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Highlights

e Tin(lV) increases the OH-surface density (OSD) of the goethite.
e Higher OSD leads to greater decolourisation by heterogeneous photo-Fenton.
e Goethite containing 2.1 % Sn(lV) exhibited the greater decolourisation yield (90%).

e Tin participates indirectly in the mechanism of methyl orange decolourisation.

Page 2 of 28



Heterogeneous photo-Fenton process mediated by
Sn-substituted goethites with altered OH-surface
density

Ana L. Larralde®!, Diego Onna®’, Keyla M. Flores?, Elsa E. Sileo?,
Mirabbos Hojamberdiev®, Sara Aldabe Bilmes®

*INQUIMAE, Departamento de Quimica Inorgdnica, Analitica y Quimica Fisica,
Facultad de Ciencias Fzactas y Naturales, Universidad de Buenos Aires. Intendente
Giiiraldes 2160, Capital Federal (C1428EGA), Buenos Aires, Argentina.

b Instituto de Nanosistemas, Universidad Nacional de San Martin, 25 de Mayo y Francia,
San Martin (1650), Provincia de Buenos Aires, Argentina.

¢Fachgebiet Keramische Werkstoffe/Chair of Advanced Ceramic Materials, Institut fiir
Werkstoffwissenschaften und technologien, Technische Universitat Berlin,
Hardenbergstra3e 40, (10623) Berlin, Germany.

Abstract

Heterogeneous photo-Fenton process using several pure- and Sn-incorporating
goethites was investigated for the decolourisation of methyl orange (MO).
The used goethites presented a partial Sn(IV)-for-Fe(III) substitution. Among
other properties variations, this partial replacement provoked changes in the
OH-surface density (OSD) of the oxo(hydr)oxide. The effect of Sn-for-Fe
substitution on the MO decolourisation was investigated by analysing sev-
eral processes that might occur when combining H,O5, UV-Vis irradiation

and the iron oxides, with the dye. The best performance was achieved when
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a slight substitution of Sn-for-Fe was used, indicating that tin contributes
indirectly to the decolourisation by increasing the OSD and assisting the
reduction of Fe(IIT)—Fe(II) through an intermediate between tin and HyOq
(SnOOH). The proposed mechanism for the MO decolourisation using the
Sn-substituted goethite involves an indirect pathway not previously reported
for photo-Fenton process.

Keywords: Substituted goethite, photocatalysis, advanced oxidation

processes, reactive oxygen species, dye decolorization, Fenton process

1. Introduction

Wastewater from textile, paper and some other industries is heavily charged

with dyes, surfactants and sometimes traces of different metals. These efflu-
ents cause damage to the environment, and their treatment is one of the most
important matters in water remediation. In the case of dyes, the decolourisa-
tion is achieved through adsorption and/or oxidation processes [1, 2]. Among
the advanced oxidation processes, the Fenton reaction has been extensively
used in the oxidation of a wide range of organic pollutants by means of the
in situ generation of reactive oxidative species (ROS), such as the hydroxyl
radical (*OH) [3] (Eq. 1). The degradation of organic pollutants can be
accelerated by the combination of Fenton reagents with UV-Vis radiation
(A < 600 nm). This so-called photo-Fenton process gives rise to extra ROS
due to the formation of *OH radicals by two additional reactions: (i) pho-
toreduction of Fe(III) to Fe(II) (Eq. 2) and (ii) peroxide photolysis (Eq. 3)
[4]:
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F€+2+H202 — F€+3 +~OH +°*0OH (1)
Fe(OH)™ + hv — Fe™ +°*OH X <580 nm (2)

HyOy +hv — 2 *OH A < 310 nm (3)

The Fenton process is based on the catalytic reaction between Fe(II) and
H,0, in acidic conditions (typically at pH = 3). The recovery and reuse of
iron compounds in aqueous media is not simple as Fe species remain soluble;
therefore, heterogeneous photo-Fenton arises to overcome this issue. Hence,
the search for new sources of stable iron materials has driven the scientific
community to investigate efficient heterogeneous solid photo-catalysts, both
natural and/or synthetic [5-7]. These materials should exhibit two main
features: (i) potential for generating high amount of ROS to boost the photo-
Fenton reaction and (ii) stability of the superficial iron species to favour the

recovery of the catalysts and posterior reuse [3, 8.

A suitable iron catalyst is goethite (a-FeOOH), which is thermodynami-
cally one of the most stable iron oxides at ambient temperature [9]. Goethite
in nature is rarely stoichiometric (OH~/O?~ ratio < 1) and usually contains
traces of foreign elements [10]. Similar goethites can be synthetized and
the degree of incorporation is influenced by the preparation method [11, 12].
The metal substitution provokes changes not only in its crystallite size, spe-
cific surface area (SSA) and surface reactivity; but also in the adsorption
of molecules and ions. Furthermore, optical, electrical and photo-catalytic
properties of synthetic a-FeOOH can be tuned upon the inclusion of metal

cations into their crystal lattice. Over the past years many researchers have
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investigated the properties of substituted goethites because of their impor-

tance in industrial applications and their role in natural processes [13-18].

Even though goethites have been effectively tested for heterogeneous Fen-
ton and photo-Fenton processes [19-21], substituted goethites have been less
explored [22]. The process has been enhanced by the substitution of some
transition metals-for-Fe(I1I). In the case of Cu(II), the enhancement has been
attributed to the participation of the thermodynamically favourable redox
pairs, Fe?" /Fe?t and Cut/Cu?", in the HyO decomposition cycle [23]. In
contrast, the enhancement of the degradation of the organic pollutants found
when Fe(III) is substituted by elements that do not form a redox pair, as in
the case of Si, the photo-Fenton process is favoured by the electron-hole pairs
(e”/h™) generated on the semiconductor surface (Si-FeOOH) under UV light
24].

Among the many reports on the synthesis of substituted FeOOH, informa-
tion on tin-goethites is still scant [25-27]. Larralde et al. [26] have obtained
crystalline Sn-containing goethites using milder conditions and a more inex-

pensive synthetic method. The prepared samples allowed a maximum Sn sub-

stitution of 5.5% mol mol ™! (expressed as ySn[mol mol~!]=100x [Sn]/([Sn]+[Fe]),

[Metal]: mol L™1), and all attempts to synthesise goethites with higher tin
content rendered amorphous materials. The Sn incorporation changed the
stoichiometry of OH groups and reduced the dissolution rate of goethite in
acidic media [25]. On the other hand, it is known that tin forms an inter-
mediate with the HyOo [28] which is used in oxidation reactions of organic

compounds. These features could enhance the decolourisation of dyes. To
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our knowledge, there are no reports of decolourisation of organic matter us-
ing Sn-substituted goethites. For the aforementioned, the a-(Fe,Sn)OOH is
a potential candidate for its use as a catalyst in the Fenton and photo-Fenton

processes.

In this work, pure- and Sn-goethites were investigated as novel hetero-
geneous photo-Fenton catalysts. A mechanism for methyl orange (MO) de-
colourisation was proposed through the analysis of the contribution of the
semiconductor photo-catalysis (catalyst + UV-Vis light) and heterogeneous
Fenton (catalyst + H5O5) to the process. These results lead to the develop-
ment of novel and better photo-catalysts for dyes decolourisation by tuning

those properties that can boost the photo-Fenton performance of iron oxides.

2. Experimental section

2.1. Photo-catalyst synthesis and characterisation

Three samples of pure- and Sn-substituted goethites (a-FeOOH) with an
effective Sn-content of 0.0, 2.1 and 5.5% mol mol~! were synthesised and
fully characterised elsewhere [26]. The guidelines for the preparation of the
solids are schematised in Fig. 1. Reagent grade chemicals and high-purity
18 MQ em~! water were used for all the syntheses and experiments. The
samples were named after their tin effective content as GSn0O, GSn2.1 and

GSnb.5.

Samples were fully characterised by X-ray diffraction (XRD), Mdssbauer
spectroscopy, specific surface area (SSA, BET method), point of zero charge

5
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Figure 1: Scheme of the synthesis, extraction and dialysis of the goethites prepared in the
presence of Sn(II).

(PZC), thermogravimetric analysis (TGA) and scanning electron microscopy

(SEM) in previous works [25, 26].

Reflectance spectra were measured with a SD2000 Miniature Fiber Optic
Spectrometer detector from Ocean Optics, using a tungsten halogen light
source (HL-2000-LL Mercury Argon Calibration Source) and an ISP-50-8-R-
GT integrating sphere.

2.2. Methyl orange decolourisation experiments

MO decolourisation experiments were performed for 60 minutes on stirred
solutions at room temperature (i.e. 25 °C, 350 rpm) contained in quartz cells.
The catalyst (c.a. 0.5 g L™!) was dispersed in acidic water (pH = 3, adjusted
with HCIO,) using an ultrasonic bath of 40 kHz. After sonication, an aliquot
of MO was added to reach 0.1 mM concentration. For the experiments per-
formed in the presence of HyO5, the molar ratio MO:H,05 was fixed to 1:50.
In all cases, the evolution of the reaction as a function of time was monitored

by recording the UV-Vis spectra of the remaining MO using an Ocean Op-
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tics modular spectrometer. For the experiments involving a solid catalyst,
an afterwards centrifugation step of 11,000 rpm for 3 min was necessary to

recover the solids.

In order to evaluate the contribution of parallel processes to the MO
decolourisation, several blank tests (all at pH = 3, 25 °C, 350 rpm) were
conducted under different combinations: the direct oxidation was explored
by mixing MO and H20O5 in the absence of the solid catalysts. Adsorption of
the MO onto each of the catalysts was also evaluated in the absence of HyO,
after stirring at 350 rpm in darkness. The heterogeneous Fenton process was
studied by adding MO and H,O, to a catalyst dispersion in acidic water
under the aforementioned conditions. During the photocatalytic and photo-
Fenton processes, a Xe lamp of 150 W (AMKO 1000 series) provided with a
CuSOy solution as a IR filter was placed 52 cm in front of the reaction cell.
The power of the lamp, determined at the reaction cell distance, was 15.4
mW cm ™2 (Apee = 520 nm). Aliquots were taken every 5 min during the first
30 min of reaction and every 10 min for t > 30 min. MO photolysis (with
neither HyO nor catalyst) was also tested using the same conditions. The
contribution of pure tin was evaluated using SnCly and SnO, as catalysts in

photocatalysis and heterogeneous photo-Fenton.

For the purpose of confirming the nature of the reactive species taking
place in the photo-Fenton process, an aliquot a radical scavenger, tert-butyl
alcohol (TBA), was added to the suspended GSn2.1 catalyst along with the
MO aliquot. Two sets of measurements were conducted using 25 mM and 50

mM of TBA.
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3. Results

3.1. Characterisation

The XRD diffractograms and principal peaks indexations for all samples
(Fig. S1 (a)) coincide with the reference pattern for the goethite structure
and show no evidence of the presence of amorphous ferric oxides (AFO). The
Rietveld refinements indicated that Sn was incorporated into the structure
by an isostructural replacement of Fe(III) for Sn(IV) as the cell parameters
and crystallite sizes increase along with the incorporation (Table S1). Both
Fe and Sn oxidation states were determined by Mdossbauer spectroscopy and
discussed in a previous work [26]. The reported analysis indicated that Sn

was incorporated as Sn(IV) and that neither Fe(II) nor Sn(II) were detected.

BET analysis of the Ny adsorption-desorption isotherms shown in Fig.
S1(b) indicated that all the samples presented a low SSA: 26 m? g~! for
GSn0, 17 m? g~! for GSn2.1 and 55 m? g~! for GSn5.5 [25]. These results
are expected as Cornell and Schwertmann [9] reported that goethites might
exhibit SSA ranging from 1 to 200 m? g~* depending on the synthesis method.
Moreover, the AFO extraction step could lead to lower SSA values when

compared to those samples with no further purification.

The calculated stoichiometry of the OH groups represented in Fig. 2
(a) was determined through TGA analysis (Fig. S1 (c)). The density of
surface OH (OSD), showed in Fig. 2 (b) was estimated as the OH/SSA
ratio. The hydroxyl groups on the goethite surface can uptake and release

protons, resulting in the generation of surface charge due to proton transfer

8
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reactions.

Values of the point of zero charge (PZC) (Fig. S1 (d)), defined as the
pH at which the electrical charge density on the surface of the particles is
zero (illustrated in Fig. 2 (c)), indicate that a slight incorporation of Sn (i.e.
2.1%) changed the surface of goethites leading to an increase in the PZC val-
ues. Nevertheless, a greater metal incorporation diminished the pH at which
the charge density is zero (i.e. 4.3 for GSn5.5). This result is in line with
the OSD estimation (Fig. 2 (b)) which indicated that a small incorporation
of tin firstly increases the OSD values but a larger Sn content decreases it.
The incorporation of tin into the structure changed the reactivity and the

density of OH™ groups on the surface.

Pure and Sn-substituted samples showed a typical needle shaped mor-
phology (Figs. S2 (a), (b) and (c)) [26]. Length sizes distributions were af-
fected by the tin incorporation, decreasing as the Sn incorporation increased,
while width sizes distributions remained almost unchanged (Fig. S2 (d)-(i)).
Therefore, pure goethite exhibited the longest particles sizes (507 nm), fol-
lowed by GSn2.1 (444 nm) and finally GSn5.5 which rendered the shortest
particles (308 nm).

The absorption bands position of the iron oxides are generally influenced
by the substitution of Fe by other cations [9]. Fig. 3 (a) shows a shift in
the position of the absorption bands as tin incorporation increases. The
one located at A ~ 480 nm moves towards higher wavelengths (red region)
while the band at A ~ 668 nm shifts to lower values of A. This result is

evinced by the different colours of the solids for the different tin contents
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Figure 2: (a) Stoichiometric OH, (b) OH-superficial density (OSD) and (c) PZC values

for the pure and substituted samples.

(Fig. 3 (b)). Sample GSn5.5, with an absorption band closer to red, exhibits
a brownish colour while the pure sample is ochre. In addition, the spectra
indicate that the band gap (£,) of the samples decreases as Sn substitution
increases (£, = 2.15 eV for GSn0, 2.10 eV for GSn2.1 and 1.84 eV for
GSnb.5). This reduction in E is consistent with theoretical results reported

for Sn substituted hematites [29].

3.2. Methyl orange decolourisation

Decolourisation yields of MO, indicated by a decrease in the absorbance
band at A, = 500 nm (Fig. 4), were determined at pH = 3 in the presence
of HyO4 and irradiation. The spectra show that a small incorporation of tin
enhances the catalytic properties of the goethites, being GSn2.1 the most
effective material for decolourisation resulting in a 90% yield in 60 min.

Sample GSnb.5 also showed an improvement when compared to the pure

10
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powders

sample exhibiting a yield of 36% whereas sample GSn0 only produced a 27%
yield.

Several reactions may occur in parallel during the decolourisation of MO
via photo-Fenton due to the components of the process (e.g. iron oxide, UV-
Vis light, HyO4). These reactions could be either in homogeneous phase (pho-
tolysis, direct oxidation by HoO2 and homogeneous Fenton) or in heteroge-
neous phase (adsorption, photocatalysis, heterogeneous Fenton and heteroge-
neous photo-Fenton). For this reason, separate experiments were conducted
in order to evaluate the contribution of each process. Given that homoge-
neous reactions and adsorption were not suitable to explain the decolouri-
sation observed in Fig. 4 (Fig. S3); the main contribution was attributed

to the interaction of the catalyst with light and/or HyOs (heterogeneous

11
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process as a function of reaction time (Co = 0.1 mmol L1 of MO, 50 mmol L~ of Hy0,,

0.5 g L™t of Sn-goethite, pH 3.0, T = 25 °C).

processes). MO decolourisation by means of semiconductor photocatalysis,

heterogeneous Fenton and heterogeneous photo-Fenton is shown in Fig. 5.

Changes in the relative absorbance of MO, depicted in Fig. 5 as black
triangles, represent the decolourisation by photocatalysis, which is approxi-
mately 10% for all samples after 60 minutes. Even though the tin incorpora-
tion increases the light absorption of goethite in the visible region (Fig. 4),
no significant increment in the decolourisation is observed, suggesting that

the Sn-for-Fe substitution does not affect the charge transfer.

However, samples containing Sn show a significant difference when com-
pared to the pure goethite both in Fenton (orange circles in Fig. 5) and
photo-Fenton processes (purple squares in Fig. 5). Heterogeneous Fenton

experiments (i.e. in absence of light) reveal the effect of Sn substitution.
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The resulting decolourisation yields were 30%, 16% and 5% for the GSn2.1,
GSnb.5 and GSn0, respectively. GSn0 exhibits a low MO decolourisation
when compared to published reports [21, 30], probably due to the acidic ex-
traction step of AFO, not usually found in literature. This procedure lowers
the PZC value and increases the overall material crystallinity, diminishing
the decolourisation rate since amorphous iron materials present higher Fenton
efficiency than the crystalline ones [31]. Heterogeneous Fenton results corre-
late with the tendency observed in Fig. 2 (b), suggesting that the amount
of OSD influence the efficiency of the solids. Even though GSn0 and GSn5.5
show similar characteristics regarding the OSD and PZC values, the higher
decolourisation obtained with GSn5.5 indicates that the incorporation of tin

into the structure does provoke an improvement on the goethite performance.
The noticeable increase in the decolourisation yield for all the samples by
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combination of irradiation and HyOy (represented by purple squares in Fig.
5), highlights the changes observed in MO spectra in Fig. 4, demonstrating
the advantages of the heterogeneous photo-Fenton process mediated by Sn-
goethites. In addition, blank tests indicated that pure Sn compounds such
as SnCly and SnO, do no produce degradation (Fig. (S4)). The degradation
results with irradiation and Hy0Os indicate that there is a correlation with
the amount of OSD, confirming that the superficial species involved in the
photo-Fenton reaction are the same than those of the heterogeneous Fenton
process. These results also suggest that the role of the illumination might be

to promote the formation of the aforementioned reactive species.

4. Discussion

It is widely accepted that the superficial structure of goethite changes with
the incorporation of small amounts of several metal ions [32, 33]. Changes in
the structure related to the OSD depends on the metal ion and its amount
and, it strongly affects the surface reactivity of a-FeOOH [34]. In the case of
Sn, we demonstrated that for the sample GSn2.1, the OSD is higher than for
both GSn0 and GSnb.5. This slight substitution of Sn-for-Fe noticeably mod-
ifies the catalytic properties of the goethites towards a better decolourisation
of the contaminant but a higher incorporation is less effective. A similar
trend has been reported for the decolourisation of several dyes under UV-Vis
light using Sn substituted hematites, where the maximum decolourisation

was obtained at an intermediate Sn content [35].

The photocatalytic reactions are a consequence of the semiconductor na-
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263

264

ture of the iron oxides. This may occur through a direct route (direct hole
transfer) and/or an indirect way (ROS formation) [36]. The direct hole trans-
fer is not possible since the adsorption of dye molecules was not detected in
these solids (this also disregards the sensitisation effect) [37]. Moreover, the
ROS production from the photogenerated charges (reacting with O, or HyO)
is not efficient for these materials. These observations account for the ob-
tained results in the photocatalytic experiment, which are in line with those
reported by Jelle et al., where a-FeOOH photo-degradated methylene blue
with a 40% yield in 5 hs under visible irradiation [38].

It should be borne in mind that when a semiconductor is irradiated, those
photoelectrons promoted to the conduction band could reduce certain metals
on its surface. The photo-reduction of superficial Fe(III) species is a parallel
reaction to the photocatalysis with iron oxides [39]. This photo-reduction
may lead to the detachment of the iron species that, once in solution could
produce *OH. However, no iron species were detected in the solution after
irradiation as the photo-dissolution of the goethite is low [40]. Moreover,
in Sn-substituted goethites, Sn(IV) is not easily photo-reduced (e.g. the re-
duction potential for the free species is much lower than that one for iron:
Eg’n(IV)/Sn(II) =0.15V and E%B(HI)/FE(H) =0.77 V; vs. NHE). This could dis-
regard the formation of Fe(II) by charge transfer with tin: Sn(II) 4+ 2Fe(III)
— Sn(IV) + 2Fe(II).

Hence, it is not evident the role of the Sn in the enhancement of the
Fenton process. Tin could participate in the Fenton reaction by either, a

direct or an indirect route. The direct pathway may involve the formation
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287

of ROS onto the Sn surface sites and/or the charge transfer between the
tin and the iron centers. As Sn is at its higher oxidation state, it cannot
be oxidised by Fe(III), Oy nor HyOs. Moreover, as mentioned above, it is
not photoreduced, for which the direct pathway is thermodynamically not
possible. In the case of the indirect pathway, the presence of tin could affect
the iron speciation, as the balance of the Fe(II)/Fe(III) is important for the
Fenton process [41]. The Sn(IV) forms an intermediate with the HyOo, named
tin hydroperozo (SnOOH) [42, 43|, which could interact with a neighbour
Fe(IlI), providing another pathway for the reduction of Fe(III) at expense
of the HyOy decomposition. This decomposition onto the goethites surface
lead to the formation of ROS, mainly *O.H and *OH [22]. The presence of
these radicals was demonstrated by the addition of tert-butyl alcohol (TBA)

as oxidative radicals scavenger (Fig. Sb).

To summarise, the noticeable increase in the decolourisation yield under
irradiation for all the samples could be understood as the higher ROS pro-
duction by contribution of the following aspects: (i) the increase of hydroxyl
surface species, as suggested by the correlation between the decolourisation
yield and the amount of OSD, and (ii) the increase in the Fe(II)/Fe(III)
ratio promoted simultaneously by the light and by the superficial SnOOH

intermediate.

4.1. Proposed mechanism for MO decolourisation

In agreement with the proposed mechanism for heterogeneous Fenton, the

initial steps for HyO, decomposition in darkness onto the pure goethite sur-
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296

297

298

300

3

[=}
=

face can be described as follows. Firstly, the HyOy complexates the goethite
surface (=Fe(IIl)-OH). Then, an electron transfer from ligand-to-metal pro-
duces a transitional state which is deactivated through the dissociation of
the peroxide molecule and the reduction of iron (Egs. 4 and 5). Finally, the
superficial =Fe(II) species catalyses the generation of the hydroxyl radical

(*OH) with the regeneration of the surface =Fe(III)-OH (Eq. 7) [44]:

= Fe(II1)-OH + HyOy = (H05)q4s (4)
(H304) 045 = = Fe(I111)-O0H + H,0 (5)
= Fe(II)-OOH = = Fe(II) +*O,H (6)
= Fe(Il) + HyOy — = Fe(111)-OH + *OH (7)

Where (Hy05),4s refers to HyOy adsorbed in the catalyst surface. Tin
affects the cyclic reactions (Egs. 4 to 6) by increasing the Fe(II)/Fe(III)
ratio. As exposed before, Sn(IV) assists the Fe(III) reduction through the
formation of the SnOOH intermediate. This proposed species could interact
with a neighbour Fe(III) according to Eq. 8, followed by the formation of
superficial Fe(II) species as indicated in Eq. 6:

= Fe(I11)-OH+ = Sn(IV)-O0H = 5
8
= Fe(I11)-OOH+ = Sn(IV)-OH

The Fenton process assisted by light involves the photo-reduction of su-

perficial Fe(IlI), increasing the presence of Fe(II) on the surface and gener-
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Figure 6: Proposed mechanism for the heterogeneous photo-Fenton process of MO in the

presence of pure and tin substituted goethites.

ating more *OH, as shown in Eq. 9.

= Fe(I1])-OH + hv — = Fe(II) + *OH

The mechanism proposed in Eq. 4 to 9 for the reaction of Sn-substituted

goethites in comparison to pure goethite is depicted in Fig. 6.

Since these reactions depend on the initial OH content, higher amounts of

(9)

OSD enhance the HyO5 decomposition and, hence the MO decolourisation.

With tin incorporation, the OSD reached a maximum for sample GSn2.1.

The proposed mechanism suggests that tin participates in an indirect way in

the MO decolourisation.
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328

329

330

331

5. Conclusions and perspectives

Tin-containing goethites showed an enhancement in the performance to-
wards the MO decolourisation both via Fenton and photo-Fenton processes
when compared to the pure sample. This catalytic improvement was at-
tributed to changes in the OSD and the formation of an intermediate be-
tween the Sn and the HyOy (SnOOH) which favours the decolourisation via
the formation of Fe(II). The latter is a novel mechanism that involves the
Sn in an indirect pathway, and no analogous was reported in Fenton and/or

photo-Fenton processes.

However exploratory, this work offers new insights about the performance
of this remarkable catalyst for the heterogeneous photo-Fenton process. In-
termediate Sn substitutions should be explored in order to obtain the highest
OSD. Moreover, the addition of a third metal that participates in the elec-
tron transfer (e.g. Cu, Mn or Co) may boost the generation of Fe(II). The
promising results obtained in this work allow to design new and more efficient

photo-catalysts for the decolourisation of dyes in natural samples.
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