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Abstract

Maghemite nanoparticles-FeO3; NP), and maghemite/silica nanocomposite microgsher
(y-Fe0s/SIO, MS), have been evaluated as magnetic heterogefeniisn catalysts. The
catalysts were fully characterized by electronicnmscopies, magnetometry, XRD, UV-Vis-
NIR spectroscopy, and sorption volumetry. It wasnid that the two materials differ in size,
morphology, porosity and microstructure, althougg maghemite nanoparticles are not
modified by their encapsulation into the silicatiBoatalysts have a strong magnetic
susceptibility, but only the MS catalyst can belgascovered by magnetic settlement. The
mineralization and decolorization of agueous sohdicontaining a model pollutant in
presence of the catalysts were comparatively studieree model pollutants differing in their
structure and their electrostatic charge were degtke obtained reaction rates depend on the
nature of the pollutant and catalyst. The resuldécate the existence of a correlation between
the amount of adsorbed pollutant and the decolioizaate. The free NP are usually more
active than the MS catalyst, but larger velocity esso be obtained with the MS catalyst
when the pollutant is strongly adsorbed on thisemalt Moderate mineralization rates were
observed for both catalysts illustrating the largfability toward oxidation of the uncoloured
organic intermediates resulting from the primargrdelation of the model pollutants.
Moreover the efficiency and stability of the MSalgst were established since this material
showed an activity for a pollutant during five censtive tests. This was also confirmed by

characterization of the catalyst after these tests.
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1- Introduction

The increasing contamination of surface and gromaters by a wide variety of inorganic and
organic pollutants is one of the major challengeeél by humanity at the beginning of the
21" century.[1] The development of agriculture, indysand domestical activities is the
major cause for the emissions of these pollutahisiwtend to accumulate in the trophic
chain, having a detrimental impact on ecosysterdshaman health [2]. Wastewater and
drinking water treatment can reduce this conceuhthe existing methods suffer from several
drawbacks such as incomplete pollutant removah-kigergy requirements, or production of
toxic sludges and other waste products that reduitber treatment. In this context, there is a
real need for more powerful methods to decontaraidehking water and domestic or
industrial wastewaters.[3-5]

The efficiency and simplicity of advanced oxidatjgmocesses (AOP) make them suitable
candidates for the removal of toxic organic chesif@m wastewater, in replacement or in
addition to the usual techniques. These processesih common to generate hydroxyl (HOe)
radicals which are characterized by a very highdaad potential (2.7 V) allowing the
mineralization of numerous classes of organic patits[6] The goal of the wastewater
purification by means of AOP procedures is the resthof the chemical contaminants to such
an extent that the cleaned wastewater may be odunted into the environment or, at least,
into a conventional process flow. The so-calledieslike reactions, which derive from the
researches of H. J. H. Fenton more than 100 ygarsaae among the most studied AOP. [7]
In that case, the HO- is generated from decomposdf hydrogen peroxide in presence of a
catalyst, which can possibly be activated by ligifttasounds or electricity. Although
homogeneous catalysts such as soluble ferrod®) (®es have been traditionally used,
heterogeneous Fenton catalysts have been recenviyoged. [8-11] Although high reaction

rates are generally obtained with homogeneousysasathe necessity to work in acidic pH,



the difficulty of the separation of the catalysirfr the effluent which leads to generation of
iron oxide sludges, limit their use in water-treatrh On the contrary, heterogeneous Fenton
catalysts can be recovered and they are still@aetiyH near neutrality.[8,10] Moreover in
comparison to other heterogeneous catalysts us&@ihsuch as nano-TpOthese catalysts
present a low toxicity and they can work in absesfdeght. Two main categories of materials
have been tested in Fenton-type reactions. Theoles is composed of materials containing
individual iron species, such as’Fer Fé" exchanged zeolithes or clays.[8-10] The second
category is composed of materials containing indid® particles or nanoparticles, used in
pure form or dispersed on a support.[9,11] Goodlgtit activities were generally obtained
with both types of materials but some drawbacksstlleencountered such as Fe-leaching,
and difficulty of the recovery of the catalyst. [10

The use of magnetic divided materials as adsorlmritsterogeneous catalysts in water
cleanup has attracted increasing attention [121hdEed these materials, which usually
contain an iron oxide phase such as magnetitggrenaghemitey-FeOs) or ferrite

(MFexQ,4, with M= Ba, Co, Mn...), can be easily removed fraater by the simple use of a
magnetic field gradient obtained with a magnetroekectromagnet. Magnetic settlement can
be faster and more efficient than filtration andatgation, the traditional separation methods
used in water-treatment.[14] Moreover magneticiplad can be applied in more complex
processes such as magnetic fluidized beds. [12AtliBdustrial scale, the Sirofloc® process
is a good illustration of the potential of magnetiaterials in sewage or drinking water plants.
[16] As attested by recent reviews on this subjaetgnetic adsorbents are much more studied
than magnetic catalysts. [13,14] Nevertheless, migmaterials have been tested as
catalysts in dechlorination reactions[15] and inaas AOP such as photocatalysis,[17]
catalytic ozonation,[18] non-thermal plasma proesg49] and Fenton-type reactions.

[9,11,20-33] Magnetically separable iron oxide jgéet of various sizes and origins were



thus used as Fenton catalysts on several modeitaols. [20-28] More recently, iron oxide
magnetic nanoparticles encapsulated in polymetssfgsl], carbonaceous materials [30,31]
or mesoporous silicas [32,33] have been testedtadysts in Fenton-like reactions. Although
good catalytic activities were obtained, concontitaith a facile magnetic settlement of the
catalyst, any of these works clearly showed thiei@mfce of the dispersion of small magnetic
nanoparticles in a porous matrix on their catalgtitivity and their ability to be recovered.
Here we present the characterizatowl use of two magnetic heterogeneous Fenton stdaly
maghemite nanoparticleg-Fe03; NP), and maghemite/silica nanocomposite microgsher
(y-Fe0s/SIiO, MS). The aim of this paper is to study how theagstlation of the magnetic
nanoparticles into the silica beads influences tbegialytic activity, their stability and their
separation properties. Small dispersed nanopatstieuld be highly active, but their
colloidal stability may prevent their separatioarfr the effluent, even using magnetic
settlement. Their encapsulation in a porous mizemssupport may facilitate their separation,
but, at the same time, diffusion of the pollutamsto the catalytic sites may be slowed down.
All these parameters may be also influenced by#tere of the pollutants. Therefore, we
tested the catalytic activity of the materials bree aqueous model pollutants, methylene blue
(MB), methylorange (MO) and paranitrophenol (PN#ch of them characterized by a
different structure and electrostatic charge (sped 1). Finally, to evaluate the practicality
of these catalysts in water treatment, we presg@natbempts to recover and reuse these

materials, and to characterize them after sevatalytic tests.



2- Experimental part

2.1 Syntheses

2.1.1 Synthesis of the maghemite nanopartiglese{O; NP)

They-Fe,03 NP used in this study were synthesized accordiregdrocedure described
elsewhere [34-36]. Briefly, magnetite g&k) nanoparticles were first prepared by the
Massart’s method, adding ammonia to an aqueousureixtf FeCG§ and FeCl [34]. Then, the
Fe;04 nanoparticles were oxidized 66,03 by successively adding HN@nd Fe(NQ)3
[35-36]. They-Fe0O3; NP were finally obtained as an aqueous acidicedlgpn with a high

colloidal stability also called ferrofluid.

2.1.2 Synthesis of the maghemite/silica microsghgree,O4/Si0, MS)

They-Fe,04/SiO, MS were prepared via a modified ESE (Emulsion Sa\Evaporation)
method,[37] which has already been published.[3&}F25 mL of a precursor solution was
prepared by adding 5 mL of a 0.15 mél HNO; aqueous solution to 20 mL of
tetraethoxysilane (TEOS). This mixture was vigotpussirred for 45 min. During this period,
TEOS was hydrolyzed up to an adequate level tambtanonophasic solution. Then, 40 mL
of a magnetic sol was formed by adding 20 mL ofgtexursor solution to 20 mL of an
aqueous dispersion gfFe;0; NP (equivalent to 0.25 mol'Lof Fe) in a 1¢ mol L* HNO;
aqueous solution. The magnetic sol was stirrechdusimin before being added dropwise to
360 mL of an organic phase composed of a vegetalblesually commercial rapeseed oil)
containing 0.1% w/w of the emulsifier Arlacel P128ter 30 min of addition, the water-in-
oil emulsion thus formed was stirred during 30 @l then transferred into a Buchner flask.
The flask was closed and connected to a wateraepiThe ethanol formed by hydrolysis of
TEOS was thus evaporated from the dispersed phmae teduced pressure (35 mm HQ)

during 35 min. During this process, the temperatvae fixed at 35°C by way of a water bath



around the flask, and magnetic stirring was comtrsly maintained. Next, the system was
brought back to atmospheric pressure and the eomugas stirred again during one night.
The emulsion was finally broken by addition of ggamount of acetone. The mixture was
stirred during 5 min afterwards the MS beads wecevered with a magnet. They were
washed several times with acetone and water, aad dt 70°C for 4 h. Finallyhe beads

were calcined in an oven under air at 400°C foh 18 remove any organic traces.

2.2 Characterization methods

Transmission electron microscopy (TEM) images eftlire,0O; NP and the-Fe,05/SiO, MS
were taken using a JEM JEOL 100 CX microscope ¢ipgrat 100 kV. In this aim, the MS
were embedded in a resin (AGAR 100) polymerisegDa€C during two days, and cut in 70
nm thin sections using a LEICA ULTRACUT UCT micrate apparatus. The MS were also
observed by scanning electron microscopy (SEM) 8&KI-FEG Hitachi SU-70 apparatus.
The images were taken in secondary electron moteani accelerating voltage of 10 kV.
Prior to analysis, the beads were coated withraghell of gold by sputter deposition.
Energy-dispersive X-ray spectra (EDS) were obtausdg the apparatus operating with an
Oxford X-Max detector at an accelerating voltagd@kV. The size distribution of the
particles was determined from TEM or SEM picturealgzed using the ImageJ software.
The amount of-Fe,O3 NP in the MS was determined by spectrophotometrgiv&n weight
of material was first introduced in an HCI aquesakition (4 mol [Y). After 48 h, the
supernatant became yellow, indicating that the Nfapsulated inside the beads were
dissolved under the form of an aqueous solutigfre€l] complex ions. Hence, the iron
concentration in the supernatant was analyzeddiyiatabsorption spectrophotometry

(Perkin Elmer AA100 apparatus) and the weight foacof y-Fe,Os in the beads, woswas



determined. A similar procedure was used to detegrthe amount of-Fe,O3; NP dispersed

in water.

Magnetic characterizations of the NP and MS sampére respectively made on a vibrating
sample magnetometer (home-made apparatus) and S@QbgbDetometer (Quantum Design
MPM-5S apparatus). Each analysis was performe8 a€C2The NP were analysed dispersed
in water, whereas the MS were analysed in powdiemea. The magnetization-
demagnetization curves, M=f(H), where H is the mdemagnetic field (in Oersted, Oe), and
M the magnetization of the sample in emt) were normalized to 1 g fFe;0s. Forthe NP
dispersion, M was originally given in Ahand the normalization was made using the
equation: M(emu§of y-F&03)=M(A m™)/[p .Wre20d, Wherep is the density of NP aqueous
dispersion §=1.075 g mL* for Wrezo5 11.2%). For the MS beads, the magnetization was
directly given in emu § of sample, and the normalization was made usiagtjuation:
M(emu g* of y-Fe03)=M(emu g' of sample)/wez03

XRD spectra of the powdered samples were recordied @ Phillips PW 1130
diffractometer. Data were collected fro 2 10° to 80° in 0.1° steps. The diffraction peaks
on the diagram were attributed tgy&pacings using the Bragg equatigr d A/(2sim),

wheres is the Bragg angle andthe wavelength of the CgKadiation { = 1.7902 A). The
corresponding RX diameter of the nanocrystallites walculated applying the Scherrer
equation d=Ku/(A8 cosd), whereAd is the line broadening at half the maximum intgnsf
the diffraction peak, and K the shape factor. Aveadf 0.9, typically used for spherical
particles, was chosen for K. d was determined easitlerage between the values calculated
from the two main diffraction peaks correspondiagite (311) and (400) reflections. The
room-temperature UV-visible-NIR spectra of the pevetl samples were recorded with a
diffuse reflectance cell (internal sphere) in thege 200-2500 nm on a Varian Cary 400

spectrometer (Teflon as a blank). The pufe,0; NP were dispersed in Teflon before



analysis. Volumetric adsorptions of nitrogen at7and CQ at 273K were performed on a
ASAP 2020 Micromeretics apparatus. Before analysessamples were degassed overnight

at 110°C under high vacuum (i0ar).

2.3 Catalytic Tests

A series of Fenton’s experiments was performedéasure the catalytic activity of the two
materials 1-Fe,03; NP andy-Fe0O3/SiO, MS) for the degradation of three aqueous pollgtant
methylene blue (MB), methyl orange (MO), or panaphenol (PNP). All the experiments
were carried out in the dark at a mild temperaftire 40°C), in a closed vessel to avoid
evaporation. In the standard tests, the followiogditions were used. First, 0.3 g of
v-Fe&03/SiO, MS, or 210 pL of the-Fe,0O3; NP acidic aqueous dispersion (both equivalent to
[Fel;=3.15 10° mol L™ in the final reaction mixture) was added to anesmys solution of the
pollutant, which pH was previously adjusted at 3aldgition of HNQ (It was controlled that
this pH value was maintained in the reaction mediointhe duration of the test). The volume
of this solution was chosen in a manner that tlimirconcentration of the pollutant in the
final mixture was &2.5x10" mol L™ for a total volume of 10 mL (except for the MB
pollutant with the MS catalyst, where Was fixed at 8x10 mol L™ to take into account the
much larger adsorption of this compound on theaiiurface). The suspension containing the
catalysts and the pollutant was stirred magnetid¢all 2 h to reach the adsorption

equilibrium. Then, to initiate the degradation teat, 0.68 mL of a 30% w/w D, aqueous
solution was added to the suspension (correspordiagoncentration of 4, of 1 mol L

in the final mixture). The decolorization kinetitthe solution was followed by the following
procedure. Solution samples were taken (typica@ly [LL) at desired time intervals, and were
put over a magnet to separate the supernatanttfreratalysts by magnetic settlement. For

they-Fe0O; NP, a concentrated KCI aqueous solution (50"pvas previously added to



make aggregation of the nanopatrticles and thuavouir their settlement. The supernatant
was then recovered and diluted to an adequate otyatien before to be analyzed with an
UV-Visible spectrophotometer (UVIKON XL apparatu§he remaining concentration of the
pollutant in the supernatant@vas determined using the Beer-Lambert law at 800, and
665 nm respectively for MO, PNP, and MB. The iritimne t = 0 was fixed at the moment of
adding HO,. The concentration of the pollutant in the supemtameasured at t = 0 was
noted G. Co varied from 1.8x18 to 2.5x10* mol L™*, depending on the amount of adsorbed
pollutant on the catalyst. The initial rate of dieczation () was determined by plotting the
tangent at t = 0 of the kinetic curve<if(t). The decolorization yield (DY) at 4h, was@
evaluated from this curve, using the following falenDY=100-100-Gy/Cy, where G, and G
are the concentrations of pollutant in the supamtatespectively att =0 and 4 h. The
mineralization at t = 4 h and 24 h was determingd bimilar procedure analyzing the non
purgeable organic carbon (NPOC) in the supernatsing a Shimadzu TOC ASI-5000A
apparatus. The mineralization yield at 24h (MY) wakulated with the formula
MY=100-100-NPO&/NPOG, where NPOgy, and NPOGare the NPOC concentrations (in
ppm) in the supernatant respectively at t = 24dtan0. The iron leaching was determined
by measuring the iron concentrations in the sugamat 4 hours using atomic absorption
spectrophotometry. The percentage of iron leached)(was calculated with the formula
FelL=100-[FeL 4{[Fe] r where[Fe] s anis the iron concentration in the supernatant labuyrs,
and[Fe] t the equivalent iron concentration used in thelgitaest

([Fe]t=3.15 10° mol LY.

The adsorption kinetics of the three aqueous filiston the catalysts were measured in a
similar way to that of catalytic tests. The onl{felience was that the adsorption process was
carried out without BD,. The amount of KD, was replaced by an equivalent amount of the

10° mol L' HNO; aqueous solution, to maintain the pH level ofrérction medium at 3.



The reuse of the-Fe,03/SiO, MS catalyst for four times was tested using MOnaslel
pollutant. The reuse tests were performed as follsiter each catalytic test (corresponding
to 4 hours of reaction), the catalyst was separfated the solution by magnetic settlement,
rinsed two times with THmol L* HNO; aqueous solution and two times with water to
remove any possible contaminant from the surfabe.sblid was finally dried in an oven at

70°C overnight before the next use.

\@ Oé/o Na' /@ Q* CHs ON/Q/OH
PNP

4 cr CHs
MO MB

Figure 1: chemical structures of the model polltsggMO= methylorange, MB= methylene

blue, PNP = paranitrophenol)

3- Results and Discussion

3.1 Synthesis and characterization of the catalytimaterials

Maghemite nanoparticles-FeO3; NP)dispersed in slightly acidic HN{aqueous solution,
were synthesized according to the well-known Mdssarethod [34—36]. In brief, magnetite
(Fes04) nanoparticles were first prepared by coprecijoiteof F€* and F&" ions in ammonia,
and were then oxidized {oFe0; by addition of HNQ and Fe(N@)s. The maghemite/silica
magnetic microsphereg-Fe,03/Si0O, MS) were synthesized via a modified ESE (Emulsion
Solvent Evaporation) procedure [37] described inpyavious publication.[38] This method
can be divided into five steps: (1) preparatioma ofiagnetic sol using the acidic dispersion of
v-F&0O3; NP and a silica precursor (TEOS) previously hygiret in HNQ aqueous solution,
(2) emulsification of the precursor solution inegetable oil containing a small amount of a

hydrophobic tensioactive, (3) aging of the emulsioder vacuum allowing the shortening of



the gel time of the silica in the sol droplets frdéh to 2 h, (4) breaking of the emulsion by
addition of acetone and recovery of the MS by mtagisettlement, and (5) removal of the
organic traces by washing with acetone and caloinat air at 400°C. The choice of a
vegetable oil as continuous phase of the emulsistead of an organic solvent such as
dodecane was dictated by several consideratiog:[B8, vegetable oils are non toxic,
inexpensive and are issued from renewable resauseesndly, the obtained microspheres
present less defaults and are smaller in compatesthose synthesized using an organic
solvent. Moreover acetone, the only solvent useaveshing the beads, can be easily
separated from the oil and recycled. This synthedigghly reproducible and each batch
allows us to obtain more than 5 g of MS.

The two materials were first characterized by seanand transmission electron
microscopies (SEM and TEM). Figure 2A show a TEMga of the NP. They are
polydisperse and have a rock-like morphology. Thesan diameter determined by counting
the size of 100 particles is d=8.9 nm with a stashdieviation of 2.4 nnTThese features are
typical from they-Fe,O; NP synthesized by the Massart’'s method.[3%8 TEM image of a
MS bead (figure 2B) shows a homogeneous and igotdigpersion of the-FeOs; NP into
the silica matrix, without evidence for the fornoatiof agglomerates or chains. Figure 2C
shows the SEM image of the MS. As previously désctj[38] the beads have a spherical
shape and are polydisperse in size. They havaavedly smooth surface, although a small
part of them shows defaults (small cracks or cas)tiTheir mean diameter determined by
counting the size of more than 350 beads is D=hQnjith a standard deviation of 1.7 pum.
Interestingly, before calcination, the MS havetbme morphology (see ESI for the SEM
image), but their mean diameter is slightly lar@2+2.3 um), which may be explained by the
shrinkage of the silica network by dehydration anddensation reactions at high

temperature.



Figure 2 : (A) TEM image of thgeFeOs; NP (B) TEM image of a-Fe,03/SiO, MS (C)

SEM image of thg-Fe,03/Si0, MS

The magnetic properties of the NP and MS were deterd by magnetometry. The aqueous
dispersion of the NP was studied with a vibratiagiple magnetometer, whereas a more
sensitive SQUID apparatus was used for the powdd®@dnaterials. The magnetization-
demagnetization curves obtained for the samples nwamalized to 1 g of maghemite, using
the weight fractions of the F&O3 NP, w203 Which were previously obtained by
spectrophotometry and were found equal to 11.2%8atfb, respectively for the NP
dispersed in water, and the MS beads. Both norethlizirves (figure 3) are nearly
superimposable and are characteristic of a super@anetic behaviour, with a strong
magnetic susceptibility, without remanent magnéioraor hysteresis. [39] This strong
magnetic susceptibility is spectacularly confirnogcthe behaviour of the samples in water,
in presence of a magnet. Both materials are styatglacted by the magnetic force
proportional to the strong magnetic field gradiéfdwever the very high colloidal stability of
the NP in water restricts their separation fromwlager, on the contrary of the MS particles
(see ESI for photos). The saturation magnetizatibiswere found equal to 62 and

66 emu { of y-Fex0s, respectively for the NP and the MS samples. Bathes agree well

with the value usually given farFe,0; nanoparticles (M60 emu &) [39], indicating that



they-Fe,O3 NP were not altered, neither by their encapsulatiadhe silica matrix, nor by the

calcination step.
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Figure 3 : Magnetization curves of (AFe03 NP, and (B)y-Fe0Os/SiO, MS. The

magnetization value, M (in emudy is normalized to 1 g of-Fe,0s

Figure 4 shows the X-Ray Diffraction patterns ands-NIR spectra of thg-Fe,0; NP
andy-Fe0s/SiO, MS samples. It should be noted that identical X&id UV-Vis-NIR
patterns have been obtained for tHee,05/SiO, MS before calcination showing no
noticeable modification of the material during thermal treatment. In the X ray
diffractograms (figure 4A), a set of sharp andtreé&dy well-defined peaks are observed at the
same angles for both samples. The corresponditandiss given by the Bragg relation are
2.96, 2.50, 2.08, 1.60, and 1.46 A and can bebattd to the gho, Gs11, oo, G511 and dao
interplanar spacings, which are characteristi¢hef crystal structure of maghemite (JCPDS
39-1346).[40] To determine the corresponding RXadhter of the nanocrystallites we used
the Scherrer equation, and a diameter of d=7.1 amfaund for both samples, which
corresponds to the diameters of {hiee;O3; NP obtained by TEM . In addition, the XRD
pattern of the-Fe,0O4/SiO, MS sample presents a very broad peak betweéen2d° and 40°

which is typical of the X-ray diffusion by amorphssilica.



In the UV-Vis-NIR spectra (figure 4B), the absogptiobserved at> 700 nm for bothy-
Fe,0O3 NP andy-Fe0O5/SiO, MS, corresponds to electron transitions in irordexAt low
wavelengths (200-400 nm), the strong absorptiorbesattributed to &YFe** ligand to metal
charge transfer transitions.[41] At larger waveltisg400-700 nm), the absorption is also
due to transitions in magnetically coupledFeations and to crystal field “d-d” transitions in
single F&* cations.[41] Some of these transitions appeanérspectra as small shoulders at
480 nm and 650 nm although the observation isglgrtiidden by the absorption due to the
charge transfer transitions. These two bands quoresrespectively to the 2(1)—2(*Ty)
and®A;—"T, transitions and their wavelength are typical frmaghemite.[41] The
absorption ak > 700 nm in the precipitatedFe,O3; NP is larger than in the Fe,04/SiO;

MS, which can be explained by the larger conceotraif y-Fe,O3 in the pure NP, leading to
an increase and to a collapse of the absorptiodsbdn the NIR part of the spectra, a very

broad band is observed fpie,03 NP which can be indicative of diffusion of the aggpted

nanoparticles, whereas thd-6,03/SiO, MS show small sharp bands at 1420, 1900, and 2250

nm which are assigned to overtones and combinatibtiee OH stretching vibration

corresponding to silanol groups (SiOH) and adsovbater. [45]
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Figure 4: (A): X-Ray Diffraction patterns of (1)}-Fe,Os; NP, and (2)y-Fe03/Si0, MS ; (B):

UV-Vis-NIR spectra of (1)y-Fe,03 NP, and (2)y-Fe0s/SiO, MS



The porosity of the materials was determined bptsam volumetry of N and CQ
(respectively at 77 K and 273 K). Figure 5A shohes i, adsorption-desorption isotherms
obtained for both materials. FpiFe,03 NP, the N isotherm is of type I, which is observed
for finely divided non-porous solids. Small amouotdN, are progressively adsorbed on the
surface of the-Fe,O3 NP. By applying the BET equation to the first pafrthe isotherm, we
found that the specific surface area is 15%jtn This value corresponds to the theoretical
external surface of spherical particles with a meiameter of d=7.4 nrhThis implies that

the BET surface area essentially corresponds trmedtsurface and therefore that the NP are
mainly non-porous. However the small hysteresigeolel at 0.4 <P/ 0.6 in the second
part of the isotherm may correspond to the condamsaf N, in a very small amount of
irregular mesopores. FeiFe,04/SiO, MS, the N isotherm is of type Which is

characteristic of a microporous solid with porenteiers smaller than 2 nm, and with a pore
volume of 0.25 mL @. It should be noted that the, Msotherm obtained for the uncalcined MS
(see ESI for the isotherm), has shown the existehta¥ger micropores, with a larger pore
volume (\, = 0.38 mL ). This indicates than partial collapse of thecsilinesopores
occurred during calcination. This collapse is phdbaelated to the shrinkage of the silica
matrix by condensation reactions at high tempeeatuhich is also responsible for the small
decrease of the mean diameter of the bd&duscalculus of the BET surface area from the N
isotherm being inoperative on microporous solidS; @dsorption volumetry was practiced
on the MS. The isotherm obtained is shown in figaBeBy modelling this isotherm with the
Dubinin-Astakhov equation, which is usually wellagdied for microporous solids, [46] a
surface area (S) of 744’g" and a microporous volume {Mof 0.30 mL g were found for
the beads. These values are in accordance witbotleevolume calculated from the N

isotherm, confirming the large amount of micropdrethe silica network. In addition, the

! The theoretical diameter calculated from the sierfarea was obtained by the relation d P/8lbo3Sser)
wherep,.re203iS the density of maghemite (5.1 g ®mandSger the BET surface area



mean diameter of the micropores, Was calculated using the relatiop ©4V,/S, which is
based on the hypothesis of a cylindrical geometryie micropores. A value of,3- 1.6 nm
was found, showing that the micropores have aivelgtlarge size, which may allow the

diffusion of the pollutants into the beads.
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Figure 5: (A): N adsorption/desorption isotherms of {1re,03; NP, and (2y-Fe03/SiO,

MS; (B): CG adsorption isotherm gfFe03/SiO, MS

3.2 Catalytic Activity

3.2.1 Adsorption kinetics

To control that adsorption of the three aqueoubitasits (MO, MB and PNP) on the solids
does not compete with their catalytic oxidatiomekics of their adsorption on the NP and MS
catalysts were first determined. The tests wertbpeed under the same conditions of the
standard catalytic tests (40°C, pH = 3, absendiglut), except that hydrogen peroxide

(H20,) was not added, and the concentration of the faoita in the supernatants was

followed by UV-visible spectroscopy. The kinetiaeess are presented in figure 6.



t (min) t (min)

Figure 6 : Adsorption kinetics of the pollutanta) y-FeOs; NP: (1) = PNP, (2) = MB, (3) =
MO; (B) y-Fe04/Si0, MS: (1) = PNP, (2) = MO, (3) = MB. The concentoattiof the

pollutant in the supernatant S normalized to Cthe initial concentration of the pollutant.

For both catalysts, adsorption proceeds very quiekid an equilibrium concentration is
reached in less than 30 min, whatever the pollutéms shows that adsorption does not
compete with the catalytic process, sing®Fis added 2 h after the pollutants in the catalytic
medium. The amounts of pollutant adsorbed at tlhdibqum in ascending order are
PNP<MB<MO for NP, and PNP<MO<<MB for MS. The pertage of adsorbed pollutants
ranges from less than 5% to 30 %, except for MBafloich a very strong adsorption occurs
on the MS. In this case, to obtain an equilibritonaentration comparable to that of the other
tests, we had to use an initial concentratipth€@e times larger. However, even with this
concentration, more than 80% of the pollutant remciadsorbed on the MS. Since a much
smaller amount of MB was adsorbed on the free NiB,dompound strongly interacts with

the silica surface of the microspheres, which h@&ady been observed for other silica based
materials.[47-48] This is usually explained atpHby the opposite charges of this cationic

molecule and the negatively charged silica surface.

2 pH=2 corresponds to the point of zero chargelifsi



3.2.2 Catalytic test on the three pollutants

The three agueous pollutants were oxidized B9:Hising the NP or the MS as Fenton
heterogeneous catalyst at pH= 3 and T=40°C, innaasef light (experimental conditions of
the standard tests) .6, was added 2 h after the adsorption of the poltutarthe catalyst
(t=0). The decolorization kinetics of the solutiomsre followed by UV-visible spectroscopy,
and the possible mineralization was determined bgsurement of NPOC at fixed times (0 h,
4 h and 24 h). Finally the iron leaching of theatgdts was measured by analysis of the iron
concentration in the supernatants after 4 h, usiamic absorption spectroscopy. Figure 7
shows the kinetic curves obtained for the threepmmmds, in presence or in absence of the
heterogeneous catalysts. The initial rates of @e@ation (\), the decolorization yield (DY)
at 4 h, the mineralization yield (MY) at 24 h, a&heé percentage of iron leached (FeL) at 4 h

are reported in table 1.
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Figure 7 : Kinetic curves for the decolorizationtloé three pollutant solutions resulting from
Fenton reactions. (1) = MO, absence of cataly3t: NP, absence of catalyst, (3) = MB,
absence of catalyst, (4) = PNP, MS catalyst, (BN#, NP catalyst, (6) = MB, NP catalyst,
(7) = MO, MS catalyst, (8) = MB, MS catalyst, (9MO, NP catalyst. The concentration of

the pollutant in the supernatanti€normalized to g; the concentration of the pollutant in the

supernatant at t=0.

Pollutant Catalyst v91 - DY, at 4 h, MY, at24 h, Fel, at4h
(umol L™ min™) (mol, %) (ppm, %) (mol, %)
- 0.03 1.7 3 -
MO y-Fe,0; NP 13.3 99.9 39 0.26
y-F&04/Si0, MS 2.6 96.0 14 0.26
- 0.08 9.5 6 -
MB y-F&0; NP 1.1 82.0 nt 0.10
1-F&04/Si0, MS 3.1 98.3 ng 0.34
- 0.04 4.1 0 -
PNP y-Fe0; NP 1.3 71.6 11 0.16
v-Fe0,/SIi0, MS 1.6 66.8 27 0.14

a : For the reactions without catalyst, DY at 2drd estimated at 54.1, 49.6, and 15.2% for MO, &iigl PNP, respectively
b : For MB, NPOC in the supernatant is increasechdtttie catalytic tests.

Table 1:y, DY at 4 h, MY at 24 h, and FeL at 4 h for thestapollutants (MO, MB and

PNP)

Both catalysts are active on the three pollutaotsiclering the strong decolorization of the
supernatants when NP or MS are added (see figanel Table 1). One should also mention
that without catalyst, the decolorization of théuions due to hydrogen peroxide remains

negligible. The degradation of the three pollutaetailts in fact from the slow decomposition



of H,O; in presence of the catalysts (see ESI for thetikinkata), as it has already been
evidenced with other heterogeneous Fenton catgBistSor both types of catalysts, best
results are obtained with MO, since quasi-quamigadecolorizations are attained after 4 h
(see table 1, column 4). However, the fyeee,0O3 NP are much more active; being five

times larger with this catalyst (compare in tabledlumn 3, the entries 2 and 3). The lower
activity of the MS material for MO can be explain®dthe difficulty for the reactants to
access to the catalytic sites located at the seidhthey-Fe,O; NP encapsulated in the silica
beads. This hypothesis is reinforced by the kisa®sults on the #D, disappearance (see

ESI for data), which show that the decompositide td HO, with the NP catalyst is much
higher than with the MS catalyst. Surprisinglygiar and DY are obtained for MB with the
MS catalyst, indicating that this material is macative than the free NP (compare in table 1,
columns 3 and 4, the entries 5 and 6). This resait be related to the very strong adsorption
of this compound on the silica surface, favourtsgliegradation on the neighbouring catalytic
y-Fe0; sites. The lowest activities are obtained with PfdPwhich comparablepand DY

are obtained with both catalysts. This fact caeXm@ained by the enhanced chemical stability
toward oxidation and/or by the weaker adsorptiothf non-charged aromatic compound on
the catalysts, in comparison with MO and MB. However each catalyst, the same
tendencies are obtained far(table 1) and for the amounts of adsorbed poltutiegure 6).
Therefore a larger adsorption of a pollutant onsilndace of the catalyst seems to favour a
better catalytic activity.

Mineralization yields of the pollutants at 4 h wesegligible in all cases (data not given). For
MO and PNP, moderate MY varying from 10 to 40% waveerved only after 24 hours for
both catalysts (table 1, column 5). No evidencehlmgiven for the mineralization of MB,
since the NPOC was increased between 0 h and @4thi$ compound, especially when the

MS were used as catalyst. This unexpected phenameayg be explained by the strong and



rapid adsorption of MB on the catalysts, concontitgith an important desorption of the
organic products resulting from the degradatiothefadsorbed pollutant, these species
interacting less with the catalyst surface. Tharefdespite the fast decolorization kinetics,
the mineralization of the pollutants seems to pedamuch more slowly. This result, which
has already been observed in Fenton reactions(i®@icates that the pollutants are quickly
oxidized into uncoloured organic molecules durimg first steps of the catalytic process.
These species are probably more stable toward toxidhan the parent compounds and are
therefore mineralized much more slowly. For MO, fixat attempts to indentify by LC-MS
the organic intermediates produced during the alsdi@n process showed that ring-
hydroxylated and demethylated derivatives are foshed. These compounds have already
been encountered in other advanced oxidation psesd51] Work is in progress to determine
a more complete degradation pathway for the thregefpollutants.

Analysis of the supernatant by Atomic Absorptiore&poscopy showed that iron leaching
after 4 hours remains low, independently of thalgat or the pollutant (table 1, column 6). In
all cases, less than 0.4% of iron is leached, wbachesponds to iron concentrations in the
supernatant of 1.3xT0mol L% In theses conditions, the amount of pollutantraeed by
homogeneous catalysis resulting from the leachwdig probably negligible. To confirm that
the catalytic process is mainly heterogeneous aubtional tests were performed on the MO
pollutant. First, iron (Ill) nitrate with a conceation of 1.3x1d mol L™ (the maximum
concentration of leached iron) was tested as honmexges Fenton catalyst. In a second
experience, we used as catalyst the supernataaihedtafter 4h of a catalytic test in presence
of the MS. In both cases, low catalytic activitiesre found (¥ = 0.4 and 0.6 pmoltmin?,

DY at 4 h = 25.0% and 55.6%, respectively for intinate and the supernatant) confirming

that the catalytic process is mainly heterogeneous.



3.2.3 Influence of experimental parameters

To obtain a better understanding of the catalytocess, and to determine the optimal
conditions for the tests, we examined the influepicgeveral parameters on the
decolorization kinetics, using MO as model pollatdrne studied parameters were the pH,
the initial concentration of ¥D. ([H20:]o), the amount of catalyst (expressed as &k

equivalent iron concentration), and the weightticacof y-Fe,O3 NP in the MS beads

(Wre203. The results are summarized in figure 8.
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Figure 8: Influence of various parameters on tlit@irdecolorization rate @), using MO as
model pollutant. (A) pH ; (B) initial concentratiar H,O, ([H202]o) ; (C) amount of catalyst
([Felr) ; (D) weight fraction of-Fe,0O3 in the MS beads (w203. The grey histograms and
plots correspond to the NP catalyst, and the biaas to the MS catalyst. In each case, the

values of the fixed parameters were the same teistandard tests (see experimental part)



As shown in figure 8A, the increase of the pH fr8rno 8 leads to a strong decrease of the
decolorization rate. The same trends are obsenrdabth catalysts. At pH near neutrality
(pH=5), the catalysts are still active bytis lowered from 86 and 65%, respectively for NP
and MS catalysts. At pH = 8, the catalytic actibgcomes negligible. This effect has already
been encountered with other iron oxide based hg¢meous Fenton catalysts.[31] The
existence of a moderate catalytic activity, alldlasse catalysts to be used at neutral pH,
which is not possible with Fenton homogeneous yst®[52] As can be seen in figure 8B,
the decrease of j,], from 1 mol L* (the value used in standard tests) results indowe
decolorization rates, whatever the catalystig\decreased by 62% and 79% aiQb]o= 10*
mol L, and by 83% and 89% at §6,],=10° mol L™, respectively for NP and MS). This
observation is in agreement with works carriedaubther iron oxide catalysts.[28] Indeed a
lower HO, concentration implies a decrease in the productitaof HO® radicals, which are
responsible for the pollutant degradation. Howédyath catalysts are still active at low®b
concentration, which has a great potential for@plieation in water-treatment, where a
moderate amount of J@; is required for economical and technical reasbrgire 8C
suggests thatpus linearly increased with the amount of cataly$tss classical result
supports the idea of a true catalytic system, sinoeplies that the catalysts are still active at
very low amount of iron (yis 4.5 and 0.4 pmoltmin™ respectively for NP and MS, at
[Felr= 5 10° mol L'* which corresponds to a,8,/Fe molar ratio of 200/1). To study the
effect of the amount of-FeO3 in the MS beads, three catalysts were testeceisdme
conditions, each of them corresponding to a diffev@lue of wez03 It is important to note
that these catalysts have similar characterigtitsrm of porosity and particles size, and can
be easily recovered by magnetic settlement. Fovahees studied, no significant influence of
Wee2030N W Was evidenced (see figure 8D). This could be ditation of the absence of

aggregation of the NP in the beads as their ameuntreased, which would have reduced



the accessibility to the catalytic sites for largatlues of we203 The best result was however

obtained with the medium amountyefFe,0O3 (which was used in the standard experiments).

3.2.4 Reuse of the MS catalyst and characterizatftar five tests

To assess the catalyst practicality in water treatnthe catalytic materials should (be
easily removed from the effluent, afij reused several times without loss of activity. As
already stated, an efficient solution to removeagmnetic catalyst is to use settling over a
magnet or electromagnet. However our attemptsnmve they-Fe,0O3; NP after the catalytic
test by this method were unsuccessful, becaudeeofhigh colloidal stability which also
made difficult the other separation methods sudiitestion or centrifugation. On the
contrary, they-Fe,04/SiO, MS were perfectly removed from the effluent afeaw minutes of
settling over a magnet (see photo on ESI inforrmtievhich led us to study their activity
during five consecutive catalytic tests, and torabterize them after these tests. The reuse
efficiency of the MS was tested on the decolor@atf the MO solution. All the catalytic
tests were carried out for 4 h in the same condtid\fter each run, the solid powder was
magnetically separated from the solution, and tiresed with diluted HN@and water to
remove any possible contaminant from the surface fiaally dried at 70°C. The results of
the tests are summarized in figure 9A.
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Figure 9 : (A) ¥ (black histogram, right scale), and DY at 4 h ¢hatl histogram, left scale)
for five consecutive tests of the MS catalyst oo MO pollutant ; (B) SEM image of de MS

catalyst after the five consecutive tests

It was observed that after five repeated experigjeghe catalyst retained a good activity,
despite a slight decrease in the DY at 4 h from 88®%0%, and a more marked decrease,of v
from 2.6 to 0.umol L'* min™ (i. e. 65% of decrease). To study the possible leachiimgo

from the catalyst into the solution, the iron camtcation was determined in the supernatant
after each run. In all the case the percentageaahled iron remained less than 0.25%,
confirming the good stability of the MS catalydise(total percentage of leached iron after
five cycles is 1.2%). It should also be noted thatslight decrease of the amount of iron in
the beads is not detected by elemental analysfseeahaterials after the catalytic tests. In
addition, the MS were characterized by several odugtafter the five consecutives tests. The
X-Ray diffractogram, UV-Vis-NIR spectrum, ang Bdsorption isotherm were nearly
identical to those before the catalytic tests 8efor the data), showing that the main
characteristics of the material were maintainedIS&icroscopy (see figure 9B) revealed that
the beads kept their spherical morphology, althaughght deformation and a rougher
surface were observed. This is probably due torteehanical stress exerted on the MS beads
by the stirring during the catalytic tests, andfa drying-wetting cycles during the washing
procedure. Interestingly, EDS analysis gave inghoatthat the carbon content in the beads
was increased after the tests. Therefore, to exgi@ moderate decrease of the catalytic
activity, we propose a contamination of the MS malg by some organic intermediates

remaining strongly adsorbed on the iron oxide s@rfa



4- Conclusion

In this study, we have demonstrated that maghemaneparticlesytFeO; NP), and
maghemite/silica nanocomposite microspheyesgO3/SiO, MS) can be used as
heterogeneous Fenton catalysts. Both materials efenecterized by TEM, SEM,
magnetometry, XRD, UV-VIS-NIR spectroscopy, ancption volumetry of N and CQ.

The NP are non porous and have a rock-like morgyoldth mean diameter between 7 and 8
nm. The MS have a polydispersed spherical shageanitean diameter of about 2 pum. They
are characterized by a homogeneous dispersioredifhinto a microporous silica matrix.
The maghemite crystal structure of the NP is nietretl by their encapsulation into the silica
matrix, since no additional iron oxide phase hamntdetected. Therefore both catalysts
exhibit a superparamagnetic behaviour with a stroagnetic susceptibility, although the
strong colloidal stability of the free NP restrith®ir recovery by magnetic settlement. The
mineralization and decolorization of aqueous sohgicontaining a model pollutant (MO,

MB or PNP) in presence of the two catalysts waspamatively studied. Both catalysts are
active for the three pollutants. The negligiblel&aehing from the catalysts confirms that the
degradation process is mainly heterogeneous. Tae o& decolorization in ascending order
are PNP<MB<MO for NP, and PNP<MO<MB for MS. Sinbe same trend is found for the
amounts of adsorbed pollutants, the degradati@enafathe pollutant seems to be correlated to
its adsorption on the catalyst. However other fiacéme involved to explain the difference of
reactivity of the model pollutants. For the MO piéint, the influence of the accessibility to
the catalytic site seems to be predominant, whetegsadation rate of the MB pollutant is
mainly influenced by its strong adsorption on th8 batalyst. . Moderate mineralization rates
were observed after 24 hours for both catalyaistilating the larger stability toward

oxidation of the uncoloured organic intermediagssuiting from the primary degradation of



the pollutants. We also examined how the catafgtovity is influenced by various
parameters such as the pH, the weight fractionfe0s, the amount of catalyst, and the
initial concentration of KO,, using MO as model pollutant. This study has shtvan the
catalysts are active in a large variety of expentakconditions. The efficiency and stability
of the MS catalyst was established by a studyshatved that the material maintained a good
activity for MO during five repeated experimentssgite a relative decrease in the reaction
rates. Characterization of the MS after these tstirmed their good stability. To improve
the performances of these heterogeneous magn#digsta, we are now orienting our work
toward the synthesis of more complex nanocompaosiierials and to the activation of the
catalysts by light (photo-Fenton process). In addjta LC-MS study will be performed to

determine the degradation mechanism of the thréetaots.
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