DOI: 10.6060/ivkkt.20216403.6321
V]IK: 544.722.3:544.773

I'niPOPOBU3ALINA YACTUL KPEMHE3EMA PA3JIMMHBIMU KATUOHHBIMHA
MHOBEPXHOCTHO-AKTUBHBIMU BEHIECTBAMUA

A.B. Hymiraesa, H.I'. BunikoBa

Anna BnagumupoBna Hymraesa *
Kadenpa nouBoBenenus, arpoxumMun 1 XuMuu, [leH3eHCKnli ToCy 1apCTBEHHBIN arpapHblii YHUBEPCUTET,

yi. borannueckas, 30, [lensa, Poccuiickas @enepanus, 440014
E-mail: nushtaeva.alla@yandex.ru *

Haranss ['eoprueBna Bunkosa

Kadenpa ¢usuku m xumun, [leH3eHCKU TOCyAapCTBEHHBIN YHUBEPCHUTET apXUTEKTYPHl U CTPOUTEIHCTBA,
yia. 'epmana Turona, 28, [lensa, Poccuiickas ®eneparus, 440028

E-mail: ngvilkova@mail.ru

Yacmuuywl kpemnezema paouycom 3-7 Hm (n1000kc u apocu) u 270 um (cunmesuposan-
Hble memooom Cmobepa), moougpuyupoeannvie yemuampumemunammonus opomuoom (CTAB) u
2eKCUNLAMUHOM, RPUMEHATIUCD 012 cmadunuzayuu Imyasvcuil. I'ucmepesuchsie yznvl 0 usdbupameins-
HO20 CMAYUBAHUA YACHMUY USMEPATIU MEMOOOM CUOAYell Kaniu HA 8EPMUKAIbHOI NO8EPXHOCHU
UL MEMOOOM BbIMAZUBAHUSA LWIAPA, UCNOJIb3YA CHEKIAHHYIO NOON0OHCKY, MOOUDUUUPOBAHHYIO KOH-
maxkmHuoi Koazynayueil Kpemuesema. Kpaeeoii yzon na zpanuye 6oonas gasa - npedenvHulii y2neeo-
00po0 (oxkman, dexkan) oocmuzan 3nayeHuil Orec = 53+2° u Oa9y = 116+4° (yz0n1 ommexanusa u name-
KaHUA 600bl, COOMEENICINEEHHO) NPU YyEeaUYeHUU UCXOOHO KOHUEHMPayuu OIUHHOUENROYeUHO20
CTAB 0o (1,4-9,5):107 mmons na 1 z kpemnesema. Ipu danvueiiuiem ygenuueHuu KOHYeHMpayuu
dhopmuposanca emopoii nepeopueHmMupoannblil C10l, YMO NOHUNCANO Kpaesoil yzon. Coomeem-
cmeenno ¢ npumenenuem CTAB, 6vl1u nonyueHvl MoabKO NPAMbBLE IMYTbCUU NPU 00BEMHOUL 00J1€
daszvt macna O, = 0,5. Konuuecneo KopomrkouenoueuHo20 2eKCUIAMURA, HEO0X00UMOe 01 Havala
cmadunuzauuu IMYa6CUll, 0Kazanocy na 2-3 nopaoka donvuie konuwecmea CTAB. C nomousio zek-
CUTIAMUHA YOAI0Ch YEeNUuUnb Kpaeeou Y201 00 3HaueHul Orec = Oagy = 163+12° npu konyenmpayuu
7-21 mMmonv/z. Imo 06vACHAEMCA MeM, YMO 018 2EKCUTAMUNHA He XAPAKMEPHO MUUEN000pa3oea-
Hue u popmuposanue nepeopueHmMupo8annvix cioes. Bepoamno, aocopouus zexcunamuna 603-
MOIHCHA HE MOJILKO HA OUCCOUUUDPOBAHHBIX CUNAHONBbHBIX cpynnax =Si—OH, no u na cunokcanogvix
epynnax =Si—O-Si=, umo u no3eonsem coenamv nogepxHocmsv Kpemuesema cynepzudpogoonoii. C
U3MEPEHHBIMU KDPAEBLIMU Y2NiaMU KOPPEaAUpoeana 001acmov YCMOUYUGHIX NPAMbBIX U O0OPAMHBIX
Imyapcuil.
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Silica particles with a radius of 3-7 nm (Ludox and Aerosil) and 270 nm (synthesized by
the Stober method), modified with cetyltrimethylammonium bromide (CTAB) and hexylamine,
were used to stabilize emulsions. The hysteresis angles @ of the particle selective wetting were meas-
ured by the sessile droplet method on the vertical surface or by the pulling a ball method at using a
glass substrate modified by contact coagulation of silica. The contact angle at the boundary between
the aqueous phase and the saturated hydrocarbon (octane, decane) reached the values Grc = 53 + 2 ©
and Gaqy = 116 = 4 ° (the aqueous phase receding and advancing angle, respectively) with an in-
crease in the initial concentration of long-chain CTAB to (1.4-9.5)-10 mmol/g of silica. With a
further increase in CTAB concentration, a second reoriented layer was formed, which lowered the
contact angle. Accordingly, using CTAB, only oil-in-water emulsions were obtained with the oil
phase volume fraction O, = 0.5. The amount of short-chain hexylamine required to start stabilizing
the emulsions turned out to be 2-3 orders of magnitude higher than the amount of CTAB. At using
hexylamine, it was possible to increase the contact angle up to the values @rc = 6y = 163 £ 12 °at a
concentration of 7-21 mmol/g. This is due to the fact that hexylamine is not characterized by for-
mation of micelle or reoriented layers. Apparently, the adsorption of hexylamine is possible not
only on dissociated silanol groups Si—OH, but also on siloxane groups Si—-O-Si=, which makes it
possible to make the silica surface superhydrophobic. The measured contact angles were correlated

with the region of stable oil-in-water and water-in-oil emulsions.

Key words: silica, emulsions, wetting, contact angle
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INTRODUCTION

A special class of dispersed systems are sys-
tems with insoluble solid particles at the water/air or
water/oil interface. These are emulsions stabilized by
solid particles (oil in water — O/W, or water in oil —
W/O) [1-3], foams and oil foams (oleofoams) [4-9],
emulgels, and liquid marbles in the gas phase [10]. Sil-
ica, latexes, talc, organo-modified granules of starch,
cellulose and many others, both synthetic and natural,
are used as solid stabilizers. Solid-stabilized systems
are used in the field of fine chemical catalysis; serve as
a template for obtaining microspheres, microcapsules
used for controlled targeted delivery of drugs; for the
production of porous biomaterials serving as tissue
frameworks, porous conductors, materials that respond
to changes in environmental conditions [11-15]. Stabi-
lization by solids includes the following mechanisms
[4, 6, 16]: 1) the formation of a dense interfacial (ad-
sorption) layer of particles on the surface of drops (or
bubbles) at a high value of the wetting work of the par-
ticles; 2) capillary pressure in the solid-stabilized
emulsion (or foam) films; 3) the formation of the
branched network-structure in the continuous phase,
including interphase layers of the particles. This work
presents a comparison of the results of studying the
modification of colloidal silica particles by the adsorp-
tion of various surfactant-modifiers in order to use the
modified particles to stabilize emulsions.
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EXPERIMENTAL PART

Colloidal silica (SiO;) was used: aerosil A-200,
A-380; Ludox-HS; S-3, prepared by hydrolysis of
tetrapentyloxysilane in an alcoholic medium by Stéber
method. The surface of the particles was modified with
cetyltrimethylammonium bromide (CTAB, Merck) or
hexylamine (Merck). The relative concentration of the
surfactant-modifier was calculated by the formula:

n = C/mg;,,

where C is the initial molar concentration of the modi-
fier; mg;p, — mass of the solid particles. Emulsions
were obtained by shaking the aqueous phase with mod-
ified silica and a hydrocarbon phase (n-octane, n-dec-
ane (99%, Acros Organics)) at oil volume fraction of
@oi =0.5. The emulsion was left for storage and deter-
mination of type and stability in a test tube with a
ground-in lid at room temperature 25+2 °C. An emul-
sion was considered aggregatively stable (with respect
to coalescence) if it did not release a dispersed phase
within a week. As a rule, such an emulsion remained
aggregatively stable for a long time (more than a year).
An emulsion was considered kinetically stable (with
respect to droplet sedimentation) if it did not release
either a dispersed phase or a dispersion medium within
a week. In this case, the type of emulsion (O/W or
W/O) was determined by mixing with a drop of water.
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The contact angles of the aqueous phase reced-
ing Orec and advancing 0.qv were determined by the ses-
sile drop method on a vertical surface [17] or by the
pulling a ball method [18]. Methods for measuring the
contact angle 6 directly on colloidal particles (for ex-
ample, the method of wetting heat [19]) are not appli-
cable for particles modified by adsorption from solu-
tion. Therefore, in this work, we used the macroscopic
glass surface modified by contact coagulation of silica
particles together with a surfactant-modifier. The de-
pendence of the angle 6 on the solid curvature is man-
ifested for particles of several nm [20]. Only Ludox-
HS particle size was within these limits: R = 7.5 nm
(radius of aggregates Ragr = 30 nm). Aerosil particles
were aggregated upto Rar = 100 nm. The aggregate
size was determined using a KFK-3 photocolorimeter.

RESULTS AND DISCUSSION

The silica surface contains silanol =Si—OH and
siloxane =Si—0-Si= groups. Fig. 1 shows the values of
the contact angles of selective wetting of silica as the
result of the adsorption of long-chain surfactants on
dissociated silanol groups =Si-O: CTAB — obtained
in our work (the method of submerged ball), as well as
octadecylammonium chloride (ODAC, the method of
a pressed drop) from Ref. [18]. Long-chain surfactants
at high concentrations tend to form spherical and la-
mellar micelles. Therefore, with an increase in the con-
centration of the surfactant modifier, the contact angles
of the aqueous phase receding 6rec and advancing g
increased up to the maximum values 0, = 53 + 2° and
Oav=116 + 4° (CTAB) 11 Orec =57 + 9°, Oy =116 £ 14°
(ODAC) at a concentration of (2-5)-10* mol/L, ap-
proaching the critical micelle concentration:
CMC(CTAB) = (8-9)-10* mol/L, CMC (ODAC) =
3:10* mol/L. With a further increase concentration,
long-chain surfactants form a second reoriented ad-
sorption layer [21], and the contact angles decrease
(Fig. 1B). At all concentrations of the modifier, starting
from 10°-10"° mol/L CTAB (6rec = 10-20° and 0.y = 78—
85°), modified silica particles provided stabilization of
O/W emulsions (Table 1). W/O emulsions were ob-
tained only in the case of the predominant oil volume
fraction Qi1 = 0.7-0.8.

By modifying silica with a short-chain surfac-
tant — hexylamine — contact angles were achieved up to
140-155 © at Cgip,= 1% and 160-180° at Cg;p,= 5%,
corresponding to a superhydrophobic surface (Fig. 2,
the method of a sessile drop on a vertical surface).
Higher hydrophobization degree is explained by mi-
celle formation is not typical for short-chain hexyla-
mine. Therefore, with the concentration increase, hex-
ylamine does not form a second adsorption layer, but it
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is incorporated into the first one due to the adsorption
on siloxane groups =Si—O-Si = on the silica surface
due to hydrogen bonds or van der Waals interactions.
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Fig. 1. The contact angles of aqueous phase receding (dark sym-
bols) and advancing (open symbols) at the boundary with a hydro-
carbon, depending on the concentration of the long-chain modi-
fier: (A) CTAB + 0.5-3% silica, octane or decane; (B) ODAC + 14%
glass particle suspension
Puc. 1. KpaeBble yribl oTTeKaHus (TEMHbIE CHMBOJIBI) U HaTeKa-
HUS (CBETIIbIC CUMBOJIBI) BOTHOM (ha3bl Ha TPAHUIIE C YTIIEBOAOPO-
JIOM B 3aBUCUMOCTH OT KOHIICHTPAIUU JIIMHHOLICTIOYEYHOTO MO-
mupukaropa: (A) CTAB + 0.5-3% kpemHe3eM|, OKTaH WK JIeKaH;
(B) OJAX + 14% cycneH3us 4acTHI] CTEKIIa

Table 1
Stabilizing effect of CTAB-modified silica on emulsion
Tabauya 1. Craonauzupymouiee aeiicreue CTAB-
MOZ[l/l(l)l/lllPl[)OBaHHOFO KpeMHe3eMa Ha OMYJIbCHH

Cio, % e n(CTAB), mmol/\gljv —
A(-)éSOO >1.110°3 > (4-9.5)10°2
2 Ludox >5.10"° -

3?3 >1.10° >1.4.107
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Fig. 2. The contact angles of selective wetting (aqueous

phase/decane) of hexylamine-modified 5% aerosil A-380: aque-

ous phase receding (dark symbols) and advancing angles (open

symbols)

Puc. 2. KpaeBsle yribl n30HpaTenbHOro cMaduBaHus (Boda/ae-
kaH) 5% aspocmna A-380, MOIUPHUINPOBAHHOTO TEKCHIAMUHOM:
Yriibl OTTEKaHUsL (TeMHBIe CI/IMBOJ'ILI) 1 HATCKaHUs (CBeTJ‘IBIe CUM-

BOJIBI)

In accordance with the measured contact an-
gles, stable emulsions of both types (Table 2) were ob-
tained from the complex of Aerosil with hexylamine.
The beginning of stabilization of O/W emulsions was
found for Orec = 25-30° 11 O = 55° (Cs0,= 1%), Orec = 39°
u Qv = 45° (Csi0,= 5%). The transition from O/W
emulsions to W/O emulsions was observed with an in-
crease in the hexylamine concentration from 0.10 to
0.14 mol/L (at Cs;0,= 1%) and from 0.14 to 0.20 mol/L
(at Csip,= 5%). Moreover, the modification of SiO;

with hexylamine, in contrast to long-chain CTAB and
ODAC, achieved such the hydrophobization degree,
when even the W/O emulsions became unstable. The
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upper limit of stability of the emulsions corresponded
to the contact angle Orec= 160°and 0zay = 162° at Cg;, = 5%.

Table 2
Stabilizing effect of hexylamine-modified silica on emul-
sion
Taénuya 2. Cradbuausupyiouiee JeiicTBue KpeMHe3ema,
MOI[Hq)I/[III/IpOBaHHOI‘O Fr¢KCWJIAMHUHOM, HA OMYJIbLCHH

n(Hex), mmol/
Csiog» %0 O/W e o
1 2-12 12-21
3 0.3-6 6-13
5 0.1-3.5 3.5-10
7 0.04-3.5 3.5-7

Comparison of the concentrations of hexyla-
mine and silica in the same dimension (as a volume
fraction in the aqueous phase) showed that stable W/O
emulsions were formed only if the volume fraction of
hexylamine exceeded the volume fraction of the solid
phase by at least 1.5-3 times [22]. Thus, at high con-
centrations of hexylamine, a hybrid particle is formed
in which the core is a silica aggregate and the shell is
hexylamine. The attachment of just such hybrid parti-
cles at the water-oil interface promotes the formation
of oil droplets in water.

CONCLUSIONS

The amount of short-chain hexylamine re-
quired to modify silica to form emulsions is 2-3 orders
of magnitude higher than the amount of long-chain sur-
factants. The W/O emulsion was formed only under the
condition that the volume fraction of hexylamine ex-
ceeded the volume fraction of the solid particles.
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