- QA

v
A4

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Biochar for Lead lon Removal from Aqueous Solutions: the Effect of

Inorganic Carbonate

Juan Tarlera, Ruigi Li, Jonathan Lacuesta, Haiqiu Jiang, Tara Keyser, Deborah Page-Dumroese,
Thomas Elder, Qiangu Yan, Zhiyong Cai, Mathew Smidt, and Yucheng Peng™

Cite This: https://doi.org/10.1021/acsomega.6c01646

I: I Read Online

ACCESS |

[l Metrics & More ’

Article Recommendations |

Q Supporting Information

ABSTRACT: Biochar, a carbon-rich material that can be
produced from forest byproducts and waste, is emerging as a
valuable material for removing heavy metal ions from aqueous
solutions. Biochar can be produced by many processes and
equipment. Among these, mobile air curtain burners, developed to
achieve lower levels of particulate matter and smoke than open pile
burning, can be deployed in the field where biomass feedstocks are
located. To elucidate lead metal ion (Pb**) removal mechanisms,
this study characterized seven biochars generated by a novel
mobile curtain burner, representing the first such investigation of
materials produced by this platform. The Pb*" removal capacities
ranged from 35 to 224 mg-g™' of biochar. To understand the
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factors influencing this removal capacity, various physicochemical properties of the biochars were characterized, including the
specific surface area, electrical conductivity, zeta potential, and pH. The mineral content, particularly calcium carbonate (CaCOj),
was determined by analyzing the X-ray diffraction (XRD) patterns of the biochar samples using the Rietveld refinement method.
Quantitative analysis showed that CaCO; was the primary driver in Pb** removal. Precipitates of cerussite and hydrocerussite
crystals were observed in the biochar XRD patterns after Pb** removal. A linear correlation was observed between the Pb*" removal
capacities of these biochars and the CaCO; contents. The results indicate that the Pb** removal capacities of these biochar samples
were predominantly determined by the CaCOj; contents through the chemical precipitation mechanism.

1. INTRODUCTION

Heavy metal pollution is a growing concern due to increasing
levels of these pollutants in the environment." The presence of
these metals, especially in their ionic forms, can be detrimental
to human health and agricultural activities.””* Heavy metals
tend to bioaccumulate in flora and fauna, causing irreversible
damage to metabolic and neurological functions.” Among the
heavy metals of concern, lead is one of the most commonly
found contaminants in water and soil, entering water and soil
mainly through anthropogenic activities such as mining,
smelting and battery manufacturing.”’

The removal of heavy metals from contaminated water can
be achieved through various technologies such as membrane
filtration, ion exchange resins and electrochemical deposi-
tion.”” Some more modern techniques have also been
developed, using biocatalytic and enzymatic mechanisms to
remove Pb** from wastewater.'”'' When comparing all of
these technologies, the use of sorbents is arguably the most
cost-effective option.”” With its high efficiency, low cost,
reusability, and, in the case of organic-based sorbents,
sustainable production, sorbent-based technology has been
one of the most investigated alternatives for heavy metal water
remediation.””'*~"> The performance is usually dependent on
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pH, adsorbent dose, contact time, temperature, particle size,
and stirring or mixing speed.'® Biochar is one of these sorbents,
and it has been extensively studied as a heavy metal
remediation agent. It is a sustainable material which can be
cheaply produced from various feedstocks including many
types of organic waste.'” Biochar has already been effectively
applied to heavy metal remediation in water systems, among
other applications.'®™*> Due to the high cost of transporting
low-value forest residues, large-scale biochar production may
be financially unfeasible.”® As a result, portable conversion
platforms have been proposed to produce biomass-based
products closer to the supply. Among these, air curtain burners
offer an effective solution for processing biomass residues and
producing biochar. This process results in more complete and
cleaner combustion compared to traditional methods, such as
open pile burning.”” A significant advantage over open pile
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burning is the ability to operate under various weather
conditions, which extends the burning season for residue
disposal. This method not only helps in the disposal of forest
residues that contribute to reduce wildfire risk but also creates
an economical and environmentally beneficial product.”®*’

Despite its widespread application, underlying sequestration
mechanisms remain a subject of debate.”’™>* While it is
generally accepted that removal occurs through a combination
of surface adsorption, ion exchange, electrostatic attraction and
chemical precipitation, the relative contribution of each
pathway is often complex to define.’”’" Studies have
highlighted the importance of chemical precipitation as a
primary mechanism for removing various heavy metals,
particularly lead, which is primarily influenced by the mineral
content of the biochars, such as carbonates and phos-
phates.””™** However, a significant gap exists in the literature.
Few studies have quantified the mineral content of biochar,
and among those, even fewer have established a quantitative
relationship between the mineral content and the heavy metal
removal capacity.”>~>® Simultaneously, detailed character-
ization of the mineral fraction is essential for identifying the
dominant removal mechanism. Quantifying reactive phases like
carbonates can help determine relative contributions of
chemical precipitation when compared with other mecha-
nisms.>”

This study addresses this gap by employing Rietveld
refinement on X-ray diffraction (XRD) patterns to quantify
the mineral content. XRD is a replicable, nondestructive
method for both qualitative and quantitative analysis of
crystalline and amorphous samples that can be applied to
characterize biochar.”” This methodology can be coupled with
Rietveld refinement, a full pattern fitting method which can be
used to quantify crystalline phases of materials in mixtures.*"**
For highly amorphous samples, quantitative Rietveld refine-
ment requires the addition of an internal standard, a highly
crystalline, chemically inery compound to be added in a known
proportion. This standard must have well-defined diffraction
peaks that do not overlap with the sample’s compound
peaks.*>** The most used compounds are a-aluminum oxide
(AL0,), zinc oxide (ZnO) or rutile (TiO,).**** By integrating
internal standards to account for the amorphous carbon matrix,
this approach allows for the establishment of a quantitative
relationship between the biochar’s mineral content and lead
metal ion (Pb**) removal capacity.

The goal of this study was to establish a correlation between
the properties of 7 biochars produced by the air-curtain burner
system and their Pb** removal capacity. The biochars,
produced from various wood and lignocellulosic residues,
were characterized for several key properties. Their Pb**
removal capacities, as well as their calcium carbonate
(CaCO;) content, pH, electrical conductivity (EC), Zeta
potential (ZP), specific surface area (SSA), and elemental
compositions were determined. The CaCOj; content in the
biochar samples was quantified by Rietveld refinement of XRD
patterns, a method previously unreported for biochar analysis.
Additionally, XRD and Scanning Electron Microscopy (SEM)
coupled with Energy Dispersive X-ray Spectroscopy (EDS)
studies confirmed the formation of lead-based carbonates after
biochar uptake in aqueous solutions. The results demonstrated
that a linear relationship exists between CaCO; content and
biochar’s Pb*" removal capacity. While multiple mechanisms
are likely to contribute to the Pb** removal process, the
strength of this relationship coupled with the identification of

lead carbonate minerals points toward chemical precipitation
as a primary driver of removal for these biochars. These
findings highlight the importance of quantifying the mineral
fraction when evaluating removal agents’ performance, helping
the community better understand the predominant mecha-
nisms of heavy metal ion removal in aqueous solutions using
biochar and offering insights into the design and application of
biochar-based remediation strategies.

2. MATERIALS AND METHODS
2.1. Materials

The seven biochar samples were produced by a CharBoss unit, a
portable air curtain burner developed under a Cooperative Research
and Development Agreement (CRADA) between Air Burners (Palm
City, FL) and the US Forest Service. The biochars that were used in
this work and the information available on the feedstocks from which
they were produced are listed in Table 1. Samples I, II, and VII were

Table 1. Biochar Samples Information

biochar collection and
sample feedstock type production location
1 hardwood ouachita national forest,
OK/AR
I municipal mixed tree trimmings and  tooele county landfill,
green waste tooele, UT
111 maple bent creek experimental
forest, NC
v 60% white oak, 40% red oak bent creek experimental
forest, NC
v 40% oak, 20% yellow poplar, 10% red bent creek experimental
maple, 10% other forest, NC
VI yellow poplar bent creek experimental
forest, NC
VIl cedar, douglas-fir vida, OR

produced during demonstrations of the CharBoss system, using
feedstocks available on-site, while samples III-VI were produced
using known proportions of specific wood species. Due to the
operational nature of these field demonstrations, measurements of
production temperatures, residence times and oxygen availability were
not performed. The CharBoss system was designed as a field-
deployable solution for disposing of forestry byproducts rather than
an analytical-grade furnace where atmospheric conditions are strictly
monitored. Consequently, this study focuses on characterizing the
resulting materials to define their properties, rather than evaluating
the specifics of the production process. There was also a limited
control over the materials used for biochar production (see Table 1).
In all cases, the feedstock used to produce the biochar was
representative of typical wood waste management operations. Because
of this, it is likely that the samples included bark and other types of
impurities, such as sand from dragging logs through the ground. Lead
chloride (PbCl,) with a 99% purity and Al,O5 with a 99.997% purity
were purchased from Thermo Fisher Scientific, and deionized water
was used to prepare all suspensions and dilutions.

2.2. Biochar Characterization

2.2.1. Sample Preparation. To ensure a consistent particle size,
biochar samples were ground to a powder using the PTA-2 Ball Mill
(Shimpo-Nidec Corporation, Kyoto, Japan) and a mortar and pestle.
Then, the biochar powders were passed through a 140-mesh (10S
um) sieve (Sargent-Welch Scientific Company, Skokie, IL, USA).
This particle size was used in all experiments unless otherwise
specified.

2.2.2. pH and Electrical Conductivity. The biochar powder was
suspended in deionized water at a solid to liquid weight ratio of 1:10.
The suspensions were shaken in an MX-RL-E tube rotator (Scilogex,
Rocky Hill, USA) at 40 rpm for 1 h, and then the suspension was left
to settle for 1 h before measurement. An Extech EC600 pH/
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conductivity sensor (Teledyne FLIR LLC, Wilsonville, OR, USA) was
used to measure both pH and EC. Three replicate readings were
performed for each sample, and the average was calculated.

2.2.3. Specific Surface Area. The biochar samples were prepared
by degassing under vacuum at 200 °C for 24 h to remove adsorbed
moisture and gases without inducing thermal degradation or structural
changes using a VacPrep 061 instrument (Micrometrics, Norcross,
GA, USA). The N, gas adsorption isotherms were then measured at
—196 °C using a Micromeritics TriStar II Plus (Norcross, GA, USA).
Measurements were taken across a relative pressure range between
0.005 and 0.5, with three replicates performed for consistency. The
surface area was calculated using the Brunauer—Emmett—Teller
(BET) method according to the following equation

B

1 _ 1 c- l(z]
W((g) _ 1) w,C w,C | B, 0

Where W is the cumulative volume of gas adsorbed at standard
temperature and pressure, P and P, represent the equilibrium pressure
and the saturation vapor pressure of the adsorbate at the temperature
of adsorption, respectively, W, is the volume of gas required to form a
complete, theoretical monomolecular layer over the entire surface of
the biochar and the dimensionless C constant, indicates the energy of
adsorption.

2.2.4. Zeta Potential. Biochar samples were ground using a PTA-
2 Ball Mill (Shimpo-Nidec Corporation, Kyoto, Japan) and a mortar
and pestle. The samples were passed through a 200-mesh (74 ym)
NO.10 sieve (Sargent-Welch Scientific Company, Skokie, IL, USA) to
obtain smaller particles, which are more stable in suspension for
measuring zeta potential,*® and then loaded into polyethylene tubes.
Deionized water was added to suspend the biochar at a solid-to-liquid
weight ratio of 1:500 to obtain a stable, nonturbid suspension. The
suspensions were then shaken with an MX-RL-E tube rotator
(Scilogex, Rocky Hill, USA) and rotated at 40 rpm for 1 h before
loading them into DTS1070 cells (Malvern Panalytical, Malvern, UK)
to measure the ZP using a Zetasizer Lab (Malvern Panalytical,
Malvern, UK). ZP was measured at room temperature at the native
pH of the suspension in DI water, and five consecutive readings were
performed continuously for each sample, with the mean reported.

2.2.5. Elemental Analysis. The C, N, and H contents of the
biochar samples were analyzed with a FLASH 2000 CHNO analyzer
(Thermo Fischer Scientific, Waltham, MA, USA). Oxygen content
was calculated by difference. It should be noted that this calculation
yields an ‘apparent’ oxygen content, as it incorporates oxygen atoms
from both the organic carbon matrix and the inorganic mineral
phases. The oxygen to carbon (O/C) and hydrogen to Carbon (H/
C) ratios are calculated and expressed as molar ratios.

2.2.6. Pb** Removal Capacity. A kinetic study was performed to
determine the Pb** removal behaviors by biochar. In the kinetic study,
100 mg of biochar sample was placed in a SO mL polypropylene tube
to which 50 mL of a 700 mg-L™" solution of PbCl, was added. The
initial and residual Pb** concentrations in the aqueous solutions were
measured using a ultraviolet visible light (UV—vis) spectrophotom-
eter (UV-1600PC, Avantor Inc., Radnor, Pennsylvania, USA) at a
wavelength of 208 nm following a procedure used by Peng et al.*’
This method was validated in the range of 1—30 mg-L ™" establishing a
calibration curve correlating the intensity of the UV wavelength with
the Pb** concentrations. The tubes were placed in an MX-RL-E tube
rotator (Scilogex, Rocky Hill, USA) and rotated at 40 rpm for 72 h at
room temperature. Samples of the suspension were taken at 10, 30,
60, 120, 180, 240, 480, 1140, 2880, and 4320 min and filtered through
0.22 pum hydrophilic PTEE filters. The residual Pb?* concentration in
the filtered solution was determined using the same UV-—vis
spectrophotometric procedure used for the initial concentration.
Based on the amount of lead ions (Pb**) in the filtrate, a pseudo-
second-order model was used to fit the data, with the equilibrium
removal capacity (q,) representing the removal capacity of the
biochar. This model was selected based on literature where the rate-

limiting step is a chemical interaction rather than a physical diffusion
process.48’49

2.2.7. XRD Analysis of Biochar. For the analysis of pristine
biochar samples, were analyzed with a SmartLab X-ray diffractometer
(Rigaku Corporation, Tokyo, Japan), with Ni-foil filtered Cu K-alpha
radiation, which has a wavelength of 0.154 nm. The X-ray tube
operates at 40 kV and 30 mA, using a compact photon-counting X-ray
detector (HyPix-3000). The samples were scanned over a 2-theta
range of 10 to 80 degrees at a scan speed of 10°min~". One sample,
for which limited material was available, was scanned at a rate of 5°
min~". This difference in scan speed was not found to significantly
affect the qualitative phase analysis, as for all scans the main
diffraction peaks were well resolved and defined.

For the analysis of lead mineral formation on biochar, 100 mg of

sample from all biochars were placed in S0 mL polypropylene tubes to
which 50 mL of a 700 mg-L™" PbCl, solution was added. Similar to
the Pb?* removal capacity studies, the suspensions were shaken in the
same tube rotator at 40 rpm for 72 h at room temperature. The
biochar was then separated by centrifugation, with the suspension
transferred into 15 mL glass tubes and spun at 4000 rpm for 10 min in
a LC-8 Lab Centrifuge (Benchmark Scientific Inc., Sayreville, NJ,
USA). The biochar in the glass tubes was dried at 10S °C in a
convection oven (Cole-Parmer, Vernon Hills, IL, USA) for 24 h. The
biochar powder samples were analyzed in triplicate with the SmartLab
X-ray diffractometer (Rigaku Corporation, Tokyo, Japan) with the
same operational parameters as before, and a scanning speed of 10°-
min~,
The CaCOj; content for the different biochar samples was
determined by mixing 100 mg of each biochar with 10 mg of
AlO;. The mixture was thoroughly homogenized by vigorous hand
shaking. The samples were scanned over the same 2-theta range of 10
to 80 degrees at a scan speed of 2.5°min~". This lower scanning
speed was chosen to obtain higher-quality data for quantification
purposes, as supported by the literature.”” For each biochar sample,
three replicates of the homogenized mixture were prepared and
analyzed.

Rietveld refinement of the X-ray diffraction data was performed
using the open-source software Profex (version 5.5.0), which serves as
a graphical user interface for the fundamental parameters-based
Rietveld program BGMN.*® The phases for the Rietveld refinement
were selected based on previous qualitative analysis of the patterns,
which were used to identify the constituents. In addition, two
amorphous peaks were included in the refinement at the 26 angles of
25° and 43° to represent the two characteristic broad amorphous
carbon peaks in the ranges of 20—30° and 40—50°.>" The internal
standard weight ratio (Al,O;) was specified before starting the
refinement. After fitting each phase, a calculated pattern for the whole
sample was generated by summing the individual patterns for all the
identified phases, with the respective weight ratios calculated from the
internal standard weight ratio. The quality of the refinement was
judged mainly through the y* value, where values close to 1 indicate a
good fit.>>** In addition, a visual analysis was performed between the
experimental and calculated patterns to confirm that any differences
were confined to the identified peaks and not caused by unmodeled
phases.

2.3. SEM-EDS

Surface morphology and elemental composition were characterized
via SEM-EDS using a ZEISS EVO 10 scanning electron microscope
(Carl Zeiss AG, Germany) equipped with an EDAX TEAM Element
EDS system (USA). Biochar sample I, both pristine and after Pb**
exposure, were mounted onto aluminum stubs using double-sided
conductive carbon adhesive tape. Images using Secondary Electrons
(SE) and Backscattered Electrons (BSE) were obtained, as well as
EDS point composition information for certain structures. Images
were acquired at an accelerating voltage of 20 kV and a working
distance of approximately 11 mm. Morphological details were
resolved using a Secondary Electron (SE1) detector, while elemental
contrast was highlighted using a High Definition Backscattered
Electron (HDBSD) detector.
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2.4, Statistical Analysis

All statistical analyses were performed using R (v4.4.1) to evaluate the
collected data. For each measured property, a one-way analysis of
variance (ANOVA) was conducted to test for significant differences in
mean values across the seven biochar samples. In cases where the
ANOVA indicated a significant effect (p < 0.05), a Tukey’s HSD
posthoc test was performed to identify which specific pairs of biochar
samples were statistically different from one another. The relationship
between the measured biochar properties and Pb** removal capacity
(q.) was investigated using correlation and regression analyses. A
simple linear regression model was used to analyze such relationships,
and the coefficient of determination (R?) was calculated in each case.

3. RESULTS AND DISCUSSION

3.1. Biochar Properties

The properties of all seven samples were measured to assess
their physicochemical characteristics. Line plots with the mean
values and standard deviations are shown in Figures 1, 2, and 3.
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Figure 1. pH and EC for different air curtain burner biochar samples.
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Figure 2. H/C and O/C ratios for different air curtain biochar
samples.

One-way ANOVA confirmed that all biochar samples were
statistically different from at least one other sample for every
property analyzed. Tukey’s HSD posthoc test results are
included in the line plots, with different letters indicating
statistically significant differences (p < 0.05).
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Figure 3. ZP and SSA for different air curtain biochar samples.

The pH values show that all biochars have an alkaline
nature, which is consistent with the literature. Chen et al.
measured biochar pH produced using fir sawdust and found
pH values ranging from 6.74 to 9.59, depending on pyrolysis
temperature.”* Yargicoglu et al. measured pH for biochars
produced from pine, a mixture of fir and pine, and a mixture of
aged hickory and oak, finding values of 8.47, 8.77, and 7.88,
respectively.” Jiang et al. found the pH of jarrah hardwood
biochar to be considerably greater than softwood pine biochar,
with values of 9.9 and 7.8, respectively, which would follow the
same trend as our data.”® The pH values for all the samples in
this study are greater than 9.93, with the greatest pH value of
10.49. The high pH values of the biochar samples can be
primarily attributed to the presence of CaCO; in all these
samples (as demonstrated by the XRD analysis in Section
3.3.3) with CaCO; having a well-documented alkaline
nature.”” However, even with XRD analysis only identifying
the presence of CaCO;, the pH values could also reflect the
presence of other alkaline elements such as K, Mg and Na not
detected by XRD. Biochar pH is inherently correlated with the
formation of carbonates and the content of inorganic alkalis
derived from the feedstock and pyrolysis conditions.”” This
high pH generated by the biochar samples can become a
significant driver for Pb** removal. The high pH shifts
inorganic carbon speciation to favor CO;>” ions, facilitating
the chemical precipitation of lead as insoluble mineral phases.
EC values spanned a considerable range, from 2.29 to 0.80 dS-
m™". Jiang et al. measured EC for biochars produced from pine
and jarrah wood, also finding a wide range of values from 2.22
to 0.32 dS'm™", attributing this difference to the accumulation
of soluble salts in the feedstock, depending on the growth
environment and conditions.”® The EC in solution produced
by biochar is proportional to the concentration of dissolved
mineral salts in the aqueous phase.”® In these biochar systems,
EC can measure the release of alkaline species and ions, which
can influence chemical precipitation of Pb**. ZP showed
negative values for all biochars, with most reaching values
below —30 mV. Biochar typically exhibits a negative surface
charge due to oxygen-containing functional groups, such as
carboxyl groups, which results in negative ZP values.’”*
Yargicoglu et al. also determined the ZP of biochars produced
by a pyrolysis process from pine, a mixture of fir and pine, and
a mixture of aged hickory and oak, obtaining values of —23.7,
—15.8, and —15.4 mV, respectively.”> ZP is closely related to
solution pH, so comparisons without pH control should be

https://doi.org/10.1021/acsomega.6c01646
ACS Omega XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/10.1021/acsomega.6c01646?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01646?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01646?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01646?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01646?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01646?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01646?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01646?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01646?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01646?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01646?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01646?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.6c01646?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

interpreted with caution.”” However, the zeta potential is still a
good indicator of the surface charge which affects possible
electrostatic interactions.’’ All samples showed a negative zeta
potential, possibly facilitating the initial attraction of Pb**
cations to the biochar surface. SSA values were high when
compared with other nonactivated biochars. Jiang et al
determined SSA for pine and jarrah wood biochar, obtaining
values of 219 and 309 m?.g~", respectively.”® Yargicoglu et al.
found that for pine wood biochar, the SSA were even lower,
reaching up to only 41 m*g™'*. According to a review by
Tomczyk et al. softwood biochars show higher SSA than
hardwood biochars, consistent with our results with biochar
VII, the only sample produced from softwood species, showing
the highest SSA values out of the seven samples.”” It has been
well documented that SSA is highly dependent on the biochar
manufacturing process and conditions, with higher temper-
atures increasing SSA, which could explain these differences.””
Biochar surface area is typically associated with physical
adsorption capacity, and several authors claim it to be one of
the main predictors in heavy metal removal, arguing that
higher surface areas allow for improved interactions between
metal ions.”” While H/C and O/C ratios are usually inversely
proportional to pyrolysis temperature as water and volatiles are
released, the raw material’s inherent composition plays an
equally crucial role in determining these values.”* Jiang et al.
found H/C and O/C ratios for hardwood and softwood
biochars, with softwood having an H/C of 46% and an O/C of
14%, while hardwood presented an H/C of 23% and an O/C
of 8%.°° Keiluweit et al. measured H/C and O/C ratios of
biochar manufactured from Ponderosa pine shavings between
temperatures of 100 °C (drying) and 700 °C, obtaining values
of 159% and 21% for H/C, and 63% and 5% for 0/C.°> The
H/C ratios obtained for most of the biochars used in this study
are below this range, while O/C values are within the low end
of the range.

3.2. Removal Kinetics

The Pb*>" removal kinetic data from aqueous solutions by
biochar were successfully fitted with a pseudo-second-order
model, consistent with other Pb** removal studies.®> "> While
this model is often associated with chemisorption-controlled
processes, it is utilized here as an empirical framework to
determine the equilibrium removal capacity and facilitate
quantitative comparisons between the different biochar
samples. This empirical approach focuses on the overall rate
of Pb** removal from the solution without assuming a specific
surface-adsorption mechanism. The linearized form of the
model is shown in eq 2.

t/q, = 1/k,q° +t/q, @)

Where g,corresponds to the amount of Pb** removed per unit
mass of biochar at a time £, g, is the amount of Pb*" removed at
equilibrium and k,is the pseudo-second order rate constant.
In general, the kinetic process exhibited rapid initial removal
rates, reaching approximately 80% of the maximum Pb**
removal capacity within 4 h in virtually all cases. Between 48
and 72 h, practically no difference was detected in the residual
Pb**concentration in the solutions. At this point, the system
was considered to have reached equilibrium. Figure 4 displays
the kinetic curves for the Pb** removal by different biochar
samples. The removal capacities for all biochars, as shown in
Figure S, vary significantly between samples. The maximum
Pb** removal capacity of 224 + 3 mg-g™' biochar corresponds
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Figure 4. Kinetic curves for different air curtain burner biochar
samples.
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Figure 5. Pb** removal capacity for different air curtain burner
biochar samples.

to sample I, while sample VII has the minimum removal
capacity, with 35 + 3 mgg™' biochar. These values are
generally above what has been previously reported when using
unmodified wood-based biochar for Pb*'removal. Table 2
provides a summary of reported Pb** removal capacities for
wood-based modified and unmodified biochars including
feedstock used and production conditions.

The data presented in Table 2 demonstrates that the
CharBoss biochars exhibit Pb** removal capacities that meet or
exceed those of several previously reported biomass-derived
chars. Notably, the performance of the high-performing
CharBoss samples is competitive even with biochars that
have undergone postproduction chemical or physical mod-
ifications designed to enhance their performance. However,
because removal capacities depend on specific experimental
parameters, such as initial Pb*>* concentration, solution pH, and
solid-to-liquid ratio, these values are not directly comparable
across disparate studies. Nevertheless, the high capacity
observed for the unmodified air-curtain burner biochars
under the current conditions suggests a robust potential for
lead remediation driven by their intrinsic mineral content.
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Table 2. Comparison of Pb** Removal Capacities and Identified Removal Mechanisms for Wood-Based Biochars

concentration temperature
feedstock modification range (mg-L™") °C)
hickory chips - 2-250 600
hickory chips NaOH 2-250 600
douglas fir green KOH 25—1000 900,1000
wood chips
hickory chips KMnO, 100 600
commercial - 2—-250 350,450,600
hickory chips
shredded wood - 15-15S 475
shredded wood Mild air 15-155 475
oxidation
aak wood Fe,(SO,)** 1-100 400,450
FeSO,
oak bark Fe,(SO,)** 1-100 400,450
FeSO,
oak wood - 2—1000 400,450
pine wood - 2—1000 400,450
oak bark - 2—1000 400,450
pine bark 2—1000 400,450
loblolly pine 20 350,450,600
hamlin citrus - 20 350,450,600
virgin coniferous - 50,100 600
wood
soft wood pellets - 1000 550
british broadleaf 1000 600
hardwood

residence  removal ca]i)acity
time (h) (mg-g™") mechanism reference
2 112 - 64
2 536 - 64
1-10's 140 complexation to surface groups 66
1 153.1 surface adsorption mechanisms 67
2,3,5 12.2-16.3 cation exchange 68
0.25 0.09-2.44 cation exchange 69
0.25 1.04-9.28 cation exchange 69
30s 30.20—-55.91 metal complexation 70
30s 8.92—-10.13 metal complexation 70
30s 2.62 cation exchange 71
30s 4.13 cation exchange 71
30s 13.1 cation exchange 71
30s 3 cation exchange 71
- 1.8-3 electrostatic interaction, precipitation 72
and surface complexation
- 7.6—7.9 electrostatic interaction, precipitation 72
and surface complexation

- 20.15 - 73
- 8.0808 surface precipitation 74
13.5 47.656 surface precipitation 74

Normalized Intensity (a.u.)

CaCOs3

Si0

AlLO3

PbCO3
Pb3(CO3)2(0H)2
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Al;03 Mix
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Figure 6. XRD patterns for biochar sample I with phase identification.

3.3. XRD Analysis of Biochar

3.3.1. Pristine Biochar Analysis. The XRD scans of the
seven biochar samples appeared to be mostly amorphous, with
two broad peaks at 20 angles of approximately 25° and 43°.
Additionally, the presence of calcium carbonate (CaCO;) and
quartz (SiO,) was detected. The main peaks used for the
identification of these materials were at 20 angles of 29.4° and
39.4° for CaCO; and 26.6° for SiO,.”"”> Biochar sample III
was scanned at a different scanning speed of 5°min™" due to
the limited amount of sample. However, as can be seen here,
no significant differences in data quality can be observed
between this pattern and the others.

3.3.2. Lead Mineral Formation on Biochar. The XRD
patterns of the seven biochar samples after Pb** removal
showed two broad amorphous carbon peaks. In addition, all

samples showed the presence of lead minerals, cerussite
(PbCO;) and/or hydrocerussite ((Pb);(CO;),(OH),). Since
the main peak for both PbCO, and ((Pb);(CO;),(OH),) has
virtually the same location at a 20 angle of 24.7°, a visual
assessment of these phases’ presence and prevalence is difficult
when only considering this peak. Therefore, other smaller
peaks were selected to visually identify the phases. The
selected peaks for the phases can be seen at 20 angles of 34.1°
for (PbCO,;),Pb(OH), and 25.4°, 36.0° and 43.4° for
PbCO;’°. The presence of these two phases of lead
compounds is consistent with the literature, indicating that
they can coexist and are stable over a wide range of pH
values.””

Pristine biochar samples with higher CaCOj; peak intensities
showed stronger peaks for lead carbonate minerals. This
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Figure 7. Rietveld refinement plot for biochar sample L

mechanistic link indicates that CaCOj in the biochar serves as
the primary reactant for the formation of lead carbonate
minerals, which is consistent with the reaction pathways shown
in egs 3 to (5)33

CaCOy,) « Cayy) + CO3y) 3)

2C0O3 () + 3Pb(s) + 20H ) < Pby(CO,),(0H),(,
(4)

2— 2+
CO3(aq) + Pb(aq) > PbCO3(S) (5)

These results suggest an important relationship between the
CaCOj content and Pb** removal capacity. No monitoring of
Ca* or carbonate/bicarbonate species release was performed,
representing a limitation when it comes to the understanding
of underlying removal mechanisms. However, the consump-
tion of crystalline CaCOj; alongside the emergence of PbCO;
phases provides robust evidence that chemical precipitation
could be a major mechanism in Pb*" removal for these
samples.

3.3.3. CaCO; Content. To determine the CaCO; content,
the patterns were first quantitatively analyzed to identify the
crystalline phases present in each sample. All seven biochar
samples showed evidence of CaCOj; and silicon dioxide (SiO,)
in the form of quartz. All samples showed clear evidence of the
added internal standard, Al,O;, with peaks clearly visible at 20
angles of 25.5°, 35.1°, 43.3°, and 57.4°. Figure 6 presents three
XRD patterns for biochar sample I: pristine, mixed with an
AL O, internal standard for quantification, and after Pb**
exposure. XRD patterns of the pristine sample, mixed with
an Al O; internal standard, and after Pb** exposure for all
samples can be seen in Figures S1, S2, and S3.

With all phases identified, a Rietveld refinement was carried
out. For all samples, the internal standard was Al,O; and its
exact weight fraction was included for the calculations. The
crystal phase parameters k; and k), which help adjust peak
broadening due to microstraining and Bj, which adjusts peak
broadening due to crystallite size effects, were adjusted. The
spherical harmonics order, which accounts for texture
refinement, was also optimized, starting with simpler isotropic
refinement and low harmonics orders. Anisotropic refinement
and higher harmonics orders were then iteratively imple-
mented to improve the fit until a satisfactory result was

achieved. All pattern refinements showed a good fit with y*
values below 3.5 for all tests and good visual agreement. The
differences between the experimental and calculated patterns
were small in all patterns. As an example, the resulting patterns
for biochar II can be seen in Figure 7. The CaCOj content of
the original samples (without considering the ALO;) was
calculated from the content obtained from each of the three
replicate patterns. CaCOj contents for the biochar samples are
shown in Figure 8, along with the Pb** removal capacity shown
above for comparison purposes.
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Figure 8. CaCO; content and Pb** removal capacity for air curtain
burner biochar samples.

It can be seen from these results that all biochar samples are
mostly composed of amorphous carbon as expected, but
CaCOj; and SiO, contents vary greatly between samples, from
63.2 + 0.4 mg CaCOj; per gram of biochar in biochar sample I
to 1.94 + 0.09 mg CaCOj; per gram of biochar for biochar VII
and from over 27.1 + 0.4 mg SiO, per gram of biochar for
biochar sample I to 0.3 + 0.05 mg SiO, per gram of biochar for
biochar sample III. Compared with the values obtained for
Pb*" removal capacity, the trend among the seven samples is
the same.
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Figure 9. Topographical (SE) and compositional (BSE) analysis of mineral phases. Pristine biochar imaged via (a) SE and (b) BSE detectors.

Biochar after Pb** exposure imaged via (c) SE and (d) BSE detectors.
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Figure 10. (2) SEM micrograph and (b) corresponding EDS spectrum of the CaCOj crystal in pristine biochar sample.

3.4. SEM-EDS

3.4.1. Pristine Biochar. Surface morphology and mineral
distribution of the pristine biochar were characterized using SE
and BSE imaging. Several crystals forming granular aggregates
were distributed across the surface of the biochar. SE imaging
(Figure 9a) provided topographic detail while BSE imaging
(Figure 9b) exhibited high Z-contrast. The high brightness of
these crystals relative to the darker carbon matrix indicates the
presence of heavier elements. EDS point analysis of these
bright regions (Figure 10) confirmed a composition dominated
by Ca, C, and O. These results coupled with the XRD scans
confirm the presence of CaCOj crystals in the biochar matrix.

3.4.2. After Pb?* Exposure. SEM analysis revealed that
previously observed CaCOj; could not detected. Instead,
needle-like crystals were observed both on the carbonaceous
matrix as well as by themselves. The needle-like structure

matches previous reports of cerussite crystals
SEM.”® Consistent with the observations of the pristine
biochar, SE imaging of the Pb-loaded sample (Figure 9c)
revealed crystalline precipitates on the surface while BSE

as seen by

imaging (Figure 9d) showed high contrast between the crystals
and the carbon matrix stemming from atomic number
differences. EDS point analysis of these new structures (Figure
11) showed a predominant composition of Pb, C, and O.

These results demonstrate that the lead carbonate phases
precipitate directly on the biochar surfaces, triggered by the
localized dissolution of intrinsic calcite. However, because
postexposure Rietveld refinement was not conducted to fully
quantify the mass balance of the crystalline phases, the
potential occurrence of minor, secondary precipitation within
the bulk solution phase cannot be entirely excluded.
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Figure 11. (a) SEM micrograph and (b) corresponding EDS spectrum of the PbCOj; crystal in biochar sample after Pb** exposure.

3.5. Relationship Between Pb?* Removal Capacity and
Biochar Properties

Simple linear regression was performed using the “Im ()”
function in R (v4.3.2) to model the relationship between Pb**
removal capacity and measured biochar properties, and to
determine which mechanisms are most significant in Pb**
removal. Of the 7 properties investigated, only 2 showed
statistical significance (p < 0.05): CaCOj content and O/C
ratio. The initial biochar pH was not found to be a statistically
significant predictor of removal capacity. This lack of
correlation between biochar pH and Pb** removal capacity
suggests that the pH values could have been primarily
governed by the solubility equilibrium of CaCOj3, with minor
pH differences between samples likely arising from secondary
ash components or surface functional groups. Because the
initial pH characterization was conducted at a high solid-to-
liquid ratio, these conditions inherently reflect a highly alkaline
environment (pH > 9.9). However, during the actual batch
adsorption experiments, the lower biochar-to-solution dosage
may result in a less alkaline equilibrium pH. While this native
alkalinity establishes a favorable baseline environment for the
spontaneous aqueous precipitation of Pb** into insoluble
phases such as PbCO;, the pH itself does not reflect the
ultimate removal capacity. Instead, the capacity is governed by
the stoichiometric availability of the solid-phase carbonate
matrix rather than the equilibrium pH value itself. The pH
provides the necessary environment for precipitation but does
not reflect the removal capacity, which is governed by the
stoichiometric availability of the carbonate rather than the
equilibrium pH value itself. EC also showed no correlation
with the Pb** removal capacity, consistent with the trends
observed for pH. While an elevated EC indicates the presence
of a sufficient ionic environment to initiate lead removal, the
instantaneous measurement does not reflect the total CaCO,
available. For ZP, the poor correlation suggests that electro-
static attraction can act as a precursor to removal, but it is not
the governing mechanism. In the case of SSA, the lack of
correlation indicates that pore-filling and physisorption are not
the primary removal mechanisms. While a higher surface area
may provide more interface for the initial contact between Pb**
ions and the biochar, the total removal performance was not
governed by a physical adsorption process. The regression
plots for CaCOj content and O/C ratio with the best fit line,

its confidence interval, and the R? coefficient can be seen in
Figures 12 and 13.
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Figure 12. Relationship between the CaCOj content and the Pb**
removal capacity for all biochar samples, with the confidence interval
represented as the shaded area.
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Analysis of the scatter plot and the high R* value of 0.99
indicate a very strong and positive relationship between
CaCO; content and Pb** removal capacity. The positive value
of the y-intercept suggests that even if no CaCQyj is present in
biochar, Pb** removal can still occur, probably through other
mechanisms such as surface complexation, cation exchange,
and electrostatic interactions.”” This result, alongside the XRD
and SEM-EDS results showing the formation of lead carbonate
phases, suggests that chemical precipitation could be the
primary driver of Pb*" removal in these samples. The O/C
ratio also seems to be a good predictor of Pb** removal
capacity. A correlation between O/C ratio and CaCO; content
revealed a strong, positive linear relationship between the
biochar’s CaCOj; content and its O/C ratio, with a Pearson’s
correlation coefficient of 0.970 (p < 0.001). Given that the
presence of CaCOj is a source of oxygen in the biochar matrix,
this relationship is consistent with the hypothesis that the high
O/C ratio is primarily a consequence of CaCOj; presence
rather than, for example, oxygen-containing surface functional
groups. This was confirmed through XRD and SEM-EDS
results, indicating the presence of the CaCO; phases.
Additionally, the O content in the biochar sample was
calculated by subtracting the masses of C, N, and H from
the total mass of the biochar, which also included CaCOs;.
Therefore, for this study, we focused on CaCOj content as the
primary predictor of Pb** removal capacity. These results
suggest that chemical precipitation is one of the primary, if not
the most significant, mechanisms for Pb** removal by biochar.
While the chemical reaction between carbonate and Pb** has
been documented and is recognized as a removal mechanism
for lead when using biochar, the present study’s quantification
of the mineral content in biochar, coupled with its Pb**
removal capacity, sheds new light on the importance of this
specific removal pathway.>** While a strong correlation (R* =
0.99) was observed between the CaCO, content and Pb**
removal capacity and the XRD results align with the proposed
theory, the statistical limitations inherent in a data set of seven
samples are recognized. Biochars produced at different
conditions or from different feedstocks may have other
mechanisms playing a more significant role. Future studies
with a broader selection of samples are necessary to determine
if CaCO; content remains the primary predictor of Pb*"
removal across diverse production platforms.

4. CONCLUSIONS

The present work analyzed seven air-curtain burner-produced
biochars before and after exposure to Pb** in solutions,
identifying a clear association between the CaCOj; present in
the biochar samples and the lead carbonate minerals formed.
Additionally, the biochars were characterized by determining
their Pb*>* removal capacity, zeta potential, pH, electrical
conductivity, elemental composition, and CaCOj; content,
which was quantified by XRD and Rietveld refinement, a
method not previously used to quantify minerals in biochar.
This research found strong linear correlations between CaCOj,
content and Pb** removal capacity, suggesting that chemical
precipitation is a major contributor to Pb** removal by these
biochars. These findings highlight the significant contribution
of intrinsic carbonate phases to biochar’s lead remediation
capabilities, offering guidance for the design of highly effective
biochar remediation agents for environmental applications.
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