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ABSTRACT 

In this study, the flocculation and the subsequent decantation step of mixed suspensions of 10 nm-�V�L�]�H�G����-Fe2O3 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�W�U�D�W�L�R�Q�V���R�I���Q�D�Q�R�S�D�U�W�L�F�O�H�V���D�Q�G���F�O�D�\�V�«�����R�Q���W�K�H���D�P�R�X�Q�W���R�I��

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  

Flocculation is a physicochemical process during which colloidal 
particles in suspensions agglomerate and form bigger particles 
called flocs. Usually, a flocculating agent, such as an inorganic salt 
(Al 2(SO4)3, FeSO4, FeCl3�«���� �D�Q�G���R�U�� �D�Q�� �R�U�J�D�Q�L�F�� �S�R�O�\�P�H�U��
(polydiallyl-dimethylammonium chloride, polyacrylic acid, 
�S�R�O�\�D�F�U�\�O�D�P�L�G�H�«�����L�V���D�G�G�H�G���W�R���W�U�L�J�J�H�U���D�J�J�O�R�P�H�U�D�W�L�R�Q�����7�K�L�V���P�H�W�K�R�G��
is used in many applications, especially in water treatment [1]. In 
this field, flocculation is frequently employed in drinking water 
plants. It aims at eliminating most of the colloidal fraction 
originally present in raw water under the form of natural organic 
matter, bacteria, clays or other inorganic particles. In such a 
process, as floc density is low, floc sedimentation under gravity is 
rather slow. This major drawback increases the costs and reduces 
the efficiency of the process. Different techniques have been 
developed to overcome this issue, including the use of lamellas to 
increase the settling surface, the addition of high-density particles 
�V�X�F�K���D�V���I�L�Q�H���V�D�Q�G���W�R���³�E�D�O�O�D�V�W�´���W�K�H���I�O�R�F�V�����R�U���W�K�H���F�O�D�U�L�I�L�F�D�W�L�R�Q���P�H�W�K�R�G�V��
with sludge contact [2]. However, one of the most promising 

strategies is based on the replacement of conventional flocculating 
agents used in water treatment by ferrimagnetic particles made of 
iron oxide such as magnetite (Fe3O4�����R�U���P�D�J�K�H�P�L�W�H������-Fe2O3). The 
addition of these materials to the aqueous colloidal suspension 
results in the formation of flocs characterized by a high magnetic 
susceptibility that can be separated through the use of a magnetic 
field gradient obtained with a magnet or electromagnet. This 
technique is particularly relevant since the settling velocity of the 
ferromagnetic flocs is much faster under the influence of magnetic 
force, compared to the situation under gravity. 

Engineering applications using flocculation with magnetic 
nanoparticles originated in the early 1940s when magnetite was 
added to remove organic impurities from wastewater streams [3]. 
Later, C. De Latour thoroughly studied the effect of the addition of 
both Fe3O4 microparticles and Al3+ ions on the removal of 
suspended solids, bacteria, color, and dissolved phosphorus from 
waters of various origins [4]. Afterwards, he attempted to highlight 
some of the general features of magnetically seeded flocculation 
processes by testing the addition of Fe3O4 on model colloidal 
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suspensions [5]. Still, the most famous industrial water-treatment 
process using flocculation with magnetic particles is the 
SIROFLOC process developed by the Australian researchers of 
CSIRO (Commonwealth Scientific and Industrial Research 
Organization), during the late 70s [6,7]. In the standard procedure, 
Fe3O4 fine particles are directly added to raw water as a 
flocculating agent. The suspension containing the loaded particles 
is then sent to a clarifier equipped with a permanent magnet, which 
results in floc settling and in the removal of color, suspended solids 
and natural organic matter from the raw water [7]. More recently, 
the theoretical framework underlying magnetically seeded 
flocculation has been examined by Yiacoumi et al [8]. In addition, 
new technologies based on magnetically assisted flocculation have 
been developed for wastewater or drinking water treatment [9�±11]. 

Although the flocculation by magnetic particles is relatively well 
developed in the industrial sector, there is a lack of study on the 
key-parameters that may influence the conditions of flocculation 
and decantation. In addition, very little work has been published 
regarding the use of small magnetic nanoparticles (with sizes less 
than 100 nm) as flocculants [12]. Therefore, we propose here to 
study the flocculation of model colloidal suspensions composed of 
clay platelets by adding magnetic nanoparticles a few nanometers 
in size.  

Many model systems using iron oxide nanoparticles and clays have 
been studied [13�±29]. Researchers mainly worked using Fe3O4 or 
��-Fe2O3 nanoparticles and a wide range of clay minerals such as 
montmorillonite, saponite or laponite. The obtained materials have 
been tested as polymer reinforcing additives [26], drilling fluid 
components [27], or as pollutant adsorbents [25�±28].  However, 
binary mixtures of clays and iron oxide nanoparticles have never 
been studied as model systems for magnetically assisted 
flocculation. Consequently at present, no complete study provides 
detailed information on the parameters that have to be tuned to 
obtain optimum flocculation and rapid settling. Another important 
limit is that the complex and multiscale structure of the 
heteroaggregates formed during flocculation remains largely 
unknown, especially when they remain in aqueous phase. 
Moreover, very little research has been carried out using small 
angle X-ray or neutron scatterings (SAXS/SANS) techniques, 
although these methods are particularly suitable for the 
characterization of complex and disordered clay/nanoparticles 
binary systems [14, 18, 20, 22].  

In the present work, we investigated the flocculation and the 
subsequent decantation step by adding positively charged 10 
nm-�V�L�]�H�G����-Fe2O3 nanoparticles having a nearly spherical shape to 
model colloidal suspensions of beidellite platelets characterized by 
a mean size of 500 nm. This clay was chosen for its negative 
�F�K�D�U�J�H�� �R�S�S�R�V�L�W�H�� �W�R�� �W�K�D�W�� �R�I�� �W�K�H�� ��-Fe2O3 nanoparticles, for its good 
colloidal stability resulting from exfoliation, and for its low content 
in iron, which favors a good differentiation between both types of 
particles by quantitative analysis. Moreover, we employed here 
size-sorted nanoparticles and platelets, in order to better investigate 
particle size effects.  

Our work was carried out according to the following rationale. 
First, the raw materials (nanoparticles and clays) were prepared 
and well-characterized. Hence, we examined the influence of 
several parameters (pH, concentrations of nanoparticles and 
�F�O�D�\�V�«���� �R�Q�� �W�K�H�� �D�P�R�X�Q�W�� �R�I�� �I�O�R�F�F�X�O�D�W�H�G�� �P�D�W�H�U�L�D�O�V���� �7�K�L�V�� �J�D�Y�H�� �X�V��
information on the concentration ranges allowing a complete 

flocculation, together with a better understanding on the 
interactions between nanoparticles and clays that are 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 investigated, thanks to several techniques 
including zeta-potential and volume measurements, laser 
granulometry, cryo-TEM, and SAXS. The aim of this paper is to 
provide a better understanding of the flocculation and 
sedimentation conditions of the clay platelets and magnetic 
nanoparticles, and simultaneously to obtain preliminary data on the 
structure of the resulting flocs. Our objective is to explain how the 
flocculation and sedimentation characteristics observed for the 
various experimental conditions are related to flocs structure, with 
the ultimate goal of clearing the path for designing improved 
industrial processes. 

2 Experimental part 
2.1 Synthetic procedures 

a. General procedure for the synthesis of maghemite nanoparticles 

�7�K�H�� �P�D�J�K�H�P�L�W�H�� ����-Fe2O3) nanoparticles (NPs) were synthetized 
using a method inspired from the Massart process [30]. The first 
step is the coprecipitation of Fe2+ and Fe3+ ions in order to get 
magnetite (Fe3O4) NPs. To complete this first step, a mixture of 
585 mL of iron chloride (III) (FeCl3 at 27%, VWR) and 248,5 g of 
iron chloride (II) (FeCl2, VWR) was added to 100 mL of aqueous 
hydrogen chloride (HCl at 37%, VWR). This homogeneous 
mixture was placed in a separating funnel and dripped in 4 L of 
aqueous ammonia (composed of 1 L NH3 at 20%, VWR and 3L of 
distilled water) under stirring during 4h. 

This suspension was then placed over a magnet, the supernatant 
was removed, and the NPs were washed with 1L of distilled water. 
Afterward, 360 mL of aqueous nitric acid (HNO3 at 52%, VWR) 
and 3 L of distilled water were added, and the suspension was 
stirred for 30 minutes. Finally, the supernatant was removed using 
a magnet, and the black mixture obtained at the end of this first 
step is typical of Fe3O4 NPs. 

The second step is the oxidation of Fe3O4 by iron nitrate to produce 
the ��-Fe2O3 NPs. To do so, 323 g of iron nitrate (Fe(NO3)3, VWR) 
was mixed with 800 mL of distilled water and heated at 90°C. This 
new suspension was added to the Fe3O4 and left stirring at 90°C for 
30 minutes. A change of color is normally observed during this last 
step from black to deep brown indicating the formation of the 
��-Fe2O3 NPs. After sedimentation and removal of the supernatant, 
360 mL of nitric acid (HNO3 at 52%, VWR) and 2 L of distilled 
water were added, and the suspension was stirred during 15 min. 
Finally, the NPs were successively washed three times with 
acetone, two times with diethyl ether, before being dispersed again 
by the addition of 1 L of distilled water. 

These NPs were finally sorted by size, adding controlled amounts 
(45 mL) of nitric acid (HNO3 at 52%, VWR) to 750 mL of 
unsorted suspension, which led to a partial flocculation of the NPs. 
When this suspension was placed over a magnet, the biggest NPs 
quickly settled allowing us to separate the supernatant containing 
the smallest NPs. The settled NPs were dispersed again by addition 
of water. This sorting procedure was repeated twice on these two 
fractions, which led to six samples of NPs of various sizes. Each of 
these samples was then washed with acetone and diethylether. 
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Finally, an amount of 200 mL of distilled water was added to the 
mixtures to obtain stable dispersions of size-sorted magnetic NPs 
(ferrofluids), with an estimated pH of 1.8. The dispersions were 
finally heated at 50°C to remove traces of organic solvents. In the 
present publication, we limit our analysis to a single dispersion of 
size-sorted magnetic NPs, corresponding to the medium size.   

To study the effect of the amount of magnetic NPs on the 
flocculation of the beidellite platelets, the raw concentrated 
dispersion was diluted in a given amount of a slightly acidic 
aqueous solution of HNO3. The effect of the pH of the dispersions 
was studied by varying the concentration of HNO3 in these dilution 
solutions from 10-2 mol L-1 to 10-4 mol L-1. We also employed a 
suspension of aggregated magnetic NPs at pH 5, but in that case 
the raw dispersion was first flocculated by adding small amounts of 
NaOH before being washed several times with distilled water.  

b. Purification of beidellite clays  

The clays used in this study originate from a natural deposit (Idaho, 
USA) and were purchased from the Clay Minerals Society Source 
Clays Repository. Beidellite is a TOT phyllosilicate with a negative 
layer charge ranging from -0.2 to -0.6 per unit cell due to 
isomorphic substitutions of Si atoms by Al atoms in the tetrahedral 
silicate sheets. This moderate charge explains the possible full 
exfoliation of clay lamellas, in presence of a sufficient amount of 
water. They were purified according to the following process [31]. 
First, 200 g of raw powder was washed three times with 5 L of 
aqueous solutions of 1 mol L-1 sodium chloride to replace the 
cations in the interlamellar space by Na+. The clay suspension was 
then treated using sodium acetate at pH5 and at 80°C to get rid of 
the carbonates. After that, the suspension was dialyzed against 
deionized water for at least 15 days in order to eliminate excess 
ions. The dialyzed suspension was then poured into Imhoff cones 
and the largest particles constituted of impurities were then 
discarded. We then obtained a purified clay suspension that was 
finally sorted by size thanks to successive ultracentrifugation steps 
at different speeds. This yielded average platelets sizes varying 
from 200 nm to 500 nm. This publication is limited to the results 
concerning the 500 nm fraction which was obtained after an 
ultracentrifugation at a speed of 7000 g. 

2.2 Flocculation process  

The flocs were prepared using the following procedure. The same 
volumes (4 mL) of NPs and clay suspensions, each of them at an 
adequate concentration, were mixed and rapidly stirred for 1 
minute using a vortex mixer at 10 Hertz (during our first attempts, 
it had been observed that stirring of the samples for one minute 
with a vortex mixer at this rate was optimum, in comparison to 
larger or lower stirring velocities and durations). Then, the sample 
was left to settle either under the single effect of gravity (G), or 
under the combined effect of gravity and a magnetic force resulting 
from a strong magnetic gradient due to a cuboidal Nd-Fe-B magnet 
located at the bottom of the vessel containing the floc (G+H). In 
this case, the magnetic field varied from 0.43 T at the contact of the 
magnet to 0.024 T at the maximum height of the floc suspension 
(corresponding to a distance of 4.9 cm from the magnet).  

A preliminary study was performed regarding the influence of 
sedimentation time under G or G+H. Under gravity, for low 
sedimentation times (10 or 20 min), although flocculation is almost 
complete, the flocs are not settled and the percentage of particles 
(clay and NPs) remaining in the supernatant is high. When a 

magnet is added, low sedimentation times can lead to a complete 
removal of the flocs from the supernatant if a high amount of NPs 
is added, which was not observed for low amounts of NPs. In all 
cases, complete removal of the flocs from the supernatant is always 
effective for a sedimentation time of 24h over a magnet, and 48h 
under gravity. A higher sedimentation time has no effect on the 
amount of settled particles, when flocculation is complete. 
However, in case of uncomplete flocculation of the clay (at very 
low amount of NPs), very long sedimentation times (more than 5 
days) lead to the undesired settling of non-flocculated clay platelets. 
Therefore, sedimentation times of 24h under G+H and 48h under G 
were fixed for the rest of our work.  

In order to obtain an extensive analysis of the system, both the 
concentration in clay platelets, and the initial ratio between the 
amounts of NPs and clay were varied over a wide range. Three 
concentrations of clay suspensions ([clay]0= 0.15 g L-1 �± 1.5 g L-1 �± 
7.5g L-1) were used, while the dilution of the NPs in the slightly 
acidic HNO3 solutions was varied from an equivalent iron 
concentration of [Fe]0=7.8x10-5 mol L-1 to [Fe]0 = 1.56x10-1 mol 
L-1.  

We introduce here the R parameter that represents the ratio of the 
number of NPs initially added to the number of clay platelets. This 
crucial parameter governs the flocculation conditions and can be 
determined from the clay and NPs concentrations by the equation 
(1) :  

R = (Number of nanoparticles)/(Number of clay platelets) 

= [(MFe2O3 �Â [Fe]0)/(2VNP�Â�!Fe2O3���@���Â�>���9platelet�Â�!clay)/([clay]0)]  (1) 

Where [Fe]0 is the equivalent iron concentration (in mol L-1), 
[clay]0 the concentration of the clay in the suspension (in g L-1), 
MFe2O3) the molecular weight of maghemite (159.8 g mol-1), �² clay 
and �² Fe2O3 are the densities of the beidellite clay and maghemite 
(2.62 g cm-3, and 5.21 g cm-3, respectively),  Vplatelet and VNP the 
mean volumes of a clay platelet and a maghemite NP, both 
determined from the mean sizes of the particles measured by TEM 
microscopy (Vplatelet=[(3�� 3)/8] �ÂDF²�ÂT, where DF=480 nm and T=1 
nm, respectively the mean Feret diameter and the mean thickness 
of the platelets [31]; VNP� �Œ�'3/6, where D= 10.1 nm, the mean 
diameter of the NPs). This equation has been determined assuming 
a perfect hexagonal shape for the clay platelets and a perfect 
�V�S�K�H�U�L�F�D�O�� �V�K�D�S�H�� �I�R�U�� �W�K�H�� ��-Fe2O3 NPs, and neglecting the effect of 
particles polydispersity.  

2.3 Characterization methods  

a. XRD 

The X-ray diffraction measurements were conducted using two 
powder diffractometers (Phillips PW 1130 and Brüker D8). Before 
analysis, the samples were dried at 70°C for 24h and then grinded 
�L�Q���R�U�G�H�U���W�R���K�D�Y�H���W�K�L�Q���S�R�Z�G�H�U�����'�D�W�D���Z�H�U�H���F�R�O�O�H�F�W�H�G���I�U�R�P��������� �� ���ƒ���W�R��
80° in 0.02° step at a voltage of 40 kV. The diffraction peaks were 
attributed to dhkl �V�S�D�F�L�Q�J�V���X�V�L�Q�J���%�U�D�J�J�¶�V���Hquation.  

b. TEM and Cryo-TEM 

The dried clay and NPs samples were observed by transmission 
electron microscopy (TEM) using a JEM JEOL 100 CX 
microscope operating at 100 kV. Furthermore, the frozen floc 
samples were observed by Cryo-TEM. For this purpose, a 4 µL 
droplet of floc suspension was deposited onto a Quantifoil grid. 
Excess liquid on the grid was adsorbed with Whatman filter paper. 
Then, the grid was rapidly plunged into liquid ethane to form a thin 
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vitreous ice film. The vitrified sample was then placed into a Gatan 
626 liquid-nitrogen cooled cryo-holder and transferred into a LaB6 
JEM JEOL 2100 microscope operating at 200 kV. Images were 
recorded on Gatan Ultrascan 1000, 2k x 2k CCD camera, and with 
a JEOL low dose system (Minimum Dose System, MDS) to protect 
the thin ice film from any irradiation before imaging and reduce 
the irradiation during the image capture.  

c. DLS and zeta-potential measurements 

DLS and zeta-potential measurements were performed by analysis 
�R�I�� �W�K�H���V�F�D�W�W�H�U�H�G���O�L�J�K�W���D�W����� �������ƒ�������� � �� �������� �Q�P���� �R�Q���D���=�H�W�D�V�L�V�H�U���1�D�Q�R��
ZS ZEN 3600 apparatus (Malvern Instruments). The variation of 
the colloidal stability and surface charges of the raw particles (clay 
�D�Q�G�� ��-Fe2O3) with pH was measured by titration of the samples 
using a pH 1 aqueous solution of HNO3 and/or a pH 13 aqueous 
solution of tetramethylammonium hydroxide (TMAOH). The pH, 
zeta-potential, and DLS diameter were systematically measured 
after each addition of the titrating solution. For this experiment, 10 
mL of NPs suspension, with an equivalent iron concentration of 
[Fe]0= 7.8x10-4 mol L-1 and a pH of 2.1, was titrated by the 
TMAOH solution (2 mL added in total). As for the platelets, two 
separated 10 mL suspensions, with a clay concentration of 1,5 g L-1 
and a pH of 6.6, were respectively titrated by the HNO3 solution (1 
mL added in total), and the TMAOH solution (1 mL added in total). 
During these measurements, the ionic strength approximatively 
ranged from 10-2 M to 2.5×10-2 M for the NP suspension, and from 
less than 10-4 M to 9.1×10-3 M for the clay suspension. In addition, 
the variation of the zeta-potential of the floc aggregates with the 
amount of added NPs was measured by a similar procedure. It was 
checked that these measurements were not affected by the floc 
sedimentation. The errors on the DLS diameter and zeta-potential 
were estimated on the basis of the standard-deviation of the 
measurements and of reproducibility tests.   

d. UV-Visible spectrometry 

The concentrations of the NPs and clay platelets remaining in the 
supernatant after sedimentation of the flocs were determined using 
a UV-visible UVIKON spectrophotometer. For clay platelets, we 
�G�L�U�H�F�W�O�\���D�Q�D�O�\�]�H�G���W�K�H���D�E�V�R�U�E�D�Q�F�H���R�I���W�K�H���V�X�S�H�U�Q�D�W�D�Q�W���D�W������� �����������Q�P����
since it is mainly due to the scattering of the clay platelets (it was 
first checked that the relationship between clay concentration and 
absorbance is linear). For NPs, a colorimetric method was used. In 
the standard procedure, 0.42 mL of a 37% w/w HCl aqueous 
solution was added to 1 mL of the supernatant. Then, the mixture 
was heated at 50°C for 5 minutes, inducing the dissolution of the 
NPs into iron ions. Hence, 0.60 mL of distilled water and 0.48 mL 
of a 0.3 mol L-1 potassium thiocyanate (KSCN) solution were 
added. This led to the formation of a red iron complex, which 
�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �Z�D�V�� �G�H�W�H�U�P�L�Q�H�G�� �D�W�� ��� �������� �Q�P [32]. The errors of 
measurement were estimated through reproducibility tests and 
were found larger for the clay concentration, and when the amount 
of added NPs is low. 

e. Settling velocity and final volume of the flocs  

The settling velocity of the aqueous suspensions of the flocs, under 
G or G+H, was determined by measurement of the height of the 
floc-supernatant interface (z) with time. At t=0, the flocs where 
homogeneously dispersed in all the liquid phase. The initial height 
of the floc suspension corresponded to a distance of z0=4.9 cm 
from the bottom. Two methods of measurement were used. For the 
samples with slow settling velocity, it was possible to take pictures 

of the sedimentation front at different times. For the samples with 
fast settling velocity, it was necessary to film the sedimentation 
process. We then used the ImageJ software to measure the height 
of the flocs on every picture. Hence, the evolution of the height 
was plotted as a function of time. The initial settling velocity was 
calculated by measuring the slope of the tangent to this kinetics 
curve, at t=0. The final volume of the flocs was determined by 
measuring the height of the floc-supernatant interface, after 
sedimentation for three days under G+H, and two weeks under G.  

f. Laser granulometry 

The mean size of floc particles was determined by laser 
granulometry using a ACCUSIZER 780/SIS apparatus. Before 
analysis, it was necessary to dilute the settled flocs with a factor of 
5000 by adding 20 µL of the suspension to 100 mL of MilliQ 
distilled water. Owing to the high dilution used, the concentration 
of the floc was very weak (between 0.2 mg L-1 and 1 mg L-1, 
depending of the floc volume), and the ionic strength was nearly 
zero. This solution was injected into the apparatus and flowed in 
front of a laser beam, which enabled to determine the individual 
size of each particle (500 nm to 400 µm) through a combined 
approach based on light extinction and scattering.  

g. SAXS 

The NPs and clay aqueous suspensions, and two NPs/clay settled 
flocs corresponding to R=6 and R=320 were studied by small angle 
X-ray scattering (SAXS). The experiments were conducted in 
European Scientific Radiation Facility (ESRF) in Grenoble on 
beamlines ID02 and BM26. The samples were put in cells between 
two thin mica windows with a 0.83 mm spacer. We realized two 
sets of measures with the detector either at 1 m or 30 m, for a beam 
wavelength of 1.033 Å. The obtained values of the scattering 
vector q ranged from  6.10-4 to 5.10-2 Å-1 for the distance of 30 m 
and from 6.10-3 to 0.5 Å-1 for the distance of 1 m. The 2D 
scattering image was integrated to obtain the raw scattered 
intensity, Iraw (q). Then, the absolute intensity, I(q) (in cm-1) was 
obtained from Iraw (q) by the following equation : 

I(q)=[(I raw(q)/Tr�Ât) �± (Iwater(q)/Trwater�Âtwater)]�Â(Iref,abs/Iref,raw)  (2) 

where Tr and t are respectively the transmission and thickness of 
the cell containing the sample, Iwater(q), Trwater and twater  are 
respectively the raw scattered intensity, the transmission and 
thickness of a cell containing water, I(ref,abs)  and I(ref,raw) are 
respectively the absolute intensity and the raw intensity of the 
reference cell containing glassy carbon.  

When a SAXS experiment is made with a binary mixture of NPs 
and clay, the scattered intensity must be written as : 

I(q)=�½�!clay²�ÂIclay(q)+�½�!Fe2O3²�ÂIFe2O3(q)+�½�!Fe2O3�Â�½�!clay�ÂIFe2O3-clay(q) (3) 

where Iclay(q) is the scattering from the clay platelet, IFe2O3(q) is the 
�V�F�D�W�W�H�U�L�Q�J�� �I�U�R�P�� �W�K�H�� ��-Fe2O3 NPs, IFe2O3-clay(q) is the interference 
�W�H�U�P���G�X�H���W�R���W�K�H���F�R�U�U�H�O�D�W�L�R�Q�V���E�H�W�Z�H�H�Q���W�K�H���F�O�D�\���D�Q�G����-Fe2O3�����û�!clay is 
the difference of scattering length density between the clay and 
�Z�D�W�H�U���� �D�Q�G�� �û�!Fe2O3 is the difference of scattering length density 
�E�H�W�Z�H�H�Q���W�K�H����-Fe2O3 NPs and water.  

This equation can be simplified for an aqueous suspension of a 
single type of isotropic particles.  The intensity I(q) of the 
scattered beam is then written as :  

I(q)=Vp�Â�- p�Â�û�!²�Â�3���T���Â�6���T��  (4) 

where Vp is the particle volume, �- p is the volume fraction of the 
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�S�D�U�W�L�F�O�H�V�����Z�K�L�F�K���F�D�Q���Z�U�L�W�W�H�Q���D�V���-p=N�ÂVp / V, with N is the number 
of particles per volume unit and V the total volume of the sample), 
�û�!² is the difference of scattering length density between particles 
and solvent, P(q) is the form factor that characterizes the geometry 
of the particles, and S(q) is the structure factor that characterizes 
the interactions between particles.  

This equation is well suited to the suspensions of NPs, because of 
their isotropic shape, but can be also used for the clay suspension, 
provided that the dilution is sufficiently large to neglect the form 
factor. It was also employed for the clay/NPs floc at high R value 
(R=320). Indeed, considering the larger scattering length density of 
��-Fe2O3 and the larger number of NPs, in such a case, it is valid to 
neglect the contribution of the clay platelets to the total scattering. 
Therefore, for this floc, it was possible to determine the structure 
factor S(q) from the SAXS curve, according to the following 
procedure. First, the form factor P(q) was determined using the 
SAXS curve corresponding to the initial suspension of NPs. For 
that purpose, this curve was fitted by a theoretical SAXS curve 
corresponding to polydispersed spherical NPs characterized by a 
log-normal distribution of their size [33]. The best fit was obtained 
�I�R�U���D���P�H�D�Q���G�L�D�P�H�W�H�U���R�I������������ �Q�P���D�Q�G���D���Y�D�O�X�H���R�I�� �1���R�I������������ ���-Fe2O3= 
0.06 %). This theoretical curve was considered as the form factor 
P(q) of the SAXS curve corresponding to the floc at R=320. S(q) 
was finally obtained by dividing I(q) by P(q).  

3 Results and discussion 
3.1 Presentation of the raw materials 

�D�����7�K�H����-Fe2O3 NPs 

The synthetic procedure that was carried out for obtaining the 
aqueous acidic dispersion of size-�V�R�U�W�H�G�� ��-Fe2O3 NPs is based on 
already published works (see the experimental part). The chemical 
composition of the NPs was confirmed by powder-X ray 
diffraction (XRD) and vibrating sample magnetometry. The X-ray 
diffractogram (see Fig. S1(a) on the Electronic Supporting 
Information, ESI) of the dry sample displays five main peaks 
corresponding to distances at 2.96, 2.50, 2.08, 1.60 and 1.46 Å, 
which can be attributed to the d220, d311, d400, d511 and d440 spacings 
�R�I�� �W�K�H�� ��-Fe2O3 phase. Furthermore, the 
magnetization-demagnetization curve (see Fig. S1(b)) 
corresponding to the concentrated aqueous dispersion of the NPs 
exhibits a high magnetic susceptibility together with no hysteresis, 
which is typical of the superparamagnetic behavior of few 
nanometers-�V�L�]�H�G�� ��- Fe2O3 NPs [34]. The morphology and size of 
the NPs have been determined by TEM microscopy. The TEM 
image (see figure S1(c)) shows that the NPs have a 
pseudo-spherical shape and are relatively monodisperse. Their 
mean diameter determined by counting the size of more than 200 
NPs on the TEM images is 10.3 nm (standard deviation = 1.6 nm). 
The resulting size-distribution (see figure S1(d)) is relatively well 
modelized by a log-normal curve giving a mean diameter of 10.1 
nm with a �³  value of 0.14. The relatively small value of �³  in 
comparison to the unsorted initial fraction (�³ �, 0.6) confirms the 
rather good monodispersity of the NPs.  

The efficiency of clay flocculation with the NPs is strongly 
correlated with their respective surface charge and colloidal 
stability. Since these two parameters strongly depend on pH, their 
variations were studied by DLS analysis and zeta-potential 
measurements, respectively. The evolution of the zeta-potential and 
�'�/�6�� �G�L�D�P�H�W�H�U�� �Z�L�W�K�� �S�+�� �I�R�U�� �W�K�H�� ��- Fe2O3 NPs is presented in Fig. 

1(a). At pH<3.5, the NPs show a DLS diameter of around 25 nm. 
This value is in accordance with the mean diameter measured by 
TEM, the small difference resulting from the specificity of the 
DLS measurement, which gives access to the mean hydrodynamic 
diameter of the particles. The high colloidal stability of the NPs at 
acidic pH is thus confirmed. For pH values �0  3.5, the zeta 
potential is around + 30 mV revealing that in these conditions, the 
surface charge of the NPs is positive in agreement with previous 
studies [35]. When the pH increases above 3.5, a strong increase of 
the DLS diameter towards more than 1 µm can be observed 
together with a progressive decrease of the zeta potential that 
reaches the isoelectric point at pH=7-������ �D�� �F�O�D�V�V�L�F�D�O�� �Y�D�O�X�H�� �I�R�U�� ��- 
Fe2O3. Such concomitant evolution of size and zeta potential 
demonstrates that aggregation of NPs occurs for pH>3.5, as a 
result of the decreased surface charge of NPs. In basic conditions, 
or pH>8, the zeta potential of the NPs progressively decreases to 
negative values, while the DLS strongly and sharply decreases at 
pH>12. In this pH range, the NPs are negatively charged, with 
charge densities high enough to observe a second range of colloidal 
stability.  

b. The clay platelets 

The purification procedure that was carried out for obtaining the 
aqueous dispersion of size-sorted beidellite clay is based on 
already published works (see the experimental part). The raw 
suspension has a low ionic strength (�§10-4 M) and a pH of 6.5. 
Elemental analysis of the dried sample was performed using 
Energy-dispersive X-ray spectroscopy (EDX) coupled with 
Scanning Electron Microscopy (SEM). This led us to determine the 
raw formula of the unit cell which is 
(Si7,33Al 0,67)(Al 3,87Fe0,13)O20(OH)4Na0,67. This raw formula is in 
accordance with the raw formula provided in a previous work [31]. 
The cation-exchange capacity (CEC) of the beidellite clay, 
determined by colorimetry after cation exchange with the 
cobaltihexamine ion [Co(NH3)6]

3+ according to the protocol 
established by Remy and Orsini [36], is 64 meq g-1 [37]. This value 
is in accordance with the previously reported values for smectite 
clays, and confirms the moderate negative charge of the clay 
platelets  

The clay was also characterized by transmission electron 
microscopy (TEM) and X-ray diffraction (XRD). The TEM image 
(see Fig. S2(a)) clearly reveals the hexagonal morphology of the 
clay platelets. The particles are relatively monodisperse, because of 
the size-sorting procedure, with a mean Feret diameter, determined 
from ten TEM images on more than 100 particles, of DF=480 nm, 
with a standard deviation of 80 nm. The X-ray diffractogram (see 
Fig. �6�����E������ �G�H�S�L�F�W�V�� �D�� �Y�H�U�\�� �L�Q�W�H�Q�V�H�� �S�H�D�N�� �D�W������� ���������ƒ�� �F�R�U�U�H�V�S�R�Q�G�L�Q�J��
to a interplanar distance of 12.5 Å. This can be attributed to the d001 
basal spacing of the clay layers with one water layer in the 
interlayer, which is logical for ambient humidity conditions. In 
�D�G�G�L�W�L�R�Q���� �V�H�Y�H�U�D�O�� �V�P�D�O�O�� �S�H�D�N�V�� �D�W�� ����� ���������ƒ���� �����ƒ�� ���������ƒ�� �D�Q�G�� �����ƒ��
(corresponding to distances of 6 Å, 4.2 Å, 2.6 Å and 1.45 Å) can 
be attributed respectively to the d002 d003 d200 and d060 inter-reticular 
spacings of beidellite, which belongs to the space group C2/m. The 
�D�G�G�L�W�L�R�Q�D�O�� �S�H�D�N�V�� �D�W�� ����� �����ƒ���� �����ƒ�� �D�Q�G�� �����ƒ�� ���F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �W�R��
distances of 7.3 Å, 4.4 Å, and 3.2 Å) are attributed respectively to 
the d001 spacings of kaolinite, and to the d100 and d101 spacings of 
quartz (both present as remaining impurities).  

The pH evolution of the zeta-potential and DLS diameter of 
beidellite platelets can be found in Fig. 1 (b). The DLS diameter 
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varies between 250 and 1000 nm for the studied pHs. Since the 
value is the same order of magnitude as the size of the platelets 
measured by TEM, it confirms the good colloidal stability of the 
clay between pH 2 and 12. Regarding the zeta-potential, it ranges 
between -35 mV and -48 mV. Thus, the beidellite platelets display 
a strong negative charge independent of pH, which can be 
explained by the fact that surface charge is principally due to 
structural defaults in the tetrahedral sheet. This high negative 
surface charge is responsible for the good colloidal stability of the 
clay platelets. 

 
Figure 1 Evolution of the Zeta-potential and DLS diameter with the pH for the 
starting materials. (a) maghemite NPs ; (b) beidellite clay. Below: schemes 
depicting the aggregation state and the surface charges of the materials with 
respect to pH. (c) Influence of the pH on the amount of clay and NPs remaining 
in the supernatant after flocculation and sedimentation (48 h, G). Below : 
Scheme showing the aggregation state of clay/NPs mixtures with respect to pH. 

3.2 Main parameters influencing the amount of flocculated and 
settled particles   

a. Effect of pH and ionic strength  

pH is a key-parameter for the heteroaggregation of both materials 
due to its strong influence on the surface charge of maghemite. 
This was confirmed by the UV-visible analysis of the percentages 
of particles (clays and NPs) remaining in the supernatant after 
addition of NPs prepared at different pH to the neutral clay 
suspension and subsequent decantation (see Fig. 1 (c)). At pH 11.7, 
most NPs and clays remain in the supernatant. Both particles being 
negatively charged, repulsive interactions are dominant, and thus 
the colloidal stability of the mixture is maintained. At pH 5.5, the 
NPs are not charged, and thus homoaggregate. Therefore, the 
sedimentation of the NPs is almost complete, whereas clay 
particles mostly remains in the supernatant. At pH<4, both particles 
are removed from the supernatant indicating that in such conditions, 
heteroaggregation is dominant. This result illustrates the fact that 
flocculation requires opposite charges for the two materials. Since 
the beideillite platelets are negatively charged in the whole pH 
range, the NPs had therefore to be dispersed in an acidic pH. It 
should however be noted that small amounts of clay and NPs 
remain in the supernatant at pH 3.9, while flocculation and 
decantation seem to be total at pH 2.1 and 3.2. It is likely that for 
pH 3.9, which corresponds to the limits of the colloidal stability of 

the NPs, the surface charge of the NPs is not sufficient to allow an 
optimal interaction with clay. We finally chose to work at a pH of 
3.2, because a pH of 2.1 may lead to the homoaggregation of the 
clay platelets due to H+/Na+ cation exchanges on their surface [38]. 

The ionic strength of the samples also constitutes an important 
parameter that could have an effect on flocculation, especially if 
the final goal is to design an industrial process. 
It has been proven that for monovalent ions, there is no smectite 
clay flocculation, as long as the ionic strength does not exceed 10-2 
M [39,40]. Here, since the ionic strength of the clay suspension is 
10-4 M and that of the NPs suspensions ranges between 10-4 M and 
10-2 M, depending on the pH of the HNO3 solution used for 
diluting the NPs, the ionic strength during flocculation ranges 
between 10-4 M and 5.1×10-3 M. These low values suggests that the 
amount of ions is insufficient to influence the flocculation process. 
This was confirmed by a test which has been done by adding a 
10-3M HNO3 solution in the clay suspension, in the absence of NPs: 
after 48h, no flocculation or sedimentation was observed. 

It would also be interesting to explore the high values of ionic 
strength. Preliminary tests on NPs/clay flocculation were carried 
out at pH 3.2, with ionic strengths ranging between 3.6×10-4 M and 
1.5 M, through the simultaneous addition of small amounts of 
NaCl solutions at the same pH. In all cases, a complete flocculation, 
followed by a rapid sedimentation (especially under magnetic field) 
was observed. However, small differences in the sedimentation 
velocities and flocs volumes were observed. This may indicate that 
a competition between the NPs and the ions occurs, which would 
lead to a different structure for the flocs. 

b. Influence of the NP/clay ratio  

To study the influence of the initial NP/clay ratio (given as the R 
parameter) on the amount of flocculated particles, three different 
clay concentrations were used together with a wide range of NP 
concentrations. Additional experiments were also carried out at 
constant R value with varying 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 
supernatant after flocculation and sedimentation under G or G+H 
was determined by UV-visible analysis, Fig. 2 (a) and (b) display 
the evolution of these percentages with R. A resulting diagram that 
describes the different metastable states of clay/NPs mixtures, with 
respect to the clay and NPs initial concentrations, can be found in 
Fig. 2 (c).  

Three zones can be defined from the shapes of the curves. At low R 
values (R<10), significant amounts of NPs and clay platelets are 
left in the supernatant, and the percentage of non-sedimented 
particles increases with decreasing R. Two hypotheses can be 
formulated to explain this result. Either the amount of NPs 
necessary for the clay flocculation is not enough, and numerous 
unaggregated particles remain in suspension, or heteroaggregation 
is complete, but the flocs, because of their too low density, 
magnetic susceptibility, or size, settle too slowly. In both cases, 
when R is less than 10, flocculation and/or decantation are not 
complete. For medium values of R (10<R<320), the amount of 
NPs and clays in the supernatant are less than 5%. This means that 
both the flocculation and resulting sedimentation of particles is 
almost complete. For R values larger than 320, we can observe that 
increasing amounts of NPs are left in the supernatant, while the 
flocculation of clay appears to be complete. Such a tendency can 
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be interpreted as follows: in such conditions, adsorbed NPs saturate 
the clay platelets, and therefore excess NPs that cannot associate 
with clay particles remain in the supernatant. Obviously such a 
tendency increases with R and for very high R values, almost 100% 
of NPs can remain in the supernatant. It must be pointed out that 
additional tests (not shown) reveal that for a constant R value, the 
amount of flocculated particles does not depend on the initial clay 
concentration. 

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) or 

over a magnet (G+H, 24h, filled dots), as a function of R. (c) Resulting diagram 

of metastable equilibrium of the clay/NP system (after settling under G+H, 

24h). 

All these results are summarized in Fig. 2(c), which can be 
considered as a metastable equilibrium diagram, with respect to the 
clay and NPs initial concentrations. This diagram clearly exhibits 
the concentrations limits corresponding to the three above 
described behaviors. The first area (in red) is observed at high 
concentration of NPs and low concentration of clay (R>320). It 
represents the samples that have entirely flocculated, in spite of an 
excess of NPs left in the supernatant. The second area (in green), 
observed at intermediate concentrations of NPs and clay 
(10<R<320), matches with the optimum for a total flocculation of 
both particles. The third area (in orange), obtained at low 
concentration of NPs and high concentration of clay (R<10), 
corresponds to samples for which NPs and clay platelets partially 
remain in the supernatant after decantation.  
 
3.3 Settling velocity 
Studying the settling velocity of NPs/clay flocs under gravity or 
over a magnet is of prime importance. Indeed, water treatment 
applications not only require complete flocculation, but also a high 
sedimentation rate. Moreover, the measurement of the settling 
velocities can provide information on flocs structure. .  
To measure this parameter, the freshly prepared flocs were let to 
settle under G or G+H. We observed that for [clay]0=1.5 g L-1, the 
sedimentation of the materials was always homogeneous (see the 
photos in Fig. S3), with a clear boundary between the settling 
materials and the supernatant (i.e. a sharp sedimentation front), and 
an apparent absence of any concentration gradient for either NPs or 
clay in the settling flocs (this was further confirmed by analyzing 
the iron concentration in the flocs at different heights). Therefore, 

we decided to study floc settling by simply measuring the height of 
the sedimentation front as a function of time. The kinetics curves 
for various samples distinguished by their R values (all prepared 
with 1.5 g L-1 of clay), displaying the evolution with time of the 
sedimentation front can be found in Fig. S4. The first part of these 
curves is linear, which means that sedimentation first occurs at a 
constant rate. Then, the fall gradually stops up to a constant height, 
which indicates a decrease of the settling velocity down to zero. 
Many models exist in the literature to describe the settling velocity 
of isolated or aggregated particles, under gravity [41], or under a 
magnetic field gradient [42�±44]. Here, the obtained curves can be 
�D�V�V�L�P�L�O�D�W�H�G�� �W�R�� �.�\�Q�F�K�¶�V�� �F�X�U�Y�H�V [41], which means that the settling 
particles constitute a continuous medium that tends to decrease in 
height. These curves are based on the assumption that the 
sedimentation rate only depends on the local concentration in 
particles, which is constant at a given height. The linear domain of 
�W�K�H�� �.�L�Q�F�K�¶�V�� �F�X�U�Y�H�V�� �L�V�� �H�[�S�O�D�L�Q�H�G�� �E�\�� �W�K�H�� �I�D�F�W�� �W�K�D�W�� �G�X�U�L�Q�J�� �W�K�H�� �I�L�U�V�W��
moments of sedimentation, the concentration in particles is 
constant on the top of the suspension. At the end of the process, the 
sedimentation rate decreases as the local concentration of particles 
at the bottom of the suspension increases. The initial settling 
velocities (v0) can be simply calculated from these curves by 
determining the slope of the linear parts of the curves. Figure 3 
displays the evolution of the initial settling velocities as a function 
of R for the two sedimentation modes.  

Figure 3 Evolution of the initial settling velocity as a function of R for the 

samples settled under G (open dots) and G+H (filled dots) ([clay]0=1.5 g L-1) (a) 

Full Scale ; (b) Enlargement at low values of ordinate. 

Several trends can be deduced from the curves of Fig. 3. The first 
point is that the flocs settle much faster when a magnetic field 
gradient is added. This result can be explained by the fact that the 
magnetic force acting on the flocs is much more important than 
gravity. On the other hand, the sedimentation velocity increases as 
R increases, especially under magnetic field, which is probably due 
to the increase of both gravity and magnetic force with increasing 
numbers of added NPs in the flocs. Furthermore, the difference 
between the rates under G and under G+H is increased with 
increasing R values. At a value of R=12, the sedimentation velocity 
under G+H is 7.5 times faster than under G, whereas at R=240 the 
settling velocity under G+H is 192 times faster than under G. It 
should be noted that, from R=12 to R=240, the enhancements in 
sedimentation velocity are of 1.5 under G, and 38 under G+H. 
To explain the differences in velocities between the two 
decantation processes, and their increase with R, we calculated the 
gravitational force, FG, and the magnetic force, FH, acting on a 
single hexagonal clay platelet having several NPs adsorbed on its 
surface. This entity constitutes a simple structural model of the 
flocs. The two forces can be obtained by the following equations: 

FG� ���!F-�!w�����Â�J���Â�9F  (5) 
FH=µ0�Â�5�ÂVNP�Â�P�Â�G�+���G�] (6) 
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w�K�H�U�H���!F �L�V���W�K�H���G�H�Q�V�L�W�\���R�I���W�K�H���1�3�V���S�O�D�W�H�O�H�W���D�J�J�U�H�J�D�W�H�����!w the density 
of the aqueous phase, g the standard gravity, VF the volume of the 
NPs/platelet aggregate, µ0 the vacuum magnetic permeability, m 
the magnetization of the NPs, and dH/dz the magnetic field 
gradient. 
The density and volume of the NPs/platelet aggregate can be 
obtained by the following equations:   

VF=Vplatelet���5�Â���9NP  (7) 
�!F=(Vplatelet�Â�!clay���5�Â���9NP�Â�!Fe2O3)/(Vplatelet���5�Â���9NP )  (8) 

The magnetization m is obtained from the value of the magnetic 
field H measured at a given height, z, from the magnet, and using 
the magnetization curve of the dispersed NPs, giving m as a 
function of H. dH/dz is obtained by deriving the experimental 
curve giving H as a function of z.The calculation was made for 
different R values, and at different sedimentation heights (see Fig. 
S5). For example, we found that at half the initial height (z=2.45 
cm), FG and FH are of 2.6×10-18 N and 8.6×10-18 N, respectively for 
R=12, and 7.7×10-18 N and 1.7×10-16 N for R=240 (see Tables S1 
and S2 for the calculations). Therefore, the ratio (FG+FH)/FG is 4.2 
for R=12, and 23.2 for R=240. When R increases from 12 to 240, 
FG and FG+FH are enhanced by factors of 2.9 and 16, respectively. 
Although there is no simple relations between the ratios obtained 
from the experimental velocities and those obtained from the 
theoretical forces, it is interesting to note that there is a clear 
correlation between both values. Therefore, our results may well be 
explained in terms of an increase of the gravity and magnetic force 
and of their difference, as the value of R increases, due to the 
higher density and higher magnetic susceptibility of the flocs. 
However, the effect of the magnetic field on sedimentation seems 
to be minimized when the calculated values of FG and FH are used. 
To explain this difference, it is important to mention that the 
strength of FH increases with the proximity from the magnet, and 
thus the (FG+FH)/FG ratio increases as the height decreases. 
Considering that the floc particles are interconnected, the effect of 
the magnetic field at low height may have strong importance on the 
global sedimentation velocity. Furthermore, the real structure of the 
floc particles is probably much more complex that the simple 
model used for the calculations, which can strongly impact 
sedimentation velocities. We attempted to elucidate this complex 
structure through different approaches, which are reported in the 
next part of our work  
 
3.4. Flocs characterization 
To obtain a first description of the flocs structure, several bulk 
properties including surface charge, total volume after 
sedimentation and granulometric size were measured, while the 
organization of the materials at a microscopic scale was partially 
determined by cryo-TEM and SAXS. 

a. Surface charge of the flocs by measurement of the zeta-potential 
We determined the zeta-potential of the flocs after 48h of 
sedimentation under G, for different values of R and at [clay]0=1.5 
g L-1. The results are displayed in Fig. 4 (a). 
 
 
 

 

 

 

 

Figure 4 Evolution of several bulk properties of the flocs as a function of the R 

parameter and the sedimentation modes (open dots = G, 48h  ; filled dots = 

G+H, 24h ). The value of [clay]0 is always 1.5 g L-1. (a) Zeta-potential (b) Total 

volume of the flocs and (c) Granulometric size (the vertical line at R=100, 

corresponds to the isoelectric point of the flocs). 

Figure 4(a) clearly shows the increase of the zeta-potential with R. 
For low R values, the flocs have a negative zeta-potential with a 
value close to that of clay platelets. This means that the amount of 
NPs is not enough to neutralize all the negative charges of the clay 
platelets. As the amount of NPs increases, those negative charges 
are progressively neutralized until reaching the isoelectric point, 
when the zeta potential equal zero, for a value of R of 
approximatively 100. At this stage, either all negative charges are 
neutralized, or the flocs behave like a zwitterion, which means that 
they contain the same amount of positive and negative charges. 
Above R=100, the flocs have a positive zeta-potential, which 
indicates that adsorption on the clay platelets continues, although 
there is an excess of NPs with respect to their amount necessary to 
neutralize the negative charges of the clay platelets. At very high R 
values (R>320), the positive surface charge of the flocs does not 
evolve, which is related to the saturation of the clay surface by 
adsorbed NPs. Thus, zeta-potential measurements highlight the 
existence of two types of flocs distinguished by the sign of their 
surface charge, depending on the amount of added NPs.  

b. Total volumes of the flocs after sedimentation 
Settling velocity measurements also provide estimate of floc total 
volumes after sedimentation. Such a value is somehow linked to 
the internal floc structure, and is also important for water treatment 
applications, since small volumes after sedimentation allow an 
easier flocs recycling [1,41]. Flocs volumes were determined after 
sedimentation for three days under G+H, and two weeks under G 
(no major evolution was observed for longer periods of 
sedimentation). It is important to note that a preliminary study 
using thermogravimetric analysis revealed that the flocs are 
composed of more than 99% of water after sedimentation. This 
indicates that most of the volume of the flocs is due to water, and 
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 ([clay]0= 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 sedimentation under G+H. Thus, the presence of a 
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magnet lead to lower flocs volumes, whatever the value of R. This 
first result can be explained by the fact that the magnetic force is 
much more important than gravity (especially at the end of the 
sedimentation process, when the distance to the magnet is short), 
which implies a stronger compression of the flocs. It should also be 
noted that the difference in volume between the two settling modes 
increases as R increases, which is correlated to the increases of the 
(FG+FH)/FG ratio with R. 
The second factor influencing flocs volumes is the amount of 
added NPs. The two curves of Fig. 4(b) have a similar shape, with 
an increase of volumes up to a maximum, before a progressive 
decrease. The position of the maximum on the R axis seems to 
depend on the decantation mode. Interestingly, under gravity alone 
the maximum is found at R=100, which corresponds to the 
isoelectric point of the flocs. When a magnet is added, the 
maximum is found at a slightly lower value (R=25), and the drop 
in volume after the maximum is particularly strong (70% of loss).  
To explain these observations, we propose that at low value of R, 
the addition of the NPs to the clay disturbs platelets stacking, 
creating disordered aggregates, which tends to increase the volume 
of the sediment. This trend is reinforced when the amount of NPs 
is increased, up to a certain limit, which corresponds, under G, to 
the isoelectric point of the flocs. At high R value, the increased 
strengths of the gravity and magnetic force that lead to enhanced 
floc compression, seem to be dominant. Such an effect is 
particularly intense under a magnetic field, explaining that the 
maximum is found for a lower value of R and that a stronger 
decrease of the floc volume occurs beyond this maximum.  

c. Mean size of the floc particles by laser granulometry  
The samples were characterized by laser granulometry after 
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]0 = 1.5 g L-1).  
Flocs made from clay and a 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 an 
organization with three size scales [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 weakly 
associated into superaggregates at the millimeter scale. The 
question of which size is measured by laser granulometry is then 
important. Since a high dilution of the samples is necessary to use 
laser granulometry, the weak cohesion of aggregates and 
superaggregates is probably broken. In addition, the scale of the 
measured sizes is less than ten micrometers. Therefore, it is highly 
probable that laser granulometry gives access to the size of the 
primary clusters of NPs and clay.  
Figure 4(c) reveals that laser measured size is poorly affected by 
the mode of decantation. Taking into account its strong effect on 
the total volumes, the decantation mode effectively influences the 
structure of the materials, but at a larger scale than that measured 
by laser granulometry. To the contrary, the mean size is strongly 
impacted by the amount of added NPs. When R is lower than 150, 
we observe an increase of the flocs sizes from 500 nm, to 6 µm. 
When R is larger than 150, the flocs size decreases down to 3 µm. 
These results can be interpreted in relation to zeta-potential 

measurements. At very low R values, the flocs bear a strong 
negative charge, and the measured sizes (around 500 nm) are not 
far from the initial size of the clay platelets. Thus, the presence of 
high electrostatic repulsions implies a weak cohesion between the 
primary particles, which is probably broken by the high dilution 
used for the analysis. For larger R values, as the amount of added 
NPs increases, the negatives charges of the platelets are 
progressively neutralized which means that the electrostatic 
repulsions decrease. This leads to stronger aggregation between the 
platelets, and therefore to increased sizes for the Clay/NPs clusters. 
The highest sizes are reached close to the isoelectric point, where 
the electrostatic repulsions are minimal. Above R=150, the 
addition of the NPs leads to positively charged flocs, again 
exhibiting electrostatic repulsions. The decrease of the 
granulometric size means the decrease of the clusters size, which is 
explained by the decrease of the cohesion between the particles. 
On the other hand, a correlation between the total volumes and the 
particles sizes is also observed, a high size for primary aggregates 
implying a large total volume. However, since the two parameters 
are not affected in the same manner by the decantation mode, the 
flocs volume also depends on aggregation at larger scale. 
Furthermore, it can be noted that the maxima of the total volume 
and granulometric size are not found exactly at the same values of 
R.  

d. Cryo-transmission electronic microscopy (Cryo-TEM) 
Several floc samples were analyzed by Cryo-TEM, because this 
method avoids the undesired aggregation of the particles during 
drying. Figure 5 exhibits Cryo-TEM images of the flocs after 
sedimentation (G, 48h) for R=320 and 6 ([Clay]0=1.5 g L-1). 

Figure 5 Cryo-TEM images of the flocs ([clay]0=1.5 g L-1 ; sedimentation G, 

48h).  (a) and (b) R=320 : (a) low magnification, (b) high magnification (the 

arrow marks the position of a laterally oriented platelet). (c) and (d) R=6 : (c) 

low magnification, (d) high magnification (the rings mark some NPs located on 

the platelet edges). 

As seen in Fig. 5(a) and 5(b), for large values of R (R=320), the 
NPs are regularly deposited on the faces of the clay platelets. The 
mean distance between two adjacent NPs centers obtained by a 
short analysis of the cryo-TEM images is 108 Å, which confirms 
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that the adsorbed NPs are in close contact. In addition, it seems that 
the coated platelets are irregularly stacked through face-to-face 
aggregation (darker zones of the pictures). We can also observe 
platelets that are not in the same orientation (they look like needles 
on the pictures : see the arrow on Fig. 5(b)), which may indicate 
the presence of face-to-edge or edge-to-edge aggregation. The 
extent of the aggregate is more than 2.5 µm, which is in agreement 
with the mean sizes obtained by laser granulometry. For a low NPs 
amount (R=6, Fig. 5(c) and 5(d)), the NPs seems to be 
preferentially localized on platelets edges (see the rings on Fig. 
5(d)). Face-to-face aggregation of the clay is only observed. In 
comparison to the case with high amounts of NPs, the aggregates 
appear more compact, but have a lower size. Using Cryo-MET, we 
thus obtained qualitative information on the location of the NPs 
and the morphology of the primary aggregates. However, this 
technique is limited here to a two-dimensional view of few clusters. 
Therefore, it is important to complete these results by Small Angle 
X-ray Scattering that provides averaged information on floc 
structure. 

e. Small Angle X-ray Scattering 
Two floc samples corresponding to a low and high amount of NPs, 
respectively (R=6 and R=320), were characterized by SAXS. For 
comparison purposes, the NPs dispersion and the clay suspension 
were also analyzed. Figure 6 presents the evolution of the obtained 
SAXS curves giving the scattered intensity I(q) plotted as a 
function of the scattering vector q. 

Figure 6 (a) SAXS curves of the aqueous suspensions for the initial materials 

and two flocs samples: (1) Clay suspension 1.5 g L-1, (2) clay/NPs floc, R=6 

([Clay]0=1.5 g L-1), (3) clay/NPs floc, R=320 ([Clay]0=1.5 g L-1), (4) NPs 

dispersion ([Fe]0= 4.2x10-2 mol L-1, HNO3, pH= 3). (b) Structure factor obtained 

from the SAXS curve (3) corresponding to the clay/NPs floc at R=320. 

For the clay platelets alone (curve (1)), the SAXS data are well 
fitted by a single power law with an exponent of -2.3 which can be 
attributed to the form factor of the clay platelets [31, 33]. 
�&�R�Q�F�H�U�Q�L�Q�J���W�K�H����-Fe2O3 NPs (curve (4)), the curve can be divided 
into several parts. At high q (q  �Ë 7.10-2 Å-1), the data are fitted 
via a power law with exponent -4, due to the form factor of the 
spherical NPs, in agreement with Porod�¶s law [20, 33]. At 
intermediate q values (5.10-3 Å-1�Ê q �Ê 7.10-2 Å-1), the curve is 
proportional to q-1.8, while at very low q values (6.10-4 Å-1�Ê q �Ê 
5.10-3 Å-1) a plateau is observed. Such a behavior is characteristic 
of some slightly aggregated polydispersed NPs. The exponent of 
-1.8 is correlated to the structure factor of the NPs aggregates, 
while the plateau can be modeled by Guinier�Cs law, which gives 
access to Rg, the mean radius of gyration of the aggregates [33]. 
The calculation gave us a value of Rg�®40 nm.   
The SAXS curves corresponding to NPs/clays aqueous flocs 
(curves (2) and (3)) present two distinct regions. The first part of 
the curves at high q values (q  �Ë 7.10-2 Å-1), is well fitted by a 
power law with an exponent between -3 and -4, while the second 

part of the curve (q  �Ê 7.10-2 Å-1) can be fitted by a power law 
with an exponent close to -2. The exact values of these exponents 
depend on the amount of added NPs. At high q, the exponent is 
-3.2 for R=6, a value intermediate between those obtained for the 
pure NPs and clay. This may result from the combined contribution 
of the form factors of both types of particles. For R=320, this 
exponent decreases to -3.8, a value close to that of the pure NPs. 
This suggests that for this sample, the main contribution to the 
form factor is due to maghemite, which may be caused by the 
larger number of NPs and by their larger scattering length density, 
in comparison to the clay platelets. At low q, the exponent is -2.3 
for R=6, a value identical to that of the clay suspension. This may 
be explained by a similar structure for the clay suspension, and for 
the flocs containing a low amount of NPs, at least for the small 
scales studied by SAXS. This similarity may result from the 
keeping of relatively high repulsions between the clay platelets for 
these flocs. Interestingly, the value of the exponent at low q 
increases to -1.8 for R=320. The shape of the curve at low q for the 
floc at R=320 is not similar to that of the single NPs, since no 
plateau is observed at very low q value. Thus, this specific shape 
may reflect the existence of a structure factor characteristic of the 
flocs containing a high amount of NPs.  
To confirm this hypothesis, we attempted to extract the structure 
factor S(q) from the SAXS curve corresponding to the floc at 
R=320, using a procedure that neglects the contribution of the clay 
to the total scattering (see the experimental part). The structure 
factor is shown in Fig. 6 (b). First, it should be noted that S(q) does 
not tend to 1 at high q 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 Å, and the second one, 
at lower q value, corresponding to 90 Å. The smaller distance may 
be assigned to a stacking of clay platelets separated by three 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 
cryo-TEM images. Furthermore, at low q values, the strong 
increases of S(q) with decreasing q proves the predominance of 
attractions between particles and confirms the high degree of 
aggregation in this sample. At this stage, it is however difficult to 
explain the power law in q-1.8. It is possible that the value of 1.8 
corresponds to the fractal dimension of the aggregates. The 
characterization of this floc by other scattering and imaging 
methods, which are more suitable for higher scales is therefore 
necessary. In addition, the negligible contribution of the clay to the 
global scattering has to be confirmed by SANS measurements. 

Conclusion 
We studied the aggregation and sedimentation of flocs composed 
�R�I�� �S�R�V�L�W�L�Y�H�O�\�� �F�K�D�U�J�H�G�� ��-Fe2O3 NPs having a mean diameter of 10 
nm and negatively charged beidellite platelets with a mean size of 
500 nm. This model system allows a better understanding of the 
magnetically assisted flocculation processes, which has been used 
for a long time in water-treatment. First, the influence of the 
experimental conditions on the conditions of flocculation and 
settling was determined. Thus, we highlighted the importance of 
pH for obtaining optimal flocculation and decantation. Furthermore, 
we looked into the influence NPs/clay ratio, named as the R 
parameter. We proved that the clay and NPs can entirely flocculate 
and 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 value of 
R. These trends are correlated to the increase of the difference 
between the strengths of gravity and magnetic force as R increases. 
Therefore, our results suggest that 10 nm-sized magnetic NPs can 
be used as flocculating agent, but they have to be added in 
relatively high amount to obtain a total flocculation followed by a 
rapid decantation over a magnet. 
In addition, we successfully measured the zeta-potential of the 
flocs, their total volume and their granulometric size. We observed 
that these three parameters 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 of 
primary aggregates with a size and cohesion increasing with R, 
which implies 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 compression effects due to 
the gradient magnetic field and the gravity causes a decrease of the 
total volumes. At a smaller scale, Cryo-TEM images showed that 
the NPs are homogeneously dispersed on the faces of the clay 
platelets which exhibit several modes of aggregation. Finally, 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 which 
repulsive interactions are dominant. At larger R value, the particles 
are strongly aggregated which implies a structure factor 
characterized by an exponent of -1.8. However, to have a better 
understanding of the observed properties, a multi-scale 
characterization of the flocs needs to be performed, through the use 
of additional imaging and scattering techniques. 
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