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A model system composed of beidellite clay platelets and magnetic nanoparticles of 
maghemite was studied to improve the flocculation and decantation steps of water 
treatment processes.  
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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 



















 

 

 


