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The article is devoted to the synthesis of mineral-based magnetic nanocomposite sorbents and the
study of the influence of modification by magnetite and molybdenum disulfide on the structural-
sorption and surface properties of native saponite clay. Modification of native saponite clay with
nanoscale magnetite increases the specific surface area and changes pore’s distribution of the
original clay from monomodal to bimodal. Next modification of magnetic saponite by micro-sized
and nano-sized molybdenum disulfide results in blocking of the secondary porous structure
(bimodality disappears of magnetic saponite), but it is increasing the specific surface area. It was
found that the sorption activity of modified and unmodified saponite in the region of low
concentrations of cationic and anionic dyes (Methyl blue and Congo red) is almost the same.
The study of Congo red dye adsorption from highly concentrated solutions showed significant
differences in the sorption activities of modified and unmodified saponite samples: the largest
sorption capacity characteristic of ternary composites (saponite modified by magnetite and by nano-
sized molybdenum disulfide). These ternary composites had in 62 times more activity than native
saponite clay and 10 times more than magnetic saponite. It is established that all the samples are
characterized by basic properties, but the sample of native saponite modified by magnetite and nano-
sized molybdenum disulfide has the largest number of active centers (both acidic and basic
character). Thus, it is shown that the modification of the native saponite clay significantly affects not
only the texture-sorption but also the surface properties of the native saponite clay.

Keywords: saponite, magnetic mineral sorbents, nanocomposites, acid-base properties, sorption,
dyes.

Introduction

Smectites are one of the largest and most important classes of the phyllosilicate clay-mineral group.
The smectite group includes Montmorillonite Sodium, Montmorillonite Calcium, Bedellite and
Vermiculite, and elongated smectites involve Neutronite, Saponite and Hectorite. The basic structural
unit of smectite clay is a layer consisting of two mid-tetrahedral layers with a central octahedral layer
of aluminum oxide. The general molecular formula of the smectite group is
(Ca,Na,H)(Al,Mg,Fe,Zn)>(S1,A1)4010(OH)2.xH2O. One characteristic of smectite clays is the
replacement in the octagonal and tetrahedral layers. In the octahedral layers, Aluminum is changed
by Magnesium and Ferrum; in the tetrahedral layers, Silicium is replaced by Aluminum. If the
octahedral positions are mainly filled with Aluminum, then such smectite mineral is Bedelite; if this
places are pledged with Magnesium, then such mineral is Saponite (Fig. 1); if spots are occupied by
Ferrum it is Nontronite; and finally if the clay mineral is filled with Lithium, then it is Hectorite
(Polyakov 2012 and Murray 2007).

Saponite is a natural sorbent that has high adsorption, ion exchange, catalytic and filtration properties.
Saponite has a high cation exchange capacity and high selective activity for many inorganic
(Mykhailenko 2015, Macblek 2000, Liansheng 2018 and Saeedeh 2014) and organic substances
(Polyakov 2012, Liansheng 2018, Dontsova 2018 and Makarchuk 2017). For the first time in the
world, industrial deposits of saponite clay were discovered in Ukraine, in the northern part of the
Khmelnytskyi region (Tashkiv deposit). It is also the most well-known, studied and promising
industrial saponite deposit in the world. Thus, the development of various commercial products
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(Kumaresan 2019 and Chanturiya 2018) based on saponite, including sorption materials, is an actual
problem.

Fig. 1. Spatial structural formula of saponite: © — oxygen, ®— OH-groups, ® — Mg, » —Si, “— AL

Recently, the creation of magnetic composite sorbents based on clay minerals have become most
popular (Mykhailenko 2015). The advantage of magnetic adsorbents is that their removal can be
easily realized with a magnetic field. Adsorbents with magnetic properties have already been
successfully used for the purification of various wastewaters, the collection of oil from the reservoirs
surface and in medicine (Macblek 2000, Liansheng 2018, Sacedeh 2014 and Fatemeh 2018). Their
advantages include fast recovery, low cost and high mechanical strength. The next improve the
sorption properties of mineral-based magnetic sorbents, we propose further modification by the third
phase, for example, by photocatalytic particles of transition metal chalcogenides (Dontsova 2018). In
addition to varying the sorption properties, modification allows to change the structure of the clay
mineral, which leads to an increase in the material porosity, specific surface area, the number of active
centers, etc., and, as a result, to improve of its sorption properties.

The purpose of this work is the synthesis of ternary magnetic nanocomposite sorbents based on
saponite clay by modification of micro-sized and nano-sized molybdenum sulfide; their
characterization and study of sorption properties.

Experimental

The saponite of the Tashkiv field, Khmelnitsky region was used as a clay mineral. FeCl3-6H>O and
FeSO4-7H20 reagents were used for nanoscale magnetite synthesis. Synthesis of the magnetic fluid
and magnetic saponite sorbent was performed according to (Makarchuk 2017). Additional
modification was performed by micro-size and nano-saze molybdenum (IV) sulfide (MoS>). For this
purpose, freshly prepared non-dried SapFe;O4 and the corresponding molybdenum sulfide were
introduced into the distilled water and stirred vigorously for 30 minute. Then the suspension was
filtered and the obtained precipitate was dried for 24 hours at 80 °C. Thus, the four sorption materials
were obtained: native saponite (Sap), magnetic saponite sorbent (SapFe3O4), modified magnetic
saponite sorbent by micro-sized MoS: (SapFe3;O4m) and modified magnetic saponite sorbent by nano-
sized MoS; (SapFe3O4n) (Table 1).
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Table 1. Composition of composite sorbents based on saponite clay

Sample Phase composition Mass content, %o wt.
Sap Saponite clay 100
Saponite clay 93
SapFesOs Fe;04 7
Saponite clay 92
SapFe;O4m Fe;04 7
MoS; (micro-size) 1
Saponite clay 92
SapFezO4n Fes04
MoS> (nano-size) 1

Nanocomposite mineral-magnetic sorbents were characterised by scanning electron microscopy
(SEM-106I, Ukraine) and by the method of low-temperature adsorption-desorption of nitrogen
(Quantachrome Autosorb Nova 2200e, USA).

Studies of sorption properties were carried out on model dye solutions: Methyl blue (MB) and Congo
red (CR). The concentration of the dyes was determined by spectrophotometric method (721 UV/VIS
Spectrophotometer, China) (Hashem 2012).

The adsorption of organic dyes from aqueous systems were calculated according to equation:

_x
a—m;mg/g;

where a — adsorption x mg of dye per 1 g of sorbent, mg/g;
x — the amount of adsorbed dye from 100 cm® solution, mg:

(Cy—Cp) - 100
= 1000 "9

where Cy — initial dye concentration in the model solution;

C: — residual dye concentration, mg/dm®.

To compare the adsorption properties of the composite sorbents, the degree of removal (Re, %) of the
pollutant was calculated:

Re = M- 100.

Co
SEM characterization of obtained sorbents
SEM images of Sap, SapFe3;04, SapFe3O4m, SapFe;Osn are presented in Figure 2. As can be seen
from Figure 2, on the surface of the SapFe30a4, SapFe;Osm, SapFe3O4n samples, there are additional
white dots compared to SEM image of saponite. This is due to the presence of surface modifiers. The
chemical analysis of the surface by scanning microscopy showed a relative increase in ferrum content
in SapFe304 sample compared to saponite, and in the samples SapFe3;Osm and SapFe3Osn the
molybdenum and sulfur are appear (Table 2). Therefore, the point chemical analysis confirms the
deposition of magnetic fluid and MoS, modifiers on the surface of saponite clay.
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Fig. 2. SEM images of the surface Sap (a), SapFe3O4 (b), SapFe3O4m (c) SapFezO4n (d).

Table 2. Point chemical analysis of the surface of the samples by scanning microscopy

Sap SapFe30y SapFe;Oym | SapFe;Oun
Element
Mass content,% wit.
Mg 5.4 0.4 - -
Al 4.9 0.7 - -
Si 24.6 2.5 1.55 1.31
Ca 20.8 2.1 0.9 0.78
Fe 41.3 91.2 34 4.1
Mo - - 54.8 53.1
S - - 39.1 38.9

Structural adsorption characteristics of the sorbents

The specific surface area of all samples was determined by the Brunauer-Emmett-Teller equation,
and the porosity was investigated by the Barrett-Joyner-Holland method (Thommes 2015).

Figure 3 shows nitrogen isothermal adsorption-desorption for saponite clay and modified composite
sorbents. As can be seen from Figure 3, all the presented isotherms according to the TUPAC
classification are of type IV, which is characteristic of mesoporous materials. All samples under study
are characterized by an average pore size in the range of 4 nm It can also be argued that modification
of saponite by magnetite and molybdenum disulfide has a significant effect on the adsorption and
textural characteristics of the composites. Thus, the transition from the native saponite to modified
nanocomposite sorbents changes the loop of capillary-condensation hysteresis from H3 through the
hybrid type H1+H3 to H1. The transition to a hybrid type of hysteresis loop for magnetic composite
sorbent is due to the deposition and partial blocking of cylindrical pores by Fe3O4 particles.

Table 3 summarizes the porous structure characteristics of all the samples. As can be seen from the
data, the increase of the specific surface area by BET from 35 m?/g to 53 m?/g during the transition
from the native saponite (4.3 nm) to the magnetic composite SapFe;Oy4 is caused by the formation of
a secondary structure, what is confirmed by the bimodality (4.3 nm and 12.5 nm). Further growth
with the growth of the specific surface area for SapFe3;Osm and SapFe3O4n associated with the
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formation of a secondary structure of molybdenum sulfide on the SapFe;O4 surface. As expected, the
surface area of the ternary composite modified with nano-sized MoS; is the largest.
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Fig. 3. Isotherms of adsorption-desorption of nitrogen on Sap (a), SapFesOs (b),
SapFe;0sm (¢) and SapFe3O4n (d).

Table 3. Characterization of the porous structure of saponite-based samples

Characteristic Sap | SapFe3O4 | SapFe;Osm | SapFe;O4n
Specific surface S, m?/g 35 53 57 61
Mesopore volume Viotal, sm*/g 0,12 0,12 0,11 0,08
The prevailing pore diameter d, nm 4.3 4,3;12,5 3,6 4,1

Sorption properties of magnetic nanocomposites and saponite clay

Sorption properties of sorbents were studied with CR and MB model solutions (initial concentration
of dyes is 100 mg/dm?). The pH of all model dye solutions was in the range of 7.

The kinetic of CR removal from model solutions by all sorbents are shown in Figure 4. The obtained
dependences evidence that the removal of dyes from water solutions by composite sorbents is better
than native saponite clay, the degree of CR removal is for Sap — 47 %, SapFe304 — 95 %, SapFe3O4m
—96 %, SapFe3;04n — 98 %.

The sorption properties of the composite sorbents (SapFe3Os4, SapFe;Osm, SapFe3O4n) and the native
saponite clay (Sap) were analyzed by form the adsorption isotherms of Congo red and Methyl blue
from model solutions. The adsorption isotherms were plot at low and high dyes concentations.

At low dye concentrations SapFe3Osn and Sap had shown the best sorption capacity (Fig. 5).
SapFe;Osm and SapFe;O4 had slightly lower rates. The obtained sorption capacities of all sorbents
do not differ much, that is, these sorbents are equally effective at removing dyes at low concentrations.
Thus, the dye sorption capacity in low range of concentrations was in according to the following
order: SapFe3;Osn > Sap > SapFe3Osm > SapFe;0s4.
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Fig. 4. The dependence of CR residual concentration on the adsorption process duration.
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Fig. 5. The adsorption isotherms of dyes: Congo red (a) and Methyl blue (b) (dyes concentrations 1-
10 mg/dm?).

Figure 6 shows that significantly higher sorption activity at removing dyes from model highly
concentrated aqueous solutions is exhibited by composite sorbents compared to using the native
saponite clay.
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Fig. 6. The adsorption isotherm of Congo red (dye concentrations of 10-4000 mg/dm?).
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Modification of saponite clay with magnetite increases its sorption capacity from 30 mg/g to 180
mg/g, ie, there is a 6-fold improvement in characteristics. Next modification of SapFe3O4 by micro-
size molybdenum disulfide increases the sorption capacity up to 540 mg/g, what is 3 times higher
than for SapFe;O4, and modification of magnetic saponite by nano-size molybdenum disulfide
increases the sorption capacity (1870 mg/g) in 10 times comparing to it.

The increase in the sorption capacity of SapFe;Osn towards dyes cannot be explained only by changes
in texture characteristics. In our view, such a significant increase in sorption capacity may be due
either to the appearance of additional surface active centers on the surface of the magnetic composite
material or to the emergence of the photocatalytic activity of molybdenum disulfide in the magnetic
nanocomposite SapFe3;Osn. In this regard, additional studies were conducted on the acid-base
properties of the sorption nanocomposite samples under study.

Acid-basic properties of sorbents

The acid-base properties of all sorbents were investigated according to (Dontsova 2018).

Figure 7 illustrates changes in the pH of the sorbent suspension in bidistilled water for Sap, SapFe3O4,
SapFe3O4m 1 SapFe3Osn over time. The value of isoionic point (pHiip) for Sap, SapFe3Oa4, SapFe;O4sm
and SapFe3Osn s 9.3, 8.4, 7.7 and 9.1, respectively. These values indicate the base properties of the
surface for all samples. The saponite is characterized by the highest basicity and the SapFe;O4m has
the smallest basic properties.

A more detailed study of the acid-base properties of the sorbent samples was carried out by adsorption
of the Hammett indicators in the aqueous medium. For this purpose the Hammett indicators used: o-
Nitroaniline (pK=—0.29), Fuchsine (pK=2.1), Bromophenol Blue (pK=3.9), Methyl Red (pK=5.25),
Bromothymol Blue (pK=6.8), Phenol Red (pK=7.6), Thymol Blue (pK=8.8), Indigo Carmine
(pK=12.8). Figure 8 presents the distribution curves of the adsorption centers of the Hammett
indicators on the surface Sap, SapFe3;04, SapFe3O4m and SapFe3;Osn. Analysis of the obtained data
on the distribution of adsorption centers on the saponite surface indicates the predominance of
Brensted base sites (pK=8.8, pK=12.8) and Lewis acid sites
(pK=-0.29), as well as a small number of Bronsted acid sites (pK=2.1, pK=5.25). Surface
modification saponite by magnetite leads to reduction of Bronsted base sites (pK=8.8) and increase
Bronsted acid sites (pK=5.25), which explains the decrease pHiip, and a higher adsorption affinity for
anionic dyes compared to saponite. Number of Lewis basic sites (pK=-0.29) compared to the
saponite in SapFe3O4 increases.
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Fig. 7. Changing the pH of aqueous suspensions for Sap, SapFe3Os, SapFe;O4m i SapFe;O4n over
time.
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Next modification of the magnetic sorbent SapFe3O4 by micro-sized molybdenum disulfide increases
the number of Brensted base sites on its surface (pK=8.8, pK=12.8), but comparing its with
SapFe;O4n number of centers is decreases. Number of Lewis basic sites (pK= —0.29) compared to
saponite in SapFe3Oy4 is increasing, but less than SapFe;Oq4n.

Next modification of the SapFe;O4 samples by nano-sized MoS; increases the number of Breonsted
basic sites on its surface (pK=8.8, pK=12.8) compared with SapFe3;0a, but it is still smaller than the
saponite. In addition, re-modification by graphene-like particles MoS, leads to an even greater
increase in Lewis acid sites (pK=—0.29).
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2
e 1,04
o)
0,5
0,0 1
T T T T T T T 1
2 0 2 4 6 8 10 12 14

Fig. 8. Distribution of active adsorption sites on the surface of the studied sorbent samples

Thus, in our opinion, it is precisely with the increase of the content of the Lewis basic sites from Sap
to SapFe;04, SapFe3O4m and SapFe3O4n that we can associate the increase of the adsorption capacity
towards the cationic dye. The increase in sorption activity in relation to the Congo red is due both to
the increase in the Bronsted acid sites and, in the case of the ternary nanocomposites SapFe3;O4m and
SapFe;O4n presence the photocatalytic activity of molybdenum disulfide in it.

Conclusions

Modification of the native saponite sorbent by magnetite allows not only to give it magnetic
properties, but also to significantly improve the structural-adsorption characteristics (increase of the
specific surface area from 35 to 53 m?/g). Next modification of the micro-sized and nano-sized of
MoS: contributes to a further increase of the specific surface area up to 57 and 61 m*/g, respectively.
The porosity of the native clay changes from monomodal to bimodal pore distribution, which
indicates the development of additional porous structure on macropores of saponite as a result of
adsorption of nanoscale magnetite.

Studies of sorption properties in the range of low dyes concentrations have shown that all sorbents
have approximately the same sorption capacity. Further increase in the concentrations revealed a
significant increase in the sorption capacity for the modified sorbents, namely: for SapFe;O4 the
sorption capacity was 180 mg/g; for modified of micro-sized molybdenum disulfide was 540 mg/g.
The sorption capacity of nano-sized molybdenum disulfide modified was 1870 mg/g, which exceeds
the values of native clay 3.4 times, SapFe3O4 10 times and SapFe3O4m 62 times.

Defined acid-base properties indicate the basic character of all sorbents. The modification
significantly affects not only the textural but also the surface properties of the native saponite clay:
the modification significantly increases the number of active sites compared to the unmodified
saponite.
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MATHITHI HAHOKOMITIO3UTHI COPBEHTH HA MIHEPAJIbHIA OCHOBI

T. A. lonnosa*, O. 1. SIlnymeBcbka
HTVYY «KuiBcbkuii nonitexuiunuii iHctutyT im. 1. Cikopcbkoroy», Kuis, Ykpaina
*e-mail: dontsova@ua.fm

Cmamms npucesivuena cunmesy MASHEMUMEMICHUX HAHOKOMHO3UMHUX COpOeHmi8 Ha OCHOGI
Ccanonimy ma 6UUEeHHIO 6NAUBY MOOUQIKYBAHHA MASHEMuUmom ma Oucyivb@ioom monivoeHy ua
CMPYKMYPHO-COPOYIHI ~ ma  NOBepxXHesi  6AACMUBOCMI  HAMUBHOI  CANOHIMOBOI  2IUHU.
Mooughikysanus HamueHoi canoHimogoi eiuHu HAHOPOIMIPHUM MASHEMUMOM 30i1bULYE NUMOMY
NIOWY NOBEPXHI Ma 3MIHIOE PO3NOOLNT NOP BUXIOHOI 2IUHU 8i0 OOHOMOOAILHO20 00 OIMOOAILHOZO.
Hacmynue moougixysanus macHemumemicH020 CAnoHimy 3a 00NOMO20i0 OUCYIbDioy MoniboeHy
MIKPO-pO3MIpY ma HAHOPO3MIPY NPU3800UmMs 00 OIOKYBAHHS 1i020 MOPUHHOT NOPUCNOL CIMPYKMYPU
(BHUKAE OIMOOANLHICMb MACHEMUMBMICHO20 CANOHIMY), ale 30LIbUYEMbCI NUMoOMA RNI0UWA
nosepxui komnozumy. byno ecmanoeneno, wo copoyiina axmuenicms MoOughikosano2o ma
HeMOoOUpIKo8aH020 canoHimy 6 061acmi HU3bKUX KOHYEHMpayil KamioHHUX Ma AHIOHHUX OAPEHUKIE
(Memuno8ull CUHIll ma KOH20-4ep8OHULL) Matidce 00HAK08d. Busuenns adcopoyii KoHeo uep8oHo2o i3
11020 BUCOKOKOHYEHMPOBAHUX PO3YUHIE NOKA3ALO0 3HAYHI BIOMIHHOCMI 8 COPOYIUHIU AKMUBHOCMI
MOOUGiKosanux ma HemMoOUpiKosanux 3paskie canoHimy: HaAUOiIbWa CcoOpoOYIUHA EMHICMD
xapakmepHa Ol NOMPIUHUX KOMNO3umié (canoHim, MOOUQIKOBAHUU MAcHemumom ma
HAHOPO3MIPHUM OUCYTb@IOOM MONiO0eny). Lleti nompitinuii KomMno3um maé akmusnicms y 62 pasu
Oinvwe, Hidic HamusHul canonim i 10 pazis dinvuie, HidC MacHeMUMEMICHUL canoHim. Bcmanoeaneno,
Wo 6CI 3pazKu XapaKmepusyomvcs OCHOBHUMU 8AACMUBOCMAMU, Ale 3PA30K HAMUBHO20 CANOHINMY,
MOOUDIKOBAHULL MACHEMUMOM MA HAHOPOIMIPHUM OUCYIbPIOOM MORIOOeHy, Mae HAUbIIbuLy
KIIbKICMb aKMUBHUX YeHmpis (K KUCIOMHO20, MAK I OCHO8HO20 Xxapaxmepy). Taxum uunom,
HOKA3aHO, WO MOOUMDIKYBAHH HAMUBHOI CANOHIMOBOI 2IUHU CYMMEBO BNAUBAE He MINbKU HA il
CMPYKMYPHO-COPOYILiHI, ane Ul Ha NOBEPXHEBI 81ACMUBOCHIL.

Knrwouoei cnosa: canonim, macHemumemicHi MIHEPAIbHI cOpOenmu, HAHOKOMNO3UMU, KUCIOMHO-
OCHOBHI 81acmusocmi, copoyis, 6apeHUKU.

MATHUTHBIE HAHOKOMITIO3UTHBIE COPBEHTHI HA MUHEPAJILHOM OCHOBE

T. A. lonnosa*, E. U. SInymeBckas
HTVY «Kuepckuil nonurexuudeckuii ”HCTUTyT uMenu Mrops Cukxopckoro», Kues, Ykpanna
*e-mail: dontsova@ua.fm

Cmamusi nocésujena cunmesy HAHOKOMNO3UMHLIX COPOEHMO8 HA OCHOBE CANOHUMA U U3YYEHUIO
BIUAHUSL MOOUPUKAYUU MASHEMUMOM U  OUCYIbHUOOM MOAUOOEHA HA CEOUCMEA NPUPOOHOU
canonumosou enunsl. Ilokazano, umo MoOupuKkayus CanoHuma yeeauuusaem ee YOeibHylo
NOBEPXHOCb U USMEHSIem NOPUCTYIO CIPYKMYP).

Kniouesvie cnosa: canonum, macnemumcooepicaujue MUHepaibHble cOpOeHnmbl, HAHOKOMRO3UMb,
KUCTIOMHO-OCHOBHbIE COUCMBA, COpOYUs, KPACUMEU.
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