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Abstract: Using a phytoremediation technique for soil remediation usually takes many years, which
increases the risk that heavy metals spread into the environment during the project period. Currently,
the combined remediation technique (phytoremediation and stabilization) is known as the solution to
reduce this risk. In this study, the combined remediation of cadmium–arsenic-contaminated soil via
phytoremediation and stabilization was studied. The pot experiment was carried out using modified
fly ash (MFA) and solid waste material (steel slag (SS): pyrolusite (PY): ferrous sulfide (FS) = 1:2:8)
as stabilization materials and Bidens pilosa as the accumulative plant. The characteristics of B. pilosa,
including its water content, biomass, root length, plant height, and heavy metal content, were obtained
after harvesting, and the reduction rate of the bioavailability of Cd and As and their physico-chemical
properties, including the pH, Eh, and Ec values of the soil, were also measured. The remediation
effect was evaluated according to the above indexes, and the mechanism of combined remediation
was studied through the FTIR, XRD, and XPS analyses. These experiments have shown that adding
an appropriate amount of MFA can enhance the absorption of heavy metals by plants in the soil and
reduce the bioavailability of heavy metals in contaminated soil. In addition, the mechanism study
revealed that Cd2+/Cd(OH)+ was easily adsorbed on Si-OH and MnOOH, while AsO4

3− was more
easily adsorbed on Fe-OH and Al-OH.

Keywords: heavy metal; modified fly ash; phyto-extraction; soil remediation; solidification

1. Introduction

Cadmium and arsenic heavy metal pollution rank among the top five in the world [1].
The pollution of cadmium and arsenic towards the soil has been caused by extensive
mineral mining, separating, smelting, and deep processing, which result in growing serious
environmental problems [2]. Cadmium and arsenic pollution not only impair soil fertility
and crop yield, but also cause serious harm to human health through their accumulation in
the food chain [3].

The half-life of cadmium in the human body is 30 years, and the long-term accu-
mulation of cadmium obviously damages the kidney organs, inducing various diseases,
such as proteinuria, glycosuria, kidney atrophy, and glomerulosclerosis [4]. Arsenic and
relevant compounds are highly toxic, which have been recognized as a group I carcinogen
by the International Agency for Research on Cancer (IARC) [5]. In addition, arsenic and
relevant compounds have also been found to induce anemia and acute kidney failure [6].
As soil pollution by cadmium and arsenic generates a great number of potential dangers to
human health, more and more attention has been paid to the soil remediation techniques
for cadmium and arsenic pollution [7–11].

Phytoremediation technology is an eco-friendly remediation technology developed
in recent years [12–15]. Hyper-accumulators absorb and enrich heavy metals from the
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contaminated soil during the growth process, promoting the transformation of heavy metals
to a low toxicity state, and remove the heavy metals enriched in plants out of the polluted
soil [16,17]. In this way, heavy metal pollutants in the polluted soil are continuously
removed via the repeated planting and harvesting [18]. However, phytoremediation
technology generally utilizes a long treatment period, and pollutants can easily be dispersed
during the phytoremediation process (mainly caused by the activation of heavy metals by
the vital activity of plants and microbiology), especially in the case of the cadmium and
arsenic pollutants [19]. In consequence, safer and controllable soil remediation technology
is urgently needed.

Stabilization remediation technology is one of the most common remediation methods
in soil heavy metal remediation research [20]. By adding curing agents or stabilizers to
contaminated soil, the physical and chemical properties of the contaminated soil could
be adjusted, and the toxicity, biological availability, and migration ability of the heavy
metals in the soil could also be effectively reduced [21]. The advantages of stabilization
remediation technology can compensate the defects of phytoremediation technology, and
as a result, the combined remediation of phytoremediation and stabilization technology is
gradually becoming a research hotspot.

He et al. utilized Solanum nigrum L. and polyaspartate to remediate lead contaminated
soil, and their results demonstrated that polyaspartate decreased the concentration of
available Pb in metal-polluted soils to about 69.0% [22]. Guo et al. studied the combined
remediation of copper-lead contaminated soil using native plants and sludge residues under
a high-temperature treatment, and their results showed that the stable state content of the
heavy metals copper (Cu) and lead (Pb) were effectively increased [23]. However, until
now, there few studies available that report the combined remediation of phytoremediation
and stabilization technology towards cadmium–arsenic-contaminated soil.

In our preliminary study, the combined remediation of the pioneer plant B. pilosa and
mixed stabilization materials (steel slag: manganese ore: FeSO4 = 1:2:8) was particularly
effective in reducing the bioavailable state of cadmium by about 97.73%, but the reduction
in the bioavailable state of arsenic was indistinctive [24]. The objective of this study was to
study the combined remediation effect of potential plants and novel solid waste materials.
In this work, a modified fly ash material was proven to be highly efficient for the reduction
in the bioavailable states of arsenic in solids. Incorporating this modified fly ash material
into previous combined remediation techniques, the bioavailable states of cadmium and
arsenic in solids were able to be significantly reduced at the same time.

2. Materials and Methods
2.1. Characteristics of the Contaminated Soil

The experimental soil was collected from the affected area of an arsenic slag smelter
(24.46◦ N, 111.28◦ E, 173 m a.s.l) in Zhongshan County, Guangxi, South China. The soil
used in this study was taken from farmland soil and classified as anthrosols, based on the
WBR classification. In order to evaluate the pollution degree of heavy metals in soil, the
Nemerow method, an important pollution index method, was adopted. The Pi values of
various heavy metal elements were calculated according to the Nemerow method, and the
soil pollution degree was classified according to the Pi values [25]. The results are shown in
Table 1. Following calculation and comparison, it was found that the pollution of Cd and
As in the soil is relatively serious. In this affected area, heavy metal pollution was serious,
but different wild plants grew, including B. pilosa, Boehmeria nivea, Eremochloa ciliaris, and
Leersia hexandra Swartz, among which B. pilosa was the most abundant.

The sampling method of the soil samples was described by Barbara [26]. Thirty soil
samples were collected from 0–20 cm of topsoil with a stainless steel shovel. The soil
samples were mixed well and collected in a suitable-sized sample bag. Before use, the
soil was dried for 24 h and finally passed through a screen with a diameter of 2 mm.
The bioavailable heavy metals cadmium and arsenic were extracted from buffered DTPA
solution and NaHCO3 solution, respectively. Finally, the content of heavy metals was
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determined using inductively coupled plasma mass spectrometry (ICP-MS) (NEXION 2000,
Parkin Elmer Healthy Technology Co., Ltd., Beijing, China).

Table 1. The heavy metal content and pollution characteristics of soil.

Soil Parameter Value

Soil pH 6.25
Organic matter content (mg·kg−1) 13.5

Available N (mg·kg−1) 663
Available P (mg·kg−1) 360
Available K (mg·kg−1) 64

Cation exchange capacity (meq·100g−1) 6.37
Total Cd (mg·kg−1) 0.38
Total As (mg·kg−1) 76.14

2.2. Experimental Design of Combined Remediation

B. pilosa was selected as the pioneer plant through the pre-pot experiment. Solid
waste is a mixture of modified fly ash (MFA), steel slag (SS), pyrolusite (PY), and ferrous
sulfate (FS). The main components of SS and PY are shown in Tables 2 and 3, respectively.
The total amount of SS, PY, and FS was 5% of the soil amount (SS:PY:FS = 1:2:8), and the
amount of MFA was 0–1% of the soil amount. FM is a single Fe-Mn material remediation
group. PFM is the Fe-Mn material–plant combined remediation group. PFMMx is the
Fe-Mn material–MFA–plant combined remediation group, with x representing the amount
of MFA, such as 0.2 represents the addition of 0.2% MFA.

Table 2. Main components of steel slag.

Compound CaO Fe2O3 SiO2 MgO Al2O3 MnO SO3 P2O5 TiO2

Content (%) 44.32 18.12 12.12 8.74 7.96 3.07 1.56 1.48 1.29

Table 3. Main components of pyrolusite.

Compound SiO2 MnO Fe2O3 Al2O3 CaO K2O MgO P2O5 TiO2

Content (%) 44.00 23.67 22.54 6.27 0.80 0.77 0.52 0.43 0.21

Polyethylene flowerpots (8.5 × 10−4 m3) were used in this test. The contaminated soil
and solid waste were evenly mixed and placed in a flower pot for two weeks. After stabi-
lization, 0.2 g of plant seeds were planted in pots and repeated 3 times for each treatment
group. The combined remediation pot experiment was carried out in the greenhouse for
60 days. Finally, the above- and below-ground parts of the plant were removed from the
soil, and the stems and leaves were separated from the roots. The plants and soil samples
were collected for further processing and analysis.

The modified fly ash was prepared according to the method of our previous re-
search [27]. Firstly, the magnetic fly ash was prepared via ferro-salt coprecipitation through
ultrasonic stirring of fly ash + ferric salt in a 50 ◦C water bath device. Then, the magnetic
fly ash and 3, 4-dihydroxybenzaldehyde were heated and stirred under an ethanol system
at 70 ◦C for 2 h, following which melamine was added to the hot DMSO solution for 1 h.
Finally, the ethanol in the previous system was evaporated using a rotary evaporator, and
the DMSO solution of citric acid and the product were stirred at 80 ◦C for 1 h, washed,
filtered, and dried, and the final modified fly ash (MFA) was obtained. The resulting XRD
patterns of the original fly ash (FA) and the MFA are shown in Figure 1, and the main
components of FA are shown in Table 4.
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Table 4. The heavy metal content and pollution characteristics of soil.

Compound SiO2 Al2O3 Fe2O3 CaO K2O TiO2 Na2O MgO SO3

Content (%) 62.30 26.27 3.50 2.54 2.17 1.02 0.67 0.64 0.52

2.3. Analysis Method of Plant Samples

After collecting the plants, the wet weight and dry weight of the plants were measured
using an electronic balance to calculate the water content and the biomass of the plants. A
ruler was used to measure plant height.

The plants were dried to a constant weight and crushed into powder, and each part
of the plants was digested according to the method described in the literature [22]; that is,
0.04 g of plant samples were added into each polytetrafluoroethylene crucible, and 8 mL
of aqua regia was transferred into the crucible with a pipette, and then digested on the
constant temperature electric heating plate in the fume hood (temperature: 150 ◦C). When
there was about 3 mL of liquid left in the pot, the digestion temperature was lowered, the
cover was lifted, and the crucible was shaken for digestion and desilication so that the
digestion solution was clarified and no residue remained. After the crucible was taken
off and cooled, the entire digestion solution was transferred to a 50 mL volumetric bottle.
The inner wall of the crucible (cover) was then cleaned with deionized water 2–3 times,
following which it was poured into the volumetric bottle and mixed well at a constant
volume. The content of heavy metals in plants was measured using ICP-MS (NEXION
2000, Parkin Elmer Healthy Technology Co., Ltd., Beijing, China).

2.4. Analysis Method of Soil Samples

Th soil pH value was determined following the steps below. The soil was air-dried,
reduced, crushed, and screened using a screen with a pore size of 2 mm. Pure water was
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used as an extraction agent; the water-to-soil ratio was 2.5:1, and the mixture was oscillated
on a constant temperature water bath oscillator for 2 min. After standing for 30 min, a
portable pH meter was used for determination.

An ORP electrode was used to measure the redox potential of soil directly in the pot.
Using a drill to punch a hole in the flower pot, the ORP electrode was directly inserted into
the hole, and the value was recorded after the indicated number was stable.

Soil conductivity was determined following the steps below. The treated soil sample
was taken and added with water at a ratio of 1:5 (m/v). The sample was oscillated on a con-
stant temperature water bath oscillator at 20 ◦C and 180 r/min for 30 min, and then filtered
after standing for 30 min. The filtrate was measured with an electrical conductivity meter.

The determination of total heavy metal content in soil was carried out in the following
steps. A total of 0.1 g of a dry soil sample was passed through a 100-mesh nylon sieve and
placed in a 50 mL polytetrafluoroethylene crucible, and 6 mL of aqua regia was transferred
into the crucible with a pipette. The mixture was heated and kept boiling for 2 h. The
mixture was cooled to room temperature and the extract was filtered using slow filter paper
into a 50 mL bottle. A small amount of dilute nitric acid was used to clean the crucible and
filter residue at least 3 times, and the lotion was collected into the volumetric bottle. The
content of heavy metals in soil was measured using ICP-MS.

The content of bioavailable heavy metals in soil was determined in the following steps.
Soil and DTPA-CaCl2-TEA extract or NaHCO3 extract were added to the conical bottle at
a ratio of 1:2 (m/v) and sealed with plastic wrap. At 20 ◦C, the oscillating frequency of
200 r/min was oscillated on a constant temperature water bath oscillator for 2 h. After
centrifugation, the supernatant was filtered through a needle filter membrane for ICP-
MS determination. The reduction rate of bioavailable heavy metals was defined as the
following equation:

η (%) =
ηBefore − ηAfter

ηBefore
× 100

where ηBefore is the content of bioavailable heavy metals in soil before combined remedia-
tion, and ηAfter is the content of bioavailable heavy metals in soil after combined remedia-
tion.

The biological enrichment coefficient (BF) of a plant is the ratio of a certain element con-
tent in the plant (CPlant/mg·kg−1) to a certain element content in the soil (CSoil/mg·kg−1).
The transport coefficient is the ratio of the element content of the above-ground part of the
plant (CPlant shoot/mg·kg−1) to the underground part (CRoot/mg·kg−1). These formulas are
defined as:

BF = CPlant/CSoil

TF = CPlant shoot/CRoot

3. Results and Discussion
3.1. Results of the Biological Properties of Plants and Heavy Metal Content in Plants

According to the status of plant growth in Figure 2, it can be seen that B. pilosa exhibited
good adaptability to the stabilization materials added. However, with the increase in the
amount of MFA added, the growth status of the plants gradually deteriorated. Moreover,
the column diagram in Figure 2 showed that with the increased dosage of MFA, the biomass
of the plants continued to decline; however, the moisture and plant height of the plants did
not change much. When the amount of MFA was 0.4%, the growth status of B. pilosa was at
its best; the plant biomass was 43.04 g/m2, the plant height was 6.9 cm, the water content
was 84.98%, and the leaves were normal.
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Figure 2. Growth status of B. pilosa under different MFA dosages.

Excessive fly ash material may affect the normal photosynthesis process of plants, thus
affecting the accumulation of biomass. However, plant height and moisture may depend
more on other factors, such as plant genetics and soil moisture, respectively.

Through screening plant growth along with comprehensive consideration of the
biomass index, it was found that the optimal amount of MFA was 0.4%.

As can be seen from Figure 3a, with the increase in the amount of MFA, the contents
of As and Cd in B. pilosa initially increased and then decreased. When the addition amount
of MFA was 0.6%, the contents of As and Cd of B. pilosa were the highest. When 0.6% MFA
was mixed with the Fe-Mn material, the content of Cd was increased, which promoted
the extraction of Cd by plants. As can be seen from Figure 3b, when the amount of MFA
increased, the Cd transport coefficient (TF) of B. pilosa first increased and then decreased.
When 0.4% and 5% MFA were combined with the Fe-Mn material, the TFs for Cd and
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As was at their highest, 1.158 and 0.594, respectively. The addition of MFA on the basis
of PFM resulted in an increase in the Cd transport coefficient and a decrease in the As
transport coefficient. As can be seen from Figure 3c,d, when different amounts of MFA were
added, the bio-concentration factors of As and Cd of B. pilosa were reduced to different
degrees. The maximum bio-concentration factor was 0.013 when the dosage was 0.8%. The
enrichment coefficient of Cd was 8.16 when no MFA was added.
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and Cd bio-concentration factor (BF) (d) of plants with different amounts of MFA.

In conclusion, when 0.6% of MFA was combined with the Fe-Mn material, the amounts
of As and Cd extracted by B. pilosa were at their highest. When 0.4% and 0.6% MFA were
combined with the Fe-Mn material, the TFs for Cd and As were at their highest, 1.158 and
0.589, respectively.

3.2. Results of the Physical and Chemical Properties of Soil and Heavy Metal Content in Soil

Figure 4 shows the contents of bioavailable cadmium and arsenic in soil with different
MFA dosages. As the amount of MFA increased, the reduction rate of the bioavailable
As increased, but that of Cd fluctuated. When the Fe-Mn material was combined with
0.8% MFA, the contents of bioavailable As and Cd were reduced by 60.56% and −21.29%,
respectively. When the amount of MFA was increased to 1%, the availability of As and Cd
was reduced by 11.52% and 69.43%, respectively. These results showed that only when the
addition of MFA was greater than 1% did it have a promoting effect on the removal of As
in the soil and a promoting effect on the removal of Cd.
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By investigating the effect of reducing the bioavailable heavy metals, the best addition
amount of MFA was at 0.8%.

As can be seen from Figure 5, the soil pH value first increased and then decreased
with the increase in the amount of MFA. The overall pH of the soil was lower than that of
the single Fe-Mn material remediation group, indicating that the addition of MFA resulted
in a decreased soil pH value. The Eh value of the soil after remediation was still in the
range of 100–550 mV, indicating that the soil maintained satisfactory permeability and
moisture during remediation. After the addition of MFA, the Eh value of the soil decreased
compared with the combined remediation group of Fe-Mn material and plants, indicating
that the reduction state of the soil was enhanced, which was beneficial to the improvement
of the soil properties [28]. With the increase in the amount of MFA, the soil Ec value first
increased and then decreased, and reached the maximum value at 0.4% MFA, which was
1158 µs/cm. However, high electrical conductivity may cause damage to plant leaves,
resulting in a reduction in plant yield. Moreover, it was found that when the amount
of MFA was more than 0.6%, the biomass of plants decreased significantly, and the leaf
redness appeared. Based on the transformation of the pH, Eh, and Ec values via dosage of
the stabilization material, it can be concluded that the optimized dosage of MFA was 0.6%
due to the minimal changes in the physical and chemical properties of the soil.

3.3. Study on the Combined Remediation Mechanism

As shown in Figure 6, in the infrared spectrum of steel slag (SS), the peaks observed
at 1435.19 cm−1 and 875.13 cm−1 were the stretching vibration absorption peak of CaO
and the bending vibration characteristic absorption peak of Fe-OH-Fe, respectively. The
symmetric stretching vibration peak of (Al, Si) -O-Si was at 712.55 cm−1, and the vibration
absorption peak of the Si-O bond was at 518.01 cm−1 [29].



Resources 2023, 12, 109 9 of 17Resources 2023, 12, x FOR PEER REVIEW 9 of 18 
 

 

 

Figure 5. Physical and chemical properties of soil with different amounts of MFA. 

3.3. Study on the Combined Remediation Mechanism 

As shown in Figure 6, in the infrared spectrum of steel slag (SS), the peaks observed 

at 1435.19 cm−1 and 875.13 cm−1 were the stretching vibration absorption peak of CaO and 

the bending vibration characteristic absorption peak of Fe-OH-Fe, respectively. The sym-

metric stretching vibration peak of (Al, Si) -O-Si was at 712.55 cm−1, and the vibration ab-

sorption peak of the Si-O bond was at 518.01 cm−1 [29]. 

 

Figure 6. Infrared spectrogram of materials for stabilization. 

Figure 5. Physical and chemical properties of soil with different amounts of MFA.

Resources 2023, 12, x FOR PEER REVIEW 9 of 18 
 

 

 

Figure 5. Physical and chemical properties of soil with different amounts of MFA. 

3.3. Study on the Combined Remediation Mechanism 

As shown in Figure 6, in the infrared spectrum of steel slag (SS), the peaks observed 

at 1435.19 cm−1 and 875.13 cm−1 were the stretching vibration absorption peak of CaO and 

the bending vibration characteristic absorption peak of Fe-OH-Fe, respectively. The sym-

metric stretching vibration peak of (Al, Si) -O-Si was at 712.55 cm−1, and the vibration ab-

sorption peak of the Si-O bond was at 518.01 cm−1 [29]. 

 

Figure 6. Infrared spectrogram of materials for stabilization. Figure 6. Infrared spectrogram of materials for stabilization.

In the infrared spectra of pyrolusite (PY), the peaks at 1625.57 cm−1 and 3692.45 cm−1

were both -OH peaks [30]. The characteristic peaks of silica appeared at 1089.02 cm−1 and
779.85 cm−1, and the high intensity absorption peaks at 799.02 cm−1 were caused by the
symmetric stretching vibration of Si-O-Si [31]. The peaks at 694.97 cm−1, 518.41 cm−1,
and 464.43 cm−1 were determined to be the characteristic peaks of manganese oxide [32],
while the peaks at 1163.86 cm−1 represented the vibration absorption peaks of MnOOH
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of molybdenite [33]. The peak at 914.47 cm−1 was attributed to the stretching vibration
absorption peak of Al-OH [34].

In the infrared spectra of MFA, the peaks observed at 451 cm−1 and 593 cm−1 were
attributed to the Si-O/Al-O surface bending vibration and the Fe-O vibration absorption
peaks, respectively [35,36]. The characteristic peak of silica appeared at about 1100 cm−1,
which belongs to the antisymmetric stretching vibration absorption peak of Si-O-Si [37].
In addition, the absorption peaks of organic functional groups were also observed at
1393.16 cm−1, 1556.32 cm−1, 1642.24 cm−1, and 3380.00 cm−1, which belonged to the
tensile vibration of -COOH and C-N, the characteristic peak of C=N, and the characteristic
absorption peak of -NH2, respectively. Therefore, the presence of silicates and metal ions
will solidify Cd and As in the soil, respectively

As can be seen from Figure 7, the infrared spectra of the original contaminated soil
(YT) and the remediated soil (XFT) were different. The peaks of the two soil samples were
highly consistent with those of kaolinite, including the peaks near 3696 cm−1, 3620 cm−1,
1032 cm−1, 914 cm−1, 694 cm−1, 534 cm−1, and 470 cm−1, among which the -OH peaks near
3696 cm−1 and 3620 cm−1 indicated that the soil also contains polyaqueous kaolinite [38].
In addition, absorption peaks also appeared at 3445 cm−1, 1635 cm−1, and 796 cm−1, which
belong to the stretching vibration of structural water and free water-OH, the bending
vibration of free water-OH, and the symmetric stretching vibration of the Si-O-Si bond [29].
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Combined with the infrared spectra in Figures 6 and 7, it can be seen that after the
combined remediation of the stabilization material (Fe-Mn material + MFA) and plants, the
peaks of Al-OH, -NH2, C-N, CaO, -COOH, MnOOH, Fe-OH-Fe, (Al, Si) -O-Si, Fe-O, and
manganese oxide in the contaminated soil disappeared, indicating that these peaks were
involved in the process of stabilizing cadmium and arsenic. The complexation/chelation of
the organic functional groups, such as -NH2, C-N, and -COOH with Cd2+, was determined
to be consistent with the action mechanism of MFA in aqueous solution. Al-OH, CaO,
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MnOOH, Fe-OH-Fe, (Al, Si) -O-Si, Fe-O, and manganese oxide may have an adsorption,
double salt effect, isographic effect, or REDOX reaction with heavy metals.

As can be seen from Figure 8, the original contaminated soil only contains two min-
erals: quartz (SiO2) and kaolinite (Al4(Si4O10)(OH)8). It can be seen from the literature
that steel slag contained feldspar granite (Ca2SiO4), pontenite (FeO), calcium aluminate
(12CaO·7Al2O3), black calcium calcium iron (Ca2Fe2O5), calcium hydroxide (Ca(OH)2), and
other mineral phases [39]. Pyrolusite contains quartz (SiO2), manganese dioxide (MnO2),
olivine ((Fe, Mn)2SiO4), and other mineral phases [40]. The XRD test result in Figure 1
showed that the main mineral phases of MFA are quartz (SiO2), mullite (Al6Si2O13), mag-
netite (Fe3O4), and ferric oxide silicon. After adding the Fe-Mn material, the mineral facies
of the soil were added mica (KAl2(AlSi3O10)(OH)2), gypsum (CaSO4·2H2O), and feldspar
(OrxAbyAnz (x + y + z = 100), with Or, Ab, and An representing KAlSi3O8, NaAlSi3O8,
and CaAl2Si2O8, respectively). This was due to the hydration reaction between the oxide
in the solid waste material and calcium hydroxide, with the reaction equation being as
follows [41]:

SiO2 + Ca(OH)2 + nH2O→ CaO·SiO2·(n + 1) H2O (1)

Al2O3 + Ca(OH)2 + nH2O→ CaO·Al2O3·(n + 1) H2O (2)

3Ca(OH)2 + 3CaSO4 + Al2O3 + nH2O→ AFt (3)

2[2CaO·SiO2] + 6H2O→ calcium silicate hydrate (CSH) + 3Ca(OH)2 (4)

Ca(OH)2 + Al2O3 → calcium aluminate hydrate (CAH) (5)
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The resulting calcium aluminate hydrate (C-A-H), calcium silicate hydrate (C-S-H),
and ettringite (AFt) can enhance the fixation of cadmium ions through physical encapsula-
tion or isotropy between Ca2+ and Cd2+ [42,43].
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Figure 9 showed the peaks of the elements Fe, Mn, O, Cd, As, S, Ca, C, and N in the
soil. The results showed that the peaks of N KLL, Fe 2s, Cd 3p1, Cd 3p3, Ca 2s, MN-3s, and
MN-3p in the soil after remediation disappeared. After analysis, it was found that the peak
strengths of Si2p at C1s, O1s, and 102 eV and Al2p at 74 eV were weakened, indicating
that the above elements participated in the stabilization process of Cd and As, and the
peak strengths of Si2p and Al2p were weakened as they participated in the hydration
reaction. Therefore, in order to further judge the chemical changes of each element, XPS
fine spectrum analysis was performed on the elements Cd, As, Fe, C, and O of the soil
before and after remediation, and the results were shown in Figures 10 and 11.
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Figure 11. Narrow XPS spectra of C1s (a) and O1s (b) before and after remediation of contaminated soil.

Figure 10a displays the Cd3d XPS spectra before and after soil remediation. Since
the content of Cd in the soil is less than 5%, it was impossible to carry out fine spectrum
fitting analysis. As can be seen from Figure 10a, the peak of Cd3d was moving and the
peak area was increasing after remediation. This was due to the plant root exudates (such
as organic acids and carboxylates) increasing the bioavailability of Cd. The acid-soluble
and water-soluble Cd formed a complex with the organic acids in the soil, which facilitates
the absorption of cadmium by the plant roots, which is then released into the xylem and
finally transferred to the abovementioned part [44].
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The As3d-binding energies of As(V) and As(III) in arsenic oxides are shown in
Figure 10b and were 49.06–49.76 eV and 44.31–45.82 eV, respectively [45]. As can be
seen from the high-resolution spectrum of As3d, the binding energy of As(III) in the soil
increased and the peak area decreased, while the binding energy of As(V) increased slightly
and the peak area increased, indicating that As(III) and other substances underwent REDOX
reactions to form As(V).

Figure 10c shows the Cd3d XPS spectra before and after soil remediation. According
to the XPS Handbook, 711.65 eV was the peak of FeOOH, 724.75 eV was the peak of Fe(III)
oxide, and 718.19 and 731.29 eV were the satellite peaks of Fe(III). The disappearance of the
satellite peak of Fe(III) after remediation may be due to a small part of Fe(III) being reduced
to Fe(II). Due to the REDOX properties of the Fe and Mn elements, and the oxidation
of Fe(III) being weaker than that of Mn (IV), Mn (IV) first oxidized As (III) into As (V)
with low toxicity and low migration, following which adsorption or the co-precipitation
reaction occurred on the surface of iron oxide and manganese oxide to produce iron
arsenate, manganese arsenate, and other substances, as shown in Equations (6) and (7)
below [46,47]. This was the reason for the increase in the binding energy of the Fe(III) peak
in soil after remediation.

MnO2 + AsO3
3− + 2H+ →Mn2+ + AsO4

3− + H2O (6)

FeO(OH)(H2O)1+x + AsO4
3− → AsO4

3−·FeO(OH)(H2O)1+x (7)

Figure 11a,b display the high-resolution maps of soil C1s and O1s before and after
remediation, respectively. The peak at 286.56 eV corresponded to either the C=O peak or the
carbon oxide generated by the surface species in contact with CO2 [48]. After remediation,
the peak value decreased and the peak area increased, indicating that the carboxylate
increased in the soil after remediation and formed a complex with heavy metal ions, which
may be the role of small molecular organic acids and carboxylates secreted by plant roots.

Only five peaks were detected in the O1s high-resolution spectrum of the original
soil (Figure 11b), and one new peak was added in the remediated soil. A 530.42 eV value
was obtained as the peak of the M-O metal oxide (M may be Fe, Al, Ca, or Mn) [49].
After remediation, the binding energy of M-O increased by 0.17 eV, and the peak area
increased somewhat. The increase in the peak area was due to the increase in the amount
of metal oxide due to the addition of the solid waste material. The increase in the binding
energy may be due to the abundant hydroxyl groups on the surface of metal oxides, which
combine with As and Cd to form stable outer and inner surface complexes. The obtained
values 531.06 eV, 531.62 eV, and 532.2 eV correspond to the Si-O-M, Si-OH, and C-O peaks,
respectively [50]. After remediation, the binding energy of Si-O-M increased by 0.24 eV, and
the peak area increased. The binding energy of the Si-OH peak increased by 0.09 eV, and the
peak area significantly decreased. This indicated that a large number of hydroxyl groups
on the surface of SiO2 combine with metal ions to form Si-O-M bonds, which may contain
the precipitation mechanism of cadmium ions, as shown in equation 8. The obtained value
of 532.94 eV belongs to the Si-O-Al peak; the binding energy decreased by 0.29 eV after
remediation, and the peak area increased due to the hydroxyl group on the newly added
silicon oxide reacting with aluminum oxide in the material. Fewer electrons enhanced the
reduced states of Si and O, leading to the formation of more Si-O-Al bonds. The peak at the
added 533.35 eV was carbonate (MCO3), as shown in Equations (9) and (10):

Cd2+ + SiO2 + 2OH− + n H2O→ SiO2CdO·(n + 2)H2O (8)

2OH− + CO2 → CO3
2− (9)

Cd2+ + CO3
2− → CdCO3↓ (10)
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In addition, the PI value (isoelectric point) also affected the adsorption between the
metal ions and oxides. The known PI values for Fe2O3, FeOOH, Al2O3, MnO2, and SiO2
are 8.4–9, 8.5, 8.2, 4.8, and 3, respectively. Therefore, under all pH conditions, the number of
negative charge sites (hydroxyl groups) of the above oxides was ordered as SiO2 > MnO2 >
Al2O3 > FeOOH > Fe2O3. Therefore, Cd2+/Cd(OH)+ was easily adsorbed on Si-OH and
MnOOH, while AsO4

3− was more easily adsorbed on Fe-OH and Al-OH [51].

4. Conclusions

In this study, the combined remediation of cadmium–arsenic-contaminated soil via
phytoremediation (B. pilosa) and stabilization (Fe-Mn material + MFA) was studied, and
the main conclusions are as follows:

(1) The addition of an appropriate amount of Fe-Mn material and MFA can promote
plant growth, while too much MFA was adverse for plant growth.

(2) Fe-Mn material and MFA can improve the transport capacity of plants for As and
Cd, respectively. In addition, the contents of As and Cd in the body of B. pilosa first
increased and then decreased with the increase in the addition amount of MFA.

(3) The addition of MFA can help to remove As in the soil, while the addition of MFA can
help to remove Cd under the addition amount being above 1%.

(4) The mechanism of stabilization material–plant combined remediation includes the ad-
sorption and precipitation of heavy metal ions, isomorphic substitution, and chelation
of organic acids in the plant roots. Cadmium and arsenic ions can be stabilized on the
surface of different oxides via electrostatic attraction or precipitation formation.

Based on the application prospect of this study, B. pilosa exhibits high adaptability to
the stabilization materials used, meaning that it has high potential in practical applications.
This work may also be applied to Zhuzhou City of Hunan Province, Jiujiang County of
Jiangxi Province, and Hezhang County of Guizhou Province in China, where heavy metal
pollution is severe.
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