PP catalysts

Article

Characterization and Evaluation of Natural Bearing and
Iron-Enriched Montmorillonitic Clay as Catalysts for Wet
Oxidation of Dye-Containing Wastewaters

Sanda Andrada Maicaneanu 1*, David L. Henninger III !, Charles H. Lake !, Ethan Addicott !, Loredana E. Olar 2

and Razvan Stefan 2-*

check for
updates

Citation: Maicaneanu, S.A.;
Henninger, D.L., III; Lake, C.H.;
Addicott, E.; Olar, L.E.; Stefan, R.
Characterization and Evaluation of
Natural Bearing and Iron-Enriched
Montmorillonitic Clay as Catalysts
for Wet Oxidation of Dye-Containing
Wastewaters. Catalysts 2022, 12, 652.
https://doi.org/10.3390/
catal12060652

Academic Editors: Juan
Garcia Rodriguez, Carlo Santoro and

Francisco Javier Rivas Toledo

Received: 31 March 2022
Accepted: 9 June 2022
Published: 14 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Madia Department of Chemistry, Biochemistry, Physics and Engineering, Indiana University of Pennsylvania,
Indiana, PA 15705, USA; d.henninger@live.iup.edu (D.L.H.III); lake@iup.edu (C.H.L.); vrIx@iup.edu (E.A.)
Preclinic Department, University of Agricultural Science and Veterinary Medicine, 3-5 Calea Manastur,
400372 Cluj-Napoca, Romania; loredana.olar@usamvcluj.ro

*  Correspondence: sanda.maicaneanu@iup.edu (S.A.M.); rstefan@usamvcluj.ro (R.S.)

Abstract: Natural bearing (raw and calcined at 500 °C) and iron-enriched (impregnation and pillaring)
montmorillonitic clay samples were prepared. The obtained samples were characterized (X-ray
diffraction, Fourier Transformed Infrared Spectroscopy, Scanning Electron Microscopy, and Energy
Dispersive X-ray Spectroscopy) and evaluated as catalysts in catalytic wet oxidation of Brilliant
Green and Crystal Violet. Experiments were conducted in the same conditions (0.5 g catalysts,
300 mL air/min or 0.5 mL H,O,, 25 mL of dye solution, 25 °C, initial solution pH = 6.0, for 3 h)
in thermostated batch reaction tubes. Process evolution was followed using UV-Vis spectrometry
(200-1100 cm 1) and total organic carbon. Dye removal efficiencies (decolorization) between 98 and
99% were determined, while total organic carbon removal efficiencies were calculated to be in the
53-98% range. Iron leakage investigation showed that iron is lost in higher amounts for the catalysts
prepared using the impregnation method by comparison with the pillared sample.

Keywords: iron; natural bearing; impregnation; pillaring; catalytic wet air oxidation; catalytic wet
peroxide oxidation; brilliant green; crystal violet

1. Introduction

Clay minerals, hydrous aluminosilicates, are extremely versatile materials with ap-
plications ranging from industrial to medical. Clays are used to produce ceramics and
refractories, soil conditioners, drilling fluids and filters, or as materials for pollutants
removal in environmental application [1-5].

The main applications of clay minerals in wastewater treatment are as adsorbents or
catalysts. Adsorption allows the removal of pollutant by mass transfer to a solid surface
(adsorbent) and is one of the main processes used in the treatment of wastewaters containing
dyes [2,3,6,7]. Adsorption has advantages by comparison with other processes as it has a high
efficiency for all dyes, the adsorbent can be regenerated, and more than that, clays are cost
effective (lowest price per kilogram for effluent treatment) [2,3]. Various types of raw clays
(e.g., kaolinite, bentonite, sepiolite) or acid-, base-, surfactant-, polymer-modified clays proved
to be extremely efficient in the removal of dyes from wastewater [2,3,6,7]. Advances Oxidation
Processes (AOPs) such as catalytic wet air oxidation (CWAO) and catalytic wet peroxide
oxidation (CWPO) are heterogeneous processes that require the presence of a catalysts and a
strong oxidant (oxygen, ozone, hydrogen peroxide) [4,8]. Pillared clays modified with metals
such as aluminum, copper, iron, titanium, mono- or bicomponent are often used as catalysts
in such processes [4,5,9].

Dyes are an important class of organic pollutants generated by various industries. Effects
on the environment are various: colored water, reduced amounts of dissolved oxygen, and
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increased biological oxygen demand [10,11]. Most synthetic dyes are toxic to living organisms,
mutagenicity and carcinogenicity being the main hazardous effects [10,11]. Considering all
these, several methods were developed for removal of dyes from wastewater: adsorption
(activated carbon, nanoparticles, low-cost adsorbents from various sources), ion exchange,
chemical precipitation, coagulation-flocculation, oxidation, electrochemical treatment, liquid—
liquid extraction, membrane filtration, biological treatment, and thermal methods [10,12]. In
search for more efficient technologies and since dye effluents are often difficult to treat using
conventional methods, scientists are looking more and more towards the oxidation processes,
especially catalytic oxidation. AOPs in particular, proved to have a high efficiency in convert-
ing toxic organic pollutants to harmless compounds [11-13]. The main AOPs studied for dye
removal are as follows: ozonation, Fenton process (homogeneous and heterogeneous), photo-
Fenton, sono-Fenton, electro-Fenton, CWAO, electrochemical oxidation, and photocatalytic
oxidation [11-13].

Based on our knowledge, there are not many studies in the literature dealing with the
removal of Brilliant Green (BG) and Crystal Violet (CV) dyes using clay mineral as catalysts
in CWAO and CWPO processes. The only study found deals with the heterogeneous
Fenton-like reaction on an iron-based catalyst prepared by wet impregnation of a Moroccan
clay. Iron oxide was identified by the authors in the final structure of the clay, and 99%
chemical oxygen demand and decolorization efficiencies were reported [14].

Both selected dyes are triphenylmethane dyes and according to their published Safety
Data Sheets are described as dangerous (CV) and hazardous (BG). CV is classified as harmful
to aquatic life with long lasting effects and as a severe eye irritant suspected of causing
cancer in humans. BG is very toxic to aquatic life, harmful to terrestrial vertebrates and soils
environment, and harmful to humans by all exposure routes (oral, dermal, inhalation).

This work proposes the evaluation of the natural bearing and iron-enriched montmo-
rillonitic clays as catalysts for the removal of BG and CV dyes from water using CWAO
and CWPO processes (coupled with adsorption) in mild conditions. Seven clay samples
were prepared, characterized, and tested in the above-mentioned processes.

2. Results and Discussion
2.1. Clay Samples Characterization

The raw clay used in this study was collected from a deposit located in Orasul Nou,
Satu Mare County, Romania that contains montmorillonite (20-85%, up to 95% in some
locations) as the most abundant clay mineral [15]. Samples were collected from various
locations in the above-mentioned deposit and mixed to maximise homogeneity.

The XRD diffractograms for SC-0, RC-0, SC, RC, Fe-RC, and Fe-SC, Figure 1, show
a similarity in crystal phase content, with the major components being identified as low
cristobalite (crs, 71-0785, ICDD PDF2) and montmorillonite (mnt, 29-1498, ICDD, PDF2). An
attempt to produce an iron “pillared” clay sample resulted in a significant hematite phase
(hem, 33-0664, ICDD PDF2), hinting that the Fe(IIl) ions diffused out of the montmorillonite
layers [16]. The pillaring process and its impact on the studied clay needs further study.

The largest diffraction peak present in all diffractograms, Figure 1, was associated with
diffraction from the 101 set of planes of the cristobalite phase. In the montmorillonite phases,
two distinct class of reflections are of interest (as in all smectite phases in general). The
basal (00]) reflections represent the interlayer spacing between the two-dimensional silicate
layers in the montmorillonite clay. This set of reflections is generally highly susceptible to
moisture and intercalation with an average d-spacing (001) between 9.6-15 A. The resulting
swelling or contraction of the interlayer d-spacing has a significant impact on the 26 angle
of the associated diffraction peak. The peak widths associated with these basal reflections
show significant broadening due to substantial disorder and/or stacking faults within the
layers of the crystal structure [17]. The montmorillonite (1k0) class of reflections represent
diffraction associated within the two-dimensional dioctahedral silicate layers of atoms in
the montmorillonite clay structure. The peak position and width of these reflections are
far less susceptible to moisture and intercalation. This can be observed by the consistency
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of the montmorillonite 020 diffraction peaks as compared to those associated with the
001 layers.

Figure 1. Comparative XRD patterns of (a) RC-0 and SC-0; (b) RC-0, RC, and Fe-RC; (c) SC-0, SC,
and Fe-SC clay samples. Legend: mnt = montmorillonite; crs = cristobalite.
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The diffractograms for the raw clay (RC-0) and the separated clay (SC-0) are collected in
Figure 1a. The broad montmorillonite 001 peak represents the disorder in the water/cations
present in the interlayer spacing. Notice that the raw clay (RC-0) has a larger d-spacing
between the smectite layers than that for the separated clay (SC-0).

In the separated clay samples (5C-0, SC, Fe-SC), Figure 1c, the average d-spacing (001)
between the smectite layers decreased upon calcination (d(gc.g) = 12.85 Ato dscy =12.04 A)
and re-expanded when Fe(IIl) was diffused into the layer through Fe-impregnation (d(ge.sc)
=12.91 A). For the raw clay samples (RC-0, RC, Fe-RC), Figure 1b, the average d-spacing
contracted in the calcined raw sample (d(rc.g) = 13.68 Ato drc) =13.35 A) and continued to
contract upon ion-exchange with Fe(IlI) (d(pe-rc) = 12.88 A). Note that upon impregnation
with Fe(IlI), both RC and SC obtain similar interlayer spacing.

The main distinct bands (i.e., 476, 792, 1047, and 1098 cm_l) of FTIR spectra, Figure 2,
that are mostly associated with montmorillonite-like structure [18], are further connected to
their characteristic bond vibrations. Their narrow shapes revealed the crystalline structure,
in good agreement with XRD diffractograms. The wavenumbers indicated on the figures
were measured for the initial samples (RC-0 and SC-0) in both graphs to easier identify the
possible shifts after the subsequent treatments.
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Figure 2. FTIR spectra of (a) RC-0, RC, Fe-RC; (b) SC-0, SC, Fe-SC, and Fe-PILC clay samples.

The main bands that dominate the spectra, located at 1047 and 1098 cm~— !, were
both assigned to Si—O stretching vibrations inside the tetrahedral sheet, “longitudinal
modes” [19]. Their individual broadness and relative intensities changed from one sample
to another along with the applied treatment. Because their separation decreased, the first
band appears as a shoulder. A specific spectral shift was observed for both lines compared
with literature data, while the split indicates the presence of cristobalite (S5i—-O stretching)
in agreement with XRD results [20]. After separation, Figure 2b, these two bands became
similar in intensities and kept their spectral positions and separation, even though several
treatment steps were applied to the starting sample (SC-0). As a specific feature, the
first mentioned band (1047 cm™1) is smaller than the second band (1098 cm 1), not like
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other monmorillonite-like structures presented in the literature [19]. A shoulder located at
1198 cm ! in all samples appear in spectra presented in other articles but was not assigned
in similar samples of montmorillonite [19].

The second significant spectral range in all spectra is composed by the bands located
at: 420, 476, 534, and 625 cm ™!, connected with deformations vibrations in Si—O—(Si,Al) like
bonds [21].

Between the above-mentioned ranges, a few bands were visible as follows. At
792 cm~!, having an identical spectral position and intensity for all samples, a band as-
signed to 5i-O bending [21] appeared with no shape modifications. The minor shoulders
of the bands located at 923 (RC-0), 934 cm~! (SC-0), 885 cm~! (RC-0), and 889 cm ™! (SC-0)
were connected with Al, AI-OH deformations (900 cm ! region) and Al, Mg-OH (880 cm ™!
region) deformations (aluminum is partially substituted by magnesium in the octahedral
layer) [20].

In the 3000-4000 cm ! spectral range, two bands can be identified in the first group,
Figure 2a, one narrow, at 3643 cm ! which indicates the stretching vibrations of hydroxyl
groups and the other, broad, at 3406 cm ™! as an envelope for three different vibrations
inside water molecules [21]. After clay separation, Figure 2b, the maxima of the enve-
lope, assigned to H-O-H linkage vibrations, shifts upwards at 3432 cm ! [20], while the
second group, assigned to inner water O-H stretching vibrations, shifts downwards to
3632 cm~! [21] that indicates new generated environment for water inside the treated
montmorillonite. Additionally,

Related to the water presence, a small and broad band is present at 1639 cm ™! gener-
ated by the vibrations belonging to O-H band deformations inside the embedded water [19].
As shown in Figure 2, upon treatment, shifts of the main peaks were identified as local
environment changes due to the replacement of naturally present counterions with iron
ions, in correlation with the X-ray results (d-spacing changes upon modification).

SEM-EDS analyses performed on the natural bearing and iron-enriched samples
revealed the surface composition and elemental distribution and confirmed that iron is
naturally present in the raw clay samples. Figure 3 presents, as an example, the elemental
maps for the main elements (O, Si, Al), calcium, and iron in the raw clay sample, RC-0. The
presence of calcium in higher amounts than magnesium, sodium, or potassium indicates
that the clay sample is a Ca-montmorillonite clay. The impregnation route for synthesis
increased the amount of iron about three times for Fe-RC sample and about four times
for Fe-SC sample by comparison with the original raw clay sample (RC-0). The pillaring
procedure increased the amount of iron about 20 times by comparison with the same sample
(Table 1). The absence of magnesium and calcium in the iron-enriched samples (Table 1)
confirmed that iron replaces the exchangeable cations in the clay structure. Figure 4 shows
how the iron content increases as added into the SC-0 sample by impregnation (Fe-SC) and
pillaring (Fe-PILC). EDS iron maps (not included here) did not acknowledge the presence
of a separate phase for hematite in the “pillared” clay sample.
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Ca

Figure 3. SEM-EDS maps of the oxygen, aluminum, silicon, calcium, and iron in the RC-0 sample as
powder (1000 x magnification).

Table 1. Average surface elemental composition of the clay samples obtained using SEM-EDS analysis
(% values are averaged from five analyzed spots on the sample surface).

w% * Na K Mg Ca Al Si Fe Ti (0] C
RC-0 <0.1 0.47 0.20 0.45 5.05 247 0.74 <0.1 494 16.7
RC - <0.1 0.21 0.47 5.64 28.0 0.76 <0.1 51.7 10.2
Fe-RC - - - - 5.16 28.0 2.32 - 48.6 16.0
SC-0 - - 0.38 0.74 8.12 28.4 1.42 - 50.1 10.8
sC - - 0.28 0.94 7.78 29.4 1.58 - 482 11.8
Fe-SC - - - - 7.12 26.0 3.10 - 48.7 15.0
Fe- - - - - 6.68 229 15.1 - 45.1 10.2
PILC

# difference to 100% is represented by gold and palladium used for coating.
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Full scale counts: 2442 SC-0 1000_2(1) Cursor: 10.240 keV

SC-0

Full scale counts: 1791 Fe-SC 1000x_2(2) Cursor: 9.996 keV

Fe-SC

Full scale counts: 1803 Fe-PILC 1000x_3(1) Cursor: 9.996 keV

Fe-PILC

Figure 4. SEM-EDS spectra of the SC-0, Fe-SC, and Fe-PILC clay samples.

2.2. Catalytic Wet Air and Peroxide Oxidation

Natural bearing and iron-enriched clay samples were used for the removal of BG and
CV as described in Section 3.2. The results obtained for CWAO are presented in Figure 5a
for BG and Figure 5b for CV and Figure 6 for CWPO. In the case of BG, the UV-Vis spectra
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Absorbance

indicated that in the absence of the clay sample, with just air being present in the reaction
system, only a slight decrease in the concentration of the dye was observed, corresponding
to a 10 and 12.3% efficiency for E and Etoc, respectively (Table 2). For CV the same two
spectra are superposed, as less than 1.5% removal was achieved. In the presence of only
hydrogen peroxide both dyes are removed in a greater percentage, but the TOC efficiency
values show that there is still a high amount of reaction intermediates present.
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Figure 5. Absorption UV-Vis spectra changes at the end of CWAO process for BG (a) and CV
(b)—100 mg/L initial concentration (* indicates a dilution coefficient of 10).
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Figure 6. Absorption UV-Vis spectra changes at the end of CWPO process for BG (a) and CV
(b)—100 mg/L initial concentration (* indicates a dilution coefficient of 10).
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Table 2. Efficiency values for CWAO and CWPO process (100 mg/L dye concentration).
Oxidating Brilliant Green Crystal Violet
Sample Acent
gen E, (%) Etoc, (%) E, (%) Etoc, (%)
Air 98.8 96.3 99.7 53.1
RC-0
H,0; 98.9 89.8 99.9 82.5
Air 98.6 98.3 99.4 72.4
RC
H,0; 98.8 95.3 99.9 91.4
Air 99.0 98.1 99.9 80.8
Fe-RC
H,0; 99.0 66.5 99.9 72.7
Air 98.5 98.1 99.3 60.7
SC-0
H,0, 98.9 96.0 99.9 87.9
sC Air 98.7 98.9 99.8 71.4
H,0; 98.8 95.8 99.9 92.9
Air 99.0 98.7 99.9 829
Fe-SC
H,0; 98.4 78.4 98.6 79.0
Air 98.8 98.5 99.9 88.5
Fe-PILC
H,0; 98.9 87.9 99.9 89.5
- Air 10.0 12.3 1.05 1.41
- H,0; 94.5 54.2 60.0 0.490
Fe-PILC - 99.0 95.8 93.5 87.3

Adding the clay samples in the system considerably increased the process efficiency
up to 99.9% for both dyes and oxidation agents. As efficiencies were calculated based on
the dye concentration (initial and final), these values will not give a true measure of the
oxidation process efficiency. Therefore, TOC efficiencies were also calculated (Table 2).
These values are all lower, suggesting that although the dyes are not present in the system
anymore (as indicated by the efficiency values), there are still organic molecules, reaction
intermediates, that account for the carbon present in solution. The iron-enriched samples
had lower TOC efficiencies, indicating that the presence of iron shifts the mechanism from
adsorption to oxidation. This is also supported by the new peak that shows in the BG dye
UV-Vis spectra (CWAO, Figure 5a), at around 250 nm, for all iron-enriched samples. When
H,0O, was used as an oxidating agent, very intense peaks in the UV region were recorded
(CWPO, Figure 6), most likely due to the presence of HyO itself and reaction intermediates.
Between the two dyes used, CV is more difficult to destroy, with lower TOC efficiencies
being recorded for all samples (Table 2).

Comparing the calculated efficiencies for natural bearing and iron-enriched samples,
clear trends were identified, consistent with the separation (purification) and iron enriching
procedures, and the processes were used as detailed below:

(1) In the presence of either air or hydrogen peroxide, no significant differences were
observed between the efficiencies calculated for BG and CV dyes and all tested
clay samples.

(2) TOC efficiencies exhibit very close values for BG in presence of air (CWAO), while for CV
the following trendline was established: RC-0 < SC-0 < RC~SC < Fe-RC < Fe-SC < Fe-PILC.

(8) Interms of TOC efficiency, the CWPO process shows similar trends for both dyes as
follows: Fe-RC < Fe-SC < Fe-PILC < RC-0 < RC < SC-0~SC.

Overall, in the presence of air, E and Etoc efficiencies are extremely close, while in

the presence of Hy,O,, iron-enriched samples show decreased Etoc efficiencies with up to
about 30% (Fe-RC), indicating a different mechanism /process that is occurring.
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The obtained results do not indicate that a synergistic effect is present as in other
studies for similar systems [22,23].

RC samples, along with Fe-PILC samples, were also subjected to an adsorption vs.
oxidation test performed at a higher dye concentration (250 mg/L). Calculated efficiency
values are presented in Table 3. The same trend as for the 100 mg/L concentration (Table 2)
was observed but at lower efficiencies for adsorption, except for RC-0 (BG and CV) and
Fe-PILC (CV). In the case of CWPO process, efficiencies between 54.7 and 86.8% and 29.6
and 60.4% were calculated for E and Etoc, respectively. The highest efficiencies were
recorded for the iron-enriched samples. Lower Etoc vs. E values are a clear indicator of
oxidation taking place, with organic intermediates still present in the solution at the end of
the reaction time. For all experiments lower efficiencies were recorded for CV dye, showing
its higher stability towards oxidation as for the previous set of tests.

Table 3. Efficiency values for CWPO and adsorption on selected samples (250 mg/L dye concentration).

Brilliant Green Crystal Violet
Sample Process
E, (%) Etoc, (%) E, (%) Etoc, (%)
Adsorption 98.9 - 99.9 -
RC-0
CWPO 64.8 59.7 86.8 57.0
Adsorption 81.4 - 76.2 -
RC
CWPO 54.7 47.0 74.0 48.0
Adsorption 85.4 - 58.8 -
Fe-RC
CWPO 86.5 29.6 83.4 60.4
Adsorption 99.5 - 71.1 -
Fe-PILC
CWPO 75.2 40.3 60.0 454

2.3. Iron Leakage

Iron content was measured at the end of the reaction (3 h) for both processes. For
natural bearing samples, values were under the limit of detection (LOD = 0.023 ppm) of the
ICP-OES instrument used. For Fe-RC and Fe-SC samples, concentrations between 0.587 and
4.280 ppm were measured, while for the Fe-PILC sample, concentrations between 0.054 and
0.111 ppm were determined, indicating a higher stability of the iron in the clay structure.

3. Materials and Methods
3.1. Materials

Raw clay sample was collected from a deposit located in Orasul Nou, Satu Mare
County, Romania and used in raw and treated forms (size-fractionated, iron impregnated,
and Fe-pillared).

FeCls-6H,0 (Fisher Scientific, Hampton, NH, USA) was used as iron source for clay
enrichment. NaOH (Fisher Chemicals) was used as a pillaring agent. AgNO; (Fisher
Scientific) 0.01 M solution was used to verify the washing process.

Brilliant Green, CpyH34N»04S, 482.63 g/mol, BG (Aldrich, St. Louis, MO, USA),
Amax, BG = 625 nm, and Crystal Violet, Co5H39N3Cl, 407.98 g/mol, CV (Acros Organics),
Amax, cv = 584 nm, were used as model dye molecules for the oxidation processes. A stock
solution of 1000 mg/L was used to prepare the desired concentration (100 and 250 mg/L)
solutions. HyO, 30% (Fisher Scientific) and dried, filtered air were used as oxidation agents.
All reagents were of analytical purity and used as received.
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3.2. Clay Samples Preparation

The main steps involved in the clay samples preparation are synthesized in Figure 7.

OH- : Fe** = 2:1 mol
10 mmol Fe?®* : 1 g clay

Pillaring
‘ Solution

RCO
Stirring 24hr,
500 rpm

Drying

7B Al (q Impregnation

Washing
free of CI-

Calcination Calcination
SOEERNNE Soferes 2 [ul

Pillaring

%

1

Separated

clay <2um

Washing
free of CI

Calcination
SWOIOET, 2

Separated
iron enriched
clay

Separated

calcined
clay

Figure 7. Flow diagram of the main steps involved in the synthesis of iron enriched clay samples.

Raw clay sample was first subjected to a grinding process, followed by a size separation
using a 0.2 mm sieve to obtain the RC-0 sample. Clay fraction of <0.2 pm was obtained
by producing a raw clay suspension (solid:liquid ratio = 1:20) under stirring for 24 h. The
suspension was then separated by centrifugation at 600 rpm and the obtained supernatant
was centrifuged again, this time at 4500 rpm. The obtained solid sample was dried at 70 °C
for 24 h to get the SC-0 sample [24-26]. RC and SC samples were obtained by calcination of
RC-0 and SC-0 samples, respectively, at 500 °C for 2 h with a heating rate of 3 °C/min.

Iron enriched clay samples were prepared using two techniques: impregnation and
pillaring (powder method).
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RC-0 and SC-0 samples were both subjected to impregnation, realized for 24 h under
stirring at room temperature using a FeCls-6H,0O 0.2 M solution (10 mmol Fe3* /g clay).
The solid was recovered by centrifugation at 4500 rpm, washed until Cl" free (AgNOs3
0.01 M solution), dried at 70 °C for 24 h, and calcined at 500 °C for 2 h with a heating rate
of 3 °C/min. Fe-RC and Fe-SC samples were thus obtained.

The preparation of Fe-pillared clay was carried out using the dry pillaring method
(clay was added as solid to the pillaring solution) [27]. A 0.2 M NaOH solution was added
dropwise into a 0.2 M FeClj solution at room temperature under vigorously stirring until
the molar ratio of OH"/Fe®" = 2 was reached. The pillaring solution thus created was
continuously stirred at room temperature for another 24 h. SC-0 clay sample previously
prepared was added into the pillaring solution to reach a Fe**/clay ratio of 10 mmol/g.
The obtained suspension was continuously stirred for another 24 h at room temperature.
The solid was recovered by centrifugation at 4500 rpm and washed until Cl" free, dried at
70 °C, and finally calcined at 500 °C in the same conditions as the other samples [24,28].
The obtained sample is the Fe-PILC sample.

Seven clay samples were therefore prepared and will be tested in the catalytic wet oxi-
dation of BG and CV as follows: raw clay (RC-0), calcined raw clay (RC), iron impregnated
raw clay (Fe-RC), separated clay (SC-0), calcined separated clay (SC), iron impregnated
separated clay (Fe-SC), and iron pillared clay (Fe-PILC).

3.3. Clay Samples Characterization

X-ray diffraction data were collected with a Rigaku-Americas Miniflex II Powder
Diffractometer (Rigaku Americas Corporation, The Woodlands, TX, USA) using monochro-
mated CuK« radiation. All diffractograms were recorded from 4-75° in 20. The analytic
conditions were 30 kV, 15 mA, with a step size of 0.005° and a step time of 6 s. This
resulted in a 25 h scan for each sample. All samples were prepared using back-loading
cavity mounts.

Fourier Transform Infrared Spectroscopy (FTIR) analyses were performed on KBr
pellets (2 mg sample in 200 mg KBr). Spectra were obtained using a JASCO 4100 FTIR
spectrometer (JASCO Corporation, Tokyo, Japan), operating between 400-4000 cm ! with
2 cm~! resolution.

Scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS) anal-
yses were performed using a Thermo Scientific Prisma E SEM (Thermo Scientific, Waltham,
MA, USA) equipped with a tungsten filament, a secondary electron detector, an ultra-
sensitive, lens-mounted directional backscatter electron detector (DBS), and a ThermoSci-
entific Pathfinder EDS UltraDry 60 M. Clay samples, as fine powders, were deposited on
carbon tape and coated with a 4 nm gold-palladium layer.

3.4. Catalytic Wet Oxidation

Catalytic wet oxidation experiments were conducted using 0.5 g clay sample, 25 mL
of 100 mg/L dye solution, at 25 £ 0.1 °C and 50 rpm in a precision shaking water bath, and
ambient pressure. Air at 300 mL air/min (CWAO) or 0.5 mL H,O, (CWPO) were used as
oxidation agents. The oxidation conditions were maintained for 3 h. Experiments were also
realized without a clay sample present (oxidating agent only) and without an oxidating
agent (clay sample only).

The evolution of dye oxidation process was evaluated by means of efficiency (E and
Etoc, %), calculated as dye concentration and total organic carbon (TOC) values, obtained
for the initial (C;) and final (Cy) solutions. Dye concentrations in solutions were determined
using a UV-Vis, Genesys 50 spectrophotometer (Thermo Scientific, Waltham, MA, USA), a
2-10 mg/L calibration curve, and the maximum UV-Vis absorption wavelengths of the two
dyes. Absorption spectra of reaction intermediates were collected in 200-1000 nm range
(200-800 nm domain was used in figures to preserve the clarity of the images) using the
same spectrophotometer. TOC analyses were performed using a Shimadzu Corporation
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TOC-L Analyzer (Shimadzu Scientific Instruments, Columbia, MD, USA). Prior to analyses,
the solution was centrifuged for 20 min at 4500 rpm.

Iron concentration in solution at the end of the oxidation processes was measured
using an inductively coupled plasma optical emission spectrometer (ICP-OES) Perkin
Elmer Optical 2100DV (Perkin Elmer Inc., Waltham, MA, USA). Prior to analysis, samples
were acidified with HNOj 1:1 solution and filtered using 0.45 um PET syringe filters.

4. Conclusions

Several natural bearing and iron-enriched samples were prepared and characterized
using XRD, FTIR, and SED-EDS. Results showed that iron is present in both natural and in
increased quantities in the modified, iron-enriched, samples. CWAO and CWPO results
indicated that there were no significant differences between the efficiencies obtained for
natural bearing and iron-enriched samples. As the dye concentration increased to 250 mg/L
slightly lower efficiencies were obtained for adsorption, while CWPO efficiencies decreased
more, with up to about 40% in the case of Fe-RC (Etoc).

Further investigations will consider an in-depth X-ray study of the iron pillaring process
as well as further investigation of the CWAO and CWPO processes for iron-enriched samples.
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