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ABSTRACT

Co-pyrolysis of oil-based drill cuttings (ODCs) and biomass (palm fruits) were systematically
investigated in this work. Thermogravimetric (TG) analysis was applied to study the pyrolysis
characteristics of ODCs and biomass at different heating rates, different temperature ranges, and
different mixing ratios. Differential thermogravimetry curves indicate that the co-pyrolysis pro-
duces a synergistic effect in 20°C-450°C and above 750°C. Fixed-bed pyrolysis was employed to
determine the best pyrolysis parameters and analyze the co-pyrolysis mechanism: when the propor-
tion of ODCs was 70%, the oil content of the pyrolysis residue was 21.71% lower than the calculated
value; gas chromatography-mass spectrometry analysis found that when the proportions of ODCs
were 70% and 80%, co-pyrolysis could reduce harmful substances and increase favorable substances
in liquid yields. Flynn-Wall-Ozawa method and Coats-Redfern integral method was employed to
perform a dynamical analysis on TG curves over a temperature range of 20°C-350°C. Both results

show that the co-pyrolysis of 5:5 mixtures can reduce pyrolysis activation energy.
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1. Introduction

Shale gas is a promising energy resource with abundant
reserves and non-polluting combustion products in China
[1]. However, the considerable amount of by-products and
wastes generated by the gas industry must be properly man-
aged to avoid environmental risks [2]. During the develop-
ment of shale gas in Fuling, Chongqing, China, oil-based
drilling fluid was utilized for multi-interval fracturing, which
was later circulated to the ground with cuttings and mud.
After the separation of the liquid phase, the remaining solid
phase is called oil-based drill cuttings (ODCs) [1-3]. ODCs
are viscous black semi-solids, alkaline, mainly composed of
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ground shale, clay, heavy metals, fracturing fluids, petroleum
hydrocarbons [4]. Containing high moisture (10%—20%) and
oil (6%-40%), ODCs can contaminate the soil, destroy the
nutrient environment, thus preventing crop growth, increas-
ing heavy metals and chemical oxygen demand in water
[5]. Therefore, effective treatment of ODCs has attracted
widespread attention.

Common methods for ODCs disposal include bioreme-
diation, phytoremediation, solidification and stabilization,
supercritical fluid extraction, surfactant-enhanced washing,
microwave treatment, and pyrolysis [6-12]. Among those,
pyrolysis can efficiently remove oil contaminants in ODCs
in short treatment time, as the contaminants are mostly
volatile or semi-volatile, and instruments for pyrolysis are
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of low cost [2,5,11]. Many researchers have studied the
effects of pyrolysis temperature, gas atmosphere, pretreat-
ment, and addition of catalysts on the pyrolysis of ODCs
[1,13,14]. Nevertheless, the detailed pyrolysis mechanism of
ODCs in different temperature ranges is still unclear, while
the optimization and utilization of ODCs pyrolysis liquid
yield are still to be explored.

Biomass refers to the substances produced by photosyn-
thesis from carbon dioxide and water. Its main components
include cellulose, hemicellulose, lignin, a small amount of
organic extracts, and ash [15-17]. Biomass resources have
the advantages of large reserves, fast growth, low sulfur
content and low nitrogen content, and they can be col-
lected from forest or crop residues, industrial organic waste,
aquatic plants, human and animal manure [18,19]. However,
due to its low energy density, biomass is not easy to utilize.
At present, combustion, pyrolysis, and gasification are uti-
lized for biomass thermochemical conversion [15,17,19-22].

The idea of this paper was inspired by studies about
the co-pyrolysis of coal and biomass [23-25]. Biomass has
a high H/C ratio, while coal is just the opposite. When they
are jointly pyrolyzed, the “co-hydrogen” effect can lead to
increased yields and improve the quality of pyrolysis oil
[26-32]. Also, some studies show that variations in heating
rate and mixing ratio of coal and biomass may have a sig-
nificant impact on the energy consumption of co-pyrolysis
[33-35]. Until now, there are few attempts to co-pyrolyze
biomass and ODCs. Lin et al. [36] conducted co-pyrolysis
of rice husk and oily sludge to analyze their liquid and gas
yields, and Shao [37] studied the co-pyrolysis characteristics
of alkaline lignin and oil shale. However, either these stud-
ies failed to fully explore the characteristics of co-pyrolysis,
or they failed to use common and cheap raw materials.
Therefore, more experiments are needed to find other
suitable biomass types for co-pyrolysis with ODCs, to find
better reaction parameters, to systematically analyze the
mechanism of co-pyrolysis and changes in activation energy.

Under such a circumstance, we chose palm fruits as
biomass materials to study the co-pyrolysis with ODCs.
Palm trees are widely planted in China, but their fruits are
not edible and generally discarded as waste. Hence, it will
be of great significance to explore their potential value in
terms of environmental protection and commercial use. In
this research, thermogravimetry (TG) analysis was carried
out to investigate the law of weight loss at different heating
rates and different temperature ranges; fixed bed pyrolysis
was applied to determine the best pyrolysis parameters, and
to discuss the pyrolysis liquid yields of ODCs and biomass
under different mixing ratios. Based on the experiment data,
we put forward the co-pyrolysis mechanism analysis of
these two materials. In order to further verify the promoting
effect of co-pyrolysis, Flynn-Wall-Ozawa (FWO) and Coats—
Redfern methods were employed to calculate the pyrolysis
activation energy of ODCs, biomass and their mixtures.

2. Material and methods
2.1. Site description and sample preparation

Sinopec Jianghan Oilfield of Chongqing Fuling Shale
Gas Co., Ltd. is located in the eastern part of Chonggqing,
China, with an east longitude of 106°56’-107°43', the north

latitude of 29°21'-30°01’, the altitude of 200-800 m. According
to the existing geological data and capacity evaluation, the
Fuling shale gas field has a resource of 380.6 billion m®. It is
the first large shale gas field in China and the largest shale
gas field in the world except for North America [38]. During
the drilling process, each well can produce 250 m* ODCs.
The on-site treatment of ODCs including desander/vibrating
screen, collection, and pyrolysis [1]. The fresh ODCs used
in this research were collected directly from well No. 5 of
Sinopec Jianghan Oilfield of Chongqing Fuling Shale Gas
Co., Ltd., and sealed in high-density polyethylene barrels.

Palm fruits were collected in Wuhan, Hubei Province,
China, with a geographical position of 29°58'-31°22" north
latitude, 113°41'-115°05" east longitude, less than 50 m alti-
tudes, belonging to the north subtropical monsoon (wet)
climate. The palm fruits were washed with distilled water,
then baked at 60°C for 12 h, and stored in valve bags.

Before each test, the samples of ODCs and biomass were
separately baked at 105°C for 24 h. Some samples were
mixed with different weight ratios (2:8, 3:7, 5:5, 7:3, and 8:2),
then crushed and mixed with a mortar and passed through
a 10-mesh sieve. Treated samples of ODCs and biomass are
shown in Fig. 1.

2.2. Characterization

Carbon, hydrogen, nitrogen, sulfur and oxygen analyzer
(CHNS/O) (Vario EL cube-type, Elementar Analysis System
Co., Germany), X-ray fluorescence (XRF) spectrum analyzer
(Zetium, PANalytical. B. Van, Netherlands), and inductively
coupled plasma-optical emission spectrometer (Prodigy 7,
Leeman Labs Inc., 6 Wenthworth Drive, Hudson, NH03051,
U.S.A) were used for elemental and chemical components
analysis of the ODCs and biomass samples. Gas chroma-
tography-mass spectrometry (GC-MS, Agilent 7890, Agilent
Technologies Co., Ltd., 5301 Stevens Creek Blvd., Santa
Clara, CA95051, U.S.A) and infrared spectrophotometer
(SYT700, Beijing Sunyoung Technology Co., Ltd., No. 3 Moli
Garden, Beiyuan Jiayuan, Chaoyang District, Beijing, China)
were used to analysis oil contents of ODCs, biomass and
their pyrolysis products.

2.3. Pyrolysis experiments

STA449F3 synchronous thermal analyzer (Netzsch Instru-
ments Co., Germany) was used to study the sample weight
loss process. Thermodynamic analysis of the samples was
divided into two parts (1) individual pyrolysis and (2) co-
pyrolysis, during both of which nitrogen was used as the
protective gas (0.5 L/min). Samples of ODCs, biomass,
and mixtures in different ratios, 30 g per test, were heated
from 20°C to 1,000°C at various heating rates (5, 10, 20, and
30°C/min). The sample weight changes were measured
continuously.

The fixed bed reaction device (VTL1200, Nanjing Bo Yun
Tong Instrument Technology Co., Ltd., No. 7 Shijing Road,
Gaogiao Industrial Park, Jiangning District, Nanjing, China)
for pyrolysis analysis contained a heating unit, a condensa-
tion recovery unit, an anti-back suction unit and an exhaust
gas absorption unit. 30 g samples (ODCs, biomass) were used
in each fixed bed reaction test to investigate four factors: final
temperature of pyrolysis, remaining time final temperature
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Fig. 1. Samples of ODCs (a) and biomass (b). ODCs were black solid blocks with a thick texture and emitted a strong diesel smell. The

biomass was brown with no smell.

Table 1
Factors and gradients of fixed bed reaction tests

Gradient Final pyrolysis Remaining time of final Heating rate N, flow rate
temperature (°C) temperature (min) (°C/min) (L/min)

1 200 30 5 0.10

2 250 45 10 0.15

3 300 60 15 0.20

4 350 75 20 0.25

5 400 90 0.30

6 500

time, heating rate, and nitrogen flow rate (Table 1). Since the
maximum heating rate of the tube furnace was 20°C/min,
there were only four gradients of heating rates.

3. Results and discussion
3.1. Characterization of samples

The CHNS/O elemental analysis (Table 2) shows that
the main components of the ODCs are inorganic substances,
like C, H, O, N, and S are both in low proportions. In con-
trast, biomass is organic, and these five elements together
account for 83.22%. The H/C value of biomass is 37% greater
than ODCs, which provides theoretical feasibility for the
“co-hydrogen” effect.

XRF spectrum analysis (Table 3) and plasma emission
spectroscopic analysis (Table 4) illustrated that ODCs sam-
ples are rich in silicon-aluminum compounds, and their
pyrolysis residue can be used to produce building materials
and road cushions. Compared with biomass, the content of
alkali metals in ODCs is higher, which may act as a catalyst
during co-pyrolysis to reduce the activation energy.

3.2. Thermogravimetry analysis

3.2.1. Individual pyrolysis of ODCs and biomass

Pyrolysis of ODCs and biomass was carried out using
a simultaneous thermal analyzer. Fig. 2 shows the TG,

differential thermogravimetry (DTG), and differential scan-
ning calorimetry (DSC) curves of ODCs and biomass heated
from room temperature (20°C) to 1,000°C with a heating
rate of 10°C/min. The DTG curve in Fig. 2a indicates that the
pyrolysis process of ODCs can be roughly divided into three
stages: (1) 20°C—400°C, involving the evaporation of exter-
nal water, combined with evaporation of water and petro-
leum organic compounds [39], with a significant weight loss
peak at 185°C; (2) 400°C-800°C, with a smaller loss peak at
467°C, due to the thermal decomposition of macromolecular
hydrocarbons in the ODCs into small molecular compounds,
and then escape from the system; (3) 800°C-1,000°C, there
are two obvious weight loss peaks at 843°C and 915°C, as
calcite, calcium carbonate, and other carbonates are pyro-
lyzed at high temperature [40]. In Fig. 2a, the DSC curve
increases gradually from 100°C to 400°C, indicating con-
tinuous absorption of heat. From 400°C to 700°C, the vol-
atiles are burned out, and the curve is only slightly higher
than the baseline. At 800°C-900°C, an endothermic peak
appears, which corresponds to the weight loss peak of the
DTG curve. The DTG curve in Fig. 2b shows that the biomass
loses weight slowly (3.32%) from 20°C to 200°C, attributing
to internal water precipitation and glass transition. The max-
imum mass reduction is at 200°C-500°C, where hemicellu-
lose and lignin are decomposed, and the weight loss reaches
60.00%. At 500°C-1,000°C, the weight loss rate slows down,
with a 9.58% mass reduction, due to fixed carbon burnout
and biomass carbonization [41]. The DSC curve changes
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Table 2
CHNS/O elemental analysis of experimental materials

Content (%) C H 0] N S

ODCs 13.54 1.14 6.38 0.10 2.36

Biomass 49.94 5.74 26.83 0.62 0.09
Table 3

Experimental material X-ray fluorescence spectrum analysis (%)

Content (%) ODCs Biomass
Na,O 0.44 -
MgO 1.036 0.101
ALO, 6.863 0.023
SiO, 54.223 0.201
PO, 0.101 0.145
SO, 4.258 0.162
K0 1.398 1.108
CaO 3.749 0.087
TiO, 0.29 -
MnO - 0.017
Fe,O, 2.358 0.037
NiO 0.015 -
CuO 0.014 -
ZnO 0.018 -
As,O, 0.003 -
Rb,O 0.006 0.001
SrO 0.075 -
Y,0, 0.003 -
BaO 1.54 -
PbO 0.011 -

Cl 1.212 0.455
Loss on ignition 22.368 97.661

correspond to this trend, with three endothermic peaks
appearing at 73°C, 123°C, and 942°C, and an exothermic
peak corresponding to the main weight loss range at 786°C.

The samples of ODCs and biomass were heated from
20°C to 1,000°C at a heating rate of 5, 10, 20, and 30°C/min. In
Fig. 3 and the following statement, OB represents ODCs/bio-
mass, with the first pair of appended numbers indicating the
weight ratio of the two materials (e.g., OB10 is 100% ODCs
with 0% biomass, and OB28 is 20% ODCs with 80% biomass).
The number after the hyphens represents the heating rates
(e.g., OB10-5 is OB10 heated at a rate of 5°C/min). Figs. 3a
and ¢ show the TG and DTG curves of the ODCs and bio-
mass at different heating rates. With the increase of pyrolysis
temperature, the weight loss rate of ODCs increases contin-
uously, while the total weight loss rate is similar at differ-
ent heating rates, and therefore the shapes of TG curves are
similar, except at 30°C/min. However, there are significant
differences in the shape among DTG curves: higher heating
rates result in peaks curves that are more pronounced and
shift to higher temperatures. A reasonable explanation is that
when the heating rate is high, there is not enough time for

Table 4
Plasma emission spectroscopic analysis of experimental materi-
als (mg/kg)

Elements ODCs Biomass
Al 44,027.9 479.4
B 7.2 10.8
Ba 6,909.4 13.3
Be 1.7 0.3

Bi 534.0 121.9
Cd 5.0 0.3

Co 9.9 1.2

Cr 149.3 419
Cu 152.6 28.8

Fe 20,485.4 485.4
Li - 387.3
Mg 5,685.1 783.1
Mn 116.2 156.2
Ni 82.2 9.9

Pb 127.4 -

Sb 35.5 -

Sn 14.7 6,060.3
Sr 293.9 10.5

Ti 1,124.6 31.3

\Y% 285.4 -

Zn 258.8 41.1
Ca 22,263.0 1,351.2
K 10,788.9 12,911.3
Na 5,303.5 1,658.7
P - 798.1

S 16,674.3 868.2
Zr 37.9 18.9

Si - 952.0

ODCs to absorb the heat and be fully pyrolyzed, thus the
pyrolysis can only be completed at a higher temperature. As
shown in Figs. 3b and d, the pyrolysis behavior of biomass at
different heating rates are similar to that of ODCs. The heat-
ing rate mainly affects the shape of the DTG curve, which is
determined by the rate of weight loss. In addition, the pyrol-
ysis and coke products vary with the heating rate, owing to
variations in the instantaneous rate of product precipitation.

3.2.2. Co-pyrolysis of ODCs and biomass

The effect of the mixing ratio on co-pyrolysis was ana-
lyzed by comparing the TG and DTG curves at seven mixing
ratios of ODCs and biomass and a heating rate of 10°C/min.
The solid curves in Fig. 4 show the experimental results of
samples OB10, OB82, OB73, OB55, B 37, OB28, and OB01, and
the dashed curves show the corresponding calculated values
(CV10, etc.). Higher biomass content leads to greater weight
loss at the end of pyrolysis (Fig. 4a), and faster weight loss
at 200°C—450°C (Fig. 4b). When the ODCs/biomass ratios
are higher than 5:5, the DTG curves of the mixed samples
become similar to ODCs.
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Fig. 3. TG and DTG curves of ODCs (a,c) and biomass (b,d) at different heating rates.

The pyrolysis temperatures in Fig. 4 can be divided
into three ranges: (1) 20°C—450°C, (2) 450°C-750°C, and (3)
750°C-1,000°C. From the comparison of experimental and
calculated thermogravimetric (CTG) and DTG curves, it can
be seen that the experimental and calculated weight loss
behaviors of the mixed pyrolysis are basically consistent in
the middle-temperature range. However, in the low-tem-
perature range, a significant deviation of DTG curves can
be seen in OB82 and OB73. In the high-temperature range,
the decomposition peaks appear in the experimental curves

of samples OB82 and OB73, which do not exist in the cal-
culated curves. However, the calculation curves of the
samples with higher biomass content, namely OB55, OB37
and OB28, are almost the same as the experimental curves,
with no significant weight loss peaks in the high-tempera-
ture range. In addition, a phenomenon of biomass envel-
oping ODCs during heating can be observed, and a higher
biomass ratio results in a more fully enveloping, which
might be a possible explanation for the poor co-pyrolysis
performance of samples with low OB ratios.
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Fig. 4. Comparison between calculated and actual TG curves (a) and DTG curves (b) for co-pyrolysis at different mixing ratios

(heating rate 10°C/min).

The characteristic parameters of pyrolysis reflect the
stability of the test samples. The initial precipitation tem-
perature reflects the stability of the internal structure of the
sample, which is a sign that large molecules are cleaved in
the sample to produce small molecules; the temperature cor-
responding to the maximum rate of weight loss provides a
reflection of the stability of the sample; and the lower the
cut-off temperature, the higher the activity of the sample
[13]. The TG curves do not change significantly with heating
rate, except for the lowest rate of 5°C/min (Fig. 5a). From
the DTG curves, it can be seen that in low and high-tem-
perature ranges, the weight loss peak shifts to a higher
temperature and widens as the heating rate increases,
because the samples quickly reach the precipitation cut-
off temperature and the particle surface pyrolysis gas can-
not be taken out at high heating rates. There are deviations
between the calculated and experimental DTG curves, and
the experimental values of the temperature corresponding
to the maximum weight loss rate are lower than the calcu-
lated values, indicating that the co-pyrolysis of ODCs and
biomass involves advantageous synergistic effects.

3.3. Fixed bed pyrolysis analysis

3.3.1. Effect of different pyrolysis parameters in fixed bed
reaction

ODCs, biomass and their 5:5 mixtures were pyrolyzed
under different conditions separately (Fig. 6). When one fac-
tor was examined in each test, the other pyrolysis parameters
were: pyrolysis temperature 350°C, remaining time 60 min,
heating rate 10°C/min, N, flow rate 0.15 L/min.

Pyrolysis temperature and remaining time were more
conducive to a higher reduction of residual oil content,
which was consistent with the general knowledge. The heat-
ing rate affected the heat and mass transfer inside the parti-
cles. In general, under low heating rates, samples could be
fully preheated and pyrolyzed thoroughly. However, at the
heating rate of 20°C/min, the reaction of biomass was inten-
sified, and a large amount of pyrolysis gas accumulated
in the reactor to cause a secondary cracking reaction. As a

result, the oil contents of biomass and mixture decreased
instead. Besides, appropriate nitrogen flow can take the
pyrolysis gas out of the reaction system in time to promote
the reaction forward.

Considering the oil content of pyrolysis residue and
liquid yield, the optimal pyrolysis conditions are as below:
pyrolysis temperature 350°C, remaining time 60 min, heat-
ing rate 10°C/min, N, flow rate 0.15 L/min. Under this con-
dition, the oil content of each sample can be reduced to less
than 3,000 mg/kg. This is lower than the maximum allowable
content of mineral oil specified in the Control Standards of
Pollutants in Sludge for Agricultural Use 4284-84, which is
currently used by the Jianghan Oilfield of the Fuling Shale
Gas Co., Ltd., to control the treated slag oil content of ODCs.

3.3.2. Analysis of pyrolysis products under different mixing ratios

In order to further study the co-pyrolysis effects and
mechanism of ODCs and biomass, we chose five mixing
ratios (OB82, OB73, OB55, OB37, OB28) and pure ODCs
(OB10), biomass (OB01) for pyrolysis under optimal condi-
tions (Fig. 7). When the ODCs and biomass were mixed at a
ratio of 3:7 (OB37), minimum oil content of the pyrolysis res-
idue was obtained (1,414.80 mg/kg); after the ratio increased
to 7:3 (OB73), the synergistic effect between ODCs and bio-
mass was optimized, as the actual oil content in the pyrol-
ysis residue differed greatly from the calculated value (up
to 425.50 mg/kg, 21.71%). The mutual promotion between
ODCs and biomass increases first and then decreases
with the increase of biomass ratio.

The pyrolysis liquid products were analyzed by GC-MS
with carbon tetrachloride as extractant. In order to ana-
lyze the reaction process of ODCs and biomass at differ-
ent ratios, the components of each sample were divided
into hydrocarbons, aldehydes, ketones, phenols, alcohols,
furans, esters, acids, and other types (Fig. 8). According to
their stability, flammability, and pollutant discharge, these
components can be divided into favorable groups (hydro-
carbons, ketones, esters, alcohols, furans) and harmful
groups (aldehydes, phenols, acids and other types) [42,43].
Using the content of each substance in the liquid products
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of ODCs and biomass (separately pyrolyzed), the calculated
value of each substance was obtained by weighted average
according to the mixing ratio, then subtract the calculated
value from the actual value to obtain Table 5. The positive
value data in the table indicates that the actual value of
this substance is greater than the calculated value—means
that co-pyrolysis promotes the generation of this sub-
stance, while the negative value is the opposite. Since the

main products of ODCs pyrolysis are hydrocarbons, and
biomass is aldehydes, the content of these two substances
is also the highest during co-pyrolysis. It can be seen that
appropriate mix ratios (OB82, OB73) can significantly pro-
mote the formation of hydrocarbons and inhibit the forma-
tion of aldehydes, which is good for further processing and
utilization. This proves that the co-pyrolysis of the two can
promote each other to produce better liquid yields.
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Fig. 8. Composition of liquid phase produced by pyrolysis of samples with different mixing ratios.

Table 5

Differences between the actual and calculated values of the

liquid products from ODCs and biomass co-pyrolysis

OB82 OB73 OB55 OB37 OB28
Hydrocarbons 186 226 4385 2210 -17.12
Ketones -1.29 -0.98 487  -1.09 1.13
Esters 005 025 -067 067 -0.58
Alcohols -1.72 -1.21 4.18 1.07 1.68
Furan aldehydes -0.63 -0.53 2.77 1.58 0.50
Aldehydes -520 -6.48 2424 1613 1228
Phenols -1.13  -1.29 6.53 4.94 2.27
Acids 287 212 0.53 0.20 -0.21
Other 518 515 140  -0.06 0.04

3.4. Proposed mechanism of co-pyrolysis
3.4.1. The effects posed on ODCs from biomass

Due to the nature of the structure and composition of
the biomass, the addition of biomass to the ODCs can both
promote or inhibit the pyrolysis. The specific mechanism
of action is proposed as follows:

3.4.1.1. Promoting the pyrolysis of ODCs by H in biomass

According to the theory of coal chemistry, if a hydrogen
atom can be assigned to a carbon atom during coal pyrolysis,
it can be volatilized together. In the coal chemical industry,
hydrothermal pyrolysis of coal can improve pyrolysis effi-
ciency, oil product quantity and quality. Similarly, biomass
has a high H/C ratio, which can satisfy the needs of its own
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carbon atoms, and excess hydrogen can be used as a hydro-
gen donor for the pyrolysis of ODCs. When ODCs and
biomass are co-pyrolyzed, hydrogen in the biomass may be
transferred to the ODCs, thereby promoting the pyrolysis
of the ODCs.

3.4.1.2. Inhibition of pyrolysis of ODCs by physical properties
of biomass

As the density of biomass is much smaller than that
of ODCs, for these two substances of equal mass, biomass
is much bigger than ODCs. Also, biomass will soften and
deform during pyrolysis. Therefore, when the biomass is
added too much, the ODCs are completely wrapped during
pyrolysis. As the amount of biomass added increases, a
large amount of volatiles of the biomass evaporates, cover
and adhere to the surface of the ODCs, block the pores, and
inhibit the volatilization of the ODCs.

3.4.2. The effects posed on biomass by ODCs

3.4.2.1. Catalytic action of alkali metal oxides on pyrolysis
of biomass in ODCs

The content of alkali metal, (K, Ca, Na, etc.) in the
ODCs is higher than that of the biomass (Table 2), which
has positive effects on liquid and gas yield during biomass
pyrolysis [44]. Therefore, the addition of ODCs to the bio-
mass may have a certain catalytic effect on the pyrolysis of
the biomass.

3.4.2.2. Inhibition of pyrolysis of ODCs on biomass pyrolysis

The ODCs contain a considerable amount of petroleum
substances, which precipitate from about 200°C, lower
than the main pyrolysis temperature of the biomass. Their
precipitation produces various hydrocarbon gas, which
cannot be brought out from the heating system in time by
the carrier gas, therefore hinders the biomass pyrolysis.
So excessive ODCs may inhibit the pyrolysis of biomass.

3.5. Kinetics of the co-pyrolysis process analysis

Based on a function-free model, the ODCs and biomass
mixture were subjected to kinetic analysis at multiple heat-
ing rates. The FWO, non-model method was used to obtain
the preliminary results of activation energy, and the Coats—
Redfern integration method (model-fitting method) was
used to infer the mechanism function describing the TG
process in a certain temperature range [45,46].

The sample pyrolysis conversion rate o (the degree of
decomposition) is given by:

my, —m,

o= x100% 1)

0 m:o

where m, is the initial sample mass, m, is the instantaneous
sample mass, and m_ is the sample mass at the end of the
reaction at 1,000°C. The decomposition rate equation is:

d
=) @

where the Arrhenius rate constant is given by:

k= Aexp(RET] 3)

where A is the pre-exponential factor (min™), E is the reac-
tion activation energy (kJ/mol), R = 8.314 x 10 kJ/(mol K)
is the ideal gas constant, and T is the reaction temperature
(K). From Egs. (2) and (3), the total reaction equation for
pyrolysis is:

do.

dt—Aexp[RET]f(a) 4)

Under non-isothermal conditions, the pyrolysis heating
rate can be expressed as:

T

B="r )
Eq. (4) then becomes:

do A E

;:Bexp[—mjf(a) ©)

3.5.1. Model-free methods: FWO

The FWO model, an integral technique which consid-
ers that the apparent activation energy remains constant
throughout the reaction, is represented by Eq. (7), by apply-
ing integration to Eq. (6):

o A 2o o

where P(u) = J'u %du,u = R—ET, and g(a) is an integral form of
© U

reaction model.

Eq. (8) was given by using Doyle’s approximation and
inserting the logarithm on both sides of Eq. (7), also called as
FWO equation:

AE E
logB =log| ——— |-2.135-0.4567 — 8
ogP Og[Rg(oc)J RT ®

Therefore, a plot of log(p) vs. 1/T, considering different
heating rates, generates parallel lines for different conver-
sions. The slopes of these straight lines are proportional to
the activation energy E.

Biomass and 5:5 mixture have good liner fits (R* > 0.93)
for a < 0.6 (Figs. 9b and c), except for a = 0.1 of mixture,
which may be caused by experimental error. ODCs can only
be fitted when a <= 0.2, and higher « leads to a rapid decline
in the goodness of fit (Fig. 9a). Table 6 shows the reaction
activation energy (E) given by slopes in Fig. 9.
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Table 6
Activation energy of ODCs, biomass and 5:5 mixtures under different conversion rates, given by FWO method
ODCs Biomass Mixtures
a E (kJ/mol) a E (kJ/mol) a E (kJ/mol)
0.05 98.02 0.05 113.08 0.05 64.45
0.1 72.22 0.1 154.88 0.1 105.77
0.15 75.57 0.15 169.90 0.15 158.76
0.2 75.05 0.2 173.85 0.2 174.25
0.25 179.25 0.25 186.36
0.3 183.59 0.3 194.81
0.35 186.27 0.35 202.14
0.4 189.07 0.4 213.07
0.45 195.37 0.45 236.77
0.5 208.20 0.5 249.22
0.55 214.01 0.55 258.65
Average 80.22 Average 178.86 Average 185.84
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3.5.2. Model-fitting method: Coats—Redfern

The basic equation for coats and Redfern method is
given as:

8@ AR(l_ZRTJ_ E )

L =In‘= —
T BE E ) RT

Because 2RT

<1 Eq. (9) can be simplified as follows:

n (‘:) - h{AR] - E (10)
T BE) RT

where g(a) is a kinetic function of different reaction mech-
anisms that is obtained from the integration of flcr). Activation
energy can be obtained by drawing a graph between 1/T and

lng(a)

T

The pre-exponential factor can be obtained from the

intercept of this graph. g(a) can be varied according to the
different developed models and reaction mechanisms. Most
of the solid-state degradation reactions fall into five cate-
gories which are listed below in Table 7. Under the heating
rate of 5°C, for a < 0.2 (ODCs) or a < 0.6 (biomass and 5:5
mixture), we use those reaction models to calculate active
energy (E), pre-exponential factor (A) and goodness of fit
(R? (Table 8). Nucleation and growth are considered as the
most suitable model for ODCs (N, ,), biomass (N, ;) and mix-
ture (N, ), as it has high R* values (>0.94) and similar E with
those given by FWO method.

Under the heating rate of 5°C/min, for a < 0.2 (ODCs)
or a < 0.6 (biomass and 5:5 mixture), we used the reaction
models in Table 6 to calculated their active energy (E),
pre-exponential factor (A) and goodness of fit (R?). As the
activation energy given by FWO method is 80.22 kJ/mol
(ODCs), 178.86 kJ/mol (biomass), 185.84 k]J/mol (mixture),
the nucleation and growth is considered as the most suitable
model to fitthose samples: N, , for ODCs, N, . forbiomassand
N, , for the mixture. N, , was also employed for CTG fitting.

In order to verify the effects of co-pyrolysis on active
energy, we used a CTG getting from the 5:5 weighted aver-
age of ODCs and biomass TG curves, then it was fitted using
nucleation and growth model under four different heating
rates together with other three samples (Table 9). Compared
to CTG, the active energy of 5:5 mixture was lower at heat-
ing rates of 5, 10 and 20°C/min, only slightly higher at
30°C/min, and the average active energy was 146.74 kJ/mol
(CTG), 142.82 kJ/mol (mixture), respectively. At a < 0.6, the
temperature ranges for mixture and CTG are both around
20°C-350°C, corresponding to the best pyrolysis tempera-
ture discussed in section 3.2 (thermogravimetry analysis).
Therefore, we concluded that the co-pyrolysis of ODCs and
biomass produced a favorable synergy effect.

4. Conclusion

In order to solve the problem of ODCs recycling and
biomass utilization, this paper carries out separate pyrolysis

Table 7

Expressions for the reaction mechanisms and its integrated form in solid-state reactions

Nucleation and growth Diffusion

Power law

Boundary controlled reaction

Reaction order

N1/4

N1/3

NI/Z

[~In(1-a))]™

12a
aZ

n(1-a)[-In(1-a)] 1"

[In(1-a)]?

n(0) -1
ol

(1_a)(141/n)

(1-a)

fl)

(I-a)In(1-a)+a

The diffusion model is based

[In(1-a)]*

[FIn(1-a)]?

0(1/3

1-(1-a)'®

1-(1-a)'?

-In(1-a)

Decomposition of

g(a)

The model is also based on an

The power law of

Based on initial fast

Hypothesis

on a reaction in which the

accelerated nucleation process, but

nucleation is based on

densification nucleation

particles by random

transport of reactants or

accelerating the nucleation also considers the dimension of

on the crystal plane. Tight

nucleation and growth

products from chemically

nuclear growth.

process and requires

spacing results in a rapid

does not exceed single-

altered sites can be controlled

several different steps

reaction zone that advances

crystal nucleation.

by a diffusion process if the

to generate the growth

at a constant rate without

diffusion effects.

transport is slower than the

nucleus.

chemical step.
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Table 8

Summary of activation energy calculated by Coats—-Redfern method

Model ODCs Biomass 5:5 Mixture
name E (kJ/mol) A R? E (kJ/mol) A R? E (kJ/mol) A R?
0, 41.1800734  1,351.1439 0.9913 454252018  454.50977 0.9834 25.536451 3.6989879 0.969
O, 441107584  3,479.8903 0.9933 53.6452536  3,948.7144  0.9831 30.703602 17.065047 0.9587
R, 426292036  1,079.3258 0.9924 49.3859914  646.91775 0.9839 28.026494 3.8837556 0.9644
R, 43.1197296  842.88709 0.9927 50.7727666  620.7401 0.9838 28.897801 3.3488529 0.9626
P, 490592512  0.0353908 0.9578 4.64079166  0.0178302 0.9071 - - -
P, 8.9367186 0.1643792 0.9779 9.1720048 0.0844503 0.9558 2.7324792 0.0063803 0.7943
N,, 95.411464 1.364E+09 0.9944 116.246348  2.254E+09 0.9853 70.077043 73,031.607 0.9665
N,, 146.70053 3.798E+14 0.9947 178.842454  9.139E+14 0.986 109.45381 213,886,270 0.9685
N, 197.99791 9.285E+19 0.9949 241.446874  3.249E+20 0.9683 148.8206 5.455E+11 0.9695
D, 89.54178 221,372,571 0.9927 99.801256 35,752,585  0.9862 59.74191 4,229.27 0.976
D, 91.454 200,412,533 0.9933 104.897738 64,905,200  0.9864 62.945294 5,140.0514 0.9733
Table 9

Model-fitting results of ODCs, biomass, 5:5 mixture and CTG at different heating rates

5°C/min 10°C/min 20°C/min 30°C/min
E A R? E A (min™) R? E A (min™) R? E A R?
(kJ/mol) (min™) (kJ/mol) (kJ/mol) (kJ/mol) (min™)
ODCs (N,,) 9541 1.36E+9 0.9944 83.86 2.06E+7 0.9934 95.77 2.86E+8 0.9996 77.72 1.18E+6  0.9859
Biomass (N1/3) 178.84 9.14E+14 0986 171.38  8.52E+13 0.9841 194.66 6.58E+15 0.9607 198.86 1.16E+16  0.9890
Mixture (N,) 127.31  218E+9 0.9695 12655 1.1E+9 09436 14052 1.67E+10 0.9607 17691  3.27E+13 0.9697
CTG(N,,) 127.78  3.04E+9 09607 134.06 522E+9 0.9515 154.22 1.84E+10 0.9744 17091  9.98E+12 0.9823

and co-pyrolysis, compares the pyrolysis effects, and judges
whether the two can produce mutually synergy effect.
The following main conclusions can be drawn:

® The pyrolysis process of ODCs can be divided into three
stages. (1) 20°C—400°C, involving precipitation of water
and petroleum-based organic matter; (2) 400°C-800°C,
where large-molecule hydrocarbons break down into
small-molecule compounds; (3) 800°C-1,000°C, where
carbonates breakdown.

e When ODCs and biomass are individually pyrolyzed
and co-pyrolyzed, as the heating rate increases, the
DTG peaks are shifted to a higher temperature and wid-
ened, resulting in pyrolysis hysteresis. A comparison
of the calculated values for mixed pyrolysis at different
heating rates with the actual values indicates that co-
pyrolysis produces a favorable synergy in the low and
high-temperature ranges.

* The pyrolysis effect increases with the rise of the final
pyrolysis temperature and the remaining time of the final
pyrolysis temperature. The optimal pyrolysis process
parameters are pyrolysis temperature of 350°C, remain-
ing time of 60 min, a heating rate of 10°C/min, a nitro-
gen flow rate of 0.15 L/min. Under these conditions, the
oil contents of all samples pyrolysis ash are lower than
3,000 mg/kg, specified in GB 4284-1984.

*  When the biomass blending ratio is 30%, the oil content
of pyrolysis ash shows the most significant decrease

rate compared to the calculated value. Also, when the
ODC:s ratio is 70%, 80%, co-pyrolysis can reduce harmful
components and increase favorable components in liquid
products.

The activation energy for ODCs, biomass and 5:5 mix-
ture pyrolysis was calculated by the model-free and
model-fitting method. The average activation energy of
the mixture obtained from experimental data is lower
than the calculated value at 20°C-350°C, indicating that
the co-pyrolysis of ODCs and biomass has a favorable
synergistic effect.
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