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Catalytic Fast Pyrolysis of Alcell Lignin with Nano-NiO

Jiao Chen, Chao Liu, and Shu-bin Wu*

Catalytic fast pyrolysis of Alcell lignin with various additive ratios (5%,
10%, and 15%, mass ratio) of nano-NiO was investigated using a
horizontal pyrolyzer. Characterization methods, including Fourier
transform infrared spectroscopy (FTIR), gas chromatography (GC), gas
chromatography coupled with mass spectrometry (GC/MS), and
elemental analysis, were utilized to identify the catalytic fast pyrolysis
products. The results indicated that the nano-NiO catalyst had
remarkable effects on the yield and quality of these products. The
formation of gases, especially CO, CO3, and CH4, were greatly promoted
when the additive ratio increased, while the formation of bio-char was
clearly inhibited. However, when the additive ratio was 10%, the
maximum yield of bio-oil (53.09 wt.%) was obtained, and the
corresponding maximum higher heating value (HHV) was 25.33 MJ/Kkg.
Furthermore, nano-NiO caused a large variation in the species of the
compounds in bio-oil. Operating with the optimal nano-NiO additive ratio
(10%), the carbon conversion rate was 65.50%, and the energy
conversion rate was 74.53%.
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INTRODUCTION

Lignin is one of the main components in lignocellulosic biomass and represents a
substantial product stream within pulp mills (Mukkamala et al. 2012). The amount of
lignin separated from the pulp and paper industry is up to 50 million tons per year
(Gandini and Belgacem 1998). However, more than 95% of the industrial lignin is used
as heat energy for combustion, while only a small amount, approximately 5%, is used in
chemical production because of the complicated chemical structure (Jin et al. 2009).
Lignin primarily consists of guaiacyl propane units, syringyl propane units, and p-
hydroxyphenyl propane units, and it has a three-dimensional network structure (Huijgen
et al. 2014). A number of active functional groups, such as phenolic hydroxyl, alcoholic
hydroxyl, methoxy, and carboxyl groups, leads to the high reactivity of lignin, which can
be transported and converted to renewable fuels and valuable products (Lu et al. 2010;
Dickerson and Soria 2013).

Pyrolysis, as an efficient method for lignin utilization, can transform lignin into
small molecules with aromatic rings. However, the pyrolysis process is extremely
complicated because of the complexity of the lignin structure, which is rather difficult to
degrade completely. Moreover, the composition of pyrolysis products is multiple and
chaotic. Methods for overcoming these defects include pyrolysis reactor modifications
(Beis et al. 2010), as well as pyrolysis in the presence of cracking catalysts (Ericsson
1985). In recent decades, metal catalysts have been widely applied to lignin catalytic
pyrolysis. The popularity of these metal catalysts arises from their special properties,
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such as activity, selectivity, and stability (Dickerson and Soria 2013). Via catalysis, the
liquid final products can be regarded as a promising replacement of petroleum fuels for
energy generation, heat, and the extraction of valuable chemicals (Dong et al. 2003; Xiu
and Shahbazi 2012). The activity of nano-NiO used for biomass pyrolysis has been
investigated by thermogravimetric analyzer. Nano-NiO was found to have a more
effective catalytic effect on biomass pyrolysis than micro-NiO. However, the process of
biomass pyrolysis with the addition of nano-NiO was only briefly discussed. In addition,
the yield of organic liquid products was not investigated systematically (Li and
Pawtowski 2007).

In this study, nano-NiO was implemented into the catalytic fast pyrolysis of Alcell
lignin with additive ratios of 5%, 10%, and 15%. The yield and components of catalytic
products were comprehensively analyzed to reveal the catalytic capabilities of the various
additive ratios of nano-NiO.

EXPERIMENTAL

Materials

Pyrolysis material used in this study was Alcell lignin (abbreviated AL), which
was isolated from the Alcell pulping process of triploid poplar (Populus tomentosa Carr.).
Moreover, the crude AL was further purified with a mild acidolysis method. According to
our previous study (Liu et al. 2015), after purification, the AL achieved the high purity by
hydrolysis residual glycans, and the formula of purified AL is Csos.87H560.000158.3¢N1.01.

The pyrolysis catalyst was nano-NiO, which was purchased from Aladdin
Industrial Inc. (Shanghai, China) and used directly without further treatment. Before
catalytic fast pyrolysis, the catalyst and AL were dry-mixed with additive mass ratios of
5%, 10%, and 15%. The corresponding samples were denoted AL-5%, AL-10%, and AL-
15%.

Apparatus and Procedures

10

Fig. 1. Schematic diagram of horizontal pyrolyzer: (1) nitrogen bottle, (2) rotameter, (3) rotameter,
(4) thermocouple and porcelain, (5) quartz tube, (6)tubular furnace, (7) thermocouple and
porcelain boat, (8) power supply, (9) cotton filter, (10) cooling system, (11) gas collection system
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Catalytic fast pyrolysis was conducted in a lab-made horizontal pyrolyzer, a
schematic diagram of which is shown in Fig. 1. In this pyrolysis system, nitrogen (flow
rate of 0.04 m3/h) was used as the carrier gas, as well as the shielding gas. When the
pyrolyzer was heated to the setting temperature (550 °C, which was selected by
consulting various reports (Wu et al. 2009; Chen et al. 2014)), the mixed sample (0.5 g)
was pushed into the center of the furnace and reacted for 5 min. Pyrolysis products were
collected with a cold collecting method. Produced volatiles, including gas and steam of
bio-oil, passed through scrubbers placed in an ice-salt bath, with isopropanol (100 mL)
following as an absorbing solvent. After this process, bio-oil was absorbed by
isopropanol, and gas obtained by a drainage collection process was collected ultimately
with gas bags for further analysis. Pyrolysis solid residue, as well as bio-char, was cooled
down to room temperature, weighed, and then moved to a silica gel dryer for further
analysis and detection. The yields of the three-phase products were calculated according
to Lv et al. (2013).

Analytical Methods
Elemental analysis

The C, H, N, and S elements contained in bio-oil and bio-char were detected using
a Vario-EL CUBE elemental analyzer (ELEMENTAR, Germany). The content of
elemental oxygen was calculated by the difference method.

FTIR analysis

Infrared spectra of bio-oil and bio-char were obtained using a Fourier transform
infrared spectrometer (FTIR) (Nexus Thermo Nicolet, USA). Samples were pressed into
a KBr pellet with a mass ratio of 1:50. The spectra were scanned within the range from
500 to 4000 cm* with a resolution of 4 cm™.

GC analysis

Qualitative and quantitative analyses of gaseous components were carried out on a
GC-7890A gas chromatograph with a TCD detector (TECHCOMP, Shanghai, China). A
gas mixture that contained H2z (8.93%), O2 (1.07%), N2 (71.94%), CHa (2.04%), CO
(9.71%), CO2(1.09%), C2H2 (3.22%), C2H4 (0.98%), and C2Hs (1.02%) was used as the
external standard gas. A double-column system, equipped with GDX104 and 5A
molecular sieve packed column (TECHCOMP, Shanghai, China), separately detected the
single components of pyrolysis gas. When testing, the injector and the oven were kept at
50 °C, the detector was set at 100 °C, and the current was set at 70 mA.

GC/MS analysis

Absorbed bio-oil solution was analyzed on a 7890A gas chromatograph coupled
with a 5975C mass spectrometer (Agilent Technologies, USA). The injection volume was
1 pL. Helium was used as the carrier gas, and the flow rate was 1.20 mL/min. The
injector, detector, and interface temperatures were all set at 250 °C. The capillary column
HP-5MS (30 m x 0.25 mm x 0.25 um) was selected as the separation column. The
separation temperature was programmed from 50 °C (3 min) to 90 °C with a heating rate
of 10 °C/min, to 170 °C with a heating rate of 3 °C/min, and to 250 °C (5 min) with a
heating rate of 15 °C/min. The mass spectrometer was set at an ionizing voltage of 70 eV,
and the mass range from m/z 30 to 500 was scanned with a speed of 1.0 s/decade. Data
processing was performed using Perkin EImer NIST Spectral Version 5 software (USA).
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RESULTS AND DISCUSSION

Distribution of Pyrolysis Products

During the catalytic fast pyrolysis process, lignin can be degraded into bio-oil
(liquid product, containing water (Azadi et al. 2013)), gas (gaseous product), and bio-
char (solid product). The yields of products from catalytic fast pyrolysis of AL with
various additive ratios of nano-NiO catalyst in the horizontal pyrolyzer are listed in Table
1. Among these values, the external standard gas quantitatively detected the yield of
gaseous products; the yield of bio-char was obtained by weighing the product directly;
and the yield of bio-oil was calculated as the difference.

As can be seen in Table 1, the influence of the additive ratio of nano-NiO varied
with respect to the formation of the three products. When the ratio increased from 5% to
15%, the yield of gas increased from 8.31% to 12.84% while the yield of bio-char
decreased from 38.71% to 35.01%. Nevertheless, the changing trend of bio-oil yield was
different from those of gas and bio-char. With increasing additive ratio, the yield of bio-
oil increased slightly, from 52.98% to 53.09%, and then decreased to 52.12%, and the
maximum Yyield was obtained at the additive ratio of 10%. Through further analysis of
Table 1, it is clear that, with increasing additive ratio of nano-NiO catalyst, the formation
of volatiles, including bio-oil and gas, was promoted, while that of bio-char was restricted
correspondingly. These results suggest that nano-NiO can catalyze the fast pyrolysis of
AL well, producing much more useful and volatile products. Moreover, the optimal
additive ratio of nano-NiO for bio-oil formation was 10%. Detailed properties of gas, bio-
oil, and bio-char influenced by nano-NiO catalyst will be further investigated in the
following sections.

Table 1. Yields of Products from AL Pyrolysis Catalyzed by Nano-NiO (wt.%)

Product AL-0% AL-5% AL-10% AL-15%
Bio-oil 49.92 52.98 53.09 52.15
Gas 7.60 8.31 11.17 12.84
Bio-char 42.48 38.71 35.74 35.01

Properties of Gas

During catalytic fast pyrolysis of AL with nano-NiO at 550 °C, the generated gas
products are mostly Hz, CO, CO2, and hydrocarbons (CHs, C2Hs, and CzHs). The
composition of these gases and their yields catalyzed by various additive ratios of nano-
NiO are presented in Table 2. Among these obtained gases, CH4, CO, and CO2 were the
three major compositions. Previous researchers have shown that the formation of CHya,
CO, and CO2 during the pyrolysis process benefits from the thermal degradation of the O-
CHs group, the C-O-C group, and the C=0O group (Zheng 2008; Guo et al. 2011),
respectively. However, CO and CO2should be also released from the gasification process
of AL and generated coke, especially in the presence of the nano-NiO catalyst.

Apart from C2Ha, the yields of these gases all improved greatly as the amount of
catalyst increased. Increases in the yields of CH4, CO, and CO:2 should not be overlooked.
When the additive ratio of nano-NiO was increased from 0% to 15%, the yield of CO2
relatively increased by 90.75%. Meanwhile, the increased percentage for CO was 47.43%,
and that for CH4 was 56.66%. These three values demonstrate that, compared with CHa,
the nano-NiO catalyst tended to facilitate the formation of CO and CO.. The releasing of
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CO and CO2 was the major deoxygenation mechanism (another form was transfer of
oxygen into water, which was also detected in bio-oil and will be discussed later), which
would decrease the oxygen content in bio-oil and upgrade its quality (Imran et al. 2014).
Furthermore, literature studies have reported possible reasons for the loss of the oxygen
(Ferdous et al. 2001; Liu et al. 2015). According to the above analysis, an initial
conclusion could be drawn that the nano-NiO catalyst had positive effects on the oxygen
removal during AL fast pyrolysis.

Table 2. Composition and Yields of Gases from AL pyrolysis Catalyzed by Nano-
NiO (mg/g)

Composition AL-0% AL-5% AL-10% AL-15%
H2 0.19 0.28 0.39 0.50
CHa 12.99 16.71 18.57 20.35
CO 34.24 34.83 46.31 50.48
CO2 25.30 26.97 39.67 48.26
C2H4 1.25 1.42 1.88 2.60
C2He 2.03 2.68 3.44 3.31

Properties of Bio-oil
Elemental composition and HHV

The elemental content, the atomic ratios of O/C and H/C, and the calculated
higher heating value (HHV) of bio-oil with various additive ratios of nano-NiO, after
rotary evaporation at 30 °C, are displayed in Table 3. Because of the catalytic fast
pyrolysis with nano-NiO, the content of carbon retained in bio-oil rose from 64.80% to
70.42% with increasing catalyst additive ratio. Meanwhile, the oxygen content decreased
from 29.02% to 25.41%. Correspondingly, the O/C ratio decreased from 0.34 to 0.27.
These changes indicated that the nano-NiO catalyst could remove the oxygen in the way
of volatile oxygenates and water, fix the carbon, and realize the upgrading of bio-oil.

Table 3. Elemental Analysis and Higher Heating Value of Bio-oil and Bio-char
from AL Pyrolysis Catalyzed by Nano-NiO

Elemental Contents (%) AshP HHVe®

Sample  Addition " o N S (%) (MJ/kg) o/ct  HIC
0% 63.87 5.68 29.66 0.79 O 0 22.41 035 1.07

5% 64.80 543 29.02 076 O 0 24.48 0.34 1.00

Bio-oil 10% 69.90 438 2555 0.17 O 0 25.33 0.27 0.75
15% 7042 387 2541 030 O 0 24.80 0.27 0.67

0% 7659 210 2096 0.35 0.46 1259 25.17 0.22 0.33

5% 72.00 2.11 13.14 0.32 0.48 12.43 25.02 0.27 035

Bio-char 10% 63.83 216 9.90 0.27 043 23.85 22.09 040 041

15% 60.70 189 7.31 0.23 0.46 29.87 21.93 0.46 0.37

2 Determined by difference. ® Remaining catalyst. ¢ Calculated from Dulong formula (Ferdinand et
al. 2012). ¢ Atomic ratio
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At the same time, the hydrogen content in bio-oil decreased from 5.43% to 3.87%
and the H/C ratio dropped from 1.00 to 0.67 as the additive ratio increased from 5% to
15%. This phenomenon could be explained by the increase in hydrocarbons formed with
the higher additive ratio of nano-NiO as shown in Table 2. It also could be verified by the
following FTIR analysis of bio-oil. Nevertheless, the variation trend of HHV influenced
with various catalytic ratios was consistent with the yield of bio-oil. A highest value of
25.33 MJ/kg was measured for the bio-oil with a 10% nano-NiO addition, which suggests
that the HHV value reaches the maximum value when 10% nano-NiO is added. All of
these properties are extremely crucial for bio-oil used as a replacement for demanding
petrochemical applications (French and Czernik 2010).

Functional groups determined by FTIR

To make the properties of bio-oil more clearly, FTIR was carried out to determine
the functional groups in those compounds, and the corresponding FTIR spectra are shown
in Fig. 2(a). Band 1 (3749 cm™) was the absorption of water; band 2 (3428 cm™) was the
typical signal of the O-H stretching vibration; band 3 (2931 cm™) was the absorption of
the C-H stretching vibration; and band 4 (1696 to 1686 cm™) was the C=0 stretching
vibration in unconjugated carbonyls (Bassilakis 2001; Ferdous et al. 2001). Band 5 (1607
cm™) was the aromatic ring vibration.

With increasing nano-NiO ratio (from bio-0il-5% to bio-0il-15%), the absorption
intensity of peak 1 was enhanced, indicating that more water was generated. The
formation of water was the other route for oxygen removal from AL, as mentioned above,
reflecting the beneficial effect of nano-NiO catalyst that can remove the oxygen in the
form of water. Meanwhile, the absorption signal of peak 3 in bio-0il-15% was stronger
than that in bio-0il-5%, which suggested more alkylated compounds in bio-0il-15%.
Furthermore, the absorption signal of peak 4 in bio-0il-10% almost disappeared, showing
that there were fewer unconjugated carbonyl groups in bio-oil-10%, which was consistent
with the varying O/C ratio of bio-oil with increasing nano-NiO additive ratio.

5%NiO

10%NiO
15%NiO

12 3 (@ (b)

T T T T T T 1 — T T T T T T T T T T T 7
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™) Wavenumbers (cm™)

5%NiO

10%NiO

15%NiO

Fig. 2. FTIR spectra of (a) bio-oil and (b) bio-char from AL pyrolysis catalyzed by nano-NiO

Components determined by GC/MS

GC/MS analysis of bio-oil produced from AL catalytic pyrolysis with nano-NiO
at 550 °C is given in Table 4, and the components primarily contain quantities of phenols.
The identified compounds were altered noticeably when increasing the additive ratio of
catalyst. Species of phenolic compounds decreased from 26 with 5% addition down to 13
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with 15% addition, which indicated that more oxygen was removed in the presence of the
nano-NiO catalyst and meant that the increased proportion of nano-NiO facilitated the
accumulation of crucial components of bio-oil.

Table 4. Components of Bio-oil from AL Pyrolysis Catalyzed by Nano-NiO

Compounds AL-0% AL-5% AL-10% AL-15%

Phenol, 2-methyl- + + + +
Phenol, 2-methoxy-

Phenol, 4-methyl-

Phenol, 3-methyl-

Phenol, 2,6-dimethyl-
Phenol, 2,5-dimethyl-
Phenol, 3-methoxy-2,4,6-trimethyl-
Phenol, 4-methoxy-2,3,6-trimethyl-
Phenol, 2,4-dimethyl-
Phenol, 4-ethyl-

Phenol, 2-ethyl-6-methyl-

Phenol, 2,4,6-trimethyl

Phenol, 2,3,5-trimethyl-

Phenol, 2-ethyl-4-methyl-
1,2-Benzenediol
Phenol, 3-ethyl-5-methyl-

Phenol, 2,4,5-trimethyl-
1,2-Benzenediol, 3-methoxy-
Phenol, 2-ethyl-4,5-dimethyl-

1,2-Benzenediol, 3-methyl-
3,4-Diethylphenol
1,2-Benzenediol, 4-methyl-

Phenol, 2,6-dimethoxy-

Phenol, 3,4-dimethoxy-

1,3-Benzenediol, 4-ethyl-
1,3-Benzenediol, 4,5-dimethyl-
1,4-Benzenediol, 2,5-dimethyl
Phenol, 2-butoxy-6-[(dimethylamino)methyl]-
Phenol, 4-methoxy-3-(methoxymethyl)- +

+ + + +
+ + + +

+ + + + 4

+ + + + + +

+ + + + + + + + + + + A+ + + + +
+ + + + + + + + + + + + + o+

+ 4+ + + 4+ 4+ +
+

+, detected in the catalytic product

Properties of Bio-Char

As shown in Table 3, the elemental content, the HHV, and the ratios of H/C and
O/C in bio-char were characterized. With increasing additive ratio of nano-NiO from 5%
to 15%, the carbon, hydrogen, and oxygen contents all decreased rapidly, from 72.00% to
60.70%, from 2.11% to 1.89%, and from 13.14% to 7.31%, respectively. These results
suggested that nano-NiO catalyst had a remarkable impact on the organic composition in
bio-char and led to the production of more volatile products, consistent with the results
presented above. Additionally, the decreases in the carbon, hydrogen, and oxygen
contents resulted in the HHV decreasing from 25.02 MJ/kg to 21.93 MJ/kg. The bio-char
contained relatively higher energy and ash content, which could be burned to produce
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heat and recover the catalyst, or could be used to prepare value-added NiO/C catalyst.
Furthermore, the highest value of H/C occurred at 10% catalyst addition. This suggests
that the conversion of carbon and hydrogen was the highest with 10% nano-NiO. The
FTIR spectra of bio-char are shown in Fig. 2(b), wherein the remaining organic structures
in bio-char could be confirmed. They were the O-H group (3420 cm™, peak 1), the C=0
group (1691 cm, peak 2), and the C-H group (1165 cm™, peak 3). While the additive
ratio of nano-NiO catalyst increased, the absorption intensities of the three groups all
weakened. The remarkable change in the FTIR of bio-char is another piece of powerful
evidence that proves the effective catalysis of nano-NiO.

Carbon and Energy Conversion

To evaluate the catalytic effect of nano-NiO and to determine the properties of the
three pyrolysis products further, carbon and energy conversion were introduced (Lou and
Wu 2011) . The formula employed was as follows:

carbon conversion= (1- Mj x100% 1)

feedstock

V,

energy conversion= [1— Mj x100% )

feedstock

In EQ. 1, Coio-char represents the carbon weight in bio-char, Creedstock represents the carbon
weight in feedstock. And In Eq. 2, the HHVbio-char represents the HHV of bio-char,
whereas HHVreedstock represents the HHV of feedstock.

To focus on the target products proportion in the available components, carbon
and energy yield were proposed and described as follows:

carbon yield= Coivai x100% (3)
feedstock ~ “bio-char
] HHV.
energy yield= bio-oil x100%
Y AV —HHV ’ )

feedstock bio-char

100

(b)

100 80
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60 —
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Fig. 3. (a) Carbon flow, (b) carbon conversion, and (c) energy conversion of AL pyrolysis
catalyzed by nano-NiO
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As can be seen from Fig. 3(a), the carbon was primarily distributed in bio-oil and
bio-char, but less so in gas. The distribution laws of carbon converted to bio-oil, gas, and
bio-char with increasing nano-NiO ratio were in accordance with those of their yields
drawn from Table 1. Meanwhile, Fig. 3 demonstrated the influence of nano-NiO on the
carbon and energy conversion to pyrolysis products. The conversion trend of energy was
the same as that of carbon, and the selective conditions of carbon and energy conversion
were both obtained with 10% nano-NiO addition.

When increasing the nano-NiO ratio, more carbon and energy were converted to
volatiles (bio-oil and gas), and less to bio-char, proving the good catalytic effect of nano-
NiO. Meanwhile, at the optimal additive ratio of nano-NiO (10%), the carbon conversion
rate and the carbon yield (to bio-oil) were calculated as 65.50% and 85.69%, respectively,
and the energy conversion rate and the energy yields obtained were 74.53% and 68.92%,
respectively. Besides, the energy conversion to gas as fuel gas was attractive to industrial
production, because the gas can be applied directly to the boiler as combustion energy
required for pyrolysis (Yassin et al. 2007).

CONCLUSIONS

1. The ability of the nano-NiO catalyst to promote the formation of gas and restrict the
formation of bio-char increased with increasing additive ratio. CO and CO2 were the
two main components in gas, and their release was the major form of oxygen removal
catalyzed by nano-NiO.

2. Nano-NiO also influenced the yield and quality of bio-oil selectively. The maximum
yield of bio-oil (53.09 wt.%) and higher heating value (25.33 MJ/kg) were both
obtained when the additive ratio of nano-NiO was 10%. Moreover, nano-NiO could
upgrade the bio-oil by reducing oxygen contents and lowering the species of the
oxygenated phenolic compounds.

3. The selective catalytic effect of nano-NiO was also reflected in the carbon and energy
conversion from feedstock to products. Under the optimal additive ratio (10%), the
carbon conversion rate was 65.50% and the energy conversion rate was 74.53%.
These indicated that nano-NiO was fit for the catalytic fast pyrolysis of Alcell lignin
and was conducive to condense the carbon and energy.
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