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al desorption of chlorinated
hydrocarbons by nanoscale zero-valent iron: the
effect of in situ dechlorination†

Yi Zhu,a Xinlei Renb and Minghui Xiang *b

Thermal desorption provides an efficient solution to remediate soil contaminated with chlorinated organic

pollutants. However, enhanced desorption efficiency is desired to facilitate easier and less costly

remediation. Hence, nanoscale zero-valent iron (nZVI) was combined with thermal desorption to remove

trichloroethene (TCE) and trichlorobenzene (TCB) from soil in a laboratory-scale study. The addition of

nZVI greatly improved the desorption efficiency, especially at low temperature with 99.6% of TCE and

98.8% of TCB removed at 300 °C for 2 h. Characterization results revealed that the addition of nZVI

loosened the structure of soil, preventing the soil from agglomerating during the thermal treatment.

Besides, the analyses of dechlorination intermediates and the variation of Fe species proved the in situ

dechlorination effect of nZVI and the redox cycle of Fe was revealed. Moreover, the influences of nZVI

dosage and treatment time on thermal treatment were assessed. This study not only offers new

perspectives for contaminated soil remediation, but also provides mechanistic insights into the

dechlorination effect of nZVI in the thermal desorption.
Introduction

Chlorinated hydrocarbons (CHs) are a class of synthetic organic
chlorinated compounds used in industrial and agricultural
activities, most of which exhibit strong carcinogenic, terato-
genic, and mutagenic properties. In addition, these molecules
are persistent and ubiquitous in the environment, and therefore
have received widespread attention worldwide.1 CHs are widely
used as organic solvents and raw materials in paint, pesticides,
dry cleaning, chemical industry production, and other elds.2

The United States Environmental Protection Agency listed CHs
as priority control pollutants in the late 1970s. Trichloroethene
(TCE) is a typical chlorinated hydrocarbon with low water
solubility and strong absorption to soil particles. It is one of the
major pollutants in chlorinated hydrocarbons contaminated
soil.3 The Ministry of Ecology and Environment of China has
therefore listed TCE a major regulatory priority. In addition,
high trichlorobenzene (TCB) concentrations have been detected
in the soil and groundwater of China, which will further transfer
and accumulate in the environment, and eventually endanger
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human heath through the food chain.4–7 Thus, the remediation
of CHs-contaminated soil has been a challenge for decades.

To date, methods including chemical oxidation,8 chemical
reduction,9 steam extraction,10 thermal desorption,11 soil
washing,12 bioremediation13 have been developed to remediate
CHs-contaminated soil. Among these methods, thermal
desorption was reported to effectively remove volatile, semi-
volatile organic matter, and especially chlorinated compounds
in contaminated soil.14 It has attracted increasing attention to
remediate contaminated soil due to its advantages of capability
to remove different types of pollutants, high efficiency, high
safety, short treatment period, and good soil recycling ability.15

However, the mechanism of thermal desorption is mainly based
on physical separation and incineration, which is costly and
possibly to generate more toxic substances.16 The chlorine
organic pollutants such as chlorobenzene and polychlorinated
biphenyls in the soil have the potential to generate dioxins
through precursor synthesis during thermal desorption.17

Therefore, a technology which thoroughly degrade CHs needs to
be developed to lessen secondary contamination of thermal
desorption.

Nanoscale zero-valent iron (nZVI) as the most extensively
applied nanomaterial for environmental remediation is one of
the most promising strategies to effectively remediate haloge-
nated organic compounds.18–20 For instance, Qu et al.21 devel-
oped a P-doped biochar-anchored nZVI material to degrade TCE
in groundwater via persulfate activation. The different diffusion
rate of iron atoms and the shell component triggered multiple
Kirkendall effects, which promoted the activation activity of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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persulfate to generate more active species. The strategy effec-
tively promoted the dechlorination and mineralization of TCE.
Besides, nZVI-induced chemical reduction is also considered to
be effective to dechlorinate TCE into non-toxic products. Dong
et al.22 investigated the reduction of TCE by sulde-modied
nZVI. Experimental results indicated that the modied nZVI
achieved the complete removal of TCE within 10 h in aqueous
solution, indicating the good reduction capability of nZVI. As
for the application of nZVI in thermal desorption, Liu et al.23

combined thermal desorption with nZVI to remove poly-
chlorinated biphenyl from soil. The desorption efficiency was
greatly improved by nZVI with 98.35% of polychlorinated
biphenyl removed in 1 h at 600 °C. However, the inuence of
nZVI in thermal desorption to remove CHs at low temperature
needs to be further investigated. Besides, the detailed mecha-
nism of the enhancement by nZVI is yet ambiguous, which
needs to be further elucidated.

Hence, nZVI was applied into thermal desorption to reme-
diate CHs-contaminated soil in which TCE and TCB was the
predominant pollutants. The effect of the addition of nZVI on
the desorption and in situ dechlorination of TCE/TCB at the
temperature ranging from 100 to 600 °C was investigated.
Characterization methods including X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS), and scanning electron
microscope (SEM) were utilized to clarify the role of nZVI in
thermal desorption and the mechanism of the in situ dechlo-
rination. Besides, the effects of temperature, nZVI dosage, and
treatment time on thermal desorption were assessed. This study
provides mechanistic insights into the dechlorination effect of
nZVI in the thermal desorption of CHs, which offers new
perspectives for contaminated soil remediation.

Materials and methods
Chemicals

Nanoscale zero-valent iron (nZVI, 98%) and 1,2,4-tri-
chlorobenzene (C6H3Cl3, 99%) were purchased from Shanghai
Macklin Biochemical Technology Co., Ltd. Trichloroethylene
(C2HCl3, AR) and ethanol (C2H6O, AR) were provided by Sino-
pharm Chemical Reagent Co., Ltd. Deionised (DI) water was
obtained using a Millipore Milli-Q SP Reagent Water System
(Milford, MA, USA).

Sample preparation

The contaminated soil used in this study was collected from an
industrial site in Shanghai, China. The physicochemical prop-
erties of the soil are listed in Table 1. The collected soil sample
Table 1 Physicochemical properties of the contaminated soil

Property Value

pH 8.67
Soil organic matter (g kg−1) 10.176
Soil organic carbon (g kg−1) 7.003
Soil moisture content (%) 26.9
Cation exchange capacity (cmol+ kg−1) 11.989

© 2024 The Author(s). Published by the Royal Society of Chemistry
was rstly air-dried at room temperature and then grinded to
pass through a 100-mesh sieve for further thermal desorption.

Thermal desorption performance

Before thermal desorption, nZVI and contaminated soil were
mixed uniformly with the dosage of 50 mg g−1. The mixture was
then subjected to thermal desorption at different temperatures
(100, 200, 300, 400, 500, and 600 °C) for 120 min under nitrogen
owwith the heating rate of 10 °Cmin−1 to investigate the effect
of temperature (Fig. 1). Aer the experiment, nZVI was sepa-
rated with the soil samples by magnet, washed with DI and
ethanol and then dried in a vacuum oven at 60 °C overnight.
The effect of nZVI dosage on thermal desorption was evaluated
by adding different amounts (0, 10, 25, 50, and 100 mg g−1) of
nZVI into the contaminated soil and then thermal desorption at
300 °C with the same procedure. Besides, nZVI and contami-
nated soil were premixed with the dosage of 50 mg g−1 and then
subjected to thermal desorption at 300 °C for 20, 40, 60 and
120 min to investigate the effect of heating time. All the exper-
iments were conducted in triplicates and the average data with
the standard deviations were displayed.

Contaminants analysis

A gas chromatography mass spectrometer (GC-MS, Shimadzu
GCMS-QP2020 PLUS) equipped with a MXT-624 (60 m ×

0.25 mm × 1.4 mm) column was employed with a ow rate of 1
mL min−1 to identify and quantify the contaminants in the soil.
The column temperature was originally set at 45 °C and held for
4 min. It was then increased to 150 °C with the heating rate of
8 °C min−1. Subsequently, the temperature was increased to
220 °C with the heating rate of 10 °C min−1 and held for 6 min.
The solvent delay time was 3.8 min. The temperature of the
sample inlet and detector was set at 190 and 220 °C, respec-
tively. An additional sample without thermal treatment was
tested in each experimental batch due to the possible evapora-
tion of TCE and TCB during the experimental procedure.

Characterization

XRD patterns of pristine nZVI and those aer thermal desorp-
tion were obtained from a Rigaku D/max-2200PC X-ray diffrac-
tometer with Cu Ka radiation (l = 1.542 Å, 40 kV, 40 mA, 1600
W). The elemental compositions of nZVI before and aer
Fig. 1 Scheme of the experimental apparatus.

RSC Adv., 2024, 14, 14254–14262 | 14255

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01077a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
:4

7:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
reaction was determined by XPS using a Thermo Scientic K-
Alpha X spectrometer. The original binding energy was
normalized to the C 1s peak at 284.8 eV. The morphology and
structure of the samples was observed using a scanning electron
microscopy (ZEISS Gemini SEM 300) equipped with energy
dispersive X-ray spectrometer (EDS). The magnetic properties of
nZVI were monitored using a vibrating sample magnetometer
(VSM, MPMS XL-7).

Results and discussions
Characterization of nZVI and soil samples

The crystalline structure of the nZVI used in this study was
analysed by XRD. As shown in Fig. 2a, the characteristic
diffraction peaks at 44.9°, 65.0°, and 82.3° were attributed to
(110), (200), and (211) facets of Fe,24,25 indicating the good
crystalline structure of commercial nZVI. Furthermore, the
surface elemental composition of the pristine nZVI were
provided by XPS. The Fe 2p high-resolution spectrum of the
pristine nZVI was illustrated in Fig. 2b. The peaks located at
707.2, 710.6, 712.4 eV were attributed to the Fe 2p3/2 of Fe

0, Fe2+,
and Fe3+, respectively.26–28 Besides, the peaks at 724.1 and
725.9 eV were assigned to the Fe 2p1/2 of Fe

2+ and Fe3+ respec-
tively while those at 714.7, 719.2, 727.7, and 733.7 eV corre-
sponded to the satellite peaks.29,30 The fraction of the Fe species
was calculated to be 2.0% (Fe0), 58.8% (Fe2+), and 39.2% (Fe3+).
The magnetic property of the nZVI was further investigated by
the VSM. Fig. 2c showed a ferromagnetic-type curve with
hysteresis loops, indicating the great magnetic properties of
nZVI.30 Therefore, nZVI could easily be separated from the soil
aer thermal desorption, which made it easier to recycle and
reuse, reducing the possible secondary pollution to the
environment.

The morphology of the pristine nZVI and the contaminated
soil was monitored by SEM. The pristine nZVI showed a spher-
ical shape with a particle size of about 200 nm (Fig. 3a). The
structure of raw soil without treatment exhibited a dense
irregular shape (Fig. 3b–d). Aer the addition of nZVI, the soil
particle structure became loose and the morphology changed
from particles with irregular shapes to lamellar structure
(Fig. 3e and f). Compared with the particle structure of raw soil,
the looser lamellar structure is more favourable for the
desorption of TCE and TCB. Aer thermal desorption of nZVI-
Fig. 2 (a) XRD pattern, (b) XPS spectrum, and (c) magnetic hysteresis lo

14256 | RSC Adv., 2024, 14, 14254–14262
added soil at 300 °C for 2 h, the SEM images of soil particles
were shown in Fig. 3g and h. It can be seen that the structure of
nZVI-added soil aer thermal desorption changed considerably
with the structure becoming denser and the reduction of the
number of pores. Moreover, an irregular particle morphology of
the soil was presented, which was similar to the structural
characteristics of raw soil before thermal desorption. The
change in the morphology of the soil might be attributed to the
sintering agglomeration of the soil at high temperature.

In order to further investigate the effect of added nZVI on the
morphological changes of the soil and its role in thermal
desorption, we analyzed the elemental distributions of the three
soils mentioned above (raw soil, nZVI-added soil before thermal
desorption and aer thermal desorption) by EDS. As shown in
Fig. 3i, C, O, Fe and Cl elements are uniformly distributed in
raw soil, indicating that TCE/TCB and Fe existed in the raw soil
homogeneously. However, a large increase in the content of Fe
elements was witnessed in nZVI-added soil and its distribution
exhibited a regional pattern, suggesting that nZVI was
successfully added into the soil (Fig. 3j). It is worth noting that
C, O and Cl remained uniformly distributed in nZVI-added soil,
which indicated that simply adding nZVI into the soil did not
exhibit a signicant effect on the elemental composition and
distribution in the soil. Interestingly, agglomeration of Fe
elements occurred in the nZVI-added soil aer thermal
desorption (Fig. 3k). It was reported that nZVI tends to aggre-
gate when reacting in aqueous solution and subsequently
agglomerates into large particles.21,30 The transformation of the
soil from loose aky structure to dense irregular particles aer
thermal desorption in the previous analyses might be attributed
to the agglomeration of nZVI. In addition to Fe, C and Cl also
showed agglomeration phenomenon with the agglomeration
area in consistent with that of Fe. This phenomenon suggested
that the organic matter (including TCE and TCB) in the
contaminated soil might aggregate on the surface of nZVI and
underwent chemical reactions during the thermal desorption
process.
nZVI enhanced thermal desorption of TCE/TCB from the soil

The residual concentration of TCE/TCB in various soil samples
was measured to investigate of effect of nZVI addition on
thermal desorption at different temperatures (100, 200, 300,
ops of pristine nZVI.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of (a) pristine nZVI, (b)–(d) raw soil, (e) and (f) soil with the addition of nZVI, (g) and (h) soil after thermal desorption with the
addition of nZVI, the EDS mapping images of (i) raw soil, (j) soil with the addition of nZVI, and (k) soil after thermal desorption with the addition of
nZVI.

Fig. 4 (a) Concentration of TCE and TCB in different soil samples, (b) removal efficiency of TCE and TCB at different temperatures, dechlori-
nation intermediates of (c) TCE and (d) TCB.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 14254–14262 | 14257
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400, 500, and 600 °C). The efficiency was evaluated by
comparing the residual concentration of TCE/TCB with the
initial concentration in raw soil. As shown in Fig. 4a, the
concentration of TCE and TCB in raw soil without any treatment
was 43.28 and 478.91 mg kg−1, respectively. Aer thermal
treatment in the absence of nZVI at 100 °C for 2 h, the
concentration decreased to 6.63 (TCE) and 97.24 (TCB) mg kg−1

with the removal efficiency of 84.67 and 79.69%, respectively
(Fig. 4b). With the addition of nZVI the concentration of TCE
and TCB subsequently decreased to 5.16 and 91.57 mg kg−1

respectively. The removal efficiency was slightly enhanced by
the addition of nZVI with the improvement of 3.41% for TCE
and 1.19% for TCB, indicating that the limited enhancement of
nZVI at low temperature (100 °C). However, thermal desorption
efficiency of TCB was substantially promoted (93.21%
compared with 80.88% at 100 °C) with the heating temperature
further increased to 200 °C. Even in comparison with the
control group, the addition of nZVI greatly improved the
removal of TCB with the increasement of 10.92% in efficiency.
Besides, the increase in temperature effectively promoted the
desorption of TCE as well. Although nZVI still exhibited supe-
rior efficiency, the efficiency exceeded 90% with or without
nZVI. When the heating temperature further increased ($300 °
C), the efficiency difference between control group and nZVI
group decreased. For instance, the TCE removal efficiency of
control group and nZVI group was 99.37% and 99.60%,
respectively. Similarly, the desorption efficiency of TCB were
97.27% (control) and 98.78% (nZVI). As the treatment temper-
ature reached 600 °C, 100% of TCE evaporated from the soil
while for TCB 100% removal efficiency was achieved in nZVI
group and only 99.92% was desorbed in control group. Overall,
the results indicated that the addition of nZVI effectively
enhanced the desorption of TCE/TCB by thermal desorption,
especially when the process was conducted at low temperature.

According to previous literatures,31,32 TCE could be dechlori-
nated to vinyl chloride (VC), trans-1,2-dichloroethylene (t-DCE),
cis-1,2-dichloroethylene (c-DCE), and 1,1-dichloroethylene (1,1-
DCE) while TCB could be dechlorinated to 1,2-dichlorobenzene
(o-MCB), 1,4-dichlorobenzene (p-MCB), 1,3-dichlorobenzene (m-
DCB), chlorobenzene (MCB), and benzene. Thus, the dechlori-
nation intermediates were identied to further investigate the
role of nZVI in thermal desorption (Fig. 4c and d). Since that the
raw soil were collected from an actual polluted site, some of the
dechlorination intermediates were detectedwithout treatment. As
shown in Fig. 4c, 1,1-DCE was not detected in all the soil samples,
indicating that it was not generated during the thermal desorp-
tion process. The concentration of c-DCE decreased from 12.12 mg
kg−1 in raw soil to 0.96 (control) and 0.95 (nZVI) mg kg−1 aer
thermal desorption at 100 °C, which was mainly due to the
desorption of c-DCE. Furthermore, c-DCE was barely detected in
control group when the heating temperature was over 200 °C.
However, 0.62 mg kg−1 of c-DCE was still detected in nZVI group
aer thermal treatment at 200 °C. Given that the TCE desorption
efficiency was substantially enhanced by the addition of nZVI, the
c-DCE could be generated by the dechlorination of TCE by nZVI
during thermal treatment. Interestingly, the concentration of VC
in nZVI group was lower than that in control group at all the
14258 | RSC Adv., 2024, 14, 14254–14262
temperatures, indicating that nZVI effectively promoted the
desorption and dechlorination of VC. Similarly, the concentration
of TCB dechlorination intermediates exhibited volcano-like
curves as the temperature increased, indicating the accumula-
tion of intermediates during the adsorption of TCE and TCB.
Besides, the nZVI group generatedmore intermediates (especially
m-DCB and MCB) compared with control group, which further
conrmed the dechlorination of TCB by nZVI. The particle size
distribution of the soil was further analyzed to investigate the
effect of thermal desorption and the addition of nZVI on soil
texture properties. As shown in Fig. S1,† the particle size gradually
became larger with the increase of the thermal desorption
temperature, indicating that the soil might agglomerate during
the process. When the temperature was 300 °C or below, the
addition of nZVI exhibited little effect on soil particle size.
However, the particle size of the soil aer thermal desorptionwith
nZVI addition was signicantly smaller than that of the control
group as the temperature was increased over 300 °C. The result
was consistent with the SEM results, indicating that the addition
of nZVI effectively inhibited the agglomeration of the soil at high
temperatures. Besides, nZVI also exhibited superior efficiency on
thermal desorption of other CHs in the soil, which facilitates its
application for actual environmental remediation (Fig. S2†).
Effect of nZVI dosage on thermal desorption

The inuence of nZVI dosage on TCE/TCB removal was investi-
gated by adding different amounts (10, 25, 50, and 100 mg g−1) of
nZVI into the contaminated soil and subsequently thermal
desorption at 300 °C for 2 h. With the increase of nZVI addition,
the residual concentration of TCE in the soil only slightly changed
from 0.274 mg kg−1 at the dosage of 0 mg g−1 to 0.173 mg kg−1 at
the dosage of 50 mg g−1 (Fig. 5a). The TCE in the soil was
completely removed as the nZVI dosage was further increased to
100 mg g−1. As shown in Fig. 5b, almost negligible increasement
was witnessed in the removal efficiency of TCE asmore nZVI were
added. The results indicated that nZVI demonstrated no obvious
efficiency in the thermal desorption of trace TCE while the
removal of TCE might depend on the treatment temperature.33

On the contrary, the removal of TCBwas positively correlated with
the dosage of nZVI. With the increase of the dosage, the
concentration of residual TCB in the soil decreased from 13.072
mg kg−1 (0 mg g−1) to 1.579 mg kg−1 (100mg g−1), and the removal
rate of TCB increased from 72.9% to 96.4%, indicating that nZVI
effectively promoted the thermal desorption of TCB (Fig. 5a and
b). Moreover, the dechlorination intermediates with different
nZVI dosages were analyzed. Only a small amount of VC (#0.157
mg kg−1) aer the thermal desorption of TCE whether with or
without nZVI, further conrming that the removal of TCE was
more reliable on temperature (Fig. 5c). The concentration of
intermediate MCB showed a gradual increase as more nZVI was
added, indicating that the increase of nZVI dosage promoted the
dechlorination of TCB (Fig. 5d). Furthermore, the particle size of
the soil aer thermal desorption was investigated. The dosage of
nZVI exhibited little impact of the particle size distribution of the
soil, demonstrating that nZVI was an environmental-friendly
additive (Fig. S3†).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Concentration of TCE and TCB in different soil samples, (b) removal efficiency of TCE and TCB, dechlorination intermediates of (c) TCE
and (d) TCB with different nZVI dosages.
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Effect of treatment time on thermal desorption

The impact of the treatment time on TCE/TCB removal was
investigated by adding 50 mg g−1 nZVI into the contaminated
soil and thermal desorption at 300 °C for different time (20, 40,
60, and 120 min). Interestingly, experimental results showed
that the residual concentrations of TCE and TCB in the soil did
not decrease signicantly with the increase of thermal desorp-
tion time (Fig. 6a). The removal efficiency only slightly increased
with the increase of thermal desorption time, indicating that
the decisive factor determining the nal efficiency of thermal
desorption might not be the treatment time to remove CHs. As
depicted in Fig. 6c, a large amount of TCE dechlorination
product (t-DCE) were generated at the treatment time of 20 min,
which conrmed the dechlorination effect of nZVI on TCE. With
the further increase of treatment time, the intermediate product
t-DCE was also removed from the soil. The main dechlorination
products of TCB (MCB and benzene) also showed an increasing
trend with the increase of desorption time, indicating the
dechlorination effect of nZVI on TCB during the thermal
desorption process (Fig. 6d). In addition, the treatment time
had no signicant effect on the particle size distribution of the
soil, demonstrating that the agglomeration of the soil was
mainly related to the thermal desorption temperature (Fig. S4†).
Mechanism of in situ dechlorination

The XRD patterns of nZVI aer thermal desorption was further
obtained to investigate the changes of crystalline structure
© 2024 The Author(s). Published by the Royal Society of Chemistry
during the reaction. As shown in Fig. 7, the crystal structure of
nZVI aer thermal desorption at 100, 200, and 300 °C was almost
consistent with the pristine nZVI. When the thermal desorption
temperature was further increased to 400 °C, a new peak was
observed in the XRD pattern at 2q= 35.3°, which belonged to the
characteristic diffraction peak of Fe3O4, indicating that part of
nZVI was oxidized into Fe3O4 in the process of high-temperature
thermal desorption. Furthermore, the peak at 35.3° became
sharper and the new diffraction peaks at 30.2°, 43.2°, 57.2° and
62.8° were also attributed to Fe3O4 as the temperature was
further increased to 500 °C and 600 °C, which might be due to
the oxidation of nZVI with soil organic matter (SOM) in the soil.
In addition, when the temperature was further increased to 500 °
C and 600 °C, the characteristic diffraction peaks belonging to
SiO2 were observed at 21.0°, 26.7°50.2°, 60.0° and 68.2° in the
XRD patterns of nZVI, indicating that minerals in the soil
agglomerated on the surface of nZVI at high temperatures,
verifying the interaction between nZVI and soil in thermal
desorption. The changes in element composition and valence of
nZVI were analyzed to investigate the mechanism in thermal
desorption and dechlorination to remove TCE and TCB.34 As
illustrated in Fig. 8a–c, Fe0 still existed in nZVI at very low
percentages aer thermal desorption at 100, 200 and 300 °C,
which conrmed the characterization results of XRD, indicating
that the element composition and distribution of nZVI did not
change signicantly in the process of low-temperature thermal
desorption. Meanwhile, characterization results revealed that as
the increase of thermal desorption temperature from 100 °C to
RSC Adv., 2024, 14, 14254–14262 | 14259
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Fig. 6 (a) Concentration of TCE and TCB in different soil samples, (b) removal efficiency of TCE and TCB, dechlorination intermediates of (c) TCE
and (d) TCB with different treatment times.

Fig. 7 XRD patterns of nZVI before and after thermal desorption at
different temperatures.
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300 °C, the distribution of Fe0 and Fe2+ increased, while the
content of Fe3+ gradually decreased. This might be attributed to
that the oxidized Fe species in the oxidation layer on the surface
of nZVI reacted with the SOM in the soil at high temperature.
Through carbothermal reduction, the SOM reduced the oxidized
Fe species to Fe0, while the SOM was transformed into carbon.26

Interestingly, it was concluded from Fig. 4 that the presence of
nZVI did promote the thermal desorption and reduction
dechlorination of TCE and TCB. This indicated that a potential
redox cycle of Fe species existed in the thermal desorption
process. Firstly, Fe0 reduced TCE and TCB to form intermediates
and was subsequently oxidized to Fe2+ and Fe3+ (eqn (1)–(3)).
Aerwards, the SOM reduced Fe3+ to Fe2+/Fe0 and further
reduced Fe2+ to Fe0 at high temperature (eqn (4)–(6)). When the
thermal desorption temperature reaches 400 and 500 °C, the
existence of Fe0 was not in the XPS spectrum aer the reaction,
indicating that all Fe0 species were involved in the reduction
process and oxidized to Fe2+ and Fe3+ (Fig. 8d and e). The results
demonstrated that the rate of Fe0 contributing to the reduction of
TCE/TCB was higher than that of carbothermal reduction at high
desorption temperature, ultimately leading to the decrease of
Fe0/Fe2+ content. During this process, the removal efficiency of
TCE/TCB almost reached 100% and a large number of interme-
diates were generated. When the temperature reached 600 °C,
the concentration of pollutants in the soil was at a very low level
and the carbothermal reduction process dominated. Therefore,
Fe3+ were reduced to Fe2+, resulting in the increase of Fe2+

composition (Fig. 8f).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 XPS spectra nZVI after thermal desorption at (a) 100 °C, (b) 200 °C, (c) 300 °C, (d) 400 °C, (e) 500 °C, and (f) 600 °C.
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Fe0 + TCE/TCB / Fe2+ + intermediates (1)

Fe0 + TCE/TCB / Fe3+ + intermediates (2)

Fe2+ + TCE/TCB / Fe3+ + intermediates (3)

SOM + Fe3+ / Fe2+ + C (4)

SOM + Fe3+ / Fe0 + C (5)

SOM + Fe2+ / Fe0 + C (6)
Conclusions

In this study, nZVI was added into the CHs-contaminated soil as
additive to enhance thermal desorption to remove TCE and
TCB. Experimental results indicated that the addition of nZVI
greatly improved the desorption efficiency at low temperature
with 99.6% (TCE) and 98.8% (TCB) removed at 300 °C for 2 h.
SEM, laser particle size analyser, and XPS analyses revealed that
the addition of nZVI loosened the structure of soil, which pre-
vented it from agglomerating during the thermal treatment.
Besides, the detection of dechlorination intermediates and the
changes in Fe species proved the in situ dechlorination effect of
nZVI and the redox cycle of Fe was investigated. Moreover, the
effect of nZVI dosage and treatment time on thermal treatment
were assessed. This study not only provides mechanistic
insights into the dechlorination effect of nZVI in the thermal
desorption, but also offers new perspectives for contaminated
soil remediation.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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