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Abstract. Shale oil sludge is a hazardous by-product of hydrocarbon production 
that needs an effective and safe degradation. Co-pyrolysis with oil shale is a 
promising method to efficiently render the sludge non-toxic. Pyrolysis of the 
mixture of oil shale and shale oil sludge was studied using a thermogravimetric 
analyzer (TGA). The synergistic pyrolysis parameters were calculated using the 
coefficient of mutual influence f and the relative error of the root mean square 
(RMS). Experiments on co-pyrolysis were conducted through measuring the 
gaseous product and semi-coke by using an infrared (IR) analyzer, a scanning 
electron microscope (SEM), an energy dispersive spectrometer (EDS) and 
a specific surface area (SSA) analyzer separately. Pyrolysis kinetics was 
obtained by the Coats-Redfern (CR) method. The synergistic analysis showed 
the increasing sludge content to advance the pyrolysis of the mixed sample 
during the process. The surface morphology and amount of micropores of the 
mixture varied with increasing sludge proportion. The activation energy (E) 
of the mixture was gradually reduced with the degree of the reaction, while it 
slowly increased as the reaction proceeded to third stage and the frequency 
factor gradually decreased with the depth of the reaction. Therefore, the 
co-pyrolysis had an optimum reaction temperature interval and the degree 
of reaction was related to the chemical reaction between the reactants.
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1. Introduction

Currently, many industries throughout China are actively engaged in oil shale 
exploitation [1]. Shale oil sludge, a lipophilic deposit generated during oil shale 
retorting, contains excessive shale dust absorbed with fine oil mist and water. 
Generally, shale oil sludge accounts for 3 to 5 percent of shale oil production. 
Shale oil sludge is difficult to degrade naturally and contaminates soil as well 
as groundwater when stored on the surface. Due to the high oil content of shale 
oil sludge, recycling the oil is a solution to the above problems. At present, 
the major methods for processing shale oil sludge include incineration, 
pyrolysis, and extraction of the remaining oil by solvent. Pyrolysis may be an 
ideal solution to the sludge treatment, which can be easily integrated into the 
current retorting technological process, through directing the collected sludge 
back into the retort furnace.

The results of many researches show that during the co-pyrolysis of 
different fuels the reactants interact with each other and promote the process. 
Peng et al. [2] studied the kinetics and products during the co-pyrolysis of 
microalgae and textile dyeing sludge and found an obvious positive synergistic 
interaction to exist between the components during the process. Bičáková 
and Straka [3] suggested that it was possible to increase the production of tar 
and coke during the decomposition of bituminous coal when mixing it with a 
certain amount of waste tires. When conducting experiments on co-pyrolysis 
of oil shale and low density polyethylene in a fixed bed, Bozkurt et al. [4] 
found the rate of tar output to be higher than that with oil shale alone. Lin 
et al. [5] discovered that mixing 10% sewage sludge with oil shale reduced 
the activation energy (E) of the latter significantly. Bai et al. [6] noticed that 
when blending oil shale with 50% alkali lignite, the most gaseous products 
were released, while with 80% alkali lignite in the mixture, the release was 
the least. Meanwhile, aromatic compounds, phenolic compounds and water 
were also found to be reduced when 50% alkali lignin was mixed. Liu et al. 
[7] carried out experiments to seek the effect of municipal sewage sludge on 
coal distillation and thus revealed the catalytic action on coal decomposition 
to come from inorganic compounds contained in it. Huang et al. [8] found 
that sewage sludge absorbed microwave energy more effectively by adding 
20% rice straw and thus the maximum temperature reached 500 °C during the 
sewage sludge pyrolysis in a microwave oven. In addition, some studies have 
also established that co-pyrolysis significantly improves the yield and quality 
of liquid and gaseous products [9, 10]. However, to date only few researches 
on the co-pyrolysis of oil shale and shale oil sludge have been reported.

In this paper, experiments on co-pyrolysis of oil shale and shale oil sludge 
were carried out with the aim to find out the interrelationship between the 
reactants during the process. A combination instrument of thermogravimetric 
analyzer (TGA) was used to determine the pyrolysis characteristics. 
Correspondingly, the kinetic parameters of co-pyrolysis were calculated 
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using the Coats-Redfern (CR) method. The pyrolysis gas was measured by 
the Fourier transform infrared (FTIR) spectrometer connected with TGA. The 
change of the micromorphology of oil shale after thermal decomposition with 
shale oil sludge was observed using a scanning electron microscope (SEM) 
and the variation of micropore structure was measured employing a specific 
surface area (SSA) analyzer. The results obtained were used to determine the 
interaction between oil shale and shale oil sludge in the distillation process. In 
addition, an energy dispersive spectrometer (EDS) was applied to analyze the 
variation of inorganic minerals on the surface of samples.

2. Experimental
2.1. Material and sample preparation

A mixture of Longkou oil shale received from Shandong Province of China 
and shale oil sludge obtained during the oil shale retorting was used in various 
ratios throughout the experiments. Oil shale and shale oil sludge were ground 
into fine particles (< 0.2 mm) and sieved separately. After sieving, the oil shale 
and sludge samples were placed into the drying oven at 50 °C for 24 hours to 
remove the external moisture and sludge environmental moisture. The ground 
and dried sludge was then mixed with oil shale at various percentages: 0%, 
20%, 40%, 60%, 80% and 100% (Table 1).

2.2. Apparatus and methods

The Mettler Toledo TGA/DSC1 thermogravimetric infrared analyzer 
(Switzerland) was used to analyze the pyrolysis of samples. Approximately 
20 mg (±0.5 mg) of each mixture consisting of oil shale and shale oil sludge 
in various ratios was placed in a crucible inside the instrument. The carrier 
gas was 99.999% pure nitrogen at a flow rate of 50 ml/min. The test system 
was purged with nitrogen for 30 min before the experiment to remove any 
impurity gas from the reaction system. The sample was then warmed from 
room temperature to 50 °C and held for 10 min to remove excess water. The 
samples were then heated from 50 °C to 900 °C at a rate of 10, 30 or 50 °C/min.

The gaseous co-pyrolysis product of oil shale and sludge flowed into a 
gas pool in FTIR spectrometer through a heated transfer tube for real-time 
detection. When the experimental sample began to decompose, the infrared 
spectrum started to collect and analyze the gaseous product on a NICOLET 
IS10 Fourier transform spectrometer. The detector on the NICOLET was 
DTGS/KBr, and the absorption wavenumber of the FTIR spectrum ranged 
from 500 to 4000 cm–1.

The microstructure of the pyrolysis products was then analyzed using a tube 
furnace at different heating rates for 2 mm particles. The pyrolysis products 
were analyzed by scanning electron microscopy (SEM), energy dispersive 
spectrometry (EDS) and specific surface area (SSA) analysis.
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2.3. Synergy and kinetics theory

The coefficient of mutual error f and the relative error of the root mean square 
(RMS) for the experimental and theoretical values were used to study the 
mutual influence between the oil shale and shale oil sludge samples in the 
co-pyrolysis process. With f greater than 1, the samples reciprocally enhanced 
co-pyrolysis. Conversely, co-pyrolysis was mutually inhibited when f was 
smaller than 1. RMS reflects the degree of interaction between the samples. 
The larger the RMS, the higher the degree of interaction between oil shale 
and shale oil sludge in the co-pyrolysis process. f and RMS are calculated as 
follows: 

                          (1)

    
      

          
(2)

where R is the weight loss peak, %; ∆T1/2 is the half width, °C; Tp is the peak 
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For the slow heating process of pyrolysis, the reaction rate can be considered 
to be controlled by chemical motivational factors. The relationship between 
the reaction rate and the temperature follows the Arrhenius law. The pyrolysis 
rate equation can be written as:

         (5)

                     (6)

where α is the conversion rate; A is the pre-exponential factor, min–1; E is the 
activation energy, kJ/mol; R is the gas constant; f(α) is the reaction mechanism 
function; m0, mT, and mf are the initial mass of the sample, the mass at which 
the temperature reaches T and the residual mass of the sample at the end of the 
reaction, respectively.

By using the Coats-Redfern method, the mechanism formula is:

                     (7)

In this case, the determination of f(α) is transformed into the determination 
of the reaction order n. The formula for the Coats-Redfern method is [14]:

                 (8)

where the equation for G(α) is:

          (9)

         .          (10)

The reaction orders calculated are 1/3, 2/3, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 
4,5, 5, 5.5, 6, 6.5, 7, 7.5, 8, 8.5, 9, 9.5 and 10. Think of 1/T as X and a linear 
regression for the left side of Equation (11) or (12) with 1/T. Each sample 
selects the reaction order n when the fitting coefficient is the highest, and 
then the activation energy E and the pre-exponential factor A can be obtained 
according to the slope and the intercept.

Table 1 gives the proportions of mixture components and Table 2 presents 
the results of proximate and ultimate analyses of oil shale and shale oil sludge.
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Table 1. Proportions of mixture components

Mixture S1 S2 S3 S4 S5 S6

SS:OS 0:10 2:8 4:6 6:4 8:2 10:0

SS – shale oil sludge; OS – oil shale.

Table 2. Ultimate and proximate analyses of oil shale and shale oil sludge samples

Sample
Ultimate analysis Proximate analysis

C H O N S M A V FC

OS 31.09 3.134 0.82 8.70 0.656 2.29 53.31 30.39 14.01

SS 42.60 6.838 5.946 0.876 0.659 9.86 33.22 47.98 8.94

OS – oil shale; SS – shale oil sludge; C – carbon; H – hydrogen; O – oxygen; N – nitrogen; 
S – sulfur; M – moisture; A – ash; V – volatile; FC – fixed carbon.

3. Results and discussion
3.1. Pyrolysis of pure sample

Figure 1 shows the thermogravimetric-differential thermogravimetric (TG-
DTG) curves of pyrolysis of oil shale (Fig. 1a) and shale oil sludge (Fig. 
1b) at 10 °C/min. The pyrolysis of oil shale can be divided into two stages 
 (Fig. 1a). In the first stage, a small weight loss below 200 °C was due to the 
drying process of oil shale. In the low temperature range, between 380 °C and 
620 °C, there took place mainly the volatile gas overflow caused by the oil 
shale weight loss during pyrolysis. This low temperature stage was the main 
phase of oil shale pyrolysis and consisted predominantly of the decomposition 
of hydrocarbon compounds and production of abundant volatiles. The second 
stage encompassed the high temperature region of 620–900 °C and mainly 
consisted of the pyrolysis of part of the remaining organic matter. However, 
due to the low organic matter content of oil shale, the thermal decomposition 
at this stage was less pronounced compared with the low temperature stage, 
and the pyrolysis rate decreased significantly.

The pyrolysis of shale oil sludge on the other hand can be divided into 
three stages (Fig. 1b). In the first stage, at 50–200 °C, there was a rapid weight 
loss which was related to the evaporation of water and the release of light 
organic components from the sample. In the second stage, from 200 °C to  
600 °C, mainly the heavy component was decomposed, and this stage was the 
principal stage of shale oil sludge pyrolysis. In the final stage, from 600 °C to 
800 °C, there occurred the weight loss of semi-coke and mineral part. It was 
also at this stage that the final shale oil sludge product was rendered non-toxic.

Sample
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Fig. 1. TG-DTG curves of oil shale (a) and shale oil sludge (b).

3.2. Effect of mixing ratio

From the TG and DTG curves of mixed samples shown in Figures 2a and 
2b at a heating rate of 10 °C/min, the weight loss peak in the DTG curve 
became higher with increasing proportion of sludge in the mixed sample, and 
the temperature corresponding to the maximum weight loss peak increased. 
The weight loss peak width also increased, indicating a longer pyrolysis time. 
When the sludge blending ratio was 80% or higher, the DTG curve had four 
weight loss peaks (Fig. 2b) most likely because the blending ratio was too 
high for the mixtures. The sludge dominated the pyrolysis process and the 

(a)

(b)
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spikes below 200 °C corresponded to the low temperature rise rate of moisture 
in the sludge and light components being freed from the sample.

The volatile components released at low temperatures are relatively simple, 
and the activation energy required for pyrolysis is low. After reaching their 
corresponding precipitation temperature, the pyrolysis products rapidly exhibit 
several discrete spikes. The three weight loss peaks appearing above 200 °C 
suggest the complicated composition of shale oil sludge in the sample and its 
higher oil content. With increasing mixing ratio, the mixture components are 
subjected to pyrolysis successively, i.e. first shale oil sludge is pyrolyzed and 

(a)

(b)

Fig. 2. TG (a) and DTG (b) curves of samples S1 to S6 at different mixing ratios.
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then oil shale, giving a combination of two individual curves. These results 
are in agreement with the findings obtained by Ma and Sun [15] who studied 
the pyrolysis mechanism of shale oil sludge at linear heating temperature.

3.3. Effect of heating rate

The DTG curves of co-pyrolysis of oil shale and shale oil sludge generally 
exhibited the same evolution trend at different heating rates (Fig. 3). At 
different heating rates, the starting and ending reaction temperatures of each 
stage are slightly shifted towards the high temperature zone as the temperature 
increases. This is due to the fact that the pyrolysis of the sample is slow at the 

(a)

(b)
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beginning of the process when the rate of temperature increase is low, but at 
the end the sample is fully subjected to pyrolysis. But with increasing rate of 
temperature rise, the surface of the sample is completely subjected to pyrolysis, 
while its center is insufficiently heated to undergo pyrolysis. When the rate of 
temperature rise is too high, the sample does not fully undergo pyrolysis. This 
is particularly evident in the final stages of the process. Therefore, a lower 
heating rate is favourable for the complete pyrolysis of a sample, and the mass 
loss rate compared with that at 30 °C/min and 50 °C/min is also higher.

Furthermore, when the oil shale mixing ratio reached 80% (Fig. 3d), the 
co-pyrolysis was enhanced at all temperature changes compared to the other 
samples (Fig. 3a–c) due to the increase in the sludge content. The sludge is 
rich in water, and the water content of the mixed sample below 200 °C is high. 
The lower the rate of heating, the more complete the pyrolysis.

Fig. 3. TG and DTG curves of samples S2 to S5 at different heating rates: (a) S2 (20% 
oil shale); (b) S3 (40% oil shale); (c) S4 (60% oil shale); (d) S5 (80% oil shale).

(c)

(d)
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4. The mutual interaction between reactants during co-pyrolysis

RMS and f were used to analyze the synergistic effect of co-pyrolysis of oil 
shale and shale oil sludge. The pyrolysis of the mixture is not a simple pyrolysis 
of a single sample but a process of mutual influence of its components. The 
increasing mixing ratio does not necessarily mean an increase in synergistic 
effect, but rather its degrees are different. In the first stage of pyrolysis, the 
RMS value increased as the sludge ratio increased. In the second stage, 
RMS decreased compared to the first stage for 40%, 60% and 80% oil shale, 
indicating that the overall interaction between the reactants decreased (Table 
3). During the last stage, the RMS value was stable as the sludge ratio increased. 
The f value for the first stage of pyrolysis for sample S4 indicated that the 
co-pyrolysis process between oil shale and sludge was enhanced, while in 
case of sample S2 its components exhibited mutual inhibiting effects. The co-
pyrolysis processes of samples S3, S4 and S5 were promoted. On the whole, 
it is advantageous to the pyrolysis to increase the ratio of the mixed sludge. 
However, when the proportion of sludge in the mixture is too high, oil shale 
and sludge mutually inhibit the process. The reason may be that the shale oil 
sludge composition is more complex and its oil content is higher, which in 
turn leads to the suppression of pyrolysis. This means that when the content 
of sludge in the mixed sample increases, it will stick to oil shale in large 
amounts, whereas the pyrolysis temperature of sludge is lower than that of 
oil shale, so, it is pyrolyzed at a lower temperature compared to oil shale. The 
gases released by pyrolysis increase the porosity of the mixture, thus boosting 
the process. When the sludge content of the mixture is too high, the amount 
of shale dust contained in the fine oil mist in the sludge is much higher than 
that of oil shale. As the temperature rises during pyrolysis, the sludge impedes 
the release of gas and indirectly increases the pyrolysis initiation temperature 
of oil shale. As a result, the entire process of pyrolysis of the sample is not 
sufficient with the sludge content being too high to play an inhibitory role.

Table 3. Synergy evaluation parameters of different blending samples
Sample  
(% SS)

First stage Second stage Third stage

f RMS f RMS f RMS

S2 (20%) 0.895 0.062 0.933 0.173 1.115 0.114

S3 (40%) 0.928 0.258 1.242 0.107 1.127 0.332

S4 (60%) 1.111 0.267 1.192 0.065 1.235 0.291

S5 (80%) 0.936 0.114 0.987 0.073 1.152 0.271

SS – shale oil sludge.
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5. FTIR analysis of pyrolysis gas

The flue gas from the pyrolysis of oil shale and shale oil sludge at 10 °C/min at 
various temperatures was analyzed by Fourier transform infrared spectroscopy 
(FTIR) (Fig. 4). Considering that the pyrolysis of oil shale occurred in two 
stages, its infrared shading analysis was carried out at four temperature points. 
The first stage of pyrolysis took place at 386–510 °C and the second stage 
from 620 °C to 714 °C; the spectra were analyzed at these specific temperature 
points – 386 °C, 510 °C, 620 °C and 714 °C (Fig. 4a). The spectra at different 
temperatures in Figure 4a show a complex characteristic peak, including 
some pyrolysis products with characteristic peaks. Based on the literature and 
infrared spectrum, the characteristic absorption peaks corresponded to NH3 
(930–946 cm–1), carbonyl (1159 cm–1), H2O (1521 cm–1), carboxyl (1764 cm–1), 
CO (2110–2173 cm–1), CO2 (2358 cm–1) and CH4 (3014 cm–1). Oil shale was 
pyrolyzed at 386 °C without releasing NH3 and the amount of NH3 reached the 
maximum at 510 °C (Fig. 4a). This was most likely because of the instability 
of heat transfer to the urea and amino acids with the release of a low amount 
of small ammonia molecules. The release of small amounts of carboxyl and 
carbonyl started at 510 °C. Water precipitated at 386 °C was mainly oil shale 
water and some of the escaping mineral crystal water. At 510 °C the precipitation 
of water reached its maximum. Pyrolysis of water was mainly due to the 
decomposition of oil shale oxygen-containing functional groups, such as 
phenolic hydroxyl and other fractions [16], while pyrolysis of mineral water 
was due to the dehydration of kaolinite, water mica and montmorillonite [17, 
18]. CO was released during pyrolysis at 386 °C and this release continued to 
620 °C, indicating that the temperature of CO precipitation was higher than 
550 °C. CO was derived from oxygen-containing functional groups of oil 
shale other than the carboxyl group, such as ether bonds, phenols, heterocycles 
and short chain fatty acids [19]. In both pyrolysis stages, a significant CO2 
precipitation occurred, and as the temperature increased, the precipitation 
rate increased gradually. At this stage, the oil bond in the fat and some weak 
bonds of aromatic and oxygen-containing functional groups were broken. 
One portion of the broken carbonyl moiety was precipitated in the form of 
CO, while the other portion of it was bound to oxygen atoms in oil shale and 
precipitated as CO2. CH4 precipitated at each stage of pyrolysis and reached 
a maximum at 510 °C (Fig. 4). CH4 was due to the fragmentation of aliphatic 
and aromatic side chains containing methyl functional groups.

The pyrolysis of shale oil sludge was divided into three stages, during which 
light volatile components quickly volatilized and heavy components rapidly 
and stably precipitated. The infrared spectra were analyzed at five temperature 
points. Shale oil sludge was mainly composed of shale dust, water and a small 
amount of oil (Table 1), while its composition was similar to that of oil shale 
except for the higher oil content. Therefore, with increasing temperature, the 
pyrolysis at different stages of water precipitation gradually progressed (Fig. 4b). 
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In the second stage, the gas precipitation water peak gradually decreased. The 
presence of a large amount of NH3 in the second stage of pyrolysis might have 
led to the breakage of amino acids contained in shale oil sludge. Due to the 
high water content in the sludge and the semi-coke produced during pyrolysis, 
the sample easily reacted with water vapor at high temperatures. The reaction 
equation is as follows [20]:

CO + H2O = CO2 + H2                                                                  (11)

The characteristic peaks of CO are not very obvious. With the increase 
in temperature during the second and third stages, CO2 was released more 
and more intensely. There was no significant release of carbonyl from the 
sludge. The gradual precipitation of the carboxyl group with the increase in 
temperature might be caused by the decomposition of proteins and cellulose 
in the sludge. The characteristic peaks of CH4 revealed its significant 
precipitation at various stages of pyrolysis with increasing temperature, which 
then gradually decreased at 475 °C. This was mainly due to the semi-coke and 
hydrogen produced by pyrolysis to generate a large amount of methane:

C + 2H2 = CH4                                                (12) 

(a)

(b)
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The effect of different mixing ratios on the infrared spectrum at a 10 °C/min 
heating rate in the most intensive pyrolysis reaction is shown in Figure 4c. 
With the increase in mixing ratio, the characteristic peak of H2O gradually 
increased to its maximum at a mixing ratio of 60%. During the entire pyrolysis 
process, there was no significant increase in CO and carbonyl with increasing 
mixing ratio. The increase in the release of carboxyl, CO2, CH4 and NH3 with 
the increase in mixing ratio was low, and when the mixing ratio was 60%, CO2 
as well as a large amount of NH3 precipitated. The characteristic peaks of CO2, 
CH4 and NH3 contained in pure sludge decreased again. These results show 
that with increasing sludge ratio, the characteristic peaks were not linearly 
related to the blending ratio. The incorporation of sludge is favorable for full 
pyrolysis, but its pyrolysis properties are not simple.

6. SEM analysis

Figure 5 shows SEM images of oil shale, pyrolysis sludge, pyrolysis oil shale 
and pyrolysis sample S4 (60% oil shale) at three heating rates observed under 
the 5000x magnification. From the figure it can be seen that oil shale has a 
loose porous structure and there are some clearly visible pores in its surface. 
After the pyrolysis, the degree of fragmentation of the surface of the fault zone 
and the surface gap increased. During the pyrolysis, the surface of sludge is 
dense or porous, indicating that its structure is looser than that of oil shale.

At the same mixing ratio at the three heating rates the components of 
the mixture had contrasting micro-surface characteristics. At 10 °C/min, the 
sample surface structure is finer and has a clearly fractured zone, while at 
30 °C/min, this is not so obvious. At 50 °C/min, the surface showed a coke-

(c)

Fig. 4. Infrared spectra of pyrolysis gas from different samples: (a) pyrolysis of oil 
shale at a heating rate of 10 °C/min at several temperature snapshots; (b) pyrolysis of 
shale oil sludge at a heating rate of 10 °C/min at several temperature snapshots; (c) 
pyrolysis of samples S2–S5 at a heating rate of 10 °C/min and a temperature of 475 °C.
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like structure, most likely because the order of the volatiles release from 
the sample during the pyrolysis changes its physical structure. The volatiles 
movement outwards leads to the formation of holes in the sample surface, 
which increases the surface area and the volume of pores. Secondary reactions 
occur during the precipitation process and a large number of secondary pores 
are formed, changing the pore size distribution.

Fig. 5. SEM images of various samples: (a) oil shale; (b) pyrolysis sludge; (c) pyrolysis 
oil shale; (d) sample S4 at 10 °C/min; (e) sample S4 at 30 °C/min; (f) sample S4 at  
50 °C/min.
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7. Inorganic minerals analysis 

The minerals contained in the sample may have either a positive or negative 
effect on pyrolysis. The energy spectrum analysis shows that most of the 
surface elements consist of carbonate and silicate minerals (Fig. 6). The 
alkali metals and alkaline earth metals in the carbonate form an alkaline earth 
metal-oxygen complex with the organic matter present in the sample. This 
complex provides active sites for pyrolysis reactions of oil shale, while at high 
temperatures silicate minerals along with alkali metals have a non-catalytic 
role for water insoluble compounds, which is just opposite to the effect of 
carbonate minerals. The reactions of silicates inhibit the decomposition of 
organic matter. This inhibition is stronger than the catalytic effect of alkaline 
earth metals. The same mixing ratio in the energy spectrum can be seen from 
the attribution of the elements at different heating rates. At 10 °C/min and 30 
°C/min, the sample contains more carbonate than silicate, which promotes co-
pyrolysis. At 50 °C/min, the case is opposite, the sample’s silicate content is 
higher, therefore co-pyrolysis inhibits the pyrolysis process.
(a) (b)

(c)

Fig. 6. Elemental analysis of sample S4 at different heating rates: (a) 10 °C/min;  
(b) 30 °C/min; (c) 50 °C/min.
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8. Specific surface area analysis

Figure 7a shows the specific surface area analysis of sample S4 at a 60% mixing 
ratio and three heating rates. The adsorption and desorption curves of the 
sample were obtained from the graph. The desorption curve does not coincide 
with the adsorption curve to form a hysteresis loop, therefore the wider the 
hysteresis loop, the wider the pore distribution [21]. At a relative pressure P/P0, 
the higher the degree of separation of the adsorption and desorption curves, 
the greater the corresponding pore amount [22]. It can be seen from Figure 
7a that at 10 °C/min and 30 °C/ min the lag loop is wide, therefore the wide 
pore distribution is conducive to the pyrolysis of the sample. When the heating 
rate is 50 °C/min, the degree of separation of the adsorption and desorption 
curves of the sample is slightly lower, and the hysteresis loop is significantly 
smaller than at 10 °C/min and 30 °C/ min. This indicates that the amount of 
pores is reduced compared to that at lower heating rates. This finding confirms 
the results obtained by thermogravimetry and energy dispersive spectrometry.

Figure 7b shows the pore size distribution of oil shale after drying at 
different heating rates. The increase in the rate of heating after drying gradually 
reduces the total pore volume of the sample.. This may be explained by that 
the heating rate caused by the heat transfer of the sample was due to an uneven 
secondary cracking, followed by a gradual decline in pore size.

(a)
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9. The kinetic analysis of co-pyrolysis

Table 4 gives the kinetic parameters for samples of different mixing ratios.

Table 4. Calculated kinetic parameters for samples

Sample β,
°C/min

Temperature,
°C

n R E,
kJ/mol

A,
min–1

S1

10 510–380 1 0.997 68.263 1574.192

10 742–652 1 0.983 21.438 0.507

S2

10 387–143 1 0.982 82.420 2755.395

10 666–387 4 0.978 16.222 0.158

10 756–666 7 0.970 36.810 9.746

S3

10 374–129 7 0.993 72.384 2081.406

10 615–374 7 0.988 23.358 2.834

10 736–615 9 0.977 36.955 41.192

S4

10 415–142 3 0.987 81.591 2504.243

10 633–415 8 0.979 21.979 2.139

10 727–633 8 0.974 36.532 57.247

Fig. 7. Specific surface area analysis of sample S4 at different heating rates.
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S5

10 430–183 4 0.996 64.003 1670.706

10 615–430 7 0.974 20.960 3.570

10 718–615 9 0.979 32.132 153.451

S6

10 178–110 3 0.987 42.576 4731.418

10 640–178 4 0.988 26.029 22.314

10 708–640 7 0.977 16.068 13.103

As shown in Table 4, at different stages of pyrolysis, the reaction order n 
of oil shale pyrolysis is the same as that of the whole pyrolysis process, while 
the n and activation energy E of other reactions are different. This indicates 
that the co-pyrolysis of oil shale and shale oil sludge is a complex multi-step 
reaction process. The n and E of different samples are also different, therefore 
the pyrolysis mechanisms of different samples are different.

The pyrolysis of oil shale is divided into two stages based on the activation 
energy: the E of the early stage is higher than that in the later stage. This 
indicates that the oil shale pyrolysis is first difficult to proceed and requires 
a large amount of activation energy. Based on the results of infrared analysis 
obtained for oil shale oxygen-containing functional groups at a lower 
temperature, this may be explained by that oil shale mostly contains methyl 
functional groups. Numerous chemical bonds lead to the high temperature and 
activation energy of oil shale decomposition. In the high temperature zone, 
the pyrolysis reaction proceeds rapidly and the required amount of activation 
energy is low as the reaction progresses mainly due to the residual thermal 
stability of the side chains and the small amount of short chain fatty acids 
present. The apparent activation energy and frequency factor of sludge are 
found to be the same as those of oil shale. With the gradual reduction of 
activation energy, the reaction will progress more easily.

In the chemical reaction prior to pyrolysis, a large number of activated 
molecules were produced due to the intense molecular collision at this stage. 
There was mostly no activation energy between activated molecules in the 
chemical reactions, there was only a certain amount of relatively high energy 
between the reacting molecules. The reason for carrying out infrared analysis 
was that the decomposition of the internal moisture and some mineral water 
along with that of amino acids caused the escape of a significant amount of 
gases. In the pyrolysis, oil shale and sludge dominate the physical reaction of 
the pre-pyrolysis stage more than the chemical reaction. In the mixed sample, 
the moisture content in the sample increases with increasing sludge ratio, 
which leads to the increase of the temperature range and the activation energy 
of the first stage. The reason may be that as the proportion of sludge increases, 

Table 4 (continued)
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the moisture content of the mixed sample as well as the volatile content of the 
light component increases. The amount of activated molecules also increases, 
but the reaction of the mixed sample mainly occurs in the low temperature 
stage during the evaporation of water and light components. Therefore, the 
effective intermolecular collision at this stage of the chemical reaction is 
insignificant.

In the second stage of pyrolysis, the temperature range required for the 
process is gradually reduced. The major part of sludge is volatilized as the 
reaction progresses and the entire sludge wrap stage ends. Based on SEM and 
specific surface area analysis, the amount of sample surface pores increases and 
the diffusion of the internal gas becomes easier. When the required activation 
energy is reduced, at this stage organic matter begins to react adequately. 
In the third stage of pyrolysis, the temperature range does not change much 
and the pyrolysis reaction slows down with the increase in temperature. The 
activation energy at different mixing ratios is similar. This suggests that the 
pyrolysis reaction is close to completion at this stage. The activation energy 
required for each pyrolysis stage of the mixed sample first increases and with 
the depth of reaction decreases. This is indicative of that the co-pyrolysis has 
some synergistic effect unlike the individual pyrolysis of oil shale and shale 
oil sludge.

10. Conclusions

The conclusions about the study of co-pyrolysis of oil shale and shale oil 
sludge are summarized as follows:

The pyrolysis of the mixture of oil shale and shale oil sludge includes three 
stages: 1) escape of water and light components; 2) release of volatile gases; 
3) decomposition of heavy components and organic matter.

Increasing the heating rate can effectively shorten the reaction time of the 
sample, however, this is not conducive to the completion of the pyrolysis. 
Increasing the sludge content promotes the decomposition of the mixture until 
its proportion reaches 60%.

Based on kinetic calculations, the activation energy of the mixture 
gradually increases with the degree of the reaction, while the frequency factor 
gradually decreases with the depth of the reaction. Therefore, the co-pyrolysis 
has an optimum reaction temperature interval and the degree of reaction is 
related to the chemical reaction between the reactants. This main co-pyrolysis 
temperature range is 374–666 °C.
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