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The physicochemical parameters of the process of sorption water purification from compounds of Nickel
with clay sorbent in static conditions are studied. The absorption isotherm of ions of this metal from concentrated
aqueous solutions on samples of bentonite using ultrahigh-frequency irradiation (microwave) is analyzed. Most
correctly, it is described by the linear equation of Langmuir. It is shown that irradiation of this sorbent by
microwaves in the process of nickel ion sorting almost 2 times increases the value of the margina sorption
capacity for this metal (in comparison with the method of "stimulaion" - preliminary washing of bentonite with
pure water under the action of microwaves). The results of the study of spent bentonite by scanning eectron
microscopy, energy dispersion and X-ray diffraction anadysis indicate that the metal under action of the
microwave is deposited on the surface of the bentonite not only in the form of an adsorbed monolayer of ions, but
also in the form of a separate crystalline phase, nickel slicate. Changes in the acidity of the medium during
sorption purification under the action of microwave are observed: from pH = 5.7 ... 6.5 (before exposure) to pH ~
6.7 ... 7.1 (after irradiation). Confirmed assumption about that under the action of microwaves in the agueous
medium there is a partia destruction of the silicate framework of clay sorbents with the release of silicon ions
S0, These ions undergo hydrolysis, as a result of which the pH of the solution increases. Also, the direct
discontinuity of the Si-O bonds in the near-surface groups =S-OH is not excluded, which leadsto anincrease in

the number of "free" hydroxyl groups.
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I ntr oduction

The problem of sewage and natural water treatment
has been and remains rdevant. In this regard, sorption is
one of the main methods of water purification from
pollutants. An important problem of such a method is the
search for cheap, but high-performance sorbents.

Significant amounts of energy and reagents for pre-
purification, activation and regeneration of synthetic
sorbents increase the cost of water purification. In view
of this, the use of clay natural materials with high
sorption characteristics is a promising scientific and
practica direction [1].

Among other natura sorbents, bentonite clay is used
in sorption purification processes for a long time - both
for industrial and domestic purposes[2].

The general physical and chemical characteristics of
bentonite clays have a high specific surface area and high
dispersion, which results in good adsorption
performance. The general formula of these minerals can
be represented as
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[X(A1205)*y(S O2)]* z(OH)* m(H20)* n(MeOy),
where MeOy - metal oxides (iron, akaline and akaline
earth metals, etc.). By chemical nature and phase
composition  bentonites ae  compositions  of
auminosilicate minerals.  montmorillonite, chlorite,
hydromicans, etc.

In order to enhance the valuable properties of
bentonites are subject to activation or modification,
which uses a variety of physica and chemical
procedures. As a rule, it is calcination, chemical
activation with soda, acids, organic reagents, etc. [3].

In recent decades, the promising direction of
increasing the efficiency of the process of sorption water
purification is the wuse of ultrahigh-frequency
electromagnetic radiation (UHF EMR, or "microwave")
[4, 5]. However, the effect of microwave EMR on the
sorption properties of precisdy clay materials was
studied very little.

Among heavy metals, pollutants of wastewater,
Nickel occupies a special place. He is involved in the
process of hematopoiesis and is a member of the red
blood cdls. In addition, itsrole in the oxidative-reducing
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processes of the body isimportant.

At the same time, Nickd is a dangerous component
of natura water. In river contaminated and poorly
contaminated waters, the concentration of Nickel varies
normally from 0.8 to 10 pg/dm®, in heavily contaminated
it is several tens of microgramsin 1 dm®.

Many scientific and technica developments of
speciadlists and researchers in the fidd of water
purification are now focused on finding and improving
the most effective methods of water purification from
excess heavy metal ions, including Nickel.

The presented work is a continuation of a series of
previous studies of authors, which studied the change in
the sorption parameters of bentonite under the influence
of microwave EMR [6 - 8]. Among other water
pollutants, the object of the study also acted Nickel
compounds. In particular, in the previous series of works,
the authors investigated the effect of microwaves on the
sorption of Nickel ions by bentonite from dilute agueous
solutions [9].

The purpose of this work was to continue the study
of the parameters of sorption of Nickd ions from water
systems on bentonite using microwave EMR, but now
from more concentrated solutions and the modified
technique.

I. Methodology for conducting research

In the present series of experiments, model solutions
of Nickel sdlts, similar in size to the actual waste water
of industrial enterprises of the metallurgical sector, were
used. In addition, the sorbent treatment procedure was
changed by microwaves, and the sorbent itsdf was
investigated by X-ray diffraction (XRD), scanning
electron microscopy (SEM) and energy-dispersion
andysis (EDA) methods before and after contact with
solutions.

For the production of a model solution of Ni?* salt
("models’), Nicke (11) chloride hexahydrate was used,
dried at 90 °C for 2 hours. From this model solution a
series of working solutions in the range of concentrations
of Ni%" ions from 720 to 140 mg/dm® was obtained by
stepwise dilution of it in 1,3 times. Such a distribution of
concentrations is selected in order to have its lower
values partially overlap with higher values of
concentrations of working solutionsin the previous series
of studies [9]. This made it possible to compare the
results obtained with the front series now and to deduce
certain patterns.

The basic sorption parameters of bentonite
(maximum sorption capacity and the constant of sorption
equilibrium), as in the previous series, were studied
under static conditions. The study was subjected to both
a native sample (without irradiation of the microwave
EMD) and activated by a new, modified method: the
working solution was irradiated by microwaves directly
during the sorption process.

In particular, the samples of the "Nat" series were
studied as follows: the native ("commercial") bentonite
weights of 1.0 g were placed in 250 ml glass bottles and
poured 100 ml of the working solutions of Nickel (1)
chloride. After several stirring (at intervals of about 1
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hour) and maintaining the suspensions obtained (about
12 hours), the purified working solutions were gently
drained and their residues removed from the sorbent
using a vacuum pump. The solutions were filtered and
small amounts of nitric acid were added to them until pH
= 2 was obtained to stabilize Ni?* ions. Preparation and
sorption purification of the working mixtures was carried
out at room temperature, and the spent bentonite after
pouring the solutions was placed together with the flask
in the oven at 90 °C.

In a series of specimens "DIR" (Direct Irradiation),
the native sorbent was not washed with water, as in
previous work [9], but immediately filled with a working
solution of Nickd (1) chloride. The flask was shaken
and placed with the suspension in a microwave oven. In
it there was a "direct irradiation" of the working
suspension for 300 seconds (with intermittent mixing).
After codling, as in the "Nat" series, the working
solutions were carefully drained off, the residues were
removed from the sorbent by means of a vacuum pump,
filtered and added acid. The spent bentonite was placed
together with the flask in adrying oven at 90 ° C.

Preparation and sorption purification of "Nat"
working solutions were carried out at room temperature.
At the same time, sorption purification of solutions of the
series "DIR" occurred at higher temperatures due to
heating the solution in microwaves.

A detailed study of the dependence of the sorption
parameters of bentonite on the temperature of the
working solution under the conditions of the "DIR" series
is difficult, since the heating of the working suspension
of microwaves occurs very quickly and unevenly. In
particular, after 300 seconds of irradiation, one
suspension was heated to a boil, while the other - to a hot
but not boiling state.

The same applies to the study of the dependence of
the sorption parameters of bentonite on the acidity of the
medium. As aready mentioned above, the working
solutions were obtained from the model by multiple
dilutions with distilled water. At the same time, the
acidity of the solutions changed significantly: from pH =
5.7 (concentrated "model") to pH = 6.5 (diluted working
solution).

A detailed study of these issues - dependences of
sorption parameters of bentonite "direct irradiation” on
the power of microwaves, the time of irradiation, the
frequency and ways of mixing the suspension,
temperature and acidity of the environment, etc. - the
authors plan to devote a separate series of studies.

As in previous works [6,9], as a source of
microwave eectromagnetic waves, an author-made
generator was used, executed on a magnetron of the
model M-10; the radiation range - 2.45 GHz; output
power - 790 Waits.

The equilibrium concentrations of Ni?* ionsin model
and working solutions were determined by the atomic
absorption method on the C-115.M-1 spectrometer [10].
For the implementation of intra-laboratory control,
individual samples of working solutions were studied on
the content of Nickel ions by eectricphotocol orymeter
KFK-2 (reaction with dimethylglyoxime [11]).

All stages of the preparation of sorbent, the
manufacture of model and working solutions, as well as
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the process of their sorption purification, were carried out
in eco-safety laboratory Lviv State University of Life
Safety. Here also carried out photometric work. Atomic
absorption studies of solutions before and after sorption
were performed at the laboratory of indudtrial toxicology
of the Danylo Halytsky Lviv National Medica
University.

For the construction of isotherms of adsorption, their
graphical and analytical processing, calculations of
sorption parameters, etc.,, the classicd methods of
Langmuir (formulas 1 and 2), Freindlich, Dubinin-
Radushkevich and others are used [12]. The models that
most accurately describe each isothem are selected
according to the numerical values of the criteria for
statistical estimation.

q, = C0 - CeV

m D
& = 1 +ice
qe q¥ K q¥

),
where g is the equilibrium sorption capacity, mmol/g; ¢,
- limiting sorption capacitance (monolayer), mmol/g; Co
and C, - concentration of ions of Nickel before and after
sorption, mmol/dm®, m - mass of bentonite, g; V -
volume of solution, dm® K is the constant of sorption
equilibrium.

Investigation of the microstructure of bentonite
samples was carried out on the basis of a raster
microscope of eectronic microandyser REMMA-102-
02. Scanning of the surface of the samples was carried
out using an electron beam with a diameter of several
nanometers and an electron energy of 0.2 - 40 kV. The
range of the change in the multiplicity of the increase
was 10 — 20.000; the resolution was about 5.0 nm.

The main images obtained from an eectron
microscope were images of eagtically reflected (back-
scattered, BSE) and secondary (SE) electrons. Two types
of BSE - topologica (TOPO) and compositional
(COMPO) - have been applied. In TOPO mode, the relief
of the investigated surface was observed, in COMPO -
phase contrast, where each phase of the sample has a
brightness of light proportional to its averaged atomic
number.

At the same microscope samples of bentonite were
investigated on the elemental composition. As is well-
known [13], with the help of an electron beam, a
spectrum of characterigtic radiation is obtained, whose
lines are detected by the presence of chemical elements
(high-quality EDA). Comparison of the intensities of the
corresponding lines for the sample and for the standard
allows for quantitative EDA. The range of the analyzed
eements — from number 5 (boron) to number 92
(uranium). The probes in the microanaysis were 1 to
2 nA, the accelerating voltage was 20 kV.

The XRD bentonite samples obtained after sorption
of Nickd in both variants were carried out by the powder
method by the values of the reflection angles of the
diffractogram (26, degrees), the interplanar distances (d,
A), and the reative intensities (l,¢) of the diffraction
peaks (hkl), using the standard interplanar tables
distances of minerals. For the correlation of the areas of
the corresponding peaks of hkl to their total area, the
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quantitative content of the main phases in the sample (%
at.) iscalculated [14].

The diffractogram was recorded on a DRON-3
(copper-filtered radiation) diffractometer, in the 6/20
scan mode, at arate of 1 deg/min.

1. Results and discussion

In fig. 1 shows a graph of the dependence of
adsorption of Nickd ions on their equilibrium
concentration, obtained in the present series (dark
markers). Near (light markers), a part of the results of the
previous series of works [9] is depicted, where more
dilute solutions and other sorbent activation procedure
were used.

Comparing these two graphs, you can note the
following. In the previous series, bentonite was used,
preliminary washed with pure water under the action of
the miccowave EMB (so-called "stimulated"). In this
case, the isotherm adsorption is faster than saturation, but
the value of the maximum sorption capacity of such a
sorbent islower than in the new series.
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Fig. 1. Dependence of adsorption of Nickel ions on
their equilibrium concentration on "stimulated”
bentonite [9] and after "direct irradiation”.
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Fig. 2. Linearization of adsorption graph of Nickel
ions on bentonite "direct irradiation" by model
Langmuir.
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Fig. 3. Microphotos of the bentonite surface
a - native; b - "direct irradiation" in a solution of
Nicke salt.
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Fig. 4. The spectrum of qualitative EDA of "dark"
part of microphotographs of a sample of bentonite
from a series of "direct irradiation”.

To confirm this fact, the calculations of the "direct
exposure” bentonite sorption parameters were performed
on several well-known modes [12]. The clearest
dependence was shown by the processing of the current
adsorption curve obtained by the classical linear equation
Langmuir (formulas 1 and 2, fig. 2).

The value of the limiting sorption capacitance for
Nickel bentonite "direct irradiation” obtained from these
calculations is ge = 26.9 mg/g (0.49 mmol/g), which is
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amost twice as much as in the case of "stimulated”
bentonite[9].

Such a difference could be explained by an increase
in the number and size of the micropores on the bentonite
surface after irradiation by microwaves in the aqueous
medium. However, the same procedures were used in the
series of "stimulated" bentonite. Obvioudly, the key to
changing the sorption parameters of this material in the
case of "direct irradiation" is precisely the presence of
metal ions in the process of action of microwaves on the
aluminosilicate surface.

To solve thisissue, anumber of additional studieson
native and worked out samples of bentonite were carried
out using the methods of SEM, EDA and XRD.

Among the significant number of articles obtained
by the authors of the microphotographs bentonite of
different degrees of processing, the greatest interest was
caused by the image of bentonite samples of a series of
"direct irradiation”. They can be seen in separate white
microcrystals of light color, which were not in the
mi crophotographs of native bentonite.

In fig. 3 microphotographs of these samples of
bentonite are presented: a) - without activation (series
"Nat"); b) - after activation by "direct irradiation" of the
sorbent in a solution of Nickd salts (series "DIR"). The
magnification of the image and the scale ruler are shown
bel ow the microphotos.

When shooting in the COMPO mode, these
microcrystals looked more "light" (the presence of heavy
elements - for example, Nickel) on the genera "dark"
background of the aluminosilicate phase (light elements).

On the basis of this fact, we suggested that the
sorption exclusion of Nickd from agueous solutions
under the action of the microwave occurs not only by the
classical adsorption mechanisms (deposition of the
surface monolayer ions), but also by the formation of
microcrystals of a single Ni-containing phase or of an
individual chemical compound of Nickd.

The EDA gpectra obtained on the same
microanalyzer showed that the main part of the materia
of the "DIR" series samples is classical aluminosilicates
with a significant content of Mg, Ca, K and Fe ("dark"
background, fig. 4), and "light" microcrystals are the
phase with significant content of Nickel. The results of
guantitative eementad EDA (excluding Oxygen)
indicated the presence in this phase of more than 80%
wt.of Nickel.

That is, theresults of the EDA confirmed that "light"
microcrystals on the surface of the bentonite after
deposition on it Nickel under the action of a microwave
isan individua chemical compound of thismetal. Taking
into account the noticeable quantities of these crystals,
the authors suggested that they would be detected by an
X-ray diffraction analysis, whose sensitivity is approx.
5% at.

In relation to the diffractograms of the native sample
of bentonite (series "Nat"), given in the previous
publication of the authors [9], the distribution of peaks
was dightly changed on the diffractogram of the spent
bentonite of the "DIR" series. In particular, by changing
the intensity of the corresponding reflections hkl, it can
be argued that in the irradiated sorbent the relative
content of montmorillonite (up to 33% at.) and quartz (up
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Fig. 5. Results of the XRD analyzis of diffractograms of the bentonite sample of the "DIR" series
after interaction with the solution of Nickel salt.

to 30% at.) increased, while the intensity of such phases
as chlorite and calcite decreased. And most importantly -
small, but noticeable peaks of a new phase appeared: at
25.8; 32.6; 36.3; 36.8 and 52.9 degrees (20).

The phase analysis of the diffractograms of the spent
bentonite of the "DIR" series after the sorption
purification of the agueous solution of Nickd sdts is
shown in fig. 5.

Having devel oped a database of crystalline structures
of probable new phases, which may include Nicke,
Silicon, Chlorine, Oxygen and Hydrogen
(correspondingly, chloride, silicate, Nickd hydroxide or
their hydrated forms) and constructing the corresponding
theoretical diffraction patterns [14], the authors
determined that these new peaks may belong to the
compound Niy[SiOg],.

That is, the precipitation of Nickel on bentonite can
occur not only by sorption precipitation or ion
substitution, but aso in the form of microcrystals of an
individual compound - insoluble Nicke slicate.

Ancther important point concerns the change in the
acidity of the medium in the working solutions before
and after exposure. The pH of the suspensions of the
"DIR" series after the end of sorption increased
significantly with respect to the initial values: from pH =
5.7 ... 6.5 (as dated above) topH~ 6.7 ... 7.1.

This fact confirms the assumption by many authors
[4, 5, 15, etc.] that under the action of microwaves in the
aqueous medium there is a partia destruction of the
silicate frame of clay sorbents with the release of SiO;*
silicate ions. These ions are hydrolyzed, as a result of
which the pH of the solution increases.

In addition, the direct discontinuity of the Si-O
bonds in the near-surface groups =Si-OH can not be
excluded, which leads to an increase in the number of
"free" hydroxyl groups.

Under such conditions, additional adsorption of
Nickel on bentonite may be due to stimulated
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crystallization microwaves on the surface of a sorbent of
insoluble silicates or hydroxysilicates of this meta. Also,
one can not reject the probability that under the action of
the microwave EMR, in the presence of polar water
molecules, there are favorable conditions for the
formation of centers of crystalization of the sdts of
sufficiently active metals on the surface of the inert
aluminosilicate phase.

Conclusions

1. The absorption isotherm of Nicked ions from
concentrated aqueous solutions on samples of bentonite
using ultrahigh-frequency irradiation is analyzed. Most
correctly, it is described by the linear equation of
Langmuir.

2. It is shown that the irradiation of this sorbent of
microwave in the process of Nickel ion sorting almost 2
times increases the value of the marginal sorption
capacity for this metal, as compared with the method of
"stimulaion” - prdiminary washing of bentonite with
purewater under the action of a microwave.

3. The results of the study of spent bentonite by
scanning electron microscopy, energy dispersion and X-
ray diffraction analysis indicate that the metal under
action of the microwave is deposited on the surface of
bentonite not only in the form of an adsorbed monolayer
of ions, but also in the form of a separate crystalline
phase - Nickel silicate
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BukopucranHsi MiKpoXBHJIb /11 AaKTUBAaLII OEHTOHITY y nmpouecax

copOuii iOHIB HiKeJII0 3 KOHIEHTPOBAHUX BOAHUX PO3YMHIB

YTvsiscoruii OepoicasHuil yrieepcumem besnexku scummeoisiionocmi (JIAY BXK), 79007, m. Jlvsis,
eyn. Knenapiscora, 35; e-mail: teacher_|eon@ukr.net
2 lTvsiscokuil HayionaneHull meouynuti ynigepcumem im. Januna Ianuyvkoeo, 79010, m. JTvgis,
eyn. Ilexapcoka, 69; e-mail: 1_shevchuk@ukr.net

BuBueHo ¢i3nko-xiMidgHiI mapamMeTpy nporecy copOLiifHOro O4YMIEeHHs BOIH Bif crioiyk Hikemto rimmHucTrM
COpOEHTOM y CTaTH4YHHUX yMoBax. IIpoaHanizoBaHO i30TepMy abcopOLii i0HIB IIbOr0 MeTaly 3 KOHLEHTPOBAHHUX
BOJIHMX PO3YMHIB Ha 3pa3kax OCHTOHITY 3 BUKOPHUCTAHHSM HAJ[BHCOKOYACTOTHOTO OMPOMIHEHHS (MiKPOXBHIIB).
Haii6inpI KOPEKTHO BOHA ONHUCYETHCS JiHIMHUM piBHAHHAM Jlenrmropa. ITokaszaHo, 110 ONPOMIHEHHS LLOTO
cOpOEHTY MIKpOXBWISAMH Y Ipolieci copOyBaHHs 10HIB Hikemnro maibke y 2 pa3u 30UIbIIye 3HAYCHHS TPaHIMYHOL
copOLiiiHOT €MHOCTI 3a HUM MeTanoM (y MOpPIBHSHHI 3 METOAOM <«CTHMYJIALIi» - HOMEPEIHbOI MPOMHBKH
GEHTOHITY YHCTOIO BOJOIO ITiJ] JIi€0 MiKPOXBIIB). Pe3ynbTaTi BUBYEHHS BiAIPALbOBAHOTO OCHTOHITY METONAMH
CKaHYI04O0{ €JIeKTPOHHOI MiKpOCKOI{, €HeproucepciiiHoro Ta peHTreHo(ha3oBoro aHali3y BKa3yloTh Ha Te, 110
3raJlaHuil MeTal Mif Ji€10 MiKpOXBIJIb 0Ca/PKYEThCS Ha IOBEPXHI OEHTOHITY HE TUIBKU Y BUTIISLII a7copOOBaHOI0
MOHOIIapy ioHiB, ane i y ¢opmi okpemoi kpuctaniuHoi ¢asum — cuikary Hikemro. CrocrepiraioTbest 3MiHH
KHCJIOTHOCTI CEpe/IOBHIIA B MpOLEeci COpOLiHHOI OYMCTKU mia aiero MikpoxBwib: Bix pH = 5,7...6,5 (nepen
onpominentsm) 1o pH ~ 6,7...7,1 (micns onpominenHs). ITiATBEpAXKEHO HPHUOYIICHHS NP0 Te, WO MiJ i€
MIKpPOXBIWIb Yy BOJHOMY CEPEIOBHILI BiIOYBAa€THCS YAaCTKOBE PYWHYBAaHHsS CHIIIKATHOTO KapKacy TJIMHHCTHX
COpOEHTIB 3 BHBUIGHEHHSIM CHIJIIKAT-iOHIB SO¢%. 1li ioHn 3a3HarOTH rigponisy, BHachiok doro pH posuuny
3poctae. Takoxk, HE BUKIIOUCHHUN MPSIMUIA po3puB 3B s13kiB Si—O B NpHUIIOBEpXHEBUX yrpynyBaHHsax =Si—OH,
[0 ITPU3BOJUTH JI0 301IbIIEHHS KiJIBKOCTI «BIJIbHUX> I'APOKCUIBHUX I'PYIIL.

KirouoBi ci1oBa: cTivuHi Boay, HiKelb, OYHCTKA, COPOCHT, OEHTOHIT, aKTUBALisl, MiKPOXBHJII.
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