
Environmental Science
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 4
/4

/2
02

6 
2:

08
:3

5 
PM

. 
 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
View Journal  | View Issue
Treatment of min
aDepartment of Geography, Swansea Univers

E-mail: 930112@swansea.ac.uk
bSchool of Biological and Environmental Sc

Liverpool L3 3AF, UK
cDepartment of Engineering, Swansea Unive

Burrows, Swansea SA1 8EN, UK

† Electronic supplementary infor
https://doi.org/10.1039/d2va00085g

Cite this: Environ. Sci.: Adv., 2022, 1,
506

Received 1st May 2022
Accepted 5th August 2022

DOI: 10.1039/d2va00085g

rsc.li/esadvances

506 | Environ. Sci.: Adv., 2022, 1, 506
e water for the fast removal of
zinc and lead by wood ash amended biochar†
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and Tom Dunlop c

Lead and zinc mines are a primary source of environmental (post)-transition metal contamination resulting

in major water pollution. In this study, the use of biochar amended with wood ash (WAS) was evaluated as

a method to remediate zinc and lead contaminated mine water. Water from Nantymwyn lead mine, with

zinc and lead concentrations as high as 12.1 mg L�1 and 1.7 mg L�1 respectively was used. The contact

time for WAS to immobilise zinc and lead (1 min to 24 h), immobilisation mechanisms and maximum

measured removal of lead and zinc were studied. FTIR spectroscopy and XPS was used to characterise

WAS and the aqueous modelling program PHREEQC (pH redox equilibrium) was used to analyse mine

water speciation. The fast removal performance of a biochar is a key indicator of its viability to be used

as a green remediator. If the required contact time to remediate contaminated water is too long the

sorbent becomes impractical. This study demonstrated that WAS removed 97% of zinc and 86% of lead

within the first minute of contact with the mine water (0.5 g of WAS per 20 mL of mine water), with

a maximum measured removal of 14.8 mg g�1 for zinc and 23.7 mg g�1 for lead (using 0.1–0.002 g of

WAS per 40 mL of mine water). Fast removal was primarily a result of precipitation, and subsequent

capture by WAS, and ion exchange. These findings show that WAS has the potential to be scaled up and

deployed at mine sites to remediate contaminated water.
Environmental signicance

The anthropogenic effect of mining on the aquatic environment is a global issue and has led to contamination of waters by up to 1000 times water quality
thresholds for Zn and Pb. Larch biochar with the novel amendment of wood ash (WAS), was studied to determine if it was an effective remediator of
contaminated mine water. Results demonstrated that WAS removed 97% of Zn and 86% of Pb within one minute of contact, with amaximummeasured removal
of 14.8 mg g�1 and 23.7 mg g�1, due to precipitation and ion exchange. This shows that WAS is a viable, sustainable and cost-effective option to remediate (post)-
transition metals in mine water and other polluted waters such as motorway runoff and industrially polluted rivers.
1. Introduction

Active and abandoned mines are a major source of contami-
nation for both terrestrial and aquatic environments.1 Water
pollution from these mines can originate from point sources
such as mine adits, or diffuse sources such as spoil heaps.2 In
the UK, the potential contamination by mines is compounded
by the fact that owners of mines abandoned before 1999 bear no
responsibility for their impacts. In Wales, there are over 1300
such mines affecting over 700 km of river all of which were
ity, Singleton Park, Swansea SA2 8PP, UK.

iences, Liverpool John Moores University,
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mation (ESI) available. See

–516
abandoned before 1999.3,4 Pb/Zn mining and smelting are seen
as some of the primary sources of environmental (post)-
transition metal contamination with Pb and Zn mines having
resulted in major water contamination.5

Both Zn and Pb concentrations that are above European
Union Water Framework Directive (WFD) standards have the
potential to cause harm to the environment and to human
health. Current WFD thresholds are 0.0129 mg L�1 for Zn and
up to 0.014 mg L�1 for Pb.6 Metals such as Zn and Pb can enter
the food chain harming plants, herbivores, carnivores and
humans.7,8 High concentrations of Pb can have effects on the
central nervous system and kidneys, interfere with brain
development and adversely affect both male and female repro-
duction with blood concentrations above 60 mg dL�1.9 Exposure
to Zn at concentrations �6.5 mg L�1 can cause nausea, vomit-
ing, epigastric pain, lethargy, and fatigue.10,11

Where polluted mine water is present remediation is
important not just to improve the quality of the water but also to
improve the surrounding environment; mine impacted water
© 2022 The Author(s). Published by the Royal Society of Chemistry
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can bioaccumulate in ora, fauna and soils adjacent to themine
impacted water. As a result improvements in water quality can
also improve environmental quality in the area surrounding the
watercourse.12 Indirectly this improvement in water quality can
improve useable farmland and restrict the intake of metals into
plants, animals, and eventually humans. Currently there are
three basic methods of water remediation or improving water
quality: (i) diversion of the water away from the mine so that
metals are not leached into rivers and streams; (ii) active
treatment of the polluted water e.g. with chemical dosing or
electrical coagulation; and (iii) passive treatment e.g. with
settling ponds or reed beds.13 As each site has different issues
due to water chemistry, underground workings, physical space
and access, remediation should be tailored on an individual site
basis. Current remediation of metal mines in the UK has been
limited due to the regulatory framework as no one holds direct
responsibility for the mines and resultant pollution and where
it does occur it is oen expensive, requires signicant mainte-
nance and creates potentially toxic waste products.14,15

Water diversion is one of the remediation techniques that
can be seen at Frongoch Mine, Wales, UK, an abandoned Pb–Zn
mine with subterranean connections to Wemyss Pb–Zn mine.
Frongoch has a large area of spoil mounds suitable for
reproling and capping, and a single entry point for the
majority of the water owing into the mine. These site condi-
tions make it possible for water in Frongoch to be diverted from
entering the mine. The channel the diverted water follows has
been lined with concrete cloth to reduce contact with spoil, and
the largest spoil heaps have been recontoured and capped with
either 300+ mm of clay or a geotechnical clay liner, covered with
100 mm of topsoil.16 While the mine continues to fail environ-
mental quality standards, the Zn load in the stream was reduced
from 23.0 t p.a. to 7.4 t p.a.16 This approach will however only be
possible where site conditions allow stream diversion.

An example of a passive mine water treatment scheme can be
seen at Force Crag Mine in Cumbria, a Zn/Pb mine that was
abandoned in 1991, which adversely affects 60 km of river. Since
2014 the mine effluent has been captured by two parallel
vertical ow pond compost bioreactors followed by a small
wetland, removing 95–99% of the Zn.17 It is estimated however
that the substrate will require replacing aer 10 years of use,
and the disposal alone of this is almost the same as the capital
expenditure for building the system.17 A similar but larger
system has been in use in West Fork Pb mine in Missouri,
treating 76 L s�1 of water and reducing the Zn concentration by
75%, with a design life of 12 years.18

Active treatment systems, such as those employed at Wheal
Jane in Cornwall, require less land area for the system, but
ongoing dosing of chemicals; 2000 t of hydrated lime and 7 t of
anionic occulant, averaging £1.5 per M annually.14 The Wheal
Jane active treatment system removes up to 99.2% of the metals,
resulting in 600 t of metal contaminated sludge to dispose of
annually.

A cost-effective alternative to these remediation techniques
is the use of biochar to remove environmental contaminants
from aqueous media. The use of biochar has been highlighted
as a cost effective remediation technique particularly in
© 2022 The Author(s). Published by the Royal Society of Chemistry
comparison to other removal techniques such as anionic liquid
ion exchange (ALIX) process, activated carbon or packed bed
ltration.19–22 Biochar is a porous, carbonaceous material
produced by biomass pyrolysis at temperatures ranging from
350–1000 �C under limited oxygen conditions.23 In addition to
the removal of contaminants from aqueous media studies have
also highlighted several other benets of biochar including
carbon sequestration and enhancing soil fertility.19,24 Its appeal
is heightened as a result of its relatively low cost, simple
production process and the ability to use a vast number of
locally sourced feedstocks including sustainable and waste
materials.23,25–29

Biochar has six key immobilization mechanisms for inor-
ganic contaminants in aqueous media namely: cation
exchange, complexation, electrostatic attraction, cation p

bonding, reduction and subsequent sorption, and precipita-
tion30 (Fig. 1). Several mechanisms can be relevant in any given
biochar and these mechanisms can remove contaminants at
different rates. Initial fast stage adsorption can be attributed to
mechanisms such as electrostatic attraction and ion exchange
whereas rate limiting steps have been seen to mainly involve
chemical processes such as inner sphere complexation and co-
precipitation.31 The fast removal performance of biochar has
been highlighted as a necessity for a successful adsorbent;32 if
the required contact time between sorbent and sorbate to
remediate a contaminated water is too long then the use of that
sorbent becomes impractical. This is particularly true in
systems with a continuous ow where contact time between
biochar and contaminant is limited.

Wood ash, a waste product of biomass power plants, has
been used as a novel amendment to biochar to improve
immobilisation of metals.33 The use of a waste product rather
than chemical activation to improve immobilisation not only
increases the sustainability of biochar but prevents costs asso-
ciated with chemical activation being incurred.34 The increased
rates of immobilisation are as a result of the wood ash mineral
fraction and pH buffering capacity.35 The alkali and alkaline
earth metals added are central to ion exchange as well as
increasing the pH of its environment inducing changes in metal
speciation favourable to the immobilisation of Zn and Pb.36,37

Minerals including P and Si added to the biochar by the wood
ash are also key in the formation of phosphates and silicates
important in forming co-precipitates.

Research has demonstrated that biochar can be successful in
the removal of key mine water contaminants such as Zn and Pb
from aqueous solution.33 Most existing biochar studies do not
focus on the scalability and practicality of the use of biochar
which are essential considerations in moving to the end goal of
industry-scale application. The required contact time for
remediation is oen overlooked. When considering practical
use of biochar in a eld setting the minimum contact time in
which biochar can reach equilibrium is an important factor.
This factor is particularly relevant in systems with continual
ow, such as streams or rivers, where contact time between
aqueous contaminant and sorbent is much shorter than in
stagnant systems, such as ponds. Synthetic single contaminant
solutions are oen used rather than complex waters such as
Environ. Sci.: Adv., 2022, 1, 506–516 | 507
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Fig. 1 Immobilisation mechanisms of inorganic contaminants in aqueous media.30
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mine water. The adoption of single contaminant solutions
neglects the fact that contaminants like Zn or Pb oen co-exist
with other pollutants, such as Fe, Al or SO4

2� causing compe-
tition for sorption sites effecting sorption.38,39 Furthermore, the
biochars studied are oen produced on a laboratory scale rather
than on a large or industrial scale putting further steps in the
process to move toward scaled up production.40,41

The overall aim of this study is to determine if the use of
wood ash amended biochar is a viable option to remediate mine
water contaminated with Zn and Pb. The following objectives
have been devised to meet this aim using wood ash amended
biochar produced by an industry scale pyrolysis gasication
kiln: (i) to quantify the contact time required for WAS to
immobilise Zn and Pb (ii) to quantify the maximum measured
removal of Zn and Pb by WAS (iii) to identify the mechanisms
key to Zn and Pb immobilisation.
2. Methods
2.1 Study site

Nantymwyn Pb mine is one of a number of mines accessing the
mineral veins of Mid Wales which cross the site in a north
easterly direction carrying galena (PbS) and sphalerite (ZnS).42

The mine (Fig. 2) (52�501200 N; 3�4602000 W) was worked
sporadically over centuries by a variety of methods as technol-
ogies progressed, leaving a complex hydrogeological system,
scarcely mapped when in operation and now complicated
further by 90 years of degradation since closure.43 Records
detailing quantities of ore recovered are limited, but in the nal
four months of full scale operation in 1930, 168 t of Pb and 548 t
of Zn concentrates were recovered.43 Nantymwyn causes the
River Tywi to fail European Union Water Framework Directive
(WFD) standards for Zn for up to 69 km.4 The River Tywi also
provides drinking water to Swansea and Carmarthen from an
intake at Nantgaredig. However, the substantially larger ow of
the River Tywi means that metals from Nantymwyn are
508 | Environ. Sci.: Adv., 2022, 1, 506–516
diluted.44,45 Much of the mine site is now a forestry plantation,
but the main spoil heaps remain bare. The site is intersected by
two streams; rstly, to the north the Nant y Bai ows through
the main Nantymwyn spoil heaps and areas where the more
recent surface operations were carried out.46 The Nant y Bai
receives diffuse polluted water from spoil run off, including over
30% of its Zn load from tributary 1, which ows through spoil
and tailings before joining the Nant y Bai, as well as subterra-
nean sources.47 The second stream to the south is the smaller
Nant y Mwyn, which does not ow through any visible surface
spoil but receives point source input from the Pannau adit and
the Deep Boat Level, both of which drain the mine workings. Zn
and Pb WFD standards of 0.0129 mg L�1 and 0.014 mg L�1

respectively are both widely exceeded at Nantymwyn; this is
apparent at both the Deep Boat Level and Tributary 1.48,49
2.2 Biochar production

European larch (Larix decidua (L.) Mill.) wood chips were pyro-
lyzed in a Pyrocal BigChar-1000 pyrolysis-gasication kiln at
a temperature of 485–530 �C, with a retention time of �90 s.
Wood ash, originating from a renewable energy plant in the UK,
was added to the still hot biochar at a ratio of 1 : 1 andmixed for
15 min in a cement mixer to sinter the materials and then
granulated to <3 mm with a Tria G1 granulator.35 Wood ash was
selected as an amendment to the pristine biochar because of its
mineral fraction (specically Ca, K, Mg, S, P and Si) and pH
buffering capacity. However, as a result of the mineral fraction
the wood ash amended biochar (WAS) can potentially leach
nutrients such as nitrates, phosphates and sulphates.50 Cairns
et al.51 demonstrated that rinsing wood ash amended biochar
with 200 mL of water per 5 g biochar removes these unbound
nutrients and reduces leaching to below water framework
directive thresholds. To remove these unbound nutrients every
15 g of biochar was rinsed with 600 mL of deionised water. To
rinse, the biochar was added to an open-ended polypropylene
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Nantymwyn within Wales, (b) sample point locations (ordnance survey 2013, 2020).

Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 4
/4

/2
02

6 
2:

08
:3

5 
PM

. 
 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
column with an internal diameter of 31 mm, a wall thickness of
1 mm and a length of 500 mm. An 80 mm mesh was used to
stabilise the column content and further prevent loss of
biomass.33

2.3 Sample collection and mine water characterisation

Water was obtained from the Deep Boat Level adit and Tributary
1 at Nantymwyn lead mine (Fig. 2b) and sub-divided into ve
identical 1 L polyethylene terephthalate (PET) bottles. These
bottles were each rinsed with sample water three times before
lling, and stored at 4 �C, in accordance with national guide-
lines.52 The pH, electrical conductivity, temperature, redox and
dissolved oxygen levels were taken concurrently at each site with
a calibrated Hanna Instruments HI98194 Multiparameter meter
following national guidelines.52

2.4 Sorption experiments

Batch sorption experiments were carried out to determine the
effect of contact time on immobilisation using the Deep Boat
Level adit and Tributary 1 water and to determine the maximum
measured removal of Zn and Pb by biochar using Tributary 1
water. For both sorption batch experiments the sorbent was
oven dried at 105 �C for 24 h. To determine the effect of contact
time on immobilisation, biochar (0.5 g with a particle size of <3
mm) was added to 5 mL of deionised water in 50 mL poly-
ethylene Falcon tubes and shaken for one hour to saturate the
sorbent thus reducing the time needed for the mine water to
saturate WAS. 0.5 g biochar was a larger quantity than previous
© 2022 The Author(s). Published by the Royal Society of Chemistry
studies to take into account the reduced immobilisation
capacity of mine water compared to synthetic contaminated
water.35 Mine water was then added (20 mL) to the biochar
slurry and shaken for a known amount of time (1 min, 5 min,
15 min, 30 min, 1 h and 24 h). To determine the maximum
measured removal of Zn and Pb by biochar a known amount of
biochar (0.1 g, 0.05 g, 0.03 g, 0.02 g, 0.01 g, 0.006 g, 0.003 g and
0.002 g) was added to 40 mL of Tributary 1 mine water in 50 mL
polyethylene Falcon tubes and shaken for 24 h. For both sorp-
tion batch experiments agitation was achieved on a Unitwist 400
Orbital Shaker at �280 rpm. The solution was subsequently
separated from the sorbent using an MSE Centaur 2 centrifuge
at 3000 rpm for 15 min.53 The supernatant was then acidied to
<pH 2 with 1 mL of 70% HNO3 before being ltered with a 0.45
mm PTFE syringe lter for analysis. All experiments were per-
formed in triplicates using a batch sorption equilibrium
method with biochar without mine water and mine water
without biochar used as controls.53

Zn and Pb concentrations of the acidied supernatants were
measured using Microwave Plasma Atomic Emission Spectros-
copy (MP-AES 4200, Agilent Technologies Inc., USA). For contact
time sorption batch experiments the percentage of sorbent
removal was calculated from the difference between initial
metal concentration and nal metal concentrations in the
aqueous phase:

% removal ¼
�
Ci

Caq

�
� 100
Environ. Sci.: Adv., 2022, 1, 506–516 | 509
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where Ci is the initial concentration of metals in solution and
Caq is the nal equilibrium concentration of metals in solution.
For maximum measured removal experiments removal in mg
g�1 was calculated as the difference between initial metal
concentration and the nal metal concentration in the aqueous
phase:

q ¼ (Ci � Caq)V/W

where q is the maximum measured removal, V is the volume of
solution and W is the weight of the biochar.
2.5 Biochar properties

A range of biochar properties were determined to understand
how they effected immobilisation. The release of base cations
(Ca, K, Na and Mg) by the biochar were measured for biochar
that had been agitated with deionised water and for biochar
that had been agitated with mine water and compared to review
possible cation exchange. The pH, EC and alkalinity of the
biochar supernatant from the sorption experiments were
measured prior to acidication using a calibrated Voltcra pH
Meter, a calibrated Whatman CDM 400 Conductivity Meter and
a Hanna HI-3811 Alkalinity test kit respectively. Fourier trans-
form infrared spectroscopy (FTIR) was undertaken using a Per-
kinElmer Spectrum Two FTIR Spectrometer. Measurements in
the range 400–4000 cm�1 were determined to compare possible
changes to functional groups, minerals capable of precipitation
and aromatic structures. Comparisons of the spectra were made
for biochar before sorbent loading and at each timed stage of
the sorption experiment. X-ray photoelectron spectroscopy
(XPS) analysis was carried out on a Kratos Axis Supra instrument
using a monochromatic Al Ka X-ray source at 225 W, with a 15
mA emission current. Each sample had multiple wide scans at
pass energy of 160 eV over the binding energy range of 1200–
0 eV to identify all possible elements present, with a step size of
1 eV. High resolution spectra were scanned with a pass energy of
40 eV, a step size of 0.01 eV and amulti sweep dwell time of 2000
ms to improve the signal to noise ratios for the lower concen-
tration elements of interest. The binding energy axis was charge
correct to the C–C component of the carbon peak at 284.8 eV.
Casa XPS (2.3.22PR1.0) was used to quantify the data using the
Kratos sensitivity factor library, standard Shirley backgrounds
and Gauss–Lorentz peak models. XPS analysis was conducted to
identify the change in biochar characteristics, especially in
composite compounds, before and aer sorption.
Fig. 3 (A) Percentage of zinc removed from the Deep Boat Level mine
water by contact time with wood ash amended biochar. Lead
concentrations in the Deep Boat Level being below detection limits
(<0.1 mg L�1); (B) percentage of zinc and lead removed from Tributary
1 mine water by contact time with wood ash amended biochar.
2.6 Metal speciation

Speciation analysis of the mine water and biochar supernatants
were carried out using the pH redox equilibrium (PHREEQC)
program (version 3.7.1) and the MINTEQV4 database.54 The pH,
redox, temperature and concentrations of base cations, metal
contaminants, alkalinity and nutrients were used as model
inputs. To conrm the PHREEQC modelling, the proportion of
mobile Zn and Pb species in Tributary 1 were further investi-
gated by comparing acidied and non-acidied Tributary 1
samples. One set of mine water samples were acidied to <pH 2
510 | Environ. Sci.: Adv., 2022, 1, 506–516
with 1 mL of 70% HNO3 before being ltered with a 0.22 mm
PTFE syringe lter, a further set was not acidied and ltered
with a 0.22 mm PTFE syringe lter. All experiments were per-
formed in triplicates and measured using Microwave Plasma
Atomic Emission Spectroscopy (MP-AES 4200, Agilent Tech-
nologies Inc., USA).

3. Results and discussion
3.1 Mine water chemistry

The Deep Boat Level was sampled 12 times during 2019–2020
and average metal concentration were calculated.47 It was
characterised by a high Zn concentration of 12.7 mg L�1, a Pb
concentration of 0.2 mg L�1, a pH of 7.0 and a ow of 24 L s�1.48

Tributary 1 had Zn concentrations of 9.8 mg L�1, Pb concen-
trations of 3.8 mg L�1, a pH of 6.4 and a ow of 3.4 L s�1, again
from 12 samples taken 2019–2020.48 The Zn and Pb concen-
trations for both Deep Boat Level and Tributary 1 are substan-
tially above the WFD standards for dissolved Zn and Pb in the
River Tywi which are 0.0129 mg L�1 and 0.014 mg L�1

respectively.49

3.2 Contaminant removal time-scales

The time in which biochar can immobilise contaminants from
aqueous media is an important aspect of remediation with
owing water, as contaminant contact time with any sorbent is
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Change in Deep Boat Level and Tributary 1minewater pH by
contact time with wood ash amended biochar; (B) speciation plots of
Zn in Tributary 1 mine water across contact time with wood ash
amended biochar; (C) speciation plots of Pb in Tributary 1 mine water
across contact time with wood ash amended biochar.
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limited.32,55 Mechanisms such as precipitation and ion
exchange have been demonstrated to be important in early
stage immobilisation whereas mechanisms such as co-
precipitation can take longer and as such be seen as rate
limiting factors.31

The immobilisation of Zn from both the Deep Boat Level and
Tributary 1 was a relatively fast process with 97% of mine water
Zn removed in the rst minute and equilibrium and complete
removal achieved around 1 h (Fig. 3A and B). The immobilisa-
tion of Pb from Tributary 1 was also a relatively fast process with
86% of mine water Pb removed in the rst minute and an
equilibrium of 92% removal again achieved around 1 h. Pb
concentration in the Deep Boat Level mine water was below the
© 2022 The Author(s). Published by the Royal Society of Chemistry
limit of detection (<0.1 mg L�1) and as such removal was not
quantied.
3.3 Immobilization mechanisms

The pH of both the Deep Boat Level and Tributary 1 mine water
was increased as a result of contact with the wood ash amended
biochar (WAS) (Fig. 4A) leading to early stage Zn and Pb
immobilisation and capture via precipitation (Fig. 4B). An
increase in media pH can be instrumental to changes in metal
speciation that are favourable for the immobilisation of metals
such as Zn and Pb.33 Aer a contact time of 1 min with WAS the
Deep Boat Level mine water increased in pH to 8.2 and aer 1 h
increased to a pH of 9.2 where equilibrium was reached. Aer
a contact time of 1 min with the WAS the Tributary 1 mine water
pH increased to 8.9 and aer 1 h it increased to a pH of 9.4 at
which point equilibrium was reached.

Speciation modelling of Zn and Pb ions was conducted using
PHREEQC soware.56 According to the PHREEQC calculations
with the environmental conditions and pH observed in the
mine water of Tributary 1 before the addition of WAS, 92% of Zn
would be in mobile divalent forms (Fig. 4B). This proportion of
mobile Zn was conrmed by a comparison of Tributary 1 acid-
ied (pH < 2) and non-acidied samples. Mobile species were
captured in the ltered eluate whereas immobile species were
ltered out of the eluate. Once WAS had been applied for 1 min,
the PHREEQC modelling demonstrated that Zn mobile divalent
forms only constitute 3% of Zn species present (Fig. 3B). This
change was caused by WAS promoting the formation of
immobile carbonates and hydroxides, such as ZnCO3. Divalent
forms of Zn dropped to close to 0% when WAS had been added
between 15 min and 24 h. The distribution shis from divalent
Zn to immobile zinc carbonate and hydroxide forms, forming
mineral precipitates which were captured on the surface of
WAS. The capture of ZnCO3 on the surface of the biochar was
conrmed by XPS analyses where peaks attributed to ZnCO3

were observed only when WAS had been in contact with the
Tributary 1 mine water (Fig. 5A and B).

PHREEQC results also showed that before the addition of
WAS, 44% of the Pb in the mine water of Tributary 1 would be in
mobile divalent forms (Fig. 4C). Again, that a proportion of Pb
was mobile was conrmed by the comparison of ltered acidi-
ed and non-acidied Tributary 1 mine water. According to
PHREEQC modelling, once WAS had been applied to the mine
water for 1 min, the divalent Pb concentration was reduced to
close to 0%; this proportion remained constant for the 24 h
period of this study. Mobile divalent Pb species shi to immo-
bile lead carbonate and hydroxide forms which dominate
speciation causing Pb precipitation and capture by WAS. The
formation of lead carbonates, such as Pb(CO3) modelled by
PHREEQC, have been seen to be related to the high alkalinity of
the biochar and soluble carbonate, sulphate and phosphate
anions.57,58 Regular sampling of Nantymwyn has shown
sulphate concentration to be as high as 11 mg L�1 adding
substantially more anions into the system possibly playing
a role in Zn and Pb speciation and further increasing the
formation of precipitates.48,59 Given the right conditions, as the
Environ. Sci.: Adv., 2022, 1, 506–516 | 511
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Fig. 5 X-ray photoelectron spectroscopy (XPS) region scans and peak fitting for wood ash amended biochar (A) Zn peaks prior to contact with
Tributary 1 mine water (B) Zn peaks after 24 hours contact time with Tributary 1 mine water.

Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 4
/4

/2
02

6 
2:

08
:3

5 
PM

. 
 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
addition of WAS to the Nantymwyn system provides, precipita-
tion is a rapid process. This, in part, explains the speed of Zn
and Pb removal by WAS.
Fig. 6 (A) Changes in magnesium concentrations by contact time with
changes in calcium concentrations by contact time with wood ash am
potassium concentrations by contact time with wood ash amended b
concentrations by contact time with wood ash amended biochar for Tri

512 | Environ. Sci.: Adv., 2022, 1, 506–516
Ion exchange was also seen to play a role in early stage
sorption of Zn and Pb by WAS. A rise in base cation release in
the presence of metals can signify ion exchange on the surface
wood ash amended biochar for Tributary 1 and Deep Boat Level (B)
ended biochar for Tributary 1 and Deep Boat Level (C) changes in
iochar for Tributary 1 and Deep Boat Level (D) changes in sodium
butary 1 and Deep Boat Level.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of the biochar as the divalent contaminants replace the divalent
cations such as Ca2+ and Mg2+.60 In this study concentrations of
Ca and/or Mg in solution increased within the rst minute of
the experiment and remained broadly steady for the 24 h
sampling period indicating that cation exchange played an early
role in sorption of Zn and Pb and continued to be of importance
for the duration of the study (Fig. 6A and B). Early stage sorption
of Zn and Pb have been ascribed to ion exchange in several
previous studies oen alongside electrostatic attraction, with
Ca and Mg being cited as the ions most important in the
exchange, which is consistent with the ndings of this study.31,61
3.4 Maximum measured Zn and Pb removal and late stage
immobilisation mechanisms

The maximum measured removal of Zn and Pb by wood ash
amended biochar (WAS) was 14.8 mg g�1 and 23.7 mg g�1

respectively. Maximum immobilisation of Zn was seen with
0.5 mg of adsorbent per L of mine water and maximum
immobilisation of Pb was seen with 0.05 mg of adsorbent per L
of mine water. Immobilisation of Pb continued at 84% even as
the proportion of Zn immobilised dropped to 3% demon-
strating that WAS affinity with Pb is stronger than with Zn and
Fig. 7 (A) The change in concentration (mg L�1) of calcium and
magnesium in the presence of different quantities of wood ash
amended biochar (WAS) in a litre of mine water. (B) FTIR spectra of
wood ash amended biochar (WAS) before maximum measured
removal of Zn (2.5 mg WAS per L mine water), maximum measured
removal of Zn (0.5 g WAS per L mine water) and at exhaustion of Zn
(0.08 g WAS per L mine water).

© 2022 The Author(s). Published by the Royal Society of Chemistry
that Pb removal can continue even once the capacity of WAS to
remove Zn is exhausted. The key mechanisms that drive the
removal of Zn and Pb through to maximum measured removal
remained precipitation, and subsequent capture by WAS, and
ion exchange.

PHREEQCmodelling demonstrated that as the proportion of
immobile Zn species reduced so too did the proportion of Zn
immobilised by WAS with a strong correlation (r ¼ 0.91; p <
0.01) illustrating the importance of precipitation to Zn removal
(ESI 2†). The modelling also shows that immobile Pb species
remains as high as 92% even when Zn immobile species
reduces to 20%. This partly explains why WAS continues to
remove Pb beyond Zn exhaustion.

Cation exchange with Ca and Mg is also a relevant mecha-
nism in the ongoing removal of the metals of concern by WAS.
As the removal of Zn decreases the concentration of Ca, and to
a lesser extent Mg, also decrease indicating that these base
cations have been replaced by Zn and reducing the sites le
available for Zn (Fig. 7A). There is a strong correlation between
Ca concentration and Zn removal (r ¼ 0.85; p < 0.01) as well as
a strong correlation between Mg concentration and Zn removal
(r ¼ 0.77; p < 0.01). FTIR analysis further demonstrates the
importance of ion exchange in the removal of metals of concern
(Fig. 7B). The FTIR peak at 1418 is assigned to the carboxyl
surface functional group;35,62 when immobilisation of Zn by
WAS is as high as 99% this peak is strong. However, as immo-
bilisation of Zn decreases to exhaustion this peak diminishes
considerably. This, in conjunction with the correlation between
Zn immobilisation and Ca and Mg concentrations, shows that
ion exchange plays an important role in the immobilisation of
metals of concern from the mine water from initial immobili-
sation to exhaustion.

4. Conclusion

On a global scale, mine sites are a major source of contamina-
tion of aqueous environments. This study investigated if wood
ash amended biochar (WAS) could immobilise Zn and Pb with
a short enough contact time to be viable as a green remediator
using mine impacted waters from the Deep Boat Level and
Tributary 1 areas of the Nantymwyn. These waterways displayed
Zn concentrations as high as 12.1 mg L�1 and Pb concentra-
tions as high as 1.7 mg L�1, both considerably above WFD
standards for the River Tywi (0.0129 mg L�1 for Zn and
0.014 mg L�1 for Pb). WAS removed 97% of Zn and 86% of Pb
within the rst minute of contact time with themine water, with
a maximum measured removal of 14.8 mg g�1 for Zn and
23.7 mg g�1 for Pb. The removal of these metals of concern was
primarily caused by precipitation, and subsequent capture by
WAS, and ion exchange; both processes were key to early stage
immobilisation. Elevated pH and the presence of minerals
shied metal species to carbonates, such as Pb(CO3) and
Zn(CO3) and hydroxides such as Zn(OH)2. Under such condi-
tions, these metal species are more susceptible to precipitation.
The resultant capture of the species modelled by PHREEQC on
the surface of the biochar was observed by XPS. Ion exchange
was demonstrated between the metal contaminants and base
Environ. Sci.: Adv., 2022, 1, 506–516 | 513

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2va00085g


Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 4
/4

/2
02

6 
2:

08
:3

5 
PM

. 
 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
cations specically Ca and Mg. The fast removal performance
due to these mechanisms demonstrates the potential for WAS
to remove pollutants from aqueous environments.
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