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Abstract

Solar photo-Fenton reactions as a stand-alone process and as a pre-treatment of an aerobic biological treatment for Procion Red H-E7B and
Cibacron Red FN-R reactive dyes degradation have been carried out at pilot plant scale. Photo-Fenton oxidation was conducted using a Compound
Parabolic Collector (CPC) solar photo-reactor and the biological treatment was carried out with an Immobilised Biomass Reactor (IBR). Artificial
light photo-Fenton experiments carried out at laboratory scale have been taken as starting point. When applying photo-Fenton reaction as a single
process, 10mg L~! Fe (II) and 250 mg L~ H,0, for 250 mg L~! Procion Red H-E7B treatment, and 20 mg L~! Fe (II) and 500 mg L~! H,0, for
250 mg L~! Cibacron Red FN-R treatment closely reproduced the laboratory mineralisation results, with 82 and 86% Dissolved Organic Carbon
(DOC) removal, respectively. Nevertheless, the use of sunlight with the CPC photo-reactor increased the degradation rates allowing the reduction
of Fe (II) concentration from 10 to 2mg L~! (Procion Red H-E7B) and from 20 to 5 mg L~ (Cibacron Red FN-R) without yield loses. Carboxylic
acids, SO4%~, NH,* and NO;~ generation was monitored along with dye mineralisation. Finally, in the combined photo-Fenton/biological system,
reagents doses of 5 mg L' Fe (II) and 225 mg L~' H,0, for Cibacron Red FN-R and 2 mg L' Fe (II) and 65 mg L~! H,0, for Procion Red H-E7B

were enough to generate biodegradable solutions that could be fed to the IBR, even improving bench-scale results.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Textile industry consumes large volumes of water in dye-
ing and finishing operations. In textile dyebaths, the degree of
fixation of dyes is never complete resulting in dye-containing
effluents [1]. The release of such coloured wastewaters into the
environment is a dramatic source of aesthetic pollution, eutroph-
ication and perturbations in aquatic life. Due to their chemical
stability, most manufactured dyes are not amenable to common
chemical or biological treatments. The increased public concern
and the stringent international environmental standards (ISO
14001, November 2004) have prompted the need to develop
novel treatment methods for converting organic contaminants,
such as dyestuffs, into harmless final products.
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Advanced Oxidation Processes (AOPs) are powerful tech-
nologies for the remediation of wastewaters containing
recalcitrant organic pollutants [2]. Although AOPs include
different reacting systems, their mechanisms are basically char-
acterised by the in situ generation of highly reactive and
non-selective hydroxyl radicals (HO®, E°=2.8 V versus NHE),
species that are able to oxidise and mineralise almost all organic
compounds to CO; and inorganic ions. Among the available
AOQPs, Fenton and photo-Fenton processes are of special inter-
est because they make possible the achievement of high reaction
yields with a low treatment cost [3]. In dark Fenton reaction
(Eq. (1), H>0O ligands on the iron coordination sphere are hence-
forth omitted), hydroxyl radicals are generated by the interaction
between H>O; and ferrous salts. The generated Fe (III) can be
reduced by reaction with the exceeding HyO» to form again
ferrous ion in a catalytic mechanism (Egs. (2) and (3)) [4].

Fe(Il) + H,0, — Fe(Ill) + HO® + HO™ (1
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Fe(ll) + H,O, — HO,* + Fe(ll) + H™ )
Fe(Ill) + HO,* — Fedl) + O, +HT 3)

Radiation can play different roles that lead to an improvement
of the reaction yields. It drives photo-Fenton reaction by means
of ferric aquo-complexes photolysis, producing extra HO®, and
the recovery of the Fe (II) needed in Fenton reaction (Eq. (4),
being [Fe (IIT) HOJ** the dominant ferric species in solution at
pH 2-3) [5]. The irradiated process may also involve photolysis
of an Fe (IIT)-H,O; complex to form high-valence Fe interme-
diates, which can directly oxidise organic matter [6]. Moreover,
it can drive ligand to metal charge transfer in the potentially pho-
tolabile complexes formed by Fe (III) and organic compounds
(Eq. (5)), a process that has been well proven for the complexes
formed between Fe (III) and the carboxylic acid moiety [7]. In
the combined Fenton/photo-Fenton system iron acts as a catalyst
and the rate-limiting step is the regeneration of ferrous ion.

[Fe (II) HOP** % Fe (II) + HO® (4)

[Fe (III) L]2+ hy Fe () +L* (L = organicligand) ®))

Since photo-assisted processes may require radiations from
UV up to visible (~550 nm) light [7,8], they can be potentially
driven under solar irradiation offering additional economic and
environmental advantages. Another important improvement for
the reduction of economic and environmental impacts is the
possibility of using such AOP as a pre-treatment of a conven-
tional biological treatment, a suitable approach for the removal
of non-biodegradable compounds in water. Lower amounts of
chemicals and energy should then be supplied to achieve a fully
biodegradable intermediate solution [9-11].

The bench-scale artificial light assisted photo-Fenton process
alone and as a pre-treatment of an aerobic biological process for
the degradation of two textile reactive dyes (Procion Red H-E7B,
a homo-bireactive dye with two monochlorotriazine groups,
and Cibacron Red FN-R, a hetero-bireactive dye with vinylsul-
phone and fluorotriazine reactive groups) has been previously
reported by our group [10,12,13]. Taking into consideration
such experiments, the scaling-up from laboratory to pilot plant
is performed in this work. Photo-Fenton experiments are con-
ducted at the Plataforma Solar de Almeria (PSA, Spain) in a
Compound Parabolic Collector (CPC) photo-reactor under solar
irradiation. Initially, a single photo-Fenton process with dif-
ferent Fe (II) concentrations is applied in order to mineralise
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the reactive dye. Dye disappearance, Dissolved Organic Carbon
(DOC), H,0» and Fe evolution, carboxylic acids generation and
inorganic heteroatoms release are studied as a function of irra-
diation time. Additionally, biodegradability enhancement as a
function of HyO; consumed is assessed for the possibility of a
combined chemical/aerobic biological process. In a second part,
the photo-Fenton process precedes an aerobic biological treat-
ment carried out in an Immobilised Biomass Reactor (IBR).
The minimum H;O, dosage needed to generate completely
biodegradable photo-treated solutions is quantified. Finally, the
viability of the photo-Fenton process (alone or coupled to a sec-
ondary bio-treatment step) for the treatment of the above reactive
dyes at pilot plant scale is discussed.

2. Experimental
2.1. Synthetic dye solutions

Commercial Procion Red H-E7B (C.I. Reactive Red 141,
Cs52H34026SgCloN14, DyStar) and Cibacron Red FN-R (C.I.
Reactive Red 238, Cy9H19013S4CIFN7, CIBA) reactive dyes
were used as received to prepare synthetic dye solutions. Their
purity degree was unknown. The molecular formula of Procion
Red H-E7B is shown in Fig. 1. Cibacron Red FN-R chemical
structure was not disclosed by the supplier. The initial concen-
tration of the commercial dyes was 250mgL~!. In order to
convert them into the chemical form normally found in indus-
trial effluents, the solutions were hydrolysed by adjusting the
pH to 10.6 and heating to a constant temperature of 80 °C for
6h and 60 °C for 1 h for Procion Red H-E7B and Cibacron Red
FN-R, respectively. Some analytical parameters of the hydrol-
ysed dye solutions were: DOC=40+1 and 694+2mgL~!C
(n=3, «=0.05); Chemical Oxygen Demand (COD) =108 and
200 mg L' 0,; BODs/COD ratio=0.10 and 0.02.

2.2. Chemicals

All chemicals used throughout this study were of the high-
est commercially available grade. Iron sulphate (FeSO4-7H;0,
Panreac) and hydrogen peroxide (HyO» 30% (w/v), Panreac)
were used as received. Sulphuric acid and sodium hydrox-
ide solutions were used for pH adjustments. Pilot plant water
was obtained from the PSA distillation plant (conductiv-
ity <10pScem™!, S042~=0.5mgL~!, CI~ =0.7-0.8 mg L™,
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Fig. 1. Chemical structure of Procion Red H-E7B.
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organic carbon <0.5mgL~! C). Ultra pure distilled-deionised
water from a Milli-Q (Millipore Co.) system was employed to
prepare all the reagent solutions.

2.3. Sample analysis

DOC was determined with a TOC Shimadzu 5050A anal-
yser provided with an ASI-5000A Shimadzu Autosampler. COD
was assessed by the closed reflux colorimetric method [14] with
a Spectroquant® kit (10-150mgL~" O, range, Merck). The
measurement of 5 days Biochemical Oxygen Demand (BODs)
was performed by means of a mercury-free WTW 2000 Oxy-
top thermostated at 20 °C. Reactive dyes were analysed using
reverse-phase liquid chromatography (flow rate 0.5 mL min~!)
and UV-vis detection (543 nm), with a HPLC (Agilent, Series
1100) equipped with a C-18 column (Phenomenex LUNA
5wm, 3mm x 150 mm). Smmol L~! ammonium acetate (A)
and methanol (B) were used as mobile phases. A 15 min gra-
dient elution from O to 100% B for Procion Red H-E7B and
from 0 to 50% B for Cibacron Red FN-R was used. Ammo-
nium was determined with a Dionex DX-120 ion chromatograph
equipped with a Dionex Ionpac CS12A 4 mm x 250 mm col-
umn. Isocratic elution was done with a 10 mmol L~} H,SO4
solution at 1.2mL min~!. Anion and carboxylic acid concen-
trations (in their anionic form) were measured with a Dionex
DX-600 ion chromatograph using a Dionex Ionpac AS11-HC
4mm x 250 mm column. The elution gradient programme for
anions involved a 5 min flow with a 20 mmol L~ NaOH solution
before the injection, followed by 8 min flow of the same solution
after injection, and 7 min with a 35 mmol L~! NaOH solu-
tion. The flow rate was 1.5 mL min~!. The gradient programme
for carboxylate anions analysis consisted of a 10-min pre-run
with a 1 mmol L~! NaOH solution, 10 min with al5 mmol L~!
NaOH solution, 10 min with a 30 mmol L~! NaOH solution,
and 10min with a 60mmolL~! NaOH solution. The flow
rate was also 1.5mLmin~!. Iron determination was done by
colorimetry (Unicam-2, UV—vis Spectrometer CV2) with 1,10-
phenantroline [14]. H,O, consumption was quantified by the
potassium iodide titration method [15]. Determination of Total
Suspended Solids (TSS) was carried out gravimetrically, follow-
ing standard methods [14].

2.4. Photo-Fenton experimental set-up

All photo-Fenton experiments were carried out in a solar
pilot plant at the PSA (latitude 37°05'N, longitude 2°21'W).
The pilot plant (Fig. 2) operated in batch mode and was com-
posed by three CPCs (concentration factor=1), one tank and
one recirculation pump. The collectors (1.03m? each) faced
south on a fixed platform tilted 37° (local latitude), and consisted
of eight parallel horizontal borosilicate glass-transparent tubes
each. Two parabolic aluminium mirrors redirected the radiation
toward each tube. Water flowed directly at 20 L min~! from one
CPC module to the other and finally into the tank, from where
the pump recirculated it back to the CPCs. The total volume (V)
was 35 L and was separated in two parts: 22 L of total irradiated
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volume (V;) and 13 L of dead reactor volume (tank + connecting
tubes) that was not illuminated. More details about the CPC reac-
tor are described elsewhere [16]. Experiments were performed
as follows: with the collectors covered, and after pH adjustment
around 2.8-3.0, the necessary amounts of iron salt and hydrogen
peroxide were added to the tank. After 5 min of homogenisation
(dark Fenton reaction), the cover was removed and samples were
collected at regular time intervals. Solar ultraviolet radiation
(300—400 nm) was measured by a global UV radiometer (Kipp
& Zonen, model CUV 3), also tilted 37°, which provided data in
terms of incident energy per surface area. In that way, incident
radiation could be evaluated as a function of time taking into
account cloudiness and other environmental conditions. Thus,
experiments could be compared using a corrected illumination
time 130w (Eq. (6)) [17],

Uuv W
30 Vr

Fig. 2. Scheme of the solar photo-Fenton pilot plant.

13ow,n = 130W,n—1 + Aty ;o Aty =1t —th (6)
where 1, is the experimental irradiation time for each sample,
UV is the average solar ultraviolet radiation measured during
At,, and t3gw is the “normalised illumination time”, i.e., the
hypothetic time of constant solar UV power of 30 W m~2 (typi-
cal solar UV power on a perfect sunny day around noon) needed
for the arrival to the collectors of the same energy that is actu-
ally received by them along the experimental time #,. The data
corresponding to illumination time can be easily converted into
energy input by taking into account that for this photo-reactor
the energy delivered when 30w =4.0 min is 1 kJ L1 [18]. Dur-
ing the present work, UV intensity ranged between 14 and
37Wm™.

On the other hand, since the system was outdoors, tempera-
ture in the reactor changed in the range 25-48 °C. Nevertheless,
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comparisons between pilot plant scale data were always done
from experiments carried out under similar temperature condi-
tions.

2.5. IBR set-up and operation conditions

The biological pilot plant operated in batch mode and was
composed of two independent modules, an IBR and a condi-
tioner tank (50 L). The IBR unit, that consisted of a 35 L column
containing plastic supports (polypropylene Pall®-Rings, 15 mm
of average diameter), was colonised with activated sludge from
a municipal wastewater treatment plant (Almeria, Spain). The
operational volume was 45L. A 0.5 L min™! recirculation was
maintained between the conditioner tank and the IBR. The sys-
tem was not thermally controlled and temperature fluctuated
between 16 and 40°C. A blower provided oxygen saturation
conditions.

The biological treatment procedure was as follows: once IBR
inoculation was carried out, 45 L of a glucose solution (an eas-
ily biodegradable substrate) were added to the tank in order
to help better growing and fixing of the bacteria on the sup-
ports. After complete biodegradation of the glucose, the tank
was emptied and sequentially filled with 45 L batches of differ-
ent photo-treated solutions coming from the photo-Fenton stage.
H>0O; had been completely consumed before the entry in the IBR
(as proven by iodometric titration) and the pH had been previ-
ously readjusted from 2.8-3.0 to neutral. The mineralisation of
the pre-treated effluent was followed by DOC measurement at
regular time intervals (one or two times per day). Other period-
ical determinations carried out were the evolution of carboxylic
acids, NH4*, NO,~ and NO3~ ions (in order to detect par-
allel nitrification and denitrification reactions), and TSS, this
one to ensure a correct sludge fixation on polypropylene sup-
ports (TSS in solution should be close to zero). pH readjustment
between 6.5 and 7.5 was done if necessary. Suitable amounts
of the following solutions were also supplied to the conditioner
tank in order to maintain the required C:N:P (100:20:5) and
C:Fe:S (100:2:2) ratios: 43.8 gL~! KH,POy4, 27.5 gL~ CaCl,,
22.5¢gL~! MgS04-7H,0, 50gL~! FeSO4-7H,0, 48gL~!
NaHCOj3 and 38.5gL~! NH4Cl. The KH,POy, FeSO,4-7H,0
and NH4Cl volumes to be added depended on the DOC present
in solution, while the addition of CaCl, and MgSQO4-7H,0 was
always fixed in 1mLL~" of test sample and the addition of
NaHCO3 in 2mL L~! of test sample.

3. Results and discussion
3.1. Preliminary bench-scale degradation of reactive dyes

The application of photo-Fenton reaction either as a single
process or as a pre-treatment of an aerobic biological treatment
of Procion Red H-E7B and Cibacron Red FN-R was previously
done at laboratory scale [10,12,13]. Photo-Fenton oxidation was
conducted at 23 °C with a 6 W black light (6 W m~2 UVA inten-
sity, measured with a luminometer) situated over a 250 mL
photo-reactor (78.54cm? irradiated surface). Biodegradation
was carried out under room conditions in a 1.5L Sequencing

Batch Reactor (SBR). The best results for the degradation of
an initial 250 mg L~! dye concentration when applying photo-
Fenton as a stand-alone process were obtained with 10 mg L~}
of Fe (II) and 250 mgL~! of H,0O, for Procion Red H-E7B,
and 20mgL~! of Fe (I) and 500mg L~ H,0, for Cibacron
Red FN-R, achieving high degradation levels at short irradiation
times: 82 and 84% DOC removal after 100 and 150 min of irradi-
ation, respectively. Those optimal H,O» concentrations closely
match the stoichiometrically ones required to completely oxidise
the dyes (1 g COD=0.0312mol O;=0.0625mol H,0O,). On
the other hand, in the combined chemical/biological oxidation,
10mg L~ of Fe (II), and 125 mg L~! of H,O, were needed for
39% mineralisation (60 min) of the homo-bireactive dye, while
20mgL~! of Fe (II) and 250 mg L~! of H,O, were necessary
for 50% mineralisation (90 min) of the hetero-bireactive dye.
After those pre-treatment conditions, the coupled SBR system
fully mineralised both reactive dyes solutions.

3.2. Photo-Fenton degradation at pilot plant scale

In order to scale-up bench-scale experiments, the same photo-
Fenton conditions (10mgL~! of Fe (I) and 250mgL~"! of
H,0; for Procion Red H-E7B, and 20 mg L~! of Fe (I) and
500 mg L~! of H,O, for Cibacron Red FN-R) were initially
applied at pilot plant. DOC and H,O» evolution versus #3gw is
shown in Figs. 3 and 4. As can be observed, a fast minerali-
sation takes place until the achievement of a constant residual
DOC of recalcitrant nature. DOC removal was 82% for Procion
Red H-E7B (residual DOC ~ 7 mg L~! C) and 86% for Cibacron
Red FN-R (residual DOC ~ 9 mg L~! C), providing evidence of
the reproducibility of the laboratory experiments. However, it
is noteworthy that the solar photo-Fenton process at the pilot
plant involves shorter times of dye degradation than the artificial
light process at the laboratory. Maximum mineralisation levels
for homo- and hetero-bireactive dyes were attained at t3gw = 13
and 22min, equivalent to 3.3 and 5.0kJL~! total energy
inputs, respectively. Such results are later discussed in Section
3.4.

3.2.1. Effect of Fe (Il) concentration

Initial Fe (II) concentration effect at constant HyO, con-
centration was evaluated with the base of the photo-Fenton
conditions applied at the laboratory. The intention was to deter-
mine the lowest amount of iron necessary to effectively carry out
the photo-Fenton process in the solar photo-reactor. Therefore,
concentrations of Fe (II) lower than 10 mg L~! for Procion Red
H-E7B (Fig. 3) and 20 mg L~! for Cibacron Red FN-R (Fig. 4)
were evaluated. DOC and H>O; concentration at different 30w
were monitored. Overall reaction rate constants could not be
calculated because the mineralisation rate did not follow sim-
ple kinetic models. This complex behaviour is due to the fact
that DOC is the sum of different product concentrations along
several simultaneous reactions. Therefore, the 3w necessary
to obtain around an 80% mineralisation (defined as fggg,) and
the maximum slope of the degradation curve (the tangent at the
inflexion point, rg) were chosen to compare the experiments
(Table 1). As it can be observed, the higher initial Fe (II) con-
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Fig. 3. DOC (a) and H2O, (b) evolution versus #3ow at different initial Fe (II) concentrations for 250 mg L-! hydrolysed Procion Red H-E7B degradation;

Hy0,=250mgL~", pH 2.8.
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Fig. 4. DOC (a) and H2O, (b) evolution versus #3ow at different initial Fe (II) concentrations for 250 mg L-! hydrolysed Cibacron Red FN-R degradation;

H,0,=500mgL~", pH 2.8.

centration caused the faster mineralisation, although all tested
Fe (I) dosages leaded to the same final degradation level.
Besides, the HyO; concentration presented the same decreas-
ing profile than DOC (Figs. 3 and 4), revealing that both
parameters maintained the same correlation regardless of ini-
tial Fe (II) concentration. Hence, it can be concluded that 2 and
5mgL~! were large enough catalyst concentrations to degrade,
without losing photo-Fenton efficacy, Procion Red H-E7B and
Cibacron Red FN-R, respectively. Those results are interesting
from an applied point of view since a low iron concentration
would avoid the separation step — based on Fe(OH)3 precipita-
tion — at the end of the oxidation process. Finally, the catalyst
evolution (in its total and ferrous form) in relation to t3gw is

represented in Fig. 5. The fast decrease of Fe (II) concentration
in relation to total iron evidences that the rate-limiting step of
the catalytic process is the regeneration of ferrous ion from its
oxidised form.

The original dye degradation was monitored by HPLC and
UV-vis detection. Procion Red H-E7B completely disappeared
before illumination (#3gw =0 min) for all Fe (II) concentrations
tested, while in the case of Cibacron Red FN-R the 5 mg L~ Fe
(IT) concentration left part of the dye in solution after the dark
Fenton process. The fast dye depletion was accompanied by
the solutions decolourisation. Dye concentration decrease ver-
sus 130w when using the lowest Fe (II) concentrations is shown
in Fig. 6 (no kinetic analysis was possible due to the fast parent

Table 1
Comparison of #39¢, and ro parameters related to reactive dye degradation for different Fe (II) concentrations
Fe (I) 2mgL~! 5mgL~! 10mgL~! 20mgL~!
180% ro (mg L~ min~! C) 1809% ro (mg L~ min~! C) 1809% ro (mg L~ min~! C) 130% ro (mg L~ min~! C)
(min) (min) (min) (min)
Procion Red 55 0.49 21 3.88 13 4.20 - -
H-E7B
Cibacron - - 56 0.68 19 2.51 11 5.15
Red FN-R

Two hundred and fifty milligrams per liter hydrolysed Procion Red H-E7B, 250 mg L~! H,0,; 250 mg L~ hydrolysed Cibacron Red FN-R, 500 mg L~! H,0,; pH

2.8.
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compound degradation). When comparing reactive dye degra-
dation with mineralisation (Figs. 3(a) and 4(a)), it is noticeable
that complete dye disappearance takes place before mineral-
isation begins. This behaviour seems to suggest a sequenced
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oxidation mechanism where HO® (of electrophilic nature) pref-
erentially attacks the chromophore centre of the dye molecule
(an electron-rich site) [19], giving place to the solution bleach-
ing. Afterwards, mono- or poly-hydroxylations of the aromatic
rings would be produced [20,21]. Heteroatoms initially present
in the molecule would be released as anions at their highest
oxidation states. Finally, a subsequent ring cleavage would gen-
erate aliphatic carboxylic acids to finally produce CO; and water
[22,23].

3.2.2. Carboxylic acids and inorganic compounds
generation

Two milligrams per liter of Fe (IT) and 250 mg L™! of H,0,
for Procion Red H-E7B, and 5 mg L~! of Fe (II) and 500 mg L~!
of H,O» for Cibacron Red FN-R were applied in order to deter-
mine carboxylic acids and inorganic reaction products. Those
low Fe (IT) concentrations were used to provide moderate degra-
dation rates that ensure the detection of as many intermediate
species as possible. Formic (Cy), acetic (Cy), oxalic (C;) and
maleic (Cy) acids appeared at measurable concentrations during
both dyes photo-oxidation. Pyruvic acid (C3z) was also detected
during Cibacron Red FN-R photo-treatment (Fig. 7). A sig-
nificant pH decrease was also observed matching such acids
generation. Although they were present in solution from the
early stages of the photo-Fenton process, their global concen-
tration reached a maximum around 39w =30 min for Procion
Red H-E7B and between t3gw =13 and 40 min for Cibacron
Red FN-R, indicating that they were produced via progres-
sive oxidation of higher molecular weight species. It should be
pointed out that, at maximum concentration, the detected car-
boxylic acids stood for 24% of the total DOC present in solution.
Afterwards, their concentration decreased in agreement with
the DOC removal until low values or complete disappearance
(pH stabilisation) were achieved. 1.1 mgL~! of oxalic acid and
1.5mg L~ of acetic acid were found at the end of each photo-
Fenton process for Cibacron Red FN-R and Procion Red H-E7B,
respectively, being the 3 and 9% of the remaining DOC observed
(Figs. 3(a) and 4(a)).

As pointed out at the introduction, another important
mechanism for the conversion of Fe (II) to Fe (II) is the
photo-excitation of the complexes formed between Fe (III) and
organic matter, especially carboxylic acids (Eq. (7)). Those
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Fig. 7. Carboxylic acids concentration versus 3gw. (a) 250 mg L~! hydrolysed Procion Red H-E7B, 2 mg L ™! Fe (II), 250 mg L~! Hy0,; (b) 250 mg L~! hydrolysed

Cibacron Red FN-R, 5 mg L~! Fe (II), 500 mg L ! H,0,.
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photochemical reactions, often having larger quantum yields
than the excitation of Fe (III) aquo-complexes [7], would lead
to an extra fast mineralisation pathway. In agreement with
this, it is noticeable that the appearance of the carboxylic acid
intermediates, that becomes significant at 730w = 15-20 min of
irradiation (Fig. 7), results in an increased DOC removal rate
(Figs. 3(a) and 4(a)).

[Fe (Ill) LCOO** ™ Fe (II)+ CO, + L* @)

Besides DOC removal, dyes mineralisation implies the appear-
ance of inorganic ions. According to the stoichiometric oxidation
reactions proposed (Egs. (8) and (9)), S042~ and NO;3™ anions
were expected to appear in the media. In order to establish the
mass balance of the different elements, and taking into account
that the purity of the commercial dyes was unknown, all the ini-
tial DOC of the samples was attributed to dye molecules. The
difference between the sample carbon weight and the DOC was
attributed to inorganic impurities (such as NaCl or Na;SOy).
Procion Red H-E7B

Cs5oH34026S3CLhN 14 + 76.50,
— 52C0; 4 14NO3; ™ + 880,42~ 4+ 2C1~ +32HT + H,0
¢))
Cibacron Red FN-R
Ca9H19013S4CIFN7 4 41.50,
— 29CO; +7NO3~ +4S04%~ +ClI™+F +17H" + H,0
)]

The kinetics of appearance of the inorganic anion SO4>~ is
presented in Fig. 8(a). Sulphate was gradually released into the
solution, in parallel to DOC removal, up to the 92% of the total
stoichiometric amount expected for Procion Red H-E7B and the
95% for Cibacron Red FN-R. During the mineralisation process,
the —SO3H group (see Procion Red H-E7B structure, Fig. 1) may
be directly substituted by HO® resulting in the release of SO4>~
[24]. The vinylsulphone reactive group of Cibacron Red FN-R
(chemical structure not disclosed) would also lead to the sulphate
anion formation.

Small nitrate and ammonium concentrations were detected in
solution. It is well known that ammonium oxidation by HO® is
not a favourable process in acid media, taking place slowly [25].
Fig. 8(b) shows the total nitrogen concentration correspond-
ing to both NH4* and NO3~ ions generated through the dyes
mineralisation. As can be seen, the complete nitrogen mass bal-
ance was not obtained, with just 1.1 mg L~! of N for Procion
Red H-E7B (9% recovery) and 4.2 mg L~! of N for Cibacron
Red FN-R (22% recovery). This incomplete nitrogen mass bal-
ance has already been observed in other photocatalytic processes
[23,26,27]. Such results seem to be indicative of the presence
of N-containing products other than the expected. For instance,
taking into account the existence of triazine rings in the studied
dyes, a structure difficult to mineralise by photo-Fenton pro-
cesses [26], it is predictable the presence of triazine derivates
in the solution (i.e., ammeline (5N), ammelide (4N) and cya-
nuric acid (3N)). In this way, only the two N atoms standing
outside the triazine ring would be mineralised (the other three
N atoms would remain in the triazine ring). The presence of
those species could also justify the residual DOC observed
at the end of the photo-Fenton process (Figs. 3(a) and 4(a)).
For example, in the case of Procion Red H-E7B, the two tri-
azine rings would represent around 65% of the total final DOC.
Other studies have reported that nitrogen atoms forming the
azo group would lead to Ny gas generation as a result of the
HO® attack [21,22]. More work on degradation products anal-
ysis and identification is needed to reveal the complex fate of
nitrogen.

3.2.3. Biodegradability enhancement

The biodegradability of Procion Red H-E7B and Cibacron
Red FN-R photo-treated solutions, expressed as BOD5/COD
ratio, was determined in order to evaluate photo-Fenton suit-
ability as a previous step of an aerobic biological treatment.
2mgL~"! of Fe (II) for the homo- and 5mgL~"! of Fe (II) for
the hetero-bireactive dye were used to carry out the oxidation.
As pointed out above, the lowest iron concentration was used
to avoid the need for Fe separation at the end of the chemi-
cal oxidation, before the biological process. Hydrogen peroxide
was gradually added to determine the minimum concentration
able to generate a bio-compatible effluent. Each new H, O, pulse
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was added after complete H»O> consumption. BODs/COD ratio
versus HyOy added is represented in Fig. 9. As can be seen
biodegradable solutions can be obtained with increasing H,O»
amounts, easily attaining the BOD5/COD = 0.4 value character-
istic of thoroughly biodegradable wastewaters [28].

3.3. Immobilised Biomass Reactor

Cibacron Red FN-R and Procion Red H-E7B photo-treated
solutions were used to feed the IBR pilot plant. As it has
been described in Section 2, a batch of glucose (DOC around
80mgL~!C) was previously added to the conditioner tank
to ensure the biomass viability. This also let to establish
the lower residual DOC that could be achieved by the IBR
system (~20mgL~!' C) due to the unavoidable presence of
biomass metabolites. Afterwards, a pre-designed sequence
was followed to fill the reactor with the photo-treated
samples. For Cibacron Red FN-R solutions (SmgL~! of
Fe (II)): (a) 250mgL~! of H,0, (DOC=24mgL~!C);
(b) 225mgL~! of H,0, (DOC=34mgL~'C); (c)
200mgL~! of H,0, (DOC=42mgL~!C). For Pro-
cion Red H-E7B solutions (2mgL~! of Fe (II)): (d)
80mgL~! of Hy0, (DOC=29mgL~!'C); (e) 65mgL™!
of HyO, (DOC=33mgL~'C); (f) 50mgL~! of H,0,
(DOC=39mg L1 C). The treatment started with the more
biodegradable samples (larger H>O; concentration used)
changing later to the ones with a lower BOD5/COD ratio, trying
to find out the minimum H;O, dose needed for a successful
and complete chemical/biological treatment. Proceeding in
that way, bacteria were able to get used to the photo-treated
wastewater. Full biodegradation was assumed when attaining
residual DOC values close to those obtained in the previous
glucose batch (~20mgL~! C).

From Fig. 10, it is clear that Cibacron Red FN-R solu-
tion was completely biodegraded in 1-2 days when adding
250 and 225 mg L~! of H,O, (doses a and b) in the photo-
Fenton stage. However, the IBR was not able to degrade the
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Fig. 10. IBR operation after photo-Fenton pre-treatment: 250 mg L™ hydrol-
ysed Cibacron Red FN-R, 5mgL~! Fe (II), (a) 250mgL~! H,0,, (b)
225mgL~! H,0,, (¢) 200mg L~! Hy05; 250 mg L~! hydrolysed Procion Red
H-E7B, 2mgL~! Fe (II), (d) 80 mgL~" H,0,, (¢) 65mgL~! H,O, and (f)
50mgL~! H,0,.

hetero-bireactive dye by-products generated when using only
200mgL~! of H,0, (c). The same behaviour was observed
for Procion Red H-E7B. The effluents resulting when using
80 and 65mgL~! of HyO, (doses d and e) were fully biode-
graded while the one using 5S0mgL~! of H,0, (f) was not
bio-compatible enough to feed the biological pilot plant. HPLC
analysis revealed that the original dyes were not present in solu-
tion at the end of each photo-treatment. This fact indicates that
the non-biodegradability of (c) and (f) solutions was due to
the presence of dyestuff by-products of bio-recalcitrant nature.
Finally, it is remarkable that maximum concentrations of com-
pounds of biodegradable nature like aliphatic carboxylic acids
(around 24% of the total DOC, see Section 3.2.2) were detected
in the bio-compatible effluents (a, b, d and e). Regarding inor-
ganic compounds generation, solutions became biodegradable
after 63 and 79% desulphuration and after 6 and 9% N release
for Procion Red H-E7B and Cibacron Red FN-R, respectively.
The differences between the photo-Fenton conditions tested
are shown in Fig. 11 where the percentages of mineralisation
reached in each stage of the coupling are compared. The resid-
ual DOC values oscillated around 20 mg L~ C, in accordance
with the lower threshold for DOC removal.

Nitrification and denitrification reactions were followed up
by NH4*, NO,~ and NO3 ™~ ion concentration measurements. A
complete nitrification was achieved at the end of each batch
biodegradation, indicating that the IBR system was working
properly. Moreover, aliphatic carboxylic acids initially present
in the pre-treated effluents were completely removed from the
solutions.

The above results show that, as happens when working under
laboratory conditions, the photo-Fenton reaction can be suc-
cessfully used as a pre-treatment to make biodegradable the
original reactive dye solutions. Among the tested pre-treatment
conditions, the best ones for a subsequent biodegradation at
pilot plant are SmgL~" of Fe (II) and 225mgL~! of Hy0,
for Cibacron Red FN-R and 2mgL~! of Fe (II) and 65 mg L™!
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of HyO» for Procion Red H-E7B. BOD5/COD values around 0.4
were achieved (Fig. 9), with 52 and 20% mineralisation levels,
respectively.

3.4. Main differences between laboratory and pilot plant

There are some fundamental differences between the photo-
Fenton experiments carried out in the laboratory and in the pilot
plant. First of all, the source of irradiation and the tempera-
ture were significantly different. A 6 W black light, a lamp that
only emits photons in the UVA range, was used in the labora-
tory, while the pilot plant reactor was irradiated by the complete
sunlight spectrum at the earth surface. Taking the 30 W m™2
value as an estimation of the 300400 nm energy arriving to the
earth surface around noon, the energy entering the photo-reactor
from the artificial black light was five times lower. Addition-
ally, it should be noted that the PSA radiometer measured only
the 300-400 nm bandwidth of the solar spectrum, while photo-
Fenton reaction also makes use of part of the visible spectrum
[8]. This fact favours the pilot plant results and complicates
the comparison with laboratory experiments. The high levels
of temperature reached during solar photo-Fenton experimen-
tation (from 25 up to 48 °C) also involve a general increase of
dye removal rates due to the beneficial effect of temperature on
Fenton reaction [29].

Photo-reactors were also different from one system to the
other, leading to different efficiencies with regard to radiation
absorption. At the laboratory, with the artificial light over the
batch reactor, all solution volume was under irradiation, but the
depth and the aromatic content of solutions caused a strong
absorption and impeded the radiation penetration towards the
bottom of the system. On the contrary, the CPC configuration
allowed all the illuminated volume to receive photons since solar
light entered the solution through all the circumference of the
reactor tubes.

As observed before, mineralisation yields were closely repro-
duced when scaling-up from laboratory to pilot plant the
10mgL~" of Fe (II) and 250 mgL~! of H,0, photo-Fenton
conditions for Procion Red H-E7B and the 20 mg L ™! of Fe (II)
and 500mg L~! of H,0, for Cibacron Red FN-R. The reduc-
tion of irradiation times (from 100 and 150 min of black light
irradiation to f3ow = 13 and 22 min, respectively) was a direct
consequence of the above-explained factors. This fast reaction
rate allowed the pilot plant to reduce the catalyst concentra-
tion from 10 to 2mgL~! for Procion Red H-E7B and from 20
to 5mgL~! for Cibacron Red FN-R without loosing mineral-
isation yields (see Figs. 3 and 4). Besides the reaction times,
laboratory and pilot plant results may also be compared in terms
of energy inputs. At laboratory scale, a simple calculation taking
into account the energy reaching the reactor (W m~2), the irra-
diation time required to attain the 82—84% mineralisation, the
reactor volume, as well as the reactor irradiated surface, gives
an accumulated energy input of 1.1 and 1.7kJL~! for Procion
Red H-E7B and Cibacron Red FN-R, respectively. Those values
are significantly lower than the 3.3 and 5.0kJL~! obtained at
pilot plant. Obviously, the apparent photonic efficiency of the
process (defined as photogenerated reaction rate versus volu-
metric light intensity entering the reactors) is not the same for
both configurations. Although the solar pilot plant is more effi-
cient in terms of reaction time, it is less efficient in terms of
energy consumption since more photons are needed in order
to provide the same final dye mineralisation. In the combined
chemical/biological treatment at pilot plant, pre-treatment con-
ditions similar to those used at the laboratory were necessary
to obtain a completely biodegradable Cibacron Red FN-R solu-
tion. The best results were obtained with 250 mg L1 of H,0; at
the laboratory and 225 mg L™! of H,O, at pilot plant, leading to
50 and 52% mineralisation, respectively. However, for Procion
Red H-E7B dye degradation, photo-Fenton oxidation at pilot
plant improved laboratory results reducing the HyO, require-
ments from 125 to 65 mg L~!, and the mineralisation yield from
39 to 20%.

4. Conclusions

The solar pilot plant photo-Fenton processes for Procion
Red H-E7B and Cibacron Red FN-R reactive dyes mineral-
isation closely reproduced previous laboratory artificial light
results. 82 and 86% mineralisation were accomplished by adding
10mg L~! of Fe (IT) and 250 mg L' of H,O; to 250 mg L~ of
Procion Red H-E7B solutions, and 20 mg L~! of Fe (II) and
500mgL~! of HyO, to 250mgL~" of Cibacron Red FN-R
solutions, respectively.

The irradiation time was reduced in relation to the artificial
light process from 100 and 150 min (black light irradiation) to 13
and 22 min (normalised #3ow values), basically due to the higher
amount of UV photons supplied by the sun, the involvement
of the visible fraction of sunlight spectrum, and the solar photo-
reactor configuration, which collects and redirects to the solution
all the radiation reaching the aperture area of the CPCs. Never-
theless, with the high photon flux of the pilot plant the apparent
photonic efficiency of the process decreases. The fast reaction
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rates allowed the pilot system to reduce the use of iron from 10
to 2mgL~! for Procion Red H-E7B and from 20 to 5mgL~!
for Cibacron Red FN-R without loosing photo-Fenton yields.

Formic, acetic, oxalic and maleic acids appeared during
both dyes photo-oxidations. Pyruvic acid was also a detected
intermediate for Cibacron Red FN-R dye. Sulphur was stoi-
chiometrically released into the solution as sulphate ion, with
92-95% recovery. The nitrogen mass balance was not completed
since only 9-22% of the total N was detected as inorganic nitro-
gen (NH4* and NO3 ™) at the end of the treatment. Those results
are indicative of the generation of other N-containing products,
such as N; gas and the recalcitrant triazine ring.

Finally, solar photo-Fenton process at pilot plant can be suc-
cessfully used as a biological pre-treatment. With just Smg L ™!
of Fe (I) and 225 mgL~! of H,0, (Cibacron Red FN-R) and
2mg L~! of Fe (II) and 65 mg L~! of H,O; (Procion Red H-
E7B), dye solutions became enough bio-compatible to be fully
biodegraded in the IBR reactor, attaining residual DOC val-
ues close to the 20mgL~! of C corresponding to biomass
metabolites. In comparison with bench-scale experiments, the
performance of the pilot plant combined chemical/biological
treatment appears to be superior.
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