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Abstract. The physicochemical phenomena occurring on the surface of sokyrnite grains in complex
system “medium grain surface — dispersion medium — surface of suspended particles” have been studied.
The framework structure of the sokyrnite structure (rough surface, presence of pores and channels, entrance
windows) enables it to work as a “molecular sieve” and to be a highly efficient sorbent-ion exchanger.
The porosity of the filter media was determined. Namely: the porosity of the media grains (also called the
internal porosity) and the porosity of the intergranular space (media layer). The internal surface area,
which is an important quality parameter for sokyrnite as a physical adsorbent, was determined. Several
other properties associated with sokyrnite and retained colloidal particles, which affect the strength of
the physical adsorption, were investigated. The relationships characterizing the parameters of the zeolite
filter media layer were formulated and given. In these studies, the requirements for determining the filter
charging time and the optimal technological and design parameters of the filter, according to the operating
conditions at a specific water treatment facility, were considered. They determined the need for more
detailed research and development of a kinetic model for the initial stage of filtering an aqueous suspension
through a filter containing zeolite media. A differential material balance expression for the zeolite filter
was formulated. Based on the developed kinetic model, comparative experiments on iron removal from
underground natural waters using the above-mentioned filter material were planned and carried out.
The mechanism of the distribution of iron ions in the filter space due to the phenomenon of diffusion, in
accordance with Ficks first law, is given. The mechanism of iron flake retention by the zeolite media pore
space, the consolidation of which occurs during the transition of iron from a divalent to trivalent form, is
described. The factors that interfere with autocatalytic processes in iron sediments were described. The
dynamics of changes in the concentration of iron in the filtrate after the end of the ion-exchange resource
of sokyrnite were studied.
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Relevance of research. Despite the wide range Analysis of recent research and

of physical properties of the existing granular filter
medium, most stages of filtering through them
are similar for different medium materials. An
exception is the initial stage of filtering, which
is usually called the “charging” of the filter. This
is due to the fact that it is during it that all the
diversity of the physical properties of the filtering
medium is manifested. This entails a significant
difference in the nature of the mechanisms and
kinetics of the processes of interaction of the filter
medium with colloidal particles contained in the
purified water suspension. In the case of zeolite
media, pore space plays a major role in filtering the
colloidal suspension. The ion-exchange properties
of zeolite are a determining factor in the process
of iron removal from underground natural water.
The study of the specified factors will allow the
development of a kinetic model of the initial stage
of the filtering process under given conditions.

publications. Sokirnites are natural zeolites
of volcanic origin with the general formula
K,Na,Ca x AlLSi,O x 6H,0. The sorption
capacity of sokyrnite is due to its high content
of clinoptilolite — more than 75%; impurities —
montmorillonite, quartz, feldspar, opal, and
volcanic glass. The share of free intracrystalline
volume for clinoptilolite is 34% of the total
volume [1; 2]. The sokyrnite had a rough surface
and the size of the crushed stone ranged from 1 to
10 mm. The density of sokyrnites is 2,2-2,3 g/cm?
and a hardness on the Mohs scale of 3,5—4 points.
The specific surface area is 50-65 m?/h. The
colors are pink, white, gray, and light yellow.
The features of the sokyrnite structure (rough
surface, presence of pores and channels, and
entrance windows) are explained by the frame
structure. The framework consists of tetrahedra
that form eight-membered rings at their vertices,
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thereby creating channels in the zeolite structure.
Water molecules (“zeolite water”) as well as
cations of alkaline and alkaline earth metals
(Ca?*, Na*, and K") located inside the channels.
With a large number of entrance windows on the
surface, a structure permeated with channels, and
a complex of cations inside itself, it is possible to
use sokyrnite as a “molecular sieve” and replace
cations that can pass through the molecular
window with structural cations of the mineral.

The outer surface of sokymite with a grain
size of 0,8—1,2 mm has a surface area of 18 m?/g.
Considering that the micropore space of zeolite
is inaccessible to suspended and colloidal
particles, the surface available for the adhesion
of suspended and colloidal particles is 1-2 m*-g!.
For comparison, the effective rough surface area
of quartz sand grains is only 0,12 m?-g'. It is
important to note that the NH*, ion exchange
potential of sokyrnite is 1,23 mg-eq/g, and the
size of the input windows is 3,5-4,8 A. Indicators
regarding the number of replaceable cations,
mg-eq-g': Ca* — 1,08, Na* — 0,13; K* — 0,02.
Thus, sokymite is a highly effective ion-exchange
sorbent [3-8].

The purpose of the study is to develop
a kinetic model for the retention of colloids
from an aqueous suspension in the pore space of
zeolite media, as well as verifying its adequacy by
conducting experimental studies on iron removal
from underground natural waters.

Materials and methods of research. Field and
laboratory experimental studies of physicochemical
parameters of the investigated water suspensions;
physico-mathematical modeling of the processes
of filtration and purification of water suspensions
using filter media from zeolite grains; use of
experimental data obtained during experimental
studies of the process of iron removal from
underground natural waters.

Results of the study and their discussion.
First, porosity of the researched filter media was
determined. As a rule, the porosity determines
the proportion of the cavity space from the total
volume. Depending on the total volume under
consideration, the porosity of the media grains g
and the porosity of the intergranular space (media
layer) €, can be distinguished. Both porosities can
be determined from the densities [9].

The grain porosity (also known as internal
porosity) determines the cavity part of the zeolite
grain volume. Therefore, it is defined as the ratio

of the pore volume V,, and the zeolite grain

volume V:
14 14
R ()
VG I/zeal + Vpor

The grain porosity is related to the density
of the media grain and the density of the zeolite
skeleton of the grain:

Vr V.=V V.
SG: por _ "G zeolzl_ ze()l:l_p_G‘ (2)
Vo Vo Vs Pz

The porosity of the intergranular space (the
outer part of the cavity space) g, is defined as the
ratio of the water-filled volume of the cavities
between the zeolite grains V), and the filter
volume V..

€5 = Vo oWy ) 3)
Ve V,+V,

The porosity of the intergranular space is
related to media grain density and intergranular
density as follows:

| Z8 —
&, Py VeV (Ve P (4)
VF VF VF pG

In the case of adsorption by a layer of filter
media, instead of the porosity of the intergranular
space, the term porosity of the filter media layer

1. Correlations characterizing the parameters of the zeolite filter media layer

Correlation Expression
volume of water Vw _ .
- I
the total volume of the filter Ve
volume of zeolite v, e
- 1
the total volume of the filter Ve
volume of zeolite Y, _1-¢
volume of water Ve g
mass of zeolite m, 0 l-¢,
— MG
volume of water Vi g
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is often used [10—15]. Table 1 presents the most
important correlations.

The porosity of the intergranular space can be
used to express various volume/volume or solid/
volume correlations, which are characteristic
of the conditions specified for a particular filter
media. Therefore, they are often found in the
equations that describe the parameters of the
studied filter media.

Next, we determined the area of the outer
surface of the researched filter media. The area of
the outer surface of the zeolite grains has a strong
influence on the mass transfer rate during physical
adsorption. Thus, the area available for mass transfer
in the mass transfer equation can be approximated
by using the outer surface of the zeolite grains. The
outer surface area can also be determined using
a weighting method. In this method, the number
of zeolite grains (Z,,) in a representative sample is
counted after weighing the sample (m ,,,).

As a rule, porous adsorbents have internal
surfaces that are significantly larger in area than
external ones. In particular, zeolite sand has an
extremely large internal surface area. Therefore,
almost all its physical adsorption capacity is
provided by its internal surface area. Therefore,
the internal surface area is a very important
quality parameter for =zeolites as physical
adsorbents. However, it should be noted that
the internal surface area alone is not a sufficient
parameter for characterizing or predicting the
physical adsorption capacity of a zeolite because
the physical adsorption power is additionally
affected by a number of other properties related
to the zeolite and retained colloidal particles.

The standard method for determining the
internal surface area is based on low-temperature
gas adsorption (usually nitrogen adsorption

at 77 K) and subsequent application of the
Brunauer-Emmett-Teller (BET) isotherm. This
method is called the BET method, and the area
of the inner surface determined by this method is
often called the BET surface area, 4,;, [9].

The internal surface area is related to the
pore system size. The highly microporous
adsorbents used for water purification have large
internal surfaces.

A commercial BET surface analyzer is
required to determine the BET surface area. As
an alternative option, to save money, the iodine
number was used to determine the BET surface
area. The iodine number can be determined easily
without expensive equipment. The determination
is based on an adsorption experiment with iodine
as adsorbate and with defined initial and residual
concentrations (0,1 M and 0,02 M, respectively).
The adsorbent dose should be varied to achieve
a specified residual concentration. With the
adsorbent dosage determined from the variation
and initial and residual concentrations, the
amount of adsorbed substance can be calculated
using the material balance equation for
isothermal studies. The amount of adsorbed
substance, expressed in mg/g, was the iodine
number. Because the numerical value of the
iodine number is approximately equal to that of
the BET surface area, the iodine number can be
used as a compensating parameter to characterize
the internal surface area, for example, to compare
different types of adsorbents.

Next, a kinetic model for the initial stage of the
colloid retention process in sokyrnite pore space
was developed. In general, the kinetic model
includes mass transfer equations, equilibrium
relations, and material balance for the investigated
filter. This is schematically illustrated in Fig. 1.

Diffusion coefficient
(mass transfer)

Amount of sokyrnite in Parameters ofthe isotherm of
the filter, initial combined surface and pore
concentration physical adsorpfion
L v
- Al Equati f the isoth f
The matenal balance quagon STy
equati on for the filter combme.d surface and pore
physical adsorption
& a3 v

¥
Diffusion (mass transfer)
equation

| J

3

4

o
L

Kinetic model ]1—

Fig. 1. General block diagram for modeling the kinetics of colloid retention
in the pore space of sokyrnite. Model components and input data

2023 « Ne 1 MEJIHOPAILA I BOOHE 'OCIIOJAPCTBO



I'IJIPOTEXHIKA

117

The general assumptions in the kinetic model
are as follows: (a) the colloidal suspension
is assumed to be completely mixed, (b) the
temperature is assumed to be constant, (c) the
mass exchange with the zeolite surface and
within it can be described as a diffusion process,
(d) the attachment of colloids to the surface of
the zeolite grains occurs much faster than the
diffusion processes, and (e) zeolite grains are
assumed to be spherical and isotropic.

The differential material balance for a zeolite
filter can be expressed as:

my % ==V, de ) (5)
dt dt

where m, is the mass of zeolite, and V, is the
volume of water in the filter. This equation relates
the change in the average load on zeolite filter
media with time to the change in the aqueous
phase concentration over time. Integration of
Equation (5) with the initial conditions c¢(¢ = 0) =
c,and g (¢=0) =0 leads to the following form of
the material balance equation:
7()=2 e, —c(r)]. ©)
mZ
During the process of iron removal from
underground natural waters with the use of
simplified aeration with atmospheric air and
subsequent filtering, zeolite begins to retain
iron ions almost immediately because of its ion-
exchange properties. Figure 2 shows the curve of
the averaged experimental data for iron removal
using zeolite.

CFe, mg/dm?

In the space of the filter, iron ions spread
owing to the diffusion phenomenon in accordance
with Fick’s first law owing to the difference in
their concentrations in the aqueous suspension.
Adsorption of iron in the inner space of zeolite
grains occurs owing to immobilization of its
divalent soluble form. With the further transition
of iron from divalent to less soluble trivalent
form, iron flakes consolidate and are retained
by the pore space of the zeolite media. Further
filtering was accompanied by the process of
contact coagulation of the iron flakes on the
surface of the filter media. The process of
fixing on it occurs because of the phenomenon
of physical adsorption caused by London or
Van der Waals forces. However, after the end
of the ion exchange resource of the zeolite,
the concentration of iron content in the filtrate
increased sharply. This is due to the fact that the
intensive extraction of iron ions from the purified
aqueous suspension serves as an inhibitor of the
autocatalytic process in the iron deposit, where
the main part of the transformation of the iron
form takes place. Therefore, a further decrease in
the iron content of the filtrate can be explained by
the disappearance of the factor that interferes with
the autocatalytic process. Experimental studies
have confirmed that the retention of colloids
by the pore space of the zeolite media from an
aqueous suspension occurs in accordance with
the parameters of the developed kinetic model,
which confirms its adequacy.

Conclusions. The parameters of the pore
space of the filter media layer are described by
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Fig. 2. Change in iron concentration Cy, in the filtrate depending on the filtration time ¢,
(initial iron concentration — 1,2 mg-dm?, filtration speed — 7 m-h')
through zeolite-clinoptilolite grains (media fraction — 1,5-3 mm)
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the developed physico-mathematical model,
which includes the determination of the porosity
(grains of zeolite media and intergranular space)
and the areas of the outer and inner surfaces of
the zeolite grains.

Experimental studies have shown the high
efficiency of zeolites during the initial stage of

iron removal from water. This is because of its
ion-exchange properties, significant internal
porosity, and well-developed outer-grain surface.

The developed kinetic model for the retention
of colloids in the pore space of sokyrnite from
an aqueous suspension was verified through
experimental studies that confirmed its adequacy.
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Anomauia. Jlocniosxceno Qizuko-ximiuni saeuwa, wo 6i00y6aromvcia Ha NOGEPXHI 3epeH COKUPHUNY
6 CKIAONIll cucmemi «NOBEPXHA 3ePHA 3A8AHMAICEHHS — OUCNEPCiline cepedosuiye — NOBEPXHSL 36ANCEHUX
uyacmoxy. Kapxacna cmpyxmypa 6y0oeu cokupnumy (Wopcmxa NOGepXHs, HASAGHICMb NOp 1 KAHANIS,
BXIOHUX GIKOH) 0AE UOMY MONCIUBICIG NPAYIOBAMU AK «MONEKVIAPHE CUmMoy i 6Ymu 8UCOKOepeKmueHUM
copbenmom-ionoobminnukom. byno eusnaueno nopucmicme 00CnioxNcy8ano2o QPinbmpysanbHoeo 3a6anH-
madicenns. A came: nopucmicmo 3epeH 3a8AHMAICEHHS (AKY MAKONC HA3UBAIOMb GHYMPIUHBLOIO NOPU-
cmicmio) i nopucmicms Midic3epHo08020 npocmopy (wapy 3aeanmanicents). Busnaueno nnowy enympii-
HbOI' NOGEpXHI, WO € OYdice ANCIUBUM NAPAMEMPOM AKOCMI COKUPHUMY AK Di3uun020 adcopdOeHmy.
Hocniosceno nusky inwux eracmueocmetl, n08 A3aHUX i3 COKUPHUMOM MA 3AMPUMYBAHUMU KOTOIOHUMU
YACMUHKAMU, AKI 000amMK080 8NIUEAOMb HA cuny Qizuunoi adcopoyii. Chopmynvosarno ma HagedeHo
CNIBBIOHOWEHHA, WO XaApaKmepusylomes napamempu wapy yeonimogoeo QinbmpyeanivHoco 3a8anma-
arcerns. 110 vac oanux 00CniodceHb 8paxo8aHo 8UMO2U 00 GUSHAYEHHS HacCy 3apaoKu (itbmpa ma 1io2o
ONMUMANLHUX MEXHONO2IUHUX | KOHCMPYKMUBHUX NAPAMempié 6i0nogiono 00 YyM08 exkchiyamayii Ha
KOHKpemHomy 00 'ekmi 6000niocomosku. Bonu 06ymosunu neodxioHicms 6inviu 0emanibH020 00CIIONCEHHS
ma pospooKu KiHemuuHoi Mooeni nouamkoeoi cmadii ¢inbmpysanns 600HOI cycnensii uepes @inbmp i3
yeonimosum 3asanmaoicenuam. Cgopmynvoeano 6upas ougepeHyianbHoeo MamepiaipHoeo 6anraucy
071 yeonimogoco inempa. Ha ocrnosi pospobnenoi kinemuunoi mooeni 6yno 3aniano8ano ma npose-
0EeHO NOPIGHANbHI 00CAIOU 13 3HE3ANIZHEHHS NIO3EMHUX NPUPOOHUX 800 3a OONOMO20T0 BULYE3A3HAUEHO20
Qinempysanvroco mamepiany. Hageoeno mexanizm po3noscroodicents iouie 3aniza y npocmopi inempa
3a60aKuU asuwy ougysii, 6i0N0GIOHO 00 nepuioco 3axory Dika. ONucarno MexaHiam 3ampUMAants HOPOBUM
NPOCMOPOM YeonimoBo20 3A6AHMANCEHHS NIACMIBYI6 3ani3d, KOHCOMIOayis AKUX 8i00yeacmvcs npu
nepexooi 3aniza iz 0806aieHmMHol y mpusaieHmuy gopmy. Onucano YUHHUKY, WO 3A8AACAIOMb ABMOKA-
manimuuromy npoyecy 6 ocadi 3aniza. J{ocniodnceHo OUHAMIKy 3MIHU KOHYeHmpayii emicmy 3aniza y ¢inb-
mpami nicasn 3aKiH4eHHs IOHOOOMIHHO20 PecypCy COKUPHUMY.

Knrwouoei cnoea: xinemuuna mooens, Qinompyeants, noposull NpoCMip, COKUPHUM, 3He3ANI3HeHHs
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