Environment International 144 (2020) 106040

Contents lists available at ScienceDirect

Environment International

journal homepage: www.elsevier.com/locate/envint

Effect of immobilizing reagents on soil Cd and Pb lability under freeze-thaw @ R
cycles: Implications for sustainable agricultural management in seasonally &
frozen land

Renjie Hou?, Liuwei Wang®, David O'Connor”, Daniel C.W. Tsang”, Jérg Rinklebe“", Deyi Hou™"

@ School of Environment, Tsinghua University, Beijing 100084, China

® Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong, China

¢ University of Wuppertal, School of Architecture and Civil Engineering, Institute of Foundation Engineering, Water- and Waste-Management, Laboratory of Soil- and
Groundwater-Management, PauluskirchstrafSe 7, Wuppertal 42285, Germany

9 Department of Environment, Energy and Geoinformatics, Sejong University, 98 Gunja-Dong, Seoul, Republic of Korea

ARTICLE INFO ABSTRACT

Handling Editor: Da Chen Agricultural soil contamination in seasonally frozen land threatens food security. It is necessary to investigate

Keywords: the effects of freeze-thaw cycles on heavy metal bioavailability so as to select suitable immobilization agents. In
Soil remediation this study, the soil was collected from a mid-latitude agricultural site in Liaoning Province, China, which was
Biochar spiked with cadmium (Cd?*) and lead (Pb2™). Four immobilization treatments were set up, including (i) corn
Bioavailability stover biochar, (ii) organic fertilizer, (iii) combined biochar and organic fertilizer, and (iv) the control group.

Long-term effectiveness The immobilized soils were subjected to 16 freeze-thaw cycles to temperatures of —10 °C, —20 °C, and —30 °C.

It was found that freeze-thaw cycling increased the labile cadmium (Cd) and lead (Pb) content in the soil (i.e.,
exchangeable). The organic fertilizer treatment performed best in short-term immobilization, which was de-
monstrated by the amount of diethylenetriaminepentaacetic acid (DTPA) extractable lead (Pb) being
17.3-53.3% lower than that of the other treatments, and 7.2-31.5% lower for cadmium (Cd). Biochar, on the
other hand, displayed better long-term performance under freeze-thaw cycling. This is probably because the
biochar’s organic carbon content is relatively stable, and therefore, releases relatively little dissolved organic
carbon (DOC) which could re-mobilize heavy metals. Furthermore, additional sorption sites are formed and the
abundance of oxygen-containing functional groups increased when biochar breaks down during freeze-thaw
cycles. Overall, the joint application of biochar and organic fertilizer had the greatest immobilization effect,
which inhibited the cracking of soil aggregates, reduced the labile metal content, and displayed both short- and
long-term immobilization effectiveness. It is suggested that combined biochar and organic fertilizer may offer an
effective strategy for the sustainable agricultural management of cadmium (Cd) and lead (Pb) contaminated in
seasonally frozen land.

1. Introduction

Degraded soils possess reduced capacity to perform a specified
service, such as growing crops, thus hindering agricultural sustain-
ability (Hou et al. 2020a). Soil degradation represents a global chal-
lenge (UNCCD, 2017), which has arisen due to factors such as soil
erosion (Boardman et al., 2019; Liao et al., 2019; Patriche, 2019),
acidification (Abd El-Halim and Omae, 2019; Tao et al., 2019), soil
contamination (Hou, 2020; Wang et al, 2020e), compaction
(Daraghmeh et al., 2019; Tassinari et al., 2019), and salinization
(Narjary et al.,, 2019). Among these factors, soil contamination by
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heavy metals, including cadmium (Cd) and lead (Pb), has received
particular concern (Ma et al., 2019; O'Connor et al., 2019; Wang et al.,
2020b). The is not only because of phytotoxicity associated with these
heavy metals, but also because childhood Pb exposure is associated
with life-long neurological disorders (NIOSH, 2016; O’Connor et al.,
2020; Zhang et al., 2020a, 2019, 2020b) and Cd exposure can cause
kidney damage and bone structure defects (Jia et al., 2020b; Wang
et al., 2020c; WHO, 2017). Therefore, Cd and Pb in agricultural soil not
only places a hurdle in the path to food security but can also affect food
safety and human health (Deng and Li, 2016; Hou et al., 2020b; Zeb
et al., 2020).
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Not all Cd and Pb contaminated soils pose significant risks to the
environment and sustainable agriculture. It is widely acknowledged
that the risk level directly relates to the bioavailability of contaminants,
which is highly dependent on the local soil physicochemical properties
and natural climate (Jia et al., 2020a; Wang et al., 2019a, 2019b). In
particular, the risk of soil heavy metals relates to their geochemical
fractionation (e.g., exchangeable, acid-soluble, reducible, oxidizable
and residual) (Bashir et al., 2020; El-Naggar et al., 2018; Rinklebe and
Shaheen, 2014; Rizwan et al., 2019; Salam et al., 2019; Shaheen et al.,
2017). Risk mitigation strategies at heavy metal polluted sites, there-
fore, can rely on immobilization agents that cause a shift from the
readily labile or potentially labile to non-labile form (Bolan et al., 2014;
Salam et al., 2019; Wang et al., 2018). On the other hand, various
environmental stresses may diminish heavy metal immobilization
(Palansooriya et al., 2020a; Shen et al., 2019a; Yi et al., 2020; Zhao
et al., 2020). For example, freeze-thaw aging destroys the soil structure,
reduces the diameter of the soil particles and releases a large amount of
dissolved organic matters that can re-mobilize soil metals, which in turn
renders heavy metals more labile (Wei et al., 2018).

Farms that are located on mid-latitude seasonally frozen land,
which includes the three major black soil zones, are crucial for meeting
global food demand due to the characteristically high fertility of the soil
(Hu et al., 2019). But these soils are also vulnerable to pollution
stemming from anthropogenic activity, such as agricultural irrigation
with contaminated water. During freeze-thaw processes, the expansion
of ice leads to the breakdown of soil aggregates, which affects the
physical and chemical properties of soil and promotes the release of
dissolved organic carbon (DOC). In heavy metal contaminated soils,
this DOC can act as a vector for plant uptake, thus increasing bioa-
vailability and environmental risk (Araujo et al., 2019; Chen et al.,
2018; Liu et al., 2018). Moreover, the breakdown of soil aggregates may
also affect the soil’s capacity to sorb heavy metals (Rui et al., 2019).

Recently, much research attention has been placed on biochar and
organic fertilizers as immobilization agents for the remediation of
heavy metal contaminated sites. Biochar is a carbon-rich material that
can be yielded from various biomass feedstocks by burning them under
oxygen-limited conditions (i.e., pyrolysis) (IBI, 2015; Wang et al.,
2020d). Due to the well-developed pore structure, surface character-
istics, and the alkaline mineral content of biochar (Bashagaluke et al.,
2019; Jing et al., 2020; Palansooriya et al., 2020b; Wang et al., 2020a),
this material can be applied to soil to immobilize heavy metals through
various mechanisms, including cation-m interactions, physisorption,
surface precipitation, and liming effects (Hou, 2020; O'Connor et al.,
2018; Shen et al., 2019b). Organic fertilizers, such as animal waste,
plant residues and composts, are also rich in functional groups, such as
carboxyl, hydroxyl and carbonyl, which can be also exploited to im-
mobilize soil heavy metals via sorption processes (Lima et al., 2018;
Montiel-Rozas et al., 2018). Moreover, organic fertilizers also typically
poses high cation exchange capacity (CEC) which facilitates the re-
moval of exchangeable heavy metals from soil (Guo et al., 2017; Liu
et al., 2017).

However, little research has brought together the metal im-
mobilizing performance of biochar or organic fertilizer amendments
and the dynamics of seasonally frozen land. Previous studies of this
environment have mainly focused on specific factors. For instance, Xu
et al. (2018) reported that freeze-thaw cycles favored Cd immobiliza-
tion within biochar amended soils due to enhanced surface complexa-
tion. A recent study by Meng et al. (2020) reported that the ex-
changeable fraction of Cd decreased with increasing numbers of the
freeze-thaw cycles. But both of these studies lack an exploration of soil
aggregate stability. Furthermore, the effectiveness of biochar-organic
fertilizer co-application under freeze-thaw cycles need to be validated.
This study comprehensively considers the above influencing factors,
and is commenced to provide a proof-of-concept on biochar-assisted
metal stabilization under freeze-thaw cycling.

The main objectives of this study were to identify: (1) the stability of
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soil aggregates; (2) changes in metal geochemical fractions; and (3) the
metal immobilization performance of corn stover biochar, organic fer-
tilizer and combined amendments in soils subjected to freeze-thaw
cycles. The result of this study may reveal the long-term stabilization
mechanisms of immobilizing agents on soil Cd and Pb and provide fresh
insights into the sustainable agricultural management in cold region.

2. Materials and methods
2.1. Materials

Agricultural soil was collected from the tillage layer (0-20 cm
depth) of a typical agricultural site in the Hunhe river basin, Liaoning
Province, China. Located in the mid-latitude, the sampled area is
characterized by a seasonal freeze-thaw cycle. After removing plant
roots and coarse gravel, the soil was spiked using Pb(NO3), and Cd
(NO3), solution to simulate heavy metal contamination as per Shen
et al. (2016). Briefly, 1 L of 125 mg/L Pb*>* and 450 mg/L Cd** so-
lution was added per kg of soil, before being allowed to equilibrate for
28 d (20 = 2 °C, 70% water holding capacity, stirring regularly) and
then air-dried and sieved (< 2 mm).

Considering the need for nutrient element replenishment and green
sustainable restoration in farmland soil production, biochar and organic
fertilizer were selected as soil amendments. Corn stover biochar was
produced by pyrolysis at a highest treatment temperature of 500 °C for
2 h following an initial heating rate of 15 °C min~' (Jinhefu
Agricultural Technology Co., Ltd., China). The organic fertilizer was
composed of a mixture of plant debris (85%), sheep manure (10%) and
a compound microbial agent (5%) including bacteria, fungi and acti-
nomycetes (Aijia Biotechnology Co., Ltd, China).

The pH value of the immobilization agents and the soil were mea-
sured in slurries with solid-to-liquid ratios of 1:20 and 1:5, respectively,
using a pH meter (PHS-2F, Lichen Technology Co., Ltd, China) (IBI,
2015; 1SO, 2005; Liu et al., 2018). Grain sizes were analyzed with a
laser particle size analyzer (Winner 2308, Winner particle Co., Ltd,
China). Cation exchange capacity (CEC) was measured by the ammo-
nium acetate method (Wu et al., 2016). Organic carbon levels were
determined using the potassium dichromate external heating method
(Qian et al., 2013). Electrical conductivity (EC) was measured by con-
ductivity meter (DDS-307A, INESA Scientific Instrument Co., Ltd,
China). The elemental compositions were measured using an elemental
analyzer (EA 2400 II, PerkinElmer Co., Ltd, USA). Soil was digested
using HNO3-HCI-HF (Nemati et al., 2010) before analyzing metal con-
centrations by ICP-OES (iCAP 7000, Thermo Fisher Scientific Co., Ltd,
UK). The measured physicochemical properties of the soil and amend-
ments are shown in Table 1.

2.2. Soil amendment and incubation

To extricate research results from the complex environment of
seasonally frozen soils, amendment dosage rates were set at high, yet
realistic, levels. Four treatments were prepared as follows: (i) control
(soil without amendment), (ii) biochar (5% biochar and 95% soil dry
wt.), (iii) organic fertilizer (5% organic fertilizer and 95% soil dry wt.),
and (iv) combined biochar and organic fertilizer (2.5% biochar, 2.5%
organic fertilizer, and 95% soil dry wt.). All treatments were conducted
in triplicates. Each of the four treatments were manually homogenized
before deionized water was added to achieve a soil moisture content of
30% wt., which lies between liquid and plastic limits of the soil. The
four treatments were then incubated under constant temperature
(25 °C = 2 °C) for 28 days before the freeze-thaw cycling process
commenced.

2.3. Freeze-thaw cycles

The four treatments were subjected to a modified freeze-thaw aging
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Table 1

Physicochemical properties of the soil and amendment materials.

Media
Properties Soil Biochar Organic fertilizer
Grain size < 0.002 mm 23.5 - -
0.002-0.02 mm 46.2 - -
> 0.02 mm 31.3 - -

CEC (cmolkg ™) 9.73 55.15 39.54
pH 7.48 9.27 6.56
Organic carbon content (gkg™") 25.41 394.37 327.69
EC (msem ™ ') 0.69 1.79 4.07
P content (gkg 1) 0.9 2.3 25.8
H content (gkg ") 26.9 41.2 35.3
O content (gkg ™) 341.6 396.9 461.7
Total Fe (gkg ™) 23.65 2.37 9.78
Total Mn (mgkg %) 896.34 189.34 518.56
Total Al (mgkg ™1 1879.45  510.45  1374.35
Total Cd (mgkg™") 126.65 - -
Total Pb (mgkg™") 458.27 - -

Note: — none detect.

method as per Hou et al. (2019). This method simulates the aging
process of soils under different freezing temperatures and can effec-
tively reveal the impact on long-term metal mobility. The freeze-thaw
cycles were conducted in a temperature-controlled refrigerator (BC/BD-
302SFA, Aucma Co., Ltd, China). The soil treatments were placed in
aluminum boxes covered with polyethylene plastic film to maintain the
soil moisture content. Three freezing temperatures (—10, —20 and
—30 °C) were applied. In each freeze-thaw cycle, the four treatments
were first frozen for 48 h. After that, the frozen treatments were thawed
at 20 °C for 48 h. A total of 16 cycles were conducted (hereinafter re-
ferred as F1 - F16).

2.4. Sample analysis

The effects of freeze-thaw cycles on biochar particle morphology
were investigated by Field-Emission Scanning Electron Microscopy
(FESEM) (Merlin, Zeiss Co., Ltd, Germany). In addition, changes to the
biochar surface functional groups were analyzed using Fourier
Transform Infrared Spectroscopy (FTIR) (IRTracer-100, Shimadzu Co.,
Ltd, Japan) with the wavenumber range of 4000 cm ™' to 400 cm™!
(resolution 4 cm™1).

To examine the effect of freeze-thaw aging on soil aggregate sta-
bility, water-stable soil aggregates were classified using the wet sieving
method, that is, the soil was sieved and weighed (Elliott, 1986). The
weight of a sample used for each test was 50 g (also conducted in tri-
plicates). The water-stable aggregates were divided into five categories:
(i) very large (>2 mm), (i) large (2-0.5 mm), (iii) medium
(0.5-0.25 mm), (iv) fine (0.25-0.106 mm) and (v) silt & clay
(< 0.106 mm). Several indicators were also determined to describe
stable aggregate characteristics, including the mean weight diameter
(MWD, mm), geometric mean diameter (GMD, mm), fractal dimension
(D), the content of water-stable aggregates that are larger than 0.25 mm
(WRg.25, Wt%), and the percentage of aggregate destroyed (PAD, wt%)
(Li et al., 2018; Zhao et al., 2018). The formulae used to calculate these
indicators are provided in the supporting information.

To investigate changes in geochemical fractions, a five-step se-
quential extraction method was adopted (Tessier et al., 1979), which
involved determining the (i) exchangeable (EXC), (ii) acid-soluble (e.g.,
bound to carbonates) (Carb), (iii) reducible (e.g., bound to Fe-Mn
oxides) (Fe-Mn), (iv) oxidizable (e.g., bound to organic matter) (OM),
and (v) residual (RES) fractions. In order to clearly reveal the effect of
freeze-thaw aging and restorative materials on the transformation of
geochemical fractions of heavy metals, the metal forms were divided
into three pools: (1) the exchangeable fraction was defined as readily
labile pool; (2) acid-soluble, reducible and oxidizable fractions were
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Fig. 1. Variation characteristics of soil parameters. (a) Soil EC for treatments
frozen at different temperatures (—10 ~ -30 °C); (b) soil pH for treatments
frozen at different temperatures (—10 ~ -30 °C); (c) soil CEC for treatments
frozen at different temperatures (—10 ~ -30 °C).

defined as potentially labile pool and (3) the residual fraction was de-
fined as non-labile pool. Additionally, approximations of Cd and Pb
bioavailability were made by soil extraction with diethylene-
triaminepentaacetic acid (DTPA) solution (US EPA, 2012). In addition,
the dissolved organic carbon (DOC) content of the treatments were
measured with a total organic carbon (TOC) analyzer (TOC-V WP,
Shimadzu Co., Ltd, Japan) after extraction and centrifugation (Yoshida
et al., 2018).
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2.5. Statistical analysis

Statistical analysis was conducted using IBM SPSS 19.0. Differences
in various treatments were analyzed using one-way analysis of variance
(ANOVA) (Duncan’s multiple range test).

3. Results and discussion
3.1. Soil EC, pH and CEC

The soil EC, pH and CEC under the four treatments are shown in
Fig. 1. First of all, with the application of immobilization agents, the
soluble salt segregants in the soil increased, and the conductivity of the
soil solution also enhanced. Among the four treatments, the organic
fertilizer treatment had the strongest effect, and its EC value was in-
creased by 17.39%, 14.08% and 5.17%, compared to control, biochar
and combined treatments, respectively. It is worth noting that in free-
ze-thaw aging, the soil EC values showed a certain increasing trend. For
instance, at — 10 °C freezing temperature, the soil EC value increased by
5.79% compared to the initial unfrozen soil in the control treatment. In
addition, with the decrease of freezing temperature, the EC value of soil
gradually increased. It may be that freeze-thaw aging results in the
cracking of soil particles and the release of soluble organic carbon and
nitrogen, which in turn lead to an increase in the concentration of so-
lutes in the soil solution (Juan et al., 2019). Besides, the organic ferti-
lizer is rich in calcium (Ca), phosphorus (P), potassium (K) and other
mineral elements, which increases the risk of soluble salt ion release
under freeze-thaw aging (Parihar et al., 2020). Therefore, the EC value
of soil under organic fertilizer treatment under freeze-thaw aging in-
creased relative to the control group. For the biochar and combined
treatments, biochar fixed the solute released by soil cracking via ad-
sorption to a certain extent, thereby inhibiting the increase of soil
electrical conductivity.

For soil pH, it can be found that for the initial unfrozen period, the
application of organic fertilizer lowered the pH of the soil, while bio-
char caused it to increase. The organic fertilizer contains ammonium
sulfate, superphosphate and other salts, and hydrolysis produces a
certain amount of H*, which causes the pH of the soil to decrease (Xu
et al., 2020). However, the alkaline nature of biochar increases the pH
of the soil (Wan et al., 2020). In addition, the freeze-thaw aging pro-
moted the hydrolysis of salt segregants in the organic fertilizer treat-
ment, and as the freezing temperature decreased, the range of soil pH
changes increased. On the contrary, the soil pH value in biochar
treatment increased under freeze-thaw aging.

Similarly, the addition of immobilization agents enhanced the ad-
sorption ability of the soil colloid to cations, and the soil CEC under the
organic fertilizer, biochar and combined treatments were increased by
29.29%, 15.82% and 21.46%, respectively, relative to the control
group. In addition, for the control group, the soil CEC under free-
ze-thaw cycles with —10 °C increased by 12.67% relative to the initial
unfrozen soil. This is because the effect of frost heaving cracks large
aggregates, increases the specific surface area of soil particles, provides
more ion adsorption sites, and enhances the cation exchange capacity
(Amin, 2020). With the decrease of freezing temperature, the increase
range was significant.

3.2. Soil aggregates

The measured distribution of water-stable aggregates among the
four treatments are shown in Fig. 2. It is noticeable that larger size
aggregates proportionally increased after the addition of biochar or
organic fertilizer to the soil. For instance, the fraction of very large
aggregates in the unfrozen control soil was 0.143, which increased by
20.3%, 48.9% and 30.6% for the biochar, organic fertilizer and com-
bined treatments, respectively. Large and medium sized aggregates also
increased. An increase in soil aggregate size following soil amendment
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was likely linked to the increased soil organic matter content, which is
known to enhance soil aggregate stability (Eden et al., 2011). In addi-
tion, DOM may sorb to the well-developed carbon structure of biochar,
which can also lead to increased stability of soil aggregates (Dong et al.,
2016; Grunwald et al., 2017).

It was discovered that freeze-thaw cycling caused the breakdown of
some soil aggregates. After 16 freeze-thaw cycles at a freezing tem-
perature of —10 °C, the fraction of very large aggregates in the control
treatment reduced to 0.102. Meanwhile, the proportion of fine ag-
gregates and silt and clay increased. It was also found that greater
breakdown of aggregates occurred at lower freezing temperatures. For
instance, the fraction of very large aggregates in the control treatment
was 0.087 when the freezing temperature was — 20 °C, and 0.074 when
exposed to —30 °C. Meanwhile, the fractions of silt and clay increased
by 9.3% and 12.1% at these temperatures, respectively. This is because
the decrease of freezing temperature led to the increase of the expan-
sion of ice in the soil, thus enhancing the extrusion strength of soil
particles (Shen et al., 2020). This is consistent with the findings of Wei
et al. (2018), who reported that soil cohesion gradually decreases with
increased freezing strength.

Applications of biochar or organic fertilizer protected the treated
soil from freeze-thaw induced aggregate breakdown to some extent.
Although the proportion of large aggregates still decreased, the effect of
freeze-thaw on the aggregate breakdown was diminished. For instance,
when exposed to —10 °C freezing, the very large aggregate fractions for
the biochar, organic fertilizer and combined treatments were 15.5%,
27.6%, and 39.1% higher than that of the control treatment, respec-
tively. This effect for the biochar treatment was probably due to its
strong adsorption capacity, which increased cohesion between soil
particles and inhibiting aggregate breakdown (Zhao et al., 2018). Fur-
thermore, biochar was rich in organic matter. Particles released by
aggregate breakdown can possibly combine with organic amendments
through sorption processes to form medium-sized aggregates (Hagner
et al.,, 2016). Compared to the control treatment, the proportion of
medium sized aggregates in the biochar treatment was 24.7-53.6%
higher, and for the organic fertilizer treatment it was 32.7-49.1%
higher, but the greatest increase was found for the combined treatment,
at 41.5-64.5% higher.

Generally, measured MWD parameters for the various treatments
decreased with lower freezing temperature or increasing number of
freeze—thaw cycles (Table 2). The amendments somewhat lessened the
reduction of the MWD parameter, which was more obvious for the
combined treatment. For instance, when the freeze temperature was
—10 °C, the MWD value was 0.79 mm under the control treatment, and
the MWD values for the biochar, organic fertilizer and combined
treatments were 0.08, 0.13 and 0.16 mm greater than that of the con-
trol treatment. A similar trend was observed for GMW and WRg »s.
Overall, the soil MWD, GWD, and WRy »5 values suggest that the soil
aggregates were larger and more stable (Wang et al., 2015) in treat-
ments with amendments applied.

The D value reflects the homogeneity of soil aggregates, with
smaller D values being associated with more uniform (homogeneous)
distributions of soil aggregates (Maggi, 2015). We discovered that the
freeze-thaw process tended to increase the heterogeneity of the ag-
gregates, showing larger D values. The combined treatment helped
preserve the uniformity of the aggregate distribution. Moreover, under
different freezing scenarios, the PAD values for the biochar, organic
fertilizer and combined treatments decreased compared to the control
treatment. Dai et al. (2019) suggested that the application of organic
amendments increases soil macromolecular organic components, such
as cellulose and polysaccharides, which help maintain the uniformity
and stability of soil aggregates. Ojeda et al. (2015) reported that the
porous and granular structure of biochar promoted the formation of
stable composites in soil, and that organic matter attached to biochar
enhanced the polymerization effect.
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Fig. 2. Distribution of soil water-stable aggregates. (a) Unfrozen soil, (b) after 16 freeze-thaw cycles at —10 °C, (c) after 16 freeze-thaw cycles at —20 °C, (d) after 16
freeze-thaw cycles at —30 °C. Note: different capital letters indicate significant differences of five soil water-stable aggregate fractions (p < 0.05); different lower
case letters indicate significant differences of soil water stable-aggregates under different treatments (p < 0.05).

3.3. Geochemical fractions

The addition of the biochar or organic fertilizer was observed to
reduce the readily labile pool of both Cd and Pb in the unfrozen soil
(Fig. 3). For Cd, the readily labile pools were reduced by 21.6%, 31.2%
and 25.1% by the biochar, organic fertilizer and combined treatments,

respectively, in comparison with the control treatment. Further analysis
showed that the potentially labile pool was the highest in organic fer-
tilizer treatment, which increased by 19.02% relative to the control
treatment. The non-labile pools in biochar and combined treatments
were increased by 33.46% and 43.88%, respectively, relative to the
control group. It showed that the readily labile pool decreased by

Table 2
Characteristics of soil aggregates.
Freezing temperature Treatments MWD (mm) GMD (mm) PAD (%) D WRg 25 (%)
-10°C Control 0.79 * 0.11bcd 0.23 = 0.03bc 64.79 *= 4.23abcd 2.6989 * 0.012 ns 41.85 + 3.11abed
Biochar 0.87 + 0.08abc 0.25 + 0.0labc 59.41 *= 5.11cd 2.6912 = 0.021 44.21 + 2.19abc
Organic Fertilizer 0.92 * 0.13ab 0.27 = 0.04ab 57.56 *= 6.23d 2.6851 = 0.008 47.37 = 1.79a
Combined 0.95 + 0.15a 0.28 *+ 0.05a 54.68 = 4.54d 2.6754 = 0.017 49.65 *+ 2.23a
-20°C Control 0.71 * 0.07 cd 0.19 = 0.00c 69.53 =+ 3.22abc 2.7083 = 0.022 39.25 * 2.03bcd
Biochar 0.82 =+ 0.06abcd 0.24 = 0.03bc 63.51 = 3.79abcd 2.6852 + 0.014 42.18 + 1.78abcd
Organic Fertilizer 0.84 + 0.09abc 0.25 + 0.05abc 62.76 * 4.13bcd 2.6844 =+ 0.019 43.67 * 2.04abc
Combined 0.90 + 0.08abc 0.27 = 0.02ab 58.96 *= 2.87 cd 2.6791 = 0.009 46.35 + 1.96ab
-30°C Control 0.68 =+ 0.05d 0.17 = 0.03c 74.23 *= 3.54a 2.7174 = 0.014 36.51 + 2.23d
Biochar 0.79 * 0.04bcd 0.23 + 0.03bc 72.48 * 4.27ab 2.6965 = 0.017 41.67 * 4.31abed
Organic Fertilizer 0.71 = 0.10 cd 0.19 = 0.04c 69.59 =+ 3.65abc 2.7046 = 0.023 38.75 * 2.52cd
Combined 0.86 + 0.07abc 0.25 + 0.00abc 61.42 * 2.78bcd 2.6892 = 0.015 44.41 = 1.51abc

Average values

-10°C 0.88 *= 0.12a 0.26 =+
-20°C 0.82 + 0.09b 0.24 =+
-30°C 0.76 * 0.05c 0.21 =
Control 0.73 + 0.08c 0.20 +
Biochar 0.83 * 0.05b 0.23 *
Organic Fertilizer 0.82 + 0.09b 0.24 +
Combined 091 = 0.11a 0.27 +

0.03a 59.11 = 2.11b 2.6877 = 0.008 ns 45.77 = 1.12a
0.02b 63.69 = 1.79b 2.6893 * 0.005 42.86 = 1.49b
0.02¢ 69.43 + 1.54a 2.7020 * 0.009 40.33 = 0.87c
0.01c 69.52 + 2.23a 2.7082 = 0.002 ns 39.20 = 0.92c
0.00b 65.13 = 2.46b 2.6910 * 0.006 42.69 * 1.33bc
0.01b 63.30 * 2.97c 2.6914 =+ 0.005 43.26 * 1.45b
0.02a 58.35 = 1.89bc 2.6812 = 0.002 46.80 = 1.39a

Note: Different lower-case letters indicate significant differences of soil water-stable aggregates indicators (p < 0.05), while ns means that there are no significant

differences (p > 0.05).
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Fig. 3. Geochemical fractions of Cd and Pb under different treatments across 16 freeze-thaw cycles (FO-F16). (a) Cd speciation for treatments frozen at —10 °C, (b)
Pb speciation for treatments frozen at —10 °C, (c) Cd speciation for treatments frozen at —20 °C, (d) Pb speciation for treatments frozen at —20 °C, (e) Cd speciation
for treatments frozen at —30 °C, and (f) Pb speciation for treatments frozen at —30 °C.

organic fertilizer treatment was mainly transformed into potentially
labile pool, and they are mainly converted into non-labile pools in the
biochar and combined treatments. For Pb, the trend was consistent with
that of Cd.

Organic fertilizer contains humus and other macromolecular or-
ganic substances that immobilize Cd and Pb through surface com-
plexation and cation-rit interactions (Qi et al., 2016; Shi et al., 2016).
Anions, such as $* and PO4* in organic amendment materials may also
form stable heavy metal precipitates, resulting in a shift of oxidizable
metals to the residual fraction (Egene et al., 2018). In addition, oxygen-
containing functional groups on the surface of biochar (Section 3.5) can

bind with Cd and Pb. As a carbon-rich material, biochar tends to render
metals less labile in terms of the operational definition of metal frac-
tionation (Qian et al., 2019). A certain amount of Fe-Mn oxides may
also derive during the production and natural aging of biochar, which
would also bind with heavy metals (Lin et al., 2017). Moreover, the
alkaline mineral content of biochar increases the metal immobilization
through precipitation reactions or electrostatic interactions due to more
negatively charged surfaces (Bolan et al., 2014; Kumar et al., 2018;
O'Connor et al., 2018).

Overall, the proportion of readily labile pool of Pb was less than that
of Cd, indicating that Pb was less mobile (Ahmadipour et al., 2014;
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Kede et al., 2014; Rinklebe and Shaheen, 2014, 2017; Salam et al.,
2019; Shaheen et al., 2017; Wieczorek et al., 2018). The first-order
hydrolysis constant for ions determines the complexation capacity of
functional groups of biochar and organic matters for metal ions, and the
complexation effect decreases with the increase of the first-order hy-
drolysis constant negative logarithm pK; (Pb (7.8) > Cd (10.1)), thus
Pb would theoretically bind more strongly (Ahmadipour et al., 2014;
Wieczorek et al., 2018).

The breakdown of soil aggregates during the freeze-thaw process
(Section 3.2) may have facilitated an increase in labile heavy metals
(Islam et al., 2017) by releasing dissolved organic carbon (DOC), which
renders metals more mobile (Li et al., 2016). With increasing number of
freeze-thaw cycles, the readily labile pools of Cd and Pb tended to

increase gradually, and the potentially labile and non-labile pools de-
creased gradually. For instance, when a freezing temperature of —10 °C
was applied, the readily labile pools of Cd and Pb in the control
treatment increased by 43.5% and 36.8%, respectively, compared to the
unfrozen group. Simultaneously, the potentially labile pools of Cd and
Pb in the control treatment decreased by 17.89% and 13.52%, respec-
tively. In addition, the non-labile pool of metal also showed a de-
creasing trend. Lower freezing temperatures aggravated this effect.
When the freezing temperature was — 30 °C, the readily labile pools of
Cd and Pb increased by 54.4% and 46.9%, respectively, compared to
the unfrozen group.

Moreover, the readily labile pools of Cd and Pb under the biochar
and organic fertilizer treatments decreased after four freeze-thaw
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cycles and then increased with further cycles. When the freezing tem-
perature was — 10 °C, the readily labile pools of Cd under the organic
fertilizer and biochar treatments decreased by 20.4% and 27.67%, re-
spectively, compared with the control treatment. Meanwhile, the non-
labile pools increased by 35.43% and 65.14%, respectively. It is note-
worthy that the efficiency of the organic fertilizer treatment was lower
than that of biochar in the context of freeze-thaw cycling. Although the
initial freeze-thaw cycle produces a large number of macromolecular
organic substances that bind with metals through complexation (Shi
and Schulin, 2018), DOC would also be released as the number of
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freeze-thaw cycles increased, which increases the mobilization poten-
tial for heavy metals.

Contrary to the reducing efficiency of the organic fertilizer treat-
ment, the effectiveness of the biochar treatment increased with free-
ze-thaw cycling. Biochar particle cracking and mild oxidation caused
by freeze-thaw cycles may have increased its specific surface area and
its abundance of oxygen-containing functional groups (Section 3.5)
(Hale et al., 2012). It is notable that the combined application of bio-
char and organic fertilizer performed better than both amendments
applied alone, apparently gaining both the short- and long-term treat-
ment benefits of the organic fertilizer and biochar treatments, respec-
tively.

3.4. Bioavailability

The DTPA extractable Cd and Pb content in the soil, which was used
as an approximation for their bioavailability, decreased significantly
after the addition of the amendments (Fig. 4). One-way analysis of
variance (ANOVA) (p < 0.05) was used to analyze the significant
differences of the DTPA extractable metal under different treatments in
each period. For unfrozen treatments, the DTPA extraction of Cd for the
biochar, organic fertilizer, and combined treatments decreased by
18.9%, 26.3%, and 31.3%, respectively, compared to the control
treatment, whilst for Pb it decreased by 12.6%, 21.1% and 16.4%, re-
spectively.

The amount of Cd and Pb extracted by DTPA increased with in-
creasing freeze-thaw cycles. When comparing the control treatment
after 16 freeze—thaw cycles at —10 °C to before freezing, for instance,
the amount of Cd and Pb extracted was 59.6% and 48.3% higher, re-
spectively. Nevertheless, the amount of metals extracted from the or-
ganic fertilizer, biochar and combined treatments first decreased and
then increased as the number of freeze-thaw cycles increased further.
For instance, after 6 freeze-thaw cycles at —10 °C, the DTPA ex-
tractable Cd and Pb content decreased by 24.2% and 15.8%, respec-
tively, compared to the unfrozen organic fertilizer treatment. However,
by the time the number of freeze-thaw cycles had reached 16, the DTPA
extractable Cd and Pb content was 61.3% and 53.1% higher than that of
the unfrozen organic fertilizer treatment, respectively.

For the biochar treatment and the combined treatment, DTPA ex-
traction of heavy metals decreased by different degrees compared with
organic fertilizer treatment after successive freeze-thaw cycles. This is
because in the initial freeze-thaw cycles, the breakdown of soil ag-
gregates promoted rapid complexation of macromolecular organic
matter and heavy metals carried by organic fertilizer (Manasypov et al.,
2015). However, successive freeze—thaw cycling accelerated oxidative
decomposition of macro-sized organic matter, thus reducing the stabi-
lity of metal-organic complexes (Yi et al., 2015). On the contrary, the
adsorption capacity of biochar may have increased as successive free-
ze-thaw cycles broke down its structure. In addition, an increased
abundance of oxygen-containing functional groups on the biochar
would have promoted further surface complexation reactions.

3.5. Amendment decomposition

Decomposition of the organic fertilizer and biochar materials during
freeze-thaw cycling can significantly reduce their immobilization ef-
fectiveness because of DOC release. For the non-frozen treatments (F0),
both biochar and organic fertilizer increased the DOC content (Fig. 5).
With increasing number of freeze-thaw cycles (F1-16), the DOC content
increased first and then decreased. This is probably because the free-
ze-thaw process reduced the stability of soil aggregates which lead to
the release of DOC (Watanabe et al., 2019). Meanwhile, the free-
ze-thaw cycles cause microorganism lysis and death, thus releasing
small molecules of sugar and amino acids, thus also increasing DOC
release (Song et al., 2017). After multiple freeze-thaw cycles, the DOC
released by the soil aggregates would gradually decrease (Fuss et al.,
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Table 3
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Pearson correlation coefficients between metal liability and dissolved organic carbon.

Freezing temperature Geochemical fractions Cd Pb
Control Biochar Organic fertilizer Combined Control Biochar Organic fertilizer Combined
—10°C Readily labile 0.694* 0.551* 0.567* 0.516 0.771* 0.685* 0.595 0.547
Potentially labile 0.522 0.459 0.564* 0.487* 0.487 0.512 0.619* 0.507
Non-labile —0.392 —0.473* —0.473 —0.549* —0.383 —0.461% —0.439 —0.518*
—20°C Readily labile 0.737"" 0.656* 0.693 0.567 0.651* 0.512 0.573* 0.549
Potentially labile 0.507 0.571 0.621* 0.549 0.419 0.509 0.481* 0.425*
Non-labile —0.328 —0.507* —0.393 —0.468* —0.371 —0.495* —-0.397 —0.518*
—30°C Readily labile 0.712* 0.535 0.624* 0.592 0.673* 0.512* 0.567* 0.584
Potentially labile 0.461 0.478* 0.557* 0.512* 0.476 0.425 0.481* 0.542*
Non-labile -0.371 —0.497* —0.427 —0.469* —0.491 —0.389* —0.482 —0.545*

Note: “**” represents that the correlation passes the significance test of p < 0.01; “*” represents that the correlation passes the significance test of p < 0.05.
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Fig. 6. Morphology of biochar samples at different freezing temperatures (a represents the unfrozen sample; b, c, d represent the freezing temperature of —10, —20

and —30 °C, respectively).

2016). It is noteworthy that some microorganisms have resistance to-
wards freezing forces. These organisms may play a vital role in the
mineralization and decomposition of soil DOC, accompanied by the
generation of CO, and water (Walz et al., 2017). In addition, as the
freezing temperature decreased, the maximum value of soil DOC under
various treatments showed an increasing trend.

The content of soil DOC determines the metal forms to a certain
extent, and the pearson correlation coefficients between metal liability
and DOC were explored (Table 3). It can be seen that the readily labile
forms of Cd and Pb had a positive correlation with DOC, but the ap-
plication of immobilization agents diminished this trend. It may be that
biochar reduces the production of soil DOC, and organic fertilizer
complexes with some labile forms of Cd and Pb, thus reducing the
correlation between them (Guo et al., 2020; Rajapaksha et al., 2018).
Simultaneously, the potentially labile forms of metal also had a positive
correlation with DOC, but the correlation was weaker than the readily

labile ones. In addition, the non-labile forms of Cd and Pb showed a
negative correlation with DOC, and the negative correlation was sig-
nificantly enhanced under biochar and combined treatments, which
also confirmed the passivation effect of biochar and combined re-
mediation on metals.

We found that the morphology of the biochar amendment changed
under different freezing conditions (Fig. 6). The cell structure of the
feedstock remained visible before freezing (F0), with the biochar dis-
playing a smooth surface and uniform and clear the pores (Fig. 6a).
Successive freeze-thaw cycles caused damage to the cell structure and
caused cracks to form. This may have increased the available sites for
adsorption, and may also favor internal oxidation of biochar (Dong
et al., 2017). In addition, the surface of biochar became much rougher
with more cracks appeared with lower freezing temperatures, in-
dicating the breakdown of biochar during the aging process (Fig. 6
bed).
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The observed biochar FTIR spectra demonstrates that there were
differences in the abundance of functional groups before and after the
biochar treatment was subjected to freeze-thaw cycling (Fig. 7). A band
was identified at 3428 cm™?', which represents the —OH stretching
vibration. The band at 2956 cm™' reveals the asymmetric C—H
stretching vibration, indicating aliphatic groups. The band at
1624 cm™! is the stretching vibration of —COOH. At 1328 and

10
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1102 cm ™, the stretching vibration of C—OH of the alcohol and car-
boxylic acid groups overlapped with the stretching vibration of C—O—C
of the ester and ether groups. In addition, the 476-864 cm ™! absorption
peak represents the stretching vibration of —CX of aromatic compounds
(Wu et al., 2018). When the freezing temperature was —10 °C, the
intensity of the absorption peak at 3428 cm ™! decreased with in-
creasing freeze-thaw cycles, indicating that repeated freeze-thawing
diminishes the abundance of —OH functional groups on the surface of
biochar. On the contrary, the amplitude and width of the absorption
peak in 1624, 1328 and 1102 cm ™' showed an increasing trend, in-
dicating that the number of —COOH, C—0O—C and C—OH functional
groups on the biochar surface increased. This might be because mi-
croorganisms in the soil environment accelerated the oxidation of or-
ganic carbon, resulting in an increase in oxygen-containing functional
groups (Heitkotter and Marschner, 2015). As the freezing temperature
decreased, the width and amplitude of the —COOH, C—0O—C, and C—OH
stretching vibration peaks also increased.

Overall, the biochar amendment was found to have several ad-
vantages in the freeze-thaw environment, including, (1) the organic
carbon content of biochar is recalcitrant, thus it releases DOC relatively
slowly (Fig. 5); (2) the breakdown of biochar’s matrix structure may
enhance its sorption capacity towards Cd and Pb as well as DOC
(Fig. 6); (3) the number of oxygen-containing functional groups in-
creased after freeze-thaw cycling, which would favor surface com-
plexation between heavy metals and the biochar (Fig. 7). Therefore, it
can be reasoned that corn-stover biochar has beneficial characteristics
for the long-term immobilization of heavy metals in seasonally frozen
land.

4. Conclusions

We found that freeze-thaw cycles damages soil aggregates, while
the application of biochar and organic fertilizer hindered this effect
through the formation of medium-sized aggregates. Freeze-thaw cycling
increased the exchangeable fractions of Pb and Cd in the soil, which is
likely related to the observed release of DOC and breakdown of soil
aggregates. The immobilization agents selected for this study have
shown to be effective at mitigating metal leaching potential through
surface complexation and other interactions. Compared with organic
fertilizer, biochar is more stable and associated with less DOC release.
Furthermore, biochar breakdown during freeze-thaw cycles creates
sorption sites and increases the abundance of oxygen-containing func-
tional groups which immobilize heavy metals. While biochar rendered
good long-term immobilization performance, the organic fertilizer
displayed better Cd and Pb stabilization in the short-term by causing a
greater to stable geochemical fractionations. The combined biochar and
organic fertilizer treatment, not only reduced the potential for DOC
release, but also improved in physicochemical properties during free-
ze-thaw cycling (e.g., increase oxygen-containing functional groups for
surface complexation). It is, therefore, concluded that combined treat-
ments may immobilize Cd and Pb contaminants effectively. These
findings provide a proof-of-concept for the efficient management of
contaminated soils in locations of seasonally frozen land. What’s more,
the optimal mixing ratio of biochar and organic fertilizer is worthy of
in-depth exploration, and the results from the laboratory needs to be
further verified in field.
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