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Abstract: Chlorobenzene (CB), as a typical Volatile Organic Contaminants (VOC), is toxic,
highly persistent and easily migrates in water, posing a significant risk to human health and
subsurface ecosystems. Therefore, exploring effective approaches to remediate groundwater
contaminated by CB is essential. As an enhanced micro-electrolysis system for CB-contaminated
groundwater remediation, this study attempted to couple the iron-copper bimetal with biochar.
Two series of columns using sands with different grain diameters were used, consisting of iron,
copper and biochar fillings as the permeable reactive barriers (PRBs), to simulate the remediation
of CB-contaminated groundwater in homogeneous and heterogeneous aquifers. Regardless of the
presence of homogeneous or heterogeneous porous media, the CB concentrations in the effluent
from the PRB columns were significantly lower than the natural sandy columns, suggesting that
the iron and copper powders coupled with biochar particles could have a significant removal effect
compared to the natural sand porous media in the first columns. CB was transported relatively
quickly in the heterogeneous porous media, likely due to the fact that the contaminant residence time
is proportional to the infiltration velocities in the different types of porous media. The average effluent
CB concentrations from the heterogeneous porous media were lower than those from homogeneous
porous media. The heterogeneity retarded the vertical infiltration of CB, leading to its extended
lateral distribution. During the treatment process, benzene and phenol were observed as the products
of CB degradation. The ultimate CB removal efficiency was 61.4% and 68.1%, demonstrating that the
simulated PRB system with the mixture of iron, copper and biochar was effective at removing CB
from homogeneous and heterogeneous aquifers.
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1. Introduction

Groundwater, as a water resource, is an important water supply helping to maintain ecosystem
stability [1]. Groundwater contamination, due to the leakage and transport of organics, heavy metals
and nitrates has triggered a widespread environmental problem [2,3]. Chlorinated solvents,
are common organic contaminants, found at many contaminated sites, Chlorobenzene (CB) is one of
the most ubiquitous chlorinated organic compounds found in contaminated groundwater; it is the
main component in solvents, heat transfer agents, insect repellent, deodorant and is an intermediate
in the pharmaceutical industry, also used during dye and pesticide synthesis [4,5]. Due to its
toxicity, persistence, volatility and slow degradation [6,7], CB is an organic pollutant that is hard
to remove from soil and groundwater [8]. Additionally, CB may threaten human health and damage
organs via different exposure routes due to its widespread use [9]. For instance, people can be
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exposed to CB-contaminated water through drinking, bathing, food and laundering. Public health
concerns have arisen from the high volatility of CB, which results in various severe effects, including
headaches, neurasthenia, dizziness, cyanosis, hyperesthesia, muscle spasms and increased risk of
cancer [10]. Due to its high toxicity and ability to be accumulated in the human body and in the
environment, CB has been listed as a controlled pollutant by the United States Environmental Protection
Agency (USEPA) [11]. Therefore, CB-contaminated groundwater has become a worldwide health
and environmental problem and developing an effective technology to treat the CB-contaminated
groundwater is urgently required.

Permeable reactive barriers (PRBs), as passive in situ treatments, have been used as effective
alternatives to remediate groundwater contaminated by organic and inorganic pollutants [12]. Ina PRB,
polluted groundwater transversely flows through a reactive material under natural hydraulic gradients
wherein the contaminants are physically absorbed and chemically or biologically degraded [13,14].
An important step in constructing a PRB is choosing effective fillings. Various reactive materials have
been used as fillings in PRBs for chlorinated component removal [15]. As one of the most common
PRB fillings, zero-valent iron (ZVI) has been demonstrated to be an ideal and effective candidate for
PRB to treat chlorinated compounds in groundwater [16]. However, the use of ZVI alone to remove
organic contaminants has some shortcomings. Firstly, zero-valent iron particles are readily oxidized
on surfaces in the ambient environment, resulting in the loss of active reaction sites [17]. Moreover,
fine-sized iron powders are constantly unstable in aqueous solutions, causing their environmental
application to be inconvenient [18]. Raw ZVI has low reactivity due to the passive layer generated
during its manufacturing process, so the degradation rate for contaminant removal decreases over
time, since its surface passivation is increased by the corrosion products such as iron hydroxide and
oxides precipitant [19]. To enhance the reactivity of ZVI for the removal of organic contaminants,
ZVI has been coupled with other materials, which has been proven effective for overcoming the ZVI
shortcomings, improving its contaminant removal efficiency. Firstly, the addition of carbon materials
reduces the possible contact between ZVI particles, consequently reducing the rapid formation of
surface passivation and prolonging the effective life of Fe’.

Biochar, as a solid heterogeneous material, is rich in aromatic carbon and minerals [20]. Due to
its low production cost, high surface area, porosity and stable structure, biochar has been selected
as a promising carbon material to facilitate the activity of ZVI [21,22]. ZVI coupled with biochar is
defined as the iron/carbon (Fe’/C) micro-electrolysis system. Fe’/C micro-electrolysis primarily
relies on the reaction of galvanic cells. ZVI, serving as the anode, releases electrons and the carbon
materials, serving as active cathodes or facilitators, are commonly used in combination with iron chips
to generate numerous local batteries in multiphase mixtures. Accordingly, reactions for decomposing
refractory organics are believed to occur on or adjacent to the carbon surface [23]. Simultaneously,
the addition of catalysts such as palladium (Pd), copper (Cu) and Nickel (Ni), onto the surface of Fe’
to dechlorinate chlorinated hydrocarbons has aroused considerable research interest, due to having
a better treatment effect than monometallic ZVI particles [24-26]. Among these catalysts, Pd exhibits
the highest catalytic activity but its high cost may restrict its general application. Compared to Pd,
Cu shows a distinct advantage over other noble metals because it is inexpensive [25,27]. In the bimetal
systems, atomic hydrogen, a product of water splitting induced by iron corrosion, is proposed as the
primary reductant for contaminants degradation. The Cu may serve as an effective reservoir for the
atomic hydrogen to promote the degradation process [28]. Therefore, comparing to the single ZVI
system, the Fe-Cu/biochar system is the preferred choice especially for in situ remediation when
economics must be balanced with removal efficiency.

Additionally, many laboratory investigations into the in situ PRB remediation technologies have
been conducted with homogeneous porous media [29,30]. However, the subsurface environment is
a complex heterogeneous system. An aquifer is often composed of multi-layer geological materials
with vastly different properties such as sand, silt and clay. The transport of organic pollutants is
extremely complex due to the existence of heterogeneity in subsurface environment, making in situ
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groundwater remediation in aquifers a challenging task. Many studies have reported on in situ
remediation of organic contaminants in groundwater [31,32]. Due to the complexity and heterogeneity
of an aquifer, application of these remediation technologies is limited. Prior flows are easily formed
when contaminants flow by the highly permeable zones, whereas bypass flows are generated when
contaminants flow through the low permeability zones. Herein, both phenomena may lead to the
incomplete contact between contaminants and fillings in the PRB reaction zone [33-35]. In addition,
after the reduction in the concentration of contaminants in highly permeable zones, under the force
of concentration gradient, contaminants in low permeability zones are continuously released into
highly permeable zones, increasing pollution and the cost of remediation [36,37]. Based on the above
statement, comparing the treatment efficiency of PRB in homogenous and inhomogeneous porous
media is essential, as it is significant for the application of PRB for in situ ground water remediation.

The objectives of this study were to apply the Fe-Cu/biochar system for in situ PRB remediation of
CB in groundwater and to investigate the transport and removal process of CB in different subsurface
porous media (homogeneous and heterogeneous media). The results could provide important reference
data for the application of the Fe-Cu/biochar system for the in situ PRB remediation of groundwater
in real applications.

2. Materials and Methods

2.1. Chemicals, Biochars and Sands

The biochars was prepared from pyrolysis of bamboos in the laboratory. The bamboo used in this
work were collected from a park in Shanghai City, China. After washing for several times with tap
water to remove adhered impurities, the bamboo was air-dried for 2 days and then oven-dried for 24 h
at 120 °C. The dried bamboo was first chopped into small pieces and then milled by pestle, followed
by sieving through 120 mesh. The average grain size of the biochar was 0.035-0.144 mm. Subsequently,
pyrolysis was conducted in a muffle furnace (SX2-4-10) (Shanghai Shiyan electrical furnace Co., Ltd.,
Shanghai, China) which was supplied with nitrogen in order to maintain an oxygen-free atmosphere.
During the pyrolysis process, the temperature was gradually increased at the rate of 45 °C per minute
and finally maintained at 600 °C. Meanwhile, the nitrogen flow-rate was maintained at 200 mL/min.
After reaching the target temperature, the sample was shifted into the operating furnace for 300 min.
The resulting biochar was removed from the furnace, cooled, weighed and stored in airtight plastic
containers until use.

The sands used in this study were coastal sediments obtained from the shoreline near Shanghai,
China. Their texture and physio-chemical properties are similar to that of local confined aquifers.
The sand was sieved into two different grain diameters: medium sand (M) and fine sand (F).
The average grain size of the medium and fine sand was 0.153-0.459 and 0.055-0.125 mm, respectively.

Chlorobenzene (CB), iron and copper powders of analytical grade were purchased from Shanghai
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. The average grain size of the iron and copper
powders were 0.019-0.067 and 0.015-0.076 mm, respectively. Synthetic groundwater containing CB
was prepared by adding CB into de-ionized water before use.

2.2. Column Test

The laboratory-scale column experiments designed for in situ PRB remediation were implemented
and evaluated using two flow-through plexiglass columns 30 cm in height and an inner diameter of
4.1 cm. The columns were equipped with a constant head tank and a peristaltic pump to achieve steady
flow conditions. Two nylon nets and porous sieve plates 1 cm in height were placed at the top and
bottom to avoid sand erosion. Figure 1 illustrates the schematic diagram of the laboratory sequencing
columns experiment system. In system A, the first column (column 1) was dry packed with fine sand
simulating a homogeneous aquifer. The sand was first placed in the funnel and then allowed to fill
the predetermined length of the tubing. The columns were gently tapped until the desired amount
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of sands was placed in the column. The second column (column 2) was packed with fine sand as the
matrix and the middle of the column was filled to a height of 9.8 cm with the reactive barrier containing
the mixture of 56.8 g iron powder, 5.7 g copper powder and 28.4 g biochar. The depth of the sand layer
above and beneath the reactive layer was 9.1 cm. The Fe-Cu/biochar mixture was prepared by mixing
the iron, copper and biochar powders together to form a homogeneous mixture using stirrer. In system
B, fine and medium sands were sequentially dry packed into the column 1 and each occupied 50% of
the available volume. The second column was sequentially packed with medium and fine sands as the
matrix and the middle of the column was filled with a reactive barrier containing the mixture of iron,
copper, biochars powders with the same mass and composition as in system A. The first columns of
both systems could be also regarded as control tests to observe the adsorption and interception effects
by the natural sand porous media. The specifications of the experimental setup and basic parameters
are listed in Tables 1 and 2.
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Figure 1. Schematic diagram of the experimental apparatus: (a) contaminant transport and removal
experiment in a saturated homogeneous columns system; and (b) contaminant transport and removal
experiment in saturated heterogeneous columns.

Table 1. Experimental configurations and specifications of the applied homogeneous systems.

Media Type Column Code  Components Porosity Particle Diameter (mm)
Homogeneous 1 F 0.411 0.055-0.125
Homogeneous 2 Fe 0.317 0.019-0.067
Homogeneous 2 Cu 0.317 0.015-0.076
Homogeneous 2 B 0.317 0.035-0.144
Homogeneous 2 F 0.317 0.055-0.125

Note: F represents fine sand, F + M presents fine sand with medium sand, Fe presents iron powders, Cu presents
copper powders and B presents biochar particles.

Table 2. Experimental configurations and specifications of the applied heterogeneous systems.

Media Type Column Code  Components Porosity Particle Diameter (mm)
Heterogeneous 1 M+F 0.429 0.046-0.454
Heterogeneous 2 Fe 0.339 0.019-0.067
Heterogeneous 2 Cu 0.339 0.015-0.076
Heterogeneous 2 B 0.339 0.035-0.144
Heterogeneous 2 M+F 0.339 0.046-0.454

Note: F represents fine sand, F + M presents fine sand with medium sand, Fe presents iron powders, Cu presents
copper powders and B presents biochar particles.

Before the experiment, columns were first flushed with numerous volumes of deionized water to
saturate the sand columns to remove the air in the columns, followed by introducing NaCl solution as
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conservative tracer into columns to analyze the hydrodynamic behavior of the PRB system columns.
The conductivity meter (Myron L Company, Carlsbad, CA, USA) was used to determine the effluent
solute conductivity. The CB synthetic groundwater was continuously introduced into the column
using the peristaltic pump. Meanwhile, the constant head tank was used to maintain the transport
system in a constant hydraulic head condition. The variations in effluent CB concentrations from
columns 1 and 2, pH and total iron ions concentrations from column 2 were collected at predetermined
time intervals. All experiments were repeated three times and the average values are presented.

The water solution containing 38.85 mg/L of CB was prepared to simulate CB-contaminated
groundwater. Samples were taken from the outlets at predetermined time intervals.

2.3. Characterization

Scanning electron microscope (SEM) (Sirion 200) (FEI Company, Hillsboro, OR, USA) images were
used to analyze the micro-structure of the samples that were captured using a scanning microscope to
compare the interior and surface characteristics of the samples.

The mineral compositions of the samples were also characterized using X-ray Diffraction (XRD)
analysis to identify crystalline structures in the Fe-Cu/biochar system using a computer-controlled
X-ray diffractometer (XRD) (XRD-6100) (Shimadzu, Kyoto, Japan) equipped with a stepping motor
and graphite crystal monochromator.

2.4. Analytical Methods

CB effluent concentrations were quantified by using 20 mL headspace samples that were analyzed
by a gas chromatograph (GC-2010) (Shimadzu, Kyoto, Japan) using a flame photometric detector that
was used for separation and determination of organic contaminants. The intermediates of the CB were
qualitatively analyzed using the gas chromatography-mass spectrometer (GC-MS-QP 2010) (Shimadzu,
Kyoto, Japan). The concentrations of iron ions from the second columns of both systems were
determined by use of an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-PS3500DD)
(Hitachi, Kyoto, Japan). The pH values of the second columns were measured using a pH meter
(PHS-3C) (Shanghai Yidian Scientific Instrument Co., Ltd., Shanghai, China).

3. Discussion

3.1. Characterization of the Fe-Cu/Biochar System

To obtain the surface morphology of the system, the SEM characterization of Fe-Cu/biochar was
completed. In Figure 2, the SEM image of Fe-Cu/biochar revealed that the bamboo was completely
carbonized and tiny carbon sticks or slices were presented. The surface of the Fe-Cu/biochar system
were rough and some apertures existed with different pore sizes and diverse pore distributions, causing
their rough surface and increasing their specific surface area. Small particles were unevenly distributed
on the surface of the biochar and inside the pores, demonstrating the existence of iron and copper
powders on the surface of the biochar. This means that the iron and copper powders were effectively
mixed with the biochar.
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Figure 2. Scanning electron microscope (SEM) images of the morphological structure of the
Fe-Cu/biochar system.

The structure and phase composition of the Fe-Cu/biochar system before and after treatment were
investigated using XRD analysis. As shown in Figure 3, the wide diffraction peak at a small angle might
be attributed to the amorphous phase of the biochar that was apparent in the samples. The apparent
peaks at 43.36° and 64.99° are the characteristic diffraction peaks of iron, which confirmed the presence
of iron in its zero-valent state. Only one peak at 74.15°, representing the crystal structure of copper,
was clearly confirmed for the presence of high purity. After the Fe-Cu/biochar system treatment,
two new characteristic diffraction peaks appeared at 44.70° and 50.44°, implying the generation of iron
oxides during the reaction process.
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Figure 3. X-ray Diffraction (XRD) images of the Fe-Cu/biochar system.

Figure 4 shows the XRD diffraction patterns for medium and fine sands. Results from the XRD
analysis identified the medium and fine sands in the XRD patterns. The main diffraction peaks of the
medium and fine sands were observed at 20.98°, 26.72°, 40.47°, 50.26° and 68.15° and 22.67°, 26.91°,
50.36°, 60.19° and 68.34°, respectively, meaning the main mineral in the medium and fine sands was
silicon dioxide.
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Figure 4. XRD images of the medium and fine sands.

3.2. Column Tests in Homogeneous and Heterogeneous Porous Media

Figures 5 and 6 display the CB concentrations in the effluent versus treatment times from the
columns of the two systems, representing the ratio between the CB concentration in the column outlet
with its concentration at the column inlet. The trend of the variation in effluent CB concentrations were
similar for the first column of both systems. The effluent CB concentrations in heterogeneous porous
media (system B) was detected at about 1.2 Pore Volumes,(PV), which was comparable to that found in
the homogeneous porous media (system A) at about 1.9 PV. It is probably because the homogeneous
system A had lower porosity and less dispersion, so more organic contaminants were held in the
media due to capillary condensation in column 1 of the homogeneous system A. The changes in CB
concentrations sharply increased from about 2.9 to 4.6 PV and 2.7 to 4.8 PV in the first columns of
systems A and B, respectively. After the rate of increase of the effluent CB concentrations became
steady. The changes in effluent CB concentrations did not exhibit a continuous downtrend during
the period, meaning that insignificant CB removal occurred in the first column effluents of both
systems. Consequently, the CB removal was extremely low in the natural sand media. The sand
did not react with CB, meaning the sand and the CB solution might have complex adsorption and
desorption process.
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Figure 5. Variations in CB concentration profiles over times for column one of both systems. The inset
displays the breakthrough curve of a sodium chloride (NaCl) tracer.
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Figure 6. Variations in CB concentration profiles over times for column two of both systems. The inset
displays the breakthrough curve of a sodium chloride (NaCl) tracer.

For the second columns of both systems, the mixture of iron and copper powders and biochar
particles reacted with CB when CB solution flowed through this permeable reactive barrier. Although
the influent CB concentration was 38.85 mg/L, the effluent CB concentrations were lower in both
second columns of systems A and B. The effluent CB concentrations in both second columns were
significantly low compared to the first columns, indicating that the iron and copper powders coupled
with biochar particles have a palpable removal effect compared to the natural sand porous media in
the first columns. Additionally, compared to the PRB fillings of the second columns, the natural aquifer
materials were unlikely to have a significant impact on effluent concentrations because the hydraulic
conductivity of the PRB is greater than that of the aquifer. Here, the PRB provides a preferential
connection between the permeable units of the influent and effluent faces [38]. Nevertheless,
the concentration changes in the effluents of the second columns between homogeneous system
A and heterogeneous systems B were different. Initially, the CB effluent concentrations in systems A
and B were extremely low and an insignificant increase and decrease was observed in the effluents
of both systems, associated with the initial solid adsorption equilibrium process occurring in the
aquifer materials and PRB fillings. After this period, the effluent concentrations in systems A and B
increased from about 4.1 and 3.8 PV, reaching a maximum value of about 6.2 and 10.3 PV, respectively.
Subsequently, the effluent CB concentration in heterogeneous system B was more unstable and variable
compared to system A, until the end of treatment.

Notably, the effluent CB concentrations in both systems were relatively stable and not very high at
the end of the experiment. The average residence time in the heterogeneous porous media was shorter
compared to the homogeneous porous media. The contaminant’s residence time is associated with
the infiltration velocities of the homogeneous or heterogeneous porous media rather than the innate
hydraulic conductivity of the PRB in homogeneous system A or the heterogeneous porous media in
system B [38]. Additionally, in the heterogeneous porous media, a slight curvature of the path lines was
generated near the edges of the reactive barrier, indicating a modestly higher gradient in this region.
Therefore, the residence times of the contaminants were slightly shorter in the permeable reactive
barrier reaction zone. Once contaminants exited the barrier and entered the aquifer, they dispersed
into a plume that was wider than the reactive barrier. The average effluent CB concentration of the
heterogeneous porous media was lower than that of the homogeneous porous media. We speculate
that the heterogeneity retarded the vertical infiltration of CB, leading to its extended lateral spread.
Compared to the homogeneous porous media, the layered heterogeneous porous media combined
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with the Fe-Cu/biochar system increased the lateral spread of the CB distribution, thereby lowering
the effluent CB concentration [39].

Figures 5 and 6 show the breakthrough curves of the tracer experiments, representing the ratio
between the concentration of sodium chloride (NaCl) in the column outlet to its concentration in
the column inlet, denoted by ratio between current and initial concentration (C/Cp). As shown in
Figures 5 and 6, the mass transfer process of chloride (C17) tracer in heterogeneous system B was much
faster than in homogeneous system A. Also, the transport of NaCl tracer was much faster than CB
in both systems, indicating the sands and the PRB did not have an obvious retardation effect on the
conservative tracer.

At the end of the experiment, the CB removal efficiency was at 61.4% and 68.1%, considered
effective for both the homogeneous and heterogeneous columns effluents, respectively. The destruction
of CB by the Fe-Cu/biochar system was a heterogeneous reaction, involving the micro-electrolysis,
catalysis and adsorption process throughout the entire treatment. In the Fe-Cu/biochar system,
the iron powders served as an anodic metal that provided electrons for CB destruction. Biochar
particles worked as cathodes to generate macroscopic galvanic cells when in contact with iron particles,
significantly accelerating the corrosion of iron and stimulating the release of more iron ions and
electrons [23]. The addition of copper increases the potential difference between the anode and cathode,
which in principle boosted the treatment efficiency [40]. Additionally, copper covering on the iron
surface accelerated the corrosion of ZVI and the generation of hydrogen ions ([H]) [41]. As the entire
reaction occurred in an alkaline environment, iron corrosion products such as Fe(OH),, Fe(OH)s,
FeOOH, Fe;O3 and Fe;Oy4 or green rusts might be generated during the iron corrosion process and the
contaminants could be eliminated to some extent through these corrosion products with adsorptive
and agglomerate characteristics [42]. Moreover, the generation of these corrosion products might
be enhanced by Cu catalysis and the adsorption and co-precipitation effect would be accordingly
improved. However, in the alkaline environment, the iron corrosion process was inhibited and the
generation of iron corrosion products decreased, resulting in a weak reduction, coagulation and
adsorption effect [41].

3.3. Released Iron Ion Concentration in Effluents

Iron ions are an important form of iron in aqueous environments. Hence, monitoring the variations
in the iron ion concentrations in the effluents of the second columns of systems A and B was important
during the treatment. The results shown in Figures 7 and 8 demonstrate that the iron ion concentrations
in the effluent of both systems was initially almost undetectable, gradually increasing to maximum
values of 8.722 and 9.479 mg/L at about 13.3 and 7.5 PV for systems A and B, respectively, because
iron ions formed during the electrolysis process and were released from the PRB reaction zone into the
solution. The maximum iron concentration in system B occurred later than in the homogeneous system
but the maximum was higher than that of system A. With the longer treatment time, the effluent Fe
concentration decreased drastically with very low levels observed by the end of the entire treatment,
the consumed iron ions might be used for the activation of degradation process. At the last period,
iron ions reacted with OH™ to form precipitations, inducing the decrease of iron ions concentrations
in the solution. By the end of the treatment, the iron ions concentrations were 0.093 and 0.059 mg/L
for systems A and B, respectively, which meet the quality standard for groundwater (GB/T 14848-93,
China) [43].
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Figure 7. Variations in iron ion concentrations and pH profiles over time in the second columns of the
homogeneous porous media in system A.
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Figure 8. Variations in iron ion concentrations and pH profiles over time in the second columns of the
heterogeneous porous media in system B.

3.4. pH Changes of the Effluents

Figures 7 and 8 shows the effluent pH versus time in the effluents of the Fe-Cu/biochar treatment
column of systems A and B, respectively. The influent pH was 7.55, which was approximately equal to
the actual value in groundwater. The effluent pH in system A, where homogeneous sand was used
as the matrix, increased to almost 9, remained steady until about 17.7 PV. Then pH dropped slowly,
reaching 8.62 by the end of the test. The effluent pH in system B, where medium and fine sand was
used as the matrix, increased to about 9 and remained at this value until about 13.3 PV. Subsequently,
the pH initially showed a down-up trend and subsequently stabilized by the end of the test. At the
initial stage, the pH values of both systems were relatively stable, likely because the CB solutions
underwent an initial solid adsorption equilibrium process when flowing through systems A and B.
After the pH value reached a maximum in system B, occurring later than in system A, reflecting the
flow heterogeneity development over treatment time. In the middle of the treatment in both systems,
the H* ions in the solution were obvious consumed due to the catalytic micro-electrolysis activity,
causing the relatively fast increase in pH values. At the end, the decrease in pH might be attributed to
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the reaction between the iron ions and OH™ to form a precipitation, which consequently resulted in
the decrease of the pH value in the system.

3.5. Intermediates of CB-Contaminated Groundwater

After approximately 12 PV of treatment, the effluent from the second column of the heterogeneous
system was collected and qualitatively analyzed using GC/MS. As shown in Figure 9, benzene
and phenol were found to be the major intermediate products of the heterogeneous system.
For the Fe-Cu/biochar system treatment of CB-contaminated groundwater, several mechanisms
were responsible for its degradation. Among them, the two significant degradation paths displayed in
Figure 10 were mainly responsible for the CB degradation in the Fe-Cu/biochar system. The first path
was the reduction effect by the reductants (hydrogen radical ([H]), Fe” and Fe?*) generated from the
iron corrosion process [44], contributing to the main product of benzene in the Fe-Cu/biochar system.
This path, has also been proven in prior studies [45,46]. The second path was the oxidation effect
by strong oxidants (hydroxyl radical [OH]) generated from Fenton reactions in the Fe-Cu/biochar
system when oxygen is introduced into the system, giving rise to the formation of phenol [47,48].
Both the above reduction and oxidation effect would both reduce the toxicity of CB [48]. Secondly,
the adsorption and co-precipitation from iron (hydro) oxides had a minor effect on the removal
of the organic contaminants, which might be generated with longer reaction times or higher pH.
Moreover, absorption from the biochar could remove some organic contaminants in the solution;
however, this effect would considerably weaken as the saturation adsorption was attained with longer
reaction time.
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4. Conclusions

In this study, the Fe-Cu bimetal system coupled with a biochar material barrier was investigated
and applied to remediate CB-contaminated groundwater.

Regardless of the homogeneity or heterogeneity of the porous media, the effluent CB
concentrations from the PRB columns were significantly low compared to the natural sandy columns,
illustrating that the iron and copper powders coupled with biochar particles had a palpable removal
effect compared to the natural sand porous media in the first columns. The PRB itself provided
a preferential connection between permeable units of the influent and effluent faces. On average,
the CB was transported relatively quickly in the heterogeneous porous media, which might be due
to fact that the residence time of contaminants was proportional to the infiltration velocities in the
different types of porous media and not the hydraulic conductivity of the PRB. For the heterogeneous
porous media, a slight curvature of the path lines appeared near the edges of the reactive barrier and
a slightly higher gradient occurred in this region, consequently leading to a shorter CB resident time in
the PRB reaction zone.

The average effluent CB concentrations of the heterogeneous porous media were lower than in
the homogeneous porous media, which was possibly due to the heterogeneity limiting the vertical
infiltration of CB, leading to its extended lateral spread. The ultimate CB removal efficiency was
61.4% and 68.1% in the homogeneous and heterogeneous columns effluents, respectively, exhibiting
a satisfactory CB removal efficiency. This result should be ascribed to the treatment with the
Fe-Cu/biochar system that involved micro-electrolysis, catalysis and adsorption. The addition of
copper powder increases the iron corrosion, effectively remediating the CB-contaminated groundwater.
By the end of the treatment, the iron ion concentrations were 0.093 and 0.059 mg/L in systems A
and B, respectively, which are within the quality standard for groundwater (GB/T 14848-93, China).
The pH variations were relatively stable at the initial stage, when the CB solutions encountered
the initial solid adsorption equilibrium process. The pH value reached its maximum in system B at
a later time than that of system A, implying flow heterogeneity development over treatment time.
Benzene and phenol were observed as the products of CB degradation in the column tests. During
the Fe-Cu/biochar treatment process, two degradation paths might play a role in the removal of CB.
One path is the reduction effect, responsible for the production of benzene. The other is the oxidation
effect, which induced the formation of phenol.
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