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Preparation of Silicone Emulsion
Defoamer with Easy Separation
of Magnetic Hydrophobic Nanoparticles
To prepare lyophobic magnetic nanoparticles (LMNs) with
core/shell structure to be applied in silicone emulsion defoamer, magnetic nanoparticles covered with silica (MNS) were
prepared in a one-step process from FeCl3 · 6H2O, FeCl2 · 4H2O
and tetraethyl orthosilicate and then modified with poly
(methylhydrosiloxane). X-ray powder diffraction (XRD), scanning electron microscope (SEM), Fourier transform infrared
spectroscope (FTIR), thermogravimetric analysis (TGA), and
contact angle tests were performed to characterize the nanoparticles, and the droplets of the defoamer emulsion were observed with a microscope. The foam breaking and foam inhibition properties of the defoamer and the magnetic separation of
the particles were observed and recorded by a camera. It was
found that the silicone emulsion defoamer exhibited good
foam breaking and foam inhibition properties for foaming systems with anionic, cationic and non-ionic surfactants, respectively. The solid particles in the defoamer could be easily separated from the defoamed systems by a magnet.
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Herstellung eines Silikonemulsions-Entschäumers mit einfacher Abtrennung von magnetischen hydrophoben Nanopartikeln. Zur Herstellung lyophober magnetischer Nanopartikel (LMNs) mit Kern-Schale-Struktur, die in SilikonEmulsionsentschäumern angewendet werden sollen, wurden
magnetische Nanopartikel, die mit Siliziumdioxid (MNS) beschichtet sind, in einem einstufigen Prozess aus FeCl3· 6H2O,
FeCl2 · 4H2O und Tetraethylorthosilikat hergestellt und anschließend mit Poly(methylhydrosiloxan) modifiziert. Zur Charakterisierung der Nanopartikel wurden Messungen mit der Röntgenpulverbeugung (XRD), dem Rasterelektronenmikroskop (SEM),
dem Fourier-Transform-Infrarot-Spektroskop (FTIR), die thermogravimetrische Analyse (TGA) sowie Kontaktwinkeltests durchgeführt, wobei die Tröpfchen der Entschäumeremulsion mit dem
Mikroskop beobachtet wurden. Die schaumbrechenden und
schauminhibierenden Eigenschaften des Entschäumers sowie
die Magnetabscheidung der Partikel wurden mit der Kamera beobachtet und aufgezeichnet. Es zeigte sich, dass der Silikonemulsions-Entschäumer gute schaumbrechende und schauminhibierende Eigenschaften für schäumende Systeme mit anionischen,
kationischen bzw. nicht-ionischen Tensiden aufweist. Die Feststoffpartikel im Entschäumer konnten leicht mit einem Magneten von den entschäumten Systemen getrennt werden.
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1 Introduction

Undesirable foam is sometimes a major problem in industrial production [1 – 3]. A defoamer is regarded as the most
effective, economical, and convenient way to eliminate foam
[4, 5]. Commonly used types of defoamer in industry include
alcohols, phosphates esters, fatty acids, and silicones, etc.
[6, 7]. Defoamers should possess two functions: defoaming
and antifoaming, i. e. the abilities of foam breaking and foam
inhibition. Among the various types of defoamers, silicone
emulsion defoamer with oil phase, which is composed of
poly(dimethylsiloxane) (PDMS) and hydrophobic particles, is
widely used in detergent industry [8], food industry [9] and
medical field [10], etc.
Denkov has studied the defoaming process of silicone
emulsion defoamers with hydrophobic silica and described
the importance of hydrophobic particles as the essential active component for defoaming to reduce the \barrier to entry" [11]. The defoaming mechanism of silicone emulsion
defoamer is shown in Fig. 1. The defoamer is immersed in
the film of foam as oil droplets in which the hydrophobic
particles are dispersed. The hydrophobic particles keep the
droplets stable while reducing the \entry barrier" of the oil
droplets by destabilizing the asymmetric oil-water-air films
(\pin effect") (Fig. 1a).
Meanwhile, the oil droplets carry particles through the
Plato boundary between the foams and penetrate the foam
film to form an oil bridge (Fig. 1b). The bridge is stretched
until a thin oil film forms in the center of the bridge. The
entire foam film is destroyed by the rupture of the oil film
and the dewetting of the hydrophobic particles (Fig. 1c).
Based on the above mechanism, the hydrophobic particles
play an important role in the defoaming process. However,
these particles would not be separated but dispersed in the
solution after the end of defoaming process. In most cases,
these hydrophobic particles, which are usually lyophobic
modified silica, would not be seriously harmful, but in some
fields such as food industry, fermentation industry or pharmaceutical production, etc., the residues of these foreign
particles are unacceptable.
The traditional hydrophobic particles are small in size and
quantity, and there is no report about the separation of hydrophobic particles from the system after defoaming. Herein we designed a defoamer with lyophobic magnetic nanoparticles (LMNs). The LMNs were designed as a core-shell
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structure with the magnetic material as the core, which enables direct separation with a magnet, and the silica coating
as the shell, which is further lyophobically modified. Liu
et al. [12] modified Fe3O4@SiO2 by growing ZIF-8 to obtain
a hydrophobic magnetic adsorbent with a high specific surface area, which could efficiently adsorb bisphenol A and be
rapidly separated by a magnet. Qu et al. [13] hydrophobized
Fe3O4@SiO2 particles with octyl trimethoxy silane to form a
Pickering emulsion, and immobilized the enzyme on the
surface of the particles. Enzyme-loaded particles were used
as the catalyst for the esterification of 1-hexanol and hexanoic acid, and were separated easily with a magnet after reaction. However, no attention has been paid to the defoamer
with magnetic hydrophobic nanoparticles for separation.
In this study, we prepared magnetic nanoparticles covered
with silica (MNS) as the precursor by a one-step process and
modified MNS with polymethylhydrosiloxane (PMHS) to
obtain LMNs for the preparation of silicone emulsion defoamer. MNS and LMNs were characterized, and the defoaming and antifoaming abilities of the prepared defoamer and
the separability of the particles were tested as well.
2 Experimental
2.1

Materials

Tetraethyl orthosilicate, FeCl3 · 6H2O, FeCl2 · 4H2O, cyclohexane, Twen80, Span80, dodecyl trimethyl ammonium
bromide, ammonia solution (25 %) and sodium dodecyl

benzene sulfonate were purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd., China. Anhydrous ethanol was purchased from Wuxi City Yasheng Chemical Co.,
Ltd., China. Poly(dimethylsiloxane) (PDMS, viscosity values: 350 mPa · s and 500 mPa · s at 25 8C) and polymethylhydrosiloxane(PMHS, hydrogen content: 1.56 %)
were kindly supplied by Dow Corning(Shanghai) Co., Ltd.,
China. Hydroxyethyl cellulose was obtained from Nanjing
Profem chemical (Jiangsu) Co., Ltd., China. Lutensol A3N
and Lutensol A9N were obtained from BASF-Ypc Co., Ltd.
The Anti Sudsing Agent LN1414 was obtained from Advanced Chemical Co., Ltd. Distilled water was used in all
experiments. All the chemicals were used without further
purification.
2.2

Preparation of MNS

The one-step process which is combination of the co-precipitation method (synthesis of Fe3O4) and the Stober method
(coating of SiO2) was used to prepare MNS [14]. 3.65 g
FeCl3 · 6H2O and 1.35 g FeCl2 · 4H2O were dissolved in
60 ml water. The resulting solution was stirred for 10 min
at 60 8C in nitrogen atmosphere. After that 6 ml ammonia
solution was added, and the mixture was stirred for 2 h to
form a suspension with small magnetic core particles. Then
60 ml ethanol and 4 ml tetraethyl orthosilicate were added to
the suspension and stirred for 4 h to coat the magnetic paticles with silica. Afterwards, the particles were separated by
magnets, washed with ethanol and water for three times,
and dried in vacuum oven for 12 h at 60 8C to obtain MNS.
2.3

Preparation of LMNs

First, 1 g of the prepared MNS was dispersed in 30 g of cyclohexane by ultrasonication, then 1 g of PMHS was added
as a modifier and stirred for 30 min at 25 8C. After the modification, the particles were separated by magnets, washed
three times with cyclohexane and ethanol, and dried in vacuum oven for 6 h at 60 8C to obtain LMNs.
2.4

Preparation of silicone emulsion defoamer

0.35 g LMNs and 10 g PDMS (a mixture of 5 g PDMS with a
viscosity of 350 mPa · s and 5 g PDMS with a viscosity of
500 mPa · s) were mixed, heated to 180 8C, and stirred for
2 h to obtain compound A. The mixture was then mixed
with the emulsifier. The prepared compound A was mixed
with 2.5 g of emulsifier containing 29.1 % Twen80, 21.9 %
Span80 and 50 % Lutensol A3N (AEO-3), and with 30 g of
1 wt% aqueous hydroxyethylcellulose solution, then heated
to 50 8C and stirred at high speed for 30 min to obtain the
silicone emulsion defoamer.
2.5

Figure 1 The steps of silicone emulsion in defoamer breaking the foam film:
(a) Forming oil bridge with the \pin effect" of hydrophobic silica particles.
(b) The \bridging-stretching" effect. (c) The rupture of foam film
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Characterizations

The crystal forms of MNS were characterized by an X-ray
powder diffraction (XRD, Bruker D8 Advance) with Cu-Ka
radiation. The morphology of MNS and LMNs were observed by a scanning electron microscope (SEM, Carl Zeiss
AG GeminiSEM 300) at 5 kV acceleration voltage. The static
contact angles of particles were measured by an automatic
contact angle detector (Solon Tech SL200B), after the sample
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was pressed in a tablet (Shanghai Shengli SL252). The functional groups of particles were analyzed by Fourier transform
infrared spectrometry (FT-IR, Rayleigh WQF-510A). The thermal stabilities of particles were determined by a thermogravimetric analyzer (TGA, DTG-60H Shimadzu) at a heating rate
of 10 8C/min from 20 8C to 800 8C under air atmosphere. The
silicone emulsion defoamer was observed by an optical microscope GaleIV-3 from Cambridge Instruments.
2.6

Tests of defoaming and antifoaming abilities

The defoaming and antifoaming abilities of defoamer were
tested in the foaming solution of sodium dodecyl benzene
sulfonate (SDBS), dodecyl trimethyl ammonium bromide
(DTAB) and Lutensol A9N (AEO-9), which represent anionic, cationic, and non-ionic surfactants, respectively. The
Bartsch method [15] was chosen to measure the defoaming
and antifoaming abilities: 10 mL of 0.5 wt% foaming solution was added to a 100 ml measuring cylinder with stopper,
and the cylinder was shaken for 30 s at a frequency of
3 times/s to generate foam. The volume of original foam
was recorded as V0. Then ca. 50 mg of defoamer was added
to the measuring cylinder, and the volume of foam after 30 s
of defoaming was recorded as V1. Afterwards, the foam solution with defoamer was shaken for 30 s at the same frequency, and the volume of foam after antifoaming was
recorded as V2. Finally, we calculated the defoaming efficiency and the antifoaming property:
g1 ¼

V0 V1
 100 %
V0

ð1Þ

g2 ¼

V0 V2
 100 %
V0

ð2Þ

where g1 is the defoaming efficiency, g2 is the antifoaming
efficiency. Furthermore, the defoaming and antifoaming
properties of the blank emulsion (silicone emulsion without
LMNs) and the commercial defoamer Anti Sudsing Agent
LN1414 were also tested under the same conditions. All the
experiments were repeated three times, and the average and
standard deviation of the results were calculated.

Figure 3
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3 Results and discussion
3.1

Crystal forms of MNS

The XRD pattern of MNS was shown in Fig. 2. The diffraction peaks at 2h = 308, 35.448, 43.248, 53.548, 57.228 and
63.068 were indexed to the crystal planes of 220, 311, 400,
422, 511 and 440 respectively, which was consistent with
the standard spectra of Fe3O4 or c-Fe2O3, indicating that
the composition of the core was Fe3O4 or c-Fe2O3, or both
[16, 17]. The small peak near 2h = 18.228 was due to the existence of amorphous silica.
3.2

Morphology of MNS and LMNs

SEM images of MNS and LMNs were shown in Fig. 3. It can
be seen from the images that both MNS and LMN are
monodisperse particle aggregates with a particle size of
about 40 nm, and hydrophobic modification with PMHS
hardly changed the particle size and dispersion state.

Figure 2

The XRD pattern of MNS

The SEM images of MNS and LMNs
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3.3

Contact angles of MNS and LMNs

Ca. 10 mg sample powder was pressed into thin slice by
SL252 tablet press. Then the thin slice was put on the platform of SL200B automatic contact angle detector, and 10 lL
water was dropped onto the surface of the thin slice. The picture and data of the contact angle were recorded. As shown in
Fig. 4, the contact angle of the particle increased from almost
08 to 1428 after the modification of PMHS, indicating that the
particles changed from hydrophilic to strongly hydrophobic,
which met the requirements of defoamer.
3.4

FTIR determination of MNS and LMNs

The FTIR spectra of MNS and LMNs were shown in Fig. 5.
Both MNS and LMNs had broad peaks near 3 414 cm–1,
1 641 cm–1 and 1 100 cm–1, which corresponded to the
stretching vibration of –OH group, the bending vibration of
H–O–H bond and the symmetric stretching of Si–O–Si
bond, respectively. These were the characteristic peaks of
SiO2. Compared to MNS, additional peaks at 2 928 cm–1
and 2 858 cm–1 were detected in the spectrum of LMN,
which corresponded to the tensile vibration of the –CH3
and –CH2 groups introduced by PMHS, while the peaks observed at 1 411 cm–1 and 2 167 cm–1 are due to the bending
vibration of the Si–C group and the stretching vibration of
the Si–H group in the PMHS structure, respectively [18].
All these bands indicated that PMHS was grafted onto the
surface of SiO2 shell.
3.5

Figure 5 The FTIR spectra of MNS and LMNs. Conditions of measurement:
The sample powder was mixed with KBr, and the mixture was pressed at
10 MPa for 30 s. The range of wavenumber was 450 cm–1–4 500 cm–1

Thermal stability of MNS and LMNs

The TGA curves of the MNS and LMNs in the air atmosphere are displayed in Fig. 6. The weight loss of the two
types of particles below 120 8C was mainly due to the loss
of free water adsorbed on the surface. The loss of free water
of LMNs was obviously less than that of MNS because of the
hydrophobic modification. The weight loss of MNS in the
range of 120 8C to 800 8C was caused by the dehydrogenation
of silicon hydroxyl on the surface of silica shell. For LMNs,
the weight loss between 120 8C and 800 8C was associated
with the thermal decomposition of surface-grafted PMHS
chains and dehydration of the remaining silicon hydroxyl.
Above 450 8C the weight loss of LMNs was essentially the
same as that of MNS, indicating that the thermal decomposition of surface-grafted PMHS was essentially complete at
450 8C.

Figure 6 The TGA curves of MNS and LMNs,Conditions of measurement:
Air atmosphere. The rate heating was 10 8C/min. The range of temperature
was 25 8C–800 8C

Figure 4 The static contact angles of MNS and
LMNs. Conditions of measurement: The sample
powder were pressed at 10 MPa for 30 s. The thin
slice was placed on a glass slide, and 10 lm water
was dropped on the surface of sample under the
room temperature
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3.6

Characterization and tests of silicone emulsion defoamer

The suspension was sampled and observed with a light microscope. The photos in Fig. 7a show that the prepared silicone suspension is uniform and has the brownish-red color
of c-Fe2O3. In the microscopic image, droplets containing
brownish-red LMNs particles are clearly visible in the emulsion. The size distribution of the droplets was calculated
with software and the result is shown in Fig. 7b. The average
size of the emulsion droplets was (10.19 € 5.08) lm.
As the photos in Fig. 7c – 7e show, that the foam generated
in the solutions as described in Section 2. 6 was eliminated
after the addition of the defoamer, and the regeneration
power of the foam was greatly reduced. After defoaming, no
colored oil spots were observed on the wall, which means that
all particles were suspended in the liquid.
The results of the defoaming and anti-foaming experiments
are shown in Fig. 8. Solutions of 0.5 wt% each of SDBS and
DTAB and AEO-9, respectively, were prepared and foamed.
The defoamer prepared with LMN was added to these surfactant solutions. It was found that the defoamer prepared with
LMN has both defoaming and anti-foaming properties. Within
30 s, a defoaming efficiency of 100 % was achieved for all
three surfactant solutions. The antifoaming efficiency was also
more than 90 % with the silicone defoamer with LMN. In
comparison, the defoaming and antifoaming properties of
the silicone oil emulsion without LMNs (blank sample) were

significantly worse than those of the defoamer with LMNs
for all surfactant solutions studied, indicating the important
role of hydrophobic magnetic nano particles for the defoamer.
The commercial defoamer LN1414 had good defoaming and
anti-foaming properties in the SDBS solution and the AEO-9
solution, but its defoaming ability was not satisfactory in the
DTAB solution. The obtained results show that the defoamer
with LMN particles prepared in this work seems to have better
defoaming and defoaming performance with SDBS, DTAB
and AOE-9 surfactant solutions compared to the commercial
defoamer LN1414. However, the situation could be completely
different if tested with a different foaming solution, since a defoamer is a specialty chemical whose action is specifically tailored to its application. Therefore, different defoamers have
their own suitable applications, and it is difficult to say which
one is better.
We also found that the antifoaming ability of the defoamer
in the foaming solution of SDBS was generally lower than
that in the DTAB and AEO-9 solutions, which might be because the nature and structure of the foaming surfactant can
influence the antifoaming effect. The charges on the hydrophilic head of the anionic surfactant SDBS ensured that both
sides of the foam film had the same charge, so the repulsion
of the charges can protect the foam film from thinning. The
defoamer had the strongest defoaming effect in the foaming
solution that contained the nonionic surfactant AEO-9, because the foam produced by AEO-9 was the least with its low-

Figure 7 (a) The photograph and optical micrograph of the silicone emulsion. (b) The distribution of defoamer emulsion’s droplet size. The photos of (1) original foam, results of (2) defoaming experiment and (3) antifoaming experiments in 0.5 wt% (c) SDBS, (d) DTAB and (e) AEO-9 as foaming solution
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Figure 8 The defoaming and antifoaming efficiencies of the defoamer with LMNs, the blank
emulsion without LMNs and Anti Sudsing Agent
LN1414 in 0.5 wt% SDBS, DTAB and AEO-9 solution

er charge repulsion. Comparing SDBS with CTAB, the hydrophilic end of SDBS is not as branched as that of DTAB. When
the surfactant molecules were arranged at the interface of the
foam film, the molecules of SDBS showed a more compact
state, so that the foam film could restore the foam state more
quickly. For CTAB, the absorption layer of surfactant molecules on the liquid film was not so compact due to branching.
Therefore, the defoamer showed a better antifoam effect in
the foam produced by DTAB. But in general, the defoamer
had good defoaming and anti-foaming efficiency for all foams
generated with the three surfactant types.
To investigate the effect of acid or alkali on the defoaming
and antifoaming effect of the defoamer, the pH value of
foaming solution was adjusted from 2 to 12 by HCl or NaOH.
From Fig. 9a, it can be seen that the defoaming effect of
the defoamer in the foaming solution of the three surfactants changed little in the pH range from 2 to 12. From
Fig. 9b, it can be seen that the defoaming effect of the defoamer in the foam solution of the three surfactants became
lower when the pH was lower than 4, and that it also became lower in the foam solution of the two ionic surfactants
SDBS and DTAB when the pH increased up to 8.
Although the silica layer was modified by PMHS, a residue
of unmodified –OH remained, which determined the surface
charge properties of the particles. The zero charge point of silica is pH 2.5, so when the pH was close to 2, the charges of
the particles became zero and the repulsion became weaker,
which was not conducive to the diffusion of the particles and
was unfavorable to the antifoam effect of the particles. When
the pH was greater than 8, there were more negative charges
on the particle surfaces, which caused the particles to approach (for surface activity of the cationic surfactants) or repel
(for surface activity of the anionic surfactant) the hydrophilic
head of the surfactants, which was not conducive to the occurence of antifoaming at the interface. For the newly added particles, defoaming occurred in a short time, and the effect of
acid or alkali on the surface charge property of the particles
was not obvious, so it had little effect on the defoaming effect.
As the photos in Fig. 10 show, the added defoamer was
dispersed in the foaming solutions of the three surfactants
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Figure 9 (a) The defoaming time and (b) the antifoaming efficiency of defoamer in foaming solutions with different pH of defoamer in foaming solutions with different pH
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Figure 10 The magnetic separation of the defoamer particles from the
0.5 wt % (1) SDBS (2) DTAB (3) AEO-9 foaming solution

and the suspensions were all uniform. By applying an external magnetic field, the magnetic particles of the defoamer
collected in the direction of the magnet and were easily
separated from the foaming solution.
4 Conclusions

In conclusion, core-shell magnetic hydrophobic particles,
LMNs, were prepared and applied in a silicone emulsion defoamer. The defoamer showed good defoaming and antifoaming efficiency in foaming systems of different surfactants, even in the acidic or alkaline environment. All the
hydrophobic particles in defoamer could be directly separated by magnet, which can effectively reduce the residue or
contamination in the foaming solution.
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