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Abstract

Model dairy waste waters (prepared from milk powder by dilution) were treated with ozone, and the effects of
the ozonation time and the surfactant concentration on the flux, the membrane resistances, membrane fouling and
gel formation were measured. It was found that the microflocculation effect of ozone may play a significant role at
a higher gas flow rate, causing a decreased level of fouling and increased gel formation, while at a lower flow rate
the effect of the degradation of large molecules was more marked, causing a higher flux, but decreasing the
retention.
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1. Introduction

The importance of the treatment of water and
wastewater is steadily increasing because of the
ever greater demands to eliminate environmental
pollution. Dairy waste waters contain mainly milk
residues, proteins, carbohydrates, fats and residual
cleaning agents [1]. Membrane filtration is an
effective method for decreasing the chemical

oxygen demand (COD) caused by the presence
of proteins, carbohydrates and surfactants in dairy
waste water [2,3]. The proteinaceous materials in
dairy waste water have been found to act as
severe foulants of existing membrane materials,
while the surfactants may change the filterability
by concentration polarization or micelle formation
[4,5]. These effects hamper the industrial applica-
tion of this technique.

Ozone is a powerful oxidant which oxidizes
the organic compounds in waste water. Earlier
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studies showed that a preozonation process can
improve the total organic carbon content and
COD or the turbidity removal during the later
filtration or coagulation/flocculation [6].

The aim of the present investigation was to
examine the applicability of coupled preozona-
tion and membrane filtration in dairy waste
water treatment technology. Model dairy waste
waters (prepared from milk powder by dilution)
were treated with ozone, and the effects of the
ozonation time and the surfactant concentration
on the flux, the membrane resistance, membrane
fouling and gel formation were measured.

2. Materials and methods

Model waste water was prepared from skim
milk powder (3 g dm�3). In the experiments,
Chemipur CL80 was added to the model solu-
tion as an anionic surfactant cleaning agent in a
concentration of 0.01 g dm�3. The skim milk
powder and the cleaning agent Chemipur CL80
(used for cleaning dairy equipment) were pro-
vided by Tolnatej Rt. and Sole Hungaria Rt.
(Szeged, Hungary), respectively. Ozone was
produced from oxygen (Linde 3.0) with a flow-
type ozone generator (Ozomatic Modular 4,
Wedeco Ltd., Germany) operating via a silent
electric discharge. The ozone-containing gas
(flow rate 1.0 or 0.5 dm3 min�1) was bubbled
continuously through a 6.0 dm3 batch reactor
during the 1-h treatment. The ozone concentra-
tion in the bubbling gas was 30mg dm�3. The
COD was determined in test tubes (Lovibond,
Germany) with an ET 108 digester (Lovibond,
Germany) and a PC CheckIt photometer (Lovi-
bond, Germany). The nanofiltration measure-
ments were carried out on a Uwatech 3DTA
laboratory cross-flow membrane filter (Uwatech
Gmbh., Germany), with the use of a flat sheet
standard DL composite nanofiltration membrane
(theoretical MgSO4 retention 96%) with a
filtering surface area of 0.0156m2. The applied

cross-flow velocity was 4.6m s�1. The pressure
applied was 3.0MPa; the measurements were
carried out at 258C, the feed was thermostated,
and the temperature was checked before and
after the membrane filter. Between each run, the
membranes were washed with distilled water
until the pure water flux reached the initial value
measured after compaction (�2%). In each run
2 dm3 solution was filtered, the filtration time
was 5400 s.

In the literature, the following equation is
generally accepted for the flux calculation in NF
[7�9]:

J ¼ dV

dt

1

A
¼ KM Dp� D�ð Þ

where J is the flux (m3m�2 s�1), A is the
surface area of the filter (m2), V is the filtration
volume (m3), t is time (s), KM is the perme-
ability coefficient (m3m�2 s�1 Pa�1), Dp is the
pressure difference between the two sides of the
membrane (Pa) and Dp is the osmotic pressure
difference across the membrane (Pa).

The membrane resistance (RM) was calcu-
lated as

RM ¼ Dp
JWh

ðm�1Þ

where JW is the flux of clear water (m3m�2

h�1), h is the water viscosity at 258C. The
fouling resistance (RF) of the membrane can be
measured by washing the gel layer from the
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Fig. 1. The changes of COD during ozonation.
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membrane. RF and the resistance of the gel layer
(RG) can be calculated as

RF ¼ Dp
JWh

� RM ðm�1Þ and

RG ¼ Dp
JWh

� RM � RF ðm�1Þ

where h is the viscosity of the filtered solution at
258C.

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

R% ¼ 1� c

c0

 !
100 ð%Þ

where c is the average concentration of the solute
in the permeate phase (mg CODdm�3), and c0 is

the concentration of the solute in the bulk solution
(mg CODdm�3). The data were analyzed by
three-way analysis of variance (ANOVA).

3. Results and discussion

3.1. The changes of COD during ozonation

The results of COD measurements during
ozone treatment showed that the COD was
decreased significantly after ozone treatment
for 5min. Longer treatment caused a further,
but not significant, decrease in COD (Fig. 1).

In order to determine whether the flow rate of
the ozone-containing bubbling gas or the deter-
gent content had a significant effect on COD,
two-way ANOVA was performed. The results
demonstrated that none of these factors affected
COD significantly.

Table 1
The results of Shapiro�Wilk test for data

p -Level

Time Flow rate of bubbling gas Detergent content

0min 5min 10min 20min 0.5 LPM 1LPM 0.0 g L�1 0.01 g L�1

J /JW 0.123 0.231 0.213 0.850 0.747 0.523 0.575 0.432
RF 0.073 0.664 0.176 0.235 0.365 0.580 0.695 0.075
RG 0.085 0.373 0.844 0.312 0.507 0.471 0.547 0.088
R% 0.124 0.235 0.742 0.564 0.321 0.742 0.167 0.070

Table 2
The results of the Cochran test

Factor

Time Flow rate of bubbling gas Detergent content

C value p -Level C value p -Level C value p -Level

J /JW 0.331 0.710 0.772 0.121 0.755 0.161
RF 0.472 0.675 0.825 0.056 0.760 0.152
RG 0.395 0.782 0.629 0.501 0.772 0.136
R% 0.567 0.320 0.691 0.304 0.652 0.412
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3.2. The changes of membrane filtration
parameters after ozonation

After the ozone treatment (5, 10 or 20min
treatment time, with 0.5 or 1 LPM flow rate of
bubbling gas) the samples were nanofiltered; the

changes of flux, fouling and gel layer resistance
and the retention were examined. The data were
analyzed by three-way analysis of variance
(ANOVA): the effect of ozonation time, the
flow rate of bubbling gas and the detergent

Table 3
Results of ANOVA

Factor

Time Flow rate of bubbling gas Detergent content

F value p -Level F value p -Level F value p -Level

J /JW 1.055 0.411 3.229 0.103 2.753 0.129
RF 3.818 0.047 1.093 0.320 5.001 0.049
RG 2.231 0.147 3.376 0.096 1.379 0.267
R% 7.259 0.007 0.038 0.758 8.684 0.015
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Fig. 2. The change in flux (relative to a pure water flux, J /Jw) after ozonation. The data obtained at a given the effect of
ozonation time during nanofiltration (a), flow rate of bubbling gas (0.5 LPM or 1 LPM) (b) and at a given detergent
content (0 or 0.01 g dm�3) (c) subjected to ANOVA (averages with 0.95 confidence intervals).
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concentration were analyzed. The Shapiro�Wilk
test was used to control conform of data to a
Gaussian distribution. The homogeneity of var-
iances in the different groups was checked using
Cochran test.

Table 1 presents the results of Shapiro�Wilk
tests. It can be established that values conformed
to a Gaussian distribution. Then the homogene-
ity of variances of the data was investigated. The
results of Cochran test can be seen in Table 2.
The values demonstrate homogeneity of var-
iances in all cases. So the ANOVAwas useful to
evaluate data (Table 3).

It was found that the 5-min ozonation
decreased the flux in the absence of detergent,
in accordance with the findings of others and our
own earlier results [10,11], which can be

explained by the microflocculation effect of
ozone. The longer treatment times may cause
the degradation of large molecules, the small
molecules get across the membrane, the flux
increased (Fig. 2(a)). A perceptible effect was
observed for the bubbling gas flow rate: a high
flow rate did not change the flux of the untreated
samples, while a low flow rate for the bubbling
gas resulted in an increased flux (Fig. 2(b)). At
lower flow rate more ozone can be dissolved in
the solution, thus this effect is similar to the
effect of longer ozonation times. During nano-
filtration, the average flux of the surfactant-
containing ozone treated samples was lower than
in surfactant-free solutions (Fig. 2(c)).

The effects of ozonation time, detergent
content and ozone gas flow rate on membrane
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Fig. 3. Changes in membrane fouling resistances after ozonation. The data obtained at a given the effect of ozonation
time during nanofiltration (a), flow rate of bubbling gas (0.5 LPM or 1 LPM) (b) and at a given detergent content (0 or
0.01 g dm�3) (c) subjected to ANOVA (averages with 0.95 confidence intervals).
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fouling and gel formation were also determined.
Ozonation decreased the fouling (Fig. 3(a));
however, this was less significant in the presence
of detergent. It was found that the presence of
detergent increased the extent of fouling (Fig. 3
(c)). The lower flow rate of bubbling gas led to a
decrease in fouling (Fig. 3(b)). These results are
in accordance with the changes of flux.

It is noteworthy that while the ozonation
decreased the extent of fouling it increased the
gel formation resistance (Fig. 4(a)). This can be
explained by the microflocculation effect of
ozonation; the microflocs could not foul the
membrane pores, because they form a layer on
the surface of the membrane. The analysis of the
effect of the detergent content on gel formation

revealed that the presence of detergent increased
the gel formation resistance (Fig. 4(c)); never-
theless, ozonation increased gel formation in
detergent-containing solutions, while it did not
affect RG in the absence of detergent. This means
that the gel layer formed mainly from the
detergent-containing micelles, and not from the
compounds of pure milk. The higher flow rate,
but not the lower flow rate, also increased the gel
formation perceptibly, which can be explained
that at higher flow rate less ozone dissolved in
the solution, the organic compounds cannot be
degraded, thus more micelle can be formed
(Fig. 4(b)).

These results were corroborated by examin-
ing the retention during nanofiltration (Fig. 5).
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Fig. 4. Changes in membrane gel formation resistances after ozonation. The data obtained at a given the effect of
ozonation time during nanofiltration (a), flow rate of bubbling gas (0.5 LPM or 1 LPM) (b) and at a given detergent
content (0 or 0.01 g dm�3) (c) subjected to ANOVA (averages with 0.95 confidence intervals).
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It was found that the retention was decreased
after a 20-min ozone treatment (Fig. 5(a)). The
presence of detergent worsened the retention,
which was also the situation during ozonation.
This can be explained by the degradation of the
large molecules in the waste water, the resulting
small molecules being able to pass through the
membrane.

4. Conclusions

Analysis of the effects of the ozonation time,
detergent content and the bubbling gas flow rate
during ozonation on various membrane filtration
parameters demonstrated that both affected the
flux and the membrane fouling by flocculation.
The results indicated that the microflocculation

effect of ozone can play a significant role at
higher gas flow rate, with a decrease in mem-
brane fouling and an increase in gel formation; at
a lower flow rate, the effect of the degradation of
large molecules is more pronounced, causing a
higher flux, and decreasing membrane resis-
tances. The detergent content may increase the
extent of fouling and gel formation, but it did not
change the flux.
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Fig. 5. Changes in membrane retention after ozonation. The data obtained at a given the effect of ozonation time during
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