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Abstract

The current study investigated the effect of biochars derived from cinnamomum woodchip, garden waste and mulberry
woodchip on soil phytoavailable lead (Pb), cadmium (Cd) pools, and their uptake by Chinese cabbage (Brassica chinensis
L.). The biochars were produced at 450 °C of pyrolysis temperature. The contaminated soils were collected from Yunfu (clas-
sified as Udept), Jiyuan (Ustalf) and Shaoguan (Udult) cities in China at the depth of 0-20 cm and amended with biochars
at the rate of 3% w/w. After mixing the soil with biochar for 14 days, the Chinese cabbage was planted in the amended soils.
Then, it was harvested on the 48th day after sowing period. In Udult soil, Chinese cabbage died 18 days after sowing period
in control and soils amended with cinnamomum and mulberry biochars. Although only plants grown with the garden waste
biochar treatment survived in Udult soil, amendment of garden waste or mulberry biochars at 3% w/w (450 °C) to Udult soil
significantly increased (4.95-6.25) soil pH compared to other biochar treatments. In Udept and Ustalf soils, the application
of garden waste and mulberry biochars significantly improved plant biomass compared to control, albeit it was dependent
on both biochar and soil properties. Garden waste biochar significantly decreased soil Cd phytoavailable concentration by
26% in the Udult soil, while a decrease of soil Cd phytoavailable concentration by 16% and 9% was observed in Ustalf and
Udept soils, respectively. The available phosphorus in biochar and soil pH were important factors controlling toxic metal
phytouptake by the plant. Thus, the amendment of soil with biochar at 3% can effectively reduce the mobility of Cd and Pb
in soil and plant uptake. However, biochar and soil properties should be well-known before being used for soil toxic metal
immobilization.
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1 Highlights

¢ Soil cadmium (Cd) and lead (Pb) phytoavailability vary
with biochar and soil types.

e Available P in biochar and soil pH critically affect soil
toxic metal phytoavailability.

e Increase in soil pH resulting from biochar amendment
influences plant survival.

e Improvement in soil chemical properties varies with bio-
char properties.

e Soil pH increase by biochar is more effective in acid soil
than in alkaline soil.

2 Introduction

Contaminated agricultural soils with toxic metals occur
mainly through human activities such as mining, waste dis-
posal, irrigation with wastewater, and application of inor-
ganic and organic fertilizers to agricultural land (Xiao et al.
2019). Previous studies have discovered that crops cultivated
in soils polluted with toxic metal(loid)s, e.g., cadmium (Cd),
lead (Pb), and arsenic (As), could uptake high concentration
of metal(loid)s by roots and accumulate them in their tissues
(Gan et al. 2017; Hussain et al. 2021; Li et al. 2020; Natasha
etal. 2021; Wen et al. 2021). Both Cd and Pb are extremely
harmful toxic metals with high mobility in soil-plant envi-
ronmental system (Jing et al. 2019; Qin et al. 2020). Cad-
mium and Pb in soil have been reported in concentrations
up to 170 and 775 mg kg~!, respectively, at Moreno field
station in California (Qiao et al. 2015). In China, Li et al.
(2016, 2018) reported that the soil Cd and Pb concentrations
already reached 26 mg kg™! and 1699.2 mg kg™, respec-
tively, which were higher than soil Cd and Pb concentra-
tions allowed by Chinese Government (0.3 mg kg~! for Cd
and 250 mg kg~! for Pb). A recent nationwide survey in
China showed that metal concentrations in approximately
19% of agricultural soils exceeded environmental quality
standards (Guan et al. 2018) and the mean concentrations
of Cd and Pb were about 36.5 and 2.1 folds higher, respec-
tively, than the Grade II environmental quality standard for
soils in China (GB15618-18 2018). Various surveys have
also shown that heavy metal Cd and Pb contamination in
soil has become a major problem in the quality of the global
environment, particularly in China (Guan et al. 2018). These
two metals are difficult to degrade and easy to be enriched
by plants (Babalola and Ojuederie 2017). Therefore, Pb and
Cd concentrations in the soil pose a serious threat (Babalola
and Ojuederie 2017). According to Qin et al. (2020), toxic
metals in contaminated soils negatively affect the plant pro-
duction by reducing the plant biomass and competing with
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essential nutrients such as Ca, Cu, Fe, Zn and Mn. There-
fore, negative impacts of Cd and Pb on crop can lead to a
decrease in nutrient uptake, plant population per hectare and
crop yield (Qin et al. 2020). Thus, crops grown in Cd- and
Pb-contaminated soil without any pre-treatment may contain
higher concentration of these toxic metals in their tissues
(Anwar et al. 2020).

To protect public health from contaminated food with
toxic metals, different food safety agencies have recom-
mended guidelines for food contaminated by Cd and Pb.
According to Food and Agriculture Organization and World
Health Organization (2015), the maximum permissible
limit of Cd in fresh weight vegetables ranges from 0.05 to
0.2 mg kg™! and that of Pb ranges from 0.1 mg Pb kg™! to
0.3 mg kg~!. However, Mecka et al. (2020) reported that
crops cultivated in untreated soil contaminated with Cd
and Pb can accumulate higher Cd and Pb concentrations
than those allowed by the guidelines, exposing consumers
to risk of physiological disorders and cancer (Gupta et al.
2019; Qin et al. 2020). Thus, understanding the toxic met-
als uptake by plants can help in protecting living organisms
from the impacts (excessive levels can cause cancer, dermal,
respiratory, cardiovascular, gastrointestinal, hematological,
hepatic, renal, neurological, developmental, reproductive
and immune problems) of toxic metals originated from food
relationship among them (Ubeynarayana et al. 2021).

Phytoavailability of potentially toxic metals to crop plants
is influenced by mobility of toxic metals, soil properties, and
environmental conditions (Chen et al. 2018; Lu et al. 2020).
Because of the over-riding impact of soil pH on Cd and Pb
sorption in soil, Hamid et al. (2020) and Huang et al. (2020)
reported that liming acidic soils are generally recognized as
being the cost effective and most practical means converting
soil exchangeable Cd and Pb to Fe/Mn oxide- and organic-
bound metals, thus reducing phytoavailability of Cd and Pb
to plants. Wu et al. (2020a, b) demonstrated that biochar
better improved acidic soil properties (pH, organic carbon)
in comparison to liming. Recently, biochar has been shown
to lower the toxic metal mobility in soil because of its active
functional groups such as carboxylic acid (COOH), -C=0-
and inorganic ionic (e.g., PO,) species (Palansooriya et al.
2020; Chen et al. 2021; Pan et al. 2021), which could com-
plex with toxic metals (Lu et al. 2017; Abdin et al. 2019;
Xiao et al. 2019), thus, decreasing toxic metal phytoavail-
ability in soil.

The differences in biochar physicochemical properties
(functional groups, pore, surface area, phosphorus) mainly
depend on the conditions of the pyrolysis process and bio-
char feedstock (Tomczyk et al. 2020). According to Wei
et al. (2020), biochar had large surface, high porosity, pH
and concentration of ash and carbon when they were pro-
duced from high pyrolysis temperature, but had lower cation
exchange capacity (CEC) compared to the biochar produced
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at low pyrolysis temperature. This can be correlated with
the carbonization degree (Tomczyk et al. 2020). Eduah
et al. (2020) demonstrated that biochars derived from cocoa
pod husks, corn cobs, rice husks and palm kernel shells at
pyrolysis temperatures of 300 °C and 650 °C had similar
functional groups such as carboxylic (~COOH), phenolic,
aliphatic (-CH,-), silicates and carbonate stretch. However,
these authors found that the quantity of functional groups
depended on pyrolysis temperature and biochar parents.
Chen et al. (2018) proposed that the pyrolysis temperature
of biochar which can effectively immobilize soil toxic metals
should be lower than 500 °C. Thus, lower pyrolysis tempera-
ture is economical and produces high-quality of biochar rich
in functional groups effectively complexing soil toxic metals
(Suliman et al. 2016; Uchimiya et al. 2011). In addition,
the biochar originated from non-lignocellusic biomass has
higher ash concentration, but lower carbon recovery (Wilk
et al. 2019) than that derived from lignocellusic biomass.
These differences among biochar properties are related to
considerable variation in lignin, cellulose content, and mois-
ture of biochar feedstock (Tomczyk et al. 2020). The soil
toxic metal retention by biochar also varies with conditions
such as soil organic carbon, texture and pH (Askeland et al.
2020; Wang et al. 2020).

To sum up, the potentiality of biochars to decrease soil
phytoavailable toxic metals and reduce toxic metals assimi-
lated by the plants could be attributed to differences in bio-
char feedstock properties such as nutrient concentration,
active functional groups, and pH (Yuan and Xu 2011; Wu
et al. 2020a, b). To our knowledge, no research has been
reported in literature to explain the effects of contrasting
properties of biochars on both Cd and Pb phytoavailability
in toxic metal contaminated soil types and their influence
on metal uptake by vegetable crops. Therefore, the objec-
tive of this study was to investigate the impacts of biochars
originated from three different feedstocks on soil phytoa-
vailable Cd and Pb concentrations and plant uptake using
three contrasting soils. We hypothesized that (1) biochar
feedstocks may influence the physiochemical properties of
biochar, which might result in different modes of action in
both acidic and alkaline soils; (2) biochar may change soil
pH, which can affect soil Cd and Pb phytomobility and their
assimilation by the plants.

3 Materials and methods

3.1 Soil and feedstocks of biochar samples

Soils were collected from three cities in China (Yunfu,
Jiyuan and Shaoguan) where soils were contaminated with
toxic metals. Yunfu City is located in Guangdong Province

Table 1 Basic soil chemical properties before experiment

Property Udept Ustalf Udult
Total N (%) 0.33+0.01  0.11+0.01 0.17+0.02
Total P (g kg™") 1.21+0.02  0.96+0.03 0.90+0.01
pH (H,0) 7.26+0.06 7.55+1.10 4.9+0.35
Total Cd (mg kg™") 1.97+£001 14.02+135 4.2+041
Phytoavailable Cd 0.75+0.04 570+0.90 2.8+0.50
(mg kg™')*
Total Pb (mg kg™") 55+£4.66  855+6.80 996+7.60
Phytoavailable Pb 624120 274+5.60 290+6.80
(mg kg™')*

*The soil Cd and Pb phytoavailable was estimated using diethylenetri-
amine pentaacetic acid (DTPA) according the methods described by
Mohamad et al. (2015)

in south China, and the soilswere collected from an area
(111° 03'-112° 31" W, 22° 22'-23° 19’ N) currently used
for crop production such as wheat, rice, maize, potatoes and
vegetables. In Jiyuan City, the soils were collected from
farmland (112.57° E, 35.13° N) next to Yuguang Gold Lead
Group Co., Ltd. in Kejing Town, Henan province. At pre-
sent, this farmland is restricted for access due to metal con-
tamination and edible agricultural products are not allowed
to grow in this site. In Shaoguan (Dongtang Town, Shaoguan
City, Guangdong Province, southern China), the soils were
collected near a pyrite mining area (113° 30-114° 02" W, 24°
56'-25° 27" N). Mining and smelting activities near Dong-
tang began in 1958 and toxic metal contamination caused
by deposition of toxic metals from atmospheric and irriga-
tion of crop with wastewater has increased annually (Luo
et al. 2019). The area where we collected soil is currently
restricted for access and the cultivation of edible agricultural
products is forbidden.

Soil samples were collected from three sites at top 20 cm
depth using a blade of shovel. The soil sample were air-dried
4 weeks. The subsamples were taken from air-dried bulk
soils and sieved through 2-mm size and kept for the chemical
analysis and pot experiment. The soil collected from Yunfu,
Jiyuan and Shaoguan belong to ‘Udept’, ‘Ustalf” and ‘Udult’
soil groups, respectively, based on the Soil Taxonomy of
the United States. All these three types of soils are heavily
contaminated (Table 1) with lead (Pb) exceeding guideline
values (250 mg kg~!) suggested by the China National Envi-
ronmental Quality Standard for Soils (GB15618-2018 2018).
The Cd concentration of the Udept soil did not exceed the
guideline (0.3 mg kg~!) values suggested by GB15618-2018
(2018), but the Ustalf and Udult soils exceeded 0.3 mg kg™
soil, the threshold of soil concentration.

Three biochars were derived from three different feed-
stocks including cinnamomum woodchips, garden waste
(that was partially compost and mainly contained leaves)
and mulberry woodchips. The collected feedstocks were
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Table 2 Physico-chemical

. . Property Cinnamomum Garden waste  Mulberry biochar

properties of. biochars produced biochar biochar

from three different feedstocks

at pyorolysis temperature of Organic carbon (%) 57 61 50.82

450°C pH (H,0) 425 9.45 9.8
Total potassium (g kg™!) 3.1 22 24.29
Available potassium (g kg™ 1.1 1.8 1.14
Total N (%) 0.60 1.23 1.39
Available N (g kg™ 0.06 0.11 0.09
Total phosphorus (%) 0.06 0.36 0.54
Available phosphorus (g kg™") 0.03 0.78 1.56
Total Cd concentration (mg kg™") 0.16 0.25 0.11
Total Pb (mg kg™!) 2.34 10.56 1.69
Ash (%) 4.2 29 9.75
C (%) (no carbonate) 83 56 76.83
H (%) 3.01 2.95 3.7
S (%) 0.12 0.21 0.10
O (%) 14 39 18.10
H/C in molar ratio 0.44 0.63 0.59
O/C in molar ratio 0.13 0.52 0.18
Surface area of Brunauer-Emmett—Teller (Inzg_l) 1.97 2.24 1.24
Pore size of Barrett—Joyner—Halenda (nm) 11 16 24.86

crushed and sieved through a 2-mm to maintain the uniform-
ity of individual materials. Garden waste was provided by
Dadi Garden Environmental Engineering Co., Ltd (Shunde
City in Guangdong province). The biochars derived from
dry feedstocks were produced in South China Agricultural
University using a biomass carbonization furnace at 450 °C
in an oxygen-limited condition. The biochars were chilled
to room temperature in steel tanks after pyrolysis and kept
until used for the chemical analysis and pot experiment. The
heating rate was 8 °C min~! with the residence time of 3 h.

3.2 Soil and biochar sample analysis

Properties of biochar and soil were determined following
Lu (2000) procedure. The pH of biochar and soil were (Wu
et al. 2020a, b) analyzed (in 2.5:1 water/soil (w/w) suspen-
sion after stirring) with a pH electrode (In Lab Expert Pro,
order N° 51343101). The soil toxic metals (Cd and Pb)
phytoavailable were determined using diethylene triamine
pentaacetic acid (DTPA) according to Mohamad et al.
(2015) methods [the flame atomic absorption spectrom-
etry (Varian AA240FS) after H,SO,/HCIO, (2:1 ratio v/v)
digestion] reported by Zhou et al. (2017). The soil Cd and
Pb phytoavailable concentrations and total Cd and Pb con-
centrations in biochar and cabbage tissues were determined
with a flame polarized Zeeman atomic absorption spectro-
photometer (same model as previously described). Biochar
ultimate properties such as C, H, O and S concentrations
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were determined with an elemental analyzer (FlashSmart,
Thermofisher, USA).

Biochar surface area was measured using
Brunauer—-Emmett-Teller analysis. Thus, the biochar sam-
ples were degassed for 12 h at 105 °C before the meas-
urement of specific surface area. To calculate biochar
specific surface area and pore diameter, we used Bar-
rett—Joyner—Halenda method. Available phosphorus, nitro-
gen and potassium in biochar were determined according to
Camps-Arbestain et al. (2015) method.

The chemical properties of soil before experiment are
reported in Table 1 whereas the biochar properties are sum-
marized in Table 2.

3.3 Pot experiment

The experiments were performed in greenhouse of Guang-
dong Academy of Agricultural Sciences. The greenhouse
temperatures were maintained at 8 +0.6 °C minimum (night)
and 29 +0.4 °C maximum (day). The experiments were set
up using the three soils each with the following treatments:
control (no biochar), cinnamomum biochar, garden waste
biochar and mulberry biochar with 4 replicates resulting in
a total of 48 pots in the experiment. In each pot, 0.105 kg of
biochar was individually and uniformly mixed with 3.50 kg
of air-dried contaminated soil, to obtain an amendment
rate 3% (w/w) of biochar to contaminated soil. The biochar
amended and control soils were incubated for 2 weeks in
the same greenhouse, around 10 Chinese cabbage (Brassica
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chinensis L.) seeds were sown in the pot and reduced to four
healthy plants at 8 days after sowing. Ten days after emer-
gence of seedling, uniform rates of N, K and P were applied
to the soil at the rates of 100 mg kg~!, 100 mg kg™!, and
80 mg kg™, respectively. The pots were arranged in com-
pletely randomized design and soil water content was kept at
70% of the pot field capacity for the 48 days of experimental
duration.

3.4 Plant and soil sampling at harvest and analysis

At the end of 48 days, plants and soils were manually col-
lected for laboratory work. The collected plants were washed
with deionized water, carefully classified into roots (all parts
of the plant that lie below the surface of the soil), stems,
petioles, blades and weighed. To get the constant weight of
plant material, we dried the plant material at 70 °C. After
weighing, all dry biomass from each part of the plant was
manually ground with mortar and pestle and kept for further
chemical analysis. Subsamples from each biomass compo-
nent (0.2 g) were taken and digested into HNO; (5 ml with
65%) and HC1O, (1 ml with 71%) for 4 h at 120 °C, 4 h at
150 °C and 4 h at 180 °C (Zhou et al. 2017). The extracts
obtained at the end of digestion were diluted with deionized
water to 25 ml and analyzed for Cd and Pb concentrations
using a flame polarized zeeman atomic absorption spectro-
photometer (Model: ZA3300AA, Spectrophotometer 220V,
model: 7J1-8327 with a Serial number of 2661-001).

The soil samples obtained from pots were air-dried for
2 weeks without any risk of the soil properties changed.
The dried soils were crushed and sieved with a 2 mm sieve.
Soil properties such as TN, TP, available Cd and Pb were
analyzed as reported in the Sect. 2.4.

To compare the control to the treatment, the change in
soil toxic metal concentration induced by biochar across the
soil type was estimated as follows:

Avarage of soil phytoavailable toxic metals in contol — soil phytoavailabe toxic metals in treatment

biochar immobilization and uptake of soil toxic metals, the
principal components analysis (PCA) was used to identify
the correlations among biochars chemical characteristics
(available phosphorus, potassium, nitrogen), soil properties
(pH, phytoavailable Pb and Cd), dry shoots and roots bio-
mass and toxic metal concentrations in shoot and root. All
statistical analyses of biomass, soil Cd and Pb phytoavail-
able and plant uptake were conducted with SPSS, version
23 (SPSS Institute, USA 2007).

4 Results

4.1 Effect of biochar and soil types on plant
biomass production

The biochar produced from cinnamomum woodchips had a
pH of 4.25 (H,0) contrasting to the biochar produced from
garden waste (pH was 9.45) and mulberry feedstock (pH was
9.28). The biochar derived from cinnamomum had the low-
est N, P and K concentrations and the lowest H/C and O/C
molar ratios suggesting a greater degree of carbonization of
biochar derived from cinnamomum (Table 2).

During the study, plants which were cultivated in the
Udept and Ustalf soils survived until the harvest period.
The plants cultivated in the Udult soil died 18 days after
sowing period, except the plants grown in Udult soil
amended with garden waste biochar (Table 3). Amended
Udept soil with garden waste biochar significantly increased
the dry root, stem and total dry plant biomass compared to
other biochar treatments and control (Table 3). The total
dry biomass under garden waste biochar was estimated at
4.83 +0.34 ¢ DM plant™!. However, similar results were
recorded between gardenwaste-and mulberry-derived
biochars for petiole, blade and shoot biomass produc-

x 100 (1)

STMC(%) =

Average of soil phytoavailable toxic metals in control

where STMC stands for soil toxic metal change in the
treated soil compared to control across the three soil types.

The soil toxic metal change in treatment compared to
control was used to make a comparison among potentially
toxic metal changes induced by a biochar across the three
soil types.

3.5 Data processing and statistics
We reported data as means with standard error. Differences

among biochar treatments and control were investigated with
one-way analysis of variance. To identify the mechanisms of

tion. In addition, the mulberry biochar produced a greater
(P> 0.05) total biomass (3.92+0.40 g DM plant™!) com-
pared to biomass production in cinnamomum biochar
(3.51+0.16 g DM plant™!). The untreated soil had the
lowest total biomass of 3.06+0.19 g DM plant™'. In the
Ustalf soil, similar results (P> 0.05) were detected among
treatments except for stem and petiole biomass, where mul-
berry biochar significantly produced the highest biomass
(0.29+0.04 g DM plant™! for stem; 1.03 +0.06 g DM plant™!
for petiole) compared to control (0.17 +0.01 g DM plant™!
for stem; 0.74+0.01 g DM plant™" for petiole). For stem
and petiole biomass, a similar biomass pattern was observed
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Table 3 Average biomass dry weight of Chinese cabbage as affected by different biochars and soil types
Soil types Treatments Dry biomass (g plant™!) Total
Root Stem Petiole Blade Shoot

Udept Control 0.18+0.01b 0.24 +0.04b 0.87+0.03b 1.78 +£0.14b 2.88+0.0.18b 3.06+0.19b
CIBC 0.23+0.02b 0.29+0.01b 1.05+£0.09b 1.95+0.09b 3.29+0.15b 3.51+0.16b
GABC 0.35+0.02a 0.47 +0.06a 1.50+0.07a 2.52+0.20a 4.49+0.32a 4.83+0.34a
MUBC 0.23+0.03b 0.30+0.05b 1.194+0.18ab 2.22+0.16ab 3.70+0.39ab 3.92+0.40b

Ustalf Control 0.18+0.04 0.17+0.01b 0.74+0.10b 1.51+0.20 2.42+0.30 2.60+0.33
CIBC 0.14+0.02 0.25+0.01ab 0.95+0.07ba 1.78 £0.09 2.98+0.11 3.12+0.13
GABC 0.13+0.04 0.23 +0.04ab 0.82+0.08ab 1.59+0.26 2.63+0.38 2.77+0.41
MUBC 0.14+0.01 0.29+0.04a 1.03 +£0.06a 1.82+0.09 3.13+0.11 3.27+0.12

Udult Control Not available Not available Not available Not available Not available Not available
CIBC Not available Not available Not available Not available Not available Not available
GABC 0.17+0.03 0.22+0.03 1.06£0.11 1.90+0.03 3.19+0.15 3.36+0.15
MUBC Not available Not available Not available Not available Not available Not available

Control: No biochar application; CIBC: Cinnamomum biochar; GABC: Garden waste biochar; MUBC: Mulberry biochar

Not available because the plant died about 10 days after thinness period. Values are mean with standard error (n=4 replicates). The means with
different letters in a column under a soil type indicate that they are significantly (P <0.05) different

Table 4 Soil total nitrogen: TN, phosphorus: TP, pH, phytoavailable Cd: AvCd and Pb: AvPb as affected by biochars and soils

Soil types Treatments TN (%) TP (g kg™ pH (H,0) Available Pb (mg kg™ Available Cd (mg kg™")
Udept Control 0.33+0.00 2.37+0.04 7.4240.08 5.51+0.20 0.72+0.01a
CIBC 0.34+0.01 2.65+0.17 7.48+0.02 4.48+0.83 0.71+0.02a
GABC 0.34+0.01 2.66+0.31 7.52+0.02 5.95+0.36 0.65+0.01b
MUBC 0.34+0.00 2.57+0.17 7.4440.02 5.40+0.27 0.67 +0.00b
Ustalf Control 0.17 +0.00c 1.40+0.13b 7.40+0.04 264.10+ 8.20ab 5.85+0.11a
CIBC 0.17 +0.00c 1.39+0.08b 7.45+0.04 268.98 +6.50a 5.97+0.10a
GABC 0.18 +0.00b 1.74+0.082a 7.49+0.02 246.31+2.01b 4.94+0.09b
MUBC 0.20+0.01a 1.70+0.06a 7.54+0.06 258.08 +3.19ab 5.26+0.26b
Udult Control 0.21+0.01 1.16+0.03b 4.40+0.14c 349.82+1.65a 3.30+0.11a
CIBC 0.24+0.01 1.36+0.07a 4.23+0.06¢ 343.03+2.63a 3.04+0.12ab
GABC 0.23+0.01 1.33+0.03a 6.25+0.08a 291.37+2.41b 2.43+0.04c
MUBC 0.24+0.01 1.39+0.07a 4.95+0.017b 294.24 +6.50b 2.97+0.09b

Control: No biochar application, CIBC: Cinnamomum biochar, GABC: Garden waste biochar, MUBC: Mulberry biochar
The means with different letters in a column under a soil type indicate that they were significantly (P <0.05) different

among control, cinnamomum and garden waste biochars in
Ustalf soil.

4.2 Soil chemical properties induced by biochar
produced from different feedstocks

The properties of biochar significantly influenced soil
parameters across the three soil types (Table 4). The phytoa-
vailable Cd concentration of control soil was different among
three soil types and increased in the following order Udept
(0.72+0.01 mg kg™!) < Udult (3.30+0.11 mg kg~") < Ustalf
(5.85+0.11 mg kg™"). Similarly, Udept 5.51 +0.20 mg kg™
showed the lowest soil-phytoavailable Pb concentration
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followed by Ustalf (264.10 +8.2 mg kg™!) and Udult
(349.82 +1.65 mg kg™ ).

Amending the Udept and Ustalf soils with garden waste
and mulberry biochars significantly decreased (P <0.05) soil
phytoavailable Cd concentration compared to cinnamomum
biochar treatment and control (Table 4), which did not dis-
play any similarity results between them. A similar result
was observed between mulberry and garden waste biochars
in Udept and Ustalf soils and no significant difference was
recorded between them for soil phytoavailable Cd concen-
tration. However, the amendment of Udult soil with garden
waste biochar effectively (with P <0.01) decreased (26%)
the phytoavailable Cd concentration significantly followed
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Fig. 1 Effects of biochar on Pb concentrations in plant tissues. Con-
trol: No biochar application; CIBC: Cinnamomum biochar; GABC:
Garden waste biochar; MUBC: Mulberry biochar. Values are mean
with standard error (n=4 replicates). For Udult, the plant tissue Pb

by mulberry biochar amendment (10%) compared to
untreated soil. In Udult soil, no significant (P > 0.05) differ-
ence was recorded between cinnamomum biochar treatment
and untreated soil for soil phytoavailable Cd concentration.

For the soil phytoavailable Pb concentration, there were
no significant differences (P> 0.05) among treatments in
Udept soil. For Ustalf soil, garden waste biochar signifi-
cantly (with P <0.05) decreased soil Pb concentration (8%)
compared to cinnamomum biochar treatment; however, simi-
lar results were obtained among control, cinnamomum and
mulberry biochar treatments (Table 4). The soil Pb concen-
tration in Ustalf soil was estimated at 246.31 +2.01 mg kg™
with garden waste biochar amendment. The amendment of
Udult soil with garden waste and mulberry biochars effec-
tively reduced (P <0.01) soil Pb phytoavailable concentra-
tion compared to untreated soil and cinnamomum treat-
ment. For the soil pH, no significant (P> 0.05) differences
wereobserved among treatments under Udept and Ustalf,
which were both alkaline soils. However, in acidic Udult
soil (Table 4), garden waste biochar significantly (with
P <0.01) improved (6.25+0.08) soil pH compared to cin-
namomum (4.23 +0.06), mulberry (4.95+0.017) and con-
trol (4.40 +0.14). Furthermore, amended Udult soil with
mulberry biochar significantly increased (P <0.01) soil pH
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concentrations on control, CIBC, and MUBC were not measured
because the plants were died about 10 days after thinness period. The
means with different letters under a soil type indicate that they are
significantly (P <0.05) different

compared to control; however, no significant differences
were recorded between the soil pH induced by cinnamo-
mum biochar and control. For the soil total P, similar result
patterns were detected among treatments in Udept soil; how-
ever, in the Ustalf soil, garden waste and mulberry biochars
significantly induced a high soil total P concentration com-
pared to that induced by cinnamomum biochar treatment and
control. The garden waste and mulberry biochars increased
soil total P by 24% and 21% respectively, in comparison to
untreated soil. There was no significant (P> 0.05) difference
between cinnamomum treatment and control for concentra-
tion of soil total P in Ustalf soil. In addition, a similar pattern
of soil total P concentration was recorded between garden
waste and mulberry biochars in Ustalf soil. The amendment
of cinnamomum, garden waste and mulberry biochars to the
Udult soil significantly improved the soil total P concentra-
tion compared to untreated soil. No significant (P> 0.05)
differences were observed in total N among biochar treat-
ments in Udept and Udult soils; however, in Ustalf, mulberry
biochar treatment significant induced the highest soil total
N followed by garden waste biochar treatment, which had
significantly higher soil total N compared to cinnamomum
biochar and untreated soils.
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Fig. 2 Effects of biochar on Cd concentrations in plant tissues. Con-
trol: No biochar application; CIBC: Cinnamomum biochar; GABC:
Garden waste biochar; MUBC: Mulberry biochar. Values are mean
with standard error (n=4 replicates). For Udult, the plant tissue Cd

4.3 Influence of biochar on plant tissue Cd and Pb
concentrations

No significant differences were detected among biochar
treatments for shoot and root Pb concentrations in Udept
soil (Fig. 1). However, significant differences were detected
among treatments for Pb concentration in the roots of plants
cultivated in the Ustalf soil (Fig. 1). A significant reduc-
tion in Pb concentration (P <0.05) of root was detected
under garden waste (69 +8.00 mg kg~! DM) and mulberry
(70.79 +6.81 mg kg~! DM) biochar amendments compared
to cinnamomum biochar (154.40 +32.30 mg kg™! DM) and
the untreated soil (165.42 +10.2 mg kg~! DM) in the Ustalf
soil. Although the garden waste and mulberry biochar appli-
cation significantly reduced the Pb concentration in roots
compared to untreated soil and cinnamomum biochar treat-
ment, no significant differences were detected (P> 0.05)
in shoot Pb concentration among treatments in the Ustalf
soil. Furthermore, no significant (P >0.05) difference was
detected between cinnamomum biochar treatment and the
untreated soil, and also between garden waste and mulberry
biochar treatments for Pb concentration of root in the Ustalf
soil. In addition, the highest shoot and root Pb concentra-
tions were obtained in Udult followed by that recorded in
Ustalf and Udept for garden waste biochar treatment (to
make the rank, we only considered garden waste biochar
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concentrations on control, CIBC, and MUBC were not measured
because the plants were died about 10 days after thinness period. The
means with different letter under a soil type indicate that they are sig-
nificantly (P <0.05) different

treatment across the three types of soil because the plants
died in Udult soil except in Udult soil amended with garden
waste biochar). The potential toxic metal concentrations
were not estimated for the roots and shoots under control,
cinnamomum and mulberry biochar treatments in Udult soil
(Fig. 1) because all the plants died 18 days after sowing
period.

For the plant Cd tissue concentrations in Udept soil, the
biochar amendment significantly reduced the root Cd con-
centration (Fig. 2) compared to untreated soil (P <0.01).
Among biochar treatments, the highest reduction in root Cd
concentration in Udept soil was obtained with garden waste
biochar treatment whereas the lowest reduction in Cd con-
centration of root was obtained with cinnamomum biochar
treatment compared to untreated soil. Furthermore, garden
waste biochar treatment significantly (with P <0.01) induced
the lowest shoot Cd concentration compared to that induced
by cinnamomum biochar amendment and no significant dif-
ference was obtained among control, cinnamomum and mul-
berry biochar treatments (Fig. 2) for shoot Cd concentration
in Udept soil. In Ustalf soil (Fig. 2), the application of all
types of biochar also significantly decreased Cd concentra-
tion in roots compared to untreated soils.

The highest reduction in Cd root concentration was
detected in Ustalf soil amended with garden waste biochar
followed by that observed in Ustalf amended with mulberry
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Table 5 Toxic metal concentration change (%) following biochar treatments compared to untreated soil

Soil pytoavailable Pb concentration

Soil types Soil phytoavailable Cd concentration

CIBC GABC MUBC CIBC GABC MUBC
Udept (N=4) 1.04+2.22ab 9.38+1.31c 6.94+0.57 5.09+2.55 —7.87+6.48b 2.03+4.85b
Ustalf (N=4) —-2.01£1.71b 15.61+1.45b 10.00+4.89 —1.84+2.46 6.74+0.76a 2.28+1.21b
Udult (N=4) 7.88+3.57a 26.29+1.23a 10.08 +2.84 1.94+0.75 16.71 £0.69a 15.89+1.86a
Overall (N=12) 2.30+1.85c 17.08 £2.22a 9.00+21.72b 1.73+1.36 5.19+3.63 6.73+2.53

CIBC: Cinnamomum biochar, GABC: Garden waste biochar, MUBC: Mulberry biochar

Values are average with standard error. The means with different letters in a column under a soil type indicate that they were significantly
(P <0.05) different. For overall Cd change, the means with different letters within a row indicate that they were significantly (P <0.05) different

and cinnamoum biochars. For shoot Cd concentration in
the Ustalf soil, the application of garden waste biochar sig-
nificantly (P <0.05) induced the lowest shoot Cd concentra-
tion compared to control. No significant differences were
recorded among shoot Cd concentrations induced by control,
cinnamomum biochar and mulberry biochars. In addition,
a similar pattern of shoot Cd concentration was induced by
garden waste and mulberry biochars.

4.4 Change in soil toxic metal concentration
induced by biochar among the soil types

There were no significant (P> 0.05) differences in soil Cd
phytoavailable concentration of all soils incorporated with
mulberry biochar (Table 5). However, garden waste bio-
char treatment showed the highest and significant reduction
(26.4 +1.23% with P <0.01) in soil phytoavailable Cd con-
centration in Udult followed by what it reduced in Ustalf
(15.7 £ 1.48%) and Udept (9.15 £+ 1.38%) soils, respectively.
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Fig. 3 Principal components analysis among: AvCd: concentration of
soil Cd phytoavailable (mg kg™"), Root_Cd: Cd concentration in roots
(mg kg‘1 DM), Root_biomass: root dry biomass (g_pl"‘"‘), Shoot_bio-
mass: shoot dry biomass (g P*"), AP: available phosphorus concen-
tration in biochar (g kg™!), Ak: available potassium concentration in
biochar (g kg™") under Udept soil
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Fig.4 Principal components analysis among: AvCd: concentration
of soil Cd phytoavailable (mg kg™'), AvPb: concentration of soil
Pb phytoavailable (mg kg™'), Root_Cd: Cd concentration in roots
(mg kg~! DM), Shoot_Cd: concentration Cd in shoots (mg kg~! DM),
Root_Pb: concentration of Pb in roots (mg kg~' DM), AP: available
phosphorus concentration in biochar (g kg™"), Soil _pH: soil pH in
Ustalf soil
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Fig.5 Principal components analysis among: AvCd: phytoavailable
Cd concentration in soil (mg kg™!), AvPb: phytoavailable Pb concen-
tration in soil (mg kg™"), soil_pH: soil pH, AP: available phosphorus
concentration in biochar (g kg™") in Udult soil

@ Springer



5 Page 10 of 15

Biochar (2022) 4:5

400

300

200

100
y=0.3566x - 4.1248, R* = 0.9488, N =48 , P <0.01

0 600 1200

Soil phytoavailable Pb concentration (mg kg-1)

Soil total Pb concetration (mg kg ')

y =0.4381x + 0.4069, R* = 0.9043, N 48, P <0.01

o RS

0 7 14

Soil phytoavailable Cd cconcentration (mg k&)

Soil total Cd concentration (mg kg )

Fig.6 Correlation between soil total and phytoavailable toxic metal
concentrations (mg kg™!), Pb (A) and Cd (B)

In addition, cinnamomum biochar had its significant
and highest reduction in soil Cd mobility in Udult com-
pared to Cd concentration in Udept and Ustalf soils. Com-
pared to untreated soil, garden waste biochar had its high-
est reduction in soil phytoavailable Pb concentration in
Udult (16.7 +0.69%) followed by what it reduced in Ustalf
(6.7+0.76%) and Udept (—7.87 +£6.48%) soils, respec-
tively. Mulberry biochar also lowered Pb phytoavailability
by 15.9+1.86% in Udult soil compared with what reduced
in Udept and Ustalf soils.

4.5 Factors controlling soil potential toxic metal
concentration and plant uptake

Three main factors were considered to understand the soil
toxic metal immobility and plant uptake (Fig. 3, 4 and 5).
In Udept soil, biomass (shoot and root) and phytoavailable
N and K of all types (cinnamomum, garden waste, mul-
berry) of biochar were significantly (P <0.05) and posi-
tively correlated (r=0.66-0.82) and related to PC1 (prin-
cipal component 1; Fig. 3). In addition, root, shoot and soil
phytoavailable Cd concentrations were positively correlated
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(r=0.6-0.71 with P<0.01) and related also to PC1. How-
ever, they were negatively correlated with dry biomass and
biochar available N, P and K concentrations (Fig. 3). For
the Ustalf, soil pH and biochar available P concentration
were positively and significantly (r=0.67 with P<0.01) cor-
related and related to PC1. However, they were negatively
correlated (r=—0.54 to — 0.6, P<0.05) with root and shoot
Cd, root Pb and soil phytoavailable Cd concentration, which
related to PC1. Furthermore, the available P concentration
in biochar was related to PC2 and was negatively related
(withr=-0.42, P <0.05) to soil phytoavailable Pb concen-
tration (Fig. 4). In addition, root Cd, shoot Cd, root Pb and
phytoavailable Cd were positively correlated (R =0.54-0.75,
P <0.05).

In Udult, the pH of soil was negatively and significantly
correlated (r=—0.74 to —0.87 with P<0.01) with soil
phytoavailable Cd and Pb and related to PC1 (Fig. 5). In
addition, soil phytoavailable Pb and biochar available P
concentrations were negatively correlated (Fig. 5); however,
biochar available K and soil pH were positively correlated
and related to PC1. During this study, it was observed that
there was significant and positive correlation between soil
available and their total toxic metals (Fig. 6).

5 Discussion

5.1 Plant biomass induced by different biochars

Soil pH and toxicity of toxic metals are among factors con-
trolling plant physiology and growth (Gentili et al. 2018;
Eissa 2019). The death of plants cultivated in Udult with
mulberry and cinnamomum biochars and control can be
related to both soil extreme acidic pH and toxicity of Cd and
Pb. The soil pH negative effect on plant growth is in agree-
ment with Reddy (2017), who reported that soil pH require-
ment for Chinese cabbage farming is 5.5-7.0 and lower soil
pH always leads to soil nutrient deficiency. Thus, the young
plants cultivated on an extreme acid contaminated soil were
not able to have access to soil nutrients (Butchee et al. 2012).
Garden waste biochar improved soil pH from 4.86 (Table 1)
to 6.25 (Table 4) due to its high alkalinity associated with its
high ash concentration (Table 2), available alkali elements,
and surface alkalinity according to Chen et al. (2020) and
Nnadiet al. (2019), which was in line with the positive rela-
tionship between available K in biochar and soil pH (Fig. 5).
This suggested that garden waste biochar applied at rate of
3% can weaken the negative consequences of extreme acidic
soil pH on plant growth in contaminated soils. Thus, the
lower soil pH recorded in soil amended with mulberry could
be related to its lower ash content.



Biochar (2022) 4:5

Page 11 of 15 5

The plants death in Udult soil could be related to Cd and
Pb toxicity because biomass had significant negative rela-
tionship with soil phytoavailable and biomass toxic metal
concentrations (Fig. 3). This suggested that high accumula-
tion of toxic metals in the plant led to plant toxicity, therefore
reduction in biomass production (Rizwan et al. 2018). Thus,
an increase in biomass toxic metal concentration (Figs. 1
and 2) led to a reduction in biomass (Table 3) production
(El Rasafi et al. 2020; Rizwan et al. 2018), therefore, the
plant death, which was consistent with Zhai et al. (2020) and
Chen et al. (2020), who reported that the Cd and Pb toxicity
negatively affect the plants cultivated in acidic contaminated
soils. This suggested that garden waste biochar applied at
rate of 3% can weaken the negative consequences of toxic
metals on the plants cultivated in acidic contaminated soils.
However, further studies are warranted on the Udult soil to
understand the reasons behind the plant mortality. In addi-
tion, relatively more death of plants under cinnamomum
and mulberry biochars compared to garden waste biochar in
Udult soil and survival of all plants in Udept and Ustalf soils
demonstrated that biochar effects on soil chemical proper-
ties varied with biochar properties (related to its feedstock)
and soil types. The different effects among biochars derived
from the same pyrolysis temperature (450 ‘C) but different
feedstocks on soil toxic metal reduction could be attributed
to their differences in physicochemical properties (Table 2),
which was consistent with Tomczyk et al. (2020) and Chen
et al. (2020). They also observed that biochar properties such
pH, ash content, porosity, surface alkalinity, active func-
tional groups and alkali elements mainly depend on bio-
char feedstocks, therefore, biocharsderived from different
feedstocks but produced at similar pyrolysis temperatures
have different effects on the reduction of toxic metals in soil
(Chen et al. 2018).

In addition, the lack of an improvement in Udult soil
pH to the desired soil pH (5.5-7.0 for example; Table 3)
following the application of mulberry and cinnamomum
biochars might be related to their lower ash concentration,
pH and available alkali elements (Table 2). Therefore, the
biochar feedstock plays an important role in biochar proper-
ties, which might be the source of different effects induced
by biochar on Udult soil for improvement in its pH with
reduction in soil phytoavailable Cd and Pb concentrations
(Rinklebe et al. 2016).

We observed that garden waste and mulberry biochars
in Udept soil induced a high total biomass compared to
cinnamomum and control treatments. The high biomass
recorded with garden waste and mulberry biomass in Udept
soil could be related to both the reduction in soil phytoa-
vailable Cd concentration (Table 4) and their high concen-
tration of plant nutrients (N, P, K; Table 2). For example,
the concentration of biochar available nutrients (N, P, K)
had a positive relationship with biomass (Fig. 3). It was in

agreement with Chen et al. (2020), who found that pig and
manure biochars generally provided greater impact on plant
production compared to wood biochars due to their high N, P
and K concentrations. They also reported that the addition of
biochars could be a key factor immobilizing soil toxic metals
and decreasing their plant uptake; thus promoting biomass
production after soil amendment with biochar.

5.2 Soil chemical properties derived from different
biochar amendments

Phytoavailability of potentially toxic metal concentration
generally has a positive relationship with their total con-
centration of soil (Abuzaid and Bassouny 2020). We also
observed that soil phytoavailable toxic metals and their total
concentrations were positively and significantly correlated
(Fig. 6). Therefore, the reduction in soil total toxic metal
concentration could induce the reduction in soil phytoavail-
able toxic metal concentration. This suggested that the avail-
able soil toxic metals were originated from total soil toxic
metals.

Furthermore, the amendment of the garden waste and
mulberry biochars to the Udept, Ustalf and Udult soils
significantly reduced soil phytoavailable Cd concentration
compared to untreated soil and no significant (P> 0.05) dif-
ference was recorded between untreated soil and treatment
of cinnamomum biochar in all types of soil (Table 4). For all
types of soil, the reduction in soil phytoavailable Cd concen-
tration can be related to the high available P concentration in
garden waste and mulberry biochars (Table 2), which had a
negative relationship with soil phytoavailable Cd (Figs. 3, 4
and 5). This indicated that the biochar available P concentra-
tion was of importance in metal immobilization through the
complex of metal phosphates and phosphide precipitates.
This finding was consistent with Penido et al. (2019) and Qin
et al. (2018), who found that biochar surface had effective
functional groups, which presented strong sorption capaci-
ties for Cd. Thus, the available phosphorus in biochar reacts
with Cd to make Cd-phosphate or phosphide.

In addition, the reduction in soil Cd concentration
observed in Ustalf and Udult soils amended with garden
waste and mulberry biochars compared with untreated soil
can be related also to soil pH improvement induced by gar-
den waste and mulberry biochars, which was in line with
the negative relationship observed between soil phytoavail-
able Cd concentration and soil pH in Ustalf and Udult soils
(Figs. 4 and 5). This finding was in agreement with Jing
et al. (2019), Penido et al. (2019), Chen et al. (2020) and
Beiyuan et al. (2020), who suggested that a reduction in
soil phytoavailable toxic metals was more related to biochar
soil pH improvement (Table 4). The lower soil phytoavail-
able Pb concentration induced by garden waste and mulberry
biochars compared to what recorded with cinnamomum and
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control in Ustalf and Udelt soils can mainly be attributed
to their high phytoavailable P concentration (Table 2) and
their soil pH improvement (El-Naggar et al. 2018). Thus, the
available P in biochar reacted with Pb to make Pb-phosphate
or Pb-phosphide, which was in agreement with Kwak et al.
(2019). Indeed, the available P in biochar and concentra-
tions of soil phytoavailable Pb had significant negative rela-
tionship (Figs. 4 and 5), thus available P in biochar com-
plexed with metals (Albert et al. 2021) to metal phosphate
or phosphide.

With the Udult soil, the high soil pH induced by garden
waste and mulberry compared to cinnamomum and control
can be related to their high ash concentration (Table 2) that
induced a liming effect (Jing et al. 2019; Chen et al. 2020).
The increase in soil pH induced by garden waste and mul-
berry biochars can be correlated with their high pH (9.48
for garden waste biochar and 9.28 for mulberry biochar,
Table 2). This suggested that alkaline biochars amendment
to the soil released the alkali salts into soil, thus, increasing
soil pH, which was in agreement with Chen et al. (2020).
Furthermore, during the pyrolysis process, the nutrients in
garden waste and mulberry (Ca, K, Mg) can be changed into
carbonates or oxides, which combined with H" in acidic soil,
thus increasing soil pH (Dai et al. 2017). In addition, garden
waste and mulberry biochars produced at 450 °C may have
abundant functional groups (-COO- and O-), which can
also complex with H*, thus, increasing soil pH (Yuan and
Xu 2011). Thus, functional groups of biochar immobilized
Cd and Pb by transforming the readily available fractions to
more stable metal-organic complex resulting in decreasing
the mobility of Cd and Pb.

Compared to control, the soil total N and P obviously
increased after biochar amendment to the soil (Zhang et al.
2019) because the application of a high dose of biochar with
the high levels of total P and N provides a large amount of
N and P to the soil (De Figueiredo et al. 2020). During this
case study, we found that there were no significant differ-
ences (P>0.05) among all three types of biochar in Udept
soil for soil total N and P concentrations. However, it was
recorded that the garden waste and mulberry biochar appli-
cation to the Ustalf soil significantly increased soil total N
and P compared to untreated soil and treatment cinnamo-
mum biochar. An increase in soil total N and P induced by
garden waste and mulberry application at 3% can be related
to their richness in N and P (Zhang et al. 2019).

5.3 Influence of different types of biochar on Cd
and Pb phytouptake

This study identified that garden waste and mulberry bio-
chars generally reduced root Pb (in Ustalf soil) and Cd (in
Udept and Ustalf soils) concentrations compared to cin-
namomum biochar and control (Figs. 1 and 2). The reduction
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in root Pb and Cd concentrations of the plants grown in
Udept and Ustalf soil amended with garden waste and mul-
berry biochars can be attributed to soil pH improvement and
immobilization in soil phytoavailable concentration of Cd
and Pb induced by available phosphorus and ash concentra-
tion in those biochars (Table 4, Figs. 3 and 5). Similarly,
Xu et al. (2020) and Beiyuan et al. (2017) identified that
biochar derived from kitchen waste, corn straw, peanut hulls,
coconut-fiber and oak trunk decreased soil phytoavailable
Cd and Pb concentrations. The authors reported that it was
attributed to soil pH improvement by application of biochars
(containing various functional groups, i.e. -COOH, —-NH,,
—C=0 and ionic species, like PO,, CO;), which can complex
with soil toxic metal cations (Fang et al. 2020), thus, the root
Cd and Pb concentrations were reduced, which had signifi-
cantly negative relationship with soil pH (Fig. 4).

The contaminated soil amended with biochar reduced the
root-shoot translocation of toxic metals (Eissa 2019; Chen
et al. 2020). Furthermore, Albert et al. (2021) found that
the concentrations of toxic metals in roots and shoots were
linearly and positively related, thus, Cd concentration reduc-
tion in root could result in decrease of shoot Cd concentra-
tion. During this study, we observed that garden waste and
mulberry biochars induced lower shoot Cd concentration
in Udept and Ustalf soils compared to that observed with
cinnamomum biochar and control. Thus, reduction in shoot
Cd concentration induced by garden waste and mulberry
compared to untreated soil and cinnamomum biochar can be
attributed to lower rood Cd concentration induced by garden
waste and mulberry biochars compared to control and cin-
namomum biochar in Udult and Ustalf soils (Fig. 4), which
was in line with positive correlation between concentrations
of Cd in roots and shoots (Figs. 3 and 4).

6 Conclusions

This study showed the impacts of biochar and soil chemical
properties on soil phytoavailable Pb and Cd and their plant
uptake following biochar amendments. The alkaline garden
waste biochar improved Udult soil pH, allowing Chinese
cabbage to survive in extreme acidic soil contaminated with
toxic metals. The garden waste biochar and the mulberry
biochar reduced soil phytoavailable concentrations of toxic
metals (Cd and Pb) in both alkaline and acidic soils. Com-
pared to untreated soil, they reduced also plant toxic metal
uptake. However, they increased soil nutrients such as N and
P. There was no important effect of biochar originated from
cinnamomum on phytoavailable Cd and Pb in alkaline and
acidic soils, but garden waste biochar lowered Cd and Pb
availability in the acidic and alkaline soils.

Garden waste and mulberry biochars had high nutri-
ent content, pH and ash content than biochar derived from
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cinnamomum feedstock. Therefore, garden waste biochar
and mulberry biochar had high potential to improve soil
chemical properties, thereby enhancing the crop biomass.
Factors controlling metal phytoavailable and plant uptake
were mainly soil pH and the available P concentration in
biochar, which might complex with metal to form metal
phosphate or phosphide. Thus, biochar derived from garden
waste and mulberry wood and produced at pyrolysis tem-
perature of 450 °C can be amended into the soil to reduce
the mobility of soil toxic metal and plant uptake. However,
this work suggests that it is important to know the soil and
biochar conditions (properties) before using them to miti-
gate toxic metal contaminated soil with biochar (pyrolysis
temperature of 450 °C) at rate of 3%.
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