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h i g h l i g h t s

� Catalytic pyrolysis of oil-containing waste with metals chlorides is presented.
� Cobalt and nickel chlorides showed the most catalytic activity in the oil-slime pyrolysis.
� The use of CoCl2 resulted in the highest degree of conversion.
� The optimal temperature of the model oil-slime sample is 500 �C.
� The optimal catalyst content – cobalt chloride 5% (wt.).
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a b s t r a c t

The goal of this research is the development of the method of oil-slime recycling. In the present paper we
report on the results of the process of oil-containing waste catalytic pyrolysis with such metals chlorides
as RCl, NaCl, ZnCl2, MgCl2�6H2O, AlCl3�6H2O, FeCl2�4H2O, FeCl3�6H2O, CoCl2�6H2O and NiCl2�6H2O. The
highest conversion of oil-slime into gaseous and liquid products was observed in the presence of iron
subgroup metals chlorides. The maximum conversion was obtained in the presence of CoCl2. The increase
of the conversion into gaseous and liquid products in the presence of CoCl2 was 41.2 wt.% and 8.5 wt.%,
respectively, compared to a non-catalytic process. The optimal conditions of the oil-slime pyrolysis pro-
cess are 500 �C and cobalt chloride content of 5 wt.%.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Oil production, transportation and storage as well as syntheses
of oil related products involve the formation of oil-containing
waste. Oil-containing waste (oil-slime) is one of the most hazard-
ous pollutants of surface and ground water, terrain and atmo-
spheric air. Annually tens of thousands of tons of oil-slime are
stored in sludge tanks demonstrating ineffective use of fossil fuel
[1]. More than that, the storage of oil-containing waste in sludge
tanks endangers the environment [2].

Oil-slime is bulk waste the formation of which takes place at all
stages of oil production, processing and transportation. Oil-slime
mainly consists of oil-products, water and mineral constituents
(sand, clay, metals oxides etc.) which accounts for their variable
composition and complicates their disposal. That is why the devel-
opment of environmentally clean technology for oil-slime process-
ing is of paramount importance [2–5].

The existing methods of oil-slime processing can be divided into
physical, chemical, physicochemical, thermal and biological [6,7].

The choice of the method of oil-slime processing and decontamina-
tion mostly depends on the amount and nature of oil-products in
oil-slime. The methods of oil-slime processing used in industry
are quite expensive and time consuming, so the volume of oil-
slime processing is much lower than the volume of its formation
[6]. The thermal treatment resulting in gaseous and liquid fuel for-
mation is considered to be the most economically beneficial [6–8].
Besides oil waste sensible utilization can be an essential step to-
wards the development of resource-saving technology on the basis
of the integrated use of oil raw material.

Thus, non-catalytic pyrolysis of oil-slime was studied for many
years [9,10,8], but high energy consumption and other shortcom-
ings made this process unappealing. Catalytic pyrolysis of oil-slime
allows obtaining hydrocarbons which can be used either as fuel or
raw material for the chemical industry [7,8,11]. Compared to other
methods of oil-slime thermal treatment, catalytic pyrolysis has
a number of advantages: (i) rather low process temperatures
(400–650 �C), (ii) low sensitivity to the raw material composition
and (iii) a closed circuit of processing that comply with the modern
requirements of chemical production. The use of the catalysts in
the pyrolysis process allows increasing the yield and quality of
valuable products and decreasing the process reaction temperature
[12–14]. The practical application of this method will contribute to
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the solution of the problem of oil waste disposal and thus to the
development of thermal catalytic processing of organic waste with
obtaining valuable final products.

Catalytic pyrolysis of a number of organic compounds (wood,
polymers, hydrocarbons) has been recently studied with metal
chlorides as catalysts [15–17]. However, to the best of our knowl-
edge, no catalytic studies of metal chlorides in pyrolysis of oil-
slime have been published.

This paper focuses on the study of the influence of metal chlo-
rides on catalytic pyrolysis of oil-containing waste. We demon-
strate that the highest conversion of oil-slime into gaseous and
liquid products was observed in the presence of iron subgroup me-
tal chlorides, in particular for CoCl2. The substantial increase of the
conversion into gaseous and liquid products for this metal salt
indicates that the catalytic pyrolysis of oil-slime is promising for
industrial exploration.

2. Experimental

2.1. Materials

The chemical grade metals chlorides RCl, NaCl, ZnCl2,
MgCl2�6H2O, AlCl3�6H2O, FeCl2�4H2O, FeCl3�6H2O, CoCl2�6H2O and
NiCl2�6H2O were purchased from Reakhim (Moscow) and used as
received.

Model oil-slime was prepared from silica sand (fraction 0.1–
0.4 mm, Voronezh Region oil field, Russian Federation) and from
oil from the Caspian field at various weight ratios. The oil used pos-
sesses the following characteristics: the oil density (at 20 �C) is
860 ± 2 kg/m3; the dynamic viscosity (at 20 �C) is 3.39 MPa the sul-
fur content is 0.16%; the paraffin content is 20.04 wt.%; the tar con-
tent is 5.2 wt.%; the asphaltene content is 0.94 wt.%; the fraction
yield (according to the true boiling point) is 19.0 wt.% up to
200 �C and 45.0 wt.% up to 360 �C.

2.2. Pyrolysis procedure

The pyrolysis process was carried out with an experimental
pyrolysis set-up in a temperature range from 450 to 650 �C. The
experimental pyrolysis set-up consists of a metal fixed-bed reactor
heated with the electric furnace, a gas sampler, a water trap for col-
lecting liquids, and an eudiometer for collecting gas. The reactor
was equipped with an outlet for inert-gas purging. The pyrolysis
process was performed in nitrogen. Inert gas purging was carried
out before the experiment. The weight of the oil-slime studied
was varied depending on the oil fraction concentration. Oil fraction
weight was constant (2 g). The oil-fraction content in oil-slime var-
ied from 10 up to 100 wt.% due to the change of mineral fraction
weight. The catalyst content of oil-slime was from 1 up to
10 wt.% of the oil-fraction weight. The catalyst was introduced into
the oil-slime in the form of solid salt. The duration of the experi-
ment was an hour and a half. Each procedure was repeated at least
three times to insure reproducibility of the results.

After the completion of the experiment the following parame-
ters were determined: solid residue weight according to the
change of the reactor weight; liquid fraction weight according to
water trap and sampler weight; gas weight according to the differ-
ence of the initial sample and liquid and solid residue weight. Stan-
dard deviation for the pyrolysis products is ±0.5 wt.% from weight
measurements. In order to analyze the composition (hydrocarbons,
CO, CO2, H2) and to estimate the heat capacity of the gaseous mix-
ture, the state of-the-art analytic complex including gas chromato-
graphs (Crystallux 4000M, GAZOKHROM 2000) and a specially
developed analyzer of the specific heat of combustion on the base
of a flame-temperature detector, were used. The chromatographic

analysis of hydrocarbons in the gaseous mixture was carried out on
the chromatograph Crystallux 4000M under the following condi-
tions: the consumption of gas-carrier (nitrogen) 120 mL/min;
gas-carrier pressure 1.5 kgs/sm3; duration of the analysis 30 min;
sample volume 1 mL; carrier-silica gel 0.4 mm; column length
1 m; column temperature 50 �C; detector temperature 100 �C. Vol-
ume concentrations of nitrogen, carbon oxide and methane were
analyzed on the chromatograph GAZOKHROM 2000. The flow rate
of the gas-carrier (helium) was 30 cm3/min; sample volume of the
gas analyzed was 0.5 cm3; thermostat temperature was 40 �C.

2.3. Characterization

FTIR-spectra of diffuse reflection (DRIFT) were recorded at room
temperature on a NICOLET ‘‘Protege’’ 460 spectrometer using the
diffuse reflection attachment within the range of 6000–400 cm�1

with a step 4 cm�1. CD3CN was used as a test for acidity; it was
adsorbed at room temperature. Before acetonitrile adsorption the
catalysts and carriers were treated in vacuum at room temperature
for 3 h and at 450 �C for 2 h with the heating rate of 5�/min.

The determination of the specific surface areas and pore distri-
butions of the pyrolysis solid residues was performed by low-tem-
perature adsorption of liquid nitrogen on Beckman Coulter SA 3100
at �196 �C and ps/p0 adsorption 0.9814. In the analysis, t-plot
model was used. To process the adsorption data, the Harkins and
Jura equation was applied.

Thermogravimetric analysis (TGA) was carried out using 209 F1
NETZSCH. Differential scanning calorimetry (DSC) was performed
using 204 F1 NETZSCH firm. The analyses were carried out in argon
at a gas rate of 20 mL/min. The samples were heated at a constant
rate of 10 �C/min. When 600 �C was achieved, the sample was kept
under isothermal conditions for 50 min.

Liquid products of oil-slime pyrolysis (at 500 �C and oil fraction
content 20 wt.%) were analyzed by gas chromatography-mass
spectroscopy (GC–MS) on a PQ-GCMS-2010S instrument (SHIMA-
DZU). The conditions of the analysis were as follows: thermostat
temperature was 40 �C for 15 min, heating up to 280 �C at a rate
of 5 �C/min, holding up time 20 min at 280 �C; injector tempera-
ture 280 �C; column flow 1 mL/min (high purity He); interface
temperature 280 �C; IonSource temperature 260 �C; m/z 15�500
atomic mass unit.

The metal content was determined by X-ray fluorescence anal-
ysis (XFA) measurements performed with a Spectroscan – Maks –
GF1E spectrometer (Spectron, St-Petersburg, Russia) equipped
with Mo anode, LiF crystal analyzer and SZ detector. The analyses
were based on the Co Ka line.

3. Results and discussion

To estimate the influence of the metal chlorides under study on
oil-slime pyrolysis, we compared the pyrolysis data with and with-
out catalysts such as RCl, NaCl, ZnCl2, MgCl2�6H2O, AlCl3�6H2O,
FeCl2�4H2O, FeCl3�6H2O, CoCl2�6H2O and NiCl2�6H2O.

3.1. Influence of oil-slime composition and the process temperature on
the products yield in the non-catalytic process

First, the non-catalytic pyrolysis has been studied with oil-slime
containing 20 wt.% of oil. The pyrolysis temperature was varied
between 450 and 650 �C. Fig. 1 shows that below 500 �C, the product
contains a high fraction of solid residue. At the 500–550 �C high
conversion of oil-slime into gaseous and liquid products is
achieved. The increase of the process temperature from 550 �C to
650 �C results in a 8% increase of conversion, however, this temper-
ature increase requires additional energy, making it economically
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