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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  

• Oak tannin is an efficient and natural 
dispersant for clay materials. 

• In combination with sodium hydroxide, 
the deflocculation action of tannin is 
amplified. 

• Oak tannin and NaOH disperse clay 
particles via combined steric repulsion 
forces and electrostatic repulsive forces. 

• Oak tannin coupled with NaOH is a 
promising superplasticizer for earthen 
materials and an environmentally 
friendly alternative to industrial 
product.  
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A B S T R A C T   

Substituting the industrial additives in building materials with natural ones can reduce the embodied carbon in 
the construction sector. In this paper, the dispersing effect of oak tannin as natural dispersant on clay materials is 
studied in combination with sodium hydroxide. Through rheological measurements, adsorption tests, and zeta 
potential measurements, the deflocculation mechanism of tannin under varied NaOH environments has been 
highlighted. The results show that the dispersing ability of tannin can be increased greatly with the incorporation 
of NaOH. By adding NaOH in the system, the kaolinite deflocculation mechanism of tannin is changed from steric 
hindrance to combined steric hindrance and electrostatic repulsion forces. This shift stems from two aspects: the 
transformation of the tannin chemical structure and the modification of kaolinite by NaOH. The results indicate 
that tannin coupled with NaOH can be a promising superplasticizer for earthen materials, with the potential of 
producing poured earth based on this combination.   

1. Introduction 

The large utilization of concrete in the construction field is linked 
with significant environmental impacts, mainly related to resource 

consumption and greenhouse gas emission during cement production 
[1]. Due to this concern and to achieve the goals of EU strategy for a 
climate-resilient society by 2050, building materials with lower envi-
ronmental impact need to be pushed forward. Clay materials, which 
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consist of aggregates of different sizes (gravels, sands, slits, and clay), 
have been used since time immemorial and have been proved to be the 
lowest environmental impact construction materials because of their 
local availability, lower cost, and infinite recycling possibilities [2]. 
Recent years have witnessed a strong development of clay materials, and 
contemporary architecture made out of clay materials has emerged 
around the World [3,4]. There are many ways in which simple, unpro-
cessed clay materials have been used in earthen construction, such as 
adobe and rammed earth [3]. Among these, a castable poured earth 
similar to concrete, where the colloidal state of clays has been tuned to 
propose a clay suspension that would evolve in time from a highly 
dispersed state (deflocculated) to a coagulated one with the help of 
dispersants and coagulants, have been put forward and are gaining more 
and more attention [5–8]. With this technique, the construction process 
can be speeded up greatly which saves cost and labor. In this process, 
dispersants play an important role and different chemicals have been 
explored in various papers. In principle, chemicals that can increase the 
thickness of clay’s electrical double layer or steric hindrance between 
the clay particles can take over this role. Sodium hexametaphosphate 
Na-HMP [9–13], sodium polyacrylate PAAS [11], carboxymethylated 
xylan CMX [14,15], and sodium silicate with different silica moduli [12, 
16,17] have been found are effective dispersants for clay materials 
because of their ability to control edge and face charges of clay minerals 
and by modifying clay interactions from ‘house of cards’ structure to 
organized order. With the help of a dispersant, the yield stress and vis-
cosity of pastes can be reduced, as well as water content. The micro-
structure of clay particles after hardening will be denser, thus the 
mechanical strength of clay materials can be improved [9,11]. 

However, the choice of dispersants for clay materials is still limited, 
and are mostly industrial products [18]. To minimize the environmental 
burden of clay materials, researchers have sought natural additives to 
substitute the industrialized plasticizers. Tannin, as a bio-additive, can 
be found in many plants and has been reported to act as a dispersant for 
clay materials [19,20]. As the polyphenolic secondary metabolites of 
higher plants, tannins can play various biological roles, like 
anti-infection, protection against insects, or herbivorous. They are found 
mainly in the barks, leaves, stems, seeds, and roots of plants [21]. 
Tannins are classified based on their resistance or not, to hydrolysis in 
aqueous solution or the enzyme tannases. They can be grouped into 
condensed tannins and hydrolyzable tannins, and the latter can be 
further divided into gallotannins, ellagitannins, and complex tannins, 
depending on which units (polyol-, catechin-, and triterpenoid) galloyl 
moieties or their derivatives are bounded to [22]. Tannins have enor-
mous structural variations, with molar masses between 300 and 3000 
g/mol, and can precipitate metal ions, alkaloids, and proteins, which 
leads to wide applications in various fields, like tanning, dyeing, ink, 
wines, and pharmaceuticals [23]. 

Tannins can interact with clay particles via different bonds, and each 
interaction brings different benefits to the corresponding clay materials. 
Due to the slightly acidic and negatively charged properties, the 
phenolate anion of tannins can adsorb on the edge or face of colloidal 
particles via ionic bonds, and thus can distribute the orientation of 
grains and reduce the yield stress and viscosity of paste through elec-
trostatic repulsion forces and large ionic sizes [19,20,24,25]. Besides, 
the hydrogen bonds between the hydroxyl radicals of the tannins and 
clay particles can provide other binding forces between clay platelets 
besides the solely capillary forces [26]. Moreover, the covalent bonds 
between tannins during the polymerization process, which is the oxi-
dization of polyphenols to quinones and their subsequent condensation, 
can help to improve the strength and water resistance of clay materials 
[27,28]. However, the studies about using tannin in clay construction 
are limited, and its usage is just based on empirical knowledge. More-
over, its deflocculation efficiency is inconstant as its molecular structure 
varies depending on its source. To expand their application as a 
dispersant for clay materials, the methods which can improve the effi-
ciency should be put forward and a good understanding of interactions 

between clay and tannin should be obtained for better utilization. 
In this paper, the dispersing effect of oak tannin (OT) with and 

without sodium hydroxide (NaOH) addition was studied by rheological 
experiments. Yield stress and viscosity of clay paste with different 
amounts of OT and different NaOH/OT mass ratios were characterized. 
Zeta potentials of kaolinite and tannin adsorption were also explored to 
gain a solid understanding of the role of each additive. Furthermore, the 
UV-Vis spectra and mass spectra of oak tannin solution under different 
pH were also obtained and an illustration of the mechanism of defloc-
culation was proposed based on the results. 

2. Materials and experimental procedures 

2.1. Materials 

2.1.1. Clay 
A pure clay referred to as FP80, sourced from Dorfner (Germany) 

with a specific density of 2.62 g/cm3 determined by helium pycnometer 
(AccuPyc II 1340 Micromeritics) was used in this study. The specific 
surface area SSABET measured by nitrogen adsorption (Micromeritics 
Tristar II 3020) was 9.10 m2/g. The average particle size of 8.7 µm was 
measured using a laser particle size analyzer (Partica LA-950, Horiba, 
Munich, Germany) in Na-polyphosphate dispersing solution with ul-
trasonic treatment. 

The main mineralogical components, determined by X-ray diffrac-
tion powder technique (Fig. 1) and quantitatively analyzed by using 
Rietveld method, are kaolinite (87 ± 5 wt%), quartz (4.0 ± 0.3 wt%), 
muscovite (3.6 ± 0.6 wt%) and microline (3.6 ± 0.5 wt%). Its chemical 
composition, obtained through X-ray fluorescence spectrometry (XRF) is 
given in Table 1. 

2.1.2. Tannin 
A commercial oak tannin (referred to here as OT), extracted from 

lightly thermally treated French oak (Quercus robur and Quercus pet-
raea), in powder form (Agrovin, France) was used in this study. Its 
physicochemical properties, data provided by the supplier, are sum-
marized in Table 2. Fourier-transform infrared spectroscopy (FTIR) and 
Ultraviolet-visible spectroscopy (UV-Vis) showed that the main 
component of this product is hydrolyzable tannins (Fig. 2). It is well 
established that the FTIR spectra of varied types of tannins show 
different peaks in the ‘fingerprint region’, ranging between 1500 and 
950 cm-1 [29]. Hydrolyzable tannins present C-O lactones stretching at 
1325–1317 cm-1 while condensed tannins display C-O pyran ring 
stretching at 1288–1282 cm-1 [29,30]. In this study, oak tannins are 
characterized by bands at 1317 cm− 1, which is a typical peak of hy-
drolyzable tannins. More specifically, the peak at 1086 cm-1 can be 
ascribed to gallotannins. For the UV-Vis spectrum, the oak tannin so-
lution shows maximum absorbance at 219 nm and a shoulder at 276 nm, 
corresponding to the characteristic λmax around 212 nm of gallotannins 
and the adsorption shoulder around 277 nm of ellagitannins [31]. 

2.1.3. Chemical additive and water 
Sodium hydroxide pellets (ACS reagent, > 97.0%) sourced from 

Fig. 1. XRD pattern of FP80 clay.  
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Table 1 
Chemical composition of the clay studied by X-Ray fluorescence analysis. Values are given in mass %. LOI = Loss of Ignition.  

Physical properties Chemical composition 

Density, g/cm3 SSABET, m2/g Average size, μm Al2O3 SiO2 K2O Na2O Fe2O3 MgO TiO2 Others LOI 

2.62 9.10 8.7 35.98 48.02 1.29 0.01 0.45 0.15 0.33 0.58 12.41  

Table 2 
Physicochemical properties of tannin used in this study.  

Tannins (%) Moisture (%) Ash (%) Insoluble fraction (%) Arsenic (ppm) Iron (ppm) Lead (ppm) Mercury (ppm) pH 

> 70 < 10 < 4 < 2 < 3 < 50 < 5 < 1 3.5–4.1  

Fig. 2. (a). FTIR spectrum and (b). UV-Vis spectrum of oak tannin.  
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SigmaAldrich were used in this study. Water at ambient temperature 
was used for the preparation of samples for rheology measurements and 
zeta potential tests while ultra-pure water (Millipore SA) was used for 
the other experiments to eliminate the effect of potential dissolved ions. 

2.2. Experimental procedures 

2.2.1. Sample preparation 
Considering that oak tannin might consist of various components 

with a chemical formula that cannot be precisely determined, the dosage 
of additives was expressed by the mass ratio of NaOH to oak tannin and 
not by molar ratio. Varying dosages of tannin (by mass of clay) and 
sodium hydroxide (by mass of tannin) were added into the water before 
mixing with kaolinite clay. The water to clay ratio (W/C) was kept 
constant at 0.69 for rheological measurements, corresponding to a solid 
volume fraction ϕ of 35.4 vol% (critical solid volume fraction of the 
kaolinite studied here where the rheological properties diverge), at 2 for 
adsorption measurements, and at 4 for Zeta potential measurements. 
The amount of NaOH was defined to reach the targeted pH value of 
solutions, from 4 to 11 (cf. Fig. 4). For rheological and adsorption 
measurements, clay powder and solutions were mixed with a mechan-
ical stirrer equipped with a cross-blade impeller (Heidolph Instruments, 
Switzerland) at 700 rpm and 365 rpm, depending on the considered W/ 
C ratio, for 3 min while the suspension for Zeta potential tests was mixed 
with stirrer cell of Zetaprobe analyzer. All the samples were prepared at 
room temperature (20 ◦C). 

2.2.2. Rheological measurements 
The rheology measurements of clay pastes were performed using a 

Malvern Kinexus Lab+ (Malvern Instruments, Switzerland) stress- 
controlled rheometer equipped with vane geometry [32]. The vane ge-
ometry consisted of a four-bladed paddle with a diameter of 25 mm, the 
outer cup diameter was 25 mm, and its depth was 61 mm. Serrated 
parallel plates of diameter 40 mm were used for clay pastes displaying 
high yield stress, allowing the elimination of the wall slip effect [33]. 
The diameter of the upper plate was 40 mm and the gap between plates 
was 1 mm. During the measurement, the setup was kept at a constant 
temperature of 23 ± 0.1 ◦C with a thermostatic bath. Five minutes after 
the first contact of the constituents, the cup was filled and covered with a 
trap cover to limit evaporation and drying, and the sequence was star-
ted. An increasing shear rate ramp from 0.1 s− 1 to 300 s− 1 (with a log-
arithmic distribution of shear rates) was applied for 300 s followed by a 
decreasing shear rate ramp from 300 s− 1 to 0.1 s− 1 for 300 s. Only the 

decreasing ramps were analyzed for the value of the yield stress, 
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 [33]. Shear viscosity was obtained from the 
curve of shear viscosity over the shear rate at the point of 100 s-1, and 
the critical shear rate, the turning point between shear thinning and 
shear thickening regions, was recorded (Fig. 3). 

2.2.3. Zeta potential measurements 
The ζ-potential, which is the electrokinetic potential in colloidal 

systems and, thus, the key indicator of the stability of dispersions, of the 
concentrated suspensions of kaolinite clay with tannin and sodium hy-
droxide, was measured with a ZetaProbe (Colloidal Dynamics, Hofheim, 
Germany), which is based on the electro-acoustic method. A high- 
frequency alternating electric field is applied and causes charged par-
ticles to oscillate. The motion of the particles generates a sound wave, 
which is recorded and delivers the dynamic mobility of the suspended 
particles. The software calculates the ζ -potential from the dynamic 
mobility [34,35]. The ζ -potential experiments were conducted on sus-
pensions of solid volume fractions of approximately 20 wt% in deion-
ized water with a tannin dosage with respect to the clay content. The 
tannin solution and kaolinite were pre-mixed for 5 min at 375 rpm 
before being titrated with 0.5 mol/L NaOH solution to achieve the 
required NaOH/OT ratio. Titration series with 600 s equilibration time 
between data points were realized to ensure the stability of the medium 
at each data point acquisition. The sedimentation issues and resulting 
measurement artifacts are avoided by blade stirring at 375 rpm. The 
single-point measurement performed enables to follow the ζ -potential 
overtime at constant dosage in the mineral soil. The reported value was 
recorded once no variation is observed in the surface charge. Mean-
while, the zeta potential of kaolinite suspension with the same amount 
of NaOH but without OT was also measured to compare the effect of 
sodium hydroxide and tannin. To eliminate the effect generated by the 
electrolyte ions in the suspensions, the electroacoustic signal from the 
background electrolyte was also measured and subtracted from the total 
signal. Background measurements were carried out for each kaolinite 
suspension and zeta potential was automatically corrected by the 
software. 

2.2.4. Adsorption measurements 
A Total Organic Carbon (TOC) analyzer (Shimadzu, Switzerland) to 

measure the potential adsorption of oak tannin at the surface of kaolinite 
particles was used in this work. The analysis technique involves a two- 
stage process commonly referred to as TC–IC. It allows for the mea-
surement of both the amount of Inorganic Carbon (IC) by acidification of 
the sample and the amount of Total Carbon (TC) in the sample. TOC is 
calculated by subtraction of the IC value from the TC of the sample. 
Since the components of oak tannin are unknown, a tannin solution with 
a concentration of 4350 ppm was used as a reference to calculate the 
tannin concentration of solutions after filtration. The TOC analyzer was 
first calibrated with a kaolinite paste to take into account the amount of 
organic carbon already present in kaolinite clay. Furthermore, an 
analysis of the amount of organic carbon in reference solutions of OT 
was carried out to calibrate the TOC analyzer. To facilitate the extraction 
of the interstitial solution, diluted clay paste was prepared (W/C = 2). 
After mixing, the clay pastes prepared at different NaOH/OT ratios, 
were transferred into a funnel with filter paper to extract the interstitial 
solution, which was further filtered by the syringe membrane filter with 
a pore size of 0.45 µm and then tested with the TOC analyzer. By sub-
tracting the TOC value measured on the extracted interstitial fluid from 
the reference TOC value (TOC value in reference OT solution), the 
amount of OT adsorbed on clay particles was computed. Only the 
NaOH/OT ratios below 0.072 were tested considering the intrinsic 
characteristic of kaolinite particles (negatively charged) and the chem-
ical instability of tannin in a high pH environment. Langmuir [36] and 

Fig. 3. Rheological behavior of studied clay pastes prepared with 1 wt% OT 
and their corresponding critical shear rate. 
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Freundlich adsorption model [37] were chosen to fit the adsorption 
isotherms. 

2.2.5. Solution characterization 
The pH values of solutions were measured with a Multi-parameter 

meter MU6100 L (VWR, Switzerland), with an accuracy of 0.01 pH. 
All the measurements were conducted at room temperature and 
repeated three times for accuracy. To understand the reactions between 
tannin and NaOH, UV-Visible spectrophotometer UV-1800 (Shimadzu, 
Japan) and electrospray ionization LTQ-Orbitrap mass spectrometer 
(Thermo Fisher Scientific, Germany) was used to analyze the potential 
changes of tannin molecule after the addition of NaOH. The absorbance 
of light in the range of 200–700 nm of solutions with a low concentra-
tion of 43.5 ppm of tannin and different NaOH/OT ratios was measured. 
For the mass spectra measurements, OT solutions with 50 μM were 
prepared in 10 mM ammonium acetate buffer at pH 5 and pH 9, 
respectively. Nitrogen (10 arb. unit) was used as a nebulizing sheath gas. 
Electrospray of solutions was performed in the positive ion mode with a 
spray voltage of 3.5 kV and a flow rate of 5 μL min-1. Data acquisition 
and subsequent analyses were conducted using XCalibur software 
(Thermo Fisher Scientific, Germany). 

3. Experimental results 

3.1. pH values of tannin solutions 

In Fig. 4, the pH values of the solutions containing different amount 
of OT are plotted as a function of the NaOH to OT ratio. As expected, the 
pH of the solutions increases with the addition of NaOH. Furthermore, 
for a given NaOH/OT ratio, although the amount of tannin introduced 
varies in the preparation, the measured values are similar. Without the 
presence of NaOH, the solutions are slightly acidic displaying a pH 
around 4.2: by adding 1.2 wt% of NaOH the pH increases to around 5. A 
NaOH/OT ratio of 0.048 is needed to reach the neutral value of the pH 
(around 7–7.2). When the NaOH/OT ratio reaches 0.168, the pH of the 
solutions are in the range of 9.8–10.6: considering that the pKa of tannic 
acid is around 8.5 [38,39], it can be suggested that at a lower ratio, 
NaOH proportionally reacts with tannins and that phenates are formed 
linearly with the amount of NaOH introduced in the mix. 

3.2. Influence of tannin and sodium hydroxide on the rheological 
behavior of clay paste 

3.2.1. Yield stress 
In Fig. 5(a), the yield stress of kaolinite clay paste prepared with 

different amounts of tannin is plotted as a function of the NaOH/OT 
mass ratio. The addition of tannin modifies the yield stress of the 
mixture and improves the fluidity of the material. Adding 2 wt% of 
tannin decreases the yield stress of the mix by a factor of 3. Nevertheless, 
the dispersant action of tannin alone is not as efficient as required to 
obtain a fluid material. However, when a small amount of NaOH is 
incorporated into the mix, the yield stress of the clay pastes decreases 
drastically. As an example, when NaOH is added to the mix at a NaOH/ 
OT mass ratio of 0.024, the yield stress of the paste containing 0.3 wt% 
OT decreases from 176 Pa to 102.4 Pa, which represents a reduction of 
42.8%. Further increase in NaOH brings a less slow decrease rate of yield 
stress. Assuming that the yield stress of the constitutive paste for a 
flowable concrete should be of the order of 10 Pa, for different dosages 
of OT (i.e. 0.3, 0.5, 1, 2 wt%), 12 wt%, 4.8 wt%, 2.4 wt% and 1.2 wt% of 
NaOH by mass of tannins seem to be sufficient to reach that point. 
Surprisingly, the yield stress of pastes with 1 wt% and 2 wt% tannins at 
NaOH/OT mass ratio above 0.048 starts increasing slightly, but still less 
than 1 Pa (the inserted figure of Fig. 5(a)). This trend has been reported 
in the literature [12] when NaHMP is used as a dispersant. According to 
the authors, this phenomenon may be induced by the higher electrolyte 
concentration leading to a thinner double layer and a stronger 

Fig. 4. pH values of tannin solutions as a function of NaOH/OT mass ratio.  

Fig. 5. The yield stress of clay pastes as a function of (a) NaOH/OT mass ratio 
and (b) amount of NaOH added in the mix. 
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interaction between clay particles. Meanwhile, to compare the effect of 
solely using NaOH, the yield stress of pastes with different amounts of 
NaOH was measured and the results are presented in Fig. 5(b), as well as 
four mixes with NaOH/OT mass ratio below 0.072. The results show that 
the yield stress value of clay paste prepared with oak tannin in combi-
nation with NaOH is lower than the yield stress of the clay paste pre-
pared with pure NaOH, even just with a low dosage of tannin. 

3.2.2. Shear viscosity and critical shear rate 
In Fig. 6(a), the shear viscosity of clay pastes prepared with different 

NaOH/OT mass ratios is plotted. The evolution of the shear viscosity of 
pastes as a function of NaOH/OT mass ratio shows a similar trend as the 
yield stress (cf. Section 3.2.1). With the addition of NaOH in clay paste 
containing OT, the shear viscosity decreases gradually, from 5 to 8 Pa.s 
to around 0.3 Pa.s. The turning point between shear thinning and shear 
thickening regimes is defined as the critical shear rate. The critical shear 
rates of the clay pastes are gathered in Fig. 6(b). It is remarkable to note 
that the clay pastes whose shear viscosity is lower than 1 Pa.s displayed 
shear-thickening behaviors. This observation is in agreement with the 
literature [40,41] where the prerequisite of a shear thickening phe-
nomenon is a fully deflocculated suspension. Indeed, when a small force 
is applied to a fully deflocculated paste, the particles transit from an 
immobile state to a mobile state and form small aggregates to minimize 
the collision between particles. The movements of particles are thus 

facilitated and, consequently, the viscosity decreases. However, when 
the force increase continuously, small groups of particles start forming 
hydroclusters, resulting in an increase in the viscosity, and shear 
thickening is observed. Thus the critical shear rate is the shear rate at 
which the shear forces pushing the particles together are equivalent to 
the repulsive particle interactions, and the repulsive forces are getting 
higher with the increase of NaOH. The mechanisms at the origin of the 
increase in repulsive forces will be discussed in the following sections. 

3.3. Surface charge characterization 

The zeta potential of kaolinite clay suspension with different dosages 
of tannins as a function of NaOH/OT mass ratio is plotted in Fig. 7. When 
no additives are added to the clay paste, the kaolinite particles exhibit a 
negative charge, which is attributed to the existence of permanent 
negative charged basal planes where the Si4+ and Al3+ in the crystal 
lattice are substituted by lower valence cations [42]. With the addition 
of tannins alone, the potential slightly increases and then decreases, 
with a peak at 0.3 wt%. When NaOH is introduced, the zeta potential of 
all the suspensions increases linearly which is an already known phe-
nomenon [43,44]. The order of zeta potential is always kept the same 
with a higher dosage showing a higher negative charge. The mecha-
nisms at the origin of the increase in negative charges will be discussed 
in the following sections. 

3.4. Adsorption of tannin 

The adsorption of tannin at the surface of kaolinite particles in 
presence of NaOH is shown in Fig. 8. All the adsorption isotherms 
display the ‘L’ shape, showing a fast adsorption rate at the beginning 
followed by a gradual slowdown, except when NaOH/OT ratio is equal 
at 0.072. As presented in Fig. S1 a. and b. in Supplementary Materials, 
the Freundlich model shows a better fit to the adsorption data than the 
Langmuir model except for the clay pastes prepared at a NaOH/OT ratio 
of 0.072. This result indicates that the affinity of adsorption sites is not 
equal: the stronger binding sites are occupied first by tannins until the 
binding energy decreases exponentially with the increase in occupation 
sites [45]. By comparing the adsorption of tannin at the surface of clay 
particles under different pH environments, an evident decrease of 
adsorption with the increase of NaOH can be observed for the pastes 
containing a higher dosage of tannin while it is slightly different for the 
clay pastes prepared with a lower amount of tannin. An increase in pH 
generally leads to a reduction of the amount of adsorbed compounds 
since the adsorption sites (here –AOH2

+ for kaolinite particles) decrease 
[46]. However, it is more complex in the case of tannin given that its 
molecular properties, i.e. structure and ionization, are changing with the 
pH. As a weak acid, tannin can be ionized and dissociated by the base. 
Ionization of molecules can enhance their adsorption affinity and thus 
increase the total adsorbed content [47] while on the contrary, disso-
ciation can reduce the adsorption rate. By observing the adsorption of 
tannin at low dosage, where the sites’ effect can be neglected, a small 
addition of NaOH slightly increases the adsorption rate whereas the 
adsorption starts decreasing at a high pH environment. This finding 
seems to validate the argument previously described (i.e. the reaction 
between tannin and NaOH is controlling the adsorption kinetics). 

4. Discussion 

The yield stress of colloidal systems is related to the nature and 
strength of inter-particle forces. According to the literature [11], dis-
persants can increase the inter-particle forces via electrostatic or steric 
repulsive forces, either alone or in combination with each other, leading 
to a deflocculation of the colloidal particles. For the kaolinite pastes 
prepared with tannin and NaOH simultaneously, the decrease in yield 
stress and the increase in critical shear rate can be interpreted in the 
same manner as the increase in inter-particles repulsive forces, which is 

Fig. 6. (a). Shear viscosity of pastes at a shear rate of 100 s-1 and (b) Critical 
shear rate of shear thickening pastes as a function of NaOH/OT mass ratio. 
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attributed to the higher charge density or higher polymer grafted density 
of particles. The detailed interaction forces can be identified with yield 
stress-DLVO theory [48]. Considering Van der Waals and electrostatic 
forces between particles, the relationship between yield stress and zeta 
potential can be expressed as (Eq. 1) 

τ0 =
3ϕ2

2πa

(
A0

48πd2
0
− Bζ2

)

, B =
Kκ
4π(1 − tanh k d0) (1)  

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. 

As stated in [12,49], a linear correlation between the yield stress and 
the squared zeta potential, at a given solid volume fraction, suggests the 
presence of electro-static repulsion forces between particles while it is 
more complex when non-DLVO forces, e.g. steric, hydrophobic 

interactions forces, are involved in the system. 

4.1. Deflocculation mechanism of NaOH 

The yield stress of kaolinite pastes with different amounts of OT and 
NaOH as a function of the corresponding squared zeta potential is pre-
sented in Fig. 9(a). NaOH is used as a reference as its effects on the 
reduction of the yield stress and the change in kaolinite surface charge is 
exclusively due to a change in pH. Indeed, under alkaline environments, 
amphoteric groups –AOH (A can be Si or Al) of kaolinite particles, which 
are pH-dependent, can release the H ion and form negative charge sites 
–AO- [42]. Since the basal planes of kaolinite particles possess perma-
nent negative charge, the negative edge and face combination can break 
the small aggregate with a “house-of-cards” structure and disperse the 
particles via electrostatic forces [50], resulting in a linear decrease be-
tween τ0 and ζ2. 

4.2. Deflocculation mechanism of oak tannin 

Regarding the pastes prepared with OT only, no linear relationship 
can be estimated since the zeta potential does not decrease with 
increasing dosage of OT as shown in Fig. 9(b), where the results of zeta 
potential of kaolinite particles with OT alone and OT combined with 
NaOH were plotted as a function of the adsorbed amount of tannins. 
Tannins hold negative charges with a density of around 6–8 when dis-
solved into the water [20], thus the absolute value of zeta potential of 
pastes with tannin is higher than pure kaolinite and even higher than 
kaolinite with NaOH under the same pH as long as the tannin is adsorbed 
on the kaolinite edge. However, the zeta potential does not decrease 
with the increased adsorption of tannins. This unusual increasing trend 
is related to the molecular size of tannin as it can determine the charge 
distribution associated with particles and the measuring positions [51, 
52]. The large charged molecules can shift the measuring plane from a 
Stern layer in the inner region to a slipping plane in the diffuse region. In 
this region, the concentration of ions is lower, leading to lower zeta 
potential. As seen in Fig. 4 (cf. Section 3.1), the pH values of tannin 
solutions are independent of the concentration when no NaOH is used, 
as the kaolinite particles retain almost the same charge density. With a 
lower addition of tannin, the negatively charged tannin will increase the 
ions concentration in inner regions and decrease the zeta potential of 

Fig. 7. Zeta potential of kaolinite as a function of NaOH/OT mass ratio.  

Fig. 8. Adsorption isotherms of oak tannin under different NaOH/OT 
environments. 
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kaolinite. Due to the high molecular weight of tannin, the further 
increased adsorbed tannin layer will push the measuring layer from a 
Stern plane to a slipping layer thus increases linearly the zeta potential. 
The higher grafted molecules layer can push away kaolinite particles 
from each other and disperse the kaolinite particles. Considering the 
negatively charged characteristic of tannin, it can be suggested that OT 
disperses kaolinite clay particles via combined electrostatic and steric 
repulsion forces, with a dominant effect of the latter. 

4.3. Deflocculation mechanism of oak tannin in combination with NaOH 

Concerning the clay pastes prepared with tannin and NaOH simul-
taneously, no linear relationship between τ0 and ζ2 exist. As shown in 
Fig. 9(b), a decreasing evolution instead of an increasing trend between 
zeta potential and tannin adsorption was observed for the mixes of 
NaOH/OT = 0.012, 0.024, and 0.048, suggesting that the electrolyte 
sizes are not an important factor to change the zeta potential as OT alone 
does. For a given NaOH/OT ratio, the pH of tannin solutions with 
different concentrations of OT is similar (cf. Fig. 4), suggesting the 
configurations of tannin and kaolinite, i.e. the molecular structure and 
charge density are the same. The more tannin has been adsorbed, the 
more negatively charged the kaolinite particles are. With the addition of 
NaOH, tannin loses its macromolecule structure characteristic. 

By focusing on the zeta potential of kaolinite particles at a given 
amount of adsorbed tannin, although the desorption of tannin from 
kaolinite particles occurred because of the decrease of the positively 
charged sites –AOH2

+, it can be seen that the zeta potential becomes 
more negative when the NaOH/OT ratio increases. The increasing pH of 
tannin solutions might be one explanation, but the rising charge density 
of tannin seems to also play a role, as the tannin is unstable in an alkaline 
environment. As a result, the electrostatic forces are getting more 
prominent in between kaolinite particles. In presence of NaOH, tannin 
still deflocculates kaolinite particles via combined forces, but the 
weakened steric forces and growing electrostatic forces make the cor-
relation between τ0 and ζ2 moving towards NaOH. 

Fig. 9. (a) Yield stress of kaolinite pastes with different mixes as a function of 
squared zeta potential (b) zeta potential of kaolinite particles as a function of 
the amount of tannin adsorbed at the surface of the clay particle. 

Fig. 10. (a). UV-Vis spectra of oak tannin solution and (b) ratio of phenolate to 
neutral form absorbance for oak tannin at different pH. 

Fig. 11. Mass spectra of oak tannin solution under different pH values in the 
positive ion mode. 
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The reactions between tannins and NaOH, which depend on the pH 
of the environment, were characterized by UV-Vis spectroscopy and 
Mass Spectrometry techniques, as shown in Figs. 10 and 11, respec-
tively. The UV-Vis spectra of oak tannin solution under different pH 
environments (adjusted with NaOH) are presented in Fig. 10. At natural 
pH of 5.32, OT solution shows a maximum absorbance (λmax) at 219 nm 
and a shoulder at 276 nm. With an increase in pH, the λmax shifts to a 
lower value of 212 nm, and its corresponding absorbance decreases as 
well. However, the evolution of the shoulder at 276 nm over pH is 
slightly different: no changes are observed under pH 7.87 while a peak is 
transformed at the same position and a new shoulder at 315 nm appears 
when the pH is above 7.87. The tendency is consistent with the tannic 
acid [53,54], which shows similar shapes of UV curves at lower pH while 
a quite different shape at higher pH can be attributed to a lack of sta-
bility of tannins inducing a change in the molecular structure. By 
observing the decreasing peak at 219 nm and the rising shoulder around 
315 nm, it can be suggested that the large structured components of 
tannins are deprotonated and cleaved into small molecules when the pH 
increases. The dissociation of tannin can be confirmed thanks to Fig. 11, 
where it can be observed that the distribution of masses of OT is 
downshifted to a lower mass range when the pH value was tuned from 5 
to 9. The high-mass peaks found at pH 5, such as protonated isorugosin B 
at m/z 955 and protonated cornusiin B at m/z 1087, disappeared at pH 9, 
whereas the intensity of protonated galloyl moiety at m/z 153 increased 
at pH 9 compared to pH 5. Indeed, the gallic acid or ellagic acid units 
forming tannin can be partially ionized in the hydroxyl para-carbonyl 
position because its conjugate base is better stabilized by resonance 
than hydroxyl meta-carbonyl position [55]. As a result, the tannin 
chemical structure is dissociated and the galloyl or hexahydrox-
ydiphenoyl (HHDP) groups are released, as well as the glucose core. 
Combining those spectra with the DLVO-yield stress relationship pre-
viously discussed, the reaction between tannin and sodium hydroxide 
can be concluded as follow: at a lower NaOH/OT ratio, the dissociation 
and the deprotonation of hydroxyl groups both exist but at a higher 
NaOH/OT ratio, the dissociation into ellagic acid or gallic acid domi-
nates the reaction, since the pH of solutions is already higher than the 
pKa of tannin. The difference of reactions between tannin and NaOH 
under different pH environments explain the different dispersing ca-
pacity presented in Fig. 9(a). The proposed deflocculation mechanism is 
illustrated in Fig. 12. 

5. Conclusions 

In this paper, the influence of oak tannin as a substitute for com-
mercial dispersant on the deflocculation of kaolinite particles and its 
combination with NaOH was studied. In presence of oak tannin, the 
yield stress and shear viscosity of kaolinite clay pastes are reduced, and 
its effect is amplified by using NaOH. The higher dosage of tannin, the 
less amount NaOH is needed to fluidify the pastes. The reaction between 

sodium hydroxide and tannin increases the amount of negative charges 
in the system, enhancing the dispersion of clay particles. The presence of 
NaOH within the system allows an increase in the charge density of 
tannin via ionization of phenolic hydroxyl groups and dissociation of 
ester bonds and phenolic groups. As a consequence, we highlighted that 
tannin alone and the couple OT-NaOH act as dispersant agents following 
different mechanisms of action: by using DLVO theory, we suggested 
that OT disperses via steric forces while OT-NaOH acts through com-
bined electrostatic and steric repulsion forces. Although the steric forces 
will be weakened by the dissociation of tannin, the increasing electro-
static forces originating from the ionization of tannin will disperse the 
kaolinite particles and enhance the deflocculation action even when a 
small amount of NaOH is added. Finally, the use of tannin as an efficient 
superplasticizer for earth materials seems promising and lays the foun-
dation for producing the poured earth in an environmentally friendly 
way. However, further work regarding the tannin sources and suitability 
for other clay minerals needs to be explored. 
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