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Summary. The general properties of modern filtering materials of the new generation, such as natural
zeolites, are considered. The aspects for the use of natural zeolites for the purification of surface sewage waters
from highways are analyzed. It is determined that zeolites are an extremely promising natural raw material,
which is characterized by high technological parameters and the absence of negative environmental conse-
quences in their widespread use. Mathematical models of aerobic and anaerobic biological treatment of surface
sewage waters are presented. One of the ways to increase the efficiency of biological treatment is the intro-
duction of a biosorption method based on the joint biological and adsorption treatment of sewage waters in
time and space. The simulation results made it possible to evaluate the adequacy of the mathematical models
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used to describe the dynamics of the purification of surface sewage waters from highways using natural zeolites
in order to provide further recommendations and optimal control of sewage treatment plants during biological
treatment. An improved mathematical model can be used to determine the quality of surface sewage waters
from highways. As a result of experimental studies, the efficiency of using alternative filtering natural materi-
als has been determined. The introduction of new cleaning methods with the use of natural zeolites solves the
problem of improving the technical level of roads, traffic safety and environmental performance.

Key words: surface sewage waters from highways, natural zeolites, mathematical simulation, adsorp-
tion, concentration of pollutants

Introduction. In modern technologies of water purification one of the main places is filtering processes,
and, accordingly, filtering materials. The progressive deterioration of the ecological situation of water objects
requires a constant refurbishment of filtering elements, which are subject to increasingly high technological
and environmental requirements. The new generation of modern filtering materials include zeolites.

Zeolites are a large group of minerals hydrated with aluminosilicates of alkaline elements (Fig. 1).
During the heating of zeolites, water is released gradually, without breaking the crystal lattice. They are col-
orless or white, sometimes painted in yellow, red colour.

Figure 1 — Natural zeolite
Pucynok 1 — IIpupogauii neosit

Zeolites are natural and artificial, have selective, adsorption and ion exchange properties, are used in
many branches of the economy such as in industry, agriculture and in the processes of water purification.

The absorption of material by zeolites occurs through channels or window-entrances that have certain
sizes. Penetrating through these channels within the zeolite can only molecules whose size is smaller than the
diameter of the channel. This makes possible the use of zeolites as molecular sieves. About 50 mineral species
of natural zeolites are known. These are so-called boiling stones.

In industry, only artificially synthesized zeolites (permutites) are used, they are widely used in water
treatment devices, such as adsorbents, ion exchangers, molecular sieves. Also, zeolites have been widely used
as catalysts for many processes of petrochemicals and petroleum refining.

Zeolite is an extremely perspective natural raw material, characterized by high technological parameters
and the absence of negative environmental effects in their widespread use. They do not swell in water, they
are easily machined with subsequent fractionation, have absorption, ion exchange and other properties, are
safe for living organisms and therefore of great importance for use in the processes of surface runoff purifica-
tion.

Materials and methods. Natural zeolites are a relatively new class of mineral raw materials used in
the technological processes of purification and posttreatment of sewage waters. In connection with the devel-
opment of adsorption methods for cleaning liquids more and more there is a lack of adsorbents that have high
thermal stability and resistance in acidic surroundings. The acid resistance of natural zeolites can be used in
such cases, in which the use of synthetic zeolites is virtually eliminated.

High mechanical strength of a natural mineral allows to exclude granulation of adsorbent. As a result,
the cost of natural clinoptilolite, which is determined by the cost of extraction, grinding and dispersion, is
several times lower than the cost of synthetic zeolites.
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Sokirnitsky zeolite satisfies all the necessary requirements for filtering loads of water treatment plants
and belongs to the list of materials that are allowed for use in the processes of purification and concentration
of drinking water. According to the mineralogical composition, Sokirnitsky zeolite refers to clinoptilolite, the
content of which in the rock is estimated at 75 per cent (this allows the use of this material without prior
enrichment). According to the chemical composition klinoptilolit refers to sodium-potassium zeolites [1-3].

Advantages: it has strong sorbing properties, therefore, the more effective material than the filtering
materials used in the treatment facilities (coal, sand, crushed anthracite, gravel, quartz, marble, ceramic crumb,
metallurgical slag, polymer materials). Disadvantage of this material is washout from filter of a fine fraction
of zeolite.

The use of zeolites for the purification of surface runoffs is regulated by technical specifications of TU
U 14.5-00292540.001-2001.

The urgency of solving the problems associated with efficiency upgrading of treatment of surface runoff
on the adjoining roads of the territories determines the relevance of the topic.

The aim of the work is to compare the efficiency of sorbent cleaning of surface wastewater from petro-
leum products using zeolite and gravel blend.

Results and Discussion. For a successful solution of problems related to forecasting, operational man-
agement and control over the quality of the process of water purification, a complex description of hydrody-
namic, hydrochemical and hydrobiological processes is required. Such a description is currently being carried
out using methods of system analysis and mathematical modeling. An important part of the system for the
evaluation and management of the purification quality of surface sewage waters from highways is the auto-
mated monitoring system for wastewater treatment plants [4].

In most cases it is virtually impossible to determine the concentrations of organic substances contained
in surface runoff separately. Therefore, when considering biological purification processes, the variation of the
total concentration of the pollutant and the total biomass of microorganisms was studied. The process of aero-
bic biological treatment can be represented in the form of a formalized scheme (Fig. 2) [4-5]
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Figure 2 — Formalized scheme: L;, — the concentration of surface sewage waters, mg/l; Lo — the concentra-
tion of purified water, mg/l; V - volume, m*; Q — runoff of entering sewage waters, m*/h; X — the concentra-
tion of natural zeolite, g/l
Pucynok 2 — ®opmartizoBana cxema: Lin — KOHIICHTpAIiS TOBEPXHEBUX CTOKIB, 10 HATXOAUTH, MI/J;
Lout — KOHIEHTpALIis OYMILEHOT BoaH, MI/TT; V - 06'em, M*; Q - BUTpaTa, CTIYHOI BOIH, IO HAJXOIMUTh, M>/TOJ;
X — KOHIIEHTpAIIisl IPUPOIHOTO IICOMITY, I/

On the basis of a detailed analysis of existing waste water treatment systems, an adaptive model of the
process of aerobic biological treatment of surface sewage waters from highways with the help of natural zeolite
has been improved.

The choice of a mathematical model reflects the hydrodynamics in the existing models of purification
processes. For traditional aerotanks, this approach is justified, since there are known dependencies between
the length of the reactor and its hydrodynamic characteristics. The mathematical model of the process of puri-
fication of surface sewage waters in aerotanks is compiled in the form of a system of differential equations of
the material balance, describing the dynamics of changes in pollution concentrations, zeolite and dissolved
oxygen [4, 6, 7]:
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where Lﬁm @ and Lﬁm @1, — the concentration of the j-th component in the considered i-th test and in

the previous one, mg/l;
V.=V,/N,— volume of i-th test, m%;

V, — incoming flow rate, m*/hour;
R, — coefficient of zeolite recycling;

RZ;‘ — the speed of consumption of j-th substrate in the i-th test in accordance with an adequate model,

mg/I-hour;

¢&=Q{E&Qm—&)ﬂa 2

dt

where X, and X, - the concentration of zeolite in the considered i-th test and in the previous one,

i

g/l
R x, — the speed of accumulation of zeolite according to an adequate model, gX/I-hour;
dcC. (1R,
= Ol )(Ci_l —C,)*+KLa(C,—C,)+R. (3)
dt V. ’
where C; | and C;; — the concentration of oxygen in the considered i-th test and in the previous one,
mg/l;

KLa — coefficient of mass transfer of oxygen, hour;
C, — concentration of water saturation with oxygen at given temperatures and pressures, mg/l;
R — oxygen consumption speed, mgO-/1-hour.

As the boundary conditions for the solution of equations (1) - (3) the parameters of the first cell are
taken

X R
( 1+R.)
where X, — the concentration of zeolite in the recirculation flow, g/1;

. L R+L. )
L] = out i
out(i-1) (1+Rl) (5)

where L;, — the concentration of j-th component in surface sewage waters, mg/l;

4
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where C, , C,; — dissolved oxygen concentration in surface sewage waters and recirculation flow of

zeolite, mg/l. They are usually taken C,; =0 and in the absence of aerationC,, = 0.

The most appropriate biochemical kinetics model was chosen to determine the appropriate speeds of
consumption of RL substrate, growth of RH biomass and consumption of oxygen in the RC. In the structure
of the model, the module of biochemical kinetics is basic and offers a calculation of the purification process
for a number of mathematical models of biochemical kinetics, conditionally divided into 2 groups: mono and
fixed order. To identify the model constants and determine the most adequate biochemical kinetics model, the
following generalized criterion was used:
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n 2 a
S = Z ( iekcn _ Xipoap ) +Z (L;zkcn _ Lfosp ) (7)
i=1 i=1

In the world practice, powdered adsorbents are widely used in the processes of aerobic and anaerobic
sewage treatment. It is believed that they not only adsorb organic matter, contributing to the biodegradation of
pollutions but also create a buffering effect for the biological system against the toxicants contained in the
treated wastewater. In this case natural zeolite was used.

Along with the petrochemical enterprises, the largest sources of pollution of the water environment with
petroleum products to date are enterprises of the automobile and highway complex.

One of the ways to increase the efficiency of biological treatment is to introduce a method of biosorption
based on a common in time and space biological and adsorption wastewater treatment.

A substrate is included in the structure of anaerobic silt in addition to microorganisms. It is a colloidal
system, which consists of products of their vital activity. Treated sewage water includes multicomponent or-
ganic and inorganic impurities. For biological purification, the process is determined by the presence of three
phases: biogas - liquid - flakes of anaerobic silt (conditionally solid phase), for the process of biosorption is
the complication of the presence of another solid phase such as adsorbent. The efficiency of acts of biochemical
renewal is largely determined by the hydrodynamic situation and the mass of the exchange characteristics of
the apparatus [4, 8].

Since one of the elements of the system is an adsorbent, the mathematical model reflects the absorption
of substrates by its surface. Thus the mathematical model taking into account adsorption is as follows:

dX 1, XL

22 = - pX
2 2
gl Me )
Ki KMe
dL * *
—=-K. (L -L )-K (L-L
dt X ( c c) a ( c) (9)
Lokt -1 ) — 2l .
KirLet ) 1o
dL .
7;‘= (L —L.) (11)
L=L (L) (12)
L=L(L,) (13)

where L, — pollution concentration that adsorbed on the surface of the adsorbent, mg/I;

K, — mass transfer coefficient of pollution to adsorbent, hour™.

In order to obtain the most complete mathematical model of the process in the biosorbir, it was supple-
mented for lotic regime with allowance for recirculation.

Dby, - Lo py
t (K Lt C) (9
Ki
dL * *
L= DU~ 1)Ky (L ~L)=K, (L=L) (s)

HaykoBo-TexHiunuii 30ipHUK « ABTOMOBUIBHI JIOPOT'M I JIOPOXKHE BY IIBHUIITBO» http://addb.ntu.edu.ua
ISSN 0365-8171 (Print), ISSN 2707-4080 (Online), ISSN 2707-4099 (CD).
AUTOMOBILE ROADS AND ROAD CONSTRUCTION, 2021. Issue 109

123



TEXHOJIOT'Ti 3AXHMCTY HABKOJIMIITHHOT' O CEPETOBHIIIA; EKOJIOT IS
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Initial conditions:

1=0;L=L;L.=Leo; L=L,o;L,=Ly; Lry=Lo0; X=X, Xr=X,,, 24)

where L, — pollution concentration at the input to the system, mg/l;
L, — pollution concentration at the input to the device, mg/l;
X, —biomass concentration at the input (after recycling), mg/l;

X, — pollution concentration at the input, mg/I;

D — wash speed, hour™;

- time of stay, hour;

7 — recirculation factor;

U — volume flow rate of sewage water, m*/hour;

V' —volume, m’.

It is noted that biosorbent purification can self-stabilize when exposed to the system from the outside
(for example, when volley discharges and change of time of stay) [4, 9].

Thus, the results of simulation modeling allowed to estimate the adequacy of the mathematical models
used to describe the dynamics of surface runoff cleaning from highways with the help of natural zeolites with
the aim of providing further recommendations and optimal management of sewage disposal plants in biological
purification.

In the modern technologies of water purification, the processes of filtration and filtering materials oc-
cupy the main place. The progressive deterioration of the ecological situation of water objects requires a con-
stant refurbishment of filtering elements, which are subject to higher technological and environmental require-
ments. The new generation of modern filtering materials include zeolites.

Experimental studies were carried out in laboratory conditions on model surface sewage waters such as
emulsions of petroleum products [10, 11]. Model surface sewage waters was prepared by emulsifying diesel

fuel in distilled water while stirring with a mechanical stirrer (3,000 revolutions per minute) for 6-7 min. (Fig.
3-4).
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Figure 3 — Use of zeolite samples of different fractions for simulation of surface runoff
Pucynok 3 — BukopuctanHs 3pa3KiB IEOJITIB PI3HUX QpakIiil Iy MOJCTIOBAaHHS TIOBEPXHEBUX CTOKIB

Figure 4 — Simulation of surface sewage waters by emulsifying diesel fuel in distilled water by mixing
with a mechanical stirrer
Pucynok 4 — MopentoBaHHS IIOBEPXHEBUX CTOKIB IIISIXOM €MYJIBI'YBaHHS JH3EJIbHOTO MalnBa
B JMCTUJILOBAHIN BOAI MIPH MEPEMILTyBaHHI MEXaHIYHOIO MIIIaJIKOIO

The effectiveness of adsorption purification from petroleum products was investigated in 5 variants of
adsorbents. Four zeolite fractions (<1, 1-3, 3-5,>5 mm) and a gravel mixture (3-5 mm) were used as adsorbents
for the purification of the model run, which is used in a known method of treatment of washing-off from
highways.

The concentration of petroleum products was created in the model sewage waters that typical for rain
washing-off from highways, which are formed in the first 10-20 minutes of rain (5-10 mm of precipitation),
when the concentration of pollution has the highest value and the outflow from the rain should be cleaned in
full [12, 13].

The effect of purification was calculated according to the formula

E = (Cin— Ceon)/Cin -100 (25)

where FE — purification efficiency, %;

Ceon — the concentration of petroleum products in water after purification;

Cin — the concentration of petroleum products in water for purification.

The concentration of petroleum products was determined by gravimetric method in accordance with
the methodology recommended by the normative documents. The gravimetric method is based on the extrac-
tion of petroleum products from the aqueous medium by chloroform, evaporation and removal of the solvent,
dissolution of the butts in hexane, separation of the polar compounds on a column with aluminum oxide, re-
moval of the solvent and gravimetric measurement of the residual mass.
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The speed of purification increases when the size of the zeolite fraction is reduced, which is typical of
the sorption processing methods (Fig. 5-6).

ﬁﬂ‘l-u-.-

Zeolite £ 1 Zeolite 1-3 Zeolite 3-5 Zeolite 25 Gravel
mm mm mm mm blend 3-5
mm

Removal speed of petroleum
products (mg/g-h)

Adsorbent, fraction

Figure 5 — Removal speed of petroleum products (mg/g-h) with a processing time of 10 minutes
Pucynoxk 5 — IlIBuaxicTs BuAaneHHs: HAQTOMPOAYKTIB (MI/T TO) MpU TpUBasocTi 00poOku 10 XBuianH

g 5 -
>
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Figure 6 — Removal speed of petroleum products (mg/g-h) with a processing time of 30 minutes and in the
interval of 10-30 minutes

Pucynok 6 — IlIBuaxicTs BuaajaeHHs: HAQTOMPOAYKTIB (MI/T TOM) IpH TpUBajocTi 00poOku 30 XBUIKH Ta B
iaTepBaii 10-30 xBumuH

Results and Discussion. The obtained data have been confirmed by the adsorption mechanism for the
removal of petroleum products. As a result of experimental researches, efficiency of the use of alternative
natural materials such as zeolites has been determined [14].

Implementation of the newest methods of purification with the use of natural zeolites solves the problem
of raising the technical level of highways, traffic safety and ecological functioning.
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AHoTauisi. Po3riasHyTO 3arajibHi BIIaCTUBOCTI Cy4acHHX (PUIBTPYIOUHX MaTepialliB HOBOT'O IOKOIHHS,
TaKuX sSK MpUpOHi 1eotiTh. [IpoaHaizoBaHi MEPCIEKTUBY 3aCTOCYBAHHS NPHUPOJIHHUX IICOJITIB ISl OUH-
IICHHS CTOKIB 3 NMOBEPXHI aBTOMOOUILHUX JOpir. Bu3Ha4ueHO, 110 MEOIiTH € HAA3BUYAWHO MEPCIICKTHBHOIO
TIPUPOTHOIO CHPOBUHOIO, KA XapaKTEPU3YETHCS BUCOKUMHU TEXHOJIOTIYHUMH TTapaMeTpaMH 1 BIICYTHICTIO HE-
TaTUBHUX E€KOJIOTIYHWUX HACTIIKIB MPH iX IMHpOKOMacIITabHOMY 3acTocyBaHHI. [IpencraBieHi MareMaTHdHi
MojienTi aepoOHOi Ta aHaepOOHOT 010JI0TTYHOT OUHCTKY TOBEPXHEBHUX CTOKIB. OHUM 13 CIIOCOOIB IMiIBUIIICHHS
e(eKTHBHOCTI 0i10JIOTIYHOT OUUCTKHU € BIIPOBAIKEHHS MeTOly OiocopO1ii, 3acHOBaHOTO Ha CHINBHIN y yaci Ta
pocTopi 610JI0TITHOT Ta aACOPOIIIHOT OYMCTKH CTOKIB. Pe3ynbTaTh iMIiTAIlifHOTO MOJICITIOBAHHS TO3BOJIIIIN
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TEXHOJIOT'Ti 3AXHMCTY HABKOJIMIITHHOT' O CEPETOBHIIIA; EKOJIOT IS

OLIIHUTH aJICKBaTHICTh BAKOPUCTAHUX MAaTEMaTHUYHUX MOJEIICH I ONUCY TWHAMIKH OYHIICHHS TOBEPXHEBUX
CTOKIB 3 aBTOMOOIUTEHUX JOPIT 3a JOTIOMOTOIO MPUPOTHUX IEOJITIB 3 METOI0 HAJaHHS TOMAJIBIITNX PEKOMEH-
JaIfiif Ta ONTUMAIBHOTO YIPABIIiHHSA OYNCHUMH CITOpYAaMH IIPH O10JI0TIUHIN OUHCTIN. Y TOCKOHAICHA MaTe-
MaTH4YHa MOJENIb MOXe OYTH BUKOPHCTaHA JJIsl BU3HAYCHHS SIKOCTI MOBEPXHEBUX CTOKIB 3 aBTOMOOUIBHHUX
Jopir. B pe3ynbrarti eKCepUMEHTATBHUX JTOCTIKEHD BU3HAYCHO €(DEKTUBHICTh BUKOPHUCTAHHS aJbTePHATH-
BHUX (UIBTPYIOUUX IPHUPOIHUX MATEPiajiB - 1EOJiTiB. BpoBakeHHS HOBITHIX METOIB OYHMCTKH 13 3aCTO-
CYBaHHSIM IIPUPOJHUX ICONITiB BUPILIY€ 3aBJaHHS MiABULICHHS TEXHIYHOTO PiBHS aBTOMOOUTFHHX AOpir, 0e3-
MEKU PYXY Ta €KOJIOT1YHOTO (PYHKI[IOHYBaHHS.

Ku104oBi cj1oBa: TOBEpXHEBI CTOKU 3 aBTOMOOUTHFHUX JOPIT, IPUPOIHI MIEOTITH, MATEMAaTHIHE MOJIC-
JIIOBaHHSA, a/IcopOIisl, KOHIEHTpALIisl 3a0pyTHIOIOYHX PEUYOBUH
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