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Chemical oxidation by Fenton’s reagent of a reactive azo dye (Procion Deep Red H-EXL gran) solution has
been optimized making use of the experimental design methodology. The variables considered for the
oxidative process optimization were the temperature and the initial concentrations of hydrogen peroxide
and ferrous ion, for a dye concentration of 100 mg/L at pH 3.5, the latter being fixed after some preliminary
runs. Experiments were carried out according to a central composite design approach. The methodology
employed allowed to evaluate and identify the effects and interactions of the considered variables with
. - statistical meaning in the process response, i.e., in the total organic carbon (TOC) reduction after 120 min
Advanced chemical oxidation ) X K R . )
Fenton's reagent of reaction. A quadratic model with good adherence to the experimental data in the domain analysed
Dye was developed, which was used to plot the response surface curves and to perform process optimization.
Procion Red H-EXL It was concluded that temperature and ferrous ion concentration are the only variables that affect TOC
Central composite design removal, and due to the cross-interactions, the effect of each variable depends on the value of the other
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one, thus affecting positively or negatively the process response.
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1. Introduction

Dyes used in the textile industries can originate colour in the
water courses that receive the discharges of their liquid effluents,
generating important environmental impacts, among which it must
be pointed out the decrease of the solar light penetration (thus
reducing the primary productivity). The degradation of the water
aesthetic aspect is also of concern, as well as the impacts in all living
organisms, because some dyes are often carcinogenic and toxic for
most species [1].

Azo dyes, commonly used in dye-houses, contain in their struc-
ture at least one azo group (-N=N-) linked to at least one aromatic
ring. These dyes are non-biodegradable under aerobic conditions,
and therefore the discharge of azo dyes-containing wastewaters
can cause several problems to the aquatic life [2].

The conventional treatment techniques applied to textile
wastewaters, such as coagulation/flocculation, membrane separa-
tion and adsorptive processes (for instance using activated carbon),
simply concentrate and transfer the pollutant(s) from one phase to
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another, remaining their degradation one problem to be solved.
The biological treatment is not a solution to this problematic due
to the low biodegradability or toxicity of some dyes. For these rea-
sons, recent efforts have been directed towards the development of
destructive treatment technologies, leading to the partial or total
elimination of recalcitrant and dangerous pollutants. In this sense,
the advanced (chemical) oxidation processes (AOPs), based on the
generation of highly reactive hydroxyl radicals, appear as emerging
alternatives for the mineralization of organic pollutants [3]. Among
them, oxidation with Fenton’s reagent has been considered to be a
promising and attractive treatment technology for the discoloura-
tion and effective degradation of textile dyes [4-7]. In addition, it
has been applied to a wide range of organic pollutants, because
of its simplicity and ease of implementation, running under mild
conditions of temperature and pressure [8].

Oxidation with Fenton’s reagent can be described as a cat-
alytic and homogeneous process (although it can also be developed
heterogeneously) that is based on the hydrogen peroxide decom-
position in acid medium, catalyzed by ferrous ion. The process is
rather complex, with numerous parallel and consecutive reactions,
but can be shortly represented by the following and dominant one
[9]:

Fe?* +H,0, — Fe3t + HO® + OH~ (1)
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The oxidation efficiency of the Fenton’s process depends on several
variables, namely the pH of the reaction medium, the temperature,
the time of reaction (for a batch system), the hydrogen peroxide
concentration and the amount of catalyst used, for a given wastew-
ater or parent compound concentration. In most studies reported
in the literature the effect of each variable is studied independently,
while keeping the others constant. However, this approach is time-
consuming and not efficient because this way interactions between
variables and their effects in the process responses are not deter-
mined. The design of experiments (DoE) is a statistically based
approach that allows overcoming this limitation. Actually, it per-
mits to determine the influence of the independent variables (and
of their cross-interactions) in a specific dependent variable (pro-
cess response) by carrying out a reduced number of experiments
[10].

Several studies can be found in the open literature focused
on the use of DoE methodologies applied to Fenton’s process for
wastewater treatment. Among them, one can refer, for instance,
the degradation of dyes [5,11] and of phenol and its derivatives
[12-14], as well as the treatment of landfill leachates [15] and other
industrial effluents [16]. Among other advantages, this method-
ology allows also process optimization, with a reduced effort on
experimentation.

In this work, the Fenton’s process has been used to study the oxi-
dation of a reactive azo dye widely used in the Portuguese cotton
dyeing industry: Procion Deep Red H-EXL gran. In such industry,
huge amounts of reactive dyes are used in the dyeing stage. How-
ever, because the dyes are not completely retained by the fibres,
they are present in the final effluents. Some studies were found
in the literature for Procion dyes degradation; this is the case of
the reactive Procion Red H-E7B, by combination of a photo-Fenton
process and a biological sequential batch reactor [17], and of Pro-
cion Black 5B, by electrochemical processes at pilot scale [18]. It is
also worth mentioning the discolouration of Procion Red MX-5B by
electrocoagulation, UV/titanium dioxide and ozone [19], of some
Procion H-EXL dyes by different AOPs [20] or the degradation of
the azo dye Procion MX-5B by photo-catalytic oxidation with TiO,
and H,0, [21]. However, and up to our knowledge, no studies have
been performed dealing with oxidation of the dye studied in this
work. For process optimization, a DoE methodology was employed.

2. Experimental design

The main objective of the experimental design (or DoE) is to
determine, with a minimum effort (i.e., with a reduced number of
experiments), the effects of the different factors and of their inter-
actions in the process response(s), within the range of the studied
variables. Besides, the information obtained allows to decide how
many and which factors and/or interactions are statistically signifi-
cant, and if it is or not necessary to consider a more complex model
to describe conveniently the phenomenon under study. For that,
statistical techniques (e.g. analysis of variance (ANOVA)) need to
be used [22].

In the experimental design, the Yates’ algorithm was firstly
adopted [22]. Basically this provides a table with a standard dispo-
sition of the runs to perform in the factorial design. In the 23-type
factorial design adopted (two levels, three variables), the obtained
set of experiments is shown in Table 1. The negative and positive
signs refer to levels —1 and +1, respectively, of the experimen-
tal plan at two levels, being —1/+1 the minimum/maximum value
for each coded variable in the studied domain. The methodology
used requires that experiments outside the cubic domain are per-
formed to allow a better fitting of the response functions in such
a range; the conditions of those runs are defined in Table 1 as

Table 1
Yates’ algorithm, illustrating the experiments to perform and the conditions (in
terms of coded variables).

Run no. Levels
X1 X2 X3
1 -1 -1 -1
2 +1 -1 -1
3 -1 +1 -1
4 +1 +1 -1
5 -1 -1 +1
6 +1 -1 +1
7 -1 +1 +1
8 +1 +1 +1
<) 0 0 0
10 0 0 0
11 0 0 0
El -1.682 0 0
[£2) +1.682 0 0
E8 0 -1.682 0
E4 0 +1.682 0
E5 0 0 —1.682
E6 0 0 +1.682

+1.682 (extreme levels of the expansion). Finally, central points are
denoted as 0. Among the 17 runs to perform (see Table 1), 8 corre-
spond to the factorial design, 6 to the expansions (nos. E1-E6) and
3 were performed in the centre of the cubic domain to check the
reproducibility and evaluate the errors (nos. 9-11).

For the statistical calculations, the natural variables (denoted as
X;) are converted into dimensionless codified values (x;) to allow
comparison of factors of different natures with different units and
to decrease the error in the polynomial fit [10]. This is done using
the following relationship:

Xi — X
xi:ilAXO (2)

where X refers to the value of variable i in the centre of the domain
(i.e., it corresponds to x; =0) and AX corresponds to the difference
of that variable between the maximum level and the centre of the
domain (variation of the coded variable equal to +1).

The experimental results obtained for the considered
response(s) or objective function(s), Y;, are then fitted to a
quadratic model (Eq. (3)) that takes into account the linear and
the quadratic effects of the n variables, as well as the interactions
among them. Such least-squares fitting was performed using the
commercial software JMP 5.0.1.

n n n n
Yi=Bo+ Zﬁixi + Zﬁiixiz + ZZﬁijxin (3)
i=1 i=1 j>i i=1
In Eq. (3), x; refers to the coded variable associated to parameter i
(in this study it varies between 1 and 3, for temperature, hydrogen
peroxide concentration and ferrous ion concentration, respectively,
as described below); g is the interception term and corresponds
to the response value when x; is null for all variables; g; deter-
mines the influence of parameter i in the response (linear term);
Bii is a parameter that determines the shape of the curve (quadratic
effect); and finally B;; refers to the effect of the interaction among
variables i and j. The least-squares regression analysis provided the
estimates of these coefficients in the second-order model.

The statistical analysis proceeds with an ANOVA, which eval-
uates the adequacy of the model fitting. ANOVA subdivides the
total variance in two components: the variance associated with the
model and the one associated with the experimental error [23]. If
the value associated with the model is large when compared with
that of the experimental error, one can conclude that the changes in
the responses can be attributed to the model only and are not due
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to random errors. Such comparison is given by the F-ratio, which is
computed using the following equations [23]:

. M
F-ratio = MSmodet (4)
error
SS
Msmodel = dfmfo:ell (5)
mode
SS
MSEKTOI' = dferror (6)
error

In the above equations, df,o4e; and dferror stand for the degrees of
freedom of the model and of the experimental error, respectively;
SSmodel Tepresents the sum of square residues from the fitting of
Eq. (3) to the experimental data, while SSerror represents the sum of
square residues of the error, calculated with the following equation
[22]:

Sserror = Z (Yi - Yi,mocl)2 (7)
1

where Y; is the response for runiand Y; y,0q is the response obtained

with the model for run i.

To evaluate if the variance of the model is higher than that of
the experimental error, the F-ratio (Eq. (4)) has to be higher than
the F-value, which depends on the number of degrees of freedom
and the confidence level, commonly 95%.

Nevertheless, other statistical criteria were also adopted to
evaluate the adequacy of the model fitting. For instance, the F-
probability (P> F) indicates the probability of the results variation
be due to random errors [10]. Finally, the R? value estimates the
proportion of the response variation around the mean that can be
attributed to terms in the model rather than to random error.

To determine which of the parameters and/or interactions in Eq.
(3) have statistical meaning, the Student’s t-test was used. There-
fore, the corresponding t-probability value was compared with the
significance level of 0.05. If the t-probability is smaller than that
value, then the respective parameter or interaction has statistical
meaning and should be included in the model [23].

3. Experimental
3.1. Materials

In this study, a commercial reactive azo dye (Procion Deep Red
H-EXL gran), from DyStar, was used. The dye solutions used in the
experiments (100 mg/L) were prepared by dissolving the required
amount of dye in distilled water.

Reagents employed in the oxidation process were FeSO4-7H,0
(Panreac) and H, 0, (30 wt.%, from Riedel-de Haén). The pH in the
reaction mixture was adjusted to the desired value using H,SO4
(95-97%, Fluka) or a 6 M solution of NaOH (prepared with NaOH
from Merck). To stop the reaction in samples taken along time,
residual H,0, reduction by Na;SO3; (Merck) was performed.

3.2. Analytical methods

To evaluate the dye (colour) removal along the oxidative pro-
cess, absorbance was measured at the maximum wavelength (Amax)
in the visible region (coefficient of variation (CV)=0.1%) using a
UV-vis spectrophotometer (Thermo Electron Corporation, model
Heyios). The dye characteristic wavelength of 560 nm was obtained
from the corresponding spectrum (cf. Fig. 1). In the range of dye con-
centrations used in this study, a linear dependence was obtained
when they were plotted against the absorbance at Amax.

The total organic carbon (TOC) was determined by catalytic
oxidation followed by quantification of the CO, formed through

Abs (a.u.)

200 300 400 500 600 700 800
A (nm)

Fig. 1. UV-vis spectra of samples taken along time in a typical experiment (T=30°C,
Ch,0, = 8.8mM, pH 2.0 and Cge2+ = 0.26 mM).

infra-red spectrometry, as described in Method No. 5310D of the
Standard Methods for the Examination of Water and Wastewater
[24]. For that, a Shimadzu 5000A TOC analyser was used. TOC val-
uesreported represent the average of at least two measurements; in
most cases each sample was injected three times, validation being
performed by the apparatus only if CV is smaller than 2%.

3.3. Chemical oxidation experiments

Chemical oxidation, with Fenton'’s reagent, of the red dye solu-
tions was carried out in a closed jacketed batch reactor (1L
capacity). The reactor is provided with constant stirring, accom-
plished through a magnetic bar and a Falc magnetic stirrer. The
temperature of the reaction mixture was kept constant by coupling
the reactor to a Huber thermostatic bath (Polystat CC1).

Before each run, the dye solution (0.5 L) was put in the reactor,
and the temperature stabilized. After pH adjustment, the catalyst
(iron sulphate) was introduced, this way avoiding iron precipita-
tion. Time zero of the runs coincides with addition of the hydrogen
peroxide solution. Samples were taken for TOC analysis along time,
as described above. However, large excess of Na;SO3 was added to
each sample to guarantee instantaneous consumption of residual
hydrogen peroxide, thus stopping the Fenton’s reaction.

In the oxidative process, temperature, pH and absorbance (at
A =560nm) were continuously measured, the computer interface
being programmed with software Labview 5.0 (from National
Instruments) for data monitoring and saving. To measure the solu-
tion temperature and pH, a thermocouple and a pH electrode
(WTW, Sentix 41 model), connected to a pH-meter from WTW
(model inolab pH Level 2), were used, respectively. For on-line
absorbance monitoring, a peristaltic pump ensured recirculation
of the solution through a flow-trough cell placed inside the UV-vis
spectrophotometer, as described elsewhere [11].

4. Results and discussion
4.1. Preliminary runs

For oxidation with the Fenton’s reagent, four operating variables
have to be considered (for a given parent compound concentra-
tion), namely the pH, the concentration of hydrogen peroxide, the
temperature and the concentration of ferrous ion. A high number
of experiments would be required if these four variables are con-
sidered in the experimental design (27 instead of the 17 shown in
Table 1). For that reason some preliminary runs were carried out, to
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find a suitable initial pH value to be kept constant. In addition, and
as above-mentioned, in the experimental design it is important to
have some previous knowledge regarding the system behaviour to
better define the levels for each considered variable (see Table 1).
Consequently, some further preliminary runs were then performed,
inorder to evaluate the responses (in terms of dye and TOC removal)
when changing the other process variables. In all runs, a dye con-
centration of 100 mg/L was employed, to which corresponds an
average total organic carbon content of ca. 31.6 mg/L.

First of all, two blank experiments were carried out, in the
presence of either hydrogen peroxide (8.8 mM) or ferrous ions
(0.27 mM) alone to evaluate the need of their simultaneous pres-
ence. A reaction temperature of 30°C and an initial pH of 3 were
used. In both cases colour reduction was negligible (<1.5%), and the
slight reduction in TOC (~10%) is close to the experimental uncer-
tainty, although the hypothesis of some organic matter removal
by a coagulation/flocculation process cannot be ruled out (in the
run with only iron). Thus, and comparing with the performances
shown below in the presence of both reagents, one can conclude
that oxidation proceeds through a Fenton-like scheme.

In a typical experiment absorbance decreases along reaction
time not only at the dye characteristic wavelength of 560 nm, but
also in almost all visible region. This can be seen in Fig. 1, evidenc-
ing also that in the UV region (ca. 300 nm) absorbance inclusively
increases for short reaction times, possibly due to intermediate
organic compounds which aromatic part absorbs in this range. For
longer times, this peak decreases due to a mineralization of the
organic matter, as shown below with TOC analyses. In the follow-
ing sections, colour removal data concern only to those registered
at Amax =560 nm.

4.1.1. Effect of the initial pH

Experiments performed at different pH values between 2 and
5 showed that the maximum dye removal rate was reached for a
pH of 3.0 (Fig. 2a) while better TOC reduction was reached for a pH
of 3.0-3.5 (Fig. 2b). In both cases, differences in the performances
reached after 2 h are almost insignificant, whatever is the pH (3.0
or 3.5). Consequently, in the experimental design a pH of 3.5 was
considered because in industrial practice this would require less
acid in the previous acidification step of textile dyeing wastewaters,
which are generally alkaline.

The optimal pH values obtained are within the range com-
monly found for the Fenton’s process, which usually falls in acidic
values of pH between 3 and 4 [7,25]. Under more alkaline condi-
tions (pH >4) the precipitation of iron hydroxide (Fe(OH)3) occurs,
decreasing the concentration of dissolved Fe3* and consequently
of Fe2* species [12]. Besides, in such conditions hydrogen perox-
ide is less stable, being decomposed into water and oxygen [11];
therefore less hydroxyl radicals are formed, reducing the process
efficiency. On the other hand, for pH values below 3 the process
efficiency also decreases because the regeneration of Fe2* (through
reaction between Fe3* and H,0,—cf. Eq. (8)) is partly inhibited [26].
This is due to the decrease of the soluble amount of Fe3* that is in
equilibrium with other iron species (Fe(OH)2* and Fe(OH),*) under
such conditions [7].

Fe3t + H,0, — Fe2t +HT +HO,* (8)

Further tests were performed at pH 3.0 and 3.5 with two main
goals in mind: (i) to evaluate the reproducibility of the results and
(ii) to extend the reaction time up to 240 min. It was found that
the runs are reasonably reproducible: average absolute deviations
of 1.3 and 3.4% for colour and TOC removal, respectively, have been
obtained (average standard deviations of 0.6 and 2.4%). Besides,
slightly better decolourisations were again reached at a pH of 3.0
(~99% vs. 98% at a pH of 3.5) while mineralization is increased
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Fig. 2. Evolution of the dye (a) and of the total organic carbon (b) removal along time
for different initial pH values (T=30°C, Cy,0, = 8.8 mM and Cg2+ = 0.27 mM).

for a pH of 3.5. Finally, and as expected, it was concluded that
colour removal remains unaffected for reaction times between 120
and 240 min; TOC removal in this time interval increases, but only
slightly (from 38 to 44%, at pH=3.5). Consequently, in subsequent
runs reaction time was kept at 120 min and initial pH at 3.5. As
mentioned above, in the following runs the effects of the other
process variables will be analysed, an issue that is quite important
before the DoE, particularly for defining the ranges of the variables
associated with the Yates’ algorithm.

4.1.2. Effect of the H,0, concentration

In what concerns the influence of the hydrogen peroxide con-
centration, data shown in Fig. 3 put into evidence that in the
tested range the dye and TOC removal efficiencies (and initial rates)
increase when the oxidant dosage is raised up to 5.9-8.8 mM.
Nevertheless, for higher concentrations oxidation performance
remains practically unaffected, or even decreases. This isa common
behaviour in the Fenton’s process, often attributed to the paral-
lel and undesired reaction between excess hydrogen peroxide and
hydroxyl radicals (scavenging effect) [26]:

HO* + H;0, — H,0 + HO,* 9)
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Fig. 3. Evolution of the dye (a) and of the total organic carbon (b) removal along
time for different hydrogen peroxide concentrations (pH 3.5, T=30°C, and Cgo24 =
0.27 mM).

Consequently, the effective amount of these highly reactive species
(HO*) that is available to degrade the dye and/or the intermediate
compounds decreases. Although another radical is formed (HO,*),
it has an oxidation potential significantly smaller than that of the
hydroxyl one [8].

4.1.3. Effect of the Fe?* concentration

To evaluate the effect of the ferrous ion concentration in the
oxidative process, further runs were then performed in which this
variable was varied separately (Fig. 4). It can be seen that, in general,
maximum dye and TOC removal levels are reached for a ferrous ion
concentration of 0.27 mM, the performance being worst for higher
loads. Such detrimental effect of excessive catalyst dosages can
be ascribed to other undesirable and competitive reactions that
decrease the amount of radicals available to oxidise the organic
matter, by reaction with excess iron ions. For ferrous ions they are
represented as follows [26]:

Fe?™ + HO* — Fe3™ +OH~ (10)
Fe?* + HO,* — Fe3* +HO,~ (11)

being also of concern similar reactions that involve Fe3* species
instead of FeZ*.
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Fig.4. Evolution of the dye (a) and of the total organic carbon (b) removal along time
for different ferrous ion concentrations (pH 3.5, T=30°C, and Cy,0, = 8.8 mM).

4.1.4. Effect of the reaction temperature

For the optimal catalyst dose of 0.27 mM, Fig. 5 illustrates that
Fenton’s process performance increases with temperature, a trend
that can be justified by the kinetic constants raise with that variable
(Arrhenius law). However, such effect is much more pronounced on
the mineralization rate (TOC removal). For simple dye degradation
temperatures of 20°C are enough to provide fast decolourisa-
tion.

4.2. Experimental design of the 23-type with expansion (central
composite design)

After the exploratory runs, wherein the effects of the process
variables (temperature, and concentrations of hydrogen peroxide
and ferrous ion) were briefly analysed, the ranges to be used in the
experimental design were established (Table 2). It is worth noting
that these ranges were defined taking into account that too high
iron and peroxide concentrations revealed to be useless (>0.54 and
~18 mM, respectively). Temperature had a positive effect on TOC
removal, up to 70°C, but it is not physically possible to extend
much further this value. The preliminary tests allowed also defin-
ing on which of the system responses the study will focus on. Only
the organic matter (TOC) removal will be considered, because in
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Table 2
Levels of the parameters studied in the expanded 23 experimental design.

Table 3
Responses obtained in the runs performed in the experimental design.

Parameter Level Run No. T(°C) Ch,0,(mM) Cre2+ (mM) TOC removal (%)
-1.682 =1l 0 +1 +1.682 1 20 29 0.18 27.4
T(°C) 6.4 20 40 60 73.6 ; Sg i'g 8';2 32’31
Ci1,0,(mM) 0.4 2.9 6.6 10.3 12.8 4 60 o9 036 e
Crez+ (MM) 0.12 0.18 0.27 0.36 0.42 5 20 103 018 297
6 60 10.3 0.18 38.6
) ) ) o 7 20 10.3 0.36 31.8
the above-described runs it was verified that colour removal is in 8 60 10.3 0.36 423
all cases almost complete (usually above 95%) and it occurs in the g 40 6.6 0.27 43.6
initial period of the reaction (up to 15 min). Thus, maximizing min- 10 a0 a6 027 SEIfE
lization after 2 h will result in satisfactory colour leaching, as L 40 66 0.27 439
era y & E1 6.4 6.6 027 19.4
shown later on. E2 73.6 6.6 027 475
The experiments performed, as defined by the Yates’ algorithm E3 40 0.4 0.27 35.8
(see Table 1), and the values of the obtained responses are reported E4 40 12.8 0.27 46.9
in Table 3. As above-mentioned, three of the experiments were 5 40 e nilz 82
. . . E6 40 6.6 0.42 47.5
performed in the centre of the cubic domain, i.e., under the same
conditions. For such replicates (runs no. 9-11), TOC removal lies
between 39.8 and 43.9% (standard deviation of 1.9%). Table 4
The DoE software allowed determining the coefficients of the Analysis of variance regarding the TOC removal quadratic model.
nd order fittin ion, which w nal n th
second o de. tting e.qu.at 0 Lo ¢ as a alysed bas.ed 0 the Variation source df SS MS F-ratio P>F
above-mentioned statistical criteria. In particular, the suitability of
Model 9 1311.17 145.69
Error 7 146.95 20.99 6.94 0.009
Total 16 1458.12
@ 100: R2=0.899.
80 [ .
- 1Y the model was tested by the ANOVA test. Table 4 summarizes the
< obtained results. In the ANOVA test, the F-ratio value obtained for
g 60 g 1w the percentage of TOC removal is higher than the Fisher’s F-value
g | 5 @ (F9,7=3.80), and so one can conclude that the variations that occur
=3 . .
[ 1 g w0 in the responses are associated to the model, not to random errors.
§ 40 | 2 w0 This is confirmed by the F-probability obtained, once it is smaller
©° ] % T=20°C é 20 than 0.05 (for a 95% confidence level). The value of R? indicates
= © o that 89.9% of the response variability is explained by the model.
1 —4—T=30°C o 1 2 3 4 5
, p It can thus be concluded that the model fits reasonably well the
20 —e-T=50°C time (min) . i
| experimental data obtained.
—-=-T=70°C After analysis of the second order model adherence and suitabil-
0% . ‘ ‘ . . ‘ ity, the statistically significant variables and/or interactions were
0 20 40 60 80 100 120 identified, using the Student’s t-test. In Table 5 are shown the results
= g obtained. It can be seen that the process variables and interactions
time (min) s L 2
that are statistically significant are the temperature (x; and x{) and
its interaction with the ferrous ion concentration (x;x3), because
(b) 50 - these parameters present P> |t| values smaller than 0.05 (for 95%
of statistical meaning). This means that hydrogen peroxide effect
is negligible as compared to the other variables, a behaviour also
40 | found for another azo dye degradation [11]. Consequently, the equa-
- tion obtained for the model response (Y7 ), which provides the TOC
B removal at t=120min in the studied range of the parameters, is
§ 30 -
o
E’ Table 5
O 20 1 Estimates of the model regression for TOC removal.
o : :
] % T=20C Term Estimate Standard error t-Ratio P> |t
10 ——T=30°C Intercept 42.48 2.64 16.09 <0.0001
——T=50°C P 8.55 1.24 6.90 0.0002
-8-T=70°C X2 1.65 1.24 1.33 0.2241
X3 0.94 1.24 0.76 0.4728
0 - - ) X1X2 0.72 1.62 0.45 0.6696
0 20 40 60 80 100 120 X1X3 -3.84 1.62 -2.37 0.0496
: : X2X3 0.99 1.62 0.61 0.5609
time (min) xi —3.42 1.36 -251 0.0405
Fig. 5. Evolution of the dye (a) and of the total organic carbon (b) removal along X% —0.64 136 —047 0.6547
time for different temperatures (pH 3.5, Ciy,0, = 8.8 MM and Cge2+ = 0.27 mM). & —0.97 1.36 —0.71 0.5010
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Fig. 6. Parity plot comparing the TOC removal data for t =120 min (cf. Table 3) with
the model predictions by Eq. (12).

given by:
T —40 T — 40\ 2
Y1:42.48+8.55( 50 )-3.42( 50 )
Cre2+ — 0.27\ /T — 40
—3.84(( - )( - )) (12)

The comparisons of the model prediction vs. the experimental
responses are given in the parity plot of Fig. 6. Although absolute
deviations as high as 12.9% are observed, on average they are only
4.2%.

As predicted from Eq. (12), and due to the existence of the
cross-interactions, the effect of each independent variable on the
process response depends on the value of the other one, a common
behaviour found in DoE studies applied to the Fenton’s process
[5,11,13,15]. For instance, the ferrous ion concentration increases
the TOC removal for temperatures below 40°C; at higher temper-
atures the opposite effect is noticed. This can also be seen in the
response surface illustrated in Fig. 7, which is a graphical repre-
sentation of Eq. (12). As regards the effect of temperature, it can
be concluded that at low catalyst dosages it affects positively the

[¢2]
o

@ 50-60
m40-50
030-40
020-30
m 10-20
o0-10

[4)]
o

B
o

TOC removal (%)

0.32
FeZ*(mM)

0.42

Fig. 7. Variation of the TOC removal (for t = 120 min) with the temperature and with
the ferrous ion concentration as predicted by Eq. (12).

mineralization degree, corroborating the preliminary runs. How-
ever, when one moves towards higher ferrous ion loads, excessive
temperatures have a detrimental effect on TOC removal after 2 h
of reaction. Concluding, the response surface curve shown in Fig. 7
illustrates that the process variables only have a detrimental effect
on the response when the other variable (ferrous ion concentra-
tion or temperature) also exhibits high values (typically above the
central point considered in the study). Only in such conditions the
existence of several undesirable phenomena becomes evident and
has also been reported by Herney-Ramirez et al. [ 11] during Orange
Il degradation by a heterogeneous Fenton-like process. The reason
for this might be related with the scavenging of radicals that occurs
at high iron dosages (Egs. (10) and (11) and equivalent reactions
involving ferric ions) and high temperatures, as a consequence of
the moderate activation energies and high rate constants of those
reactions [27,28]. Therefore, the reaction rates for such phenomena
increase significantly with both parameters, affecting negatively
the process performance. Although reactions between iron species
and hydrogen peroxide to generate the radicals have similar or
even higher activation energies [27,28], at elevated temperatures
their rates are strongly affected by the thermal decomposition of
hydrogen peroxide into water and oxygen [11,28].

An interesting feature is that the 3D plot of Fig. 7 (or Eq.
(12)) allows determining the optimum conditions, i.e., those that
maximize the system response. This occurs at the maximum tem-
perature and minimum ferrous ion concentration of the space
domain analysed, i.e., 73.6 °C and 0.12 mM, respectively. Under such
conditions, Eq. (12) predicts a mineralization degree of 57.9% after
2 h. Nevertheless, Fig. 7 shows that good performances can also be
attained at lower temperatures, although requiring slightly higher
catalyst dosages. For real applications, one could select the lowest
hydrogen peroxide concentration employed in the experimental
design because it does not affects the oxidative process; this way,
the consumption of such reagent would be minimized and conse-
quently the operation costs.

With these issues in mind, an additional experiment was per-
formed under the conditions that maximize TOC removal. Results
obtained are shown in Fig. 8. A dye mineralization degree of 52.3%
was reached, which is only 5.6% below the model prediction (a
deviation similar to those reported in Fig. 6). Besides, one can also
confirm the hypothesis initially advanced of attaining a practically
complete colour elimination (99.6% in 2 h), which is also very fast

100 T
80 -
g 60
= ]
>
g
o 404
o J
—o— Colour removal
20 A
—e— TOC removal
0 T T T T T
0 20 40 60 80 100 120

time (min)

Fig. 8. Evolution of the dye and total organic carbon removal along time under
theoretical conditions that maximize TOC elimination (pH 3.5, T=73.6°C, Cy,0, =
2.9mM and Cge2+ = 0.12mM).
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(95.7% in 15 min), even for very low doses of catalyst and hydrogen
peroxide.

5. Conclusions

The degradation of the dye Procion Deep Red H-EXL gran by
oxidation with Fenton’s reagent depends upon several process vari-
ables. From some preliminary runs it was concluded that the pH
value that maximizes dye removal is 3.0, while for TOC a value of
3.5 was found. Nevertheless, because at pH 3.5 colour removal is
high enough and a smaller amount of acid is required to adjust the
pH in textile dye-house effluents, this was the value established for
subsequent runs.

For the experimental conditions adopted, the reaction time
required to achieve colour removals above 95% is around 15 min,
indicating that rate constants for simple chromophore breakdown
are high. However, mineralization of the organic matter proceeds
at a slower rate, and so the time of reaction was fixed in 120 min
for the experimental design; this way, optimization of TOC removal
ensure almost complete decolourisation of the wastewater.

The experimental design (of the 23-type with expansion)
allowed to conclude that among the three process variables con-
sidered, only temperature and catalyst concentration affect the
mineralization degree after 2 h of reaction (TOC removal consid-
ered as process response), while the oxidant dosage seems to have
no effect on it. The quadratic model developed fits reasonably the
experimental data and allowed concluding that the effect of each
independent variable on the response depends on the value of the
other one, due to the existence of cross-interactions. This way, both
ferrous ion dosage and temperature might affect positively or neg-
atively the mineralization degree attained, which has a maximum
value of 57.9% (in the space domain investigated).
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