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ABSTRACT

Dark- and photo-Fenton type processes, Fe?*/H,0,, Fe3*/H;0,, Fe®/H,0,, UV/Fe?*/H,0,, UV/Fe3*/H,0,
and UV/Fe®/H;0;, were applied for the treatment of model colored wastewater containing two reac-
tive dyes, C.I. Reactive Blue 49 and C.I. Reactive Blue 137, and degradation kinetics were compared. Dye
degradation was monitored by the means of UV/VIS, adsorbable organic halides (AOX) and total organic
carbon (TOC) analysis, thus determining decolorization and dechlorination of triazine structure, as well
as mineralization of model colored wastewater. Both dark- and photo-Fenton type processes were proven
to be very efficient for color removal; >98% was achieved in all cases. Significant improvements in the
mineralization of studied dyes were achieved by the assistance of UV light, as it was expected. It was
demonstrated that the degradation kinetic of applied dyes depended on the presence of UV light, as well
as type of iron catalyst and dye structure. On bases of the obtained experimental results, the mathematical
models were developed describing dye degradation kinetics in all studied systems. Since UV light was
used in order to enhance the efficiency of dark-Fenton type processes, mathematical model describing
dye degradation by UV photolysis providing the values of quantum yields for each of the dye was devel-
oped and incorporated in model for photo-Fenton type processes. A sensitivity analysis for the evaluation

of importance of each reaction used in mathematical models was also performed.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The manufacturing and application of synthetic dyes involve
the production of large amounts of colored wastewater which may
cause serious threat to the human health and the environment.
Thus, efficient treatment of colored wastewater prior to discharge
into the natural water bodies is demanded. Conventional treatment
operations for colored wastewater include biological and physical
methods and their combinations such as aerobic and anaerobic
digestion, carbon adsorption and coagulation/flocculation, which
are often proven to be insufficiently effective. Their shortcomings
can be overcome by the application of an appropriate advanced
oxidation process (AOP) [1-6].

It was shown that dark-Fenton type processes ensure effec-
tive decolorization of model wastewater containing reactive dyes,
but in most cases, significant mineralization degree could not be
reached [7]. Although applied systems offer a cost effective source
of HO*, their efficiency is limited due to the formation of stable
Fe3*-complexes [8,9]. By the assistance of UV irradiation, formed
complexes are degraded, thus allowing Fe3* ions to participate in
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the Fenton catalytic cycle, Eq. (1) [10,11]:
Fe3*-complex + hv— Fe?* + organicproducts (1)

Generally, organic molecules could be degraded by UV irradiation
[12], but the efficiency of direct photolysis of dye was shown to
be rather poor and dependent on dye concentration, as well as on
its reactivity and photosensitivity [13,14]. Moreover, many of the
commercially used dyes are designed to be light resistant. In photo-
Fenton type process, besides destruction of stable Fe3*-complexes,
UV irradiation enables additional OH radical generation through
the photolysis of H,0, and the reduction of Fe3* ions, Egs. (2) and
(3), respectively [9,12]:

H,0; + hv— 20H* (2)
Fe3* + H,0+ hv— Fe?™ +HO* + H* (3)

The goal of the study was to investigate and compare the degra-
dation efficiency and the kinetic of dark-, Fe2*/H,0,, Fe3*/H,0,
and FeY%/H,0,, and photo-, UV/Fe?*/H,0,, UV/Fe3*/H,0, and
UV/Fe®/H,0,, Fenton type processes for the treatment of model
colored wastewater. Typical representatives of monochlorotriazine
reactive dyes, with anthraquinone and azo chromophore, C.I. Reac-
tive Blue 49 and C.I. Reactive Blue 137 respectively, were used as
model pollutants. Apart from the experimental work, a detailed
mathematic modeling of dye degradation was performed in order
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to describe applied dark- and photo-Fenton type processes in labo-
ratory batch scale. Such study provided important information on
system behavior dependent on structure of model pollutant, type of
iron catalyst and the presence of UV light, thus influencing the over-
all process efficiency. Sensitivity analysis was performed to evaluate
importance and contribution of each reaction used to describe
dye degradation mechanism proposed by developed mathematical
models for each studied system. As an integral part of the study the
kinetic modeling of UV photolysis was also performed. The purpose
was to (i) provide values of quantum yield for each of the studied
dye as an important, structurally related photochemical parameter
and to (ii) incorporate developed model in mathematical models
describing behavior of photo-Fenton type processes.

2. Experimental

Two reactive dyes C.I. Reactive Blue 49 (RB49) and C.I. Reac-
tive Blue 137 (RB137) were used as model wastewater pollutants
in concentration of 20 mg L. In this work, experiments were con-
ducted at previously determined optimal operating conditions for
each dark-Fenton type process as well as studied colored pollutant
[7,15]. All experiments were performed in the batch photoreactor
described in details elsewhere [11,16,17]. UV lamp (typical intensity

on 2cm~4.4mW cm~2) was located in the middle of the reac-
tor in a quartz tube. The value of incident photon flux at 254 nm,
Ip=3.68 x 10-6 Einsteins~1, was calculated on the basis of hydro-
gen peroxide actinometry measurements [18]. In dark-Fenton type
processes the UV lamp was off. The total volume of the treated solu-
tion was 0.5 L, while the mixing was provided by magnetic stirring
bar. Temperature was maintained at 25+ 0.2 °C by circulating the
water through the jacket around the photoreactor. The duration
of each experiment was 120 min; samples were taken periodically
from the reactor (0, 2, 5, 15, 30, 45, 60, 75, 90, 105, 120 min) and
thereafter immediately analyzed. All experiments were repeated at
least three times and averages were reported, while reproducibility
of the experiments was within 5%.

A PerkinElmer Lambda EZ 201 UV/VIS spectrophotometer was
used for the monitoring of UV/VIS spectral changes of both dyes
in the region 200-800 nm, as well as to determine the concen-
trations of iron ions in the bulk during the treatment by applied
processes. Ferrous ions were identified by the reaction of Fe2* with
1,10-phenanthroline giving orange-red complex (Amax=510nm),
while ferric ions were determined by the reaction of Fe3* with
thiocyanate forming under acidic conditions a red-colored com-
plex (Amax =480 nm) [19]. Dechlorination of a triazine part of RB49
and RB137 was evaluated by measuring absorbable organic halides

Table 1
The reactions, rate constants and quantum yields used for the kinetic modeling.
# Reaction Reference k(M-1s-1)
Lit. Used
1 Fe2* +H,0, — Fe3* + OH* [11,20-25] 63-76 76
2 Fe3* +H,0, — Fe?* + H* +HO,* [11,20-25] 0.01-0.02 0.02
3 Fe2* + OH* — Fe3* + OH~ [11,20-24] 3.0-4.3 x 108 3.2x108
4 Fe3* +HO,* — Fe2* + 0, +H* [11,20-24] 0.1-3.1 x 10° 31x10°
5 Fe2* +HO,* — Fe3* +HO, - [11,20-24] 1.2 x 108 1.2 x 106
6 Fe3* +0,°~ — Fe?* +0, [11,20-24] 0.5-1.5 x 108 5.0 x 107
7 Fe2* +0,°~ — Fe3* +H,0, [11,20-24] 1.0 x 107 1.0 x 107
8 OH* +H,0, — HO,* +H,0 [11,20-24] 1.2-4.5 x 107 45 x 107
9 20H* — H,0, [11,21-24] 4.2-53 x 10° 5.3 x 10°
10 HO,* +0OH* - H,0+ 0, [11,21-24] 6.6 x 10" 6.6 x 10"
1 2HO,* — H,0, +0; [11,20-24] 8.3 x 10 8.3 x 105
12 0,°*~ +HO,* — HO,~ + 0, [11,20-24] 9.7 x 107 9.7 x 107
13 03*~ +HO* - HO~ + 0, [16,21-23] 1.0 x 100 1x 10"
14 HO,* — 0y°~ +2H" [11,20-24] 1.58-7.9 x 10° s~! 1.58 x 10%s~!
15 0,°~ +2H* — HO,* [11,20-24] 1.0 x 1010 1.0 x 1010
16 OH* +H;0; — 0,*~ +H,0 [16,22,23] 2.7 x 107 2.7 x 107
17 Fe? + H* — Fequpace* + Ha [11,25,26] 417 x 104
18 Fegurface?” + Ha02 — Fegyrgace®” + OH® 76
19 Fegyrace>” +H2 0 — Fegyrpace?” +HY +HO,* 0.02
20 Fesuface 2 + OH® — Fegurpace3* + OH- 3.2 x 108
21 Fegurface® + HO2* — Fegyrface®” + 02 +H' 31x10°
22 Fegurface®” +HO2* — Fegyrface® +HO2 ™ 12 x 108
23 Fesurface3+ +02°" — Fesurface2+ +0; 5.0 x 107
24 Fesurface2+ +02°" — Fesurface3+ +H;02 1.0 x 107
25 Fequtace2t + H* — Fe2* +H, [11,26] 7.83 x 103
26 H,0, +hv — 20H* [11,12,20,27] @ =0.5mol Einstein! @ =0.5mol Einstein~!
27 OH* +HO,~ — HO,* +OH~ [24,27] 7.5 x 109 7.5 x 10°
28 HO,* +H,0, — Hy0+HO* + 0, [27] 3.0 3.0
29 03*~ +Hy0; — OH~ +HO* + 0, [27] 0.13 0.13
30 Fe3* +H,0+hv — Fe?* + OH* + H* [9-11,20,28] 3.33x10°6
31 PDM + hv < PDM" — CLP DRrpag =7.2 mmol Einstein~!
@Drp137 =4.2 mmol Einstein—!
32 0OC+hv < 0C — IP Drpag =3.6 mmol Einstein~!
@rpi37 =5.3 mmol Einstein !
33 PDM + OH* — CBP [29] 1.33 x 10° for RB49 1.33 x 10° for RB49
[17] 3.32 x 10° for RB137 3.32 x 10° for RB137
34 OC+OH* — IP [17] 2.68 x 108 2.68 x 108
35 OC+OH* — OP 0.90-5.17 x 108"
36 Fe3* + OP — Fe3*-complexes [11,21] 1.0 1.0
37 Fesurface> + OP — Fegyiface> -cOmplexes 1.0
38 Fe3*-complexes + hv — Fe3* + OC [11] 1x10 351 1x10 351
39 Fesurface> -complexes + hv — Fe3* g .. + OC 1x10 3571

PDM: Parent dye molecule, CLP: colorless by-products, OC: organic content, IP: inorganic products, OP: organic products (capable to form stable complexes with Fe3* ions).

" Structure of organic pollutant and type of iron catalyst dependent.
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Table 2
Values of calculated standard deviation (SD) for each of model-experiment data pairs presented in Figs. 3-6 and 8-11.
Process SD

RB49 RB137

Color removal TOC removal H,0, consumption Fe ions leaching Color removal TOC removal
uv 0.0212 0.0024 - - 0.0026 0.0083
Fe?* [H,0, 0.0149 0.0128 0.0067 - 0.0065 0.0123
UV/Fe?*[H,0, 0.0120 0.0097 - - 0.0012 0.0115
Fe3*[H,0, 0.0255 0.0089 0.0055 - 0.0024 0.0080
UV/Fe3*[H,0, 0.0096 0.0049 - - 0.0036 0.0103
Fe%/H,0, 0.0157 0.0115 0.0176 0.0063 0.0193 0.0088
UV/Fe®/H,0, 0.0288 0.0086 - - 0.0059 0.0143

content (AOX), performed by Organic Halide Analyzer, DX-2000,
Dohrmann. Mineralization extents were determined on the basis
of total organic carbon content measurements (TOC), using Total
Organic Carbon Analyzer; TOC-Vcpy, Shimadzu. Handylab pH/LF
portable pH-meter, Schott Instruments GmbH, Mainz, Germany,
was used for adjusting initial pH at desired value. The consumption
of hydrogen peroxide during the treatment by applied processes
was monitored using modified iodometric titration method [19].

3. Model formulation

The mathematical models for Fenton type processes, including
20 chemical species (ions, atoms and molecules) and 39 chemi-
cal reactions, were developed using chemical reactions and rate
constants mostly from literature, including our previous studies
(Table 1) [9-11,20-29]. The developed models describe radical
chain reactions which occur in the bulk and at the surface of iron
powder (when used as a source of iron catalyst) during degrada-
tion of model colored solutions by applied Fenton type processes.
Number of chemical species and chemical reactions included in
each model for specific Fenton type process varied depending on
whether process was performed in the dark or in the presence of UV
light and which type of iron catalyst was used. The general mass bal-
ance for a well-mixed, constant volume and constant temperature
batch reactor is given by:

oy (M
where ¢; is concentration of specie i in the bulk and r; is the bulk
phase rate of the same specie [30]. Dye degradation was simu-
lated by Mathematica 5.0 (Wolfram Research, Champaigne, IL) using
GEAR method which finds the numerical solution to the set of ordi-
nary differential equations. Values of the rate constants of reactions,
#17, #25, #35, #38, and #39, and quantum yields, #31 and #32
(Table 1), were determined by trial and error method fitting the
values into the model. Models were developed in following man-
ner. Model describing Fenton mechanism in homogeneous system,
i.e. using either Fe2* or Fe3* salts, was considered as the basic one
and the values of the rate constants of reaction #35 (Table 1) were
determined depending on dye structure and the type of iron salt,
using above described trial and error method. According to the liter-
ature [26,31], several hypotheses were used in development of the
model describing the behavior of dark heterogeneous process using
iron powder as a source of iron catalyst. It was assumed that Fen-
ton reactions occur simultaneously at the surface and in the bulk,
while the portion occurring in the bulk depends on experimental
conditions influencing the rate of iron dissolution. The value of rate
constant for reaction #25 is determined on the basis of experimen-
tally obtained data for iron bulk profile. The same rate constants for
the well-known reactions describing bulk reactions of Fenton cat-
alytic cycle were used for the surface reactions. The limiting factor of
Fenton surface reactions is generation of active Feg 02" sites. The
rate constant of reaction #17 was determined on the basis of exper-

imentally obtained H,0, consumption profile and mineralization
of organic content. Before developing the models which describe
the behavior of photo-Fenton type processes, the model predict-
ing the photolysis of colored model wastewaters was developed.
This model predicts the values of quantum yields of used dyes and
overall organic content. The model was afterwards incorporated in
both final models, homogeneous and heterogeneous, describing the
degradation of colored model solutions by photo-Fenton type pro-
cesses. In these final models, the values of rate constants for two
reactions, #38 in homogeneous model and #39 in heterogeneous
model (Table 1.), were determined. Fitting of the models was eval-
uated on the basis of calculated values of standard deviation (SD)
for each model-experiment data pair (Table 2).

In order to determine the sensitivity of the model output to
input reaction rate constants and the importance of specific reac-
tions, a parametric sensitivity analysis, described in details in the
literature [32,33], was used. In this study the peak values of nor-
malized sensitivity coefficient are reported, and in the all cases
these peak values occurred at time 120 min, where the observed
parameter inorganic products, i.e. mineralized part of model col-
ored wastewater (IP, expressed as a removed TOC value) is at the
highest concentration. Only reactions with sensitivity coefficients
within 2-3 orders of magnitude of the most sensitive reaction are
reported.

4. Results and discussion
4.1. Direct UV photolysis

Before focusing on the investigation of photo-Fenton type pro-
cesses for the degradation of RB49 and RB137, a set of experiments
was performed, where both studied dyes were degraded by UV irra-
diation alone. Figs. 1 and 2 show the absorption spectral changes
during the direct photolysis of RB49 and RB137, respectively.
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Fig. 1. Changes in UV/VIS absorbance spectra during direct photolysis of RB49.
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Fig. 2. Changes in UV/VIS absorbance spectra during direct photolysis of RB137.

Absorption spectrum of RB49, reactive dye with anthraquinone
chromophore, is characterized by one pronounced band in UV
region with maxima at 230nm, and another in VIS region, at
590 and 630 nm (Fig. 1). The absorbance peak at 230 nm can be
mainly contributed to the triazine ring in dye structure [34], while
expected absorbance of aromatic structures in UV region is not pro-
nounced. The spectral bands at 590 and 630 nm correspond to the
chromophore of RB49 dye, and 590 nm was chosen as A max for mon-
itoring decolorization of RB49. Absorption spectra of RB137, reactive
dye with azo chromophores, is characterized by two pronounced
bands in UV region, with absorbance peaks at 230 and 280 nm,
and one in VIS region with absorbance peak at 610 nm (Fig. 2). The
absorbance peaks in UV region, at 230 and 280 nm, can be con-
tributed to the triazine and benzene rings, respectively [34]. The
spectral band at 610 nm corresponds to the chromophore of RB137,
and it was chosen as A max for monitoring decolorization of RB137 in
further study. From Figs. 1 and 2 it can be seen that spectral bands in
visible region disappear much faster than those in UV region. More-
over, in less than 60 min of treatment, both model solutions were
completely decolorized and correspondingly no spectral bands in
VIS region were recorded. On the other hand, spectral bands in UV
region were still present, indicating the incomplete mineralization
of organics in model wastewaters.

In Figs. 3 and 4 decolorization and mineralization kinetics
of RB49 and RB137 by direct photolysis are compared with the

1 =
0.9 Siara.
g
0.8 1 =
“-.Q_‘_ - -
L]
0.7
~——model, color
® exp, color

E os1 — -model, TOC
8 i o exp, TOC
= .
=
T 0.4
4
= 0.3 4

0.2 § ¥

L]
0.1
= L ]
0 bl . [] 'Y Py
0 20 40 60 80 100 120

time, minutes

Fig. 3. Degradation kinetic of RB49 by direct photolysis, the comparison of model
and experimental data.
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Fig. 4. Degradation kinetic of RB137 by direct photolysis, the comparison of model
and experimental data.

results predicted by developed mathematical model. As it was
pointed out earlier, both model colored solutions were completely
and rather fast decolorized by direct photolysis. Slight differ-
ence in decolorization rates at the beginning of UV photolysis
could be contributed to the structural properties of the dyes and
related physical properties of the model solutions, expressed by
the means of quantum yield and molar absorption coefficient.
Therefore, the decolorization of both dyes by direct UV photol-
ysis was monitored and the quantum yields of RB49 and RB137
were calculated on the basis of mathematical modeling. The quan-
tum yields of RB49, ®rpsq=7.2 x 10~3 mol Einstein~!, and RB137,
®rpi37 =4.2 x 1073 mol Einstein~1, were determined by trial and
error method inserting the values into the model with simultaneous
comparison of predicted and experimentally obtained data for RB49
and RB137 decolorization, respectively. In that purpose a modified
version of a semiempirical “LL model” based on the Lambert’s law
was used, Eq. (5) [12]:

9 _ gy By x I x [1 —exp(-2303xLx > & x cj)}

Tuv = ~dr

(5)
being F; = ; x ¢;/ ) & x c;Other constants presented in above Eq.
(5), ?j, ¢, Iy and L, stand for the physical properties of specie i, its
quantum yield and the extinction coefficient, as well as the incident
photon flux by reactor volume unit and the effective optical path
in the reactor, respectively. Taking into the consideration only the
beginning of the photolysis process, it can be assumed that almost
all radiation was adsorbed by the parent compound i. In the latter
case, it follows that ¢;c; ~ ¢j¢; and F; ~ 1. Consequently, Eq. (5) could
be modified as [35]:

fuv:—% =@; xIp x [1 —exp(—2.303 x L x & x ¢;)] (6)

t

Knowing the values of Iy and L (in our case 3 cm), the quantum yield
of the specie i could be calculated, as it was done in our case. The
values of extinction coefficients of RB49, gg rpag =34,122M~1 cm~1,
and RB137, ggrp137 = 18,124 M~! cm~!, were calculated from Eq. (7)
by measuring absorbance of RB49 or RB137 solution at 254 nm.
Absorbance A, can be expressed as:

A=¢exl (7)

where ¢ is the molar absorption coefficient with dimensions 1/(con-
centration x length), and [ is the cell path length [36]. The applied
model (Eq. (6)) showed good correlation with the experimentally
obtained results for decolorization, especially in the case of RB137
dye (SDgp4g,color =0.0212 and SDgg137,color = 0.0026). However, from
the experimental results obtained for both model colored wastew-
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aters (Figs. 3 and 4), it can be seen that at the beginning of the
photolysis, mineralization proceeds rather slowly and mineraliza-
tion extent is almost negligible until certain level of decolorization
is achieved. Such behavior during degradation of colored wastew-
ater is in accordance with the literature [37]. Therefore, the model
(6) used for decolorization kinetic required several modifications
in order to be suitable for prediction of the mineralization of model
colored solutions. Consequently, the model (6) was modified in the
following manner:

_ deroc
dt

=2Zr X (pTOC x Ig x [1 — exp(—2.303 x L x €1oC,t X CTOC,t)]
(8)
where z; is dimensionless time depended variable given by:

~dz _ I(caye,t X Maye)/Yaye,0 — (croc,c X Mroc)/ Yroc,ol
dt 8c010r,t/<9T0C,t

9)

with the physical meaning which describes previously men-
tioned dependence of the level of color removal and the rate
of mineralization. Additionally, &clory and éeroc: represent the
time depended extinction coefficients of parent pollutant, dye,
and overall organic content, calculated on the basis of Eq. (7).
After above shown modifications, model gave a very good pre-
diction of mineralization results in the cases of both colored
pollutants (Figs. 3 and 4). The quantum yields of organic con-
tents of both model solutions, @1oc reag = 3.6 x 10~3 mol Einstein~?,
and RB137, @rocrp137 =5.3 x 10~3 mol Einstein~!, were determined
by model (8) using earlier mentioned trial and error method
(SDTOC,RB49 =0.0024 and SDTOC,RB137 =0.0083, Table 2) The plausi—
ble explanation for different values of calculated quantum yield
for organic content in the case of RB49 and RB137 could be that
due to the different structure partially mineralized solutions could
containdifferent organic by-products. At the end, some general con-
clusions on the basis of experimental results presented in Figs. 1-4
can be made. Decolorization rates are relatively high in comparison
to mineralization rates (Figs. 3 and 4). Also, only partial miner-
alization of RB49 and RB137 solution were obtained, 26.7% and
35.4% of TOC removal, respectively. This is in accordance with the
results presented in Figs. 1 and 2, where spectral bands corre-
sponding to aromatic structures were still present in UV region
even after 120 min of treatment. Although it could be assumed
that triazine structures were degraded with the lowest rate by
direct photolysis due to the remaining spectral bands with max-
ima at 230 nm (Figs. 1 and 2), the final values of AOX in comparison
to TOC removals of RB49 and RB137 were rather high, 77.7% and
83.1% respectively. This suggests that structures absorbing in UV
region, other than triazine, contribute to the remained spectral
bands. According to some authors [34], the degradation of triazine
structures is favored by UV photolysis. On the other hand, Feng et
al. [38] suggest that triazine structures are much more resistant
to the degradation by OH radicals than other aromatic structures
in dye molecule. Therefore, it can be concluded that remaining
bands in the UV region (Figs. 1 and 2) correspond to the either aro-
matic or aliphatic intermediates of partial degradation of parent dye
molecules due to the predominance of UV photolysis mechanism
over OH radical mechanism in the UV process.

4.2. Fenton, Fe?*/H,0,, and photo-Fenton, UV/Fe2*/H;0,,
processes

The next step of the study was the development of mathematical
models for predicting the degradation of model colored wastewa-
ters by Fenton type processes, both dark and photo. In that purpose
dark- and photo-Fenton processes using Fe?* salt as a source
of iron catalyst were applied for degradation of model colored
wastewaters. The influence of operating process parameters for the
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Fig. 5. (A) Degradation kinetic of RB49 by Fe?*/H,0, and UV/Fe?*/H,0, processes,
the comparison of model and experimental data, (B) H,O, consumption during
degradation of RB49 by Fe2*/H,0,, the comparison of model and experimental data.

degradation of both studied dyes of Fenton process, Fe?*/H,0, was
studied previously [7], and the conditions yielding with the highest
dye degradation efficiency were established. This work was focused
on the comparison of degradation kinetic of RB49 and RB137 by
dark- and photo-Fenton processes, and development of the appro-
priate models to predict one. In Fig. 5(A) experimentally obtained
kinetic of decolorization and mineralization of RB49 by dark- and
photo-Fenton processes ([Fe2*]=0.5mM, Fe2*/H,0, = 1:20, pH 3) is
compared with the data predicted by developed models. The much
faster decolorization of RB49 by photo-Fenton than by dark-Fenton
process can be primarily contributed to the additional production
of OH radicals by the photolysis of H,O, (Table 1, #26), and also to
the direct photolysis of dye molecule (Table 1, #31). However, after
120 min of the treatment by both Fe2*/H,0, and UV/Fe2*[H, 0, pro-
cesses, differences between final decolorization extents are almost
negligible. On the other hand, the positive effect of UV irradiation
can be observed from the mineralization curves (Fig. 5(A)). Min-
eralization of RB49 solution by photo-Fenton is rather faster than
by dark-Fenton process. Moreover, UV/Fe2*/H,0, yielded with the
higher final mineralization extent. After 120 min of treatment, the
TOC value of RB49 solution was decreased for 72.4% by dark-Fenton
process, while 88.5% mineralized by the same process in the light.
However, similar trends in mineralization curves for both dark-
and photo-Fenton processes can be observed. After relatively fast
initial mineralization, the curves showed significant leveling off.
The pronounced slowing in the mineralization rate after 15 min of
treatment by dark-Fenton process can be contributed to the pre-
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Fig. 6. Degradation kinetic of RB137 by Fe?*/H,0, and UV/Fe?*[H, 0, processes, the
comparison of model and experimental data.

cluding of Fe3* ions from the catalytic cycle due to the formation
of stable Fe3*-complexes between iron ions and carboxylic acids as
aliphatic by-products of dye degradation [8]. These complexes can
be degraded under UV irradiation resulting with higher mineral-
ization extent, obtained by photo-Fenton process (Fig. 5(A)). Also,
aliphatic compounds, such as oxalic, acetic and maleic acids, which
are known to be the products of organic dye degradation [39,40],
are resistant to oxidation by Fenton reactions [8], thus contributing
to the remained organic content after dark-Fenton process. These
organic acids can be degraded under UV light, but due to the low
molar absorption at 254 nm, reaction rates are correspondingly low
[34,41]. This can be a plausible explanation for the observed leveling
offin mineralization curve of photo-Fenton process. However, trend
of the curve in the last 30 min of the process indicates that miner-
alization would proceed with the extended treatment time. Taking
into account the well-known mechanism regarding the Fenton cat-
alytic cycle and side reactions occurring in the bulk [8-11,20-24] as
well as observed behavior of the studied system during degradation
by dark- and photo-Fenton processes, the mathematical models
were developed. The degradation of model colored wastewater by
dark-Fenton process was described using reactions #1-16, #34-36
(Table 1), while the model for photo-Fenton process was develop
by upgrading model for dark process by additional specific reac-
tions #26-30 and #37 (Table 1), and incorporating in it the earlier
developed model for UV process (Egs. (6) and (8)). The results of
the model-experiment comparison are given in Fig. 5(A) and (B)
comparing the model and experimental data for dye degradation
(decolorization and mineralization) by both processes and the con-
sumption of H,0, during dark-Fenton process, respectively. It can
be seen that models describe system behavior with a very good
accuracy (Table 2). The value of rate constant for the reaction #35
(Table 2) presenting a formation of complex-suitable (CS) com-
pounds by the degradation of initial organic content (OC) with OH
radicals, was calculated by trial and error method. That reaction
describes the earlier mentioned typical leveling off in rate of min-
eralization occurring in dark-Fenton process (Fig. 5(A)). The value
of the rate constant of that reaction depends on the type of the dye,
i.e. in the manner in which the organic pollutant when degraded is
capable to form CS compounds.

The same models were tested in the case of another studied
colored pollutant, RB137, and results of degradation by Fe2*/H,0,
and UV/Fe2*[H, 0, processes ([Fe%*] =0.5 mM, Fe2*/H,0, = 1:30, pH
3) are compared in Fig. 6. It can be seen that models showed a
good predictability for the studied systems, providing a satisfac-

tory fitting of model to experimental results (SD values are listed in
Table 2). Several observations can be made according to the experi-
mentally obtained results. Decolorization proceeded with almost
the similar rate in both cases and yielded with more than 95%
after 2 min of treatment in both cases. The difference in final decol-
orization extent, 98% in the dark and 100% in the light, is almost
negligible. One of the major observations is based on the compar-
ison of data presented in Figs. 5 and 6, leading to the conclusion
that dye structure plays significant role in degradation mechanism.
Model solution of RB137 with azo chromophore was easily decol-
orized by both dark- and photo-Fenton processes. On the other
hand, RB49 dye with anthraquinone chromophore was shown to
be more stable in the dark, and the positive effect of UV assis-
tance to the decolorization rate is more pronounced. That part was
described in the model with different rate constants for decol-
orization, where higher one was given to RB137, while positive
effect of UV irradiation providing faster degradation of RB49 in
photo-Fenton process can be contributed to the higher quantum
yield of RB49, indicating less resistance of that dye to UV degra-
dation (already shown in Fig. 3). Also, from Fig. 6 it can be seen
that after 2min of Fe2*/H,0, process, mineralization of RB137
was significantly slowed down, almost inhibited. Assuming that
the formation of iron complexes with dye degradation products is
the main reason for such behavior, it can be concluded that after
2min such complexes are formed and only a very small portion
of Fe3* still participated in Fenton catalytic cycle. In Fenton type
processes besides OH radicals, the role of organic radicals in over-
all degradation throughout radical chain mechanism should not be
neglected [20,42]. Formation of degradation products, their nature
and characteristics, is strongly dependent on the structure of par-
ent dye molecule [42-45]. Obtained results for the dark-Fenton
processes indicate that in the case of azo dye (Fig. 6), the forma-
tion of iron-complexing species leads to the inhibition of Fenton
reactions. On the other hand, in the case of anthraquinone dye
(Fig. 5), the formation of organic radicals capable to participate
in chain reactions prevails, thus contributing to the overall min-
eralization extent. Lachheb et al. [44] demonstrated that different
molecular structures of the dyes influence on their reactivity with
OH radicals which constitute the main oxidizing agents generated
in UV-irradiated aqueous suspensions of titania, similarly like in
dark- and photo-Fenton processes presented in this study. There-
fore, the value of rate constant of reaction #35 (Table 2) for the
system containing RB137 was much higher than in the case of RB49.

The importance of this reaction and its influence on the pre-
diction of studied system is supported by the performed sensitivity
analysis. Results of the sensitivity analysis, presenting the peak val-
ues of normalized sensitivity coefficients for the concentration of
inorganic products of dye solution (IP) with respect to the rate con-
stant of chemical reactions used in kinetic modeling are given in
Fig. 7(A) and (B) for dark- and photo-Fenton processes, respectively.
Positive results of the normalized sensitivity coefficient for IP indi-
cate that if the particular reaction rate constant was increased, a
lower IP concentration would occur, showing that the rate of miner-
alization (#34) would be lower. On the other hand, negative values
of the IP sensitivity coefficients indicate that mineralization yield
is increasing with an increase in the reaction rate. What is impor-
tant, the sensitivity analysis shows the magnitude of the increase
or decrease in IP concentration, and therefore describes the sig-
nificance of the specific reaction. The value for the normalized
sensitivity coefficients gives the order of magnitude of the change in
concentration if the given reaction parameter changes by an order
of magnitude. Hence, if the value of sensitivity coefficient for IP
is 1, that would indicate that if reaction rate were increased by 1
order of magnitude, the value of IP concentration would be 1 order
of magnitude higher than the original reaction rate [24,32,33]. In
this study, sensitivity analysis performed for the model describing
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Fig. 7. The peak values of the normalized sensitivity coefficients for the concentra-
tion of inorganic products (IP) with respect to reaction rate constant for the chemical
reactions used in kinetic modeling; (A) dark-Fenton and (B) photo-Fenton processes.

dark-Fenton process for degradation of model colored wastewater
showed that the most important reaction in the investigated sys-
tem, besides reaction between OC and OH radicals giving IP (Table 1,
#34), is reaction #35, describing degradation of organic content in
order to form CS compounds, with the value of normalized sen-
sitivity coefficient of 0.248 (Fig. 7). That means if the rate of the
formation of CS compounds throughout reaction #35 increases, the
concentration of IP would decrease. This speaks in favor of ear-
lier mentioned assumption that the formation of iron complexes
is limiting factor in mineralization yield by dark-Fenton process.
Other important reactions according to sensitivity analysis are #1,
describing generation of OH radicals through Fenton catalytic cycle,
and #8, describing a scavenging nature of H, O, towards OH radicals
(Table 1). These two reactions have values of normalized sensi-
tivity coefficients 1 order of magnitude lower than reaction #35
(Table 1), indicating to their minor influence on the mineralization
rate. The index of normalized sensitivity coefficient for reaction #1
is negative indicating that an increase in its rate constant would
led to the generation of OH radicals in higher concentration result-
ing with higher yield of mineralization. On the other hand, the
index of calculated normalized sensitivity coefficient of reaction
#8 is positive, giving the negative influence to the overall miner-
alization yield due to the scavenging nature of H,O, towards OH
radicals. The values of normalized sensitivity analysis of other reac-
tions presented in Fig. 7(A) are 2 or more orders of magnitude lower
than the most important reaction for the model for dark-Fenton
process, reaction #35. Still, their role is not negligible within the
proposed model. Fig. 7(B) presents results of performed sensitivity

analysis for model describing system behavior of photo-Fenton pro-
cess for degradation of RB49 solution. Besides reaction #35, which
was again shown as the most important one, other important reac-
tions according to the performed sensitivity analysis are reactions
#36 and #38, both with negative indexes of normalized sensitivity
coefficients, indicating that an increase in the value of the rate con-
stants would result in the increased yield of mineralization. Other
reactions showed on Fig. 7(B) have values of normalized sensitivity
coefficient for 2 orders of magnitude less than above mentioned,
indicating their less importance in comparison with most impor-
tant reactions #35, #36, and #38 (Table 1). It should be pointed
out that as the most important reaction with positive index, i.e.
affecting negatively the mineralization yield, was again shown the
reaction #8 which describes scavenging nature of H, O, towards OH
radicals.

4.3. Fenton “like”, Fe3*/H,0,, and photo-Fenton “like”,
UV/Fe3*/H,0,, processes

As in the above processes, degradation kinetic of both dyes
by the dark-Fenton “like”, Fe3*/H,0,, and photo-Fenton “like”,
UV/Fe3*[H,0,, processes, at earlier established conditions for each
dye ([Fe**]=0.5 mM, Fe3*/H,0, = 1:10, pH 3 in the case of RB49 and
[Fe3*]1=0.5 mM, Fe3*/H,0, = 1:40, pH 3 for RB137)is studied [ 7]. The
models developed for Fenton processes were applied in these pro-
cesses using Fe3* salt as a source of iron catalyst. In Fig. 8 the results
of the comparison of model and experimental data for RB49 dye are
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the comparison of model and experimental data, (B) H,O, consumption during
degradation of RB49 by Fe3*/H,0,, the comparison of model and experimental data.
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presented. As in the case of dark-Fenton process (Fig. 5), decoloriza-
tion by dark-Fenton “like” process (Fig. 8) is somewhat slower and
at the end reached the value of 98%, while in the case of photo-
process the complete decolorization is achieved. If we look only at
the decolorization process it can be concluded that it does not mat-
ter whether Fe2* or Fe3* salts are used to catalyze the reaction [9].
However, by observing the mineralization process, it is noticeable
that not only the rate of mineralization, but also the overall yield of
both dark- and photo-processes are lower when Fe3* salts are used.
Hence, the final mineralization extents obtained by dark-processes
for RB49 are 43.1% by Fe3*/H,0, (Fig. 8) and 74.3% by FeZ*/H,0,
(Fig. 5). Observed behavior can be explained by the fact that in the
case of processes where Fe3* salt is used as iron catalyst, the gen-
eration of OH radicals is limited by much lower reaction rate of the
initial reaction. Thereby, in the first step Fe3* ions are reduced to
Fe2* jons and HO, radicals are formed (Table 1, #2). In the second
step Fe2* jons are oxidized to Fe3* and OH radicals are produced
(Table 1, #1) [11]. The rate of reaction #2 is 3 orders of magnitude
lower than that of reaction #1 (k, =0.02M~1s~1 « ky =76 M~1s~1),
which is the initial reaction in processes using FeZ* salts. More-
over, the reactivity of produced HO, radicals (reaction #2) is much
lower than that of OH radicals (reaction #1) [9]. Due to the UV
assistance, the difference between final mineralization extents for
photo-processes using Fe3* and FeZ* salts is somewhat smaller,
77.5% by UV[Fe3*|H,0, and 88.5% by UV/Fe%*/H,0,, in compari-
son to dark-processes (Figs. 5 and 8). The reason could be found in
the synergistic effect of two degradation mechanisms; direct pho-
tolysis and OH radicals, which can be generated through several
pathways, shown by reaction #1, #26 and #30 (Table 1). However,
in photo-Fenton type processes degradation mechanism by OH rad-
icals is predominant over direct photolysis, but depending on the
dye structure the participation of organic radicals in chain mecha-
nism should not be neglected, as it was discussed above for RB49.
From Fig. 8 and Table 2, a good agreement between experimental
and theoretical data for both processes and all observed parameters
can be observed. The difference from previous model applied in the
case of FeZ* salt is the value of rate constant of reaction #35. The
given higher value in the case of Fe3* salt is in accordance with the
observed experimental results.

In Fig. 9 the comparison of model and experimental data of
degradation kinetics of RB137 by Fe3*/H,0, and UV/Fe3*/H, 0, pro-
cesses is shown. It can be seen that as in the case of RB49 (Fig. 8),
RB137isdecolorized with lower rate by dark-process than by photo-
process, which yielded with somewhat lower final extent. Also, if
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Fig. 9. Degradation kinetic of RB137 by Fe3*/H,0, and UV/Fe3* [H,0; processes, the
comparison of model and experimental data.

we compare the results for RB137 presented in Figs. 6 and 9, it can
be seen that decolorization rate by dark process using Fe3* salt is
lower than by process using Fe?*. As mentioned earlier, in the case
of Fe3* salt the generation of OH radicals, as a main oxidative specie
responsible for degradation of present organic pollutant, is limited
by much lower reaction rate of the initial reaction of Fenton cat-
alytic cycle (k; =0.02M~1s~1 « k; =76 M~! s~1). On the other hand,
decolorization rates of RB137 obtained by both Fe3* and Fe2* photo-
processes are almost the same. It can be concluded that the negative
effect of slower initial reaction in Fe3*/H,0, system is compen-
sated by UV assistance. The similar trends of both mineralization
curves presented in Figs. 6 and 9 can be observed. After the initial
period of relatively fast mineralization, process in the dark is almost
inhibited in both cases, supporting the above mentioned degrada-
tion pathway of RB137 by Fenton type processes towards forming
iron-complexing species as a dye degradation products. Due to the
previously given explanation, lower mineralization extent could
be expected in the process using Fe3* salt. In that case, discrep-
ancy with obtained results can be observed. However, if we look
closely at mineralization curves, it can be seen that in the case
of Fe3* salt initial mineralization proceeds with lower rate. As a
consequence, the formation of iron-complexes is delayed resulting
with higher overall mineralization extent. Namely, 45.3% of TOC
is removed by Fe3*/H,0, (Fig. 9), while Fe2*/H,0, yielded only
34.3% (Fig. 6). On the other hand, the photo-process using Fe3*
salt provided expected results: lower mineralization rate yielding
with final lower TOC removal than in the case of process using
Fe2* salt. After initial 15 min during which mineralization curves
of dark- and photo-processes are almost overlapping, the mineral-
ization by UV/Fe3*/H, 0, proceeds due to the degradation of formed
iron-complexes resulting with 79.4% of TOC removal (Fig. 9). Again,
like in the above case of RB49, it can be seen that developed models
followed the experimentally obtained results with high accuracy
(calculated SD values are shown in Table 2).

4.4. Fenton “like”, Fe%/H,0,, and photo-Fenton “like”,
UV/Fe%/H,0,, processes

The kinetic of third group of applied processes, where iron pow-
der is used as a source of catalysts in Fenton reaction is studied
in the same manner as the above presented homogeneous Fen-
ton type processes. For RB49 dye 28 mgL-! of iron powder is
added, corresponding to ¢(Fe%)=0.5 mM, while the Fenton ratio was
Fe®/H,0, =1:20 and pH 3. Fig. 10 summarizes the kinetic of decol-
orization and mineralization of RB49 by both heterogeneous Fenton
type processes, Fe®/H, 0, and UV/Fe?/H, 0, (A), as well as consump-
tion of H,0, and leaching of iron ions from solid surface into the
bulk (B). On the basis of earlier developed model for homogeneous
processes, the models describing heterogeneous processes were
developed using the knowledge from the literature related with
behavior of iron powder and heterogeneous Fenton catalysts in sim-
ilar environment [11,25,26,31]. From the modeling point of view, it
can be concluded that developed models describe system behav-
ior with a high accuracy; SD ranging for all model-experiment
data pairs from 0.0063 to 0.0288 (Table 2). It can be seen that
decolorization obtained by dark-process is somewhat slower than
that obtained by photo-process, similarly as in the case of two
previously presented processes. But heterogeneous dark-process
yielded 100% decolorization (Fig. 10), which was not the case in
both homogeneous dark-processes (Figs. 5 and 8). By comparing
Figs. 5, 8 and 10 it can be observed that initial mineralization rate of
RB49 by Fe9/H, 0, process is significantly lower than by Fe2*/H,0,
and similar to that by Fe3*/H,0, process. Lower initial mineral-
ization rate in process using iron powder is consequence of slow
leaching of iron, providing Fe2* for initiating Fenton cycle in the
bulk [25]. On the other hand, in heterogeneous processes, Fen-
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Fig.10. (A)Degradation kinetic of RB49 by Fe®/H, 0, and UV/Fe®/H, 0, processes, the
comparison of model and experimental data, (B) H, O, consumption and the leaching
of iron ions from iron powder surface during degradation of RB49 by Fe®/H,0,, the
comparison of model and experimental data.

ton reactions are also taking place on the surface of solid particles
[11], with the induction period characteristic for all heterogeneous
catalytic systems. The pronounced leveling off of mineralization
kinetic curve by dark-process using iron powder led to the con-
clusion that iron-complexes are formed in the bulk same as in
homogeneous processes (Figs. 5 and 8). It should be pointed out
thatin Fe®/H, 0, process, the concentration of free iron ions is lower
in comparison to the processes using iron salt, even up to three
times lower, i.e. the concentration of iron ions in the bulk after the
treatment by processes using iron powder and iron salts were 0.17
and 0.5 mM respectively (Fig. 10(B)). Also, those complexes can be
formed on the solid surface thus lowering number of free active
sites resulting with decreasing the overall concentration of OH rad-
icals in the system [44]. However, due to the leaching of iron from
solid phase, mineralization is continued, but with lower rate. As it
was expected, the efficiency of Fe9/H,0, is enhanced by UV assis-
tance yielding with 88.2% of TOC removal which is twice higher
than in the dark.

Similar results are obtained for RB137 degradation (Fig. 11).
Decolorization is complete after 1h of treatment in both cases.
Moreover, overlapping curves indicate that decolorization proceeds
with the same rate. Again, developed models showed good accor-
dance with experimental data (Table 2). However, it should be
emphasized that all models in this study are developed on the
basis of the results of laboratory batch experiments using model
pollutants in low concentration. Real dye wastewater may differ
depending on the characteristics of present pollutant and further
modification of developed models may be required, which is in
accordance with the results of the study indicating that degradation
pathways depend on dye structure.
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Fig. 11. Degradation kinetic of RB137 by Fe?/H,0, and UV/Fe®/H,0; processes, the
comparison of model and experimental data.

From Figs. 10 and 11 it can be seen that, except for decoloriza-
tion within 60 min of treatment by process using iron powder in
the dark due to the easier cleavage of azo than anthraquinone chro-
mophore [35], there are no other differences related to different
dye structure of RB49 and RB137 dyes, as it was shown in homoge-
neous processes. Moreover, Fe?/H,0, and UV/Fe%/H,0, processes
yielded with the same decolorization and similar mineralization
extents for both dyes and processes. If iron powder is considered
only as a source of free iron ions in the bulk, the system behavior
should be similar to the above shown homogeneous processes. The
obtained results lead to the conclusion that this was not the case and
that reactions taking place at the solid surface play significant role
in overall process effectiveness of heterogeneous processes. This
statement is supported by the results of sensitivity analysis per-
formed for model describing the behavior of dark process using iron
powder as a source of Fenton catalyst (Fig. 12). Calculated values of
the normalized sensitivity coefficients for the reactions occurring
at the solid surface are at least 1 order of magnitude higher than for
those in the bulk, speaking in favor of the above stated significance
of the surface reactions. Reaction #35 describing the formation
of CS compounds, was earlier determined as the most important
in homogeneous process. Hence, this reaction was shown to be
the most important in heterogeneous process too, with normal-
ized sensitivity coefficient of 0.608 (not included in Fig. 12). Other
reactions describing the system behavior have 2 or more orders of
magnitude lower coefficients (Fig. 12).
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Fig. 12. The peak values of the normalized sensitivity coefficients for the concentra-
tion of inorganic products (IP) with respect to reaction rate constant for the chemical
reactions used in kinetic modeling; for dark-Fenton type process using iron powder.
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At the end, as it was discussed above in Section 4.1, chlorinated
triazine structures are less resistant to degradation under UV irra-
diation than other aromatic or aliphatic intermediates of partial
dye degradation. According to Figs. 13 and 14, it is obvious that UV
irradiation enhanced process effectiveness in the case of both stud-
ied dyes and all applied Fenton type processes in the terms of AOX
removal. It can be concluded that degradation of all chlorinated
structures is more favorable under UV irradiation. However, from
the presented results the direct correlation between TOC and AOX
parameters cannot be drawn. Comparing the results of AOX removal
by homogeneous processes it can be concluded that halogenated
structures amounts differently in overall residual organic content
expressed by the means of sum parameter TOC (final extents at
Figs. 5-11). This speaks in favor of different degradation pathways
depending on dye structure and the type of Fenton reagent.

5. Conclusions

The kinetic of dark- and photo-Fenton and Fenton “like” pro-
cesses for the treatment of model dye wastewater was studied.
Both dark- and photo-Fenton type processes were shown to be very
efficient for overall color removal, >98%. It has been shown that
decolorization rates are enhanced by assistance of UV irradiation in
the case of both studied dyes and all applied Fenton type processes.
This effect is even more pronounced in the case of mineraliza-
tion where significant improvements were achieved, both in final
extents and rates. Also, according to the obtained AOX removals,
it can be concluded that UV irradiation significantly improved the
degradation of either chlorotriazine part of parent dye molecules
or formed chlorinated by-products. The improvement in the over-

all process efficiency by UV irradiation can be mainly contributed
to the degradation of Fe3*-complexes restraining Fenton catalytic
cycle in the dark. In photo-Fenton type processes additional source
of OH radical throughout the photolysis of H,0, is provided con-
tributing to the overall process effectiveness. Depending on dye
structure and process type different degradation mechanisms can
be assumed manifesting with the different ratio of residual over-
all organic and halogenated organic content. In the case of Fenton
processes using iron powder, Fenton reactions both in the bulk
and at the solid surface are taking place. Thus, in comparison to
homogeneous Fenton type processes, similar decolorization and
mineralization extents can be achieved, while the lower amount
of iron ions is present in the bulk after the treatment. Moreover, by
the utilization of iron powder, the contamination of treated solution
with unnecessary counter-ions is avoided, giving heterogeneous
Fenton type processes advantage from the environmental point of
view.

Developed mathematical models are interpretable and trans-
parent, and with satisfactory accuracy describe mechanisms of dye
degradation taking into account reactions occurring in the bulk
(homogeneous and heterogeneous system) and at the solid sur-
face (heterogeneous system) in applied Fenton type process. On the
basis of the parametric sensitivity analysis performed, the impor-
tance of each chemical reaction included in model development
was established, indicating that the formation of complex-suitable
compounds, dependent on the chemical structure of pollutant, is
the limiting factor influencing the overall mineralization extent.
Developed models can be used to predict the behavior of the similar
systems with the aim of maximizing wastewater treatment process
efficiency.
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