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The influence of the synthesis procedure of supported Prussian blue nanoparticles (PBNP) on their activity and
stability as a Fenton-type catalyst is studied. Hence, two catalysts are synthesized by adsorbing onto a support
of PBNP formed ex situ through the reaction between FeClz and KsFe(CN)g using H,O, as reducing agent, and
following different washing protocols. A third catalyst is prepared through a two-step impregnation process
with FeClz and K4[Fe(CN)e] aqueous solutions. The catalysts are tested in the orange G Fenton-type
oxidation. The fresh and used catalysts are characterized by BET surface area, SEM, EDS, TEM, M&ssbauer
spectroscopy, total iron content and UV-vis spectrophotometry. It is demonstrated that under the synthesis
conditions employed, the “insoluble” form of Prussian blue is promoted in the ex situ procedure, whereas
the two-step impregnation process leads to the “soluble” Prussian blue formation. The washing of the just-
prepared catalysts at the reaction temperature helps in eliminating the unreacted species. Those catalysts
based on “insoluble” Prussian blue nanoparticles exhibit better behaviour in terms of stability. Significant
removals are attained (100% azo dye, 60% TOC), at pH = 3, 343 K after thirteen successive cycles of 300
min. The best catalyst displays the smallest amount of total “free” Fe leached without releasing PBNP,
ferrocyanide or ferricyanide ions into the reaction media. Reversible adsorption—desorption of organic
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1. Introductlon HZOtZ molecules adsorbed and the surface active sites, accord-
ing to:

The use of iron based heterogeneous -catalysts for the
Fenton-type remediation of organic pollutants in water is highly =Fe'" + H,0, > =Fe'" + HO" + OH~ @)
convenient considering the economic and environmentally
friendly reactants involved. These processes are complex since
the activity of the catalyst depends on its characteristics (surface
area, iron content and/or iron oxidation state and bonding
environment). Nevertheless, heterogeneous mechanisms for
the decomposition of hydrogen peroxide on the surface of
oxides, oxyhydroxides, iron hydroxides, etc., are described in

=Fe" + H,0, —» =Fe"" + HO," + H* (2)

The hydroxyl radicals are able to attack the organic pollut-
ants, either sorbed or in aqueous phase, or to react with H,O, to
form hydroperoxyl radicals (HO,"):

HO® + organic compounds — intermediate products

literature following reactions similar to those that appear in - CO, + H,0 (3)
homogeneous Fenton.'™ In the surface-catalysed mechanism,
hydroxyl radicals (HO") are formed from the reaction between HO® + H,0, — HO," + H,O (4)

HO,” may contribute at a slower rate to the organic
compounds degradation, but can also promote scavenger
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(egn (2)). In this sense, mixed valence compounds appear as an
interesting alternative to accelerate the Fenton-type process
without the need of external energy.” Among all the related
studies in the literature, the presence of ferrous besides the
ferric iron in the catalyst structure has shown to enhance the
production of hydroxyl radicals and therefore the catalytic
activity.»*”

Prussian blue (PB) has attracted researcher's attention due to
its low toxicity and relatively simple and economic synthesis
processes.*™ PB is a mixed valence compound in which Fe™
ions are surrounded octahedrically by the carbon atoms of
cyanide ions, while Fe™ ijons are linked at the nitrogen ends of
the cyanides." The remaining charge is balanced either by ferric
ions as in the “insoluble” PB, or by potassium ions, as in the
“soluble” PB. Both compounds are insoluble in water so these
terms are related to the capacity of PB to remain in solution as
a colloidal suspension.*

Prussian blue colloids have shown good catalytic activity in
the photo Fenton oxidation of rhodamine B.® Besides, Prussian-
blue-modified y-Fe,O; magnetic nanoparticles®** and Prussian
blue/titanium dioxide nanocomposites*® have been tested in the
Fenton-type and photo-Fenton treatments of different organic
compounds. It was observed that the catalytic activity increased
with the content of PB, attributing this trend to the presence of
ferrous ions in PB structure. Regarding stability, a slight
decrease in the activity after 4 cycles was attributed to the loss
and aggregation of the nanoparticles during the cycling process,
and the adsorption of contaminants on reactive sites of the
catalyst.

The recovery of nanoparticles represents a shortcoming in
their application as heterogeneous Fenton-type catalysts. Even
though the use of magnetic nanoparticles has been proposed to
overcome this issue, its magnetism favours their aggregation,
reducing their lifetime."*** In this sense, immobilization of
nanoparticles onto inorganic supports allows easy separation
and reuse of the catalyst.’® In particular, the use of alumina as
nanoparticles support in Fenton-type catalysts has been re-
ported. Lim et al.’” suggested that the presence of aluminium
increases the dispersion of the active phase and facilitates the
redox cycle of iron species. Moreover, Xia et al.*® concluded that
aluminium favours the adsorption of H,0, and its efficient
decomposition into highly active species.

Doumic et al.*® supported Prussian blue nanoparticles on
alumina and tested this material as heterogeneous Fenton-type
catalysts for orange G oxidation. Operating conditions were
carefully selected to favour the oxidation over the adsorption of
the contaminant. At a given set of operating conditions, catalyst
activity remains almost invariable along nine cycles of 300 min,
attaining almost complete dye discolouration, more than 98%
of oxidant consumption and 60% of Total Organic Carbon
(TOC) removal.

Taking into account the potential of PBNP over alumina as
efficient Fenton-type catalyst, and aiming to improve its
performance and to disclose the nature of the catalytic species,
further studies were conducted in our laboratory. The perox-
idation of orange G is studied using alumina-based catalysts
synthesized following different PBNP synthesis procedures. The
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nature of PBNP formed (“soluble” or “insoluble”) and of the
leached iron species (ferricyanide and ferrocyanide ions, “free”
iron and PBNP) is elucidated through further characterization
procedures.

2. Experimental methodology

All chemicals used for catalyst preparation and oxidation tests
were analytical grade without any further purification.

2.1. Catalysts preparation and characterization

The v-Al,O; spheres (SASOL, dp = 2.5 mm) used as support
were washed with distilled water at room temperature and dried
for 12 h at 110 °C. PBNP adsorbed onto y-Al,O; catalysts were
synthesized following different procedures.

The synthesis method used in Doumic et al.* was followed to
produce the batch 1 (B,). An aqueous solution of FeCl; 13 mmol
L~ " and K;[Fe(CN)g] 10 mmol L™" at pH 2 was prepared. Then,
H,0,, in a slight substoichiometric ratio, was added suddenly to
produce the ex situ PBNP. Afterwards, the PBNP suspension was
left in contact with the y-Al,O; beads for 1 h under orbital
shaking. Thereafter, PBNP/y-Al,O; spheres were separated by
screening, washed at room temperature (~293 K) with HCl
acidified water (pH = 2) until the wash water was free from
PBNP, ferricyanide/ferrocyanide species; and then dried in air at
room temperature.

Batch 2 (B,) was identically synthesized but the catalyst was
washed at 343 K (pH = 2) until the wash water was free from
PBNP, ferricyanide/ferrocyanide species.

Alternatively, the batch 3 (B;) was prepared by a two-step
impregnation process. The support was firstly impregnated
with a FeCl; aqueous solution (20 mmol L™ ') under stirring for
1 h. Then, the spheres containing Fe™ ions were impregnated
for 1 h with a stirred K,[Fe(CN)s] aqueous solution (30 mmol
LY. As for B,, spherical pellets were separated by screening,
washed several times with HCI acidified water (pH = 2) at room
temperature until the wash water was free from PBNP,
ferricyanide/ferrocyanide species; and finally dried in air at
room temperature.

The total iron content in the fresh and used catalysts was
quantified using a standard iron(m) thiocyanate colorimetric
method. The catalysts particles were disaggregated and oxidised
as follows: a sample of around 100 mg was heated under reflux
for 30 min with 15 mL of 5% potassium persulfate-concen-
trated sulfuric acid solution. For the calibration curve, the
standard solutions were prepared using FeNH,(SO,),-12H,0
(MW: 482), adjusting the pH to 1 with sulfuric acid. Then, the
standards and the disaggregated sample were diluted 1 : 2 with
KSCN 0.1 mol L' to form the characteristic red complex.
Absorbance at 475 nm was used for quantifying the dissolved
Fe'™ using a SHIMADZU UV-1800 spectrophotometer, by
contrasting the sample with the standards. Determinations
were performed in triplicate.

Specific areas of the support and the catalysts were deter-
mined from N, adsorption isotherms at 77 K using a Micro-
meritics Gemini 2360 surface area analyser and the BET model.

This journal is © The Royal Society of Chemistry 2016
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PBNP prepared ex situ were inspected by Transmission Electron
Microscopy (TEM) (Philips EM 301). The morphology of the
support and the catalysts was examined by Scanning Electron
Microscopy (SEM) (Carl-Zeiss NTS SUPRA 40). The superficial
iron distribution was mapped with Energy Dispersive X-ray
Spectroscopy (EDS) (Oxford Instruments).

Mossbauer spectra of the fresh and used catalysts were ob-
tained at room temperature in a conventional constant accel-
eration spectrometer in transmission geometry with a *’Co/Rh
source. Measurements were recorded at 7 mm s~ and fitting
of the spectra was performed by using the Normos program.*
Isomer shift (IS) values were given relative to that of a-Fe at
room temperature. Samples of the fresh catalysts provided
a good Mdssbauer signal. However, the amount of used catalyst
available for analysis was low and the Mossbauer signal was
significantly poorer.

2.2. Catalytic experiments

Runs were conducted in a thermostated stirred glass batch
reactor with 200 mL capacity. Solid was placed into a basket to
mitigate particles abrasion. The stirring velocity was tuned to
ensure negligible external mass transfer resistance. To start
each test, 175 mL of an orange G (OG) aqueous solution was
placed into the reactor. Initial pH (pH,) was adjusted by using 1
mol L' H,SO, or NaOH and it was measured with a pH-meter
from HANNA instruments. No pH control was performed
during the experiments. Reaction was initiated by adding
a calculated amount of H,0, and the basket containing the
catalyst into the reactor. The operating conditions were: pH, =
3, T = 343 K, catalyst = 6.5 g L', [0G], = 0.2 mmol L™" and
[H,0,]o = 9 mmol L~ (stoichiometric). Experimental condi-
tions were selected as the ones leading to complete dis-
colouration and extensive TOC removal, ensuring preeminence
of reaction over adsorption of the dye.® Liquid samples were
taken out periodically and analyzed at once in terms of dis-
colouration, pH, H,O, concentration, TOC content and UV-
visible spectrum. Total leached iron was measured at the end
of the experiments. Results reported here represent the mean of
at least three identical experiments. Stability was tested by
recovering the solids from the solution after the reaction, and
using them again with fresh OG solution at the same reaction
conditions.

The UV-visible spectra of samples were recorded from 190-
800 nm using a SHIMADZU UV-1800 spectrophotometer. The
maximum absorbance wavelength (A,.x) of OG is in the visible
range, at 492 nm. Prussian blue nanoparticles, ferrocyanide/
ferricyanide ions and/or “free” iron cations may be released in
treated solutions. Quantification of Fe present in the liquid
phase was attempted by different techniques. Total “free” iron
was measured with the HACH FerroVer method at the end of
each run. The presence of PBNP and ferrocyanide/ferricyanide
ions was monitored by UV-visible spectroscopy. A character-
istic broad peak near 700 nm indicates the presence of colloidal
PBNP.>"** The presence of ferrocyanide and/or ferricyanide ions
can be tracked spectrophotometrically as shown by Chakrabarti
and Roberts.”® Total organic carbon was measured using

This journal is © The Royal Society of Chemistry 2016
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a SHIMADZU TOC-V CPN total organic carbon analyzer.
Hydrogen peroxide concentration was determined by a glycemia
enzymatic test (Wiener Lab.).

3. Results and discussion
3.1. Characterization of the fresh catalysts

For simplicity and given the similarities found in the experi-
mental results regarding characterization of the catalysts B; and
B,, only results corresponding to catalysts B, and B; are shown
in this section.

BET surface area measured for the support is 224 m> g™,
whereas for the catalysts, it is around 190 m* g~ . This slight
reduction (about 15%) could be attributed to partial blockage of
the porous net. Total iron content in the catalysts is (0.4 £ 0.04)
wt%. No significant differences have been observed in this
sense.

The catalysts exhibit a well-delimited white core and a blue
egg-shell where PBNP are concentrated. The internal and
external appearance of B, and B; is shown in Fig. SM-1 (ESIY).
Catalyst B; has a thicker PBNP shell when compared with B,.

Table 1 shows the elemental composition of the support
(outer surface) and the fresh catalysts (outer surface and three
different depths inwards), obtained by SEM-EDS. The alumina
used as support does not contain iron on its surface. For B,,
surface Fe-content is around 3.4 wt% and abruptly decreases,
decaying 75% in 30 um-depth from the external surface. In
contrast, surface Fe-content for B; is 1.8%wt and remains
without significant changes at 30 pm-depth. These outcomes
evidence a thinner PBNP layer for B,, in line with the visual
inspection presented in Fig. SM-1.f A noteworthy difference
between the catalysts arises from the K-contents measured. K is
only detected for B, in a K: Fe weight ratio near 1: 3. This
result suggests that one of the synthesis methods mostly
generates the “soluble” Prussian blue KFe[Fe(CN)g] (Bs),
although the stoichiometry is not exact, whereas the other one
results in the “insoluble” Prussian blue Fe,[Fe(CN)¢]; (B,).*?

The Fe atoms maps of the outer surface of the catalysts,
shown in Fig. SM-2 of ESIL{ exhibit a fairly homogeneous
distribution and a high density of active sites on the surface.

The Scanning Electronic Microscopy (SEM) photographs
(100 000x) of the fresh catalysts are shown in Fig. 1. The

Table 1 Support and fresh B, and B3 catalysts composition obtained
by SEM-EDS at different depths from the surface

Sample Sampling depth %Fe %X %Al %0
Alumina Surface — — 54.6 45.4
B, Surface 3.4 — 43.9 52.7
<1 um 3.3 — 43.1 53.6
15 um 0.9 — 43.7 55.4
30 pm 0.5 — 43.5 56.0
B; Surface 1.8 0.5 43.1 54.6
<1 pm 1.1 0.2 45.7 53.0
15 pm 1.6 0.6 48.9 48.9
30 pm 1.7 0.6 46.7 51.0
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Fig. 1 SEM photographs (100 000x) of the surfaces of (a) alumina; (b) fresh B, catalyst; (c) fresh Bz catalyst.

alumina surface image is also included for comparison. Fresh
B, catalyst surface shows that the PBNP are apparently
dispersed on the alumina surface, increasing its roughness.
Some nanoparticles are agglomerated onto the surface, forming
bigger structures (larger than 100 nm). These observations are
in line with those presented for B; in Doumic et al.'* TEM
images, shown in Fig. 2, indicate that just synthesized PBNP
exhibit irregular shape and sizes well below 100 nm, but they
rapidly tend to form polymeric agglomerates. On the other
hand, the SEM image of B; catalyst exhibits no appreciable
increase in surface roughness compared to alumina.

The room temperature Mossbauer spectra for both fresh
samples are characterized by a quadrupole doublet and
a singlet (see Fig. 3). The quadrupole doublet is assigned to
high-spin Fe™ with a 6-fold N coordination environment, and
the singlet is assigned to low-spin Fe™ with a 6-fold C coordi-
nation environment, agreeing with the parameters for Prussian
blue given in Reguera et al.** Quadrupole splitting (QS) and

Fig. 2 TEM photographs of the (a) just synthesized PBNP; (b)
agglomerates of PBNP formed with time.

46628 | RSC Adv., 2016, 6, 46625-46633

isomer shift (IS) values, along with the Fe!/Fe™ ratios calcu-
lated from the area of the corresponding subspectra and
considering the same recoilless factor for both contributions,
are listed in Table 2.

The QS value depends on the Fe™ local environmental
symmetry, and is closely related with the crystalline order in the
compounds. Then, as it is reported in Reguera et al.** there is an
increase in the value of QS for the “insoluble” PB with respect to
the “soluble” PB due to systematic vacancies of the [Fe(CN)q]*~
group in the “insoluble” PB. Thus, results in Table 2 suggest
that B, can be associated with “insoluble” PB while B; would be
mostly “soluble” PB. This hypothesis agrees with the results
obtained for composition by SEM-EDS. In both, Fe™ cations
have zero QS values instead, consistent with a symmetric octa-
hedral environment.

The Méssbauer absorption area ratio, Fe™/Fe™, is another
indicative of the “soluble” or “insoluble” nature of PB. In
“insoluble” PB this ratio is expected to be 3/4 and in “soluble”
PB, it is expected to be 1. In B, this proportion points to
“insoluble” PB; however, for B; the experimental ratio is
different from that expected for the “soluble” PB, indicating
that stoichiometry in this sample is not exactly KFe[Fe'(CN)g].

3.2. Catalytic activity

Catalysts are tested in the Fenton-type oxidation of an aqueous
OG solution. The operating conditions are selected to promote
chemical reaction over adsorption.*® Significant differences are
detected in the characteristics of the treated solution. A
completely colourless liquid without any precipitate is obtained

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Mossbauer spectra corresponding to the fresh samples, (a) B, and (b) Bz respectively. Red doublet: Fe'

contribution.

Table2 Hyperfine parameters and Fe!"/Fe™" ratios for B, and Bs fresh
samples

Doublet Fe™ singlet Fe™)
Sample IS[mms '] QS[mms™'] IS[mms ']  Fe/Fel™
B, 0.38 0.55 —0.14 0.75
B; 0.38 0.46 —0.14 0.72

after reaction with B; or B,, whereas a bluish solution con-
taining a colloidal sol, presumably of peptized PBNP, is ach-
ieved when Bj; catalyst is used. To clear up this observation, the
corresponding UV-visible spectra are examined and discussed
carefully.

UV-visible spectra of the solutions before and after treatment
with fresh By, B, and Bj; catalysts are shown in Fig. 4. The UV-
visible spectrum of the OG solution exhibits a characteristic

1
' 0 T

! ' 190 290 390 490 590 690 790
“ Wavelength (nm)

Absorbance (a.u.)

390 490 590 690 790
Wavelength (nm)

Fig. 4 UV-visible spectra of (----) initial OG solution and solutions
obtained after the 1st cycle of catalytic treatment: (-=--) By; (—) By;
(=) Bs. Operating conditions: pHg = 3, T = 343 K, [H,05]g = 9 mmol
L% [catalyst] = 6.5 g L=%. The absorbance axis is presented in arbitrary
units (a.u.).

This journal is © The Royal Society of Chemistry 2016
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peak at 492 nm associated to the azo groups (N=N), and peaks
at 248 and 331 nm in the ultraviolet region, related to the
benzene and naphthalene rings of the dye, respectively.*® At the
end of the catalytic treatments, the characteristic peaks of OG
significantly decrease and no significant absorbance is
measured in visible wavelengths. However, remnant peaks are
observed within the UV region indicating the dye degradation.
H,0, is completely depleted and it does not contribute to the
absorbance measurements between 190 and 240 nm. Thus,
signals in the UV region can be related to produced aromatic
and carboxylic acids. Carboxylic acids absorb near 210 nm.
Maleic, succinic, fumaric, oxalic, formic and acetic acids were
identified as intermediates in the OG degradation.'* Moreover,
Harrelkas et al.,>® who studied the photocatalytic oxidation of
orange G, stated that the presence of end products (nitrates)
and the formation of N-containing organics is reflected at 205
nm. In addition, traces of ferricyanide and ferrocyanide ions
leached along reaction might contribute.

Further examination of the spectra (see inset graph in Fig. 4),
highlights the differences observed between solutions treated
with the three catalysts. The spectrum obtained after a 300 min
reaction using fresh B; exhibits a broad peak at about 700 nm
evidencing the presence of Prussian blue.”>*” On the contrary,
no absorbance is measured beyond 600 nm for B; and B,,
indicating the negligible leaching of PBNP. Hence, PBNP are
released from the B; catalyst whereas negligible PBNP peptiza-
tion is observed when the B; or B, is used.

The treatment conditions may also promote the leaching of
not only ferricyanide, but also ferrocyanide species, which in
part are oxidised to ferricyanide in contact with H,O,. At the end
of the first cycle using B; and B;, a well-defined peak with its
maximum absorbance at 420 nm is detected, indicating the
presence of ferricyanide ions. The residual peak at around 300
nm may be also related to ferrocyanide and/or ferricyanide
species leached, according to Chakrabarti and Roberts.”* In
contrast, these peaks are practically no detected after treatment
with B,, indicating negligible leaching of ferricyanide and/or
ferrocyanide species. In addition, total “free” iron measured

RSC Adv., 2016, 6, 46625-46633 | 46629
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at the end of the runs using a fresh batch of catalyst is about 0.7,
0.4 and 0.5 mg L™ " for By, B, and B, respectively.

It is interesting to remark that, according to our results, the
release of PBNP is evidenced neither in B; nor in B,, in which
“insoluble” PBNP are synthesized. The leaching of B, is basi-
cally composed by ferricyanide and/or ferrocyanide and “free”
iron species, whereas the Fe leached using B, is practically in
the form of “free” iron. Thus, washing the just prepared catalyst
at the reaction temperature (343 K) avoids the release of ferri-
cyanide and/or ferrocyanide into solution during the perox-
idation treatment.

Fig. 5 shows the evolution of colour removal, TOC conversion
and H,0, decomposition along reaction time in the presence of
the fresh catalysts. All catalysts are able to fully remove OG from
solution within 60 min whereas oxidant is completely
consumed at the end of the experiments. Oxidant is more slowly
consumed with B,, probably because the species leached using
B, and B; enhance the oxidant consumption rate. However, this
fact has no practical impact on discolouration rate, possibly due
to the promotion of scavenger reactions.

The total organic carbon concentration may decrease along
reaction time due to mineralization of the organic content and/
or organic compounds adsorption; or may even increase due to
the release of ferricyanide/ferrocyanide ions into solution.
Accordingly, TOC values measured in the present work results
from the net contribution of these three factors.

No significant differences are observed in TOC consumption
rates for runs performed with B; and B;, but using B,, a greater
TOC conversion is attained (89%). The lower value attained in
experiments with B, and B; could be explained in terms of the
carbon contribution through leaching of ferricyanide/
ferrocyanide ions.

3.3. Catalyst stability

The main problems associated with heterogeneous catalyst
stability arise from the leaching of the iron active phase and the
poisoning of the active catalytic sites by adsorbed organic
species or surface oxidation.'®?® Further experiments, described
in the Section 2.2, are performed to examine catalysts stability.

Wil O O o) A | 100
90 4 A 90
80 A A 80
< 70 é A 70

E 2
é 60 - A [} 60
3 50 - i - 50
3 40 ® 40
8 3 L 30
0{Ag W L 20
10 W @ |4

o+ l0
0 30 60 90 120 150 180 210 240 270 300

Time (min)

TOC conversion (%)

View Article Online

Paper

When B; and B, catalysts are reused, a colourless solution
(with no solids in suspension nor precipitated) is attained at the
end of all cycles. The UV-vis spectra at the end of the thirteen
cycles tested using B, also indicate negligible leaching of ferri-
cyanide or ferrocyanide species (not shown). In contrast, at the
end of the first four cycles using Bs, a bluish colloidal solution
of Prussian blue is observed. Then, from the fifth cycle onwards,
a colourless solution is also achieved.

The UV-vis spectra obtained at the end of the fifth cycle with
each one of the catalysts are shown in Fig. 6. Oxidant is
completely consumed at the end of each run and it does not
contribute to the absorbance measured in UV region and the
residual peaks evidence the formation of reaction intermedi-
ates, as described in Section 3.2. Furthermore, for all the cata-
lysts, the spectra obtained beyond the fifth peroxidation cycle
indicate negligible release of PBNP, ferricyanide or ferrocyanide
ions.

Total “free” iron leachate using B, is around 0.4 mg L™ " in
each one of the first 4th cycles and then remains constant in
values around 0.2 mg L™ " in each cycle. These values are slightly
lower than those measured in the successive runs performed

4
0,2
35 - =
3 0,15
3 &
_ 8
3 251 g 011
g 27 2 0,05
2
[=] 4
2 1,5 0 —
<

190 290 390 490 590 690 790
Wavelength (nm)

190 290 390 490 590 690 790
Wavelength (nm)

Fig. 6 UV-visible spectra of solutions obtained after the 5™ cycle of
catalytic treatment using (----) By; (=) B, and (=) Bs. Operating
conditions: pHg =3, T= 343K, [H,05lo =9 mmol L%, [catalyst| = 6.5 g
L™t The absorbance axis is presented in arbitrary units (a.u.).

H,0, conversion (%)

(b)

30 60 9 120 150 180 210 240 270 300

Time (min)

Fig.5 Temporal evolution of (a) colour removal and TOC conversion; (b) H,O, decomposition along reaction time using fresh catalysts: (CJ, ll)
By (A, A) By (O, @) Bs. Operating conditions: pHo = 3, T = 343 K, [H,O5lo = 9 mmol L™, [catalyst] = 6.5 g L™,
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with B,." For Bg, the total “free” iron leachate is around 0.5 mg
L' in each run. Again, the catalyst B,, based on “insoluble”
PBNP, exhibits the smallest amount of total “free” Fe leached
without releasing PBNP, ferrocyanide or ferricyanide ions into
the reaction media.

Almost complete colour removal (>99.8%) is attained at 90
min (not shown) for all the cycles with the three catalysts tested.
For all cycles using B; and B,, oxidant consumption rate follows
a pseudo first order kinetic with respect to the oxidant
concentration (R* > 0.97). For B;, only the data obtained when
PB is not released (from the 57 cycle onwards) fit a pseudo first
order kinetic (R* > 0.98). Fig. SM-3 (ESI{) shows the estimated
pseudo-first order rate constant values. Apparent Kkinetic
constant values decrease markedly during the first cycles of use
and then stabilize. Oxidant consumption rate is, in general,
higher in the experiments performed with B;.

Fig. 7 shows the final TOC conversions obtained when
reusing By, B, and B; catalysts. From the second cycle onwards,
TOC removal is higher for B; and B,. TOC conversion using B;
exhibits an initial marked decay and then remains around 45%
with reuses. The high TOC conversion attained in the first cycle
with B, (89%) is no longer maintained along the successive
uses, in which TOC removal stays around 60%. This trend could
be explained in terms of reaction intermediates adsorption.
Furthermore, an increase in TOC concentration is observed
during the first 15 min of experiments performed with a used
sample of catalyst (B;, B, or B;). See as an example the average
TOC conversion profile obtained re-using B, included in
Fig. SM-4 (ESIf). These results may indicate the release of
organic compounds onto the solution.

3.4. Intermediates adsorption/desorption during
peroxidation experiments

Visual inspection of the catalysts beads reveals no changes in
their characteristic colours after use, indicating that OG does
not remain adsorbed. However, non-coloured organic reaction
intermediates adsorption may occur. This finding is reflected in

8

TOC conversion (%)
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Fig. 7 TOC conversions obtained at the end of each 300 min-cycle.
(m) By; (m) B, and (O) Bz catalysts. Operating conditions: pHg = 3, T =
343 K, [HyOslo = 9 mmol L2, [catalyst] = 6.5 g L%
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the experimental TOC trends shown in Fig. SM-4.1 As the first
cycle proceeds, reaction intermediates are adsorbed leading to
a relatively low residual TOC concentration. From the second
cycle on, we propose the existence of three contributions that
affect the TOC measurements. At first, when the catalyst is
contacted again with fresh OG solution and oxidant, organic
intermediates desorption prevails, increasing the TOC concen-
tration. Then, mineralization and/or adsorption of partially
oxidized intermediates occur with a resulting decrease in TOC
values. Adsorbed intermediates are released during the first
minutes of the next cycle.

Additional experiments were performed in order to evaluate
the intermediates desorption at the reaction conditions. The
solid is recovered from the solution after the last cycle, dried at
room temperature and immersed in a known volume of bidis-
tilled water under stirring at pH, = 3 and 343 K. The evolution
of UV-vis spectra is monitored until no changes are detected.
For all the catalysts, the shape of UV-vis spectra attained at the
end of desorption experiments evidences the occurrence of
reaction intermediates desorption, indicating reversible
adsorption (not shown).

3.5. Homogeneous contribution

As pointed out in Section 3.3, the total “free” iron leached with
B, is low. Nevertheless, its contribution as homogeneous cata-
lyst needs to be evaluated and compared to that displayed by the
active sites at the solid surface.

Therefore, further experiments are performed using 0.2 mg
L~ " of homogeneous ferrous iron (T = 343 K, pH, = 3, [H,0,]o =
9 mmol L™ "). Faster discolouration rate is achieved in the
homogeneous experiment: discolouration is completely ful-
filled within the first 60 min. The homogenous oxidant
decomposition presents a tenfold decrease (not shown). TOC
results are compared in Fig. SM-4,f indicating that homoge-
neous TOC removal is further below heterogeneous conversion.
This analysis highlights the prevalence of the heterogeneous
catalytic oxidation of OG.

3.6. Characterization of the used catalysts

Catalysts are characterized after 65 hours of usage. Visual
inspection reveals no significant changes in their external
aspect. However, SEM determinations show more definite cubic
particles of less than 100 nm for used B; beads, as shown in
Fig. 8. BET surface remains practically constant (180 m* g™ )
suggesting that there is no significant blockage of pores after
the experiments. The loss of total Fe is low: around 10 and 25%
for B, and B3, respectively.

Table 3 exhibits chemical composition of the used catalysts
determined by SEM-EDS analysis at different depths from
surface. In both catalysts, Fe content increases near the catalyst
surface after usage, revealing an outward migration of Fe. K
content clearly decreases in B3 outer layer, probably due to
“soluble” to “insoluble” PB transformation.> In the used
samples, C and S are detected evidencing adsorption of inter-
mediate products arising from OG oxidation.
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Fig. 8 SEM photographs (100 000x) of the surfaces of used catalysts

Table 3 Used B, and B3 catalysts composition obtained by SEM-EDS
at different depths from the surface

Sample Sampling depth  %Fe %K %C %S %Al %O
B, Surface 4.1 — 85 0.9 36.7 49.8
<1 pm 1.4 — 38.6 0.2 26.1  33.7
15 pm 0.9 — — 1.1 429 55.1
30 pm 0.5 — — 1.1 44.6  53.8
B; Surface 7.4 0.2 — 0.8 442 474
<1 pm 3.2 0.2 231 04 30.6 42.5
15 pm 0.9 — — 0.8 45.5 52.8
30 pm 0.4 — — 0.9 46.3 52.4

When divided in halves, B, remains with a white core and
a blue egg-shell, but B; also exhibits an internal bluish circle
and its external PBNP layer width decreases. Photographs are
included in Fig. SM-5 of ESL.{ This indicates that PBNP migrate
inside the sphere, supporting the formation of “soluble” PBNP,
which has a greater tendency to peptize. The Mossbauer spectra
obtained from the used catalyst samples have a signal-to-noise
ratio which is poor due to the limited amount of sample.
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Fig. 9 Mdssbauer spectrum corresponding to the used B, sample.

Red and green doublets: Fe' contribution, blue singlet: Fe
contribution.
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- (@) B2 and (b) Bs.

However, in the case of B,, from the obtained fitting data is
reasonable to distinguish between Fe®™ and Fe™ species
(Fig. 9).

It can be observed that the ratio Fe/Fe™ decreases to
about 1.27. Fe™ is transformed into two different Fe™
doublets, denoting Fe!"" sites with different surroundings. This
result might indicate partial reduction of PB after use and/or
formation of another Fe™ compound, presumably iron oxide
or a complex between Fe™ and intermediate products arising
from the dye oxidation.

4. Conclusions

PBNP/v-Al,O; catalysts are prepared following different rela-
tively simple and economic synthesis procedures. The two-
step impregnation process using FeCl; and K,[Fe(CN)g]
aqueous solutions (B;) promotes the formation of “soluble”
Prussian blue nanoparticles. Conversely, “insoluble” PBNP are
synthetized through the reaction between FeCl; and K3Fe(CN)g
using H,0, as reducing agent. Once the PBNP are supported,
different washing procedures are used, leading to B; and B,
samples. The B, sample was thoroughly rinsed with water at
the reaction temperature; this procedure seems to minimize
the release of the residual ferrocyanide and/or ferricyanide
ions into the reaction media. Fresh and used catalysts
are characterized by BET surface area, SEM, EDS, TEM,
Mossbauer spectroscopy, total iron content and UV-vis
spectrophotometry.

The three PBNP/y-Al,O; catalysts have shown to be active in
the peroxidation of the model azo dye orange G. However,
catalysts based on “insoluble” PBNP (B; and B,) have shown
better behavior in terms of discolouration, mineralization,
efficient peroxide consumption and stability. Among these
samples, B, presents better results. Its catalytic performance is
followed along 13 cycles of 300 min each, resulting in 100% of
dye degradation and 60% of TOC reduction. Catalyst stability is
attributed to low iron leaching (around 10% after thirteen
cycles) and to the reversible adsorption of organic intermediates
that avoids the loss of activity due to the blockage of sites and/or
pores. These significant results highlight the potential of B, as
a heterogeneous Fenton-type catalyst.
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