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Abstract

Adsorption of asphaltenes on soils is one of the important problems, though largely underestimated, in environment protection
of Lublin region. Asphaltene adsorption properties affect the way the contamination spreads in soil. Analysis of this
phenomenon may help in localisation and elimination of oil spills. The asphaltenes studied were obtained from local drills
(Swidnik near Lublin, Poland). In our previous paper, we investigated adsorption of asphaltenes from toluene on rock
components (quartz, dolomite, calcite, kaolin as well as pure iron and titanium oxides). In order to simulate the natural oil spill
conditions, we used toluene as solvent and typical soils from Lublin region as adsorbents (black earth, peat soil, lessive soil,
brown soil, sandy podsolised soil, pararendzina soil). Main physicochemical properties of these soils were reported. Moreover,
basic adsorption properties (nitrogen adsorption, adsorption of surfactants from water solutions, acidity, etc.) of several soil
fraction were studied. We decided to use only certain mineral fractions with highest adsorption capacity, as other fractions have
limited impact on total adsorption. Adsorption on soil fraction gives also some insight into relative importance of various soil
components on summary soil properties. The results of adsorption measurements are described in terms of physical adsorption
on heterogeneous solids.
© 2002 Published by Elsevier Science B.V.
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1. Introduction It is well known that asphaltene interfacial activity

is a consequence of the presence of functional groups

Studies of asphaltene/mineral interactions yield
new results in the field of environmental chemistry.
During the enhanced oil recovery (EOR) procedures
insoluble asphaltene particles may appear in the envir-
onment. They may also originate from uncontrolled
spill of oil products.
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fax: +48-81-533-2811.
E-mail address: adam.marczewski @umcs.lublin.pl
(A.W. Marczewski).

in the molecule. Owing to various functional groups,
i.e. carboxylic, hydroxyl, ether, ester, aldehyde, ketone,
amine and amide, asphaltenes are able to create a
surface charge at the interface [1-3]. Because of their
interfacial activity, asphaltenes are of special interest
from a colloidal point of view [4-27]. Asphaltenes can
adsorb electrolyte ions from brine solution [28-30]
and they may be adsorbed from organic solution on
rock reservoir and soils [1,31-39]. One should expect,
that these adsorption processes are further compli-
cated by the behaviour of asphaltenes in organic
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solutions. The solvated asphaltene crystallites are the
primary particles of a colloidal dispersed phase. These
particles can associate and aggregate forming large
particles dependent on temperature, pressure and con-
centration [7,8,11,13,17-27,30,40-43]. It is well
known that asphaltenes are natural surfactants stabilis-
ing water/crude oil emulsion [13, 14,44-53]. Thus, their
adsorption on charged mineral surfaces could be con-
sidered as adsorption of ionic surfactants. It is well
known that the shape of isotherms describing surfactant
adsorption process strongly depends on its critical
hemimicelle concentration and critical micelle concen-
tration (CMC) which mark the onsets of distinct iso-
therm regions [31,54-58]. However, phenomenon of
adsorption of natural, not exactly defined surfactant
adsorption on not well determined adsorbents—soils—
from non-polar and weakly polar non-aqueous solu-
tions is largely unexplored.

2. Experimental
2.1. Materials

The asphaltenes used in this study were from
Swidnik (near Lublin, Poland) crude oil. The oil
had viscosity of 14.3°E (106 mm” s~ ', 96 cP) and a
density of 881 kg m > at 293 K. The asphaltene con-
tent of the crude oil was about 2 wt.%. The asphal-
tenes were obtained from the crude oil as follows: the
crude oil was mixed with five volumes of n-pentane
and centrifuged at 2400 rpm for 10 min to precipitate
the heaviest fraction. The precipitated fraction (here-
after called asphaltenes) was removed and the floccu-
lant (n-pentane) was evaporated at 365 K in a rotary
evaporation unit [4]. Elemental analyses of the asphal-
tenes by Perkin-Elmer CHN 2400 showed the follow-
ing: C 87.75%, H 8.39%, N 0.52%. The contents of
Cl™ and HCOj3™ ions in Swidnik reservoir brine were
45.03 and 0.08 g dm >, respectively.

For the further experiments, the asphaltenes were
homogenised in the agate mortar. Black earth, peat
soil, lessive soil, brown soil, sandy podsolised soil,
pararendzina soil being a typical Lublin region soils,
were used as adsorbents. The soil samples were taken
in October 1994 and 1996 [59-61]. The sampling
spots were situated far from inhabited areas and any
active agricultural or industrial objects. The selected

soils had not been farmed for last 30 years or so and
were scarcely overgrown with short plants. Before
sampling, the soil surface was cleaned of the over-
grown plant parts and larger organic pieces. The
samples were stored in polyethylene bags [62]. After
transferring to the laboratory, the samples were dried
in a drier at 80 °C and then screened on a 1 mm sieve
to remove stones and larger organic fragments. Soils
were treated as followed: the 10-15 cm soil layer was
washed on a 0.25 mm sieves into a 1 dm” glass beaker.
Then the beaker was filled up with water and the
contents mixed. The separation of soils into size
fractions was carried out according Kohn’s sedimen-
tation method [63]. Specific surface area of each soil
fraction Sggr was determined by measurements of
nitrogen adsorption (ASAP 2405 sorption analyzer,
Micromeritics Corp., USA).

Granulometric composition and some physico-
chemical properties of the studied soils, their desig-
nations (codes used in the paper) and specific surface
areas are presented in the Table 1. Organic solvents,
p-a. quality n-pentane and toluene, were supplied by
Merck (Darmstadt, Germany).

2.2. Method

Static adsorption experiments were carried out at
constant mass ratio of soil to asphaltene solution (1:10
for soils of low specific surface area, 1:100 for soils of
high specific surface area) and concentrations (initial
concentrations within the range 10-30,000 ppm) were
measured after 24 h equilibration at room temperature
(293 K). The amount of adsorbed asphaltenes was
calculated from mass balance after determining the
equilibrium concentration by UV-VIS absorption tech-
nique (M42 spectrophotometer, Carl Zeiss, Germany).
The asphaltene solutions were diluted with toluene to
the desired absorbance value.

3. Results and discussion

In our previous paper [31] on adsorption of asphal-
tenes on mineral surfaces we measured the spectra of
asphaltenes in toluene in the usual absorption linearity
range i.e. absorption <1.5 and concentrations below
~50 ppm. We noticed the gradual change of spectrum
shape, i.e. for higher concentrations of asphaltene



Table 1

Granulometric composition and some physicochemical properties of the soils

Soil Code Bulk density Particle Mass SBET Fractional BET Pore volume, Micropore Mean pore
(g cm %) size (mm) fraction, X, (m? g’1 surface area® Vo (cm® g’l) volume (cm® g") size (10\)

Black earth soil Gl1 1.03 1.0

GIf1?* 0.5-0.2 0.479 0.31 0.139 0.0003 0 50

G112 0.2-0.1 0.375 1.7 0.596 0.0032 0 76

G1f3 0.02-0.01 0.138 1.9 0.244 0.0042 0 89

G14* <0.002 0.008 2.7 0.021 0.0070 0 103
Peat soil G2 0.52 1.0

G2f1 0.2-0.1 0.414 2.4 0.441 0.0022 0 38

G22* 0.02-0.01 0.017 2.1 0.015 0.0033 0 63

G2f3 <0.002 0.569 2.1 0.543 0.002 0 39
Lessive soil G3 1.35 1.0

G3f1 0.2-0.1 0.997 15.2 0.989 0.0198 0.00056 52

G3f2* <0.002 0.003 54.6 0.011 0.0764 0.00226 56
Brown soil G4 1.24 1.0

G4f1 0.2-0.1 0.809 5.8 0.742 0.0108 0 75

G4f2 0.02-0.01 0.183 7.4 0.214 0.0139 0 75

G4£3* <0.002 0.008 33.5 0.044 0.0576 0 69
Sandy podsolised soil*  G5* 1.86 1.0

G5f1* 0.5-0.2 0.995 0.49 0.909 0.0008 0 68

G52* 0.005-0.002  0.005 14.6 0.091 0.0378 0 104
Pararendzina soil G6 1.17 1.0

G6f1?* Sandy margle 0.5-0.2 0.264 0.58 0.002 0.001 0 100

Go6f2 1.5-1.0 0.283 111.0 0.466 0 0.277 0.0024 72

G6f3* 0.02-0.01 0.094 50.0 0.070 0 0.118 0.0013 94

Go6f4 0.01-0.005 0.113 50.1 0.084 0.118 0.0019 94

G6f5 <0.002 0.246 103.8 0.377 0.237 0.0036 91

# Soil samples not used in adsorption experiment.
® Fractional BET surface area X, is defined as a ratio of a given fraction’s surface to the total sample BET surface area, X,; = Sger,iXw,i/ 2 SBET, i Xw,j-
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Fig. 1. Adsorption of asphaltenes on soil fraction G1f2 (Table 1) in log—log co-ordinates. Solid line represents theoretical GF-K isotherm with
parameters obtained by numerical fitting (Table 2) to data with concentrations below 1500 ppm. Dashed line and linear equation y(x) represent
a linear section of GF-K isotherm for low concentrations of asphaltenes (GF, GF-K: minimization of log(«a) error; see text and Appendix A).

solution (over 200 ppm) an additional absorption peak
(350400 nm) appears. This peak is connected with
well-known phenomenon of asphaltene association
in toluene solution (value of critical micellisation
concentration for asphaltene in toluene solution is
~3000 ppm) [7,8,21,42].

We also analysed the relationships between absorp-
tion versus concentration in log—log co-ordinates for
several spectrum wavelengths A: 240, 270, 290, 300,
350 and 400 nm, as well as for the absorption peak

maximum (~288 nm). We found that the widest range
of log—log linearity is obtained for the peak maximum.
We used this wavelength and the calibration in all the
subsequent adsorption experiments.

The adsorption experiments were carried out for a
wide range of initial concentrations and five typical
Lublin’s region soils. The exemplary isotherms
presented in the Figs. 1-5 describe the adsorption
processes of asphaltene on soils. Fig. 1 shows the
adsorption on black earth soils (G1, size fraction f2:
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Fig. 2. Adsorption of asphaltenes on soil fraction G2f1 (Table 1)
(variables and pictograms are same as in Fig. 1).

with GF-K isotherm fitted to data with concentrations below 1000 ppm
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Fig. 3. Adsorption of asphaltenes on soil fraction G3f1 (Table 1)
(variables and pictograms are same as in Fig. 1).

0.2-0.1 nm). Fig. 2 shows the adsorption on peat soil
(G2, size fraction fl: 0.2-0.1 nm). Fig. 3 shows
adsorption on lessive soil (G3, size fraction f1: 0.2—
0.1 nm). Figs. 4 and 5 show adsorption on brown soil
(G4, size fraction f1: 0.2-0.1 nm) and pararendzina
soil (G6, size fraction f5: <0.002 nm), respectively.
Typically used plot of adsorption (a) versus equili-
brium concentration (c) allows for easy analysis of
isotherm course in the medium and high concentration
range. However, the log—log plot we used, exposes

with GF-K isotherm fitted to data with concentrations below 1500 ppm

lower concentrations and general adsorption trends
over wide concentration range.

One can see that for the low concentration range
adsorption can be successfully described by simple
Freundlich (F) isotherms (straight line log a versus
log c). For higher concentrations we can see two types
of isotherm behaviour. For G1, G2, G3 and G5 soils we
observe small upward isotherm inflection (log ¢ ~ 2—
2.5), which suggests the existence of some kind of
lateral interactions. Taking into account the shape of
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Fig. 4. Adsorption of asphaltenes on soil fraction G4f1 (Table 1)
(variables and pictograms are same as Fig. 1).
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Fig. 5. Adsorption of asphaltenes on soil fraction G6f5 (Table 1) with GF-K isotherm fitted to data with concentrations below 3000 ppm

(variables and pictograms are same as in Fig. 1).

isotherm together with our knowledge about the nature
of micellisation processes we tried to fit the General-
ised Freundlich (GF) isotherm (Freundlich-type het-
erogeneity in monolayer adsorption) combined with
the simplified Kiselev model for adsorption of asso-
ciating molecules [64], denoted here as Generalized
Freundlich—Kiselev (GF-K) model.

Kc[l + K, (a/ay))

where a is the adsorption value, a,, the adsorption
capacity, c the concentration, K the adsorption equili-
brium constant, m the heterogeneity coefficient and K|,
the Kiselev association constant. For small concentra-
tions, this isotherm becomes identical with GF and F
equations.

The results of fitting are presented in Table 2 as well
as solid lines in Figs. 1-3 and 5. One can see that such

m

a=ay, < > (1) an explanation is quite reasonable. We should have in

1+ Ke[l + K (a/ap)] our mind that some optimisation parameters might not
Table 2
Correlation of best-fit parameters of GF-K isotherm (Eq. (A.1)) for adsorption of asphaltenes on soil fractions (Table 1) with soil properties
Soil fraction Sger (m? g™ h Vineso a,, (mgg~") m K (ppm™ 1) K, Best-fit
code (em®g™h range (ppm)
GIf2 1.7 0.0032 9 0.99 54 % 1077 1.2 <1500
G1f3 1.9 0.0042 20 0.80 1.1 x 107° 22 <1000
G2f1 2.4 0.0022 22 0.78 6.7 x 107* 24 <1000
G2f3 2.1 0.002 11 0.78 9.6 x 107* 24 <1000
G3f1 15 0.0198 18 0.74 82 x 107* 1.2 <1500
G4f1° 5.8 0.0108 85 0.65 83 x 107° 1.8 <5000
G4f2° 7.4 0.0139 95 0.66 132 x 1074 0* <7000
Go6f2 111 0.277 38 0.78 24 % 107? 0.2* <3000
G6f4 50 0.118 38 0.86 2.1 x 107° 4* <3000
Gof5 104 0.237 35 0.89 32x107° 1.5 <3000
Average” 0.79 9.4 x 107* 1.7

# Unusually high or low value of K,, may be attributed to high susceptibility of the fitting procedure to data scatter or missing first isotherm

step.

" In the case of equilibrium constant (K) average of log K is calculated.
¢ Brown soil fractions with parameters not correlated with other soils (Section 3).
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Fig. 6. Correlation of asphaltene adsorption capacity a,, with BET surface area Sggt of soil fractions (brown soil G4 is not included).
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Fig. 7. Adsorption of asphaltenes on soil fraction G3fl (Table 1). Solid line is calculated according to the GF-K equation with fitted
parameters (Table 2 and Fig. 3). (a) Data shown in linear Langmuir co-ordinates (a vs. a/c). Dashed line is theoretical Langmuir plot for the
best-fit parameters (minimized adsorption a error). (b) Isotherm shown in typical adsorption vs. concentration co-ordinates.
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have physicochemically justified values, because the
GF-K model does not take into account the multilayer
formation and is an oversimplified of the true micel-
lisation process. That was the reason we limited
isotherm fitting to concentration below CMC, where
both the phenomena are not strongly present. How-
ever, on the base of Fig. 4 and parameters in Table 2
one can see that the adsorption properties of brown
soil are different than for other soils. Adsorption
isotherms for G4-fractions in log-log co-ordinates
have one long, almost linear, section over concentra-
tion up to 3000 ppm which for higher concentration is
followed by a clearly multilayer behaviour with
increasing slope. No clear step close to the CMC
(1000-3000 ppm) is displayed in contrast to other

soils (perhaps with some exception of soil G2, where
this step is not very clear). In this case, it was difficult
to distinguish the monolayer adsorption/association
and multilayer/micellisation behaviours on the basis
of isotherms alone. Lack of isotherm plateau below
CMC may also result in larger optimisation error.
Practically no correlation of asphaltene adsorption
capacity a,, (mg g_l) with BET area Sggr (m? g_l)
or mesopore volume Ve (cm3 gfl) is observed
when all the systems are taken into account (1> = 0
for all systems). However, after removing from con-
siderations brown soil fractions G4f1 and G4f2, we
have quite a good correlation, r2 = (.72, for both
a(SgeT): am = 0.218gpr +16.2, and  a,,(Vineso):
am = 120V e + 13.9 (Fig. 6). High surface areas
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Fig. 8. Adsorption of asphaltenes on soil fraction G6f5 (Tables 1 and 2, Fig. 5) (pictograms and variables are same as in Fig. 7).
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usually come from both high pore volume with and
small size of mesopores, however,, in this case only a
weak correlation with the size of mesopores is
observed. In our case, when the sizes of molecules
used in BET measurement (N,: M, = 28 mol gfl)
and in solution (asphaltenes: My, ~ 2000 mol g~ ') are
quite different, one should expect some kind of exclu-
sion effect in smaller pores (usually also high Sggt
areas). In fact, the best correlation is obtained with the
power dependence of a, on Sggr: r> =0.80 for
apm = 12.3(SBET)0'237 + 0.45. Here, the value of a free
term a,,(Sper = 0) = 0.45 is much smaller than for
simple linear relations and—for similar soils—allows
for simple prediction of probable adsorption capacity
in asphaltene adsorption on the basis of soil properties
(Fig. 6).

Very often adsorption of asphaltenes is described in
terms of Langmuir isotherm [34,35,37], however our
analysis shows that in most cases it is not possible
[31]. For comparison we supply two Fig. 7 (G3f1) and
Fig. 8 (G615). In Figs. 7a and 8a, the course of fitted
Langmuir isotherm is compared with experimental
data and GF-K fits in linear Langmuir co-ordinates
(a versus a/c) [65,66]. This plot strongly emphasises
all discrepancies from the model and often enables to
see their source—be it multilayer formation, energetic
heterogeneity or lateral interactions. One can see
clearly that only short sections of data could be
represented by Langmuir isotherm. In the case of
GF-K isotherm it is clear why we limited our fit to
low and moderate concentrations (below CMC). Steep
section at low (a/c) values reflects the build-up of
multilayer/hemimicelles. In Figs. 7b and 8b compare
theoretical (fitted) GF-K lines with experimental data
(points) in traditional adsorption versus concentration
plot. It is easy to understand why at first the Langmuir
isotherm may be used in data fits (isotherm steps are
not very much pronounced in this kind of plot).

4. Conclusions

Our adsorption measurements show that though
very often adsorption of asphaltene on minerals is
described as “Langmuir type”” it is in fact quite distant
from that simple model. All such adsorption isotherms
contain initial lines of Freundlich characters with
slope coefficients or/and inflections characteristic

for lateral interactions, as well as multiple steps that
may be related to surface phase reorientation, multi-
layer formation or hemimicelle formation. As the
effect of these phenomena the character of soil sur-
faces may change from hydrophilic to hydrophobic.

Appendix A.

We decided to forgo a full optimisation, where all
model parameters are optimised with a single criterion
(e.g. least-squares fitting). Instead, we have applied a
two-step method, which gives us much greater numer-
ical stability and is less prone to wild parameter
fluctuations.

A.l. Two-step parameter fitting procedure

(1) Fitting of linear section of GF-K (for low
concentrations it becomes equivalent of Freun-
dlich equation)—the values of m and log(a,,K™)
are extracted:

loga = log(a,,K™) + mlogc (A.1)

(2) Data below the first step (i.e. monolayer region,
below the CMC) is approximated with GF-K
isotherm with values of m and log(a,,K™) taken
from step 1. The value of association constant K,
and individual values of q,, and K are obtained by
the minimisation of

SD. = \/Z?_l (IOg Aexp,i — log alheor(ci))z

n—p

where 7 is the number of experimental points and
p =4 is the number of fitted parameters.

Linear Langmuir a versus a/c plots (Figs. 7a and 8a)
are used as a means of optimisation quality control.
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