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Abstract
The performance of a rheological model that accounts for the effect of the volume fraction, the particle size distribution, and 
shear rate on the viscosity of water-borne dispersions stabilized with conventional nonionic surfactants and polymeric stabiliz-
ers is assessed. The model that contains three parameters fitted well the experimental data. The parameters were independent 
of the volume fraction, the particle size distribution, and the shear rate. Furthermore, two of them were not affected by the 
surfactant type and concentration, and temperature. The other parameter increased with the surfactant molecular weight and 
surface covering, but decreased with increasing temperature.
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Introduction

Waterborne polymeric dispersions (latexes) commercially 
available have in most of the cases solid contents greater 
than 50 wt% [1]. Polymeric dispersions with high solid 
content are very attractive from an industrial point of view 
because they maximize reactor capacity, minimize trans-
port costs, and enhance flexibility in product formulation 
[2]. Solid content has a strong effect on the rheology of the 
dispersion, because viscosity tremendously increases when 
the solid content approaches the maximum packing factor. 
On the other hand, most latexes are shear-thinning (pseudo-
plastic), namely, that their viscosity decreased as the shear 
rate increases. The rheology plays a critical role in both the 
production and application of latexes. The latexes are com-
monly produced in semicontinous operations, where the pro-
duction rate is determined by the heat removal capability, 
which in turn, strongly depends on the rheology of the latex 

because the heat transfer coefficient substantially decreases 
as viscosity near the reactor wall increases. In this regard, 
it is worth pointing out that the pseudo-plastic behavior of 
the latexes results in a higher viscosity near the reactor wall 
where the shear rate is low. High viscosity can also yield 
poor mixing that may lead to local variations of the con-
centrations of the reactants that are being fed (initiators,  
surfactants, etc.…) causing coagulation. Rheology is also 
very important during application, because the latex is sub-
jected to very different shear rates. For example, during coat-
ing application (e.g., brushing), the shear rate is high, but it 
almost decreases to zero afterwards. The pseudo-plasticity of 
the latex plays a critical role here because during application 
its viscosity should be low to reduce the energy needed to 
spread the coating on the substrate. Then, an intermediate 
viscosity is needed for leveling the coating (disappearance 
of the brush marks), and finally, a high viscosity is needed 
to avoid sagging. Therefore, knowledge of the rheology of 
the latexes is of utmost importance.

This has been the driving force for the development of 
a high number of mathematical models for predicting the 
rheology of concentrated dispersions. These models have 
been summarized by Rueda et al. [3] and will not be repeated 
here. When analyzing these models, it can be noticed that 
they mainly focus on the effect of the solid content and par-
ticle size distribution on viscosity, whereas the effect of the 
shear rate is not often considered.
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A model for the effect of shear rate on the viscosity of 
dispersions of monodispersed hard spheres was considered 
by Krieger and Dougherty [4]:

where ηr is the relative viscosity; ηr0 and ηr∞ are the relative 
viscosities at zero and high shear limits, respectively; b is 
an adjustable parameter; and τr is the reduced shear stress:

where τ is the shear stress, a the particle radius, kB is the 
Boltzmann constant, and T is the temperature. ηr0 and ηr∞ 
depend on the volume fraction of the dispersed phase [5]

where [η] is the intrinsic viscosity. �n0 and �n∞ are the maxi-
mum packing factors at zero and high shear, which should 
be experimentally determined. This model does not account 
for the particle size distribution.

A rheological model that included the effect of the vol-
ume fraction and shear rate on the viscosity has been pro-
posed by Quemada [6].

The viscosities at zero and high shear limits are

where ηF is the viscosity of the dispersing fluid, �̇� is the shear 
rate, and ko, k∞ , λ, and p are parameters of the model, which 
should be estimated when either the particle size distribution 
or the solid content vary. This is a problem for semicontinu-
ous emulsion polymerization, where solid content and the 
particle size distribution constantly vary during the process.

In the related field of filled polymeric systems (solid 
particles dispersed in a polymer matrix), Poslinski et al. 
[7, 8] proposed a model that accounts for the effects of 
the particle size distribution and shear rate. However, 
when the model is applied to a latex (Newtonian continu-
ous phase with no yield stress), it reduces to Quemada’s 
model.

On the other hand, the effect of particle interactions on 
the rheology is often recognized, but in most cases is not 
explicitly included in the model. An exception is the model 
proposed by Sudduth [9–12]
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where σ is the particle–particle interaction parameter given 
by

where σ PC and σs are adjustable parameters and D1 is the 
ratio between the first and zeroth moment of the particle size 
distribution. The first term of the right-hand side member of 
Eq. 7 accounts for the fact that for a given solid content, the 
smaller the particles, the shorter the distance among them, 
and therefore, the higher the interaction.

The maximum packing fraction,�n , depends on the par-
ticle size distribution as follows

where φn,ult is the maximum packing fraction that can be 
achieved with any PSD, φm is the maximum packing fraction 
for monodispersed particles, and Di was the ratio between 
ith and the (i − 1)th moments of the PSD.

Although Sudduth model describes well the dependency 
of the low shear viscosity with respect to the particle size 
distribution and solid content [13], it does not considered the 
effect of the shear rate.

Aravalillo et al. [14] expanded Sudduth model to include 
the effect of the shear rate. Sudduth model results from the 
integration of the following equation considering a constant 
particle–particle interaction parameter

However, Aravalillo et al. [14] argued that for commercial 
latexes that are stabilized by ionic and/or nonionic surfactants, 
the interaction parameters depend on particle–particle distance  
(i.e., on the solid content) and on the shear rate [15, 16].  
Furthermore, as the interaction potential of ionically [17]  
and sterically [18] stabilized latexes decreases exponentially 
with the distance between particles, the following equation 
of the particle–particle interaction parameter was proposed.

where k1, k2, and k3 are adjustable parameters that account 
for the particle–particle interaction and are expected to 
depend on the emulsifier system, but to be independent of 
the volume fraction of the dispersed phase, the particle size 
distribution, and the shear rate. k1 controls the interaction 

(6)

ln
(
�r
)
= [�]�n

(
1

� − 1

)[(
1 −

�

�n

)1−�

− 1

]
for � ≠ 1

(7)� =
�PC

D1

+ �s

(8)�n = �nult −
(
�nult − �m

)
exp

[
�

(
1 −

D5

D1

)]

(9)ln
(
�r
)
= ∫

�f inal

0

[�]

(
1 −

�

�n

)−�

d�

(10)𝜎 = k1exp
[
−k2

(
𝜑n − 𝜑

)1∕3
�̇�k3

]

408 Colloid and Polymer Science (2022) 300:407–414



1 3

at very short distances when 
(
�n − �

)
 approaches zero. k2 

determines how sharp is the viscosity decrease with the dilu-
tion of latex, and k3 describes the effect of shear rate on 
viscosity.

The model defined by Eqs. 9 and 10 was used to fit the 
rheology of four high solid content (60–68 wt%) latexes that 
had different particle size distributions. The integration of 
Eq. 9 was carried out numerically. All the latexes were sta-
bilized by a mixture of anionic (Dowfax 2A1) and nonionic 
(Disponil A3065) surfactants and contained acrylic acid. 
The solid content of each latex was varied by dilution. For 
each latex, k1, k2, and k3 were estimated from data obtained 
at different solid contents and shear rates. The maximum 
packing fraction was calculated from the experimental 
particle size distribution using the Ouchiyama and Tanaka 
method [19]. It was found that the model fitted fairly well the 
experimental data and that the estimated values of k2 and k3 
were the same for all latexes (k2 = 1.55 ×  10−2 and k = 0.5). 
On the other hand, k1 increased with the total area of the par-
ticles and with the surface coverage, but no correlation with 
the composition of the surfactant mixture (ionic/nonionic 
ratio) was observed. This was attributed to the high amount 
of acrylic acid used in the formulation of these latexes that 
with the contribution of the sulfate groups from the initiator 
and that of the ionic surfactant masked the effect of the non-
ionic surfactant. In other words, the particle–particle interac-
tion was mainly electrostatic. Therefore, one wonders about 
the ability of the model to describe the rheology of latexes 
stabilized with nonionic surfactants and the dependency of 
the parameters of the model on the characteristics of the 
surfactant.

This article attempts to clarify these points. Latexes sta-
bilized with different nonionic surfactants (polyvinyl alco-
hol, PVOH) and Disponil A3065) were synthesized, and the 
model was used to fit experimental results where the volume 
fraction of the dispersed phase, the particle size distribution, 
the temperature, and the shear rate were varied.

Experimental

Table 1 summarizes the high-solid content latexes employed 
in this work. These waterborne polymeric dispersions were 
produced via miniemulsion copolymerization of vinyl 

acetate and  VeoVa10® (Hexion trade mark). Latexes Lexp1-
Lexp3 were stabilized by polyvinyl alcohol (Celvol 205 kindly 
supplied by Wacker Chemie, degree of hydrolysis = 87–89%; 
weight average molecular weight = 31,000–50,000 g/mol). 
Latex Lexp4 was prepared with Disponil A3065 (supplied by 
Cognis, 65 wt% active substance). The hairy layer formed 
by Disponil A3065 was expected to be thinner than that of 
PVOH, which would allow to shed light on the effect of the 
type of non-ionic surfactant on the parameters of the model. 
Latexes Lexp1 and Lexp2 were synthesized by semicontinu-
ous miniemulsion polymerization at 65 °C using sodium 
persulfate as initiator and a feeding time of 4 h. After the 
feeding period, the system was allowed to react for 60 min 
at 65 °C. In latex Lexp1, 2 wt% of styryl acrylate (SA) was 
used to reinforce the stability of the miniemulsion against 
Oswald ripening [20]. Latex Lexp3 was prepared by batch 
miniemulsion polymerization of a 50/50-wt/wt mixture of 
the miniemulsions used to synthesize latexes Lexp1 and Lexp2. 
Latex Lexp4 was prepared using the same procedure than for 
latex Lexp1, but using Disponil A3065 instead of PVOH.

Figure 1 shows the normalized number (n*(dp)) and 
weight (w*(dp)) PSDs of the latexes employed, as measured 
by the DCP-Centrifuge. The normalizations were as follows:

Table 1 shows that solid content of latexes were similar 
and that the concentration of emulsifier was the same. How-
ever, the shape of the PSDs and the total surface area of the 
latexes were different (Fig. 1). Latex Lexp1 was a bimodal 
dispersion with the lowest number of particles (Np) and the 
highest particle diameter (dp), which was a product of the 
particle formation by droplet nucleation and conventional 
nucleation mechanisms (heterogeneous or homogeneous). 
The reason of this dual nucleation process was the poor sta-
bility of the miniemulsion against Oswald ripening. In latex 
Lexp2, the miniemulsion was stable due to the presence of 
SA and this led to a monomodal dispersion with a lower dp 
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Table 1  Latexes employed in 
the experiments (aphm = weight 
parts per hundred monomer)

Latex Solid content Volume fraction Emulsifier systema dp (nm) PDI Np 
(part/L)

Lexp1 0.49 0.451 Celvol 205 (8 phm) 512 1.590 3.90 ×  1015

Lexp2 0.50 0.460 Celvol 205 (8 phm) 361 1.406 1.74 ×  1016

Lexp3 0.52 0.476 Celvol 205 (8 phm) 308 1.796 2.58 ×  1016

Lexp4 0.51 0.468 Disp A3065 (8 phm) 393 1.828 1.39 ×  1016
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(higher Np as compared to Lexp1), which was a product of 
predominant droplet nucleation. Latex Lexp3 was prepared 
by batch polymerization of the mixture of miniemulsions 
leading to a latex with the highest polydispersity (among the 
poly(vinyl alcohol) stabilized latexes). This was the sample 
with the highest Np and the lowest dp which means the high-
est surface area. In the case of Lexp4, a bimodal PSD (two 
peaks with similar intensities more apparent in the weight 
PSD) was obtained. Similar to latex Lexp1, this was the result 
of dual nucleation mechanisms. 

In order to obtain different solid contents, the original 
latexes were diluted and concentrated by adding and evapo-
rating water, respectively. The dilution with water caused 
a modification on the surface concentration of surfactant, 
because some surfactant migrated to water phase. However, 
it is believed that this was not significant; because the dilu-
tion was not substantial (the lowest solid content was 40 
wt%). To concentrate the dispersion, approximately 100 g of 
the latex were placed in a 250-ml glass vessel and heated in 
a bath water at 40 °C; magnetic agitation was provided dur-
ing the process. To check the integrity of the original char-
acteristics of the latex after the concentration, the particle 
size distribution was measured and no change was observed.

The viscosity of the latexes was measured with a stress 
rheometer Haake model VT500 that is fitted with concen-
tric cylinders, and different sensors (according to the solid 

content viscosity range) were used to perform the analysis. 
SV and MVDIN sensors were employed to measure the sam-
ples with 50–60 wt% and 45 wt% solid content, respectively. 
Temperature was varied from 15 to 35 °C.

In latexes stabilized with short molar mass surfactants 
(e.g., Disponil 3065), the viscosity of the continuous phase 
(serum) can be approximated to 1 mPa s (water viscosity) 
due to the low molecular weight of these surfactants. This 
is not the case when using PVOH. Therefore, the serum was 
separated from the dispersion and its viscosity measured. 
Approximately 30 ml of latex were placed in thick wall 
polycarbonate centrifuge tubes at 40,000 rpm. Serum was 
carefully decanted, and the viscosity was measured with a 
concentric cylinder viscosimeter (UK ELV-8) using a spin-
dle no. 1 at 30 r.p.m. The temperature was fixed with a bath 
water at 25 °C. Table 2 shows the results obtained. It can 
be seen that serum viscosity increased with solid content.

Results and discussion

For each latexes, the parameters of the model were estimated 
by minimizing the differences between experimental data in 
which �̇� and φ were varied and model prediction by means 
of the direct search algorithm of Nelder and Mead [21]. It 
was found that for all the latexes, the values of k2 and k3 were 

Fig. 1  Number and weight 
PSDs of polymeric dispersions
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close to 1.0 ×  10−2 and 0.45, respectively. Therefore, these 
values were fixed and only k1 was estimated.

Figure 2 compares experimental results with model pre-
dictions for all the latexes. In these experiments, the solid 
content and the shear rate were varied for each disper-
sion. The estimated values of the parameter k1 are given in 
Table 3. Figure 2 shows that a model fitted well the experi-
mental data for both the polymeric (PVOH) and the non-
ionic (Disponil A3065) surfactants, which shows that the 
model can also describe the rheology of the latexes stabi-
lized with non-ionic surfactants.

Comparing latexes stabilized with PVOH, it can be 
noticed that k1 increased from Lexp1 to Lexp3. In addition, 
latex Lexp4 that was stabilized with the small molecular 
weight Disponil A3065 presented the lowest value of k1, 
which indicated a lower particle–particle interaction. Figure  
3 shows that k1 increased with the total surface of the 

particles, likely because of the higher the Np, the closer the 
packing, and consequently, the interactions among particles 
increased.

In order to study the effect of surface coverage and sur-
factant concentration on k1, different amounts of PVOH were 
added to latex Lexp1. The main idea was to maintain a con-
stant surface area while measuring the effect of increasing 
the PVOH on the rheological behavior. Figure 4a shows that 
the viscosity increased with the concentration of PVOH in 
latex. The increase was stronger than the variation of the vis-
cosity of the serum (8 phm = 5.3 mPa s, 12 phm = 6.1 mPa s, 
16 phm = 7.3 mPa s, 20 phm = 9.5 mPa s.) which shows that 
it was mainly due to stronger particle–particle interactions. 
The experimental data were fitted with the model, and a 
good agreement between model results and experimental 
data was obtained. It was found that k1 increased with the 
surface coverage (Fig. 4b).

The results showed in the previous section confirmed 
that the model is able to describe the effect of particle size 
distribution, volume fraction, surfactant concentration, and 
shear rate on the viscosity of water-borne dispersions sta-
bilized by non-ionic surfactants and polymeric stabilizers. 

Table 2  Effect of solid content on latex serum

Dispersion Lexp1

Solid content 45.0% 48.5% 53.5%
Serum viscosity (mPa s) 5.0 5.3 6.3
Dispersion Lexp2

Solid content 45.0% 50.0% 55.0%
Serum viscosity (mPa s) 2.0 3.3 4.3
Dispersion Lexp3

Solid content 40.2% 51.3% 57.2%
Serum viscosity (mPa s) 4.0 5.0 6.3

Fig. 2  Experimental data 
(square) versus model predic-
tions (line) for all the latexes

Table 3  Estimated values of k1 
(k2 = 1.0 ×  10−2 and k3 = 0.45)

Dispersion k1

Lexp1 2.34
Lexp2 2.58
Lexp3 2.78
Lexp4 2.04
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Nevertheless, there is another important variable to study, 
and this is the temperature. Reactors and mixing tanks can 
be operated at different temperatures, and this could cause 
variations in the viscosity of the dispersions. Therefore, in 
this section, the effect of the temperature on the latex viscos-
ity was assessed.

The viscosity of dispersions Lexp1 and Lexp2 was meas-
ured at different temperatures. The serum was separated by 
means of centrifugation techniques and its viscosity meas-
ured at different temperatures. The results in Table 4 show 
that the viscosity of the serum decreased with temperature. 
It has been shown that the viscosity of aqueous solutions of 
poly(ethylene oxide) (PEO) is closely related to the extent 
of hydrogen bonding between PEO chains and water mol-
ecules [22, 23]. The extent of hydrogen bonding decreased 
with an increase in temperature; thus, the viscosity of PEO 
aqueous solutions decreased. For PVOH, this situation is 
more complicated since there is a strong inter and intra chain 
hydrogen bonding formed between polar hydroxyl groups in 
the PVOH molecules [24–27]. The extent of both inter and 
intra chain hydrogen bonding and solute–solvent hydrogen 

bonding is determined by the degree of hydrolysis. PVOH 
grades with higher degree of hydrolysis show higher viscos-
ity and lower water solubility due to gel formation and to 
increased inter and intra bonding, respectively. On the other 
hand, at low degree of hydrolysis, the increase of acetate 
content led to an increase on viscosity and to a decrease 
in water solubility. The PVOH grade employed to produce 
the latexes used in this work presents a medium degree of 
hydrolysis (87–89%). Briscoe et al. [27] showed that PVOH 
grades with a medium hydrolysis level present a viscosity 
behavior with temperature similar to PEO molecules, e.g., 
the viscosity decreased with an increase in temperature.

Figure 5 shows that the viscosity decreased as temperature 
increased and that the model captured well the effect of the 
temperature on the dispersion viscosity. Finally, k1 decreased 
as temperature increased (Fig. 6), suggesting a weaker inter-
action among particles. The reduction of the hydrogen bond-
ing with temperature resulted in less extended hairy layer and 
therefore in lower particle–particle interactions.

These results validated the model showing its potential 
for accounting for the effect of the volume fraction, the par-
ticle size distribution, the shear rate, and temperature on the 
viscosity of nonionically stabilized latexes. The combination 
of these findings with the previously published results on the 
rheology of anionically stabilized latexes [14] demonstrates 
that the model is able to describe the rheology of any type 
of latexes. Therefore, the model proposed is a powerful tool 
for designing polymerization strategies aiming at produc-
ing latexes with high solid content and moderate viscosity, 
avoiding the use of trial and error methods.

Fig. 3  Effect of the total surface area of the particles on k1

Fig. 4  Effect of surface cover-
age on a viscosity (model 
(line) and experimental data 
(symbols) and b k1

Table 4  Effect of temperature on serum viscosity (both dispersions 
had 45 wt% solid content)

Dispersion Lexp1

Temperature (°C) 15 25 35
Serum viscosity (mPa s) 6 5 4
Dispersion Lexp2

Temperature (°C) 15 25 35
Serum viscosity (mPa s) 3 2 1
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Conclusions

In the present work, the performance of a rheology model 
that accounts for the effects of the volume fraction of the 
dispersed phase, the particle size distribution, and the shear 
rate on the viscosity of latexes stabilized with non-ionic sur-
factants and polymeric stabilizers was presented.

The model was validated by fitting viscosity data obtained 
at varying shear rates with several high solid content latexes 
stabilized with both high molecular weight polymeric emulsi-
fier (PVOH) and nonionic low molecular weight emulsifier 
(Disponil A3065). The dispersions had widely different PSDs, 
and solid contents ranging from 40.2 to 59.6 wt%. The model 
fitted well the experimental data.

The model contains three parameters (k1, k2, and k3) that 
account for the interaction among particles. k1 accounts for the 
interaction at very short distances, k2 determines how fast the 
interaction decreases with the distance between particles, and 
k3 accounts for the effect of the shear rate on the interaction. 

The parameters were independent of the volume fraction, the 
particle size distribution, and the shear rate. Under the experi-
mental conditions employed, k2 and k3 were not influenced by 
the surfactant type and concentration. On the other hand, it was 
found that the use of polymeric surfactants led to increased 
particle–particle interactions because k1 was higher in the case 
of PVOH stabilized latexes compared to the k1 obtained for 
the latex stabilized with a nonionic low molecular weight sur-
factant (Disponil A3065). The parameter k1 increased with an 
increase of the total particle surface area and with an increase 
of the emulsifier concentration (surface coverage) for a con-
stant surface area of the particles.

In addition, the model was able to describe the effect of 
the temperature on the PVOH stabilized dispersion viscosity. 
A decrease of the temperature led to an increase of the latex 
viscosity. k1 increased with an increase in temperature, while 
k2 and k3 were no affected by this variable.

The combination with previously reported results [14] 
shows that the model can describe the rheology of any type 
of latexes estimating a small number of parameters. This 
opens the possibility of designing polymerization strategies 
aiming at achieving high-solid content-low viscosity latexes.
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