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Abstract
Interaction between three Vinylacetate Ethylene (VAE) latices with varied surface properties (charge or PVOH stabilized) 
and cement were studied, through the combined techniques of adsorption and zeta potential measurement. The results 
showed that all the VAE latices possessed a negative charge in neutral pH, but a lower charge density at a high pH. The 
non-adsorbed amount was excluded, based on extrapolation from the linear regression of the total depletion amount. 
Thereof, the calculated results indicated an analogous Langmuir type adsorption for all the latices. The zeta potential 
results showed a negligible effect of the non-ionic latices on the electro kinetic properties of the cement. This revealed 
the significance of PVOH on the adsorption of non-ionic latices.
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1 Introduction

Synthetic polymer has been used to modify cement based 
materials for many years [1, 2], of which latex or polymer 
dispersions being one of the most important categories. 
Latex modified cement or concrete improves the elastic 
modulus, adhesion, impact resistance, abrasion resistance, 
etc. of the hardened material [3]. The synergy effect of the 
latex modified cement composite is related to its micro-
structure [4]. As a result of its positive effects, studies on 
the microstructure of latex modified cementitious materi-
als have drawn great attention lately [5–8].

Recently researchers have gradually come to focus on 
the interaction mechanism between latex and cement in 
colloid systems [9–12]. Interaction in a colloid system is 
important with respect to cement hydration, as well as 
to the distribution of the polymer film afterwards, since 
it determines the microstructure of the composite. Mer-
lin et al. [9] have investigated the interaction between 
non-ionic methyl methacrylate/butyl acrylate latex and 
pure cement minerals by means of a depletion method. 
Although negligible adsorption was found for the 

non-ionic alkyl phenol poly(ethylene oxide) surfactant, 
the adsorption of latex particles was remarkable; this 
being attributed to the negative surface charge of the 
latex polymer. Plank et al. [10] have studied the adsorp-
tion of anionic and cationic latices on cement by means of 
electroacoustic measurements, with preferred adsorption 
due to opposite surface charges being postulated. Lu et al. 
[12] have found that the adsorption of polystyrene latices 
on cement is dependent on the surface charge density of 
the latex particles, which significantly affects the rheology 
of the mixture.

Vinylacetate Ethylene (VAE) latex stabilized by par-
tially hydrolyzed poly (vinyl alcohol-co-vinyl acetate) 
(PVOH) is considered to be non-ionic. Interaction 
between latex particles and cement, besides electro-
static forces, may indicate weak adsorption, which 
should actually be similar to the low adsorption amount 
of PVOH on minerals, either in the presence of poly-
acrylic acid [13] or sodium oleate [14]. In other words, 
electrostatic interaction is the main driving force for the 
adsorption of polymers on minerals. Kaufmann et al. [11] 
have investigated the interaction between VAE latex and 
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cement by means of the electroacoustic method, specu-
lating that limited adsorption occurs, since little influ-
ence on the zeta potential of the cement suspension was 
observed.

However, VAE based dispersible polymer powder, which 
is chemically similar to VAE latex stabilized by PVOH, has 
been observed to affect the hydration of tricalcium alu-
minate  (C3A), behaving differently when interacting with 
tricalcium silicate  (C3S) [15, 16]. Furthermore, changes 
in the rheology of VAE modified cement paste indicates 
moderate adsorption [17]. Accordingly, in this study two 
model VAE latices, stabilized by PVOH and one reference 
anionic VAE latex possessing an anionic surfactant, were 
investigated to clarify the possibility of existing interac-
tion mechanisms, other than electrostatic forces between 
PVOH stabilized latex and cement. The first part of the 
study was focused on surface characterization of the VAE 
latices. Consequently, adsorption or depletion was semi-
quantitatively determined by a method revised accord-
ing to Merlin et al. [9]. The zeta potential of cement-latex 
suspensions was also determined, in order to indicate the 
possible influence of latex adsorption on electrokinetic 
properties and to provide indirect proof of an adsorption 
mechanism. Moreover, the adsorption of PVOH on clinker 
phases was measured, in order to link the behavior of indi-
vidual PVOH with VAE latex, stabilized by PVOH.

2  Materials and methods

2.1  Materials

Two model VAE latices stabilized by PVOH (nominated as 
latex A and B) and one VAE latex stabilized with anionic 
surfactant (2-Acrylamido-2-methylpropane sulfonic acid, 
nominated as latex C), together with a 20 wt% PVOH solu-
tion (weight average molecular weight ~ 27,000 Da, hydro-
dynamic radius ~ 5 nm) were provided by Wacker Chemie, 
Burghausen/Germany. PVOH is freely dispersed, adsorbed 
or grafted on the surface of VAE particles to impart steric 
repulsion among particles [18]. PVOH corona appears on 
the surface of latex particles, as illustrated in the literature 
[19] (Fig. 1).

Ordinary Portland cement, CEM I 42.5 R provided by 
Schwenk Zement, Bernburg/Germany, with a mineral 
composition of tricalcium silicate (59.9 wt%), dicalcium 
silicate (9.4 wt%), tricalcium aluminate (7.9 wt%), tetracal-
cium aluminate ferrite (9.2 wt%), anhydrite (3.6 wt%), cal-
cite (3.4 wt%) etc., was used in this study. Pure tricalcium 
silicate and tricalcium aluminate synthetic mineral were 
purchased and provided by Wacker Chemie and checked 
with XRD prior to this study.

All materials were used without further purification. 
Deionized water (conductivity ~ 0.055 µS/cm) was used 
for all experiments.

2.2  Characterization of the latex polymer 
and minerals

The composition and characteristic properties of the lati-
ces have been presented in Table 1. The characterization 
methods used here,have been described elsewhere [20]. 
According to the results, non-ionic latex A and B had dif-
ferences in chemical composition and separable PVOH 
content. The particle charge density of the latices was 
determined by titration of 15 mL 0.2 wt% polymer disper-
sions with 0.01 mol/L cationic PDADMAC (polydiallyldi-
methylammonium chloride), either in deionized water or 
in an alkaline solution (NaOH, pH = 12.5). This corresponds 
to a charge amount of 0.01 eq/L. The amount of charge 
can be calculated using the volumetric consumption of 
the PDADMAC solution, which is needed to reach the Iso-
electric Point (IEP) of the streaming potential.

The specific surface area of the minerals was deter-
mined by the Blaine test, the BET method and with laser 
granulometry. The Blaine test was carried out with an 
Elektronisches Blaine-Gerät from Testing Bluhm and Feu-
erherdt GmbH, Berlin/Germany. The BET method was 
undertaken with a Sorptomatic 1990® from CE Instru-
ments, Austin, Texas/USA. All minerals were ultrasonically 
dispersed in 2-propanol prior to laser granulometry and 
measurement with a Mastersizer 2000 S from Malvern, 
Worcestershire/UK. The specific surface areas of the miner-
als were calculated based on the general model of particle 

Fig. 1  Schematic illustration of VAE latex stabilized by PVOH (based 
on literature [18, 19], AFM image from an unpublished work)
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size distribution and irregular particle shape. All specific 
surface area results have been summarized in Table 2.

2.3  Adsorption measurements

Latex adsorption on cement,  C3S and  C3A was investi-
gated. 18 g polymer dispersions with different concen-
trations, ranging from 0 to 5 wt%, were prepared. Half of 
the polymer dispersion was mixed with 1 g of mineral for 
1 min with a vortex mixer from VWR. Subsequently, a three 
step method, put forward by Merlin et al. [9], was carried 
out to separate the fine mineral particles from the polymer 
dispersions. Firstly, the tube of polymer/mineral mixture 
was kept upright for 10 min; secondly, the supernatant was 
extracted and allowed stand for a further 20 min for non-
ionic latex, or centrifuged at 100 g force for the anionic 
latex, respectively. The second supernatant was recovered 
with the addition of 0.5 mL of 30 wt% HCl. Finally, the sec-
ond supernatant was diluted to the same volume as the 
other untreated half polymer dispersions. Turbidity was 
measured with a Shimadzu UV 1650 PC spectrometer, at a 
single wavelength of 800 nm (non-ionic latex) or 850 nm 
(anionic latex). Depletion was calculated directly, based on 
the ratio between the values of the supernatant and the 
untreated polymer dispersions.

PVOH adsorption was investigated on clinker phases. 
2.7 g of polymer solution, with different concentrations 
ranging from 0 to 0.20 wt%, were prepared. The solution 
was then mixed with 0.3 g of mineral for 1 min and cen-
trifuged for another 15 min at 3000 g force. The superna-
tant was extracted by syringe and filtered with a 0.4 µm 
disc filter. 20 µl of 30 wt% HCl was added to the filtrate 
and diluted to 20 ml. The final solution was measured by 

a TOC-L from Shimadzu. The filtration of the cement/water 
mixture was measured as blank. The PVOH solution with 
specific concentrations was also measured, for the calcula-
tion of PVOH depletion.

2.4  Zeta potential (electroacoustic) measurement

Zeta potential was measured using a DT310 from Dis-
persion Technology. It was calculated according to the 
colloidal vibration current (CVI), which was induced by 
ultrasound propagation through a suspension. The prin-
ciple of this method, as well as its applications, have been 
described in detail elsewhere [21]. Though this method is 
able to measure a high solid ratio specimen, high water/
cement ratio suspensions were performed in accordance 
with an adsorption protocol.

20 g of cement powder was mixed with 180 g of poly-
mer dispersion. The polymer concentration ranges from 
0 to 1 wt%, with an increment of 0.25 wt%. Because of 
high ionic background induced by cement hydration, 
filtration of the cement suspensions was measured prior 
to the measurements to determine its ionic vibration cur-
rent, which was set as background and subtracted from 
the measured CVI in the presence of cement and latex 
particles. After that, Zeta potential was calculated with 
the recorded CVI.

2.5  Mix design of the samples

The mix design of the samples is listed in Table 3.

3  Results and discussion

3.1  Surface properties of the latices

The surface charge density of latex particles is always inter-
esting, especially in regard to their possible interactions 
with ions present in the cement pore solution and hence in 
regard to any possible bridging effects by multivalent ion 
complexation, as well as in regard to electrostatic interac-
tions. Charge titration through a streaming current detector 
was adopted, to determine any possible interactions with 

Table 1  Characterization of 
VAE Latices

A/B/C: vinyl acetate-ethylene copolymer
a Amount in supernatant after ultracentrifuging at 40,000 rpm for 2 h

Latex Solid (wt%) PVOHa (wt%) Specific surface 
area  (m2/g)

Number mean 
particle size (µm)

MFFT (°C) Tg (°C)

A 55.5% 4.3% 7.14 0.43 < 0 0
B 57.7% 5.5% 7.13 0.43 6 22
C 53.2% – 14.8 0.28 < 0 10

Table 2  Specific surface area of minerals

Mineral BET  (m2/g) Blaine  (m2/g) Laser granu-
lometry 
 (m2/g)

Cement 1.01 0.40 0.22
C3S 0.77 0.35 0.39
C3A (cubic) 0.91 – 0.37
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cations. Figure 2 presents the charge density of the latices 
in deionized water and alkaline solution. Latex C, with an 
anionic surfactant, possessed the highest charge density, 
with latex B being almost neutral electrically, but with the 
nominal non-ionic latex A showing a comparable anionic 
charge density. The anionic charge density of all the latices 
increased in an alkaline solution, which might be attribut-
able to the deprotonation of functional groups in the poly-
mer chain or in the grafted as well as adsorbed PVOH. Alter-
natively, the influence of increased electrical conductivity 
in the bulk solution cannot be discounted [22]. Latex B was 
more susceptible to alkaline hydrolysis due to its high con-
tent vinylacetate group [23]. As a result, deprotonation of 
vinylacetate groups from latex B should bring in a higher 
negative charge density than that of latex A. It is not surpris-
ing that latex A and B possessed little negative charge in 
an alkaline solution, but their difference in charge density 
cannot be explained by their difference in terms of chemical 
composition.

3.2  Depletion and adsorption of latex on cement 
minerals

The depletion ratio, instead of the adsorption amount, 
was directly measured. There are several possible reasons 
for the depletion of latex particles, which results in their 
decreased concentration in the supernatant. Adsorption, 
sedimentation, foaming or flocculation are the major influ-
ence factors. If the colloid is well stabilized, as it was in 
the case of this study, flocculation should be negligible; 
with adsorption being desired. However, it was impossible 
to avoid particles becoming trapped in the sediment. In 
Fig. 3, an almost constant depletion ratio, at a high con-
centration, is present for all the latices. It can be inferred 
that this part of the depletion can be accounted for by 
the incomplete separation of latex from the sediment, 
which is only a function of latex concentration. Accord-
ingly, the depleted amount against the latex concentration 
(> 0.75 wt%, equal to a polymer cement ratio of 0.068) was 
plotted, as shown in Fig. 4 A good linear relation was found 
for all the latices. If we assume that this linearly depend-
ent depletion was induced only by sedimentation (insuf-
ficient separation) and subtract the value, a new relation 

Table 3  Mix design of the 
samples (mg)

a Cement,  C3S or  C3A
b Solid content
c The amount of polymer dispersions is 9 g; while that of polymer solution is 4.5 g

Minerala Latexb PVOHb Waterc Measurements

1000 9–450 N/A 8550–8991 Adsorption of latex (Figs. 3, 4,5 and 
8)

500 N/A 2–9 4491–4498 Depletion of PVOH (Figs. 9 and 10)
1000 23 0–3.6 8977 Depletion of latex in the presence of 

PVOH (Fig. 11)

Fig. 2  Particle charge density of latices while dispersed in a neutral 
or alkaline medium

Fig. 3  Depletion ratio of latices in the supernatant as a function of 
latex concentration
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between the calculated adsorption amount and the latex 
concentration is revealed, as presented in Fig. 5. All the 
latices reached saturated adsorption on the cement sur-
face. At a high latex concentration, the saturation adsorp-
tion was thus presented by the intercept of the regression 
equation. The saturation amounts of 19.3 mg/g cement 
for latex C, 6.4 mg/g cement for latex A and 18.7 mg/g for 
latex B were assumed from the intercept, which fitted well 
with the curves in Fig. 5. The adsorption of anionic latex 
reached its saturation point at a polymer cement ratio of 
around 0.02–0.05 (equaling a 0.25–0.5 wt% concentration), 
which was similar to the findings regarding the anionic 
latex adsorption on Portland cement [10].

As expected, latex A had little interaction with the 
cement. Surprisingly, latex B had a remarkably high 
adsorption amount on the cement and it is difficult to 
explain this observation considering only the difference 
between latex A and B in terms of charge density. How-
ever, in the Portland cement pore solution, the high ionic 
strength [24, 25] can compress the Debye length of the 
electrical double layer into the order of 1 nm [26] while the 
radius of the PVOH coil in solution can be at least 5 nm [27]. 
When adsorbed onto the surface of VAE latex particles, the 
adsorption thickness of PVOH could be more than double 
its radius in solution [18]. Thus, in the presence of PVOH 
corona, both latex A and B can be regarded as non-ionic 
latex. In order to further investigate the relevance of this 
interaction with respect to electrokinetic properties, the 
zeta potential of the cement suspension, against latex con-
centration, was determined by means of an electroacous-
tic method. A zeta potential of around 2 mV was found for 
a pure cement suspension at pH = 13.3. As can be seen in 
Fig. 6, the inversion of the zeta potential with an increasing 
dosage of latex C, indicates that the electrokinetic proper-
ties of cement particles were altered by adsorbed anionic 
latex particles. At the same time, a relatively stable value 
of − 5 mV was found at around 0.50 wt% latex concentra-
tion, which is consistent with the observations regarding 
the adsorption curve. However, for both latex A and B, no 
distinguishable change of zeta potential was measured, 
thereby underlining the non-ionic properties of latices as 
well as the negligible alteration of electrokinetic proper-
ties of cement particles.

The adsorption amount on hydrating clinker phase  C3S 
was also determined, being similar to that of the cement, if 
the adsorption is expressed as [mg/g mineral]. As an inter-
face phenomena, the application of Specific Surface Area 

Fig. 4  Linear regression of depletion amount versus latex concen-
tration

Fig. 5  Calculated adsorption amount of latices by subtracting the 
unadsorbed amount in sediment

Fig. 6  Zeta potential of cement-latex suspension (w/c ≈ 9) as a 
function of latex concentration
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(SSA) is therefore reasonable. When discussing adsorption, 
it is difficult to determine an effective surface area, since 
adsorption sites vary for different adsorbates, as argued by 
Yamada [28]. Here, three kinds of SSA were determined, as 
shown in Table 2. For further illustrating the relationship 
between adsorption and specific surface area, a simple 
calculation on surface occupation was performed. For 
ease of calculation, it was assumed that the polydisper-
sity of adsorbed particles is kept unchanged. As such, if 
the specific surface area of the latex particles is known, 
surface coverage can be calculated based on hexagonal 
close-packing, using Eqs. 1 to 2.

where φ = ratio between specific surface area and equally 
occupied hexagonal area by projection of the particles; 
 Ri = radius of individual latex particle;  Slat = specific surface 
area of latex particles,  m2/g;  Shex = occupied hexagonal sur-
face area by latex particles; m = adsorbed amount of latex 
per unit cement amount, mg/g;  Scem = specific surface area 
of cement,  m2/g; θ = surface coverage, expressed as %.

The calculated surface coverage, at saturated adsorp-
tion on cement, was ~ 35.4% for latex C, with respect to 
SSA as determined by laser granulometry, ~ 19.4% by 
Blaine test or ~ 7.6% by the BET method, respectively. 
While the non-equilibrium state was measured in this 
study, an initial maximal surface coverage between 7.6 and 
19.4% is more consistent with the literature [29], where 

(1)� =

Slat

Shex

=

∑n

i=1
4� ⋅ R2

i

∑n

i=1
2

√

3 ⋅ R2
i

=

2�
√

3

(2)� =

m ⋅ Shex

Scem

=

√

3 ⋅m ⋅ Slat

2� ⋅ Scem

cationic polystyrene latex was adsorbed on a mica surface, 
under different ionic strengths. Apparently, BET theory 
based on gas adsorption includes the internal surface of 
micropores, while the Blaine test determines the envelope 
surface of particles [30]. Considering the size of latex parti-
cles, the available surface area for latex adsorption should 
be in-between the surface areas, as measured by the BET 
and Blaine methods, as illustrated in Fig. 7. Accordingly, 
the initial maximal surface coverage was calculated as 
1.2–3.0% for latex A and 3.5–8.8% for latex B. In terms of 
the Blaine surface, a slightly higher adsorption on  C3S than 
on cement was found for both latex A and B (Fig. 8). A simi-
lar result was achieved when the BET surface was applied, 
implying that adsorption of latex particles is favorable on 

Fig. 7  Left: Schematic illustration of different specific surface areas of cement particles with regard to latex adsorption; right: hexagonal sur-
face area occupied by latex particles

Fig. 8  Calculated adsorption amount on cement and  C3S based on 
specific surface area by Blaine test (solid column:  C3S; bias column: 
cement)
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the surface of  C3S. Moreover, the low surface coverage was 
also indirectly proved by monitoring cement hydration in 
the presence of both latex A and B [31], with the changed 
kinetics principally related to the serum (without latex 
particles). If the influence of the serum is eliminated, latex 
particles alone have negligible effect on cement hydra-
tion. Thus, maximal surface coverage of latex A and B on 
cement surface should be quite low, even if it is estimated 
on the basis of the concentrated cement-latex suspension.

3.3  Colloidal interaction between non‑ionic VAE 
latex and Portland cement: the role of PVOH

As presented in Table 1, approximately 4–5% PVOH could 
be physically separated from latex by ultracentrifugation. 
The determination of PVOH adsorption on cement miner-
als was therefore not only significant in elaborating a pos-
sible interaction mechanism, but also in implying possible 
competitive adsorption. However, the separation of non-
adsorbed polymer and mineral particles was not sufficient, 
due to a limit in centrifugal force in this study. Thus, an 
equivalence between depletion and adsorption amounts 
was not established. Instead, adsorption was indicated by 
the depleted amount, as discussed in Sect. 3.2. Figure 9 
presents the depletion amount of PVOH on the hydrat-
ing minerals. Negligible adsorption on  C3S was indicated 
according to the approximate linear depletion. However, 
PVOH showed a remarkably high depletion amount on 
 C3A, i.e. a much stronger interaction with the aluminate 
phase. This implies that a higher surface area was available 
for PVOH adsorption. Furthermore, when diluting the orig-
inal 20 wt% PVOH with a different solution, no significant 
change in the depletion amount was displayed, implying 
that the interaction between PVOH and  C3A was neither 
sensitive to pH nor sulfate ions (see Fig. 10), irrespective of 

the huge surface area either provided by the formation of 
 C4AH13 in the absence of sulfate, or ettringite in the pres-
ence of sulfate.

Firstly, polymer like PVOH provides not only steric sta-
bilization but also depletion stabilization in colloids [32]. 
Change of polymer concentration in the colloids affects 
local stabilization of colloidal particles, which may result 
in deposition of colloidal particles on mineral surfaces 
(via the Van der Waals force). Secondly, latex particles 
can adsorb onto the mineral surface via surface PVOH. 
Thirdly, if PVOH is present on the mineral surface, it can 
exert steric repulsion between the mineral surface and the 
latex particle. This may be speculated from Fig. 8, where 
latex adsorption was higher on the surface of  C3S than on 
cement. Since PVOH showed strong interaction with  C3A, 
accumulation of PVOH on the surface of the aluminate 
phase can be expected. As a result, the silicate surface was 
more favorable for the adsorption of the latex particles.

Nearly half of the PVOH added during polymerization 
was freely dispersed in the final Vinyl-acetate latex [18]. The 
‘two components’ concept resulted in a unique interaction 
of the VAE latex with the mineral surface. By adding PVOH 
to the polymer dispersions (Fig. 11), the depletion ratio of 
latex B was less affected, while that of latex A decreased 
subsequently, i.e. the reduction in depletion ratio was 
more pronounced for latex A. This inconsistent change in 
depletion ratio between the two latices indicates that the 
state of PVOH referring the polymer adsorbed on the solid 
surface or dispersed in the solution, has an important role 
on adsorption behavior for polymer stabilized latex (pro-
tective colloid). In other words, dynamic change in steric 
repulsion between polymer chains and osmotic pressure 
in the solution, may dominate the adsorption behavior 
observed in this study.Fig. 9  Depletion amount of PVOH on hydrating minerals

Fig. 10  Depletion amount of PVOH (c = 0.20 wt%) on hydrating  C3A 
in different ionic environments
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4  Conclusion

Colloidal interaction between VAE latex stabilized by 
PVOH and Portland cement was found to be less relevant 
to the surface charge of latex, than to the role of PVOH, 
which is different from electrostatic/electrosteric stabi-
lized latex. Initial surface coverage on cement minerals is 
subject to both the adsorption amount and the particle 
size of the colloids (or specific surface area). Consider-
ing this, a weak influence of the VAE latex, stabilized by 
PVOH on the initial dissolution of cement minerals, can 
be expected. As such, cement hydration should be less 
affected by the latex particles. However, a strong inter-
action of PVOH with the aluminate phase was observed, 
which undoubtedly affects the hydration kinetics of 
cement at an early age. The interaction of PVOH with 
cement minerals would reversely affect the adsorption 
of the latex particles, which would make the interaction 
between the VAE latex stabilized by PVOH and cement 
much more complex.
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