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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Biochar-supported phosphate (BP) 
effectively immobilized Pb2+ from 
polluted soil. 

• A 1% dose of BP removed 87% of the 
extractable Pb2+ originally present 
within 10 d. 

• Pb2+ react with Ca10 PO4( )6 OH( )2 to 
precipitated Pb10 PO4( )6⋅ OH( )2 in soil at 
pH < 7. 

• After amendment with 5% BP, the re
sidual (immobilized) lead increased by 
20.9%.  

A R T I C L E  I N F O   

Handling Editor: Grzegorz Lisak  

Keywords: 
Heavy metals 
Biochar supported-phosphate 
In-situ-immobilization 
Bioavailability 
Soil pollution 

A B S T R A C T   

This study compared the lead (Pb2+) immobilization efficacy of biochar-supported phosphate to conventional in- 
situ heavy metal immobilization methods (with lime, neat biochar and phosphate). The biochar-supported 
phosphate was obtained by treating Douglas fir biochar (BC) with anhydrous calcium chloride and potassium 
dihydrogen phosphate. The amount of Pb2+ immobilized was determined by comparing the concentration of 
ammonium nitrate extractable Pb2+ lead from lead-spiked soil (without amendment) to that of a 30 d incubation 
with (a) lead-spiked soil plus 5% (wt./wt.) biochar supported-phosphate, (b) lead-spiked soil plus 5% (wt./wt.) 
untreated Douglas fir biochar, (c) lead-spiked soil plus 5% (w/w) lime and (d) lead-spiked soil plus 5% (wt./wt.) 
potassium dihydrogen phosphate. The control (lead-spiked soil without amendment) produced the largest 
quantity (96.08 ± 9.22 mg L− 1) of NH4NO3-extractable Pb2+, while lead-spiked soil treated with 5% (wt./wt.) 
biochar-supported phosphate resulted in the lowest quantity of NH4NO3 extractable Pb2+ (0.3 ± 0.2 mg L− 1). The 
mechanism for immobilization of Pb2+ by BP occurs at pH < 7 through dissolution of hydroxyapatite embedded 
in BP during modification, followed by precipitation of insoluble Pb10(PO4)6(OH)2. The residual lead fraction in 
the lead-spiked soil increased by 20.9% following amendment with BP. These results indicate that biochar- 
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supported phosphate is a candidate to reduce lead mobility (bioavailability) in polluted soil. This amendment 
may lower Pb2+ uptake into plants while minimizing the potential for water contamination due to Pb2+mobility.   

1. Introduction 

Over 10 million heavy metal-polluted sites have been reported 
globally with net economic consequences of nearly US $10 billion 
annually (Lwin et al., 2018). Lead, cadmium, and arsenic contamina
tions constitute more than 50% of the polluted sites. The continued 
bioaccumulation of heavy metals in soil poses a significant health threat 
to plants, animals, and humans (Amari et al., 2017; Nelke et al., 2015; 
UNEP, 2020). Lead (Pb2+) in particular can remain in the environment 
for more than 150 years (Karnib et al., 2014). Lead uptake by crops has 
been previously linked to plant phytotoxicity with a consequent adverse 
impact on humans due to metal transfer through the food chain (Cao 
et al., 2007; Pinho and Ladeiro, 2012). Ingestion of lead from contam
inated food can lead to learning difficulties in children, neuron toxicity, 
kidney diseases and cancer (Tchounwou et al., 2012; UNEP, 2020). 
Therefore, the development of an effective and eco-friendly technique 
for minimizing lead bioavailability from contaminated soil is crucial. 

Many methods have been developed for heavy metal remediation 
from contaminated soil (Basta and Mcgowen, 2004; Kede et al., 2017; 
Shareef and Zhao, 2017). Conventional methods include phytor
emediation, soil washing, electrokinetic treatment, soil isolation, vitri
fication, sorption, liming, and precipitation using phosphates (Kede 
et al., 2017; Sharma et al., 2018; Ullah et al., 2020). Phytoremediation is 
eco-friendly, but only suitable for moderately contaminated soil. It can 
also cause secondary pollution (Burlakovs et al., 2012). Electro-kinetic 
treatment, soil isolation, and vitrification methods are laborious and 
costly (Khalid et al., 2017). The use of chelating agents for washing 
poses a significant groundwater contamination risk (Preet and Sidhu, 
2016). 

In-situ immobilization techniques, using lime, phosphate, and bio
char, are considered relatively inexpensive and easy to manage (Zeng 
et al., 2020). Therefore, they have been used widely. The technique is 
believed to reduce heavy metal bioavailability (Jiang et al., 2021), and 
lower plant uptake through adsorption and formation of stable pre
cipitates and complexes (Lwin et al., 2018). Lime application causes an 
increase in soil pH and co-precipitation hydroxides and carbonates 
(Hamid et al., 2018). Phosphate use forms insoluble precipitates such as 
pyromorphite-type minerals [Pb5(PO4)3X; X = F, Cl, B, or OH] which 
lowers lead mobility (Kede et al., 2017). Biochar immobilizes heavy 
metals by adsorption, through ion exchange, co-precipitation, complex 
formation, electrostatic interactions, and physical sorption. (S.Wang 
et al., 2018; H. Wang et al., 2018; Wang et al., 2019). 

It is unclear whether the combination of lime, phosphate, or biochar 
for lead immobilization is superior to the individual traditional immo
bilization methods. The phosphate sorption ability of calcium-derived 
adsorbents has been previously shown (Kong et al., 2020). While 
phosphate application in isolation could result in eutrophication of 
water bodies (Zupančič et al., 2012), binding phosphate to calcium 
treated biochar slows phosphate release into soil (Yao et al., 2013). 

In August 2021, the United Nations intergovernmental Panel on 
Climate Change (IPCC) forecast that adding huge amounts (109 tons/yr) 
of biochar in soil will combat the growth of atmospheric CO2 while 
improving soil fertility. Thus, reducing heavy metal mobility by biochar 
-supported phosphate could further encourage biochar use. Biochar 
addition to soil sequesters carbon originally obtained from organic 
biomass that would otherwise release CO2 by combustion or decay, and 
serves as a suitable waste management alternative for municipal or 
agricultural waste (Ye et al., 2019). The oxidative aging of biochar 
during exposure to water and oxygen generates hydroxyl, carboxyl, and 
carbonyl functions on BC which readily sorb heavy metals (Hue, 2018; 
Houben et al., 2013). 

Compared with neat biochar, chemically modified-biochars can 
often exhibit better sorption capacity for contaminants due to improved 
surface area and modified surface functional groups. Ye et al., 2020, 
separated Pb from aged microplastic using porous magnetic biochar and 
obtained ~38 and 34% removal efficiencies in the presence of HPO4

2−

and HCO3
− respectively. They attributed this to the buffering action of 

HPO4
2− and HCO3

− causing pH rise, thus promoting precipitation, 
complexation and reduced Pb 2+ mobility. Kong et al., 2020 used hy
droxyapatite recovered from phosphate absorbed from wastewater onto 
calcium decorated biochar (BC-HAP) to extract uranium from waste
water. The sorption capacity of neat hydroxyapatite was 935 mg g− 1. 
The biochar’s sorption capacity improved with increasing P content, 
rising from 485 to 917 mg g− 1 as its PO4

3− amount rose from 50 to 300 
mg L− 1. Chen et al., 2020 improved heavy metal sorption by biochar in 
soil by adding hydroxyapatite/calcium silicate hydrate. 

The main objective of this study was to assess the lead immobiliza
tion efficacy in soil by biochar-supported phosphate from a simulated 
lead-polluted soil and compare this treatment to the individual use of 
lime, phosphate, or biochar alone. We thought hydrolysis of biochar- 
supported phosphate in soil could reduce Pb2+ mobility and bioavail
ability; thereby, diminishing potential transfer to human via the food 
chain. 

2. Materials and methods 

2.1. Preparation of Douglas fir biochar (BC) and biochar-supported 
phosphate (BP) 

Douglas Fir biochar (BC) is a commercial product (Black Owl Bio
char, Biochar Supreme Inc. Environment Ultra) obtained as a by-product 
from bio-syngas production. The biochar was prepared according to the 
method reported by (Bombuwala Dewage et al., 2018). In this method, 
green Douglas fir wood chips were introduced into an air-fed updraft 
wood gasifier at ~900–1000 ◦C for a residence time of ~1–30 s. 

Biochar-supported phosphate was obtained by treating BC with 
anhydrous calcium chloride and potassium dihydrogen phosphate 
(Fig. S1). BC (50 g) was treated with anhydrous calcium chloride (25 g) 
to enhance its phosphate sorption ability. All chemicals used were of 
analytical grade (Aldrich Sigma). Deionized water (400 mL) was added 
to 50 g of previously ground and sieved BC (≤350 μm particle size) in a 
1000 mL beaker with continued stirring to form a uniform slurry. The 
slurry was then heated to about 37 ◦C. Then, 25 g of anhydrous calcium 
chloride was added and stirring was continued for 30 min. Then, 25 g of 
potassium dihydrogen phosphate was added and stirring continued for 
another 30 min. The pH of the slurry was then adjusted to about 10 using 
aqueous potassium hydroxide (10 M KOH) and aged for 24 h. The aged 
slurry was vacuum filtered through Whatman number 1 filter paper. The 
residue was washed three times, each with 200 mL of deionized water, 
and oven-dried at ∼ 1 atm pressure for ~48 h to constant weight at 
80 ◦C. The biochar-supported phosphate (BP) was kept in seal containers 
for later use. 

2.2. Characterization of Douglas fir biochar (BC) and biochar-supported 
phosphate (BP) 

The surface area, pore volume and average pore size diameter were 
analyzed by the BET (Brunauer, Emmet, and Teller) N2 adsorption 
method at 77.3K with a Micromeritics Tristar II Plus Version 2.03 sur
face area analyzer. The morphology of both BC and BP was examined 
with scanning electron microscopy (JEOL JSM-6500F FE-SEM operated 
at 5 kV), and the elemental contents were determined using scanning 
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electron microscopy-electron diffraction energy (SEM-EDX) spectros
copy. Powder x-ray diffraction scrutinized the crystalline content of BC 
and BP before and after a 30-d incubation with lead-spiked soil using a 
Rigaku’s Smartlab X-ray diffraction system employing Cu-Kα (λ = 1.54 
Å) radiation generated at 40 kV and 44ma. The XRD patterns were ob
tained by scanning 2θ from 3◦ to 90◦ with 0.05◦ steps at a rate of 4◦

min− 1. 
The pH and ash contents of BC and BP were determined following the 

method described by (Domingues et al., 2017) with some modification. 
The pH was measured using a Hanna pH meter (model HI 3221) after 
shaking the biochar samples for 1h in deionized water at a 1:10 (wt./v) 
ratio. The ash content was determined by heating 1.0 g of oven-dried 
biochar samples (at 105 ◦C for 24 h) in an open-top porcelain crucible 
at 650 ◦C in a muffle furnace for 15 h. A (Elementar Unicube, Germany) 
elemental analyzer was used to determine the elemental composition (C, 
H, N, S) of BC and BP by combustion. The amount of organic oxygen (% 
O) was calculated by difference (O% = [100 – (C + H + N + S + Ash)]). 

2.3. Determining pH point of zero charge (pHpzc) 

The solution pH at which the net surface charge on the absorbent (BC 
and BP) is zero (the PZC) was determined from ~0.1 g BC and BP 
samples, which were placed in 50 mL polypropylene tube and mixed 
with 20 mL of 50 mg L− 1 Pb2+ solution. The mixtures were then shaken 
for 24 h in a mechanical shaker (200 rpm) at room temperature. These 
slurries were then filtered through Whatman number I filter paper. The 
final pH of the filtrates were measured using the Hanna pH meter for pH 
values ranging from 1 to 14. The desired solution pH was adjusted using 
1 M NaOH or 1 M HCl solutions. The PZC was obtained by plotting ΔpH 
(initial-final pH) values against the initial solution pH. 

2.4. Soil sampling and incubation 

These experiments were carried out on Pb-spiked soil. Soil was 

collected at a depth of 0–15 cm from an agricultural field located at 
Mississippi State University. The soil was sieved to remove roots and 
stones, air-dried, homogenized, and passed through a 2 mm sieve before 
use. The initial soil pH (5.64) was measured following the method 
described by (Thompson and Varco, 2002). An air-dried soil sample (10 
g) was added into a 50 mL plastic beaker. Then, 20 mL of deionized 
water was added using an auto dispenser and the mixture stirred with a 
glass rod until all soil was suspended. The slurry was then stirred for 1 h 
and then allowed to stand for a 30 min interval before measuring the pH 
using a Fisher Scientific Model 25 Accumet pH meter (Denver, CO). In 
addition, the soil was analyzed for P, Mg, Ca, K and Na contents 
(Table S1) following the Mississippi State University soil testing (Lan
caster method) procedure as described by (Cox, 2001). Air-dried and 
sieved soil samples (5 g) were placed into 125 mL plastic Erlenmeyer 
flasks. Then, 5 mL of solution A (0.05 M HCl) was added using an 
autopipette, and it was left to stand for 10 min. Next, 20 mL of solution B 
(prepared by mixing 900 mL glacial acetic acid, 65.2 g malonic acid, 
120 g malic acid, 12 g ammonium fluoride, 30 g aluminum chloride 
hexahydrate, 300 mL concentrated ammonium hydroxide and then 
diluting to 10 L with deionized water after adjusting the solution pH to 
4.0) was added to each flask using an autopipette, and the mixture 
shaken for 10 min on a mechanical shaker (250 cycles min− 1). The 
suspension was filtered through Whatman number 2 filter paper, and the 
filtrate analyzed for P, Mg, Ca, K and Na using an Avio 200 ICP-OES 

(PerkinElmer, Waltham, MA). 
A 3 kg soil sample was spiked with Pb to a 300 mg kg− 1 level using a 

Pb(NO3)2 solution. The USEPA maximum acceptable soil lead level for 
gardening soil is 100 mgkg− 1 of soil (Schwarz et al., 2016). However, the 
acceptable soil lead levels set by environmental protection agencies 
varies by country (Reid and Dirou, 2004; Wade, 2019). The lead-spiked 
soil was incubated for 14 d at 25 ◦C with a moisture content at 100% 
field capacity initially, which was then maintained at 80% of water by 
adding deionized water throughout the duration. After the 14-d incu
bation, the soil was air dried at 25 ◦C for ~7 d and stored at room 
temperature. 

2.5. Determining the lead immobilization efficacy 

The lead immobilization efficacy of BP was evaluated in comparison 
to BC, lime and potassium dihydrogen phosphate, each used individu
ally. The treatments used included: 1) Pb-spiked soil (Control), 2) lead- 
spiked soil plus 5% BP (wt./wt.), 3) lead-spiked soil plus 5% BC (wt./ 
wt.), 4) lead-spiked soil plus 5% lime (wt./wt.) and 5) lead-spiked soil 
plus 5% potassium dihydrogen phosphate (wt./wt.). Each treatment was 
performed in triplicate and arranged in a randomized design. The 
different treatments were incubated for 30 d at 25 ◦C with their water 
holding levels maintained at 80% capacity. The sample containers were 
covered with parafilm with holes pierced into them for aeration. After 
incubating for 30 d, the soil samples were air-dried and their ammonium 
nitrate extractable lead concentrations were determined following the 
procedure described by (Park et al., 2013). This procedure entails 
weighing 2 g of the air-dried soil samples in a 50 mL polypropylene tube 
and adding 5 mL of 1 M ammonium nitrate solution to each (soil solution 
ratio of 1:2.5), followed by shaking in a reciprocating shaker at 200 rpm 
for 2 h at room temperature. After shaking, the tubes were removed, and 
their contents filtered using Whatman number one filter paper. The 
ammonium nitrate extractable lead concentrations of the filtrate were 
determined using ICP-MS. The lead immobilization percentage (IP) was 

obtained from:   

The pH and electrical conductivity of the incubated soil samples 
were determined at a soil-water ratio of 1:2.5 using the Hanna pH meter 
and a Hanna edge electrical conductivity meter, respectively. The 
elemental contents of the incubated soil samples were also analyzed 
using an elemental analyzer (Elementar unicube, Germany). 

The effect of BP dose on Pb2+ bioavailability was evaluated. The 
lead-spiked soil (control), lead-spiked soil plus 1% of BP (wt./wt.), lead- 
spiked soil plus 2.5% of BP (wt./wt.) and lead-spiked soil plus 5% PB 
(wt./wt.) were each incubated for 10 d with their moisture levels 
maintained at 80% at 25 ◦C. After incubation, the soil was air-dried, 
homogenized, and extracted with 1 M NH4NO3. Its NH4NO3-extract
able lead concentration was determined by ICP MS as described before. 

To evaluate the mobility and bioavailability of lead in lead-spiked 
soil before and after amendment with BC and BP, the total lead con
centration was determined following EPA method 3050B (US EPA, 
1996). A modified version of Tessier sequential extraction (Howard 
et al., 2013; He et al., 2013) was employed to determine the different 
fraction of lead species in soil. The detailed procedure is shown in 
Table S1. The concentration of Pb2+ in the extract was determined using 
atomic absorption spectrophotometer (model SHIMADZU AA-7000) at a 
wavelength of 283.3 nm. 

IP=
NH4NO3 extractable lead concentration of the(control − amended soil) × 100%

NH4NO3extractable lead concentration of the control   
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2.6. Immobilization mechanism of Pb2+ onto BP 

To establish the mechanism of adsorption of Pb2+ onto BC and BP, 
batch experiments were employed. The adsorption kinetics were 
determined by adding 25 mL of 50 mg L− 1 Pb 2+ solution to ~0.1 g of 
adsorbent placed in a 50 mL polypropylene tube. The supernatant pH 
was adjusted to 6.5 to mimic soil pH required for optimum nutrient 
availability. The samples were shaken at 25 ◦C at 200 rmp for 0.08, 0.25, 
0.5, 1, 2, 4, 6, 9, 12, 24 and 48 h. After filtering the supernatant through 
Whatman number 41 filter paper, Pb2+ concentrations in the filtrates 
were quantified by atomic absorption spectroscopy. The adsorption 
isotherm was obtained by adding 25 mL of 5, 10, 15, 20, 30, 40, 50 and 
70 mg L− 1 Pb2+ solution to ~0.1 g of adsorbent placed in a 50 mL 
polypropylene tube. After adjusting the supernatant pH to 6.5, the tubes 
were shaken at 200 rpm for 24 h at 25 ◦C. The supernatant was filtered 
and Pb2+ concentrations determined using atomic absorption spectro
photometer. XPS analyses were performed for BC and BP before and 
after a 30-d incubation with lead-spiked soil. 

3. Results and discussions 

3.1. Soil physiochemical properties 

The preliminary soil test results showing physiochemical properties 
are shown in (Table S2). The soil was sandy, acidic with low P, K and Mg 
concentrations. 

3.2. Characterization of Douglas fir biochar (BC) and biochar-supported 
phosphate (BP) 

The pH, ash content, BET surface area, pore volume, pore size 
diameter, and elemental composition of both BC and BP are shown in 
(Table S3). 

Modifying BC to BP with anhydrous calcium chloride and potassium 
dihydrogen phosphate lowered the BC surface area from 578.9 to 360.5 
m2 g-1 in BP. However, both pore volume and average pore size diameter 
increased from 0.07 in BC to 0.12 cm3g− 1 in BP and 4.55 in BC to 13.40 
Å in BP, respectively. 

The nitrogen adsorption curve (Fig. 1), for Douglas fir biochar was a 
type I isotherm indicating formation of micropores, whereas that for BP 
was a type II adsorption signifying the presence of mesopores and 
macropores. The nitrogen adsorption capacities of BC and BP increased 
rapidly when the relative pressure was less than 0.3. This rise at low 

relative pressure can be due to monolayer adsorption. Between relative 
pressures of 0.2–0.7, however, the slopes were small due to multilayer 
adsorption. At a relative pressure greater than 0.8, a large increment in 
adsorption capacity was observed in BP which could be from the 
capillary condensation within mesopores and macropores. According to 
(Yakout et al., 2015), the decrease in surface area following modifica
tion with H2SO4 is caused by micropore destruction by modifying agents 
resulting in greater meso- and macropores fractions. However, the up
take of phosphate to generate BP was done at a very low temperature. 
Therefore, destruction of micropores originally present in the BC would 
have been unlikely. Thus, the decrease in surface area after modifying 
BC to BP could have risen from micropore blockage by the deposition of 
phosphate compounds on biochar surface. Furthermore, the ash content 
rose from ⁓3.4 to ~38.1 wt% after modifying BC to BP (Table S3). This 
finding agrees with (Leng et al., 2021), who observed a reduced surface 
area in biochar containing significant ash contents due to extensive pore 
blockage. 

The elemental contents of C, H, O, N and S changed after modifying 
BC to BP. While there was a reduction in the amount of N% (0.12–0.08), 
C% (79.4–50.86), H% (1.79–1.37) and O% (15.12–9.5). The quantity of 
S% and P%, respectively, increased from ~0.01 to ~0.5 in BC to ~0.07 
and ~5.8 in BP after the modification. Also, BP had a larger molar H/C 
ratio (0.32) than BC (0.27). The large increase in P% confirms sub
stantial phosphate surface deposition occurred on BP. 

Biochar with O/C ratios of <0.2 meet the criteria for highest stability 
with a half-life of more than 1000 years in soil irrespective of the pro
duction temperatures (300–1000 ◦C) (Spokas, 2010). Therefore, both BC 
and BP, with approximate molar O/C ratios of about 0.14 will sequester 
carbon for a long time in soil. Also, molar O/C ratios are directly 
correlated to the amount of oxygen groups on biochar surfaces. The 
molar O/C ratio for BC was slightly less than that of BP. Similarly, BP 
had a larger molar H/C ratio than BC. The slightly larger molar O/C and 
H/C ratios in BP are attributed to the addition of phosphate species 
(HPO4

2− , H2PO4
− ) to BC during modification. The addition of H2PO4

−

or HPO4
2− to BP resulted in an improved Pb2+ immobilization, as Pb2+

reacts with H2PO4
− to form insoluble and immobile lead-phosphate 

compounds such as Pb10 (PO4)6(OH)2 at pH < 7.5. The formation of 
insoluble lead compounds due to reaction of Pb2+with phosphates spe
cies in soil at pH<7 was reported by (Jensen et al., 2005). 

BC and BP have low nitrogen concentrations like many wood-derived 
biochars. Elemental analysis indicated both BC (751.8) and BP (741.6) 
had high molar carbon to nitrogen (C/N) ratios. The carbon-to-nitrogen 
ratio is among the vital chemical parameters considered in soil 
amendments because it helps to predict biologically controlled nitrogen 
mineralization and release in soils. A molar C/N ratio in soil greater than 
25:1 results in biological N immobilization, where inorganic nitrogen 
forms (NH4

+ and NO3
− ) are transformed into organic forms (H DeLuca, 

2016), making it unavailable for plant use. Similarly, amending soil by 
switchgrass biochar increased N immobilization but reduced the total 
inorganic nitrogen due to the high switch grass molar C/N ratio (H 
DeLuca, 2016). Therefore, the use of significant amounts of BC or BP for 
soil amendment should be accompanied by the application of nitrogen 
fertilizer for proper plant growth. 

The SEM micrographs of both BC and BP are shown in (Fig. S2). The 
images of both BC and BP showed the presence of micropores, meso
pores and macropores which consisted of tube-like structures much of 
which reflects the original wood morphology. The morphology of BP 
exhibited more mesopores and macropores than BC. The larger number 
of mesopores and macropores found in BP is consistent with the surface 
area decrease going from BC to BP (BET results) in which both pore 
diameter and pore volume increased. The decreased surface area in BP 
could have risen from the blockage of micropores by the deposition of 
phosphate compounds on the biochar surface. Leng et al. (2021) re
ported that micropores strongly correlate with biochar’s surface area. 

The SEM-EDX elemental composition analyses of BC and BP are 
shown in (Fig. S3). 

Fig. 1. N2 adsorption at 77.300 K of Biochar-supported Phosphate (BP) and 
Douglas Fir Biochar (BC). 
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SEM-EDX employs a spot diameter of 4–6 μm, penetrating to a depth 
of ~5.3 μm. BC and BP surfaces are heterogeneous, so SEM-EDX ana
lyses of many locations are needed to obtain a representative analysis of 
these surfaces. Analyses of four BC locations gave C (84–87%), O 
(9.9–12%), P (0.5–1.1%), Ca (0.5–1.6%) and K (0.86–1.75%). After 
phosphate adsorption, the corresponding analyses of four BP locations 
exhibited: C (50.8–64.9%), O (20.4–33.0%), P (4.7–5.8), Ca (7.1–8.2%) 
and K (0.66–1.35%). The molar Ca/P ratio ranged from ~1.1 to 1.2. The 
theoretical molar Ca/P ratio for Ca8H2(PO4)6.5H2O and 
Ca10(PO4)6⋅(HO)2 are 1.33 and 1.67, respectively (Scapin et al., 2015). 
These analyses reflect the deposition of phosphate as 
(Ca8H2(PO4)6.5H2O, Ca10(PO4)6⋅(HO)2, CaHPO4, Ca(H2PO4)2 and 
related potassium salts on the BP surface. This lowers the contribution 
by carbon, which was covered partially by deposition and raises the 
oxygen surface region amount. The bulk analyses in Table 1 are for the 
entire sample, not just the surface and near surface region which 
EDX-probed to a depth of ⁓5.3 μm. The EDX values confirm successful 
surface region deposition of phosphorus on BP during the modification 
of BC with calcium chloride and potassium phosphate. 

The XRD patterns for BC and BP before (Fig. 2A) and after a 30-d in
cubation with lead-spiked soil (Fig. 2B) are shown. The BC XRD spectra 
revealed two broad peaks comparable to that observed for layered 
graphene between 2θ = 20◦–30◦ and 40◦–50◦. These peaks are due to 
graphitic-like diffraction formed as lignocellulostic structures which are 
partially aromatized during pyrolysis and typical aromatic stacking oc
curs with d-spacing of ~3.4–3.5 Å (Siburian et al., 2018). The major new 
peaks exhibited by BP appeared at 2θ approximately 9.4◦, 26◦ and 53◦. 
These result from octacalcium phosphate (OCP, Ca8H2(PO4)6.5H2O ​ ),
[ICDD number 261056](Sakamoto et al., 2016). Further peaks at 2θ =
28.23◦, 32.05◦, 40.28◦, 46.66◦, 49.41◦ and 64.18◦ matched the 
diffraction pattern of hydroxyapatite (HAP, Ca10(PO4)6⋅(HO)2) [JCPDS 
ICDD card Number 09–0432] (Arellano-Jiménez et al., 2009; Sakamoto 
et al., 2016). These crystalline species form during hydrophosphate 

deposition in the BP formation. Other amorphous poorly crystallized 
P-containing species may also be present on BP that are not observed by 
XRD. 

After a 30-d incubation with lead-spiked soil, all XRD peaks matched 
to lead hydroxyapatite (Pb10(PO4)6(OH)2, (JCPDS card number o1-087- 
2477) (Zhu et al., 2016). This indicates that both BC and BP immobilize 
Pb2+ in soil through the transformation of HAP (Ca10(PO4)6⋅(HO)2) into 
a more stable [hydroxypyromorphite, Pb10(PO4)6(OH)2]. 

Table 1 
Selected properties of lead-spiked soil after incubating for 30-d with different amendments verses the control.  

Property Control (Unamended soil) Soil + BC Soil + BP Soil + lime Soil + KH2PO4 

pH 5.67 ± 0.15 6.87 ± 0.06 6.20 ± 0.10 7.10 ± 0.10 5.60 ± 0.10 
EC (μScm− 1) 75.93 ± 5.19 176.60 ± 9.52 652.67 ± 14.57 82.73 ± 4.46 2607.67 ± 131.11 
C% 0.15 ± 0.02 4.50 ± 0.68 3.10 ± 0.33 0.78 ± 0.09 0.22 ± 0.04 
N% 2.17 ± 0.28 0.84 ± 0.27 0.03 ± 0.01 0.36 ± 0.15 1.60 ± 0.23 
H% 0.16 ± 0.00 0.24 ± 0.03 0.26 ± 0.03 0.14 ± 0.02 0.21 ± 0.01 
S% 0.00 ± 0.00 0.01 ± 0.02 0.07 ± 0.04 0.00 ± 0.00 0.00 ± 0.00 
H/C Ratio 12.10 ± 0.86 0.63 ± 0.01 0.99 ± 0.02 2.19 ± 0.05 11.49 ± 2.19 
C/N Ratio 0.08 ± 0.02 6.48 ± 1.15 149.80 ± 21.58 3.09 ± 1.88 0.16 ± 0.03 

EC = Electrical conductivity, data shown are mean ± SD, n = 3. 

Fig. 2. XRD patterns of BC and BP before (A) and after a 30-d incubation with lead-spiked soil (B).  

Fig. 3. Point of zero charge (pHpzc) determinations of BP and BC.  
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3.3. pH point of zero charge 

The pH point of zero charge (pHpzc) value corresponds to the point 
where the net surface charge of the adsorbent is zero (Tran et al., 2015). 
BC and BP exhibit pH pzc values of 6.7 and 9.5, respectively (Fig. 3). 
Therefore, anionic species will be attracted, at solution pH values lower 
than 6.7 to BC surfaces and 9.5 to BP surfaces. Above their pH pzc 
values, the removal of cationic species will be favored (Iáñez-Rodríguez 
et al., 2020). Since lead (II) is cationic, its adsorption by BC and BP is 
favored at pH > 6.7 and 9.5, respectively. However, free ionic Pb2+

exists at pH < 7 (Shahid et al., 2012). At pH > 7, hydrolysis to lead 
hydroxide and hydrous oxides occurs, so Pb2+ sorption is typically 
studied only below pH 6.5 to avoid precipitation. The absorption of Pb2+

is suppressed by electrostatic repulsion between the positively charged 
BP surface (pzc 9.5). Thus, Pb2+ immobilization by both BP and BC at 
pH < 7 occurs by precipitation (PbO and lead hydroxide) and 
complexation of insoluble octacalcium phosphate, hydroxyapatite and 
other such species. 

The XRD results indicated the phosphorus-containing crystalline 
species on BP are mostly octacalcium phosphate (OCP 
Ca8H2(PO4)6.5H2O) and hydroxyapatite (HAP, Ca10(PO4)6⋅(HO)2). In 
the presence of water, OCP in soil can be converted to more thermo
dynamically stable hydroxyapatite (HAP, Ca10(PO4)6⋅(HO)2) on the 
release of H+ as illustrated in equation (1)(Arellano-Jiménez et al., 
2009). 

Ca8H2(PO4)6 ⋅ 5H2O (s) + 2Ca2+(aq) → Ca10(PO4)6(OH)2(s) + 4H+(aq)
+ 3H2O(l) (1) 

(OCP) (Hydroxyapatite). 
The use of hydroxyapatite for heavy metal immobilization from 

contaminated soil has been reported (Ding et al., 2017; Zeng et al., 
2020). According to (Zeng et al., 2020), the main Pb2+ immobilization 
mechanisms by hydroxyapatite include surface complexation, precipi
tation, cation exchange, and adsorption. In acidic soil, hydroxyapatite 
dissolves (equation (2)), then, Pb2+is adsorbed by the formation of 
complex lead phosphate precipitates (equation (3)), in which Pb2+ re
acts with dihydrophosphate. Pb2+ also exchanges with Ca2+ forming 
insoluble Pb-containing hydroxyapatites, PbXCa10− X(PO4)6(OH)2. 

Ca10(PO4)6(OH)2(s)+ 12H+(aq)→10Ca2+(aq) + 6H2PO4
− (aq) + 2OH− (aq)

(2)  

10Pb2+(aq)+ 6H2PO4
− (aq) + 2OH− (aq)→ ​ Pb10(PO4)6(OH)2(s)

+12H+(aq) (3)  

3.4. The lead immobilization efficacy 

The lead immobilization efficacies of BP, BC, lime and potassium 
phosphate monobasic are compared to the unamended soil spiked with 
Pb(NO3)2 (control) in (Fig. 4a). The control comparisom examined 
NH4NO3 extractable lead concentrations from lead-spiked soil shown in 
(Fig. 4b). This control is compared with lead-spiked soil plus 5% BP 
(wt./wt.), lead-spiked soil plus 5% BC (wt./wt.), lead-spiked soil plus 
5% lime (wt./wt.) and lead-spiked soil plus 5% potassium dihydrogen 
phosphate (wt./wt.) in (Fig. 4b). All are shown after a 30-d incubation 
period in (Fig. 4a and b), respectively. 

The lowest amount of NH4NO3 extractable Pb2+ (0.3 ± 0.2 mg L− 1) 
was found in the lead-spiked soil amended with 5% BP. The largest 
amount of extractable Pb2+ came from the control (96.08 ± 9.22 mg 
L− 1) experiments. Clearly, the BP soil amendment immobilized suc
cessfully the Pb2+. The amounts of NH4NO3 extractable Pb2+ obtained 
from the lead-spiked soil amended with 5% BC, lime and KH2PO4 were 
1.7 ± 0.38, 1.43 ± 0.90 and 1.70 ± 0.27 mg L− 1, respectively. BC, lime 
and KH2PO4 worked well to immobilize Pb2+ but not as well as BP. The 
Pearson correlation coefficient between residual soil pH (pH after in
cubation) and the NH4NO3 extractable Pb2+ was negative (r = - 0.5), 
indicating that pH played a role in the immobilization of Pb2+ in the soil. 
When soil pH is increased, the negative charge density on soil surfaces 
and the [− OH] in the H2O increases. This in turn, can facilitate immo
bilization of positively charged Pb2+ by precipitation as Pb(OH)2. This 
enhances adsorption on soil charged sites and or formation of PbOH +

species which is favorably adsorbed compared to Pb+2. Several other 
studies have reported reduced solubility and mobility of Pb2+ with rise 
in pH (Gholami et al., 2020; Palansooriya et al., 2020). 

The incubation of the lead-spiked soil with 5% BC, BP and lime 
increased soil pH from 5.67 to 6.87, 6.2, and 7.1, respectively (Table 1). 
The pH was slightly reduced (by ∼ 0.07) in soil treated with KH2PO4. 
The electrical conductivity rose from 75.9 to 82.7, 176.6, 652.7 and 
2607.7 μScm− 1 in lead-spiked soil treated with lime, BC, BP and 
KH2PO4, respectively. The C/N ratio rose from 0.08 to 0.16, 3.1, 6.45, 
and 149.8 in lead-spiked soil treated with KH2PO4, lime, BC and BP, 
respectively. However, H/C ratio was reduced from 12.1 to 11.5, 2.2, 1.0 
and 0.6 following amendment with KH2PO4, lime, BP and BC, 
respectively. 

Fig. 4. The Pb2+ immobilization efficacy of BP, BC, lime, and potassium dihydrogen phosphate compared to the control (a) and the NH4NO3 extractable Pb2+

concentration of control (unamended lead -spiked soil), lead-spiked soil plus 5% BC, lead-spiked soil plus 5% BP, lead-spiked soil plus5% lime and lead-spiked soil 
plus 5% KH2PO4 (b) after a 30 d incubation period at room temperature. (Values are average of n = 3, error bars shown as SD). 
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Information on soil pH, electrical conductivity, molar C/N and H/C 
ratios are vital parameters for predicting soil productivity because they 
control nutrient availability. While a reduction in the molar H/C ratio 
occurred in all treatments, a general increment in the soil pH, electrical 
conductivity, and the molar C/N ratio was observed. Improvements in 
both soil electrical conductivity and pH following the application of 
biochar and lime have been previously reported (Kizito et al., 2019). The 
rise in the electrical conductivity is attributed to increased salt contents 
(ash content) following the amendments. The increased soil pH can be 
ascribed to the presence of oxides, carbonates, and hydroxides of Ca2+, 
Mg2+, K+ and Na+ in the additives used (lime, BC and BP). The incre
ment in soil pH after incubation with BP was much smaller than that 
induced by unmodified BC. The slight increase in the soil pH treated 
with BP is likely due to octacalcium phosphate [(Ca8H2(PO4)6⋅5H2O] 
hydrolysis, which releases H+. 

Soil microbes’ accessibility to C and available N correlates with 
molar H/C and C/N ratios, respectively. Soil additives with molar C/N 
ratios values lower than 25:1 indicate their ability to provide sufficient 
nitrogen needed for microbes to use applied carbon (USDA-NRCS, 
2011). The lower molar H/C ratios associated with BC and BP amend
ments are related to their recalcitrant nature, stability, and ability to 
mitigate climate change via carbon sequestration. Also, larger molar 
C/N ratios observed in BP treatment reveal low nitrogen availability, 
implying nitrogen immobilization (conversion of inorganic nitrogen to 
organic nitrogen) is more favorable. Increased molar C/N ratios in soil 
after biochar amendment was previously reported with pine wood bio
char because of its low N contents (Ameloot et al., 2015). In the same 
study however, a reduction in the soil molar C/N ratios was observed 
after poultry litter biochar amendment based on its greater N contents. 
So, the effect of biochar application on soil molar C/N ratio depends on 
the feedstock used. Thus, the use of biochar produced from low N 
feedstocks, such as BC for soil amendment, should be complemented by 
nitrogen fertilizer application. 

3.5. The effect of BP dose on lead (II) immobilization efficiency 

The lead immobilization efficiencies for the control compared to 
lead-spiked soils amended with different BP doses is shown in (Fig. S4 
[A]). The control gave the highest NH4NO3-extractable Pb2+ concen
trations (98.9 mg L− 1). The lead-spiked soils amended with 1%, 2.5%, 
and 5% of BP had NH4NO3-extractable Pb2+concentrations values of 
12.7 mg L− 1, 8.4 mg L− 1, and 8.1 mg L− 1, respectively. The lead (II) 
immobilization efficacy improved with increasing BP dose. However, 
the NH4NO3 extractable lead (II) concentrations in lead-spiked soil 
amended with 2.5% (8.4 mg L− 1) and 5% (8.1 mg L− 1) of BP did not 
differ significantly. At a BP application rate of only 1% (wt./wt.) to the 
lead spiked soil, BP reduced Pb2+ bioavailable by ∼ 87% versus the 

control within 10 d of treatment. Both 2.5% and 5% (wt./wt.) treatment 
rates lowered Pb2+ by ~92% versus the control, suggesting BP’s po
tential to lessen Pb2+ accumulation in humans through food chain. 

The mobility and bioavailability of lead in lead-spiked soil before 
and after amendment with BC and BP was examined. Before amend
ment, Pb was largely in the residual forms (50.2%) and Fe–Mn oxides 
bound (28.3%). After amendment, the distribution of different lead 
species changed (Fig. S4 [B]). The organic fraction increased from 6.8% 
(control) to 28.1% and 9.0% in soil amended by BC and BP, respectively. 
Similarly, Fe–Mn oxides forms of bound Pb increased from 28.3% 
(control) to 43% in soil amended by BC. The residual fraction rose by 
20.9% in soil amended by BP. In contrast, the exchangeable fraction 
decreased from 5.4% (control) to 2.7% and 2.5% in soil amended by BC 
and BP, respectively. Similarly, the carbon-occluded form decreased 
from 4.5% (control) to 2.0% and 2.5% in soil amended by BC and BP, 
respectively. This result concurs with earlier study in which, an increase 
in residual fraction and a decline in exchangeable fractions of Pb2+ in 
soil was reported after amendment with rice hull biochar (Li et al., 
2016). Since the residual fraction is associated with the crystalline 
structure of the mineral and usually not easily extracted, the rise in the 
residual fraction in soil amended by BP further signifies its potential to 
immobilize and lower both Pb2+ bioavailability and environmental risk. 

3.6. Immobilization mechanism of Pb2+ onto BP 

Pseudo first order and pseudo second order adsorption kinetic 
models were used to predict the mechanism of Pb2+ adsorption onto BC 
and BP. Kinetic results obtained are shown on Fig. 5. The rate constants, 
coefficient of determination and adsorption capacities for the adsorbents 
are shown on Table S4. The adsorption of Pb2+ onto both BC and BP 
were best described by the pseudo second order kinetic model implying 
that Pb2+ adsorption on both BC and BP occurred via chemisorption 
(Sari et al., 2017). 

The adsorption isotherms were fitted by Freundlich and Langmuir 
models (Fig. 6). Both BC and BP were effective in removing Pb2+. The 
adsorption capacities of 122.03 mg g− 1 and 102.75 mg g− 1 were ob
tained with BC and BP respectively. The corresponding Langmuir KL 
coefficients were 0.065 and 0.12 M mg− 1. The sorption of Pb2+ ion on 
BC was best fitted by Langmuir model signifying that sorption on BC 
surface was a monolayer. However, the adsorption onto BP was best 
fitted by the Freundlich model (Table S5) indicating the adsorption 
process was multilayered. The Pb2+ adsorption capacities of both BC and 
BP with other absorbent reported in the literature appear in Table S6 
(supporting information). XRD analysis of lead-spiked soil amended 
with BC or BP confirms that the mechanism of immobilization of Pb2+ by 
BP was due to the dissolution of HAP, followed by the precipitation of 
lead hydroxyapatite. The XRD diffraction patterns changed from those 

Fig. 5. Adsorption kinetic for Pb2+ onto BC and BP at 25 ◦C. Values used are mean of n = 3, error bars shown as standard deviation.  
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of OCP and HAP in BP to a phase of Pb10(PO4)6(OH)2 in soil amended 
with BP. Therefore, the immobilization of lead ion by BP is mostly 
resulting from the dissolution of HAP followed by precipitation of lead 
hydroxyapatite (Pb-HAP). Fig S5 illustrates the mechanism of Pb2+

immobilization by BP. Some studies have proposed that lead removal by 
HAP can occur through an ion exchange process which takes place at the 
HAP surface (Omar et al., 2019). This mechanism is unlikely for lead 
immobilization by BP because it occurs at pH < 7. In addition, the in
crease in oxidizable (organic) lead fraction after amendment with bio
char suggest sorption of Pb2+ onto biochar surfaces through formation of 
complexes with the surface functional groups. 

XPS spectra were used to further understand the chemistry. The XPS 
spectra for BC, BP, lead-spiked spoil, lead-spiked soil amended with 5% 
BC and lead-spiked soil treated with 5% BP are shown in (Fig. S6). 
Before treatment, the binding energies of O1s, P2p and Ca2p corre
sponding to BP were 531.6, 134.0 and 348.3 ev respectively, all 
matching binding energy for HAP (López et al., 2022). The Pb4f peak 
observed in the lead-spiked soil at binding energy 140.15 ev is consistent 
with the values for Pb(NO3)2. After treatment with BC and BP, the 
appearance of Pb 4f peaks shifted to binding energies of 139.74 ev and 
139.19 ev, respectively. This confirmed the formation of Pb–OH and 
Pb-PO4

3- bonds (Lu et al., 2020). 

4. Conclusions 

The efficacy of using biochar-supported phosphate (BP) over the 
traditional in-situ heavy metal immobilization methods (lime, potas
sium dihydrogen phosphate and biochar) was investigated. At an 
application rate of just 1% wt./wt., BP lowered the Pb2+ apparent 
bioavailability by 87% compared to the control within 10 d. The dis
tribution of different lead species indicated a decline in the exchange
able lead forms from 5.4 to 2.5%, whereas the residual (immobilized) 
form increased by 20.9% following amendment. The acid-promoted 
formation of insoluble lead-containing hydroxyapatite was the main 
mechanism driving Pb2+ immobilization by BP. This result confirms that 
biochar-supported phosphate can effectively reduce Pb2+ mobility in 
contaminated soil, thus minimizing the possibility of Pb2+ uptake by 
plant and the likely transfer to humans through food chain. Besides 
carbon sequestration due to biochar’s recalcitrant nature in soil, binding 
phosphate to biochar slows phosphate release. This minimizes water 
contamination and the related economic consequences. Additional 
research is recommended to establish the long-term effect of BP 
amendments on soil physical, chemical and biological characteristics. 
Also, future application of BP for immobilization of Cd, Hg and As 
should be examined. 
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