
 

 

Impacts of Bamboo Biochar Amendment on Growth, Morphological Traits, and Biomass 

Allocation of Bambusa balcooa Under Copper-Contaminated Soil Conditions  

ABSTRACT 

The accumulation of heavy metals in water streams and soil is considered a grave environmental 

threat that impacts plants and animals. Biochar has recently been widely used to overcome the 

effects of heavy metal contamination in plants and remediate the soil. A pot-trial study assessed 

the morphological traits of Bamboosa balcooa under copper contamination. Each pot (twenty-

four earthen pots) was filled with  7.0 kg of soil and spiked with copper sulphate of 0, 300, 600, 

and 1200 mg kg
-1

. Of the total, twelve pots were amended with 7% (w/w of soil) bamboo 

biochar. Plant samples were harvested after one year (365 days) of treatment for biomass 

estimation. Data was recorded for different growth and morphological traits such as the number 

of clums, nodes, leaves, internode length, plant height, leaf area, root length, and dry biomass of 

root, shoot, and leaf to evaluate the impact of copper with or without bamboo biochar on 

Bambusa balcooa. The results indicated that the higher concentration of copper suppressed 

growth parameters such as shoot length, internode length, number of leaves, and leaf area; 

therefore, growth increment was significantly reduced at ) mg Kg
-1

 copper-added soil. Biochar 

diminishes the impact of Cu stress on plants to some extent as at higher concentrations (600 and 

1200 mg kg
-1

) was enhanced root dry biomass (51 and 148%), shoot dry biomass (42 and 57%), 

and leaf dry biomass (38 and 48%). Thus, results confirm that biochar amendment under 

Bambusa balcooa reduces the impact of copper contamination on the plant and increases plant 

growth by improving soil health, suggesting that bamboo biochar application was effective in 

metal sbalilization, thereby, reducing the bioavailability and phytotoxicity of Cu and can help to 

restore copper-contaminated soil.  
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1. INTRODUCTION 

Soil is the top nominal layer of the earth's crust shaped by mineral particles, organic matter, 

living organisms, air and water. It is an essential natural resource on which the microorganisms 

proliferate and depend for their nutrient requirement. Faster urbanisation and industrialisation 

have prompted the contamination of soil and environmental pollution. The rapidly growing 



 

 

population also increases ecosystem contamination and soil toxicity complications. The major 

component responsible for soil contamination is heavy metals [1]. Arsenic (As), cadmium (Cd), 

chromium (Cr), copper (Cu), mercury (Hg), nickel (Ni) and lead (Pb) are common heavy metals 

classified as pollutants [2]. Some of them are non-essential and act as pollutants even at low 

concentrations. 

In contrast, others are considered essential for some metabolic functions at low concentrations 

but very harmful at high concentrations. Among the notable heavy metal pollutants, Cu is a 

necessary element for plants engaged in various metabolic mechanisms such as respiration, 

photosynthesis and N2 fixation. The major natural and anthropogenic sources of Cu are mining, 

production of Cu-related compounds, combustion of fossil fuels and wastes, waste dumps, 

volcanoes, sea spray, domestic wastewater, decaying vegetation, and phosphate fertilizer 

production [3]. Phosphate fertilizers usually have the highest share of Cu contamination in 

agricultural soils [4]. Cu at high concentrations can induce alteration in cell membrane integrity, 

photosynthesis apparatus, respiration and enzymatic activity. Extensive and continuous exposure 

to Cu can cause phytotoxicity by overproduction of reactive oxygen species (ROS) and damage 

to lipids, carbohydrates, proteins and DNA.  

Bamboo is an evergreen, fast-growing, widely distributed multipurpose grass belonging to 

Poaceae and the sub-family bambusoideae [5]. It has various applications such as making 

houses, mats, baskets and mats, construction and scaffolding industries, food, used in 

pharmaceutical and nutraceuticals [6, 7, 8]. B. balcooa Roxb. is a drought-resistant, bamboo 

commercially cultivated in tropical countries such as India, Java, Africa, Bangladesh and 

Australia [9]. As one of the most economically important hardy bamboo species, it is well 

recognized for its solid culms, yield potential, rapid growth, drought resistance and high survival 

rate. Moreover, it can be used for carbon sequestration and remediation of heavy metal-

contaminated soils.  

Recently, there has been increasing interest in the role of biochar in the remediation of 

contamination and its impact on soil as a soil conditioner [1]. Biochar is a carbon-rich product of 

pyrolysis, a reducing agent, a carrier of slow-release fertiliser and a carbon storage agent. It also 

improves soil properties such as Cation exchange capacity, pH, organic carbon content, water-

holding capacity and microbial activity [10]. Agricultural wastes such as rice straw; wheat straw; 



 

 

sugarcane bagasse; corm stalk; peanut shells; municipal wastes, and sewage sledges are some of 

the commonly used biomass for producing biochar [11]. Bamboo is fast-growing and 

inexpensive species widely used for furniture and scaffolding industries, the paper industry, 

house making, baskets, mats etc. that produces a large quantity of waste that can be employed to 

produce biochar efficiently and sustainably [12,13]. The characteristics of bamboo, like 

evergreen, accelerated growth rate, highly tensile, low cost, high biomass production and carbon 

sequestration, make bamboo suitable for biochar production. A high amount of biochar can be 

produced from bamboo i.e., 80% from Dendrocalamus giganteus [14]. The biochar can be 

yielded in only three to six years, making it desirable over other biomass sources. The excellent 

properties of bamboo-derived biochar, like high adsorption, large surface area and porous 

structure makes it efficient in adsorbing moisture, odors, organic and inorganic pollutants and 

carbon adsorbent and stabilize it for a long time. Several studies have been conducted on bamboo 

biochar for heavy metal immobilization and phytostabilization employed with plants [15, 16, 

17]. Besides heavy metal immobilization in soil, biochar is utilized in water purification, carbon 

emission reduction and fixation [18]. With biochar, soil fertility is also enhanced by improving 

the soil structure and increasing the soil's organic carbon content, which is necessary for plant 

growth [1]. Although several studies have been conducted on biochar amendments in the soil, the 

effects of biochar on B. balcooa morphology grown in Cu-contaminated soil have not been 

studied. Our analysis indicates that bamboo biochar, with its specific characteristics, may 

improve plant growth and helps mitigate the effects of Cu contamination on plant growth.  

2. MATERIALS AND METHODS 

2.1. Study site and Experimental design 

The experiment was conducted at the Department of Botany, Panjab University, Chandigarh 

(latitude of 30
o 

45’ 38.2248” N and longitude of 76
o
45’55.3968”E) in a controlled manner. 

Twenty four pots were arranged in a randomized block design with three replicates (n=3) for 

each treatment to reduce the heterogeneity in the results. The soil was spiked with Copper as 

copper sulphate in solution form at four concentrations of 0, 300, 600 and 1200 mg kg
-1 

dwt. 

basis. The duration of the experiment was one year. The morphological data were collected after 

every thirty days from the initiation of experiment.  



 

 

2.2 Soil collection and analysis 

The soil was collected from Botanical Garden, Sarangpur, Chandigarh, and initially tested for 

some selected physicochemical properties and copper concentration. The earthen pots (24 pots) 

were filled with 7 kg soil after putting polythene begs to avoid the leaching of Cu into the ground 

and 12 pots soil were amended with 7 % bamboo biocahar. The intial characterization of soil was 

done prior to the start of experiment (Table 1).  

Table 1. Initial characterization of soil used in experiment 

Sharacters Values for soil Values for 

biochar 

Method used for 

analysis 

pH 7.56 9.9 Digital pH meter 

EC (ds m
-1

) 0.34 3.21 Digital EC meter 

CEC (Cmol kg
-1

) 7.56 20.81 Centrifuge method 

(29) 

WHC (g g
-1

) 1.36 4.01 Cylinder method (30) 

OC (%) 1% 62.61 Wet digestion Method 

(31) 

Texture  

Silt 

Sand  

Clay  

Sandy- loam 

20% 

60% 

20% 

- International Pipette 

Method (32) 

Ca+mg (meq/l) 1.8 - EDTA method (33) 

Nitrogen (meq/100 g) 0.046 - Kjeldahl- Distillation 

method (34) 



 

 

Cu (mg kg
-1

) 3.5  
 

2.45 ICP-OES 

 

 

2.2 Test Plant 

Five months old healthy plantlets of B. balcooa were collected from Forest Department, 

Rupnagar, Punjab, India and transplanted into the earthen pot for further experiment.  

2.4 Bamboo biochar procurement and characterization 

Bamboo biochar was procured from Environment & Energy Management Group, Bhopal, 

Madhya Pradesh, India. The amount of biochar was chosen optimally to maximize the adsorption 

of Cu and reduce its impact on plant growth. Biochar was apllied at the rate of 7% (w/w of soil) 

in four treatment (0, 300, 600 and 1200 Cu mg kg
-1 

dwt.). 

The physicochemical properties of biochar was determined by the same methods used for soil 

analysis. The surface area was analyzed through Brumauer-Emmett-Tellet (BET) method and 

pore size distribution were measured by nitrogen adsorption- desorption isotherms measuring at- 

196.06
0
C by Quantachrome Autosorb-1analyzer according to the method followed by 

Parthasarathy et al. [35]. The functional group and minerals were analyzed by FTIR and XRD, 

respectively at the SAIF facility of Panjab University, Chandigarh. The surface was studied by 

Field Emission-Scanning Electron Microscopy (FE-SEM) using biochar in powder form.  

 

2.5 Morphological Traits 

Different morphological traits (number of leaves, culms, nodes, length of internode length, plant 

height and leaf area) were recorded after every 30 days to assess the impact of Cu on plants 

periodically. The leaf area was noted as a mean of 5 randomly selected leaves. Test plants were 

unpotted carefully after completion of the experiment and washed with tap water to make them 

soil free. The total, shoot, and root lengths were recorded from harvested test plants. Then some 

amounts of leaves, shoots, and roots were placed separately in polyethene bags to transport the 



 

 

laboratory for further analysis. The dry weight of the samples (leaves, root and shoot) was 

recorded after oven drying at 70
0 

C for 24 hours.  

2.6 Statistical analysis 

ANOVA (Analysis of variance) test was computed using the statistical software package SPSS. 

The difference between means was compared by the Duncan test at the P<0.05 confidence level. 

The difference between initial morphological traits value and at the end was compared to 

measure the plant's overall growth during the experiment in percentage terms. 

3.  RESULTS AND DISCUSSION 

3.1 Biochar Characterization  

The pH and EC of bamboobiochar is 9.9 and 3.21 ds m
-1

, respectively. the possible 

reason behind high pH of biochar is destruction of acidic functional group on 

surface such as –OH and –COOH and existence of alkali and alkaline elements such 

as (Ca, Na, K, Mg) in biochar that increase basic functional group [36]. The CEC 

value was observed to be 20.81 cmol kg
-1

. Wang et al. [37] reported that the value of 

bamboo biochar is higher tan wood biochar and Chinese walnut shell biochar. the 

High CEC value is associated with improvement nutrient availability in soil that 

may improve crop yield.  The surface area is an important factors that determine 

the ability of biochar to adsorb the chemical compounds. The surface area of 

biochar was 123. 614 m
2
 g

-1
 with pore diameter of 3.363 nm and pore volume od 

0.023 cc g
-1

 that reveals the potential of water holding capacity of biochar. the 

results are in coordination with Sahoo et al. [38].  

The XRD analysis revealed that biochar is aromatic and crystalline structure and 

substantiated the presence of calcite, syvite, quartz and silicates of Ca, Mg and Mn. 

The presence of various inorganic components such as carbonates, alicates and 

chlodies are responsible for alkaline nature of biochar. FTIR  revealed the presence 

of different functional group on surface. As biochar is produced from biomass that 

contains C, H and O, the FTIR peaks assigned with a limited number of bond 

vibration. The strong peaks at 3414.13 cm
-1

 and 3238.52 cm
-1

 which are ascribed to 

hydroxyl group stretching vibration for carboxyl and phenolic groups [39].  The 

FTIR analysis indicated the presence of sunctional group like carboxyl group 



 

 

(C=O), ester or ether and like compound, C-O-C, CH4 C=C, aromatic and benzene 

ring skeleton. The presence of carboxyl groups on surface is known to contribute the 

negative charge on surface of biochar (Li et al., 2019). the degree of aromatization, 

volatilization, oxidation and carbonization depends on feedstock and pyrolization 

conditions [39]. FTIR analysis proclaimed that acidic and polar functional groups 

are removed duing pyrolization [40].  

Field Emission-Scanning Electrom Microscopy (FE-SEM) was used to study the 

surface chemistry and morphology of biochar (fig 1).  The images revealed that the 

surface was relatively porous and have a honey comb like structure that shows the 

presence of well defined micropores and mesopores. The image show the 

arrangement of pores. The porous structure of biochar was in accordance with 

high- performance adsorption capability of biochar and these findings are 

supported by Sahoo et al. [38]. The channel like formation of biochar and aromatic 

structure of biochar is due to the removal of heteroatoms and emission of large 

amount of volatile matters during pyrolization.  

 

            Fig.1 FE-SEM images of biochar  

 

Biochar is a carbon rich material found to have advantageous characteristics such as large 

specific area, inique pore structure, active functional group on surface and stable chemical 

properties [41].  The removal efficiency of biochar for heavy metal removal depends on 

type, conditions during the process of pyrolization and type and concentration of heavy 

metal in soil. Biochar increase the pH. EC, CEC, specific surface area, water holding 

capacity and reduced the bulk density of soil. Zhang et al. [42] demonstrated that the 



 

 

liming effect of biochar precipitate heavy metal in pore water by increasind the pH of soil 

[43] Biochar immobilize the heavy metal in soil and reduce the bioavailablity to the plants 

and reduce their toxic effect on growth of plant. The stabilization of heavy metal is carried 

out by different mechanism suac as adsorption, precipitation, co- precipitation  

3.2 Effect of biochar on plant morphology under Cu contaminated soil 

The results show that Cu is toxic to the growth and development of plants at higher 

concentrations. As the Cu concentration increased, the different morphological traits exhibited a 

decreasing trend. The leaf number and plant height in only Cu treated soil increased during the 

growing season of bamboo due to the seasonal progression of plant growth. Biochar enhance 

the soil pH due to its liming effect that would reduce bioavailability of heavy metal by promote 

adsorption and precipitation of heavy metals thus, reducing the effect on plant growth [44]. 

3.2.1 Number of culms, nodes, and internode length 

The percentage of new emerging culms is highest in the treatment of biochar at 0 concentration 

of Cu with 122% compared to 0 days of treatment (Table 2). The number of culms increased in 

treatments with biochar amendment, i.e., 300 mg kg
-1

, 600 mg kg
-1

, 1200 mg kg
-1,

 by 64%, 44%, 

and 84%, respectively—the results indicating that biochar immobilize Cu in soil and reduces the 

impact of Cu on plant growth. Some culms died during the experiment at higher concentrations, 

possibly due to Cu's injurious effect and oxidative stress on plant culms. The same trend was 

seen in the impact on the number of nodes (Table 3). The number of nodes increased 

significantly except for 1200 mg kg
-1

 of Cu treatment. The increase was 1.80 and 1.20 fold 

higher than the control (zero days) in biochar and zero amendments of Cu concentration, 

respectively. The rise in the number of nodes in treatments of Cu with biochar is 78%, 52 %, and 

44.4%, which was 16.7, 14.5 and 33.4 % higher when compared with the treatments without 

biochar of Cu 300 mg kg
-1

, 600 mg kg
-1

, 1200 mg kg
-1

, respectively. Biochar application 

increases  the porosity of soil that leads to improvementt of water holding capacity of soil and 

thus, provide water and nutrient to the plant for a long time [45].    

Table 2. Effect of Copper and Copper+biochar (BC) on the number of culms. The number 

in the subscript of Cu represents the concentration of Cu in mg kg
-1,

 and DAT represents 



 

 

days after treatment. Data represent the mean ± S.D. of three replicates (n =3). Superscript 

letters indicated a significant difference (p<0.05) concerning days of treatment.  

DAT (Days) Cu0 Cu0+BC Cu300 Cu300+BC Cu600 Cu600+BC Cu1200 Cu1200+BC 

0 3±0
a 

3±0.00
a 

4±0.00
abc 

3±060
a 

3±0.00
a 

3±0.58
a 

4±0.58
b 

2±0.58
a 

30 3±0
a 

3±0.00
a 

3±1.00
ab 

3±0.58
a 

3±0.00
ab 

3±0.60
a 

2±0.60
a 

3±0.00
ab 

60 3±0
a 

3±0.00
a 

3±1.00
abc 

3±0.60
a 

3±0.00
a 

3±0.60
ab 

2±0.60
a 

3±0.00
ab 

90 3±0.58
a 

3±0.00
a 

3±1.00
ab 

3±0.58
a 

3±0.00
ab 

3±0.58
ab 

2±0.58
a 

3±0.00
ab 

120 3±0
a 

3±0.58
a 

3±0.58
abc 

3±0.58
a 

3±0.58
a 

3±1.53
ab 

3±0.58
a 

3±0.00
ab 

150 4±0.58
ab 

3±0.58
a 

3±1.15
a 

3±10.58
a 

3±0.58
a 

4±1.15
ab 

3±0.58
a 

3±0.00
ab 

180 4±0.58
bc 

5±0.00
b 

4±1.00
abcd 

4±0.00
ab 

4±0.58
a 

4±1.15
abc 

4±0.58
b 

3±0.58
bc 

210 5±1
cd 

6±1.00
c 

5±1.53
bcdef 

4±0.58
abc 

5±0.58
b 

4±1
abc 

4±0.58
b 

4±0.00
cd 

240 6±0.58
d
 6±0.58

c 
5±1.53

bcdef 
4±0.58

bc 
5±0.58

b 
5±1.15

abc 
4±0.00

b 
4±0.58

c 

270 6±0.58
d 

7±0.58
c 

5±1.73
cdef 

5±0.58
bcd 

5±0.58
b 

5±1.15
bc 

4±0.00
b 

4±0.58
c 

300 6±0.58
d 

7±0.58
c 

5±0.58
def 

5±0.58
bcd 

4±0.58
a 

5±1.15
bc 

4±0.00
b 

4±0.58
c 

330 6±0.00
de 

7±0.58
c 

6±0.00
ef 

6±0.58
cd 

4±0.58
a 

5±1.00
c 

4±0.00
b 

4±0.58
c 

365 6±0.58
de 

7±0.58
c 

6±0.58
ef 

6±0.00
d 

4±0.58
a 

5±1.00
c 

4±0.00
b 

4±0.58
c 



 

 

New 

emerging 

shoots(%) 

100 122 33 64 9 50 44 86 

 

Table 3. The number of nodes under Cu and Cu+biochar (BC) treatments. The number in 

the subscript of Cu represents the concentration of Cu in mg kg
-1

 and DAT represents days 

after treatment. Data represent the mean ± S.D. of three replicates (n=3). Superscript 

letters indicate a significant difference (p<0.05) for days of treatment.  

DAT 

(Days) 

Cu0 Cu0+BC Cu300 Cu300+BC Cu600 Cu600+BC Cu1200 Cu1200+BC 

0 5±0.6
a 

5±0.6
a 

9±1.2
a 

8±1.5
a 

8±1
a 

8±0.6
a 

7±1.0
bcd 

6±1.00
a 

30 6±1.73
ab

 6±1
 b
 9±1

ab 
8±1.53

a 
8±1

ab 
8±0.58

a 
7±1.53

bcd 
6±11.00

a 

60 7±1
bcd

 7±0.8
bc

 9±0.6
ab 

8±1.2
ab 

8±0.6
abc 

8±0.6
a 

5±0.60
a 

6±1.00
a 

90 7±0.76
bcd

 8±0.58
cde

 10±0
abc 

9±0.58
ab 

8±0.58
abc 

9±0
ab 

5±0.58
a 

6±1.00
a 

120 7±0.58
bcd 

 8±0.76
cde

 10±0.58
bcd 

9±0.58
ab 

9±0.58
bcd 

9±0
ab 

6±0.58
ab 

6±1.00
a 

150 7±1
bcd

 9±1.44
de

 11±0
bcd 

9±0
ab 

9±0.58
cde 

9±0.58
bc 

6±0.58
ab 

6±1.00
a 

180 8±0.58
cdef

 9±0.58
de

 12±0.58
cde 

10±0.58
bc 

9±0.00
cde 

10±0
c 

6±0.58
ab 

7±0.58
ab 

210 8±0
cdef 

 10±0.58
ef

 12±0.58
def 

11±0.58
cd 

9±0.00
cde 

11±0
d 

6±0.58
abc 

7±0.00
ab 



 

 

 

The internode length is adversely affected by the highest concentration of Cu (1200 mg kg
-1

), as 

only a 25% increase was noted after 365 days of treatment compared to zero days of treatment. 

In contrast, the highest growth was in plants treated with biochar without Cu, which is 1.5 folds 

of the plantation time (table 4). The plants grown in biochar with heavy metal treatments show 

more internode length when compared with only Cu-spiked soil at different concentrations. The 

internode length increased by 25% which is less than 69.75% less than the control. The possible 

reason is that internode length at a higher concentration of Cu can reduce cell expansion length 

[19]. 

Table 4. Internode length under Cu and Cu+biochar (BC) treatments. The number in the 

subscript of Cu represents the concentration of Cu in mg kg
-1

 and DAT represents days 

after treatment. Data represent the mean ± S.D. of three replicates (n=3). Superscript 

letters indicate the significant difference (p<0.05) for days after treatment.  

240 8±0.58
cdef

 11±0.58
fg

 13±0
gh 

11±0
cd 

9±0.58
def 

11±0
d 

7±0.58
abcd 

8±0.58
bc 

270 9±0
efg

 11±0.58
fg

 13±0.58
gh 

12±0.58
de 

10±0.58
ef 

12±0.58
de 

7±1.15
bcd 

8±0.58
bc 

300 9±0.58
efg

 12±0.58
gh

 14±0
h 

12±0.58
de 

10±0
fg 

12±0
ef 

7±1.50
bcd 

8±0.58
bc 

330 10±0
gh

 12±0.58
gh

 14±0
h 

13±1
ef 

11±0.58
gh 

12±0.58
ef 

8±0.58
cd 

8±0.58
bc 

365 11±0
h 

14±0.58
i 

14±0
h 

14±0.58
f 

11±0.00
h 

13±0.58f 8±1.00
d 

9±0.58
c 

DAT 

(Days) 

Cu0 Cu0+B

C 

Cu300 Cu300+

BC 

Cu600 Cu600+

BC 

Cu1200 Cu1200

+BC 

0 6.72±0.

50
a 

5.83±0.

80
a 

6.50±0.1

0
a 

6.40±0.

6
a 

6.87±0.

5
a 

7.27±0.

7
a 

9.07±1
a 

5.67±0.

7
a 



 

 

30 7.10±0.

10
ab 

6.90±0.

20
b 

7.30±0.2

6
b 

6.70±0.

7
ab 

7.23±0.

51
a 

7.63±0.

81
ab 

9.33±0.

91
ab 

6.10±0.

6
ab 

60 7.97±0.

40
abc 

7.33±0.

20
bc 

7.77±0.2

0
bc 

7.07±0.

7
abc 

7.50±0.

5
a 

7.97±0.

9
abc 

9.57±0.

9
abc 

6.37±0.

6
abc 

90 8.87±0.

23
abcd 

7.79±0.

67
c 

8.23±0.1

5
cd 

7.40±0.

44
bcd 

7.73±0.

58
ab 

8.20±0.

85
abc 

9.77±0.

9
abc 

6.60±0.

6
bc 

120 9.42±0.

40
abcde 

8.83±0.

20
d 

8.53±0.2

5
de 

7.77±0.

42
cde 

7.83±0.

51
ab 

8.57±0.

8
abc 

9.97±0.

9
abc 

7.13±0.

5
cd 

150 9.68±0.

82
bcde 

9.33±0.

58
d 

8.87±0.3

5
ef 

8.10±0.

36
de 

8.10±0.

53
abc 

8.93±0.

85
bcd 

10.20±

0.95
abc 

7.83±0.

31
de 

180 10.64±

1.01
cde 

10.37±0

.32
e 

9.30±0.3

6
fg 

8.40±0.

44
ef 

8.80±0.

85
bcd 

9.20±0.

85
bcd 

10.40±

1
abc 

8.33±0.

25
e 

210 11±1.9

1
de 

12.03±0

.06
f 

9.73±0.4

0
gh 

8.93±0.

15
f 

9.13±0.

93
cde 

10.13±

0.87
de 

10.6±0.

9
abc 

9.27±0.

47
f 

240 11.29±

1.99
de 

13.10±0

.17
g 

10.17±0.

35
hi 

9.67±0.

15
g 

9.43±0.

76
def 

10.57±

0.76
ef 

10.77±

0.95
abc 

9.83±0.

35
fg 

270 11.94±

2.29
e 

13.40±0

.20
g 

10.60±0.

36
ij 

10.28±

0.20
gh 

9.90±0.

87
def 

11.07±

0.67
efg 

10.97±

0.91
abc 

10.13±

0.35
g 

300 12.06±

2.14
e 

13.67±0

.21
g 

10.97±0.

45
jk 

10.83±

0.15
hi 

10±0.7

8
def 

11.43±

0.61
efg 

11.03±

0.96
bc 

10.43±

0.31
g 

330 12.10±

2.17
e 

14.53±0

.40
h 

11.47±0.

25
kl 

11.43±

0.47
ij 

10.13±

0.64
ef 

11.93±

0.59
fg 

11.13±

1
bc 

10.50±

0.3
g 

365 12.19± 14.69± 11.7±0.2
l 

11.73± 10.45± 12.3±0. 11.3±0. 10.57±



 

 

 

3.2.2 Plant height 

Height is an important parameter to know the effect of heavy metal stress on plants. The present 

study showed that different concentrations of Cu significantly affected the plant height. The 

height of the plant decreased with elevation of Cu concentration. The increment in height in 300 

mg kg
-1

, 600 mg kg
-1

, and 1200 mg kg
-1 

was less as compared to 0 mg kg
-1

 Cu treatment by 

20.37%, 3.96%, and 73.17%, respectively (table 5). Biochar amendment significantly overcame 

the effects of Cu stress on plant growth. The reduction in height in some treatments during the 

experiment was due to drying and browning of the top of the stem due to Cu stress. The slow 

growth rate in plant height at higher concentrations could be explained as inhibition of cell 

elongation and division due to heavy metal stress [20]. 

2.15
e
 0.5

h 
0.21

j 
0.58

f 
53

g 
95

c 
0.31
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Table 5. Height under Copper and Copper+biochar (BC) treatments. The number in the 

subscript of Cu represents the concentration of Cu in mg kg
-1

 and DAT represents days 

after treatment. Data represent the mean ± S.D. of three replicates (n=3). Superscript 

letters indicate the significant difference (p<0.05) for days after treatment.  

DAT 

(Days) 

Cu0 Cu0+

BC 

Cu300 Cu300+

BC 

Cu600 Cu600+B

C 

Cu1200 Cu1200+

BC 

0 

 

39.54±4.

00
a 

32.94±

1.30
a 

54.61±4.

4
a 

43.26±2.

80
a 

57.23±5.

50
a 

44.53±2.8

0
a 

56.9±2.7

0
ab 

51.56±5.

00
a 

30 42.84±3.

18
ab 

35.98±

4.72
b 

60.2±4.8

4
a 

51.73±2.

11
ab 

59.61±6.

02
ab 

49.19±2.2

9
ab 

60.2±5.7

4
b 

57.4±8.4

2
ab 

60 46.23±4.

40
ab 

44.45±

2.70
b 

61.04±5.

20
a 

59.61±5.

50
bc 

61.55±5.

50
a 

53.51±2.7

0
bc 

51.31±1.

70
a 

61.55±8.

90
ab 

90 50.04±3.

6
bc 

54.19±

2.85
c 

69.51±6.

31
b 

67.14±5.

29
cd 

66.72±5.

21
ab 

56.39±1.9

2
cd 

52.41±1.

69
a 

65.62±8.

45
bc 

120 56.90±2.

58
c 

69.68±

4.07
d 

77.98±3.

99
c 

77.72±5.

54
de 

67.56±4.

09
bc 

61.55±2.5

4
de 

62.06±4.

23
b 

69.6±8.4

9
bc 

150 67.90±1.

3
d 

75.35±

6.61
d 

82.72±5.

81
cd 

86.87±5.

47
ef 

73.74±3.

28
cd 

66.97±2.3

6
e 

72.05±6.

15
c 

76.45±7.

65
cd 

180 80.77±3.

79
e 

87.12±

7.52
e 

90.42±5.

14
de 

96.44±5.

47
fg 

79.25±5.

21
d 

74.59±0.8

9
f 

81.53±5.

82
d 

83.23±7.

92
de 

210 92.37±5.

34
f 

96.94±

5.14
f 

99.31±3.

6
e 

101.85±1

1.07
g 

87.8±6.3

5
e 

81.28±0.9

2
g 

87.04±2.

64
de 

85.26±5.

6
de 



 

 

 

3.2.3 Leaves count and leaf area 

The number of leaves increased in all the treatments over time, but the highest increase was 

noted in only biochar treatment which was 5.35 folds higher as compared to the control. The 

lowest growth was observed in the highest concentration, which is 96% compared to control. The 

number of leaves of plants grown in biochar-amended soil showed a significant increase of 36% 

in comparison to Cu contaminated soil. The leaf area increased in all the treatments significantly 

in comparison to the control. The decrease in the number of leaves in Cu stressed plants may be 

due to the reduction in cell division and uptake and transport of several minerals such as Ca, and 

Mg. P and K. [21]. Garcia et al.[46] pointed that the reduction in leaf area may be accredited to 

lignin accretion in xylem that ultimately induce thickening and hardening of cell wall posing 

fatalistic effects on cell division and leaf enlargement by declining its elasticity. Biochar 

improves the leaf count and leaf area in all treatments. 

Table 6. Number of leaves under Copper and Copper+biochar (BC) treatments. The 

number in the subscript of Cu represents the concentration of Cu in mg kg
-1,

 and DAT 

represents days after treatment. Data represent the mean ± S.D. of three replicates (n=3). 

240 103.72±7

.87
g 

112.69

±3.99
g 

106.09±

3.88
ef 

109.39±9

.02
gh 

94.15±4.

8
ef 

86.87±4.8

5
gh 

88.65±5.

86
de 

90.34±6.

67
ef 

270 120.40±2

.58
h 

122.43

±3.56
h 

111.93±

2.54
fg 

117.86±1

0.68
hi 

99.65±2.

3
fg 

90.68±5
hi 

92.03±3.

31
ef 

95.33±5.

65
efg 

300 128.35±7

.49
h 

132.67

±2.54
i 

119.46±

4.36
gh 

122.94±1

1.82
hi 

104.99±

4.33
gh 

95.42±5.5

7
i 

93.90±2.

56
ef 

100.41±6

.14
fgh 

330 129.62±8

.07
h 
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±2.67
ij 

122±4.9

5
h 

128.02±1

0.82
i 

108.8±3.

52
h 

101.68±5.

04
j 

98.3±5.5

1
fg 

104.39±6

.72
gh 

365 129.88±7

.96
h 

142.07

±1.94
j 

126.24±

5
h 

131.83±9

.27
i 

112.69±

1.63
h 

106.34±4.

95
j 

101.77±4

.83
g 

108.71±6

.76
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Superscript letters in a column indicate the significant difference (p<0.05) for days after 

treatment.   

DAT 

(Days) 

Cu0 Cu0+BC Cu300 Cu300+B

C 

Cu600 Cu600+B

C 

Cu1200 Cu1200+

BC 

0 21±3.80
a 

25±7
a 

36±6.66
a 

30±6.56
a 

48±6.24
c 

35±7.02
a 

47±16.7

7
ab 

31±12.3

4
bc 

30 25±7.00
a 

26±8.08
a 

26±9.02
a 

33±5.29
a 

31±7
ab 

27±4.04
a 

36±12.1

2
a 

23±11.5

9
ab 

60 31±3.80
a 

33±5.5
a 

23±9.71
a 

34±4.16
a 

25±6.11
a 

17±4.36
a 

30±12.6

6
a 

12±8.74
a 

90 53±3.06
b 

60±9.07
b 

54±8.02
b 

45±23.5

2
a 

36±2.65
b 

31±17.6

2
a 

53±12.6

6
bc 

46±15
cd 

120 70±9.87
c 

84±16.6

2
c 

62±8.74
b 

86±12.0

6
b 

61±7.51
d 

72±14.5

3
b 

70±4.73
c

d 

61±24.0

1
d 

150 76±9.29
c 

111±4.5

1
d 

108±8.0

2
cd 

91±9.71
b 

70±6.56
e 

87±5.03
b

c 

83±6.24
d

e 

85±20.1

3
e 

180 97±4.16
d 

128±11.

93
de 

118±4.3

6
def 

94±4.04
b

c 

80±1.53
f 

96±6.51
c

d 

89±4.62
e 

93±5.13
e

f 

210 111±5.0 141±11. 123±2.5 102±6.5 89±5
g 

107±12. 95±4.58
e 

99±2.08
e



 

 

 

After 365 days of treatment, leaf area at different concentrations of  300, 600 and 1200 mg kg
1
 

Cu in comparison of mg kg
-1

 was less by 11.28 cm, 17.85 cm and 17.24 cm, whereas in 

treatments with biochar was 0.84, 10.32 and 11.82 cm, respectively as compared zero mg kg
-1

 

treatment of Cu. Biochar improves the leaf area growth even in Cu-stressed plants by mitigating 

the Cu effects (table 7). The reduction in leaf area can be due to the decreased gaseous exchange 

related to stomata. The closer of stomata leads to water stress that lowers the photosynthetic rate 

and have injurious effects on mesophyll cells and oxidative stress [22]. Leaf area is a significant 

parameter for many remediation processes due to its relation to photosynthetic activity. Notably, 

the relationship between leaf area and aboveground biomass is essential for phytoremediation, as 

early prediction will be helpful for effective remediation [23]. 

3
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14
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ef 
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bcd 

5
c f 
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3
ef 
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ef 
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d
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3
ef 
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02
ef 

147±20.

5
ef 

109±10.

41
cd 

116±15.

5
de 
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6
h 

109±6.5

6
c 

85±6.11
d

e 

106±5.8

6
ef 

300 128±9.0

7
f 

155±18.

33
f 

101±9.1

7
c 

126±9.5

4
e 

102±3.7

9
h 

108±8.1

4
c 

84±12.2

2
de 

103±5.6

9
ef 

330 130±9.5

4
f 

158±17.

01
f 

103±6.0

8
c 

122±11.

55
de 

103±6.5

1
h 

111±9.2

9
c 

90±9.17
e 

108±5.8

6
f 

365 133±8.1

4
f 

160±17.

69
f 

114±8.7

4
cde 

123±15.

14
de 

105±4.5

1
h 

113±11.

06
c 

92±9.07
e 

103±4.9

3
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Table 7. Leaf area (cm
2
) under Copper and Copper+biochar (BC) treatments. The number 

in the subscript of Cu represents the concentration of Cu in mg kg
-1,

 and DAT represents 

days after treatment. Data represent the mean ± S.D. of three replicates (n=3). Superscript 

letters in a column indicate the significant difference (p<0.05) concerning days after 

treatment.  

DAT Cu0 Cu0+B

C 

Cu300 Cu300+

BC 

Cu600 Cu600+

BC 

Cu1200 Cu1200+B

C 

0 7.19±1.2
a 

7.71±2.

09
a 

9.92±1.

85
a 

8.99±1.

65
a 

11.26±1.

72
a 

9.39±2.

03
a 

9.15±0.

7
a 

9.78±0.8

8
a 

30 11.55±1.8

2
b 

12.69±

1.14
b 

11.93±0

.78
a 

11.91±

0.86
ab 

13.41±1.

64
ab 

12.88±

0.52
ab 

11.69±

1.46
a 

12.86±0.

42
b 

60 17.42±1.6

5
c 

19.11±

1.74
c 

16.59±0

.95
b 

13.78±

1.92
bc 

15.68±0.

32
b 

15.08±

2.43
b 

13.69±

1.72
ab 

14.08±1.

01
b 

90 21.29±1.3

7
d 

22.75±

1.87
cd 

20.47±2

.72
bc 

16.31±

0.63
cd 

19.17±2.

42
c 

17.12±

1.28
b 

15.87±

0.97
cd 

16.54±1.

01
c 

120 22.82±3.3

1
d 

25.64±

1.25
de 

22.12±1

.7
c 

19.02±

1.52
d 

19.7±2.1

4
c 

17.02±

0.77
b 

16.53±

0.1
d 

19.01±1.

8
d 

150 25.14±1.9

7
d 

27.91±

0.68
e 

25.19±1

.64
cd 

23.15±

4.15
e 

23.22±2.

64
d 

22.29±

2.51
c 

19.5±0.

88
e 

20.64±2.

28
d 

180 32.99±1.3
e 

37.35±

1.5
f 

29.12±1

.15
de 

33.92±

1.88
f 

27.39±2.

04
e 

29.08±

0.77
d 

26.33±

0.75
f 

29.99±0.

8
e 

210 41.17±2.8

8
f 

47.03±

3.19
g 

33.51±1

.38
e 

39.78±

5.54
f 

32.14±0.

58
f 

36.36±

3.64
e 

31.85±

1.46
g 

33.54±0.

85
f 

240 45.35±2.7
g 

52.93± 39.94±4 46.87± 35.33±0. 41.32± 35.56± 38.06±2.



 

 

 

3.3 Plant biomass 

The amendment with bamboo biochar effectively enhanced root, shoot and leaf biomass 

indicating that biochar has significant potential to remediate the soil polluted with heavy metals. 

The root biomass significantly decreased in all the parts in Cu-treated plants without biochar by 

14.28%, 36.73% and 60.87% in 300, 600 and 1200 mg kg
-1

, respectively, compared to the 

control (Fig. 2(B)). The biomass reduction could be due to a decrease in photosynthetic rate and 

disorganisation of chloroplast, leading to a reduction in chlorophyll content and increasing 

malondialdehyde level [23]. Biochar improves the biomass quantity in all treatments compared 

to Cu treatments. A significant increase in leaf dry biomass in Cu plus biochar was noted by 

43.91, 38.29 and 48.58 % in concentrations of 300, 600 and 1200 mg kg
-1

, respectively 

(Fig.2(D)). The shoot biomass was adversely affected in maximum concentration of Cu as it 

decreased by 62.19% compared to the control. At the same time, 70.92% decrease was noted 

regarding only biochar-amended soil (Fig.2(C)). The root length was also decreased with a 

higher concentration of Cu (Fig.2(A)). A significant drop in growth indices is reported in 

different plant species such as Indocalamus latifolius [22], Zea mays L. [25], Solanum 

lycopersicum [27], Fallopia japonica and Urtica dioica [28] under Cu stress thereby supporting 

the present result. The trendline in all graphs shows that plants' biomass decreased with increased 

Cu concentration.  
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3.1
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7
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i 

44.88±3

.75
e 
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38.14±

1.48
h 

44.2±1.1

6
h 



 

 

 

 

Fig.2 Effect of biochar and Cu in different concentrations at root length (cm) (A), root dry 

weight(gm) (B), leaf dry weight(g) (C), and shoot dry weight(g) (D). The letter on the bars 

indicates the significant difference (p<0.05) regarding Copper treatment.  

The results indicate that biochar addition reduces Cu's impact on plant growth by stabilising 

them through surface adsorption and precipitation. Even under Cu contamination with biochar, 

the improvement of bamboo growth may be due to the improved physical properties of soil 

conferred by biochar, such as soil fertility, structure, and water-holding capacity. Biochar 

application decreases the availability of heavy metals to the plant and concomitantly improves 

soil fertility [24]. The bio-solubility of heavy metals reduce to some extent by adsorbing Cu ions 

on the surface [1]. Notably, the different functional groups such as oxygen carboxyl, phenolic 

and hydroxyl on the surface can effectively interact with soil pollutants [17]. A recent study has 



 

 

reported that organic amendments like biochar decreased the heavy metal availability and 

concentration in different parts of the plant, thus reducing the deleterious effects on the plant 

[25]. The growth of Cu-stressed plants might be due to oxidative damage caused in cells, 

alterations in cell organelles and DNA, and declined photosynthetic activity leading to reduced 

growth and necrosis in plants [26]. Biochar improves the soil physico-chemical and biological 

properties by supplying nutrients that could indirectly enhance the plant growth and biomass. 

The dry weight of leaves of moso bamboo has increased by 157% with the application of 5% rice 

straw biochar in heavy metal contaminated soil [37]. 

CONCLUSION 

. The present study revealed the toxic impacts of Copper on various morphological 

characteristics of plants grown in contaminated soil compared to contaminated soil amended 

with biochar and the tolerance ability of B. balcooa for heavy metal stress. Different 

morphological traits showed improvement with biochar amendment as the maximum increase of 

109.13 cm and 53.28 cm
2
 in height and leaf area was noted in biochar treatment. The plant 

biomass also improved in Copper with biochar at a maximum concentration of Copper by root 

(148%), shoot (57%), and leaf (48%) in comparison to Copper stressed plants. This study will 

provide theoretical references for trials on fields for future studies. 

In conclusion, the application of biochar in restoring contaminated soil might be a sustainable 

option. Our study will potentially help to convey scientific knowledge of biochar uses and its 

potential benefits to policymakers and practitioners. The study will help farmers and 

environmentalists improve soil health and reduce the effects of heavy metal contamination on 

plant growth parameters.  

REFERENCES 

1. Haseena, K., Balehonnur, F., Verma, R. and Prasanna, K.T. Impact of Biochar 

Application on the Chemical Properties of Acidic and Neutral Soil. Int. j. plant soil 

sci. 2022; 34(12):10-18. 

2. Rani, M., Lathwal, M., Singh, A.N. and Chongtham, N. Bamboo Act as a 

Phytoremediation Candidate for Heavy Metal Contaminated Soil: A Synthesis. In 

Bamboo Science and Technology Singapore: Springer Nature. 2023; 125-161.  



 

 

3. Rehman, M., Liu, L., Wang, Q., Saleem, M.H., Bashir, S., Ullah, S. and Peng, D. Copper 

environmental toxicology, recent advances, and future outlook: a review. 

Environ. Sci. Pollut. Res. 2019;26:18003-18016. 

4. Alloway, B.J. Heavy metals in soils: trace metals and metalloids in soils and their 

bioavailability Springer Science & Business Media. 2012;22.  

5. Chongtham, N. and Bisht, M.S. Bamboo shoot: superfood for nutrition, health, and 

medicine. CRC Press. 2020. 

6. Indira, A., Joshi, B., Oinam, S., Koul, A., and Chongtham, N . Potential of Bamboo in the 

Prevention of Diabetes-Related Disorders: Possible Mechanisms for Prevention. In: 

Bamboo Science and Technology Singapore: Springer Nature. 2023; 89-124.  

7. Indira, A., Joshi, B., Oinam, S., Koul, A. and Chongtham, N. Assessment of preliminary 

subacute oral toxicity of Bambusa nutans aqueous extract based on histoarchitectural 

and biochemical alterations in LACA mice. Comp. Clin. Path. 2023;1-13. 

8. Indira, A., Santosh, O., Koul, A. and Nirmala, C. Comparative assessment of the 

antioxidant potential of bamboo leaves, along with some locally and commercially 

consumed beverages in India. Adv Bam Sci. 2022;1:100007. 

9. Rajput, B.S., Jani, M., Ramesh, K., Manokari, M., Jogam, P., Allini, V.R., Kher, M.M. 

and Shekhawat, M.S. Large-scale clonal propagation of Bambusa balcooa Roxb.: an 

industrially important bamboo species. Ind. Crops Prod. 2020;157: 112905. 

 

10.  Murtaza, G., Ahmed, Z., Eldin, S.M., Ali, I., Usman, M., Iqbal, R., Rizwan, M., Abdel-

Hameed, U.K., Haider, A.A. and Tariq, A. Biochar as a green sorbent for 

remediation of polluted soils and associated toxicity risks: A critical review. 

Separations. 2023;10(3): 197. 

11. Joseph, S., Cowie, A.L., Van Zwieten, L., Bolan, N., Budai, A., Buss, W., Cayuela, M.L., 

Graber, E.R., Ippolito, J.A., Kuzyakov, Y. and Luo, Y. 2021. How biochar works, 

and when it doesn't: A review of mechanisms controlling soil and plant responses to 

biochar. Glob. Change Biol. Bioenergy. 2023;13(11):1731-1764. 

12. Akinlabi, E.T., Anane-Fenin, K., Akwada, D.R., Akinlabi, E.T., Anane-Fenin, K. and 

Akwada, D.R. Applications of bamboo. In: Bamboo: the multipurpose plant 

2017;179-219. 



 

 

13. Lathwal, M., Rani, M., Indira, A. and Chongtham, N.. Bamboo: A Sustainable 

Alternative for Biochar Production. In: Bamboo Science and Technology. 

Singapore: Springer Nature. 2023; 265-295.  

14. Chaturvedi, K., Singhwane, A., Dhangar, M., Mili, M., Gorhae, N., Naik, A., Prashant, 

N., Srivastava, A.K. and Verma, S. Bamboo for producing charcoal and biochar for 

versatile applications. Biomass Convers. Biorefin. 2023;1-27. 

15. Lebrun, M., Palmeggiani, G., Renouard, S., Chafik, Y., Cagnon, B., Bourgerie, S. and 

Morabito, D. Natural ageing of biochar improves its benefits to soil Pb 

immobilisation and reduction in soil phytotoxicity. Environ Geochem Health. 

2023;1-27. 

16. Ramírez-Zamora, J., Mussali-Galante, P., Rodríguez, A., Castrejón-Godínez, M.L., 

Valencia-Cuevas, L. and Tovar-Sánchez, E. Assisted Phytostabilization of Mine-

Tailings with Prosopis laevigata (Fabaceae) and biochar. Plants. 2022;11(24):3441. 

17. Deng, P., Wan, W., Azeem, M., Riaz, L., Zhang, W., Yang, Y., Li, C. and Yuan, W.. 

Characterisation of biochar derived from bamboo and its application to modulate the 

toxic effects of chromium on wheat plant. Biomass Convers. Biorefin. 2022;1-16. 

18. Xiang, L., Liu, S., Ye, S., Yang, H., Song, B., Qin, F., Shen, M., Tan, C., Zeng, G. and 

Tan, X.. Potential hazards of biochar: The negative environmental impacts of 

biochar applications. J. Hazard. Mater. 2021;420: 126611. 

19. Asati, A., Pichhode, M. and Nikhil, K.. Effect of heavy metals on plants: an overview. 

Int. j. appl. innov. eng. Manag. 2016;5(3):56-66. 

20. Trentin, E., Cesco, S., Pii, Y., Valentinuzzi, F., Celletti, S., Feil, S.B., Zuluaga, M.Y.A., 

Ferreira, P.A.A., Ricachenevsky, F.K., Stefanello, L.O. and De Conti, L. Plant 

species and pH dependent responses to copper toxicity.  Environ. Exp. Bot. 

2022;196: 104791. 

21. Chen, L., Zhou, M., Wang, J., Zhang, Z., Duan, C., Wang, X., Zhao, S., Bai, X., Li, Z., 

Li, Z. and Fang, L. A global meta-analysis of heavy metal (loid) s pollution in soils 

near copper mines: Evaluation of pollution level and probabilistic health risks. 

Sci. Total Environ.2022;835: 155441. 



 

 

22. Emamverdian, A., Ding, Y., Mokhberdoran, F. and Xie, Y. Growth responses and 

photosynthetic indices of bamboo plant (Indocalamus latifolius) under heavy metal 

stress. Sci. World J. 2018. 

23. Pilipović, A., Zalesny Jr, R.S., Rončević, S., Nikolić, N., Orlović, S., Beljin, J. and 

Katanić, M. Growth, physiology, and phytoextraction potential of poplar and willow 

established in soils amended with heavy-metal contaminated, dredged river 

sediments J. Environ. Manage. 2019;239: 352-365. 

24. Ai, Y., Wang, Y., Song, L., Hong, W., Zhang, Z., Li, X., Zhou, S. and Zhou, J. Effects of 

biochar on the physiology and heavy metal enrichment of Vetiveria zizanioides in 

contaminated soil in mining areas. J. Hazard. Mater. 2023;448: 130965. 

25. Irfan, M., Mudassir, M., Khan, M.J., Dawar, K.M., Muhammad, D., Mian, I.A., Ali, W., 

Fahad, S., Saud, S., Hayat, Z. and Nawaz, T.. Heavy metals immobilization and 

improvement in maize (Zea mays L.) growth amended with biochar and compost. 

Sci. Rep. 2021;11(1):18416. 

26. Afshan, S., Ali, S., Bharwana, S.A., Rizwan, M., Farid, M., Abbas, F., Ibrahim, M., 

Mehmood, M.A. and Abbasi, G.H.. Citric acid enhances the phytoextraction of 

chromium, plant growth, and photosynthesis by alleviating the oxidative damages in 

Brassica napus L. Environ. Sci. Pollut. Res. 2015;22:11679-11689. 

27. Chirumamilla, P. and Taduri, S.. Plant responses to abiotic stresses: heavy metals—on in 

vitro nodal propagation of Solanum khasianum Clarke, its morpho-physiological and 

anatomical studies. Plant Physiol. Rep. 2023;1-8. 

28. Schmitz, D., Girardi, J., Jamin, J., Bundschuh, M., Geng, B., Feldmann, R., Rösch, V., 

Riess, K. and Schirmel, J. Copper Uptake and Its Effects on Two Riparian Plant 

Species, the Native Urtica dioica, and the Invasive Fallopia japonica. Plants. 

2023;12(3): 481. 

29 Govindasamy, P., Mahawer, S.K., Mowrer, J., Bagavathiannan, M., Prasad, M., 

Ramakrishnan, S., Halli, H.M., Kumar, S. and Chandra, A.. Comparison of Low-

Cost Methods for Soil Water Holding Capacity. Commun. Soil Sci. Plant Anal. 

2023;54(2):287-296. 



 

 

30. Purnamasari, L., Rostaman, T., Widowati, L.R. and Anggria, L. Comparison of 

appropriate cation exchange capacity (CEC) extraction methods for soils from 

several regions of Indonesia. In: IOP Conference Series: Earth and Environmental 

Science. 2021;648(1): 012209).  

31. Das, S.K. and Das, S.K.. Influence of phosphorus and organic matter on microbial 

transformation of arsenic. Environ. Technol. Innov.2020; 19:100930. 

32. Svensson, D.N., Messing, I. and Barron, J. An investigation in laser diffraction soil particle 

size distribution analysis to obtain compatible results with sieve and pipette 

method. Soil tillage res. 2022;223: 105450. 

33. Ewaid, S.H., Mhajej, K.G., Abed, S.A. and Al-Ansari, N., 2021, June. Groundwater 

Hydrochemistry Assessment of North Dhi-Qar Province, South of Iraq Using 

Multivariate Statistical Techniques. In: IOP Conference Series: Earth and 

Environmental Science. 2021; 790(1): 012075).  

34. Hicks, T.D., Kuns, C.M., Raman, C., Bates, Z.T. and Nagarajan, S. Simplified Method for 

the Determination of Total Kjeldahl Nitrogen in 

Wastewater. Environments, 2022;9(5):.55. 

35.Parthasarathy, P., Al-Ansari, T., Mackey, H.R., Narayanan, K.S. and McKay, G., 2022. A 

review on prominent animal and municipal wastes as potential feedstocks for solar 

pyrolysis for biochar production. Fuel. 2022;316:.123378. 

36. Campos, P., Miller, A.Z., Knicker, H., Costa-Pereira, M.F., Merino, A. and De la Rosa, 

J.M., 2020. Chemical, physical and morphological properties of biochars produced 

from agricultural residues: Implications for their use as soil amendment. Waste 

Manage. 2020; 105:256-267. 

37. Wang, Y., Zhong, B., Shafi, M., Ma, J., Guo, J., Wu. J., Ye, Z., Liu, D., Jin, H. Effects of 

biochar on growth, and heavy metals accumulation of moso bamboo (Phyllostachy 

pubescens), soil physical properties, and heavy metals solubility in soil. 

Chemosphere. 2019;219:510-6. 



 

 

 

38. Sahoo, D. and Remya, N., 2020. Influence of operating parameters on the microwave 

pyrolysis of rice husk: biochar yield, energy yield, and property of biochar. Biomass 

Convers. Biorefin.2020; pp.1-10. 

39. Deng, P., Wan, W., Azeem, M., Riaz, L., Zhang, W., Yang, Y., Li, C. and Yuan, W. 

Characterization of biochar derived from bamboo and its application to modulate the 

toxic effects of chromium on wheat plant. Biomass Convers. Biorefin. 2022; pp.1-

16. 

40. Li, L., Lai, C., Huang, F., Cheng, M., Zeng, G., Huang, D., Li, B., Liu, S., Zhang, M., Qin, 

L. and Li, M. Degradation of naphthalene with magnetic bio-char activate hydrogen 

peroxide: synergism of bio-char and Fe–Mn binary oxides. Water res.2019; 160:238-

248. 

41. Qiu, B., Tao, X., Wang, H., Li, W., Ding, X. and Chu, H., 2021. Biochar as a low-cost 

adsorbent for aqueous heavy metal removal: A review. J. Anal. Appl. Pyrolysis. 

2020;155:.105081. 

42. Zhang, C., Liu, L., Zhao, M., Rong, H. and Xu, Y. The environmental characteristics and 

applications of biochar. Environ. Sci. Pollut. Res. 2018; 25:21525-21534. 

43. Wang, Y., Liu, Y., Zhan, W., Zheng, K., Wang, J., Zhang, C. and Chen, R., 2020. 

Stabilization of heavy metal-contaminated soils by biochar: Challenges and 

recommendations. Sci. Total Environ. 2020; 729:139060. 

44. Zhou, Y., Qin, S., Verma, S., Sar, T., Sarsaiya, S., Ravindran, B., Liu, T., Sindhu, R., Patel, 

A.K., Binod, P. and Varjani, S. Production and beneficial impact of biochar for 

environmental application: a comprehensive review. Bioresour. Technol. 

2021; 337:125451. 

45. El-Naggar, A., Ahmed, N., Mosa, A., Niazi, N.K., Yousaf, B., Sharma, A., Sarkar, B., Cai, 

Y. and Chang, S.X.  Nickel in soil and water: Sources, biogeochemistry, and 

remediation using biochar. J. Hazard. Mater. 2021; 419:126421. 



 

 

46 Garcia J.S., Dalmolin Â.C., Cortez P.A., Barbeira, P. S., Mangabeira, P. A., França, M. 

G. Short-term cadmium exposure induces gas exchanges, morphological and 

ultrastructural disturbances in mangrove Avicennia schaueriana young plants. Mar. 

Pollut. Bull. 2018;1;131:122-9. 

 


