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compound. The impact of initial TOC, hydrogen peroxide and catalyst concentrations and of temperature
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1. Introduction

Nowadays, more than 100,000 dyes are available commercially
and used in many industrial processes such as textile, cosmetics,
food, pharmaceutical, paper, pulp manufacturing, dyeing of cloth,
leather treatment, and printing. Global production exceeds 800,000
tons per year and approximately 10-15% of this production is dis-
charged into wastewater [1]. The presence of dyes in water is
decidedly undesirable since a very small amount, in some cases
less than 1 ppm of dye concentration, produces obvious water col-
oration, may exhibit toxic effects on microbial populations and
can be harmful and/or carcinogenic to mammalian animals [2].
As a result, elimination of dyes from industrial effluents before
discharge is a major environmental challenge. Removal can be
accomplished by different chemical and physical processes such
as adsorption, coagulation, activated sludge treatment, membrane
filtration, oxidations by ozone or hypochlorite. However, these
methods are expensive and may not eliminate the color completely
[3].

Recently, Advanced Oxidation Processes (AOPs) based on chem-
ical oxidation were recognized as highly efficient treatments for
recalcitrant wastewater [4]. Among the AOPs, Fenton'’s reaction is
very appealing because of its simplicity and the low price, availabil-
ity and small toxicity of its reagents. It is a useful technique able to

* Corresponding author. Tel.: +54 223 481 6600x242; fax: +54 223 481 0046.
E-mail address: mayude@fi.mdp.edu.ar (M.A. Ayude).

0926-3373/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.apcatb.2013.04.054

degrade organic contaminants in wastewater up to a certain level
of toxicity beyond which the conventional methods can be suc-
cessfully used for further degradation [5]. It is generally considered
[6] that in an acidic aqueous system, the reaction between ferrous
ion and H,0, produces hydroxyl radicals, OH*, and can involve the
steps presented below:

Fe?* + H,0, — Fe3* + OH* + OH~ (1)
OH* + Fe?t > OH™ +Fe3* (2)
Fe3* + H,05 — HO,* + Fe2t + H* (3)
OH* + H,0, — HO,* + H,0 (4)
Fe* + HO,* — FeZt + 0, +H* (5)
HO,* + Hy0p — OH* + Hy0 + O, (6)
Fe?* + HO,* — Fe3* + HOO™ (7)
2H,0, — O, +2H,0 (8)

The hydroxyl radical is known as a strong oxidant with low
selectivity which can oxidize rapidly many organic compounds
[7-9], as follows:

RH + OH* — H,0 + R* (9)

R* + H,0, — intermediateproducts (10)
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Intermediateproducts + OH* — CO, +H,0 + inorganicsalts
(11)

According to this, once hydroxyl radicals are formed, they
can react either with an organic, leading to an oxidized species,
with unreacted hydrogen peroxide or with ferrous ions, leading
in this case to inactive molecular oxygen (scavenger reactions).
An increase in dissolved oxygen concentration during the reaction
course is then a signal of an inefficient use of hydrogen peroxide, as
stated by Santos-Juanes et al. [10]. The parasitic reactions affect the
overall degradation efficiency and may cause a significant increase
of operational costs. The sequential addition of oxidant has been
recently reported as a strategy to minimize these adverse effects
and therefore improve oxidation rates in Fenton process [11-13].

Moreover, it has been shown that, although H,0, is always
necessary along Fenton'’s reaction, oxygen may replace H,0,, espe-
cially at high organic concentrations and/or at low H,0, loads
[14,15]:

R* + 0, — ROO* (12)
ROO* + RH — ROOH + R* (13)
ROO* + H,0 — ROH + HO,* (14)

Several attempts have been made to develop kinetic models for
the Fenton process to allow the prediction of outcomes in contin-
uous processes/reactors. Mechanistic reaction models have been
proposed for formic acid and 4-chlorophenol [16,8] leading to a
great number of kinetic parameters, which clearly complicates its
application in reactor design. Lumped simple rate expressions may
be useful for the needs of reactor design, even though they are
restricted to specific organic compounds in the feed and reaction
conditions. This approach has been generally applied for Fenton
oxidation of dyes and organic compounds mixtures [17-19].

The aim of this work is to determine the influence of vari-
ous parameters on the Fenton oxidation of the synthetic azo-dye
Orange G as a model compound in the presence of air bubbling,
in a semi-batch reactor. Dissolved oxygen concentration is moni-
tored as an indication of the efficient use of H,0, in the process. A
two-stage lumped kinetic model is proposed to address the effect of
initial TOC, catalyst and oxidant concentrations and temperature on
total organic carbon consumption. The feasibility of process inten-
sification, by increasing temperature or by splitting the oxidant
dosage, is examined.

2. Experimental methods
2.1. Materials

All the chemicals used (Orange G, ferrous sulfate, H,0,) were
analytical grade without any further purification. Deionized water
was used throughout this study.

2.2. Experimental set up and procedures

Orange G oxidation tests were conducted in a batch lab-scale
Erlenmeyer flask (0.2-L capacity), equipped with a magnetic stirrer
(stir bar 4 cm-length). Air or nitrogen was supplied from the bottom
of the batch reactor through a glass sparger tube with a2 mm nozzle
(situated at a side of the stirrer). Temperature control was ensured
by means of a thermostat.

For each test, the Orange G solution (175 ml) was placed into
the reactor. The pH of the reaction solution was initially adjusted
to the desired value by using 1.0 M sulfuric acid or 1.0 M sodium

hydroxide, and was measured with a pH-meter (HANNA instru-
ments). The stirring speed used in experiments was 500 rpm. Air
or nitrogen was bubbled at a constant flow rate of 350 ml/min.
The reactions were initiated by adding calculated amounts of
hydrogen peroxide and ferrous sulfate to the reactor. Liquid sam-
ples were taken out periodically and analyzed at once. The total
(cumulated) volume reduction of reaction solution was always less
than 10%.
Theoretical mineralization of Orange G would be given by:

CigH19N2Na05S, +42H50,
» 160, +45H,0 + 2HNO; + 2NaHSO, (15)

The oxidant to dye concentration ratio of the experiments was
established considering the theoretical stoichiometric ratio arising
from Eq. (15).

2.3. Analytical methods

The discoloration was evaluated at 492 nm using a SHIMADZU
UV-1800 spectrophotometer (sample of 1 ml diluted 1:3). To assess
mineralization, total organic carbon (TOC) was measured using
a SHIMADZU TOC-V CPN Total Organic Carbon analyzer (sample
of 1ml diluted 1:10). Dissolved oxygen concentration (DO) was
continuously measured by means of an oxygen probe provided
with temperature compensation (Mettler Toledo InLab605-ISM).
Hydrogen Peroxide concentration was determined by a Glycemia
enzymatic test (Wiener Lab.) (sample of 20 ul). Since the reaction
could continue after sampling, the whole procedure of sampling
and measuring the absorbance, TOC, peroxide concentration and
pH was always finished in less than 1.5 min.

Results presented here represent the average of at least three
identical experiments. Reproducibility was within 6%.

Experiments were repeated to address the extent of Fe pre-
cipitation. Total iron concentration was measured with the HACH
FerroVer method at the end of each run with and without filtering
the samples. Initial total Fe content is coincident with that mea-
sured at 180 min in samples without filtering. The percentage of
total Fe precipitated is calculated and reported as “%Fe precipi-
tated”.

The percentage of dye color removal and TOC conversions were
evaluated as follows:

A
%Colour removal = [ 1 — —%° ) x 100 (16)
Adye,O
TOC
Xroc = (1 _ m) « 100 (17)

where Agye and TOC are dye absorbance and total organic carbon
concentration at a given time and suffix 0 indicates the initial value.

The net oxygen reaction rate (rgy) represents the difference
between oxygen generation rate (roy) through reactions (5), (6)
and (8) and the oxygen consumption rate (roy,c) by reaction (12).
This net oxygen reaction rate can be evaluated from experimental
DO measurements as:

do .
ro2 =T02,6 — (—Toz,c) = Tf —kpa- (03 - 03) (18)

where O, and O3 are the dissolved oxygen concentration measured
along the reaction and oxygen solubility, respectively. The overall
volumetric gas-liquid mass transfer coefficient (k a) was measured
in situ following the dynamic method [20]. The values obtained
with air bubbling are 0.0963 min~! at 25°C and 0.1793 min~! at
50°C.

The efficient use of H, 0, for mineralization, or the importance of
parasitic reactions can be evaluated considering the ratio between
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Table 1
Explored conditions and outcomes attained at 180 min.

Run # pHo T(°C) FEUZ+ (mM) H,050 (mM) TOCp (mM) H,0,,0/0Go H202'0/F602+ Xrtoc XHZOZ % Fe precipitated &

1 3 25 0.46 12 4 48 26 46 97 - 3.6
1b 6.3 25 0.46 12 4 48 26 43 98 1 3.5
2 3 25 0.46 22 4 88 48 48 88 - 1.1
3 3 25 0.46 22 8 48 48 34 67 - 3.4
4 3 25 0.69 18 6 48 26 38 94 - 0.7
5 3 25 091 22 4 88 24 53 100 - 1.0
5b 6.3 25 0.91 22 4 88 24 52 100 2 1.0
6 3 25 0.91 22 8 48 24 45 98 2.2
7 3 35 0.46 22 4 88 48 51 98 - 0.8
8 3 50 0.46 12 4 48 26 58 100 - 25
9 3 50 0.46 22 4 88 48 57 100 3 0.9
9b 6.3 50 0.46 22 4 88 48 49 100 7 0.7
10 3 50 0.91 22 4 88 24 60 100 4 0.9
10b 6.3 50 0.91 22 4 88 24 53 100 18 0.8
11 3 25 0.092 12 4 48 130 23 141 - -

12 3 25 0.46 3 4 12 7 15 100 - -

13 3 25 0.46 6 4 24 13 32 100 - -

14 3 50 0.46 6 4 24 13 33 100 - -

the TOC consumption rate and the oxygen generation rate, tak-
ing into account that oxygen is generated by parasitic undesirable
reactions, which consume hydrogen peroxide preventing its use for
generating new radicals. However, as only the net oxygen reaction
rate can be calculated from experimental DO profiles, the efficiency
will be approximated as follows:

_ T'toc _ 'TocC

_ _ ~ I'Toc
ro2,c  [ro2 +(=T02,0)]

Toz (19)

This approximation would be strictly valid for cases in which
roz,c can be neglected; i.e., when the oxygen generation mostly
determines the dissolved oxygen concentration. This is more likely
to occur for wastewaters with relatively low organic content or for
high ratios of hydrogen peroxide to organics concentrations. Oth-
erwise, when a significant consumption of oxygen occurs along the
reaction time and dissolved oxygen concentration becomes lower
than the solubility value, it should not be applied.

Given that instantaneous velocities contain significant uncer-
tainty in their determination, the ratio of the mean velocities during
the experiment has been considered to calculate the efficiency.
Mean velocities have been evaluated by integrating the rates along
the 180 min of reaction time course.

3. Results and discussion

3.1. Effect of operational variables on Orange G discoloration,
mineralization and efficiency

Experiments with air or nitrogen bubbling were performed and
outcomes were practically identical. This is in agreement with Utset
et al. [14], who found no significant differences between experi-
ments under different oxygen or air flow rates. Differences between
air and N, bubbling were found mainly in DO profiles at the begin-
ning of the run. Oxygen generation mostly determines the DO
profile under nitrogen bubbling, thus oxygen is always present
except at the beginning of the experiment. Air bubbling is not
really necessary to improve mineralization, but a constant gas flow
allows straight comparison between experiments performed under
air and N, bubbling and contributes to eliminate mass transfer
limitations.

As expected, runs performed without H,0, with and without
air bubbling, did not show changes in discoloration, mineralization
or DO. These results indicate that oxygen does not oxidize organic
compounds and organic radicals are formed only if hydrogen per-
oxide is present.

Experiments with oxidant concentration well below, well above
and near the theoretical stoichiometric amount needed to com-
pletely mineralize the initial Orange G concentration (OGg) were
performed under air bubbling. Table 1 summarizes the explored
operating conditions in terms of initial pH, temperature, initial TOC,
oxidant and catalyst concentrations (pHp, T, TOCg, Hy0, Feg2",
respectively). The initial molar TOC refers to the carbon content
in the fresh Orange G aqueous solution. Temperature was varied
between 298 and 323 K. TOC and H,0, conversions, %Fe precipi-
tated and oxidant efficiency attained at 180 min are also included
in Table 1. Most of the experiments were performed at initial pH =3,
which is within the optimum range reported in literature for homo-
geneous Fenton oxidation [6,21]. The uncontrolled pH remains
almost constant along the reaction in all the experiments.

Although the cost of Fenton processes is mostly associated to
the hydrogen peroxide, the amount of acid used to bring down the
pH to 3 and the amount of alkali needed to add before sending
this effluent to a post treatment should be considered in the total
cost of the treatment process. Therefore, experiments at natural
pH of Orange G solution (pHg = 6.3) were performed (Table 1). In all
experiments with initial pH=6.3, pH decreased to around 3 within
the first 5 min after the addition of H,0, and FeSO4. This pH reduc-
tion has been also observed by Gallard et al. [22] and Utset et al.
[14], who stated that is a consequence of the following reaction:

2FeOH* 4+ Hy0, +2H,0 — 2Fe(OH); +2H* (20)

Iron precipitation was evidenced in all experiments performed
at pHy =6.3 (Table 1). Besides, elemental steps, such as reactions
(3) and (5), and the oxidation of organic material into organic acids
may also contribute.

Discoloration and H, O, profiles are almost not affected by initial
pH, but a decline in TOC conversion is observed in runs performed
at higher initial pH. This decrease is more markedly in experiments
performed at 50 °C. The trend may be due to the enhanced forma-
tion of insoluble ferric hydroxides at higher pHg and temperature
(see Table 1).

Fig. 1a and b presents the temporal evolution of UV-visible
absorption spectra corresponding to runs #13 and #14 performed
at 25 and 50°C, respectively. Similar trends were observed for all
experiments. The disappearance of the peak at 492 nm observed in
the UV-visible absorption spectra indicates that Orange G discol-
oration is complete. This can be explained considering that ferrous
ions react very quickly with hydrogen peroxide to produce large
amounts of hydroxyl radicals (Eq. (1)), which first attack azo groups
and open the N=N bonds. Thus, a large amount of organic radicals
(R*) are formed during the first minutes (Eq. (9)).
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Fig. 1. UV-visible spectra. (a) Run #13 and (b) run #14.

The peak at 331 nm, characteristic of naphthalene rings, almost
disappears and the absorption peak at 248 nm, characteristic of the
benzene ring structure, is significantly reduced during the first min-
utes. The remnant peak at about 200 nm is also related to aromatic
structures and is the only region that is influenced by temperature
during the first minutes of reaction. Besides, various aliphatic and
carboxylic acids have been reported in literature as intermediates
for Orange G oxidation [3]. Complete discoloration is almost instan-
taneous for all the explored conditions, aside from experiment
#12 in which 87% and 98% is discolorized at 1 min and 180 min,
respectively. Complete and instantaneous discoloration of Orange
G attained through homogeneous Fenton is not usually reported
in the literature. Sun et al. [21] measured much lower Orange G
discoloration rates working with H,0;/0Gg between 90 and 500,
H,0,0/Feg?* =285 and pH=4.0 at 20°C. Ramirez et al. [23] stated
that, under some conditions, very high H,0, concentration val-
ues enhance parasitic reactions leading to a decrease in the final
discoloration.

Frequently only the dye discoloration rate is reported in the lit-
erature. However, complete discoloration of the solution does not
mean that the dye is totally mineralized, so the TOC of the reaction
mixture must be assessed along the reaction. Figs. 2 and 3 show the
temporal profiles of TOC and oxidant concentration, respectively.

At 25°C, when oxidant concentration is above the theoretical
stoichiometric amount, a higher initial H,O, concentration does
not modify significantly the TOC removal (compare experiments
#1 and #2). Although H,0, decomposition is enhanced and theo-
retically more HO* radicals are produced (Eq. (1)), the increase of
H,0, favors parasitic reactions through reactions 4 and 6 and the
efficiency decreases.

On the other hand, if H,O, concentration is far below the
theoretical stoichiometric dose, as in experiments #12 and #13,
the oxidant is completely consumed (Fig. 3b) and the oxidation

proceeds mainly via Eq. (12). Besides, hydroxyl radicals are not
enough and mineralization only reaches 15% and 32%, respectively
(Fig. 2b). Analogous outcomes are attained in experiment #11,
where the catalyst concentration is low and the oxidant is no fur-
ther consumed beyond 90 min (Fig. 3a).

The comparison between experiments #1 and #5 highlights
that TOC conversion can be improved with higher catalyst and
oxidant concentrations (Fig. 2a). These benefit both TOC and oxi-
dant consumption, but the efficiency decreases. Although more
hydroxyl radicals are generated, they are also consumed by par-
asitic reactions. Indeed, if both hydrogen peroxide and catalyst
concentrations are further increased, at a given Hy0, /Feg?* ratio,
scavenger reactions will become even more important and thus,
the TOC oxidation rates will diminish. This detrimental effect has
been observed by Ramirez et al. [23] in the Fenton oxidation of
Orange II.

The comparison between runs #2 vs. #3 and #5 vs. #6 in
Table 1, outlines that increasing the initial organic concentra-
tion, increases TOC consumption rates (not conversion) since the
probability of reaction between organic and oxidizing species also
increases. This fact is in agreement with Burbano et al. [24]. Oxi-
dant consumption is reduced when TOCj is increased to 8 mM.
More radicals OH® react with the Orange G and the extent of
H,0, consumption in Eq. (4) and (6) may be reduced, result-
ing in slower degradation of the hydrogen peroxide. Then, the
efficiency in the use of H,0, is enhanced as seen in Table 1.
Bach et al. [25] also observed this trend in the Fenton-like oxida-
tion of phenol. It is worth mentioning that H,O, decomposition
is not frequently reported in literature regarding organic Fenton
oxidation.

The effects of oxidant and catalyst concentrations on mineral-
ization were also investigated at 50°C (Table 1). Outcomes trends
are analogous to those achieved at 25°C. Oxidant concentration
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Fig. 2. TOC concentration against time at 25 °C (empty symbols) and 50 °C (solid symbols) under air flow rate. 0Go= 0.25 mM, (a) (- <>, - 4-) runs #1 and #8; (O, W) runs #2
and #9; (A, A) runs #5 and #10; (*) run #11; (b) (x) run #12; (O, @) runs #13 and #14.
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Fig. 3. Hydrogen peroxide concentration against time at 25 °C (empty symbols) and 50 °C (solid symbols) under air flow rate. 0Go = 0.25 mM. (a) (- <>, - #- ) runs #1 and #8;
(O, W) runs #2 and #9; (A, a) runs #5 and #10; (*) run #11; (b) (x) run #12; (O, ) runs #13 and #14.

profiles presented in Fig. 3a indicate that higher catalyst, oxidant
concentration and temperature enhance oxidant decomposition.
Fig. 2a clearly illustrates that mineralization rate is mainly
enhanced by the reaction temperature, especially during the first
minutes. This is in agreement with Zazo et al. [26] who studied
the effect of this parameter working with the stoichiometric Hy0,
dose. Even if higher temperature is positive to improve mineral-
ization rate during short periods, prolonged processes can lead to
a decrease in efficiency arising from the enhancement of parasitic
reactions (Table 1).

On the other hand, temperature does not significantly improve
the overall process when the oxidant concentration is below the
stoichiometric value, as shown for experiments #13 and #14
(Fig. 2b). At 50°C, H,0; is completely consumed within 90 min and
TOC is not further oxidized since the hydroxyl radicals concentra-
tion is insufficient.

Results can be further interpreted through DO profiles. Fig. 4
presents the evolution of dissolved oxygen concentration profiles
attained in different experiments under air bubbling. Typically, at
t=0, the oxygen concentration equals the saturation value (03)
at the operating temperature. Then, the DO decreases given that
consumption rate through Eq. (12) is greater than the supply
source of oxygen (generation rates and transport from air). At
the minimum value of DO, these terms are equal and then, DO
increases up to a maximum value since oxygen generation pre-
vails. The concentration of organic radicals R® is small compared to
hydroxyl radicals and therefore Eq. (12) does not prevail over Egs.
(4)-(6) [10]. Then, dissolved oxygen concentration slowly returns
to the solubility value since main reactions do not involve oxygen
generation. Under certain conditions, initial oxygen consump-
tion is not observed and DO increases from the initial solubility
value [10].

DO profiles in Fig. 4a highlights that the extension of oxygen
consumption is reduced until its disappearance when higher initial
catalyst and oxidant concentrations are employed and theoretically
more hydroxyl radicals are formed. A higher production of OH*, as
discussed previously, seems to improve TOC consumption and to
a greater extent, oxygen generation rates, decreasing therefore the
efficiency in the use of the oxidant.

As initial TOC concentration increases, less oxygen is formed
through scavenger reactions, as seen in Fig. 4a and b. This is in line
with the prevalence of the reactions between hydroxyl radicals and
organic intermediates.
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Fig. 4. DO against time for different experiments. Profiles at (a) 25°C,
0Go=0.25mM; (b) 25°C, 0Go = 0.5 mM; (c) 50°C, 0Go =0.25 mM.
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DO profiles attained at 50°C are presented in Fig. 4c. Even
though oxygen solubility decreases and mass transport to air is
enhanced at higher temperature, the dissolved oxygen concentra-
tion measured during the first minutes of reaction is higher. So
generation of oxygen is greater since temperature induces a faster
generation of OH® and, as discussed previously, not only TOC con-
sumption but parasitic reactions are favored.

Dissolved oxygen profiles mainly governed by oxygen consump-
tion indicate a lack of hydrogen peroxide and/or catalyst. This
would affect negatively the mineralization rate (experiments #3,
#11-#14) since reaction proceeds mainly via Eq. (12) and there are
not enough hydroxyl radicals to achieve further mineralization.

3.2. Kinetic model for Fenton oxidation of Orange G

Profiles in Fig. 2 depict that the oxidation of Orange G and inter-
mediates proceeds in a two-stage reaction: the azo dye is degraded
very quickly in the first 5-10 min (FeZ*/H,0, stage), and then pro-
ceeds at a slower reaction rate (Fe3*/H,0, stage). This has been
widely reported in the literature associated with the complex Fen-
ton’s process [18,19,21,24].

The influence of temperature and of the initial concentrations of
dye, hydrogen peroxide and catalyst on mineralization during these
two stages is analyzed trough a lumped model. Multivariate linear
regressions are performed using the software package Statistical
Analysis DataR[27]. The model is validated within the range of con-
ditions studied in experiments #1-#10, in which Hy0,0/0Gq >42,
H,0,0/Feg?* between 24 and 48 and pHg =3.

3.2.1. Fe?*/H,0; stage

Initial TOC removal rate (rrocp) was estimated following the
procedure proposed by Wu et al. [19]. The plot of the ratio of
(time)/(Xtoc) against time (R?>0.98), gives a straight line with
intercept “a” and slope “b”, where (—roc0)=TOCy/a. It is assumed
that the initial TOC consumption rate obeys the general rate equa-

tion:

—rroc,0 = ko(T) - (TOCg)* - (Hz04, )*° - (Fep?*)™ (21)
Then, taking logarithm and rearranging yields:

In(—rroc,0) = In(ko(T)) + xo In(TOCp) + yo - In(H202,)

+2¢ - In(Feg?™) (22)

Table 2
Fitting parameters. Experiments 1-10 are included.

T(°C) ko (mM~!min~1) Ea(kJ/mol)  R?

Fe?*|H,0, stage 25 0.0313 + 0.0052

35 0.0545 + 0.0027 34.06 0.988
50 0.0917 + 0.0122
T(°C) ki (mM?2> min—1) Ea (kJ/mol) R?
Fe3*/H,0, stage 25 0.0100 + 0.0013
35 0.0111 £ 0.0006 7.84 0.999
50 0.0128 + 0.0002

In all experiments, the data taken beyond 30 min of reaction fits
better a second order kinetics (R? >0.98). In addition, following the
approach of Ramirez et al. [18] for the Orange II discoloration, it is
proposed that k} - depends on temperature, on the initial concentra-
tions of H,0, and Fe?*, and also on the concentration of scavenger
species present in the reaction mixture that depends on the initial
organic concentration; then:

Ky = k1(T) - (TOCo)*" - (Hp04, ! - (Feg®+ )" (25)
Taking logarithm and rearranging yields:
In(k;) = In(k(T)) + x1 - In(TOCo) + y1 - In(H202,) + 21 - In(Fep**)
(26)

Again, data at a given temperature is fitted by a multivariate lin-
earregression. The reaction orders resulted: x; =—1.7,y1 =0,z =0.2
(Adjusted R-square=0.9949 and p-value=0.0026). Then, the val-
ues of k; are well fitted with the Arrhenius model. Results are also
included in Table 2.

The order x; (—1.7) is in agreement with Ramirez et al. [18],
who found a negative effect of the initial TOC concentration on the
apparent kinetic constant for the Fe3*/H,0, stage in the Fenton
oxidation of Orange Il (—0.67).

From a practical point of view, with the aim of providing a math-
ematical tool to predict mineralization rate in continuous reactors,
an extent of 10 min is assigned to the Fe*/H,0, stage. The pre-
dicted TOC concentration at 10 min is considered as the “initial”
value for the second stage. Experimental data is satisfactorily pre-
dicted by the proposed model as it is shown in Fig. 5 and the global
error is estimated in 3%.

To sum up, TOC consumption rate can be depicted by:

0 <t<10min —rpoc,o = 30485 - e(~34.06K/mol)/RT . (Feg2t)' (H20,,)° - (TOCp)' mM min~"

t > 10 min

Data at a given temperature is fitted by a multivariate linear
regression and reaction orders are determined: xg=1, y9=0, zg=1
(Adjusted R-square = 0.9929 and p-value = 0.0035). Then, the values
of ko for each temperature are fitted with the Arrhenius model.
Results are presented in Table 2.

3.2.2. Fe3*/H,0, stage
Besides Fenton’s mechanism complexity, it can be assumed that
Fenton’s mineralization is governed by Eq. (9). Thus,

—rroc = k- OH* . TOC" (23)

Since hydroxyl radical is highly reactive, its concentration takes
a steady-state value during the process and this expression can be
simplified as follows:

—I'Toc = ](’1 -TOC" (24)

—Froc = 0.237 - el-784K/mODRT . (Fe(2+)*? . (H,0,,)° - (TOCo) "7 - (TOC)? mM min™"

The activation energy value obtained for the first stage is in
agreement with the one reported for the discoloration of Orange
G by Fenton oxidation: 34.84kJ/mol [21]. The comparison of the
activated energy values estimated for each stage confirms that
temperature influences mainly the Fe2*/H,0, stage. This model
highlights the negligible effect of initial oxidant concentration in
this range of operating conditions.

3.3. Oxidant dosification

Up to this point, it can be concluded that an adequate amount
of hydroxyl radicals should be generated during the first minutes
of reaction to attain complete and instantaneous discoloration (Eq.
(9)). Once organic radicals are formed, residual hydrogen perox-
ide and hydroxyl radicals as well will contribute to mineralization
through reactions (10) and (11). These issues highlight the impor-
tance of designing a proper oxidant feeding strategy that allows
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Fig. 5. Experimental and predicted TOC profiles.

Table 3
Explored conditions and outcomes attained at 180min. Feg?*=0.46mM,
0Gp =0.25 mM.

Run # Multiple H,0, dosage T(°C) % Fe precipitated e

15 6mM (0')+6mM (30') 25 - 5.6

16 6mM (0')+3mM (30')+ 25 - 44
3mM (90')

17 6mM (0')+6mM (30') 50 - 3.2

an overall improvement of mineralization and efficiency in Fenton
process.

The sequential addition of H,O, on Orange G degradation was
tested at the conditions listed in Table 3. Experiment #1 was
selected as a reference, so the total oxidant addition equalled a con-
centration of 12 mM. In these stepwise experiments, the hydrogen
peroxide was added in different aliquots but the first dose was fixed
(6 mM), a value high enough to ensure instantaneous discoloration
and a proper initial mineralization rate as shown in Fig. 2b. Fig. 6
presents the TOC concentration profiles for experiments with mul-
tiple H,0, doses, while Fig. 7 shows the corresponding DO profiles.
TOC Profiles attained with a single dose of 12 mM at 25°C and 50°C
(experiments #1 and #8) have been included to help in the analy-
sis. The effect of the stepwise oxidant addition on Fenton oxidation
seems to depend on the concentration of H,O0, added in each step,

TOC (mM)

0 50 100 150 200
time (min)
Fig. 6. TOC concentration against time at 25°C (empty symbols) and 50°C (solid

symbols) under air flow rate. 0Gg =0.25mM; (-<3-, -4~ ) runs #1 and #8; (=,
sl ) runs #15 and #17; (=s=) run #16.

the number of doses and the temperature. The highest mineral-
ization was attained in experiment #15, in which 6 mM of H,0,
was added twice (at 0 and at 30 min) at 25°C. In this case, oxi-
dant is not completely consumed within the 180 min (not shown).
The addition of a second step of H,0, favors the oxidation of the
intermediate products through reactions 10 and 11. Moreover,
efficiency calculated for experiment #15 indicates an improve-
ment of 43% over the unique dose experiment at 25°C. Under
these conditions, the sequential formation of the hydroxyl radicals
seems to reduce the extent of parasitic reactions and benefits the
efficiency.

As an attempt to further improve these outcomes, the oxidant
was added in three doses of 6, 3 and 3 mM (experiment #16), but
no enhancement was achieved. After the second dose, mineraliza-
tion as well as oxygen production rates slowly progress. After the
third dose, mineralization is halted and DO increases appreciably
(as shown in Fig. 7), suggesting that only parasitic reactions are
promoted. Thus, efficiency is only enhanced in 11% with respect to
the reference experiment (Table 3).

Finally, hydrogen peroxide dosification was investigated at 50 °C
in experiment #17. The oxidant initially added (6 mM) is fully
depleted within the first 30 min (Fig. 3b). The second step of H,0,
is added at 30 min and a slight improvement in TOC consumption
is observed. After addition of the second dose, a marked increase in
oxygen concentration is observed (Fig. 7) suggesting that the added
oxidant is mostly consumed by parasitic reactions. After 90 min,
the oxidant is again completely consumed and mineralization ends.
Comparing experiments #15 and #17, it arises that it is not always
advisable to combine intensification through temperature increase
and step addition.

0+ T T T
0 50 100 150

time (min)

Fig. 7. DO against time for experiments with multiple oxidant doses.
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Results are noteworthy since they indicate that, under cer-
tain conditions, TOC conversion and oxidant efficiency can be
enhanced simultaneously; an outcome never achieved with sin-
gle dose experiments. Dosification parameters (number of doses,
oxidant concentration dose and temperature) should be carefully
selected. Neither the depletion of the oxidant nor the addition of
many small doses is apparently appropriate, since they affect noto-
riously the mineralization.

4. Conclusions

The homogeneous Fenton process is investigated under dif-
ferent operating conditions with the azo dye Orange G as a
model compound. The effect of initial dye, oxidant and catalyst
concentrations, and of temperature, on the discoloration, miner-
alization, oxidant consumption, dissolved oxygen concentration
and efficiency is addressed. Within the range of conditions studied,
the solution is instantaneously discolorized and partially miner-
alized. A lumped two-stage model is proposed which predicts
satisfactorily the evolution of mineralization in Orange G Fenton
oxidation.

Temperature is a key parameter to enhance mineralization,
provided the oxidant concentration used is at or beyond the stoi-
chiometric dose. However, as reaction temperature is enhanced,
scavenger reactions are also enhanced and the oxidant could be
less efficiently used.

The sequential addition of hydrogen peroxide can enhance both
mineralization and efficiency. In single dose experiments, best oxi-
dant efficiency and mineralization is attained when an adequate
amount of hydroxyl radicals are generated during the first minutes
and they are used to attain complete and instantaneous discol-
oration. At this point, many organic radicals are formed and they
will react with residual hydrogen peroxide and hydroxyl radicals
to achieve mineralization.

DO below solubility is not recommended; intermediates organic
molecules continue suffering degradation but additional mineral-
ization is not promoted. In such cases, additional doses of hydrogen
peroxide could help to achieve further mineralization. Neither the
depletion of the oxidant before addition of a second dose/step
nor many small doses appear to be beneficial for further improv-
ing the mineralization. Dosification parameters (number of doses,
oxidant concentration dose and temperature) should be carefully
selected. Further experimental and modeling efforts concerning
the stepwise addition of the oxidant is required to better under-
stand the involved phenomena and thus, find optimal operating
conditions.
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