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A wide range of studies has been carried out to describe the equilibrium data of
adsorption for the surface adsorption process. However, no extensive
investigation has been carried out to evaluate the oil sludge based activated
carbon surface adsorption. Therefore, the possibility of carbon active production
using different oil sludges and consequently the adsorption mechanism of these
kind of adsorbents is still unknown. In this study, a novel low-cost approach was
introduced to synthesize the activated carbon using oil sludge applying a two-step
process including carbonization and chemical activation. In this way, four different
types of oil sludges were characterized and then applied to synthesize different
carbon actives and their performance were investigated as an adsorbent. The
results showed that all synthesized activated carbons, with about 6% ash and pH =
7 and the specific surface area of 110 m2/gr, have the ability to treatment of oily
wastewater; which can be referred to the high carbon content (>80%). The iodine
number and the efficiency of prepared activated carbon were obtained as
406.8 mg/g and 94%, respectively. The adsorption process was also studied at
different process conditions such as temperature (308–338 K), pH value (3–9) and
adsorbent amount (50–200mg/L) to find the optimum condition for wastewater
treatment. The results show that the pH value has an optimum in the adsorption
rate (the maximum adsorption was measured at pH = 5) and the adsorption
capacity can be reduced by increasing the temperature or decreasing the
adsorbent amount. Moreover, three different adsorption isotherm models were
applied, i.e., Langmuir, Temkin, and Freundlich isotherms; which the Langmuir
equation was more suitable than others investigated isotherm models with R2

≈ 0.999.
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1 Introduction

Oil removal methods in wastewater treatment are the most
important processes in many industries; because the oil
contaminated wastewater brings a high organic load to the
downstream process units. Oily wastewaters are produced in
industries such as oil, petrochemical and food industries. These
kinds of wastewaters are mainly in the form of oil/water emulsions.
Oil separation requires an understanding of the physical and
chemical properties of oil/water emulsions. In order to choose
the appropriate separation process, several properties that play a
key role in the stability of oil/water emulsions should be measured
(Birkland et al., 2003; Cetin, 2020).

Considering the position of the oil industry in the world and its
functional diversity, the management of industrial waste, including
oily effluents (Saba, 2001), is one of the problems caused by the
incompatibility of consumables with the environment (Hamta and
Dehghani, 2017; Yadav et al., 2020).

In oil industries, wastewater is produced in different units; which
makes the wastewater treatment process difficult (El-Gendy and
Nassar, 2021). The separation of petroleum compounds is one of the
most difficult types of wastewater treatment which its entry into the
environment has serious negative effects on the health of human
beings (Aron et al., 2021; Zhao et al., 2021). The petroleum
substances and their derivatives are stable and hard to degrade in
natural conditions and as a result cause sensitivity and other
irreparable problems (Hamta et al., 2017). Therefore, removing
these compounds from wastewater is one of the most research
priorities (Eryılmaz and Genc, 2021).

On the other hand, due to the increasing in energy consumption,
the use of fossil resources has increased subsequently, followed by
the release of oil pollution in the environment (Munoz-Cupa et al.,
2021). With the growth of offshore oil industries and the need to
transport oil by sea, oil spill and the release of liquid petroleum
hydrocarbon into the environment became a serious threat to
marine ecosystems (Hamta et al., 2018; Zhao et al., 2021).

Another problem in the oil refinery industries is the production
of high-viscosity wastes named oil sludge (Nie et al., 2020).
Generally, oil sludge contains various amounts of solids, water,
petroleum hydrocarbon and heavy compounds. According to
research conducted by the US Environmental Protection Agency,
each refinery in the United States produces an average of 30,000 tons
of oil sludge per year. It should be noted that the improper burial or
insufficient treatment of the oil sludge can be a serious threat to the
environment and human health (Liu et al., 2018).

There are different ways to reduce the amount of oil sludge
(Atallah et al., 2019; Solé-Bundó et al., 2020). One of these methods
is the incineration process, which is used for energy recovery, but is
becoming obsolete due to the low thermal energy, and the emission
of polluting gases (Hamta et al., 2020). The landfill is another way
which is not cost-effective due to the high level of consumed land
(Awa and Hadibarata, 2020; Urionabarrenetxea et al., 2021).
Another option to reduce the oil sludge pollution is thermal
treatment or pyrolysis. The pyrolysis is a type of thermal
treatment in which materials are carbonized in the atmosphere
without the presence of oxygen (Gao et al., 2020; Hamta et al., 2022).
In this method, in addition to reducing the volume of oil sludge, the
leaching of metals is also reduced (Leng et al., 2018).

In the recent years, porous materials have attracted a lot of
attention due to their potential application in various fields, from
chemistry to biotechnology (Gong et al., 2020; Zhang et al., 2022). In
this regard, nano-sized porous materials, due to their high surface
area and large length-to-diameter ratio, have been specifically used
as an adsorbent (Xue et al., 2019; Liu et al., 2020).

Activated carbon is a solid neutral adsorbent material that is
generally can be used to separate various pollutants from water and
gases (Shukla, 2021). Activated carbon is one of the most applicable
porous materials, which has received much attention in the
adsorption and wastewater purification processes (Hamta et al.,
2021; Zhang et al., 2021). The advantages of the activated carbon,
including high flexibility, and high adsorption and desorption rate,
have caused a lot of research in the field of process optimization and
industrialization (Mariana et al., 2021).

For the production of activated carbon, different methods such
as electric arc discharge and laser ablation have been already applied,
which are complex and expensive processes with low-efficiency.
Usually, the electrospinning activated carbon production is
preferred due to its simplicity and low cost. In the
electrospinning procedure, a power source with high voltage is
applied to produce the charge of electric in the polymer solution
(Kurtan, 2021).

In order to produce activated carbon, a power source with high
voltage is applied to the obtained solution of the polymer. As the
solution passes through the capillary tube, due to the generated
electric field between the collector and the capillary tube, the
solution is charged and drawn from the capillary tube to the
collector (Yang et al., 2022). Because of the movement of the
fluid, the solvent is evaporated and consequently the filaments
are generated on the collector with the sub-micron diameter.
Therefore, the spiral motion is induced into the charged system,
because of the electric force interaction, viscoelastic force, the flow
surface charge, and surface tension and subsequently, the activated
carbon materials are produced in the form of interconnected layers
(Li et al., 2023).

Recently, lots of researchers all around the world have
conducted numerous researches to convert various types of oil
sludge into activated carbon (Li et al., 2019; Mojoudi et al.,
2019). However, no comprehensive study has been conducted in
the field of comparing the types of obtained activated carbon with
different sources of oil sludge. Also, the effect of different parameters
on the adsorption of the activated carbon has not been fully
investigated, and the adsorption mechanism in this type of
adsorbent is still unknown (Xu et al., 2022).

As mentioned, the existence of the oil sludge is one of the biggest
environmental problems worldwide, and on the other hand, the
production of high-performance adsorbents is mandatory to
wastewater management and removing the oil pollutants from
the environment. Considering the high cost of commercial
activated carbon and the limitation of primary resources for their
production, the use of wastes such as sludge from oil industries as
raw material for the production of activated carbon is important
from several aspects, including the fact that its production is reliable
economically and technically; which can solve the environmental
concerns such as the accumulation of oil sludge, reduce soil and
water pollution (Padaki et al., 2015; Zhao et al., 2021). Therefore, in
this study, oil sludge has been applied as a carbon source in the
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production of high-performance adsorbents, and its performance in
removing the petroleum substances (diesel and motor oil) has been
investigated.

In this work, several activated carbons were synthesized using
four different types of oil sludges and their properties were
characterized as a novel approach to convert the hazardous
pollutant to a high-performance adsorbent. After that, the
equilibrium adsorption of oily wastewater was studied on each of
the synthesized activated carbons. Furthermore, different
adsorption isotherms were applied to correlate the process of
surface adsorption of different synthesized carbon actives.

2 Materials and methods

2.1 Characterization

One of the most important characteristics of activated carbon is
its specific surface, which was determined by the BET method
(Huang, 1978). This method is based on the physical adsorption
of nitrogen gas at a temperature of 350°C. In this method, the
samples were first heated to 200°C for degassing. Then, at a constant
temperature, the amount of nitrogen adsorbed at different pressures
was checked using the nitrogen adsorption and removal system.

These isotherms are used to determine the specific surface area, the
volume of micropores, mesopores, the total volume of pores, and the
distribution of particle size.

In order to measure the amount of moisture, ash and pH of
the oil sludge samples, ASTM D2216-80, ASTM D482-87 and
ASTM D4980-89 standards were applied, respectively
(Mahzoonieh et al., 2017). Moreover, the elemental analysis
was performed in order to determine the chemical
composition of the oil sludge samples. In this way, a small
amount of carbon, hydrogen, nitrogen and sulfur elements of
the raw material were determined using the Vario EL III CHNS
equipment. To determine the weight loss of the oil sludge
samples, 80 mg of each sample was placed in the furnace (the
model Rheometric Scientific), in the presence of nitrogen gas and
its temperature was increased from 25 to 1200°C with a heating
rate of 10°C/min (Zhou et al., 2023).

To determine the iodine number of the prepared activated
carbon, according to the ASTM D4607-94 standard, after
preparing 0.1 normal solutions of sodium thiosulfate, iodine
and potassium iodate were standardized and the amount of
iodine adsorbed by the sodium thiosulfate solution was
determined (Patnukao and Pavasant, 2008). The iodine
milligrams that can be adsorbed using 1 g of adsorbent is
defined as iodine number. In such a way that a certain
amount of the adsorbent, whose moisture has already been
removed, was gradually mixed with 10 mL of 5% hydrochloric
acid solution in a 250 mL Erlenmeyer flask. Then the mixture was
placed on the hotplate and boiled for 30 s. After the Erlenmeyer
flask was cooled, 100 mL of standard iodine solution was
immediately added to the solution and was shaken vigorously
for 30 s. After this period of time, the solution was filtered quickly
and 50 mL of the solution was separated for titration with
0.1 normal sodium thiosulfate. Finally, the amount of
adsorbed iodine can be determined by measuring the amount
of consumed thiosulfate (Bai et al., 2023).

TABLE 1 The elemental characteristics and properties of the different types of investigated industrial oil sludges.

Carbon (C) Hydrogene (H) Nitrogen (N) Sulfur (S) Oxygene (O) Moisture (%) Ash (%) pH

Oil sludge 1 83.5 11.6 0.3 1.3 3.3 5.26 5.71 6.9

Oil sludge 2 81.3 13.7 0.5 1.5 3 4.97 6.22 7.0

Oil sludge 3 82.8 12.3 0.5 1.3 3.1 6.33 5.89 6.9

Oil sludge 4 82.4 12.5 0.4 1.4 3.3 5.26 5.61 7.1

TABLE 2 The surface characteristics and the pore structure of the prepared activated carbon using different types of oil sludge.

Surface (m2/g) Volume (cm3/g) Average diameter (nm)

Specific Micro Pore Meso Pore External Total MicroPore Meso Pore Average MicroPore Meso Pore

Oil sludge 1 109.23 119.36 20.7 22.84 0.10 0.03 0.05 1.58 0.72 1.33

Oil sludge 2 111.36 119.83 22.3 23.75 0.11 0.03 0.07 1.21 0.79 1.03

Oil sludge 3 110.55 121.64 23.2 24.21 0.11 0.04 0.09 1.39 0.75 1.26

Oil sludge 4 110.95 120.31 22.9 23.92 0.10 0.04 0.08 1.31 0.74 1.21

TABLE 3 The iodine number and efficiency of prepared activated carbon.

Iodine adsorption number (mg/g) Efficiency (%)

Oil sludge 1 391.6 mg/g 93.3%

Oil sludge 2 385.2 mg/g 93.6%

Oil sludge 3 406.8 mg/g 94.0%

Oil sludge 4 401.3 mg/g 94.4 $
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2.2 Activated carbon production

To produce an adsorbent from oil sludge, the oil sludge must
first be produced in the form of powder and then the activation
process should be applied. These two processes, which are called
carbonization and activation are explained in detail, respectively.

2.2.1 Carbonization
To carry out the carbonization process and produce oil sludge

in the form of solid powder, first, a special SS-316 container
containing a certain amount of oil sludge was placed inside the
electric vertical furnace tank. Then, for 20 min, nitrogen gas with

a flow rate of 200 mL/min was passed in the inner space of the
furnace, which was established in order to neutralize the
environment (Hu et al., 2022).

After creating an oxygen-free environment, the temperature
was increased from ambient temperature to 700°C at a rate of
10°C/min, and the sample was placed at 700°C for 1 h. Then the
furnace temperature was cooled down to the ambient
temperature at a rate of 10°C/min. Finally, the sample was
removed from the furnace and crushed using a porcelain
mortar. The carbonization stage causes fundamental changes
in the physical properties, structure and chemical composition
of the activated carbon (Bai et al., 2019).

FIGURE 1
The effects of temperature on the wastewater treatment by applying oil adsorption on the obtained carbon actives from (A) Oil sludge 1; (B) Oil
sludge 2; (C) Oil sludge 3; (D) Oil sludge 4 at pH = 5 and adsorbent concentration of 100 mg/L.

FIGURE 2
The effects of temperature on the wastewater treatment by using oil adsorption applying linearized Langmuir isotherm on the obtained carbon
actives from (A) Oil sludge 1; (B) Oil sludge 4 at pH = 5 and adsorbent concentration of 100 mg/L.
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2.2.2 Chemical activation
Activation is a process that should be applied to improve the

surface porosity of the obtained carbon powder. Activated carbon,
which have a porous surface, can be used in various fields such as the
production of electrode materials, nanofiltration, and adsorbents to
remove toxic pollutants. During the activation process, the surface
structure of carbon powder is modified, which leads to the creation
of new micropores and a large specific surface area (Hu et al., 2022).

In this manner, according to the saturation ratio, 40 g of zinc
chloride powder (ZnCl2) was dissolved in 200 mL of distilled water
and 20 g of carbonized materials were added to it. The obtained
mixture was placed on amagnetic stirrer at a temperature of 70°C for
7 h. Next, the saturated system was placed in an oven with a
temperature of 110°C for 24 h to completely remove the
moisture. Then, the dried saturated material was placed in a
vertical furnace with a temperature of 800°C for 1 h. The
prepared adsorbent was washed 4 times with distilled water until
its pH reached about 6.5. Finally, the obtained neutral adsorbent was

again placed in an oven with a temperature of 110°C for 24 h and the
dried sample was kept in a closed container for adsorption tests
(Boustila et al., 2022).

2.3 Adsorption test

Due to the exothermic nature of the adsorption processes, the
high pressure and low temperature are thermodynamically
favorable. It should be noted that there is no chemical reaction
in the adsorption test between species and there are just van der
Waals forces between the adsorbent and adsorbing molecules
without any electron transfer (Lin et al., 2021).

As the activation energy of the adsorption process is close to zero
and the heat of reaction is low, the adsorption is a fast process. In
order to perform the adsorption test, a certain amount of adsorbent
material was placed in a solution with a certain pollution using an
adsorption reactor. The amount of adsorption was measured under

TABLE 4 Parameters of a) Langmuir, b) Temkin, and c) Freundlich isotherm
models at different temperatures using Oil sludge 1 as carbon active at pH =
5 and adsorbent concentration of 100 mg/L.

Model Parameters 308 K 318 K 328 K 338 K

a) Langmuir Kl×10
–4 6.458 5.485 3.450 2.364

qm×10
4 5.663 3.852 1.450 9.694

R2 0.999 0.999 0.996 0.999

b) Temkin KT×10
–8 2.452 3.029 5.455 9.542

b × 10–7 6.492 3.255 5.322 7.236

R2 0.765 0.792 0.819 0.892

c) Freundlich KF×10
–2 2.412 5.632 5.559 2.326

N 9.2 3.5 2.4 6.6

R2 0.802 0.826 0.895 0.842

The italic values are parameters of the models.

TABLE 5 Parameters of a) Langmuir, b) Temkin, and c) Freundlich isotherm
models at different temperatures using Oil sludge 2 as caron active at pH =
5 and adsorbent concentration of 100 mg/L.

Model Parameters 308 K 318 K 328 K 338 K

a) Langmuir Kl×10
–4 4.563 8.963 9.452 11.678

qm×10
4 11.256 9.841 11.223 8.942

R2 0.999 0.999 0.999 0.999

b) Temkin KT×10
–8 6.752 4.913 3.736 10.179

b × 10–7 3.318 6.862 9.493 8.137

R2 0.862 0.893 0.883 0.916

c) Freundlich KF×10
–2 5.123 7.541 11.678 12.689

N 2.4 1.2 5.9 3.8

R2 0.922 0.962 0.829 0.911

The italic values are parameters of the models.

TABLE 6 Parameters of a) Langmuir, b) Temkin, and c) Freundlich isotherm
models at different temperatures using Oil sludge 3 as carbon active at pH =
5 and adsorbent concentration of 100 mg/L.

Model Parameters 308 K 318 K 328 K 338 K

a) Langmuir Kl×10
–4 11.2479 7.167 9.491 7.169

qm×10
4 2.349 8.861 7.493 8.649

R2 0.997 0.999 0.998 0.994

b) Temkin KT×10
–8 3.462 6.197 9.479 10.432

b × 10–7 5.132 5.785 6.983 2.163

R2 0.806 0.832 0.901 0.952

c) Freundlich KF×10
–2 3.472 6.169 8.498 5.128

n 6.3 4.4 5.1 3.7

R2 0.892 0.903 0.943 0.706

The italic values are parameters of the models.

TABLE 7 Parameters of a) Langmuir, b) Temkin, and c) Freundlich isotherm
models at different temperatures using Oil sludge 4 as carbon active at pH =
5 and adsorbent concentration of 100 mg/L.

Model Parameters 308 K 318 K 328 K 338 K

a) Langmuir Kl×10
–4 11.421 9.638 12.452 10.953

qm×10
4 4.422 9.229 12.782 14.129

R2 0.999 0.999 0.999 0.999

b) Temkin KT×10
–8 5.429 9.843 11.653 15.633

b × 10–7 4.966 9.233 11.532 9.119

R2 0.813 0.836 0.844 0.888

c) Freundlich KF×10
–2 1.132 4.419 9.538 10.519

N 6.8 2.7 6.1 5.1

R2 0.982 0.902 0.806 0.849

The italic values are parameters of the models.
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different operating conditions using a scale with an accuracy
of ±0.0001 g.

The adsorption study of the oily wastewater by the synthesized
activated carbon was carried out in batchmode. In order to carry out the
adsorption test, the oily wastewater consist of a stable emulsion of oil in

water, spiked at four different concentrations from 50 to 200 mg/L using
an amber glass bottle to mix 1,000 mL water with 15mL tween80 as
surfactant and different concentrations of gasoil at ambient temperature
and 10,000 rpm for 30 min. As the Higher oil concentrations are not
applicable the maximum concentration of 200 mg/L was applied.

FIGURE 3
The effects of pH value on the oil adsorption of the wastewater on the different synthesized carbon actives obtained from (A) Oil sludge 1; (B) Oil
sludge 2; (C) Oil sludge 3; (D) Oil sludge 4 at T = 318 K and adsorbent concentration of 100 mg/L.

FIGURE 4
The effects of pH value on the oil adsorption of the wastewater applying linearized Langmuir isotherm on the different synthesized carbon actives
obtained from (A) Oil sludge 1; (B) Oil sludge 2; (C) Oil sludge 3; (D) Oil sludge 4 at T = 318 K and adsorbent concentration of 100 mg/L.
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To measure the maximum adsorption, a plug of salinized
glass wool was inserted at the bottom of a glass column. The
synthesized oily wastewater was added to the batch and was
placed for 30 min the oil contaminated wastewater was analyzed
for remaining oil concentrations and the experiments were
repeated three times and the average data were reported. The
effect of pH was checked on adsorption test by manipulating the
pH value in the range of 3–9. In order to adjust the pH value
NaOH or HCl was added to the solution. The experiments were
carried out in a water bath to adjust the temperature in the range
of 308–338 K (Guan et al., 2021).

2.4 Adsorption isotherm models

The adsorption mechanism can be determined using isotherm
models to optimize the amount of adsorbent required in a process.
In order to investigate the relationship between the solution

concentration at equilibrium condition and the adsorbed
concentration, different isotherm models can be applied.

When an adsorbent is placed in contact with a pollutant
solution, the pollutant concentration on the adsorbent surface
increases until reaching the thermodynamic equilibrium. This
equilibrium state, known as the adsorption isotherm, is the
primary basis for the design of adsorption systems. These data
can be used to design an optimized chemical adsorption process.
In order to study the adsorbents behavior in treatment process,
the experimental data should be correlated using Langmuir,
Freundlich and Temkin isotherm adsorption models.

The Langmuir model, is a presented model for the surface
adsorption process on a flat surface. This model considers the
adsorption process as a continuous process in which the rate of
adsorption and desorption is equal. In this model, the adsorption
energy is considered as a constant value in all the free sites, and the
adsorbent surface is assumed as a homogeneous surface (Chatla
et al., 2022). This model assumes that each adsorption site can

TABLE 8 Parameters of a) Langmuir, b) Temkin, and c) Freundlich isotherm
models at different pH values using Oil sludge 1 as carbon active at T = 318 K
and adsorbent concentration of 100 mg/L.

Model Parameters pH = 3 pH = 5 pH = 7 pH = 9

a) Langmuir Kl×10
–4 9.122 11.452 10.129 9.831

qm×10
4 8.248 7.819 9.174 2.803

R2 0.997 0.998 0.999 0.997

b) Temkin KT×10
–8 1.264 5.965 7.843 2.336

b × 10–7 3.763 5.927 8.727 11.233

R2 0.862 0.802 0.846 0.877

c)
Freundlich

KF×10
–2 8.862 7.813 6.946 10.738

n 8.1 9.3 7.3 4.8

R2 0.993 0.981 0.990 0.975

The italic values are parameters of the models.

TABLE 9 Parameters of a) Langmuir, b) Temkin, and c) Freundlich isotherm
models at different pH values using Oil sludge 2 as carbon active at T = 318 K
and adsorbent concentration of 100 mg/L.

Model Parameters pH = 3 pH = 5 pH = 7 pH = 9

a) Langmuir Kl×10
–4 11.663 12.971 12.134 10.673

qm×10
4 9.423 7.882 3.642 1.429

R2 0.998 0.999 0.997 0.990

b) Temkin KT×10
–8 2.494 9.822 11.991 4.734

b × 10–7 4.164 9.649 11.715 11.084

R2 0.794 0.806 0.819 0.846

c)
Freundlich

KF×10
–2 6.446 2.628 4.881 9.439

N 6.2 9.4 11.2 10.1

R2 0.823 0.863 0.844 0.911

The italic values are parameters of the models.

TABLE 10 Parameters of a) Langmuir, b) Temkin, and c) Freundlich isotherm
models at different pH values using Oil sludge 3 as carbon active at T = 318 K
and adsorbent concentration of 100 mg/L.

Model Parameters pH = 3 pH = 5 pH = 7 pH = 9

a) Langmuir Kl×10
–4 10.941 9.463 8.441 8.663

qm×10
4 10.667 11.476 10.139 11.972

R2 0.997 0.999 0.998 0.999

b) Temkin KT×10
–8 11.167 10.942 12.462 13.228

b × 10–7 9.199 8.712 10.731 9.822

R2 0.889 0.892 0.888 0.841

c)
Freundlich

KF×10
–2 9.331 8.317 10.972 10.139

N 8.1 4.0 4.8 2.1

R2 0.971 0.964 0.955 0.903

The italic values are parameters of the models.

TABLE 11 Parameters of a) Langmuir, b) Temkin, and c) Freundlich isotherm
models at different pH values using Oil sludge 4 as carbon active at T = 318 K
and adsorbent concentration of 100 mg/L.

Model Parameters pH = 3 pH = 5 pH = 7 pH = 9

a) Langmuir Kl×10
–4 4.667 8.122 9.882 9.328

qm×10
4 2.523 8.633 8.398 10.344

R2 0.998 0.997 0.999 0.998

b) Temkin KT×10
–8 3.441 2.846 5.167 6.364

b × 10–7 2.665 2.223 5.310 6.622

R2 0.799 0.836 0.866 0.787

c)
Freundlich

KF×10
–2 3.442 5.551 4.411 5.642

n 9.5 8.2 8.6 8.3

R2 0.924 0.992 0.931 0.984

The italic values are parameters of the models.
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adsorb only one molecule. the linear Langmuir equation is presented
in Eq. 1.

Ce

qe
� Ce

qm
+ 1
Klqm

(1)

In Eq. 1, Kl is the Langmuir constant, Ce is the equilibrium
concentration, and qm is the maximum capacity of the adsorption

process; so, the validity of the Langmuir model can be obtained using
a linear plot of Ce/qe versus Ce.

The Freundlich isotherm can also be used to describe the
experimental equilibrium data, as Eq. 2; where KF and n are
temperature-dependent constants of Freundlich isotherm. As it is
obvious the constants of the Freundlich equation can be calculated
plotting lnqe in terms of lnCe.

FIGURE 5
The effect of synthesized adsorbent amount on removal percentage at T = 318 K and pH = 5.

FIGURE 6
The effect of adsorbent amount on the oil adsorption of the synthesized wastewater on the activated carbon obtained from (A)Oil sludge 1; (B)Oil
sludge 2; (C) Oil sludge 3; (D) Oil sludge 4 at T = 318 K and pH = 5.
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ln qe � ln Ce

n
− lnKF (2)

In Eq. 2, KF represents the irreversibility of the process, and
the larger the value of n, the more the isotherm deviates from the
linear state and if n = 1, the Freundlich equation will be linear
(Misran et al., 2022). One of the assumptions in the Freundlich
model is that the surface is non-uniform in terms of distribution
of energy, and sites, with the equal energy, are placed next to each
other.

The linearized Temkin isotherm is shown in Eq. 3, where T is
the temperature in kelvin, R is the universal gas constant, and KT

and b are adjustable parameters. As it can be seen, the constants
of the Temkin equation can be presented by plotting qe in terms
of lnCe.

qe � RT

b
lnCe + lnKT( ) (3)

3 Results and discussion

The properties of the different oil sludges, including moisture, ash
percentage and pH, can be found in Table 1. As can be seen from
Table 1, it can be understood that the moisture, ash percentage and the
pH of all oil sludge samples are about 5.5%, 6% and 7, respectively.

The carbon, hydrogen, nitrogen and sulfur content of the
different types of investigated industrial oil sludge is also shown
in Table 1. Due to the high amount of carbon in the oil sludge of all
samples, it can be concluded that these kinds of oil sludges can be
applied to prepare a high-performance activated carbon. Also, the
low amount of oxygen (about 3%) in all the oil sludge samples
indicates the presence of small amounts of oxygenated surface
groups in the samples.

The thermal analysis of the samples showed that in all the
investigated samples, with the increase in temperature up to 300°C, a
small percentage of the weight decreases due to the loss of moisture.
But in the range of 300–420°C, about 35% of the raw materials
weights are reduced. Decomposition and evaporation of
hydrocarbons with lower molecular weight can be the cause of
weight loss in this stage. It should be noted that in the range of

FIGURE 7
The effect of adsorbent amount on the oil adsorption of the synthesized wastewater applying linear Langmuir isotherm on the activated carbon
obtained from (A) Oil sludge 1; (B) Oil sludge 2; (C) Oil sludge 3; (D) Oil sludge 4 at T = 318 K and pH = 5.

TABLE 12 Parameters of a) Langmuir, b) Temkin, and c) Freundlich isotherm
models at different adsorbent amount using Oil sludge 1 as carbon active at
T = 318 K and pH = 5.

Model Parameters 50 mg/
L

100 mg/
L

150 mg/
L

200
mg/
L

a)
Langmuir

Kl×10
–4 11.482 10.192 11.719 9.734

qm×10
4 3.283 9.439 10.491 9.117

R2 0.999 0.996 0.998 0.999

b) Temkin KT×10
–8 2.767 5.164 4.949 7.349

b × 10–7 3.542 9.851 8.539 5.161

R2 0.862 0.823 0.891 0.782

c)
Freundlich

KF×10
–2 2.229 5.712 8.932 8.813

n 8.3 5.1 1.4 2.6

R2 0.956 0.966 0.987 0.989

The italic values are parameters of the models.
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420–630°C, heavy hydrocarbons and organic substances are
decomposed and weight loss in this stage is obtained around
40% by weight. After that, the weight loss gradually decreases
due to the depletion of moisture and volatile substances in the
samples. Finally, in the last stage from 630°C to 810°C, the oil sludge
is almost stable and around 10% weight loss is probably due to the
decomposition of minerals. According to the results, the
temperature of 700°C was chosen as the carbonization
temperature due to the approximately constant weight of the
sample (Ge et al., 2019).

The surface characteristics and the pore structure of the
prepared activated carbons are shown in Table 2. According to
the results, the specific surface of the produced activated carbon is
upper than 109.23 m2/g, which mostly includes pores in the range of
micro-pores and meso-pores.

The iodine number and efficiency of activated carbon prepared
from different sources of oil sludge are listed in Table 3. The
observed mass reduction in carbonization process is due to the
presence of high minerals; and the mass reduction during activation
process can be related to the loss of some material during the
washing and the decomposition reactions between the carbonized
material and the activating agent (Pan and Chen, 2021).

The effects of temperature on the oil adsorption of the
wastewater on the obtained carbon actives is shown in Figure 1.
As can be seen, with an increase in temperature, all the presented
results in Figure 1 show a decrease in adsorbent amount which can
be related to the exothermic reaction of the adsorption process. The
temperature effects on the treatment of oily wastewater using oil
sludge one and oil sludge 4 carbon actives through the linearized
Langmuir isotherm are shown in Figure 2.

The adsorption experimental data were analyzed using three
different isotherms, Langmuir, Temkin, and Freundlich models, to
check the compatibility of adsorption isotherms and to predict the
adsorption process. In this way, the adsorption process experimental
data for the carbon active obtained from oil sludge one were
correlated and the isotherm parameters were determined, which
are listed in Table 4.

The same adsorption process experimental data for the carbon
active obtained from oil sludge 2, oil sludge 3, and oil sludge 4 were
correlated and the isotherm parameters were reported in Tables 5–7,
respectively.

The adsorption capacity of the synthesized activated carbon
depends not only on its physical properties, such as distribution
pore size and specific surface area, but also on the chemical
composition (Bai et al., 2022). Therefore, manipulating the
pH values plays an important role in the adsorption performance
which could lead to the transformation of chemical characteristics in
adsorption pilot system on the surface of activated carbon. In this work
the adsorption tests were carried out in the initial pH range of 3–9. The
effects of pH value on the oil adsorption of the oil contaminated
wastewater on the different obtained carbon actives is shown in
Figure 3. The results show that the decreasing the acidity increases
the amount of adsorption (Qu et al., 2022). Moreover, the pH effects on
the linearized Langmuir isotherm of the oily wastewater adsorption on
different synthesized carbon actives are shown Figure 4.

The results showed that in acidic conditions, pH values below 6,
hydrogen ions are likely to compete with species. As can be seen from
Figure 3 the adsorption is highly pH dependent and similar results have
been reported in previous studies (Yahya et al., 2015).

The experimental data of the adsorption process were analyzed
by three different isotherms, Langmuir, Temkin, and Freundlich
models, to check the compatibility of adsorption isotherms and
predict the adsorption process at different pH values. In this way, the
adsorption process experimental data for the carbon active obtained
from the oil sludge one were correlated at different pH values and
the isotherm parameters were determined which are listed in
Table 8.

The same adsorption process experimental data at different
pH values, for the carbon active obtained from oil sludge 2, oil
sludge 3, and oil sludge 4 were correlated and the isotherm
parameters were reported in Tables 9–11, respectively.

Figure 5 shows the effect of synthesized adsorbent amount on
removal percentage. The result shows that increasing the amount of

TABLE 13 Parameters of a) Langmuir, b) Temkin, and c) Freundlich isotherm
models at different adsorbent amount using Oil sludge 2 as carbon active at
T = 318 K and pH = 5.

Model Parameters 50 mg/
L

100 mg/
L

150 mg/
L

200
mg/
L

a)
Langmuir

Kl×10
–4 4.670 0.926 7.519 7.203

qm×10
4 4.717 9.453 3.451 7.506

R2 0.999 0.998 0.997 0.998

b) Temkin KT×10
–8 5.252 8.889 8.581 8.622

b × 10–7 6.829 2.669 5.190 8.412

R2 0.789 0.846 0.888 0.887

c)
Freundlich

KF×10
–2 3.182 7.482 2.492 2.218

N 5.1 5.8 5.1 4.9

R2 0.932 0.892 0.901 0.964

The italic values are parameters of the models.

TABLE 14 Parameters of a) Langmuir, b) Temkin, and c) Freundlich isotherm
models at different adsorbent amount using Oil sludge 3 as carbon active at
T = 318 K and pH = 5.

Model Parameters 50 mg/
L

100 mg/
L

150 mg/
L

200
mg/
L

a)
Langmuir

Kl×10
–4 2.182 6.623 4.996 8.820

qm×10
4 5.853 8.016 0.606 4.840

R2 0.988 0.984 0.991 0.989

b) Temkin KT×10
–8 4.395 0.195 7.794 2.527

b × 10–7 5.973 7.215 2.147 9.535

R2 0.803 0.864 0.822 0.884

c)
Freundlich

KF×10
–2 9.904 1.316 5.273 2.236

N 2.5 2.7 8.7 8.0

R2 0.932 0.941 0.986 0.972

The italic values are parameters of the models.
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adsorbent increases the removal percentage. Based on the obtained
results, it is possible to achieve 100% removal using a sufficient amount
of adsorbent. Nevertheless, the very low amount of adsorbent in the
solution has caused a very high adsorption of pollution.

The adsorption process experimental data at different
adsorbent amount, for the synthesized carbon active from oil
sludge1, oil sludge 2, oil sludge 3, and oil sludge 4 were correlated.
The effect of adsorbent amount on the oil adsorption of the
wastewater by using the obtained carbon actives is shown in
Figure 6.

Figure 7 shows the effect of adsorbent amount on the
adsorption of the oily wastewater on the synthesized carbon
actives on linearized Langmuir isotherm model. Furthermore,
the correlated parameters of Langmuir, Temkin, and Freundlich
isotherm models using different adsorbent amount for the
synthesized carbon active by oil sludge 1, oil sludge 2, oil
sludge 3, and oil sludge 4 are listed in Table 12, Table 13,
Table 14, and Table 15, respectively.

The obtained results showed that the synthesized oil sludge
based activated carbon was mainly microporous and
mesoporous in character with specific surface area up to
120 and 23.2 m2/g, respectively; and the total pore volume
and the micropore volume of 0.1 and 0.04 cm3/g, respectively.
Over the range of initial concentration investigated, the
efficiency of oil removal was above 98.5%, which is referred
to the large adsorption capacity of the synthesized oil sludge
based activated carbon.

4 Conclusion

Producing activated carbon from different oil sludges can not only
significantly eliminate the need for further treatment of sludge, reduce
the cost of hauling, landfilling and transporting the sludge, but can
also produce a valuable adsorbent with lower cost than commercial
activated carbons. For the surface adsorption process a wide range of

studies has been carried out to describe the adsorption equilibrium
data; however, no extensive investigation has been carried out to
evaluate the oil sludge based activated carbon surface adsorption.
Therefore, the possibility of carbon active production using different
oil sludges and consequently the adsorption mechanism of these kind
of adsorbents is still unknown. Moreover, no comprehensive study
has been carried out in the field of comparing the obtained activated
carbons from different oil sludge sources. Also, the effect of different
parameters on the adsorption of the activated carbon from oil sludge
has not been fully investigated. In this work in order to synthesize the
activated carbon by using oil sludge, a novel two-step process was
introduced to convert the hazardous oil sludge pollutant to a high-
performance adsorbent. Within this research, two benefits can be
achieved simultaneously; the first, is to remove the oil sludge that
causes many environmental problems and turn it into a valuable
adsorbent material, and the second is to use the produced activated
carbon to purify the oily wastewater. In this way, four different types
of oil sludges were characterized and the analysis showed that all of the
oil sludge samples can be used as the adsorbent according to their
carbon content. Moreover, the adsorption performance of the
synthesized adsorbents was investigated in wastewater treatment
application. The results showed that all synthesized activated
carbons have the ability to remove the oily substances and purify
the wastewater; which can be referred to their high adsorption
capacity. Furthermore, the adsorption process was studied at
different process conditions, e.g., temperature, pH value and
adsorbent amount to find the optimum condition for oily
wastewater treatment. In this way, four different types of oil
sludges were characterized and then applied to synthesize different
carbon actives and their performance were investigated as an
adsorbent. The results showed that all synthesized activated
carbons, with about 6% ash and pH = 7 and the specific surface
area of 110 m2/gr, have the ability to treatment of oily wastewater;
which can be referred to the high carbon content (>80%). The iodine
number and the efficiency of prepared activated carbon were obtained
as 406.8 mg/g and 94%, respectively. The adsorption process was also
studied at different process conditions such as temperature
(308–338 K), pH value (3–9) and adsorbent amount (50–200 mg/
L) to find the optimum condition for wastewater treatment. The
results show that the pH value has an optimum in the adsorption rate
and the adsorption capacity can be reduced by increasing the
temperature. Finally, three different adsorption isotherm models
were applied, i.e., Langmuir, Temkin, and Freundlich isotherms, to
correlate the adsorption process. Briefly, the highlights of this paper
are introducing a novel low-cost two-step process to convert the
hazardous oil sludges to a high-performance adsorbent; Studying the
equilibrium adsorption experiments to analysis the wastewater
treatment efficiency; Investigation of equilibrium adsorption
isotherm models, i.e., Langmuir, Temkin, and Freundlich; and
Comparison of different types of obtained activated carbons with
different sources of oil sludge in the adsorption of oily wastewater;
which were carried out for the first time.
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TABLE 15 Parameters of a) Langmuir, b) Temkin, and c) Freundlich isotherm
models at different adsorbent amount using Oil sludge 4 as carbon active at
T = 318 K and pH = 5.

Model Parameters 50 mg/
L

100 mg/
L

150 mg/
L

200
mg/
L

a)
Langmuir

Kl×10
–4 3.807 6.783 9.005 2.496

qm×10
4 5.538 1.013 5.498 0.237

R2 0.999 0.998 0.999 0.999

b) Temkin KT×10
–8 0.281 3.068 4.676 6.814

b × 10–7 6.504 6.512 7.039 9.123

R2 0.815 0.856 0.844 0.872

c)
Freundlich

KF×10
–2 1.767 6.240 9.744 4.426

N 0.333 0.966 1.401 3.030

R2 0.893 0.843 0.877 0.891

The italic values are parameters of the models.
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