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ABSTRACT: Iron ions, as traditional high-efficiency Fenton reaction catalysts, react
with hydrogen peroxide to generate hydroxyl radicals, thereby degrading organic
pollutants in wastewater. However, in aqueous solutions, iron ions have a poor
chemical stability and are therefore difficult to recover from the reaction medium. We
propose that their complexation with double-hydrophilic block copolymers can lead to
the formation of nanocatalysts with improved chemical and colloidal stability. Iron
ions were added at different molar ratios to a solution of a double-hydrophilic block
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copolymer, that is, poly(ethylene oxide)-block-poly(acrylic acid) to lead to the

formation of colloidal structures. Spontaneous formation of highly monodisperse micelles with a hydrodynamic diameter around 25
nm occurs when the charge ratio between the positive iron ions and the negative PAA polyanions is close to one. By combining
several techniques, a precise description of the core—shell architecture was achieved. These structures are chemically stable in the pH
range of 3—7 and have been successfully used as photo-Fenton catalysts through the degradation of naphthol blue black. Compared
to the traditional homogeneous Fenton reaction, these colloidal structures have improved chemical and colloidal stabilities as well as

a higher recyclability.

KEYWORDS: hybrid polyion complexes, micelle, block copolymer, photo-Fenton, nanocatalyst, colloids

1. INTRODUCTION

Colloidal nanostructures could be promising catalysts because
of their high surface-to-volume ratio merging the benefits of
homogeneous (high activity) and heterogeneous catalysis (easy
separation). The recovery of such a catalyst is indeed possible
by simple ultrafiltration or dialysis, thus meeting one of the
most relevant criteria of green catalysis. Hence, catalyst
systems based on inorganic nanoparticles”” or metal catalysts
complexed with either surfactants or polymers were extensively
described in the literature.”* Nevertheless, high-performance
nanocatalysts often require complex synthesis processes and
specific surfactants or stabilizers.””

In that context, the use of hybrid polyion complexes
(HPICs) (also named hybrid micelles) can be of special
interest. These size-controlled nano-objects are obtained from
the complexation in aqueous solution of double-hydrophilic
block copolymers with charged polyvalent metal ions (e.g,
Cu", Gd™..). Their hydrodynamic diameter is often well-
defined, and they present a high colloidal stability in aqueous
solution.” ' HPICs have been thus used to induce the
formation of well-controlled nanocatalysts. Using HPICs
obtained from the complexation of poly(ethylene oxide)-
block-poly(acrylic acid), PEO-b-PAA, block copolymer, and
Au™ as a template, Seo et al."' reported the formation of gold
nanoparticles, which can efficiently catalyze the reduction of a
series of nitroarenes. Additionally, HPICs formed by the
complexation of PEO-b-PAA and Cu®* ions exhibited good
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catalytic activity in the degradation of organic compounds
based on a Fenton-like mechanism.'” Such pioneering studies
have paved the way to nanostructures that are easy to
synthesize and stable and have high potential as catalysts. We
aimed here at demonstrating that such objects can lead to the
formation of a size-controlled iron-based efficient catalyst.
Indeed, the transition metal iron, as a traditional high-
efficiency Fenton reaction catalyst, can react with hydrogen
peroxide to generate hydroxyl radicals, thereby degrading
organic pollutants in wastewater. However, the disadvantage of
the iron catalyst is its poor chemical stability, which slows
down the generation rate of hydroxyl radicals and reduces the
degradation effect."®'* In addition, as a homogeneous catalyst,
it is difficult to recover from the mixed solution, which re-
contaminates the aqueous solution and severely limits its
development in the field of catalysis.'>'® With the objective to
enhance the stability and recoverability of Fe*" ions, we studied
here iron-based nanocatalysts issued from the complexation of
Fe’* ions and PEOg-b-PAA; ;. block copolymers as illustrated
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in Scheme 1. The morphology and colloidal stability of these
iron-based colloids were characterized. The photo-Fenton

Scheme 1. Synthesis of HPICs
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catalytic activity and the stability and recoverability of these
nanostructures were then investigated.

2. EXPERIMENTAL SECTION

2.1. Chemicals. PEOg-b-PAA;,, was purchased from Polymer
Source and used as received. FeCl;:6H,0, FeCl,-4H,0, CuSO,-
SH,0, o-phenanthroline, NH;OHCI, H,0,, NaOH, HCIl, methanol
(MeOH), NH,OH, and naphthol blue black (noted AB1) were
purchased from Sigma-Aldrich. Water was purified through a filter and
ion exchange resin by using a Purite device (resistivity 18.2 MQ cm).

2.2. Preparation of HPICs Solutions. HPICs formation was
studied with a constant concentration of PEOQg-b-PAA; 5 (0.1 wt%)
and increasing amount of FeCl, to set R = 3.[Fe**]/[AA™] from 0 to
3. The samples were then adjusted to various pH values with HCI
solution (0.1 mol-L™") or NaOH solution (0.1 mol-L™"). HPICs-Fe
samples with different R values were subjected to UV—vis
spectroscopy and dynamic light scattering (DLS) testing after stirring
for 30 min at room temperature. In the absence of the polymer
PEOg,-b-PAA; 5, free Fe>* samples with the same concentration as
HPICs-Fe with different R values were prepared and analyzed by
UV—vis spectroscopy. The synthesis method of the HPICs-Cu
solution is the same as that of HPICs-Fe. Note that for HPICs-Cu, R
is defined as 2.[Cu®*"]/[AA”].

2.3. Preparation of Fe,O, Nanoparticles. FeCl; and FeCl, were
added to the solution containing PEOg-b-PAA; 5 in a molar amount
of 2:1 (0.1:0.05 mmol). Argon was bubbled through the solution, and
the temperature was raised to 70 °C. After stirring for 10 min, a
certain amount of NH,;OH was added to adjust the pH close to 10,
and the stirring was continued for 0.5 h. The solution was then cooled
to room temperature.

2.4. Characterization. UV/vis spectra were recorded with a HP
8452A diode array spectrometer. The spectra were recorded at room
temperature, with 10 mm path length quartz cuvettes. DLS
measurements were carried out on Zetasizer Nano-ZS (Malvern
Instruments, Ltd., UK), with a 4 mW He—Ne laser (4 = 633 nm, light
scattering measured at 173°). The correlation function was analyzed
via the cumulant method to obtained the Z-average diameter of the
colloids and by the general purpose method (NNLS) to obtain the
distribution of diffusion coeflicients of the solutes. The apparent
equivalent hydrodynamic diameter was then determined using the
Stokes—Einstein equation. Mean diameter values (analysis in Z-
average) were obtained from three different runs of the number plot.
Standard deviations were evaluated from diameter distribution. Zeta
potential values of HPICs were obtained by the doppler anemometry
technique, and the test process requires an electric field to be applied
to the entire sample solution. This process was performed on a
Zetasizer Nano-ZS (Malvern Instruments, Ltd,, UK) using folded
capillary cells (DTS 1070) at 25 °C. The carbon-coated copper TEM
grid (Ted Pella Inc.) loaded with HPICs (R = 1.0) solution of
different pH values was dried first and then analyzed with an MET
Hitachi HT7700 transmission electron microscope at an accelerating
voltage of 80 kV. The diameter size-distribution histograms were
determined by using magnified transmission electron microscopy
(TEM) images on Nano Measurer software. Fourier transform
infrared (FT-IR) spectra were recorded on an Avatar 6700 (Nicolet)
instrument. The HPICs solutions (pH = 4) with different R values
were first freeze-dried into powders. The absorbance of the powder

samples was then measured on the diamond crystals using a Nicolet
6700 FT-IR spectrometer from Thermo Fischer Scientific in ATR
mode.

2.5. Colorimetric Titration. The content of free iron ions is
measured by a classical colorimetric method.'”'® First, standard
solutions of different molar amounts were prepared using FeCl;-6
H,0. Stock solutions of NH;OHCI (80 mmol-L™"), o-phenanthroline
(10 mmol-L™!), and sodium acetate (100 mmol-L™") were prepared.
Standard Fe®* solution (0.1 mL), NH;OHCI solution (0.1 mL), and
o-phenanthroline solution (0.1 mL) in turn were added to the sodium
acetate buffer solution (1.5 mL), and the absorbance at 510 nm was
measured. The same proportions of Fe**/PEOg-b-PAA,,, (0.1 mL),
NH,;OHCI solution (0.1 mL), and o-phenanthroline solution (0.1
mL) were added to the sodium acetate buffer solution (1.5 mL), and
the absorbance of the mixture was measured by UV—vis spectroscopy.
The pH-triggered decomposition of HPICs and the Fe®* ion release
experiment were completed with the R = 3.[Fe**]/[AA™] = 1 sample.
The appropriate FeCl; solution was added to the PEOg-b-PAA;
(0.1 wt%, pH = 7) solution in water. Then the mixture was divided
evenly into nine portions, and the pH was adjusted to 0.5—7 with HCI
(0.1 mol-.L™") or NaOH (0.1 mol-L™"). The classical colorimetric
method is to be used to detect the content of Fe®* ions released.

2.6. Photo-Fenton Experiments. For the process of photo-
Fenton degradation of ABI, four stock aqueous solutions were
prepared: a block PEOg,-b-PAA, ;. copolymer solution (7.01 X 107°
mol-L™! assuming a molar mass of 8200 for the polymer, pH = 7),
FeCl;-6H,0 solution (1.85 X 107> mol-L™"), AB1 solution (4.78 X
10™* mol-L™"), and H,0, solution (3.32 X 107> mol-L™") prepared
from a commercial solution at 30 wt%. The HPICs solution with the
R value equal to 1 was prepared using FeCl;-6H,O solution and
PEOg-b-PAA,; ,, solution. Iron III ions, AB1, and H,O, were added to
2 mL of water at a molar ratio of 1:1:40, and their UV—visible spectra
were analyzed. The pH value of the solution mixture was adjusted
with HCI (0.1 mol-L™") or NaOH (0.1 mol-L™") solutions. Then the
degradation reaction was initiated under the irradiation of the
SCHOTT KLC 1500 LCD lamp equipped with a halogen reflector
lamp type EFR (power 6, aperture E, 600 lumen). The experimental
temperature is controlled at 25 °C by the temperature control
accessory connected to the UV/Vis spectrometer. The evolution of
the UV—vis spectrum of the mixture reflected the photo-Fenton
reaction process in real time, and the degradation of ABl was
monitored by the changes of the maximum absorption peak at 618
nm. The degradation level was evaluated using the following formula:

ABI degradation level (%) = [1 — (C,/C,y)] X 100%

where C, is the initial AB1 concentration and C, is the ABI
concentration at time ¢ in the degradation process. As for the photo-
Fenton experiment of free Fe** ions, the method is the same as that
for HPICs (R = 1.0). The reusability experiments of free iron and
HPICs (R = 1.0) were carried out at pH = 5. At the end of each
reaction, a small amount of high-concentration ABI solution and
H,0, solution were added to the solution, and then the next cycle
experiment was carried out. The recovery experiment of HPICs was
started after the photo-Fenton reaction had ended. The mixed
solution was stirred at 95 °C for 5 min, and precipitation began to
appear gradually. Then the HPICs catalyst was obtained by
centrifugation.

3. RESULTS AND DISCUSSION

3.1. Formation of Colloids and Characterization. In
aqueous solution, the Fe®* ion has a limited pH stability range:
above a pH of 2.5, Fe(OH)*'aq, Fe(OH),%aq, and
Fe,(OH),*aq species are predominant and above a pH of S,
the formation of precipitates of Fe(OH); (s) is evidenced (see
Figure S1). Interestingly, mixing Fe®" ions with the double-
hydrophilic block copolymer, PEOg-b-PAA;,, prevents the
formation of such precipitates up to pH 7 as long as the ratio
between positive charges of the iron ions and negative ones
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due to the ionized or ionizable carboxylic functions of the PAA
block, noted R (R = 3.[Fe**]/[AA™]), remained below 3
(Figure S2).

To understand these observations, the interaction between
Fe®" ions and AA units was first investigated at different pH
values through UV-—vis spectroscopy. At pH 2, aqueous
solutions of Fe®" ions showed absorption bands around 240
and 300 nm relative to Fe(H,0)¢’*, Fe(OH)>*aq, and
Fe(OH),"aq species. These absorption bands are strongly
modified with the addition of the polymer (Figure la).
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Figure 1. (a) UV spectra of polymer/iron solutions (pH = 2) with
different R values corrected from the absorbance of pure PEOg-b-
PAA,,, solution; (b) absorbance at 350 nm as a function of the R
value (standard deviation is less than 5% of measured absorbance
value). (c) FT-IR spectra of HPICs (pH = 4) with different R values,
and (d) absorbance ratios of symmetric and asymmetric valence
vibrational carboxylic groups to the stretched carboxyl groups in
HPICs with different R values.

Following the absorbance at 350 nm, a linear increase of
absorbance was measured, and a change of slope was observed
at a ratio R = 1 (Figure 1b) after which the measured value of
the slope corresponds to the one of free ions (Figure S3). The
titration of free Fe®* species as a function of R performed using
o-phenanthroline comforts this result.'”'® Hence, while for
ratios lower than 1 the addition of iron ions leads to the
formation of complexes with the polymer,lg’20 for ratios higher
than 1 this addition results in the addition of ions in solution
not complexed with the polymer. The same conclusions are
obtained at pH 4 starting from a solution comprising different
proportion of iron species (and therefore having a different
initial absorption spectrum, Figures S4 and SS). Nevertheless,
the titration of free Fe** species at pH 4 enables measuring a
low amount of such species for R > 1 comparatively to the
expected amount. This suggests the presence of highly stable
oxo and/or hydroxy species of iron in solution like Fe(OH); ()
(Figure S6). Interestingly, even if such species were evidenced
in solution for R > 1, the presence of a polymer acting as a
stabilizing agent prevents their precipitation. This can explain
the absence of precipitates observed at pH 6 (Figure S2).

To further evidence and localize the interactions between
iron species and the polymer, FT-IR ATR spectra (Figure 1c)
of Fe’*/PEQg-b-PAA;,, HPICs were measured at different R
values from lyophilized solutions at pH = 4. Prior to analysis,
all spectra were normalized to the absorbance of the C=0

stretching band (1681 cm™) of carboxylic acid groups in
PEOg,-b-PAA; 5, polymers. The peak of the C=O0 stretching
in the COOH groups at 1720 cm™" of pure PEOg-b-PAA;
disappeared after interactions with Fe®* species, and the
asymmetric and symmetrical vibrations of C—O stretching
around 1590 and 1422 cm™" were significantly enlarged, which
were all attributed to the strong coordination between Fe*
species and carboxylic acid groups.”"”> The asymmetric
vibrational mode of carboxylate near 1590 cm™" of the sample
with R = 0.5 is different from that of other R value samples
(the absorption peak basically does not change after the R
value is greater than 0.8).

Figure 1d showed the ratio of the absorbance of the
asymmetric and symmetric valence vibrational carboxylic
groups to the stretched carboxyl groups in HPICs with
different R values: when 0 < R < 0.5, it rises sharply, and then
after R > 0.8, it reaches a plateau. This is consistent with
previous data on HPICs.”>”* The evolution of absorbance
relative to carboxylate bands measured from FT-IR spectra
confirmed the complexation of carboxylic acid function with
iron species for the R ratio up to 1 (or 0.8). With the R value
higher than 1, additional Fe*" is present, at least partially, in
one of its oxidized form as evidenced from the observed
additional peak around 500 cm™" (Figure S7).

Hence, both UV and FT-IR measurements evidenced an
interaction, optimal at a ratio R = 1, between iron ions and
carboxylate functions. To assess the effect of such an
interaction on the colloidal properties of the studied system,
solutions obtained at different R ratios were further studied by
DLS. Figure S8a shows the evolution of the DLS correlograms
of the solutions with the R ratio at pH 4. A solution of a pure
block copolymer is characterized by a very weak scattered
intensity, and the corresponding correlogram is associated with
a Z-average size above 180 nm (Figure 2a). This was
supposedly due to traces of poorly defined self-associations
of the copolymers.”>**
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Figure 2. (a) Z-average diameter of PEOg,-b-PAA;,, solution (0.1 wt

%, pH = 4) mixed with different amounts of Fe’* at room

temperature. (b) TEM image and the corresponding diameter

distribution (analyzed by a Gaussian distribution, white line) of a

dried solution of HPICs (R = 1 and pH = 4).

The further addition of iron ions induced an increase of the
scattered light. This increase is more or less linear with R up to
1 and is then approximately constant. Such evolution suggests
that objects containing several macromolecules were formed
by addition of the iron ions until electroneutrality was reached.
Analysis of the DLS correlograms reveals a polydisperse
population of objects in the solution for R lower than ca. 0.9.
Initially poorly defined polymer self-associations of the
copolymers are disaggregated by complexation with iron ions
and a clean mono-modal population was measured for R close
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to or higher than 1. Such evolution can be followed as a
function of the Z-average diameter of the particles (Figure 2a),
for which a clear breaking in the slope versus the ratio R is
recorded around unity with a Z-average diameter measured
around 30 + S nm. The formation of colloids is triggered by
the addition of iron species and achieved for R = 1. Such a
behavior is similar to the one described with gallium or
gadolinium ions and a similar copolymer.”>** Hydrodynamic
diameters of 28 + 3 or 25 + 6 nm (intensity and number
average value respectively, Figure S8) were further determined
using the NNLS method. These values are comparable to the
diameters measured for HPICs formed by Gd**, Cu**, Ga™*,
and PAA;-b-PEGg, copolymer.'>**~*°

The zeta potential measurements versus R also show (see
Figure S9) a change in the slope around R = 1 for which the
potential is close to zero. A TEM image of a dried solution of
HPICs at pH 4 and R = 1 is shown in Figure 2b. The
formation of dense inorganic structures of a small diameter size
(below S nm) is evidenced with an average diameter measured
equal to 2.6 + 0.6 nm. These results support the formation of
nanocolloids induced by the complexation of iron ions and
copolymers, with an iron-rich core surrounded by an outer
layer of water-soluble polymer chains.”® For a ratio R = 1,
increasing the pH value of complexation medium from 2 to 7
induces a slight increase of the measured diameter from 2.1 +
0.3 to 3.4 + 0.6 nm (see Figure S10).

The chemical stability of these colloids versus the pH was
studied in the range of 0.5—7 by measuring the amount of free
Fe’' ions and Z-average as a function of pH. When the pH is
decreased from 7 to 3, almost no released Fe** ion was
detected in the solution, and no significant changes in the
scattering properties were recorded (Figure 3). Free Fe’* in
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Figure 3. (a) Z-average size and scattered intensity of HPICs (R =
1.0) at different pH values. (b) Amount of Fe** released from HPICs
(R = 1.0) as a function of pH.

solution was clearly detected for the pH value lower than 3,
and nearly 100% of Fe** was released when pH is around 0.5.
Moreover, when the pH was lower than 3, the scattered
intensity strongly decreased suggesting the (partial) dissocia-
tion of the HPICs colloids. At the same time, the average size
is increasing, as already seen for free polymer solutions. These
results prove that iron HPICs are highly stable in the pH range
of 3—7, lose partially their integrity for a pH range of 1.5-3,
and are no longer present for pH lower than 1.5. Moreover, the
integrity of colloids was maintained by high-dilution experi-
ments as shown in Figure S11: the size of the colloidal particles
did not change significantly after being diluted 10 or even 100
times.

To conclude, the complexation of iron species with polymer
PEO-b-PAA;,, led to the formation of iron-based colloids
with a controlled size as illustrated in Scheme 1. The final
colloids present a core—shell structure with a core involving

interaction of iron ions with carboxylate and a shell made of
the DHBC polymer. The final composition of the core is
strongly correlated with the speciation of the iron species
present at the considered pH. Finally, these colloids are water-
soluble and present an excellent colloidal stability for a pH
range between 3 and 7 or upon dilution. These advantages
prompted us to study their application in catalysts.

3.2. Photo-Fenton Reaction. Naphthol blue black
(denoted AB1) is a dye widely used in textiles such as nylon
and silk. AB1 contains two azo groups that are not easily
decomposed but usually degraded by reactive oxygen species
(such as HO,- and HO- radicals) generated by the Fenton
reaction.””*® TIts degradation process and mechanism have
been previously reported and involved the intermediate
formation of aniline, 4-nitroaniline, and naphthylamine.”**
In this study, the iron-based polyionic complexes were used as
photo-Fenton catalysts and naphthol blue black as a simulated
pollutant to test the catalytic performance of HPICs. The
above experimental results prove that HPICs are formed when
R = 1.0. To prevent the presence of free Fe** in the solution
when R is greater than 1.0, HPICs samples with R = 1 were
selected for the photo-Fenton experiments. The molar ratio of
iron III ions:AB1:hydrogen peroxide was set to 1:1:40 as in a
previous paper.’’ To analyze the catalytic effect of the iron III
HPICs, the degradation of AB1 was followed by UV—visible
absorption under light irradiation (see Figure 4a). Figure 4b
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Figure 4. (a) Schematic diagram of the photo-Fenton experiment
process. (b) Evolution of the absorption spectrum and evolution of
the normalized AB1 concentration noted C,/C, (inset) as a function
of time in the presence of HPICs (R = 1.0), pH = S. (c) AB1
degradation level under different conditions (pH = S, 4 h of
irradiation). (d) Evolution of relative concentration of AB1 C,/C, as a
function of time for different molar amounts of methanol (standard
deviation associated with the measurement of C,/C, is less than 5%).

shows that the evolution of the UV—Vis spectrum of the
solution with time after HPICs (R = 1) were added as a photo-
Fenton catalyst. This evolution can be analyzed by a pseudo-
first-order kinetic mechanism because the logarithm of the AB1
concentration C, normalized by its initial concentration C,
decreased linearly with time (see the inset in Figure 4b). The
conversion of the reaction after 4 h was equal to 86%. In the
presence of the catalyst alone, H,O, alone or light alone, no or
very little degradation of AB1 was detected (see Figure 4c).
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Combining HPICs with H,0, or HPICs with light or H,0,
with light enables a slight degradation of the dye. High
degradation of AB1 was recorded when combining HPICs with
H,0, and light. This suggests that the HPICs colloids act as a
catalyst for the photo-Fenton reaction. Subsequently, the
degradation effects of HPICs and free Fe** under different pH
values were compared. As shown in Figure S12, when the pH
was in the range of 3—7, the degradation effect of AB1 was
higher with free Fe** than with HPICs. Complexation of irons
within a colloid structure is prejudicial to some extent to the
catalytic activity. This is expected, because the species AB1 and
oxidative species need to diffuse through the polymeric
colloids in order to react together. However, HPICs still
showed a good degradation level on ABI, proving that the
iron-based polyion complex had good catalytic performance.

In addition, the degradation effect of free Fe** and HPICs
on ABl improved at lower pH, which proved that acidic
conditions were more conducive to the photo-Fenton reaction.
However, when the pH is too low (0.5-2), the high
concentration of protons in solution will decrease the
generation rates of ferrous ions and hydroxyl radicals and
thus the degradation of AB1 as described in the literature.”” As
expected from the disaggregation of the HPICs for pH in the
range of 0.5—2, HPICs and free Fe®" ion solutions have the
same degradation level in this range of pH.

By free radical scavenging experiments, we demonstrate that
the main active species responsible for the degradation of AB1
in this photo-Fenton system was the hydroxyl radical HO-. Its
formation was first evidenced from its reaction with
terephthalic acid that produces a strong fluorescent product
(Figure S13).>*7*° Moreover, methanol was chosen as the
scavenger for HO-*°7*% As shown in Figures 4d and S14,
when the molar ratio of methanol and H,0, in the reaction
solution was gradually adjusted from 0:1 to 50:1, the
degradation effect of AB1 decreased from 80 to 19% within
2 h, which verified that HO- was the main oxidative species for
the degradation of AB1 in the HPICs/H,0, system.

To estimate the reusability and stability of the HPICs
catalyst, after each photo-Fenton experiment, a small amount
of high-concentration AB1 and H,0, was added to the
solution to restart the next round of cycling experiment. Figure
S showed that after three cycles of experiments no significant
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Figure 5. Cycling test of free Fe*" and HPICs.

decrease of the degradation level of AB1 can be measured. On
the contrary, for free Fe’* ions, the degradation effect was
significantly reduced after three cycles. Therefore, the block
copolymers and the HPICs structure are improving dramat-
ically the reusability of the iron catalysts. Through heating
experiments, we found that HPICs precipitated at 95 °C on
the contrary to simple iron ions (Figure S15). Consequently,
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HPICs can be easily removed from the mixed solution by
centrifugation.

Finally, we compared the degradation effect of HPICs-Fe
and our previously synthesized copper-based HPICs-Cu on
ABI at different pH values. As shown in Figure S16, under the
same conditions, the catalytic activity of HPICs-Fe is much
higher than that of HPICs-Cu, again proving the feasibility of
iron-based HPICs as water treatment catalysts. Moreover, in
order to distinguish the catalytic performance of iron-based
hybrid polyionic complexes and iron oxide nanoparticles,
Fe,O, nanoparticles (Figure S17a,b) were also synthesized in
the presence of the PEOg-b-PAA; 5 copolymer under alkaline
conditions. The FT-IR spectrum showed bands related to Fe—
O bonds (Figure S17c) as well bands associated with N—H
groups (the synthesis of Fe,O, indeed used NH;H,O to adjust
the pH). Then, the photo-Fenton degradation experiment of
ABI at pH = 4 was performed with the same molar amount of
HPICs-Fe and Fe,O, solutions (with respect to iron). The
latter show lower catalytic activity therefore demonstrating
that, comparatively to the one of Fe,O,, the HPICs specific
structure and composition are prone to favor the catalytic
efficiency of iron-based nanocatalysts (Figure S17d). More-
over, even if a strict comparison is difficult because of the
numerous parameters involved in this degradation reaction
(specific experimental parameters and mechanism), the
efficiency of HPICs-Fe competes well with other reported
systems involving different mechanisms: Fenton, photo-
Fenton, electro-Fenton... (see Table S$1).°%*°

4. CONCLUSIONS

The formation of HPICs nanostructures from the complex-
ation of a double-hydrophilic block copolymer PEOg-b-
PAA,, with Fe’* was successfully demonstrated by means of
UV—vis, FT-IR, DLS, and TEM. The hybrid polyionic
complex obtained by this simple self-assembly process has a
core—shell structure and a hydrodynamic diameter equal to 25
+ 6 nm and is chemically stable in the pH range of 3—7. This
iron-based HPICs were successfully used as homogeneous
catalysts involving a photo-Fenton degradation reaction of
naphthol blue black. For a chosen concentration of catalyst, the
measured level of degradation is tenfold higher than that of
HPICs-Cu and Fe,O, nanoparticles. The nanocatalyst has high
cycling stability and can be easily recovered by heating/
centrifugation or dialysis which provides promising perspec-
tives for the development of Fenton reaction catalysts in the
future. Moreover, the ability of HPICs to be formed from
different ions or mixture of ions opens promising perspectives
to get access to multicatalytic “homogeneous” systems for
different reactions (Lewis catalyst...).
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