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Abstract

A general strategy to develop combined photochemical and biological system for biorecalcitrant wastewater treatment is
proposed. For the development of this strategy, the following points were taken into account: the biodegradability of initial
solutions, the operation mode of the coupled reactor, the chemical and biological characteristics of the phototreated solutions,
the evaluation of different photoassisted advanced oxidation processes, the optimal conditions of both photochemical and
biological processes, and the efficiency of the coupled reactor.

The strategy to couple photochemical and biological processes is illustrated by case studies of four different biorecalcitrant
pollutants. Three kinds of combined systems were developed using either photo-Fenton, Fe3+/UV, or TiO2 supported on glass
rings for the photocatalytic pretreatment and in all cases immobilized biomass for the biological step. The advantages of the
each coupled system are discussed and beneficial effects of such two-step treatments were found. However this strategy is not
a universal solution. Chemical, biological, and kinetic studies must be always carried out to ensure that the photochemical
pretreatment increase the biocompatibility of the treated wastewater. Some field experiments using solar reactor indicated that
a coupled photochemical–biological treatment system at pilot scale is a possible way to achieve the complete mineralization
of the biorecalcitrant pollutants.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Advanced oxidation processes (AOP) are very
promising methods for the remediation of contam-
inated ground, surface, and wastewaters contain-
ing non-biodegradable organic pollutants[1,2]. The
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most commonly used AOP utilize H2O2, O3, or
O2 as the oxidant. These involve the generation of
the hydroxyl radical (•OH) that is a reactive inter-
mediate and has a high oxidation potential. This
hydroxyl radical attacks organic molecules by ab-
stracting a hydrogen atom or by adding to the dou-
ble bonds. Organic molecules are then transformed
to more oxidized intermediates, carbon dioxide
and water. An important drawback of these AOP
is that their operational costs are relatively high
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compared to those of biological treatments, which
are, at present, the cheapest and the most compatible
with the environment. However, the use of AOP as
a pretreatment step to enhance the biodegradability
of wastewater containing recalcitrant or inhibitory
compounds can be justified if the resulting interme-
diates are easily degradable in a further biological
treatment.

Previous studies have attempted the strategy of
combine chemical and biological processes to treat
contaminants in wastewater. These studies, exten-
sively reviewed by Scott and Ollis[3,4] suggest po-
tential advantages of this strategy for water treatment.
Recently, very interesting coupled systems have been
proposed to treat different kinds of industrial wastew-
aters such as effluents from alkaline fruit cannery,
textile industry, dyehouse liquors, olive mill, polyester
resin production, among others. The proposed systems
include up-flow anaerobic sludge blanket (UASB)
pretreatment followed by H2O2 and/or ozonation[5],
a sequencing batch cycle, which implies a biological
anoxic decolorization, followed by an aerobic min-
eralization combined with an ozonation of organic
metabolites[6], Fenton’s reagent—aerobic biolog-
ical treatment[7], ozonation—biological treatment
[8–10]. All these processes are characterized by the
utilization of sequential batch reactors at laboratory
scale treating volumes between 1 and 3 l. Special
attention is done by Ollis[11] to kinetic studies
and engineering models of integrated chemical and
biological oxidation of wastewaters, in order to im-
pulse the practical application and design of these
systems.

The first coupled flow system was developed in our
laboratory using Fenton reaction as pretreatment step
[12–15].

At present, excluding one of our recent publica-
tions[16], there are no published reports of combined
systems using iron(III) and TiO2-photoassisted re-
actions as pretreatment processes. The iron(III)/light
system is developed as an alternative to the use of
photo-Fenton as pretreatment since addition of H2O2
is avoided. The advantages of the TiO2-photoassisted
system are that the catalyst can be reused and that
the pH of the solution remains at neutral values
[16]. The photo-Fenton reaction instead, renders the
phototreated solution acidic making neutralization
necessary[14].

The main aim of this paper is to propose a gen-
eral strategy that can be used to develop a combined
photoassisted AOP and biological process for biore-
calcitrant wastewater treatment. To illustrate this
strategy we shall present the examples of model sub-
stances degradation: (a)p-nitrotoluene-ortho-sulfonic
acid (p-NTS), which is a pollutant coming from
manufacture of dyes, surfactants and brighten-
ers; (b) metobromuron (MB) and isoproturon (IP),
two of the most used herbicides in Europe; (c)
5-amino-6-methyl-2-benzimidazolone (AMBI), a pre-
cursor of dyes industry. Three kinds of combined
systems are developed using in all cases immo-
bilized biomass for the biological step and either
photo-Fenton, or Fe3+/UV, or TiO2 supported on
glass rings for the photocatalytic pretreatment.

For the development of the coupled strategy,
the following points were taken into account: the
biodegradability of initial solutions, the operation
mode of the coupled reactor, the chemical and bi-
ological characteristics of the photo pre-pretreated
solutions, the evaluation of different photoassisted
AOP, the optimal conditions of the individual pro-
cesses and the efficiency of the coupled reactor.
Finally, the feasibility of coupling a photoreactor
with a biological system at field pilot scale is also
discussed.

2. Experimental

2.1. Materials

All chemicals were used as received without further
purification. MB (C9H11BrN2O2), IP (C12H18N2O),
and p-NTS (C7H7NO5S) were obtained from Ciba,
Monthey-Switzerland, AMBI (C8H9N3O) was a gift
from Rohner, Basel, Switzerland. FeCl3·6H2O and
H2O2 (30%, w/w) analysis grade (p.a.) were from
Fluka, and TiO2 was from Degussa P-25, mainly
anatase with a surface area of 50 m2 g−1. The chem-
icals for high performance liquid chromatography
(HPLC) analysis were obtained from Fluka. Milli-Q
water was used throughout for the preparation of
aqueous solutions and as a component of the mo-
bile phase, water-acetonitrile (HPLC grade) in HPLC
analysis. The phototreated solutions were neutral-
ized by means of NaOH. Neutral pH of the solutions
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was maintained during the biological treatment by
adjusting with HCl or NaOH.

2.2. Coupled photochemical–biological
flow reactor

The coupled photochemical–biological system
used for the total mineralization of biorecalcitrant
compounds has been designed and constructed in
our laboratory (Fig. 1). The biological reactor shown
at the right hand side ofFig. 1, was coupled with
one of the two possible photochemical reactors: the
coaxial or the coiled one as shown in the left hand
side ofFig. 1. The coaxial reactor was used for het-
erogeneous phase reactions using TiO2 supported on

Fig. 1. Scheme of the coupled photochemical–biological flow reactor.

glass rings, while the coiled reactor was used for
experiments in homogeneous phase via photo-Fenton
reaction.

2.2.1. Coiled photochemical reactor
In the coiled photochemical reactor shown inFig. 1,

the pollutant solution circulates through an 8 mm di-
ameter glass spiral of about 20 m long. A 400 W, 40 cm
long, medium-pressure Hg-lamp is positioned in such
a way that its center line passes through the axis of the
coiled reactor. The predominant radiation is at 366 nm
with output equivalent to∼15 W. It has been taken
care that all photons are absorbed in the optical thick-
ness of the coiled reactor since the scattering effects
are less significant in a reacting medium having a
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high optical absorption. The reactor was designed for
different flow rates, organic loads, recirculation, and
oxidant addition rates. The reactor mixing-vessel has a
volume of 1 l. The runs were carried out at room tem-
perature. Eight hundred milliliters of the pollutant so-
lution was fed into the system from a 20 l reservoir and
H2O2, and Fe3+ solutions were automatically added
by means of peristaltic pumps into the mixing-vessel.
The solution is continuously or in batch mode recir-
culated at 22 l h−1 through the illuminated part of the
reactor. In order to prepare the phototreated water for
biological treatment, the solution is neutralized at the
photoreactor outlet, into the conditioning recipient.

2.2.2. Coaxial photocatalytic reactor
Titanium dioxide supported on glass rings (4 mm

length, 4 mm internal diameter) was employed in the
coaxial photocatalytic reactor as shown inFig. 1.
Immobilization of the catalyst was performed by the
Laboratory of Renewable Resources of the Univer-
sity of Concepción, Chile[17,18]. A Philips 36 W
(1.20 m long and 26 mm in diameter, TLD 36 W/08)
black actinic light source is employed for irradiation
in such a way that its center passes through the axis
of the reactor. The lamp radiation has aλ-distribution
between 330 and 390 nm centered at 366 nm. The
reactor has a total volume of 1.5 l where 0.8 l were
illuminated. The runs were carried out at room tem-
perature. The pollutant solution is fed into the system
from a 20 l reservoir and is continuously recirculated
at 90 l h−1 by means of a peristaltic pump through the
illuminated part of the reactor. Samples were taken
from a mixing-vessel sampling port. The glass rings
impregnated of TiO2 float freely in the space between
the light source tube and the outer wall of the jacketed
reactor. During the photocatalytic experiments, the
coaxial reactor is covered with an aluminum-coated
parabolic device to avoid loss of light by reflecting
it through the bulk of the solution. To prepare the
effluent for the biological treatment, a conditioning
recipient is available between the photocatalytic and
the biological reactor, in which, the pH of the pho-
totreated solution can be automatically neutralized, if
necessary, by means of NaOH.

2.2.3. Biological reactor
The fixed bed reactor (FBR) shown on the right hand

side ofFig. 1 consists of a column of 1 l of capacity

containing biolite colonized by activated sludge from
a municipal wastewater treatment plant (Vidy, Lau-
sanne, Switzerland). The effluent of the photochem-
ical step is circulated through the column at 6 l h−1,
which operates as an up-flow reactor. The pH is con-
trolled and adjusted at 7. The required nutrients N, P,
K, and oligoelements for the bacterial activity were
also added. The aeration is about 150 l h−1 and the O2
concentration is measured by means of an O2 probe
on the top of the column.

2.3. Chemical and biological analysis

Dissolved organic carbon (DOC) measurements
were performed using a TOC analyzer (Shimadzu,
model 5050A) with a solution of potassium phthalate
as the calibration standard. Chemical oxygen demand
(COD) was carried out via a Hach-2000 spectropho-
tometer using dichromate solution as the oxidant in
strong acid media. HPLC was carried out in a Var-
ian 9065 unit provided with a Varian 9012 solvent
delivery system, an automatic injector 9100, and a
Varian ProStar variable (200–400 nm) diode array de-
tector 9065 Polychrom. A reverse phase Spherisorb
silica column ODS-2 and acetonitrile/water as mobile
phase were used to run the chromatography in gradi-
ent mode. The signals for IP, MB,p-NTS, and AMBI
were detected at 254, 246, 275 and 302 nm, respec-
tively. Concentrations of H2O2 were determined by
the Merckoquant® peroxide analytical test strips and
by permanganate titration in acid medium. The inor-
ganic ions were followed by flow injection analysis
(FIA).

Biological oxygen demand (BOD5) measures were
made by means of an Hg free WTW 2000 Oxytop unit
thermostated at 20◦C. The Zahn–Wellens Test[19]
was used for determination of inherent biodegradabil-
ity. The toxicity was assessed using the Microtox®

test system. This test was carried out using a Micro-
tox model 500 analyzer, which is a laboratory-based
temperature controlled photometer (15–27◦C) that
maintains the luminescent bacteria reagent and test
samples at the appropriate test temperature. This
self-calibrating instrument measures the light pro-
duction from the luminescent bacteria reagent. The
sample toxicity is determined by measuring the ef-
fective concentration at which 50% of the light is lost
due to compound toxicity (EC50).
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3. Results

3.1. Biodegradability of pollutant compounds

Due to the high cost of photochemical treatments,
it must be first confirmed that target pollutants are
definitively non-biodegradable since for biodegrad-
able compounds, classical biological treatments are,
at present, the cheapest and the most environmentally
compatible.

The biodegradability of the studied pollutants
(p-NTS, MB, IP, and AMBI) is practically zero. The
Zahn–Wellens test, which is carried out in conditions
similar to those of a wastewater treatment plant using
activated sludge, shows that these pollutants are not
degraded even during 50 days.

The biodegradability of the compounds was also
tested in batch mode using an FBR. This test was
negative even under theoretically favorable conditions
such as the presence of co-substrates and adapted
bacteria, strict control of pH, temperature, and aer-
ation. In this biological reactor, urban and industrial
activated sludge were used in different aerobic culture
media. Three methods were used to follow the test:
(a) respirometric measurements with an O2 probe
in the inlet and outlet of the FBR, (b) determina-
tion of compounds concentration by HPLC, and (c)
measurements of DOC as a function of time.

3.2. The photo-Fenton reaction as
pretreatment process

Photodegradation ofp-NTS, MB, IP, and AMBI
were carried out using the coiled reactor operated in
semi-continuous mode. The coupled reactor operates
in semi-continuous mode when the photochemical
step treats the pollutant solution in short-duration
batch cycles providing phototreated water to contin-
uously feed the biological reactor. This mode was
chosen since it gave better results comparing with
the continuous mode. These two operation modes
were compared by studying the efficiency of the pho-
tochemical, biological, and overall treatments of a
p-NTS solution[13]. The main parameter affecting
the performance of the photoreactor in continuous
mode are related to the very low pollutant concentra-
tion that can be treated and the high concentration of
H2O2 remaining in the phototreated solution, which

are inhibitory for bacteria. The semi-continuous mode
was then applied to overcome this inconveniences.

In this section, the strategy to couple photochemi-
cal and biological treatments is shown for the miner-
alization of thep-NTS, MB and IP using the Fenton
reaction as pretreatment step.

3.2.1. p-NTS
The coupled reactor was operated in semi-conti-

nuous mode, as explained above, the photochemical
step treats thep-NTS solution in short-time batch
cycles providing phototreated water to continuously
feed the biological reactor. Thep-NTS solution (1.0 g
p-NTS l−1) was recirculated from the mixing-vessel
into the reactor at 22 l h−1. Hydrogen peroxide
(300�l, 30%) was added every 5 min and different
Fe3+ concentrations were tested obtaining the best
degradation rate at a Fe3+ concentration of 75 mg l−1.

3.2.1.1. Chemical and biological characteristics of
the phototreated p-NTS solution.To ensure that the
photochemical process can be used as a pretreatment
for a biological process, it is very important to gather
information concerning the chemical nature of the
intermediates formed during the photo-pretreatment,
as well as the evolution of the toxicity and biodegrad-
ability. Fig. 2shows the evolution of these parameters
for p-NTS degradation in batch mode in the presence
of H2O2 and Fe3+.

Fig. 2a shows that in less than 5 min of photo-
chemical treatment, thep-NTS was completely elim-
inated from the solution. HPLC scanning by a diode
array detector revealed the presence of aromatic and
aliphatic degradation by-products[14]. The aromatic
intermediates detected attained a maximum concen-
tration within 5 min and were totally degraded within
20 min.

The average oxidation state (AOS) of the solution
is shown at the right hand side axis ofFig. 2a as a
function of the photo-pretreatment time. These values
were estimated according to the following equation
[3]:

Average oxidation state= 4
DOC− COD

DOC
(1)

where DOC and COD are expressed in moles of C l−1

and moles of O2 l−1, respectively. AOS takes values
between+4 for CO2, the most oxidized state of C and
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Fig. 2. Phototreatment of ap-NTS solution by Fenton reaction. (a) Relative concentration ofp-NTS, aliphatics, and aromatics intermediates.
p-NTS, 330 mg C l−1; H2O2, 300 ml every 5 min; Fe3+, 75 mg l−1. The AOS evolution is shown using the right hand side axis. (b) Evolution
of toxicity and biodegradability of the phototreated solution ofp-NTS as a function of time.

−4 for CH4, the most reduced state of C. InFig. 2a,
a significant increase of AOS was not observed after
about 20 min of phototreatment, suggesting that the
chemical nature of intermediates does not vary consid-
erably after 20 min of reaction. Furthermore, the AOS
value at the plateau after 50 min (average 1.5) is char-
acteristic of very oxidized and biocompatible aliphatic
compounds like oxalic acid.

The chemical features described above were vali-
dated by the related decrease of the toxicity and in-
crease of biodegradability of the phototreatedp-NTS
solution. As shown inFig. 2b, the reduction of toxic-
ity reflects the abatement ofp-NTS in 6 min. A slower
decrease was subsequently observed until complete
disappearance of toxicity in 50 min. The toxicity con-
trol during phototreatment revealed that intermediates
more toxic thanp-NTS did not develop during the
photoassisted pretreatment process.

Although the p-NTS toxicity is relatively low,
the most undesirable property of thep-NTS is its
recalcitrance to biodegradation leading to potential
chronic effects in natural environment. The beneficial
effect of a short phototreatment, on the biodegrad-
ability of the p-NTS solution is shown inFig. 2b.
After 20 min of phototreatment (20% of mineral-
ization), the BOD5/COD ratio, representative of
biodegradability, surpasses the value 0.4, which is the
threshold for a wastewater to be considered easily
biodegradable.

3.2.1.2. Efficiencies of the coupled system.As in-
dicated above, thep-NTS solution becomes biocom-
patible after 30 min of phototreatment in batch mode
when thep-NTS is completely degraded and the AOS
of the intermediates does not change significantly any
longer. In this sense, the coupled system can be better
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used to attain the total mineralization of the solution
since the high energy consumption required to reach
good levels of mineralization with single photochemi-
cal reactor makes it not attractive from an economical
point of view.

The coupled photochemical–biological reactor is
operated at five different phototreatment times: 50, 70,
95, 110, and 125 min (corresponding to the follow-
ing flow rates, respectively, 0.96, 0.68, 0.50, 0.44, and
0.38 l h−1). The p-NTS solution is phototreated in a
batch mode, as explained before, and when the chosen
time is attained, the solution passes to the condition-
ing recipient, where it is neutralized. The phototreated
solution is then led to the biological reactor in a con-
tinuous mode.

Fig. 3 shows the energy consumption and the per-
centage of DOC removed in the photochemical, the
biological, and the whole coupled process as a func-
tion of phototreatment time.

From results presented inFig. 3, it can be concluded
that the most suitable conditions for the coupled
treatment are obtained when the phototreatment time
is short enough to achieve a cost-effective process
together with high biological and overall efficiencies.
At longer phototreatment times, the photochemical
efficiency is improved by the unnecessary photodegra-
dation of substances biologically degradable while the
biological and the overall efficiencies remain almost
invariable, which implies higher energy consumption
without beneficial effects.

Fig. 3. DOC remotion by photochemical, biological, and coupled (overall) treatment ofp-NTS. The consumed energy for the photochemical
step is represented on the right-side axis.

3.2.2. MB and IP herbicides
The photodegradation conditions, via photo-Fenton

reaction, of these herbicides were optimized[14]. It
was found that the optimal concentrations of Fe3+
and H2O2 were 1.0 and 25.0 mmol l−1, respectively.
Before sending the effluent to the biological system,
the biocompatibility of the treated solutions was de-
termined as a function of the phototreatment time.

3.2.2.1. Chemical and biological characteristics of
the phototreated solutions.Fig. 4 shows the evo-
lution of the concentration of the initial compound,
aromatic, and aliphatic intermediates, as well as the
DOC, toxicity and ions during the phototreatment of
an MB (Fig. 4a and b) and IP (Fig. 4c and d) solutions
using photo-Fenton pretreatment as a function of time.

Fig. 4a shows the HPLC measurements of MB
degradation, where it can be seen that in less than
20 min of photochemical treatment the initial com-
pound disappears from the solution. The scanning
by a diode array detector revealed the existence of
aromatic and aliphatic degradation by-products. The
aromatic intermediates attained a maximum con-
centration within 1 h, remaining constant for about
6 h after which it started to decay, coinciding with
an increase of aliphatic intermediates. Analysis of
Br− in solution (Fig. 4b) shows that approximately
80% of the bromine bound to organic carbon has
been liberated after 1 h and remains constant during
the phototreatment. The Br− evolution is consistent
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with the MB degradation, but its final concentra-
tion (∼54.0 mg Br− l−1) does not correspond to the
theoretical stoichiometric value (74.0 mg Br− l−1).
Thus, the degradation of MB should be leading to
the formation of bromide intermediates, which were
photo-recalcitrant in the tested conditions. The DOC
evolution indicates a very slow mineralization rate
after 2 h of treatment (Fig. 4b).

A biocompatibility study (toxicity and biodegrad-
ability tests) shows that, the solution resulting from
the MB photodegradation is not appropriate for a bio-
logical treatment. During the photodegradation, even
if the toxicity (expressed as 1/EC50 in Fig. 4b) is re-
duced together with the reduction of DOC, the ratio
BOD5/COD (representative of the biodegradability)
does not vary significantly, having values of 0.0 and
0.1 before and after the treatment. As a reference,
this parameter for municipal biodegradable wastew-
ater is around 0.4. The FBR is also used to evaluate
the biodegradability of the solution resulting from the
MB phototreatment with no biodegradation observed.
From these results it can be conclude that, even if the
bromo-aliphatic compounds remaining in the solution
after 8 h of phototreatment are non-toxic, they remain
highly biorecalcitrant.

The same analyses were made for the IP degrada-
tion. In this case, the ratio BOD5/COD was found to
be 0.0 before phototreatment and increased up to 0.65
after pretreatment.Fig. 4c and dshows the results ob-
tained by HPLC analysis as well as the evolution of
NO3

−, DOC, and toxicity.
A very high toxicity increase is observed at the

beginning of the treatment, followed by a sharp de-
crease (Fig. 4d). This indicates that at the beginning
of the photo-pretreatment there is formation of in-
termediates, which are more toxic than the initial
compound. Toxicity evolution is related to the for-
mation and degradation of intermediates.Fig. 4c
shows first that the occurrence of aliphatic interme-
diates goes together with the abatement of IP and
secondly, that the aromatic compounds were rapidly
degraded coinciding with the decrease of toxicity.
The NO3

− ion (Fig. 4d) reaches the stoichiometric
value (25.8 mg NO3− l−1, corresponding to 100%) in
about 2 h of treatment after which there will be no
nitro compounds in solution. The evolution of DOC
shows that the mineralization is about 90% after 8 h of
treatment.

The chemical features described above, validated
by the concomitant toxicity decrease and biodegrad-
ability increase of the treated IP solution, suggest that
the photo-Fenton process is a promising pretreatment
method. Therefore, a photochemical–biological cou-
pled flow treatment can be applied for the complete
mineralization of this compound.

3.2.2.2. Efficiencies of the coupled reactor.The
coupled system, using the coiled photoreactor was
tested for the degradation of an IP solution (0.8 l).
This herbicide was chosen because in contrast to MB,
the biocompatibility of its photodegraded solution has
been proved. As in the case ofp-NTS, the coupled
system is operated in semi-continuous mode using a
photo-Fenton reaction as pretreatment.

During the phototreatment, the AOS of the treated
solution was calculated according toEq. (1). The
AOS attained a plateau after approximately 30 min
reaching a value close to 2. These results suggest that
after this time the chemical nature of the intermedi-
ates does not vary any more. Biodegradability and
toxicity tests performed during a photodegradation
run in batch mode show that the resulting solution
becomes biocompatible when the DOC gets constant
and after the total depletion of H2O2. The DOC
evolution in this batch system seems to be directly
correlated with AOS evolution. Consequently, when
the stabilization of these parameters is reached, the
phototreated solution may be considered as biocom-
patible. The AOS stabilization is reached after 30 min
of the phototreatment when 50–65% of DOC is
mineralized.

At this stage of the treatment the pH of the solution
is around 3.0, which is automatically neutralized at the
outlet of the photoreactor in order to prepare the solu-
tion for the biological treatment. During the biological
process the pH is maintained between 6.5 and 7.5.

The evolution of the initial compound and its
degradation intermediates is followed by HPLC dur-
ing the whole process. It is observed that at 30 min,
the phototreatment depleted IP up to 97% producing
aromatic and aliphatic by-products. After 60 min of
phototreatment, the IP was degraded while aromatic
and aliphatic by-products were detected. After the bi-
ological process there are no substances detected by
HPLC. The effective total mineralization is verified
by DOC measurements.
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To start the coupled photochemical–biological flow
process, sequential batches of the phototreatment were
carried out every 60 min, which corresponds to an in-
put flow rate of 0.8 l h−1. This flow rate was main-
tained during at least 3 days after reaching steady state
to check up the stability of the system during a long
time period. In this coupled system, 100% of the initial
concentration of IP and 95% of DOC were removed.

3.2.3. AMBI: photo-Fenton reaction vs. Fe(III)/light
system as pretreatment processes

Among AOP, the iron photoassisted system
Fe(III)/light is a potential wastewater treatment
process. In such system, instead of H2O2 as in
photo-Fenton reaction, O2 is used as the main ox-
idizing agent. Previous investigations have shown
that irradiation by UV/visible light, Fe(III) salts can
promote the photooxidation of organic compounds
[20–24]. The agent responsible for these reactions
could be hydroxyl radical formed by photochemical
dissociation of Fe(III)-hydroxy complex, Fe(OH)2+.
The reaction can be simply expressed as follows[25]:

Fe(OH)2+ + hν → Fe2+ + OH• (2)

We have studied this system as a pretreatment step
for the mineralization of AMBI[26]. It was observed

Fig. 5. Percentage of the initial DOC removed by the individual and the whole coupled system in the photochemical–biological flow
reactor treating AMBI. Phototreatment times were 2 and 5 h with and without H2O2, respectively. In both the cases AMBI was completely
eliminated in the photoreactor.

that the iron photoassisted process, in 5 h, could
remove 100% of the initial AMBI contained in
wastewater. Complete mineralization is not attained
but this fact in not considered as a disadvantage
since DOC remaining in solution is biodegradable
and the complete mineralization can be achieved by
a biological treatment. In these conditions, a flow
system coupling Fe(III)/light oxidation process with
a biological system for the treatment of AMBI was
developed.

The coupled reactor was operated in a semi-con-
tinuous mode. The optimal pretreatment time was 5 h
obtaining the best compromise between the shortest
photochemical pretreatment and the highest biological
and overall efficiency.

Using the photo-Fenton reaction as a pretreatment
step (with H2O2), the solution becomes biocompat-
ible after 2 h reaching 65% of mineralization and
total elimination of AMBI. The effectiveness of
both Fe(III)/light and photo-Fenton systems as pre-
treatments, of the biological process, and the whole
system are illustrated inFig. 5. It is clear that the
addition of H2O2 increases the photodegradation rate
and efficiency of the photochemical reactor but in
both cases almost the same global efficiency was
reached (∼90%). The contribution of the biological
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treatment is more important for the mineralization
of the phototreated solution of AMBI using the sys-
tem Fe(III)/light as pretreatment than for the solu-
tion resulting after the photo-Fenton treatment. It is
an indication that H2O2 help to degrade in shorter
time AMBI and biocompatible by-products. From
the economical point of view, the photo-Fenton
reaction as pretreatment is more interesting since
the required phototreatment time is shorter but the
Fe(III)/light system is the most environmental com-
patible. A more detailed research has to be carried
out to try to reduce the residence time of this last
system.

3.3. Supported TiO2 photocatalytic system as
pretreatment process

The advantages of using supported TiO2 for the
photochemical stage of the coupled process are (i)
the catalyst can be reused, (ii) the pH of the solutions
remains neutral, and (iii) H2O2 is not necessarily re-
quired for the reaction. In this way, the phototreated
solution is ready to be biologically treated when it
is biocompatible. This process is illustrated in the
present section by mineralization an IP solution.
The coaxial reactor described inSection 2was used
(Fig. 1). The photodegradation kinetics of IP employ-
ing either suspended or supported TiO2 were very
similar indicating that the activity of the TiO2 was not
reduced when it is immobilized on an inert surface
of the glass rings used in this work. In addition, af-
ter 300 h of experiments using the same single batch
of impregnated glass rings it was verified that the
activity of the supported TiO2 was not affected.

In both the suspended and the supported systems,
the total elimination of IP is reached in approximately
2 h of phototreatment, whereas the mineralization
reached in the same time is only about 20% measured
by DOC.

Biocompatibility of the photochemically treated
solution was studied to be sure that this process
could be used as a pretreatment. The system presents
the same kind of toxicity profile as in the case of
photo-Fenton treatment with a high toxicity increase
at the beginning of the treatment, followed by a
sharp decrease. After 2 h of phototreatment, toxicity
is as low as that of the initial compound and NO3

−
ion concentration reaches a stoichiometric value

of 24.8 mg NO3
− l−1, corresponding to 100% of IP

degradation.
The ratio BOD5/COD (representative of the

biodegradability) is found to be zero before pho-
totreatment and it increases after 1 h up to 0.65, a
value of high biodegradable wastewaters.

The coupled photochemical coaxial–biological flow
reactor was used operating in semi-continuous mode,
where 100% of the initial IP concentration and 65%
of DOC were removed.

3.4. General strategy for the coupling photochemical
and biological treatments

We developed a general strategy that can be used
to develop a combined photoassisted AOP and biolog-
ical process for biorecalcitrant wastewater treatment
(Fig. 6). For the treatment of a particulate pollutant,
this general way have sometimes to be adapted in or-
der to get water quality that will fulfil the local and
other legislation requirements at the lowest financial
cost.

Due to the high cost of photochemical treatments,
as a first step it must be confirmed that target pol-
lutants are definitively non-biodegradable since for
biodegradable compounds, classical biological treat-
ments are, at present, the cheapest and the most envi-
ronmentally compatible.

In coupled systems, the AOP pretreatment is meant
to modify the structure of pollutants by transforming
them into less toxic and easily biodegradable interme-
diates, which allows the subsequent biological degra-
dation to be achieved in a shorter time and in a less
expensive way.

The solution resulting from the phototreatment
stage is considered to be biologically compatible after
the elimination of (i) the initial biorecalcitrant com-
pound, (ii) the inhibitory and/or non-biodegradable
intermediates, and (iii) the residual H2O2, or other in-
hibitory electron acceptors, whenever they are utilized
for the phototreatment.

These requirements, together with information
concerning the evolution of toxicity and biodegrad-
ability of the phototreated solutions, allow the deter-
mination of an optimal phototreatment time, which
corresponds to the best cost-efficiency compromise.
The phototreatment time must be as short as possi-
ble to avoid a high electricity consumption, which
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Fig. 6. General strategy of wastewater treatment.
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represents about 60% of the total operational cost
when using electric light sources[12]. However, if the
fixed pretreatment time is too short, the intermediates
remaining in solution could still be structurally simi-
lar to initial biorecalcitrant compounds and therefore,
non-biodegradable. Furthermore, at short phototreat-
ment time, the residual H2O2 concentration or other
oxidant may be high enough to inhibit the biological
stage of the coupled reactor. Chemical, biological, and
kinetic studies must always be carried out to ensure
that the photochemical pretreatment induces bene-
ficial effects on the biocompatibility of the treated
wastewater.

3.5. Perspectives for the coupling of photochemical
and biological processes at field pilot scale

Direct solar light is promising and economically
attractive source of UV irradiation, which has been
applied in combination with oxidants and catalyst for
the complete mineralization of a wide range of organic
pollutant in water[27,28]. We have performed a series
of experiments in order to find out whether photo-AOP
using solar reactors, could be coupled with a biological
system.

The efficiency of the solar photocatalytic treatment
of IP based on the photo-Fenton system and TiO2 pho-
tocatalysis was compared using a compound parabolic
collector (CPC) at the Plataforma Solar de Almeria,
Spain[16]. Even if the photo-Fenton reaction was the
most efficient process for the mineralization of the IP
solution, both homogeneous and heterogeneous pho-
tocatalysis are considered as suitable methods to reach
the complete decay of IP in the solution. When IP is
totally eliminated, the residual DOC remaining in the
phototreated solution is biodegradable. Therefore, the
complete mineralization can be achieved in a further
biological treatment.

Interesting results were obtained using suspended
TiO2-photoassisted process since this catalyst is not
sacrificed and can be separated from the treated water.
This is very important when an industrial application is
contemplated since TiO2 is recycled and clean treated
water could be drained away. Different procedures of
filtration or sedimentation have been published for this
purpose[29,30].

These encouraging results as well as those concern-
ing the using immobilized TiO2 (lab scale) open new

possibilities for the coupling of TiO2-photoassisted
and biological processes, at pilot scale, employing sup-
ported TiO2 and bacteria. The main advantage of this
fixed system is that a separation procedure of the cata-
lyst is not necessary rendering simpler and more eco-
nomic the operation of both reactors.

4. Conclusions

A general strategy that can be used to develop a
combined photoassisted AOP–biological process for
biorecalcitrant wastewater treatment was proposed.
For the development of this strategy, the following
points need to be considered: the biodegradability of
initial solutions, the operation mode of the coupled
reactor, the chemical and biological characteristics of
the photo pre-pretreated solutions, the evaluation of
different photoassisted AOP, the optimal conditions
of the individual processes and the efficiency of the
coupled reactor.

The application of this strategy was illustrated us-
ing four different model substances. All this pollu-
tants were determined to be non-biodegradable by the
Zahn–Wellens biodegradability test and in an FBR un-
der theoretically favorable conditions.

Three kinds of combined systems were developed
using in all cases immobilized biomass for the bio-
logical step and either photo-Fenton, or Fe3+/UV, or
TiO2 supported on glass rings for the photocatalytic
pretreatment.

The chemical and biological characteristics of pho-
totreated solutions were studied, in order to be able to
determine the shortest time when the photochemical
pretreatment reduces the anti-physiological proper-
ties of pollutant to permit transfer of phototreated
wastewater to a biological treatment. Toxicity and
biodegradability analyses of the phototreated solutions
of p-NTS, MB, and IP show that the solution resulting
from the photodegradation of MB is not biocompati-
ble, while the photodegraded solution ofp-NTS and IP
are biologically compatible and their complete min-
eralization can be performed by biological process.

The coupling of a photochemical and biological
flow reactor was operated in semi-continuous mode
for the total mineralization of ap-NTS and IP solu-
tions. This mode of operation was chosen since it gave
better results comparing with the continuous mode.
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The coupled photochemical and biological flow sys-
tem was efficient for the mineralization ofp-NTS and
IP solutions. The primary degradation efficiency ex-
pressed as percentage of IP andp-NTS removed was
100% and the mineralization efficiency was 95% for
both the substances.

A coupled photoreactor system using Fe(III)/light
and immobilized activated sludge culture, was devel-
oped and tested for the treatment of AMBI solutions.
The pretreatment system was able to remove the
biorecalcitrant compound and produce biocompatible
intermediates, which is completely mineralized by the
biological system. The coupled reactor was operated
in a semi-continuous mode and an optimal pretreat-
ment time of 5 h was found. At this moment the
best compromise between the shortest photochemical
pretreatment and the highest biological and overall
efficiency was reached.

Fe(III)/light pretreatment was compared with the
well know photo-Fenton system Fe3+/H2O2/light
as a pretreatment in the coupled reactor. For both
the compared systems the same global efficiency of
the coupled reactor was achieved (90% of DOC re-
moved). Nevertheless the Fe(III)/H2O2/light system is
2.5 times more efficient that the Fe(III)/light system,
regarding pretreatment time.

The third coupled system developed used TiO2
supported on glass rings in the photocatalytic coax-
ial reactor and fixed bed bacteria on biolite. These
fixed components render coupled technology for the
treatment of wastewater more economic and simpler.

The field experiments under direct sunlight using a
CPC reactor demonstrate that the solar photocatalytic
treatment is effective for the purification of water
contaminated by herbicides and other biorecalcitrant
substances. They are also adequate to attain the state
of biocompatibility of the phototreated solutions re-
quired for further biological treatment. These results
indicate that a coupled photochemical–biological
treatment system at pilot scale is a possible method
to achieve the complete mineralization of the biore-
calcitrant pollutants.
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