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Foams stabilized with nanoparticles for gas well deliquifi cation
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This study examined the interaction of solid nanoparticles and anionic and non-ionic surfactant at an air–water 
interface. Aqueous foams stabilized by silica nanoparticles in water with different levels of salinity were studied in 
detail. The stability of solid/surfactant dispersion was evaluated visually. Nanoparticles content impact and concen-
tration of surfactant on the foamability, deliquifi cation of foams and structure of wet foams were studied. It was 
found that the foamability of dispersion depends either on the surfactant concentration or on the nanoparticles 
concentration. The adsorption of hydrophobically modifi ed silica particles and surfactants reduces the air/water 
interface tension. The results of the examinations showed that the use of nanoparticles allows to increase the ef-
fi ciency of brine unloading even up to 20%. Surfactant particle and nanosilica present synergistic action, use of 
4 wt% of nanoparticles allows to reduce surfactant consumption up to half. The cost of the preparation of the 
proposed dispersion is slightly higher, about 5%, compared to the sole surfactant.
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INTRODUCTION

  The most frequent cause of limiting gas wells produc-
tivity is a considerable formation water supply connected 
with a decrease in pressure during reservoir exploita-
tion1. There are many mechanical methods to prevent  
water formation, mainly blow out and pumping by rod 
pumps use2, but due to a  cost and easy application 
the chemical methods enjoy greater interest3, 4. Dosage 
of surfactants solutions to wellbore is aimed to create 
stable foam, which thanks to much smaller density than 
initial brine, may be taken out by the fl owing gas. A high 
temperature of the reservoir, water salinity and presence 
of hydrocarbon condensate limit an application of this 
method, which destroy the dsorbed thin layer of surfactant 
causing drainage/collapse of foam5, 6. For many years 
nanoparticles have been used as stabilizers of two-phase 
systems, both emulsions – Pickering emulsions as well 
as foams7–10. So far examined the nanoparticles impact 
on foams stability, produced with a use of cationic and 
non-ionic surfactants, in addition, measurements usually 
were conducted in stationary conditions11, 12. The aim 
of this work is examination of foamability and foam 
stability produced using industrially available surfactants 
stabilized hydrophobic nanoparticles. The proposed solu-
tion will allow to reduce an individual consumption of 
chemicals as well as will widen this method application 
possibility to remove water formation to deeper wells 
with higher salinity.

EXPERIMENTAL

Material
In examinations the Sicol Z, which is a mixture of 

anionic and non-ionic surfactants available  by courtesy 
of  PGNiG SA (Polish Oil & Gas Company – PGNiG 
Capital Group) was applied as surfactant. Synthetic brine 
was prepared by dissolving NaCl and CaCl2 (analytically 
pure) in the distilled water. Hydrophobic silica nanopar-
ticles with an average primary particle size of 15 nm and 

specifi c surface area as high as 170 m2/g from Dynamic 
Design Company was used. All chemicals were used as 
received without further purifi cation.

Experimental methods
Nanosilica was dispersed in Sicol Z (as received from 

the manufacturer) by blending with the speed of 1500 
rpm for 30 minutes. Dispersion stability was assessed 
visually, directly after blend and 24 hours later. Density 
of mixtures was measured by pycnometer, viscosity at 
20oC with the capillary method. Brine was obtained by 
dissolving 100 g of NaCl and 10 g of CaCl2 in 1 dm3 of 
the distilled water. 

Surface tension measurement was performed using 
tensiometer TD1 of the Lauda Company.

The stability of the foam for different surfactant and 
nanosilica concentrations in distilled water as well as in 
brine was determined by comparing the height of foam 
directly after energetic one-minute shake out and after 
3 hours. Foam density defi ned as the volume ratio of 
liquid converted into foam to the volume of the created 
foams was determined after shaking5. Foaming ability was 
indicated in dynamic conditions according to a modifi ed 
Bikerman method3. In Bikerman’s classical method, a cer-
tain amount of liquid is poured into a graduated column 
and gas is bubbled at a constant fl ow rate in the liquid 
through some frit. The foam accumulates in the column 
and when the foam column height reaches a stable value, 
the gas input is closed and the foam column height is 
monitored versus time. In the case of gas wells without 
packer in certain operating conditions, the foam can be 
taken out in an annular space. The annular fl ow is used 
as a modifi cation of Bikerman method.  The formed 
foam was brought out of the column into a separate 
container. Test apparatus is presented in Figure 1.

RESULTS

Hydrophobic silica nanoparticles easily disperse in 
Sicol Z and create stable dispersions, after 24 hours 
there is no delamination. The appearances of dispersions 
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Foam formation is a complex process dependent mainly 
on the surface phenomena12, 14. Adsorption mechanism 
of solid particles as well as surfactant on the interfacial 
surface depends on the chemical substance character. 
In Figure 3 the Sicol Z impact and its dispersion with 
nanoparticles on the surface tension was presented.

with different concentrations of nanosilica are shown in 
Figure 2. The cost of the preparation of the proposed 
dispersion is low due to an easy availability of nanosilica 
and its low concentration in dispersion. 

Figure 1. Schematic illustration of the dynamic foaming test 
apparatus [3, modifi ed]

Table 1. Viscosity and density of the nanosilica dispersion/Sicol 
Z at 20oC

Figure 2. Appearance of the nanosilica dispersion/Sicol Z after 
24 hours. The concentrations of nanosilica (wt%) are 
shown in the Figure

Figure 4. Comparison of the effectiveness brine loading up by 
Sicol Z without and in presence of solid nanoparticles 
(0.5 wt%)

Figure 3. Isotherms of the surface tension for Sicol Z and 
Sicol Z/nanosilica mixture (4.61 wt%)

The produced dispersions are stable due to strong in-
teraction between the hydrophobic surface of silica and 
anionic as well as non-ionic surfactants molecules. Due 
to a complex composition of the used mixtures, a few 
adsorption mechanisms7, 11, 13 including ion exchange, ion 
pairing and hydrophobic interactions must be expected. 
Formation of nanoparticle - non-ionic surfactant aggre-
gates increasing the viscosity of dispersion and repulsive 
interactions between negatively charged nanosilica surfa-
ces and functional groups of anionic surfactants stabilize 
the obtained dispersions.

Liquid foaming additives are overcrowding in a constant 
way using capillary columns about diameter not greater 
than 9.5 mm. Such a solution causes higher consumption 
of surfactants in comparing to foaming sticks application. 
On the other hand, it reduces fl uctuation of the bottom 
pressure and allows for precise dosage of chemical agents. 
Embossed liquid in order to freely fl ow must have an 
appropriate density and viscosity, the addition of solid 
nanosilica signifi cantly impacts on these parameters, as 
it was described in Table 1.

From Table 1 it results that a maximum useful con-
centration of nanoparticles in the dispersion is about 
5 wt% , above this concentration the viscosity of mi-
xture considerably grows, what hampers pumping and 
creates the risk of freezing in surface installation parts 
in a winter period. 

Along with increase in the Sicol Z concentration a de-
crease of surface tension is observed, until it reaches 
critical micellar concentrations (CMC), above which the 
tension doesn’t change. For low surfactant concentrations 
the addition of hydrophobic nanosilica causes higher 
reduction in surface tension. In the presence of solid 
nanoparticles the interfacial area covers both surfactant 
particle and nanosilica; therefore dispersion has lower 
CMC than for pure Sicol Z.

The presence of nanoparticles in solution greatly 
impacts on the effectiveness brine unloading, what the 
foamability dynamic test confi rms (Fig. 4).

The applied measurement system (annular fl ow and 
narrowing at the outlet of foam) simulate actual diffi cul-
ties encountered by well operation. The measurement was 
conducted at room temperature and at a fi xed fl ow rate 
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of 1 m/s. A 100 ml sample of the foaming solution was 
introduced into the column. Some of the foaming solutions 
contain  Sicol Z at a 0.2 or 1 v/v% concentration in brine. 
Other tested foaming solutions contain the nanosilica dis-
persion/Sicol Z  at a 0.5 or 1 v/v% concentration in brine. 
The concentration of nanosilica in dispersion is 0.5 wt%. 
The mass of the liquid unloaded by foam versus time was 
used to quantify the effectives of the foam.

At low concentrations Sicol Z, below 0.2 v/v% (not 
shown in the fi gure), don’t arise to unload foam, i.e. 
formation of the foam is observed in the pipe, but in insuf-
fi cient amount to achieve the overfl ow pipe. In industrial 
practice the concentration of about 1 v/v% of foaming 
agent is usually applied; at this concentration Sicol Z 
unloads 39 g of the foam. The same amount of surfac-
tant, but with the addition of nanoparticles, increases the 
amount of unloading the foam up to 50 g. It is a great 
progress, since in real conditions it may remove even 
a few tons of water from the well per day, and the less 
water in this well the greater gas production. Dispersion 
shows the synergistic effect, nanoparticles application 
allows to reduce  the consumption of surfactant by half, 
at 0.5 v/v% of foaming the foam unloads 48 g of water.  

The effectiveness of unloading brine by nanoparticles 
dispersion can be simply explained by a thin layer struc-
ture on the gas bubble surface (Fig. 5).

Surfactants adsorb on the liquid-air interface, in such 
a way that hydrophilic functional groups are immersed 
in a liquid, and hydrophobic part are directed toward 
the air14. In a process of dewatering the liquid is trapped 
between two adsorbate monolayers and held by van der 
Waals forces through hydrophilic groups of the surfactant 
(Fig. 5a). Nanoparticles application causes that space 
between monolayers is bigger as a result of agglomer-
ates formation, in the process the fi lm of liquid becomes 
thicker and foam has a greater water capacity (Fig. 5b). 
About nanoparticles-surfactant agglomerates formation 
provides fl occulent precipitate visible after liquid evapo-
ration (Fig. 5c), in addition, brine and brine with Sicol 
Z were individually evaporated and any similar effect 
wasn’t observed.

One of the most important parameters, deciding about 
foams stability is salinity of water. Mineralization degree 
of underground Poland waters changes in a wide range 
(Table 2).

The effect of water salinity on unloading liquid amount 
during the foamability dynamic test presents Figure 6. 
Examination was conducted at the constant fl ow of gas 
for initial brine 100 g. Effectiveness of foaming 1 wt% of 
Sicol Z and 1 wt% of its dispersion (containing 4wt % 
of nanosilica) was compared.

The effectiveness of foaming is the greatest in both 
cases for distilled water. At high water hardness additive 
is completely ineffective. The cause of the phenomenon 
is ion exchange between electrolyte and foaming agent, 
in addition the last one forms a salt about worse surface 
properties5. Additionally, pH change of the solution 
causes that agent becomes less active and less soluble 
in water. Sodium chloride causes that the double elec-
tric layer of ionic surfactants is more compressed, what 
reduces the thickness of the surface fi lm. Space between 
adjacent bubbles tightens; in the process a smaller vol-
ume of water is unloaded. At medium water hardness 
the Sicol Z unloads about 41 g of foam.

Nanoparticles presence has a positive effect on brine 
foamability, because the presence of solid particles pre-
vents the contact of thin surfactant layers and allows to 
keep more water in the foam. Formed foam should be 
stable, i.e. drain only in surface installation parts. Foam 
instability is caused by draining, coalescence and diffusion 
phenomena6, 14. As the foam stability indicator the height 
of foam was assumed to be a minute and 3 hours after 
being shaking out. The results of foamability examination 
in static conditions are presented in Figure 7. Along with 
the increase of surfactant concentration the foam height 
increases, as well as its density. The more surfactant 
particles appear in the solution the more water can be 
trapped between adsorbed thin layers. Formed foams are 
not very stable, after 3 hours for high and low Sicol Z 
concentration there is more than twofold decline of foam 
height. The remaining foam has a residual character and 

Figure 5. a) Organization of surfactant particle on the interfacial surface; b) Formation of nanoparticles-surfactant aggregates [10, 
modifi ed]; c) Sediment after foam drained

Table 2. Mineralization of formation waters in main gas- and 
oil bearing formations of Poland15

Figure 6. Effect of water salinity on the unloading liquid ef-
fectiveness
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contains slight amounts of water, about 1–2 grams per 
100 g of applied brine. Along with the increase of sur-
factant concentration in the solution, the foam is formed 
more easily and quicker. Its structure changes: for low 
additive concentrations the formed foam is heavy, wet. 
Its built of a lot of small, closely compressed bubbles. For 
high surfactant concentrations big bubbles are formed, 
and the foam is light and relatively durable.

Foams containing nanoparticles behave much stabile; 
the residual foam height is only 15–20% smaller than 
initial. The arising spatial structure is stabilized by ag-
gregates; in the process nanoparticles perform a role 
of small bridges connecting neighboring thin adsorbate 
layers. Particles presence increases the viscosity of aque-
ous phase, what hampers foam drain. Nanoparticles 
concentration doesn’t impact in any signifi cant way on 
the foam height, at high concentrations the height slightly 
decreases, because increase a specifi c gravity of foam.

CONCLUSION

Forming of long-lasting foams has a great importance 
for petroleum-refi ning industry (removing formation wa-
ter, EOR methods and fl otation), hence intense progress 
in their examination. The conducted examinations showed 
that use of nanoparticles allows to increase the effi ciency 
of gas well deliquifi cation even up to 20%. Surfactant 
particle and nanosilica present synergistic action, use of 
4 wt% of nanoparticles in dispersion allows to reduce 
surfactant consumption up to half. Thanks to formation 
of nanoparticle-surfactant aggregates the foams are more 
stable, have a higher density (greater water capacity) 
and are more resistant to salinity. Due to the complex 
mechanism of interaction and great practical importance 
further research in this area should be conducted. 
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Figure 7. Liquid drainage behavior of Sicol Z as a function of surfactant concentration in the presence and absence of nanopar-
ticles


