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HIGHLIGHTS 

 

 Rice husk, corn cobs and peanut shells biochars were amended at 5% to multi-metal 
contaminated soil. 

 Bioaccumulation of Ni, Cr, As, Cd and Pb reduced highly with amendment of peanut 
shells biochar as compared to rice husk and corn cobs biochar in Lactuca sativa L. 

 Stimulation and suppression of antioxidant enzymes were biochars dependent. 
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Abstract 

  Geogenic and anthropogenic activities can leads to agriculture soil pollution and 

land degradation. Many cost-effective and environment friendly strategies are applied 

to improve soil fertility, reduce soil pollution and human health risks caused by 

consumption of metals contaminated vegetables. In this study we evaluate the effects 

of rice husk biochar (RHB), biochar from corn cob (CCB) and biochar from peanut 

shells (PNB) on the bioavailability of potentially toxic elements (PTEs) in soil, its 

bioaccumulation and antioxidant enzymes activities in Lactuca sativa L. plants.  

RHB, CCB and PNB amendments significantly (P≤0.05) increased Lactuca sativa L. 

biomass production (39%, 65% and 100%) as well as soil fertility. Amendments of PNB, 

RHB and CCB significantly (P≤0.05) increased soil available phosphorous (P), cation 

exchange capacity (CEC), pH, total nitrogen (TN), total carbon (TC) and dissolved 

organic carbon (DOC) concentration, but markedly reduced bioavailable concentrations 

of cadmium (Cd) (31%, 20% and 22%) arsenic (As) (33%, 22% and 27%), and lead 

(Pb) (46%, 24% and 32%). In addition, CCB and PNB amendments significantly 

(P≤0.01) decreased the shoot accumulation of Pb, Cd and As, while RHB amendment 

increased the shoot accumulations of nickel (Ni) and chromium (Cr). The reduction in 

PTEs accumulation may be linked with increased sorption of PTEs by biochars. 

Furthermore, amendments of CCB and PNB significantly (P≤0.05) suppressed the 

activities of SOD (53% and 69%), POD (22%, 31%) but stimulated (38% and 31%) 

with amendment of RHB. However, RHB, CCB and PNB amendments significantly 

(P≤0.05) suppressed the activity of CAT (21%, 41% and 48%) in Lactuca sativa L. 

plants.  
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PNB was the most effective soil amendment as compared with RHB and CCB. However, 

to fully elucidate the effects of the tested biochars, long-term field trails are needed. 

 

Keywords:  Soil remediation, soil amendment, Lactuca sativa L. 

 

1. Introduction 

 The pollution of agricultural soils by potentially toxic elements (PTEs) represents 

major risks to the environment and to human health. Because they are not biodegradable 

(Habiba et al., 2015; Bandara et al., 2017), and restrict the opportunities for future land 

use. Geogenic and anthropogenic activities are the major sources of PTEs particularly 

As, Cd, Pb, Cr and Ni globally (Pratas et al., 2013; Galuszka et al., 2016). In China, 

rapid economic development and industrialization in most coastal areas has led to 

elevated concentrations of PTEs (particularly Ni, Cr, As, Cd and Pb) in arable fields 

(Khan et al., 2014; Ibrahim et al., 2017).  It is therefore important that methods of 

remediating PTEs affected soils are developed and applied quickly for China to meet 

its pressing needs to provide sufficient safe food. Elements such as Cd, Pb, Cr and As 

are essential in small amounts for normal plants growth and development (Noctor et al., 

2007). However, in excess they become potentially toxic, inducing oxidative stress, 

toxicity and surplus accumulation of reactive oxygen species (ROS) in plants (Monteiro 

et al., 2009; Kim et al., 2015; Quartacci et al., 2015). This overproduction of ROS can 

result in DNA and RNA damage, enzyme inhibition and protein oxidation in plant cells 

(Chao and Seo, 2005; Lin et al., 2007). Plants have developed limited protective 
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mechanisms, including the production of stress response proteins and synthesis of 

antioxidant enzymes (includes SOD, POD and CAT).  

PTEs alter the normal ecosystem functioning and induce toxicity in vegetation 

(Singh et al., 2013; Gill et al., 2015). Green vegetables grown in PTEs contaminated 

soils are the main exposure route of PTEs to humans (Khan et al., 2008; Niu et al., 2013) 

and food contamination with PTEs is more prevalent in urban areas of China than some 

other countries such as United Kingdom and United States of America (Yuan et al., 

2017). The dietary intake of excessive Pb and Cd can cause lung cancer, abdominal 

pain, kidney failure and stomach trouble (Patrick, 2003; Meharg et al., 2013). Elevated 

As intake can cause cardiovascular diseases, neurological disorders and infertility 

(Smoke and Smoking, 2004). Many biological, physical and chemical-based 

remediation technologies were developed to minimize PTEs availability in metals 

polluted soil (Kumpiene et al., 2008; Bolan et al., 2014). In-organic minerals, compost, 

agricultural residues and sewage sludge were used to reduce PTEs mobility and 

bioavailability in metals contaminated soil by ion exchange, co-precipitation, 

adsorption and surface complexion (Tsang et al., 2014; Zhang et al., 2015). In-addition 

biodegradable cationic salts, organic acids and chelating agents have shown good 

effects on soil quality (Makino et al., 2008; Kim and Baek, 2015).  Increased crop 

production and Pb precipitation was achieved with soil amendment with 

phosphogypsum (Anikwe et al., 2016; Yan et al., 2016) and phosphate minerals (Cao et 

al., 2009).  

 In the last few decades, biochar had been recognized as a significant element for 
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soil fertility, crop growth and long term carbon sequestration (Lehmann, 2007; Laird et 

al., 2010; Luo et al., 2014; Zhao et al., 2014; Lima et al., 2018). It is emerging that soil 

amendment with biochar has the potential to restore metals polluted soils due to its 

porous structure, feedstock type, temperature, heat transfer rate, surface area, pH and 

cation exchange capacity (Jiang et al., 2012; Beesley et al., 2013; Ibrahim et al., 2016; 

Prapagdee and Tawinteung, 2017). Biochar is usually produced in oxygen-limited 

conditions at different pyrolysis temperatures and is commonly used for soil fertility 

and sorption of in-organic and organic contaminants (Melo et al., 2015; Xu et al., 2016; 

Hagemann et al., 2018). Biochar amendment affects the physio-chemical properties of 

the soil, notably bulk density, pH, carbon concentration, water holding capacity (WHC) 

and CEC (Rajapaksha et al., 2016; Beiyuan et al., 2017; Li et al., 2018). There is 

research gap about the effects of plants based alkaline biochars on the remediation of 

multi-metals contaminated soil and its effects on antioxidant enzymes in vegetable 

plants. 

Here we explore the effects of different plant based biochars amendments on multi-

metals contaminated soil and the responses of the most widely consumed vegetable in 

China, lettuce (Lactuca sativa L.). In 2013, lettuce production reached 24.9 million tons 

globally, 13.5 million tons from China (FAOSTAT, 2013). Our approach was to a 

glasshouse study in which antioxidant enzymes were used as biomarkers for oxidative 

damage in plants (Sun et al., 2010; Wei et al., 2013), following previous studies (Li  et 

al., 2013; Wu et al., 2013) that showed that PTEs accumulation can activate oxidative 

stress, thus promoting changes in the normal activities of antioxidant enzymes. 
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Glasshouse pot trails were conducted from early November to late December 2016 to 

determine the effects of RHB, CCB and PNB on Lactuca sativa L. 1) biomass 

production, 2) PTEs bioaccumulation and 3) antioxidant enzymes, including SOD, 

POD and CAT. 

 

2 . Materials and methods 

2.1 Site description and soil collection 

Surface soil samples (0-15 cm) from agriculture field were collected with a small soil 

corer in triplicate from ten sites at Longyan County, Fujian Province (25 054 ガN 118 

018 ガE), China. The climate of this experimental area is sub-tropical. The winters are 

mild, and the average temperature ranges from 7 0C to 10 0C, while the summers are 

hot with average temperatures between 21 0C and 25 0C. The average annual rainfall of 

1400-2000 millimeters. This area is polluted with PTEs.  

 

2.2.Soil characterization 

 The soil samples were transported to the glasshouse and spread in thin layers to be air 

dried. Physio-chemical characteristics such as pH, EC, TN, TC, S, DOC, O, H and 

particle size of the soil samples were measured using standard methods (Rayment and 

Higginson, 1992). Procedural details are provided in the Supportive Information (SI) 

section. 

 

2.3 Biochar production and characterization 



7 

 

Corn cobs and rice husk waste residues were collected from agriculture fields in Xinglin 

Bay, while peanut shell residues were obtained from a peanut oil factory located in 

Siming District, Xiamen, China. After collection and transportation, these samples were 

sun-dried in a glasshouse. Biochars called CCB, RHB and PNB were produced from 

corn cobs, rice husk and peanut shell residues through pyrolysis at 500 0C for 6 h in a 

high performance automatic furnace (GWL-1200, Henan, China) in oxygen limited 

conditions under a constant flow of nitrogen (N2). We chose this pyrolysis temperature 

and time adopting previous study (Uchimiya et al., 2011) that biochar produced at high 

temperate and time contains more micropores and larger surface area (Rajapaksha et 

al., 2014). CCB, RHB and PNB were characterized using a previously published 

method (Wei et al., 2017). Surface area and porosity of the respective biochars were 

measured using surface and porosity analyzer (Micromeritics, ASAP 2020, USA). For 

proximate analysis, biochars samples were heated in a muffle furnace at a thermal 

temperature of 650 0C for 6 h adopting standard method (Ahmad et al., 2013). A 

macroanalyzer (Vario Max CNS, Germany) was used for the measurement of TN, TC, 

S, H and O concentration in biochar and soil samples. Micrograph and elemental 

composition of RHB, CCB and PNB were measured through a scanning electron 

microscopy and energy dispersive x-rays spectroscopy (SEM-EDX, Carl Zeiss, 

Germany). 

 

2.4 Experimental design and plant growth conditions 

A complete randomized block design (CRBD) with at least four replicates for each four 
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treatment was adopted. 4 kg of soil was amended at 5 % of each biochar (w/w) called 

RHB, CCB and PNB in polyvinyl chloride (PVC) pots (14 cm of width and 25 cm of 

height) individually. 5% amendment ratio was chosen following our previous study 

(Ibrahim et al., 2016). Soil without biochar amendment called control treatment (CT) 

was also included. One week prior to the sowing of Lactuca sativa L. seeds, PVC pots 

were irrigated manually with double distilled water and incubated. Moisture content 

was kept at 60 % water holding capacity through proper weighing and additional 

supplement of water as required. After one week, 10 g of soil samples were taken with 

a small soil corer from each treatment and were analyzed for quantification of physio-

chemical changes in biochar-amended and non-amended control soil. Lactuca sativa L. 

seeds were surface sterilized for 10 min with 30 % hydrogen peroxide (H2O2). After 

washing with double distilled water 5 seeds per pot were sown. The seedlings were 

thinned to two per pot after two weeks of growing period. The pot trial was conducted 

under 12/12 h day/night light conditions in a glasshouse. Daily temperature was 

recorded at 10 ±1 0C, night temperature 6 ±2 0C and humidity 50 ±3 %. In order to gain 

suitable light and temperature, PVC pots containing Lactuca sativa L. plants were 

randomly set at normal intervals throughout the growing period. 

 

2.5 Chemical analysis of soil and biochar samples 

The procedural method from Feng et al. (2012) was adopted for dissolved organic 

carbon (DOC) extraction from soil and biochar samples. To 4.0 g samples , 40 mL of 

0.5M potassium sulphate (K2SO4) solution was added and shaken at 200 rpm (TS-2102, 
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Shaker, China) for 1 h. Each sample was immediately centrifuged and filtered through 

membrane filters of 0.22 µm. The DOC concentration in each sample was analyzed 

using a total carbon analyzer (TOC-VCPH Shimadzu, Japan). Colwell P (plants 

available P) concentration was determined in soil and biochar samples adopting a 

standard method (Colwell, 1963). Briefly, each sample extraction container was 

contained 1: 100 (w/v) soil/sodium bicarbonate (NaHCO3) solution (0.5 M, pH 8.5) and 

shaken at 180 rpm for 16 h. The samples were centrifuged immediately. The 

supernatant in each sample was filtered through 0.22 µm filters membrane and available 

P concentration was analyzed using ICP-OES (Perkin-Elmer, Downers Grove, IL, 

USA). For the analysis of available concentrations of PTEs in soil samples, the EDTA-

extraction fraction method was adopted. Briefly, in 50 mL centrifuge tubes, air dried 

soil samples (10 g) and a mixture (20 mL) containing 0.5 M of ethylene-diamine-tetra-

acetic disodium (EDTA-Na2), 0.1 M tri ethanol amine (TEA) and 0.01 M CaCl2 were 

added. The tubes were shaken at 180 rpm for 3 h and then centrifuged immediately. 

The supernatant was filtered through a 0.22 µm filter membrane and stored at 4 0C for 

further analysis. For the extraction of total PTEs the strong nitric and perchloric acids 

(HNO3 and HClO4) digestion method (Wong and Li, 2004) was adopted. Total and 

available PTEs concentrations in biochar and soil samples were analyzed through ICP-

MS. (Agilent Technologies, 7500 CX, Santa, Clara, CA, USA). 

 

2.6 Chemical analysis of plant samples 

 After seven weeks of growth, Lactuca sativa L. plants were harvested and root and 
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shoot samples were manually separated after washing with double distilled water. 

Thereafter, root and shoot samples were oven-dried for 72 h at 70 0C and biomass was 

recorded. Shoot samples were powdered using a pestle and mortar, and 0.2 g of each 

sample was acid digested at a ratio of 1:1 (v/v) with 30 % H2O2, (GR, Sinopharm, 

Shanghai, China) and 65% HNO3, (GR, Merk, Germany) using a microwave 

accelerated reaction system (Mars 5, CEM Crop, Matthews NC, USA). The debris was 

then filtered through 0.22 µm filters. Each filtrate was set to 50 mL volume in 

polypropylene tubes with the addition of double distilled water (Ultra-pure Water 

Purification System, Shanghai, China). The bioaccumulated concentration of Ni, Cr, 

As, Cd and Pb in shoot samples were analyzed through ICP-MS (Agilent Technologies, 

7500 CX Santa, Clara CA, USA). 

Antioxidant enzymes such as superoxide dismutase (SOD), guaiacol peroxidase (POD) 

and catalase (CAT) were extracted adopting standard method (Kazemi et al., 2010). 

Briefly, 1.0 g fresh shoot samples were ground in 1 mL of 50 mmol L-1 phosphate buffer 

(pH 7.5) and then centrifuged at 12,000 rpm for 10 minutes at 4 0C. Thereafter, the 

supernatant was filtered through 0.22 µm filters and stored at 4 0C for further analysis. 

SOD enzyme activity was measured by inhibition of nitro blue tetrazolium (NBT) 

photochemical reduction (Bai et al., 2009). Briefly, the 3 mL reaction mixture contained 

100 µl enzyme aliquot in 50 mM of phosphate buffer, 0.1 mM of ethylene diamine tetra 

acetic acid (EDTA), 0.002 mM of riboflavin, 13 mM of methionine and 0.075 mM of 

NBT. The tubes contained the respective mixtures were placed for 15 minutes in a light 

chamber. Using a UV-6300 double beam spectrophotometer the absorbance of SOD 
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enzyme activity was measured at 560 nm. One unit of SOD enzyme activity was 

considered as the quantity of the enzyme assay mixture required to cause 50% inhibition 

of NBT during a chemical reaction at 560 nm. The POD enzyme activity was measured 

by adopting the standard method of Gorin and Heidema. (1976). The 3 mL assay 

mixture composed of 0.1% p-phenylenediamine, 0.05% of H2O2, 100 µl of enzyme 

aliquot and 1.35 mL (100 mM) of MES buffer (pH 5.5). The variation in the absorbance 

was measured at 485 nm. The POD enzyme activity was calculated by applying the 

extinction coefficient (26 mm-1 cm-1) for tetra-guaiacol and was presented in µmol tetra-

guaiacol min-1 mg protein-1. Shoot CAT enzyme activity was determined by adopting 

the standard method of Singh et al. (2010). The 3 mL enzyme assay mixture was 

composed of 0.04 mL enzyme extract, 0.4 mL (15 mM) of H2O2 and 2.6 mL of 

phosphate buffer 50 mM (pH 7.0). Breakdown of H2O2 molecules was determined by 

absorbance at 240 nm and the enzyme activity was represented by U mg-1 protein (U=1 

mM of H2O2 reduction min-1mg-1 of protein). 

Plant and soil reference samples (GBW07602-GSV-1 and GBW07401-GSS-1) were 

purchased from the National Research Centre of Standards, China. The reference 

samples were incorporated in each set of plant and soil digestion for precision and 

accuracy. 

 

2.7 Statistical analysis 

 One-way ANOVA in SPSS 11.5 and Sigma plot 12.0 were applied for the statistical 

and graphical analysis respectively. LSD test (P<0.05) was applied for significant 
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differences among treatments. 

 

3. Results and discussion 

3.1. Physio-chemical characteristics of tested biochar and soil samples 

 The physio-chemical characteristics of the tested soil and biochars are shown in 

Table 1. In the tested soil, the total concentrations of Pb and Cr were 7.73 and 0.19 mg 

kg-1 while that of Ni, As and Cd, were 18.41, 28.94 and 64.52 µg kg-1. The soil is 

polluted with PTEs and the concentrations of As, Pb and Cd surpassed the maximum 

permissible limits (State Environmental Protection Administration, China, SEPA, 

1995). The soil used in pot experiment was slightly acidic (5.21). The concentrations 

of PTEs such as Ni, Cd, As, Cr and Pb, in PNB samples were 0.13, 7.43, 0.87 (µg kg-

1), 0.01 and 0.55 mg kg-1 respectively while in RHB samples were 0.252, 4.84, 0.14(µg 

kg-1), 0.03 and 0.90 (mg kg-1). In CCB samples the total concentrations of Ni, As, Cd, 

Cr and Pb, were 0.19, 0.05, 0.02 (µg kg-1), 0.02 and 0.13 mg kg-1 respectively (Table 

1).  

Soil particle size measurement gives us insight into the textural classification of the soil. 

In the current experiment, the tested soil had sand (44.92%), silt (49.50%) and clay 

(5.58%) and was classified as a silty loam. Biochars CCB, RHB and PNB showed 

contrasting physio-chemical characteristics such as pore volume, pore size, surface area, 

pH and EC. The physio-chemical properties of the biochars underpin the mechanisms 

of how soil fertility is improved. For any crop yield increment of soil fertility might be 

associated with improved water holding capacity of biochar amended soil (Jeffery et 
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al., 2011). The mechanism involved is such that pores present on biochar surfaces can 

retain water molecules thus increasing WHC and assisting in improved soil fertility. 

Asai et al. (2009) reported that biochar porosity retains water molecules in tiny pores 

and thus assisting in improvement of soil fertility through increased water holding 

capacity. Increased CEC is the indirect measurement of soil fertility. These variable 

characteristics of soil depend on the waste residues used for production of biochars. In 

addition, increased pH values of biochars may be also associated with the changed 

properties of biochars amended soil. CCB showed the highest pH (10.12) as compared 

with RHB (8.94) and PNB (9.33). These biochars were alkaline in nature having the 

potential to an increase amended soil pH. SEM-EDX micrographs investigated the 

elemental composition of RHB, CCB and PNB. Biochar elemental ratio (O/C and H/C) 

can be used as a marker of biochar polarity. O/C for CCB and RHB were higher (0.21 

and 0.30) than PNB (0.15) indicating that CCB and RHB might contain high polar 

surfaces (Table 1). Previous study (Uchimiya et al., 2011) revealed that O/C and H/C 

was used to assess biochar polarity and aromaticity. Present results revealed that carbon 

concentration in PNB was higher (70 %) as compared with RHB (49.9%) and CCB 

(64.1%). SEM imaging gives us deeper insight about surface morphology of the tested 

biochar. PNB showed large sized pores as compared with RHB and CCB (Fig S2). 

Energy dispersive X-ray (EDX) spectroscopy confirmed the presence of various 

elements on the tested biochars surfaces on dry weight basis. Biochar RHB, EDX data 

showed different elemental composition and confirmed the occurrence of Oxygen (O) 

(20.73%), Carbon (C) (77.03%), Sodium (Na) (0.04%), Aluminum (Al ) (0.11%), 
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Potassium (K) (0.68%), Silicon (Si) (1.21%) and Calcium (Ca) (0.22%) (Fig S1 A-B). 

Similarly, Fig S1 C-D of biochar CCB confirmed the concentration of O (17.31%), C 

(80.34%), Al (0.02%), Na (0.04%), K (2.23%), Si (0.04%) and Ca (0.02%). In addition, 

biochar PNB spectrum showed the presence of C (85.16%), O (12.79%), Al (0.08%), 

Na (0.05%), K (1.52%), Si (0.12%) and Ca (0.29%) (Fig S1 E-F). The EDX data further 

confirmed that O content was higher in RHB as compared with CCB and PNB. 

Similarly, the C content was higher in PNB as compared with RHB and CCB. This may 

be dependent on the type of feedstock used as a biochar material. 

 

3.2. Comparison of biochar amended and non-amended soil 

 The results showed that biochars amendments altered the soil pH, EC, TC, TN, S, 

O, H and DOC level as compared with non-amended control. Soil pH increased from 

5.21 to 6.41 units amended with PNB, 5.21 to 6.78 units amended with RHB and 5.21 

to 6.82 units with CCB amendment. This rise in amended soil pH may be associated 

with the higher precipitation of insoluble species and sorption of PTEs to biochar 

surfaces (Kolodynska et al., 2012). A previous study (Wang et al., 2016) showed that 

tea garden soil pH increased from 3.33 to 3.63 units with amendment of biochar. 

Hardwood biochars prepared from Carya spp and Quercus spp increased agricultural 

soil pH by 1 unit (Laird et al., 2010). The increase in soil pH with biochar amendments 

might have changed the soil nutrients status and assisted in adsorption of nutrients on 

Lactuca sativa L. root surfaces. The EC of the biochars amended soil significantly (P ≤ 

0.01) elevated by up to 34%, 24% and 29% (Table 2). This rise in EC may be related to 
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the fact that biochar contain rich mineral compounds. Present results are in line with 

previous findings (Hossain et al., 2011) that with amendment of wastewater sludge 

biochar, soils EC significantly increased. 

With amendments of the tested biochars i.e. PNB, RHB and CCB the concentration of 

Colwell P significantly (P ≤0.05) increased by up to 50%, 26% and 33%. The highest 

increment of Colwell P was recorded in PNB amended soil. The TN concentration 

significantly (P≤0.01) elevated by up to 42%, 21% and 28% with amendment of PNB, 

RHB and CCB. Similarly, TC statistically (P≤ 0.05) increased by up to 44%, 23% and 

39% with amendments of PNB, RHB and CCB. This increased concentration of TN 

and TC might improve the biochar amended soil fertility. The concentration of CEC 

remarkably increased with amendments of PNB, RHB and CCB by up to 96%, 59% 

and 65%. This increase in CEC values suggests improved soil fertility of biochars 

amended soil. Previous study (Laird et al., 2010) reported that soil CEC remarkably 

enhanced with amendment of biochar. Jien and Wang, (2013) investigated that biochar 

(prepared from Leucaena leucocephala) amendment to high weathered soil 

significantly (P≤0.01) elevated CEC ranged from 7.14 to 10.8 cmol kg-1. Present 

findings showed that effects of biochars on soil physiochemical properties varied with 

amendment of biochar type. Overall, with biochar amendment the improved soil 

physiochemical characteristics may be the direct or indirect measures of decreased 

nutrients leaching as well as increased nutrients status which are the popular 

mechanisms of soil fertility. 

PNB amendment reduced the available concentrations of As, Cr, Ni, Pb and Cd by 
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up to 33%, 33%, 40%, 46% and 31% respectively (P≤ 0.05). RHB amendment 

significantly (P≤ 0.01) reduced bioavailable concentrations of As, Pb, and Cd by up to 

22%, 24% and 20% but increased that of Cr and Ni by up to 44% and 28%, compared 

to non-amended control. Similarly, CCB amendment statistically (P ≤ 0.05) decreased 

the concentrations of As, Cr, Ni, Pb and Cd by up to 27%, 25%, 29%, 32% and 22%. 

Highest decrease in PTEs availability was recorded in the PNB amended soils as 

compared with RHB and CCB. The decreased available concentration of PTEs in PNB 

amended soils may be related to the increased sorption of PTEs by PNB, as PNB has 

larger pore size (10.07 nm) as compared to RHB (3.48 nm) and CCB (4.57 nm). Another, 

reason may be the larger surface area of PNB (12.49 m2g-1) as compared to RHB (1.85 

m2g-1 ) and CCB (5.48 m2g-1 ) (Table 1). These findings are in line with Houben et al. 

(2013) that amendment of miscanthus straw biochar significantly (P≤ 0.05) decreased 

Cd, Pb and As bioavailability in metals polluted soil. Significant reduction in PTEs 

availability had also been explored with amendment of biochars produced from other 

waste residues (Ahmad et al., 2012). Indeed, pH is a vital parameter in PTEs sorption 

process therefore; the decreased PTEs availability in biochar amended soils in the 

current experiment may be related to the increased pH level (Smith, 1994; Zheng et al., 

2015; Jelly and Najafi, 2018). In-addition, PTEs speciation and ionization processes as 

well as surfaces charges and chemistry of adsorbents could also be affected with 

increased pH levels of biochar amended soils (Kolodynska et al., 2012; Martinsen et al., 

2015). In another study, Uchimiya et al. (2010) reported that amendment of broiler 

litter-derived biochar could decrease the adsorption of PTEs through increasing the 

http://link.springer.com/article/10.1007/s11356-015-4233-0#CR49
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amended soil pH level. Soil organic matter contains a minor portion of DOC in soil but 

it plays an essential role in maintaining soil ecosystems due to its reactivity and mobility 

towards metals contaminants (Chantigny, 2003). When biochar is amended to soil it 

directly increases the soil organic matter concentration that subsequently alters 

sorption-adsorption processes of PTEs (Smernick, 2009). In the present study, the 

concentration of DOC increased by up to 138 %, 42 % and 68 % in PNB, RHB and 

CCB amended soil. Due to the natural behavior of DOC direct sorption and formation 

of stable complexes with PTEs, increased DOC concentration in biochars amended soil 

might reduce the PTEs availability (Zheng et al., 2013). Furthermore, the occurrence of 

aromatic and non-aromatic functional groups on biochars surfaces could also alter PTEs 

bioavailability in biochars amended soils (Xu et al., 2013). 

 

3.3. Potentially toxic elements bioaccumulation and biomass production 

 In the current study, PNB, RHB and CCB soil amendments improved Lactuca 

sativa L. plant growth and biomass production. Commonly, plants exposed to high 

metal stress revealed toxic visible symptoms such as necrosis, chlorosis, stunted growth 

and lower biomass production. However, at lower metals concentration these symptoms 

totally disappear due to lower toxicity and oxidative damage, as a result more plant 

biomass is produced (Vangronsveld and Clijsters, 1992). Lactuca sativa L. roots 

biomass significantly (P ≤ 0.01) increased by up to 51%, 53% and 122% with 

amendments of RHB, CCB and PNB as compared with non-amended control. Similarly, 

with amendments of RHB, CCB and PNB shoots biomass elevated by up to 39%, 65% 

http://link.springer.com/article/10.1007/s11356-014-3467-6#CR74
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and 100 % as compared with non-amended control (Fig 2). This increase in biomass 

production may be associated with the lower PTEs phytoxicity to Lactuca sativa L. 

plants as well as oxidative damage. In comparison with RHB and CCB, biochar PNB 

amendment revealed the highest biomass production. The biochar source and type used 

as a feedstock may also be responsible for decreased bioaccumulation of PTEs and 

increased biomass production. Furthermore, the increased biomass production may be 

linked with improved soil fertility due to increased TC and TN concentration (44%, and 

42%) in PNB amended soil as compared with RHB (23% and 21%) and CCB (39% and 

28%). Therefore, the enhanced levels of TC and TN in PNB amended soil may have 

improved soil fertility and subsequently enhanced Lactuca sativa L. biomass 

production. Furthermore, phosphorus is an essential nutrient for plants growth and 

biomass production as well as many physiological processes such as nucleic acid and 

protein synthesis, cell division and formation of meristematic tissues (Parvage et al., 

2013; Chintala et al., 2014). The increased concentration of available P in biochars 

amended soil may be another factor that improved growth and biomass production of 

Lactuca sativa L. plants. Current findings are in line with previous studies that with 

amendments of Eucalyptus sapwood and pigeon pea biochar, spinach and spring onion  

biomass production significantly(P ≤ 0.01) increased (Yu et al., 2009; Coumar et al., 

2016). Other researchers (Hossain et al., 2010; Sun et al., 2017) reported that 

amendments of rice straw and waste water sludge biochars significantly (P ≤ 0.05) 

increased maize and cherry tomato plant growth and biomass production remarkably 

A prominent component of an ecosystem is plant which mobilizes elements from the 
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abiotic to the biotic environment. In the present study, bioaccumulation of PTEs was 

affected contrastingly with amendments of PNB, RHB and CCB in Lactuca sativa L. 

plant tissues. Shoot bioaccumulation of PTEs significantly (P≤ 0.05) decreased such as 

Ni (25% and 33%), Cr (24% and 36%), As (29% and 40%), Cd (26% and 31) and Pb 

(29% and 37%) with amendments of CCB and PNB. Similarly, shoot accumulation of 

As, Cd and Pb statistically decreased by up to 24%, 20% and 21% with amendment of 

RHB. However, accumulation of Cr and Ni significantly (P ≤ 0.05) elevated with 

amendment of RHB (Fig 1A). Highest decrease in PTEs bioaccumulation was noticed 

with amendment of PNB as compared with RHB and CCB. The increased 

bioaccumulation of Ni and Cr in Lactuca sativa L. plants may be related with enhanced 

uptake of Ni and Cr or decreased sorption due to the smaller pore size of RHB as 

compared with PNB and CCB (Table 1). Another reason may be associated with higher 

concentration of Ni and Cr in the RHB samples. These findings are consistent with 

previous studies revealed that with amendment of rice bran, husk and straw biochars 

Cd, Pb and As bioaccumulation significantly (P ≤ 0.05) decreased by up to 71%, 60% 

and 37% (Zheng et al., 2013). Similarly, Ibrahim et al. (2017) also reported reduced 

PTEs bioaccumulation in Phaseolus vulgaris L plants. cultivated in peanut shells 

biochar (PNB) and sewage sludge biochar (SSB) amended with PTEs contaminated soil. 

Several mechanisms could affect this decreased accumulation of PTEs in Lactuca 

sativa L. plants. One possible mechanism is the physical characteristics such as pore 

size, pore volume and surface area of amended biochar which could have reduced PTEs 

availability in the biochars amended soil. Furthermore, in-organic compounds as well 
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as exchangeable bases in soils have also been reported to increase pore volume and 

surface area of amended biochars, thus assisting in decreased PTEs availability in soil 

and subsequent bioaccumulation in plants (Kim et al., 2013). The second mechanism 

may be linked with the elevated pH concentration of biochars amended soil. Elevated 

soil pH enhances the biochar negatively-charged surface sites that directly increase the 

PTEs sorption capacity (Kolodynska et al., 2012). In-addition, improved DOC level in 

biochars amended soil could also be linked with the reduced PTEs availability in soil 

and subsequent accumulation in Lactuca sativa L plants. Furthermore, elevated DOC 

concentration creates stable complexes with PTEs molecules thus increased sorption 

capacity of amended biochar. A previous study (Zheng et al., 2012) explored that in 

biochar amended soil, DOC acts as chelator with PTEs molecules thus decreases the 

available concentration of PTEs. In the present findings it was investigated that in terms 

of PTEs sorption and biomass production, PNB was the best suitable soil amendment 

as compared with RHB and CCB. 

 

3.4. Responses of antioxidant enzymes 

 In plant cells, adjacent to reactive oxygen species (ROS) sites, antioxidant enzymes 

system is present, which detoxify harmful effects of ROS (Corpas et al., 2015). 

Hydrogen peroxide (H2O2), hydroxyl radical (-OH), superoxide radical (O2-), and 

singlet oxygen (1O2) are the major ROS, which are produced in mitochondria, 

chloroplast and peroxisomes. It has been shown that adverse environmental factors such 

as high and low light intensity, temperature, drought, salinity and heavy metals stress 



21 

 

rapidly secret over production of ROS in green plants (Mittler et al., 2011; Baxter et al., 

2014). Therefore, against adverse environmental factors plants have developed 

protective mechanisms called antioxidant enzymes that play signaling role in stress 

conditions (Gupta et al., 2016). Over accumulation of ROS producing intensive damage 

to cellular proteins, nucleic acids and lipids (Sies et al., 2017). Accumulation of 

superoxide radicle (O2-
-) in chloroplast is rapidly dismutate into hydrogen peroxide 

(H2O2) by the activity of superoxide dismutase (SOD) (Wang et al., 2016). Another 

enzyme called peroxidase (POD) located in mitochondria can scavenge H2O2 into water 

(H2O) and oxygen molecule (O2) (Welinder, 1992; Passardi et al., 2007). Similarly, 

enzyme catalase (CAT) present in peroxisomes can eliminate over accumulation of 

H2O2 into H2O and O2 molecule (Reumann and Bartel, 2016). 

In the present study, RHB, CCB and PNB amendments contrastingly affected the 

activities of antioxidant enzymes in Lactuca sativa L. plants. Activities of SOD and 

POD significantly (P≤0.01) stimulated by up to 38% and 31% with amendment of RHB 

however, declined by up to 53 %, 69 % and 22 %, 31% with additions of CCB and PNB 

respectively. The activity of CAT significantly (P ≤ 0.01) declined by up to 21%, 41% 

and 48% with amendments of RHB, CCB and PNB as compared with non-amended 

control (Fig 1B). 

These variations in antioxidant enzyme levels may be due to the increased or decreased 

PTEs bioaccumulation in Lactuca sativa L. plants. Previous studies (Mishra et al., 2006; 

Zhang et al., 2009) showed that Cd accumulation caused enhanced activity of SOD and 

enzyme encoding genes, thus resulting in elevated antioxidant enzyme pools. 
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Molassiotis et al. (2006) found that increased inorganic boron (B) concentration could 

damage the membrane and induced stress in the peroxidation of lipids, which might 

slow down SOD enzyme activity. Another antioxidant enzyme POD also plays a key 

role in oxidative stress conditions. POD enzyme can convert H2O2 molecules which is 

toxic to plants into non-toxic H2O and O2 molecule. Hasan et al. (2009) showed that 

POD enzyme could be assessed as a possible biomarker for sublethal inorganic Cd 

metal toxicity in various plants species. Furthermore, in plant cells enzyme CAT also 

play a key role in scavenging the excessive concentration of H2O2 and converts it into 

H2O and O2 molecules (Wu et al., 2013). Thus the enhanced CAT activity, scavenge un-

necessary accumulation of H2O2 molecules in the peroxisomes of plant cells, thus 

maintaining a dynamic equilibrium between H2O2 synthesis and elimination. The 

decreased CAT activity in plant cells is caused by less oxidative stress produced by 

decreased metal stress, resulting in the inhibition of enzyme synthesis (Alscher et al., 

1997). Furthermore, in the present study the decreased CAT activity with amendments 

of RHB, CCB and PNB may be due to the lower H2O2 synthesis by SOD enzyme during 

dismutation of reactive oxygen free radical O2
- in the Lactuca sativa L. plant cells. 

Another, reason may be the decreased accumulations of As, Cd and Pb in plant tissues 

causing less oxidative stress and their higher sorption capacity by RHB, CCB and PNB 

in amended soils. Usually, CAT enzyme activity stimulated with elevated stress in plant 

cells (Gong et al., 2013). 

In the current study, the bioaccumulation of Ni and Cr in RHB amended plant shoots 

increased, due to which the levels of antioxidant enzymes SOD and POD were also 
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elevated accordingly. Increased bioaccumulation of Ni and Cr caused enhanced 

production of ROS thus activate antioxidant enzyme system thereby, protecting Lactuca 

sativa L. plants from oxidative damage. It was reported previously that upregulation of 

antioxidant enzymes was implicated in combating oxidative stress in plant cells (Gill 

and Tuteja, 2010; Nadgórska-Socha et al., 2013). 

 

4. Conclusions 

In conclusion, amendments of RHB, CCB and PNB significantly (P≤0.05) decreased 

the bioavailable concentrations of As, Cd and Pb in soil and subsequent accumulation 

in Lactuca sativa L. plants. However, the concentrations of Cr and Ni significantly 

(P≤0.01) elevated with amendment of RHB. Activities of antioxidant enzymes such as 

SOD, POD significantly (P≤ 0.05) suppressed with amendments of CCB and PNB 

however, stimulated with amendment of RHB. In-addition, activity of CAT 

significantly (P≤0.01) declined with amendments of all three biochars. This up and 

down regulation in antioxidant enzymes may be biochar dependent. Highest significant 

effects on PTEs soil availability, plants bioaccumulation as well as biomass production 

were found with amendment of PNB as compared with RHB and CCB. This may be 

due to larger pore size and surface area of PNB. Current findings showed that how RHB, 

CCB and PNB reduced the available concentrations of PTEs in amended soil, its 

bioaccumulation in Lactuca sativa L. plants. This approach presented here can be 

applied to other biochar feed stocks and vegetable plants grown in multi-metals 

contaminated soils on global scale. Furthermore, present results proved that PNB was 

best soil amendment. However, applications of present outcomes require further 
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investigations under long-term field trials. 
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Fig. 1. (A-B) Potentially toxic elements bioaccumulation and antioxidant enzymes 
(SOD, POD and CAT activities, たmol tetra-guaiacol min−1 mg protein−1, たmol 
consumed hydrogen peroxide H2O2 min−1 mg protein−1) in Lactuca sativa L. grown in 
biochars amended and non-amended soil. The error bars represent standard deviations 
(n=4). Different letters on the bars indicate significant difference (P ≤0.05), while 
similar letters indicate non-significant difference between treatments. 
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Fig. 2. Shoots and roots biomass of Lactuca sativa L. grown in biochars amended and 
non-amended soil. The error bars represent standard deviations (n=4). Different letters 
on the bars indicate significant difference (P≤0.05), while similar letters indicate non-
significant difference between treatments. 



 

Table. 1. 

Physico-chemical properties of soil and biochars (n=4) and their comparison with permissible limits set for soil by the State 

Environmental Protection Administration (SEPA, 1995). 

Parameters Soil PNB RHB CCB Parameters Soil PNB RHB CCB SEPA Back ground  

soil 

pH (CaCl2) 5.21 9.33 8.94 10.12 Concentration Total Total Total Total   

EC (µS cm-1) 509 713 933 842 Cr (mg/kg) 0.19 0.01 0.03 0.02   

BET surface area(m2g-1) ND 12.49 1.85 5.48 Ni (µg/kg) 18.41 0.13 0.25 0.19   

Pore volume (cm3 g-1) ND 0.036 0.016 0.024 As (µg/kg) 28.94 0.87 0.14 0.05 0.03 5.88 

Pore size (nm) ND 10.07 3.48 4.57 Cd (µg/kg) 64.52 7.43 4.84 0.02 0.003 0.05 

H (%) 0.74 3.22 2.79 3.68 Pb (mg/kg) 7.73 0.55 0.90 0.13 0.3 35.62 

O (%) 13.63 10.82 15.04 13.36 TN (%) 0.14 1.45 0.63 0.55   

DOC(mg kg-1) 19.09 9.51 12.11 10.17 TC (%) 1.93 70.61 49.92 64.13   

Colwell P (mg kg-1) 30.69 4.03 4.63 2.96 S (%) 0.054 1.38 0.43 0.93   

Volatile matter (%) ND 24.13 15.21 8.86 H/C ND 0.04 0.06 0.05   

Fixed carbon (%) ND 64.54 38.32 68.76 O/C ND 0.15 0.30 0.21   

Ash content (%) ND 6.57 18.97 12.61 (N+O)/C ND 0.17 0.31 0.22   

An abbreviations PNB, RHB and CCB represents peanuts shell biochar, rice husk biochar and corn cobs biochar. ND No Data. Soil 

background value taken from Chen et al. (1992) for Fujian Province, China. 

 

Table. 2. 

Variations in the properties of biochars amended and non-amended soil after one week incubation before 

sowing. Mean values are shown ± standard deviation (n= 4). Different lowercase letters denote significant 

difference (P ≤ 0.05) while similar letters indicate non-significant difference between treatments. 

Parameters CT PNB RHB CCB 

pH (CaCl2) 5.21±0.14 b 6.41±0.15 b 6.78±0.16 b 6.82±0.18 a 

EC (µS cm-1) 509.31±0.71 b 685.26±0.30 a 635.16±0.80 b 660.16±0.90 b 

DOC (mg kg-1) 19.21±1.48 b 45.15±0.76 a 27.23±1.30 b 32.33±1.36 b 

Colwell P (mg kg-1) 30.69±1.10 b 45.57±2.97 a 38.53±1.20 b 40.95±1.41 b 

CEC (cmol kg-1) 1.96 ± 0.16 b 3.85± 0.12 a 3.13± 0.18 b 3.24±0.17 b 

TN (%) 0.14±0.02 b 0.20±0.04 a 0.17±0.03 b 0.18±0.02 b 

TC (%) 1.93±0.13 b 2.79±0.18 a 2.39±0.14 b 2.69±0.15 b 

S (%) 0.054±0.01b 0.15±0.22 b 0.29±0.28 a 0.28±0.23 b 

H (%) 0.74±0.16 a 0.61±0.02 b 0.63±0.03 b 0.59±0.02 b 

O (%) 13.63±1.54 a 4.82±0.23 b 5.83±0.22 b 7.27±0.23 b 

 Available Concentrations  

As (µg/kg) 18.94±0.56 a 12.24±0.32 b 14.14±0.31 b 13.90±0.40 b 

Cr (µg/kg) 9.24±1.21 b 6.10±0.92 b 13.96±1.43 a 6.87±0.80 b 

Ni (µg/kg) 12.49±0.91 b 7.37±0.74 b 14.78±1.54 a 8.76±0.72 b 

Pb (mg/kg) 4.71±0.56 a 2.54±0.32 b 3.55±0.29 b 3.18±0.31 b 

Cd (µg/kg) 44.54±0.90 a 30.44±1.41 b 35.73±1.35 b 34.87±1.51 b 

Colwell P. Bioavailable PTEs extracted with ethylene diamine tetra acetic acid (EDTA-Na2) (0.05 M), tri ethanol   

 amine (TEA) (0.1 M) and CaCl2 (0.01 M). 



1 

 

Biochars effects potentially toxic elements and antioxidant enzymes in Lactuca 

sativa L. grown in multi-metals contaminated soil 

Muhammad Ibrahima,b, Gang Lia,c*,, Faith Ka Shun Chand,e, Paul Kaye , Xiao-Xia Liu f, 

Les Firbank g , Yao-Yang Xua,c,  

aKey Laboratory of Urban Environment and Health, Institute of Urban Environment, 

Chinese Academy of Sciences, Xiamen 361021, People’s Republic of China 

b University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of 

China 

c Ningbo Urban Environment Observatory and Monitoring Station, Ningbo 315830 

People’s Republic of China 

d School of Geographical Sciences, University of Nottingham Ningbo Campus, Ningbo 

China, 31500, China 

e School of Geography and Water@Leeds, University of Leeds, LS29JT, Leeds, UK 

f Zhejiang Agricultural Technology Extension Center, Hangzhou 310020, China  

g School of Geography biology, University of Leeds, LS29JT, Leeds, UK 

 

*Corresponding author: E-mail: gli@iue.ac.cn Tel: 008657486085863; Fax: 

008657486784814 

 

 
 
This section includes 3 pages containing 2 figures. 
 
 
 

mailto:gli@iue.ac.cn


2 

 

 
Supporting methodology 
 

Measurement of pH and EC 

 Using a mixture of soil or biochar and CaCl2 solution at 1:2.5 (w/v), pH and EC 

were measured through Accumet XL 60 pH-EC meter. 

Soil particle measurement 

The tested soil particle size was measured using Mastersizer 2000 (Malvern 

Instrument Ltd, UK).  

 
 

 
 
Fig.S1. Scanning electron micrograph and energy dispersive X-rays spectroscopy 
(SEM-EDS) of RHB (A-B), CCB (C-D) and PNB (E-F) produced at 500 0C for 6 h 
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Fig. S2. Scanning electron micrographs (SEM) of RHB (A), CCB (B) and PNB (C) 
produced at 5000C for 6h 
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