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a  b  s  t  r  a  c  t

In  the  present  study,  H2O2/UV-C,  Fenton  and  photo-Fenton  treatment  of 2,4-dichlorophenol  was  com-
pared  in  terms  of oxidation  products  and  acute  toxicity.  The  oxidation  products  were  identified
by  gas  chromatography–mass  spectroscopy,  high  performance  liquid  chromatography  and  ion  chro-
matography,  whereas  changes  in  acute  toxicity  were  evaluated  by  the  Vibrio  fischeri  luminescence
inhibition  assay.  H2O2/UV-C  and  photo-Fenton  processes  ensured  complete  2,4-dichlorophenolremoval,
detoxification  and  significant  mineralization.  Hydroquinone  and  formic  acid  were  identified  as  the
common  oxidation  products  of  the studied  advanced  oxidation  processes  investigated.  3,5-dichloro-
eywords:
,4-Dichlorophenol (2,4 DCP)
cutetoxicity
enton
hoto-Fenton
2O2/UV-C
xidation product

2-hydroxybenzaldehyde,  phenol,  4-chlorophenol  and  2,5-dichlorohydroquinone  were  identified  as  the
additional  H2O2/UV-C  oxidation  products  of  2,4-dichlorophenol.  Acute  toxicity  decreased  with  decreas-
ing  2,4-dichlorophenol  and  increasing  chloride  release.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Chlorophenols (CPs) are being employed as disinfectants and
reservatives in wood, dyes, vegetable fibers and leather due to
heir broad-spectrum antimicrobial properties. They constitute an
mportant group of aromatic chemicals, which have an annual

orld market share of about 108 kg [1].  The large scale produc-
ion and heavy consumption of CPs and their derivatives generate
astewaters that contain these substances at high concentrations.
ost CPs are highly toxic to microorganisms including activated

ludge bacteria and their removal with biological treatment pro-
esses is rather problematic due to their inhibitory properties and
esistance to biodegradation, making the efficient removal of these
ubstances from wastewaters in a conventional WWTP  very diffi-
ult if not impossible [2].  When wastewaters containing CPs are
eing discharged into natural water bodies they may  cause seri-
us environmental as well as ecotoxicological problems since many
f them are suspected of being carcinogenic and mutagenic [3,4].
ecause of the abovementioned issues, CPs have been listed as pri-

rity toxic substances in the US Clean Water Act as well as EU
irective 2455/2001/EC [1].

∗ Corresponding author. Tel.: +90 212 285 37 86.
E-mail address: arslanid@itu.edu.tr (I. Arslan-Alaton).

010-6030/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2012.01.003
For the alternative efficient treatment of CPs and other haz-
ardous and/or toxic pollutants, advanced oxidation processes
(AOPs) based on the formation of reactive species including
hydroxyl radicals (HO•) have been developed and investigated.
AOPs have been employed for the treatment of organic and inor-
ganic pollutants found in air, soil and water at acceptable rates and
operating costs, most of the time without creating secondary waste
problems [5–8]. Major limitations of their full-scale application,
however, have not been overcome yet; their capital and operat-
ing costs are still relatively high, and in some cases the oxidation
products are more biotoxic than the mother compound(s) [9–11].
Consequently, the control and optimization of AOPs remains a seri-
ous challenge, in particular for industrial wastewater treatment
applications. In light of this, CPs acting as model pollutants found
in different kinds of industrial effluents, seem to be very good can-
didates to examine the correlation between the type of oxidation
products and their toxicity evolution.

Among the AOPs, H2O2/UV, Fenton (Fe2+/H2O2), and photo-
Fenton (Fe2+/H2O2/UV) processes have been extensively studied
in the scientific literature for the degradation of CPs due to the
efficient elimination of these substances during the application of
these processes [12–15].  However, these treatability studies rather

focused on process efficiency evaluated by means of monitoring
the changes in parent pollutant concentration, as well as collective
environmental parameters such as chemical oxygen demand (COD)
and total organic carbon (TOC). In most cases, AOPs do not achieve

dx.doi.org/10.1016/j.jphotochem.2012.01.003
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:arslanid@itu.edu.tr
dx.doi.org/10.1016/j.jphotochem.2012.01.003
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Nomenclature

List of abbreviations and symbols
2,4 DCP 2,4-dichlorophenol
AcOH acetic acid
AOPs advanced oxidation processes
BQ p-benzoquinone
CHQ chlorohydroquinone
COD chemical oxygen demand (mg  L−1)
CPs chlorophenols
DAD diode-array detector
FoOH formic acid
GC–MS gas chromatography–mass spectrometry
HO• hydroxyl radical
HPLC high performance liquid chromatography
HQ hydroquinone
IC ion chromatography
IT luminescence intensity (relative luminescence

units; RLU)
k2,4 DCP pseudo-first-order 2,4 DCP removal rate constant

(min−1)
kTOC pseudo-first-order TOC removal rate constant

(min−1)
LLE liquid–liquid extraction
OxOH oxalic acid
SPE solid phase extraction
TOC total organic carbon (mg  L−1)
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WWTP  wastewater treatment plant

otal mineralization of industrial pollutants, and hence the toxicity
f oxidation products should be a critical point when establish-
ng the benefits of any applied technology. Until now, the effect of
ifferent AOP types including H2O2/UV, Fenton and photo-Fenton
rocesses, on the changes in toxicity and oxidation products of CPs
as been scarcely documented in scientific literature [16–18].  This

nformation has to be established to transform pollutants to more
iodegradable, less toxic degradation products during the applica-
ion of AOPs.

Considering the above facts, the main objective of this research
as to investigate the oxidation products and acute toxic-

ty evolved during the application of H2O2/UV-C, Fenton, and
hoto-Fenton processes to remove the priority pollutant 2,4-
ichlorophenol (2,4 DCP) in aqueous solution. In the first part of
he study baseline experiments were conducted to comparatively
lucidate 2,4 DCP and TOC removal efficiencies and kinetics during
pplication of different AOPs. In the second part, the transforma-
ion of 2,4 DCP into aromatic and aliphatic oxidation products was
nvestigated under selected treatment conditions. In parallel, acute
oxicity changes and dechlorination patterns were also monitored
or the same AOPs by using the marine photobacterium Vibrio fis-
heri as the test organism. Among the organisms used in toxicity
ssays, V. fischeri has been the most often employed one because
f its high sensitivity towards a wide range of pollutants [11]. The
elationship between the oxidation product formation and acute
oxicity evolution was examined to scrutinize the effective appli-
ation of AOPs for industrial pollutant degradation.

. Experimental

.1. Materials
2,4 DCP (C6H4Cl2O), hydroquinone (HQ, C6H4(OH)2), p-
enzoquinone (BQ, C6H4O2), phenol (C6H6O), oxalic acid dihydrate
C2O4H2·2H2O), formic acid (FoOH, CH2O2), and acetic acid (AcOH,
otobiology A: Chemistry 230 (2012) 65– 73

C2H4O2) were all purchased from Merck (Germany). Chloro-
hydroquinone (CHQ, C6H3(OH)2Cl) and catechol (C6H6O2) were
obtained from Fluka (Sweden) and Acros Organics (Belgium),
respectively. Methanol (CH3OH, Merck, Germany), orthophospho-
ric acid (H3PO4, 85–88%, Merck, Germany), AcOH, sodium sulphate
anhydrous (Na2SO4, Merck, Germany), and methanesulfonic acid
(CH3SO3H, Sigma–Aldrich, USA) were used to prepare HPLC mobile
phases. Methanol was also used for the conditioning of the Oasis
hydrophilic–lipophilic balance (HLB) (6 mL/200 mg,  Waters, USA)
solid phase extraction (SPE) cartridges. For the liquid–liquid extrac-
tion (LLE) of the parent compound and oxidation products prior to
GC–MS analysis, dichloromethane (CH2Cl2) purchased from Merck
(Germany) was  employed. All other chemicals required for ana-
lytical and experimental procedures were at least of analytical
grade and purchased from Merck (Germany) or Riedel-de Haën
(Germany). Aqueous 2,4 DCP solutions were prepared with distilled
water, whereas for mobile phases, stock and standard solutions
doubly distilled water with a conductivity of 0.055 �S cm−1 was
used (Arium 611UV, Sartorius AG, Germany).

2.2. Photoreactor and UV-C light source

All experiments were conducted in a 3250 mL capacity, cylindri-
cal stainless steel photoreactor (length: 84.5 cm; diameter: 8.0 cm).
The UV-C light source was  a 40 W low pressure mercury vapour
lamp being located in a quartz sleeve in the centre of the photore-
actor. The batch-operated photoreactor was mixed by means of a
peristaltic pump at a flow rate of 25 mL  min−1. The photon flux at
253.7 nm was  determined by means of H2O2 actinometry [19] as
0.066 �einstein cm−2 s−1.

2.3. Experimental procedures

Aqueous 2,4 DCP solutions were prepared at a concentration of
0.15 mM except for oxidation product and acute toxicity analyses
where a concentration of 0.46 mM 2,4 DCP was selected. At the
beginning of all experiments, the initial pH of the 2,4 DCP solutions
was adjusted to pre-determined values by using H2SO4 and NaOH
solutions at varying concentrations. Thus, no attempt was made
to control pH throughout the experiments. H2O2 (35%, w/w) was
added to pH-adjusted 2,4 DCP solutions at a concentration range
of 2 mM to 40 mM H2O2. Thereafter, the photoreactor was  filled
with the reaction solution by means of a peristaltic pump. Prior
to Fenton and photo-Fenton experiments, FeSO4·7H2O from a 10%,
w/v (0.36 M)  stock solution was also added once the photoreactor
was completely filled with the reaction solution.

2.4. Analytical procedures

30 mL  of untreated or photochemically treated sample aliquots
were withdrawn from the reactor at pre-determined time intervals
from the sampling valve. The Fenton and photo-Fenton reactions
were quenched with the addition of a few drops of 10 N NaOH solu-
tion to increase the pH to above 11 and in this way to remove
iron catalyst in the form of Fe(OH)3 from the solution by filter-
ing the sample through 0.45 �m PVDF syringes (Millipore Corp.,
USA).

2,4 DCP and its aromatic (phenol, catechol, HQ, BQ, and CHQ) and
aliphatic oxidation products (FoOH, AcOH, and oxalic acid (OxOH))
were monitored by HPLC (Agilent 1100 Series, Agilent Technolo-
gies, USA) equipped with a diode array detector (DAD). Operating
conditions of the HPLC for the selected target compounds are pre-

sented in Table 1. 2,4 DCP analysis was performed according to [20],
while the analysis of phenol, catechol, HQ, and BQ was largely based
on the method described by [21]. CHQ was  separately analyzed
applying a method proposed by [22]. HPLC analysis of carboxylic



A. Karci et al. / Journal of Photochemistry and Photobiology A: Chemistry 230 (2012) 65– 73 67

Table  1
HPLC methods for target compounds.

Compound Column Mobile phase Flow rate
(mL  min−1)

Column
temperature (◦C)

Injection
volume (�L)

Detection
wavelength (nm)

2,4 DCP Novapack C18 (150
mm × 3.9 mm,  Waters, USA)

Methanol:0.1% H3PO4 in water
(65:35, v/v)

1 20 100 280
Phenol 0.8 40 40 270
Catechol Water:methanol:AcOH

(79.2:19.8:1, v/v/v)
276

HQ 290
BQ  245
CHQ  Methanol:AcOH:water

(60:2.5:37.5, v/v/v)
1 20 50 283

FoOH Acclaim OA (250 mm × 4 mm, 100 mM Na2SO4 adjusted to pH
cid

a
t
t
a
a
0
H

u
F
d
a
[
d
i
A
i
o
fi
fl
t
t
1
2
O
t
U
t
u

m
c
c
u
N

c
(
u
m

H
m
(
p
t
s
a
t
P
r

Dionex, USA) 2.65 with methanesulfonic a
AcOH 

OxOH

cids was performed according to the instructions of the manufac-
urer of Acclaim OA organic acid column. Analyte concentrations in
he samples were determined according to the calculation of peak
reas by external calibration. The detection limits were determined
s the signal-to-noise ratio (S/N) of 3 and individually found as 0.42,
.67, 1.3, 0.48, 1.8, 0.51, 54 and 23 �M for 2,4 DCP, phenol, catechol,
Q, BQ, CHQ, FoOH and AcOH, respectively.

GC–MS analysis was also performed to identify oxidation prod-
cts of 2,4 DCP and to monitor their evolution during H2O2/UV-C,
enton, and photo-Fenton treatment. Prior to GC–MS analysis, oxi-
ation products were extracted from samples being previously
cidified to pH 2 with 20% H2SO4 solution using SPE according to
23] as well as LLE. Samples were extracted three times with 5 mL
ichloromethane and the combined extract was  directly injected

nto GC–MS. The oxidation products were analyzed via GC–MS (The
gilent 5975C Series GC/MSD, Agilent Technologies, USA) accord-

ng to [20]. The chromatographic separation was achieved by means
f an HP-5MS (5% phenyl methyl silox) 30 m × 250 �m × 0.25 �m
lm capillary column. He was used as the carrier gas at a constant
ow rate of 1.0 mL  min−1. The oven temperature was programmed
o start under isothermal conditions at 80 ◦C for 6 min, then rise
o 180 at a rate of 4 ◦C min−1 and remain constant at 180 ◦C for
0 min. The injection port and ion source temperatures were held at
80 and 230 ◦C, respectively. The MSD  scan range was  50–700 amu.
xidation products were identified comparing the obtained spec-

ra with those provided by the ChemStation (Agilent Technologies,
SA) mass spectral library and their evolution was  determined by

racking the changes in peak areas of the individual oxidation prod-
cts with respect to treatment time.

Chloride release was monitored on a Dionex ICS-1500 Ion Chro-
atography (IC) unit (Dionex Corporation, USA) equipped with a

onductivity detector, a DionexIonPac AG14A (4 × 50 mm)  guard
olumn and a DionexIonPac AS14A (4 × 250 mm)  analytical col-
mn. The IC was operated in auto-suppression mode with 1 mM
aHCO3/8 mM Na2CO3 eluent at a flow rate of 1 mLmin−1.

The TOC of the samples was monitored on a ShimadzuVPCN
arbon analyzer (Japan) equipped with an autosampler. An Orion
USA) 720+ model pH-meter was used for pH measurements. Resid-
al H2O2in the treated samples was traced by employing the
olybdate-catalyzed iodometric method [24].
Acute toxicity changes during the application of UV-C only,

2O2/UV-C, Fenton and photo-Fenton treatment processes were
easured by using a commercial assay kit marketed as BioToxTM

Finland). The reagent was a lyophilised preparation of the marine
hotobacterium V. fischeri (NRRL B-11177). The assay is based on
he decrease in light emission of V. fischeri resulting from its expo-
ure to the toxicant. Prior to the assay the pH of all samples was

djusted to 7.0 ± 0.2 with NaOH or H2SO4 solutions. NaCl was  added
o obtain a final chloride concentration of 2%, w/v  in the samples.
rior to analysis, the sample solutions were oxygenated by stir-
ing and solid particles were removed via 0.45 �m filtration. In
0.6 30 50 210

order to eliminate its positive effect on the toxicity test results, any
unreacted H2O2 remaining in the samples was  catalytically decom-
posed with catalase made from Micrococcus lysodeikticus (200181
AU mL−1, Fluka, Sweden). After mixing 0.5 mL  of raw and treated 2,4
DCP solutions with 0.5 mL  luminescent bacterial suspension (dilu-
tion ratio = 50%, v/v), the relative inhibition of light emitted by the
photobacteria was  measured after 15 min  contact time at 15 ◦C and
the percent relative inhibition (INH, %) was  calculated relative to a
control by the help of Eq. (1):

INH% = 100 − 100 ×
(

IT15

KF

)
T0 (1)

where IT0 and IT15 are the luminescence intensities (relative lumi-
nescence units; RLU)of the sample at the beginning and after 15 min
contact time, respectively, and KF is the correction factor (dimen-
sionless) for the control:

KF = IC15

IC0
(2)

where IC0 and IC15 are the luminescence intensities (RLU)of the
control after 0 min and 15 min  contact time, respectively. The
effective concentration EC50 (in mM)  of aqeuous 2,4 DCP was  also
determined.

3. Results and discussion

3.1. H2O2/UV-C, Fenton and photo-Fenton baseline experiments

In the first part of the study, H2O2/UV-C, Fenton and photo-
Fenton processes were compared in terms of 2,4 DCP and TOC
removal as well as H2O2 consumption rates. In addition, sev-
eral control experiments were conducted to verify the combined
effects of oxidant, catalyst and UV-C light. It could be demon-
strated that the reaction of 2,4 DCP with 40 mM H2O2 at pH 7 in
the absence of UV-C light irradiation resulted in only 15% removal
of 2,4 DCP in 90 min, whereas no mineralization occurred under
these experimental conditions (data not shown). Although 91%
2,4 DCP removal could be achieved via UV-C photolysis in 90 min
(Fig. 1a), mineralization efficiency at the end of treatment was
only 16% (Fig. 1b), indicating that the use of UV-C treatment alone
was not sufficient in the effective degradation of 2,4 DCP inter-
mediate photolysis products. The degradation of 2,4 DCP with
H2O2/UV-C, Fenton, and photo-Fenton processes followed pseudo-
first-order kinetics (R2 ≥ 0.91) with respect to parent compound
and TOC concentrations. The experimental results revealed that
the parent pollutant was most rapidly degraded by the photo-
Fenton process (k2,4 DCP = 0.65 min−1) followed by H2O2/UV-C

(k2,4 DCP = 0.48 min−1) and Fenton (k2,4 DCP = 0.10 min−1) processes
(Fig. 1a). During the application of photo-Fenton treatment, 2,4 DCP
disappeared to non-detectable levels after 8 min treatment, while
it took up to 40 min  with the Fenton’s reagent. The enhancement of
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ig. 1. Comparison of the decay of 2,4 DCP (a), TOC (b), and H2O2 (c) for UV-C only, H
2O2/UV-C: [2,4 DCP]0 = 0.15 mM,  [H2O2]0 = 10 mM,  pH0 = 7; Fenton and photo-Fen

,4 DCP removal rate in the photo-Fenton process was most proba-
ly caused by the generation of additional HO• via photoreduction
f Fe3+ to Fe2+according to reaction (3) [25];

e3+ + h� + H2O → Fe2+ + HO• + H+ ϕ254 nm ≈ 0.07 (3)

here ϕ254 nm is the quantum yield of photochemical Fe3+ reduc-
ion at 254 nm.  Despite complete degradation of 2,4 DCP during
pplication of the dark Fenton’s process, 53% of the initial TOC
emained in the reaction solution after 90 min  of treatment
Fig. 1b), indicating that Fenton’s reagent was not effective in
,4 DCP mineralization; a major limitation of this process as also
bserved in relevant studies [26,27]. Although the TOC removal
btained during the first 20 min  of the photo-Fenton process was
igher as compared with the TOC removal achieved by applying
2O2/UV-C oxidation, it practically stopped after this treatment

ime, an outcome most probably caused by the complete con-
umption of H2O2during the first 20 min  of Fenton’s reaction. This
bservation is strongly supported by the experimental findings
iven in Fig. 1b and c, which clearly indicate that the residual H2O2
oncentration is the major limiting factor for all the three photo-
hemical treatment processes under study. The obtained findings
lso revealed that UV-C photoreduction of Fe3+ was not sufficient to
ontinue significant HO• generation after complete exhaustion of
2O2 in the photo-Fenton process. The inefficiency of the Fe3+/UV-C
rocess combination for the mineralization of 2,4 DCP was con-
rmed by a control experiment conducted with 0.2 mM of Fe3+ and
V-C light irradiation. In this experiment TOC removal obtained

fter 70 min  was insignificant (only 4%; data not shown). Consid-
ring the above experimental findings as a whole, the application
f H2O2/UV-C and photo-Fenton treatment processes resulted in
igher removals both in terms of 2,4 DCP and TOC.
V-C, Fenton and photo-Fenton processes. UV-C only: [2,4 DCP]0 = 0.15 mM,  pH0 = 7;
,4 DCP]0 = 0.15 mM,  [H2O2]0 = 10 mM,  [Fe2+]0 = 0.2 mM,  pH0 = 3.

Prior to oxidation product and toxicity assessment, preliminary
baseline experiments were also performed to determine the most
appropriate reaction conditions for effective treatment of aqueous
2,4 DCP. Fig. 2 depicts the effect of initial H2O2 and Fe2+ con-
centrations on the pseudo-first-order 2,4 DCP and TOC removal
rate constants (k2,4 DCP and kTOC, respectively; in min−1) for the
H2O2/UV-C and photo-Fenton treatment processes. From Fig. 2a
it can be seen that H2O2 addition greatly enhanced the oxidation
and mineralization rates of 2,4 DCP as compared to UV-C photol-
ysis alone (k2,4 DCP and kTOC = 0.08 and 0.004 min−1, respectively).
This profound increase in the pseudo-first-order rate constants is
mainly caused by the increasing concentration of HO• in the reac-
tion solution being generated by UV-C photolysis of H2O2 [28];

H2O2 + h� → 2HO• ϕ254 nm = 0.50 (4)

From the experimental results it became evident that k2,4 DCP
and kTOC values both increased with increasing H2O2 concentra-
tion and peaked at 15 mM (k2,4 DCP = 0.52 min−1) and 5 mM of
H2O2 (kTOC = 0.060 min−1), respectively, after which H2O2 started
to inhibit the degradation and mineralization of 2,4 DCP. This is a
well known phenomenon from the scientific literature [14,29] and
known as HO• scavenging by H2O2 beyond a certain case-specific
concentration according to the reaction shown below in Eq. (5);

HO•+H2O2 → H2O+HO2
• kHO;H2O2=(1.2 − 4.5) × 107 M−1 S−1 (5)

The reduction potential of HO2
• is much lower (1.0 V; [30]) than

that of HO• (2.8 V) and this is most probably the reason for the
observed decrease in degradation and mineralization rates.
Considering the effect of initial Fe2+ concentration on 2,4 DCP
and TOC removal rates in the photo-Fenton process (Fig. 2b) indi-
cated that kTOC peaked at 0.10 min−1 at an initial Fe2+ concentration
of 0.2 mM.  A further increase in Fe2+ concentration decreased TOC
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Cl release than the photo-Fenton process. For both photochemi-
cal oxidation processes, dechlorination was practically complete
within 20 min  such that Cl− concentrations reached asymptotic val-
ues beyond this treatment time. Obtained findings indicated that
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emoval rates due to the fact that HO•-scavenging reactions became
ore and more dominant at excessive Fe2+concentrations [31]

ccording to reaction (6);

e2+ + HO• → Fe3+ + OH− kFe2+;HO• = 3.0 × 108 M−1 S−1 (6)

However, the effect of initial Fe2+ concentration on 2,4 DCP
emoval was less significant than its effect on TOC removal.
xperimental results demonstrated that 2,4 DCP degradation kinet-
cs increased until an initial Fe2+ concentration of 0.2 mM was
pplied (k2,4 DCP = 0.65 min−1). After this concentration no sig-
ificant change was observed in the reaction rate constants.
s a consequence 0.2 mM Fe2+ was chosen for the forthcoming
2O2/UV-C, Fenton, and photo-Fenton treatment processes.

A series of H2O2/UV-C and photo-Fenton experiments was also
erformed to assess the effect of pH on degradation and min-
ralization of aqueous 2,4 DCP. H2O2/UV-C oxidation of 2,4 DCP
as accompanied by a rapid pH drop within the first 10 min  of

eaction followed by a slight increase in pH due to the forma-
ion of carboxylic acids and their subsequent mineralization to
O2, respectively [6].  During photochemical treatment, the reac-
ion pH which was initially adjusted to 4.0, 7.0 and 11.0 decreased
o 3.3, 3.8, and 5.8, respectively, while practically no pH change
as observed when the reaction was initiated at pH 12. It could

e demonstrated that the pseudo-first-order rate constants only
arginally changed in the pH range of 4.0–7.0 (k2,4 DCP = 0.51 min−1

or both initial pH’s; kTOC = 0.050 min−1 for pH 4.0 and 0.045 min−1

or and initial pH of 7.0), but drastically decreased with a fur-

her increase, reaching minimum values at pH 12.0 (k2,4 DCP and
TOC = 0.19 and 0.011 min−1, respectively) when approaching the
Ka of H2O2 (=11.70; [32]). Removal rates decreasing at elevated
H’s during photochemical treatment with the H2O2/UV-C process
otobiology A: Chemistry 230 (2012) 65– 73 69

it an expected consequence of H2O2 dissociation to its conjugate
base HO2

− becoming more intense at pH values > 10. HO2
− reacts

two orders of magnitude faster with HO• [33] than H2O2;

HO• + HO2
− → HO2

• + OH− k = 7.5 × 109 M−1 s−1 (7)

The decrease in the parent pollutant and TOC elimination
rates during H2O2/UV treatment under alkaline pH conditions has
already been observed by former studies [28,34].

Reaction pH is one of the most important process parameters
in the Fenton and photo-Fenton processes, since iron speciation
which in turn determines the UV absorption, complexation, and
dissolution properties of the catalyst, is strongly affected by pH
[35]. The most suitable pH range for the removal of organic pol-
lutants with the Fenton and photo-Fenton processes has already
been established as 2–5 [5,36].  However, in the present study 2,4
DCP removal rates were not affected at all by changing the ini-
tial reaction pH from 3 to 4 and 5 (k2,4 DCP = 0.65 min−1 at all
studied pH’s). It is thought that the rapid drop in pH down to
values (pH = 2.5–2.8) at which Fe2+ efficiently catalyzes the photo-
Fenton reaction likely compensated the difference in the initially
adjusted pH values. On the other hand, photo-Fenton treatment of
2,4 DCP initiated at pH 3 resulted in an appreciably higher miner-
alization rate (kTOC = 0.10 min−1) as compared to experiments that
were started at pH 4 and 5 (kTOC = 0.058 and 0.076 min−1, respec-
tively). As a whole, it could be postulated that overall treatment
results obtained for 2,4 DCP degradation and mineralization were
still encouragingly for photo-Fenton treatment initiated at pH 5.
The experimental results delineated that relatively high pH values
could be effectively used for the oxidation of 2,4 DCP by the photo-
Fenton process. This issue has some practical importance since
decreasing pH causes inevitable consumption of high amounts of
acids and creates a major obstacle for the real-scale application of
the photo-Fenton treatment process.

3.2. Chloride release

It has already been reported in the scientific literature that
reactions involving H2O2/UV, Fenton and photo-Fenton oxidation
of CPs are associated with the release of organically bound Cl
atoms in the form of free Cl− ions [14,37]. Fig. 3 displays Cl−

release versus treatment time profiles during H2O2/UV, Fenton
and photo-Fenton treatment of aqueous 2,4 DCP. As is evident in
Fig. 3, the H2O2/UV-C process ultimately resulted in a slightly lower

−

Fig. 3. Chloride release during H2O2/UV-C, Fenton, and photo-Fenton treatment
of  2,4 DCP. [2,4 DCP]0 = 0.46 mM,  [H2O2]0 = 10 mM,  [Fe2+]0 = 0.2 mM,  pH0 = 7 in
H2O2/UV-C and 3 in Fenton and photo-Fenton processes.
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,4 DCP degradation and dechlorination proceeded simultaneously,
ince 0.46 mM aqueous 2,4 DCP was completely removed after
0 min  and 30 min  for the photo-Fenton and H2O2/UV-C treatment
rocesses, respectively. These results also revealed that dechlorina-
ion is one of the initial stages of photochemical 2,4 DCP oxidation
s has also been evidenced in former related work [10]. The dechlo-
ination trend observed during the Fenton process was  somewhat
ifferent; it proceeded at a relatively slow rate during the first
0 min  of the reaction, but continued until the end of the treat-
ent process, reaching levels similar to those obtained for the

hoto-Fenton experiment after around 80 min. The parallel trend
etween 2,4 DCP removal and Cl− release was also evident for
he Fenton’s reaction. During UV-C photolysis of 2,4 DCP chlo-
ide release was also observed (data not shown) but at a relatively
low rate as compared to the studied AOPs. At the end of treat-
ent, 0.74 mM,  0.74 mM,  0.66 mM and 0.37 mM Cl− were obtained

or photo-Fenton, Fenton, H2O2/UV-C and UV-C only processes,
espectively.

.3. Evolution of oxidation products

.3.1. Aromatics
Generally speaking, the following route has been reported in the

cientific literature for the degradation of CPs by AOPs; C Cl bond
cission and subsequent HO• attack at ortho- and para positions
orresponding to the formation of dechlorinated and hydroxylated
xidation products [22,38,39].  Further oxidation has been docu-
ented to result in the formation of quinones [33,39]. Based on

hese literature data, the potential formation of five selected aro-
atic compounds, namely (1) phenol, (2) catechol, (3) HQ, (4) BQ

nd (5) CHQ was  investigated and compared during 2,4 DCP oxida-
ion via H2O2/UV, Fenton and photo-Fenton processes.

For experiments where oxidation product identification was
argeted, an initial 2,4 DCP concentration of 0.46 mM was  selected
nstead of 0.15 mM 2,4 DCP that was chosen for the prelimi-
ary baseline (treatability) runs in order to improve the analytical
onditions for the detection of intermediates. The 2,4 DCP solu-
ion exhibited colour changes during H2O2/UV-C treatment, from
olourless to a light brownish colour after 10 min, fading to yel-
ow and ultimately to colourless after 20 min  treatment. The yellow
olour generated during the oxidation of phenol is believed to be
aused by BQ, while the formation of HQ usually does not lead to
oloured reaction solutions [40]. Nevertheless, neither BQ nor CHQ
ould be detected during application of the selected AOPs. Phe-
ol and catechol could only be measured in samples treated with
he H2O2/UV-C process, reaching highest concentrations of 7.5 �M
nd 3.2 �M,  respectively, after 6–8 min  treatment and disappeared
fter approximately 10 min. HQ was found to be the only common
romatic oxidation product generated in all the three AOPs stud-
ed. For comparative purposes, HQ evolution was demonstrated on
he same graph for H2O2/UV-C, Fenton and photo-Fenton processes
Fig. 4). As is obvious from Fig. 4,the highest HQ formation being
4 �M was found during H2O2/UV-C treatment of 2,4 DCP, while
he lowest HQ generation was observed during the photo-Fenton
rocess (4.5 �M).  During the H2O2/UV-C process, HQ concentration

ncreased very rapidly during the first 5 min  of the reaction, peaked
fter about 10 min  and completely disappeared after 30 min  treat-
ent. On the other hand, dark Fenton’s reaction of 2,4 DCP resulted

n a maximum HQ formation of 6.7 �M after 20 min  treatment.
n conclusion, obtained experimental findings delineated that HQ
id not accumulate in the reaction solution and during all stud-

ed AOPs HQ could be further degraded, although H2O2/UV-C and

enton processes required longer treatment times. Considering the
ppreciably low EC50 value of HQ reported in the scientific liter-
ture (0.041 mg  L−1corresponding to0.37 �M;  [41]) and its slow
eaction rate, the oxidation of 2,4 DCP via H2O2/UV-C treatment
Fig. 4. Evolution of HQ during H2O2/UV-C, Fenton, and photo-Fenton treatment
of  2,4 DCP. [2,4 DCP]0 = 0.46 mM,  [H2O2]0 = 10 mM,  [Fe2+]0 = 0.2 mM,  pH0 = 7 for
H2O2/UV-C and 3 for Fenton and photo-Fenton processes.

process appeared to be ecotoxicologically less safe than the other
two AOPs.

GC–MS analyses were also performed on samples being sub-
jected to H2O2/UV-C, Fenton and photo-Fenton treatment. Accord-
ing to the obtained GC–MS data presented in Fig. 5, the only identi-
fied oxidation product of Fenton and photo-Fenton oxidation was
CHQ, which was  detected at the initial treatment stages (10 min)
and disappeared after 30 min  treatment. Considering these findings
and those shown in Fig. 4, one may  suggest that the disappear-
ance of CHQ during Fenton and photo-Fenton processes proceeds
Time, min

Fig. 5. Evolution of oxidation products of 2,4 DCP identified by GC–MS analysis
during H2O2/UV-C treatment of 2,4 DCP. [2,4 DCP]0 = 0.46 mM,  [H2O2]0 = 10 mM,
pH0 = 7.
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Table 2
Acute toxicity results (INH% values) and 2,4 DCP removals obtained for 2,4 DCP
treatment with UV-C only, H2O2/UV-C, Fenton and photo-Fenton processes.

Treatment type and conditions INH% 2,4 DCP removal (%)

Original 2,4 DCP solution (0.46 mM)  82 –
UV-C only

pH0 = 7, 30 min  78 46
pH0 = 7, 40 min  84 51
pH0 = 7, 60 min  74 61
pH0 = 7, 90 min  34 72

H2O2/UV-Ca

pH0 = 7, 3 min  71 51
pH0 = 7, 10 min  27 85
pH0 = 7, 20 min  0 98
pH0 = 7, 30 min  6 100

Fentona,b

pH0 = 3, 10 min  76 66
pH0 = 3, 30 min  65 69
pH0 = 3, 60 min  48 95
pH0 = 3, 90 min  48 100

photo-Fentona,b

pH0 = 3, 3 min  47 49
pH0 = 3, 10 min  17 93
pH0 = 3, 20 min  0 100
pH0 = 3, 30 min  0 100
A. Karci et al. / Journal of Photochemistry a

ation of 2,4 DCP (Fig. 5). In fact, CHO• evolution has been suggested
uring TiO2-mediated heterogeneous photocatalytic treatment of
henol, playing a role in the formation of 2-hydroxybenzaldehyde
s a consequence of phenol attack by CHO• at the ortho position [42].
he same mechanism could also be responsible for the transforma-
ion of 2,4 DCP into 3,5-dichloro-2-hydroxybenzaldehyde during
2O2/UV-C treatment in the present study. The identification of
-CP, CHQ, phenol, and 2,5-dichlorohydroquinone during 2,4 DCP
xidation via H2O2/UV-C process supports a treatment mechanism
nvolving HO• addition and subsequent dechlorination. From Fig. 5
t is evident that all 2,4 DCP oxidation products being identified via
C–MS reached their maximum concentration after 10 min  and dis-
ppeared to non-detectable levels after 30 min  treatment, except
,5-dichlorohydroquinone which was completely degraded after
0 min  treatment.

.3.2. Carboxylic acids
Aliphatic carboxylic acids have generally been reported as the

nal organic degradation products prior to mineralization of CPs
uring the application of AOPs[43,44]. The most common car-
oxylic acids generated in H2O2/UV-C, Fenton and photo-Fenton
xidation of CPs have been identified as FoOH, AcOH and OxOH
n former related work [45,46]. For this reason, the analysis of
oOH, AcOH, and OxOH was also performed in 2,4 DCP samples
eing subjected to H2O2/UV-C, Fenton and photo-Fenton processes.
ccording to the analytical results, OxOH could not be detected in

he treated samples, although the anionic form of OxOH was  identi-
ed as an oxidation product of CPs and its degradation intermediate
Q, particularly in iron-based advanced oxidation processes [47].
volution of FoOH and AcOH during treatment of 2,4 DCP via
2O2/UV-C, Fenton and photo-Fenton processes is displayed in
ig. 6. According to the obtained experimental results, FoOH was
ound to be a common aliphatic oxidation product for all studied
rocesses, whereas AcOH was not detected in 2,4 DCP solutions
reated with the H2O2/UV-C process. The AcOH evolution pattern
as different for Fenton and photo-Fenton treatment of 2,4 DCP;
ore AcOH was generated during the Fenton process (0.68 mM)

han in the photo-Fenton process (0.42 mM).  During application
f Fenton treatment, AcOH formation started immediately and
ts concentration continued to increase up to 40 min  treatment
t a slower rate than in the photo-Fenton process. AcOH disap-
eared to non-detectable levels at the end of the treatment. Unlike
cOH, FoOH remained almost unchanged throughout the Fenton’s
eaction. These findings imply that FoOH could not be further oxi-
ized via dark Fenton process and the introduction of UV-C light
as necessary to enable its further oxidation. Among the studied

reatment processes, the highest FoOH formation (0.43 mM)  was
bserved during H2O2/UV-C oxidation of 2,4 DCP and its degrada-
ion was complete after 40 min  treatment, which was twice the
ime required for FoOH removal with the Photo-Fenton process.

.4. Changes in acute toxicity during H2O2/UV-C, Fenton, and
hoto-Fenton treatment of 2,4 DCP

Table 2 shows the changes in acute toxicity towards V. fis-
heri photo bacteria in terms of percent relative inhibition of the
uminescence intensities (INH%) during H2O2/UV-C, Fenton and
hoto-Fenton treatment of0.46 mM 2,4 DCP for different treatment
imes. Acute toxicity changes during the application of UV-C only
ere also included in this table. As can be seen from Table 2, dur-

ng UV-C photolysis, the acute toxicity of 2,4 DCP originally being
2% first diminished, attaining a value somewhat smaller (78%)

han that of untreated 2,4 DCP solution. Thereafter, the inhibitory
ffect slightly re-increased, reaching 84% after 40 min  UV photol-
sis. The observed trend in the acute toxicity changes in the early
tages of UV-C treatment may  be attributed to the formation and
a [H2O2]0 = 10 mM.
b [Fe2+]0 = 0.2 mM.

accumulation of chlorinated oxidation intermediates being more
toxic than the parent compound. These findings are also supported
by the dechlorination data obtained for UV-C only. Krebel et al.
[10] also concluded that the degradation of CPs via UV photoly-
sis resulted in the generation of chlorinated aromatic and aliphatic
degradation products being more toxic than the studied CPs. How-
ever, in the later stages of photolysis (>40 min) the acute toxicity
of the reaction solution started to decrease gradually and in paral-
lel to 2,4 DCP removal most possibly due to the formation of less
toxic oxidation intermediates. It should also be emphasized here
that poor TOC removals were obtained throughout 90 min  UV-C
photolysis, resulting in an overall TOC removal of 10% accompa-
nied with 72% 2,4 DCP degradation and 34% relative inhibition of
photoluminescent bacteria.

As can be followed from Table 2,during Fenton’s treatment of
2,4 DCP, the original toxicity decreased to 48% after 60 min  and
remained stagnant thereafter. The corresponding 2,4 DCP and TOC
removals were obtained as 95% and 28%, respectively. Taking into
account the experimental data presented in Figs. 4 and 6 and
Table 2, the Fenton’s reaction was  less efficient than the H2O2/UV-C
and photo-Fenton treatment processes. In other words, the remain-
ing acute toxicity of the reaction solution was relatively high
although 2,4 DCP was  completely degraded and dechlorination
rates were ultimately as high as those observed for the other two
studied AOPs (Fig. 3). This was most probably attributable to the
formation and accumulation of non-chlorinated ring opening prod-
ucts including carboxylic acids as was evidenced in former related
work [48,49].

The acute toxicity evolutions showed similar trends for the
treatment of 2,4 DCP with H2O2/UV-C and photo-Fenton processes.
A closer inspection of Fig. 3 and Table 2 revealed that the sharp
release of chloride at the beginning of H2O2/UV-C and photo-
Fenton processes was accompanied with an abrupt detoxification
pattern, which is in line with the literature data postulating that the
dechlorination of phenolic compounds is at least partially responsi-
ble for biodegradability enhancement and toxicity reduction. From
the results presented in Table 2 it may  be inferred that relatively

less toxic oxidation products were formed during H2O2/UV-C and
photo-Fenton treatment of 2,4 DCP under the investigated exper-
imental conditions. The inhibition rates (71% for H2O2/UV-C; 47%
for photo-Fenton process) obtained after 3 min  2,4 DCP treatment
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ig. 6. Evolution of FoOH and AcOH during H2O2/UV-C, Fenton, and photo-Fenton t
2O2/UV-C and pH0 = 3 for Fenton and photo-Fenton processes.

s well as the corresponding treatment efficiencies indicated that
t the early stages of photochemical oxidation, the concentration
nd speciation of the formed oxidation intermediates (most prob-
bly being chlorinated aromatics) were different for H2O2/UV-C
nd photo-Fenton processes. In the same manner, TOC removals
ere found to be completely different for these processes at the

ame treatment time (0% for H2O2/UV-C; 24% for photo-Fenton
rocess after 3 min  oxidation). In the case of H2O2/UV-C treat-
ent, the acute toxicity started to re-increase, suggesting that the

nhibitory effects of the formed oxidation products became pro-
ounced after 20 min  treatment. Moreover, a comparison of data
resented in Figs. 4–6 and Table 2 indicated that the increasing
rend in toxicity could not be correlated to the formation of HQ,
oOH, AcOHor other oxidation products during the course of 2,4
CP degradation, at least not at the concentrations being present

n the reaction solution. Speculatively, some unidentified oxida-
ion products formed towards the end of the H2O2/UV-C processes

ay  account for the observed re-increase in toxicity. Similarly, San-
iago et al. [50] reported a rapid decrease in toxicity parallel to
enofibric acid degradation by H2O2/UV-C. However, a degree of
oxicity reappeared after extension of irradiation time, probably as

 consequence of the formation of ring-opening products. Consid-
ring the photo-Fenton process, detoxification was  more rapid and
xhibited a parallel trend to 2,4 DCP degradation, dechlorination
nd mineralization rates. This observation supported by the gen-
ral statement made in most related work for the superiority of
hoto-Fenton treatment [46].

. Conclusions

The present experimental study aimed at investigating the pos-
ible relationships between oxidation products and acute toxicity
owards V. fischeri during the oxidative degradation of 2,4 DCP
y H2O2/UV-C, Fenton and photo-Fenton advanced oxidation pro-
esses. The following conclusions could be drawn from the present
tudy:

Rapid degradation of 2,4 DCP accompanied with high TOC
removals was observed for H2O2/UV-C and photo-Fenton pro-
cesses. Complete degradation of 2,4 DCP with Fenton process

required longer treatment periods and resulted in incomplete
mineralization. The photo-Fenton process exhibited the high-
est 2,4 DCP and TOC removal rates followed by H2O2/UV-C and
Fenton processes.
ent of 2,4 DCP. [2,4 DCP]0 = 0.46 mM,  [H2O2]0 = 10 mM,  [Fe2+]0 = 0.2 mM,  pH0 = 7 for

• During the application of AOPs, an immediate release of chlo-
ride was  evident as soon as the treatment processes were started,
implying that the chlorine atoms on the aromatic ring were first
removed. The rate of dechlorination was in the following decreas-
ing order; photo-Fenton > H2O2/UV-C > Fenton processes.

• The degradation of 2,4 DCP was accompanied by the forma-
tion of chlorinated and hydroxylated aromatic intermediates as
well as aliphatic oxidation products such as acetic, oxalic and
formic acids. Hydroquinone and formic acid were found to be
the common oxidation products of the studied treatment pro-
cesses. As expected, the Fenton process was  found to be least
efficient in removing the carboxylic acids, while the H2O2/UV-
C and photo-Fenton processes ensured the complete removal of
these compounds.

• The results of toxicity assessments with V. fischeri on 2,4 DCP sam-
ples being subjected to H2O2/UV-C and photo-Fenton treatment
revealed complete detoxification. The H2O2/UV-C and photo-
Fenton treatment results implied that the removal of toxicity
was  highly correlated with the degradation of 2,4 DCP, and the
rate of dechlorination, being an indicator of the rapid trans-
formation of chlorinated oxidation intermediates. The Fenton
process was also able to completely remove 2,4 DCP, however
a relatively high toxicity was  observed in the reaction solutions.
The formation and accumulation of carboxylic acids was  the
most likely origin of the remaining toxicity of Fenton-treated
samples.

Considering the results obtained in the present work, the tox-
icity parameter can be a valuable tool in order to ensure the
environmentally safe discharge into receiving water bodies or pro-
mote a following biological treatment step. Overall speaking, both
photo-Fenton and H2O2/UV-C processes have proven to be effective
and fast in the removal of toxicity arising from waters contain-
ing significant concentrations of CPs including 2,4 DCP. However,
these treatment processes should be carefully controlled to prevent
possible accumulation of toxic oxidation products.
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