
Introduction

Asphaltenes and resins are the heavy fractions of
petroleum which are responsible for the formation of
stable/mesostable emulsions during oil production.
Rigid ®lms of mainly asphaltenes accumulate on the
water droplets dispersed in the oil phase and stabilise
the water-in-oil emulsion towards coalescence.

Asphaltenes are the components of crude oil that are
insoluble in light hydrocarbons such as n-pentane or n-
heptane in a volume ratio of 1 (crude oil):40 (n-alkane),
i.e. asphaltenes are by de®nition [1] a solubility class.
This fraction corresponds to the heaviest and most polar
among the constituents of crude oil.

By means of a variety of spectroscopic methods [2±9]
the hydrocarbon skeleton can be described to a high
degree of detail. From the results of these studies, the
asphaltene structure may be characterised as aromatic
polycyclic clusters variably substituted with alkyl chains
and connected by alkyl and heteroatom bridges. The
degree of condensation of each aromatic cluster may be
more or less elevated, but generally the number of fused

aromatic units does not exceed ®ve to six rings [10]. It has
also been shown that the aromatic ring system contains
alicyclic substituents [11].

Resins are considered as smaller analogues of as-
phaltenes with a considerably lower molecular weight.
The resin fraction is soluble in the solvents that
precipitate the asphaltenes and can be separated from
deasphaltened crude oil by chromatographic methods.
The adsorbent most commonly used is silica [12±14].

As for the asphaltenes, the resin fraction also
contains polyaromatic and naphthenic rings, but the
naphthenic character is more pronounced. It has been
shown [14, 15] that resins are substituted with longer and
a higher number of aliphatic side chains and that they
usually contain a highly polar end group with hetero-
atoms [14].

Since asphaltenes and resins are two contiguous
classes of components separated from a continuum
of molecules according to their solubilities in a low-
molecular-weight alkane, the size and chemical compo-
sition of some asphaltene molecules may be quite similar
to those of some resin molecules. Considerable overlap
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in size and functionality makes it di�cult to come up
with universal de®nitions.

Toulhoat et al. [16] have used atomic force micros-
copy (AFM) and contact-angle measurements to study
adsorption of asphaltenes on freshly cleaved mica plates.
Depending on whether the asphaltene solutions where
®ltered or not, di�erent structures were observed.
Adsorption from a ®ltered solution showed that the
contact angle on mica increased signi®cantly in a few
seconds, indicating that asphaltenes do have a strong
a�nity for the mica surface which is in accordance with
other work [17]. The adsorption from un®ltered asphal-
tene solutions studied by Toulhoat et al. [16] resulted
in the appearance of largely two-dimensional di�usion-
limited aggregates on the mica surface. They concluded
that un®ltered solutions contained entities poorly sol-
vated in toluene. Heterogeneous nucleation processes
initiate ¯occulation of these species, giving growth of
fractal aggregates at the solid/liquid interface.

In earlier work [18] the Langmuir technique was used
in order to achieve a better understanding of the ®lm
and interface properties of the heavy fractions and the
mechanisms of demulsi®cation of water in crude oil
emulsions by use of chemical additives (demulsi®ers/

Fig. 1 Schematic drawing of the Langmuir±Blodgett (LB) deposition

Fig. 2 Atomic force microscopy (AFM) images (20 ´ 20 lm) of
monolayers with increasing resin-to-asphaltene ratio, LB ®lm depos-
ited onto mica substrates. The fractions were extracted form crude F
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inhibitors). It was found that at a water surface,
asphaltene ®lms have more pronounced close packing,
i.e. give a more rigid ®lm, than the resins. The resin ®lms
exhibit a high degree of compressibility, which indicates
formation of a multilayer. Introducing these two
components together in mixed monolayers gives rise to
a gradual increase in compressibility as the amount of
resin in the ®lm increases. When present as 40 wt% of
the total ®lm material, the resins start to dominate the
®lm properties. Also addition of e�cient high-molecu-
lar-weight demulsi®ers reduces the ®lm rigidity, i.e.
increases the compressibility. In addition to changing
the ®lm properties of asphaltenes in the same way as the
resins, these chemicals form ®lms at the water surface
with properties similar to the pure resin ®lm.

The intention of the present study was to visualise
the mentioned ®lm properties by means of AFM [19].
AFM is a convenient technique in providing a molecular

scale, topographical view of a variety of solid surfaces:
organic, inorganic or biomolecular. Under optimum
conditions this microscopic technique is capable of
producing images showing details of molecular resolu-
tion on Langmuir±Blodgett (LB) ®lms. The use of AFM
and related probe techniques to image LB ®lms has
been reviewed [20, 21].

Experimental

Chemicals

The crude oils were supplied by Elf Aquitaine (crude F) and Norsk
Hydro (crude N). Crude F was from a production ®eld in France
and crude N was from the North Sea. The information available
for the demulsi®ers with regard to functionality is summarised in
Table 1. n-pentane, dichloromethane, methanol, benzene, toluene
and acetone were all of p.a. quality form Lab-Scan, Dublin,
Ireland. Silanol was obtained from Waters Millipore. The quali-
tative ®lter papers used were of type 1 from Whatman, UK. The
water used was ®rst puri®ed by reverse osmosis (Millipore RO Plus)
and then using a Millipore Milli-Q Plus 185 unit. The mica used as
a substrate for the LB ®lms was muscovite mica from various
suppliers.

Fig. 3 AFM images (8 ´ 8 lm) of monolayers with increasing resin-
to-asphaltene ratio, LB ®lm deposited onto mica substrates. The
fractions were extracted form crude F
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Separation of asphaltenes and resins

This procedure has been described elsewhere [18].

LB deposition

The surfaces used for microscopic analysis were prepared using a
single-barrier KSV trough. The trough was made of Te¯on and
the barrier of Delrin. The ®lm solutions were spread dropwise at
the air±water surface, while the substrate (freshly cleaved mica)
was kept submerged in the water phase. After allowing the
spreading solvent (toluene) to evaporate for 15 min, the LB ®lm
was compressed to a predetermined surface pressure. All depo-
sitions were carried out by withdrawing the substrate from the
solution at a speed of 5 mm/min, while the surface pressure was
held constant at 10 mN/m (Fig. 1). When the substrate had
completely emerged from the subphase, it was dried in contact
with air and then stored in a vacuum until the AFM analysis had
been carried out. The substrates were ®xed by a piece of double-
sided adhesive tape on a steel sample holder magnetically attached
to the AFM stage.

AFM imaging

AFM imaging was performed using a Nanoscope III from Digital
Instruments with a J-scanner. Cantilevers (125-lm long) with
silicon tips were used. The imaging took place in air at room
temperature using the tapping mode [22].

Results and discussion

Langmuir isotherms of all the ®lms analysed by AFM
have already been published [18] and the characteristic
behaviour of asphaltene and resin ®lms were discussed,
together with the e�ect of chemical additives.

AFM images of 20 lm ´ 20 lm regions of mica
surfaces containing LB-deposited ®lms with increasing
resin-to-asphaltene ratio are shown in Fig. 2. These
pictures visualise the structural change in the monolayer
at a surface pressure of 10 mN/m, when the composition
of the ®lm gradually changes from pure asphaltenes
to pure resins extracted from crude F. Corresponding
Langmuir isotherms are also given in Fig. 2. This is a
plot of surface pressure versus mean molecular area,
which is a measure of the surface occupied by each
molecule. These isotherms show an increase in com-
pressibility with increased resin content. The AFM
pictures give an explanation of why the ®lm behaviour
changes in this way. The ®rst picture shows a close-
packed structures of asphaltenes. Addition of small
amounts of resins disturbs the ®lm to some extent, giving
a small opening of the structure, but the properties of
the monolayer are still dominated by the rigid structure
of the asphaltene fraction. A further increase in the resin
content a�ects the ®lm dramatically. The network of the

Fig. 4 AFM images (20 ´ 20 lm) of monolayers of pure components
from crude N, LB ®lm deposited onto mica substrates
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®lm material changes towards a more open structure
with regions completely uncovered by ®lm material.
Pure resins build up a monolayer with an open network.
A comparison of the isotherm of the ®lm containing
40 wt% asphaltenes/60 wt% resins with the isotherm
obtained for a pure resin ®lm indicates that these two
®lms have the same compressibility, i.e. similar opening
of the structure. The AFM images show that the main
di�erence between these two ®lms is the structure of the
individual ®lm components.

The components in the ®lm increased in size of the
individual units upon addition of resins. This indicates
interactions between asphaltenes and resins, providing
aggregates of larger dimensions than observed for the
pure fractions. Small and moderate amounts of resins
give rise to a more polydisperse distribution of the ®lm
material, while a further increase in the resin content
(i.e. 60 wt% resins) reduces the polydispersity, i.e. the

monolayer becomes more uniform in component size
when one of the pure fractions dominates the ®lm
properties.

AFM pictures obtained with a scan width of 8 lm are
shown in Fig. 3. These images provide a better resolu-
tion of the same sequence as given in Fig. 2. Some
information about the total ®lm structure is lost, but
these images give more detailed information about the
individual structure of each component in the ®lm. With
asphaltenes present, the ®lm material consists of round
disks or rod-formed units, while the pure resin ®lm
consists of bulky nonuniform structures.

Regarding emulsion stability, Figs. 2 and 3 may
indicate why asphaltenes stabilise emulsions while the
pure resin fraction does not [23]. On adding small
amounts of resins, the rigidity of the ®lm is not lost, but
the ®lm components grow in size. McLean and Kilpatric
[24, 25] have proposed that the heavy fractions are most
e�cient as emulsi®ers when the stabilising units are at or
near the point of precipitation. In accordance with this,
a weak increase in component size, as long as the rigid
®lm structure is not dramatically a�ected, may result

Fig. 5 AFM images (20 ´ 20 lm) of monolayers consisting of
asphaltenes from crude F and 100-ppm high-molecular-weight
demulsi®ers/inhibitors, LB ®lm deposited onto mica substrates
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in more stable emulsions. When the amount of resins
present in the ®lm is so large that the structure in the ®lm
changes towards a more open network, the e�ciency of
the ®lm components as emulsi®ers is reduced.

AFM pictures of the pure asphaltene and resin
fractions from crude N are shown in Fig. 4. A marked
di�erence in ®lm structure is also observed for this crude.
Asphaltenes provide a ®lm consisting of a close-packed
structure of round disks or rod-shaped components,
while the resins build up a continuous and open network.

The regions which emerged, ``white spots', with
asphaltenes present in the ®lm, resemble the fractal
aggregates observed by Toulhoat et al. [16]. So this may
be explained by the same phenomenon, i.e. a hetero-
geneous nucleation process giving growth of fractal
aggregates at the mica surface.

It is important to consider the di�erence in the
surface activity of the two fractions, i.e. the di�erent
amount of material needed to obtain the same pressure

(10 mN/m). From earlier work [17] it has been found
that less resin fraction than asphaltene fraction is needed
on the surface in order to increase the surface pressure.
The open structure of the resin ®lm is partly a
consequence of less ®lm material, but is mainly due to
the characteristic packing behaviour of resins on a water
surface.

Introduction of chemical additives to asphaltene ®lms
might change the ®lm properties in the same way as the
addition of resins. AFM pictures of asphaltene ®lms
containing 100 ppm of di�erent high-molecular-weight
demulsi®ers/inhibitors are given in Figs. 5 and 6. In
Fig. 5 the e�ect of two di�erent chemicals is visualised.
The scan width of these images was 20 lm. Langmuir
isotherms indicate that chemical A has limited in¯uence
on the ®lm rigidity, while component G gives rise to a
marked increase in the compressibility of the ®lm. The
pictures of the corresponding monolayers show that the
®lm containing additive A remains close-packed with a
minor disturbance in structure and the appearance of
some larger units. Chemical G introduces dramatical
changes in the ®lm. It gives rise to both increased size
of the individual units and a more open ®lm structure.

Fig. 6 AFM images (8 ´ 8 lm) of monolayers consisting of asphalt-
enes from crude F and 100-ppm high-molecular-weight demulsi®ers/
inhibitors, LB ®lm deposited onto mica substrate
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Figure 6 shows AFM pictures obtained with a scan
width of 8 lm. In this case of third chemical (H) is
analysed in addition to A and G. The Langmuir
isotherms show that H has an intermediate in¯uence
on the ®lm compressibility compared to A and G. Again
the pictures illustrate a clear di�erence between additives
A and G, while chemical H seems to give rise to ®lm
properties in the region between the two extremes, i.e. A
and G.

The e�ect on the ®lm structure when adding demul-
si®ers/inhibitors compared to the changes caused by the
resins is quite similar. These results indicate that the
structural changes observed in the ®lm, i.e. opening of
the structure and increased size of the ®lm components,
are qualitatively essential in order to reduce the stability
of emulsions.

Conclusions

A study of ®lm structures of deposited asphaltene and
resins by means of AFM reveals that the resin fractions

open up the rigid ®lm formed by asphaltene particles. A
second e�ect is the observed increase in aggregation
when both heavy fractions are present, which is seen as
larger individual units in the AFM pictures. Chemical
additives of high molecular weight were shown to
introduce similar changes in the asphaltene ®lm as for
the resins.

A comparison of the AFM pictures with earlier
Langmuir ®lm studies illustrates that the observed
increase in compressibility found is a consequence of
changes towards a more open ®lm structure.

Acknowledgements Marit-Helen Ese acknowledges the technology
program Flucha ®nanced by the Norwegian Research Council
(NFR) and industry for a Ph.D. grant. Elf Aquitaine and Norsk
Hydro are thanked for providing the crudes. The Langmuir
instrumentation was also ®nanced by NFR. Jostein Djuve ac-
knowledges T.F.R. for a research fellowship.

References

1. Standard no. D-2006 (1978) Annual
book of ASTM standards, part 24.
American Society for Testing and
Materials, Philadelpia

2. Maekawa Y, Yoshida T, Yoshida Y
(1979) Fuel 58:864

3. Dickinson EM (1980) Fuel 59:290
4. Barron PF, Bendal MR, Armostrong

MJ, Atkins AR (1984) Fuel 63:1276
5. Dereppe JM, Moreaux C (1985) Fuel

64:1174
6. Snape CE, Marsh MK (1985) Prepr

Am CHEM Soc Div Petrol Chem 30:20
7. Snape CE, Ladner WR, Petrakis L,

Gates BC (1984) Fuel Process Technol
8:155

8. Cookson DJ, Smith BE (1987) Fuel
1:11

9. Snape CE, Ray GJ, Price CD (1986)
Fuel 65:877

10. Tissol BP, Welte DH (1978) Petroleum
formation and occurrence, part IV.
Springer, Berlin Heidelberg New York

11. Bunger JW, Li NC (eds) (1981) Chem-
istry of asphaltenes. Advances in
Chemistry Series 195. American Chem-
ical Society Washington, DC

12. Speight JG (1991) The chemistry
and technology of petroleum. Dekker,
New York, pp 329±340

13. Schildberg Y, SjoÈ blom J, Christy AA
(1995) J Dispersion Sci Technol 16:575

14. Koots JA, Speight JG (1975) Fuel
54:179

15. Suzuki T, Jtho M, Takegami Y,
Watanabe Y (1982) Fuel 61:402

16. Toulhoat H, Prayer C, Rouque G
(1994) Colloids Surf 91:267

17. GonzaÂ lez G, Moreira MBC (1991)
Colloids Surf 58:293

18. Ese M-H, Yang X, SjoÈ blom J (1998)
Colloid Polym Sci 276:800

19. Binnig G, Quate CF, Gerber C (1986)
Phys Rev Lett 56:930

20. Zasadzinski JA, Viswanathan R, Sch-
wartz DK, Garnaes J, Madsen L,
Chiruvolu S, Woodward JT, Longo
ML (1994) Colloids Surf 93:305

21. DeRose JA, Leblanc RM (1995) Surf
Sci Rep 22:73

22. Parrat D, Sommer F, Sollet JM, Duc
TM (1995) J Trace Microprobe Tech
13:343

23. Ese M-H, SjoÈ blom J, Fùrdedal H,
Urdahl O, Rùnningsen HP (1997)
Colloids Surf 123±124:225

24. McLean JD, Kilpatric PK (1997) J
Colloid Interface Sci 189:242

25. McLean JD, Kilpatric PK (1997) J
Colloid Interface Sci 196:23

538


