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Environmental significance statement

Amongst engineered nanoparticles, iron oxide nanoparticles (IONPs) appear particularly
relevant toward the environment. Indeed, considering their potential uses in environmental
fields (water and soil depollution, agrochemistry, etc.), it becomes critical to determine their
behavior and fate in the environment. Their stability and reactivity are dependent upon the
environmental parameters, and both intrinsic and surficial properties of IONPs. This work
focused on the aggregation behavior of IONPs (especially magnetite, maghemite, hematite),
their chemical transformation (oxidation of magnetite) and the impact of a surface coating
that mimic natural interactions possibly occurring in the environment. Understanding these
interactions and transformations will thus bring key insights regarding the mobility,
bioavailability and chemical reactivity of IONPs in prevailing environmental conditions.
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Colloidal and chemical stabilities of iron oxide nanoparticles in
aqueous solutions: the interplay of structural, chemical and
environmental drivers

E. Demangeat,” M. Pédrot,’ A. Dia,® M. Bouhnik-le-Coz,° F. Grasset,” K. Hanna,* M. Kamagate® and F.
Cabello-Hurtado®

Nanoparticle (NP) stability in aqueous environments is dependent upon many parameters including environmental
conditions, NP concentrations as well as NP intrinsic characteristics. In this study, the effects of pH and surface
modifications on the colloidal and chemical stabilities of nanosized magnetite (Fe;0,4), maghemite (y-Fe,03) and hematite
(a-Fe,03) are investigated. Because changes in surface charge affect the size distribution of NP, pH plays a key role in
driving the colloidal stability. More NP aggregation is observed at pH values close to the pH of zero point of charge
(pHzpc). Coating of magnetite with humic acid (HA) and phosphatidylcholine (PC) affects the electrostatic interactions and
then the colloidal behavior of NP. The rapid transformation of magnetite into maghemite through air oxidation results in
significant modification of both surface charge and specific surface area of NP. Because the maghemite almost exclusively
formed pum-scale aggregates, the colloidal stability of magnetite is expected to be hindered in oxic environments. For
hematite, the particle size distribution data emphasize the influence of both pH and intrinsic surface properties in colloidal
stability. These findings may have strong implications for an accurate prediction of the transformation and mobility of Fe-
nanoparticles under environmentally relevant conditions and thus their fate in nature.

:Introduction

2Understanding the prevailing processes controlling chemical
sexchanges at soil/water interfaces is an environmental priority with
aregards to their impacts on both ecosystems and soil services, as
swell as water resources. Iron (Fe) oxides are ubiquitous minerals
sconstituent of soils, sediments, aquifers and geological materials® 2.
7Their origin is also anthropogenic as they are increasingly used in
svarious fields such as for industrial, medical and environmental
9purpose53'6. Iron oxides nanoparticles (NP) respective stability,
1ospecific surface area, porosity, dissolution rate as well as
11transformation kinetics are controlled by their mineral structure
12and determine their fate and behaviour in the environment’.
13Amongst them, iron oxide nanoparticles, which also occur as
1aubiquitous phases in both soils and waters, play a critical role in the
1schemical dynamics resulting from environmental condition changes
16since nano minerals are highly reactive®°. In the natural conditions,
17only a small fraction of engineered iron oxide NP persists in its
1goriginal form™®. Biotransformation, oxidation/reduction, dissolution,
19precipitation, sorption and photochemical transformation may

11,12

200ccur amongst other biogeochemical driven processes . In turn,

21this transformation can affect the aggregation, mobility,
22

2_,"- Univ. Rennes, CNRS, Géosciences Rennes - UMR 6118 — F- 35000 Rennes, France
b Univ. Rennes, CNRS-Saint-Gobain-NIMS-UMI LINK 362-J-305-044, Tuskuba, Japan
2 Univ. Rennes, ENSCR- CNRS, ISCR (Institut des Sciences Chimiques de Rennes) - UMR
6226 F-35000 Rennes, France
¢ Univ. Rennes, CNRS, Ecobio - UMR 6553 - F-35000 Rennes, France

This journal is © The Royal Society of Chemistry 20xx

2sbiointeractions, uptake and fate of iron oxide NP in the
26environment as well as their impacts on the living environment™.
27Engineered iron oxide NP will become new tools for the treatment

. .1 14,15
280f contaminated waters and soils

. As compared to conventional
29macroscale materials, nanomaterials exhibit a high surface-to-
sovolume ratio and high reactivity. Thus, their colloidal size may give
31them high mobility in porous media and their properties allow them
32to be particularly suitable for the treatment of contaminated soils
33or aquifers. Iron oxide NP are involved in (i) the dechlorination of
saorganic solvents (CCl,, C,Cly), (i) the detoxification of pesticides
3s(such as Lindane, DDT), (iii) the transformation of fertilizers (NO3),
seand (iv) the immobilization of metals and metalloids (As, Pb, Cr,
37etc.)16'18. If remediation projects using iron oxide NP are currently
ssfocused on local-scale pollution, a scale change is initiated to act
39against diffuse pollution.
s0agrochemistry could be developed in the years ahead and would

Moreover, their use in nano-
a1represent an intentional diffuse source of iron oxide NP within the
senvironment™. A widespread use of iron oxide NP for in situ
s3remediation or in agriculture also raises the question of their
saenvironmental compatibility.

45 Amongst engineered iron oxide NP of environmental concern,
s6magnetite (Fe;0,4), maghemite (v-Fe,0;) and hematite (a-Fe,03) are
47popular engineered iron oxide NP because of their biocompatibility

20-22
.In

sgand safety towards living organisms under certain conditions
s9particular, magnetite has shown an outstanding applicability in
somany research areas (e.g., semiconductor, magnetic resonance

siimaging, pigment, biomedicine, drug delivery, heterogeneous
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. . . 123,24,25
sz catalysis, and environmental remediation)

due to its unique 10s In the environment, soils and soil solutions are prior interfaces
s3magnetic properties and easy manipulation for control ofi0sfor iron oxide NP interactions® occurring at mineral surfaces and in
samorphologies, particle size, and Fe”/FeIII stoichiometryzs’ ¥ jo7water. In addition to particle interactions, NP are prone to various
ssHowever, determination of magnetite compositions which is highly 10schemical and physical modifications which foster the complexity of
sesensitive to the preparation conditions is not a trivial task,i09the reactions and likely affect both NP stability and reactivity.
s7particularly for nanoscale particles with a higher surface-to-volume1i0Electrostatic, steric or combined electrosteric forces can result from
sgratio. Magnetite compositions range, without modification of theiiithese interactions and promote repulsive forces whereas Van der
socrystal structure, from that of stoichiometric Fe;0,4, with 8 Fe*" ions112Waals and magnetic dipolar interactions foster attraction between
60in tetrahedral and 8 Fe*" + 8 Fe*" ions in octahedral sites, to that of113particles that likely aggregate. The intrinsic physicochemical
61maghemite V-Fe”lzog (considered as an extreme example of a non-114properties of iron oxide NP (size, shape, surface area, chemistry,
62stoichiometric magnetite) with only Fe* ions in both tetrahedral11ssuperparamagnetism, etc.), their ensuing high reactivity, together
63and octahedral sites. As compared to these iron oxides, hematite 116 with the surrounding solution composition (dissolved species, pH,
sahas only one type of cation, Fe* inits structure® .
65 In aqueous solution, iron oxides (I0) are amphoteric solids thatiisiron oxide NP chemical and colloidal stability in aqueous media

117ionic strength, nanoparticle concentration), are the main drivers of
47,48
esacquire a surface charge in the protonation and deprotonationiis  Considering the geochemical, biological and technological
e7reactions of Fe-OH surface sites. The ensuing electrostatic, steric or 120significance of iron oxide NP49, understanding the mechanisms of
sscombined stabilization layers that develop at the surface of thei2itheir stability may turn out to be relevant to unravel the fate and
s9particles are significant in driving iron oxide NP colloidal stability3°.1zzbehaviour of iron oxide NP in the environment as well as their
70The interfacial equilibrium at the surface of iron oxide NP is thusi2zimpacts on living organisms. Therefore, the aim of this work is to
71affected by the adsorption and desorption of the variousiaainvestigate the dual colloidal and chemical stability of magnetite NP
72constituents of the soil and soil solution in addition to the solution12sin order to (i) understand the effects of their intrinsic properties
73 pH31‘ 32 The surface charge of iron oxide NP is also dependent uponi2s(size, morphology, surface chemistry) and those of the
7atheir own structural organization such as isomorphic substitutions, 127environmental drivers (especially the effect of pH) on their
7swhich give iron oxide NP permanent charges. 128aggregation state, (ii) assess the oxidation kinetics of magnetite, (iii)
76 As part of the Natural Organic Matter (NOM) occurring within12ginvestigate the link between colloidal and chemical stability of NP,
77s0ils and waters, macromolecular polyfunctional humic acid (HA),130as well as (iv) identify the resulting environmental impacts.
7swhich displays a particular affinity for metal ions and their various 131Hematite has also been studied to better understand the impact of
79acidic functional groups (carboxylic, phenolic, carbonyl), favours the 132intrinsic structural properties on iron oxide NP colloidal stability as
soformation of surface complexes on the Fe-OH sites of iron oxidesissthe structure of hematite differs from both magnetite and
s1via chemisorption'33. As a consequence, interactions between iron1zamaghemite. Indeed hematite NP size and morphology as well as
s20xide NP and HA should be further investigated. Several studiesissinternal crystal structure, generally confer a higher stability and
s3have shown that, in aqueous solution, the HA coating on iron oxide 13scrystallinity to hematite. Last, the method we chose to study the
8aNP likely imparts a negative charge to the nanoparticle surfaces,137iron oxide NP aggregation state allowed us to study their size
ssincreasing their surface potential and the ensuing propensity toissdistribution over a wide range of sizes (that spread from one tenth
sestabilize iron oxide NP against aggregation34'36. Nevertheless, Hadju13sof a nm to pm-scale aggregates) which allowed us to determine NP
s7et al.¥’” demonstrated that coating magnetite with HA could eitherisobehavior in a context comparable to those observed in natural
ssfoster or hinder Fe;0,-NP colloidal stability depending on theisiwaters.

ssamount of HA present at the mineral surfaces. Other natural

soconstituents such as amphiphilic phospholipids (integral major .

s1component of cell membranes) likely affect iron oxide NP stability. 142 ExPe"mental

92Using phospholipids as a coating on pyrite surfaces, Hao et al.**143lron oxide nanoparticles and coated magnetite NP
ssdemonstrated that surface-bound lipids inhibit the iron core from244  Synthesis of bare iron oxide NP. Magnetite (Fe;0,) was
saoxidizing, even in the presence of bacteria, by forming al4s prepared by the co-precipitation of iron salts according to the
sshydrophobic pocketag‘ * |n addition, several authors have shown 1ssmodified literature procedure 051 brief, FeCl,.4H,0 (1.988 g)
ssthat a phospholipid coating likely decreases nanoparticle size47and FeCl;.6H,0 (5.406 g) were dissolved in 5 mL HCI (2 M) and 20
o7dispersion and  favours narrow-sized nanoparticles“o’ 41 148mL H,0, respectively, and then mixed with magnetic stirring to
ssFurthermore, the instability of magnetite in air causes NP tola90btain an iron solution with a molar ratio of Fe(ll)/Fe(lll) = 0.5.
ssundergo a partial oxidation to maghemite (y-Fe,03), ending up with1s0cMagnetite NP were then precipitated by the dropwise addition of
100a core-shell structure in which the thickness of the oxidized layer ist5:the iron salt solution into a 0.7 M NaOH-NaNO; base solution (250
101a function of the particle size®” . This phase transformation 152 mL). The black precipitate was left to settle in anaerobic conditions
102directly affects the surficial properties and internal characteristics 153for a few hours to get rid of the supernatant. Three washings were
1030f NP, which are deeply involved in driving iron oxide chemical1ssthen conducted in anaerobic conditions with deoxygenated
104stability and reactivity44‘ 4. 1ssdeionized water and 5 10 M NaCl solution.

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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1s6Maghemite (y-Fe,Os) was synthesized following the method of209re-solubilized in 0.37 M HNO; after complete evaporation before
157Anna et aI.SZ, through the oxidation of the previously synthesized2i0measurement. Major- and trace-element concentrations were
1ssmagnetite by adding 5 wt% NaOCI aqueous solution (16 mL) and211determined by ICP-MS (Agilent 7700x), using rhenium and rhodium
1s9sonicating for 2 hours. The solid product was magnetically2i2as the internal standard. The international geostandard SLRS-5 was
160separated and washed with water. 213used to check the validity and reproducibility of the results>.

161 Hematite (a-Fe,03) was synthesized by the forced hydrolysis of acid 14

162Fe(lll) salt solutions at 98°C from 0.02 M Fe(NOs); following the,;sCharacterization

163protocol described in Schwertmann & Cornell (2003)". 216 Size, morphology and surface properties. The morphology and
164 Coatings with humic acid and phosphatidylcholines. Fe;0,-NP217individual particle size of Fe;0,, HA-Fe;0,4, PC-Fe30,, y-Fe,03 and a-
1sswere coated with HA (Elliott Soil Humic Acid Standard IV) and PC (1,218Fe,0; were determined using High Resolution Transmission
1662-bis (10, 12-tricosadiynoyl)-sn-glycero-3-phosphocholine - CAS219Electron Microscopy (HR-TEM) with a JEOL2100F (voltage 200 kV).
167Registry Number: 76078-28-9) to model a natural surface2:0Specimens were prepared by drop-casting diluted Fe-NP
1esmodification. The coating was carried out by physical interactions 221suspensions on 300 mesh Au-grids supported with carbon film.
1e9between the dissolved organic species (HA and PC) and a222The specific surface area of the iron oxides was determined by
170concentrated fraction of the Fe;04-solution. Humic acid (0.2 g) was223multipoint N,—BET (Brunauer Emmett Teller) analysis using a
171dissolved in 10 mL NaOH (1 M) and the obtained HA-solution was 224 Coulter (SA 3100) surface area analyzer.

172completed to 56 mL with deionized water. A similar PC-solution was225The pH of zero point of charge was determined by potentiometric
1730btained by dissolution in deionized water and ultrasonication. 22stitrations, which were conducted with 1 and 2 g L™ of solid at three
17aFourty-four mL of a 6.0 g L Fe;0,-NP solution was then added to227ionic strengths (10, 5.10, and 10~ M of NaCl). The suspension
175 each organic stock solution and each 100 mL of solution was shaken22swas purged with nitrogen gas to remove CO, in a double-walled
176for 48 hours. At the end of the interaction, five washings were220Pyrex cell, which was kept at constant temperature by circulating
177performed to remove the uncoated materials present in the2sowater from thermostat. Titrations were conducted from 4 to 10 by
178supernatant after centrifugation. 231addition of titrant solutions (HCl or NaOH).

179 Nanoparticle mass concentration measurement. The232Synthesized NP were characterized using X-ray powder diffraction
18oconcentration of the iron oxide NP solution was inferred from the233(XRD). XRD data were collected with a Johanson monochromator
1811CP-MS measurements of iron on triplicate samples for the iron23ausing CuK, radiation (A = 1.5406 A). The X-ray diffractograms were
1820xide NP solutions and then recalculated regarding the total23sfound to be identical with the expected oxides.

183theoretical iron content of the minerals. Each NP sample wasz236Llaser particle size analyses allowed the characterization of the size
18adigested with sub-boiled nitric acid (14.6 M HNO;) at 85°C, and then 237distribution of magnetite, maghemite, hematite and HA- and PC-
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Fig. 1: High Resolution TEM (HRTEM) images of a) Fe;04, b) y-Fe;03, ¢) a-Fe203, d) HA-Fe;0, and e) PC-Fe;04
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263 P | 317in Cheng et al.®. [Fe(ll)]tot is the total concentration of Fe(ll) in the
NP TEM(nm) | BET(m*g )| pHzpc > ) ) . .

264 31gsuspension (solid + solution) and [Fe(ll)]Jag is the dissolved
265 Magnetite 7%2 115 58 s19concentration of Fe(ll), measured after filtration (0.2 um,
266 Maghemite 6+2 131 7-84 320 Whatman) of the magnetite suspension.

267 321

Hematite ARED 49 8.2 H i
268 395 . :zResults and discussion

260
Table 1: Physicochemical properties of a) Fe;Os, b) y-Fe;0; and c) a-Fe,0; 3Iron oxide NP physicochemical properties.

obtained from TEM, BET analyses and potentiometric titration. . . AT .
27 v P 1+HR-TEM analyses provided images to assess the individual sizes and

272 32sshapes of the nanoparticles (Fig. 1). Magnetite and maghemite
273coated magnetite to study the colloidal stability and, conversely,3260xides both displayed rounded shapes and similar sizes with
27atheir aggregation behaviour. Assuming measurements on spherical 327average diameters of 7 + 2 nm and 6 + 2 nm (Table 1), suggesting
275 particles, the technique provided sizes amongst the 100 size classes 328that the oxidation of magnetite to maghemite did not impact the
276detected, which spread from 0.04 pm to 2500 um. Analyses were 329particle size. Accordingly, BET surface area for maghemite (131 m?g’
srperformed by the laser diffraction technique on a Cilas118033%0) is relatively close to that of magnetite (115 m2g”) (Table 1).
278analyzer. Measurements were taken on each bare iron oxide (Fe;0,,33tHematite displayed different morphologies with rhombohedral
279y-Fe,0; and a-Fe,03) and coated magnetite (HA-Fe;0, and pc-332shapes measuring 28 nm-wide and 39 nm-long on average, with a
280Fe;0,) at five different pH values (pH = 3, 4, 5, 6, 7.5). Particle size333surface area of 49 m?g™ (Table 1). No significant changes were
281measurements were performed by adjusting obscuration values3ssreported for neither HA- nor PC-coated magnetite from TEM
282allowing for an optimal analysis. Then, the pH was equilibrated with33simages, suggesting that the coating process did not modify the
283HCI and NaOH solutions (0.1 M and 0.1 M to 1.0 M, respectively)33smorphology of magnetite. Although the surface area was not
2ssuntil the target pH was reached. 337determined for coated materials, no significant modification is
s ATR-FTIR. Attenuated total reflectance-Fourier transform 33expected, according to previous findings’.

286infrared (ATR-FTIR) spectra were recorded in the 780 - 1800 cm™339

287region on an 1550 Nicolet spectrometer equipped with a KBr beam 340 ATR-FTIR spectroscopy

2sgsplitter and a liquid Nitrogen cooled MCT (Mercury CadmiumssiThe IR spectrum recorded for of Fe;0, HA-Fe;O,- and PC-Fe;0,
2s9Telluride) detector. A nine-reflection diamond ATR accessoryssshowed successful coating of HA and PC on magnetite surfaces (Fig.
290(Durasampl/iR ™, SensIR Technologies) was used for acquiringsss2). In the spectra of HA-Fe;0,, the presence of an acid carboxylic
201spectra of wet samples. The resolution of the single beam spectrasagroup was proven by the vibrational bands at 1410 cm™ and 1614
202was 4 cm™. Prior to ATR-FTIR analyzes, tubes containing coated NP3ascm™ %% In the spectra of PC-Fe;0,, the absorption bands at 1239
203were centrifuged at 4110 RCF for 30 min. Wet mineral pastes weressscm™, 1088 cm™ and 970 cm™ were assigned to the presence of the
20adirectly and uniformly applied to the diamond ATR crystal thenss;;PO,* group, suggesting that PC was coated on the magnetite
205 covered with a lid of a flow-through cell to prevent the evaporation ssssurface®” %,

296 0f water. ATR-FTIR spectra were then recorded immediately. 349

297 To monitor potential dissolution of NP, aliquots were collected atssoOxidation kinetics

298each pH value, centrifuged and the supernatants were filtered using
351 The variation of total Fe(ll)/Fe(lll) ratio versus time for magnetite

352suspension exposed to air is characterized by a two-steps’ behavior.
3530ver the four first days (0-96 h), a sharp decrease in total

2995 KDa ultrafiltration cells (from Sartorius) in order to stop NP on the
soofilter. ICP-MS was then performed to measure total iron
3o1concentration.

;02 Oxidation kinetics. A NP suspension (2.5 g L), prepared in 5 magneile: = Tmegndiite

303anoxic conditions, was placed outside the glove box under air3>
soaambient environment to monitor the oxidation. The total

1614
1410
1239
1088
970

305 Fe(ll)/Fe(lll) ratio in suspension was then analyzed versus time over35
so6nine days. For each sampling, two aliquots were placed in an

307anaerobic chamber: the first aliquot contained bulk solution and3s
3osthe second was filtered (0.2 um, Whatman). NP suspension was
3o09dissolved during 12h using 0.6 N HCI while filtered NP were directly 35

Absorbance (a

310dissolved. Dissolved Fe(ll) and Fe(lll) concentrations were then
sindetermined using the phenanthroline method™ ** and the bulk;,
312Fe(ll) content turned out to be very close to that determined by

ai3acid digestion on the filtered solid. The amount of magnetite, e — — e . -
31abound-Fe(ll) ([Fe(ll)] bound = [Fe(ll)]tot — [Fe(ll)]ag) was used to Wavenumber (cm-1)
s1scalculate the effective Fe(ll)/Fe(lll) ratio (denoted as (Fe(II)/Fe(III))sec

s1sbound) in magnetite which was shown to vary with pH, as reported Fig 2: ATR-FTIR spectra of HA-magnetite and PC-magnetite in the range 780-

1800 cm’' obtained from 0.5 g L™ NP suspensions at pH= 6.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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361 404 Effects of pH. The impact of pH on particle size distribution
05 405 provides valuable information that could be used to distinguish the
362 045 aoscolloidal stability from the aggregation state of the various NP
04 3 407(Table 2). The different pH-dependent configurations highlighted

363 _ 035 3 s08the role of pHzpc in controlling NP aggregation through
so9electrostatic interactions (Fig. 4). The effect of pH was studied by
364 a10considering the evolution of the size distributions into four size

i s11classes (Fig. 4). The fractions were defined with regards to the most

o
N}

Ratio Fell/Felll
S o
wv w

365 a12common sizes (representability) and depending on the way they

o
G
Fe4
e
o

a13vary with pH. However, it should be noted that fractions are not

o
[
Fe-
Fed
e

366 a1afully comparable to one another, as they were not spread out

o
o
@

a1sequally (i.e. fraction >0.4 pm (um-scaled size class) as compared to
0 50 100 150 200 250 41640-100 nm fraction (nm-scaled sizes)). The full-size distribution
Time (h) s17diagrams obtained from laser particle analyses as well as the

o

367

s Fig 3: Evolution of the total Fe(llyFe(lll) ratio (blue circles) and bound a18precise occurrence rates (detectors) are provided in the Electronic

Fe(ll)Fe(lll) ratio (red diamond) as a function of time. The reaction was 419Supporting Information (ESI).

performed with 2.5 g L magnetite NP at pH = 7.5 in oxic conditions. a20lt is worth noting that the total dissolved iron content was only
369
a21detected in the magnetite suspension at pH = 3 and pH =4 (90 and

42223 pmol L? respectively). These values correspond to 1.4 % and 0.4
370Fe(Il)/Fe(Ill) ratio was observed (from 0.46 to 0.09). During this first

423%, respectively, of the total iron amount in NP suspension. For HA-
s7istage, the bound Fe(ll)/Fe(lll) ratio was also decreased for

) - a24and PC-magnetite samples, no dissolved iron was detected
372magnetite as represented by red symbols in Figure 3. Then, the4zsregard|ess of the investigated pH.
373total Fe(ll)/Fe(lll) ratio slightly decreased beyond 5 days to reach?*?® . . o . § .
: 427 Magnetite. The NP size distribution displayed two configurations: at
3740.09 at the end of the experiment (236 h). As expected from the
4
37smagnetite solubility at pH = 7.51, very little difference was observed

376between the total and bound Fe(ll)/Fe(lll) ratios.

28pH = 5, 4 and 3, magnetite NP showed colloidal stability as
a29compared to their size distribution at pH = 6 and 7.5. Magnetite size

a3odistribution at acidic pH was characterized by a high proportion of
377

. a31small NP (£0.04 um), and the occurrence of few dispersed um-
37sAggregation state

a32scaled aggregates (with sizes ranging between 1.6 um and 32 um).

379To assess the effect of pH and the effects of coating, laser,;;5,ch distribution allowed a large amount of NP not to sediment, as

ssodiffraction analyses were performed on each iron oxide (Fe304, HA-,,, defined by Buffle et al.2. When the pH increased to 6 and 7.5, the

381Fe30,, PC- Fe30,, y-Fe;03 and a-Fe,0;) at five different pH values. ;o nymber of coarser 100-400 nm and 40-100 nm-sized aggregates

3s2For all experiments, the aggregation state was associated with the . increased as the proportion of small aggregates decreased. This is
33size distribution of the NP, which was described by considering the ,,, consistent with the measured pHzpc = 5.8 (in accordance with
3gaevolution of the sizes (based on number analyses) with the pH

3gsoccurrence rate and the polydispersity of the sizes (PDI, size range

. . 4 . . .
ra3gpreviously published values™), since aggregation is commonly

ra39favoured at pH close to the pHzpc. Therefore, particles exhibiting

sssmode and mean) of each iron oxide NP. asonegative charges likely formed coarser aggregates when the pH

387 asapproached the pHzpc because of favorable electrostatic

. .64
388 4a2interactions .

389 .

390

391 Magnetite HA-Magnetite PC-Magnetite Maghemite Hematite

392

393 pH 6 5 4 3 7.5 5 4 7.5 6 5 7.5 5

394 -0.4: -04: 0.04 - 04;(0.04 - 0.4;/0.04 - 0.4;|0.04 - 0.4;(0.04 - 0.4;/0.04-0.4;| 0.5-0.7; -04:

0.04-04;/0.04-04 ] ; ; 0.04 - 0.4,

R ' ’ ~ _ ’

305 ange (um) 17 0 16-32 |004-18] 1.1-19 | 1.2-45 | 1.1-40 | 1.6-56 | 16-28 | 16-28 | 1.1-28 | %94-6 [ 11_13

39% Mode (um) | 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 8 14 0.04

397

108 Mean (um) 13 0.9 0.4 0.6 1.1 0.8 13 4.1 1.1 6.8 13 0.5

399 Median (pm)| 0.07 0.04 0.04 0.07 0.07 0.04 0.07 0.2 0.04 7 1.2 0.04

400 PDI 138 2.74 13 5 1.9 34 13 0.56 2.06 0.72 4.8 76

401 s

402 Table 2: Size distribution characteristics of each NP at some typical pH (aggregation state versus colloidal stability). The table shows the size-range,

mode, mean size, median value and the PDI (polydispersity index) of magnetite, HA-coated magnetite, PC-coated magnetite, maghemite and hematite.
Hiah PDI have values up to 1.0 and verv hiah PDI are up to 2.0.

403

458
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470 7.5 6 5 4 3 7.5 6 5 4 3 7.5 6 5 < 3
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81 75 6 5 4 3 75 6 5 4 3

482 Fig 4: Evolution of four typical size-class (proportion in %) with pH for a) magnetite, b) HA-magnetite, c) PC-magnetite, d) maghemite and e) hematite. Below the
483 histoarams. the table displaved the percentaaes of each fraction for tvpical pH (3. 4. 5. 6 and 7.5).

484 538

185 HA-Magnetite. HA-magnetite nanoparticles displayed both as3ssMaghemite. The size distribution displayed three configurations as
agscontinuous size distribution (pH = 4 to pH = 7.5) and a dual sizesaodistinct fractions whose proportions were strongly controlled by the
sg7distribution (pH = 3). In both cases, fraction below 0.04 um wasssipH. At a weak basic pH (pH = 7.5), the distribution was highly
sgsmore important but their proportion decreased as the pHsa2polydispersed and made up of coarse aggregates (>0.4 um), which
sg9decreased from pH = 4 to 3. This decrease was accompanied by ass3spread over a large size range. Maghemite NP displayed colloidal
a90slight increase in 40-100 nm-sized fraction and an increase in thesaastability at pH = 6 with a size distribution similar to that of
491 proportion of coarser intermediate 100-400 nm NP size-class, whichsasmagnetite. However, when the pH decreased to a more acidic pH
a92appeared to be more dependent upon pH than other fractions. Thesas(pH =5, 4 and 3), small-sized NP and NP aggregates disappeared to
s930ccurrence rate of the coarse aggregate fraction (>0.4 um and >1.1s47form much coarser aggregates with almost exclusively pm-scale
a9aum) remained constant regardless of the pH, hence a lower pHsagsizes (>1 um). Thus, the maghemite size distribution would be in
s95implied a moderated aggregation with small (€0.04 um) particlessssgood agreement with a high pHzpc close to 7.55” % as it became
a96aggregating in only slightly coarser (0.05-0.4 um) aggregates. Thusssocoarser than at pH = 6, but the high aggregation observed from pH
497in HA-coated iron oxide NP, HA appeared to be an effective organicssi= 3 to 5 suggested the possible implication of parameters other
s98stabilizer towards iron oxide NP as previously demonstrated®™®®.  ssathan electrostatic interactions to drive maghemite colloidal
199 PC-Magnetite. PC-magnetite nanoparticles highlighted two sizess3stability.

soodistribution depending on the pH. At pH = 6 and 5, the sizessaHematite. The hematite size distribution showed two pH-
so1distribution was similar to that of bare magnetite at acidic pH (pH =sssdependent size distribution patterns. At pH = 7.5, the sizes were
5023 and pH = 4) where the colloidal stability displayed its maximum.ssecontinuously distributed with a unique narrow size range composed
s03At pH = 7.5, 4 and 3, Fe;0,-PC showed a similar size distribution toss7of coarse homogeneous sizes displaying high polydispersity
soabare magnetite at pH >6, when it aggregated. When the pHsss(multimodal distribution centered on 1.4 pm). When the pH
sosdecreased to pH = 4 and pH = 3, small aggregates (< 0.04 um) weressadecreased to pH = 6 and lower, the pH drastically modified the
sosstill the most common but in a lower proportion which wasseohematite size distribution to a more stable aggregation state®
sorcompensated by a higher amount of the three other coarser sizessicharacterized by a monomodal distribution (0.04 um) and higher
sosfractions (in order: 40-100 nm; >1.6 um and 100-400 nm). Althoughss2abundance of finer particles (<0.4 pum). In accordance with the
509 100-400nm-sized aggregates were still the least common, thisseshematite pHzpc at pH = 8.2, hematite NP tended to aggregate when
siofraction was the most sensitive to pH as its proportion more thansesathe pH reached pH = 7.5.

s11doubled from pH 6 and 5 to pH 4 and 3. 565 Effects of coating. The physico-chemical characteristics
512 sesobtained from the combination of HR-TEM and ATR-FTIR showed
6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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se7that HA have been successfully coated onto magnetite NP.s21displaying coarse aggregates with homogeneous sizes suggests that
ses According to HR-TEM images, HA coating on magnetite did note22other mechanisms are involved at basic pH. Further investigations
segaffect the original morphology and size of the precursor NP. As thes23are thus needed to fully assess iron oxide NP colloidal stability74'76.
s7osurface modification with HA provided primarily acidic functional 624 Environmental perspectives. Aggregation and stabilization have
s71groups, the HA-coated magnetite pHzpc likely decreased to a lowers2ssignificant effects on the mobility, reactivity and environmental fate
s72pH (pHzpc = 2.3). Accordingly, magnetite-HA promoted colloidale2sof NP. Once released in surface waters, unstable particles tend to
s73stability from pH = 7.5 to pH = 4 because of repulsive electrostatice27agglomerate, sediment or flocculate or they preferentially adsorb
s7ainteractions. The aggregation observed at pH = 3 - close to the newe2sonto bigger particles or surfaces”’. As a result, aggregated NP that
s75spHzpc - would then be explained by the lack of negative surfaceesasform larger colloids with a possible smaller surface area are less
s76sites to compensate for the protonation induced by the H'ssoeasy totransport and do not get through the soil as easily as smaller
s77concentration increase in the aqueous solution. Both HA and bareeslparticles78. As aggregated NP become less mobile, they may
s7smagnetite evidenced that the proportion of their size- fractions wases2become more ineffective in acting as nutrient carriers”. It is also
s7astrongly controlled by the pH, which induced either colloidalessmore difficult for these colloids to be taken up by plants and living
sgostability or aggregation. Nevertheless, HA coating promotede3sorganisms as they are less soluble than their smaller counterpartsso.
ss1smaller-sized aggregates as well as a narrower size distribution ande3sThe dissolution of NP induces the mobilization of ions which are
ss2more homogeneous stable sizes (especially for coarser particlesssslikely complexed with molecules that foster their absorption by
583(>0.4 um)) compared to bare magnetite (Table 2). This enhancedss7plants and animals. In addition, depending on their concentration
sgastabilization may stem from a HA steric barrier that helped maintainesssand speciation as well as on the physiology of the organism that
sssa space between the particles to prevent the aggregation of NP’ ss0absorbs it, metal atoms or ions can be either positive nutrients or
sg6Similar to the HA coating, the PC surface modification did not affectesotoxic elements. On the other hand, aggregation may directly affect
sg7the size and morphology of magnetite. Magnetite coated with PCea1 NP toxicity towards living organisms since smaller NP have been
ssgdisplayed a different colloidal behaviour as compared to bareesa2shown to penetrate the cell walls of certain species more easilygl‘82
sggmagnetite. As PC imparted both negative and positive surfacesssConsidering the pH effect, the physicochemical properties of the
sogroups on the surfaces of the NP (glycerophosphate group,ssssoil solution have to be considered in order to accurately assess the
so1trimethylethanolammonium group), and because of the complexsssfate of NP in the environment. NP intrinsic properties, such as their
so2and heterogeneous surface structures that are generated byssssurface chemistry, are also of prime importance since they are
sezadsorbed PC72, PC-coated nanoparticles likely displayed variableesszinvolved in both electrostatic and steric interactions, which may
seacolloidal behaviours. As compared to magnetite, PC-NP showedeasimpact their dispersion, bioavailability and biocompatibilitysa.ln
sessimilar size proportions and repartition although the magnetite-PCesonatural waters and surficial aerobic environments, NP likely
segcoarse fraction displayed a few large aggregates (hence its wideresoundergo many surficial modifications and become embedded in
s97size range, see Table 2) regardless of the pH. PC-NP were thusesimatrixes or functionalized with specific molecules®. As a result,
sesprobably able to form highly contrasted structures (according toes2these attached molecules can both passivate and/or confer their
segtheir size) suggesting that PC-coated magnetite did not entirelyessown properties to mineral surfaces; e.g. polyanionic HA coating on
soodepend on electrostatic interactions but also on steric forces’?. ssamagnetite, resulting in a lower pHzpc and enhanced colloidal
601 Effects of iron oxide intrinsic physicochemical properties. Thesssstability. In addition, HA coating - as well as PC covering - might
s020xidation of magnetite (Fe;0,) to maghemite (y-Fe,0;) did notesspassivate iron oxide NP surfaces to yield a steric barrier that
s03change morphology and particle size. Maghemite still displayed ass7prevents Fe leakage from mineral surfaces and the ageing of the
soshigher surface area (131 m? g'l) than magnetite (115 m? g'l) andessmagnetic core by oxidation. HA, which are ubiquitous in most
s0soxidized NP very likely yielded intrinsic compositional differences.essaquatic systems, display a specific affinity for iron oxide NP as well
606 These modifications probably resulted in a higher surface potentialssoas trace elements and therefore HA-iron oxide NP complexed
s07thereby explaining the variable size distributions observed as thessistructures may also enhance ETM adsorption to NP. However,
608 pH changed. Maghemite NP aggregation was favoured at acidic pHes2although natural coatings demonstrated improved iron oxide NP
609 (equal or below 5), which would be in good agreement with theires3sstability and reactivity, their effects depend upon the amount and
s10high surface potential. Indeed, the tendency to form largeesachemical composition of the substances®.

s11aggregates at these pH values likely resulted from a high energeticess The rapid oxidation of magnetite into maghemite is important since
s12barrier that had to be overcome at the mineral surfaces’. Indeed, sssiron plays an active redox catalytic role in many energy transfer and
s13increasing NP surface to volume ratio leads to a higher surfacees7electron transfer processe585'87. The iron oxide redox state also
s14energy which induces aggregation between particles. As hematitesssplays a key role in specific anaerobic environments where Fe(ll) and
s1sdisplayed a much lower surface area, the higher colloidal stabilityessFe(lll) are used as energetic catalysts for bacteria® . Finally, the
s160bserved over a wide pH range may result from a lower energetice7otransformation of magnetite into maghemite is also relevant
617barrier at the surface of the particles in accordance with NP havinge7iconsidering its adsorption capacity towards environmental
6182 relatively lower surface potential. Hematite stability would thuss7zcompound590. Several questions are raised from these
s19be related, in part, to its smaller surface area and surface potential.s73environmental considerations, especially, what are the impacts of
s20However, the typical aggregation behaviour of hematite NPe7athese modifications regarding iron oxide NP reactivity?

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7
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esConclusions 7246

. . . . . 725
676 The pH appears to be a key driver in controlling iron oxide NP ;
726

e77colloidal  behaviour as resulting from protonation and

e7sdeprotonation reactions of surface hydroxyl-groups. Surface727
s7omodifications also implied considerable effects on iron oxide NP728
esocolloidal stability as they promoted electrostatic interactions. In7299
es1contrast to PC, HA was shown to be particularly efficient inmo
es2enhancing magnetite colloidal stability. Magnetite seems to be73
6s3highly unstable in aerobic conditions. The oxidation of magnetite73210
6sainto maghemite modified its surface chemistry and surface area,733
essand these modifications resulted in higher aggregation at most pH 71l
essvalues. Compared to maghemite, hematite appeared to be Iess735
es7sensitive to pH and displayed a lower surface area and surface73612
esgpotential. Both hematite and maghemite displayed high737
639aggregation size distributions at different pH values. 7813
s90Considering the widespread use of iron oxide NP and their739
s91subsequent release in the environment, their fate and behaviour in 740
69250ils and natural waters raise many environmental questions not741
s930nly in terms of their possible impacts on living organisms but also”2 15
694 for their mobility and fate in ecosystems. Therefore, more attention 7
s9sshould be paid for the understanding of colloidal and chemicalzz:

696 Stabilities of iron oxide NP as it is likely involved in many major 17
746

747

697 interactions within the environment.
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