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Key words: The paper discusses the effect of high pressures on adsorption of inorganic ions (KCI), methylene blue and
clay, montmorillonite, kaolinite, petroleum products (engine oil, transmission fluid, diesel fuel) by samples of montmorillonite and kaolinite. The
pressure, specific surface, sorbent, relationship between the value of the applied pressure (in the range from 0 to 700 MPa), fractional composition,

petroleum products, fractional specific surface and the microstructure of mineral particles was revealed. During the study, dynamics of changes in
analysis, ion exchange capacity, the content of the clay, dust and sand fractions in the clays under study was noted. It is established that an increase
methylene blue, adsorption, diesel in clay compression to 700 MPa leads to a decrease in the content of clay fractions and an increase in the fraction of
fuel, engine oil, transmission oil, the dust fraction. Changes in the fractional composition occur more intensively in kaolinite clay than in

thermogravimetry.

Kniouesvie cnosa:

TJIMHA, MOHTMOPUJUIOHUT,
KAOJIMHHT, JIaBJICHHUE,
yaeabHas HOBEPXHOCTb,
COpOCHT, HeTEIPOTYKTHI,
(paKIHOHHBIIT aHaN3,
HMOHOOOMEHHAs eMKOCTb,
METHUJICHOBBIN roiry0oif,
ajicopOuust, IM3eIbHOe
TOIUIMBO, MOTOPHOE Maco,
TPAHCMHCCHOHHOE MaclIo,
TEePMOTPaBUMETPHSL.

montmorillonite clay. The pressure intervals were determined according to the intensity of the formation of the
fractional composition of clays 0-200 and 200-700 MPa. Adsorption parameters of clays are determined. According
to potentiometric measurements, it has been established that the ion-exchange capacity is higher in montmorillonite
than in kaolinite with in respect to cations. The magnitude of kaolinite adsorption with respect to methylene blue
decreases to a pressure of 200 MPa, which is caused by the content of the clay fraction, does not change
significantly at pressures of 200-700 MPa. The adsorption rate of montmorillonite has a general tendency to
increase. Adsorption indicators of clays with respect to methylene blue allow predicting the sorption capacity of the
studied materials to petroleum products.

V3y4yeHOo BiMsSHHE BBICOKHX AaBleHHiI Ha ajcopOimio Heopranmueckux HoHoB (KCl), meTmieHoBoro romy6oro u
HedTenpogyKTOB (MOTOPHOE MACiIO, TPAHCMUCCHOHHAS KUAKOCTD, AN3EIbHOE TOIIMBO) 00pa3aMi MOHTMOPHIUIOHHTA
U KAaOJNHMHUTA. BbISBIEHA B3aMMOCBS3b MEXIy BEJIMYMHON MPUKIIAbIBaeMoro naeieHus (B uHrepsane ot 0 no 700 MIla),
(paKIMOHHBIM COCTABOM, YAEJIbHOMH MOBEPXHOCTHIO U MUKPOCTPYKTYPOil MUHEPAJIBHBIX YacTUIl. B X0/ie npoBeeHHOro
HcciienoBaHus OblIa OTMEYEHA IMHAMHKA M3MEHEHMs COJCp)KaHHWs TIIMHHCTOM, NbUIeBaTON M recyaHoil Qpakiuii B
HCCIIEAYEeMbIX TJHMHAX. YCTaHOBJEHO, YTO yBEJNMYCHHE cxkaTus TiaumHbl g0 700 MIla npuBOAMT K YMEHBIICHHUIO
coJiep)KaHUsl TIMHHUCTHIX (pakiMii M yBEJUYCHHIO JOJIM IbUIeBaTON (pakiuu. B KaoiIMHOBOH INIMHE HM3MEHEHUS
(pakIMOHHOTO cOCTaBa MPOTEKAIOT 00Jiee HHTEHCHBHO, YeM B MOHTMOPHJUIOHUTOBOH rinHe. OnpeesneHsl HHTepPBaIbl
JIaBJICHUH 10 MHTEHCUBHOCTH (hopmupoBaHus (pakumonHoro coctaBa rimH 0-200 u 200-700 MIla. OmnpeneneHsl
a7icopOIMOHHbIe MapaMeTpbl I'MHH. COrNIaCHO IOTEHIMOMETPUYECKHM H3MEPEHHUSIM YCTAHOBIEHO, YTO IMOKA3aTeNH
HOHOOOMEHHOIT €eMKOCTH B OTHOILICHHH KaTHOHOB BBIIIE Y MOHTMOPHJIJIOHNTA, YeM Y KaoJIMHUTA. Bennunna agcopounu
KAOJMHHUTA 110 OTHOLICHHIO K METHJICHOBOMY roiyboMmy ymenbinaercs Jo jasieHus 200 MIla, uto oOycioBiieHO
colepKaHUeM TIMHUCTOH ¢pakunu, npu aaeinenusx 200-700 MIla cymecTtBeHHO He wu3MeHsiercs. [lokaszarenb
a7copOIMM MOHTMOPMJUIOHUTA HMEeT OOIIYI0 TEHAEHLHIO K BO3pAacTaHMIO. AICOPOIMOHHBIC MOKAa3aTeld TJIMH I10
OTHOIICHHIO K METHJICHOBOMY TOJyOOMY IO3BOJISIIOT CHPOIHO3MPOBATh COPOIMOHHYIO CIIOCOOHOCTB HCCIIEIYeMBIX
MaTepHajoB K He(TENpoLyKTaM.
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Introduction
Clays  represent  complex  polymineral
formations [1-3]. Their properties, including

sorption, mainly depend on the lattice structure,
mineral composition [4, 5], particle size
distribution, [6], and environmental conditions [3,
5]. The mineral composition of clays manifests
itself as energy on the surface of particles, whereas
the particle size distribution manifests itself as the
active surface area of particles [6]. These are
exactly the two complex parameters which
determine sorption activity of clays [4, 7].

Adsorption of substances from solutions at the
“hard surface — water” phase boundary depends
on the surface boundary electrical characteristics.
Clay minerals are sources of constant and
alternating surface charge [8]. Layered structures
bear constant electric charge which is associated
with  the manifestation of heterovalent
isomorphism in the Ilattice i.e. isomorphous
replacement of Si with Al in a tetrahedral lattice
and isomorphous replacement of Al with Mg in
octahedrons. It does not depend on pH of the
environment. Alternating charge, depending on
pH of the environment, is located on lateral
fractures of clayey crystallite, where hydroxyl
groups are capable of proton adsorption-
desorption processes.

Thanks to their properties, clays can absorb
inorganic ions, organic molecules, including dyes
and petroleum products [9, 10], on the surface of a
particle and in the interlayer space; thus, strong
associations are formed which are kept on the
surface by electrostatic force, as well as by Van
der Waals forces [4].

In case of inorganic ions, the sorption capacity
is expressed by determining the ion-exchange
capacity and cation-exchange capacity. These
values are not constant and depend on pH, ionic
force of the solution, and eluting ion. The highest
values are common for montmorillonoids and the
lowest values are common for kaolinites [8].

Determining clay-adsorption with the use of
methylene blue (MB) dye is a wide-spread method
that does not require special equipment [11-16]. In
accordance with the chemical classification, MB is
a dye belonging to the thiazine group. Its empirical
formula is as follows: CisH;sN3SCI (its molecular
weight is 319.85 g/mol) [17]. It is a cation type

dye, which can be absorbed on a negatively
charged surface of clay particles [18]. A MB
molecule is rectangular in shape and its dimensions
are as follows: 17.0Ax7.6Ax3.25A. Dye
absorption on the surface of clay occurs in two

ways: 1) cation exchange on the surface of
aluminosilicate lattice; 2) attraction of dye
molecules by Van der Waals forces or

chemisorption (hydrogen bond) with the surface of
Si-OH and Al-OH of the aluminosilicate lattice.
[19]. In aqueous solutions organic dyes form
associates of various complexities. This property
allows us to use dye solutions to evaluate quality
of sorbents with respect to various petroleum
products.

In order to evaluate sorption activity of clays
the following is performed: mechanical treatment,
thermal modification [20-23], and chemical
activation with the use of chemical agents such as
acids [24-27], alkali [28], and salts combined with
different exposure duration [29].

Compression under pressure is one of the
mechanical methods [6, 30] of clay activation.
As soon as clayey soils represent porous objects,
their compression under pressure leads to
changes in the structure. At low pressure clays
are compacted as a result of reorientation of
particles and reduction of pore volume [1]. The
degree of orientation of particles of clays of
different mineral composition differs at growing
pressure. Kaolinite particles obtain more perfect
orientation at a small pressure as compared to
montmorillonite clay. The degree of perfection
of particle orientation under pressure depends on
the particle size, shape, friction rate on the
surface, and hydrophilic behaviour. Bigger and
asymmetrical particles are more oriented
(kaolinite), than isodiametric (symmetric) and
small (montmorillonite) particles.

At a compacting pressure of up to 100 MPa
there is an optimum amount of water and,
respectively, a definite thickness of a hydrate film
which correspond to building of a structure of the
maximum strength. At the threshold pressure,
squeezing-out of hydrate films and formation of
point contacts start. Such threshold value for
montmorillonite is 35 MPa and that for kaolinite
is 25 MPa [31]. Compacting pressure increased
up to 100 MPa first leads to dispergation of
structure forming aggregates and then to
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deformation of contact surfaces through some
compaction of structure elements and squeezing-
out of hydrate films.

Based on the foregoing we may say that issues
concerning evaluation of sorption properties of
clays, subjected to mechanical activation by high
pressure, are not studied enough. So, the purpose
of the work is to determine sorption capacity of
clayey soils exposed to high pressure when they
encounter inorganic ions, methylene blue dye, and
petroleum products.

Objects of the research
and research methods

The objects of the research included the
following clays of various crystalline structures:
Lobanovsky montmorillonite and Chelyabinsk
kaolin clays. Based on results of X-ray structure
analysis [30] the montmorillonite clay consists
of montmorillonite (75 %), kaolinite (3.6 %),
quartz (11.4 %), albite (6.7 %), and calc
spar (3.3 %). The kaolin clay contains kaolinite
(76.7 %), montmorillonite (15.6 %), and
quartz (7.7 %).

A high-pressure device [30] was used to
transfer pressure to clay samples. Its working
surfaces are made of hard-alloy material. The
PLG-20 press was used as a loading device. Clay
samples of 0.75 cm® area were produced at the
device in the pressure range of 0 to 700 MPa.

To determine sorption properties of clays the
following products were used as sorbates:
methylene blue dye, diesel fuel of L grade (diesel),
engine oil MOTO 2T (EO), and gearbox oil
TEP-15 (GO).

Results of the research
and discussion

Change of particle size distribution in clays
when clays are compressed. Particle size
distribution of clays was determined by a laser
diffraction ~ analyzer = ANALYSETTE 22
MicroTecplus [6, 32]. In the process of size
analysis the following fractions were found:
Foo.1, For02, Fo20s, Fos1, Fia, Fas, Fsso, Fso100,
and F.jo (the index is a fraction particles size,
pum). It should be noted that according to GOST
25100-2011 [33], F.-F» correspond to clay
fraction, F,50 correspond to pulverous fraction,
Fs0.100 and F.09 correspond to sand fraction.

For the original samples not subjected to
compression the following values were obtained:

—kaolinite: clay fraction (Fo;-F;) 52.36 %,
pulverous fraction (F,.5) 47.62 %, and sand
fraction (F50_100 and F>100) 0.02 %;

— montmorillonite: 29.94; 70.06, and 0 %
respectively. Change in the particle size
distribution after compression under pressure
of 0 to 700 MPa is shown in Fig. 1.
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Fig. 1. Dynamics of changes in clay, pulverous,
and sand fractions in the following tested clays:
a — kaolinite; b — montmorillonite

The research conducted with clay samples after
their compaction by pressure allowed us to find the
following trends.

First, as clay compaction grows, the overall
trend to the decrease of clay fractions and increase
of pulverous fraction is observed. This is due to the
formation of aggregates from the clay fraction of
the soil. Assembling of fine colloids, resulting in

ISSN 2224-9923. Bectaux ITHUITY. I'eonorus. Hedrerazosoe u roproe geno. 2018. T.18, Ne2. C.118-128



ISSN 2224-9923. Perm Journal of Petroleum and Mining Engineering. 2018. Vol.18, no.2. P.118-128 121

aggregation, after exposure to pressure, is probably
due to change in the interaction forces between
particles. Coagulative contacts were formed
between particles in original samples of clays at a
pressure of 0 MPa. When pressure increases up to
150-200 MPa, transient contacts are formed.
Coagulative forces, as well as chemical nature
forces, which appear due to weakening and
breaking of the hydrate film and formation of point
contact, participate in their formation. When
pressure exceeds 200 MPa strong phase contacts of
chemical and ionic-and-electrostatic nature are
formed.

Second, in kaolin clay, changes in particle size
distribution are more intense than in
montmorillonite clay. This can be explained by the
following: in kaolin clay the clay fraction content
is higher than in argillite-like montmorillonite clay,
so the specific surface in kaolin clay is bigger than
that in montmorillonite clay. The bigger the
specific surface is, the more contacts we have
between particles. Hence, the process of
aggregation of particles in kaolin clay is more
intense than in montmorillonite clay.

Third, P = 150-200 MPa pressure threshold
interval was found based on the intensity of clay
fractional formation. This can be explained by the
fact that, in case of increase of pressure from 0 to
150-200 MPa acting on clay samples, the clay
samples’ microstructure changes occur through
change in types of contacts between particles: from
coagulative to transient and phase. If the pressure
exceeds 150-200 MPa, soil microstructure changes
insignificantly, as soon as phase type of contacts is
formed between particles.

Changes in clay particle size distribution lead
to changes in the specific surface area of particles
(Ss). It has been found that, if the pressure
increases, the area of active surface of kaolin and
montmorillonite clays decreases. In such case the
biggest rate of the surface reduction is seen at a
pressure under 150 MPa. If the pressure exceeds
150 MPa, the influence of the pressure on S is less
significant.

Clay sorption capacity research. Clay sorption
capacity research was conducted in respect of the
following: inorganic ions, organic ions, and
petroleum products.

Determining clay sorption capacity. Inorganic
ions. Clay sorption capacity was determined based

on the fact that clays are H-cation exchangers, and
so a hydrogen ion on the surface of clayey
minerals may participate in exchange reaction with
other cations. Adsorption of anions is weaker than
adsorption of cations and it occurs on lateral
fractures of clay particles. The area of fractures
represents an insignificantly small area of the total
surface area of particles in general [1]. That is why
the sorption analysis was run only in respect of
cations.

An important detail in the process of ion
exchange of alkali metals is a significant influence
of acidity of the environment (pH). On this basis,
adsorption of potassium chloride (Ckc;= 0.1 mol/l)
was determined by potentiometric titration method
[34, 35]. It is known that the ion exchange process
on clayey minerals is thermodynamically-
reversible [34, 36]. That is why in the process of
studying the ion exchange on the surface of clays
the time of ion exchange balance achievement is
important. Values of the balanced condition in case
of different cation exchange in different types of
clayey minerals are not the same [37]. In some
cases the balance is reached after some days
(usually 2-3). Taking into account that fact, the
time, needed for reaching the balance in kaolinite
and montmorillonite in the presence of potassium
chloride, was found and it amounted to 24 h; the
process of ion exchange was considered balanced
when pH value did not change any more.

Based on titration experimental curves (Fig. 2)
ion-exchange capacity was calculated (O jon)
(mmol/g) using the following formula:

c\V-v,
Qon = (—O)’

m

where C is a titrant concentration (Cyc) or Cnaion)
0.1 mol/l; V and V, are titrant volumes in the
presence of clay and without clay, ml; m is a clay
weight, g.

There are titration curves and ion-exchange
capacity dependences on the solution pH in Fig. 2
and 3 for clays of different nature when they come
in contact with dispersive medium.

Based on the obtained experimental results we
can single out the following aspects characterizing
exchange adsorption of clays depending on pH
value. First, the type of ion exchange curves
(Oution = fipH)) is determined by properties of
functional (ionogenic) groups of clay minerals and
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Fig. 2. Titration curves of kaolinite and montmorillonite
dispersion at a pressure of 0 (a) and 700 MPa (b)

it is specific to bi-functional ion-exchangers with
a strong and weak acid group. Second, sorption
behaviour of clays exposed to pressure
significantly depends on the nature of a mineral
(structure, composition). Thus, ion exchange
capacity in respect of cations is higher for
montmorillonite than that for kaolinite. This is
explained by the fact that kaolinite interlaminar
bonding is provided by molecular and hydrogenic
forces the energy of which exceeds the hydration
energy of interlaminar space, whereas bonding in
montmorillonite is provided by molecular forces
and cations located in the interlaminar space and
this bonding is not sufficient to resist hydration, so
the interlaminar space expands. Moreover, ion-
exchange capacity rate of kaolinite is higher than
that of montmorillonite.
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Fig. 3. Dependence of kaolinite
and montmorillonite ion-exchange capacity on pH;
applied pressure: 0 (a) and 700 MPa (b)

—fl— Montmorillonite

Third, when the content of clay fraction in
samples decreases and the pressure increases, the
degree of dispersion of clays decreases, therefore,
the ion-exchange capacity should decrease as well,
but the test showed the contrary: when pressure
increased, the degree of ion-exchange capacity
grew in montmorillonite, as well as in kaolinite.
This is explained by growing defects in the
crystalline structure of clays and by appearance of
new functional groups (“active centers”).
Exchange processes in kaolinite take place mainly
on lateral fractures of particles and they occur due
to the presence of uncompensated valence links.
Therefore, growing ion-exchange capacity can be
explained by growing of the surface area of
fractures of kaolinite as well.

Nevertheless, the content of clay fraction goes
down, and the growing area of lateral faces
of kaolinite can be explained only by
simultaneous processes of fragmentation and
aggregation of particles. In such case the area of
basal faces goes down, whereas the area of lateral
fractures goes up.

Determination of sorption capacity of clays.
Methylene blue dye. Methylene blue dye was
adsorbed in accordance with a method as per
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GOST 21283-93 [38]. Clay-adsorption value
(mg/g) was determined based on the following
formula:
4 CF
m

where C is a MB dye solution concentration,
mg/cm’; V is a MB dye solution volume used for
titration, cm’; m is a weight of a tested clay
sample, g.

Change of montmorillonite and kaolinite sorption
capacity in respect of MB dye depending on the
pressure applied to samples is shown in Fig. 4.

150

100

w
(=}
<

Adsorption value, mg/g

"’\w’“\__‘

0 100 200 300 400 500 600 700
Pressure, MPa

—&— Kaolinite —@— Montmorillonite

Fig. 4. Kaolinite and montmorillonite adsorption
value change dynamics for methylene blue dye
depending on the pressure applied

Adsorption value of kaolinite is significantly
lower than that of montmorillonite, which is due to
the sorption capacity of the latter in the interlaminar
space [39]. At a pressure of 0-200 MPa kaolinite
demonstrates general drop of adsorption value from
80 to 50 mg/g; after 200 MPa this parameter does
not change significantly. The content of clay
fraction is directly related to kaolinite adsorption
value at applied pressures.

Kaolinite adsorption value manifested in
respect of MB dye decreases if pressure increases;
at the same time its ion-exchange capacity grows.
This is explained by the fact that, when pressure is
applied, the charge value increases on the surface
of kaolinite particles and this value is sufficient for
the growth of sorption of inorganic ions, but
insufficient to keep MB dye molecules on the
surface of clay particles.

Original montmorillonite has higher sorption
capacity which is due to expansion of the
interlaminar space up to the dimension of intruding
molecules [40, 41]. If pressure increases, the
adsorption value of montmorillonite grows from
105 to 140 mg/g and it is inversely related to the
content of clay fraction. Based on that we come to
a conclusion that when the samples of clay are
compacted under pressure, the area of defects on
the surface of minerals increases and,
consequently, new “active centers” appear on the
surface of clay particles which are ready to adsorb
MB dye.

Adsorption of petroleum products by clays.
Samples of clays preliminary saturated with diesel
fuel, engine oil, and gearbox oil for three days,
were dried in an infrared thermogravimetric
moisture meter MA35 at a temperature of 160 °C.
First, in the drying chamber the samples were
weighed, and then the loss of weight was
determined automatically by means of infrared
rays, and, afterwards, the result was converted into
moisture (petroleum product) content units with
regard to the initial weight of each sample. The
adsorption value A, mg/g, was calculated based on
the following formula:

(m, —m,)1,000

m,

A=

b

where m; is a weight of a clay sample saturated
with a petroleum product before the beginning of
drying, g; m, is a weight of a clay sample after the
test in the moisture meter, g.

Change in montmorillonite and kaolinite
sorption capacity manifested in respect of diesel
fuel, engine oil, and gearbox oil depending on
pressure is shown in Fig. 5. As an example the
charts show the results obtained at the following
pressures: 100, 300, and 700 MPa.

Based on the adsorption value change
dynamics we see that kaolinite and
montmorillonite  demonstrate the maximum

sorption capacity values in respect of diesel fuels
in original samples (not exposed to pressure). Then
adsorption drops sharply to 92-99 mg/g at a
pressure of 100 MPa, and after that pressure there
are no significant changes in adsorption.

During sorption of engine oil and gearbox oil
by kaolinite, the biggest fluctuations of adsorption
value are seen in the range before 200 MPa; at
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higher pressures the adsorption value changes
within 40—60 mg/g.
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Fig. 5. Kaolinite (¢) and montmorillonite (b)
adsorption value change dynamics shown for
petroleum products and MB dye at the following
pressures: 100, 300, and 700 MPa

During sorption of engine oil by montmorillonite
until a pressure of 400 MPa the adsorption value
increases up to 100 mg/g is observed; at higher

pressures no trends are observed. During adsorption
of gearbox oil by montmorillonite a general trend is
seen manifesting itself in the growth of values from
70 to 120 mg/g.

It should be noted that adsorption capacity has
been studied with the use of a moisture meter the
operating temperature of which does not exceed
160 °C; at such temperature only fractions that boil
at a temperature not exceeding 160 °C are
evaporated from clay. Therefore, the chart does not
show a complete picture due to the fact that
samples still contain high-boiling components of
petroleum products.

When we compared the test data for petroleum
products and methylene blue dye (please see
Fig. 5), we found the adsorption processes seen in
the clay minerals to be similar.

Conclusion

1. The experiments show that, if the pressure
applied to kaolinite and montmorillonite grows up
to 700 MPa, there is a general trend towards
decrease of the clay fraction content and increase
of the pulverous fraction content.

2. Adsorption behaviour of clays exposed to
pressure significantly depends on the mineral
composition, particle size distribution, and
crystalline structure defects. Kaolinite and
montmorillonite ion-exchange capacity depends on
the environmental acidity.

3. Kaolinite adsorption value for methylene
blue dye goes down until a pressure of 200 MPa,
which is explained by the clay fraction
content, and it does not significantly change at a
pressure of 200-700 MPa. Montmorillonite
adsorption value shows a general trend to
growth.

4. Adsorption of petroleum products by
kaolinite and montmorillonite is at the threshold
level at a pressure of 100 and 400 MPa.
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