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Abstract

An overview of recent works (1998-2002) coupling Advanced Oxidation Process (AOP) and Biological systems for wastewater treatment
confirms the beneficial effects of such two-steps treatment at lab scale. In this paper, an innovative coupled solar-biological system at field
pilot scale was designed, builds, and experimental results are presented. The strategy to develop this system implicates the choice of the
most appropriate solar collector and the most efficient AOP, the optimization of this AOP, the choice of the biological oxidation system,
the monitoring of the chemical and biological characteristics of photo-treated solutions and the evaluation of the performances of the
coupled solar-biological flow system. The coupled system is conformed by a Compound Parabolic Solar Collector (CPC) and a Fixed
Bed Reactor (FBR). The photo-Fenton system was the most appropriate AOP for the degradation of a model biorecalcitrant compound,
5-amino-6-methyl-2-benzimidazolone (AMBI). Surface Response Methodology was used to optimiz&ttiam&ebO, concentration.

The coupled reactor, operates in semicontinuous mode, has shown to reach a whole mineralization performance between 80 and 90% in the
range of initial dissolved organic carbon (DOC) concentration of 300-500 m§ These results indicate that coupling solar-biological
processes at pilot scale is a plausible effective approach for the treatment of real industrial wastewaters.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction types of industrial wastewaters. In this paper, most of these
former works realized within the last 5 years and based
Advanced Oxidation Processes (AOPs) are very promis- on the structure proposed by Scoot and OJR$, were
ing methods for the remediation of contaminated wastew- reviewed Table ).
aters containing non-biodegradable organic pollutdib}s Wastewaters under study are coming from: textile, pulp
Nevertheless, one of the major drawbacks of these AOPs isand paper, surfactants, and explosive military industries, as
that their operational costs are relatively high compared to well as from olives washing, and pesticides contaminated
those of biological treatments. However, the use of AOPs as aeffluents.
pretreatment step to enhance the biodegradability of wastew- For the 16 cases shownTable 1, 2 cases were previously
ater containing recalcitrant or inhibitory compounds can be biologically pretreated to remove the easily biodegradable
justified if the resulting intermediates are easily degradable fraction of pollution before leading to the classical schema
in a further biological treatment. AOP-biological treatment in which the main aim of the AOP
Previous studies have attempted the strategy of combiningis to produce biodegradable intermediate, or partial miner-
chemical and biological processes to treat contaminants inalisation.
wastewater. These studies, extensively reviewed by Scottand The proposed systems includa:/H,O,—aerobic batch
Ollis [2,3] suggested potential advantages for water treat- activated sludge (BASJ4]. TiO,-assisted photocatalytic
ment. reduction in series with fungal mineralization by phane-
Recently, some interesting coupled systems (photoas-rochaete chrysosporiunf6]. hv/TiO2-supported in glass
sisted AOP-biological) have been proposed to treat variousrings followed by bacterial degradation usiRgeudomonas
paucimobilis(S37) andBurkholdeira cepacigPZK) [14].
* Corresponding author. Tek:41-21-693-4720; fax+-41-21-693-4722.  Ledakowicz et al[7] exploredhv/Oz andhv/H20, systems
E-mail addresscesar.pulgarin@epfl.ch (C. Pulgarin). as a pretreatment followed by activated sludge. Benitez et al.
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Table 1
Studies utilizing photochemical (UV) and biological degradation of organic compounds
Authors Chemical degraded Concentration Photoassisted AOPs Biological oxidatiorBiodegradability test Order of  Grade
method schema
Adams and Kuzhikannil4] Alkildimethzlbenzyl-ammonium- ~ COD = 1000 mgt? hv/H202 BAS essay BAS essay AOP-B ++
chlorides
Dioctyl-dimethyl-ammonium- 0
chloride
Benitez et al[5] Olives washing wastewaters Cob2.7glt, hv/O3 Acclimated activated Kinetic measurements B-AOP +
BOD = 1.56gl? sludge culture (Contois model)
AOP-B ++
Hess et al[6] TNT 0.44 mmol -1 hv/TiO2 Fungal mineralization ++
by phanerochaete
chrysosporidium
Ledakowicz et al[7] Synthetic textile wastewater COB 2154mgQ 11, hv/O3, hv/HO, Acclimated activated Kinetic measurements AOP-B ++
BOD = 1050mgQ|-1, sludge culture (Monod model)
PTC=442mgCt?
Parra et al[8] Isoproturon 0.2 mmoH? hv/Fet /H,05 FBR BODs/COD Microtox AOP-B ++
Metobromuron 0
Parra et al[15] Isoproturon 0.2 mmoH hv/TiO, immobilized FBR BOR/COD Microtox AOP-B ++
Pulgarin et al[9] p-Nitro-o-toluenesulfonic acid 330mgct hv/Fet/H,0, FBR BOD;/COD Microtox AOP-B ++
Rodriguez et al[10] Textile wastewater 900mgc? hv/Fet/H,0, FBR Zhan-Wellens test AOP-B 0
Reyes et al[11] Kraft effluents hv/ZnO immobilized Fungal mineralization B-B-AOP +
by Lentinula edodes
AOP-B ++
Sarria et al[12] AMBI 3mmoll-1 hv/FetIH,0, FBR BODs/COD AOS AOP-B ++
Sarria et al[13] AMBI 1mmol |-t hv/Fet/0, FBR AOS AOP-B ++
Yeber et al.[14] 6-Chloro vanillin 186 ppm hv/TiO, immobilized Pseudomonas Bacterial growth rate AOP-B ++

paucimobilis(S37),
Burkholdeira cepacia
(PZK)
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[5] compared a variety of oxidation schemes: aerobic bio-
logical pretreatment followed by eithéw/O3 or hv/H20s,

and hv/O3 or hv/H20O2 pretreatments followed by aerobic
biodegradation. Reyes et fl1] tested a photo-pretreatment
using ZnO immobilized on sand followed by a fungal min-
eralization by Lentinula edodes. Three different combined

91

biological catalysers, and functions at very high cell concen-
tration without rheological or mass transfer limitations. FBR
operating in continuous mode do not suffer of decrease in the
metabolic activity due to product accumulation; the use of
substrates is optimal even at low concentration. Due to the lo-
calized concentration of nutrients and hydrolytic coenzymes

systems were developed at the EPFL, using photo-Fentonat the support-substrate/interface, cells are used in their sta-

reaction[8-10,12] hv/Fe¥t/0, [13] or hv/TiO»-supported
in glass ringg15]. In all cases this was followed by a bio-
logical step with an immobilized biomass system. All these

tionary phase where the metabolic chains are more active.
Other biological process, i.e. the fungal biotreatment has
been successfully used to mineralize photo-pretreated solu-

processes are carried in sequential batch reactors at laborations of 2,6,6-trinitroleluene (TNT]6] and 6-chlorovanillin

tory scale treating 1-31 of polluted water.
1.1. Photoassisted AOPs system

The four commonly used photoassisted AOPs are: (i) the
photodecomposition of hydrogen peroxide/H202) [4],
(i) photolysis of 0zonelv/O3) [5], (iii) heterogeneous pho-
tocatalysis lv/TiO2) [6], and (iv) hv/ZnO [11]. More im-
proving works are now concentrated on fixing the catalyst
on a support, so to work at neutral pH and reuse the catalys
several timeg15].

Among AOPs, the photo-Fenton systelw/Fe3t/H,0,)
has shown to be the most promising for remediation of con-
taminated waterf]. This process is theoretically stated by
the following equation$16]:

FE + HO 4 hv — *OH + HT + Fe#t (1)
Fet + Hy0, — *OH+ ~OH + Felt )
Fe*t 4+ Hy0p — FEtT + HT + *OsH (3)
F&t + *OH — Feé¥t + —OH (4)
FEt + *OH — Fe¥T + ~OuH (5)
*OH*RH — R* or [HORH]® (6)

Thehv/Fe3+/0, has previously been proposg¥] as an
alternative to the use of photo-Fentdw/{Fe**/H,0,) since
addition of O is avoide

1.2. Biological oxidation system

The choice of the biological oxidation system is a very
important point for the development of a coupled system.

Same as the choice of AOP, the appropriated biological sys-

tem depends on the characteristics of the wastewater to b
treated, and specifically on the goal of the treatment.
Immobilized-cell aerobic technology which involves the
colonization of micro-organisms onto inorganic supports
forming a biofilm, has been used for the biodegradation of
different types of wastewatefd8]. The immobilized-cell
bioreactor or Fixed Bed Reactor (FBR) offers several advan-

[11].
1.3. Biodegradability test

The biodegradability of the AOP pretreated solutions of
initial biorecalcitrant wastewaters is followed or assessed
by means of: (i) analyzing global parameters, such as
biological oxygen demand (BQJ), chemical oxygen de-
mand (COD), dissolved organic carbon (DOC), and oxygen
{uptake (respirometric methods); (ii) estimating the ratio
BODs/COD or the average oxidation state (AOS); (i)
measuring the bacterial growth rate; (iv) assessing toxicity
by measuring the E£g value by Microtox test; or (v) using
kinetic models, which according to OIllj20], is a crucial
way to impulse the practical application and design of these
coupled systems.

Ledakowicz et al[7] used the Monod model, which de-
scribes the effect of nutrient concentratiSron the micro-
bial growth (d/dt) rate.
Z_X _ MmaxS @)

t  Km+S
here,umax is the maximum specific growth rate, alg, is
the saturation constant for substrate (Monod constant).

Benitez et al.[5] employed the Contois model, which
relates the specific substrate decomposition tpte the
substrate concentratidh

_ K‘]r;(axs ®)

1X+S

In Eq. (8)gmax is the maximum rate of substrate utilization
andKj is the Contois saturation constant.

1.4. Overall processes efficiency

The final column ofTable 1(Grade) presents indicators
eof overall effectiveness for combined oxidation studies. The
following convention were used=H+) for a dramatic in-
crease, {) for a modest increase, and (0) for a negligi-
ble increase. Coupled systems generally lead to increase the
degradation of target compounds. Among the 16 cases of
Table 1 dramatic increasei{+) was noted in 11 cases, mod-
est increase+) in 2 cases, and a negligible increase (0)

tages over conventional suspended growth systems, such am 3 cases. The negative results were attributed to the for-

the capacity to handle shock logd®]. Moreover, it is more
resistant to antimicrobial agents, allows the recycling of the

mation of uncharacterized biorecalcitrant intermediates and
complexeq4,8,10]
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For all the studies leading tBable 1results, only Yeber  2.2.1. Solar reactor
et al. [14] realized a GC/MS analysis in order to deter- The configuration of the CPC is the same as that at the
mine the structure of some oxidation by-products and PSA [21]. CPC is a static collector with a reflective sur-
proposed a pathway for the photocatalytic degradation of face describing an in-volute around a cylindrical reactor
6-cholovanillin. tube. Due to the reflector design showrig. 2h almost all

In general, works summarized ifable 1 confirm the the UV radiation arriving at the CPC aperture area (not only
convenience of sequential photochemical and biological ox- direct, but also diffuse) can be collected and so be available
idation of biorecalcitrant pollutants. Nevertheless, to date for the process in the reactor. The UV light reflected by the
do not exist study that explore the possible combination of CPC is distributed around the back of the tubular photore-
solar and biological processes at pilot scale. actor and as a result, most of the reactor tube circumference

This work aimed to design, build and operate on the is illuminated.
first coupled solar-biological system at pilot scale to follow ~ The CPC has three modules (collector surface 3.8 m
the treatment of biorecalcitrant pollutants in wastewaters. photoreactor volume 241, and total reactor volume 601)
5-Amino-6-methyl-2-benzimidazolone (AMBI), a dye pre- whereas one module consists of eight tubes and mounted on
cursor widely used in chemical industry was chosen as modela fixed platform 46 tilted (local latitude). The three modules
pollutant since previous works on photocatalytic degrada- are connected in series with water directly flowing through
tion of this chemical are knowfi3]. them at 30Imin?, leading finally to a recirculation tank

Photo-Fenton system was used in the pretreatment, sinceconnected to a centrifugal pump.
this method has shown to be the most effective among dif-  Solar ultraviolet radiation is determined during the experi-
ferent tested AOPs and the following biodegradation processments by means of a global UV radiometer (KIPP&ZONEN,
was carried in an Immobilized Activated Sludge bioreactor. model CUV3) shown inFig. 2¢ also mounted on a 46

In this paper, the following topics are also studied: (a) fixed-angle platform (the same angle as the CPC). It pro-
the choice of the most appropriate solar collector. This part vides data in terms of global UV solar energy power inci-
of the study was carried at the Plataforma Solar de Almeria dent per unit ared)Myy m~2. Solar-UV power varies during
(PSA). (b) The optimization of Fé and HO, concentra- experiments, especially when clouds are passing by. Data
tions in the photo-degradation process using Response Sureombination from several days and their comparison with
face Methodology (RSM). (¢) The biodegradability of the other photocatalytic experiments is done by the application
photo-treated solutions. (d) The performance of the coupled of Eq. (9)

solar-biological flow system. Acpc

Quv,n = Quv,n-1+ At, UVg,, 9)
Vror
2. Experimental WhereAtn_= th—tq,—1, t, is the experimental time for each
sample,UVg , is the average UY¥ (global UV radiation)
2.1. Reagents duringAt,, Acpc = 3.08 ?, Vror = 391, andQuy ., is the

accumulated energy incident on the photoreactor for each
All chemicals were used as received without further pu- sample during the experiment per unit of volume (k)]
rification. AMBI (CgHgN3O) as well as samples of real
industrial wastewater were received from Rohner, Basel, 2.2.2. Biological reactor

Switzerland. FeGl6H,O and HO, (30% w/w) analy- The bioreactor is conformed by three modules: a 50-I con-
sis grade (p.a.) were from Fluka, and }i@as Degussa ditioning container, a FBR, and a decanter. The condition-
P-25, mainly anatase with a surface area of 3@nt. The ing container is equipped with a pH control unit (Liquisys,

chemicals for HPLC analysis were obtained from Fluka. Endresst Hauser) for pH adjustment using either HCI or
Milli-Q water was used throughout for the preparation NaOH. A 1-l tank was installed to supply nutrients (N, P, K,
of aqueous solutions and as a component of the mobileand microelements) that may be used. The photo-pretreated
phase, water—acetonitrile (HPLC grade) in HPLC analysis. water is piped across the bottom layer to the FBR by means
The photo-treated solutions were neutralized by means ofof a centrifugal pump. The FBR consist of a 43- column
NaOH. Neutral pH of the solutions was maintained during containing plastic supports (Material: Polypropylene; nomi-
the biological treatment by adjusting with HCI or NaOH. nal diameter: 15 mm, density: 80 kg1 voluminal surface:
320 n? m~3, empty space fraction: 0.923m~3) colonized
2.2. Coupled solar-biological system at pilot scale by activated sludge from the municipal wastewater treat-
ment plant of Vidy, Lausanne, Switzerland. The effluent is
The investigation was carried out using a coupled Circulated through the column which operates as an up-flow
solar-biological solar reactor that has been designed, builtreactor. The FBR is equipped with an air blower to supply
and operated at the EPFL. This system is conformed by aoxygen (1.15mmin~! of air) to the micro-organisms. The

Compound Parabolic Solar Collector (CPC) and a bioreac- recirculation flow rate is 101 mrhl The tOp treated water
tor as illustrated irFig. 1 over-flows to a 50-1 decanter, where sludge is extracted. The
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Fig. 1. Schematic representation of the coupled solar-biological flow reactor.
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Solar
photochemical
reactor

Fig. 2. (a) The pilot coupled solar-biological flow reactor at EPFL, (b) reflective surface describing an in-volute around a cylindrical tube on the CPC
and (c) view of the solar UV radiometer.

schematic diagram of the pilot system is shown in the right modules are piloted with a PC computer with the Varian Star

hand side ofig. 1 5.3 software for liquid chromatography. A reverse phase
Spherisorb silica column ODS-2 and ammonium acetate/
2.3. Parabolic-trough concentrator acetonitrile as mobile phase are used to run the chromatog-

raphy in gradient mode.

The parabolic-trough concentrator (PTC), previously de-
scribed in detail[22], consists of a turret with a platform
supporting four parabolic-trough collectors (PTCs) wit
focus-absorber tubes. The platform is moved by two motors
controlled by a two-axis (azimuth and elevation) tracking
system. The tracking system consists of a photochemical
cell keeping the aperture plane perpendicular to the solar
rays, which are reflected onto the focus (absorber) through
which circulates water to be treated.

During the experiments performed using the PTC at the
PSA, the direct UV radiation has been determined using a
direct-UV sensor (International Light-ESD 400), which is
mounted on the sun-tracking platform. Wigg. (9)the ac-
cumulated energy per unit of volume incident on the reac-
tor (Quv) has been calculated, taking into account the PCT
dimensions:Aptc = 29 n? and Vot = 2601.

h 3. Results

3.1. Choice of the solar photoreactor: comparison
between medium and low concentrating solar collectors
during the iron-photoassisted degradation of AMBI

This part of the study, carried out at the PSA, focuses on
the comparison of performance of two types of solar collec-
tors in order to find out the more suitable to be used in a
pilot coupled solar-biological flow system. A medium con-
centrating system, two-axis PTC, and a low concentrating
system CPC were compared. ThhéFe**/O, photocatalytic
system was chosen, considering that its performance is only
related to the radiation absorbed by the solar reactors. This
system was successfully tested for the degradation of AMBI
[13].

Fig. 3 shows the linear relation betweerin(C/Co) and
Quv for the AMBI disappearance in the reactors. In both
cases, the kinetic of AMBI degradation is apparent first or-
der, and its performances are quit similar, with a rate con-
stant kapp equal to 0.0121 and 0.0112 kY for the CPC
and the PTC Reactors respectively. In order to explain this
result and to choose the best technology, more other factors
were taken into account:

2.4. Chemical analysis

DOC measurements were performed using a TOC an-
alyzer (Shimadzu, Model 5050A) equipped with an ASI
automatic sample injector. It uses a potassium phthalate
solution as calibration standard. COD was carried out via
a Hach-2000 spectrophotometer using dichromate solution
as oxidant in strong acid media. High performance liquid
chromatography (HPLC) was carried out in a Varian 9065
unit provided with a Varian 9012 solvent delivery system, e The ability of the CPC to capture both diffuse and direct
an automatic injector 9100, and a Varian Pro Star Vari- UV radiation. In contrast, a concentrating design like that
able (200-400) diode array detector 9065 Polychrom. All  of the PTC benefits only the direct UV radiation.
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0.6 The results presented ifg. 4 clearly demonstrate that
both hv/F€*F/H,0, and hv/TiOo/H,0, systems are ef-
fective, from the kinetic point of view, with an accumu-
lated solar energy of 10 and 18 k3| 100% of the initial
AMBI concentration is eliminated from the solution using
hv/Fet/H,0, andhv/TiOo/H,0, systems, respectively.

It was also observed that the performancelsnﬁFe3+ 102
system are similar to those of the most common system
studied,hv/TiOo/O,. The systenhv/Fe3t/O, appears as a
new and interesting alternative for the treatment of pollutants
in water.

Although the four oxidation systems are effective to the
0 10 20 30 20 50 degradation of AMBI, the photo-Fenton process appears to

9 be the most efficient. Moreover, its homogenous character
Quv (kJ17) provides with reasonable limitations good engineering con-

Fig. 3. Linear transform of kinetic curves of iron-photoassisted degradation ditions for coupling this system with a complementary bio-

of AMBI in a CPC and in a PTC. AMBI (1.0mmoti) and F&* logical treatment.
(1.0mmol F1).

-InC/Co

3.3. Optimization of F&" and H0, concentration on
e Statistic analyses carried out at the PE8] revealed the photo-Fenton degradation of AMBI using Response
that the global radiation is higher than the direct radiation Surface Methodology

during all the year.

The effects of the two critical factors, hydrogen peroxide,
and ferric ion concentration, on the photo-Fenton degrada-
tion of AMBI were simulated and evaluated, using the RSM
26]. This methodology has shown to be a valuable tool to

odel complex process such as the light-enhanced Fenton
reaction and to achieve at minimal cost, optimal experimen-

. . . tal parameter$27]. RSM is a collection of statistical and

3.2. Compar|§on of different solar photocatalytic mathematical techniques useful for developing, improving,

treatments using a CPC and optimizing processes performing a minimal number of
) ) ) well-chosen experimeni28]. It uses an empirical mathe-

A CPC, described irBection 2 was erected at EPFL.  aiical model (e.g. polynomial) to represent the response
Various expenment_s were carrleld.out in order to make an (y) in the experimental field which depends on the control-
exploratory comparison of the efficiency of some solar pho- lable inputs that are natural variables; &5, . .., &
toassisted treatments on the degradation of AMBI.

Fig. 4 shows the evolution of AMBI concentration as Y = f (61,62, ..., &) (10)

a function of accumulated energy, when an aqueous SOIU'Since, in this study the two natural variables: = Fe*+
tjon of AMBI is eqused to light/TiQ/Oo, light/TiO2/H20>, concentration (g-Il); £, = H,0, pumping rate (ml mml),
light/Fe**/0,, and light/Fé*/H,0, systems. are expressed in different units and have different limits of
variation, their effects can only be compared by the RSM if
they are coded.

Other advantages of the CPC reactor have been previ-
ously reported24,25} low manufacturing, installation, and
maintenance cost and the operational facilities. Considering
these observations, the CPC appears as the best technolo
for a coupled solar-biological wastewater treatment system.

in the dark 4—: ~A-Light/TiO,/O, (from air)
12 %tignt/u;so’*/gz gmmair) To each natural variablg;, there is a correspondent di-
ightITi0 M0, mensionless coded variabteas defined irEq. (11)

@ Light/Fe3/H,0,
2(& — &)

R i 11
Xi d; (11)
where¢; is the actual value in original unitg," the arith-
metic mean of the high and low levels gfandd; the dif-
ference between the low and high levels of

AMBI (C/Co)

0 20 40 60 80 100 In terms of the coded variables, the true response function
Qu (kJ ) (Eqg. (10) is now written as
Fig. 4. Evolution of a DOC during AMBI degradation as a function Y = Sfxa, x2, .0, xk) (12)

of the accumulated solar energy. Study of some photocatalytic systems. .
AMBI (LOmmolIY), Hy0, (L1mmolFY), TiO, (1glY) and Fé+ Because the form of the true response functisrunknown,

(1.0mmol I1). we approximate. So for, a Doehlert's uniform array was
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Table 2
Experimental plan design and results obtained for the optimization%f &ed HO, concentration in the photo-Fenton degradation of AMBI wastewater
(5mmol1; DOC = 500mg Ct?) using a CPC reactor

Experiment Coded variables Natural variables Response
number Concentration H202 Concentration of H20, pumping Kapp (I ka1
of Fett Fet (gl 1) rate (mlmirr?)

1 1.0000 0 0.2000 0.060 0.02
2 —1.0000 0 0 0.060 0.01
3 0.5000 0.8660 0.1500 0.112 0.02
4 —0.5000 —0.8660 0.0500 0.008 0.00
5 0.5000 —0.8660 0.1500 0.008 0.00
6 —0.5000 0.8660 0.0500 0.112 0.01
7 0 0 0.1000 0.060 0.01
8 0 0 0.1000 0.060 0.01
9 0 0 0.1000 0.060 0.01

employed allowing modelising the curve response surface.gen and water (15), and the recombinatiorf©H (16) as
The associated response function (s represented by a  follows:
quadratic polynomial model of the form: 2H,0p — 2H,0 + Oy (15)

y = bo + b1x1 + bax2 + b1ox1x2 + b11xf + b22x22 (13) *OH + H05 — *OuH + Ho0 (16)

wherebo, b;, bj;, andb;; are the regression coefficients of Maximum degradation rate was predicted in the region of

the polynomial functionx; andx;, the concentration of Fe 0.15-0.2 gt of Fe** and 0.06—0.12 mH! of HyO,. Tak-

and KO, are the coded variables aiydis the apparent  jng into account the initial AMBI concentration, it is ob-

initial rate constant for the abatement of AMBI. served that optimal ratio of AMBI/F&/H>0, of 1/0.1/10
Table 2presents the experimental matrix for seven ex- provides optimal performances for AMBI degradation.

periments. The experimental points considering low and

high levels for F&* (0-0.2g ™) and 0, (0.060-0.112ml 34 Chemical and biological characteristics of

min~1) are uniformly distributed in a spherical experimen- photo-treated solutions

tal domain. Experiment 7 was repeated twice more (8 and

9) in order to check the reproducibility.

- . Considering that the basic objective of this investigation
The treatment of experimental responses, the mathematiyy a5 not to achieve the complete photo-mineralization, but

cal resolution of the matrix, and the three-dimensional rep- , reach a biocompatible solution that can be conducted
resentation of the phenomenon were performed using the

NEMROD Software[29].

The coefficients of the quadratic model in the polyno-
mial expression Eq. (13) calculated by multiple regres- . 003
sion analysis, are given ifcq. (14) These coefficients
represent the weight of each variable, the quadratic ef-
fect, and the first-order interaction between the coded
variables. | Rl

Réponse

y = 0.012+ 0.007x1 + 0.006x, + 0.005¢1.x2 I
+0.002¢? — 0.007x3 (14) | P

The polynomial equation permits to draw the contour plots
and the three-dimensional representation of the phenomenon 171 e
(Fig. 5). ' 0.06
Fig. 5 shows that, for all iron concentrations, the® a8 I {,:fﬁ-l)
concentration has an optimum value in which thep Fe v
reaches a maximum. For high,8, concentrations the &)
AM.BI degradation .dec.ays. The effect is more clear when Fig. 5. Optimization of F& and HO0, concentration for solar photo-
the iron concentration is low. Fenton degradation of AMBI using Surface Response Methodology.
The detrimental effect of higher 3@, concentrations is Three-dimensional representation of the response surface for the apparent
probably due to both auto-decomposition gi®4 into oxy- initial rate constanthgpp).
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Fig. 6. AMBI concentration and AOS evolution as a function of accumu-
lated energy for the degradation of 601 of real AMBI wastewater. AMBI
(A mmol 1), Feé* (0.1 mmol 1) and HO, (10 mmol 1),
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Fig. 7. UV-Vis spectra evolution of AMBI solutions during a solar
photo-Fenton degradation experiment in a CPC. (a) Initial AMBI, (b)
AMBI + Fe**, (c) solution afterQuy = 2kJI'%, (d) solution after
Quv = 4kJIL, (e) solution afterQuy = 6kJ L, and (f) solution after
Quv = 10kJ1,

towards a biological process, it was necessary to assess thgrocedure$30] as well as on a FBR, the AMBI solution be-
chemical and biological characteristics of the residual DOC comes biocompatible after the complete elimination of the

contained in the photo-treated solutions.

initial biorecalcitrant compound (AMBI). This phenomenon

Several experiments were carried out in order to obtain is accompanied by the concomitant elimination of 45% of

information concerning the evolution of the biorecalcitrant

compound concentration and the AOS, with the aim to define

the initial DOC, and the AOS reaches a value around 0.2.
UV-Vis spectroscopy analyses were performed within the

the moment when photo-treatment can be stopped to leadphoto-Fenton degradation experiment and the results are pre-

the solution to the biological reactor.
Fig. 6 shows the profile of AMBI concentration and the

sented inFig. 7.
The spectra of AMBI have a maximum at 300 nm. The

AOS as a function of accumulated amount of energy per unit spectrum of the mixture (AMB¥ Fe**) has a maximum at

of volume (kJt1). During the first part (dark conditions)
almost 10% of the initial DOC concentration is removed.
This can be attributed to the complexation of AMBI by

284 and 475 nm. This mixture leads presumably to the for-
mation of a complex, which have significant absorption in
the visible region. The solar irradiation leads to a diminu-

Fe(lll) as well as the dark Fenton reactions. Upon solar tion of the long-wavelength absorption as shown in spectra
illumination (photo-Fenton reaction) the degradation rate is (0)—(f).

clearly improved and almost 40% of the initial AMBI is
removed when 10 kJ*! are accumulated in the CPC.

According to the previous observations, it is possible to
represent the AMBI degradation by the following simplified

The AOS, a gross parameter useful to estimate the oxida-schemérig. 8. A reduction—oxidation cycle of Fe(lll)-Fe(Il)

tion degree of mixed solutions and gives indirect informa-
tion on its probability to biodegrade, was calculated using
Eqg. (17) [2]

4(TOC— COD)
TOC

where TOC and COD are expressed in mmot€ hnd
mmol O, I -1, respectively. AOS takes values betweehfor
CO,, the most oxidized state of C, ardl for CH,, the most
reduced state of C. Froifig. 6it is observed that the AOS

AOS = (17)

and the photolysis of Fe(lll) aqueous complexes generating
*OH radicals and the formation of a photoactive complexes
[AMBI - --Fe(lll)] seems to be the possible ways for the
photo-Fenton degradation of AMBI.

3.5. Performances of the coupled solar-biological
flow system

The coupled reactor shown iRig. 1 was operated in
semi-continuous mode. The photochemical step treats the

value increased as a function of the accumulated energy andAMBI solution in batch cycles providing photo-treated wa-

attained almost a plateau after approximately 8&JThis

ter to the biological reactor. This operation mode was cho-

results suggest that more oxidized intermediates are formedsen since it gave better results, at lab scale compared to

in solution and after 8 kI, the chemical nature of most of

the continuous modg@]. The main parameters affecting the

them does not vary anymore even if the photo-treatment is performance of the whole system operating in continuous

prolonged. Formation of very oxidized intermediates is an
indirect indication of the ability of the solar pretreatment to
improve the biodegradability of real AMBI wastewater.
Moreover, as indicated in previous woik®,13], accord-
ing to different biodegradability test using Zahn-Wellens

mode are related to: (i) the pollutant concentration that can
be treated, (ii) the antiphysiological effect 036, remained

in the photo-treated solution, and (iii) the non-continuous
solar-UV power while the circulation flow rate of water so-
lution is constant.
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Fig. 8. Simplified schematic representation of photo-Fenton degradation of AMBI.

The coupled reactor was operated using photo-Fenton pre- 100

treatment and the results are presenteBig 9. From this § 90 1 k//f*‘“‘“‘—k\\\‘\
figure, it is observed that with an accumulated solar energy 2 80 Coupled system T
of 10kJ I, 100% of the initial biorecalcitrant compound € 79 - 4
(AMBI) was degraded. 8 28 Biologic{!yst{-\t

The pretreated solution flowed to the biological reactor, % 40 - "
where the complete mineralization was achieved in 20h, £ 3 -
indicating that the photo-pretreatment is able to produce a5 20 -
biocompatible solution. X 10 A

Considering the efficiency of the solar photo-Fenton pre- 0 ' i r
treatment for AMBI degradation, some experiments were 100 300 500 700
carried in order to test if it is a practical application for Initial DOC (mg C I'")
the degradation of real wastewaters more concentrated with
AMBI. Fig. 10. DOC removal by solar, biological and coupled treatment as a

The input organic load was incremented in the rage of function of the initial organic load in the coupled reactor.
100-800 mg Ct! in order to find out the maximal con-
centration of AMBI that can be treated by the coupled . o :
reactor. Optimal AMBI/F&"/H,0, ratio was utilized in In Fig. 10 it is observed that the solar system is able
each experiment. The AMBI wastewater is photo-treated to remove 50% of the initial DOC with an initial load of
in semicontinuous mode, same as in the previous experi-mo_mgcr : Howev_er_,_th|s efflc_|ency 1S considerably di-
ments, and when 100% of AMBI degradation is attained, minished wheln the |n!t|al organic Ioe_ld_ increases form 160
the pretreated solution is then lead into the biological to 300mg CT%, reaching 30% of efﬂmenc;_/ for the same
reactor. energy accumulgted. The DOC removal efﬂmency of the bi-
Fig. 10shows the percentage of DOC removed in the solar, ological reactor is 60% until 500 mg C4, but an important

the biological and the whole coupled reactor as a function glmlnutl_OI;]_IbS_ pbserfver? for_hlgher concentre’guons,hprlobably
of the initial DOC of the solution. ue to inhibition of the micro-organisms. Nevertheless, a

whole performance of 80-90% is reached in the range of
300-500 mg C11, indicating the plausibility of the coupled
- Sl approach at pilot scale in the context of the treatment a real
J treatment treatment industrial wastewater.

in dark «——
1.2 4

-
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4. Conclusions

o
N
1

Concentration (%)
o
[«)]

—0 % ‘ In this paper an overview of recent works (1998—-2002)
0 10 6 18 24 coupling photoassisted AOPs and biological process
Qu (kJ I Time (h)

wastewater treatment was performed. This overview con-
Fig. 9. Evolution of AMBI and DOC concentration during the so- firms the beneficial effects Of_SUCh two'Step_S treatment_at
lar photo-Fenton and biological treatment. AMBI (1.0 mmdi), Fé lab scale and the lack of studies carried at field scale with
(0.1 mmol 1), and HO, (10 mmol I1). the same approach.
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lot scale was designed, builds, and tested on the degradation([3] J.P. Scott, D.F. Ollis, J. Adv. Oxid. Technol. 2 (1997) 374.

of a biorecalcitrant model compound: AMBI. The strategy
follows to develop this system has shown that:

(i) the CPC was the most appropriate to be coupled with
a biological reactor;

(i) among the tested AOPs for the degradation of the
AMBI, the photo-Fenton process is the most efficient;

(i) using the Surface Response Methodology to optimize
the Fé* and HO, concentration in the photo-Fenton
system, the AMBI/F&/H,0, ratio of 1/0.1/10 pro-
vides the optimal performance;

(iv) the photo-Fenton pretreatment is able to completely
remove the pollutant (AMBI), as well as to improve
the AOS of the solution, generating a biocompatible
effluent.

Using an immobilized-cell aerobic reactor in the biolog-
ical part of the system, the evaluation of the so coupled
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ating in semicontinuous mode, it is able to reach a whole
performance of 80-90% in the range of 300-500 mg'C|

This result indicates the plausibility of using the coupled
approach at pilot scale to treat real industrial wastewaters.
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