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Mukpozenu a61a10McA YHUKAIbHBIM K1ACCOM 6€ujeche, KOmopbvle couemarm 6 cebe
C60IICI8a MaAKPOMOIEKYJl, HOBEPXHOCHMHO-AKMUBHDIX 8eU{eCNE U KOJL1ouOHbIX yacmuy. Mukpozenu
WIUPOKO RPUMEHAIOMCA 011 OYUCHMKU CHIOYHBIX 600, 6 CUCHEMAX OOCHMAGKU J1eKAPCHEEeHHbIX
cpeocme, 01 CyWKU Ouoou3ens, 8 mexHoa02uu pezeHepayuyu mKaneil U UMHIGHMAYUU, 8 XPOMANO-
epaghuu u op. Ha oannwtii momenm pazpadbomansl maxKue Memoosvl CUHME3A MUKpPO2enell, KaK 0caou-
MeNbHAA U CYCREH3UOHHAA NOTUMEPUAUUA, IMYTbCUOHHBLI Mem oo u Op. Bce smu memoowl pakmu-
YecKu yce CMaiu KNaccuKol CUHme3a Mukpozeieil. /[annas nyonukayus aensemcs 0030pom paoom
nO MemooOuKe cCuHmesa MUKpozeneil Ha 0CHOGe NOJTUAKPUTLAMUOA U €20 RPOU3BOOHBIX MEMOOOM 00-
PAMHOI IMYTIbCUU. DMOM Mem oo 8blOPAH 6 C8A3U C PAOOM HPEUMYULECIE, MAKUX KAK 8bICOKAA CHle-
neHb KOHEepCUU MOHOMEPOS, 603MONCHOCHb KOHMPOJIA ZPAHYIOMEMPUYECKOZ0 COCMABA YaACHULY
2e/15 60 6pemMsl CUHME3d, YNPOULEHHAA RPOUedyPa CYUIKU 20mo6o2o npodykma u op. B cmamse onu-
CaHbl 0COOEHHOCIU CUHMe3d, 6AUAIOWUE HA PA3Mep U (opMYy MUKPO2zeiell, ORUCAHbI OCHOBHbLE (haK-
mopbl, KOmopbsle HeoHX0UMO RPEOYCMOMPems NPU NIIAHUPOSAHUL CUHME3A 8 00PAMHOIL IMYIbCUN;
HOKA3aHA PA3HUUA MeHCOY MAKPOIMYAbCUECH, HAHOIMYAbCUEH U MUKpoIMyabcuell. Takyce npuge-
O0eHbl 0COOEeHHOCMU CUHME3d MUKDPO2eNsA HA OCHOB8e AKPUNAMUOA U €20 NPOU3BOOHBIX: NPUBEOEHDL
OCHOGHbIE UHUUUAMOPYL C6000OHO-PAOUKAILHOU ROJITUMEPUZAUUNH; MOHOMEDDL, IAUAIOUIUE HA CEOTI-
cmea mMukpozens. /lannas cmamysa Modcem Obimb UHMEPECHOU CHEUUATUCIAM, KOMODPblEe MOTbKO
HauuHnawom ucciedosanus ¢ 0annom nanpaeienuu. Ilocne uzyuenus nyéonukayuu yumamensv cmo-
Jcem CHaaHUPO6aAms U Peaiu306anmsb IKCHEPUMEHNL RO CUHMe3Y MUKDO2eiell HaA 0CHO8e NONUAKDU-
AamMuoa Memooom 0Opamuol IMyabCuu.

KuroueBsble ci10Ba: MUKpOTreib, THIPOTeNb, Tellb, TOJTUMEpP, TPEXMEpHAst CTPYKTYpa, MOTHAKPUIaAMU

FUNDAMENTAL PRINCIPLES OF MICROGEL SYNTHESIS BY INVERSE EMULSION METHOD
D.A. Burin, Yu.A. Rozhkova, A.L. Kazantsev

Microgels represent a unique class of compounds that combine the properties of such clas-
ses of compounds as colloids, macromolecules and surfactants in a unique way. Microgels are
widely used for wastewater treatment, as drug delivery systems, for drying biodiesel, in tissue re-
generation and implantation, in chromatography, etc. At this point, such methods of microgel syn-
thesis as the precipitation method, suspension polymerisation and the emulsion method have been
developed, which have become traditional in the synthesis of microgels. This publication reviews
the inverse emulsion method for microgel synthesis based on polyacrylamide and its derivatives.
This method was chosen due to a number of advantages, such as a high degree of monomer con-
version, the ability to control the granulometric composition of gel particles during synthesis, a
simplified drying procedure for the finished product, etc. The article describes the synthesis fea-
tures that affect the size and shape of microgels, describes the main factors to consider when plan-
ning an inverse emulsion synthesis; shows the difference between macroemulsion, nanoemulsion
and microemulsion. The article also presents some aspects of the synthesis of microgel based on
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acrylamide and its derivatives: the main free-radical initiators are listed; monomers that affect mi-
crogel properties are described. This review may be of interest to specialists who are just starting
research in this field. Based on this publication, the reader will be able to plan and conduct an
experiment on the synthesis of polyacrylamide-based microgels by the inverse emulsion method.
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INTRODUCTION

Microgels represent a unigue and multifunc-
tional class of compounds. IUPAC classifies microgels
as cross-linked polymer particles with a size ranging
from 0.1 to 100 um which swell to a certain limited
extent in an appropriate solvent [1]. Microgels that
swell in water are classified as hydrogels [2]. The
swelling of microgels is caused by a shift in the con-
formation of cross-linked polymer chains as a result of
filling of the space between the chains with solvent
molecules. The interest in microgels has been actively
growing in the last three decades [3]. This is primarily
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related to the fact that these polymer structures com-
bine the properties of such classes of compounds as
colloids, macromolecules and surfactants in a unique
way (see Fig. 1) [4]. Swollen microgels behave as col-
loidal particles, i.e., they have elasticity and a "hairy"
surface composed of fragments of polymer chains. The
cross-linked three-dimensional polymer structure of
microparticles has a macromolecular nature. Due to
their size and structural features, microgels are able to
reduce surface tension, which is typical for surfactants.
This property is manifested even in gels of non-am-
phiphilic nature [4].
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Fig. 1. Schematic representation of gels that combine the proper-
ties of three main classes: colloids, flexible macromolecules, sur-
factants
Puc. 1. CxemaTtndeckoe n300pakeHHe TeNei, COYEeTAIOIUX B cede
CBOMCTBa TPEX OCHOBHBIX KJIACCOB: KOJUIOUIOB, FI/I6KI/IX MaxKpoMoO-
JICKYJI, TOBEPXHOCTHO-aKTUBHBIX BEIICCTB

Due to their unique properties, microgels are
used in a wide range of applications. For example, gels
are widely used for wastewater treatment [5, 6], as drug
delivery systems [7, 8], for drying biodiesel [9, 10], in
tissue regeneration and implantation [11-13], in chro-
matography [14], etc. A number of review publications
on the variety of application fields of microgels have
already been published [15-17]. The authors of this
publication are developing gels (microgels) for oil re-
covery stimulation based on cross-linked polyacryla-
mide. Previously, we also published a detailed review
of microgels used for oil recovery stimulation [3].

The goal of this brief review is to analyze the
available periodic literature on the synthesis of perma-
nently structured microgels based on acrylamide and
its derivatives by the inverse emulsion method. This
article may be useful to specialists who are just starting
research in this field. Since this review is narrowly fo-
cused, it consists of only two main sections: a method
of forming an inverse emulsion and its main types and
aspects of inverse emulsion synthesis of microgels
based on acrylamide and its derivatives.

METHODOLOGY

This review is based on publications found in
international databases such as Scopus, Springer and
WoS by the following keywords: synthesis of micro-
gels, emulsion polymerization, polyacrylamide synthe-
sis. This review is narrowly focused and based on more
than 90 studied publications.
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MICROGEL SYNTHESIS BY INVERSE EMULSION
METHOD

One of the commonly used methods of micro-
gel synthesis is inverse emulsion polymerization [18].
This method, in its classical form, consists of synthesis
of cross-linked polymer particles in a two-phase sys-
tem comprising a water phase and an organic phase.
These phases are combined into an emulsion by reduc-
ing surface tension with the introduction of surfactants
that act as an emulsifier. The type of emulsifier to be
used and the phase ratio are influenced by the nature of
the initial monomers: if the monomers used can be dis-
solved in an organic medium, the synthesis is con-
ducted by the direct emulsion method, if the monomers
used are water-soluble, the polymerization is carried
out by the inverse emulsion method. Therefore, each
particle of the cross-linked polymer is synthesized in
isolated micro- or nanoreactors, being micelles whose
walls are lined with surfactants [19, 20].

The microgel synthesis by the emulsification
method is preferable for several reasons. This approach
allows to obtain particles of specified sizes (from 0.1
to 1000 um) [18]. In addition to that, the polymeriza-
tion and crosslinking process runs with the maximum
degree of conversion [21]. The production technology
is easy to execute. The advantages of microgel synthe-
sis by the emulsification method also include: control
of the heating of the reaction environment, the granu-
lated product can be obtained without grinding; the
product can be easily dried, and the resulting gels have
an excellent capacity to absorb water [22].

The article [23] thoroughly describes the pro-
cess of free radical polymerization, according to which
polymerization of polyacrylamide and its derivatives
is carried out. The main stages of this process include
initiation, propagation, termination and chain transfer
reactions.

Consequently, in order to obtain microgels in
an emulsion, we need such process components as: dis-
perse and dispersion medium, emulsifiers and co-
emulsifiers, polymerization initiators and, of course,
monomers and crosslinkers. By using the example of
polyacrylamide microgels, the following technological
stages of synthesis can be identified:

1) preparation of the water (disperse) phase:
preparation of a mixture of monomers, crosslinkers;

2) preparation of the organic (dispersion)
phase: selection of a hydrocarbon solvent, selection
and introduction of an emulsifier mixture;

3) preparation of the emulsion by introduc-
ing the water phase into the organic phase while con-
stantly stirring;
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4) initiation of a free radical reaction (can be
initiated by chemical or physical method);

5) polymerization;

6) separation of the obtained microgels by de-
cantation, filtration or another method.

The size of the cross-linked polymer particles
can be changed by adjusting the granularity of the
emulsion. Table 1 shows the classification of emul-
sions by the micelle size.

Table 1

Emulsion classification by the micelle size
Tabauya 1. Knaccudpuxanus smyabeuii mo pasmepy

MHUIEJIJI
.| Nanoemulsion |, ,. .
Macroemulsion|, . - . |Microemulsion
(miniemulsion)
DropleV | 1 100 ym | 20-500nm | 10-100 nm
micelle size
Form spherical spherical spherical,
lamellar
thermodynami-\o, o o v nami-
cally unstable Y thermodynami
- - .~ | cally unstable
Stability | emulsion, ki- - . cally stable
. emulsion, ki- .
netically neticallv stable emulsion
weakly stable y
Polydispers| high (more oo | 1ow (less than
ion than 4006) | 'OW (10-20%) | 150/

In the international periodicals, examples of
the microgel synthesis in macroemulsions, miniemul-
sions (nanoemulsions) and microemulsions can be
found [24]. The principles of emulsion polymerization
for all three types of emulsions are similar, including
the use of the same reagents (continuous phase, water
and emulsifier).

Synthesis of Microgels in Macroemulsion

During the microemulsion polymerization
(also known as classical emulsion polymerization),
droplets of significant size (1-100 pm) are obtained.
This process is characterized by low stability, which
requires intensive stirring during synthesis in order to
prevent disintegration and decomposition of the sys-
tem. At the initial stage, the emulsion consists of an
emulsifier micelle and a monomer droplet. Unlike
miniemulsions and microemulsions, the formation of
polymer-monomer particles can occur at the same time
in droplets, micelles and in a continuous phase.

The authors of the article [25] thoroughly de-
scribe the process of polymerization in a macroemul-
sion which consists of three stages. At the first stage,
particles are formed and micelles disappear. At the sec-
ond stage, micelles disappear and particles grow due to
the diffusion of monomers in the dispersion medium.

ChemChemTech. 2023. V. 66. N 3
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At the third stage, the polymerization process is com-
pleted, which is followed by the addition of residual
monomers that were in droplets, micelles, growing pol-
ymer particles, as well as in the dispersion medium.
The authors also draw attention to some patterns dur-
ing polymerization in the inverse emulsion associated
with an increase in the emulsifier concentration. With
an increase in the emulsifier concentration, the amount
of monomers in the droplets decreases, and monomers
concentrate in the formed micelles. The article also
shows that the polymerization rate tends to decrease
with an increase in the emulsifier concentration.

Synthesis of Microgels in Miniemulsions
(Nanoemulsions)

In the course of working on this review, we
wanted to distinguish between the terms "miniemul-
sion”, "microemulsion” and "nanoemulsion”. These
terms were widely used long before their explicit defi-
nition was given. The term "microemulsion” was first
mentioned more than half a century ago [26], while the
term "nanoemulsion™ was used in the article [27] much
later — in 1996. While studying various reference
sources, we found out that the particles of nanoemul-
sions are larger than those of microemulsions. Such
colloidal dispersions as submicronic emulsions, ul-
tradisperse emulsions and miniemulsions later became
known as "nanoemulsions”. The terms "nanoemulsion”
and "miniemulsion™ are synonyms by nature [28-30].

In various reference sources, the upper limit of
the miniemulsion particle size is defined as 100 nm
[31, 32], 200 nm [33, 34], 500 nm [35, 36]. After re-
viewing the literature sources, we came to a conclusion
that the average size of droplets in miniemulsions can
vary from 50 to 500 nm. For miniemulsion polymeri-
zation, it is particularly important to add an osmotic
agent emulsion. In order to stabilize the miniemulsion
and prevent the growth of droplets due to Ostwald rip-
ening, it is particularly important to find the right os-
motic agent. Emulsifiers, solid nanoparticles (Picker-
ing emulsions) and other components that influence the
surface tension (for example, electrolytes) may act as
an osmotic agent [37-40]. One of the features of minie-
mulsions is their kinetic stability due to the state of dy-
namic balance between the growth and melting of min-
idroplets. However, over time the structure of the
miniemulsion changes for one of the reasons: Ostwald
ripening, flocculation, coalescence and/or gravity sep-
aration. These changes may manifest as changes in par-
ticle size distribution, overall microstructure, foam for-
mation, or phase separation during storage.

Synthesis of Microgels in Microemulsions

Microemulsions are considered to be the most
thermodynamically stable systems in which the surface
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tension and the interfacial energy of the phases are
close to zero [41].

The droplet size in a microemulsion is in the
range of 10-100 nm. One of the significant disad-
vantages of microemulsions in comparison with minie-
mulsions is the need to use more emulsifier in order to
stabilize droplets. Compared with miniemulsions, mi-
croemulsions are thermodynamically more stable and
do not change their structure over time. If the structure
and properties of colloidal dispersion remain constant
during storage, it is a microemulsion, if they change,
then it is a miniemulsion.

It may not be so obvious in practice, since the
properties of microemulsions may change due to chemi-
cal degradation or microbial contamination, while the
properties of miniemulsions may not change for a long
period of time due to high kinetic stability [42].

Typically, miniemulsions contain spherical
particles due to high Laplace pressure, whereas micro-
emulsions can form spherical or non-spherical parti-
cles due to ultra-low surface tension. Therefore, a
miniemulsion may be distinguished from a microemul-
sion by measuring the shape of the particles, for ex-
ample, by using scattering methods (neutron, X-ray
or light scattering) or microscopy (electronically). If
the system contains non-spherical particles, most
likely it is a microemulsion. If the system contains
spherical particles, it may be either a microemulsion
or a miniemulsion.

FEATURES OF THE INVERSE EMUSLION
SYNTHESIS OF MICROGELS BASED
ON ACRYLAMIDE AND ITS DERIVATIVES

When planning the microgel synthesis, special
attention should be paid to the following system com-
ponents:

= monomers and co-monomers to impart the neces-
sary physical and chemical properties of microgels;

= disperse medium in which the reaction will occur;

= initiating system to start the polymerization
process;

= emulsifier system to stabilize the emulsion and
adjust the average size of microgels.

Further, each of the components of the emul-
sion during the synthesis is described in more detail.

Choosing Monomers for the Microgel Synthe-
sis via Inverse Emulsion

Choosing monomers, including co-monomers,
for emulsion polymerization is a key step in the micro-
gel synthesis. Depending on the area of application and
purpose of the synthesized microgels, different mono-
mers of various functionality can be used.
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Table 2

Substances used as acrylamide comonomers
Tabnuya 2. BemecrBa, MCnoJIb3yeMble B KauecTBe CO-
MOHOMEPOB AKPUWJIAMHAA

Formula Function Reference
1 2 3
Acrylamide )
Y O Scaffolding [43]
CH,=CH-C? monomer
NH,
Scaffolding
Acrylic acid monomer, im-
O i -
CH~CH proving of hy- | [44,45]
OH drophilic prop-
erties
2-acrylamido-2- Scaffolding
metilpropansulfonic acid monomer,
“Hs resistance to the| [46]
jC—%‘—C“—CH;—SO;H high tempera-
BN ch,cn, tures
N,N'-methylene-bis(ac- L
rylamide) Cross-linking [47, 48]
CH;ZCH—%‘—NH—CHZ—NH—%‘—CH:CH2 monomer !
3-(methacrylyloxy) propyl
trimethoxysilane
(FOH3 Reinforcing co-
I monomer for
HC-0-8i ~0-CH, SiO2 incapsula- [49. 50]
¢t 0 tion
CH,- CH,~0-C?
C=CH,
CH,
Acryloyloxy coumarin
H,C=CH-CH,
(') Fluorescent [51]
violet color
0 ;—CHS
O
Allyl-Rhodamine B
H,C=CH
Fluorescent red [52]
color
Oxyfluorescein
H,C=CH
=X
C=0
/
0
Fluorescent 53]

green color
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1 2 3
. Monomer for
Alkylacrylam(l)de the production
CH,-CH-C? of hydrophobi- | [54, 55]
e 5 cally modified
polymers
N,N'- Cationic
diethylaminoethylmethacrylate|  copolymer, 56 57
He-c-c? CH,~CH, complexing [56. 57]
(“H_‘ O-CH,~CH,~NH-CH,-CH; Compound
N-isopropylacrylamide
(NIPAN(I)) Thermal
CH=C-C{ sensitivity [58-60]
HC-CH
CH,

Acrylamide co-polymerization is used to ob-
tain specific microgel properties. Table 2 shows some
compounds that can be used as co-monomers in the in-
verse emulsion synthesis of acrylamide based micro-
gels and their functions.

Initiation of Free Radical Polymerization of
Arylamide

Free radical polymerization is the basis of the
synthesis of acrylamide-based microgels. This reaction
can be conducted in solutions, suspensions, emulsions,
etc. Further, the general pattern of polymerization of
acrylamide is described (see Fig. 2):

R

G L

CH,=CH

C C
720N 2 N\
o NH, o NH,

R—CH>— ?H

R—CHy—CH + (-1)CH,=CH — -ECM:—?H&—”
| |

~R*
¥ C\
o0 NH,

2N\ 2N\
o NH, o N,

Fig. 2. General pattern of polymerization of acrylamide
Puc. 2. O0mias cxema MoJIMMEpH3aIiU aKpIIaMuza

One of the features of acrylamide polymeriza-
tion is that monomer units can be coupled in different
positions: "head to head", "tail to tail", or "head to tail"
(see Fig. 3).

O_ NH»
X/
c

[ . .
< "CHy—CH—CH—CH,  ~Ci—CH,—CHy—CH
C C c A A

N
VS s LN .
N o X o o Fm, O NH; O NH

»ﬁCHz—(‘ZH—- CH, —(I':H

"head o head” "iail to (ail"

"head to tail"

Fig. 3. Different positions of monomer units of acrylamide during
the coupling reaction
Puc. 3. Pa3nuuHbIe MTOI0KEHUS MOHOMCPHBIX 3BE€HbEB aKpHUJia-
MHJa BO BpEMs PEaKLMHU NPUCOCTUHCHMS
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The most common type of connection is "head
to tail" due to overcoming large activation barriers.
These three types of connection are characterized by
resistance to acids, alkalis, as well as other reagents.

The "tail-to-tail" polymer units are character-
ized by the lowest rate of alkaline hydrolysis, while the
highest rate is typical for the "head to head" position.

The initiation process starts the polymerization
reaction. The reaction can be initiated by physical
methods, for example, by exposing monomers to vari-
ous types of radiation [61, 62], ultraviolet light [63],
visible light [64], ultrasound [65, 66], electric current
[67, 68]. It is also possible to start the free radical
polymerization process by using special substances
(initiators) that can decompose into radicals. Physical
and chemical methods have recently been used to-
gether more often, allowing to select various combina-
tions of the process.

One example of such combination is the ther-
mal homolytic decomposition of unstable substances,
i.e., decomposition of initiators into radicals.

In order to increase the degree of monomer
conversion, oxidation-reduction (redox) reactions are
used when conducting the process at room tempera-
tures and even at low temperatures. Thus, the by-prod-
ucts of a redox reaction act as free radicals which initi-
ate the process of free radical polymerization. Table 3
shows common initiators used in the polymerization of
acrylamide and its derivatives.

Table 3
Compounds used as initiators in the polymerization of
acrylamide and its derivatives
Taonuya 3. CoequHeHUs, MCIIOJIb3yeMble B KauecTBe
MHUIHATOPOB NPH MOJHUMEPHU3ALMH AKPHJIAMU/IA H €ro

MPOU3BOIHBIX
Substance/compound Formula Reference
Hydrogen peroxide H20; [69]
Benzoyl peroxide | Ph-C(0)-0O-0O-C(0O)-Ph [70]
2,2’-azo-bis- _
isobutyronitrile (CH3)sCN=NC(CHa)s | [71]
Dialkyltriazene RN=N-NRiR, [72]
compounds
Azobisisobutyronitrile
(azobis-isobutyric CeH12N4 [7(7)’4;3’
acid dinitrile)
Potassium
peroxodisulfate K250 [75]
Ammonium persulfate (NH.4)2S>08 [76, 77]
Ammonium (potas-
sium) persulphate/ (NH2)25208/ K25205 + [78-81]
. . Na2803
sodium sulphite
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Choosing an Emulsifying System

One of the most important technological mat-
ters when using emulsions for the preparation of mi-
crogels is their stabilization. Thermodynamic instabil-
ity causes the destruction of emulsions due to the ten-
dency of dispersed liquid droplets to merge together
(coalescence), which leads to complete disintegration
of the two-phase system. In order to prevent coales-
cence, special stabilizing substances called emulsifiers
are used. They form adsorption protective films on the
surface of dispersed liquid droplets that prevent coales-
cence. Therefore, in order to obtain a stable inverse
emulsion, the most important step of preparation is to
choose the "disperse medium — emulsifier system".

The requirements for the disperse medium dur-
ing the inverse emulsion synthesis are water-insoluble
hydrocarbons with a known value of the hydrophilic-
lipophilic balance. Based on the HLB value of the dis-
perse medium, the composition of the surfactants is se-
lected so that the HLB value of the surfactant system
is equal to that of the disperse medium.
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Fig. 4. Schematic illustration of a surfactant at the interface be-
tween water and oil phases. (b + v¥) is the affinity of the non-
polar part of the surfactant molecule to the hydrocarbon liquid
(available energy of the interaction of the hydrocarbon tail with
the oil phase); b is a unitless value depending on the nature of
the surfactant; ¥ is the available energy of interaction per one
CHz2 group in the hydrocarbon radical; v is the number of CH2
groups in the hydrocarbon radical; a is the affinity of the polar
group to water
Puc. 4. Cxematnueckoe U300pakeHHUE IOBEPXHOCTHO-AKTUBHOTO
BCIIIECTBA Ha MPaHUIIC pa3/iesia BOJHOU 1 MacisHoi ¢as. (b + v¥) —
CPOACTBO HEMOJAPHOI yacTu MoJiekyJsl [IAB k yriaeBomoponHoi
JKUJIKOCTH (CBOOOIHAS SHEPIUs B3aMMOJEIHCTBUS yIIIeBOIOPO-
HOT'0 XBOCTa C MacjIsiHOM (ha3oii); b — Ge3pasMepHas BeauunHa,
3aBucsmas ot npupoxasl [I1AB; W — cBoOoaHAS SHEPTHS B3aHMO-
NIecTBUS, IpuXoIsIascs Ha ogHy rpymniry CH2 B yriaeBogopon-
HOM pajukaie; V — komndectBo rpymnn CH2 B yriaeBogopoHoM
paaMKae; a - CpoJICTBO MOJIIPHOM TPYNIIBI K BOJIE
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The purpose of surfactants acting as emulsifi-
ers is to saturate the phase interface. The following are
the basic principles of selecting an emulsifying com-
position for the synthesis process, as well as the most
common and available emulsifiers for polymerization
reactions conducted in order to obtain microgels
through inverse emulsion.

As is commonly known, a surfactant mole-
cule consists of two parts — a hydrophilic head and a
hydrophobic tail. The main characteristic of surfac-
tants that describes the hydrophilicity or lipophilicity
of a surfactant is a unitless value — hydrophilic-lipo-
philic balance (HLB).

Based on the size of the hydrocarbon tail or the
polar group, it is possible to define which phase the
surfactant prefers. The HLB value describes the pro-
truding of surfactant molecule into the oil or water
phase (see Fig. 4).

For the synthesis of inverse emulsions, colloidal
surfactants are used. In these surfactants, (b + V) < a,
i.e., the available energy of interaction of surfactant
molecules with the hydrocarbon phase tends to a min-
imum, and with the water phase — to a maximum.

In practice, the use of one emulsifier is less ef-
fective compared to an emulsifier system: one with a
higher HLB value, the other with a lower one.

Thus, in 1949 Griffin developed the classification
of emulsifiers based on the HLB values [82] (Table 4).

HLB values > 10 indicate hydrophilic surfac-
tants that can be used for direct emulsion synthesis. Ac-
cordingly, lower HLB values are typical for inverse
emulsions.

In 1954, Griffin also determined the HLB val-
ues for commercially available surfactants [83].
Among them were sorbitan esters (Span) and polysorb-
ate esters (Tween) which are widely used and remain
popular to this day (Table 4). This is mainly because
these esters are well studied, cheap, biologically com-
patible and available on the market [84]. The authors
of this article use Tween 60 as one of the emulsifiers in
the preparation of microgels.

In the 1960s, D. Davis proposed a scale of
HLB numbers ranging from 0 (lipophilic surfactants)
to 40 (hydrophilic surfactants) (Table 4) [85]. It should
be noted that oil-soluble surfactants are more effective
stabilizers of inverse emulsions.

Davis’ approach is based on functional groups
of molecules, i.e., each group of atoms has a group
number by adding which an HLB value is calculated
according to the formula (1):

HLBgy ¢ = 7 + X, (hydrophilic group numbers) —
Y:(lipophilic group numbers) (D)
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Table 4

HLB values of different emulsifiers and some functional
groups of emulsifiers

Tabnuya 4. 3uavyenns HLB pa3nn4yHbIX IMYJILIaTOPOB

U HEKOTOPBIX (PYHKIMOHAJIbHBIX I'PYIII 3MYJAbraTOPOB

Emulsifier and some fu_nctlonal groups of HLB values
emulsifier
inverse emulsions (water/oil) 4-6
wetting agents 7-9
direct emulsions (oil/water) 8-18
cleaning agents (detergents) 13-15
solubilising agents 15-18
Span 85 1.8
Span 65 2.1
Span Span 80 4.3
Span 60 4.7
Span 40 6.7
Span 20 8.6
Tween 61 9.6
Tween 81 10.0
Tween 65 10.5
Tween 85 11.0
Tween Tween 21 13.3
Tween 60 14.9
Tween 80 15.0
Tween 40 15.6
Tween 20 16.7
-COOK 21.1
- -COONa 19.1
Hy;rffg‘s'"c “COOH 24
-OH 1.9
=0 1.3
=CH
Hydrophobic -CH»- 0.475
groups -CHs
=C=

The hydrophilic-lipophilic balance of the
emulsifier system should correspond to that of the or-
ganic solvent. Griffin's formula (2) is used to select a
suitable emulsifier system:

W 4HLB+WgHLB

HLBgys = - W2+Wz . )

where HLBsys is the HLB value of the surfactant sys-

tem which ensures a stable emulsion; Wa is the amount
of emulsifier A; W5 is the amount of emulsifier B.

The formation of micelles by surfactant mole-
cules is the main reason why these substances are used
as emulsifiers.

The more fully the emulsifier molecules get
adsorbed on the surface of the phase interface, the
lower surface tension value ¢ can be obtained.

To stabilize inverse emulsions, the dispersion
interaction of hydrophobic radicals and the minimum
area of polar groups are to be reduced, in order to con-
centrate the adsorption layer to the maximum extent
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possible. A low value of the surface tension indicates
instability of the inverse emulsion.

The formation of micelles at the phase inter-
face ensures the absence of interaction between lyo-
philic and lyophobic groups, which leads to a decrease
in the available energy of the system. The emulsifier
properties will depend on the form of surfactants — mi-
cellar or molecular [86].

The micelles are formed at a critical concen-
tration of micelle formation (CCM) and at very small
concentrations of surfactants [87]. Various factors con-
tribute to the CCM: the structure of surfactants, tem-
perature, pH value, etc. The CCM value increases with
the growth of the hydrophilic part of the chain, at the
same time, the number of molecules in a micelle de-
creases due to the increased energy of the hydrophilic
part and decreased surface tension at the phase inter-
face [88]. The increase or decrease in the CCM value
with temperature depends on the nature of surfactants
(ionic or non-ionic structure). For non-ionic surfactants
containing the ethoxylated part, the CCM value de-
creases due to dehydration of the hydrophilic fragment
with increasing temperature [89]. An increase in tem-
perature intensifies the disaggregating effect of the
heat motion, and consequently, decreases the size of
the micelles and increases the CCM [90].

The formation of droplets and disruption of the
surface of the phase interface drastically reduce the
surface tension without having a significant effect on
the emulsion viscosity.

Emulsifiers contribute to these processes, i.e.,
with an increase in the concentration of emulsifying
agents, o tends to a minimum value [91]. However, af-
ter reaching certain minimum value of o, an increase in
concentration will no longer affect the droplet size and
emulsion stability, which means that emulsification
will not be effective [92].

Key requirements for emulsifiers:

= reduction of surface tension up to
5 mN/m for emulsions prepared by stirring, and up to 0.5
mN/m for emulsions that do not require intensive stirring;

= sufficiently fast adsorption on droplets, for-
mation of a thin layer that does not change during col-
lisions of droplets and prevents coagulation and coa-
lescence;

= gspecific molecular structure with polar and
non-polar groups;

= good dissolution in a dispersion medium;

= development of a certain electrokinetic poten-
tial in the emulsion;

= effect on the emulsion viscosity;

= showing emulsifying properties even in small
guantities;
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= low price;
= safe to handle and non-toxic [93].

CONCLUSION

This article is an opening review based on
which the reader can form a general idea of the princi-
ple of the microgel synthesis through inverse emulsion.
We made efforts to clarify the confusion with respect
to the terminology by explaining the difference be-
tween macroemulsion, miniemulsion, nanoemulsion,
and microemulsion. We also described the features of
the microgel synthesis in these emulsions and how
each of the approaches affects the size and shape of
microgels. In the second part of the review, we went
into the details on the main components of the system
which need to be selected before synthesis: we gave a
list of monomers with their functions, presented a list
of suitable systems for initiating the polymerization re-
action, and also analyzed how to correctly select and
calculate a composition of emulsifiers when choosing
a specific disperse medium. We hope that this review
will help a starting specialist to quickly get a sense of
this field of research and serve as a useful aid in develop-
ing and synthetizing microgels with specified properties.
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