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Abstract Differences in the properties of clay minerals
cause formation damage under the condition of thermal
production in heavy-oil reservoirs; asphaltenes adsorbed on
clay minerals exacerbate the formation damage. The purpose
of the present study was to reveal the variation in clay
minerals and the adsorption behavior of asphaltenes on clay
mineral surfaces under thermal recovery conditions. Volume
changes and transformations of typical clay minerals were
studied under various conditions (80 and 180°C, pH 9 and
11, aqueous and oven-dry conditions). On this basis, the
adsorption behavior and mechanism of asphaltenes on the
surfaces of clayminerals in various simulated conditionswere

investigated. The adsorption mechanism was revealed using
kinetics and isothermal adsorption models. The results
showed that the volume of montmorillonite expanded by up
to 159.13%afterwater–rock interaction at 180°Cwith pH11;
meanwhile, the conversion rates of kaolinite and illite to
montmorillonite were 6.6 and 7.8%, respectively. The
water–rock interaction intensified the volume changes and
transformations of clay minerals under thermal conditions.
The amounts of asphaltene adsorbed on clay minerals at
180°C were greater than those at 80°C. The adsorption
process of asphaltenes was inhibited under aqueous condi-
tions. The abilities of the constituent minerals to bind
asphaltenes was in order: montmorillonite > chlorite > kao-
linite > illite > quartz sand. The adsorption process of
asphaltenes yielded high coefficients of regression with both
the Freundlich and Langmuirmodels under oven-dry (>0.99)
and aqueous (>0.98) conditions. At 180°C under aqueous
conditions, the water film significantly inhibited the adsorp-
tion of asphaltene on the clay minerals. The adsorption
process of asphaltenes, therefore, could be regarded as the
adsorption occurring at lower concentrations under oven-dry
conditions.

Keywords Adsorption kinetics . Asphaltene
adsorption . High-temperature steam . Isothermal
adsorptionmodel .Water–rock interaction

Introduction

Heavy-oil sandstone reservoirs represent an important
oil resource globally and particularly in China (Pang
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et al., 2018). The main types of minerals in heavy-oil
sandstone reservoirs are quartz, feldspar, and clay min-
erals, the most common of which are montmorillonite,
illite, kaolinite, and chlorite (Hurst & Archer, 1986; Kar
et al., 2015; Lopes da Silva et al., 2018). Large montmo-
rillonite and illite contents cause damage easily because of
water sensitivity (Baker et al., 1995; Feng et al., 2018;
Morodome & Kawamura, 2009; Skipper et al., 1995;
Sudhakar & Thyagaraj, 2007). Thermal recovery is cur-
rently a major recovery strategy for heavy-oil reservoirs,
including cyclic steam stimulation, steam drive, hot water
drive, and steam-assisted gravity drainage (Kudrashou &
Nasr-El-Din, 2020; Zhao et al., 2014; Zhuang et al., 2018).
During steam injection, the water supplied is softened by
removing hardness ions such as Ca2+ and Mg2+. As the
concentrations of Ca2+ and Mg2+ in the supplied water of
the steam generator decrease, the concentration of HCO3

–

increases. During the process of high-temperature and
high-quality steam injection, HCO3

– decomposes into
OH– and CO2. When CO2 escapes, the concentration of
OH– in steam condensate increases. The pH of the fluid
from the supercritical pressure steam generator is >12. The
temperature and pressure of the supercritical pressure
steam generator are greater than 374°C and 13.5 MPa,
respectively (Afsar & Akin, 2016; Dong et al., 2019). As
the steam is injected into the heavy-oil sandstone reservoir,
the temperature, pressure, and quality of the steam may
decrease. However, the injection of alkaline fluid into the
formation by the supercritical pressure steam generator
causes complicated water–rock interactions (Bantignies
et al., 1997; Herron, 1986). As a result, minerals in the
reservoir are dissolved, swell, and fall off easily. Mean-
while, the properties of clay minerals are changed (Sauer
et al., 2020). The unfavorable transformation of various
clay minerals provides the necessary prerequisite for sen-
sitivity damage. In the processes of thermal recovery, the
consequence is reduced permeability and oil recovery of
the reservoir (Bentabol et al., 2006; Filipská et al., 2017;
Kazempour et al., 2012; Yang et al., 2019; Zhuang et al.,
2018).

Asphaltenes are complex, heavy, aromatic molecules
present in heavy oil and consist of a polyaromatic core
and aliphatic side chains (di Primio et al., 2000; Rogel,
2002). With changes in temperature, pressure, and res-
ervoir fluid properties, asphaltenes are aggregated and
deposited easily. The deposited asphaltenes diffuse and
adsorb on the surface of clay minerals mainly by coor-
dination bonds, van der Waals forces, and ion exchange
(Dean & McAtee Jr., 1986; Rogel, 2002; Wu et al.,

2013). However, various factors might affect the ad-
sorption processes, including the structure and charac-
teristics of the clay minerals, the amount and properties
of the asphaltenes in the heavy oil, and the existence of a
water film preadsorbed on the surface of minerals (Dean
& McAtee Jr., 1986; Dubey & Waxman, 1991;
Gonzalez & Taylor, 2016; Piro et al., 1996). When the
deposited asphaltenes adsorb on the minerals during
thermal production, pores are plugged, wettability is
reversed, and permeability is decreased, thus exacerbat-
ing the thermal damage of the reservoir (Dean &
McAtee Jr., 1986; Jafari Behbahani et al., 2013; Kord
et al., 2014).

The present study was undertaken to explore the influ-
ence of water–rock interactions on the volume changes
and transformations of typical clay minerals under oil
thermal recovery conditions. On this basis, the adsorption
behavior of asphaltenes on the surface of quartz sand and
clay minerals under various simulated conditions was
analyzed. Another objective was to study the adsorption
mechanism under the condition of thermal production by
kinetics and isothermal adsorption modeling.

Materials and Methods

Materials

Heavy oil was collected from the Gudong Oilfield Pro-
duction Plant of Shengli Oilfield, China. The crude oil
was characterized by a density of 0.984 g/cm3. Its vis-
cosity was 4749 mPa s at reservoir temperature
(Table 1). The salinities of the formation water, water
supplied to the boiler, and steam condensate were
9422.09, 746.03, and 1346.96 mg L–1, respectively
(Table 2). Asphaltenes used in this study were extracted
by dissolution in toluene and precipitation with n-hep-
tane (C7-asphaltenes) according to the method de-
scribed by Standard SH/T 0266-1992 of China, “Deter-
mination of asphaltenes in crude oil” (China
Petrochemical Corporation, 1992). KHCO3 was chosen
to prepare the simulated steam condensate with a con-
centration of 1500 mg L–1. NaOH solution was used to
regulate the pH values. NaOH and KHCO3, along with
toluene, n-heptane, and quartz sand (60 and 200 mesh)
were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Beijing, China). Clay minerals used in this
study (200-mesh montmorillonite, illite, kaolinite, and
chlorite) were purchased from the resources platform of
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National Standard Materials of China (Beijing
Baioubowei Biotechnology Co., Ltd. Beijing, China).
Both the quartz sand and clay minerals were all dried at
105°C for more than 24 h before the experiment.

Water–rock Interaction

Four kinds of clay mineral (montmorillonite, kaolinite,
chlorite, and illite) were selected to carry out batch
experiments under various conditions (80°C, 180°C
and pH 9, 11). The standard method for swelling clay
minerals was applied according to Standard SY/T 7327-
2016 of China, “Shale expansion tester” (National
Energy Administration, 2016). The volume changes of
the various clay minerals were compared. More specif-
ically, 20 g of each clay mineral (montmorillonite, kao-
linite, chlorite, or illite) was weighed and added to a
high-temperature, stainless steel reactor (Fig. S1). After
leveling and compaction (Table 3), the height of clay
(oven-dry) was recorded. Then, 100 mL of simulated
steam condensate was added slowly. The suspension
was filtered out by a 0.45-μm microporous filter mem-
brane and sand core filter after settling. Meanwhile, the
height of the clay (aqueous) was recorded. The reactor
was set to 80 or 180°C. After 120 h, the reactor was
cooled. The supernatant was filtered by the 0.45-μm
microporous filter membrane and sand core filter (Fig.
S2). The height of the clay (after the interaction) was
measured. The expansion ratio of the clay (Ec) was
calculated by applying the following:

Ec ¼ H r−Hd

Hd
� 100 ð1Þ

where Hd is the height of oven-dry clay and Hr is the
height of the clay cake after the interaction. The remain-
ing samples were dried for 24 h at 110°C. The volume
changes of clay minerals under different conditions
(80°C, 180°C and pH 9, 11) were analyzed. Further-
more, the transformations of clay minerals before and
after the experiment were quantitatively determined
using a D/Max 2500v/pc X-ray diffractometer (Rigaku
Corporation, Akishima, Tokyo, Japan) (CuKα radia-
tion, 40 kV, 100 mA) following the Chinese Standard
SY/T 5163-2010, “Analysis method for clay minerals
and ordinary non-clay minerals in sedimentary rocks by
the X-ray diffraction” (National Energy Administration,
2016). In order to identify and quantify the clay min-
erals, X-ray diffraction (XRD) analysis of the mounts
was carried out for each sample under natural (air-dried)
conditions (N), ethylene-glycol solvation for 24 h in a
desiccator (EG), and heating at 550°C for 2 h (H). The
compositions of clay minerals were analyzed using the
Chinese Standard SY/T5163-1995, “X-ray diffraction
analysis method for relative content of clay minerals in
sedimentary rocks” (China National Petroleum
Corporation, 1995). Finally, the transformations of clay
minerals at 180°C with pH 11 were analyzed.

Adsorption of Asphaltenes on Minerals

Quartz sand and clay minerals (montmorillonite, kao-
linite, chlorite, and illite) were selected as the adsorbents
for the isothermal adsorption experiments. Initially, an
asphaltene-toluene solution was used to provide adsor-
bate under various temperatures (80°C and 180°C) and
other conditions (oven-dry and aqueous adsorption).

Table 1 Properties of crude oil

Property Density (25°C) (g·cm–3) Viscosity (25°C) (mPa·s) Saturated
hydrocarbons (%)

Aromatic
hydrocarbons (%)

Resin (%) Asphaltene (%)

Value 0.984 4749 34.28 33.64 24.86 6.42

Table 2 Composition of water

Composition HCO3
–

(mg·L–1)
CO3

2–

(mg·L–1)
Cl–

(mg·L–1)
SO4

2–

(mg·L–1)
Ca2+

(mg·L–1)
Mg2+

(mg·L–1)
K++Na+ (mg·L–1) Salinity

(mg·L–1)
pH

Formation water 635 0 5255.7 29.53 201.17 44.34 3256.35 9422.09 6.9

Water supplied by the boiler 485.24 0 56.62 37.18 0.34 0.58 166.07 746.03 7

Steam condensate 0 376.84 210.21 67.24 0.24 0 692.43 1346.96 12
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Toluene was used as an asphaltene-soluble solvent.
In toluene, asphaltenes are dispersed at the molecular
level. An asphaltene-toluene solution with known con-
centration (25, 50, 100, 500, and 1000 mg·L–1) was
prepared to determine the absorbance value at various
wavelengths by UV-Visible spectroscopy; maximum
absorption occurred at 295 nm. Based on the Beer-
Lambert law, a linear standard calibration curve was
obtained for the concentration range of 25 to 1000 mg
L–1 (Lei et al., 2015; Moreno-Arciniegas & Babadagli,
2014) The adsorption processes at different tempera-
tures (180°C, 80°C) and wet conditions (oven-dry,
aqueous) were simulated in the high-temperature, stain-
less steel reactor. During the oven-dry adsorption pro-
cess, 20 g of quartz sand, montmorillonite, kaolinite,
chlorite, or illite was added to different reactors. Mean-
while, 36 mL of asphaltene-toluene solution with
known concentration (0, 25, 50, 75, 100, or 200 mg·L–
1) was added. After shaking evenly, the reactor was put
into an electric, thermostatic, air-blast drying oven at
180°C or 80°C) for 48 h, after which the absorbancewas
measured and the concentration of the asphaltene-
toluene solution after adsorption was calculated based
on the standard curve. Because the Beer-Lambert law
applies only in the dilute solution range, solutions with
absorbances >0.8 were diluted before measurement.
Ultimately, the amount of asphaltenes adsorbed under
the various conditions was calculated as the difference
between initial and final concentrations:

Γ ¼ C0−Cð Þ � V
m

ð2Þ

where Γ is the amount adsorbed (mg g–1), C0 is the
initial concentration (mg L–1), C is the final concentra-
tion (mg L–1), V is the volume of the asphaltene-toluene
solution, and m is the mass of the mineral. During the
aqueous adsorption process, 20 g of quartz sand, mont-
morillonite, kaolinite, chlorite, or illite was added to the
reactor, then 36 mL of deionized water was added to
each reactor and allowed to adsorb to the clay for24 h,
the excess was removed by a syringe until no flowing
water was obvious, and then 36 mL of asphaltene-
toluene solution with known concentration (0, 25, 50,
75, 100, or 200 mg L–1) was added to the reactors for
adsorption.

Isothermal Adsorption Modeling of Asphaltene
on Minerals

The Langmuir isothermal model of adsorption was de-
rived based on thermodynamics and the hypothesis of
monolayer coverage of surface sites with uniform ad-
sorption energies (Al-Duri, 1995; Bradley, 1927;
Kashefi et al., 2019; Langmuir, 1932; Mansoori Mosleh
et al., 2020):

Ce

Qe
¼ 1

QmaxKL
þ Ce

Qmax
ð3Þ

where Ce is the equilibrium concentration of the
asphaltene-toluene solution (mg L–1); Qe is the equilib-
rium amount of asphaltenes adsorbed by different min-
erals (mg g–1); Qmax is the maximum amount of
asphaltenes adsorbed on the surface of minerals (mg
g–1); and KL is the Langmuir constant (L mmol–1).

The Freundlich isothermal model of adsorption is an
empirical equation applied to surfaces with non-uniform
adsorption energies and allows for multilayer adsorption
on heterogeneous surfaces (Adams, 2014; Al-Duri,
1995; Daughney, 2000; Dean & McAtee Jr., 1986;
Freundlich, 1935; Kashefi et al., 2019).

Qe ¼ KFCe
1=n ð4Þ

where Ce is the equilibrium concentration of the
asphaltene-toluene solution (mg L–1); Qe is the equilib-
rium adsorption amount of adsorbed by different min-
erals (mg g–1); KF is the Freundlich constant; and n is the
nonlinear factor.

Results

Volume Changes of Clay Minerals

The volume changes of the clay minerals under simu-
lated steam condensate (Fig. 1, Fig. S4) revealed the
expansion ratio of montmorillonite to be more than
110.9%. In particular, at 180°C and pH 11, the expan-
sion ratio reached 159.13%. Montmorillonite showed
strong water sensitivity after the water–rock interaction.

Compared with montmorillonite, chlorite was more
stable after water–rock interaction. The expansion ratios
of chlorite at 180°C with pH 9 and 11 were –3.59 and –
7.69%, respectively. However, the expansion ratios of
kaolinite at 80°C with pH 9 and pH 11 were 21.30 and
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47.4%, respectively. For illite, the volume changes were
different at 80°C and 180°C.More accurately, at 180°C,
the expansion ratio of illite was >48.48%. In particular,
for pH 11 at 180°C, the expansion ratio of illite was
58.82%. However, the expansion ratios of illite at 80°C
with pH 9 and pH 11 were 13.50% and 16.72%,
respectively.

Transformations of Minerals

The XRD spectra of typical clay minerals (montmoril-
lonite, chlorite, kaolinite, and illite) before and after
water–rock interaction (Fig. 2 and Table 4) showed the
purities of montmorillonite, illite, kaolinite, and chlorite
used in the experiment to be 89, 97, 97, and 78%,
respectively. Compared with the XRD data (Fig. 2 and
Table 4) and the volume changes of clay minerals (Fig.
1, Fig. S4) before and after interaction, the results
showed the montmorillonite to be stable at 180°C with
pH 11. The amount of montmorillonite decreased from
99.0 to 98.0%. Meanwhile, non-expansive minerals
changed (quartz sand decreased from 2.0 to 1.0%, feld-
spar increased from 8.0 to 10.0%). Kaolinite tended to
transform into montmorillonite (6.0%) and illite (1.0%).
At the same time, the amount of kaolinite decreased
from 97.0 to 90.0%. Correspondingly, the volume
changes of kaolinite were reduced by the transformation
of montmorillonite at 180°C. At 180°C with pH 11, the

expansion ratio of kaolinite was –31.6%. However, the
expansion ratio of kaolinite at 80°C reached –47.4%.
After the water–rock interaction, illite tended to trans-
form into montmorillonite (the amount of montmoril-
lonite increased by 7.0%). Correspondingly, illite ex-
panded at 180°C (by >48.48%). Chlorite reacted with
water to form a small amount of talc (6.0%) and ver-
miculite (3.0%) under the simulated condition.

Adsorption of Asphaltenes on Minerals

The adsorption kinetics curves of asphaltenes on mont-
morillonite, chlorite, kaolinite, illite, and quartz sand
(Figs. 3 and 4) increased sharply within the first 0.5 h
and then tended to stabilize with increasing time. At the
same time, the amount of asphaltene adsorbed on 200-
mesh quartz sand was greater than that of 60-mesh
quartz sand, in both 200- and 400-mg/L asphaltene-
toluene solutions. Besides illite, the amount of
asphaltene adsorbed on clay minerals was much greater
than that on quartz sand. Among them, montmorillonite
adsorbed most, followed by chlorite and kaolinite, and
the weakest was illite. After 3 h of adsorption, the
adsorption processes reached equilibrium. In a 400
mg/L asphaltene-toluene solution, the amounts of
asphaltene adsorbed on 200-mesh montmorillonite, il-
lite, kaolinite, chlorite, and quartz sand and 60-mesh

Table 3 Bulk density of the clay minerals

Oven-dried Aqueous

Montmorillonite Kaolinite Chlorite Illite Montmorillonite Kaolinite Chlorite Illite

Bulk Density (g/cm3) 1.12 0.70 0.84 1.47 0.61 1.04 0.93 1.51

Fig. 1 Volume changes in clay
minerals under various conditions
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quartz sand were 1.22, 0.25, 1.08, 1.15, 0.31, and
0.37 mg g–1, respectively.

The higher the mesh of quartz sand, the smaller the
radius and specific surface area, and the greater the
adsorption capacity with respect to asphaltenes. The

specific surface areas of the clay minerals were larger
than that of quartz sand, and the amount of asphaltenes
adsorbed on the clay minerals was greater under the
same conditions. The amount of asphaltenes
adsorbed on the surfaces of quartz sand increased with

Fig. 2 XRD patterns of clay
minerals before and after
interaction with asphaltene: a
montmorillonite; b chlorite; c
kaolinite; d illite

Table 4 XRD analysis of clay minerals before and after water–rock interaction

Mineral Before After

Montmorillonite Illite Kaolinite Chlorite Montmorillonite Illite Kaolinite Chlorite

Quartz sand (%) 2 – – – 1 – – –

Feldspar (%) 8 1 – – 10 2 – –

Calcite (%) – 1 – – – – – –

Dolomite (%) – – – 8 – – – 8

Magnesite (%) – – – 6 – – – 6

Talc (%) – – – 7 – – – 13

Kaolinite (%) – – 97 – – – 90 –

Chlorite (%) – – – 78 – – – 69

Illite (%) – 97 1 – – 90 2 –

Montmorillonite (%) 89 – – – 88 7 6 –

Others (%) 1 1 2 1 1 1 2 4
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the mesh number under oven-dry conditions at 80°C (Fig.
5). When the adsorption equilibrium concentration of
asphaltenes was 867.16 mg L-1, the amount of asphaltene
adsorbed on 200-mesh quartz sand was 2.65 mg g–1. At
the same time, when the adsorption equilibrium concen-
tration of asphaltenes was 923.67 mg L-1, the amount of
asphaltene adsorbed on 60-mesh quartz sand was just
1.66mg g–1. In addition to illite, the amount of asphaltenes
adsorbed on montmorillonite, kaolinite, and chlorite was
greater at smaller adsorption equilibrium concentrations.
When the adsorption concentration of asphaltenes was
128.77 mg L-1, the amount of asphaltene adsorbed on
montmorillonite was 13.54 mg g–1. The amount of
asphaltene adsorbed on illite tended to be stable with
increased adsorption equilibrium concentration. When
the adsorption concentration of asphaltenes was
833.21mg g–1, the amount of asphaltene adsorbed on illite
was just 2.437 mg g–1.

The adsorption equilibrium concentration of
asphaltenes had a linear relationship with the adsorption
of asphaltenes on the surface of quartz sand under the
oven-dry condition at 180°C. Compared with the ad-
sorption process under the oven-dry condition at 80°C,

Fig. 3 Asphaltene adsorption processes on mineral surfaces under various conditions and asphaltene concentrations: (left) under oven dry
conditions; (right) under aqueous conditions

Fig. 4 Adsorption capacity vs. time of asphaltene on the various
minerals at a 80°C, b 180°C
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the adsorption process of asphaltenes on the surface of
minerals increased significantly at 180°C. When the
concentration of asphaltene solution was 867.16 mg L–

1, the asphaltene adsorption amount on 200-mesh quartz
sand was 2.65 mg g–1 at 80°C. When the concentration
of asphaltene solution was 623.58 mg L–1, the
asphaltene adsorption amount on 200-mesh quartz sand
was 7.83 mg g–1 at 180°C. For clay minerals, the
amounts of asphaltenes adsorbed on montmorillonite,
kaolinite, and chlorite were similar. When the adsorp-
tion concentration was 10.827 mg L–1, the asphaltene
adsorption amount on montmorillonite reached
15.682 mg g–1. The asphaltene adsorption amount on
illite was lower than that of the other three kinds of
mineral at 180°C. When the adsorption concentration
of asphaltenes was 126.43mg L–1, the amount
of asphaltene adsorbed on illite reached 10.57 mg g–1.
The isothermal adsorption curves of the four kinds of
clay mineral were linear, indicating that these four kinds
of clay mineral have strong adsorption capacities under
oven-dry adsorption at 180°C.

As the concentration of asphaltenes increased under
aqueous conditions at 80°C, the adsorption of asphaltenes
on the quartz sand increased. However, the slope of ad-
sorption isotherms decreased gradually, and the adsorption
processes tended to be in equilibrium at lower concentra-
tions. The adsorption process of asphaltenes on quartz
sand was inhibited by the water film. Water film
preadsorbed on minerals showed the strongest inhibition
of asphaltene adsorption on the surface of 60-mesh quartz
sand (Fig. 6). The rate of inhibition by the water film was
least on the 200-mesh quartz sand. When the adsorption
concentration of asphaltenes was 896.5 mg L–1, the
amount of asphaltene adsorbed on 200-mesh quartz sand
was 1.237 mg g–1, and the inhibition rate was >50%. The
larger the particle size of quartz sand, the greater the

inhibition rate by the water film. At the same time, with
increasing asphaltene concentration, the amount of
asphaltene adsorbed on the clay minerals also increased,
but the adsorption processes stabilized gradually. In par-
ticular, the amounts adsorbed on montmorillonite, kaolin-
ite, and chlorite under aqueous conditions were signifi-
cantly smaller than those under oven-dry conditions.
When the adsorption concentration of asphaltenes was
836.4 mg L–1, the amount adsorbed on montmorillonite
was only 2.328 mg g–1. When the adsorption concentra-
tion of asphaltenes was 896.532 mg L–1, the amount
adsorbed on 200-mesh quartz sand was 1.24 mg g–1 under
aqueous conditions at 80°C.When the adsorption concen-
tration was 941.36 mg L–1, the amount adsorbed on 200-
mesh quartz sand was 1.30 mg g–1 under aqueous condi-
tions at 180°C. When the adsorption concentration was
836.35 mg L–1, the corresponding amount adsorbed on
montmorillonite was 2.18 mg g–1 under aqueous condi-
tions at 80°C. When the adsorption concentration of
asphalteneswas 567.84mgL–1, the corresponding amount
adsorbed on montmorillonite was 4.98 mg g–1 under
aqueous conditions at 180°C. At 180°C, the preadsorbed
water film could still inhibit asphaltene adsorption on the
surface of the clay minerals. However, the inhibition rate
was far lower than that at 80°C.

Discussion

Water–rock Interaction

With changing fluid properties, temperature, and pressure,
water–rock interaction occurs in various ways. Changes
could easily cause the clay minerals to swell and provoke
some dissolution, affecting the physical properties of the
reservoir and exacerbating reservoir damage. Under

Fig. 5 Adsorption isotherms of asphaltenes on the various minerals under oven-dry conditions at a 80°C, b 180°C
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varying reservoir environments, volume changes in clay
minerals are caused by their intrinsic properties as well as
by their reactions when exposed to water (Kazempour
et al., 2012; Kong et al., 2017; Zhuang et al., 2018). In
the current study, during thermal production, the salinity
of steam condensate was less than that of formation water.
After water–rock interaction in steam condensate, the
volume expansion of montmorillonite became more ob-
vious. Kaolinite dissolved to varying degrees at higher
pH; illite was dissolved mainly at the lower temperature.
Both kaolinite and illite, however, tended to transform into
montmorillonite under the thermal conditions, and thus
also resulted in volume expansion and reservoir damage.
Anti-swelling agents, therefore, should be added during
steam injection to reduce the adverse effects of water–rock
reaction of clay minerals and montmorillonite expansion.

Adsorption Kinetics of Asphaltenes on Clay Minerals

The adsorption of asphaltenes in a reservoir is affected
by many factors, such as the environment of the

reservoir and the properties of the asphaltenes and the
minerals, and by the presence of a water film. The
different types of clay minerals have various adsorption
sites and capacity. At the beginning of adsorption in the
present study, a high concentration of asphaltene-
toluene solution was gathered around the adsorption
sites on the surface of the clay minerals, which led to
increasing surface coverage with time and rates of ad-
sorption thus declined over time as the system
approached equilibrium.The adsorption data were fitted
to the double-constant rate equation, the parabolic dif-
fusion equation, the Elovich equation, the first-order
kinetics equation, and the pseudo-second order kinetics
equation (Table 5). The best fit was with the pseudo-
second order kinetics equation, the rate-controlling step
of which is either chemical reaction or chemisorption.
This model encompasses adsorption mechanisms such
as external liquid film diffusion, surface adsorption, and
intragranular diffusion (Alagumuthu & Rajan, 2010;
Bhaumik et al., 2012; El-Khaiary et al., 2010;
Hosseini-Dastgerdi & Meshkat, 2019).

Fig. 6 Adsorption isotherms of asphaltenes on the various minerals under aqueous conditions at a 80°C, b 180°C

Table 5 R2 values from various kinetics equations for asphaltene adsorption on quartz and the clay minerals (initial concentration of
asphaltene = 400 mg·L–1)

Mineral Double-constant
rate equation R2 (w=atb)

Parabolic diffusion
equation R2

(w=a+bt0. 5)

Elovich equation
R2 (w=a+blnt)

First-order kinetic
equation
R2(lnw=a+bt)

Pseudo-second-order
kinetic equation R2

(t/w=a+bt)

Quartz sand (60 mesh) 0.9542 0.8787 0.9791 0.6747 0.9640

Quartz sand (200 mesh) 0.9244 0.8177 0.9536 0.6072 0.9849

Montmorillonite (200 mesh) 0.9582 0.8475 0.9644 0.6917 0.8998

Chlorite (200 mesh) 0.6736 0.5196 0.718 0.3459 0.9207

Kaolinite (200 mesh) 0.8196 0.7034 0.8582 0.5082 0.9255

Illite (200 mesh) 0.9578 0.9428 0.9660 0.7679 0.9751
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Adsorption Isotherm of Asphaltenes on Clay Minerals

The results from fitting the data to the Langmuir model
under different conditions yielded low coefficients of
regression (0.7540 to 0.9674) under oven-dry condi-
tions. Under aqueous conditions, however, the regres-
sion coefficients were >0.97; in particular the regression
coefficient was >0.99 at 80°C (Figs. 7, 8 and Tables 6, 7
and Tables S1 to S12). Under oven-dry condition, the
continuous accumulation of macromolecular polar com-
pounds in crude oil formed complex asphaltene aggre-
gates containing surface-active groups with a positive
charge and strong polarity (Duran et al., 2019; Rogel,
2002). Surface-active groups on the minerals provided
adsorption sites for the strongly polar groups of the
asphaltenes by a series of interactions such as dipole-
dipole and/or van der Waals forces (Fig. S3) (Dong
et al., 2019; Dubey & Waxman, 1991; Wu et al.,
2013).Moreover, the water film preadsorbed on the clay
mineral surfaces reduced the interaction energy between
asphaltenes and clay minerals, thus enabling the water
molecules to bind more strongly with the surface. Under
these circumstances, water molecules occupied most of

the adsorption sites, while the asphaltene molecules
were distributed farther from the surfaces (Gonzalez &
Taylor, 2016; Li et al., 2017). In particular, the water
film homogenized the adsorption sites and made the
adsorption of asphaltenes more uniform, which is con-
sistent with the basic hypothesis of the Langmuir model.
Furthermore, the rupture of water films was a prerequi-
site for the adhesion of asphaltenes to a mineral surface.
During thermal production, attachment of asphaltene
moieties to the surface of clay minerals was irreversible.
When protective water films ruptured, water layers
which were molecules thick emerged and allowed direct
molecular contact of asphaltenes with the mineral sur-
face. With increasing temperature, the forces attracting
the water to the clay minerals was overcome and the
water molecules were released, which weakened the
ability of water films to improve the adsorption capacity
of asphaltenes on the clay minerals.

The foregoing results indicate that, under oven-dry
conditions, the Langmuir model failed to describe
asphaltene adsorption, i.e. the assumptions of single-
layer adsorption, uniform adsorbent surface, and uni-
form adsorption energy do not hold. However, the

Fig. 7 Langmuir fitting curves of asphaltene adsorbed on the various minerals under oven-dry conditions at a 80°C, b 180°C

Fig. 8 Langmuir fitting curves of asphaltene adsorbed on the various minerals under aqueous conditions at a 80°C, b 180°C
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Langmuir model performed much better under aqueous
conditions. The maximum adsorption capacities, ac-
cording to the Langmuir model, at 80°C under aqueous
conditions for the 200-mesh quartz sand, montmorillon-
ite, kaolinite, illite, and chlorite were 1.3890, 2.3364,
1.4486, 1.0129, and 2.0956 mg g–1, respectively. The
corresponding maximum amounts of asphaltene
adsorbed at 180°C were 1.4848, 5.4825, 2.4195,
3.3636, and 4.1964 mg g–1, respectively.

The results from fitting the data to the Freundlich
model (Figs. 9, 10 and Tables 8, 9, Tables S13–S24)
revealed that, under oven-dry conditions, the coeffi-
cients of regression were greater than 0.99 at both 80
and 180°C. Under aqueous conditions, however, the

value was well below 0.99 at 80°C but increased to
>0.91 at 180°C. For the clay minerals under oven-dry
conditions, 1/n was <1, indicating that the adsorption
was favorable with good binding and adsorption capac-
ity. For quartz sand, 1/n decreased with increasingmesh,
indicating that asphaltenes were easier to adsorb with
increasing mesh. The greater the KF value, the stronger
the binding ability between adsorbate and adsorbent.
Therefore, the larger the mesh of quartz sand, the stron-
ger the binding ability between quartz sand and
asphaltenes. Compared with quartz sand, the KF of the
clayminerals was greater than that of quartz sand. Under
aqueous conditions, the influence of the water film on
the adsorption by the clay minerals weakened with

Table 6 Langmuir fitting parameters of asphaltenes adsorbed on quartz and clay minerals under oven-dry conditions

Mineral Temperature (°C) Condition Langmuir equation Qmax (mg·g–1) KL (×10
3) R2

Quartz sand (60 mesh) 80 Oven-dry Ce/Qe=0.3254Ce+331.37 3.0730 0.9820 0.8736

Quartz sand (200 mesh) 80 Oven-dry Ce/Qe =0.2061Ce+120.04 4.8520 1.7170 0.9149

Montmorillonite (200 mesh) 80 Oven-dry Ce/Qe =0.0617Ce+2.3108 16.2075 26.7007 0.9357

Kaolinite (200 mesh) 80 Oven-dry Ce/Qe =0.0561Ce+9.3475 17.8253 6.0016 0.9290

Illite (200 mesh) 80 Oven-dry Ce/Qe =0.3777Ce+48.323 2.6476 7.8162 0.9674

Chlorite (200 mesh) 80 Oven-dry Ce/Qe =0.062Ce+3.1734 16.1290 19.5374 0.8489

Quartz sand (60 mesh) 180 Oven-dry Ce/Qe =0.207Ce+202.09 4.8309 1.0243 0.7553

Quartz sand (200 mesh) 180 Oven-dry Ce/Qe =0.0646Ce+43.044 15.4799 1.5008 0.9172

Montmorillonite (200 mesh) 180 Oven-dry Ce/Qe =0.0185Ce+0.8707 54.0541 21.2473 0.7540

Kaolinite (200 mesh) 180 Oven-dry Ce/Qe =0.0376Ce+1.0733 26.5957 35.0321 0.7556

Illite (200 mesh) 180 Oven-dry Ce/Qe =0.0682Ce+4.2405 14.6628 16.0830 0.8956

Chlorite (200 mesh) 180 Oven-dry Ce/Qe =0.0238Ce+0.7147 42.0168 33.3007 0.9486

Table 7 Langmuir fitting parameters of asphaltene adsorbed on quartz and clay minerals under aqueous conditions

Mineral Temperature/°C Condition Langmuir equation Qmax/ mg·g–1 KL /×10
3 R2

Quartz sand (60 mesh) 80 Aqueous Ce/Qe=6.263Ce+200.02 0.1600 31.3120 0.9996

Quartz sand (200 mesh) 80 Aqueous Ce/Qe=0.7197Ce+155.7 1.3890 4.6220 0.9909

Montmorillonite (200 mesh) 80 Aqueous Ce/Qe=0.428Ce+22.587 2.3364 18.9490 0.9903

Kaolinite (200 mesh) 80 Aqueous Ce/Qe=0.6903Ce+25.96 1.4486 26.5909 0.9988

Illite (200 mesh) 80 Aqueous Ce/Qe=0.9873Ce+64.82 1.0129 15.2314 0.9992

Chlorite (200 mesh) 80 Aqueous Ce/Qe=0.4772Ce+24.474 2.0956 19.4982 0.9963

Quartz sand (60 mesh) 180 Aqueous Ce/Qe=2.5643Ce+207.37 0.3900 12.3658 0.9964

Quartz sand (200 mesh) 180 Aqueous Ce/Qe=0.6735Ce+113.82 1.4848 5.9172 0.9903

Montmorillonite (200 mesh) 180 Aqueous Ce/Qe=0.1824Ce+14.869 5.4825 12.2671 0.9741

Kaolinite (200 mesh) 180 Aqueous Ce/Qe=0.4133Ce+25.76 2.4195 16.0443 0.9858

Illite (200 mesh) 180 Aqueous Ce/Qe=0.2973Ce+72.926 3.3636 4.0767 0.9819

Chlorite (200 mesh) 180 Aqueous Ce/Qe=0.2383Ce+20.37 4.1964 11.6986 0.9811
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increasing temperature. The water film fell continuously
from the surface of the clay minerals under higher
temperature. The inhibition of the original water film
of the adsorption of asphaltenes was broken, causing

more of the non-aqueous adsorption sites to participate
in the adsorption process. The adsorption process, there-
fore, could be regarded as that at lower adsorption
concentrations under oven-dry conditions (Fig. 3b).

Fig. 9 Freundlich fitting curves of asphaltene adsorbed on the various minerals under oven-dry conditions at a 80°C, b 180°C

Fig. 10 Freundlich fitting curves of asphaltene adsorbed on the various minerals under aqueous conditions at a 80°C, b 180°C

Table 8 Freundlich fitting parameters of asphaltene adsorbed on quartz and clay minerals under oven-dry conditions

Mineral Temperature/°C Condition Freundlich equation n KF R2

Quartz sand (60 mesh) 80 Oven-dry lnQe=0.8266lnCe-5.1318 1.2098 0.0059 0.9998

Quartz sand (200 mesh) 80 Oven-dry lnQe=0.679lnCe-3.6179 1.4728 0.0268 0.9995

Montmorillonite (200 mesh) 80 Oven-dry lnQe=0.5887lnCe-0.3051 1.6987 0.7370 0.9976

Kaolinite (200 mesh) 80 Oven-dry lnQe=0.7402lnCe-1.651 1.3510 0.1919 0.9988

Illite (200 mesh) 80 Oven-dry lnQe=0.4378lnCe-2.0416 2.2841 0.1298 0.9908

Chlorite (200 mesh) 80 Oven-dry lnQe=0.6578lnCe-0.708 1.5202 0.4926 0.9927

Quartz sand (60 mesh) 180 Oven-dry lnQe=0.7609lnCe-4.3528 1.3142 0.0129 0.9942

Quartz sand (200 mesh) 180 Oven-dry lnQe=0.8153lnCe-3.1541 1.2265 0.0427 0.9968

Montmorillonite (200 mesh) 180 Oven-dry lnQe=0.9455lnCe+0.2416 1.0576 1.2733 0.9954

Kaolinite (200 mesh) 180 Oven-dry lnQe=0.7968lnCe-0.0374 1.2550 0.9633 0.9937

Illite (200 mesh) 180 Oven-dry lnQe=0.6838lnCe-0.9594 1.4624 0.3831 0.9909

Chlorite (200 mesh) 180 Oven-dry lnQe=0.863lnCe+0.2127 1.1587 1.2370 0.9917
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The Freundlich model describes adequately the ad-
sorption process of asphaltene under oven-dry and high-
temperature aqueous conditions, i.e. non-uniform adsor-
bent surface, multi-molecular layer adsorption. Under
oven-dry conditions, the order of binding abilities be-
tween minerals and asphaltenes was as follows: mont-
morillonite > chlorite > kaolinite > illite > quartz sand
(Fig. 3a).

Conclusions

At 180°C and pH 11, the expansion ratio of montmoril-
lonite reached 159.13%. Kaolinite tended to transform
into montmorillonite and illite, which reduced the dis-
solution volume of kaolinite. The conversion rate of
illite to montmorillonite was ~7.8% under the high-
temperature conditions.

The adsorption process of asphaltene-toluene solu-
tion on the surfaces of the various types of minerals was
described well by the pseudo-second order kinetics
equation. The order of binding abilities between the
minerals and the asphaltenes was as follows: montmo-
rillonite > chlorite > kaolinite > illite > quartz sand. The
adsorption isotherms for asphaltenes on the four kinds
of clay minerals under over-dry conditions at 180°C
were linear, indicating strong adsorption capacities and
a failure to conform to the assumptions of the Langmuir
model.

The adsorption process of asphaltenes on the surfaces
of the minerals under aqueous conditions was inhibited

because of the formation of a thin water film. At 180°C,
the preadsorbed water film still inhibited asphaltene
adsorption, but the inhibition rate was far less than at
80°C. Under aqueous conditions, the adsorption process
was well fitted by the Langmuir model. Under aqueous
conditions at 180°C, the maximum amounts
of asphaltene adsorbed on montmorillonite, kaolinite,
illite, and chlorite were 1.4848, 5.4825, 2.4195, 3.36,
and 4.1964 mg g-1, respectively.

Under the oven-dry and high-temperature aque-
ous condition, the adsorption process of asphaltenes
on the surface of the minerals fitted the Freundlich
model well. Under the high-temperature, aqueous
conditions, the adsorption process eventually could
be regarded as being equivalent to the adsorption of
asphaltenes at lower adsorption concentrations under
oven-dry conditions.
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