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reduce nutrient leaching and immobilise lead,
copper, zinc and cadmium in aqueous solution:
column experiments†

Stuart Cairns, *a Iain Robertson, a

Peter Holliman b and Alayne Street-Perrott a

The pollution of aqueous environments by metals has continued to increase due to anthropogenic

activities such as mining, waste disposal, industrial activities and the use of motor vehicles. Globally, vehicle

numbers are predicted to increase to 2.8 billion by 2050 with aqueous pollutants associated with vehicles,

such as Pb, Cu, Zn and Cd, increasing alongside vehicle numbers. With these increases, methods to

minimise metal pollution are important to find; one such method is wood ash amended biochar. Whilst

biochar has the potential to reduce contaminated runoff, this study explores the potential for the biochar

itself to leach nutrients (PO4
3−, SO4

2− and NO3
−) which are constituent parts of its biomass and potentially

harmful to the ecosystem the biochar would be deployed to remediate. Treatments such as sintering wood

ash to the biochar, granulating the biochar and rinsing the biochar were studied to ascertain their impact

on the retention of minerals key to immobilisation, the leaching of nutrients and the immobilisation of Pb,

Cu, Zn and Cd. It was demonstrated that wood ash sintered larch biochar granulated <3 mm (WASGr)

retained the highest concentration of minerals associated with immobilisation, reduced leaching of

nutrients to below Water Framework Directive thresholds and maintained Pb, Cu, Zn and Cd immobilisation

at 97–100% once rinsed with deionised water. As a result, WASGr rinsed with deionised water, has the

potential to be scaled-up and deployed to immobilise Pb, Cu, Zn and Cd from motorway runoff without a

negative impact on the concentration of nutrients in the surrounding waters.

Introduction

The pollution of aqueous environments by heavy metals has
continued to increase considerably in recent years.
Anthropogenic activities have been the principle cause of this
rise through activities including, but not limited to, mining,
waste disposal, industrial activities and the escalating use of
motor vehicles. Globally, vehicle numbers are predicted to be

as high as 2.8 billion by 2050, with an anticipated increase in
road length of at least 25 million km.1,2 The pollution and
significant ecological effect associated with this vast and
growing infrastructure extends outwards even further into
the adjacent landscape in an area described as the “road-
effect zone”.3 The reach of this pollution is significant in the
UK, with only 6% of land escaping its impact and 25% of
land being within 80 m of a road.4

Vehicular and road pollution types can include heavy
metals, particulate matter, NOx, polycyclic aromatic
hydrocarbons (PAHs), road salts, light and noise.4,5 Of these
pollutants, heavy metals are a group considered to be of great
concern as they cannot be decomposed by micro-organisms
and exhibit long term toxicity for plants, animals and
humans.6 Road runoff also carries pollutants such as heavy
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Water impact

Motorway runoff is a growing source of metal pollutants. Wood ash amended biochar can be treated to reduce its leaching of minerals and nutrients
associated with metal immobilisation and eutrophication. Sintering the wood ash to the biochar, granulating the biochar and rinsing unbound minerals
and nutrients prepare the biochar for deployment in aqueous environments (e.g. balancing ponds) whilst not adversely affecting metal immobilisation.
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metals into rivers, tributaries and lakes leading to the
pollution of ecosystems. This pollution causes significant
impact on aquatic life, enters the food chain and cause
human exposure to these heavy metals.7,8 Such exposure has
been shown to have a detrimental impact on health such as
cancer, weakened immunological responses, impairment of
neurological functions and cardiovascular disease.9

The most recognised metals in roadside environments
include Pb, Cu, Zn and Cd; whilst there are other metals and
metalloids of importance, such as Ni, Cr and Sb the metals Pb,
Cu, Zn and Cd remain among the most examined.6 The
vehicular pollutants found in road runoff, notably Pb, Cu, Zn
and Cd, generally occur through abrasive forces or leaks such as
tyre wear, brake wear and motor oil leaks.10–12 The
concentrations of these pollutants are directly linked to traffic
density;13 driving style, with more aggressive speeds and
breaking resulting in greater brake and tyre wear;6

manufacturer and time of component production, with
compositions of tyres and brakes varying considerably;12 vehicle
type, with weight, engine power and state of maintenance being
of import;14,15 and road composition.16 As a result of these
factors Pb, Cu, Zn and Cd contamination is pervasive in the UK.
Phillips et al.4 argue that the proportion of land in the UK
affected by road pollution is as high as 6.86% for Zn, 7.09% for
Cu, 14.50% for Cd and 18.29% for Pb.

Alongside the increase in inorganic vehicular pollutants
anthropogenic sources of contamination such as metal mines,
waste disposal and industrial activities are also considered
major sources of metal pollution in aqueous environments.17–19

In Wales alone, there are over 1300 metal mines affecting over
700 km of river with primary contaminants including Pb and
Zn.20,21 Waste disposal, particularly landfilling, also poses a
significant pressure on the environment through the leaching
of heavy metals such as Cd and Pb exerting toxic effects19 and
industrial effluent is known to contain large quantities of
hazardous metals, such as Pb, Cu, Zn and Cd, which are
contaminating water resources.

With growing anthropogenic contamination, methods to
minimise pollution which are environmentally stable are key.
Regulatory measures to combat the impact of pollution, such
as the ban on leaded petrol, are often negated by the
significant and continuing growth in the sources of
contamination such as worldwide traffic and road networks.6

As a result, novel engineered techniques have a role to play
in tackling this pollution. Biochar is one material that has
been studied to ascertain its potential as a novel remediator
that could be scaled up to deal with contaminated runoff and
other anthropogenic sources of contamination.22 Biochar is
defined as a porous, carbonaceous material produced by
biomass pyrolysis at temperatures ranging from 350–1000 °C
under limited oxygen conditions.23 During pyrolysis, highly
aromatic clusters are formed responsible for biochar's high
chemical stability and porosity.24 The key functions of
biochar include the ability to sequester carbon, improve soil
fertility and remove environmental contaminants from
aqueous media.25–27 Cairns et al.28 found that the removal

from aqueous media of the key vehicular inorganic
contaminants, Pb, Cu, Zn and Cd, by biochar increased by an
order of magnitude with the addition of wood ash.
Precipitation and ion exchange were found to be the
dominant immobilisation mechanisms as a result of the
increased pH and addition of minerals associated with the
wood ash amendment.

Whilst biochar has the potential to reduce contaminated
runoff, studies also need to explore the potential for the
biochar itself to leach nutrients, such as phosphate (PO4

3−),
sulphate (SO4

2−) and nitrate (NO3
−), which are constituent

parts of its biomass. The leaching of these nutrients could be
harmful to the ecosystem the biochar would be deployed to
remediate particularly in nutrient deficient (oligotrophic)
ecosystems. The potential for biochar to leach nutrients such
as N and P was recognised by Wu et al.29 who studied
biochar from a feedstock of mallee wood and saw reductions
in N and P proportions in the biochar as a result of exposure
to water, indicating that leaching was occurring to some
degree. Liang et al.30 also recognised the potential leaching
of P from dairy manure biochar rich in nutrients and
highlighted that this could pose a risk of surface and
groundwater impairment if P release was too high. The
potential loss of N and P as a result of biochars exposure to
aqueous environments is also relevant to biochar amended
with wood ash which is also rich with nutrients such as P, N
and S. Whilst these nutrients aid immobilisation of metal
contaminants and their chemical derivatives such as
phosphates and nitrates are an important element in plant
growth, their release in high levels is considered one of the
key factors in eutrophication and poses risks to aquatic
ecosystems.31,32 It is these concerns that have led to
European Union (EU) directives such as the Nitrates Directive
91/676/EEC, Directive 91/271/EEC concerning urban waste-
water treatment and the Water Framework Directive 2008/
105/EC.

This study builds on previous work that demonstrates the
effectiveness of wood ash amended biochar in the removal of
Pb, Cu, Zn and Cd (ref. 28) to understand whether the
leaching of P, N and S in the form of phosphates, nitrates
and sulphates is apparent, and if so what treatment options
are available to mitigate leaching this without reducing the
immobilisation of Pb, Cu, Zn and Cd.

Methods
1. Biochar production and wood ash amendment

European larch (Larix decidua Mill.) wood chips were
pyrolyzed in a Pyrocal BigChar-1000 pyrolysis-gasification kiln
at a temperature of 485–530 °C, with a retention time of ∼90
s.28 Wood ash, purchased from NPK Ltd, was added to the
biochar after pyrolysis via two alternative methods. For the
first method, it was mixed with the freshly pyrolyzed, hot
biochar at a ratio of 1 : 1 for 15 minutes in a cement mixer in
order to sinter the materials (WAS). The sintering of the wood
ash to the biochar was to promote particle bonding between
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the wood ash and the biochar to create a more stable matrix
than when mixed cold. This was also designed to retain alkali
and alkaline earth metals, P, N and S all of which are either
relevant to contaminant immobilisation or nutrients that
could be harmful to the wider ecosystem. For the second
method the wood ash was mixed at a ratio of 1 : 1 with
biochar that had been allowed to cool to ambient
temperature for 15 minutes (WA). Wood ash was chosen as
an amendment due to its high mineral and nutrient fraction,
including Ca, K, Mg, S, P, N and Si (ESI 1†) and pH buffering
capacity.27 Half of WAS was granulated to <3 mm with a Tria
G1 granulator (WASGr) and half remained ungranulated
(WAS). Similarly, half of WA was granulated to <3 mm
(WAGr) and half remained ungranulated (WA).

2. Biochar characterisation

Total metal concentrations were determined using microwave
assisted digestion. Approximately 20 mg of each sample of
biochar were digested in the presence of 6 mL HNO3, 2 mL
HCl and 0.5 mL HF. The samples were digested using a
microwave (Speedwave4, Berghof Products + Instruments
GmbH, Germany), ramped up to 220 °C for 30 minutes and
then held at 220 °C for 30 minutes before cooling in a water
bath. 200 mg of H3BO3 was then added as a complexation
agent alongside 2 mL of H2O2 and held at 160 °C for 30
minutes. Deionised water was then added to bring the
samples up to a volume of 50 mL. An aliquot of the sample
was filtered through a 0.45 μm cellulose acetate filter. Metal
concentrations were measured in triplicate using inductively
coupled plasma-optical emission spectroscopy (ICP-OES
5110, Agilent Technologies Inc., USA).

Total carbon, hydrogen, nitrogen and sulphur contents were
determined in triplicate by elemental analyses (Vario MACRO
CHNS elemental analyzer, Elementar Analysensysteme GmbH,
Germany). Furnace temperatures were ramped up by 2 °C per
minute and then a dwell time of 750 °C was maintained for 6
hours. Ash content was determined by heating the biochars in a
muffle furnace. Total oxygen was calculated from C, H, N, S and
ash content via mass balance.23

3. Biochar rinsing

Each biochar treatment was rinsed with deionised water to
quantify the concentration of PO4

3−, SO4
2− and nitrate NO3

−

leached from the biochar. Using a sieve, sand was washed
with 1% HCl, rinsed with deionised water and dried. Each
treatment (5 g of WA, WAGr, WAS and WASGr) was added to
an open-ended polypropylene column with an internal
diameter of 31 mm, a wall thickness of 1 mm and a length of
500 mm. The acid washed sand (8 g; 1% HCl) was placed at
the top and bottom of each column to help distribute the
flow of deionised water and prevent loss of biochar. An 80
μm nylon mesh was used to stabilise the column content and
further prevent loss of biochar. Each treatment was rinsed by
pumping deionised water downward through the column at
flow rates of ∼5.5 mL min−1 with a peristaltic pump (Baoding

peristaltic pump model YZ1515X). Each treatment was rinsed
with either 200 mL (WA200, WAGr200, WAS200, WASGr200)
or 800 mL of deionised water (WA800, WAGr800, WAS800,
WASGr800); 800 mL equating to approximately one year of
precipitation in England and Wales.33 Each treatment was
performed in triplicate and the eluates from the columns
were captured at 25 mL intervals in a 50 mL Falcon tube.

4. Eluate analysis

The eluate pH, eluate electrical conductivity (EC) and
leaching of nutrients (PO4

3−, SO4
2−and NO3

−) were studied for
all rinsed biochars. The eluate from the rinsed biochars was
pH tested in triplicate using a calibrated Voltcraft pH meter
and the EC was measured in triplicate using a calibrated
Whatman CDM 400 conductivity meter. Each eluate was then
analysed in triplicate for phosphate (PO4

3−), sulphate (SO4
2−)

and nitrate (NO3
−) using an ion chromatograph (IC 930

Compact Flex, Metrohm, Switzerland).

5. Lead, copper, zinc and cadmium immobilisation

The immobilisation of Pb, Cu, Zn and Cd was studied for
each of the unrinsed biochars and the biochars rinsed with
deionised water. Immobilisation batch experiments were
carried out using Pb, Cu, Zn and Cd at a concentration of 10
mg L−1 for each metal. This concentration was chosen to
expose the biochars to levels beyond those expected in road
runoff which have been reported to be as high as 88 μg L−1,
146 μg L−1, 1544 μg L−1 and 4.2 μg L−1 for Pb, Cu, Zn and Cd
respectively.34–38 The solution was prepared as described
previously by Cairns et al.28 Analytical-grade chemical
reagents were used to prepare a stock solution (1000 mg L−1)
of PbĲNO3)2, CuĲNO3)2·xH2O, ZnĲNO3)2·6H2O and CdĲNO3)2
·4H2O. The pH was adjusted to ∼4.7 by dropwise addition of
concentrated HNO3 to equalise the pH between solutions to
represent the closest to runoff conditions before precipitation
occurred for those metals.

All rinsed and unrinsed biochars were oven dried at 105
°C for 24 h. Biochar (0.2 g) was then added to 25 mL of the
spiked aqueous solution in 50 mL polyethylene Falcon tubes
and agitated for 48 h at 280 rpm on a Unitwist 400 Orbital
Shaker to reach equilibrium. The solution was subsequently
separated from the sorbent using an MSE Centaur 2
centrifuge at 3000 rpm for 15 minutes.39 The supernatant
was removed and immediately acidified to <pH 2 with 1 mL
of 70% HNO3 before being filtered with a 0.45 μm PTFE
syringe filter for elemental analysis. Two types of control
experiments were included: biochar without contaminants,
as well as contaminants without biochar. All experiments
were performed in triplicate using a batch sorption
equilibrium method.40 Pb, Cu, Zn and Cd concentrations of
the acidified supernatants were measured using microwave
plasma atomic emission spectroscopy (MP-AES 4200, Agilent).
Sorbent loading (q) was calculated from the difference
between initial metal concentration and final metal
concentrations in the aqueous phase:
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q = (ci − caq)V/W

where ci is the initial concentration of metals in solution, caq
is the final equilibrium concentration of metals in solution,
V is the volume of solution and W is the weight of the
biochar.

Results and discussion

Wood ash amended biochar has been demonstrated to
remove the key motorway runoff contaminants Pb, Cu, Zn
and Cd from aqueous solution.27,28 These previous studies
have shown that immobilisation of these metals is as a result
of precipitation due to increased pH caused by the increase
of alkali and alkaline earth metals associated with the wood
ash; ion exchange, due to the increase in carboxyl oxygenated
functional groups and resultant exchange of heavy metals
with the alkali and alkaline earth metals held by these
functional groups.28 However, in a field setting the
components of wood ash that cause immobilisation could
have the potential to be leached from the biochar adding
phosphate, nitrate and sulphate into the wider system
resulting in potential environmental impacts such as
eutrophication.41–43

Different treatments, including mixing wood ash hot with
to larch biochar (sintering), mixing wood ash cold with
biochar and granulating biochar, were studied in this work.
The treatments were assessed to ascertain their effect on the
elemental composition of the biochars; the leaching of
phosphate, nitrate and sulphate; and the immobilisation of
Pb2+, Cu2+, Zn2+ and Cd2+.

1. Biochar properties: unrinsed and rinsed with deionised
water

Unrinsed larch biochar mixed cold with wood ash (WA) and
larch biochar sintered with wood ash (WAS) contained
similar concentrations (mg g−1) of alkali and alkaline earth
metals overall. WA had a higher concentration of K and Na

whilst WAS had higher concentration of Ca with Mg
concentrations being comparable between the biochars
(Fig. 1). Although concentrations of alkali and alkaline earth
metals were similar between the unrinsed biochars, once they
were rinsed with deionised water WAS retained a greater
concentration of Ca, K, Mg and Na than WA. Furthermore,
once WAS was rinsed with deionised water the concentration
for each of the alkali and alkaline earth metals increased
(Fig. 1). This indicates that these minerals are not only
retained better when the wood ash amendment is sintered to
the biochar than when it is cold mixed, but also that they are
retained better than other constituent parts of the biochar.

Alkali and alkaline earths are key in the immobilisation of
Pb, Cu, Zn and Cd and as such the greater retention of Ca, K,
Mg and Na by WAS is important to ongoing immobilisation.
This importance is due to the role of alkali and alkaline earth
metals in increasing aqueous pH, which is directly related to
immobilisation through precipitation.28 This increase in pH
will also drive the increase of negative charge of the
functional groups because the anionic forms will dominate
when pH > pKa allowing alkali and alkaline earth metals to
be exchanged more easily.44 The retention of alkali and
alkaline earth metals alongside the retention of the
oxygenated functional groups that hold these metals as part
of their structure are fundamental to ion exchange (ESI 4†).
During deployment in the environment, the longer WAS can
retain Ca, K, Mg and Na when rinsed the longer the
immobilisation mechanisms associated with these elements
have the potential to continue. During thermal process such
as sintering, heat will drive the decomposition process (e.g.,
decomposition of mineral phases, charring or biomass)
which changes the solid and especially the surface which is
key for nutrient or pollutant retention. At the same time, any
volatile material will be lost from the outer surface of the
solid by evaporation. For the materials under study here, the
volatile matter will be volatile organic carbon, CO2 and water.
This means that the hot, as-sintered solids will be
decarboxylated and dehydrated which will increase

Fig. 1 Log concentration of calcium, potassium, magnesium and sodium for larch biochar mixed cold with wood ash (WA), larch biochar mixed
cold with wood ash and rinsed with deionised water (WAR), larch biochar sintered with wood ash (WAS) and larch biochar sintered with wood ash
and rinsed with deionised water (WASR).
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interparticle bonding because the respective surfaces are
effectively unsaturated. The surfaces will also be free of any
surface adsorbed material to increase the sorption of ions
from solution. However, as the material is allowed to cool, it
will inevitably adsorb CO2 and water from the ambient air to
create a more saturated (carboxylated and hydrated) surface
and hence the uptake of solutes decreases. The increased
retention as a result of the higher temperature of sintering
the wood ash to the biochar promoting particle bonding and
creating a more stable matrix than mixing the wood ash cold
has previously been observed.45 In addition, X-ray diffraction
shows the presence of carbonate (calcite, kalicinite) and
phosphate (hydroxyapatite) in the wood ash (ESI 2†). Hence,
these are entirely compatible with the uptake of carbonate
and phosphate anions (and charge balancing cations) from
solution.

Unrinsed WAS had a higher concentration of P and S than
WA with the concentration of N being similar between the
biochars (Fig. 2). Once rinsed with deionised water the
concentration of P increased for both biochars, with P in WA
increasing by 15.9% and P in WAS increasing by 17.4%
(Fig. 2). However, S decreased by 55% and 59% for WA and
WAS respectively once rinsed with deionised water. This
demonstrates that P is retained better when the wood ash
amendment is sintered to the biochar, however P and N are
well retained by both treatments in comparison to other
elements. S is susceptible to significant loss due to rinsing
with deionised water.

Co-precipitation is facilitated by minerals such as P and
S.28,46,47 Of these elements P, and its most prevalent naturally
occurring its chemical derivative phosphate, are particularly
associated with the immobilisation of Pb, Cu, Zn and Cd
through co-precipitation.28 With its greater initial
concentrations of P and greater increases in concentrations
of P once rinsed with deionised water, WAS has a greater
potential to immobilise Pb, Cu, Zn and Cd over longer
periods than WA. As well as the importance of P, N and S for
immobilisation, they are also constituent elements of

nutrients of concern such as phosphates, nitrates and
sulphates. The retention of these elements is important not
just to the continued immobilisation of contaminants but
also to the prevention of leaching nutrients into the aqueous
system due to their potentially harmful effects.32,48

2. Eluate analysis

The initial concentration (mg L−1) of eluate phosphate for all
treatment types was above the Water Framework Directive
(WFD) threshold for groundwater and/or drinking water.49

However, during rinsing with deionised water eluate
concentrations of phosphate immediately showed a pattern
of steep decline followed by a flattening of the curve to a
consistent concentration (Fig. 3A). As a result, it is apparent
that rinsing is necessary for all treatment types to remove
unbound phosphate that is susceptible to leaching. The
eluate of larch biochar sintered with wood ash and
granulated to <3 mm (WASGr) and larch biochar mixed cold
with wood ash and granulated to <3 mm (WAGr) were the
only treatments that reduced phosphates measured to below
detection limits when rinsed with deionised water. Due to
this reduction in phosphate concentrations these are the only
treatments that should be considered as candidates for
upscaling for use in the field.

Sulphates initially leached from the biochar treatments at
concentrations above 200 mg L−1 for each treatment type
(Fig. 4A). This reflects the mg g−1 loss of S demonstrated by
the analysis of the biochar properties. The initially high
concentrations of sulphate in the eluates reduce within 100
mL of rinsing with deionised water to concentrations below
the WFD thresholds.49 Once more, this demonstrates that
rinsing with deionised water of all treatments would be
necessary prior to deployment in a field situation.

The concentration of nitrates in WASGr, WAGr and WA
eluate are also initially above the WFD thresholds49 at over
40 mg L−1 but reduce to ∼0 mg L−1 for each treatment within
200 mL of rinsing with deionised water (Fig. 5A). This further

Fig. 2 Log concentration of phosphorus, nitrogen and sulphur for larch biochar mixed cold with wood ash (WA), larch biochar mixed cold with
wood ash and rinsed with deionised water (WAR), larch biochar sintered with wood ash (WAS) and larch biochar sintered with wood ash and rinsed
with deionised water (WASR).
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Fig. 3 Concentration of phosphate leached from wood ash mixed cold with larch biochar (WA), wood ash mixed cold and granulated to <3 mm
(WAGr), wood ash sintered to larch biochar (WAS) and wood ash sintered to larch biochar and granulated to <3 mm (WASGr). Concentrations are
compared to WFD phosphate thresholds.

Fig. 4 Concentration of sulphate leached from wood ash mixed cold with larch biochar (WA), wood ash mixed cold and granulated to <3 mm
(WAGr), wood ash sintered to larch biochar (WAS) and wood ash sintered to larch biochar and granulated to <3 mm (WASGr). Concentrations are
compared to WFD sulphate thresholds.

Fig. 5 Concentration of nitrate leached from wood ash mixed cold with larch biochar (WA), wood ash mixed cold and granulated to <3 mm
(WAGr), wood ash sintered to larch biochar (WAS) and wood ash sintered to larch biochar and granulated to <3 mm (WASGr). Concentrations are
compared to WFD nitrate thresholds.

Environmental Science: Water Research & TechnologyPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

2/
27

/2
02

4 
12

:1
2:

19
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ew00962a


Environ. Sci.: Water Res. Technol., 2022, 8, 1277–1286 | 1283This journal is © The Royal Society of Chemistry 2022

demonstrates the need for each treatment to be rinsed before
deployment in the field.

All of the treatments increased eluate pH for the duration
of rinsing with deionised water (ESI 3†). Eluate pH did not
fall below 8 for any treatment and the ΔpH for all treatments
remained between 0.6 and 2.9. With pH in this range Pb, Cu,
Zn and Cd are less mobile and are more likely to
precipitate.50 Cairns et al.28 modelled that the distribution of
divalent forms of Pb, Cu, Zn and Cd shift to hydroxyl forms
at these pH levels and that when accompanied by anions
such as PO4

3− and SO4
2− led to the formation of precipitates

immobilising Pb, Cu, Zn and Cd (Fig. 6A–D). Surface charge
is also strongly influenced by pH. Several previous studies
have also shown that pH in the range of this study to be
above the point of zero charge (PZC).51–53 When pH is greater
than the PZC biochar is negatively charged and binds to
metal cations.54 Eluate pH remaining above 8 even after
rinsing with 800 mL of deionised water, or the equivalent of
one year's rainfall, indicates that these treatments have the
potential to immobilise Pb, Cu, Zn and Cd over longer
periods as a result of precipitation and electrostatic
attraction. The potential of such continued immobilisation is

reinforced by the strong retention of key minerals, nutrients
and oxygenated functional groups associated with ion
exchange and co-precipitation (Fig. 1 and 2 and ESI 4†).

3. Lead, copper, zinc and cadmium immobilisation

Rinsing with deionised water did not reduce the
immobilisation of Pb, Cu, Zn and Cd by any of the biochar
treatments with each treatment removing between 97% and
100% of each contaminant when rinsed with the maximum
800 mL (ESI 5†). This demonstrates that when the biochar
treatments are rinsed with deionised water to reduce the
leaching of phosphates, sulphates and nitrates to below WFD
thresholds immobilisation of Pb, Cu, Zn and Cd continues.

The high degree of immobilisation of Pb, Cu, Zn and Cd
(97–100%) when rinsed by 800 mL of deionised water, the
equivalent of one year of rainfall, demonstrates that the
biochars did not reach exhaustion during this study. The
treatments studied have the potential to immobilise Pb, Cu,
Zn and Cd over longer periods. Such immobilisation is as a
result of increased eluate pH, the retention of alkali and
alkaline earths and the retention of P important to

Fig. 6 Speciation plots of (A) Pb, (B) Cu, (C) Zn, and (D) Cd across pH. Reference lines indicate pH range of wood ash mixed cold with larch
biochar (WA), wood ash mixed cold and granulated to <3 mm (WAGr), wood ash sintered to larch biochar (WAS) and wood ash sintered to larch
biochar and granulated to <3 mm (WASGr). Adapted from Cairns et al.28
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precipitation, ion exchange and co-precipitation. These
mechanisms are particularly evident for treatments where the
wood ash was sintered rather than mixed cold.

Conclusion

Wood ash sintered larch biochar granulated <3 mm (WASGr)
and wood ash cold mixed with larch biochar granulated <3
mm (WAGr) are both viable options to immobilise Pb, Cu, Zn
and Cd from motorway runoff, with WASGr having the
greatest potential to immobilise these contaminants over
longer periods. WAS retains Ca, K, Mg, Na and P better than
WA when rinsed with deionised water. The retention of these
minerals and nutrients are key to the immobilisation of Pb,
Cu, Zn and Cd. The increased retention is as a result of the
higher temperature of sintering the wood ash to the biochar
promoting particle bonding and creating a more stable
matrix than mixing the wood ash cold.45 Despite the
retention of key elements such as P and N, when rinsed with
deionised water the biochars all initially leach phosphates,
sulphates and nitrates at concentrations (mg L−1) above the
Water Framework Directive (WFD) threshold for groundwater
and/or drinking water.49 However, when WASGr and WAGr
were rinsed with deionised water the concentrations of
phosphates, sulphates and nitrates fell below WFD
thresholds. The rinsing with deionised water required to
lower the concentrations of phosphates, sulphates and
nitrates did not reduce the high degree of immobilisation of
Pb, Cu, Zn and Cd (97–100%) demonstrated by WASGr and
WAGr. As a result, WASGr rinsed with deionised water has
the potential to be scaled up and deployed to immobilise Pb,
Cu, Zn and Cd from motorway runoff without a negative
impact on the concentration of nutrients in the surrounding
waters.
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