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ABSTRACT

Clay minerals, as adsorbents, are widely available, have large specific surface area, and the ability for cation
exchange, which makes them applicable in wastewater treatment from heavy metal ions. This study investigated
the effect of acid modification on the porous structure and adsorption properties of montmorillonite (MMT) and
palygorskite (PAL) clays of the Cherkasy deposit (Ukraine). Acid modification of clay samples was carried out
with chloride acid after preliminary refining. Clay particles were analyzed using optical polarization microscopy
with recording of digital images of the study. The area and perimeter of individual particles of clay samples were
determined. The equivalent diameter and shape factor were calculated. The porosity characteristics of the samples
were determined. Pore surface area was calculated by the Brunauer-Emmette-Teller (BET) method. Total volume,
mean diameters, and pore size distribution were obtained using the Density Functional Theory (BFT) method.
Acid modification improved the porous structure of clay samples. BET surface area of the pores of the initial sam-
ple of palygorskite clay is significantly higher compared to the montmorillonite type clay (140.66 and 83.61 m%g,
respectively). Acid modification of the PAL sample contributes to an increase in the BET surface area by approxi-
mately 1.7 times. Acid modification increases the surface area and total pore volume by approximately 2.3 times
for MMT samples and 1.76 times for PAL samples. Dimensional characteristics of the pores of the MMT sample
were to shift after activation, while for the PAL sample, their average size increases sharply by approximately 3.2
times. This suggested the additional formation of pores in the interfibrillar regions of the PAL sample during its
acid activation. The effect of acid modification on the sorption capacity was investigated by means of methylene
blue exhaustion. Sorption efficiency increases by 6-14%, compared to unmodified samples and is determined by
the contact time and the type of clay. Increasing the contact time from 24 to 72 hours leads to an increase in the
sorption efficiency of activated MMT and PAL samples by 36 and 30%, respectively. Acid-activated clay miner-
als, in particular montmorillonite, can be used as part of sorption elements to increase the efficiency of wastewater
treatment technologies from heavy metal ions.

Keywords: montmorillonite, palygorskite, acid modification, acid-activated clays, sorption capacity, water purifi-
cation technologies, Brunauer-Emmette-Teller method, Density Functional Theory method.

INTRODUCTION

Clay minerals are one of the most common,
environmentally tolerant, highly dispersed natu-
ral materials that are widely used in various in-
dustries [Bergaya and Lagaly, 2013]. They are
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effectively used as fillers in polymer composi-
tions to improve their mechanical characteristics
[Arbelaiz et al., 2021], increase resistance to ele-
vated temperatures [Lima et al., 2021], and adjust
the composition structure in situ [Budash et al.,
2022]. Due to the specific layered structure, large
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surface area of particles, porosity, presence of ac-
tive centers, high cation exchange capacity, clays
are also actively used in water purification tech-
nologies as adsorbents for the removal of danger-
ous chemical products of organic and inorganic
origin [Uddin, 2017; Kausar et al., 2018]. To im-
prove the adsorption capacity, clays are usually
modified (activated) by using various methods,
depending on the specifics of a certain pollutant
[Barakan and Aghazadeh, 2021].

The main methods for modifying clay min-
erals include mechanical, chemical (acidic, alka-
line, salt), modification with organic compounds
and thermal modification [Sarkar et al., 2019].

Organic modification of natural clays with sur-
face-active substances allows reducing their hy-
drophilicity. Active surfaces of clay particles can
be made hydrophobic by intercalation of organic
cations into the interlayer space of clay minerals
[Martin et al., 2018]. Replacing exchangeable in-
organic cations in clay with organic cations (for
example, cationic surfactants) increases the dis-
tance between layers and significantly improves
the sorption of various organic pollutants [Ashiq
et al., 2019; Zaghouane-Boudiaf et al., 2014; An-
irudhan and Ramachandran, 2015].

Thermal modification is a complex process
of structural transformations in clay minerals at
certain temperatures, which significantly depends
on the type and origin of clays, as well as on the
processing conditions [Heller-Kallai, 2013]. Ma-
sindi et al. reported that South African bentonite
heat-treated at 500 °C is an effective sorbent for
removing chromium ions from aqueous solutions
[Masindi and Ramakokovhu, 2021]. The heat
treatment of Ethiopian bentonite in the tempera-
ture range of 300-500 °C [Tadesse, 2022] led to
an increase in the surface area of the adsorbent
from 147 to 310 m?/g, which allowed its effective
use for zinc removal from wastewater.

Acid modification of clay minerals consists
in their treatment by inorganic acids (chloric, sul-
fate, nitrate, etc.) solutions [Espaia et al., 2019].
This process reduces or removes most of the de-
rived metals (calcium, magnesium) from the clay
mineral, reduces the content of iron and alumi-
num, increases the specific surface area, porosity,
and adsorption capacity of clay particles [Bara-
kan and Aghazadeh, 2021; Sarkar et al., 2019;
Komadel and Madejova, 2006]. The use of acid
treatment (sulfuric acid, 60 °C) of the clays from
South-Western Tunisia led to an increase in the
surface area from 450 to 590 m?/g [Chaari et al.,

2021]. At the same time, the modified clay dem-
onstrated 88% higher efficiency than the untreat-
ed clay in removing cubic dye from textile waste-
water [Chaari et al., 2021].

Acid modification of clay minerals leads
to significant structural changes [Amari et al.,
2018]. At the same time, the surface area and the
total volume of clay pores increased proportion-
ally to the intensity of acid treatment. Zhu et al.
demonstrated that acid treatment with HCI in a
wide range of concentrations is a possible and
effective method of optimizing the structure and
surface of palygorskite (magnesium aluminum
phyllosilicate) [Zhu et al., 2018]. That signifi-
cantly increases the surface area (from 228 to 329
m?*/g) and porosity of palygorskite, which allows
it to become a promising material for use as an
adsorbent of volatile organic compounds [Zhu et
al., 2018]. Acid-treated montmorillonite was used
as a cheap adsorbent for the removal of several
heavy metal ions from industrial wastewater [ Ak-
pomie and Dawodu, 2016]. Acid modification
increased the surface area and total pore volume
of montmorillonite from 55.76 to 96.48 m?g and
from 0.069 to 0.101 cm?/g, respectively. The in-
tensity of removal of heavy metal ions was di-
rectly related to their concentration and occurred
in the following order: Zn > Cu > Mn > Cd > Pb
> Ni [Akpomie and Dawodu, 2016].

The effectiveness of acid treatment of clay
minerals can be greatly increased by combining it
with organic [Zaghouane-Boudiaf et al., 2014] or
thermal [Akpomie and Dawodu, 2016; Toor and
Jin, 2012] modification, as well as by combining
clays with natural polymers [Pawar et al., 2020;
Nguyen et al., 2020].

One of the problems with the commercial use
of clay minerals is the wide variability and certain
“authenticity” of their composition even for clays
of the same type, which is determined by the spe-
cifics of the geographical location of the deposit.
Therefore, it is necessary to study the properties
of clay minerals of a specific deposit.

Ukraine has enough explored reserves of
various clay minerals. The Cherkasy deposit is
one of the largest studied and industrially ex-
ploited deposits of bentonite and palygorskite
clays in Europe [Kadoshnikov et al., 2013; PJSC
“Dashukivsky Bentonites]. However, the pro-
cesses of activation of such clays, their influence
on porosity and adsorption properties have been
paid insufficient attention until now.
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The purpose of the work was to determine the
effect of the acid modification process on the in-
dicators of the porous structure and the sorption
capacity of the montmorillonite and palygorskite
types of clays of the Cherkasy deposit for applica-
tion in water purification technologies.

MATERIALS AND METHODS

Clay powders of montmorillonite (MMT)
and palygorskite (PAL) type produced by PJSC
“Dashukivsky Bentonites” [PJSC “Dashukivsky
Bentonites”] were used, the main characteristics
of which are listed in Table 1.

Morphometric analysis of clay particles

The method of optical polarization micros-
copy (Amplival microscope, Carl Zeiss Jena,
Germany) was used to analyze the sizes of clay
particles with the recording of digital images of
the research objects. The morphometric indica-
tors of the particles were determined by using the
method of image analysis via “Imagel]” [Pérez
and Pascau, 2013]. The area (Sp) and perimeter
(Pp) of individual particles of the samples were
determined. The equivalent diameter (D)) and
shape factor (SF) of the particles were calculated
using formulas 1 and 2:

D‘,3 = ? ( 1)
F 4nS,
= (2)
P}

Refinement of clay minerals

The purified fraction of clay minerals was
obtained by pre-sieving the original powdered
sample through sieve No. 0071 to remove coarse
impurities. Then, the clay was washed with dis-
tilled water in the ratio of solid and liquid phases
of 1:100 with thorough mixing using a mechani-
cal stirrer. After settling the resulting suspension
for 24 hours, the highly dispersed fraction was

decanted with a siphon into another container.
The sample, cleaned of impurities, was centri-
fuged for 30 minutes and dried in ceramic cups
at 80 °C in a drying oven to a constant mass. The
obtained samples were ground in a porcelain
mortar and sifted through a sieve No. 0071.

Acid modification of clay minerals

For acid modification of purified clay miner-
als, a 30% HCI solution was used with a ratio of
solid to liquid phases of 1:1.5, on a water bath at
a temperature of 95-100 °C during 1 hour with
constant stirring. After that, the samples were re-
peatedly washed with distilled water until there
was a negative reaction to Cl ions in the wash-
ing water (using AgNO, solution). The obtained
samples were dried at 80 °C in a drying oven to a
constant mass, ground in a porcelain mortar and
sieved through sieve No. 0071.

Determination of clays porous
structure indicators

Porosity characteristics were determined on a
Quantachrome Nova 2200e porosimeter (Boyn-
ton Beach, FL). Before measurement, the sam-
ples were degassed at 150 °C in a vacuum for 3
hours. The adsorption/desorption isotherms were
recorded at 0 °C using nitrogen as adsorbate. The
pore surface area was calculated by the Brunauer-
Emmette-Teller (BET) method [Brunauer et al.,
1938] according to the adsorption branch of the
isotherms, in the range of the adsorbate relative
pressure P/P = 0.2-0.4.

The method was developed for direct mea-
surement of the surface area and pore sizes of
powdered samples under high vacuum condi-
tions. In a typical BET assay, the surface area is
determined by the volume of N, adsorbed by the
sample particles. It is assumed that the gas has
access to the entire surface of the material. The
measurement of the surface area is based on the
adsorption of gas molecules in infinite layers
without considering the interaction between the
layers [Jamie, 2015]. The BET model assumes
multilayer gas adsorption on the adsorbent sur-
face [Jaroniec et al., 1998].

Table 1. Main characteristics of samples of montmorillonite (MMT) and palygorskite (PAL) type clays

Denotement Industrial brand Mass fraction of moisture, % The balance on the sieve Ne 0071, %
MMT C4T2K 8.7 2.1
PAL PP-4 18.0 2.0
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The total volume, average diameters, and pore
size distribution were obtained using the Density
Functional Theory (DFT) method [Ravikovitch et
al., 1998]. The method is based on the descrip-
tion of the process of filling micro- and narrow
mesopores at the molecular level. Owing to this,
a more accurate approach to pore size analysis
is provided in comparison with classical mac-
roscopic theories and semi-empirical methods
[Ravikovitch et al., 1998]. NovaWin v.11.04 soft-
ware was used for calculations.

Determination of sorption properties of clays

The sorption properties of clay minerals were
evaluated with a methylene blue (MB) aqueous
solution. The adsorption process was performed
under static conditions.

The sorption properties of modified clay
minerals were studied according to the follow-
ing scheme: first, the initial solution of MB with
a concentration of 50 mg/l was prepared. Then,
0.1 g of clay was added to a beaker containing
50 ml of the initial MB solution and mixed. After
24 hours of exposure at a temperature of 20 °C,
the first sample was taken, further samples were
taken after 48 and 72 hours.

The concentration of the MB dye was mea-
sured using a photocolorimeter. The optical den-
sity of the prepared comparison solution was
measured using a light filter with a wavelength of
670 nm in cuvettes with a light-absorbing layer
thickness of 10 mm. Distilled water was used as
a reference solution. The sorption efficiency (E)
of modified and unmodified clays was evaluated

Figure 1. Micrographs in polarized light of clay particles of MMT (a) and PAL (b) samples

by the degree of absorption of the MB, which was
calculated according to formula 3:

CO - Ce
E, = (—) X 100% 3)
Co
where: Cp — initial concentration of the studied
substance;
Ce — final concentration of the studied
substance after a certain period of time.

Statistical processing of experimental data
was performed with the help of software pack-
ages Statistica and Microsoft Excel.

RESULTS AND DISCUSSION

Dimensional characteristics of
the clay particle types

The initial size and shape of particles and
the nature of distribution according to these in-
dicators are main physical characteristics of clay
minerals [Bennett and Hulbert, 2012]. They de-
termine both the technological features of their
applications and the size of the active specific
surface in the adsorption process.

Figure 1 illustrates micrographs of the clay
particles of the MMT and PAL samples in polar-
ized light with crossed polaroids. In both cases,
the particles of the samples are characterized by
an evident optical anisotropy and a wide distribu-
tion of their shape and size parameters.

Figure 2 demonstrates the results of quantita-
tive analysis of the particles distribution for MMT
and PAL samples by equivalent diameter (D).

¢ x 100 pm

2
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In both cases, there is a qualitatively similar,
asymmetric distribution of particles by D , which
is well approximated by a lognormal curve with a
long right “shoulder”. A similar type of distribu-
tion is typical for particles of other minerals in the
process of their mechanical grinding [Basim and
Khalili, 2015].

Histograms of the distribution of clay parti-
cles in MMT and PAL samples according to the
shape factor (SF) are presented in Figure 3. This
characteristic is directly related to the effective
surface area of particles and their aggregates, and
therefore determines their adsorption properties.

For both analyzed samples, a similar asym-
metric nature of the distribution was observed,
which is shifted towards higher SF values. To ap-
proximate the experimental values, the beta dis-
tribution can be used, the domain of which coin-
cides with the range of SF values (0-1).

The largest number of particles belongs to the
SF interval 0.7-0.8, which indicates a rounded
shape of most of them. The number of particles
with pronounced anisometricity (SF <0.7) is sig-
nificantly higher for the PAL sample. This may
be related to the difference in the structural struc-
ture of montmorillonite and palygorskite, namely
their layered and fibrillar structural organization
at the individual nanoparticles level [Bennett and
Hulbert, 2012].

Table 2 list the generalized results of the sta-
tistical analysis of the particles distribution by
equivalent diameter and shape factor for MMT
and PAL samples.

As shown in Table 2, the PAL clay is charac-
terized by higher of the arithmetic mean (~7%)
and median values of the equivalent diameter
(D,) of the particles, as well as the coefficient of
variation of the distribution, in comparison with
the MMT sample. At the same time, the average

Table 2. General statistical indicators of the distribution of MMT and PAL clay particles by equivalent diameter

and shape factor

Stand. Conf. Conf. . Coef. var.,, )
Index Mean Error 95% +95% Median % Skewness | Kurtosis
Eq. diameter
(MMT), pm 5.23 0.14 4.96 5.51 3.93 81.6 2.22 7.74
Eq. diameter
(PAL), um 5.64 0.15 5.35 5.94 4.05 87.5 222 7.67
Shape factor (MMT) 0.73 0.01 0.72 0.74 0.75 22.6 -0.62 -0.10
Shape factor (PAL) 0.66 0.01 0.65 0.67 0.67 28.2 -0.25 -0.61
D¢ (MMT) = 932*2*Lognormal(Scale=1.3871; Shape=0.726)
D, (PAL) = 1086*2*Lognormal(Scale=1.4199; Shape=0.7839)
400
350
30%
300
|
250
5 200 5 I D, (MMT)
9 I De (PAL)
150 —|
100
50
2% 2%
0 =— 1% 0% 1% 1% 0%
2 4 6 8 10 12 14 16 18 20 22 24 26 28

Eq. Diameter, pm

Figure 2. Distribution of MMT and PAL
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values of the shape factor (SF) of the particles in
the PAL sample are noticeably smaller (~10%)
than those observed for the MMT clay.

Thus, with a qualitatively similar nature of
the distribution, the investigated clay samples dif-
fer in terms of the quantitative indicators of the
particles size and shape.

The effect of acid modification on the
porous structure of MMT and PAL clays

Figure 4a shows nitrogen adsorption/desorp-
tion isotherms for the original and acid activated
MMT sample. In both cases, type IV isotherms
are realized. This characterizes mesoporous ma-
terials with a hysteresis loop of the H3 type,
which is associated with the occurrence of pore
condensation [Evans et al., 1986]. The initial
part of the IV type isotherm can be attributed to
monolayer-multilayer adsorption. According to
the empirical IUPAC classification [Sing et al.,

1985], hysteresis of type H3 does not show any
marginal adsorption at high values of P/P  and is
observed for aggregates of layered particles with
slit-like pores.

As a result of acid modification, there is a sig-
nificant increase in the volume of adsorbed nitro-
gen in the entire investigated range of relative pres-
sure values and an increase around the hysteresis
loop. Correlation analysis of the initial part of the
isotherms in coordinates 1/(1 — W((PO/P) —1)) =
f(P/P0) in the range of relative adsorbate pressure
P/P0O = 0.2-0.4 (Figures 4 b, ¢) shows an almost
linear form of the dependences (determination co-
efficients R*=0.997 (MMT) and R>=0.999 (MMT
H")). This allowed using the standard multipoint
procedure of the BET method to calculate the main
characteristics of the samples (Table 3).

Acid modification increased the BET sur-
face area of montmorillonite pores by ~2.6 times
(from 83.61 to 216.43 m?/g). Such increase in
surface area demonstrates the effectiveness of

SF (MMT) = 932*0.1*Beta(Shape1=4.5345; Shape2=1.7)
SF (PAL) = 1086*0.1*Beta(Shape1=3.3958; Shape2=1.7221)

240
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40
20
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21%

16%
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0.5 0.6 0.7 0.8 0.9

Shape factor

Figure 3. Distribution of MMT and PAL clay particles by shape factor

Table 3. Effect of acid activation on characteristics (BET method) of the clay adsorbent

Clay adsorbent
Characteristic

MMT MMT H+ PAL PAL H+
Slope 43.164 16.309 25.342 14.796
Intercept -1.5150 -0.2180 -0.5830 -0.3530
C constant -27.491 -73.812 -42.468 -40.915
Weight of a monolayer 0.0240 0.0621 0.0404 0.0692
BET surface area, m?/g 83.61 216.43 140.66 241.13
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this modification method for the MMT sample
and is desirable for its further use as an adsorbent.
Qualitatively similar results were obtained during
acid modification of montmorillonites from other
deposits [Chaari et al., 2021; Zhu et al., 2018; Ak-
pomie and Dawodu, 2016].

The results of the adsorption/desorption study
of the original and acid-activated PAL sample are
shown in Figure 5a. As in the previous case, type
IV isotherms with a hysteresis loop of type H3 are
formed. Acid modification of the PAL sample leads
to an increase in the volume of adsorbed nitrogen
in the entire investigated range of relative pressure
values. Correlation analysis of the initial part of
the isotherms in coordinates 1/(1 — W((P/P) —1))
= f(P/P,) in the range of adsorbate relative pressure
P/P, = 0.2-0.4 (Fig. 5b, Fig. 5c) demonstrates an
almost linear form of the dependences.

The calculations in Table 3 show that the BET
surface area of the pores of the initial sample of
palygorskite clay is significantly higher com-
pared to montmorillonite clay (140.66 and 83.61
m?/g, respectively). The acid modification of the

PAL sample contributes to an increase in the BET
surface area by approximately 1.7 times (from
140.66 to 241.13 m?%g). With larger absolute val-
ues of the BET area, the effectiveness of acid treat-
ment of the palygorskite sample is lesser than in
the case of montmorillonite. This can be explained
both by the difference in their chemical composi-
tion and by the different structural organization of
nanoparticles of montmorillonite (layered type)
and palygorskite (fibrillar type).

In addition to surface area indicators, the anal-
ysis of adsorption/desorption processes using the
DFT method allows one to effectively estimate
the size distribution of pores and their volume
[Chen et al., 2020; Fu et al., 2021]. The graph of
the pores size distribution for the original MMT
sample (Figure 6) shows one evident local maxi-
mum that belongs to the group of macropores with
sizes of ~2 nm. The activation process increases
and extends this maximum in both directions.

The initial PAL sample (Figure 7) is also char-
acterized by a local maximum that corresponds
to a group of macropores with sizes of ~2 nm,
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Figure 4. N, adsorption/desorption isotherms of pure and acid activated MMT
(a) and linear fitting plots (b, ¢) of Multi-Point BET isotherm models
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as well as less pronounced maxima in the region  distribution is somewhat different from the previ-
of larger values (~5.5 and 6.5 nm). The effect of  ous case. There is a significant growth of the first
acid modification on the nature of the pore size = maximum, its expansion and displacement to the

1/(1-W((Po/P)-1)),1/g
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Figure 5. N, adsorption isotherms of pure and acid activated PAL (a) and
linear fitting plots (c, d) of multi-point BET isotherm models
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Figure 6. Pore size distributions in montmorillonite (DFT method)
before (MMT) and after (MMT H*) acid activation
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Figure 7. Pore size distributions in palygorskite (DFT method) before (PAL) and after (PAL H") acid activation

Table 4. Effect of acid activation on characteristics (DFT method) of the clay adsorbent

Clay adsorbent
Characteristic
MMT MMT H* PAL PAL H+
DFT surface area, m?g 77.148 176.320 119.413 210.199
Pore volume, cm?®/g 0.117 0.266 0.275 0.482
Half pore width (Mode), nm 1.984 1.897 0.737 2.376

region of 2-3 nm. The formation of a new, less
pronounced maximum corresponding to a group
of pores with sizes of ~3.5—4 nm is also observed.
Such a difference may be related to the peculiari-
ties of the structure of palygorskite and the pos-
sibility of additional pore formation in its interfi-
brillar region because of acid treatment.

Calculations of the characteristics of the in-
vestigated clay samples by the DFT method are
presented in Table 4.

They show that acid modification increases
the surface area and total pore volume for the
studied samples by ~2.3 (MMT) and 1.76 (PAL)
times. This is in good agreement with the results
of determining the surface area of adsorbents by
the BET method. It should be noted that because
of activation, the dimensional characteristics of
the pores of the MMT sample change slightly,
while for the PAL sample there is a sharp increase
in their average size (~ 3.2 times). As mentioned
above, this may be due to the additional forma-
tion of pores in the interfibrillar regions of the
PAL sample during its acid modification.

Thus, the research results demonstrate the
effectiveness of acid modification in terms of
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improving the characteristics of the porous struc-
ture of the samples. Nevertheless, there is a cer-
tain difference in the changes of such characteris-
tics for MMT and PAL samples, which can be due
to both the difference in chemical composition
and the peculiarities of their structural organiza-
tion at the level of individual nanoparticles.

The effect of acid modification on the
adsorption properties of MMT and PAL clays

The results of studying the effectiveness of
adsorption of modified and unmodified clays of
the montmorillonite and palygorskite type on the
adsorption of methylene blue (MB) dye, depend-
ing on the duration of the interaction, are shown
in Figure 8.

The sorption capacity of modified and un-
modified clays, depending on the duration of
the interaction and described by an almost linear
dependence, both for montmorillonite and for
palygorskite. Regardless of the contact time, both
for the initial and modified samples, the efficiency
of MB adsorption for MMT clays is significantly
higher than for PAL clays.
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The acid-activated clays have a higher sorp-
tion capacity to MB than the unmodified ones.
After 24 hours of contact of the clays with MB,
the degree of absorption is 32.5% for the MMT-
activated sample and almost 28% for the PAL-
activated sample, which is 8-14% higher than for
the unmodified samples.

The adsorption properties of clay are deter-
mined by the contact time with the adsorbate and
the amount of adsorbent. The results show that as
the time of interaction between the adsorbent and
the substance increases, the degree of MB absorp-
tion increases.

After 48 hours of contact of the clays with the
MB solution, the degree of absorption is 52.4%
for the MMT-activated sample and almost 40.3%
for the PAL-activated sample, which is 8-9%
higher than for the unmodified samples. Accord-
ingly, after 72 hours of contact, the degree of ab-
sorption is 68.6% for the MMT-activated sample
and almost 60% for the PAL-activated sample,
which is 6—10% higher than for the unmodified
clay samples. This may be explained by the im-
provement of the characteristics of the porous
structure of the samples, which occurred because
of acid activation.

Acid activation of clays significantly increas-
es their sorption capacity due to an increase in
the specific surface area of the sample, as well
as due to the phenomenon of chemo adsorption
on the cationic centers of clay minerals, as it was
shown in [Anbia and Hariri, 2010]. The increase
in the sorption capacity of samples during kinetic
studies can be explained by the phenomenon of
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multilayer sorption of MB by particles of clay
minerals. Similar results were observed by the
authors [Anirudhan and Ramachandran, 2015] in
the extraction of anionic dyes from aqueous solu-
tions with modified bentonite clays.

CONCLUSIONS

This study investigated the effect of acid
modification on the porous structure and adsorp-
tion properties of montmorillonite (MMT) and
palygorskite (PAL) clays of the Cherkasy de-
posit (Ukraine). Clay minerals, as adsorbents, are
widely available, have large specific surface area,
and the ability for cation exchange, which makes
applicable in wastewater treatment from heavy
metal ions.

Particles of the MMT and PAL samples are
characterized by a qualitatively similar asymmet-
ric type of distribution both in terms of size char-
acteristics and in the shape of the particles. At the
same time, the values of the equivalent diameter
are smaller by approximately 7% and the values
of the shape factor are larger by approximately
10% for the MMT than for the PAL sample.

BET surface area of the pores of the initial
sample of palygorskite clay is significantly higher
compared to montmorillonite clay (140.66 and
83.61 m%/g, respectively). Acid modification of the
PAL sample contributes to an increase in the BET
surface area by approximately 1.7 times (from
140.66 to 241.13 m?/g). Thus, with larger abso-
lute values of the BET area, the effectiveness of
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Figure 8. Adsorption efficiency of clays before (MMT, PAL) and after (MMT H* PAL H") acid activation

219



Journal of Ecological Engineering 2023, 24(5), 210-221

acid treatment of the palygorskite sample on this
indicator is lesser than that of montmorillonite.

It was found that acid activation improved the
porous structure of clay samples. Surface area and
total pore volume increase by approximately 2.3
(MMT) and 1.76 (PAL) times. At the same time,
the dimensional characteristics of the pores of the
MMT sample change slightly. Simultaneously,
for the PAL sample, there is a sharp increase in
the average pore size (approximately 3.2 times),
which may be associated with additional pore for-
mation in the interfibrillar regions.

The positive effect of acid activation on the
sorption capacity of the investigated clay types
according to methylene blue was established.
Sorption efficiency increases by 6-14% compared
to unmodified samples and is determined by the
contact time and the type of clay. Increasing the
contact time from 24 to 72 hours leads to an in-
crease in the sorption efficiency of activated MMT
and PAL samples by 36 and 30%, respectively.

Thus, clay minerals from the Cherkasy deposit
(Ukraine), in particular montmorillonite, after acid
activation can be used in the future as part of sorp-
tion elements to increase the efficiency of wastewa-
ter treatment technologies from heavy metal ions.
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