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Magnetite nanoparticles of 40 nm in size have been phosphated in orthophosphoric acid. Large
phosphatation rates, equivalent to goethite capacity, have been pointed out, and the possibility of
phosphatatiordephosphatation cycles has been proved. Phosphatation occurs rapidly, inhibits the
dissolution of magnetite and does not modify the structure and the magnetization of magnetite. IR
spectroscopy, X-ray photoelectron spectroscopy (XPS) analysis, assbislizer spectrometry have shown
that phosphatation occurs by interaction with both positively charged groups and hydroxyl sites at the
surface of magnetite and more precisely wit#'Fi@ octahedral sites. The main surface species would
be a protonated binuclear species and the top layer would be in the (111) plane. The chemical stability
of magnetite during cycling and its magnetic macroscopic moment allowing an easy recycling are promising

for technological uses.

1. Introduction

The strong affinity of phosphorus-based ions toward metals

or metal (hydr)oxides is widely exploited in numerous

industrial applications. The most widespread process is
phosphating of metal surfaces, which ensures protection of

ferrous or nonferrous metallic materials against oxidative
corrosion. In the water treatment industry, adsorption of
phosphate by metal (hydr)oxides, mainly iron hydroxides,

has proven to be an effective method for removing phos-

phorus from wastewatér!’” Among the numerous works
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devoted to this topic, most deal with adsorption on goethite
(a-FeOOH). Goethite is a stable crystalline iron oxy-
hydroxide, commonly encountered in nature and easy to
synthesize in the laboratory, and therefore, it is very often
used as a model solid for adsorption studies.

As far as magnetic iron oxides are concerned, most studies
on the interaction between phosphate and oxides deal with
the effect of phosphating on the magnetic properties of
superparamagnetic maghemijeKe,03) nanoparticles and
on the coupling interaction between magnetic nano-
particles!® 23 Magnetite (FgO,) was the object of far less
numerous investigations of that type. For example, the
magnetite surface was used as nucleus for heterogeneous Ca-
phosphate precipitatioft.But to our knowledge, there was
up to now no published investigation devoted to phosphating
of magnetite and to its potential as a phosphate adsorbent.

Different phosphorus-based ions were studied as possible
adsorbents. Phosphonic acid-based molecules are more and
more involved for SAMs (self-assembled monolayers)
formation deposited on metallic and metal oxide surfaces.
SAMs are used as protective films to passivate metal
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surfaces, interface corrosion protectors, adhesion promotershydrothermal treatment at 258C.*° The final composition of
or for biomedical applications such as protein adsorption, magnetite was R@s0,, the average particle size was 395 nm,
cell behavior, or fabrication of tailored sensor surfa®e¥’ and the specific surface area was 3¥gnThe magnetite nano-
The phosphonate group is used as a coupling agent forParticles were demonstrated to exhibit the (111) fAce.

covalent and high-coverage grafting of organic molecules _ 2-2- Phosphating of Magnetite NanoparticlesAn amount of
at interfaces. 50 mg of the magnetite nanoparticles was dispersed in 50 mL of

. . . ) deionized water in a 100 mL flask, using an ultrasonic bath.
In all the aforementioned adsorption or grafting studies, Different amounts of orthophosphoric acid (85%) were added to

the key factor is the structure of the complex formed between ihe suspension. The adsorption reaction was carried out for 24 h at
the phosph(on)ate group and the surface sites of the solid. Itroom temperature under argon stream, with mechanical stirring.
is generally agreed that phosphate adsorbed on goethite form3he reaction pH was initially fixed at 3 by adding HCI or NaOH
inner-sphere complexes where one or two oxygen atoms ofso that the dominant phosphate species wg2Qs~. During the
phosphate anions bind directly one or two iron atoms at the reaction, the pH stayed close to 3.

interface respectivel§£1>38However, the fine mechanism To determine the amount of phosphate molecules grafted at the
of phosphate interaction with the iron (hydr)oxide interface Ssurface of magnetite, the phosphated nanoparticles were magneti-
is still not established. There is indeed some consensus aboutd!ly separated from solution and the solution was recuperated. The
the dominance of the binuclear bond, but the mono-, bi-. or phosphated nanoparticles were Fhen washed three times thh Qis-
trinuclear nature of the complexes is still a matter of debate. tilled water and then one time with absolute ethanol and dried in

Anoth ften di d ter is the d f t vacuum at room temperature for 12 h. The washing procedure
nother often discussed parameter IS (€ degree Of proto-g o oy that hydrogen-bonded phosphate multilayers are removed

nation of mf’“o' and binuclear phosphate ComP'exe? Un- from the surface. The amount of phosphate eliminated in the
fortunately, infrared spectroscopy and NMR studies did not \yashing solutions was analyzed following the molybdenum blue
yet succeed in establishing unambiguous peak assignmentseretopolyphosphate complex method, with @1070,4-4H,0

for phosphaté? Therefore, further refinement of knowledge as the molybdate reagefftThe amount of grafted phosphate was
on the bonding of phosphorus molecules on iron (hydr)oxides deduced in order to draw adsorption isotherms of phosphate on
requires the use of several characterization techniques. =~ magnetite. The phosphorus to iron ratio was confirmed by

The present study is an investigation of the mechanismsindUCtively c_oupled plasma atomic emission spectroscopy (ICP-
governing the adsorption of orthophosphate on magnetiteAES) analysis. . .
nanoparticles. The purposes were to determine the type of Tests of de.sorpt'(.m of phosphate grafted. on magnetite were
bonding, the effect of phosphating on the properties of achieved by dispersing the phosphated particiea L M NaOH
magne?iie and 1o evaruatepthe gotential alz)plliacation of solution for 24 h, and the amount of desorbed phosphate was

X ) analyzed according to the above method.
magnetite for phosphorus removal in water treatment. To Structural characterization was performed on phosphated mag-

this end, magnetite nanoparticles with an average grain size,egjte nanoparticles with the following phosphatation rates (amount
of 40 nm have been phosphated and a multitechnique of grafted phosphate in milligrams per gram of magnetite nano-
approach, including potentiometric titration, electrokinetic particles): 2.06, 3.9, and 5.2 P-mg/g named, respectively, P1, P2,
measurements, X-ray diffraction, dsbauer, X-ray photo-  and P3.

electron spectroscopy (XPS) and infrared spectroscopies, 2.3. Characterization Techniques. The surface charge of
scanning electron microscopy, and ZFC/FC measurementsmagnetite was measured by potentiometric titration on a Radiometer
was followed. titration chain including an lonometepHmeter (PHM250), an
autoburette (ABU901), and a thermostatic titration cell (HMT200)
regulated at 25+ 0.1 °C. The pH was measured with a GK2401
(Radiometer) combination electrode, and the titration cell was kept

2.1. Synthesis of Magnetite NanoparticlesMagnetite nano- under nitrogen stream.
particles were prepared in two steps. First coprecipitation of ferrous ~ The identification of crystalline phases in the synthesized particles
Fe2t and ferric F&" ions by a (N(CH),OH) solution at 70C was was performed using a Siemens D-500 X-ray diffractometer with
achieved. After this step, the average particle size was 22nm high-intensity Co Kx radiation (25 mA, 35 kVA = 1.789 A). The
and the specific surface area was 11¥gnThe second step was lattice parameter calculations were obtained with the UFIT software.
The average crystallite size was estimated following the Scherrer

2. Experimental Section
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Figure 1. Adsorption isotherm of phosphate at the surface of magnetite nanoparticlessaBpd) and maximal adsorption of phosphate from a solution
with 15.5 P-mg/L as a function of pH (b).

a>’Co(Rh) source and a bath cryostat. &+fe foil was used as a | c=1544.3 P-mgiL
calibration sample. The spectra were fitted by means of the MOSFIT 000
program?! and ano.-Fe foil was used as a calibration sample. The P °%0 oo
values of isomer shift are quoted to thateofe at 300 K. £ o, °oy, @,
X-ray photoelectron spectroscopy (XPS) was performed with a s 0 ; ; . .‘5. é 7 ;% ‘9 1‘0
ThermoVGScientific photoelectron spectrometer equipped with a g 20 %o %
twin anode providing both unchromatized AloKand Mg Koo 2 40 - S, -, :?J
radiations (1486.6 and 1453.6 eV, respectively). The spectrometer é Equilibrium pH e o ¢
equipped with a multichannel detector operated in the constant -60 1
resolution mode with a pass energy of 20 eV. The total resolution -80 -
of the system was estimated at 0.55 eV. Spectra were referenced 100

to the aliphatic hydrocarbon C1s signal at 285 eV. ) . . .
Figure 2. Zeta potential measurements as a function of pH of magnetite

The microstructure of the particles was studied by scanning nanoparticles before (open circle) and after phosphatation (P3 sample; solid
electron microscopy (SEM) (JEOL 6700F) and transmission circle) in 103 M NaClO,.

electron microscopy (TEM) and high-resolution TEM (HRTEM) . L . .
with a TOPCON model 002B transmission electron microscope, phosphating, as expected, inhibits the dissolution of mag-

operating at 200 kV, with a point to point resolution of 0.18 nm. Neute. o _

The electrophoretic mobility of the particles was measured with -For/ eqUI“bm.Jm phozphak:edconcentratll?ns abf)ve/ 3(.)0
a Malvern Zetasizer (NanoZS) as a function of pH im 3o P-mg/L a_ maximum adsorbed amount of 5.2 P-mg/g is
NaClO; solution. The zeta potential was calculated from the '€ached, in other words 0.168 mmol/g, uhol/n¥, 3.26
electrophoretic mobility after the Hiel law which takes into ~ Molecules/nry or 3.26 x 10" molecules/cra (Figure 1a).
account the fact that the radius of the particles is small by This maximum is ensured by the elimination of excess
comparison with the thickness of the electric double layer. phosphate during washing treatments. Therefore, we do not

ZFCIFC measurements were performed using a superconducting®PServe a linear increase at high P concentrations such as
quantum interference device (SQUID) magnetometer (Quantum that described by Li et at suggesting that in our case a
Design MPMS-XL model) between 4 and 400 K under a magnetic phosphate monolayer does cover the magnetite surface.
field of 10 Oe. Hysteresis cycles were recorded at room temperature  The amounts of phosphate adsorbed from a 15.5 P-mg/L
by using a vibrating sample magnetometer. solution (Figure 1b) decreased with increasing pH, as already
described for similar experiments on goethité?38on iron
oxide tailings (mainly magnetite and goethite with impuri-

3.1. Phosphate Adsorption(a) Quantitatve AspectsThe ~ ties)” and on ferrihydrité. This is mainly explained by the
adsorption isotherm of phosphate on the surface of 40 nmsurface charge of magnetite deduced from the zeta potential
magnetite nanoparticles at pH 3 versus the equilibrium  curve of magnetite as a function of pH (Figure 2). The iso-
orthophosphoric acid concentration appears in Figure 1. At lectric point (IEP) of magnetite is located at p+B (Figure
this pH, the magnetite surface is positively charged as 2) in agreement with the point of zero charge (PZC)aH
observed on the zeta potential curve as a function of pH of = 7.9 determined by titration and with values given in
magnetite nanoparticle given in Figure 2. It exerts electro- literature for magnetite (Table 1j:*° When the pH is
static attraction toward the monovalent phosphate. Possibleincreased, the surface charge of magnetite varies from
dissolution of the magnetite in the adsorption conditions was
checked by analyzing the solution for iron after 3 days of (42) Sun. Z.-X.; Su, F.-W.; Forsling, W.; Samskog, P.-D.Colloid

. . X Interface Sci1998 197, 151.
contact. Only 0.02% of the iron was dissolved, proving that (43) llies, E.; Tombacz, EColl. Surf. A2004 230, 99.

(44) Marmier, N.; Delise, A.; Fromage, FJ. Colloid Interface Sci1999
211, 54.

(41) Teillet, J.; Varret, F. unpublished MOSFIT program, Univérsite (45) Catalette, H.; Dumonceau, J.; Ollar,J? Contam. Hydrol1998 35,
Maine: Le Mans, France. 151.

3. Results and Discussion
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Table 1. Surface Sites Density and pbic and IEP Values Reported 5
for Magnetite Particles | .
specific  surface sites 5 4 .
purity  surface density 5
ref (%) (m?/g) (sites/nm) pHpzc IEP E 3
45 96 18.3 4.4 5.55 (silica e |
impurities) .‘g_ 5
44 99.99 1.8 1.14 mol/L 6.3 E]
for1g:1.9 £
43 99.9 95.3 1.6 7.9 8 | 14
42 99.9 95.2 5.2 6 § .
our study  99.9 31 2.2 7.9 8 ol ¢
positive to negative, according to the point of zero charge ? ] 7 I

due to deprotonation of surface hydroxyls. At the same time,
the species in SOluu.on (,:hange from mono- .'[0 di- and tribasic. Figure 3. Adsorption/desorption cycles of phosphate on the surface of
Therefore, adsorption is progressively shielded by electro- magnetite nanoparticles from a soiution with 155 P-mgjL.
static repulsions between the increasingly negative surface
charge and the increasingly multivalent anions in solution. per 0.31 nr, the area of the phosphate molecule being 0.24

The phosphate adsorption capacity observed on magnetitenn?. It leads to a surface coverage of about 78% and the
nanopatrticles is similar to that obtained with goethit;1638 presence of-3.3 phosphate molecules per squared nanometer
ferrihydrite>16 AI(OH)3,'6 iron oxide tailings (30% iron of magnetite. This value must be compared to the density
oxide)!” and hematite at similar pH:*¢ The highest adsorp-  of active proton binding sites at the surface of magnetite
tion is reported for akaganeite (59.6 P-md/glue to its nanopatrticles. As all oxides, magnetite is an amphoteric solid,
tunnel structure. Nevertheless, the reported values forwhich develops charges in the protonation and deprotonation
phosphate adsorption capacity are often given in milligrams reactions of Fe OH sites on the surface. However, all+e
of P per gram or micromoles per gram, but the most pertinent OH sites are not equivalent and less than 20% of the surface
values should be those taking into account the specific sites are generally considered to be ionizable. The amount
surface. Therefore, the phosphate adsorption capacity of thes®f active proton binding sites can be evaluated from -acid
magnetite nanoparticles may be considered as equivalent topase titrations at different ionic strengths. The density of
even higher than, that of the other tested adsorbents. protonable sites measured by titration is 9.2 sites/nrh

The applicability of magnetite nanoparticles as an adsor- This value falls within the reported values given in Table 1,
bent depends not only on the adsorption capacity but alsowhich are rather scattered. Similar discrepancies have also
on its reusability. Phosphate desorption was studied on a 4.6been observed in the case of goethite, 3.45 (see ref 11) or
P-mg/g phosphated magnetited M NaOH solution as an 1.7 sites/nrh (see ref 14), and may be related to the purity
eluant. 90% of phosphate was removed. The reloaded amounof products. Indeed magnetite with silica impurities displays
decreased slightly after the first loading and seemed then tohigher surface site density. In our case, it is in the same range
stabilize around 3.5 P-mg/g (Figure 3). XRD measurements as that determined for magnetite with the same purity and
showed that further desorption/adsorption cycles do not the same IEP and PZ€.
modify the magnetite structure. Similar experiments on  The measured active proton binding site density is lower
goethite have demonstrated the poor potential reusability of than the number of phosphate molecules adsorbed at the
goethite (13-14%) for adsorbed phosphate by comparison surface of magnetite. That means that whatever the type of
with akaganeitef-FeOOH) (67%)2 This low desorbability bonding, i.e., mono, bi, or trinuclear, phosphatation occurs
capacity of goethite was also confirmed by Zeng éf &lo, also via interaction with nonionizable OH sites. Moreover,
although nanocrystallized magnetite is less promising thanthe zeta potential at pi&= 3 after phosphatation is lower
microporous akaganeit@{eOOH}? in terms of absorbed  than before phosphatation showing that the surface is less
amounts, it is an interesting phosphate adsorbent because gbositive (Figure 2). Indeed, the zeta potential curve shifts
its adsorbed amounts, similar to those of the referencetoward acidic pH after phosphatation proving the success of
phosphate adsorbent, goethite, its chemical stability during the phosphatation of the magnetite nanoparti€iésAt pH
cycles, and its magnetic macroscopic moment allowing easy= 3, the zeta potential value of phosphated magnetite is
recycling. around 20 mV. Phosphate lowers the surface charge by

(b) Phosphatation Rate and Surface Site Dengityos- replacing the less acidic iron hydroxyl groups with the much
phate adsorption is generally thought to occur either by more acidic phosphate hydroxyl groups, but the phosphated
electrostatic interaction of phosphate anions with-Bé,* surface is always positively charged, showing that al-Fe
sites or by ligand exchange, a phosphate oxygen replacingOH,* sites have not been involved in phosphate complexes.
an hydroxyl oxygen on the surfaé€!?38From the maximum  Thus, in our experimental conditions, it may be advanced
amount of phosphate grafted at the surface of magnetite, thethat phosphates under the form offD,~ species at pH=
accumulation of phosphate is then one phosphate molecule3 interact with both positively charged groups and hydroxyl
sites at the surface of magnetite to form phosphate com-

(46) [\Iosneé/, Md G.; Mgrrs\lllhTVS.: Csor_neTillehJ. IS 2\ E;gfsielrtli I51.3].5;7Rossner, plexes?®4849Further investigations, detailed below, have been
. R.; Goodman, D. . Vac. Sci. Technol. , . . .
(47) Deliyanni, E. A.; Peleka, E. N.; Lazaridis, N. Bep. Purif. Technol. conducted to Investigate the type of phosphate Complexes

2007, 52, 478. at the surface of magnetite.

Cycles
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Figure 5. Scheme of phosphate and magnetlte surface interaction.

3.2. Investigation of the Surface ComplexFigure 4

or phosphoric acids grafted at the surface of metal oxides
are given in Table 2. It appears not easy to discriminate the
different observed bands and to assign them to a given
phosphonate complex, the different groups bound to P having
a strong influence on the electronic density around P and
therefore on the position of the bands. So, stror@Fonds

lead to a band shift toward higher frequendigghus, large

differences in bands position or number are observed owing
to pH and adsorption density of phosphate-based mole-

displays the FTIR spectra of magnetite nanoparticles beforecules:>¢% All the more detailed IR studies reported that,
and after phosphatation, compared to that of hydrated FePO at low pH and high surface loading, a bridging protonated

The strong absorption band around 580 &im characteristic
of Fe—O bands of magnetit®. The broad vibration band
between 3600 and 3200 ctnis associated with the OH

stretching vibrations of water molecules (physisorbed mo-

lecular water), while those at 1621 chare associated with

complex is favored while, when the pH increases, a mono-
nuclear protonated complex and then a mononuclear non-
protonated complex are formed (Table!2j1:545559.60The
amount of these complexes depends on the surface coverage,
and they may be present simultaneously at the surface.

their bending mode. After phosphatation, the decrease of theHowever, the degree of protonation would be more important
OH bands is consistent with a reaction of the phosphoric at low pH!#315439It appears from these IR analyses that a

acid group with the surface hydroxyls of the magnetite
nanoparticled®4°5°A broad P-O stretching band between
900 and 1200 cnt appears with two main features at 1045
and 1090 cm! and a shoulder over 96®75 cnit.

A similar broad band in the range 962200 cn1! was

protonated binuclear phosphate complex is the main species
at low pH. To ascertain the formation of this complex in
our conditions, the 9081200 cn! range of IR spectra has
been fitted with a linear background and with peaks with
Gaussian profile. Four bands have been identified at 816

observed after phosphatation of hematite, goethite, maghemite(very small), 962, 1032, and 11105 cnr*. Generally, the

and titaniag®13292551 For these authors, the presence of
absorptions at 906-1000 and around 126@1250 cnr?!
would be characteristic ofPOH and P=0 stretching bands,
respectively. P-O stretching bands encountered in O
units are often identified in the range 990100 cm?! at
1070-1080, 1045, 1024, and 998 ci(FePQ-H,0O in Table

2) 5255255 5ome results of IR spectroscopy on phosphonyl

(48) Shafi, K. V. P. M.; Uiman, A.; Dayl, A; Yan, X.; Yang, N.; Estoume
C.; Fourns, L.; White, H.; Rafailovich, MChem. Mater2002 14,
1778.

(49) Nooney, M. G.; Campbell, C.; Murrel, T. S.; Lin, X. F.; Hossner, L.
R.; Chusuei, C. C.; Goodman, D. Wangmuir1998 14, 2750.

(50) Taylor, I.J. J.; Todd, M.; Davies, M. J.; Borioni, E.; Sangregorio, C.;
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Table 2. Infrared Results Reported on Adsorption of Phosphate or Organophosphorus Molecules at the Surface of Metal Oxides

experimental conditions

phosphate complex

frequenciesicm

phosphate adsorption on goethite, ATRR

phosphate adsorption on goethite, DRHT

methylphosphonic acid adsorption
on goethite, CIR-FITR

phosphate at the surface of magherffte

diphenyl phosphonic acid on titania, DRIFT

commercial FeP@2H,0O

synthesized FeP£2H,05%355

phosphate and phenyl phosphonic acid adsorption
on ZrQ;and TiQ; membranes, FTIR

phosphate adsorption on hematite, ATR-FITR

CIR-FITR analysis (in solutiof}

orthophosphate/goethite surface complexes

ATR-IR on HsPOs at pH= 1.9
ATR-IR on HsPOy at pH= 3.7
ATR-IR on HPOy at pH= 7.6

ATR-IR on HsPOy at pH= 12.7

atlow pH : (FEO)PO,

+ (FeO}(OH)PO

at high pH only (FeQYOH)PO
at pH=3 (FeO)(OH)PO

intermediate
at high pH:FeOP©
FeO(PO)OH(CH)*1

(FEOYPO(CHp)2*Dat pH=3.5t0 8

mono- and binuclear complexes
binuclear phosphonate complex

trinuclear bonding mode

with zirconia surface
at low pH:binuclear complex
intermediate (FeO)(OH)PO
at high pH:FeOP®
(FeO)(OH)PO (main species)

or (FeO)(OH)PO

(FRQJor (FeO)(OH)PQ

FeOPQ
H3POy

HPO,~
HPO2~

PO
HPO/HPO
Csy
HPO,~
CZI/
HPQ?-
(o%
PQ>
Th

952, 1047, 1092
933, 1012, 1122

1178 ¢(P=0)), 1001 ¢ (P—OH)),

876 (v (P—OH))
1122, 1049, 939

966. 1057

1108 ¢ (P=0)), 992 ¢ (P—OFe)),
974 (v (P—OH))

1095% (P=0)), 1011 ¢ (P—OFe)),
983 (v (P—OFe))
broadband centered at 1060
998, 1024, 1045, 1070

broad band at 1050

990, 1023, 1048, 1085

disappearance of 940 (P—OH)),
1220 (¢ (P=0)) after grafting

964, 1007, 1117

936, 1030, 1075

960, 1040, 1085

1123 (P=0), 1006(P-O—Fe),
982 (P-OFe or P-OH)

1044 (P-0), 1096(P-0)

1001(P-0), 1025(P-O/P—O—Fe)

890 (P-OH), 1006 (P-OH),
1174 (P=0)

874 (P—OH), 940 (P-OH),
1075 (P-0), 1155 (P-O)

847 (P—OH), 989 (P-0),
1077 (P-O)

1006 (P-0)

1003, 1072, 1175

937, 1076, 1153
989, 1076

1001

Attenuated total refletance (ATR) experiments have been of IR frequencies calculated by Kowon and KubfEKor a
performed on HPQO, solutions at different pH values, and monoprotonated binuclear complex: 879, 950, 989, 1032,
our results given in Table 2 with the symmetry of each 1113 cm. Therefor, these IR interpretations and the fact
species are in good agreement with those of Tjedor-Tjedorthat HPO,~ is the main species in our experimental
and Andersoft Elzinga and Spark®, Arai and Sparks,and conditions are in favor of a monoprotonated binuclear
Persson and &t.The triply degenerated symmetric stretching phosphate complex as described in Figure 5.

v3 is observed at 1110, 1032, and 962 ¢énwith the To further analyze the surface properties, the XPS analysis
nondegenerate symmetric stretchingat 816 cn?, indicat- was carried out. Fe 2p XPS spectra of magnetite before and
ing aCy, or a lower symmetry of the phosphate complex at after phosphatation and those of the commercial ReR0

the surface of magnetite. This symmetry is in agreement with and FeO have been compared (Figure 6d). THé &ed Fé*

that of the aqueous phosphate species at the pH of phosions are distinguishable by XPS. Indeed, whefiFens are
phatation (HPQ,~ at pH= 3). Considering that the surface present at the surface, the satellite of theApeak around
complex is protonated at this pH, the possible complexes 719 eV characteristic of the Feions in y-Fe0s; becomes

are (FeO)YPO)(OH), (FeO)P(OH), and (FeO)(PO)(OH) less resolved due to the mainsg@nd 2p,, peaks broadening
The (FeO)(PO)(OH)complex should give IR spectra in and to rising intensity at about 716 eV of the satellite for
which an absorption band assigned to thredPmode appears  the Fé" ions>4%-51.61-64 The presence of Fé at the probed

at much higher frequency than the others, due to the surface of the magnetite is shown by the quiet absence of
concurrent presence in the structure f® and of two OH the satellite around 719 eV between the main Fe 2p peaks
groups! as observed in Table 2 and encountered in the and by the comparison with Fe 2p peaks of commercial FeO
spectrum of HPQ, (P=0 at 1175 cm?). The band at 1110  containing only F& and commercial FePH,O contain-
cm ! leads to the advance that the main surface complex ising only Fé*. Moreover, the Fe 2 peak position is around
not (FeO)(PO)(OH) and is of binuclear type. The large 710.6 eV for FeO (F&) and 712.3 eV for FeP@4H,0O
intensity of the bands at high wavelengths assigned generally - T . .
to P=0O and Fe-O—P bonds, which is supported by the §2§§ JAG?]gmceth',’ \f\),wpggﬁéggojﬁ] .L,ﬁ‘gglngeg”ﬁg{f'ﬁgﬂ'zoos >78 108.
comparison of IR spectra of phosphated magnetite and(63) Fujii, T.; de Groot, F. M. F.; Sawatzky, G. A.; Voogt, F. C.; Hibma,
commercial FeP@4H,0, is in favor of the (FeQJPO)(OH) T; Okada, K.Phys. Re. B 1999 59, 3195.

) : (64) Kendelewicz, T.; Liu, P.; Doyle, C. S.; Brown, G. E., Jr; Nelson, E.
complex. Moreover, our IR frequencies are in the same range  J.; Chambers S. ASurf. Sci.200Q 453 32.
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Figure 6. O1s peak in the XPS spectra of samples (a), deconvolution of the Ols peak of P1 sample (b), P2p peaks of samples (c), and Fe2p peaks of
samples (d).

(Fe), and its value is intermediate for magnetite: 711 eV. The consideration of Ols peaks may help to discriminate
After phosphatation, the Fe2p bands in phosphated magnetitdoetween the types of complex formed at the surface. Figure
are very similar to those of magnetite (the Fey2peak 6 displays the typical XPS spectrum of the O1s region, and
positions respectively are 710.8, 711.0, and 711.3 eV for the results are given in Table 3. The oxygen 1s peak of
the P1, P2, and P3 samples), showing that sonfé & magnetite was deconvoluted into four spectral bands at 530.1,
still present at the probed surface of phosphated magnetite531.0, 532.1, and 533.7 eV attributed respectively to the
but suggesting that the amount of*Féons increases with  lattice oxygen (@) in the metal oxide, to hydroxides, to
the phosphatation rate. water, and to carbonates at the surface of magnetite. After
The P2p signal showed a comparatively poor signal-to- Phosphatation, the Ols band is more complicated to analyze
noise ratio (Figure 6¢). Moreover, the P2p signal is a doublet &S there is now the contribution of f bonds. The binding
with 2py» and 2, components. Their low theoretical energy €nergies of M-O—P and P=O species, reported in literature,
separation (0.9 eV) means that the P2p signal is oftenOCCUr in the range 531:3%32.1 eV and that of POH
assumed to be constituted of one peak and was fitted with aSPecies occur in the range 532533.6 eV:2~347% These
single peak. The XPS binding energies in phosphated binding energies are consistent with those obtained in our
magnetite as well as some values obtained in this study oncharacterization conditions for the commercial products:
commercial BOs and FePQ@are given in Table 3 (Figure ~P20s and FeP@4H.0 (Table 3). Thus in our experimental
6c). The binding energies of these last compounds are inconditions, the binding energy at 531.5 eV is attributed to
good agreement with those reported by other autfféfs, ~P=O bond&>*®and to Fe-O—P bonds. Thus, the O1s peak
The binding energy of phosphorus (133.6 eV whatever the Of phosphated magnetite has been fitted with four peaks:
phosphatation rate) in phosphated magnetite is in agreemenp30.0 €V attributed to ©Fe; 531.5 eV to PO, P-O—Fe,
with values reported by Nooney et‘for the phosphatation ~ and Fe-OH; 532.6 eV to P-OH and HO; and 533.7 eV to
of hematite and is lower than that of P is® and hydrated carbonates. The XPS data are given in Table 3. The XPS
FePQ, showing that the electron density around P atoms is results of phosphated magnetite samples have been compared
higher in phosphated magnetite.

(67) Adden, N.; Gamble, L. J.; Castner, D. G.; Hoffmann, A.; Gross, G.;
Menzel, H.Langmuir2006 22, 8197.

(65) Gaskell, K. J.; Smith, M. M.; Sherwood, P. M. A.Vac. Sci. Technol. (68) Adolphi, B.; Jane, E.; Busch, G.; Cai, Anal. Bioanal. Chen2004
A 2004 22, 1331. 379, 646.

(66) Salim, M. A.; Khattak, G. D.; Fodor, P. S.; Wenger, L.E.Non- (69) Zorn, G.; Gotman, |.; Gutmanas, E. Y.; Adadi, R.; Salitra, G.; Sukenik,
Cryst. Solids2001 289, 185. C. N. Chem. Mater2005 17, 4218.
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Figure 7. SEM micrograph of phosphated nanoparticles.

Table 3. XPS Results

O1ls P2p
Fe04 P/Fe (atom %) FeO—Fe Fe-OH Fe—OH. COs
binding energy (eV) 530.1 531.0 532.1 533.7
fwhm 1.7 1.6 1.8 2.1
relative area without 0.43 0.39 0.18

Fe—O contribution

Fe-O—Fe  Fe-O—P,P=0,Fe-OH  P—OH, Fe-OH;, COs P—O, P-OH, P=0

Fes04 P1 9.9 530.2 531.5 532.6 533.7 133.6
fwhm 1.7 1.6 1.8 2.1

relative area without 0.56 0.25 0.19

Fe—O contribution

Fes04 P2 13.7 530.0 531.1 532.1 533.3 133.6
fwhm 1.7 1.6 1.8 2.1

relative area without 0.55 0.26 0.18

F—O contribution

Fe;04 P3 18.5 530.0 531.2 532.4 533.6 133.6
fwhm 1.7 1.6 1.8 2.1

relative area without 0.51 0.29 0.20

Fe—O contribution

FePQ-4H,0 5315 134.1
P,0s P—O—P=533.2 531.5 135.1

with that of magnetite. The contribution of surface species observed decrease is nevertheless not consistent with a
has been emphasized by considering the relative area withoutomplex with two P-OH bonds. Thus, this result would
Fe—O—Fe contribution. The relative area of the peak confirm the monoprotonated complex designed from IR
corresponding to OH in magnetite and to+eH, P=0, analysis.

and P-O—Fe in phosphated magnetite increases after 3.3. Effect of Phosphatation on the Properties of
phosphatation. Thus assuming a ligand exchange with surfaceMagnetite. Structural studies on phosphated magnetites were
OH groups to form the PO—Fe link, that means that the performed on three phosphated magnetite samples with
contribution of a Fe-OH bond is replaced by the contribution phosphatation rates 2.06 (named P1), 3.9 (named P2), and
of a Fe—O—P bond and a £0 bond. Therefore, the peak 5.2 P-mg/g (hamed P3). SEM (Figure 7) and TEM measure-
intensity is supposed to increase. Thus, the increase of thements and X-ray diffraction patterns show that phosphatation
intensity of this peak supports the presence s(Pbonds. does not modify the morphology and the crystallographic
The area of the peak attributed to—PH and HO in structure. The particle size remains constant with an average
phosphated magnetite decreases after phosphation. No direatalue around 39 nm. An EDX analysis on powders confirms
conclusion can be drawn because the intensity of this peakthat phosphorus-based species are present. The XRD pattern
depends also on the hydration degree of phosphated magrecorded after phosphatation exhibits the classical magnetite
netite which may vary due to the phosphatation. Two spinel structure. After phosphatation, the calculated lattice
binuclear complexes were discussed in the IR analysis, oneparametela is 0.8393+ 0.0005 and 0.8393 0.0005 nm
diprotonated or one with O and P-OH bonds; the  for P1 and P3 samples, respectively, equal to the lattice
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Figure 8. Mdssbauer spectra at 300 K (left) and at 77 K (right) of the P3 sample. The bottom spectra show the decomposition into several components as

generally done with a magnetite phase, while the top spectra were modeled assuming two stoichiometric phases as maghemite and magnetitee(see text). T
inset shows clearly the differences of the left outermost lines and the hyperfine spectra well-established for these two phases.

Table 4.5"Fe Mdssbauer Parameters for Magnetite (NP) and Phosphated Magnetite (P) Recorded at 300 and 77 K Refined on the Basis of the
Two Fitting Procedures as Described in the Text

4 (mm/s) 2¢ (mm/s) Byt (T) %

+.01 +.01 +1 +5

NP |P3 |P2|NP|P3 |P2|NP|P3|P2| NP |P3|P2

Fe*'T [032]031029]0.00[0.01 [0.01]49.1]50.4 [48.9 | 45.0 [49.5[48.9
300K
Fe*** 0 | 0.66 | 0.67 | 0.66 | 0.04 | 0.02 | 0.01 | 45.7 [ 46.9 | 45.6 | 55.0 | 50.5| 51.1

Fe’*T [0.40 | 036 | 0.39[0.00 [ 0* 0* 50.7]50.8|504]| 42.0 |50.9|42.0

Fe**O1 | 0.54 | 0.56 | 0.54 |-0.04| 0* 0* 52.8]53.8|525]| 13.8 |45 |17.4

TR Fe"02 | 0.78 | 0.76 | 0.80 |-0.03 | 0* 0* 499506 |49.6| 25.1 |263|19.5
Fe"01 | 0.86 | 0.84 | 1.00 | 0.02 | ©0* 0* [ 46.0]|463|455( 15.1 (125|163
Fe™02 | 1.15 | 1.08 | 1.25 | 2.19 | 2.29 | 2.10 | 34.5 | 34.5 | 348 | 4.0 | 49 | 48
v-Fe,0;T | 0.29 | 0.30 [ 0.30 | 0* 0* 0* 494|493 |488| 92 | 93| 86
O 040|040 040 | 0* 0* 0% 49.6|50.0|49.7| 155 |15.7|14.2

300K

Fe;0, T | 0.31 | 0.31 | 0.30 | 0* 0* 0% [48.7]46.0|456| 252 |25.0]|25.6

O [ 0.66 | 0.66 | 0.66 | 0* 0* 0% 1457]49.1|488]| 50.1 |50.0|51.6

aQ = octahedral position, F tetrahedral positionx, y = intermediate valence state,2x, y < 3.3 ¢: isomer shift,I': width at half-height, 2
quadrupole shiftBn:: hyperfine field, %: amount of the iron cations on the different sitéEhese values were fixed during the fitting procedure.

parameter before phosphatation (0.8396.0005 nm). These  the A site of spinel magnetite (the outer sextet) and one
values are very close to that of stoichiometric magnetite and attributed to Fé%" in the B site, while the Mssbauer

far from that of maghemite (0.8346 nm, JCPDS file 39- spectrum at 77 K displays a sextet with broadened and
1346), indicating that a slight amount of ¥F¥ehas been  symmetrical lines (see Figure 8 right bottom), as expetted.
oxidized. The values of hyperfine parameters before and after phos-
d phatation are listed in Table 4 and are consistent with those
generally reported for magnetite, except for the sextet area
leading to a ratio ks /Feyxs " of about 1, which strongly
differs from the expected value equal to 0.50; in addition,

Md&ssbauer spectrometry is a priori the most adapte
method to evaluate the exact deviation from stoichiometry
0 in Fe_s043° The Messbauer spectra of phosphated
magnetite before and after phosphatation (P2, P3) at 300 K
and 77 K are quite similar: only one example is illustrated
in Figure 8. At 300 K, one distinguishes clearly two resolved (70) Doriguetto, A. C.; Fernandes, N. G.; Persiano, A. I. C.; Nunes Filho,

" ; E.; Grenehe, J. M.; Fabris, J. DPhys. Chem. Mineral2003 30,
sextets (see Figure 8 left bottom), one attributed t&" Fie 249.
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Figure 10. Comparison of Mesbauer spectra at 77 K of magnetite with

an average grain size of 12 nm before (in black) and after phosphatation
(in red). The inset shows the spectrum resulting from the difference between
the two previous spectra, giving clear evidence for a quadrupolar doublet.

the content of F& at 77 K is estimated at about 5% which
is lower than the expected value of 13%73 The intensity
ratio of sextet A to sextet B is very sensitive to the
stoichiometry of magnetit& 7> The deviation from 0.50 is
generally attributed to a superstoichiometry in oxygen or
cationic vacancies; there would be oxidation of'Fen the

B site in Fé" accompanied by vacancies of formation, giving
the general formula: Féa[Fe*5ty_gsFe¥5505]8042. Cal-
culations of the stoichiometry deviation from the relative
subspectral area with the formula reported by Voogt ét al.
and with that of Parafiseet al’” give for both adsorptions a
similar deviationd = 0.08 in Fg_;0,, leading thus to a
general formula of F&0,. The values of isomer shift lead

(71) Khollam, Y. B.; Dhage, S. R.; Potdar, H. S.; Deshpande, S. B.; Bakare,
P. P.; Kulkarni, S. D.; Date S. KMater. Lett.2001, 56, 571.

(72) Kendelewicz, T.; Liu, P.; Doyle, C. S.; Brown, G. E., Jr; Nelson, E.
J.; Chambers S. ASurf. Sci.2000 453 32.

(73) Visalakshi, G.; Venkataswaran, G.; Kulshreshtha, S. K.; Moorthy, P.
N. Mater. Res. Bull1993 28, 829.

(74) Balasubramaniam, C. ; Khollam, Y. B.; Banerjee, |.; Bakare, P. P.;
Date, S. K.; Das, A. K.; Bhoraskar, S. Water. Lett.2004 58, 3958.

(75) Simmons, G. W.; Leidheiser, H. JApplication of M®sbauer
SpectroscopgyCohen, R. L., Ed.; Academic Press: New York, 1976;
Vol. 1, p 106.

(76) Voogt, F. C.; Fuji, T.; Smulders, P. J. M., Nielsen, L.; James, M. A.;
Hibma, T.Phys. Re. B 1999 60, 11193.
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Figure 11. (111) plane of magnetite containing Oh sites with a high (a) or
a low (b) density and occupancy of a phosphate molecule as a function of
the type of complex (mono-, bi-, or trinuclear) in the denser Oh plane (c).

to an estimate of the Fe valence state and, then, to
composition. Assuming the isomer shift off&", Feycs ',

and Fg. £+ at 0.25, 0.40, and 1.00 at 300 K, and 0.40, 0.54,
and 1.15 at 77 K, respectively, one obtains §8,. From
these results, it may be concluded that the phosphated
nanoparticles are magnetite with a deviation from stoichi-
ometry leading to a mean k&0 00,4 composition. Thus,

an oxidation of F&" has occurred during the phosphatation
step. However, as already observed with unphosphated
magnetite nanoparticles, this deviation from stoechiometry
may originate from the surface of nanoparticles, the core
remaining stoichiometrié? First, the comparison of the
spectra at 77 K with those obtained withFe0s;—Fe&;0,4

(77) Parame, M. L.; Mariano, J.; Rogalski, M. S.; Popovici, N.; Conde,
O. Mater. Sci. Eng. B005 118 246.
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solid solutions with similar stoechiometry deviation shows is clearly observed at the center (see the inset of Figure 10),
that the phosphated magnetite is not such a solid sol@tion. similar to that reported by Tronc et al. for phosphated
Second, another way to verify this hypothesis is the maghemite and attributed to surface irgghosphate com-
consideration of ZFC/FC curves. The temperature depen-plexes?® The isomer shift value of this quadrupolar doublet
dence of the ZFC and FC magnetization give information indicates that phosphatation occurs with3Fdons in

on the stoechiometry of magnetite since the Verwey transi- octahedral sites.

tion temperatureTy) is very sensitive to deviation from This result is in agreement with studies on the atom
stoechiometry?"® IndeedTy is reported to decrease from termination of the (111) R, surface plane (which is the
125 to 100 K from FggeOs t0 F& 93£04. The ZFC curve of  main surface plane of 40 nm magnetite nanoparticles) which
phosphated magnetite is presented in Figure 9 and displayshave established that the top atom layer is made of ferrous
as for magnetite, two transition temperatures: one aroundions that originate from the octahedral (Oh) interstitial
120 K corresponding to the Verwey transition temperature sjtess486 |ndeed, along the (111) direction, magnetite may
(Tv) of pure magnetite and the other at about 50 K, attributed pe described by a stacking of layers of iron in Oh or Td
to the relaxation process, usually observed in monocrystalline sites and oxygen, schematically represented by F&,—
stoichiometric magnetit&. The value ofTy is similar to that Fever— 02— F@etr—Féyer—Faen—01. There are thus two types
reported for bulk magnetit€.The value ofTy at 120 Kand  of planes containing Oh sites along the (111) direction, given
Mdssbauer results confirm that only the surface of phos- in Figure 11. It must be noted that there are still investigations
phated nanoparticules presents a deviation from stoichiometryto discriminate which plane is the top layer. One plane
and that the main volume is constituted of stoichiometric involves dense packing of Oh sites with 9.8 Fe atoni/nm
magnetite. Such a description of phosphated nanoparticleFe,,) (Figure 11a). The other plane is less dense with 3.2
would explain also the difference in stoichiometry deviation Fe atom/nr (Fe.) (Figure 11b). In the latter plane, the
calculated from lattice parameter and fromiddbauer spectra  distances between iron atoms is 5.96 A, and as the surface
and is consistent with results of Perriat et al. on the oxidation of the phosphate molecule is 24 Avhich gives a circular

of titanomagnetite spinef8.*Consequently, a second fitting  area with a radius of 2.76 A, the grafting in this plane can
procedure involving two phases, i.e., stoichiometric magnetite only be of mononuclear type. However, the consideration
and stoichiometric maghemite, was successfully obtained atof a maghemite ((F&)a(Fe*ts9015)s04) layer at the surface
300 K as illustrated in Figure 8 (left top). The theoretical of magnetite ((F&)a(Fe¥"Fe#t)s04) nanoparticles, which
tetrahedral and octahedral Fe ratios are assumed in each offisplays the same structure as magnetite but with vacancies
these phases (0.33 and 0.375, respectively, for tetrahedrabn Oh sites, means that 1/6 of Oh sites are not occupied.
sites) as one can observe particularly for magnetite in the Thus from such a crystallographic point of view, the grafting
upper inset of Figure 8. Itis found that the hyperfine structure on the less dense Oh plane (3.2 Fefrior magnetite and
can be decomposed into about 25% maghemite and 75%2.7 sites/niifor maghemite) appears no more possible.
magnetite, assuming the same value of recoil-free factor. |, the other plane (9.8 Fe atom/Afor magnetite and 8.2
Assuming a coreshell (magnetite maghemite) description  gjtes/nm for maghemite), due to the area of the phosphate
for such nanoparticules of 40 nm diameter, the thickness of ygjecule and to the distances between atoms, a monodendate
the maghemite shell is 1.8 nm, corresponding thus to abOUtgrafting “allows” only one site among three sites to be

three elementary cells. Such an approach which can be als%;rafted that means that 3.3 sitesfamd a binuclear one
a priori applied at 77 K remains less reasonable, because o ‘occupy” also three sites, i.e., 3.3 siteshnThus in

the rather complex hyperfine structure of magnetite. One onodentate or bidentate grafting, the Fe sites are not all
example of modeling is illustrated in Figure 8 (right top) jnyolved, which make the presence of vacancies negligible.
considering the same proportions as found at 300 K; it is Neyertheless, it is not the case with a tridentate grafting
important to emphgsize that this modeling at 77 K does not \ynich “needs” all the iron sites (9.9 sites/AmFrom this
allow the proportions of both phases to be accurately qrystallographic consideration, the top atom layer of magnetite-
estimated. based nanoparticles is made up of the denser plane containing
Mdéssbauer spectrometry may also allow one to distinguish Oh sites.

and to identify the iron ions involved in phosphate com-
plexes. M@sbauer analyses (at 77 K) of phosphated mag-
netite with smaller grain size (12 nm), for which the
contribution of surface species are no more negligible, are
reported in Figure 10. A supplementary quadrupolar doublet

Conclusion

The study of the phosphatation of magnetite nanoparticles
has demonstrated that magnetite nanopatrticles exhibit inter-
F— Kellor 1 2008 297 10 esting adsorbent properties by comparison with the more
ggg e e M B e N e & 2001 64 commonly used iron hydroxides: the goethite. Characteriza-
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