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Abstract

In this study, the degradation of trichloroethylene (TCE) with the existence of tween-80 (TW-80) or sodium dodecyl sulfate (SDS)
using peroxymonosulfate (PMS) activated by nano-zero-valent iron (nZ V1) was investigated. Over 87.6% TCE (with 1.3 g L™! TW-80
presence) was degraded by 0.9 mM PMS and 0.12 g L~! nZVI, while 89.7% TCE (with 2.3 g L~! SDS presence) was degraded by
1.2 mM PMS and 0.20 g L™ nZ VI, in which more than 71.9% TCE with TW-80 existence and 87.5% TCE with SDS existence were
dechlorinated. Besides, the effects of some factors (i.e., PMS and nZVI dosages, initial solution pH, and inorganic anions) on TCE
removal were evaluated. The degradation of TCE was restrained continuously with increasing surfactant concentration, and TW-80
was more easily decomposed than SDS in PMS/nZVI system. Furthermore, sulfate radical (SO,"e) and hydroxyl radical (HOe) were
demonstrated the main reactive oxygen species (ROS) contributing to TCE degradation and SO, played a dominant role through
EPR tests and ROS scavenging experiments. Finally, the results of TCE degradation in actual groundwater confirmed that PMS/nZVI
process has great advantages and potential in remediation of actual TCE-contaminated groundwater with TW-80 or SDS existence.

Keywords Trichloroethylene - Peroxymonosulfate - Nano-zero-valent iron activation - Surfactants - Groundwater
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Introduction groundwater (Jiao et al. 2009; Moran et al. 2007). Among

the chlorinated solvents, trichloroethylene (TCE) is one

Due to the widespread use in industrial production and
personal daily life, chlorinated solvents have attracted
increasing attention as growing contaminants in soil and
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TW-80 or SDS was demonstrated.
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of the most frequently detected contaminants in soil and
groundwater. TCE can easily migrate and diffuse to the
depth of groundwater and exist for a long time due to its
properties of low solubility and biodegradability (Alonso-
de-Linaje et al. 2019; Wu et al. 2016). Hence, it is necessary
to establish high-efficient technology to remove TCE in deep
groundwater.

Surfactant-enhanced aquifer remediation technology
(SEAR), as an improved groundwater extraction and treat-
ment technology, is increasingly employed to treat deep
groundwater for its low cost, high efficiency, and short-
time remediation (Fountain et al. 2010). Surfactants are
injected into the contaminated sites; thus, organic con-
taminants could be desorbed from soil medium and enter
the aqueous phase under solubilization by surfactants
(Maturi et al. 2009). In addition, once surfactant concen-
tration is equal to or more than its critical micelle con-
centration (CMC), surfactant molecules will aggregate
together to form micelles, and the formation of micelles
can enhance the solubilization of contaminants (West and
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Harwell 1992). Surfactants can be classified as anionic,
nonionic, and cationic surfactants, in which nonionic and
anionic surfactants are more widely used such as tween-
80 (TW-80) (representative of nonionic surfactants) and
sodium dodecyl sulfate (SDS) (representative of anionic
surfactants) (Mao et al. 2015). The features of some com-
monly used surfactants are shown in Table S1. When
TW-80 or SDS is used to enhance the solubility of organic
contaminants, how to deal with TCE solutions containing
surfactants is the next crucial issue.

Recent years, in situ chemical oxidation (ISCO) has
become an effective choice, especially for the remediation
of polluted groundwater (Huguenot et al. 2015). Many oxi-
dants, such as peroxymonosulfate (PMS), peroxydisulfate
(PDS), and hydrogen peroxide (H,0,), are applied in ISCO
technology to produce reactive oxygen species (ROS) for
degrading contaminants (Yu et al. 2018). Particularly, com-
pared with other oxidants, PMS shows better performance
in degrading organic contaminants because of its asym-
metric structure and short O-O bond length (Rastogi et al.
2009). Generally, PMS can be activated by alkali, thermal,
transition metals, and ultrasound to release sulfate radicals
(SO, e) and hydroxyl radicals (HOe) through a series of
chain reactions (Paritosh et al. 2020; Li et al. 2018; Yin
et al. 2018; Huang et al. 2009). However, alkali, thermal,
and ultrasound suffer the limitations of high cost and com-
plicated operation. Hence, much attention has been paid on
transition metals for activating PMS. Among these transi-
tion metals, nano-zero-valent iron (nZVI), as an efficient
catalyst, shows great potential in activating PMS. Com-
pared with zero-valent iron (ZVI) or micron zero-valent
iron (mZVI), nZVI displays greater reactivity because of its
large surface area and low diffusion resistance (Zhou et al.
2015; Fu et al. 2014). As a long-lasting activator, nZVI can
activate PMS gradually and reach the better utilization of
the generated ROS. In a word, considering PMS a strong
oxidant and the outstanding catalytic performance of nZVI,
PMS/nZVI process can become highly-efficient and appli-
able technology for TCE removal containing surfactants.

Although nZVI has been successfully employed for the
degradation of TCE, as far as we know, TCE removal with
the existence of TW-80 (or SDS) in PMS/nZVI system
has not been clearly reported yet (Zhou et al. 2015). Thus,
the targets of this research are as follows: (1) to assess the
effectiveness of PMS/nZVI process for removing TCE in
the presence of TW-80 or SDS; (2) to elucidate the effect
of different surfactant concentrations and the decomposi-
tion of surfactants; (3) to determine the dominant reactive
oxygen species (ROS) for TCE removal and dechlorination
of TCE; (4) to illuminate PMS/nZVI process performance
to the remediation of the actual TCE-contaminated ground-
water in the existence of TW-80 or SDS.
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Materials and methods
Materials

All materials and related reagents used were listed in Sup-
porting Information (Text S1).

Experimental processes

The 250-mL transparent reactors were applied to carry
out a series of tests. In order to ensure the uniformity of
reaction solution, a magnetic stirrer was placed in reactor
and constantly stirred with speed of 600 rpm. A water bath
was used to control constant temperature (20 + 0.5°C) of
reactors. Besides, according to the investigation of most
contaminated groundwater in practice, TCE concentration
was set to 0.15 mM (Sun et al. 2019). Considering the high
concentration of surfactants used in the actual remediation
of contaminated sites, the TW-80 concentration was set
as 1.3 g L™! and the SDS concentration was fixed as 2.3 g
L~!, unless conducting experiments of different surfactants
concentration (Besha et al. 2017).

Firstly, 0.15 mM TCE and surfactants in 250 mL were
prepared in the reactor and stirred constantly. Secondly,
the pre-calculated amount of nZVI was added into the
reactor and the reaction started after adding PMS. 0.2-mL
samples were taken from the reactor as designed intervals
and rapidly added into a vial containing 2.8 mL n-hexane.
Finally, samples were shaken for 5 min and the superna-
tants were taken for the gas chromatograph (GC) analysis.

In scavenging experiments, tert-butyl alcohol (TBA)
and isopropanol (IPA) were employed to identify the main
ROS for TCE removal (Buxton et al. 1988; Liang and Su
2009). 5,5-2 Dimethyl-1-pyrroline N-oxide (DMPO) was
employed to trap radical species and ROS contained in
PMS/nZVI system was detected by electron paramagnetic
resonance (EPR). For chloride ion (CI7) analysis, 6-mL
samples were taken from solutions at preset intervals and
filtered by 0.22-pm water phase filter head, then 5-mL fil-
tered solution was added by 1 mL of methanol to terminate
reaction. Finally, samples were placed standby for several
hours to evaporate remaining TCE. Ion chromatograph
(IC) was applied to quantify CI".

In actual groundwater experiments, tests were carried
out in 250-mL reactors using the collected actual ground-
water instead of ultrapure water. Firstly, TCE solution and
surfactants were added to the reactors containing actual
groundwater in which TCE was set to 0.15 mM, while
TW-80 or SDS concentration was setto 1.3 gL' or2.3 g
L', respectively. Secondly, nZVI was added into reactors
and the reaction began after adding PMS. 0.2-mL samples
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were taken from reactors at set time points and added into
a vial including 2.8 mL n-hexane. Thirdly, samples were
shaken for 5 min and the supernatants were taken for anal-
ysis by GC.

Analytical methods

The GC was employed to analyze TCE extras and fur-
ther details about instrument are provided in Text S2. For
the analysis of PMS concentration, the KI colorimetric
method at the wavelength of 352 nm was employed (Liang
et al. 2008). The 1,10-phenanthroline spectrophotometry at
512 nm was used to quantify the dissolved iron and total Fe
(Harvey et al. 1955). The concentration of TW-80 was ana-
lyzed by cobalt ammonium thiocyanate spectrophotometric
method at 623 nm and the concentration of SDS was deter-
mined with the methylene blue spectrophotometric method
at 650 nm (Lin et al. 1986; Hayashi 1975). Besides, some
information about EPR was provided in Text S2.

Results and discussion
The degradation performance of TCE

For evaluating the degradation performance of TCE in PMS/
nZVI system, four experimental systems, namely PMS, PMS/
Fe (II), PMS/ZVI, and PMS/nZ VI systems, were investigated.
As shown in Fig. la, no significant loss of TCE (less than
7.0%) was observed with or without the presence of TW-80
in control group. Furthermore, only 14.8% TCE was removed
in PMS alone system with the presence of TW-80, which
suggested that without activator PMS could not degrade
TCE effectively. Under the existence of TW-80, about 30.5%,
75.6%, and 87.6% TCE were degraded in PMS/Fe (II), PMS/
ZVI, and PMS/nZVI systems within 180 min, respectively. In
addition, the kinetic constant (K;) and the correlation index of
kinetic formulas (R?) at equilibrium of the pseudo-first-order
kinetics were 0.0016 min~! (R? > 0.77), 0.0147 min~! (R?
> 0.92), and 0.0693 min~! (R? > 0.91) respectively, which
corresponded to the performance of TCE removal in PMS/
Fe (II), PMS/ZVI, and PMS/nZVI systems. The above results
indicated that the addition of nZVI could remarkably enhance
the efficiency of TCE removal, showing the excellent cata-
lytic performance of nZVI. Especially, the degradation of
TCE quickly reached 81.6% within 15 min in PMS/nZVI sys-
tem without TW-80 and eventually raised to 97.8%. Similar
results could also be achieved with the presence of SDS. As
shown in Fig. 1b, the result of control group with SDS pres-
ence (less than 8.5%) was similar to that with TW-80, which
could be ascribed to the natural volatilization of TCE. Cor-
responding to TCE removal in PMS/Fe(I), PMS/ZVI, and
PMS/nZVI systems, the K; were calculated as 0.0026 min~!
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Fig.1 TCE removal in different systems with or without a TW-80
([PMS], = 0.9 mM, [Fe(ID)], = [ZVI], = [nZVI], = 0.12 g L7, [TW-
80], = 1.3 g LY, [TCE], = 0.15 mM) and b SDS ([PMS], = 1.2
mM, [Fe(ID], = [ZVI], = [nZVI], = 0.20 g L7}, [SDS], =23 gL},
[TCE], = 0.15 mM)

(R*> > 0.83), 0.0072 min~" (R* > 0.99), and 0.0321 min~! (R?
> 0.99), respectively. In addition, TCE removal in PMS/nZVI
system increased from 89.7% (with SDS) to 95.5% (without
SDS). The above results strongly proved that the catalytic
performance of nZVI on PMS was much better than Fe(II)
or ZVI. Some researches reported that PDS/Fe(II)/nZ VI pro-
cess also exhibited excellent TCE removal performance when
containing surfactants (Xu et al. 2021). However, the higher
chemical dosages and lower surfactant concentration used in
their study limited practical applications. Compared with PDS,
PMS is more easily catalyzed due to its asymmetric structure;
therefore, using less oxidants and catalysts could achieve bet-
ter degradation to pollutants. As long-lasting catalysts, nZVI
or ZVI can gradually activate PMS, while Fe(Il) may rapidly
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react with ROS duo to its short lifespan (Xue et al. 2018).
Moreover, TCE removal was inhibited with TW-80 or SDS
addition from experimental results in PMS/nZVI system (with
or without surfactants).

The investigation of key factors in PMS/nZVI system

Effect of PMS dose

To investigate the effect of oxidant dosage on TCE removal,
various concentrations of PMS were set to conduct experi-
ments (fixed nZVI dose as 0.12 g L™! with TW-80 existence
and 0.20 g L™! with SDS existence). From Fig. 2a and b, it
was obviously noted that PMS alone could not degrade TCE
(both less than 6%). The degradation of TCE with TW-80
existence (with SDS existence) rapidly improved from 64.8%
(52.5%) to 87.6% (88.8%) with the raise of PMS dosage from
0.3 mM (0.3 mM) to 0.9 mM (1.2 mM), and the K| increased
from 0.0658 min~"' (0.0250 min™") to 0.1094 min~"' (0.0321
min~'), respectively. Unexpectedly, TCE removal including
TW-80 (or SDS) began to decrease from 80.3% (86.8%) to
73.0% (70.2%) when PMS dosage continuously increased
from 1.2 mM (1.5 mM) to 1.5 mM (1.8 mM). These results
suggested that TCE removal was restricted by PMS concen-
tration and more ROS would produce with the increase of
PMS concentration. Similar to the mechanisms of persulfate
activated by zero-valent iron (Xiong et al. 2014), PMS could
also be activated by nZVI via the transfer of electrons on the
nZVI surface during the reaction. However, the generated
ROS could be consumed by PMS to form SO5"e (Egs. 1-2),
which is a less reactive free radical and cannot degrade con-
taminants effectively. Furthermore, the extra SO,~e and the
generated SO5 e might be consumed by self-scavenging
reactions (Egs. 3—4). Hence, the quenching processes may
hinder or inhibit the degradation of TCE when the dosage
of PMS surpassed 0.9 mM (with TW-80) or 1.2 mM (with
SDS) in PMS/nZVI system. In order to keep highly efficient
TCE degradation, the PMS dosages were selected as 0.9
mM (with TW-80) and 1.2 mM (with SDS) in the follow-
ing experiments except in actual groundwater tests. PMS
decomposition was also monitored in PMS/nZVI system with
surfactants presence. As illustrated in Fig. S1, 99.5% (with
TW-80 existence) and 67.0% (with SDS existence) PMS
were consumed in 180 min, which indicated the utilization
ratio of PMS in PMS/nZVI with TW-80 was much sufficient
but it was relatively insufficient with SDS existence.

HSOS_ + SO4_. d SOS_ . +SO4_ + H+ (])
HSO;™ — +HO» — SO5™ « +H,0 )
SO,” + +S0, ™ = S,04*" 3)
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Fig.2 Effect of different PMS dosage on TCE removal in PMS/nZVI
system with a TW-80 presence ([nZVI], = 0.12 g L. [TW-80], =
13¢g L, [TCE], = 0.15 mM) and b SDS presence ([nZVI], = 0.20
g L7L, [SDS], = 2.3 g L7}, [TCE], = 0.15 mM)

SO5™ « +58057« = S,04* 4+ 0, )

Effect of nZVI dose

Figure 3 shows the effect of different nZVI doses on TCE
removal. Evidently, the degradation of TCE with TW-80
existence (with SDS existence) was raised from 9.1%
(16.0%) to 87.5% (91.7%) with the addition of nZVI raised
from0 g L™ (0 g L™ to 0.12 g L' (0.20 g L™!). How-
ever, the catalytic effect of nZVI was not as efficient as
expected when nZVI dosage was increased continuously.
TCE removal with TW-80 existence (with SDS exist-
ence) was decreased slightly from 87.4% (90.7%) to 84.9%
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Fig.3 Effect of different nZVI dosage on TCE removal in PMS/nZVI
system with a TW-80 presence ([PMS], = 0.9 mM, [TW-80], = 1.3
g L1, [TCE], = 0.15 mM) and b SDS presence ([PMS], = 1.2 mM,
[SDS], = 2.3 g L7}, [TCE], = 0.15 mM)

(72.5%) when the addition of nZVI was increased from
0.15gL7'(0.28 gL t00.18 gL' (0.36 g L™"). In addi-
tion, nZVI could react with PMS or hydrogen ions to form
Fe(II) (Egs. 5-6), and PMS also would produce SO, e and
HOe under the activation of generated Fe(II) (Egs. 7-8).
But excess nZVI will be applied to compensate for electron
wastage instead of activating PMS (Liu et al. 2013). When
PMS was insufficient whereas Fe(II) was excessive, the extra
Fe(Il), as a radical scavenger, could react with SO, e, thus
leading to the decrease of TCE degradation (Eq. 9). In order
to make full utilization of Fe(IT) and reduce the self-scaveng-
ing effect of Fe(Il) on ROS, the nZVI dosages were chosen
as 0.12 g L™! (with TW-80 presence) and 0.20 g L™! (with
SDS presence) in the following experiments apart from the
actual groundwater tests. As shown in Fig. S2, the changes

of total Fe and Fe(II) concentration were also monitored. In
the presence of TW-80 (or SDS), more than 1.45 mM (2.75
mM) total Fe and 0.59 mM (1.65 mM) Fe(II) were produced
in 180 min.

nZV1+H" + 0, - Fe(l) + H,0, 3)

nZVI+HSO;5™ + 2H*+ — Fe(ll) + HSO,” + H,0  (6)

Fe(Il) + HSO5~ — Fe(Ill) + SO, « +HO™ 7)
Fe(Il) + HSO;~ — Fe(Ill) + HO « +S0,*" (8)
Fe(IT) + SO, "« — Fe(IIl) + SO,*~ 9)

Effect of initial solution pH

According to literature, initial pH value of solution has a
strong influence on ROS generation in Fenton-like system
(Xue et al. 2018). Therefore, initial pH value (3.0, 5.0, 7.0,
9.0, and 11.0) in solution was adjusted by H,SO, or NaOH to
investigate its effect on TCE removal. As shown in Fig. 4a,
approximately 89.1%, 86.5%, 90.1%, 90.3%, and 22.7%
TCE in the presence of TW-80 were removed when initial
pH value of solution was set to 3.0, 5.0, 7.0, 9.0, and 11.0,
respectively. In Fig. 4b, about 90.3%, 90.4%, 91.3%, 86.8%,
and 72.5% TCE (with SDS) were removed at initial solu-
tion pH values of 3.0, 5.0, 7.0, 9.0, and 11.0, respectively.
Some relevant data about TCE degradation and pH value
are listed in Table 1. These findings indicated that pH below
9.0 had few negative influence on TCE removal with TW-80
existence (with SDS existence) whereas alkaline conditions
(pH = 11.0) were not favorable for TCE removal. Ling et al.
(2017) reported that in most cases, PMS/Fe(Il) system was
required to operate under acidic conditions to prevent the
formation of Fe(Ill) precipitates. Although the initial solu-
tion pH in the range of 7.0 and 9.0 is not favorable to the
catalysis of nZVI, PMS is acidic after dissolution in aqueous
solution; thus, the pH value can be decreased effectively by
adding PMS. Under pH = 11.0, the addition of PMS was not
sufficient to lower the pH and more iron precipitated out of
the solution, thus inhibited TCE degradation.

Effect of inorganic anions

To our knowledge, the existence of inorganic anions may
have impacts on TCE removal by scavenging ROS, gener-
ating new ROS, or absorbing on the catalyst surface (Qi
et al. 2014). Thus, four kinds of common anions (CI", NO5~,
PO,*, and CO;*") on TCE degradation in PMS/nZ VI system

@ Springer
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Fig.4 TCE removal under various initial solution pH in PMS/nZVI
system with a TW-80 presence ([PMS], = 0.9 mM, [nZVI], = 0.12
g LY [TW-80], =13 g L [TCE], = 0.15 mM) and b SDS pres-
ence ([PMS], = 1.2 mM, [nZVI], =020 g L, [SDS],=23¢g L,
[TCE], = 0.15 mM)

were investigated. Figure S3 shows that TCE removal with
TW-80 existence (with SDS existence) decreased from
83.8% (90.0%) to 58.1% (70.6%) when 1 mM and 10 mM
CI” were added into the solution. There are several rea-
sons accounting for above results. Firstly, PMS can react
with CI” to produce Cl, (Eq. 10) (Ao and Liu 2017). Sec-
ondly, HOe and SO, e could be depleted by CI™ to generate
CIOH or Cle (Eqgs. 11-12) (Wang et al. 2017). So TCE deg-
radation containing TW-80 or SDS were decreased mainly
because of the consumption of oxidants, HOe, and SO, e.
Figure S4 describes that TCE removal with TW-80 pres-
ence (with SDS presence) was slightly declined from 85.6%
(83.4%) to 83.0% (77.3%) with the raise of NO;™ from 1
to 10 mM, and TCE removal was slightly inhibited due to

@ Springer

reactions between NO;~ and HOe or SO, e (Eqs. 13-14)
(Neta et al. 1988). Compared with CI~ and NO;~, PO,* pos-
sessed an obviously inhibitive effect on TCE degradation.
Figure S5 shows that the removal efficiency of TCE with
TW-80 presence (with SDS presence) decreased from 34.4%
(28.0%) to 6.5% (12.4%) with the addition of PO43’ from 1
to 10 mM, which was attributed to the occupation of reac-
tion sites and consumption of ROS. PO,*~ could restrain
the corrosion of nZVI by absorbing the catalyst surface and
react with ROS or iron ions (Cao et al. 2019). As illustrated
in Fig. S6, TCE removal efficiency with TW-80 presence
(with SDS presence) was reduced from 34.7% (49.4%) to
9.5% (9.9%) with the increase of CO32‘ from 1 to 10 mM,
which was due to the quenching effect of CO32‘ on ROS
(Egs. 15-16) (Neta et al. 1988). In addition, the formed
HCO;™ could also scavenge ROS due to the conversion of
CO5>" under acidic condition.

CI~ + HSOs™ + H" - SO,*” + H,0 + Cl, (10)
Cl™ 4+ SO,s - Cl+ +S0,*" (11)
CI” + HOs — CIOH™ (12)
NO’~ + S0, e - NO; » +S0,*" (13)
NO;™ + HOs — NO; « +OH™ (14)
CO;™ +80;+ — CO; «+S0;~ (15)
CO;*™ + HOs — CO;™ — ¢+ OH™ (16)

The influence of surfactants

As discussed in the “The degradation performance of TCE”
section, the presence of surfactants would inhibit TCE
removal. Depending on the CMC of surfactants, experi-
ments were carried out by setting different surfactant con-
centrations (TW-80: 0, 1.0, 100, 200, and 400 CMC; SDS:
0, 0.5, 1, 2, and 4 CMC). As shown in Fig. 5, without sur-
factant or with low concentration of surfactants, there was
little effect on TCE removal. Clearly, TCE degradation with
TW-80 existence (with SDS existence) was decreased from
97.8% (95.4%) to 87.5% (85.1%) when surfactant concen-
tration was increased from 0 CMC (0 CMC) to 200 CMC
(2 CMC). However, only 23.0% and 54.9% TCE removal
were obtained with 400 CMC TW-80 or 4 CMC SDS addi-
tion. For high concentration of surfactants, ROS would be
consumed during the decomposition of surfactants, which



Environmental Science and Pollution Research (2023) 30:48351-48362 48357

Tagl;;S/ Tzh\e/Ipara?eter .\glllues Experimental conditions TCE removal (%) pH (initial/final)

m 1. SyS em wi

TW-80 or SDS presence With TW-80  With SDS With TW-80 With SDS
[PMS], = 0.9 mM, [nZVI],=0.12 g L™ 87.6 5.38/2.98
[PMS], = 1.2 mM, [nZVI], = 0.20 g L™ 89.7 9.16/3.22
pH=3.0 89.10 90.40 3.04/2.81 3.04/2.88
pH=5.0 86.50 90.30 5.02/2.98 5.01/3.07
pH=7.0 90.10 91.30 7.03/2.79 7.00/3.22
pH=9.0 90.30 86.80 9.06/2.91 9.04/3.15
pH=11.0 22.70 72.50 11.03/3.40 11.02/3.25
[PMS], = 0.9 mM, [nZVI], = 0.12 g L~* 14.50 7.73/6.60
[PMS], = 1.8 mM, [nZVI], = 0.24 g L~* 25.50 7.73/5.69
[PMS], = 0.9 mM, [nZVI],=0.12 g L~ 73,80 4.97/3.07
[PMS], = 1.8 mM, [nZVI], = 0.24 g L~  81.00 5.03/3.00
[PMS], = 1.2 mM, [nZVI], = 0.20 g L~* 20.80 8.12/6.61
[PMS], = 2.4 mM, [nZVI], = 0.40 g L~* 23.10 8.17/6.14
[PMS], = 1.2 mM, [nZVI], = 0.20 g L~*# 71.30 5.01/3.11
[PMS], = 2.4 mM, [nZVI], = 0.40 g L™*¥ 87.40 4.99/3.03

*Experiments were conducted by using the actual groundwater

*#Experiments were conducted by using the actual groundwater and adjusted initial solution pH = 5

resulted in insufficient ROS to degrade TCE (Li 2004).
Additionally, TCE molecules were easy to be wrapped by
micelles; thus, ROS firstly attacked micelles before attacking
TCE molecule, leading to the reduced utility of ROS (Tao
et al. 2019).

Furthermore, for the purpose of better exploring the
influence of surfactants on TCE removal, the changes of
surfactant concentration were monitored during reaction.
As illustrated in Fig. S7, the concentration of TW-80 was
decreased from 1.3 to 0.6 g L~! in 180 min, while SDS
concentration was reduced from 2.3 to 1.8 g L™! during
the reaction. Compared to 21.7% SDS decomposition, the
decomposition of TW-80 reached to 53.1%. These results
demonstrated that TW-80 was more easily decomposed than
SDS in PMS/nZVI system. The main reason is that the CMC
of SDS is 2.3 g L™, while the CMC of TW-80 is 0.013 g
L~!, and the difference of concentration between SDS and
TW-80 in experiments was large. Therefore, SDS was less
decomposed in the reaction due to the high concentration
and the large consumption of free radicals.

It can be seen from the previous discussion that the
decomposition of surfactants was mainly attacked by ROS.
To further confirm that surfactants could consume HOe and
SO, e, scavenging tests were conducted in which TBA was
selected as the scavenger for HOe and IPA was selected as
the scavenger for both HOe and SO, . As shown in Fig. 6a,
when there was only TCE or TW-80 or SDS in the system,
TCE removal and the decomposition of TW-80 or SDS were
all below 5% in 180 min, which were hardly affected with
100 mM TBA or 100 mM IPA addition. As illustrated in
Fig. 6b, when no scavenger was added, TW-80 and SDS

were decomposed to 53.1% and 21.7% in PMS/nZVI system,
respectively. However, the decomposition of TW-80 was
decreased from 53.1 to 41.3% with 100 mM TBA addition
and from 53.1 to 11.5% with 100 mM IPA addition. Similar
results were also found in tests with SDS. The decomposi-
tion of SDS was reduced from 21.7% (without scavenger) to
11.3% (with 100 mM TBA). When 100 mM IPA was added,
only 6.5% SDS was decomposed during the reaction. These
results verified that HOe and SO, e attacked TW-80 and
SDS, causing the consumption of HOe and SO,"e. Further-
more, compared with HOe, SO,"e played the dominant role
in TW-80 decomposition.

Identification of ROS and dechlorination of TCE
Identification of ROS

According to literature, much ROS would generate in PMS-
based Fenton-like reaction; thus, DMPO was used to trap
ROS and EPR was employed for analysis (Madden and
Taniguchi 2001). Yang et al. (2018) and Wang et al. (2015)
reported that typical characteristic peaks of DMPO-HOe
and DMPO-SO, e adducts were found in EPR spectrum.
As shown in Fig. 7, the results of EPR experiments were
in agreement with their studies, which proved the existence
of HOe and SO, e in PMS/nZVI system. Based on pub-
lished articles, O, e was also found in bisphenol A removal
in PMS/Fe system; however, no typical signs could be dis-
covered for DMPO-OOH adducts formed by the reaction
between DMPO and O, e, owing to a less O, e generated,
causing the lower amount of DMPO-OOH adducts, which
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Fig.5 Effect of surfactant concentration on TCE removal in PMS/
nZVI system with a TW-80 presence ([PMS], = 0.9 mM, [nZVI], =
0.12 g L', [TW-80], = 1.3 g L™', [TCE], = 0.15 mM) and b SDS
presence ([PMS], = 1.2 mM, [nZVI], =020 g L, [SDS],=23¢
L7}, [TCE], = 0.15 mM)

was covered by characteristic peaks of HOe and SO, e (Liu
et al. 2020; Tan et al. 2012). Furthermore, DMPO-OOH
adducts was unstable and was transformed easily to DMPO-
OH in acidic conditions (Zhou et al. 2006).

To further determine the dominant ROS in PMS/nZVI
system during TCE degradation, IPA (kgp, . = 8.2 x 107
M~ s7!, koo = 1.9 X 10° M~! s7!) and TBA (k0. = 5.3
x 108 M~! s7!) were selected as scavengers to carry out
reactive radicals scavenging tests (Buxton et al. 1988; Liang
et al. 2008). As seen in Fig. 8a, about 87.6% TCE in the
existence of TW-80 was degraded without scavengers. Unex-
pectedly, TCE removal was declined to 48.3% and 17.8%
when adding 10 mM and 100 mM IPA, separately. The K,
was dropped from 0.0592 min~! (without scavenger) to
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Fig.6 Effect of free radical scavengers on TCE removal and the
decomposition of TW-80 or SDS in PMS/nZVI system. a Blank
groups ([TW-80], = 1.3 g L7%, [SDS], = 2.3 g L™}, [TCE], = 0.15
mM). b Experimental groups ([PMS], = 0.9 mM, [nZVI], = 0.12 g
L7}, [TW-80], = 1.3 g L™}, [TCE], = 0.15 mM; [PMS], = 1.2 mM,
[nZVI], = 0.20 g L™, [SDS], = 2.3 g L™}, [TCE], = 0.15 mM)

0.0167 min~" (with 10 mM IPA) and 0.0009 min~" (with 100
mM IPA), demonstrating that SO, e was predominant ROS
in PMS/nZVI system in the existence of TW-80. Besides,
83.8% and 85.2% TCE were removed when 10 mM and 100
mM TBA were added into solution separately. The degrada-
tion of TCE was slightly inhibited with the addition of TBA,
indicating that HOe hardly promoted the removal of TCE
with TW-80 presence. As illustrated in Fig. 8b, in the exist-
ence of SDS, about 91.7% TCE was removed without scav-
enger addition. When 10 mM and 100 mM TBA were added
into the solution, over 89.7% and 85.9% TCE were degraded,
respectively. Similar to the experimental groups containing
TW-80, about 54.5% and 25.1% TCE with SDS existence
were removed when 10 mM and 100 mM IPA were added.
In addition, K; was reduced from 0.0433 min~! (without
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Fig.7 Typical EPR spectra in PMS/nZVI system with TW-80 or SDS
presence. ([PMS], = 0.9 mM, [nZVI], =0.12 g L, [TW-80],=1.3
g L™, [TCE], = 0.15 mM; [PMS], = 1.2 mM, [nZVI], = 0.20 g L7},
[SDS], = 2.3 g L™, [TCE], = 0.15 mM)

scavenger) to 0.0252 min~! (with 10 mM IPA) and 0.0004
min~! (with 100 mM IPA). Although scavengers functioned
on tests with TW-80 presence and tests with SDS presence
to a different degree, results of reactive radicals scavenging
tests in two experimental groups strongly proved that PMS/
nZVI process primarily involved SO, e and HOe generation,
and SO, e played a leading role.

Dechlorination of TCE

To investigate dechlorination of TCE including surfactants,
experiments of Cl™ analysis were conducted. As shown in
Fig. 9 and Table 2, about 58.4% and 72.6% CI~ were detected
with TW-80 and SDS presence, separately. Considering the
natural volatilization of 6.3% and 5.8% TCE with TW-80
and SDS during the whole reaction, the actual released
CI” were 71.9% (with TW-80) and 87.5% (with SDS). Fur-
thermore, based on the theoretical released CI™ (removing
volatilized CI7), the maximum released CI~ were 86.7%
(with TW-80) and 90.0% (with SDS) in theory. From the
experimental results, it could be seen that the dechlorina-
tion of TCE containing SDS was slightly better than that
containing TW-80.

Effectiveness of TCE degradation in actual
groundwater

To evaluate the applicability of PMS/nZVI process for
removing TCE in actual groundwater under TW-80 or SDS
existence, various experiments were conducted. Detailed
parameters of groundwater and pH values before and after
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Fig.8 Effect of radical scavengers on TCE removal in PMS/nZVI
system with a TW-80 presence ([PMS], = 0.9 mM, [nZVI], = 0.12
g L1, [TW-80], = 1.3 g L™}, [TCE], = 0.15 mM) and b SDS pres-
ence ([PMS], = 1.2 mM, [nZVI], = 0.20 g L7!, [SDS], = 2.3 g L7,
[TCE], = 0.15 mM)

reaction were listed in Table 1 and Table S2, respectively.
Figure 10 shows that TCE removal with TW-80 existence
(with SDS existence) merely reached to 14.5% (20.8%)
under the initial dosages of 0.9 mM PMS and 0.12 g L~!
nZVI (1.2 mM PMS and 0.20 g L™! nZVI). Regrettably, only
25.5% (23.1%) TCE was removed when the dosages of PMS
and nZVI were increased to 2 folds of the initial dosage,
separately. These experimental results in actual groundwater
were worse than that in ultrapure water mainly due to the
strong buffering capacity of actual groundwater (pH = 7.7)
and the presence of high concentration of inorganic ions. It
could be seen from the above results that increasing chemi-
cals doses could not only fail to achieve better degradation
performance, but also lead to the high remediation cost.
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Fig.9 Chloride ion (Cl") detection in PMS/nZVI system with a
TW-80 presence ([PMS], = 0.9 mM, [nZVI],=0.12 g L1, [TW-80],
=13¢g L. [TCE], = 0.15 mM) and b SDS presence ([PMS], = 1.2
mM, [nZVI];=0.20¢g L [SDS], = 2.3 g L}, [TCE], = 0.15 mM)

Table 2 The analysis of C1~ content

CI™ detected Cl” vola- Actual CI” Maximum
(%) tilized released CI released
(%) (%) (%)
With TW-80 58.4 6.3 71.9 86.7
With SDS 72.6 5.8 87.5 90.0

Hence, in order to improve efficiency of TCE removal and
save remediation cost, H,SO, is applied to regulate pH of
actual groundwater to 5.0 firstly. Encouragingly, compared
to the groups without pH adjustment, TCE removal with
TW-80 presence (with SDS presence) dramatically increased
to 73.8% (71.3%), 81.0% (87.4%) at one and two folds of
initial chemicals dose, separately. Although the pH of the
solution was around 3.0 after reaction, it could be cheaply
adjusted with NaOH. Apparently, this is a better way that
can be employed to deal with the negative effects caused by

@ Springer

in PMS/nZVI system in the existence of TW-80 or SDS.
The synergistic catalytic interaction between PMS and nZVI
has been confirmed by various controlled experiments. As a
long-lasting activator, nZVI could activate PMS efficiently
and improve the utility of PMS. Compared with ZVI or
Fe(II), the application of nZVI not only increased TCE
removal, but also reduced the oxidant dosage and saved
the remediation cost. In investigation of surfactant influ-
ence, TW-80 or SDS could consume HOe and SO, e dur-
ing the whole reaction, and SO, e played the main role in
the decomposition of TW-80. Therefore, more free radicals
would be consumed with increasing surfactant concentration
and hence resulting in a decrease in TCE removal. Addi-
tionally, the effect of different inorganic anions (CI”, NO;,
PO43‘, and CO32‘) and initial solution pH (3.0, 5.0, 7.0, 9.0,
and 11.0) on TCE removal was investigated. Except for pH
= 11, TCE with TW-80 (or SDS) was well degraded at other
pH conditions, which reflected a wide adaptability of PMS/
nZVI process. The EPR detection proved the generation of
HOe and SO, e, in which SO, e played an important role in
TCE removal through the ROS scavenging tests. Although
increasing dosages of chemicals could slightly enhance
the degradation of TCE with surfactants in actual ground-
water, the cost of remediation was significantly increased.
Encouragingly, about 81.0% (87.4%) of TCE with TW-80
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(with SDS) was degraded under the dosages of 1.8 mM PMS
and 0.24 g L™! nZVI (2.4 mM PMS and 0.40 g L™! nZVI)
by previously adjusting the pH of actual groundwater to 5,
which strongly demonstrated that PMS/nZVI process has
great potential for dealing with TCE pollutant containing
surfactants.
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