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Abgract. The structure of an emulsion formed in
wastewater from edible oils production has been
investigated. The type of emulsifier has been determined
and the method of emulsion destruction has been
proposed, providing further quality treatment of
wastewater via liquid-extraction method. The resulting
equilibrium and operating lines of the process were
received. The number of transfer stages has been
determined. The mathematical model of liquid-extraction
wastewater trestment was built. Its solution alows to
predict the kinetics of wastewater extraction when
implementing the technology in practice. The equipment
was selected to design flowsheet of wastewater treatment
using aliquid extraction.
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1. Introduction

To date the growth in capacity of enterprises
producing edible oils results in the formation of huge
amounts of wastewater from the production processes [1,
2]. The main pollutants are organic matters of mostly fat
character which are impossible to be treated by existing
treatment plants according to the sanitary requirements.
These organic pollutants consist of neutra fats,
phospholipids, organic acids and other substances of
organic origin. They are insoluble in water and form
stable emulsions, which in their turn, contribute to the
accumulation of significant amounts of mechanical
contaminants in the form of suspended matters. Many of
the known trestment methods are ineffective, and some of
them cause additional pollution of water. This creates a
significant environmental problem because it causes
pollution of surface waters by organic substances. The
main source of the pollutants is wastewater from edible
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oils production. The pollutants cause decay and blooming
processes, infection by bacteria, and ultimately have a
negative impact on fauna and flora [2-10]. For many
enterprises of the industry the proper treatment of
wastewater is a serious problem. The development of
treatment technology for wastewater from edible ails
production, which would give an opportunity to solve the
problem of reducing contamination of the environment
and could be implemented within a wide variety of
wastewater compositions, isan urgent task.

So, the aim of this work is to study the liquid
extraction as an effective way to remove pollutants from
wastewater of edible oils production. On the basis of
experimental results we propose the equipment for
efficient treatment.

2. Experimental

Identification of main pollutants was carried out
using chromatography, namely a thin layer
chromatographic method over silica“H” plates (“Merck”
company, layer thickness 0.3 mm.) Chromatography was
performed by two directions: 1% direction: chloroform-
methanol—-25 % aqueous solution of ammonia (65:25:2
viv); 2™ direction: chloroform—methanol—acetic acic—
water (65:15:10:3 v/v). Phospholipides were visualized as
yellow spots over the plates due to iodine vapors[11].

The process of liquid extraction from the multi-
component system proceeded by direct contact of two
liquid phases. The kinetics was studied at different speeds
of the mixer. The experimental procedureis the following:
wastewater and extractant with the ratio of 1:1 v/v were
mixed in the mixer for 30 min, then after settling two
layers (extract and rafinate) were obtained. The
concentration of the pollutants in wastewater was
determined by a photocolorimetry. The essence of the
method is light absorption by pollutant in the visible
spectrum at a wavelength of 490 nm. For this purpose the
calibration graph was built using pre-known values of
conventional  pollutants concentrations. Then the
concentrations of actual pollutants in the water layer and
extractant after liquid extraction were determined.



Application of Liquid Extraction for Treatment of Wastewater from Edible Oils Production

3. Results and Discussion

The studied wastewater is a microheterogeneous
system that can be described as an emulsion in which the
dispersed phase and dispersion medium are in a liquid
state. Such systems can long exist only in case that they
are formed by liquids and are not dissolved in each other.
In this case, the stahility of such emulsionsis provided by
aratio of phase densities. A density of dispersion medium
is close to the density of the dispersion phase, so this
emulsion is stable in terms of sedimentation. This was
confirmed experimentally; the emulsion is stored for a
long time in the field of gravity forces, centrifugal forces
and while standing. Centrifugation at 3000 rev/min for
20 min did not give the desired result that indicates the
inefficiency of mechanical treatment methods of
wastewater with such properties.

Using methylene blue dye and further microsco-
ping we found that this emulsion is of the first type,
because colorless beads are obsaved on a blue
background which can be identified as oils. These
emulsions are also called direct emulsions, i.e. ail
emulsions in water, where the nonpolar or weakly polar
dispersed phase is located in a highly polar dispersion
medium. According to another classification this is a
concentrated emulsion because the dispersed phase
occupies more than 0.1 % of the total volume of the
emulsion [12, 13].

It was important to investigate what kind of
surfactants in water can act as emulsifiers. It is known
from the literature that phospholipids which are by-
products of edible oils [14] may be good emulsifiers.
Their amount in oil varies depending on the production
technology. The higher concentration of phospholipids in
oils, the higher concentration of them in wastewater, and
this complicates the process of wastewater treatment.

Using chromatography we identified the following
phospholipids in the studied wastewater: lisophosphatidyl-
choline, phosphatidylcholine, phosphatidylinositol, phos-
phatidylserine, phosphatidylethanolamine, phosphatidyl-
glyceral, phosphatidic  acids, lisophosphatidyl-
ethanolamine, minoglycosides digliceride, neutral lipids.
S0, it isassumed that phospholipid compounds of a diphyl
structure, in which an ammonium cation is basic for polar
part, are emulsifiersin this system.

Surrounded by water phospholipid molecules have
the ability to be organized in such a way that the
hydrophilic “heads’ are directed outside and contact with
water; the “tails’ are directed inward and contact only
with the tails of neighboring phospholipids. Thus
micelles— small spherica particles — are formed. Most
probably, such structure causes extreme resistance, which
greatly complicates the search for effective and, most
importantly, safe methods of wastewater treatment.
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Obvioudly, the presence of phospholipids, which were
identified by chromatography, causes the formation of
stable emulsions.

It was necessary not only to study the structure of
the emulsion dispersed phase, but to find effective
methods of its destroying, as well. The process of
destruction is more complicated than the process of
emulsion formation. It is redlized, as a rule, using
chemical, dectrochemical or electromechanical methods.

Chemical methods involve chemicals which are
often additional pollutants, and are undesirable. Therefore
it is necessary to use reagents capable to form simple and
safe subgtances, and cause the so-caled phase
reversibility: dispersed phase is transformed into a
dispersion medium, and vice versa. This phenomenon
may occur when substances, that can change the nature of
the emulsion, are introduced into it. So the emulsion
destruction isan integral part of wastewater treatment.

According to the experimental results the
chemicals that can destroy the emulsion are oxidants,
including hydrogen peroxide, sodium hypochlorite,
sulfuric acid and others. Hydrogen peroxide was found to
be the best. In the acidic environment hydrogen peroxide
oxidizes the polar part of phospholipid molecules,
destroys their surface activity, and finally destroys the
emulsion. As a result of wastewater treatment by
hydrogen peroxide we observed the formation of two
layers (water — ail), and their subsequent separation.
Cavitation and ultraviolet radiation also contribute to the
emulsions destruction. During cavitation hydrogen
peroxide is additionally formed in water, and intensifies
the process of the emulsion destruction.

To neutralize the system it is proposed to use
calcium carbonate because the reaction product is carbon
dioxide, which improves a phase separation. In addition,
when applying hydrogen peroxide, oxygen is evolved and
also improves the phase separation [15].

Thorough analysis of physicd and chemical
methods of wastewater treatment used after the emulsions
destruction shows the liquid extraction to be the most
appropriate method for the final disposal of pollutants
[16-18, 21].

To achieve the maximum efficiency of wastewater
treatment it is important to choose the extractant.
Extractant should have selective solubility with respect to
pollutants. Extractive properties can be enhanced by
mixing different extractants that form complexes in the
mixture. Among possible extractants are benzene, toluene,
petroleum ether, halogen aliphatic hydrocarbons.
However, the toxicity of extractants does not allow them
to be applied. The most promising in terms of toxicity are
esters of acetic acid, ethyl acetate and butyl acetate in
particular. Moreover, it was found that a substantial
increase in extractive properties of ethyl acetate and butyl
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acetate is achieved by mixing them with alcohol
(methanol, ethanol, propanol, butanol, isobutanol). The
extraction efficiency of the mixture ethyl acetate-alcohol
and butyl acetate—alcohal is significantly higher during
the extraction of pollutants from oil production
wastewater than in the case of using pure extractants
separately.

One of the conditions of applying liquid extraction
is phase separation after extraction. It is important the
alcohals, which are well soluble in water to increase the
extraction ability of the extractant, do not dissolve the
phases. For such purposes we used three-dimentional
diagram of the test solutions to determine the maximum
concentration of corresponding alcohol in the mixture [18,
19]. According to [19, 20] the maximum allowable
concentration of alcohol is about 20 %. It was found by
the experiments that the increase in molar mass of alcohol
added to the extractant, increases the extraction efficiency
(Figs. 1, 2). The reason is the reduction of acohal
solubility in water with an increasing molar mass and the
increase in solubility of organic wastewater pollutants
such as glycerides, phosphatides and neutral fats in
extractant.

It should be noted that the increase in alcohol molar
mass increases the concentration of pollutants passed into
the extractant. Among listed alcohals, butanol was found
to be the most effective one (Figs. 1, 2).

Didribution of the target component between
liquid phases is determined by the conditions of
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Fig. 1. Pollutant concentration in the extractant (mixture with
ethyl acetate) vs. molar mass
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Fig. 3. Equilibrium line (1) and operating line (2)
for ethyl acetate; batch process
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equilibrium. If we do not take into account the mutual
solubility of the phases, the equilibrium conditions are
determined by a straight line eguation y = kx, where
y — the concentration of the target component in the
extract; x — its concentration in wastewater; k — coefficient
of distribution. According to the distribution law, at a
constant temperature the coefficient k is constant. In fact,
it depends on many factors: temperature, pressure, sub-
stances nature, concentration, etc. Therefore, the equilib-
rium line in x-y coordinates under the studied conditions
takes the form of the curve shown in Figs. 3 and 4. The
coefficient of distribution is not constant[17, 18].

The next step was to study the operating line of the
process. The line shows the concentration of pollutant in
wastewater after reaching equilibrium. Figs. 3 and Fig. 4
show the equilibrium and operating lines for ethyl acetate
and butyl acetate, respectively, as well as the purification
efficiency within the given initial and final concentrations
of two liquids. As seen from the figures, sevenfold
reduction of the pollutants concentration in wastewater
demands five transfer stages in the case of ethyl acetate
(Fig. 3), and twice morein the case of butyl acetate (Fig. 4).

Among a variety of liquid extraction apparatuses
that can be recommended for the treatment of wastewater
from edible oils production, counter-current columns with
amechanical stirring (vibrating, rotary-disc, pulsating) are
the most rational ones. If the counter-current scheme is
used for liquid extraction the number of transfer stages is
significantly reduced (Figs. 5, 6).
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Fig. 2. Pollutant concentration in the extractant (mixture with
buthyl acetate) vs. molar mass
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Fig. 4. Equilibrium line (1) and operating line (2)
for buthyl acetate; batch process
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Fig. 5. Equilibrium line (1), operating line (2) and number of
transfer stages (3) for ethyl acetate; counter-current process
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Fig. 7. Scheme of mixing-settling extractors

Mathematical models of liquid extraction in the
perforated-plate column are already known [21].

However, when we need an apparatus equivalent to
a high number of theoretical stages of mass transfer (Figs.
3, 4), and have to strongly control and correlate the
concentration and composition of the extract on the
individual stages of mass transfer the mixing-settling
extractors should be used.

The mathematical description of the mixing-
settling extractor [22, 23] can be represented by the model
with specific characteristics. The entire volume of the
apparatus or their system is represented as an individual
extractor. All extractors are connected in series. Ideal
mixing occurs in each extractor and is lacking between
them. It is represented in Fig. 7, where C;, C,, C3 —
concentrations in 1, 2, 3 extractors, respectively; Cy, —
concentration in “m" extractor.

Since ideal mixing occurs in each extractor and
output of the previous apparatus is the input for the next, it
is possible to write a system of mathematical equations:

id_Cl :—Cin- Cl u

Lt t, o
1dG, _G-G i
pd oty (1)
: ...................... :
1dC, _ Crpa- Cil
Lot tm b

In the system of “m’ equations where m — number
of extractors; ty, ty, ..., tm— holding time of flow in the
fird, second, .., last extractor. The system is a
mathematical description of the liquid extraction process
in the system of mixing-settling extractors.

The basic mode parameter is a number of
extractors m. Its value varies according to the number of
theoretical transfer stages. The smallest value is 1. In such
a case, only the first equation is in the system (1). So, we
get one limiting case — one limiting structure — ideal
mixing. If the number m increases then we consider the
transfer function.

Let us analyze if m = 2. The model converts into

Eq. (2):

196G _ G- G
P~
19C, G- G @
fodt t, b

When using Laplace transform [24]:
IrG(r)=C( )i - G(r)u
i _ (€©)
11 G(r)=G(r)- G}

or

TG(r)A+rty) =C(r )it @)

TG, (r)A+rt,) =G ()

Since Cy(r) = CAr )ou, ON the basis of Eq. (4) we
obtain:
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C(r )out — 1 (5)
Ciryn  @+rt)@+rty)

This mode can be applied if al cdls have the same
volume. Then Eq. (5) hasaform:

w(r)=

C(r)out — 1 (6)
Con g, 118
2 g
Sincet =t +t,, for mcelswe obtain:
1
W(r):—"m (7)
%, Mo
€ mp

Eg. (7) is a transfer function of the developed
model. We use a substitution:
rt 1

—== ®
m X
Then
m=rtx 9)

Let us evaluate the limit based on Eq. (8):

. 1 .

lim =lim (10)

m®¥ai+ltl')m x®¥ai+}t.')”x

€ mp & xz

X

Since Iimgi+19 =¢, then

x® ¥ X@
C
lim — =t = o (11)
m® ¥ %-'-lo Cr (in)
€ mp

It means that very large values of m lead to the
model of the ideal displacement:

Cot =gt (12)
n
It should be taken into account that the volume of
the reactor or reactors system is constant. Increasing the
number of reactors the reactor volume decreases. It
follows from above-mentioned that the proposed model,
due to the value of the main parameter m, can estimate the
whole range of flow intermediate structures between two
limiting cases. Moreover, the greater value of m, the
greater influence of the displacement factor and the
weaker influence of the transfer factor.
The model final decisionis:

- Ae— rt

(13)
max
or
Dt

= Ae_?

c (14)

where C — current value of extract concentration; Crax —
final value of extract concentration.
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After taking the logarithm Eqg. (14) hasaform:

C Dt

In =InA- ?

(15

max

This equation describes the draight line in the
coordinates:

(16)

(17)

Now it is possible to determine the diffusion
coefficient D if we know the drop radius R.
The drop radius is calculated according to the

formula[25]:
R:d_ = ﬂ
2 \j gDr

where d — coefficient of surface tension for a water drop; g
— acceeration of gravity; Dr — difference between density
of liquids (wastewater and extractant).

Density is calculated according to Eq. (19):

i = ﬁ + &

rry ry,
where r — density of the mixture (extractant); ri, ro —
densities of the organic solvents; X3, X, —mass parts of the
organic solvents.

The diameters of ethyl acetate and butyl acetate
drop were 0.635-10° and 0.68-10°° m, respectively. Since
the drop size is small, we may assume the absence of
convective component at determination of diffusion
coefficient for the main pollutants in water. Taking into
account the predicted conditions (15)-(17), we obtained
the straight lines 1-3 (Fig. 8).

After calculations the order of diffusion coefficient
was found to be 10 m?/s.

(18)

(19)
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Fig. 8. Kinetics of wastewater trestment using liquid extraction
in the mixing-settling extractor at mixer different speeds
(rev/min): 12 (1); 8 (2) and 4 (3)
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4. Conclusions

The structure of surfactants which act as
emulsifiers during formation of stable emulsions in
wastewater from edible oils production was specified. We
propose an environmentaly friendly method of their
destruction, providing the appropriate level of wastewater
treatment in the industry. A mixture of organic solvents
that can be used as an extractant were selected. A
mathematical model of multi-staged liquid extraction for a
wastewater treatment was developed. Its solution allows
to evaluate an order of diffusion coefficient of wastewater
basic pollutants.
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3ACTOCYBAHHS PI/IMHHOI EKCTPAKIIIT
JUIs1 OYMILIEHHSI CTIYHUX BOJI BUPOBHUIITBA
XAPUYOBHUX OJIII

Anomauin. Jlocuiodiceno  cmpykmypy — emyiawCii, sKa
VMBOPIOEMbCA Y CIMIYHUX  600AX UPODHUYMSE XAPYOBUX  Olill.
Bcemanosneno 6ud  emynveamopa ma  3anponoHoséano  cnocié
DPVUHYSaHHA  eMynbCii, wWo 3abesneuye 6 NOOAILWOMY SKICHe
OYUUEHHSI  CMIYHUX 6800 ONIUHUX ~ GUDOOHUYME  PiOUHHO-
excmparyiiHum memooom. Ompumana ninis pienosazu ma poooui
JHii  npoyecy. Bcmanoeneno kinvkicms cmyneneii  nepemocy.
Tlo6yoosano mamemamuuny Mooens PIOUHHO-EKCMPAKYITHO2O0
ouuwyenns  cmiunoi  6o0u. Piwenns ii  Odac  Mmoxcnugicme
npocHosyeamu  KIHeMuKy npoyecy eKCMpKYIiHO20 —OYULeHHS
cmiuHux 600 npu peanizayii mexuonoeii na npakmuyi. Ilidiopano
001a0HaHHA ONsl NPOEKMYBAHHSA MEXHONOSIHHOT CXeMU OYUUeHHs
CMIYHUX 800 8UPOBHUYMBA XAPHOBUX Ol PIOUHHOIO eKCIMPAKYIIO.

Knrouoei cnosa:. piounna excmpaxyis, excmpazenm,
paginam, excmpakm, cmiyna 800a, Koegiyichm maconepedadi,
ougysisi, MamemMamuyHa MoOeb, KIHemuKd.



