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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The deflocculation/coagulation process 
is affected by the chemical composition 
of the suspension. 

• The presence of quartz silt does not 
affect the mechanism behind the 
deflocculation of kaolinite with NaHMP. 

• Adding NaHMP into limestone silt leads 
to the dissolution of the calcite. 

• This dissolution results in an increase of 
Ca ions concentrations in the pore 
solution. 

• These Ca ions complex with phosphates 
anions leading to a partial coagulation. 

• The delayed flocculation targeted with 
the addition of magnesium oxide can be 
compromised by the mechanisms 
occurring during the former 
deflocculation.  
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A B S T R A C T   

This paper investigates the impact of the chemical composition of two silts, quartz and limestone, on the 
deflocculation/coagulation process for poured earth application. The driving mechanisms behind the evolution 
of the rheological behavior after the addition of sodium hexametaphosphate are highlighted through zeta po
tential measurementand the chemical changes with ICP-OES and 31P MAS NMR spectroscopy. The first results 
show that adding sodium hexametaphosphate into the quartz silt modifies its inter-particle forces through 
electrostatic repulsion forces induced by the adsorption of phosphate anions onto the quartz structure. For 
limestone paste, the deflocculation mechanism is affected by the dissolution of the calcite. This dissolution leads 
to a release of Ca2+ cations and an increase in the paste’s pH, reducing the paste deflocculation rate. These 
dissolved Ca2+ cations in the solution conduct to a partial coagulation making the delayed flocculation targeted 
initially with the addition of magnesium oxide less effective.   

* Corresponding author. 
E-mail address: dardant@ethz.ch (D. Ardant).  

Contents lists available at ScienceDirect 

Colloids and Surfaces A: Physicochemical and  
Engineering Aspects 

journal homepage: www.elsevier.com/locate/colsurfa 

https://doi.org/10.1016/j.colsurfa.2024.134147 
Received 7 March 2024; Received in revised form 23 April 2024; Accepted 30 April 2024   

mailto:dardant@ethz.ch
www.sciencedirect.com/science/journal/09277757
https://www.elsevier.com/locate/colsurfa
https://doi.org/10.1016/j.colsurfa.2024.134147
https://doi.org/10.1016/j.colsurfa.2024.134147
https://doi.org/10.1016/j.colsurfa.2024.134147
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfa.2024.134147&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Colloids and Surfaces A: Physicochemical and Engineering Aspects 694 (2024) 134147

2

1. Introduction 

The construction industry is increasingly adopting earthen con
struction materials due to their eco-friendly nature [1], their potential 
for recycling [2], and the high availability of resources for their pro
duction [3,4]. Recognizing the similarities between earth and concrete, 
and applying scientific knowledge gained from the concrete industry can 
enhance earthen construction practices. A significant advancement in 
earthen construction is the development of a poured earth technology, 
which allows for casting fluid earth into hermetically sealed formworks 
commonly used for construction in poured concrete [5–7]. This inno
vative technique usually uses Portland-based cement to facilitate the 
setting since the earth cannot dry within a sealed formwork [8], com
bined with a superplasticizer to decrease the water-to-binder ratio and 
the substantial porosity and shrinkage [9]. 

New attempts were made to remove the cement from the binding 
fraction through the control of the colloidal state of the dense clay 
suspension, evolving from a deflocculated state to a coagulated one with 
the help of additives commonly used in ceramics. The deflocculation of a 
dense clay suspension improves the workability of the paste by keeping 
relatively low water to solid ratio. Different deflocculant such as sodium 
polyacrylate (PAAS) [10], sodium hydroxide (NaOH) [11,12], sodium 
silicate (NaSil) [12,13], sodium hexametaphosphate (NaHMP) [10, 
13–16], or bio-based alternatives such as tannins [11,17], have been 
successfully tested on dense clay suspension. Their ability to control the 
edge and face charges of clay particles leads to a change in the clay 
platelet organization from a house of card structure to an organized one. 
The coagulation of a clay suspension can be achieved by using an 
inorganic coagulant such as calcium, magnesium, or sodium minerals 
acting on the adsorption and the exchange of cations in the clay inter
layer [18]. 

Based on the mechanism that could be involved in the deflocculation 
and the coagulation of clay suspension, Landrou et al. suggested to 
combine both mechanism to control the rheological properties of a clay 
suspension overtime for a poured earth application. [12,18]. Following 
this hypothesis, research was done on a dense kaolinite suspension using 
NaHMP as a deflocculant and magnesium oxide (MgO) as a coagulant to 
better understand the interactions occurring within the system. The 
authors suggested that the high effectiveness of NaHMP to deflocculate 
the kaolinite dense suspension was the direct consequence of the 
adsorption of the hexametaphosphate anions onto the clay particles’ 
edges, leading to strong electrostatic repulsion forces between the clay 
particles [13]. They also exposed that the delayed action of MgO as a 
coagulant leads to the precipitation of the adsorbed hexametaphosphate 
anions into magnesium phosphate, nullifying their effects on the clay 
particles edges and bringing then the kaolinite suspension to its initial 
state [18]. It was also revealed that this process does not modify the clay 
structure, as the reaction between the additives creates a new mineral 
component present in such a low quantity that no binding abilities are 
provided [14,18]. 

Following the findings on dense kaolinite pastes, this research aims 
to better understand the established deflocculation/coagulation process 
on a wider spectrum by adding pure silt to the dense suspension. As the 
mineral composition of the silt fraction is linked to the weathering 
process, it can change significantly between different localities. 
Knowing the remarkable ability of NaHMP to complex with flocculant 
cations such as Ca2+ or Mg+[19] and the relatively small particle size of 
silt (below 100 µm, order of magnitude), the mechanism presented for 
kaolinite paste might be affected by the chemical composition of the silt. 
There is no consensus in the literature regarding the interaction between 
sodium hexametaphosphate and the silt fraction. Liang et al. [20] sug
gest that adding NaHMP in diluted quartz modifies the Van der Waals 
interactions and the electrostatic double layers forces, which can influ
ence the paste yield stress. In opposition, Kohandelnia et al. [21,22] 
show that NaHMP does not act on the yield stress of quartz paste. 
Moreover, there is a lack of literature regarding the delayed flocculation 

of deflocculated pastes containing silt in the binding paste, as literature 
focuses only on the mechanism involved in kaolinite-rich suspensions 
[14,18]. It can be suggested that if the silt stability might be affected by 
NaHMP, some flocculant ions might precipitate with the hexameta
phosphate anions. Hence it might reduce the amount adsorbed onto the 
clay particles’ edges affecting the precipitation of these anions with 
MgO. Therefore, this research focuses on two silts with different 
chemical compositions, quartz (SiO2) and limestone (CaCO3). Their 
interaction with NaHMP as deflocculant will be examined, and the 
entire deflocculation/coagulation process will be analyzed on binary 
mixes with kaolinite. 

2. Materials 

2.1. Silts 

Two fine mineral powders (mineral flours) with distinct mineralog
ical compositions were selected for the experimental investigation to 
mimic the silt fraction. The first "silt" is a pure quartz flour (SiO2 
>97 wt %), sourced from Bernasconi AG (Switzerland), with a maximum 
particle size of 63 µm, a D10 of 0.15 µm and a D50 of 5.83 µm. The 
second one is a high-purity limestone flour (CaCO3 > 96 wt %) also 
sourced from Bernasconi AG (Switzerland). Initially, the limestone flour 
was received with a maximum particle size of 200 µm, and to ensure 
consistency, it was sieved to isolate the fraction below 63 µm and keep a 
constant with the quartz silt. Its D10 is 1 µm, and its D50 is 7.03 µm. The 
particle size distribution of the two silts studied was measured using an 
automatic sedimentometer (PARIO Meter, Germany) following the norm 
ISO 11244:2020 [23]. The particle size distributions of the two silts are 
gathered in Fig. 1. 

2.2. Clay 

Experiments on binary mixes were carried out on clay-silt mixes 
using a kaolinite powder as the clay mineral fraction. The kaolinite 
chosen is a commercial clay for ceramic application referred to here as 
Kaolinite FP80 and sourced from Dorfner (Germany). It has a maximal 
particle size of 51 µm, a D10 of 1.78 µm, and a D50 of 3.06 µm. Its 
mineralogical composition was investigated by XRD using a Bragg- 
Brentano X-ray diffractometer (D8 Advance, Bruker, AXS, Germany) 
with Cokα radiation. The kaolinite powder was milled with isopropanol 
in a McCrone Micronising mill to pass through a 20 µm sieve and, after 
drying at 65 ◦C, put directly into the sample holder with the help of a 
razor blade to avoid the preferred orientation. The analysis of the 
qualitative phases was carried out with the software DiffracEva using 
the PDF-2 database from the International Center for Diffraction Data. 
The qualitative analysis was performed using the Rietveld method [24] 
with the software Profex [25]. Results revealed that kaolinite is the main 
component, but not the only one. The powder cannot be considered pure 
kaolinite as the amount of accessory minerals (12.8 %) is relatively high. 
The whole chemical composition of the powder is gathered in Table 1. 

Fig. 1. Particle size distribution of the two silt powders and the kaolinite used 
in this research. 
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2.3. Additives 

Two additives already explored for adjuvanted earth-concrete [14, 
18] were used. The first one, a high purity sodium hexametaphosphate 
(NaPO3)6 (>99 wt % pure) in powder form sourced from Sigma Aldrich 
(Switzerland), is used as deflocculant (referred to here as NaHMP). A 
NaHMP solution is prepared at a dilution rate of 10 wt % in deionized 
water. The second one, a high-purity magnesium oxide (MgO, >97 wt % 
pure) sourced from Sigma Aldrich (Switzerland), is used as a coagulant. 

3. Experimental procedure 

3.1. Rheology measurement 

3.1.1. Paste preparation 
Rheology measurements were performed on different pastes 

composed of pure silt, binary mixes of silt-kaolinite, and pure kaolinite. 
The aim was to study the effect of the additives on the rheological 
properties of the suspension directly after mixing and their stability over 
time. Even if the particle size distribution of the two silts differed, the 
water-to-solid (W/S) ratio used for their pastes was kept constant at 
0.255 to facilitate the comparison. This ratio was defined to get pastes 
with a solid volume fraction relatively close to their dense solid volume 
fraction. This ratio was updated to 0.50 for binary silt-kaolinite mixes 
and 1 for pure kaolinite paste. Only the dosage of the deflocculant and 
the coagulant were varied from one sample to another. The dosages in 
NaHMP are always expressed as the percentage of the mass of solid 
content. The dosages of MgO are expressed as a magnesium-to- 
phosphate molar ratio (Mg/P). 

The preparation procedure for the different mixes is synthesized as 
follows. Initially, the powders were manually homogenized, and the 
diluted NaHMP solution was incorporated into water. The powders and 
the liquid were mixed for 2 minutes at 365 rpm using a mechanical 
stirrer equipped with a four-bladed mixing tool (Heidolph Instrument, 
Switzerland). In the case of measurements involving the addition of 
coagulant, MgO powder was added, and the paste was mixed again for 
2 minutes at 365 rpm. All the samples are prepared at room temperature 
(23 ± 1 ◦C). 

3.1.2. Flow onset measurements 
Flow onset measurements were performed for the yield stress mea

surements of the different pastes after introducing NaHMP. The rheo
logical measurements were performed using a Malvern Kinexus Lab +

(Malvern Instruments, Switzerland) stress-controlled rheometer equip
ped with serrated parallel plates of a diameter of 40 mm to prevent slip 
at the shearing surface [26]. The lower plate was filled with the sample 
directly after the mixing phase. Then, the upper plate was placed with a 
gap of 2 mm between the plates to ensure a minimum spacing exceeding 
the largest particle size by a factor higher than ten [27]. The sample was 
finally covered with a trap cover to minimize evaporation during the 
measurement. After 1 min resting time, a constant shear rate of 0.01 s− 1 

was applied to the sample for 240 s. At such a low shear rate, the in
fluence of the viscosity on the measurement is negligible, allowing the 
computation of the yield stress from the measured torque peak value at 
the onset of flow [27,28]. The whole protocol was repeated three times 
for each mixture to enhance accuracy. 

3.1.3. Dynamic yield stress measurement overtime 
The influence of the pastes’ composition on the deflocculation effect 

of NaHMP over time was studied through two binary mixes (kaolinite- 
quartz and kaolinite-limestone) prepared at their optimal dosage of 
NaHMP. The stress-controlled rheometer was equipped with a Vane 
geometry to avoid the potential drying with serrated plates after hours of 
resting time. The Vane geometry consists of a four-bladed paddle with a 
diameter of 25 mm, and the outer cup diameter is 25 mm with a depth of 
63 mm. Using a 4-bladed paddle minimizes the material’s disturbance 
during the introduction of the vane and avoids the wall slip effect [29]. 
After filling the cup, the vane was inserted, and a trap cover was added 
to minimize evaporation. The paste was left one minute undisturbed 
before starting the measurement. The measuring sequence included the 
following steps: an increasing shear rate ramp from 0.1 s− 1 to 300 s− 1 

(with a logarithmic distribution of shear rates) was applied during 300 s, 
followed by a decreasing shear rate ramp from 300 s− 1 to 0.1 s− 1 during 
300 s. The procedures were done after six resting times (directly after 
mixing and after the resting time of 30 min, 1 h, 2 h, 4 h, and 6 h). The 
yield stress value was extrapolated at low shear rates through a linear 
regression according to the Herschel-Bulkley model with τ = τ0 + ηHB γ̇n, 
where τ is the shear stress, τ0 is the yield stress, γ̇ is the shear stress, ηHB is 
the consistency index, and n is the flow index [26]. Only the decreasing 
ramps were studied to get yield stress values after a stress allowed to 
break the particle network built during the resting time, giving a better 
view of the aging phenomenon. 

3.2. Zeta potential 

The measurement of ζ-potential was performed using a ZetaProbe 
instrument (Colloidal Dynamics, Ponte Vedra Beach, FL, USA) employ
ing the electro-acoustic method. This technique involves the application 
of a high-frequency alternating electric field, causing charged particles 
to oscillate. The motion of these particles generates a sound wave, which 
is captured and provides information about the dynamic mobility of the 
particles [30]. The experiments to determine ζ-potential were conducted 
on suspensions of pure silt. The solid volume fraction corresponding to 
the suspension in deionized water was approximately equal to 48.9 vol 
%. To mitigate issues related to sedimentation and prevent measurement 
artifacts, blade stirring at 365 rpm was employed during the measure
ment. The dosages of dispersant used in these experiments were main
tained at similar levels concerning the silt content as those employed in 
the rheological measurements. 

3.3. Solid-state 31P magic angle spinning nuclear magnetic resonance 
(MAS NMR) 

31P MAS NMR was performed on chosen pastes. These pastes are 
binary silt-kaolinite pastes (kaolinite-limestone and kaolinite-quartz) 
with a W/S ratio of 0.5 and an amount of NaHMP fixed at 0.2 wt% by 
solid. After mixing, each paste was split in two. One part was sealed for 
4 hours and dried overnight at room temperature (23±1 ◦C). Magne
sium oxide was added in the other part, in a proportion leading to a 
phosphate-to-magnesium molar ratio of 16. This part was mixed again 
for 2 min, sealed for 24 hours, and dried overnight at room temperature 
(23 ± 1 ◦C). The four dried samples were then crushed using agate 
mortar. The 31P MAS NMR data were acquired using a 4 mm rotor at 
rotation rates of 10,000 Hz at 162.0 MHz as single pulse experiments 
with 2.0 μs (40◦) excitation pulses, 58 kHz SPINAL 64 proton decou
pling was applied during acquisition, and the recycle times of 10 s 
ensured quantitative acquisition of the spectra. 31P NMR chemical shifts 
were referenced to the external standard of NH4H2PO4 (solid) at 
0.0 ppm. 

3.4. Solid/liquid phase separation and solution analysis 

The sample preparation and the measurement procedure for induc
tively coupled plasma – optical emission spectrometry (ICP-OES), pH, 
and total disscolved inorganic carbon (TDIC) measurements were 

Table 1 
Chemical composition of the kaolinite studied by quantitative X-ray diffraction 
analysis. Values are given in wt %.  

Kaolinite Quartz Muscovite Microcline Anhydrite  

87.2  4.0  3.6  3.6  1.6  
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performed as follows. The pastes were prepared according to the pro
cedure outlined in Section 3.1.1 to obtain pore solutions for solution 
analysis. Subsequently, the pastes were transferred to 50 mL centrifuge 
tubes and left undisturbed for 24 hours with the lids closed to allow the 
reaction to occur. After resting, the samples were vortexed and centri
fuged at 4000 rpm for 10 minutes. This process separated the pore water 
from the solid, which was then transferred to 15 mL centrifuge tubes. 
The centrifugation step was repeated twice more at 4000 rpm for 
10 minutes. 

The resulting pore solution was filtered using an MN615 filter and a 
Whatman cellulose filter with a pore size of 0.45 μm. The filtered solu
tion was stored at ambient temperature before being subjected to 
measurement and diluted with nitric acid (prepared from Merck HNO3 
suprapur quality, 65 %, with high-purity water (18.2 MΩ/cm, Milli
pore) on the day of the measurement. The measurements were repeated 
three times under the same conditions. The concentration of sodium 
[Na], phosphorous [P], aluminium [Al], silicon [Si], magnesium [Mg], 
calcium [Ca], iron [Fe], potassium [K], and sulfur [S] was measured by 
ICP-OES (Agilent 5110 ICP-OES). 

The measurement of the total dissolved inorganic carbon was carried 
out with TOC analyzer Sievers 5310 C, connected to a Sievers 900 
autosampler station. Filtered samples were diluted to 1:30 with ultra- 
pure water for analysis. Finally, pH measurements were conducted on 
the unfiltered aliquots using a Thermo Scientific™  Orion™  Per
pHecT™  ROSS™  Combination pH Micro Electrode. 

4. Results and discussion 

4.1. Deflocculation mechanism of silt fraction 

Fig. 2 shows the sensitivity of the silts to the NaHMP. Quartz silt 
displays a higher sensitivity to the deflocculant than limestone silt. The 
value of the lowest yield stress reached after deflocculant addition is also 
higher for limestone paste than for quartz. Subsequently, in both cases, 
after reaching the optimum amount, the yield stress increases, indi
cating the displacement of the saturation point, also exposed in litera
ture when NaHMP is used to deflocculate clay-rich minerals [10,13]. 

Hence, the silt powders’ mineralogical composition drastically in
fluences the dosage of NaHMP to target the highest change in paste 
behavior. The literature has exposed similar observations on kaolinite, 
whether pure or with accessory minerals [19]. The authors exposed that 
the NaHMP amount needed to reach the paste’s lowest viscosity value 
was much higher for the kaolinite containing the accessory minerals, 
even if the specific surface area of both powders was relatively close. 

Following this observation on rheology measurement, zeta potential 
was conducted to better understand the evolution of the two quartz and 
limestone silt surface charges over the addition of NaHMP. (Fig. 3) 

In the case of quartz, the pH decreases with a small NaHMP addition 

from 8 to 7. A constant pH at 7 is visible when 0.015 wt % of NaHMP is 
reached. The zeta potential also decreases values, from − 45 mV 
initially to a plateau at − 60 mV, obtained at an amount of NaHMP 
around 0.015 wt %. For limestone, the addition of NaHMP results 
instead in an increase in pH of the suspension, from 8 and leveling off 
around 10 at 0.04 wt % of NaHMP. The zeta potential, initially positive, 
drastically decreases to − 30 and − 50 mV, for 0.02 and 0.06 wt % 
NaHMP added, respectively. For both silts, adding NaHMP results in 
negative particle surface charges. 

The yield stress of colloidal systems is influenced by the nature and 
strength of inter-particle forces, which can be influenced by several 
factors such as pH, ionic strength, or adsorbed molecules [11]. 
Furthermore, it has been verified that deflocculants can modify 
inter-particle forces by enhancing them through repulsive electrostatic 
and/or steric forces [11]. This action ultimately results in the defloc
culation of colloidal particles, affecting the macroscopic yield stress of 
the material. 

The nature of interaction forces can be characterized using the DLVO 
theory [31,32], which establishes a relationship between the yield stress 
and zeta potential through the following equation. 

τ0 =
3ϕ2

2πa

(
A0

48πd2
0
− Bζ2

)

(1)  

withB =
Kκ
4π(1 − tanh(kd0)) (2) 

Where τ0 is the yield stress, ϕ the solid volume fraction, a the radius 
of particles, A0 the van der Waals constant, d0 the interparticle distance, 
ζ the zeta potential of suspension, K the permittivity of free space, and 
the area of interaction is assumed to be given by πa2, and κ the Debye 
parameter. 

A clear relationship between the yield stress and the squared zeta 
potential at a given solid volume fraction indicates the presence of 
electrostatic repulsion forces between particles [33]. Looking at Fig. 4, 
electrostatic repulsion forces are the only modification in inter-particle 
forces observed after the NaHMP addition in quartz silt paste. 
Knowing that the quartz used here is exceptionally pure (SiO2 >97 wt 
%) and that its structure is known as stable in the condition used here, as 
exposed by its initial zeta potential value, it could be suggested that the 
increase in repulsive forces is guided in prior by the adsorption of 
phosphate anions on the surface of the quartz particle, as exposed in 
[20] 

In contrast, there is no linear correlation between the yield stress and 
the squared zeta potential for limestone silt. The positive zeta potential 
value before NaHMP addition suggests unstable colloids with interac
tion dissolving with a slight modification of the environment. The 
introduction of NaHMP leads to a partical dissolution of the silt and 
complexation with calcium [19] can change the colloid interaction, as 
seen with the sudden increase in pH value. This evolution to basic pH 
can increase the dissolution process of calcite, leading to more calcium 
and carbonates in the solution [34]. Additionally, Ca cations can form 
with hexametaphosphate (HMP) anions, a strong 1:1 outer-sphere 
complex with a high stability constant [35]. Hence, the combining ef
fect of (i) the increase in repulsive forces, (ii) the dissolution of calcite, 
and (iii) the strong complexation of the flocculant Ca cations with 
phosphate anions, potentially (iv) the formation of Ca-phosphate solids 
could explain the results observed in Fig. 2. Those four hypotheses need 
to be confirmed. 

Regarding the results obtained in this section, it can be stated that 
NaHMP can deflocculate silt pastes. However, its mineralogical 
composition drastically influences the mechanisms behind this defloc
culation. As silt paste will never be used without a clay fraction as a 
binder for earthen components, it is thus necessary to have a better look 
at the deflocculation and the coagulation process developed on defloc
culated paste on binary clay-silt pastes. Fig. 2. Effect of NaHMP on the yield stress of silt pastes at constant water 

content (25.5 wt %). 
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4.2. Deflocculation/Coagulation mechanism of binary mixes with 
kaolinite and silt 

4.2.1. Effect of deflocculant on the rheological behavior 
At first, similar rheological measurements are performed on the new 

binary mixes and the pure kaolinite as a reference (Fig. 5). 
It can be noticed that the addition of kaolinite in the silt mixtures 

provides better control over the NaHMP addition. Adding NaHMP to 
binary pastes does not result in similar yield stress evolution, indicating 
again that the silt’s mineralogical composition influences the NaHMP’s 
action. 

For kaolinite-quartz binary mixes, the NaHMP needed to reach the 
lowest yield stress value is around 0.1 wt %. It corresponds to half of the 
amount needed to reach the lowest value for kaolinite paste (0.2 wt %). 
These results and the fact that binary mixes contain 50 % kaolinite 
suggest that the quartz silt does not adsorb HMP anions and does not 
influence the binary paste deflocculation mechanism. It can be the 
consequence of the good stability of the quartz structure [20,36]. 
Consequently, the evolution of the yield stress value might be related to 
(i) the increase of the negative charge on the clay micelles through the 
adsorption of phosphate anions, (ii) the complexation of the flocculant 
cations in the kaolinite and its accessory minerals, and (iii) the substi
tution of the cations in double clay layer with Na ions [19]. As these 
three mechanisms are known to be more efficient at either low or high 
NaHMP, the optimal amount seen here can be the intermediate con
centration, leading to their best synergy [19]. 

The kaolinite-limestone mix requires nearly the same amount of 
deflocculant as kaolinite paste to reach its lowest yield stress (0.25 wt 
%), indicating that limestone reduces deflocculant capacities of NaHMP 
on kaolinite. Andreola et al. [19] have also exposed a reduction of 
NaHMP efficiency for kaolinite paste containing accessory minerals, 
thanks to the dissolution of the calcium and magnesium compounds in 
presence of NaHMP. In the case of kaolinite-limestone, if the NaHMP 
addition leads to the dissolution of calcite, the Ca2+ cations in the paste 
can induce this reduction. If Ca2+ cations are present, an aging phe
nomenon on the paste yield stress might be visible [12,37]. 

Looking at Fig. 6, the two pastes recover their initial behavior after 
stress, allowing the rupture of the particle network interactions. For 
kaolinite-quartz paste, the behavior is identical after the different 
resting times (Fig. 6a). These observations are in line with the literature 
on kaolinite paste, exposing the same behavior over time when NaHMP 
is added (i.e., reversible behavior) even if Ca2+ or Mg2+ cations are 
present from the accessory minerals [13,37]. The limestone binary paste 
exhibits a slight increase in yield stress over time, displaying an aging 
phenomenon (Fig. 6b) and suggesting the presence of Ca2+ cations from 
the calcite dissolution. 

When NaHMP is mixed with lime, the released Ca2+ cations pre
cipitate with phosphate anions, forming hydroxyapatite 
(Ca10(PO4)6(OH)) at least 3 hours after mixing [12]. In this study, this 
precipitation cannot be confirmed as no hydroxyapatite, (~2 ppm) [38], 
can be observed in the kaolinite-limestone paste 4 hours after mixing 
(Fig. 7). The 31P MAS NMR data of the deflocculated kaolinite-quartz 
and the kaolinite-limestone pastes presents two main signals. The 
signal at − 21 ppm can be attributed to a Q2 polyphosphate species, 
exposing the remaining phosphate cycles associated with NaHMP [39]. 
The other main signal at approximately − 6 ppm can be attributed to 
hydrogen phosphate or pyrophosphate, which could indicate phosphate 
adsorption on the clay micelle [40,41]. By the end, the slight aging 
phenomenon observed for a 4-hour resting time in Fig. 6b can result 
from the adsorption of Ca2+ cations in the Stern layer of kaolinite, which 
effectively reduces the electrophoretic mobility of its particles over time 
[37]. 

Fig. 3. Evolution of silt pastes pH (a) and zeta potential (b) after addition of NaHMP.  

Fig. 4. Relationship between the yield stress and the square zeta potential of 
studied pastes prepared with NaHMP. 

Fig. 5. Effect of NaHMP amount on the yield stress of quartz-kaolinite mix and 
limestone-kaolinite mix with the same water-to-fine ratio (0.5) and on the yield 
stress of kaolinite with a water-to-solid ratio of 1. 

D. Ardant et al.                                                                                                                                                                                                                                 



Colloids and Surfaces A: Physicochemical and Engineering Aspects 694 (2024) 134147

6

Magnesium oxide added into a deflocculated paste with NaHMP has 
been used to stop the activity of NaHMP by precipitating phosphate 
anions with Mg2+ cations [18]. The consequence of this addition is a 
drastic increase in the paste yield stress value after a specific resting 
time. The resting time of 24 hours is given as a reference as it corre
sponds to the time needed to bring a kaolinite paste back to its initial 
state when it is prepared at its optimal NaHMP amount [18]. 

As a general observation for the three types of paste tested here, 
increasing the Mg/P ratio always increases the paste yield stress (Fig. 8), 
as exposed in the literature [18]. 

Kaolinite-quartz paste follows a yield stress evolution close to that of 
kaolinite paste. These dispersed pastes return almost to their initial state 
when a Mg/P molar ratio equal to 16 is reached. These results exposed 

that quartz is not involved in the mechanism leading to the coagulation 
of the paste. Consequently, the coagulation is completed for the 
kaolinite-quartz paste when the precipitation exposed to the kaolinite 
paste has been completed. The mechanism for the limestone binary mix 
is diminished. Looking at the values, a plateau starts to appear slightly at 
a Mg/P ratio of 8, meaning that an increase in the Mg/P molar ratio 
would not have been conducted to bring the paste back to its initial yield 
stress. 

Following the results obtained for a resting time of 24 hours, the two 
pastes show a difference in the early aging process (Fig. 9). The 
kaolinite-quartz (Fig. 9a) structures quickly with a high change in the 
yield stress values after one hour of resting. At 6 hours, the paste keeps 
increasing its yield stress value. In contrast, the kaolinite-limestone 
paste (Fig. 9b) has slow structuration over time. The values seem to 
stagnate after 4 hours of resting. 

This observation at early aging confirms the influence of the silt 
composition on the coagulation mechanism during the early structura
tion. In the literature, it has been exposed that adding MgO powder into 
deflocculated kaolinite paste leads to a homogeneous flocculation that 
creates new precipitate phases [18]. This precipitation can be suggested 
by looking at the change occurring in the 31P MAS NMR spectra for the 
samples prepared with MgO and left undisturbed for 24 hours. The Q2 

signal at − 21 ppm is decreased, suggesting fewer phosphate cycles 
associated with NaHMP. The signal at − 6 ppm is less visible, and new 
peaks can be observed at approximately − 8.5 ppm and 3 ppm. It has 
been strongly suggested that these two peaks could be related to new 
poorly crystalline phosphate-containing phases similar to newberyite 
(MgHPO4⋅3 H2O), for the signal at 3 ppm, and similar to bobierrite 
(Mg3(PO4)2⋅8 H2O), for the one at − 8.5 ppm [40]. 

For the kaolinite-limestone samples, a slight peak around 2 ppm 
exists, suggesting, by the end, the presence of hydroxyapatite related to 
the dissolution of the calcite exposed previously [42]. However, it re
mains unclear for now if the addition of MgO increases the precipitation 
between HMP anions and Ca2+ cations or if it occurs after 4 h resting. A 
closer look at the pH evolution and the ions released in the different 
pastes can help to get a better understanding. 

This difference between the structuration can result from a change in 
the coagulation process: incorporation of cations in the clay interlayers 
for dissolved calcium ions and homogeneous flocculation for magne
sium ions dissolved later in a deflocculated paste. This supposition is 
strengthened by the low solubility of MgO, leading to a delayed release 
of ions compared to calcite [14]. 

4.2.2. Ions released 
To complete the rheology measurements and confirm the mecha

nisms and the reactions highlighted in this former section, the pore so
lution of the three pastes mixed with different NaHMP dosages after 24 h 

Fig. 6. Flow curve measurements at different acquisition times for quartz-kaolinite paste with 0.1 % NaHMP (a) and for limestone-kaolinite paste with 0.2 % NaHMP 
(b) (U represents ramp up during the sequence, and D represents ramp down. The number indicates the acquisition time in hour). 

Fig. 7. 31P MAS NMR spectra of kaolinite-quartz and kaolinite-limestone 
pastes 4 hours after being deflocculated with 0.2 %NaHMP and 24 hours after 
the addition of MgO (Mg/P=16) in the deflocculated pastes. 

Fig. 8. Evolution of the yield stress measured after 24 h as a function of the 
molar ratio Mg/P for different mixtures. To facilitate the comparison between 
the pastes, the yield stress value has been normalized by the yield stress of the 
paste prepared without additives. 
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resting time was analyzed. Data are shown in Fig. 10 and Table 2. As 
kaolinite paste is prepared with different water content, the amount of 
NaHMP in the pore solution is presented in concentration (mmol.L− 1) to 
facilitate the comparison of the results. In Fig. 10, the P and Na ions 
concentrations in the pore solution for the three pastes are plotted as a 
function of the NaHMP concentration. 

For all pastes, the concentration of Na increases similarly through the 
NaHMP addition. It confirms that the silt mineralogy does not affect the 
uptake of sodium by the solids. This disappearance seems only related to 
the kaolinite fraction through (i) the cation exchange process with 
flocculants cations, (ii) the co-adsorption with phosphate anions and, 
possibly, (iii) the reprecipitation with Al and Si into Na-smectite [13,19, 
37,43]. The presence of flocculant ions in the pore solution (Table 2) can 
be related to the replacement by Na ions through the cation exchange. 
The other phenomena cannot be confirmed in the present research. 

Looking at the P ions in the pore solution, kaolinite and kaolinite- 
quartz mixes exhibit similar concentrations. The results are in accor
dance with the ones observed during the rheological measurements. It 
can be confirmed that for these two pastes, the disappearance of the P 
ions is the consequence of the phosphate anion adsorption on the clay 
micelle [19]. 

For the limestone binary paste, the higher pH and the presence of 
inorganic carbon in the kaolinite-limestone paste (Table 2) validate the 

dissolution of calcite. The high amount of Ca ions in the pore solution of 
the paste containing limestone can be explained by this dissolution. The 
remaining presence of Ca and P ions after 24 h hours of resting could be 
linked to the strong 1:1 complexation between Ca2+ cations and 
phosphate. 

Its lower concentration of P ions compared with the two other pastes 
can consequently result from several mechanisms following this disso
lution. It can be due to (i) the interaction between Ca2+ cations from the 
dissolution of the calcite and phosphate anions [35] and/or (ii) the in
crease of pH in the solution, leading to deprotonation of the kaolinite, 
hence higher sorption of the phosphate[44]. The amount of Ca ions is 
relatively close to the one in the pore solution of kaolinite quartz mixes, 
which seems to confirm the precipitation suggested previously between 
HMP anions and Ca2+ cations. It seems in the end that hydroxyapatite 
formation occurs even without adding MgO but after a higher resting 
time than the one exposed in the literature [12]. 

In the former section, it has been suggested that the addition of 
magnesium oxide in the different pastes deflocculated with NaHMP 
leads to a precipitation of the phosphate compounds adsorbs on the clay 
micelle and the remaining polyphosphates associated with the NaHMP 
with the magnesia introduced. The concentration of the ions in the pore 
solution can give input on these new precipitates. For a better view of 
the influence of the MgO concentration in the different pastes, two Mg/P 
ratios are tested: 2 and 16. 

Fig. 11 shows that through the Mg/P molar ratio increases, the P ions 
in the pore solution drastically decrease for all pastes, leading to values 
below 1.2 mmol.L− 1 at a Mg/P molar ratio of 16. As the amount of Mg 
ions introduced initially also drastically decreases after 24 hours 
(Table 3), it can be confirmed that precipitation between phosphate and 
magnesium occurs during this resting time, as exposed in [18,40] and 
suggested by the results obtained in Fig. 7. The precipitation can be 
strengthened by the drastic increase of all pastes pH when MgO is 
introduced in the system, improving the precipitation. This improve
ment can also explain the decrease in Ca ions in the pore solution by 
precipitation into poorly-cristalline hydroxyapatite, as observed in Fig. 7 
on kaolinite-limestone samples 24 h after adding MgO. The amount of 
Na ions in the pore solution remains almost constant for all pastes. It 
exposes that the MgO introduction does not affect mechanisms related to 
the Na disappearance after the NaHMP addition. 

The amount of Si and Al in solution does not drastically decrease, in 
opposition with what has been exposed in [18], and the precipitation of 
Al and Si with Mg ions into magnesium alumina silicate and magnesium 
alumina cannot be confirmed here. As the change in pH can also increase 
the depronotation of kaolinite, the increase in pH observed in Table 3 
can lead to the differences observed for these ions. 

Unlike their rheological measurement obtained in the former sec
tion, the pore solution analysis does not exhibit drastic differences be
tween the three pastes studied. The consumption of P ions from the pore 

Fig. 9. Flow curve measurements at different acquisition times for quartz-kaolinite paste with 0.1 wt % NaHMP (a) and for limestone-kaolinite paste with 0.2 wt % 
NaHMP (b) after the addition of MgO (Mg/P molar ratio of 16) (U represents ramp up during the sequence and D represents ramp down. The number indicates the 
acquisition time in hour). 

Fig. 10. Concentration in mmol.L− 1 of P and Na ions in pore solution for the 
three pastes tested at different NaHMP concentrations. 
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solution cannot always be related to the complete annihilation of the 
NaHMP activity on the paste. The fact that the kaolinite-limestone paste 
cannot reach a yield stress value equivalent to its initial one after MgO 
addition might result from the mechanisms highlighted during the 
deflocculation step. The coagulation resulting in the calcite’s direct 
dissolution into Ca2+ cations and their complexation and precipitation 
with phosphate anions [37] affect the homogeneous flocculation ob
tained by incorporating MgO into the deflocculated paste. 

5. Conclusion 

Controlling the rheological behavior of a rich clay paste through the 
deflocculation/coagulation process can be a promising strategy for 
developing earth-concrete. However, this mechanism needs to be fully 
apprehended, as previous research only explored the mechanism in 
depth on kaolinite paste. The chemical composition of other compounds 
present in earth fine fractions, such as quartz or calcite, might interact 
with the mechanisms highlighted for kaolinite-dense suspension. The 
results showed that the pastes based on kaolinite and distinct silt with 
different mineral compositions (quartz (with the chemistry SiO2) and 

limestone (with the chemistry CaCO3)) were not deflocculated and 
coagulated as the pure kaolinite. In particular, NaHMP was less efficient 
for the mix containing limestone. 

The driving mechanism behind the deflocculation of the silt particles 
with sodium hexametaphosphate (NaHMP) is correlated to their chem
ical composition. Adding NaHMP into quartz silt leads to a modification 
of its inter-particle forces through electrostatic repulsion forces induced 
by the adsorption of phosphate anions onto the quartz structure. For 
limestone paste, the deflocculation mechanism is limited by the partial 
dissolution of the calcite, leading to a competition of the two mecha
nism. NaHMP dissolves the calcite resulting in an increase in pH, and an 
increase of Ca ion concentration in the pore solution. The high 
complexation Ca-phosphate seems to agree with the higher amount of 
NaHMP needed to deflocculate the paste with limestone silt and in
dicates that the phosphate anions are bonding in prior with the released 
Ca2+ ions instead of being adsorbed onto the kaolinite platelets’ edges. 
In contrast, the quartz, thanks to its stable structure with a neutral 
surface has little effects, leads to the prior adsorption of HMP anions by 
the kaolinite micelle. 

The pore solution analysis 24 hours after introducing magnesium 
oxide (MgO) as a coagulant leads to similar results regarding phosphate 
and magnesium ions concentration between the pastes. It confirms the 
precipitation of the phosphate adsorbed on the clay micelles into new 
mineral phases with magnesium compounds, as supposed with the 31P 
MAS NMR spectra obtained for these pastes. This precipitation affects 
the clay platelets’ organization, leading to increased yield stress values, 
as observed with the rheological measurements. For kaolinite and 
kaolinite-quartz pastes, a correlation between the total consumption of P 
ions and the complete annihilation of the NaHMP effect on the paste 
yield stress can be seen. However, for kaolinite-limestone, no relation 
between these two parameters can be established as the paste still dis
plays relatively low yield stress when all P ions have precipitated. The 
coagulation suggested by the precipitation of phosphate anions and 
Ca2+ cations reduces the delayed homogeneous flocculation obtained 
after the addition of low soluble MgO. 

Table 2 
Concentration of a collection of cations after 24 h of contact between kaolinite(K), kaolinite-quartz (KQ), kaolinite-limestone (KL), and NaHMP solution as a function of 
a starting concentration of NaHMP (NaHMP C.). b.d.l.= below detection limit.  

Mix NaHMP 
C. 
[g.mL− 1] 

NaHMP C. 
[mmol.L− 1] 

P [mmol. 
L− 1] 

Na 
[mmol. 
L− 1] 

Si 
[mmol. 
L− 1] 

Al 
[mmol. 
L− 1] 

Ca 
[mmol. 
L− 1] 

Mg 
[mmol. 
L− 1] 

S [mmol. 
L− 1] 

Fe 
[mmol. 
L− 1] 

K [mmol. 
L− 1] 

inorganic C 
[mmol.L− 1] 

pH 
(22◦C) 

K  0.001  9.8  1.5  6.42  1.2 0.65  0.27  0.2  2.96 0.04  0.21  <0.0007  5.7 
K  0.002  19.6  5.78  11.08  2.36 2  0.37  1.13  3.07 0.16  0.50  <0.0007  5.8 
K  0.004  39.2  22.13  19.21  3.4 3.94  2.27  0.94  2.98 0.47  0.54  <0.0007  5.7 
KQ  0.002  19.6  5.73  8.74  1.89 1.52  0.44  0.25  2.76 0.13  0.36  <0.0007  5.6 
KQ  0.004  39.2  23.86  20.92  2.24 2.58  2.82  1.44  3.24 0.34  0.39  <0.0007  5.7 
KQ  0.008  78.5  45.17  35.62  1.09 2.6  4.4  1.69  2.61 0.61  0.40  <0.0007  5.7 
KL  0.002  19.6  2.11  11.32  1.09 b.d.l.  1.15  0.34  2.75 b.d.l.  0.20  0.008  7.6 
KL  0.004  39.2  8.93  18.73  0.37 b.d.l.  2.25  0.55  2.63 b.d.l.  0.18  0.008  7.8 
KL  0.008  78.5  31.83  34.97  0.37 0.06  7.5  1.1  2.45 b.d.l.  0.18  0.007  7.9  

Fig. 11. Concentration of Na and P ions in pore solution after adding MgO at 
several Mg/P ratios. 

Table 3 
Concentration of a collection of cations after 24 h of contact between kaolinite(K), kaolinite-quartz (KQ), kaolinite-limestone (KL) with their optimal amount of 
NaHMP and different amounts of MgO, as a function of the Mg/P molar ratio. b.d.l.= below the detection limit.  

Mix NaHMP C. in 
mmol.L-1 

Mg/p 
[molar 
ratio] 

Mg intiial C. 
[mmol.L-1] 

P [mmol. 
L-1] 

Na 
[mmol.L- 
1] 

Si 
[mmol.L- 
1] 

Al 
[mmol.L- 
1] 

Ca 
[mmol.L- 
1] 

Mg 
[mmol.L- 
1] 

S [mmol. 
L-1] 

Fe 
[mmol.L- 
1] 

K [mmol. 
L-1] 

pH 
(22◦C) 

K  19.6  0  0  5.78  11.08  2.36  2  0.37  1.13  3.07 0.16 0.50  5.7 
K  19.6  2  14.88  6.83  9.54  1.51  1.63  0.47  0.28  2.83 0.15 b.d.l  9.12 
K  19.6  16  122.1  0.78  10.12  4.93  3.22  0.06  0.63  3.33 0.20 b.d.l  11.39 
KQ  19.6  0  0  5.73  8.74  1.89  1.52  0.45  0.25  2.76 0.13 0.36  5.7 
KQ  19.6  2  14.88  4.36  9.63  7.94  0.05  0.3  1.74  2.79 0.32 b.d.l  9.29 
KQ  19.6  16  122.1  0.2  9.06  0.37  0.05  0.1  0.04  3.18 b.d.l b.d.l  11.34 
KL  39.2  0  0  8.93  18.73  0.37  0  2.25  0.55  2.63 b.d.l 0.18  7.75 
KL  39.2  2  33.36  6.16  16.45  1.48  0.7  0.25  1.62  2.82 0.05 b.d.l  10.32 
KL  39.2  16  244.2  1.16  15.88  4.67  2.93  0.38  1.1  2.88 0.20 b.d.l  12.18  
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In the end, the research confirms the influence of the silt mineralogy 
on the deflocculation/coagulation process and brings new questions 
regarding its robustness, as the nature of the suspension can act nega
tively on the entire process. Research is particularly needed on this 
mechanism to better apprehend it through the diversity of soil and its 
uses in earthen construction. 
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[42] C. Jäger, T. Welzel, W. Meyer-Zaika, M. Epple, A solid-state NMR investigation of 
the structure of nanocrystalline hydroxyapatite, Magn. Reson. Chem. 44 (2006) 
573–580, https://doi.org/10.1002/MRC.1774. 

[43] F.J. Huertas, L. Chou, R. Wollast, Mechanism of kaolinite dissolution at room 
temperature and pressure Part II: kinetic study, Geochim. Cosmochim. Acta 63 
(1999) 3261–3275, https://doi.org/10.1016/S0016-7037(99)00249-5. 

[44] F.J. Huertas, L. Chou, R. Wollast, Mechanism of Kaolinite dissolution at room 
temperature and pressure: Part 1. surface speciation, Geochim. Cosmochim. Acta 
62 (1998) 417–431, https://doi.org/10.1016/S0016-7037(97)00366-9. 

D. Ardant et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/J.APGEOCHEM.2024.106001
https://doi.org/10.1016/J.APGEOCHEM.2024.106001
https://doi.org/10.1016/J.CLAY.2019.04.019
https://doi.org/10.1002/MRC.1774
https://doi.org/10.1016/S0016-7037(99)00249-5
https://doi.org/10.1016/S0016-7037(97)00366-9

