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ABSTRACT

In this work, a simple kinetic model was used to study the azo dye Orange II (O-II) degradation using
Fenton’s reagent, in the Fenton-like stage. The effects of pH, temperature, Cl- concentration and initial
concentrations of O-II, hydrogen peroxide (H,0;) and ferrous ion catalyst (Fe**) on the degradation rate
have been investigated in a batch reactor. The apparent kinetic constants, kap, for O-II degradation were
determined in the following ranges of experimental conditions: 2.0 <pH <4.0, 283K <T<323K,0M <
Cq- =1x1072M,3x107°M < Cong < 1x 107*M, 1 x 107*M < Cuy0,, <1 x 10> Mand2.5 x 10°M <
Creg2+ <2 x 107> M. A pseudo first-order reaction rate with respect to O-II concentration was found to be
adequate to fit the data in these experiments, in which k., depends on the initial conditions following a
power-law dependency (at optimum pH of 3 and absence of chloride ions). This equation, without further
fitting parameters, was successfully used to validate experiments performed in a continuous stirred tank
reactor (CSTR). The ability of the model predictions was also checked by performing experiments in the

CSTR out of the above-mentioned ranges (used for the kinetic study).

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Azo dyes are a class of synthetic dyes which make up 60-70%
of all textile dyestuffs. These dyes are soluble in solution and are
not removed via conventional biological treatments [1,2]. They can
be divided into monoazo, diazo and triazo classes, according to the
presence of one or more azo bonds (-N=N-) [3,4]. Some azo dyes
and their precursors have been shown to be, or are suspected to be,
human carcinogens as they form toxic aromatic amines [5-7]. In
particular, Orange II (O-II), also called acid Orange 7, is a molecule
with N=N bonds that is widely used in the dyeing of textiles and
cosmetics, and thus found in the wastewaters of the related indus-
tries [8].

The processes used to decontaminate wastewater are physical,
biological or chemical. The first do not lead to organics degradation
but rather to their transfer from one phase to another. On the other
hand, biological processes usually proceed at low rates and are very
often inhibited by several substances, particularly those that inhibit
or are toxic to the microorganisms, as is the case of many dyes.
For these reasons, research efforts have been focused in developing
attractive oxidation processes that might be employed as a pre-
treatment stage (to increase organics biodegradability by partial

* Corresponding author. Tel.: +351 22 5081519; fax: +351 22 5081449.
E-mail address: mmadeira@fe.up.pt (L.M. Madeira).

1385-8947/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2008.09.012

oxidation) or as final treatment, in some cases for simple colour/dye
removal. Recent progress in this field has led to the development
of advanced oxidation processes (AOPs). Among them, oxidation
using Fenton’s reagent has proved to be a promising and attractive
treatment method for the effective decolourization and degrada-
tion of dyes, as well as for the destruction of a large number of
hazardous and organic pollutants [9-12]. Moreover, the process is
simple, taking place at low temperatures and atmospheric pressure
[13].

Oxidation with Fenton’s reagent is based on ferrous ion and
hydrogen peroxide and exploits the very high reactivity of the
hydroxyl radical produced in acidic solution by catalytic decompo-
sition of H,O, - Eq. (1) [14]. The mechanism of Fenton’s oxidation
involves basically the following steps (Egs. (1)-(6)), wherein kinetic
constants reported are given in M~! s—! (with the exception of ks)
and were taken from the literature [14-20]:

Fe?* + Hy0, — Fe3* +HO~ +HO®, k= 51-100 1)
FeZt + HO* — Fe3* +HO~, ky= 3-4.3x 108 (2)
Fe3t + H,0, — Fe2t +HT +HO,*, k3= 0.05-0.27 (3)
H,0, +HO* — HO,* + H,0,  ks= 1.2-4.5x 107 (4)
H,0, — 1/20, +H,0,  ks= 0.001s7! (5)
2HO* — H,0,, kg= 5.3x10° (6)
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Nomenclature

A pre-exponential coefficient of the kinetic law (s—1)

G concentration of species i (M)

C(t) Danckwerts’ C curve (dimensionless)

E(t) residence time distribution function (s~ 1)

E, apparent activation energy (kJ mol—1)

F; molar flow rate of species i (mols—!)

kap apparent kinetic rate constant (s~1)

ki rate constant for elementary Fenton reaction step i
(M-1s-Tors-1)

Q volumetric flow rate (Ls™1)

(-ron) reaction rate for Orange II consumption

(molL-1s-1)

R ideal gas constant (Jmol~1 K-1)

t time (s)

T temperature (K)

Vv volume of reactor (L)

X Orange Il conversion (%)

Greek symbol

T space-time (s)

Subscripts

batch  batch reactor

Cl- chloride ion

exp experimental conditions

Fe2* ferrous ion

H,0, hydrogen peroxide

in inlet conditions (continuous reactor)

mod model prediction

o initial conditions (batch reactor)

Oll Orange Il

out outlet conditions (continuous reactor)

Superscripts

a reaction order with respect to Orange Il concentra-
tion

b reaction order with respect to H,0O, concentration

c reaction order with respect to Fe?* concentration

refers to initial conditions (continuous reactor -
tracer experiments)

The HO* species produced through reaction given by Eq. (1) will
then attack organic matter present in the reaction medium, because
such radical is a powerful inorganic oxidant that reacts non-
selectively with numerous compounds (rate constants in the range
107-1010M-1s-1)[14,21]:

OIl + HO* — products + H,0 (7)

Several studies can be found in the literature dealing with the
Fenton'’s process kinetics. However, due to the associated complex-
ity (besides the above-mentioned many other reaction steps have
to be taken into account), a phenomenological study requires a
set of at least 20-30 differential equations. Even so, rate constants
vary from work to work, and for several of them activation ener-
gies are not documented. Therefore, it is a main goal of the present
work to find a simple semi-empirical equation that describes the
kinetics of O-II degradation in a batch reactor by the Fenton’s
reagent, information that is required for modelling, design and
optimization of chemical reactors used for the degradation of pol-
lutants. The non-biodegradable azo dye Orange Il was selected as
model compound due to its wide application in several indus-

tries. Many operational parameters, such as pH, O-II concentration,
H,0, dosage, Fe2* concentration and temperature, that affect the
degradation efficiency, were investigated. The effect of Cl~ concen-
tration on the oxidation efficiency was also studied because this
species is usually present in textile effluents and is inhibitory for
the Fenton’s process. Finally, the kinetic law obtained was used
to validate experiments carried out in a continuous reactor. To
the best of the author’s knowledge, there are available only a few
studies about Fenton’s reagent application in continuous reactors
[e.g., 15,22,23], and none were found for the O-II dye. Studies
dealing with the modelling of such continuous process are also
scarce.

2. Materials and methods

Chemical oxidation of Orange II aqueous solutions was con-
ducted in two stirred jacketed glass reactors; the first one was
a batch while the second was a continuous stirred tank reactor
(CSTR), with 0.30L and 0.92 L capacity, respectively. In both cases
temperature was controlled through a Huber thermostatic bath
(Polystat CC1 unit). The reactors were equipped with a Falc F30ST
magnetic stirrer for continuous stirring of the reaction mixture and
a thermocouple was used to assess the temperature in the liquid
phase. The absorbance and the pH were continuously monitored
using a Philips PU8625 UV/VIS spectrophotometer and a pH-meter
from EDT instruments (RE 357 TX), respectively. Data acquisition (at
a frequency of 0.2 s~1), with displaying and saving capabilities in a
PC, was performed using a home-designed interface with software
Labview 5.0, from National Instruments.

The dye, Orange II (C1gH11N;NaO4S) from Fluka p.a., was used
as received. In the batch runs, the initial pH was adjusted through
addition of 1M NaOH or 0.1 M H,SO4 to the dye solution. Then,
solid iron sulphate (FeSO,4-7H,0, from Panreac) was added, fol-
lowed by the hydrogen peroxide solution (30%, w/w, from Merck),
with intermediate pH adjustment if necessary. Addition of H,0,
corresponds to the initial instant of the runs. For on-line absorbance
measurements a flow-through cell was used, being the recircu-
lation of the solution made with the help of a Watson-Marlow
5055 peristaltic pump at very high flow rate. This assembly allows
an almost in-situ monitoring of the dye concentration in the
reaction mixture, which, coupled with high data frequency acqui-
sition, provided a good perspective of the concentration history.
As discussed below, this allowed a better visualization of the
change in the kinetics along the Fenton’s process. Even so, not
all the data are included in the figures, for a better visualiza-
tion.

Orange II concentration was obtained from a calibration curve
at the characteristic dye wavelength (486 nm), because this corre-
sponds to the maximum of absorption and in this range interference
by oxidation products does not occur [24].

For operation of the CSTR, the same peristaltic pump was used to
feed two streams: one acidic containing the dye solution with the
dissolved iron catalyst and another with the H,0, solution. Both
flow rates were carefully measured so that the concentration of
each species, at the reactor inlet, was known. The exit stream was
flowed through the spectrophotometer cell until a steady dye con-
centration was measured. All experiments were carried out at pH
~3.0. In experiments carried out in duplicate, conversion varied by
less than 10% (relative error).

To obtain the residence time distribution in the continuous reac-
tor, i.e., for studying the mixing characteristics in such a reactor, a
tracer stimulus-response technique was used. The reactor was fed
with distilled water and after being filled the tracer (O-II in this
work) was suddenly added (pulse input with a syringe). Then, its
concentration was measured along time in the outlet stream.
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3. Results and discussion
3.1. Batch reactor - kinetic study

In the Fenton'’s process, it is generally considered that the reac-
tions between hydrogen peroxide and ferrous iron in acidic medium
involve the steps presented above (Egs. (1)-(6)), although some
authors propose a much more complex mechanism, with several
other reactions and involving many radicals [e.g., 25]. In this pro-
cess, formation of hydroxyl radicals was demonstrated by several
researchers [26] and they have been suggested to be the main oxi-
dant species. In spite of the oxidation kinetics complexity, it is often
assumed that, under certain conditions, the process mechanism can
be significantly simplified, being of particular relevance reaction (7)
[26]. The corresponding kinetic equation (i.e., for reaction between
O-Iland HO*), assumed to be elementary, can thus be expressed as
follows:

(=ron) = k7Cxo+ Con = kapCon (8)

where kjp is an apparent pseudo first-order kinetic constant that
involves the radical HO concentration, assumed to remain con-
stant along one experiment due to the hypothesis of a pseudo
steady-state concentration of hydroxyl radicals. Such hypothesis
was confirmed by solving the set of differential equations based
on the above-mentioned reaction scheme, using the rate constants
ranges reported in the literature. Besides, this approach is widely
adopted in Fenton’s oxidation studies [e.g., 25, 27-29]. The value
of kap depends therefore on the initial reactants concentrations
(H,0, and Fe?*), temperature, and also on the concentration of
scavenger species present in the reaction mixture (such as interme-
diates, HOO®, etc.) [26]. On the other hand, these scavenger species
concentrations depend on the initial O-II concentration, and for this
reason kap is a function of all these variables [26]:

kap zf(COIIOa CH20207 CFe02+’ T)

The dependence of kap from the operating conditions can be
found by performing independent experiments, changing each fac-
tor at a time, after appropriate linearization of the data. This can
be achieved starting from the corresponding mass balance in the
batch reactor (dCoy/dt = —kapCon, wherein the hypothesis of ideal
mixing conditions has been verified by simple tracer experiments),
thus yielding:

In =L — kot (9)

If the relationship between In(Coy/Cor, ) vs. time (t) is linear, then
the degradation of O-1I will follow a pseudo first-order reaction and
the values of kap, at given experimental conditions, can be obtained
from the slopes of these plots. However, the reaction exhibits a
change on its kinetics, which is a consequence of the mechanism
complexity. This has been widely reported in the literature associ-
ated with the Fenton’s process, and for that reason kap values were
calculated from experimental data covering only the Fenton-like
phase of the process, this means where most of Fe2* has been con-
verted into Fe3* (also called as stage II). Actually, it is known that
the Fenton'’s process is divided in two-stage reactions. In the first
organic compounds are decomposed rapidly and somewhat less
rapidly in the second one. The main reason for this well-known
behaviour is that ferrous ions react very quickly with hydrogen per-
oxide to produce large amounts of hydroxyl radicals (cf. Eq. (1) and
corresponding rate constant), which can then react rapidly with
the dye (so-called Fe2*/H,0, stage) [11]. Ferric ions produced can
then react with H, 05 to produce hydroperoxyl radicals and restore
ferrous ions (Eq. (3)). However, the rate of oxidation in the sec-
ond stage (Fe3*/H,0, stage) is slower than in the first one due to
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Fig. 1. Typical plot of the O-II concentration history. Experimental conditions:
Cotl, = 1.1 x 107*M, Ciy,0, , =2 x 107*M, G2+ =5 x 107°M, T=303 K and pH 3.

the slow production of Fe* from Fe3* [30]. Because the reaction in
which Fe?* is converted into Fe3* is very fast, the first stage is short
(or very short) and afterwards the process enters into a so-called
pseudo steady-state, wherein Fe is mainly in the 3+ oxidation state.

Fig. 1 shows the transient O-II concentration curve in a typical
experiment, evidencing clearly the existence of this two-stage pro-
cess. For that reason the fitting of a single kinetic equation along all
the process is not straightforward and so we used data only in the
second stage of the process (pseudo steady-state, t > t1 ). This means
that, in general, about 90% of the experimental data in each run are
used in the regression, and in all cases it is warranted that the con-
version of Fe2* into Fe3* is higher than 95% (cf. Eq. (10), derived from
Eq. (1), taking into account that H, O, is present in large excess with
respect to Fe2*). In all experiments fitting of Eq. (9) to experimental
data provided average relative errors below 6.5%, as described in
the following section.

In 0.05

ty > —
k1Ch,0,

(10)

3.2. Batch reactor - effect of the main operating conditions

In the closed reactor, several experiments on the dye degra-
dation by Fenton's reagent were conducted by varying the
temperature (283-323K) and the initial concentrations of O-II
(3x 1075 to 1x 104 M), Hy05 (1x 104 to 1 x 10-3 M) and Fe?*
(2.5 x 1076 to 2 x 10~> M). The effect of pH and of a scavenger usu-
ally present in textile effluents (chloride ion) was also analyzed.

3.2.1. Effect of the pH

The influence of initial pH in the degradation of O-II was first
studied. Fig. 2 shows the fittings of Eq. (9) to the dye concentration
data over time, showing clearly that O-Il degradation in the Fenton-
like stage (data in the first stage were omitted) fits well the pseudo
first-order kinetic model (average relative error <1.0%), whatever is
the reaction pH (in the range 2-4).

Table 1 shows the pH effect on the apparent kinetic constant
(runs 1-4). It is evident that when the initial pH increases from 2
to 3 the value of kap quickly increases, decreasing drastically when
the pH is raised from 3 to 4. This behaviour was observed by the
authors previously [30] and agrees with literature findings, as it
is usually accepted that acidic pH levels near 3 are usually opti-
mum for Fenton oxidation [14,15,31]. At pH <3 the process becomes
less effective. Indeed, in such conditions the regeneration of Fe2*
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Fig. 2. Linearized dye concentration history in the Fenton-like stage at different pH
values. For the experimental conditions please refer to Table 1.

(through reaction between Fe3* and H,0, ) is inhibited, because the
formation of Fe3*-peroxocomplexes (as intermediates) decreases
[32]. At pH above 3.5 performance significantly decreases, mainly
because the dissolved fraction of iron species decreases [33]. Actu-
ally, at high pH values Fe(Ill) precipitates, therefore decreasing the
concentration of dissolved Fe(IIl). Consequently, the concentration
of Fe(Il) species also decreases because iron(Ill) hydroxides are
much less reactive than dissolved Fe(III) species towards H,0,. The
process performance is then affected because a smaller steady-state
concentration of hydroxyl radicals is attained.

It is worth noting that two experiments performed at pH 3.0
provided kap values that differ only 2.7% (average relative error).

3.2.2. Effect of the chloride anion concentration

Inorganic anions (Cl-, SO42~, H,PO4~/HPO42~, etc.) present in
wastewater may have a significant effect on the overall reaction
rates of the Fenton process [34]. Moreover, textile effluents con-
tain a large number of inorganic salts [35], and inorganic anions,
such as chloride ions, are very common in most wastewaters [36].
Therefore, it is important to evaluate their effect on the process
performance.

The effect of the chloride anion (Cl~) on the O-II degradation by
Fenton’s reagent was thus investigated and the results are shown
in Table 1. It can be seen that the oxidation power of the Fenton
process was decreased in the presence of Cl~, as revealed by its
effect on the kinetic constant associated with the reaction between
O-II and HO* species (kap). The reason for this might therefore be
attributed to a decrease in the amount of hydroxyl radicals available
as a consequence of the following scavenging reactions [11]:

Cl- +HO* — CIHO*~ (11)
CIHO®*~ +Fe?* — Cl- + OH™ Fe3+ (12)

Consequently, an increase in the chloride anions concentration (at
least up to 4 mM) leads to a smaller steady-state hydroxyl radicals
concentration, and thus smaller kp, values.

This inhibitory effect is in agreement with others reported in the
literature for 2,4-dichlorophenol [37], O-11 [38] and other dyes [39],
although some authors point for other parallel reactions between
Cl anions and other species [34,38]. Finally, it is worth mention-
ing that Malik and Saha [11] reported that the presence of CI~ on
direct dyes oxidation decreases the extent of degradation, when
Cl~ concentration ranges similar to those used in this work were
employed.

The effect of the remaining operating variables will now be
addressed, to establish the reaction rate equation, in absence of
chloride ions and at the optimal pH of 3.

Table 1

Effect of initial pH, chloride ion, dye, hydrogen peroxide or ferrous ion concentrations and temperature on the apparent pseudo first-order rate constant (kap).

Run pH CCI’(M) COIIO(M) CHZOZ G(M) CFE()Z*(M) T(K) kap (S_1 )
1 2.0 2.5x107°
2 3.0 0 s L 5 303 1.1x 1074
3 3.0 5.0x 10 2.0x 10 5.0x 10 11x 104
4 4.0 7.3 %1075
5 0 11x104
6 1.0x1073 7.3 x107°

5 —4 —6
7 3.0 4.0x10-3 5.0x 10 2.0x10 5.0x 10 303 4.9x10-5
8 1.0x 10—2 5.8 x 107>
9 1.1x104 6.7 x 10

10 5.9x 107 9.7 x10~>

11 3.0 0 5.1x107 2.0x104 5.0x 106 303 11x 104

12 4.1x107° 1.2x 104

13 3.2x10° 1.6x10°4

14 1.0x 107* 7.4x107°

15 2.0x107% 9.8x 107

16 o 0 " 4.0x 104 . S 1.6 x 10~4

17 d 5.0x 10 6.0x 104 5.0x10 31 x 104

18 8.0x10~* 32x10%

19 1.0x 1073 4.0x 104

20 25x1076 4.7 %107

21 5.0 x 10~ 11x104

22 3.0 0 51x 10> 2.0x10~* 1.0x 1075 303 4.0x10~4

23 1.5x 107> 5.8x 1074

24 2.0x107° 83x 1074

25 283 2.0 x 107>

26 293 5.3 x 107

27 3.0 0 53x 107> 2.0x1074 5.0 x 1076 303 11x 1074

28 313 2.2 x10~4

29 323 42x10~4
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Fig. 3. Effect of the initial dye concentration on the apparent rate constant of O-II
degradation. For the experimental conditions please refer to Table 1.

3.2.3. Effect of the initial Orange II concentration

The effect of the initial dye concentration was tested at con-
stant initial H,0, and Fe?* concentrations, 2 x 10~4and 5 x 10~ M,
respectively, with T=303K and initial pH 3 (data not shown for
brevity). The same procedure as above described, applied in the
Fenton-like stage (see Fig. 2), allowed obtaining the apparent
kinetic constants reported in Table 1 (runs 9-13). Results show that
the degradation rate decreases for increasing Coyj,, in the chosen
range. The apparent rate order for the dye was then determined to
be —0.67 from a In kap vs. In Cop, plot (Fig. 3). The negative effect of
the parent organic compound on the apparent kinetic constant was
also reported by other authors [e.g., 26,27]. Because the amount of
hydrogen peroxide molecules available is the same, this indicates
that the higher the dye concentration in the reactor, the smaller is
the hydroxyl radicals concentration at steady-state.

3.2.4. Effect of the initial hydrogen peroxide concentration

The effect of the initial hydrogen peroxide concentration
(Ch,0,,) ON kap can be observed in runs 14-19 (Table 1), and
the results show that the degradation rate increases for increas-
ing hydrogen peroxide loads, in the range studied. This trend was
expectable. However, the authors found previously [30] that when
the value of Cy,o,, is very high, the degradation efficiency keeps
constant or even decreases. The fact that in some conditions very
high H,0, concentration values lead to a decrease in the final
discolouration and rate of degradation is possibly due to the com-
petition between these species for hydroxyl radicals (scavenging
effect, Eq. (4)). Indeed, HO radicals are quite non-selective, react-
ing with the organic matter present but also with other species. De
Laat and Gallard [16] have also stated that when the molar ratio
CH,0,,/Cre,2+ is very high (>500), a detrimental effect might be
observed. This was not observed in this work where much lower
ratios have been employed (<200).

The apparent rate order regarding the initial H, O, concentration
was determined to be 0.77 from an In k,p vs. In Cy, 0, plot.

3.2.5. Effect of the initial ferrous ion concentration

The procedure described above was also applied to analyze the
effect of Cpe 2+ (Table 1). Data obtained put into evidence that
the degradation rate is very sensitive to the iron concentration,
because it acts as catalyst in the Fenton or Fenton-like process.
In the range used, i.e.,, 2.5 x 107°°M < Crey2+ < 2.0x 10> M and
10 < Cy,0,,/Cre,2+ < 80(mol), the degradation rate increases with

-7.5

8.0
] y = 6986.9x + 13.9
-8.5 R’ = 0.998

-9.0
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Ink

-9.5
-10.04
-10.54
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T
3.1 3.2 3.3 3.4 3.5 3.6
1T (x10° K ™)

Fig. 4. Arrhenius plot of the apparent rate constant of O-II degradation. For the
experimental conditions please refer to Table 1.

the ferrous iron content. Other authors found that, if the ratio
CH,0,,/Cre,2+ 1s between 50 and 500, kap increases linearly with
Cre,2+ [16]. The rate order for the initial Fe* dose was determined
to be 1.43.

3.2.6. Effect of the temperature

The temperature effect on kap can be observed in runs 25-29,
with constant Coyy,, Ch,0,,, PH and Cg, 2+ (Table 1). It is observed
that the temperature has a strong effect on the O-Il degradation rate,
which is increased at high temperatures due to an increment in the
pseudo first-order rate constant. The data exhibit Arrhenius-type
behaviour, with apparent activation energy of 58.1 k] mol~!, calcu-
lated from the usual In kap vs. 1/T plot (Fig. 4). The value obtained is
very similar to that previously reported by the authors of this work
when using a Fe-impregnated activated carbon (56.1 k] mol~1)[40].
It is interesting to note that such activation energies are some-
what higher than the values measured for: (i) photo-assisted
catalytic decomposition of O-II through a Fe/C structured solid
(43.55 k] mol~1) [41] and (ii) photo-Fenton reactions for O-1I degra-
dation on structured C-Nafion/Fe-ion surfaces (41.03 k] mol~1)[42].
Because the activation energy (E;) obtained for the homogenous
system is rather similar to that observed in a heterogeneous pro-
cess (using the same dye), the reason for the smaller E; values in
the heterogeneous photo-Fenton processes might be attributed to
the use of radiation.

3.2.7. Rate equation for the degradation of O-II in a batch reactor

The rate equation can be expressed in a simple way (pseudo
first-order), as shown in Eq. (8), wherein k,, depends on the initial
conditions as follows:

E,
kap = ACOIIOHCHZOZ ObCF602+C exp (—ﬁ) (13)

where E; is the apparent activation energy for O-1l degradation and
the exponents a, b and c represent the apparent reaction orders
for O-II, H,0, and Fe?*, respectively. The pre-exponential coeffi-
cient A was then calculated by regression minimising the sum of
the square residues between kap data obtained from Egs. (9) and
(13), for each experiment. The value obtained with this procedure
was A=4.06 x 1013 s~ and the resulting parity plot is shown in
Fig. 5, evidencing a good agreement between the data computed
from both equations. Concluding, the power-law equation for the
apparent rate constant of O-II oxidation via Fenton’s reagent, in the
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Fenton-like stage, is given by:

B 58092
kap = 4.06 x 10" Coyy, 0'67CH202 00'77CF602*1.43 exp (7 RT )

(14)

Up to now we have established a first-order rate law for O-II
degradation, which can be useful for predicting the pseudo steady-
state (i.e., when Fe is essentially at the 3+ oxidation state) in a
chemical reactor. Obviously, in a batch system this can fail (and
really does, as shown below), depending on the initial conditions
and extension of the initial (Fenton) phase, which in most experi-
ments performed is short. However, it can be valuable to predict the
behaviour of open reactors, operating at steady-state conditions,
if the residence time is enough so that Fe?* is almost completely
converted into Fe3*.

To predict the dye concentration history in the batch reactor, the
mass balance yields the typical exponential curve (Eq. (9)), where
kap is computed from Eq. (14). Fig. 6A-D shows the transient curves
in which experimental and model results are compared, for the
main parameters studied in this work. In most runs there is an
underprediction of the model, which has also some problems in
predicting the initial data, as expected (Fenton stage). It is worth
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Fig. 6. Orange Il concentration histories when changing: (A) Con, ; (B) Cn,0, ,; (C) Cge 2+ ; and (D) the temperature. For the experimental conditions please refer to Table 1.
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Fig. 7. Typical experimental data (Danckwerts’ C curve) for a tracer experiment and
corresponding model fit. Flow rate=0.58 mls~!.

noting that the model has a better accuracy when a fast transition
from stage I to stage Il is ensured. This means high concentration of
hydrogen peroxide (average absolute error of 4.9% vs. 6.5% for the
lowest concentration, Fig. 6B) or high temperature (average abso-
lute error of 1.2% vs. 7.0% for the lowest temperature, Fig. 6D), which
is in good agreement with Eq. (10). In Fig. 6A the concentration of
O-II was varied, but again for simplicity only two experiments are
shown in the graphic, corresponding to the highest and lowest dye
concentrations used. An additional run was still carried out at a
higher temperature, putting into evidence the better adherence of
the model under such conditions.

3.3. Continuous stirred tank reactor (CSTR) experiments

In an ideal CSTR (or perfectly mixed reactor), the contents are
well-stirred and uniform throughout; therefore the exit stream has
the same composition as the fluid within the vessel. Tracer exper-
iments have confirmed that the reactor used in this work closely
matches these ideal mixing conditions. This is evidenced in Fig. 7,
where the theoretical curve is given by the typical Danckwerts’ C
curve, i.e., the normalized response to a pulse input [43,44]:

Cout(t) t
()= o~ =exp (—;) (15)

For a CSTR, the space-time in Eq. (15) is equal to the mean resi-
dence time. The differences between the residence times obtained
from the fit to experimental tracer data and the formula value
(t=V/Q) are between 2.4% and 5.0%, for different flow rates in the
ranges of the oxidation experiments (data not shown).

Table 2 shows the conditions of the Fenton’s experiments car-
ried out in the continuous reactor. In this case, the inlet O-II, H,0,
and Fe2* concentrations, temperature and residence time were
changed, within the ranges used in the batch reactor. However,
experiments out of such range were also performed, shown in the
same table. Experimental and model predictions, in terms of dye
conversions, are also reported, which have been calculated as fol-
lows:

Cor;,, — Colloye

X =
Con,,

x 100 (16)
where Coyy,, is the inlet O-Il concentration and Coy,,,, the outlet one.

In Figs. 8-12 is shown the effect of the reagents concentrations
(atthereactorinlet), temperature and residence time on the steady-
state conversion. In all of them, closed symbols refer to conditions
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Fig. 8. Effect of the inlet dye concentration on the steady-state O-II conversion in
the continuous reactor. For the experimental conditions please refer to Table 2.
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Fig. 9. Effect of the inlet H,O, concentration on the steady-state O-II conversion in
the continuous reactor. For the experimental conditions please refer to Table 2.
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Fig. 10. Effect of the inlet Fe2* concentration on the steady-state O-II conversion in
the continuous reactor. For the experimental conditions please refer to Table 2.
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Table 2

Experimental and model prediction of O-II conversion in the continuous stirred tank reactor.

Run COII,,,(M) CHZOZm(M) CFein2+ (M) 7(s) T(K) Xexp (%) Xmod (%)
1 40x%x10> 1136.7 18.0 21.0
2 7.0 x 105 40x% 104 50x 10-6 1142.2 303 16.0 15.5
3 1.0x 104 1147.2 12.9 12.7
4 40x 104 1221.6 303 69.2 64.0
5 3.0x 104 1222.7 63.8 58.7
6 5.0x 10> 2.0x 1074 2.0x 1075 1199.7 58.3 50.6
7 1.0x 1074 1195.8 50.8 374
8 5.0x 1075 1238.1 34.6 26.72
9 25x107° 1284.3 2.1 3.02

10 5.0 x 10~ 12843 5.5 5.0?

1 5.0 x 105 2.0x 104 5.0 x 106 1268.3 303 13.2 13.0

12 4.0x 1074 1268.3 20.3 203

13 9.0x 1074 1278.3 27.4 324

14 5.0x 10-6 1302.3 23.1 20.7

15 5.0x 10> 4.0x 104 1.0x 1073 1265.4 303 46.0 40.6

16 2.0x10~> 1221.6 70.0 64.0

17 1284.3 288 9.2 7.2

18 5.0 x 103 40x%x 104 50x 106 1284.3 318 46.3 43.4

19 1268.3 333 71.5 67.0?

20 1136.7 303 18.0 21.0

21 5.0 x 10> 4.0x 10~ 5.0 x 106 1485.5 253 25.7

22 23413 36.8 353

23 3.0x 10> 1247.1 95.3 92.43

24 4.0x10~> 1302.3 89.3 91.52

25 5.0 x 10> 4.0x104 6.0 x 10~° 1302.3 303 87.2 90.12

26 7.0 x 107 1247.1 729 87.43

27 1.0x 104 1247.1 64.5 84.82

28 3.0x 1075 1265.0 77.8 76.62

29 4.0x10~> 1265.4 814 83.22

30 5.0x 10~3 4.0x 104 6.0 x 105 1302.3 303 87.2 90.12

31 1.0x 104 1228.7 87.8 94.72

32 2.0x 104 1302.3 90.0 98.12

33 1238.1 283 75.0 62.92

34 1247.1 296 80.8 83.42

35 1302.3 303 87.2 90.12

36 12471 315 89.4 95.52

37 1238.1 323 93.5 97.42

38 5.0 x 10> 4.0x 104 6.0 x 10> 1238.1 336 94.6 98.8%

39 2054.5 283 77.8 74.62

40 2060.7 299 94.2 91.82

41 2504.3 300 90.2 93.62

42 2476.2 323 96.3 98.72

43 2407.9 334 97.3 99.32

44 1302.3 87.2 90.12

45 5.0x 10~ 40x%x 104 6.0 x 10— 1760.6 303 88.9 92.52

46 2504.3 90.2 94.62

2 Refers to the runs out of the batch reactor range studied.

within the batch range, whereas open symbols to values out of it.
It can be concluded that the effect of each parameter on O-II con-
version is similar to that observed in the batch reactor. First, O-II
conversion decreases when the dye concentration in the reactor
feed increases (see Fig. 8). In terms of hydrogen peroxide concen-
tration (Fig. 9), it is evident that when the H,0O, concentration
is increased in the feed, an increment in the O-II conversion is
noticed, because more hydroxyl radicals are available for oxida-
tion, in the range studied. The same behaviour is observed when
the ferrous ion is changed, as showed in the previous figures and
also in Fig. 10. In the latter, an increase in the Fe2* load fed to
the reactor from 5 x 106 to 6 x 107> M leads to an increase in the
steady-state O-II conversion from 23% to 87%, however runs carried
out at higher Fe2* doses (1-2 x 10~*M) resulted in no apprecia-
ble differences in terms of O-II removal (up to 90%). Temperature
effect was investigated in the range 283-336 K, showing to be an
important parameter in the Fenton’s process (Fig. 11), particularly

when low catalyst doses are employed. Finally, when the residence
time was incremented, better results were obtained in terms of O-II
conversion at steady-state, as expected (see Fig. 12).

3.4. Validation of the model in the continuous reactor

From a simple mass balance to the CSTR, at steady-state, one can
write:

Fou,, = Follgy + (—TomoucV (17)

where Foy;,, and Foy,,,, denote the dye molar flow rates at the reactor
inlet and outlet, respectively. Since the reaction is of pseudo first-
order type (Eq. (8)), the outlet concentration of O-II can be given
by:

Com;,

1+kapt (18)

Collgy =



402 J.H. Ramirez et al. / Chemical Engineering Journal 148 (2009) 394-404

1004
804
60
S
> 404
A C_.=5x10°M
20 o C..=6x10°M
Model
0 T T T T T T T L T v T ¥ T

280 290 300 310 320 330 340 350
Temperature (K)

Fig. 11. Effect of the temperature on the steady-state O-II conversion in the contin-
uous reactor. For the experimental conditions please refer to Table 2.

where t=V/Q is the space-time, V is the reactor volume (0.921L)
and Q is the total flow rate. k,p, is obtained by Eq. (14), based on the
concentration of each species at the reactor inlet, because these
are the conditions that determine the steady-state radicals con-
centration. This issue can also be rationalized from the well-known
total segregation model [43,44], which assumes that all fluid ele-
ments having the same age (residence time) “travel together” in the
reactor and do not mix with elements of different ages, until they
exit the reactor. Because there is no interchange of matter between
fluid elements, each one acts as a batch reactor and so the mean
steady-state conversion in the reactor is given by:

o0

X= / Xbaten(t) E(t)dt (19)

where Xpacn(t) refers to the transient conversion equation in a batch
reactor (Xpaech = 1 — e(~*apt) because the reaction is pseudo first-
order - Eq. (9)), and E(t) is the residence time distribution function
(E(t) = (C(t)/t) = (1/7)exp(—(t/T)), see Eq. (15)). What is impor-
tant to remark is that, in this model, computation of conversion in
a continuous reactor by Eq. (19) makes use of an expression for a
“micro” batch reactor that is based on the reactor feed conditions.
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Fig. 12. Effect of the space-time on the steady-state O-II conversion in the continu-
ous reactor. For the experimental conditions please refer to Table 2.

The model conversion (X;,,oq) was then obtained using Eqs. (16)
and (18)(the total segregation model yields the same value, because
the reaction is pseudo first-order - linear system). Figs. 8-12 show
the model predictions for all the experiments performed.

In what concerns the effect of the inlet O-II concentration (Fig. 8),
itis remarkable the adherence of the model to experimental data in
which iron concentrations within the range used in the batch runs
have been employed (closed symbols, maximum absolute error of
3%). However, even when catalyst doses one order of magnitude
higher are employed, the model is able to predict the negative effect
of increasing dye concentrations, although with higher deviations.
This negative effect is related with a decrease in the number of
oxidant molecules (or radicals) available per dye molecule (lower
H,0,/O-II ratios).

The model fits also reasonably data obtained in experiments
where increasing oxidant dosages were employed (Fig. 9), par-
ticularly for low iron loads. The model adherence is however
worst when the catalyst concentration approaches the upper limit
employed in the kinetic study (2 x 10~> M). The difficulty in pre-
dicting conversions under experimental conditions in the limits of
the range employed in the kinetic study is also evident in terms of
hydrogen peroxide concentrations. This can be seen in the first data
series, for lower Fe2* loads (last data), because the radicals scaveng-
ing effect that occurs at high oxidant loads (cf. Eq. (4)) is not taken
into account in the power-law type rate equation.

Fig. 10 reinforces what was said in the previous paragraph, i.e.,
the good adherence of the model to experimental data when using
conditions (now iron concentrations) within those employed when
establishing the rate equation. However it has some difficulties to
predict the scavenging effect, i.e., the parallel and undesirable reac-
tion that occurs between the catalyst and the hydroxyl radicals (Eq.
(2)) at high Fe loads.

Results obtained when the temperature and residence time
were changed (Figs. 11 and 12, respectively) show that the model
also predicts well the positive effect of both parameters; this applies
particularly for low iron loads, and even reasonably when iron con-
centrations above those employed in the kinetic study were used.

Finally, in Fig. 13 is shown the comparison between experimen-
tal conversion data and model predictions, for all the experiments
of Table 2. In the parity plot it is observed that there is reasonably
good adherence of the model, in spite no fitting parameters exist.
The more significant deviations concern experiments performed
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[w]
80
_ 4
o
= 60 -
. 4 ]
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Fig. 13. Parity plot comparing O-II conversion obtained experimentally vs. O-II con-
version predicted by the CSTR model.
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off the kinetic study range (e.g., runs 26 and 27, absolute errors of
15% and 20%, respectively), although on average predictions differ
less than 5%. The model revealed, therefore, to be effective for pre-
dicting experiments carried out within the range used in the batch
reactor or out of it, the later being performed also with the goal of
extending the O-II conversion range.

4. Conclusions

Performances reached during Orange Il degradation by means
of Fenton’s reagent highly depend on the operating conditions, i.e.,
reagents dosage, temperature, pH and time of reaction (batch reac-
tor) or residence time (continuous reactor).

In this study, and particularly in the batch reactor experiments,
low concentrations of hydrogen peroxide and ferrous ion were
applied to eliminate the useless use of excessive reagent doses,
commonly found at high Fe?* and/or H,0, doses. Depending on
the initial conditions, about 14-95% of O-II was removed in 1 h.

Experiments carried out in the batch reactor evidenced that
optimum pH is around 3 and the negative effect of Cl~ species.
It was also observed the positive effects of increasing the reaction
temperature, H,0, or Fe2* concentrations, and the negative effect
ofincreasing dye concentrations, trends that are in accordance with
experiments performed in the CSTR.

The dye concentration history showed a change in the kinetics,
typical of this process, being initially very rapid (Fenton stage) and
afterwards the slower Fenton-like stage proceeds, where iron is
mostly in the 3+ oxidation state. For the longer and last stage, a
pseudo steady-state approach was employed to deduce the reaction
rate, which was found to be of the first-order type with respect to O-
Il concentration. The dependence of the apparent kinetic constant
on the initial operating conditions was then deduced, leading to
a power-law rate equation with Arrhenius dependency (apparent
activation energy of 58.1 kjmol~!). In experiments carried out in
duplicate, kap varied by less than 10%.

This rate equation revealed to be somewhat useful to predict
dye concentration histories in the batch reactor (based on the
known initial conditions) and steady-state dye conversion in the
CSTR (based on inlet conditions), wherein Fe is essentially at the 3+
oxidation state. However, under certain conditions, some under-
prediction was observed.

A large set of experiments was performed in the continuous
reactor, to analyze the effects of all variables involved. In all cases,
it was observed a reasonably good agreement between experimen-
tal and model results, even for experiments performed out of the
ranges used in the batch kinetic study. It is important to remark
the ability of the model to predict data in a wide range of dye
conversions values, from 2% to 97%.
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