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Water impact

The efficacy of Pb, As(v) and Sb(in) removal by
biochar is determined by solution chemistryy

Sampriti Chaudhuri, @3° Gabriel Sigmund, @ *3€ Naresh Kumar, @ ¢
Thorsten Huffer, ©2 Andreas Mautner @ ¢ and Thilo Hofmann @ *2

Biochars (BC) are cost-effective and sustainable sorbents to clean up waters polluted with metal(loid)s.
Understanding the influence of water chemistry is critical in identifying processes that limit metal(loid)
removal. To address this, we investigated the removal of lead [Pb], arsenate [As(v)], and antimonite [Sb(i)]
using BC in the presence of various solution constituents. A design of experiments approach was used to
investigate sorption for each metal(loid)-BC setup (Pb with a straw BC, As(v) with charred wood-dolomite
and Sb(in) with a steam-activated wood BC) with twenty-five different background solutions varying in
calcium (Ca), natural organic matter (NOM), phosphorus (P), and iron [Fe(n)] content. Background solution
composition affected removal of Pb (29 to 100%) more strongly than that of As(v) (37 to 92%) and Sb(in) (20
to 70%), with the selected BC at the metal(loid) concentrations studied. Pb removal was associated with
Fe(n-NOM-Ca organo-mineral phases for solutions containing Fe(i), NOM and Ca. As(v) sorption was
enhanced by Ca due to cation-bridging and reducing the competition for sorption sites by NOM and P in
high NOM and/or P containing solutions. Sb(in) sorption was hindered by oxidation to Sb(v) through redox
active moieties in the BC in all solutions. Sb(i) removal decreased in the presence of high Fe(i), because
Fe(/Fe()-NOM phases blocked accessibility to sorption sites in the highly porous BC, and/or due to
enhanced oxidation of Sb(i) to the more mobile (but less toxic) Sb(v). Ideally, the design of BC sorbents for
the removal of metal(loid)s from contaminated waters should a priori consider complex solution
compositions.

The influence of dissolved and particulate solution constituents on contaminant removal by biochar remains poorly understood. To address this, a design

of experiments approach was used to determine lead, arsenate, and antimonite removal by biochars from solutions of varying chemical composition. This

study explored the mechanisms involved and highlights the need to test biochars in target water matrices to fairly assess their contaminant removal

efficacy for a given application.
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1. Introduction

Biochars (BC) have been used to successfully treat
contaminated water, sediments, and soils. These materials
can be tailored favourably to remove a diverse suite of
contaminants by combining high porosity and specific
surface area with surface functionality and reactivity.!
Hydrophobic organic contaminants are well immobilised by
activated carbon and high temperature biochars.> However,
for inorganic contaminants, ie. metals and metalloids
referred to as “metal(loid)s”, the extent and mechanism of
immobilisation differ largely, depending on BC properties
and the type of contaminant.>*

Lead (Pb), arsenic (As), and antimony (Sb) are commonly
detected metal(loid)s in contaminated water from mining and
industrial activities. While Pb exists predominantly in the

This journal is © The Royal Society of Chemistry 2024
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cationic form at pH < 8, prevalent forms of As and Sb are
mostly oxyanionic or neutral, depending on the redox
conditions. Their environmental speciation (e.g., positively or
negatively charged) and redox state (e.g., Sb(ur)/Sb(v) and As(ur)/
As(v)), influence the potential immobilisation of each of these
metals(loid)s by BC. For example, Pb(u) can be removed by
predominantly negatively charged BC through cation-exchange
processes, complexation with surface functional groups, and
precipitation-adsorption mechanisms.” In contrast, anionic
species of As and Sb are removed to a lesser extent, due to
electrostatic repulsion and the lack of positively charged
binding sites on the BC.*” Relevant factors for the removal of
metal(loid)s in oxic waters include, but are not limited to, pH,
dissolved calcium (Ca) and phosphorus (P), along with natural
organic matter (NOM) and iron (Fe). pH is crucial in
determining the dominant species of a particular metal(loid) in
water. For example, at pH > 8 the Pb speciation shifts from
cationic forms (Pb**, PbOH") towards the neutral Pb(OH),. An
even higher pH (>10) causes the negatively charged Pb(OH); to
form, decreasing Pb retention by negatively charged sorbents.®
Ca, which is ubiquitously present, can increase the removal of
anionic As(v) by bridging negatively charged moieties between
As and BC, or screening negative charges of BC.” P belongs to
the same group of elements (group 15) as Sb and As and can
compete with them for sorption sites. Contrastingly, P can
promote the removal of Pb from solution through formation of
Pb-phosphate precipitates.'” NOM can hinder metal(loid)
removal by complexing the target ions and competing for, or
blocking sorption sites on BC."" Hydrolysed Fe(m) phases are
omnipresent in the environment and can trigger multiple
mechanisms that affect the removal of targeted metal(loid)s
from water. These include (i) production of new sorption sites
on the BC,"” (ii) association of targeted metal(loid)s to Fe(im)
phases that can sorb to the BC surface or, conversely be
mobilised through colloidal transport of these Fe(m) phases,™
and (iii) redox reactions which may produce more mobile
species of particular metal(loid)s.™

Previously, we demonstrated that the
existence of high concentrations of Ca and/or chloride in
NOM-rich solutions can compensate the inhibitory effects
that NOM has on contaminant removal by a BC.'" Similarly,
the inhibitory role of P in As sorption by BC can be mitigated
by the concurrent presence of Fe(ur) phases that may complex
with P."* If NOM is complexed with Ca, the amount of NOM
available for Pb complexation will be lower, facilitating
increased Pb removal by BC. The co-existence of NOM and
Fe(m) leads to a new co-precipitated or adsorbed organo-
mineral phase. Studies report conflicting results for the
mobilisation and remobilisation of metal(loid)s by such
phases.'® The complex role of Fe(u)-NOM phases/composites
in sorbent performance, and the changing reactivity of these
phases with P and Ca has been investigated by few studies
and thorough investigation is warranted.'”” > How this
complexity will affect metal(loid) sorption by BC in waters of
diverse ionic composition remains unknown. The complexity
and variety in solution composition in the environment

simultaneous
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necessitates the study of metal(loid) sorption by BC from the
perspective of combined factors rather than a single factor.”*

The overall objective of this study was to understand the
influence of key dissolved and particulate solution
constituents on metal(loid) sorption to allow for better
sorbent design and/or selection. The specific objectives were
(i) investigating sorption of three metal(loid)s with different
geochemical behaviour to three specific BC, i.e., Pb to a straw
BC, As(v) to co-pyrolyzed wood and dolomite, and Sb(m) to a
steam activated wood BC, and (ii) analysing the influence of
combinations of key solution constituents, i.e., Ca, P, NOM
and Fe(m), on sorption. We hypothesise that specific
combinations of these solution constituents strongly alter
sorption to BC. To account for the large variety of possible
combinations of environmental factors, we used a central
composite design approach. Therein we conducted single-
metal(loid) batch sorption experiments under oxic conditions
for a total of twenty-five different solutions covering a wide
range of background solution compositions.

2. Materials and methods
2.1 Materials

Ultrapure water from an Elga PURELAB Chorus 3 water
purification system (ELGA LabWater, UK) was used to prepare
all solutions. Calcium nitrate tetrahydrate (Ca(NO;),-4H,0),
sodium phosphate dibasic dihydrate (Na,HPO,-2H,0), iron(um)
nitrate nonahydrydrate (Fe(NO3);-9H,0), lead nitrate (Pb(NO;),),
sodium hydrogen arsenate heptahydrate (Na,HAsO,-7H,0),
potassium antimonyl tartrate trihydrate (K,[Sby(C4H,04),]-3Hy-
0), and potassium hexahydroxoantimonate (KSb(OH)s) of
analytical grade or higher were purchased from Merck
(Germany). NOM was extracted from Pahokee Peat bulk
material purchased from the International Humic Substances
Society  (IHSS-2BS103P) following previously described
protocols.”* The dissolved organic carbon (DOC) content of the
extract was measured (Shimadzu TOC-L series, Japan) and
found to be 1200 mg DOC L™. A portion of the extract was
freeze dried for carbon (C), nitrogen (N), hydrogen (H), and
sulfur (S) analysis (Elementar VarioMacro, Elementar
Analysensysteme GmbH, Germany). Biochar produced from
miscanthus straw pellets pyrolyzed at 550 °C (MSP550),
purchased from UK Biochar Research Centre (UKBRC,
Edinburg, UK), was used for Pb removal experiments. Wood
biomass and dolomite (60:40) pyrolyzed at 850 °C (BCD)
(University of Bologna, Italy) was used for As(v) removal
experiments, and a steam activated wood char pyrolyzed at 900
°C (SAWC) (Ithaka Institute, Switzerland) was used for Sb(um)
removal experiments. The optimal material selection for each
metal(loid) out of 12 biochars is explained in Section 2 of the
ESLf The selected materials were washed with ultrapure water
multiple times and vacuum dried before use to minimise BC
derived changes to water chemistry. Details on the
characterisation of the washed materials are provided in
Sections 2.4 and 7 of the ESL}
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2.2 Central composite design

To assess singular as well as combined effects of Ca, P, NOM,
and Fe(m) phases on sorption of the selected metal(loid)s, a
central composite design was generated for those four factors
using the Minitab Statistical Software. pH was not selected as
a factor, given that BC have strong buffering capacities and
tend to increase the pH of surrounding solutions towards
alkaline. Each factor was set at 3 levels (-1, 0, +1), with « = 2
(distance of axial points from the centre point). These
included 16 cube points, 7 central points (identical), and 8
axial points. Accordingly, in total, 25 distinctly different
background solutions were used. The axial points accounted
for the end most (highest and lowest) values of each factor,
while keeping the others at the ‘medium’ level. Table 1
summarises the levels of the different factors used. Table S1
in the ESIt shows the entire test matrix used. To ensure that
sorption to Fe(m) phases would not overshadow BC as the
sorbents of interests, Fe(ur) was kept at concentrations below
6.0 mg L. The values for the other factors cover a more
diverse range that can be encountered in surface and pore
waters in soils and sediments.**

2.3 Sorption experiments

Stock solutions of 1000 mg Pb L™, 1000 mg As(v) L™, and
100 mg Sb(m) L' were freshly prepared by dissolving their
corresponding  salts (Pb(NO;),, Na,HAsO,-7H,O, and
K,[Sb,(C4H,06),]:3H,0  respectively) in ultrapure water.
Aqueous phase metal(loid) concentrations in contaminated
areas can vary considerably. For example, 0.02 to 2.62 mg L™
Pb, 0.07 to 15.7 mg L™ As and 0.02 to 2.06 mg L™ Sb
concentrations was found in contaminated water close to
recycling plants and legacy mining areas.>*** Up to 7080 mg
kg™ of Pb, 410 mg kg of As, and 99.4 mg kg of Sb has
been recorded in soils and sediments across Europe.** Across
9 contaminated soils collected from across Austria, we found
median concentrations of 170 mg kg™ of Pb, 15 mg kg™" of
As, and 9 mg kg™ of Sb (data not shown). In the current
study, Pb, As(v), and Sb(m) were spiked at 1 mg L™, 0.5 mg
L™, and 0.1 mg L', respectively. For Pb sorption
experiments, MSP550 was weighed into 25 mL polystyrene
tubes with subsequent addition of ultrapure water at a solid :
liquid ratio of 1:1000. All four factors of Ca, NOM, P, and
Fe(mr) were spiked into the experimental solutions in that
order from stock solutions of 1 M Ca(NO3),-4H,0, Pahokee
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Peat NOM extract (1200 mg DOC L"), 50 mM Na,HPO,-2H,0,
and 10 mM Fe(NO3);-9H,0 (pH ~ 1.0), according to the test
matrix (Table S17%). After every spike, the tubes were shaken
by hand to homogenise. Finally, Pb from the stock solution
was added followed by equilibration for 48 hours in the dark
at 150 rpm on a horizontal shaker. The pH of selected
solutions (axial or end most points in the test matrix) was
measured at the end of the experiments. The solutions were
then filtered through 0.45 pm cellulose acetate filters
(Sartorius, Germany) and acidified (~1% wt HNOj;) for
subsequent analysis of Pb, Ca, Fe, and P by inductively
coupled plasma optical emission spectroscopy (ICP-OES,
Agilent 5100 Agilent Technologies, USA). The same
experimental protocol and experimental test matrix were
used for As(v) with BCD and Sb(m) with SAWC, using solid :
liquid ratios of 1:2000 and 1:800, respectively. The solid:
liquid ratios were optimised for each metal(loid) such that (i)
at least 40% removal was achieved for >50% of the solutions,
and (ii) quantification of the metal(loid)s was still possible
after sorption. To minimise bias, experiments
randomised within a test matrix and conducted in duplicates.
Additional control experiments without BC were set up for
selected combinations. Sorption coefficients (K4) and removal
(%) were calculated based on the amount eliminated from
the aqueous phase as described in Section 3 of the ESIL

For Sb(um) experiments, certain solution conditions with
and without SAWC were selected to determine the aqueous
phase speciation of Sb at the end of the experiments and to
check the stability of Sb(u) under oxic conditions. Sb(m) and
Sb(v) speciation was analysed by high performance liquid
chromatography (Agilent 1200 series, Agilent Technologies,
USA) hyphenated to an inductively coupled plasma mass
spectrometer (Agilent 8800 ICP-MS, Agilent Technologies,
USA) following the protocol of Zheng et al> Details on
sample preparation and instrumentation are provided in
Section 4 of the ESIL} Additionally, four randomised points
from the test matrix were selected for Sb(v) sorption
experiments using KSb(OH)s.

were

2.4 Material characterisation and solid phase analysis

The specific surface area (SSA), pore volume (PV), persistent free
radicals (PFR) from electron spin resonance spectroscopy,
elemental composition, ash content, carbon phase speciation,
and X-ray diffractograms (XRD) of the materials were analysed,

Table 1 Levels and the corresponding values of the four factors used in the central composite design for sorption experiments. Values below are
computed using Minitab statistical software and henceforth in the text, they will be rounded off to the actual values used (1 decimal place)

Factor mg Levels

Lt —a (very low) -1 (low) 0 (medium) +1 (high) +a (very high)
Ca 0.4 48.5 96.6 144.7 192.8

P 0.01 1.51 3.01 4.51 6.01

NOM as DOC 0.01 5.01 10.01 15.01 20.01

Fe(m) 0.01 1.51 3.01 4.51 6.01
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and morphology (using scanning electron microscope)
investigated as described in Section 7 of the ESL} Some of the
end most points in the design matrix were scaled up at the
same solid : liquid ratio, such that at least 200 mg of solids were
available for solid phase analysis, ie., XRD, energy dispersive
X-ray spectroscopy (EDX), and micro-X-ray fluorescence (u-XRF).
These samples were repeatedly suspended and washed with 200
mL of ultrapure water at least thrice to eliminate loosely
attached phases and salts, while filtering through a vacuum
filtration unit.

3. Results and discussion

3.1 Selection of sorbents and sorption mechanisms involved

The Kq4 of the metal(loid)s with 12 biochars are shown in Fig.
S1.f Pb showed the greatest affinity towards SAWC and
MSP550. As(v) sorbed only to BCD which, in contrast to the
other BC, has also positive surface charges owing to the
presence of charred dolomite.”® Sb(m) exhibited negligible
affinity towards almost all BC other than BCD and SAWC.
MSP550, BCD, and SAWC were chosen as sorbents for Pb,
As(v), and Sb(m), respectively. A different well-performing BC
was selected for each of the metal(loid)s to cover a broad
variety of materials in the study (un-activated, a mineral-BC
composite and a BC physically activated by steam). When
compared to other BC reported in literature,”” MSP550 had a
specific surface area and pore volume lower than 63% and
90% of the BC, respectively. BCD had a specific surface area
and a pore volume greater than 70% and 80% of the BC,
respectively. SAWC had a specific surface area and pore
volume greater than all the BC reported in the cited study.
Comparing H/OC ratios, MSP550 was more aromatic than
70% of 2640 BC screened in a recent meta-analysis, BCD was
more aromatic than 42%, and SAWC was more aromatic than
98%.>® K4 with the selected sorbents in ultrapure water for
Pb, As(v), and Sb(m) were 60000 L kg™, 75000 L kg™*, and
570 L kg ', respectively (Fig. S17).

Removal of Pb by MSP550 likely involved complexation
with surface functional groups (carboxyl), Pb-n bonding,
along with P/Si interactions, based on previous attenuated
total reflection fourier transformation infrared spectroscopic
investigations on Pb-loaded MSP550 by Soria et al*
Precipitation and/or chelation with P/Si phases was also
observed by others.'®*®*! In our study, XRD analysis of
pristine and Pb loaded MSP550 did not show the formation
of any new crystalline phase (Fig. S7f), but EDX spectra of
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MSP550 revealed the presence of appreciable amounts of Si
and P at the BC surface (Fig. S117).

Removal of As(v) using BCD can occur by precipitation as
arsenic carbonates or calcium arsenates.”® XRD analysis of
BCD revealed the presence of calcite (CaCO;) and brucite
(Mg(OH),) phases (Fig. S7t), and 1.8% of BCD was composed
of inorganic C as carbonate (Table 2). The mechanism of
As(v) sorption by BCD likely involved electrostatic
interactions. The point of zero charge for charred/calcined
dolomite has been reported at 10-11.1.>*%> As(v), existing as
an oxyanionic species migrated to localised positive charges
(pH of BCD solutions: 9.5-9.8) and thereafter was bound to
BCD through inner-sphere surface complexes (corner-sharing
with Ca and Mg atoms).**%°

A specific driving mechanism for Sb(ur) sorption by SAWC
was not identified. However SAWC's high specific surface
area (850 m”> ¢'') and porosity (0.57 cm® g), resulting from
steam activation, probably increased the physical entrapment
of Sb(m) molecules, compared to the other tested BC.*® XRD
pattern of SAWC showed broad diffraction peaks, which are
characteristics of an amorphous carbonaceous structure (Fig.
S7t). A sharp peak at 26 of 26.6° indicated the growth of a
crystalline graphitic phase which is a result of partial
devolatilization from steam activation.’”*® This high degree
of graphitisation indicates that Sb-rn-interactions could
occur.*® EDX spectra of SAWC samples revealed the presence
of Al and Si, and traces of Mg (Fig. S11}), suggesting traces of
phyllosilicate-like constituents, which can drive Sb(im)
sorption through inner-sphere complex formation.*’

3.2 Pb removal was more strongly affected by water chemistry
compared to As(v) and Sb(wm)

The removal of metal(loid)s varied substantially in the
presence of other ions and phases (Fig. 1), compared to
ultrapure water (Fig. S1t). Across different water matrices,
the variation in metal(loid) removal by the respective BC
followed the order: Pb (29-100%) > As(v) (37-92%) > Sb(ur)
(20-70%). Sorption coefficients normalised to the sorbent
mass (Kg) for Pb, As(v), and Sb(m) stretched across 3.0, 1.5,
and 1.0 orders of magnitude, respectively (Fig. 1a). Sorption
coefficients normalised to the specific surface area (Kssa)
resulted in similar trends, highlighting that the specific
surface area and available sorption sites alone were not
driving these differences in variation (Fig. 1b). The trends
imply that in the given metal(loid)-BC systems, the removal

Table 2 Physicochemical properties of the BC used. SSA and PV: specific surface area (m? g™3) and pore volume (cm® g3); C, H, N, S: measured
elemental composition (weight %); O: oxygen determined (weight %): 100 - (C + H + N + S + ash); OC and IC: organic and inorganic C (weight %); O/
OC: molar ratios of O with OC; H/OC: molar ratios of H with OC; PFR: persistent free radicals (spins per g). O was not calculated using the difference
method for BCD since it had ~60% ash which will result in underestimation of O

SSA PV C H N S o) Ash ocC IC 0/0C H/OC PFR
MSP550 14 0.02 76 2.7 0.5 0.2 10.5 10.2 81.4 0.11 0.10 0.39 1.72 x 10"
BCD 150 0.10 35 1.6 0.7 0.2 59.4 29.4 1.8 0.65 6.81 x 10™*
SAWC 850 0.57 77 0.9 0.7 0.5 11.7 9.5 72.3 15.6 0.12 0.15 n.d.

This journal is © The Royal Society of Chemistry 2024

Environ. Sci.: Water Res. Technol., 2024, 10, 912-921 | 915


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ew00726j

Open Access Article. Published on 12 February 2024. Downloaded on 6/14/2026 2:09:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Environmental Science: Water Research & Technology
6 2
(@) (b)
1 4
5_
0_
°© 4_
o -1
k)
3 -\ -2+ .
B 2

Pb As(V) )

Pb As(V) Sb(llly

Fig. 1 Violin plots depicting variations in (a) log K4 and (b) log Kssa for Pb, As(v), and Sb(i) across different ionic composition in the experimental

test matrix. Kq units: L kg™%; Kssa units: L m™2.

of Pb by MSP550 was most strongly affected by the solution
composition.

The pH of the solutions at the end of the experiments for Pb
ranged from 6.7 to 8.1 (MSP550), for As(v) from 9.5 to 9.8 (BCD)
and for Sb(um) from 7.2 to 7.8 (SAWC). At such pH, Fe(m),
introduced as Fe®* ions (acidic spike), forms poorly ordered
polymeric  phases of  Fe(m)(oxyhydr)oxide, such as
ferrihydrite,*"*> which can constitute an additional sorbent
phase for metal(loid)s. This phase can sorb to the BC or form
organo-mineral phases with NOM by a co-precipitation
mechanism."®**** Both P and Ca can change the formation and
reactivity of these phases. The effects of singular and combined
factors on the removal of targeted metal(loid)s by the respective
BC will be discussed in detail in the following sections.

3.3 Ca improved Pb removal by MSP550 in NOM containing
solutions

At the pH range in the Pb-MSP550 experiments (6.7 to 8.1),
Pb exists primarily as a combination of (i) positively charged
Pb** and PbOH", (ii) organic matter complexed Pb, and (iii) a
minimal proportion (1-2%) complexed to P, as estimated
from equilibrium calculations performed in Visual MINTEQ
3.1. Pb exhibits affinity primarily for N containing groups in
NOM, specifically amine groups such as aminoquinone,
amino sugars, and amino acids, and phenolic groups, but
additionally can complex with carboxylate groups.’**® The
Pahokee Peat NOM extract used in all experiments contained
43.1% C, 3.8% N, 0.9% S, and 3.9% H by weight. Considering
20-30% of total N to be amino acid derived N,*”** Pb would
be in excess to N binding sites and thus partially also
complex with O sites. In the absence of NOM, 99-100% of Pb
was removed (logKyq > 5.3). Increasing NOM concentrations
to 5 mg DOC L™, decreased the removal of Pb to 95% + 5%
(n = 16). At NOM concentrations of 10 or 15 mg DOC L™*
combined with low Ca concentrations of 0.4 or 48.5 mg Ca
L™, the removal of Pb fell below 80% (log Ky < 3.5) (Fig. 2).
Even at high NOM levels (=10 mg DOC L"), as soon as Ca
levels were high (>48.5 mg Ca L"), Pb removal increased
above 80%. Ca could have competed with Pb for binding sites
in NOM, thereby increasing the removal of free Pb>" by

916 | Environ. Sci.: Water Res. Technol., 2024, 10, 912-921

MSP550. However, since Pb has a high affinity for specific
ligands in NOM*>* and Ca undergoes more non-specific
binding with NOM,>® this would not have been driving the
increased Pb removal in Ca and NOM containing solutions in
our experiments.

The removal of total Fe with Pb across samples correlated
well (Fig. 3). In solutions containing Fe(m) and NOM, Fe(u)-
NOM phases are formed which are known to exhibit a strong
affinity towards cations such as Pb.**** Increasing Ca
concentrations give rise to a micrometric network of NOM
and Fe(m) associated NOM."” These phases can co-precipitate
or interact with the surface of MSP550, as was confirmed
from the EDX spectra of the thoroughly washed and dried
MSP550 solids (Fig. S117) ie., elevated levels of Ca and the
presence of Fe were observed on MSP550 when excess Ca was
present in solution.

pu-XRF maps showed Fe deposition on MSP550 even in the
absence of Ca (Fig. S12bt), but clusters of Fe and Ca were
denser once the Ca concentration was increased to 192.8 mg
Ca L™ (Fig. S12ct). The simultaneous removal of Pb and total
Fe was especially enhanced at high Ca concentrations. This

6
Ca®*(mgL™)
e 04
5__
O 485
- (O 966
¥
44
S O 144.7
3l .192.8
S
2 } } } " "
0 5 10 156 20
DOC (mgL™)

Fig. 2 Multivariable bubble plots of logarithmic sorption coefficients
of Pb with DOC (as a measure of NOM content). Increasing bubble
size and colour gradient shifting from deep blue to purple indicates
increasing Ca concentrations.
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Fig. 3 Scatterplot showing correlation between Pb and total Fe
removal. 95% confidence band included, with linear regression line.
The concurrent presence of Fe() and NOM gives rise to Fe(n)-NOM
complexes which can stabilise Fe(n) in solution at the studied
environmentally relevant pH.>*

further suggests that Pb was embedded in a network of
organo-mineral phases which facilitated its removal by
MSP550. Pb removal at the highest concentrations of Ca in
the experimental test matrix (axial points in the central
composite design) was higher (98%/logK4 4.7) than in Ca-
free solutions (30%/log Ky 2.6) at the same Fe(ur), NOM, and
P conditions. This highlights that Fe(ur)-NOM-Ca phases
were more active in Pb removal than Fe(m)-NOM phases. At
the highest condition of Fe(m) with 6.0 mg Fe(m) L', Pb
removal was stronger (97.3%/logKy 4.6) than in Fe(ur)-free
solutions (81%/log K4 3.7) under the same Ca, NOM, and P
conditions. This highlights that the contribution of Fe(m)-
NOM-Ca phases surpassed NOM-Ca phases in Pb removal.

Thus, interactions among Pb, Ca, Fe(m), and NOM
collectively facilitate Pb removal by MSP550. Therein, removal
of Pb by a BC such as MSP550 is highest when NOM levels are
low, or a combination of high levels of NOM and Ca exist.

3.4 Ca increased As(v) removal by BCD

The variation in As(v) removal was lower than that of Pb,
suggesting an overall high affinity of As(v) to BCD, less

View Article Online
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influenced by the solution composition. 90% of the solutions
showed >80% As(v) removal (Kq > 5000 L kg "; logKyq > 3.7)
contained at least 96.6 mg Ca L', suggesting that the
primary factor affecting As(v) sorption was Ca (Fig. 4). Ca was
consistently depleted from solutions in the As(v)-BCD
experiments compared to the other metal(loid)-BC
experiments (Fig. S5T). At the end most conditions in the
experimental test matrix, EDX spectra and p-XRF maps
revealed more Ca clusters on BCD at 192.8 mg Ca L™
compared to the Ca-free system (Fig. S11 and S137) under the
same conditions of Fe(u), NOM, and P. Further, 90% As(v)
was removed with 192.8 mg Ca L™ (Kg: 18571 L kg™,
whereas only 41% As(v) was removed in the Ca-free system
(Kq: 1397 L kg™"). At the pH of As(v)-BCD experiments (pH:
9.5-9.8), As(v) exists primarily as the arsenate anion
(HAsO,”). The influence of Ca on As removal was thus likely
caused by (i) cation bridging between arsenate anions and
oxygen containing sites, and (ii) partial screening of negative
surface charges over BCD.”*?

At the highest investigated concentrations of NOM (20.0
mg DOC L") and P (6.0 mg P L"), BCD still sorbed up to
83% of As(v), indicating that NOM and P did not strongly
inhibit As(v) sorption. However, an inhibitory role of NOM on
As(v) sorption by BCD was observed only at low Ca (48.5 mg
Ca L") coupled with low Fe(m) (1.5 mg Fe(m) L)
concentrations. Under these low concentrations of Ca and
Fe(m), in solutions with 5.0 mg DOC L™ BCD removed 75%
to 86% of As(v) (Kg: 6000 to 12571 L kg™'), whereas in
solutions with 15.0 mg DOC L™, BCD only removed 57% to
66% As(v) (Kq: 2615 to 3857 L kg™"). Under low concentrations
of Ca and Fe(m), P also inhibited As(v) sorption. In these
solutions with 1.5 mg P L™, BCD removed 66% to 86% of
As(v) (Kq: 3857 to 12571 L kg™") and in solutions with 4.5 mg
P L', BCD removed 57% to 75% of As(v) (Kq: 2615 to 6000 L
kg™"). Bridging with Ca or Fe cations is the primary means of
As(v) binding to NOM, and direct binding only
secondary.>*>> The lower removal of As(v) in the presence of
NOM with low Ca and Fe(m) concentrations, can thus be
explained by negatively charged humic and fulvic acids
competing for positively charged sorption sites in BCD,
rather than As(v) complexation with NOM.>*>”

25000+ (a) 1(b) Ca?* (mg L)
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Fig. 4 Multivariable bubble plots of sorption coefficients of As(v) with (a) DOC (as a measure of NOM content), and (b) P. Increasing bubble size
and colour gradient shifting from deep blue to purple indicates increasing ca concentrations.
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Phosphate anions were effectively removed by BCD,
similarly to arsenate anions. In 94% of the solutions, P
removal was >95% (Fig. S6f). u-XRF elemental maps of BCD
at the end of experiments showed an increase of P compared
to pristine BCD (Fig. S13f). Other than at low Ca
concentrations, excess P (6.0 mg P L") did not hinder As(v)
removal. The feedstock for BCD contained 40% dolomite and
XRD analysis revealed the dominating presence of calcite and
brucite in the sorbent matrix, which is likely to drive the
efficient removal of As(v) and P anions. Sorption sites were
therefore available in excess compared to As(v) and P anions
in the current study. In highly P rich systems, where As(v) to
P molar ratios are lower than our current value of 1:29,
competition effects can be more drastic.’®® Lack of
competition effects could also be ascribed to P precipitation
as Ca-P phases (such as hydroxyapatite and calcium
phosphate)®® at the high pH of BCD solutions (~9.5-9.8) that
drove P depletion from solution independently. The density
of P on BCD at high Ca concentrations was higher than at
low Ca concentrations (Fig. S131), but Ca-P phases were too
low in concentration (<1% by mass) to be detected by XRD
and/or may have had low crystallinity for our experimental
duration.

3.5 Oxidation to Sb(v) limits Sb(u) removal by SAWC

The Sb(m) redox state in the oxic experiments was ensured by
introducing Sb(m) as a tartrate complex, which is an anionic
dimer upon dissociation in water.®" Sb(m) oxidation solely by
0, is slow,*” but active substances such as Fe(im)-NOM can
accelerate Sb(m) oxidation.®® In this study, SAWC oxidised
Sb(m) to the more mobile Sb(v) in all solutions tested, which
explains the generally low removal of Sb(im) (2.3 < logKy <
3.3). The BC related oxidation of Sb is illustrated in Fig. 5
which is a representative example of measured HPLC-ICP-MS
chromatograms of the aqueous phase with and without
SAWC. Low Sb(v) sorption affinity was independently
confirmed from an additional sorption experiment with
Sb(v), wherein Sb(v) was not sorbed by SAWC at all (Table
S3t). Other studies have also observed limited interactions
between BC and Sb(v) compared to Sb(m).>***

Oxidizing moieties such as solid phase PFR and quinoid
groups (C=0) in BC can promote Sb(u) oxidation, thereby
hindering Sb removal. As an example, from electron spin
resonance spectroscopy, MSP550 had high concentrations of
PFR (1.72 x 10" spins per g) (Table 2) that could oxidise
Sb(m), explaining its negligible Sb(ui) sorption affinity. Out of
all 12 BC screened in the preliminary experiments, except
BCD, only SAWC exhibited an affinity for Sb(m) (Fig. S17).
PFR were not detectable in SAWC, but Sb(um) oxidation still
occurred (Fig. 5), albeit to a lower extent than with the other
BC. SAWC was pyrolyzed at 900 °C, wherein the thermal
reorganisation of organic structures lowers the PFR content,®
making quinoid moieties the likely driver for Sb(m)
oxidation.®®®® These results corroborate findings by Zhong
et al.°>’° who demonstrated that electron accepting moieties
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Fig. 5 HPLC-ICP-MS chromatograms of Sb(m)/(v) (complexed to
citrate as a stabilising agent) at the end of sorption experiments with
SAWC, and control experiments without SAWC under the same
solution matrix.

i.e., PFR and quinoid groups in rice husk biochar were able
to oxidise As(ur) to As(v). Therefore, BC induced oxidation of
metal(loid)s such as Sb(i) can limit their sorption by BC.

The variability in Sb(m) removal was the least compared to
Pb and As(v), with Ky extending across only one order of
magnitude and never exceeding logKy 3.3. Other than the
strong influence of Fe(m) (Fig. S37), no singular or combined
effect of Ca, P, and NOM on Sb(m) sorption by SAWC was
evident.

Increasing Fe(u) concentrations in solutions decreased Sb(in)
sorption. Although we were unable to conclusively determine
the driving mechanism behind this phenomenon, from EDX,
p-XRF, and HPLC-ICP-MS analyses we were able to identify two
likely mechanisms. Compared to Fe(m)-free solutions, we
observed spatially densely distributed Fe on SAWC upon contact
with 6.0 mg Fe(m) L™ solutions (Fig. S14f). Both EDX and
W-XRF spectra semi-quantitatively verified the increased surface
Fe content (Fig. S11 and S14f). Fe(um)(oxyhydrjoxide phases
formed in situ could block pores in SAWC, thereby decreasing
the accessible pore space within the BC. The porosity assisted
sorption of Sb(u) molecules at sites within the BC pore network
could thus be hindered in the presence of Fe(m). The inhibitory
effect of Fe(m) on Sb(m) removal can also be linked to changes
in Sb redox state. Up to 22% Sb(v) was formed in control
experiments at 6.0 mg Fe(m) L™ without SAWC, as observed
from HPLC-ICP-MS analysis of the solutions after 48 hours in
the dark (Fig. S4t). Oxic systems containing Fe(ur)(oxyhydr)
oxides with NOM can catalyse Sb(m) oxidation processes.**”"
Increased Sb(v) formation mediated by adsorption-oxidation
processes via Fe(ur)(oxyhydr)oxide phases could thereby decrease
the sorption of Sb by SAWC. Our results underline that in

This journal is © The Royal Society of Chemistry 2024
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addition to BC, Fe(m) phases in solution are capable of
catalysing oxidation processes and decreasing Sb retention by
BC.

4. Conclusions

This study investigated the combined effects of Ca, NOM, P,
and Fe(u) on metal(loid) removal from oxic water by BC
using a central composite design. We found that Fe(m)-
NOM-Ca phases bound to BC are an effective sorbent for Pb
and the simultaneous presence of Ca, Fe(um), and NOM can
promote the removal of Pb, even in waters having higher
NOM concentrations (10-20 mg DOC L"l).

A calcareous BC, such as the charred biomass and
dolomite blend that was used in this study, can be an
effective sorbent for anionic As(v) under diverse solution
conditions. Competition by other anions such as phosphate,
humics, or fulvics limits As(v) sorption only when Ca and/or
Fe(m) concentrations are low.

Sorption of Sb(m) to conventional BC is minimal, and a
BC with superior specific surface area and microporosity can
be used in water with low levels of Sb(ur) contamination
(<100 pg L) and low levels of Fe(m). Fe(m) hindered Sb(im)
sorption, which may be either due to (i) reduced accessibility
of sorption sites in the microporous BC by Fe(iu)/Fe(i)-NOM,
and/or (ii) Fe(u) mediated oxidation to the more mobile
Sb(v). Most BC, even with low amounts of PFR, oxidise Sb(m)
to the more mobile Sb(v) because of redox active moieties
such as quinoid groups on the BC surface. Since Sb(v) is less
toxic than Sb(m), this can be a treatment strategy for less
contaminated waters. However, natural redox equilibrium
processes are dynamic and mobile Sb(v) may reach an anoxic
region or interact with a reductant and be reduced to the
more toxic Sb(ur) again.

Interactions of dissolved and particulate solution
constituents can strongly influence sorbent performance. The
sorption of metal(loid)s by BC strongly depends on the ionic
composition of the solution. For best performance, variable
solution compositions and ideally a tailored optimisation for
the targeted water matrix need to be included at the sorbent
selection or development stage. We advocate for the
development of a comprehensive knowledge database allowing
an informed material selection based on complex solution
compositions.

Abbreviations

BC Biochar

MSP550 Miscanthus straw pellets pyrolyzed at 550 °C
BCD Charred biomass dolomite composite

SAWC  Steam activated wood char

Pb Lead

As Arsenic

Sb Antimony

Ca Calcium

P Phosphorus
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NOM Natural organic matter
DOC Dissolved organic carbon
Fe Iron
C Carbon
H Hydrogen
N Nitrogen
S Sulphur
(0] Oxygen
SSA Specific surface area
PV Pore volume
PFR Persistent free radicals
XRD X-ray diffraction
EDX Energy dispersive X-ray spectroscopy
P-XRF  Micro-X-ray fluorescence
Ky Sorption coefficient normalised to sorbent mass
Kgsa Sorption coefficient normalised to specific surface area
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