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Bitumen morphologies

by phase-detection atomic force microscopy

J-F. Masson, V. Leblond, J. Margeson

Institute for Research in Construction, National Research Council Canada,

Ottawa, Ontario, Canada, K1A 0R6

Abstract

Bitumen is a complex mixture of hydrocarbons for which the knowledge of 

microstructure is incomplete.  In an effort to detail this microstructure, thirteen bitumens 

were analyzed by phase detection atomic force microscopy.  Based on morphology, the 

bitumens could be classified into three distinct groups. One group showed fine domains 

down to 0.1 µm, another showed domains of about 1 µm, and a third group showed up to 

four different domains or phases of different sizes and shapes. No correlation was found 

between the AFM morphology and the composition based on asphaltenes, polar 

aromatics, naphthene aromatics and saturates. A good correlation was found between the 

area of the “bee-like” structures and the vanadium and nickel content in bitumen, and a 

good correspondence was found between the AFM groups and the average size of 

molecular planes made of fused aromatics.  The morphology and the molecular 

arrangements in bitumen thus appear partly governed by the molecular planes and the 

polarity defined by metallic cations. 

Keywords:  AFM, PDM, bitumen, asphalt, structure, microscopy, phases, composition, 

vanadium, nickel, metals, cations.
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Introduction

Bitumen is a complex mixture of hydrocarbons that finds many applications (Asphalt 

Institute, 1989).  Despite its use since biblical times, the knowledge of the structure that 

controls its properties, and its viscoelastic nature in particular, remains incomplete 

(Speight 1999).  

Optical microscopy has been used for more than three centuries to study materials 

(Baker, 1742), but bitumen never received much attention from the microscopist because 

of its opacity and its adhesive properties.  With the advent of transmission electron 

microscopy, the network of the heaviest bitumen components, the asphaltenes, was 

studied after their precipitation from a solvent (Dykstra et al., 1944; Freund and Vajta, 

1958; Dickie et al., 1969; Donnet et al., 1973; Peyrot, 1973).  

With advances in low light optical microscopy, bitumen can now be studied in its solid-

state, without the extraction of its components with solvents.  Claudy et al. (1992) used 

phase-contrast and polarized light microscopy to highlight the bi-phasic nature of 

bitumen, in which birefringent domains of about 10 µm were observed. These domains 

were attributed to crystalline saturated hydrocarbons.  More recently, Bearsley et al. 

(2004) used confocal laser-scanning microscopy to view a 2-7 µm dispersion in bitumen.  

Based on the fluorescence of the dispersion, the dispersion was attributed to the aromatic 

asphaltenes, the network of which was significantly different from that observed after 

precipitation from a solvent (Dykstra et al., 1944; Freund and Vajta, 1958; Dickie et al., 

1969; Donnet et al., 1973; Peyrot, 1973).

In the best conditions, the resolution limit of the optical microscope is about 200 nm 

(Morris et al., 1999).  In contrast, atomic force microscopy (AFM) can provide atomic 
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and molecular resolution (Binnig et al., 1986; Mou, J. et al., 1996).  Loeber et al. (1996) 

first used AFM for the observation of a heat-cast bitumen film, thus preserving the solid-

state morphology.  A dispersed phase, with a bee-like appearance as shown in Figure 1, 

was attributed to asphaltenes, an assessment that was supported by Pauli et al. (2001).

An important aspect of bitumen physico-chemistry is the relationship between structure 

and rheology (Lesueur, 1996).  Previous AFM studies on bitumen have provided limited 

data on the structure of bitumen in its solid-state. Loeber et al. (1996) investigated a 

single bitumen, whereas Pauli et al. (2001) investigated solvent-cast films.  Here, we 

report on the observation of thirteen bitumens prepared by heat-casting in an effort to 

maintain the solid-state structure that governs rheology.  High-resolution images were 

obtained by phase-detection microscopy (PDM), or phase-lag AFM.

PDM in a non-contact AFM method (Zhong et al., 1993) that circumvents the problem 

of tip pollution by soft and adhesive bitumen, which results in the dragging of material on 

its surface (Loeber et al., 1996).  PDM provides images by monitoring the difference 

between the oscillation signal sent to the instrument cantilever and its actual oscillation as 

affected by tip-sample interactions (Stark et al., 1999).  Figure 2 illustrates a model 

oscillator affected by the material surface.  The phase-lag (δ) is analogous to that 

obtained during rheological measurements where tan δ = loss modulus/storage modulus 

(Ferry, 1980).  Hence, PDM provides for the mapping of domains with various 

rheological or adhesive properties (Winkler et al., 1996; Anczykowski et al., 1996).  

The results of this PDM investigation indicate that bitumen can have at least four 

phases of different rheology and composition, and that bitumens may be classified in 

three groups.  There is evidence that the classification is governed by the variation in the 
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stiffness of the fused-aromatic rings in bitumen.    

Materials and Methods

Thirteen bitumens were analyzed by AFM.  One bitumen was an 85/100 penetration 

grade material from Petro-Canada (PC).  The other bitumens were obtained from the

Materials Reference Library (MRL) of the Strategic Highway Research Program (SHRP) 

in the USA.  The bitumens were selected for their difference in composition and in the 

origin of the crude oils from which they were obtained (Table 1).

Preparation of films

Bitumen films were prepared by the application of a bead of bitumen onto a 12 mm steel 

disk, sold commercially as an AFM substrate, or a microscope slide, which was heated 

for 1-2 min on a hot plate at about 115°C, a temperature high-enough to melt bitumen, 

but not so high that it would oxidize rapidly. Once bitumen was liquid, it was spread out 

with a blade to form a round film of about 5 mm in diameter.  This hot film was left on 

the hot plate undisturbed for an additional 1 min to allow the surface to flow to a smooth 

and glossy finish.  For AFM, the film was then cooled to room temperature, covered to 

prevent dust pick-up and annealed 24 h before imaging.  This annealing allowed for the 

ordering of the asphaltenes responsible for steric hardening (Masson et al., 2005).  For 

optical microscopy, the hot bitumen was pressed into a thin film with a glass cover slide. 

Atomic Force Microscopy

The atomic force microscope was a Jeol JSPM-5200.  The sample stage on this 

instrument is located under a bell jar that can be evacuated and cooled or heated.  The 

reported images were acquired at room temperature and normal pressure.  Silicon 
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cantilevers with force constants of 40 N/m and their fundamental resonance frequencies 

near 160 kHz were used for the measurements.  For each bitumen, topographic and 

phase-lag AFM images of 15 µm x 15 µm, and 5 µm x 5 µm were acquired in non-

contact mode at room temperature and at several locations on the sample surface.  Images 

of 15 µm x 15 µm are reported unless otherwise indicated. The area of the bee-structures 

in bitumens AAB, AAK, AAN, AAS, ABA and PC was measured by means of a Clemex 

SPM image analysis software.

Results

Multiphase bitumens

Figure 1 shows the topographic image of bitumen AAK.  It shows a flat background in 

which another phase is dispersed.  The dispersed phase shows as a succession of pale and 

dark lines often was referred to as “bees” or “bee structures” (Loeber et al. 1996; Pauli et 

al., 2001.   An illustration of the topographic profile is shown in Figure 3. 

Figure 4 shows the topographic AFM image of bitumen AAF.  In contrast to Figure 1, 

the ”bees” are not independent of one another.  The bee shape is lost and it is replaced by 

multi-arm star-shapes. Bitumen AAB was nearly identical (not shown).  Given the 

change in shape and the loss of the “bee” structure, we will refer to the dispersed phase 

with topographic profile as in Figures 3, as the catana or catanic phase, from the Greek 

cata, high to low, and ana, low to high.  

The catana phase was observed in seven out of the thirteen bitumens investigated.  

Table 2 provides some details about the catana phase in the bitumens where it was 

observed. The average height, as defined in Figure 3, varied from 22 to 85 nm.  The 

spacing was close to 0.50 µm, except for AAN at 0.31 µm.  
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The topographic images in Figures 1 and 4 highlight the catana phase and little else.  It 

may be debated whether or not it is the same phase visible under an optical microscope

(Claudy et al., 1992; Bearsley et al., 2004). Due to its limited resolution, optical 

microscopy cannot provide details about the structure within the dispersed phase or the 

matrix.  Figures 1 and 4 provide the topographic details of the dispersed phase, but they 

provide little, if any, details of the bitumen matrix.  In this respect, PDM can be much 

more revealing.  In bitumen PC, for instance, it reveals not only the catana phase, but also 

many other phases (Figure 5).  Immediately around the catana phase is a dark looking 

phase, separated here and there by another phase of a lighter shade.  For convenience, 

these two phases are named the peri- and para- phases, respectively (from the Greek peri, 

around; and para, neighbohring).  Each paraphase also contains small quasi-spherical 

domains termed the sal-phase (sal, Latin for salt).  This phase is nicely dispersed in the 

paraphase in bitumen AAN (Figure 6).  This latter phase was absent in bitumens AAS 

and ABA although the catana-, peri- and para-phases were clearly visible (not shown).

Bitumens with a fine dispersion 

Bitumens AAA, ABF and ABG dispersed showed domains within a homogeneous 

matrix, but no catana phase.  In bitumen AAA, the dispersion was very fine, most 

domains being about 0.15 µm in size (Figure 7).  Bitumen ABF showed fewer, but larger 

domains in general, with domain size between 0.1 µm and 0.7 µm (Figure 8). Bitumen 

ABG showed a dispersion between those of AAA and ABF, both in size and number of 

domains (not shown).  These bitumens showed very little topographic profile, the 

dispersed domains being only slightly depressed (1 to 5 nm) from the surface, in contrast 

to the bitumens with a catana phase.
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Bitumen AAG also showed a fine dispersion, with ovoid domains of about 0.2 µm on 

the long side (Figure 9), slightly below the matrix surface based on the topographic 

image (not shown).  In contrast to the other bitumens with a fine dispersion, the matrix of 

this bitumen was not homogeneous.  It contained an almost co-continuous phase, visible 

as white specs or fine lines in the magnified field of Figure 9, the domains being of 

nanometer size.

Bitumens with flake-like dispersions

Bitumens AAM and AAZ neither showed a catana phase nor a fine dispersion.  Instead, 

their phase images showed flake-like domains of about 1 µm in diameter (Figures 10 and 

11).  The topographic images indicated that the dispersed domains were slightly 

protruding from the surface (Figure 12).  The dispersed domains in bitumen AAM were 

not homogeneous in composition.  They contained smaller domains visible in a darker 

shade in the flakes of Figure 10. Interestingly, the continuous phase also contained a 

salphase.  The continuous phase in bitumen AAZ (Figure 11) did not show a salphase, 

but the dispersed phase clearly showed a segregation of matter between its center and the 

boundary.  

Discussion

Bitumen is a complex mixture of hydrocarbons.  The phase images indicate that this 

mixture is not perfectly homogeneous and that not all the hydrocarbons are mutually 

soluble at room temperature.  As indicated in the introduction, the phase image highlights 

domains with different viscoelastic properties, or stiffness. For an organic material like 

bitumen, the factors that can influence stiffness include the size and the flexibility of the 
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bitumen compounds, and their mutual interactions by means of hydrogen, ionic or polar 

bonds.  The same factors affect the glass transition temperature of polymers (Eisenberg, 

1993).  In this respect, it is instructive to look at possible relationships between bitumen 

characteristics and PDM results, including the chemical composition, the structure of the 

aromatic compounds, and the polarity provided by the metals content.  

Chemical composition

Bitumens AAB and AAF have a close composition (Table 1), and they fall within the 

same class based on PDM (Table 3).  This would suggest that composition is important in 

the determination of morphology and structure, and would lend credence to the colloidal 

structural model where asphaltenes (As) are stabilized by polar aromatics (PA) in a sea of 

naphthene aromatics (NA) and saturated compounds (S) (Pfeiffer and Saal, 1940).  It is 

also found, however, that bitumen AAA falls within a different class despite a S-NA-PA-

As composition almost identical to that of AAB and AAF. This indicates that the 

colloidal model may be too simple and that such composition, obtained through solvent 

partitioning (Masson et al. 2001), is not a reliable indicator of the possible arrangement of 

various bitumen compounds in the solid-state as visible by PDM.  As will be discussed in 

detail later, the dissolution of bitumen in a solvent has a large effect on its structure.  

In early AFM work on bitumen, the catana (bee) phase was attributed to asphaltenes 

(Loeber et al., 1996), the most aromatic and highest molecular weight compounds in 

bitumen. This was supported by Pauli et al. (2001) who doped a bitumen with asphaltenes 

to see an increase in the density of the catana phase in the doped material.  Here, the 

bitumens with a multi-phase structure (Table 3) contained 13-20 wt % asphaltenes (Table 

1), which would lend credence to a relationship between the catana phase and the 
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asphaltenes.  However, bitumens AAA, ABF, and ABG, also contained a sizeable 15-16 

wt % asphaltenes, but they did not show a catana phase.  In fact, a very poor correlation 

was found between the asphaltenes content and the area of the catana phase (Figure 13). 

Molecular architecture

The lack of correlation between bitumen compositions as given in Table 1 and the phase 

structure suggests that detailed molecular architecture, not readily assessed from the 

solvent fractionation used to determine such composition, is important.  Detailed 

molecular architecture can be obtained by spectroscopy (Jennings et al., 1992; Michon et 

al., 1997a, 1997b, Pieri et al. 1996).  For some bitumens, the average molecular 

architecture has been drawn based on NMR (Figure 14).  Fused rings form a stiff plane, 

the size and shape of which varies from one bitumen to the next.  Similarly, bitumens 

may be classified within families with 3-, 4- or 5- fused aromatic rings (Table 4).  The 

agreement between the classifications in Tables 3 and 4 is noteworthy and it suggests that 

bitumen micro-structure as observed by PDM is governed by the aggregation of fused 

aromatic rings into domains of various sizes and shapes.

Polarity 

There are three exceptions to the correlation between Tables 3 and 4: bitumens AAK, 

ABF and AAS. This emphasizes the importance of functional groups or parameters other 

than the average ring structure in determining bitumen stiffness.  No correlation was 

found between the PDM results and the polarity of bitumen based on the acid and base 

contents determined by Branthaver et al. (1992). 

A good correlation was found between the metals content and the catana phase. This is 

highlighted by an r2 correlation greater than 0.96 between the vanadium (V) and nickel 
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(Ni) content and the surface area covered by the catana phase (Figures 15 and 16).  There 

was no correlation with the iron (Fe) content.  Ni2+ and VO2+ cations exist in bitumen 

(Speight, 1999), and they may be expected to provide for important polar (electrostatic) 

interactions that may lead to stiff domains in a manner similar to those found in ionic 

polymers (Eisenberg and Kim, 1998).

Organo-metallics, including Ni2+ and VO2+ chelates, concentrate in the asphaltenes 

when they are precipitated from bitumen (Speight, 1999).  Whether or not the metals are 

chelated to the asphaltenes structure is uncertain (Speigh, 1999), but the results of 

multiple bitumen fractionation by Branthaver et al. (1992) and those in Figures 13, 15 

and 16 provide evidence that metal cations are not chelated to asphaltenes.  The results of 

Pauli et al. (2001), who observed an increase in the catana phase upon doping bitumen 

with asphaltenes, are consistent with the co-precipitation of metal chelates with 

asphaltenes and the doping of bitumen with these chelates. The effect of vanadium as 

illustrated in Figure 16 is also consistent with the results of Dickie et al. (1969) who saw 

an increase in particle sizes in bitumen doped with an organo-vanadium.

It may be hypothesized, therefore, that the catana phase consists of stacked aromatics 

held together by nickel and vanadium cations.  In bitumen and heavy oils, a substantial 

amount of Ni2+ and VO2+ are chelated to porphyrins (Figure 17).  A plethora of nickel 

and vanadium organo-metallic complexes are also known (Cotton et al, 1999; Greenwood 

and Earnshaw, 1984), but the structure of non-porphyrin chelates in petroleum 

derivatives are still being debated (Speight, 1999).  Nickel and vanadium readily form 

coordinating bonds through the free electrons in nitrogen, oxygen and sulfur, with the 

complexes being most often planar (Cotton et al., 1999), as are porphyrin macrocycles 
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(Steed and Atwood, 2000).  Hence, the stacking of molecular planes of metal chelates 

and fused aromatics is possible, as is a mesophase (liquid crystalline) arrangement.  The 

long-range order of mesophases with alkyl-aromatic planes is 0.3 to 0.8 µm (Samulski, 

1993), the same magnitude as the spacing in the catana phase (Table 2).  The catana 

phase might thus be a mesophasic arrangement of metallo-aromatics. This possibility is 

being investigated by means of experiments in which bitumen is doped with metallo-

porphyrins.  

Effect of bitumen film preparation

Solvent-cast films of bitumens AAA, AAB, AAG, AAF, AAK were studied by AFM 

(Pauli et al., 2001).  The observed morphologies were different from those observed here 

on the heat-cast films (Table 5).  Bitumens AAA and AAB were without feature after 

casting from solvent, whereas bitumen AAK showed a catana and a periphase (termed 

American footballs by Pauli et al. (2001).   It is thus obvious that film preparation 

methods affect the final material morphology.

Summary and conclusion

Thirteen bitumens were analyzed by phase detection AFM.  The results have revealed 

morphologies unseen before, with bitumens classified in three groups.  One group 

showed a fine dispersion (0.1-0.7 µm) in a homogenous matrix.  Another group showed 

domains of about 1 µm, and a third group showed up to four different phases of vastly 

different sizes named catana-, peri-, para-, and sal-phases.

 Bitumen is often modeled after a colloidal system where the asphaltenes (As) are 

stabilized by polar aromatics (PA) in a sea of naphthene aromatics (NA) and saturated 
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compounds (S).  No correlation was found between the AFM morphology and the S-NA-

PA-As composition. This does not invalidate the model, but it demonstrates that it is too 

simple and that other structural or composition parameters must be considered to explain 

the complexity of the bitumen solid-state.  In this respect, the extent of the catana phase 

was found to correlate with the vanadium and nickel content in bitumen.  There was also 

a good correspondence between the AFM classification and the size of the bitumen 

compounds, based on the average number of fused aromatic rings as determined in other 

studies.  The morphology and the molecular arrangements in bitumen thus seem partly 

governed by the size and shape of molecular planes and the ionic content defined by 

metallic cations. 
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Table 1.  Characteristics of the bitumens studied
Compositiona Elemental analysisa,b

Bitumen Source/type S NA PA As N 
(%)

S 
(%)

V 
(ppm)

Ni 
(ppm)

Fe 
(ppm)

PCc Unknown 9 27 43 20 0.7 4.4 --- --- ---
AAA Lloydminster 11 32 37 16 0.5 5.5 174 86 <2
AAB Wyoming sour 9 33 38 17 0.5 4.7 222 57 16
AAF West Texas sour 12 34 39 13 0.5 3.4 91 36 100
AAG California Valley 8 33 51 5 1.1 1.3 37 95 50
AAK Boscan 5 30 42 20 0.7 6.4 1499 141 24
AAM West Texas Int. 2 42 50 4 0.5 1.2 58 37 255
AAN Bow River 10 40 34 16 0.7 4.3 157 65 21
AAS Arab Heavy 4 40 38 17 0.5 6.2 137 40 ---
AAZ West Texas Coast 7 43 42 9 0.6 4.4 102 35 40
ABA West Texas 11 38 34 16 0.4 2.3 28 14 61
ABF Tia Juana 11 40 32 15 0.8 3.5 612 82 ---
ABG Laguna 19 47 19 16 0.4 4 494 82 ---
aFrom Jones (1993): S, saturates; NA, naphthene aromatics; PA, polar aromatics; As, 
asphaltenes. 
bFrom Branthaver et al. (1992)
cFrom Masson et al. (2004)

Table 2.  Characteristics of the catana phase in the bitumens
Bitumen Shape* Height (nm) Spacing (µm)
PC I 77 0.46
AAB MA 85 0.51
AAF I+MA 53 0.43
AAK I 52 0.51
AAN MA 22 0.31
AAS I 63 0.57
ABA MA 46 0.50
* I, Isolated (bee-like); MA, multiple-arms
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Table 3. Classification of bitumens according to PDM

Fine dispersion Multi-phase Large dispersion

AAA, AAG, ABF, ABG AAB, AAF, AAK, AAN, 
AAS, ABA

AAM, AAZ

Table 4.  Classification of bitumens according to aromatic ring structures*

3-ring systems 4-ring systems 5-ring systems**

AAA, AAG, AAK AAB, AAF, AAN, ABF AAM, AAS, AAZ

*(adapted from Michon et al. 1997a, 1997b),  **not all possible ring systems are shown
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Table 5.  Morphology of bitumen films from two methods
Bitumen Solvent-cast film* Heat-cast films**
AAA No features Fine dispersion of about 0.15 µm
AAB No features Multi-arm catana phase
AAG Few domains of 5 µm Many ovoid-domains of 0.2 µm
AAF Many domains of 1 µm Multi-arm catana phase
AAK Catana and periphases Catana phase without a periphase

* From Pauli et al., (2001); ** This work.
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Fig. 1. Topographic AFM image of bitumen AAK (15 µm  x 15 µm).
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Fig. 2. Illustration of the phase lag δ between the set signal (excitation) and the tip 
response due to sample-tip interaction (Adapted from Stark and Guckenberger, 1999).
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Fig. 3.  Topographic profile of a domain in bitumen AAK.  Maxima and minima 
respectively correspond to pale and dark strips in Figure 1.  A and B are the height and 
spacing reported in Table 2.  

Fig. 4. Topographic AFM image of bitumen AAF (15 µm  x 15 µm).
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Fig. 5. PDM image of bitumen PC (15 µm  x 15 µm).  Horizontal lines result from 
imperfect image processing. 
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Fig. 6.  AFM phase image of bitumen AAN (15 µm  x 15 µm).  The salphase is indicated 
by arrows.
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Fig. 7.  AFM phase image of bitumen AAA (15 µm  x 15 µm).
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Fig. 8.  AFM phase image of bitumen ABF (15 µm  x 15 µm).
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Fig. 9. AFM phase image of bitumen AAG (5 µm x 5 µm).
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Fig. 10. AFM phase image of bitumen AAM (15 µm x 15 µm).  The salphase is indicated 
by arrows. 
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Figure 11. AFM phase image of bitumen AAZ (15 µm x 15 µm).
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Fig. 12. Topographic AFM image of bitumen AAM (15 µm x 15 µm).  The lighter 
coloured areas are raised by about 8 nm.
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Fig. 13. Correlation between the asphaltenes content and the surface area of the catana 
phase in PDM images (●).  Bitumens  without a catana phase (○).
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Fig. 14. Average molecular structures for bitumens AAB and AAK (Adapted from 
Jennings et al, 1992).
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Fig. 15. Correlation between the nickel and iron contents and the area of the catana phase 
in PDM images of bitumens with such a phase.
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Fig. 16.  Correlation between the vanadium content and the area of the catana phase in 
PDM images of bitumens with such a phase.
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Fig. 17.  Porphin, the simplest porphyrin (left), and an alkyl-substituted metallo-
porphyrin.  M = VO2+, Ni2+, Mg2+, Be2+ or other metals 


