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Proceedings of the

3rd International Conference on Oil Pollution
Gdansk, Poland, 08 – 11 Sept. 2002

FOREWORD
Oil discharges to surface and ground waters, soil or the sewer system, either accidental or
deliberate, have the potential to cause severe environmental pollution and disturbance in treatment facilities. Oil pollution can result from equipment failures, such as tank overflow, rupture
or leakage; rupture, corrosion or leaks of pipelines, spills from bulk oil loading or unloading
operations; and contamination caused by malfunctioning of wastewater or stormwater treatment
and disposal systems.
The oil phase may comprise crude oil and its derivatives, petrochemical products, bituminous substances, synthetic oils, talic oils, biomass-derived fuels, coal tar oils, vegetable
oils, animal fats, wood processing oils, silicon oils, weathered oils, organic solvents, hydraulic fluids, and specific organic pollutants such as PCBs, dioxins and PAHs. Many oilclassified compounds are recognized as persistent organic pollutants. Oily wastes can result
from mining, production, transportation, storage, distribution and usage of fossil fuels and
chemicals.
Even small quantities of oil generate large amounts of liquid, semisolid and solid oily
waste, and include tank bottoms, tank cleaning residues, contaminated soil, oily beach sand,
worn asphaltic material, rolling scale sludge, drilling mud, oil spill sorbents and debris, spent
adsorbents and refining materials, discarded paints and solvents, aged printing ink, solventbased pesticide formulations, scrap asphalt shingles, anti-corrosion greases, cutting fluids,
flotation oily sludge, oily process waters, O/W and W/O type emulsions.
Many features, materials and processes mentioned above were considered during the
3rd INTERNATIONAL CONFERENCE ON OIL POLLUTION held at the Gdansk University
of Technology in Poland, September 2002. The Conference brought together representatives
from academia, industry, business and government to exchange the latest research and development findings, and also to share experience on oil presence in the environment and on the
organic phase-aqueous phase-solids interactions. Papers and posters were presented during
several sessions pertaining to various aspects of preventing oil pollution, pollutant characterization and treatment friendly to the environment:
•
•
•
•
•
•
•

Analytical Procedures and Characterization of Contaminants
Bioremediation Technology
Biofuels
Colloidal and Surface Chemistry
Oil Spills and Oil Sorption
Pollution Prevention - Clean Technologies
Treatment, Utilization, Disposal.

The 8 papers presented in this special issue refer to clean-up of oil spills, oil phase characterization, and processing and technology - just to link appropriate methods of cleaning oil
pollution with a number of factors, including the type and state of the oil phase, the nature of
the polluted system and the treatment parameters.

Prof. Jan Hupka
Technical University of Gdansk
Gdansk - Poland
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REGENERATION OF EXFOLIATED GRAPHITE AFTER OIL SORPTION
Beata Tryba and Antoni W. Morawski
Institute of Chemical and Environment Engineering, Technical University of Szczecin, ul. Pułaskiego 10, 70-322 Szczecin, Poland

Presented at the 3rd International Conference on Oil Pollution in Gdansk, Poland, 08 – 11 Sept. 2002

SUMMARY
Sorption of high-viscosity engine oil on exfoliated
graphite was performed using two exfoliated graphite
samples of different properties for investigations. The oil
was removed from the exfoliated graphite by soaking with
cyclohexane. Amount of solvent and extraction time were
changed to establish the best conditions for oil removal
(60-70% by soaking with cyclohexane for 1 h). Regeneration efficiency was measured for a few cycles of oil sorption. Although sorption capacity of exfoliated graphite
decreases with the number of oil sorption cycles, efficiency of oil removal is rather high.

KEYWORDS: exfoliated graphite, oil removal, extraction.

INTRODUCTION
Exfoliated graphite has been reported to have excellent capabilities for oil sorption combined with high sorption capacity [1-4]. But in some attempts it was observed
that regeneration of this sorbent is rather difficult, especially maintaining high sorption capacity in repeated
sorption cycles [5-7].
Cao et al. [5] reported two regeneration methods of
exfoliated graphite after oil sorption: a) soaking in chloroform and b) heating at 100-450 °C. High percentages
(97.8%) of oil removal by soaking were observed, but
efficiency of regeneration was rather low and sorption
capacity decreased to 27.1% of that before regeneration.
Other authors [5] reported that oil could be effectively
desorbed at 150-450 °C keeping regeneration efficiency
high (75.6%).
Inagaki et al. [6, 7] were able to remove about 70% of
low viscosity oils (crude oil and A grade oil) from exfoliated graphite by using filtration under mild suction, but
the sorption capacity of exfoliated graphite drastically
decreased in next sorption cycles.

About 80% of oil could also be easily removed from
exfoliated graphite (EG) by using simply compression,
but a destruction of EG structures is then observed [7, 8].
Inagaki et al. [9] regenerated carbonized fir fibers after sorption of oils (A grade and C grade) by washing
them with n-hexane. They obtained high efficiency of oil
removal (over 90%), especially in the case of samples
with high density (35 kg/m3), and regeneration efficiency
was kept at high levels in the next sorption cycles. They
claimed that viscous oil could be recovered only by washing with n-hexane or less viscous oil.
In the present study removal of engine oil from exfoliated graphite by using the solvent method is discussed.
High sorption capacity of high-viscous Havoline engine oil
on EG was reported previously in our papers [10, 11] and
sorption of engine oil was much higher than that of crude
oil on the same EG [11]. In both above studies the oil extraction from EG and its regeneration are discussed as a
perspective application of EG as a sorbent material for
removing oil spills from water. Two Havoline engine oils
of different viscosity and density were used to compare the
efficiency of both, oil extraction and EG regeneration.
Cyclohexane was selected for oil extraction from two selected EG samples (EG1 and EG2), which were supplied
by Graphite Superior Company and differed in bulk density
and BET surface area, but also their sorption capacities.

MATERIALS AND METHODS
Two EG samples from Graphite Superior Company
Ltd. were used and characterised by bulk density and
nitrogen adsorption at –196 °C with ASAP2010 Micromeritics equipment. BET surface area was estimated
from adsorption isotherm of nitrogen gas and morphology
observed by scanning electron microscopy (SEM) (Zeiss
DSM 962, Germany). Oil sorption was performed according to the procedure described previously [2]. Oil was
spread on the surface of water in a beaker, then EG was
added and mixture was magnetically stirred until satura-
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tion of adsorption. After adsorption EG samples were
separated from water and dried overnight. It was investigated that EG sorbed preferentially oil, no water, and EG
had strongly hydrophobic nature. The amount of oil
sorbed on EG was calculated from the difference in EG
mass before and after sorption. In each experiment 0.2 g
of EG sample was used for oil sorption and different
amounts of spread oil to saturate adsorption process. The
capacity of oil was estimated from performing the adsorption isotherm. The amount of sorbed oil was measured
with an accuracy of 0.7 g, so sorption capacity of oil was
estimated with an accuracy ± 3.5 g of oil per g of EG.
Two commercially available engine oils (Havoline
Synthetic Formula 3 5W/40 and Havoline Formula 3
15W/40) with different viscosity and density were sorbed
on EG samples. The characteristic of these oils are presented in Table 1.
TABLE 1 - Characteristic of the two engine oils used.
Oil
15W/40
5W/40

Density [kg/m3]
883
847

Viscosity [Pa⋅s]
178⋅10-3
134⋅10-3

After sorption oil was removed by extraction with
different amounts of cyclohexane shaking the EG samples
for 1, 2 and 3 hours. After shaking EG was separated
from the solution and dried to remove the rest of solvent.
A few cycles of oil sorption and extraction were performed to evaluate the regeneration efficiency.

RESULTS AND DISCUSSION
EG2 with higher BET surface area and density
showed higher sorption capacity for more viscous oil. In
the case of EG1 sample sorption capacity was noted to be
higher for less viscous 5W/40 oil. The parameters of both
EG samples and their maximal sorption capacities measured are listed in Table 2.
TABLE 2 - BET surface area, bulk
density and sorption capacity of EG samples.
Sample
EG1
EG2

200

a

Volume Adsorbed [cm3/g STP]

Volume Adsorbed [cm3/g STP]

Desorption

)

80
60
40

a

20

)

0
0

0.2

0.4

0.8

Sorption
capacity for oil
15W/40[g/g]
33.5
43.8

1

b

Desorption

)

150

100

50

b
)
0

Relative Pressure [P/P0]

b)

Adsorption

0
0.6

Sorption
capacity for oil
5W/40[g/g]
40
33.7

EG1 consists of up to a few mm long, worm-like EG
particles, whereas EG2 has more consolidated expanded
flakes of graphite with many pores formed inside the flakes.
Both EG1 and EG2 have the typical structure of EG, but
some differences are observable on the SEM photos (Fig. 2).

a)

Adsorption

Bulk
density
[kg/m3]
7
10

EG1 and EG2 had similar shapes of adsorption isotherm, the type II isotherm according to the Brunauer
classification which is characteristically for mesoporous
materials. However, the pore size distribution calculated
by BJH method from EG1 adsorption isotherm differs
from the latter, exhibiting more pores in the range of 2-30
nm. In Fig. 1 adsorption isotherms and pore size distribution for the two samples are presented.

120
100

BET
surface area
[m2/g]
68.7
111.7

0.2

0.4

0.6

0.8

1

Relative Pressure [P/P0]

a)

b)

FIGURE 1
Adsorption-desorption isotherms of nitrogen and pore size distribution calculated by BJH method for: a) EG1, and b) EG2.
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a)

b)

c)

d)

FIGURE 2 - SEM photos of EG1 a), b) and EG2 c), d) samples.

Cyclohexane has proved to be effective in extraction
of viscous oils from EG. The results showed that 50-75%
of 15W/40 oil could be removed by extractive soaking
after shaking for 1 h. Increasing amounts of solvent improved extraction efficiency, which is lower for more
viscous oil, but prolongation of shaking time did not
markedly effect extraction efficiency.
Oil of higher viscosity could be better extracted from
EG. Removal percentages of 15W/40 and 5W/40 oils
from EG2 after 1-hour shaking are presented in Table 3.
TABLE 3 -Removal of oils, 15W/40 and
5W/40, from EG2 after one hour of shaking.
Amount of
cyclohexane [ml]
10
15
20
25

Extraction of oil
15W/40 [%]
53
59
63
75

Extraction of oil
5W/40 [%]
46
46
48
58

EG samples were reused for oil sorption after oil extraction procedure and their sorption capacity decreased
significantly with the cycle number. It is worth to note
that sorption capacity for the less viscous 5W/40 oil in the
case of EG2 decreased to 80% in the second and 60% in
the third sorption cycle, compared to the initial one. The
more viscous oil 15W/40 was sorbed on EG2 sample
more efficiently than 5W/40, but its initial sorption capac-

ity decreased even to 25% in the third cycle and 20% in
the fourth cycle. The amounts of oil sorbed on EG2 in
subsequent sorption cycles after extraction with different
amounts of cyclohexane are plotted in Fig. 3.
Efficiency of oil removal increased with increasing
amounts of solvent, especially for oil 15W/40, but sorption capacity decreases in the same way. In Fig. 4 the oil
removal rates and also the efficiency of oil regeneration
are presented for EG2 samples after using different
amounts of solvent.
Although removal efficiency increased with cyclohexane
amount used for oil extraction, the ratio of oil sorption to
regeneration was not improved. For lower amounts of
cyclohexane, 10 and 15 ml, it was possible to obtain
100% of oil sorption in relation to extracted oil from
exfoliated graphite after the first cycle of oil sorption/regeneration, which correspons to the second cycle of
oil sorption. In the following cycles the EG regeneration
efficiency, defined as the ratio of amount of oil sorbed on
EG to amount of oil extracted from EG before sorption,
seemed to keep at the same level, 40-60%, regardless of
the amounts of solvent used. So it is reasonable to use just
a small amount of cyclohexane for oil extraction. After
extraction of oil with 20 and 25 ml cyclohexane the structure of EG was changed.The worm-like particles of exfoliated graphite were destroyed and looked like a powder.
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FIGURE 3 - Sorption of oils, a) 15W/40 and b) 5W/40, on EG2 sample in
subsequent cycle numbers and after extraction with different amounts of cyclohexane.
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FIGURE 4 - a) Removal efficiency of 15W/40 oil from EG2, and
b) EG2 regeneration efficiency using different amounts of cyclohexane after one-hour shaking.
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FIGURE 5
Sorption and recovery of oils, a) 15W/40 and b) 5W/40, on EG2 using 10 ml cyclohexane for extraction.
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FIGURE 6
Sorption and regeneration of oils, a) 5W/40 and b) 15W/40, on EG2 .

In the next series of experiments extraction of oils
that differ in viscosity and density was investigated. In
Fig. 5 the cycles of oil sorption and recovery for EG2 are
shown, when using 10 ml cyclohexane for extraction.
Although extraction rates of oil 5W/40 from EG2
were not so high, the sorption capacity did not decrease so
drastically than in the case of oil 15W/40. The same results were observed using EG1. The amount of oil sorbed
on EGs in the first cycle was higher than that extracted
after sorption. It can be concluded that oil extraction with
cyclohexane modified the structure of EG, increasing its
sorption capacity at the beginning.
Generally, EG sorption capacity for oils decreased with
the cycle number after extraction with cyclohexane and
regeneration efficiency, 40-60%, did not depend on the oils
used. In Fig. 6 oil sorption and regeneration are plotted for
EG2 and both oils, 5W/40 and 15W/40. Regeneration is the
value of amount of oil extracted from used EG in relation
to oil previously sorbed on this EG sample.

CONCLUSIONS
Cyclohexane has proved to be efficient in oil removal
from exfoliated graphite (EG) after sorption. Although the
sorption capacity of EG decreases with the cycle number,
the percentage of oil sorption to regeneration reached
100% in the first cycle and then changes to 40-60%. Extraction of oil from EG using cyclohexane was more favourable for less viscous oil. The amount of solvent used
for oil extraction should be small enough to avoid destruction of exfoliated graphite structures.
ACKNOWLEDGEMENTS
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SUMMARY
Sorption and recycling performances of porous carbons, exfoliated graphite, carbonized fir fibers and carbon
fiber felts for heavy oils were reviewed. Mechanism of
heavy oil sorption into porous carbon materials is discussed. All experimental results revealed that the sorption
of a large amount of heavy oil is due to the capillary
pumping into inter-particle macropores of carbon materials by the assistance of intra-particle pores, for example,
cleavage-like and ellipsoidal pores in worm-like particles
of exfoliated graphite. Hydrophobic (oleophilic) nature of
the surface of carbon materials seems also to be a factor
governing heavy oil sorption, particularly for preferential
sorption of heavy oils. The advantages and disadvantages
for heavy oil sorption, recovery and recycling are discussed through the comparison among three carbon materials employed.

KEYWORDS: Heavy oil, sorption, exfoliated graphite, fibrous
carbons, carbon fiber felts, macropores.

INTRODUCTION
Heavy oil spills result in not only a great deal of damage to the global environment, but also a great loss of
energy resources. Porous carbon materials with
macropores, such as exfoliated graphite and carbonized fir
fibers, were found to be able to sorb a large amount of heavy
oil very quickly; their sorption capacity for oils with relatively low viscosity reached to more than 80 g of heavy oil per 1
g of carbon materials within 2 min and a little less capacity
for viscous oils. However, microporous carbon materials,
such as activated carbons, have only small sorption capacity, as small as few g/g. Dependences of sorption capacity
on bulk density of carbon materials and on temperature
and viscosity of heavy oils, recovery of sorbed heavy oil
from carbon materials and also recycle of both heavy oils

and carbon materials were explored on different carbon
materials, exfoliated graphite [1-5], carbonized fir fibers,
which were fibrous components extracted from natural fir
trees [6-8], and carbon fiber felts [9]. Some trials for practical applications by using exfoliated graphite packed into
plastic bags were also reported [10, 11]. These experimental results suggested certain possibility of these
macroporous carbon materials to be used for the protection
of environment from heavy oil pollutions, and were reviewed in different journals [12-16].
Fundamental sorption kinetics of heavy oils into carbons were also studied by using the so-called wicking
method [9, 17, 18]. These studies showed that large spaces,
which are constructed by the entangled worm-like particles of exfoliated graphite, fibrous particles of carbonized
fir fibers and carbon fiber felts, are mainly responsible for
their large sorption capacity. However, a difficulty was
pointed out to evaluate correctly these large spaces formed
among the fragile particles, such as the worm-like particles
of exfoliated graphite, to reach more realistic value for pore
volume in exfoliated graphite, and a special dilatometer for
the mercury porosimeter was proposed [19]. Based on
these experimental results on exfoliated graphite, the
mechanism of a large sorption capacity of exfoliated
graphite was discussed [20].
In the present work, the sorption and recovery of
heavy oils and the performance for their cycling are reviewed on three different macroporous carbon absorbents,
exfoliated graphite, carbonized fir fibers and carbon fiber
felts, and the sorption mechanism is discussed.
PORE STRUCTURES OF
CARBON MATERIALS USED
SEM micrographs of three carbon materials used as
absorbents are shown in Fig. 1. Exfoliated graphite was
prepared by rapid heating of residue compounds of natural
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graphite flakes with sulfuric acid and characterized by
worm-like particles. In this material, three kinds of pores
have to be identified [21, 22]; ellipsoidal pores inside and
wedge-like pores on the worm-like particles (intra-particle
pores), in addition to large spaces among them (interparticle pores) (Fig. 1a). Fibrous components of fir trees
were separated from lignin components by treating in saturated water vapor for 1 minute and then carbonized at
900ºC for 1 hour in a flow of a high purity argon gas. Also
in these carbonized fibers, three kinds of pores are observed
(Fig. 1b); pores along fiber axis with rectangular crosssection, small round pores on the wall of fibers, which
seem to be connected to the former rectangular pores, and
large spaces with different sizes and irregular forms among
fibrous particles. The first two are intra-particle pores and
the last is inter-particle ones. In carbon fiber felts, however,
only one kind of pores, inter-particle pores, are observed
among the fibers (Fig. 1c). The surface of each fiber is
smooth and no pores are inside of the fibers.
SORPTION AND RECOVERY OF HEAVY OILS
Exfoliated graphite

In Fig. 2, the dependences of sorption capacity on bulk
density of exfoliated graphite for four heavy oils with different viscosities, A-, B-, C-grade and crude oils, are
shown. Sorption capacity decreases markedly with increasing bulk density. Sorption capacity for viscous C-grade oil
is relatively low and no sorption is detected on dense exfoliated graphite. However, exfoliated graphite with low
bulk density of 7 kg/m3 has very high sorption capacity,
more than 80 g/g for a heavy oil with relatively low viscosity. This sorption capacity is much higher than that for
conventional absorbents, such as polyurethane foams.

FIGURE 1 - SEM micrographs of porous carbon materials used
(a) Exfoliated graphite, b) carbonized fir fibers and c) carbon fiber felt.

FIGURE 2 - Dependences of sorption capacity for
different heavy oils on bulk density of exfoliated graphite.

185

© by PSP Volume 13 – No 3a. 2004

Fresenius Environmental Bulletin

It has to be mentioned that the lump of exfoliated
graphite sorbed heavy oil does not contaminate white filter
paper placed underneath even after a long time, if the
sorbed amount is less than its sorption capacity.
Less viscous oils, as A-grade and crude oils, could be
recovered by a simple filtration under suction. The changes
of sorbed and recovered oils with cycling are shown for
A-grade oil in Fig. 3. In each sorption and recovery cycle,
about a half of sorbed oil can be recovered. The oils remained in exfoliated graphite lump disturb the further sorption in the next cycle and so sorption capacity of the lump
decreases roughly by half after each cycle. This decrease in
sorption capacity is reasonably supposed to be due to the
trapping of the oils at small inter-particle pores and also
intra-particle ones. Viscous oils could not be recovered by
filtration even under strong suction. Sorbed heavy oils
could be recovered by washing with a solvent, such as nhexane, but the exfoliated graphite after washing could not
be reused as absorbent for heavy oil, mainly because of the
destruction of bulky texture of exfoliated graphite.

FIGURE 4 - Sorption capacity of fir fibers carbonized up to 900 oC.

FIGURE 3 - Changes of sorbed and recovered A-grade
heavy oil from exfoliated graphite by filtration under suction.

Carbonized fir fibers

In Figs. 4a) and b), sorption capacity of carbonized fir
fibers for A- and C-grade heavy oils is plotted, respectively, against bulk density of the absorbents. Marked decreases in sorption capacity with increasing bulk density
are observed for both oils. In comparison with exfoliated
graphite shown in Fig. 2, sorption capacity of carbonized
fir fibers for A-grade oil is a little inferior in low bulk
density region and that for C-grade oil is superior in high
bulk density region.
Cycling performance for sorption and recovery by filtering under suction is shown for A-grade heavy oil in Fig. 5a).

In each cycle about 80 % of sorbed oil is recovered
and so the decrease in sorption capacity with cycling is
much smaller than in the case of exfoliated graphite, after
8 cycles it becomes about 60 % of that of 1st cycle. When
the fiber lump with a high bulk density was used, the
decrease in sorption capacity with cycling was much less,
though absolute value of sorption capacity was less. Viscous C-grade heavy oil sorbed into fir fibers could not be
recovered by a filtration under suction. However, the oils,
even viscous C-grade one, could be washed out from fir
fibers by using a solvent. In Figs. 5b) and c), the cycling
performances for A- and C-grade heavy oils, respectively,
by washing with n-hexane are shown. In the case of
sorbed C-grade heavy oil, the less viscous A-grade oil can
be used as a recovering solvent, as shown in Fig. 5d), this
washing process corresponding to the preparation of Bgrade heavy oil.
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FIGURE 5 - Recycling performances of carbonized fir fibers.

Carbon fiber felts

Carbon fiber felts used as absorbents had rather high
bulk density and so sorption capacity was not high. As
shown in Fig. 6, however, the relation between sorption
capacity for A-grade heavy oil and bulk density measured
on four carbon fiber felts, was almost the same as those
observed on both exfoliated graphite (Fig. 2) and carbonized fir fibers (Fig. 4a).
Though the sorption capacity could not be high, the
cycling performance of carbon fiber felts was excellent.

Some of the results are shown in Fig. 7. By filtration
under suction about 90 % of A-grade heavy oil sorbed
could be recovered and no reduction in sorption capacity
was observed even after 8 cycles (Fig. 7a). Almost 100 %
recovery by washing with n-hexane was obtained for both
A- and C-grade heavy oils (Figs. 7b) and c)). In the case
of felts consisting of PAN-based carbon fibers, even centrifuging with 3,800 rpm could be applied without any
reduction in sorption capacity during 8 cycles, in order to
recover the heavy oil sorbed (Fig. 7d).
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FIGURE 6 - Sorption capacity of carbon fiber felts in
comparison with exfoliated graphite and carbonized fir fibers.

FIGURE 7 - Recycling performances of carbon fiber felt.
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DISCUSSION
In our previous paper [19], a special dilatometer for a
mercury porosimetry was proposed to use for the evaluation of pore volume of fragile exfoliated graphite. Pore
volume measured on an exfoliated graphite by using a
conventional dilatometer was only 1.0 x 10-2 cm3/g, from
which the sorption capacity of only 9 g/g was obtained by
calculation using the density of the oil (852 cm3/g), being
much smaller than the sorption capacity observed on this
sample (60 g/g). Pore volume of the same sample measured
by the improved dilatometer reached to 7.4 x 10-2 cm3/g,
which corresponded to 64 g/g of sorption capacity, almost
the same as the observed one. The pore volume measured
by the improved dilatometer showed a good correspondence to the sorption capacity measured for the sorption
capacity of A-grade heavy oil [20], in other words, the
pore volume of the former can be used as a good measure
for the latter.
This correspondence indicates that most of the heavy
oils are sorbed into large pores, such as 200-600 µm. On a
lump of exfoliated graphite, there are at least three kinds of
pores, large inter-particle pores, most of which are formed
among entangled worm-like particles, cleavage-like pores
on the particle surface and ellipsoidal pores inside of the
particles (intra-particle pores). Analysis of the intra-particle
pores of exfoliated graphite by using image processing [21]
showed that they can be approximated by ellipsoids, of
whose sizes, the lengths of major and minor axes, range up
to around 100 and 40 µm, with the maximum population at
round 20 and 10 µm, respectively. Therefore, these ellipsoidal pores in the particles can not give the large pore
volume and so cannot be responsible for large sorption
capacity as 80 g/g. Along the cleavage-like spaces on the
surface of the worm-like particles of exfoliated graphite
heavy oil was observed to climb up very quickly [14], and
their maximum size was about 80 µm [22]. So these cleavage-like spaces also do not explain the pore size distribution observed by improved dilatometer of mercury porosimeter. Therefore, the total pore volume due to large
pore size of around 400 µm is reasonably supposed to be
due to the spaces formed by entangled worm-like particles
(inter-particle pores). These large spaces must be responsible for large sorption capacity for heavy oil. Other two
intra-particle pores, the cleavage-like and ellipsoidal pores,
seem to have also important roles for heavy oil sorption,
pumping heavy oil into a lump of exfoliated graphite [18],
but the amount of sorbed oil can not reach so high, as discussed above. It is reasonable that these inter-particle pores
can be easily destroyed by a slight compression, and, as a
consequence, the bulk density of exfoliated graphite and
the sorption capacity dropped down correspondingly, as
shown in Fig. 3.
The same situation for heavy oil sorption is reasonably
assumed for carbonized fir fibers. In carbon fiber felts,
however, only inter-particle pores exist, which seems to
result in small sorption capacity and high recovery ratio.

All these experimental results on the sorption of
heavy oil by macroporous carbon materials revealed that
the sorption of large amount of heavy oil into carbon
materials is due to the capillary pumping based on their
pore structure; capillary pumping is assisted by intraparticle pores, such as cleavage-like and ellipsoidal pores
in worm-like particles of exfoliated graphite, and most of
the oils pumped up are kept in large inter-particle spaces
(macropores). Hydrophobic (oleophilic) nature of the
surface of carbon materials seems also to be a factor governing heavy oil sorption, particularly for preferential
sorption of heavy oils.
CONCLUDING REMARKS
Three porous carbon materials used in the present
work have their own advantages and also disadvantages
for the sorption, recovery and recycling of heavy oils.
Exfoliated graphite is characterized by its very high
sorption capacity and rate, particularly for less viscous
heavy oils, and easy to obtain at relatively low cost because of its industrial production. However, its bulky and
fragile nature gives difficulties in handling and storage of
a large amount, even though bulkiness in absorbent is
necessary to keep high sorption capacity. The use of exfoliated graphite by packing into plastic bags was tried [10,
11], but still the bags packed with exfoliated graphite can
not be laid on in a large number. The heavy oil sorbed
into exfoliated graphite could be easily recovered by a
simple filtering under suction, but its reuse for heavy oil
sorption results in almost a half capacity.
Fir fibers are produced from the wasted fir trees, but
have to be separated through water vapor treatment and
needed to be carbonized at around 1000 oC, which increases the costs of the absorbent. They also have a problem in handling and storage, the same as with exfoliated
graphite. However, their sorption capacity is comparable
to exfoliated graphite, even better for viscous oils, and the
recycling performance is much better than exfoliated
graphite; filtration under suction can be applied with
small reduction in sorption capacity by cycling and also
washing-out of oils by a solvent is also employed, viscous
heavy oil being able to be washed out by using less viscous heavy oil.
Carbon fiber felts are much more expensive than exfolaited graphite and carbonized fir fibers, and have much
lower sorption capacity. However, they are characterized
by high recycling performance; almost no reduction in
sorption capacity and almost 100 % recovery by filtration
under suction and washing by a solvent. If the felt consists of high-strength grade PAN-based carbon fibers,
centrifuging and even squeezing processes can be repeatedly applied for the recovery of heavy oil without a
marked reduction of sorption capacity.
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SUMMARY
The investigated fuel oil fractions (HRGO) were obtained from hydrotreatment of vacuum residues and differed in >370 oC fraction contents. The sulphur content in
the investigated fractions did not exceed 0.06 wt.%. The
aim of the work was to determine colour stability, but
consideration was also given to the contribution of the
stabiliser. It was found that colour stability of the fractions could be upgraded by decreasing the final boiling
point to 365 oC. Investigated was also the effect of addition of the HRGO fraction on the colour stability of the
light fuel oil (hydroraffinate of a straight-run fuel oil and
a fuel oil from catalytic cracking).

Because of the high content of unsaturated compounds (high bromine number) and nitrogen-containing
compounds [6], fuel oil fractions need stability determination (colour darkening, particulate fallout) before applicated in manufacture of commercial products.
MATERIALS AND METHODS
The experiments were carried out with fuel oil fractions (HRGO I, HRGO II and HRGO III) with an initial
boiling point of 225 oC, which were obtained from the
hydrotreating of the vacuum residue. The properties of the
investigated fractions are listed in Table 1.
TABE 1 - Properties of the fuel oil fractions.

KEY WORDS:
vacuum residue, light fuel oil, colour stability.

Properties
Density [g/cm3]
Viscosity at 20 °C [cSt]
Acid number [mg KOH/g]
Bromine number [g Br/100g]
Sulphur content [wt.%]
Nitrogen content [wt.%]
Base nitrogen content [wt.%]
Fractional composition [wt.%]
IBP [oC]
distilled up to 250 oC
distilled up to 350 oC
>370 oC fraction [ wt.%]

INTRODUCTION
The residues from vacuum distillation can be processed by thermal methods (thermal cracking, coking,
visbreaking), hydroprocesses (hydrodesulphurisation, hydrocracking) or by gasification and deasphalting. In ecological terms, the most promising processes are gasification and both hydrodesulphurisation and hydrocracking
[1-5]. The advantage of applying hydroprocesses is that
they yield low-sulphur distillates.
The hydrotreatment of vacuum residues obtained
from Ural crude oil (1.36 wt.% sulphur) yields a fuel oil
fraction containing approximately 0.05 wt. % of sulphur
and a residue with 0.6 wt.% of sulphur, which can be used
as heavy fuel oil. The vacuum residue from Ural crude oil
is produced in amounts of about 25 percent.

HRGO I
0.856
5.91
0.08
3.43
0.041
0.096
0.050

HRGO II
0.850
5.00
0.02
4.33
0.05
0.119
0.073

HRGO III
0.861
6.13
0.05
4.92
0.065
-

225
27 %
82 %
0.70

225
27 %
93 %
2.91

225
10 %
92 %
6.45

To obtain five-grade narrow fractions, the vacuum
distillation of fuel oil fraction HRGO was carried out at a
pressure of 5 mm Hg, with dephlegmation on a Vigreux
column with a capacity approaching 14 cm per theoretical
plate (h = 50 cm). Physical properties were established in
terms of relevant standards: density, PN-90/C-04004; viscosity, acid number, PN/C-04049; bromine number, PN68C-04521; PN/C; PN/C-04013; colour, PN-75/C-04037
(spectrophotometric method); fractional composition, PN83/C-04012.
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RESULTS AND DISCISSION
Colour determinations of the investigated fuel oil fractions (HRGO I, HRGO II and HRGO III) after 6 weeks of
sample storage showed that the increase of >370 oC fraction from 0.70 to 6.45 coincided with that of the absorbance index B530 by about two units (Fig. 1.). With samples
displaying high colour stability, the changes of B530 value
ranged about 0.3 units [6].
The application of a stabiliser did not change the relation between the quantity of the >370 oC fraction and the
stability of the product (Fig. 2). The B530 value determined for the >370 oC fraction distilled from HRGO III
indicate that stabiliser addition did not significantly
inhibit influence of storage time on colour degradation
(Fig. 3). The B530 values of >370 oC fraction were determined after dilution with toluene (at a weight ratio of 1:6).

To determine the influence of the fraction with the
lowest B530 value obtained from residue hydrotreating on
the stability of light fuel oil, experiments were carried out
with a mixture of HRGO I and BO fractions (at a weight
ratio HRGO I : BO = 1:4). The BO was the hydroraffinate
of the straight-run fuel oil fraction and a fuel oil fraction
from catalytic cracking. It was found that HRGO I addition
not only noticeably deteriorated the colour of the product,
but also accelerated its darkening with time (Fig. 1). The
addition of a stabiliser was without any effect on the colour
degradation described above (Fig. 2).
To evaluate how the fractional composition affects
the stability of the fuel oil fraction colour measurements,
we carried out measurements for five-grade narrow fractions obtained from HRGO III. The yield of narrow fractions and the results of colour (B530) measurements are
shown in Table 2, Fig. 4 and Fig. 5.

4

3,79
2,81

B530

3
1,89

2

2,92

2,19
1,69

1,41
0,88

1

1,21

0,51

0
HRGO I

HRGO II
after w eek

HRGO III

BO

HRGO I+BO

after 6 w eeks

FIGURE 1
Colour stability of the investigated feeds.
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0
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FIGURE 2
Effect of the stabiliser on colour degradation.
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FIGURE 3
Time-dependent colour darkening of the >370 oC fraction.

TABLE 2 - Boiling range, yield and initial colour of five-grade fractions (HRGO III).

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Boiling range
[oC]
below 225
225 − 230
230 – 235
235 – 240
240 – 245
245 – 250
250 – 255
255 – 260
260 – 265
265 – 270
270 – 275
275 – 280
280 – 285
285 – 290
290 – 295
295 – 300

Yield
[wt. %]
4.0
3.5
3.7
3.7
4.5
4.3
3.0
3.6
3.1
1.9
4.0
3.3
3.1
3.8
2.7
4.5

B530

No.

0.06
0.02
0.005
0.001
0.004
0.01
0.05
0.005
0.015
0.050
0.02
0.03
0.04
0.11
0.05
0.05

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

Boiling range
[oC]
300 – 305
305 – 310
310 – 315
315 – 320
320 – 325
325 – 330
330 – 335
335 – 340
340 – 345
345 – 350
350 – 355
355 – 360
360 – 365
365 – 370
>370

Yield
[wt. %]
3.5
1.7
3.1
3.8
4.1
3.2
2.9
2.3
2.5
2.7
1.8
1.9
1.4
1.5
6.4

8
7
6
B530

No.

5
4
3
2
1
0
1

2

3

4

5

6

7

8

9 10 11 12 13 14 15 16 17 18 19 20
fraction

af ter distillation
4 weeks

1 week
6 weeks

2 weeks
7 weeks

FIGURE 4
Colour darkening with time for the <320 oC fractions.
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FIGURE 5
Colour darkening with time for the >320 oC fractions

The results show that the colour of the fractions with
boiling points up to 320 oC (<320 oC, samples 1 to 20) had
low values and did not change substantially within 8 weeks
(Fig. 4.). The colour of the fractions boiled at temperatures
above 320 oC (>320 oC, samples 21 to 30) was noticeably
affected by the colour of the 28, 29 and 30 fractions (Fig. 5).
The comparison of data for fractions 29 and 30 indicated
that the application of the stabiliser accounted for a decrease
in the B530 value by above 4 units (Fig. 6). After 8 weeks the
colour of fractions 29 and 30 in the presence of a stabiliser
became comparable with those of the 21 to 27 fractions,
without additive (Fig. 5).
The study also included investigations of the influence
of low-stability fractions (28 to 30) on the colour stability
of fractions with boiling points ranging up to 320 oC. The

investigated samples contained these fractions in the same
proportion occurring in HRGO III (Table 2). Consideration was also given to the effect of the stabiliser on colour
degradation of the samples. As shown in Fig. 7, the fractions with boiling points ranging from 355 to 360 oC and
from 360 to 365 oC (fraction 28 and fraction 29, respectively) had a comparable effect on the stability of the
<320 oC fraction. After 4 weeks of storage, the addition of
28 and 29 fractions caused a 33% increase of B530 value
In the presence of the stabiliser colour darkening oscillated around 21 % (Fig. 8). The 365-370 oC fraction (fraction 30) was found to exert a much stronger influence not
only on the initial colour, but also on the stability of the
<320 oC fraction. Colour darkening with time was concomitant with the particulate fallout. In the presence of a
stabiliser such an effect was not observed.
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FIGURE 6
Colour darkening with time for low stability fractions
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FIGURE 7
Effect of low stability fractions on the colour of the <320 oC fraction (without addition of stabiliser).
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FIGURE 8
Effect of low stability fractions on the colour of the <320 oC fraction containing a stabiliser.

CONCLUSIONS
Our investigations made it possible to determine the
effect of the fractional composition on the stability of the
light fuel oil obtained from hydrotreating of vacuum residue (HRGO). We found that not only the fraction with a
boiling point higher than 370 oC, but also the fractions
boiling in the range of 355-360, 360-365 and 365-370 °C
showed the lowest stability. From the results obtained the
following may be inferred: although the stabiliser had an
improving effect against the colour darkening and particu-

late fallout, its addition did not eliminate the disadvantageous effects due to the presence of the 365-370 °C and
of the >370 °C fractions.
For the use of the HRGO fraction as a component of
domestic fuel oil, the final boiling point must not exceed
365 oC.
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SUMMARY
Series of base and engine oils were examined using
several chromatographic methods: high temperature gas
chromatography HTGC with a SIMDIS HT-750 analyser,
elution-adsorption chromatography and inverse gas chromatography (IGC). Each of these methods yields different
but complementary information on chemical composition,
structure and properties of engine oils from different
viscosity classes.

KEYWORDS: base oils, engine oils, identification, high temperature gas chromatography, inverse gas chromatography.

INTRODUCTION
The determination of the source and chemical nature
of petrochemical products is a serious problem in the case
of environmental pollution. Identification of the pollutant
is relatively easy, if it is gasoline, motor oil or heating oil.
However, the identification of lubricant oils, especially
engine oils, is much more complex. The petrochemicals
on the market, including lubricants, were produced with
the use of raw materials not only from classical petrochemical processes, but also from modern catalytical processes
such as polymerisation, polycondensation, esterification,
catalytic visbreaking, fluidal catalytic cracking, hydrocracking and catalytic reforming. Petrochemical products from these processes exhibit significantly different
properties in comparison to those from classical crude oil
processing.
Since the early 80ies the contribution of hydrogen
processes, namely hydrotreating, hydrocracking, hydroisomerization and isodewaxing, significantly increases.
These processes lead to hydrogenation of aromatic rings
to naphthenic ones, hydrogenation of olefins and removal

of sulphur and nitrogen compounds from different feeds,
i.e. vacuum distillates, deasphaltized oils and crude paraffinic waxes. The final product – the so-called base oil –
should exhibit the following properties: low kinematic
viscosity, high viscosity index as well as high thermal and
oxidation stability [1-3]. The application of different technological processes leads to the production of base oils
with different chemical composition (Fig. 1) and further
physicochemical properties (Table 1).
200SN, HC-6 and PAO-6 oils were chromatographed
with the use of a SIMDIS HT-750 analyzer and conditions
of chromatographic experiments have been described earlier [4]. The chromatograms of 200SN from classical oil
processing and HC-6 from catalytic hydrocracking are
similar despite the different ways of oil preparation. However, PAO-6 chromatogram is significantly different from
those of 200SN and HC-6. Other quite different chromatograms were found for Ethyl Hitec 166 and Shell XVHI,
which were produced during the catalytic hydrocracking
from paraffinic waxes [5].
American Petroleum Institute (API) classification is
based on the values of the following basic physicochemical
parameters of base oils: saturates content (ASTM D-2007),
sulphur content and viscosity index divide base oils into
five groups. Oils from classical crude oil processing belong
to group I. Groups II and III contain base oils from catalytic
processes, such as hydrotreating, catalytic hydrocracking,
hydrodewaxing, and hydroisomerization. Poly-α-olefins
are to be found in group IV, while in group V all other base
oils not counted to groups I-IV are summarized [6-9].
Such a wide gamut of base oils allows the preparation
of lubrication - engine oils from different viscosity classes
having different physicochemical parameters. All these
products fulfilled engine producer and further user requirements under different conditions of exploitation of
engine oils [10].
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FIGURE 1
Chromatograms of base oils from different refinery processes (SIMDIS HT-750, ASTM D-6352).
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TABLE 1
Physicochemical characteristics of base oils from different refinery processes [4-7].

Parameter

200SN
6.31
40.8
102
-6
18.8

Viscosity at 100 oC (mm2/s)
Viscosity at 40 oC (mm2/s)
Viscosity index
Pour point (oC)
NOACK volatility (%)
a

Base oil
Shell XVHI
5.49
25.9
156a
-9
14.3

Ethyl Hitec 166
5.91
31.4
135a
-63
7.5

HC-6
6.08
33.96
127
-27
14.3

PAO-6
5.98
30.9
143
-64
6.1

Values of viscosity index calculated from values of kinematic viscosity (at 40 to 100 oC according to ASTM D-2270).

MATERIALS AND METHODS
We have examined six engine oils from various viscosity classes according to SAE and API: 5W/40 Lotos
Syntetic, Visco 5000; 10W/40 Lotos Semisyntetic; Aquila
for Gas; 15W/40 Shell Helix Super; Helius for Gas; and
Motor Propan Oil. Lotos Syntetic, Visco 5000, Lotos
Semisyntetic, and Shell Helix Super oils are used in
sparks ignited engines, where gasoline is used as a fuel.
The other oils, Aquila for Gas, Helius for Gas and Motor
Propan Oil, were designed for application in LPG engines. Shell Helix Super may be used in LPG sparks ignited engines. The physicochemical characteristics of the
examined oils are given in Tables 2 and 3.
Examined oils were characterized by the following
normalized analytical procedures: kinematic viscosity by
ASTM D-445, viscosity index by ASTM D-2270, density
by ASTM D-4052, refractive index by ASTM D-1218,
total basic number by ASTM D-2896, and average molecular mass by ASTM D- 2503. These characteristics were
enriched by additional physicochemical parameters determined by means of inverse gas chromatography (IGC).

Inverse gas chromatography is an extension of classical gas chromatography. The term inverse indicates that
the examined material is placed in a chromatographic
column. Carefully selected test solutes are injected into
the flow of carrier gas and transported over the surface of
the examined material. Retention data, collected during
IGC experiments for the series of test solutes are further
used in calculation of parameters characterising the examined material. These retention data are further used in
calculation of Flory-Huggins interaction parameter
χ 12∞ and solubility parameter δ 2 . Procedures of determination of these parameters were presented and discussed
earlier [11-15].
A modified methodology of elution-adsorption chromatography allows determining the amounts of saturated
and aromatic fractions. Such information may be used in
differentiation of examined oils. On the other hand, these
fractions may be further investigated by different analytical methods.

TABLE 2
Physicochemical parameters of examined engine oils from 5W/40 to 10W/40 viscosity class.

Physicochemical
parameter
Kinematic viscosity
(mm2/s)
1000C
Kinematic viscosity
(mm2/s)
400C
Viscosity index
Density (g/cm3).
200C
Refractive index
200C
Total base number
(mg KOH/g)
Averaged molecular mass

Engine oil
Lotos Syntetic

Visco 5000

Lotos Semisyntetic

Aquila
for Gas

14.27 ± 0.01

13.60 ± 0.01

14.11± 0.01

13.69 ± 0.01

88.82 ± 0.05

77.66 ± 0.04

94.48± 0.05

92.66 ± 0.05

166

180

153

150

0.8587 ± 0.0001

0.8557 ± 0.0001

0.8692 ± 0.0001

0.8718 ± 0.0001

1.4605 ± 0.0001

1.4603 ± 0.0001

1.4720 ± 0.0001

1.4720 ± 0.0001

12.1± 0.30

10.52 ± 0.26

10.06 ± 0.25

8.2 ± 0.20

576 ±11

455 ± 9

474 ± 9

539 ± 11

199

© by PSP Volume 13 – No 3a. 2004

Fresenius Environmental Bulletin

TABLE 3
Physicochemical parameters of examined engine oils from 15W/40 viscosity class.

Physicochemical
parameter
Kinematic viscosity
(mm2/s)
1000C
Kinematic viscosity
(mm2/s)
400C
Viscosity index
Density (g/cm3)
200C
Refractive index
200C
Total base number
(mg KOH/g)
Average molecular mass

Engine oil
Shell Helix Super

Helius Gas

Motor Propan Oil

14.05 ± 0.01

14.27 ± 0.01

14.22 ± 0.01

98.22 ± 0.05

99.83 ± 0.05

108.26 ± 0.06

146

144

130

0.8785 ± 0.0001

0.8815 ± 0.0001

0.8801 ± 0.0001

1.4755 ± 0.0001

1.4760 ± 0.0001

1.4750 ± 0.0001

10.57± 0.26

10.41 ± 0.26

5.79 ± 0.14

506 ±10

439 ± 9

458 ± 9

RESULTS AND DISCUSSION
The lowest values of refractive index were found for
oils from 5W viscosity class and the highest for those from
15W viscosity class (Tables 2 and 3). The direction of
changes in viscosity index is opposite. Such regular changes of the above parameters may be used in the identification of the viscosity class of oils. However, it if difficult or
better impossible to judge on the origin (i.e. technological
process used for its preparation) of the base oil used in the
production of a given engine oil. This task may be executed
with the use of high temperature gas chromatography and
SIMDIS HT-750 analyser (conditions of experiments are
given in ASTM D-6352). The chromatograms of the examined engine oils are presented in Fig. 2.
Taking into account the chromatograms in Figs. 1
and 2, one may deduce that Lotos Synthetic was produced
with the use of poly α-olefin (PAO-6) as the base oil,
whereas Visco 5000 with that from catalytic hydrocracking. The base oil used in the preparation of Lotos Semisyntetic is a mixture of 200SN and PAO-6. All other
engine oils were obtained from base oils produced in
classical crude oil processing. The base oil used in the
preparation of Aquila for Gas was additionally re-refined
to achieve a high value of viscosity index.
∞ parameter
Highly negative values of Flory-Huggins χ12
(Tables 4 and 5) found for each oil / test solute (dispersive
and polar – except for nitromethane) pair indicate their
very good miscibility. For test solutes characterising hy∞ values are positive ( ∞ >>
drogen bonding interaction χ12
χ12
0). It indicates weak interactions between the components
∞ found for
of oil/ test solute pairs. Negative values of χ12

pyridine/engine oil pairs are caused by the presence of
naphthalene sulfonates (C10H7SO3M), components applied
as special improvers.
∞ values determined for the same
Comparison of χ12
test solute and different examined oils were sufficient for
deducing the miscibility of these oils. Very similar values
indicate the high mutual miscibility of all oils examined.
This statement is additionally supported by values of
solubility parameter, δ 2 (Table 6). The difference of solu-

bility parameter values, (Δ δ 2 ), for any pair of the examined oils at a given temperature is lower than 2 (MJ/m3)1/2,
which means that these oils exhibit high mutual solubility
and miscibility.
The content of saturates in the examined oils decreases
in the following order: oil 5W → oil 10W → oil 15W.
This is in accordance with our expectations. In the same
order decrease the viscosity index values, but increase
density and refractive index values. These changes are
caused by changes of oil composition and, on the other
hand, by the polar character of the improvers. For example,
differences in interaction parameter values between test
solutes representing the same type of intermolecular interactions and two engine oils, Helius for Gas and Motor
Propan Oil, result from different chemical composition of
these oils. The group composition of both oils is identical,
but a refractive index value of a separated aromatic (polar)
fraction is much higher for Motor Propan Oil (1.5010) than
for Helius for Gas (1.4960). This difference results from
the presence of improver components in Motor Propan Oil
having much higher polarity than those in Helius for Gas.
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FIGURE 2
Chromatograms of examined engine oils (SIMDIS HT-750, ASTM D-6352)
A – Lotos Syntetic, B – Visco 5000, C – Lotos Semisyntetic,
D – Aquila for Gas, E – Shell Helix Super, F – Helius Gas,
G – Motor Propan Oil
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TABLE 4
∞ ) for examined oils from 5W/40 and 10W/40 viscosity classes at 120 oC.
Values of Flory-Huggins parameter ( χ12
Test solute
n-Hexane
n-Heptane
n-Octane
n-Nonane
n-Decane
n-Undecane
Benzene
Toluene
Ethylbenzene
m-Xylene
n-Propylbenzene
Butanone-2
Acetone
Nitromethane
Dichloromethane
Chloroform
1.2-Dichloroethane
Oxolane
1.4-Dioxane
Cyclohexane
Diethyl ether
Octene-1
Nonene-1
Decene-1
Methanol
Ethanol
Propanol-1
Butanol-1
Pentanol-1
Hexanol-1
2-Methyl-2-Pentanol
Pyridine

Lotos Syntetic
-1.1065
-1.2067
-1.2456
-1.2760
-1.1268
-1.1240
-0.9795
-1.0143
-1.0159
-1.0105
-1.0494
-0.4103
-0.4001
0.8787
-0.8480
-1.0219
-0.6625
-1.0214
-0.5418
-1.2813
-1.1927
0.7294
0.5781
0.2089
0.2017
0.0714
0.0048
-0.4334
-0.7435

Visco 5000
-1.0052
-1.1927
-1.2089
-1.2246
-1.2631
-12926
-0.9564
-1.0528
-1.0949
-1.1076
-1.1687
-0.3725
-0.2262
0.9987
-0.7769
-0.9954
-0.5889
-0.9488
-0.5109
-1.2523
-0.2918
-1.2293
-1.2433
-1.2669
0.7125
0.4696
0.2873
0.1710
0.0280
-0.2661
-0.1371

Engine oil
Lotos Semisyntetic
-0.9654
-0.9982
-0.9812
-0.9941
-0.9345
-0.8823
-0.8612
-0.8618
-0.8360
-0.8596
-0.8605
-0.2643
-0.1951
1.1388
-0.7225
-0.8308
-0.4064
-0.8248
-0.3148
-1.0950
-0.3263
-0.9496
-0.9505
-0.8822
0.5999
0.4397
0.4141
0.4558
0.3587
-0.1483
-0.1886

Aquila for Gas
-1.1152
-1.1055
-1.1012
-1.0964
-1.0217
-1.0583
-0.9361
-0.9616
-0.9380
-0.9669
-0.9044
-0.4586
-0.1971
1.0955
-0.5988
-0.8438
-0.5637
-0.9315
-0.3890
-1.1774
-0.9272
0.8493
0.5197
0.3471
0.3297
0.1379
0.0440
-0.2449
-0.5221

TABLE 5
∞ ) for examined oils from 15W/40 viscosity class at 120 oC.
Values of Flory-Huggins parameter ( χ12
Test solute
n-Hexane
n-Heptane
n-Octane
n-Nonane
n-Decane
n-Undecane
Benzene
Toluene
Ethylbenzene
m-Xylene
n-Propylbenzene
Butanone-2
Acetone
Nitromethane
Dichloromethane
Chloroform
1.2-Dichloroethane
Oxolane
1.4-Dioxane
Cyclohexane
Diethyl ether
Nonene-1
Decene-1
Methanol
Ethanol
Propanol-1
Butanol-1
Pentanol-1
Hexanol-1
2-Methyl-2-Pentanol
Pyridine

Engine oil
Helius for Gas
-1.2272
-0.8189
-0.8130
-0.7616
-0.7232
-0.6870
-0.6850
-0.6813
-0.7069
-0.7276
-0.6751
-0.1099
-0.0217
1.2357
-0.5733
-0.6575
-0.2232
-0.6249
-0.0837
-0.8812
-0.2535
-0.7455
-0.7150
0.7830
0.5163
0.4931
0.4931
0.5243
0.41605
0.0005
-0.2031

Shell Helix Super
-0.7630
-0.8244
-0.8222
-0.8032
-0.8537
-0.8733
-0.6864
-0.7377
-0.7556
-0.7801
-0.7777
-0.0563
0.0740
1.2787
-0.4902
-0.6207
-0.2274
-0.5807
-0.1333
-0.9024
-0.6267
0.8908
0.6809
0.6020
0.5604
0.4536
0.3306
0.0896
-0.2806

202

Motor Propan Oil
-1.3567
-0.9683
-0.9703
-0.9306
-0.8636
-0.8832
-0.8115
-0.8049
-0.8708
-0.8989
-0.8135
-0.2002
-0.1376
1.1530
-0.6739
-0.7381
-0.3503
-0.7501
-0.2197
-1.0129
-0.2715
-0.9207
-0.8731
0.7194
0.4904
0.4785
0.4895
0.4080
0.3151
-0.0991
-0.3243

© by PSP Volume 13 – No 3a. 2004

Fresenius Environmental Bulletin

TABLE 6
Values of solubility parameter ( δ 2 ) for examined engine oils (MJ/m3)1/2.
Engine oil
Lotos Syntetic
Visco 5000
Lotos Semisyntetic
Aquila for Gas
Shell Helix Super
Helius for Gas
Motor Propan Oil

80
15.66 ± 0.05
15.95 ± 0.05
15.77 ± 0.07
14.94 ± 0.04
14.97 ± 0.05
14.00 ± 0.04
14.19 ± 0.04

Temperature (oC)
120
15.98 ± 0.03
15.98 ± 0.03
16.09 ± 0.04
15.76 ± 0.03
15.60 ± 0.03
15.67 ± 0.04
15.96 ± 0.04

100
15.72 ± 0.03
15.80 ± 0.03
15.72 ± 0.04
15.45 ± 0.04
15.18 ± 0.04
15.69 ± 0.04
15.57 ± 0.05

CONCLUSIONS

140
16.28 ± 0.03
16.44 ± 0.02
16.63 ± 0.04
16.35 ± 0.03
16.08 ± 0.05
15.61 ± 0.02
16.57 ± 0.04

160
16.26 ± 0.02
16.20 ± 0.02
17.28 ± 0.05
16.00 ± 0.03
15.60 ± 0.02
15.23 ± 0.02
17.30 ± 0.05

REFERENCES

Six selected engine oils were examined applicating
several chromatographic methods, high temperature gas
chromatography (HTGC) with SIMDIS HT-750 analyser,
adsorption-elution chromatography and inverse gas chromatography (IGC). Each of these methods yields different
information on chemical composition, structure and properties of the engine oils belonging to different viscosity
classes. HTGC allows discriminating engine oils produced with mineral, synthetic or semisynthetic base oils.
However, it is difficult or even impossible to distinguish
between mineral base oils and those from catalytic hydrocracking, e.g. 200SN and HC-6. In such a case it is
helpful to implement additional basic physicochemical
parameters (density, refractive index or viscosity index).
Adsorption-elution chromatography enables the determination of the content of saturates, an useful information
for identification of the base oil. IGC provides information on interactions between examined oils and test
solutes. Values of interaction parameter χ 12∞ and solubility parameter δ 2 may be used in evaluation of mutual
miscibility of base oils from different petrochemical processes and engine oils from different viscosity classes.
Values of density, refractive index and viscosity index
allow the classifying of oils according to SAE J 300.
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SUMMARY

MATERIALS AND METHODS

Commercial biological mixtures of microorganisms,
especially suitable for the utilisation of hydrocarbons in
polluted soil and water, and one PCB-degrading strain
were used for biodegradation of PCB-containing waste
transformer oil. High degradation effects of low chlorinated PCB congeners, 2-CB and 3-CB, were observed
during aerobic process. Under these conditions also the
higher chlorinated congeners, 6-CB and 7-CB, were degraded. The PCB biodegradation effects in the solution of
hydrocarbons were observed for congeners with six or
seven chlorine atoms. The non-specific enzymes could
provide PCB biodegradation in a way different to the via
dioxygenase attack.

Chemicals

The PCB congener Mix 1 of Supelco was used as external standard. PCB Mix 1 contains six PCB congeners,
each in 10 ppm concentration: 2,6-dichlorobiphenyl (2-CB);
2,4,4’-trichlorobiphenyl (3-CB); 2,2’,5,5’-tetrachlorobiphenyl (4-CB); 2,2’,4,4’,5,5’-hexachlorobiphenyl (6-CB);
2,2’,3,4,4’,5’-hexachlorobiphenyl (6*-CB); and 2,2’,3,4,4’,
5,5’-heptachlorobiphenyl (7-CB). The PCB-containing waste
transformer oil from the Paraffin Institute in Warsaw was
investigated. This oil consisted of 70% PCB congeners
and the concentrations of four chosen congeners were
368.2 ppm for 2,6-dichlorobiphenyl (2-CB), 691.0 ppm for
2,2’,4-trichlorobiphenyl (3-CB), 92.7 ppm for 2,2’,4,4’,5,5’hexachlorobiphenyl (6-CB), and 134.3 ppm for 2,2’,3,4,4’,
5,5’-heptachlorobiphenyl (7-CB).
Acetone and n- hexane from Merck were used for
chromatographic analyses and extraction of PCBs from
medium solution.

KEYWORDS:
PCBs, waste transformer oil, mineral oil, biodegradation.

Organisms and culture conditions

INTRODUCTION
Several ways of PCB degradation are known: biological, chemical and thermal treatment. Biological destruction
of PCBs depends on groups of microorganisms that use the
PCB congeners as the main source of carbon and energy [1].
It is also known that microorganisms degrade low
chlorinated congeners of PCBs under aerobic conditions. In
this aerobic process the microorganisms attack congeners
via a dioxygenase pathway converting the toxic molecules
to corresponding chlorobenzoic acids, which can be mineralised to carbon dioxide, water and chloride [2, 3] or converted to compounds used in central metabolic pathways.
In our study commercial biological mixtures and pure
strains of bacteria were used to examine aerobically the
biodegradation effects of mineral oil of PCBs. The waste
transformer oil polluted with PCBs was the only source of
carbon and energy.

In the experiments commercial biological compositions of microorganism cultures, especially suitable for
utilisation of hydrocarbons in polluted soil and water, were
used for biodegradation of PCB congeners. These mixtures
were Biozyn 300 and 301, and NS 20-20 from Bioarcus
Company. The pure strain was a PCB-degrading strain of
Pseudomonas pseudoalcaligenes No10086 from the German National Collection of Microorganisms (DSMZ).
Under aerobic conditions the commercial compositions
of microorganisms and strain 10086 were added to the liquid
medium (NH4Cl, 1g/l; KH2PO4, 1.15 g/l; Na2HPO4 7H2O,
1.15 g/l; MgSO4, 0.5 g/l; Na2CO3, 0.02g/l). The aerobic
cultures were incubated for 21 days at 30 0C on a rotary
shaker at 220 r.p.m.
As the only source of carbon and energy 0.4 % v/v of
waste transformer oil polluted with PCBs was added. All
the experiments were performed in triplicate.
Chemical analysis
PCB extraction. Solvent mixture acetone/ n-hexane (1:3)
was used to extract and separate the PCB-containing
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fraction. The organic solvent mixture was added to the
mineral medium and shaken strongly for 5 min. Then the
samples were mixed on the rotary shaker during 12 hours.
T.J. Baker separate discs and Bakerbond columns with
special phase were used to extract and purify the PCB
congeners from organic solution.

TABLE 1
Chemical composition of oil polluted with PCB.

2,6-dichlorobiphenyl
4,4’-dichlorobiphenyl
2,5’-dichlorobiphenyl
2,5-dichlorobiphenyl
2’,3,4-trichlorobiphenyl
2,2’,5-trichlorobiphenyl
2,2’,5’-trichlorobiphenyl
2,4,6-trichlorobiphenyl
2,4,4’-trichlorobiphenyl
2,3’,4-trichlorobiphenyl
2,4’,5-trichlorobiphenyl
2,4,4’-trichlorobiphenyl
2,2’,3,5’-tetrachlorobiphenyl
2,3,4-trichlorobiphenyl
2,2’,4,6-tetrachlorobiphenyl
2,2’,5,6’-tetrachlorobiphenyl
2,3,4’,6-tetrachlorobiphenyl
2,2’,5,5’-tetrachlorobiphenyl
2,3,5,5’-tetrachlorobiphenyl
2,2’,4,4’-tetrachlorobiphenyl
2,2’5,6-tetrachlorobiphenyl
2,2’,3,4,4’,5,5’-heptachlorobiphenyl
2,3,4,4’-tetrachlorobiphenyl
2,3’,4,4’-tetrachlorobiphenyl
2,2’,3,4,4’,5’-hexachlorobiphenyl
2,3’,4,4’,5-pentachlorobiphenyl
2,2’,3,4,5’-pentachlorobiphenyl
2,2’,4,4’,5,5’-hexachlorobiphenyl
2,2’3,3’,5,5’-hexachlorobiphenyl

PCB analyses. The SRI 8610 Gas Chromatograph
equipped with a 30m capillary column DB-5 and ECD
was used for analysis of PCB congeners. Identification of
peaks and their calibration was made according to Supelco PCB Congeners Mix 1. The carrier gas was nitrogen.
The difference between PCB congener concentrations in
the cultures before and after processing were analysed as
the level of biodegradation. All analyses were performed
five times and also standard deviations were calculated.
Chemical composition of PCBs in the investigated oil.

PCB congeners of the transformer oil were chemically
identified by GC/MS analysis with a GC 8000 / MS MD
800 combination from Fisons Instruments. The GC 8000
was equipped with a 30 m capillary column RTX-1 and
nitrogen was used as carrier gas.

RESULTS AND DISCUSSION
In our study the commercial microorganisms mixtures, especially suitable for the utilisation of hydrocarbons, were used. The pure strain of Pseudomonas pseudoalcaligenes No 10086, one of the most effective PCB
congeners degraders, was used in experiments to check
the process effects in presence of waste transformer oil.
Before the biodegradation process we analysed PCBs of
the transformer oil by GC/MS. Table 1 shows the chemical
composition of PCB congeners in the polluted oil. In
application experiments we used four representative congeners with different numbers of chlorine atoms in the
biphenyl compound.

Retention time
[min]

PCB congener

25.104
26.595
27.135
27.445
28.396
29.727
29.827
30.237
30.607
31.658
31.758
32.128
32.588
32.878
33.139
33.479
33.879
34.079
34.209
34.289
34.810
35.859
36.910
37.641
37.792
37.891
38.171
38.352
39.542

Congener
concentration
[ppm]
368.2
11.2
36.7
652.3
93.1
689.2
573.4
42.3
492.5
73.3
25.3
691.0
630.3
373.1
51.2
19.3
163.2
123.8
47.7
145.3
131.2
134.3
41.3
91.7
92.7
62.3
13.2
17.1
12.3

The concentrations of PCB congeners chosen after
biodegradation process are presented in Table 2. In the
cultures with commercial biological mixtures, the most
effective biodegradation effects were observed for 2-CB
in a 52% solution of Biozyn 301. The biodegradation rate
of 3-CB was up to 83% in cultures with Biozyn 300 and
NS 20-20. In the culture with strain 10086 the biodegradation effects for low-chlorinated congeners were found
to be higher than 66%.

TABLE 2
Effects of PCB congeners chosen for biodegradation under aerobic conditions.

Name of mixture/strain

PCB congener concentrations after biodegradation process [ppm]
and biodegradation effects [%]
2-CB

3-CB

6-CB

7-CB

c [ppm]

[%]

c [ppm]

[%]

c [ppm]

[%]

c [ppm]

[%]

Biozyn 300

209.4 ±10.5

43

123.4 ±5.9

82

72.2 ±3.5

22

97.4 ±5.0

27

Biozyn 301

174.6 ±9.2

52

205.4 ±10.5

70

70.5 ±3.7

24

84.2 ±4.1

37

Ns 20-20

220.8 ±11.5

40

115.3 ±5.5

83

58.2 ±2.9

37

71.7 ±3.7

47

Strain 10086

41.9 ±2.5

88

234.8 ±11.5

66

75.7 ±3.9

18

86.9 ±4.2

35

92.7 ±4.6

100

134.3 ±6.7

100

Initial congener
368.2 ±18.4
100
691.0 ±34.5
100
concentrations
C = average values of sample concentration; ± = value of standard deviation.
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The 6-CB and 7CB biodegradation results in cultures
with commercial biological mixtures ranged from 22% to
37% and from 27% to 47%, respectively. The biodegradation effects observed in cultures with strain 10086, Pseudomonas pseudoalcaligenes, were similar to those for
commercial biological mixture (18% - 35%).
It has already been reported [4, 5] that PCB congeners may serve as the only source of energy and carbon
used by microorganisms in their enzymatic degradation
pathways. In our case we used the PCB-containing transformer oil as source. The biodegradation results showed
that not only pure PCBs, but also some mineral oil hydrocarbons were degraded. The presence of these hydrocarbons influenced the degradation rates of PCBs.
It is known that biphenyl dioxygenase is the first enzyme active in aerobic PCB degradation. In the presence of
oxygen this enzyme attacks the biphenyl ring between 2,3 or
3,4 carbons in one of the rings initiating its cleavage [5, 6].
Bedard et al. [5] proved that the most important factor
influencing biodegradation process is the chlorine position in the ring. The PCB congeners, which have one of
the biphenyl rings free of chlorine atoms, are degraded
more rapidly than those with chlorine in both rings. The
dioxygenase attacks biphenyl rings between 2,3 or/and
3,4 carbons if, at least, one of the carbons in this position
is not substituted by chlorine.
However, under aerobic conditions the PCB degradation can be more effective in the presence of mineral oil
hydrocarbons. The microorganisms are able to produce
specific enzymes which degrade the hydrocarbons. These
enzymes can also degrade low-molecular PCB congeners
non-specifically in co-metabolic processes.
High degradation effects of the lower chlorinated
PCB congeners, 2-CB and 3-CB, were observed in aerobic process (up to 88%). Under these conditions also the
higher chlorinated congeners, 6-CB and 7-CB, were degraded, but the effects did not exceed 47% and were generally milder than for congeners with two and three chlorine atoms. Hydrocarbons present in solution increased
the biodegradation rates of PCBs, especially for congeners with six or seven chlorine atoms, via a non-specific
enzymatic way different from that of oxygenase attack.
The obtained results (especially for PCB congeners
with 6 or 7 chlorine atoms) suggest that these congeners
can be sorbed on the surface of microorganism cells or
organic lumps in commercial mixtures (pieces of grains or
beans). Some publications described PCB adsorption on
microorganism cells [7, 8], but the presented results evidenced that adsorption was not effective. In our study the
organic solvent mixture of acetone / n-hexane was used to
extract PCB congeners. PCB affinity to organic solvents
is larger than that to microorganism cells. A long extraction time guaranteed that PCB congeners sorbed on biomass were captured (extracted) by organic phase.
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SUMMARY
We showed that thermal analysis reflects characteristics of oils suitable to control decomposition in soils with
low and higher organic matter content. The oxyreactive
thermal analysis can be used as rapid and cheap method
for monitoring oil behaviour in polluted soils. Comparative simultaneous derivative thermogravimetry (DTG)
and differential thermal (DTA) analyses clearly showed
the oil transformation during bioremediation and enabled
to research the fragmentation of hydrocarbons and their
condensation. Differences in transformation processes
occurring both in time and content of organic matter were
found. The used oil samples were also analysed by gas
chromatography/mass spectrometry. Our investigations
were carried out in laboratory for a 6-months period and
samples for analyses were taken after 3 and 6 months.

and cheap alternative for analysis of organic substances
as well as in control of bioremediation of oil-polluted
soils [2, 3].
Soils with higher organics content are more abundant
than sandy soils, especially in microorganisms and extracellular enzymes as well as absorbing and adsorbing
compounds (humic substances). In this study we present
results of thermal analyses of mineral soils with 1% and
ca. 5% of organic matter (OM), polluted with different
oils and, additionally, the transformation changes in OM
after biodegradation.

MATERIAL AND METHODS
Materials

KEYWORDS: Bioremediation, contaminated soil, hydrocarbons,
oil, organic matter content, oxyreactive thermal analysis.

INTRODUCTION
Hydrocarbons are a ubiquitously found class of natural compounds; hence microorganisms degrading them
are located in virtually all natural soils, although with
large variations in cell concentration [1].
The knowledge that oil is a complex, but largely biodegradable mixture of hydrocarbons and hydrocarbon
degraders can be observed in most types of environments,
has mainly contributed to the development of oil bioremediation technologies [1].
Oxyreactive thermal analysis (OTA) is a chemical
methodology involving the oxyreactive properties of substances as a function of analysis. Furthermore, it is a rapid

Both soils from an unpolluted reserve were treated
with different fractions of oil as shown in Fig. 1 and adjusted
to 35% of total water capacity. All soils were incubated,
from March to August, in plastic containers at room temperature. Unpolluted soil was used for control. Soil samples
for thermal analysis were taken after 3 and 6 months. The
oils used in our experiments were characterized by
GC/MS analysis (Fig. 2).
Methods

Thermal analysis of soils was carried out in a derivatograph, type Paulik Paulik Erdey (MOM, Hungary). All
measurements were performed under identical conditions.
The samples were heated at a rate of 10o C/min. To fulfill
the best conditions for OTA we used 200 mg soil samples
(particle size below 0.3 µm) placed as thin layers on a set
of 4 platinum plates and dynamic atmosphere was supported
by injection of air into the sample chamber and suction of
waste gases at a rate of 1.9 L/min. 160 mg aliquots of oil
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samples were also put on a set of 4 platinum plates for
control and covered with Al2O3 powder (particle size
below 1 µm) in a proportion of 1:3 (oil to alumina powder) maintaining the same dynamic air atmosphere as
during analysis of soil samples.

dimethylpolysiloxane phase film) and coupled to a mass
spectrometer (EI, 70 eV) working in a full scan mode
(mass range up to 600 daltons). Total ion chromatograms
and ion chromatograms for n-alkanes (m/z = 71) were
registered. All compounds have been identified by their
mass spectra and comparison of their retention to reference compounds and literature data.
RESULTS AND DISCUSSION
GC\MS chromatograms of oil fractions are presented in Fig. 2 and DTG and DTA curves of soils in Figs. 1
and 3, respectively. Detailed data analyses of differences
observed in this study are related to ground quality and
products of transformation processes.

FIGURE 1 - Derivative thermogravimetry (DTG) and
differential thermal (DTA) analysis curves of used oils.

FIGURE 2 -GC/MS chromatograms of used oils
a = light fuel, b = paraffin oil, c = paraffin-enriched
oil, d = oil from ABT and purified from paraffins).

Oil samples were analyzed in a Hewlett-Packard gas
chromatograph, equipped with an HP-5 column (60 m x
0.25 mm i.d., coated with 0.25mm 5% diphenyl and 95%

It is seen that decomposition and transformation of
oils is different in both soils (Fig. 3). In soil treated with
light fuel, DTA and DTG are practically identical with the
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curves of control soil and only one component disappearing at 160 0C is observed. In soils polluted with paraffin
oil this substance disappeared after 6 months. In soils
treated with heavier and more condensed oils (c, d, and e),
their amount was still high and the oils seemed to be more
resistant to biodegradation. Our results also clearly

showed oil transformations during bioremediation, for
example the fragmentation of hydrocarbons and their
condensation. In soils with lower organic matter content
such a transformation was already observed during the
first month of biodegradation.

FIGURE 3 - DTA and DTG curves of control soils and
oil-polluted soils after 3 and 6 months decomposition.
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FIGURE 4 - Amount of organic matter (OM) in soil samples after 3 and 6 months incubation determined by extraction
with dichloromethane/ethanol = 93/7 and thermal analysis (Mineral soil samples ● after 3 months and  6 months; organic
soil samples ¾ after 3 months and © 6 months; trend curves of amount changes in mineral soil samples
after 3 months
and
6 months; trend curves of amount changes in organic soil samples
after 3 months and
6 months).

In soil with higher content of organics, therefore, oil
transformation and amount of OM was quite different, in (c
and d) treated soils it was high accompanied by a decrease
in soil organics and in soil sample (e) the amount of higher
condensed OM increased and fragmentation reactions
were obviously observed after 6 months of incubation. In
(b)-treated soils this amount decreased, especially after 6
months, and high fragmentation rates occurred after 3
months resulting in the appearance of high amounts of nonreactive compounds. Thermal phenomena in (b)-treated
soils are close to those of (c)-polluted soils, but in (c) a
fragmentation of hydrocarbons could also be observed.

we can achieve valuable information not only on quality
but also quantity of the oil decomposition products.
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SUMMARY
An oil-in-water (O/W) emulsion based on the mixture
of turpentine and hexane was used for removing fresh and
oxidized offset printing ink from aluminum plates. The
cleansing ability of emulsions stabilized with cationic,
anionic and nonionic surfactants was compared to the effectiveness of trichloroethylene, freons and a commercial
cleaning solvent. The best cleansing ability possessed an
emulsion prepared with non-ionic emulsifier. The kinetics
of ink removal was further investigated for the non-ionic
surfactant-stabilized emulsion, followed by brief investigation of the separation of phases in the spent emulsion
using commercial deemulsifiers.

KEYWORDS:
printing ink, cleaning efficiency, emulsion, emulsifiers.

INTRODUCTION
Considerable progress has been achieved in recent
years in the technology of removing impurities from the
surfaces of solid materials, stimulated by growing demands for purity of surfaces in the electronic industry and
the production of semiconductors. However, cleaning of
heavily polluted machine surfaces in printing houses and in
wastepaper processing industry causes continuous problems connected with toxicity and flammability of applied
cleaning substances, mostly volatile chloroorganic solvents
or aliphatic hydrocarbons. In many factories cleaning is
still being done mostly manually, and requires the use of
solvent-soaked clothes and brushes. Emulsions that contain natural turpentine derived from pines or citrus fruits
are the alternative for chloroorganic solvents [1].
The aim of this work was to compare the cleaning efficiency of an oil-in-water emulsion (containing turpentine,
hexane and an emulsifier) and organic solvents with respect
to removing fresh and oxidized printing ink from contaminated metal surfaces. The cleaning emulsion should be of

low toxicity regarding health and the environment, easy to
prepare from a concentrate containing an organic phase and
an emulsifier, easy to use, and to be amenable to recycling.

MATERIAL AND METHODS
Materials

Black offset ink – hereafter termed fresh - was obtained
from the local printing house. Oxidized ink – hereafter
termed oxidized - was collected from the surface of thickeners in one of wastepaper recycling plants in Poland. Commercial cleaner for offset ink (Jaeger-Jeutine, France) was
obtained from the local printing house and was found containing trichlorotrifluoroethane (freon CFC-113) and aliphatic hydrocarbons (cyclohexane, decane, undecane,
methylcyclohexane and other). Turpentine (technical grade)
was obtained from wood processing plant in Poland. Hexane and trichloroethylene (reagent grade) were purchased
from Aldrich. Sodium dodecylbenzene sulfonate (Aldrich) SDBS, dodecylamine (Aldrich) - DDA and tetraoxyethylene
lauryl ether – C12E4 (Rokanol L4, technical grade, Rokita
S.A., Poland) were used as emulsifiers. Alcopol O 70 PG,
Alcopol D605 and Alcopol D607 polyelectrolytes obtained
from Allied Colloids, Inc. were used for emulsion destabilization. Hydrochloric acid, NaOH, KCl, ethylene ether (analytical grade) and distilled water were also used.
Methods
Measurement of the electrophoretic mobility of printing ink:

The electrophoretic mobility of particles of the oxidized
and fresh offset ink was measured versus pH of the aqueous phase. The ink was dispersed in a homogenizer in 103 M KCl solution. The pH of the dispersion was adjusted
with addition of 0.1 M solution of HCl or NaOH. After
the correction and the measurement of pH the emulsion
was conditioned for 30 min as to reach the interface equilibrium. The zeta potential was calculated from the electrophoretic mobility measurements using type 3.0 zetameter – constructed by Ekobudex, Gdansk [2, 3].
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Cleaning emulsion preparation: Organic phase of the
emulsions examined was the mixture of turpentine and
hexane in volume proportion 1:1. In the organic phase
10wt.% of surfactant was dissolved to form concentrate of
the cleaning emulsion. Concentrates containing anionic
(SDBS), cationic (DDA) and nonionic (C12E4) emulsifiers
were prepared. The concentrates were mixed with distilled
water in proportion 30-70 vol.% of the organic phase to
water. In the case of emulsion stabilized with DDA water
was acidified with HCl to pH 3.0. During pouring into
water, the organic phase underwent “spontaneous” emulsification.
Cleaning efficiency measurement: Thin aluminum plates
covered with printing ink were used to investigate the
effectiveness of cleaning. The surface of aluminum plates
was degreased with ethylene ether prior to depositing the
printing ink. The fresh offset ink was smeared directly, but
the oxidized ink was first ground in a mortar with an addition of hexane to get tenacious liquid. To obtain repeatable
layers the ink was spread with a glass slide maintained at
0.6 mm distance from the plates. The samples with spread
ink were left for 24 h to dry at room temperature.

The oxidized offset ink, after the evaporation of hexane, formed a hard mechanically resistant coating on the
aluminum plate. On the contrary, the fresh offset ink
remained semi-liquid; therefore, the samples had to be
carefully handled.
The experimental set-up for measurement of the
cleaning efficiency consisted of a cylindrical glass container and a magnetic stirrer. Three ink-covered aluminum
plates were symmetrically fixed to the walls of the container in a vertical position. The cleaning solution completely covered the plates.
Immediately after pouring the cleaning liquid, stirrer
was turned on and the elapsed time was measured with a
stopper. The rotation speed of 200 rpm, maintained steady
in each experiment, resulted in a swirl, which did not
expose the plates to the air. After 3 minutes of cleaning,
the samples were removed, dried at room temperature and
weighted. Then, using wads of cotton soaked with trichloroethylene, the remaining ink on aluminum plates was
removed. After solvent evaporation, clean aluminum
plates were weighted again. The efficiency of ink removal
was calculated from the loss of weight for three samples
and the average was taken.

offset ink (fresh) is a highly adhesive liquid or a semiliquid substance with a considerable hydrophobicity evidenced by a contact angle greater than 80° [7].
Printing ink that pollutes machine surfaces during
processing of wastepaper differs from the fresh ink and
was called oxidized ink. Judging upon wastepaper presently accepted for recycling, the main kind of the printing
ink is a black newspaper offset ink with some additions of
other printing inks. The process of drying and aging of the
print that begins with the moment of printing, and intensifies during the reactions of wastepaper processing, causes
many physical and chemical changes in the ink. Varnishes
and drying oils undergo auto-oxidation, accompanied by
removal of volatile parts, soaping of esters and additional
oxidation caused by bleaching of the cellulose pulp.
As a consequence of physical and chemical transformations, the ink changes from a liquid or a semi-liquid
state to a solid substance of little elasticity. The ink is
getting more hydrophilic in comparison to fresh ink [7],
and less readily dissolves in organic solvents.
The Characteristics of Cleaning Emulsions

Microscopic observations revealed that emulsions
prepared with cationic and anionic emulsifier were typical
polydispersive O/W systems with droplet diameter from 1
to 30 µm. The system stabilized with nonionic surfactant
formed double emulsion type W/O/W with droplet diameter from 10 to 50 µm.
Electrokinetic Properties of the Contaminant

Electrokinetic properties of ink particles are illustrated
in Fig. 1. The zeta potential is negative for both types of
ink, nevertheless, particles of the oxidized ink were less
charged. The electrical charge originated from adsorbed
hydroxyl ions and from anionic compounds present in the
ink. Rather, insignificant increase of the zeta potential with
the decreasing pH was caused by gradual protonation of the
hydroxyl ions. Abrupt changes of the zeta potential in an
alkaline environment probably indicate dissociation of
ionic compounds in the ink. The isoelectric point was not
achieved, which indicates the presence of anionic compounds at elevated concentration at the ink surface.
Cleaning efficiency

The effectiveness of the following cleaning emulsions
and solvents is discussed:
• emulsion stabilized with SDBS,
• emulsion stabilized with DDA,

RESULTS AND DISCUSSION

• emulsion stabilized with C12E4,

The Characteristics of Contaminant

The black offset ink is most commonly used for
printing newspapers [4, 5]. It basic components include
carbon black and mineral or vegetable oil of a high boiling point [6]. Other additives, such as asphalt, wax, natural or synthetic resins are often applied [4, 6]. The black

• commercial cleaning formulation,
• trichloroethylene.
The efficiency of removing both types of the printing
ink is illustrated in Fig. 2. The best results were obtained
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with trichloroethylene. The commercial solvent blend based
on CFC (Freon) turned out to be very effective with removing fresh ink, however, in case of the highly viscous, oxidized ink, better results were obtained with emulsion stabilized by C12E4. Regarding emulsions, both inks were removed most effectively by emulsion stabilized with C12E4.

On the contrary, emulsions stabilized with ionic surfactants
had almost no cleaning effect. The negative efficiency,
indicated in Fig. 2, while using the emulsion stabilized with
SDBS proved that it did not remove pollutants and the
increase of mass of the sample was caused by the emulsifier deposited at the surface.
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FIGURE 1
Zeta potential of ink particles vs. pH in 1×10-3 M KCl, 1 – fresh ink, 2 – oxidized ink.
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FIGURE 2
Ink removal efficiency for different cleaners. 1- fresh ink, 2 – oxidized ink.

215

© by PSP Volume 13 – No 3a. 2004

Fresenius Environmental Bulletin

Due to the negative zeta potential of the ink surface,
treatment with cationic surfactant-stabilized emulsion was
expected to be advantageous. However, DDA was apparently transferred from the organic phase to the acidified
aqueous phase and subsequently adsorbed at the negatively charged ink surface. Thus, the forces of electrostatic
repulsion between positively charged surfaces of ink and
solvent (similar to the negative charge for SDBS stabilized emulsion) lower the rate of coalescence of solvent
drops and ink particles, which diminishes the effectiveness of washing.

the ink surface. It was found that the process rate followed first order kinetics given by Eq. (1) [8]:
- ln (1-E/100) = kt

(1)

where E – efficiency of washing [%], t – washing
time [min], and k - kinetic constant [1/min].
Constant k - appearing in the Eq. (1) depends upon factors influencing coalescence, such as the degree of dispersion
and the amount of solvent in the emulsion, the number of
effective collisions between solvent drops and ink surface,
and the time of coalescence of solvent drops with the ink.

Special removing ability exhibited by the emulsion
stabilized with C12E4, resulted from applying non-ionic
emulsifier, which did not influence significantly the electrical charge of drops. The above ability also resulted from
the double type emulsion (O/W/O) formed in the process.
The mechanism of direct detergency of ink particles also
had an impact on the efficiency of ink removal. The oxidized ink – more difficult to dissolve during washing was detached in a form of small, solid particles. Distinct
particles of dispersed oxidized ink were clearly seen in
the spent emulsion.

The data in Fig. 3 indicates that the process slows down
in the later phase, probably due to the observed, local, complete removal of ink from the plate surface, which results in
the reduction of ink surface exposed to washing. Another
reason may be firm adhesion of the residual layer of ink to
the aluminum plate. The surface of aluminum, covered with
Al2O3 is positively charged below pH 8.5 [9]. Until the
aluminum plate is covered with ink, it is negatively charged,
similar to other surfaces being washed. While removing the
last layer, the interaction between positively charged plate
and negatively charged ink, may cause that the effectiveness
of removal of the remaining ink will drop, compared to the
initial phase of the process.

Kinetics of ink removal

The kinetics of cleansing was examined for the most
efficient emulsion, which was the emulsion stabilized
with nonionic surfactant C12E4, and for samples covered
with the fresh offset ink.

All three emulsions prepared with different emulsifiers
were tested for cleaning, the actual equipment in a wastepaper processing plant. The ink was removed from the metal
surface of the rolls, drums and screens used in the technological line for treatment of the cellulose pulp. The best
washing ability was observed with the emulsion stabilized
with the non-ionic surfactant C12E4 (Rokanol L4).

There was no dissolution of ink in the aqueous phase
in the investigated system. The removal of ink was solely
dependent on the coalescence rate of solvent droplets at
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FIGURE 3
Kinetics of fresh ink removal by emulsion stabilized with nonionic surfactant C12E4.
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Preliminary experiments regarding emulsion breaking
after cleaning were performed [10]. Used emulsion stabilized with C12E4 nonionic surfactant was separated into
clear aqueous and oil phases after adding three commercial deemulsifiers: Alcopol O 70 PG, Alcopol D605,
Alcopol D607. These demulsifiers were recommended by
former Allied Colloids, Inc. (currently Ciba) for destabilization of emulsion containing suspended solids. The concentration of demulsifiers was 1 % in the used emulsion.
After mixing, the emulsion was left for 48 hours in graduated cylinders to visually evaluate the deemulsification
process. From the tested commercial formulations, the
best separation of phases occurred with Alcopol O 70PG
and then with Alcopol D607. It was possible to separate
almost the whole amount of organic solvent from water.
Additional experiments should be performed for further
optimization of deemulsifier dosage.
CONCLUSIONS
The experimental data indicate that despite much
smaller volume of the organic phase present in cleansing
emulsion, the printing ink was effectively removed from the
metal surface. Non-flammability, significantly reduced
emission of solvents to the environment, compared to solvent-only washing, and the possibility of rinsing the surface
with water are the major advantages of removing printing
ink with an emulsion instead of organic solvents. The emulsion stabilized with non-ionic surfactants is easy to prepare
from a concentrate containing 90% turpentine/hexane 1:1
blend and 10% non-ionic C12E4 surfactant (wt./wt.). The
advantages of preparing the emulsion from concentrate are:
easy mixing with water, possibility of dilution with water
according to the required washing rate, handy manual and
mechanical application, and the possibility of separation of
phases leading to the recycle of the organic phase.
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SUMMARY
Bioremediation seems not only to be a very economically competitive but also an ecologically sound remediation technology. The aim of this work was to evaluate the
possibility of enhancement of the natural bioremediation
process by inoculating soil with strains actively degrading
oil. The field experiments were carried out by ex situ
method during summer for 3 months. The process efficiency was very high and petroleum product concentration levels in soil were reduced by several dozens of mg
per 1 kg dry matter of soil.

KEYWORDS:
bacteria, bio-preparation, bioremediation, hydrocarbons.

ity or its decreasing effects on microorganisms' activities.
Hydrocarbon biodegradation in soil often causes anaerobic conditions in the root zone.
One of the most dangerous components of petroleum
products are the aromatic compounds, among which are the
polycyclic aromatic hydrocarbons as well as some metabolites created during hydrocarbon decomposition [1]. It is
well-known that some hydrocarbons, such as benzene and
benzo[a]pyrene, show carcinogenic effects, even in low
concentrations. It has been confirmed during the epidemiological research that many of the petroleum's compounds
play an important role in etiology of tumors disease in
humans.
This is one more reason why environments polluted
with petroleum products should be cleaned. Considering
the toxic effects of petroleum product components, it is
necessary that areas polluted by them must be quickly
subjected to recultivation processes.

INTRODUCTION
Petroleum products constitute a mixture of many compounds, mainly hydrocarbons, of diversified physical,
chemical and biological properties. Most often the reasons
for environmental contamination are volatile organic compounds (VOCs), organic compounds produced from petroleum constituents obtained during the atmospheric distillation (SVOCs), mineral and synthetic lubricating oils, such
as motor, hydraulic, turbine, and compressor oils.
Contamination of soils and waters with petroleum
products unfavourably affects the plant production.
Moreover, it creates health hazards for both people and
animals since, in most cases, it toxically affects living
organisms.
Contamination of soils with petroleum products
changes their physical properties, destroys their structure
and causes particle dispersion as well as limiting filtration, thereby inducing water retention. Leakage of petroleum is harmful to plants either because of its direct toxic-

In recent years the remediation methodologies based
on biological methods have found a wider application. The
main role in the biological process of purification is played
by the microorganisms capable of utilizing xenobiotics as
the source of carbon and energy [2]. Studying the properties of microorganisms, which carry out the biodegradation
processes as well as the ways of microbiological breakdown, allows their effective application in the technological
processes [3, 4]. Various technologies are based on the
biodegradation activities of microorganisms and concentrate on the increase of productivity in the already existing,
but slowly developing natural self-cleanup processes.
MICROORGANISMS USED IN
REMEDIATION TECHNOLOGIES
The bioremediation processes may be performed by
autochthonous microorganisms, which naturally inhabit
the soil/water environment undergoing purification, or
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by other microorganisms characterized by high xenobiotics' degradation activity and deriving from different
environments [5].
The choice of strains suitable for the inoculation of
contaminated grounds creates many problems. Apart from
the high efficiency in xenobiotics’ decomposition, the
chosen strains should also possess many additional features that enable their adaptation and development in a
new environment. One of the conditions for the adaptation of the inoculants in soil is a lack of the antagonistic
interaction with the natural water and soil microflora [6].
Moreover, they cannot be pathogenic microorganisms
nor ones which, during the growth on hydrocarbons, produce substances with cytotoxic, mutagenic or carcinogenic properties. Microorganisms specialized in degradation
of particular compounds are selected in microbiological
laboratories based on the processes of adaptation or genetic operation [7].
Generally, environmental pollutants represent a mixture of many compounds and, therefore, a complete soil
cleanup requires a special and carefully selected mixture
of microorganisms.
Utilization of mutated microorganisms is purposeful
only in ex situ methods guaranteeing precise conditions of
process control and penetration prevention of dangerous
mutants. In order to avoid problems with the introduction
of foreign organisms into the environment, collections of
microorganisms should be created to degrade the contaminants. Moreover, the techniques of microorganisms'
assimilation to new conditions should constantly be improved [8].
STIMULATION OF BIOREMEDIATION BY THE
UTILIZATION OF BIOGENIC SUBSTANCES
Bioremediation processes are designed to optimise
the conditions for microbial growth and degradation of
contaminants. Microbial growth and metabolism of contaminants require case-specific macronutrients (phosphorus and nitrogen) and micronutrients [9]. It has been determined that the ratio of carbon to nitrogen and phosphorus within the soil should be 100:10:1 by weight. Therefore, the basic condition for a proper bio-stimulation is the
control of nitrogen and phosphorus concentrations in
ground by application of mineral fertilizers. The most suitable ones, for the above purpose, are ammonium sulphate
and sodium phosphate (sources of nitrogen and phosphorus). Moreover, magnesium sulphate, sodium carbonate,
calcium chloride and iron sulphate are also used for this
purpose.
The choice of appropriate dosages of the biogenic
substances ought to be very precise and re-adjusted to the
soil conditions, since it has been shown that, for example,
nitrogen compounds in excessive numbers may slow
down the biodegradation process.

The selection of nutrients with an optimal makeup is
performed in laboratories. The type of missing nutrients is
established by growing bacteria in the presence of various
sources of biogenic elements and the careful supervision
of their growth. Moreover, pollution reduction, oxygen
consumption and carbon dioxide release are measured.
THE RESULTS OF FIELD EXPERIMENTS –
SOIL BIOPILES METHOD
Bioremediation of grounds polluted by fuel oil was carried out by a prismatic method based on bio-preparations
obtained from an autochthonous microflora base.
For isolation of bacteria from polluted grounds a mineral medium containing diesel oil was used as the only
source of carbon and energy. The selection of microorganisms was done under natural temperature conditions to
obtain microorganisms effectively degrading petroleum
products under field conditions. Before starting the multiplication, pathogenic microorganisms have to be eliminated. ID 32 GN kit from Biomerieux Company was used
for diagnostic tests and it could be shown that the active
microorganisms isolated belonged only to two strains:
Pseudomonas putida and Stenotrophomonas maltophilia.
Soil with the following parameters was placed in the
prism:
• Cubic volume of polluted soil - about 960 m3
• Concentration of petroleum product pollutants 68.6 to 3,042 mg/kg of dry matter
• Filtration coefficient [m/s] k = 1.4 x 10-5 - 7.6 x 10-5 m/s
• pH level of the effluent from the prism = 6.
A bioremediation technology adapted to the existing
conditions was developed. Figure 1 shows a sketch of soil
bioremediation technology. Optimal conditions for the
growth of microorganisms were guaranteed by introduction of atmospheric oxygen, appropriate pH level, humidity and appropriate concentration of nutrients. Effective
progress of bioremediation needs supplementation with
some compounds necessary for the life of microbes [8].
This was achieved by addition of mineral fertilizers and
activators whose quantities were chosen in accordance
with the monitoring tests of degradation intensity.
Atmospheric oxygen demand of the soil was optimized pumping it through drainage pipes used in field
experiments. Air from the prism was directed to filters of
active carbon (about 30 kg) protecting them from contamination with volatile compounds emanating from the
ground during ventilation. Moreover, lances were buried
in the soil at depths of 1.5 to 3 m. These lances were
made of perforated wind pipes to guarantee the access of
air. They were also used for introduction of both multiplied bacteria and nutrients. The pH of soil was maintained at 6-8.
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FIGURE 1 - Scheme of bioremediation process.

The wetness of the soil wavered between 10 to 20%
depending on the existing atmospheric conditions. Excess
water was drained out to three palette tanks of 1 m3 volume each, placed near the prism. The collected effluent
was used for the multiplication of the bacteria, wetting the
prism during dry weather as well as the dissolution of the
mineral fertilizer with which the soil was enriched.

number of bacteria
[cfu/1g d.m. of soil]

After multiplying of bacteria in the field bioreactor,
they were introduced into the soil by wetting and dosed
into deeper depths of the ground using the lance system.
After inoculating the prisms with bio-preparations, a considerable increase in the number of bacteria in the soil was

noticed and this was maintained throughout the bioremediation process (Fig. 2). During the last phase of the process, the number of the bacteria was reduced as a result of
the decrease in feedstock concentration.
The remediation work was carried out during a 3months summer period. The effectiveness was high and
the content of petroleum products fell to just a few tens of
mg per kg of soil dry mass (Fig. 3).
The adopted technology helped to avoid a repollution of the environment with toxic chemical compounds, which, otherwise, could have posed a threat to the
natural environment.

before bioremediation
during bioremediation
after bioremediation

1000000000
100000000
10000000
1000000
100000
10000
1000
100
10
1
0

0,5

1

2

3
depth [m]

FIGURE 2 - Growth of the oil-degrading bacteria in soil.
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FIGURE 3 - The concentration of petroleum products in soil after bioremediation process.

CONCLUSIONS
The field experiments indicated that bioremediation
of oil-polluted soil was highly effective, when using biopreparation in process. It was found that inoculation of
contaminated soil with oil-degrading autochthonous bacteria enhanced the process of bioremediation and increased its efficiency. From the ecological point of view
we have the possibility to make the primary process of
restoring soil function easier and faster.
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Online journal
200 EURO

...................................................................
...................................................................

o

e-mail: ...................................................................

Printed + Online journal
425 EURO plus postage/ handling
(Germany 40 EURO/ Europe 60 EURO/
International 95 EURO)

Methods of Payment

Minimum subscription period: 1 year
Cancellation must be generally effected
3 months before end of subscription period.
Otherwise it is prolonged for another year

o

Please send me a pre-payment invoice

o

I enclose a cheque made payable to PSP

Special-Offer to Subscribers- back issues at reduced rates!
Value Added Tax

Subscribers in 2004 are entitled to receive back issues
at reduced rates (while stocks last).
(6 double issues/ less 50%:Euro 125,00 + postage and handling).

To take advantage o this offer please tick the boxes
below when ordering a subscription to FEB for 2004.

o
o

1996
1999

o
o

1997

o

In certain circumstances we may be obliged to charge
Value Added Tax (VAT) on sales to other EU member countries. To avoid this, it is therefore essential to provide us
your VAT number if you have one.
o I am not registered for VAT

1998

o My VAT number is ..............................................

2000

Signature:.............................................................
Date: ..............................

Invoice address

Name:....................................................................
Position:....................................................................
Organization:....................................................................

Please complete this form and return to:

Address:....................................................................

FEB – Fresenius Environmental Bulletin
c/o PSP – Parlar Scientific Publications
Angerstr. 12 - 85354 Freising – GERMANY

....................................................................
....................................................................
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