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A composite material of sodium dodecyl benzene sulfonate- (SDBS-) modified maifanite and anhydride-modified Fe@SiO2@PEI
(PEI) was used as an adsorbent for the removal of hexavalent chromium (Cr(VI)) and bivalent cadmium (Cd(II)) from
groundwater by using column experiments and simulated PRB test. In this study, the optimum proportion of SDBS-modified
maifanite and anhydride-modified Fe@SiO2@PEI was 5 : 1. In the column experiments, it was found that the penetration time
increased with the increase of the initial concentrations (30, 60, and 90mg/L) and the decrease of the flow rates (5.45, 10.9,
and 16.35mL/min) at an influent pH of 6:5 ± 0:3. It was also obtained that the removal rates of Cr(VI) and Cd(ІІ) reached
99.93% and 99.79% at an initial Cr(VI) and Cd(ІІ) concentration of 30mg/L with the flow rate of 10.9mL/min, respectively, at
6 h. Furthermore, excellent removal effectiveness of Cr(VI) and Cd(ІІ) (85.94% and 83.45%, respectively) was still achieved in
simulated PRB test at a flow rate of 5.45mL/min with the heavy metal solution concentration of 5:0 ± 0:5mg/L (Cr(VI) and
Cd(II) concentration were, respectively, 5:0 ± 0:5mg/L); and the adsorbent had not completely failed by the end of the trial.
Yoon-Nelson model was successfully applied to predict the breakthrough curves for the assessment of composite material
heavy metal removal performance and was in good agreement with the experimental data of the heavy metal removal
efficiency. The strong removal ability of the adsorbent could be attributed to the fact that maifanite with a large diameter can
provide support and increase the permeability coefficient and porosity and that zero-valent iron (ZVI) can convert Cr(VI) to
Cr(III) and improve the adsorption capacity of maifanite. The obtained results suggested that the novel PRB fillers have great
significance for preventing and controlling Cr(VI)/Cd(ІІ)-contaminated groundwater.

1. Introduction

Heavy metal pollution in groundwater has been a widespread
environmental problem in recent years and could become a
serious threat to human health and ecosystems. Compared
to other metals in heavy metal-contaminated groundwater,
chromium (Cr) and cadmium (Cd) are two of the most com-

mon heavy metals. And Cr and Cd were greatly concerned
because of their abundance and toxicity even at very low con-
centrations. As an important raw material for industrial pro-
duction, chromium is mainly used in leather, electroplating,
dye, wood anticorrosion, and other industries. The unreason-
able disposal of waste residue and wastewater containing
chromium and the leaching of rainwater are among the main
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reasons for increases in the concentration of chromium in
groundwater [1]. Generally, chromium has two valence
states, namely, Cr(VI) and trivalent chromium (Cr(III)),
and its properties vary greatly due to its different valence
states [2]. Cr(III) is less harmful and usually produces less
soluble hydroxides. Compared with inert Cr(III), Cr(VI) is
more unstable and 100 to 1000 times more toxic. Cadmium
is a typical representative heavy metal, and its main sources
include drainage sludge, landfill leachate, and mining waste
from cadmium deposits. In addition, wastewater from non-
ferrous metal smelting enterprises, cadmium wastewater
from the chemical industry, and the migration and settle-
ment of atmospheric cadmium dust can all cause cadmium
to enter water bodies. Cadmium is one of the most toxic
and mobile elements in the environment, belonging to the
“five poisons (cadmium, chromium, mercury, lead, arsenic,
and their compounds)” [3]. In water environment, cadmium
predominately exits in Cd(II) and moves mainly under aero-
bic and acidic conditions. Because Cd2+ and Ca2+ have simi-
lar ionic radii, the same charge, and similar chemical
properties, they can replace calcium in minerals and accumu-
late in multiple organs of an organism. These effects can lead
to structural and functional cell damage and even death. Due
to their high solubility, portability, nonbiodegradability, and
biological accumulation, Cr(VI) and Cd(II) may interfere
with the ecosystem, damage human health, and cause serious
environmental problems. Therefore, effective and economi-
cal techniques must be sought to remove Cr(VI) and Cd(II)
from wastewater.

The site mainly involved in this study is a chromium and
cadmium residue-contaminated field in northwestern
Henan province; the Cr(VI) and Cd(II) concentration of
contaminated groundwater here is up to a few hundred mil-
ligrams per liter [4]. Due to the high toxicity of the ground-
water around here, it is very urgent and necessary to control
the groundwater here, so a permeable reative barrier (PRB)
is asked to be set to treat the contaminated groundwater
around here.

PRB is a kind of pollution treatment technology that was
proposed by the US Environmental Protection Agency in
1982 to intercept, block, and remediate contaminated
plumes in situ. PRB is equipped with reactive media to sep-
arate contaminants from groundwater, does not require
pumping and surface treatment systems, and consumes the
internal reaction media more slowly. Accordingly, PRBs
have several years or even decades of processing capacity
and are highly competitive and economical. In previous
studies, many reactive media have been used in PRB, such
as ZVI, activated carbon, zeolite, lime, and other alkaline
materials, as well as combinations of apatite, red mud, oxide,
sodium disulfite, and reactive materials. To date, the mate-
rials used in PRBs have involved several techniques, includ-
ing adsorption, chemical precipitation, membrane processes,
ion exchange, sedimentation, biological treatment, electrodi-
alysis, and reverse osmosis processes [5–7]. Most of these
technologies have limitations, such as high cost, complex
processing, and high energy consumption requirements, as
well as the potential for secondary pollution [8, 9]. In these
technologies, adsorption is the most practical approach due

to its easy operation, low cost, high efficiency, and environ-
mental friendliness. Traditional adsorbents (such as acti-
vated carbon, clay, and zeolite) [10, 11] are effective
because of their high specific surface area (SSA), but they
are not easy to get, expensive, inefficient, and difficult to sep-
arate from water and may cause secondary contamination.
Hence, it is very important to choose adsorbents with low
cost, wide sources, high efficiency, and environmental
friendliness.

For a long time, the development of various iron-based
reducing adsorbents into high removal efficiency in waste-
water treatment has received international attention. Mal-
lants et al. found that the removal of uranium was
enhanced by ZVI by redox precipitation in PRB, and the
average removal rate reached the highest value of 98%
[12]. In another report, ZVI and zeolite were used as a
PRB material and, combined with array electrodes (AEEK),
efficiently remediated Cd(ІІ) contaminated soil with a
removal rate at 93.1% [13]. All these results revealed that
ZVI played an important role in PRB. ZVI is a reductant
which is highly reactive, inexpensive, and easy to separate
and dispose. Its significant reduction potential (-440mV)
and strong precipitation capacity [14] hint of the possibility
of attenuation and treatment of Cr(VI) and Cd(II). How-
ever, ZVI has its disadvantages related to easy oxidation
and aggregation [15, 16], which limits its application.

Maifanite is a common mineral material with low cost,
ready acquisition, and unique adsorption property [17]. Puls
et al. (1999) applied maifanite modified with H2SO4 to
remove nickel ions from groundwater. And the results
showed that the maifanite obtained better adsorption of
90% [16]. Zhang et al. explored maifanite in constructed
rapid infiltration systems (CRIS) to improve the adsorption
performance of Cd(II) [18]. Gao et al. studied the removal
of Cr(VI) by ZnAl-layered double hydroxides (LDHs)
coated on maifanite substrate in CRIS. The experiments
showed that maifanite/ZnAl-LDHs substrate displayed bet-
ter Cr(VI) removal capacity induced by microorganism than
that with natural maifanite [19]. Although maifanite has
been well documented in the adsorption of heavy metal ions,
all uses of maifanite have been limited to a single remedia-
tion material. It is noteworthy that it also presents a great
potential to address the problem of the aggregation of ZVI
due to its good mechanical properties and cavernous poros-
ity [20].

Until now, no studies reported the application of the
composite of ZVI and maifanite for removal of heavy
metal-contaminated groundwater. Maifanite can be used as
a heavy metal adsorption material, and it has good mechan-
ical properties and porosity. ZVI has strong reducibility, but
its application is limited due to its easy oxidation and
agglomeration. The insertion of SDBS can increase the spe-
cific surface area of adsorbent and make its surface lamellar
structure, so as to increase the permeable area of the solu-
tion, and then increase the adsorption capacity of the adsor-
bent and improve the adsorption rate. The groups including
SiO2, PEI, and anhydride can further improve the removal
effect of heavy metals through group chelation. Therefore,
we combined them on the basis of modification in this study,
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which showed strong removal ability for Cr(VI) and Cd(II).
The strong removal ability could be attributed to the fact
that SDBS-modified maifanite with a large diameter can pro-
vide support and increase the permeability coefficient and
porosity and that anhydride-modified Fe@SiO2@PEI can
convert Cr(VI) to Cr(III) and improve the adsorption capac-
ity of maifanite.

Here, SDBS-modified maifanite and anhydride-modified
Fe@SiO2@PEI material modified with anhydride were fabri-
cated for decontamination of Cr(VI) and Cd(II) in dynamic
columns. The loading optimal proportion was determined
using a composite of SDBS-modified maifanite and
anhydride-modified Fe@SiO2@PEI in different proportions
in a column experiment. The feasibility and efficacy of the
modified adsorbent were explored in column experiment
with different Cr(VI) and Cd(II) concentrations and flow
rates of the influent water. Yoon-Nelson model was
employed to describe the column adsorption performance.
This model is proved to be suitable for predicting the
removal effect of heavy metals with the adsorbent. A PRB
simulation test of adsorbent based on SDBS-modified maifa-
nite and anhydride-modified Fe@SiO2@PEI was performed
in an attempt to verify the barrier property of the PRB for
Cr(VI) and Cd(II). PRB was proved to be a potential mate-
rial for the remediation of heavy metals in groundwater.

2. Materials and Methods

2.1. Materials. The Cr(VI)/Cd(ІІ)-contaminated groundwa-
ter used in the research was prepared with 2.2829 g potas-
sium dichromate and 2.1032 g cadmium nitrate as the
corresponding complex heavy metal ion solution (the hexa-
valent chromium and cadmium reserve solution). The solu-
tion concentration is 1000mg/L. And the simulated
contaminated groundwater (influent) was obtained by dilut-
ing the reserve solution with ultrapure water.

The ferrous sulfate septihydrate (AR) used in this study
was purchased from Shengao Chemical Reagent Co. Ltd in
Tianjin city, China. The tetraethoxysilane (AR) was obtained
from Chemical Plant in Beijing, China. The polyethylenei-
mine (AR) was obtained from Chemical Reagent Co., Ltd,
in Shanghai city, China. The maifanite (mesh size: 60-100)
provided by Zhili Environmental Protection Material Co.,
Ltd, was added in this research after washing with running
water and drying naturally. And the main components are
SiO2 and Al2O3. All other chemicals and reagents were of
analytical grade and used as received.

2.2. Preparation of the Adsorbent

2.2.1. Preparation of SDBS-Modified Maifanite. Modified
maifanite was prepared following the procedure [21], and
the detailed synthesis of modified maifanite was as follows:
1 g SDBS was taken into 200mL deionized water. And the
solution was stirred and heated to 60°C to dissolve it. Then,
10 g of the stone was added to the prepared SDBS solution
while stirring, and the reaction was carried out at 60°C for
4 h by constant temperature magnetic stirring. After aging
the above samples for 24 h, the aqueous phase was separated

by vacuum pump, the soil samples were cleaned with deion-
ized water for 3 times, dried, and grounded to powder at
60°C. After passing a 60-mesh sieve, the samples were
obtained.

2.2.2. Preparation of Anhydride-Modified Fe@SiO2@PEI.
ZVI was prepared following the procedure [22]. Based on
the synthesized ZVI, Fe@SiO2 was prepared by Sol-Gel
method [23]. ZVI (1 g) was taken and ultrasound-treated
in 0.1% HCl for 10min to remove the oxide film that may
exist on the surface. Then, 1 g iron powder, 20mL ultrapure
water, 80mL anhydrous ethanol, and 1mL ammonia water
were added into the three-neck flask. After mechanical stir-
ring, nitrogen was added and mixed evenly. Again, 10mL
tetraethoxysilane solution (the concentration of
TEOS/ethanol = 0:03mL/1mL) was added into the three-
neck flask at a speed of 2 drops/second under the condition
of stirring reaction at room temperature for 6 h. The sample
is then sampled and dried in a vacuum at 60°C.

Fe@SiO2@PEI was prepared based on the preparation of
Fe@SiO2 and was prepared as the following procedure. 0.2 g
of ZVI coated by SiO2, 50mL xylene as the solvent, and
0.1mL 3-triethoxysilane were taken into 100mL polytetra-
fluoroethylene lining and reacted in high-pressure reaction
kettle at 120°C for 24 h. Then, it was naturally cooled to
room temperature, the inner wall was cleaned with ethanol,
and the sample was vacuum dried (60°C). The sample was
transferred to a new reactor, 10mL 10% branched PEI was
added, and the reaction continued for 24 h at 120°C. After
the samples were cooled to room temperature, the samples
were cleaned with ultrapure water and anhydrous ethanol
and dried in vacuum (60°C) for later use.

Anhydride-modified Fe@SiO2@PEI was prepared based
on the preparation of Fe@SiO2@PEI and was prepared as
the following methods. ZVI particles grafted at 0.1 g were
placed in a three-mouth flask with N-methylpyrrolidone as
the solvent (100mL) and 0.10 g of 1, 4, 5, 8-
naphthotetramethyl anhydride (NTCDA) was added. After
cooling to room temperature, the samples were separated
by magnetic separation, cleaned with ultrapure water and
anhydrous ethanol for three times, respectively, and dried
in vacuum.

2.3. Proportion Selection of SDBS-Modified Maifanite and
Anhydride-Modified Fe@SiO2@PEI. The heavy metal
removal studies were primarily carried out in columns
packed with a mixture of silica sand and reaction materials,
each containing different doses of SDBS-modified maifanite
and anhydride-modified Fe@SiO2@PEI. The mass ratios of
SDBS-modified maifanite and anhydride-modified Fe@S-
iO2@PEI were 9 : 1, 7 : 1, 5 : 1, 3 : 1, and 1 : 1. The loading
height was the same at 90 cm. Heavy metal solution with
Cr(VI) and Cd(II) concentration of 60mg/L, respectively; a
water temperature of 15 ± 3:0°C; and pH = 6:5 ± 0:3 were
continuously fed into the column at a rate of 10.9mL/min
by a peristaltic pump. This procedure lasted for 5 d. The rea-
sons why we selected the above conditions are as follows. In
order to explore the removal effect of heavy metals by PRB
under simulated real groundwater conditions, the influent
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temperature was set close to the real groundwater tempera-
ture, and the temperature of groundwater is almost at 15-
17°C all year round [24, 25]. Thus, in our study, the temper-
ature of heavy metal-polluted solution was kept in the range
of 15 ± 3:0°C. Considering the application scenario of mate-
rials in this experiment and the actual groundwater condi-
tions of the heavy metal-contaminated site in Henan
province, the groundwater is not a strongly acidic or alkaline
environment, the pH range is between 6.0 and 7.0 [4], and
the actual groundwater flow rate of the site is about
10.90mL/min [26, 27]. Thus, we set the initial pH values
of groundwater solutions and the flow rate as 6:5 ± 0:3 and
10.90mL/min, respectively, in this study.

The Cr(VI), total Cr (TCr), and Cd(II) concentrations of
the effluent were determined. The removal efficiency of
duplicates was calculated. The permeability coefficient and
effective porosity were measured before and after the reac-
tion. The loading ratio of the two adsorbents was
determined.

2.4. Column Adsorption Experiments. The heavy metal
removal device used in the column experiments was a self-
designed plexiglass cylinder. As shown in Figure 1, the col-
umn used was 110 cm long with a 10 cm internal diameter,
an 11 cm outer diameter, and a 0.5 cm wall thickness. Seven
sampling holes were established: one 25 cm from the bottom
of the column and six along the glass column at 15 cm inter-
vals. One water outlet was established 105 cm from the bot-
tom of the column. A ring with a width of 1 cm was added to
the inner wall of the reactor every 30 cm to avoid marginal
effects. The heavy metal removal studies were primarily car-
ried out in columns packed with a mixture of silica sand and
reaction materials, except in the column experiments with
specially designed packing. Before the reaction, clean quartz
sand particles (with a diameter of 1-1.5mm) with a thickness
of 10 cm were filled into the columns. After loading the reac-
tion material, quartz sand with a thickness of 5 cm was
added. The total length of the reaction column was approx-
imately 90 cm, with a stabilizing device of 40 × 40 × 5 cm at
the bottom. Heavy metal solution was continuously fed into
the column at a certain rate by a peristaltic pump. The water
was pumped into the reactor from the bottom to the top,
where it interacted with the packing, a mixture of silica sand
and reaction materials.

2.4.1. Effect of Initial Concentration on the Effluent
Concentration. After loading the above determined optimal
proportion of SDBS-modified maifanite and anhydride-
modified Fe@SiO2@PEI to the column, the inlet flow rate
was set to 10.9mL/min, and the concentrations of the heavy
metal solution were set to 30, 60, and 90mg/L. Then, the
reactor was operated for 15 d. The heavy metal solution
was regularly sampled for the determination of Cr(VI),
TCr, and Cd(II) at each sampling hole. The permeability
coefficient and effective porosity of the material were deter-
mined after the test.

2.4.2. Effect of Influent Velocity on the Effluent
Concentration. Heavy metal solution with Cr(VI) and Cd(II)

concentration of 60mg/L, respectively, was continuously fed
into three columns at rates of 5.45, 10.9, and 16.35mL/min
by a peristaltic pump for 15 d. Regular sampling was per-
formed to determine the concentrations of Cr(VI), TCr,
and Cd(II) at each sampling hole and drainage point and
to determine the permeability coefficient and effective poros-
ity of the test materials after completion.

2.4.3. Determination of Permeability and Effective Porosity.
The permeability coefficients of the fillers before and after
the reaction were determined by a constant head test. The
device is shown in Figure 2: two pipettes were connected
to the first and fifth sampling holes of the original plexiglass
column, and tap water was fed from the bottom to the top at
a constant flow rate. At this time, the two pressure measur-
ing tubes exhibited a difference in liquid level. The time
when the head difference and the outlet velocity were stable
was recorded. The water outlet volume (V) was measured
after a period of time (t). Then, the permeability was calcu-
lated by the following equation:

K = VΔL
ΔHAt

: ð1Þ

In this formula, V (expressed in cm3) stands for the vol-
ume of water flowing out of the outlet in time t, ΔL (60 cm)
represents the difference in height between the two pressure
pipes, ΔH (expressed in cm) stands for the level difference
between the two pressure measuring tubes, A (78.5 cm2) rep-
resents the cross-sectional area of the plexiglass column, and
t (expressed in s) stands for the test time after the pressure
gauge level difference stabilizes.

The effective porosity measurement method was as fol-
lows: after the end of the dynamic column experiment, the
direction of the peristaltic pump was reversed to extract as
much of the remaining water in the plexiglass column as
possible. The volume of the amount of water taken out is
V , and the effective porosity is calculated by the following
equation:

η = V
V0

, ð2Þ

where V is the volume of water pumped and V0 is the vol-
ume of the glass column at the height of the packing.

2.4.4. Modeling of Column Data. The Yoon-Nelson model is
widely used in predicting column removal efficiency based
on the assumption that the decrease of the adsorption prob-
ability of each kind of adsorbate being adsorbed is propor-
tional to the probability of adsorption and desorption on
the adsorbent [23, 24]. And this model is usually used
between effluent concentration and time of the column
under some conditions. The Yoon-Nelson model is not only
more complex than other models but does not also require
detailed data on the relevant adsorbate properties, the adsor-
bent types, and the physical properties of the columns [25].
The form of Yoon-Nelson model can be expressed as follows
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[24]:

Ct
C0

= 1
1 + exp KYN T − tð Þ½ � : ð3Þ

The linearized form of the Yoon-Nelson model is as fol-
lows:

ln Ct
C0 − Ct

= KYNt − KYNT , ð4Þ

where Ct is the concentration of heavy metal in the effluent
at time t (mg/L); C0 is the initial concentration (mg/L); KYN
is the constant of Yoon-Nelson (h-1), which depends on the
diffusion characteristics of mass transfer; and T is the time
required for 50% adsorbent breakthrough (h). The coeffi-
cient KYN and T can be determined from the slope and
intercepts obtained from a plot ln ½Ct/ðC0 − CtÞ� versus t at
a given condition.

2.5. Simulated PRB Test. The simulated PRB test device was
made of plexiglass. The internal stages of the reaction tank
(Figure 3) from left to right were the inlet area (50mm),
the reaction area (600mm), and the outlet area (20mm).
The water level adjustment point was located in the inlet
area. The reaction area was divided into a coarse sand area

(50mm), fine sand area (50mm), reaction area (400mm),
fine sand area (50mm), and coarse sand area (50mm).
There were four water outlets on average in the water outlet
area on the glass panel. The upper water outlet was less than
5mm from the liquid level. The device had a volume of 60 L.
The cross section was a rectangle of 300 × 400mm, the reac-
tor had a height of 500mm, and the loading material height
was 100mm below the top. Each area was separated by a
porous plexiglass partition (400 holes) and a gauze screen.
The reaction zone was filled with a composite packing with
a thickness of 400mm. A 50mm thick coarse sand layer
was placed at both ends of the reaction filler. The coarse
sand (particle size is 1-2mm) performed filtering, buffering,
and protection, while the fine sand (particle size is 0.5-
1mm) acted as the simulated aquifer.

There were three reaction tanks, and each reaction tank
was packed in the sequence of coarse sand, fine sand, compos-
ite filler, fine sand, and coarse sand. The quartz sand distrib-
uted water evenly and prevented scouring of the filler. Each
tank was charged with nitrogen for 10 minutes and covered
with glass, and the joint was smeared with Vaseline. Heavy
metal solution with Cr(VI) and Cd(II) concentration of 5:0
± 0:5mg/L, respectively, a water temperature of 15 ± 3:0°C,
and pH = 6:2 ± 0:3 were continuously fed into the reaction
tank from left to right at a rate of 5.45mL/min by a peristaltic
pump for 60d. Every night at approximately 6:00 pm, samples
were withdrawn from the water outlet points in the upper part
of the three columns for measurements of Cr(VI), TCr, Cd(II),
dissolved iron, and pH. The results are shown as themean plus
or minus the standard deviation.

2.6. Analysis Methods

2.6.1. The Analysis Methods of the Adsorbent. A high-
powered scanning electron microscope (SEM, Zeiss, Ger-
many) was used to determine the size, morphology of mag-
netic nanoparticles, and element composition. Fourier
transform infrared spectroscopy (FTIR) measurements were
performed by using KBr as background over the range of
4000-400 cm-1.

2.6.2. The Analysis Methods of the Metals. Each effluent sam-
ple was filtered through 0.45μm filter membrane before all
analysis, and the Cr(VI) concentration was determined at
540 nm by acidification using an ultraviolet and visible

Water outlet

Simple point

Water inlet

Circular ring

Figure 1: Schematic diagram and setup diagram of dynamic column experimental apparatus.

Water outlet

Water inlet

ΔL

ΔH

A

Figure 2: Schematic diagram of permeability coefficient measuring
device.
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spectrophotometer (UV2200, Sunny Hengping, Shanghai)
(GB/T 7467-1987) according to the technical specification
for groundwater environmental monitoring (HJ/T 164-
2004). The concentration of TCr (357.87 nm), Cd(II)
(GB/T 7475-1987) (228.80 nm), and soluble iron (GB/T
11911-89) (248.33nm) concentrations was quantified by
atomic absorption spectroscopy (AAS) (AA6880, Shimadzu,
Japan) with an air flame.

3. Results and Discussion

3.1. Characterization of Modified Adsorbent and
Original Adsorbent

3.1.1. SEM and EDS of Modified Adsorbent and Original
Adsorbent. SEM analysis for original adsorbent and modified
adsorbent was carried out to explain its surface morphological
characteristics for adsorption. SEM analysis can also illustrate
the porous structure and particle size of the modified adsor-
bent (the composite of SDBS-modified maifanite and
anhydride-modified Fe@SiO2@PEI). SEM analysis results
were available as images in Figure 4. It was found that the sur-
face of the modified adsorbent changed greatly before and
after modification. As shown in Figure 4(a), the original adsor-
bent has a smooth surface and larger diameter. As shown in
Figure 4(b), the modified adsorbent has irregular shape, bro-
ken structure, rougher surface, denser pores, and cracking
and loosening in some areas. In addition, the surface of some
areas is covered by a layer of substances. It may be the anionic
surfactant and the maifanite surface chemically bonded or
intercalated to form an organic hydrophobic layer in part of
the pores of maifanite. A silicon dioxide film coating can be
observed on the surface to avoid oxidation and corrosion of
core iron particles in the air and can prevent iron loss during
the reaction process. The surface layer of the particle is full
of flaky interlayer with more holes and channels. It may be
that the modifier adheres to the surface of the silicon layer,
making the particle size become larger, which is also condu-
cive to increasing the specific surface area of Fe and thus
increasing the adsorption site.

It can be seen from the energy dispersion spectrum
(Figure 4(d)) that C, N, and O signals are relatively high,
while Cl signals are relatively weak. In addition to the fact
that the coating of silica contains a large number of Si, it is
also attributed to the substitution of -NH- and -COOH-

groups after the condensation of PEI and naphthalenetetra-
formic anhydride (NTCDA) for the chlorine atoms of C-Cl
bonds after the hydrolysis of silane coupling agent. The rich
functional groups on the surface of PEI and NTCDA with
hydrophilic properties can improve the removal ability of
iron core by chelating with heavy metal ions. At the same
time, the energy spectrum shows that the content of carbon
and sodium increased and sulfur appeared after modifica-
tion, indicating that the surfactant had been attached to
the surface of the stone.

3.1.2. FIRT of Modified Adsorbent and Original Adsorbent.
The functional groups are essential adsorption properties
of an adsorbent. FIRT can explore the types of functional
groups on the surface of modified adsorbent and character-
ize the adsorbent particles before and after modification in
the range of 4000-500 cm-1. As shown in Figure 5, in adsor-
bent before modification, the peaks observed at 3620.71 cm-1

can be assigned to stretching vibration of the -OH group of
physically adsorbed water or crystallized water. The Si-O
antisymmetric stretching vibration band at 1075.52 cm-1

indicates that the hydroxyl containing SiO2 generated after
tetraethyl orthosilicate (TEOS) hydrolysis adhered to the
surface of iron core [26]. The peaks observed at
1034.38 cm-1 can be assigned to stretching vibration of the
Si-O group. In the modified adsorbent, in addition to the
original characteristic peak, many other characteristic peaks
were also found which indicated that the modified adsorbent
had more functional groups than the original sample. As
shown in Figure 5, the absorption peak of 3432.37 cm-1 is
due to the overlap of N-H and O-H stretching vibration,
which may be caused by the introduction of a large number
of amino groups in polyethylene imine. The existence of
hydrogen bond reduces frequency and broadens spectrum
peak. The peak at 454.31 cm-1 and 453.81 cm-1 is due to
the symmetric stretching vibration of Si-O, and the peak at
770.69 cm-1 is due to the bending vibration of Si-O. The
vibration band of C=O at 1666.00 cm-1 [27] indicates that
carbonyl compound anhydride has been introduced. The
absorption band between 1660 and 1455.87 cm-1 is the over-
lapping peak formed by the stretching vibration of C-N and
C=C and the bending vibration of C-H. The absorption peak
of organic sulfonate was found. The absorption band
between 2920.09 cm-1 and 2850.80 cm-1 indicates the exis-
tence of methyl (-CH2-) and methylene (-CH3) of sodium

Water inlet

Water outlet

Outlet tank

Support structure

Porous separator (20 mesh)

Level control hole

Inlet tank

Figure 3: Schematic diagram of PRB simulated reaction tank.
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dodecylbenzenesulfonate groups. The peaks observed at
1170.52 cm-1 can be assigned to stretching vibration of the
sulfonic S=O group in the benzene ring. The additional peak
beyond 1000 cm-1 can be assigned to fingerprint regions of
functional groups of metal oxides. This indicates that the
organic sulfonate enters the layers of maifanite and forms a
strong force with the laminate [28].

3.2. Continuous Column Experiments

3.2.1. Proportion Selection of SDBS-Modified Maifanite and
Anhydride-Modified Fe@SiO2@PEI. The key to the success
of PRB is to choose suitable materials as filler, and the pro-
portion of SDBS-modified maifanite and anhydride-
modified Fe@SiO2@PEI materials is very important. As can
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Figure 4: SEM of original adsorbent (a) and modified adsorbent (b) and EDS spectra of the adsorbent before (the composite of ZVI and
maifanite) (c) and after (the composite of Fe@SiO2@PEI and modified maifanite) (d) modification.
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be seen from Figure 6(a), with the increase of the proportion
of anhydride-modified Fe@SiO2@PEI, the removal rate of
heavy metals (Cr(VI), TCr, and Cd(II)) in the effluent
increased. Therefore, the remediation effect can be improved
by increasing the proportion of anhydride-modified Fe@S-
iO2@PEI. However, the reaction mechanism is mainly that
heavy metal ions form coprecipitation and attach to the sur-
face of the material, and the particle size of anhydride-
modified Fe@SiO2@PEI is too small (0.106˗0.150mm),
which leads to defects if anhydride-modified Fe@SiO2@PEI
is used as single filler or the proportion of anhydride-
modified Fe@SiO2@PEI is too high [29]. It was found that
the increase of the proportion of anhydride-modified Fe@S-
iO2@PEI led to a significant decrease in the permeability
coefficient and the internal agglomeration phenomenon
became more serious for 5 d in Figure 6(b). The permeability
coefficient has been reduced to 0.019 cm/s after reaction
when the ratio of SDBS-modified maifanite and anhydride-
modified Fe@SiO2@PEI was 1 : 1. It is no longer able to meet
the requirement that the permeability coefficient of PRB
material is at least 1.5˗2.5 times higher than the permeability
coefficient of the local soil [30], which is easy to cause the
internal blockage of PRB, make the underground water level
rise or flow around, and lose the remediation effect. Further-
more, considering that the cost of anhydride-modified
Fe@SiO2@PEI was much higher than that of SDBS-

modified maifanite, the proportion of SDBS-modified maifa-
nite should be increased, so the composite material with a
mass ratio of 5 : 1 was used as the filler for subsequent tests.

3.2.2. Effects of Initial Cr(VI) and Cd(II) Concentrations. The
breakthrough curves obtained by changing initial Cr(VI)
and Cd(II) concentrations from 30 to 60mg/L at a flow rate
of 10.9mL/min are given in Figures 7 and 8. The break-
through curve for columns was determined by plotting the
ratio of Ct/C0 (Ct and C0 are the Cr(VI) and Cd(II) concen-
trations of effluent and influent, respectively) against time, as
shown in Figures 7 and 8. As expected, an increased inlet
concentration gave an earlier breakthrough curve and the
Cr(VI) and Cd(II) adsorption capacities were greatest at
the greatest concentration; in turn, the Cr(VI) and Cd(II)
removal rates (1 − Ct/C0) were the lowest. The findings
could be attributed to the fact that the higher concentration
gradient increased the mass transfer coefficient or the diffu-
sion coefficient leading to a faster transport [31]. As we all
know, adsorption kinetics is related to free binding sites
and the concentration of heavy metals. Therefore, it is
expected that the capacity of the given substrate for Cr(VI)
and Cd(II) uptake dramatically increased with the increase
of the inlet heavy metal concentrations due to the saturation
of available free sites. The maximum removal rates of Cr(VI)
were 99.93%, 99.71%, and 99.61% at 6 h, respectively, at an
initial Cr(VI) concentration of 30, 60, and 90mg/L. And
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the highest removal efficiency of Cd(II) was 99.79%, 99.71%,
and 98.64% at 6 h, respectively, at an initial Cd(II) concen-
tration of 30, 60, and 90mg/L.

Moreover, it was found that higher initial concentrations
decreased the exhausted time in spite of delaying the
increase of Ct/C0. The probable reason is the reaction sites
becoming more quickly saturated with increasing inlet
Cr(VI) and Cd(II) concentration in the adsorption column.
Saturation occurred after 360 h at 30mg/L Cr(VI) inlet con-
centration while as the exhausted time appeared after 312
and 264h at the inlet Cr(VI) concentration of 60 and
90mg/L, respectively. The exhausted time was 216 and
264h at the inlet Cd(II) concentration of 60 and 90mg/L,
but the equilibrium did not occur at the inlet concentration
of 30mg/L during the entire experiment. Interestingly, the
higher the inlet concentration is, the bigger the ratio of Ct/
C0 is before 60 h; however, the lower the inlet concentration
is, the smaller the value of Ct/C0 is after 60 h (Figure 7),
which is more noticeable in Figure 7(a) (sampling hole 1)
and almost insignificant in Figures 7(b)–7(f).

Similarly, the trends are found in Figure 8. This phe-
nomenon has never been found in previous researches.
Therefore, I suppose that heavy metal inlet leads to a
decrease in microbial activity, which has an effect on the
uptake of heavy metals in the columns in consequence (the
microorganism is a parameter that affects the heavy metal’s
capture ability). The trend became slight from sampling
holes 1-6 shown in Figures 7 and 8, respectively. This obser-
vation may be due to the fact that the heavy metal concen-
trations gradually decreased along the column resulting in
the activity of microorganism decreased along the column.
This phenomenon is worth to explore further.

3.2.3. Effect of Flow Rate. Effects of different flow rates (5.45,
10.9, and 16.35mL/min) on adsorption performance were

operated in the column experiments at the initial Cr(VI)/C-
d(II) concentration of 60mg/L (Figures 7 and 8). The Ct/C0
values of Cr(VI) at each sampling hole increased at each flow
rate until the Ct/C0 values reached stability during the entire
column experiment. The initial adsorption reaction of
Cr(VI) was very rapid, which may be attributed to more
available adsorption for capturing Cr(VI) in the solution
[32]. The following stable Ct/C0 values were possibly due
to the gradual occupancy of these binding sites. Further-
more, it was noticed that a higher flow speed led to the lower
removal rate of Cr(VI) in the collected effluent sample
before reaching saturated adsorption. Similarly, the removal
rate of Cd(II) decreased from 75.50% to 39.76% with an
increase in flow rate from 1 to 16.35mL/min at 48h
(Figure 9(a)). Predictably, higher flow rates were not condu-
cive to the removal of contaminants from aqueous solutions
[33, 34].

In addition, the breakthrough curve becomes steeper and
earlier exhaustion times were observed when the flow rate
was increased from 1 to 16.35mL/min. It is probably due
to higher flow rate that induced shorter residence time in
the adsorbing column, resulting in the inadequate reaction
proceeded [35]. For Cr(VI) adsorption, the exhausted times
at sampling hole 1 were 312, 288, and 240h at the flow rates
of 5.45, 10.9, and 16.35mL/min, respectively (Figure 10(a)).
Meanwhile, the exhausted time at sampling holes 2, 3, 4, 5,
and 6 increased from 240 to 264, 264, 288, and 312h; 216
to 240, 240, 264, and 312h and 168 to 192, 216, 216, and
240 h, respectively, with an increase in the flow rate from 1
to 16.35mL/min (Figures 10(b)–10(f)). For Cd(II) adsorp-
tion, the exhausted time at sampling holes 2, 3, 4, 5 and 6
increased from 240 to 264, 264, 264 and 288 h; 216 to 240,
264, 288 and 312h and 96 to 144, 168, 192 and 216h, respec-
tively, with an increase in the flow rate from 1 to
16.35mL/min (Figure 9(a)-9(f)). The results showed that
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Figure 7: Effects of initial Cr(VI) concentration of each sampling hole at a flow rate of 10.9mL/min: (a) sampling hole 1; (b) sampling hole
2; (c) sampling hole 3; (d) sampling hole 4; (e) sampling hole 5; (f) outlet hole.
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Figure 8: Effects of initial Cd(II) concentration of each sampling hole at a flow rate of 10.9mL/min: (a) sampling hole 1; (b) sampling hole 2;
(c) sampling hole 3; (d) sampling hole 4; (e) sampling hole 5; (f) outlet hole.
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Figure 9: Effects of initial flow rate on Cd(II) of each sampling hole at an initial Cd(II) concentration of 60mg/L: (a) sampling hole 1; (b)
sampling hole 2; (c) sampling hole 3; (d) sampling hole 4; (e) sampling hole 5; (f) outlet hole.
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Figure 10: Effects of initial flow rate on Cr(VI) of each sampling hole at an initial Cr(VI) concentration of 60mg/L: (a) sampling hole 1; (b)
sampling hole 2; (c) sampling hole 3; (d) sampling hole 4; (e) sampling hole 5; (f) outlet hole.
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as the Cr(VI) and Cd(II) passed from sampling holes 1-6,
the exhausted time along the column continuously increased
during the whole operation. The increase may be explained
by the long distance between the sampling holes 1 and 6
leading to the retention of some Cr(VI) and Cd(II) inside
the bottom half of the filling. Another probability may be
interception of some heavy metal ions due to redox reaction
or coprecipitation, resulting in the lower Cr(VI) and Cd(II)
concentrations at sampling hole 6 relative to those at sam-
pling holes 1-5. Therefore, there was a small amount of
Cr(VI) and Cd(II) in the collected effluent.

The flow rate reflects the hydraulic load to some extent,
and the groundwater velocity in the contaminated sites is an
important hydrogeological condition in practical applica-
tion. Thus, the PRB thickness can be determined according
to the actual flow rate. If the penetration time is too short,
the length of the reaction medium can be increased, such
as increasing the PRB thickness or adopting the form of
series connection to meet the expected effect. For example,
with the sampling hole 1 upward to the outlet hole, and
the residence time of the target pollutants in the fillers, dos-
age of adsorbent and the penetration time increase with the
increase of the filler height.

3.2.4. Changes in Permeability Coefficient and Porosity after
Column Experiment. The permeability coefficient and effec-
tive porosity of the fillers in five groups of dynamic columns
were tested (Figure 11). Porosity, which represents the
degree of compaction and the permeability coefficient, can
represent the space blockage inside the packing and the
resistance to water flow. Compared with the original fillers,
the content of particles on the surface of the reacted fillers
increased due to the formation of precipitation, and the per-
meability coefficient and porosity of the reacted fillers
decreased to different degrees [36]. This phenomenon may
also be due to the fact that small particulate matter moved
into the pores of the fillers, resulting in a decrease in perme-
ability under the scour of water flow.

3.2.5. Simulation of Breakthrough Curves. As shown in
Table 1, the Yoon-Nelson model adequately reproduced
the experimental results for the columns (the heavy metal
removal performance), and the obtained R2 values were
more than 0.9. Based on the R2 (more than 0.9) values, the
Yoon-Nelson model is considered suitable to describe the
Cr(VI) and Cd(II) column adsorption [37, 38].

The experimental results have been fitted to the Yoon-
Nelson model through nonlinear regression. The time (T)
required for 50% Cr(VI) and Cd(II) breakthrough under dif-
ferent initial concentrations and flow rates can be seen in
Table 1. The time required for 50% adsorbent breakthrough
T decreased from 209.59 to 154.44 h for Cr(VI) and 257.29
to 147.54 h for Cd(II), respectively, with increasing initial
concentrations. On the other hand, with the increase in flow
rate, T values of Cr(VI) and Cd(II) decreased from 191.59 to
128.88 h and 186.06 to 123.03 h, respectively. The experi-
mental result was in very good agreement with the above
findings that the effluent Cr(VI) and Cd(II) concentrations
of each sampling hole at the same time increased as the ini-

tial concentrations of heavy metals increased and flow rates
decreased, but the exhausted time decreased. Additionally,
the kinetics constant KYN values decreased with the increas-
ing flow rates but increased with an increase in the initial
concentrations of Cr(VI) and Cd(II). The phenomenon
was consistent with the result of the previous study [39].
In the previous study, when Ammonium Molybdate
Phosphate-polyacrylonitrile (AMP-PAN) was used for
cesium (Cs) adsorption in acidic waste solution in a fixed
bed column, it was observed that the T value reduced from
258 to 148min and the KYN value increased from 4:6 ×
10−2 to 5:6 × 10−2 h-1 with an increase in initial Cs concen-
tration. However, the values of KYN and T decreased when
the quantity of flow increased.

Yoon-Nelson describes the breakthrough curve with
high correlation coefficients. The heavy metal removal per-
formance predicted by the Yoon-Nelson model exhibited a
similar trend as the heavy metal removal effect in our exper-
imental results.

3.3. Simulated PRB Test. To explore the feasibility of apply-
ing the selected materials in a PRB, the PRB simulation reac-
tor was used for a dynamic trial. When the inflow velocity
was set to 5.45mL/min (much of the space inside the tank
was filled with the fillers, so the actual flow rate was much
higher than 5.45mL/min), the inflow started to flow out
from the outlet at the bottom of the tank started after 2 h
according to the actual observation. Thus, the hydraulic
retention time was approximately 2 h. The peristaltic pump
was continuously filled with water, and the daily water treat-
ment volume was approximately 90 L. According to the
quality standard for groundwater (GB/T14848), the initial
Cr(VI) and Cd(ІІ) (coexisting in the influent) concentrations
are 100 (5:0 ± 0:5mg/L) and 500 (5:0 ± 0:5mg/L) times
higher than the standard, respectively, in order to apply to
the class ІІІ water level evaluation standard of the centralized
drinking water source and industrial and agricultural water.

The relationship between the concentrations of heavy
metal ions in the daily effluent of the reactor and time during
the pilot test was investigated (Figure 12(a)). When the
cumulative water yield was 2160 L on 24 d, the Cd(ІІ) con-
tent exceeded the standard value; meanwhile, when the
cumulative water yield reached 2880 L on 33 d, the Cr(VI)
content exceeded the standard limit. Combined with the
relationship between the effluent Cr(VI) and TCr concentra-
tions, it was found that there was no soluble form of Cr(ІІІ)
in the influent water. It could be ascribed to the fact that
Cr(VI) was adsorbed directly by SDBS-modified maifanite
and anhydride-modified Fe@SiO2@PEI or that cationic
Cr(ІІІ) being reduced by ZVI was more easily adsorbed by
SDBS-modified maifanite with negative charge on the sur-
face. At the later stage of the reaction, although anhydride-
modified Fe@SiO2@PEI still had a strong reducing capacity,
the adsorption sites on the adsorbent surface gradually
decreased and Cr(ІІІ) was washed into the solution in the
form of hydroxides, resulting in the gradual increase in the
Cr(ІІІ) concentration. As mentioned above, the contents of
Cr(VI) and Cd(ІІ) exceeded the groundwater-related limits
on 33 and 24 d, respectively; however, the adsorbent had
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not completely failed, and the removal rates of Cr(VI) and
Cd(ІІ) still reached 85.94% and 83.45%, respectively, indicat-
ing the strong removal ability by the end of 60 d of the test.
Compared with the 5.45mL/min flow rate set in this study,
the seepage velocity of groundwater in actual sites, especially
confined water, is slower, and the hydraulic retention time is
longer, which are more conducive to the adsorption of
Cr(VI) and Cd(ІІ) in water by the adsorption materials.

The total soluble iron and pH in the daily effluent are
shown in Figure 12(b). With the continuous progression of
the reaction, the total soluble iron content in the effluent
increased. According to equations (5), (6), (7), (8), (9),
Cr(VI) was reduced to Cr(ІІІ) [40–42] and ZVI was oxidized
to Fe(ІІ) or Fe(ІІІ) under a series of redox reactions, leading
to the increase of the total soluble iron content and pH in the
solution. At the beginning of the reaction, the quantity of
Cr(VI) participating in the redox reaction was low. More-
over, the resulting precipitation could also be absorbed by
SDBS-modified maifanite and anhydride-modified Fe@S-
iO2@PEI. At the end of the experiment, the iron had suffered
a great deal of corrosion in the process of reduction of
Cr(VI). Since the adsorption sites on the surfaces of SDBS-
modified maifanite and anhydride-modified Fe@SiO2@PEI
were limited, the amount of Fe(ІІ) or Fe(ІІІ) entering the
water began to increase. In addition, there was a large
amount of dissolved oxygen in influent without deoxidation

treatment continuously brought in by the peristaltic pumps,
which promoted the aerobic corrosion of iron and formed
lepidocrocite (γ-FeOOH), magnetite (Fe3O4), and magneto-
hematite (γ-Fe2O3) [43]. It resulted in an increase in the
total iron concentration in effluent. Additionally, the pH of
the solution increased gradually due to the production of
OH- in water according to the Cr(VI) reduction process.
However, the Fe content and pH value in effluent still met
the requirements of grade III water (Fe < 0:3mg/L and pH
between 6.5 and 8.5) in the quality standard for groundwater
(GB/T 14848). The concentrations of heavy metal ions did
not reach their initial concentrations during the whole reac-
tion stage, and the reaction inside the system was ongoing.
Therefore, the total soluble iron concentration and pH of
the effluent were on the rise.

CrO4
2− + 3FeO + 8H+ ⟶ Cr3+ + 3Fe2+ + 4H2O ð5Þ

Cr2O7
2− + 6 FeO + 14H+ ⟶ 2Cr3+ + 6Fe2+ + 7H2O ð6Þ

Fe + Cr2O7
2− + 7H2O⟶ 2Cr OHð Þ3 + Fe OHð Þ3 + 6OH−

ð7Þ
Fe + CrO4

2− + 4H2O⟶ Cr OHð Þ3 + Fe OHð Þ3 + 2OH−

ð8Þ
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Figure 11: Changes in permeability coefficient (a) and porosity (b) of each reaction column after column experiment.

Table 1: Yoon-Nelson model fitting parameters.

Contaminant Parameter
Concentration (mg/L) Flow rate (mL/min)

30 60 90 5.45 10.90 16.35

Cr(VI)

KYN (h-1) 0.0224 0.0243 0.0279 0.0288 0.0243 0.0232

T (h) 209.59 175.63 154.44 191.59 175.63 128.88

R2 0.9713 0.9567 0.9785 0.9481 0.9366 0.9812

Cd(ІІ)

KYN (h-1) 0.0185 0.0242 0.0244 0.0284 0.0242 0.0229

T (h) 257.29 165.48 147.54 186.06 147.54 123.03

R2 0.968 0.9567 0.9732 0.9525 0.9366 0.9425

15Adsorption Science & Technology



CrO4
2− + 3Fe2+ + 4H2O⟶ 3Fe3+ + Cr OHð Þ3 + 5OH−

ð9Þ

Throughout the test, the daily effluent volume remained
basically the same. There was no water outflow of the over-
flow hole in the water inlet tank. The liquid level in the tank
was basically the same as the height of the filler. In other
words, all the water pumped into the water tank by the peri-
staltic pump completely flowed through the PRB filler and
flowed out through the outlet hole after the reaction. Under
neutral pH conditions, the hydroxides (Cr(OH)3, Fe(OH)3,
and Cd(OH)2) formed by the three metal ions had low solu-
bility and were easy to precipitate on the surfaces of SDBS-
modified maifanite and anhydride-modified Fe@SiO2@PEI
[44, 45]. The formed precipitation was trapped in the reac-
tor, resulting in the increase of medium resistance, which
hindered fluid movement in the PRB to some extent. There-

fore, the fillers may have been partially blocked, but the flow
pattern was not changed.

In the practical application of PRBs, sand or gravel is
usually mixed with reactive iron shavings, which are used
as a mixed backfilling material in underground trenches
[46]. In the present work, SDBS-modified maifanite, which
also has the property of adsorbing heavy metal ions, and
anhydride-modified Fe@SiO2@PEI were used in combina-
tion. The synergistic effect between the two materials
improved the removal effect of the system. Anhydride-
modified Fe@SiO2@PEI reacted with Cr(VI) and Cd(ІІ) via
processes such as coprecipitation, surface adsorption, and
chelation with organic group ligands. Reduction also
occurred, which made Cr(VI) change to the more stable
and more soluble form Cr(III) and changed Cr2O7

2- and
CrO4

2- in the form of oxygen-containing anions into cat-
ionic Cr3+. The charge of Cr3+ has the same charge as
Cd2+ and is more likely to be attracted by the electrostatic
attraction of maifanite modified with an anionic surfactant.
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the influent Cr(VI) and Cd(ІІ) (coexisting in the influent) concentrations are 5:0 ± 0:5mg/L and 5:0 ± 0:5mg/L.

16 Adsorption Science & Technology



As known from the above dynamic column experiment,
the precipitation of heavy metal hydroxides will reduce the
porosity and permeability of the fillers. Compared with
anhydride-modified Fe@SiO2@PEI, SDBS-modified maifa-
nite has a larger particle size and can be used as a skeleton
material to increase the internal space of the filler, reducing
the disturbance to the flow state and extending the service
life of the PRB. The permeability coefficient of the PRB filler
(generally more than 2 times higher than the permeability of
the local aquifer) [47] and the removal efficiency of pollut-
ants are the two most important parameters. Ordinary mate-
rials rely on surface adsorption to remove contaminants.
The smaller the particle size is, the larger the specific surface
area is, and the better the removal effect of pollutants is.
However, the smaller the particle size resulted to the higher
the surface energy, causing the decrease in the effective
porosity and the permeability coefficient. Therefore, the pro-
portion of SDBS-modified maifanite and anhydride-
modified Fe@SiO2@PEI selected in this manuscript is not
necessarily applicable to all sites. The hydrogeological condi-
tions of the contaminated site, including the flow direction
and burial depth of groundwater, slope, pollutant types
and concentrations, permeability coefficient, and imperme-
able layer, must be considered to reasonably select the PRB
type, processing method, filler proportions, and specific size,
so as to meet the treatment requirements and reduce the
project investment.

4. Conclusions

This study identified SDBS-modified maifanite and
anhydride-modified Fe@SiO2@PEI as a suitable adsorbent
to be utilized for removal of Cr(VI) and Cd(ІІ) from ground-
water. SDBS-modified maifanite with a large diameter
(40˗60 mesh) can provide support and increase the perme-
ability coefficient and porosity, and anhydride-modified
Fe@SiO2@PEI can convert Cr(VI) existing in the form of
oxygen anions (Cr2O7

2- and CrO4
2-) to Cr(III) and improve

the adsorption capacity of maifanite, which has a negative
surface charge. The synergistic effect between these materials
improved the removal effect of the system. The removal
rates of Cr(VI) and Cd(ІІ) reached 99.93% and 99.79% at
an initial Cr(VI) and Cd(ІІ) concentration of 30mg/L with
the flow rate of 10.9mL/min, respectively, at 6 h. Column
experiment of the studied metals indicated that the penetra-
tion time decreased with the increase in the initial concen-
tration and flow rate. The heavy metal adsorbed amounts
of the adsorbent depended on the initial concentration and
flow rate. In the PRB simulation test, the concentrations of
the heavy metal ions Cr(VI) and Cd(ІІ) exceeded the stan-
dard values (0.05 and 0.01 g/L) at 33 and 24d, respectively.
Meanwhile, the treated water volume was 2160 and 2280 L,
respectively. The soluble total iron and pH values still con-
formed to the requirements of grade III water in the quality
standard of groundwater (GB/T14848). The Yoon-Nelson
model was successfully used to predict the breakthrough
curves under using different initial concentrations and flow
rates and provide maximum removal efficiency of materials,
which were necessary to ensure complete use of materials

and save investigation and operation costs during the design
of PRB. From these results, the use of SDBS-modified maifa-
nite and anhydride-modified Fe@SiO2@PEI as an adsorbent
for Cr(VI) and Cd(ІІ) removal is potentially cost-effective
and may provide an alternative method for Cr(VI) and
Cd(ІІ) removal from contaminated groundwater.
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