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Introduction
Oil sludge, an inevitable by-product, is generated wherever 

exploitation, transportation and refining processes of petroleum 
industry. It is a complex mixture of petroleum hydrocarbons and 
water with solid mineral admixture [1]. In China, the growth of oil 
demand resulted in annual generation of over 110,000 tons of oil field 
sludge and 800,000 tons of oil storage tank sludge (oil tank sludge) [2]. 
Both the oil field sludge and the oil tank sludge comprise abundant 
of toxic substances from the most carcinogenic polycyclic aromatic to 
heavy metal, and even to radioactive material. Most of them pose the 
potential risks for human health and the environment. However, at 
several sites in China, the amount of uncontrolled disposal of oil sludge 
to the natural environment had reached or even exceeded 20 times of 
the assimilative capacity of receiving ecosystem. The major sources of 
oil sludge in this study include the oil field sludge, which is also called 
hydrocarbon contaminated soil, and the oil storage tank sludge derived 
from the tank cleaning process.

Currently, the most common way to dispose the oil sludge is 
immobilization and landfill, which requires much space and causes a 
serious threat to soil and groundwater environment. Biodegradation 
is considered to be a new and emerging method to decompose the 
organic compounds in the oil sludge into the lower molecular weight 
organic compounds. However, due to its unsatisfactory performance 
on the decompose process of asphaltene composition; this technique 
remains to be developed.

On the other hand, oil sludge is also a potential recycling resource 
for its high heating value. So the conversion of the stored energy of 
oil sludge to various fuel sources for power plants or engines has been 
recognized as an attractive approach. Some chemical recycling methods 
such as solvent extraction or adding the demulsifier have been tested by 

many researchers [3-5], and they are indeed feasible in improving the 
rate of oil recovery. Nevertheless, both of these ways need vast amount 
of extra organic solution or additive. 

Thermal disposal methods: incineration and pyrolysis offer some 
benefits over these methods as is mentioned above in the aspect 
of energy recovery and waste reduction [6]. Since the existence of 
problems of the secondary pollution [7,8] and the high viscosity of fuels 
[9], the application of incinerating oil sludge directly is limited. With 
its characteristics to crack high molecular weight organic compounds 
into lower ones, and to separate the stable emulsion of oil sludge into 
oil, water, and residue fraction efficiently, pyrolysis treatment were 
used widely in the field of oily waste disposal. A series of studies on the 
pyrolysis of oil sludge using TGA [10-15], rotary kiln [1], and fluidized 
bed [9] have been carried out. In these previous studies, the behavior 
of thermal conversion and the reaction models of the pyrolysis kinetics 
of oil sludge were proposed to explain the reaction mechanism. The 
oil products were reported to be close to diesel oil, however, they also 
contain certain amount of heavy components, like asphaltene, which 
affect the qualities of oil products severely [15,16]. 
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Abstract
In this study, pyrolysis experiments of two kinds of oil sludge were conducted using a bench-scale fixed bed 

reactor, which is mainly consisted of a pyrolyzer and a reformer reactor. The effects of the pyrolysis method 
and the catalysts on the yield and quality of oil products obtained from pyrolysis of oil sludge were investigated. 
Characterization of the oil products was preliminary judged by comparing their distillation results with the diesel 
standard and the oil product without catalyst usage. Then, the chemical characterization of a part of the pyrolytic oil 
was conducted by FT-IR and NMR analysis. In the last step of these experiments, the oil products obtained from 
pyrolysis of oil sludge with the use of oil field sludge ash and oil tank sludge ash as catalysts were mixed with diesel 
oil by the volume ratio of one-to-five and one-to-ten. The fuel characteristic of the oil mixtures was identified from 
the point of the viscosity, the density, the cetane index, the carbon number distribution and the higher heating value 
(HHV). The results of experiment show that the highest oil product yield was obtained at the one-stage pyrolysis of 
the oil field sludge and also the oil tank sludge with the oil field sludge ash as the catalyst. According to the results 
of NMR analysis, the main part of the carbon in the oil product from pyrolysis of the oil sludge with the oil sludge 
ash was aliphatic carbon. The total ring number of oil products decreased owing to the hydrogenation and ring-open 
of naphthenic hydrocarbon during the catalytic pyrolysis process. The highest HHV and the cetane index could be 
obtained when the oil product from the one-stage pyrolysis process of the oil field sludge with the oil field sludge ash 
was mixed with diesel by the mixing ratio of 1: 10. The results of this study are of practical interest and will help to 
lead the researchers to more thinking about the oil recovery from oil sludge.
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Materials and Methods
Oil sludge 

Both the oil field sludge and the oil storage tank sludge used in this 
study were sampled from Shengli oil field, China. The oil field sludge is 
finely gritty texture which is wet by crude oil. As to the oil tank sludge, 
it generally is dark and viscous slurry, and there is almost no particulate 
material can be found in it. Table 1 shows the results of the proximate 
analysis, the ultimate analysis, the higher heating value (HHV), the oil 
content and a part of metal element analysis results of the oil sludge.

The moisture, volatile, and ash were measured according to the 
standard test method ASTM E871, D1102, and E872. The fixed carbon 
was calculated by the difference to 100%. There is a considerable 
difference between the proximate analysis results of the oil field sludge 
and the oil storage tank sludge. It may be due to the different resource 
of these two sludge samples. The ultimate analysis was performed using 
a CHNS/O analyzer. The oxygen was estimated by subtracting the 
sum of C, H, N, S, and ash constituent from 100. A bomb calorimeter 
was employed to measure the low heating value of the samples. The 
oil content and the high heating value of the oil storage tank sludge 
are more than double of those of the oil field sludge. Shengli crude 
oil is a relatively high-Ni, high-nitrogen, and intermediate base crude 
oil. The oil sludge from Shengli oil field and storage tanks inherited 
these genetic characteristics, which will pose a threat to catalysts. 
Sludge drying can remove a part of moisture from the samples, but 
it also cause light hydrocarbon volatilization and leads to a loss of oil 
recovery. Moreover, the dried sludge became stickier, more dense, and 
hard to be treated. Therefore, in all experiments of this study, the oil 
sludge was used as it was received. 

Catalysts

The following five catalysts were selected for use in the catalytic 
cracking:

To deal with this problem, the catalytic cracking, which means 
adding a useful catalyst or additive in the cracking process, has some 
advantages over the non-catalytic cracking. This catalyst adding 
method has a great potential to shorten the reaction time, lower the 
reaction temperature and narrow the product distribution [12]. In the 
previous study, the catalytic cracking of oil sludge in the presence of 
aluminum compounds (Al, Al2O3 and AlCl3); and iron compounds 
(Fe, Fe2O3, FeSO4・7H2O, FeCl3 and Fe2(SO4)3・nH2O) [12] have been 
reported in detail. Based on the above studies, the addition of Fe2O3 and 
Fe2(SO4)3・H2O can improve the qualities of pyrolysis oil products. 
The effect of sodium compounds (NaOH, NaCl and Na2CO3); and 
potassium compounds (KCl, KOH and K2CO3) were tested by Je-
LuengShie and Ching-Yuan Chang [13]. They pointed out that KCl 
and Na2CO3 showed better performance in the pyrolysis process of oil 
tank sludge. Recently, these authors tested the catalytic solid wastes 
(DAY-zeolite and PVA), fly ash, and oil tank sludge ash as additive, 
and proved the effectiveness of fly ash and oil tank sludge ash in the 
improvement of oil quality [15]. However, most of the studies about 
catalytic cracking of oil sludge were carried out by TGA. Although, 
TGA can be seen as a simulation of fixed bed reactor, still there is a big 
difference between them. 

In the present study, a series of pyrolysis experiment was conducted 
using a bench-scale fixed bed reactor, which is mainly consisted of a 
pyrolyzer and a reformer reactor. The experiment includes two basic 
pyrolytic methods namely: one-stage catalytic pyrolysis and two-stage 
catalytic pyrolysis. In the one-stage catalytic pyrolysis, the oil sludge 
was placed in the pyrolyzer reactor with a catalyst or an additive. In 
this case, however, the recovery of catalyst could be difficult. Therefore, 
the two-stage catalytic pyrolysis process is commonly used to treat the 
waste plastic. By this method, a high recovery rate of a catalyst can be 
guaranteed due to keeping the catalyst separate from the feedstock. 
One of the objectives of this study is to compare the pyrolysis effect of 
these two pyrolysis methods on the product yield and the quality of the 
pyrolysis oil obtained from two kinds of oil sludge.

Although most of the catalyst can be recovered from the reformer, 
they would be deactivated by poisoning, like sulfur, after several runs 
[12,17]. From the commercial point of view, the catalyst or additive 
should be cheap and easily available material. Therefore, anther 
objective of this study is to identify the catalytic effect of oil sludge ash, 
which is considered to be a waste of the disposal process of oil sludge, 
and comparing it with some common catalysts such as ZSM-5 zeolite, 
activated Al2O3, and a natural zeolite obtained from Indonesia. More 
detailed information of the catalysts used in this study will be explained 
in the experimental section. 

The effects of the pyrolysis method and the catalysts on the yields 
and properties of oil products obtained from pyrolysis of oil sludge 
were investigated in this study. Characterization of the oil products 
was preliminary judged by comparing their distillation results with the 
diesel standard. Then, the chemical characterization of a part of the 
pyrolytic oils was conducted by FT-IR and NMR. In the last step of 
this experiment, the oil products obtained from pyrolysis of oil sludge 
using oil field sludge ash and oil tank sludge ash as catalysts were mixed 
with diesel oil by the volume ratio of one-to-five and one-to-ten. The 
fuel characteristic of the oil mixtures was analyzed by GC-MS, and 
identified from the view point of the viscosity, the density, the cetane 
index, the carbon number distribution and the heating value.

Oil field sludge Oil tank sludge
Proximate analysis

(Wt% wet basis)
Moisture 7.63 20.61
Volatile 14.57 41.59

Fixed carbon 8.47 4.62
Ash 76.96 33.18

Ultimate analysis
(Wt% dat)

C 16.89 58.97
H 2.32 9.14
N 0.16 1.21
S 0.53 1.91

O (a) 2.6 4.67
H/C (mol/mol) 1.65 1.86
S/C (mol/mol) 0.0118 0.0121
N/C (mol/mol) 0.0082 0.0175
HHV (MJ/kg) 10.45 21.51

Oil content (wt%) 21.65 43.2
Metal element analysis 

(ppmw)
Fe 14865.98 955.92
Cu 22.55 2.36
Na 164.35 620.31
Ni 23.44 5.3
V 20.28 18.54

Table 1: Selected properties and composition of the tested oil sludge obtained from 
Shengli oil field.
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1.	 Oil field sludge ash: a mixture of metallic oxide, amorphous, 
surface area: 4.74 m2/g, pore volume: 0.024 cm3/g, mean pore 
size: 20.57 nm, mesopore structure. It was prepared by burning 
the pyrolysis residue of the oil field sludge in a muffle furnace 
at 600°C for 3 hours.

2.	 Oil storage tank sludge ash: a mixture of metallic oxide, 
amorphous, surface area: 135.34 m2/g, pore volume: 0.415 
cm3/g, mean pore size: 12.28 nm, mesopore structure. The 
preparation process is the same as the oil field sludge ash.

3.	 Natural zeolite (obtained from Indonesia): Crystalline 
aluminosilicate (with impurities), mordenite, SiO2/Al2O3 (mole 
ratio): 8.12, surface area: 50.54 m2/g, pore volume: 0.134 cm3/g, 
mean pore size: 10.61nm, mesopore structure.

4.	 Activated aluminium oxide: Aluminium oxide, amorphous, 
surface area: 319.93 m2/g, pore volume: 0.371 cm3/g, mean pore 
size: 4.64 nm, mesopore and micropore structure.

5.	 ZSM-5: Crystalline aluminosilicate, mordenit, SiO2/Al2O3 
(mole ratio): 80, surface area: 425 m2/g, pore volume: 0.365 
cm3/g, mean pore size: 4.51 nm, mesopore and micro pore 
structure.

The chemical components of the oil sludge ashes and the natural 
zeolite are listed in Table 2. From this table, we can see that the main 
components of the oil field sludge ash and the oil storage tank ash are 
SiO2, Al2O3, CaO, Fe2O3, and SO3. Also from this table, we can see that 
the main components of natural zeolite are SiO2, Al2O3, CaO, Fe2O3, 
and K2O. The natural zeolite has been proved that it is effective and 
applicable to recovery the diesel range fuel from waste plastic. It works 
on breaking the macromolecules into smaller ones. As Table 2 presents, 
the oil sludge ash has the similar chemical components with natural 
zeolite. Considering the result of Je-LuengShie [15], we speculate that 
the adding of oil sludge ash has the ability to affect the yield and quality 
of the oil product to some extent. However, the ratios of components 
of the oil sludge ash are quite different from those of natural zeolite.

Experimental apparatus 

The pyrolysis and catalytic reforming experiments were carried 
out using a self-fabricated stainless steel two stage reactor, which is 
shown in Figure 1. This system consists of the pyrolysis reactor and 
the catalytic reforming reactor. The inner diameter and the height of 
the pyrolysis reactor are 43 mm and 284 mm, respectively. As to the 
reformer, its inner diameter is 38mm, and the height is 210 mm. Both 
of the reactors were covered with the electric heater, and the reaction 
temperatures in both the pyrolysis reactor and the reforming reactor 

were controlled by a closed loop feedback system, including K-type 
thermocouples, a controller, and a heater. A double-tube condenser 
was installed at the outlet side of the reformer, and another side of it 
was connected to the gas/liquid separator. 

Pyrolysis experiment

Pyrolysis experiment was conducted using the stainless steel 
pyrolyzer coupled with the reforming reactor made of the same 
material. In the one stage reaction case, 60 g of oil sludge was mixed 
with 20 g of catalyst, and then the mixture was placed in the pyrolyzer. 
In the case of the two stage reaction, 60 g of oil sludge and 20 g of 
catalyst were put into the pyrolyzer and the reformer, respectively. In 
the reformer side, on the top surface of the catalyst, 40 g of quartz sand 
were packed to ensure that the catalyst was flatten and separated from 
the solid particles carried by the pyrolysis gas. To compare with the 
two stage reaction case, the reformer side of the one stage reaction case 
was also filled with 40 g of quartz sand. N2 carrier gas with the flow rate 
of 50 ml/min was passed through the pyrolysis and reforming reactors 
before the experiments for 1hour, to remove the air in the reactors. 
After the air in the reactors was replaced with N2, the reformer was 
heated to 500°C first to dry and activate the catalyst and the quartz 
sand. Then the pyrolyzer was heated at the rate of 20°C/min until the 
temperature reached to 500°C, and held at this temperature for 1hour. 
When the temperature rose to around 390°C, due to the endothermic 
reaction of the oil sludge, the heating rate dropped obviously. Then 
the temperature hovered at around 395°C for 2 minutes. After this 
stagnation, the temperature continued to rise. The quantity of the 
pyrolysis gas began to increase when the temperature reached to 450°C. 
The reformed gas was introduced to the condenser in which the reaction 
mixture was cooled to the room temperature. The condensable (liquid 
product) and the non-condensable (gas product) parts were separated 
in the gas-liquid separator and collected in the liquid collector and 
the gas collector respectively. The products can be classified into: gas, 
liquid (oil and water), and solid residue. The liquid and solid products 
were weighted, and the yields of gas were calculated by the difference.

Analysis

The instruments used for the analysis of the oil product and the 
mixed fuel oil are given below. 

Fourier transform infrared spectrometer (FT-IR): FT-IR was 
considered as a common analysis technique by the researchers of heavy 
oil and asphaltene field [1,18]. In this study, FT-IR analysis of the 
pyrolytic oil was conducted by JEOL JIR-SPX200 FT-IR spectrometer. 

Wt% Oil field sludge ash Oil tank sludge ash Natural zeolite
SiO2 54.4 25.6 68.76
Al2O3 11.5 40.3 14.4
CaO 9.69 6.79 10.47
Fe2O3 8.29 7.7 4.24
K2O 3.6 1.09 1.08
MgO 1.76 1.37 0.45
Na2O 1.37 2.89 0.31
TiO2 1.36 1.6 -
SrO 0.13 0.17 -
SO3 7.11 11.1 -

Ignition loss 0.519 0.475 0.29

Table 2: Chemical components of oil field sludge ash, oil tank sludge ash, and 
natural zeolite.

 
Figure 1: Diagram of the bench-scale pyrolysis and catalytic reforming reactors.
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The oil samples were prepared as a cast film between two KBr windows, 
and the range of wave number was set from 400 to 4000. 

Nuclear magnetic resonance (NMR) 1H, 13C: The results of 
NMR analysis are often used to speculate the molecular structure of 
organism, and calculate the average structural parameters of crude oil 
and heavy oil by bringing the chemical shift results into the equation list 
of Brown-Ladner method [19] or the other method. Our NMR results 
of oil products were carried out using a BrukerbiospinAvance III NMR 
spectrometer. The relative peak areas were captured in accordance with 
the range of: Hα (2.0~4.0 ppm); Hβ (1.0~2.0 ppm); Hγ (0.5~1.0 ppm); 
HA (9.0~6.0 ppm); CA (190~100 ppm); CP (70~0 ppm). The average 
structural parameters of oil products were calculated according to the 
method described [19,20].

Thermogravimetry analysis (TG): A thermo-gravimetry 
instrument can measure weight changes of a solid and liquid material 
under the temperature programmed condition in a controlled 
atmosphere. It is believed to be an feasible way to analyze the distillation 
characteristics (below 400°C) of fuel oil, heavy oil, and tar oil by using 
TGA system [21,22]. The SHIMADZU D 50 simultaneous TGA/DTA 
analyzer was used to define the distillation characteristics of pyrolytic 
oil products. 20mg of liquid samples was placed in a platinum micro 
crucible. For controlling liquid flooding and increasing detection 
precision, a micro cover with a small gas vent was placed on the 
crucible before measurement. Then the whole crucible assembly was 
heated in N2 at the flow rate of 50 ml/min. Data collection was carried 
out from 30°C to 450°C. During the whole measurement process, the 
heating rate was kept at 5°C/min. The results were compared with a 
diesel standard, which was got from ENEOS gasoline station, Japan. 

Gas chromatography to mass spectroscopy (GC-MS): The GC-
MS analysis of the mixed fuel (diesel and oil product) was conducted 
by employing an Agilent 19091S-433 with HP-5MS Phenyl Methyl 
Siloxane (30.0 m×250 μm×0.25 μm) column. The carrier gas was He. 
The temperature was held at 50°C for 3 minutes, then was increased to 
200°C at the heating rate of 3°C/min, and then was held for 40 minutes. 
The chemical compounds found in the injected samples were identified 
by comparing their spectra with the data base of the GC-MS system.

Results and Discussion
There are five parts in this section. The first part focuses on the 

effect of catalysts on the yield of pyrolysis products. Part 2 provides 
the results of distillation characteristics of all the oil products. The 
ratio of remaining carbon and the mole H/C, O/C, S/C, and N/C 
are also discussed in this part. Part 3 and Part 4 go further into the 
chemical characteristics of the selected typical oil samples, such as 
the oil product from the one stage pyrolysis of oilfield sludge over 
the oilfield sludge ash, and the oil product of oil tank sludge, which 
was produced in one stage pyrolysis process with oil tank sludge ash. 
The FT-IR analysis and NMR analysis are used to indicate some main 
functional groups and the chemical structure of oil products in these 
parts. The last part discusses the fuel characteristics of the mixed fuel 
of oil products with diesel. Some evaluation indexes, like the density, 
the viscosity, the carbon distribution, the heating value, and the cetane 
index are provided in this part. The results presented in this section are 
the mean values of at least three experiment runs and analysis under 
the same conditions.

Effect of experiment conditions on the yield of pyrolysis 
products

The liquid product (oil and water) distribution for the oil field 

Figure 2: Effect of the catalysts and pyrolysis methods on the oil and water 
yields of the oil tank sludge.

 Figure 3:  Effect of the catalysts and pyrolysis methods on the oil and water 
yields of the oil field sludge.

sludge and oil tank sludge are presented in Figures 2 and 3, respectively. 
The oil product under different experiment conditions are shown by 
the line graphs. Their Y-axis is on the right side. The bars whose Y-axis 
is on the left side show the water product yield. On the whole, the oil 
products of the one stage pyrolysis are higher than the two stage case, 
whether the feedstock is the oil field sludge or the oil tank sludge. This 
might be caused by the fully functioning of catalysts in the reformer, 
which would lead to the increasing of gas product and the decreasing of 
oil product. However, the opposite occurs in water products. 

As seen from Figure 2, the oil product of the oil tank sludge, 
about 35.5 wt%, in the one stage pyrolysis, with the catalyst of 
the oil field sludge ash is higher than the oil products with other 
catalysts(31.53-22.95 wt%), and higher than that without catalyst(30.7 
wt%). In Figure 3, The highest oil product yield (9.5 wt%) of the oil field 
sludge is also obtained at one stage pyrolysis with the oil field sludge 
ash. According to the main components of the oil sludge ash (Table 
2), both the oil field sludge ash and the oil tank sludge ash contained 
lots of Fe oxide and S oxide. Previous studies [12,23] proved that the 
presence of Fe element and S element in the catalyst can improve the 
conversion of oil sludge by inhibiting the agglomeration of metal 
oxides and increasing the surface area of catalysts. This advantage 
became more meaningful in the one stage pyrolysis. The oil field 
sludge ash improved the physical contact between the oil sludge and 
the catalyst, and resulted in improved oil recovery. That might explain 
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Figure 5:  Effect of the catalysts and pyrolysis methods on the gas and residue 
yields of the oil field sludge.

why the one stage pyrolysis with the oil field sludge ash can produce 
more oil product. We noted then that compared with other catalysts, 
the oil product yield over the oil tank sludge ash stayed on a lower level, 
due to their higher amounts of gas products. This tendency is generally 
similar to the pyrolysis experiments with the ZSM-5 catalyst. Here we 
can speculate that the oil tank sludge ash has a higher catalytic activity 
or dispersive capacity than the oil field sludge ash, even though there 
are only a few differences in their main components. 

As to the gas and residue product yields which can be seen from 
Figures 4 and 5, the gas product yields from the one stage pyrolysis 
are lower than that from the two stage pyrolysis. This trend once again 
proves that the catalysts functioned fully in the two stage case, and 
enhanced the cracking of large molecule products into small molecules 
such as some non-condensable gas molecules. The residue product 
yields of the catalystic pyrolysis of the oil field sludge are generally 
above 80 wt%, owing to the high ash content of the oil field sludge.

Distillation characteristics of oil products

The distillation characteristics of oil products having the boiling 
range between 30°C to 400°C were determined at the atmospheric 
pressure using a thermo-gravimetry instrument. Tests revealed the 
boiling range of all the oil samples were between 90°C and 370°C. The 
distillation characteristic curves are given in Figures 6 and 7. The ratio 

of remaining carbon at 450°C, which show the yield of coke in the oil 
product, are listed in Tables 3 and 4. The ratio of remaining carbon 

Figure 4:  Effect of the catalysts and pyrolysis methods on the gas and 
residue yields of the oil tank sludge.

Figure 6a:  Boiling point range distribution curves of the oil product from the 
catalytic pyrolysis of the oil field sludge with the oil field sludge ash.

	

Figure 6b:  Boiling point range distribution curves of the oil product from the 
catalytic pyrolysis of the oil field sludge with the oil tank sludge ash

	

Figure 6c: Boiling point range distribution curves of the oil product from the 
catalytic pyrolysis of the oil field sludge with the activated aluminium oxide.
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of remaining carbon are the important evaluation parameters of oil 
quality. 

From Figures 6 and 7, we can see that the distillation characteristic 

can reflect the amount of carbon deposition when the oil products are 
used in an engine. Both the distillation characteristics and the ratio 

	

Figure 6d: Boiling point range distribution curves of the oil product from the 
catalytic pyrolysis of the oil field sludge with natural zeolite.

	

Figure 6e: Boiling point range distribution curves of the oil product from the 
catalytic pyrolysis of the oil field sludge with ZSM-5.

	

Figure 7a: Boiling point range distribution curves of the oil product from the 
catalytic pyrolysis of the oil tank sludge with the oil field sludge ash.

	

Figure 7b: Boiling point range distribution curves of the oil product from the 
catalytic pyrolysis of the oil tank sludge with the oil tank sludge ash.

	

Figure 7c: Boiling point range distribution curves of the oil product from the 
catalytic pyrolysis of the oil tank sludge with activated aluminium oxide.

	

Figure 7d: Boiling point range distribution curves of the oil product from the 
catalytic pyrolysis of the oil tank sludge with natural zeolite.
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curves of oil products, whether from the pyrolysis of the oil field sludge 
or the oil tank sludge, are located between the curve for no catalyst oil 
product and the curve for diesel standard. It means that the boiling 

range of all the oil products produced by the catalytic pyrolysis are 
in between the boiling range of no catalyst oil product and diesel 
standard. The results indicate that in the catalytic pyrolysis process of 
the oil field sludge, all of the catalysts can improve the quality of oil 
products by decreasing their boiling point range. In Figure 6-b, we can 
see that the boiling range of the oil product with the use of the catalyst 
of the oil tank sludge ash (one stage case: 124.5~284.5°C; two stage 
case: 123.4~273°C) is the nearest to the boiling range of diesel standard 
(144~248.4°C).

Although there is no obvious differences between the one stage 
pyrolysis and the two stage pyrolysis in the boiling range, the ratio 
of remaining carbon in the oil product from the one stage pyrolysis 
process, shown in Table 3, are generally lower than those from the 
two stage pyrolysis process, and also lower than the oil product from 
the no catalyst pyrolysis process. Therefore, the oil products from the 
one stage pyrolysis process of the oil field sludge contained lower coke 
amount than the oil product produced by the two stage pyrolysis of the 
same feedstock. 

For the distillation characteristic of the oil products from the 
catalytic pyrolysis of the oil tank sludge, it was found that neither the 
type of the catalyst nor the pyrolysis method affected the boiling range 
of the oil product significantly, except for the oil product with the 
catalyst of the oil tank sludge ash and ZSM-5. On the other hand, the 
ratio of remaining carbon in the no catalyst oil product (17.5 wt%) is 

	

Figure 7e: Boiling point range distribution curves of the oil product from the 
catalytic pyrolysis of the oil tank sludge with ZSM-5.

Oilfield-S
Oilfield-S Ash
One stage 

Oilfield-S
Oil field-S Ash
Two stage

Oilfield-S
No catalyst

Ratio of 
remaining 
carbon

6.25% 6.75% 8.25%

Table 3(a): Ratio of remaining carbon in the oil product from the catalytic pyrolysis 
of the oil field sludge with the oil tank sludge ash.

Oilfield-S 
Oil tank-S Ash 
One stage 

Oilfield-S 
Oil tank-S Ash 
Two stage 

Oilfield-S
No catalyst

Ratio of 
remaining 
carbon

5% 6.25% 8.25%

Table 3(b): Ratio of remaining carbon in the oil product from the catalytic pyrolysis 
of the oil field sludge with the oil tank sludge ash.

Oilfield-S Al2O3
One stage 

Oilfield-S Al2O3
Two stage

Oilfield-S
No catalyst

Ratio of remaining 
carbon 3.75% 9.25% 8.25%

Table 3(c): Ratio of remaining carbon in the oil product from the catalytic pyrolysis 
of the oil field sludge with activated aluminium oxide.

Oilfield-S
NZ

One stage 

Oilfield-S 
NZ

Two stage

Oilfield-S
No catalyst

Ratio of remaining 
carbon 5.25% 10% 8.25%

Table 3(d): Ratio of remaining carbon in the oil product from the catalytic pyrolysis 
of the oil field sludge with natural zeolite.

Oilfield-S 
ZSM-5

One stage 

Oilfield-S 
ZSM-5

Two stage

Oilfield-S
No catalyst

Ratio of 
remaining carbon 4.75% 7% 8.25%

Table 3(e): Ratio of remaining carbon in the oil product from the catalytic pyrolysis 
of the oil field sludge with ZSM-5.

Oil tank-S
Oilfield-S Ash

One stage 

Oil tank-S 
Oilfield-S Ash

Two stage

Oil tank-S
No catalyst

Ratio of 
remaining carbon 7.25% 4.25% 17.5%

Table 4(a): Ratio of remaining carbon in the oil product from the catalytic pyrolysis 
of the oil tank sludge with the oil field sludge ash.

Oil tank-S
Oil tank-S Ash

One stage 

Oil tank-S 
Oil tank-S Ash

Two stage

Oil tank-S
No catalyst

Ratio of remaining 
carbon 7.5% 3% 17.5%

Table 4(b): Ratio of remaining carbon in the oil product from the catalytic pyrolysis 
of the oil tank sludge with the oil tank sludge ash.

Oil tank-S 
Al2O3

One stage 

Oil tank-S 
Al2O3

Two stage

Oil tank-S
No catalyst

Ratio of remaining 
carbon 3.75% 2.75% 17.5%

Table 4(c): Ratio of remaining carbon in the oil product from the catalytic pyrolysis 
of the oil tank sludge with activated aluminium oxide.

Oil tank-S
NZ

One stage 

Oil tank-S 
NZ

Two stage

Oil tank-S
No catalyst

Ratio of remaining 
carbon 8.25% 5.25% 17.5%

Table 4(d): Ratio of remaining carbon in the oil product from the catalytic pyrolysis 
of the oil tank sludge with natural zeolite.

Oil tank-S 
ZSM-5

One stage 

Oil tank-S 
ZSM-5

Two stage

Oil tank-S
No catalyst

Ratio of remaining 
carbon 7.25% 0.75% 17.5%

Table 4(e): Ratio of remaining carbon in the oil product from the catalytic pyrolysis 
of the oil tank sludge with ZSM-5.
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far higher than those from the catalytic pyrolysis(0.75~8.25 wt%). It 
is shown that the catalytic pyrolysis prevented coke formation more 
during the oil recovery than no catalyst case. 

Table 5 shows the mole H/C, O/C, N/C, and S/C ratios of a part of 
the oil products. In both oil field sludge and oil tank sludge cases, the 
mole H/C ratio of the oil product was increased from around 1.67 (no 
catalyst) to more than 1.8 (one stage pyrolysis with the oil field or oil 
tank sludge ash). The mole O/C ratio decreased due to the vaporization 
of the water and halogenated metal containing oxygen. Therefore, the 
presence of oil sludge ash plays an important role in increasing the 
mole H/C ratio and decreasing the mole O/C ratio of the oil product. 
However, the mole S/C and N/C ratios were not affected regularly.

FT-IR analysis results

The IR spectroscopy was used widely for evaluation of possible 
interaction and bonding mechanism of oil products. For this part of 
the study, the raw oil sludge and the oil products after the pyrolysis 
process of oil sludge with and without the catalyst of the oil sludge 
ash are analyzed by employing the FT-IR analysis. The liquid and 
solid samples were prepared by using the cast film and pressed-pellet 
method, respectively. The infrared spectra of the oil product with and 
without catalysts, and the raw oil sludge were compared in Figures 8 
and 9. For brevity, only the oil products from the one stage pyrolysis 
with the catalyst of the oil sludge ash are provided. 

The major vibration frequencies of the oil products are associated 
with the alkyl C-H modes of vibrations, such as –CH2, CH3 group. One 
would expect that the relative concentration of –CH2 and CH3 group 
are higher than others. In the case of oil sludge, whether the oil field 
sludge or the oil tank sludge, except for the dominant C-H frequency 
peaks, the O-H and Si-O group which are formed by the interaction of 
oil, water and soil in the oil sludge, can be observed easily. However, 
the O-H and Si-O frequency peaks disappeared completely from the 
infrared spectra of the oil products. This is because that the oil products 
were separated from water and soil due to the pyrolysis process. 

Comparing with the oil product without catalysts, as shown in 
Figures 8 and 9, the intensity of C=C stretch in aromatics decreased 
in the infrared spectra of the oil product with the oil sludge ash 
catalyst. Oppositely, the C=O stretch in carbonyl/carboxylic became 
more prominent in the IR spectra of the oil product from the catalytic 
pyrolysis of the oil field sludge with the oil field sludge ash (Figure 8-a). 
These finding are in agreement with the result of [1], who pointed that 
this trend shows the effect of the dehydrogenation reaction with ketone 
and olefins formation during the pyrolysis of oil (Table 6).

NMR analysis and average structural parameter

In the NMR analysis, the oil products were dissolved in deuteriated-
chloroform, and analyzed by the 1H NMR and 13C NMR spectroscopy. 
The average structural parameters of oil products were calculated by 
combining the results of the 1H NMR spectra, 13C NMR spectra with 

(mole) H/C O/C N/C S/C
Oilfield-S No catalyst 1.67 0.0131 0.0044 0.0066
Oilfield-S/Oilfield-S Ash/One Stage 1.86 0.0038 0.0041 0.0059
Oilfield-S/Oil tank-S Ash/One Stage 1.81 0.0039 0.0031 0.0058
Oil tank-S/No catalyst 1.68 0.0998 0.0040 0.0071
Oil tank-S/Oilfield-S Ash/One Stage 1.89 0.0063 0.0050 0.0072
Oil tank-S/Oil tank-S Ash/One Stage 1.83 0.0051 0.0034 0.0069

Table 5: Mole H/C, O/C, S/C and N/C ratios of the oil products from the one stage 
catalytic pyrolysis of the oil sludge with the oil sludge ash.

	

Figure 8: FT-IR spectra of the raw oil field sludge, the oil products from the one 
stage pyrolysis of the oil field sludge with and without the catalyst of the oil field 
sludge ash.

	

Figure 9: FT-IR spectra of the raw oil tank sludge, the oil products from the 
one stage pyrolysis of the oil tank sludge with and without the catalyst of the 
oil tank sludge ash.

Modes of vibration Frequency range Peak centered 
at(cm-1)

Si-O-Si bend 540-400 516
SO4 2- bend 680-580 647/586
CO3 2- bend 750-680 694
Si-O-Si stretch 800-600 796
Si-O stretch 1100-970 1037/981
C-O stretch 1260-1250 1259
C-H symmetric deform in CH3 1385-1365 1376
C-H asymmetric deform in CH2 and 
CH3

1490-1430 1457

C=C stretch in aromatics 1642-1547 1604
C=O stretch in carbonyl/carboxylic 1752-1640 1716/1652
C-H out-of-phase stretch in CH2 2863-2843 2854
C-H in-phase stretch in CH2 2936-2916 2925
O-H stretch 3630-3330 3629/3428

Table 6: Major  modes in the IR of the oil product and the raw oil sludge.
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elemental analysis. The equations and parameters are listed in Table 7. 
It should be pointed out ,that the Brown-Ladner method is established 
under two assumed conditions: (1) Hs/Cs≈2, where Hs is the number of 
saturated hydrogen, Cs is the number of saturated carbon; (2) There is 
no other elements but only C and H exits in the oil product. According 
to the results of NMR analysis and the elemental analysis, the Hs/Cs 
of the tested oil products in this study are in the range of 2.12~1.87. 
And the weight percentages of C+H of the tested oil products are 
higher than 96.5%. Therefore, the actual situation of the oil products is 
generally in line with the two assumed conditions above. 

Six groups of average structural parameter of oil products (A~F) 
were calculated, and presented in Figure 10 and Table 8. Figure 10 
shows the ratios of the aliphatic carbon, the naphthenic carbon, and 
the aromatic carbon of the oil products. The main part of the carbon 
in all the oil samples is the aliphatic carbon. This result agrees with the 
result of FT-IR. Due to the hydrogenation of the aromatics and the 
presence of catalyst, the ratio of the aliphatic carbon of the oil sample 
increased from 65% (in A and D) to higher than 77% (in B, C, E and F). 
This increase is especially strong in the case with the oil field sludge ash, 
which might owe to the high Ni content of the oil field sludge and its 
ash. As known, the Ni/SiO2 catalyst was widely used for hydrogenation 
of heavy oil and vacuum residuum. Although, in this experiment, 
no extra hydrogen was added to the reactor, and the presence of the 
paraffinic structure in the raw oil sludge provided a source of hydrogen 

in the hydrogenation. Moreover, the decarburization, which was 
presented by formation of coke, during the pyrolysis process, can also 
reduce the ratio of the naphthenic carbon and the aromatic carbon in 
the oil products. 

The number of aromatic ring, naphthenic ring (RA and RN), and 
the average chain length of aliphatic chain or side chain (L) shown in 
Table 8 can reflect the average molecular structure of the oil product 
visually. Each molecule of sample A and B contain about three aromatic 
rings and two and a half naphthenic rings in average. After the catalytic 
pyrolysis with the oil field sludge ash and the oil tank sludge ash, the 
number went down to 0.8~1.6 and 1.5~1.9, respectively. This decrease 
can be explained by the hydrogenation and ring-open of naphthenic 
hydrocarbon during the catalytic pyrolysis reaction. As to the average 
chain length of the oil product, the reason of the decrease from the 
no catalyst cases (A and B) to the cases over the oil field sludge ash (B 
and E) might be attributed to the de-methylation of alkanes. However, 
this explanation is not suitable for the cases over the oil tank sludge 
ash (C and F). The L was calculated based on the value of Hγ and Cs, 
and this calculation method ignored the -CH3 on α and β position. The 
simplification might lead to an unstable result or a mistake.

Fuel characteristics of the blended fuels of oil products with 
diesel

Several previous studies have shown that the characteristics of 
pyrolytic oil products of oil sludge are similar to commercial diesel. 
However, it still contains amount of impurities and vacuum residues. 
In this part, the oil products from the one stage pyrolysis process of the 
oil field sludge with the oil field sludge ash (B), and from the one stage 
pyrolysis process of the oil tank sludge with the oil tank sludge ash(F) 
were mixed with commercial diesel (the diesel standard) by one-to-five 
and one-to-ten volume ratio. We chose these two oil products in the 

 

Figure 10: Ratio of aliphatic, naphthenic, and aromatic carbon 
obtained from the NMR spectra of the oil products from the one stage 
pyrolysis of the oil sludge with and without the catalyst of the oil 
sludge ash.

 

Figure 11: Carbon distillation of the mixed fuels of diesel with the oil 
product from the pyrolysis of the oil field sludge with the oil field sludge 
ash.
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view of commercial angle for two reasons: (1) The presence of oil sludge 
ash in the one stage pyrolysis did improve the yield and quality of the 
oil product; (2) The source of oil sludge ash is the pyrolysis residue of 
oil sludge, which means that the oil sludge ash catalyst can be produced 
as long as the pyrolysis process of oil sludge will be continued.  

The mixtures were filtered using 0.8 μm (47 mm) pore size filter 
film to remove the insoluble impurities and vacuum residues. The 
kinematic viscosity, the density, the higher heating value (HHV) and 
the catene index of the soluble material are summarized in Table 9. 
All of the mixed liquids have higher HHV than the commercial diesel. 
For the same oil product, HHV of the fuel with the mixing ratio of 1: 
10 is higher than that of 1:5. We can expect that the mixing ratio of 1: 
10 can support the burning and heat release of the mixed fuel better. 
Moreover, the catena index, which reflects the ignition characteristics 
of a diesel range fuel, of these mixed fuels also shows the same tendency 
with HHV. For further analysis of the chemical components of these 
mixed fuels, the fuel samples were measured by using the GC-MS. The 
chromatograms of the samples from GC-MS analysis were compared 
with the results of GC-FID, and the main identified components are 

 

Figure 12: Carbon distillation of the mixed fuels of diesel with the oil product 
from the pyrolysis of the oil tank sludge with the oil tank sludge ash.

 

Figure 13: Chemical composition of the mixed fuels of diesel with the oil 
product from the pyrolysis of the oil field sludge with the oil field sludge ash.

 

Figure 14: Chemical composition of the mixed fuels of diesel with the 
oil product from the pyrolysis of the oil tank sludge with the oil tank 
sludge ash.

A* B* C* D* E* F*
C (Wt%) 84.69 84.7 84.0 84.9 83.9 84.51
H (Wt%) 11.81 13.11 12.67 11.87 13.21 12.91
S (Wt%) 1.48 1.35 1.33 1.6 1.63 1.56
N (Wt%) 0.44 0.41 0.31 0.4 0.49 0.34

O (a) 
(Wt%) 1.48 0.43 0.44 1.13 0.7 0.58

RT 5.6 2.8 3.5 5.7 2.3 3.1
RA 3.0 1.1 1.6 2.9 0.8 1.4
RN 2.6 1.7 1.9 2.8 1.5 1.7
L 6.0 5.8 6.1 5.6 5.5 5.8

A: Oil product from the no catalyst pyrolysis of the oil field sludge; 
B: Oil product from the one stage pyrolysis of the oil field sludge with the oil field 
sludge ash; 
C: Oil product from the one stage pyrolysis of the oil field sludge with the oil tank 
sludge ash; 
D: Oil product from the no catalyst pyrolysis of the oil tank sludge; 
E: Oil product from the one stage pyrolysis of the oil tank sludge with the oil field 
sludge ash; 
F: Oil product from the one stage pyrolysis of the oil tank sludge with the oil tank 
sludge ash.
Table 8: Elemental analysis results and distribution of ring number of the oil 
products from the one stage pyrolysis of the oil sludge with and without the catalyst 
of the oil sludge ash.

Kinematic 
viscosity
(40degC)

Density
(20°c-g/cm3)

Heating 
value(HHV)

(MJ/kg)
Cetane index

Oil product(oil 
field-S/oil 

field-S ash/one 
stage) : Diesel

1 : 5 2.53 0.819 45.7 38.22
1 : 10 2.52 0.812 46.1 38.51

Oil product(oil 
tank-S/oil 

tank-S ash/one 
stage) : Diesel

1 : 5 2.54 0.813 45.3 37.53
1 : 10 2.50 0.810 45.8 37.58
Diesel 

standard 2.49 0.809 45.2 35.44

Table 9: Kinematic viscosity, density, heating value and cetane index of the mixed 
fuels and diesel standard.
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From the carbon distillation of all the mixed fuels and the 
commercial diesel (Figures 11 and 12), it can be seen that the range of 
carbon distillation of these mixed fuels (C7~C26) is identical with diesel. 
However, the distillation curve of both oil product-diesel mixtures with 
the mixing ratio of 1:10 present a strong fluctuation in the range of 
C12~C17. Thus it can be seen that the mixture of the oil product and 
diesel maybe not a simple mixing of chemical components. Some 
unknown interactions between the chemical components in the oil 
product and the diesel may happen, which would affect the detection 
results of GC-MS. 

In Figures 13 and 14, the mixed fuels and diesel are divided 
into saturates: alkane and cycloalkane; olefin; Aromatics; and non-
hydrocarbon: resin and heterocyclic. From both Figures 13 and 14, 
we can see that the saturate content of the mixed fuel increased with 
the increase of the oil product proportion. On the other hand, the 
compositions of aromatic and non-hydrocarbon decreased with the 
increase of the oil product proportion. Combining with HHV and 
cetane index results above, one can expect that the adding of pyrolytic 
oil product improved the quality of diesel oil to same extent.

Conclusions
First, this experimental study indicates that the oil fraction can be 

separated from water and soil by the pyrolysis process of oil sludge with 

and without catalysts. On the whole, the yield of the oil products of the 
one stage pyrolysis is higher than that of the two stage case, whether 
the feedstock is the oil field sludge or the oil tank sludge. The highest 
oil product yield is obtained in the one stage pyrolysis of the oil field 
sludge and also the oil tank sludge with the oil field sludge ash. This can 
be partially attributed to the nature of the presence of Fe element and S 
element in the oil field sludge ash. 

Second, the distillation characteristic curves of the oil products 
show that the boiling range of all the oil products produced from the 
catalytic pyrolysis are between the boiling range of the no catalyst oil 
product and diesel standard, though there is no obvious difference 
between the one stage pyrolysis and the two stage pyrolysis processes 
in the boiling range. In the catalytic pyrolysis process of the oil field 
sludge, all of the catalysts can improve the quality of the oil products 
by decreasing their boiling point range. However, for the distillation 
characteristics of the oil products from the catalytic pyrolysis of the 
oil tank sludge, it was found that neither the type of catalysts nor 
the pyrolysis method affected the boiling range of the oil product 
significantly, except for the oil product with the catalyst of the oil tank 
sludge ash and ZSM-5. 

Third, according to the results of NMR and FT-IR analysis, the 
main part of the carbon in the oil product from the pyrolysis of the oil 
sludge with the oil sludge ash is aliphatic carbon. The total ring number 

No. R.T.(min)   Compounds Area (%) B*:diesel F*:diesel
Diesel 1:5(v/v) 1:10(v/v) 1:5(v/v) 1:10(v/v)

Saturate
1 35.98 Hexadecane 4.62 4.33 4.6 4.8 4.36
2 39.66 Heptadecane 4.42 4.32 4.32 4.6 4.36
3 32.09 Pentadecane 4.41 4.46 4.44 4.66 4.49
4 43.13 Octadecane 3.75 3.99 3.89 3.16 3.77
5 46.43 Nonadecane 2.99 2.95 2.97 2.76 2.97

6 27.97 Tetradecane 2.94 2.86 2.85 2.92 3.03

7 49.57 Eicosane 2.85 2.44 2.56 2.1 2.51
8 52.57 Heneicosane 1.96 1.97 1.95 1.6 1.99
9 23.65 Tridecane 1.8 2 1.74 1.82 1.85
10 14.57 Undecane 1.73 1.73 1.74 1.77 1.74
11 19.14 Dodecane 1.61 1.82 1.67 1.6 1.8
12 10.11 Decane 1.32 1.36 1.38 1.37 1.35
13 6.04 Nonane 1.22 1.15 1.2 1.22 1.21
14 37.66 Hexadecane, 3-methyl- 1.2 1.22 1.2 1.24 1.21
15 30.47 Tridecane, 3-methyl- 1.29 1.25 1.27 1.31 1.27

16 43.36 Hexadecane, 
2,6,10,14-tetramethyl- 1.31 1.58 1.52 1.4 1.31

17 - Docosane 1.45 1.49 1.46 - -

18 - Pentadecane, 
2,6,10,14-tetramethyl - - - 1.06 1.2

Aromatic

19 8.49 Benzene, 1,2,3-trimethyl- 1.53 1.32 1.43 1.32 1.31
20 5.36 p-Xylene 1.07 1.08 1.1 1.04 1.07

Nonhydrocarbon

21 - Octadecane, 
1-(ethenyloxy)- 0.27 - 0.12 - 0.12

22 - Oxirane, [(dodecyloxy)
methyl]- - 0.49 - - -

23 - Ethanol, 2-(dodecyloxy)- 0.33 - - 0.28

Table 10: Main components identified by GC-MS for the mixed fuels and diesel standard.
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of the oil products decreased owing to the hydrogenation and ring-
open of naphthenic hydrocarbon during the catalytic pyrolysis process. 

Last but not least, the highest HHV and cetane index can be 
obtained, when the oil product from the one pyrolysis process of the 
oil field sludge with the oil field sludge ash was mixed with diesel with 
the mixing ratio of 1: 10. The range of carbon distillation of all the 
mixed fuels (C7~C26) was identical with diesel standard. The saturate 
contents of mixed fuel increased with the increase of the oil product 
proportion. Combining with HHV and cetane index results, we can 
expect that addition of the pyrolytic oil product will improve the 
quality of diesel oil to some extent.
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