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Abstract. In this experimental work, the energy demand at different
pressures (0,2 MPa and 0,5 MPa), the temperature (20 °C and 50 °C) and
the cow’s milk fat (0,1 % and 3,6 %) during ultrafiltration by membranes
with different membranes - 10 kDa and 25 kDa, was investigated. The
lower values of energy demand were established at lower pressure, fat and
higher temperature. The greatest influence had the pressure for two
membranes investigated, and the lowest — the fats for membrane 10 kDa
and the temperature for membrane 25 kDa, respectively. Membrane 10
kDa had higher energy demand than another membrane.

1 Introduction

The dairy industry is one of the largest energy consumers in the world. The optimization of
energy demand can be achieved by the replacement of traditional energy-intensive unit
thermal operations with some novel energy-efficient technologies and energy-efficiency
practices [1, 2]. The sustainable development of the dairies is related to the quality
improvement, increased production and process efficiency, and to the reduction of energy
consumption and production costs [3]. The environmental protection is a major issue for
human health and economic evolution.

The dairy industry is one of the first sector which recognized the effective use of
membrane processes, such as: ultrafiltration, nanofiltration, microfiltration and reverse
osmosis. Ultrafiltration is a kind of membrane filtration in which forces like pressure or
concentration gradients lead to a separation through a semi-permeable membrane.
Suspended solids and solutes of high molecular weight are retained and they are well
known as a retentate or concentrate, while water and low molecular weight solutes pass
through the membrane in the permeate [4, 5, 6]. Membrane filtration, in particular
ultrafiltration can be successfully used for separation, concentration and purification of
milk components [7]. Its advantages compared to the classic separation methods are:
environmental friendliness [8, 9], lower power consumption [10], increased flow rate and
quality of the product [11, 12], cost reduction [1], realization of the process at a low
temperature in order to preserve heat-sensitive components [13]. It’s important to know the
effect of processing factors on the main characteristics of the process in order to control and
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manage it well. According to [14], the change of the pressure from 276 kPa to 758 kPa was
insignificant in regard to the energy demand at ultrafiltration of skim milk. The energy
demand was 2,3 times higher at temperature of 10 °C compared with 50 °C. Similar effect
of the temperature from 30 °C to 80 °C on the energy demand during ultrafiltration of
alkali-extracted wheat bran hemicellulose was observed by [15]. They established that the
lowest energy demand was 2,6 kWh/m? at temperature of 80 °C and cross flow velocity of
1 m/s while at temperature of 30 °C and cross flow velocity of 7 m/s the energy demand
was 87 kWh/m?.

This work aimed to investigate the effect of pressure, temperature and fat content on the
energy demand at ultrafiltration of cow’s milk with different membranes.

2 Materials and Methods
2.1. Materials

2.1.1. Cow’s milk

Two types of cow’s milk were used for this investigation: a skim pasteurized milk with fat
content of 0,1 % and a standardized milk with fat content of 3,6 %. The milks were
delivered by BCC Handel Ltd., Elena, Bulgaria.

2.1.2. Ultrafiltration membranes

Ultrafiltration membranes UF10-PAN and UF25-PAN produced from polyacrylonitrile
were used. They had different molecular weight cut-off (10 kDa and 25 kDa).

2.2. Methods

2.2.1. Ultrafiltration equipment

The membrane filtration was carried out on a laboratory equipment, shown in Fig. 1. The
working conditions, shown on Table 1, were established in previous our investigation [16].

1 2

Fig. 1. Scheme of ultrafiltration system

1 — pressure regulator;2 — pipeline for retentate; 3 - manometer (0 MPa to 1 MPa); 4 - replaceable
plate and frame membrane module;5 — manometer (0 MPa to 1 MPa); 6 — 3-frame piston pump; 7 —
pipeline for permeate; 8 - tank for permeate; 9 — pipeline for feed solution/retentate; 10 - tank for feed
solution/retentate.



E3S Web of Conferences 207, 01017 (2020) https://doi.org/10.1051/e3sconf/202020701017
PEPM'2020

2.2.2. Measurement of volumetric flux
The volumetric flux (J, dm?/(m?.h) was established by:

J=V/(A.7) @)
Where: V was the permeate volume, dm?;

A =0,125 m? was the membrane area;

rwas the duration of the process, h.

2.2.3. Calculation of energy demand

The power of the pump was calculated using equation (2) [17-19]:

Woump = (1-Ofeed)/Npump 2
Where: p; was the pressure at the inlet of the system, Pa;
Oyeea Was the volumetric flow rate, (m?/s);
Npump = 0,7 was the pump efficiency according to [15,19], and type and state of
the pump.
The energy demand per m® of permeate was established [15]:

E = Wyunp/(J.A) 3)

Where: J was the volumetric flux, m*/(h.m?);
A was the membrane area, m>.

2.2.4. Methods for statistical analyses

The design of the experiments (N = 2% for the influence of the pressure (p, MPa),
temperature (T, °C) and milk fat (F, %) on the energy demand was presented on Table 1.
Three repetitions at each point were made.

Table 1. Design of the experiments

Natural values Coded values

Ne
p, MPa T,°C | F,% Xi X2 X3
1 0,2 20 0,1 -1,0 -1,0 -1,0
2 0,5 20 0,1 1,0 -1,0 -1,0
3 0,2 50 0,1 -1,0 1,0 -1,0
4 0,5 50 01 | 1,0 | 1,0 | -1,0
5 0,2 20 3,6 -1,0 -1,0 1,0
6 0,5 20 3,6 1,0 -1,0 1,0
7 0,2 50 3,6 -1,0 1,0 1,0
3 0,5 50 36 | 1,0 | 1,0 1,0

StatGraph XIV trial version software was used to obtain regression models.
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3 Results and Discussion

The averages of the energy demand were shown on Table 2. They changed from 15,37
kWh/m? to 46,87 kWh/m® for UF10-PAN membrane and from 9,36 kWh/m? to 40,89
kWh/m3 for UF25-PAN membrane.

Table 2. Effect of the factors on the energy demand

3

No oMPa | T.oc | F% Energy demand, kWh/m
UF10-PAN UF25-PAN
1 0,2 20 0,1 20,12 +0,93 12,13 +0,23
2 0,5 20 0.1 4138+037 2436+ 0,34
3 0,2 50 0,1 15,37 +0,23 9,36 £ 0,47
4 0,5 50 0,1 32,83 £ 1,30 20,64 +0,28
5 0,2 20 3,6 21,61 +0,65 19,28 + 0,48
6 0,5 20 3.6 46,87 + 0,77 40,89 + 0,69
7 0,2 50 3,6 18,29 +0,17 15,78 £ 0,35
8 0,5 50 3,6 41,34 +1,32 32,19 £ 0,49

Adequate models (equation 4 for UF10-PAN, equation 5 for UF25-PAN) with
significant coefficients (o = 0,95) were obtained:

Energy demand = 29,7267 + 10,8775.X; - 2,76833.X> + 2,30167 X3 — 0,749167 X, X> +
1,1975.X:.X3 + 0,556667X>.X;3 4)

R?2=99,9% F=1,68<Fr=4,5

Energy demand = 21,83 + 7,6925.X; - 2,33583.X> + 5,20833.X3 — 0,768333.X;.X> +
1,81417 X1.X3F - 0,714167.X>.X;3 4)

R2=99,7% F=290<Fr=4,5

Figure 2 demonstrated the significance of all factors and interactions between them. The
increase in the pressure and the fat content, and the decrease in the temperature led to a rise
in the energy demand. When UF10-PAN membrane was used, the pressure had the highest
effect, then the temperature and the fat content. During ultrafiltration with UF25-PAN
membrane, the fat content had more pronounced effect than the temperature (Fig. 3). The
difference of the effect of the temperature on the energy demand for both membranes could
be explained by the certain that the temperature had more pronounced influence on the flux
when UF25-PAN was used. This was probably due to the higher molecular weight cut-off
of this membrane compared with UF10-PAN.
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Fig. 2. Standardized charts of Pareto
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Fig. 3. Single effect of the studied factors on the energy demand

The combined effect of the pressure (X)), temperature (X;) and milk fat (X3) on the
energy demand was presented in Fig. 4. The influence of the above-mentioned factors had
the same tendency for both membranes. The values of the energy demand were higher
when an UF10-PAN membrane was used. According to [14], the energy demand was
higher at a temperature of 10 °C compared with 50 °C during ultrafiltration of skim milk.
The authors also proved that the optimal energy efficiency was achieved when the
ultrafiltration was operated at a high temperature and a low pressure. Some authors [15]
found that the energy demand decreased when the temperature increased from 30 °C to 80
°C. The viscosity decreased when the temperature increased which favored the passage of
the molecules through the membrane. Therefore, the energy demand decreased. The rise in
the pressure led to a higher power of the pump and energy demand, respectively.

UF10-PAN

Energy demand, kWhim'
Enevgy demand, kWhim'

Energy demand, KWhim®
Energy demand, kWhim®

Energy demand, kWhim’
Energy desand, KWhim’

Fig. 4. Effect of the working pressure (X1), the temperature (X2) and the milk fat content (X3) on
the energy demand

The optimization of the energy demand depending on the factors for UF10-PAN and
UF25-PAN (Table 3) indicated that the optimum (the lowest) value was achieved at p=0,2
MPa, F = 0,1 % and T = 50 °C. The comparison of the membranes showed that the
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optimum energy demand was 15,37 kWh/m?® for UF10-PAN membrane and 9,36 kWh/m?
for UF25-PAN membrane, respectively.

Table 3. Optimization of the energy demand depending on the investigated factors for UF10-PAN
and UF25-PAN membranes

Factor Low High Optimum value
X1 -1,0 1,0 -1,0
X2 -1,0 1,0 1,0
X3 -1,0 1,0 -1,0

Note: The optimum meant the lowest value of energy demand.

Conclusions

Energy consumption is one of the main economical indices of each industrial sector. The
optimization of the energy demand, depending on various process factors, leads to a
decrease in the product cost. There are not enough literature data about the influence of
working conditions on the energy demand during ultrafiltration of milk. The results from
our experimental work demonstrated a lower energy demand when the working pressure
and fat content decreased while the temperature increased for both membranes investigated.
The comparison of the results showed that lower energy demand was established for UF25-
PAN membrane than for UF10-PAN membrane. The lowest energy demand was 9,36
kWh/m? for UF25-PAN and 15,37 kWh/m?® for UF10-PAN. For all these reasons, we
recommend to work at low pressure, fat content and high temperature.
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