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ABSTRACT: It is important to understand the transformation
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mechanism of the pyrolysis process, which is a crucial method for - ]
thermally utilizing solid fuels. In this work, multispectral £=

association technology was employed to measure the pyrolysis EE camm Gsianl||
process of biomass (eucalyptus) and investigate the spatiotemporal = T e
characteristics of its gas—solid products. We utilized tunable diode Woveleng/om
laser absorption spectroscopy (TDLAS) to quantitatively measure *

the gases produced during the pyrolysis process (CH, H,0),
which reflects the progress of the pyrolysis. Laser-induced
breakdown spectroscopy (LIBS) was used to qualitatively measure
characteristic elements such as C, C,, and H in the gas phase,
revealing the product conversion trends. In addition, Raman
spectroscopy was used to provide information about the molecular structure and functional group changes in biomass pyrolysis char.
The evolving pattern of the Raman spectrum revealed that biomass char exhibits high reactivity during the dehydration and
devolatilization stage, with a swift detachment of the methyl functional group. TDLAS and LIBS measurements revealed that a
substantial amount of methane was produced, accompanied by the initial release peaks of the C and C, spectrum. During the
secondary cracking stage, the reactivity and the rate of functional group detachment of biomass char gradually diminished. Methane
production is relatively low in this stage, and the second-release peaks in the C and C, spectra might be associated with other organic
gases generated through tar cracking. In addition, through multispectral association measurements on the samples with varying
moisture content, it was found that moisture would increase the reactivity and the rate of functional group detachment of the
biomass char, resulting in an increase in methane yield. Moreover, the spatial distribution characteristics of TDLAS and LIBS above
the samples revealed that moisture facilitates the cracking of tar, resulting in the production of small molecular gases.
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1. INTRODUCTION which can provide a foundational data set for investigating the

Biomass, derived from living organisms including wood, crops,
and aquatic plants, is a renewable and environmentally friendly
source of energy.’ Pyrolysis is an important method for the
efficient thermal utilization of biomass. When biomass is
heated in an inert atmosphere, it undergoes thermal
decomposition and condensation reactions, transforming to
solid biomass char, liquid bio-oil, and gaseous combustible
gases. This process involves numerous products and reaction
pathways.” ™ Different types of biomass exhibit variations in
the elemental composition and functional groups, which would
result in variations in the pyrolysis products and their
distribution of biomass. The eucalyptus belongs to the
category of woody biomass, which is primarily composed of

carbon, hydrogen, and oxygen elements. It contains various gecf!iv;m ﬁnua}n\'y 2120'2?(')214
functional groups, including hydroxyl, carboxyl, aldehyde, and e e
groups, g hydroxyl, Xyh yae Accepted: March 29, 2024

ketone groups, which can participate in reactions such as
hydrolysis and condensation during the pyrolysis process. It is
crucial to understanding the release patterns of important
products and reaction processes during biomass pyrolysis,
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mechanisms involved in biomass pyrolysis.

Traditional pyrolysis studies typically utilize heating equip-
ment such as thermogravimetric analyzer (TGA), tube
furnaces, and drop tube reactors to heat biomass, coupled
with devices like Fourier transform infrared analysis (FTIR),
gas chromatography (GC), and mass spectrometry (MS) to
analyze th 9pyrolysis as phase products under different
conditions.*™® Yan et al.'® and Huang et al.' used TGA-FTIR
to detect the pyrolysis gas products of different biomass,
simultaneously detecting gases such as CO, CO,, CH,, H,0,
NH,, and HCN. Trubetskaya et al.'* and Montiano et al'?
characterized the tar produced from the pyrolysis of different
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Table 1. Proximate Analysis and Ultimate Analysis of Biomass Samples”

proximate analysis/%

ultimate zndyﬁlﬂi%

VM FC M

biomass sample A C H N 0o
received basis 72.67% 15.91% 9.03% 2.39% 44.61% 5.56% 0.19% 49.5%
dry basis 79.88% 17.49% 2.63% 49.03% 5.01% 0.21% 45.53%

VM is for volatile matter, FC is for fixed carbon, M is for moisture and A is for ash.

types of biomass at various heating temperatures using gas
chromatography-flame ionization detection and mass spec-
trometry (GC-FID-MS). The solid phase char produced after
biomass pyrolysis can be analyzed by Raman spectroscopy. Li
et al.'"* and Keown et al.'® utilized FT-Raman spectroscopy to
investigate the structure of char in brown coal and sugar cane,
respectively, fitting the spectra in the range of 800—1800 cm™"
and obtaining ten bands representing the major structures in
char. Surup et al.'® utilized various surface characterization
techniques, including Raman spectroscopy, to analyze the
influence of heating temperature on the carbon structure as
well as other surface properties of char.

The traditional heating and gas analysis methods are suitable
for describing the macroscopic thermal transformation process
and revealing the release pattern of the final products.'’
However, offline analysis cannot directly capture the release
processes of the components in the thermal conversion of
fuels. This information is precisely the data most needed to
establish biomass pyrolysis mechanisms and modeling.

The noncontact optical measurement methods allow for
uninterrupted observation of intermediate transformation
processes while remaining immune to the influence of flow
fields and temperature in complex environments. Laser
spectroscopy, including tunable diode laser absorption spec-
troscopy (TDLAS), and laser-induced breakdown spectrosco-
py (LIBS), is an optical method that obtains comprehensive in
situ information on the temperature and concentration of
components through laser interaction. It has been extensively
used in the combustion field to reveal the thermal conversion
mechanism.

TDLAS utilizes the absorption characteristics of the laser
beam to quantitatively measure the concentrations of gas
molecules. It has been used to monitor the intermediate
conversion processes of specific gas components in complex
reaction flow fields. In the application of TDLAS, Sepman et
al.' utilized it to in situ measure CH,, H,0, soot, and gas
temperature in the reactor core of a biomass gasifier, and found
that CH,; mainly originates from the pyrolysis of fuel particles
in the lower temperature region of the reactor core, based on
the spatiotemporal characteristics of CH,. Furthermore, they
measured the concentrations of H,0, CO, and CO, during the
combustion processes of diesel and biomass by TDLAS, and
analyzed the composition of the exhaust gases by FTIR,"
observing that diesel combustion was completed at the TDLAS
measurement location, while wood combustion was still in
progress. Qi et al.”® used TDLAS for simultaneous measure-
ments of soot volume fraction, H,O concentration, and its
temperature in an ethylene/air-premixed flame and obtained
the distribution pattern of these components along the vertical
direction of the combustor.

LIBS is an atomic emission spectroscopy technique capable
of rapidly and simultaneously monitoring multiple elements,
and it has been extensively employed for characterizing the
temporal and spatial patterns of elemental changes within the
combustion field. Wu et al?' utilized this technique to
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investigate the spatial characteristics of the C/H ratio in an
ethylene-air premixed flame, directly observing the preferential
diffusion of hydrogen relative to carbon. He et al.** applied
LIBS for quantitative measurements of the release of alkali
metals sodium and potassium during coal particle combustion.
Li et al?® employed LIBS to measure relevant atomic and
functional groups during the combustion of individual coal
particles in different atmospheres, establishing a correlation
between CN groups and the formation of NO,. Kotzagianni et
al.** used LIBS to analyze turbulent methane flames and found
a linear relationship between H/O and C,/CN spectral
intensities with flame equivalence ratio. Furthermore, they
used LIBS to identify and demarcate the flame structure and
fuel distribution of hydrocarbon-air premixed laminar flames.>*

Different optical measurement methods have their own
characteristics in terms of application scenes and the scope of
application. In recent years, researchers have made significant
progress in the integration of multispectral technologies. Lee et
al.?® measured the H and O elements by LIBS and calculated
the temperature by the H,0 absorption spectrum measured by
the TDLAS, and realized the accurate inversion of the
temperature and component concentration in the combustion
field. Weng et al.?” used LIBS and TDLAS to measure the
atomic potassium concentration and total elemental potassium
concentration of the burning biomass pallets. Deguchi et al.**
used LIBS for online monitoring of trace elements and TDLAS
for real-time measurement of O, and CO, concentrations in
the The combined use of various in situ
spectroscopy techniques will achieve a synergistic diagnosis
of the combustion field at both atomic and molecular
dimensions.

To obtain more in situ information about the pyrolysis
process, multispectral in situ techniques (LIBS and TDLAS)
were applied to the measurement of gas—solid products in the
pyrolysis process of biomass eucalyptus. TDLAS was utilized
to quantitatively measure the concentrations of water vapors
and methane of the gas phase products, while LIBS was
utilized to qualitatively measure the characteristics of the
elements in the gas phase products of pyrolysis, such as C, C,
and H. The surface char molecular structure of biomass was
characterized by Raman spectroscopy, which is combined with
in situ optical measurements to reveal the mechanisms of gas—
solid product conversion during biomass pyrolysis. Addition-
ally, the spectral characteristics of biomass samples with
received and dry basis were compared to clarify the influence
of moisture on the pyrolysis process. The analysis of multiple
spectral results allows for a comprehensive description of the
spatial and temporal characteristics of pyrolysis gas—solid
products, which contributes to a profound understanding of
the complexity of biomass pyrolysis processes.

incinerator,

hupsv/dol.org/10.1021/acs.encigyfucls,4¢00154
Energy Fuels 2024, 38, 7929-7940
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Figure 1. Experimental setup (a) LIBS measurement system; (b) TDLAS measurement system; (c) gas control system.

2. EXPERIMENTAL SETUP AND MEASUREMENT
METHODS

2.1. Samples. Eucalyptus, as a valuable biomass resource, is
characterized by rapid growth, high yicld, and strong adaptability,
which makes it a significant source of biomass energy.

Table | shows the proximate and ultimate analyses of eucalyptus
powder, which was selected as the biomass fuel for this experiment.

To reduce the uncertainty of the experiments, the samples
underwent identical preprocessing steps, including grinding, sieving,
and uniform baking. Prior to the experiment, the eucalyptus biomass
was ground into powder form and subsequently sieved through a sieve
with one hundred mesh. This allowed for the selection of samples
with a uniform particle size and controlled the moisture content of the
samples. The biomass powder was pressed by using a mold to form a
cylindrical single pellet solid fuel with a diameter of 6 mm and height
of about 2.6 mm.

2.2. Experimental System and Methodology. CO, laser was
used as a heat source for the pyrolysis of eucalyptus fuels, which is a
kind of noncontact heating method, that is not affected by the
measurement environment.2”*° The experimental system consists of a
reaction chamber, gas supply system, laser heating system, LIBS
mensurement system, and ‘TDLAS measurement system, as shown in
Figure 1.

The samples were placed in quartz tubes with a rectangular cross-
section of 30 X 30 mm, which were placed on a height-adjustable
displacement platform for casy adjustment of the measured positions.
The sample was uniformly heated by a CO, laser with 60 W.
Compared to traditional heating methods, CO, laser heating has
several advantages. First, it efficiently converts laser energy into heat,
enhancing energy conversion efficiency. Second, CO, laser heating
provides high precision, allowing for precisc heating of the surface of
the samples and avoiding issues of overheating or uncven heating
often associated with traditional methods. Additionally, as a
noncontact heating method, CO, laser heating climinates the need
for direct contact with the heated object, mitigating the potential
influences of the heating apparatus on spectral measurements. Last
but not least, CO, laser heating exhibits a rapid response, allowing for
quick adjustments in heating through modulation of laser power.
Throughout the process, argon gas was continuously introduced into
the reaction chamber at a rate of 3 L/min, cnsuring rapid pyrolysis of
the biomass in an inert atmosphere.
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The LIBS measurement system employs a laser with a 1064 nm
wavelength, which is focused on the gas product by a 50 mm focal
length lens. The plasma radiation signal generated by the laser-
induced breakdown of air is transmitted via an optical fiber to a four-
channel spectrometer. The spectrometer detects wavelengths in the
range of 180—815 nm, with a delay of 1.28 ys and an integration time
of 1.05 ms. The system utilizes synchronous triggering of the
spectrometer and YAG laser using a DG535.

The TDLAS system consists mainly of a function generator, laser
controller, DFB laser, detector, and data acquisition module. It is used
for the quantitative measurement of gas products CH, and H,O
during the biomass pyrolysis process using a two-line method for
temperature detection. In the experimental process, a sawtooth wave
current is generated by the function generator to make the DFB lager
output continuous laser with a specific central wavelength.*'** The
laser, passing through the pyrolysis chamber, is received by the
detector, which obtains the laser attenuation signal. The detector
signal is collected by the data acquisition module after passing
through the transmission module. DFB lasers with central wave-
lengths of 1343 and 1392 nm are used to measure water vapor
concentrations in the pyrolysis chamber, and temperature is measured
by the two-line method. A DFB laser with a central wavelength of
1654 nm is used to detect the concentration of methane gas released
during pyrolysis,

By adjusting the helght of the displacement platform, the spatial
and temporal characteristics of the gas phase products and their
characteristic elements at heights of 1 and 10 mm above the biomass
samples can be measured by LIBS and TDLAS. The unstable
pyrolysis products released from the surface of the sample are
measured at 1 mm, and the stable final products are measured at 10
mm; thus, we can analyze the variation pattern of the pyrolysis
products in the gas phase space. In addition, biomass char samples
were collected at different moments during the pyrolysis process, and
their chemical structure was characterized by using the micro-Raman
spectrometer (LabRAM Aramis) equipped with a $32 nm laser.

Furthermore, the generation of gas products during biomass
pyrolysis is closely related to changes in the surface char structure.
Therefore, Raman spectroscopy was utllized to characterize the
surface carbon structure of biomass chars from different pyrolysis
stages. By comparing the changes in surface activity and relevant
functional group contents of biomass chars with the release patterns
of pyrolysis product CH,, the correlation between the solid phase and
gas phase can be established, allowing a more comprehensive

hripsy/dol.org/10.1021/acs enargyfuela.4c00154
Energy Fuels 2024, 38, 7929-7940
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understanding of the organic transformation mechanisms during
biomass pyrolysis. The experiments were repeated multiple times to
reduce errors and mitigate the impact of fuel variations or
measurement instability,

3. RESULTS AND DISCUSSION

3.1. Analysis of the Gas Phase Product Release
Pattern by TDLAS. In this work, the specific DFB laser
wavelength range used in the experiment allowed for the
measurement of only CH, and H,0 molecules. Therefore, we
divided the dehydration and devolatilization stage and the
secondary cracking stage based on the release patterns of CH,
and H,0. TDLAS has the characteristic of a line of sight
(LOS). The laser beam is emitted into the gas sample, and the
transmitted signals are detected by the detector system. The
gas sample is bound within the pyrolysis chamber, resulting in
an effective optical path length of 30 mm, which corresponds
to the diameter of the quartz tube. DFB lasers with center
wavelengths of 1343 nm (7444 cm™') and 1392 nm (7185
cm™") were used to measure the concentration of water vapor
released from the biomass particles as well as the temperature
inside the pyrolysis chamber, and the DFB laser with center
wavelength of 1654 nm (6046 cm™') was used to measure the
concentration of methane released from the biomass particles.
The concentrations of CH, and H,0 were calculated as
averages along the optical path within the pyrolysis chamber,
representing the average concentrations of CH, and H,0 in
the pyrolysis chamber.

The original absorption spectrum of laser light absorbed by
H,0 at wave numbers near 7185 and 7444 cm™' was obtained
directly by TDLAS, as shown in Figure SI.

The absorption spectrum is based on the Beer—Lambert
Law, and the formula for absorbance can be derived from eq 1.

a, = PS(T)xppL = —ln(%)

0

(1)

In the equation, a, represents the absorbance at frequency v,
P is atmospheric pressure, S(T) is the line strength that varies
with temperature T, which is obtained by the HITRAN
database, x,;, is the component concentration, ¢, is the line
shape function, L is the absorption path length, 1, is the
absorbed light intensity, and I, is the incident light intensity.

Voigt line function is used to fit the absorption spectrum,
and the relative wavenumber range of the DFB laser was
calibrated with an F—P etalon prior to the experiment. The
integrated absorbance A of the gas is given by the eq 2.

b
A= / a,dv
Y (2)
where v, and v, are the wavenumber ranges of the absorption
peaks.

The absorbances at 7185 and 7444 cm™' are shown in
Figure 2. Utilizing two absorption lines with different
responses to temperature enables the measurement of gas
temperature, known as the two-line thermometry method. The
temperature can be obtained from the eq 3.

_ F(E -~ Ef
(A A (
() +m(33) + (%) (3)
where h is the Planck constant (h = 6.626 X 1073 J.s), k is the
Boltzmann constant (k = 1.38 X 107 J/s), ¢ is the speed of

E-E
T
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Figure 2, Absorption of (a) 7185 cm™' and (b) 7444 cm™" absorption
line.

light in a vacuum (¢ = 299792.458 km/s), E,” is the lower-state
energy level of the absorption line, A; is the integrated
absorbance of the target absorption peak, T, is the room
temperature (296 K), and S,(T,) is the line strength at
temperature T,

The average concentration of the target component (x,,)
along the detection path can be calculated as eq 4:

.
S(T)LP (4)
Through TDLAS laser in situ measurement, the temper-

ature—time curve at a position of 1 mm above the biomass
sample was obtained, as shown in Figure 3a. At the moment of
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Figure 3. Temperature diagram at (a) 1 mm above the samples with
different moisture and (b) different heights of biomass pyrolysis
process.

laser heating, the biomass sample rapidly heats up and
undergoes thermal decomposition, and the temperature at
the measurement point quickly rises to reach a peak and then
gradually decreases to room temperature. Comparing the
temperature variation patterns at 1 mm above the sample
during the pyrolysis process of samples with different moisture
content, it was observed that both received and dry basis
samples reached the maximum temperature during the
dehydration and devolatilization stages. However, the max-
imum temperature of the received basis sample was higher
than that of the dry basis sample during the pyrolysis process.
Moisture plays a certain role in the pyrolysis process of

https//dol.org/10,1021/acs.energyfuels.4<00154
Energy Fuels 2024, 38, 7929~7940
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biomass, making the surface pyrolysis reaction of the received
basis sample more intense.

The temperature variations at different heights above the
received basis sample are illustrated in Figure 3b. Overall, the
variation in temperature at 10 mm aligned with that at the 1
mm measurement point, but the peak temperature was
noticeably lower than at the 1 mm position. When solid fuel
particles were irradiated with a CO, laser, the surface
temperature in the irradiation zone rapidly increased. Heat
was then transferred and diffused from the irradiation zone to
the interior of the sample particles. Some of the heat was lost
through thermal radiation and convection, causing the
temperature to decrease gradually with increasing distance
from the measurement point.

The concentration of water vapor on the optical path 1 mm
above the sample was measured using TDLAS technology, as
depicted in Figure 4. During the pyrolysis process, two peaks in

24
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Figure 4. Water vapor release curves and split-peak fit (a) received
basis sample; (b) dry basis sample.

the release of water vapor were observed during the pyrolysis
process, which lasted for approximately 20 s. Initially, the

biomass rapidly released water vapor, causing a rapid increase
in concentration that peaked before gradually declining.
Subsequently, a second peak in water vapor release occurs,
and finally, it gradually decreases to zero. The moisture release
curve during the pyrolysis process of the dry basis sample was
similar to that of the received basis sample but the peak
concentration was smaller.

The curve representing the generation of H,O exhibits
multiple peaks, with each peak and inflection point
corresponding to a distinct reaction. The generation rate
curves take the form of nonstandard Gaussian curves, which
are fitted using Gaussian functions to resolve the spectral
peaks. The water vapor releasing rate curve for the received
sample was fitted with three Gaussian peaks, indicating that
water vapor released from the biomass sample undergoes three
reaction stages. The first peak corresponds to the removal of
adsorbed water from the biomass pore structure during the
dehydration and devolatilization stage. For the dry basis
sample, two Gaussian peaks were observed, indicating that the
release of water vapor from the sample occurs in two stages.
The release of water vapor during biomass pyrolysis can be
explained by the scission of aliphatic hydroxide groups and the
binding with hydrogen radicals.>® This accounts for the water
vapor release peaks observed in the dry basis sample as well as
the second and third release peaks observed in the received
basis sample.

Methane is one of the most important products in the
biomass pyrolysis conversion process. The CH, concentration
above the surface of the biomass sample was measured at
positions 1 and 10 mm using the absorption line at 1654 nm.
The calculation method for the CH, concentration is
consistent with that for H,O, and its temporal variation is
shown in Figure S. During the initial stage of the pyrolysis
process, the CH, concentration rapidly increased above the 1
mm position of the biomass sample, reaching a peak
concentration before gradually decreasing. The release rate
decreased overall until it reached zero. As the spatial height
increased, the peak concentration of methane release also
decreased. The CH, release patterns for dry basis and received
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Figure 5. Methane generation curves for samples with different moisture content (a) received basis sample; (b) dry basis sample.
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Figure 6. Release curves of methane and related spectral lines (C, H, C,) at 1 mm above the samples.

basis samples are similar. However, during the dehydration and
devolatilization stages, the peak concentration of CH, released
from the received basis sample was higher.

The integration of the methane concentration over the
entire pyrolysis reaction time provides its total yield, which
enables a comprehensive understanding of the biomass
pyrolysis behavior and product formation patterns. By
comparing the cumulative methane production, we can
evaluate the impact of the pyrolysis conditions on methane
generation. Furthermore, by comparing cumulative methane
production at different positions, we can infer potential
reaction pathways. For the received biomass sample, the
integration resulted in 0.0359 at 1 mm height and 0.0390 at 10
mm height, indicating an increase of 0.0031. The integration
for the dry basis sample was 0.0282 at 1 mm height and 0.0310
at 10 mm height, indicating an increase of 0.0028. The integral
of methane concentration at the 10 mm position was higher
than that at the 1 mm position. This suggests that in addition
to the methane generated by bond breaking and desorption on
the solid fuel surface, a small amount of methane was also
produced in the gas phase space, This could be due to the
secondary cracking of unstable large molecules, such as tar,
under heated conditions, resulting in the production of smaller
molecules, including methane.*! During the pyrolysis process,
the received basis sample exhibited a higher rate of methane
release and a greater total amount of methane released. This
indicates that, with the presence of moisture, the received basis
sample possessed an enhanced conversion rate of large-
molecule tars, resulting in the production of a larger quantity
of smaller molecule gases such as methane.

7934

3.2, Analysis of Characteristic Elements and Groups
of Gas Phase Products by LIBS. To gain a further
understanding of the characteristics of volatile products during
the rapid pyrolysis of biomass eucalyptus, LIBS technology was
employed to collect transformation-related feature spectrum
such as C 247 nm, H 656 nm, C, 516 nm, etc., at spatial
heights of 1 mm and 10 mm above the surface of the biomass
sample. Combining the release patterns of the characteristic
elements with those of CH, obtained by TDLAS allows for the
qualitative identification of organic compounds produced
during pyrolysis. The full LIBS spectrum of the biomass
sample after § s of the pyrolysis process is shown in Figure S2.
Temperature has some effects on the LIBS spectrum, but in
our previous study, we found that the intensity ratios of the
different characteristic elemental peaks varied very little with
temperature.’® The characteristic spectral line intensity ratios
can be used to eliminate the impact of temperature on the
accuracy of the spectra.

The characteristic spectrum of the C element originated
from various gases containing carbon elements in the volatile
fraction. The intensity ratio of the characteristic spectrum
between C and H elements (C/H) can qualitatively character-
Ize the carbon chain length of the measured substance,
indicating the size of the molecular weight of the organic
compounds.

However, unlike atomic carbon spectra, the spectrum of C;
is affected not only by the concentration of the target
component but also by the types of organic compounds
present in the measured gas. In our previous research,® it has
been shown that the emission lines of neutral atomic carbon

httpsy/dol.org/10.1021/acs.cnergyfuels.4¢00154
Energy Fuels 2024, 38, 7929-7940
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are 2—3 times larger than those of diatomic species such as C,.
The molecular bands of C, may directly arise from samples
containing diatomic structures, such as single bond C—C or
double bond C=C. Mousavi et al.>” also pointed out that the
main reasons for the formation of C, molecules are the direct
fragmentation of organic compounds releasing C, and the
carbon atoms integration of compounds under the effect of
plasma. Therefore, the main sources of C, include (1)
fragmentation of gases or macromolecular components with
more than two carbon atoms; (2) reforming of carbon atoms
from methane.

Based on this feature, we utilize the C, spectrum and the C/
H ratio, which characterizes the molecular weight of the
substance, to achieve recognition of organic products and
jointly characterize the evolution of organic products in the gas
phase fraction.

During the pyrolysis process, variations in element
distribution arise due to differences in component distribution.
Figure 6 illustrates the release curves of methane and related
spectral lines (C, H, C,) at 1 mm height above the samples
during the pyrolysis process. Further details regarding the
mentioned parameters at 10 mm above the samples can be
found in Figure $3. The transformation pathways of pyrolysis
components were analyzed based on the temporal and spatial
changes in various characteristic spectra. As shown in Figure 7,
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Figure 7. C and C, release curves at 1 mm and 10 mm above the
received basis samples.

there are two release peaks of both C atoms and C; groups 1
mm above the sample, indicating that a large amount of
carbon-containing material was released in the two stages of
pyrolysis. The first release peaks of the C and C, spectra were
concentrated in the stage of dehydration and devolatilization.
These peaks appeared rapidly and declined within the first 10
s. The second release peaks appeared in the second cracking
stage, which occurred after 10 s until the end of the pyrolysis
process. The peak intensity of the C spectrum showed little
difference in both stages. However, during the dehydration and
devolatilization stages, the C, spectrum shows a strong and
brief intensity, while in the secondary cracking stage, the C,
spectrum intensity is weaker but persists until the end of the
pyrolysis process. This indicates a difference in the types of
organic compounds released during the two stages.

The LIBS spectrum collects elements from biomass pyrolysis
products in situ. However, the identification of organic

compound types cannot be achieved solely based on the
characterlstic spectrum of C and C,, By combining the CH,
emission characterlstics measured by TDLAS, it is possible to
qualitatively differentiate the types of organic compounds in
the pyrolysis products, The emission peak of methane
coincides with the first emission peaks of C and C,, indicating
that during the dehydration and devolatilization stage, the
significant emisslon of carbon-containing small molecular
gases, such as methane, was the main contributor to the
formation of the first emission peaks of C and C,. In the
secondary cracking stage, the methane emission was relatively
low, while C and C, exhibited a second emission peak. This
indicates that the second emission peak in this stage is
contributed by other types of organic compounds. The sources
of the second emission peak are diverse and may be attributed
to the small amount of small molecular gases, such as ethylene
and acetylene, generated from the cracking of large molecular
tars,

Additionally, it was observed that the moisture-rich basis
samples released more methane during the pyrolysis process.
However, their C and C, characteristic peak intensities were
lower than those of the dry basis samples. This phenomenon
may be influenced by the tar generated during the biomass
pyrolysis process, During the pyrolysis process of the received
basis samples, the concentration of moisture played a
significant role in the cracking of tar, which led to the
generation of small molecular gases. In contrast, the dry basis
samples released less moisture, making it difficult to crack the
accumulation of large molecular tar above the sample surface,
resulting in stronger C and C, spectrum intensities.

Figure 7 shows the pattern of C and C, spectra at different
heights above the received basis samples. The C spectrum
peaked at the start of the pyrolysis process and gradually
decreased at a height of 10 mm above the samples. In contrast,
the C, spectrum distinctly reveals two release peaks, further
illustrating differences in the types and sources of organic
compounds during the dehydration and devolatilization stage
and the secondary cracking stage at 10 mm. The intensity of
the C and C, spectrum at the position 10 mm above the
sample surface is significantly lower than that at 1 mm above
the sample. This may be due to the fact that the organic
compounds at 1 mm above the sample surface were more
easily excited to produce C and C, spectra, while at 10 mm, the
excitation of the spectrum from organic compounds was more
difficult. During the pyrolysis process, large molecular tars and
small organic gases coalesced, and they are the main substances
forming the C and C, spectrum. Compared to large molecular
tars, noncondensable small molecular gases have stable
structures and are more difficult to excite to form C and C,
spectra. The accumulation of tar near the sample surface is the
primary reason for the stronger C and C, spectrum at 1 mm
above the sample.

To investigate the spatial variation of organic compounds
during the dehydration and devolatilization stages at 1 mm and
10 mm above the sample surface. Figure 8 shows a comparison
of the spatial distribution of the C/H ratio. At 1 mm above the
sample surface, two peaks in the C/H ratio were observed. The
peak for the dehydration and devolatilization stages was
shorter, while the peak for the secondary cracking stage was
smoother and longer. During the initial stage of pyrolysis in the
dehydration and devolatilization stages, small molecular
hydrocarbons such as methane are released from the sample
surface, forming the first peak. As it enters the secondary

httpsy/dol.org/10.1021/acs.onargyfuels.4c00154
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Figure 8. Comparison of the C/H ratio in samples with different
moisture contents.

cracking stage, large molecular tars continuously crack to
produce noncondensable gases with two or more carbons,
forming the second peak. The C/H ratio at 1 mm above the
sample surface was significantly higher than at 10 mm. This is
because near the sample surface at 1 mm, large molecular tars
can be detected, and unstable large molecular tars gradually
undergo thermal cracking during diffusion. At 10 mm, only
methane and small molecular gases produced by cracking can
be detected. The C/H ratio of pyrolysis products from the dry
basis sample was higher than that of the received basis sample,
whether at 1 mm or 10 mm above the sample. The results
show that the tar conversion rate was lower for the dry basis
sample, which led to a higher accumulation of large molecular
tars and a higher C/H ratio. In contrast, the received basis
sample released more water vapor, promoting tar cracking and
resulting in a higher tar conversion rate and a lower C/H ratio.

3.3. Analysis of the Molecular Structure of Biomass

Char by Raman. LIBS conducts elemental analysis of gaseous
pyrolysis products from an atomic emission spectroscopy
perspective, while TDLAS quantitatively measures H,O and
CH, in gaseous pyrolysis products from a molecular absorption
spectroscopy viewpoint. However, in situ spectral detection
cannot further analyze the molecular structure of biomass
surface char. Therefore, Raman spectroscopy is introduced to
complementarily study the structure of active functional groups
in pyrolysis char, which has been widely applied for the ex situ
characterization of products (char and ash) as well as for in situ
diagnostics during reactions.”> The molecular structure of
biomass surface char changes with the progress of the pyrolysis
process, and the activity and detachment of functional groups
on surface char are closely related to the types and yields of
gaseous products. Therefore, we conducted Raman spectros-
copy analysis on samples from different pyrolysis stages and
compared the CH, release patterns with the changes in surface
char structure.

Through pre-experiments based on TDLAS and LIBS
spectra measurements, we found that both spectra peaked
rapidly within the first 5 s of pyrolysis. Based on the spectrum
results, the pyrolysis process of biomass can be divided into
two stages: the first 10 s is the stage of dehydration and
devolatilization, while the period after 10 s until the end of
pyrolysis is the stage of secondary decomposition. Therefore,
samples were taken at $ and 10 s, and their intermediate
moment of 7.5 s. Samples 1-3 represented the changes in
surface char during the dehydration and devolatilization stage.
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Since CH, generation mostly ceased after 1S s of pyrolysis, the
fourth sampling was performed to observe variations in the
molecular structure of the surface char during the secondary
decomposition stage. Finally, sample $ was used to characterize
the biomass char structure after pyrolysis was completed. By
sampling at specific intervals during pyrolysis, we could
monitor the changing trend of the molecular structure of
char throughout the process. Samples of biomass char were
collected at different time intervals during the pyrolysis process
and labeled as samples 1—5 based on the time. Table 2 shows
the time intervals at which the samples were collected.

Table 2. Biomass Sample Numbers and Sampling Times

sample number 1 2 3 4 S

sampling time (s) s 75 10 15 complete pyrolysis

The Raman spectrum of biomass is typically the result of the
convolution of multiple carbon structure bands, which requires
deconvolution. Researchers have classified the Raman
spectrum of biomass char in the 800—1800 cm™ range. The
Raman spectrum of each sample was normalized based on the
central spectral positions of the bands. Then the spectra were
baseline-corrected and peak-fitted using Peakfit software.
Gaussian peak fitting was applied to the Raman total peak in
the 800—1800 cm™ range, with each peak representing typical
structures in biomass.

The Raman spectrum of biomass char is mainly charac-
terized by two bands, approximately 1350—1370 and 1580—
1600 cm™, representing the D peak of sp” carbon structures,
indicating structural defects, and the G peak representing
graphite carbon structures, respectively.”® By analyzing the
overlap between the D band and the G band, as well as the
shoulders, important information about the structural charac-
teristics of the biomass char can be captured. The overlapping
region between the D and G bands can be divided into three
parts: Gy (1540 cm™), V; (1465 cm™), and Vg (1380 em™).
These represent characteristic structures of different amor-
phous carbons and the semicircular vibrations of aromatic
rings. The Raman spectrum including prominent peaks such as
the G, D, Vy, Gy, and V; bands are shown in Figure S4.

The relative intensity ratio of the D band to the G band,
known as Ip/Ig, is often used to characterize the structural
features and defect levels of materials.** Generally, samples
with higher Ip/I ratios tend to exhibit higher defect content
and amorphous structures, leading to an increased surface area
and more active sites exposed on the surface. Therefore, some
studies suggest that char with higher I/I¢ ratios tends to have
more disordered carbon crystal structures and higher char
reactivity.® Conversely, the ratio of Ip/I decreases as the
degree of graphitization increases.

Figure 9 illustrates a comparison between the I/Ig ratio and
methane evolution curve at different pyrolysis stages of
biomass samples, revealing a similar trend between the two.
The surface char activity of biomass was positively correlated
with the methane concentration in the pyrolysis gas phase,
suggesting that most of the methane production was due to
surface reactions on the biomass. During the dehydration and
devolatilization stage, the Ip/I ratio rapidly increased,
indicating that the carbon structure of the char becomes
disordered, and the reactivity of biomass char increased.
Intense surface reactions occurred during this pyrolysis stage,
resulting in the significant release of volatile gases, including

httpsy//dol.org/10.1021/acs.energyfuels.Ac00154
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Figure 9. Ip/I; ratio of the biomass char Raman spectrum and the methane evolution curve at 1 mm above the sample surface. (a) Received basis

sample; (b) dry basis sample.

methane. In the secondary cracking stage, there was a
noticeable decrease in the Ip/Ig ratio. Compared with the
dehydration and devolatilization stage, the secondary cracking
stage was dominated by gas phase reactions, resulting in fewer
structural changes in biomass char. As a result, the surface
activity gradually decreased and the aromaticity of the char
increased, indicating a more stable chemical structure on the
char surface.

The Ip/Ig ratios of samples with varying moisture contents
exhibit a similar trend, initially increasing and then decreasing.
During the dehydration and devolatilization stage, the received
basis sample shows a higher Ip/Ig ratio and methane
concentration, indicating greater reactivity of the received
basis biomass char. The increase in porosity and surface area
resulting from the removal of free water from the sample’s
porous structure may be responsible for the intensified
pyrolysis reactions and enhanced reactivity of the formed
surface char, ultimately promoting the release of volatile gases.

The bands located between the D peak and G peak (Gg, Vy,
and Vy) contain valuable structural information. The Gy, V),
and Vi bands represent smaller aromatic ring polymerization
degrees (3—S aggregated aromatic rings) in amorphous
carbon, such as submethyl or methyl structures, On the
other hand, the D peak mainly represents the defect structure
of carbon materials with highly regularized structures (more
than 6 benzene rings). The proportion of large aromatic rings
to small aromatic rings in char can be represented by Ip/(Igg +
Iy + Iyp), which is the peak area ratio of the D peak to (Gy +
Vy, + Vi) peaks. Figure 10a shows the trends of I/ (Igg + Iyt +
Iyg) and Figure 10b shows integrated methane concentration
for both the received basis sample and the dry basis sample
over the pyrolysis process. The Ip/(Igy + Iy, + Iyp) and
integrated methane concentrations showed a similar trend,
rapidly increasing during the dehydration and devolatilization
stage and showing a smaller increase during the secondary
cracking stage. This indicates that during the dehydration and
devolatilization stage, small aromatic rings were continuously
consumed or rapidly condensed into large ones. Methane
formed as methyl and methylene carbon structures continu-
ously detached. In the secondary cracking stage, this rate
slowed down, and the chemical structure of biomass char
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+ Iy, + Iyp) (b) methane generation integral curve (c) Iyp/Luy

became more regular. In the same pyrolysis reaction stage, the
received basis sample with a higher moisture content had a
larger In/(Igg + Iyy + Iyg). Moisture promoted the detachment
of smaller aromatic structures, resulting in the generation of
volatile gases such as methane. It also facilitated the
condensation of these structures into larger molecules with
six or more aromatic rings. As a result, the sample exhibited a
decreasing proportion of small aromatic structures and an
increasing proportion of large aromatic structures, leading to a
more stable chemical structure of biomass char.

Figure 10c shows the variation curve of Iyg/I, for samples
with different moisture contents during the pyrolysis stage.
The production of methane during biomass pyrolysis is
strongly linked to the methylene functional groups. The Vi

httpsy/dol.org/10.1021/acs.enargyfuelsA<00154
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peak at 1380 cm™ represents the fundamental vibration of the

methylene functional groups. By comparison of the proportion
of the Vy peak area to the total peak area in different samples,
the qualitative analysis of changes in the content of methylene
functional groups in biomass char can be determined. The
continuous decrease in methylene functional groups during the
pyrolysis process was proportional to the total amount of
methane released. In the dehydration and devolatilization
stage, a large amount of methylene groups detached, and the
released methyl groups combined with hydrogen radicals to
generate methane, leading to a significant release of methane
during this stage. During the secondary cracking stage, the
surface char activity decreased, resulting in a slower rate of
methylene group detachment. As a result, the production of
methane decreased significantly. When comparing biomass
samples with varying moisture content, the residual content of
methyl functional groups in the received basis sample was
lower than that in the dry basis sample at the same time. Prior
to pyrolysis, the amount of methyl functional groups in the dry
basis sample was equivalent to that in the received basis
sample. As pyrolysis commences, the heightened surface
Teaction activity facilitates the detachment of methyl functional
groups, thereby increasing methane production. Upon entering
the secondary cracking stage, with the decreasing rate of
methyl functional group detachment, the rate of methane
generation gradually decreased.

3.4. Integrated Analysis of Multispectral Results. The
biomass pyrolysis process was characterized by using a
multispectral association in various perspectives. TDLAS and
LIBS were employed to characterize the released gas phase
products (CH, and H,0) and their characteristic elements (C,
C, H), while Raman spectroscopy was utilized to characterize
the solid phase biomass char structure. The pyrolysis process
of biomass eucalyptus can be divided into a dehydration and
devolatilization stage and a secondary cracking stage by
analyzing the release patterns of gas products.

During the dehydration and devolatilization stages, the
reactivity of biomass char increases, leading to significant
detachment of functional groups such as methylene, which
subsequently combines with hydrogen radicals to generate
CH,. The extensive release of CH, during this stage can be
monitored using TDLAS, while the first release peaks of
characteristic elements such as C and C,, as detected by LIBS,
primarily originate from volatile gases such as CH,. Samples
with a higher moisture content exhibit higher reactivity on
their surface, which promotes the detachment of methylene
functional groups. As a result, they release a higher
concentration of methane compared with dry basis samples.

During the secondary cracking stage, the reactivity of the
biomass surface char gradually decreases, resulting in a
reduction in the detachment rate of functional groups and
stabilization of the chemical structure. Consequently, the
production of volatiles, such as CH,, decreases. This stage is
dominated by gas phase reactions. The C/H ratio of 1 mm
above the biomass samples is larger than that of 10 mm above
the samples, indicating that large molecules of tar are gathered
near the surface of the samples. By comparing the cumulative
methane production at 1 and 10 mm above the samples, it is
observed that the accumulation is higher at 10 mm. It
suggested that in addition to methane generation through solid
fuel surface cleavage during the dehydration and devolatiliza-
tion stage, a small amount of methane is also produced in the
gas phase. This methane may originate from the cracking of
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unstable tar during diffusion. The second peak in the
characteristic spectra of C and C, measured by LIBS may
originate from ethylene and other small molecule gases
generated during tar cracking. The increase in methane in
the gas phase of the received basis samples indicates that the
release of water vapor may facilitate the cracking process of
large molecules.

1t is well known that establishing a mathematical model of
fuel pyrolysis requires a comprehensive description of the
relevant physical and chemical processes, including thermody-
namics, chemical kinetics, and component transport. To
predict the reaction rates and product formation rates of fuel
pyrolysis, it is necessary to develop a multistep kinetic model of
fuel devolatilization.” The spatiotemporal distribution data
obtained from experimental measurements can provide
important clues for elucidating the mechanism of pyrolysis
reactions, inferring possible reaction pathways and intermedi-
ate products. In our experiments, TDLAS was used to realize
the quantitative analysis of the gas phase products (CH, and
H,0) of biomass pyrolysis, and LIBS was used for the
qualitative analysis of the characteristic elements (C, H, C,) of
the gas phase products. By analyzing the spatiotemporal
distribution of products CH, and characteristic elements C and
C, in experiments, it is inferred that the kinetic model of
pyrolysis must consider the cracking reactions of tar in the gas
phase. The model requires fuel characterization based on
proximate analysis and ultimate analysis, as shown in Table 1.
Kinetic models involving multiple species and reactions are
then used to describe the products released during the
devolatilization stages. Model calculations can predict the
release characteristics of major pyrolysis products (such as
CH,, H,0, CO, H,, etc.). The experimental analysis can be
used to compare with model predictions, and the kinetic
parameters of each reaction can be adjusted based on the
experimental results to improve the accuracy of the model.

4. CONCLUSIONS

In this work, the spatiotemporal distribution characteristics of
gas and solid products during the pyrolysis of eucalyptus
biomass were revealed by using a multispectral association
method, including TDLAS, LIBS, and Raman spectroscopy.
The gas phase products H,O and CH, were quantitatively
measured, and the organic compounds generated during
pyrolysis were qualitatively identified. Furthermore, we
established correlations between the molecular structure of
the solid biomass char and the spatiotemporal release pattern
of the gas phase pyrolysis products. It was found that in the
devolatilization stage, the surface reactivity of biomass char was
increased and the functional groups were detached, resulting in
the release of volatiles including CH,,. The secondary pyrolysis
stage is dominated by gas reaction, and the tar in the gas phase
cracks into smaller molecular gas. The moisture content in the
samples enhances the reactivity of biomass char, and the
release of water vapor may facilitate the cracking process of
large molecules. Our work investigated the gas phase product
formation of eucalyptus pyrolysis from both molecular and
atomic perspectives, providing a database for the establishment
of kinetic models of biomass pyrolysis.
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