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A B S T R A C T

Trichloroethylene (TCE) is an Environmental Protection Agency priority pollutant associated with cancer in
humans. With numerous industrial applications and regular landfill disposal, TCE is a common landfill leachate
pollutant. In situ treatment barriers use costly fill materials such as granular activated carbon (GAC). Here, we
show that while a range of untreated waste materials had little ability to adsorb TCE, waste-derived biochar
showed excellent capacity for TCE adsorption. TCE removal efficiencies by spruce and oak-derived biochars
were> 99.5 %, outperforming GAC (95 %) and herbal pomace biochar (93 %). A contact time of at least 32 h
was required to reach equilibrium for all of these media. Assessment of pollution swapping potential revealed
release of phosphate by all biochars. Analysis of media surface characteristics by Fourier Transform Infrared
Spectroscopy (FTIR) predicted that GAC should have the highest ability to adsorb TCE, followed by Oak Biochar,
Herbal Pomace Biochar 1, and Spruce Biochar 2, which was not in agreement with the experimental adsorption
data. These data demonstrate the potential for pyrolysed waste material to be used as an alternative fill material
for in situ remediation applications, thereby also addressing the European Circular Economy Strategy.
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1. Introduction

Trichloroethylene (TCE; C2HCl3; CAS Number 79-01-6) is a chlori-
nated aliphatic compound. It is one of the most frequently identified
contaminants in landfill leachate, having been detected in 70 % of 106
landfills tested (Kjeldsen and Christophersen, 2001), and is the con-
taminant that is typically present in the highest concentration in landfill
leachate plumes (0.05–750 μg.l−1 (Kjeldsen et al., 2002)). Considered
to be a priority pollutant, TCE is listed in Annex II, Part B of the Eur-
opean Union Groundwater Directive (European Union, 2006) as being a
“man-made synthetic substance”, for which Member States should
consider establishing threshold values. By 2017, twenty EU Member
States had established such occupational exposure limits for TCE, but
the range of limits varies from 0.6 to 100 ppm (EC, 2017).

As TCE has a density of 1.46 g.ml−1, and is therefore heavier than
water, environmental contamination tends to move downwards
through soil and gravel. This results in the formation of a dense, non-
aqueous phase liquid (DNAPL) plume, which may persist for decades
and continually desorb from soil and leach into a groundwater source
(Wilkin et al., 2014; Bredehoeft, 1992). Options for treating environ-
mental TCE contamination are limited. As DNAPL plumes spread both
horizontally and vertically depending on gravity and the direction of
water movement through soil, they can cover a large area. Detecting the
direction and extent of DNAPL migration is difficult, and current
modelling options are limited (Rathfelder et al., 2000). Consequently,
physical processes such as removal of soil and venting, or extraction
and treatment of pore water are logistically difficult, prohibitively ex-
pensive and environmentally disruptive (Bankston et al., 2002). They
may also exacerbate the issue, by physically forcing contaminants into
less permeable zones, or previously uncontaminated areas (Stroo et al.,
2003). Furthermore, contaminants may adsorb to clay particles and be
retained in soil following groundwater extraction, only to desorb and
persist once the groundwater is recharged. Therefore, focus is increas-
ingly turning to in-situ options for remediation, of which adsorption is
considered as the best wastewater treatment method due to its uni-
versal nature, low cost (depending on the adsorbent employed) and
ease of operation (Ali et al., 2012). For decades, activated carbon has
been used as an adsorbent for a range of organic compounds including
TCE (Ali et al., 2012), as it has a high surface area and a well-defined
pore structure (Mattson and Harry, 1971). However, production of
activated carbon solely for its use as an adsorbent is potentially un-
necessary, and costly, with reports of granular activated carbon (GAC)
costing US$800 – 2500 ton−1 (Huggins et al., 2016). Use of waste
products from other sources that are capable of adsorbing TCE would
contribute to waste minimisation, as well as a lower cost and en-
vironmentally sustainable treatment technology. For example, biochar,
at a much lower cost than GAC of US$51−381 ton-1 (Huggins et al.,
2016), has been reported to demonstrate strong potential for TCE ad-
sorption, including biochar produced from waste materials such as
buffalo weed, pine needles and peanut shells (Ahmad et al., 2014,
2013a; Ahmad et al., 2012). Those studies reported removals of TCE
from aqueous solutions of up to 88 % (Ahmad et al., 2014). It has been
suggested that this is due to the high surface area and pore volume that
result from the pyrolysis process (Trinh et al., 2017; Mukherjee et al.,
2011). However, some studies have reported that biochar may release
nutrients, such as nitrogen (N) and phosphorus (P) (Chintala et al.,
2014; Qian et al., 2015), which should be carefully considered to
minimise environmental impacts such as eutrophication from excess
nutrients. In addition to biochar, other raw waste materials have been
reported to be capable of adsorption of a range of contaminants, in-
cluding organic contaminants. Gypsum is a key component of plaster-
board, a waste product in the construction industry, and has been
shown to be capable of adsorption of the volatile organic contaminants
toluene and formaldehyde (Thevenet et al., 2018). Bottom ash and fly
ash are by-products of the incineration process, and have been reported
to adsorb polychlorinated biphenyls (Nollet et al., 2003) and a range of

azo dyes including Amaranth (Mittal et al., 2005), Acid Orange 7
(Gupta et al., 2006) and Reactive Red 141 (Leechart et al., 2009).
Granular blast slag is a by-product of the steel manufacturing industry,
capable of adsorption of Malachite Green (Gupta et al., 1997). Peat
fibre is highly porous with a large surface area and a high cation ca-
pacity, which has been shown to adsorb dyes (Ho and Mckaf, 2000) and
metals (Ho et al., 2002). Alum sludge and ferric chloride residue are by-
products of the water treatment process capable of adsorbing phosphate
(Hou et al., 2018). Bauxite residue is a by-product of the extraction of
alumina, which can adsorb arsenic (Soner Altundogan et al., 2000).

The aim of this study was to investigate the potential of a range of
high production volume waste media, including biochars derived from
waste, for the low-cost in-situ adsorption of TCE. Adsorption, kinetics,
pollution swapping, and impact of temperature and pH were considered
in order to comprehensively assess the media types included in the
study.

2. Materials and methods

2.1. Media description

Fifteen media types were assessed for their ability to adsorb TCE. All
media were raw (used untreated in the form generated by their re-
spective industries) or pyrolysed waste by-products originating from a
range of industry settings and were selected based on criteria such as
low cost, bulk availability and potential for local sourcing. Raw mate-
rials analysed in this study included gypsum, bottom ash, fly ash,
granular blast slag, peat fibre, steel wool, alum sludge, bauxite residue
and ferric chloride residue. Two biochars were produced from waste
spruce timber feedstock. Spruce Biochar 1 was produced in Ireland, in a
rotating kiln at a pyrolysis temperature of 700 °C, with O2 levels below
4 %, and a residence time of 14min. Spruce Biochar 2 was produced in
Germany using a PYREG plant (www.pyreg.de), at 600 °C and a re-
sidence time of approximately 30min. Two biochars (Herbal Pomace
Biochar 1 and 2) were produced from herbal pomace waste, which is
the residual material following extraction of essential oils from plants.
Although the herbal pomace biochars were sourced from different or-
ganisations within Germany, they were both produced using the PYREG
system, operated at 600 °C and a residence time of approximately
30min. The fifth biochar (Oak Biochar) was produced from an oak
sawmill waste feedstock, in a cone kiln similar to a Kon-Tiki kiln
(Schmidt and Taylor, 2014), and was pyrolysed at 650−720 °C. This
system progressively adds the feedstock in layers to the kiln, so reten-
tion times may be up to 8 h. As GAC has been shown to strongly adsorb
TCE in previous studies, it was included as a benchmark for the waste
media (Analab, Ireland; DARCO, 12−20mesh). All media were dried at
105 °C for 24 h, then crushed or cut to 1–2mm, prior to starting the
experiments.

2.2. Batch experimental design

Equilibration solutions were prepared using TCE (≥ 99 %; Analab,
Ireland) and sodium azide (≥ 99.5 %; Sigma-Aldrich) in distilled water,
with stirring for 1 h. Sodium azide was used at a final concentration of
0.02 % w/v to prevent biological degradation of TCE (Pavlostathis and
Jaglal, 1991). Batch tests were set up in 40ml amber glass vials, filled
to overflowing with no headspace to prevent TCE volatilisation, and
sealed with a PTFE-lined cap. Batch tests were equilibrated for 48 h
(unless otherwise stated) on a mechanical reciprocal shaker at 160 rpm
at room temperature (approximately 22 °C ± 2 °C). The vial-point
technique was used, where each vial represented one data point (Salih
et al., 2011). Control vials containing no media were included to cal-
culate precise TCE adsorption by each media and account for loss of
TCE by other routes, which were minimal.
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2.3. Adsorption experimental design

To assess the potential for TCE adsorption over a set time, each of
the 15 media was used in 48 h batch tests at an adsorbent dose of
5 g.l−1. Solutions were prepared at TCE concentrations of 2, 20 or
200mg.l−1 (Analab Ireland; Honeywell, > 99 %) in distilled water.

2.4. Pollution swapping

Pollution swapping is the increase of one pollutant as a result of a
measure to decrease a different pollutant. To investigate the potential
for release of N and P from the media, 5 g.l−1 media was added to 40ml
distilled water, equilibrated for 48 h and immediately passed through
0.45 μmPTFE-hydrophilic syringe filters. The filtrate was analysed for
dissolved reactive phosphorus (DRP) and total oxidised nitrogen (TON)
using a nutrient analyser (KoneLab20, Thermo Clinical Labsystems,
Finland).

2.5. Media characterisation

The four media types that exhibited the best potential for TCE ad-
sorption after 48 h underwent proximate, ultimate and physical char-
acterisation. Proximate analysis of the media was carried out as de-
scribed by Ahmed et al. (Ahmad et al., 2014). Ultimate analysis of
organic carbon (Corg), oxygen (O) and hydrogen (H) was carried out by
the manufacturers of the biochar as part of their quality control process
as per the German standard methods for solid mineral fuels analysis :
DIN 51732 (C, H; (DIN 51732, 2007DIN 51732, 2007)) and DIN 51733
(O; (DIN 51733, 2008DIN 51733, 2008)). Molar ratios of H:Corg and
O:Corg were calculated from these data. Physical and morphological
analyses were carried out by Glantreo LTD (Cork, Ireland). SEM ana-
lysis was carried out to ASTM 766 and E1508 standards, using an FEI
Inspect F, working at 5 kV and a working distance of approximately
9mm.

Fourier Transform Infrared Spectroscopy (FTIR) spectra analysis
was carried out to identify functional groups on the surface of the
biochars, using a PerkinElmer Spectrum 400 (Waltham, Massachusetts)
equipped with a DATR 1 bounce Diamond/ZnSe Universal ATR sam-
pling accessory. Spectra were measured in the range from 4000 to
650 cm−1 with eight accumulations and 4 cm−1 resolution.

2.6. Impact of pH on TCE adsorption

The impact of pH on the adsorption capabilities of the four biochars
were assessed at a TCE concentration of 200mg.l−1 and an adsorbent
dose of 5 g.l−1. The TCE solution was prepared as described in Section
2.2, and then aliquoted into three portions as follows: i) unadjusted
(approximately pH 7), ii) buffered to pH 5 with HCl, and iii) buffered to
pH 9 with NaOH.

2.7. Adsorption capability

The adsorption capability of the four selected biochars were as-
sessed across an adsorbent mass range of 0.25–12.5 g.l−1, using a
synthetic TCE solution with sodium azide (as per Section 2.2) at a TCE
concentration of 200mg.l−1. The data were modelled by linear and
non-linear Langmuir (Langmuir (1916)), Freundlich (Freundlich
(1906)), Koble-Corrigan (Koble and Corrigan, 1952), Temkin
(Vijayaraghavan et al., 2006) and Dubinin-Radushkevich
(Vijayaraghavan et al., 2006) adsorption isotherms using Excel’s Solver
plugin to determine the best fitting parameters by minimising the re-
sidual sum of squares for the non-linear models. The Hanes-Woolf form
was used for the linearised Langmuir model (Supplementary Table 1;
(Hanes, 1932)). The goodness of fit of all models was assessed by cal-
culating the coefficient of determination ( r2; Eq. 1) and the non-linear
models were also assessed by calculation of the chi-squared value (χ2;

Eq. 2). High r2 and low χ2 values are indicative that the data are a good
fit to the model.
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Where: qexp is the experimental sorption capacity (mg. g−1), qcalc is the
modelled sorption capacity (mg g−1), and qexp mean. is the mean of the
experimental sorption capacities.

2.8. Kinetic study

The selected biochars were assessed for the rate at which they ad-
sorb TCE from the solution using a kinetic study. A synthetic TCE so-
lution with sodium azide was prepared as described in Section 2.2, at a
TCE concentration of 200mg.l−1, and all kinetic batch vials were es-
tablished at an adsorbent concentration of 5 g.l−1. Replicate vials for
each biochar were destructively sampled at 10 time points: 0, 1, 3, 4, 8,
12, 18, 24, 32 and 48 h. The values for time point zero were determined
by adding a TCE solution to the biochar in vials, and to a no-biochar
control vial, followed by immediate filtration and analysis. The contact
time was only several seconds and is reported as 0 h. The data were
fitted to the linear version of first and second order (Ahmad et al.,
2013b), pseudo first (Lagergren, 1898) and pseudo second order (Ho
and McKay, 1999), Elovich (Roginsky and Zeldovich, 1934) and in-
traparticle diffusion (McKay and Poots, 1980) kinetic equations (Sup-
plementary Table 3). The coefficient of determination ( r2; Eq. 1) and
standard error of estimates (SEE; Eq. 3) values were used to investigate
the goodness of fit for the kinetic models. A high r2 and low SEE are
indicative that the data are a good fit to the model.
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Where: qexp is the experimental sorption capacity (mg. g−1), qcalc is the
modelled sorption capacity (mg g−1), and qexp mean. is the mean of the
experimental sorption capacities.

2.9. Analytical methods

Following equilibration, the solutions from each batch test vial from
the 48 h experiment (Section 2.3), the pH experiment (section 2.6), the
adsorption experiment (section 2.7) and the kinetic experiment (section
2.8), were immediately filtered through 0.45 μmPTFE-hydrophilic
syringe filters to separate the adsorbent from the liquid samples. Du-
plicate 100 μl aliquots of the filtrates were added to 10ml distilled
water in 20ml headspace vials, crimp sealed, and analysed by static
headspace using a CombiPAL headspace autosampler, followed by gas
chromatography (CP-3800, Varian, Palo Alto, CA) with a mass spec-
trometer detector using the following method: Headspace equilibration
at 80 °C, 500 rpm, 5min; then one ml headspace transferred to the in-
jector by heated syringe (90 °C); injector temperature 240 °C, initial
oven temperature 50 °C (1min) ramping to 200 °C at 40 °Cmin−1, and
holding for 1min (total cycle time 5.75min). Helium was used as the
carrier gas at 1ml.min−1. Separation was carried out on a DB 624 Ultra
Inert Capillary column, 20m length x0.18 mm internal diameter x1 μm
film thickness (Agilent Technologies, Germany). Standard stocks of TCE
in methanol were prepared at 100X concentration at least monthly.
Calibration curves of known TCE concentrations were constructed and
used to determine concentrations of TCE in the samples, expressed as
mg.l−1.
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3. Results and discussion

3.1. Batch tests: total adsorption over 48 h

The raw (i.e. unpyrolysed) media showed limited potential for ad-
sorption of TCE from aqueous solutions (Fig. 1). Ferric chloride residue
and fly ash were the only raw media to adsorb TCE across all three
initial concentrations investigated (Fig. 1). Of these, ferric chloride
residue performed best, removing 17, 8 and 11 % of TCE from the 2, 20
and 200mg.l−1 solutions, respectively (Fig. 1).

Biochar and GAC performed better than the raw media (Fig. 1),
removing up to 99.5 % of TCE from the aqueous solution. The two
biochars produced from a Sitka spruce feedstock demonstrated very
different TCE adsorption capacities, as Spruce Biochar 1 only had a
maximum TCE removal capacity of 30 %, while Spruce Biochar 2 ad-
sorbed over 99.5 % TCE (Fig. 1), which was equivalent to the minimum
detection limit of TCE remaining in solution. For all biochar and GAC,
the TCE concentration in the initial solution is directly proportional to
adsorption capacity (Fig. 1b–d), which is likely to be a result of the
increased chemical driving force of the concentration gradient (Ata
et al., 2012).

3.2. Pollution swapping

The fifteen media were analysed for potential to leach nutrients that
could result in negative environmental impacts such as eutrophication
of surface or groundwater. Alum sludge was the only media to release N
in the form of TON, at a concentration of 300mg kg−1 (data not
shown). None of the biochars in our study demonstrated any leaching of
TON under the experimental conditions investigated. Extremely low
release of N (< 1mg.kg−1) from biochar has previously been reported
(Gaskin et al., 2008; Mukherjee and Zimmerman, 2013), and the

formation of insoluble ‘black N’ during the pyrolysis process has also
been attributed to low potential for N leaching from biochar (Knicker,
2010).

Many of the raw media and GAC demonstrated little
(< 10mg.kg−1) or no release of DRP (Fig. 2). However, phosphate
release in the range of 29–1854mg.kg−1 was observed from the bio-
chars (Fig. 2). These are in agreement with the range of 46–1664mg.kg-
1 previously reported by biochars derived from similar feedstocks in-
cluding oak, pine and grass (Mukherjee and Zimmerman, 2013).
Phosphate concentrations> 0.02mg.l−1 are considered to potentially
lead to increased algal growth and eutrophication (US EPA, 1995). All
five biochars resulted in leached phosphate concentrations between

Fig. 1. TCE removal by 15 raw or pyrolysed waste media at an adsorbent concentration of 5 g.L−1, following equilibration for 48 h at room temperature
(22 °C ± 2 °C), shaking at 160 rpm. A: % TCE removal at initial TCE concentrations of 2, 20 and 200mg.L−1, where % removal was determined by comparison to a
no-media vial containing the same TCE solution and subjected to the same experimental conditions (shaking time/speed) as the test vials; B-D: Amount of TCE (mg)
adsorbed per gram of each media from an initial TCE concentration of 2 mg.L−1 (B) 20mg.L−1 (C) or 200mg.L−1 (D).

Fig. 2. Phosphate release by the media, expressed as Dissolved Reactive
Phosphorus (DRP) concentration at equilibrium (mg.L−1, primary vertical axis)
and DRP leached per kg media (mg. kg−1, secondary vertical axis).
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0.16 and 9.28mg.l−1, at an adsorbent dose of 5 g.l−1 (Fig. 2). There-
fore, the incorporation of these media into an environmental bior-
emediation strategy should carefully consider the quantity of biochar
required, the potential groundwater movement through the site, and
the location of water systems that may be vulnerable to eutrophication.

3.3. Media characterisation

The characteristics of the best performing media are shown in
Table 1. Typically, studies investigating the suitability of biochar for
use as an adsorbent focus on the production of biochar from a single
feedstock under varied pyrolysis conditions. In those cases, the pyr-
olysis temperature has a strong impact on the adsorption capability of
the biochars, with increased pyrolysis temperature associated with
lower yield, mobile matter and oxygen content, and higher ash content,
resident matter, organic carbon, Brunauer-Emmett-Teller (BET) surface
area and pore volume (Ahmad et al., 2013a, 2012; Mohan et al., 2014).
The biochars in the current study were all produced at high tempera-
tures (> 600 °C) and therefore should have good potential for TCE
adsorption. Indeed, the pyrolysis conditions were reasonably consistent
across all biochars, so it is unlikely that the production parameters will
have a significant impact on the TCE adsorption capacity of the bio-
chars. Conversely, the biochars were all produced from different feed-
stocks, which is more likely to impact the adsorption properties of the
final product. The three biochars were all produced from plant-based
feedstock, but these were green material (herbal pomace), hardwood
(oak) and softwood (spruce). The feedstock appears to affect the
proximate data for the biochars, with the Oak Biochar having a lower
moisture and ash content and higher resident matter than the Herbal
Pomace Biochar 1 or Spruce Biochar 2 (Table 1). Overall, the mobile
matter content of all media analysed was low (5–17 %; Table 1), with
up to 46 % mobile matter reported for other plant-based biochars
(Ahmad et al., 2014). Mobile matter content is associated with micro-
bial activity, and the low levels present in these biochars indicate that
they should be resistant to microbial degradation. Conversely, the high
resident matter content of the biochars indicates that they are stable

and much of the organic matter is fully carbonised (Ahmad et al.,
2012). With regards to the ultimate analysis data, all media had a high
Corg and would be classified as “Class I” by the International Biochar
Initiative (IBI), which requires> 60 % Corg (International Biochar
Initiative, 2015). The molar H:Corg ratio gives an indication of the de-
gree of carbonisation, aromaticity and stability of biochar. All of the
biochars investigated were below the threshold (0.7) to show complete
thermochemical conversion. Molar O:Corg is also used as a quality
control parameter related to the presence of polar functional groups
and surface hydrophobicity, and associated with biochar stability, with
values of< 0.4 required by the IBI (International Biochar Initiative,
2015). Biochar with O:Corg> 0.6 is considered to be susceptible to
microbial degradation, with a half-life in soil of< 100 years, while
biochar with O:Corg< 0.2 has a predicted half-life of> 1000 years
(Spokas, 2010). The biochars investigated all had an O:Corg< 0.02,
which is in agreement with the low mobile matter content finding that
they would be resistant to microbial degradation. A low O:Corg is an
important characteristic if the biochar is to be used for long-term, in situ
bioremediation strategies.

Biochars typically have a heterogenous surface, with a combination
of micro-, meso- and macropores. All of the media had average pore
diameters in the mesopore range (2–50 nm; Table 1). Smaller pores are
considered to be desirable for adsorption to increase contact points, but
a minimum pore diameter 1.7 times that of the adsorbate is required to
prevent size exclusion (Li et al., 2019). The kinetic diameter of TCE is
0.56 nm (Li et al., 2019), so this would equate to a theoretical minimum
pore diameter of approximately 1 nm. All of the media had average
pore diameters> 1 nm (Table 1), which should be sufficient for TCE
adsorption.

With the exception of the spruce-derived biochar, all media had a
high surface area (Table 1). A BET surface area>150 m2. g−1 is as-
sociated with good adsorption potential (EBC, 2016). The four media
had different particle size distributions, with Oak Biochar having the
lowest mean values (D50), followed by Spruce Biochar 2, then Herbal
Pomace Biochar 1, and finally the highest D50 values were associated
with GAC (Table 1). Particle size has been shown to have a greater

Table 1
Characterisation of best performing media.

Herbal Pomace Biochar 1 Oak Biochar Spruce Biochar 2 Granular Activated Carbon

Proximate analysis
Moisture content (%) 22.3 9.3 27.0 4.7
Mobile matter (%) 16.7 11.8 16.1 5.1
Resident matter (%) 51.7 74.5 44.6 79.2
Ash (%) 9.3 4.4 12.3 11.0
Ultimate Analysis a

O (%) 6.9 5.4 2.8 19.9
Corg (%) 66.6 82.7 74.3 78.1
H (%) 0.91 0.98 0.97 1.51
Molar H/Corg 0.16 0.14 0.16 0.23
Molar O/Corg 0.006 0.004 0.002 0.016
Physical and Morphological Analysis b

BET Surface Area (m2 g−1) 374 216 39 633
Pore Diameter (nm) 6 12 39 9
Pore Volume (cm3 g−1) 0.03 0.001 0.001 0.48
Particle Size Distribution (mm)
D10 0.085 0.009 0.047 0.133
D50 0.387 0.113 0.332 0.583
D90 0.964 0.377 0.774 1.660
Size classes (mm)

a biochar data provided by respective biochar manufacturer; Granular activated carbon obtained from literature values [66].
b Analysis carried out by Glantreo Ltd.
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influence on the adsorption capacity of biochar than BET surface area,
with smaller particles being more effective adsorbents (Han et al.,
2016). This is associated with the presence of pores, leading to an
overall heterogeneous surface area, which alters the relationship be-
tween particle size and surface area. For example, Crini et al. reported
particle sizes in the range of 150−250 μm as having a BET surface area
of 2.4 m2. g-1, while particles twice that size (300−500 μm) had a BET
surface area of 1.5 m2. g−1 (Crini et al., 2007). SEM imaging (Fig. 3)
confirmed highly variable, small-scale structures of the media surfaces
indicating that although particle size would typically be inversely re-
lated to surface area, the proportion of this relationship would vary by
media type.

Since all samples were char-based, FTIR background interference
and baseline offset were higher than usual. Because of this, a Standard
Normal Variate pre-treatment was applied to the spectra using the
software package “R” to allow spectra to be compared, and subse-
quently differences between samples were observed (Fig. 4). Assign-
ments of functional groups to peaks were carried out based on Coates
(Coates (2000)). GAC showed little, if any, information having high
baseline offset with a few minor shoulders at 1537 cm−1 and
1228 cm−1. This is expected, as charcoal is known to absorb almost all
information within the IR region with very little emittance. The media
with most deviation was Spruce Biochar 2, having a broad peak at
3350 cm−1, most likely from OeH or NeH stretching, though the ad-
ditional amine peak at 1583 cm−1 would suggest NeH stretching from
a primary amine. A peak at 1394 cm−1 is more than likely due to an
N–O bond, but may also be from CeO. Peaks at around 1010 cm−1 are
more than likely from CeO and/or CeN. The sharp peak at 870 cm−1 is
more than likely from aromatic C–H stretching. Herbal Pomace Biochar
1 spectra were similar to Spruce Biochar 2, though the peaks are less
intense and the broad peak at 3350 cm−1 is absent. This indicates a

similar compound on the surface of the Herbal Pomace Biochar 1
samples. Oak Biochar showed less peak intensity with shoulders at
1583 cm−1 and 1394 cm−1, and the sharp 870 cm−1 peak detected in
Spruce Biochar 2 and Herbal Pomace Biochar 1 is greatly reduced and is
barely observable. The most observable peak in the Oak Biochar spectra
was the broad hump at ≈ 1010 cm−1. The pyrolysis process has been
reported to result in the removal of O and H-containing functional
groups, increasing the surface hydrophobicity of biochar (Ahmad et al.,
2014; Chun et al., 2004), which should promote the adsorption of hy-
drophobic molecules such as TCE (Karanfil and Dastgheib, 2004). From
the FTIR spectra obtained from the media, it would be expected that
GAC should have the highest ability to adsorb TCE, followed by Oak
Biochar, Herbal Pomace Biochar 1, then Spruce Biochar 2.

3.4. Batch tests: impact of pH

The pH of the aqueous solution is one of the most significant
parameters that influences the adsorption process, as it affects the
surface charge and speciation of the target compound (Tan et al., 2015).
However, Erto et al. reported little to no impact of pH on TCE ad-
sorption onto the surface of activated carbon (Erto et al., 2010). As
such, pH was only briefly considered in this study, to assess if all media
displayed optimal TCE adsorption capacity at any one specific pH value.
This was not the case as the four media demonstrated varied responses
to changes in pH. Herbal Pomace Biochar 1 and GAC both had a sig-
nificantly (p < 0.05) higher adsorption capacity for TCE at pH 7, while
Spruce Biochar 2 was significantly lower at pH 7 (Fig. 5). Oak Biochar
demonstrated good adsorption across all pH values investigated
(Fig. 5). In general, as no consistently optimal pH was observed across
all media, the decision was made not to adjust the pH of the TCE so-
lution for subsequent batch tests, which were carried out without

Fig. 3. Scanning electron micrographs with 50 μm scale bars of A Herbal Pomace Biochar 1; B Oak Biochar; C Spruce Biochar 2; D Granular activated carbon.
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buffering at pH 6.8.

3.5. TCE Adsorption over a range of media concentrations

As expected from the characterisation data in section 3.3, GAC re-
moved the most TCE from the aqueous solution, with 96.2 % removal at
an adsorbent dose of 5 g.L−1 (Fig. 6A). Increasing the adsorbent dose to
8 g.L−1 did not improve TCE removal by GAC, which decreased to 92.1
% at this concentration (Fig. 6A). This trend was not observed with the
three biochars, which consistently showed that the highest adsorbent
dose resulted in the best TCE removal (Fig. 6A). Of the three biochars
analysed, Spruce Biochar 2 demonstrated the highest TCE removal at
8 g.L−1 (95.7 %), followed by Herbal Pomace Biochar 1 (86.2 %), and
finally Oak Biochar (70 %; Fig. 6A). The amount of TCE adsorbed per
gram of media (Qe) was also determined (Fig. 6B). In general, lower
media concentrations resulted in higher Qe values. The highest Qe value
(97.8 mg.g−1) was recorded for GAC at an adsorbent concentration of
0.25 g.L−1, followed by Herbal Pomace Biochar 1 (72.0mg.g-1 at
0.25 g.L−1), then Spruce Biochar 2 (59.0mg.g-1 at 0.25 g.L−1). No TCE
removal was observed at 0.25 or 0.5 g.L−1 of Oak Biochar, which had
the highest Qe (27.4mg.g−1) at the 2 g.L−1 adsorbent concentration
(Fig. 6B). This is somewhat in agreement with the findings of Wei & Seo
(Wei and Seo, 2010), who demonstrated that non-pyrolysed pine mulch
was a better adsorbent material for TCE than hardwood mulch. How-
ever, that study found that this was probably due to higher Corg content
in pine compared to hardwood, which were reported as 51 % and 43 %,
respectively (Wei and Seo, 2010). In the current study, the Corg of all
biochars would be considered to be “high” (66–82 %; Table 1). Several
studies originating from one group investigating TCE adsorption on
biochars produced under different conditions have reported maximum

Fig. 4. Fourier Transform Infrared Spectroscopy (FTIR)
spectra of Herbal Pomace Biochar 1, Oak Biochar, Spruce
Biochar 2 and Granular activated carbon. Fourier Transform
Infrared Spectroscopy (FTIR) spectra analysis was carried out
using a PerkinElmer Spectrum 400 (Waltham, Massachusetts)
equipped with a DATR 1 bounce Diamond/ZnSe Universal
ATR sampling accessory. Spectra were measured in the range
from 4000 to 650 cm−1 with 8 accumulations and 4 cm−1

resolution.

Fig. 5. Impact of aqueous solution pH on TCE adsorption by
selected media. Error bars represent standard error (stdev/√n,
where n is the number of replicates). Lower case letters indicate
statistically significant difference (p < 0.05) in Qe as a result of
pH within each media, calculated by one-way Anova using
Excel’s data analysis plug-in. The impact of pH on the adsorption
capabilities of the four media were assessed at a TCE con-
centration of 200mg.L−1, an adsorbent dose of 5 g L−1, and an
equilibrium time of 48 h.

Fig. 6. TCE removal over a range of media concentrations, expressed as (A) %
TCE removal and (B) amount of TCE adsorbed per gram of media (Qe). The
adsorption study was carried out at a TCE concentration of 200mg.L−1 and an
equilibrium time of 48 h.
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Qe values for a range of feedstocks such as pine needles (Qe ca.
100mg.g−1; (Ahmad et al., 2013c)), buffalo weed (Qe ca. 90mg.g−1;
(Ahmad et al., 2014)), peanut shell (Qe 30mg.g−1; (Ahmad et al.,
2012)) and soybean stover (Qe 25mg.g−1; (Ahmad et al., 2012)). Those
studies reported C content of 94, 82, 84 and 85 %, respectively, but
these are reported as total carbon, and not as the organic fraction.
Assessment of Corg, as opposed to total C, is recommended by the IBI
due to the potential presence of inorganic carbonates in high-ash bio-
chars (International Biochar Initiative, 2015). The poor performance of
Oak Biochar was not predicted by FTIR data, which showed relatively
low levels of surface functional groups for this medium (Fig. 4). How-
ever, the FTIR spectra did predict that Herbal Pomace Biochar 1 would
have a higher capacity for TCE adsorption than Spruce Biochar 2
(Fig. 4). Although the data were fitted to multiple adsorption isotherms
(Supplementary Tables 1 & 2), the quality of the fit of the experimental
data to the modelled isotherm was highly variable. As such, no mean-
ingful conclusions could be drawn from the modelling approach. Al-
though the number of studies investigating adsorption of TCE by bio-
char is limited, the current study is generally in agreement with the
literature (Ahmad et al., 2012; Erto et al., 2010; Ahmad et al., 2013c).

3.6. Batch test: kinetic study

Maximum TCE adsorption appears to have been reached for all
media by 32 h of contact time (Fig. 7A & B). By 32 h, the TCE removal
from the aqueous solution ranged from 79 to 88 % for all four media
(Fig. 7A). Comparison of the quantity of TCE adsorbed by the media at a
given time point (Qt), shows that in general this value decreased be-
tween 32 h and 48 h (Fig. 7B). However, it is possible that this is a
feature of individual batch test vials being analysed per sample point,
rather than extracting an aliquot from a single vessel at each time point.
This approach is required for TCE adsorption studies, to prevent loss of

TCE by volatilisation into a headspace that would increase in volume
over the course of the experiment if aliquots were removed (Ahmad
et al., 2012, 2013c). After 32 h, the four media demonstrated similar Qt

values (31–34mg.g−1), although Herbal Pomace Biochar 1 typically
had a lower Qt than the other media at other time points, and Oak
Biochar demonstrated better adsorption at earlier time points (Fig. 7A &
B). Interestingly, none of the media demonstrated the two-phase ad-
sorption characterised by a fast initial adsorption stage followed by a
slower stage, which has been previously reported in kinetic adsorption
studies (Ahmad et al., 2013b). As with the adsorption data, the ex-
perimental kinetic data were fitted to a range of kinetic models, but the
goodness of fit of the data was variable and limited the value of the
parameters derived from the models (Supplementary Tables 3 & 4).

4. Conclusions

The raw waste materials investigated demonstrated little capability
for TCE adsorption from aqueous solutions, with less than 20 % TCE
removal observed. Conversely, the three best performing biochars
shortlisted for further analysis displayed strong adsorbent character-
istics, including a low particle size, H:Corg and O:Corg; high surface area,
pore volume and pore diameter. At a starting concentration of
20mg l−1, two of the waste-derived biochars were capable of ad-
sorbing> 99.5 % TCE, which was greater than the 95 % TCE removal
by GAC. Kinetic studies showed that the majority of adsorption had
occurred after 32 h. Overall, the data indicate that the biochars in-
vestigated would be suitable for remediation of a TCE-contaminated
aqueous solution, but the raw waste materials examined in our study
would not be appropriate for this purpose.
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