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Abstract

This study aimed to investigate the effect of ozone and Fenton-reaction as a pre-treatment before ultrafiltration of model dairy
waste waters containing sodium caseinate. Filtration resistances and pollutant retentions were determined and compared. It was
found, that both pre-treatment increased the retention, achieving almost 100 % pollutant elimination efficiency after short term
pre-oxidation. The effect of Fe-ion concentration on Fenton pretreatment efficiency also was examined, and it was found that higher
concentration resulted in decreased filtration resistances, revealing that coagulation-flocculation effect of reactants has dominant

role in the protein separation efficiency. The presence of lactose also affects the pollutant removal efficiency, it promotes fouling

in presence of Fenton reagents.
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1 Introduction

The dairy industry generates the large volume of waste-
water (approximately 2.5 L/liter [1] of processed milk and
varies between 0.2 to 10 L of effluent per liter of processed
milk) due to large water consumption [2], originated
from washing and cleaning operations during the tech-
nology. Dairy wastewaters can be characterized by high
biological and chemical oxygen demand, due to their
high organic content, mainly carbohydrates, proteins and
fats originating from milk. These effluents have the fol-
lowing average characteristics: Biochemical Oxygen
Demand (BOD), with an average ranging from 1,000
to 3,000 mg/L in the untreated effluent, Chemical Oxygen
Demand (COD) ranging from 2,000 to 5,000 mg/L, Total
Suspended Solids (TSS) at 400-1,000 (mg/L), total dis-
solved solids (TDS): phosphorus (1030 mg/L), and
nitrogen (about 6 % of the BOD level). Levels of poten-
tial contaminants in dairy wastewaters typically exceed
the levels considered hazardous for domestic wastewaters.
They may contain microorganisms including pathogens,

from contaminated materials or production processes, and
they often generate odors and, in some cases, dusts, which
also need to be controlled [3].

The conventional treatments of these effluents include
the use of primary physical treatments to remove solids,
oils and fats, secondary biological treatment to remove
organic matter and nutrients. Several problems of conven-
tional treatments have been reported, such as high pro-
duction of scum, low sludge settle ability, low flexibil-
ity of the technology, difficulties in removal of nutrients
(nitrogen and phosphorus) and problems in the oil and fat
degradation [4]. Because of the reduction in water avail-
ability and the increase in water treatment costs, several
researches aim to develop new technologies for waste-
water treatment, not only aiming to meet the standards
but also to obtain treated effluents feasible for reuse.
Considering these, membrane separation techniques
seem to be promising processes for the treatment of dairy
industrial wastewaters [5].
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Earlier works proved that an appropriate retention can
be achieved by membrane filtration and permeates can
be reused. However, membrane fouling is a limiting fac-
tor in these processes. Proteins, thus the milk proteins
are known to be severe foulants for the existing mem-
brane materials [6—8]. Various matters may cause foul-
ing; dairy wastewaters contain the organic compounds of
milk like caseins. Caseins generally have an open struc-
ture, and most of them are present in milk as Casein
Micelles (CMs) [9]; at native pH and room temperature,
about 95 % of caseins are associated as colloidal assem-
blies of micelles with the size of 50-300 nm in diameter.
Unlike caseins, whey proteins generally have tertiary and
quaternary structures, which can influence concentration
polarization and pore fouling of the membrane [10, 11].

There are several methods to overcome the fouling issue,
e.g. use of low fouling membranes, application of physi-
cal methods, like ultrasound or vibration [12] or chemical
pre-treatments (e.g. coagulation-flocculation, flotation 0zo-
nation or adsorption [13]. Among chemical pre-treatments
the Advanced Oxidation Processes (AOPs), like Fenton
reaction [14] and ozone, are widely used in the fields of
water and wastewater treatments [15-17] are known
for their capability to mineralize a wide range of organic
compounds. AOPs also have some other effects on the fil-
tration procedure, e.g. the micro-flocculation effect [18§],
and it may play a significant role in increased elimina-
tion efficiency and causing a decreased level of irrevers-
ible fouling [19] and proved to be efficient in improving
flux [20-23]. Beside these the pre-oxidation may improve
the biodegradability of the retained pollutants [24], which
meets the requirements of circular economy approach.

For purification of real dairy waste waters, it is import-
ant to understand the interactions and behaviors between
the particles. To date, although there are several works
investigated the protein fouling effect, very limited infor-
mation available about the effect of pre-oxidation on foul-
ing propensity of the membranes during filtration of
proteins. Present study aims to investigate the effect of
the Fenton reaction and ozone treatment as a pre-treatment
of model dairy waste waters containing milk proteins
(casein, in the form of sodium caseinate). The object of
the work was to determine the main factors and the mech-
anism of pre-oxidation affecting the filtration resistances
and pollutant elimination efficiencies.

2 Materials and methods

The model waste water contained 1.2 g/L sodium casein-
ate and in some cases 1.5 g/L lactose (pure 99 %, VWR
International, Hungary). Fenton reaction was carried out
in a stirred vessel with 1.5 or 0.75 mmol/dm?® FeSO, x 7 H,O
(pure 99 %, VWR International, Hungary) adjusted to pH 3
with 1 M H,SO, (pure 96 %, Farmitalia Carlo Erba, Italy),
and H,0, (30 %) (pure 99 %, VWR International, Hungary)
solution. The [H,O, ]:[Fe] ratio was 5:1 or in some cases 10:1
(Fenton (5:1 or 10:1). The initial H,O, concentration was equal
in all experiments. The treatment was carried out for 0 min,
30 min, 60 min and 90 min, and stopped by adjustment of
the pH to 7; the remaining hydrogen peroxide was decom-
posed by using catalase enzyme. During ozone treatment
experiments, ozone-containing gas was bubbled continu-
ously through a batch reactor. The durations of the treatment
were 5, 10 and 20 mins; and the flow rate was 1 dm3 min™.
The absorbed ozone concentration was determined by mea-
suring the ozone concentration of the bubbling gas before and
after the reactor; the absorbed ozone was 30 g/m* in 5 min-
utes 35 g/m® in 10 minutes and 40 g/m® in 20 minutes.
The volume of the treated water was 0.4 dm’. Ozone was
produced from oxygen (Messer, 3.0) with a flow-type ozone
generator (Ozomatic Modular 4, Wedeco Ltd., Germany).

The UF experiments were carried out in a batch stirred
ultrafiltration cell (Millipore, XFUF04701, USA) with a
capacity of 250 cm?, and the filtrations were performed
at 0.3 MPa transmembrane pressure and the feed solu-
tions were stirred at 350 rpm. For filtration experiments
flat-sheet PES membranes (PES10 series, New Logic,
USA) with MWCO 10 kDa were used with effective
membrane area of 0.00173 m? The initial feed volume
was 250 ¢cm?®, the UF experiments were carried out until
200 cm?® of the total sample was filtered, where the vol-
ume reduction ratio VRR = 5.

Determination of the COD was based on the stan-
dard method involving potassium-dichromate oxidation;
for the analysis, standard test tubes (Lovibond, EU) were
used. The digestions were carried out in a COD digester
(Lovibond, ET 108); the COD values were measured with a
COD photometer (Lovibond PC-Checklt). The contact
angles and surface free energy was measured by OCALIS,
Dataphysics, the surface free energies of membranes were
calculated by the Owens, Wrndet, Rabel, and Kaelble
(OWRK) method, using the OCAl15 SCA22 software



package (1998-2013 Dataphysics Instruments V. 4.4.1 build
1046). Resistance-in-series model was applied to analyze fil-
tration resistances during the ultrafiltration process [25].

3 Results

3.1 Effect of pre-oxidation reactions on sodium
caseinate solution

In preliminary studies the effect of ozone and Fenton reac-
tion on chemical oxygen demand of the model solution con-
taining sodium caseinate was examined. It was found, that
the 20 min ozone treatment and 90 min Fenton treatment
resulted in only a slight, not significant decrease in COD.
As dairy effluents often contain lactose, the effect of pres-
ence of lactose on the efficiency of the Fenton reaction also
was investigated, but there was not significant change in the
COD values during 90 min Fenton treatment of 1.2 g/L
Na-caseinate and 1.5 g/L lactose containing solution.

3.2 Effect of pre-treatments on filtration parameters

In the first series of experiments sodium caseinate
(1.2 g/L) solutions were pre-oxidized with ozone for 5, 10
and 20 min, and Fenton reactions for 0, 30, 60 and 90 min
with 5:1 [H,O,]:[Fe] ratio, then filtered. It was found,
that ozone treatment increased the filtration resistances,
thus decreased the flux. The resistances in series model
showed, that during the filtration of sodium caseinate,
the irreversible resistances are dominant; the ozone pre-
treatment could not decrease the irreversible resistance,
but increased the reversible resistances (Fig. 1).

Fenton pre-treatment decreased both reversible and irre-
versible resistances; and this was observed without any
oxidation reaction, by merely adding the Fenton reagents.
Short term oxidation further decreased the filtration resis-
tances, thus increased the flux, while longer term (90 min)
treatment decreased the flux, probably due to degradation of
larger molecules, which may cause fouling of the membrane.

Comparison of the COD elimination efficiency of ozone
and Fenton pre-treated sodium caseinate solutions by ultra-
filtration (Fig. 2 (a) and (b) showed, that the pre-treatment
significantly enhanced the elimination efficiency in both
cases, almost 100 % protein elimination was achieved
after short term ozone-treatment. In case of Fenton reac-
tion, as it was expected, the addition of reagents without
any oxidation reaction also increased the elimination effi-
ciency due to the coagulation-flocculation of the reactants.
The long term oxidation decreased the retention of organic
matter, due to the degradation of large protein molecules
to smaller organic molecules, e.g. organic acids. This was
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proved by the decrease of pH during 5, 10 and 20 min
ozone treatment (from 7 to 6.15, 5.29 and 5.09 respec-
tively), caused by the degradation byproducts.

3.3 Effect of Fe-ion concentration on filtration
parameters

Our earlier results showed [26] that the fouling propensity
of pollutants did not depend on the pretreatment method,
but depended on the Oxidation Capacity (OCC). As our
recent results bring on the role of coagulation-flocculation
effect of Fenton reagents, the effect of Fe-ion concentra-
tion without changing hyrogen peroxide concentration also
was investigated. Comparing the filtration resistances and
retention values after Fenton 5:1 and 10:1 pretreatments,
it was found, that the elimination efficiences did not depend
significantly on the Fe-ion concentration, but the filtra-
tion resistances (Fig. 3.) were found to be higher in case
of pre-treatments performed with lower Fe-concentartion.
Similarly to the Fenton 5:1 pre-treatment, long term oxida-
tion increased both reversible and irreversible resistances,
but instead of irreversible resistance (unlike in untreated
solutions) reversible resistances were higher.

3.4 Effect of lactose on filtration of Fenton pre-treated
sodium caseinate solutions
As dairy waste waters often contain lactose, which may sig-
nificantly affect the filterability, in the next series of exper-
iments the filtration resistances in presence of lactose were
examined (Fig. 4). It was found, that the presence of lactose
increased the total resistance of sodium caseinate solution
(see Fig. 1 (b)), which could not be decreased by adding
Fenton reagents. However, in this case the Fenton reac-
tion had positive effect on resistances, the total resistance
decreased due to decreasing the irreversible resistance.

In order to reveal the explanation of the increased fouling
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Fig. 4 Fouling resistances of Fenton pre-treated (Fenton 5:1) sodium

caseinate and lactose containing solutions

effect of the presence of lactose, the surface free energy
values of fouled membranes were compared (Fig. 5).
The measurements were carried out at the end of the fil-
tration, after rinsing membranes, thus the surface was cov-
ered by the particles caused the irreversible resistance.
Earlier researches showed that surfaces with higher
surface free energy are more prone to be fouled [27].
The neat membrane has the highest surface free energy,
while the fouled membranes showed lower SFE values.

4 Discussion

With shorter ozone pre-treatment (5—10 min) first the micro-
flocculation effect of the ozone prevail, resulting in larger
particles, which can get in the membrane pores causing
higher filtration resistances (Fig. 1, Fig. 6 (a)), and at the
same time high pollutant retention. As we increase the time
of the oxidation pre-treatment (20 min), larger particles
degrade to smaller ones, which can go through the mem-
brane. This resulted in decreased purification efficiency
(Fig. 2) so as decreased membrane resistances, as the par-
ticles no longer stick to the membrane pores. Similar effect
can be observed with the Fenton-pre-treatment, because of
the coagulation/flocculation effect of the FeSO, reagent.
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Fig. 5 Surface free energy values of the neat PES membrane
and the fouled membranes after filtration of Fenton pretreated
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However, in this case larger precipitated particles were
formed, causing lower filtration resistance and higher pol-
lutant retention (Fig. 1, Fig. 6 (b)). As we add the lactose
to the model wastewater, without any treatment the irre-
versible resistance increases (Fig. 4, Fig. 6 (c)), probably
due to the changes in the surface charge and thus the size
of particles in presence of lactose. As these particles foul
the membrane pores, the resistances increases, but as the
oxidation effect prevail (30-90 min) the filtration resis-
tances decreasing so as the purification efficiency due to
degradation of the particles (Fig. 4).

5 Conclusion

This study aimed to investigate the effect of the Fenton
reaction and ozone as a pre-treatment of model dairy waste
waters containing sodium caseinate. It was found, that
in absence of lactose, addition of Fenton reagents without
any oxidation reaction increases the flux, and mitigates
fouling; in case of the 30" Fenton pre-treated wastewaters
the fluxes at VRR = 5, in case of 5:1 and 10:1 [H,O, ]:[ Fe]
ratio were 140 % and 100 % higher respectively, compared
to untreated wastewaters. Higher Fe-ion concentration
(1.5 mmol/dm®, 5:1 [H,O, J:[Fe] ratio) has more favorable
effect, proving that the fouling mitigation caused mainly
by coagulation-flocculation effect of reagents. On the other
hand, in presence of lactose, the oxidation reaction needed
to achieve flux increasing. Long term treatment has no

positive effect on the fouling mitigation; the formed oxi-
dation by-products may stick to the membrane surface, or
got into the pores increasing reversible and irreversible
resistances.

Although the ozone as pre-treatment increased the elim-
ination efficiency, it highly increased the filtration resis-
tances so it is not recommended as pre-treatment with this
type of wastewater.

On the basis of the surface free energy measurements,
it can be assumed, that the solutes (organic compounds and
Fenton reagents) easily can be adsorbed to the surface of
the neat membrane (which is characterized by high surface
free energy), causing irreversible fouling, but after this
early stage, the fouling is determined by the interaction of
the solute and the adsorbed layer on the membrane surface
instead of solute-membrane interactions.

This phenomenon is more expressed in presence of lac-
tose; although the presence of lactose did not change con-
siderably the filterability of sodium caseinate, it can pro-
mote fouling in presence of Fenton reagents.
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