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 i g  h  l  i g  h  t  s

Aculyn  22  and  Aculyn  33  have  a  high
foamability  and  form  stable  foams.
Addition  of iso-propanol  decreases
viscosity  of A22  but  does  not  decrease
the viscosity  of A33.
Aculyn  22  and  Aculyn  33  solutions
are non-Newtonian  shear  thinning
liquids.
Drainage  kinetics  of foams  with  addi-
tion of  i-prOH  is  faster.
Addition  of  iso-propanol  results  in  a
faster  foam  coarsening.
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a  b  s  t r  a  c  t

Foam  stability  and foam  drainage  of  aqueous  solutions  of  AculynTM 22  and  AculynTM 33  polymers  are
considered.  Measurements  of both  bulk  and  surface  rheology  of A22  and  A33  solutions  in  the  presence
of  sodium  chloride  and iso-propanol  are  performed  for  the  polymer  concentrations  1–1.5%.  Properties
of  mixtures  of these  polymers  are  investigated.  Addition  of iso-propanol  does  not  change  bulk  proper-
ties  of  the  A33  solutions  but  decreases  their  surface  viscoelasticity.  Addition  of  iso-propanol  decreases
bulk  viscosity  as  well  as the  bulk  and  surface  viscoelastic  moduli  of  the  A22  solutions  and  moves  the
oaming polymer solutions
oam drainage
ulk viscosity
urface viscoelasticity

region  of pronouncing  shear  thinning  behaviour  to the  smaller  shear  rates.  The  last  effect  depends  on
the  salt concentration.  Solutions  of both  polymers  form  foams,  which  are stable  during  several  hours.
Characteristic  time  of foam  drainage  increases  with the  polymer  concentration  and  decreases  with  the
salt concentration  and  iso-propanol  content.  The  decrease  in  the  surface  viscoelastic  modulus  results  in
faster  foam  coarsening  and  lower  foam  stability.

©  2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
. Introduction

Polymer emulsions AculynTM 22 and AculynTM 33 are rheology

odifiers i.e. aqueous solutions of these polymers are highly vis-

ous, shear thinning non-Newtonian liquids. They are compatible
ith many non-ionic and anionic surfactants and show synergistic
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927-7757/© 2014 The Authors. Published by Elsevier B.V. This is an open access article u
(http://creativecommons.org/licenses/by/3.0/).

interaction with them [1,2]. Both polymers have a well-established
toxicological profile [1,2], enabling their wide use in cosmetics.
Aculyns are used in production of shampoos, bath foams, foaming
facial cleansers, hair styling gels, liquid soaps, lotions, moisturizing
creams and hair colourants [3]. In many of cosmetic and pharma-
ceutical applications foams are used as a carrying media for active

agents and to attract customers’ attention.

Traditionally, foams are stabilised by surfactants, but during
the last decade polymers (polyelectrolytes) become frequently
used additives in foaming solutions [4]. Polymers similar to

nder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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ow-molecular surfactants can adsorb on the interfaces and stabi-
ize foam films. Polymers often increase viscosity of foaming liquids
onsiderably, and in this way affect the foam drainage kinetics and
as permeability of the foam films [5]. Thin liquid films stabilized
y polymer-surfactant mixtures, and foams stabilised by polymers
r polymer/surfactant mixtures have been intensively investigated
6–8]. Most of common polyelectrolytes [8] and non-ionic poly-

ers like poly(vinyl pyrrolidone) (PVP) [9] and polyoxyethylene
POE) [10] are used for foam stabilization. Polymers, surfactants and
heir mixtures are widely used not only in home and personal care
roducts but in many industrial applications (e.g. paper industry)
11,12].

The rate of the liquid release from foam (drainage kinetics) is
f great importance for the efficiency of the application (especially
harmaceutical and cosmetic). The rate of delivery of active sub-
tances to the target place is determined by the drainage kinetics.

There are two experimental methods to study foam drainage.
n the ‘free-drainage’ situation, foam of initially uniform and con-
tant wetness is allowed to drain: the foam dries first at the
op, and the dry front propagates down through the foam, while
he liquid emerges and accumulates at the bottom. Alternatively,
n the ‘forced-drainage’ method, the foaming solution is poured
nto the top of already dried foam, and the wet  front propa-
ates down through the foam. We  used the free drainage method
elow.

Foam drainage has been investigated by a number of researchers
13–19], originating from the work of Leonard and Lemlich [20].
t was shown that the drainage kinetics is different for the cases

hen dissipation occurred mainly in the Plateau borders or in
he nodes [21]; for wet foams, contribution from the lamellas can
e also important [22]. The boundary conditions on the air/liquid

nterfaces in the foam determined mainly by surface viscoelastic
roperties of adsorption layers are also of great importance for the
rainage kinetics. If the interfaces are retarded by the adsorbed sur-
actant, drainage slows down in comparison to the free interfaces
23].

In the previous paper [24] we presented the results of experi-
ental study of influence of bulk and surface rheology of solutions

f commercially available polymers AculynTM 22 and AculynTM

3 on foam drainage (we refer this paper as Part 1). Currently
urther investigations of properties modification (polymer, salt
oncentrations, mixtures) of AculynTM 22 (A22) andTM 33 (A33)
olymeric solutions for foaming applications are presented. In
articular the foam coarsening was studied in details. Also influ-
nce of addition of iso-propanol alcohol on polymeric solutions
roperties (bulk and surface rheology) and relation to foaming
drainage kinetics, stability) are presented in this paper. Addition
f iso-propanol is interesting from application point of view (this
lcohol is often using as a solvent for active agents in cosmetics
ormulations).

Estimations performed in [24] have shown that for foams
repared with polymeric solutions of Aculyn 22 and Aculyn 33
ir/liquid interfaces should be fully retarded, therefore surface vis-
oelasticity does not influences the drainage of these foams and the
ulk viscoelastic properties are of main importance. This conclusion
as confirmed experimentally [24]. At the same time, surface vis-

oelastic properties should affect essentially foam stability [25,26].
he latter is proven below.

. Materials and methods
AculynTM 22 (labelled as A22) is a hydrophobically-modified
lkali soluble emulsion (HASE) [1]. AculynTM 33 (labelled as
33) is an anionic alkali polymer emulsion, water soluble,

ightly crosslinked [2]. Polymer emulsions of AculynTM 22, 30%
Fig. 1. Dependence of the viscosity of A22 and A33 solution on the polymers con-
centration (see text for details).

(A22) and AculynTM 33, 28% (A33) were supplied by Dow.
For generals formulas of A22 and A33 please see Fig. 1 in
Part 1.

A22 and A33 are soluble in water in high pH (∼12). Therefore
aqueous solutions of polymers were prepared by neutralising the
stock polymer emulsions with a 2% ammonia solution in ultra-pure
water produced by Millipore Q, with ascorbic and citric acids added
(0.2 mass % each). NaCl was added to solutions in the range of
concentrations 0–1.5 M and iso-propanol was  used at 0 or 1.67 M
(10%) concentrations. The above compositions have been chosen
to represent typical systems used in cosmetic applications where
the polymers under investigation are utilized, for example in hair
colourant applications. In such systems, salt is often used to con-
trol the ionic strength, and solvents like iso-propanol are added to
control the solubility of actives.

Ammonia hydroxide solution 28–30%, sodium chloride >99.5%,
citric acid >99.5%, (Sigma Aldrich); l-ascorbic acid, 99.8%, iso-
propanol alcohol >99.5% (Fisher Scientific) were used as purchased.

The bulk rheology measurements have been made using the
rheometer AR 1000-N, TA Instruments, with the cone geometry
(4 cm diameter, cone of 1◦59′ and truncation of 56 �m). The tem-
perature was kept constant using Peltier plate at 20 ◦C. In the
oscillating mode the strain sweep measurements in the range
0.1–50 Pa have been performed, in the flow mode shear rate mea-
surements in the range 1–20 s−1 have been made. The experimental
error at measuring probes taken from the same sample was  below
5%, but the difference between individual samples of the same com-
position was  larger, about 10%.

Surface rheology measurements have been performed at fre-
quency 0.1 Hz by the Drop shape analyser DSA100, Kruss, Germany,
using buoyant air bubble formed at the tip of the hooked cap-
illary immersed in the cuvette containing a polymer solution.
Bubble age for the presented results on surface viscoelasticity is
15 min.

Foaming experiments have been performed in a home-made set
up consisting of glass cylinder with inner diameter of 43 mm and
height of 380 mm and foaming head fitted in the base of cylinder
[24]. The foaming head was  equipped with 19 capillaries made of
polyether ether ketone (PEEK) with inner diameter of 0.18 mm for
gas supply. Inner diameter of the foaming head was 38 mm.  The
foaming gas was air. The flow rate was  kept at 400 cm3/min.

The kinetics of foam drainage was studied according to the pro-
cedure described in Ref. [24]. A foaming liquid was poured into
column to the height of 45 mm and bubbling was started with a
constant flow rate. Bubbling was  stopped after the foam reached
the height of 250 mm.  The height of the foam and the liquid under
the foam were measured as functions of time. Each experimental
ran was  repeated at least 3 times and the averages are reported
below.
The average bubble size was found by analysing pictures taken
after 5 min  and 2 h after the foam formation, correspondingly; at
least 20 bubbles were used to calculate the average size. Only size
in vertical direction was analysed.
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Table  1
Surface viscoelastic modulus, E (mN/m), for A33 and A22 solutions at various poly-
mer  concentrations (data presented in this table is summary of results presented in
Part  1).

Polymer Polymer concentration (%) E (mN/m)

Aculyn 33* 0.5 20

Aculyn 33 1 55

Aculyn 33* 1.2 63

Aculyn 33 1.5 85

Aculyn 22 0.6 20

Aculyn 22 0.7 32
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The data presented in Fig. 4 show that the surface viscoelasti-
city for A33 is lower that for A22 and the surface viscoelasticity of
mixture increases with the increase of A22 content. As both bulk
and surface viscoelasticity depend rather smoothly on the content

Table 2
Characteristic time scale of drainage of foams prepared with investigated solutions.

Foaming solution Bulk viscosity
of foaming
solution (mPas)

Characteristic time
of drainage (min)

A33 1% 0 M NaCl 100 ± 10 32

A33  1% 0 M NaCl 100 ± 10 29

10%  i-prOH

A33 1.5% 0 M NaCl 500 ± 50 125

A33  1.5% 0 M NaCl 500 ± 50 100

10% i-prOH

A22 1% 0.3 M NaCl 550 ± 10 100

A22 1% 0.3 M NaCl 400 ± 7 37

10%  i-prOH

A22 1% 1.3 M NaCl 100 ± 5 36

A22  1% 1.3 M NaCl 40 ± 5 2

10% i-prOH

A22 1% 0.5 M NaCl 100 ± 10 12

10%  i-prOH
Aculyn 22 0.8 49

Aculyn 22 1 65

. Results and discussion

Concentration of the polymer, concentration of sodium chlo-
ide and addition of iso-propanol alcohol were selected as variable
arameters to control properties of the A22 and A33 solutions.
ixtures of these polymers were also investigated to check their

ombined action, because mixtures of those polymers are of indus-
rial relevance. Viscosity, bulk and surface viscoelastic moduli with
elation to foam drainage kinetics and foam stability were mea-
ured. Characteristic time scales of foam drainage were calculated.

.1. Concentration of polymer

Dependence of bulk viscosity on the polymer concentration
or the polymeric solutions under study at a constant shear rate
12 s−1) is shown in Fig. 1. It is extension of our previous results
resented in Part 1 (see Figs. 3 and 4). In the case of Aculyn 22, 1%
olution of A22 with 0.2 mol/l NaCl was subsequently diluted by
ure water to get lower concentrations of the polymer (the con-
entrations of all other components were proportionally reduced).
ependence of the viscosity on the polymer concentration for Acu-

yn 33, presented in Fig. 1 is made for solutions without added salt,
ith polymer concentration at 0.5%, 1%, 1.2% and 1.5%.

Fig. 1 shows that solution viscosity increases with the increase
f the polymer concentration. Viscosity of the A22 solutions is
uch higher than that of the A33 solutions at the same polymer

oncentration. Bulk viscoelasticity measured for the same samples
hows similar tendency, bulk viscoelastic modulus, G (Pa) increases
ith increasing of polymer concentration in solution. Presented

esults (for the particular components content) are in line with data
escribed in Ref. [1,2]. Selected components (polymer, salt, ammo-
ia, ascorbic and citric acids) content range was  made because it is
f industrial relevance.

Surface viscoelasticity was also measured, and the surface vis-
oelastic modulus, E (mN/m), was increasing with the polymer
oncentration in solution (see Table 1 which presents selected
esults obtained in Part 1 – Figs. 8–10 and new data labelled with*).

All experimental results on foam drainage have been fitted
xponentially as:

(t) = ϕ∞ + (ϕ0 − ϕ∞) exp
(−t

t∗
)

(1)

here ϕ(t) is the liquid content at time t, ϕ0 is the initial liquid con-
ent (%), ϕ∞ is the liquid content in the equilibrium foam, estimated
s an asymptotic value from the experimental time dependence of
iquid volume fraction (%), t is time (min), t* is a characteristic time
cale of the drainage (min). It follows from Eq. (1) that t* increases

hen the drainage slows down. Fig. 2 presents an example of fit-

ing, all other drainage kinetic curves have been analysed in the
ame way and agree very well with dependency (1). To compare
rainage kinetics, the characteristic time scale of drainage, t*, was
�me, min

Fig. 2. Drainage kinetics of foams produced using A33 1% and 1.5% polymeric solu-
tions without NaCl (points) and exponential fitting (lines).

extracted in all cases under investigation. Characteristic drainage
times for foams prepared with various solutions investigated in this
study are presented in Table 2 together with bulk viscosity to sim-
plify analysis (viscosity data for A33 1% and 1.5% and A22 1% 0.3 M
and 1.3 M were presented earlier in Part 1).

Longer characteristic time is found for the foams formed with
higher polymer content, due to higher viscosity of the solutions (see
characteristic time for drainage kinetics of foam prepared from A33
solutions of 1% and 1.5% without NaCl, Table 2 and Fig. 2).

Strong influence of salt (NaCl) content on A22 and A33 solu-
tions properties was  presented in Part 1. Therefore concentration
of sodium chloride was  selected as a parameter to control viscos-
ity of solutions for further investigations. For the both polymers
viscosity decreases considerably with the increase of the salt con-
centration. Also surface viscoelastic modules essentially decrease
with the increase of sodium chloride concentration. Similar ten-
dency was  found for the bulk viscoelastic modules.

3.2. Mixtures of polymers

Properties of mixtures of A22 and A33 (1% polymer, 0.2 M
NaCl) were investigated at 1:1, 1:3 and 3:1 A22:A33 ratios. The
dependency of the bulk viscosity of the polymeric solutions on
A22 concentration is presented in Fig. 3. The viscosity of mixture
solution increases with the increase of A22 content.
A22:A33 1:1 90 ± 10 6

A22:A33 1:3 40 ± 10 4

A22:A33 3:1 300 ± 15 70
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Table 3
Comparison of properties of the A33 and A22 solutions containing 10% i-prOH.

Solution Bulk viscosity (mPas) � (mN/m) E (mN/m)

A33 1% 0 M NaCl 100 ± 10 30 ± 1 55 ± 5

A33 1% 0 M NaCl 100 ± 10 33 ± 1 20 ± 3

10% i-prOH

A33 1.5% 0 M NaCl 500 ± 50 27 ± 1 85 ± 5

A33 1.5% 0 M NaCl 500 ± 50 30 ± 1 55 ± 2

10% i-prOH

A22 1% 0.3 M NaCl 550 ± 10 42 ± 1 37 ± 5

A22 1% 0.3 M NaCl 400 ± 7 36 ± 1 7 ± 1

10% i-prOH

A22 1% 0.5 M NaCl 100 ± 10 35 ± 1 3 ± 1

10% i-prOH

A22 1% 1.3 M NaCl 100 ± 5 38 ± 1 10 ± 1

A22 1% 1.3 M NaCl 40 ± 5 32 ± 1 1.5 ± 1
% of A2 2

ig. 4. Dependence of the surface viscoelastic modulus of mixtures of polymers
olution on content of A22 (%); frequency 0.1 Hz, surface age 15 min.

f A22, i.e. no synergetic effect has been observed, it can be con-
luded that there is no essential interactions between two  polymers
n solution.

The characteristic drainage time scales (see Eq. (1)) for mixture
f A22 and A33 are presented in Table 2. These data confirm that the
rainage process is governed mainly by the viscosity of the liquid.
rainage of foam containing 75% of A22 is much slower than two
thers. However, the foam produced with the 1:1 mixture, which
as nearly the same viscosity (90 mPas) as samples A33 1% 0 M NaCl
nd A22 1% 1.3 M NaCl (100 mPas), drains much more quickly. For
he 1:1 sample the drainage was practically completed already in
0 min  with 1% liquid left inside the foam, whereas in the samples of

ndividual polymers with viscosity of 100 mPas there was about 5%
iquid left after 20 min  and about 2% after 2 h. The dependence of the
iscosity on shear rate for this solution was very similar to that of
33 1% 0 M NaCl (Fig. 5), that is, taking into account faster drainage
nd shear thinning, the real viscosity during the drainage for the
:1 mixture is expected to be even higher than for corresponding
olutions of individual polymers. The surface viscoelastic modulus
f 1:1 mixture is about two times lower than that of A33 1% 0 M

aCl but more than 2 times higher than that of A22 1% 1.3 M NaCl

see Table 3), therefore it cannot be the reason of the accelerated
rainage. Thus, at the moment we cannot explain such fast drainage
f 1:1 mixture.
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tted parameters are: �∞ = 0 in both cases; for A33 1% 0 M NaCl K = 0.4567, n = 0.458;

or A22:A33 1:1 K = 0.2913, n = 0.515.
10% i-prOH

3.3. Addition of 10% iso-propanol (i-prOH) to polymers solutions

Polymer solutions of the viscosity 100 mPas and 500 mPas were
selected to study influence of iso-propanol on their properties.

The bulk viscosity at shear rate 12 s−1, the equilibrium surface
tension and the surface viscoelastic modulus of investigated solu-
tions are presented in Table 3.

Addition of 10% i-prOH does not change substantially both
the viscosity and the bulk viscoelasticity of A33 solutions. The
equilibrium surface tension, � (mN/m), slightly increases and the
surface viscoelasticity decreases for solutions with i-prOH (Table 3).
According to Ref. [2] addition of 10% i-prOH to the solution of A33
1.5% decrease viscosity, but do not change viscosity of 3% and 0.75%
of polymer (for pH 8). Comparison of this data [2] and our results
presented in Table 3 confirms that properties of solutions of A22
and A33 polymers strongly depend of composition of and even
small change in components/amounts/conditions could results in
significant changes in properties.

In the case of the foams prepared with A33 solutions and 10%
i-prOH the drainage is only slightly faster (Table 2) in compari-
son to solutions without alcohol. The foams are stable for at least
2 h. This lack of influence of iso-propanol on A33 polymer solu-
tions viscosity probably could be related to the polymer structure
(A33 is cross-linked). In the case of A22 solutions addition of 10% i-
prOH decreases the viscosity and the surface viscoelastic modulus
(Table 3).

In the case of A22 addition of both NaCl and i-prOH influences
bulk and surface properties of the solutions in rather similar way.
However in the case of A33 addition of NaCl influence bulk viscosity
of the solutions, whereas addition of i-prOH does not. Iso-propanol
alcohol influence only surface viscoelasticity of A33 solutions.

The drainage is much faster than that of the sample without iso-
propanol (Table 2) and the foam is stable for at least 2 h in the case of
the foams prepared with A22 1%, 0.3 M NaCl, 10% i-prOH (by addi-
tion of iso-propanol solution viscosity decreases from 500 mPas to
400 mPas).

For the foams prepared with A22 1%, 1.3 M NaCl addition of 10%
i-prOH results in the decrease of solution viscosity from 100 mPas to
40 mPas, considerable decrease of surface viscoelasticity and much
faster drainage (Table 2). The foam with iso-propanol is stable for
only 20 min.

Much faster drainage of foams prepared with solutions contain-

ing iso-propanol can be easily explained by consideration of the
shear rate dependence of viscosity. As it is seen in Fig. 6, solution of
A22 1% 0.3 M NaCl with 10% i-prOH at shear rates above 2 s−1 can be
considered as Newtonian ones with viscosity independent of shear
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10% of i-prOH bulk viscosity is the same (100 mPas), characteristic
ions with and without iso-propanol. Both dependences are fitted according to Eq.
2). The fitted parameters are: for A22 1% 0.3 M NaCl �∞ = 0.15, K = 2.8598, n = 0.094;
or  A22 1% 0.3 M NaCl 10%i-prOH dependence is almost constant.

ate, that is at low shear rates viscosity of this solution is much
maller than that without iso-propanol. From the data on drainage
inetics we estimated, that in the first 10 min  of drainage of solu-
ions without iso-propanol having viscosity 100 mPas at shear rate
2 s−1 (A33 1% 0 M NaCl and A22 1% 1.3 M NaCl) the shear rate in
he Plateau borders is of the order of 1 s−1. According to Fig. 5 vis-
osity corresponding to this shear rate is around 400 mPas, i.e. very
lose to that of A22 1% 0.3 M NaCl with isopropanol (Fig. 6) at any
hear rate above 2 s−1. It is seen from Table 2 that indeed charac-
eristic time of foam drainage is rather close for solutions of A33 1%

 M NaCl and A22 1% 1.3 M NaCl without iso-propanol and A22 1%
.3 M NaCl with 10% i-prOH.

Solution of A22 1% 1.3 M NaCl with 10% i-prOH displays the shear
hinning behaviour at shear rates below 10 s−1, with viscosity about
00 mPas at shear rate 2 s−1. If we accept that the drainage rate of
oam produced with A22 1% 1.3 M NaCl solution corresponds to
nitial viscosity about 400 mPas as discussed above, then it is clear
hat drainage should be much faster for the sample of A22 1% 1.3 M
aCl with 10% i-prOH.

To understand in more details the influence of iso-propanol on
he foam drainage kinetics, one more sample, A22 1% 0.5 M NaCl
0% i-prOH, having viscosity 100 mPas at 12 s−1 was  studied. This
olution demonstrated the shear thinning behaviour at shear rates
elow 4 s−1 and at shear rate 2 s−1 had viscosity about 180 mPas,

.e. much smaller than the sample of A33 1% 0 M NaCl (Fig. 5) having
he same viscosity, 100 mPas, at 12 s−1. It is seen from Table 2 that
he drainage kinetics of foam produced with this sample is faster
han that of sample with A33 1% 0 M NaCl.

The discussion above is in line with results presented in Ref. [27]
here forced-drainage of foams made from Newtonian and non-
ewtonian solutions of different viscosities has been compared. It
as concluded that performance of both type of solutions is iden-

ical, provided one considers the actual viscosity corresponding to
he shear rate found inside the foam. To summarise, it should be
tressed that if we consider as a characteristic viscosity of shear
hinning liquid the value �c taken at certain shear rate, �̇c , the
ependence of the drainage rate on this characteristic viscosity
ill be stronger than just inverse proportionality. Accepting the

ommonly used power-law relationship for the viscosity of shear
hinning liquid [28]

 = �∞ + K �̇n−1 (2)

here �∞ high shear rate viscosity. In our case (Fig. 5) n < 1 (1/n > 1).

t is easy to show that at �∞ = 0

˙ ∼�−1/n
c �̇1−1/n

c (3)
Fig. 7. The snapshots of the foam produced from mixture of A22 and A33 (1:1)
solution; the foam age is 5 min.

It is also noticeable that effect of iso-propanol on the bulk vis-
cosity of A22 solutions depends on the salt concentration. Decrease
in the salt concentration moves the region of pronouncing shear
thinning behaviour to the smaller shear rates.

3.4. Bubble size distribution and foam stability

During the foaming experiments the snapshots (Fig. 7) were
taken after 5 min  and 2 h. The average bubble size D (mm)  was  mea-
sured and the bubble coarsening parameter C (%) was  calculated
as:

C = D2 h − D5 min

2D5 min
× 100% (4)

The average bubble size (mm),  the coarsening parameter (%) and
the percentage of changes in foam height after 2 h are presented in
Table 4. The bubble size distribution was  measured in vertical direc-
tion only, in horizontal direction photos do not show real bubble
size due to deformation caused by lens effect of glass cylinder used
in experiments. For convenience of analysis an extra column with
surface viscoelastic modulus is included.

Foams formed using more viscous solutions (higher polymer
concentration) have larger bubbles and are more stable, that is,
they display smaller changes in the foam height (see Table 4). Foams
form smaller bubbles if they were prepared using solutions contain-
ing higher NaCl concentration and with iso-propanol addition. The
results given in Table 4 demonstrate also that there is no substan-
tial change in the bubble size during first 2 h for samples without
iso-propanol added, whereas in the samples with iso-propanol the
bubbles grow faster.

The increase of value of the coarsening parameter with the
decrease of surface viscoelasticity was found for solutions of each
polymer. The only exceptions from that is A33 1% without NaCl and
A33 1.5% without NaCl with 10% i-prOH solutions (E = 55 mN/m).
The lower value of the coarsening parameter in the case of the
foam prepared using A33 1.5% without NaCl and 10% i-prOH solu-
tion can be explained taking into consideration higher viscosity of
those solutions (see Table 3) and, as a result, a slower drainage (see
Table 2) and thicker liquid films.

If drainage range is the same (similar characteristic time scale of
drainage) then coarsening is determined by surface viscoelasticity.
For example for the solutions of A33 1% 0 M NaCl without and with
time scale of drainage is similar (32 and 29 min), but surface vis-
coelasticity is much different – higher for solution without alcohol
55 mN/m and lower for solution with alcohol 20 mN/m. Coarsening
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Table  4
The average bubble size (mm), the bubble coarsening per hour (%) and the decrease in the foam height for foams produced from solutions of A33, A22 and their mixtures.

Solution Average bubble size
(mm)  after 5 min

Average bubble size
(mm)  after 120 min

Coarsening (%) % of changes in
foam high after 2 h

E (mN/m)

A33 1% 0 M NaCl 2.12 2.52 9.0 6.9 55

A33  1% 0 M NaCl 10% i-prOH 2.81 3.74 16.5 6.9 20

A33  1.5% 5.41 5.54 1.2 1.9 85

0  M NaCl

A33 1.5% 3.85 4.12 3.5 3.9 55

0  M NaCl

10% i-prOH

A22 1% 5.46 5.74 2.5 0.77 37

0.3  M NaCl

A22 1% 2.79 3.41 11.1 3.5 7

0.3 M NaCl

10% i-prOH

A22 1% 2.62 3.30 12.9 3.6 4

0.4  M NaCl

10% i-prOH

A22 1% 2.60 3.77 22.5 3.3 3

0.5  M NaCl

10% i-prOH

A22 1% 2.45 3.67 24.9 3.9 2.5

0.7  M NaCl 10% i-prOH

A22 1% 2.31 3.49 25.5 4.7 2

0.8  M NaCl 10% i-prOH

A22 1% 3.15 3.49 5.4 4.3 10

1.3  M NaCl

A22 1% 1.98 3.04a 160 79.7 1.5

1.3  M NaCl 10% i-prOH

A22:A33 1:3 2.80 3.17 6.6 10.6 15

A22:A33 1:1 2.15 3.72 3.6 7.5 25

p
d
w
1
c
c
E

v
s
h
b

s
f
s
o
t
f

A
A
s
b
s
d
v

i
s

A22:A33 3:1 4.10 4.35 

a At the foam age of 20 min.

arameter is much higher for solution with i-prOH. Similar ten-
ency is observed in the case of solutions of A33 1.5% 0 M NaCl
ithout and with 10% of i-prOH. Also for the solutions of A22 1%

.3 M NaCl and A22 1% 0.3 M NaCl despite the differences in bulk vis-
osity, characteristic time scale of drainage is almost identical and
oarsening is determined by surface viscoelasticity (higher value of

 and lower coarsening for solution A22 1% 1.3 M NaCl).
Therefore, it can be concluded that the decrease in the surface

iscoelastic modulus results in faster foam coarsening and lower
tability. The less stable sample A22 1%, 1.3 M NaCl, 10% i-prOH (the
ighest percentage of changes in the foam height) is characterized
y the lowest surface viscoelasticity modulus.

Similar findings were presented in Ref. [29]. Authors demon-
trate that rate of bubble Ostwald ripening in the foams, that is
oam time of living (stability), depends on surface modulus of used
urfactants solution. Higher surface modulus results in slower rate
f Ostwald ripening. Adsorption layers in foams made of solu-
ions with higher surface viscoelastic modulus are less permeable
or gas.

At the same surface viscoelasticity bubbles in foam stabilised by
33 grow faster. This can be concluded by comparison of samples
33 1% 0 M NaCl and A22 1% 1.3 M NaCl. Those samples have very
imilar drainage kinetics [27] therefore the liquid films between
ubbles are expected to be similar. However the coarsening in
ample A33 1% 0 M NaCl is bigger than that in A22 1% 1.3 M NaCl
espite the fact that the first sample displays much higher surface

iscoelasticity (55 vs. 10 mN/m).

For the mixtures of polymers the surface viscoelasticity
ncreases with the increase of A22 percentage, correspondingly the
tability of foam increases and the coarsening decreases.
3.0 3.0 45

4. Conclusions

Solutions of both studied polymers, Aculyn 22 and Aculyn 33,
have a high foamability and form stable foams. Drainage kinetic is
determined by bulk viscosity. The foams stability and coarsening
at given drainage kinetics are determined manly by the surface
viscoelasticity.

Concentrations of polymers, sodium chloride and iso-propanol
alcohol are useful parameters to control properties of A22 and A33
solutions and, hence, kinetics of foam drainage and foam stability.

The bulk viscosity of A22 solutions is much higher than that
of A33 solutions at the same composition. Viscosity of mixture
solution increases with increase of the A22 content. Addition of iso-
propanol results in a decrease of the bulk viscosity of A22 solution
whereas the viscosity of A33 remains unchanged. It is important to
take into account that polymeric solutions used are non-Newtonian
shear thinning liquids for which the changes of viscosity with
the shear rate can depend strongly on the composition. For A22
solutions containing iso-propanol the region of pronouncing shear
thinning behaviour is moved to the smaller shear rates. The last
effect depends on the salt concentration.

The bulk viscoelastic modulus, G (Pa), and the surface viscoelas-
tic modulus, E (mN/m), increase with the increase of polymer
concentration in solutions and with the decrease of the salt
concentration.

Addition of iso-propanol lowers the surface viscoelasticity of

both polymeric solutions, but effect is much more pronouncing
for those of A22. The drainage kinetics of foams prepared using
solutions with addition of 10% i-prOH is faster than that of foams
without iso-propanol, especially for A22 solutions.
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The considerable decrease in the surface viscoelastic modulus
ue to addition of iso-propanol results in a faster foam coarsen-

ng. The considerable decrease in the foam stability was  noticed for
ample with the lowest value of the surface viscoelastic modulus.
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