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Abstract. Biochar (BC) has been widely studied as a soil amendment for immobilizing heavy metals in
contaminated soil. However, the effect of modified biochar on arsenic (As) and cadmium (Cd)
immobilization in soils and plant uptake rates are still unclear due to complex environmental
interactions. To assess the effects of Fe;Os;, BC and iron (Fe)-modified biochar (FMB) on the
bioavailability of As and Cd in soil and their accumulation in cabbages (Brassica oleracea L.), these
values were investigated. The results indicated that the addition of 0.5% amendment to the soil
significantly reduced the mobility of As/Cd in soil. Of the three soil amendments, FMB significantly
reduced As and Cd accumulation in the cabbages by 27.4% and 30.1%, respectively. This is achieved
possibly by reducing the mobility of soil As/Cd, and as a result the available As/Cd were reduced by
12.3% and 7.94%, respectively. The chemical forms of soil As/Cd may change from the available
fraction to less available fractions, while the residual As/Cd increased by 16.3% and 353% compared
to control, respectively. In summary, FMB demonstrated great potential in stabilizing As/Cd in the soil
and in reducing the accumulation of As/Cd in plants.

Keywords: Fe-modified biochar, heavy metal, immobilization, accumulation, bioavailability

Introduction

Heavy metal contamination in paddy soils is threatening human health in many parts
of the world (Zhao et al., 2015). Co-contamination of As and Cd has raised public
concern, especially in Southern China (Yu et al., 2016a; Qiao et al., 2018a). Both metals
have great mobility and can accumulate in the human body through the food chain. The
bioavailability of heavy metals in soils is directly related to their toxicity and the
amount of accumulation in crops (Li et al., 2017; Kumarathilaka et al., 2018). In recent
years, numerous methods have been investigated to reduce the soil bioavailability of As
and Cd, such as excavation, soil washing, and electrokinetics. However, these methods
are prohibitively expensive and usually require intensive labor. Therefore, it is
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important to look for a cost-effective and environmentally friendly method to
simultaneously immobilize As and Cd in the soil.

The application of biochar in remediating heavy metal contaminated soils has
attracted much attention (Sneath et al., 2013). Biochar is a porous and fine-grained
substance that is produced by the combustion of biomass under limited oxygen
conditions. It has great adsorption abilities due to its porous structures, large specific
surface area, high alkalinity, and special functional groups (Zhang et al., 2020). The
results of previous studies have shown that the supplement of biochar significantly
immobilized metals such as Cd in the soil through surface complexation, cation
exchange, and metal precipitation (Venegas et al., 2016; Liang et al., 2017). For
instance, the Cd accumulation in Indian mustard significantly decreased with biochar
supplement (Park et al., 2011). As and Cd have almost opposite chemical behaviours
in the soil (Al-Abed et al., 2007). Biochar addition in the soil can enhance the
mobility of As, as it has a rich mineral ash content and increases the soil pH. In
addition, biochar enhances the formation of oxy-anions and thus promotes the
mobility of As (Rocco et al., 2018). To increase the adsorption of As by the biochar,
iron (Fe) modified biochar was suggested. Studies have proven that Fe oxides,
including goethite, hematite, ferrous, and Fe(ll), influenced the bioavailability of As
and Cd (Yu et al., 2017, 2016b). Fe-amendments reduce the bioavailability of As and
increase the crystalline/crystalline Fe oxide-bound As through adsorption/desorption
and co-precipitation with metal oxide (Yu et al., 2016b; Wen et al., 2020; Irshad et al.,
2020). In addition, a reactive Fe (I11) species is formed during the oxidation of Fe (1)
to goethite. The reactive Fe (l1I) species is then able to interact with Fe-oxides and
serve as the electron transfer from Fe (1) to goethite to form a reactive Fe (lI11) species
as a reactive intermediate phase, which can interact with As (I11) and lead to As (I11)
oxidation. Besides, Fe minerals and bacteriogenic Fe oxides produced by Fe(lll)-
reducing bacteria and Fe(ll)-oxidizing microorganisms, respectively, can enhance the
immobilization of Cd (Qiao et al., 2018b). Cabbage (Brassica chinensis L.) is an
important vegetable in Asia, especially in China. Cabbage tends to absorb Cd from the
soil, which poses a great risk for human health (Bashir et al., 2018). In general, Fe-
amendment can reduce the bioavailability of As in the soil. Supplementation with
biochar enhances As mobility but reduces Cd mobility. The immobilization effects of
Fe-modified biochar (FMB) in As and Cd co-contaminated soil still remain largely
unknown. Therefore, in order to obtain materials with the characteristics of both Fe-
oxides and biochar, we modified the biochar (FMB) by covering the surface with Fe-
oxides to study its effect on As and Cd bioavailability in As and Cd co-contaminated
soil. Additionally, we compared the effects of FMB to Fe>O3 and biochar. Our aims
were to (1) determine the best soil amendment concentrations by using a column
experiment in As and Cd co-contaminated soil and (2) to identify the most suitable
soil amendments by reducing the mobility of As and Cd in soils and reducing the
accumulation of As and Cd in cabbages.

Materials and methods
FMB preparation

Bamboo (Phyllostachys pubescens) individuals were collected from the Yanshan
campus of Guilin University of Technology, Guangxi, China. The bamboo stalks were
cut into sizes of 30 x 10 x 3 mm?. The samples were heated in dilute ammonia (NHs)
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solution (5%) for 6 h to enhance the connectivity between the pores and cellular
materials. The treated bamboo stalks were washed with deionized water three times and
then dried at 80 °C for 24 h. The dried samples were roasted at 600 °C for 3 h. The
samples were ground into power after cooling to room temperature. The dried samples
were then soaked in a solution of iron (I11) nitrate (Fe(NO3)s) (1.2 mol-L™?) for 5 d. The
Fe(NOz)s solvent constituted a mixture of ethanol and ultra-pure water (1:1, v/v) (Zhu et
al., 2018). To ensure that all samples were soaked in the solution, we added some
additional ethanol solution. The bamboo stalks were then dried at 80 °C for 24 h. We
repeated the process of soaking and drying for three times. Lastly, the samples were
placed into a muffle device at 600 °C for 3 h, following which we obtained the BC
material.

Characterization of FMB and BC

We obtained the phase recognition of the BC and FMB by X-ray diffraction (XRD).
The XRD analysis was carried out with copper Ka radiation at 40 kv and 150 mA. The
morphological characters and chemical compositions of the BC and FMB were
observed using scanning electron microscopy (SEM) and energy dispersive X-ray
(EDS) spectroscopy, respectively (SEM-EDS, JEM-6380LV, JEOL, Tokyo, Japan). The
tests of cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
were measured at the electrochemical workstation (CHI660E, Shanghai Chenhua
Company, Shanghai, China). For CV, we scanned the potential from -1.6 Vt0 0.8 V at a
scan rate of 100, 300, and 500 mV/s in 0.1 M degassed PBSS. We recorded impedance
spectra in 0.1 M phosphate-buffered saline (PBS) at 25 °C within a frequency range
from 107 to 10° Hz with perturbation amplitude of 5 mV.

Soil properties and plant preparation

Two soils (soil 1 and soil 2) used in this study were collected from the topsoil (0-20
cm) of different farmlands next to a smelter in Hechi, Guangxi. The soil properties have
been influenced by smelting, wastewater irrigation, and open-pit mining, resulting in the
soils being polluted in different degrees (Yu et al., 2020). The soils were placed in a
room to air-dry at room temperature and then ground and sieved through 20- and 100-
mesh sieves before further use.

Cabbage seeds were purchased from the Yanshan Farmers Market, Guilin, Guangxi.
The seeds were soaked for one night and then surface sterilized with a 10% H20-
solution for 10 min. The seeds were sown into seedbeds filled with nutrient soil after
rinsing with deionized water. The seedbeds were placed in a greenhouse, which the
temperatures of the greenhouse were maintained at 25 °C/day and 18 °C/night. The
relative humidity was about 75% with a 14 h photoperiod. We added deionized water to
the soil to maintain the soil moisture content (about 50%). After the seeds had
germinated, we selected seedlings 6-8 cm high and with 2-3 fronds for soil pot
experiment 2.

Pot experiment

Pot experiment 1: The effect of Fe;O3, BC, and FMB on As and Cd mobility were
studied in actual As/Cd-contaminated soil (soil 1). Fe>Os, BC, and FMB were mixed
completely with the soil samples. The mixed soil was placed into 2 L polypropylene
pots (1.5 kg soil). We added Fe.Os3, BC, and FMB at concentrations of 0 (control),
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0.2%, 0.5%, and 1% (w/w). The pots were then incubated in the greenhouse (described
in the plant preparation section). To maintain the soil moisture (70%) at field capacity,
the soils were watered with As/Cd-free tap water. Then, the soil samples were collected
and incubated for 5 d, 30 d, and 90 d. The soil pH and available As/Cd as well as
residual As/Cd were analysis.

Pot experiment 2: To study the accumulation of As and Cd in cabbages planted in
the soil (soil 2), the soils were treated with Fe2Oz, BC, and FMB. Based on the results
of pot experiment 1, we selected 0.5% as the experimental concentration. After 10
days of cultivation, the seedlings were transferred into 22-cm-diameter round plastic
pots (5 kg soil). Each treatment had three replications, and the seedlings were in
similar sizes. One group was replicated for three times as a control group without any
soil amendment supplement. In total, there were 12 pots in the greenhouse (described
in the plant preparation section). To maintain 50% soil moisture, the plants were
sprayed with tap water daily. The plants were harvested after 30 d of cultivation. We
determined the flesh weight (FW), dry weight (DW), and the contents of total Cd and
total As.

Chemical analysis of soil and plant samples

All the chemicals were reagent grade in this study. The soil pH, ammonium N,
available P, and available K of soil 1 and soil 2 were determined by using routine
analytical methods (Liu et al., 2018). Soil samples (about 0.25 g) were digested with 12
mL of HCI: HNOz (4:1, v/v). The concentration of pseudo-total Cd was measured by
using the atomic absorption spectrophotometry method (ICP, PE-AA700, USA). Soil
pseudo-total (Aqua regia) As was determined by hydride generation-atomic
fluorescence (SA-20). The concentrations of soil available Cd and available As were
extracted with 0.005 M DTPA +0.01 M CaCl, + 0.1 M TEA) and 0.5 M NaHCOs (pH
8.5) + 0.5 M (NaH2POs) + 0.1 M HCI, respectively. The soil homogenate of Cd was
shaken at 5000 x g for 20 min, and then the supernatant was tested by ICP-OES (PE-
AAT700). The suspension of As was shaken at 250 x g for 1 h, and then the supernatant
was determined by hydride generation atomic fluorescence spectrometry (HG-AFS, SA-
20, China).

The measured soil properties of soil 1 and soil 2 are summarized in Table 1. We
extracted soil residual As and soil residual Cd in pot experiment 1 according to the five-
step sequential extraction scheme based on the procedures described by Wenzel et al.
(2001) and Tessier et al. (1979). Then we determined the residual As and residual Cd by
HG-AFS (SA-20) and ICP-OES (PE-AAT700), respectively. The measurement methods
of the other soil properties in pot experiment 1 and experiment 2 were the same as in
soil 1 and soil 2.

The harvested plants were washed with water. The moisture on the plant surface was
absorbed by paper, and then we determined the fresh weight (FW). The plants were
separated into roots, stems, and leaves and then dried (65 °C) until a constant weight to
determine the dry weight (DW). The dry shoots were digested with a mixture of HNOs
and HCIOg4 (9:1, v/v). We determined the Cd concentration by ICP-OES. The dry shoot
was digested with HCIO4:H2SO4:HNO3s (1:1.5:4, v/v) at 110-130 °C (Qiao et al.,
2018a). We measured the total As concentration by HG-AFS (SA-20). To ensure
quality control, certified standard reference materials were addressed (soil Cd:
GBW(E)07429, plant Cd: GBW(E)10023; soil As: GBW(E)070008, plant As:
GBW(E)10014).
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pH Amﬂgg:rj]m Available P | Available K | Total Cd Total As Available Available As
(mgekg?) (mgekg™) (mgekg®) | (mgekg?) | (mgekg?) | Cd(mgekg?) |  (mgekg?)
Soil 1 6.46 12.4 8.53 3.10 19.54 332.91 5.41 9.2
Soil 2 5.62 27.3 174 135 5.19 133.54 1.23 0.77

Statistical analyses

The mean and standard deviation (SD) of the experimental data were analyzed in
Microsoft Office Excel 2010 (Microsoft Corporation, Redmond, WA, USA). Two-way
analysis of variances (ANONA) were performed with SPSS 18.0 software (IBM
Corporation, Armonk, USA). Duncan’s multiple range tests as a multiple compassion
procedure at significant levels of P <0.05. Figures were plotted using Origin 2020b
(OriginLab, Northampton, Massachusetts, USA).

Results
Characterization of biochar and Fe-modified biochar

XRD was used to characterize the crystalline structure of the BC and FMB. As
shown in Figure 1, magnetite, hematite, and carbon were presented on the surfaces of
the FMB. Only one carbon was on the surface of the BC. The location and intensity of
the XRD peaks in the FMB matched the two reference peaks. The peaks at 26 of 30.09°,
35.44°, 43.07°, 56.96°, and 62.54° corresponded to FesOs4 (reference code 01-089-
3854), and the peaks at 26 of 24.13°, 33.14°, 35.63°, 49.52°, 54.06°, 57.66°, and 62.42°
were identified as Fe>Oz (reference code 01-079-1741), respectively. The peaks of
biochar at 26 of 23.36° and 43.33° belonged to amorphous carbon.

The SEM results showed that there was a hierarchical porous framework in the
bamboo woods of the biochar (Fig. 2). The diameters of the parenchyma cells and fibres
were about 10-40 um and <1 um, respectively. The surfaces of the FMB were filled
with particles, even in the pores. To determine the ingredients of the particles on the
surfaces of the FMB, we performed an EDS analysis. The results illustrated that the Fe
ion was associated with the FMB surface (Fig. 3).
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Figure 1. XRD patterns of the BC and FMB

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4765-4780.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1906_47654780
© 2021, ALOKI Kft., Budapest, Hungary



Jiang et al.: Simultaneous immobilization of soil arsenic and cadmium with reduced accumulation in cabbage (Brassica oleracea L.)
using fe modified biochar
- 4770 -

SEM WD 9.9mm

Figure 2. SEM images of BC and FMB: (a, b) SEM images of BC, and (c, d) SEM images of
FMB

Figure 3. EDS spectrum of BC and FMB: (a was the BC and b was the FMB)

Electrochemical detection of BC and FMB

We used the CV patterns in this study to analyze the electro-oxidation mechanism of
the biochar and FMB. There were no oxidation peaks and reduction peaks in the CV of
the BC (Fig. 4) at 100, 300, and 500 mV. The CV pattern of the FMB presented redox
and oxidation peaks. Furthermore, the peak was more obvious at 500 mV than at 100
and 300 mV. The redox peak and oxidation peak were positioned at -0.63 V and -1.11
V, respectively. The EIS of the BC and FMB showed a semicircle line and an almost
straight line in the high- and low-frequency range, respectively (Fig.5). The EIS of
Fe20O3, however, presented a line in all frequency ranges. In the high-frequency range,
the data fitted from the semicircle indicated that the FMB electrode had a lower CD
resistance of 15000 Q than the BC.
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Figure 5. EIS patterns of the electrodes in the different treatments

Soil-column experiment at different treatment times

The result of soil-column experiment showed that the pH of the Fe,O3 treatment was
not significantly different from the control at the different treatment concentrations
(Table 2). On the fifth day, the pH of the BC and FMB was significantly higher than the
control at three addition concentrations. The pH reached the maximum in the two
materials at a concentration of 1%, namely, 6.63 = 0.01 (BC) and 6.70 = 0.03 (FMB). On
the 90th day, the pH in the three treatment concentrations of Fe>Os was higher than that in
the control group. There was no significant difference between the three BC treatment
concentrations, but they were all higher than the control. The addition of different
concentrations of FMB had enhanced the pH in comparison to the control group.

The concentrations of available As and available Cd in the soil-column experiment
were determined on the fifth, 30th, and 90th days, respectively. The data were presented
using the ratio of the experimental group and the control group (Fig. 6). As shown in
Figure 6, the ratios of As reached the lowest values on the 30th day in the different
material treatments. In particular, the As ratio in the BC and FMB on the 30th day was
significantly lower than under the other treatment durations. The As ratio decreased
with increased concentrations of Fe>Os and FMB, whereas the addition of BC showed
the opposite trend. When the concentration was 0.2%, the As ratios in the Fe.O3, BC,
and FMB were 78%, 44%, and 50%, respectively. When the addition concentration was
0.5%, the corresponding values were 75%, 49%, and 46%, respectively. The addition of
Fe>O3 and FMB had the lowest values at a concentration of 1%, which were 62% and
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44%, respectively. The As ratio was 53% with 1% BC addition. The results illustrated
that 0.5% and 1% concentrations had no significantly different effects on the As ratio,
except under Fe.O3 addition. On the fifth day, the three materials showed differing
trends with increased concentration addition. The lowest As ratios of Fe.Oz, BC, and
FMB were 76%, 75%, and 68%, respectively. On the 90th day, the trends in Fe>Os, BC,
and FMB were similar to those on the 30th day. The lowest As ratios in the Fe>O3, BC,
and FMB treatments were 72%, 75%, and 60%, respectively.

Table 2. Soil pH at different treatment durations

Time/d Addition Fe0s BC FMB
concentration

0% 6.46 + 0.05a 6.46 + 0.05d 6.46 + 0.05¢c

5 0.2% 6.60 + 0.04a 6.60 + 0.01b 6.61+0.01b
0.5% 6.73+0.01a 6.54 + 0.03c 6.61+ 0.02b

1% 6.50 + 0.01a 6.63 £ 0.01a 6.70 £ 0.03a

0% 6.46 + 0.05a 6.46 + 0.05a 6.46 + 0.05a

30 0.2% 6.51+0.12a 6.47 £ 0.03a 6.50 + 0.06a
0.5% 6.48 £ 0.03a 6.53+0.10a 6.51 + 0.06a

1% 6.56 + 0.22a 6.53 + 0.04a 6.54 + 0.04a

0% 6.46 + 0.05¢c 6.46 + 0.05b 6.46 + 0.05¢c

90 0.2% 6.60 + 0.07bc 6.69 + 0.08a 6.76 +0.10a
0.5% 6.65 + 0.05ab 6.70+0.10a 6.72+0.12a

1% 6.68 + 0.03a 6.63 +0.03a 6.68 +0.02b

Results are means + SD (n = 3). Means within the same column are not significantly different according
to the LSD test (p < 0.05)
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Figure 6. Reduction rates of available Cd/As in the different treatments

The Cd ratios of Fe;O3, BC, and FMB on the 30th day were all lower than the other
treatment durations at different concentrations (Fig. 6). The trends in Cd ratios in the
biochar and FMB were similar and decreased with increased concentration. The
addition of Fe2Ogz, however, showed the opposite trend. The lowest Cd ratio in the FMB
was at a concentration of 1% (70%). It was only slightly lower than the concentration of
0.5% (71%). Under 0.5% and 1% addition, the BC had the same Cd ratio (77%), which
was lower than under 0.2% addition. The addition of Fe>Os had the lowest Cd ratio
(76%) at a concentration of 0.2%, which was slightly higher than the concentration of
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0.5% (79%). On the fifth day, the lowest Cd ratios in the Fe.Oz, BC, and FMB
treatments were 89%, 91%, and 85%, respectively. On the 90th day, the corresponding
values were 82%, 84%, and 82%, respectively.

Chemical forms of soil As and Cd after harvesting

Based on the results of the soil-column experiment, the concentrations of soil
available As and available Cd exhibited the lowest values on the thirtieth day. When the
treatment concentration was 1%, the BC and FMB had lower available As and available
Cd concentrations compared with the other two concentrations. Fe>O3 had the lowest
available As and available Cd concentrations at a concentration of 0.2%. However,
three soil amendments all had better treatment effects on the soil Cd and As when the
addition concentration was 0.5%. Therefore, we selected a concentration of 0.5% for
further experiments according to the economy and efficiency.

Soil available As concentrations in the Fe.Os3, BC, and FMB treatments differed
significantly (Fig. 7). The soil available As concentration in the BC treatment
(0.92+£0.17 mgekg™) was higher than in the control group (0.81+0.04 mgekg?).
Conversely, the concentration in the FMB treatment (0.71 + 0.01 mgekg™) was lower
than in the control group. The addition of Fe>Os resulted in the highest available Cd
concentration (1.39 + 0.16 mgskg™), followed by BC and FMB at 1.19 + 0.07 mgekg™
and 1.16 + 0.08 mg-kg, respectively.
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Means within the same column are not significantly different according to the LSD test
(p < 0.05)
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Supplementation with FMB significantly increased the residual As concentration
compared with the control group (Fig. 7). The addition of Fe;Os and BC, however,
presented an opposite trend. The concentrations of residual As in Fe;Os and BC were
102 + 8.56 mgekg™ and 94.9 = 2.00 mgekg™?, respectively, which were lower than in the
control group. The residual Cd concentrations in the three materials were significantly
increased in comparison to the control group. The concentrations of residual Cd in the
control, Fe;Os;, BC, and FMB were 0.15+0.08 mgekg?, 0.28+0.10 mgekg?,
0.55 + 0.15 mgekg™?, and 0.68 + 0.02 mgekg™, respectively.

Cabbage biomass and As/Cd accumulation under the different treatments

BC and FMB increased the FW of cabbages compared to control and Fe;O3 (Fig. 8).
The FW in the soil under BC addition had the highest value of 17.5+ 0.85 mgekg™,
followed by FMB (15.2 + 1.58 mgekg™) and Fe;Os (13.3 + 1.15 mgekg™?). Compared
with the control group, the addition of different materials had no significant impact on
the DW of the cabbages. The DWs of the cabbages in the control, Fe;Os3, BC and FMB
treatments were 0.27 £ 0.01 mgekg?, 0.24+0.04 mgekg?, 0.30+0.08 mgekg? and
0.24 + 0.03 mgekg™?, respectively.
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Figure 8. Cabbage biomass of the different treatments. Results are means + SD (n = 3). Means
within the same column are not significantly different according to the LSD test (p < 0.05)

The As concentrations of the cabbages were significantly lower than in the control
group under treatment with the different materials (Fig. 9), being 3.14 £ 0.33 mgekg™?,
2.87 +£0.33 mgekg?, 2.15 £ 0.20 mgekg?, and 2.28 + 0.19 mgekg™ in the control, Fe,Os,
BC, and FMB treatments, respectively. The Cd concentrations of the cabbages
presented different trends as As. Only FMB significantly reduced the Cd concentrations
in the cabbages. The Cd concentrations of the cabbages in the control, Fe>Os, BC, and
FMB treatments were 15.9 +0.11 mgekg-1, 14.6 + 0.77 mgekg?, 13.7 + 3.67 mgkg™,
and 11.1 + 1.23 mgekg™, respectively.

Discussion

The total concentrations of Cd in the cabbages decreased under the three soil
amendment treatments compared with the control group (Fig. 9). BC increased the
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residual Cd concentration, indicating that BC may have the ability to reduce the Cd
mobility in the soil. Some studies indicated that the immobilization of Cd by biochar
may be related to specific adsorption, which specifically occurs with organic matter
(Zhang et al., 2020). The soil Cd was immobilized by forming ionic, covalent, or
hydrogen bonds on the surface of the biochar (Bian et al., 2014). Compared with the
BC, the FMB was better at reducing the soil Cd mobility (Fig. 7) and Cd accumulation
in cabbages (Fig. 9). The FMB had the ability to adsorb Cd on its surface to form
unlabile chemical forms, thus reducing the mobility of Cd. In addition, it indicated that
the Fe could reduce the Cd uptake by plants. The rice cultured in Fe-deficient medium
absorbed more Cd than rice cultured in Fe-sufficient medium (Nakanishi et al., 2006).
Therefore, Cd and Fe may have the same uptake pathway in the plant. Supplementation
with Fe could reduce the Cd uptake into the cabbage, as they may be in competition for
the same heavy metal transporters. Yin et al. (2017) reported that Fe ions could inhibit
the uptake and accumulation of Cd in plants. Therefore, FMB has the advantages of
both biochar and Fe oxides, and it can promote the stabilization of soil Cd and thus
reduce Cd accumulation in the cabbages.
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Figure 9. Total content of Cd/As in cabbage. Results are means + SD (n = 3). Means within the
same column are not significantly different according to the LSD test (p < 0.05)

FMB significantly decreased the soil As mobility (Fig. 7) and its accumulation in the
cabbage (Fig. 9). Arsenic has been shown to have a high affinity for iron oxide surfaces
(Wen et al., 2020). As and Fe can form the amorphous iron (I11) arsenate (FeAsO4-H20)
and scorodite (FeAsO4-2H20) to influence As immobilization and bioavailability in the
soil (Mladenov et al., 2010; Pedersen et al., 2006). The surface of the FMB was covered
with Fe;Os and FesOs (Figs. 1-3). Fe oxides such as goethite, hematite, and
lepidocrocite are related to soil chemical stabilization, especially As stability. The
adsorption of As by natural iron oxides (hematite, magnetite, and goethite) can be fitted
with a noncompetitive Langmuir isotherm (Mladenov et al., 2010). In addition, previous
studies showed that Fe contents of iron plaques increased with the addition of Fe
compound in the soil and thus limited the As uptake into the plant roots (Wen et al.,
2020; Irshad et al., 2020; Yin et al., 2017). Therefore, FMB reduced the accumulation
of As in the cabbages by reducing the As uptake. Fe,Os reduced the total As
accumulation in the cabbage compared with the control group (Fig. 9), but the

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):4765-4780.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1906_47654780
© 2021, ALOKI Kft., Budapest, Hungary



Jiang et al.: Simultaneous immobilization of soil arsenic and cadmium with reduced accumulation in cabbage (Brassica oleracea L.)
using fe modified biochar
- 4776 -

accumulation of As in the cabbages was significantly higher than in the BC and FMB
treatments. The Cd accumulation in the cabbage showed the same trend as As. This
indicated that Fe2Oz is not suitable for the treatment of As/Cd -contaminated soil. BC
could promote the mobility of As in the soil (Fig. 7). This was proved by the results of
Beesley et al. (2013), Wu et al. (2015) and Yin et al. (2017), they found that biochar
increased the As desorption from the soil solid phased by ligand exchange. The transfer
electrons of BC and FMB may be another important factor, as they influence the As
bioavailability in the environment. Biochar contains a variety of functional groups, such
as quinones, furans, and phenols, giving it the ability to store and transfer electrons.
Qiao et al. (2018b) discovered that biochar at the cell surface of Fe(lll)-/As(V)-reducing
bacteria could serve as electron shuttles between the outer-membrane reductases from
dissimilatory Fe(lll)-/As(V)-reducing bacteria and the terminal electron acceptor
Fe(l11)/As(V). There are two steps between metal-reducing bacteria and As (V) when
biochar serves as the electron shuttle: biochar reduction by the Fe(ll1)/As (V)-reducing
bacteria, followed by the reduction of abiotic As (V) by the microbial reduced biochar
(Qiao et al., 2018b). Therefore, biochar facilitates the release of As (V) into the soil.
The CVs of the BC showed no obvious current peaks (Fig. 4) and were similar to
natural organic matter. This indicated that the BC in this study had the slow electron
transfer and low reduction potentials of redox-active moieties (Sun et al., 2017). Ryu et
al. (2015) found no obvious redox peaks in the CV curves of biochar. FMB had an
oxidation peak and reduction peak in the CV curves (Fig. 4), which indicated that the
FMB had higher electron transfer ability than the BC. The result of EIS also showed
that the FMB had better electrolyte infiltration and charge-transport capability than
biochar (Fig. 5). In addition, the electron transfer from Fe (Il) to goethite formed a
reactive Fe (I11) species as a reactive intermediate phase, which could interact with As
(1IN by ternary complex formation, leading to As (Ill) oxidation (Amstaetter et al.,
2010). The toxicity and mobility of As (V) species were less than those of As (111) in the
soil (Xu et al., 2017), and the As (V) tended was more easily adsorbed by Fe-oxides
(Wu et al., 2018). Therefore, the FMB could promote the oxidation of As (I11) to As (V)
by electron transfer and then reduce the As mobility in the soil. This is one of the main
mechanisms by which FMB has a better effect on stabilizing soil As than BC. However,
the total As content in the cabbage was reduced by the BC addition compared with the
control group (Fig. 9). This may have been influenced by As soil-plant transfer
coefficients. In Kloke et al. (1984), the As soil-plant transfer coefficients ranged
between 0.01 and 0.1, whereas the results of Warren et al. (2003) reported that the
transfer coefficients ranged between 0.0007 and 0.032. The transfer coefficient is
influenced by soil texture. The content of sand in the soil increases the transfer
coefficient, whereas the content of clay decreases the transfer coefficient (Warren et al.,
2003). Therefore, the uptake of As is relatively higher in sands and sandy loams than in
clays. In this study, the soil collected from the farmlands was mainly composed of clay,
and thus the As transfer coefficient of the soil to plant was lower. This may be the main
reason for the low As accumulation in the cabbages under BC addition.

Excepting the obvious effect of FMB in reducing the As and Cd accumulation in
cabbage in comparison to BC and Fe2Os, we did not find a significant difference in the
dry weight of the cabbages among the three amendments (Fig. 8). BC and FMB
significantly increased the fresh weight of the cabbages. Dong et al. (2016) found that
when the addition concentration of biochar was 20 g/kg, it could significantly enhance
the biomass of cabbage. Biochar is rich in organic matter and nutrients (N, P, and K),
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which could increase the contents of organic matter, available N, available P, and
available K in the soil, thus promoting cabbage growth (Glaser et al., 2002). The effects
of biochar on cabbage growth, however, are influenced by the soil physical and
chemical properties. Thus, the effects of biochar on the biomass of plants may present
different trends. Park et al. (2011) discovered that biochar would not increase the dry
weight of plants. Fe oxides could alter the physiological functions of plants and cause
iron poisoning, thus reducing the plant biomass (Xiao et al., 2012). This process is also
controlled by the Fe concentration. Dong et al. (2016) found that the concentration of
Fe-modified biochar addition could enhance the biomass of cabbages. In this study,
however, the dry weight of the cabbage was not influenced by Fe-modified biochar
supplementation. In addition, biochar contains a porous structure that can adsorb more
water and prevent the loss of nutrients needed for plant growth in the soil (Dong et al.,
2016). This could explain why the fresh weight of the cabbages increased when they
were treated with BC and FMB addition. In summary, FMB concentrations of 0.5% for
the three amendments were suitable for cabbage growth in As/Cd-contaminated soil and
did not cause iron poisoning.

Conclusions

The results of column experiment indicated that the addition concentration of 0.5%
in the three soil amendments was most suitable for As and Cd co-contaminated soils
based on characteristics of economy and efficiency. The total As and Cd concentrations
in the cabbages were significantly lower under FMB addition than in the control group.
Additionally, FMB significantly increased the residual As and Cd concentrations in the
soil, indicating that the FMB had the best effect on the immobilization of As and Cd in
the soil. Furthermore, FMB had no ill effect on cabbage growth under the experimental
concentration. Therefore, 0.5% FMB demonstrated great potential application in the
treatment of As/Cd-contaminated soil. FMB as a soil amendment is one of the
development directions of soil remediation or soil stabilization, and its cost and process
safety need to be further evaluated and studied.
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