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Three  reagent  dosing  strategies  used  in the  solar  photo-assisted  decolorization  of a mixture  of  sulfonated
dyes  consisting  of acid  blue  113,  acid orange  7  and  acid  red  151  were  evaluated.  Results  demonstrated
that  the  dosing  strategy  influenced  both  reagent  consumption  and  the  biodegradability  and  toxicity  of
the  effluent.  In  one  strategy  (E1), the  Fenton’s  reactants  were  dosed  in  a punctual  mode,  while  in the  other
two strategies  (E2 an  E3), the  reactants  were  dosed  continuously.  In the  E2 strategy  the  reactants  were
dosed  by  varying  the  duration  of  the  injection  time.  In the  E3 strategy,  the  reactants  were  dosed  during
zo
iodegradability
hoto-Fenton
eagent injection
oxicity

60  min  at  a constant  rate, but with  different  concentrations.  All  cases  showed  that  feeding  the  reactor
between  40%  and  60%  of  the  maximal  dose  was  sufficient  to decolorize  more  than  90%  of  the  mixture  of
azo dyes.  The  E1 strategy  was  less  effective  for aromatic  content  reduction.  Conversely,  the continuous
addition  of the  reagents  (E2 and E3 strategies)  improved  the  aromatic  content  removal.  E3 strategy  was
substantially  more  appropriate  than  E1 strategy  due  to  improved  the  effluent  quality  in  two  key  areas:
toxicity  and  biodegradability.
. Introduction

Advanced oxidation processes (AOPs) have been used exten-
ively for the degradation of a broad range of contaminants [1–4].
evertheless, AOPs have rarely been applied to the treatment of

extile mill effluents because of their high operative costs and the
resence of dye additives, impurities that can significantly reduce
heir performance [1,2,4–8]. Although the mineralization of dyes
y AOPs is generally expensive, combining AOPs with biological
rocesses may  lead to a significant reduction in operative costs
1,4–11]. AOPs are generally designed to transform recalcitrant
ompounds up to more biodegradable by-products that can be
egraded efficiently through aerobic processes [1,12–15]. Recently,
he degradation of compounds formerly considered recalcitrant has
een made possible through the use of photo-Fenton processes
oupled with aerobic systems [1,10–15].

As indicated by [1,10,16] the reagent dose (Fe2+–H2O2) may  sig-
ificantly affect the performance of a coupled system. A low initial

atio of reagents ([Fe2+]/[H2O2] < 1) favors the formation of HO•

2
Eq. (2)), a less powerful oxidant than the HO• radical [1–4,16].
n the contrary, a high initial ratio of reagents ([Fe2+]/[H2O2] > 2)
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results in a rapid depletion of HO• (Eq. (3)) due to its reaction with
Fe2+ (ten times faster than between HO• and H2O2). Furthermore,
the punctual injection of reactants may  lead to a sharply produc-
tion of HO• radicals due to high localized concentrations of reagents
[17–20]. Unfortunately, this drives to undesirable reactions (Eqs.
(2)–(4)) which can consume HO• radicals, reducing the oxidative
capacity of the reactants over time [17–20].  It has been observed
that a sub-stoichiometric dose of reagents leads to the formation
of molecules that are potentially or even more toxic and recalci-
trant than the parent compound [10,15]. Then, the dosing strategy
of reagents could play a major role in the performance of a cou-
pled chemical–biological system, having a significant relationship
between the concentration of the reagent and the dosing strategy
used in such parameters as cost, carbon removal, biodegradability
and toxicity [16–19].

Fe2+ + H2O2 → Fe3+ + HO• + OH− k = 53–76 M−1 s−1 (1)

HO• + H2O2 → HO2
• + H2O k = 1.7–4.5 × 107 M−1 s−1 (2)

HO• + Fe2+ → Fe3+ + OH− k = 2.6–5.8 M−1 s−1 (3)

2HO• → H2O2 k = 5–8 × 109 M−1 s−1 (4)

Despite their importance, the development of strategies for the

dosing of reagents has gone virtually unnoticed [7–14]. As men-
tioned by several authors [17–19],  the stepwise addition of perox-
ide would reduce the impact of adverse reactions (Eqs. (2)–(4)).
The observed results evidenced an important improvement

dx.doi.org/10.1016/j.jhazmat.2012.03.036
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:gbuitronm@iingen.unam.mx
mailto:gbuitronm@ii.unam.mx
dx.doi.org/10.1016/j.jhazmat.2012.03.036


2 azard

i
a
r
p
c
t
r
(
o
p
a
i

t
b
i
t
t
t
t
s
r
d
d
t
i
r
a
e

2

2

r
(
7
1
p
M
9
H
n
r
d
a
m
d
d

2

a
u
P
t
(

t
t
i
i
w

94 D. Prato-Garcia, G. Buitrón / Journal of H

n process such parameters as carbon removal, degradation rate
nd peroxide efficiency [17–19].  Although stepwise addition of
eagents may  allow successful mineralization of recalcitrant com-
ounds, the issues associated to reagents consumption could be
onsidered as a main disadvantage [15,17–21].  On the other hand,
he continuous addition of the reagents positively affects carbon
emoval and the degradation rate of the azo dye acid orange II
AO7). Nevertheless, both the single-step and continuous addition
f the reagents allows 100% decolorization [22]. It is important to
oint out that the stepwise addition of the reagents seems to have

 marginal [17,18,23],  or even negative effect [24], on the mineral-
zation of recalcitrant compounds.

In general, toxic wastewaters has been proven to lose its
oxicity upon treatment by AOP before total mineralization has
een achieved, therefore the improvement of the biodegradability

nstead of its mineralization may  allow a cost reduction during the
reatment of xenobiotic compounds [1,4,9–13,15]. In a coupled sys-
em (photo-Fenton + aerobic), it would be necessary to determine
he best operating conditions for carrying out pre-treatment, so as
o ensure the efficient performance of the aerobic process. In this
tudy we focused on developing a strategy to reduce the adverse
eactions that can occur in the Fenton process by regulating the
osage of reagents during the photo-degradation of a synthetic azo
ye mixture. The aim was to assess both the concentration effect of
he reagent (Fe2+–H2O2) and the dosing strategy used on the toxic-
ty and biodegradability of the pre-treated effluent. To do so, three
eagent-dosing strategies used in the solar photo decolorization of

 mixture of acid blue 113, acid orange 7 and acid red 151 were
valuated.

. Experimental

.1. Reagents

The selection of the best strategy for the dosage of the Fenton’s
eagents was tested on a mixture of three azo dyes: acid red 151
AR151, C22H15N4NaO4S, C.I. 26,900, �max: 514 nm), acid orange

 (AO7, C16H11N2NaO4S, C.I: 15510, �max: 484 nm)  and acid blue
13 (AB113, C.I. 26360, dye content 50%, Sigma–Aldrich) at acidic
H (2.8 ± 0.2). AR151 and AO7 were commercial grade (Clariant,
exico). Other reagents used were: FeSO4·7H2O (Sigma Aldrich,

7%), H2O2 (50%, w/v, Reproquifin), NH4VO3 (Sigma Aldrich, 99%),
2SO4 (Sigma Aldrich, 96%), NaOH (Sigma Aldrich, 96%) and phe-
ol (C6H6O, Sigma Aldrich, 99%). The dye stock solutions (1 g/L) and
eagents used in the analytical determinations were prepared by
issolving the reagent in deionized water (Elix3-MILLIPORE®). In
ll cases, the synthetic influent used in the photo-catalytic experi-
ents consisted of a mixture of the three dyes (100 mg/L each). The

ye mixture (300 mg/L) was prepared from stock solutions and then
iluted with tap water to reach the desired concentration.

.2. Analytical determinations

The percentage of decolorization of the dye mixture was
ssessed on the basis of changes in absorbance at �max: 506 nm,
sing an UV–vis spectrophotometer (Perkin-Elmer UV-25, USA).
rior to UV–visible analysis, the samples were removed from
he photo-reactor and quenched with a methanol–water solution
methanol: 200 mM)  to prevent further degradation.

For HPLC, DOC, toxicity, biodegradability and GC/MS analyses
he samples were treated with a NaOH–Na2S2O3 solution in order

o remove residual peroxide and to prevent further oxidation. The
dentification of intermediate products was performed by combin-
ng a dispersive liquid–liquid micro-extraction (DLLME) technique

ith GC/MS [25]. In the DLLME method, 0.50 mL  of methanol and
ous Materials 217– 218 (2012) 293– 300

0.50 mL  of dichloroethane were rapidly injected by syringe into a
5 mL  pre-treated sample containing the analyte, thereby forming a
cloudy solution. After phase separation by centrifugation (2 min  at
4000 rpm), the enriched analyte in the settled phase was analyzed
by GC/MS. The GC/MS (HP 6890N and 5975, USA) was  equipped
with a column (HP 5MS, 30 m × 0.25 mm × 0.25 �m).  The GC/MS
analyses were carried out according to [26] in a splitless mode
using helium as carrier gas (1 mL/min measured at 150 ◦C). The
injector temperature was maintained at 250 ◦C and the oven tem-
perature was programed as follows 40 ◦C for 5 min, 40–290 ◦C (at
12 ◦C/min), and then held at 290 ◦C for 3 min  and finally 290–325 ◦C
(at 20 ◦C/min), and then held at 325 ◦C for 5 min.

Carbon removal was monitored by measuring the DOC
(dissolved organic carbon) by injecting filtered samples (Whatman-
GFA) into a Shimazu-5050A TOC Analyzer (Japan). Carboxylic acids
were identified using reverse-phase liquid chromatography (20 �L,
flow 1 mL/min, mobile phase: potassium phosphate, pH: 2.5, 40 ◦C)
with a diode array detector (DAD G1315A) in an HPLC-UV (Agi-
lent Technologies 1100) with a C-18 column (Grace Prevail Organic
5 �m,  250 �m × 4.6 �m).

The H2O2 concentration was determined by the ammonium-
metavanadate (NH4VO3) spectrophotometric method at 454 nm
[27]. Total dissolved solids (TDS) and total solids (TS) were mea-
sured according to Standard Methods [28]. Because a large number
of benzene and naphthalene compounds are expected from the
degradation of the dye mixture, the Specific Ultraviolet Absorption
index (SUVA) was  used as a surrogate measure for the aromatic
content of the photo-treated effluent [29,30]. Accordingly, the UV
absorbance at 254 nm divided by the DOC was  reported as the SUVA
index (SUVA = UV absorbance at 254 nm/DOC).

2.3. Toxicity assays

The Microtox® toxicity assays were carried out with Vib-
rio fischeri (Microtox® Azure Environmental) according to the
basic test using a SDI M500 Analyzer (Strategic Diagnostics Inc.,
USA). Toxicity was determined after 15 min  of incubation using
MicrotoxOmni software (USA) as described in the Microtox® man-
ual [31]. Phenol was  used as the reference compound in the
toxicity assays (100 mg/L phenol; TU = 3; EC50 = 23 mg/L), which
were performed within 48 h after photo-treatment to obtain the
EC50 value. Toxicity was expressed in toxicity units (TU), where
TU = 100/EC50.

2.4. Biodegradability assays

The biodegradability assay (Zahn–Wellens test) was  performed
according to OECD protocol [32] in 0.75-L-flasks aerated by dif-
fused air. The inoculum was  obtained from an activated sludge
treatment plant in Querétaro (Mexico). The Zahn–Wellens assay
was initiated and then monitored for 28 days in reactors that
were maintained at 28 ± 2 ◦C. The samples were withdrawn and
centrifuged at 3000 rpm for 5 min; subsequently, the DOC of the
supernatant liquid was  analyzed. DOC removal was used to quantify
de biodegradability of the photo-treated samples. The biodegrad-
ability percentage at time t was evaluated by means of Eq. (5),
where CA is DOC of the photo-treated azo dye mixture (measured
at 3 h after the beginning of the test, mg/L), Ct is the DOC of the test
mixture at time t, CB is the DOC of the blank at time t, and CBA is the

DOC of the blank (measured 3 h after the beginning of the test).

Biodegradability percentage =
[

1 − Ct − CB

CA − CBA

]
× 100 (5)
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Table  1
Reagent injection strategies tested: experimental design.

E1 E2 E3

Dose (%) H2O2

(mg/L)
mg H2O2

(mg  dye)
Fe2+ (mg/L) mg Fe2+

(mg  dye)
Dose (%) Injection

time (min)
Dose (%) Flow H2O2

(mg/min)
Flow Fe2+

(mg/min)

100 400 1.33 20 0.066 100 60 100 16.6 0.83
80 320 1.06 16 0.053 80 48 80 13.3 0.66
60 240 0.798 12 0.039 60 36 60 10.0 0.50
40 160  0.532 8 0.026 40 24 40 6.66 0.33
20  80 0.266 4 0.013 20 12 20 3.33 0.16
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10  40 0.133 2 0.007 

5  20 0.067 1 0.003 

.5. Experimental setup

The photo-treatment experiments were carried out in a CPC
compound parabolic concentrator) solar-based reactor with a total
olume of 2.5 L. The experimental setup (Fig. 1) consisted of a
tirred tank (1 L), a solar collector with 0.25 m2 and a concentra-
ion factor of 1.06 made of three pyrex-glass tubes (OD: 30 mm,
D: 28.5 mm,  length: 92 cm)  and a centrifugal recirculation pump.
he reagent supply (Fe2+–H2O2) was channelled through two peri-
taltic pumps (Masterflex) with speed control. Incident radiation
W/m2) was measured every minute with a pyranometer (Davis
nstruments Vantage Pro2TM, spectral range 300–1100 nm). The
eactor was fixed in an aluminum frame tilted at 20◦ in Queré-
aro (Mexico). The experiments were carried out following a fixed
chedule span that extended from 11:00 AM to 3:00 PM,  when
he highest irradiation was present. In photo-Fenton experiments
emperature evolves freely (between 28 ± 2 ◦C and 41 ± 4 ◦C) dur-
ng treatment. Comparisons between the experiments were always
onducted under similar irradiation conditions in order to reduce
he effect of temperature and irradiation on process performance.
herefore, only those experiments that showed minor variations
n accumulated energy per unit of volume (less than 10% ∼45 kJ/L)
ere considered for this study.

ig. 1. CPC reactor: experimental setup. (1) Stirred tank, (2) recirculation pump, (3)
alve, (4) solar collector, (5) peroxide tank, (6) iron tank, (7) speed controls, and (8)
eristaltic pumps to reagent injection.
– – – – –
– – – – –

2.6. Reagent dosing strategies

The effect of three reagent dosing strategies on the percentage
of decolorization, toxicity and biodegradability were tested in the
CPC solar-based reactor. All experiments were conducted at the
initial pH of 2.8–3.0, which is considered as the best pH for photo-
Fenton oxidation [2–4]. In all cases, pH evolved freely along the
photo-treatment (from 2.8 to 2.5). As indicated in a previous study
[33], a central composite design (CCD) was applied to determine
the reagent dose for maximizing the decolorization of AO7, AR151
and AB113 through a photo-Fenton process.

The first strategy (E1) administered the Fenton reagent at the
beginning of the test. In this strategy, the Fe2+ was injected into
the stirred tank and then the H2O2 was  supplied in less than
15 s (Table 1). The dosage at 100% corresponds to the amount of
reagents required to decolorize 97% of the mixture of azo dyes. This
condition was previously determined as 1.3 mg  H2O2/mg dye and
0.06 mg  Fe2+/mg  dye [33].

For the second and third strategies (E2 and E3), the reactants
were dosed continuously using peristaltic pumps at a flow rate of
2 ± 0.2 mL/min. In the E2 strategy the reactants were dosed continu-
ously (16.66 mg  H2O2/min and 0.83 mg  Fe2+/min), but the duration
of the injection time varied, as did the amount of the reactants.
In the E2 strategy, five injection times (12, 24, 36, 48 and 60 min)
were evaluated. After injection, the pumps were turned off, but the
photo-treatment continued until 60 min  of irradiation were com-
pleted (∼500 kJ/L of accumulated energy). Thus, in the E2 strategy
a fraction of the pre-treatment time was performed in the absence
of reagents in order to take advantage of the solar-driven reactions
to decolorize the dye mixture.

In the E3 strategy, the reactants were dosed during 60 min at a
constant rate, but with different solution concentrations in order to
obtain the desired mass flows (Table 1). E2 and E3 strategies were
the same at 100% of the reagent dose. In contrast to other studies
[17–22], where only peroxide was added continuously to minimize
the adverse reactions, in E2 and E3 strategies iron and peroxide were
supplied simultaneously in order to minimize the extension of the
Eqs. (2) and (3).  The photo-Fenton experiments were performed
in duplicate. The dilution caused by the continuous addition of
the Fenton reagent was considered during decolorization and car-
bon removal analyses. Blank tests were carried out with no Fenton
reagent to evaluate the effect of solar radiation on the percentage
of decolorization. No appreciable decolorization was  noted after
240 min  (about 2000 kJ/L) of photo-treatment.

To evaluate the effect of the chemical dosage on the decol-
orization process, the efficiency of reactant consumption was
computed (Eq. (6)). In Eq. (6), �Absorbance represents the change
in the absorbance of the solution due to a specific consumption of

the Fenton’s reagent (�H2O2).

Efficiency of reactant consumption =
(

�Absorbance
�[H2O2]

)
(6)
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Although the aromatic moieties may  enhance decolorization and
reduce operative costs, the presence of less transformed species
may  lead to the inhibition of a biological post-treatment process
[9,10,14,16].

Table 2
General performance of the studied strategies related to SUVA index removal.

Reagent supplied as percentage SUVA removal (%)

E1 E2 E3

20 0.0 0.0 0.0
Fig. 2. Effect of the reagent dose in E1 strategy: (a) decol

. Results and discussion

The use of coupled processes for the degradation of recalci-
rant substances is frequently employed to improve the robustness
f a treatment system [1,11–14]. Improving the biodegradabil-
ty of an azo dye mixture can be reached satisfactorily through a
hoto-Fenton process [1,33];  nevertheless the operative costs rise
nd represent an important drawback of techniques designed to
egrade colored wastewaters. Therefore, the basic idea that led us
o test different dosage strategies of the Fenton’s reagent was to
void undesirable reactions (see Eqs. (2)–(4))  in the process and so
educe the amount of reactants used in the decolorization step.

.1. Reagent injection strategies: effect on the percentage of
ecolorization

The effect of the dosage of reagents (E1 strategy) on decoloriza-
ion is shown in Fig. 2a. With regards to the case in which no
eagents were dosed (0%, Fig. 2a), it is clear that dye photolysis (Eqs.
7)–(9)) contributed only slightly to the percentage of decoloriza-
ion, since less than 2% of decolorization was found after 60 min
f photo-treatment (450 ± 17 kJ/L of accumulated energy). Mean-
hile, more than 90% of decolorization was obtained when the

eagent dose was between 20% and 100%. It is important to note
hat 100% represents the Fenton’s reagent dose (1.3 mg  H2O2/mg
ye and 0.06 mg  Fe2+/mg  dye) required to decolorize 97% of the
ye mixture.

Lower doses of Fenton’s reagent (5% and 10%) led to a reduction
f the undesired reactions (Eqs. (2)–(4))  due to the lower concentra-
ions of HO• radicals present. By means of the E1 strategy (Fig. 2a),
t became feasible to achieve 43% decolorization by using 5% of the
eagent dose (Table 1). In all cases, no peroxide was  detected after
5 min  of photo-treatment (accumulated energy: 100 ± 11 kJ/L);
hus, the decolorization may  be attributed to alternative pathways
or iron regeneration and the production of HO• radicals, such as
hoto-reduction of the catalyst (Eq. (9)). Also, it has been shown
2,4,34–36] that the presence of quinone–hydroquinone moieties
romoted the regeneration of the catalyst by successive one-e−

ransfer steps via the semiquinone radical (Eqs. (11)–(13)) and the
hoto-reduction of quinones to semiquinones (Eq. (14)), which can
roduce additional HO• radicals [2,4].

ye + h� → dye∗ (7)

ye∗ + h� → dye (8)
ye∗ + h� → by-products (9)

e(OH)2+ + h� → Fe2+ + H• (10)
ion percentage at 506 nm and (b) reactant consumption.

(11)

(12)

(13)

(14)

In Fig. 2b, the efficiency of reactant consumption
(�Absorbance/�[H2O2]) indicates the presence of an operative
region where alternative pathways may  be present and play an
important role in the decolorization (R1). In this region, lower
doses of reagent were applied (from 5% to 20%) and decolorization
was most likely carried out by the reductive regeneration of the
catalyst through aromatic moieties and by solar photo-assisted
reactions (see Eqs. (7)–(14)). Observations showed that SUVA was
not removed (Table 2) when the lower doses of reagents were
used. This suggests a minor transformation of the original dye’s
structure and the presence of quinone–hydroquinone moieties
which can be used to accelerate the decolorization process [34–36].
40 2.2 2.0 7.3
60 7.9 7.7 10.4
80  13.6 16.6 19.9

100 29.6 33.7 34.2
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ig. 3. Effect of the reagent dose in E2 strategy. Note: The dotted lines mark the end
f  the reagent injection for each concentration.

A second region (R2) where the higher doses of reagents were
njected (40,60,80 and 100%) evidenced both a sharp decolorization
nd SUVA removal (Fig. 2b and Table 2, respectively). In this region,
ecolorization was accomplished by using 62 kJ/L of accumulated
nergy or10 min. A further irradiation (up to 450 kJ/L or 60 min)
id not affected significantly the decolorization as shown in Fig. 2a
nd b. This can be explained because as the reagent’s concentration
ncreased, the further degradation of the dyes leads to the formation
f non-aromatic compounds which cannot promote the catalyst
egeneration [34–36].

The E2 strategy was studied in order to reduce the impact
f radical scavenging, as well as to take advantage of solar-
riven reactions and intermediate degradation products to reduce
eagent consumption. Here, the reactants were dosed continu-
usly (16.66 mg  H2O2/min and 0.83 mg  Fe2+/min), but the duration
f the injection time varied (Table 1), as did the amount of
eactants injected. Fig. 3 shows that 20% of the reagent dose
0.266 mg  H2O2/mg dye and 0.013 mg  Fe2+/mg  dye) is sufficient to
ecolorize up to 52% of the dye mixture in 12 min  (75 kJ/L of accu-
ulated energy), point at which the feeding pump was stopped.
owever an additional decolorization (up to 77%) was observed
robably due to the regeneration of the catalyst by photo-reduction
Eq. (10)) and successive electron transfers steps (Eq. (11)–(14)).
urthermore, in the dark, 86% of decolorization of the same azo
ye mixture was observed. But in this case 100% of the reactive
ose was used [33]. This last finding indicates the important role of

lternative pathways in decolorization.

As the reagent concentration increased from 40% to 100%,
he impact of the alternative routes of decolorization appeared
o decrease. Despite the additional reagents were supplied, the

ig. 4. Decolorization of the azo dye mixture. (a) Decolorization (506 nm)  and SUVA ind
sing  the 100% dose of the Fenton’s reactants for E1 and E3 strategies.
ous Materials 217– 218 (2012) 293– 300 297

decolorization obtained after 24 min  (180 kJ/L) was about 87%. This
may  be related to the transformation of quinone–hydroquinone
moieties into short-chain acids that are recalcitrant to the HO• rad-
icals [2–4]. The latter was confirmed by the data shown in Table 2,
where an appreciable removal of SUVA was obtained when the
reagent dose was  increased from 20% to 100%.

Considering previous results, the reactants were injected during
60 min  at a constant rate, but in different concentrations (E3 strat-
egy, Table 1). A dose of 60% was found to be adequate to decolorize
more than 90% of the dyes (Fig. 4a). In this case, about 10% of the
SUVA was removed (Fig. 4a), which indicates a slight improvement
over the E1 and E2 strategies (Table 2). Fig. 4a shows an increase
of the reagent dose in the E3 strategy (from 60% to 100%) allowed
a marginal increase in the percentage of decolorization (less than
6%); however, SUVA removal increased significantly (from 10% to
34%) due to the increase in the reagent concentration. This study
aimed to maximize decolorization in order to transform the azo
dyes into more biodegradable and less toxic structures, and avoid
the total mineralization of the organic matter.

To further investigate the behavior of the decolorization process
by means of the E1 and E3 strategies, the evolution of the decol-
orization at three absorption wavelengths (254, 310 and 506 nm)
was followed using the 100% condition. Results showed that the
decolorization process takes place in two steps (Fig. 4b). In the
first, cleavage of the azo bond occurs, since decolorization pro-
ceeds as indicated by the reduction in the absorbance at 506 nm
(section A). Next, after 110 kJ/L, the reduction of aromatic com-
pounds (measured at 254 and 310 nm)  began (section B). In the
E3 strategy, the hydroxylation process is continuous during photo-
treatment due to the presence of Fenton’s reagent. On the other
hand, in the E1 strategy, the extensive generation of HO• radicals
allowed a rapid azo bond cleavage as well as the hydroxylation of
the aromatic ring (less than 62 kJ/L). Once the reagents have been
consumed the degradation process is controlled by the regenera-
tion of the catalyst (Eq. (10)), which is considered the rate-limiting
step in photo-Fenton processes [2,4]. This last fact may explain the
slower decrease of absorbance at 254 and 310 nm observed in the
E1 strategy.

Color removal by the three strategies was  compared using the
higher doses of reagents (60%, 80% and 100%, Fig. 5a). Above 90% of
final decolorization was achieved after 60 min  of photo-treatment,
and no significant difference (less than 4%) among the three strate-
gies tested was  observed. When the lowest reagent dose (20%)
was used, significant differences on the percentages of decoloriza-
tion were found; for example, by means of E1 it is possible to
decolorize 87 ± 1.9% of the mixture, whereas the E2 and E3 strate-

gies allowed decolorization percentages of 77 ± 2.1% and 68 ± 1.6%,
respectively.

The decolorization rate was evaluated considering a first order
kinetics (Eq. (15)). In this equation, kapp is the apparent rate

ex removal (E3 strategy); and (b) degradation profiles of the mixture of azo dyes
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more biodegradable than that obtained using the E1 strategy (E1:
60%). It should be noted that in E3 the continuous addition of 100%
of the reagents led to the formation of poly-substituted aromatics
that present absorbance peaks between 230 and 260 nm (benzene
Fig. 5. General performance of the photo-treatment pr

onstant, En is the accumulated energy in kJ/L, and A0 and A are the
nitial and final absorbance values of the dye mixture, respectively.

n(A) = ln(A0) − kapp × En (15)

Strategy E1 showed the highest decolorization rates, which may
e related to the presence of high concentrations of the reagents
Fig. 5b). The first order model for E1 at 100% did not fit because
0% of decolorization was carried out in fewer than 5 min  (32 kJ/L),
nd it was not possible to obtain off-line data at this interval. The E3
trategy presented the lowest decolorization rates, considering that
he reagents were present at lower concentrations. Although the
ffect of reagent concentration was evident in the E2 strategy, this
ehavior was notable at the lower reagent doses (20–40%). When
he concentration of reagents was increased to 100%, there was  no
ignificant difference in the decolorization rates for the E2 and E3
trategies.

Marginal differences in the SUVA index (around 2%) were found
hen the results of the three strategies, at the same dose of

eagents, were compared (Table 2). Chidambara and Quen [24] con-
luded that the addition of the same dose of reagents, in multiple
teps or in a continuous mode, had a negative effect with regards
o DOC removal, oxygen uptake rate and BOD improvement. On
he other hand, Monteagudo et al. [22] showed that the continuous
ddition of peroxide positively affects the reaction rate and DOC
emoval of the azo dye AO7. These authors found that the same
ecolorization percentages can be attained with, and without, the
ontinuous addition of reagents, but with different reaction rates;
ndings that agree with the results obtained in the present study.
s the percentage of decolorization was unaffected by the reagent

njection strategy, it was necessary to test additional parameters in
rder to select the best condition.

.2. Toxicity and biodegradability assays

Supplying lower doses of reagents (40%, 60% and 80%) in the
hree strategies studied resulted in decolorization percentages
omparable to those obtained by using 100% of the reagent dose.
herefore, in order to select the best strategy for the dosage of the
eagents it was necessary to assess the effect of different reagent
oses on parameters such as toxicity and biodegradability.

The toxicity assay makes it possible to determine the effluent’s
haracteristics, whereas biodegradability assays allow researchers
o evaluate the behavior of the photo-treated effluent in an acti-
ated sludge treatment plant [15,37].  As the E1 and E3 strategies
howed the largest differences in performance (Table 2), biodegrad-
bility and toxicity assays were carried out on the photo-treated

ffluents from these two strategies. Thus, the effect of the strategy
sed (E1 and E3) and the reagent dose supplied (60% and 100%)
ere evaluated. Fig. 6 indicates that both dose and the reagent

upply affected the effluent quality. For both strategies, the higher
 (a) Decolorization profiles and (b) Decolorization rate.

dose of Fenton’s reagent (100%) led to the generation of less toxic
and more biodegradable by-products than the lower dose (60%).
When the 100% condition was  used, 70% of the biodegradation of
the effluent was attained by the aerobic consortia after 28 days
of incubation. It is important to note that E3 generated less toxicity
than E1, suggesting that the reagent supply strategy is a key-issue in
improving the quality of the effluent and, therefore, increasing the
probability of success of a photo-Fenton–aerobic coupled process.
In E3 strategy, the continuous dosing led to a low concentration of
reactants, which may  reduce the impact of Eqs. (2)–(4),  increas-
ing thus the availability of HO• radicals. Therefore, in E3 strategy,
HO• radicals were used to preferably to hydroxylate the azo dyes.
The hydroxylated compounds are considered more biodegradable
by-products [38] and in consequence less toxic. The punctual injec-
tion performed in E1 strategy led to a high initial concentration of
reagents, which usually drives the formation of less powerful oxi-
dizing species as the HO2

• radicals. In aqueous solution the HO2
•

radical is less reactive compared to HO• toward most organic sub-
strates [2]. For this reason it would be feasible the formation of
more biodegradable compounds through the E3 strategy.

Fig. 6 shows that a lower reagent dose is insufficient to pro-
duce an adequate effluent for a post-treatment step. However, the
reduction of toxicity and a slight improvement in biodegradability
confirm the advantages of supplying the reagents in a continuous
form. For instance, the injection of 60% of the reagent dose by means
of the E3 strategy (E3: 60%) may  allow the reduction of 40% of the
reagent load and produce an effluent that is less toxic and slightly
Fig. 6. Toxicity and biodegradability in E1 and E3 strategies after 60 min of photo-
treatment.
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ig. 7. Effect of the reagent dose in E3 strategy (60% and 100%) during photo-Fenton
reatment of a mixture of azo dyes.

ings) and 280 and 320 nm (naphthalene rings) as mentioned by
39–41].

The decolorization performance of the E3 strategy was  traced
y measuring absorbance (254, 310 and 506 nm)  for the 60% and
00% conditions. Results indicated significant differences in the
romatic content (254 and 310 nm)  between the 60% and 100%
oses of the reagents (Fig. 7), but no differences in decoloriza-
ion behavior (506 nm)  were observed. For the E3 strategy, the
54 and 310 nm absorbance peaks increased at the beginning of
he photo-treatment (0–15 min) due to the prevalence of aro-

atic intermediates, but the continuous reduction of absorbance
eflects the rupture of the aromatic rings. This last fact suggests
he transformation of the aromatic rings into more oxidized prod-
cts, which are considered more biodegradable than the parent
ompound [3,4,13,15].  The GC/MS and HPLC analyses performed
ith the photo-treated effluents (E1 and E3 strategies) indicated

hat naphthol rings were further cleaved to phthalic acid and then
ydroxylated to carboxylic acids such as acetic, formic, succinic,
aleic and oxalic acids, all of which are highly biodegradable.
evertheless, the supply of 60% of reagents led to the accumu-

ation of toxic aromatic compounds (Figs. 6 and 7) that reduce
he effluent quality [42,43]. Several studies have reported vari-
ble peroxide-to-iron mass-ratios (R: 2:1 to 70:1) to decolorize azo
ompounds [16,22,44,45];  however, in this work we observed that
upplying less than 1.33 mg  H2O2/mg  dye (R: 20:1) was sufficient
o decolorize a model mixture of azo dyes. Our findings show that

 continuous supply of reactants contributed to reducing toxicity
nd improving the biodegradability of the effluent, with no increase
n reagent consumption. However, long-term assays are needed in
rder to rule out the effect of toxicity and to ensure the robustness
f the post-treatment process.

. Conclusions

This study shows the advantages of a continuous strategy of
upplying the Fenton’s reagent during the degradation of an azo
ye mixture. The strategies studied had no effect on the percent-
ge of decolorization; nevertheless, it is important to note that
he index of SUVA removal, toxicity reduction, and biodegrad-
bility improvement were affected by the injection strategy used
nd the reagent load. The best condition was the E3 strategy, in
hich the reactants were dosed during 60 min  at a constant rate,
ut with different solution concentrations. The lower reagent dose
60%) used in the E3 strategy allowed a significant reduction of
hemical consumption and generated more biodegradable inter-
ediates. On the other hand, the higher reagent dose (100%) formed

[
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non-toxic, highly biodegradable intermediates that can be effi-
ciently degraded in a conventional biological wastewater plant.
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