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Abstract. The increase of ecological safety level of the
hydrosphere as a result of the improvement of the
adsorption processes for waste and mine water
purification by using natural sorbents and desalting
processes via eectrodialysis has been investigated. The
optimal parameters of improved sorption processes with
natural sorbents have been established. The mechanism of
diffusion was studied by the “kinetic memory” method.
Effective coefficients of pore diffusion were determined
during sorption of pollutants by natural sorbents. The
optimal parameters of electrodialysis with intermembrane
filling by ion exchangers for demineralization of waste
and mine water have been established.
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1. Introduction

Ukraine bedongs to the least water-dependent
countries of Europe, since the local reserves of river
runoff is about 1000 m*/year per person. The main reason
of surface water pollution is the dumping of untreated and
insufficiently treated industrial waste water. Wastewater
of light or mining industries is especially dangerous
because it is not only highly mineralized, but aso contains
high molecular compounds in significant concentrations.
Among them there are organic dyes from textile
enterprises. The specific volume of wastewater from
painting industry is 150-489 m?/t. In some mining regions
of Ukraine thereis a shortage of drinking water, whereas a
large amount of mine water is pumped out from
underground openings and negatively affects the
environment. Using purified mine water would help to
solve two problems at once: to reduce its negative impact
on the environment and to overcome the shortage of
technical water in the regions with poor water resources.
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Effective method for purification of municipal
wastewaters and landfill filtrates are aerobic biological
methods [1, 2]. One of the promising methods of waste
and mine water demineralization is electrodialysis, due to
which desalting and concentration of water with a salt
content of up to 12,000 mg/l can be achieved; the
purification efficiency would be up to 94 %. As a resullt,
the initial solution can be concentrated by almost 20 ti-
mes. It isimportant that the service life of the membranes
is economically attractive and durable[3-7].

The high effect is achieved by using ion
exchangers. Electrodialysis is an effective desalination
method, in particular for seawater which may be used in
drinking water supply. Electrochemical, as well as reagent
methods are versatile, well exposed to automation and
provide high efficiency of purification [8-10].

Adsorption using natural sorbents of mineral and
plant origin is also economically viable method of waste
and mine water purification [11-13]. The prospect of
using natural minerals in the process of wastewater
treatment is determined not only by their high adsorption
capacity but also by the existence of effective methods for
improving the adsorption properties of minerals and the
nature of their surfaces via modification. Exhausted
natural adsorbents often do not require regeneration (the
sorbents saturated with the withdrawn component receive
new qualitative characteristics and can be used in other
technologies).

Therefore, the investigations aimed at improving
the adsorption-ion-exchange processes of waste and mine
water purification are relevant and important for
increasing the ecologica safety of the hydrosphere.

The aim of this work is to increase the ecological
safety level of the hydrosphere as a result of the
improvement of the adsorption processes for waste and
mine water purification by using natural sorbents and
desalting processesvia el ectrodialysis.

2. Experimental

The kinetics of dyes sorption by natural sorbents
was investigated in a thermostated apparatus equipped
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with a dtirrer using activated bentonite, glauconite and
palygorskit as the sorbents. The design of the setup
allowed to vary the speed of rotation of the mixing device
for various experiments. The contaminated media were
artificially prepared wastewater, contaminated with
anionic red 8C and active scarlet 4ZhT dyes. In the
experiments with interrupted stirring, the mixing device
was stopped after 5 min, the interruption time was 10 min
(Az =10 min).

A method for comparing experimental values with
the theoretical ones for intradiffusion sorption process on
the basis of effective coefficients of pore diffusion was
that adsorption occurred in the volume of the fluid, which
in aweight ratio significantly exceeded the content of the
solid phase (sorbent). It means that at the initial moment
of time the concentration of pollutionsin the fluid changes
dlightly. In the beginning of the process, it is accepted asa
constant on the surface of the adsorbent grain, and the
mathematical problem was formulated as a problem of
diffusion with the first-type boundary conditions.

To investigate ion-exchange processes for highly
mineralized waste and mine water purification the model
system of ion exchange resin KU 2-NH,Cl solution was
used. The ion exchanger was placed in a measuring cell
(U-shaped tube) and alternately led to the equilibrium
with the test solution (solutions of 0.1-0.5M were
investigated). The values of back resistance of the pure
solution and the ionite—solution system depending on the
solution concentration (/R) were plotted. The point of
intersection of the recelved dependences allowed to
determine the concentration of the iso-conductive solution
(under which the concentration conductivity is the same as
that of ion exchanger). Then the resin was transferred to a
centrifuge cell (the ion exchange cell with a porous
bottom and two platinum electrodes, folded against each
other in the cell wall). The equilibrium solution was
removed by centrifugation. The centrifugation of the cell
lasted 15 min at the increase in gravity by 373 times.
Using an AC bridge (1000 Hz), the resistance of the cell
(R) was measured, the value of which was used to
calculate the specific electrical conductivity of the ion
exchanger. The aobtained results allow to study the con-
centration dependence of the resin specific conductivity in
the NH,4Cl solution.

3. Results and Discussion

The selectivity of adsorption by clay minerals is
caused not only by the presence of micro-, meso-,
macropores, but also by participation of nanotubes in the
adsorption processes and formation of the pores between
them. It was investigated that the pore radius of the
modified bentonite of the IInitsky deposit shifts toward the
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transition pores and macropores [14], which suggests an
expansion of selective sorption range. The increase in the
number of trangition pores indicates that the main mass
transfer occurs precisely in these pores. In addition, the
capillary condensation is observed in such pores, which
takes place when the non-compensated superficial forces
act over the pores entire volume.

Forecasting of the adsorption kinetics on the
example of direct dyes sorption from wastewater can
determine the speed of achieving the process equilibrium
and its mechanism, as well as the maximum sorption
capacity of the adsorbent. In this case, the possibility of
calculating the diffusion coefficients of mass transfer
alows to construct an optimization profile of the
industrial process.

The solution of the problem for the intradiffusion
adsorption process at the initial concentration in the
solution (z = 0; Co) and in the adsorbent grain Cy, and the
firg-type boundary conditions, with the assumption that
the particles shape being spherical, is the equation that
determines the change in the component concentration in
the liquid phase with time [15]:
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where C is the initial concentration of the component in
the solution, g/dm® C; is the component concentration at
the given moment of time, g/dm®; i, are positive roots of
characteristic equation; a is the coefficient of adsorbent
pores filling by an adsorbate.

Theoretical calculations of the coefficient of pore
filling in natural sorbents by direct dyes (Fig. 1) are
caried out taking into account the hydrodynamic
conditions of the process and the effective coefficients of
pore diffusion. The granulometric composition of sorbents
and their distribution by fractions are the same.

From the presented graphic dependences it is
observed that the maximum coefficient of pores filling b}/
direct dyes for natural adsorbents is achievedat n=6s".
On the basis of constructed dependences, caculated
effective coefficients of pore diffusion and the shape of
kinetic curves, we may assert that the process transfers
from the external diffusion or mixed area to pore diffusion
area, which is characterized by Bio humber Bi ® 0.

Bi =" €)

P

where S is the mass transfer coefficient, nvs; D, is the
coefficient of pore diffusion, nm/s; Ris the radius of the
adsorbent grain, m.
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Fig. 1. Effect of the process hydrodynamic conditions on the coefficient of porefilling of the adsorbent (activated bentonite (1);
palygorskit (2); glauconite (3)) by anionic red 8C (a) and active scarlet 4ZhT (b)
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Fig. 2. Kinetic curves of anionic red 8C (a) and active scarlet 4ZhT (b) sorption
by activated bentonite for variable stirring modes (¢ — continuous; ® — periodical)

At the externa diffusion Bi > 50. Within the range
of Bi = 0.2-50 the diffusion mixed area takes place and at
Bi ® Othereisaporediffusion.

In order to confirm the diffusion mechanism, we
used an interrupt method, or the so-called “kinetic
memory” method, the essence of which is described
above. Concentration gradients in the adsorbent grain
were aligned during the period of contact between the
sorbent and the solution, i.e., when the diffusion process
was retarded. After the contact was restored, the mass
transfer rate increased in comparison with that before
interruption. Thus, the increase in the sorption rate
confirms the proceeding of pore diffusion (Fig. 2).

To calculate the level of achievement of adsorption
equilibrium (F), we used a model of gd diffusion from a
limited volume to the elementary spheroidal particle of the
adsorbent [16]:

6 -p2>Dpx
F=1- —> R (4
p

wheret isthe adsorption time, s.

If the process approaches the equilibrium one, the
final value of the component concentration in the solution
has the form:

Ci_ a
C, 1ra ©

Parameter t is the dimensionless value which is

similar to the Fourier number (Fo = DR;{ ) and takes into

account physical and sorption characteristics of the
sorbent:
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where t is the adsorption time, s; D is the diffusion
coefficient, m’/s; R is the partide radius, m; ps is the
density of solid porous phase, kg/m®; gp is the particle
porosity, m*/m®.

Obvioudly, the low vaues of the exponential
correspond to the high time values, therefore, since some
time we can neglect the roots of the characteristic equation
m. Eq. (4) can be submitted as a straight dependence:

Ingei-
eCo

We determine the effective diffusion coefficient
using aslope angle:

2 -
tga R yl ep yr sqo (8)
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The obtained results allow to determine effective
diffusion coefficients of pollutants sorption by natural
sorbents in the modified form and to estimate the intensity
of the adsorption process.

To determine the parameters of the externd
diffusion process of adsorption, we proposed a model
based on the theory of local isotropic turbulence for
apparatus with a mechanical stirring [16]. This theory is
applied to describe dissolution of the solid particles, the
sizes of which exceed the thickness of the diffusion
boundary layer. The theoretical coefficient of mass
transfer is calculated according to the dependence:

b, =0.267Xe, 0 )" > 9
where e — specific energy of dissipation; n — kinematic

a o
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viscosity, m’/s, Sc= % —the Schmidtt number.

The diffusion coefficient of dissolved pollutants
(Dg, mPls) is determined according to Wilk-Chang
equation:

g T(X>XM

D, =7.440 2 TOOM o) oy gﬁgte') (10)
where T is the temperature, K; x is an initial concentration
of pollutant in water, g/dm3; Muater 1S the molecular weight
of water, g/mol; mis a dynamic viscosity of water, Pass;
u is a volumetric molecular weight of the pollutant,
cm®mol.

The specific energy of dissipation &, and mixing
power N were determined according to known depen-
dences:

&= (11)

N
rx/

N =K, @ n’xd® (12
where Ky is the coefficient of mixing, which depends on
the Reynolds number; p is the density of the fluid, kg/m®;
d isa diameter of the mixer, m; n is the number of mixer
revolutions, 1/s.
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According to Ref. [16], an increase in the
coefficient of mass transfer is observed compared to the
calculated Eq. (9) due to the radia separation of solid
particles. Theoretica values of f were compared with
those determined experimentally.

Fig. 3 shows the experimental and calculated
values of the coefficients of mass transfer # depending on
the number of revolutions n. The obtained graphic
dependences allow us to confirm the adequacy of the
proposed calculating method in order to predict the
intensity of the sorption process.
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Fig. 3. Coefficient of mass transfer vs. number
of revolutions for the modd solution “ pollutant-sorbent”:

4 —theoretical results; ® — experimenta results

The character of the kinetic curves in Fig. 3
confirms the dominant mechanism of pore diffusion in the
adsorption process of direct dyes from wastewater by
natural sorbents. Thus, using the correction factor kg,
which takes into account the radial separation of the
sorbent solid fraction in a limited volume of fluid, the
value of the experimental coefficient of mass transfer will
approach the theoretical value.

Reverse water supply systems contain ions of
sodium, phosphates, chlorides and sulfates. It is important
to choose how to remove these ions in a form easy to be
used. It is expedient to recycle sodium chloride via
electrodialysis to obtain akali and active chlorine.
Electrodialysis with filling the intermembrane space by
ion-conducting turbulators, e.g. granulated ion exchange
materials, is a promising method. The role of these ion-
exchange materials is that irreversible dissociation of
water occurs on their heteropolar boundaries with ion-
exchange membranes, during which hydrogen and
hydroxyl ions are generated, which are involved in the
continuous electrochemical regeneration of the ion-
exchange material. There is a combined transport with
ions of water mineral impurities. The use of insulating
fillers results in a sgnificant increase of the voltage drop
and decrease of the membranes working surface.
Therefore, the use of ion exchangers in the form of
granules as intermembrane filling is of considerable
interest. But for the successful application of insulating
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fillers for the electrodiaysis, a prerequisite is the preli-
minary study of the electrical conductivity of materials
that will be used for intermembranefilling.

We obtained dependences for the pure solution (1)
and the system ionite — solution (2), allowing to determine
the concentration of insulating solution. They are shown
in Fig. 4. The point of intersection of the resulting
dependences allows to determine the concentration of the
insulating solution, which is equal to 0.51 mol/dm?®.

When using the dependence of specific electric
conductivity of NH4Cl solution y = 11.136x+0.061 we
found kig, = 5.8296 Ohm*-m* or S/m.

The cdl constant is calculated according to Eq. [17]:

G=ky R, (13
where T" is the cell constant, determined by the known
electrical conductivity of the ionite at the point of
isoelectric conductivity, R, is the measured resistance of
the cell after centrifugation with resin, brought to
equilibrium with an isoelectric conductivity solution. So,
G=15.8229 Ohmi*m™ - 596 Ohm = 3474.442 mi*.
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Fig. 4. Determination of the isoel ectric conductivity point of
KU-2 resin in a U-shaped tube: NH,CI solution (1); ionite (2)
and line of isoel ectric conductivity (3)

The obtained data can be used to calculate the
electrodialysis process of solutions with NH,CI, using
intermembrane filling by theion exchanger KU-2.

4. Conclusions

The proposed mathematicd models of the
adsorption process, which are based on the calculation of
external and pore diffusion parameters, alow us to
determine the limiting step of adsorption. This enables to
predict the degree of pollutants absorption from
wastewater. The experimental results regarding the
electrical conductivity of KU-2 resin, which will be used
for intermembrane filling during eectrodialysis, allowed
to determine the cell constant and establish the
concentration dependence of the KU-2conductivity. The
obtained results can be used for the calculation of real
processes.

Myroslav Malovanyy et al.
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_ VJIOCKOHAJIEHHS A/ICOPBLUIAHO-
MOHOOBMIHHHX ITPOLIECIB OUMILEHHS
CTIYHHX TA IIAXTHUX BOJI

Anomauin. Jocniodceno nioguuientst pieHs eKoN02iHHOT
6esnexu ciopocgepu 6 pezyibmami YOOCKOHAIEHHS A0COPOYITIHUX
npoyecie ouULeHHs. CIMIYHUX MA WAXMHUX 800 Gi0 3a0pyOHeHb i3
3aCMOCYBAHHAM NPUPOOHUX COPOEHMIE MA NPOYECi8 3HECONO8AHHSL
enekmpooianizom. Becmanoegieni onmumanvhi napamempu yoocko-
HaneHHs npoyecie copoyii 3a0pyoHeHb NPUPOOHUMU COPOEHMAMU.
Mexanizm oughy3sii’ docriodxncenuti Memooom <KIHemuyHoi nam' smi».
Busnaueni  egpexmueni - koegpiyiecnmu  eHympiuinboi  ougysii 6
npoyeci copbyii 3a0pyoHens npupodnumu copbenmamu. Bcmanog-
JIeHi  OnmuMaibHi  napamempu  peanizayii - erekmpooianizy i3
MIHCMEMOPAHHOIO 3ACUNKOIO LIOHIMOM OJis OeMIHEPanizayii CmiyHux
Ma Waxmuux 600.

Knrouosi cnosa: exonociuna 6e3nexa, enexmpooianis, npu-
POOHI  copbenmu, copbyis, cmiuHi mMa waxmui 00U, Midic-
Membpanna 3acunka.



