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LABORATORY STUDIES OF THE
COAGULATION PROCESS OF WASTE
WATERS OF MILK PROCESSING
ENTERPRISES BY CHANGING THE

MIXING RATE

Hasedeno pesyrvmamu nabopamopnux 00CLioNHcens 3 GUBUEHHS NPOUecy Koazyisuii 3abpyonens
Y MOOENbHUX CMIYHUX 600aX MOJOKONepepobHux nionpuemcms. Busueno eniue sminu weuokocmi nepe-
MIWY6anns Ha ehekmusHicmy nPoOUecy NPOSACHEeHH MOOeIbHUX CMIUHUX 600. OMPUMAHO 3a1€HCHOCTI
epexmy nposicnennst 6i0 wWeUOKOCMI Nepemiuly8anisl.

Kmouosi cnosa: npoba cmivnux 600, Koazyisuii 3a6pyonens, nepemiuuyouui npucmpiil, weuoxicms
ma uac nepemiuy8anms, Koeiuienm ceimonoziuHamusl.

1. Introduction

Mixing of liquid media is a process widely used in
the food processing industry and other industries for the
preparation of emulsions, suspensions and the produc-
tion of homogeneous systems (solutions), as well as for
the intensification of reaction, heat and diffusion pro-
cesses [1]. Milk processing plants generate wastewater,
which are characterized by an increased content of or-
ganic contaminants, fats, surfactants, etc. Therefore, the
treatment of these wastewaters is very often carried out
using coagulants [2, 3].

Treatment of water with coagulants is the most com-
mon method of purifying both natural and waste water.
The hydrodynamic mixing regime (hydraulic, pneumatic
and other methods) of the coagulant solution with water
determines the kinetics of floccule formation, their size
and density, and, thus, determines the subsequent stages
of the purification technology.

To ensure the effective action of the coagulant, it must
be immediately dispersed until a homogeneous distribution
is obtained, which operation must be performed before
sedimentation of the hydroxides [4].

The choice of hydrodynamic mode of the mixer is
a complex technological task. This is due to the fact that
the process of flocculation of hydrolyzed forms of coagu-
lants (aluminum or iron hydroxides) is complex. The for-
mation of floccules of coagulant hydroxides is determined
by a large number of factors: the intensity of mixing,
the turbidity of the initial water, the administered dose
and type of coagulant, the temperature, etc. At the same
time, it is known that the hydrodynamic regime created
by mechanical mixers is more effective [5].

To mix the reagents, hydraulic mixers — swirl, vortex,
gate, are most often used. Mixers with mechanical stir-
ring were also widely used. The main positive difference
between mechanical mixing and other methods of inten-
sifying the coagulation process is the ability to regulate
the mixing intensity depending on the quality, temperature
and flow rate of the treated water. This allows to reduce

the residence time of water in the mixer, which makes it
possible to reduce its volume and, accordingly, to reduce
the capital costs for the same water consumption.

The more effective the process of coagulation treatment
of water, the better flocculation process takes place [4, 6].
In case of incomplete mixing, there is a local lack of con-
centration of the reagent or vice versa local overdose,
which leads to a poor quality of the purification process.
Therefore, the definition of mixing parameters is one of
the most important tasks.

The use of mineral coagulants in technological schemes
for wastewater treatment of milk processing plants is
a common technique. This makes it possible to intensify
the process of physical and chemical wastewater treat-
ment. However, the process of coagulation has a number
of difficulties associated with the management and rapid
mixing of coagulant with treated wastewater. Therefore,
the studies given in this paper are aimed at studying the
influence of the mixing rate of the coagulant with the
waste fluid on the efficiency of the coagulation process.

2. The ohject of research
and its technological audit

The object of research is the mixing process of the
coagulant with the waste water of the milk processing
industry by means of a stirrer at different speeds of rotation.

Mixers that are used for coagulation processing can be
divided into two main types: propeller and static.

Propeller mixers are cylindrical (steel) or cubic con-
figuration and equipped with a blade impeller, which can
rotate at high speed.

Depending on the design of devices, the residence time
in them varies from 1 to 3 minutes. The velocity gradient
may be from 100 to 1000 s~!, depending on the particular
application of the apparatus. The reagent enters the zone
of greatest turbulence above or below the mixer, depending
on the operating mode (suction or discharge). In those
cases where the velocity gradient needs to be changed
depending on the temperature or water contamination
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level that is being processed, the stirrer is equipped with
a speed regulator.

Static mixers are installed directly on pipelines or open
channels. Static mixers built into pipelines are characterized
by very high velocity gradients (from 1000 to 30,000 s~")
and a short residence time of water in it [4].

The investigations carried out by the author [5] in the
field of intensification of the coagulation water purifica-
tion have shown that one of the methods for increasing
the efficiency of water purification is providing optimal
conditions for mixing reagents with water.

At the same time, the problem of determining the
optimal mixing parameters for waste waters of milk pro-
cessing enterprises remains open.

3. The aim and ohjectives of research

The aim of research is studying the effect of mixing
intensity on the efficiency of wastewater treatment of milk
processing plants during coagulation treatment.

To achieve this aim, it is necessary to solve the fol-
lowing main tasks:

1. To determine the effect of model wastewater solu-
tion mixing with the coagulant on the efficiency of the
coagulation process.

2. To obtain graphical and mathematical dependencies
of the change in the light absorption coefficient on the
mixing intensity.

4. Research of existing solutions
of the prohlem

A great contribution to the development of the mixing
theory and practical solutions in the design of mixing
devices is made by the authors of [7, 8]. According to [9],
coagulants of aluminum sulphate, ferrous sulphate and
chloride were the most widely used for treatment of waste-
water from milk processing plants. At the same time, the
efficiency of coagulant work was 53 % for chemical oxy-
gen demand (COD), for suspended substances — 93 %,
for fats — 97 %, which is a rather effective indicator of
preliminary wastewater treatment.

However, development of technology and the practical
experience of mixing devices in various industries have
revealed a number of problems in their work.

The authors of [10] establish that the process of floc-
culation as a result of water treatment with coagulants
depends not only on the intensity of mixing (velocity
gradient), but also on the temperature of the fluid being
treated and the initial turbidity.

Rapid mixing after dosing of the coagulant is an im-
portant design parameter according to the data of [11].
The coagulant should be evenly mixed with water. In the
case of incomplete mixing, local insufficient concentra-
tion of the reagent occurs or, conversely, a local overdose,
which leads to a poor quality of the purification process.
Therefore, the search for an optimal mixing device is one
of the most important tasks.

One of the solutions for fast and complete mixing of
reagents with wastewater is the mixer design presented in
[12]. Studies on the work of this equipment indicate the
achievement of a velocity gradient of 300 s~! for a time
of 10 to 60 s. This allows a quick and high-quality mi-
xing of the effluents and reagent solutions.

In [13], the authors analyze the classical theory of calcula-
ting the useful power of a stirrer and identified shortcomings
in the calculations. To take into account these shortcomings,
the authors propose to apply the finite element method
in its modern application — computational hydrodynamics.
Computational fluid dynamics in solving the problem allows
to take into account the geometry of the problem to the
maximum extent, and, thus, does not impose restrictions
on the design scheme related to the need to simplify the
mixer design or internal devices of the apparatus.

The paper [14] is devoted to the problem of the hydro-
dynamic effect of steady circulation in the vertical plane
of a liquid placed in a cylinder rotating around a vertical
axis. As experiments have shown, with an increase in the
rotation speed of the liquid greater than a certain critical
value, stable steady circulation appears in the vertical
plane. This can cause an effective rise in the bottom layers
of water, i. e., effective mixing of water masses with si-
multaneous saturation (aeration) of their air (oxygen).

To intensify the process of mixing water with reagents,
the authors [15] propose a mixer design with an inclined
impeller. According to the experimental studies, in the laminar
flow region, the inclined impeller can reduce the mixing time
compared to a stirrer with a vertically disposed impeller.

The authors of [16] propose a differential mixer design
for increasing the efficiency of mixing aqueous solutions.
Parametric studies are carried out and the optimization of
the shape of the said mixer design is performed on their
basis. When comparing two designs of mixers (standard
and differential), the authors identify shortcomings of
the standard mixer at high speeds (over 150), namely:
a vortex is formed in the center of the liquid, which
causes deformation of the mixer, bubbles and cavitation.

5. Methods of research

Laboratory studies were conducted on model sewage,
representing aqueous solutions of dairy products with the
addition of detergents (alkali or acid). The concentration
of dairy products in such solutions was selected in such
way that it corresponds to the content of fat and protein
in the actual drains of milk processing plants.

The following instruments and materials were used
for carrying out experimental studies:

1. Sample of sewage — 5 liters (model wastewater).

2. Coagulant — 3 % solution of ferric chloride FeCls.

3. Stirring devices (electromagnetic stirrer MS-H280-Pro
manufactured by ChemLand, Poland).

4. Device for determining the comparative characte-
ristics of water turbidity (spectrophotometer DR 1900
produced by Hach LANGE, USA).

The order of the research: the total sample of mo-
del sewage was divided into several portions of 150 ml
each (2 series of experiments in 5 portions). In each serving,
the initial temperature and pH were determined. Then,
by the trial coagulation method, the required dose of the
coagulant and the pH neutralization dose at a speed of
200 rpm and a stirring time of 1 min were determined.

After processing a portion of the model runoff with
reagents and stirring with a magnetic stirrer, the light
absorption coefficient was determined on a spectropho-
tometer after 60 minutes for sedimentation. Based on the
obtained results, the light absorption coefficient was plot-
ted against the mixing rate.
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6. Research resulis

Mixing of the reagent solution with the model solu-
tion was carried out with the aid of a stirring device —
an electromagnetic stirrer. The necessary volume of was-
tewater in the stirring tank was placed on a stirrer, a pre-
determined stirring regime was set and the coagulant
was dosed. During the mixing process, a certain value
of the rotational speed of the mixer (100-1500 rpm)
was established for each sample run. After the set mixing
time (1 minute) has elapsed, the agitator was turned off,
the wastewater was poured into the settling column. To
carry out a comparative analysis of the turbidity of wa-
ter after settling, a special device, a spectrophotometer,
was used. According to the data obtained using the spec-
trophotometer, the curve of the dependence of the light
absorption coefficient on the rotation speed of the mixer
was constructed. The experiments were carried out at
different rotational speeds.

The choice of the best mixing regime for reagents and
flocculation was carried out by comparing the experimental
data obtained for the light absorption coefficient of the
processed model runoff for the investigated mixing regimes.

Coagulation quality evaluation was carried out by
measuring the purity of the filtrate (by the value of the
light absorption coefficient). Measurements of the light
absorption coefficient using a spectrophotometer were car-
ried out at a wavelength of 800 nm and 480 nm.

A model sample of wastewater was obtained by dis-
solving milk-containing products in water. The composition
and percentage of the model sample of sewage are given
in Table 1. The total volume of each model sample of
obtained sewage was 5 liters.

Tahle 1

Composition and percentage ratio of model sewage sample

Mass fraction, %
Product Fat content, %
Sample No. 1 Sample No. 2
5.0 1.5 milk 3.2
3.0 1.0 spoiled milk 3.0
1.0 0.5 sour cream 18
92.0 97.0 water 0

After mixing all the products, the sample was aged for
30 minutes. Then the general model sample was divided
into several portions of 150 ml each (Fig. 1). Each por-
tion of the model wastewater was treated with reagent
solutions. In model wastewater of sample No. 1, 5 ml of
a 5 % solution of alkali NaOH was added to neutralize
the pH and 1.8 ml of a 3 % solution of ferric chloride
FeCljs for coagulation. For a sample of model sewage No. 2,
1.2 ml of a 5 % solution of alkali NaOH was added to
neutralize the pH and 1.8 ml of a 3 % solution of ferric
chloride FeCls for coagulation.

The dose of the coagulant is the selected dose obtained
during the trial coagulation. Despite the fact that when
changing the composition of model wastewater the optimal
dose of coagulant could change, it was decided to leave
the same dose of coagulant according to the composition
of the sample with pH neutralization. This was done to
observe the established experimental parameters and the
possibility of their further comparison among themselves.

I55N 2226-3780

Fig. 1. Portions of model wastewater prior to coagulant
administration

Before mixing on a magnetic stirrer, the portion of

the model runoff had the following qualitative parameters:
— pH=7 (neutral medium is provided by the intro-
duction of alkali);

— model flow temperature is 19 °C.

The reagents were added to portions of the model
wastewater while stirring on a magnetic stirrer (Fig. 2).
Mixing time is 1 min. The shape of the anchor of the
magnetic stirrer is cylindrical, the dimensions of the anchor
are 40x8 mm, the diameter of the container is 70 mm,
the height of the container is 45 mm.

During the experiment, the mixing rate varied within
the following limits:

— 1 series (model test No. 1) — 300-1100 rpm;

— 2 series (model test No. 2) — 100-1500 rpm.

Fig. 2. Stirring of model sewage with a coagulant
on a magnetic stirrer
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The processed samples were left for 60 min for sedi-
mentation. After that each of them was filtered on a coarse
filter (Fig. 3). Further, on the spectrophotometer, the light
absorption coefficients were determined at wavelengths
A=800 nm and A =480 nm. The results are shown in Table 2.

Fig. 3. Model sewage of sample No. 2 after filtering on a coarse filter

According to Table 2, the mathematical and graphical
dependences of the light absorption coefficient on the
mixing rate during model waste water coagulation are
obtained (Fig. 4, 5), which correspond to an exponential
function with a high degree of correlation (R?=0.98).

To compare the obtained results of the light absorption
coefficient at different wavelengths of the spectropho-
tometer, A=800 nm and A=480 nm, the graphical and
mathematical relationships between the light absorption
coefficient and the turbidity are obtained (Fig. 6).

As a result of studying the obtained graphs (Fig. 4-6),
it is found that the change in the mixing rate of the
model wastewater solution with the coagulant with iron
chloride significantly affects the coagulation process. The
quality of the coagulation process is evaluated by measu-
ring the purity of the obtained filtrate from the value of
the light absorption coefficient on the spectrophotometer.

The results show an exponential dependence of the
quality of the coagulation process on the mixing rate with
a high correlation coefficient (R?=0.98). The nature of the
obtained curves indicates that in the range of rotational
speeds of the mixer 100-800 rpm the coefficient of light
absorption decreases from 1.544 to 0.314, which is 79.7 %.
At the mixer rotation speed in the range of 800—1500 rpm,
the coagulation efficiency practically does not change and
reaches the maximum value for the coefficient of light
absorption 0.168, which is 89.1 %. Therefore, it is pos-
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sible to conclude that the range of rotational speeds of
the stirrer 800—1500 rpm is optimal for achieving the
maximum effect of the coagulation process in the treat-
ment of wastewater from milk processing plants.

The decrease in the value of the light absorption
coefficient is significant, therefore, the mixing factor is
significant in the process of coagulation of sewage of milk
processing plants. According to the research results, there
is a need to improve the quality of agitation of the coagu-
lant with wastewater. The latter will improve the quality
of wastewater treatment of milk processing enterprises.

Table 2

The values of the light absorption coefficient in the mixer,
depending on the mixing speed

o | e 7o |t Sgonmens | U i
, nm

1 Model wastewater sample No. 1

1.1 300 800 0.728
1.2 500 800 0.447
1.3 700 800 0.194
1.4 300 800 0.151
1.5 1100 800 0.085
2 Model wastewater sample No. 2

2.1 100 800 1.544
2.2 200 800 1.124
2.3 400 800 0.647
2.4 800 800 0.314
2.5 1500 800 0.168
3 Model wastewater sample No. 3

3.1 100 480 2.894
3.2 200 480 2.468
3.3 400 480 1.765
3.4 800 480 0.932
3.5 1500 480 0.598

600 800 1000 1200

Number of revolutions, rpm

Fig. 4. Dependence of the light absorption coefficienton the mixing rate during coagulation of the model solution (sample No. 11)
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Fig. 5. Dependence of the light absorption coefficient on the mixing rate of sample No. 2 at a wavelength A =800 nm and A =480 nm
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Fig. 6. Dependence of turbidity on the light absorption coefficient for measurements at different wavelengths of the spectrophotometer

7. SWOT analysis of research resulis

Strengths. The carried out researches have shown ex-
pediency of definition of mixing modes of coagulant
with processed waste water for maintenance of opti-
mum mixing parameters in mixing devices. This will
allow for more complete use of the coagulant capacity
of the reagents, complete and rapid mixing with the
waste liquid. This will ultimately lead to cost savings
for reagents and to optimize the operation of the whole
technological scheme for wastewater treatment of milk
processing enterprises.

Weaknesses. The introduction of an effective knot of
mixing the coagulant with the waste fluid leads to addi-
tional labor costs. This unit requires qualified maintenance
and monitoring of the hydrodynamic parameters of the
mixing flows of liquids.

Opportunities. The qualitative, rapid and complete mi-
xing of the coagulant with the waste liquid will make it
possible to intensify the process of physical and chemical
treatment of waste waters of milk processing enterprises.
This, in turn, will entail a normal course of further pu-
rification steps.

Threats. The effectiveness of the process of mixing
wastewater and coagulant is influenced by the qualitative
parameters of the effluent (contamination concentration,
pH, temperature, etc.) and the parameters of the mixing
device. Therefore, a sharp change in the qualitative and
quantitative parameters of the effluent can lead to a dis-
turbance of the mixing process and affects the overall
purification efficiency.

1. As a result of carrying out experimental studies on
the effect of the mixing speed of model sewage solution
with the ferric chloride coagulant, it is found that the
mixing regime has a significant effect on the efficiency
of the coagulation process. Thus, at an impeller speed of
1500 rpm, the purification efficiency reached 89.1 %.

2. Based on the results of the experiments, graphi-
cal and mathematical dependences of the change in the
light absorption coefficient on the intensity of mixing
with a high degree of correlation are obtained (R?=0.98).
The nature of the obtained curves indicates that in the
range of rotational speeds of the mixer 100—800 rpm, the
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purification efficiency was 79.7 %. At a speed of stirrer
rotation in the range 800—1500 rpm, the coagulation effi-
ciency practically does not change and reaches a maximum
value of 89.1 %. The decrease in the value of the light
absorption coefficient is significant, therefore, the mixing
factor is significant in the process of sewage coagulation
of milk processing plants.

The results of the conducted studies confirm the ex-
pediency of determining the mixing regimes of the coa-
gulant with processed sewage to ensure optimal mixing
parameters in the mixing devices. The mixing intensity
has a significant effect on the coagulation efficiency and,
as a consequence, the efficiency of wastewater treatment.
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NABOPATOPHBIE HCCNMEAOBAHUA HHTEHCHPHKALIMK NMPOLECCA
KOAT'YNALKHK CTOYHBIX BOA MO/MOKONEPEPABATBIBAHOLIKX
NMPEANPHATHI 3A CYET H3MEHEHHA CKOPOCTH
NEPEMELIHBAHMA

TIpuBeseHbl pe3yabraThl TaGOPATOPHBIX UCCIEAOBAHUIT 110 13-
YUEHHMIO [TPOIlecca KOAryJIsiiiny 3arpsi3HEHUI B MOJIETIbHBIX CTOUHBIX
BOJIaX MOJIOKOIEpepabaThiBAIOINX MPeAnpusTuii. M3yueHo Biu-
sSHUe M3MEHEHUs] CKOPOCTH IiepeMelnnBaHust Ha 3(h(eKTUBHOCTD
rporecca OCBETJIEHUSI MOJIEJIbHBIX CTOYHBIX BoJ. IlosydeHb! 3a-
BUcHMOCTH 3(hderra OCBeTIEHUsT OT CKOPOCTH IepeMelIMBaHUs.

Kmouesste cmoBa: PoGa CTOYHBIX BOJ, KOATYJISIUS 3arps3-
HEHUIi, IepeMellnBaloliee yCTPOICTBO, CKOPOCTb U BpeMs Iiepe-
MeIIBaHusI, KO3(hDMUIINEHT CBETOMOTIONICHS.
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