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Abstract. The performance of the anaerobic-aerobic sequencing lab- scale reactors for the treatment of a
milk processing wastewater was studied. The wastewater flow rate was varied from 78.0 to 149.0 mleh-1
and organic matter content from 3.8 to 6.8 g COD-dm?. This corresponded to the change of dilution rate
from 0.4 to 0.8 day™' and organic loading rate from 1.4 to 2.8 g COD+dm>day"'. An increase of hydraulic

load reduced the treatment efficiency at the first anaerobic stage from 44.4 to 29.7%, but it was

compensated at the aerobic treatment stage. Increasing the organic loading rate improved the treatment
efficiency at the anaerobic stage from 44.4 to 54.2%. It was shown that spatial separation of anaerobic stage

onto two phases increases the treatment efficiency in anaerobic stage and in whole (85.8 and 98.7%) in

comparison to non-separation mode (45.5 and 73.9%, respectively). The correlation analysis of the organic

loading rate L, organic consumption rate P and dilution rate D on the treatment efficiency E allowed to

obtain the equations can be used for mathematical optimization of the process.

1 Introduction

In developing countries milk production is growing at
about 2.8% per year. In 2017, 170 billion kg of milk was
produced in Europe, 93% of it was processed into dairy
products, including cheese (37%), butter (30%), cream
(13%), fresh milk (11%), acidified milk (4%), milk
powder (2%). Unfortunately, about 50 % of the produced
acid whey is untreated before disposal [1]. It is also
known that dairy wastewater has high biological and
chemical oxygen demand due to the high content of
proteins, fats, lactose, as well as detergents and
disinfectants. Without a properly organized treatment
such wastewater can cause serious environmental
problems [2, 3]. Thus, there is an urgent need to develop
new effective technologies of dairy plants wastewater
treatment and to perform optimization and intensification
of existing one [4].

Due to the high organic content, its high
biodegradability, ability to solve environmental
problems and obtain alternative energy anaerobic
processes are known as more preferable methods of
dairy wastewater treatment than aerobic ones [5-9].

The successful wastewater treatment required careful
monitoring of the process parameters, and various
methods were currently used to intensify and optimize
these processes. These methods include the following.

Accounting qualitative properties of the treated
wastewater allowed to predict mode of the
biodegradation (carbohydrates and proteins was rapidly
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degraded and modified into substrates for methanogens)
and biogas production (the biodegradability of lipids was
lower, but provide the high yield and quality of biogas)
[10].

A good result was obtained by the formation of
microbial communities with high enzymatic activity,
suitable substrate specificity, and temperature sensitivity
[11-14]. The necessity of pH monitoring, selecting the
optimal ratio of inoculate and substrate at the process
start-up, sufficient mixing and small suspended matter
particles size was shown [15-17]. The immobilization of
the microbial biomass by granulation or biofilm
formation [18-20] was very effective, but it was
important to ensure the required surface quality of
immobilizing device [21-22]. The various inhibitory
effects elimination also significantly increased the
efficiency of the methanogenic process [23, 24]. In
addition, co-digestion of food waste with animal manure,
sewage sludge and green waste was proposed [15].

It as shown that the temperature significantly affected
the process of anaerobic wastewater treatment under
mesophilic (37°C) and thermophilic (55°C) conditions
[25-27]. A study of the combined system of up-flow
anaerobic sludge blanket (UASB) and membrane
bioreactor (MBR) showed a high resistance to changes in
the organic loading rate (up to 4.85 kg COD m™-day™')
and temperature (17-25°C), the degree of removal of
COD reached 99% during the stable operation mode.
The specific yield of biogas reached 150 I'kg! COD
consumed with an average methane content of 73% vol.,
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Fig. 1. Principle schemes of bioreactors connection: 1 - bioreactors, 2 - inert material with immobilized biomass, 3 - wastewater
inlet to the first bioreactor, 4 - outlet of the purified water, 5 - overflow pipelines, 6 - biogas outflow, 7 - air for the aerobic stage

aeration.

the specific yield of biomass ranged from 0.07 to 0.13 g
of biomass (volatile suspended substances) from 1 g of
COD consumed [28].

In order to degrade biopolymers, pre-treatment of
wastewater was performed by chemical (acid, alkaline
hydrolysis, oxidants) or biological methods (the
enzymatic hydrolysis) [29-32]. Subsequently, two- and
three-phase anaerobic systems for dairy wastewater
treatment were proposed, in which the first-phase
bioreactor was designed for polymer hydrolysis and fatty
acid synthesis (acidogenesis) and provided the substrate
for the second phase (methanogenesis) bioreactor. This
scheme was effective for wastewater treatment with high
content of suspended substances, for example, food
industry and agriculture [33, 34]. The results of the
systems with pre-acidification were widely presented in
literature [35-40], while the chemical composition of the
resulting metabolites was compared at different pH
values [16], process parameters at different flow rates
and retention time, and their effectiveness was compared
at different temperatures [41].

A number of studies investigated the hardware design
of the process of anaerobic treatment of dairy
wastewater, namely, the advantages and disadvantages
of various reactor designs [13, 18, 19, 29]. Anaerobic bio
filter was suitable for the treatment of milk wastewater
containing low content of suspended solids, and at the
hydraulic retention time (HRT) of 4 days, the bioreactor
provided destruction of organic matter 78-92% [42]. An
anaerobic up-flow bio filter also showed the efficiency
of COD removal on average 80% during dairy
wastewater treatment at organic loading rate L up to 21
kg COD-m>-day! [43]. An industrial anaerobic bio filter
for raw milk wastewater treatment at the L up to 6 kg
COD-m3-day’! showed an efficiency of COD removal of
about 90%, while fat was also effectively decomposed
[44].

The use of combined (anaerobic—aerobic) methods of
wastewater treatment with stages separation into phases
was considered optimal [8, 38]. However, to obtain the
desired effect, it was necessary to ensure the correct ratio
of phases volumes due to the difference in the growth
rate of the consortium bacteria. The solution of this

problem required preliminary laboratory simulation of
the treatment process, followed by its mathematical
optimization either for the total volume of the bioreactor,
or for the energy efficiency of the process [4-5].

In this regard, the paper objectives are as follows:

1. Study of the influence of the wastewater dilution
rate D and organic loading rate L on the parameters of
the dairy wastewater anaerobic treatment process;

2. Influence of the anaerobic phases spatial
separation on the treatment efficiency;

3. Correlation analysis of the L, D and organic
consumption rate P on the treatment efficiency.

2 Materials and methods

In simulation of the dairy wastewater treatment
wastewater from the milk-processing enterprise was
used. Laboratory installations A and B included
anaerobic and aerobic stages with suspended and
immobilized biomass. Installation A with the separation
of stages into two phases consisted of four bioreactors —
A1, A, (anaerobic stage), As, As (aerobic stage).
Installation B without dividing into phases included
bioreactors B1 (anaerobic stage) and B2 (acrobic stage).
Laboratory installations design and pipelines connecting
are shown in Figure 1. Characteristics of laboratory
bioreactors are presented at Table 1.

Table 1. Volumes of bioreactors.

Installation Bioreactors Unit of Numerical
name name measure value
A Al dm? 0.75
Az - 1.5
A3 - - 0.56
A4 - 1.76
B B - 1.02
B2 - 2.64

The operating parameters were varied by changing
the incoming wastewater volumetric flow rate G and
organic matter content So, which caused corresponding
changes in the dilution rate D and organic loading rate L.
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Table 2. Characteristics of the investigated modes.
Mode Installation Bioreactors G, 10*m>h’! So, g COD-dm” Short description
1 A A1 —A4 78.0+£8.0 3.840.8 Phase separation, low D
2 Al—A4 112.04+10.1 3.8£1.0 Phase separation, medium D
3 Ail—Aq4 149.0+15.1 3.8+0.9 Phase separation, high D
4 Al—As 78.0£8.0 4.241.0 Phase separation, low D, medium S
5 Al—As 78.0£8.0 6.8£1.6 Phase separation, low D, double S
6 B Bi—B2 78.0+£8.0 3.7£1.0 Without phase separation, low D
7 Bi—B> 149.0+15.1 3.540.9 Without phase separation, high D

A number of process modes were implemented and
their main parameters are presented in Table 2.

In the described modes continuous anaerobic
treatment was simulated to reach a steady-state, which
took on average about 12—16 days, at temperatures from
22.0 to 26.0°C.

The following measured characteristics were used for
the calculation of the technological parameters: the
wastewater volumetric flow rate G, m’h'!, was

measured by the volumetric method; the content of
organic matter S, kg COD-m?, at the inlet and outlet of

all phases bioreactors Aj-A4 and Bi-B, was determined
by the standard dichromate method.

Using the measurements, determined the estimated
technological parameters for the following formulas 1-4:
dilution rate D, day™!, organic loading rate L, kg COD-m"
3-day!, organic consumption rate, P, kg COD-m™-day™,
treatment efficiency E, %, in bioreactor of each phase
and in the installation as a whole [17, 22]:

p=% (1)

where G is wastewater volumetric flow rate, dm?*-day™!,
Vp are the bioreactors volumes on each phase, dm?,

L=S, D (2)

where Si, is organic matter content in the incoming
wastewater, kg COD-m>.

P =(Sin —Sout) "D 3

where Sou 1S organic matter content in the outgoing
wastewater, kg COD-m?, as well as in the purified water
at the outlet of the bioreactors of each phases.

E = Sin~Sout . 1000y )

Sin

3 Results and discussion

3.1 The effect of hydraulic and organic loads on
the performance of the process

In this section we carried out study to complete task 1,
i.e. to determine the influence of hydraulic and organic
loads on the performance of the process. The hydraulic
and organic loads were characterized by the dilution rate
D and the organic loading rate L, respectively. The
results of calculations are presented in Table 3.

Table 3. Hydraulic and organic load over the entire

installation.
Mode D, day’ L, kg COD-m?-day’
1 0.4+0.2 1.4+0.2
2 0.6+0.1 2.0+0.3
3 0.8+0.1 3.0:04
4 0.4+0.1 1.7+0.3
5 0.4+0.1 2.8+04
6 0.4+0.1 0.9+0.1
7 0.8+0.1 2.8+04

The efficiency indicator - treatment efficiency E, %,
was calculated according to formula 4, taking into
account organic matter content at the inlet and outlet of
each bioreactor. These measured values are presented in
Table 4. D, L and E values calculated according to
equations 1, 2, 4 are shown in Tables 5 — 7.

The influence of studied parameters could be
understood by varying them with simultaneous
stabilization of all other parameters. For this purpose, we
compared the process indicators in modes 1, 2, 3
(varying hydraulic load), then modes 1, 4, 5 (varying
organic load).

Table 4. Organic matter content S, kg COD-m?, at the inlet and outlet of bioreactors Ai-A4 and B1-Ba.

Mode A1in A1 out Az out As out Ag out B1 out B2 out
1 3.97 2.24 0.27 0.10 0.05
2 3.90 2.67 0.79 0.08 0.03
3 3.84 2.69 0.49 0.11 0.05
4 4.19 2.30 0.39 0.07 0.04
5 6.81 3.12 0.42 0.09 0.01
6 3.37 1.65 0.85
7 3.48 1.90 0.64
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Table 5. Dilution rate D, day-'.

Mode A1 Az A3 A4 B B2
1 2.50 1.25 3.35 1.06
2 3.58 1.79 4.80 1.53
3 4.77 2.38 6.39 2.03
4 2.50 1.25 3.35 1.06
5 2.50 1.25 3.35 1.06
6 1.84 0.71
7 3.51 1.35

Table 6. Organic loading rate L, kg COD -m>-day.

Mode Al Ao Aj Ay Bi B2
1 9.90 2.80 0.89 0.10
2 13.98 4.72 3.77 0.12
3 18.30 6.42 3.15 0.22
4 10.46 2.89 1.29 0.08
5 17.01 3.90 1.41 0.09
6 6.19 1.17
7 12.20 2.57

Table 7. Treatment efficiency E (% of the current phase).

Mode Al Ao As Ay Bi B> Total
1 44 .4 85.8 60.6 45.0 98.7
2 32.7 66.8 90.1 65.2 99.3
3 29.7 84.1 55.5 57.5 98.7
4 448 83.6 81.5 55.7 99.2
5 54.2 86.5 79.6 82.5 99.8
6 45.5 47.7 73.9
7 44.1 64.8 81.4

The influence of the dilution rate D on the treatment ) ) )
efficiency E is shown in Figure 2. According to the The influence of the organic loading rate L on the
presented data, with an increase in dilution rate D from treatment efficiency E is shown in Figure 3. Considering
0.4 to 0.6 and further to 0.8 (modes 1, 2, 3), there were the impact of L on the treatment efficiency E at the same

practically no changes in the overall efficiency of the dilution rate D (mpdes 1, 4, 5), it can be noted that at the
installations, amounting to 98.7-99.3%. However, the first phase A1 E increased from 44.4 to 54.2% with a
efficiency of the anaerobic phases decreased with D constant efficiency of the second gnaeroblc stage A; at
increase in the studied range, so at the lst anaerobic 85.8—86.2%.. The treatment efficiency at the aerobic
phase A; E decreased from 44.4 to 29.7%, and at the phases also increased, from 60.6 to 81.5-79.5% at the A3
second anaerobic phase A; - it was slightly reduced from and from 45% to 85.2% at the last blOfeaCtQT Ay The
85.8 to 66.8-84.1%. Under these conditions, duty of efficiency of the installation as a whole, with varying
organic destruction was shifted to the last aerobic organic load, practically did not change and amounted to
bioreactors Az and Aua. 98.7-99.8%.
o 100 = 100
wi wi’

80 20

&0 B0

40 40

20 20

0.4 0.6 0.8 1.7 28
D, day™* L, kg COD - m?-day-t
© Al mAZ  mA3 AL mTotal ch1 wA2 mAs BAc  mTotal

Fig. 2. Infl f the diluti te D on treat t effici
Elg ntence of the CTution Tafe 12 on treatment cieiency Fig. 3. Influence of the organic loading rate L on treatment

efficiency E.
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Table 8. Treatment efficiency E (% of the current phase).
Mode Al Az A3 Aq B: B2 Overall
1 44.4 85.8 60.6 45.0 98.7
3 29.7 84.1 55.5 57.5 98.7
6 45.5 47.7 73.9
7 44.1 64.8 81.4
treatment efficiency E, followed by parametric

3.2 Influence of spatial separation of stages into
phases

In section 3.2 we conducted research in accordance with
second task - influence of phases spatial separation on
the treatment efficiency. This research involved
comparing process indicators at different conditions -
with separation of treatment stages into phases and
without separation (modes 1 and 3 were compared with
modes 6 and 7, respectively, since they had equivalent
characteristics including S and G). According to the data
provided in Table 8, the wastewater treatment without
phase spatial separation had lower treatment efficiency
both in the anaerobic and aerobic stages as well as a
whole (73.9-81.4 versus 98.7%), that confirmed the fact
of process efficiency increase with the spatial separation
of methanogenic microbial biocenoses.

3.3 Correlation analysis between organic
loading rate L, organic consumption rate P and
dilution rate D

To complete task 3 we performed a correlation analysis
between key technology parameters L, P, D and

a. Bioreactor A4

= 100
T
n . +*
80 - . -,
~ "'—-f—-—-________
40 *
20 y=-07000x + 31.590 .
BRz=0.0165 *

0.0 5.0 10.0 150 200

L, ke coD-m3-day!

c. Bioreactor A,
= 30
wi 25 -
20 .
15
10 y=438331 +0.1568
5 RZ=0018
0
0.0 20 4.0 6.0
L. kg coD-m3-day?!

identification of these dependencies.

Based on organic content analyses at the inlet and
outlet of each phase bioreactors according to the
previously indicated formulas 2- 4 the L, P and E values
were calculated. From these experimental numerical
values of E in relation to the corresponding L values, it
was possible to determine the parameters of the
correlation dependence E = f (L) shown in Figure 4.

When analysing the correlation of these parameters,
it was found that if there was no relationship between the
effectiveness of cleaning and the organic loading rate at
stage 1 of treatment (Fig. 4.a), as evidenced by a low
value of the correlation coefficient equal to 0.0165, then
at subsequent stages installation, there were correlations
between the parameters under consideration (Fig. 4 b, c,
d) with high values of the correlation coefficients. The
dependence coefficients and correlation coefficients are
shown in Table 9.

A similar analysis was carried out for the specific rate of
organic consumption rate P, kg COD.m?.day, at separate
stages. Linear dependence quotients of organic
consumption rate versus organic loading rate L on the
installation are also presented in Table 9.

The revealed correlations could be wused for

b. Bioreactor Ag
== 100
w =20
&80
40
20
0.0 2.0 4.0 .0 .0
L, ke cOD-m3-day
d. Bioreactor Ay
= 3
w5
2
1
1
0
0.0 0.1 0.2 0.3
L, ke coD-m3-day!

Fig. 4. Correlation of treatment efficiency E and organic loading rate L.
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Table 9. Correlations E =f (L) and P =f(L).
Phases Function according to | Credibility Function according to | Credibility
E=f(L) P=f(L)
Al E=-0.7099-L +51.599 0.0165 P =0.3575-L +0.7806 0.1849
Az E =5.2628-L +26.753 0.7519 P =0.7558-L +0.2452 0.9713
As E =4.3833-L+0.1568 0.9180 P=0.9354-L —0.2376 0.9879
As E =8.2937-L+0.1772 0.7601 P =0.581-L +0.0001 0.9515

mathematical simulation and optimization of the process
of anaerobic-aerobic biological wastewater treatment of
milk processing enterprises.

4 Conclusions

1. Obtained result showed that an increase of dilution
rate D reduced the organic matter treatment efficiency E
at the anaerobic stage, which was compensated by the
activation of the aerobic stage. Increasing the organic
loading rate L improves the state of the treatment
process at the anaerobic stage.

2. Studies showed that spatial separation of anaerobic
phases increased the efficiency of wastewater treatment
compared to non-separation in both the anaerobic and
aerobic stages, as well as in general.

3. The correlation analysis of the organic loading rate
L, organic consumption rate P and dilution rate D on the
cleaning efficiency E allowed to obtain the equations
could be used for mathematical optimization of the
process.
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