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H20iFe( II) (Fenton), Hi) 2/Fe( II)IUV (Photo-fenton)
(Esplugas ct ai., 1994 and Benitez et ai., 1999), and
hetcrogeneous processes, such as Ti0 2/UY (Ruppert and
Bauer, 1993; Bauer and Fallmann, I 997; Martyanov, et
ai., 1997 and Rideh et al., 1997).

ABSTRACT

Advanced Oxidation Processes for wastewater
treatment have heen attracling growing interest for the
degradation of hazardous compounds for which
hiological treatment is often not etlicient. Organic
pollutants, gcnerated hy many industrial processes, can
he oxidized in a number of reactions, which can lcad to
carbon dioxide and water.

A comhination of H 20 2 and UV radiation with
Fe(IJ), the so called photo-Fenton process, produces
more hydroxyl radicais in comparison with the systcms
H202/Fe(II) or H20 2/UV, tl1Us promoting the rate of
degradation of organic pollutants . Fig. I shows the
proposed reaction pathways for the photo-Fenton
process starting with the Fenton reaction (reaction 1)
(Kim and Vol gelpohl , 199R).

ln this work, the photo-Fcnton oxidation of
phenol, taken as model pollutant, has hecn invcstigated
using comhinations of Fe (II), H2 0 2 and UV -visible
light.
The
experimental
program
involved
ph otochemical experimcnts in a bench-scalc reactor in
order to ohtain thc rate of phenol degradation . Thc
intluencc of the following parameters was examined:
initi al phcnol concentration, H 20 2 and Fe (11)
concentrations, light wavelength range and temperature.

Fc (III) photolysis takes place under irradi ati on
with light (adsorption range: 290 to 400nm), producing
Fe (II). Fe (TI) ions in t11e presence of H20 2 provide a
continuous source or hydroxyl radicais. Hydrogen
peroxide is decomposed by Fe(II) (known as Fenton
reagent), producing hydroxyl radicais according to:

The results i ndic ated th at lhe photo-Fenton
oxidatil>n is an effcctive treatment for industrial
wastewatcr contai ni ng phenol. The technology
reprcsents a feasihle route to treat wastewater containing
organic toxi c compounds, originating from a numher of
industrial activities.

Fe(II)+H 2 0 2 ~Fe(III )
Fc(l!)

+OH'+ OH•
hV

(I)
hv

INTRODUCTlON

ln recent years, phothochemically initiated
degradation processes, referred to as Advanced
Oxidation Processes (AOP), havc heen proposed for tl1e
treatmcnt of wastewater eontaining non-biodegradahle
organ ic compounds (Esplugas et ai., 1994, Sykora ct ai. ,
1997, Lei et ai., 1998). According to Esplugas et ai.,
AOPs are methods for t11e produclion of highly reactive
intermediates, mainly the hydroxyl (OH•) radical, which
is ablc to oxid ize the pollutants to yield C0 2 , H20 and a
small amount of acids or salts.

(a) Fenton Rcaction

(h) Photolysis ofFe(III): [Fe(OH)f++hv~Fe2 ++ OH•
(c)

H 2 02 +hv~2

OH• (À<400nm)

(d) Oxidation
Fig.! - Rcaction pathways for the photo-Fcnton proccss
The highly reactive hydroxyl radicais formed in
the photo-Fenton process lllltiate tl1e oxidative
destruction of organic suhstances (RH) i n water, which
may lead to the total oxidation of organic pollutants.

The hydroxyl radical can be produced by
homogeneous processes, such as OiUY, H20 2/UY,
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(2)

The R. radical reacts with otl1er suhstances
generating oxiuizcd compounds.
ln this work, the photo-Fcnton oxidation of
aqueous phcnol solutions, with total organic carhon
(TOC) hetween 100 ano 1000 ppm (in tcrms of carbon),
has heen invcsligateu using Fe (IT), H20 2 and UV-visible
light. Phenol, taken as a model pollutant, can he found
in industrial wastewatcr, and poses a signiticant t11reat to
the environment. Phcnolic compounds are toxic to
aquatic life ano havc t11c ahility hl impart taste and odor
to drinking water, even at parts per hillion levels .
Thc
experimental
program
involved
photochemical cxpcrimcnts in a hench-scale reactor in
order to invcstigate lhe phenol degradation rate. The
in11uence of lhe following parameters was examined:
initial phenol concentration, H20 2 and Fe (II)
concentrations, light wavclength range ano temperature.

EXPEIUMENTAL METHODS

Materiais

Ferrous sulphate heptahydrate (FeS04 .7H20) and
hyurogen peroxiue (30 %) were used as a source of
hydroxyl radicais. Kl , Na2 S0 3 ano Na3P04.l2H20 (or
NaH 2P04.H 20), were addcd to samples taken at
different reaction times, in order to stop tl1e reaction
(quenching agents). Ali reagents, including phenol, are
analytical grade.

was continuously fed . Samples were taken at different
times along tl1e reaction. The sample preparation
involved adding the reaction quenching agents, followed
hy filtration (0.22 11m Durapore membrane, Millipore)
to remove precipitated iron salt, prior to feeding to ilie
TOC analyzer (TOC-5000A, Shimadzu). ln some
experiments the phenol content was also analyzed by
gas chromatography (3300, Varian).
The experimental program involved three
factorial designs. The tirst one was a fractional factorial
design at two leveis to investigate the int1uence of the
following paramcters: initial phenol concentration (Cp11 •0)
, H20 2 and Fe(II) concentrations (CH2o2 and CF.,
respectively), light wavelength range and temperature.
The sccond one was a full factori al design at two
leveis in which the effects of initial phenol, H20 2 and
Fc(Il) concentrations were studied in detail. Preliminary
experiments were carried out at central point conditions,
in order to evaluate the experimental errors associated
with the process, sample preparation and analysis. The
avcrage deviations are about ± 38.6 ppm. of ilie
measured TOC values.
ln ilie third factorial design, Fe (II) concentration
was reduced and only H20 2 and Fe(JI) concentrations
were varied.
The values of ilie paramcters in each factorial
design are shown in Table 1.
Table 1 - Factorial design parameters
Para meter

Photochemical experiments

Levei

cvh.o

-

(ppm )

+

1,,

Factorial
Desion

2"d
Factorial
Design

500
1000

100
1000

3"
Factorial
Design

1000
(fixed)

Total
amount of

The lahoratory unit consists of an annular
photochemical reactor with a net volume of 1 L. A
medium pressure mcrcury vapor lamp of 550W was
used as light source. The light wavelength range
dependeu on the choice of the lamp immersion well
(quartz m horosilicate) which acts as a tilter. The
photochemical reactor is connected to a jacketed
recirculation tank wiú1 a net volume of 5 L. The solution
in t11e tank is well mixed and its temperature can be
controlled hy means of a thermostatic hath.

Light
wavelengt
h range

Thc reaction was monitored hy measuring tl1e
total org:tnic carhon (TOC) in the solution.

Tempera!
ure ("C)

+

150
450

30
300

30
300

+

1,0
5,0

0.3
1.0

0.01
0.1

+

visible
UV+visi
ble

visible
(fixed)

visible
(fixed)

+

30
50

H20 2
(rrunol)
CFe

(mmoUL)

30
(fixed)

30
(fixed)

Tlic experimental procedure was based on
previous work of the authors (Gbh et ai., 1999). The
initial pH of lhe phenol solution (total volume = 3 L)
was adjusted to 3.0 by adding H2S04 and the light was
turned on. Ferrous sulphate heptahydrate was added at
Lhe beginning of the experiment and hydrogen peroxide
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RESULTS AND DISCUSSION

The increased degradation rate in expcriment A is dueto
the increased phenol and iron concentrations.
As shown by chromatographic analysis (Fig. 2)
phenol concentration is below the detection limit after
30 minutes (case B) and 90 minutes (case A). The
plateaus observed in TOC curves are possibly related to
the formation of intermediate organic compounds, which
are more difticult to degrade.

1st Factorial Design

ln this factorial design, 16 experiments (2 5-1)
were performcd. During the experiments, a change of
solution color from transparent to dark was noticed,
which is prohably an evidence of the formation of
intermediate organic compounds, such as quinones
and/or iron complexes. This beh avior is also observed
by GC analysis. Fig. 2 shows the TOC and the normal
phenol concentration vs. reaction time for two
experiments at different conditions.

The experimental results wcrc evaluatcd by
means of a pareto chart (Fig 3), showing the effects of
single factors and two-factors combinations.
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Figure 3 - Pareto chart for average rate l '' Factorial
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It can be observcd that peroxide concentrations,
as well as the phcnol-iron interactions are the most
important factors in the process. This is in agreement
with the results shown in Fig. 2, in which phenol and
iron concentrations are the only factors affecting the
average degradation rate, which is grcater when both
variables are at their maximum leveis (case A).

Time(IIllrV

Case B: À TOC
fi GC - Cph,ü = 500 ppm, Total
amount of H 20 2 = 150 mmol, CFe = 1mM , T = 50°C,
visible light, total time of reaction = 180 minutes.
Fig 2- TOC and GC analysis results for 2 experiments
of the tirst factorial design .

The effects of temperature and light wavelength
range were not important in this experimental domain
although there is evidence of interactions betwecn them
and other effects.

ln both cases, a clear decrease in TOC and
phenol concentrations is observed. TOC decreases
rapidly in the first I O minutes, followed by a less intense
degradation in the last 90 minutes. Practically no
signi ficant degradation is observed during the last 30
minutes of the experiments.

2"d Factorial Design

ln case A, 54% of TOC is degraded in 3 hours of
reaction, which corresponds to an average rate of 7.23
ppm/min; in experiment B, these values are 86 % and
5.36 ppm/min, respectively. Also, a total conversion of
organic carbon into co2 is observed for the last case.
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ln this factorial design 8 experiments (2 3 ) werc
performed. The effects of initial phenol concentration, in
a broader experimental domain ; H2 0 2 and Fe(II)
concentrations at lower leveis, were studied. A broader
phenol concentration range (from 500-l 000 to 100-1000
ppm TOC) was adopted to enable a better evaluati on of
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this effect on the degradation process. The use of
reduced amounts of Fe is also beneficial in terms of final
disposal of the wastewater.
The results shown in Fig. 4 are in agreement with
the ones shown in Fig 3, with H2 0 2 as the main factor
affecting the process. This is expected , since H20 2 takes
part in the reactions that generate hydroxyl radical.
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CONCLUSIONS

The results indicated that the photo-Fenton
oxidation is an effective treatment for industrial
wastewater containing phenol. More than 85 % of the
phenol could be degraded to other organic compounds in
10 minutes of experiment. Moreover, about 90% of the
total organic carbon could be converted into inorganic
carbon in 3 hours, at nearly ambient temperature under
visible light. These conditions are favorable for the
application of photo-Fenton reactions .
The results enabled the evaluation of the relative
intluence of some parameters on the efficiency of photoFenton process. It was noted that the amount of iron salt
added could be minimized, which is important to
minimize costs associated with separation, as well as to
attain maximum discharge limits imposed by
environmental regulations. Others analyses, such as
biochemical oxygen demand (BOD) and toxicity, should
be carried out to contirm the effectiveness of the
treatment.

Design
The effect of phenol concentration is more
adequately estimated in this 2"ct design, since its
concentration range is broader.

3rd
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Factorial Design

Thc third f~tctorial dcsign was performed in
order to cvaluate peroxide and iron interactions at lower
iron leveis (0.1 mM - 0.01 mM). As in the previous
designs, the effect of the peroxide and its interaction
with iron is still more important than the effect of iron
alone (Fig. 5). ln t11is experimental domain the
combincd action of H 2 0 2 and iron is expected since
these compounds are involved in a redox cycle (reaction
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