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ABSTRACT: It is common for crude oil from wells to be
accompanied by gas and water because of the presence of
natural surfactants in the oil that stabilize the associated
water. This causes foaming during processing in gas/oil
separators because of the constant agitation and shear
forces, which reduce the efficiency of the process and
require chemical control by the addition of defoaming
additives, or antifoams. In this work, we evaluated the
chemical and physicochemical properties of commercial
antifoam products based on silicone polyethers along with
their efficiency in inhibiting foaming and water/oil (W/O)
phase separation. The commercial surfactants were charac-
terized by NMR spectroscopy, size exclusion chromatogra-
phy, determination of solubility in different solvents, and
measurement of the surface and interfacial tensions.

A method to test the formation of foam in oil was used to
mimic the operating conditions in gas/oil separators.
Finally, tests were performed with the addition of aliquots
of the additive solutions (30% p/v) in oil to evaluate their
efficiency in breaking up the foam under different condi-
tions. The results show that the most polar additive (SL2)
was the most efficient in breaking up the foam. Additive
SP1, which formed a heterogeneous phase in the oil, was
also an efficient foam inhibitor and helped to separate
these phases. The antifoam tests showed that these addi-
tives did not stabilize W/O emulsions, so they could be
used in gravitational separation tanks in the field. VC 2011
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INTRODUCTION

In oilfields, gravitational separation tanks are gener-
ally used to separate the oil, gas, and water phases,
remove emulsifying reagents present at the phase
interfaces, and permit the coalescence of the water
droplets associated with the crude oil being pumped.
Although there are many factors that influence the
performance of these separators, the main problem is
the formation of foam because this hampers mechani-
cal control of the liquid and can lead to spills from
tanks and equipment. Besides this, foam takes up
space in the tanks, reduces the separation capacity
and efficiency, and increases the drag of the liquid
phase in the gas phase and vice versa, sometimes to
the point of requiring shutdowns of the process.1

The stabilization of water in oil (W/O) is caused
by the presence of natural surfactants in crude oil
(asphaltenes, resins, and other components) that

form an emulsion. This fluid, when subjected to a
shearing process, leads to the formation of foam,
which is stabilized by these surfactants.2,3

The injection of silicone additives has been used
for many years to control foam in crude oil in gravi-
tational separators. Despite the excellent efficiency of
these additives, oil companies want to reduce the
quantity of silicone in their processes because this
product can lead to the deposition of silica at the
surface of catalysts during the hydrotreatment step
at refineries and reduce their efficiency.4

Laboratory tests are important because they allow
a better understanding of the behavior of the anti-
foam additives in different conditions of the separa-
tion process and contribute to an improvement in
the separation efficiency.5

Fraga et al.5 developed a method to evaluate
foaming in crude oil in the laboratory to mimic the
operating conditions in gas/oil separators in the
field. This method was employed with six crude oil
samples of different origins, and the performance
was tested on silicone antifoams with different
molar masses in two of these oil samples. The
results show that the oils with high viscosity did not
generate foam, even when they had high levels of
foam-stabilizing species (resins and asphaltenes). On
the other hand, the oils with low viscosity had a low
foam volume, and the foam had a low stability
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because the liquid drained between the foam lamel-
lae. Therefore, the viscosity of crude oils is a deter-
mining factor in predicting whether or not a foam
will form and, if so, its stability over time.

In another work,6 the performance of different
additives based on polyethers was assessed on foam
breakdown through this method. The best perform-
ing silicone polyether sample was the most polar
one, which could form heterogeneous particles in
the medium and destabilize the foam. This additive
was also the one that reduced the crude oil’s surface
tension the least; this showed that this silicone poly-
ether acted more within the medium than at the sur-
face of the liquid film. Among the poly(ethylene
oxide)–poly(propylene oxide) block copolymers tested,
the most efficient was that with the greatest affinity
for water (the most polar). It was also the additive
that least reduced the oil sample’s surface tension.

In this study, we evaluated the efficiency of sili-
cone polyether-based additives as antifoams for the
petroleum industry. In addition, we also evaluated
the efficiency of these additives in the breakdown of
W/O emulsions. Because antifoam additives are
mainly used in gravitational separation tanks, it was
also very important to evaluate their influence on
the separation of the water and oil phases.

EXPERIMENTAL

Materials

We evaluated the foam-inhibiting potential of six sam-
ples of silicone polyethers with different molar masses.
The samples were donated by Momentive (São Paulo,
Brazil). All of the samples were used as received, and
the structures of the samples were provided by the do-
nor company. The samples in this study were called
SL1 and SL2 (samples with linear chains) and SP1,
SP2, SP3, and SP4 (samples with branched chains).

The crude oil sample used was from a Brazilian
well and was donated by Petrobras (Rio de Janeiro,
Brazil). It was also characterized with regard to den-
sity by the determination of the levels of saturated
hydrocarbons, total aromatic hydrocarbons, resins,
and asphaltenes (Table I).6,7

The solvents cyclohexane, decane, cyclohexane,
and n-heptane were used to evaluate the solubility of
the antifoam samples. All of the solvents were pro-
vided by Vetec (Rio de Janeiro, Brazil) and were used
as received.

Methods

NMR and size exclusion chromatography (SEC)
analysis of the additives

The NMR tests were performed in a Varian Mercury
300 NMR spectrometer (São Paulo, Brazil) operating at

a frequency of 300 MHz for the 1H-NMR analyses.
Samples (15 mg in 2 mL of deuterated chloroform)
were placed in a 10-mm o.d. test tube, and the probe
temperature during spectra acquisition was set at 30�C.
The SEC analyses were performed in a Waters 600E

size-exclusion chromatograph (São Paulo, Brazil) with
a refractive-index detector and columns containing
styrene–divinylbenzene copolymer (104–103–500–100
Å). The solvent used was tetrahydrofuran. The cali-
bration curve was obtained with polystyrene stand-
ards with small molar masses. This technique permit-
ted us to obtain the average numerical molar mass.

Preparation of the solutions

All of the solutions used in this study were obtained
by dissolution of the samples of silicone polyether in
toluene. The mass of the samples and the volume of
the solvent were calculated to obtain a concentration
of 30% w/v, which is commonly used in oil fields.
The volume necessary to conduct each test was
taken from these solutions.

Solubility tests

The solubility tests of the silicone-based surfactant
samples were performed in a test tube immersed in
a beaker containing water and placed over an agita-
tion and heating plate. Solutions containing 10% w/v
of each additive were heated and then cooled. The
temperatures were determined by a thermometer
placed in the test tube. The temperature range ana-
lyzed was 10–75�C.
Triplicates were prepared of each solution, and

there were cloud-point temperature readings for
each solution, which were determined by the aver-
age between the temperature at which the first indi-
cation of clouding appeared and the temperature at
which the clouding disappeared.

Determination of the surface tension of the
samples

The values of the surface tension or interfacial ten-
sion of the systems were obtained by the Du Nöuy
ring and pendant drop methods.

TABLE I
Chemical Composition and Density Values of the Oil

Samples

Property Petroleum

Water content (wt %) 0.05
Density (� American Petroleum Institute (API)) 21.2
Hydrocarbons 40.7

Saturates (wt %)
Aromatics (wt %) 34.1
Resins (wt %) 22.9
Asphaltenes (wt %) 2.4
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All of the measurements were made in triplicate,
and only the values with variations of less than 1
mN/m were considered.

Du Nöuy method

The surface tensions of the additives and additive
solutions (in toluene at a concentration of 30% w/v)
were measured by the Du Nöuy ring method with a
Krüss K10ST digital tensiometer (São Paulo, Brazil)
at 30�C. The values of the interfacial tension oil/
additive solution and W/O with additives dissolved
in the oily phase were also determined.

Pendant drop method

The surface tensions of the oil samples, with or with-
out aliquots of the additive in toluene (30% w/v),
were measured by the pendant drop method with an
automatic goniometer (model OCA-20, Dataphysics
(São Paulo, Brazil)). All of these measures were car-
ried out at 25�C. These measurements were per-
formed to observe the activity of the additive on the
surface of oil as a function of time

Tests of the additives’ efficiency as antifoams

The tests with the oil sample were performed with a
procedure described in previous works5,6 and under
preselected conditions (pressure ¼ 200 psi, tempera-
ture ¼ 60�C, and conditioning time ¼ 1 h). Different
aliquots of solutions containing 30% w/v of the
silicone-based antifoaming additives were added
during the tests to evaluate the efficiency of these
additives by this methodology. All of the tests were
run in duplicate.

The foam height was read at intervals of time
until constant consecutive values were attained; this
indicated the total breakup of the foam. The percent-
age foam formed in each interval was calculated
with eq. (1):

Foam %v=vð Þ ¼ H �HF

HF
� 100 (1)

where H is the height reached by the foam on the
scale at each time interval and HF is the final height
reached by the liquid after all of the foam was
destroyed.

Tests of the gravitational separation efficiency of
the samples

The performance of the additive solutions prepared
as described previously was evaluated with W/O
gravitational separation tests, or bottle tests, to
test the as-prepared emulsion. The test and the

emulsion preparation were described in previous
publications.8–10

The efficiency of each formulation used in these
tests was calculated by application of eq. (2):

EFWO ¼ ðVWS=VWTÞ � 100 (2)

where EFWO is the efficiency of the gravitational sep-
aration of water and oil (vol %), VWS is the volume
of water separated during the test (mL), and VWT is
the volume of total water inside the test tube (mL).
The performance of silicone polyether samples at

a concentration range between 40 and 1200 ppm
active matter of the product was evaluated by the
bottle test with the prepared emulsion. Tubes con-
taining the emulsion and surfactant were shaken
vigorously in a heated bath at 60�C. The separation
of water was read at intervals of 5, 10, 15, 20, 25, 35,
45, 55, 65, and 75 min.

RESULTS AND DISCUSSION

Characterization of the additive samples

According to the company that donated the samples,
they were composed of two types of silicone poly-
ether. The structures are shown in Figures 1 and 2.
The 13C-NMR analysis of the commercial silicone
samples (SL1 and SP1) are shown in Figure 3. The
others presented similar spectra, with variations in
the chemical shift areas.
The silicon content in the linear chains was

obtained by calculation of the number of carbon
atoms (B) and according to the same procedure
shown in a previous work.5 The concentrations (n’s)
of the ethylene oxide (EO) chains were calculated by
subtraction of the average molar mass numbers cal-
culated by SEC from the molar masses calculated for
the remainder of the molecule (from the results
obtained by NMR).
For branched samples, the silicon and EO concen-

trations in the chains were calculated by the follow-
ing equations:

2zþ wþ 6 ¼ A (3)

w ¼ B (4)

2nw ¼ C (5)

where A is the total area of peaks located between
�2 and 2 ppm, B is the peak area located at 22 ppm,
C is the total area of peaks located between 69 and
72 ppm, z is the number of silicone units not substi-
tuted, w is the number of silicone units substituted,
and n is the number of EO units.
The values obtained from these equations were

added in another equation [eq. (6)], suggested from
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the molecular weight of each part of the branched
silicone polyether chains:

74zþ 118wþ 44nwþ 162 ¼ Mn (6)

where Mn is the number-average molecular weight
of each additive.

The silicon and EO concentrations obtained for the
silicone polyether samples by 13C-NMR and their
molecular weights are shown in Table II.

We observed that samples SL1, SL2, and SP1 had
silicone chains with lower molecular weights in
their structures, which were similar. Moreover,
sample SL2 had a higher content of EO units than
sample SP1.

Samples SP2 and SP4 had silicone chains with the
highest molar masses (near each other). In this case,
sample SP4 was more polar because of its higher EO
content.

Finally, sample SP3 appeared to have silicone and
EO chains of intermediate size in relation to the two
groups described previously.

Solubility tests of the additives

The solubility tests of the silicone polyether samples
were conducted at 10% w/v in different solvents
with different solubility parameter values (d): water,
acetone, toluene, cyclohexane, and n-heptane.

The results show that all of the samples were solu-
ble in solvents with solubility parameters between
those of acetone (20.3 MPa1/2) and n-heptane

(15.1 MPa1/2). This behavior was due to the amphi-
philic nature of these materials. Sample SL2 was
also soluble in water, and SL1 and SP1 were par-
tially soluble in this solvent.
These results agree with those obtained previously

from the chemical structures of these additives
(Table II): SL1, SL2, and SP1 were more polar
samples.

Determination of the surface tensions of the
samples

The surface tensions of the oil sample, with and
without the presence of the additive solutions, are
shown in Figure 4. The purpose of these measures

Figure 1 Linear chain structure of silicone polyether.

Figure 2 Graft chain structure of silicone polyether.

Figure 3 13C-NMR spectra of samples (a) SL1 and (b)
SP3. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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was to analyze the surface behavior of the oil sam-
ples after the addition of each antifoam solution.
The temperature was 25�C, and the measurements
were interrupted after 10 min of testing.

Analysis of the surface tensions of the oil showed
that the presence of the additives reduced the oil’s
surface tension because of the amphiphilic character
of the additive molecules. The SP1 and SL2 samples,
which were more polar (Table II), caused the small-
est reduction in the surface tension values. This
behavior indicated that these samples were less
adsorbed on the surface and, consequently, were
more dispersed in the oil medium.

The other sample from the group with low sili-
cone content but with lower polarity (SL1) reduced
the oil’s surface tension more; this indicated that its
molecules were adsorbed more easily at the oil’s sur-
face. For these three samples (SL1, SL2, and SP1),
the surface tension values stabilized after approxi-
mately 5 min.

On the other hand, for the samples with higher
molar masses (SP2, SP3, and SP4; Table III), the oil’s
surface tension declined more slowly, and even at
the longest time interval tested (10 min), these val-
ues were still declined slightly.

We expected the silicone polyether samples with low
molar masses (SL1, SL2, and SP1) to be homogenized in
the oil more easily. However, for these samples, the
higher polarity of SL2 and SP1 appeared to reduce the
solubility of these additives in the oil and promote
the formation of a heterogeneous phase in this medium;
this hampered or even prevented the diffusion of their
molecules to the oil surface. On the other hand, the
hydrophilic–lipophilic balance of the other additives
(SL1, SP2, SP3, and SP4) with respect to the silicone
chains appeared to make their molecules more soluble
in oil; it also facilitated their migration to the oil/air
interface and reduced the surface tension of this system.

The surface tension values of the additives and
additive solutions and the interfacial tension

between the oil sample and pure silicone polyether
additives were measured by the Du Noüy ring
method (Table III). These measures were performed
to calculate three coefficients: entering (E), stretching
(S), and bridging (B); these were derived from the
change in the free energy when the oil droplet pene-
trated the air/water interface or spread on the sur-
face:11

E ¼ raw þ row � roa (7)

S ¼ raw � row � roa (8)

B ¼ r2
aw þ r2

ow � r2
oa (9)

where raw is the air/water interfacial tension, row is
the oil/water interfacial tension and roa is the oil/
air interfacial tension. The more positive the coeffi-
cient is, the more important the phenomenon is to
foam suppression.
If E > 0, the droplet penetrates at the air/water

interface, whereas if S > 0, the oil spreads, forming
a thin duplex film on the surface and causing the
foam cells to rupture.11

In the particular case of this work, the air/water
surface was replaced by the air/petroleum surface,
and the oil was formed of molecules of the additive.
For the additive solutions (Table III), the highest

surface tension values were obtained with the sam-
ples having greatest polarity. These altered the sur-
face tension of toluene the least (28.6 mN/m) among
the group of samples with similar molar masses.
The values of E and S and the bridging coefficient

(B) calculated from the results shown in Table III are
displayed in Table IV. E and the bridging coefficient
were positive in all of the systems analyzed; this
indicated that these systems could act as antifoam-
ing agents for crude oil. Also, there appeared to be

TABLE II
Characterization of the Antifoam Additives

Sample Mn
a Mw

b Mw/Mn zc wd ne Mn
f

SL1 2085 2648 1.2 8 — 15 —
SL2 2378 2635 1.1 7 — 19 —
SP1 5648 7980 1.4 9 5 17 5158
SP2 13649 21769 1.6 50 7 30 13928
SP3 12019 15435 1.3 35 7 25 11116
SP4 14227 21927 1.5 45 7 36 15406

a Mn, number-average molecular weight obtained by SEC.
b Mw, weight-average molecular weight obtained by SEC.
c z, number of nonsubstituted silicon units.
d w, number of silicon units substituted.
e n, number of EO units.
f Mn, number-average molecular weight obtained by

NMR [eq. (6)].

Figure 4 Variation of the surface tension as a function of
time for samples of pure oil and after the addition of addi-
tive solutions at a concentration of 40 ppm.

EFFICIENCY OF SILICONE POLYETHER ADDITIVES 4153

Journal of Applied Polymer Science DOI 10.1002/app



two bridging mechanisms at work: bridging–stretch-
ing and bridging–dewetting.12

We also used the Du Noüy ring method to mea-
sure the tension at the interfaces of the emulsions
formed by water droplets dispersed in the oil. These
emulsions are often present in gravitational separa-
tion tanks.

These measurements were conducted with the
additive solutions mixed in the oil phase of the
emulsion because these are more stable in this
phase.

These results indicate that the more polar samples
had greater adsorption at the W/O interface; this
resulted in greater reduction of the W/O interfacial
tension.

Tests of the additives’ efficiency as antifoams

The tests were performed with additive concentra-
tions of 30 wt % with the additives dissolved in tol-
uene. Aliquots of these formulations were added to
the crude oil sample so that the final additive con-
centrations in the oil were 20 and 50 ppm.

Figures 5 and 6 show the results for each test. To
evaluate the influence of toluene in breaking up the
foam, we also ran the tests only with the presence of

this solvent at the same concentration of 50 ppm. These
results are shown in Figure 6. It could be seen that tolu-
ene had little influence on the stability of the foam.

TABLE III
Surface Tension of the Additives and Interfacial Tension of the Additives/Petroleum

Additive

Surface tension
of the additive

(mN/m)

Surface tension
of the additive

solution (mN/m)a

Interfacial tension
of the additive/

petroleum
(mN/m)

Interfacial tension
of the water/petroleum

(mN/m)b

—c — — — 23.4
SL1 22.6 25.8 19.3 19.4
SL2 22.5 26.5 20.5 20.4
SP1 22.5 26.4 20.9 20.9
SP2 22.4 25.8 22.7 21.5
SP3 —d 25.7 22.3 22.0
SP4 22.4 26.1 22.1 21.8

Error of the measures ¼ 6 0.1 mN/m; surface tension of the solvent (toluene) ¼
28.6 mN/m; surface tension of petroleum ¼ 31.0 mN/m.

a The solution concentration was 30 wt % (additive in toluene).
b With aliquots of the additive solutions dissolved in the oil phase.
c In the absence of additives.
d Measurement not carried because the sample was solid.

TABLE IV
E and S Values

Additive E (mN/m) S (mN/m) B (mN2/m)

SL1 27.7 �10.9 823
SL2 29.0 �12.0 875
SP1 29.4 �12.4 891
SP2 31.3 �14.1 974
SP3 — — —
SP4 30.7 �13.5 948

B, bridging formation coefficient.

Figure 5 Efficiency tests of the silicone polyether solu-
tions as antifoaming additives in the oil: (a) linear chain
and (b) graft chain samples.
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For all of the silicone polyether samples, the
results show that the solution with the lowest addi-
tive concentration (20 ppm, Fig. 5) did not break
down the foam.

At a higher concentration (50 ppm, Fig. 6), com-
parison of the linear samples showed that sample
SL2 was more efficient than SL1 in destroying the
foam because, after formation, it was very unstable
and broke up completely in under 90 s.

According to ref. 13, the activity of antifoams
strongly depends on their capacity to penetrate the
gas/water interfacial barrier and rupture the liquid
film formed.

As seen in the surface tension results of the oil
samples (Fig. 4), additive SL2 had little effect in
reducing the surface tension of the crude oil; this
indicated that this silicone polyether acted more
within the foam’s liquid film than at its surface.

In the presence of branched silicone polyether
additives, the results show that sample SP1 (Fig. 6)
performed better in the breaking down the foam
than the other samples with branched structures.

This fact could also be attributed to the behavior
observed previously in the surface tension results of
the oil sample (Fig. 4): this additive did not signifi-
cantly reduce the oil’s surface tension. This indicated
that the hydrophilic–lipophilic balance of its mole-
cules caused the formation of a heterogeneous phase
in the oil medium and favored its antifoaming
action.
The SL1, SP2, SP3, and SP4 additives caused the

largest reduction in surface tension values of the oil
sample and also stabilized the foam formed because
of their adsorption on this surface and low disper-
sion in the oil medium.
Finally, among the samples that were most effi-

cient (SL2 and SP1), SL2 reduced the foam the fast-
est. This behavior could be attributed to its lower
molecular weight, which provided a better distribu-
tion of its molecules in the oil medium and caused
faster breakage of the liquid foam film
This behavior was in agreement with the results

reported in ref. 14, which showed that antifoam
additives were initially deposited on the surface of
the solution in the form of large, oily drops. The
compound was dispersed during agitation of the
foaming solution, and this was greatly facilitated
when the components diffused well at the solution’s
surface. If the compound was highly viscous and/or
did not diffuse well, its dispersion could be
impaired, and as a result, the antifoam activity could
decline.

Tests of the gravitational separation efficiency of
the samples

The performance of the additives in destabilizing the
W/O emulsions was evaluated by the bottle test.10

To evaluate the stability of the synthetic W/O

Figure 6 Efficiency tests of the silicone polyether solu-
tions as antifoaming additives in the oil: (a) linear chain
and (b) graft chain samples.

Figure 7 Efficiency of the gravitational separation of the
synthetic W/O emulsion of the polyether silicon additives
at a concentration of 50 ppm (temperature ¼ 60�C).
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emulsions used in this study, emulsions with salt-
water as the aqueous phase and the crude oil sample
as the oil phase were prepared without any additive.
These emulsions were then placed in a heated bath
at the temperature for carrying out the gravitational
separation tests (60�C). The W/O emulsions
remained stable after 70 min, a sufficiently long pe-
riod for the addition of any of the additives to cause
them to destabilize if there had been any antifoam-
ing action.

Figure 7 shows the curves for gravitational separa-
tion tests after the addition of 50 ppm additive solu-
tion. The results of these tests show that although all
the samples reduced the W/O interfacial tension,
which indicated the adsorption of their molecules at
this interface, these additives did not stabilize the
emulsions. This behavior could be observed by the
breakdown of the emulsions promoted by the pres-
ence of these additives, even when they only caused
a small water separation. Sample SP2 did not cause
any separation of the W/O phases; this indicated a
possible stabilization of the emulsion. However, fur-
ther studies are necessary to confirm the behavior of
this additive.

Sample SP1, which was efficient as an antifoam
agent (Fig. 6), also helped break down the W/O
emulsion, as shown in Figure 7. On the other hand,
sample SL2, which was the best antifoam additive,
did not help in this process, although this additive
also did not increase the stability of this emulsion.
Therefore, we concluded that the samples with good
antifoam activity could be used in gravitational sep-
aration tanks without impeding the efficiency of the
process of breaking down W/O emulsions.

Finally, from the results obtained, we concluded
that more efficient separation of the W/O phases
could be obtained by an increase in the concentra-
tion of silicone in the chains of these additives,
mainly observed in the curves of samples SP1, SP3,
and SP4. However, the low polarity of sample
SP2 [observed by the ratio between the levels of
poly(ethylene oxide) and silicone of these samples;
Table II] reduced the efficiency of this additive.

CONCLUSIONS

The hydrophilic–lipophilic balance of the chains of
silicone polyether was the determining factor for
their efficiency in breaking down foam in crude oil.
Among the samples evaluated, the most polar ones
and those with the lowest silicone content were the
most efficient in this application.

Of the best antifoam additives (SL2 and SP1), that
with the lowest molar mass (SL2) was most efficient
because of the better distribution of its molecules in
the petroleum medium; this caused faster rupture of
the liquid foam film.
The samples with the highest molar masses and

lowest polarity stabilized the foam formed in the oil
because of their greater adsorption at the oil’s
surface.
E and the bridging coefficient (B) calculated were

positive; this indicated that these systems could act
as antifoam agents for crude oil, with the most prob-
able mechanisms being the formation of bridges and
stretching.
None of the additives tested caused stabilization

of the W/O emulsions. The efficiency in separating
these phases increased with higher silicone content,
but the least polar sample did not cause any separa-
tion of these phases.
The results obtained in this work allowed us to

conclude that the assessment of additives for the
demulsification of crude oil should be carried out
together with their evaluation as antifoam agents
because good demulsifiers can cause the stabilization
of foam in oil.

The authors thank the PETROBRAS Research Center (CEN-
PES) for donating the petroleum samples and Momentive
(Brazil) for donating the additive samples.
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