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Abstract: The adsorption mechanisms of lead (Pb?*) on four biochars (SB produced
from British hardwood at 600 °C and three standard biochars produced from wheat
straw pellets at 700 °C (WSP700), rice husk at 700 °C (RH700) and soft wood
pellets at 550 °C (SWP550)) were characterised qualitatively and quantitatively,
using a combination of chemical and micro-structural methods. Sequential extraction
test results show that Pb®" was predominantly adsorbed on SB (85.31%), WSP700
(75.61%) and RH700 (85.76%) as acidic soluble fraction, which was potentially
bioavailable if applied in soil. Micro-structural analysis further investigated this
fraction and confirmed the presence of cerussite (PbCO3) on SB and hydrocerussite
(Pb3(CO3)2(OH)2) on WSP700, RH 700 and SWP550, suggesting a mechanism of
surface precipitation for Pb?* adsorption on the biochars. The percentages of PbCO3
on SB (82.24%) and Pb3(CO3)2(OH)>. on WSP700 (13.00%), RH 700 (19.19%) and
SWP550 (29.70%) were quantified using thermogravimetric analysis (TGA). This
study suggests that it is feasible to quantify different adsorption mechanisms of Pb**
on biochars, which is important for the practical application of biochar in water and/or

soil treatment.

Keywords: biochar, quantitative, characterisation, adsorption mechanism, lead,

speciation
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1 Introduction

Biochar is a charcoal-like material produced from agricultural and industrial organic
wastes to store carbon'Z2. Pyrolysis is the typical production process for biochar
during which the feedstock (typically biomass) is carbonised and subsequently
biochar, bio-oil and syn-gas are produced®®. The engineered biochar was proposed
to have high adsorption capacities for heavy metals due to its high pH, surface area
and cation exchange capacity (CEC) as well as active aromatic structure’?*.
Applying biochar in water treatment or soil remediation to adsorb or immobilise
heavy metals and consequently reduce their environmental risks was regarded as a
green sustainable remediation technology considering its additional benefits in waste

management, energy production and carbon storage®.

Adsorption is the main mechanism for biochar to treat heavy metals in water and
soil®. Biochar can adsorb heavy metals through a range of mechanisms including
physical adsorption, cation exchange, cation-1r interaction, surface precipitation and
surface complexation’"". Different adsorption mechanisms have different
environmental implications. The adsorbed heavy metals on biochar through physical
adsorption and cation exchange represent readily bioavailable fraction in soil which
poses direct risks to plants and humans, whereas those through cation-1r interaction
represent potentially bioavailable fraction and those through surface complexation
represent non-bioavailable fraction'?. The bioavailability of heavy metals adsorbed
on biochar through surface precipitation depends on precipitate type: the formed
precipitates that can be dissolved in sodium acetate/acetic acid is regarded as
potentially bioavailable and the rest is regarded as non-bioavailable. When applied to
contaminated soil, it is expected that biochar could reduce the readily bioavailable
heavy metals to reduce the environmental risks. However, when applied in water
treatment, the physically bonded and exchangeable heavy metals on biochar are
easier to be desorbed, which will aid the reuse of biochar. The adsorption
mechanisms of heavy metals on biochar vary among biochars produced from
different feedstocks at different temperatures due to their different properties®'".
Therefore it is important to identify the adsorption mechanisms of heavy metals on
biochar in order to direct its practical applications and predict its environmental
performances. In addition, when applied to field contaminated land, the

environmental factors such as rainfall, groundwater flow, soil microbial activity, plant
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and earthworm may affect the long-term effectiveness of the immobilisation of heavy
metals by biochar. Understanding the adsorption mechanisms of heavy metals on
biochar prior to field application will aid the selection of biochar, the engineering
design and estimation/modelling of the resistance and long-term stability of biochar

immobilisation of heavy metals on field conditions.

Batch adsorption studies are the most conventional methods to investigate the
adsorption mechanisms of heavy metals on biochar. The adsorption mechanisms
could be inferred through the adsorption characteristics obtained from batch
adsorption studies. Micro-structural methods such as X-ray diffraction (XRD), Fourier
transformed infrared (FT-IR) spectra and scanning electron microscopy (SEM) and
energy dispersive X-ray (EDX) analysis are typically used accompanying with batch
adsorption studies to indicate the adsorption mechanisms of heavy metals on
biochar'>'®. The formed minerals, the change of the molecular structure and the
surface morphology of biochar after heavy metal adsorption can be identified as to
indicate the adsorption mechanisms. However, these micro-structural analyses
remain at a qualitative level to date, very limited investigations focusing on
quantifying the portions of heavy metals adsorbed on biochar through different
mechanisms have been carried out. Xu et al. (2014)'® quantified the portions of
different precipitates on a manure and a rice straw biochar after Pb?" adsorption
using MINTEQ modelling (accompanied with adsorption studies, XRD and FT-IR
tests). They found 91.6% and 67.5% of adsorbed Pb?* on the inorganic part of the
two biochars can be attributed to precipitation, and subsequently quantified the
portions of different precipitates (Pbs(PO4)3Cl and Pbs(COs)2(OH)2). However,
experimental results are needed to verify these findings obtained through MINTEQ

modelling. Fristak et al."”

used a chemical method called sequential extraction
combined with adsorption studies and FT-IR analysis to investigate the adsorption
mechanisms both qualitatively and quantitatively. They found 69-92% of Cd** was
adsorbed on two woody biochars and an activated carbon as exchangeable and
acidic soluble fractions, whereas 61.8-72.4% of Cu®* was adsorbed through
complexation. However this study did not quantitatively separate the exchangeable
and acidic soluble fractions of heavy metals on biochars which pose different
environmental risks. The quantification of the adsorption mechanisms of heavy

metals on biochar needs further understanding.
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It is therefore important to characterise the adsorption mechanisms of heavy metals
on biochar both qualitatively and quantitatively to aid its practical application. In this
study, XRD, FT-IR and SEM/EDX were used to qualitatively investigate the sorption
mechanisms of lead (Pb®*) on biochars. A modified sequential extraction test was
used to quantify different speciation of Pb?* on biochar representing different
environmental risks. Thermogravimetric analysis (TGA) was used to quantify the
thermally decomposable minerals formed on biochar after heavy metal adsorption.
This experimental study aims to investigate the adsorption mechanisms of Pb?* on
biochar both qualitatively and quantitatively, so as to aid the understanding of its

environmental implications.
2 Materials and methods
2.1 Biochar

Four biochars were used in this study. Salisbury biochar (SB) was obtained from
Southern Woodland Products (Salisbury, UK). It was produced from British broadleaf
hardwood at a pyrolysis temperature of 600 °C in a retort with a residence time of
13.5 h. SB was previously applied to a field contaminated site in the UK and
exhibited excellent performance in immobilising Ni** and Zn®** in sandy soil in a
three-year study'®. In contrast, SB did not affect the mobility or speciation of Pb** in
kaolin in a short-term study'®. Therefore SB was chosen in this study to further
investigate its adsorption mechanisms for heavy metals. In previous studies, the
adsorption characteristics of heavy metals on eight biochars, produced and
recommended by the UK Biochar Research Centre (UKBRC) at the University of
Edinburgh as standard biochars, were investigated®®?'. Wheat straw pellets biochar
produced at 700 °C (WSP700), rice husk biochar produced at 700 °C (RH700), and
soft wood pellets biochar produced at 550 °C (SWP550) were selected to be studied
in this study as they exhibited the highest, moderate and the lowest adsorption
capacities for heavy metals among the eight standard biochars. The biochars were
oven dried at 60 °C for 48 h and ground and sieved to a particle size smaller than
0.15 mm. The selected physicochemical properties of SB, WSP700, RH700 and
SWP550 can be found from the previous studies and are also shown in Table 1.

Table 1 Selected physicochemical properties of biochars'®2".
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SB WSP700 RH700 SWP550

BET surface area (m“/g) 5.30 23.20 42.00 26.40
Cation exchange capacity (cmol/kg) 7.20 12.50 5.36 2.53
pH 6.96 10.03 9.81 7.91
PHpzc 6.3 7.4 7.5 7.8
Volatile matter (%) N.A. 7.38 4.99 14.20
Total ash (%) N.A. 23.82 47.93 1.25
C (%) 79.91 69.04 47.32 85.52
H (%) N.A. 1.18 0.63 2.77
O (%) N.A. 5.30 2.06 10.36
N (%) 0.73 1.32 0.85 <0.10
P (%) N.A. 0.25 0.16 0.06
Pb (%) 0.01 bdl bal bdl

(N.A. —not available, bdl — below detection limit)
2.2 Chemical and micro-structural analyses

Pb?* was selected as the target metal in this study as it is among the most serious
concerns for water and soil pollution® and all the four biochars exhibited the highest
adsorption capacities for Pb®* compared with other heavy metals®?"?*, A measured
amount of biochar (0.1 g) was added to 20 mL solution of 5 mM Pb(NQO3). (pH=5)
containing 0.01 M NaNQOj. The mixture was shaken at 200 rpm for 24 h to reach
adsorption equilibrium and then centrifuged at 4000 rpm for 3 minutes (same
centrifugation condition hereafter). The liquid was discarded and the biochar was
quickly washed using 20 mL deionised water and the water was discarded after
centrifugation. A pre-trial study indicates that the influence of washing on the total
amount of adsorbed Pb?* was negligible. The remained solid was oven dried at
60 °C for 48 h to represent the biochar sample after Pb?* adsorption for chemical
and micro-structural analysis. The same procedure above was employed on the
control sample without the presence of Pb(NOs). to represent the biochar sample
before Pb?* adsorption for FT-IR, XRD and TGA tests. In order to qualitatively and
quantitatively characterise the adsorption mechanisms, the biochar samples before
and after Pb®" adsorption were examined using the following chemical and micro-

structural analyses.
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The 5-step sequential extraction test was typically used to indicate the speciation
and bioavailability of heavy metals in soil**2®. As sequential extraction is a time
consuming test method, it is useful if the test method could be simplified while being
kept efficient in determining the heavy metal speciation. Since steps 3, 4 and 5 in the
conventional method represent non-bioavailable fractions of heavy metals, a
simplified 4-step sequential extraction was developed in which the original steps 3, 4
and 5 were combined. In addition, a step representing the water soluble or physically
adsorbed fraction of heavy metals on biochar was added to determine their readily
bioavailable fraction in soil. The two steps representing exchangeable (readily
bioavailable) and acidic soluble (potentially bioavailable) fractions respectively in the
5-step procedure remained in the 4-step procedure. The Pb?" in the solid residue
from the equilibrium study (as detailed above) was extracted and defined as the
following four steps:

Step 1 — water soluble fraction: The solid residue (0.1 g biochar + adsorbed Pb*")
was mixed with 20 mL deionised water and shaken for 24 h at room temperature
(20 °C);

Step 2 — exchangeable fraction: The residue from step 1 was extracted with 8 mL of
0.5 M MgCl, (adjusted to pH 7.0 using NaOH or HCI) and shaken for 20min at room
temperature;

Step 3 — acidic soluble fraction: The residue from Step 2 was extracted with 8 mL of
1 M NaOAc (adjusted to pH 5.0 with HOAc) and shaken for 5 h at room temperature;

Step 4 — non-bioavailable fraction: The residue from step 3 was digested with 9 mL
of 36% HCI and 3mL of 70% HNO; for 16 h at room temperature and then heated at
95 °C for 2 h.

In sequential extraction, shaking in step 1, 2 and 3 was performed at 200 rpm.
Following each step, the samples were centrifuged at room temperature. The
supernatant was then collected and filtered through a 0.45 um filter and acidified or
diluted when necessary before analysis with inductively coupled plasma/optical
emission spectrometry (ICP-OES) (Perkin-Elmer, 7000DV) to determine the Pb?*
concentration. The remaining solid sample was washed with 20 mL deionised water
prior to the next extraction step, and the washing solution was discarded after
centrifugation.
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XRD was used to indicate the crystalline phases in the sample. The dry samples
were mounted on a flat holder and examined by a Siemens D500 X-ray
diffractometer with a CuKa source operating at 40 kV and 40 mA, emitting radiation
at a wavelength of 1.5405 Angstroms. The scanning regions were between 10-60° of

20 values at a rate of 0.6 s/step and a resolution of 0.02 “step.

FT-IR was used to study the fundamental vibrations and associated rotational-
vibrational structure. The infrared spectrum of biochar was tested by a Perkin Elmer
Spectrum 100 Fourier transform infrared spectroscopy spectrometer. 16 scans were

taken from 4000 to 450 cm™ with a resolution of 4 cm™.

TGA measures the weight loss with precision while heating the biochar samples. In
order to quantify the possible precipitates (e.g. cerussite and hydrocerussite) that
formed after biochar adsorption of Pb?*, the biochar sample was analysed using
Mettler-Toledo TGA/DSC 1 Thermogravimetric Analyzer. Approximately 10 mg
biochar samples were placed into the ceramic crucible and heated from 30 to 600 °C
at a heating rate of 10 °C/min under N, atmosphere at flow rate of 30 mL/min. The
first derivatives of the TG curves (DTG) were calculated to identify the thermal
decomposition of the possible precipitates.

SB was coated with gold and its surface morphology was examined by a Phenom
Pro desktop Scanning electron microscopy at 5 kV. The surface morphology of the
WSP700, RH700 and SWP550 were examined by a FEI Quanta 200 FEI system
with an acceleration voltage of 20 kV after being coated with gold. After Pb?*
adsorption, the surface morphology and elemental composition of biochars were
examined by a JSM-5800LV SEM with EDX at 10 kV after being coated with Pd.

2.3 Quality control

Sequential extraction test was performed in duplicates. All micro-structural tests
were carried out once, with pre-trials being conducted to check the reproducibility.
The preparation of biochar samples and sequential extraction test were conducted at
a temperature controlled lab at 20 £ 1 °C and 50 + 2% humidity. The micro-structural

tests were carried out at ambient temperatures.
3 Results and discussion

3.1 Sequential extraction results
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The speciation of Pb?" determined by sequential extraction test is shown in Figure 1.
The recovery of the sequential extraction test is shown in Table S1. The recovery of
Pb?* from SB, WSP700 and RH700 was 78.41-85.52%, while that for SWP550
(46.16%) was much lower. The sequential extraction recovery of Pb?* from SB,
WSP700 and RH700 is similar to the recovery of heavy metals from biochar or
biochar treated soils using conventional sequential extraction methods in previous
studies. Fristak et al."” conducted a 4-step sequential extraction test (steps 2, 3, 4
and 5 in conventional methods) on two woody biochars after adsorption of Cd?*, Zn?*
and Cu®*, and observed a recovery range of 82.4-104.4%. The conventional
sequential extraction recovery of Pb®* from SB treated soil was 61.50-97.28%"°.
SWP550, which has the lowest recovery, also reveals the lowest adsorption capacity
of Pb?, indicating that sequential extraction tests may not work well for samples with
low adsorbed heavy metal contents due to the large relative standard errors. The
discussion about the sequential extraction results below will not include SWP550

considering its low recovery.

The sequential extraction results indicate that the majority of adsorbed Pb?* on SB
(85.31%), WSP700 (75.61%) and RH700 (85.76%) fall in acidic soluble fraction.
WSP700 has 22.86% non-bioavailable fraction whereas this fraction for SB and
RH700 was 10.4% and 11.4% respectively. The exchangeable fraction for all the
three biochars was low (1.38-4.29%) and their water soluble fraction was negligible
(0-0.14%). The negligible water soluble fraction suggests the adsorption of Pb?* to
the three biochars was a chemical rather than physical process?’. The low
exchangeable fraction together with the negligible water soluble fraction indicates an
absence of readily bioavailable fraction of Pb?* on the three biochars. The majority of
Pb?* was acidic soluble which represents a potentially bioavailable fraction. This
fraction may come from the formation of Pb®* precipitates which can be dissolved in
the NaOAc/HOAc solution (step 3 in sequential extraction). Alternatively, it may
result from the adsorbed Pb* on biochar through cation-Tr interaction. Table S2
shows the change of solution pH between step 2 and 3. It can be found that the
equilibrium solution pH decreased from above pHy, to below pHp,. which would
result in the change of biochar surface charge from negative to positive, therefore
the adsorbed Pb?* through cation-Tr interaction can be desorbed at step 3 due to

9,28

electrostatic repulsion The non-bioavailable fraction may come from the

ACS Paragon Plus Environment
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adsorbed Pb?* from surface complexation or the formation of precipitates that cannot
be dissolved in the NaOAc/HOACc solution.

[ | Water soluble
[”~ ] Exchangeable

| Non-bioavailable

90
80
70
60
50
40
30
20
10-

Fraction (%)

SB WSP700 RH700 SWP550

Figure 1 Speciation of lead on biochars.

3.2 XRD and FT-IR results

It was found from the sequential extraction results that the majority of Pb®** on SB,
WSP700 and RH700 falls in acidic soluble fraction, representing an adsorption
mechanism of either surface precipitation or cation-1r interaction. XRD and FT-IR
tests were applied to biochar samples to verify the formation of precipitates and

changes of functional groups caused by cation-Tr interaction respectively.

The XRD patterns of the four biochars are shown in Figure 2. Strong evidence was
obtained from XRD patterns suggesting the formation of cerussite (PbCO3) on SB,
and hydrocerussite (Pbs(CO3)2(OH)2) on WSP700, RH 700 and SWP550. The CO3*
that formed these precipitates could be generated from the carbonates in biochar
formed during production due to the decomposition of carboxylates®®, which is
supported by the presence of calcite (CaCO3) in SB and WSP700 suggested by
XRD patterns (Figure 2a and 2b). The absence of peaks associated with carbonates
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for RH700 and SWP550 (Figure 2c and 2d) may be due to that their concentrations
were below the limit of detection (LOD). The COs* may also come from the
dissolved COs; in solution from the air during adsorption tests. It can be found that a
higher biochar pH (WSP700, RH 700 and SWP550) favoured the formation of
Pb3(CO3)2(OH)2 while a lower biochar pH (SB) aided the formation of PbCOs in this
study.

Ce
(a) (b) H
L L H
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> Ce . ;
2 cL Salisbury biochar + Lead
5 ce WSP700 + Lead
C |Ce e
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Figure 2 XRD patterns of biochars before and after Pb®* adsorption (a — Salisbury
biochar (SB), b — WSP700, ¢ — RH700, d - SWP550).

The FT-IR spectra of the four biochars are shown in Figure 3. A new peak
representing COs* stretching was observed on FT-IR spectra of WSP700 after Pb?*
adsorption (Figure 3a), which was very likely from the Pb3(CO3)2(OH), as suggested
by the XRD results. The minerals formed on SB, RH700 or SWP550 suggested by
XRD patterns were not identified by FT-IR test, probably due to their lower contents
(below LOD). The peaks associated with aromatic C for the four biochars did not
reveal significant changes after Pb®" adsorption. Shifts of FT-IR peaks associated
with functional groups such as carbonyl, hydroxyl and ester were observed for water

hyacinths biochars after Cd®** and Pb®" adsorption in a previous study®', suggesting
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an adsorption mechanism of electrostatic interaction between biochars and heavy
metals. However, the present study did not find evidence from FT-IR suggesting an
adsorption mechanism of electrostatic interaction or cation-1r interaction, which may

be due to the detection limit.

(@) (b)
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Figure 3 FT-IR spectra of biochars before and after Pb?* adsorption (a — Salisbury
biochar (SB), b — WSP700, ¢ — RH700, d - SWP550).

3.3 TGA results

TGA tests were carried out to find out the contents of Pbs(CO3)2(OH). or PbCO3; on
biochars and the results are shown in Figure 4. CaCOs, lead dichloride (PbCl,) and
pyromorphite (Pbs(PO4)sCl) that suggested by XRD results on biochars are stable at
the testing temperature range®?*%. Two new peaks on DTG curve between 223 and
361 °C for SB after Pb®* adsorption (Figure 4a) were attributed to the thermal
decomposition of PbCO3**, further confirming a sorption mechanism of surface
precipitation. It is of note that various intermediate products (e.g. PbCO3-PbO and
PbCO3-2PbO) may form during the thermal decomposition of PbCO3 to PbO>*, which

can be affected by the experimental conditions and the influence of other substances
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in the biochar. The two peaks indicate the presence of such intermediate products.
However, regardless of the type of the intermediate products, the weight loss
between 223 and 361 °C was all referred to CO loss. The decomposition of PbCO3
to PbO (if only considering the final products) can be expressed as:

PbCO3 — PbO + CO> Equation
1

According to the TGA results and Equation 1 and taking the biochar sample before
Pb?* adsorption as a control, the weight percentage of Pb?* in the form of PbCO; can
be calculated as 3.11%, which is equivalent to 82.24% of the totally adsorbed
amount of Pb?* on SB. It was calculated from the sequential extraction results that
85.31% of the totally adsorbed Pb?* on SB was acidic soluble, which coincides well
with the TGA results and suggests this acidic soluble fraction was mainly in the form
of PbCO:s.

Similar to PbCQOg3, the thermal decomposition of Pbs3(COs3)2(OH), at the testing
temperature range can be separated to several steps. The dehydration process
(Pb3(CO3)2(OH)2 to 2PbCO4:PbO) took place within 100-200 °C%*, and then the
decomposition of 2PbCO3-PbO to PbO happened between 260-370°C during which
a range of intermediate products may present (e.g. PbCO3-PbO, 4PbCO3-3PbO and
PbCO32Pb0)*. In this study, the dehydration of Pbs(CO3)2(OH). overlapped with
the drying process of biochar, which was therefore difficult to be isolated (the big
peaks on DTG curves before ~200 °C in Figure 4). However this will not affect the
calculation of the percentage of Pb3(CO3)2(OH). on biochar. The new peaks on DTG
curves within 195-342 °C, 286-339 °C and 288-375 °C for WSP700, RH700 and
SWP550 after Pb?* adsorption respectively indicate the presence of the intermediate
products, further suggesting a sorption mechanism of surface precipitation.
Regardless of the type of the intermediate products, the weight loss (2PbCO3-PbO to
PbO) was all referred to CO, loss, and therefore the percentage of Pb?* in the form
of Pb3(CO3)2(OH)2 on biochar can be calculated based on Equation 1.

According to the TGA results and Equation 1, the percentage of Pb®" in the form of

Pb3(CO3)2(OH). on WSP700, RH700 and SWP550 can be calculated as 1.46%, 0.66%

and 0.24% (taking the biochar samples before heavy metal adsorption as control),
which are equivalent to 13.00%, 19.19% and 29.70% of the totally adsorbed Pb®*

ACS Paragon Plus Environment

Page 14 of 23



Page 15 of 23

349
350
351
352
353
354

355

356
357

358

359
360
361
362
363
364
365
366
367

Environmental Science & Technology

respectively. The sequential extraction results show 75.61% and 85.76% of totally
adsorbed Pb** are acidic soluble for WSP700 and RH700 respectively. Therefore,
according to the TGA results, there are other mechanisms in addition to the
formation of Pbs(COg)2(OH), accounting for the acidic soluble fraction of Pb?" on
WSP700 and RH700, such as the formation of other acidic soluble minerals that

were not detected by TGA tests or cation-Tr interaction between biochar and Pb?*.
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Figure 4 TGA and DTG curves of biochars before and after Pb?" adsorption (a —
Salisbury biochar (SB), b — WSP700, c — RH700, d — SWP550).

3.4 SEM and EDX results

The SEM images and EDX results of biochar were shown in Figure 5, Figure 6, S1,
S2, S3, S4 and S5. Pb?* was observed on the surface of SB (Figure 5 and S3). This
Pb?* may come from Pb?* precipitates as suggested by XRD, FT-IR and TGA results.
The presence of AI’* also suggests it may have exchanged with A** on biochar.
EDX plots for WSP700 showed the presence of Pb?* both perpendicular and parallel
to fibre direction (Figure S4). Clear solid particles can be seen from plot 1, 3, 5and 6
(Figure 6 and S4), suggesting the formation of Pb*" precipitates as suggested by
XRD and TGA results. Pb?* was also observed on RH700 (Figure S2 and S5), which

may either come from Pb?* precipitates or through cation exchange with K* or Ca®*.
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368 The EDX results for SWP550 did not show Pb?* (Figure S1), which was likely due to
369 the relatively low contents of Pb?* on SWP550.

370 } 40pm

371  Figure 5 SEM/EDX images of SB before and after Pb?" adsorption (a — perpendicular
372 to fibre direction before adsorption®, b — parallel to fibre direction before adsorption,
373 ¢ — perpendicular to fibre direction after adsorption, the spectrum for the EDX plot

374  (red circle) was shown in Figure S3).
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Figure 6 SEM/EDX images of WSP700 before and after Pb?* adsorption (a —
perpendicular to fibre direction before adsorption?’, b — perpendicular to fibre
direction after adsorption, ¢ — parallel to fibre direction before adsorption, d — parallel
to fibre direction after adsorption, the spectrums for the EDX plots (red circles) were
shown in Figure S4).

3.4 Environmental implications

SB was previously applied to a field contaminated site (sandy soil)'® and an
artificially contaminated clay soil (kaolin) in laboratory™. It effectively immobilised
Ni**, Zn?* and Pb?* (data for Pb?* not shown) in the field site through increasing their
non-bioavailable (residual) fraction during a three-year study, while it did not show
significant influence on the mobility or speciation of Pb®* in the kaolin during a 28-
day study. It was suggested that the insignificant effect was due to the failure for SB
to competitively adsorb Pb** against kaolin in the acidic environment (pH 4.54-

4.92)"°. The present study coincides with that previous study and further confirms
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that the main mechanism for Pb®" adsorption on SB was through precipitation to
PbCOj3 and therefore it was difficult for SB to precipitate Pb®* and alter its speciation
in the kaolin under such an acidic environment. However, according to the findings
from the present study, considering the soil pH (7.9-8.1) of the field site soil'®, the
immobilisation mechanism of Pb?* would likely be the formation of acidic soluble
precipitates on biochar surface representing a potentially bioavailable fraction in the
site soil on field conditions, which conflicts with the findings that the addition of SB
increased the non-bioavailable (residual) fraction of heavy metals (Ni®*, Zn®** and
Pb*) on site'®. Previous studies observed that biochar immobilised heavy metals
(Cu®*, Pb?* or Cd**) to different fractions (e.g. acidic soluble fraction®”, reducible and
oxidisable fractions®® and residual fraction®®) in soils. However these studies did not
investigate the speciation of heavy metals after being adsorbed on biochar in
aqueous solutions. Therefore the comparison between heavy metal speciation under
the two environments (water and soil) cannot be made in those studies. Therefore no
references can be found to give hints to the explanation of the conflicts findings in
the immobilisation mechanism between this study and the site study'®. It may be due
to that the alkaline soil aid biochar’'s adsorption for heavy metals through
precipitation to stable minerals; or biochar strengthened the bonding of heavy metals

(residual fraction) to soils.

Previous studies found that pH and CEC can be good indicators for the adsorption
capacities of heavy metals (Cu?*, Ni** and Pb?) on the standard biochars, with
higher pH and CEC resulting in higher adsorption capacities, which were attributed
to the formation of alkaline minerals and an accompanied aromaticity during biochar
production®?"% This study confirms a majority portion of acidic soluble Pb®*" on
WSP700 and RH700, suggesting adsorption mechanisms of surface precipitation
and/or cation-Tr interaction, which is in line with the previous analysis that alkaline
minerals and/or accompanied aromaticity determined the adsorption of heavy metals
on the standard biochars?®?'. This study also observed that cation exchange made a
very small contribution to the adsorption of Pb?* on WSP700 and RH700, suggesting
that cation exchange played an insignificant role in Pb?* adsorption on the standard

biochars and CEC was only an indicator of alkaline mineral contents.

This study quantified different speciation of Pb?* on SB, WSP700 and RH700. The
majority of Pb* were adsorbed on biochar as an acidic soluble fraction, which
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represents potentially bioavailable fraction if applied in soil. Within the acidic soluble
fraction, the percentage of adsorbed Pb?* through precipitation to PbCO3 on SB and
Pb3(CO3)2(OH). on WSP700 and RH700 was quantified. Therefore the long-term
stability of this fraction on field conditions can be estimated based on the solubility of
these precipitates, the site conditions and local climate if these biochars were
applied to field contaminated land. It is also possible to model the long-term
performance of biochar for soil remediation if the adsorption mechanisms can be
quantified and other environmental parameters can be obtained. The adsorption
mechanisms contributing to other acidic soluble Pb* on the biochars (e.g. formation
of other precipitates or cation-1r interaction) were not identified due to the detection
limits of XRD and FT-IR tests. Based on the evidence found from this study, the
properties of biochar may be altered by controlling the production process so as to
specify the most suitable biochars for a specific engineering usage, however the
linkage between biochar field performance and laboratory test results needs careful

verification before large-scale application.
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