International Journal of Environmental Science and Technology (2025) 22:14661-14668
https://doi.org/10.1007/513762-025-06576-1

SHORT COMMUNICATION q

Check for
updates

Carbon dioxide activated biochars as mediators for reductive
debromination of 1,2-dibromoethane

J.H. Lindhardt"2® . D. J. Tobler'® . P. E. Holm'?® . H. Li*® - N. Winter’ - H. C. B. Hansen

Received: 8 July 2024 / Revised: 24 April 2025 / Accepted: 15 May 2025 / Published online: 11 June 2025
© The Author(s) 2025

Abstract

The fuel additive and pesticide 1,2-dibromoethane (DBA) is a problematic organic pollutant found in soil and aquifers. Reme-
diation methods face drawbacks because of undesirable by-products and slow rates of removal. Biochars (BCs) are catalysts of
reductive dehalogenation in anoxic environments by the layered iron(Il)-iron(IIl) hydroxide green rust (GR). However, so far,
such catalytic properties have generally only been observed for BCs produced from animal substrates, while BCs from easily
available plant substrates, seem to lack these properties. In this study, the potential of CO, activation to enhance the catalytic
properties of plant-substrate BCs was tested, specifically for BCs from barley straw (BARST), soybean meal (SOYM), wheat
straw (WHST) and eelgrass (Zostera marina, ZOST). All BCs were tested for catalyzing reductive debromination of DBA
with GR as the reductant. CO, activation led to clear increases in the extent of DBA debromination (after 7 days) by a factor
of 1.5, 8.8, 3.3, and 2.1 for GR reactions with BARST, SOYM, WHST, and ZOST BCs respectively. Changes in BC proper-
ties were observed upon CO, activation, and these varied between substrates, making it difficult to define the key properties
that led to the observed reactivity increase. However, surface polarity, structural defects and the presence of surface O and N
functional groups were identified as key BC properties regulating the extent of DBA sorption and degradation. The findings
of this study contribute to the optimization of BC mediators for reduction of halogenated pollutants.
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Introduction

Halogenated pollutants are ubiquitous, persistent, bio-accu-
mulative and a threat to the environment and human health
(Gallistl et al. 2017; Gift et al. 2004; Kuramochi et al. 2004,
McGrath et al. 2017; McKeever et al. 2012; Oh et al. 2016).
1,2-dibromoethane (DBA) is one such halogenated pollutant,
with origin in leaded fuels, pesticides, and wood fumigants
(ATSDR 2018; Falta et al. 2005). Today the extent of DBA
pollution is unknown, but it is persistent under anoxic condi-
tions, why its presence in groundwater aquifers and anoxic
soils is probable on a global scale and evident on local scale
(ATSDR 2018; Wilson et al. 2008). DBA is carcinogenic to
animals and considered likely to be carcinogenic to humans
(ATSDR 2018; Gift et al. 2004). Established zero valent iron
(ZVI) remediation techniques are suited for remediation of
brominated ethenes and DBA (Cohen et al. 2009; Rajagopal
and Burris 1999), and carbon based catalyst are also effi-
cient when used as electrodes in electrochemical reduction
of DBA (Fernandez-Verdejo et al. 2020). However, under
certain conditions these methods each have critical environ-
mental drawbacks, such as hydrogen production or risk of
generating reactive oxygen (Crane and Scott 2012; Qin et al.
2018,; Seveid et al. 201 1), and corrosion and surface passiva-
tion of ZVI (Liu et al. 2024; Phyu Mon et al. 2023). Thus,
other methods should be sought for. Green Rust (GR) is a
layered iron(II)-iron(III) hydroxide with anionic hydrated
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interlayers, comprising CI™, CO32_ or SO,>~. GRs have
been demonstrated as excellent reducing agents for various
inorganic and organic pollutants, incl. nitrate, chromate,
selenate, nitro compounds, and carbon tetrachloride (Erbs
et al. 1999; Hansen and Bender Koch 1998; Hansen et al.
1994). GR materials have also been shown to reduce bro-
minated and chlorinated pollutants together with a biochar
(BC) catalyst (Ai et al. 2019; Lindhardt et al. 2025; Ma et al.
2022). BCs are multifunctional, carbon sequestering mate-
rials, produced via pyrolysis of biomass in an O, reduced
atmosphere (EBC 2012-2022). Post-pyrolysis acid treated
BCs made from animal substrates such as bone meal and
shrimp shells have been shown to be most effective at cata-
lyzing reductive dehalogenation (Ai et al. 2019; Lindhardt
et al. 2022), while BCs produced from plant substrates show
relatively low or no catalytic activities (Ai et al. 2021; Lind-
hardt et al. 2025). In a previous study, it was discovered that
CO, activation can further increase the catalytic activity of
a BC in reaction with GR and a halogenated pollutant (Lind-
hardt et al. 2022). Specifically, the rate of tribromoethylene
debromination was shown to increase tenfold when adding
CO, activation to the pyrolysis of a shrimp shell BC. Carbon
dioxide (CO,) activation is the physical activation process
of adding CO, gas to the pyrolysis chamber, either in con-
tinuation of the primary pyrolysis, or performed on already
charred substrates. CO, is a mild oxidant at high tempera-
tures, eliminating carbon from the interior of the particle via
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an endothermic reaction resulting in increased porosity and
specific surface area, as well as changes in surface func-
tional groups (Rodriguez-Reinoso et al. 1995). CO, activa-
tion is suggested to promote formation of oxygen functional
groups (Phothong et al. 2021), which are of importance in
the dehalogenation reactions due to their electron shuttling
functions (Ai et al. 2020; Hernandez-Montoya et al. 2012;
Kliipfel et al. 2014; Lindhardt et al. 2025; Ma et al. 2022).
A simplified stoichiometric reaction of CO, activation is
presented below (Eq. 1), where C represent carbon in the
carbonaceous material that is transferred into the gas phase
as CO (Bergna et al. 2018; Marsh and Rodriguez-Reinoso
2006; Menéndez-Diaz and Martin-Gullén 2006).

Ci) + COxyqy = 2CO, (1)

The objective of this study was to determine if CO, activa-
tion could enhance the catalytic reactivity of plant substrate
BCs towards reductive debromination of DBA by GR. A fur-
ther objective was to describe the changes in BC characteristics
induced by CO, activation and to identify BC characteristics
critical for catalyzing DBA debromination with a GR reductant.

Materials and methods
Biochar production

Four plant substrates were collected, dried at 40 °C for 24 h,
and ground to a particle size of <10 mm (SM200 mill,
RETSCH, Germany). These were barley straw (BARST),
soybean meal (SOYM), wheat straw (WHST), and Zostera
marina also known as eelgrass (ZOST). Porcelain crucibles
of 120 mL volume (LLG Labware, Germany) were filled with
ground substrate, dried at 40 °C for 24 h and then weighed
before pyrolysis. All BCs were produced in a tube furnace
(RSH 120/500/11, Nabertherm, Germany) fitted with modi-
fied end gaskets for O,-reduced atmosphere during pyroly-
sis. All four substrates were used to produce a standard BC,
pyrolyzed under 100 L/h N, (99.8%) flow at a heating rate of
300 °C/h and a highest treatment temperature of 850 °C for
2 h. Furthermore, all four substrates were used to produce CO,
activated BCs under the same initial pyrolysis conditions for
two hours, but with an additional hour at 850 °C with 100 L/h
pure CO, (99.9%) flow and no N, flow. Pyrolysis yields and
burn-off % are presented in Table S1. The CO, activated BCs
were labelled with the same abbreviations as the standard BCs
plus CO, suffix. For both types of BCs, the furnace was left to
cool overnight under 100 L/h N, flow. The 8 BCs were stored
in airtight containers for later characterization or suspended
in deoxygenated deionized water (dDW) for reactivity experi-
ments. The dDW was prepared by sparging DW with argon
(99.99%) at 20 mL/min for > 1 h under constant stirring.

Green rust synthesis

Green rust was synthesized using a glycine buffered method
(Yin et al. 2017). The sulfate form of GR with the formula
Fe!/Fe!l'(OH),,S0, - yH,0, where y is ~8 (Simon et al. 2003)
was chosen due to its successful use in previous studies (Lind-
hardt et al. 2022), and because of its natural occurrence in the
pedosphere (Hansen and Bender Koch 1998). 10 mmol Fe(II)
and 4 mmol Fe(IIT) were coprecipitated in 740 ml of dDW
containing 4.0 g glycine. NaOH was used to maintain the pH
at 8 using a pH-stat setup (719 Titrino, Metrohm, Switzer-
land). After synthesis, the GR suspension was transferred
into an anoxic glovebox (95% N,, 5% H,, Coy Laboratories,
USA) and left to settle before discarding the supernatant. The
settled GR suspension was washed with three cycles of cen-
trifugation at 4200 g for 30 s (EBA 20, Hettich, Germany)
and supernatant replacement with dDW. The final pelleted
GR was re-suspended in 200 mL dDW, yielding a Fe(I)gg
concentration of ~44 mmol/L. The GR stock suspension was
kept in the glovebox and used within 48 h.

Debromination of 1,2-dibromoethane

Debromination experiments with BCs, GR, and DBA were
set-up in triplicates inside the anoxic glovebox. Specifically,
a 5 mL suspension of ~8.8 mmol/L Fe(Il)gg, 0.12 g/L BC
and 20 umol/L DBA was produced inside 10 mL GC vials
from magnetically stirred stock suspensions of ~44 mmol/L
Fe(Il)gg, 2 g/L BC, and 4 mmol/L DBA in methanol. The
vials were immediately crimp sealed with PTFE/silicone
septa (Mikrolab, Aarhus A/S, Denmark) and then taken out-
side the anoxic glovebox, and placed at 300 rpm on a shaking
table (KS 501, IKA-Werke GmbH, Germany) in darkness at
room temperature (~21 °C). GC vials were sacrificially ana-
lyzed on gas chromatograph (Trace 1300 GC FID/ECD fitted
with a headspace autosampler, Thermo Scientific, USA) to
determine DBA and product concentrations regularly over the
course of 7 days. A flow rate of 60 mL/min was used in the
GC front inlet. The column was a 25 m PoraBOND U and the
oven program had a three stage heating cycle with 50 °C for
two minutes before heating at a rate of 40 °C/min to 250 °C,
where the temperature was kept for two more minutes. Nota-
bly, methane was observed in controls and in reaction vials in
similar amounts, why it is believed to be present in the glove-
box atmosphere. DBA debromination by GR turns out as an
elimination reaction where a C=C double bond is formed for
every two C—Br as shown in Eq. 2.

C,H,Br, + Fel|Fe)'(OH),S0, —» C,H, + 2 Br~

2 + @)
+2Fe;0, + SO +4H,0+4H

First order rate constants and total debromination extent
after 7 days (e,,;) were calculated based on product, i.e.,

a
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ethylene production. Note that ethylene has negligible adsorp-
tion affinity towards GR or BCs. The R package “aomisc” was
applied for nonlinear fitting of ethylene production data and
pseudo-first order parameter calculations (Eq. 3).

C,, cthytene = Co, DBAr * [1 - e_kt] 3)

where C; qpyiene 1S the ethylene concentration at time 7, and
Co, pa: 18 the experimentally determined reactive concentra-
tion of the initial DBA concentration. Adsorption of DBA
was quantified as the difference between the initial DBA
concentration and the sum of residual DBA and formed
product, i.e., ethylene, concentration after 24 h reaction
(Eq. 4). The relatively fast initial adsorption processes were
assumed to be completed after 24 h.

NpBA adsorbed = MDBA, 10 — (MpBA, 24 T Dethylene, 24) @

Here, n is the molar mass of each reactant or product, t
is the time from 0, npgA agsorbeq 1S the molar mass of DBA
removed from solution by adsorption, npp, is the molar
mass of DBA still in solution, and n ggjene, 124 1 the molar
mass of DBA that has been reduced to ethylene.

Biochar characteristics

BC elemental composition was determined by Inductively
Coupled Plasma—Optical Emission Spectrometry (5100,
Agilent Technologies, USA, with Si equipment) after the
sample was digested using a dry ashing—wet digestion
method (Singh et al. 2017). Separately, C and N contents
were determined using a Vario Macro Cube elemental ana-
lyzer (Elementar, Germany). O and H were estimated from
a mass balance principle. BC surface chemistry was probed
by X-ray photoelectron spectroscopy (XPS-Nexsa, Thermo
Scientific, USA) using an Al-K X-ray source with photon
energy of 1486.7 eV. XPS data were analyzed with CasaXPS
version 2.3.24 and the deconvolution of Cls and N1s spec-
tra was based on Gengenbach et al. (2021) and Tang et al.
(2017). The BC Brunauer—-Emmett-Teller specific surface
area (SSA) was determined by N, sorption (Gemini VII,
2390, Micromeritics, USA), using a standard Micromerit-
ics Carbon Black reference of 21.07 m?/g. Samples were
degassed under N, flow for 5 h at 200 °C before SSA deter-
mination. Potential structural differences in BCs were ana-
lyzed with Raman (WITec alpha 300R confocal Raman
microscope, Oxford Instruments, UK) using a 532 nm Ar
laser operated at 100% effect (~69 mW before the objective)
and a spectral resolution (UHTS3000 spectrometer VIS) of
3.8/cm. Spectra were obtained as means of 100 scans each
with 0.1 s acquisition. Deconvolution of characteristic D
(1319/cm) and G (1580/cm) bands was used to estimate the
changes in structural defects upon CO, activation by deter-
mining the intensity ratio of these bands, i.e., the I,/I; ratio.

* @ Springer

Table 1 Debromination kinetics in reactions with GR and different
BCs as mediators

Biochar €74 (%) Rate constant Standard €74m (%)
(k/d) error of k
BARST 1.3 0.18 0.093 1.8
BARSTCO, 1.9 0.80 0.37 2.9
SOYM 5.2 0.63 0.23 4.9
SOYMCO, 46 0.45 0.16 50
WHST 1.3 0.054 0.041 32
WHSTCO, 43 0.22 0.066 5.5
ZOST 12 0.21 0.088 16
ZOSTCO, 25 0.35 0.048 28

Debromination extent (e,4) reflects the highest observed percentage
of ethylene formed during 7-day reaction, and &, represents the
modelled maximum debromination extent

Results and discussion
Debromination kinetics and adsorption

All BCs showed the potential to mediate reductive debromi-
nation of DBA, as indicated by the formation of ethylene in
all reactions (Fig. S1). However, the extent of debromination
(g7¢) and the rate of debromination (k) varied as a function of
BC type (Table 1). Specifically, non-activated BCs showed
€74 0f 1.3%, 4.4%, 1.3%, and 12.3% for BARST, SOYM,
WHST, and ZOST, respectively (example in Fig. 1). With
the addition of CO, activation, the &4 substantially increased
for all tested substrates, but the magnitude differed. For
example, &4 increased 1.5 and 8.8 times for reactions with
BARSTCO, and SOYMCO, BC, while for WHSTCO, and
ZOSTCO, they increased 3.3 and 2.1 times. Overall, the €4
and modelled maximum debromination extent (g,4,) were
highest for the SOYMCO, BC, followed by the ZOSTCO,.
Note that DBA loss due to evaporation and sampling was
insignificant in controls with just DBA and dDW, as shown
in a previous study that used the same experimental proce-
dures and DBA analyses (Lindhardt et al. 2025).
Adsorption occurred immediately after DBA was spiked
to the BC and GR mixture, with obvious DBA removal with-
out ethylene being produced in reactions with the BARST
and WHST BCs in non-activated and CO,-activated treat-
ments. DBA removal was particularly fast in reactions with
BARSTCO, and the WHSTCO,, which also exhibited the
highest specific surface areas (SSA). The total adsorbed
DBA after 7 days was, however, comparable across the
non-activated and CO, activated BARST and WHST BCs
(Fig. 1). DBA removal via adsorption also dominated in
reactions with non-activated SOYM and ZOST BCs. How-
ever, this was not the case for reactions with SOYMCO,
and the ZOSTCO,, which yielded higher €,; compared to
DBA adsorption extents. This was surprising as SOYMCO,
and the ZOSTCO, had a 33-fold and twofold higher SSA
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Fig.1 a Time trends of DBA (red symbols) and products/ethylene
(blue symbols) during reactions of GR with ZOST (empty circles)
and ZOSTCO, (filled circles) BCs (8.8 mmol/L Fe(Il)gg, 0.12 g/L
BC, 20 pmol/L DBA). Error bars represent standard deviation of
triplicates, and the lines represent the fit to pseudo-first order kinet-

compared to non-activated SOYM and ZOST, but a twofold
and 2.3-fold decrease in the adsorbed DBA fraction, respec-
tively. The fact that all reactions still exhibited significant
amounts of DBA in solution after the 7-day reaction, with
very little further DBA degradation expected based on the
fitted kinetics, i.e., €54, (Table 1), indicates that BC surface
sites for DBA degradation and adsorption became quickly
blocked.

Biochar characteristics

The elemental composition of BCs mostly differed as a result
of the substrate, but the relative abundance of some elements
was changed upon CO, activation (Table S2-S3). Carbon is
by far the most abundant element in the BCs, although the
C content of ZOST BCs was significantly smaller compared
to the other BCs, due to its high Si content. On average BCs
lost 10% C during the activation step and thereby increased
the relative abundance of other non-C elements. The nitro-
gen content of BCs is considered an important parameter
in terms of BC catalytic activity, as N functional groups
can act as electron donating moieties (Leng et al. 2020).
Comparison amongst the BCs showed that SOYM BCs had
considerably higher N contents compared to the other BCs.

The distribution of C and N surface species as determined
by XPS analysis (Fig. 2a) showed clear differences between
substrates, while changes induced by CO, activation were
generally less clear. Overall, XPS wide scans showed that
BARST and WHST BCs had higher C and lower O and N

b) 100

600
. In solution
Debrominated
. Adsorbed
75
<) 400 ¢n
v 2
& 50 3
5 &
Q 200
25 b I
0- -0

Biochar

ics. b Left axis: Relative amounts of dissolved, adsorbed (after 24-h
reaction) and debrominated (i.e. produced ethylene) DBA after 7-day
reaction. Right axis: black points represent the specific surface area of
each BC

surface abundances (atomic %) compared to SOYM and
ZOST BCs, while CO, activation had little influence on
these abundances. An exception was an almost sevenfold
increase in surface N content in the SOYMCO, BC, com-
pared to the non-activated SOYM BC. Looking specifically
at the distribution of C functional groups, the C1s spectra for
the SOYM BCs showed higher relative contributions from
O functional groups than the BARST, WHST, and ZOST,
especially the relative content of carboxylic acid groups
increased with CO, activation (Fig. 2b, Fig. S2). The relative
contribution of O functional groups did not increase with
CO, activation for the BARST, SOYM, and ZOST BCs. In
terms of N functional groups, N contents were generally low
in BARST, WHST, and ZOST BCs and the relative distribu-
tion of N functional groups varied little as a result of CO,
activation. The biggest change was observed for the SOYM
BC, which had considerably higher N contents, and where
CO, activation induced the formation of pyridinic N oxides
(Fig. S3). Raman spectra showed characteristic D (1319/
cm) and G (1580/cm) bands, which indicate the presence
of defects and graphitized structures in BCs (Fig. S4). CO,
activated SOYM, WHST, and ZOST BCs exhibited consid-
erably higher I/ ratios (by 25%, 22%, and 9%, respec-
tively) than the corresponding, non-activated BCs (p <0.05)
(Fig. 2c), suggesting that CO, activation introduced struc-
tural defects in these BCs (Jelavic et al. 2022). In contrast,
BARSTCO, exhibited an I,/I ratio 11% lower compared
to the BARST BC (Fig. 2¢). Defects have previously been
suggested as a critical characteristic for the catalytic abilities

* @ Springer
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Fig.2 a Surface elemental distribution as determined by XPS wide scans (atomic %), and b distribution of C functional groups based on high
resolution XPS Cls scan shown in Fig. S2. ¢ I,/ ratios determined from raman spectra of non-activated and CO, activated biochars (Fig. S4)

of BCs, because defects create surface reactive sites, where
electrons may be exchanged (Gabhi et al. 2020; Ma et al.
2022, 2025).

Reactivity and biochar characteristics

In reactions with GR and DBA, BARST and WHST BCs
with and without CO, activation showed the lowest debro-
mination reactivity compared to SOYM and ZOST BCs. The
BARST and WHST BCs were distinctively different from
the SOYM and ZOST BCs in terms of their higher abun-
dance of surface C species, and especially C=C/C-groups;
lower elemental contents of N and Fe, higher SSA values,
and higher DBA adsorption extents.

Overall, this suggests that BARST and WHST BCs surfaces
are less polar, i.e., more hydrophobic than SOYM and ZOST
BCs, thus enabling higher extents of DBA adsorption. This
could be problematic, as GR requires polar sites for effective
GR-BC interactions, i.e., electron shuttling across the BC.
Moreover, there could be steric and electrostatic hindrance for
GR to access redox-active sites if BC surface sites are largely
covered by adsorbed DBA. Overall, this may explain the
low DBA reduction extents, €,4, measured in reactions with
BARST and WHST BCs. In contrast, the higher reactivity for
non-activated SOYM and ZOST BCs may be related to their
higher relative contribution of O functional groups and other
elements, which may give rise to enhanced GR-BC interac-
tions, less DBA adsorption and hence more DBA available
redox active sites on the BC. In terms of the increase in DBA
reactivity observed with CO, activation, and particularly so for
the SOYM where &, increased more than 8-fold, it is more

% @ Springer

challenging to conclude on the key BC characteristics and/or
changes thereof, enabling increased reactivity. While SSA val-
ues clearly increased for all BCs with the applied CO, activa-
tion, it does not correlate well with the measured reactivity
increase, which has also been observed in other BC catalyzed
dehalogenation studies by GR (Lindhardt et al. 2025; Ma et al.
2022). In previous studies, increases in defect density and/or
N functional groups (such as pyridinic N oxide groups) have
been inferred as key factors for increased BC catalytic activities
(Aietal. 2021; Ma et al. 2022; Ouyang et al. 2023). This may
explain the particularly large reactivity increase for SOYMCO,
compared to SOYM, as CO, treatment led to a considerable
increase in both defect density and pyridinic N oxide groups.
Overall, this study shows that there is much potential in
the application of CO, activation to enhance the reactivity
of plant-substrate BCs towards DBA reduction with GR.
The major advantage of CO, activation is that it can be done
directly in the pyrolysis unit and that it does not involve cor-
rosive and hazardous production steps such as acid treatment
(Sun et al. 2022; Zhang et al. 2019, 2004). However, more
extensive studies are needed to pinpoint the key changes in
BC characteristics that enable the higher reactivity. For exam-
ple, it will be important to assess how variation in CO, flow
rate and treatment time, performed also at different pyrolysis
temperatures, affect BC properties and catalytic reactivity.
With such understanding, we can then move towards tailoring
BCs with specific mediation properties for reduction of DBA
and other simple halogenated pollutants. Compared to other
studies on reductive debromination catalyzed by carbonaceous
materials, the current study found a maximum total extent
of DBA debromination at 46%, whereas Fernandez-Verdejo
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et al. (2020) found complete DBA debromination and a
5-fold higher kinetic rate constant using a constant flow elec-
tron source and a carbon fiber brush electrode at a cathode
potential of —0.8 V vs SHE. However, the carbon fiber brush
electrode is stationary and cannot be dispersed in a DBA
contaminated plume, why it has different in situ application
possibilities than the GR-BC method. Furthermore, a study
applying ZVI for the degradation of DBA, showed complete
DBA removal within a few hours. However, the applied ZVI
mass loading was 100-fold higher compared to the amount
of GR used here (Rajagopal and Burris 1999). ZVI is a more
powerful reductant than GR, but it also comes with drawbacks
like corrosion and surface passivation and hydrogen forma-
tion. These challenges are mitigated by the method used in the
current study. Hence, GR with an activated plant-substrate BC
mediator is a promising material for environmentally secure
remediation of DBA polluted soil and water.

Conclusion

The reactivity towards catalyzing reductive debromination
of DBA by GR and CO, activated plant substrate BCs was
assessed and the key changes in physicochemical properties
were determined. CO, activation increases the debromina-
tion extent of BC mediators for reductive debromination of
1,2-dibromoethane. The highest comparative increase in
debromination extent was 8.8 times, using a CO, activated
biochar made from a soymeal substrate. Activation by CO,
increased the SSA and changed the elemental composition
of BCs by gasifying C and therefore increasing the relative
contribution of other elements. It was indicated that CO,
activation of the soymeal biochar led to an increase in the
relative contribution of N containing surface structures, and
especially pyridinic N oxide surface functional groups. A
higher degree of defects in the graphite-like structures on
the biochar surface was also observed.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13762-025-06576-1.
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