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ABSTRACT

This study aims at the development of a hybrid process for the efficient treatment of water
and potentially of wastewater, by the combination of ozonation and membrane filtration and
the investigation of the complete ozone utilization by the employment of a novel ceramic
membrane reactor concept. The advantages of the process are mainly referred to the achieve-
ment of a homogeneous (down to microscale) transfer and distribution of ozone (“bubbles
aeration”) within the main body of bulk water stream, which results in very efficient
oxidation. Ceramic membranes were prepared initially, in order to investigate the single fil-
tration of groundwater; tubular shaped nonsymmetric ceramic membranes were developed
and their efficiency was examined for the removal of As-loaded water. Microporous
c-Al2O3–17Fe (molar ratio Al and Fe: 1:1) membrane was found to adsorb the pollutant As
(V) ions up to 95%. The combined process of ozonation and membrane filtration was
examined in a bench scale unit, where ozone was added through a ceramic diffuser at low
flow rates, under continuous and intermittent modes. Simulated ground and surface water
containing 25mgL�1 of kaolin and humic acid was fed to the reactor; it was found that the
intermittent mode of ozone addition was beneficial over the continuous mode of operation,
resulting in lower trans-membrane pressure values. However, the hybrid process of ozona-
tion-membrane filtration resulted in a lower quality effluent with a higher Total Organic
Carbon content, possibly due to the effect of ozone on organic substances: ozone resulted to
the dissociation of large molecular weight compounds and the formation of smaller mole-
cules that could easily pass through the membranes in the effluent. In addition, a new hybrid
ozone-filtration unit has been constructed. In this unit, the water to be treated flows through
the inner side of a tubular membrane while gaseous ozone stream flows along the outer. An
appropriate pressure drop gradient causes ozone to flow towards the inner water stream
through the nanopores of the ceramic membrane, causing oxidation (and decomposition) of
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the organic substances or complexes, which are present in the water stream. The retentate
stream of the first step represents the influent to the second step where the removal of ions
is achieved by ceramic membranes (ultrafiltration).
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1. Introduction

The combination of membrane filtration with other
treatment processes has gained much attention in
recent years for the efficient treatment of both water
and wastewaters and the removal of resistant sub-
stances. Several attempts have been made aiming to
couple membrane filtration with processes such as
coagulation [1], flotation [2], or advanced oxidation
processes (AOP’s) [3]. Especially AOP’s have been
proved useful for the treatment of waters or wastewa-
ters that contain nondegradable materials, as they are
able to reduce the organic content and remove
refractory compounds, such as humic acids that are
abundant in surface water. AOPs usually combine the
use of hydrogen peroxide, ozone, hypochlorite, or UV
radiation. Ozone is one of the most powerful known
oxidants, mainly used in water treatment for disinfec-
tion, oxidation of organic and inorganic compounds,
including taste, odor, and color removal. As the main
problem associated with membrane filtration is
membrane fouling, which may lead to severe flux
reduction, it is needed to minimize the impact of
fouling particles on the membrane operation. Taking
into account the high reactivity of ozone with organic
substances, it is likely that combining membrane
filtration with ozonation can be beneficial in foul
reduction, preventing considerable flux decline during
membrane operation.

Most research studies are focused on the imple-
mentation of ozone as a pretreatment step prior to the
membrane filtration; ozone is usually introduced by
direct mixing with the influent or by ozonation of
water/wastewater in a tank before the membrane
unit. Song and his coworkers investigated membrane
microfiltration of a previously ozonated river water
[3]; ozonation provided a degradation of macromolec-
ular organic matter that was responsible for mem-
brane fouling to smaller molecular organic matter,
thus reducing the membrane fouling rate. The
researchers estimated an optimum ozone dosage,
resulting in a maximum membrane flux. Increasing
the ozone concentration above this optimum dosage
did not bring any additional beneficial effect on the
membrane flux. Other researchers investigated
the effect of ozone dosage, in ozonation—ceramic

membrane ultrafiltration system treating natural
waters [4]. Ozonation significantly reduced membrane
fouling and the fouling behavior was strongly depen-
dent on ozone concentration applied and hydrody-
namic conditions. Tests were also made with oxygen
sparging, but, its effect on the permeate fluxes was
very limited; it was concluded that the improved per-
formance when using ozonation was due to oxidation
of NOM. Combined ozonation and filtration of lake
water was investigated by Karnik et al., in order to
evaluate their effects on disinfection by products for-
mation [5]. The combined treatment resulted in the
improvement of the quality of permeate and in the
formation of partially oxidized compounds from
NOM, which were less reactive with chlorine, thus
resulting in reduced concentrations of trihalomethanes
and halo acetic acids. Another research made by
Karnik gave insight into the effects of ozonation on
the permeate flux of ceramic membranes [6]. It was
found out that application of ozone gas prior to the
membrane filtration decreased membrane fouling, in a
significant way. There was a threshold value of ozone
concentration; higher dosages did not bring additional
beneficial effects on permeate flux recovery. Lee et al.,
investigated the mechanism of reducing fouling by
means of ozone, using a sample from a wastewater
treatment facility [7]. The major membrane fouling
reduction was attributed to the degradation of organic
compounds from high molecular weight to low molec-
ular weight. However, no significant permeate quality
improvement was observed.

It is apparent that the addition of ozone for the
improvement of membrane filtration process has been
investigated by certain researchers. However, as ozone
is a highly reactive compound, during the combina-
tion of ozone and membrane processes, it deteriorates
the surface of polymeric membranes [8] and only
on chemically inert membranes, such as ceramic
membranes, should it be applied. As most of the
commercially available ceramic membranes are made
of metal oxides like alumina, titanium or silica, they
can offer a higher chemical, thermal, and mechanical
stability than polymeric membranes. On the other
hand, conventional methods of ozone gas addition to
the water phase are taken place by using bubble
columns, diffusion heads or spargers. These devices
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