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Abstract Bitumen is a complex mixture consisting

of different hydrocarbons, which can be categorised

into substance classes called SARA (saturates, aro-

matics, resins and asphaltenes) fractions. The satu-

rates, aromatics and resins are further referred to as

maltenes or maltene phase. To determine the SARA

fractions the asphaltenes were separated from the

maltenes in a first step. A standard method to further

separate the maltenes is column chromatography

(CC). Since column chromatography is a time-con-

suming and solvent-intensive process, an alternative

method for separating maltenes using solid-phase

extraction (SPE) was investigated. A total of nine

bitumen samples of the same type in different ageing

states but from different manufacturers were separated

with both methods to determine the mass percentages

of the fractions for investigating their comparability.

The results show that both methods led to different

mass percentages of the fractions. However, with the

SPE, separating smaller amounts of maltenes is

possible while saving a large amount of material,

costs, and workload. Linear regression analyses

between the colloidal indices with conventional and

rheological parameters revealed that the fractions

obtained from SPE led to higher coefficients of

determination of the linear regression model. The

obtained fractions were further structurally compared

with FTIR spectroscopy, whereby the spectra of the

SPE fractions and the CC fractions did not show any

significant differences. The overall consideration of

the results concludes that the SPE can replace the CC.

Keywords Bitumen � SARA fractions � Column

chromatography � Solid-phase extraction � FTIR
spectroscopy

1 Introduction

In both its natural and technically produced variants,

bitumen is a petroleum-based product, whereby

petroleum is a conversion product from dead organic

material [1]. Technically produced bitumen, a residue

from crude oil processing, is mainly used for asphalt

road construction. According to EN 12597, bitumen is

defined as an almost non-volatile, adhesive, and

waterproofing material, which is completely or almost

completely soluble in toluene and highly viscous or

almost solid at ambient temperatures [2]. Since the

raw material of bitumen is crude oil, bitumen is an

organic product with a highly complex chemical

composition [1]. The detailed composition of bitumen
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and its properties strongly depend on the provenance

and characteristics of the crude oil and the manufac-

turing during the distillation process [3, 4]. Bitumen

mainly consists of long and cyclic aliphatic and

aromatic hydrocarbons and their derivates. Further-

more, heteroatoms such as sulphur, nitrogen, and

oxygen are present. The proportions of the main

constituents depending on the respective literature, are

carbon (80 to 88 wt.%), hydrogen (8 to 12 wt.%),

sulphur (0 to 9 wt.%), nitrogen (0 to 2 wt.%), and

oxygen (0 to 2 wt.%) [1, 3, 5]. Thus, bitumen consists

of many diverse molecular groups, varying in their

molecular weights, polarities, and functionalities,

making a complete chemical characterisation difficult

or nearly impossible [3, 6, 7]. To determine the

complex bitumen structure, the components are gen-

erally grouped into four major substance classes called

SARA fractions (saturates, aromatics, resins, asphalte-

nes). [1]. The SARA classification is a polarity-based

separation relying on different solubilities (asphalte-

nes) and interactions of the different polarities

between the phases and the individual fractions of

the sample (saturates, aromatics, resins) [1, 3, 5–7].

The theory of SARA fractions and their determi-

nation originates from petroleum chemistry, as it has

been used to characterise crude oils and study material

changes due to ageing [8, 9]. The chemical compo-

sition of crude oil can differ due to the origin, which

can also be transferred to the bitumen composition [1].

Regarding bitumen, the refining process, the subse-

quent processing, and the service life are further

factors influencing the composition [1, 3, 10]. For

petroleum, it was shown that different SARA fraction

ratios also originated from different methods, as they

did not lead to identical results [8, 9]. For bitumen, it

was found that the chosen experimental conditions, for

example, the used solvents, different dimensions of

the columns, and different materials for the mobile

phase, affected the proportion of the bitumen fractions

[3]. Various methods are available to determine the

SARA mass fractions. First, it is recommended to

separate the asphaltenes as an insoluble fraction in

n-heptane [5, 11]. The n-heptane soluble component is

called maltenes or maltene phase. Different national

standards for asphaltene separation regulate a uniform

procedure based on the precipitation with n-heptane,

such as DIN 51595 and ATSM D 6560 [12, 13].

However, there is no uniform standard for separating

the maltene phase except for the American standard

ASTM D 4124, which is barely considered in Europe

[14]. Because of this situation, various methods are

being used for SARA fraction determination, such as

thin-layer chromatography with flame ionisation

detection (TLC–FID) and column chromatography

(CC) [5, 10, 11, 15]. Since there is no uniform standard

for performing the maltene separation, significant

differences in the experimental setup are recognisable.

The most significant difference between TLC–FID

and CC is that with TLC–FID, the maltenes are pulled

into the stationary phase by capillary forces, while

with CC, the maltenes are applied from above and flow

through the stationary phase in the direction of gravity

[8, 10]. The use of various non-standardised methods

complicates a direct comparison of the SARA frac-

tions emphasising the importance of specifying the

detailed experimental setup [3]. However, both TLC–

FID and CC have in common that they are time-

consuming processes requiring high input of dispos-

ables. For this reason, there are approaches for other

examination methods, such as the SARA separation

with solid-phase extraction (SPE) cartridges [16–19].

The advantages of the SPE are both a relatively simple

implementation and performance and considerably

low material consumption, but it has not yet reached a

comprehensive implementation [16–19].

The objective of this study is to investigate the

comparability of two different methods, column

chromatography and solid-phase extraction, for the

determination of SARA fractions. It aims to verify

whether the SPE can obtain similar mass fractions of

the maltenes as with column chromatography to

replace column chromatography with a method that

requires significantly less material. The experimental

plan of the study is shown in Fig. 1. For all bitumen

samples, asphaltenes and maltenes were first separated

by the same method according to DIN 51595 [12].

Subsequently, CC and SPE were carried out on the

maltene phases to determine the maltene mass frac-

tions. In addition to comparing the mass fractions, a

selection of virgin and aged maltene fractions were

analysed using Fourier transform infrared (FTIR)

spectroscopy.
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2 Materials

2.1 Bitumen and its SARA fractions

The bitumen samples used to conduct the comparison

were three identical paving grade bitumen 50/70

according to EN 12591 from three different manufac-

turers (A, B, C) designated A 50/70, B 50/70, and

C 50/70 (Fig. 1) [20]. The ageing simulation was

carried out with the Rolling Thin Film Oven Test

(RTFOT) according to EN 12607–1 and a double

procedure of the Pressure Ageing Vessel test (PAV)

according to EN 14769 combined with RTFOT

[21, 22]. Previous tests have shown that a double

PAV application can simulate ageing more realisti-

cally compared to recovered naturally aged bitumen

samples [23]. Thus, nine bitumen samples at three

different ageing stages, virgin, RTFOT and RTFOT ?

2xPAV, were used for comparison [23]. Conven-

tional and rheological bitumen parameters obtained

within a previous research project were available for

the bitumen samples and were therefore chosen as

parameters for the correlation analyses (Table 1) [23].

The parameters are the softening point (R&B), the

needle penetration (PEN), the equi-shear modulus

temperatures T(|G*|= 15 kPa) and T(|G*|= 50 MPa)

with their corresponding phase angles dT(|G*|=15 kPa)

and dT(|G*|=50 MPa), the BBR critical temperatures

T(S = 300 MPa) and T(m = 0.3) and the shear relax-

ation viscosity kREL [23].

The individual bituminous SARA fractions can be

described as follows.

2.1.1 Saturates

The proportion of saturates in bitumen ranges from 0

to 20 wt.% acting as a diluting medium in bitumen

[1, 4, 24]. The colour of the saturates fraction is

primarily colourless or occasionally yellowish [1].

This fraction has the lowest molecular weight with

around 600 g/mol, and its solubility parameter ranges

between 15 and 17 MPa1/2 [4, 25]. Saturates are non-

polar viscous oils consisting mainly of aliphatic

hydrocarbons and cycloaliphatic compounds, which

are straight and branched chain structures and very

few polar atoms or aromatic rings [1, 4].

2.1.2 Aromatics

The aromatics fraction amounts between 30 and

65 wt.% representing the largest component of the

dispersion medium for the asphaltenes [1, 3, 26].

Aromatics are dark brown viscous liquids and are the

most volatile fraction in bitumen [1, 3]. Together with

saturated oils, they are considered plasticisers for

bitumen [1, 3]. The molecular weight of aromatics

ranges around 800 g/mol, and the solubility parameter

is between 17 and 18.5 MPa1/2 [4, 25]. The aromatic

fraction consists mainly of non-polar aliphatic carbon

chains attached to unsaturated aromatic rings [1, 3].

2.1.3 Resins

The resin content in bitumen ranges around 30 to

45 wt.% [1, 3, 24]. Resins are understood as a

transition from oils to asphaltenes [4]. The primary

function of the resins in bitumen is to disperse the

asphaltenes [1, 3]. They are dark brown polar

substances and contribute to the adhesive properties

of bitumen [1, 3]. Their molecular weight ranges from

300 to 2,000 g/mol, solubility parameter lies between

18.5 and 20 MPa1/2 [4, 25]. Resins are solid or

semisolid at room temperature, brittle at cold temper-

atures, and become fluid when heated [4]. Resins

consist mainly of hydrogen and carbon atoms [1, 4].

Fig. 1 Research plan
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Additionally, they can contain a small number of

oxygen, sulphur, and nitrogen atoms [1].

2.1.4 Asphaltenes

The proportion of asphaltenes varies between 5 and

25 wt.% [1, 3, 24]. Asphaltenes are highly polar

brown-black amorphous solids that are insoluble in

n-heptane but soluble in toluene [1]. Asphaltenes are

the decisive factor for bitumen properties because it is

generally known that the asphaltene content of bitu-

men has a significant influence on the rheological

properties of a bitumen [1, 25]. They offer a high

molecular weight ranging between 800 and

3,500 g/mol, and their solubility parameter ranges

between 17.6 and 21.7 MPa1/2 [4, 25]. In terms of

composition, they are similar to the resins, mainly

consisting of carbon and hydrogen atoms and some

nitrogen, sulphur, and oxygen atoms [1, 3, 4].

2.1.5 Relationship between SARA fractions

The interactions between the SARA fractions can be

described using models, whereby the colloidal model

is most common [5, 6, 27, 28]. The colloidal model

describes the bitumen structure as an oily liquid,

soluble matrix (the maltenes) in which highly polar,

insoluble solid particles (the asphaltenes) are dis-

persed [5, 29]. The most popular index, which is

calculated with the SARA fractions, is the Colloidal

Index (CI), also known as the Colloidal Instability

Index (CII), which is based on the colloidal model

explaining the behaviour of sol- and gel-type bitumen

[1, 5, 6, 27]. The Colloidal Index is calculated

according to Loeber et al. [27] as in Eq. (1).

CI ¼ dispersed constituents

flocculated constituents

¼ aromaticsþ resins

saturatesþ asphaltenes
ð1Þ

In this context, higher CI values indicate a better

dispersion of the micelle fractions and, thus, higher

stability of the bitumen as the asphaltenes are more

peptised by the resins in the bitumen system [5, 6, 27].

The solubility of the asphaltenes in a colloidal system

is enhanced by intermediate polarity species such as

aromatics and resins [4]. Saturates are components

with the lowest polarity, while asphaltenes have the

highest polarity of the SARA fractions [4].T
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3 Methods

To examine the mass fractions and structure of a

sample, the asphaltenes, which are insoluble in

n-heptane, were first separated. The maltenes were

then separated into five fractions using column

chromatography and solid-phase extraction. A quali-

tative and quantitative evaluation of the developed

SPE method is based on comparing the mass fractions

and spectra obtained with Fourier transform infrared

spectroscopy (FTIR).

3.1 Asphaltene separation

Since both the CC and the SPE were carried out on the

maltene phase, separating the asphaltenes from the

bitumen sample was necessary. The extraction process

following DIN 51595 was used [12]. According to this

method, approx. 3 g of bitumen sample was weighed

into a flask and boiled under reflux in 90 ml of

n-heptane for one hour (Fig. 2). The second step was

the filtration of the asphaltenes using a cellulose filter

type 604 � (particle retention of 25 lm). The filter

was placed in a Soxhlet extractor, whereas the

extraction was first run with 70 ml n-heptane for

1.5 h to separate the remaining maltenes from the

asphaltenes. Afterwards, to regain the asphaltenes

from the filter, the solvent toluene (90 ml) was used,

and this step was again carried out for 1.5 h. After the

second Soxhlet extraction, the solvent of the asphal-

tene-toluene mixture was removed using a rotary

evaporator with a water bath temperature of 50 �C.
Subsequently, the asphaltene fractions were oven-

dried between 105 and 115 �C for 45 min. After

cooling to room temperature in a desiccator for 1 h,

the flasks with remaining asphaltenes were weighed,

and the contents were determined by the relation to the

initial weight of the sample given in mass percent

[wt.%].

The maltene solutions from the filtration and

n-heptane-based extraction step were combined. The

solvent was evaporated at the rotary evaporator using a

vacuum/pressure reduction variant. At a sample

temperature of approx. 40 �C or 50 �C water bath

temperature, n-heptane was aborted at approx.

120 mbar and toluene at approx. 77 mbar. To get the

fractions as solvent-free as possible, the final sorting

was always done at ‘‘zero’’, the best possible pump

capacity, which was approx. 20–35 mbar. Further

drying of the maltene phases at higher temperatures

was not carried out to avoid a reaction of the maltene

phase with the ambient atmosphere.

Fig. 2 Schematic process of asphaltene separation according to DIN 51,595 and Weigel [12, 30]
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3.2 Maltene separation with column

chromatography (CC)

The residue of the asphaltene separation, the maltenes,

was further separated using the column chromatogra-

phy based on Šebor et al. [8]. The separation of the

maltenes was carried out in a parallel double determi-

nation. For a double determination, two glass columns

with a height of 300 mm and an inner diameter of

30 mmwere used. The following description and mass

data refer to the procedure carried out on a single

column.

Before applying the stationary phase, the column

was sealed with 0.5 g cotton wool. The stationary

phase was built up using two layers following Šebor

et al. [8]. The first layer was created with 44 g of

aluminium oxide Al2O3 (Merck no. 1.01077, particle

size 0.063–0.200 mm), and the second layer with 33 g

of silica gel SiO2 (Merck no. 1.07734, particle size

0.063–0.200 mm) (Fig. 3). To activate both sorbents,

they were oven-dried for 1 h at 105 �C. To introduce

the stationary phase into the glass column, the

aluminium oxide and the silica gel were separately

slurried with n-heptane. Then aluminium oxide and

silica gel were filled into the column, respectively, and

n-heptane was drained to just above the stationary

phase in each case. The column was packed the day

before the separation and sealed to prevent the

stationary phase from drying out.

To provide an even application of the maltenes into

the column, 1 g maltene phase was dissolved in 10 ml

n-heptane one day before. The samples were stored

airtight overnight in the refrigerator. The maltenes

were then applied to the glass column with a graduated

pipette. The maltenes were separated into five frac-

tions: saturates, mono-, di- and polyaromatics, and

resins. Different solvents and solvent mixtures were

used to separate the maltene phases, which were

successively applied to the column and passed through

by gravity. The solvents and solvent mixtures used to

separate the different fractions are given in Fig. 3. The

solvent for the first fraction, the saturates, was 290 ml

n-heptane (10 ml was already used to solve the

maltenes), and the throughput was collected in a flask.

Fig. 3 Schematic process of the column chromatographic separation of the maltenes according to Šebor et al. and Weigel [8, 30]
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The flow rate was set to approx. 10 ml/min. Shortly

before the solvent level reached the stationary phase,

the collecting flask was changed, and the solvent or

solvent mixture for the next fraction was applied. This

procedure was carried out to the last fraction, again

draining the solvent only to just before the stationary

phase. Due to the different polarities of the compo-

nents of the fractions to the respective solvent, these

components absorb at different rates on the stationary

phase, and the column can separate the individual

fractions by the respective mobile phase. The individ-

ually collected fractions were then separated from the

solvents and solvent mixtures using a rotary evapora-

tor as described earlier. The flasks containing the

individual fractions were further placed in a vacuum

box and oven-dried at 45 �C until a constant mass was

achieved, measured at the third decimal point. The

results were referred to the weight of the initial

sample.

3.3 Maltene separation with solid-phase

extraction (SPE)

The SPE was conducted with a vacuum box and glass

syringes from FORTUNAOPTIMAwith a capacity of

24 ml connected with a Luer-lock system (Fig. 4).

The work by Sakib et al. [16] and Mirwald et al. [17]

served as a basis for the experimental set-up. A double

determination was also carried out for the SPE,

whereby the given quantities refer to a single deter-

mination. The masses of the sorbents and the solvents

were adjusted from the ratio of the glass columns to the

smaller syringes. The calculation was done using the

volume ratios of the glass column of the CC and

adjusting the volumes of the materials to the volume of

the syringes. Preliminary tests to develop the method

using bitumen A showed that the mass of the maltene

had to be increased. To perform the SPE, 1.5 times the

calculated amount of maltene was used. 0.19 g of

maltenes were dissolved in 1 ml n-heptane.

Comparable to column chromatography the prepa-

ration of the SPE was carried out one day before the

actual separation, and the packing of the syringe was

done in the laboratory. The stationary phase was equal

to the CC build with Al2O3 and SiO2, which were

activated in an oven at 105 �C for 1 h. After cooling,

n-heptane was added to both sorbents. The cotton wool

was hand-formed into a pellet, pressed to the bottom of

the syringe with the help of the plunger, and

additionally compressed. The two stationary phases

were then filled into the syringe. First, the aluminium

oxide was filled into the syringe while the tap was

Fig. 4 a Experimental setup of the solid-phase extraction; b Schematic setup of the solid-phase extraction
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closed. The tap was then opened at a pressure of

approx. 200 mbar to drain off the solvent until just

before the sorbent. The same procedure was conducted

when filling the silica gel. The syringe was then filled

with n-heptane and sealed overnight.

The next day before the actual extraction, the

solvent was drained under normal pressure so that the

stationary phase was slightly covered with the solvent

and the maltene phase was applied using a glass

pipette. After applying the maltene phase, the solvent

of the first fraction was added up to the edge of the

syringe. Then, the tap was opened entirely under

normal pressure, and the remaining solvent was

applied constantly. The resulting flow rate that

occurred under normal pressure was approx. 15 ml/

min. Preliminary tests have shown that with additional

pressure, the solvent was drawn through the syringe

too quickly, and the separation of the samples did not

lead to satisfactory results. For this reason, the vacuum

was only used to pack the syringe to compress the

stationary phase.

The fractions were collected in glass containers

inside of the vacuum box. The tap was closed when the

respective solvent reached the stationary phase. The

syringe was then exchanged together with the tap into

the next position. The next solvent was applied, the tap

was opened again under normal pressure, and the

remaining solvent was refilled during the extraction.

This procedure was done equally for all other

fractions. The solvents and solvent mixtures were

removed using a rotary evaporator, and drying was

carried out as with the CC method.

3.4 Fourier transform infrared (FTIR)

spectroscopy

The separated fractions were further analysed using

FTIR spectroscopy with the device Spectrum Two FT-

IR C 96108 from PerkinElmer. For the investigation of

the samples, the attenuated total reflection (ATR)

measurement with multiple reflections (zinc selenide

(ZnSe) crystal, sample area approx. 575 mm2, 25 re-

flections) was used. Until the measurement the

samples were stored airtight in the refrigerator.

Therefore, the samples were dissolved in cyclohexane

at a mass ratio of 1:3 (bitumen: cyclohexane). To

provide representative FTIR spectra, the measure-

ments of the samples were carried out within 24 h after

dissolving using an Eppendorf pipette to apply 0.1 ml

of the bitumen-cyclohexane solution to the crystal.

During the waiting time after the sample was applied,

the crystal was located under a fume cupboard. After a

waiting time of 15 min, the solvent was allowed to

evaporate, and a thin bitumen film remained (approx.

35 lm), which was measured with the following

settings: 32 scans, a wavenumber range from 4,000 to

600 cm-1 and a resolution of 4 cm-1. A spectral

comparison was conducted for the virgin and

RTFOT ? 2xPAV aged samples. SARA fractions

after RTFOT ageing were not included in the analysis.

After recording the reflectance spectra, they were

further processed for comparison. For this purpose, the

spectra were converted into absorbance spectra and

then standardised. The standardisation was carried out

with the Standard Normal Variate (SNV) transforma-

tion only using relevant wavenumber ranges from

3,400 to 2,500 cm-1 and 1,800 to 600 cm-1 [23, 30].

4 Results and discussion

The results are presented in four sections. The first step

of the method evaluation is to assess the measurement

accuracy of the double determinations (4.1.). Subse-

quently, the results of the mean values of the SARA

mass fractions of the two methods are compared, and

the respective colloidal indices are calculated (4.2.).

Furthermore, the correlations between the colloidal

indices and the physical parameters are investigated

using linear regression analyses (4.3.). Finally, the

discussion concludes by comparing the FTIR spectra

of the mass fractions (4.4.).

4.1 Measurement accuracy of the double

determinations

To compare the measurement accuracies of the two

methods, the absolute differences between the double

determinations were calculated, respectively, for the

CC and the SPE maltene separation according to

Eq. (2).

Absolute difference ¼ BSm:1 � BSm:2j j ð2Þ

where BS is the respective bitumen sample (A, B, C),

m.1 is the single value of one double determination

(CC-1, SPE-1), and m.2 is the single value of the other

double determination (CC-2, SPE-2). As this is the

calculation of the absolute differences, it is not

242 Page 8 of 17 Materials and Structures (2022) 55:242



necessary to specify the position of the single value in

the equation. The aim with double determinations

should be that the results are as close as possible. The

absolute differences of the respective double determi-

nations are given in Table 2. Additionally, the mean

values from the absolute differences were determined

for each double determination allowing a comparison

of the individual samples per method. Accordingly,

bitumen A virgin shows a mean deviation of

0.39 wt.% with the CC method, whereas an average

difference of 0.46 wt.% was obtained with the SPE

method. In total, nine comparisons can be made for

nine samples. The lower value for each comparison is

marked by the bold number in Table 2. Four samples

showed smaller differences with the CC and four with

the SPE. For one sample, B virgin, both methods

showed the same mean difference of 0.39 wt.%.

However, if the total values of the deviations across

all samples are considered, it becomes apparent that

overall, lower differences between the double deter-

minations occurred with the SPE. In other words, if not

each individual sample is considered, but the mean

value is calculated over the total absolute differences

per method, the mean value of all absolute differences

from the CC SARA fractions is calculated as

0.52 wt.%, compared to 0.47 wt.% for the SPE SARA

fractions. Thus, on average, the double determinations

with the SPE produced smaller differences than the

double determinations with the CC. However, as these

differences are pretty small, they should not be

generally accepted as significant. No definite state-

ment can be made as to whether the accuracy of the

methods depends on the age or the origin of the sample

since an even distribution of samples between the two

methods results and the population of nine samples

with double determination seems insufficient for this

assessment.

4.2 Comparison of the mean SARAmass fractions

The mean values for each separation were then

determined from the two single determinations. The

results of the mean SARA mass fractions are given in

Fig. 5a to 5c. There are no differences between CC

Table 2 Absolute differences of the double determinations and their mean values

Bitumen sample- separation

method- ageing condition

Absolute difference between the double determinations Mean value of the absolute

differences [wt.%]
Saturates

[wt.%]

Mono-

aromatics

[wt.%]

Di-

aromatics

[wt.%]

Poly-

aromatics

[wt.%]

Resins

[wt.%]

A-CC-virgin 0.61 0.12 0.02 0.39 1.20 0.39

A-SPE-virgin 0.02 1.60 0.32 0.72 0.11 0.46

A-CC-RTFOT 0.24 0.19 0.50 0.16 0.11 0.20

A-SPE-RTFOT 0.13 0.36 0.27 0.02 0.17 0.16

A-CC-RTFOT ? 2xPAV 1.66 0.51 0.27 0.57 3.39 1.07

A-SPE-RTFOT ? 2xPAV 0.02 0.13 0.57 0.10 0.38 0.20

B-CC-virgin 0.92 0.13 0.09 0.56 0.63 0.39

B-SPE-virgin 0.28 0.19 0.86 0.60 0.42 0.39

B-CC-RTFOT 1.09 0.15 0.27 0.71 1.57 0.63

B-SPE-RTFOT 0.27 0.65 0.30 0.57 0.13 0.32

B-CC-RTFOT ? 2xPAV 0.00 0.05 0.00 0.40 0.15 0.10

B-SPE-RTFOT ? 2xPAV 0.82 0.07 0.09 0.56 0.87 0.40

C-CC-virgin 0.67 0.30 0.08 0.18 0.84 0.34

C-SPE-virgin 1.34 0.04 0.48 0.54 1.07 0.58

C-CC-RTFOT 0.33 0.18 0.10 0.06 0.38 0.18

C-SPE-RTFOT 2.25 0.18 0.80 1.10 0.32 0.78

C-CC-RTFOT ? 2xPAV 0.23 0.32 0.26 0.82 1.96 0.60

C-SPE-RTFOT ? 2xPAV 0.37 0.04 0.04 0.49 0.32 0.21

The lowervalue for each comparison is marked by the bold number.
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and SPE for the asphaltenes, as these were determined

in a previous step, and the obtained maltenes were

used for both CC and SPE. In addition to the

determined mass fractions, the remaining residual

(Rest) is calculated, which is missing to obtain 100%.

A comparison of the residual proportions shows that

the results with the SPE produce larger residual

proportions than the determination with the CC. The

rest results from material losses, which could be

caused by residues remaining in the column or

syringes on the one hand or by the material transfer

in flasks between the individual work steps on the

other hand. Apart from the residual content, the most

significant differences are observed in the resins.

To investigate to what extent the results, especially

the rest, influences the ratios of the SARA fractions,

the colloidal indices (CI) of the SARA mass fractions

were calculated based on Eq. (1) and are given in

Table 3. As can be seen from the colloidal indices, the

ratios of dispersed to flocculated fractions are com-

paratively similar. Therefore, it can be assumed that

the resulting rest results from a uniform reduction of

the SPE fractions and only slightly influences the

calculated ratio of the SARA fractions. However, in

general, it can be observed that the CI, except for the

bitumen sample C RTFOT, are higher for the CC

SARA fractions. This result means that when the CC is

used, the calculated indices indicate higher stability of

the bitumen.

4.3 Linear regression analyses

To study the relationship between the obtained SARA

fractions and the given physical characteristics of the

bitumen samples, linear regression analyses were

performed between the two calculated colloidal

indices CICC and CISPE, and the bitumen characteris-

tics given in Table 1. The linear regression analyses

were performed individually for the colloidal indices

of the SARA fractions of the column chromatography

and SARA fractions of the solid-phase extraction

given in Table 3. In each case, the independent

variable is represented by the colloidal index (x-axis)

and the dependent variable is the respective parameter

(y-axis). For each analysis, the values of the unaged,

short-term, and long-term aged bitumen samples were

plotted, which is representatively marked in Fig. 6 for

bitumen B (orange). The linear regression function

and the coefficient of determination R2 are given in the

respective coloured boxes. 54 linear regression anal-

yses were carried out in this way – six for each

dependent variable. Figure 6 exemplarily illustrates

the outcomes using the softening point. The correla-

tions between the other properties and the colloidal

indices at virgin, RTFOT and RTFOT ? 2xPAV

ageing conditions are given in Table 4.

The results per independent variable per bitumen

sample show that for 27 comparisons, in 23 cases,

higher coefficients of determination are found for the

colloidal indices calculated from the SPE SARA

fractions (Fig. 6 and Table 4). In each case, the higher

coefficient of determination is marked in bold

(Table 4). Only for four comparisons higher R2 were

found for the CC SARA fractions. These four analyses

involve the needle penetration of bitumen A and C, the

phase angle dT(|G*|=15 kPa) of bitumen C and the equi-

shear modulus temperatures T(|G*|= 50 MPa) of

bitumen C. For all other dependent variables of the

bitumen samples, higher coefficients of determination

were found with the CI of the SPE SARA fractions.

This result is a strong indication that the colloidal

indices of the SPE SARA fractions show a higher

correlation with the conventional and rheological

parameters than the CC SARA fractions. This means

that even though it has been shown that there are

differences between the masses of the SARA fractions

of the CC and SPE, which initially made it seem that

the SPE might not be suitable for use, the linear

regression analyses with consideration of the ageing

bFig. 5 Mean values of the SARA mass fractions respectively

for bitumen A (a), B (b) and C (c)

Table 3 Colloidal indices (CI) based on the SARA mass

fractions

Bitumen sample-

separation method

Colloidal index

Virgin RTFOT RTFOT ? 2xPAV

A-CC 2.58 2.09 1.87

A-SPE 2.09 2.01 1.58

B-CC 3.63 3.51 2.19

B-SPE 3.03 2.90 2.07

C-CC 2.70 2.18 2.18

C-SPE 2.66 2.34 2.34
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development have shown that when related to physical

parameters, the SPE SARA fractions show higher

correlations. Although the trend favours SPE SARA

fractions, the correlations with CC SARA fractions

were cumulative higher for bitumen C in three out of

nine comparisons. Thus, it can be concluded that the

respective bitumen sample is also decisive for the

result. This result further indicates that even within

same graded bitumen samples with similar physical

characteristics, results from chemical tests cannot be

directly transferred from one bitumen sample to

another.

4.4 FTIR spectra of the SARA fractions

In addition to comparing the mass fractions, FTIR

spectroscopy was used to detect possible structural

differences between the maltene fractions (SAR:

saturates, aromatics, resins) of the two methods as

well as general differences in the SAR fractions.

Therefore, the differences between the spectra of the

fractions from the two methods were compared first.

For this purpose, the standardised wavenumbers of the

fingerprint region between 1,800 and 600 cm-1 were

used for calculating difference spectra. The calcula-

tion was done by subtracting the standardised

absorbance values of the spectra of the SPE from the

CC given as absolute numbers according to Eq. (2).

Then the mean values of the differences were calcu-

lated from the difference spectra. If there are no

differences between the CC and SPE spectra, the

differences and, thus, the mean values would be close

to zero. Table 5 shows the calculated mean values of

the absolute differences between the spectra of the CC

and SPE fractions. As can be seen, the mean values of

the differences between the spectra result as marginal.

Thus, it can be concluded that the fractions obtained

with both methods structurally do not significantly

differ from each other. The result supports the

objective to replace the CC method with the SPE

method as similar spectra are produced after

separation.

However, the mean values confirm that the maltene

separation methods have different effects on the three

bitumen samples A, B, and C. While the mean values

of fractions F1 and F2 are comparably higher for

bitumen A, for bitumen C the mean values of the

difference of the fractions F4 and F5 spectra are

comparably higher. Therefore, it can be concluded that

no uniform deviation can be observed across all

fractions, but the deviation is somewhat dependent on

the bitumen composition.

Since the difference spectra have shown no signif-

icant structural differences between the CC and SPE

fractions, the general differences between spectra of

the SPE SAR fractions are analysed in a second step.

The most significant differences between the SAR

factions are mainly visible in the fingerprint region

between 1800 and 600 cm-1. The standardised FTIR

spectra of the CC separation (dashed line) and the SPE

separation (continuous line) were given representa-

tively based on bitumen B in Fig. 7. Because bitumen

B showed the lowest mean values of the absolute

differences and thus the deviation between the CC

Fig. 6 Linear regression analyses between the softening points R&B (y-axis) and colloidal indices (x-axis) at virgin, RTFOT and

RTFOT ? 2xPAV ageing conditions, respectively, for CC SARA fractions (a) and SPE SARA fractions (b)
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spectrum and SPE spectrum was the smallest, bitumen

B was selected to represent the differences in the

individual fractions. In Fig. 7a to 7e, each fraction is

shown individually, whereby the grey spectra are the

standardised FTIR spectra of the total B 50/70, virgin

(dashed), and long-term aged (solid) to display the

Table 4 Regression functions and coefficients of determination R2 of the linear regression analyses between bitumen properties and

colloidal indices CICC and CISPE at virgin, RTFOT, and RTFOT ? 2xPAV ageing conditions

Bitumen sample y-value x = CICC x = CISPE

Regression function R2 Regression function R2

A PEN y = 54.148*x - 83.11 0.9491 y = 68.777*x - 95.285 0.872

B y = 14.702*x - 9.8911 0.5128 y = 23.626*x - 27.169 0.5626

C y = 34.403*x - 36.224 1.00 y = 28.75*x - 23.442 0.9292

A T(|G*|= 15 kPa) y = - 25.443*x ? 113.97 0.8076 y = - 37.151*x ? 128.84 0.9807

B y = - 12.146*x ? 95.741 0.9242 y = - 18.877*x ? 108.31 0.9485

C y = - 16.711*x ? 94.053 0.9496 y = - 14.856*x ? 89.786 0.9985

A dT(|G*|=15 kPa) y = 10.829*x ? 52.46 0.884 y = 14.803*x ? 48.04 0.9408

B y = 4.032*x ? 66.061 0.867 y = 6.299*x ? 61.803 0.8991

C y = 7.0842*x ? 62.562 0.9908 y = 6.0817*x ? 64.842 0.9715

A T(|G*|= 50 MPa) y = - 9.0121*x ? 23.98 0.8005 y = - 13.234*x ? 29.39 0.9831

B y = - 4.2701*x ? 17.947 0.9063 y = - 6.648*x ? 22.395 0.9334

C y = - 6.1994*x ? 17.431 1.00 y = - 5.1923*x ? 15.153 0.9333

A dT(|G*|=50 MPa) y = 6.374*x ? 17.705 0.6846 y = 10.208*x ? 12.272 1.00

B y = 3.9912*x ? 18.854 0.8734 y = 6.232*x ? 14.648 0.9047

C y = 4.3097*x ? 25.447 0.5485 y = 4.4952*x ? 25.1 0.794

A T(S = 300 MPa) y = - 5.3558*x - 5.4244 0.8874 y = - 7.2973*x - 3.2838 0.9382

B y = - 2.7663*x - 7.0302 0.9963 y = - 4.2516*x - 4.2958 0.9999

C y = - 1.791*x - 12.472 0.9552 y = - 1.5865*x - 12.941 0.9973

A T(m = 0.3) y = - 10.901*x ? 6.0971 0.6451 y = - 17.966*x ? 16.35 0.998

B y = - 5.4073*x ? 0.8833 0.988 y = - 8.3311*x ? 6.2829 0.9964

C y = - 5.9302*x - 4.4265 0.7937 y = - 5.649*x - 5.1184 0.9582

A kREL y = - 28.827*x ? 78.909 0.7589 y = - 43.708*x ? 98.821 0.9936

B y = - 20.627*x ? 86.982 0.9789 y = - 31.837*x ? 107.73 0.9909

C y = - 29.24*x ? 78.134 0.5929 y = - 29.976*x ? 79.348 0.829

In each case, the higher coefficient of determination is marked in bold.

Table 5 Mean values of the absolute differences of the FTIR difference spectra

Bitumen sample Mean value of the absolute differences of the FTIR difference spectra

Saturates, F1 Monoaromatics, F2 Diaromatics, F3 Polyaromatics, F4 Resins, F5

A virgin (CC-SPE) 0.037 0.088 0.037 0.038 0.058

B virgin (CC-SPE) 0.054 0.076 0.036 0.074 0.102

C virgin (CC-SPE) 0.023 0.024 0.057 0.154 0.201

A RTFOT ? 2xPAV (CC-SPE) 0.060 0.185 0.115 0.039 0.067

B RTFOT ? 2xPAV (CC-SPE) 0.067 0.070 0.062 0.040 0.037

C RTFOT ? 2xPAV (CC-SPE) 0.015 0.016 0.047 0.139 0.036
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differences between the individual fractions and the

total bitumen. These figures visualise what the mean

values of Table 4 have already shown: the deviations

of the CC and SPE spectra are relatively small and

almost unrecognisable using the graphical

representations.

Fig. 7 Standardised FTIR spectra of (a) saturates (F1), b monoaromatics (F2), c diaromatics (F3), d polyaromatics (F4), e resins (F5)
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Moreover, Fig. 7 illustrates the increase in the

bands representing the oxygen compounds, carbonyls

at 1,700 cm-1 and sulfoxides at 1,030 cm-1, from F1

to F5. For fractions F4 and F5, the bands of the

sulfoxides even show a higher curve than the sulfox-

ides of the total bitumen. For both the F5 virgin

fraction and the F5 long-term aged fraction, the bands

of the oxygen compounds are higher than those of the

total bitumen. The polarities of the fractions increase

from F1 (saturates) to F5 (resins). At the same time,

both the carbonyls and the sulfoxides are polar oxygen

compounds. In general, the solubility of polar and non-

polar substances is that similar dissolves in similar

[16]. The oxygen compounds are thus primarily

addressed by the solvents used for F4 (polyaromatics)

and F5 (resins) in terms of their polarity. This

observation explains why no differences between

virgin and long-term aged are detectable in fractions

F1 to F3. The differences between virgin and aged

fractions only become apparent for fraction F4

regarding the carbonyls and fraction F5 for both

carbonyls and sulfoxides. It can be concluded that

although the mass fractions of fractions F1 to F3

change with ageing, this change does not affect the

structural composition of the fraction. Only in the case

of the polyaromatics and the resins, there are structural

changes in the FTIR spectra in addition to the mass

changes due to ageing.

5 Conclusion

The main objective of this study was to develop and

evaluate a method for the fractionation of maltenes

based on the principles of chromatographic separation.

The advantage of the new method should be that

material consumption, time and workload are reduced,

which simultaneously means cost savings. For this

purpose, the maltene phases of nine bitumen samples

in different ageing stages were separated by standard

column chromatography to obtain reference values.

Subsequently, with the help of solid-phase extraction,

a method was developed with which these nine

maltene phases were also separated. For both methods,

the asphaltenes were separated in a preliminary step

following existing standards. With column chro-

matography and solid-phase extraction, the maltenes

were separated using five different solvents or solvent

mixtures to separate the maltenes into five fractions:

saturates, monoaromatic, diaromatics, polyaromatics

and resins. Both methods use gravity, as the samples

are applied to the devices from above in each case. No

additional vacuum was used during SPE, as tests

showed that the sample was only pulled through the

syringe without proper separation when additional

vacuum was applied.

The results have revealed that slightly lower

deviations between the double determinations of the

individual fractions occurred with the SPE. Both

methods lead to different mass fractions of the maltene

fractions whereas the calculated CI displays that based

on the chosen calculation method CC leads to slightly

higher colloidal indices than SPE. According to the

chosen calculation method, higher indices imply a

better micelles distribution and thus higher stability of

the colloidal material [5, 6, 27]. Linear regressions of

the colloidal indices with conventional and rheolog-

ical parameters have revealed that SPE colloidal

indices, on average, lead to higher coefficients of

determination R2 of the linear regression models than

CC colloidal indices. Furthermore, the fractions are

structurally compared by FTIR spectroscopy. The

spectra of the SPE fractions and the CC fractions do

not show any significant differences, which in turn

further confirms the intention to replace CC with SPE.

In general, CC and SPE are sensitive methods with

a high workload, whereby the results strongly depend

on the respective person conducting the separations.

Both methods, therefore, require good training. The

preparation of the columns and the syringes must be

done one day before the actual measurement. How-

ever, it has been shown that the time required for the

pure SPE separation is significantly shorter than for

the CC, as less solvent is used for the SPE, which flows

through the significantly smaller stationary phase.

This lower material consumption also reduces the time

required for subsequent rotation of the solvent and

drying of the fractions. These findings provide positive

feedback for introducing SPE as an economical and

rapid method for maltene separation.
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