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Abstract

Biochars were produced from softwood chips (spruce—fir mix) and hemp stalk biomasses in an in-house-developed
microwave pyrolysis reactor. A kilogram batch raw biomass mixed with 10 wt% microwave absorber was pyrolyzed

at 60-min residence time. Microwave power levels were set at 2100, 2400, and 2700 W with optimum heating rates
ranging 25-50 °C/min. The proximate analysis indicated a progressive gain in biochar carbon content with power
level increase. Both biochars showed a H:C ratio of < 1.2 with a graphite-like structure, which is an important observa-
tion for their potential use as a filler in bio-composites structural strength increase. Fourier Transfer Infrared (FT-IR)
spectra showed a major loss of functional groups as the power level increased. Brunauer-EmmettTeller (BET) surface
area and porosity distribution contained higher volume of smaller pores in the hemp biochar. The char hardness and
Young's modulus, obtained via nanoindentation technique and load—depth curve analysis, indicated that hemp bio-

char possessed a higher Young's modulus and lower hardness than softwood chip biochar.
Keywords: Biomass, Microwave pyrolysis, Pilot-scale manufacturing, Biochar characterization, Nanoindentation

Introduction

Sustainability has been a common theme driving
research and innovation in recent years due to greater
awareness and sensitivity to the changing global climate.
Renewable energy, alternative fuels, and advanced mate-
rials are becoming innovation forefronts, as humankind
strives to maintain or exceed its level of global infrastruc-
ture without further harming the natural environment.
Biomass wastes as an alternative resource can be used
to develop novel value-added products in terms of new
energy source and lightweight, superior-strength mate-
rials. Pyrolysis is one of the most effective methods of
thermo-chemically converting waste biomass, wherein
an anaerobic environment is created to devolatilize the
solid mass into bio-fuel and bio-products (Basu 2013).
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and indicate if changes were made.

Biochar, the solid by-product of this process, consists of
a porous honeycomb structure with high specific surface
area. Due to the unique structure of this carbon-based
material, it has already seen use in carbon sequestration
and wastewater treatment applications. Further consider-
ation to this technology is given in terms of potential use
for soil remediation in agriculture (Zama et al. 2018), hi-
power battery (Saavedra et al. 2018), and high-strength
composite materials (Das et al. 2015a, 2016a) applica-
tions. With current and prospective utilization of biochar
increasing, it is inevitable that large-scale manufacturing
demands will increase.

Current industrial production of biochar is often a
standalone process utilizing heat-transferred through
conventional combustion from a host boiler (Kim et al.
2019). These methods are often multi-staged, per-
formed in rotary kiln or screw-type reactors. Microwave
pyrolysis, on the other hand, is a single-stage robust
and cost-effective biochar manufacturing method over
conventional techniques edged with faster heating rate,
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selective heating, and more importantly volumetric heat-
ing, resulting in a faster pyrolysis process with reduced
energy consumption (Li et al. 2016; Motasemi and Afzal
2013). Moreover, the listed advantages of microwave
pyrolysis give justification of a greener option (Salema
et al. 2017). While there are numerous studies avail-
able detailing the microwave pyrolysis of small batch
size (<50-g) feedstocks (Xian-Hua et al. 2009; Bowlby
et al. 2018), there is a growing need for understanding
the process parameters’ intricacies in a pilot-scale micro-
wave pyrolysis process. The process effectiveness was
evaluated in two biomass species: softwood chips (a mix
of spruce—fir) and waste hemp stalk. The objective was
to gain insight into the pyrolysis performance, in terms
of yield and structural integrity of biochars, at various
microwave power levels, in a scaled-up reactor.

Therefore, the structure of this paper follows the steps
taken in synthesizing and characterizing the biochar
produced. First, all materials and methods relevant to
the study are discussed, including pyrolysis experimen-
tal parameters and biochar characterization techniques.
The following results and discussion section opens with
the captured heating results during pyrolysis including
temperature profiles, heating rates, and residence tem-
peratures. Full biochar characterization analysis is then
discussed including the results of chemical, morphologi-
cal, and mechanical testing. Finally, all relevant conclu-
sions are stated and explained.

Materials and methods
Materials
Two biomass feedstocks were chosen for this study, the
first being a combination of spruce/fir softwood chip
that was locally sourced and donated by Devon Lumber
Co. Ltd. The second feedstock is hemp stalk donated by
a local farmer, hand-shredded prior to experimentation.
Hemp is a promising energy crop for biochar produc-
tion, thanks to its rapid growth rate and high biomass
yield (Branca et al. 2017). Table 1 gives the proximate
and ultimate analyses results of the raw feedstock prior
to pyrolysis.

The proximate analysis reveals the moisture content,
volatile matter, fixed carbon, and ash weight percentages,
whereas ultimate analysis indicates the elemental weight

Table 1 Proximate and ultimate analysis of raw feedstocks
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percentages in the content. Considering both biomass
species are lignocellulosic, the results are very similar.

Experimental methods

Biochar production

Biochar was produced via microwave pyrolysis using a
0.051-m? single-batch reactor capable of 3000-W micro-
wave power supply. Power level was varied between 2100,
2400, and 2700 W per experiment, keeping other param-
eters constant, as shown in Table 2.

Prior to each experiment, previously produced biochar
was introduced inside the reactor as carbon microwave
absorber (CMWA) at a loading of 10 wt%. Microwave
pyrolysis was carried out under N, environment. At each
power level, three tests were conducted in order to gain
a statistical significance in the collected data. To capture
and understand the real-time temperature profile during
pyrolysis, K-type thermocouples and a data logger was
used. Upon conclusion of each experiment, biochar and
bio-oil were weighted to gain insight into the effect of
microwave power level on the weight fraction of the con-
stituents (or ‘yield’). Figure 1 shows the schematic of the
microwave pyrolysis system: microwave reactor, nitrogen
generator, condenser, bio-oil extraction path, and com-
puting system.

Biochar characterization

Chemical and morphological characteristics of the bio-
char were studied at varying microwave power levels in
these large-batch experiments. Raw biomass and bio-
char of each species at each power level were tested for
elemental composition using a carbon hydrogen nitrogen
(CHN) Elemental Analyzer according to ASTM D5373-
16 (2016). Porosity and particle surface area properties,
including porosity distribution and BET surface area,
were evaluated using a gas sorption analyzer for physi-
osorption analysis using nitrogen absorption isotherms

Table 2 Microwave pyrolysis process parameters

Raw biomass, g CMWA, g Power, W Run time, min

1000 100 2100, 2400, 2700 60

Feedstock type Proximate analysis, wt% Ultimate analysis, wt%
Moisture content  Volatile matter Fixed carbon Ash C H, N, o,
(MC) (VM) (FC)

Softwood 1.5 67.3 195 1.7 4443 6.16 0.18 49.23

Hemp 10.7 69.6 18.8

0.9 4571 5.89 - 4840
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Results and discussion

Temperature profile, product yield

Figures 2 and 3 display the detailed temperature profiles
for the test duration at varying power levels, and for each
biomass type. The temperature profiles represent an aver-
age of three data sets at each power level. The majority
of the tests followed similar trends as power increased.
The existence of more erratic peaks at higher power lev-
els is a common occurrence and can be attributed to the
increasing presence of potential microwave hotspots, as
well as the potential for reaction between the metal ther-
mocouple and electromagnetic field at these elevated
power levels (Luque et al. 2012).

Table 3 details the average heating rate and residence
temperature of each test. For this study, the heating rate is
considered to be the rate of rise in temperature during the
first 10 min of the experiment (°C/min) and the residence
temperature is considered to be the average temperature
during the last 30 min of the hour long experiment (°C).
For the softwood, there is a notable increase in residence
temperature when power level increased from 2100 to
2400 W, and even a larger rise from 2400 to 2700 W. On
the contrary, hemp profiles display a large increase in
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residence temperatures between 2100 and 2400 W, with
a smaller but steady increase between 2400 and 2700 W.
The power levels of 2100, 2400, and 2700 W were
selected upon completion of several preliminary tests
determining the minimum power required to convert the
biomass to biochar through pyrolysis. These power lev-
els are correspondingly 70, 80, and 90 percentage of the
microwave’s maximum power supply limit.

Studies performing microwave pyrolysis in small-batch
quartz crucible reactors, utilizing softwood feedstocks,
have shown similar residence temperature at much lower
microwave powers of 300-700 W (Huang et al. 2013;
Huang et al. 2016; Liu et al. 2016). These same studies,
which usually utilized 5-15 g of raw biomass, reported
the large heating rates ranging 120-240 °C/min. Com-
paring the literature results with the current results in
the large batch, 1000-g reaction, indicates the need for
much higher microwave power levels, as well as longer
residence times (due to the slower heating rates) to attain
similar residence temperatures in a large-batch micro-
wave pyrolysis process.

Table 4 displays the averaged biochar yield in weight
percentage upon collection and measurement. As shown
for both feedstocks, an increase in power level leads to
the decrease in char yield. The elevated heating rates and
residence temperatures cause a faster and larger release
of volatiles in the form of liquid and gas, leaving smaller
weight percentages of solid (Masek et al. 2013). The data

Table 4 Biochar yield per microwave power level

Microwave power level, W  Softwood biochar, wt% Hemp
biochar,
wt%

2100 40 37

2400 30 33

2700 24 27
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found from these experiments follow trends from similar
studies (Yu et al. 2010; Hossain et al. 2017).

Biochar chemical properties

Table 5 provides the proximate and ultimate analyses of
the biochar produced at different power levels. Proxi-
mate analysis details the weight percentages of moisture
content, volatile matter, fixed carbon, and ash in the char
samples. The results indicate a decline in volatile mat-
ter and increase in fixed carbon content as power level
increases, relating to higher heating rates and residence
times. This reverse trend between volatile matter and
fixed carbon is often reported (Huang et al. 2008), and
is due to the decomposition of lignocellulosic functional
groups (Zhu et al. 2015) which exit the biomass at higher
rates correlated to the heating rate of the pyrolysis pro-
cess (Masek et al. 2013). Comparing the volatile matter in
the raw feedstock to their biochar, there is a large decline.
This is again due to the major loss of lignocellulosic
groups exiting the microwave system as bio-oil and gase-
ous products while the biomass carbonizes.

Considering the ultimate analysis of both feedstocks,
the carbon content weight percentage vastly increased
after pyrolysis, while both hydrogen and oxygen content
decreased. For softwood, the carbon weight percent-
age increased by about 42%, while hydrogen and oxygen
weight percentages decreased between 38.2-40.1% and
61.2-65.9%, respectively. Hemp biochar analysis fol-
lows identical trends with that of softwood data, with a
42.3-43.4% increase in carbon content after pyrolysis
and 46.1-47.7% and 61.4-64.2% reduction in hydro-
gen and oxygen content, respectively. Similar results
are well documented (Huang et al. 2008), owing to the
rapid release of volatiles during pyrolysis which escape
as gas containing CO,, CO, CH,, and H, (Zhu et al
2015). Comparing the two biochar studied, there is little
variance in elemental weight composition between the
microwave power levels, owing to the hour-long pyrolysis

Table 5 Comparative analysis of chemical properties in biochar obtained from softwood and hemp

Sample Proximate analysis, wt% Ultimate analysis, wt%
Moisture Volatile matter Fixed carbon Ash C H N (0}
content
Softwood (raw) 11.5 67.3 19.5 1.7 4443 6.16 0.18 49.23
Hemp (raw) 10.7 69.6 18.8 0.9 45.71 5.89 - 4840
SW-2100 48 321 60.0 3.1 79.97 3.53 0.01 1649
SW-2400 4.7 29.2 613 4.8 79.82 355 0.01 16.62
SW-2700 39 250 69.1 20 7748 3.64 0.10 18.78
HM-2100 2.8 276 66.8 2.8 7819 322 0.69 17.90
HM-2400 48 26.1 68.1 1.0 76.95 332 0.74 18.99
HM-2700 2.7 250 713 1.0 78.54 3.25 0.59 17.62
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residence time which allows the majority of the volatiles
to exit. These concepts are further explored examining
the FT-IR results of the chars and raw species in subse-
quent paragraph.

Figure 4 shows the FT-IR spectra of raw softwood
and hemp feedstocks. It is seen that both softwood
and hemp display similar curves containing stretches
and peaks at key points where specific chemical bonds
are present. This is attributed to the fact that both cor-
respond to lignocellulosic biomass of similar chemical
composition. The larger stretch from 3600 to 3200 cm™*
is attributed to the O—H stretching, a characteristic peak
of crystalline cellulose (Liu and Han 2015). C-H stretch-
ing is found near 2850-2890 cm™! and 700-800 cm™*
relating to aliphatic and aromatic compounds (Liu and
Han 2015). Carbon-dioxide (O=C=0) is also present
near 2400 cm™! (Zhao et al. 2012). The C=0 peak at
1735 cm ™! is credited to the vibration of the carboxylic
acids in hemicellulose (Liu and Han 2015), while the
C=C stretching from 1600 to 1740 cm ™' is a character-
istic of cellulose compounds (Zhu et al. 2015). A stretch
from the presence of C—C aromatic rings occurs near
1435-1475 cm™! (Zhu et al. 2015). C—O stretching and
deformation is notable at 1215 and 1060 cm™!, while the
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stretching vibration near 1160 cm™! from C—O-C func-
tional group is associated with lignin (Yang et al. 2007).
The organic compounds and their associated functional
groups referenced are presented in Table 6.

Figure 5a, b displays the FT-IR spectra correspond-
ing to softwood and hemp biochars with respect to their
individual microwave processing power.

Across all spectra, there is a major loss in trans-
mittance of infrared radiation, most notably in the
functional groups and compounds associated with lig-
nocellulosic biomass. The large O—H stretch associated
with cellulose experiences varying degrees of degrada-
tion between the power levels, with the largest being

Table 6 Organic compounds and associated functional
groups (Zhu et al. 2015; Liu and Han 2015; Zhao et al.
2012; Yang et al. 2007)

Compound Functional group Wave number, cm™!
Cellulose O-H 3600-3200

C=C 1600-1740
Hemicellulose =0 1735
Lignin C-0-C 1160
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Fig. 4 FT-IR spectra of raw softwood and hemp feedstocks
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at 2700 Watt for both the woody and non-woody bio-
masses. The aliphatic and aromatic C-H compounds
display different results, with the largest aliphatic loss
occurring at 2700 Watt, and largest loss of aromatic
occurring at 2100 W. These observations indicate that
the individual compounds may degrade at separate rates
based on the processing temperatures of pyrolysis. An
increase in CO, transmittance occurs as temperatures
increase due to C=0 bonds more readily breaking at
elevated temperatures to form CO and CO, (Zhao et al.
2012). Major changes occur throughout the region from
700 to 1740 cm™, as the dehydration of hemicellulose
and lignin leads to a loss of aliphatic C-H, C-O-C, and
olefinic C=C groups. The loss of organic compounds
during pyrolysis promoted a growth of organic chemi-
cal structures containing aromatic compounds as feed-
stock carbonized (Zhu et al. 2015). While each feedstock
experiences similar loss of lignocellulosic compounds
throughout pyrolysis, the spectra results show varying
levels of loss based on processing temperatures, further
proving that softwood and hemp biomasses have char-
acteristic pyrolysis conditions for production of quality
biochar (Liu and Han 2015).
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Biochar structural properties

Scanning electron microscopy (SEM) images

Figure 6 shows the SEM images of SW-2100 (a), SW-2400
(b), SW-2700, (c) HM-2100 (d), HM-2400 (e), and
HM-2700 (f) samples. These secondary SEM images were
taken at 2000x magnification to examine the structural
morphology. Evidently, each sample exhibited a porous
structure including pore size, shape, and their distribu-
tion. Comparing Softwood (a—c) with Hemp (d-f) bio-
char samples, it is clear that softwood biochar contains
larger pore size, while the hemp biochar has the presence
of higher volume of smaller pores. Further, as power level
increased, there is less evidence of pore cracking and
residual tars present inside the pores for both softwood
and hemp samples. This observation can be attributed
to a more rapid release of volatiles during the increased
heating rates at corresponding power levels, leaving to
larger and healthier pores (Masek et al. 2013).

BET surface area and porosity analysis

The physiosorption analysis provided in Table 7 includes
found porosity characteristics of the raw hemp and soft-
wood samples. Comparing the raw samples to their

AN

Fig. 6 SEM images of softwood (a, b, ¢) and hemp (d, e, f) biochar
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Table 7 Physiosorption analysis results

Sample BET surface Average Micropore Average
area (m?/g) pore area (m?/g) pore volume
diameter (A) (cm3/g)
Hemp 297 78.06 N/A 0.0058
Softwood 0.76 134.86 N/A 0.0026
SW-2100W 1444 40.52 4.89 0.0146
SW-2400W  28.65 30.53 16.07 0.0219
SW-2700W  9.96 46.44 1.63 0.0116
HM-2100W 11.72 65.34 0.75 0.0191
HM-2400W 12.26 59.65 297 0.0183
HM-2700W 12.18 52.75 2.58 0.0161

biochar counterparts indicates a large increase BET sur-
face area after pyrolysis. Most notably, the raw feedstocks
have no applicable micropores, while new micropores
were developed in the char during pyrolysis. For both
feedstock types, porosity results, including BET sur-
face area and micropore area, improved as power level
increases from 2100 to 2400 W, owing to the faster rate
of residual volatile release, and increased development
of micropores at the elevated heating rates (Masek et al.
2013; Zhao et al. 2012). This occurrence is often stronger
in microwave pyrolysis over conventional due to the
volumetric heating mechanism of the microwaves which
heightens tar vaporization lending to faster release of
volatiles, opening clearer pores (Motasemi and Afzal
2013; Masek et al. 2013). Further indication of micropore
development is the large decrease in average pore
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diameter from comparison of the raw feedstock to their
biochars, and the 2100 W chars to the 2400 W chars.

Considering the physiosorption results from 2400
to 2700 W for both biochars, the BET surface area and
micropore area reduces, with a larger decline for soft-
wood char than hemp char. This phenomenon has
been previously reported, with surface pore size of bio-
chars decreasing with increased pyrolysis temperature,
explained as the potential for biochar to melt and deform
causing pores to shrink or potentially close at elevated
temperatures (Wang et al. 2009). Deformation or melt-
ing of the biochar could have indeed occurred for the
2700-W experiments considering the large recorded resi-
dence temperatures of biochar production, 600 °C and
650 °C for hemp and softwood, respectively. Considering
the recorded results, it is reasonable to conclude there
may be optimal temperature conditions for biochar pro-
duction, which is under 600 °C.

Biochar mechanical properties
Material Young’s modulus and hardness properties are
the measures for its ductility and strength behavior.
When it comes to biochar particles since many of its
applications are targeting it to be as filler material, it is
imperative that these properties are evaluated at their
nano-scale. Figure 7 shows the comparative nanohard-
ness and Young’s modulus properties of both softwood
and hemp char particles.

The hardness values for both softwood and hemp
biochars remained virtually unchanged throughout

7.00
B Modulus Hardness
6.00
5.00
4.00
(]
o
o
3.00
2.00
1.00
0.00
SW-2100 SW-2400 SW-2700 HM-2100 HM-2400 HM-2700
Fig. 7 Hardness and Young's modulus values for softwood and hemp biochars at different power levels
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the power level variations, 0.35 GPa for the former and
0.24 GPa for the latter. This could be due to the hour-
long pyrolysis processing, as well as similar weight per-
centages of hard carbon element present, as reported in
Table 5 (‘Ultimate analysis’ results). On the other hand,
the modulus values are found to increase with power
level increment, with the peak values resonating at 5.64
GPa and 5.98 GPa for respective softwood and hemp
biochars, processed at 2700 Watt. Similar nanoinden-
tation data of approximately 5.0 GPa modulus and 0.5
GPa hardness were recorded through studying biochar
originating from pine sawdust, another softwood spe-
cies (Das et al. 2015b, 2016b). It was hypothesized that
pyrolysis heating rate and temperature are the most sig-
nificant indicators of underlying mechanical properties
when it comes to biochar particles. This is explained
due to the presence of residual pyrolytic tars and carbon
molecules at lower processing temperatures, resulting
in lower hardness and Young’s modulus (Zickler et al.
2006). Furthermore, as heating rate increases, these vol-
atiles exit the char at a faster rate, promoting the growth
of healthy pores resulting in added strength in char par-
ticles (Masek et al. 2013). This is apparent when compar-
ing the higher peak modulus of hemp to softwood and
their corresponding heating rates. Further explanation
for this upward trend observed is given as a gradual
transition from a visco-plastic biomaterial into a brittle,
glass-like carbonaceous residue at temperatures above
400 °C (Zickler et al. 2006). This discussion is further
reinforced linking with biochar elastic behavior under
the load—depth curve, as shown in Fig. 8.

Comparing these two feedstocks, it is noted that while
the curves take similar shapes, the average recovery of
penetration depth for the hemp sample is slightly larger
compared to that of the softwood sample, owing to the
higher elasticity associated non-woody biomass. This is
an important finding for them to be utilized in the bio-
composites manufacturing and gain flexural strength
properties.

Conclusions

Biochar potential is growing steadily as it finds diverse
applications such as battery technology, composite
manufacturing, renewable energy, etc. As such, demand
for biochar is expected to heighten the need for bio-
char production at a larger scale. The focus of this
study was to investigate the use of microwave pyroly-
sis in large feedstock batch sizes (1000-g) and effect on
the thermo-chemical and structural properties of bio-
char obtained from woody (softwood) and non-woody
(hemp) biomasses by varying microwave power level.
The primary findings are highlighted below:
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1. Microwave pyrolysis of large batch required high
microwave power levels (>2000 W) to reach the
needed pyrolysis temperatures (> 300 °C).

2. Pyrolysis heating rates for large batch sizes are low,
ranging 25-50 °C/min, due to the amount of biomass
the microwaves must penetrate.

3. Biochar yield was achieved up to 40 wt% of the raw
biomass, and volatile matter content decreased to
as low as 33 wt%, as heating rates increased due to
faster release of bio-oil and bio-gas from the system.

4. Softwood and hemp biochars have similar elemental
weight percentages after pyrolysis as they both came
from lignocellulosic feedstocks.

5. With the power level increase the pores showed
higher structural integrity, in terms of cracking and
residual tars present inside them for both softwood
and hemp samples.

6. Porosity results displayed an increase of BET surface
area and micropore area from pyrolysis, owing to the
rapid release of volatiles and development of new
micropores relating to the heating rates of pyrolysis.

7. A decline in porosity results at elevated microwave
power levels (2700 W), indicated an optimal produc-
tion temperature under 600 °C, owing to the shrink-
age and deformation of pores at elevated tempera-
tures.

8. Both softwood and hemp samples showed higher
Young’s modulus (5.64 GPa vs. 595 GPa, respec-
tively), with the increase in pyrolysis temperatures,
the maximum being 2700 Watt. This is due to the
decrease in the residual volatiles and increase in the
fixed carbon content upon pyrolysis at elevated tem-
peratures (>300 °C).

9. The mechanical load—depth behavior from the
nanoindentation tests indicated the ‘quasi’ elas-
tic behavior of the biochar particles, an important
finding for them to be utilized in the biocomposites
manufacturing and gain flexural strength properties.
Therefore, upon comprehensive mechanical tests of
these biocomposite materials under 3-point bend
tests, the potential for biochar as a composite filler
material in high-strength application is promising.
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