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Abstract

To further improve the quality of microalgae-derived bio-oil, the characteristics,
kinetic parameters and product distribution of the co-pyrolysis of polypropylene (PP)
and Chlorella vulgaris (C.V) were studied by thermogravimetric analysis (TGA) and
pyrolysis gas chromatography/mass spectrometry (Py-GC/MS). The TGA results
showed that with the increase of the PP amount, the peak temperature of maximum
pyrolysis weight loss of C.V decreased, but the trend of PP was opposite. Compared
with the experimental and theoretical values, it was found that the residual amount of
solid coke and the total activation energy required for co-pyrolysis were significantly
reduced, which indicated that there was an obvious synergistic effect during the co-
pyrolysis process. The Py-GC/MS results showed that when the PP mass ratio was 0.75

and the final pyrolysis temperature was 500 °C, the reaction activation energy and
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hydrocarbon yield had the best synergistic effect. Moreover, the co-pyrolysis of C.V
and PP promoted the formation of aliphatic hydrocarbons, inhibited the aromatisation
and Maillard reactions, and hindered the formation of aromatics, nitrogenous
compounds, acids and oxides.

Keywords: Chlorella vulgaris; polypropylene; co-pyrolysis; kinetic parameter; Py-

GC/MS ; synergistic effect
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1 Introduction

With the continuous growth of population and the expansion of modern
industrialisation, the problems of global energy shortage and environmental pollution
are becoming increasingly serious. It is urgent to find renewable and clean energy [1,2].
At present, biomass is considered as an energy substitute with a virtuous cycle of
environmental protection and economic development requirements. As the third
generation biomass, microalgae is the most promising alternative energy in biomass
resources due to many advantages, such as short growth cycle, high photosynthetic
efficiency, strong CO, storage capacity, high oil production rate, and friendly living
environment [3,4]. Pyrolysis of microalgae to produce bio-oil is a technology with
great application prospects. The bio-oil typically has a high yield (41.1-64.9%) and
higher heating value (HHV:27.15-32.1MJ/kg), while only a small amount of useless
and harmful residues are found (15-28wt%)[5]. Meanwhile, Teng et al. [6] investigated
the pyrolysis of Chlorella vulgaris. The results showed that the maximum pyrolysis
mass loss of Chlorella vulgaris occurred at 190-600°C, and the solid residue decreased
with the increase of pyrolysis heating rate. However, the production of hydrocarbons
in the bio-oil is hindered due to the lack of hydrogen during the pyrolysis of microalgae,
resulting in high oxygen and nitrogen contents in the bio-oil. As a result, the obtained
bio-oil is strongly corrosive and shows high viscosity and poor fluidity and stability [7,
8].

In order to improve the quality and yield of microalgae pyrolysis products, many

research work has been carried out. For example, catalytic cracking and
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hydrodeoxygenation can improve the quality of bio-oil by promoting microalgae
deoxygenation and denitrification. However, since hydrogen is used in the
hydrodeoxygenation process, its safety requirements and operating costs are high,
while catalytic pyrolysis has some shortcomings like expensive catalyst raw materials,
complex catalyst preparation and operation procedures, and easy deactivation of the
catalyst [9-11]. In recent years, co-pyrolysis has been widely used to improve the
quality of pyrolysis fuel due to its advantages of simple operation, high efficiency and
strong synergistic effect. Chen & Bong et al. [12,13] studied the co-pyrolysis of
bamboo chips, peanut shell and microalgae. It was shown that the co-pyrolysis of
microalgae and peanut shell can significantly reduce the reaction activation energy of
individual pyrolysis. The ratio of bamboo chips and microalgae was 1:3, they had the
best synergistic effect. Chen et al. [14] investigated the co-pyrolysis of Chlorella and
kitchen waste by TG-FTIR and Py-GC/MS. The results indicated that the main
pyrolysis temperature range of microalgae moved to lower values, and the apparent
pyrolysis activation energy decreased while the content of hydrocarbons increased.
Duan et al. [15] studied the co-pyrolysis of microalgae and waste tires. It was shown
that co-pyrolysis promoted the deoxidation, desulfurisation and denitrification of
products and reduced the pyridine derivatives and fatty acids in the bio-oil, and the
obtained bio-oil had a high calorific value (35.80~42.03 MJ/kg). Xie et al.[16]
investigated the effect of pyrolysis temperature and feedstock blending ratio on
microwave co-pyrolysis of scum and microalgae. The study showed that the optimal

blending ratio and pyrolysis temperature for bio-oil and aromatics production were 2:1
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and 550°C, respectively. The synergistic effect of co-pyrolysis of scum and microalgae
became more obvious when the effective hydrogen index (EHI) of feedstock was
higher than 0.7.

According to statistics, China produced 63 million tons of waste plastics in 2019,
and it 1s expected that the waste plastics in the ocean will exceed the number of fish by
2050 [17, 18]. At present, the treatment methods of plastics include landfill,
incineration, composting, mechanical and chemical recycling. However, the landfill
will cause soil pollution. Incineration will cause atmospheric pollution while
composting will easily cause deterioration of groundwater quality. The crushing,
melting and extrusion processes of mechanical recovery will lead to significant loss of
chemical and physical properties compared to raw plastics[19]. At the same time,
chemical recycling, such as pyrolysis, can convert plastics to high-value energy
products [20]. Chen et al.[21] studied the co-pyrolysis of tobacco stems and
polypropylene (PP). The results showed that the yield of organic gases increased, and
the activation energy and residual biochar decreased. Besides, the calorific value of
coke obtained by co-pyrolysis of pinecone and plastic was higher than that obtained by
pyrolysis alone[22]. Burra et al. [23] investigated the kinetics of co-pyrolysis of pine
and PP by TGA-DSC. They found that the co-pyrolysis of the two was mainly
attributed to the fact that when PP melted, abundant hydrogen was provided for the
decomposition of biomass, which improved the net carbon conversion efficiency and
reduced the net carbon residue. In addition, Alam & Gu & Liew et al.[24-26] studied

the co-pyrolysis of biomass (such as bamboo chips, waste wood chips, cotton stalks
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and corn cobs) with hydrogen-rich waste plastics. The results showed that the
introduction of hydrogen-rich waste plastics into biomass decomposition could
improve the yield of aromatics and inhibit the formation of coke. Moreover, the
decarbonylation and decarboxylation reactions were replaced by the dehydration
reaction, which increased the H/C ratio of fuel and changed the reaction mechanism of
deoxygenation and thus improved the calorific value of the biofuel obtained. Kai &
Yuan & Majid et al. [27-29] found that HDPE promoted the pyrolysis of corn stalk and
Chlorella vulgaris during their co-pyrolysis process and also provided hydrogen for
biomass pyrolysis, which reduced the Ea andAH, inhibited the formation of aldehydes,
ketones, furan groups and aliphatic hydrocarbons, and promoted the production of gas
volatiles and aromatic hydrocarbons. Dai & Cao et al. [30, 31] investigated the co-
pyrolysis of PVC and microalgae. The results showed that the contents of nitrogen-
containing and oxygen-containing organic compounds in liquid products decreased
significantly, while the contents of aromatics and calorific value of coke increased
significantly. Tang & Tang et al. [32, 33] reported that the co-pyrolysis of LDPE and
microalgae increased the gas yield and low calorific value, while the formation of N-
and O-containing compounds in the liquid was effectively inhibited. It also promoted
the dehydroxylation, ring-opening and hydrodeoxygenation reactions of the products,
which increased the yield of hydrocarbons. Therefore, it was demonstrated that the co-
pyrolysis of algae and plastic had the potential to improve the quality of bio-oil.

The nature of high H/C and low O/C ratios of plastics can make up for the lack of

hydrogen and enrichment of oxygen in microalgae, balance the content of C, H and O
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elements in pyrolysis feedstock. Also, it can effectively reduce the production of wax
compared to the pyrolysis of plastics alone, which can easily cause equipment blockage
and shorten equipment life. Among all waste plastics, PP accounts for the highest
proportion and contains nearly 14 wt. % of hydrogen, which can be considered as the
best hydrogen source for biomass co-pyrolysis [34]. So far, only few reports on the co-
pyrolysis characteristics and interaction mechanism of microalgae and PP plastics have
been published, so it is necessary to carry out a further study. Therefore, in this work,
PP and C.V were used as raw materials, and the effects of different mixing ratios of PP
on the pyrolysis characteristics and product evolution of C.V were studied by TG and
Py-GC/MS. At the same time, the theoretical and experimental values of pyrolysis
kinetic parameters were compared to reveal the interaction of co-pyrolysis.
2 Experimental materials and methods
2.1 Materials

Chlorella Vulgaris (C.V) was purchased from Yunnan Baoshan Zeyuan Algae
Industry Technology Co., Ltd. (China), and PP was purchased from Ningbo Zhizhan
New Material Co., Ltd.(China). C.V and PP were ground and sieved to constant particle
size (less than 120 pm). In order to obtain a uniform mixture, the two raw materials
with PP-to-C.V ratios of 1:0, 3:1, 1:1, 1:3 and 0:1 were put into the agate mortar and
stirred for 20 min until the colour of the samples was uniform. The proximate analysis
and ultimate analysis of C.V and PP were carried out using a muffle furnace and Vario
Marco Cube elemental analyser, respectively, and the results are presented in Table 1.

Table 1 Proximate and ultimate analysis of C.V and PP samples.
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Ultimate Analysis® (wt.%) Proximate Analysis® (wt.%) HHV ¢

Sample

C H O* N S Volatile Ash Moisture  Fixed carbon MlJ/kg)
CV 4830 7.15 35.04 9.01 0.50 6585 8.82 7.71 17.62 21.58
PP 8585 13.78 0.37 0.00 0.00 99.88  0.12 0.00 0.00 46.17

2 Air dried basis. ® Dry-ash free basis. © Higher heating value on dry basis. * Calculated
by difference.
2.2 Co-pyrolysis experiments (TGA)

The co-pyrolysis experiments of PP and C.V were carried out using a
thermogravimetric analyser (STA 499 TGA). Approximately 10 mg of sample was
tested in each run. The sample was heated at a heating rate of 20 °C/min, from room
temperature to 900 °C. Nitrogen with a purity of 99.999% and a flow rate of 50 mL/min
was used to maintain an inert atmosphere.

2.3 Pyrolysis product analysis ( Py-GC/MS )

The pyrolysis products of C.V and PP were analyze by Py-GC/MS. The Py-
GC/MS was composed of the pyrolysis instrument of American CDS company and the
gas-mass spectrometer of Shimadzu Company of Japan. The pyrolyzer was set at the
heating rate of 10 °C/ms, and maintained at the final temperature for 20 s. Firstly, the
pyrolysis experiments of C.V were conducted at different final temperatures (300, 400,
500, 600 and 700 °C), and found that the best pyrolysis temperature was 500 °C. The
mixtures of C.V and PP with different ratios (C.V:PP = 1:0, 3:1, 1:1, 1:3 and 0:1) were
used as feedstocks for co-pyrolysis at 500 °C with an injection volume of 2 mg. The
GC column was Rtx-5 (30 m x 0.25 mm x 0.25 pm). The column oven temperature
was maintained at 40 °C for 4 min, followed by a ramp rate of 6 °C/min to 280 °C and

held for 5 min. The sample was injected at 280 °C of inlet temperature using a split

8



161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

injection mode with a split ratio of 50:1, and the total flow rate was 54.1 mL/min. High

purity helium (99.99%) was used as the carrier gas. EI (Electron ionization) ion source

was used in MS with an energy level of 70 ev, and the temperature was 270 °C. The
MS scan range was 35-500 m/z, and the scan time interval was 0.3 s, and the scan
speed was 1666. The peaks were identified and analysed based on NIST mass
spectrometry library and literature.
2.4 Kinetic method

The analysis of pyrolysis kinetics helps to better understand the thermal
degradation process, reaction mechanism and predict reaction pathways. In this study,

Coats-Redfern method was mainly used for biomass pyrolysis reaction kinetics[26],

and its method is derived based on formula (1):

%:kf(a):Aexp[_E/(RT)]f(a) (1
o= (2)
W=,
dr
il 3
B 7 (3)

Where a is the conversion rate, Wy is the initial mass of the sample, W; is the mass
of the sample at time ¢, Wris the remaining mass of the sample at the end of the reaction,
t is the reaction time, 7 is the absolute temperature, 7 is the rate constant of Arrhenius

chemical reaction, f (a)=(l—a)" is the reaction mechanism function, and & is

E
expressed as: k = de *7.

By integrating equation (1) and substituting (3) into it, we get the following result:
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By using the Coats-Redfern method, it is transformed to:

da A Xp(—iJ(l—a)"

—=—¢
dT RT

(4)

(5)

Where 4 is the pre-exponential factor, £ is the reaction activation energy, » is the

reaction order, R is general gas constant (8.314J/(K-mol)), T is the pyrolysis reaction

temperature, and £ is the heating rate, K/min.

When n=1,

(]

When n#l,

o S ] (- )

(6)

(7)

In general, 2RT/E is much less than 1, so the first term in the right end of the

Coats-Redfern equation is almost constant. For biomass pyrolysis reaction, fitted linear

lines of In[-In(1-a)/T?] versus 1/T (n=1) and In{[1-In(1-a)'™/[T?(1-n)]} versus 1/T

(n#1) can be plotted, and the frequency factor (4) and activation energy (£) can be

calculated from the slope and intercept.

2.5 Synergistic effect calculation

In order to further analyse the interaction of C.V and PP during co-pyrolysis, the

synergistic effect was calculated as the difference between the experimental value and

theoretical value of co-pyrolysis (e.g.:weight loss, reaction activation energy, and

relative peak area of the product):

10
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Yaitt= Yexp.mix - Yealmix (8)
Yealmix = XevYexp.e.v T XppYexp.pp (9)

Where Xc, and X, represent the mass percentages of C.V and PP in the mixture,
respectively. Yexp.cv and Yexppp are the experimental values of C.V and PP, respectively.
Yexpmix and Ycaimix are the experimental and theoretical values of the mixed sample,
respectively. The positive and negative values of Yar are expressed as different
synergistic effects (promotion or inhibition).
3 Results and discussion
3.1 Pyrolysis of C.V and PP for weight loss characteristics

Fig. 1 shows the co-pyrolysis TG and DTG curves of mixed samples of C.V and
PP in different proportions at a heating rate of 20 °C/min. It can be seen from Fig. 1
and Table 2 that the individual weight loss curves of C.V and PP were similar to those
in the literature [11, 19]. According to the TG and DTG curves of C.V, the pyrolysis
process can be divided into three stages. In the first stage (150~230 °C), the volatile
was slowly evaporated, and the sample was initially decomposed into macromolecular
organic matter and low volatile components when heated. The weight loss rate on the
DTG curve was slow. In the second stage (230~535 °C), the weight loss of C.V was
74.18%, which was mainly due to a series of decomposition reactions of organic matter,
including decarboxylation, dehydroxylation and dehydration of protein,
polysaccharide and lipid components. The first peak of DTG curve at this stage was
283 °C, which indicated the decomposition of protein and carbohydrates, and the
second peak at 338 °C indicated the decomposition of lipids. In the third stage

11



223 (535~900 °C), the pyrolysis reaction was relatively slow with only 5.26% mass loss.
224  The weight loss was mainly due to the decomposition of residual carbon at high
225  temperature and the slow formation of small molecular gas volatiles such as CO and

226 CO..

100 et e 222 .. | ——mm—————

—=—CYV

1
0 1
—e— C.V:PP=3:1 | r" N
80 | — C.V:PP=1:1 ! | —cv
o : ! / il ——C.V:PP=3:1
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6ok PP o-1p —+— C.V:PP=1:3
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S { &
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250 300 350 400 450 U

200 400 600 800

200 400 600 800
Temperature/°C

Temperature/°C

Fig. 1 TG and DTG curves of co-pyrolysis of C.V and PP at 20°C/ min heating
rate.
227 Compared with C.V, the pyrolysis weight loss range of PP was relatively narrow,
228 and its DTG curve only had a significant weight loss peak at 400-530 °C. Its weight
229  loss rate and maximum weight loss were significantly higher than those of microalgae.
230 This is because PP has a high content of the volatiles than C.V, and they can be released
231  in that pyrolysis temperature range. The DTG curve of co-pyrolysis showed that the
232  first stage (250-410 °C) was mainly the pyrolysis of C.V, and the peak temperature of
233  pyrolysis weight loss in this stage was significantly decreased, which indicated that the
234  addition of PP promoted the pyrolysis process of C.V and decreased its pyrolysis
235  temperature [36]. However, the second stage (410-530 °C) was mainly PP pyrolysis

236  reaction. The DTG curve showed that the addition of C.V can slightly increase the peak

12
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temperature of PP pyrolysis weight loss in this stage. The main reason for this
phenomenon was that the small molecules or free radicals released in the initial stage
of PP pyrolysis reacted with the residues produced by the pyrolysis of microalgae,

while the pyrolysis temperature of PP increases because of the lack of initiator [37].

Table 2 Pyrolysis characteristic parameters of individual samples and C.V/PP blends

Sample o #/°C o Di/(%/°C) Residue mass
ccvep)y ®C p o p  WC T P (%)
1:0 197 384 - 514 0.393 - 22.97
3:1 216 339 489 513 0.289  0.858 15.29
1:1 238 337 486 514 0.187 1.615 8.04
1:3 217 334 485 515 0.107  2.657 6.25
0:1 197 - 481 507 - 3.050 5.48

Th: the start temperature,while the conversion ratio is 5*(1-x)%; pa: n weight loss range;
tm: the temperature while the weight loss ratio is largest; #: the final temperature
obtained by the cutting line method; Dm: the largest weight loss ratio

It can be seen from Fig. 2 that PP obviously promoted the pyrolysis of C.V within
220 °C to 400 °C, and improved the weight loss rate in the main pyrolysis stage. There
was an obvious synergistic effect between the experimental value and the theoretical
value. This phenomenon was possibly due to the fact that PP disturbed the pyrolysis of
C.V to a certain extent, which made it more fully exposed to the pyrolysis space,
resulting in the pyrolysis weight loss rate of C.V increased and its pyrolysis
temperature shifted to lower values. In the temperature range of 400 to 482 °C, with
the increase of PP mixing ratio, AW gradually changed from negative to positive value,
i.e. the positive synergy between them changed to negative synergy. The most possible

reason was that the small molecules of PP melt reacted with the pyrolytic residue of

13
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265

266

267

268

269

C.V at the initial stage of PP pyrolysis, which led to a decrease of the initiator of PP
pyrolysis and a shift of PP pyrolysis temperature to high values. However, when the
temperature was higher than 482 °C, the negative value of AW indicated a positive
synergistic effect, which was mainly due to the partial overlap of pyrolysis temperature
between C.V pyrolysis residue and PP. As a result, there were secondary reactions of
PP and C.V pyrolysis coke, and the coke could promote the decomposition of PP into
monomer or dimer, while PP could provide abundant hydrogen protons for the

decomposition of C.V.

100

- - EXPC:P3:1
——CALC:P3:1
- - EXPC:PI1:1
—— CAL C:P 1:1
- - EXPC:P13
——CALC:P1:3

fesd
(=]
T

Weight/%
3

£
AW (Weight/%)

20+

200 400 600 300 200 200 600 500
Temperature/°C Temperature/°C
Fig. 2 (a) experimental and theoretical TG curve of the co-pyrolysis of C.V and PP
and (b) weight difference value AW.
3.2 Kinetic analysis of co-pyrolysis reaction between C.V and PP
The kinetic reaction parameters of C.V and PP alone and co-pyrolysis are shown
in Table 3. When C.V and PP were co-pyrolysed, the temperature range was divided
into three sections. The first two sections were mainly for the pyrolysis of C.V, while
the third section was the main pyrolysis temperature range of PP. According to the

calculation of Coats-Redfern method in Table 3, the pyrolysis reaction order of C.V

and PP was 1. It can be seen that the pyrolysis of C.V alone was easier with an
14
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activation energy of 40.09 kJ/mol, while the pyrolysis of PP alone was more difficult

with a higher activation energy of 351.13 kJ/mol. As illustrated in Fig. 3, with the

mixing ratio of PP increased from 0 to 1, the total activation energy of the reaction

showed an increasing trend. Compared with the total activation energy and linear

calculation activation energy, it was found that the energy required for co-pyrolysis of

C.V and PP was significantly lower than that required for the individual pyrolysis.

During the co-pyrolysis process, the difference between Eave and Eca increased from

64.56 kJ/mol to 81.80 kJ/mol with the mixing ratio of PP increased from 0.25 to 0.75.

This phenomenon may be caused by the overlap of the distribution peaks on the

activation energy plane produces an interaction during the C.V and PP of co- pyrolysis

process.

Table 3 Pyrolysis kinetic parameters of individual samples and C.V/PP blends

Temperature/ Weight loss Eexp/ Al Eavel Ecal
Sample ] 2
(°C) (%) (kJ-mol™) (min™) (kJ'mol)  (kJ'mol?)
197-348 58.70 50.32 6.87x 10° 0.9954
CV:PP
10 348-420 18.95 39.22 4.52x 10 0.9980 40.09 40.09
. 420-514 22.35 13.98 1.28x 10° 0.9801
216-350 36.67 33.68 9.96x 10* 0.9951
CV:PP
31 350-461 26.50 8.43 2.99x 10° 0.9813 52.89 117.45
. 461-513 36.83 104.00 9.20x 10° 0.9812
238-370 23.90 35.95 1.29x 10° 0.9814
CV:PP
1 370-458 14.12 7.95 6.12x 10° 0.9813 114.99 194.80
) 458-514 61.98 169.86 4.10x 108 0.9817
217-347 9.95 44.04 6.2x 10% 0.9811
CV:PP
13 347-456 11.27 9.77 1.18x 10° 0.9746 190.36 272.16
) 456-515 78.78 234.68 1.20x 1013 0.9864
197-304 0.31 4.62 5.56x 108 0.9969
CV:PP
01 304-432 0.16 8.47 2.26% 10° 0.9936 349.51 349.51
. 432-507 99.53 351.13 1.89x 10%! 0.9886

15



283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

3504 —=—Exp
1 —e—Cal

81.8 kJ/mol

[\ [\ (O8]
S N S
() o o
1 1 1

79.8 lkJ/ITAOl\

150 -+

Apparent activation energy(kJ/mol)

100 A
50 il s
0 T T T T 1
0.00 0.25 0.50 0.75 1.00
PP comppsition(%)

Fig. 3 Activation energy of PP and C.V for various samples.

3.2 Properties of liquid products (product distribution table and content variation
diagram)
3.3.1 Effect of pyrolysis temperature on pyrolysis products of C.V

As can be seen from Table 4, the pyrolysis products of C.V were mainly composed
of oxygenated compounds (acids, alcohols, ketones, esters, phenols, etc.), hydrocarbon
(aromatics and aliphatic hydrocarbons), and nitrogenous compounds. Among them,
oxygenated compounds showed the highest amount, which mainly included furfural,
furan and ketone(produced by the decomposition of carbohydrate polysaccharides),
phenolic compounds (formed by the decomposition of tyrosine in protein), and fatty
acids, long-chain alcohols and esters (produced by ester bond fragmentation,
decarboxylation and decarbonylation of triglycerides) [38]. Hydrocarbons (such as
alkanes, olefins, toluene, etc.) were the second abundant, including aliphatic
hydrocarbons mainly generated by the decomposition of lipids and the deoxygenation

of sugars and aromatic hydrocarbons from the decomposition and aromatisation of
16



299  phenylalanine in microalgae proteins. Nitrogen-containing compounds were mainly
300 composed of indole derivatives formed by the thermal decomposition of tryptophan,
301 pyrrole, pyridine and amide derivatives formed by the pyrolysis of serine and

302  asparagine [39].

303 Table 4 List of bio-oil compounds presented in bio-oil.
Groups Compounds Formula Compounds Formula
) Toluene C;Hg Benzene, propenyl CoHig
Aromatic
Styrene CsHg Benzene, propyl CoHi2
hydrocarbo
p-Xylene CsHio Benzene, pentyl Ci1Hie
ns
Ethylbenzene CgHio TDN Ci3Hig
1,5-Heptadiene C7H» 1,15-Hexadecadiene Ci6Hso
D-Limonene CioHie Hexadecane Ci6H3
1,9-Decadiene CioHig 1-Heptadecene Ci7H34
1-Decene CioHao Heptadecan Ci7H36
3-Undecene, 3-methyl- CioHos 1-Nonadecene CioHss
o Dodecane Ci2Hos 1,19-Icosadiene CaoHsg
Aliphati )
1-Tridecene Ci3Hoe 3-Icosyne CaoHsg
chydrocarbo
(2E)-3,7,11,15-Tetramethyl-2-
ns 7-Tetradecyne Ci4Hae CaoHao
hexadecene
1-Tetradecene Ci4Has Heneicosane CyoHa
Tetradecane Ci4Hzo Heneicosane Cy1Hys
1,1,3-Trimethyl-2-(3-
C15H3o 1 ,2 1-Docosadiene C22H42
methylpentyl)cyclohexane
Pentadecane CisHs Tetracosane C24Hso
Pyrrole C4HsN 4-Ethyl-2-methyl-1H-pyrrole C7Hi N
Aziridine, 1-ethenyl- CsH/N 4-Methylcyclohexylamine C7H;sN
Pyridine CsHsN Benzyl nitrile CsH7N
4(1H)-Pyrimidinone, 6-methyl-  CsH¢N,O  Indole CsH7N
1H-Pyrrole, 3-methyl CsH7N Pyrrole, 3-ethyl-2,4-dimethyl- 2,4-  CgH;3N
Isovaleronitrile CsHoN Benzenepropanenitrile CoHyN
Pyridine, 3-methyl C¢H7N Indole, 3-methyl CoHyN
Nitrogenous ) 2-Ethyl-3,4,5-trimethyl-1H-
Pyrrole, 2,4-dimethyl C¢HoN CoHisN
compounds pyrrole
) ) CisHa3N
Isoamyl cyanide CeHiIN Hexadecanamide o
Pyridine, 2-ethyl C7HoN Heptadecanenitrile Ci7H33N
Oxygenated  Furfural CsH40, Cedrol Ci5H260
compounds  Furfuryl alcohol CsHgO» Hexa-hydro-farnesol Ci5H30
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Phenol CsHsO (Z)-11-Hexadecen-1-o0l Ci6H30

2-Furancarboxaldehyde, 5-
CsHsO2 9-Octadecen-1-ol Ci1sH360
methyl-
Furan, 2,5-dimethyl C¢HgO 1-Nonadecanol C19H400O
C20H350
p-Cresol C;H3O Oleyl alcohol , acetate
2
Coumaran CsHO Phytol Ca0Ha0O
Phenol, 3-ethyl CsHi00 Dihydrophytol C20Hs,0
o C21Hi00
2-Cyclooctenone CgH 20 Stearic acid, allyl ester
2
Phytol, acetate CyHspO
Cyclohexanepropano CioH140
R,R,R,(E)3,7,11,15 >
Hexanoic acid, isobutyl ester C1oH2002 1-Heptacosanol Cy7H560
7-Tridecanone Ci3Hx60 Octacosanol Cy3HssO
. . . . . C]@H}zo
Carboxylic ~ Tetradecanoic acid Ci4H20,  n-Hexadecanoic acid
2
Acids
Oleic Acid C] 8H34Oz
304 According to the Py-GC/MS data of C.V, the distribution of peak area percentage

305 of main compounds at different final pyrolysis temperatures was listed in Table 5, and
306 the analysis was carried out in five categories: aromatic hydrocarbons, aliphatic

307 hydrocarbons, oxygenated compounds, nitrogen compounds and acids.

308 Table 5 Comparison of bio-o0il compositions from C.V pyrolysis at different
309 temperatures
300 °C 400 °C 500 °C 600 °C 700 °C
Aromatic hydrocarbons (%) 2.37 16.59 14.53 19.66 18.82
Aliphatic hydrocarbons (%) 17.98 7.83 24.53 12.17 12.13
Nitrogenous compounds (%) 11.42 22.03 20.46 22.33 27.14
Oxygenous compounds (%) 61.92 49.41 36.25 44.08 40.39
Carboxylic acids (%) 6.31 4.14 4.23 1.76 1.52
310 It can be seen from Fig. 4 that the peak area percentage of hydrocarbons (aromatic

311  and aliphatic hydrocarbons) increased first and then decreased with the increase of the
312 final pyrolysis temperature of C.V, and the maximum peak area percentage was 39.06%

313  at 500 °C. The reduction of hydrocarbons at high temperatures was attributed to the
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335

secondary cracking of C.V and the formation of gaseous products. The fluctuation
trend of nitrogen compounds in bio-o0il was observed. It was found that the lowest peak
area percentage ratio was 11.42% at 300 °C and the highest one was 27.14% at 700 °C,
which was mainly due to the release of volatile compounds from the solid phase, which
led to the transfer of nitrogen elements to the liquid phase at a high temperature.
Secondly, the coexistence of carbohydrates (acids) and proteins (amino acids) resulted
in the Maillard reaction, which caused the thermochemical conversion of protein
(amino acids) and carbohydrates (carbonyl) units into heterocyclic amines in C.V.
Therefore, the content of nitrogen compounds in bio-oil fluctuates between different
pyrolysis temperatures ( Amino acids—(pyridine, indole, pyrrole) and
amides—nitriles).

In addition, with the increase of pyrolysis temperature, the acidic compounds and
oxygen-containing compounds, including palmitic acid, myristic acid and oleic acid
decreased significantly. The oxygen-containing compounds from C.V pyrolysis were
mainly alcohols, phenols, ketones, aldehydes, esters and furans. Therefore, the reduced
oxygen content in the obtained bio-oil was partly due to decarboxylation and
decarbonylation of carboxyl and carbonyl compounds. Consequently, the release of
H>O, CO; and CO increased at high temperatures. As shown in Fig. 4, it was found
that the oxygen-containing compounds in the bio-oil from C.V pyrolysis at 500 °C had
the lowest relative peak area percentage of 36.25%, which had the maximum yield of

hydrocarbon compounds [40].
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Fig. 4 Product selectivity of bio-oil compounds produced from pyrolysis of C.V at
different pyrolysis temperatures.

3.3.2 Effect of PP on pyrolysis products of C.V

As shown in Fig. 5, it was found that the distribution of pyrolysis products of C.V
and PP was significantly different. C.V had a high proportion of oxygen-containing
and nitrogen-containing compounds, while 93.22% of bio-oil from PP pyrolysis were
aliphatic hydrocarbons.
By comparing the distribution of pyrolysis products from C.V/PP mixtures and the
pure samples, it was found that the content of hydrocarbons increased significantly
even at low PP blending ratio, and the relative peak area percentage of hydrocarbons
increased with the increase of PP blending ratio. The main reason was that PP had high
C and H contents, low O content and no N element. Therefore, with the addition of PP,
the C/H ratio of mixed raw materials was improved, and thus the content of
hydrocarbons in liquid product was increased. In addition, the free radicals (-CH-, -

CH:- and -CHj3-) released from PP pyrolysis could also promote the cracking and
20
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decarboxylation of protein and carbohydrateto to form chain hydrocarbons, resulting
in a significant increase in aliphatic hydrocarbon content [41]. At the same time, the
peak area percentage of oxygen compounds, nitrogen compounds and acids decreased
with the increase of the mixing ratio of PP. This was because that the introduction of
PP inhibited the conversion of organic acids to alcohols, but promoted their
decomposition to generate hydrocarbons. The interaction between PP and C.V
inhibited the production of phenol, and the free radicals released by PP reacted with
carbohydrates to generate hydrocarbons, resulting in the decrease of acids and oxygen-
containing components. Nitrogen compounds (indole, nitrile, amine and other
derivatives) was mainly produced by Maillard reaction of amino acids and reduced
sugars [41]. The addition of PP would prevent Maillard reaction, promote the transfer
of nitrogen into gas products instead of bio-oil, and finally lead to a reduction of

nitrogen compounds in liquid products.
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Fig. 5 Distribution of products in bio-oil prepared by C.V and PP at different

mixing ratios.
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3.3.3 Synergic effect and mechanism of liquid product distribution of PP and Chlorella
co-pyrolysis

From Fig. 6, it was found that the interaction between C.V and PP was beneficial
to promote the formation of hydrocarbons and improve the quality of pyrolysis
products by comparing the experimental and theoretical values of peak area of co-
pyrolysis products. Combing with the analysis of the pyrolysis characteristics of C.V
and PP, it can be seen that the free radicals released by PP promoted the decomposition
of protein and carbohydrates to form chain hydrocarbons. It was observed that when
the ratio of C.V/PP was 3:1 (i.e. 75% of C.V and 25% of PP), the inhibition of
oxygenated compounds (furans, ketones, aldehydes, esters and phenols) production
and the enhancement of hydrocarbon formation were the strongest. In addition, the
interaction between them significantly reduced the content of BTEXs and nitrogen-
containing compounds and increased the content of alcohols. This was because the
pyrolysis of PP produced a large amount of diolefins and proton (H") donors, which
promoted the cracking of aromatic products and inhibited the cyclisation and
aromatisation reaction hydrocarbons. Besides, it also prevented the Maillard reaction
between amino acids and reduced sugars, and inhibited the transfer of nitrogen into
bio-oil. The increased amount of alcohols were due to the interaction of hydrocarbon
radicals from PP and the intermediates (esters, furans and ketones and aldehydes) from

the pyrolysis of carbohydrates in C.V [42].
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Fig. 6 Products from different ratio blends of C.V-PP by Py-GC/MS.

As shown in Fig. 7, the main components of C.V were protein, lipid and

23

carbohydrate. The bio-oil detected by Py-GC/MS mainly consisted of amines,
pyridines, pyrroles and nitriles compounds obtained from protein pyrolysis and
alcohols, acids, esters and hydrocarbon compounds formed during lipid pyrolysis, and

furans, aldehydes, ketones and hydrocarbons produced by carbohydrate pyrolysis.
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Fig. 7 Mechanism of interaction between C.V-PP co-pyrolysis.

After adding PP into C.V, the reaction mechanism could be summarised as below:

1) PP prevented the Diels-Alder reaction between olefins and inhibited the

production of phenol and aromatics, while the free radicals released by PP reacted with

furans, aldehydes and ketones to produce alcohols and hydrocarbons.

2) The hydrogen pool formed by PP pyrolysis could promote the interaction

between long-chain fatty acids and esters and H' free radicals to form a large amount

of long-chain hydrocarbons and long-chain alcohols.

3) The addition of PP inhibited the Maillard reaction between amino acids and

reduced sugars in protein to form indole and amide derivatives, leading to a reduction
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of nitrogen-containing compounds and an enhancement of the formation of
hydrocarbons.
4 Conclusions

In this study, the co-pyrolysis behavior, reaction kinetics and product distribution
of C.V and PP were studied. The conclusions can be drawn as follows:

1) The co-pyrolysis of PP and C.V could be mainly divided into two stages. The
first stage was mainly C.V pyrolysis, and the peak temperature of pyrolysis decreased
significantly with the increase of PP blending ratio, and its weight loss temperature
range shifted significantly to a low temperature range. Compared with C.V, the second
stage was mainly the pyrolysis of PP, which showed an opposite treand. The synergistic
effect was enhanced, and the weight loss rate of pyrolysis at the final temperature was
further increased;

2) The results showed that the addition of PP could significantly reduce the
activation energy of the first and second stages of co-pyrolysis of PP and C.V, and
increased the activation energy of the third stage. The mixing ratio of PP played a
leading role in determining the activation energy of the reaction. The difference
between the experimental and theoretical activation energy of co-pyrolysis of C.V and
PP was 1:3 > 1:1 > 3:1, that was, when the mixing ratio of PP was 0.75, the activation
energy of the two had the best positive synergistic effect.

3) Py-GC/MS analysis showed that when the final pyrolysis temperature was
500 °C, the peak area percentage of hydrocarbons in bio-oil produced by C.V reached
the maximum of 39.06%. When PP was co-pyrolysed with C.V, PP could significantly
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promoted the deoxidation and denitrification of C.V pyrolysis products, and increased
the yield of hydrocarbons. When PP blending ratio was 0.75, PP had the best
synergistic effect on promoting the formation of aliphatic hydrocarbons and inhibiting
the formation of aromatic hydrocarbons, nitrogen compounds, oxygen compounds and

acids.
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