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Meta-analysis compares the
effectiveness of modified biochar
on cadmium availability
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'School of Chemistry and Chemical Engineering, Sichuan University of Arts and Science, Dazhou, China,
2Soil Fertilizer and Ecological Construction Workstation, Dazhou, China

This study aims to quantitatively evaluate the effectiveness of modified biochar in
reducing soil Cd availability and Cd content in plants by performing a meta-
analysis using data from 58 papers. Modified biochar enhances the surface
function and adsorption efficiency of biochar, making it a cost-effective
modifier for immobilizing heavy metals. Various factors influence the
cadmium (Cd) passivation effect of modified biochar, including the materials
used, modification methods, and specific modified materials, warranting further
research and clarification. On average, the application of modified biochar results
in a significant reduction in soil Cd availability by 65.01% and Cd content in plants
by 70.72%. Notably, biochar made from lignocellulose as a raw material exhibits
an impressive reduction effect of 96.34% on soil Cd availability. Furthermore,
organic modified biochar and acid-base modified biochar demonstrate reduction
effects of 119.53% and 112.03%, respectively, for soil Cd availability. When
considering plant uptake, modified biochar composed of herbs and combined
modified biochar show better Cd reduction effects, with respective reductions of
100.53% and 88.87%. The optimal application rate of modified biochar falls within
the range of 2%-3%, leading to a reduction of effective Cd in soil by 76.94% and
Cd content in plants by 88.88%. This meta-analysis underscores the potential of
modified biochar in remediating Cd-contaminated soil, offering valuable insights
for the preparation and application of this material.
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Introduction

The high toxicity, mobility, and bioavailability of cadmium in soil make soil cadmium
pollution a significant threat to the environment and human health (Xiao et al., 2018; Liu
etal., 2019). Cd is widely present in the environment, with human activities exacerbating its
environmental impact, particularly leading to soil pollution (Godt et al., 2006). Recognized
as a priority pollutant as early as 1974 by the United Nations Environment Program and the
International Labor Health Committee on Heavy Metals, Cd exposure has been linked to
various health issues, including renal and hepatic dysfunction, testicular damage, and
cancers (Stohs et al, 2001; Chaney, 2015). China’s 2014 National Soil Pollution Status
Survey Bulletin showed that 7.0% of monitoring sites exceeded the standard for Cd, and
19.4% of arable soil monitoring sites exceeded the standard. Therefore, it is necessary to
remediate soil Cd pollution. To address Cd contamination in soils, different remediation
approaches have been developed, such as soil washing and phytoremediation (Cheng et al.,
20225 Deng et al, 2022; Xu et al, 2022; Guo et al, 2023). One particular method,
immobilization, is considered cost-effective and eco-friendly (Hussain et al., 2021; Yuan
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et al,, 2021). This technique involves the use of soil passivators like
biochar, lime, and sepiolite to reduce the bioavailability and activity
of Cd in soil (Turan et al., 2018; Xia et al., 2019; Yuan et al., 2021).

Biochar, a solid material resultant from the thermochemical
conversion of biomass with restricted oxygen input, possesses a vast
specific surface area, micro/mesoporous structure, and an abundance of
functional groups, rendering it useful in a wide array of applications
including soil enhancement, remediation, water pollution treatment,
crop yield improvement, biological carbon fixation, and more. Studies
have consistently demonstrated biochar’s capability in diminishing the
mobility and bioavailability of Cd in soil. Research conducted by
Maharlouei et al. (2021) revealed a 12.63% reduction in soil
exchangeable Cd with the application of rice hull biochar, which
was enhanced further by modifications involving Fe;04, NaOH, and
H,SO,, resulting in reductions of 38.54%, 56.10%, and 23.12%
respectively. Additionally, investigations by Shan et al. (2020)
illustrated the efficacy of Mg-modified biochar in diminishing soil
Cd bioavailability and content in spinach shoots and roots when
compared to peanut shell biochar. Notably, modified biochar has
garnered considerable attention in environmental studies owing to
its potential in bolstering the availability, exchangeability, and
bioavailability of soil Cd. For instance, Yin et al. (2022) reported a
remarkable 40.7% and 33.7% decrease in Cd levels in lettuce shoots and
roots, respectively, following the application of water hyacinth biochar
at a 1% rate. Similarly, Chen et al.’s (2020) research findings show that
the available Cd content in soil decreased significantly by 15.86% and
22.72% after treatments with wheat straw biochar and sulfur-modified
wheat straw biochar, compared to the control. In a soil-based pot
experiment, both MnBC and FeBC were found to significantly lower
soil Cd availability by 23%-38% and 36%-45%, respectively, in
comparison to the control group (p < 0.05) (Da et al, 2023). The
efficacy of modified biochar in reducing soil Cd availability is influenced
by a variety of factors, including the materials used for modification,
modification techniques, and soil characteristics. Despite the
demonstrated effectiveness of modified biochar in reducing the
availability, exchangeability, and bioavailability of soil Cd, the
specific impact may vary based on these factors.

A meta-analysis is a useful tool to comprehensively evaluate the
remediation effect of biochar based on large datasets (Tian et al.,
2021). Recently, more and more studies have been conducted on the
impact of modified biochar on Cd in soil (He et al., 2022; Yin et al.,
2022), and these new studies can provide us with reliable datasets to
evaluate the impact of modified biochar on Cd in soil. However,
there is limited meta-analysis research on the remediation effect of
modified biochar on Cd in soil. By analyzing these studies, we can
gain a deeper understanding of how modified biochar influences the
concentration of Cd in soil and its potential remediation effects. This
lacuna in research highlights the need for further meta-analyses to
synthesize findings and draw more comprehensive conclusions
regarding the efficacy of modified biochar in remediating Cd-
contaminated soil.

In this study, we aimed to systematically investigate the influence of
modified biochar on the availability of heavy metals in soil and plant
absorption through a meta-analysis of existing research data. Our
research objective was to gain insights into the most effective types
of modified biochar and assess the impact of different modification
methods and soil types on the availability of Cd. Various factors, such as
soil physical and chemical properties, biochar raw material type,
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application rate, preparation temperature, modified materials, and
modification methods, were taken into account. The analysis of
these factors was conducted to offer valuable insights into the
optimal utilization of modified biochar for heavy metal remediation.

Materials and methods
Data sources and compilation

To compile relevant information, searches were conducted on the
online databases Web of Science (WOS) (http://apps.web of
knowledge.com) and the Chinese National Knowledge
Infrastructure (CNKI) (https://www.cnkinet/) on 10 April 2023,
using the keywords biochar, modified, soil, and Cd. The literature
resulting from this search was thereafter screened based on three
criteria: 1) the study must involve original research on the behaviors of
Cd in contaminated soils induced by biochar application; 2)
treatments and controls must have at least three replicates; and 3)
original data should be expressed as the mean + standard deviation
(SD) or mean = standard error (SE), and should be extractable from
tables or figures. After this process (Supplementary Figure SI),
58 articles met the criteria for meta-analysis, as detailed in
Supplementary Table S1; of those, 22 articles included data on the
availability of soil Cd and plant Cd. The observation results included
239 soil Cd availability observations and 121 plant Cd observations.
For studies that included multiple determinations over the course of
the experimental period, the results were extracted from the last
sampling period, as per the principle of meta-analysis (Hedges et al,,
1999). Database information included the properties of biochar, soil,
plants, and experimental conditions from each manuscript. Soil Cd
availability or plant Cd were employed as response indicators
(dependent variables) for this study, with data being extracted
directly from tables or figures using the origin Graph Digitizer.
The indicators collected included soil pH (<5.5, 5.5-6.5, 6.5-7.
5 and >75), soil organic matter (0-10, 10-20,
20-30 and >30 mg/kg), soil cation exchange capacity (0-10, 10-20,
20-30 and >30 mmol/kg), total Cd in soil (<1, 1-5, 5-15,
15-50 and >50 mg/kg), feedstock (wood, bio-solid, lignocellulosic,
herbaceous), modified materials (metal, Nonmetallic, organic, acid
alkali, combination, ultraviolet rays and other), modification methods
or temperatures [ultraviolet rays, impregnation, in situ synthesis
(400-500°C, 500-600°C, >50°C)], application rate (<1%, 1%-2%,
2%-3%, 3%-5%, >5%), soil Cd availability, Cd content in plant
aboveground or edible parts, and SD.

Meta-analysis

Effect sizes of biochar application on the bioavailability in soils
and the accumulation in plants for As and Cd were expressed as the
natural log-transformed response ratio (In (RR)), and were
calculated by Eq. 1 (Hedges et al., 1999):

In(RR) = n(%cmm > 1)

control

where Xtreat and Xcontrol are the means of the treatments and
controls, respectively.
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FIGURE 1

Percentage changes( %)

The Percentage changes variation of Cd availability in soil (A) and Cd content in edible parts of plants (B).

Variance (v) of In (RR) was computed by Eq. 2:

SD?

control

SD?

treat

)

Vin(rr) =

ntreutX treat  Meontrol X control

where SDyc.t and SDoniro1 represent the standard deviations of the
treatments and control groups, respectively; and nye,e and Neonerol
represent the sample sizes of the treatments and control groups,
respectively.

Weighted mean response ratio (In (RR,,)) was calculated by Eq.
3 (Tian et al., 2021):

Y Y wi; (In(RR))
ZZlZI;:lwij

In(RR,,) = (3)

where the weighting of each response ratio (w) is the
reciprocal of its variance (Sha et al., 2019), m is the number
of groups, k is the number of observations in The i th group
(Tian et al., 2021).

The percentage change was converted by Eq. 4 (Tian
et al., 2021):

Percentage change = exp[ln(RR,.)] x 100% — 100%  (4)

For each tested variable, In (RR) = 0 represents no effect; In
(RR) > 0 shows an increased (ie., negative) effect; In (RR) <
0 presents a reduced (i.e., positive) effect (Borchard et al., 2019;
Tian et al., 2021).

Microsoft Office 2016 (Microsoft, United States) was
used to collect, compile, and manage the database. Meta-
analysis was performed via MetaWin statistics software
(Version 2.1) (Hedges et al.,, 1999). Origin2018 was utilized
to draw figures.
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Results

Comparing the effects of modified biochar
and raw biochar on Cd availability

Figure 1 displays the percentage changes in Cd availability in soil
and Cd content in plant edible parts following the application of raw
biochar and modified biochar, relative to raw biochar. Compared
with the control group without biochar, the average availability of
Cd in soil was reduced by 32.63% [26.41%, 38.84%] after applying
the raw biochar (Figure 1A). However, the application of modified
biochar reduced the availability of Cd in soil by 65.32%.
Furthermore, compared with the raw biochar, the application of
modified biochar decreased the availability of Cd in soil by 29.96%
(Figure 1A). It also resulted in a decrease in Cd content in the edible
parts of plants by 70.72% (Figure 1B). Therefore, modified biochar
demonstrates the potential to reduce both the availability of Cd in
soil and the Cd content in edible parts of plants (Figure 1).

Changes in the efficiency of modified
biochar with the characteristics of biochar

In Figure 2, the Cd availability demonstrated variation
corresponding to different modified biochar characteristics.
Among the subgroups of feedstock, biochar derived from
lignocellulosic biomass exhibited the most significant reduction
in Cd availability (96.34% [85.27%, 107.41%]), followed by wood
biochar (62.88% [44.55%, 81.20%]). In the subgroup of modified
materials, the reduction in soil Cd availability was most pronounced
with organic modification (119.53% [97.77%, 141.30%]), followed

03 frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1413047

Liu et al.

10.3389/fenvs.2024.1413047

<1%(N=45) 1
£ ~ 1%~2%(N=29) -
5 2%~3%(N=29) 1 —.— p=0.147
. § 3%~5%(N=27) - . |
< >5%(N=18) - e
Grand mean(N=48) ro-
In situ synthesis(400~500°C)(N=6) 1 1 ° |
In situ synthesis(500~600°C)(N=27) - —o—i
In situ synthesis(>600°C)(N=18) - i - p=0.76
g Ultraviolet rays(N=6) - : ® »
% Impregnation(N=91) ~
= Grand mean(N=148)
Metal(N=74) H o
Nonmetallic(N=6) - : ° |
< =@ Organic(N=16)-{ +—e& |
= 8 Acid alkali(N=8)4 & - p=0.001
'*é = Combination(N=29) —e—i
g 8 Other(N=9) e
Ultraviolet rays(N=6) - : ° N
Grand mean(N=148) - ro-
» herbaceous(N=71) 1
2 lignocellulosic(N=51) o
'§ biO-SOlid(N:7) n %‘—a p=0.001
[ wood(N=19) - .t
Grand mean(N=148) 1 o |
-150 -100 -50 0 50

FIGURE 2

Percentage changes ( %)

The percentage change in the availability of Cd with the characteristics of modified biochar (compared to raw biochar).

by acid alkali modification (112.03% [78.09%, 145.98%]),
nonmetallic  modification  (76.21%  [33.23%, 119.20%])),
combination modification (73.16% [57.13%, 89.20%]), ultraviolet
ray modification (52.19% [9.96%, 94.42%]), other modification
(53.99% [22.83%, 85.15%]), and metal load modification (47.44%
[37.92%, 56.95%]). The in situ synthesis method achieves the
maximum reduction in soil Cd availability when the pyrolysis
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temperature after in situ synthesis exceeds 500°C-600°C, resulting
in a 76.68% [60.09%, 93.26%] reduction. In comparison, the
impregnation method of modifying biochar shows a slightly
lower effectiveness in reducing soil Cd availability than the in
situ synthesis method. The relationship between the application
rate and decrease in soil Cd availability is not as simple as higher
application rates, resulting in greater decreases. Instead, the
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FIGURE 3

100

Percentage changes( %)

The percentage change in Cd content in plants with the characteristics of modified biochar (compared to raw biochar).

relationship can be represented as 1% (48.34% [36.27%, 60.41%]) <
1%-2% (66.46% [51.25%, 81.66%]) < >5% (71.57% [51.77%,
91.36%]) < 2%-3% (76.94% [61.48%, 92.40%]) < 3%-5% (77.30%
[61.07%, 93.54%)]).

To visually compare the effectiveness of modified biochar and
raw biochar in reducing soil effective Cd, we used raw biochar as the
control (CK) and represented the results on a forest map
(Supplementary Figure S2). Among the subgroup of feedstock,
modified biochar derived from lignocellulosic material exhibited
the most significant reduction in soil Cd availability (76.17%
[57.51%, 94.83%]), followed by wood (41.30% [16.87%, 41.30%]).
Among modified materials, the organic modification resulted in the
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most notable decrease in soil effective Cd (93.72% [71.53%,
11591%]), followed by nonmetallic modification (61.78%
[17.94%, 105.61%]) and then combination modification (42.77%
[18.02%, 67.52%]). In situ synthesis has been found to effectively
minimize the Cd availability in the soil when the pyrolysis
temperature ranges between 500 °C and 600 °C. However, the
reduction in soil Cd availability was 56.51% [22.13%, 90.89%]
when modified biochar, with a pyrolysis temperature greater than
600 °C in situ synthesis, was applied compared to the raw biochar.
Moreover, the application of modified biochar prepared using
impregnation method resulted in a 29.44% [18.43%, 40.45%] in
reducing soil Cd availability compared to the raw biochar. In the
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FIGURE 4

The percentage change in Cd availability with soil characteristics (compared to raw biochar). Note:The “BLANK" in the figure indicates the absence of

corresponding indicators, such as CEC data, for this part of the data.

application rate subgroup, the >5% application rate had the most
significant effect on reducing soil Cd availability (47.41%
[17.66%, 77.16%]). Furthermore, even when the application
rate is less than 1%, the effect of reducing soil Cd availability
after applying modified biochar is superior to that of applying
raw biochar.

In Figure 3, the Cd content in plants displays variations
corresponding to different characteristics of modified biochar.
Among the subgroup of raw materials, modified biochar derived
from herbs exhibited the most significant reduction in Cd content
in plants (100.53% [92.26%, 108.81%]). In the subgroup of
modified materials, UV modification (165.06% [142.66%,
187.45%]) demonstrated the most substantial decrease in Cd
content in plants, followed by combination modification (88.87%
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[74.27%, 103.47%]). Conversely, the impregnation method of
modified biochar (74.34% [66.31%, 82.37%]) yields slightly better
results in reducing Cd content in plants compared to the in situ
synthesis method. The optimal effect on reducing Cd content in
plants is achieved when the application rate is between 2% and
3%, reaching 88.88% [58.67%, 119.09%]. To visually compare the
effects of modified biochar and raw biochar on reducing Cd
content in plants, we employed raw biochar as a control (CK) and
presented the results on a forest map (Supplementary Figure S3).
Supplementary Figure S3 reveals that some modified biochar may
not effectively reduce the Cd content in plants. For instance, in
the subgroup of raw materials, the use of wood-modified biochar
may even increase the Cd content in plants (17.95% [-53.94%,
89.83%]). Moreover, within the modified materials subgroup,

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1413047

Liu et al.

10.3389/fenvs.2024.1413047

3 _ <1(N=30) e
— on
g %o 5>TCd>1(N=30) - e
= £ 15TCd=5(N=10)1 e - p=0.152
«n 50>TCd>15(N=7) i 3
>50(N=6) - o
Grand mean(N=83) i
0~10(N=9) e
- 10~20(N=6)
- ‘
z < 20~30(N=8) 1 - p=0.002
22 é >30(N=7) 1 —o—i |
<<BLANK>>(N=54) 4 hd
Grand mean(N=84) - b
0~10(N=9) me
% 10~20(N=9) ~ e
9 —% 20~30(N=13) 1 . - p=0.001
O g >30(N=12) - .-
<<BLANK>>(N=41) 1 e
Grand mean(N=84) .
<5.5(N=14) 1
. 6.5>pH>5.5(N=22) - e~
% 7.5>pH>6.5(N=9) - T p=0002
3 pH>7.5(N=38) 1 a4 ‘
Grand mean(N=83) - b
-180 -120 -60 0 60

FIGURE 5

Percentage changes( %)

The percentage change of Cd content in plants with soil characteristics (compared to no biochar application), Note:The “BLANK" in the figure
indicates the absence of corresponding indicators, such as CEC data, for this part of the data.

both acid—base modification (-29.27% [-121.15%, 62.60%]),
metal modification (-22.32% [-46.39%, 1.74%]), and
nonmetallic modification (-49.83% [-142.00%, 42.34%]) may
result in an increase in Cd content in plants. Additionally,
compared to the raw biochar, the modified biochar prepared
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through the impregnation method demonstrated a 32.48%
improvement in reducing Cd content in plants [13.09%,
51.88%]. the application subgroups,
application rate of 1%-2% exhibited the best effect on
reducing Cd content in plants (49.15% [0.59%, 97.71%]).

Among rate an
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Changes in the efficiency of modified
biochar with soil characteristics

Figure 4 demonstrates that modified biochar effectively reduces
the bioavailability of Cd in soils, regardless of soil properties. The
highest improvement in effectiveness was observed in the subgroup
with pH > 7.5, showing a 30.39% enhancement compared to other
pH groups. Among the subgroups with SOM concentrations
ranging from 0 to 10 mg/kg, the inhibitory effect of modified
biochar on Cd bioavailability showed the highest improvement of
44.03% [25.15%, 62.92%)]. The impact of various types of SOM on
the performance of modified biochar is ranked as follows:
0-10 mg/kg (108.09% [93.37%, 122.81%]) > > 30 mg/kg (83.6%
(33.33%, 133.87%]) > 10-20 mg/kg (44.85% [31.97%, 57.73%]) >
20-30 mg/kg (43.28% [-14.8%, 101.36%]). The next subgroup to
exhibit significant improvement was CEC. Similarly, in soils with
CEC ranging from 10 to 20 mmol/kg, the inhibitory effect of
modified biochar on Cd bioavailability demonstrated the greatest
improvement, followed by soils with CEC >30 mmol/kg. The impact
of various types of CEC on the performance of modified biochar is
ranked as follows: 10-20 mmol/kg (89.11% [72.71%, 105.51%]) >
20-30 mmol/kg (67.42% [48.27%, 86.57%]) > 0-10 mmol/kg
(66.86%  [50.82%, 82.90%]) > =30mmol/kg  (44.6%
[16.68%, 72.52%]).

Figure 5 shows that modified biochar can effectively reduce the
accumulation of Cd in plants regardless of soil properties. Among
the subgroups, the highest efficacy improvement was observed in the
pH > 7.5 subgroup, with a decrease of 98.67% [91.89%, 105.45%]
compared to other pH groups. The greatest reduction in Cd and Cd
content in plants using modified biochar was observed in the
subgroup with SOM concentrations ranging from 0 to 10 mg/kg,
reaching 165.17% [142.13%, 188.20%]. The next significant
improvement was noticed in soils with CEC ranging from 20 to
30 mmol/kg, where modified biochar showed the greatest reduction
in the content of Cd in plants. However, it is important to note that
the application of modified biochar does not necessarily result in a
decrease in Cd content in plants when compared to the application
of raw biochar (Supplementary Figure S4). For instance, an increase
in Cd content in plants was observed in subgroups with 6.5>pH >
5.5 (effect size = — 3.22%; 95% CI: —36.68%-32.23%).

Discussion

Modified biochar exhibited a discrepant
effect on the availability of Cd

Numerous studies (Fan et al., 2020; Tan et al., 2020; Gholami
and Rahimi, 20215 Zhong et al., 2023) have shown that soil cadmium
bioavailability is significantly reduced through biochar modification.
This is achieved by combining biochar with metal, acids, bases, and
organic compounds, which greatly alter the surface function of
biochar and enhance its efficiency in reducing soil Cd availability
(Wang et al,, 2020; Zhu et al.,, 2020; Wang et al., 2021a; Wang et al,,
2021b; Maharlouei et al., 2021; Wen et al., 2021). For example, Wang
etal. (2021b) found that biochar modification increased the specific
surface area and surface functional groups of biochar. They observed
that the application of 3% modified biochar led to an 85.71%
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reduction in effective Cd in soil, compared to the application of
raw biochar. Yang et al. (2021) demonstrated that the effective Cd
content in both acidic and alkaline soils was reduced by 57.45% and
52.50%, respectively, when 3% modified biochar was used compared
to 3% raw biochar.

There are significant differences in the effectiveness of modified
biochar from different raw materials in reducing soil Cd availability
and plant Cd content. The specific surface area of biochar is
generally an important factor affecting its adsorption effect on
Cd. A larger specific surface area results in a stronger adsorption
capacity. Among the biochar modifications, lignocellulosic has the
best effect on effective Cd in the soil, and herbaceous have the best
effect on plant Cd content. Therefore, the larger specific surface area
of modified biochar from herbaceous and lignocellulosic raw
materials compared to other biochar modifications explains their
superior effectiveness in reducing soil Cd availability and plant Cd
content. For instance, under the same modification conditions, the
specific surface area of modified durian shell (lignin) biochar is
greater than that of modified branch (wood) biochar. Consequently,
the effect of modified durian shell biochar on reducing soil Cd
availability is superior to that of modified branch biochar (Yang
et al., 2022).

The effectiveness of modified biochar, including organic
modified biochar, in reducing soil Cd availability and plant Cd
content is well-documented (Figures 2, 3). Organic modified
biochar, in particular, stands out for its remarkable efficiency in
this regard, owing to the abundance of functional groups it
possesses, namely, carboxyl, thiol, amino, and hydroxyl groups
(Fan et al, 2020; Zhu et al, 2020). These functional groups
significantly expand the adsorption capacity of organic modified
biochar by offering additional sites for metal ion binding and
enhancing surface area through the presence of various surface
functional groups such as -OH, -NH, and C-O. Several mechanisms,
including cation exchange, electrostatic interaction, surface
complexation, and precipitation, are instrumental in facilitating
the adsorption of Cd by organic modified biochar (Tan et al,
2022). The incorporation of chitosan into biochar further
enhances its functional groups and boosts its acid-buffering
capacity, a fact substantiated by Fourier transform infrared
spectroscopy and Boehm titration analyses (He et al, 2022).
Moreover, studies by Zhu et al. (2020) have revealed that
thiourea modified tree biochar has the ability to elevate soil
pH levels, thereby enhancing the soil’s Cd** adsorption capacity;
this is due to Cd** reacting with OH™ at higher pH to form hydrogen
oxides and precipitates. Various modifications such as acid-base
modification, non-metallic loading, and combined modification
significantly contribute to lowering soil Cd availability (Figure 2).
However, when it comes to reducing Cd content in plants, the
combination modification and metal loading methods prove most
effective, with the exception of ultraviolet modification (Figure 3). In
particular, the combination modification and metal loading, mainly
involving Fe, create an iron film on plant surfaces which effectively
blocks the entry of Cd from the soil into the plants, as demonstrated
by Irshad et al. (2020). For instance, goethite modified biochar aids
in transforming exchangeable Cd components into non-
exchangeable Cd forms, thereby restricting the movement and
uptake of Cd in the soil (Irshad et al., 2020). Moreover, goethite
modified biochar fosters the formation of iron spots on plant
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surfaces, facilitating Cd absorption by these spots (Irshad
et al., 2020).

The study primarily involves two methods of modification: in
situ synthesis and impregnation. In the in-situ synthesis method, the
target modified reagent is directly added to the raw material,
followed by pyrolysis, chemical precipitation, and activation to
obtain modified biochar. Conversely, the impregnation method
involves impregnating biochar into a solution containing a
modifier, thus loading commercial or self-made biochar with
target elements (Liang et al, 2021). When comparing both
methods, it is evident that modified biochar synthesized through
in-situ synthesis demonstrates greater effectiveness in reducing Cd
compared to the impregnation method (Figure 2). Particularly, the
in-situ synthesis method showed the best effect in reducing the Cd
availability content in soil at pyrolysis temperatures of 500°C-600°C,
followed by 400°C-500°C. On the other hand, for the impregnation
method, the optimized pyrolysis temperature range is 400°C-450°C.
However, both methods encounter certain challenges. Lower
pyrolysis temperatures can result in incomplete carbonization of
biochar, whereas higher temperatures may lead to a reduction in
acidic functional groups on the biochar surface, a decrease in O and
H content, and an increase in C content (Srinivasan and Sarmah,
2015; Muhammad et al., 2020).

The influence of the application amount of modified biochar on
the reduction effect of soil Cd availability and plant Cd content is
depicted in Figures 2, 3. Effective reduction of Cd in the soil is most
apparent with application amounts ranging between 2%-3% and
3%-5% of modified biochar. Likewise, the optimal reduction of Cd
content in plants is achieved with an application amount of 2%-3%.
Nevertheless, a low application of biochar may lead to a significant
amount of exchangeable Cd remaining unconverted to non-
exchangeable Cd, resulting in reduced efficacy in lowering soil
Cd availability. Conversely, excessive application of modified
biochar can induce changes in soil properties that can have
adverse effects on both plants and soil health (Wang et al., 2019).

Modified biochar affects the effectiveness of
Cd by altering soil properties
The of biochar on the bioavailability and
bioaccumulation of Cd in the soil-plant system is determined by

impact

soil properties such as pH and SOM, similar to the properties of
biochar itself(Figures 4, 5). Figure 4 demonstrates that modified
biochar has a significant effect on enhancing the availability of Cd in
soil with an SOM ranging from 0 to 10 mg/kg, providing the best
reduction effect on low SOM Cd availability. Furthermore, the best
reduction effect on Cd content in plants is observed in soil with an
SOM of 10-20 mg/kg when using modified biochar (Figure 5). It is
worth noting that the application of biochar can increase the organic
matter content in soil (Cui et al., 2020; Sun et al., 2020), leading to a
reduction in Cd availability and plant content within a certain range
due to the low organic matter content. However, the complex
components (fulminic acid, humic acid and humin) in SOM
were reported to have different or even opposite effects on Cd
migration and transformation (Pan et al., 2022). Excessive organic
matter content can increase Cd availability in the soil and
plant content.
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The application of modified biochar can significantly impact Cd
availability in soil and Cd content in plants, as evidenced in Figures
4, 5. Modified biochar, with its alkaline properties, plays a crucial
role in reducing Cd availability in acidic soil by increasing soil pH.
Mannn et al. (2022) reported that raw biochar at 3% and 5%
concentrations elevated soil pH from 4.45 to 4.79 and 4.93,
respectively, while phosphorus-modified biochar increased the
pH to a range of 5.11-5.33. Compared to raw biochar,
phosphorus-modified biochar reduced the concentration of Cd in
soil by 73.0%. Moreover, in alkaline soils with a pH above 7.5,
modified biochar has the potential to further elevate pH levels. This
elevated pH leads to the precipitation of Cd with anions such as OH~
and CO5”", forming CdO, CdCO;, and Cd(OH), (Cai et al., 2021;
Yang et al., 2021; Li et al., 2022), which reduces Cd availability. The
rise in soil pH facilitates the transformation of Cd into carbonate
and iron-manganese states through the formation of precipitate
complexes, generating increased negative charges that limit the
mobility of heavy metals (Chen et al., 2020). Additionally, in
alkaline soils, modified biochar may possess various functional
groups, including hydroxyl, amino, and carbonyl groups, that
interact with available Cd forms. Previous research has shown
that these functional groups have strong adsorption and fixation
capabilities for Cd (Ng et al., 2022).

A previous meta-analysis (Supplementary Figures S3, S4)
observed an increase in Cd content in plants due to modified
biochar, particularly compared to raw biochar. The increase is
likely due to a decrease in pH after biochar modification,
especially when acid and metal modifications were applied. The
application of low pH modified biochar can lower soil pH, leading to
reduced Cd adsorption on the biochar surface (Wen et al., 2021),
resulting in increased Cd desorption and solubility. In a study by Sui
et al. (2021), it was found that iron modified biochar reduced Cd
migration from buds to leaves but enhanced transport from leaves to
grains. This was accompanied by an increase in Fe concentration in
rice leaves, suggesting the formation of iron channels that facilitate
Cd entry into plant cells, promoting Cd transfer from leaves to
rice grains.

Conclusion

This study, based on 58 articles, reviews the effects of modified
biochar on Cd effectiveness and bioaccumulation in the soil-plant
show that modified biochar
significantly reduces Cd effectiveness compared to raw biochar.

system. Meta-analysis results
The impact of modified biochar on reducing Cd effectiveness and
plant Cd accumulation depends on biochar and soil properties such
as raw materials, modification methods, and soil pH. Acid-base and
organic modifications show ideal effects on reducing effective Cd in
soil, while for plants, combination modification (excluding UV
modification) is more effective for Cd reduction. Lignocellulose-
based modified biochar is ideal for reducing effective Cd in soil,
while herb-based modified biochar is effective for plant Cd
reduction. The optimal application rate of modified biochar is
2%-3%. Furthermore, modified biochar reduces Cd availability in
acidic and alkaline soils. In conclusion, this study provides
comprehensive insights into the effects of biochar on soil Cd
availability and plant Cd accumulation based on various biochar
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and soil properties. These results aid in selecting, modifying, and
utilizing biochar for effective remediation of Cd-contaminated soil.
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