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Abstract

The application of the Fenton-like process for the oxidation of an aqueous solution of Ponceau 4R dye, using an
aluminum pillared clay impregnated with iron (Fe(wt%)/Al-PILC) as catalyst, was investigated. The Response
Surface Methodology (RSM), based on a Central Composite Design (CCD) was used to evaluate and optimize the
oxidation process of a Ponceau 4R solution. Three independent variables were studied in the experimental design:
the amount of H202 expressed in multiples of times of stoichiometry dose, iron concentration incorporated by im-
pregnation onto aluminum pillared clay (Fe(wt%)), and amount of catalyst (Fe(wt%)/Al-PILC). The response varia-
bles were decolorization and total organic carbon (TOC) removal. The significance of independent variables and
their interactions were tested by means of analysis of variance (ANOVA), with a 95% confidence level. With low
stoichiometric dose of H202 (0.96 and 1.54 times), medium amount of catalyst (374.4 and 391.3 mg) and high Fe
concentration impregnated in pillared clay (9.3 and 7.7 wt%), the total decolorization and high TOC removal were
achieved. Under multi-objective optimization conditions (3.0 times the stoichiometric dose of H:O2, 420 mg
Fe(wt%)/Al-PILC and 5.5 wt% Fe impregnated in Al-PILC), it was possible to achieve 86.18% decolorization and
66.81% TOC removal after 5 h of reaction at 25 °C, with the additional advantage of showing an iron leaching of
less than 0.10 mg/L. The established models' soundness is confirmed by a good fit between predictive models and
experimental results.
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1. Introduction and inorganic substances. Inorganic pollutants
are mainly represented by heavy metals, while
the organic range from chloroform (small mole-
cule), to compounds such as dyes, phenols, sur-
factants, pesticides, and pharmaceuticals,
* Corresponding Author. among other [1,2].
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The minimization of water pollution is one of
the main areas of scientific research. Water pol-
lutants are varied in nature, including organic
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treatment, and later were widely studied for
the treatment of wastewaters. The AOPs in-
volve the generation of hydroxyl radicals
(*OH), which can degrade most refractory or-
ganic compounds or increase wastewater bio-
degradability, as a treatment prior to an ensu-
ing biological treatment [3,4]. Among the met-
als that are able to activate H202 and produce
hydroxyl radicals in water, iron is the most fre-
quently used. In the so-called Fenton process,
H202 reacts with Fe2* ions to generate strong
reactive species [5,6]. The generally accepted
free radical chain mechanism for the Fenton re-
action 1s summarized in Equations (1)-(3),
while the slow reaction (Equation (2)) becomes
a rate-determining step of the Fenton reaction
[7-9]:

Fe2t + HoO2 — Fe3+ + +OH + OH- (1)
Fe3* + HoO2 — Fe2+ + HO2+ + H* (2)
OH + H202 — HO2* + H20 3)

The Fenton reaction can take place in one or
two phases, the first called homogeneous,
where all the chemical species are in the aque-
ous phase; and the second, called heterogene-
ous, which uses a solid catalyst that supports
the active iron phase or is immobilized on any
material. The homogeneous Fenton process
has, as a disadvantage, the sludge generation,
the limited pH range and the hard iron ion re-
covery in solution [10-12]. The catalysts devel-
oped for the heterogeneous Fenton process are
formed by an iron-containing active phase sup-
ported on material such as alumina [13], silica
[14], zeolites [13,15], activated carbon [16], or
pillared clays [17,18].

The pillaring procedure involves the for-
mation of aluminum polymeric species (mainly
Al1s Keggin), intercalation of these species and
a subsequent fixation of aluminum polyoxoca-
tions among clay layers [19,20]. In the last
years, the suitability of aluminum pillared
clays (Al-PILC) as a catalytic support of differ-
ent transition metals has been explored [20,21],
especially because of their higher surface area
and microporosity [22].

The azo-dye Ponceau 4R
(C20H11N2010S3Nas), also known as acid red 18,
new coccine, additive E124 and CI 16255, is
widely used to give red coloring to foodstuffs
[23], especially in the confectionary industry
[24]. Studies on treating water contaminated
with sulfonic azo dyes are limited [25]. The deg-
radation of Ponceau 4R by applying AOPs has
been carried out using homogeneous Fenton
[26], electro-Fenton [23], UVA photoelectro-
Fenton [27], photoelectro-Fenton processes

[23,27] and bicarbonate activated hydrogen
peroxide in a Fenton-like reaction with Co(II)
ions as the catalyst [28]. However, there are no
studies in the accessed scientific literature on
oxidation of Ponceau 4R using Catalytic Wet
Peroxide Oxidation (CWPO) with a supported
iron-based catalyst, where the support is a pil-
lared clay. CWPO (Fenton-like process) is con-
sidered to be a low-cost technology because it
can be operated without lamps (leading to re-
duction of electrical consumption) and work
under mild conditions, such as: ambient tem-
perature and atmospheric pressure [29].

In this study, the decolorization and total
organic carbon (TOC) removal of aqueous solu-
tions of Ponceau 4R by a Fenton-like process,
using an aluminum pillared clay impregnated
with iron (Fe(wt%)/Al-PILC) as catalyst was in-
vestigated. The effect of the amount of H20:
(expressed as times of the stoichiometric dose,
SD), amount of catalyst, weight percentage of
Fe impregnated in Al-PILC and their interac-
tions were evaluated using a Central Compo-
site Design (CCD) combined with a Response
Surface Methodology (RSM). Additionally, the
optimal reaction conditions to achieve the max-
imum decolorization and TOC removal were
obtained and experimentally validated. At
these conditions, a kinetic study was performed
and experimental data fitted to the Fermi's
equation.

2. Materials and Methods
2.1 Chemicals and Source Material

All chemicals used in this work were of ana-
lytical grade. AlCl3.6H20 (>97%),
Fe(NO3)3.9H20 (>98%) and H2SO4 (95-98%)
were supplied by Merck KGaA (Darmstadt,
Germany). Hydrogen peroxide (H202 30% w/v
solution), NaCl (>99%) and NaOH (>98%) were
supplied by Panreac (Barcelona, Spain). The
azo-dye Ponceau 4R (C20H11N2010S3Nas, 604.48
g/mol, CAS registry number: 2611-82-7) was a
food color (purity 89%) supplied from Retema
S.A.S.-Colombia. The stock solution (25 mg/L)
was arranged by accurately dissolving a
weighed quantity of the dye in dis-
tilled/deionized water. Distilled/deionized wa-
ter was used for the preparation of all solu-
tions.

The raw bentonite was collected from a
mine in the municipality of Armero-Guayabal,
Colombia, a mine exploited by the company
GeaMinerales S.A.S. The mineralogical and
chemical composition of this bentonite has
been previously reported [30]. The bentonite
was purified by conventional sedimentation fol-
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lowing Stokes' law and the fraction <2 pm was
denoted Bent [31]. The fraction <2 um was ex-
changed three times with a 0.1 M NaCl solu-
tion, washed with distilled water until removal
of chloride ions (negative test with AgNOs),
dried at 60 °C and finally ground and passed
through a sieve (125-150 mm). The sodium
bentonite purified (denoted Na*-Bent) had a
cation exchange capacity (CEC) of 63.02
mmol/100 g clay, determined by the ammonium
acetate method.

2.2 Synthesis of the Aluminum Pillared Clay

The pillaring clay process was carried out
following a standard procedure widely reported
in the literature [32—35]. The pillaring alumi-
num solution was prepared by dropwise addi-
tion of 0.2 mol/LL NaOH solution into a solution
of 0.2 mol/LL AlCl3.6H20, maintaining a hydrol-
ysis ratio OH—:Al3* at 2.2. Once hydrolysis was
completed, the pillaring aluminum solution
was aged for 4 h at 60 °C, under magnetic stir-
ring at 200 rpm. To the Na*-Bent dispersed in
distilled water (20 g/L) for 12 h, the pillaring
solution (Al3+:Na*-Bent ratio of 10 mmol/g) was
added, and the mixture was then stirred for 12
h at room temperature (20+2 °C). The interca-
lated bentonite was repeatedly rinsed with dis-
tilled/deionized water until the supernatant lig-
uid was free from chlorides (negative test with
AgNQOs). Finally, the sample was dried at 60 °C,
ground, passed through a sieve (125-150 mm),
and calcined at 400 °C (1 °C/min) for 2 h to ob-
tain the aluminum pillared bentonite, called
Al-PILC.

2.3 Synthesis of the Catalysts

The catalysts were prepared with Al-PILC
as support, and solution of Fe(NOs)3.9H20 as
Fe(II) precursor, by means of the incipient
wetness impregnation (IWI) method [18]. The
amount of salt needed for obtaining the weight
percentage of iron in the final catalyst was dis-
solved in a minimum volume of water to com-
pletely soak the Al-PILC sample. After impreg-
nation, the water was allowed to evaporate and
samples dried at 60 °C for 24 h. The obtained
samples were then calcined at 400 °C (1
°C/min) in air for 2 h. The catalysts were called
Fe(wt%)/Al-PILC, where wt.% corresponds to
the weight percentage of iron impregnated.

2.4 Characterizations

Na*-Bent, AI-PILC and Fe(wt%)/Al-PILC
were characterized by X-ray fluorescence
(XRF), X-ray diffraction (XRD) and N2 adsorp-

tion—desorption at 77 K. The XRF analyses
were performed using a Philips Magix Pro
PW2440, with samples prepared as pearls.
XRD patterns were obtained on a Rigaku Mini-
flex II Diffractometer, with Cu-Ka radiation at
30 kV and 15 mA, steps of 0.05° 20 and 2
s/step. The XRD analyzes for the samples were
performed with preferred oriented on a glass
slide in the range from 3 to 15° 20 (a few drops
of the samples suspension were smeared on a
glass slide which was left to dry at room tem-
perature) and with randomly oriented in the
range of 3 to 60° 20 (the powder sample surface
is pressed with a glass plate). The textural
characterization of samples was carried out by
N2 adsorption—desorption isotherms at 77 K,
using a Micromeritics ASAP 2020. The samples
were previously degassed at 90 °C for 20 h.
Specific surface area (Sger) was determined ac-
cording to the Brunauer, Emmett and Teller
equation, and the total pore volume (Vi) was
evaluated for nitrogen uptake at a relative
pressure of 0.99. Microporous specific surface
area (Smicrop) Was calculated using the t-method
of the Harking-Jura equation [36,37].

2.5 Catalytic Experiments

Prior to oxidation tests, batch adsorption ex-
periments of Ponceau 4R dye (300 mL, 25
mg/L, pH = 3.6 and 25 °C) with 500 mg of
Fe(wt%)/Al-PILC and stirring constant at 200
rpm were carried out for 5 h. It was found that
the adsorption of the dye stabilized after 30
min of contact time, with values between
0.85+0.22, 1.37+0.40, and 2.68+1.12 % for Al-
PILC impregnated with Fe at 2.5, 5.5, and 8.5
wt%, respectively. For all oxidation tests, an
adsorption time of 30 min was established. The
concentration of the dye after adsorption was
measured and considered as initial concentra-
tion (Co) to oxidation tests.

All oxidation experiments were performed
in a jacketed batch reactor with a capacity of
500 mL, under constant stirring at 200 rpm,
connected to a thermostatic water bath to keep
the temperature constant at 25+0.1 °C. For
every experiment, the reactor was loaded with
300 mL of a Ponceau 4R aqueous solution at 25
mg/L (0.0414 mM) and a defined amount of cat-
alyst (mg) to carry out the adsorption process
for 30 min, with a controlled pH at 3.6. Subse-
quently, a flux of 10 L/h of dry air and 7 mL of
H202 solution was dosed up in a peristaltic
pump (1.0 mL at £ = 0 and then a flow of 2
ml/h). The time of each test was 5 h (not in-
cluding the time of dye adsorption). The pH of
the reaction medium was adjusted at 3.6 with
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solutions 0.05 mol/Li of HaSO4 or NaOH. This
pH value was used in a previous study of tex-
tile azo-dye oxidation with delaminated mont-
morillonite with iron(III)-TiO2 species [38]. pH
values between 3.0—4.0 have shown good re-
sults in the CWPO of phenol and orange II us-
ing pillared clays with iron [18,33,39]. In addi-
tion, in more than half of the studies on CWPO
of industrial wastewater, the initial pH of the
wastewater was adjusted to 3—4 [40].

The amount of H2O2 used was established
based on the theoretically needed amount to
completely mineralize 1 mol of the Ponceau 4R
according to the Equation (4):

C20H11N2010S33~+ 51H202 —
20CO:z+ 54H20 + 2NOs~+ 35042+ 5H*  (4)

The stoichiometric dose (SD) H2O2:Ponceau 4R
corresponded to a 51:1 molar ratio. There is no
rule to establish the dose of hydrogen peroxide
necessary for the oxidation of an azo dye as this
depends on the structure of the compound and,
normally, an excess with respect to the stoichi-
ometric dose is used [18,41,42].

The color removal was measured by moni-
toring the absorbance of dye in the aqueous me-
dium at its respective maximum absorption
wavelength (lnee = 507 nm) using a UV-—Vis
spectrophotometer (Mapada V-1200, China).
The dye concentration was determined from al-
iquots (1 mL of sample filtered in 0.45 pm Mil-
lipore filter) taken at specific time intervals.
The concentration intervals were from 0.5 to 30
mg/L., with a correlation coefficient (R2) of
0.9998. Detection limit (DL) and quantification
limit (QL) were 0.060 mg/L and 0.167 mg/L, re-
spectively. Decolorization was calculated from
Equation (5), where Co is the dye concentration
at ¢t = 0 and C,, the dye concentration at time ¢:

-C

C,
Decolorization (%) = —2—Lx100

C, ®)

As the oxidation reactions were carried out
with an excess of H202, between 0.4—1.0 mL so-
dium sulfite (1.5 mol/L) was added at the end of
the reaction (f = 5 h) to instantaneously stop
the reaction. This eliminates residual H:0:

that interferes with chemical oxygen demand
(COD), total organic carbon (TOC) and total ni-
trogen (TN) measurements in Fenton processes
[43—-45]. Total organic carbon (TOC) removal or
degree of mineralization was quantified by a
TOC analysis at the beginning and, at the end
of the reaction, using a Multi N/C 3100 TOC
analyzer (Analytik Jena, Germany) equipped
with a nondispersive infrared detector.

Calibration curves for TOC was obtained
using standard solutions of potassium hydro-
gen phthalate (CsHsKO4, >99.5%, Merck,
Darmstadt, Germany), with a detection limit of
4 ug/L. TOC removal was determined by the
Equation (6):

TOC removal (%) = 106, ~10¢, x100 (6)

T0C,

where TOC, and TOC; are the total organic
carbon concentrations at ¢ = 0 and at the end of
reaction (£ = 5 h). Iron leaching of the catalysts
after 5 h of reaction was measured with a
Thermo Scientific iICE 3000 Series atomic ab-
sorption spectrometer.

2.6 Design of Experiments

Optimum conditions for the oxidation of
Ponceau 4R were determined by means of ro-
tatable Central Composite Design (CCD). In
this study, a 23 full factorial CCD, with axial
points (o = £1.682) and replicates at the center
point, was used for response surface modeling
[46—48]. The matrix for the three variables of
study, times of the stoichiometric dose of H202
(X1), catalyst amount (X2) and weight percent-
age of Fe impregnated in Al-PILC (X3) was var-
ied at five levels (-a, —1, 0, +1, +a). The re-
sponse variables for the oxidation of Ponceau
4R were decolorization and TOC removal. All
experiments were randomly performed to avoid
a systematic error. Ranges considered for the
three studied independent variables were cho-
sen on the basis of previously performed exper-
iments. The level and ranges of the studied
variables are presented in Table 1. Twenty ex-
periments were carried out in order to produce
this analysis, eight of which corresponded to
the factorial design, six to axial points, and six

Table 1. Levels of independent variables used in the experimental design.

Coded and Uncoded Levels

Variable ~1.682 -1 0 1 +1.682
H:0:, SD (Xh) 3 6 9 11.05
Catalyst amount, mg (X2) 120 270 420 522.30
Impregnated Fe, wt% (X3) 2.5 5.5 8.5 10.55
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to central points to ensure repeatability. The
response surface methodology (RSM) was used
for data analysis, which is a mathematical and
statistical method that allows obtaining a mod-
el that correlates independent variables of the
process on the response variable [49]. There-
fore, the main goals of an RSM study are to un-
derstand the topography of the response sur-
face and determine the region where the most
appropriate response occurs [50]. The software
Design Expert 8.0 (StatEase, Inc., Minneapolis,
MN, USA) was used to design and analyze the
experimental matrix, in order to measure the
effect of the three factors on the decolorization
and TOC removal.

For the concentration of 25 mg/L dye, three
successive oxidation tests were carried out to
evaluate its catalyst stability, at the optimum
conditions of multi-objective optimization pro-
cess. Between cycles, the catalyst was washed

three times with distilled water and dried at
105 °C for 6 h.

2.7 Kinetic Study

At the optimal reaction conditions of decol-
orization and TOC removal (multi-objective op-
timization), a kinetic study was carried out by
monitoring the normalized dye concentration
evolution (C/Cy) at three different tempera-
tures (25, 35 and 45 °C) as function of time (£).

3. Results and Discussion
3.1 Characterization of Materials

The elemental composition and summary of
textural properties of sodium bentonite, alumi-
num pillared bentonite (support) and catalysts
impregnated with iron are shown in Table 2.
The aluminum content was increased after the

(@) (o)
Fe(8.5)/Al-PILC
Fe(8.5)/AlI-PILC
‘ \ Fe(5.5)/Al-PILC
= N Fe5.5)APILC =
3 \ S
~ M\F‘i@_jﬂ_c > Fe(2.5)/Al-PILC
2 @ ] MJ/\,\JW Fe(0.45)/Al-PILC
Q -\ Fe(0.45)/AI-PILC @ e(0.45)/AIF ,
= c
Al-PILC
Al-PILC
Na‘-Bent - A,,.'jf,.;_Be”t ;
T T 1 T T T T T T T T T 1
0 5 10 15 0 10 20 30 40 50 60
20 (°) 26 (°)

Figure 1. X-ray diffraction patterns of samples a) preferred orientation on a glass slide and b) random-
ly oriented - the sample surface was pressed with a glass plate.

Table 2. Elemental composition and textural properties of the samples.

Sample Elemental content (wt%) SBET Shicrop Viotal
Si Al Fe aFe added Na (m2/g) (m2/g) (cm3/g)
Na+*-Bent 25.87 8.62 5.25 2.84 45.1 8.7 0.0447
Al-PILC 23.64 11.52 4.45 0.98 174.0 135.9 0.1127
Fe(0.45)/A1-PILC 23.48 11.21  4.87 0.42 0.98 143.1 101.5 0.0954
Fe(2.5)/Al-PILC 23.33 11.33 6.83 2.38 0.97 122.6 83.5 0.0902
Fe(5.5)/A1-PILC 22.37 10.89 9.77 5.32 0.97 112.0 70.5 0.0713
Fe(8.5)/A1-PILC 22.17 10.78 12.82 8.37 0.95 48.7 9.6 0.0418
Fe(10.55)/A1-PILC 21.28 10.22 14.77 10.32 0.94 23.3 3.9 0.0211

aAmount of Fe added in Al-PILC by incipient wetness impregnation method; Sger: BET specific surface area; Smicrop: microporous

specific surface area; Vi: total pore volume.
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pillarization process, due to the exchange of
Na* ions present in the Na*-Bent for aluminum
polyhydroxocations contained in the pillaring
solution [51]. The iron content decreased in Al-
PILC compared to Na*-Bent due to the consid-
erable increase in the content of aluminum. In
the catalysts prepared by IWI (called Fe
(wt%)/Al-PILC), the amount of experimental
iron was lower than the theoretical amount of
the precursor metal dissolved in the aqueous
solution. The incorporation of Fe in the catalyt-
ic support was between 93.4 and 98.5%, and
the difference between theoretical and experi-
mental values may be associated with the pre-
cision of the analytical method [52].

The X-ray diffraction patterns of sodium
bentonite, aluminum pillared bentonite
(support) and catalysts impregnated with iron
are shown in Figure la, with a preferred orien-
tation and, in Figure 1b, randomly oriented.
The XRD pattern of Al-PILC (Figure 1a) show
the effective introduction of aluminum polyhy-
droxocations and the subsequent formation of
pillars in the interlaminar spacing [39]. The
shift in doo:1 reflection for the basal spacing of
159 A (20 = 5.54°) of the starting clay (Na*-
Bent, air-dried at 60 °C) at 19.1 A (26 = 4.62°)
confirms the successful structural modification
of the solid via pillaring (Al-PILC). The cata-
lysts prepared by IWI with iron species did not
exhibit, in the XRD patterns, the characteristic
peaks of crystalline FesOsor other forms of iron
compounds (Figure 1b), indicating that the iron
species were well dispersed on the support (Al-
PILC) or presented in an amorphous state [563—
55]. The catalysts impregnated with the iron
precursor maintained the layered structure of
the Al-PILC, with similar basal spacing (Figure
la), but with a higher full width at half maxi-

100+
—o— Na™-Bent
—— ALPILC

- —+— Fe(0.45)/AI-PILC

o 801 - Fe(25)yA-PILC
e —o— Fe(5.5)/A-PILC

S —+— Fe(8.5)A-PILC

Fe(10.55)/Al-PILC .

o d o
@ 609 T e

8 e

o

[72)

ko]

® 40

Q

IS

=2

o

> 20

0.0 02 04 06 0.8 10
Relative pressure p/p,

Figure 2. N2 adsorption-desorption isotherms of
the samples.

mum (FWHM) in the XRD profile, associated
with loss of ordering if compared with the sup-
port [56]. The greater the amount of iron im-
pregnated in the support, the intensity of the
Al-PILC principal diffraction peak decreased
due to the higher absorption coefficient of iron
compounds for the X-ray radiation [54,57].

N2 adsorption-desorption isotherms at 77 K
of sodium bentonite, aluminum pillared ben-
tonite (support) and the catalysts impregnated
with iron are shown in Figure 2. The pillaring
process with aluminum led to changes in the
texture of the Al-PILC regarding the Na+*-Bent
(Table 2), increasing the specific surface area,
microporous area and total pore volume. Sper
increased from 45.1 m2/g in Na+*-Bent to 174.0
m2/g in Al-PILC, which confirmed the textural
modification of the support. However, after the
impregnation process of the support with the
iron precursor, it was found that the textural
properties decreased with an increasing iron
load, obtaining catalysts with lower specific
surface and microporous areas. The preceding
is attributed to the blockage of the iron species
in the pores of the support [53] as well as to the
additional steps of wetting-drying and calcina-
tion in the impregnated solids. Similar results
in the decrease in Sper and microporous area
for transition metals supported on Al-PILC,
have been described [22,53].

3.2 Results of Catalytic Tests — Experimental
Design

The effects of the three independent varia-
bles on the response functions were studied us-
ing a central composite design and response
surface methodology. Optimal reaction condi-
tions that maximize decolorization and TOC
removal were also determined. The codified
and experimental values of runs performed in
the experimental design, with the decoloriza-
tion and TOC removal obtained, are shown in
Table 3.

Data were adjusted to a second-order poly-
nomial equation to determine the coefficients of
the response model as well as its significance
[58]. For the three variables input under con-
sideration, the response model is shown in
Equation (7):

k k k-1 k
Y:ﬂo+ZﬂiXi+ZﬁiiXi2+ZZﬁiinXj (7)

i=1 i=1 i=1 j;z
where Y is the predicted response (Y1 = decolor-
ization, and Y2 = TOC removal), S, B, Bi, and
P are the regression coefficients for the inter-
cept and the linear, quadratic and interaction
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Table 3. Coded and experimental values of the runs performed and results obtained in the oxidation of

dye.
Coded values Experimental values Results (%)

Run X % X, X X X Decol?;ijation TOC (r;zr)noval
9  -1.682 0 0 0.954 270 5.5 91.80 63.89
16 0.000 0 0 6 270 5.5 69.51 67.60
10 1.682 0 0 11.05 270 5.5 58.26 45.41
3 1 1 1 3 420 2.5 71.33 58.01
12 0 1.682 0 6 522.3 5.5 78.97 71.18
1 1 1 1 3 120 2.5 43.52 25.77
19 0 0 0 6 270 5.5 70.23 63.70
11 0 -1.682 0 6 17.7 5.5 5.60 8.53
7 -1 1 1 3 420 8.5 93.76 70.32
2 1 -1 -1 9 120 2.5 19.45 13.84
5 -1 -1 1 3 120 8.5 76.27 58.19
14 0 0 1.682 6 270 10.55 76.45 68.51
13 0 0 -1.682 6 270 0.45 10.90 11.70
18 0 0 0 6 270 5.5 61.25 58.11
20 0 0 0 6 270 5.5 68.37 48.63
15 0 0 0 6 270 5.5 73.08 60.61
8 1 1 1 9 420 8.5 91.62 69.62
17 0 0 0 6 270 5.5 58.16 61.51
6 1 1 1 9 120 8.5 56.86 48.76
4 1 1 -1 9 420 2.5 55.33 48.72

Table 4. ANOVA results for decolorization (%) - model and coefficients validation.

Source Sum of squares df Mean square F-value p-value
X1 1020.03 1 1020.03 13.22 0.0046

X2 4194.26 1 4194.26 54.35 < 0.0001
X3 4186.84 1 4186.84 54.26 < 0.0001
X1X2 80.26 1 80.26 1.04 0.3318

X1X3 42.87 1 42.87 0.56 0.4732

XoX3 16.36 1 16.36 0.21 0.6551

X2 385.01 1 385.01 4.99 0.0495

X2 591.83 1 591.83 7.67 0.0198

X2 504.54 1 504.54 6.54 0.0285

Model 11117.43 9 1235.27 16.01 <0.0001
Residual 771.67 10 77.17

Lack of fit 605.21 5 121.04 3.64 0.0914

Pure error 166.46 33.29

Cor total 11889.10 19

R2 0.9351

Adjusted R2 0.8767
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coefficients, respectively; Xi and Xj are the cod-
ed levels for independent variables, and k& = 3,
i.e., the number of independent variables. The
quality of the model fits was evaluated by the
coefficients of determination (R2 and adjusted
R2) and analysis of variance (ANOVA) [59,60].

Analysis of variance (ANOVA) was applied
for estimating the model significance. Results
are shown in Table 4 for the decolorization re-
sponse variable and, in Table 5, for the TOC re-
moval response variable. A model is considered
significant if the p-value < 0.05 and, for this
study, the two models showed a small probabil-
ity value (p < 0.0001), indicating that the mod-
els were highly significant and could be used to
accurately predict the response functions. From
the p-values presented in Tables 4 and 5, it can
be stated that the linear terms Xi, X2, and X,
and quadratic terms X22 and X32 are significant
in the two models. The quadratic term X2 was
only significant for the decolorization response
variable. Interaction terms XiXs, XiX3 and
X2X3 were not significant in two response varia-
bles (Y1, Y2).

The response functions with the determined
coefficients for decolorization (Y1) and TOC re-
moval (Y2) are presented in Equations (8) and

9):

Y, (%) = 15.25924 —13.08764 X, +0.24588 X,
+12.38290.X, +7.03889x107° X, X, +0.25722.X X, 8)
-3.17778x107° X, X, +0.57430X] —2.84817x107* X7
—0.65744.X°

Y, (%) = —31.03015 — 2.15255X; + 0.27832X, + 13.68856X;
+3.15846 x 103X, X, + 0.15406X; X3 — 9.47912 X 1073X, X3
—0.08930X7 — 2.68197 x 10™*X% — 0.66068X%

(©)

Based on the coefficients given in Equations (8)
and (9), the amount of iron impregnated in Al-
PILC (X3) showed the highest positive influ-
ence on the decolorization and TOC removal,
i.e. increasing the amount of Fe impregnated in
the support increased the decolorization and
TOC removal. The amount of H202 expressed
as a function of the stoichiometric dose (SD)
had a negative effect on decolorization and
TOC removal, thus increasing the H2O2 SD re-
sults in less degradation of the dye solution.
This may be due to the inhibitory effect of ex-
cessive H202 (hydroxyl radical scavenging)
which can be expressed by the reaction de-
scribed in Equation (10) [61,62]:

H:0: + -OH — H>0 + HO2* (10)

The positive effect of the amount of catalyst
(X2) on the response variables Y1 and Y2 was al-
so found to be significant, although the effect
was lower than the other variables studied. A
positive factor effect is an improved response
when the factor level increases, and a negative
factor effect is an inhibited response when the
factor level increases [63]. The coefficients of
determination (R?) and the adjusted R-squared
(adjusted R2) of the models were 0.9351 and
0.8767 for decolorization, and 0.9370 and

Table 5. ANOVA results for TOC removal (%) - model and coefficients validation.

Source Sum of squares df Mean square F-value p-value
X1 285.47 1 285.47 5.80 0.0368

Xo 3091.79 1 3091.79 62.85 <0.0001
X3 2815.50 1 2815.50 57.23 < 0.0001
X1Xs 16.16 1 16.16 0.33 0.5792

X1X3 15.38 1 15.38 0.31 0.5884

Xa2X3 145.56 1 145.56 2.96 0.1161

X2 9.31 1 9.31 0.19 0.6728

X2 524.78 1 524.78 10.67 0.0085

X2 509.53 1 509.53 10.36 0.0092

Model 7311.90 9 812.43 16.52 <0.0001
Residual 491.93 10 49.19

Lack of fit 285.01 5 57.00 1.38 0.3670

Pure error 206.93 5 41.39

Cor total 7803.93 19

R2 0.9370

Adjusted R2 0.8802
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0.8802, for TOC removal, respectively. These
showed that the regression was statistically
significant. It is suggested that the R2 must be
at least 80% for the model to properly fit [64].
Only 6.49% and 6.30% of the total variations
was not explained by the models of decoloriza-
tion and TOC removal, respectively.

3.3 Response Contour Plots and Optimization

Employing RSM, two-dimensional contour
(2D) plots, for the predicted responses (Y1, Y2),
were represented. Response contours for the
decolorization and mineralization are shown in
Figures 3 and 4. For the decolorization re-
sponse (Figure 3), it can be seen that, with low
H20:2: SD, medium-high amounts of catalyst
and a high amount of Fe impregnated in Al-
PILC (5.5 and 8.5 wt%), a total decolorization

Decolorization (%)
Fe(2.5)/Al-PILC

550

40

30

22048

Catalyst amount (mg)
Catalyst amount (mg)

10

H,0, (stoichiometric dose)

Decolorization (%)
Fe(5.5)/Al-PILC

H,0, (stoichiometric dose)

are achieved. From the contour plots for TOC
removal (Figure 4), as a function of H202 SD
and of the catalyst amount, it was observed
that, at low and high H202 SD, medium-high
amounts of catalyst and a higher amount of Fe
impregnating the Al-PILC (5.5 and 8.5%), TOC
removals between 70-74% were obtained. The
values achieved in decolorization of Ponceau
4R are higher than those obtained in TOC re-
moval since for the color removal, the reactive
oxygen species only have to break the bond
—N=N- [65]. On the other side, for the removal
of TOC, the dye must degrade in intermediates
and reach CO2z and H:0.

The catalytic decomposition of H2O2 by iron
oxides for the generation of *OH radicals, in
heterogeneous media, has been described by
Lin and Gurol [66]. The proposed reaction

Decolorization (%)
Fe(8.5)/Al-PILC

Catalyst amount (mg)

8 10 12 0 2 4 6 8 10 2
H,0, (stoichiometric dose)

Figure 3. Contour plots for decolorization of ponceau 4R as a function of impregnated Fe amount (wt%)
on the support (Al-PILC). Condition of reaction: [Ponceau 4R] = 25 mg/L, pH control = 3.6, T = 25+0.1

°C, reaction time: 5 h, stirring speed= 200 rpm.

TOC removal (%)
Fe(2.5)/Al-PILC

Catalyst amount (mg)
Catalyst amount (mg)

110 {0

0 2 4 6 8 0 12
H,0, (stoichiometric dose)

TOC removal (%)
Fe(5.5)/Al-PILC

H,0, (stoichiometric dose)

TOC removal (%)
Fe(8.5)/Al-PILC

Catalyst amount (mg)

H,0, (stoichiometric dose)

Figure 4. Contour plots for TOC removal as a function of impregnated Fe amount (wt%) on the support
(Al-PILC). Condition of reaction: [Ponceau 4R] = 25 mg/L, pH control = 3.6, T = 25+0.1 °C, reaction

time: 5 h, stirring speed= 200 rpm.
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mechanism for the degradation of Ponceau red
4R by advanced oxidation processes shows that
the main by-products are aromatic compounds
and organic acids (tartaric, fumaric, maleic,
propanoic, oxalic and formic acids), in addition
to CO2, H20 and NOs~, NH4*, and SO42- ions
[23].

Decolorization and TOC removal achieved
with the support (420 mg Al-PILC) and 3 times
the SD of H202, was very low. At 5 h of reac-
tion, a decolorization of 7.4+0.6% and TOC re-
moval of 1.2+0.3% was achieved. This catalytic
activity may be related to the iron content of
Al-PILC (4.45 wt% Fe20s3, Table 2). This iron is
found in the octahedral layer of clay mineral or
as iron oxide cluster on the bentonite surface, it
has a low activity for H2O2 decomposition in the
Fenton-like reaction.

For analyzing the stability of the catalysts,
the leached iron concentration was measured
at the end of the oxidation tests. For all oxida-
tion tests, with the impregnating support with
a low amount of iron (0.45, 2.5 and 5.5 wt%),
the leached iron concentration was lower than
0.10 mg/L. However, for Al-PILC impregnated
with a higher amount of iron (8.5 and 10.55
wt%), the leached iron concentration varied be-
tween 0.14 and 0.32 mg/L. In the degradation
and mineralization of orange II solutions, using
pillared saponite impregnated with several iron
salts, it was found that, at pH = 2.0, the great-
est leaching of the active phase occurred [17].
Furthermore, this catalyst exhibited a high ac-
tivity in the oxidation of azo-dye, with very
good stability and low iron leaching, always be-

low 2 ppm [18]. In this study, a low iron leach-
ing was found, especially when the concentra-
tion of Fe impregnated in Al-PILC, was equal
to or lower than 5.5 wt%. It indicated that the
active phase of these catalysts was strongly
fixed to the support, and that it is highly stable
under conditions of the reaction [67].

For the mathematical optimization, the de-
sired objectives of each process variable and re-
sponse function should be previously estab-
lished. Decolorization or TOC removal can be
independently optimized, or a multi-objective
optimization, combining the two response func-
tions, can be performed. Table 6 summarizes
the optimization results for decolorization,
TOC removal and, simultaneously, the two re-
sponse functions (multi-objective optimization).

In the present analysis, in the response
function decolorization or TOC removal,
"maximize" was selected; in the H202 dose,
"minimize" and, in the amount of catalyst and
Fe concentration impregnating, "in range" of
study was chosen. At optimal decolorization
conditions, the model predicts a value greater
than 100%, which is an error associated with
the wide range of results covered by the second
order polynomial model [68]. However, this val-
ue is in the error range of the model, which is
+8.8 %. Optimum values for Al-PILC-
impregnated Fe concentration, that maximize
decolorization or TOC removal, were 9.3 and
7.7 wt%, respectively. Experimental tests vali-
dating these optimization conditions found that
the concentration of the leached iron ranged
from 0.14 and 0.29 mg/L.

Table 6. Comparison of predictive and experimental results — Optimization conditions.

Variable Optimum Decolorization (%) TOC removal (%)
values Predictive  Experimental Predictive  Experimental
Decolorization optimization: Only Equation (8)
H202, SD (X1) 0.96
Catalyst amount, mg (X2) 374.4 107.41 99.93
Impregnated Fe, wt% (X3) 9.3
TOC removal optimization: Only Equation (9)
H20:2, SD (X3) 1.54
Catalyst amount, mg (Xz) 391.3 74.68 69.48
Impregnated Fe, wt% (X3) 7.7

Decolorization and TOC removal optimization: Equations (8) and (9) simultaneously
The amount of Fe impregnated in the catalyst was set at 5.5 wt%.

H202, SD (X3) 3.00
Catalyst amount, mg (X2) 420 88.18
Impregnated Fe, wt% (X3) 5.5

86.18 71.22 66.81

H202, SD (X1): minimize, Catalyst amount, mg (X2): in range, Impregnated Fe, wt.% (X3): in range.
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Considering that the amount of iron impreg-
nated in the support affects the textural prop-
erties and stability of the catalyst (leaching),
5.5 wt% of impregnated Fe were set for the
multi-objective optimization process. This value
guarantees a catalyst specific surface area of
112.0 m2/g and leached iron concentration low-
er than 0.10 mg/L. The desirability predicted
by the Design Expert software was 1.00. The
error between experimental and predicted val-
ues for multi-objective optimization was lower
than 2.3, and 6.6% for decolorization and TOC
removal, respectively. Therefore, it can be con-
cluded that the generated models, using the
RSM, are accurate enough to predict the cata-
Iytic oxidation of Ponceau 4R in an aqueous so-
lution using Fe(5.5)/Al-PILC as the catalyst.

The decolorization achieved in the reuse
tests of the catalyst decreased with respect to
that of the fresh catalyst, passing from 86.18%
in the first oxidation, to 84.15 and 78.19%, in
the first and second reuse cycles. TOC removal
also decreased with reuse from 66.81% in the
first oxidation, to 63.31 and 59.18% in cycles
one and two of reuse, respectively. The de-
crease in the catalytic activity of the Fe(5.5)/Al-
PILC with reuse is associated with the accumu-
lation of organic matter over the surface of the
catalyst [69].

o 25°C
o 35°C
0.8 4 45°C
25 °C, model fitting
—— 35 °C, model fitting
—— 45 °C, model fitting
0.6
Oo )
~. A
O
0.4+ &
0.2
iy
0.0 T T T T T T
0 50 100 150 200 250 300

Time (min)

Figure 5. Effect of temperature on the normal-
ized dye concentration evolution. The lines rep-
resent the model fitting by the Femi's equation.

3.4 Kinetic Study of Decolorization

The kinetic study was carried out under
multi-objective optimization conditions
(maximum decolorization and maximum TOC
removal, corresponding to 3.0 times the stoichi-
ometric dose of H202, 420 mg catalyst and 5.5
wt.% Fe impregnated in Al-PILC). The Pon-
ceau 4R concentration evolution normalized by
the initial concentration at three different tem-
peratures (25, 35 and 45 °C) is shown on Fig-
ure 5. Decolorization curves show a sigmoidal
profile, typical of catalytic reactions [17], which
fits the kinetic model based on the Fermi's
equation. This behavior has been observed in
other studies on organic compounds degrada-
tion, specifically in the degradation of acid or-
ange 7 using a saponite-based catalyst [56], the
electro-Fenton oxidation of catechol catalyzed
by nano-Fe304 [70] and the azo-dye orange II
degradation, using a zeolite Y-Fe [71].

Fermi’s equation associates only a few ad-
justable parameters with intuitive meaning
[70]. It is expressed by Equation (11), where &
represents the apparent first-order rate con-
stant, and ¢* is the called transition time, relat-
ed with the inflection point of the dye concen-
tration curve [56,70]:

C 1

t

Fozl-i-exp[k(t—t*ﬂ ()

The model described by Fermi's equation was
fitted to the normalized dye concentration evo-
lution (C/Cy), k and t¢* kinetic parameters
(Table 7) were obtained after non-linear regres-
sion using an Origin Pro 8.0 software
(OriginLab Corporation, USA).

The normalized dye concentration accelerat-
ed when increasing temperature, due to the ex-
ponential dependence of the kinetic constant
on temperature, achieving total decolorization
at 45 °C during the test time (300 min). For the
three temperatures analyzed, the coefficient of
determination (R%) was greater than 0.9952,
confirming that data fitted the Fermi’s equa-
tion. Therefore, in the decolorization of Pon-
ceau 4R, an induction period occurred in the in-
itial stage of the reaction, similar to that found
in the oxidation of catechol catalyzed by nano-
Fes04 [70]. When temperature increased from

Table 7. Kinetic parameters obtained using the Fermi's equation.

T (°C) k (min-1) t* (min) Rz
25 0.0166 + 2.842E-04 180.32 = 1.02 0.9967
35 0.0200 + 3.499E-04 137.23 £ 0.93 0.9973
45 0.0312 £ 9.370E-04 81.86 + 1.02 0.9952
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25 to 35 °C and from 25 to 45 °C, the value of &
increased 1.2 and 1.9 times, respectively. The
time required to achieve 50% of dye decoloriza-
tion (transition time) decreased when increas-
ing temperature, with #* = 180.32, 137.23 and
81.86 min at 25, 35 and 45 °C, respectively.

4. Conclusions

The impregnation of the support (Al-PILC)
with the iron precursor decreased in N2 adsorp-
tion in the microporous region of the catalyst,
especially when the iron loading was greater
than 5.5 wt%. The XRD patterns of the cata-
lysts did not show the typical peaks of crystal-
line Fe20s or other forms of iron compounds,
suggesting that the iron species were well dis-
tributed on the support or in an amorphous
state. The effect of the amount of H202, amount
of catalyst, and weight percentage of Fe im-
pregnated in Al-PILC on the heterogeneous
Fenton-like oxidation of the dye Ponceau 4R at
pH 3.6 and 25 °C, was successfully evaluated
using the response surface methodology (RSM)
based on a central composite design (CCD). The
amount of iron impregnated in Al-PILC had a
positive effect on the decolorization and elimi-
nation of TOC, while the amount of H:202, ex-
pressed as a function of the stoichiometric dose
(SD), had a negative effect. Under multi-
objective optimization conditions (3.0 times the
stoichiometric dose of H202, 420 mg
Fe(wt%)/Al-PILC and 5.5 wt% Fe impregnated
in Al-PILC), it was possible to achieve 88.18%
decolorization and 66.81% TOC removal after 5
h of reaction at 25 °C, with the additional ad-
vantage of showing an iron leaching of less
than 0.10 mg/L.

A semi-empirical kinetic model based on
Fermi's equation was used to describe the nor-
malized dye concentration evolution as a func-
tion of temperature (25, 35, and 45 °C). An in-
crease in temperature from 25 to 45 °C de-
creased the time required to achieve 50% of de-
colorization (transition time, ¢*) from 180.32 to
81.26 min. The oxidation of Ponceau 4R using
an aluminum pillared clay impregnated with
iron as catalyst, was found to be an efficient
method for the decolorization and TOC removal
of aqueous solutions containing this colorant.
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