c) PS and (d) TA concentrations on TCE removal. Conditions: [TCE] = 55 mg L™ (a and b)
[PS] =15 mM, [TA] =50 mg L™, [Fe()] = 3mM; (c) PS to Fe(i) molar ratio =1: 1, [TA] = 100 mg L% (d) [PS] = 15 mM, [Fe(i)] =15 mM. T = 298 K, pH
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the R, of TCE in the TA-Fe(un)-PS system was significantly
improved, achieving 96.4% in 60 min. This result indicated that
TA could promote the removal of TCE through the interaction
with Fe ions. The gas chromatograms of the reaction solutions
at preset time intervals in the TA-Fe(u)-PS system were shown in
Fig. 1b. As the reaction proceeded, the concentration of TCE in
the reaction solution dropped rapidly within 5 min, while only
a small amount of TCE remained after 60 min. In addition, no
other harmful substances were detected during the reaction.
Compared with the reported work on TCE removal (Table S17),
the TA-Fe(u)-PS system achieved efficient removal of high
concentration of TCE (55 mg L"), effectively improving the
limitations of single Fe(u) activated persulfate to remove
pollutants. Nevertheless, some key parameters and mecha-
nisms of the TA-Fe(u)-PS system still need further optimization
and exploration.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Optimization of different reaction parameters in TA-Fe(u)-PS
system

Effect of PS concentration. The effect of PS concentration on
TCE removal was shown in Fig. 1c. When the PS concentration
was increased from 1 mM to 15 mM, the R, increased from
24.6% to 97.4%. Theoretically, adding more PS could generate
more reactive species and thus remove more TCE.** However,
when the PS concentration was further increased to 20 mM, the
Ry decreased from 97.6% to 96.4%, suggesting that excess PS
would deplete the generated reactive species.***> Moreover,
excessive PS could pose certain environmental risks. To reduce
the amount of persulfate introduced, the PS concentration was
set to 15 mM for further optimization.

Effect of TA concentration. In order to confirm the role of TA
in the TA-Fe(u)-PS system, the Ry, in the TA-Fe(u)-PS system
under different concentrations of TA (0, 20, 50, 80, 100 mg L)
was investigated. As depicted in Fig. 1d, the R, (68.2-98.4%)
was positively correlated with the TA concentration when the TA

RSC Adv, 2023, 13, 34371-34377 | 34373
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concentration ranged from 0-80 mg L~ '. However, higher
concentrations of TA (100 mg L") did not result in more TCE
being removed. Therefore, as a typical complexing agent and
reducing agent, TA may have the following two roles in the TA-
Fe(u)-PS system. First, through the complexation between TA
and Fe ions, the concentration of Fe(u) in the TA-Fe(u)-PS system
tended to be stable, so more reactive species were released,
which allowed more TCE to be removed.***® Second, the
reducibility of TA could reduce Fe(m) to Fe(u) (eqn (4)),*** so the
concentration of Fe(u) in the TA-Fe(u)-PS system could be
effectively regulated. Nevertheless, the excess TA might deplete
the oxidant in the TA-Fe(u)-PS system, which was consistent
with the trend of Ry, in Fig. 1d. Thus, 80 mg L™ of TA was
selected for the next optimization.

Fe(n) + S,03~ — Fe(m) + SO; + SO3~ 3)
Fe(ur) + R-Ph-OH — Fe(n) + R-Ph =0 (4)
a)
100 b - - (2
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Fig. 2 Effect of (a) Fe() concentration, (b) initial pH values, and (c)
reaction temperature on TCE removal. Conditions: [TCE] = 55 mg L™*
(@) [PS] = 15 mM, [TA]l =80 mg L%, T =298 K, pH 4.1 + 0.2; (b) [PS] =
15 mM, [TAl =80 mg L™, [Fe(N] = 1.5 mM, T =298 K; (c) [PS] = 15 mM,
[Fe(] = 1.5 mM, [TAl =80 mg L% pH 4.1+ 0.2.
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Effect of Fe(u) concentration. The effect of Fe(ir) concentra-
tion on TCE removal was shown in Fig. 2a. The R, increased
from 10.0% to 90.7% when the Fe(un) concentration increased
from 0 to 0.15 mM. However, when the Fe(u) concentration was
further increased threefold, the Ry, increased by only 8.4%,
probably because excess Fe(un) would consume the generated
reactive species (eqn (5)).**¢ This inference was validated with
the addition of higher concentrations of Fe(u) (1.5, 3, and 15
mM). Interestingly, the R, decreased slightly when the Fe(u)
concentration further increased from 0.6 mM to 15 mM. Based
on the above results, we found that with the addition of TA, the
required concentration of Fe(un) could be greatly reduced.
Through the TA-Fe chelation and the reduction of TA, Fe(u)
could be effectively regulated and consistently released in stable
concentrations,*>** thus increasing the number of available
reactive species to improve the Ry,.. Therefore, 1.5 mM of Fe(u)
was chosen in the next experiments.

Fe(n) + SO;~ — Fe(m) + SO3~ (5)

Effect of initial pH. The initial pH of the contaminated water
sample is one of the critical factors affecting the removal of
pollutants by the Fe(u)-PS system. On the one hand, the initial
pH determines the form of Fe ions present. Therefore, most of
the modified systems perform well under acidic conditions due
to the production of iron hydroxides under alkaline condi-
tions.**** On the other hand, the initial pH affects the type of
reactive species generated in the removal system.*® Fig. 2b
illustrated the effect of different initial pH (the initial pH range
is from 1.5 to 11, where pH = 4.1 is the pH of contaminated
water sample when unadjusted) on TCE removal by TA-Fe(u)-PS
system. Surprisingly, the TA-Fe(u)-PS system achieved superior
R (96.2-99.1%) over a wide pH range (1.5-11), suggesting that
the Fe-TA chelation inhibited the formation of precipitates
under alkaline conditions, which facilitated the efficient
removal of TCE by the TA-Fe(u)-PS system even under strong
alkaline conditions (pH 11). Therefore, the TA-Fe(u)-PS system
has good pH adaptability, which is beneficial for practical
engineering applications.

Effect of reaction temperature. As seen in Fig. 2c, different
reaction temperature (288, 298, or 308 K) was used to examine
the effect of temperature on the removal of TCE by the TA-Fe(u)-
PS system. As the reaction temperature increased from 288 K to
308 K, there was no obvious difference in R, which indicated
that the TA-Fe(u)-PS system had a favorable temperature
adaptability.>>*

Effect of simulated groundwater on the TA-Fe(u)-PS system.
In actual groundwater treatment, there are some impurities in
the water sample, such as inorganic anions, and natural organic
matter, etc.,, which may affect the removal of pollutants.
Accordingly, in this work, different concentrations of CI~ (0-10
mM), HCO; ™ (0-10 mM), NO3;~ (0-10 mM), and humic acid (0-
100 mg L") were introduced into the TA-Fe(n)-PS system to
simulate the possible impurities in actual groundwater. As
shown in Fig. 3a, with the increase of C1™ concentration, the Ry,
did not change significantly, but the removal rate of TCE

© 2023 The Author(s). Published by the Royal Society of Chemistry
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became slower. This result indicated that the reactivity of the
TA-Fe(n)-PS system was reduced, probably due to the reaction
between CI™ and reactive species to form less reactive chloride
radical (Cl'). The effect of HCO;~ on the TA-Fe(u)-PS system was
evaluated and presented in Fig. 3b. Obviously, HCO; inhibited
the reactivity of the TA-Fe(u)-PS system, and only 42.9% of TCE
was removed with the addition of 10 mM of HCO; . Due to the
hydrolysis of Fe(n) and HCO; , a large dose of HCO;~
consumed part of Fe(n) to form FeCOj;, which reduced the dis-
solved Fe(u) in the reaction solution, thereby inhibiting the
reactivity of the TA-Fe(u)-PS system. The inference was consis-
tent with the phenomenon of large amounts of precipitate
generated during the removal process. Unlike the two anions
mentioned above, the effect of NO;~ (Fig. 3c) and humic acid
(Fig. 3d) on the TA-Fe system can be neglected. Overall, the
order of the effects of the four impurities on the TA-Fe(u)-PS is
HCO;™ > Cl” > NO;~ = humic acid. Based on these results, we
believe that the TA-Fe(u)-PS system has the prospect of treating
actual groundwater.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Mechanism analysis

To further analyze the activation mechanism of the TA-Fe(u)-PS
system, quenching experiments were conducted using several
different quenching agents to identify the possible reactive
species and their contribution to the removal of TCE. Both
methanol (MeOH: k-ommeon = 9.7 X 10° M™' S™" and kso, -
meon = 1.1 X 107 M~ S7") and tert-butanol (TBA: k-op+1ea = 6.8
x 10° M ' ™" and kso, +rea = 4 X 10° M ' S77) are usually
used simultaneously to determine the contributions of SO, ~
and 'OH.* In addition, p-benzoquinone (BQ) was employed as
a quencher of superoxide radicals (O, ~) with a reaction rate
constant of 1 x 10° M~ S™'.* As shown in Fig. 4a, the R, in the
presence of sufficient amount of TBA decreased from 99.1% to
65.2% compared with the no scavenger group, indicating that
33.9% of R, was dominated by OH. With the addition of
sufficient amount of MeOH, the R,,,; decreased to 39.7%, which
suggested that 59.4% of TCE was removed by both OH and
SO, ~. Meanwhile, when BQ was added to the TA-Fe(i)-PS
system, the Ry, decreased to 95.2% slightly, meaning that less
0, ~was produced during the removal of TCE. Therefore, SO, ~

RSC Adv, 2023, 13, 34371-34377 | 34375
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(a) Effect of radical scavenger (t-BuOH: tert-butyl alcohol; MeOH: methanol; BQ: p-benzoquinone) on the removal of TCE. (b) Schematic

illustration of a possible activation mechanism of TA-Fe(i)-PS system on TCE removal.

and ‘OH were considered to be the dominant reactive species in
the TA-Fe(n)-PS system, and contribute equally to the removal of
TCE.

To verify the chelation mechanism of TA and Fe(u), the Ry, of
TCE was compared between the TA-Fe(u)-PS system and the
catechol-Fe(u)-PS system. As shown in Fig. S1,7 99.5% of TCE
was removed in the catechol-Fe(u)-PS system within 60 min,
indicating that the chelation of Fe(u) and the catechol is crucial
for persulfate activation to remove TCE. Compared to TA, the
pure catechol exhibited better reaction performance.

Based on the above analysis, a possible activation mecha-
nism of the TA-Fe(u)-PS system was proposed and shown in
Fig. 4b. On the one hand, TA complexed the Fe() and Fe(im) in
the TA-Fe(n)-PS system and inhibit the formation of iron
hydroxide precipitation; on the other hand, TA reduced Fe() to
Fe(u). The above two mechanisms could effectively regulate the
concentration of Fe(u), and slow the release of Fe(u) to contin-
uously release reactive species. SO, ~ and OH were the domi-
nant reactive species in the TA-Fe(u)-PS system, attacking TCE to
generate non-toxic products such as CO,, Cl~, and H,0.>>** As
shown in Fig. S2,t the C1™ concentrations gradually increased,
indicating the organochlorine was converted into Cl . There-
fore, TCE can be efficiently removed in TA-Fe(u)-PS system.

Conclusions

In conclusion, TA promoted Fe(u) activated PS (TA-Fe(u)-PS)
system, was constructed in this work for efficient TCE removal
(96.2-99.1%) in a wide pH range (1.5-11). Due to the Fe-TA
chelation and the reducibility of tannic acid, the concentra-
tion of Fe(u) was effectively regulated and slowly released during
the removal process to activate persulfate for continuously
releasing reactive species. Therefore, the addition of Fe(u) in the
TA-Fe(n)-PS system was much lower than that in the Fe(u)-PS
system. Moreover, the introduction of TA inhibited the forma-
tion of iron hydroxide precipitation, which allowed TCE to be
efficiently removed under alkaline conditions. SO, ~ and OH
were identified as the dominant reactive species in the TA-Fe(u)-
PS system. It was worth mentioning that no other harmful
products were detected during the TCE removal, which
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indicated that the reactivity of the TA-Fe(u)-PS system was
strong. Among the common impurities in groundwater, HCO; ™
and Cl” had obvious inhibitory effects on the TA-Fe(u)-PS
system, while NO;~ and humic acid had little effect. Based on
the above results, we believe that the TA-Fe(u)-PS system is
a promising process for TCE treatment.
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