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ABSTRACT

With the enhancement of public awareness of environmental protection, the harm of oily sludge has gradually been paid attention to. As a
kind of dangerous solid waste, the arbitrary disposal of oily sludge will cause quite serious harm to both the environment and human beings.
Research on the treatment methods of oily sludge has become a hot spot recently. At present, treatment methods of oily sludge are various,
mainly including pyrolysis, direct combustion, freeze-thaw treatment, biological treatment, solvent extraction, thermochemical cleaning, ultra-
sound-assisted treatment or joint technology, etc. Based on the consideration of economic benefits, social benefits and treatment difficulties, pyrolysis
has been considered to be the most appropriate method for oily sludge treatment. Syngas, liquid oil and char can be obtained from pyrolysis
of oily sludge, which can meet different needs. In this paper, the pyrolysis technology of oily sludge is reported in detail, including pyrolysis
methods, operational parameters and pyrolysis products of oily sludge. On the basis, the advantages and limitations of oily sludge pyrolysis
technology are discussed, together with the report of feasibility of pyrolysis technology of oily sludge. Moreover, the development trend of pyrolysis

technology of oily sludge is prospected for the future work.
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1. Introduction

In the process of oil extraction and refining, a large amount of
oily sludge is produced every year, which has become an obstacle
to the development of petrochemical industry. It has been an urgent
problem to treat oily sludge properly [1]. However, current treatment
technology for common solid waste cannot treat oily sludge both
economically and effectively. As a result, the accumulation of oily
sludge increases continually. It is estimated that the cumulative
amount of oily sludge in the world exceeds 1 billion tons. About
60 million tons of oily sludge are accumulated every year in petroleum
industry in the world. Moreover, the annual output is still showing
a growing trend. With the rapid development of society, the public's
awareness of environmental protection has gradually increased. The
harm of oily sludge has been recognized [2]. Many countries and
regions have made strict regulations for oily sludge, which promotes
the development of treatment technology for oily sludge [3].
Many treatment methods of oily sludge have been developed
in recent years, such as pyrolysis, direct combustion, freeze-thaw

treatment, biological treatment, solvent extraction, thermochemical
cleaning, ultrasound-assisted treatment and joint technology [4-7].
However, there are always drawbacks more or less for these
technologies. For example, the biological treatment technology calls
for large floor area and long processing period, limiting the processing
capacity. In addition, the possibility of secondary pollution is also
a great problem, hindering the large-scale application of this technol-
ogy [8-10]. Combustion is widely used for oily sludge treatment.
The main advantages of combustion include small floor area and
fast processing speed. However, toxic and harmful gases will be
released into the atmosphere during the treatment process [11-14].
It is not only necessary to realize the harmless treatment of oily
sludge, but also to recycle resources as much as possible in response
to the call of energy saving and emission reduction [15].

So far, much work has been carried out to confirm the feasibility
of the pyrolysis of oily sludge. The advantages of pyrolysis technol-
ogy of oily sludge are outstanding including the fast processing
speed, the strong pollution control, small area covering, and fewer
requirements for the properties of oily sludge. Although the technology
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has been popularized and applied broadly, there is still large room
for the improvement of pyrolysis. Pyrolysis products include syngas,
pyrolysis oil and char, which can be recycled and used in various
industries. Pyrolysis of oily sludge can not only reduce the amount
of sludge, but also recover the energy and reduce the pressure caused
by the exhaustion of petrochemical energy [16-20]. The improvement
of pyrolysis effect can be considered from two aspects. On the one
hand, try to increase the recovery rate of oil and syngas while reducing
energy consumption in the treatment process [21]; on the other hand,
improve the benefit of pyrolysis products create more economic bene-
fits to make up for the cost in the treatment process. Researchers
use oily sludge as raw material to manufacture high value-added
products such as activated carbon or carbon nanotubes, and the
products showed excellent performance [22].

Besides, pollutants in oily sludge can be effectively controlled
with pyrolysis. It is found that the treatment of oily sludge by thermal
solution can also effectively fix the heavy metals contained in char,
reducing the impact of heavy metal to the environment [23].

Although many researchers have made research on the pyrolysis
technology of oily sludge, in recent years, there are few reviews
specifically targeted on pyrolysis technology of oily sludge in pet-
rochemical industry. In this paper, the characteristics of oily sludge
in petrochemical industry have been described detailed. The appli-
cation and progress of oily sludge pyrolysis in recent years are
summarized and discussed. It is believed that this paper will provide
valuable information for future research on oily sludge treatment.

2. Material and Methods

2.1. Main Sources of Oily Sludge

Oily sludge appears in every production stage of petrochemical
industry. In particular, the output of several kinds of oily sludge
account for the most. For example, landing sludge produced during
exploitation, concentrated sedimentation tanks sludge, bottom of

Table 1. Composition Difference and Evaluation of Typical Oily Sludge

storage tank sludge produced during tank cleaning and oily sludge
produced during chemical refining process [24-26].

The properties and composition of oily sludge change in a large
range with the joint factors like sampling time, place and many
other factors. Even for the same kind of oily sludge, its properties
will fluctuate in a large range. For example, in the report of da
Silva et al., water content is between 30-90%, oil content is between
5-60% and the sediments vary between 4-7% in oily sludge [27]
and similar phenomenon has been reported for many times [28].
For different kinds of oily sludge, this situation is more obvious.
The content and characteristics of oil phase substances in oily sludge
is also a very important index. The oil phase in oily sludge is
mainly composed of alkanes, aromatic hydrocarbons, bitumen and
resins. For example, in the report of Lin et al. [29], the proportion
of each composition is usually composed of 40-52% alkanes, 28-31%
aromatic hydrocarbons, 8-10% bitumen and 7-22.4% resins,
approximately. These substances lack biodegradability and can have
a lasting impact on the soil around the storage area. When recycling
energy materials, the composition of the oil phase will have a great
impact on the recovery difficulty. Table 1 summarized the basic
proportion and physical properties of several kinds of oily sludge.

Ultimate analysis and proximate analysis are often used. The
C and H content of oily sludge is extremely high. In the research
of Chen et al. [24], The C in oily sludge accounted for 83.36%,
and the H content reached 11.87%. The content of O, N and S
did not exceed 3%. In the study of Huang et al. [30], The C content
of the three oily sludges remained between 50-65%, and the H content
remained at around 10%. The content of N did not exceed 1%,
while the content of S varies greatly, with the lowest being 1.7%
and the highest reaching 5.1%. In the study of Hu et al., The C
content of oily sludge reached 60%, the H content was 17.6%, and
the N content was very low, only 0.05% [31]. Data shows that oily
sludge is rich in C and H, which shows a very high recovery value.
The content of N is relatively low, generally not more than 19,
while the content of S has a greater correlation with the quality

Source Feature Evaluation Reference
- Rich in asphaltene, silt, gum, additives and heavy metals - Larger viscosity
- High content of water (more than 10%) - Low calorific value.
Landing sludge - High content of N and P - High risk factor [120, 121]
- Low content of H and C
- Brown or black appearance
- Rich in hydrocarbons, asphaltenes, paraffin, water and - High calorific value and recovery value
Tank bottom inorganic solids, such as sand, iron sulfide and iron oxide - Easy for secondary pollution (24, 122, 123]
sludge - High content of C (up to 80%) and H (up to 10%) - Less contact with residents ’ ’
- High content of metals
- Rich in benzene series, phenols and additives - With an irritating odor
Refining sludge High content of bacteria and water - Complex properties and high viscosity [124, 125]
- Low recovery value
- Centralized and easy to collect
- High moisture content and low hydrocarbon content - High yield
Pond sediment - High content of N and S. - Serious leak (25, 55]

sludge

- High risk of secondary pollution
- Low recovery value
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of the crude oil, and generally does not exceed 5% [13].
Before pyrolysis treatment, oily sludge is generally dried. Ash
content in oily sludge tends to be high, staying between 40-60%.
The volatile content generally occupies a higher proportion, which
is second only to ash in dry sludge. A large amount of data shows
that the volatile content in oily sludge is extremely high, which
can generally reach 30-50% in dry sludge. The content of fixed
carbon is relatively low, generally less than 5% [32, 33].

2.2. Harmfulness of Oily Sludge

Oily sludge usually contains abundant pathogens, heavy metals,
which could cause great harm to the surrounding environment
[34]. The pathogens can be removed by pyrolysis, but heavy metals
are still distributed in pyrolysis products. Sulfur and nitrogen com-
pounds might change and migrate in pyrolysis process, discharging
into the atmosphere with syngas and distributing in the pyrolysis
oil or char, which is not conducive to the application of the products.
Harmful substances influence the determination of treatment meth-
ods and conditions a lot and need to be focused.

2.2.1. Heavy metal

It is very important to understand and control the migration and
transformation of heavy metals. According to a large number of
reports, oily sludge usually contains many metals mainly including
Na, K, Ca, Li, Ca, Ba, Cu, Zn, Cr, Ni, Pb, V [4, 35-38]. Alkali
metals exist in nearly all the oily sludge, while the content of
heavy metals varies greatly which lack biodegradability and will
cause long-term pollution of soil. The change of content and species
not only relate to the quality of the crude oil, but also to the origin,
type and treatment process. For example, the tank bottom sludge,
which are taken from the cleaning process, usually contains a
large quantity of heavy metals. Cu and Zn seem to be most abundant,
and the concentration can reach 1% [12, 39, 40].

Heavy metals are generally very harmful. For example, hex-
avalent chromium can invade animals through digestive tract, respi-
ratory tract, skin and mucous membrane, and accumulate in liver,
kidney and endocrine gland [41-43]. Lead is difficult to be eliminated
once it enters the human body. It can directly damage human
brain cells, especially the fetal nervous system, and can cause
congenital mental retardation [44]. The toxicity of vanadium is
relatively low, but the compounds of vanadium have high toxicity
to human and animals. The toxic effect is related to the valence
state, solubility and the way of uptake of vanadium. The higher
the valence state is, the greater the toxicity is [45].

Heavy metals can be classified into three categories according
to their biodegradability: a) heavy metal components that is soluble
in water or easily to leach; b) heavy metals that cannot dissolve
directly in water, but can be reduced or oxidized under acidic
conditions or in the presence of strong oxidants. c) heavy metals
that are extremely insoluble in water and unable to be oxidized
or reduced [39]. As is known, the main purpose of oily sludge
treatment is to realize the recycling of oily sludge, and the safety
of products is very important, too. It is necessary to understand
the toxic and harmful substances as the migration and trans-
formation is of great importance.

Usually, the existence form of heavy metal compounds is not
stable, especially in high temperature environment. Wang et al.

[46] studied the migration and transformation of heavy metals during
sludge pyrolysis, including Cu, Zn, Cr, Ni, Pb, and Cd. By comparing
with MEP of China and GB 32486-2009, it was found that the
contents of Cu, Zn and Cr in the samples were much higher than
normal, which meant that both the oily sludge and the char could
not be directly applied to agricultural production or urban greening.
At the same time, the contents of Ni, Pb and Cd are lower, and
the content of Zn is slightly higher than the standard of acid soil.
The most important is that pyrolysis technology can fix heavy metal
ions in char very well. In report of Gong et al, migration of heavy
metal in high temperature environment was studied. When the
temperature was high, Cr, Cu and Pb volatilized in gaseous form,
while Zn and Ni in solid phase were still fixed in residual [47].

Heavy metals which are quite toxic to organisms can be gradually
enriched in the biological chain [48]. The bioaccumulation method
has excellent effect on the treatment of heavy metals [49]. However,
the soil and water around the storage area of oily sludge will be
infringed, which is no longer suitable for the survival of animals
and plants [48]. Thus, the balance and development of the ecological
environment will be seriously damaged. Eventually, toxicity of
heavy metals will act on human beings through the food chain
and they are usually not biodegradable [50, 51]. Numerous studies
have demonstrated the toxicity of a single type of heavy metal
to organisms and the effects of a variety of heavy metals on soil
microorganisms and bacterial communities. In order to explain
impact of heavy metals in oily sludge on environment and biology,
many researchers used microbial population as experimental ob-
jects to explain the harmfulness [52]. All the results showed that
a large number of heavy metals have considerable toxic effects
on organisms and seriously endangered the ecosystem, indirectly
proving the harm of oily sludge [53].

In order to reduce the harm caused by heavy metals, a variety
of methods has been tried, such as phytoremediation. However,
the harm caused by heavy metals cannot be ignored. Heavy metals
in oily sludge should be closely monitored. However, there are
few studies on the migration and transformation of heavy metals
during pyrolysis process.

2.2.2. Formation and release of nitrogen/sulfur compounds

It has been found that there are many sulfur and nitrogen compounds
in oily sludge. These compounds undergo transformation and migra-
tion during pyrolysis, and eventually distributing in pyrolysis prod-
ucts, which will reduce the quality of the products. Especially
when the sulfur content in pyrolysis oil is high, the quality of
pyrolysis oil will be poor.

Generally, the proportion of nitrogen in oily sludge is high.
By analyzing the original sample of oily sludge and the pyrolysis
products, the evolution of nitrogen compounds in oily sludge were
determined [54]. It is pointed out that the forms of nitrogen in
the pyrolysis products include amine-N, imine-N, pyridine-N, and
pyrrole-N. The proportion of sulfur compounds in oily sludge is
also relatively high, and it is one of the points that need to be
focused on, too. For example, gaseous sulfur compounds generally
have peculiar odor, which has a great impact on the atmosphere.
Sulfur compounds in industrial production process can lead to
catalyst poisoning, which is not conducive to production. Some
sulfur compounds can also lead to reactor corrosion [55]. Moreover,
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it is one of the main reasons for acid rain formation [56]. Sulfur
compounds could gradually enrich in the process of transportation
and storage, and the content in heavy oil can reach 6-8% eventually.

Similar to nitrogen, organic and inorganic sulfur compounds
will transform and migrate during pyrolysis. Inorganic sulfur com-
pounds exist in the solid particles mainly as sulfate, while organic
sulfur mainly existed in the oil phase in the forms of aliphatic
and heterocyclic sulfurs. H,S is the main gas pollutant produced
during the pyrolysis of oily sludge, which comes from the decom-
position of thiol and sulfide. When the pyrolysis temperature is
high, the sulfate in the solid residue decompose, and more sulfur
will distribute in gaseous and oil phase products, which leads
to the reduction of the quality of pyrolysis oil. Higher temperatures
allow organic sulfur converts into inorganic sulfur, producing large
quantities of metal sulphides and further fixing them in solid resi-
dues [56]. In the early study, it was found that nitrogen and hydrogen
were easily desorbed at pyrolysis temperatures between 473-773°C,
while the sulfur in char was only slightly desorbed. At the same
time, higher pyrolysis temperature leads to an increase of benzene,
toluene, ethylbenzene and xylene content in syngas [57].

As high-risk solid waste, oily sludge contains other harmful
substances such as polycyclic aromatic hydrocarbons (PAHs) and
PHCs [4, 48, 58-61], mainly including chrysene, pyrene, anthracene
and fluorine [62]. PAHs is highly toxic with strong carcinogenicity,
which can cause human cancer through breathing or direct skin
contact. So far, biological treatment is regarded as the most effective
methods [63, 64].

Such a large amount of oily sludge has become a heavy burden
for the rapid development of the petrochemical industry. If these
wastes could not be treated properly, serious impact could be brought
to the environment [27]. The determination of harmful substances
in oily sludge and the strict monitoring of the transformation and
migration of these harmful substances are the basis of thorough
treatment of oily sludge. Therefore, it will still be important in
the future work. Before treatment, it is necessary to have clear
understanding on the basic composition of oily sludge, including
oil/water/sediment content, and oil phase composition etc.
Appropriate subsequent processing steps can only be determined
by detailed understanding the characteristics of oily sludge [28].

3. Development of Pyrolysis Technology

As an effective and reasonable treatment method for oily sludge,
pyrolysis has been greatly developed in recent years. Many re-
searchers have improved the pyrolysis technology and made great
progress. In this paper, the development of pyrolysis in recent
years and the development are summarized and evaluated for future
work.

3.1. Overview of Pyrolysis of Oily Sludge

The pyrolysis technology of oily sludge refers to the conversion
of macromolecular organics in oily sludge into gas or liquid products
with smaller molecules by heating in the anaerobic environment
to realize the recovery and utilization of energy. In order to meet
different needs, many new technologies have been applied to the
pyrolysis of oily sludge. At present, the main improvements of

this technology can be classified as follows:

1) Control the operation conditions precisely. This is mainly
reflected in the use of thermogravimetric analysis instrument,
GC-MS technology to strictly monitor the pyrolysis process
and products, to provide a reference for the large-scale applica-
tion of this technology.

Reduce the treatment input by improving the heating method.
Improve processing speed and effect can reduce the operation
cost, shorten the treatment time and increase the treatment
capacity.

Add catalyst to the oily sludge. Various catalysts are helpful
to shorten the reaction time, reduce the reaction activation
energy of the product, improve the energy utilization effi-
ciency and reduce the production input. On the other hand,
by controlling the quality and proportion of certain product,
it can facilitate the recovery and utilization of the product
and improve the benefit.

4) Add co-thermal materials. Recovery rate of pyrolysis oil or
syngas can be greatly improved. The shortcomings of high
O content, low H content and high acidity of pyrolysis oil
in individual pyrolysis can be made up. This advantage is
conducive to the application of the technology in large-scale
production.

Strengthen the control of harmful substances. Controlling
toxic and harmful substances, minimizing the harm of oily
sludge and various products to the environment is the ultimate
goal of the process.

In addition to technological innovation, some pretreatment meth-
ods have also been used in order to get better pyrolysis effect.
For example, dehydration and grinding can effectively improve
the pyrolysis speed and enhance the heat transfer efficiency, so
that the pyrolysis process can be carried out more smoothly.
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3.2. Technical Advantages of Oily Sludge Pyrolysis

Among the current technologies for oily sludge treatment, pyrolysis
technology has considerable advantages.

Biochemical treatment is one of the currently widely used treat-
ment technologies. Thorough processing effect is the main advant-
age of this technology. However, the biological treatment cycle
is longer. Treatment cycle often takes several days or more.
Moreover, the survival conditions of the strains are relatively harsh,
and the requirements for conditions such as pH and temperature
are more stringent, which leads to the limitation of biological treat-
ment of oily sludge under extreme conditions [65, 66]. In compar-
ison, the pyrolysis method has lower requirements on the external
environment and can be operated in most conditions.

Combustion is another typical process method. The combustion
method can be applied to the treatment of most solid wastes, but
it is not ideal in the treatment process of oily sludge. It is difficult
to realize the recovery of energy substances in oily sludge. The
thermal energy generated during the combustion process cannot
be stored, which is not conducive to energy recovery and utilization.
At the same time, a large amount of heavy metal particles, dioxins
and fly ash are generated, causing environmental pollution.

Extraction is a common method for resource recovery [67]. The
process of extracting oily sludge is simple and fast, but most of
the currently used extractant is relatively expensive, and there
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is a certain loss during operation, which increases the cost of
treatment. Supercritical fluid extraction technology is still being
explored and developed. The physical properties of the method
are relatively small, phase equilibrium and transfer research are
insufficient. High equipment cost, complicated operation and
non-continuous operation have become the main obstacles hinder-
ing the development of this method. On the other hand, oil recovered
directly cannot be used directly, and further refining is still needed,
which increases the processing cost and cycle [68, 69].

Freeze-thaw technology is only suitable for certain types of oily
sludge. For areas without natural low temperature conditions, the
advantages of freeze-thaw technology are not obvious. So far, domes-
tic and foreign studies on the treatment of oily sludge by the
freeze-thaw method are very limited. More attention is paid to
the mechanism and theoretical demonstration [70]. In terms of
energy recovery, pyrolysis can make up for the shortcomings of
combustion [71]. The disadvantages of the pyrolysis method are
high equipment requirements, high processing costs and main-
tenance costs.

3.3. Classification of Pyrolysis Technology

This paper classifies and evaluates the pyrolysis technologies cur-
rently used from several perspectives, which are listed in Table 2.

3.4. Pretreatment

In order to facilitate the treatment of oily sludge, some pretreatment
methods are needed. For example, oily sludge contains a lot of
water. Nevertheless, water will not participate in the main reaction,
resulting in the waste of energy and the decline of processing
capacity. In order to improve the treatment efficiency and enhance

Table 2. Classification and Evaluation of Pyrolysis Technology

the heat transfer efficiency, it is necessary to take some pretreatment
measures.

3.4.1. Dehydration

The resources of oily sludge determine its high moisture content.
Dehydration is one of the most common pretreatment methods,
through which the volume of oily sludge can be reduced as soon
as possible. After a long time of accumulation and storage, water
is easy to carry harmful substances in oily sludge to the atmosphere
or infiltrate into the surrounding soil, causing serious secondary
pollution. Dehydration can also significantly reduce possibility
of secondary pollution in transportation, storage and treatment
process. It has been mentioned that the moisture contained in
oily sludge is difficult to be recycled because the oil and water
form a stable state of O/W or W/O. During pyrolysis, when the
temperature exceeds the boiling point of water, the free water and
the combined water will evaporate in the form of gas, causing
rapid dissipation of energy. Especially in slow pyrolysis, it is difficult
to retain water to the pyrolysis stage of petroleum hydrocarbon.
Therefore, for most experiments, water has little effect on pyrolysis
results. High water content will also lead to uneven sampling,
resulting in deviation of analysis results. In order to make the
results of pyrolysis experiments representative, pre-dehydration
of the raw materials was often used as a pretreatment method
before pyrolysis [31, 72].

It is common to use oven to dry the moisture in the oily sludge,
and the temperature is usually set at 105°C [24, 73]. If the temperature
is too high, light hydrocarbon will be evaporated easily, resulting
in environmental pollution and energy waste. When there are many
volatile substances in oily sludge, it is more suitable to separate

Classification Advantage Shortcoming Reference
- Fast pyrolysis ngh yield of. hqul('l '011 - Lower internal tem'peratur(.e [126-128]
Heating - High processing efficiency - Incomplete pyrolysis reaction
rate Slow - Thorough pyrolysis reaction - Limited processing power [129]
pyrolysis - High yield of syngas - High energy input
Fixed bed - Wide application range and strong adaptability - Poor and uneven heat transfer
olvsis - Low equipment maintenance costs - Not conducive to catalyst replacement and  [106, 130]
PyToly - Precise control and strong maneuverability —regeneration
Reactor - High heat and mass transfer efficiency - Severe back mixing
Fluidized - Uniform heating - Poor gas-solid contact [131, 132]
bed pyrolysis - Stable operation - Serious collision of catalyst particles ’
- Heavy wear on pipes and equipment
Thermal - Stable operation - Poor heatmg.rate
.. - Low cost - Uneven heating [29, 56]
radiation . - : ;
Heat - Wide application range - Poor Processing capacity
eal
mode - High heat transfer efficiency - Additional receptor required
Microwave - Large processing capacity - High equipment operating and maintenance [75, 133-138]
heating costs ’
- Complicated operation
- No protective gas needed - High equipment cost
Vacuum - Good air tightness and high heating efficiency - Difficult to operate
Other ) . . . . ) ) [81, 139]
pyrolysis - Thorough pyrolysis reaction - High equipment operating and maintenance

High organic conversion

costs
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the water from the oil by vacuum distillation of the rotating evapo-
rator after extraction because some hydrocarbons, especially volatile
fractions, will be lost during the drying process [74, 75].

3.4.2. Grind and mix

The dried oily sludge is usually grinded before pyrolysis for better
heat transfer [31, 56, 72]. Tripath et al. [76] found that sample
with oversized particle size could reduce the heat transfer efficiency
from the surface to the core, resulting in incomplete pyrolysis
of the sample and a poor pyrolysis performance. In many reports,
oily sludge has undergone grinding before pyrolysis, and the size
of particles is generally below 2-5 mm [72, 77, 78].

Biomass and catalyst are the common materials to mix with
oily sludge to improve the effect. For biomass, it needs to be crushed
and then mixed with oily sludge after drying [79]. For catalysts,
some researchers activated or modified the additives in advance
to improve the pyrolysis effect. In order to make the additives distrib-
ute more evenly in oily sludge, researchers often dissolve the addi-
tives with water first, and then mix them with oily sludge [80].

3.5. Pyrolysis Technology of Oily Sludge

In view of the good effect of pyrolysis technology, it has been
greatly developed in recent years. Although the pyrolysis technology
of oily sludge shows excellent performance, effectively reducing
the volume of oily sludge and controlling toxic and harmful gases,
the technology still needs to be further improved. There are many
disadvantages, such as low recovery efficiency, high treatment cost
and low quality of pyrolysis products. Research on co-pyrolysis
of biomass and the addition of catalyst are particularly prominent
in recent years. After years of exploration and development, there
have been many researchers studying the pyrolysis of oily sludge.
In this paper, various pyrolysis methods in recent years has been
summarized and briefly evaluated.

3.5.1. Pyrolysis of oily sludge

With the help of new heating technology and analysis means, the
pyrolysis effect of oily sludge is continuously improved. The re-
action process and mechanism are gradually clear. It is the key
point to find the most suitable pyrolysis conditions for the most
effective treatment. In the pyrolysis process, the main pyrolysis
parameters include temperature, heating rate, treatment capacity
carrier, gas flux and feed rate. Although researchers have studied
over several decades on oily sludge, the pyrolysis performance

Table 3. Selection of Pyrolysis Temperature

is still unstable.

Temperature is one of the most important operating parameters
in the complex pyrolysis process, which has great influence on
the pyrolysis products, especially the yield and quality [81]. In
the primary stage of temperature rise, olefin, alkanes, long-chain
fatty acids and esters, aliphatic nitrile and amide will volatilize
in gaseous form. As the temperature increases, aliphatic and ther-
mally unstable organic oxygen tend to be cracked into gaseous
products. Organic nitrogen gradually forms aromatic species, espe-
cially the positive heterocyclic type. Numerous results indicated
that with the increase of temperature, the solid residue decreased
and the gas phase composition increased. In order to get more
oil products rather than gas products in some processes, it is neces-
sary to control the temperature within the proper temperature range.
High temperature can accelerate the reaction rate and the decom-
position of organic matter, but more small molecules tends to be
produced. For different pyrolysis materials, the choice of pyrolysis
temperature is different. Table 3 lists some choices of for different
materials. In the processing of different raw materials, the optimum
temperature is often slightly different. Finding the optimal temper-
ature can not only reduce energy consumption, but also achieve
optimal utilization of product.

For biomass, conversion temperature is generally lower than
500°C. As the temperature increases, the yield of syngas gradually
increases. For sewage sludge, the pyrolysis temperature is generally
below 600°C, and that of oily sludge is similar to sewage sludge,
which distributes between 500°C and 700°C. In some reports, with
the addition of catalysts or biomass as co-heating materials, the
proper pyrolysis temperature decreased. It can be roughly de-
termined that the proper pyrolysis temperature of oily sludge is
in the range of 400-700°C. Due to the difference of components
in oily sludge, the pyrolysis temperature of oily sludge still needs
to be determined again before experiments.

With the increase of pyrolysis temperature, the content of small
hydrocarbons in gas phase and the yield of pyrolysis oil increases
gradually. In pyrolysis reaction, ring structure of benzene homo-
logues is difficult to break the, but some straight chain is not the
same, such as C-C and C-H of aliphatic compounds, which is
easy to break at high temperature [82]. In particular, the presence
of hydroxyl, methyl, methylene and other groups in long-chain
hydrocarbon substances will also break with the increase of temper-
ature, promoting the generation and release of syngas.

Heating rate also has a great influence on the pyrolysis

Processing Target Pyrolysis Temperature Main Product Ref.
Olive mill solid waste 350°C and 450°C biochar [140]
Sewage Sludge 450°C sludge-char [141]
Palm Oil Sludge 550°C sludge-char and bio-oil [142]
Paper Mill Sludge > 1000 K/s, 500°C bio-oil and biochar products [143]
Oily Sludge and Rice Husk 600°C oil product and syngas [29]
Sewage Sludge and Lignocellulosic 300°C bio-oil [144]
Sewage Sludge 500°C to 800°C bio-oil [145]
Oily Sludge 500°C saturates-enriched light oil [13]
Japanese Larch 450°C bio-oil [146]



Environmental Engineering Research 26(1) 190460

performance. With the development of heating technology, heating
rate has been improved. New heating methods have been introduced
into pyrolysis of oily sludge technology, accompanied by the im-
provement of pyrolysis effect. Kan et al. [83] indicated that when
the heating rate increasing from 10°C/min to 100°C/min in the
pyrolysis process, the mass loss gradually shifts to the high temper-
ature segment, especially in the main reaction segment of the py-
rolysis process. The slow pyrolysis mainly produces solid and gas
products. In contrast, in the fast pyrolysis process, the yield of
pyrolysis oil can reach the maximum, which can be up to nearly
90% under ideal conditions [82, 84].

As carrier gas, nitrogen and argon are widely used. Inert gas
is important but does not participate in the reaction. The types
of protective gases do not have much effect on the pyrolysis process,
but the flux determines the residence time of products, especially
gaseous products, indirectly affecting the pyrolysis process. In the
study of Lin et al., the reaction time was determined by the flux
of nitrogen flow [21]. Lilly Shen et al. pointed out that nitrogen
flow speed should be at least 5 times faster than the vulcanization
speed [85]. In many studies, nitrogen flux is generally distributed
between 50-200 mL/min in related reports [80, 86-89]. It is worth
mentioning that the protective gas is required to enter the reactor
before pyrolysis to ensure that air is not mixed in pyrolysis
atmosphere.

After years of research, pyrolysis technology of oily sludge has
become more and more mature. It is necessary to deepen the under-
standing of the reaction mechanism and process, which is the
way to control the reaction process and improve pyrolysis effect
[90, 91]. In the future research work, the study of research on
kinetics of oily sludge pyrolysis will still be a focus. On this basis,
the pyrolysis of oily sludge with catalysts and the co-pyrolysis
of oily sludge with biomass could be analyzed, too. Moreover,
the scale of production can be enlarged on the basis.

3.5.2. Co-pyrolysis technology

Biomass is ideal raw materials as alternative of fossil fuel for the
wide range of sources and high production. Some researchers have
found that the addition of biomass materials has a positive effect
on the pyrolysis of oily sludge. However, bio-oil is still unable
to meet the need for production or to be directly applied to the
devices currently in use. For bio-oil produced from biomass alone,
the ratio of H/C is too low and the ratio of O/C is too high [92].
High acidity, low calorific value, high oxygen content (which can
be up to 35-60%) and high viscosity are ubiquitous characteristics
of bio-oil [93-96]. Many researchers mixed biomass with oily sludge
to improve the ratio of H/C as pyrolysis raw materials because
the ratio of H/C of oily sludge is usually high. These shortcomings
have been improved by co-pyrolysis of oily sludge and biomass.
The morphology and structure of char will change, as the content
of light hydrocarbon in syngas increases. Lin et al. [29] mixed
oily sludge with rice husk for pyrolysis to investigate the interaction
between biomass and oily sludge. The experiment results showed
that the quality of the pyrolysis oil has been improved. The content
of heavy sextant and oxygenated compounds reduced while the
content of saturated hydrocarbon, chain hydrocarbon and aromatic
hydrocarbon increased. Because of the secondary reaction, the
yields of H,, CO and short-chain hydrocarbons increased. In addition

to biomass, materials such as rubber, tire and plastics also have
potential to be used for co-thermal reaction to improve the quality
of pyrolysis products [97-100].

3.5.3. Addition of pyrolysis catalyst

With the development of research, adding catalyst to improve the
reaction efficiency has become a common method [101].
Considering environmental protection and economy, cheap and
nontoxic catalyst is the first choice. Many of them have shown
positive effects, but it is difficult to determine the optimum one.

The main purpose for adding catalyst includes the following
points:

1) Increase the yield of pyrolysis gas and pyrolysis oil, especially

the yield of light hydrocarbon.

2) Improve the quality of pyrolysis oil like reducing the dis-

tribution of S and N in the oil phase.

3) Control the formation and discharge of pollutants, especially

gas products such as ammonia and hydrogen sulfide.

These catalysts mainly include sodium-based catalysts, potas-
sium based catalysts, calcium-based catalysts, aluminum-based cat-
alysts, iron-base catalysts, etc. Table 4 lists classification and evalua-
tions of certain catalysts.

The initial purpose of adding catalyst is to improve pyrolysis
efficiency, so that higher yield of pyrolysis oil and syngas can
be got in a shorter time and at lower temperature. In order to
explore the effect of catalysts on the pyrolysis of oily sludge and
select the most suitable catalysts, Shie et al. carried out a series
of studies, which provided a pretty systematic reference for research
work. Aluminum compounds (Al, Al,Os;, and AlCl;), iron com-
pounds (Fe, Fe,0s;, FeSO,-7H,0, FeCl;, and Fe;(SO4);-nH,0) and
some other inexpensive catalysts were studied [102]. They also
studied the effect of sodium and potassium compounds, including
(1) sodium compounds (NaOH, NaCl and Na,COs), and (2) potassium
compounds (KCl, KOH and K,COs) [103]. In addition to metal
compounds as catalysts, the fly ash, sludge ash, waste zeolite and
polyvinyl alcohol (PVA) were also used as additives on improving
the pyrolysis performance of oily sludge [104]. In subsequent stud-
ies, other types of catalysts were gradually used in the pyrolysis
process, including FCC, Cu(NO;),-3H,0 [105], and they also showed
positive effect. Alkaline earth metal catalysts showed positive im-
pact on the pyrolysis reaction, which can promote the progress
of the reaction and the conversion of organic matter. The addition
of KOH can significantly improve the quality of pyrolysis oil, and
the addition of KCl and Na,CO; has the best performance in improv-
ing the yield of pyrolysis oil. The addition of aluminum-based
catalysts has a positive effect on the increase of oil yield, and
the optimal reaction temperature is reduced. As a non-toxic catalyst,
aluminum-based catalysts show good catalytic effects.

Under high temperature environments, Iron-based catalysts
show better catalytic performance than aluminum-based catalysts.
The addition of Fe has a significant effect on the improvement
of gas product yield, and the effect of Fe;(SO4)3nH,O on the con-
version efficiency of organic matter is the most obvious.
Calcium-based catalyst is also a common non-toxic cheap catalyst.
CaO has the ability to promote the decomposition of hydrocarbons
and can promote ammonia production. CaO has the ability to pro-
mote the decomposition of hydrocarbons and can promote ammonia
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Table 4. Commonly Used Types of Catalysts and Their Range of Use

Catalyst type Ref.
NaOH
NaCl
Alkali metal compound Na:CO, [75, 80, 129]
KClI
KOH
K,CO;3
Al
Aluminum and [102]
\Aluminum compound ALO;
AICI;
Fe
Fe;03
Ferro-based additives FeSO,-7H,O  [80, 102, 119, 147]
FeCl;
Fe,(SOy); -nH,O
calcium-based catalyst Ca0/Ca(OH) (33, 148]
CaCO; [149]
Nickel-based catalyst NI[,OHJZ [150]
Ni»O; [149]
TiO, [149]
MgCl,-6H,0 [147]
CoCl,-6H,0
NiCl,-6H,0
Ash [80, 90, 151-153]

production. CaCO; can be used as a substitute for CaO in high
temperature environment. In syngas, the content of CO, and CO
increased and the content of H, decreased after adding CaCOs;.
Ash is readily available and inexpensive. It is a good idea to use
ash as a catalyst. In the past experiments, the addition of ash
showed a good catalytic ability for the improvement of oil yield.
With the quantity rising, the yield of syngas reduces. The addition
of metal-based catalysts often has a certain positive impact on
the pyrolysis process, but the process and mechanism are still
unclear.

Suitable catalysts can greatly improve the pyrolysis effect and
the quality of products. It is still the goal of future work to explore
the specific mechanism of catalysts in sludge pyrolysis.

4. Pyrolysis Products and Derivatives

The pyrolysis products mainly present in three states, liquid oil,
syngas and char. Oil and syngas are mostly used as fuel, but char
could be recycled in many ways. The application of char needs
further investigation because of the presence of harmful substances
such as heavy metals. In this paper, the application of pyrolysis
products has been evaluated and summarized.

4.1. Yield Distribution of Pyrolysis Products

Oil, gas, and char are the products of pyrolysis of oily sludge.
During the pyrolysis process, controlling the yield and quality

of products is an important goal. Among the three pyrolysis products,
there is still much organic matter in char, yield of char will be
higher than ash content. Considering the large amount of inorganic
matter in oily sludge, the yield of char is generally high. During
the pyrolysis process, most of the organics will be released as
gaseous products. Oil, as a fuel with high calorific value and easy
storage, is the most desired product to be recycled. Without catalysts
and additives, only a small amount of oil will be obtained at high
temperatures, generally less than 10% [106-108].

The product yield is affected by many factors, such as pyrolysis
temperature, heating rate and other operating parameters, the char-
acteristics of oily sludge and the presence of catalysts or co-heating
materials all have an impact on the product distribution [55]. The
properties of oily sludge have the greatest influence on the yield
of each product, especially the oil content. Higher oil yields can
be obtained under low temperature pyrolysis conditions, and high
temperatures can help the decomposition of organic matter in oily
sludge. The yield of pyrolysis gas will increase, and some oils
will also decompose. Changing trends in productivity is a difficult
task. In order to determine the optimal pyrolysis conditions, a
large amount of basic work still needs to be invested. On the other
hand, the pyrolysis product is not pure, and the change of the
yield will be accompanied by the change of product composition.
Therefore, it is not wise to pursue high yield of a specific product
alone, and the composition needs to be closely monitored.

4.2. Analysis on the Application of Char

Many factors need to be considered in the application of char.
At present, the application of char mainly includes the following
ways:

1) Fuel. For char with high calorific value, it could be used
as an alternative energy to alleviate the crisis caused by the
shortage of fossil fuel.

2) Soil amendment. When the leaching rate of heavy metals
is lower than the relevant standard and the calorific value
of char is relatively low, the char could be used as soil
amendment.

3) Building material. It is also an important way to solidify
char as a building material.

4) Carbon materials. For char with high carbon content and
abundant pore structure, it can be used as raw material for
high value-added products such as electrode materials.

According to the characteristics of char, there are many ways

to use it. Calorific value is an important index for the recovery
and utilization of char [109]. When the calorific value of pyrolysis
char reaches a certain level, it can be used as fuels like coal. In
some studies, the calorific value of pyrolysis char is quite high,
even higher than some traditional fuels. As reference, heating values
of some conventional and unconventional solid, liquid and gaseous
fuels are listed in Table 5 [110]. Some char has quite high calorific
value compared to coal sold on the market. For example, in the
study of Qin et al. [20], the maximum calorific value of char can
reach 50.61 MJ-kg’, exceeding many traditional fuels. However,
not all char has high calorific value [34].

Usually, oily sludge has high carbon content, which provides

the possibility of preparing carbon materials with oily sludge as
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Table 5. Heating Values of Some Conventional and Unconventional
Solid, Liquid and Gaseous Fuels

Fuels Heating value

Coal 14,600-26,700 kJ-kg™'
Plastics, wood, paper, rags, garbage 17,600-20,000 kJ-kg*
Wood 16,000-20,000 kJ-kg™
Dry sewage sludge 12,000-20,000 kJ-kg™*
Wet sewage sludge 1,000-3,000 kJ-kg™*

Gas-oil 45,500 kJ-kg™
Black liquor 12,500-15,500 kJ-kg™*
Natural gas 38,000 kJ-kg!

19,000-22,000 kJ-kg™
10,800 kJ-kg™
4,400-5,300 kJ-kg™*

Char-oven gas
Synthetic coal gas
Blast-furnace gas

raw material. For example, char can be made into activated carbon
through further processing, which can be used in water treatment.
For char with low metal leaching rate, it could be used as soil
amendment [111].

At the same time, the formation of char is indispensable in
the pyrolysis process of oily sludge. Therefore, how to process
the char generated in the pyrolysis process into high value-added
products is another goal of studies. After many attempts, it has
been found that the production of activated carbon from char has
a very good prospect. The quality of activated carbon processed
from oily sludge is mainly reflected in the strength of adsorption
capacity. Some reports showed the excellent properties of activated
carbon, which lays a foundation for future development and study.

In the report of Zhou et al. [112], the adsorption capacity of
activated carbon was tested. It was found that pyrolysis temperature
not only had an effect on the yield of activated carbon, but also
had an effect on the adsorption capacity of activated carbon [113].
Results showed that the activated carbon had mesoporous character-
istics, the average aperture was 6.32 nm, the aperture was 0.5098
cm®g ! and the specific surface area was 631.8 m*g . The activated
carbon also showed an excellent adsorption performance in the
adsorption test. Meng et al. [114] used oily sludge as raw material
to prepare nitrogen-doped porous carbon. After testing and ver-
ification, the nitrogen-doped porous carbon possessed favorable
features for excellent CO, adsorbent. Li et al. also used oily sludge
as raw material to prepare porous carbon for super capacitors,
and good results were obtained [115].

4.3. Liquid Oil and Syngas

Liquid oil and syngas are the main components of the pyrolysis
products of oily sludge just like char. Recovery of liquid oil and
syngas from oily sludge has raised much concern.

For the syngas, it is ideal if H, and CO account for larger
proportion. By comparing the pyrolysis effect of different oily sludge,
it is found that the gas products have a great correlation with
the nature of oily sludge and pyrolysis conditions. For example,
in the presence of O, the yield of H, and CO in pyrolysis products
will both decrease. The higher heating rate is also detrimental
to the production of hydrogen [116]. Pyrolysis temperature has
the greatest impact on the yield of oil and syngas. In the range
of 350-530°C, the main gas products include methane, ethane, ethyl-

ene, propane and propylene. It is worth mentioning that the yield
of light hydrocarbon increases with the increase of temperature,
while the aromatic compounds decrease [74]. When the pyrolysis
temperature raised from 400°C to 500°C, the gas yield did not
change significantly. As the pyrolysis temperature further in-
creased, the gas yield increased sharply, reaching the maximum
at 600°C. The gases produced during pyrolysis mainly consist of
H,, CO, CO,, CH, and some short-chain hydrocarbons. For liquid
oil, the main components include alkanes, olefin, aromatic hydro-
carbons, heavy oxygen hydrocarbons and substituted aromatic hy-
drocarbons [117, 118].

In the process of pyrolysis, harmful gases such as H,S, HCN
and SO, will be discharged together with light hydrocarbon sub-
stances and eventually exist in liquid oil and syngas. It is necessary
to meet certain industry standards for applying the pyrolysis prod-
ucts of oily sludge to commerce. It is worth noting that the nitrogen
and sulfur compounds are particularly harmful to machinery. Even
in the subsequent treatment process, sulfur and nitrogen compounds
would be discharged into the atmosphere and cause air pollution
if they could not be properly treated. Experiments showed that
the control of operating conditions and the addition of catalyst
could play a very good role in reducing the generation and discharge
of these pollution substances [119].

4.3. Prospect of Future Research Work

Feasibility of pyrolysis of oily sludge has been confirmed in a
large number of studies, and the advantages of this technology
are obvious. Nevertheless, the drawbacks of pyrolysis of oily sludge
also exist. Therefore, in the future work, there is still much work
to do to solve the existing problems.

As is known, economic efficiency is always one of the decisive
factors. At present, the high cost of treatment technology is one
of the main factors hindering the development and promotion of
this technology. How to reduce operating costs while increase rev-
enue is an important object for future work.

It is necessary to reduce the treatment cost and increase the
value of the products. On one hand, the most suitable operating
conditions should be determined to reduce unnecessary energy
waste, at the same time, the yield of expected products could be
promoted. On the other hand, through precise control of operating
conditions, the quality of specific products can be increased to
improve economic benefits. A large number of reports showed
that the pyrolysis technology of oily sludge required precision
equipment.

Environmental monitoring will be more stringent in the future,
and the treatment of oily sludge will be more refined. Monitoring
of heavy metals, nitrogen or sulfides compound distributed in prod-
ucts and PAHs in oily sludge will remain the focus of future work.
Only a detailed understanding of the formation and migration of
harmful substances can minimize their formation and emission.

The application of char will be a hot topic because char has
a wide range of applications including agriculture, construction,
decoration, and so on. However, due to the complex composition
of oily sludge, which may also contain some harmful substances,
many tests are needed before using the char.

Oily sludge is a huge burden for the development of petrochemical
industry. At the same time, oily sludge is a misplaced resource,
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which can be reasonably recycled and a large amount of energy
can be recovered. Treatment of oily sludge will still be an important
task in the future. Moreover, vigorously developing the pyrolysis
technology of oily sludge has a considerable reference value and
guiding role for the treatment of hazardous solid waste.

5. Conclusions

Pyrolysis has been widely used to treat oily sludge and reduce
the influence of toxic and harmful substances to environment.
In this paper, the source and characteristics of oily sludge have
been summarized and evaluated.

Oily sludge comes from a wide range of sources, including landing
sludge, tank bottom sludge, refining sludge and pond sediment,
accounting for the largest proportion. However, the properties of
these kinds of sludge vary greatly, leading to difficulties in treatment
and recovery. How to control the migration and transformation
of various harmful substances in oily sludge is also one of the
key factors to be considered, especially heavy metals, sulfur com-
pounds, nitrogen compounds, PAHs and PHCs. Among them, heavy
metals are the most harmful. Common metals include Cr, Pb, V,
Zn, Hg, etc. Heavy metals are difficult to degrade naturally, which
will cause long-term effects on the environment. Comprehensive
consideration, the pyrolysis technology has obvious advantages
in the treatment of oily sludge. After pyrolysis, most of the metals
will remain in the char. For syngas, a small amount of metals
will be discharged in the form of gas, and a large number of N
and S compounds will transform into atmosphere with foul odor.
PAHs and PHCs could be recycled effectively.

In order to improve the pyrolysis effect and enhance the heat
transfer efficiency, the new pyrolysis system has been applied.
Adding biomass and catalysts has become two major directions
of choice. A large number of results showed that adding biomass
could improve the yield and quality of light components, while
adding catalyst could shorten the reaction time, reduce the reaction
temperature or control the generation and emission of hazardous
substances, which plays a positive role in improving the reaction
effect.

The pyrolysis technology of oily sludge is relatively mature after
long-term development, which provides a guarantee for the
large-scale promotion of this technology in the future.
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