6HQ++mH iBOQM M/ K :M2iB+ HHv@ bbBbi2/
bBx2@bQ 12/ #2B/2HHBi2 TH i2H2ib KBt2/r
M MQT “iB+H2b
aQ} >QmbMB- ad# biB2M # KbQM-C2 M@JB+?2H :
G M 2Mi JB+?2Q]

hQ +Bi2 i?Bb p2° bBQM,

aQ} >QmbMB- ad# biB2M # KbQM- C2 M@JB+?2H :mB;M2 - SB2 °2 G
iBQM M/ K :M2iB+ HHv@ bbBbi2/ b2/BK2Mi iBQM Q7 hBx2@bQ i2/ #2B
M MQT iB+H2bX L MQ _2b2 “+?- aT'BM;2 - kyky- Rj URRV- TTXjyyR@
? H@ykN8k93y

> G A/, 2 H@ykN8k93y
2iiTh,ff?2 HXbQ #QMM2@mMBp2 ' bBi2X7 f? H@Y
am#KBii2/ QM kN a2T kyky

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://hal.sorbonne-universite.fr/hal-02952480
https://hal.archives-ouvertes.fr

Flocculation and magneticallyassisted
sedimentation of sizesorted beidellite
platelets mixed with maghemite nanoparticles

Sofia Housni, Sébastien Abramgon
JeanMichel Guigner, Pierre Levitz, Laurer

Michot

Sorbonne University, France

/ . Gravuty\

Sedimentation

=

—— Magnetic

Magnetic
Nanoparticles Beidellite Clay Flocculatlon
of maghemite Platelets

(v-Fe;05) /

/ Flocculation Sedimentation \
conditions velocity
»DV N 5<‘mmu}. =3k t=24h

4|
Hm rxso nn t=1min

& 8 8

/ e
=

A model system composed lo¢idellite clay platelets amdagnetic nanopatrticles c
maghemitewas studiedo improve the flocculation and decantation steps of w
treatmenprocesses

=]
F
@

o
Rc
by d
55

Springer






Nano

Resea rch ISSN 19980124 CN 11-5974/04
https://doi.org/(automatically inserted by the publisher)

o
.2
=
<
<
O
S
©
(<))
0
(&)
nd

Flocculation and magnetically-assisted sedimentation of sizsorted
beidellite platelets mixed with maghemite nanopatrticles

Sofia Housni', Sébastien Abramson*( ), Jean-Michel Guigner®, Pierre Levitz', Laurent Michot*

1 : Laboratoire de PHysicohimiedes Electrolytes et Nanosystemes InterfaciauX (PHENIX UMR 8234, Sorbonne Unit@HiES), Sorboni
Université, ParisFrance

2 : Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie (IMPMC UMR 7590, Sorbonne UnilREsitECNRS £MNHN),

Sorbonne Université, Paris, France

© Tsinghua University PresmdSpringe#Verlag GmbH Germanyart of Springer Nature 281
Received:day month yeat Revised:day month yeat Accepted:day month year (automatically inserted by the publisher)

ABSTRACT

In this study, the flocculation and the subsequent decantation step of mixed suspensions of 10 nm- V L | HBe,O3; magnetic nanoparticles and
500 nm-sized beidellite clay platelets was investigated. This work may find application in the field of water treatment, specifically the
flocculation processes with magnetically assisted sedimentation. After a short description of the preparation and characterization of the raw
materials (nanoparticles and clays), the influence of several parameters (pH, concen WUDWLRQV Rl QDQRSDUWLFOHV D
flocculated materials was examined, which gave information on the concentration ranges allowing a complete flocculation, together with a
better understanding on the interactions between nanoparticles and clays responsible for flocculation. The optimal conditions for magnetically
assisted settling were then determined by comparing for each sample sedimentation velocities under gravity and in the presence of a
Nd-Fe-B magnet. Finally, the complex multiscale structure of the flocs in water was explored, through the measurement of several bulk
properties (zeta-potential and volume measurements, laser granulometry), while the organization of the materials at a microscopic scale was
investigated by cryo-TEM and SAXS.

KEYWORDS
Magnetic separation, nanoparticles, clay, flocculation, decantation, characterization.

1 Introduction strategies is based on the replacement of conventional flocculating

Flocculation is a physicochemical process during which colIoidaFgents,gsed ";1 water treatment by Ersnggit'; fﬂ?l’t&;ﬂes malE
particles in suspensions agglomerate and form bigger particlégon oxide such as magnetite (&g B0V THhe

called flocs. Usually, a fleculating agent, such as an inorganic saltadd't'on of these materials toehaqueous colloidal suspensijgy

(Al(SO)s FeSQ, FeCl« DQG RU DQ RUJD QrE.?yIts gﬁlﬂ@ {]grﬂa[gon of flocs characterized by a high magnetic.
(polydiallyl-dimethylammonium  chloride, polyacrylic  acid susceptibility that can be separated through the use of a magnetic

SRO\DFU\ODPLGH« LV DGGHG WR WU LJﬁiﬂﬂJQB‘ﬁiﬁ% ﬁ%ifﬁl%‘g}j_ﬁd”agﬁfﬁ fﬁ%stmﬁsfts;- hThiS
is used in many applications, espdgiah water treatmenfl]. In ]Eec nique IS p?lrtlcu'ary r h fnt smce; € iett'mﬂg ve OC't¥ ot the .
this field, flocculation is frequently employed in drinking water erromagnetic flocs Is much faster under the influence of magletic

plants. It aims at eliminating most of the colloidal fraction force, compared to the situation under gravity.

originally present in raw water under the form of natural organicEngineering applications using flocculation with magnetic
matter, bacteria, clays or other inorganic particles. ushsa nanoparticles originated in the early 1940ken magnetite was
process, as floc density is low, floc sedimentation under gravity i§¢dded to remove organic impurities from wastewater str¢@ms

rather slow. This major drawback increases the costs and reduceater, C. De Latour thoroughly studied the effect of the addition of

the efficiency of the process. Different techniques have beeRoth FeO, microparticles and Al ions on the removal of
developed to overcome this issue, including the udaméllas to ~ suspendedolids, bacteria, color, and dissolved phosphorus from
increase the settling surface, the addition of fghsity particles ~Waters of various origing]. Afterwards, he attempted to highlight
VXFK DV ILQH VDQG WR 3EDOODVW’ WK HonE RiFthe grnerajfraturescobroagneticadiy\seeder floqap/adienc \
with sludge contac{2]. However, oe of the most promising Processes by testing the addition of;Bg£on model colloidal
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suspension$b]. Still, the most famous industrial wateeatment  flocculation, together with a better understanding on the
process using flocculation with magnetic particles is theinteractions between nanoparticles and clays that are responsible
SIROFLOC process developed by the Australiaseaechers of for flocculation. The optimal conditions for magnetically assisted
CSIRO (Commonwealth Scientific and Industrial Researchsettling were then determined by comparing for each sample
Organization), during the late 7(87]. In the standard procedure, sedimentation velocities under gravity and in the presence of a
FeO, fine particles are directly added to raw water as aNd-Fe-B magnet. Finally, the complex multiscale structure of the
flocculating agent. The suspension containing the loaded particlékcs in water was investigated, thanks to several techniques
is then sent to a clarifier equipped with a permanent magéth including zetgpotential and volume measurements, laser
results in floc settling and in the removal of color, suspended solidgranulomety, cryo-TEM, and SAXS. The aim of this paper is to
and natural organic matter from the raw wdtgr More recently, provide a better understanding of the flocculation and
the theoretical framework underlying magnetically seededsedimentation conditions of the clay platelets and magnetic
flocculation haseen examined by Yiacoumi et[&]. In addition,  nanoparticles, and simultaneously to obtain preliminary data on the
new technologies based on magnetically assisted flocculation hawtructure of the restihg flocs. Our objective is to explain how the
been developed for wastewater or drinking water treatffefifl]. flocculation and sedimentation characteristics observed for the

Although the flocculation by magnetic particles is relatively well various experimental conditions are related to flocs structure, with
developed in the industrial sector, there is a lack of study on th&e ultimate goal of clearing the path for designing improved
key-parameters that may influence the conditions of fltnn  industrial ppcesses.

and decantation. In addition, very little work has been published 2 Experimental part

regarding the use of small magnetic nanoparticles (with sizes Ie%s_1 Synthetic procedures

than 100 nm) as flocculanfd2]. Therefore, we propose here to

study the flocculation of model colloidal suspensions composed df. General procedure for the synthesis of maghemite nanoparticles
clay platelets by adding magnetic nanoparticles a few nanometersK H P D J K HPO) Hanoparticles (NPs) were synthetized
in size. using a method inspired from the Massart prod@6k The first
Many model systems using iron oxide nanoparticles and clays hawtep is the coprecipitation of Feand F&" ions in order to get
been studied13 29]. Researchers mainly worked using;Ggor magnetite(Fe;0,) NPs. To complete this first step, a mixture of
-Fe,0; nanoparticles and a wide range of clay minerals such ag885 mL of iron chloride (lll) (FeGlat 27% VWR) and 248,5 g of
montmorillonite, saponite or laponite. The obtained materials haviFon chloride (Il) (FeCl, VWR) wasadded to100 mL ofaqueous
been tested as polymeeimforcing additives[26], drilling fluid hydrogen chloride (HCI at 37%, VWR)This homogeneous
componentg27], or as pollutant adsorbenf85 £8]. However,  mixture was placed in a sa@@mting funnel and dripped i L of
binary mixtures of clays and iron oxide nanoparticles have neverqueousammonia ¢omposed of 1 INH; at 20%, VWRand 3L of
been studied as model systems for magnetically assistedistilled wate) under stirringduring 4h

flocculation. Consequently at present, nonptete study provides This suspensiomwas then placedover a magnetthe supernatant
detailed information on the parameters that have to be tuned {asremoved and the NPs were washed with 1L of distilled water.
obtain optimum flocculation and rapid settling. Another importantafterward, 360 mL of aqueousnitric acid (HNQ at 52%, VWR)
limit is that the complex and multiscale structure of theand 3 L of distilled watewere addedand the suspension was
heteroaggregates formed during flocculatiormaens largely  stirred for 30 minutesFinally, the supernatawasremoved using
unknown, especially when they remain in aqueous phase magnetandthe black mixture obtained at the end of this first
Moreover, very little research has been carried out using smadtep is typical oFe;0, NPs.

angle Xray or neutron scatterings (SAXS/SANS) techniques.rpg gecong step is the oxidationFatO, by iron nitrate to produce

although these methods are particularly suitable for the, . -Fe,0; NPs. To do s0, 328 of iron nitrate (FENO5)s, VWR)
characerization of complex and disordered clay/nanoparticlesag mixed with 800 mL of distilled water and heated at 90°C. This
binary system§l4, 18, 20, 22] new suspensiowasadded to thé-e,0, and leftstirring at 90°C for

In the present work, wenvestigated the flocculation and the 30 minutes. A change of color is normally observed during this last
subsequent decantation step by adding positively charged Iflep from black to deep browindicating the fomation of the
nm-V L ] Hf®&,0; nanoparticles having a nearly spherical shape to -Fe,0; NPs After sedimentation ancemovalof the supernatant,
model colloidal suspensions of beidellite platelets characterized b360 mL of nitric acid (HNO; at 52%, VWR and 2L of distilled

a mean size of 500 nnThis clay was chosen for its negative waterwere added, and the suspension was stirred ddsngin.
FKDUJH RSSRVLW HeaelMawspanities Ror W8 lgodd Finally, the NPs were successively washed thteees with

colloidal stability resulting from exfoliation, and for its low content acetone, two times with diethgther, befordeingdispersedagain
in iron, which favors a good differentiation between both types oby theaddition of1 L of distilled water.

particles byquantitative analysis. Moreover, we employed here-l-hese NPs were finally sorted by size, addingtrolledamounts
size-sorted nanopatrticles and platelets, in order to better investigakg15 mL) of nitric acid (HNQ at 52%, VWR to 750 mL of
particle size effects. unsortedsuspasion which led to a partial flocculation ¢fie NPs

Our work was carried out according to the following rationale.when this suspension was placed over a magnet, the biggest NPs
First, the raw materials (nanoparticles andys) were prepared quickly settled allowing us to separate the supernatant containing
and weltcharacterized. Hence, we examined the influence ofhe smallest NPs. The settled NPs were dispersed again by addition
several parameters (pH, concentrations of nanoparticles anst water. Thissorting procedure was repeated twice on these two
FOD\W« RQ WKH DPRXQW RI 10RFFXO Di\ctidas, W IEdd-gkQamplestolMPs bPvérdussites. Each of

information on the concentration ranges allowing a cefepl these samples was then washed with acetone and diethylether.
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Finally, an amount of 200 mbf distilled water was added to the magnet is added, low sedimentation times can lead to a complete
mixtures to obtain stable dispersions of sspeted magnetic NPs removal of the flocs from the supernat#ra high amount of NPs
(ferrofluids), with an estimatedpH of 1.8. The dispersions were is added, which was not observed for low amounts of NPs. In all
finally heated at 50°C to remove traces of organic solvents. In theases, complete removal of the flocs from the supernatant is always
present publication, we limit our analysis to a single dispersion oéffective for a sedimentation time of 24h over a magnet, and 48h
sizesorted magnetic NPs, corresponding to the medium size. under gravity. A higher sedimentati time has no effect on the

To study the effect of the amount onagnetic NPs on the amount of settled particles, when flocculation is complete.
flocculation of the beidellite platelets, the raw concentratediowever, in case of uncomplete flocculation of the clay (at very
dispersion was diluted in a given amount of a slightly acidiclow amount of NPs), very long sedimentation times (more than 5
aqueous solution of HNOThe effect of the pH of the dispersions days) lead to the undesired settlinghoftflocculated clay platelets.
was studied by varying the concentratiorHMO; in these dilution Therefore, sedimentation times of 24h under G+H and 48h under G
solutions from 18 mol L™ to 10* mol L. We also employed a Were fixed for the rest of our work.

suspension of aggregated magnetic NPs at pH 5, but in that cake order to obtain an extensive analysis of the system, both the
the raw dispersion was first flocculated by adding small amounts afoncentration in clay platelets, and the initial ratietweeen the
NaOH before being washed severalggwith distilled water. amounts of NPs and clay were varied over a wide range. Three
concentrations of clay suspensions ([ciayd.15 g [* +1.5gL" *

7.5g L") were used, while the dilution of the NPs in the slightly
The clays used in this study originate from a natural deposit (Idahg,.igic HNQ solutions was varied from an equieat iron
USA) and were purchased from the Clay Minerals Society Sourcgyncentration of [Fgk7.8x10° mol L to [Fe], = 1.56x10" mol
Clays Repository. Beidellite is a TOT phyllosilicate withegative | -1

I h ing f 2 -0. i I . .
izgfr:orc h?(r:gseubr;ri]ngjlt?gnsrgfng atotr?ls?:)S Alljeat[oumr!tinctehe ?elfar:g Olra\(Ve introduce here the R parameter that represents the ratio of the
P y mber of NPs initially added to the number of clay platelets. This

silicate sheets. This moderate charge explains the possible full " . . "
L . L crucial parameter governs the flocculation conditions and can be

exfoliation of clay lamellas, in presence of a sufiiti@mount of . . .

i . . determined from the clay and NPs concentrations by do@aten
water. They were purified according to the following prod&4ds. 1)
First, 200 g of raw powder was washed three times with 5 L of ’ _
aqueous solutions of 1 mol™*Lsodium chloride to replace the R:(NuAmber of nan?partlcles)/A(Nurrjber of clay platelets)
cations in the interlamellar space by'N&@he clay suspension was = [(Mre20s AF€l0)/(2Vnp Arezos @  AaRietBeiay)/([Clay]o)] Q)
then treated using sodium acetate at pHS and at 80°C to get rid 9jhere [Fej is the equivalent iron concentration (in mof’)L
the carbonates. After that, the suspension was dialyzed agairnglay], the concentration of the clay in the suspension (iny L
deionized water for at least 15 days in order to eliminate excesg_,,.) the molecular weight of maghemite (159.8 g +hjl 2 .
ions. The dialyzed suspension was then poured into Imho#scon and 2 ,o, are the densities of the beitiiel clay and maghemite
and the largest particles constituted of impurities were then2 62 g cn?, and 5.21 g cify respectively), Vatelet and Vip the
discarded. We then obtained a purified clay suspension that wagean volumes of a clay platelet and a maghemite NP, both
finally sorted by size thanks to successive ultracentrifugation stepgetermined from the mean sizes of the particles measured by TEM
at different speeds. This yit_alded average p!atfalets siaBsng  microscopy (Vaerem[(3 3)/8] B2 A where R=480 nm and T=1
from 200 nm to 500 nm. This publication is limited to the resultshm, respectively the mean Feret diameter and the mean thickness
concerning the 500 nm fractiowhich was obtained after an of the platelets[31]; Vye E¥6, where D= 10.1 nm, the mean
ultracentrifugation at a speed of 7000 g. diameter of the NPs). This equation has been determined assuming
2.2 Flocculation process a perfect hexagonal shape for the clay platelets and a perfect

The flocs were prepared using the following procediite same VSKHULFDO V KBG;HNPsRand Weglecting the effect of
volumes (4 mL) of NPs and clay suspensions, each of them at &fticles polydispersity.

adequate concentration, were mixed and rapidly stirred for 2.3 Characterization methods

minute using a vortex mixer at 10 Hertz (during our first attemptsa_ XRD

it had been observed that stirring of the samplesof@ minute ] ) )
with a vortex mixer at this rate was optimum, in comparison to! '€ Xray diffraction measurements were conducted using two

larger or lower stirring velocities and durations). Then, the sampl@0wder diffractometers (Phillips PW 1130 and Brifes). Before

was left to settle either under the single effect of gravity (G), o@nalysis, the samples were dried at 70°C for 24h and then grinded
under the combined effect of gravity and agnetic force resulting L Q. RUGHU WR KDYH WKLQ S_ RZ G HU 'DWD 2
from a strong magnetic gradient due to a cuboidaFi magnet 80°. in 0.02° step at a voltage of 40 kV. The diffraction peaks were
located at the bottom of the vessel containing the floc (G+H). Iftributedtodg VSDFLQJIV XVig@adodh UDJJITV H

this case, the magnetic field varied from 0.43 T at the contact of thg. TEM and CryeTEM

magnet to 0.024 T at the maxam height of the floc suspension
(corresponding to a distance of 4.9 cm from the magnet).

b. Purification of beidellite clays

The dried clay and NPs samples were observed by transmission
electron microscopy (TEM) using a JEM JEOL 100 CX
A preliminary study was performed regarding the influence ofmicroscope operating at 100 kV. Furthermore, the frozen floc
sedimentation time under G or G+H. Under gravity, for lowsamples were observed by Ciy&M. For this purpose, & L
sedimentation times (10 or 20 min), althoulgit€ulation is almost  droplet of floc suspension was deposited onto a Quantifoil grid.
complete, the flocs are not settled and the percentage of particlgcess liquid on the grid was adsorbed with Whatman filter paper.
(clay and NPs) remaining in the supernatant is high. When ahen, the grid was rapidly plunged into liquid ethane to form a thin

www.theNanoResearch.com . www.Springer.com/journal/12274 | Nano Research



4 Nano Res.

vitreous ice film. The vitrified sample was thelaged into a Gatan of the sedimentation front at different times. For the samples with
626 liquid-nitrogen cooled crydolder and transferred into a LaB6 fast settling velocity, it was necessary to film the sedimentation
JEM JEOL 2100 microscope operating at 200 kV. Images werprocess. We then used threageJ software to measure the height
recorded on Gatan Ultrascan 1000, 2k x 2k CCD camera, and withf the flocs on every picture. Hence, the evolution of the height
a JEOL low dose system (Minimum Dose System, Md)rotect  was plotted as a function of time. The initial settling velocity was
the thin ice film from any irradiation before imaging and reducecalculated by measuring the slope of the tangent to this kinetics
the irradiation during the image capture. curve, at t=0. e final volume of the flocs was determined by
measuring the height of the fleupernatant interface, after

¢.DLS and zetq)oter]tlal measurements _sedimentation for three days under G+H, and two weeks under G.
DLS and zetgotential measurements were performed by analysis

RI WKH VFDWWHUHG OLJERV R@ D =H W D ¥/ Lage] granuipgyesry

ZS ZEN 3600 apparatus (Malvern Instruments). The variation oThe mean size of floc particles was determined by laser
the colloidal stability and surface charges of the raw patrticles (clagrandometry using a ACCUSIZER 780/SIS apparatus. Before
D Q &e05) with pH was measured by titration of the samplesanalysis, it was necessary to dilute the settled flatis a factor of
using a pH1 aqueous solutiowf HNO; and/or a pH13 aqueous 5000 by adding 20 pL of the suspension to 100 mL of MilliQ
solution of tetramethylammonium hydroxide (TMAOH). The pH, distilled water Owing to the high dilution usedhe concentration
zetapotential, and DLS diameter were systematically measuredf the floc was very weak (betweéh2 mg L' and1 mg L,
after each addition of the titrating solutidfor this experimentl0 depending of the floc volumeand the ionic strength was nearly
mL of NPssuspensionwith an equivalent iron concentratioof zera This solution was injected into the apparatus and flowed in
[Fel= 7.8x10* mol L™ and a pH of 21, was titrated by the front of a laser beam, which enabled to determine the individual
TMAOH solution (2 mLaddedin total). As for the plateletstwo size of each particle (500 nm to 400 um) through a combined
separated 0 mLsuspensions, with éay concentrationf 1,5 g L* approach based on light extinction and scattering.

anda pH of6.6, were respectively titrated kifite HNO; solution (1 9. SAXS

mL addedin total), and theTMAOH solution (1 mLaddedin total). )
During these measurements, the ionic streragiproximatively The NPs and clay aqueous suspensions, and two NPs/clay settled

ranged from 18 M to 2.5<10% M for the NP suspension, and from flocs corresponding to R=6 and R=320 were studied by small angle
less than 170 M to 9.1x10° M for the clay suspensioin addition, X-ray scattering (SAXS). The experiments were conducted in
the variation of the zetpotential of the floc aggregates with the European Scientific Radiation Facility (ESRF) in Grenoble on
amount of added NPs was measured by a similar procedure. It wi§amlines ID02 and BM26. The samples were put in cells between

checked that these measurements were not affected by the fIB¥0 thin mica windows with a 0.83 mm spacer. We realized two
sedinentation. The errors on the DLS diameter and-petantial ~ Sets Of measuresith the detector either at 1 m or 30 m, for a beam

were estimated on the basis of the standandation of the Wavelength of 1.033 A. The obtained values of the scattering

2 8-1 .
measurements and of reproducibility tests. vector g ranged from 6.]3(10 5.10 A_ for the distance of 30 m
_ and from 6.10 to 0.5 A for the distance of 1 m. The 2D
d. U\-Visible spectrometry scattering imagewas integrated to obtain the raw scattered

The concentrations of the NPs and clay platelets remainitigein  intensity, J. (q). Then, the absolute intensity, 1(q) (in Ymwas
supernatant after sedimentation of the flocs were determined usirgptained from l,, (q) by the following equation :

a UVtvisible UVIKON spectrophotometer. For clay platelets, We |(q)=[(1,na)/Tr B (lwael )/ Trwater Brate)] Bret abdlret rav) )

C.s L U.H F W.O\ DQDONHG W KH DEVRU E_D QFH WFiularéNI"r< fyndvt é\r% 'ﬁegp%c%\yvd?tgevyrar?s\rﬁ/ls&on and '8|(F:)kness of
since it is mainly due to the scattering of the clayghss (it was .
i ) . . the cell containing the sample,b{(q), Truwaer aNd taer are
first checked that the relationship between clay concentration and . i . -
- . . espectively the raw scattered intensity, the transmission and

absorbance is linear). For NPs, a colorimetric method was used. ickness of a cell containing watefk and | are
the standard procedure, 0.42 mL of a 37% w/w HCI aqueous . : . (refbs)  retraw)

. . respectively the absolute intensity and the raw intensity of the
solution was added to 1 mL of the supernatantnThige mixture

. . . . X reference cell containing glassy carbon.
was heated at 50°C for 5 minutes, inducing the dissolution of the g gassy

NPs into iron ions. Hence, 0.60 mL of distilled water and 0.48 mLWhen a SAXS experiment is made with a binary mixture of NPs

of a 0.3 mol [* potassium thiocyanate (KSCN) solution were @nd clay, the scattered intensity must be written as :

added. This led to the formation of a red irormptex, which  1(0)= Ycia? Biaf0)+ Y2re202 Bre2040)+ Yarer03A2ciay Prer03cia(a) (3)
FRQFHQWUDWLRQ ZDV G HBZHThe ledrsCGof D Where },(qR<the scattering from the clay platelgtod{q) is the
measurement were estimated through reproducibiktst and v FDW W H U L Q-Fe,0y RFS, Wokedd(q) is the interference

were found larger for the clay concentration, and when the amounfy HUP GXH WR WKH FRUUH O DR&OQR QY IEHWZ H
of added NPs is low. the difference of scattering length density between the clay and
ZDWHU DRIS theé !difference of scattering length density

E HW Z H HFRg,OAN®B and water.
The settling velocity of the aqueous suspensions of the flocs, under Re:

G or G+H, was determined by measuremehthe height of the T.his equation can be §implifi(_ad for an aql_Jeous_suspension of a
floc-supernatant interface (z) with time. At t=0, the flocs whereSiNd1€ type of isotropic particles.  The intensity I(q) of the
homogeneously dispersed in all the liquid phase. The initial heighicattered beamis then vyr|tEen as-

of the floc suspension corresponded to a distance,of.2 cm (a)=V, A,AIER T A6 T4)

from the bottom. Two methods of measment were used. For the where \} is the particle volume;, is the volume fraction ofhe
samples with slow settling velocity, it was possible to take pictures

e. Settling velocity and final volume of the flocs
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SDUWLFOHV ZKLF KN QV, Zvith_NVid/tHe Quriber - 1(a). At pH<3.5, the NPs show a DLS diameter of around 25 nm.
of particles per volume unit and V the total volume of the sample)This value is in accordance with the mean diameter measured by
0 B is the difference of scattering length density between particle3EM, the gnall difference resulting from the specificity of the
and solvent, P(q) is the form factor that chandmés the geometry DLS measurement, which gives access to the mean hydrodynamic
of the particles, and S(q) is the structure factor that characterizeBameter of the particles. The high colloidal stability of the NPs at
the interactions between particles. acidic pH is thus confirmed. For pH valued 3.5, the zeta

This equation is well suited to the suspensions of NPs, because Rftental isaround + 30 mV revealing that in these conditions, the
their isotropic shape, but can be also used for the clay sispen Surface charge of the NPs is positive in agreement with previous
provided that the dilution is sufficiently large to neglect the formStudies[35]. When the pH increases above &3trong increase of
factor. It was also employed for the clay/NPs floc at high R valudhe DLS diameter towards more than 1 um can be observed
(R=320). Indeed, considering the larger scattering length density ¢pgether with a progressive decrease of the zeta potential that
-Fe,0; and the larger number of NPs, in suchase, it is valid to  feaches the isoelectric point at pH=7 D FODVVLFD-O YDC
neglect the contribution of the clay platelets to the total scatterind7&QOs. Such concomitant evolution of size and azgiotential
Therefore, for this floc, it was possible to determine the structuré€monstrates that aggregation of NPs occurs for pH>3.5, as a
factor S(q) from the SAXS curve, according to the following result of the decreased surface charge of NPs. In basic conditions,
procedure. First, the form famt P(q) was determined using the OF PH>8, the zeta potential of the NPs progressively decreases to
SAXS curve corresponding to the initial suspension of NPs. Fopegative values, while the DLS strongly and shadecreases at
that purpose, this curve was fitted by a theoretical SAXS curv®H>12. In this pH range, the NPs are negatively charged, with
corresponding to polydispersed spherical NPs characterized by@@arge densities high enough to observe a second range of colloidal
log-normal distribution of theisize[33]. The besfit was obtained ~ Stability.

IRU D PHDQ GLDPHWHU RI QP REG Dy YRAX Plakletd R -

0 . . .
0.06 %). This theoretical curve Was_con5|dered as the_form facto[rhe purification procedure that was carried out for obtaining the
P(q) of the SAXS curve corresponding to the floc at R=320. S(q.)jqueous dispersion of sigerted beidellite clay is based on

was finally obtained byd|v.|d|ng I(q.) by P(@). already published works (see the experimental part). The raw
3 Results and discussion suspension has a low ionic strendtBl0* M) and a pH of 6.5.
3.1 Presentation of the raw materials Elemental analysis of the dried sample was performed using
Energydispersive Xray spectroscopy (EDX) coupled with
D 7KA8,0; NPs Scanning Electron Microscopy (SEM). This led us to determine the
The synthetic procedure that was carried out for obtaining thegw formula of the unit cell which is
aqueous acidic dispersion of sixeR U Wéi@ NPs is based on  (Si; 3l 6)(Al 3 576 190:(OH)Nay s This raw formula is in
already published works (see the experimental part). The chemicgtcordance with the raw formula provided in a previous @tk
composition of the NPs was confirmed by powHerray  The catiorexchange capacity (CEC) of the beidellite clay
diffraction (XRD) and vibrating sample magnetometry. Thea)X  determined by colorimetry after cation exchange with the
diffractogram (seeFig. S1(a) on the Electronic Supporting cobaltihexamine ion [Co(N§]** according to the protocol
Information, ES) of the dry sample displays five main peaks established bRemy andOrsini [36], is 64 meq g[37]. This value
corresponding to distances at 2.96, 2.50, 2.08, 1.60 and 1.46 £ in accordance with the previously reported values for smectite
which can be attributed to the,gl ds11, thoo Gs11 @nd daoSpacings  clays, and confirms the moderate negative charge of the clay
R W K H -Fe0; phase. Furthermore, the platelets
magnetizatiordemagnetization  curve  (see Fig.  S1(b)) The clay was also characterized by transmissiglectron

corr_e_spondi_ng to the c_oncentratgd_ _aqueous dispersion of the Nﬁﬁcroscopy (TEM) and ay diffraction (XRD). The TEM image
exhibits a high magnetic susceptibility together with no hystere3|s(,see|:ig. S2(a)) clearly reveals the hexagonal morphology of the

which is typical of the superparamagnetic &eébr of _feW clay platelets. The particles are relatively monodisperse, because of
nanometersV L ] H 86,0, NPs[34]. The morphology and size of the sizesorting procedure, with a mean Feret diamedetermined

the NPs have been determined by TEM microscopy. The TEM;om ten TEM images on more than 100 particles, gEBBO nm,

image (see figure S1(c)) showshat the NPs have a i 5 standard deviation of 80 nifihe Xray diffractogram (see
pseudespherical shape and are relatively monodisperse. The'IEig. 6 E GHSLFWV D YHU\ LQWHQVH SHDN

mean diameter dgtermingd by counting the siz_e _Of nlore than 2487 interplanar distance of 12.5 A. This can be attributed to,ghe d
NPs on th? TEM IMages IS 10.3 r(qlandard de_V|at|on_- 1.6 nM)  pasal spacing of the clay layers with one water layer in the
The resulting sizelistribution (see figure Sdj) is relatively well interlayer, which is logical for ambient humidity conditioris.
modelized by a logiormal curvegiving a mean diameter of 10.1 555 WLR Q VHYHUDO VPDOO SHDNV DW

nm W'th_ a ¢ value of 0.14. The reIauyer small valug of in (corresponding to distances of 6 A, 4.2 A, 2.6 A and 1.45 A) can
comparison to the .unsor'Fed initial fractiod ( 0.6) confirms the  p . ~wibuted respectively to thedoss ooy and dgo interreticular
rather good monodispersity of the NPs. spacings of beidellitavhich belongs to thepace goupC2/m The

The efficiency of clay flocculation with the NPs is strongly DGGLWLRQDO SHDNV DW f f DQG
correlated with their respective surface charge and colloidadistances of 7.3 A, 4.4 A, and 3.2 A) are attributed respectively to
stability. Since these two parameters strongly depend on pH, thetfe g, spacings of kaolinite, and to the,gland do; spacings of
variations were studied by DLS analysis and -etential  quartz (both present as remaining impurities)

measuremes, respectively. The evolution of the zgiatential and 1,4 pH evolution of the zegotential and DLS diameter of

/6 GLDPHWHU ZLWHKeSsNPRH pitideried iRig. beidellite platelets can be found kig. 1 (b). The DLS diameter
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varies between 250 and 1000 nm for the studied pHs. Since thire NPs, the surface charge of the NPs is not sufficient to allow an
value is the same order of magnitude as the size of the platelatptimal interaction with clay. Wénally chose to work at a pH of
measured by TEM, it confirms the good colloidal stability of the3.2, because a pH of 2.1 may lead to the homoaggregation of the
clay between pH 2 and 12. Regarding the -pet@ntial, it ranges clay platelets due to ¥Na' cation exchanges on their surf488].
between-35 mV and-48 mV. Thus, the beidellite platelets display The jonic strength of the samples also cousitan important

a strong negative charge independent of pH, which can bgarameter that coultiave an effect oflocculation, especially if
explained by the fact that surface charge is principally due tgne final goal is to design an industrial process.

structural defaults in the tetrahedral sheet. This high negativgR has been proven that for monovalentsothere is nosmectite
surface charge is responsible for the good colloidal stability of th@|ay flocculation as long as the ionic strength does exceed 19

clay platelets. M [39,40. Here, sincethe ionicstrengthof the claysuspensioris
s == (@) 19990 s (b) 10* M andthatof the NPs suspensismangs between 19 M and

ws 10° M, depending on the phbf the HNQ solution usedfor
diluting the NPs the ionic strengthduring flocculation ranges
between 10 M and 5.%10° M. Theselow valuessuggests that the
amount of ios is insufficient to influence the flocculation process.
This wasconfirmed by a testwhich has beemone by adding a
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: . @ S — 10°M HNO;solution in the clay suspensidn theabsencef NPs
18 @ @@ « -° = - - after 48h, no flocculation @edimentationvas observed.
C;:;Il;ll?al Aggregates c;:;',?al pH = Colloidal stability pH
s 100 It would also be interesting to explore the high values of ionic
mClay mNPs (c)

strength.Preliminary testoon NPs/clay flocculationwere carried
outat pH 32, with ionic strengths ranging between 816* M and
1.5 M, through the simultaneousddition of small amounts of
NaCl solutions at the same pld all cases, aomplete flocculation
followed by a rap sedimentatiorfespeciallyunder magnetic fid)
was observed. Howevesmall difference in the sedimentation

%(particles in the

supernatant)
5 @ e
s & o

~
S

o

pH2,1 pH3,2 pH3,9 pH5S5 pH117
e W

- ." '.'é velocitiesand flocs volumesvere observed. Thisay indicatehat
i Clay ~ Colowtal Clyand s a competition between the NPs and the ioosuss, which would

stability ~Colloidal
NPs —floculation stabilit

lead to a different structufer the flocs

Figure 1 Evolution of the Zetgpotential and DLS diameter with the pH for the

starting materials. (a) maghemite NPs ; (b) beidellite clay. Below: schemeb. Influence of the NP/clay ratio

depicting the aggregation state and the surface charges of the materi.al.s wily study the influence of thiaitial NP/clay ratio (given as the R
respect to pH. (c) Influence dfe pH on the amount of clay and NPs remaining ,, .3 meter) on the amount of flocculated particles, three different
in the supernatant after flocculation and sedimentation (48 h, G). Below : . . .

Scheme showing the aggregation state of clay/NPs mixtures with respect to plg.lay conce_ntratlons _V\_Iere used tF’Qether with a wide ra_nge of NP
concentrations. Additional experiments were also carried out at
constant R value with vging clay concentrations in order to
assess the effect of clay concentration, independently of the
NP/clay ratio. The percentage of NPs and clay remaining in the
a. Effect of pHand ionicstrength supernatant after flocculation and sedimentation under G or G+H
pH is a keyparameter for the heteroaggregation of both materialgvas determined by UVisible analysis, Fig2 (a) and (b) display

due to its strong influence on the surface charge of maghemitéle evolution of these percentages with R. A resulting diagram that
This was confirmed by the UMsible analysis of the percentages describes the different metastable states of clay/NPs mixtures, with
of particles (clays and NPs) remaining in the supernatant aftdespect to the clay and NPs initial concentrations, can be found in
addition of NPs prepared at different pH to the neutral clayFig. 2 (c).

suspension and subsequent decantationHigeé (c)). At pH 11.7,  Three zones can be defined from the shapes of the curves. At low R
most NPs and clays remain in the supernatant. Both partieleg b values (R<10), significant amounts of NPs and clay platelets are
negatively charged, repulsive interactions are dominant, and thusft in the supernatant, and the percentage of-ssaimented

the colloidal stability of the mixture is maintained. At pH 5.5, the particles increases with decreasing R. Two hypotheses can be
NPs are not charged, and thus homoaggregate. Therefore, tf@mulated to explain this result. Either the amount of NPs
sedimentation of the NPs is almost complete, whereag clanecessary for the clay flocculation is not enough, and numerous
particles mostly remains in the supernatant. At pH<4, both particlesnaggregated particles remain in suspension, or heteroaggregation
are removed from the supernatant indicating that in such conditioris, complete, but the flocs, because of their too low density,
heteroaggregation is dominant. This result illustrates the fact thahagndic susceptibility, or size, settle too slowly. In both cases,
flocculation requires opposite charges for ttve materials. Since  when R is less than 10, flocculation and/or decantation are not
the beideillite platelets are negatively charged in the whole pktomplete. For medium values of R (10<R<320), the amount of
range, the NPs had therefore to be dispersed in an acidic pH. NIPs and clays in the supernatant are less than 5%. This means that
should however be noted that small amounts of clay and NPsoth the flocculation and resulting sedimentation of particles is
remain in the supernatant at pH 3.9, whilecfiolation and almost complete. For R values larger than 320, we can observe that
decantation seem to be total at pH 2.1 and 3.2. It is likely that fahcreasing amounts of NPs are left in the supernatant, while the
pH 3.9, which corresponds to the limits of the colloidal stability offlocculation of clay appears to be complete. Such a tendemty

3.2 Main parameters influencing the amount of flocculaté and
settled particles
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be interpreted as follows: in such conditions, adsorbed NPs saturatee deciled to study floc settling by simply measuring the height of
the clay platelets, and therefore excess NPs that cannot associtite sedimentation front as a function of time. The kinetics curves
with clay particles remain in the supernatant. Obviously such &or various samples distinguished by their R values (all prepared
tendency increases with R and for very high R valaémost 100% with 1.5 g L™ of clay), displaying the evolution with time dfie
of NPs can remain in the supernatant. It must be pointed out thaedimentation front can be foundkig. S4. The first part of these
additional tests (not shown) reveal that for a constant R value, trmurves is linear, which means that sedimentation first occurs at a
amount of flocculated particles does not depend on the initial clagonstant rate. Then, the fall gradually stops up to a constant height,
concentration. which indicates a decrease of the settlimpeity down to zero.
Many models exist in the literature to describe the settling velocity
%0 < () of isolated or aggregated particles, under grapty], or under a
7 magnetic field gradient42 #4]. Here, the obtained curves can be
ol DVVLPLODWHG W R1],\WhielK fgans Xhit \the settling
o particles constitute a continuous medium that tends to decrease in
| height. These curves are based on the assumgtiat the
‘li—uhm’”‘ sedimentation rate only depends on the local concentration in
0z 2 g o 2000 2000 T particles, which is constant at a given height. The linear domain of
i e T R WKH LQFKTV FXUYHV LV H[SODLQHG E\ W
A moments of sedimentation, the concentration iartiples is
constant on the top of the suspension. At the end of the process, the
Ret0 sedimentation rate decreases as the local concentration of particles
at the bottom of the suspension increases. The initial settling
velocities (y) can be simply calculateffom these curves by
oy ant NP sty remaing n determining the slope of the linear parts of the curves. Figure 3
s the supernatant displays the evolution of the initial settling velocities as a function
. e of R for the two sedimentation modes.

I (b)3

oo (@

®

.
3
S

ES

o
=

S

~
5
e
—.—
=

%.

(%) o
£
o
NN
5
Clay remaining in the supernatant
(%)
@
S
w

10 - ‘

NPs remaining in the supernatant

-
1E+18

\

(number /L)
A

(L]
A

-
-
1E+T

RS |

-
- “Full flocculation and
u sedimentation of the
1E+E - clay and NPs’ -
-

1
.

-

-
-

* oo .f-.lu‘oc
1
\

Concentration of NPs

1E+15

 Concentration of cfaEy;?:Tatelels {number /L)
Figure 2 Evolution of the percentage of NPs (a) and clay (b) left in the
supernatant after flocculation and settling under gravity (G, 48h, open dots) ¢
over a magnet (G+H, 24h, filled dots), as a function of R. (c) Resulting diagran

g

)
¥
h)

]

m
g8
el
*
el
y (cm,
v
g2

£
of metastable equilibrium of the clay/NPsgym (after settling under G+H, % 400 %’:j
24h). pw . Ry
£ 200 4] |
5 00 . - ¥ &0 b o |
All these results are summarized Kg. 2(c), which can be S T m e 1o o e wo w0 = 8 s e R
considered as a metastable equilibrium diagram, with respect to tt :

clay and NPs initial concentrations. This diagram clearly exhibitsrigure 3 Evolution of the initial settling velocity as arfction of R for the

the concentrations lirts corresponding to the three above samples settled under G (open dots) and G+H (filled dots) (jelag g L) (a)
described behaviors. The first area (in red) is observed at highuil Scale ; (b) Enlargement at low values of ordinate.

concentration of NPs and low concentration of clay (R>320). It

represents the samples that have entirely flocculated, in spite of @everal trends can be deduced from the curvésgof3. The first
excess of NPs left ithe supernatant. The second area (in green)point is that the flocs settle much faster when a magnetic field
observed at intermediate concentrations of NPs and clagradient is added. This result can be explained by the fact that the
(10<R<320), matches with the optimum for a total flocculation ofmagnetic force acting on the flocs is much more important than
both particles. The third area (in orange), obtained at lowgravity. On the other hand, the sedimentatiefocity increases as
concentration of NPs and higboncentration of clay (R<10), R increases, especially under magnetic field, which is probably due
corresponds to samples for which NPs and clay platelets partially the increase of both gravity and magnetic force with increasing

remain in the supernatant after decantation. numbers of added NPs in the flocs. Furthermore, the difference
between the rates under G and un@efH is increased with
3.3 Settling velocity increasing R values. At a value of R=12, the sedimentation velocity

Studying the settling velocity of NPs/clay flocs under gravity orunder G+H is 7.5 times faster than under G, whereas at R=240 the
over a magnet is of primamportance. Indeed, water treatment settling velocity under G+H is 192 times faster than under G. It
applications not only require complete flocculation, but also a higishould be noted that, from R=12 R=240, the enhancements in
sedimentation rate. Moreover, the measurement of the settlingedimentation velocity are of 1.5 under G, and 38 under G+H.
velocities can provide information on flocs structure. . To explain the differences in velocities between the two
To measure this parameter, thieshly prepared flocs were let to decantation processes, and their increase with R, we calculated the
settle under G or G+H. We observed that for [ga¥}5 g L, the gravitational force, E and the magneticofce, F, acting on a
sedimentation of the materials was always homogeneous (see tsiggle hexagonal clay platelet having several NPs adsorbed on its
photos inFig. S3), with a clear boundary between the settlingsurface. This entity constitutes a simple structural model of the
materials and the supernatdi.e. a sharp sedimentation front), and flocs. The two forces can be obtained by the following equations:

an apparent absence of any concentration gradient for either NPs or Fe v, AJXA9 (5)

clay in the settling flocs (this was further confirmed by analyzing Fiso SV R AG+ G](6)

the iron concentration in the flocs at different heights). Therefore,
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of the aqueous phase, g the standard gravigyh® volume of the
NPs/platelet aggregate, he vacuum magnetic permeability, m
the magnetization of the NPs, and dH/de magnetic field

% —v—-f_,,_w_”_i_ei (a—

) ?,Potelntial (mV)

gradient. . P!
The density and volume of the NPs/platelet aggregate can t " | ‘
obtained by the following equations: aR:m 0 o 1000
R VF:VEIateIeL SANQ (Z) 6 (b) 7 (C)
!F:(VplateletAtlay SANQAFEZOQ/(VpIateIet 5AN9) (8) ES FS s o Eﬁ ¥ §
The magnetization m is obtained from the eabf the magnetic e @ gi ‘s ; $ %
field H measured at a given height, z, from the magnet, and usir g"‘ @ £ J $ * 4
the magnetization curve of the dispersed NPs, giving m as TEn: * . . El %%
function of H. dH/dz is obtained by deriving the experimental “, * Ei !

curve giving H as a function of z.The calculatioslas made for 0 100 R 200 800 0 200 R 400 600

different R values, and at different sedimenta_ti(_)r_1 heightsl-'(igee Figure 4 Evolution of several bulk properties of the flocs as a function of the R
S5). For example, we found that at half the initial height (z=2.43,3rameter and the sedimentation modes (open dots = G, 48h ; filled dots =

cm), ks and are of 2.6x10°N anGd 8.6x10° N, respectively for G+H, 24h ). The value of [clay]s always 1.5 g t. (a) Zetapotential (b) Total
R=12, and 7.7xI N and 1.7x10° N for R=240 (sedables S1 volume of the flocs and (c) Granulometric size (the vertical line at R=100,

and S2 for the calculations). Therefore, the ratigrfg)/Fg is 4.2 corresponds to the isoelectric point of the flocs).
for R=12, and 23.2 for R=240. When R increases from 12 to 240,

Fe and Rs+Fy are enhanced by factors of 2.9 and 16, respectivelyrigyre 4(a) clearly shows the increase of the-petantial with R.
Although there is no simple legions between the ratios obtained For |ow R values, the flocs have a negative -petential with a

from the experimental velocities and those obtained from thgaue close to that of clay platelets. This means that the amount of
theoretical forces, it is interesting to note that there is a cleayps is not enough to neutralize all the negativeggsof the clay
correlation between both values. Therefore, our results may well Bgatelets. As the amount of NPs increases, those negative charges
explained in terms ofraincrease of the gravity and magnetic force gre progressively neutralized until reaching the isoelectric point,
and of their difference, as the value of R increases, due t0 thghen the zeta potential equal zero, for a value of R of
higher density and higher magnetic susceptibility of the flocsapproximatively 100. At this stage, either aligaéive charges are
However, the effect of the magnetic field on sedimentat&®Ms  neutralized, or the flocs behave like a zwitterion, which means that
to be minimized Wen the calculated values of &nd Iy are used.  they contain the same amount of positive and negative charges.
To explain this difference, it is important to mention that theapove R=100, the flocs have a positive zptdential, which
strength of F increases with the proximity from the magnet, andingicates that adsorption on the clay pletelcontinues, although
thus the (Fe*Fu)/Fs ratio increases as the hbigdecreases. there is an excess of NPs with respect to their amount necessary to
Considering thathe floc particles are interconnected, the effect ofpeytralize the negative charges of the clay platelets. At very high R
the magnetic field at low height may have strong importance on thgajyes (R>320), the positive surface charge of the flocs does not
global sedimentation velocity. Furthermore, the real structure of thgyglve, which is related tthe saturation of the clay surface by
floc particles is probably much more complex that the simpleygsorbed NPs. Thus, zegatential measurements highlight the

model used for the calculations, which can strongly impactexistence of two types of flocs distinguished by the sign of their
sedimentation velocities. We attempted to elucidate this complexyrface charge, depending on the amount of added NPs.

structure through different approaches, which are reported in the

next part of our work b. Total volumes of the flocs aftedimentation
Settling velocity measurements also provide estimate of floc total
3.4. Flocs characterization volumes after sedimentation. Such a value is somehow linked to

To obtain a first dscription of the flocs structure, several bulk the internal floc structure, and is also important for water treatment
properties including surface charge, total volume aftef@bplications, since small volumes afteedimentation allow an

sedimentation and granulometric size were measured, while tfe@sier flocs recyclingl,41. Flocs volumes were determined after
organization of the materials at a microscopic scale was partialljedimentton for three days under G+H, and two weeks under G

determined by crydEM and SAXS. no major evolution was observed for longer periods of
. sedimentation). It is important to note that a preliminary study
a. Surface charge of the flocs by measurement of thepaétatial using thermogravimetric analysis revealed that the flocs are

We determined the zepotential of the flocs after 48h of composed of more thaB9% of water after sedimentation. This

sedimentation under G, for different values of R and at [¢¥y$  indicates that most of the volume of the flocs is due to water, and

g L. The results are displayedfit. 4 (a). that the intrinsic contribution of clay platelets and NPs is extremely
weak.
Figure 4b shows the evolution of the volumes as a function of R,
for the two decantation modes ([clgy] 1.5 g L-1). The settling
type has a strong influence on the final volumes. The volumes
range between 30 % and 58 % of the initial volume (V= 8 mL)
after sedimentation under G, while they remain between 6 % and
22 % after sdimentation under G+H. Thus, the presence of a
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magnet lead to lower flocs volumes, whatever the value of R. Thimeasurements. At very low R values, the flocs bear a strong
first result can be explained by the fact that the magnetic force isegative charge, and the measured sizes (around 500 nm) are not
much more important than gravity (especially at the end of théar from the initial size of the clay platelets. Thus, the presence of
sedimentabn process, when the distance to the magnet is shorthigh electrostatic repulsions implies a weak cohesietween the
which implies a stronger compression of the flocs. It should also bprimary particles, which is probably broken by the high dilution
noted that the difference in volume between the two setttiodes  used for the analysis. For larger R values, as the amount of added
increases as R increases, which is correlated to the incrdadbes o NPs increases, the negatives charges of the platelets are
(Fe+Fy)/Fg ratio with R. progressively neutralized which means that the wlstatic

The second factor influencing flocs volumes is the amount ofepulsions decrease. This leads to stronger aggregation between the
added NPs. The two curves ). 4(b) have a similar shape, with platelets, and therefore to increased sizes for the Clay/NPs clusters.
an increase of volumes up to a maximum, before a progressivehe highest sizes are reached close to the isoelectric point, where
decrease. The position of the maximum on the R axis seems the electrostatic repulsions are minimaAbove R=150, the
depend on the decantation mode. Interestingly, under gravity aloradition of the NPs leads to positively charged flocs, again
the maximum is found at R=100, which r@sponds to the exhibiting electrostatic repulsions. The decrease of the
isoelectric point of the flocs. When a magnet is added, thgranulometric size means the decrease of the clusters size, which is
maximum is found at a slightly lower value (R=25), and the dropexplained by the decrease of the cohesion betweerparticles.

in volume after the maximum is particularly strong (70% of loss). On the other hand, a correlation between the total volumes and the
To explain these observations, we propose th&tve value of R,  particles sizes is also observed, a high size for primary aggregates
the addition of the NPs to the clay disturbs platelets stackingmplying a large total volume. However, since the two parameters
creating disordered aggregates, which tends to increase the voluraee not affected in the same manner iy decantation mode, the

of the sediment. This trend is reinforced when the amount of NPBocs volume also depends on aggregation at larger scale.
is increased, up to a certain limit, whicorresponds, under G, to Furthermore, it can be noted that the maxima of the total volume
the isoelectric point of the flocs. At high R value, the increasednd granulometric size are not found exactly at the same values of
strengths of the gravity and magnetic force that lead to enhancedrl

floc compression, seem to be dominant. Such an effect ia Cryotransmission electronic micseopy (CryeTEM)

partl_cularly_ intense under a magnetield, explaining that the Several floc samples were analyzed by CHEM, because this
maximum is found for a lower value of R and that a stronger . . g : .

. . method avoids the undesired aggregation of the particles during
decrease of the floc volume occurs beyond this maximum.

drying. Figure 5 exhibits Cry@EM images of the flocs after
¢. Mean size of the floc particles by laser granulometry sedimentation (G, 48h) for R=320 and 6 ([Clayll.5 gL ™).

The samples were characterized by laser granulométer a
sedimentation and dilution in a high amount of water. Figure 4 (c)
regroups the evolution with R of the mean size of the particles
obtained by this technique, for flocs settled under G and under the
G+H ([clay, = 1.5 g LY.
Flocs made from clay and flocculating agent (inorganic ions,
polymers or NPs) are complex arrangements of solid particles and
water. They have an irregular shape with different basic units
corresponding to different scales. Some authors proposed arf
organization with three sizecales[1,45. According to their
interpretation, primary particles are strongly aggregated into
clusters of few micrometers, which are grouped at larger scales
into aggregates of several tens of micrometers, themselves weakl
associated into superaggregates at theimater scale. The
question of which size is measured by laser granulometry is then
important. Since a high dilution of the samples is necessary to us
laser granulometry, the weak cohesion of aggregates and
superaggregates is probably broken. In addittbe, scale of the
measured sizes is less than ten micrometers. Therefore, it is highl
probable that laser granulometry gives access to the size of thelmm : o —
primary clusters of NPs and clay. Figure 5 Cryo-TEM images of the flocs ([clay1.5 g L* ; sedimentation G,
Figure 4c) reveals that laser measured size is poorly affected bysh). (a) and (b) R=320 : (a) low magnification, fiyh magnification(the

the mode of decantation. Taking into account its strong effect omyrow marks the position of laterally orientedplatelet) (c) and (d) R=6 : (c)

the total volumes, the decantation mode effectively influences thpw magnification, (dhigh magnification(the ringsmark someNPs located on
structure of the materials, but at a larger scale than that measur@dplateletedges.

by laser granulometry. To the contrary, the mean sizgrangly

impacted by the amount of added NPs. When R is lower than 15@s seen inFig. 5(a) and gb), for large values of R (R=320), the

we observe an increase of thecs sizes from 500 nm, to 6 um. NPs are regularly deposited on the faces of the clay platelets. The
When R is larger than 150, tlecs size decreases down to 3 um. mean distance between two adjacent NPs centers obtained by a
These results can be interpreted in relation to -petential  short analysis of the cryEM images is 108 A, which confirms
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that the adsorbed NPs aredlose contact. In addition, it seems that part of the curve (q E7.10° A™) can be fitted by a power law
the coated platelets are irregularly stacked through-ttaece  with an exponent close t@. The exact values of these exponents
aggregation (darker zones of the pictures). We can also obserdepend on the amount of added NPs. At high g, the exponent is
platelets that are not in the same orientation (they look like needle8.2 for R=6, a value intermediate between those obtainedhédor t
on the pictires: see thearrow on Fig 5(b)), which may indicate pure NPs and clay. This magsult from the combined contribution
the presence of fade-edge or edgéo-edge aggregation. The of the form factors of both types of particles. For R=320, this
extent of the aggregate is more than 2.5 pum, which is in agreemeakponent decreases 8.8, a value close to that of the pure NPs.
with the mean sizes obtained by laser granulometry. For a low NPEhis suggests that for this sample, the main contribution to the
amount (R=6, Fig. 5(c) and 5(d)), the NPs seems to be form factor is due to mghemite, which may be caused by the
preferentially localized on platelets edg@eee the rings on Fig. larger number of NPs and by their larger scattering length density,
5(d)). Faceto-face aggregation of the cldag only observedin in comparison to the clay platelets. At low g, the exponer?.
comparison to the case with high amounts of NPs, the aggregates R=6, a value identical to that of the clay suspension. This may
appear moreompact, but have a lower size. Using CM&T, we be explained by similar structure for the clay suspension, and for
thus obtained qualitative information on the location of the NPghe flocs containing a low amount of NPs, at least for the small
and the morphology of the primary aggregates. However, thiscales studied by SAXS. This similarity may result from the
technique is limited here to a tweimensional view of few clusters. keeping of relatively high repulsions between the clay platelets for
Therefore,it is important to complete these results by Small Anglethese fbcs. Interestingly, the value of the exponent at low g
X-ray Scattering that provides averaged information on flodncreases tel.8 for R=320. The shape of the curve at low q for the
structure. floc at R=320 is not similar to that of the single NPs, since no
plateau is observed at very low g value. Thus, this specific shape

. . may reflect the existence of a structure factor characteristic of the
Two floc samples corresponding to a low and high amount of NP . .
locs containing a high amount of NPs.

respectl_vely (R=6 and R:SZOMerg char_actenzed by SAXS. For To confirm this hypothesis, we attempted to extract the structure

comparison purposes, the NPs dispersion and the clay suspension .

were also analyzed. Figure 6 presents the evolution of the obtain tor S(q) from the SAXS curve corresponding to the floc at
yzed. g P =320, using a praxiure that neglects the contribution of the clay

zAn)étiSoncg;\:EZ S%;/;?egrintgims]f;ttered intensity 1(q) plotted as %o the.total sca_tte_ring (see_the_experimental part). The structure
factor is shown irFig. 6 (b). First, it should be noted that S(q) does
not tend to 1 at high g values, indicating that the clay scattering
cannot be totally ignored. Two wide peaks can be observed, the
first one corresponding to a distance of 19 A, and the second one,
at lower q value, corresponding to 90 A. The smaller distance may
be assigned to a stacking of clay platelets separated dxy water
layers in the interlamellar space, while the higher could be
attributed to the mean distance between two neighboring NPs
centers, in good accordance with the value obtained from the
Figure 6 (a) SAXS curves of the aqueous suspensions for the initial material%ryo—TEM images. Furthermore, at low g values, the strong
and two flocs samples: (1) Clay suspension 1.5'g(2) clay/NPs floc, R=6 increags of S(q) with decreasing q proves the predominance of
(IClayl=15 g L), (3) clay/NPs floc, R=320 ([Clay}15 g L), (4) NPs  gyyractions between particles and confirms the high degree of
dispersion ([Fej= 4.2x10°mol L™, HNOs, pH= 3). (b) Structure factor obtained 4gqregation in this sample. At this stage, it is however difficult to
from the SAXS curve (3) corresponding to the clay/NPs floc at R=320. explain the power law in'JqB. It is possible that the value of 1.8
corresponds to the fractal dimension of the aggregates. The
For the clay platelets alone (curve (1)), the SAXS data are Wellparacterization of this floc by other scattering and imaging
fitted by a single power law with an exponent2f3 whichcan be  ethods, which are more suitable for higher scales is therefore
attributed to the form factor of the clay platel81, 33.  pgcessary. In addition, the negligible contribution of the clayeo th

&RQFHUQ tFRQ; MPK fdurve (4)), th? curve can be divided gi5hq) scattering has to be confirmed by SANS measurements.
into several parts. At high q (qE7.102 A", the data are fitted

via a power law with exponent, due to the form factor of the Conclusion
spherical NPs, in agreement with Pofodaw [20, 33]. At
intermediate q values (5.18 A*Eq E7.10° A™), the curve is
proportional to &% while at very low q values (6.f0A*Eq E
5.10° A% a plateau is observed. Such a behavior is characterist
of some slightly aggregated polydispersed NPs. The exponent
-1.8 is correlated to the structure factor of the NPs aggregate
while the plateau can be modeled by Guifisrlaw, which gives
access to Rg, the mean radius of gyration of the aggre@8es

e. Small Angle Xay Scattering

We studied the aggregation and sedimentation of flocs composed
R1 SRVLWLY HBE\OFNPB baVidgsa mean diameter of 10
m and negatively charged beidellite platelets with anmséze of

0 nm. This model system allows a better understanding of the
gnagnetically assisted flocculation processes, which has been used
for a long time in watetreatment. First, the influence of the
experimental conditions on the conditions of floctiola and
settling was determined. Thus, we highlighted the importance of

The calculation gave us a value of @9 nm. S . ; )
The SAXS curves corresponding tPs/clays aqueous flocs pH for obtaining optimal flocculation and decantation. Furthermore,
e looked into the influence NPs/clay ratio, named as the R

(curves (2) and (3)) present two distinct regions. The first part o
the curves at high q values (qE7.10% A%, is well fitted by a parameter. We proved that the clay and NPs can entioglgulate
power law with an exponent betwees) and-,4 while the second 2and settle when R ranges between 10 and 320. Hence, we studied
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the influence of the R parameter and the decantation mode on
settling velocities. We demonstrated that the rates can be
considerably improved using a magnet and increasing the galue

R. These trends are correlated to the increase of the differenéd
between the strengths of gravity and magnetic force as R increases.
Therefore, our results suggest that 10-simed magnetic NPs can [4)
be used as flocculating agent, but they have to bescadd
relatively high amount to obtain a total flocculation followed by a
rapid decantation over a magnet.

In addition, we successfully measured the -peteential of the g
flocs, their total volume and their granulometric size. We observed
that these threparameters are related. For R values between 2 and
130, the added NPs progressively neutralize the negative surface
charges of the clay platelets. We can then observe the formation
primary aggregates with a size and cohesion increasing with R,
which imgies larger total volumes for the flocs after sedimentation.
When R is equal to 100, the isoelectric point of the flocs is reached.
At larger R values, the size and cohesion of the positively charged
floc particles tend to decrease, and the compressientgftiue to

the gradient magnetic field and the gravity causes a decrease of the
total volumes. At a smaller scale, C¥y&M images showed that

the NPs are homogeneously dispersed on the faces of the cl&)
platelets which exhibit several modes of aggregatkinally, the
SAXS analysis gave us a first idea of the organization of the
aggregates at the nanometer level. At low R value, the structure of
the flocs is close to that of the initial clay suspension, for whicH9
repulsive interactions are dominant. Atder R value, the particles
are strongly aggregated which implies a structure factonf
characterized by an exponent -df8. However, to have a better
understanding of the observed properties, a rsuolile
characterization of the flocs needs to be perfaintierough the use [11]
of additional imaging and scattering techniques.
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