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on accumulation of potentially
toxic elements by corn (Zea mays
L.)
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The land application of sewage sludge can cause different environmental problems due to the high
content of potentially toxic elements (PTEs). The objective of this study was to compare the effect

of urban biological sewage sludge (i.e. the waste of activated sludge process) and its derived biochar
as the soil amendments on the bioavailability of PTEs and their bioaccumulation by corn (Zea mays

L.) under two months of greenhouse conditions. The soil was treated by adding biochar samples at 0
(control), 1, 3, 5% w/w. The diethylenetriamine pentaacetic acid (DTPA)-extractable concentrations
of PTEs including Zn, Pb, Cd, Cr, Ni, Fe, and Cu in soil and their accumulation by plant shoot and root
were measured. Conversion of the biological sewage sludge into the biochar led to decrease the PTEs
bioavailability and consequently decreased their contents in plant tissues. The DTPA extractable
metal concentrations of produced biochar in comparison to the biological sewage sludge reduced 75%
(Cd), 65% (Cr), 79% (Ni and Pb), 76% (Zn), 91% (Cu) and 88% (Fe). Therefore, the content of Ni, Fe,

Zn and Cd in corn shoot was decreased 61, 32, 18 and 17% respectively in application of 5% biochar
than of raw sewage sludge. Furthermore, the application of 5% biochar enhanced the physiological
parameters of the plants including shoot dry weight (twice) and wet weight (2.25 times), stem
diameter (1.70 times), chlorophyll content (1.03 times) in comparison to using 5% raw sewage sludge.
The results of the study highlight that application of the biochar derived from urban biological sewage
sludge in soil could decrease the risk of PTEs to the plant.
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The urban sewage sludge has been used to improve the fertility of agricultural lands. The properties of urban
sewage sludge should be improved through the different processes before being used in agricultural lands so that
it becomes devoid of hazardous materials’.

The non-treated urban sewage can cause the contamination of the environment and has an adverse effect on
the quality of the surface and groundwater?. The treatment of urban sewage sludge results in the exploitation of
the sewage and the retrieval of the used water in addition to environmental preservation®. The activated sludge
process as a conventional biological aerobic system is broadly used to remove biodegradable compounds from
urban and industrial wastewater. However, one of the main defects of the aerobic process (i.e. using bacteria to
break down the wastes) is generation of a substantial part (about 50-60%) of waste activated sludge or biologi-
cal sludge’.

The most important ways of waste management and reusing of sewage sludge include land use, agricultural
landscapes rehabilitation, sanitary landfill, burning and dumping the sludge in sea®. Sewage sludge can be used
as a fertilizer in agricultural lands because of possessing organic materials and nutrient content. The organic
material of sewage sludge can improve physicochemical properties of soil such as aggregation stability, aeration,
water holding capacity, cation exchange capacity and in this way, it improves the growth and performance of
agricultural products*.
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Pyrolysis of biological sewage sludge and production of biochar can be an alternative of dumping and using
sludge in agriculture®S. This process can result in decreasing the volume of solid residues (inorganic) and the
elimination of the pathogen and organic materials, which is a concern related to the sewage sludge’.

Biochar is a solid spongy carbon produced from various carbonaceous materials. It's made at the temperature
of less than 700 °C through the pyrolysis process under an atmosphere lacking or having little oxygen®. The solid
material obtained from the process contains biomass rich in carbon, aromatic groups, and physical properties
suitable for safe and long-lasting storage of carbon in the environment and potentially improvement of the soil
quality, plant health and crop yield as well>°.

The primary materials of the biochar can include the garbage and the residue of sawmills, wood chips, saw-
dust, remains of the urban grass-like lopped grass and branches, roost of poultries, sewage sludge, and waste
cardboard materials'' ™. The biochar can also be produced from the wastes of agricultural products such as
wheat straw, corn, rice bran, bagasse, cassava, corncobs!> 18,

Nowadays the biochar has been introduced as a proper solution in the management of the environment, so
there are different ways of producing biochar on different scales in the world". The practical and important uses
of biochar which are complementary and are often proposed in environmental management include reducing
effects of climate change, remediation and improvement of the soil, waste management, energy production, and
its use as an adsorbent’.

Thermal treatment through pyrolysis process could be a sustainable alternative for agricultural use of sew-
age sludge®. Comparing to sewage sludge, application of sewage sludge biochar could significantly enhance
plants growth and reduced the accumulation of metals in their tissues*'. Adding the biochar to the soil prevents
decreasing soil quality. Recently it has been widely used in modern agriculture, but there are still limitations in
using it as a soil fertilizer and the limitations include technical problems, expenses, and the ambiguity in the way
its physical and chemical characteristics affect soil fertility?.

Biochar also can remediate soil contaminated by potentially toxic elements (PTEs) through mitigating their
mobility. The properties of the soil, biochar, and PTEs can primarily affect the success of this process?. Hossain
et al.* confirmed that the accumulation of PTEs in edible plant tissues was significantly reduced with the applica-
tion of sewage sludge-derived biochar as a soil amendment®. They concluded that the PTEs accumulation rates
in the fruits were almost lower than in the sludge-derived biochar treated compared to the treated sewage sludge
samples. The application of sewage sludge biochar significantly improved both plant growth and production
and decreased the bioavailability and mobility of soil PTEs and thereafter reduced their accumulations in plant
tissues?*. Chagas and Figueiredo® concluded that due to higher pH, P, and K content, pore volume, and specific
surface area promotion of sludge biochar compared to sewage sludge, the PTEs bioavailability of biochar was
decreased, while the total metal concentration in biochar was increased. Singh et al.* investigated that pyrolysis
of sewage sludge and preparation of biochar not only improve soil quality but also reduce the uptake of PTEs,
and thereafter application of biochar as a soil amendment has potential benefits in agriculture fields. Ibrahim
et al.?® acknowledged the reduction of PTEs bioavailability and thus their uptake by plants in contaminated
soils with the application of biochar as an environmentally friendly and cost-effective soil amendments. They
also observed higher plant dry and wet root and shoot weights*. Zhang et al.?’ also recorded the pivotal role of
biochar in the improvements of soil fertility and reduction of PTEs accumulation in plant tissues on account of
high porous structure of biochar and its tunable functionality. Nkoh et al.?® well stablished the mitigation of the
daily uptake of PTEs and hazard quotient and thus their subsequent effects on human health and cancer risk by
amending PTEs contaminated soils with biochar.

As mentioned above, due to the presence of various PTEs in the sewage sludge, its use as a fertilizer may
increase the risk of HMs bioaccumulation by plants. Therefore, this study was done to analyze the effect of con-
version of the biological sewage sludge to biochar on the PTEs bioavailability in the soil and their relevant risk
of translocation from soil to plant. This study hypothesizes that the bioavailability of PTEs (including Fe, Zn,
Cd, Cr, Cu and Ni) in the soil treated with sewage sludge biochar should be almost lower than biological sludge
treated ones. Consequently, the bioconcentration of the PTEs in plant tissues reduces considerably. The study
specifically aimed to highlights the benefits of risk mitigation of PTEs accumulation in corn tissues using sewage
sludge-derived biochar as a soil amendment.

Materials and methods

Sampling and preparing the sewage sludge

The biological sludge was sampled from an urban sewage treatment plant of Chaharmhal-Bakhtiari province
(located in the southwest of Iran). In this plant, the treatment was done using the aerobic decomposition and the
activated sludge system. The sludge refilled with water was air-dried for 72 h and ground. In order to homog-
enize the sludge, the grinded samples were sieved to a less than 2 mm particle size. All chemicals used were of
analytical grade (Merck, Germany).

Biochar production

The pyrolysis of prepared sewage sludge was done in a fixed bed reactor at the temperature of 300 °C with an
average heating rate of 15 °C/min for 1 h as previously reported®. To neutralize the atmosphere, N, was passed
through the furnace at the constant flow rate of 1 L/min. The gas was used during the pyrolysis process and
also during the cooling time. Finally, the biochar sample was cooled under N, atmosphere, then weighted, and
saved in plastic containers. The yield of the biochar production was measured using the ratio of the amount of
produced biochar to the amount of primary organic materials®.
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Characterization of the raw sewage sludge and the produced biochar

The concentration of PTEs (Zn, Pb, Cd, Cr, Ni, Fe, Cu) was measured according to the standard ASTM D5198-
09°!. The waste sample was mixed with a certain amount of concentrated HNO, and heated for 2 h at 90 to
95 °C. After dissolving of elements, the sample was filtered and the filtrate volume reached to an appropriate
volume for subsequent analysis of elements. The bioavailability of PTEs was determined through the diethylene-
triaminepentaacetic acid (DTPA) extraction of elements using a 1:2 ratio (w/v) of sample: extract solution
(DTPA + CaCl, + triethanolamine (TEA) at pH 7.3) by shaking for 2 h*2. The amount of the moisture and ashes
was measured according to ASTM D2974-20e1%. The moisture content was analyzed by drying the sample at
105 °C. Then, the oven-dried sample was heated in a muffle furnace at 600 °C to determine the ash content of the
sample. The total Kjeldahl N (through sample digestion with 1:20 w/v sulfuric acid and subsequent distillation),
the available P (using Olsen method through extraction with sodium bicarbonate and measured calorimetri-
cally), the exchangeable K (using flame photometer after extraction with ammonium acetate) were measured™.
According to ASTM D 4980-89, a 10% slurry sample in water was prepared and the pH was measured on the
aqueous portion (Research pH meter 3330, Jenway). Electrical conductivity (EC) of the sludge and the biochar
samples (1:2.5 solid sample to water) were also measured (Conductivity meter 4310, Jenway)*>.

Characterization of soil sample

The soil samples for cultivating plants were taken from the campus of Isfahan University of Technology, Isfa-
han, Iran at a depth of 0-30 cm. Some characteristics of the used soil such as the soil texture (using hydrometer
method), organic material (using Walkley and Black titration method), pH (1:2.5 soil to water), and EC (1:2.5 soil
to water) were measured®. The total N (Kjeldahl method), the amount of available P (Olsen method), exchange-
able K, and CaCOj; content were also measured®.

The bioavailable concentrations of Zn, Pb, Cd, Cr, Nj, Fe, Cu in soil were determined through sample extrac-
tion by DTPA and measured using flame atomic absorption spectrometer (Perkin-Elmer, AAnalyst 700). As
evident from the literature, both mobile and potentially mobile species of metals were measured in the DTPA
extraction method. It is noteworthy that there was a good correlation between DTPA-extractable metals and
elements taken up to plant tissue. Accordingly DTPA extraction is one of the most useful methods for determin-
ing the mobile and bioavailable PTEs concentrations in slightly acidic to alkaline soils**. Moreover, soil samples
were digested using nitric acid for 2 h at 90 to 95 °C to determine total element concentrations and measured by
flame atomic absorption spectrometer (Perkin-Elmer A Analyst 700).

Plant cultivation

The study was conducted in accordance with guidelines and legislations of Department of Environment and
Department of Natural Resources and Watershed Management of Iran to use the plants for cultivation. Accord-
ingly, five seeds of Zea mays L. were cultivated in the vase containing 2 kg soil. The raw sewage sludge and the
biochar samples were added to the soil separately in four levels of 0 (controls), 1, 3, 5% w/w. The moisture content
of the soil was retained according to 50% of the field capacity. Three seedlings having four leaves were kept in
each vase and were grown in the greenhouse for 9 weeks. Some plant growth parameters including the thick-
ness of the stem, the number of the leaves and the amount of chlorophyll (Chlorophyll Content Meter, CL-01)
were measured.

Measurement of PTEs plant tissues
To measure the concentration of PTEs in plant tissues, 0.3 g of each dried sample was digested in a thermal block
using 7.5 mL concentrated HCl and 2.5 mL concentrated HNO; (Merck, Germany) at 110 °C and after cooling,
1 mL H,0, (Merck 30%) was added and heated at 80 °C for an hour and then the volume of sample was reached
to 50 mL by adding distilled water®”. The concentrations of PTEs including Fe, Zn, Ni, Cu, Cr, Pb, and Cd were
measured using the flame atomic absorption spectrophotometer (Perkin-Elmer AAnalyst 700). The reference
materials of Apple leave 1515 were used for quality control and quality assurance analyses which showed 80 to
93% recovery of the elements.

The bioconcentration factor (BCF) and translocation factor (TF) were calculated to estimate the ability of
PTEs to transfer from soil to plant, as below®:

BCF = %
Csoil
TF — Cshout
CfODt

where C, ., Cypoor and Cg,; are each element concentration in the root, shoot, and corresponding soil, respectively.

Statistical analysis
All the experiments were conducted with three replicates. Data analysis was done using one-way ANOVA analysis
and Tukey’s test at the level of 5% by SPSS software.
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Results and discussion
Characteristics of biochar sample
Biochar production rate at 300 °C was about 80%. As reported previously, the pyrolysis temperature of 300 °C was
an efficient factor of biochar production where the mass of biochar decreased with increasing the temperature®.
Some of the biochar and sewage sludge characteristics are shown in Table 1. The percentage of the ash in the
samples enhanced by the increase of temperature. The N content of the biological sewage sludge and the produced
biochar samples were 6 and 1.2% w/w, respectively that were less than the amounts reported by the United States
Environmental Protection Agency (US-EPA*®). However, the results showed that the amounts of total N, available
phosphorous, and K in the biological sludge were more than the produced biochar which were in accordance
with the previous researches**’. The pH and EC of biochar samples were lower than that of raw materials. The
increase of biochar pH in comparison to the raw materials is usually observed in the biochar resulted from the
sewage sludge and the other organic materials*'~**. This process has a relationship with the effect of the decrease
in the acid groups during the heating process on dehydrating of the organic materials. Furthermore, the increase
of pH can happen because of the aggregation of the organic materials in the biochar which may be a result of the
separation of the salt of alkaline elements (e.g. Na and K) from the organic matrix and formation of carbonates
(MgCO; and CaCOs3) with the increase of temperature**-*. However, it’s expected to have acidic biochar in low
temperatures®, as it’s seen (slightly acidic) for the produced biochar sample.

Characterization of the soil sample

Some chemical and physical characteristics of soil sample are presented in Table 2. The results pointed out that
the soil texture was sandy loam, alkaline, none-salty with a high amount of CaCOj;. Besides, the P, K and organic
contents of the soil were low which could adversely affect the plant growth. However, it could effectively show the
results of amendments on the plant growth. Additionally, the soil was not saline and could not adversely affect
plant growth, but had low organic materials (less than 2%) which was usual for most soils in arid environments
and might have some limitations for the soil physicochemical quality.

Analysis of PTEs in biological sewage sludge and the produced biochar

The total concentrations of PTEs including Cd, Cr, Ni, Pb, Zn, Cu, and Fe in the biological sewage sludge and
the produced biochar are shown in Table 3. The results showed that the concentrations of all the PTEs except
Ni in the biochar sample were lower than the critical level according to the US-EPA*® and California Food and
Agriculture Organization®’. In the other hand, the total contents of PTEs in biochar samples were much higher
than of raw sewage sludge (2.9 to 11.7 times more). However, the concentration of bioavailable PTEs (DTPA
extractable) was significantly reduced in biochar samples in comparison to the raw materials (Table 4). It was
about 2 times less for Cd, 1.6 times less for Ni and Pb, 1.4 times less for Zn and Fe, and 1.3 times less for Cu.
Although the concentrations of the PTEs increased in the pyrolysis process, the results of the DTPA- extraction

Parameter Unit Sewage sludge | Biochar
Moisture % 8.0 2.0

Ash %* 23.7+0.42 34.4+0.57
Total N % 3.26+0.24 1.73£0.35
Available P mg/kg | 3874+98 1298 +70
Exchangeable K | mg/kg | 3293+114 1400+39
Total Na mg/kg | 856+ 134 1054 +45
pH - 7.1£0.2 6.7+0.1
EC dS/m 3.38+0.04 1.76 £0.04

Table 1. Characteristics of the biological sewage sludge and produced biochar. *On dry basis.

Parameter Unit Studied soil
Soil texture - Sandy loam
Total N % 1.157+0.14
Available P mg/kg | ND
Exchangeable K mg/kg | 37410
Organic matter % 1.227+0.100
CaCO, % 29.5+0.5
pH - 83+0.1

EC dS/m 0.04+0.001

Table 2. Characteristics of the soil sample.

Scientific Reports |

(2024) 14:5985 | https://doi.org/10.1038/s41598-024-56652-8 nature portfolio



www.nature.com/scientificreports/

Standard of California food and agriculture
Metals Sewage sludge Biochar Standard of U.S. EPA (1993) organization
Cd 1.2+0.1 2.4+0.1 85 1-15
Cr 43.26+3.74 54.19+3.38 3000 0.75-83
Ni 73.81+£7.76 119.99+9.92 75 32-43
Pb 55.03+£8.90 89.46+6.15 420 2.5-110
Zn 728.33+£57.24 1048.33+11.81 7500 ND
Cu 128.03£28.98 160.51+4.83 4300 4.5-330
Fe 5330.83 £583.50 7516.67 £638.52 - -

Table 3. Total PTEs concentration of the biological sewage sludge and produced biochar (mg/kg).

Metal | Sewage sludge | Biochar
Cd 0.3+0.1 0.1+£0.0
Cr 0.62+0.06 0.15£0.00
Ni 3.21+£0.57 0.67+0.27
Pb 13.46+£0.48 2.92+0.38
Zn 316.40+21.78 38.75+3.11
Cu 17.01+£0.14 1.45+0.43
Fe 187 +39.60 63.92+8.95

Table 4. The DTPA extractable concentrations of PTEs of biological sewage sludge and produced biochar
(mg/kg).

analysis showed that the pyrolysis process significantly decreased the bioavailability of these elements (1.3 to
2 times) in the compound structure. It was more efficient for Cd which is also more toxic than the other PTEs.
This is an important feature of the biochar to be used in the soil. Therefore, using the biochar as a soil amend-
ment could be safer than sewage sludge because of the low bioavailability of the PTEs and the improvement of
soil quality and fertility, in different soils®. Chagas and Figueiredo® concluded that despite increasing total PTEs
concentration in the biochar compared to the sewage sludge, their bioavailability was decreased, which could
be attributed to higher pH, P, and K content and pore volume, as well as specific surface area promotion. The
observed results were also supported by previous researches showing the increase of PTEs content in biochar
samples compared to raw materials, whereas the DTPA-extractable (i.e. bioavailable form) of PTEs in biochar
was significantly reduced?**5.

Effect of biological sewage sludge and biochar on plant growth parameters

The root and shoots weight of the corn plants after being harvested are seen in Figs. 1 and 2, respectively. There
was a significant difference between the treatments and the controls in terms of the effect on the dry weight of the
root and shoot of the plant. The application of biological sewage sludge and produced biochar as soil amendments
increased the weight of the root and shoot of the corn plant. Application of biochar modified soil physical and
chemical properties and concequently improved plant yield and quality®. This could be ascribed to the high level
of nutrients in the used amendments, improvement of soil aeration and its water holding capacity, and therefore
supporting good environmental conditions for plants*.

The maximum weight of the plant root and shoot was related to the biochar and the minimum one was related
to the control. The same results were obtained for summer squash by application of biochar?’. Meanwhile, soil
fertility in biochar treated soil could be modified due to biochar tunable functionality and high porous structure?.
The growth improvement of plant concerning the application of biochar depends not only on the ingredients of
the primary organic material enriched in the biochar during the pyrolysis process but also on the effect of the
biochar on the physical, chemical, and biological properties of the soil®. The increase of plant yield as a result
of the using biochar and fertilizers can be attributed to creating the optimal conditions for the plants (e.g. corn,
garlic, bean and cherry tomato) to grow and better uptake of water and other essential elements**'~>°. Similar
observations were made by Leiva-Suérez et al.*® by using the sewage sludge-derived char as a soil amendment.
They concluded that the produced char provided N and P for Lolium perenne growth during a second cropping
period*®.

Figure 1 represents the effect of different treatments on the amount of chlorophyll of the plant. There was a
significant difference between the amount of chlorophyll of the treatments and control. The results showed that
the amount of chlorophyll increased with the increase of the added biological sludge and biochar into the soil.
Since the chlorophyll content could be an appropriate index to show the photosynthesis and plant productions,
healthy plants in the presence of biochar samples were expected to grow further and consist of more chlorophyll*’.
The other plant growth parameters including stem diameter and leaf number also revealed the positive effect of
using biochar as a soil amendment as reported before®.
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Figure 1. Effect of application of different amounts of biological sewage sludge and biochar on the growth
parameters of Zea mays L. (A) wet weight shoot, (B) dry weight shoot, (C) wet weight root, (D) dry weight
root, (E) stem diameter, (F) plant height, (G) chlorophyll and (H) leave number. The same letters show the

insignificant difference by the Tukey test (P>0.05).

Effect of biological sewage sludge and biochar on metal accumulation by plants
The concentrations of Zn, Fe, Ni, and Cd in the shoots were much lower than the roots (Figs. 2 and 3). This
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Figure 2. Effect of application of different amounts of biological sewage sludge and biochar on the PTEs shoot
contents of Zea mays L. (A) Zn, (B) Fe, (C) Cd, and (D) Ni. The same letters show the insignificant difference by
the Tukey test (P>0.05).

implies that Zea mays L. roots prevent the translocation of PTEs and protect its edible parts from severe contami-
nation. Similar observations were made by other researchers while studying the metal accumulation by different
plant species®**%, It can be assumed that the main accumulation receptors for PTEs in the plant species are
plant roots*?8. The Fe concentration in the shoots showed the highest value among all metals, followed by Zn,
Ni, and Cd; the same trend was observed for the plant roots (Figs. 2 and 3).

The results indicated that the maximum amount of Zn in the shoots was related to the treatment of the sludge
(Fig. 2a). The reason can be the lower extent of bioavailability of the metal in the biochar in comparison with
the biological sewage sludge. Also, the concentration of Zn increased in the shoots with the increase of the level
of added biochar and sludge. The maximum root concentration of Zn in the treatments of the sludge was cor-
responded to the level of 3 and 5%. Besides, the amount of the Zn concentration in roots enhanced with the
increase of the added sludge and biochar to the soil. Based on the literature, Zn had a high internal translocation
capacity in comparison with other studied metals*. There was not a significant difference (P> 0.05) in Ni, Fe, and
Cd accumulation by plant root and shoot in all treatments (Figs. 2 and 3). The reasons for insignificant differ-
ences between these metals in comparison with control could be related to a possible interaction of the elements
in the treated soils with the other soil properties. Yue et al.** also concluded that biochar amendment alters the
fractions of soil PTEs which depends on the used biochar, type of element, and soil conditions. It is noteworthy
that the lowest concentrations of Fe, Ni, and Cd were observed in biochar treated samples, especially in the treat-
ment of 5% biochar compared with biological sewage sludge ones. In this sense, the highest concentration of
Cd in the roots was observed in 5% sludge treated sample and its lowest concentration was in the shoots of 3
and 5% biochar treated samples. As evident from literature, due to the high mobility and bioavailability of Cd to
plants, it could be a major element with a high health risk to humans***. Therefore, reducing its bioavailability,
particularly in contaminated soils, play a decisive role in human health protection. Yue et al.?* confirmed that
the application of sewage sludge biochar not only improved plant growth and therefore plant production, but
also decreased the bioavailability and mobility of soil PTEs and thereafter reduced their accumulations in plant
tissues. In good agreement with this study, Hossain et al.* revealed that the accumulation of Cd, Cu, Zn, Cr, As,
and Pb in edible tissues of the studied plant was inhibited with the application of sewage sludge biochar as a soil
amendment. They concluded that in comparison to the wastewater sludge treated sample, the PTEs accumulation
rates in the fruits were almost lower than in the sludge biochar treated sample.

The BCF of Zn, Fe, Cd, and Ni in Zea mays L., and the concentration of PTEs in the roots to those in the soil,
are shown in Table 5. The results demonstrated that Zea mays L. root possessed different PTEs accumulation
capacities compared to other plants (e.g. wheat)*®. The BCF of samples was in the order of Cd>Zn > Ni> Fe,
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Figure 3. Effect of application of different amounts of biological sewage sludge and biochar on the PTEs root

contents of Zea mays L. (A) Zn, (B) Fe, (C) Cd, and (D) Ni. The same letters show the insignificant difference by

the Tukey test (P>0.05).

implying that Cd showed the higher transfer factor from treated soil to roots than those of Zn, Ni, and Fe. The
presence of Cd in exchangeable and carbonate form in the soil, renders bioavailable for plant roots easily. In
alkaline soil, the different complex of Cd ions (CdCl*, CdOH*, CdCl,", and CdCl,?) are more abundant which
are generally more available to roots, leads to higher BCF for Cd*. The BCF in biochar treated samples were
much lower than those in sewage sludge treated samples (Table 5). This can be explained by reduction of PTEs
bioavailability due to the application of biochar and consequently lower BCF values. Similar observations were
made by previous researches which confirmed the reduction in the bioavailability of metals in biochar amended
soils*?1?42>_ Table 6 showed the TF of PTEs in corn cultivated in sewage sludge and biochar treated soil. The
transfer of PTEs from the root of Zea mays L. to its shoot was in the order of Cd > Zn > Ni > Fe, which is the same
order established for BCE. The TF values for all PTEs were > 1, except Cd, indicating that corn tissues had a weak

transfer capability of these elements from roots to shoots and they mostly accumulated in the roots.

Amendment content

Metal 1% 3% 5%
- Sewage sludge | 0.665 | 1.045 |1.154
Biochar 0.321 |0.411 |0.491
Fe Sewage sludge | 0.161 | 0.134 |0.132
Biochar 0.114 | 0.108 | 0.096
cd Sewage sludge | 1.624 |2.482 |1.718
Biochar 0.909 |1.176 |0.777
Ni Sewage sludge | 0.362 | 0.398 | 0.372
Biochar 0.316 |0.286 |0.328

Table 5. Bioconcentration factor (BCF) for Zn, Fe, Cd, and Ni in Zea mays L. under different treatments.
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Amendment content
Metal 1% 3% 5%
70 Sewage sludge |0.438 | 0.361 | 0.405
Biochar 0.550 |0.538 | 0.529
Fe Sewage sludge | 0.042 | 0.055 | 0.058
Biochar 0.033 | 0.045 | 0.053
Sewage sludge | 1.091 | 0.867 |1.229
cd Biochar 1.116 |1.233 | 1.288
Ni Sewage sludge | 0.341 | 0.268 | 0.366
Biochar 0.272 0272 | 0.156

Table 6. Translocation factor (TF) for Zn, Fe, Cd, and Ni in Zea mays L. under different treatments.

The result revealed that the application of biochar as a soil amendment reduces the bioavailability of PTEs
and therefore reduce the Zn, Fe, Ni and Cd accumulations in the plant tissues in comparison to the application of
raw sludge. Biochar can stabilize contaminants in soil through some mechanisms like altering soil chemistry and
exchanging ions and physical entrapping on their surfaces. Depends on the PTEs functionality, positive surface
biochars can stabilize anionic contaminants while negative surface biochars have a large capacity to interact with
cationic contaminants and thus reduce their bioavailability®. The results were well consistent with Fathianpour
et al.®? who reported remarkable stabilization of PTEs in soil using biochar. They also deduced the longer the
time of biochar in contaminated soil, the more elements were stabilized. Pandey et al.%! acknowledged the low
mobility of Cr, Cd, Cu, Pb, Ni, Zn, Mg and Fe contents in soils and therefore lower PTEs uptake rates in biochar
application, compared with the control treatments. Ibrahim et al.* also concluded a significant reduction in BCF
and TF of the PTEs and therefore their concentration in root and shoot on account of the application of biochar
in soil and reductions in their bioavailability.

Effect of biological sewage sludge and biochar on soil metal concentration

Figure 4 shows the concentration of Zn, Fe, Ni, and Cd in the soil treated by the biological sludge and the biochar
samples. The maximum metal concentration was related to the treatment of the biochar 5% but there wasn’t a
significant difference (P>0.05) between the treatments and control in the soil metal concentrations. (Fig. 4).
Probably the reason was the more stability and less bioavailability of the PTEs in the biochar in comparison with
the sludge®. It could be concluded that the application of biochar amendment might influence the fractions of
PTEs in soil in three possible different mechanisms, precipitation, adsorption, and biological transformation. The
presence of carbonates, phosphates, and oxides (inorganic components) could affect relative fractions of PTEs
in the biochar-treated soil through precipitation. Adsorption of PTEs through coordination, chelation might be
conducted due to the presence of diverse functional groups such as hydroxyl, carboxyl, and phenolic. Microbial
decomposition of biochar could reduce oxidizable PTEs and alter some element valence**. According to the
literature, the majority of metals in amended soils were in residual fraction and were less bioavailable even after
3 years®. It is noteworthy that the accumulation of metals in soil and their bioavailability and also their uptake
to plant tissues were depending not only on the chemistry and mobility of the metals in the amendment but also
on the physicochemical properties of the soil and also the type of plant species®.

Conclusion

The pyrolysis of the wastes such as the sewage sludge not only provides proper waste management but also
because of the useful chemical properties could remediate contaminated soils and might be used as a soil amend-
ment. In this study, the effect of raw biological sewage sludge from an urban wastewater treatment and it’s derived
biochar on PTEs accumulation by corn was investigated. Although total contents of PTEs in biochar samples
were 1.3 to 2 times more that the raw materials, the bioavailable contents (i.e. DTPA extractable fractions) were
much lower (2.9 to 11.7 times) than of the raw materials. It revealed the significant effect of conversion of the
sludge to biochar in reduction of PTEs accumulation by the plant and consequently decreasing their relevant
risks. This was proved by higher growth parameters (e.g. dry weight and stem diameter) of the plants grown in
biochar amended soils in comparison to those planted in soils which obtained raw sewage sludge. It means that
conversion of the biological sewage sludge into biochar can reduce the risk of metal transfer to the plant and
decreases the bioconcentration factor because of reducing bioavailability of PTEs and on the other hand, can
improve growth of the plants. It could be also an efficient approach for control of pathogens associated with raw
sewage sludge which however needs more investigation.
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Figure 4. Effect of application of different amounts of biological sewage sludge and biochar on the PTEs
concentrations of rhizosphere. (A) Zn, (B) Fe, (C) Cd, and (D) Ni. The same letters show the insignificant
difference by the Tukey test (P>0.05).
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