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1 Introduction

Cross-polymerization between bio-oil and
polyaniline: synergistic effects on pore
development in subsequent activation and
adsorption of phenol}

Baihong Li,? Chao Li, @2 Diangiang Li,? Lijun Zhang,? Shu Zhang,” Yi Wang, ©°¢
Song Hu,€ Jun Xiang,® Mortaza Gholizadeh® and Xun Hu @ *2

Bio-oil is a major product from pyrolysis of biomass which serves as a carbon source to produce carbon
material due to its high reactivity towards polymerization itself or cross-polymerization with other organic
feedstocks. In this study, activation of polyaniline (PANI) mixed with wheat straw-derived bio-oil and
K>C,04 at 800 °C was conducted, aiming to understand the effect of potential interactions of bio-oil with
PANI on pore development of resulting activated carbon (AC). The results revealed cross-polymerization
reactions between PANI and bio-oil during direct activation, which increased the yield of AC from 13.0%
(calculated average) to 15.0%, the specific surface area from 1677.9 m? g* (calculated average) to 1771.3
m? g%, and the percentage of micropores from 94.3% to 97.1%. In addition, pre-polymerization of PANI
and bio-oil at 200 °C before activation was also conducted. Such pretreatment could increase the AC yield
from 13.0% to 23.3%, but the specific surface area decreased to 1381.8 m? g™X. The pre-polymerization
formed the organics that were more resistant towards cracking/gasification, but introduced oxygen-rich
functionalities. This made AC highly hydrophilic, rendering a much higher capability for adsorption of phe-
nol despite the smaller specific surface area. Additionally, the AC with developed pore structures facilitated
dispersion  of Ni/AC and enhanced the catalytic hydrogenation  of
o-chloronitrobenzene and vanillin.

nickel in activity  for
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due to rapid coking and deactivation of the catalyst, making
the process costly.”*°

Pyrolysis is an important thermochemical route to convert
bulky biomass to biochar and bio-oil of much higher volumet-
ric energy density as well as pyrolytic gases that can be
combusted in situ.' Biochar has versatile applications, while
bio-oil is commonly accepted as an intermediate product for
production of biofuel via further hydrotreatment.*”® However,
owing to the high oxygen content, high acidity and high reac-
tivity of the organics in bio-oil towards polymerization, hydro-
treatment of bio-oil for deoxygenation is rather challenging
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The high tendency of organics in bio-oil to polymerize is
an issue for hydrotreatment, which, however, is highly desir-
able in the preparation of carbonaceous materials. Moreover,
Fan et al. indicated that bio-oil is nearly ash-free'’ and bio-
oil-based materials avoid the inheritance or interference of
biological structures of biomass. This makes bio-oil a suit-
able precursor for the preparation of carbon materials. None-
theless, bio-oil is composed of condensable volatiles, imply-
ing high volatility of organics in bio-oil during heating,
which diminishes the yield of solid carbonaceous mate-
rial.’>"* For example, the study by Li et al. showed that the
yield of coke derived from heating of heavy components in
bio-oil was only 2.73% without adding template material or
additives."* To tackle this issue, Hu et al. proposed cross-
polymerization of bio-oil with furfural, which remarkably en-
hanced the yield of carbonaceous material."> Furfural can be
produced from biomass via hydrolysis or pyrolysis,***® and
opening of its furan ring during hydrolysis generates reactive
intermediates,'*>" facilitating polymerization of the organics
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in bio-oil. Nonetheless, furfural will not work in the prepara-
tion of heteroatoms such as N-doped carbon material from
bio-oil. Externally added nitrogen-containing organics are re-
quired to cross-react with the organics in bio-oil.

Herein, polyaniline (PANI) was used for the preparation of
N-doped porous carbon material from bio-oil. PANI was selected
as a nitrogen source, which was based on the consideration that
it is alkaline and contains a benzene ring for the occurrence of
polymerization via electrophilic substitution reactions. The gen-
erated product will unavoidably be impacted by a cross-reaction
between PANI and bio-oil. Thus, PANI and bio-oil were mixed in
various ratios and pre-polymerized at 200 °C to form a carbona-
ceous material, which was then activated with K,C,0, at 800 °C
to prepare activated carbon (AC). Direct activation of the mix-
ture of PANI and bio-oil was also conducted for comparison.
The obtained AC was used for adsorption of phenol from the
aqueous phase and also as a carrier of nickel catalyst for hydro-
genation of o-chloronitrobenzene and vanillin. The research
scheme is shown in Scheme 1. Additionally, the development of
functional groups of AC from activation of the carbonaceous
material from the polymerization of PANI and bio-oil was inves-
tigated with in situ diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS). The results indicated that cross-
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polymerization between PANI and bio-oil existed and was a de-
termining factor for development of the pore structures, func-
tionalities, and capabilities of the resulting ACs for adsorption
of phenol from the aqueous phase.

2 Results and discussion
2.1 Yields of the pyrolysis and activation products

The distribution of products from the pyrolysis or activation
of PANI, bio-oil or their mixture at 800 °C is shown in Fig. 1
and S2.f For the pyrolysis of PANI, bio-oil or their mixture
(P1B1), the yield of bio-oil was higher (39.1% vs. 33.9% aver-
age value) with the mixture as a feedstock. This was at the
cost of biochar (35.3% vs. 38.9% from average value). The
heavy organics in bio-oil could react with PANI, but the ther-
mally unstable nature of the organics led to the formation of
condensable volatiles but not solid residue. PANI also inter-
fered with aromatization of heavy phenolics during the pyrol-
ysis. Pyrolysis of PANI generated more gases than bio-oil,
while the activation of PANI with K,C,0, further significantly
increased the formation of bio-oil via cracking routes, pro-
ducing AC with a very low yield (10.0%).
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Scheme 1 The research scheme for the direct activation or pre-polymerization plus activation of polyaniline and bio-oil.
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Fig. 1 The yields of gas, biochar/activated carbon and bio-oil from the
pyrolysis or activation of polyaniline, bio-oil or their mixture of differ-
ent mass ratios at 800 °C. P1B1: PANI and bio-oil mixed at a mass ratio
of 1:1; P1-K3: PANI and K,C,O4 mixed at a mass ratio of 1:3; B1-K3:
bio-oil and K,C,0,4 mixed at a mass ratio of 1:3; P1B1-K3: PANI, bio-
oil and K,C,0,4 mixed at a mass ratio of 1:1:3; (P1B1)-K2: PANI and
bio-oil pre-polymerized at a ratio of 1:1 and then mixed with K,C,0,4
at a ratio of 1:2; (P2B1)-K2: PANI and bio-oil pre-polymerized at a ratio
of 2:1 and then mixed with K,C,O, at a ratio of 1:2; (P1B2)-K2: poly-
aniline and bio-oil pre-polymerized at a ratio of 1:2 and then mixed
with K,C,0,4 at a ratio of 1: 2.

Activation of bio-oil with K,C,0, also formed gases as the
main product, while the heavy organics in the bio-oil were
more resistant to the cracking/gasification reactions induced
by the high temperature and K,C,0,, generating AC of a
higher yield (16.0%). Moreover, activation of the mixture of
PANI and bio-oil (P1B1-K3) formed a relatively higher yield of
AC (15.0% vs. 13.0% from average value), attributed to the oc-
currence of cross-polymerization between PANI and organics
in bio-oil during the activation. Similarly, the pre-
polymerization of PANI and bio-oil at 200 °C for 4 h could
also enhance the thermal stability of the organics and their
resistivity towards cracking/gasification, especially for the
ones with a mass ratio of 1:1 for PANI and bio-oil. The de-
tailed composition of the bio-oil formed was further
analyzed.

2.2 Characterizations of bio-oil

The relative abundance of light organics generated during the
pyrolysis and activation of the bio-oil and PANI mixture is
shown in Fig. 2a and Table S1.f The components in the liquid
products from the pyrolysis of PANI and bio-oil were relatively
simple, including mainly phenols (ie. phenol, 4-ethyl-2-
methoxy-phenol and 2-methoxy-4-methyl-phenol) and benzenes
(i.e. styrene), nitrogen-containing organics (i.e. aniline and di-
phenylamine) and a small portion of ketones (ie. 4-cyclo-
pentene-1,3-dione and 3-methyl-1,2-cyclopentanedione). This
was due to the degradation of PANI and the further cracking of
heavy pyrolytic lignin and sugar oligomers in the heavy bio-oil.
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The activation with K,C,0, further reduced the abundance of
these light components in the liquid products. The presence of
K,C,0, led to essential cracking of these organic compounds
into gases (Fig. 1). For example, the abundance of phenolics like
phenol and 4-ethyl-2-methoxy-phenol, the nitrogen-containing
organics like aniline and 2-hydroxy-benzonitrile, and even the
benzenes like styrene decreased remarkably in the activation
(Table S17). The promotional effect of K,C,0, on cracking/gasi-
fication also impacted the evolution of the heavy organics.

Fig. 2b-d show UV fluorescence spectra of the heavy or-
ganics in the liquid products. Three main peaks located at
296, 324 and 343 nm in the 2D UV fluorescence spectra
(Fig. 2b) are attributed to the organics with equivalent single
to multi-benzene ring structures.’” The activation with
K,C,0, significantly reduced the abundance of the fluores-
cence peaks, especially the one at 343 nm, reflecting the high
activity of K,C,0, for cracking. Similar conclusions could be
extracted in the 3D fluorescence spectra in Fig. 2c and d. Re-
gions IV and V represent heavy organics with tryptophan-like
and humic acid-like structures, respectively.”®> K,C,0, led to
significant cracking of the humic acid-like organics, while
the abundance of tryptophan-like organics also decreased
remarkably.

2.3 Biochar and AC characterization

2.3.1 BET analysis. Table 1 shows the pore structures of
the AC and biochar generated by activation or pyrolysis of
PANI and/or bio-oil. The pore development of the biochar
from the pyrolysis of PANI and bio-oil at 800 °C (Biochar-
P1B1) was rather limited (79.1 m* g™*). Through the activa-
tion with K,C,0,, the pore structures of the AC from PANI
only (AC-P1-K3) developed remarkably, reaching a specific
surface area of 2060.6 m> g'. Sufficient cracking of PANI in
the presence of K,C,0, formed the developed pore structures.
In contrast, the AC from activation of the bio-oil (AC-B1-K3)
showed a lower specific surface area (1295.1 m* g™*), but also
with a lower proportion of micropores (93.3% versus 95.2%
from PANI). The organics in the bio-oil were less prone to be
cracked than that from PANI. Although the activation of the
mixture of PANI and bio-oil (AC-P1B1-K3) did not produce AC
of higher specific surface area than that of AC-P1-K3 (1771.3
m?* g7 vs. 2060.6 m> g™*), the number exceeded the calculated
average (1677.9 m> g ') of that of AC-P1-K3 and AC-B1-K3.
This suggested the synergistic effect between PANI and bio-
oil for creating more porous structures, originating from
their cross-polymerization reactions.

The pre-polymerization PANI and bio-oil at 200 °C also af-
fected the evolution of the pore structure of ACs. AC-(P2B1)-
K2 with higher abundance of PANI still possessed a higher
specific surface area (1676.1 m” g ') than the counterparts.
AC-(P1B1)-K2 showed a higher mass yield (Fig. 1), which was
achieved at the expense of the specific surface area (1381.8
m?* g). Additionally, the activation of the samples with the
coexistence of PANI and bio-oil all showed a higher propor-
tion of micropores (>=96.6%) than that from only PANI
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Fig. 2 GC-MS and UV-fluorescence spectra of the bio-oil produced from the pyrolysis or activation of the mixture of polyaniline and bio-oil with
a mass ratio of 1:1 at 800 °C. (a) Normalized abundance of the typical compounds found in the bio-oils; (b) 2D UV-fluorescence spectra of the

bio-oils; (c and d) 3D UV-fluorescence spectra of the bio-oils.

Table 1 Pore analysis of the biochar and activated carbon produced from the activation of polyaniline, bio-oil or their mixture of different mass ratios

at 800 °C

Entry Samples Sper® (m* g ") Ve (ecm® g ™) Smicro’ (M* g7) Viniero® (cm® g7%) D,’ (nm)
1 Biochar-P1B1 79.1 0.63 79.1(100%) 0.0055(0.8%) 31.9

2 AC-P1-K3 2060.6 1.8 1962.1(95.2%) 1.4(81.6%) 3.4

3 AC-B1-K3 1295.1 0.79 1208.0(93.3%) 0.47(60.0%) 2.4

4 AC-P1B1-K3 1771.3 1.2 1720.3(97.1%) 0.86(79.4%) 2.7

5 AC- (P1B1)-K2 1381.8 0.73 1340.1(97.0%) 0.58(78.9%) 2.1

6 AC- (P2B1)-K2 1676.1 1.0 1619.2(96.6%) 0.77(73.3%) 2.5

7 AC- (P1B2)-K2 1411.9 0.83 1372.1(97.2%) 0.56(67.8%) 2.3

¢ Spgr is the specific surface area obtained by the BET method. by, is the total pore volume at P/Py = 0.99. © Spicro iS the micropore surface area; the
percentage of Spicro/Sper 1S given in parentheses. 4y oo 18 the micropore volume; the percentage of Vinicro/V; is indicated in parentheses. ¢ D, is the

average pore diameter.

(=95.2%) or only bio-oil (=93.3%). The formation of poly-
meric products from the cross-polymerization facilitated the
formation of micropores. The adsorption-desorption curves
of the ACs in Fig. 3 showed a rapid increase in adsorption
volume when P/P, was below 0.01. Moreover, when P/P, was
higher than 0.2, the curve approached a horizontal plateau,
which conformed to a Type I curve, indicating that the pores
in AC were mainly micropores with a small amount of meso-
pores.>*?* K,C,0, could promote the development of the
mesoporous structure of AC from PANI, forming mesopores

© 2024 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

of larger size (Fig. 3b). In contrast, for the formation of mi-
cropores, the activation of bio-oil or the mixture of PANI and
bio-oil with a higher bio-oil content formed micropores of
larger pore sizes.

2.3.2 Elemental analysis. The content of the elements in
AC is shown in Fig. 3c and d. Although all the ACs were
washed with acid via the same procedure, there was still
some residual ash retained in the AC due to the mutual cov-
erage between inorganics. PANI is rich in N and some
N-containing species were retained in the resulting AC. The

Ind. Chem. Mater., 2024, 2, 600-612 | 603


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4im00001c

Open Access Article. Published on 07 March 2024. Downloaded on 10/19/2025 12:49:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
a —— Biochar-P1B1—s— AC-(P1B1)-K2
1200 {-0—AC-P1-K3  —o— AC-(P2B1)-K2
—+-ACB1-K3 . ac(P1B2)K
1000 {—*—AC-P1B1-K3 ¥ O-6-0
i
o o
€ 800
[*]
® 600 -
5
3 400
>
200
0 N, adsorption-desorption curves
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P P;") 10
10{C=IN H [J Ash
o
£ gl| 80% o
=
c
9
g 6-
(3]
s
g 41
£
K
w
2 0.15%
0 1.2% 1.2%
AC-P1-K3 AC-B1-K3 AC-P1B1-K3AC-(P1B1)-K2
e | .. %% e
U2 )
35
s
[7] 7 1
= e 7 ——_BiccharP1]
, AC-P1-K3)
i AC-BT-K3|
\/\___ 7 AC-P1B1-K3|
2 Theta degree
9 104 Feedstock I
0.8 -+
2
=
o
o 0.6
i
o
? 04
o
0.2 4
0.0 T T T
PANI and Bio-oil PANI Bio-oil

View Article Online

Industrial Chemistry & Materials

66.4%

4.4%

b 0-5 22 ~»— Biochar-P1B1
© 20+ —0—AC-P1K3
18 4 ~—*—AC-B1-K3
~ 0.41 - 16 —+—AC-P1B1-K3
- £ —=—AC-(P1B1)-K2
= _.= 144 —o— AC-(P2B1)-K2
c ™12 —aA— AC-(P1B2)-K2
- 0.34 e 10
o E 8]
“ )] o ¢4
§ o2l 3 4]
v T
24
5 5
- - Q -2 T T
2 0.1 \ 0.6 0.8
>, 0\0 Pore diameter (nm)
0.0 1 = a2
2 4 6 8 10 12 14 16
100 ~—— Pore diameter (nm)
d CJo[@Ec
_ 80l 24.1% 15.4% 23.9%
9
T
§,§ - 74.4% 71.6%
€ € 66.1% 64.9%
‘g’ )
©
25 404
[}
<E
K
w20
AC-P1-K3 AC-B1-K3 AC-P1B1-K3AC-(P1B1)-K2
f |[Feedstock ey e
%
3
L
o
2
v v(c,=C,) "
-g (—.+H) v (?"H) v (C=0) v(c"o-c:)(_cfl)
] : W : ;
» H ) L -
Qo f " H
< . A ; :
: i4__ACPIB1-K3Z ] :
' I AC-(P1B1)K2 | :
TN ii_AC-(P2B1)-K2 |~ ~l ]
N _AC(PIB2)K2 L ] |
4000 3000 2000 1000
Wavenumber (cm™)
60mg L' phenol
h 1004
90 - SEEs
g 804- [F==es
o 70
c
2 60
K]
5 504 —>— Biochar-P1B1
T 40 —(— AC-P1-K3
3 —— AC-B1K3
E 309 ~—4—AC-P1B1-K3
[P —=— AC-(P1B1)-K2
—o— AC-(P2B1)-K2
101 —— AC-(P1B2)-K2
0 e oo IEReeTe o N = =
10 20 30 40 50
Sample quantity (mg)

Fig. 3 Characterization of activated carbon. (a and b) Pore characteristics of the activated carbon; (c and d) elemental analysis of activated carbon
(O =100% - C% - H% — N% - S% — H,O% - ash%); (€) XRD characterization; (f) FT-IR characterization; (g) the C=0O/C=C ratio of feedstocks in FT-

IR characterization;
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(h) the removal efficiency of phenol by ACs.
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oxygen content in AC-B1-K3 was 24.1%, while that from AC-
P1B1-K3 was 15.4% higher than the average value (12.1%),
suggesting that the cross-interactions during the activation of
the mixture retained more oxygen. This was further verified
in the AC-(P1B1)-K2 sample, as evidenced by the further in-
crease of the oxygen content to 23.9%. The pre-condensation
pretreatment helped to retain more oxygen-containing func-
tionalities in the resulting AC. This together with the
nitrogen-containing species was desirable for providing more
adsorption sites and for reducing the hydrophilicity of the re-
sulting AC, which will be discussed later.

2.3.3 XRD analysis. Fig. 3e shows the results of the XRD
characterization of the biochar and ACs. The PANI feedstock
exhibited several periodic peaks at 15°, 20° and 25°, which
was attributed to its orientation ordering and unique struc-
tural units.>>*® The biochar-P1B1 sample exhibited two high-
intensity crystal carbon peaks at around 23° and 43° attrib-
uted to C (0 0 2)*” and C (1 0 0), which were generated as a
result of aromatization.”® After activation of PANI with
K,C,0,, the C (0 0 2) peak shifted towards a lower angle
(from 23° to 20°) and the peak intensity decreased signifi-
cantly. The cracking reactions during the activation disrupted
the crystal structure of AC, leading to an increase in the spac-
ing between the (0 0 2) planes (from 0.3961 to 0.4348 nm),
which caused lattice distortion. However, the peak positions
of C (0 0 2) for the AC from the activation of PANI or bio-oil
did not change, but the peak intensity was very low. The
cross-polymerization between PANI and bio-oil enhanced the
crystallinity of the AC owing to the formation of some ther-
mally stable structures. This was especially evident for the
AC-P1B1-K3, AC-(P1B1)-K2 and AC-(P1B2)-K2 samples with a
higher proportion of bio-oil. These structures were more re-
sistant towards cracking reactions during the activation, lead-
ing to higher yields of AC (Fig. 1) but lower development of
pore structures of AC (Table 1).

The microcrystalline structure of ACs was further analyzed
(Table S2f). The higher the stacking height (L.) and the
narrower the full-width at half-maximum (FWHM), the higher
the degree of graphitization and the more orderly the ar-
rangement of microcrystalline structure of AC. Compared
with AC-P1-K3 and AC-B1-K3, the ACs obtained from the acti-
vation of mixtures of PANI and bio-oil exhibited lower FWHM
and higher L.. This once again proved that the cross-
polymerization between PANI and bio-oil could form stable
structures, which improved the carbonization degree of AC
and promoted the orderliness of its microcrystalline
structure.

2.3.4 FT-IR and hydrophilicity analysis. Fig. 3f shows the
characterization results of FT-IR about the distribution of
functional groups of the samples. The bio-oil contained a
rich variety of organics, especially the oxygen-containing
functional groups like ~OH,** C=0 and C-O with the absorp-
tion at 3424, 1708 and 1024-1111 cm ", respectively. The high
ratio of C=0 to C=C in the bio-oil further confirmed the
higher abundance of C=O0 (Fig. 3g). PANI, on the other hand,
is a polymer with nitrogen-containing functional groups such
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as N-H,** C=N and C-N located at 3436-3236, 1668 and
1226-1300 cm™ ', respectively.’™** After their mixing and reac-
tions, the functionalities on the outside of the mixture were
mainly governed by PANI. The ratio of C=0 to C=C further
decreased (Fig. 3g) due to the abundant benzene ring struc-
tures in PANI. Importantly, the abundance of C=N dimin-
ished, suggesting the occurrence of their cross-reactions. For
the ACs, the C=0 and C-N functional groups largely disap-
peared due to the intensive cracking reactions in the activa-
tion,** except the former in AC-B1-K3 and the latter function-
ality in AC-P1-K3. The vanishing of these functional groups
could be due to the cross-polymerization reactions between
PANI and the bio-oil.

The contact angle in Fig. S31 shows that the biochar was
very hydrophobic. This was due to the limited pore develop-
ment and the intense cracking for removing most polar
functional groups. Although the AC activated from PANI
(AC-P1-K3) showed the highest specific surface area, it was
extremely hydrophobic, since there was a dearth of
o-containing functionality. In contrast, the AC from the acti-
vation of the feedstock containing bio-oil was rather hydro-
philic, which was related to the polar oxygen-containing
functional groups derived from the bio-oil (Fig. 5b, FT-IR
analysis). Apart from the polar functional groups, the high
degree of pore development also contributed to the high hy-
drophilicity of the AC.

2.3.5 In situ DRIFTS analysis. In situ DRIFTS measure-
ment of functional groups of the AC during the heating of
the mixture of PANI and bio-oil in the presence or absence
of K,C,0, is shown in Fig. 4a and b. The intensity variation
of the typical absorption peaks is summarized in
Fig. 4c to h. The -OH at 3535 cm ™" belonged to the pheno-
lics from bio-oil, while the N-H at 3385 cm™* and C-N at
1382 cm™" were from PANI (Fig. 4a). The increasing temper-
ature resulted in removal of -OH via cracking or dehydra-
tion reactions®** and a similar tendency was observed for
the N-H (Fig. 4c). Nonetheless, the decrease of the N-H ab-
sorption was relatively weak, which was attributed to its
high thermal stability. Similarly, the retained high absorp-
tion abundance of olefinic =C-H was also attributed to
PANI. The abundance of C=O and its ratio to C=C de-
creased with the increase of heating temperature (Fig.
S4at), which was probably consumed via the cross-
polymerization with PANI or cracking reactions.

The presence of K,C,0, significantly changed the abun-
dance of functional groups by promoting the cracking reac-
tions (Fig. 4b). Even at lower temperatures, the C-H in al-
kanes (2878 cm™") formed by cracking of aliphatic could be
observed. In the meantime, the abundance of both N-H
and -OH became much lower and further decreased
through the cracking route with increasing temperature
(Fig. 4f). K,C,0, also promoted cracking of carbonyl groups
(1719 em™), causing their large removal at 500 °C. Not all

=0 were converted into the CO, (2309 cm™) intermediate,
as some were transformed into CO (2055 cm™'). In addition,
the ratio of olefinic C=C located at 1610-1651 cm™"' to
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aromatic C=C at 1502 cm ™' decreased with increasing tem-
perature (Fig. S4bt). This indicated that the intensive crack-
ing reactions induced by K,C,0, created some additional al-
iphatic structures. These excessive cracking reactions
created the developed pore structures but also decreased
the yield of the resulting AC.

2.3.6 SEM analysis. Fig. 5 and S51 show the microstructure
of the feedstock, biochar and ACs characterized with SEM.

606 | /nd Chem. Mater.,, 2024, 2, 600-612

The PANI feedstock was a cluster of numerous fine particles
with a naturally rough surface (Fig. 5a1 and a2). The surface
of bio-oil was smooth and flat, as it contained abundant
heavy paste-like pyrolytic lignin (Fig. 5b1 and b2). For the bio-
char from the pyrolysis of PANI and bio-oil, the morphology
showed similar paste-like materials of smooth surface but
with layered structures (Fig. 5¢1 and c2). Some heavy organics
from the bio-oil clearly covered the potentially coarse surface
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Breycomb-like
mesh pores

|

Fig. 5 SEM characterization of the feedstock, biochar and activated
carbon produced from the activation of polyaniline, bio-oil or their
mixture of different mass ratios at 800 °C; (al and a2) polyaniline; (bl
and b2) bio-oil; (c1 and c2) biochar-P1B1; (d1 and d2) AC-P1-K3; (el
and e3) AC-B1-K3; (f1 and f2) AC-P1B1-K3; (g1 and g2) AC-(P1B1)-K2;
(h1 and h2) AC-(P2B1)-K2; (i1 and i2) AC-(P1B2)-K2.

derived from the pyrolysis of PANI. After activation of PANI
with K,C,0,, the surface of AC exhibited honeycomb-like
mesh pores (Fig. 5d1 and d2), which were formed by the etch-
ing effects of the potassium salts.>>*® Although the morphol-
ogy of the bio-oil was paste-like, the derived AC demonstrated
a very coarse surface (Fig. 5e1 and e2) due to the intensive
cracking/gasification reactions. For the AC-P1B1-K3 from di-
rect activation of the mixture of PANI and bio-oil with
K,C,0,, the surface also became very fragmented and some
hierarchical pore structures were observed (Fig. 5f1 and f2).
Although cross-polymerization between PANI and the or-
ganics in the bio-oil occurred, their activation could still pro-
ceed smoothly, forming even more pores (Table 1, entry 4).
Nonetheless, with the pre-polymerization, the activation of
PANI and bio-oil with the mass ratio of 1:1 or 1:2 formed
AC-(P1B1)-K2 and AC-(P1B2)-K2 with a smooth surface
(Fig. 5g1, g2, i1 and i2), which was paste-like material and
similar to that of the biochar (Fig. 5al and a2). The pre-
polymerization formed the organics with high resistivity to-
wards cracking, which explained their lower specific surface
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area. In comparison, even after the pre-polymerization, the
activation of PANI and bio-oil with a mass ratio of 2:1
formed AC-(P2B1)-K2 with a broken surface decorated with
lots of small particles (Fig. 5h1 and h2). Higher concentration
of PANI did not facilitate the cross-polymerization, forming
AC-(P2B1)-K2 with higher specific surface area but lower
mass yield.

2.4 Application of AC

2.4.1 Phenol adsorption. Fig. 3h shows the adsorption per-
formance of the biochar and the ACs towards phenol in aque-
ous solution. The biochar obtained from the pyrolysis of
PANI and bio-oil exhibited very poor capability for adsorption
of phenol, which was related to its limited pore structures
(79.1 m* g ). The activation of the single or mixed feedstock
with K,C,0, promoted the development of pores, improving
the adsorption capacity of AC. The increase of loading of AC
provided more adsorption sites, promoting the adsorption of
phenol. Although AC-P1-K3 possessed the highest specific
surface area (2060.6 m” g™'), it showed inferior capability for
the adsorption of phenol. The pore structure was not a deter-
mining factor for phenol adsorption, and the lower efficiency
of AC-P1-K3 for adsorption of phenol from aqueous solution
was related to its high hydrophobicity. In comparison, AC-
P1B1-K3 with high abundance of micropores and also high
hydrophilicity showed superior performance for adsorption.
Additionally, AC-B1-K3 from activation of bio-oil also showed
high capability for adsorption of phenol, although the spe-
cific surface area was only 1295.1 m*> g”*. The abundance of
oxygen-containing functional groups on the surface of AC re-
sulted from the bio-oil (Fig. 5b) that provided the adsorption
sites for phenol adsorption. The adsorption capacity of phe-
nol for the ACs obtained with the pre-polymerization was
roughly related to its specific surface area.

2.4.2 Hydrogenation of o-chloronitrobenzene/vanillin. Ta-
bles S2 and S3t1 show the catalytic performance of AC or bio-
char as a carrier of nickel catalyst for the hydrogenation of
o-chloronitrobenzene and vanillin. During the hydrogenation
of o-chloronitrobenzene, the conversion approached 100%
over all the -catalysts, generating the main product
o-chloroaniline and also the by-product aniline (Table S37).
PANI contained a large amount of N element (Fig. 4), which
might form complexation bonds with Cl during the hydroge-
nation process,” improving the catalytic activity of the cata-
lysts, including the Ni/biochar with the biochar carrier of lim-
ited specific surface area. More aniline by-product was
generated in the hydrogenation reaction catalyzed by the Ni/
AC catalysts. AC had developed pore structures, which facili-
tated the dispersion of nickel and promoted dichlorination
via hydrogenation. The hydrogenation of vanillin at 170 °C
over the Ni/AC catalysts produced mainly 2-methoxy-4-methyl-
phenol (MMP) (Table S4f). The catalysts were active and the
conversion of vanillin reached 100%. The well-developed pore
structures of AC provided sufficient anchoring sites for dis-
persion of Ni, rendering the high catalytic activity. In
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contrast, the Ni/biochar catalyst with the biochar carrier of
limited pore structures showed low activity for hydrogenation
of vanillin.

3 Limitations and prospect

The aforementioned findings demonstrated that -cross-
interactions occurred in pre-polymerization at 200 °C or acti-
vation of the mixture of PANI and bio-oil with K,C,0, at 800
°C. This enhanced the yields of AC but did not remarkably in-
crease or even reduce pore development during the activa-
tion, especially for the samples via the pre-polymerization
pretreatment. However, the presence of bio-oil did enhance
the hydrophilicity and hence performance for adsorption.
This indicated that there were good sustainable application
prospects of AC derived from PANI doped with bio-oil. None-
theless, some remaining questions are to be further an-
swered. Firstly, how the organics in the bio-oil react with
PANI during direct heating of the mixture or the pre-
polymerization needs to be clarified, as this impacts pore de-
velopment and retainment of organics in the subsequent acti-
vation. Secondly, the cross-interaction of bio-oil and PANI is
confirmed herein, influence of which on the properties of AC
is also demonstrated from the above results. The unresolved
issue herein is how these organics formed from the cross-
polymerization reactions between PANI and bio-oil affect the
pore development. The reason underneath the higher resistiv-
ity towards cracking reactions during the activation needs to
be further explored. Thirdly, bio-oil is oxygen-rich while PANI
is nitrogen-rich. How the oxygen- and nitrogen-containing
species evolve in the activation needs to be further verified.
This affects the distribution of functionalities on the surface
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of AC and also further application of AC as an adsorbent or
carrier of catalyst.

4 Conclusions

In summary, activation of PANI, bio-oil or their mixture with
or without pre-polymerization with K,C,0, as an activating
agent was studied, aiming to probe the potential influence of
cross-reactions of the two feedstocks of varied origin on the
evolution of pore structures of AC as shown in Scheme 2. The
results showed that direct activation of the mixture of PANI
and bio-oil enhanced the yield of AC by 15% (with calculated
average as a base) due to cross-polymerization occurring be-
tween PANI and organics in the bio-oil. Such cross-
polymerization also showed synergistic effects in enhancing
the specific surface area of the resultant AC from 1677.9
m?® g' (calculated average) to 1771.3 m> g ', also with more
micropores generated. Nevertheless, the pre-polymerization
pretreatment of PANI and bio-oil at 200 °C generated ther-
mally more stable organics, enhancing their resistivity to-
wards cracking/gasification in the activation. This enhanced
the yield of AC from heating directly the mixture of PANI and
bio-oil from 15.0% to 23.3% via the pre-polymerization plus
activation, which, however, diminished the pore development
and also generated more micropores. The pre-polymerization
formed the carbon crystal structure in the resulting AC with
less lattice distortion and retained more oxygen species. This
made AC of highly hydrophilic nature, rendering superior ca-
pability for adsorption of phenol to that of the hydrophobic
AC derived from activation of PANI, despite the higher spe-
cific surface area (AC-PANI, 2060.6 m* g™'). Additionally, the
activation of PANI with K,C,0, formed AC with a coarse
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surface such as honeycomb-like structures. The mixing of
PANI with bio-oil and the pre-polymerization pretreatment
formed AC of smooth surface due to coverage of the surface
of AC with heavy components of bio-oil. This enhanced the
yield of AC at the expense of pore development but increased
the hydrophilicity for adsorption of polar organics. In addi-
tion, the developed pore structures of AC provided abundant
anchoring points for Ni, which effectively catalyzed the hy-
drogenation of o-chloronitrobenzene and vanillin (conversion
rate reached 100%). The results herein demonstrated the
cross-interactions of bio-oil with PANI during activation, but
the detailed reaction network needs to be further
investigated.

5 Materials and methods
5.1 Materials

PANI and K,C,0, were purchased from Shanghai Macklin
Biochemical Co., Ltd, while ethanol was bought from
Sinopharm Chemical Reagent Co., Ltd. Heavy bio-oil was pro-
duced by the pyrolysis of wheat straw at 500 °C, the detailed
composition of which can be found in a previously published
paper.’®

5.2 Experimental process

5.2.1 Pre-polymerization and activation experiments. For
the pre-polymerization treatment, PANI was mixed with bio-
oil in a mass ratio of 1:1, 1:2 and 2:1, which was then
heated at 200 °C for 4 h in a tube furnace with a condensing
unit at a heating rate of 20 °C min™', as shown in Fig. S1.}
The pretreated samples were then dried in a 90 °C oven and
then impregnated with K,C,0, with a mass ratio of 1:2. In
addition, four control experiments, in which polyaniline and
heavy bio-oil were directly impregnated with K,C,0, in differ-
ent mass ratios without pre-polymerization, were also con-
ducted for comparison. Before the subsequent activation ex-
periment, all the prepared samples were dried to a constant
weight in an oven at 90 °C and ground to the same particle
size (30-100 pm).

Both pyrolysis and activation experiments were conducted
in a fixed bed reactor equipped with a quartz tube of 20 mm
diameter under a N, atmosphere (60 mL min™"). Typically, 5
g of mixture were placed in a quartz sleeve with a diameter of
18 mm, which was then fixed in the central heating area of
the quartz reactor. Before the start of the activation, the car-
rier gas was introduced about 15 min in advance to flush the
residual air inside the tube. The sample was then heated to
800 °C at 5 °C min~" and held at 800 °C for 1 h. The condens-
able volatiles (bio-oil) generated during the activation were
captured by two empty gas-liquid separators connected to
the end of the quartz reactor, and the non-condensable vola-
tiles were further trapped by a third gas-liquid separator
filled with ethanol. A 15 L gas bag was additionally connected
to the outlet of the third gas-liquid separator to collect gas-
eous products. After completion of the experiment and
cooling of the reactor, the solid products were collected from
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the quartz sleeve and then washed and stirred with 1 mol L™
hydrochloric acid for 12 h to remove retained inorganics to
obtain AC. The calculation method for the yield of the prod-
ucts is shown by eqn (1)-(3). To guarantee that the experi-
mental error was less than 5%, every experiment was con-
ducted more than three times.

YAC or Biochar — MAC or Biochar X 100/mmixture [1]

where Mac or Biochar 1S the mass of activated carbon or biochar
after activation or pyrolysis; Mmixure 1S the mass of PANI and
bio-oil mixed with different mass ratios after pre-polymerization
(if any) or drying.

Ybio-oil = Mpio-oil X 100/mmixture (2)

where myio.oi 1S the mass of bio-oil after reaction; mmixeure 1S
the mass of PANI and bio-oil mixed with different mass ratios
after pre-polymerization (if any) or drying.

Ygas =100% - YAC or Biochar — Ybio-oil (3)

5.3 Characterization

5.3.1 Characterization of gas and bio-oil. The gaseous prod-
ucts were measured using a GC-7920 instrument (Zhongjiao
Jinyuan, China). The light organics in the bio-oil were detected
by a GC-MS instrument (Shimadzu, QP2020) with a capillary col-
umn of 30 m in length and an inner diameter of 0.25 mm, and
identified by the standard NIST 2014 library. Their relative
abundance was normalized by comparison to the peak area of
the internal standard (methyl myristate). A UV fluorescence
spectrometer (Shimadzu, rf-6000, Japan) was used to analyze
the heavier organics with large m-conjugated structures in bio-
oil.

5.3.2 Characterization of biochar and activated carbon.
The BET method was used to calculate the pore characteristic
parameters of biochar/AC obtained from the nitrogen adsorp-
tion-desorption measurement (Biaode SSA-6000, China). The
crystal structure and microstructure of biochar/AC were ana-
lyzed by XRD (Ultima IV-2036E102, Japan) and SEM (EM-30,
South Korea), respectively. The composition and distribution of
elements in AC were analyzed using a EuroEA3000 - Single in-
strument. A contact angle goniometer (Powereach JC2000D1,
China) was used to test the surface hydrophilicity of biochar/
ACs. The abundance and the in situ change trend of functional
groups on the surface of the biochar/AC during pyrolysis/activa-
tion were detected using Fourier-transform infrared (FT-IR)
spectroscopy (NicoletiS50, USA).

5.4 Adsorption experiment

The adsorption capacity of AC for phenol was determined in
an aqueous solution. The prepared phenol solution (30 mL
and 50 mg L") was mixed with AC of different loadings in a
centrifuge tube, which was then placed in a shaker to vibrate
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at a constant rate of 200 r min~" for 1 h. The shaken centri-
fuge tubes were fixed in a centrifuge and separated at 10 000
RPM for 5 min, and then the supernatant was extracted using
a 0.22 pm membrane filter. The phenol concentration in the
solution after adsorption was calculated by the variation of
peak intensity at 270 nm measured by an ultraviolet-visible
spectrometer (AA-7000 Shimadzu, Japan). Eqn (4) and (5) dis-
play the adsorption ability (¢., mg g') and the removal effi-
ciency (R, %) of the contaminants.

ge = (Co = C)VIm (4)
R =(C, = C.)/C, x 100 (5)

where C, is the phenol concentration before adsorption; C. is
the phenol concentration that remains after adsorption; V is
the volume placed into the adsorption tube; m is the amount
of various adsorbents.

5.5 Hydrogenation experiment

The AC/biochar samples obtained from activation/pyrolysis of
different feedstocks were used as a carrier of nickel catalyst
by impregnating a certain mass of Ni(NO;),-6H,O to achieve
a Ni loading of 15%. The impregnated sample was then dried
in an oven at 90 °C for obtaining the precursor of the cata-
lyst, which was placed in a tube furnace, heated to 500 °C in
a N, atmosphere at a heating rate of 5 °C min™, and held at
the end for 2 h. Finally, the calcined catalyst was reduced at
500 °C in a H, atmosphere (60 mL min’l) for 2 h to obtain
the Ni/AC catalyst. The hydrogenation experiment with Ni/AC
as a catalyst was carried out in an autoclave reactor with a
volume of 10 mL. The 4 g substrate-solvent mixture with a
concentration of the target reactant (vanillin or
o-chloronitrobenzene) of 2.5 wt% was added into the reactor
with loading of catalyst of 40 mg. Before heating, the auto-
clave reactor was flushed with H, three times to remove re-
sidual air and then pressurized to 4 MPa with H,. The hydro-
genation experiment was carried out for 2 h at 170 °C. The
liquid product was collected and analyzed by GC-MS
(Shimadzu, QP2020) to calculate the conversion or yields of
products.

Abbreviation

AC Activated carbon

PANI Polyaniline

P1B1 Polyaniline and bio-oil mixed at a mass ratio
of 1:1

P1-K3 Polyaniline and K,C,0, mixed at a mass ratio
of 1:3

B1-K3 Bio-oil and K,C,0, mixed at a mass ratio of 1:3

P1B1-K3  Polyaniline, bio-oil and K,C,0, mixed at a mass
ratioof 1:1:3
(P1B1)-K2 Polyaniline and bio-oil pre-polymerized at a ratio

of 1:1 and then mixed with K,C,0, at a
ratio of 1:2
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(P2B1)-K2 Polyaniline and bio-oil pre-polymerized at a ratio
of 2:1 and then mixed with K,C,0, at a
ratioof 1:2
Polyaniline and bio-oil pre-polymerized at a ratio
of 1:2 and then mixed with K,C,0, at a
ratioof 1:2
GC-MS Gas chromatography-mass spectrometry
uv UV-fluorescence spectroscopy

(P1B2)-K2

BET Brunnauer-Emmet-Teller

XRD X-ray diffraction

FT-IR Fourier-transform infrared

DRIFTS  Diffuse reflectance infrared Fourier-transform
spectroscopy

HHV Higher heating value

SEM Scanning electron microscopy

MMP 2-Methoxy-4-methylphenol

EMP 4-(Ethoxymethyl)-2-methylphenol
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