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Abstract

A new procedure for the separation of petroleum vacuum distillation residues is presented and discussed. This method
reduces the separation time required to ca. 30 h for typical petroleum products. Three different petroleum vacuum distillation
residues were processed and the separated fractions were characterized in a traditional way as well as by means of inverse

gas chromatography.
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1. Introduction

The available literature data seldom provide in-
formation on distribution methods for petroleum
vacuum distillation residues. Most often, procedures
for the isolation and distribution of the components
of mineral pitches (natural asphalts) are presented
and discussed. Atmospheric distillation of crude oil
is followed by vacuum distillation of the atmospheric
residue. The products are then separated into frac-
tions that are further used in the preparation of bright
stocks. These are one of the components of mineral-
based oils that are used in the manufacture of
lubricants.

The purpose of these investigations was to develop
a separation method for vacuum distillation residues
{residues boiling above 550°C) into group compo-
nents. The other task was to characterize the sepa-
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rated fractions by means of inverse gas chromatog-
raphy (IGC) as well as by traditional methods.

Our method should allow the separation of asphal-
tenes and the distribution of the oleo-resinous part,
i.e. the malthenes fraction. In addition to paraffinic
and naphtenic hydrocarbons, the malthenes fraction
also contains polyaromatic hydrocarbons (PAHs) and
several substances containing sulphur, nitrogen and
oxygen atoms. The presence of heteroatoms sig-
nificantly affects the chemical character of the
investigated residue. Determination of the composi-
tion of the malthenes (petrolenes) fraction and its
structural constitution is impossible without its ear-
lier separation into chemically homogeneous frac-
tions.

The first step in the procedure must be the
separation of asphaltenes, followed by the isolation
of polar components. Methods used for the sepa-
ration of asphaltenes include (i) solvent, (ii) chemi-
cal, (iii) adsorption and (iv) thermocatalytic methods
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[1]. The solvent method is the method used most
often in laboratory-scale procedures because it is
simple and accurate. It is based on washing vacuum
residue probes with excess n-paraffinic hydrocarbons
(n-pentane to n-heptane) or other lipophilic precipi-
tating agents in comparison to asphaltenes. During
the coagulation process, asphaltenes co-precipitate
with other substances, especially those that are
strongly polar, i.e. so-called “‘resins”, in the form of
supramolecular structures [1]. Therefore, the accura-
cy of asphaltene precipitation depends on the follow-
ing process parameters: (i) the type and amount of
solvent; (ii) the ratio between the amount of “‘res-
ins” and asphaltenes and (iii) the temperature and
chemical characteristics of the crude oil. The total
separation of asphaltenes is easy in the case of
paraffinic and naphtenic vacuum residues. The pro-
cess is much more difficult for vacuum residues from
aromatic petroleum [1-11]. The separation of the
malthenes fraction into group components may be
carried out using the following processes: (i) ad-
sorption, (ii) coagulation and (iii) selective extrac-
tion. These processes should lead to a decrease in the
amount being loaded on the chromatographic column
in the final step of the procedure.

The use of classical gas chromatographic tech-
niques in the examination of organic materials is
limited by their thermal stability, while in the case of
high molecular mass substances (e.g., polymers,
petroleum products) it is also limited by their low
volatility. The method of pyrolytic GC is based on
the relationship between the composition of the
examined substance and the chemical characteristics
of the products of its thermal degradation. This
method often fails for thermally non-stable polar
structures. There are also additional problems in the
interpretation of experimental results from the pro-
cesses occurring during the pyrolysis, i.e., rearrange-
ment, elimination and substitution reactions. Very
often the only result obtained from the analysis is the
“chromatographic spectrum” corresponding to the
products of degradation, but these cannot be iden-
tified or interpreted further.

IGC has become an accurate, reliable and fast
method for the physicochemical characterization of
different substances, including polymers and their
blends, fibres, the surfaces of polymers, silicas and
other minerals, surfactants and others. The term
“inverse” indicates that the examined material is

placed in a chromatographic column and studied
using test solutes. Carefully selected test solutes are
injected into the flow of a carrier gas and transported
over the surface of the material being examined. The
retention times and peak elution profiles, influenced
by the interactions between the solute and the
stationary phase, are used to estimate these interac-
tions. Due to the characteristics of the examined
material, IGC may be separated into gas—liquid and
gas—solid 1GC. The mixed retention behaviour is
most often observed for materials that are liquids at
the temperature of the chromatographic experiment.
Therefore, the appropriate mathematical models have
to be used to describe the process and for the
evaluation of parameters characterizing the examined
substances.

In the early years of IGC, the technique was used
mainly to determine the activity coefficients of
volatile species [12-18]. This method was first used
by Davis et al. [19] for the examination of heavy oil
residues (asphalts) and was used later by Davis and
Petersen [20,21], Petersen and Dorrence [22] and
Barbour et al. [23,24]. These authors defined the
so-called interaction coefficient as the difference in
the retention indices of test solutes. They assumed
that this difference is proportional to the magnitude
of mutual interactions between the test solute and
asphalt. Funk [25] showed that it might be possible
to use thermodynamically valid parameters in the
characterization of petroleum products. Papirer et al.
[26] characterized asphalts and asphaltenes separated
from atmospheric residues using IGC. This technique
was also used in the examination of polymers and
their mixtures. Martire and Purnell [27] and Kogan
et al. [28] used this technique to determine the
average molecular mass of polymer species. Other
applications of IGC include the determination of the
Flory-Huggins interaction parameter, solubility pa-
rameters and partial thermodynamic functions
[19,29-43], although this list may be significantly
extended.

The Flory-Huggins interaction parameter, x| ,,
may be calculated from the data collected from IGC
using the following expression:
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where M, P°, B,, V,°, p, and V,° are the molecular
mass, the saturated vapour pressure, the second virial
coefficient, the molar volume, the density and the
specific retention volume of the solute, respectively;
p, and V,° are the density and molar volume of the
stationary phase, respectively; 7 is the column
temperature (K) and R is the gas constant (8.314 ]
mol ™' deg™").

In our work, we present the adsorption methods
used in the separation of highly boiling petroleum
fractions from three vacuum distillation residues.
The main problem was the use of IGC as a quick,
reliable and easily accessible method for the physico-
chemical characterization of technological products.

The aim was the presentation of the possibility to
formally discriminate (by the use of IGC parameters)
the same fractions separated from different crude
oils.

2. Experimental

2.1. Separation procedure for vacuum distillation
residues

The separation method for a vacuum residue that
boils above 550°C is presented in Fig. 1. Vacuum
residues obtained from Flotta-Blend (North Sea),
Baltic Sea (B-6/1I) and Russian (Pipe Qil) crude oils
were taken as the starting material for this study.

The first step in the procedure was the separation
of asphaltenes, followed by the isolation of polar
components, i.e., “‘resins’’, using a low polar sorbent
(bleaching earth) (Fig. 1). These processes should
lead to a decrease in the amount of material being
loaded on the chromatographic column in the final
step of the procedure. Paraffinic hydrocarbons with
high melting points were removed in a deparaffina-
tion process. Deparaffinate was further separated
using column chromatography.

The asphaltenes precipitated from the vacuum
residue sample solution as they were not soluble in
n-heptane. Other substances were collected as n-
heptane solutions. Bleaching earth was added to all
collected n-heptane solutions (malthenes fractions).
The resulting mixture was kept at room temperature
for 12 h, filtered and the precipitate was extracted
(Soxhlet) with n-heptane to remove the adsorbed oil.

Vacuum residue boiling above 5500C
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Fig. 1. Procedure for the separation of oil vacuum distillation
residues.

Solutions from the extraction and filtration steps
were collected, n-heptane was removed by distilla-
tion and the distillation residue was assumed to form
the polar fraction, i.e. “‘resins desorbed with ben-
zene”’. The content of the polar fraction [the content
of resins-CR in (%)] was calculated. Paraffinic
substances were removed by dissolving the solid
residue in acetone—benzene—toluene (35:43:22 w/w)
[1:3 (w/w) ratio of sample to mixture). This step was
carried out at —20°C.

Deparaffinate was further separated into group
components by means of column chromatography. A
200X20 mm L.D. column was filled with silica gel
(Merck, 70-230 mesh) that was activated at 180°C
for 5 h. The weight ratio of silica gel and separated
sample was 10:1. Deparaffinate sample was sepa-
rated using the following eluents: n-heptane (800
ml), 2% (v/v) benzene in n-heptane (1200 ml), 5%
(v/v) benzene in n-heptane (1200 ml), 20% (v/v)
benzene in n-heptane (1200 ml), benzene (480 ml),
ethanol-benzene mixture (1200 ml) (i.e. with in-
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creasing elution power). Eluate batches (120 ml)
were collected. An UV lamp was used during
collection of the n-heptane fractions, to facilitate the
exact determination of the boundary between n-
heptane and aromatic (Ar I) fractions. The fractions
were defined according to their refractive index, as
follows:

n:')°<1.49
1.49<n?) <153

— heptane fraction

— aromatic fraction I (Ar I)
— aromatic fraction Il (ArII)  1.53<n;’<1.55
— aromatic fraction Il (Ar ITI)  1.55<n}’<1.59
~ aromatic fraction IV (ArIV) n2’>1.59

Elemental analysis (C, H, N) was performed using
a Perkin-Elmer Model 240, according to the ASTM
D-5291-92 standard test method. The sulphur content
was determined using a Herman-Mortiz analyser and
the iodometric method, according to ASTM D-1552.
The oxygen content was calculated by difference to
100%. Average molecular mass was determined on a
Perkin-Elmer Model 115 analyser using an isopiestic
method, according to ASTM D-2503.

2.2. Inverse gas chromatography

The separated fractions were coated onto Chromo-
sorb P AW 60/80 mesh to produce the samples of
column filling 20% (w/w). The GC conditions were
as follows: a Hewlett-Packard 5730A gas chromato-
graph with flame ionization detection (FID); stain-
less-steel columns (2 m length, 2 mm 1.D.); column
temperature, 100°C; carrier gas, argon, at a flow-rate
of 17.5 cm’/min; conditioning, 150°C, overnight;
injection volume, 0.1 pl. The following compounds
were used as test solutes: C,—C,, n-alkanes, ben-
zene, ethanol, butanol-1, 2-butanone, 2-pentanone,
nitromethane, -nitropropane, pyridine and 1,4-diox-
ane.

The Flory—Huggins interaction parameter, x, ,,
was calculated from the data collected during IGC
experiments according to the Eq. (1). The use of the
values of the second virial coefficient B,, extrapo-
lated from data presented elsewhere [43]. Vapour
pressures of the test solutes (P,°) at 100°C were
taken from the literature [44-46]. The densities of
the oil fractions were calculated by the method
described in Ref. [47].

3. Results and discussion

The traditional physicochemical characteristics of
vacuum distillation residues and separated fractions
are presented in Table 1.

Asphaltenes isolated from the examined vacuum
residues may be generally treated as intermediates
between polar substances (‘‘resins’) and typical
asphaltenes (e.g. those isolated from the vacuum
residue of paraffinic—naphtenic crude oil). The
reasons are the relatively low values of average
molecular mass (M), the average number of carbon
atoms in aromatic rings (C,) and the number of
aromatic rings in the molecule (R,).

Please note that in the case of the vacuum
distillation residue from the Baltic Sea B-6/11 Oil
asphaltene and “‘resins from separation”, fractions
were not separated as well as those of the aromatic
fraction, Ar IV, from the Pipe Oil.

The results from structural group analysis by
densitometry show that chemical substances present
in isolated fractions possess increasing aromatic
character in going from the rn-heptane fraction to
asphaltenes. The aromatic character is measured by
the aromaticity coefficient, f,, the average number of
carbon atoms in aromatic rings, C,, the number of
aromatic rings in molecule, R,, and the index of ring
condensation. A positive value for the index of ring
condensation for an isolated fraction denotes the
presence of PAHs, the amounts of which decrease in
going from asphaltenes to Ar I. The relatively high
index observed for slack wax indicates that co-
precipitation of PAHs with paraffinic substances
occurs in the deparaffination process.

Two fractions separated from B-6/II oil (Ar IV
and “‘resins” desorbed with benzene fractions) may
be treated as the exception; these fractions were
characterized by significantly lower f,, C, and R,
values. Large differences were observed also be-
tween the characteristics for asphaltenes from Flotta-
Blend and Pipe oils. Asphaltenes from Flotta-Blend
oil were characterized by much lower average mo-
lecular masses, lower numbers of aromatic rings in
the molecule and a higher CH,—CH, ratio, in
comparison to the same fraction from Pipe oil.
Asphaltenes from Flotta-Blend oil may be treated as
the intermediate fraction between polar compounds
(“‘resins’’) and typical asphaltenes.
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Fig. 2. McReynolds constants for fractions separated from vacuum
oil distillation residues (A = vacuum residue, B =heptane fraction,
C=aromatic hydrocarbon fraction Ar I, D =aromatic hydrocarbon
fraction Ar II, E=aromatic hydrocarbon fraction Ar III, F=
aromatic hydrocarbon fraction Ar 1V, G=*‘resins” from sepa-
ration, H=“‘resins”’ desorbed with benzene, I=asphaltenes, J=
slack wax, R1=0V-101 and R2=0V-7).

We tried to use different systems to characterize
the stationary column: Rohrschneider/McReynolds
system and having strong thermodynamic meaning
Flory—Huggins interaction parameter.

Let us start with the traditional (in GC)
Rohrschneider/McReynolds system. The retention
indices of ten McReynolds’ test solutes for all
separated fractions are presented in Fig. 2. The
individual A/ values for the respective test solutes
are presented in Tables 2—4. For comparison, the
respective values for two well known stationary
phases, OV-101 and OV-7, are also given. There was
significant differentiation between fractions separated
from the same vacuum oil distillation as well as
between the ‘‘spectrums” found for three vacuum
distillation residues. The polarity of all fractions
from B-6/II oil was low and no fraction was more
polar than OV-7 (described as R2 in Fig. 2). The
differences between the respective fractions are
significant. These differences are much smaller in the
case of Flotta-Blend oil. Fractions were also slightly
more polar than previously found (Ar 1V, “‘resins”
from separation and asphaltene fractions are more
polar than OV-7). When comparing the same frac-
tions from different oils, one may find that their
physicochemical properties are quite different (e.g.
check the XA/ values for heptane fractions, “‘resins”
desorbed with benzene and slack wax fractions).

Separated fractions may be arranged according to

their decreasing polarity (i.e. decreasing E Al val-
ues) as follows:

— B-6/11 oil residue: Ar 1= Ar IV Ar llII—>Ar
I—*‘resins” desorbed with benzene—slack wax—
heptane fraction

— Flotta-Blend oil residue: “Resins” desorbed
with benzene— “‘resins from separation” —Ar 1V
—asphaltenes— Ar IlI—heptane fraction—Ar 11—
Ar I—slack wax

— Pipe oil residue: Asphaltenes— “resins from
separation” — “‘resins”’  desorbed with benzene
—heptane fraction— Ar 11— Ar Il—slack wax— Ar
L

Once again, one may find significant differences
between the three vacuum residues examined. The
other problem involves the differences between the
heptane and slack wax fractions. The heptane frac-
tion is the component of the deparaffinate, i.e. the
main product of the process called deparaffination.
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Table 2
Al for McReynolds test solutes determined for vacuum distillation residues and separated fractions from B-6/1I oil (373.15 K)

Fraction

Vacuum Heptane Aromatic hydrocarbon fraction Resins Slack

residue fraction Arl Ar I Ar 111 Ar IV desorbed with wax
Test substance benzene
Benzene 22 5 14 91 55 34 38 0
Butanol-1 118 -11 92 151 95 97 85 35
2-Pentanone 189 118 142 180 200 118 128 86
1-Nitropropane 80 -23 82 105 123 97 3 13
Pyridine 11 ! : ! : 143 51 40
2-Methyl-2-pentanol 66 2 41 44 45 23 4 3
Jodobutane 120 23 14 177 67 15 20 12
2-Octyn -3 -5 14 134 24 -22 18 -19
1,4-Dioxane 48 - 87 34 200 45 13 —24 —-20
cis-Hydrindane 30 28 —348 40 53 29 1 21

* Irreversible adsorption of the test solute.

Slack wax is the by-product of the same process.
According to the described procedure, n-paraffinic
and isoparaffinic hydrocarbons should be removed
from the heptane fraction and they are the main
components of slack wax. As the deparaffination
process is carried out at a temperature of —21°C,
hydrocarbons, together with other organic species,
which are solids under these conditions and which
have similar characteristics to the main slack wax
components, are also precipitated. In our investiga-
tion we found that slack wax consists of non-polar
substances (approx. 70%, paraffinic and iso-paraf-
finic hydrocarbons) that are eluted from the liquid
chromatography (LC) column by n-heptane and
approx. 30% polar species eluted by the alcohol-
benzene (1:1) mixture. Therefore, heptane (mainly
naphtenic hydrocarbons) and slack wax (n- and iso-
hydrocarbons and polar substances) fractions are not
the same fractions. One may expect that their
behaviour in IGC experiments should be different
from that observed. The next question if the different
order of elution from LC column and the different
arrangement according to their different polarities.
Please note that not all fractions were eluted from the
LC column. Moreover, in LC separations, these
fractions act as solutes in the liquid-solid chromato-
graphic system. In the IGC experiment, the same
fractions (or residue) are the liquid stationary phases
in the GC column. We determine their polarity based
on the behaviour (retention data) of arbitrarily select-

ed test solutes. The elution behaviour in LC is a
result of very complex mutual interactions between
solute, solid stationary phase and mobile phase,
being very often the mixture with changing elution
power, i.e. composition. It is almost impossible to
fully compare the order of elution from a LC column
and the polarity of the stationary phase in GC.
Moreover, to date, there is no polarity scale in LC
(HPLC) that is similar to the one that of
Rohrschneider—McReynolds, which is used in GC.
Both processes were carried out at different tempera-
tures. As this parameter is important in chromato-
graphic separation, it may cause additional problem
for such a comparison.

Flory—Huggins theory is often used in the exami-
nation of mutual interactions between a test sub-
stance and a polymer and it has been presented in a
number of papers [7-11]. The values of the Flory—
Huggins interaction parameter for fractions separated
from vacuum distillation residues have been pre-
sented earlier by us [48].

The Flory—Huggins interaction parameter exhibits
high values for a poor solvent and low values for a
good solvent. For example, high positive values of
X1 (>2.0) reported for n-decane and tetradecane
indicate that these alkanes are very poor solvents for
phenoxy resins. Negative values of x|, indicate
good solubility of the test solute in the stationary
phase that is acting as a solvent. For a series of
n-alkanes, the interaction parameter usually increases
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with an increasing number of carbon atoms in the
molecule, indicating the decreasing solubility of the
n-alkanes in the separated fractions, which are acting
as the liquid stationary phases (Fig. 3).

Very low values of x7, (x;,<0) indicate strong
inter-molecular interactions between solute and lig-
uid stationary phases, while high, positive values
characterize systems with weak interactions. There-
fore, we may conclude that alcohols and nitro
compounds do not interact with the various oil
fractions examined (Fig. 4). Weak interactions were
found for the aromatic test solute (benzene) and for
1,4-dioxane, in several fractions examined (only for
B-6/11 and pipe oils). Negative values of y,, were
found for the n-alkane probes on vacuum residues,

n-alkane

n-alkane

the n-heptane fraction (except B-6/II oil), the aro-
matic fractions, Ar I-Ill (not for Ar II from pipe oil),
resins desorbed with benzene (only B-6/II oil) and
slack wax (only Pipe oil). This means that these
fractions (stationary phases) exhibit non-polar
characteristics.

Please note that y,, is a measure of the mag-
nitude of the inter-molecular interactions between
solute and solvent, i.e., it is a parameter characteriz-
ing a given system. If one is looking for a parameter
for a substance being examined, then the solubility
parameter is a good choice. The use of the solubility
parameter, its increments corresponding to different
types of inter-molecular interactions, will be pre-
sented in a subsequent paper.

B
i
; M‘j
' - i
c7 cs c9 C10
n-alkane
D
1 - I —
' ~
3

n-alkane

Fig. 3. Flory-Huggins interaction parameter for n-alkane test solutes for several fractions separated from the oil vacuum distillation
residues. A=heptane fraction, B=aromatic hydrocarbon Ar II fraction, C="resins” desorbed with benzene fraction, D=slack wax.

B =B-6/1I oil, @M= Flotta-Blend oil,

B=pipe oil.
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PTS1 PTS2 PTS3 PTS4
polar test solute

xﬂ

PTS1 PTS2 PTS3 PTS4
polar test solute

PTS2 PTS3 PTS4
polar test solute

PTSY PTS2 PTS3 PTS4

polar test solute

Fig. 4. Flory~Huggins interaction parameter for polar test solutes for several fractions separated From the oil vacuum distillation residues.
A =heptane fraction, B =aromatic hydrocarbon Ar II fraction, C = *‘resins”’ desorbed with benzene fraction, d =slack wax. Polar test solutes,

PTS: PTSI = 1-butanol, PTS2 =nitropropane, PTS3 =benzene, PTS4 = 1,4-dioxane. @ =B-6/11 oil, M= Flotta-Blend oil, &

4. Conclusions

Fractions separated from oil vacuum distillation
residues were characterized by means of inverse gas
chromatography. This method allowed us to dis-
criminate between the same fractions separated from
oils of different chemical character. Both the tradi-
tional McReynolds as well as the Flory—Huggins
interaction parameters may be used to solve the
problem of characterising separated fractions. How-
ever, the use of the x|, parameter offers the
possibility of predicting the solubility of a given
fraction in a series of potential solvents.
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