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bstract

In this study the application of advanced oxidation processes (AOPs), dark Fenton and photo-assisted Fenton type processes; Fe2+/H2O2,
e3+/H2O2, Fe0/H2O2, UV/Fe2+/H2O2, UV/Fe3+/H2O2 and UV/Fe0/H2O2, for degradation of phenol as a model organic pollutant in the wastewater
as investigated. A detail kinetic modeling which describes the degradation of phenol was performed. Mathematical models which predict phenol
ecomposition and formation of primary oxidation by-products: catechol, hydroquinone and benzoquinone, by applied processes were developed.
he study also consist the modeling of mineralization kinetic of the phenol solution by applied AOPs. This part, besides well known reactions of
enton and photo-Fenton chemistry, involves additional reactions which describe removal of iron from catalytic cycle through formation of ferric
omplexes and its regeneration induced by UV radiation. Phenol decomposition kinetic was monitored by HPLC analysis and total organic carbon

ontent measurements (TOC). Complete phenol removal was obtained by all applied processes. Residual TOC by applied Fenton type processes
anged between 60.2 and 44.7%, while the efficiency of those processes was significantly enhanced in the presence of UV light, where residual
OC ranged between 15.2 and 2.4%.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Phenols occupy a prominent place among the pollutants of
round waters [1]. A large part of that pollution is caused by
ndustry. Due to the wide utilization in different industries, e.g.
hemical, petrochemical, paint, textile, pesticide plants, etc.,
henols have become the most abundant pollutants in indus-
rial wastewater. They serve as intermediates in the industrial
ynthesis of products as diverse as adhesives and antiseptics are
2]. Their presence contributes notably to the pollution of the
ffluents due to their high toxicity to aquatic life, and may cause
arcinogenic and mutagenic effects to humans [3]. Common
ommercial wastewater treatment methods utilize the combi-
ation of biological, physical and chemical treatment [4,5].

iotreatment processes tend to be very large due to the slow rate
f the biological reactions [5]. Furthermore, physical methods
or wastewater treatment do not involve chemical transforma-
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ions, and generally transfer waste components from one phase
o another. Chemical treatment of phenols, such as chlorination,
an result with formation of chlorinated phenols and their by-
roducts which are reported as toxic and nonbiodegradable [6].

An attractive alternative for the treatment of toxic organic
ontaminants present in wastewater, including phenols, are so-
alled advanced oxidation processes (AOPs) which generate
ydroxyl radicals in sufficient quantities for oxidizing the major-
ty of the organics present in the effluent water [7–10]. Common
OPs involve Fenton and Fenton “like” processes, ozonation,
hotochemical and electrochemical oxidation, photolysis with
2O2 and O3, high voltage electrical discharge (corona) pro-

ess, TiO2 photocatalysis, radiolysis, water solutions treatment
y electronic beams or �-beams and various combinations of
hese methods [8–10]. The mostly used AOPs are Fenton type
rocesses. The primary benefits of Fenton type processes are
heir ability to convert a broad range of pollutants to harmless or

iodegradable products and the fact that their relatively cheap
eagents are safe to handle and are environmentally benign [11].
he degradation of organic pollutants by Fenton type processes
ould be significantly accelerated in the presence of UV light
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Fig. 1. Schematic diagram of experimental set-up for applied AOPs. (1) glass
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rradiation, resulting with complete mineralization of organic
ollutants [12].

In the present work investigations were directed to find the
ptimal operating parameters of applied dark Fenton type pro-
esses, Fe2+/H2O2, Fe3+/H2O2 and Fe0/H2O2 for the degrada-
ion of phenol as a model organic pollutant in the wastewater.
urthermore, the efficiency of dark Fenton and photo-assisted
enton type processes; Fe2+/H2O2, Fe3+/H2O2, Fe0/H2O2,
V/Fe2+/H2O2, UV/Fe3+/H2O2 and UV/Fe0/H2O2, at estab-

ished optimal conditions for each process was studied. The
rincipal objective was to perform a detail kinetic modeling
hich describes degradation of phenol by applied AOPs. The

xperiments were focused on the measurement of phenol and
rimary oxidation by-products decay as well as on the min-
ralization of the phenol solution by applied processes. The
athematical modeling was performed in order to predict phenol

ecomposition and profiles of catechol, hydroquinone and ben-
oquinone, as well as mineralization of the phenol solution by
ll applied processes. These processes include Fenton type and
uxiliary processes: UV radiation process, UV radiation com-
ined with addition of ferrous and ferric salts and iron powder
nd UV/H2O2 process. For all cases, developed mathematical
odels are solved numerically and compared to the experimen-

al data.

. Experimental

Chemicals used in this study were supplied by Fluka, Ger-
any (phenol, catechol, hydroquinone, benzoquinone, ace-

onitrile and acetic acid) and Kemika, Croatia (FeSO4·7H2O,
e2(SO4)3·9H2O, iron powder, H2O2, 30%, sulfuric acid,
95%). All solutions were prepared with deionized water with
onductivity less than 1 �Scm−1. The concentration of model
henol solution was 0.1 gL−1.

The set of preliminary experiments was conducted in order
o establish the optimal ratio of Fenton reagent in Fe2+/H2O2,
e3+/H2O2 and Fe0/H2O2 processes at initial concentration
f iron catalyst 0.5 and 1 mM. Ferrous and ferric sulphates,
eSO4·7H2O and Fe2(SO4)3·9H2O, and iron powder, were used
s a source of iron in applied Fenton type processes. The concen-
ration of hydrogen peroxide was varied to give molar ratios 1:5,
0, 20, 30, 40, 50, 60, 70, 80, 90, 100, i.e. until the achievement of
he maximal mineralization extent. Concerning knowledge from
he literature which reports the usage of Fenton process for the
reatment of phenol wastewater [12–16], at the beginning of all
xperiments pH was adjusted at 3 using 25% sulfuric acid, which
as followed by addition of Fenton reagent. Reaction mixture

V = 250 mL) was continuously stirred at room temperature in an
pen batch system with magnetic stirring bar and treated for 1 h,
hile TOC values were measured at the end of each experiment

n order to establish mineralization extents.
Experiments at established optimal conditions with the high-

st mineralization extents for each Fenton type process were

epeated in the absence and in the presence of UV light radi-
tion, in order to determine phenol degradation kinetics. All
urther experiments were performed in the glass water-jacketed
atch reactor (180 mm long, 75 mm diameter) with a capacity of

m
a
w

ater-jacketed reactor, (2) quartz jacket, (3) UV lamp, (4) sampling port, (5)
ower supply, (6) magnetic stirring bar, (7) and (8) solution inlet and outlet, (9)
nd (10) cooling water inlet and outlet, and (11) thermometer.

.8 L (Fig. 1). A quartz tube was placed vertically in the middle
f the reactor. The tube contained a mercury lamp 125 W (UV-
, 254 nm), UVP—Ultra Violet Products, Cambridge, UK and

upplied by Hach Company, Loveland, CO, USA. The UV lamp
as attached to a power supply, UVP—Ultra Violet Products,
pland, CA, USA, with the frequency of 50/60 Hz, U = 230 V,
= 0.21 A. In experiments where UV radiation was required,
V/Fe2+/H2O2, UV/Fe3+/H2O2 and UV/Fe0/H2O2, as well as
V, UV/iron catalysts and UV/H2O2, the UV lamp was switched
n. The value of incident photon flux by reactor volume unit
t 254 nm, I0 = 3.42 × 10−6 Einstein L−1 s−1, was calculated on
he bases of the ferrioxalate actinometry measurements [17]. The
otal volume of the treated solutions was 0.5 L in all cases, while
he mixing of the solution was provided by both the magnetic
tirring bar and the peristaltic pump at a flow rate of 0.1 L min−1.
xperiments were carried out at room temperature (25 ± 0.2 ◦C).
he duration of each experiment was 60 min. Samples were

aken periodically from the reactor (2, 5, 10, 15, 30, 45 and
0 min) and thereafter immediately analyzed. All experiments
ere repeated at least two times and averages are reported, while

eproducibility of the experiments was within 5%.

The decomposition of phenol (PH) and the formation of pri-

ary oxidation by-products: catechol (CC), hydroquinone (HQ)
nd benzoquinone (BQ), were analyzed by HPLC equipped
ith Software ClassVP, Shimadzu, Japan, using a 5 �m,



6 dous

2
d
m
a
w
i

w
λ

T
T

#

1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
4
5

P
O
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5.0 cm × 4.6 mm, Supelco Discovery C18 column, USA, and
etected with diode array UV detector, SPD-M10AVP, Shi-

adzu, Japan. The mobile phase was 2% acetic acid/20%

cetonitrile/78% water at 1.0 mL min−1. Phenol decomposition
as monitored at λ = 270 nm (tR = 10.05 min), while the mon-

toring of formation and then the degradation of by-products

f
fi
n
d

able 1
he reactions, rate constants and quantum yields used for the kinetic modeling

Reaction Reference

1 Fe2+ + H2O2 → Fe3+ + OH• [15,16,19–23
2 Fe3+ + H2O2 → Fe2+ + H+ + HO2

• [15,16,19–23
3 Fe2+ + OH• → Fe3+ + OH− [15,16,19–22
4 Fe3+ + HO2

• → Fe2+ + O2 + H+ [15,16,20–22
5 Fe2+ + HO2

• → Fe3+ + HO2
− [15,16,20–22

6 Fe3+ + O2
•− → Fe2+ + O2 [15,16,19–22

7 Fe2+ + O2
•− → Fe3+ + H2O2 [15,16,19–22

8 OH• + H2O2 → HO2
• + H2O [15,16,19–22

9 2OH• → H2O2 [16,19–22]
0 HO2

• + OH• → H2O + O2 [16,19–23]
1 2HO2

• → H2O2 + O2 [15,16,19–22
2 O2•− + HO2

• → HO2
− + O2 [15,16,19–22

3 O2
•− + HO• → HO− + O2 [16,20–22]

4 HO2
• → O2

•− + 2H+ [15,16,19–22
5 O2

•− + 2H+ → HO2
• [15,16,20–22

6 OH• + H2O2 → O2
•− + H2O [16,21,22]

7 Fe0 + H2O2 → Fe2+-surface
8 Fe2+-surface + H2O2 → Fe3+ + OH•
9 Fe0 + H2O2 → Fe2+ + OH− [23]
0 H2O2 + hν → 2OH• [15,24,25]
1 OH• + HO2

− → HO2
• + OH− [21,22,24]

2 HO2
• + H2O2 → H2O + HO• + O2 [24]

3 O2
•− + H2O2 → OH− + HO• + O2 [24]

4 Fe3+ + H2O + hν → Fe2+ + OH• + H+ [11–13,15,26
5 PH + OH• → DIHCHD• [15,21,22]
6 DHCD• + H+ → PH• + H2O [15,21,22]
7 DHCD• + O2 → CC + HO2

• [15,21,22]
8 DHCD• + O2 → HQ + HO2

• [15,21,22]
9 DHCD• + O2 → BQ + HO2

• [15,21,22]
0 DHCD• + BQ → PH• + CC + HQ [15,21,22]
1 2DHCD• → PH + CC + HC [15,21,22]
2 2DHCD• → products [15,21,22]
3 DHCD• + PH• → products [15,21,22]
4 DHCD• + PH• → PH + CC + HQ [15,21,22]
5 PH• + PH• → products [15,21,22]
6 BQ + O2

•− → HPH• + O2 [15,21,22]
7 CC + OH• → products [21,22]
8 HQ + OH• → products [21,22]
9 BQ + OH• → products [21,22]
0 PH• + Fe2+ → PH + Fe3+ [15,21,22]
1 PH + Fe3+ → HPH• + Fe2+ [15,21,22]
2 HPH• + Fe2+ → PH + Fe3+ [15,21,22]
3 HPH• + Fe3+ → BQ + Fe2+ [15,21,22]
4 BQ + Fe2+ → HPH• + Fe3+ [15,21,22]
5 PH + hν ⇔ PH* → CC
6 PH + hν ⇔ PH* → products [25–27]
7 (1 − α) OC + OH• → IP
8 Fe3+ + α OC → Fe3+-complexes [16]
9 Fe3+-complexes + h� → Fe3+ + α OC
0 OC + hν ⇔ OC* → IP

H: phenol, DHCD•: dihydroxycyclohexacienyl radical, PH•: phenyl radical, HPH•:
C: organic content, IP: inorganic products, and α: fraction of organic content that ta
* Excited state.
Materials B136 (2006) 632–644

ere performed at λ = 276 nm for catechol (tR = 5.76 min), at
= 290 nm for hydroquinone (tR = 3.97 min) and at λ = 245 nm
or benzoquinone (tR = 5.38 min). The recorded peaks were
rst identified and then the concentrations of residual phe-
ol and its formed primary oxidation by-products were
etermined from their calibration standards. Residual phenol

k (M−1 s−1)

Literature Used

] 63–76 76
] 0.01–0.02 0.02
] (3.0–4.3) × 108 3.2 × 108

] (0.1–3.1) × 105 3.1 × 105

] 1.2 × 106 1.2 × 106

] (0.5–1.5) × 108 5.0 × 107

] 1.0 × 107 1.0 × 107

] (1.2–4.5) × 107 4.5 × 107

(4.2–5.3) × 109 5.3 × 109

6.6 × 1011 6.6 × 1011

] 8.3 × 105 8.3 × 105

] 9.7 × 107 9.7 × 107

1.0 × 1010 1 × 1010

] (1.58–7.9) × 105 s−1 1.58 × 105 s−1

] 1.0 × 1010 1.0 × 1010

2.7 × 107 2.7 × 107

3.83 × 10−2

6 × 10−2

0.44–0.23 (pH dep) 1 × 10−2

4.13 × 10−5 s−1

7.5 × 109 7.5 × 109

3.0 3.0
0.13 0.13

] 3.33 × 10−6

o: 7.3 × 109 7.3 × 109

5 × 108 5 × 108

1.5 × 109 1.5 × 109

5.0 × 108 5.0 × 108

5.0 × 108 5.0 × 108

3.7 × 109 3.7 × 109

5.0 × 108 5.0 × 108

5.0 × 108 5.0 × 108

5.0 × 108 5.0 × 108

5.0 × 108 5.0 × 108

1.0 × 109 1.0 × 109

1.0 × 109 1.0 × 109

1.1 × 1010 1.1 × 1010

5.0 × 109 5.0 × 109

1.2 × 109 1.2 × 109

1.0 × 105 1.0 × 105

4.4 × 102 4.4 × 102

1.1 × 103 1.1 × 103

4.4 × 104 4.4 × 104

1.2 × 10−3 1.2 × 10−3

Φ = 2.5 mmol Einstein−1

Φ = 11–8 mmol Ein−1 Φ =17 mmol Einstein−1

2.33 × 108

1.0 1.0
1 × 10−3 s−1

Φ = 17 mmol Einstein−1

hydroxyphenyl radical, CC: catechol, HQ: hydroquinone, BQ: benzoquinone,
kes part in Fe scavenging.
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as reported as a normalized value, [phenol]/[phenol]initial,
hile catechol, hydroquinone and benzoquinone forma-

ion were reported relative to initial phenol concentra-
ion, [catechol]/[phenol]initial, [hydroquinone]/[phenol]initial,
benzoquinone]/[phenol]initial. The mineralization of the phe-
ol solution was established on the basis of total organic car-
on content measurements (TOC), performed by total organic
arbon analyzer; TOC-VCPN 5000 A, Shimadzu, Japan, and
xpressed as normalized value of residual organic content
TOC]/[TOC]initial. Besides the investigation of phenol degra-
ation by HPLC and TOC measurements, concentrations of
ron ions in the bulk during the treatment by applied processes
ere monitored by colorimetric methods using the UV/Vis

pectrophotometer, Lambda EZ 201, Perkin-Elmer, USA. Fer-
ous ions were identified by the reaction of Fe2+ with 1,10-
henanthroline giving orange-red complex (λmax = 510 nm),
hile ferric ions were determined by the reaction of Fe3+ with

hiocyanate forming under acidic conditions a red-colored com-
lex (λmax = 480 nm) [18]. Also, the consumption of hydrogen
eroxide in the bulk during the treatment by applied processes
as monitored using modified iodometric titration method [18].

. Model formulation

The proposed mathematical models which predict phenol
ecomposition and formation of primary oxidation by-products:
atechol, hydroquinone and benzoquinone, as well as mineral-
zation of the phenol solution by applied AOPs; Fe2+/H2O2,
e3+/H2O2, Fe0/H2O2, UV/Fe2+/H2O2, UV/Fe3+/H2O2 and
V/Fe0/H2O2, were developed using chemical reactions and

ate constants, mostly from the literature [15,16,19–27], listed

n the Table 1. The number of chemical species and chemi-
al reactions included in each model varied in dependence with
pecific AOP and the analytical method used for monitoring of
henol degradation (Table 2). The general mass balance for a

able 2
he list of developed AOP models concerning source of experimental data and
sed reactions

odel # AOP Exp. data
source

Reaction # (Table 1)

1 Fe2+/H2O2 &
Fe3+/H2O2

HPLC 1–6, 25–44

2 Fe2+/H2O2 &
Fe3+/H2O2

TOC 1–6, 47, 48

3 Fe0/H2O2 HPLC 1–9, 25–44
4 Fe0/H2O2 TOC 1–9, 47, 48
5 UV HPLC 45, 46
6 UV TOC 50
7 UV/Fe3+ HPLC 1–6, 24–46
8 UV/Fe3+ TOC 1–6, 24, 47–50
9 UV/H2O2 HPLC 8–16, 20–23, 25–46
0 UV/H2O2 TOC 8–16, 20–23, 47, 50
1 UV/Fe2+/H2O2 &

UV/Fe3+/H2O2

HPLC 1–16, 20–46

2 UV/Fe2+/H2O2 &
UV/Fe3+/H2O2

TOC 1–16, 20–24, 47–50

3 UV/Fe0/H2O2 HPLC 1–46
4 UV/Fe0/H2O2 TOC 1–24, 47–50

4

4

o
c
t
a
m
t
c
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a
d
o
p
F
T
o
c
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e
e
w
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ell-mixed, constant volume and constant temperature batch
eactor is given by

ci/dt = −ri (1)

here ci is concentration of specie i in the bulk and ri is the bulk
hase rate of the same specie [28]. Phenol degradation was sim-
lated by Mathematica 5.0 (Wolfram Research, Champaigne,
L) using GEAR method which finds the numerical solution to
he set of ordinary differential equations. Values of rate con-
tants of reactions, 17–20, 24, 47 and 49, and quantum yield,
5 (Table 1) were determined by trial and error method fitting
he values into the models 2, 4, 5, 8, 10 and 12 (Table 2). Mod-
ls 1 and 2 describing Fenton mechanism were considered as
asic. The model 1 was developed strictly by using the values
rom the literature for the proposed reactions (Tables 1 and 2).
n the model 2, which describes basic Fenton process for the
ineralization of organic pollutant, the value of rate constant

or reaction 47 was determined and subsequently used for the
eveloping model 4. In the model 4, the values of rate constants
or reaction 17–19 were determined and subsequently used in
urther modeling for the model 3. Further modeling was done in
rder to establish the value of quantum yield of catechol in the
odel 5. Using earlier specified value of rate constant for the

eaction 47 from the model 2, the value of rate constant for the
eaction 24 was determined in the model 8, as well as the value
f rate constant for the reaction 20 in the model 10. At the end,
he value of rate constant for the reaction 49 was determined
y including all earlier specified values of rate constants for the
eactions 20, 24 and 47 into the model 12.

. Results and discussion

.1. Optimization of dark Fenton type processes

The oxidation power of Fenton reagent depends very much
n the operating parameters: iron concentration, source of iron
atalysts (ferrous or ferric salts, iron powder), H2O2 concen-
ration, iron catalyst/hydrogen peroxide ratio, temperature, pH
nd treatment time [29]. Therefore, it is necessary to find opti-
al process parameters through laboratory treatability tests. In

his work a set of experiments using different source of iron
atalyst, iron catalyst concentration and molar ratios of iron
atalyst/H2O2 were conducted. The goal was to establish opti-
al values of studied parameters for each Fenton type process

t pH 3, the value proposed in the literature for phenol degra-
ation by Fenton process [12–16]. In Fig. 2 obtained values
f mineralization degree after performed treatability tests for
henol degradation by studied dark Fenton type processes: (A)
e2+/H2O2, (B) Fe3+/H2O2 and (C) Fe0/H2O2 were presented.
he experiments were conducted at two initial concentrations
f iron catalysts, 0.5 and 1.0 mm, while hydrogen peroxide con-
entrations were varied to give the iron catalyst/H2O2 ratio 1:5,

0, 20, 30, 40, 50, 60, 70, 80, 90, 100, i.e. until maximal min-
ralization extents were achieved. The highest mineralization
xtent of phenol solution among applied Fenton type processes,
as obtained by Fe3+/H2O2 process, 55.3% of removed TOC, at
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Fig. 2. Influence of iron catalyst concentration and iron catalyst/H2O2 ratio
on mineralization of phenol solution by Fenton type processes at pH 3; (A)
F
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Fig. 3. Treatment of phenol solution by UV process, comparison of experimental
data and data predicted by developed mathematical models 5 and 6. Phenol
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m
by photo-assisted Fenton type processes, the conduction of the
e2+/H2O2, (B) Fe3+/H2O2 and (C) Fe0/H2O2. Lines are only for connecting
oints and are not model results.

(Fe3+) = 1.0 mM, Fe3+/H2O2 ratio 1: 80 at pH 3 (Fig. 2(B)). At
he same iron concentration and iron catalyst/hydrogen peroxide
atio 51.8% of removed TOC was achieved by the treatment with
e2+/H2O2 (Fig. 2(A)), while in the case of Fe0/H2O2 process

he highest mineralization extent, 39.8% of TOC removal, was
btained with c(Fe0) = 1.0 mM and Fe0/H2O2 ratio 1:20 at pH
(Fig. 2(C)). The efficiency of Fenton type processes is influ-

nced by the concentration of Fe2+ ions which catalyze hydrogen
eroxide decomposition resulting with OH radical production
nd consequently the degradation of organic molecule. Accord-
ng to the literature [29], a minimal threshold concentration of
errous ions that allows the reaction to proceed within the reason-
ble period of time ranges between 3 and 15 mgL−1, regardless
f the concentration of organic pollutant. However, iron levels

25–50 mg L−1 can require excessive reaction times (10–24 h).
his is particularly true where the oxidation products (organic
cids) sequester the iron and remove it from the catalytic cycle

t
t
U

egradation and formation of primary oxidation by-products. Symbols: PH, (ε)
xp. and (—) model; TOC, (�) exp. and ( ) model; CC, (�) exp. and (- - -)
odel.

29]. In this study iron concentrations of 0.5 and 1.0 mM were
sed in all three Fenton type processes. Better results in the
ineralization of phenol solution were obtained with 1.0 than
ith 0.5 mM of iron catalysts in all three dark Fenton type pro-

esses. Also, with increasing hydrogen peroxide concentration,
egradation efficiency was increased to the achievement of cer-
ain optimal Fenton reagent ratio. In the cases of Fe2+/H2O2 and
e3+/H2O2 processes ratio 1:80 and 1:20 in the case of Fe0/H2O2
rocess were shown to be the most efficient (Fig. 2(A), (B) and
C)). With further increasing of hydrogen peroxide concentra-
ion, phenol degradation efficiency was decreased due to the
cavenging nature of hydrogen peroxide towards OH radicals
hen present in higher concentration. Formed perhydroxyl rad-

cals (Table 1, #8) are significantly less reactive than hydroxyl
adicals and thus directly influence the efficiency of organic pol-
utant degradation [29,30]. It should be emphasized that in the
ase of Fe0/H2O2 process when the H2O2 is in excess, besides
cavenging nature of hydrogen peroxide towards OH radicals,
n inert oxidative film on the iron powder surface could be cre-
ted. In that way, the further leaching of Fe2+ ions could be
isabled resulting in a negative influence of the Fe0/H2O2 pro-
ess efficiency for organic pollutant degradation [31]. That effect
s strongly pronounced at Fe0/H2O2 ratios over 1:20, especially
t c(Fe0) = 1.0 mM (Fig. 2(C)).

.2. UV auxiliary tests

As it was mentioned earlier, in model formulation part, mod-
ls 1 and 2 which describe phenol degradation by Fenton process
ere developed as basic models. For further successful develop-
ent of kinetic models for the prediction of phenol degradation
hree significant auxiliary test experiments were required. From
he first set of experiments necessary to establish efficiency of
V process for phenol degradation (Fig. 3), the quantum yield of
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henol was calculated by inserting the experimentally obtained
ata into Eq. (2):

i0 − ci − 1

ξ
ln

[
1 − exp(−ξci0)

1 − exp(−ξci)
= ΦiI0t

]
(2)

here ξ = 2.303 × εi × L, and ci is concentration of specie i
n the bulk during the treatment, while ci0 presents initial
oncentration of the same specie. I0 is the value of incident
adiation photon flux by reactor volume unit, L the radiation
athway, εi is the molar absorption coefficient of specie i and
i presents quantum yield of the same specie [27]. Once I0,

.42 × 10−6 Einstein L−1 s−1, and L, 3 cm, are known by acti-
ometry experiments, the quantum yield of the specie i can be
alculated. The value of molar absorption coefficient of phenol
as calculated from Eq. (3) by measuring absorbance of the phe-
ol solution at 254 nm. The obtained value was in compliance
ith value reported in the literature, ε = 516 M−1 cm−1 [25,27].
bsorbance A can be expressed as:

= ε × l (3)

here ε is the molar absorption coefficient with dimensions
/(concentration × length), and l is the cell path length [32]. The
alculated value of phenol quantum yield, 0.017 mol Einstein−1,
s in the range of the values reported in the literature.
odrı́guez et al. [26] reported the value of phenol quantum yield
.011 ± 0.002 mol Einstein−1, while Gimeno et al. [27] reported
.018 mol Einstein−1. After determining the value of quantum
ield of phenol, models 5 and 6 were developed as semiem-
irical models based on the Lambert’ law, so-called LLmodels
25]. The model 5 describes phenol degradation by UV process
o detected primary by-products, in this case only catechol. The
uantum yield of catechol, 0.0025 mol Einstein−1, was deter-
ined by trial and error method inserting values into the model

nd comparing calculated data with experimentally obtained
ata for catechol production. The value of molar absorption
oefficient of catechol, εCC = 4070 M−1 cm−1, was obtained by
easuring catechol absorbance at 254 nm and calculating ε from
q. (3). In the developed model 6 which was used for predic-

ion of partial mineralization of phenol solution by UV process,
he value of phenol quantum yield was used as the value of
uantum yield for the complete organic content of the initial
henol solution. From Fig. 3 a good accordance of experimen-
ally obtained data for phenol decomposition and formation of
atechol, as well as partial mineralization of phenol solution,
ith data predicted by developed mathematical models 5 and
can be observed. From the aspect of the effectiveness of UV

rocess for phenol degradation, it can be seen that UV process
ithout addition of any catalysts or oxidants showed very low
henol degradation. Only 15.8% of phenol was degraded whilst
.2% of catechol was detected and only 2.2% of phenol solution
as completely mineralized (Fig. 3). The discrepancy between

he amount of degraded phenol and the produced catechol, and

n the other side the mineralized part of phenol solution could be
ontributed to the formation of other by-products, e.g. aliphatic
rganic acids (HAA) [27,33,34], which can be formed through
egradation of aromatic by-products, e.g. catechol. But accord-

a
t
o
p
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ng to the results presented in Fig. 3, HAA may also be formed
y the direct degradation of phenol.

The next important set of auxiliary tests involved the inves-
igation of the UV/Fe3+ process for phenol degradation where
oncentration of ferric ions was 1.0 mM. Models 7 and 8 which
redict phenol degradation to the primary by-products, and phe-
ol mineralization, by UV/Fe3+ process, were developed. It is
ell known from the literature [26,35–39] that the presence of

erric ions could enhance UV photolysis of organic pollutants
ue to the generation of OH radicals via reduction of Fe3+ ions
nder UV irradiation, reaction 24 (Table 1). In this case, both UV
hotolysis mechanism and degradation of organics throughout
H radical attack should be considered as mechanisms respon-

ible for organic pollutant degradation [25]. Therefore, in order
o predict the kinetic of phenol degradation by UV/Fe3+ pro-
ess, besides earlier developed models 5 and 6 which include
henol degradation mechanism by UV photolysis, the degrada-
ion of phenol throughout OH radical mechanism should also be
ncluded. Thus, models 1 and 2 were upgraded with additional
eactions 24, 45 and 46 as well as 24 and 50 (Table 1) to give mod-
ls 7 and 8, respectively. Although those reactions seem to be the
ost important in the phenol degradation by UV/Fe3+ process,

he set of principal inorganic reactions which are considered
ommon to the Fenton reaction system, was also included into
odels 7 and 8. Reactions 1–7 and 8–16 (Table 1) describe

ron oxidation/reduction and radical reactions occurring dur-
ng the process, respectively. The value of rate constant for the
eaction 24, 3.33 × 10−6 M−1 s−1, was determined by trial and
rror method fitting the values into model 8 which describes
henol mineralization using earlier determined rate constant
or the reaction 47 in model 2, 2.33 × 108 M−1 s−1 (Table 1).
urthermore, in model 7 which describes phenol degradation

o the primary oxidation by-products, besides so-called Fenton
eactions used in model 8, a set of reactions specific for the
ecomposition of phenol to detected aromatic by-products was
ncluded, 25–44 (Table 1). From Fig. 4 a good accordance of
xperimentally obtained results and those predicted by devel-
ped kinetic models 7 and 8 for phenol degradation by UV/Fe3+

rocess (A) and profiles of Fe2+/Fe3+ ions during the same pro-
ess (B) can be observed. From the degradation point of view,
t can be seen that the UV process efficiency was significantly
nhanced by the presence of Fe3+ ions; from 15.8% of degraded
henol by the UV process up to 53.6% by UV/Fe3+ process,
hilst 14.2% of catechol, 2.6% of hydroquinone and 4.5% of
enzoquinone were detected (Fig. 4 (A)). Similar results were
btained by Rodrı́guez et al. [26] who reported phenol removal
fter 1 h treatment by UV/Fe3+ process in range from 45–60%
epending on [Fe3+]/[phenol] ratio. Also, partial mineralization
f the phenol solution was promoted by reactions of OH radi-
als which were generated by the reduction of Fe3+ ions in the
resence of UV light. Residual TOC decreased from 97.8% to
he 90.6% by UV and UV/Fe3+ processes, respectively. The for-
ation of phenol by-products such as catechol, hydroquinone
nd benzoquinone speaks in favor of degradation mechanism
hroughout OH radicals. These by-products are formed by the
xidation of dihydroxycyclohexadienyl radicals which are direct
roducts of OH radical attack to the phenol molecules, reaction



638 H. Kušić et al. / Journal of Hazardous Materials B136 (2006) 632–644

Fig. 4. Treatment of phenol solution by UV/Fe3+ process, comparison of exper-
imental data and data predicted by developed mathematical models 7 and 8. (A).
Phenol degradation and formation of primary oxidation by-products. Symbols:
PH, (♦) exp. and (—) model; TOC, (�) exp. and ( ) model CC, (�) exp. and
(
P
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Fig. 5. Treatment of phenol solution by UV/H2O2 process, comparison of exper-
imental data and data predicted by developed mathematical models 9 and 10. (A)
Phenol degradation and formation of primary oxidation by-products. Symbols:
P
(
H

o
I
b
m
t
d
n
u
a
s
o
a
r
U
o
s

- - -) model; HQ, ( ) exp. and ( ) model; BQ, (©) exp. and (· - · -) model. (B)
rofiles of Fe2+ and Fe3+ ions. Symbols: Fe2+, (�) exp. and (—) model; Fe3+,
�) exp. and (- -) model.

5 (Table 1) [15,21,22]. Validity of models 7 and 8 was also
onfirmed by a good accordance of predicted and experimen-
ally obtained data for the evolution of Fe2+ and Fe3+ ions in the
ulk during the UV/Fe3+ process (Fig. 4(B)).

Further set of auxiliary experiments involved phenol degrada-
ion by UV/H2O2 process, c(H2O2) =20 mM, which was done in
rder to determine the rate of reaction 20 (Table 1), i.e. the reac-
ion of H2O2 decomposition to the OH radicals under UV light.
or this purpose two additional kinetic models were developed,
odels 9 and 10. Firstly, model 10 which predicts phenol miner-

lization by UV/H2O2 process using radical reactions in the bulk
8–16), generation of OH radicals due to H2O2 decomposition
20), additional bulk radical reactions specific for the UV/H2O2
rocess (21–23), and reactions for degradation of phenol both
ue to OH radicals and direct photolysis (47 and 50), was devel-

ped. The value of rate constant of reaction 20, 4.13 × 10−5 s−1

Table 1), was determined by trial and error method by insert-
ng the value of rate constant into model 10, with simultaneous
omparison of predicted and experimentally determined values

g
(
e
s

H, (♦) exp. and (—) model; TOC, (�) exp. and ( ) model CC, (�) exp. and
- - -) model; HQ, ( ) exp. and ( ) model; BQ, (©) exp. and (· - · -) model. (B)

2O2 consumption. Symbols: (�) exp. and (—) model.

f TOC parameter and H2O2 concentration (Fig. 5(A) and (B)).
n order to describe phenol degradation to primary by-products
y UV/H2O2 process, model 9 was developed by upgrading
odel 10 with the additional set of reactions. The specific reac-

ions for the decomposition of phenol (25–44), reaction 45 which
escribes catechol production due to direct photolysis of phe-
ol and reaction 46 which describes phenol degradation to the
nidentified by-products under UV irradiation, were taken into
ccount (Fig. 5(A)). Although both mechanisms, direct photoly-
is and OH radicals attack, are responsible for the degradation of
rganic compounds by UV/H2O2 process, OH radicals mech-
nism is considered as predominant, due to the constant OH
adical supply throughout H2O2 decomposition promoted by
V light [25,40,41]. It could be expected that the degradation
f organic pollutants over direct photolysis mechanism plays a
ignificant role only when complete amount of added hydro-

en peroxide is consumed, which was not the case in this study
Fig. 5(B)). A rather good compliance of data predicted by mod-
ls 9 and 10 and experimentally obtained data for all monitored
pecies could be observed (Fig. 5(A) and (B)). It can be seen that
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he efficiency of UV/H2O2 process for phenol degradation was
ignificantly higher than those of UV and UV/Fe3+ processes, as
t was expected due to the higher OH radical production. After
h treatment, the phenol was degraded almost completely and
nly 2.4% of phenol remained. At the same time the degree
f partial mineralization reached the value of 14.1% removed
OC (Fig. 5(A)). The trend of the curve of phenol decompo-
ition showed gradual leveling off, which could be contributed
o the consumption of OH radicals in reactions with formed
y-products (Fig. 5(A)). Again, the large difference between
he sum of remaining phenol and by-products and the remained
rganic content expressed as TOC value can be contributed to the
AA, mostly formed by degradation of aromatic by-products:

atechol, hydroquinone and benzoquinone [33].

.3. Kinetic of dark Fenton and photo-Fenton type
rocesses

The further modeling of dark Fenton and corresponding
hoto-Fenton type processes was performed on the basis of
xperiments conducted at established optimal operating param-
ters by jar test (Fig. 2).

After determining rate constants of reactions 20, 24, 45 and
6 by auxiliary models 5, 6, 7, 8, 9, and 10, the development of
odels 11 and 12 which describe phenol degradation by both
V/Fe2+/H2O2 and UV/Fe3+/H2O2 processes was approached.
s it was mentioned earlier, models 1 and 2 which describe
henol degradation by Fenton process were developed as basic
odels. They included basic Fenton reactions, 1–16, and specific

eactions for phenol decomposition to the primary by-products
n model 1, 25–44, while the mineralization of phenol solution
as described in model 2 by reactions 47 and 48 (Table 1). Reac-

ion 47 describes the degradation of complete organic content
f phenol solution by OH radicals to the inorganic products, i.e.
O2 and H2O. Due to the observed behavior of studied sys-

ems and the knowledge from the literature concerning organic
ollutant degradation by Fenton type process [11–13,16] the
ormation of Fe3+-complexes during the degradation of phenol

as assumed and described by reaction 48 which was taken in

ccount during formulation of model 2. Fe3+ ions tend to form
rganic complexes, mostly carboxylates [12], which inhibit iron
egeneration cycle thus indirectly causing lack of OH radicals in

F
F
m
t

able 3
inal concentration of monitored aromatics and treatment time required for reaching
xperimentally obtained and predicted data by models 1 and 11

pecie

e2+/H2O2

Final concentration in the bulk after the treatment (mg L−1) Exp.
Model

Treatment time required for final concentration (min) Exp.
Model

V/Fe2+/H2O2

Final concentration in the bulk after the treatment (mg L−1) Exp.
Model

Treatment time required for final concentration (min) Exp.
Model
Materials B136 (2006) 632–644 639

he bulk. From the experimentally obtained results presented in
able 3, it can be seen that phenol and its detected primary aro-
atic by-products; catechol, hydroquinone and benzoquinone,

re completely degraded in the first 2 min of Fe2+/H2O2 pro-
ess. Comparing those results with the experimentally obtained
alues of residual TOC during the treatment with the same pro-
ess (Fig. 6(A)), it can be concluded that the most of organic
ontent remained in the bulk after the second minute of process
ertains to the formed aliphatic by-products, e.g. HAA, which
s in agreement with the literature [12,13]. The initial drop of
OC value corresponds to the degradation of aromatics directly

o CO2 and H2O (Table 3). Noticeable deceleration of mineral-
zation rate after the second minute and then the achievement
f steady state, 51.8% of final TOC removal (Fig. 6(A)), can be
ontributed to the formation of stable Fe3+-complexes, i.e. pre-
luding the catalytic cycle of iron through Fenton mechanism.
his consideration corroborates the results of H2O2 consump-

ion monitoring during the phenol degradation by Fe2+/H2O2
rocess presented in Fig. 6(B). The same trend of TOC removal
nd H2O2 consumption can be observed. After the treatment, a
elatively large amount of H2O2 remained in the bulk, 40.2%,
onfirming that iron regeneration was inhibited due to the fact
hat the majority of H2O2 consumption is related to the Fenton
eactions, 1 and 2. In Table 3 and Fig. 6(A) the results of phenol
egradation by UV/Fe2+/H2O2 process are presented. Similarly
ike in Fe2+/H2O2 process all detected aromatics are degraded
n less than 2 min. From Fig. 6(A) which presents decrease of
rganic content during UV/Fe2+/H2O2 process, it can be seen
hat 97.6% of phenol solution was mineralized. The plausible
xplanation for such high mineralization extent can be found in
he fact that Fe3+-complexes are destroyed under the influence
f UV irradiation, thus allowing Fe3+ ions to participate in the
enton catalytic cycle. Moreover, some organic acids which are

he possible products of phenol oxidation, reported to be resis-
ant to oxidation by Fenton reaction alone [42], are obviously
egraded in the presence of UV light. Kavitha and Palanivelu
12] reported that carboxylic acids such as acetic and oxalic acid,
dentified as end products during the degradation of phenol by

enton process, were almost completely degraded by photo-
enton processes. Experimental results of H2O2 consumption
onitoring presented in Fig. 6(B) speak in favor of the restitu-

ion of iron catalytic cycle. At the end of the process, maximal

that concentration by Fe2+/H2O2 and UV/Fe2+/H2O2 processes, comparison of

PH CC HQ BQ

0 0 0 0
0 0 0 0

<2 <2 <2 <2
2 2.5 2.8 3.1

0 0 0 0
0 0 0 0

<2 <2 <2 <2
1.2 1.5 1.4 1.9
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Fig. 6. Treatment of phenol solution by Fe2+/H2O2 and UV/Fe2+/H2O2 pro-
cesses, comparison of experimental data and data predicted by developed
mathematical models 11 and 12. (A) Mineralization of phenol solution. Sym-
bols: Fe2+/H2O2, (�) exp. and (- -) model; UV/Fe2+/H2O2, (�) exp. and (—)
model. (B) H2O2 consumption. Symbols: Fe2+/H2O2, (©) exp. and (- -) model;
UV/Fe2+/H2O2, (�) exp. and (—) model.
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Table 4
Final concentration of monitored aromatics and treatment time required for reaching
experimentally obtained and predicted data by models 1 and 11

Specie

Fe3+/H2O2

Final concentration in the bulk after the treatment (mg L−1) Exp.
Model

Treatment time required for final concentration (min) Exp.
Model

UV/Fe3+/H2O2

Final concentration in the bulk after the treatment (mg L−1) Exp.
Model

Treatment time required for final concentration (min) Exp.
Model
Materials B136 (2006) 632–644

ineralization reached 97.6% TOC removal, while only 2.2%
f initial H2O2 remained in the bulk. It should be emphasized
hat considerable enhancement of Fe2+/H2O2 process efficiency
s the consequence of synergistic effect of several mechanisms.
esides the earlier described positive effect of UV irradiation on

he Fenton catalytic cycle in phenol degradation, additional gen-
ration of OH radicals should be taken in account, both through
irect photolysis of H2O2 as well as through Fe3+ ions reduction
nder UV light. However, in UV based processes organic matter
ould be degraded throughout both, OH radical attack and direct
hotolysis [25]. In Table 3 experimentally obtained data of mon-
tored aromatics during the phenol degradation by Fe2+/H2O2
nd UV/Fe2+/H2O2 processes are summarized, as well as those
redicted by models 1 and 11. Model 11 was developed on the
ases of model 1, but in accordance with the earlier discussed
echanisms involved in phenol degradation by UV/Fe2+/H2O2

rocess, additional reactions 20, 24, 45 and 46 were taken into
ccount. Validity of models 1 and 11 was estimated on the basis
f treatment time required for reaching the final concentration of
onitored species in the bulk, due to the complete degradation

f aromatics prior to the second minute of treatment by both
rocesses, when first aliquot was taken from reaction mixture
or HPLC and TOC analyses. Negligible delay in prediction of
odel 1 for phenol degradation by Fe2+/H2O2 process can be

bserved, while the predicted treatment time required for the
isappearance of monitored aromatics by model 11 is less than
min, as it was determined experimentally. In Fig. 6(A) and (B)

he comparison of experimental and predicted data by model
, for TOC removal and H2O2 consumption during the phe-
ol degradation by Fe2+/H2O2 process is presented. The value
f rate constant of reaction 47, 2.33 × 108 M−1 s−1, was deter-
ined by trial and error method fitting the values into model 2
ith simultaneous comparison of predicted and experimentally
etermined values of both monitored parameters. Similarly like
n the case of models 1 and 11, model 12 which describes min-
ralization of phenol solution by UV/Fe2+/H2O2 process was
eveloped on the basis of model 2, where additional reactions
0, 24, 49 and 50 were included in model formulation. Reac-

ion 49 describes decomposition of Fe3+-complexes under UV
rradiation, and its value of rate constant, 1 × 10-3 s−1, was deter-

ined by trial and error method fitting the values into model 12.
ood accordance of data predicted by the developed models 2

that concentration by Fe3+/H2O2 and UV/Fe3+/H2O2 processes, comparison of

PH CC HQ BQ

0 0 0 0
0 0 0 0
2–15 <2 <2 2–15
3.4 4.0 4.2 4.7

0 0 0 0
0 0 0 0
<2 <2 <2 <2
2.0 3.1 3.2 3.6
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Fig. 7. Treatment of phenol solution by Fe3+/H2O2 and UV/Fe3+/H2O2 pro-
cesses, comparison of experimental data and data predicted by developed
mathematical models 11 and 12. (A) Mineralization of phenol solution. Sym-
bols: Fe3+/H2O2, (�) exp. and (- -) model; UV/Fe3+/H2O2, (�) exp. and (—)
model. (B) H2O2 consumption. Symbols: Fe3+/H2O2, (©) exp. and (- -) model;

3+
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nd 12 and those experimentally obtained for TOC removal and
2O2 consumption can be observed. The exception is H2O2 pro-
le observed in the time interval 15–45 min of UV/Fe2+/H2O2
rocess, where lower consumption of H2O2 was determined
xperimentally than that predicted by model 12.

In Table 4 and Fig. 7(A) and (B) results of phenol degrada-
ion by Fe3+/H2O2 and UV/Fe3+/H2O2 processes are presented.

odels 1, 2, 11 and 12 were used to describe degradation kinetics
f phenol solution. Although complete degradation of aromatics
as accomplished by Fe3+/H2O2 and UV/Fe3+/H2O2 processes,

t can be seen that Fe3+/H2O2 process is somewhat slower than
he process which involves Fe2+ salt (Tables 3 and 4). Similarly
ike in the case of Fe2+/H2O2 process, a small delay in the pre-
icted treatment time required for reaching final concentration of
romatics in phenol solution by Fe3+/H2O2 and UV/Fe3+/H2O2
rocesses is observed (models 1 and 11). From Fig. 7(A) and
B) it can be seen that models 2 and 12 successfully describe
oth mineralization of phenol solution and H2O2 consumption
y Fe3+/H2O2 and UV/Fe3+/H2O2 processes. Fe3+/H2O2 pro-
ess efficiency was enhanced by the presence of UV irradiation
rom 55.3% up to 97.2% of TOC removal, which was followed
y a correspondingly larger consumption of H2O2.

Table 5 and Fig. 8(A) and (B) present results of phenol
egradation by Fe0/H2O2 and UV/Fe0/H2O2 processes. From
able 5 it can be seen that the complete degradation of phenol
nd detected aromatic by-products; catechol, hydroquinone and
enzoquinone, was achieved by Fenton type processes using
ron powder similarly like in those utilizing iron salts. How-
ver, it should be emphasized that the degradation of aromatics
y Fe0/H2O2 and UV/Fe0/H2O2 processes is relatively slower.
fter the second minute of treatment by Fenton type processes
sing iron salts neither phenol nor its aromatic by-products
ere detected in the bulk, while in the case of Fe0/H2O2 and
V/Fe0/H2O2 processes, the disappearance of aromatics was
bserved after 45 and 30 min, respectively. Similar effect can
e observed from Fig. 8(A) where the results of mineraliza-
ion of phenol solution by both processes with iron powder as

source of catalytic iron are presented. A relatively equable

ecrease of TOC value to the achievement of final mineralization
xtent, 39.8% TOC removal, can be observed (Fig. 8(A)). This
rend significantly differs from those observed by Fe2+/H2O2
nd Fe3+/H2O2 processes (Figs. 6(A) and 7(A)) where after the

able 5
inal concentration of monitored aromatics and treatment time required for reaching that concentration by Fe0/H2O2 and UV/Fe0/H2O2 processes, comparison of
xperimentally obtained and predicted data by models 3 and 13

pecie PH CC HQ BQ

e0/H2O2

Final concentration in the bulk after the treatment (mg L−1) Exp. 0 0 0 0
Model 0 0 0 0

Treatment time required for final concentration (min) Exp. 30–45 30–45 0 30–45
Model 47.2 48.5 0 52.9

V/Fe0/H2O2

Final concentration in the bulk after the treatment (mg L−1) Exp. 0 0 0 0
Model 0 0 0 0

Treatment time required for final concentration (min) Exp. 15–30 15–30 0 15–30
Model 35.6 38.2 0 41.3

UV/Fe /H2O2, (�) exp. and (—) model.
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Fig. 8. Treatment of phenol solution by Fe0/H2O2 and UV/Fe0/H2O2 processes,
comparison of experimental data and data predicted by developed mathematical
models 13 and 14. (A) Mineralization of phenol solution. Symbols: Fe0/H2O2,
(
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Table 6
Comparison of processes regarding mineralization efficiency and Fe2+ and Fe3+

ions concentration in the bulk after the treatment

Process Total concentration of Fe ions
after the treatment (mM)

Residual TOC (%)

Fe2+/H2O2 1.0 48.2
Fe3+/H2O2 1.0 44.3
Fe0/H2O2 0.77 60.2
UV/Fe2+/H2O2 1.0 2.4
U
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�) exp. and (- -) model; UV/Fe0/H2O2, (�) exp. and (—) model. (B) H2O2

onsumption. Symbols: Fe0/H2O2, (©) exp. and (- -) model; UV/Fe0/H2O2,
�) exp. and (—) model.

nitial drop of TOC, oxidation process was inhibited by forma-
ion of Fe3+-complexes. Evidently, due to slow leaching of ions
rom iron powder surface, constant supply of Fe2+ ions necessary
or continuous OH radicals production throughout the Fenton
echanism is ensured [31]. Also, low concentration of Fe3+

pecies in the bulk does not favor formation of stable complexes
ith aliphatic phenol by-products. In order to describe Fe0/H2O2

nd UV/Fe0/H2O2 processes, reactions involving iron powder
hould be incorporated into the model formulation. Bergendahl
nd Thies [23] assumed that Fe0 was oxidized only directly into
he bulk Fe2+ ions throughout reaction with hydrogen perox-
de, 19. However, on the basis of experimental results obtained
n this study and observation of other authors [31,43] it was

oncluded that describing of the leaching mechanism of iron
ons from the iron powder surface given by simple reaction 19
hould be extended with additional reactions. Therefore, the for-
ation of Fe2+ surface ions which are able to react with H2O2

r
n
o
t

V/Fe3+/H2O2 1.0 2.8
V/Fe0/H2O2 0.35 15.2

hus generating OH radicals was assumed, 17 and 18. Predic-
ion of phenol degradation by Fe0/H2O2 process was provided
y model 4 which was developed by including additional reac-
ions 17–19 (Table 1) into model 2. Rate constants for reactions
7–19 were determined by trial and error method fitting the val-
es into model 4 with simultaneous comparison of predicted
nd experimentally obtained values of TOC and H2O2 con-
entration (Fig. 8(A) and (B)) as well as final concentration
f Fe2+/Fe3+ ions in the bulk (Table 6). Trend of H2O2 con-
umption by Fe0/H2O2 process followed the decreasing of TOC
alue. After 1 h treatment, 45.7% of initial H2O2 concentration
emained in the reaction mixture. For both monitored parame-
ers during the treatment of phenol solution by Fe0/H2O2 process
good accordance of predicted (model 4) and experimentally

btained values can be observed (Fig. 8(A) and (B)). Similar
ike in the case of model 1 for prediction of phenol decompo-
ition to the detected aromatic by-products by Fe2+/H2O2 and
e3+/H2O2 processes, model 3 predicts treatment time required
or reaching final concentration of aromatics in phenol solution
ith certain delay in comparison to experimentally obtained data

Table 5). This can be explained by a possible positive effect of
olid particles on the efficiency of AOPs reported by several
uthors [44–47]. This type of interaction was not considered
uring the model formulation. Enhancement of Fe0/H2O2 pro-
ess by UV irradiation, manifested in the shorter treatment time
equired for complete degradation of aromatics in phenol solu-
ion (Table 5) as well as in the significant decrease of residual
OC, 15.2%, associated with the increase of H2O2 consump-

ion (Fig. 8(A) and (B)). Model 4 was upgraded with additional
eactions concerning UV irradiation, 20, 24, 49 and 50 (Table 1),
o give model 14 for the prediction of mineralization of phenol
olution by UV/Fe0/H2O2 process. Certain discrepancy between
xperimental and predicted TOC values (Fig. 8(A)) can be con-
ributed to the effect of solid particles, iron powder, that was not
ncluded in the model formulation, as mentioned above. On the
ther hand, a good accordance in the case of H2O2 consumption
an be observed from Fig. 8(B). The prediction of phenol decom-
osition to the detected aromatic by-products by UV/Fe0/H2O2
rocess was described by model 13 which was developed from
odel 3 in the same manner as model 14 from model 4. From
able 5 it can be seen that model 13 predicts treatment time

equired for reaching complete degradation of aromatics in phe-
ol solution with certain delay in comparison to experimentally
btained data, presumably due to the same assumption given as
he explanation for model 3.
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Table 6 summarizes values of residual TOC and Fe2+/Fe3+

ons concentration in the bulk after the treatment by Fenton type
rocesses, Fe2+/H2O2, Fe3+/H2O2, Fe0/H2O2, UV/Fe2+/H2O2,
V/Fe3+/H2O2 and UV/Fe0/H2O2. It can be seen that concern-

ng TOC removal, UV/Fe2+/H2O2 and UV/Fe3+/H2O2 processes
re the most efficient among all studied systems. Although effi-
iency of processes utilizing Fe0 as a source of iron catalyst
as somewhat lower than corresponding homogeneous Fenton

ype processes, benefits from the environmental and economical
oint of view, due to the quality of treated water, should not be
gnored. Significantly lower concentration of Fe2+ and Fe3+ ions
n the bulk after the treatment, particularly by UV/Fe0/H2O2 pro-
ess with only 0.35 mM of iron ions and relatively low amount
f residual TOC, 15.2%, in comparison to homogeneous Fen-
on type processes can be observed (Table 6). Such results were
xpected due to knowledge from the literature that the amount
f iron ions can be reduced up to 50% using iron powder instead
f iron salts as a source for iron catalysts [48]. Moreover, by
tilization of iron powder, the contamination of treated solution
ith unnecessary counter-ions is avoided, thus lowering overall

osts of wastewater treatment.

. Conclusions

Fenton type, Fe2+/H2O2, Fe3+/H2O2 and Fe0/H2O2, and cor-
esponding photo-assisted processes, UV/Fe2+/H2O2, UV/Fe3+/

2O2 and UV/Fe0/H2O2, were successfully applied for the
reatment of phenol solution. Although complete degradation
f phenol and its primary oxidation by-products, catechol,
ydroquinone and benzoquinone, was achieved, mineraliza-
ion extents ranged from 39.8 to 97.6% of removed TOC
n the increasing order Fe0/H2O2 < Fe2+/H2O2 < Fe3+/ H2O2
UV/Fe0/H2O2 < UV/Fe3+/H2O2 < UV/Fe2+/H2O2. Models to
escribe phenol degradation by all applied processes were devel-
ped. With the exception of models for phenol degradation by
rocesses including solid particles, iron powder, developed mod-
ls closely predict the behavior of investigated systems. The
roposed models appeared to adequately represent the key mech-
nisms and kinetics of phenol oxidation by investigated AOPs.
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