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Abstract In this work, a new step was added to the classic
route of iron-pillared clay obtention, resulting in a material
with both magnetic and oxidative properties. The saturation of
the material surface intercalated with trinuclear acetate-
hydroxo iron (III) nitrate in glacial acetic acid atmosphere
before heat treatment promoted magnetic phase formation
(FePMAG). The material was characterized by Fourier trans-
form infrared spectroscopy (FTIR), X-ray diffraction (XRD),
nitrogen adsorption/desorption isotherms, scanning electron
microscopy coupled with energy dispersive spectroscopy
(SEM/EDS), and X-ray photoelectron spectroscopy (XPS).
FePMAG showed an increase of 0.57 nm in basal spacing
which contributed to the specific surface area increase from
39.1 to 139.2 m*/g. The iron phase identified by XRD and
XPS was maghemite, with a little presence of hematite
formed by the trinuclear acetate-hydroxo iron (III) nitrate
decomposition during heat treatment. In the adsorption tests,
FePMAG displayed a good capacity for organic dye methy-
lene blue (MB) removal, reaching 41 % at 150 min. Under
photo-Fenton conditions, the material showed an excellent
MB oxidation capacity, completely removing the color of
the solution within 90 min. Identification of the oxidation
products with lower molecular (m/z=160, 220, and 369) mass
was performed by electrospray ionization mass spectroscopy
(ESI-MS).
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Introduction

Textile production results in high levels of pollution due to the
great volume of dyes disposed in effluents. Dyes are a serious
problem when dealing with textile waste because they are
water-soluble and chemically and photolytically stable
(Guimaraes et al. 2012). Methods that can contribute to the
removal of these molecules in aqueous media are extensively
studied, since dyes can be environmentally problematic (Papic
et al. 2009), carcinogenic, mutagenic, and toxic (Bankovi¢
et al. 2012). Effluents containing dyes cannot be disposed in
natural waters, since even small amounts of those are able to
reduce the solar light penetration and decrease the dissolved
oxygen quantity, damaging aerobic processes (Bankovi¢ et al.
2012; Bergamini et al. 2009).

Advanced oxidation processes (AOP) have been exten-
sively used in the treatment of wastewater from the textile
industry, as it has been seen that dye degradation and
removal is very hard to be carried out (Galeanoa et al.
2010; Guimardes et al. 2012; Homlok et al. 2013; Zhiyong
et al. 2013) when conventional treatments are employed.
In a process of photocatalytic oxidation, the initial step
consists in the adsorption of the substrate on the photo-
active support, which is according Damardji et al. (2009)
the fundamental photocatalytic degradation mechanism.
The second step is the photoreaction between the adsorbed
substrate and the support, by formation of electron-hole
pairs in the conduction and valence bands. Thus, the
material offering the best combination of properties such
as adsorption and photo-activity will have a higher effi-
ciency for mineralization of pollutants.
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cr Magnetic materials became very interesting and economi-
cally viable because they allow easier and more convenient
processes for isolation of the catalyst and recycling (Ferroud;
etal. 2013; Garrido et al. 2010; Zhenyan et al. 2011) and have
also been reported for the removal of waste dyes in effluents
(Ebner et al. 2001; Tuutijérvi et al. 2009; Yu and Yang 2010).

Fig. 1 Representative structure of the organic dye methylene blue
(MM=284 g mol ")

In this context, one of the main goals of the academic
community has been the finding of new synthetic routes for
materials with developed surface area, small particle size, and
high photo-activity. Among several proposed materials,
pillared clay (PILC) has received considerable attention due
to the possibility of using semiconductor pillars for the syn-
thesis of materials with combined functionality. The photocat-
alytic activity of clay with titanium oxide pillars is much
greater than that observed for pure oxide (Fatimah et al. 2010).

The pillaring process consists of the following three-step
synthesis procedure: (i) polymerization of a multivalent cation
(polycations), (ii) intercalation of the polycation in the inter-
layer space of the clay, and (iii) controlled heat treatment (Gil
et al. 2011). The latter step transforms the polycations into
stable oxi-hydroxide phases named pillars that contribute to
sustain the layered structure of the clays. The pillaring pro-
motes increased basal spacing and surface area, which pro-
vides better accessibility of the molecules to the active sites
present inside the clay structure (Bergaya et al. 2006; Gil et al.
2011; Yang et al. 2013).

This study, therefore, aims to synthesize a new material
with photocatalytic properties and that may be applied in
the degradation of organic dyes. The material was obtained
by a simple and inexpensive method, with the addition
of a step to the traditional pillaring process. The result
was a material with both magnetic and semiconductor
properties combined.

Experimental
Catalyst preparation

Montmorillonite clay (San Luis, Argentina) with cation ex-
change capacity (CEC) of 175 mmol/100 g of clay was used in
this work. Before use, Na" was inserted into the clay structure
(Khalaf et al. 1997) to facilitate the subsequent exchange with
the oligomer, with Na" now being the principal exchangeable
cation of montmorillonite. The oligomer trinuclear acetate-
hydroxo iron (III) nitrate was obtained by the method de-
scribed by Yamanaka et al. (1984). A 0.04-mol-dm
solution of this oligomer was intercalated to montmorillonite
suspension under vigorous stirring. The intercalated material
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was separated by centrifugation and washed several times
with water for NO;~ and Na* removal.

Preceding the heat treatment, the intercalated material was
stored in an acetic acid atmosphere at room temperature (25.0
+1.0 °C) for 72 h. This step was added to the synthesis in this
work, in order to achieve magnetic iron phases during heat
treatment. Then, the intercalated material was submitted to
controlled heating in atmospheric air from 25 to 500 °C at a
heating rate of 10 °C/min. The material remained at 500 °C for
1 h. The resulting material was named FePMAG.

Catalyst characterization

Fourier transform infrared spectroscopy (FTIR) spectra
were recorded on a Digilab Excalibur spectrometer with
a spectral range from 400 to 4,000 cm '. Samples were
ground to a powder and pressed into KBr pellets. The
FTIR spectra with a resolution of 4 cm ™' were collected
over an average of 32 scans. XRD analyses were per-
formed on a Rigaku (Japan) D/Max 2500 VB2+/PC X-
ray powder diffractometer operating with Ko radiation of
Cu (A=0.15406 nm), a generator voltage of 45 kV, and a
current of 30 mA in 26 ranging from 2° to 60°. Nitrogen
adsorption/desorption isotherms were obtained with an
Autosorblmp, Quantachrome. The specific surface area
was calculated using the BET model. The total pore
volume was estimated from the amount of nitrogen
adsorbed at P/Py=0.995, and the pore size distribution
was calculated based on the DFT equation. All samples
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were degassed overnight at 300 °C before each adsorption
measurement. Scanning electron microscopy (JEOL Ltd.)
was coupled with an energy dispersive X-ray analyzer
(INCA 350, Oxford Instruments). X-ray photoelectron
spectroscopy (XPS) measurements were carried out using
an AEI ES200B spectrometer with a base pressure smaller
than 10~° Torr using MgKa X-ray radiation (hv=1,253.6 ¢V).
Spectra were recorded to achieve maximum instrument
resolution (better than 0.8 eV). Binding energies were cali-
brated using O 1 s from oxide in the samples taken as
5299 eV.

Methylene blue adsorption and oxidation tests

The organic dye methylene blue (Fig. 1) was employed in
both adsorption and oxidation (Fenton and photo-Fenton)
tests. Kinetic assays were conducted in defined intervals
(15, 30, 60, 90, 120, and 150 min) for (i) adsorption, (ii)
Fenton-like (FePMAG+H,0,), and (iii) photo-Fenton
(A=254 nm+FePMAG+H,0,), and all the experiments
were carried out in 80 mL of 50 mg/L MB solutions
and 30 mg of FePMAG. Samples were taken from the
reaction in the defined intervals and centrifuged, and the
remaining concentration was determined by UV-Vis spectros-
copy (665 nm) (Shimadzu UV1800). Scans were also
performed from the ultraviolet to visible (200 to 800 nm)
for all reaction times. After the reactions, the catalyst was
removed from the reaction medium by attraction using a
permanent magnet.



Environ Sci Pollut Res (2015) 22:870-881 873

Oxidation studies via electrospray ionization mass
spectroscopy

The experiments using mass spectrometry with
electrospray ionization (ESI-MS) were performed in
Agilent 1100 Series LC/MSD trap equipment in positive
ion mode to identify the intermediate chemical species
of methylene blue oxidation reaction. Spectra were ob-
tained by 50 scans of 0.2 s each. The analysis condi-
tions were as follows: heat capillary temperature

Fig. 4 O 1 s XPS spectra of a
montmorillonite and b FePMAG a .
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Results

Characterizations

The saturation of the FePMAG surface with acetic acid was
performed in order to obtain, in the end, a material with
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Fig.5 XPS spectra of a Fe 2p montmorillonite, b Fe 3p FePMAG, and ¢
Fe 2p FePMAG

magnetic properties, which facilitates the isolation and
recycling of the catalyst when the reaction is over (Pan et al.
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2011). Yu and Yang (2010) developed a similar synthetic route
for magnetic clay obtention, and these authors exposed the
material intercalated with FeCl;-6H,O to acetic acid steam at
80 °C during 2 h.

The spectra in the infrared region (Fig. 2) showed a
strong reduction in the intensity of bands at 3,600 and
3,400 cm™' relative to OH stretching of the constituent of
the octahedral sheet and adsorbed water on the clay surface,
respectively (Nogueira et al. 2009). The 3,400 band
reduction after heat treatment is expected due to the
release of water molecules. At 1,641 cm ', the band refers
to OH vibration of adsorbed H,O, the one at 1,051 cm '
is related to Si-O stretches, and finally, two deformation
vibrations at 542 and 460 cm ™! refer to Si-O-Al and Al-OH,
respectively (Tyagi et al. 2006). The intensity of
the latter two bands is higher for FEPMAG, which can be
attributed to overlapping with two hematite characteristic
bands around 550 and 460 cm ' (Cai et al. 2014).

The diffraction profiles of both FePMAG and montmoril-
lonite are shown in Fig. 3. For the montmorillonite, a typical
pattern was observed, with an intense 26=6.04 reflection
relative to the basal spacing dyg; (1.498 nm). The other reflec-
tions are corresponding to montmorillonite’s crystalline struc-
ture (20=19.82°, 26.65°, 27.65°, 32.47°, 34.90°, 50.16°, and
61.92°) (Alvarez-Puebla et al. 2004; Ayodele et al. 2012).

The modified clay FePMAG showed a diffraction profile
with reduction on the reflections related to the associated
minerals. The great reflection observed in 26=3.24 is related
to basal spacing dyo; (2.064 nm), confirming the success of
the pillaring process. Other diffractions are related to the
presence of hematite (260=33.22°, 40.93°, 49.40°, and
68.36°) and maghemite (20=35.75°, 54.08°, 57.49°, and
62.30°) iron phases, also reported by Afkhami et al. (2010),
Jung et al. (2012), and Yu and Yang (2010), which are formed
with degradation of the trinuclear acetate-hydroxo iron (III)
during heat treatment. But since the XRD patterns of y-Fe,O;
and Fe;0, are very similar, it is difficult to distinguish the two
phases simply from the XRD patterns (Tuutijérvi et al. 2009).
The formation of a magnetic iron phase is indicated by the
material’s attraction for a permanent magnet, so XPS was used
in order to distinguish the two different possible phases.

The O 1 s spectra for both the montmorillonite and
FePMAG are shown in Fig. 4a, b. In the montmorillonite
profile, the single peak fitted in 533.1 eV occurs due to Si-O
interaction, which is expected because of the fact that in a 2:1
montmorillonite, the surface is formed by silicon and oxygen
tetrahedrons. For FePMAG, the signal related to Si-O shifting
to 531.6 eV presented a small shoulder due to the strong
interaction between Si-O (clay structure) and Fe*" (iron ox-
ides) (Coelho et al. 2014), indicating that a portion of the iron
inserted into the clay structure is deposited on the surface,
interacting with the tetrahedral sheets of the clay, without
destroying the original framework.
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Fig. 6 Scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy (EDS) patterns for montmorillonite (a, b) and FePMAG (¢, d)

As expected, the XPS Fe 2p montmorillonite’s spectrum
did not show any signal, indicating the absence of iron on the
surface of the material (Fig. 5a). The Fe 2p spectrum for
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Fig. 7 Nitrogen adsorption/desorption isotherms at 77 K for montmoril-

lonite and FePMAG

FePMAG provides very complex data with the presence of
peaks centered around 712 and 725 eV corresponding to Fe
2ps» and Fe 2p,, regions (Fig. Sc), besides the presence of
satellites around 718 and 731 eV, which characterize the y-
Fe,O5 oxide phase (Aronneiemi et al. 2004; Coelho et al.
2014; Wang et al. 2013). The peak observed around 712 eV
is not entirely uniform, showing a shoulder near 714 eV; this
overlapping peak was similarly mentioned in a previous work
and corresponded to the presence of a portion of iron in the o~
Fe,O3 phase (Aronneiemi et al. 2004). The Fe 3p XPS spec-
trum is presented in Fig. 5b, and a single peak centered in
55 eVis characteristic of maghemite iron oxide, as reported by
Liu et al. (2006) and Yamashita and Hayes (2008).

Table 1 BET area, pore size, and volume for the samples

Sample dooi  Sger (M°/g) Vi (em*/g)  Pore size (nm)
FePMAG 2.06 1392 0.386 1.49
Montmorillonite 149 39.1 0.066 3.20
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Fig. 8 Kinetic study of the
adsorption of methylene blue with
FePMAG (conditions: [MB]=

50 mg/L; V=80 mL;

meepmac =30 mg; T=25+1 °C;
pH=6)
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Scanning electron microscopy (SEM) coupled with energy
dispersive spectroscopy (EDS) provides a semiquantitative
elemental analysis of the material surface. For the montmoril-
lonite (Fig. 6b), Si, Al, O, and Na are the constituents of the
clay structure, with Si, Al, and O being the major elements.
Since the structure of the material consists of Si-O tetrahedron
and Al-O octahedron, the data profile is consistent with the
expected; furthermore, after the change mentioned in the
“Experimental” section, Na is the main exchangeable cation.
FePMAG showed a significant decrease in Na amounts, cor-
roborating with the expected in the pillaring process, once Na*
is replaced by trinuclear acetate-hydroxo iron (III).

EDS analysis indicates an increase in the amount of iron on
the surface of FePMAG. This corroborates with the XPS

Fig. 9 Kinetic study of
methylene blue oxidation with
FePMAG via the Fenton-like
process (conditions: [MB]=
50 mg/L; V=80 mL;
mgepmac=30 mg; [Hy0,]=
0.03 mol dm 3; 7=25+1 °C;
pH=6)
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results, indicating that iron not only entered the clay layers,
but also a portion of it was deposited out of the layer. That
change in the amount of iron on the surface of the material
leads to a substantial increase in the adsorption and/or catal-
ysis activity due to changes in the structure of surface sites
available for the reaction to take place (Brillas et al. 2009).

The increase in both specific surface area and total pore
volume is an important factor to confirm the success of the
pillaring process (Bankovi¢ et al. 2012). In this work, the
pillaring process was confirmed again by the significant in-
crease of the surface area by a factor of about 3.5. This value is
very significant when it comes to iron-pillared clays, and other
authors have reported 36.8 m*/g (Hou etal. 2010) and 108 m?/
g (Caudo et al. 2007).
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The isotherms (Fig. 7) were categorized as type 11 and, for
all materials, hysteresis loop 3 typical of aggregated powders
such as clays (Letaief et al. 2003; Rouquerol et al. 1999). The
specific surface area and total pore volume for the FePMAG
and the natural clay are shown in Table 1, and these corrob-
orate with the increase in the basal spacing found in the XRD
analysis.

Methylene blue adsorption and oxidation tests

After the successful pillaring process, with a new material
having a higher surface area and iron pillars not only inside
the structure but also dispersed on the surface, the clay
FePMAG was evaluated on its methylene blue (MB) adsorp-
tion and oxidation (Fenton-like and photo-Fenton) capacities
(Fig. 1).

The results found in the adsorption tests in defined time
intervals (15 and 150 min) are shown in Fig. 8, and the
decoloration of the solution was determined by UV-Vis spec-
trometry. The adsorption tests indicated a gradual decrease in

Fig. 11 Kinetic study of
methylene blue oxidation with
FePMAG via the photo-Fenton
process (conditions: [MB]=

50 mg/L; Vyp=80 mL;
meepmac =30 mg; [HyO5]=
0.03 mol dm™>; T=25+1 °C;
pH=6; and \=254 nm)

the color of the MB solution. The adsorption rate begins to
stabilize itself within about 120 min. In 150 min, maximum
adsorption was obtained, removing about 40 % of MB color-
ation. The clays in natural form or after the modification
process are well-known for their huge dye removal capacity
(Liu and Zhang 2007). Bankovi¢ et al. (2012) were able to
remove 13 % of the dye tartrazine employing an iron-pillared
clay, after contact for 4 h. In this work, the dye removal by the
adsorption process was much higher, and a possible explana-
tion may be the strong interaction between Fe** ions (Lewis
acid) present inside and on the surface of the clay and the
electron pairs of the dye structure (Song et al. 2007). In the
same conditions, the montmorillonite in natural form is not
able to remove a large amount of dyes, like after the iron
insertion (Bankovi¢ et al. 2012). Briefly, the solid surface
should be modified to give higher activity, selectivity, and
longer catalyst lifetime (Soon and Hameed 2011).

It is believed that most surface interactions on the clay’s
surface involve charge transfer reactions. The surface can
acquire charge by acid-base (primary mechanism), charge
transfer (ligand—donor, sorption), or ion exchange reactions
(Gupta and Bhattacharyya 2012). Therefore, it is easy to
understand how the presence of Fe’” in the clay structure
increases its dye adsorption capacity.

In the Fenton-like process (catalyst+H,0,), FePMAG
showed a slight increase in activity for MB decoloration of
about 6 % in comparison to the adsorption process (Fig. 9).
This slightly higher activity in Fenton chemistry is linked to
the presence of Fe’" sites in the structure of the clay. The
Fenton-like activity is not much higher than that because of
the fact that trivalent state iron leads to a loss in the kinetics of
the process (Fig. 10), since additional steps would be
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Fig. 12 Mass spectra in positive 2.0x10° -
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necessary for the initial reduction of the metal to Fe** form, as
shown in Eqs. 1 and 2 (Brillas et al. 2009; Navalon et al.
2010).

Fe’™ + H,0,—Fe’™ + HO™ + HO" k; = 7.00 mol 's™

(1)

Fe** + Hy0,—Fe*™ + HOO" + HT ks = 0.001-0.01 mol's™
(2)

The photo-Fenton process is very similar to the Fenton-like
process, except for using light (ultraviolet) concomitant to
hydrogen peroxide for hydroxyl radical formation (Gogate
and Pandit 2004; Pera-Titus et al. 2004). Its major efficiency
is attributed to the photolysis of the ferric cations simultaneous
to the Fe*" and hydrogen peroxide reaction, which together

form a larger amount of hydroxyl radicals (HO*). The reac-
tions illustrating the mechanism of reactive species formation
in a photo-Fenton system are shown in Egs. 3, 4, and 5
(Herney-Ramirez et al. 2010).

Fe** + H,0—Fe(OH)*" + H* (3)
Fe(OH)*" + hv—Fe’™ + HO" (4)
Fe’* + H,0,—HO" + HO™ + Fe* (5)

Therefore, the material FePMAG, which contains most of
the maghemite phase’s ferric ions (Fe>"), showed a significant

Fig. 13 Mass spectra in positive 1.2x10° 284
ion mode for methylene blue
standard and photo-Fenton
desorption product of 150 min 8.0x10°
reaction
4.0x10°
&
2 00 L :
5 220
= 4x10°
3x10°
1x10°
0L L " . |1l
100 150 200 250 300 350 400
m/z
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improvement when submitted to the photo-Fenton process,
being able to almost completely remove the MB coloration
within a short reaction time. The results of the FePMAG
photo-Fenton process kinetic studies are shown in Fig. 11.

Catrinescu et al. (2012) also observed similar results, get-
ting a huge improvement in the degradation of the molecule 4-
chlorophenol by employing the photo-Fenton process (100 %
for 120 min) in comparison to the Fenton-like process (100 %
for 250 min), and the material used was an aluminum-pillared
clay as a support to the Fe** active phase. Also, De Leon et al.
(2013) found a more efficient removal percentage of methy-
lene blue by the photo-Fenton process employing an iron-
pillared clay.

The photo-Fenton results clearly show the combined effect
of the catalyst, radiation, and H,O, in the MB solution, with
almost all of the coloration being removed after 150 min of
reaction (Fig. 11). The contribution of the photocatalytic effect
is remarkable at the beginning of the reaction, and it is evi-
denced by high degradation rates, even at short times.

Comparing the photo-Fenton and Fenton-like efficiencies,
it can be said that, in the absence of radiation, hydrogen
peroxide decomposition was performed on a solid surface by
the complex species peroxide-Fe’” active site formation. A
number of reactions involving electron transfer provide the
formation of Fe** active species and hydroperoxide radicals

("OOH). The presence of radiation develops reactions which
are initiated by the photoreduction of ferrous ion (Fe**) on the
surface and pillars of FePMAG to ferric ion (Fe*"). The Fe**
on FePMAG’s surface accelerates the decomposition of H,O»,
generating HO* radicals while it is oxidized by H,0, to Fe**
(Fenton’s reaction) (Feng et al. 2003; Herney-Ramirez et al.
2010).

Another factor that may contribute to the oxidation of
methylene blue is FEPMAG’s great dye adsorption capacity.
The adsorbed MB can be easily attacked by the hydroxyl
radicals (*OH) formed in the material surface, leading to
hydroxylated intermediate species or CO, and H,O-like final
products (Soon and Hameed 2011).

Intermediate study by mass spectrometry with electrospray
ionization (ESI-MS)

The decrease in the MB solution coloration could be due to the
adsorption process even if FePMAG was under radiation, if
either the material does not show catalyst capacity or the iron
is leaching into the solution. So, ESI-MS in positive mode was
employed to identify the possible intermediate formed in
methylene blue oxidation reaction.

Figure 12 presents the mass spectra obtained at the photo-
Fenton reaction’s initial (15 min) and final times (150 min). At
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15 min, no significant reduction is observed on the m/z=384
peak relative to methylene blue and the intensity of the peak
remains around 10°. A fragment with m/z=270 appears with
low intensity and has been reported by other authors as being
relative to the loss of a —CH3 substituent from the amino
group (Orendorz et al. 2008; Rauf et al. 2010).

At the end of the reaction, within 150 min, the MB
peak (m/z=284) is significantly reduced and m/z=270 is
increased, both in low intensity (10%). No probable
intermediate peaks appear, indicating no formation of
MB-oxidized intermediate, as expected. However, the
significant increase in MB solution decoloration during
photo-Fenton associated to the complexity of
FePMAG?’s surface and high adsorption capacity sug-
gests the possible adsorption of oxidation products
formed during the reaction.

Thus, desorption of probable reaction products from
the surface of the clay was performed using acetonitrile
at 35 °C for 2 h. The supernatant of this extraction was
analyzed using mass spectrometry with electrospray ion-
ization. Figure 13 shows the mass spectra obtained for
the desorption product after 150 min of photo-Fenton
reaction.

The mass spectrum of the desorption extraction showed
several fragments relative to MB oxidation before being
adsorbed by the clay’s surface. The most intense peak was
m/z=220, followed by m/z=371 and m/z=160. Oliveira et al.
(2007), studying the MB oxidation with niobia/iron oxide
composite catalyst, have already reported the peak in m/z=
160 as being related to the aromatic ring cleavage after suc-
cessive OH group substitutions (Fig. 14).

This study also found that the entry of successive OH
groups in the MB structure causes aromatic ring cleavage
simultaneous to the formation of lower molecular weight
intermediates, identified by ESI-MS analysis. The oxidation
products with m/z=220 and 370 had their structures suggested
by this study, as well as a probable degradation path of the
methylene blue molecule (Fig. 14).

Conclusions

In this work, clay with combined properties was obtained
through a simple, inexpensive, and innovative route. The
developed material showed magnetic properties due to the
presence of maghemite iron phase, confirmed by X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS). This iron phase gave photoreactive activity to the
montmorillonite, which was a fundamental feature for meth-
ylene blue oxidation. The pillaring process effectiveness was
confirmed by XRD by an intense reflection concerning basal
spacing, corresponding to an increase of around 0.57 nm
compared to the starting material. The oxidation of

@ Springer

methylene blue through the photo-Fenton process resulted in
lower molecular mass molecules, identified by electrospray
ionization mass spectrometry. The developed new material
presents a potential for photo-Fenton degradation of contam-
inants in an aqueous environment.
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