Carbon Trends 5 (2021) 100088

= Carbon
Trengi___g

Contents lists available at ScienceDirect

Carbon Trends

journal homepage: www.elsevier.com/locate/cartre

Physical and chemical mechanisms that influence the electrical n
conductivity of lignin-derived biochar

Seth Kane? Rachel Ulrich®, Abigail Harrington®, Nicholas P. Stadie¢, Cecily Ryan®*

aMechanical and Industrial Engineering Dept. & Center for Biofilm Engineering Montana State University, Bozeman, MT 59717, United States
b Department of Mathematical Sciences Montana State University, Bozeman, MT 59717, United States
¢Department of Chemistry and Biochemistry Montana State University, Bozeman, MT 59717, United States

ARTICLE INFO

Article history:
Received 28 July 2021
Accepted 30 July 2021

Keywords:

Biochar conductivity
Lignin

Carbon powders
Sustainable electronics
Carbon-based electronics

ABSTRACT

Lignin-derived biochar is a promising, sustainable alternative to petroleum-based carbon powders (e.g.,
carbon black) for polymer composite and energy storage applications. Prior studies of these biochars
demonstrate that high electrical conductivity and good capacitive behavior are achievable. However,
these studies also show high variability in electrical conductivity between biochars (~ 10-2-10% S/cm).
The underlying mechanisms that lead to desirable electrical properties in these lignin-derived biochars
are poorly understood. In this work, we examine the causes of the variation in conductivity of lignin-
derived biochar to optimize the electrical conductivity of lignin-derived biochars. To this end, we pro-
duced biochar from three different lignins, a whole biomass source (wheat stem), and cellulose at two
pyrolysis temperatures (900 °C, 1100 °C). These biochars have a similar range of conductivities (0.002 to
18.51 S/cm) to what has been reported in the literature. Results from examining the relationship between
chemical and physical biochar properties and electrical conductivity indicate that decreases in oxygen
content and changes in particle size are associated with increases in electrical conductivity. Importantly,
high variation in electrical conductivity is seen between biochars produced from lignins isolated with
similar processes, demonstrating the importance of the lignin’s properties on biochar electrical conductiv-
ity. These findings indicate how lignin composition and processing may be further selected and optimized
to target specific applications of lignin-derived biochars.

© 2021 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Carbon black is an amorphous graphitic carbon powder that has
developed as an essential filler for thermally and electrically con-
ductive composites [1,2]. Carbon black’s excellent electrical con-
ductivity, low percolation threshold, and low cost make carbon
black an ubiquitous additive to create electrically conductive com-
posite materials for polymer composite and energy storage appli-
cations [1,3-6]. The development of replacements for carbon black
from renewable feedstocks, such as biomass, could improve the
sustainability of these important applications. It is critical to un-
derstand and control the synthesis parameters that increase elec-
trical conductivity of carbon materials derived from these alternate
sources in order to develop renewable alternatives to carbon black.

One promising renewable feedstock for the production of car-
bon filler materials is lignin. Lignin is a primary component of
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woody biomass, an abundant biopolymer, and a waste product of
papermaking and bio-ethanol industries, with over 50 million met-
ric tons isolated each year [7]. Due to lignin’s aromatic carbon
monomer backbone, waste sourcing, and low cost it has poten-
tial as an ideal precursor for renewable alternatives to carbon black
[8]. Lignin can be pyrolyzed to form biochar, a carbon-rich material
most typically applied as a soil amendment [9]. Depending on pro-
cessing conditions and source, lignin-derived biochar can be pro-
duced with properties similar to those of carbon black [10,11] in-
cluding small particle sizes [12], high electrical conductivity [13],
and strong capacitance [14].

A review of past studies shows high variability in biochar elec-
trical conductivity. Biochars produced at 900 °C have been found
to have electrical conductivities ranging from 1.91 x 10~ S/cm to
62.96 S/cm (Fig. 1) [10,13-35]. For reference, a typical range of con-
ductivities observed for carbon black is shown as the grey region
between 0.5 and 12 S/cm in Fig. 1. Differing pyrolysis tempera-
tures, feedstocks, preprocessing conditions, heating rates, and cata-
lysts used may impact the electrical conductivity of biochar. When
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Fig. 1. A review of literature values for biochar produced from lignin (red @) and
other biomass (blue 4) [10,13-35]. The grey box shows a range of typical carbon
black conductivities, independent of processing temperature [34,36]. Additional in-
formation on these biochar conductivity data is shown in Table S1. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

examining only lignin-derived biochars, a wide range of conduc-
tivities is still observed, with conductivities of biochar produced at
900 °C ranging from 0.009 S/cm to 62.96 S/cm. Past studies have
proposed differences in metal content [10,20], oxygen content [10],
surface area [10], density [27], carbon content [28] and the size
of the graphitic crystallites [19,23] as factors influencing conduc-
tivity. However, to our knowledge, no study to date has systemati-
cally examined the mechanisms behind the observed differences in
electrical conductivity in biochar. Understanding the mechanisms
that govern conductivity in biomass-derived carbon electronics, in-
cluding lignin, is necessary to optimize biochar as an alternative to
carbon black in electrically conductive applications.

In this study, we examine the relationship between lignin
sourcing and the electrical conductivity of lignin-derived biochar.
We hypothesized that lignin sourcing would have a significant im-
pact on biochar properties, and in particular electrical conductivity.
Biochar was produced from three lignins: alkaline lignin, dealka-
line lignin, and a laboratory isolated lignin. To keep biochar pro-
cessing consistent, biochar was produced at maximum pyrolysis
temperatures of 900 °C and 1100 °C. To build a better understand-
ing of the relationship between biochar properties and electrical
conductivity, we characterized the physical and chemical proper-
ties of the biochar and measured the electrical conductivity of each
biochar. We then explored the relationship between lignin sourc-
ing, biochar properties, and the resulting biochar’s electrical con-
ductivity. This research identifies key directions of future work to
improve the electrical conductivity of biochar and supports the de-
velopment of conductive biochar as a renewable alternative to car-
bon black.

2. Methods and materials
2.1. Materials

Three different lignins were used as biochar feedstocks to ex-
amine variations between different lignin processing conditions.
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Table 1
Biochar production variables and abbreviations.

Pyrolysis Temperature

Feedstock 900 °C 1100 °C
Alkaline Lignin AL900 AL1100
Dealkaline Lignin ~ DAL900 DAL1100
Hodge Lab Lignin HL900 HL1100
Wheat Stem WS900 WS1100
Cellulose CELL900  CELL1100"

[f] No biochar was produced from cellulose at
1100 °C due to low pyrolysis yields.

Alkaline and dealkaline lignins were purchased from TCI America
(product # L0082 and L0045 respectively, Portland, OR, USA). Both
TCI lignins are isolated from wood via a sodium sulfite (Na;SOs3)
treatment, followed by chemical modifications, including desul-
fonation, oxidation, hydrolysis, and demethylation. These lignins
differ in that alkaline lignin has been treated after isolation to
have a pH between 8 and 10 [37]. Laboratory isolated lignin was
provided by the Hodge Research Group (Montana State University,
Bozeman, MT, USA). This lignin is isolated from poplar wood by an
alkaline pre-extraction process followed by acidification with sul-
furic acid [38].

In addition to lignins, biochar was produced from non-lignin
biomass sources. Solid stem wheat stem feedstock was provided
by the Montana State University Agricultural Research and Teach-
ing Farm (Bozeman, MT, USA). Cellulose feedstock was purchased
from Sigma-Aldrich (Fibrous, medium, product #C6288, St. Louis,
MO, USA). All biochar feedstocks were stored in a drying oven at
105 °C until use.

2.2. Biochar production

Lignin, biomass, and cellulose feedstocks for biochar production
were ball milled to reduce particle size. Ball milling was performed
with zirconia media at 60 rpm (1 Hz), for 24 h for lignins and cel-
lulose, and 72 h for wheat stems. After milling, feedstocks were
stored in a drying oven at 105 °C for at least 24 h before pyrolysis.

Biochar was produced by slow pyrolysis in a Thermo Fisher
Lindberg/Blue M Mini-Mite tube furnace with an alumina tube and
alumina boat as described by Quosai et al. (2018) [17] and Arroyo
et al. (2018, 2019) [39,40]. Nitrogen was flowed through the tube
at 100 mL/min for 10 min before heating and at 30 mL/min during
heating. The furnace temperature ramp was 10 °C/min to a max-
imum temperature of 900 °C or 1100 °C. The maximum tempera-
ture was maintained for 1 h and then cooled to room temperature.
All biochars were ball milled in a Retsch Mixer Mill 400 for 2.5 min
at 30 Hz after pyrolysis to reduce clumping and then stored in a
drying oven at 105 °C until use. A complete list of biochar pro-
duction variables and abbreviations is shown in Table 1. Due to
low biochar yields at 1100 °C, cellulose was only used to produce
biochar at 900 °C.

2.3. Volume conductivity and impedance spectra

Volume conductivity is the primary material property of inter-
est for electrically conductive filler materials. The volume conduc-
tivity of biochars was determined on a guard electrode compres-
sion fixture described by Kane et al. [34]. Volume conductivity
measurements were performed on a Keithley 2450 Sourcemeter,
with an applied current of 100 mA. For each biochar, 200 mg of
biochar was placed in the sample holder, and resistance measure-
ments were taken every 0.127 cm (0.05 in) of thickness from the
point of the first contact until no more pressure could be applied.
A settling period of 30 s was used, and measurements between 25
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and 31 s were selected for use. Five measurements were taken of
the same sample of each biochar, with an average of 100 resistance
readings taken for each measurement.

To better characterize the electrical behavior of the biochar,
electrical impedance spectra were collected with the same guard
electrode compression fixture and a Hioki 3533-01 LCR meter.
Impedance spectra were collected on 200 mg of biochar every
0.127 cm (0.05 in) from the point where 0.1 pA could be passed
through the sample until no more pressure could be applied.

2.4. Characterization of biochar chemical structure

2.4.1. Thermogravimetric infrared spectroscopy

Thermogravimetric analysis combined with infrared spec-
troscopy (TGA-IR) was performed on the biochar feedstocks to ex-
amine the pyrolysis reactions and the differences in pyrolysis rates
between the different lignin feedstocks. TGA-IR was performed on
a TA Instruments Q5000 IR and a Thermofisher Nicolet iS10 FTIR
Spectrometer with a TGA-IR module. Samples were 20 mg and
were ramped at 10 °C/min to 1100 °C under a nitrogen flow of
30 mL/min, mimicking pyrolysis conditions. The transport tube and
IR gas cell were maintained at 300 °C to prevent condensation of
gases. IR spectra were collected with a resolution of 8 cm~! and
six scans per measurement, between 500 and 4000 cm™!.

2.4.2. Elemental composition

Energy-dispersive X-ray spectroscopy (EDX) was performed to
determine the elements present in the biochar. A JEOL JSM-6100
scanning electron microscope with a RONTEC XFlash 1000 energy-
dispersive X-ray detector was used to collect the spectra and for
imaging, with an electron beam energy of 20 kV. Biochar sam-
ples were placed on carbon sticky dots (product #16084-3, Ted
Pella Inc., Redding, CA, USA) and sputter coated with iridium on
an Emitech K-875X sputter coater at 30 mA for 60 s.

Combustion analysis was performed to measure the C, H, N,
and S elemental composition of the biochar. Combustion analysis
was performed and analyzed in duplicate by Atlantic Microlab Inc.
(Norcross, Georgia, USA).

Based on the results of the EDX measurements, Na, Mg, Ca, and
K were selected for inductively coupled plasma optical emission
spectroscopy (ICP-OES) measurements. Before measurement, sam-
ples were digested using 10 mL trace-metal grade concentrated ni-
tric acid (Fisher Scientific, product #A509P500, Pittsburgh, PA USA)
on a Mars6 iWave digester. Two heating cycles were run to 220 °C
with a ramp time of 15 min, a hold time of 15 min, and under
800 psi of pressure. Diluted samples (see Table S2 for dilutions)
and cation standards were run in a matrix of 2% HNO3 on a Spec-
troBlue ICP-OES in axial view mode (high sensitivity).

Oxygen content was calculated as the remaining mass not
quantified by combustion or ICP-OES analysis for AL, DAL, HL, and
CELL feedstocks. For WS feedstocks, a silicon peak was observed
via EDX analysis. Silicon (Si) content was quantified by multiplying
the ratio of the peak intensity of the Si peak to the peak inten-
sity of the C peak by the carbon content measured by combustion
analysis. This silicon content was then subtracted from the remain-
der after combustion and ICP-OES analysis to determine the oxygen
content in WS-derived biochars.

2.4.3. Attuned total reflectance Fourier transform infrared
spectroscopy

Attuned total reflectance (ATR) Fourier transform infrared spec-
troscopy (FTIR) was performed to examine the functional groups of
the biochar and their dependence on feedstock and pyrolysis tem-
perature. ATR FTIR was performed using a Thermo Fisher Nicolet
iS10 FTIR spectrometer with a Smart iTX ATR accessory with a dia-
mond crystal. Spectra were collected between 600 and 4000 cm™!
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at a resolution of 4 cm~!, and with 64 scans for each biochar
sample. Spectra were baseline corrected using OMNIC software
(Thermo Fisher, v. 9.9.509) to account for baseline drift.

2.4.4. Raman spectroscopy

Raman spectroscopy was performed to investigate the graphitic
content of each biochar sample using a Horiba LabRam HR Evo-
lution NIR Raman microscope. Raman spectra were acquired with
a 50x LWD objective, a stigmatic spectrometer with a grating of
1800 gr/mm, and a 532 nm 100 mW laser at 1-10% power. Raman
spectra were collected between 1000 and 1800 cm~!, correspond-
ing to the region containing the G (~ 1580 cm~') and D (~ 1340
cm~1) peaks [41,42].

Deconvolution of the Raman spectra was performed to deter-
mine D and G peak intensities. Deconvolution was performed in
MATLAB (Mathworks inc., R2020a, v. 9.8.0.1380330) with the Curve
Fitting Toolbox (v. 3.5.11). Spectra were fit with a Lorentzian line-
shape for the D peak and a Breit-Wigner-Fano (BWF) lineshape for
the G peak [42,43]. The D to G ratio Ipg was calculated as the in-
tensity ratio of the D peak to the G peak in the best fit.

2.5. Characterization of biochar physical structure

2.5.1. Field emission scanning electron microscopy

Field emission scanning electron microscopy (FESEM) was per-
formed to examine biochar particle size and surface and pore
structure. Biochar was placed on carbon sticky dots (Ted Pella,
product #16084-3), sputter coated with iridium, and examined on
a Supra 55VP microscope at 1 kV and a working distance of ap-
proximately 6 mm with an SE2 detector.

2.5.2. Particle size analysis

Biochar particle size was measured using a Malvern Master-
sizer 3000 particle size analyzer. Samples were dispersed in DI
water, and the results were analyzed with the assumption of non-
spherical particles.

2.5.3. Gas sorption for BET analysis

Nitrogen adsorption was measured at 77 K on all biochar sam-
ples using a Micromeritics 3-Flex sorption analyzer to determine
the surface area and pore size distribution. Before testing, sam-
ples were degassed for 12 h at 150 °C under oil-free vacuum to
10~8 mbar. Approximately 0.3-2 g of each sample was subjected to
nitrogen adsorption and desorption between P/P; = 10~7 to 0.95
at 77 K. The results were fit to the Brunauer-Emmett-Teller (BET)
model [44] to determine specific surface area using standard con-
sistency criteria for microporous solids [45]. A non-local density
functional theory (NLDFT) carbon slit pore model was used to de-
termine the pore size distribution using Micromeritics Microactive
software. Gas adsorption isotherms are shown in Figure S9.

2.6. Statistical methods

Statistical analyses were conducted in the R software environ-
ment (R Core Team, version 4.0.3, 2020) [46]. Contrasts were es-
timated using the emmeans package [47], a linear mixed-effects
model was estimated, and results visualized using the ImerTest
package [48] and effects package [49], respectively. Five pseudo-
replicate measurements of electrical conductivity were taken on a
single sample of each biochar as described in Section 2.3. Since
cellulose feedstock processed at 1100 °C did not yield any mea-
surable biochar, an analysis of variance (ANOVA) was conducted
on nine treatment levels of temperature and feedstock combina-
tions (see supplemental information Section S1.2 for additional de-
tails on the ANOVA process). As a follow-up analysis, Bonferroni-
corrected comparisons of interest were explored.
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Fig. 2. Biochar production yield by biochar type. Bars represent the mean yield of
all recorded runs, and error bars indicate maximum and minimum values. No solid
mass remained after pyrolysis of cellulose at 1100 °C; therefore, it was not included
in the remainder of the study.

The relationship between biochar chemical and physical prop-
erties and electrical conductivity was explored using a forward,
step-wise p-value model selection process. The following vari-
ables were each considered for inclusion in the final model: sur-
face area, oxygen-to-carbon (0:C) molar ratio, hydrogen-to-carbon
(H:C) molar ratio, inorganic content (sum of Na, S, Mg, Ca, and
K content), and average Ipc. Due to issues with multicollinear-
ity, the variables carbon content and O:C molar ratio could not
both be included in the model, and carbon content was removed.
The response variable, maximum electrical conductivity (omax),
necessitated a square-root transformation. Nested random effects
were used for treatment (i = AL900, AL1100, DAL900, DAL1100,
CELL900, HL900, WS900, WS1100), pseudo-replicates within treat-
ment (j=1,2...5), and time observation within pseudo-replicate
(k=1,2...7 for measurements at 25-31 s). Therefore this trans-
formation is given as an equation for /Gy iji- A full description
of this model is given in Supplemental Information Section S1.2,
and the code used to generate the model is available [50].

3. Results and discussion
3.1. Biochar processing behavior

Biochar pyrolysis yields differed depending on the feedstock
used and the maximum treatment temperature (Fig. 2). AL900 had
the highest average yield at 50.9 wt.%, while CELL900 produced the
lowest measurable yield, with an average yield of 10.0 wt.%. For all
feedstocks, pyrolysis at 1100 °C yielded less biochar than pyrolysis
of the same feedstock at 900 °C. Cellulose feedstocks were not ex-
amined at 1100 °C, as no measurable solid material remained after
pyrolysis of cellulose at 1100 °C.

TGA-IR analyses simulating the pyrolysis process showed an ini-
tial decrease in weight between 70 °C and 110 °C in all feedstocks
due to water loss (Fig. 3). Above this temperature range, the cellu-
lose feedstock degrades in a single step beginning at approximately
300 °C, with a maximum slope at approximately 324 °C (Fig. 3,
blue). By 600 °C, no solid char remained in CELL samples. This
decomposition has previously been attributed to the degradation
of the cellulose polymer into its constituent glucose monomers,
followed by degradation of these monomers to CO, CO,, Hy, CHy,
and other short volatile hydrocarbons [51]. IR spectroscopy of the
gases produced during TGA shows a single, strong peak in the
Gram-Schmidt spectra at approximately 30 min (300 °C). The IR
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Fig. 3. (Top) TGA of all feedstocks to 1100 °C mimicking the production conditions
of the biochar. Labeled temperature ranges correspond to the region used to iden-
tify: H,0O: evaporation of water, HC: degradation of hemicellulose, C: degradation
of cellulose, and L: degradation of lignin. (Bottom) Stacked Graham-Schmidt spectra
displaying the intensity of the full IR spectra during the above TGA curves. Account-
ing for the time delay for the gas to move between the TGA and IR, the TGA weight
change and the evolution of peaks in the Grahm-Schmidt plot would be expected to
align at a rate of 10 °C/min. Full three-dimensional representations of TGA-IR Data
are available in the supplemental information.

spectra at 30 min support past findings, with peaks observed
at 2368 cm~! (CO,), 1768 cm~! (C=0), 2970 cm~! (C-H) and
1242 cm~! (C-0-C) (Figure S1) [51].

In contrast to cellulose, all lignin feedstocks show a slower
degradation rate consistent with the expected behavior of the com-
plex, aromatic carbon structure of lignin [51]. Two notable in-
creases in slope can be seen in all lignins beginning between 180
and 220 °C and between 630 and 720 °C (Fig. 3, top). IR measure-
ments of the gases released during TGA show CO, (2368 cm™1)
and CO (2185 cm™!) to be released continuously from approxi-
mately 200 °C to 1100 °C for pyrolysis of all lignins, while C-O-
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C and C=0 peaks are observed at later time points, correspond-
ing to the increase in TGA curve slope observed at approximately
700 °C (Figure S1). Neither TGA data nor IR measurements of gases
released during TGA show meaningful differences between lignins
beyond differences in weight loss.

Pyrolysis of WS involves a combination of these two mech-
anisms, consistent with the expected degradation of biomass
comprised of cellulose, hemicellulose, and lignin. FTIR spectra
at 30 min of WS pyrolysis products show the release of CO,
(2368 cm~!) and CO (2185 cm!), as well as additional hydrocar-
bons indicated by peaks corresponding to C-H (2933 cm~!), C-0-C
(1242 cm~!) and C=0 (1768 cm~!) bonds [51] (Figure S1). Similar
to CELL, TGA-IR spectra of WS show the release of C-O-C and C=0
to happen together with CO, and CO after approximately 30 min.
However, a second peak of C-0O-C and C=O0 is seen at approxi-
mately 110 min, which may indicate that the lignin present in WS
shows similar pyrolysis behavior to the isolated lignin.

TGA measurements show higher mass remaining than at the
end of a biochar production run at the same temperature for most
feedstocks. As TGA measurements did not include the 1 h dwell
time included in biochar production, it is hypothesized that this
increased time at the highest treatment temperature is the source
of most observed differences. Additionally, during the production
of HL biochars, it was observed that some solid char remained in
the ceramic tube after the ceramic boat was removed and that
much of the solid char remaining was above the rim of the ceramic
boat containing the lignin. We hypothesize that this mass loss dur-
ing the production of HL biochars in the tube furnace is the cause
of the observed difference between production and TGA mass loss
measurements. In contrast with other biochars, TGA measurements
of CELL biochar show no solid mass remaining at 900 °C, while an
average of 11.78% solid mass remained during biochar production.
As the pyrolysis of cellulose is more endothermic than the pyroly-
sis of lignins [51], this increase in residual weight may be due to
uneven heat transfer into the higher mass of cellulose used during
biochar production than that used during TGA.

3.2. Biochar electrical conductivity

As a replacement for carbon black in carbon-based composites
for energy storage applications, the primary material property of
concern is electrical conductivity. All biochars show the expected
conductivity s-curve, as the powder is compressed through its per-
colation threshold and transitions from insulating to conducting
electrical behavior (Fig. 4), indicating that the full range of con-
ductivity behavior was captured for these materials [34,52]. Small
decreases in biochar conductivity are observed in some biochars
following their peak, which has previously been attributed to the
deformation of biochar particles with increased pressure after close
packing has been achieved [34]. The maximum electrical conduc-
tivity of biochar in this study ranged from 0.002 S/cm for AL900
to 18.5 S/cm for HL1100. This range is similar to what has been
observed in past literature for lignin-derived biochar produced be-
tween 900 °C and 1100 °C, which shows conductivity varying from
0.009 S/cm (Lignotech lignin, 900 °C [10]) and 95 S/cm (16% mi-
cro fibrillated cellulose and 84% lignosulfonate, 1000 °C [19]). The
range of electrical conductivity measured indicates that the varia-
tion in electrical conductivity observed in past work is not solely
due to variations in pyrolysis rate, added catalysts, and electri-
cal conductivity measurement technique between studies, as these
variables have been held constant in this study. The conductivity of
HL1100 measured in this study is higher than has been previously
reported for this same biochar [34]. This increase is attributed to
reduced contact resistance from improvements in the polishing of
the electrodes [53].

Carbon Trends 5 (2021) 100088

Table 2
Specific comparisons of interest for electrical conductivity of biochars. Two
sets of comparisons are shown between different types of lignin pyrolyzed at
1100 °C (Lignin) and between each feedstock pyrolyzed at 1100 °C and 900 °C
(Temp.).

Estimated
difference’ (S/cm)

Comparison t-statistic  p-value

Lignin AL1100 - DAL1100 —2.81+6.67 -1.2 1
AL1100 - HL1100 -9.35+6.67 -4 0.0021
DAL1100 - HL1100 —6.54+6.67 -2.8 0.0577

Temp. AL1100 - AL900 1.26 £6.67 0.54 1
DAL1100 - DAL900 2.02 +6.67 0.86 1
HL1100 - HL900 8.12 £6.67 3.47 0.0095
WS1100 - WS900 6.94 + 6.67 297 0.0373

[T] Estimated differences represent the difference between the first and second
listed biochar, and are reported with Bonferonni-corrected 95% confidence in-
tervals.

An ANOVA, accounting for the random effects of sample and
time observation, shows strong evidence for a difference in electri-
cal conductivity for different biochars (p < 0.001). Pairwise com-
parisons indicate no evidence for a difference in electrical conduc-
tivity between AL1100 and DAL1100, suggesting that little differ-
ence in electrical conductivity exists between biochars produced
from the two TCI lignins (AL and DAL) at 1100 °C (Table 2). When
compared to biochar produced from laboratory isolated lignin (HL),
biochar produced from both TCI lignins (AL and DAL) at 1100 °C
show evidence for lower electrical conductivity (Table 2). This dif-
ference in electrical conductivity between lignins suggests that the
post-isolation treatment of AL by TCI does not notably impact con-
ductivity but that higher electrical conductivity can be obtained
with other lignin isolation methods. Comparisons within each
feedstock between pyrolysis temperatures of 900 °C and 1100 °C
show almost no evidence for an increase in electrical conductiv-
ity for AL- or DAL-derived biochar with an increase in pyrolysis
temperature. In contrast, WS-derived biochars show moderate ev-
idence, and HL-derived biochars show strong evidence for an in-
crease in electrical conductivity with an increase in pyrolysis tem-
perature (Table 2). HL shows a larger estimated increase in conduc-
tivity from 900 °C to 1100 °C (+8.12 S/cm) than AL (+1.26 S/cm),
DAL (+2.02 S/cm) or WS (+6.94 S/cm) feedstocks (Table 2). Possi-
ble mechanisms behind these differences between feedstocks are
examined in more detail in Section 3.5.

All biochars measured in this study primarily show resistive AC
electrical behavior (Fig. 5). At the point of highest compression,
biochar impedance showed little frequency dependence. AL900,
the highest impedance biochar, showed some capacitive behavior
at high frequencies. In all biochars, some inductive behavior is ob-
served at high frequencies. This inductive behavior has previously
been attributed to poor shielding of connections and cables used in
this experimental setup [34]. The AC electrical behavior observed
for all biochars is consistent with results seen for biochar and car-
bon black in past work [34,54].

3.3. Biochar chemical characterization

The chemical composition of all biochars was measured to ex-
plore biochar constituents’ role in biochar electrical conductivity.
Combustion analysis showed a high percentage of carbon for all
biochars, ranging from 60.7% for WS1100 to 92.2% for CELL900. In
all lignin-derived biochars, carbon content increases as pyrolysis
temperature increases from 900 °C to 1100 °C. HL-derived biochar
shows higher carbon content at both 900 °C and 1100 °C than
AL- or DAL-derived biochar, reaching a carbon content of 83.5% for
HL1100. Hydrogen content was low for all biochars relative to their
biomass feedstocks [51], with H:C molar ratios for lignin-derived
biochars ranging from 0.13 for AL900 to 0.064 for HL1100. Simi-
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larly, O:C molar ratios decrease from 0.32 for AL900 to 0.08 for
HL1100. All biochars measured in this study show higher hydro-
gen content at 900 °C than 1100 °C. The loss of hydrogen content
with increasing pyrolysis temperature is expected to result in more
graphitic biochars with higher pyrolysis temperatures.

High quantities of sulfur (S) and sodium (Na) are observed in

all lignin-derived biochars. While AL- and DAL-derived biochars
were observed to increase in S content with increasing pyrolysis
temperature, HL-derived biochar decreased with 4.0% S at 900 °C
and 2.5% S at 1100 °C. Na content decreased with rising pyroly-
sis temperatures for all lignin-derived biochars. Lower quantities
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ated with aromatic carbon rings [57,60]. This peak decreased with
increasing pyrolysis temperature, a finding consistent with the de-
crease in H:C molar ratios observed at higher temperatures.

FTIR spectra of all lignin-based biochars indicated the presence
of Na,S0, and Na,SOs3, as shown by the peak at 1118 cm™!, the
weak, broad peak at 2285 cm~! and the overlapping peaks at 620
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and 660 cm~! [61-63] (Figure ATR). Elemental analysis, ICP-OES,
and EDX confirm high quantities of both Na and S. As Na,SO,4 and
Na,SO5 is used in the kraft lignin isolation process [37,64], the
presence of this band indicates that some Na,;SO,4 or Na,SO3; from
the lignin isolation process remains after lignin pyrolysis. This find-
ing is supported by past studies of lignin pyrolysis, which have
indicated the formation of Na,;SOs; crystalline regions in lignin-
derived biochar [63,65].

In contrast to AL- and DAL-derived biochars, FTIR spectra show
a shift in structure in HL-derived biochars as pyrolysis temperature
increases from 900 °C to 1100 °C (Fig. 6, green). The strong peak
associated with lignin monomers (1421 cm~!) was reduced, and
new peaks were seen at 1558 and 1507 cm~!, which are caused
by C=C stretching associated with aromatic carbon, and aromatic
skeleton vibrations respectively [17,57,64]. This shift in the FTIR
spectra indicates that a reordering of the original aromatic lignin
structure has occurred between 900 °C and 1100 °C in HL-derived
biochar. The broad Na,SO,4 or Na,SO3 peak (1118 cm ~!) is lower in
magnitude than the other lignin-derived biochars. Along with ob-
served decreases in Na and S concentrations, the decreased magni-
tude of Na;SO,4 in HL1100 indicates that some of the Na,SO,4 seen
in other lignin biochars has reacted during the pyrolysis of HL1100.

WS900, WS1100, and CELL900 biochars all exhibit few, low
absorbance peaks, indicating a largely graphitic structure with
few functional groups [19,66]. The presence of an Si-O peak
(1082 cm~!) in WS900 and WS1100 differentiates the infrared
spectra of WS-derived biochars from those of other feedstocks [64].
The WS-derived biochars also show a C=C aromatic out of plane
bending peak at around 799 cm~! [17] and few additional peaks,
indicating a highly graphitic carbon structure.

Raman spectra of all biochar examined show both D and G
peaks characteristic of disordered graphitic carbon. As highly crys-
talline graphite exhibits very little or no intensity of the D peak,
this peak indicates smaller graphitic crystallites and the presence
of edge defects or oxygen functional groups on the aromatic car-
bon structure [10,19]. The size of graphitic crystallites is inversely
related to the ratio of the intensities of the D and G peaks (Ipg)
[42,67]. As increasing graphite crystallite size drives electric per-
colation in non-graphitizing carbons [58], decreasing Ipg ratio is
expected to lead to an increase in electrical conductivity of the
biochar. AL and DAL-derived biochars both increase in Ipg ratio
with increasing pyrolysis temperature, while HL-derived biochars
decrease (Fig. 7, top right). As decreasing Ip; ratio is expected to
correlate with increased electrical conductivity, the increase in Ipg
ratio in AL and DAL as the pyrolysis temperature increases from
900 °C to 1100 °C may contribute in part to their non-significant
change in electrical conductivity. In contrast, WS and HL-derived
biochars show only a small change and a decrease in Ip; ratio
respectively as pyrolysis temperature increases from 900 °C to
1100 °C, and both show a statistically significant increase in elec-
trical conductivity.

In addition to changes in intensity, apparent shifts in Raman
peak position and width can indicate changes in the graphitic
structure. An apparent G peak location below 1582 cm~! is seen
in all biochars measured in this study. This peak shift has pre-
viously been associated with the presence of amorphous carbon,
with increasing amorphous carbon content further decreasing the
apparent peak location [42,68]. Additionally, the increased width
of the G peak is associated with the growing presence of bond
angle disorder in sp? carbons [42]. Except for AL-derived biochar,
all biochars measured in this study decrease in G peak width
with increasing pyrolysis temperature (Fig. 7, bottom right). To-
gether, these results indicate that a more ordered polyaromatic car-
bon structure is formed at higher pyrolysis temperatures in most
biochars examined in this study.
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Biochars observed in this study primarily show resistive AC be-
havior, which has previously been associated with graphitic carbon,
while capacitive behavior is related to the presence of amorphous
carbon [69]. The limited capacitive behavior observed in biochars
in this study indicates that percolation has occurred between low
impedance, resistive graphitic carbon regions [19,58].

3.4. Biochar physical structure

The morphological structure of the biochars obtained in this
study was examined with FESEM imaging (Fig. 8). FESEM images
show WS900 and WS1100 biochars having larger particle sizes
than the lignin or cellulose sourced biochars, with the original
fiber structure of these materials maintained. Higher magnification
imaging shows WS-derived biochars to have a smoother surface
than the lignin- or cellulose-derived biochars.

Particle size measurements supported the FESEM findings; WS-
derived biochars exhibited a larger particle size than most lignin-
derived biochars (Table 4). HL1100 and CELL900 show average par-
ticle sizes of approximately 5 um. While these two biochars are
the smallest size of any measured in this study, their average size
is around two orders of magnitude larger than carbon black [70].
Particle size distributions are shown in Figure S10. Biochar with
smaller particle sizes may be favorable for electrical applications,
as electrical percolation thresholds in carbon-filled polymers have
been established to decrease with decreasing particle size [71,72].
Additionally, decreasing particle size is associated with increased
mechanical properties of nanofilled composites [73]. Past studies of
biochar have examined spray-drying and hydrothermal treatment
methods, obtaining biochar particles as small as 21.7 nm [12,16].
Further ball milling of lignin-derived biochars has shown only mi-
nor reductions in particle size [10]. Future work should examine
the impact of these treatments on lignin-derived biochar to see if
further decreases in particle size can be obtained for these materi-
als.

Biochar surface area was observed to vary by feedstock and py-
rolysis temperature. CELL900 has the highest surface area of the
biochars produced in this study at 480 m?2/g. Except for HL1100,
all lignin biochars in this study have surface areas between 10.1
and 27 m2/g. Small decreases in surface area are observed with
increasing pyrolysis temperature for AL-, DAL-, and WS-derived
biochars. In contrast, HL-derived biochars show an increase in sur-
face area from 18 to 109 m?/g as pyrolysis temperature increases
from 900 °C to 1100 °C. Both WS900 and WS1100 biochars show
higher surface areas than all lignin biochars except HL1100. Past
work has established feedstock lignin content to be inversely cor-
related with BET surface area in biochar [74]. The results herein
support this finding, except for HL1100, providing additional evi-
dence supporting the hypothesis that a shift in structure occurs in
HL sourced biochars from 900 °C to 1100 °C, which is not present
in the other biochars.

Biochar pore size distributions show that, despite apparent
changes in primary pore size in HL1100, only minor changes are
seen in pore size distribution (Figure S8). For most biochars, the
smallest pores present in the biochars produced at 1100 °C are not
observed in the 900 °C biochars, indicating that changes in poros-
ity between 900 °C and 1100 °C are due to the formation of pores
less than 20 A in size produced between these temperatures.

In most measurements in this study, HL-derived biochars
demonstrate different behavior than AL- or DAL-derived biochars.
These differences include meaningfully different FTIR spectra, the
highest carbon content, the highest surface area, the lowest O:C
and H:C molar ratios, and the lowest content of all metals. In HL-
derived biochars Ipg ratio decreases as pyrolysis temperature in-
creases from 900 °C to 1100 °C indicating additional graphitization,
while AL and DAL-derived biochars show a small increase in Ipg
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Table 4

Surface area and primary pore size as measured by nitrogen adsorption and average particle

size as measured by particle size analysis.

Biochar Surface area (m?/g)  Primary pore size (A)  Average particle size (nm)
AL900 27.0 329 13.1

AL1100 21.2 10.9 12.0

CELL900 480.2 8.4 4.9

DAL900 115 26.2 14.0

DAL1100  10.7 10.9 15.0

HL900 18.0 10.9 19.1

HL1100 109.1 7.9 55

WS900 86.8 11.0 62.0

WS1100 75.9 11.0 130

ratio with increasing pyrolysis temperature. Additionally, it shows
the highest electrical conductivity of any biochar measured in this
study. These findings support that a transition in biochar structure
has occurred between 900 °C and 1100 °C in HL-derived biochars
that benefits electrical conductivity. Between 900 °C and 1100 °C,
HL-derived biochar loses the lignin-monomer peaks at 1420 and
876 cm~! seen in HL900 and all other lignin-derived biochars,
transitions from 17.97 to 109.1 m2/g surface area, and loses over
half its metal content. In contrast, AL- and DAL-derived biochars
decrease in surface area, gain in relative metal content, and show

only minor changes in FTIR spectra between these temperatures.
This change in HL between 900 °C and 1100 °C does not corre-
spond to a change in TGA slope or any shift in pyrolysis gases re-
leased, as measured by TGA-IR. Therefore, we hypothesize that this
transition is primarily due to a reordering of the carbon structure
of HL between 900 °C and 1100 °C, as indicated by Raman spec-
troscopy. While the mechanisms behind this shift are not yet fully
understood, we hypothesize that shifts in lignin oxygen content,
molecular weight, and metal content may be responsible for this
shift in pyrolysis behavior.
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30 um

Fig. 8. FESEM images of biochar produced from all feedstocks and pyrolyzed at
900 °C (left) and 1100 °C (right). Images were acquired at a magnification of 1000x
for the main image and 25kx for the inset. Scale bars are 30 um for the main
image and 1 um for the inset.

3.5. Relationship between chemical and structural properties of
biochar and electrical conductivity

The best fit estimated model determined through a forward,
step-wise p-value model selection process, considering O:C molar
ratio, H:C molar ratio, inorganic content, particle size (PS), surface
area and Ipg, is defined as:

v/ Omax.jk = 3.18 — 8.55(0:G;) + 3.13(PS}) + 7.14(PS;)? (1)

where /0max jji is the square root of the mean maximum con-
ductivity of the kth time observation in the jth sample in the ith
treatment and PS} relates to the orthogonal polynomial terms for
biochar particle size for each treatment i (see Section 2.6 and Sec-
tion S2.2 of the supplemental information for a complete model
definition, additionally the full code used to generate this model is
available [50]).

Accounting for the random effects sample and time observa-
tion and all other respective model terms, strong evidence exists
to support a change in the mean ,/omax as the O:C molar ratio
changes (t(5)=-4.448 with an associated p-value=0.0067; standard

10
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error (SE) 1.12) and moderate evidence exists to support a change
in the mean ,/omax as the biochar particle size changes (£(5)=2.803
with an associated p-value=0.038; SE 2.5). An effects plot shows a
notable decrease in ,/omax as the O:C ratio increases. For particle
size below approximately 60-70 um, ./omax decreases as particle
size increases. Above 60-70 pum, ./omax begins to increase with in-
creasing particle size (Fig. 9).

Statistical analyses of the relationship between biochar prop-
erties and electrical conductivity were limited by the lack of true
replicates for each biochar, as only one batch of material was con-
sidered for each treatment. Further, this study was an incomplete
factorial design, as CELL1100 produced no biochar. These limita-
tions prevented consideration of interactions during the modeling
process. Results may not apply to measurements outside the O:C
molar ratio (0.06-0.32) and particle size (4.9-130 um) observed in
this study. Lack of random assignment and random sampling in the
experimental design prohibits any causal inference or generaliza-
tion of results beyond data observed in this study.

The reduction in electrical conductivity with increasing oxygen
content observed in this study is strongly supported by past litera-
ture. The presence of oxygen in non-graphitizing carbons results in
distortions in the graphitic structure and increases the presence of
sp3 hybridized carbons. These distortions are expected to reduce
the electrical conductivity of the resulting material [58]. Further,
the presence of surface oxygen in carbon blacks has been associ-
ated with a decrease in electrical conductivity [3]. The model ex-
amined in this study does not examine the impacts of inorganic
oxygen content, which FTIR spectra show to be present in the
form of Na;SO,4 or Na,SOs3 in lignin-derived biochars and as Si-O
in wheat stem-derived biochar. As these inorganic oxygen groups
do not form distortions in the graphitic carbon structure, they are
expected to be less impactful on electrical conductivity than or-
ganic oxygen. Some factors that are expected to impact electri-
cal conductivity, in particular carbon content and Ip; ratio, were
not found to be statistically significant in this model. This may be
due to oxygen content being a more predictive indicator of both
these factors, as increased oxygen content is expected to result in
a larger D peak [58] and decreased carbon content.

Past work has shown the electrical conductivity of packed
carbon particles to increase with increasing particle size [75].
This increase in electrical conductivity has been attributed to de-
creased contact resistance between particles with large particles.
In contrast, our results show increases in electrical conductivity
at low particle sizes (< 20um) and high particle sizes (> 100um).
Both WS900 and WS1100 biochars show oblong geometry rather
than the approximately spherical geometry seen in other biochars
(Fig. 8), a broader particle size distribution than was observed in
other biochars (Figure S10), and are the two largest biochars mea-
sured in this study. Shifts in particle geometry and particle size
distributions are expected to impact particle packing, and electri-
cal conductivity of the packed powder [52,75]. Particle geometry
and particle size distribution were not variables under considera-
tion in this model as they covaried with particle size. As no other
biochars show a particle size greater than 20 um were examined in
this study, examining more biochars of larger particle size would
improve understanding of the electrical conductivity behavior of
large particle size biochar.

A critical finding of this model is that despite the presence of
relatively high quantities of sulfur, alkali metals, and alkaline-earth
metals in lignin-derived biochars, inorganic content was not se-
lected in the final, best-fit model. Some studies have proposed the
presence of S and Na in lignin-derived biochar as a catalyst for the
formation of graphitic regions in lignin-derived biochars [20,76],
while other studies have proposed that the presence of Na inhibits
the formation of graphitic regions [23]. Further investigation of the
impacts of sodium sulfate and sulfite present on the pyrolysis of
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lignin is needed to better understand the role they play in lignin
pyrolysis.

Lignin-derived biochar measured in this study, and particularly
HL1100, show promising electrical conductivity as an alternative to
carbon black [34]. This study demonstrates that even in lignin iso-
lated with similar processes, wide variations in electrical conduc-
tivity exist in lignin-derived biochars. Therefore, careful selection
of lignin feedstocks is needed to produce highly electrically con-
ductive lignin-derived biochar. Based on the results of this study,
we hypothesize that reductions in oxygen content of the lignin
feedstock may allow for further optimization of lignin-derived
biochar electrical conductivity. This reduction may be achieved
by select modification of lignin monomers and linkages to re-
duce the oxygen content in the feedstock lignin. Optimization of
pyrolysis conditions, including maximum temperature, ramp rate,
and added catalysts may further reduce oxygen content in lignin-
derived biochars. Reduction in oxygen content in lignin-derived
biochar will allow for the formation of larger graphitic regions
and further improvements in lignin-derived biochar conductivity
[18,19,58]. Spray-drying methods may achieve further reductions
in biochar particle size, with studies examining spray-drying of
lignin-derived biochars obtaining particles similar in size to com-
mon carbon blacks [12,16]. We hypothesize that further reductions
in biochar particle size may benefit biochar electrical behavior by
increasing electrical conductivity and improving percolation behav-
ior in composite materials.

4. Conclusions

The key finding of this study is that, when controlling for heat-
ing rate, catalysts added, and electrical conductivity measurement
method, large variations are still seen in the electrical conductiv-
ity of biochar produced from lignin feedstocks isolated with sim-
ilar processes. The wide range of electrical conductivity observed
for lignin-derived biochar in this study demonstrates that careful
selection of lignin feedstocks is key to producing highly electri-
cally conductive biochar. We demonstrate a maximum conductiv-
ity of 18.5 S/cm from a laboratory isolated lignin used as a feed-
stock for biochar processed at 1100 °C. A shift in biochar structure
is seen between pyrolysis temperatures of 900 °C and 1100 °C for
HL, the highest electrical conductivity feedstock examined in this
study. Further examination of the mechanisms behind this shift
may enable the identification of lignin isolation processes to pro-
duce highly electrically conductive lignin-derived biochars.

1

This study found that lignin-derived biochar can obtain a simi-
lar range of conductivities to carbon black. Therefore, careful tun-
ing of biochar properties could allow lignin-derived biochar to ful-
fill many of the current applications of carbon black. This work
highlights the further reduction in oxygen content as an area
for potential future improvements in the electrical conductivity
of lignin-derived biochar. Careful selection of biomass sources for
lignin isolation and lignin isolation processes may reduce biochar
oxygen content, potentially allowing for the development of highly
electrically conductive biochars for use as a filler material in en-
ergy storage applications.
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