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Abstract: Graphene Oxide (GO), nanoscale Zero-Valent Iron (nZVI) and GO-modified nZVI (GO-nZVI)
composite materials were prepared by the Hummer and polyphenol reduction method, respectively, and
Scanning Electron Microscope (SEM) and X-ray Diffraction (XRD) were used to characterize the morphol-
ogy and phase composition of these materials. A series of batch experiments were then conducted to inves-
tigate the performance and influencing factors of GO-nZVI activating peroxydisulfate (SPS) for the degra-
dation of 1,2,3-trichloropropane (TCP). Finally, an in-situ oxidation reaction zone was created by GO-nZVI-
activated SPS in a one-dimensional simulated system to study the remediation of TCP contamination under
different aquifer conditions. The results showed that the GO-nZVI composite exhibited a porous, fluffy
structure, with spherical nZVI particles loaded onto the surface and folds of the GO sheets. Compared with
unmodified nZVI particles, the GO-nZVI composite significantly enhanced the removal efficiency of TCP
by activated SPS, achieving a removal rate of 67.2% within an hour - 78.2% higher than that of the unmodi-
fied system. The SPS dosage and the C/Fe ratio in GO-nZVI were found to significantly affect the degrada-
tion efficiency of TCP. The removal rate of TCP increased with higher SPS concentration, and a 10%
carbon addition, yielded the best activation effect. The one-dimensional simulation results indicated that the
removal rate of TCP ranged from 30.1% to 73.3% under different conditions. A larger medium particle size
and higher concentrations of reactants (SPS and GO-nZVI) improved pollutant degradation efficiency,
increasing TCP removal by 62.1%, 23.8%, and 3.7%, respectively. In contrast, a higher groundwater flow
velocity was not conducive to the removal of pollutants, with the TCP removal rate decreasing by approxi-
mately 41.9%.
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Chlorinated organic compounds are difficult to
degrade and some of them have carcinogenic,
teratogenic, mutagenic, and other toxic effects.
Chlorinated hydrocarbons rank first on China's
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black list of 68 priority pollutants (Ren et al.
2021). As a synthetic chlorinated hydrocarbon
pollutant, 1,2,3-trichloropropane (TCP) is a major
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by-product of epichlorohydrin production during
industrial processes (Merrill et al. 2019; Boyandin
et al. 2024), and its output continues to grow with
the increasing demand for epichlorohydrin each
year. The problem of groundwater pollution caused
by "running, emitting, dripping, and leaking"
during the synthesis, transportation, and storage of
TCP has attracted increasing concern. Character-
ized by moderate solubility and strong stability,
TCP can rapidly migrate from soil to groundwater
once released, resulting in persistent groundwater
pollution (Dai et al. 2023; Zhang et al. 2023) and
posing a serious threat to the ecological environ-
ment and human health. Therefore, TCP pollution
is an important focus in research on chlorinated
hydrocarbons organic pollutants.

At present, many studies have been conducted
on remediation techniques for water contaminated
with chlorinated hydrocarbons both domestically
and internationally, and the majority of studies on
TCP remediation have focused on biodegradation
technology (Li et al. 2023; Ning et al. 2022).
However, this approach still faces problems such
as a limited number of effective bacterial strains, a
low reaction rate, and a long remediation cycle
(Shang et al. 2022). Zero-Valent Iron (ZV]) is not
only capable of reducing various chlorinated
organic compounds in the environment but is also
readily available and inexpensive, making it
increasingly widely used in the field of environ-
mental remediation (Xue et al. 2023; Plessl et al.
2023; Li et al. 2023). Nonetheless, many studies
have revealed that ZVI with different particle sizes
has a low TCP degradation efficiency and may
hardly experience reduction reactions. This is
mainly because the CI-Cl bond in TCP has a high
dissociation energy, making it difficult for ZVI to
provide the activation energy required for dechlori-
nation (Sarathy et al. 2010; Li et al. 2015).

Advanced oxidation technologies, especially
those using ferrous iron to activate persulfate, are
attracting increasing attention due to their advan-
tages of a short remediation cycle, rapid effect, and
low cost (Jiang et al. 2024; Arslan-Alaton and
Koba-Ucun, 2023; Wang et al. 2022; Li et al.
2015). A growing number of researchers have
recently attempted to apply nZVI materials in
advanced oxidation processes to replace Fe(Il) as
an activator, which can address the problems of
rapid oxidation of Fe(Il) to Fe(Ill) and the low
activation efficiency of persulfate (Yu et al. 2023).

The method of using nZVI activated persulfate
can achieve fairly satisfactory results in remediat-
ing water polluted by unsaturated chlorinated
hydrocarbons (such as trichloroethylene). How-
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ever, for TCP pollution and other saturated chlori-
nated alkane, it can only improve pollutant
removal efficiency to a certain extent due to
limited reaction and mass transfer rates and a
single degradation pathway, and it requires a large
dosage of oxidant during reaction (Li et al. 2015).

In terms of preparing nZVI as an activator, the
use of plant polyphenol extract as Fe’* reductant
can significantly reduce the cost, and the polyphe-
nols are environmentally friendly posing no risk of
secondary pollution. In addition, when added to the
persulfate oxidation system, the polyphenol can
also serve as an activator to generate sulfate radi-
cals by directly activating peroxydisulfate (S,05")
(Li et al. 2015; Zhang, 2019). It has been reported
that polyphenol-coated nZVI itself has a low
reduction efficiency for chlorinated hydrocarbons,
mainly due to lower electron transport efficiency.

Ongoing research on graphene-based materials
has uncovered that these materials possess excel-
lent adsorption and electron transport capabilities.
Graphene and its derivatives have demonstrated
outstanding performance in removing heavy metals
and organic pesticides when loaded with nZVI
(Yang et al. 2018; Ren, 2019; Braki et al. 2024;
Liu et al. 2022). However, the effectiveness of
these materials for degrading chlorinated organic
compound pollution has rarely been verified
(Huang et al. 2023).

In summary, the existing redox technologies for
treating TCP and other chlorinated hydrocarbons
that are difficult to degrade in water, including
nZVI/modified nZVI and activated persulfate, still
face challenges such as the need for large dosage
of reactants, a single degradation pathway, low
reaction and mass transfer rates, and an unsatisfac-
tory remediation effect. Regarding this issue, this
study aims to take advantage of advanced oxida-
tive remediation techniques using nZVI injection
and persulfate, and to utilize Graphene Oxide (GO)
as a carrier for nZVI, thereby preparing a GO-
modified nZVI (GO-nZVI) composite. The effi-
ciency of the composite in catalyzing persulfate to
remove TCP from water and the effects of persul-
fate and GO dosage were investigated. Further-
more, an in-situ reaction zone using GO-nZVI to
activate persulfate was simulated and created to
explore its remediation effect on TCP in ground-
water. The influence of medium particle size,
groundwater flow velocity, and the injection
concentrations of SPS and GO-nZVI on TCP
removal efficiency were also analyzed, providing a
theoretical basis for applying advanced oxidation
technology to the treatment of chlorinated hydro-
carbon pollution in groundwater.
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1 Materials and methods

1.1 Experimental materials

Graphite powder (80—120 mesh, 99.9% purity) and
0.22 pm filtration membranes were purchased
from Shanghai Macklin Biochemical Technology
Co., Ltd. Ordinary green tea leaves were sourced
from Chunxiang Tea Farm (Shihe District,
Xinyang City, Henan Province, China). TCP,
sulfuric acid, potassium permanganate, sodium
nitrate, Sodium PerSulfate (SPS), ferric chloride,
ferrous sulfate, calcium chloride, hydrochloric
acid, hydrogen peroxide, sodium hydroxide,
methanol, and ethanol of analytical grade were
supplied by chemical reagent companies in
Beijing. Quartz sand, purchased from Henan
Zhengyuan Chemical Co., Ltd, was screened using
a 10-200 mesh standard sieve, washed with deion-
ized water to remove surface dust, sterilized at
high temperature using a high-pressure sterilizer,
and then dried for later use. Test water was
prepared according to the concentration of
common ions found in groundwater, as listed in
Table 1.

1.2 Preparation and characterization of
GO, nZVI and GO-nzVI

A suitable amount of 98% concentrated sulfuric
acid was added into a 250 mL beaker, then
graphite powder and sodium nitrate were added at
a mass ratio of 2:1, followed by mechanical stir-
ring in an ice water bath for 20 minutes. After that,
an appropriate amount of potassium permanganate,
generally 2-3 times the mass of the graphite
powder, was slowly added to the mixture. The
mixture was then transferred to a thermostatic
water bath at 35°C and maintained for 40 minutes.
After adding 100-200 mL of ultrapure water, the
mixture was transferred to a 98°C thermostatic
water bath for 15 minutes. Subsequently, the
mixture was diluted with warm water, combined
with 25 mL of 30% hydrogen peroxide, then
filtrated and washed three times, followed by
vacuum drying at 70°C for 12 hours. Finally, the
brown material GO was obtained for later use.

2 g of green tea were added to 50 mL of water,
heated at 80°C for 30 minutes, and then allowed to

Table 1 Parameters of test water (mg/L)

stand until reaching room temperature. The tea
leaves and extract were then separated using a
suction filter. Next, 0.5 g of synthesized GO was
fully dispersed in the polyphenol extract by ultra-
sound for 2 hours to obtain a suspension. After-
ward, 50 mL of 0.1 mol/L ferric chloride solution
was prepared and slowly added to the GO-
polyphenol suspension under constant stirring,
followed by reaction for 4 hours. The product was
washed with absolute ethanol more than three
times and then dried at 60°C under vacuum to
obtain GO-nZVI. At the same time, green tea-
reduced nZVI (withtout the addition of GO) was
prepared in a separate polyphenol extract solution
for comparative analysis in subsequent experi-
ments.

To clarify the surface properties of different
nanomaterials, a scanning electron microscope
(SEM, SU8000, Hitachi, Japan) operating at an
accelerating voltage of 3.0 KV was employed to
observe the microstructure, surface structure, and
dispersion of GO, nZVI, and GO-nZVI. An appro-
priate amount of each sample was placed on black
adhesive tape and subjected to metal spraying. The
crystal structures of the materials were analyzed
using an X-ray Diffractometer (XRD, Rigaku
SmartLab SE, Japan). GO was continuously
scanned with characteristic Cu-Ka X-ray diffrac-
tion, while nZVI and GO-nZVI were continuously
scanned with characteristic Co-Ka X-ray diffrac-
tion. The diffraction angle, scanning step size, and
working current were set to 10°-90° (26), 0.02°,
and 40 mA, respectively.

1.3 Batch degradation experiments

Experiments were implemented in a series of 100-
mL conical flasks. Specifically, a proper amount of
the prepared GO-nZVI (with a GO mass ratio of
10% in the composite) was fully dispersed in
deionized water by ultrasonication, after which a 2
g/L TCP stock solution was added to reach a final
concentration of 100 mg/L. After mixing, SPS was
added to achieve a molar concentration ratio of
S,0,", Fe and TCP of 20:5:1. The mixture was
oscillated in a thermostatic oscillator (25°C) at 150
rpm. Samples were taken at regular intervals, and
free radicals were quenched with absolute
methanol. The samples were then filtrated using
0.22 pm filtration membranes. Subsequently, the

pH Na® Ca™ Mg S0,

cr HCO, NO, Fe

6.5 30.50 50.20 42.17 120.45

105.30 88.27 1.53 0.04
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residual TCP concentration was determined by Gas
Chromatograph (GC). A control group was estab-
lished to investigate the effects of different reac-
tion agents (GO, nZVI, SPS, GO-nZVI, and nZVI
+ SPS) on TCP removal efficiency. In the above
experiments, one group of blank samples and two
groups of parallel samples were set up.

The dosage of chemical agents directly affects
the reaction efficiency. In this study, the dosage of
persulfate was adjusted to obtain molar concentra-
tion ratios of S,04>, Fe, and TCP of 30:5:1, 20:5:1,
and 10:5:1, respectively, to explore the impact of
oxidant dosage on TCP removal efficiency. During
the preparation of GO-nZVI, composites with
varying Carbon (C)/Fe ratios were obtained by
adding different amounts of GO, thereby investi-
gating the TCP removal efficiency of GO-nZVI-
activated SPS when the GO dosage was 5%, 10%,
and 15%.

1.4 Simulated column experiments

The simulation experiment was carried out using
one-dimensional organic glass columns (Fig. 1),
each measuring 40 cm in length and 8 cm in diam-
eter, with water distribution plates installed at both
ends to ensure the uniform distribution of ground-
water in the aquifer medium. The columns were
placed horizontally, and Sampling Ports 1, 2, 3 and
4 were set up at equal intervals along the column.
Among them, Sampling Port 2 was connected with
an injector and served both as the inlet for GO-
nZVI suspension and SPS solution, and as the
sampling port at the end of injection. Sampling
Ports 1 and 4 were used as the upstream and down-
stream monitoring points. Sampling Port 3 served

Spreader plate
TCP solution \ 1

Peristaltic pump

'; Zvo‘!

only as a backup sampling port, to be used when
necessary (e.g. in case of blockage of an adjacent
sampling port), as it was located close to Sampling
Port 2. The outlet of the simulated columns was
the final sampling port, which was connected to a
three-way tube via a hose. Sampling was
completed by adjusting the height of the hose to
control the groundwater outlet level.

The medium was packed into the simulated
columns, tamped layer by layer, and saturated with
100 mg/L TCP solution. When the concentration
of TCP in the effluent was consistent with that in
the influent, GO-nZVI suspension and SPS solu-
tion (50 mL each) were injected into the saturated
medium using all-glass injectors through the injec-
tion port (Sampling Port 2), with the injector
needles placed at the lower, middle and upper parts
of the simulated columns to ensure the agents were
distributed as uniformly as possible throughout the
medium. After the remediation agents were
injected, the flow rate was kept constant, and
samples were collected at regular intervals to
determine TCP concentration.

A series of simulated columns were prepared,
and the medium particle size, groundwater flow
velocity, SPS concentration, and GO-nZVI injec-
tion concentration were adjusted to explore the
effects of these factors on the performance of reac-
tion zone. The experimental parameters of the
simulated columns are presented in Table 2.

1.5 TCP testing method

A GC (Shimadzu Plus 2010, Japan) equipped with
a Flame Ionization Detector (FID) and automatic
headspace sampler (Agilent Technologies G1888)

Injection port

’

3 4

Silica sand

Fig. 1 Schematic diagram of remediation for TCP-contaminated groundwater with in-situ reaction zone

Table 2 Parameters of simulated column tests

Medium size

Velocity of groundwater

Concentration of SPS Concentration of GO-NZVI

Columns /mm flow /m/d /g/L /g/L

1 0.5-1 0.12 35 10

2 0.1-0.25 0.12 35 10

3 0.5-1 0.25 35 10

4 0.5-1 0.12 50 10

5 0.5-1 0.12 35 20

344 http://gwse.iheg.org.cn
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was employed to measure the TCP content under
the following conditions: An HP-PLOT/Q capil-
lary column; column temperature held at 50°C for
2 minutes and then increased at 40°C/min to 220°C
for 6 minutes; inlet temperature of 150°C; no split
injection; direct injection mode; FID temperature
of 350°C; carrier gas (nitrogen) flow rate of 1.5
mL/min; automatic sampler heated to 80°C for 10
minutes; ambient temperature of 23°C; and rela-
tive humidity of 20%.

2 Results and discussion

2.1 Characterization of GO, nZVI and
GO-nzVi

Characterization analysis was conducted on the
different remediation materials. As shown in Fig.
2, the nZVI particles produced via polyphenol
reduction were spherical, with an average particle
size of 20-30 nm and good dispersity. They did
not agglomerate into large particles or form chains
connected by magnetic interactions between parti-
cles (Fig. 2a). GO displayed as a typical laminated
structure (Chen et al. 2020; Horlu et al. 2024) with
contorted folds and no surface attachments (Fig.
2b). After loading nZVI, the surface of GO became
rougher, and the spherical nZVI particles were
distributed on the flat surface of GO or embedded
within its folds (Fig. 2¢). Some nZVI particles still
agglomerated into chains or large granular crystals.
These observations suggest that during the loading
process, GO disrupts the dispersion stability of the
original nZVI particles to some extent, allowing
nZVI to enter the interlayers of GO, resulting in a
porous, fluffy composite structure.

Fig. 2 SEM images of nZVI (a), GO (b) and GO-
NZVI (c)

The crystal structures of GO, nZVI and GO-
nZVI were analyzed and compared by XRD. The
results (Fig. 3) indicate that GO showed a single
diffraction peak, with the strongest characteristic
peak (002) appearing at 20=11.2°, corresponding
to the orderly laminated structure of GO. In addi-
tion, the interlayer spacing calculated using the
Bragg equation was 0.790 nm, which is larger than
that of ordinary graphite powder (0.337 nm). This

http://gwse.iheg.org.cn

is because the presence of oxygen-containing func-
tional groups on the surface increases the inter-
layer spacing of GO, implying that GO can provide
more space for loading metal nanoparticles.

Polyphenol a-Fe

\Jk /\1 nZVI

20 40 60 80
20/(°)

Intensity/Counts
Q
o

Fig. 3 XRD patterns of nZVI, GO and GO-NZVI

The crystals of nZVI and the GO-nZVI compos-
ite exhibited characteristic diffraction peaks of a-
FeO at 44.77° (110) and 65.10° (200), respec-
tively, whereas the characteristic peak of GO
nearly disappeared, suggesting that GO is
completely exfoliated during the preparation of the
composite. nZVI also showed a distinct character-
istic peak at 32.39°, which might belong to a
polyphenol organic compound encapsulated on the
surface of nZVI (Deng et al. 2019). In addition, a
small amount of Ferrous Oxide (FeO), Hydroxyl-
Ferric Oxide (FeOOH) and Ferroso-ferric Oxide
(Fe;O,4) observed in the spectra may have formed
due to Fe oxidation during the preparation of nZVI
and GO-nZVI.

2.2 TCP removal efficiency by GO-nZVI
activated persulfate

To investigate the TCP removal efficiency by GO-
nZVI activated persulfate, a comparison was made
of the effects of GO, nZVI, GO-nZVI, SPS, and
GO-nZVI+ SPS on TCP removal in this experi-
ment, with an initial solution pH of 6.5 and an
initial TCP concentration of 100 mg/L. As shown
in Fig. 4, nZVI alone had almost no effect on TCP
removal within 120 minutes. This is because nZVI
typically achieves the reductive degradation of
organic pollutants only under acidic conditions
(Dombek et al. 2004). Compared to common chlo-
rinated hydrocarbons, TCP is more difficult to
dechlorinate, requiring chemical remediation
agents with higher surface reactivity. Sarathy et al.
(2010) found that reactive nZVI with diverse
morphologies can achieve some degradation of
TCP, but its efficiency remains much lower than
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the effective remediation efficiency needed for in-
situ applications.

1.2

—a— GO-nZVI —— SPS

—+— nZVI+SPS —— GO-nZVI+SPS

0 20 40 60 80 100 120
Reaction time/min

02+ —=— nZVI

Fig. 4 Removal effect of TCP in different reaction
systems

GO alone exhibited a certain surface adsorption
effect on TCP, resulting in a TCP removal rate of
about 17.8%. After loading nZVI onto GO, the
adsorption capacity of GO-nZVI for TCP was
significantly higher than that of GO or nZVI alone.
The possible reason is that, on the one hand, nZVI
particles entering the layered structure of GO
enhances its pore structure and increases its
specific surface area, thereby strengthening its
pollutant adsorption capacity (Xing, 2020). On the
other hand, the adsorption capacity and electron
transfer capability of GO facilitate the reduction of
TCP by nZVI. In other words, GO-nZVI excerts a
synergistic effect that enhances both adsorption
and reduction of TCP.

Single SPS exhibited only a weak oxidizing
effect on TCP. Existing studies have demonstrated
that persulfate produces S,0,° with oxidative
properties in water through ionization. However,
persulfate generally has an insignificant oxidation
effects on organic compounds at room tempera-
ture due to the low reaction rate (Yan et al. 2008;
Xue et al. 2024). The persulfate activated by GO-
nZVI evidently improved TCP degradation effi-
ciency, increasing the removal rate from 8.5% to
67.2%. The removal of TCP by GO-nZVI acti-
vated SPS was a highly efficient and rapid reac-
tion process, reaching equilibrium and stability
within 1-2 hours.

2.3 Influence of persulfate dosage on
TCP removal efficiency

When the molar ratio of S,0," to TCP increased
from 10:1 to 30:1, the degradation efficiency of
TCP improved from 48.6% to 71.2% (Fig. 5), indi-
cating that the dosage of SPS had a relatively obvi-
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ous positive correlation with pollutant degradation
efficiency. However, different dosage resulted in
varying degrees of improvement in TCP degrada-
tion. For example, the TCP removal efficiency
increased by 36.8% when the molar ratio of S,0;
to TCP increased from 10:1 to 20:1, while it
increased by merely 7.1% when the ratio rose from
20:1 to 30:1. This is probably because the activa-
tion efficiency of the fixed amount of GO-nZVI on
persulfate nearly reaches its maximum at a molar
ratio of 5:20, so further increasing the persulfate
dosage has little effect on enhancing TCP oxida-
tion efficiency.

—=— M (S,0): M (TCP)=10: |
1.0 —e— M (S,02) : M (TCP)=20 : 1
—a— M (S,02) : M (TCP)=30 : 1
0.8
)
O 06t
041
0.2

0 20 40 60 80 100 120
Reaction time/min

Fig. 5 Removal effect of TCP at different oxidant
dosages

Moreover, although increasing the oxidant
dosage can improve pollutant removal efficiency to
a certain extent, excessive oxidant may damage the
physicochemical and biological properties of
groundwater, increase sulfate levels, and cause
acidification, which in turn affects the subsequent
microbial activity and pollutant degradation.
Therefore, in practical application, the appropriate
dosage of oxidizing agents should be determined
by fully considering economic cost, remediation
effectiveness, and potential impacts on the ground-
water environment.

2.4 Influence of C/Fe ratio in GO-nZVI
on TCP removal efficiency

To explore the impact of different C/Fe ratios in
GO-nZVI on TCP removal efficiency, GO-nZVI
composites with three different GO locadings,
namely GO-nZVI' (with 5% GO added), GO-
nZVT* (with 10% GO added), and GO-nZVI® (with
15% GO added), were applied to activate SPS to
degrade TCP. As shown in Fig. 6, GO-nZVTI’ had
the weakest activation effect on SPS, followed by
GO-nZVI' and then GO-nZVI’. The nZVI content
in GO-nZVI determines the activation degree of

http://gwse.iheg.org.cn
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SPS. Specifically, increasing the proportion of
nZVI can promote the generation of free radicals
and thus accelerate the oxidative degradation of
TCP.

1.0
—a— 5%
—o— 10%
0.9F —a—15%
0.8
207
L
C o6t
05+ L
04+
03 1 1 1 1 1 1
0 20 40 60 80 100 120

Reaction time/min

Fig. 6 Removal effect of TCP at different C dosage

Furthermore, the dispersion or immersion of
nZVI particles into the layered structure of GO can
increase the specific surface area and pore size of
the composite, enhancing its synergistic adsorp-
tion/oxidation effect on TCP. Therefore, the TCP
removal efficiency may increase with higher nZVI
loading up to a certain point. However, when the
nZVI content was further increased, the TCP
removal rate declined slightly. This may be due to
the depletion of sulfate radicals by excessive nZVI
(Liu, 2018), resulting in reduced oxidative degra-

Lo (a) Port 1
U F & e '
0.8
S
O 06}
—— Column 1
—e— Column 2
04+ —— Column 3
—v— Column 4
—+— Column 5
02 .
0 50 100 150 200 250 300 350 400
Reation time/h
10b (c) Port 3
0.8
g 0.6
O

—=— Column 1
—e— Column 2
—+— Column 3

0.2¢ —v— Column 4
—+— Column 5
O 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

Reation time/h

dation efficiency. Additionally, excessive nZVI
can occupy the pore structure of GO and hinders
mass transfer process with pollutants (Sun et al.
2023).

2.5 Effectiveness of the reaction zone
of GO-nZVI activated persulfate in
removing TCP from groundwater

The effectiveness of the reaction zone formed by
GO-nZVI activated persulfate in removing TCP
from groundwater was investigated in simulated
columns, and the results are shown in Fig. 7. TCP
concentration at Port 1 did not change signifi-
cantly since Port 1 was located upstream of the
injection port and thus the pollutant concentration
was less affected by the injected agents. The
concentration of TCP in groundwater dropped
markedly in downstream sampling ports within 96
hours, with Port 2 showing the most obvious
decrease, followed by Port 3 and then the outlet.
The pollutant degradation efficiency at different
sampling ports decreased as the distance from the
injection port increased, with average TCP concen-
tration reductions of 56.0%—73.3%, 42.3%—68.6%
and 30.1%—64%, respectively. After the reaction
zone had operated for a few days, its oxidizing
capacity began to decline, and the TCP concentra-
tion in the column gradually increased, eventually

| (b) Port2

—s=— Column 1
—e=— Column 2
—a— Column 3
—v— Column 4
—— Column 5

O 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400
Reation time/h
10b (d) Outlet
0.8
0.6
0.4% / —=— Column 1
V —e=— Column 2
02 —+— Column 3
: —v— Column 4
—— Column 5
0 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

Reation time/h

Fig. 7 Changes in TCP concentration at each sampling port in the simulated columns
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approaching that of the feed water. This indicates
that the remediation capacity of the reaction zone
diminishes over time, and the reaction zone ulti-
mately loses its effectiveness once the TCP
concentration in the effluent becomes roughly
equal to that in the feed water.

The influencing factors for the reaction were
analyzed in detail using the changes in TCP
concentration at the outlet of each column in Fig.
7(d) as an example. According to the TCP concen-
tration variation curves of columns 1 and 2, the
TCP removal efficiency in coarse sand was
remarkably higher than that in fine sand. This is
because coarse sand has a larger pore space, which
allow GO-nZVI to exhibit better mobility, enabling
it to form a larger reaction zone along the ground-
water flow direction (Li et al. 2015). This improves
persulfate activation and enhances oxidation effi-
ciency, resulting in a more effective TCP degrada-
tion.

This figure also shows that the TCP concentra-
tion began to rise and the remediation efficiency of
the reaction zone started to decline after 144 hours
of operation in coarse sand. In contrast, the TCP
concentration in fine sand started to rebound after
only 96 hours, implying that coarse sand provides
better sustainable remediation performance. This is
likely related to the variations in the permeability
of the media. Fine sand has relatively low perme-
ability, and the oxidation products of nZVI further
reduce the permeability of the GO-nZVI reaction
zone, thus hindering its electron and mass transfer
performance and reducing its oxidation efficiency.

It was evident from the TCP concentration vari-
ation curves in the effluent of columns 1 and 3 that
the average TCP removal rates were 51.8% and
30.1% at groundwater flow velocities of 0.12 m/d
and 0.25 m/d, respectively. This suggests that the
TCP removal efficiency by oxidation is unsatisfac-
tory at higher groundwater flow velocities. This is
because a higher flow velocity does not allow
pollutants and persulfate to remain in the GO-nZVI
reaction zone long enough for complete reactions,
resulting in reduced persulfate activation and lower
oxidation efficiency. Although the figure shows
that Column 3 had a lower TCP removal effi-
ciency, the TCP removal rate in the effluent only
began to decline after 144 hours of operation, and
the rate of TCP concentration rebound was slower
than that in column 1. This indicates that a higher
groundwater flow velocity can, to some extent,
improve the sustainable remediation performance
of the reaction zone.

By comparing the TCP concentration variation
curves in the effluent of Column 1, 4 and 5, it was
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discovered that the average TCP removal rates in
these columns were 51.7%, 64.0% and 53.6%,
respectively, representing increases of 23.8% and
3.7% in Columns 4 and 5 compared with Column
1. This suggests that the TCP removal efficiency in
the reaction zone increases with higher concentra-
tions of the agents (SPS and GO-nZVI). In addi-
tion, the removal rate of TCP was more strongly
affected by the concentration of SPS than by that
of GO-nZVI. However, after 24 hours, the TCP
concentration in Columns 4 and 5 began to
rebound, indicating that a high concentration of
agents can reduce the sustainable remediation
performance of the reaction zone. This may be
because greater amounts of oxidation products
generated under lager agents concentrations reduce
the activation efficiency of SPS, ultimately lead-
ing to a decline in the remediation capacity of the
reaction zone.

Subsequently, the molar ratio of persulfate actu-
ally participating in the reaction was calculated
based on the TCP concentration variation curves in
the effluent of each column. The time intervals
with stable oxidation efficiency in the reaction
zone were determined as the reaction time periods
for calculation in each column. Specifically, the
reaction time periods used were 0-96 h, 0—48 h,
0-192 h, 0-24 h, and 0-24 h for Columns 1-5,
respectively. In addition, the average TCP removal
efficiency within these periods was determined for
each column. The molar ratios of persulfate actu-
ally reacting with TCP in the five columns were
8.65:1,25.70:1, 5.74:1, 38.9:1 and 27.2:1, respec-
tively.

These results illustrate that in the remediation of
TCP pollution in groundwater using an in-situ
reaction zone of GO-nZVI activated persulfate, the
actual utilization rate of the SPS is relatively low,
and it is difficult to achieve satisfactory remedia-
tion results simply by increasing the dosages of
oxidizing agents and activators. To address this
issue, current research primarily focuses on
improving the performance of oxidants and activa-
tors while reducing environmental risks through
the following approaches:

(1) Improving the oxidant activation method.
This is a major research focus and also an objec-
tive of this study. By leveraging the pollutant
enrichment and electron transport properties of
GO, the activation efficiency of nZVI on SPS was
effectively improved when GO-NZVI was used as
the activator. Compared with previous studies, the
amounts of SPS and nZVI required for TCP degra-
dation were significantly reduced.

(2) Optimizing injection methods in engineer-
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ing practice. Compared with traditional injection
wells, pressurized direct-push injection can effec-
tively expand the influence radius of SPS and
nZVI in soil and groundwater, thereby improving
agent mass transfer and reducing required dosages.

(3) Combining with other remediation technolo-
gies. Compared with stand-along SPS advanced
oxidation, combined technologies often achieve
higher remediation efficiency. Some researchers
have proposed combining bioremediation with SPS
to address residual low-concentration pollutants in
the environment. This not only enhances the reme-
diation effect but also significantly reduces the
amount of SPS required and lowers environmental
risks.

(4) Other measures, such as adding SPS
sustained-release agents or adjusting environmen-
tal conditions, can also help improve efficience.

In conclusion, when applying this technology to
practical remediation projects, aquifer conditions
should be comprehensively considered to deter-
mine the appropriate agent concentration, injec-
tion volumes, and injection methods (e.g. one-time
injection or fractional injection), as well as other
factors influencing the reaction.

3 Conclusion

Graphene oxide-modified nanoscale zero-valent
iron composites were successfully prepared using
the Hummer and polyphenol reduction method.
The resulting material exhibited a porous and
fluffy structure, with spherical nano-iron particles
loaded on the surface of graphene oxide. The main
component of the composites is a-Fe’, with trace
amounts of ferrous oxide, hydroxyl iron oxide and
ferric tetroxide.

Modification with graphene oxide significantly
enhanced the removal efficiency of nano-iron acti-
vated persulfate for TCP degradation. Within 1
hour, the TCP removal rate reached 67.2%, which
is 78.2% higher than that of the unmodified
system. The removal rate increased with higher
persulfate concentrations. An appropriate C/Fe
ratio in the graphene oxide modified nano-iron
materials was found to improve persulfate activa-
tion, with the highest degradation -efficiency
observed at 10% C addition.

Using a graphene oxide-activated persulfate in-
situ reaction zone to simulate the remediation of
TCP contaminated groundwater, the TCP removal
rate under different reaction conditions ranged
from 30.1% to 73.3%. A larger particle size of the
aquifer medium and a higher concentration of reac-
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tants were found to promote pollutant degradation,
while a higher groundwater flow rate was not
conducive to pollutant removal. The actual molar
ratio of persulfate reacting with TCP ranged from
5.74:1 to 38.9:1, indicating that oxidant consump-
tion is relatively high.

At actual contaminated sites, it is important to
consider not only the remediation effectiveness but
also the potential impact of chemical agents on the
physicochemical properties of groundwater and the
permeability of aquifers. To achieve green remedi-
ation and reduce secondary pollution, the reactiv-
ity of chemical agents should be further optimized.
Moreover, additional exploration and research are
needed on engineering measures for in-situ reac-
tion zones, as well as on combined remediation
technologies such as surfactant flushing or biore-
mediation techniques.
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