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ABSTRACT: Pyrolysis of biorenewable feedstocks and iron oxides is
potentially a greener and more sustainable pathway to producing
zerovalent iron (ZVI) for environmental rehabilitation. The resulting
biochar-zerovalent iron (BC-ZVI) also shows improved remediation
kinetics of trichloroethylene over conventional ZVI. Understanding the
transformations of iron to ZVI and the inﬂuence of feedstock chemistry
on ZVI is critical to the production of BC-ZVI and has not been reported
previously. BC-ZVI production was studied by one-step pyrolysis of
cellulose, corn stover, dried distillers’ grain, red oak, and switchgrass
pretreated with FeCl3. Pyrolysis at 900 °C eﬀectively reduced Fe to ZVI
with most feedstocks; however, the association of silicon (Si) and
phosphorus (P) with Fe resulted in formation of fayalite and Fe
phosphates and phosphides, which limited ZVI production eﬃciency
and/or facilitated corrosion of ZVI. Dispersion of ZVI phases on biochar
surfaces and association with Si facilitated oxidation of ZVI due to greater accessibility to oxygen and enhanced corrodibility of
ZVI in association with fayalite. Feedstocks low in Si and P such as cellulose and red oak yield BC-ZVI suitable for environmental
applications.
KEYWORDS: Biochar zerovalent iron, Pyrolysis, Cellulose, Corn stover, Dried distillers’ grain, Red oak, Switchgrass,
Trichloroethylene remediation

■

INTRODUCTION
Trichloroethylene (TCE) is a toxic, anthropogenic contaminant
known for its adverse human health eﬀects, environmental
persistence, and the fact that some of its degradation
byproducts are equally or more toxic than the parent
compound, markedly challenging remediation.1 The United
States has 427 superfund sites with groundwater contaminated
by TCE,2 which became a national concern as these sites are
mostly near urban populations, which require safe drinking
water. In situ aquifer and soil remediation by zerovalent iron
(ZVI) nanoparticles3−6 and larger iron (Fe) ﬁlings installed as
permeable reactive barriers (PRBs)7,8 have been demonstrated
to eﬀectively decontaminate TCE from soil and groundwater.
This remediation technique employs a redox mechanism by
which TCE is reductively dechlorinated to hydrocarbon and
chloride with the concomitant formation of Fe oxides. While
ZVI soil application is an eﬀective remediation practice,
implementation is limited due to high material cost. Further,
current ZVI production methods carry a signiﬁcant climate
impact with almost 97% of greenhouse gas emission and
environmental impacts associated with remediation attributed
to ZVI production.9 The need for environmental protection
while cleaning up contaminated soil and water call for more
sustainable and environmentally responsible ways to produce
ZVI for remediation.
© 2016 American Chemical Society

Recent research has demonstrated that ZVI composited with
pyrogenic carbon (C) as found in biochar and activated C
exhibits better decontamination kinetics than ZVI alone.10,11
The researchers used borohydride to reduce dissolved Fe onto
biochar and activated carbon surfaces using borohydride.12−14
ZVI nanoparticles are also produced by borohydride reduction
of Fe, and while nanoparticles also demonstrate rapid
decontamination kinetics, their eﬀects are short-lived.15,16 Use
of borohydride to produce ZVI for environmental use is
expensive17 and impractical, because of the large chemical
demand and generation of borate waste streams. Borohydride
production is inherently energy intensive, and most processes
employ petrochemicals.18 Thus, borohydride-based ZVI
production bears a signiﬁcant climate impact. Milling of steel
into ﬁlings also requires complex manufacturing processes, and
steel produced by conventional methods requires substantial
energy and coal. An alternative approach to produce ZVI for
environmental remediation is one-step pyrolysis,10 in which an
Fe-rich source is mixed with biomass and then coﬁred under
low-oxygen conditions. The resulting product material
generally contains nanometer- to micrometer-sized ZVI phases
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Figure 1. XRD patterns of fresh BC-ZVI composites. C = calcium oxide, Z = ZVI, Q = quartz, M = magnetite, S = sylvite, B = barringerite, Sc =
schreibersite, F = fayalite, K = K2Fe2P8O24.

composited with biochar: the solid residue of pyrolyzed
biomass. This material has been described as BC-ZVI.10
One-step pyrolysis10 is potentially a practical and economic
pathway to produce aﬀordable ZVI for remediation purposes,
as biorenewable, agricultural residues and iron oxides such as
dirty or otherwise nonrecyclable steel scrap and low-grade Fe
ores could be used as feedstock materials. Lifecycle analyses of
biochar production show that manufacturing can be carbon
neutral19,20 and that carbon sequestered in soil with biochar
application reduces the climate impact associated with steel
production.21 Thus, pyrolysis-based production of ZVI is also
potentially a greener and more sustainable approach for an
environmental remediation product compared to conventional
methods.
Only one prior study10 has shown that ZVI can be produced
in the pyrolysis of biomass, however; reduction of Fe was
performed from the ferrous state in combination with coir pith,
a relatively clean biomass used for an activated carbon
precursor due to its low mineral content. While some wood
species also exhibit low mineral content, most biomass such as
agricultural residues from grain production or dedicated
bioenergy crops contain signiﬁcant mineral fractions and are
far more abundant than limited wood species. Production of
ZVI from a variety of feedstocks would ensure adequate
supplies of ZVI if produced from locally sourced biomaterials
and Fe oxide sources, thus extending access to remediation.
Lacking still is an understanding of the transformations of Fe to
ZVI in biomass pyrolysis and how the composition of diﬀerent
biomass feedstocks aﬀects the reduction of Fe and the quality of
ZVI in biochar.
We hypothesized that ZVI can be produced from various
biomass feedstocks during pyrolysis and that Fe may associate
with certain elements inherent to biomass. Additionally, some
Fe minerals that form in pyrolysis may alter the quality of ZVI;
thus certain biomass feedstocks may not be suitable for the
pyrolytic production of ZVI. The inﬂuence of temperature and
feedstock composition in producing ZVI by pyrolysis of
biomass mixed with ferric oxides or halides have also not
been reported. This study examines the production of BC-ZVI
composites from a variety of biomass feedstocks pretreated

with ferric chloride (FeCl3) and reports the inﬂuence of
pyrolysis temperature and feedstock chemistry on the resulting
pyrolytic mineralogy.

■

EXPERIMENTAL SECTION

Biochar Preparation. Biomass materials (pyrolysis feedstock)
used in this study included cellulose, corn stover, dried distillers’ grain
(DDG), red oak, and switchgrass. The cellulose was purchased (αcellulose, Sigma-Aldrich) and used as received. Corn stover was
obtained locally and ground in a Wiley Mill. DDG was a course dry
granular material obtained from Lincolnway Energy, LLC (Nevada,
IA) and used as received. Switchgrass was obtained in bale form from a
local source in Story County, Iowa. Bales were shredded using a
Vermeer BP8000 bale shredder to reduce grass to 6−12″ strands and
subsequently milled using an Artsway, 60 hp 26″ hammer mill
equipped with a 1/4″ screen. Red oak was obtained locally in 3/4″
chips and milled with the same hammer mill equipped with a 1/8″
screen.
To produce biochars, the ground feedstock materials were wetted
with 1 M FeCl3 at 10% weight of metal to weight of air-dry biomass
(200 g). FeCl3 was selected as a model Fe3+ source to study the
reduction of Fe to ZVI and is fully soluble in water, to eﬀectively
distribute Fe in biomass. Additional water was added to suﬃciently wet
the biomass, and the resulting slurries were thoroughly mixed to
uniformly distribute the metal, dried in a convection oven at 105 °C
for 1 day, transferred to a stainless steel box, and subsequently slowpyrolyzed using a muﬄe furnace that heated to highest treatment
temperatures (HTTs) of 700 and 900 °C under a 40 mL·min−1 N2
purge. Control biochars were produced from the same raw biomass
sources. Pyrolysis generates myriad noxious gases which can be
harmful to health; thus it is imperative that pyrolysis be performed in a
hood or otherwise well-ventilated work area.
Elemental Analysis. Elemental analysis was performed as
described by Lawrinenko et al.22 An assay of C, N, H, and S contents
was performed in duplicate using an Elementar Vario Micro Cube
combustion analyzer. A Philips PW 2404 X-ray ﬂuorescence (XRF)
spectrometer was used for the bulk chemical analysis. The
spectrometer was equipped with a rhodium X-ray tube operated at
3600 W and was ﬂushed with helium gas during all measurements.
The XRF measurements were corrected for tube drift by monitoring a
reference sample (AUSMON-silicate minerals reference monitor). To
prepare samples for the XRF analysis, biochar samples (5−10 g) were
ground in a SPEX shatterbox puck mill for 2 min, and 2 g of ground
sample was placed into a disposable sample cup and sealed with
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polypropylene ﬁlm (6-μm-thick). Calibration standards were prepared
by mixing biochar produced from cellulose at 700 °C (0.92% ash) with
known quantities of reference standards, speciﬁcally NIST 1633a,
NIST 2691, USGS Nod-A-1, NIST 2910, AWP Std I, and ACS reagent
grade chemicals.
X-ray Photoelectron Spectroscopic (XPS) Analysis. Spectral
measurements were performed using a Kratos Amicus/ESCA 3400
instrument using the air-sensitive accessory. Samples of fresh biochars
were ground in a ball mill and transferred to the air-sensitive sample
holder while under a nitrogen atmosphere. Analysis was performed
with 240 W of unmonochromated Mg Kα X-rays, and photoelectrons
emitted at 0° from the surface normal were energy analyzed using a
DuPont type detector. The pass energy was set at 75 eV. Data analysis
was performed using CasaXPS v 2.3.16 pr1.6, and a Shirley baseline
was removed from all reported spectra.
X-ray Diﬀraction (XRD) Analysis. Diﬀraction patterns of biochar
samples were collected from 10 to 90° 2θ with a Siemens D5000 X-ray
diﬀractometer using Cu Kα radiation generated at 40 kV and 30 mA in
step-scan mode with a step size of 0.05° 2θ and a dwell time of 7 s per
step. Fixed 1.0° divergence and 3.0° antiscattering slits were used with
a scintillation counter. Random powder mounts of biochars ground in
an agate mortar were analyzed at ambient temperature and humidity.
The XRD patterns were analyzed using JADE v9.0. Stability of ZVI in
biochars was studied by XRD analysis of freshly prepared biochars and
subsamples of biochars exposed to ambient air and humidity in a
laboratory environment after 1 week and 1 month.
Scanning Electron Microscopy-Energy Dispersive X-ray
(SEM-EDS) Analysis. Samples were mounted to the top of a 12.5
mm carbon stub using double-sided graphite tape by compressing the
taped stub against a subsample of biochar. Microscopy was performed
with an FEI QUANTA FEG 250 scanning electron microscope using a
10 kV beam of about 1 nA. Images were collected using secondary
electrons. Elemental maps were obtained by energy dispersive X-ray
analysis using an Oxford Aztec EDS.

variability in the production of reducing gases and/or the rate
of electron transfer from reducing gases or solid C phases to
Fe3+ during pyrolysis are likely responsible for the observed
diﬀerences of ZVI formation for diﬀerent feedstocks and HTTs.
XRD peaks for fayalite (Fe2(SiO4)), quartz (SiO2), hematite
(Fe2O3), and sylvite (KCl) were identiﬁed in the diﬀraction
patterns for biochars produced from corn stover, red oak, and
switchgrass along with small peaks for calcite, forsterite
(Mg2(SiO4)), and potassium carbonate. Interpretations of the
diﬀraction patterns are supported by bulk chemical analysis
(Table S1). In general, greater diversity in mineralogy
corresponded with diverse elemental composition. The
presence of fayalite in biochars produced from corn stover,
red oak, and switchgrass demonstrates a tendency for Fe to
associate with silicon (Si) during pyrolysis.
Iron Reduction in Pyrolysis. Fayalite is known to be a
byproduct of iron smelting as quartz sands were historically
used as a ﬂuxing agent in early iron production.25 Its formation
and thermodynamic equilibria in association with iron phases
has been studied extensively.26,27 Fayalite forms due to
coordination of ferrous iron with silicate and forms a solid
solution with ZVI. Phase diagrams of iron illustrate the
relationships between ZVI and oxides of Fe as a function of
temperature, pressure, and O2 fugacity.28−30 Wüstite (FeO) is a
metastable transition phase of Fe that dominates high
temperatures over a range of O2 fugacity at low pressure.
Fayalite and magnetite form in conjunction with ZVI due to the
solubility of these mineralogies with the wüstite phase, which
forms at high temperatures. Instability of wüstite at low
temperature, pressure, and oxygen fugacity drives phase
transformation to ZVI and magnetite. Exsolution of fayalite
and magnetite phases from solid solution with wüstite occurs
during cooling and depends on the stoichiometry and longrange crystalline order of wüstite.29 The relative amounts of
fayalite, magnetite, and ZVI that formed in the production of
BC-ZVI are thus controlled by Si-content and the abundance of
oxidizing gases such as O2 in association with wüstite at high
temperatures. The absence of oxidants regulates the stoichiometry of wüstite, which transforms to ZVI and magnetite
upon cooling. Thus, low O2 and low Si-content of the feedstock
favor a higher yield of ZVI.
Inﬂuence of Phosphorus. Biochar derived from DDG was
rich in P and K, with control 700 °C HTT biochar containing
almost 22.5% P and 55% K by mass. As a result, most of the Fe
in the FeCl3 treated DDG biochar was associated with these
elements, and there was no evidence of ZVI in either the 700 or
900 °C HTT DDG biochars. Rather the XRD patterns for the
700 °C HTT DDG biochar exhibited evidence for iron carbide
(Fe3C), goethite (é-FeO(OH)), potassium iron phosphate
(K2Fe2P8O24), and barringerite (Fe2P). Similarly, 900 °C HTT
DDG biochar exhibited diﬀraction evidence for Fe3C, éFeO(OH), Fe2P, and schreibersite (Fe3P).
A transition occurred in heating from 700 to 900 °C.
K2Fe2P8O24 which formed in biochar at 700 °C HTT thermally
decomposed at higher temperatures yielding Fe3P, potassium
oxide (K2O), and sylvite (KCl) in 900 °C HTT DDG biochar.
Additional evidence of this phosphate to phosphide transformation is observed in the Fe 2p XPS of these biochars
(Figure 2). The high-spin (HS) character of Fe observed in Fe
2p spectra of 700 °C HTT DDG biochar is consistent with
high-ﬁeld ligands, which contribute paramagnetic character to
Fe minerals.

■

RESULTS AND DISCUSSION
Impact of Feedstock Chemistry and Pyrolysis Temperature on Iron Reduction. Pyrolysis temperature and
feedstock composition inﬂuenced the Fe mineralogies that
formed in biochar. Reduction of Fe was achieved to diﬀerent
degrees depending on associated anions, the thermal stability of
lattice structures, and overall reducing conditions that were
present during pyrolysis. Successful formation of ZVI was
achieved for biochars produced from cellulose, corn stover, red
oak, and switchgrass pyrolyzed at 900 °C HTT as indicated by
the 110, 200, and 211 XRD reﬂections of ZVI depicted in
Figure 1. Magnetite was the dominant form of Fe in biochars
produced at 700 °C HTT. However, some evidence of ZVI
formation was also observed for biochars produced from
cellulose, corn stover, and red oak pyrolyzed at 700 °C HTT.
No evidence for ZVI was observed for biochar produced from
switchgrass at 700 °C HTT. The XRD results show no
evidence of ZVI formation during pyrolysis of FeCl3 treated
DDG at either 700 or 900 °C HTT (Figures 1 and S6). In
general, the XRD results indicate more Fe reduction with
greater transformation to ZVI at 900 °C than 700 °C HTT;
however, the results also show that feedstock properties
inﬂuence the formation of ZVI during pyrolysis.
Transformation of Fe3+ to ZVI is a reductive process that
requires oxidation of an associated anion or exchange of the
anion with, and oxidation of, another element such as C. This
reduction reaction occurs during pyrolysis of Fe3+ treated
biomass (Figure 1) and could be driven by the concomitant
oxidation of biomass C to CO2 or CO. Additionally, during
biomass pyrolysis, reducing gases such as H2, CH4, and CO are
evolved, which may also facilitate Fe reduction.23,24 Hence,
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The Fe 2p spectrum of 900 °C HTT DDG biochar does not
exhibit evidence of HS iron. Iron observed in both spectra is
trivalent, ferric iron; however, the lower signal intensity of the
higher binding-energy shoulder observed in the 2p3/2 spectrum
of the 900 °C HTT DDG biochar is due to increased crystal
ﬁeld splitting when Fe is associated with phosphide as opposed
to phosphate.
This diﬀerence in 2p3/2 spectra is likely due to thermal
decomposition of phosphate, resulting in Fe coordinated with
phosphide versus an oxygen atom in phosphate. Iron observed
in the Fe 2p spectra of biochar produced from cellulose is
likewise ferric iron, illustrating oxidation of the exterior surfaces
of Fe phases. No diﬀerences are observed in the Fe 2p spectra
of biochar produced from cellulose due to the stability of oxides
that formed on ZVI phases in this biochar.
Inﬂuence of Silicon on Iron Corrodibility. We have
shown that BC-ZVI composites can be produced from a variety
of feedstocks; however, not all feedstocks yield stable ZVI
appropriate for direct soil application due to rapid corrosion of
ZVI in some biochars (Figures S1−S5). Corrosion of Fe is
described as a shell−core process by which oxidation occurs

Figure 2. Fe 2p XPS of biochars derived from cellulose and DDG.

Figure 3. SEM micrographs and elemental maps of Fe, Si, and Cl for fresh BC-ZVI produced by pyrolysis at 900 °C HTT of the following FeCl3
treated feedstock: (a) switchgrass, (b) corn stover, (c) red oak, and (d) cellulose.
770
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Figure 4. High resolution SEM-EDS analysis (5000× magniﬁcation) of fresh BC-ZVI produced from pyrolysis of switchgrass at 900 °C HTT.

from the outside of a particle and proceeds toward its center,
requiring transport of electrons to an acceptor, typically O2,
with diﬀusion of the latter into the structure of ZVI.31,32 The
electrical conductivity of Fe oxides that form with oxidation and
the diﬀusivity of O2 both inﬂuence the rate at which Fe
corrodes. Examination of the full width at half maxima of 001
XRD reﬂections of ZVI among BC-ZVI produced from
cellulose, corn stover, red oak, and switchgrass reveals a
consistent size of coherent diﬀracting domains among all
biochars (Figure S6), which merely reﬂects statistically similar
long-range order of ZVI and does not reveal information about
the size of discrete phases or aggregates. However, Fe in
biochar produced from corn stover and switchgrass oxidized in
a laboratory environment within 1 week as evidenced by loss of
fayalite and ZVI reﬂections. Intensities of reﬂections characteristic of quartz and sylvite concomitantly increased, indicating
that mineral structures that had formed during pyrolysis
containing Si and Cl decomposed to these minerals
accompanied by the oxidation of Fe (Figures S2, S5). By
contrast, ZVI in biochar produced from cellulose and red oak
were stable against oxidation in the same laboratory environment for one month (Figures S1, S4). BC-ZVI is intended to
provide a source of corrodible Fe for environmental
applications; however, corrosion that occurs too quickly
would not be a practical electron source for remediation of
TCE in soils.
The contrasting corrosion rates of ZVI in biochar produced
from corn stover and switchgrass versus that of cellulose and
red oak is related to the structure and distribution of ZVI

phases. SEM micrographs and corresponding elemental maps
of Fe, Si, and chlorine (Cl) in fresh 900 °C HTT BC-ZVI are
presented in Figure 3. Fe L series maps of biochar produced
from corn stover and switchgrass reveal dispersion of Fe in
these biochars. By contrast, Fe in biochars produced from
cellulose and red oak were aggregated in particles (∼1 to 10 μm
diameter). Assuming that the diﬀusion of O2 and electron
transfer are the rate limiting steps for the corrosion of ZVI, then
the aggregation of ZVI crystallites in the red oak and cellulose
biochars and the dispersion of ZVI in the corn stover and
switchgrass biochars explains the diﬀerent observed rates of
corrosion.
Distributions of Fe and Si observed in the elemental maps of
biochars (Figure 3) produced from corn stover and switchgrass
support the identiﬁcation of fayalite and quartz in the XRD
patterns of these biochars, with partial correlation indicating
partial association between these elements (Figure 1). Fayalite
is electrically conductive,33 and increasing fayalite concentrations exsolved from ZVI phases has been shown to increase
electrical conductivity of the composite.34 Thus, fayalite may
have facilitated corrosion of ZVI in the corn stover and
switchgrass biochars by enhancing electron transport during
oxidation and also increasing defect site population in the ZVI
continuum. Oxidation of both fayalite and ZVI is observed as
transformation to quartz and hematite as revealed by XRD
patterns of 900 °C HTT BC-ZVI produced from corn stover
and switchgrass (Figures S2, S4). Thus, oxidation of fayalite and
its association with ZVI, coupled with dispersion of ZVI phases
likely caused the rapid corrosion of ZVI in BC-ZVI, indicating
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illustrate diﬀerent phases with diﬀerent compositions and are
consistent with the combined quartz, sylvite, fayalite, and ZVI
crystalline phases identiﬁed by XRD in this biochar. The small
size of ZVI phases in this biochar and dispersion of Fe among
other elements facilitated rapid oxidation of ZVI. For purposes
of environmental application, BC-ZVI composites produced
from switchgrass, corn stover, or other high Si feedstocks would
experience rapid oxidation of ZVI during storage and handling,
rendering the product less useful. However, BC-ZVI complexes
produced from red oak and other lignocellulosic feedstocks
with low Si content are potentially more suitable for
environmental applications as ZVI produced from such
materials and Fe oxides corrodes at a lower rate.

the need to select feedstocks low in Si for producing BC-ZVI
with practical corrosion characteristics suitable for environmental use.
Fate of Chlorine in Pyrolysis. Chlorine was present in all
biochars, with increased content in biochars produced from
FeCl3 treated biomass. Some Cl was associated as KCl, sylvite
(Figure 1); however much of it developed as FeCl2 in 700 °C
HTT biochars from the decomposition of FeCl3.35 As the
temperature exceeded the melting point of FeCl2 (677 °C), it is
likely that the liquid coated rigid surfaces with thin ﬁlms
recrystallized upon cooling. Biochars produced at 900 °C from
red oak and cellulose exhibited much lower Cl content
compared to biochars produced from the other feedstocks
(Table S1). The data suggest that FeCl2 further decomposed at
temperatures above 700 °C, with Cl volatilizing from the solid
phase in the absence of suitable cations with which to
coordinate and that residual Cl remaining in biochar became
associated with other elements as chloride salts. Here, we
observe that Cl predominantly associated with K to form
sylvite.
Further evidence for the decomposition of FeCl2 at
temperatures approaching 900 °C is observed in the Cl K
series elemental maps. Chlorine is well dispersed across biochar
surfaces as seen in these maps (Figure 3). Association of Cl
with Si observed in elemental maps of switchgrass BC-ZVI is
inconsistent with patterns observed in corresponding maps of
corn stover BC-ZVI: maps of Cl and Si in corn stover BC-ZVI
show a lack of one element when the other is present, and maps
of the switchgrass BC-ZVI show a Si-rich region in the left side
of the image and uniform distribution of Cl over the entire
map. The stoichiometry of Fe and Cl in BC-ZVI produced
from cellulose and red oak indicates insuﬃcient Cl for
signiﬁcant presence of FeCl2. The distribution of Cl in these
BC-ZVIs also does not evince association of Cl to Fe in the
elemental maps. The elemental content of alkali, alkaline earth,
and transition metals in these biochars can easily account for Cl
as chlorides. Lastly, Cl 2p3/2 XPS of biochar produced from
cellulose and DDG reﬂect two-component distributions with
peak maxima ranging from 198.5 to 199.9 eV, consistent with
chlorides. These spectra are not reported here due to low
signal-to-noise ratio and, hence, poor quality of Cl 2p3/2 spectra
of the BC-ZVI derived from cellulose. The chloride character of
Cl in biochar produced from DDG, elemental analysis (Table
S1) that shows stability of the chloride compounds manifested
as a minor change in Cl content (35.6% to 30.2%) between the
two pyrolysis temperatures, trivalent Fe observed in the Fe
2p3/2 XPS of DDG biochars, and diﬀraction evidence for sylvite
in the 900 °C HTT DDG biochar all indicate that Cl in the
DDG biochars was in the form of sylvite.
A closer look (5000× magniﬁcation) at BC-ZVI produced
from switchgrass at a HTT of 900 °C reveals that surface Fe in
this biochar was in the form of oxides (Figure 4).
Suitable Feedstocks for ZVI Production. A positive
correlation between Fe and Si and a negative correlation with
Cl is observed at closer magniﬁcation. The EDS spectra
compare composition of an Fe-rich phase in the left of the
micrograph to an Fe-poor region closer to the middle. The
diﬀuse background of Cl evidenced in the SEM-EDS analysis
(Figures 3 and 4) and XRD evidence for sylvite (Figure 1)
indicate dispersion of nanometer-scale sylvite crystallites
scattered throughout the biochar. Likewise, the concomitant
presence of Si and absence of Fe in portions of the elemental
maps and poor correlation of these elements in the EDS spectra
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