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We probe the drainage and imbibition dynamics of foams in which the continuous aqueous phase is a transient gellike 

network. To produce these foams, we provide a new method - a PVA (Polyvinyl alcohol)  solution is first foamed and then a 

cross-linker, Borax, is added, which binds reversibly to the PVA chains. Ther resulting foams are ultra-stable-over a month. 

We find that the typical time for gravitational drainage of the continuous phase can be slowed down from hours to several 

weeks  by tuning  the Borax concentration. We show that the Borax concentration controls both the bulk viscosity of the 

continuous phase and the surface viscosity of the air-water interfaces. From these results we suggest that the PVA 

molecules adsorbed at the bubbles interfaces are highly cross-linked by the Borax molecules. We find that the capillary rise 

of a dyed liquid into these foams is orders of magnitude faster than the drainage flow, meaning that these foams can 

quickly absorb liquids. These results show that these foams could be used to clean or decontaminate surfaces covered 

with liquid wastes. Indeed we show that the PVA-Borax foam can easily be spread on a surface, absorb a liquid without 

destabilizing and be dried afterward to recover the waste. 

 

 Introduction 

Aqueous foams, composed of over 90% in volume of air bubbles in 

an aqueous phase liquid, are used as precursors for the production 

of porous lightweight materials
12

, for their acoustic
3
, electric or 

insulating
4
 properties as well as for cleaning and decontamination 

purposes
5
,
6
, as liquids can be trapped in the foam channels by 

capillary flows
7
. For example, in nuclear reactors, where radioactive 

wastes are present on solid surfaces, liquid foams are promising 

materials to absorb the wastes and clean surfaces as they enable to 

reduce the quantity of radioactive liquid to be decontaminated or 

stored afterwards, which is a crucial issue. However, conventional 

surfactant foams have a limited life-time – minutes – as gravity 

induces a drainage flow of the aqueous phase which destabilizes 

the foam
8,9

. 

To obtain highly stable foams, one possible strategy is to increase 

the viscosity of the aqueous phase, to decrease the rate of 

gravitational drainage, which tends to destabilize the foams. Several 

studies report the use of complex yield stress fluids such as 

Laponite
10

 or flocculated suspensions
11

. Synthesis of porous scaffold 

materials based on gellified foams made with alginate
12,13

 or 

gelatin
14,15

  have been reported in the scientific literature, however 

there are very few fundamental studies devoted to their stability. 

Moreover, producing large quantities of viscous foams remains a 

technical challenge, as air entrainment and bubble fractionation is 

difficult in highly viscous liquids
11

. To circumvent this issue, it is 

easier to first produce the bubbles in a polymer solution and then 

add the cross-linker to obtain the gelation of the aqueous phase, as 

was done for covalently-bonded gels
15,16

 in a microfluidic device.  

In this article, we provide a new and simple method to produce 

large quantities – liters – of highly stable foams – over a month – 

where the aqueous phase is a gel-like transient network, where 

polymer chains, PVA, poly vinylalcohol, bind to Borax molecules 

through reversible links. Unlike covalently-bonded polymer gels, 

which are fragile and tend to fracture easily, PVA/Borax materials 

can be more easily deformed and hence processed as the 

complexes are reversible.  These foams have outstanding 

properties: they are ultra-stable –over a month- and they can 

quickly absorb liquids. We find that the rate of drainage can be 

tuned over orders of magnitude by the Borax concentration, which 

controls both the bulk and interfacial viscosities. Indeed, our 

drainage data suggest that increasing the Borax concentration leads 

to high surface viscosities of the PVA adsorbed layers, meaning that 

the PVA chains are cross-linked not only in the bulk solution but 

also at the air-water interfaces. Besides, we probe the capillary rise 

of a dyed liquid into these foams and find that the imbibition 

dynamics is orders of magnitude faster than the drainage flow.  

These foams are therefore good candidates for cleaning or 

decontamination applications. 

 

Experimental 

A Materials Sodium tetraborate decahydrate Na2B4O7.10H2O, or 

Borax, is purchased from Aldrich and used without further 

purification.  
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Table 1. PVA molecules used 

 

 

 

 

 

 

 

 

The PVA solutions with concentrations ranging from 2.5 to 15wt% 

are heated to 85°C under vigorous stirring during 3 hours to reach 

total polymer dissolution, and then cooled to room temperature 

before use. For all PVA/Borax mixtures, Borax solutions are added 

to a tenfold greater volume of PVA solution, so that final Borax 

concentrations are approximately ranging from 0.1 to 0.5wt%. 

 

B Foam preparation.  

 

Figure 1. a) 2-step foaming process: a PVA solution is foamed using 

a mixer and Borax is then added to the foam a) Borate anion can 

form a complex with two PVA chains and create a transient cross-

link.  

200g of PVA, (poly(vinyl alcohol) solution is placed into the bowl of 

a kitchen mixer (Kenwood® KWY90) and sheared (Figure 1a) at a 

maximal speed (100 s
-1

) during 3 minutes. PVA, which is a surface 

active polymer – surface tension around 45 mN/m – is indeed a 

very good foaming agent and we obtain 3 to 4 L of low density fine 

foam (bubble size 400 µm, volume fraction of air from 93 to 95%).  

After the PVA foam is obtained, an aqueous solution of sodium 

tetraborate NaB(OH)4 (Borax) is added to the PVA foam under 

continuous mixing for about ten more seconds. B(OH)4
-
 ions,  form 

reversible complexes with the PVA chains
17,18

, (Figure 1b), which 

enables to form a transient gellike network
 
whose oscillating shear 

moduli, G’, G’’ and zero-shear viscosity can be varied over orders of 

magnitude by changing the Borax concentration (SI1). After 10s, the 

mixer is stopped and the foam is pumped into a glass cylinder, 

16.5cm long and 3.8cm wide. Both ends of the column are closed to 

prevent foam from drying, and the column is then placed vertically 

to study foam ageing at room temperature.  

The volume liquid fraction 𝜙𝑙 of foams is determined by weighting 

the mass  𝑚 of foam filling a plastic Petri dish of known volume 𝑉𝑚, 

𝜙𝑙 =  
𝑚

𝜌𝑙𝑉𝑚
  , with 𝜌𝑙 the foam fluid density (taken as 1000g/L). 

Liquid fractions range from 0.04 to 0.08 (+/- 0,005). 

 

C Foam ageing Photographs of the foam sample are analyzed with 

ImageJ software to determine the time evolution of the total foam 

volume and of the so-called drained volume, which is the volume of 

liquid collected bellow of the foam. The bubble size with time is also 

estimated through the mean bubble diameter observed at the 

column walls, mid-height of the column, average is performed over 

100 to 200 bubbles. 

 

D Measurement of shear viscosity and storage and loss modulii 

Rheological measurements are carried out with a AR-G2 Rheometer 

(TA Instruments) using a cone-plate geometry (cone angle 2°, 

diameter 40mm, truncation 52µm). All measurements are made at 

25°C, and with a solvent trap to avoid evaporation. 

 

E Imbibition with dyed liquid A column of foam is fixed vertically in 

contact with a reservoir of concentrated aqueous Rhodamine B 

Base solution (Sigma Aldrich). The rise of the dyed liquid is followed 

by a digital camera (Canon® SX510 HS). Space time plot on a vertical 

line is then computed by ImageJ software. 

 

Results 

A Stability and drainage dynamics of the foams. For 

decontamination or absorption applications, the foam has to 

remain stable during the absorption process, hence one has to first 

consider the typical time scales for the stability of the foam. 

 

 

Product name DHydrol

ysis 

(mol%) 

Mw 

(±500g/mol) 

PDI 

Mowiol® 4-88 88  28000 1.38 

Mowiol® 8-88 88  51000 1.76 

Mowiol® 10-98 98  53000 1.52 

(b)

PVA chain PVA chainBorate 
ion

(a) Step
1

PVA foam

3min

Borax solution

Step
2

Gellified foam

10s

Air Fraction ~ 95%
Bubble size ~ 400µm

Air Fraction ~ 95%
Bubble size ~ 400µm
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In Figure 2, we report the ageing dynamics of the PVA/Borax foams 

as a function of the Borax concentration, by measuring the time 

evolution of the total foam volume, 𝑉𝑓, the mean bubble diameter 

at column walls, 𝐷, and 𝑉𝑑/𝑉𝑡𝑜𝑡 with 𝑉𝑑 the volume of liquid 

collected below of the foam, and 𝑉𝑡𝑜𝑡 the total volume of liquid in 

the foam. As the Borax concentration increases from 0% to 0.4%, 

the foam stability increases from 10 hours to 500 hours (Figure 2a, 

2b, 2c and 2d). This enhanced stability is driven by the slowing 

down of the gravity-induced flow of the aqueous phase, so-called 

drainage flow, that slows down drastically for large Borax 

concentrations (Figure 2d). Indeed, the half-drainage time 𝜏, 

defined as the time for half of the liquid to drain, 𝑉𝑑 𝑉𝑡𝑜𝑡⁄ = 0.5, 

increases by up to two orders of magnitude for the Borax-

containing foams. Besides, at 𝑡 = 𝜏, 𝑉𝑓  does not decrease 

significantly for these foams (Figure 2c) even though a fairly high 

amount of liquid has drained, meaning that coalescence of the gel 

films between gas bubbles is negligible.  

In addition to drainage and coalescence, a third phenomenon, 

Ostwald coarsening, i.e diffusion of gas from small bubbles to large 

bubbles through the aqueous phase, is known to lead to an increase 

of the bubble size.  The Borax concentration does not have a 

significant influence on the rate of bubble growth (Figure 2e). The 

Lifshitz-Slyozov-Wagner theory of Ostwald ripening
19,20

 predicts 

that in the limit of very wet foams, made with a soluble gas, and 

without drainage, a t
1/3 

law is expected for the coarsening kinetics, 

whereas for very dry foams, it scales as t
1/2

. Considering that our 

foams are relatively dry (volume liquid fraction 𝜙𝑙~0.05), the 

observed coarsening kinetics scaling between t
0.32 

and t
0.44 

are 

consistent with predictions. We find that the viscosity has a weak 

influence on the coarsening dynamics. Indeed, viscosity has been 

shown to play a role on the coarsening dynamics
21

 only above 10
7
 

Pa.s, which is above the viscosities of our samples. The weak effect 

of the viscosity on the coarsening dynamics is probably due to the 

fact that the gas molecules diffusing from one bubble to another 

are much smaller than the mesh size of the polymer network. The 

diffusion of gas is thus not sensitive to the macroscopic viscosity, 

but only to the one of the solvent, i.e. water.  

As explained above, increasing the Borax concentration enables to 

increase the viscosity of the aqueous phase by orders of magnitude, 

which slows down the drainage flow. There exist several theoretical 

models to describe foam drainage and predict the drainage velocity 

and characteristic time
8,9,22–25

,
26

. Foams are usually considered as a 

network of channels, known as the Plateau Borders, connected by 

nodes, and in which the aqueous phase flow is driven by gravity.  

The drainage dynamics depends on the boundary conditions at the 

air-water interface, i.e. whether the amphiphilic layer adsorbed at 

the air-water interface is mobile and dragged by the flow of the 

 Figure 2. Stability of the PVA/Borax foams. a) and b): Photos of the foam samples as a function of time. The foam without cross-linker 
destabilizes over a few hours (a) while the Borax-containing foam is stable over several weeks (b). For c), d) and e), the PVA 
concentration is 5wt% and initial liquid volume fraction around 0.05. The Borax weight percentage is varied between 0% and 0.4wt% c) 
Foam volume, Vf, as a function of time. d) Volume of drained liquid, Vd, normalized by total volume of liquid, Vtot, as a function of time. 
Dashed line marks Vd/Vtot = 0.5 corresponding to the half-drainage time τ. e) Diameter of the bubbles at column walls, D, as a function of 
time.  
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aqueous phase. These boundary conditions are set by the 

Boussinesq number, 𝐵𝑜 = 𝜂𝑠 𝜂⁄ 𝑟, with s the surface viscosity of 

the adsorbed layer, the bulk viscosity and r the width of the foam 

channel. For dry foams, when 𝐵𝑜 ≫ 1, the adsorbed layer is 

considered as ‘rigid’ and the drainage flow is described by the 

channel-dominated model. For 𝐵𝑜 ≲  1, the node-dominated 

model describes cases of low surface viscosities and large bulk 

viscosities.  

In the channel-dominated model, the half-drainage time, i.e. the 

time for which half of the continuous phase has reached the 

bottom of the foam, scales as  

0

22/1
)(2 lcl LBogK

Z




  , (Equation 1),  

 

where Kc(Bo) is the non-dimensional permeability factor, which 

depends on the Boussinesq number and which expression is given 

in SI2, 𝐿 is the length of the Plateau borders, 𝜙𝑙0 the initial volume 

liquid fraction inside the foam, 𝜌𝑙 the density of the liquid, 𝑔 the 

gravity acceleration, 𝑍 the foam height (𝑍=16.5cm), and 𝜂 the fluid 

viscosity. 

  

Figure 3a represents our experimental half-drainage times, 1/2, as a 

function of the bulk viscosity, .  To account for the coarsening-

induced growth of the bubbles, we replace 𝐿 by 𝐿(𝜏). Similarly we 

replace 𝜂 by 𝜂(𝜏) as the viscosity decreases over time (SI3) due to 

the hydrolysis of the 2 to 12% of acetate moieties on the chains
27

. 

The dotted line represents a fit to Equation 1, taking Bo as an 

adjustable parameter. From the fitted Bo values, knowing the bulk 

viscosity  and the radius of the Plateau borders, r, we can deduce 

the value of the surface viscosity, s, in our foams (Figure 3).  

Surprisingly, we find that the Boussinesq number remains well 

above 1 and hence that the channel dominated model is valid over 

the whole range of bulk viscosities that we investigated. This means 

that the interfaces can be considered as immobile in all our 

experiments. We find that the surface viscosities increase from  

from 10
-5

 Pa.s.m to 1 Pa.s.m as the bulk viscosity is increased 

(Figure 3b). The lowest values are in agreement with measurements 

done independently using a double wall ring apparatus
28

 for the 

solutions without Borax (SI4). The largest values, i.e. 1 Pa.s.m, are in 

agreement with measurements made with highly compressed 

polymer monolayers
29

,
30

. 

Therefore increasing the Borax concentration leads to an increase 

of both the bulk and the surface viscosities. Indeed, before adding 

the Borax in the foams, the local concentration of PVA chains 

adsorbed at the air-water interfaces is higher than in the bulk (this 

is known as the surface excess
31

). Therefore after adding the Borax, 

the PVA layers probably become densely cross-linked with borate 

ions and hence highly viscous.  

 

B Imbibition dynamics To assess the potential of these foams for 

decontamination applications, we now probe their absorption 

dynamics by putting a column of foam in contact with a reservoir of 

dyed water (Figure 4a). For the PVA foam without Borax (PVA 

5wt%, 𝜙𝑙0 = 0.071), as the dyed liquid penetrates into the foam, 

the foam collapses because the continuous phase is being diluted 

by the rising liquid, as was already observed by Mensire et al.
32

. As 

a consequence, after a short rise, the height reaches a maximum 

and the dyed liquid is dragged back into the reservoir. In the case of 

the 0.4wt% Borax foam (PVA 5wt%, 𝜙𝑙0 = 0.065), the rise is also 

very quick but the dye remains in the foam for hours.  

 

Unexpectedly, for a given Borax concentration, the typical time 

scale for the imbibition kinetics is much shorter than the drainage 

times reported earlier, which is a promising condition for 

decontamination applications, where the foam has to remain stable 

for hours during the imbibition process. This unexpected result can 

be understood by considering the imbibition dynamics in more 

details.The imbibition is due to the pressure difference between the 

water reservoir and the pressure inside the channels due to the 

curvature radius 𝑟 of the Plateau borders (Figure 4b). The 

equilibrium height ℎ𝑚𝑎𝑥 is reached when the hydrostatic pressure is 

equilibrated by the capillary pressure, hence ℎ𝑚𝑎𝑥 ~ 𝛾 𝑟𝜌𝑙𝑔⁄  

(Equation 2) where  42 mN/m is the surface tension. Taking for 𝑟 

the typical size of 100 to 200µm, we get ℎ𝑚𝑎𝑥 ∼ 2 to 4 × 10−2m, 

which is consistent with the experimental result (Figure 4c). The 

imbibition dynamics is controlled by the balance between viscous 

Figure 3. (a) Typical half-drainage time, τ, as a function of the liquid 
viscosity, η for various Borax and PVA concentrations, and PVA  
with varying molecular weights and degrees of hydrolysis (see 
experimental section). On the horizontal axis, the viscosity is 
rescaled with the length of the Plateau borders at 
tLtheinitial volume liquid fraction ϕl0, and the 
permeability coefficient Kc(Bo). The dotted line represents the fit to 
Equation 1, the channel dominated regime, taking Bo as an 
adjustable parameter. (b) Values of the surface shear viscosities 
obtained from the fit to Equation 1. 
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dissipation of liquid flowing in the channels and the capillary 

pressure. Assuming rigid interfaces, we can use the Stokes equation 

in the limit of small Reynolds number, leading to 
𝜼

𝒓𝟐

𝒅𝒉

𝒅𝒕
=

𝜸 𝒓⁄

𝒉
− 𝜌𝑙𝑔  

(Equation 3) 
33

.  

Figure 4 shows that a very good agreement between our 

experiments and the numerical resolution of Equation 3, is 

obtained for 𝑟 = 150µm, 𝛾= 42mN/m and 𝜂 ≃ 1 Pa.s. By roughly 

estimating the liquid fraction of the foam before and after 

imbibitions, we find that the foam is diluted by a factor 2 leading to 

a viscosity of the order of 𝜂 ≃ 2 Pa.s, in agreement with the value 

obtained from the fit. This value of 𝜂 is intermediate between the 

viscosity of the dyed solution (10
-3

 Pa.s) and the one of the 

continuous phase (5 × 102 Pa.s). This is likely due to the fact that 

typical time for mixing the foam liquid and the dyed water in the 

channels is of the order of a few hundred of seconds.  

 

 

Figure 4. Imbibition properties of the gellified foams. a) Schematic 

view of the imbibitions experiment. b) Schematic drawing of the 

dyed liquid rising in a Plateau border, or foam channel, with radius 

of curvature r. c) Space-time plot on a vertical line showing the 

height h reached by the dyed liquid rising into the foam as a 

function of time. For the foam without Borax (top), the height 

decreases after 300 seconds as the foam collapses, while for the 

0.4wt% Borax containing foam (bottom), the dyed liquid is stored 

into the foam for hours. The dashed line represents the numerical 

resolution of Equation (3) for η = 1Pa.s (r = 150 µm, and γ = 

42mN/m). 

 

This has a crucial consequence – in the same foam, the capillary rise 

can be faster by orders of magnitude than the drainage flow, thus 

leading to the possibility of using these highly stable foams to suck 

liquid of low viscosity. These foams are therefore good candidates 

for decontamination applications such as in nuclear experiments, 

where contaminants have to be removed from solid surfaces and 

treated afterward. As an illustration, Figure 5 shows that when a 

piece of foam is put into contact with a dyed liquid, it quickly 

absorbs it. The ‘loaded’ foam can then be easily dried and 

compressed to be stored. 

 

 

Figure 5. Illustration of the potential of the gel foams for cleaning or 

decontamination applications. a) A piece of foam is put into contact 

with a dyed liquid spilled on surface and absorbs the liquid. b) the 

foam can be dried afterwards and easily compressed manually so 

that the volume occupied by the ‘contaminated’ material is low. 

Conclusion 

As a conclusion we provide for the first time a method to produce 

large volumes of highly stable gellified foams consisting in a two-

step process, where a polymer solution, PVA, is first foamed using a 

high shear, and then a cross-linker, Borax, is added to this foam 

under continuous shearing. This two-step method could be easily 

applied to other types of foaming processes and other 

polymer/cross-linker systems. In these foams the PVA molecules 

are highly cross-linked both in the bulk phase and at the interface. 

Indeed modeling the drainage flow we find that the drainage time is 

consistent with very large surface viscosities of the adsorbed 

polymer layer meaning that the stability of these foams is 

controlled by large viscosities, both at interfaces and in the bulk. 

Lastly, we show that these foams are good candidates for cleaning 

or decontamination processes as they quickly absorb liquids with a 

typical imbibition time orders of magnitude faster than the 

drainage rate. The loaded foams can be easily dried and stored 

imbibition. 
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