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Highlights:

e Uncertainty in the one-time measurement for chars by Raman spectroscopy technology is evident.

o Influence of char particle size and objective lens magnification on Raman characteristic parameters
was investigated.

e The number of measurements required to obtain stable characteristic parameters is related to the
micro-zone properties of the char surface.

Abstract: To address the problem of variability in in situ Raman spectroscopy for determining the
chemical structure of chars, the rationality of Raman’s original peak spectrum fitting method, the
influence of objective lens magnification, particle size, and number of measurements on peak shape
and characteristic parameters were investigated. The results show that the Raman original peak
spectrum of char is fitted by five peaks and the goodness of fit is best when the D3 peak is fitted by a
Gaussian curve. The intensity of the peak spectrum and stability of the characteristic parameters of
the Raman spectroscopy are related to the objective lens magnification. For a relatively large objective
lens magnification, the Raman peak spectrum intensity is increased and the coefficient of variation
in the characteristic parameters is accordingly reduced. As particle size increases, the characteristic
parameters Ag /A, that characterize the perfect graphite structure decrease and the characteristic
parameters Ap;/Aay, Aps/Aan, and Ap;/Ag that characterize the defective graphite structure
increase. The coefficient of variation for the characteristic parameters is found to be the smallest for
the particle size range of 81-96 um. Micro-Raman imaging reveals that the microscopic characteristic
parameters of different micro zones are significantly different and the number of measurements

required to achieve reliable Raman characteristic parameters is related to this anisotropy.

Keywords: Raman spectroscopy; coal pyrolysis; char; carbon chemical structure

1. Introduction

Raman spectroscopy is commonly used to characterize carbonaceous materials, such
as coal and graphite, due to its wide applicability in the detection of crystals, molecules,
and amorphous structures [1-4]. It also has the advantages of facile sample preparation,
low minimum sample quantity, high resolution, high sensitivity, and being non-destructive.
Therefore, it can provide reliable information for the evaluation of the orderliness of
carbon chemical structures [5-9]. The half-width at maximum height, peak area ratio, peak
position, and peak intensity of each peak obtained from the Raman peak fitting can be
used to characterize the chemical structure of coal chars [5,10-14]. These characteristic
parameters can also provide strong support for speculating on coal pyrolysis reaction
surface adsorption mode, mechanical strength, and other properties [1,5,7,15].

Raman spectroscopy is widely used for analysis and research of coal char structure,
precisely because this technique contains rich information characterizing coal char struc-
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ture, although there have been a large number of studies with regard to utilization of
Raman characteristic parameters to characterize the structure of coal chars. However, the
Raman characteristic parameters selected to characterize the char structure are not always
consistent [5,15-17]. For example, Sheng [5] selected the ratios between the peak spectrum
intensities I /Iy, Ip1/1g, and Ipp/1IG; Zou et al. [16] performed peak fitting of Raman
spectra of coal chars and further processed peak areas (peak area ratios Ap;/Ag, Ag/Aan,
and ARr/Aaj) to construct the relationship between the coal char reaction performance
and the ratios of Raman peak areas; Liu et al. [17] used Raman characteristic parameters,
including peak spectral intensity, total peak area, peak position, and peak half-width at
maximum height. On the other hand, the mode for testing conditions and the peak de-
convolution method of the original Raman peak spectrum influence the conclusions that
have been studied. Vidano et al. [18] studied the influence of four excitation wavelengths
(488.0/514.5/568.2/647.1) on the Raman peak spectrum, where a progressive red-shift
with increasing excitation wavelengths is evident for the D (1350 cm’l) peak, whereas the
positions of the G (1580 em~ 1) and D’ (1620 cm ™) peaks are essentially invariant. Similar
line-shift results were obtained for all of the samples investigated. Similarly, Sadezky
et al. [19] and Matthews et al. [20] also arrived at the same conclusion. For the original
Raman peak spectrum fitting research, Cuesta et al. [21] studied the Raman peak spectra
of samples with different graphitization degrees and found that more comprehensive
information of coal char could be obtained by multi-peak fitting of Raman original peak
spectrum. Currently, the most commonly used method for coal char original peak spec-
trum fitting is five-peak fitting, including D4 peak at about 1150 cm ™!, D1 peak at about
1350 cm ™!, D3 peak at about 1530 cm !, G peak at about 1580 cm !, and D2 peak at about
1620 cm ! [17,19,20]. However, there is no clear specification for the setting of objective
lens magnification and coal char particle size. In particular, the objective lens magnification
and particle size employed by different researchers to detect the microstructure of coal
chars differs greatly. For example, the selected objective lens magnifications are 10x [22],
50x [17,23-25], and 100x [26], and particle sizes of coal chars are 48-96 [27], 74-105 [17],
105-150, and 150 pum [5], respectively. In addition, there are differences in Raman peak
fitting methods for different carbonaceous materials. For example, it is more reasonable to
adopt two-peak fitting for Raman peak spectrum of coke [28], while it is more reasonable
to adopt five-peak fitting for some structure features of lignite and char, as they remain
under cover around the D and G bands because of their disordered natures, although the
five-peak fitting method of char Raman spectroscopy is generally accepted. However, there
is controversy in the selection of fitting method for the D3 peak. Wang et al. [15] thought
that Lorentz fitting was more reasonable, while Sadezky et al. [19] believed that Gaussian
fitting was more reasonable. In addition, when Raman spectroscopy is applied to coal char
structure detection and performance evaluation, the effects of variation in these testing
conditions on characterizing coal char chemical structure have yet to be investigated.

In addition, some studies [29,30] have shown that the Raman characteristic parameters
that characterize the coal char structure obtained after multiple Raman spectra of the same
coal char sample exhibit variability. Taking Ap;/Ag as an example, the difference between
the extrema of multiple detections can be as high as, approximately, three [29]. Rantitsch
et al. used micro-Raman spectroscopy to measure and analyze the bulk cross-section of
metallurgical coke with multiple data points. The standard deviations for the respective
positions of the characteristic peak spectra from multiple measurements and the Raman
characteristic parameters that characterize the structure differed, further demonstrating
the non-uniformity of the metallurgical coke and the importance of multiple data points
in the Raman spectroscopy detection process [30]. Unfortunately, the majority of studies
adopted the results of one-time experimental analysis for Raman characteristic parameters
to characterize the char structure. There are few studies on the influence of the number of
spectra of a site on the stability of Raman characteristic parameters. Previous lab research
suggested repeated Raman detection on a variety of char samples (particle size < 75 um,
excitation wavelength 514 nm, spectral resolution 1 cm ™, objective lens magnification 20x)
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and five-peak fitting. It is found that most of the Raman characteristic parameters of chars
are quite different. Therefore, the accuracy of one-time Raman results predominantly used
in studies of char structure analysis is questionable.

In this paper, the rationality of the two-peak deconvolution methods was evaluated
by the value of goodness of fitting and a more reasonable fitting method for Raman peak
spectrum was proposed. Subsequently, the influence of objective lens magnification and
char particle size (<30, 61-75, 81-96, and 120-140 um) on the intensity of the Raman peak
spectrum, characteristic parameters, and their degree of stability are studied. As a result
of the above, a method for obtaining average values (Ap;/Ag, Ag/Aan, Ap3/Aap and
Ap1/Aap) through multiple Raman measurements is adopted to investigate the influence
of the number of measurements on the stability of Raman characteristic parameters. Lastly,
using micro-Raman imaging technology, a full scan of the micro zones of the char is
performed to clarify the reasons for the differences in variability of the Raman characteristic
parameters for different chars.

2. Experiment
2.1. Sample Preparation

Two coal chars (charl and char2) were prepared from two industrial-scale pyrolyzers
using low-rank coal obtained from northern Shaanxi, China. The pyrolysis temperature
is controlled to be 600-750 °C, at a heating rate of 3-5 °C/min, and the pyrolysis time is
4-6 h. Before testing, the lump char was crushed, followed, and screened to the particle
size intervals <30, 61-75, 81-96, and 120-140 pm, respectively. Then, the screened samples
were dried at 105 °C for 2 h by drying in an oven. Proximate analysis of the samples is
shown in Table 1.

Table 1. Proximate analysis of charl and char2.

Sample Mad/o/o Aadlo/o Vad/o/o FCad/O/o
Charl 0.93 7.57 12.38 79.12
Char2 1.21 8.45 7.38 82.96

ad: Air-dried basis.

2.2. Raman Spectroscopy Characterization

The Raman spectrometer (LabRAM ARAMIS, HORIBA Jobin Yvon Company, Paris,
France) is employed to determine the carbon chemical structures in the samples. The
infrared light excitation efficiency is low, the sensitivity is low, and the resonance effect
of organic molecules is weak. Ultraviolet light has the characteristics of high energy and
easy-to-damage samples. Both of them have obvious deficiencies in detecting coal char
structure. However, the visible light with a wavelength of 514 nm has stable performance
and can effectively detect the structure of organic molecules. Therefore, the selected Raman
excitation wavelength is 514 nm. The Rayleigh scattering component was removed by a
Notch filter and the Raman-scattered light was dispersed by an optical grid and detected by
a CCD camera. The Raman spectrometer was generally operated in the continuous scanning
mode. The exposure time was varied to find the optimum measurement conditions, and the
exposure time mainly depends on the signal-to-noise ratio. In addition, spectral resolution
is 1 cm~! and the spectral scanning range is 500-2000 cm~!. For the data obtained from
Raman spectroscopy analysis, the data analysis and graphing software of origin is used
for peak fitting by 5 peaks and the G, D1, D2, and D4 peaks are fitted in a Lorentzian
manner; however, it needs to be further confirmed whether Gaussian or Lorentz fitting
is adopted for D3 peak. Among those peaks, the G peak (about 1580 cm™!) is an ideal
graphitic lattice (Epg-symmetry), representing the characteristic peak associated with a
perfect graphite [6]. The larger the area of the G peak, the higher the degree of ordering of
the chemical structure of coal coke. The D1 peak (about 1350 cm ') is commonly called the
defect band (hereafter called D1 band), which corresponds to a graphitic lattice vibration
mode with Ajg symmetry and is attributed to in-plane imperfections, such as defects
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and heteroatoms [31]. The D2 peak (about 1620 cm~!) always appears with the D1 peak
and represents the stretching vibration of an irregular graphite lattice [32]. Its intensity
decreases with the increase in the degree of organization. The D3 peak (about 1530 cm 1)
is related to the amorphous graphite, which is suggested to originate from the amorphous
sp2-bonded forms of carbon, such as organic molecules, fragments, or functional groups,
in poorly organized materials [21]. The D4 peak (about 1150 cm~!) represents an irregular
graphite structure and only appears in highly disordered materials [25]. The data resulting
from peak fitting are further processed to obtain the quantitative Raman characteristic
parameters that characterize the char microstructure.

To explore the effect of objective lens magnification on the obtained Raman char-
acteristic parameters, charl with a particle size of 61-75 pm is selected. Objective lens
magnifications of 5%, 20x, and 50X are selected, resulting in corresponding laser beam
diameters at the sample of 5.23 um, 1.57 pum, and 0.84 pm, respectively. Observations
corresponding to each objective lens magnification are repeated three times at the same site.
The laser beam diameter corresponding to different objective lens multiples is calculated as
shown in Equation (1).

D =122A/NA 1)

where A represents the excitation wavelength and NA represents the numerical aperture of
the objective lens.

The effect of particle size on the Raman characteristic parameters is explored experi-
mentally by changing the particle size with a fixed objective lens magnification of 20 x. The
four particle size intervals already described are used, and measurements corresponding
to each particle size interval are repeated three times at the same site. To investigate the
influence of the number of measurements on the stability of the results, charl with objective
lens magnification of 20x and a particle size of 61-75 pum is selected. Through multiple
repeated sampling and measurements, stable Raman characteristic parameters are obtained
and the obtained Raman characteristic parameters are further processed as follows: first,
the standard deviation of the first two items is calculated and then differentiated, and the
relation between the number of measurements and the stability of the Raman characteristic
parameters is determined by the trend of the derivative of the standard deviation; mean-
while, in order to study the difference in the stability of the Raman characteristic parameters
and the number of measurements of different samples, char? is selected for comparison.

Micro-Raman imaging (HORIBA Jobin Yvon LabRam ARAMIS laser Raman spec-
trometer) is performed with a Raman imaging area of 30 pm x 50 pm to characterize the
char structure. The selection of Raman excitation wavelength, spectral resolution, and
spectral scanning range is consistent with that of conventional Raman detection and spatial
resolution is 0.5 um horizontally and 2 pum vertically.

3. Results and Discussion
3.1. Influence of Peak Deconvolution Method

Accurate fitting of the original Raman peak spectrum can obtain more accurate in-
formation for evaluating the structure of coal char. Figure 1 is the exemplary curve of
using 4L1G (four Lorentz peaks and one Gaussian peak) and 5L (five Lorentz peaks) peak
spectrum decomposing methods for Raman peak spectrum. It is impossible to evaluate
the advantages and disadvantages of the two methods directly from Figure 1. Therefore,
the data obtained by fitting are further compared. The rationality of the fitting method
was evaluated by the x?/dof and it is generally believed that the smaller the value of
x2/dof, the better the fitting effect. The goodness of fit achieved with the different peak
combinations is indicated by the x?/dof values summarized in Table 2. When the original
Raman peak spectrum is fitted by five peaks, regardless of the choice of objective lens
multiple, the x?/dof of D3 peak by Gaussian fitting is smaller than that of the x?/dof of
D3 peak by Lorentz fitting. The results show that from the perspective of goodness of fit,
Gaussian fitting is more reasonable for the D3 peak. Similarly, other scholars [19] verified
the rationality of Gaussian fitting for the D3 peak.



Energies 2022, 15, 5627

50f17

1600

1400
. 1200
1000
800
600
400

u

Intensity/a

200 |

N Raman Spectrum (a) 1600 |- Raman spectrum (b)
[ Fitcurve 1400 [— Fit curve
- D4 peak . 1200 = D4 peak
|—— D1 peak =] D1 peak
(1]
— D3 peak > 1000 - D3 peak
K G peak ‘2 800 - G peak
[—— D2 peak £ 600 D2 peak
- = 400 |
B 200 [
0 1
1000 1200 1400 1600 1800 1000 1200 1400 1600 1800
Wavenumber/cm™* Wavenumber/cm ~*

Figure 1. Raman original peak spectrum (objective lens magnification is 5x) five-peak fitting method;
(a) 4L1G, (b) 5L.

Table 2. Goodness of fit for the Raman spectra of sample with different peak combinations (4L1G
and 5L) and indicated by x2/ dof value.

Magnification/5 x Magnification/20 x Magnification/50 x
Times
AL1G/(x2/dof)5LI(x*/dof)  4L1G/(x2/dof)5LI(x*/dof)  4L1G/(x2/dof)5LI(x>/dof)
1 1.02 1.12 0.82 1.62 1.84 341
2 0.85 2.30 0.76 1.36 1.20 2.70
3 0.70 2.04 1.10 1.51 3.57 4.56

x2/dof: Chi-square/degree of freedom.

Figure 2 shows that the peak position and area ratio of each peak by using different
fitting methods. As can be seen from Figure 2a, compared with the 5L fitting method, the
position of G, D2, and D3 peaks shift to higher wavenumbers; among them, the peak shift
of the D3 peak is the most obvious, whereas the D1 and D4 peak have no obvious change
trend when 4L1G fitting is used. Then, the difference in peak position is further analyzed
in detail, and the peak position of D3, G, D2, and D4 increase from 1503.47 to 1531.73 cm L
1571.36 to 1578.70 cm ™, 1601.73 to 1606.63 cm ™!, and 1178.43 to 1180.34 cm ™ !. Obviously,
the peak position of the D3 peak was the most varied. In addition, the peak area ratio of
the characteristic structure in Figure 2b is analyzed. The value of Ag/Aay and Apy/Aan
obtained by 4L1G fitting is 12.21% and 8.73%, which is less than that obtained by 5L
fitting. On the contrary, the values of Ap;/Aan, Aps/Aan and Aps/Aap obtained by
411G fitting are greater than those obtained by 5L fitting. This phenomenon indicates
that the shift in the peak position will cause the ratio of the spectral area of each peak
to show a difference and then make the evaluation of char structure show the difference
(the order of the structure of the char obtained by the 4L1G fitting method is lower than
that of the 5L fitting method). Previous studies [27] have shown that the peak movement
is mainly due to structural changes; the peak positions of D1, D2, and D3 shift to lower
wavenumber due to the fracture of the heteroatom groups, functional groups, and smaller
aromatic ring systems, which can easily be attacked by hydrogen. The G peak position
shifts toward higher wavenumbers, which might be caused by destruction of the organic
molecule fragments. In addition, the shift of peak position will lead to a change in peak
spectral area and peak spectral area is an important parameter to characterize the degree of
ordering of coal coke. For example, it is generally considered that the area of the G peak is
positively correlated with the degree of ordering of coal char. A series of conclusions shows
that the position of the peak is very important for evaluating the structure of char.
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Figure 2. Peak positions (a) and peak area ratios (b) obtained by different fitting methods.

Due to the complexity of the chemical structure of char, it is impossible to evaluate the
pros and cons of the two fitting methods through the peak position and peak area ratio.
However, an obvious phenomenon was found that the Raman parameters are different
when obtained by different fitting methods. This will affect the prediction of the char prop-
erties (reactivity, grindability, strength ... ). There is a large number of studies [5,10,12-15]
showing that the Raman parameters are important parameters for characterizing char
structure and further predicting char properties. This phenomenon indicates that the
characterization of char structure by Raman spectroscopy needs further research.

Although the best fitting method cannot be determined by peak shape, peak position,
and peak area ratio, the fitting method of 4L1G is considered to be more reasonable based
on the goodness of fit. Therefore, the fitting method of 4L1G is adopted for all the Raman
peak spectra in this paper.

3.2. Influence of Magnification of Objective Lens

Figure 3 demonstrates the intensity variation in the Raman peak spectra obtained
from three observations for each respective objective lens magnification for charl. It can
be clearly seen that the intensity of the Raman peak spectra of charl varies with objective
lens magnification. When the objective lens magnification increases, the Raman peak
spectrum intensity gradually increases. The intensity of the Raman peak spectrum is
mainly affected by the Raman scattering power, absorbance, aromatic ring size, and oxygen-
containing functional groups in the sample [14,25]. For the same char, differences in the
peak spectrum intensity for different objective lens magnifications are mainly due to the
fact that as the objective lens magnification increases, the corresponding numerical aperture
increases. Under the conditions of the same excitation laser energy and probability of
Raman scattering, the larger the numerical aperture, the larger the number of photons
scattered, which leads to increased Raman scattering. This increased Raman scattering is
conducive to improving the spatial resolution. Further, the solid angle of Raman scattering
signal collection in the Raman spectrum detection process is increased.
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Figure 3. Raman peak intensity for charl with a particle size of 61-75 um for different objective lens
magnifications.

Figure 4 presents the Raman characteristic parameters of charl for different objective
lens magnifications. It can be seen from Figure 4 that as the objective lens magnification
increases, the Raman characteristic parameters Ap; /Aay and Ap; /Ag show a decreasing
trend, whereas Ag/Aap and Aps/ A,y show an increasing trend. Although the Raman
characteristic parameters reflect a certain variation mechanism, the difference is relatively
small. However, there is an obvious phenomenon that can be observed: the stability of
Raman characteristic parameters corresponding to different objective lens magnifications
is quite different. When the objective lens magnification is higher, the stability of the
Raman characteristic parameters is increased. A possible reason for this phenomenon is as
follows: when the objective lens magnification is lower, the diameter of the corresponding
laser beam is larger and there are more particles included in the beam diameter. Since
the microstructure of the char main body is a heterogeneous high polymer that is highly
cross-linked in three-dimensional space, the crystal structures of different particles are
quite different. Therefore, the characteristic parameters have a relatively large variability in
Raman spectroscopy analysis and detection.

The Raman characteristic parameters of charl under different objective lens magnifica-
tions and the coefficients of variation that characterize the stability of the parameters are
listed in Table 3. It can be seen from Table 3 that as the objective lens magnification increases,
the variation coefficients of all the Raman characteristic parameters exhibit a downward
trend; when the objective lens magnification is 50 X, the corresponding variation coefficients
are significantly smaller than the variation coefficients corresponding to the objective lens
magnifications of 5x and 20x. Taking the coefficient of variation corresponding to the
characteristic parameter Ap; /A,y as an example, the values corresponding to the 5x and
20x objective lenses are 0.044 and 0.017, respectively, whereas the value corresponding to
the 50 x objective lens is only 0.002.
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Figure 4. Raman characteristic parameters of charl with a particle size of 61-75 um for different
objective lens magnifications.

Table 3. Variation coefficients of Raman characteristic parameters of charl under different lens
magnifications.

Coefficient of Variation

Magnification/x
5 0.044 0.139 0.182 0.177
20 0.017 0.085 0.071 0.101
50 0.002 0.040 0.018 0.042

The coefficient of variation characterizes the degree of dispersion in the data.

The magnitude of the coefficient of variation characterizes the degree of dispersion
in the data; when the value is relatively large, a greater degree of variation in the data
is indicated, while a smaller value indicates a smaller degree of variation. In terms of
the results of this study, the degree of dispersion in the Raman characteristic parameters
obtained with a 50 objective lens are the smallest. This result suggests that choosing a
high-spatial-resolution objective lens is conductive to the enhancement of the stability of
Raman characteristic parameters.

3.3. Influence of Particle Size of Samples

The intensity differences in the Raman peak spectrum corresponding to four different
particle sizes of charl are displayed in Figure 5. As can be seen from Figure 5, there is no
correlation between the intensity of the original Raman peak spectrum and the particle size
of char.
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Figure 5. Raman peak spectrum intensity of char1 for different particle sizes.

However, there is an obvious phenomenon that can be observed in Figure 5. The
FWHM of the D peak characterizing charl carbon atom lattice defects is greater than the
G peak characterizing the ideal graphite lattice structure. This is mainly because char is a
medium- to low-temperature pyrolysis solid product and the promotion effect of pyrolysis
on the degree of coalification is limited. In chars, there are numerous aliphatic, alicyclic,
and lateral chain small molecular structures that characterize lattice structure defects. After
referring to the proximate analysis in Table 1, it can be seen that the volatile content of char1
reaches 12.38%. Some studies [33,34] show that with increasing volatile content in chars,
the degree of coalification decreases and there are more amorphous carbons and disordered
graphite lattice structures characterizing graphite defect structures in chars; in addition,
the FWHM difference between the D and G peaks is also used to characterize the ordering
degree of chars. The higher the degree of coalification, the smaller the FWHM difference
between the D and G peaks [35]. The results are consistent with the results of this work.

Figure 6 shows the variation in typical Raman characteristic parameters corresponding
to charl for different particle sizes. It can be seen from Figure 6 that as the particle size of
the char increases, the Raman characteristic parameters Ap; /Aay, Aps/Aan, and Api/Ag
that characterize the defect structures of the chars all increase and the Raman characteristic
parameter Ag/Ayy that characterizes the perfect graphite structure of the chars decreases.
This phenomenon indicates that under the same testing conditions, an increase in particle
size will increase the parameters that characterize the defect structures of chars. Char
itself is an intricate heterogeneous substance composed of defective graphite structure,
amorphous carbon structure, and perfect graphite structure. As char is a solid product of
bituminous coal after medium- and low-temperature pyrolysis, the degree of coalification
is relatively low. This leads to the phenomenon where perfect graphite structures, which
are a smaller proportion of the chars, which characterize the high degree of coalification,
are more extensively wrapped by the defective graphite structures. Thus, a large number
of perfect graphite structures is exposed during the char grinding process. Therefore,
the smaller the particle size, the greater the Ag/A,y ratio, and the smaller the Raman
characteristic parameters that characterize the defective graphite structures.
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Figure 6. Raman characteristic parameters of charl for different particle sizes.

Table 4 lists the Raman characteristic parameters of charl for different particle sizes
and the coefficients of variation that characterize the stability of the Raman characteristic
parameters. In terms of the average value of the Raman characteristic parameters, the
average values of the particle size intervals of <30 and 61-75 um are relatively close, as
are those of 81-96 um and 120-140 pum. Taking Ap; /A,y as an example, the values of the
particle size intervals of <30 and 61-75 um are 62.35% and 62.67%, respectively, and the
values of 81-96 um and 120-140 pm are 64.14% and 64.13%, respectively.

Table 4. Coefficient of variation in Raman characteristic parameters for different particle sizes
of charl.

Coefficient of Variation

Particle Size

AD1/AA]1/°/O AG/AAH/% AD3/AA11/0/0 AD1/AG
<30 pm 0.023 0.058 0.125 0.045
61-75 pm 0.028 0.171 0.085 0.191
81-96 um 0.003 0.031 0.048 0.028
120-140 pm 0.019 0.031 0.076 0.050

Additionally, the coefficients of variation corresponding to the Raman characteristic
parameters are further quantitatively analyzed and compared. The coefficients of variation
corresponding to the Raman characteristic parameters of charl for different particle sizes
exhibit large differences. The coefficients of variation corresponding to the different Raman
characteristic parameters for a particle size of 81-96 um are the smallest for all peaks; the
coefficients of variation corresponding to the Raman characteristic parameters with particle
sizes of <30 and 61-75 um are close and are significantly larger than the coefficients of
variation corresponding to the Raman characteristic parameters with particle size intervals
of 81-96 um and 120-140 um. This indicates that, for this study, the Raman characteristic
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parameters obtained by selecting the chars with a particle size interval of 81-96 um are
of better stability. Based on the further analysis of the variation in Raman characteristic
parameters with particle size, a possible reason for this phenomenon is that when charl
has a particle size interval of 81-96 um, the uniformity of characterizing the char defects
and perfect graphite structure composition is superior.

According to the comparison of the effects for the char particle size and the objective
lens magnification on the Raman characteristic parameters in the above two sections, it is
concluded that changing the particle size and objective lens magnification will cause the
Raman characteristic parameters to show a certain regular variation trend. However, the
differences between the Raman characteristic parameters for different conditions are small.
Taking the Raman characteristic parameter Ap; /Ay as an example, the difference between
extreme values for different objective lens magnifications and particle sizes are only 1.41%
and 1.79%, respectively. A possible reason for the differences is that the char itself is
composed of heterogeneous units and that components are segregated. Nevertheless, from
the perspective of the variability in Raman characteristic parameters for different conditions,
there are large differences for the two conditions. Referring to Tables 3 and 4, it can be seen
that when the objective lens magnification is 50 x, the corresponding laser beam diameter
is 0.84 um, and for a particle size of 81-96 pm, the coefficient of variation is the smallest.
This result reflects the importance of selecting the appropriate beam diameter (objective
lens) and particle size to increase the stability of the results of Raman spectroscopy.

3.4. The Influence of the Number of Measurements on the Stability of the Results

Table 5 lists typical Raman characteristic parameters of char 1 and char 2 with particle
sizes of 61-75 um after multiple Raman analyses of the same site. It can be observed from
Table 5 that there are significant differences in the results of some Raman experiments.
Taking the Ag /Ay as an example, the extreme value difference of charl reaches about
6%; while that of char 2 is about 15%. Experimental results with large variability will affect
the evaluation of the microstructures of the chars and, thus, the predicted properties of
the chars. However, the relationship between the stability of the characteristic parameters
and the number of measurements cannot be directly achieved by the Raman characteristic
parameters from multiple measurements alone. Thus, further data processing should be
performed on the obtained Raman characteristic parameters.

In Figure 7, the variation trend for the standard deviation and derivative of the Raman
characteristic parameters of charl for a particle size of 61-75 um, as the number of measure-
ments increases, is shown. It can be seen from Figure 7 that as the number of measurements
increases, all standard deviations decrease, and the corresponding derivatives gradually
stabilize. The phenomenon indicates that the method of obtaining the mean value by
repeated measurement can improve the stability of the obtained results. For the selected
Raman characteristic parameters Ap;/Ag, Ap1/Aan, Aps/Aay, and Ag/Aay, the deriva-
tives of the standard deviations, which characterize the stability of Raman characteristic
parameters, vary greatly in the first five measurements. The ranges of variation become
narrower until the eighth experiment. The slopes corresponding to the standard deviations
reach a relatively stable state, which indicates that relatively stable Raman characteristic
parameter values can be achieved by taking the average value of charl by eight successive
Raman observation analyses.
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Table 5. Characteristic parameters obtained from multiple Raman measurements for charl and char2 with a particle size of 61-75 pum.

) Char1l Char2
Times A%  ApUAanl% Aps/An/% Ac/Asg% Apg/Aan/%  Api/Ac  Apd/Asnl% Api/Aan/% Aps/Aanl% Ac/Asn% ApdAagl%  Api/Ac
1 6.78 55.69 13.32 14.47 9.73 3.85 3.12 68.50 8.72 13.05 6.61 5.25
2 5.68 67.67 10.01 9.97 6.67 6.79 8.75 45.20 10.93 25.36 9.77 1.78
3 0.70 64.06 13.44 12.57 9.23 5.09 8.71 49.65 10.87 17.57 13.20 282
4 0.86 61.05 11.71 15.94 10.44 3.83 453 63.55 9.15 15.95 6.83 3.98
5 378 62.41 11.84 12.94 9.02 482 12.40 46.00 11.55 16.50 13.55 2.79
6 1.05 64.55 13.61 11.42 9.36 5.65 2.95 48.24 2234 2197 451 220
7 139 63.91 12.48 13.49 8.73 474 6.30 50.13 7.61 28.90 7.06 1.73
8 0.84 63.59 13.81 12.25 9.52 5.19 136 69.30 6.58 18.21 4.54 3.80
9 2.05 63.10 13.14 1291 8.79 489 11.03 37.61 14.13 28.16 9.08 134
10 407 62.62 13.00 11.86 8.46 5.28 3.58 67.04 467 18.53 6.18 3.62
11 0.97 64.31 12.91 12.82 8.98 5.02 856 48.77 12.73 18.29 11.66 267
12 485 62.30 11.75 12.79 831 487 135 62.73 9.02 18.58 831 3.38
13 - - ) ; - - 5.22 56.12 8.70 17.95 12.02 3.13
14 - ; - ; - - 7.45 54.15 9.99 17.25 11.16 3.14
15 ; - - ; - - 5.28 55.76 838 2027 10.31 275
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Figure 7. Standard deviations and corresponding derivatives of char]l Raman characteristic parameters.

Figure 8 presents the variation trend for the standard deviations corresponding to
the Raman characteristic parameters and the derivatives corresponding to the standard
deviations of the contrasting sample char 2, with an increased number of Raman mea-
surements. In contrast to the variation trend shown in Figure 7, it can be seen that the
standard deviation and derivative trends corresponding to the Raman characteristic param-
eters of char 2 are more complicated. For example, the mean values of the characteristic
parameters Ap;/Aap and Ag/Aap do not exhibit a one-fold variation trend with an in-
creasing number of measurements. Moreover, there are differences between the number
of measurements required for the derivatives corresponding to the standard deviations
of different Raman characteristic parameters to stabilize. Although the variation trend
is relatively complicated, there are still some similarities with charl. As the number of
measurements increases, the derivatives corresponding to the standard deviations in the
Raman characteristic parameters tend to stabilize. For instance, after eight measurements,
the derivatives corresponding to the standard deviations of Ap;/Ag and Apz/Aay become
stable, whereas the derivatives of the standard deviations of Ap;/Aaj and Ag/Aa; do not
stabilize until after ten Raman measurements.

In order to further clarify the difference in the fluctuation of the two chars’ Raman
characteristic parameters, the coefficients of variation for the characteristic parameters
of the two chars are calculated for later comparison. Table 6 shows the coefficients of
variation corresponding to the characteristic parameters of the two chars. By comparing
the variation mechanisms of the coefficients of variation in Table 6, it can be found that
as the number of measurements increases, the coefficients of variation corresponding to
the Raman characteristic parameters of the two chars gradually decrease and become
stable. Under the same conditions, by comparing the differences between the coefficients
of variation for the two chars, it can be seen that the coefficients of variation for charl
are smaller than those for char2, which may be because the char is a three-dimensional
highly cross-linked heterogeneous high polymer polycondensate, composed of numerous
heterogeneous basic structural units whose microscopic molecular structure is extremely
complex, thereby leading to the phenomenon that the variability in different chars is
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quite different during the Raman detection process. In order to verify the existence of
the difference in the uniformity of the microstructural composition of these chars, further
discussion is presented in Section 3.5.
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Figure 8. Standard deviations and corresponding derivatives of char2 Raman characteristic parameters.
Table 6. Variation coefficients of Raman parameters for charl and char2 for different detection times.
Charl of Coefficient of Variation Char?2 of Coefficient of Variation
Times
ADI/AAII/O/O AG/AAH/O/O ADSIAAIII%’ ADllAG ADI/AAII/%' AG/AAH/O/O AD3/AA11/0/° ADI/AG

2 0.140 0.260 0.201 0.39 0.29 0.45 0.16 0.70

3 0.098 0.183 0.159 0.282 0.23 0.33 0.12 0.54

4 0.082 0.195 0.133 0.286 0.20 0.29 0.12 0.43

5 0.071 0.170 0.116 0.248 0.20 0.26 0.12 0.40

6 0.065 0.165 0.114 0.225 0.17 0.24 0.41 0.40

7 0.059 0.201 0.104 0.208 0.17 0.29 0.43 0.44

8 0.055 0.142 0.103 0.193 0.19 0.27 0.45 0.40

9 0.052 0.133 0.098 0.181 0.21 0.28 0.42 0.45

10 0.049 0.129 0.092 0.171 0.21 0.27 0.46 0.42

11 0.047 0.122 0.088 0.162 0.20 0.26 0.43 0.40

12 0.044 0.116 0.087 0.155 0.20 0.25 0.42 0.38

13 - - - - 0.19 0.24 0.41 0.36

14 - - - - 0.18 0.24 0.40 0.35

15 - - - - 0.17 0.23 0.39 0.34

3.5. Analysis of the Cause of Variability in Raman Results

Figure 9 presents the 30 pm x 50 pm scan of local areas of charl and char2, with a
particle size of 61-75 pm, using Raman microscopy. The contour maps of the two main
characteristic parameters Ag/Ay and Ap; /Ay are plotted by the peak fitting processing
of a large amount of raw Raman data. According to the differences between the color
transitions in the characteristic parameters and some of the main parameter values shown in
Figure 9, it can be seen that there are large differences between the characteristic parameters
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Ag/Aan and Ap; /Ay in the chars in the selected zone of 30 pm x 50 pum; the span interval
of Raman characteristic parameter contour value is large. For example, the span range of
A/ Apq contour values of charl and char?2 is 7.46-21.7% and 4.63-21.7%, respectively. The
span interval of the Ap; /Ay contour value was 48.0-65.3% and 30.8-65.5%, respectively.
This phenomenon verifies the complexity and heterogeneity of the micro-crystal structure of
chars and also indicates that when using Raman spectroscopy to characterize the chemical
structure of chars, there is a large uncertainty in the chemical structure determined through
a small number of measurements. Since the micro-carbon chemical structure of chars is
an important indicator to characterize the physical and chemical properties, it plays an
important guiding role in the prediction of char performance and the terminal utilization
approaches and utilization methods of chars. Therefore, when the carbon chemical structure
is characterized by the Raman characteristic parameters, particular attention should be
paid to the complexity and particularity of the char structure and whether the selected
Raman characteristic parameters are representative of the chemical structure of the char.

Using Figure 9 for further analysis, the Ag/Aay and Ap; /Ay contour lines of charl
are less dense than those of char2, which indicates better uniformity in the micro-carbon
chemical structure. Therefore, charl is shown to require fewer Raman measurements to
obtain stable Raman characteristic parameters that characterize the char structure; under
the condition of the same number of Raman measurements, the coefficients of variation of
charl characterizing the stability of Raman characteristic parameters are always smaller
than those of char2. As observed, the number of measurements required to obtain stable
Raman characteristic parameters is related to the anisotropy of the micro-zone properties
at the char surface.
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Figure 9. Two-dimensional contour maps of the characteristic parameters Ag/Aay and Ap; /Ay of
charl and char2.
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4. Conclusions

1.  Asfar as goodness of fit is concerned, it is more reasonable to adopt Gaussian fitting
for the D3 peak of char Raman spectrum. Compared with Lorentz fitting, Gaussian
fitting makes the positions of D3 and G peaks shift to the right and the D3 peak
position changed more obviously. In addition, Ap;/Aan, Apz/Aan, and Aps/Aay
increased while Ag/ Ay and Apy /A decreased.

2. The objective lens magnification affects the intensity of the Raman peak spectrum. The
greater the objective lens magnification, the higher the intensity of the Raman peak
spectrum. In addition, when the objective lens magnification is 50 %, the coefficient of
variation that characterizes the stability of the Raman parameter is the smallest.

3. There is no correlation between the intensity of the original Raman peak spectrum
and the particle size. Ap;/Ag, Ap1/Aan, and Aps/Aay, which characterize the
defect structures of char, gradually increase with increasing particle size; however, the
characteristic parameter Ag/A sy, which characterizes the perfect graphite structure
of chars, decreases with an increase in particle size.

4. The number of measurements required to obtain stable Raman characteristic parame-
ters of chars is related to the micro-zone properties of the char surface. The higher the
degree of uniformity in the carbon structure of the char micro-zones, the lower the
number of measurements required and the smaller the coefficients of variation.
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