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Abstract: The simple incineration of wood-based panels (WBPs) waste generates a significant amount
of NOy, which has led to urgency in developing a new method for treating the N-containing biomass
residues. This work aims to examine the N evolution and physiochemical structural changes
during the co-pyrolysis of fiberboard and glucose, where the percentage of glucose in the feedstock
was varied from 0% to 70%. It was found that N retention in chars was monotonically increased
with increasing use of glucose, achieving ~60% N fixation when the glucose accounted for 70% in
the mixture. Pyrrole-N (N-5) and Pyridine-N (N-6) were preferentially formed at high ratios of
glucose to fiberboard. While the relevant importance of volatile-char interactions to N retention and
transformation could be observed, the volatile-volatile reactions from the two feedstocks played a vital
role in the increase in abundance of glucose. With the introduction of glucose, the porous structure
and porosity in chars from the co-pyrolysis were dramatically altered, whereas the devolatilization
of glucose tended to generate larger pores than the fiberboard. The insignificant changes in carbon
structure of all chars revealed by Raman spectroscopy would practically allow us to apply the
monosaccharides to the WBPs for regulating N evolution without concerns about its side effects for
char carbon structures.

Keywords: nitrogen; evolution; co-pyrolysis; fiberboard; glucose

1. Introduction

The increase in demand for WBPs for furniture production has inevitably caused an increase in
WBP-related residues; only in 2018, the worldwide production of WBPs was more than 400 Mm? [1],
the disposal of which as waste has raised great concerns in terms of its environmental impact [2].
Since WBPs are mostly carbonaceous materials containing usually ~90% wood, combustion has been
used as a convenient method for processing such bio-based residues into energy and/or heat for
industry or households. However, WBPs have higher nitrogen content due to the inclusion of adhesive
such as urea formaldehyde (UF) [3], which will cause server NO, pollution if the WBPs residues are
simply burnt in an incinerator. In comparison, pyrolysis, as another very common thermochemical
conversion method for biomass, can effectively transfer WBPs into solid, liquid and gas products
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under an inert reaction atmosphere [2]. The nitrogen-containing species derived from adhesive will
also be distributed in the three-phase products at different extents and forms during the pyrolysis [4].
In gaseous products, NH; and HCN are the main species which are the key precursors of NOy [5,6].
The amine-N and heterocyclic-N are found to be the key components in the pyrolytic liquid [7],
which could be further refined as high-value products [8,9], such as catalysts [8-10], antibacterial
agents [11] and so on. Meanwhile, the N-containing compounds are still problematic if the liquid
is to be used as biofuel that will be eventually combusted in engines or turbines [12]. When the N
is retained in the char, it endows the char with special functionalities and forms N-doped carbon
materials as pollutant absorbents [13], electrochemical anodes [14], soil remediators [15] or catalysts [16].
Considering the renewable nature of biomass, the fixation of N in solid char could potentially achieve
negative NO, emission. Therefore, the effective regulation of N in char during pyrolysis of WBPs
might offer an efficient kind of green treatment for WBPs-related residues [3] and simultaneously
provide a feasible method to produce N-laden biomass-derived carbon [17].

Due to the importance of the fates and roles of N species, nitrogen transformation during the
pyrolysis of biomass has been investigated extensively in recent years [18,19], especially in biomasses
containing abundant N [20-22], such as, straws [23,24], algae [21], sewage sludge [25], pharmaceutical
residues [26], shells of shellfish [27], WBPs [28] and other agricultural or food byproducts [23,29].
Besides the work focusing on the evolution mechanism of NO, precursors [7,29-32], some other studies
have explored stepped pyrolysis to reduce the release of NO,. For example, Zheng et al. [33] torrified
sewage sludge first and then conducted pyrolysis at 900 °C, showing that around 33% nitrogen could
be removed by the first stage. Zhan et al. [34] and Girods et al. [35,36] managed to remove around 70%
nitrogen from WBPs by low temperature pyrolysis (300-500 °C). Meanwhile, some works have tried to
improve nitrogen content in biochar for preparing N-doped functional carbon materials [17]. For this
purpose, two pathways have been considered. One is to use exogenous nitrogen as an N source, where
biomass is pyrolyzed under NH3 atmosphere [16,37] or by mixing with N rich species such as urea or
melamine [38—40]. Secondly, as to the biomass with higher intrinsic N content, the key issue is how to
maintain more nitrogen in char during pyrolysis. It was found that hydrothermal pretreatment could
inhibit the release of nitrogen to a great extent [31]. Furthermore, co-pyrolysis between N-containing
biomass and O rich biomass (such as saccharides) together could also significantly enhance the retention
of N in the chars [41-43].

Sugars can react with amino acids or proteins to produce condensed and complex compositions
through Maillard reactions, where N-containing groups can combine with O radicals actively [44].
The N-functional groups on char surfaces and in the gas phase could be then possibly captured by
O-containing radicals during the pyrolysis reactions [45]. It has been reported that amide-N derived
from UF can be decomposed into NH2- and -NH- that would react with -C=0 [42,46] and then
recombine back to biochar [17]. Based on this reaction mechanism, glucose was used as an agent
blended with microalgae to conduct hydrothermal treatment, leading to an obvious improvement of
N content in the derived carbon [43]. When conducting co-pyrolysis of glucose and fiberboard (FB),
one of the most common WBPs, results also showed that the N fixation in chars could be doubled
with 50 wt.% glucose blended in the feedstocks at temperatures from 300 to 700 °C [3]. Additionally,
when conducting co-pyrolysis of bamboo and N rich microalgae, more nitrogen transforming into char
has been found with increased proportions of bamboo. This may be also because of interactions between
cellulose-derived saccharides and N species [41,47]. More fundamental works on co-pyrolysis of
glucose and biomass containing abundant N would help to further explain the nitrogen transformation
mechanism during the pyrolysis of N-laden lignocellulosic biomass. The insights into the fundamental
reactions with N species would also shed light on the possibility of seeking more economical and
sustainable substitutes for glucose from the biorefinery industry in the future.

So far, the effect of proportion of glucose in the feedstock on the N evolution and transformation
still remains unclear. It is always desirable to have a minimal amount of glucose in WBPs to simplify
the operation and reduce the cost. The change in the proportion of glucose in raw materials will
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not only vary the N retention and chemical forms but also possibly impact the carbon structure of
resultant chars, especially at the high concentrations of glucose that will be the dominant precursors
for char formation. Although the distribution and types of N-containing groups are the main factors in
determining the functional properties of N-doped carbon materials, the physiochemical structure of
carbon supports can largely interact with the N species and thus affect its electrochemical and catalytic
performance. Therefore, the purpose of this work is to investigate the effect of abundance of glucose in
the feedstock on nitrogen retention and transformation during co-pyrolysis with fiberboard, and the
changes in physicochemical properties of the chars were also examined. It has been found that the
increase in the ratio of glucose to fiberboard has effectively enhanced the N retention while exerting
little effects on the carbon structure in chars.

2. Materials and Methods

2.1. Materials

FB from Dare Technology Co., Ltd., Zhenjiang, China was used for the WBPs samples in this
study. The nitrogen content of FB was 5.80 wt.% (db), which originated from the addition of melamine
modified urea formaldehyde during the manufacture process. Glucose was purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. FB was crushed firstly, and then sieved to 0.15-0.20 mm for
use. Before pyrolysis experiments, FB powder was dried for around 12 h in an oven at 105 °C.

2.2. Pyrolysis in the Fixed-Bed Reactor

As is shown in Figure 1, the quartz tube reactor (870 mm x 40 mm) was fixed in an electrically
heated furnace. Then, 3 g well-mixed FB and glucose at various ratios were preloaded onto the quartz
frit in the middle of the tuber reactor. When conducting pyrolysis experiments, the sample was heated
at 20 °C/min till the prescribed temperature of 500 °C was reached, with a holding time of 60 min;
the whole process was controlled under Ar atmosphere. The volatiles flew through a U-type tube that
was soaked in ice-water to be condensed. Before being released into the atmosphere, the flue gas was
washed in a flask containing water. Char yields was obtained by measuring the weight difference
in the reactor before and after pyrolysis experiments. The nitrogen contents in solid samples were
detected by a Vario ELIII Elemental Analyzer (Elementar, Germany).
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Figure 1. Schematic digram of the experimental set-up [3].
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The retention of nitrogen in char was determined as follows:

mass of nitrogen in char M pr X Nepar
mass o f nitrogen in raw material M feedstock X N feedstock

Nientention =

where Mj,;,—the mass of char, g; Nyj,;,—the nitrogen content in char, wt.%; M eeqstock—the mass of
feedstock, g; N feeastock—the nitrogen content in feedstock, wt.%.

2.3. Characterization of N Functional Groups in Chars

Nitrogen-containing functional groups in chars were semi-quantified by X-ray photoelectron
spectroscopy (XPS), and the proportion of a single peak area in the total peak areas was calculated and
regarded as the relative content of the nitrogen functional group in char. AXIS Ultra DLD (Kratos, UK)
was used to carry out detections; more information about the configuration, measuring settings and
spectra analysis of XPS can be seen in our previous paper [3].

2.4. Measurements of Physiochemical Structures in Chars

N, adsorption/desorption isotherms were measured by an automatic surface area and pore
analyzer (autosorb iQ, Quantachrome, Boynton Beach, FL, USA). All samples were degassed at 150 °C
for 12 h and then adsorbed by N; at —196 °C. The surface area and pore size distribution were
analyzed by the multipoint Brunauer-Emmett—Teller (BET) method and density functional theory
(DFT) method, respectively.

The surface morphology of co-pyrolysis char was analyzed by scanning electron microscopy
(SEM). Quanta 200 (FEI Co., Hillsboro, OR, USA) was used to obtain SEM photos; gold coating
treatment for all samples was done by PECS (Gatan Inc., Pleasanton, CA, USA). In the scanning process,
20 kV voltage and vacuum environment were employed.

The carbon structures in chars from the co-pyrolysis were measured by a Raman spectrometer
(LabRAM HR Evolution) from Horiba Ltd., Kyoto, Japan. The excitation laser wavelength was 532 nm
and the laser power was 1 mW. The original Raman spectra were deconvoluted into 10 Gaussian bands,
which has been detailed in previous studies [48-50]. Briefly, the D (1300 cm™1) band reflects the carbon
structure with no less than 6 aromatic fused aromatic rings, while G (1540 cm™1), Vi (1465 cm™)
and Vg (1380 cm™!) bands together represent the smaller aromatic ring systems with 3-5 fused rings.
Therefore, the ratio between D band area and (Gr + Vi, + VR) band area would mean the relative
abundance of large aromatics in chars.

3. Results and Discussion

3.1. Effects of FB:Glucose Ratio on N Contents and Retention in Chars

As is shown in Figure 2, the significant increase in the proportion of glucose in the feedstock
did not result in a considerable increase in char yields, although slight gains in char weight could be
discernable when the ratio between FB and glucose was 3 to 7. The increase in percentage of glucose
that contained no N must have proportionally decreased the total amount of N in the blended feedstock.
Unexpectedly, the nitrogen contents in the resultant biochars did not reduce owing to the enhanced N
fixation, which caused a linear increase in N retention in chars as a function of glucose percentage in
feedstock. The N retention was calculated by the N in char over the N from feedstock.
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Figure 2. Nitrogen content, char yields and nitrogen retention as a function of glucose percentage
in feedstock.

In the absence of glucose, the values of char yield were slightly lower than those of N retention,
indicating that the decomposing extent of UF containing N species in the FB was somehow higher than
wood substance at the reaction temperature of 500 °C, which was due to the labile nature of amide-N
in UF at low temperatures [34,36]. With the addition of glucose into the FB, the char yields stayed
nearly unchanged, while the N retention continued to increase with the increase in the percentage of
glucose in the mixed feedstock. This means that the co-pyrolysis with glucose greatly facilitated the N
transformation from volatile-N to char-N, which was probably due to the reactions between radicals
(especially those active O-containing functional groups) derived from glucose and the decomposed
N-species from FB [17], forming heterocyclic N-containing compounds and thus recombining back
to chars [3]. It is also possible that the formation of glucose-derived liquid compounds featuring a
caking property played a role in preventing the volatile-N from escaping the char particles. However,
considering the significant increase in N retention from around 19% to 30% when only 10% glucose was
present in the mixture, the mechanism of solid-solid interaction might be less important. Besides the
volatile—volatile reactions, the abundant radicals from the decomposition of glucose may possibly
stabilize the active sites, thus terminating the reactions responsible for the release of N species from FB.
It is also interesting to note that the change in the proportion of glucose over the broad range could not
apparently impact the N content, which was always at ~5%, suggesting that there might be a limitation
for the N anchoring capacity by chars produced under the experimental conditions.

The positive relationship between the N retention and the percentage of glucose in the feedstock
confirms that the concentration of glucose-derived volatiles was a critical factor in retaining N in chars.
On the other hand, the increase in the use of glucose must have altered the secondary reactions to
a certain extent [3,51]. For example, the volatiles from the primary decomposition of glucose may
interact with wood-derived chars or volatiles before reacting with UF-derived N-containing species
when the glucose is in a small proportion. When the glucose was dominant in the mixture, secondary
reactions may likely occur among glucose-derived products. The linear increase in N retention with the
increase in use of glucose implies that the various active compounds in the gas phase could be effective
in the fixation of N in chars. The exact reaction mechanism related to the specific active species here
remains unknown and further study is warranted.
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3.2. Effects of FB:Glucose Ratio on N Transformations in Chars

XPS spectra of chars from the co-pyrolysis of FB and glucose at different ratios are shown in Figure 3.
In carbonaceous material surfaces, five types of N-containing species, named pyridine-N, pyrrole-N,
quaternary-N, pyridone-N and oxidized-N, could be formed as functional groups, depending on
experimental conditions. As is shown in Figure 3a, only amide-N with the binding energy located at
399.8 eV could be identified from the fiberboard. The amide-N was mainly derived from UF resin,
in which -NH-, C=0 and -CH2- were the main composing units [52]. When examining the chars from
co-pyrolysis of FB and FB-glucose at 500 °C, no peak at 399.8 eV could be seen in the spectra, indicating
that all amide-N originally existing in FB disappeared due to the vulnerability of amide-N under the
decomposing reactions [34,36]. Instead, three distinguished peaks located at around 398.6, 400.5 and
402 eV clearly emerged, corresponding to the assignments of pyridine-N, pyrrole-N and quaternary-N,

respectively [7,17,53].
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Figure 3. N 1s XPS spectra: (a) FB; (b) char from FB; (c) char from FB with 10% glucose; (d) char from
FB with 30% glucose; (e) char from FB with 50% glucose; (f) char from FB with 70% glucose (N-A:
Amide-N, N-5: Pyrrole-N, N-6: Pyridine -N, N-Q: Quaternary-N).

The relative contents of each N-functional group were calculated by taking the percentage of
sub-peak area of each N-functional group in the total peak area as follows.

RCy+ = ZATN;V x 100%

where RCy refers to the relative content of each N-functional group, and Ay. means the sub-peak
area of N-functional group.

Figure 4 shows the relative contents of N-functional groups distributed in the chars as a function
of percentage of glucose in the blended feedstock. The most striking difference was that the N-Q could
be obviously detected when the portion of glucose was lower than 50%, and it completely disappeared
with the increase in glucose abundance up to 70%. The nitrogen atom of N-5 and N-6 appears at the
edge of graphitic layer, while the N-Q is evolved when a carbon atom in the center of a graphitic
layer is displaced by N. Usually, the N-5 and N-6 were firstly produced from the pyrolysis of amide,
amino and protein N inside biomass. With temperature increasing to around 500 °C, a more stable
structure of N-Q could be formed via cyclic condensation reactions from N-5 and N-6 [54,55].
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Figure 4. The relative content changes of nitrogen functionalities with different glucose ratios.

In this work, the transformation of N-functional groups in chars during the co-pyrolysis of WBPs
and glucose may follow three possible reaction pathways. Firstly, at the low concentrations of glucose
in the mixture, the amide-N in UF would decompose rather independently, and thus most N were
released as amino groups in the gas phase. Meanwhile, the remaining N from the primary reaction
would slowly transfer to N-5 and N-6 in char via dimerization and cyclization [7,34]. Secondly,
the abundant nitrogen-containing groups generated from the deamination reactions of amide-N mainly
presented as amino-N (NH2-, -NH-) in the volatiles [34], and nitrogen species in the gas phase had a
strong intention to substitute for O atoms in the surface of char through Maillard reactions during
the secondary reactions (volatile—char interactions) [3,17]. Particularly, the char derived from glucose
contained fruitful O groups (OH-, C=0, etc.), which led to the high N retention in chars, as discussed
above [17]. Thirdly, the initially escaped N species could be captured by the O-containing radicals due
to the enhanced volatile-volatile reactions with increasing proportion of the glucose [12,34]. Therefore,
the ultimate N retention in chars was as a result of three reaction pathways, where the N from the first
two sources was directly bound to the char substrate, while the N from the third one was mainly formed
in the gas phase. The char-originated N-5/6 could be further converted into N-Q by condensation
reactions and N migrations inside the char matrix. On the contrary, the volatile-originated N-5/6 would
mainly lie in the volatile-derived less fused carbon on the char surface and were thus reluctant to be
transferred to N-Q, which might be the reason for the lack of N-Q observed when the percentage of
glucose was high. It was also found in the literature that N-5/N-O instead of N-Q was mainly formed
on the char surface with the enhancement of defected char structure by KOH addition [9]. N-5 showed
an increasing tendency in char prior to 30% glucose used in the feedstock, which was followed by an
increase in N-6 with increasing glucose till 70%. It appears that the Maillard reactions in the volatile
phase preferred to produce N-containing six-membered polyaromatic structures.

3.3. Effects of FB:Glucose Ratio on Physiochemical Property in Chars

Besides the detailed examination of the N retention and transformation in chars from the
co-pyrolysis of FB and glucose at various ratios, a strong emphasis was also placed on the possible
changes in the physiochemical structure as the carbonaceous matrix of chars would inevitably affect
the photoelectric properties of N-containing functional groups. As is shown in Figure 5a, the surface
areas of the chars from co-pyrolysis obviously decreased, compared to those of char from FB only. It is
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understandable that the recombination of solid coke/soot derived from the volatile—volatile interactions
as mentioned above would lead to the sudden reduction in porous structure. With the increase in
the proportion of glucose, the values of the surface area of chars gradually increased, reaching nearly
19 m?/g for the char with 70% glucose in the mixture. Once the glucose becomes the dominant
component during the co-pyrolysis, the resultant char mainly comes from the decomposition of glucose
and the recombination due to the volatile-volatile reactions may become less significant. In addition to
the variations in surface areas, the shift in pore size distribution (PSD) could be also clearly observed
when increasing the percentage of glucose, as is shown in Figure 5b—f. It appears that the introduction of
glucose intended to generate larger pores than that of FB did, which can be verified by the comparison
between the one-peak and the two-peak spectra in the Figure 5b—f. Since FB comprises the UF and
wood containing the three main components of hemicellulose, cellulose and lignin, the decomposing
process started from the UF and hemicellulose at ~200 °C [3,28]. Therefore, the gradual devolatilization
of various elements and the subsequent condensation reactions of lignin-derived compounds together
caused the relatively small porous structure. The homogeneous nature of glucose would decompose at
a narrow temperature zone, and more importantly, the decomposing reactions for the glucose particles
must initiate from the surface due to the low heat transfer coefficients, which will likely create large
pores in the glucose-derived chars. As a result, the selective decompositions at different heating
stages in the case of FB were more likely to facilitate the formation of small pores with relatively high
surface areas.
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Figure 5. (a) Surface area in chars from different glucose: FB ratios; (b) pore size distribution (PSD) of
char with no glucose; (c) PSD of char with 10% glucose; (d) PSD of char with 30% glucose; (e) PSD of
char with 50% glucose; (f) PSD of char with 70% glucose.
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The surface morphology was obtained by SEM analysis and was in direct agreement with the
measurements of the porosity above. The FB power from the mechanical processing maintained its
irregular and fibrous shapes [2,56], as shows in Figure 6a, where some of the woody fibers tended
to agglomerate and form bundles in their shape. With a low proportion of glucose added into
FB, the biochar morphology did not obviously change (see Figure 6b,c). With further increase in
glucose from 30% to 70% in the feedstock, the agglomeration of resultant chars became more severe,
among which nearly no single fibrous char particle could be observed in Figure 6f. At the same time,
relatively large pores emerged with the increase in glucose content in the mixture, which is in good
agreement with the pore size analysis by the BET method.

Figure 6. The morphology changes in chars from the co-pyrolysis of fiberboard and glucose at 500 °C:
(a) FB; (b) char from FB; (c) char from FB with 10% glucose; (d) char from FB with 30% glucose; (e) char
from FB with 50% glucose; (f) char from FB with 70% (the photos inside the green box show higher

magnification).

The higher magnification images shown in the green box of Figure 6a—f were obtained to further
probe into the effect of glucose on the morphology of char surface. Except the char derived from 10%
glucose addition, the surfaces of chars derived from the feedstock containing higher ratio of glucose
showed very clear molten phase deposition. The molten phase was formed from the glucose before
carbonization [57]. The glucose-derived liquid phase led to the agglomeration of char particles and
also increased the contact surface areas between char and volatiles. It is believed that the occurrence of
the molten phase on the surface of FB char would delay the emission of N-containing groups and thus
improve the N retention in the co-pyrolysis chars.

It has been widely recognized that chars originated from biomass at low to medium temperatures
contain very limited crystalline carbon structures. Therefore, a Raman instead of X-ray diffractometer
(XRD) has been employed to characterize the amorphous carbon skeleton structure in recent years.
Generally, two broad peaks of G band at 1580-1600 cm™! and D band at 1350~1370cm ! will be obtained
for almost all the biochars [58]. While the G band represents the graphitization degree of ordered
carbon materials, it mainly reflects the quadrant ring breathing here from the amorphous biomass
chars. As introduced in the experimental section, the combined peak areas of Gr, V1 and Vr could
denote the abundance of the small aromatic ring system, whereas the signal of the D band was mainly
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contributed by the large aromatic ring system (no less than six fused rings). The intensity ratio between
[(Gr+vi+vr) and Ip could thus indicate the relative richness of the small aromatic ring system in the char
matrix, giving a measure of the amorphous extent of chars [48,50]. As is shown in Figure 7, the values
of [(Gr+vi+vr/Ip did not see any apparent alteration with the increase in use of glucose in the feedstocks,
suggesting that the carbon in the chars share similar structural characteristics regardless of the origins
of solid carbons from the FB, the glucose or the soot/coke from the volatile-volatile and/or volatile—char
interactions. The lowest impact of glucose addition on the char structure could be very favorable in
terms of the potential applications of the N-containing functional carbon materials. In other words,
when we examine the effects of glucose on the N retention and transformation during co-pyrolysis
with FB, its side effects on the body carbon structure will be of little concern. This will further increase
the practical feasibility of using monosaccharides as the promoters to convert waste FB into valuable
carbon materials.

4.0

3.5+
3.0 1
2.5
2.0 -
1.5+

1.0 4

0.5

The Intensity Ratio of I(Gr+VI+Vr)/ID
pxiS

0.0 Y v . v ; . r . r
0 10% 30% 50% 70%
Glucose Ratio wt.%

Figure 7. The changes in the ratio of small to large aromatic ring systems in chars as a function of
glucose percentage in the feedstock.

4. Conclusions

This study has investigated the effect of glucose to FB ratios on N retention and migration during
co-pyrolysis, with attention paid to the concurrent changes in physiochemical structures of chars.
Based on the discussion above, the following conclusions can be made.

e The increase in glucose in the feedstock has significantly increased the N fixation in chars,
which was a result of both enhanced volatile—char and volatile-volatile interactions with the
involvement of O-containing radicals derived from the glucose devolatilizations.

e  The N-containing functional groups in chars were apparently varied with the continual increase
in the addition of glucose, and mainly N-5 and N-6 were identified when over 30% glucose in the
feedstock was used, indicating the deep amorphous nature of volatile-derived N-O-C compounds;
thus, the N species were only located at the edges of less fused aromatic rings.

e  The carbon structures revealed by Raman spectroscopy for the chars derived from the co-pyrolysis
at various ratios of glucose to FB were very similar, while the porous structures of chars
changed obviously.
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