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• Herbal plants and rice biochar (BC) im-
proved thefishpond sediments (FPS) qual-
ity.

• All biochars immobilized Cr, Cu, Zn and
reduced their solubility and leachability.

• All biochars improved the macronutrients
and carbon content in FPS.

• T. mongolicum (TMBC) was more effective
than T. terrestris and rice straw BC.

• The biochars, particularly TMBC im-
proved the potential of FPS as fertilizers.
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Fishpond sediments are rich in organic carbon and nutrients; thus, they can be used as potential fertilizers and soil con-
ditioners. However, sediments can be contaminated with toxic elements (TEs), which have to be immobilized to allow
sediment reutilization. Addition of biochars (BCs) to contaminated sediments may enhance their nutrient content and
stabilize TEs, which valorize its reutilization. Consequently, this study evaluated the performance of BCs derived from
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Taraxacum mongolicum Hand-Mazz (TMBC), Tribulus terrestris (TTBC), and rice straw (RSBC) for Cu, Cr, and Zn stabi-
lization and for the enhancement of nutrient content in the fishpond sediments from San Jiang (SJ) and Tan Niu (TN),
China. All BCs, particularly TMBC, reduced significantly the average concentrations of Cr, Cu, and Zn in the overlying
water (up to 51% for Cr, 71% for Cu, and 68% for Zn) and in the sediments pore water (up to 77% for Cr, 76% for Cu,
and 50% for Zn), and also reduced metal leachability (up to 47% for Cr, 60% for Cu, and 62% for Zn), as compared to
the control. The acid soluble fraction accounted for the highest portion of the total content of Cr (43–44%), Cu
(38–43%), and Zn (42–45%), followed by the reducible, oxidizable, and the residual fraction; this indicates the high
potential risk. As compared with the control, TMBC was more effective in reducing the average concentrations of
the acid soluble Cr (15–22%), Cu (35–53%), and Zn (21–39%). Added BCs altered the metals acid soluble fraction
by shifting it to the oxidizable and residual fractions. Moreover, TMBC improved the macronutrient status in both sed-
iments. This work provides a pathway for TEs remediation of sediments and gives novel insights into the utilization of
BC-treated fishpond sediments as fertilizers for crop production.
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Biochar
Nutrients content
1. Introduction

The persistence, toxicity, and bioaccumulation of heavy metals (HMs)
in aquatic systems pose a serious threat to human health, and result in ad-
verse environmental impacts (Shaheen et al., 2020; Alamri et al., 2021;
Kong et al., 2021). With the progress humankind has made with the indus-
trial processes, HMs levels have increased from a few milligrams to several
hundredmilligrams per kilogram of the containingmedium, e.g., in the riv-
erine systems (Wang et al., 2020; Rinklebe et al., 2019) in the vicinity of
mining sites and smelting areas, posing serious hazards to ecosystems and
human health (Lin et al., 2019; Khan et al., 2021). Most of the living organ-
isms, plants and microorganisms, deteriorate dramatically when found
under stress related to HMs-induced toxicity (She et al., 2021).

Copper (Cu), zinc (Zn), and chromium (Cr) are released into sediments
throughmining,fish farming, shipping activities, pesticides, fossil fuel com-
bustion, tourism, and natural continuous inputs (Chang et al., 2021; Khan
et al., 2021; Ota et al., 2021). When entering water systems, HMs are usu-
ally sorbed onto, or occluded into, solid particles (suspended solids and sed-
iments); thus, their concentrations are usually higher in sediments than
those dissolved in water (Wang et al., 2019). Although HMs, when sorbed
onto the surface of sediments, exhibit a low toxicity risk (Yang et al.,
2021), changes in sediment pH, specific surface area, and nutrients content
can alter the sediment retention capacity and consequently the sorption of
HMs (Kong et al., 2021; Miranda et al., 2021; Zhang et al., 2020).

Fishpond sediments are rich in nutrients and organic matter, and could,
thus, be a valuable fertilizer for crop production (Shaheen et al., 2020). Ac-
cumulation of nutrients in sediments has been widely described in the liter-
ature (Han et al., 2020; Haque et al., 2016; Kong et al., 2021; Ouyang et al.,
2021; Wiener et al., 2020; Zhang et al., 2020); however, the persistence of
HMs on sediment particle surfaces makes the recovered sediments unsuit-
able for direct application (Haque et al., 2016). Therefore, HMs stabiliza-
tion in sediments and their transformation into environment-friendly
amendments is needed to enable their safe use as fertilizers in agriculture
(Palansooriya et al., 2020).

The fractionation of HMs in sediments in various pools includes: (a) the
acid-soluble, (b) reducible, (c) oxidizable, and (d) residual fraction, where
the HMs mobility and bioavailability gradually decrease from the acid-
soluble to the residual fractions. The basic principle of soil/sediment reme-
diation is to shift the existing HMs from the mobile and active forms
towards the immobile/residual fractions, so that their bioavailability may
be reduced (Palansooriya et al., 2020; Zhang et al., 2020). The immobiliza-
tion techniques of HMs can effectively mitigate the mobility of HMs
(Beiyuan et al., 2018; Khan et al., 2021; Ali et al., 2022). Numerous studies
on sediment treatments have shown the advantages of using carbonaceous
materials to immobilize HMs (Miranda et al., 2021; Shaheen et al., 2020;
Yang et al., 2021). Among those tested, biochar (BC) has received great at-
tention for remediation of HMs contaminated soils, sediments, and water
due to its low cost, relatively high abundance, high sorption capacity, envi-
ronment friendly composition (Ali et al., 2020; El-Naggar et al., 2021;
Shaheen et al., 2022a, 2022b; Wen et al., 2021), as well as its high surface
area and abundant reactive surface functional groups (Bolan et al., 2022;
Shaheen et al., 2022a).
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Biochar has been used as soil amendment, immobilizing agent, and nu-
trient carrier in soil and water (El-Naggar et al., 2019; Bolan et al., 2022;
Farid et al., 2022; Shaheen et al., 2022a) and has been reported to exhibit
unique advantages in removing or fixing HMs, in in-situ sediment/soil re-
mediation (Palansooriya et al., 2020; Kong et al., 2021; Azeem et al.,
2022). However, BC physical and chemical properties depend on the pyrol-
ysis conditions and feedstock characteristics (Fu et al., 2021; Shaheen et al.,
2019, 2022a; Sial et al., 2022). Generally, higher pyrolysis temperature
leads to larger surface area (Guo et al., 2020), but the structural character-
istics of the produced BC are dependent on the composition and quantity of
(in)organic compounds in the feedstock (Chen et al., 2020). In fact, the raw
materials have a greater influence, than the pyrolysis temperature, on the
concentration and composition of HMs in BCs (Qiu et al., 2015; Farid
et al., 2022). Previous works showed that BC from high temperature pyrol-
ysis mixed with HM-contaminated sediments was more effective in reduc-
ing the mobility, toxicity, and bioavailability of contaminant HMs (Kong
et al., 2021; Liu et al., 2018; Lou et al., 2012).

The efficiency of BCs for HMs immobilization in soils has been exten-
sively studied during the last decade; however, limited studies have docu-
mented the production of biochar from non-contaminated residues of
herbal plants to stabilize HMs in contaminated sediments for the valoriza-
tion and improvement of the sediments potential as fertilizers. The novelty
of this work lies in the valorization of available wastes, providing detailed
characterization of biochar from newly used feedstock and in the transfor-
mation offishpond sediments into an acceptable soil amendment and fertil-
izer. With the increased prices and demand in conventional fertilizers and
with the parallel increase in soil contamination, biochar and fishpond sed-
iment mixtures shall provide environmental, economic and human health
solutions for the agricultural production in contaminated soils, especially
in low-income countries. The overall objective of this work was to produce
BCs from Taraxacum mongolicum Hand-Mazz (Mongolian dandelion),
Tribulus terrestris (puncture vine), and Oryza sativa (rice) straw and use it
to immobilize HMs in contaminated sediments in an effort to render the
sediments suitable for use as fertilizers in crop production. Thus, this
study investigated, in a laboratory scale, the effect of these BCs on the re-
moval/immobilization of Cu, Zn, and Cr, from two different fishpond sedi-
ments to assess their fertilization potential, and consequent improvement of
the treated sediments. Specifically, the study aims were to: (i) produce
three different BCs from locally available residues and provide information
on their characteristics and suitability for HM immobilization in sediments;
and (ii) identify the possible mechanism(s) of HM immobilization through
the use of Spearman correlation coefficient and the significance of various
factors, including BC physicochemical characteristics, sediment character-
istics, HMs concentrations in the water phase, toxicity characteristic
leaching procedure (TCLP), and the speciation of HMs in sediments.

2. Materials and methods

2.1. Study area and sediment collection and characterization

Sediments were collected from fishponds located in San Jiang (SJ) and
Tan Niu (TN) in eastern Hainan Province, China (Supplementary Materials;



S. Mehmood et al. Science of the Total Environment 826 (2022) 154043
Fig. S1). The sediment samples were obtained in June 2020: sampling was
performed at five parallel points using a core sampler at both sites. The
sediment subsamples were mixed to obtain composite samples, air-dried
(~25 °C), and then passed through a sieve to obtain fully homogenous
sediment. All sediment samples were stored in air-tight plastic bags until
subsequent analyses. Chemical and nutrient analyses of the collected TN
and SJ sediments were performed following the methods explained in
detail in Section 2.5. Basic attributes of the sediments and BCs are presented
in Table 1.

2.2. Biochar production and characterization

Raw materials of Taraxacum mongolicum Hand-Mazz, Tribulus terrestris,
and rice straw were collected from Xiuying District, Haikou City, Hainan
Province, China, and used in this study to produce BCs, as they were re-
ported to be effective against HMs in trials reported elsewhere (Ahmed
et al., 2021a, 2021b, 2021c, 2021d, 2021e). The collected plant materials
were washed with ultrapure water (18.2 MΩ cm−1 at 25 °C) to remove im-
purities and then dried and pyrolyzed using a tube furnace (OTF-1200×,
Hefei Kejing Materials Technology Co., Ltd., China). The tube furnace
was heated at temperature that increased at a rate of 7 °C min−1 until it
reached 500 °C, which was maintained for 1 h. Then, the tube furnace
was cooled to room temperature and the BCs were collected and labeled:
TMBC (T. mongolicum Hand-Mazz-derived BC), TTBC (T. terrestris-derived
BC), and RSBC (rice straw-derived BC). The charred materials were then
stored in air-tight bags for subsequent use and analyses.

The surfacemorphology of biochars (BCs)was studied by using Scanning
Electron Microscope (SEM; TM3000, Hitachi, Japan) at an accelerated
voltage of 5–10 kV. The quality, shape, and size of BCs were examined by
Transmission Electron Microscope (TEM; FEI Tecnai S-TWIN, USA) at an
accelerated voltage of 100 kV. An elemental analyzer (Vario EL Cube,
Elementar, Germany) was used to evaluate the BCs elemental concentra-
tions. Biochar specific surface area (SSA) was determined using an
automatic specific surface and aperture distribution analyzer (Autosorb-IQ,
Quanta chrome, USA). Before eachmeasurement, all samples were degassed
in the apparatus for 1 h at 500 °C. The specific surface area calculation was
based on the Brunauer Emmett Teller (BET) formalism. Fourier transform in-
frared (FTIR) spectra of BCs were obtained by a Nicolet (5700, USA)
spectrometer. The BCs were ground to powder, 1 mg of sample was mixed
with 200 mg KBr. Subsequently infrared (IR) spectra were recorded in the
Table 1
Basic properties and elements content in the studied sediments and biochars.

Parameter Unit Sediments TMBC TTBC RSBC

TN SJ

pH – 6.06 7.92 8.91 8.69 8.55
EC dS/m 1.45 1.28 0.60 0.57 0.31
Total N g/kg 1.59 2.11 1.98 1.110 0.650
Available P mg/kg 200 48.80 197.4 150.5 141.7
Exchangeable K g/kg 1.28 1.54 1.97 1.60 1.35
Total Ca g/kg 1.6 11.40 2.51 1.48 0.17
Total Mg g/kg 2.1 4.10 0.41 0.32 0.17
Total Na g/kg 1.3 5.90 0.16 0.32 0.11
Organic C % 1.32 2.34 77.09 52.06 37.35
Surface area m2 g−1 – – 3.12 1.84 0.84
Particle size
2.0–0.05 mm g/kg 384 472 – – –
0.05–0.002 mm g/kg 380 439 – – –
<0.002 mm g/kg 236 89 – – –
Total Cu mg/kg 18 9 2.2 1.59 5.9
Total Zn mg/kg 28 40 7.0 18.0 4.7
Total Cr mg/kg 38 53 n.d. 0.10 2.3

TMCC = Taraxacum mongolicum Hand- Mazz-derived biochar.
TTBC = Tribulus terrestris-derived biochar.
RSBC = rice straw-derived biochar.
TN: Tan Niu fishpond sediments.
SJ: San Jiang fishpond sediments.
n.d.: not detected.
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range of 4000–400 cm−1 with 64 scans at resolution 4 cm−1. The X-ray
diffraction (XRD) patterns of the produced BCs were examined by X-ray
diffraction analysis carried out in a Bruker D8-Advance X-ray diffractometer
(Bruker, Germany) using CuKα (λ=0.154 nm) radiation at a scanning rate
of 1° min−1 with an angle ranging from 2° to 50° of 2θ. The composition of
BC samples and their valence states were examined via X-ray photoelectron
spectroscopy (XPS) using the ESCALAB 250Xi XPS X-ray photoelectron
spectrometer (Thermo Fisher Scientific, USA).

2.3. Sediments treatment with biochar

A sample of each sediment (100 g dry weight) was mixed with 120 mL
of ultrapure water (18.2 MΩ cm−1 at 25 °C), in triplicate, and allowed to
stand for 24 h in a 250 mL screw-mouth bottle (Wang et al., 2019). Then,
3 g of each of the BCs were added to the bottle, in triplicate for TN and SJ
sediments. A treatment consisting of bottles containing only sediment with-
out BC was regarded as control (CK). After sealing, the bottles were shaken
intensively to ensure thorough mixing of the BC and the sediment, and the
mixture was then kept in an incubator for 90 days at constant temperature
(20 ± 1 °C) in the absence of light to allow the contents to interact
naturally.

2.4. Metal extraction and analyses

2.4.1. Metal in overlying water and pore water
After incubation, the overlying water was completely withdrawn and

passed through a 0.45-μm filter before analysis. The remaining sediment-
BC mixture was centrifuged at 4000 rpm for 15 min for further water sepa-
ration from the pores, and then the pore water extracted was also 0.45-μm
filtered. Similar techniques have been used and reported in Tou et al.
(2021). Concentrations of Cr, Cu, and Zn in the overlying water (Cow) and
pore water (Cpw) were analyzed by inductively-coupled plasma optical
emission spectrometry (ICP-OES; Optima 8000).

2.4.2. Metal fractionation in sediments
The geochemical fractions of Cr, Cu, and Zn in the TN and SJ sediments

were extracted sequentially using the method of the Commission of the
European Communities Bureau of Reference (BCR; Ure, 1991; Ure et al.,
1993; Rauret et al., 1999), which is also used by Jiang et al. (2012),
Rinklebe and Shaheen (2017), and Shaheen et al. (2017). The metals
were fractionated sequentially to four operationally defined fractions as fol-
lows: F1: acid-soluble; F2: reducible; F3: oxidizable; and F4: residual (Sup-
plementary Materials; Table S1). The extracted metal fractions were
analyzed using the ICP-OES (Optima 8000).

2.4.3. Toxicity characteristic leaching procedure (TCLP)
The leaching potential of the HMs in the TN and SJ sediments was mea-

sured using the TCLP method 1311, developed by the U.S. Environmental
Protection Agency. An extracting solution was prepared using glacial acetic
acid (CH3COOH; pH = 4.93 ± 0.05; USEPA, 1991). Forty mL of the
extracting solution and 2 g of sediment were mixed and stirred at
190 rpm for 18 h (25 °C), and then centrifuged at 4000 rpm for 15 min.
The supernatant was passed through a 0.45-μm filter, and the concentra-
tions of Cr, Cu, and Zn were finally analyzed using the ICP-OES (Optima
8000).

2.5. Characterization and nutrients content in the sediments

Both, finely ground, sediments were characterized by following the
standard methods described in Page (1982). The pH was measured by the
potentiometric method with the pH meter HJ 962-2018. The sediments
electrical conductivity (EC) was measured by the electrode method (HJ
802-2016). Total nitrogen was determined by the wet oxidation and
micro-Kjeldahl method (LY/T 1228-2015). Available P and exchangeable
K were determined by extraction with sodium bicarbonate (NY/T 1121.7-
2014), and ammonium acetate (LY/T 1246-1999), respectively. Total Ca,



S. Mehmood et al. Science of the Total Environment 826 (2022) 154043
Mg and Na in both sediments were determined by following the “NY/T
296-1995” method and then the contents of Ca and Mg were analyzed on
an atomic absorption spectrophotometer, while the Na content was
measured on aflame photometer. Carbon contentwas detected by a general
detection method for chemical characteristics of domestic waste (CJ/T 96-
2013) and analyzed by the elemental analyzer. The hydrometer method
was used to determine the sediment particle distribution (LY/T 1225-
1999). The total content of Cu, Zn, and Cr in both sediments was extracted
and measured by ICP-OES (Optima 8000). Basic properties, metal and
nutrients content in the sediments and BCs are presented in Table 1.

2.6. Data quality assurance and statistical analysis

All treatments and experiments were performed in triplicates. Quality
control of the extraction efficiency of the metal concentrations was per-
formed using certified reference samples. The average recovery percent-
ages were 99.6% for Cr, 96.6% for Zn and 103.7% for Cu. Also, blank and
triplicate measurements were employed for analyses. Standard solutions
Fig. 1. (a) Scanning electron microscope (SEM) images, (b) transmission electron micr
diffraction (XRD) spectra of Taraxacum mongolicum Hand-Mazz-derived biochar (TMBC

4

(Merck) were routinely used to guarantee high quality results. The maxi-
mum relative standard deviation (RSD) between replicates was set to
10%. To verify the quality of the fractionation data, we compared the frac-
tions summation of eachmetal with the metal total content, and found that
the recovery percentage ranged between 90 and 112%. The statistical anal-
yses were carried out using IBM SPSS Statistics 23 (NY, USA). The means
for the variableswere tested using one-way ANOVAwith Duncan'smultiple
range tests at a significance level of p< 0.05. OriginPro 9.1 b215 (OriginLab
Corporation, Northampton, USA) was used to create the figures. The
“heatmap” package in the R software was used as per Jia et al. (2017).

3. Results and discussion

3.1. Characterization of biochars

The biochar characterization techniques can depict the structure, sur-
face functional groups and elemental analysis (Brewer et al., 2014). The
SEM and TEM images of the BCs derived from the different raw materials
oscopy (TEM) images, (c) Fourier transform infrared (FTIR) spectra, and (d) X-ray
), Tribulus terrestris-derived biochar (TTBC), and rice straw-derived biochar (RSBC).
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are shown in Fig. 1 and revealed theirmicrostructures and surfacemorphol-
ogy. As shown in Fig. 1A, RSBC and TMBC had irregular morphological
structures, which is consistent with other findings (Ahmed et al., 2021a,
2021b, 2021c, 2021d, 2021e), whereas the TTBC structure was relatively
granular with vascular bundle structures. The TEM analysis (Fig. 1B)
shows that the number ofmesoporous structures increased due to pyrolysis.
Further findings revealed a uniform layered structure of RSBC, TMBC, and
TTBC (Fig. 1B), confirming their high-impact utilization in environmental
engineering.

The FTIR spectra of TMBC and TTBC revealed that these BCs contained
almost identical functional groups, except for the absorption bands at lower
wavenumber than 1400 cm−1. The infrared spectrum of RSBC was
completely different compared to its counterparts (Fig. 1C). The reactive
groups on all BCs surfaces were represented by the following absorption
bands: OH stretching of Hbonded hydroxyl groups at 3354 cm−1, CC
stretching, indicative of lignin and aromatic C at 1450 cm−1, a band ap-
proximately at 1427 cm−1 represents the OH stretches of carboxylic groups
in BC. Aromatic (CO) and phenol (OH) at 1265 cm−1, COC symmetric
stretching in ester groups of cellulose and hemicellulose at 1106 cm−1,
(OH) at 998 cm−1, and aromatic (CH) at 829 cm−1 were also observed
(Mossop and Davidson, 2003; Jia et al., 2017; Slaný et al., 2019; Kumar
et al., 2020; Slaný et al., 2022). However, the intensities of these absorption
bands varied with different raw material, indicating a variation in the
amount of these reactive groups. For example, the TMBC exhibited higher
stretching vibration absorption intensities compared with the RSBC and
TTBC, implying additional oxygen-containing functional groups such as
those at 3170 cm−1 (OH), at 1450 cm−1 (CO), and at 873 cm−1 (OH).
The main factors that influence BC surface functional groups are feedstock
and pyrolysis temperature (Li et al., 2017). In addition, changes in feed-
stock properties such as an increased pH, surface area and/or porosity
can reduce BC functional groups (Yaashikaa et al., 2020). Therefore, at
the specific pyrolysis temperature applied, the raw materials used for BC
production can be considered as the main factor determining the surface
chemical properties of the produced BCs. In addition, the diversity of
absorption functional groups in BCs makes form them high quality
adsorbents.

The structural mineralogy of all BCs was assessed based on the XRD pat-
terns (Fig. 1D), a high quality, fast and non-destructive analysis (Yaashikaa
et al., 2020). Different mineral crystals were found in BCs, includingmainly
quartz, sylvite, and calcite (Singh et al., 2010). Theseminerals are generally
known to be very good adsorbents. In TTBC and TMBC, this diverse repre-
sentation of diffraction peaks is evident compared to RSBC, which also cor-
relates well with FTIR results. The TMBC showed higher BET surface area
(3.12 m2 g−1; Table 1) than TTBC (1.84 m2 g−1) or RSBC (0.84 m2 g−1),
which could be due to the release of volatile substances and the develop-
ment of a vascular bundle structure after pyrolysis (Kim et al., 2013).
Higher surface area of a BC favors HMs adsorption on its surface (Zhang
et al., 2020); therefore, selection of appropriate BC is a key factor for effec-
tive site restoration.

The chemical composite and structure of BCs were further determined
by XPS (Fig. 2). X-ray photoelectron spectroscopy (XPS) is very useful and
a surface-sensitive quantitative spectroscopic technique based on the pho-
toelectric effect that can identify the elements that exist also within a bio-
char or are covering its surface. The XPS spectra of the TTBC and RSBC
samples showed similar characteristic peaks assigned to C 1s, and O 1s,
while the Ca 2p peak only appeared in the TMBC sample. We further
infer the mechanisms from the C 1s (Fig. 2A) and O 1s (Fig. 2B) spectra.
The three peaks at C1s were contributed from the CC/H, COC/H, and
OCO at 284.5 eV, 285 eV, and 286 eV, respectively, which is similar to
the result of biochar's C 1s deconvolutions from other studies (Ahmed
et al., 2021e; Reguyal and Sarmah, 2018). The O 1s spectra can be sepa-
rated into three peaks, which can be observed at 530 eV, 531.3 eV and at
532.4 eV. Data about content of functional groups in BCs from XPS spec-
troscopy correlated well with the FTIR and XRD results. This finding also
proves that these materials can adsorb heavy metals very well also due to
the content of strong adsorption groups. The valencies of Cr 2p were
5

separated at 577.93 eV (Cr 2p1/2) and 588.0 eV (Cr 2p3/2) (Liang et al.,
2020). This finding is most visible in the case of the TMBC sample. During
the adsorption process, consequently, some Cr was adsorbed onto the sur-
face of BCs as well. Further, BC spectra show a new peak at 285 eV corre-
sponding to the CC coordination, due to the fact that equilibration with
Cr resulted in major changes on the BCs surface. To further characterize
the mechanism of Cu sorption on BCs, the changes in the constituent ele-
ments of BCs, after the adsorption of Cu were also analyzed. The C 1s spec-
trum of BCs consisted of two fitted peaks, including CC and OCO, and was
centered at binding energies of 284.8 eV and 285.64 eV, respectively. These
peaks indicated the successful carboxylation of the biochars. In XPS investi-
gation, since carbon, nitrogen, sulfur and oxygen can change the reactivity
of biochar surfaces, their high resolution spectra are significant for the elu-
cidation of the adsorption mechanisms. High resolution of the C 1s spectra
of both control and Zn-laden biochar samples created peaks that appeared
at 283.57 eV and 284.21 eV, respectively; these can be attributed to the
alpha‑carbon, hydrocarbon chains (CxHy) CS, CN and carboxylic and hy-
droxyl groups present as organic functional groups on cellulose, lignin,
other polysaccharides and proteins of the biochar. The deconvolution of
O 1s spectra of the control and Zn-laden biochar comprises of peaks with
binding energy of 531.95 eV, 532.08 eV and 532.42 eV, which represented
the functional groups of CO, CO, OCO and phosphates (Ramrakhian et al.,
2022). XPS confirmed that surfaces of biochars were significantly involved
in the binding with Cr, Cu and Zn.
3.2. Effect of biochars on sediment properties and nutrients content

The chemical and nutrients analyses of the two fishpond sediments con-
firmed that there were high levels of nutrients present in the sediments,
qualifying their potential use as fertilizers. However, the mean pH values
of the unamended sediments were substantially different (SJ pH = 7.92;
TN pH=6.06). Biochar addition increased the pH of both sediments; how-
ever, the increase was non-significant. Higher pH values were recorded in
sediments treated with TMBC; the pH increased to 8.1 and 6.18 for SJ
and TN sediments, respectively (Table 2). The high pH of the TN sediment
could potentially restrict the growth of some crops; however, the pH of SJ
was more favorable for plant growth (5.0–7.0) where plant nutrients avail-
ability and microbial activities are beneficial (Kallenbach et al., 1996). A
similar trend was noted in terms of the electrical conductivity (EC) in
both sediments: TMBC addition increased sediments EC from 1.28 dS
m−1 to 1.47 dS m−1 at SJ and from 1.45 dS m−1 to 1.66 mS cm−1 in the
TN sediment.

The plant nutritional value of both sediments was significantly im-
proved when BCs were incorporated, caused by the added nutrients and
adsorbed HMs from the sediments due to their chemical reactivity (Ghosh
et al., 2011; Farid et al., 2022). The addition of TMBC to the SJ sediment
substantially increased total nitrogen (N) by 28.0%, available phosphorus
(P) by 14.0%, and exchangeable potassium (K) by 25.0%, as compared to
the control (Fig. 3). The addition of TMBC to the TN sediment increased
total N by 31.0%, available P by 14.5%, while it decreased exchangeable
K by 71.0%, as compared to the control (Fig. 3). A similar trend was ob-
served for calcium (Ca) and magnesium (Mg) following TMBC incorpora-
tion, with increases of 21.1% (Ca) and 17.4% (Mg) in the SJ sediment
and 20.6% (Ca) and 17.1% (Mg) in the TN sediment. These observations
confirm previous findings that incorporating BCs in a contaminated envi-
ronment increases plant nutrients and helps alleviate plant tolerance for
HMs, which is necessary for sustainable plant production (Hagemann
et al., 2017; Hossain et al., 2020; Farid et al., 2022). Organic carbon (OC)
content was also significantly (P ≤ 0.05) increased after BCs addition.
For example, TMBC incorporation increased OC by ca. 36% and 32% in
the SJ and TN sediments, respectively (Fig. 3). As the plant nutrients con-
tent in SJ and TN sediments were quasi identical, adding BC improved
their fertilization potential in the order of TMBC>TTBC>RSBC, which
shows that TMBC was the most effective in improving sediment nutrients
level (Table 2; Fig. 3).



Fig. 2. C1s (A), O1s (B) spectra and survey scans (C) of Taraxacum mongolicumHand-Maz biochar (TMBC), Tribulus terrestris biochar (TTBC), and rice straw biochar (RSBC).
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3.3. Effect of biochars on dissolved metal concentrations

The ecological risk induced by HMs on water bodies has been thor-
oughly studied (Kong et al., 2021; Ota et al., 2021). In aquatic ecosys-
tems, dissolved metal concentrations is more relevant than that
concentrations in sediments as the dissolved fraction has an immediate
effect and can be regarded as toxicity predictors (Tang et al., 2016). The
average concentrations of Cr, Cu, and Zn in the overlying water (Cow, μg
L−1) were 39.5, 4.8, and 21.2 in the untreated SJ sediments, and 26.0,
11.5, and 17.3 in the untreated TN sediments, respectively (Fig. 4). Bio-
char addition significantly reduced metals concentrations in the Cow

(Fig. 4). As compared with the unamended sediments (control), TMBC
was more effective in reducing the average concentrations (μg L−1) of
Cr (by 47% in SJ and 51% in TN), Cu (by 71% in SJ and 52% in TN),
and Zn (by 51% in SJ and 68% in TN) in the Cow of both sediments
than was the TTBC (by 27–29% for Cr, by 20–48% for Cu, and by
29–36% for Zn) and RSBC (by 27–29% for Cr, by 20–48% for Cu, and
by 29–36% for Zn; Fig. 4).
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The average concentrations of metals in the sediments pore water (Cpw,
μg L−1) were 6.7 for Cr, 1.9 for Cu, and 11.5 for Zn in the untreated SJ sed-
iment, while theywere 8.7 for Cr, 3.8 for Cu, and 7.7 for Zn in the untreated
TN sediment (Fig. 4). Biochar addition significantly reduced themetals con-
centrations also in the Cpw (Fig. 4). As compared with the unamended sed-
iments (control), TMBC was more effective in reducing the average
concentrations (μg L−1) of Cr (by 77% in SJ and 45% in TN), Cu (by 76%
in SJ and 71% in TN), and Zn (by 38% in SJ and 50% in TN) in the Cpw

of both sediments than was TTBC (24–34% for Cr, 47–48% for Cu, and
16–26% for Zn) and RSBC (19–25% for Cr, 28–38% for Cu, and 5–12%
for Zn) (Fig. 4). These results indicate that the metal concentration in the
Cow of all treatments was higher than Cpw, which might be explained by
the metals release from sediments to the Cow during the 90 days incubation
period under the flooded conditions. We assume that flooding the sedi-
mentsmay have reduced the redox potential (Eh),which caused a reductive
dissolution of the Fe-Mn oxides and microbial decomposition of organic
matter, and subsequently release of the associated metals to the Cow. This
interpretation concurs with recent findings reported elsewhere (e.g., El-



Table 2
Changes in quality parameters of the San Jiang and Tan Niu fishpond sediments following addition of the studied biochars. Results are mean values ± standard
deviation (n = 3). Different small letters indicate significant differences at P < 0.05.

Parameter Units CK TMBC TTBC RSBC

San Jiang fishpond sediment
pH 7.92 ± 0.46a 8.1 ± 0.54a 8.17 ± 0.51a 8.08 ± 0.49a
EC dS/m 1.28 ± 0.07a 1.47 ± 0.09a 1.41 ± 0.08a 1.34 ± 0.08a
Total element content

Ca g/kg 11.1 ± 0.66b 13.8 ± 0.80a 12.950 ± 0.7ab 12.150 ± 0.71ab
Mg g/kg 3.8 ± 0.23b 4.8 ± 0.28a 4.562 ± 0.26a 4.325 ± 0.25ab
Na g/kg 5.5 ± 0.34b 6.9 ± 0.40a 6.610 ± 0.38a 6.245 ± 0.37ab
Cu mg/kg 8.7 ± 0.53a 6.54 ± 0.38b 7.621 ± 0.44ab 8.282 ± 0.48a
Zn mg/kg 39.8 ± 2.34a 30.3 ± 1.77c 33.288 ± 1.9bc 36.490 ± 2.14ab
Cr mg/kg 51.5 ± 3.10a 40.2 ± 2.35c 44.107 ± 2.5ab 48.349 ± 2.83bc

Tan Niu fishpond sediment
pH 6.06 ± 0.35a 6.19 ± 0.42a 6.59 ± 0.40a 6.42 ± 0.38a
EC dS/m 1.45 ± 0.09a 1.66 ± 0.10a 1.560 ± 0.09a 1.52 ± 0.09a
Total element content

Ca g/kg 1.52 ± 0.09a 1.937 ± 0.11b 1.818 ± 0.11b 1.705 ± 0.100b
Mg g/kg 1.97 ± 0.12b 2.465 ± 0.14a 2.337 ± 0.14a 2.215 ± 0.130ab
Na g/kg 1.1 ± 0.08b 1.542 ± 0.09a 1.457 ± 0.09a 1.376 ± 0.080a
Cu mg/kg 17.6 ± 1.05a 14.027 ± 0.82b 15.243 ± 0.89ab 16.564 ± 0.97a
Zn mg/kg 27.5 ± 1.64a 21.257 ± 1.24c 23.302 ± 1.36bc 25.543 ± 1.49ab
Cr mg/kg 37.7 ± 2.22a 28.849 ± 1.69c 31.624 ± 1.85bc 34.666 ± 2.09ab

TMCC = Taraxacum mongolicum Hand- Mazz-derived biochar.
TTBC = Tribulus terrestris-derived biochar.
RSBC = rice straw-derived biochar.
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Naggar et al., 2018; Rinklebe et al., 2016; Shaheen and Rinklebe, 2017;
Shaheen et al., 2014, 2017, 2020; Yang et al., 2021) where HMs concentra-
tion increased due to the reductive dissolution.

The concentrations of Cr in the Cowwere higher than Cu and Zn (Fig. 4),
which might be due to the higher total content of Cr than Cu and Zn
(Table 1). Also, the precipitation of Cu and Zn, particularly of Cu, with sul-
fides under reduced conditions due to saturation could be a reason for their
lower release as compared to Cr (Shaheen et al., 2017). Heatmap analyses
(Fig. 5) further confirmed these results and showed a positive correlation
betweenmetals in the aqueous phase and sediments, which is in agreement
with the findings of Cheng et al. (2015) and Shaheen et al. (2020).

The results (Fig. 4) also indicate that the three BCs reduced significantly
the metals concentrations in the overlying and pore water, as compared to
the unamended sediments. However, the efficiency of TMBC was substan-
tially higher than that of TTBC and RSBC. Although TMBCwas the most ef-
fective, the TTBC and RSBC could also adsorb metals on their surface and
mitigate their release from sediment to the liquid phase, i.e., the Cow. The
higher efficacy of TMBC over TTBC and RSBC is linked with the higher sur-
face active functional groups of TMBC (e.g., OH, CO, and OH), its higher
crystallinity, and higher BET surface area (Table 1) compared to TTBC
and RSBC (Fig. 1). Also, XPS data in Fig. 2 shows that the intensities of
the peaks associated with oxygen groups in RSBC are slightly weaker
than in the other two types of biochars (i.e., TMBC and TTBC) indicating
that the oxygen functional groups of RSBC distributed in the inner sheet
were difficult to reduce.

3.4. Effect of biochars on metals leachability

The average concentrations of TCLP-extracted Cr, Cu, and Zn (mg L−1)
were 2.06, 0.24, and 1.25 in the untreated SJ sediment, and 1.59, 0.72, and
1.06 in the untreated TN sediment, respectively (Fig. 6). Metal concentra-
tions (mg/ kg) are presented in the supplementary materials (Fig. S2). Bio-
char addition notably reduced the TCLP-extracted Cr, Cu, and Zn as
compared to the unamended sediments (Fig. 6). Also, TMBC was more ef-
fective, compared to the control, in reducing the average concentrations
(μg L−1) of Cr (by 47% in SJ and 45% in TN), Cu (by 60% in SJ and 37%
in TN), and Zn (by 62% in SJ and 44% in TN) than was TTBC (32–33%
for Cr, 4.0–40% for Cu, and 30–42% for Zn) or RSBC (16–20% for Cr,
2.0–20.0% for Cu, and 12–31% for Zn; Fig. 6). This observation confirms
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the effectiveness of the tested BCs for mitigating the solubility and leach-
ability of Cr, Cu, and Zn in the studied sediments. However, although all
BCs reduced the leachability of the three metals, TMBC exhibited a higher
ability than the other two BCs (Fig. 6).

These results were further verified by the heatmap analysis, which pro-
vided indications of the relationship between HMs parameters and sedi-
ments (Fig. 5). The heatmap results revealed rather complex relationships
between parameters and the sediments, i.e., a significant (p< 0.05) positive
correlation between TCLP-extractable Cu and Zn and pore water-Cr, -Cu,
and -Zn concentrations for both sediments (Fig. 5). Similarly, there were
significant positive correlations between TCLP-extractable Cr and pore
water Cr. These relationships indicate that environmentally relevant HMs
fractions such as the Cpw and Cow might be affected differently by human
activities and non-point sources of HMs (Botté et al., 2007).

Different possible HMs immobilization mechanisms by BC can take
place during the interaction period (Fig. 7). The O/C molar ratio generally
denotes the content of oxygen-containing groups in BC, and the BET surface
area generally represents the pore characteristics (Zhang et al., 2020). The
performance of TMBC was better than either TTBC or RSBC, which might
be due to its higher BET surface area and oxygen-containing groups, param-
eters known to influence significantly BCs adsorption capacity (Almanassra
et al., 2021; Tan et al., 2015). As the increase in sediments pH in response to
BC addition was non-significant, pH cannot be the main factor affecting
HMs immobilization, but it can still drive other processes such as complex-
ation, adsorption and or ion exchange. Nevertheless, the analysis of BCs
mineral components (Fig. 1) indicated that the presence of oxygen reactive
groups on BC surface increased BC-HMs binding capacity (Alkurdi et al.,
2019; Zhang et al., 2020).

The TMBC high pH and larger surface might be the main factor af-
fecting the reduction of the dissolved and mobile metal content, as
higher pH leads to the enhancement of the net negative charge of the
sediments, promoting HMs-hydroxyl binding through precipitation
(Fig 7) and thereby reducing HMs solubility and bioavailability, as
also mentioned by Li et al. (2020). Also, other mechanisms can be in-
volved in HMs retention such as cation exchange, electrostatic- and/or
physical adsorption, and complexation (Fig. 7), which can be driven
by changes in pH. The interactions between HMs and the OH/CO func-
tional groups on biochar surface could play a key role in the reduction of
dissolved HMs, thus, reducing HMs mobility.



Fig. 3. Impact of biochars on the concentrations of total nitrogen (g/kg), available phosphorous (mg/kg), exchangeable potassium (mg/kg), and organic carbon (%) of the San
Jiang (SJ) and TanNiu (TN)fishpond sediments. Results are themean values± standard deviation (n=3). Error bars indicate standard deviations. Different small letters on
the bars indicate significant differences among treatments at P < 0.05.
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3.5. Effect of biochars on metals fractionation

The concentration (mg/ kg) in the untreated SJ sediment of the acid-
soluble fraction of was 25.2 (44% of the total content) for Cr, 3.49
(38.1%) for Cu, and 17.61 (42.8%) for Zn, whereas it was 17.3 (43.8%)
for Cr, 9.3 (43.2%) for Cu, and 11.3 (45.7%) for Zn, at the TN (Table S2;
Fig. 8). The acid-soluble fraction accounted for the greatest portion of the
total metal content, followed by the reducible, the oxidizable, and the resid-
ual fractions (Fig. 8). The large proportion of the acid-soluble fraction and
the low proportion of the residual fraction indicate the high solubility and
potential mobility of these metals in both sediments, and, thus, the high po-
tential risk.

To verify the quality of the sequential extraction results, the frac-
tions summation of each metal was compared with the metal total con-
tent as determined by acid digestion. The results showed that the
recovery percentage was rather satisfactory, ranging between 90 and
112%. These values indicate the sufficient recovery for the sequential
extraction procedure, which suggests that the sequential extraction
analysis allowed an acceptable quantitative recovery of total metals in
the study.
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The acid-soluble fraction, the most bioavailable among all fractions, of
Cr, Cu, and Zn in sediments treated with the different BCs was significantly
reduced compared with those in the unamended sediments (Fig. 7;
Table S2). As compared with the unamended control, TMBC was more ef-
fective in reducing the average concentrations of the acid soluble Cr (by
15% in SJ and 22% in TN), Cu (by 53% in SJ and 35% in TN), and Zn (by
21% in SJ and 39% in TN) than was TTBC (by 11–15% for Cr, 30–32%
for Cu, and 14–28% for Zn) or RSBC (by 10–14% for Cr, 26–27% for Cu,
and 11–13% for Zn) (Fig. 8). The reducible fraction, which mainly com-
prises HMs bound onto Fe and Mn oxides or hydroxides, decreased with
added BC concerning Cr, Cu, and Zn in both sediments, but this effect
was not as well-pronounced as that observed for the acid-soluble fraction
(Fig. 8).

The oxidizable metal fractions at SJ and TNwere smaller than the other
three fractions and slightly increased by BC addition, whichmight be due to
the possible formation of complexes between HM ions and BCs surface re-
active functional groups (Guo et al., 2006). Following the BC treatment,
the residual fractions of Cr, Cu, and Zn in both sediments increased to vary-
ing degrees. Given the fact that residual HMs have almost no bioavailabil-
ity, our results indicate that BC effectively increased the immobilization



Fig. 4. Impact of biochars on the concentrations (μg L−1) of Cu, Cr, and Zn in the overlying water layer (Cow) and pore water (Cpw) of the San Jiang (SJ) fishpond sediments
(a) and fish pond TanNiu (TN) sediments (b). Results are themean values± standard deviation (n=3). Error bars indicate standard deviations. Different small letters on the
bars indicate significant differences among treatments at P < 0.05.

S. Mehmood et al. Science of the Total Environment 826 (2022) 154043
of HMs and promoted their transformation to more stable pools, where the
degree of transformation was closely linked to the choice of BC raw mate-
rials (Fig. 8). This effect could be attributed to the substantial amounts of
Fig. 5.Heatmap showing results of correlation coefficient and significance analysis for th
Tan Niu (TN) fishpond sediments.
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Ca and Mg on the BCs, which can interact with HMs to form precipitates
of low solubility (Niazi et al., 2018; Ali et al., 2022); such a mechanism fur-
ther immobilizes HMs in fishpond sediments, making them suitable as
e effects of biochar treatment in removing heavy metals from the San Jiang (SJ) and



Fig. 6. Impact of biochars on the TCLP- extracted concentrations (mg L−1) of Cu, Cr, and Zn in San Jiang (SJ) fishpond sediment (a) and fishpond Tan Niu (TN) sediment (b).
Results are the mean values ± standard deviation (n = 3). Error bars indicate standard deviations. Different small letters on the bars indicate significant differences among
treatments at P < 0.05.

Fig. 7. Possible mechanisms of biochar action in heavy metals (HMs) immobilization in the fish pond sediments. TMCC = Taraxacum mongolicum Hand-Mazz-derived
biochar, TTBC = Tribulus terrestris-derived biochar, RSBC = rice straw-derived biochar.
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Fig. 8. Impact of biochars on the geochemical fractions of Cu, Zn, and Cr (% of total content) in the in San Jiang (SJ) fishpond sediments (a) and fishpond Tan Niu (TN)
sediments (b).
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amendment/fertilizers. As stated earlier, the higher active surface func-
tional groups, higher BET surface area (Fig. 1), and higher proportion of ar-
omatic carbon (Fig. 2) of the TMBC, compared to TTBC and RSBC, may
explain the TMBC higher capacity for metal immobilization. The potential
mechanisms for metals immobilization using the BCs are presented in
Fig. 7.

4. Conclusions and environmental implications

This study showed that biochars (BCs) produced from Taraxacum
mongolicum Hand-Mazz (TM), Tribulus terrestris (TT), and rice straw (RS)
can effectively immobilize Cr, Cu, and Zn and increase the nutrient content
in fishpond sediments. All tested BCs, particularly TMBC, reduced signifi-
cantly the concentrations of Cr, Cu, and Zn in the overlying water and sed-
iment pore water, and also reduced metal leachability. The TMBC reduced
significantly the acid-soluble fraction of Cr, Cu and Zn, and altered these
metals to their oxidizable and residual fractions and thus immobilized
them in the sediments.

As the BC-sediment mixtures did not only ensure safe reduction of HM
availability, but also provided a source of N and P, their application can
be significantly relevant in many fields especially in low-income countries.
With the current global increases in prices and demands of traditional fertil-
izers, BC-sediments mixture can be a significant contribution to agriculture
production with multi-benefit effects including economic by allowing
small-holders farmers to continue farming, environmental by ensuring the
immobilization toxic metals and also for human health by ensuring safe
produce free of toxic metals and safe for human and animal consumption.
The use and application of the testedmixture are not only relevant for agri-
culture but also for public authorities, in countries with limitation in water
quality and economic resources as the mixture can be tested and improved
for water treatment.

The results reported here provide evidence for the selection of local raw
materials for the production of BCs with high metal fixation capacity from
fishpond sediments and for recycling and improving the fertilization poten-
tial of sediments. These results could be also useful for improving sediment
quality when addressing its use for urban water sources protection, water
11
quality, and water purification cost as maintaining quality water is always
an important criterion for irrigation and drinking water facilities. Although
the reported results are very promising, future pot and field studies and ap-
plications should validate the performance and efficiency of BC-sediment
mixture in promoting agricultural production. Also, to verify the collected
results under various redox conditions, further work is necessary to en-
lighten the processes regarding metal mobilization by the studied biochars
amended fishpond sediments under controlled redox conditions combined
with microscopic and spectroscopic techniques to validate the potential
mechanisms for the redox mediated interactions between biochars and
metals in these sediments. Moreover, more future studies are needed to ex-
amine the potential desorption of HMs from the biochar-sediment mixtures
to the plants to offer a range of scientific opportunities for a comprehensive
understanding of the remediation processes.
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