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Abstract

Biomass catalytic pyrolysis for valuable O-containing chemicals is a promising approach for
better utilization of oxygen in biomass resource, where the catalyst, with the properties of green,
low cost, high activity and stability, is a critical point. In this study, we proposed a novel and green
method to produce phenols through biomass (bamboo wastes) catalytic pyrolysis with N-doped
biochar catalyst, which was investigated in a fixed bed reactor to explore the catalytic pyrolysis
mechanism of N-doped biochar catalyst. N-doped biochar catalysts, with different nitrogen content
and specific surface area, were byproducts came from biomass N-enriched pyrolysis. Results
showed that N-doped biochar catalyst greatly promoted the generation of phenols (reached 82%),
especially valuable 4-vinyl phenol with 31% content and 6.65 wt.% yield, as well as 16% 4-ethyl
phenol with 3.04 wt.% yield, based on biomass. It also promoted aromatics formation, while
inhibited the generation of O-species and acetic acid with more CO, and H,O release, thus greatly
improved bio-oil quality. Furthermore, N-containing groups in N-doped biochar catalyst showed

good stability, while O-containing groups decreased largely. N-doped biochar mainly acted as
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adsorbent, catalyst, and reactant during catalytic pyrolysis, and the possible catalytic pyrolysis
mechanism was proposed based on experiment results and quantum calculations. In conclusion,
N-doped biochar catalyst showed excellent catalytic property for biomass catalytic pyrolysis for
phenols products.

Keywords: Catalytic pyrolysis; N-doped biochar catalyst; biomass; bamboo wastes; phenols

products; 4-vinyl phenol.

1. Introduction

Serious issues about energy security and environmental pollutions resulted from the excessive
utilization of fossils fuels, contribute to an urgent search for renewable energy resources [1].
Biomass is regarded as one of the most potential renewable resources with huge reserve [2, 3].
Biomass pyrolysis for bio-fuel and valuable chemicals has received increasing attentions due to its
low cost and environmental friendliness [4-6]. However, the heating value of typical bio-oil is only
about 20 MJ/kg, which is far less than that of petroleum, due to the high content of oxygen in
biomass (~50 wt.%) [7, 8]. In order to better utilization of the oxygen in biomass, lots of
researchers have focused on transferring biomass into high-valued O-containing species, such as
furfural, phenols, acetic acid, L-glucoseone, etc. [9, 10]. Among them, phenols are important
platform compounds, which could be used for the production of phenolic resins, bisphenol A,
caprolactam, as well as pharmaceutical products. However, they are mainly produced from coal or
petroleum through multi-step process in industry [11, 12]. It would be greener to produce phenols
from biomass.

Biomass pyrolysis could directly generate a variety of phenols, but the yield is very low [13].

Thus, to increase phenols yield, various catalysts were involved during biomass pyrolysis, mainly



including alkaline catalyst (such as KOH, K,CO3;, NaOH, Na,COs3, and Ca(OH),), K5PO,, metal
oxide (such as Fe,03, Al,03, ZnO, Ca0, and Ti0,), and activated carbon [14, 15]. Peng et al. [16]
investigated the effect of alkaline catalysts on lignin pyrolysis for phenols, and found that alkaline
catalysts promoted phenols generation significantly (80% phenols in bio-oil). Lu et al. [17] pointed
out that K3;PO4 addition also enhanced the formation of phenolic enriched bio-oil. Naron et al. [15]
reported that metal oxide addition was also favorable for phenols production from sugarcane lignin
pyrolysis, and obtained the most significant increases of phenols with CaO and Fe,Os catalysts.
However, these catalysts showed alkaline corrosion or higher cost, which may be not green and
cheap enough for producing phenols in large scale. In addition, Lu et al. [18] and Yang et al. [19]
found that activated carbon showed good catalytic activity of biomass pyrolysis for phenols. And
Zhang et al. [20], Mamaeva et al. [21], and Bu et al. [22] also reported that activated carbon
significantly increased phenols content during microwave pyrolysis of biomass. However, the
catalytic effect of activated carbon mainly depends on the developed pores structure, while the
active sites still need to be improved to achieve better catalytic activity.

Our previous studies found that biomass pyrolysis under NH; atmosphere could promote the
formation of phenols products, especially phenols without methoxyl [23, 24]. N-doped biochar,
the byproduct of biomass pyrolysis under NH; atmosphere, compared with activated carbon, not
only had developed porous structure, but also contained abundant active N- and O-containing
groups [25, 26]. Moreover, these N-containing groups (including pyridinic-N, pyrrolic-N,
quaternary-N, and pyridone-N-oxide) in N-doped biochar showed alkaline and could effectively
adsorb acid gas or volatiles [27, 28]. Biomass pyrolysis generated large amounts of acid
intermediates and carbonyl species, which were easy to combine with N-containing groups,

thereby promoted the catalytic reactions [29]. Besides, our previous study found that active O-



containing groups in biochar could also promote the generation of non-methoxyl phenols [30].
Thus, if N-doped biochar is used as catalyst during biomass catalytic pyrolysis, it may show
synergetic effect for the formation of phenols by combining the advantages of activated carbon,
active functional groups, and NH3;. However, the catalytic pyrolysis of biomass with N-doped
biochar catalyst for producing phenols is not reported right now.

Hence, a novel method to produce phenols through biomass catalytic pyrolysis with N-doped
biochar catalyst was proposed. Besides, bamboo wastes catalytic pyrolysis with N-doped biochar
catalyst was investigated, and the formation mechanism of phenols products was explored, as well
as the evolution behavior of N-doped biochar catalyst during catalytic pyrolysis, to better
understand the catalytic pyrolysis mechanism of N-doped biochar catalyst for producing phenols.
It is important for the green and valuable utilization of biomass resource.

2. Materials and methods
2.1. Materials

Bamboo wastes were involved as biomass sample, which were collected locally. The
feedstock was dried at 105°C for 24 h, then crushed and sieved to obtain a particle less than 120
um before use. Proximate analysis of bamboo was conducted using a TGA-2000 analyzer (las
Navas, Spain) according to National Standard in China GBT 28731-2012. Ultimate analysis of
sample was performed in a CHNS/O elementary analyzer (Vario Micro Cube, Germany). The
lower heating value (LHV) of bamboo was measured using a bomb calorimetry (Parr 6300, USA).
The content of hemicellulose, cellulose and lignin in bamboo was determined by Van Soest [31,
32]. Bamboo showed high volatile content (80.57 wt.%) with only 2.32 wt.% ash (Table S1).

Carbon and oxygen content reached 41.97 wt.% and 43.18 wt.%, respectively, with only 0.27 wt.%



nitrogen [24]. Besides, cellulose was the main biochemical composition (46.5 wt.%) with 18.8
wt.% hemicellulose and 25.7 wt.% lignin.
2.2. N-doped biochar catalyst preparation

N-doped biochar catalysts were derived from bamboo fast pyrolysis at 600°C for 30 min with
variant NH; concentrations (10 vol.%, 30 vol.%, and 50 vol.%, respectively. The total flow of
mixture atmosphere of Ar (99.999%) and NH; (99.999%) was kept at 200 mL/min). The detail
preparation method used here could be found in our previous study [23]. The three N-doped
biochar catalysts, with different nitrogen content and porous properties, were named as biochar-
N10, biochar-N30, and biochar-N50, respectively.

2.3. Catalytic pyrolysis experiment

Catalytic pyrolysis of bamboo wastes was performed in a fixed bed system, shown as Figure
1. The system consisted of a feeding unit, a fixed bed pyrolysis reactor (600 mm height, 45 mm
inner diameter), a condensing unit, and a gas cleaning and drying unit, with temperature and gas
flow rate controllers.

Prior to each trial, the pyrolysis reactor was heated up to 600°C with high purity Ar purging
(200 mL/min) previously (which could obtain higher yield and quality of bio-oil) [24, 30]. When
the system was stable, the sample holder with biomass and N-doped biochar mixture (3 g, mass
ratio of bamboo and N-doped biochar catalyst is 2:1 with same mixing method and mixing time to
maintain the consistency of each experiment) was promptly placed to the centre of the reactor and
kept for 30 mins [19, 30]. Biomass sample was heated up and the volatiles evolved out rapidly.
The condensable volatiles were trapped in the ice-water mixture condensing unit. The non-

condensing gas was dried, cleaned, and collected with gas bag for further analysis. Furthermore,



to precisely quantify the bio-oil yield and completely collect the bio-oil, each trial was replicated
with liquid nitrogen condensing instead of ice-water mixture.

After each experiment, the reactor was cooled to ambient temperature with Ar purging.
Biochar and bio-oil yields were determined with the weight differences of the quartz basket, liquid
nitrogen condensing unit, respectively. The gas yield (wt.%) was calculated with combining the
total gas volume and the gas density [30]. For comparison, biochar catalyst without doping
nitrogen (named as biochar) was also prepared through bamboo pyrolysis at 600°C for 30 min with
Ar atmosphere (200 mL/min) [30], to illustrate the effect of N-doped biochar catalyst. And bamboo
pyrolysis without catalyst (named as without biochar) was performed at 600°C for 30 min with Ar
(200 mL/min) to better illustrate the effect of catalytic pyrolysis. Besides, all experiments were

run in triplicate at least with good mass balance (97.59-104.09 wt.%), and all data took the average.
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Figure 1. Schematic diagram of catalytic pyrolysis system.
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2.4. Characterization
The gas products were analyzed using a dual-channel micro-gas chromatography system

(Micro-GC 3000A, Agilent Technologies, USA), with thermal conductivity detectors. Two



columns were used: Column A (molecular sieve SA, Ar carrier gas) for analyzing H,, CO and CH4
at 95 °C; Column B (ProapakQ-PPQ, He carrier gas) for analyzing CO,, C,H¢, Co;H4, CoH; at 60°C.
Each sample was tested at least three times to take the average. The LHV of the gas products was
determined using following equation [23]:

LHV(MJ/Nm?3) = 0.126xCO + 0.108xH, + 0.358xCH, + 0.665XC,H,, (1)

where CO, H,, CH4 and C,H,, (C,H,, = C,H, + C,H, + C,Hy) are the volume fractions of those
species.

The main compositions of bio-oil were identified using a gas chromatography-mass
spectroscopy (GC-MS, HP7890 series GC with an HP5975 MS detector) with a capillary column
(Agilent: HP-5MD, 19091s-433; 30 m X 0.25 mm i.d. x 0.25 um d.f.). The injector temperature
was 300°C; the carrier gas (He) flow rate for the column was 1 mL/min, and the split ratio was
20:1. In each case, a sample injection volume of 1 pL. was employed. The GC oven was initially
heated at 40°C for 3 min, after which time it was heated to 150°C at a rate of 5°C/min, followed
by heating to 300°C at a rate of 10°C/min, and finally the oven temperature was maintained at
300°C for 10 min. The mass spectrometer was operated in a mass/charge ratio (m/z) of 30-500.
Quantification of phenols product was performed with 4-vinyl phenol, 4-ethyl phenol, p-cresol,
phenol by external standards through five-point method. The compounds were identified using a
National Institute of Standards and Technology library (NIST2011). The water content of the bio-
oil was measured by a Karl-Fischer titration (TitroLine KF-10, Schott, Germany). The pH value
of the bio-oil was determined using a Starter 2100/3¢ Pro pH meter (Ohaus, USA).

Ultimate analysis of N-doped biochar catalyst was conducted using a CHNS/O elementary
analyzer (Vario Micro Cube, Germany). Proximate analysis was carried out in a TGA-2000

analyzer (Las Navas, Spain). The surficial N- and O-containing functional groups of N-doped



biochar catalyst were analysed with X-ray photoelectron spectroscopy (XPS, Axis Ultra DLD,
Kratos, UK) using Al Ka line (15 kV, 10 mA, 150 W) as a radiation source. Cls peak position, set
at 285 eV, was used as an internal standard. The curves on Cls peaks were fitted by XPS peak4.1
software. The content of each element was determined by the corresponding peak area and
calibrated by the atomic sensitivity factor with C as a reference.

The porous characteristics of N-doped biochar catalyst were measured using nitrogen
isothermal adsorption at 77 K with an accelerated surface area and porosity system (ASAP 2020,
Micromeritics, USA). Prior to the adsorption, the samples were degassed at 150 °C for 10 h. BET
specific surface area (Sger) was determined by the Brunauer-Emmett-Teller (BET) equation. The
total pore volume (Vi) Was determined by single point adsorption total pore volume analysis.
Average pore diameter (D) was determined by 4V/Sger based on BET method. Field emission
scanning electron microscopy (FESEM, Sirion 200, FEI, Holland) was used to understand the
morphology of N-doped biochar.

It should be pointed out that biomass and N-doped biochar were mixed together, and the solid
char from biomass pyrolysis was mixed with N-doped biochar catalyst, and they cannot be
separated. Thus N-doped biochar catalyst was considered as no mass change when biochar yield

was calculated. So the yield of biochar, bio-oil and gas was determined as follows (Equations (2)

to (5)):

mass of soild product—mass of catalyst

Biochar yield (wt. %) =

)

mass of feedstock

mass of bio—oil

Bio — oil yield (wt. %) = 3)

mass of feedstock

mass of gas product

Gas yield (wt. %) =

4

mass of feedstock

Mass balance (wt. %) = biochar yield + bio — oil yield + gas yield (5)



Besides, considering possible nitrogen emission during bamboo catalytic pyrolysis with N-
doped biochar catalyst, the nitrogen recovery in N-doped biochar catalyst and biochar product was
also calculated. The calculating method of nitrogen recovery was that nitrogen content in N-doped
biochar catalyst and biochar product after catalytic pyrolysis divided nitrogen content in N-doped

biochar catalyst and bamboo feedstock before catalytic pyrolysis, shown as follows:

mass of nitrogen in catalyst and biochar

Nitrogen recovery (wt. %) = (6)

mass of nitrogen catalyst and feedstock

In addition, to reveal the catalytic pyrolysis mechanism of bamboo with N-doped biochar
catalyst, the Gaussian 09 suite of programs [33] and density functional theory (DFT) method were
used here. The geometries of reactants, intermediates, transition states and products were
optimized under M062X/6-311+G(d,p) level of theory. To obtain the thermodynamic parameters
and assure the transition states have sole imaginary frequency while others have no imaginary
frequency, frequency analysis was also conducted with the same method. Intrinsic reaction
coordinate (IRC) analysis was performed to verify the transition states correlating to the correct
reactants and products. Activation energies of the reactions were estimated as the free energies
differences between the transition states and the reactants, including zero-point energy correction
(ZPE). Free Energies were used for discussions on energetics, under the 773K and 1 atm. The
reaction rate constants for rate determining steps were computed at 773K using TST with Wigner
tunneling correction, as implemented in the KiSThelP program [34]. The zero-point vibrational
energy was scaled with factor of 0.967 for the M062X/6-31+G(d,p) level of theory [35], which

was most similar to the level of theory employed here.



3. Results and discussion
3.1. Properties of N-doped biochar catalyst

Detail information about the N-doped biochar catalyst is listed in Table 1. Biochar catalyst
contained higher carbon content (84.7 wt.%) with 6.72 wt.% oxygen content. Being different with
biochar, the nitrogen content of N-doped biochar catalyst increased significantly with NH;
concentration increase, which was in the range of 1.55-3.42 wt.% [23]. And the oxygen content
showed the similar tendency, which was in the range of 5.12-7.13 wt.%. Besides, the Sggr of
biochar was only 19.16 m?/g, while the Sger of N-doped biochar also increased greatly with NH;
concentration increase, which was in the range of 29.69-254.54 m*/g. Moreover, they showed
developed mesoporous structure with the average pore diameter of 4.26-4.79 nm. From SEM
micrographs (Figure S1), it could be observed that biochar showed smooth surface without obvious
porous structure. While the surface of N-doped biochar presented large amounts of pores, which
could promote the pyrolytic intermediates to access the active functional groups inside the N-
doped biochar [36]. With NH; concentration increasing, the amounts of pores increased

significantly, indicating the developed porous structure. It is also consistent with the results of

Table 1.
Table 1. Physicochemical properties of N-doped biochar catalyst.
Elemental composition, wt.%, d Porous characteristics, d
Catalyst N C H O* SgET (mz/ 2) Viotal (Cm3/ g) D (am)
Biochar - 84.70+£0.03 2.48+0.02 6.72 19.16+0.23 0.075+£0.005 15.58+0.26

Biochar-N10 1.55+0.01 85.02+0.01 2.49+0.03 5.12 29.69+1.12 0.036 £0.004 4.79+0.11
Biochar-N30 1.86+0.01 83.45+0.01 2.61+0.02 6.46 83.13+3.65 0.094 £0.008 4.51+0.12
Biochar-N50 3.42+0.01 81.29+0.02 2.43+0.01 7.13 254.54+7.48 0.271 £0.014 4.26+0.09

d represented dry basis; O* was calculated by difference; Sgger represented BET specific surface

area; Vioral represented the total pore volume; D represented average pore diameter.

10



In addition, the O- and N-containing groups on the surface of N-doped biochar catalyst are
shown in Figure 2. The O s spectra of catalyst was deconvoluted into four peaks (Figure 2a and
2b): carbonyl oxygen of quinines (C=0, 531.0-531.9 eV); carbonyl oxygen atoms in esters and
anhydrides, and oxygen atoms in hydroxyl groups (O-C=0/-OH, 532.3-532.8 eV); non-carbonyl
(ether-type) oxygen atoms in esters and anhydrides (O-C=0/C-0, 533.1-533.8 eV); oxygen atoms
in carboxyl groups (-COOH, 534.3-535.4 eV) [30, 37, 38]. The Nls spectra of N-doped biochar
was deconvoluted into four peaks (Figure 2c¢): pyridinic-N (398.5+0.3 eV), pyrrolic-N (399.8+0.3
eV), quaternary-N (401.2+0.3 eV) and pyridone-N-oxide (403.2+0.3 eV) [23-25].

It could be found that the main existing forms of oxygen in biochar were C=0O groups with
some O-C=0/-OH, O-C=0/-OH and -COOH groups (Figure 2a), while C=0O and O-C=0/-OH
groups were the main O-containing groups in N-doped biochar catalyst (Figure 2b). The main
existing forms of nitrogen in N-doped biochar catalyst were pyridinic-N, pyrrolic-N and
quaternary-N with little pyridone-N-oxide (Figure 2c). These higher active O- and N-containing
groups in N-doped biochar catalyst, with developed mesoporous structure, would have an
important role in catalytic pyrolysis of biomass [39, 40]. Furthermore, different N-doped biochar
catalyst showed similar distribution of O- and N-containing groups on the surface of catalyst, thus

only biochar-N30 catalyst is shown here, and others are shown in Figure S2.
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Figure 2. O- and N-containing groups in biochar (a) and N-doped biochar catalyst (b and c).

3.2. Catalytic pyrolysis properties

The products distribution from catalytic pyrolysis of bamboo is shown in Figure 3a. Bamboo
pyrolysis showed higher bio-oil yield (60 wt.%), while obtained less biochar (19 wt.%) and gas
product (18 wt.%). With biochar addition, bio-oil yield still maintained at 60 wt.%, while gas
product yield increased significantly to 21 wt.%, as biochar addition might promote the secondary
cracking of volatiles from bamboo pyrolysis and lead to more light gas formation [30]. After
introducing N-doped biochar, the yield of bio-oil and gas product increased slightly further, due

to the stronger catalytic reactivity of N-doped biochar [41].
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Figure 3. Production distribution (a) and gas releasing properties (b) of catalytic pyrolysis.

The releasing properties of main gaseous products (CO, CO,, CHy4, H, and C,H,,) are shown
in Figure 3b. For bamboo pyrolysis, CO was the main gaseous component (50 vol.%) from the
cracking of C-O-C and —C=0 groups (bamboo contained large amounts of these groups) [42], with
some CO,, CH4 and H,. After biochar addition, CO decreased largely to 45 vol.%, while CO,
content increased significantly to 26 vol.%, and CH4 and H; decreased a little accordingly, due to
the decarboxylation effect of biochar [30]. With N-doped biochar addition, CO decreased further
to only 37 vol.%, while CO; content increased further to 38 vol.%, it might be attributed to the
stronger decarboxylation reactions between O-containing pyrolytic intermediates and N-doped
biochar [30]. Furthermore, the content of CH4 and H, decreased largely to only 13 vol.% and 10
vol.%, respectively, which also led to the LHV of gas product decreasing from 15 to 12 MJ/Nm’.
And the NHj concentration during N-doped biochar preparation showed no obvious effect on
gaseous components.
3.3. Properties of liquid bio-oil

The water content and pH value of bio-oil are shown in Table S2. The water content of bio-
oil from bamboo pyrolysis was quite high, about 31 wt.%, which might be due to the higher oxygen

content and dehydration of bamboo sample. The pH value was about 2.5, which indicated that bio-
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oil showed higher acidity, and it might be corrosive during the storage and utilization process [30].
With biochar introduction, the water content (38 wt.%) and pH value (3.5) increased significantly,
as biochar promoted the dehydration reactions and inhibited the formation of acid products [30].
Besides, after N-doped biochar addition, the water content increased obviously further (40 wt.%),
and the pH value also increased greatly to about 4.5. It might be ascribed to that N-doped biochar
addition further enhanced the dehydration reactions, and decreased the formation of acids [43]. It
would significantly increase the stability of bio-oil and avoid the problem of acid corrosion during
the follow-up use [44, 45].

The main organic components of bio-oil are phenols, aromatics, O-species (including furans,
aldehyde, ketone, alcohol and ester), and acetic acid. The content of the main components is shown
in Figure 4a. For bamboo pyrolysis, the phenol content was about 47%, with some acetic acid,
furans and limited aromatics. The acetic acid content was quite high (>20%), which might explain
the lower pH value of bio oil. Higher phenols from bamboo pyrolysis mainly resulted from lignin
(25.7 wt.%) decomposition, while O-species and acetic acid mainly came from the cracking of
cellulose and hemicellulose [46]. With biochar addition, phenols content increased significantly to
59%, while that of O-species and acetic acid decreased accordingly to 19% and 14%, respectively.
It might be due to that biochar promoted the decarboxylation, dehydration, and removing alkyl
branch chain of pyrolytic intermediates, leading to more phenols and less O-species and acetic
acid (releasing out as CO;) [16, 30]. It was consistent with the increase of water and pH value of

bio-oil, and CO, content of gas product.

14



8
a [ JAceticacid [___|O-species [[__] Aromatics [[0] Phenols b B 4-vinyl phenol ﬁ
100+ 3 2 - 301 @ 4-ethyl phenol
° 14 6 5l © O
=X 21 . 9 14 S A P-cresol B e
8 80 S Phenol S5
g 19 : i %
= 23 =201 " 5
=) <] >
3 S [ 2
2 40 2 e 9 e | =
E ERLE I ot A R 2%
& 20 & PY S A
& A
0- 0l . . . —Lo
. s 10 20 50 L s Q Q Q
WO pat N N N oM s N ;0 N5
W o B B’\O"»a‘ 6\0"\\&‘ 6\0"“&‘ \N'\\‘(\O\)&b\ o ‘3\0&2& 6\00‘@{ 6\0‘3‘“&‘

Figure 4. Bio-oil compositions of catalytic pyrolysis (a) and major phenols distribution (b). Solid
represented relative content; open represented absolute yield.

With N-doped biochar introduction, phenols content increased further to 77%, while that of
O-species and acetic acid decreased largely to only 9% and 5%, respectively, and aromatics content
also increased gradually, indicating the stronger catalytic activity of N-doped biochar catalyst.
With the increase of NHj; concentration during N-doped biochar preparation, phenols content
increased to the maximum value of 82% for biochar-N30, then it decreased gradually with NHj
concentration increasing further. While aromatics content increased significantly and reached
14%, and the content of O-species and acetic acid decreased largely to only 5% and 2% for biochar-
N50, respectively.

In particular, it could be found that the content of phenols was different with variant N-doped
biochar catalysts. Phenols content increased firstly with the increase of nitrogen content (<1.86
wt.%) in N-doped biochar due to the increase of active species of catalyst. However, phenols
content decreased gradually when nitrogen content of N-doped biochar increased further. It may
indicate that the catalytic effect of N-doped biochar not only depended on active N-containing
groups and Sggr, but also relied on the distribution of active species on the surface of porous

structure [47]. This still needs to be investigated in depth in future work.

15



N-doped biochar catalyst promoted the generation of phenols (mainly simple phenols,
including 4-vinyl phenol, 4-ethyl phenol, p-cresol, phenol), which may be ascribed to that: 1)
Active O- and N-containing groups in N-doped biochar catalyst promoted the breaking of 3-O-4
linkage to form more phenols intermediates; 2) N-doped biochar catalyst also promoted the H-
donors (such as water, aldehyde, alcohol) from the decomposition of hemicellulose and cellulose
reacting with phenols intermediates (H-acceptors) to form more phenols [18, 48]; 3) N-doped
biochar catalyst promoted the cracking of —O-CHj in phenols intermediates to generate more
simples phenols [30]; 4) N-doped biochar catalyst also promoted the decomposition of lignin, and
inhibited the cracking of hemicellulose and cellulose, thus increased the content of phenols in bio-
oil [49]. Besides, the decrease of O-species was mainly due to the deoxygenation effect of N-doped
biochar catalyst [17]. For example, O-species intermediates provide hydrogen for the generation
of phenols, which may undergo deoxygenation reactions during these process [48].

Moreover, N-doped biochar catalyst may convert ketones into aromatics through
condensation and dehydration reactions, which may also transform furfurals into aromatics
through multi-step reactions [50, 51]. It may be also the reason of the increase of aromatics in bio-
oil. The decrease of acetic acid may be attributed to the neutralization or decarboxylation reactions
of N-doped biochar catalyst [24], as the alkaline N-containing groups in N-doped biochar catalyst
would easily adsorb acetic acid intermediates and react with them.

In addition, it should be pointed out that the main compounds of phenols in bio-oil were 4-
vinyl phenol (a high-valued platform compound, 2500 yuan/kg), 4-ethyl phenol, p-cresol, and
phenol, and the content of them is shown as Figure 4b. For bamboo pyrolysis, the yield of 4-vinyl
phenol was about 18%, due to the higher lignin content of bamboo sample. With biochar

introduction, it increased obviously to 22%. While with N-doped biochar addition, 4-vinyl phenol
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content increased linearly, the highest content of which reached 31% (based on organic
components of bio-oil) as NH3 concentration of 30 vol.% during N-doped biochar preparation,
after that it decreased obviously with NH; concentration increasing (50 vol.%). The content of 4-
ethyl phenol, p-cresol and phenol also showed the similar tendency with that of 4-vinyl phenol.
Bamboo pyrolysis only generated little of them, while their content could reach 16%, 9%, and 7%
for biochar-N30, respectively. Regard to the yield of phenols, the quantification of 4-vinyl phenol,
4-ethyl phenol, p-cresol, phenol was performed, and the yield of them is shown in Figure 4b. It
can be found that the yield of 4-vinyl phenol from bamboo pyrolysis was very low, only 2.32 wt.%.
While with biochar addition, it was doubled to 4.17 wt.%. Furthermore, with N-doped biochar
introduction, the yield of 4-VP increased linearly and reached the maximum value (6.65 wt.%,
based on bamboo feedstock) with biochar-N30. After that, it decreased slightly. The yield of 4-
ethyl phenol, p-cresol and phenol also presented similar tendency, which was lower than 1 wt.%
from bamboo pyrolysis, while they reached 3.04 wt.%, 1.83 wt.%, and 1.24 wt.% for biochar-N30,
respectively.

It should be noted that the maximum yield of valuable 4-vinyl phenol being achieved here
was much higher than that of previous studies [52, 53]. It might be attributed to that 4-vinyl phenol
mainly came from the cracking of p-hydroxyphenyl and methoxyl phenylpropanoid (guaiacyl and
syringyl) subunits in lignin [54-56]. N-doped biochar promoted the cracking of f-O-4 in lignin,
then led to the generation of more p-coumaryl, coniferyl and sinapyl alcohol subunits
intermediates, thus formed more 4-vinyl phenol. Besides, N-doped biochar catalyst had the
advantage of green, low cost, high activity and stability, which had the potential for large scale

preparation and application for producing valuable 4-vinyl phenol product [36].
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3.4. Physicochemical properties of biochar product and N-doped biochar catalyst

The physicochemical properties of N-doped biochar catalyst after catalytic pyrolysis are
shown in Table 2. It should be noted that biochar or N-doped biochar catalyst was mixed together
with biochar product from bamboo catalytic pyrolysis, which was difficult to be separated.
However, catalyst was the main part in solid biochar, which accounted for over 70% (As biochar
product yield of bamboo wastes pyrolysis without biochar was 19 wt.% (Figure 3)). Thus, to a
certain extent, some properties of solid products could represent for the properties of catalyst,
especially the property related to nitrogen, as almost no nitrogen in bamboo sample.

Table 2. Physicochemical properties of N-doped biochar catalyst after catalytic pyrolysis.

Elemental composition, wt.%, d Porous characteristics, d

Catalyst 5 5

C H O* Sger (M/g) Viotal (cm™/g) D (nm)
Biochar - 83.31£0.02 2.10+0.01 8.64 6.27+0.21 0.039+0.002 25.18+0.37
Biochar-N10 1.42+0.01 87.39+0.02 2.30+£0.01 2.71 21.37+£0.45 0.027+0.001 5.07£0.10
Biochar-N30 1.69+0.02 86.96+0.03 2.28+0.02 2.69 52.35+1.29 0.065+0.004 4.94+0.08
Biochar-N50 2.65+0.01 86.43+0.01 2.29+0.01 2.61 168.34+6.55  0.194+0.008 4.62+0.07

d represented dry basis; O* was calculated by difference; Sger represented BET specific surface
area; Vioral represented the total pore volume; D represented average pore diameter.

Comparing the composition of biochar pre and after use, it could be found that, carbon content
in biochar catalyst decreased slightly to 83 wt.% after catalytic pyrolysis, while oxygen content
increased accordingly to 8.64 wt.%. It may be due to that some O-species from bamboo pyrolysis
condensed on biochar catalyst surface. While for N-doped biochar, different trend displayed and
carbon content increased significantly to ~87 wt.%, perhaps due to the carbon deposition during
catalytic pyrolysis process [30, 57]. Accordingly, oxygen content in N-doped biochar decreased
largely to only 2.7 wt.%. It may be ascribed to that active O-containing groups in catalyst reacted

with pyrolytic intermediates through deoxygenation reactions, leading to the decrease of oxygen
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content in N-doped biochar [30]. Nitrogen content in N-doped biochar catalyst after catalytic
pyrolysis decreased a little It was due to that bamboo catalytic pyrolysis generated some biochar
product with lower nitrogen content, and it mixed with N-doped biochar catalyst, thus nitrogen in
N-doped biochar catalyst would be diluted, leading to the decrease of nitrogen. And hydrogen
content decreased a little from ~2.5 wt.% (Hydrogen content of biochar product from bamboo
pyrolysis was also ~2.5 wt.%) to ~2.3 wt.%, which may be ascribed to the H-donors effect of N-
doped biochar catalyst during catalytic pyrolysis process [18]. It was also consistent with the
higher phenols content (see Figure 4).

Furthermore, the Sger and Vi of biochar and N-doped biochar catalysts also decreased
largely compared with those of fresh catalysts, while average pore diameter increased accordingly.
It was mainly attributed to that bamboo catalytic pyrolysis generated some biochar product with
lower Sger and Vo, which mixed with catalyst after catalytic pyrolysis, leading to the decrease
of Sger and Vio. Another reason may be that the carbon deposition during catalytic pyrolysis
process condensed on the surface of catalyst. It blocked some micropores, and led to the decrease
of Sgrr and Vi and the increase of pore size [58, 59]. From SEM micrographs (Figure S3), it
could be found that the porous structure of N-doped biochar was still more developed than that of
biochar. However, the surface of biochar and N-doped biochar became more smooth, and the pores
on the surface decreased largely, compared with that before catalytic pyrolysis, perhaps due to the
carbon deposition. It is consistent with the results of Table 2.

To further reveal the catalytic pyrolysis mechanism of N-doped biochar catalyst, the O- and
N-containing groups evolution of N-doped biochar catalyst after catalytic pyrolysis was explored
in depth, shown as Figure 5. After the catalytic pyrolysis, O-containing groups on the surface of

biochar catalyst showed great change (Figure 5a), where O-C=0O/C-O became the main O-
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containing groups. From the absolute content of O-containing groups (Figure 5d, determined
through oxygen content in biochar and relative content of O-containing groups on the surface of
biochar), it could be found that C=0O groups decreased largely, while O-C=0, C-O, -OH and -
COOH groups increased significantly, especially O-C=0O/C-O groups. Being different with
biochar catalyst, for N-doped biochar catalyst, O-containing groups in the solid char after catalytic
pyrolysis cannot be viewed to completely come from N-doped biochar catalyst, as bamboo
feedstock contained large amounts of oxygen, and some of them would retain in biochar product
after pyrolysis. Thus, in order to understand the evolution of O-containing groups on the surface
of N-doped biochar catalyst. We also compared the O-containing groups on char product from
individual pyrolysis of bamboo (That is biochar catalyst) with N-doped biochar catalyst. It could
be found that, C=0 groups were the highest O-containing groups for biochar and N-doped biochar
catalyst before catalytic pyrolysis. After catalytic pyrolysis, the main O-containing groups of N-
doped biochar catalysts became O-C=0/-OH groups (Figure 5b, different catalyst showed similar
change tendency, here just biochar-N30 after catalytic pyrolysis is shown, others are shown in
Figure S4), and the absolute content of all O-containing groups decreased largely, especially C=0
groups, which became the lowest O-containing groups from the highest one (Figure 5d). The great
decrease of C=0O groups may be attributed to water and organic intermediates from bamboo
pyrolysis reacting with C=0 groups through decarboxylation reactions. While other O-containing
groups mainly acted as catalyst and reactant, which could catalyse conversion of pyrolytic

intermediates and react with intermediates to form phenols and aromatics [60].
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The N-containing groups on the surface of N-doped biochar catalyst after catalytic pyrolysis
showed no obvious change, and the main N-containing groups were still pyridinic-N, pyrrolic-N
and quanternary-N with little pyridone-N-oxide (Figure 5c, only biochar-N30 after catalytic
pyrolysis is shown here, as others showed similar change tendency, shown as Figure S4), also
indicating the good stability of N-containing groups in N-doped biochar catalyst. It should be
pointed out that, the N-containing groups in solid char were considered to come from the N-doped
biochar catalyst, as nitrogen content in bamboo feedstock is so low, which could be ignored almost.
Moreover, only relative content, but not absolute yield, of N-containing groups in N-doped biochar
pre and after catalytic pyrolysis is shown here (Figure 5e), as N-containing groups would be diluted
after catalytic pyrolysis. N-containing groups in N-doped biochar catalyst mainly acted as
adsorbent and catalyst (pyridinic-N and pyrrolic-N possessed high catalytic activity) [29], which
could adsorb pyrolytic intermediates and catalyse conversion of them into phenols. Besides, it
could be found that pyrrolic-N content decreased a little, while quaternary-N increased
accordingly, which may be due to that a little pyrrolic-N converted to quaternary-N after hydrogen
supply reactions.

In particular, the decrease of O-containing groups of N-doped biochar catalyst was much
larger than that of biochar catalyst. It may be due to that N-doped biochar catalyst contained
developed porous structure, and abundant active N-containing groups. They showed alkaline, and
could effectively adsorb more water and other pyrolytic intermediates (weak acidity), then
promoted them to react with active O-containing groups, leading to the great decrease of O-
containing groups in N-doped biochar catalyst. It may also be the reason why N-doped biohcar

catalyst showed stronger catalytic activity [18, 61].
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Besides, considering the possible nitrogen emission during catalytic pyrolysis with N-doped
biochar, for greener utilization of N-doped biochar catalyst, nitrogen recovery is shown in Figure
6. It could be found that the nitrogen recovery for different N-doped biochar was higher than 94
wt.%, but a little lower than 100%, perhaps due to the little nitrogen releasing during bamboo
pyrolysis itself, indicating the excellent recovery effect and almost no nitrogen emission. It also
indicated that the N-containing groups in N-doped biochar was very stable during biomass
catalytic pyrolysis. Furthermore, N-doped biochar after catalytic pyrolysis still possessed higher
nitrogen content, stably active N-containing groups, and larger surface area. It indicated that N-
doped biochar could have the potential to be recycled. While the life time property would be

investigated in detail in the coming future.
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Figure 6. Nitrogen recovery during catalytic pyrolysis with N-doped biochar catalyst.
3.5. Catalytic pyrolysis mechanism of N-doped biochar catalyst
Based on above discussion, the possible catalytic pyrolysis mechanism of N-doped biochar
catalyst is shown in Figure 7. During catalytic pyrolysis process, N-doped biochar catalyst acted
as an adsorbent firstly (adsorption process). The N-containing groups in N-doped biochar showed
alkaline property, which could effectively adsorb most of pyrolytic intermediates from bamboo

pyrolysis. Then N-doped biochar catalyst would act as a catalyst (catalytic process). Active N- and
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O-containing groups in N-doped biochar would catalyse conversion of the pyrolytic intermediates.
Carbon atoms next to pyridinic-N with Lewis basicity were the active sites [62, 63], which could
significantly promote the generation of phenols. Pyrrolic-N could provide hydrogen for H-
acceptors (such as radicals of 4-vinyl phenol, 4-ethyl phenol, p-cresol, phenol) to promote the
formation of phenols (Figure 4). -COOH, O-C=0, and —OH groups had catalytic effect on O-
species intermediates for the generation of phenols and aromatics. N-doped biochar catalyst also
promoted the reactions between phenols intermediates (H-acceptors) and O-species (H-donors)
adsorbed in N-doped biochar to form more phenols through dehydration reactions. Moreover, C=0
groups (acted as a reactant) could combine with water to form —COOH groups, then undergo
decarboxylation reactions (release out CO,), which was also consistent with the increase of CO,
in gaseous product (Figure 3).

As C=0 groups in N-doped biochar catalyst decreased most largely, C=0O groups reacting
with water may be important reaction pathways. The detailed reaction pathways of C=0O groups
and H,O were explored in depth based on experiment results and quantum calculations, shown as
Figure S5. Two possible C=0 type unit R1 and R2 were selected as model compounds for N-doped
biochar. Path-a was designed to show direct cleavage of the C=0 group R1 without H,O, whereas
Path-b and Path-c were designed to illustrate the role of H,O in the cleavage of C=0 groups.
During the process of biomass catalytic pyrolysis with N-doped biochar catalyst, the dehydration
of cellulose and hemicellulose produced a large amount of water, which can enter the N-doped
biochar pores (showed alkaline, and could effectively adsorb H,O) and easily react with C=0
groups via pathways similar to Path-b and Path-c, thereby promoted the C=0O group removal in N-

doped biochar and the formation of CO,.
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In addition, the possible formation pathways of 4-vinyl phenol (the dominant phenol) are
shown as Figure 8. N-doped biochar provided large amounts of H free radicals, and promoted the
cleavage of B-O-4 and dehydration reactions in lignin firstly, which formed a number of p-
coumaryl, coniferyl and sinapyl alcohol subunits intermediates, then these intermediates converted
to 4-vinyl phenol with methoxyl through removing —CH,-OH groups, at last they further removed
—0O-CH; groups and formed 4-vinyl phenol [64-66]. It indicated that N-doped biochar catalyst
could promote the generation of phenols from bamboo catalytic pyrolysis, especially valuable 4-

vinyl phenol.
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Figure 8. The possible formation pathways of 4-vinyl phenol during catalytic pyrolysis with N-
doped biochar catalyst.

4. Conclusions

Bamboo wastes catalytic pyrolysis with N-doped biochar catalyst for phenols products was
studied to explore the catalytic pyrolysis mechanism of N-doped biochar catalyst. Results showed
that N-doped biochar catalyst greatly promoted the generation of phenols (reached 82%), while
inhibited the formation of O-species and acetic acid, with more CO; and H,O release. Valuable 4-

vinyl phenol was the main phenols product with 31% content and 6.65 wt.% yield, as well as 16%
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4-ethyl phenol, 9% p-cresol, and 7% phenol with the yield of 3.04 wt.%, 1.83 wt.%, and 1.24 wt.%,
respectively. N-doped biochar acted as adsorbent, catalyst, reactant during catalytic pyrolysis. The
alkaline N-containing groups adsorbed pyrolytic intermediates firstly on the surface of N-doped
biochar, then active N- and O-containing groups catalysed conversion of them or reacted with
them to form phenols and aromatics, which greatly improved the quality of bio-oil. Thus, biomass
catalytic pyrolysis with N-doped biochar catalyst was a promising method for realizing the green

and valuable utilization of biomass resource.
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