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A B S T R AC T

This study investigated the performance of a Vibratory Shear Enhanced Processing (VSEP) 
using ultrafi ltration (UF), nanofi ltration (NF) and reverse osmosis (RO) membrane system for 
decreasing of chemical oxygen demand (COD) from dairy wastewater. Three commercially 
available membranes having different pore sizes were used to compare their relative effi ciency 
for COD decreasing. Permeate fl ux and membrane rejection of COD were measured as well as 
mean shear rates and the specifi c energy demands of vibrated and non-vibrated methods were 
calculated and compared. Furthermore, fl ux and COD rejection were also studied increasing by 
transmembrane pressure (TMP) and vibration amplitude. Concentration test were performed 
by UF, NF and RO.
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1. Introduction

Large amount of wastewater produced form diverse 
industrial sources needs to be treated before the sewage 
system. The dairy industry generates large amount of 
effl uents containing lactose, protein, ionic content and 
fat (in smaller amount). Membrane separation is one of 
the effective technologies to treat dairy wastewaters [1].

The effectiveness and success of membrane separa-
tion processes is decreased by fouling [2]. One possible 
method to decrease the fouling rate is to increase the liq-
uid shear rate next to the surface of the membrane, other 
methods include altering the feed liquid fl ow. To change 
fl ow geometry by a turbulence-promoting spacer or 
static mixer [3,4].

The concentration polarization (what is responsible for 
the polarization layer formation on the surface of the mem-
brane, liable for polarization layer resistance) is caused by 
accumulation of substances on the membrane surface. 

Inner pores fouling (liable for fouling r esistance) is caused 
by the particles, which could be going into the membrane 
pores and to attach on the inner wall of the pores. Several 
methods have been developed in various applications of 
membrane processes to reduce concentration polarization 
and membrane fouling, such as fl occulation, high-shear 
rotary membranes or chemical cleaning [5,6].

VSEP technology has been successfully used to treat 
wastewaters, including dairy, livestock, pulping waste-
waters and pig manure [7–11].

By using a vibrating membrane fi ltration system 
in these studies, vibration of the membrane prevented 
surface fouling or at least greatly reduced the extent of 
fouling, resulting in higher permeate fl uxes and longer 
operating times.

These studies have used the full range of available 
membranes and have demonstrated signifi cant advan-
tages of the VSEP system over conventional membrane 
processes.

The conventional membrane process, especially the 
NF and RO, needs high TMP to ensure the continuous 
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fl ow throughout the membrane, thus these processes 
may be relatively expensive mainly because of the high 
energy demand of the pump. The VSEP system permits 
high shear rates on the membrane surface by the inertia 
of the fl uid motion and not only by the feed fl ow, which 
can be set very low.

Earlier studies investigated dairy wastewaters treat-
ments by VSEP were performed in model solutions, 
mainly in diluted milk solutions [7].

The aim of this study was to investigate the effect of 
vibration during UF, NF and RO of real dairy wastewate r. 
The energy demand of VSEP (including vibrational 
energy demand and energy consumption of the pump) 
also was compared to the non-vibrated method.

2. Materials and methods

2.1. Feed solution

The dairy wastewater was provided by Alföldi 
Garabonciás Kft. (Izsák, Hungary). The main character-
istics of the raw feed wastewater are given by Table 1.

2.2. Membrane fi ltration

The fi ltration module was an L-mode VSEP (New 
Logic International, Emeryville, CA, USA) equipped 
with an annular single membrane (with an effective 
area of 503 cm2), separated from the permeate by a sup-
port screen and a drainage cloth. The membrane was 
enclosed in the membrane chamber/module, which was 
supported by a central shaft. The module was placed 
at the tip of a 1.5 m vertical shaft. This shaft acts as a 
torsion spring, which transmits the vibrations created 
by an eccentric drive motor. The membrane vibrates 
a zimuthally in its own plane with amplitude depending 
upon frequency (F) and the membrane rotates a short 
distance in one direction and then reverses itself. Due 
to this vibrations, the local membrane shear rate varies 
sinusoidally with time and proportionally to the radius. 
The resulting motion of the housing was indicated by 
the manufacturer to be 32 mm on the outer rim at the 
maximum frequency allowed of 60.75 Hz.

The measurements were carried out at 50°C in all 
cases. Generally TMP was set to 0.8 MPa, 2 MPa and 
3 MPa during UF, NF and RO respectively at 50 ± 1°C 

and the amplitude of the vibration was set to 25.4 mm (1 
inch) and frequency to 54.8 Hz. The wastewater from the 
tank was pumped to the inlet of the VSEP system.

2.3. Membrane conditioning and cleaning

The fl at-sheet membranes (7 kDa PES5 polyether-
sulfone for UF, 240 Da NF-270 TFC polyamide for NF 
and 50 Da BW-30 polyamide for RO) were submerged 
in deionized water overnight. Before the measurements, 
the membranes were treated by circulating deionized 
water at low pressure at a high recirculation fl ow rate for 
1 h in order to remove the excess of preservation chemi-
cals attached to the new membranes. After these condi-
tioning steps, deionized water was permeated at same 
pressures as in the concentration processes (at 0.8 MPa, 
2 MPa and 3 MPa during UF, NF and RO r espectively), 
in order to measure the corresponding water permeation 
fl uxes (JW) and to establish the hydraulic permeability 
of the clean membrane. Membrane application in dairy 
industries is faced with the important issue of mem-
brane fouling by certain whey components, mainly pro-
teins. Furthermore, membrane cleaning is an important 
economic process. In our case, the procedure for mem-
brane cleaning was as following: (1) a rinsing step with 
deionized water, (2) exposure to pepsin enzyme solution 
(1 w/w%) for 30 min at 40°C, (3) a cleaning procedure 
with an alkaline (SDS, NaOH and EDTA) 0.5 w/w% 
solution for 30 min at 50°C, and (4) a fi nal rinse with 
deionized water [12]. The cleaning procedures were 
repeated until at least 90% of the initial JW was recovered.

2.4. Analytical methods

The COD was determined in test tubes with an ET 
108 digester and a PC CheckIt photometer (Lovibond, 
Germany). The turbidity of the permeate and concen-
trate was determined with a HACH2100AN turbidim-
eter (Hach, Germany). During the VSEP process, the 
maximum ( ),γ  and mean (γ w) shear rates at the 
membrane surface were calculated via the following 
equations [13]:
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Table 1
Dairy wastewater parameters at 50°C

 Conductivity
 [mS cm–1]

TSS 
[°Brix]

Turbidity 
[NTU]

COD 
[mg/l]

Viscosity 
[mPas]

Density 
[g/cm3]

pH 
[-]

Dairy wastewater 2.7 1.1 2170 8175 0.999 0.9988 4.62
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where d is the peak to peak vibration amplitude at the 
periphery of the membrane [m], F is the vibration fre-
quency [s–1], and ν is the kinematic viscosity of the fl uid 
[m2s–1]. R2 is the inner radius (0.047 m) and R1 is the outer 
radius (0.135 m) of the circular membrane module h ousing.

The fl ux was determined via the equation:

J
dV
dt

1
A

= −[L h ]−m 12 (3)

From the values of fl ux the equivalent or normalised 
permeability (Jnorm.) (referring to unit surface (A) [m2], 
unit pressure difference (Δp) [MPa], unit time (t) [s]) 
were determined via the following formula:

J
p.norm = J

[Lm h− MPa ]−2 1−h 1

Δ  
(4)

As the fi ltration process continues, fouling will even-
tually occur. This causes the permeate fl ux to decay with 
time. The decaying permeate fl ux is described by the 
power law:

J = −J t⋅ k
0

2 1−[Lm h−2 ] (5)

where t is time [s], J0 is the initial fl ux [Lm–2h–1] and k is 
the fouling rate constant [-]. Both J0 and k can be calcu-
lated from the measured data by using the curve-fi tting 
technique.

In order to investigate the membrane fouling, the 
different fouling resistances were calculated. The rate 
and extent of membrane fouling and its effect on fl ux for 
any given systems depend on various parameters, such 
as the specifi c interactions between the membrane sur-
face and various fouling species, hydrodynamic forces 
exerted by the fl owing process fl uid and process param-
eters such as the cross-fl ow velocity, TMP, feed concen-
tration, pore size and temperature.

J
p
RW

M
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Δ
ηW

[Lm h− ]2 1−h
 

(6)

where JW is the water fl ux of the clean membrane, ηW is 
the water viscosity [Pas], Δp is the pressure difference 
between the two sides of the membrane [MPa] and RM is 
the membrane resistance.

RT is the total resistance [m–1], can be evaluated from the 
steady-state fl ux by using the resistance-in-series model:

R = R + R + RT M= R F P+ R [m ]1− (7)

where RF is the fouling resistance (mainly by the fouled 
pores) [m–1] and RP is the polarization layer resistance [m–1].

The membrane resistance was calculated as

R
p

JM
W W

= −Δ
η

[m ]1

 
(8)

The resistance of the polarization layer was deter-
mined after rinsing with deionized water to remove any 
particles residue layer from the surface of the m embrane 
[13], by subtracting the resistance of the clean m embrane:
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where JWA is the water fl ux after concentration tests, JC is 
the constant fl ux at the end of the concentration and ηWW 
is the wastewater viscosity.

The selectivity of a membrane for a given solute was 
expressed by the average rejection (R)

R 1
c
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−1
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(11)

where c is the average concentration of the solute in the 
permeate phase, and c0 is the concentration of the solute 
in the feed.

The specifi c energy demands (e) of membrane pro-
cesses were calculated by means of the following equa-
tions:

e
P P

A Jv
VMPP VM FP= 3η ηPVM FPPP ⋅

[kWhm ]−3 ,
 

(12)

e
P

A JNV
FPPP FP= ⋅ 3η

[kWhm ]−3 ,
 

(13)

where eV is the vibration specifi c energy demand and eNV 
is the non-vibration specifi c energy demand, PVM is the 
power consumption of the vibrational motor [kWh], PFP

is the power consumption of the feed pump [kWh], ηVM

is the effi ciency of the vibrational motor, ηFP is the effi -
ciency of the feed pump, A is the area of the membrane 
fi lter (503 cm2) and J is the fl ux [m3m−2h−1].

3. Results

3.1. The effect of vibration on permeate fl ux and membrane 
resistance

The variations of permeate fl uxes in the function of 
the fi ltration time are illustrated in Fig. 1. The vibration 
amplitude was set to 24.5 mm in order to ensure the pos-
sibly highest shear rates at the membrane surface.
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It was found that the membrane vibration increased 
the permeate fl ux in all cases. The fl ux increasing was 
most obvious during NF (almost 3 times higher fl uxes 
were obtained using vibration) but 2 times higher per-
meate fl ux was achieved during UF and RO.

It was found that obtained experimental data fi tted 
well the power law model (Eq. 5). This model was used 
to calculate and compare the k fouling indexes.

The Fig. 2. shows that the fouling indexes were 
decreased by using vibration, which means that the ini-
tial high permeate fl ux does not decrease so fast than 
without vibration. The most dramatical decreasing was 
observed during NF and RO.

In order to investigate the membrane fouling, the dif-
ferent fouling resistances were calculated using Eqs. (6–10).

It was found that – as it was expected – the total 
membrane resistance increased with decreasing mem-
brane pore diameter, it is the highest during RO (Fig. 3). 
The vibration decreased the membrane resistances, both 
fouling and polarization layer resistance, according to 
the results of calculation fouling index. Similar results 
have been found earlier during UF of natural organic 
matter (NOM) by VSEP system [14].

According to the results of fouling index calcula-
tions, the decreasing of the total resistances also was 
observed. On the other hand, the composition of the 
total resistance mightily changed: the polarization layer 
resistance decreased remarkably and the fouling resis-
tance decreased through vibration.

Since the UF membranes have higher pore size than 
NF or RO, the molecules, which are caught into the 
membrane porous, can release easier during the vibra-
tion. Hence, the fouling resistance during UF operation 
will decrease to a larger extent.
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Fig. 1. Permeate fl ux vs. time during UF, NF and RO without and with membrane vibration. 

Fig. 2. Comparison of fouling indexes.
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Fig. 3. The content of total membrane resistances without and using vibration during UF, NF and RO.
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Fig. 4. Flux in relation to vibration amplitude during UF, NF 
and RO.
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Since the salt content of the feed was relatively high, 
the osmotic pressure difference between the retentate 
and permeate side of the membrane also affects on the 
net driving force, thus a portion of the total resistance is 
contributed by difference in salt concentrartion between 
two sides of the membrane (mainly in the case of NF 
and RO). In our case the effect of the salt concentration 
is appeared as a part of polarisation layer resistance con-
tributed to concentration polarisation.

3.2. Effect of vibration amplitude

In order to evaluate the effect of vibration ampli-
tude on the membrane separation process, the fi ltration 
was performed with different vibration amplitudes, by 
applying TMP 0.8, 2 and 3 MPa during UF, NF and RO 
respectively. The fl uxes versus vibration amplitudes are 
presented in Fig. 4.

The shear rate on the surface of the membrane 
is caused not only by vibration, but by the cross-fl ow 
velocity too. The differences of normalised fl ux (ΔJnorm.) 
were expressed by the following equation:

J =Δ J JV NJ Vo = J o o
2 1 1[Lm h2 MPa ]12

 (14)

where Jnorm.V is the normalised fl ux of vibrated solutions 
and Jnorm.NV is the normalised fl ux of non-vibrated solu-
tions.

In Fig. 5. the ΔJnorm./JW fl ux differences were shown in the 
function of mean shear rates. The permeability increased 
with increasing shear rate in all cases. It was found that the 
vibration increases the fl ux most dramatically in the case 
of NF, than RO and UF. This can be explained by the differ-
ence in the structure and composition (e.g., salt content) of 
the polarization layer. In the case of NF and RO the compo-
sition of the polarization layer is very different resulting in 
different behaviour in the function of shear rate. In the case 
of UF the vibration decreased the porous fouling, but the 
decrease of the polarization layer was not so perceptible 
resulting minor fl ux increasing with shear rate.

3.3. Effect of vibration on COD rejection

Effect of vibration on elimination of the COD from 
dairy wastewater by UF, NF and RO also was examined. 
These experiments were performed applying TMP 0.8, 
2 and 3 MPa during UF, NF and RO respectively, with 
24.5 mm vibration amplitude at 50°C.

It was found that the vibration signifi cantly increased 
the COD rejection during UF from 27.8% to 40.0%. Less 
increasing rejection was observed in the case of NF 
(90.5% from 87.4%) and RO (98.6% from 98.4%), but in 
these cases the rejection was high without vibration too; 
as it can be seen in Fig. 6, the vibration amplitude has no 
signifi cant effect on rejection.
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Fig. 5. Increment in the fl ux differences in relation to mean 
shear rate during vibration UF, NF and RO.

Fig. 6. The effect of vibration amplitude on COD rejection 
during UF, NF and RO.
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3.4. The specifi c energy demand of membrane fi ltration 
processes with and without vibration

The energy consumption of feed pump and vibratory 
system were measured, and the specifi c energy demand 
of membrane processes was calculated by means of the 
Eq. (12).

It was found that the power consumption of vibration 
was increased with vibration amplitude, while the con-
sumption of feed pump was independent of a mplitude. 
The main part of the total consumption was the feed 
pump demand. Calculating the powers per v olume [m3] 
of permeate, it was found that the vibration amplitude 
did not affect the specifi c energy demand (Fig. 7).

In the next series of experiments, the effect of TMP 
on specifi c energy demand was investigated in vibrat-
ing and non-vibrating membrane fi ltration systems. It 
was found that at maximized vibration amplitude the 
specifi c energy demand of UF and NF increased with 
TMP, while this was not so characteristic in the case of 
RO (Fig. 8). The specifi c energy demand became inde-
pendent of TMP using vibratory module. It is important 
to note that during UF and NF at lower pressures the 
energy consumption of vibratory systems is higher than 
without vibration; but over a pressure limit the vibra-
tion become more economical. This type of pressure 
limit was not observed during RO; the energy demand 
of vibration systems was higher at all TMP.

The energy demand during concentration experi-
ments was also measured. The results are shown in Fig. 9.
It was found that at the beginning of the fi ltration 
(before the building of polarization layer on the sur-
face of the membrane) the specifi c energy demand per 
m3 permeate was lower at non-vibrating systems, but 
at the end of the concentration the vibration decreased 
the normalized specifi c energy demand. The difference 
between the vibrating and non-vibrating methods was 
most expressed in the case of RO, and there was only a 
slight difference in the case of UF.

4. Summary

This study investigated the performance of a Vibra-
tory Shear Enhanced Processing (VSEP) using ultrafi ltra-
tion (UF), nanofi ltration (NF) and reverse osmosis (RO) 
membrane system for the decreasing of chemical oxygen 
demand (COD) from dairy wastewater. Three commer-
cially available membranes (7 kDa PES5 (polyethersul-
fone) for ultrafi ltration, 240 Da NF-270 TFC polyamide 
for nanofi ltration and 50 Da BW-30 polyamide for reverse 
osmosis) having different pore sizes were used.

The results showed that the vibration mightily 
decreased the polarization layer on the surface of the 
membranes, decreasing the fouling resistances too. 
The permeability increases with increasing shear rate 
in all cases.

Fig. 7. The specifi c energy demand of the feed pump and 
vibratory module in the function of vibration amplitude.
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The vibration increased the COD rejection in the case 
of UF, but only marginally affected the effi ciency of NF 
and RO, since the original value of it was quite high.

The mean shear rates and specifi c energy demand 
were calculated and compared in all cases. At the begin-
ning of the fi ltration (before the building of polariza-
tion layer on the surface of the membrane) the specifi c 
energy demand per m3 permeate was lower at non-
vibrating systems, but at the end of the concentration 
the vibration decreased the specifi c energy demand. 
The difference between the vibrating and non-vibrating 
methods is most expressed in the case of RO. During 
UF and NF at lower pressures, the energy consump-
tion of vibratory systems is higher than without vibra-
tion; but over a pressure value the vibration become 

more economical. This type of critical pressure value 
was not observed during RO; the energy demand of 
vibration systems was higher at all TMP.
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