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Abstract

In this work we present the results of quantitative and qualitative analyses of oil obtained from crude oil tank
bottom sludge (COTBS) generated from Azzawiya oil refinery in Libya. The aim of the study was to recover and
evaluate oil from waste oily sludge and to compare it with parent oil (Hamada crude oil) in order to assess the
commercial potential of recycling the oil. The benefits would be two-fold, firstly to improve oil utilisation efficiency
and secondly in reducing the environmental contamination associated with the petrogenic hydrocarbon industry.
Oily COTBS and extracted oil were characterised and key properties were measured including water and oil
content, light and heavy hydrocarbon content, solid content and organic matter content for COTBS and water
content, density, specific gravity, APl (American Petroleum Institute) gravity, viscosity, salt and ash content for the
extracted oil. Solvent (hexane) extraction confirmed that the oily sludge contained 42.08% (+ 1.1%) oil composed
of light hydrocarbons (30.7 + 0.07%) and heavy hydrocarbon (69.3 + 0.4%) fractions. The water and solid contents
were 2.9% (+ 0.2%) and 55.02% (+ 0.6%) respectively. The properties of the recovered oil were assessed; gas
chromatograph spectrophotometer (GC-MS) results indicated that the oil contained 139 different hydrocarbon
fractions with a total petroleum hydrocarbon (TPH) concentration of 29,367 mgkg”' and a polycyclic aromatic
hydrocarbons (PAH) concentration of 11,752 mgkg'. Several parameters of the oil were measured and compared
to the parent oil (Hamada crude oil) including density, specific gravity, viscosity, salt and ash content. The API of the
extracted oil (33.03) was lower than the parent oil (38.8) due to a reduced light hydrocarbon (LHC) content. TGA-
FTIR hyphenation shows both mass loss of hydrocarbons— low, medium and high molecular mass over a range
of temperatures between 60°C and 450°C. crude oil extract exhibited a non-Newtonian behaviour (shear thinning)
for the shear rate sweep between 10 and 500/s. dynamic shear rheology data showed that the extracted oil exhibit
more like a solid than liquid. Overall the findings of the study confirmed that COTBD has a significant amount of
oil similar in properties to Hamada crude oil. This large amount can be reclaimed and recycles. Depending on this
essay, a commercial process could be performed which in parallel will reduce the environmental contamination with
hydrocarbons.
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Introduction

Petroleum crude oil represents one of the main current sources
of energy. With the continuous increase in world population and
industrialization, there is an increase in the global demand for
petroleum crude oil and downstream products. In July 2012, Endurance
International Group, Inc. (EIG) reported total global crude oil stocks of
7148 million barrels, with an estimation daily flow of oil production
of around 75 million barrels [1]. In the processing of this crude oil the
oil industry annually generates massive quantities of oily sludge during
the different crude oil operations from exploration to refining [2]. The
largest amount of the oily sludge is generated in oil refineries during oil
storing operations. Most of the crude oil storage tanks contain bottom
settling sediments accumulated over the time which are called crude
oil tank bottom sludge (COTBS). During the cleaning processes, all
the waste (COTBS) is removed and dumped in designated ponds. The
continuous generation of COTBS during the bulk storage of crude oil is
an unavoidable phenomenon [3]. COTBS usually contains a significant
amount (30-50%) of oil (heavy hydrocarbons) [4], in addition to
water (30-50%) and solids (10-12% (w/v) [5]. However, the global
composition of COTBS is highly variable varying from one facility
to another and from tank to tank within the same facility. COTBS
composition is dependent on the composition of the stored oil, storage

conditions, storage period and the design and mechanical conditions of
the storage tank [6].

Due to the accumulation of large quantities of COTBS together
with its hazardous nature and associated waste management difficulties,
COTBS has become a critical problem in most oil refineries [7]. In
2001, the USA petroleum industry was estimated to generate about
1.5 x 10° barrels of COTBS per annum [8] while large oil refineries
(processing 2-5 x 10°) barrels/day were estimated to produce 10 x 10°
m’ per year [9] . In India, petroleum oil refineries generate around 50 x
10° tonnes (t) per annum of oil rich COTBS (30-40% oil) [7]. In China,
the petrochemical industry discharges nearly 3 x 10°t of COTBS per
annum. One third of this amount (1 x 10° t) was derived from cleaning
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operations associated with crude oil storage tanks [10]. In parallel with
oil refineries, oilfields also generate significant amounts of COTBS. In
2010, Shengli Oilfield alone discharged more than 10 x 10* t of COTBS
[11].

The accumulation of COTBS inside the oil tanks reduces their oil
storing capacities and introducing the oily sludge into the refinery
can ultimately disturb the refining processes [12]. In contrast, spilling
of COTBS in the environment without treatment poses a significant
risk to the surrounding environment and population. Importantly,
prolonged storage of COTBS in accumulation ponds leads to seepage
and contamination of ground water as well as the reduction in the light
(volatile) fractions. Many of these volatile compounds are known of
suspected carcinogens and mutagens and their release into the air poses
a significant threat to the ecosystem and human population. Moreover,
If COTBS is disposed of inappropriately, the oily sludge will splash into
the soil where hundreds of individual compounds will contaminate
the soil [11,13,14]. As many of COTBS hydrocarbon components are
considered as toxic, mutagenic or carcinogenic [15], in 1992 the United
States Environmental Protection Agency (US EPA) announced a final
rule (57 FR 37194, 37252) stating treatment regulations and standards
under the land disposal restrictions program for several hazardous
wastes including hydrocarbon materials (COTBS) [16].

COTBS is continuously generated and disposed of in large quantities
[17]. Recently, development of treatment strategies for COTBS to reduce
their environmental burden has received increased global attention [4]
and different effective remediation techniques have been proposed
[17] including physical, chemical and biological methods. Among the
techniques described, landfilling, incineration, microwave liquefaction,
centrifugation, encapsulation, biodegradation in landfarming, biopiles
and bioreactors have all featured [18]. However, some methods (e.g.
incineration) have become restricted in some countries through the
implementation of rigorous environmental standards because of their
potential environmental impact [19].

Given the high hydrocarbon content of the oily COTBS, the
conventional treatment methods such as land farming, landfilling
and incineration are time-consuming, ineffective, expensive and
may potentially release more unwanted environmental pollutants
[20,21]. Also as oily COTBS is recognized as a potentially valuable
energy resource, decomposition (bioremediation) techniques using
microorganisms are also inadvisable [21]. The current driving force
for increased interest in studying and characterising the COTBS are to
recover oil from waste oily sludge in order to assess the commercial
potential of recycling the oil. The benefits would be two-fold,
firstly to improve oil utilisation efficiency and secondly in reducing
the environmental contamination associated with the petrogenic
hydrocarbon industry [22,23].

To characterise and classify recovered oil for commercial use,
its physiochemical properties should be known. To classify the
oil, the API gravity is the most important property. It is the relative
density of the petroleum liquids and the density of water, and used to
compare the relative densities of petroleum products. API is a scale
for denoting the 'lightness' or 'heaviness' of petroleum crude oils
and products. The lighter hydrocarbon the higher API gravity and
the lighter hydrocarbon the higher market value. Oils with API more
than 30° are known as light while oils in the range between 22° and
30° are medium, but API less than 22° are heavy and below 10° are
extra heavy. It is preferable to between 25° and 30° [24]. In addition
to the density, the viscosity which is the resistance to flow is another
important factor that affects the pumping and transportation abilities

through the pipelines. Dealing with high viscosity oil is one of the
main difficulties in transportation through the piping network [25].
Usually the viscosity of hydrocarbon oils ranges from 100 mPa to 10°
mPa and the maximum desired viscosity is 400 mPa [26], but the high
viscosity can be reduced to the desired value by reducing the liquid
temperature by adding gaseous or liquid diluents [25]. In addition,
flash point which is the minimum temperature at which the vapours
of the material can ignite is the indicator of the flammability of the
hydrocarbon oils. Safe handling of oils including processing, storage and
transportation needs knowing the accurate values of flash point [27].
Moreover; presence of ash in the oil can affect the quality of oil. The ash
content provides knowledge of metallic constituent left after complete
combustion of the oil under specific condition. High ash content lowers
the heating values and it is undesirable for direct combustion due to
fouling and slagging [28]. Usually the petroleum crude oil contains
a small amount of salts expressed as the presence of NaCl. If the salt
content is higher the 1000bbl, the salt need to be minimized to reduce
the fouling and corrosion in addition to the formation of acids by salts
chlorides [29].

Therefore this work aims to assess the quality of recovered oil from
waste oily sludge and to compare it with parent oil (Hamada crude oil)
for recycling purposes and (ii) to reduce the environmental impact of
COTBS by reducing the oil content of the soil to the minimum possible
levels.

Materials and Methods
Characterization of sludge

Petroleum-based COTBS samples used for this study were obtained
from collection lagoons at Azzawiya oil refinery in Libya. After
collection, the sludge samples were kept at room temperature for the
duration of the study. The sludge was mixed well manually before each
sample was taken.

Water content (wt%): The water content of the COTBS samples
was measured as indicated by the American Society for Testing and
materials (ASTM) standard method (D95). COTBS samples (25 g, in
triplicate) were taken and placed in an extraction thimble and 75 ml of
dichloromethane (DCM) (solvent) were added (1:3 soil: solvent ratio)
[30].The oil, solvent and water were then distilled and the condensate
(water and solvent) continuously separated in a trap and transferred to
a graduated cylinder. The triplicate condensates were pooled together
[31]. It should be noted that due to the density of water (1g/cm’) being
less than the density of solvent, the solvent layer settled at the bottom of
the separation funnel and was measured.

Volatile hydrocarbons and moisture content (wt%): Volatile
hydrocarbons (VH) and moisture content of the COTBS samples were
determined in triplicate by weighing (8 g) in ceramic crucibles and
heating to 105°C in a ventilated incubator for 24 h. The lost mass was
attributed to light volatile hydrocarbons and moisture content [32].
The light volatile hydrocarbons were calculated using the following
equation:

reduced mass (g)

Light hydrocarbons= X 100%-water

mass of tested sample ( g)
content (%) (1)

Solid content (wt%): Solid materials (sediment, ash and organic)
content were measured according to the method described by [2]
with some adjustments. After measuring the light hydrocarbons and
moisture content, the dried COTBS samples (at 105°C) were heated in
a muffle furnace (LABEC, Laboratory Equipment. Pty Ltd, Australia)
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to 550°C for 30 min [32] and the remaining samples re-weighed. The
solid (sediment and ash) content of the COTBS was calculated using
the following equation:

reduced mass (g)

Solid content= x 100% (2)

mass of tested sample (g)

Organic matter content: The organic matter concentration was

measured by loss on ignition of dry solid material in the muffle furnace

(550°C for 30 min). The mass that was lost by the sample was attributed
to organic material.

Non-volatile hydrocarbons content (wt%): Non-volatile
hydrocarbons (NVH) was calculated according to [32] using the
following equations:

NVH=100%-VH+SC+WC 3)
Where: NVH is non-volatile hydrocarbons (wt%)

VH is volatile hydrocarbons (wt%)

SC is solid content (wt%)

WC is water content (wt%)

Oil recovery: Oil was recovered from 6 sludge samples by solvent
extraction (dichloromethane (DCM)) using a previously described
protocol [30]. Briefly, a known amount (74.3 g, 76.1 g, 71.00 g, 67.5 g,
70.6 gand 67.1 g) of COTBS samples were weighed at room temperature
and placed in Teflon coated (250 ml) centrifuge tubes and (DCM) was
added (1:1 soil: solvent ratio). The oil in this mixture was extracted by
agitation (130 rev min™) for 30 min, followed by centrifugation at 5000
rev min! for 5 min. The supernatants containing oil and solvent were
removed and collected into glass bottles (500 ml).

Solvent recovery: To concentrate the reclaimed oil, the solvent
(DCM) soluble fraction was rotary evaporated (250 ml a time) in a
Buchi 461 water bath (Buchi RE111 Rotavapor, Buchi, Switzerland) at
40°C. The remaining oil was measured and reported as the volume of
oil content in the COTBS and prepared for further analysis [33,34].

Characterization of recovered oil

Determination of hydrocarbon fractions concentration: For the
analysis of hydrocarbons fractions within the recovered oil, including
aromatic and aliphatic compounds, a combined paraffins, isoparaffins,
aromatic, naphthalenes and oleffins (PIANO) PIANO-5-Piano (DHA)
standard combined set (2 ml ampule) (Spectrum Quality Standards,
Ltd. Sugarland, TX, USA) was used. The hydrocarbon content of the
extracted oil was analysed as described in ASTM D513 [30] using
gas chromatograph mass spectrometer (GC-MS) equipped with
autosampler (Aglient 6890 GC and Leco Pegasus III TOF-MS). Samples
were injected and separated on a capillary column Agilent DB-5MS (60
m by 0.25 mm with 0.25 um film thickness). The injection temperature
and volume was 225°C and 0.2 pl respectively. Helium (1.8 ml min™)
was used as a carrier gas at a constant flow rate. The concentration of
each hydrocarbon fraction was analyzed and the total peak area of each
fraction was compared to the peak area of each fraction in the PIANO
standard curve [35].

Density: The density (p) of extracted oil was estimated by dividing
a known mass of the oil to its volume. Briefly, 10 ml of the recovered
oil was measured and weighed (Mettler AE 260, Mettler-Toledo,
Switzerland). The density of the oil was derived from the following
equation:

p=mass/ volume (4)

Specific gravity: Specific gravity (SG,_ ) is the ratio of the density
of a liquid to the density of water (g/l). The specific gravity of the
claimed oil was measured according to [36] and can be expressed
mathematically from the following equation:

SG,.= (i sample) / (it H20) (5)

API gravity: API gravity was calculated using the specific gravity of
the oil extract, a unit-less property and determined at 60°FE. API gravity
was calculated according to [37] using the following equation:

API gravity=(141.5/Specific Gravity)-131.5 (6)

Viscosity: Viscosity (v) was measured using a Cannon-Fenske
(Fisher Scientific, Pittsburgh, PA) glass capillary kinematic viscometer
in a constant temperature bath in accordance with ASTM D445.
Kinematic viscosity is determined by measuring the time (f) for a
known volume of liquid flowing under gravity to pass through a
calibrated glass capillary viscometer tube. The manufacturer of the
Cannon- Fenske type viscometer tubes supplied calibration constants
(c) at a range of temperature 40°F and 100°F [38,39].

Kinematic viscosity (v) in centistoke (cSt) was calculated from the
following equation.

v=c.t (7)

Ash content: Ash content of the extracted oil was determined using
a loss-on-ignition procedure according to [40] with some adjustments.
Triplicate samples (5 g) were heated overnight at 105°C and then
transferred to a muffle furnace held at 550°C for 30 min to burn the
organic matter. Ash content was calculated from the ratio of pre- and
post-ignition sample mass.

Salt content: The salinity of the extracted oil was determined using
the electrometric method according to ASTM D 3230 procedures using
a Pro 2030 multimeter (YSI Incorporation, Yellow Springs. OH 45387.
USA). In this method, the sample was dissolved in a mixed solvent and
placed in a test cell consisting of a beaker and two parallel stainless
steel plates. An alternating voltage was passed through the plates, and
the salt content was obtained by reference to a calibration curve of the
relationship of salt content of known mixtures to the current [41,42].

Thermogravimetric analysis  (hyphenation with FTIR
spectroscopy): The sample (COTBS extract) was used to measure mass
loss and to determine functional group of the sample at a given time and
temperature. Wilkie previously described a TGA/FTIR hyphenation
technique that could be applied to investigate the degradation of
crude oil extract [43]. Thermogravimetric analysis was performed
on STA6000 operating under nitrogen with a flow rate of 20 ml/min
through the furnace in the following conditions. A sample mass of
~40 mg was heated in the crucible with heating rate of 20°C/min from
50 to 950°C in an inert atmosphere (nitrogen). The gas evolving from
STA6000 was transferred via gas transfer line. This transfer line allows
the transfer of combustion of pyrolysis products from thermal analyser
to FTIR 100 through the gas flow cell. Spectrum time base was used to
analyse the sp files collected during the testing to analyse the spectrum
(collected continuously for over 3600 s).

Shear rheology testing to measure viscosity: HR3 (Hybrid
Discovery) rheometer was used to measure the rheological properties
of sample (COTBS extract). The instrument (HR3 rheometer) was
calibrated with viscosity standard including Polydimethyl Siloxane
(PDMS). Crossover frequency of G* and G” of calibration results
matched with the value recommended by instrument suppliers—TA
instruments. Shear rheology was conducted on the sample at a constant
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temperature of 50°C and a constant strain of 1%, angular frequency of
1 to 100 rad/s. Parallel plate geometry (40 mm smart swap, stainless
steel) was used in this research. It should be noted that the sample was
tested as received.

Results
Composition of the oily sludge

Several key properties of the sludge were analysed and indicated in
Table 1. The water content of the sludge was 2.9 (+ 0.2%) and the solid
content was 55.02 (£ 0.6%). The amount of organic material in the solid
content was found to be 70 (£ 0.6%) of the original dry mass of the
sludge. Solvent extraction of the hydrocarbon oil from COTBS using
dichloromethane (DCM) showed that the sludge contained a significant
amount of oil (oil content 42.08 + 1.1%) compsed of light (volatile)
hydrocarbon (VH, 30.7 + 0.07%) and non-volatile hydrocarbons
(NVH, 69.3 + 0.4%).

Composition of recovered oil

In addition to the amount of oil recovered, the quality of the oil
has a major influence on determining the commercial viability of the
recycling process. Selected physiochemical properties of the recovered
oil from COTBS were tested including water content, organic material,
density, specific gravity, API gravity, viscosity, salt content and ash
content. The selected properties were compared with parent oil

Property % Sludge
Water content 29+0.2
Oil content 42.08+1.1
Light hydrocarbons and moisture content in the recovered oil 30.7 £ 0.07
Non-volatile hydrocarbons in the recovered oil 69.3+0.4
Solid content 55.02 0.6
Organic matter content in solids 70+ 0.6

Table 1: Properties of studied sludge.

Extracted oil from Hamada petroleum

Property sludge crude oil
Water _ 0.1
Density @ 15°C, g/ml 0.86 0.8304
Specific gravity@60/60°F 0.86 0.8311
API gravity 33.03 38.8
Viscosity@70°F, cSt 7.01 6.8431
@100°F, cSt 3.655 3.5742
Salt content (as NaCl) mg/I 2.30 214
Ash content g/g oil 0.007 0.004

Table 2: Properties of extracted oil from COTBS and Hamada petroleum crude oil.

Parameter Importance Reference

Water content Increages the process pressure due to steam 57]
formation

High viscosit Resist to flow, required more energy for pumping 59]

9 Y and decreases the heat transfer efficiency

High density ReSIS!I to flow and requires more energy for 58]
pumping

API gravity Indication of oil grade and quality [58]
High salt content causes corrosion and fouling

Salt content of process equipment and hydrolysed to [70]
hydrochloric acid

Ash content Decreases the heat value [28]

Solid content Increase the viscosity [2]

Table 3: Importance of oil parameters.

Temperature Major compound evolving from the sample at that temperature

170°C Methylene Chloride

410°C trans-1,4-dimethylcyclohexane
450°C Cyclohexane 1-hexyl 4-tetradecyl
570°C Isobutyl cyclo-hexane

770°C 1-ethyl 2-methylcyclohexane

Table 4: Gases evolving at various temperatures during hyphenation studies.

(Hamada crude oil) properties are summarized in Tables 2 and 3. GC-
MS based analysis of the recovered oil resulted in up to 136 different
hydrocarbon fractions being detected including aromatic compounds
(45.6%) and aliphatic compounds (34.6%) with some of these fractions
(19.8%) being undefined (Figure 1). The concentrations of TPH and
PAHs were 29,367 mgkg™ and 11,752 mgkg respectively. API gravity
was calculated mathematically after determining the density of the
oil (0.68 gl') and was 33.03, confirming that this oil was as light as
the parent oil. In addition, the kinematic viscosity of the recovered
oil measured at 70°F and 100°F was (7.01 and 3.655 cSt) respectively.
According to the loss in ignition results, the ash content of this oil was
0.007 g/g oil. Finally, the salinity test (as NaCl content) of the examined
oil indicated that the salt content was 2.30 mgl.

Thermogravimetric analysis

Mothe et al. [44] concluded that the study of thermogravimetry
of crude oil based materials is very complicated due to the presence
of many complex constituents [44]. In this research, we applied a
hyphenation technique to analyse the gas evolving from the sample
during thermogravimetric analysis (Table 4). The crude oil was exposed
to a nitrogen atmosphere at heating rate of 20°C/min for 45 min (2700
s) from 50 to 950°C.

Rheology section

The International Energy Agency reported that heavy crude oil
represents over 50% of the world's recoverable oil resources. Crude
oil is a composition of large amount of hydrocarbons and varying
amount of waxes. Ghannam stated the dynamic shear rheology test
is a rheological investigation to study the viscoelastic behaviour of
crude oil [45]. Rheological properties for petroleum oils are very useful
for all processes in which fluids are transferred from one location to
another. Evdokimov et al concluded that limited numbers of crude oil
rheological properties are currently available, in particular for heavy
crude oil [46].

The dynamic frequency sweep test shows the effect of oscillating
stresses on this extracted crude oil. The storage modulus exhibits solid
behaviour of sample and loss modulus exhibits liquid behaviour of
samples. Storage modulus shows the contribution of stress energy that
is stored during the test and can be recovered. As a standard procedure,
linear viscoelastic region of sample was studied of the sample using
strain sweep test (in dynamic mode). Three tests of the above mentioned
methodology was conducted to check the reliability of the measured
data. The rheograms matched well within the tolerance limits of about
+ 3%.

Discussion

Due to the undesirable environmental impact of dumping
COTBS with high hydrocarbon content and the economic benefits of
the COTBS as a source of petroleum oil, there is current interest in
studying the quantitative and qualitative characteristics of COTBS and
the recovered oil. The management of oily wastes involves the analysis
and characterization of both recovered oil and sludge. Knowing the
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Figure 1: GC-MS chromatogram of oil extracted from COTBS with some selected peaks identified. S1 2,6,10-trimethyldodecane, S2 2,6,10,14-tetramethylpentadecane,
S3 2,6,10,14-tetramethylhexadecane, S4 cyclic octa-atomic sulphur.

amounts produced, physical and chemical properties of sludge are
important parameters in defining the applied conventional treatment
strategies [18]. For the recovered oil, quantitative and qualitative
assessment represents the most important parameters in determining
the applicability of the oil for use as crude or fuel oil. In this research, the
results of the studied COTBS showed that the average water content was
low (2.9%). This low water content percentage was expected because the
sludge studied in this research has been accumulated for several years
and the water was separated into the bottom of the collection ponds
due to the density difference between water and sludge. Comparing
with other sludges, this percentage was very low. Heidarzadeh et al.
[47] showed that the water content of a studied COTBS obtained from
Iran refinery was 28.3%. Similarly, other research [48] determined the
water content of 2 different oily sludges in China and found a significant
amount of water (16.2 and 27.6%). On the basis of dry mass, the solid
content of the oily sludge was 55.02%, of which 70% was organic
matter. This relatively high solid content was expected since the stored
COTBS was not exposed to a solid removal process. The presence of
solid materials including sand and rust significantly increases the sludge
viscosity [2,48]. Extraction of the oil from COTBS using a 1:1 ratio of
COTBS: solvent revealed a high oil content (42.08%) of which with
29.7% were VH and 70.3% NVH. This oil could be potentially extracted
and recycled. Recovering and recycling of valuable hydrocarbon oils
aids the conservation of environment and energy resources [2,49] and
decreases the consumption of non-renewable energy resources [50].

According to the American Petroleum Institute (USAPI), the primary
environmental consideration in handling oily sludge is the maximum
hydrocarbon recovery [51]. In the oil refining industry in the USA,
more than 80% of the generated waste hydrocarbons were recycled while
the remaining (20%) were disposal according to the (EPA) standards
[52]. Generally, some studies suggested that high oil concentrations in
COTBS (>50%) and a relatively low concentration of solids (<30%) are
preferable for recycling [53]. Others suggested that even at low COTBS
oil content (>10%), oil recovery is still accepted [7]. In this study, within
the extracted oil (42.08%), the light hydrocarbon fractions (LHF) were
not very high because of evaporation since the collection ponds were
exposed to the environmental elements (wind, sun, etc) for many years.
A similar study on exposed COTBS [47] indicated that the LHF was also
very low (<10%). Storing COTBS in closed facilities results in increased
volatile fractions [32] studied COTBS obtained from the Niger delta,
Nigeria and determined the oil content to be 73.24%, of which 45.84%
were light hydrocarbons. Light hydrocarbon fractions are important in
qualifying the oil grade. The presence of (LHF) decreases the density
and viscosity and increases the API of the oil. Hu et al. [4] reported
that the oil content in COTBS range from 5% to 86.2% (w/v), although
oil content in the range of 15-50% (w/w) was more frequent while the
solids and water contents were in the range of 5-46% (w/w) and 30-85%
(w/w) respectively. Increasing the solvent:sludge ratio could increase the
amount of recovered oil. Zubaidy and Abouelnasr [2] studied various
ratios and found that (4:1) solvent:sludge ratio facilitated the extraction
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of the highest amount of oil. Zubaidy and Abouelnasr [2] studied the
solvent extraction of hydrocarbon compounds and found that heavy
molecular mass hydrocarbons were extracted more when less solvent was
used. However, increasing the solvent:sludge ratio is not economical as
most of the solvents used are expensive; in addition, in low condensation
efficiencies, large amounts of solvent could not be reclaimed. Moreover,
since the solid content was high (55.02%), a large amount of solvent
will be adsorbed within the porous particles. The solvent path within
a porous media depends largely on pore size; the more porous media
the less solvent reclaimation back [54]. Consequently, 1:1 solvent: sludge
ratio is recommended for reclamation and economic purposes.

In addition to the amount of oil recovered, the quality of the oil is
also a major concern. A set of oil grading physiochemical properties
were conducted. Comparing with properties of Hamada crude oil,
some properties of the recovered oil were higher including density,
specific gravity (SG), viscosity, salt content and ash content; in contrast,
water content and API gravity were less than those of Hamada crude
oil (Table 2). Gas chromatographic mass spectrophotometer (GC-
MS) analysis of the extracted oil showed the presence of a range of
hydrocarbon fractions composed of 136 different compounds ranging
from C -C, (Figure 1) including both aromatic (45.6% v/w) and
aliphatic compounds (34.6% v/w) with 19.8% being undefined. The
total petroleum hydrocarbon (TPH) concentration of the recovered
oil was 29,367 mgkg™ and polycyclic aromatic hydrocarbon (PAH)
concentration was 11,752 mgkg™'. For comparison, [55] conducted a

Weight %

similar study on COTBS and found that the TPH of extracted oil was
higher than 29,367 mgkg™ (500,000 mgkg™"), while another study found
the TPH of an extracted oil to be very low (850 + 150 mgkg™) [31]. Water
content analysis indicated that the extracted oil was free of water. The
presence of water lowers the heating value of the oil [56]; in addition,
it generates steam and builds pressure in the refining processes [57].
The density of the oil was measured and found to be 0.86 which was
higher than the density of the parent oil. Also, the SG has also been
calculated at 60°F and found to be higher (0.86) than the original
crude oil. Depending on the SG of the extracted oil, the mathematical
calculation results show the API density to be 33.03. The API density is
one of the main parameters used to grade the crude oil. Martinez-Palou
et al. [58] indicated that oil with API<10 is classified as extra heavy
while API<22.3 is heavy, API 22.3 to 31.1 is medium and API>31.1
is light. The lighter the oil is the higher content of light hydrocarbon
compounds, and the less wax and asphaltenes are present. Viscosity is
the resistance to flow and a measure of the internal molecular fraction
of the fluid and is an important parameter affecting the pumping of oil
and atomization of fuel [59]. The kinematic viscosity of the extracted
oil was measured at 2 different temperatures and compared to that of
Hamada crude oil. At 60°F viscosity was 7.01 cSt and at 100°F was 3.655
cSt while the viscosity of the Hamada oil was lower (6.8431 ¢St and
3.5742 cSt) respectively. Lower LHF content in the oil increases the
density and viscosity of the oil. Consequently more power is needed
for pumping [59].

Derivative weight % (%/min)

- . - )

Temperature °C

Figure 2: Mass loss curve of the extracted oil.
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In addition to magnesium chloride (MgCl,), salts in crude oils
consist of up to 75% sodium chloride (NaCl) [60]; typically the salinity
of oil is measured as NaCl content. The salinity of the recovered oil
was 2.30 mgl. This value was slightly higher than the salt content of
Hamada oil (2.14 mgl'). Comparing with other studies, this value was
very low. Zubaidy and Abouelnasr [2] investigated the properties of 3
extracted oils and found the salt content to be 5, 7 and 196.4 mgl™).
The presence of salts in oil is not favourable; even small concentrations
of salt will accumulate in process equipment leading to fouling. In
addition and more importantly, NaCl and MgCl, can be hydrolysed to
hydrochloric acid as indicated in the following equations:

2NaCl + H,0 — 2HCI + Na,0 ®)
MgCl, + H,0 — 2HCI + MgO ©9)

The produced hydrochloric acid is known to be extremely corrosive
[42]. Ash content represents organic materials [61] and is another
property used to assess the heating and calorific values of the oil [28,62].
The ash content in the recovered oil contains a higher ash (0.007 g/g oil)
than Hamada oil (0.004 g/g oil). Previous studies confirm that lower ash
content is indicative of high quality oil [63]; [28] studied the effects of
ash content and found that presence of ash in oil reduces the heating
value.

Thermogravimetric analysis

Thermogravimetric curve did not show decomposition stage at all
temperatures as clearly shown in Differential Thermogravimetric (DTG
curve) (Figure 2), however there was a sharp mass loss at the following
temperatures: 66.82, 74.03, 89.40, 101.96, 114.73,129.37, 146.07, 161.39,
289.28,431.48, and 456.51°C. The decomposition of crude oil at various
temperatures shows the mass loss of hydrocarbons (low, medium and
high molecular weight) respectively at 161.39, 289.28, 431.48, 456.51°C.

0.7

Abs

Figures 3 and 4 show the spectra obtained at various time intervals.
EPA and NIST gas phase libraries were used to search/match the
spectra obtained in this hyphenation experimentation and to compare
the best possible match spectrum (Figures 5 and 6). The following are
the gases evolved at various temperatures: methylene chloride, trans-
1,4-dimethylcyclohexane, cyclohexanel-hexyl4-tetradecyl, isobutyl
cyclo-hexane and 1-ethyl 2-methylcyclohexane (Table 4). The spectra
were obtained via search/match technique using EPA and NIST gas
phase library. These values are matching similar to results published in
the article Mothe et al in the article titled “Thermal Evaluation of Heavy
Oils by Simultaneous TG/DTG/FTIR” [44].

Dynamic shear rheology

It has been observed that 1% is within the linear viscoelastic
region of crude oil (internal bonds of the sample tested are intact at
that strain value). Figure 7 shows the storage and loss moduli versus
frequency: storage modulus G' values are higher than the values of loss
modulus G". It can be inferred that crude oil sludge exhibits solid like
behaviour (sludge) rather than the viscous liquid behaviour (oil). This
behaviour could be due to the large solid particles present in the sludge.
In general, it has been stated that crude oil exhibits more viscous liquid
like behaviour than solid-like material. This change in rheological
behaviour could be due to the presence of solid waste present in this
oil. The viscosity of the crude oil decreases with increasing temperature
as expected. It can be inferred from Figure 8 that the crude oil clearly
exhibited a non-Newtonian behaviour (shear thinning) for the shear
rate sweep between 10 and 500/s.

Figure 7 shows the storage and loss moduli of crude oil for a
frequency sweep (1 to 100 rad/s). The storage modulus and loss
moduli increased with increase in angular frequency (1 to 100 rad/s).
Viscosity and other rheological parameters are very important for any

S
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Figure 3: FTIR spectra collected at various time intervals.
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Figure 5: FTIR spectra collected at 2322 seconds compared with search match NIST and EPA vapour phase database.

liquids including materials like crude oil that are often transported via ~ concluded that the decrease in viscosity with increase in temperature
pipelines [45,46,64]. The transportation of crude oil is very challenging could be due to the effect of temperature on the chemical structure

due to the high viscosity (medium and high molecular weight and low of the ingredients of the crude oil [45]. The change in viscosity over
temperature could be attributed to changes in the chemical structure
of high molecular mass components of the crude oil, in particular wax
and asphalt [65].

flowability). Figure 8 shows the viscosity over a temperature range (35
to 50°C). The viscosity decreases with increasing temperature. The low
and medium molar mass compounds tend to affect the bonds between
the solid particles, eventually reducing the oil viscosity. Ghannam et al For future work, the concentrations of heavy metals such as P, Cd,
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Figure 7: Angular frequency (storage and loss moduli) at 50°C.

Cr, Cu, Ni, Pb, Zn and Fe can be carried out. This can be determined
using inductively coupled plasma optical emission spectrometry (ICP-
OES) (Optima 2000DV; Perkin Elmer, Waltham, MA, USA) (detection
limit 0.001-0.030 mgl') and inductively coupled plasma-mass
spectrometry (ICP-MS) (7500a; Agilent Technologies, Santa Clara, CA,
USA) (detection limit 0.015-0.120 mgl") [66]. In addition, luminescent
iridium (III) complex-base chemosensor and probes can be used to
detect the heavy metals ions [67,68]. Moreover, logic gates technique is
one of the useful tool that respond to the ions of metal [69,70].

Conclusion

The purpose of this study was (i) to extract oil from Libyan COTBS
and present the most important properties through a qualitative
and quantitative assessment and to compare it with the parent oil
(Hamada crude oil), and (ii) to reduce the oil content of the sludge to
the minimum level to reduce the environmental impact of COTBS.
Some important properties of the COTBS were studied (Table 1). To
determine the applicability of recovered oil for use as feedstock for

Temperature vs Viscosity at constant shear rate

= Crude oil extract

——Linear (Crude oil extract)

Viscasity (Pa.s)
N
o
)

35.0 400 450 50.0
Temperature (°C)

Figure 8: Temperature vs. viscosity profile.

recycling, the physiochemical properties were investigated (Table 2).
The extraction yield confirmed that the oil content of COTBS was
significant (42.08%). GC-MS analysis of the recovered oil indicated
that the oil contained hydrocarbon fractions in the range of C ,-C,,
with TPH and PAHs concentrations of 29,367 mgkg" and 11,752 mgkg’
respectively. Comparing the properties of the recovered oil with the
parent oil which was the original source of this sludge and classified as
light oil, the reclaimed oil was heavier. Lower LHF content decreased
the API gravity (33.03), but the API still higher than (31.1) meaning
that the reclaimed oil is light oil. Consequently, the recovered oil can
be classified as light oil and potentially used as good feedstock oil. The
candidate (crude oil) exhibits non-Newtonian shear thinning behaviour
over the shear rates sweep between 10 and 500/s. Viscosity of crude oil
decreases significantly with increase in temperature due to the effect
of temperature on chemical structure of the ingredient of the crude
oil. This is the first report of the oil recovery from COTBS from Libya
having significant potential of oil for use in the oil industry.
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