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Abstract

Objectives. This paper presents research results on the encapsulation of a fluidized bed of liquid
and solid toxic waste containing chemicals with a hazard class of 1-3.

Methods. Soils contaminated with hexachlorobenzene and hexachlorocyclohexane were used as
the seed material. Ceresin was selected as the encapsulant, which was sprayed onto the fluidized
bed through a pneumatic nozzle at a temperature of 135°C. Before the spraying of the ceresin,
binders were introduced into the fluidized bed of the seed material through pneumatic nozzles
in the form of a melt of high-temperature coal-tar pitch and wastewater containing sodium and
arsenic salts as well as heavy metal oxides. The experiments were carried out using a modified
GLATT AGT-150 laboratory unit.

Results. The results demonstrate that the mechanism for granule formation is a mixed mechanism.
The binding of the seed material is carried out by both the pitch and salting out. In this case, the
cavities in the agglomerates are partially filled with salt deposits, which increases the strength
and integrity of the final product’s structure. Ranges for the process parameter values were
established at the point at which there was no unwanted agglomeration in the fluidized bed,
and dust formation did not exceed 5%. When the ratio of the bed mass to the mass of ceresin is
equal to unity, a moisture-resistant free-flowing product of hazard class 5 is obtained, which is
suitable for transportation and long-term storage. The average diameters of the initial particles
and encapsulated granules were 0.5 and 1.5 mm, respectively.

Conclusions. The present study demonstrates a potential process for the granulation—
encapsulation of toxic waste and hazardous substances with a hazard class of 1-3 in a single
fluid-bed apparatus, resulting in the formation of a moisture-resistant hazard class-5 granular
product suitable for transportation and long-term storage. The results obtained can be used in the
development of an industrial large-scale process for encapsulating waste of hazard classes 1-3.

© Yu.A. Eleev, Yu.S. Bogoyavlenskaya, E.N. Glukhan, V.F. Golovkov, V.V. Afanasiev, 2021
199


mailto:2553215@gmail.com
mailto:dir@gosniiokht.ru

Development of an encapsulation process for toxic waste and hazardous chemicals in a fluidized bed

Keywords: persistent organic pollutants, heavy metals, toxic wastes, wastewater, encapsulation,
coal-tar pitch, ceresin

For citation: Eleev Yu.A., Bogoyavlenskaya Yu.S., Glukhan E.N., Golovkov V.F., Afanasiev V.V. Development of an
encapsulation process for toxic waste and hazardous chemicals in a fluidized bed. Tonk. Khim. Tekhnol. = Fine Chem. Technol.
2021;16(3):199-212 (Russ., Eng.). https://doi.org/10.32362/2410-6593-2021-16-3-199-212_

HAYYHASA CTATHA

Pa3paloTka npouecca MHKANCY/ISIHAA TOKCUYHBIX 0TX010B
U OMACHBIX XMMUYECKHUX BEIIECTB B NCEBI00KIKEHHOM CJI0€e

I0.A. EaeeB?, 10.C. BorossBaeHcKas, E.H. 'ayxaHn, B.®. 'oaoBKOB, B.B. ApaHacreB

TI'ocyoapcmeerHblil HayuHO-UCC1e008amMelbCKULL UHCMUMYM OpeaHUUEeCKOU XUMUU U MEeXHOI02UU,
Mockea, 111024 Poccust
@Aemop ona nepenucku, e-mail: 25532 15@gmail.com, dir@gosniiokht.ru

AHHOMayust

IMenu. Hcenedosarue npouecca UHKANCYAAYUU 8 YC0BUSLX NCEBOVOIKUIEHHO20 CA0SL IKUOKUX U
meepoblX MOKCUUHBLX 0MX0008, COOePIKAUUX Xumuueckue sewecmea 1-3 knaccoe onacHocmu.
Memooeut. /s uccnedogaHull 8 Kauecmee 3ampagouHo20 MAMEPUALA UCNObI0BAJICS 2PYHIM,
3a2psA3HEHHbLI 2eKcaxiopbeH30/0M U 2eKCAXNIOPYUUKNI02EKCaAHOM. HMHKancyasHmom eoslcmynan
yepesur, Komopslii npu memnepamype 135 °C pacnvuisiicss 8 nce8000IKUIKEeHHbLIL Coll uepes
nHeemamuuecKyro popcyHKy. IKcnepumeHmol OCYuecmensiiuce Ha MOOUPUUUPOBAHHOT 1abo-
pamopnoti yemarnosrxe GLATT AGT-150. Ilepe0 pacnuiieHuem yepe3uHa 8 2pyHm uepe3 nHeema-
muuecKkue popCYyHKU 8B00UNUCH CBS3YIOWUE — NJIA8 8bLCOKOMEMNepamypHo20 KAMEeHHOY20/1bHO-
20 neKa u cmouHwsle 800bl, cooeprKauje CoONU HaAmpusl, MblUUbKA, A MAKIKE OKCUObL MSIKE/bLX
Memannos.

Pesynemamet. Iloka3aHo, Umo mMexaHusm epaHyi000paso8aHUst HOCUM CMEUAHHbLI xapaKkmep.
Ces3vleaHue UCXOOHBbIX UACMUY, 302PSI3HEHH020 2PYHMA Ocyujecmaesisiemest KaKk neKom, max u 3a
cuem gvlcanugaHust. IIpu smom nosocmu 8 aznomepame UaACmUUHO 3GNOAHSIIOMCS OMJIOIKEHU-
AMU conleli, Umo ysesuuusaem npouHOCmMsb U YUesl0CMmHOCMb CMPYKmypsbl KOHEUH020 npodyKma.
YemaHosnernsl duanas3oHsbl 3HAUEHU YNPAasasiouUX napamempos npoyecca, npu Komopslx 8
c/loe 0mcymemeosana HerkenameabHas a2/loMepayust, a nolieobpasosarue He npesolilano 5%.
ITpu omHoWweHUU MACCHL CAOSL UACTUY, (2PAHYN) K Macce NOOAHH020 Uepe3uHa, pagHoM eOuHuUYe,
nonyueH es1a20ycmoiiuusslii colnYUuuil NPU20OHbLU 051 MPAHCNOPMUPOBKU U OAUMENbHO20 XPa-
HeHust npodykm 5 knacca onacHocmu. CpedHue duamempsl UCXOOHbBLX Uacmuy, U KANCYAuUpo8aH-
HblX 2paHy.sl coomeemcemeeHHo cocmagasitom 0.5 mum u 1.5 mm.

Bbleoodbl. BoinosHerHble UCCIe008AHUSL NOKA3AAU NPUHUUNUAIBHYIO 803MOIKHOCMb npogede-
HUSL 8 00HOM annapame NPouecca CYuKU-2paHYAAYUU-KANCYAUPOBAHUSL MOKCUUHBbIX 0MX0008 U
ONACHBbLX XuMmuueckux sewecms 1-3 Knaccos onacHocmu ¢ obpasosaHuem colnyuezo npooyxkma
5 knacca onacHocmu, obradaruwezo 81a20Yycmoiiuu8ocmsio, a MaK>Ke NPu2o0H020 01k MPAHC-
nopmuposku u oaumenvHozo xpareHus. IlonyueHHvle pe3dysnemamosl moeym OblmMb UCNOJb-
308aHbLL Npu paspabomke NPOMbLUNEHH020 KPYNHOMOHHAIKHO20 Npoyecca UHKANCYAAYUUU
omxodoe 1-3 Knaccoe onacHocmu.

Knroueevte cnoea: cmotikue opzaHuuecKue saezpssHumesiu, msrKesiole memasijibl, MmoKcuuHoble
OTYL)COObL, CMmouHble GOGbL, UHKAanNCcyJistyyusi, KG.MGHHoyZOJlebLa neK, yepesuH

Jlna yumuposanusn: Enees Y0.A., borosienenckas FO.C., Timyxan E.H., TonoBkoB B.®., Adanacses B.B. Pazpaborka npornecca
MHKATICYJISLMH TOKCHYHBIX OTXOJIOB U OIACHBIX XMMHYECKUX BEIIECTB B IICEBIOOKIIKEHHOM Cl0€. TOHKUE XUMUUECKUE MEXHONOSUU.
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INTRODUCTION

According to the official data of the Ministry
of Natural Resources and Environment of the
Russian Federation, there are currently more than
200 sites of accumulated environmental damage in
Russia where toxic substances are stored or buried,
including substances of hazard class 1 or 2 (in
particular, persistent organic pollutants, POPs). The
total volume of these substances is estimated to be
in the millions of tons. It is also known that there
are numerous unauthorized dumps and burial sites
containing industrial waste.'?

For the destruction of toxic substances classified
as hazard class 1 or 2, the thermal high-temperature
neutralization method has gained the greatest global
popularity. Despite this method’s high level of
efficiency, its main drawback is the need to create an
expensive gas cleaning system. At the same time, it is
necessary to address the issue of wastewater disposal
associated with this method [1, 2].

At the regional level, as a rule, the options
considered for making relatively small landfill sites
containing toxic substances/waste safe are either to
establish a landfill for the appropriate hazard class in
the immediate vicinity of the general-waste landfill
site or to transfer the hazardous chemicals/waste to
a specialized organization for further processing,
disposal, or dumping.

The primary objective, both during the long-term
storage and transportation of toxic waste, hazardous
chemicals, and wastewater, is to minimize the
likelihood of their penetration into the environment.

One of the industrial methods used for this
purpose is encapsulation in a solid matrix. Concrete
and bitumen are usually used as encapsulants [3].
A common disadvantage of both matrices is a
significant increase in the weight and volume of
the encapsulated waste as well as the observed
leaching of toxic contents, the percentage of which
depends both on the composition of the encapsulated
substances and the encapsulator as well as on the
storage conditions [4]. For example, the leaching of
arsenic from concreted arsenic-containing waste over
a period of 406 days under constant water exposure
(at 10% of the maximum achievable arsenic content
in the concrete matrix) has been calculated at 0.34%
[5, 6]. In addition, experiments on the bituminization

of ash from the incineration of toxic waste have
demonstrated the leaching of heavy metals over
90 days at a level of 0.1-0.3%; the heavy metal
concentration in the ash was 5-11 mg/kg and the ash
content of the bitumen was up to 60% by weight [7].
The leaching of polycyclic aromatic hydrocarbons
directly from bitumen can reach 1 x 10 mg/L over
64 days [8].

In the present study, ceresin, widely used as an
insulating material in radio and electrical engineering,
was proposed as an alternative encapsulant. Ceresin
is a solid under normal conditions and is a water-
insoluble and environmentally inert mixture of
marginal hydrocarbons. Due to its relatively low
melting point, density, and viscosity, ceresin can be
easily sprayed through a mechanical or pneumatic
nozzle into a fluidized bed of solid material to form a
film on its surface.

To reduce the consumption of ceresin, the
possibility of increasing the size of fluidized particles
through granulation was investigated, which, in
turn, would significantly reduce the total area of the
encapsulated surface. Two mixtures were selected as
binders: a high-temperature coal-tar and wastewater
containing heavy metals and soluble sodium salts
(including arsenite). This selection is based on the fact
that these binders are also disposable and recyclable
as waste, and therefore their use as raw materials is
economically justified.

Thus, the aim of this study was to develop a
process for encapsulation of toxic waste and hazardous
chemicals using solid hydrocarbon waste and
wastewater containing heavy metals and soluble salts
as a binder in a product suitable for transportation and
long-term storage without significantly increasing the
initial weight and volume.

This study focused on hazard class-2 POP-conta-
minated soil removed from the Bolshie Izbishchi
landfill site (Lipetsk oblast, Russia) and a hazard
class-3 reaction mass, obtained by laboratory means
from the wet cleaning stage of flue gases during
the research of the thermal neutralization of hazard
class-2 sludge sampled from the territory of the
former Srednevolzhsky Chemical Plant (Chapaevsk,
Russia).

The hazard class was determined using
bioassay methods on hydrobionts in accordance
with R 52.24.566-94.°

' Ministry of Natural Resources of Russia: The state register of objects of accumulated environmental damage (accessed
April 13,2021) (in Russ.). https://www.mnr.gov.ru/docs/docs/svedeniya_soderzhashchiesya v_gosudarstvennom_reestre_obektov

nakoplennogo_vreda okruzhayushchey sr/?special version=Y

2 Rosprirodnadzor. Rosprirodnadzor reports on illegal landfills. Russia, Moscow; 2019 (published July 09, 2020, accessed Oct 8,

2020) (in Russ.). https://rpn.gov.ru/news/156/

3R 52.24.566-94. Recommendations. Methods for toxicological assessment of pollution of freshwater ecosystems. St. Petersburg:

Gidrometeoizdat; 1994. 136 p.
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MATERIALS AND METHODS

Table 2. Wastewater composition

The composition of the POP-contaminated soil,
sampled from the Bolshie Izbishchi landfill site, is Component name mass %
presented in Table 1.
H,0 77.55
Table 1. The composition of the contaminated soil*
PbO 0.02
Component name mass %
ZnO 0.01
Water 17.45 cdo 0.003
Inert filler (talc, pyrophyllite, kaolin) 15.37 CoO 0.001
Hexachlorobenzene 0.004 CuO 0.02
Hexachlorocyclohexane (mixture As,0, 0.02
. . L 0.002
of isomers including lindane)**
Na,CO, 0.79
Soil 67.18 NaCl 20.69
Total: 100.00 Na,SO, 0.50
* Average particle diameter 0.5-0.6 mm.
** Lindane is classified as hazard class 1. NaNo, 0.33
Na,AsO, 0.07
The wastewater composition is shown in Table 2.
High-temperature coal-tar with a melting point Total: 100.00

of ~116-120°C (CAS no. 65996-93-2)* was used as
a binder to model the properties of waste from the
production of coke and coal-tar pitch. Before use,
the pitch was crushed in a laboratory ball mill to a
particle size of less than 200 um. The encapsulant was
ceresin-75 (according to GOST 2488-79)°, and air
was used as a fluidizing agent. A schematic diagram
of the laboratory unit developed for this study, based
on GLATT AGT-150 (Glatt GmbH, Germany), is
shown in Fig. 1.

The main geometric parameters of the installation
are as follows: the diameter of the working chamber
is 160 mm, the height of the cylindrical part of the
working chamber is 450 mm, and the area of the gas
distribution grid is 0.02 m>.

The pitch spray nozzle (7) is installed at a height
of 335 mm above the gas distribution grid (5), and the
pneumatic spray nozzle for wastewater and ceresin (6)
is installed at a height of 40 mm (nozzle direction up).

The design of the unit provides the ability for the
selective discharge of the product into the collector (4)

4 CAS No. 65996-93-2. Coal-tar pitch, high temperature.
Summary risk assessment report (accessed April 13, 2021).
URL: https://echa.europa.eu/documents/10162/13630/trd_
rar_env_netherlands_pitch_en.pdf

5 GOST 2488-79. Geresin. Specifications. Moscow: Izd-vo
standartov; 1980. 6 p.

through a sifter (3), in which the particles are
segregated by weight by controlling the flow rate of
the ascending air flow. The area of the slotted gap for
the supply of air to the nozzles is 6.28 x 107° m2,

The unit has a control panel for setting and
controlling the operating parameters: the flow rate
of the “processed” air and its temperature, the air
pressure in the injectors, the flow rate and temperature
of the supplied substances, and the pressure in the
sifter of the finished product.

The laboratory unit’s technological and design
parameters were determined as the following:

— wastewater and ceresin consumption (G
0.6-3.0 kg/h;

— fluidizing agent consumption (G,,): 40400 m’/h;

— pitch consumption (G )): 0.5 kg/h;

— fluidizing agent temperature (7,,): up to 260°C;

— spray air pressure in the injectors (P
1.4-3.6 bar;

— diameter of the spray nozzle of the injectors:
0.5 mm.

The experimental procedure is as follows. A
specified amount of contaminated soil is loaded into
the drying chamber (8). Then, using a fan (10) in
the drying chamber (8), a fluidizing agent (air) of a
specified temperature is introduced through the unit’s

G):

ww’

AA) :
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Exhaust air

Fig. 1. Schematic diagram of the laboratory unit:
(1) tank with wastewater; (2) screw dispenser; (3) sifter; (4) product collector; (5) gas distribution grid;
(6) nozzle for spraying wastewater and ceresin; (7) pitch feed nozzle; (8) drying-encapsulation chamber; (9) cyclone;
(10) fan; (11) drum gateway; (12) refrigerator; (13) bunker with crushed pitch; (14) heater; (15) pump;
(16) vessel with ceresin melt.

gas distribution grid (5), changing the contaminated
soil/granulate bed into a fluidized state.

Wastewater (1), which is continuously agitated, is
sprayed by a gerotor pump (15) through the pneumatic
nozzle (6) into the drying chamber (8), where the
moisture evaporates and the solids settle on the surface
of the contaminated soil. At the same time, crushed pitch
is fed from the hopper (1) via a screw dispenser (2) to
the working chamber of the pneumatic nozzle (7). This
chamber (7) is equipped with an electric heating element
that converts the powdered pitch into a molten state
(temperature ~200-210°C). The pitch melt is then fed
from the working chamber to the nozzle for spraying
using an integrated screw pump.

The exhaust air ascends to the top of the device
and, after additional dust separation in the cyclone (9),
is discharged into the supply and exhaust ventilation
system. The fine particles separated in the cyclone are
continuously discharged through the cellular rotary
valve (11) back to the working area of the machine.

After the accumulation of granules of a given
size in the bed, the temperature of the fluidizing
agent is reduced to room temperature, and by means
of a pneumatic nozzle (6), the molten ceresin is fed
from the heated container (16) at a temperature of
135°C with constant stirring. As the molten ceresin is
sprayed onto the fluidized bed, the previously formed
granules form capsules covered with an inert solid
shell.

The operating time of the single experiment is 1 h.
At the end of the experiment, the unit is cooled to
room temperature and the product is discharged from
the drying chamber (8).

The experiments were carried out in three stages:

Stage 1: determination of the operating
parameters of the dry granulation of wastewater on
the surface of the contaminated soil,

Stage 2: determination of the operating parameters of
the dry granulation of wastewater on the surface of the conta-
minated soil with the simultaneous spraying of pitch, and
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Stage 3: determination of the operating parameters
of the ceresin encapsulation of the granules obtained
in Stage 2.

The resulting product was subjected to a sieve
analysis. In addition, at Stage 3, the product was tested
for moisture resistance by placing it in water (volume
2 L) at room temperature for 96 h and performing a
chemical analysis on the extract, and biotesting on
hydrobionts was conducted to determine the product’s
hazard class.

RESULTS AND DISCUSSION

The flow rate of the fluidizing agent was
estimated using the calculation method described
by N.A. Shakhova [9]. Thus, the minimum flow rate
of the fluidizing agent at a temperature of 100°C,
which provides fluidization of particles in the size
range d = 0.5 mm (density 2165 kg/m’), was 65 m*/h
(operating speed w,, = 0.9 m/s).

It is known [10] that the values of the working
speed of w, in the range of 0.8—1.4 m/s are routinely
related to drying in a fluidized bed, whereas, in
dry granulation, the speed of the fluidizing agent is
usually 1.0-2.0 m/s. Therefore, it was also advisable
to use the fluidizing agent flow rate of 110 m’/h
(wg, = 1.53 m/s) during the experiments.

0.8

The calculation of the mass of layer M, which
contains the particles d = 0.5 mm located in the nozzle
flare zone, and the maximum height of layer I, which
should not exceed the height of the working chamber
(0.45 m), under conditions in which the operating
speed of the fluidizing agent changes from 0.9 m/s to
1.53 m/s (a flow rate change from 65 m*/h to 110 m*/h),
was also carried out according to the Shakhova
method [9, 11].The results of the mass calculation are
presented graphically in Fig. 2.

Based on the results of the calculated data
presented in Fig. 2, we assumed that the amount of
contaminated soil used as a seed with alp =0.5 mm can
be in the range of M = 0.5-2.4 kg (w,, = 0.9 m/s) and
M =0.4-1.7 kg (w,, = 1.53 m/s).

The temperature of the fluidizing agent and the
wastewater flow rate are among the main control
parameters that regulate the moisture content in the
layer and affect the nature of the interaction of the
particles with each other [12].

The calculation of the dependence of the
temperature of the fluidizing agent 7, on the
wastewater flow rate G_ (in the range of 0.6-3.0 kg/h)
while maintaining a constant temperature in the bed
of 100°C (the highest moisture intake during drying)
and fluidizing agent G, flow rates of 65 m’/h and
110 m*h was carried out according to the heat

0.7
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0.5
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0.3

0.2 |
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minimum fluidized bed height, w,, = 0.9 m/s;
maximum fluidized bed height, wp, = 0.9 m/s;

minimum fluidized bed height, w,, = 1.53 m/s;

maximum fluidized bed height, w,_, = 1.53 m/s;

— nozzle installation height (Fig. 1, pos. 6);
— nozzle installation height (Fig. 1, pos. 7);
—_— drying-encapsulation chamber height.

Fig. 2. Calculated dependence of the fluidized bed height on its mass (a’p = (0.5 mm).

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(3):199-212

204



Yuri A. Eleev, Yulia S. Bogoyavlenskaya, Elena N. Glukhan, et al.

balance equation given in P.G. Smith’s monograph [13].
The values presented in Table 3 were used for the
calculation.

The results of this calculation in graphical form
are shown in Fig. 3.

As can be seen in the graph, with a fluidizing agent
flow rate of 110 m*h, the potential capacity of the
wastewater drying plant is significantly higher. However,
it should be noted that an increase in the speed of the
fluidizing agent increases the probability of particle
abrasion, which, in turn, results in an increase in dust
formation.

Thus, based on the calculated data, the initial
temperature of the fluidizing agent in the laboratory

experiments was 7, = 118.5°C. The effect of pitch
supply on the heat content of the layer was not
taken into account since the main influence on the
temperature of the latter is the amount of water
supplied (and evaporated). In the ceresin spray mode,
the fluidizing agent heating was turned off, and its
temperature corresponded to room temperature.

The average diameter of wastewater droplets
was calculated using the empirical K. Masters ratio
[11, 14]. Recommended by Masters for pneumatic
injectors, the “flow rate of the spraying agent/flow
rate of the sprayed liquid” ratio is in the range of
0.1-10. In addition, the size of the droplets d, which
is determined by this ratio, should be at least 10 times

Table 3. Values of constants for calculating the temperature of the fluidizing agent 7,
and determining the amount of moisture removed from wastewater G

Parameter name Dimension Value
Heat capacity of the fluidizing agent (at 100°C) kJ/(kg-K) 1.01
Heat capacity of wastewater (at 20°C) kJ/(kg-K) 2.88
Wastewater supply temperature °C 20.0
Salinity of wastewater - 0.23
Heat loss % 5.0
250
200
150
1
100
50
0
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
G ., kgh
—— Fluidizing agent flow rate G, = 65 m*/h;
- Fluidizing agent flow rate G,, = 110 m*/h.

Fig. 3. Calculated dependence of the fluidizing agent temperature on the wastewater flow rate while maintaining
a constant temperature in the bed 100°C.
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smaller than the diameter of the particles on the
surface being sprayed [15-18]. Since during the dry
granulation—encapsulation process there is a constant
growth of granules (i.e., the diameter of ¢ increases),
the maximum value of d, was also assumed to be
0.2 mm (200 pm). The graph in Fig. 4 shows the
calculated dependence of the size of the droplets of
sprayed wastewater and pitch on the pressure of the
atomizing agent.

Thus, the pressure range of the atomizing agent
was assumed to be 1.4-2.4 bar at a wastewater flow rate
of 0.6 to 3.0 kg/h and d = 0.5-2 mm. Atd =2 mm, a
pressure of 1.4 bar is sufficient to spray the pitch, but,
atd = 0.5 mm, the minimum pressure of the atomizing
agent is at least 3 bar.

Taking into account the fact that the values of
the physical properties of ceresin at a temperature of
135°C, which affect the nature of the droplet spraying,
are comparable to wastewater [19], 1.4 bar was taken
as the initial pressure value for the ceresin spray.

180
160

140

120

100

40

20
1.0 1.5 2.0

—— Wastewater flow rate G = 0.6 kg/h;
- Wastewater flow rate G = 3.0 kg/h;
Pitch flow rate Gp =0.5 kg/h.

Tables4, 5,and 6 setouttheresults of the experimental
studies in which the results of the calculations are used
as the initial operating parameters of the process.

In Experiment 2, dust formation was noted, which
was visually observed, as well as discrepancies between
the values of the expected amount of discharged
granulate and the actual amount of more than 10%.
An increase in the amount of seed material allowed
the removal of unwanted dust formation and achieved
the required performance for wastewater due to the
increased contact surface between the liquid and solid
phases (Experiment 3).

The values of the process parameters presented
in Table 4 (Experiment 3) were used as the initial
values at Stage 2 of the research.

In Experiment 4, intensive formation of large
agglomerates in the bed was observed. An increase
in the temperature in the bed and the pressure of
the atomizing agent did not lead to a noticeable
improvement in the results (Experiment 5).

2.5 3.0 3.5 4.0
P, bar

AA°

Fig. 4. Calculated dependence of the droplet size of sprayed wastewater and pitch on the pressure
of the atomizing agent.
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It is clear that one of the reasons

for the

formation of agglomerates was the insufficient
velocity of the particles relative to each other,
i.e., cohesive interparticle interaction forces were
significantly greater than the crushing and grinding

forces acting on the part of the fluidizing bed,
which is probably primarily due to the sputtering
of the pitch melt. In this regard, in subsequent
experiments, the flow rate of the fluidizing agent
was increased to 110 m*/h.

Table 4. Summary table of the experimental results on the dry granulation
of wastewater on the surface of contaminated soil (Stage 1)

Parameters
No. exp. o Notes
kg, G,,, m/h T.,,°C T,,%*°C T, ,,**°C P,,,bar G . kgh
1 0.4 64-67 118-188 95-102 75-83 1.4-2.2 0.6-2.1 +*
2 04 6368 187-192 90-101 77-82 2224 2.1-3.0 Dust formation
3 0.5 61-67 185-198 88-104 76-84 2224 1.5-3.0 +

* No unwanted dust formation and agglomeration.
** Temperature in the bed (7},) and temperature of the exhaust gases (7}, ), respectively.

Table 5. Summary table of the experimental results on the dry granulation of wastewater
on the surface of contaminated soil with simultaneous spraying of pitch (Stage 2)

Parameters
g =
= ] | 3
@ 50 ms o § & < 2 s §0 g
z = g % ¥ E *s = 2 = “
= & B £ : | O
g )
S ~ ~ K o S
Unwanted
4 0.5 62-70 121-192 | 97-106 82-93 2224 3.0-3.1 0.5 1.5-1.8 .
agglomeration
Unwanted
5 0.5 63-65 117-190 | 95-103 81-90 24-2.8 3.3-3.6 0.5 1.5-1.8 .
agglomeration
6 0.5 107-115 118-133 92-103 71-85 24-2.8 3.3-3.6 0.5 1.5-1.8 Dust formation
7 0.6 108-112 129-135 | 95-100 78-81 2.0-24 3.3-3.6 0.5 1.5-2.1 +
8 0.6 106-114 134-144 | 92-100 70-81 1.4-2.0 3.3-3.6 0.5 1.5-2.5 Dust formation
9 0.8 107-114 131-154 91-98 73-81 1.4-2.0 3.3-3.6 0.5 1.5-2.5 +
10 1.0 107-113 135-153 88-95 74-82 1.4-2.0 3.3-3.6 0.5 1.5-3.0 +
11 1.0 106-115 143-154 92-99 77-85 1.4-2.0 - - 2.1-2.2 +
12 1.0 107-113 138-145 84-93 75-78 - 3.3-3.6 0.5 - +

* Atomizing agent pressure for wastewater (P, . ) and pitch (P, ) spraying, respectively.
** Temperature in the bed (7},) and temperature of the exhaust gases (7},), respectively.
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In Experiment 6, the number of particles less than 0.5 mm
in the unloaded product increased from 3.43 to 8.58 wt % in
comparison with the experiments in Stage 1. At the
same time, ~37% of the dust fraction was made up
of pitch particles. It is likely that the growth of the
dust fraction was associated with both the increased
velocity of the fluidizing agent and with a reduction
in the number of contacts between the solid particles
in the bed and those sprayed with pitch (in the form
of melt) due to the intensification of heat removal in
the supra-bed space.

A gradual increase in the amount of contaminated
soil to be loaded up to 1 kg (and, consequently, the
minimum bed height), while reducing the pressure of
the atomizing agent in the nozzle (Fig. 1, pos. 6) up to
1.4 bar at a wastewater flow rate of up to 3 kg/h, allowed
a stable dry granulation process to be achieved without
agglomerate formation (Experiment 10).

Comparative experiments were carried out feeding
only wastewater into the bed (Experiment 11) and only
pitch (Experiment 12). In both cases, the quantities of the
loaded contaminated soil and the supplied solid fraction
were 1 kg and 0.5 kg, respectively. The results of the
sieve analysis of the product from Experiments 11-13
are shown in Table 6, and Fig. 5 shows the appearance of
the granules. Images were taken using a Leica DM2500
microscope (Leica Microsystems, Germany).

Based on the results of the analysis of the
granulometric composition of the product, we
assumed that the predominant mechanism for granule
growth in Experiments 10 and 12 was agglomeration.
This agrees with M. Hemati, et al. [20], who note
that the growth of granules in a fluidized bed is due
to agglomeration if the number of granules with a
diameter two times larger than the diameter of the
initial particles is more than 15% of the total number
of particles in the bed during the process for 1 h.

Although the values of the surface tension and
wetting angle of the pitch melt are comparable to
water [21], the cohesive—adhesive interaction and
wettability are mainly determined by the polarity of
the substances in contact and the dispersion forces,
and therefore the mechanisms for granule growth
can differ markedly. In addition, the surface of the
pellets during the spraying of wastewater is formed
by salting out, and the size of the particles deposited
on the surface of the contaminated soil is an order
of magnitude smaller than that of the pitch particles.
Figure 5c clearly shows the cavities, while the surface
structure of the granule in Fig. 5b looks much more
uniform.

Figure 5a shows a photo of the granules obtained
in Experiment 10. Based on its internal structure, we
can imagine that the granulation mechanism is of a

Table 6. Results of sieve analysis of the product were obtained by spraying wastewater

and pitch melt into a fluidized bed of contaminated soil

Fraction, mm Exp. 10, % Exp. 11, % Exp. 12, %
<0.25 0.17 0.12 242
0.25-0.49 1.88 2.54 3.33
0.50-0.99 70.51 94.29 76.47
1.00-1.99 26.42 2.87 17.41
>2.00 1.02 0.18 0.37

b

Fig. 5. Fraction 1.00-1.99 mm: (a) granule from Experiment 10; (b) granule from Experiment 11;
(c) granule from Experiment 12. At Fig. a: 1 — contaminated soil, 2 — pitch,
3 — deposits of salts containing heavy metals.
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mixed nature. The binding of the initial particles of
the contaminated soil is carried out by both pitch and
salting. In this case, the cavities in the agglomerate
are partially filled with salt deposits, which increases
the strength and integrity of the structure of the
final product. This can be seen by increasing the
number of granules of 1.00-1.99 mm by more than
10% (Experiments 10 and 12) and by reducing dust
formation.

At Stage 3 of the studies, a fraction of 1.00—1.24 mm
was used for encapsulation with ceresin, which was
previously produced at the specified technological
parameters (Experiment 10).

We have made an approximate calculation of the
minimum amount of ceresin to be fed into the bed
under the following assumptions: ceresin is evenly
distributed over the surface of the spherical particles;
particle mass is 1 kg; bulk particle density is ~1250 kg/m?;
ceresin density is ~900 kg/m?). The calculation results
are shown in the graph in Fig. 6.

It should be noted that the amount of theoretically
required ceresin strongly depends on the size of the

1.6

1.5

1.4

1 kg)

1.3

1.2

dp, mm (M

1.1

1.0

0.9

0 0.2 0.4 0.6

particles in the bed. So, for example, for the coating of
particles d =1 mm with a ceresin film with a thickness
of 200 um, the ratio of the layer mass and the mass of
the encapsulator is 1.0 : 0.9, and for 4 = 1.5 mm it is
1.0 : 0.6.

Theresults of Stage 3 ofthe experimental studies are
presented in Table 7. When the consumption of ceresin
G_was 0.6 kg/h and 0.8 kg/h (Experiments 13 and 14), the
resulting product did not pass the waterproofness test
because chloride ions were found in the water extract as
well as trace amounts of organic compounds that make
up the pitch. This indicates an incompleteness/hetero-
geneity of encapsulation.

Anincrease in the flow rate to 1 kg/h (Experiment 15)
made it possible to obtain a sealed, moisture-resistant
product, which, according to the results of the bioassay
on hydrobionts, was assigned to hazard class 5.

Unloading was carried out through a sifter, the
pressure in which was set to 1.1 bar, which allowed
particles less than 1 mm to be filtered out. The difference
between the expected and actually unloaded product
quantity was ~5%.

0.8 1.0 1.2 1.4

G, kg/h

—— encapsulant layer thickness on the particles — 100 pm;

-=—  encapsulant layer thickness on the particles — 200 pm;

A encapsulant layer thickness on the particles — 300 pm.

Fig. 6. Calculated dependence of the required encapsulant (ceresin) consumption on the initial particle size
in the fluidized bed (the mass of the bed is 1 kg).

Toukue xumudeckue TexHosoruu = Fine Chemical Technologies. 2021;16(3):199-212

209



Development of an encapsulation process for toxic waste and hazardous chemicals in a fluidized bed

Table 7. Results of experiments on encapsulation of granulate with ceresin

Parameters
No. exp. Notes
Mg | G,m¥m | T,,°C | T,*°C | T,*°C | P_,bar | G,kgh

13 1.0 107-114 18-23 18-30 15-24 1.4-2.0 06 Water resistance test
failed

14 1.0 105-113 18-23 17-33 16-26 14-2.0 0.8 Water resistance test
failed

15 1.0 103-115 18-23 17-35 15-29 14-2.0 1.0 Water resistance test
passed

* Temperature in the bed (7},) and temperature of the exhaust gases (7,,), respectively.

Figure 7 shows the appearance of the resulting
product. Image was taken using a Leica DM2500
microscope.

Fig. 7. Encapsulated waterproof hazard class-5 product
(Experiment 15, fraction 1.25-1.99 mm).

CONCLUSIONS

In conclusion, the present study demonstrates
the potential for a drying—granulation—encapsulation
process for toxic waste and hazardous chemicals with
a hazard class of 1-3 in one device, producing a bulk
product of hazard class 5 that is moisture-resistant
and suitable for transportation and long-term storage.

The technology for encapsulating toxic waste
and wastewater can be implemented, for example,
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Abstract

Objectives. To investigate the influence of side-section flow modes on the energy efficiency of a
partially thermally coupled distillation sequence (PTCDS) with a vapor recompression heat pump
for the extractive distillation of an allyl alcohol-allyl acetate mixture with n-butyl propionate and
identify modes under which the combined use of a PTCDS and heat pump are the most efficient.
Methods. Mathematical modeling in the Aspen Plus V10 software package was used as the main
research method. The local composition equation of the non-random two-liquid model was used
as a model for describing the vapor-liquid equilibrium, while the Redlich-Kwong model was used
to consider the non-ideal vapor phase. When modeling the conventional extractive distillation
scheme and PTCDS, parametric optimization was carried out according to the criterion of the total
energy costs in the column reboilers. For the economical evaluation, Aspen Process Economic
Analyzer V10.1 tools were used.

Results. For extractive distillation of a mixture of allyl alcohol (30 wt %) and allyl acetate (70 wt %)
with n-butyl propionate as an entrainer, the minimum energy consumption was achieved at the
same side-section flow mode for the variants of a PTCDS with and without a heat pump. The
reduction in energy costs relative to the conventional scheme was 20% for the sequence without
a heat pump and 38% for that with a heat pump. An economic assessment was made of the
best options in comparison with the conventional extractive distillation scheme. The PTCDS with
a heat pump had an advantage over the sequence without a heat pump only for long periods of
operation.

Conclusions. For the extractive distillation of an allyl alcohol-allyl acetate mixture, the optimal
modes for the combined use of a PTCDS with a vapor recompression heat pump coincide with the
optimal modes for a PTCDS without a heat pump.
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HAYYHAS CTATbA

OnTuMasibHbIE Ppe;KUMbI 00KOBOT0 0TO0PA B CHCTEMAX IKCTPAKTUBHOM
PEKTH(PUKALNNH C TEIIOBLIM HACOCOM IPHU Pa3iejiecHuH CMeCH
AJJIWJIOBBIN CIUPT—AJUIWJIALETAT ¢ Oy THJIIIPONTHMOHATOM

II.C. Kaay3uep®, [.I'. PynakoB, E.A. AHOXHHa, A.B. THMOLIEHKO

MHPSA — Poccuiickuil mexHono2uueckuil yHusepcumem (HMHemumym moHKUX XUMUUECKUX MEeXHOI02ULL
um. M.B. Aomorocosa), Mockea, 119571 Poccust
@Aemop oas nepenucku, e-mail: klauzner@mirea.ru

AHHOMayus

Ienu. Hccnedosams sausiHue pesxumos 60Kko08o20 ombopa HA sHepzemuueckyto shheKkmusHocms
KOMNeKCa C WaACMUUHO C8A3AHHbIMU Menaiossbimu U mamepuaibHoimu nomokamu (YCTMII) ¢
mensiogeim Hacocom (TH) omKpsuimozo muna 8 sKCmpaKkmugHOU peKkmupurkayuu cmecu aaiu-
J108bll cnupm—aanunayemam ¢ H-0ymuainponuoHamom U 8blsi8UMb YCA08Usl, NPU KOMOPbLX CO-
emecmHoe npumeHeHue komnaerxca ¢ YCTMII coemecmHo ¢ TH Haubosee sgpcheKkmueHo.
Memoodusl. Mamemamuueckoe Mo0eauposaHue 8 NPopammHom komnaerxce Aspen Plus V10. /lns
MOOENUPO8AHUSL NAPOIKUOKOCMHO20 PABHO8ECUSL NPUMEHSNU YpasHEeHUEe JIOKAJIbHbLX COCMAa808
Mmoo0ens Non-Random Two Liquid, a dns yuema HeudeanbHOCMuU naposoil gpassl — moodesns Ped-
auxa-Keorea. Ipu modenupogsaruu mpaduyuoHHOU Cxembl IKCMpPAKmMuU8HOU pekmugpurayuu u
romnnexca ¢ YCTMII npogodusiu napamempuueckyto OnMmuMuU3ayuUo no KPUmMepuo CYMmapHblx
SHepzemuUecKux 3ampam 8 KUNSmMuabHUKAxX KOJOHH. s 9KOHOMUUECKOU OUEeHKU NPUMEHSIU
uHcmpymeHmol Aspen Process Economic Analyzer V10.1.

Pesynomamel. /15 skcmpaxmugHoil pekmugpurkayuu cmecu 30 mac. % annunogozo cnupma
u 70 mac. % annunauemama ¢ H-6YmMuanponuoHAmMoM 8 Kauecmae pas3oessiouiezo azeHma no-
KA3aHo, Umo MUHUMYM SHepa03ampam 00Ccmu2aemcst npu o0UHAKOBOM YpPO8HE U KoJuuecmae
60K08020 ombopa Kak 0as eapuarHma komnaexca ¢ YCTMII ¢ TH, max u 6e3 Hezo. CHUX>KeHUe
9Hepeemuueckux 3ampam OmHOCUMEeNbHO MPAOUYUOHHOU cxembl Oasi komnaerxca 6es TH co-
cmasnsiem 20%, a ¢ TH — 38%. Buuia npousgedeHa 3KOHOMUUECKAsl OUeHKA HAUMYUUUX 8apu-
aHmMo8 Nno CpasHeHUur ¢ MpPAadUyUOHHOU cxemoll sxempaxkmueHoll pexkmugpurayuu. Ilokazaro,
umo npumeHeHue Komnnexca ¢ YCTMII ¢ TH umeem npeumyuiecmao moasko npu OAUmesrbHblX
CpOKax sKcnayamayuu.

Buteoowt. [lokazaHo, umo Ot SKCMPAKMUBHOU peKmuUpUKAYUU CMECU ALAUNO8bLI CRUPM—ATL-
Aunayemam onmuMaibHble pexxumsl. 60K08020 ombopa Npu COBMECMHOM NPUMEHEeHUU KOM-
nniexca ¢ YCTMII ¢ TH omxpsimozo muna u komnaerxca ¢ Y4CTMII 6e3 TH coenadarom.
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INTRODUCTION

Allyl alcohol (AAL) is a key product of the
chemical technology of basic organic synthesis. It
is used for the synthesis of glycidol, glycerol, allyl,
glycidyl, and several other esters used in the production
of fibers, paints and varnishes, sealants, molded
products, fiberglass-reinforced plastics, polymers,
food products, medicines, and perfumery products.
There are several industrial methods for obtaining
AAL from allyl acetate (AAC)—saponification,
hydrolysis, alcoholysis [1], and a combined reaction—
distillation process [2]. Regardless of the preparation
method, during the preliminary separation of the
reaction products, an AAL-AAC mixture is formed;
it has an azeotrope with a minimum boiling point and
an AAL content of 0.63 wt. fract. (0.75 mol. fract.). To
separate this mixture, the authors in [3] have proposed
using extractive distillation (ED) with ethylene glycol
as an entrainer; this entrainer is distinguished by a
sufficiently high selectivity, and in its presence, the
relative volatilities are reversed. As an alternative,
we propose n-butyl propionate (BP) as an entrainer
in [4]. The maximum difference in boiling points is
100°C when using EG and 48°C when using BP.

In several cases, ED 1is characterized by a
significantly lower energy consumption than that
of other special separation methods. Despite this,
the search for ways to reduce the energy cost of its
implementation remains urgent since it is used in
large-tonnage technologies of basic organic and
petrochemical synthesis. Conventional ways to
reduce energy costs in ED include using selective
entrainers and parametric and structural scheme
optimization. As with conventional distillation, heat
integration [5—8] and methods based on the approach
of distillation to thermodynamically reversible [9]
can be used to improve the ED process, e.g., schemes

! See the list of abbreviations at the end of the article for the
introduced designations.

with a completely [10] or partially thermally coupled
distillation sequence (PTCDS) [11, 12]. Many works
have been devoted to PTCDS schemes. The use of
such schemes in the ED of various mixtures [13—15]
has been investigated, and an empirical criterion for
a preliminary assessment of the energy efficiency
of PTCDS schemes in ED [16] and an optimization
algorithm for such schemes [17] have been proposed.
Another promising [18] method for improving the ED
process is the use of various heat pumps (HPs). At
present, few works have been devoted to this topic
[19-22]. Since the use of HPs and PTCDS schemes
is based on different principles, it is advisable to
consider the possibility of their joint use and evaluate
the effectiveness of this approach.

Previously, in [4], we have considered the use of
HPs in the ED of an azeotropic AAL-AAC mixture
with a BP entrainer in conjunction with a PTCDS
scheme. Relative to the conventional scheme, the
reduction in energy costs of the combined scheme
reached 50%. Since the energy efficiency and even
the structure of the optimal technological scheme
are a function of the initial composition of the food
due to the process’s irreversible nature, in this work,
research is carried out on the initial composition with
an AAL content of 30 wt %, significantly different
from the previous study. It is known that the side-
section flow mode, i.e., the position of the side-
section tray (N,) and the amount of side-section flow
(), has a significant effect on the energy efficiency
of PTCDS schemes. Thus, the purpose of this work
is to study the influence of these parameters on
the energy efficiency of a PTCDS scheme with a
vapor recompression HP and identify the conditions
required for their joint use.

CALCULATIONS

All calculations were performed using Aspen Plus V10.
As in [4], the non-random two-liquid equation was
used to simulate the vapor—liquid equilibrium in this
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study, and the Redlich—-Kwong equation was used to
consider the imperfections of the vapor phase arising
during vapor compression.

For all variants of the schemes, the separation
of the initial mixture with an AAL-AAC feed rate
of 1000 kg/h, temperature of 97°C, and pressure of
105.0 kPa was considered [3].

The pressure of the top of the columns was taken as
equal to 101.3 kPa [3], and real trays with an efficiency
0f 0.65 and a pressure drop of 0.1013 kPa on each were
considered. The calculations were carried out in the
design and verification mode, with a fixed quality
of the product flows. The concentration of AAL and
AAC in the product flows was set as constant and
equal to 99.5 wt %; the BP concentration was equal
t0 99.9 wt %.

The optimization criterion was the minimum
total heat duty on Q _  reboilers. In general terms, it
could be written as (1):

Qlotal = zzK:I rieb > (1)

where K is the total number of distillation columns,
i is the column number in the scheme, and Q. is the
reboiler duty of the i column..

Technological schemes with HPs differ
significantly from conventional ones since they
contain “hot” compressors and additional heat
exchange equipment. The compressors can be driven
using both steam and electricity. To compare the
energy costs in technological systems with dissimilar
equipment, the consumption of equivalent fuel or
an economic assessment of operating costs can
be applied. In the case of using HPs in distillation
processes, the authors of [23] proposed a simple
formula (2) for assessing energy efficiency through
reduced energy costs (O ):

Qred = thal + 3VVcomp > (2)

where O is the total energy consumption in the
column reboilers (kW) and W omp is the compressor
power consumption (kW).

To compare the options for organizing a process
that includes dissimilar technological equipment, the
total annual cost (74AC) criterion is usually used (3):

ccC

TAC = OC + , 3)
oT

where OT is the operating time of the unit in years;
CC is the capital costs, USD; and OC is the operating
costs, USD/year.

Since changes in the service life significantly
affect the TAC value, the criterion calculations were
carried out for 10- and 20-year periods.

Aspen Process Economic Analyzer V10.1 was
used to calculate the capital and operating costs. The
energy prices are given in Table 1.

Table 1. Utility costs (USD)

Utility Cost, USD
Electricity, kW 0.0775
Cooling water, t 0.03
Steam, kg 0.017

Modeling and optimization
of the conventional ED scheme

The conventional ED scheme (Scheme 1) is
shown in Fig. 1 and consisted of two columns—
an ED column (EC) and an entrainer regeneration
column (RC).

For the conventional version of the ED
organization according to the algorithm proposed
in [17], the optimal operating parameters were
determined. In the optimization process, the total
number of trays in both columns, the position of the
feed plates to the EC and RC columns, the position of
the entrainer feed plate to the EC, and the amount of
entrainer flow were determined. For the optimization,

EC RC

@,

Fig. 1. Conventional ED scheme of AAL-AAC mixture
with BP as the entrainer. EC is ED column, RC is entrainer
regeneration column. Hereinafter: (1) feed, (2) entrainer,
(3) AAL, (4) AAC.
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the built-in tools of the Aspen Plus software package
were used, which implemented the sequential
enumeration of parameters and optimization via
sequential quadratic programming (SQP).

The final operating parameters of the conventional
ED scheme at a given composition (30-wt % AAC) of
the initial mixture are presented in Table 2.

Modeling and optimization of a PTCDS scheme

The authors of [16] proposed a rule of thumb by
which the use of PTCDS schemes is inappropriate
when the reflux ratio in the RC is much lower than
one. In this case, the value of RRC was 4.0, implying
the achievement of a significant energy effect. Based
on the conventional ED scheme, we simulated the
scheme with a PTCDS (Scheme II), as shown in Fig. 2.

Table 2. Operating parameters of conventional

ED scheme
Columns
Operating parameters
EC RC

total 46 28
Ny 35 17
Ny 12 _
0, kKW 299 375
Oponer KW -275 -357
R 3.7 4.0

cont> C 96.81 104.0

€ 128.4 145.9
P . kPa 101.3 101.3
P, kPa 105.8 104.0
S, kg/h 2450 -
T °C 120.0 _

ThediagraminFig.2 wasobtained by transforming
the conventional scheme (Fig. 1) according to
different algorithms [11, 12, 24]; it is a single complex
column with a reinforcing side section. In the next
stage, according to the algorithm proposed in [17],

3 4
2 g
SS
1

MC

(5

Fig. 2. PTCDS scheme: MC — main column,
SS — side section.

the values of the flow and supply level of the side-
section flow were determined. According to several
studies, the optimal values of other variables, e.g., the
number of feed plates, the entrainer feed plate, and
the entrainer flow, in PTCDS schemes either do not
differ or differ insignificantly from the corresponding
parameters of the conventional scheme [12, 24].
Therefore, the optimization of PTCDS schemes to
reduce the dimension tasks on these parameters may
not have to be carried out. For several of the side-
section trays, the SQP Optimization tool was used to
determine the value corresponding to the minimum
duty on the Q . reboiler. The data obtained at this
stage are shown in Table 3.

The minimum lateral withdrawal flow was
observed at N, = 47, and the minimum energy
consumption in the reboiler was observed at N, = 48.
The optimal operating parameters of the PTCDS
scheme are presented in Table 4.

Combined use of a PTCDS scheme and HP

Based on the PTCDS scheme considered above,
a scheme for the joint use of a PTCDS with a vapor
recompression HP (Scheme I11I) was synthesized, as
shown in Fig. 3.

For a preliminary assessment of the efficiency of
using HPs based on the expression of the efficiency of
a Carnot heat engine and an equation for calculating
the heat required for separation, the authors of [25]
proposed the efficiency factor of HPs, C

Ccf — Qrcb — ]—;cb s (4)

A (TbiT::ond)

rel
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Table 3. Operation parameters optimization of PTCDS. Q units are [kW]

N, ¥, keg/h Ory Qi R Qeona R*
44 1721 611 —337 4.4 —-162 1.4
45 1645 569 —335 4.2 -157 1.4
46 1622 532 —339 39 —154 1.4
47 1612 522 —327 3.7 —156 1.2
48 1692 521 -318 3.6 —-161 1.3
49 1858 528 —311 34 -176 1.5
50 2214 560 -313 34 —206 1.9
51 2901 608 -305 34 —262 2.8

Table 4. Optimal operating parameters of PTCDS

4
3
Columns

2 — Operating parameters
MC SS
SS
total 57 17
1
N, 35 -
X N, 48 _
N, 12 -
MC v, kg/h 1692 -
%, 0., kW 521 -
Fig. 3. PTCDS scheme with open type: 0 kW 318 ~161
MC — main column, SS — side section. cond
_ _ . R 3.6 1.3
where @ is the column reboiler duty, 4 is the
thermodynamic work, and 7, and T, are the absolute oC 96.8 104.9
temperatures in the condenser and reboiler of the EC, o
reSpeCtiVely. T .°C 147.0 _
Based on the data in Table 4, for the PTCDS scheme, <’
C, eqqaled 8.3. In[25], it was noted that the use of HPs may - kPa 101.3 104.0
be advisable at values of C . > 5.
It should b§ noted that' When deriving Eq. (4), P kPa 1075 B
several assumptions were initially made to assess re
the applicability of HPs in the separation of zeotropic S, ke/h 2450 B
mixtures. Despite this, in several works, the criterion ’
has also been used for PTCDS schemes with HPs in the o
. i S T, °C 120.0 -
separation of azeotropic mixtures, including ED [20, 26, 27].
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The steam flow of the main column was chosen
as the working fluid for the HP since its heat content
was higher than that of the upper steam flow of the
side section. Simultaneously, the temperature of
the steam flow required for effective heating of the
column bottom was provided at a compression ratio
in the compressor equal to 5.2. It is known that high
economic efficiency from the use of HPs is achieved
when this ratio is less than three [28, 29]. Thus, for an
accurate comparison of the considered schemes, the
following economic assessment was required.

For several positions of the side-section tray, N,
and the corresponding optimal amount of side-section
flow, V, considered when optimizing the PTCDS
scheme, the operating parameters of an open-type HP

were selected. The results are presented in Table 5.

. MC .
In this case, Oy u QOhe were duties on the

auxiliary reboiler and condenser, respectively, Wy WaS
the compressor power consumption, Q. was the heat
transferred in the heat exchanger of the HP, and O, was
the heat transferred in the heat exchanger of the HP, and

0. was the reduced energy cost determined by Eq. (2).

T

RESULTS AND DISCUSSION

According to the calculated data (Tables 3 and 5),
the final dependences of the duty on the reboiler of the
PTCDS scheme and the reduced energy consumption
when using a PTCDS with an HP on the position and
amount of side-section flow are shown in Fig. 4.

Table 5 and Fig. 4 show that as the N,, increased,
the efficiency of the HP decreased; however, the
minimum reduced energy costs, QL , were observed at
the same N, and V' values as the minimum energy costs
of the PTCDS scheme without an HP. The comparison

of the energy costs of the conventional scheme and
the best options for the complex with PTCDS and the
combined use of a PTCDS and HP are presented in
Table 6.

As already indicated, for an accurate comparison
of the considered solutions, it was necessary to
perform an economic assessment. To do this, we
evaluated several design parameters of the distillation
columns, i.e., the diameter of the column (D) and
the height of the trayed (packed) section (), and
selected the types of contact device. This assessment
was made using the Aspen Plus software package; the
results are presented in Table 7.

The general results of the economic assessment
carried out with the Aspen Process Economic
Analyzer and the TAC values calculated according to
Eq. (3) based on these results are shown in Table 8.

3100 650

2900 600

2700
550

2500

< 500 =
(o) /
= 2300 . o/ =
> s f 4 450 O

2100 < o~/

5 : Y,
1900 / 400
1700 — e 350
T +—
1500 300
43 44 45 46 47 N 48 49 50 51 52

oV, kgl —— Qi kW —— Q1 kW
Fig. 4. PTCDS heat duty (QYy , kW), PTCDS with HP

reduced heat duty (Q::g , kW) and V, kg/h dependence
on side-stream stage (V).

Table 5. Operation parameters’ dependence on N, and V' for HP schemes. Q and W units are [kW]

N, ¥, kg/h Qo Qo R¥S W com Oy (1
44 1721 295 —86 4.4 62 331 481
45 1645 273 —81 4.2 60 302 453
46 1622 269 =74 39 54 276 431
47 1612 267 =71 3.7 52 263 423
48 1692 274 —68 3.6 49 248 421
49 1858 287 —66 3.4 48 240 431
50 2214 335 —66 34 47 230 476
51 2901 409 —65 34 46 224 547
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Table 6. Energy duties of optimal PTCDS (II) and PTCDS with HP (III) schemes in comparison with

conventional ED scheme (I)

Scheme
Energy duties
I II 11
O, KW 674 521 274
comp> KW 0 0 49
0., kW 674 521 421
AQ % 0 22 38
Table 7. Construction parameters of columns
Column EC RC MC SS
D,m 0.6 0.75 0.7 0.45
H,m 19 11 23 3
Tray/pack type Valve trays Valve trays Valve trays Raschig rings
Table 8. Economical evaluation
Scheme
Economic parameters
I 1T I
OC, USD/year 222420 179493 132675
AOC, % 0 19.3 40.3
CC,USD 502400 368000 1077100
TAC10 272660 216293 240385
TAC20 247540 197893 186530
ATAC10, % 0 20.7 11.8
ATAC20, % 0 20.1 24.7

CONCLUSIONS

The study showed that for the ED process of a
mixture of AAL (30 wt %) and AAC (70 wt %) with
BP, the use of a PTCDS scheme and that same scheme
with an HP can significantly reduce energy expenses.
Moreover, it was found that the change in the main
variables (the level of the supply and the value of the
lateral withdrawal flow), which affects the energy

efficiency of the PTCDS scheme, also affects the
efficiency of the HPs in the complex. However, in
the case considered, the minimum energy costs were
achieved under the same conditions in the PTCDS
schemes both with and without an HP. A decrease
in the concentration in the initial mixture of the
component released in the distillate of the EC led to
a decrease in the energy and economic efficiency of
using the HP. According to the results of the economic

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(3):213-224

220



Pavel S. Klauzner, Danila G. Rudakov, Elena A. Anokhina, Andrey V. Timoshenko

assessment performed based on the TAC criterion
with a unit operation time of 10 years, it would be
more expedient to use a PTCDS scheme without an
HP. However, with an operation time of 20 years,

Abbreviations

A —hermodynamic work;

C . — efficiency factor;

CC — capital costs;

D — diameter;

H —height;

N — plate number;

K — total number of columns;

OC — operating costs;

OT — operating time;

P — absolute pressure;

O — heat duty;

R — reflux ratio;

S — flow rate of an entrainer;

T — temperature;

TAC — total annual costs;

TAC10 — total annual costs with a 10-year operating life;
TAC20 — total annual costs with a 20-year operating life;
V — side flow;

W — power consumption;

AAL — allyl alcohol,

AAC — allyl acetate;

SS — side section;

BP — n-butyl propionate;

MC — main column;

RC — entrainer regeneration column;

HP — heat pump;

PTCDS — partially thermally coupled distillation sequence;
EC — extractive distillation column;

ED — extractive distillation.

Indices

comp — Compressor;
cond — condenser;

i — numbers of the column;
F — feed;

HE — heat exchanger;

HP — heat pump;

min — the minimum value;
opt — optimal value;

reb — reboiler;

red — reduced;

S — entrainer.
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Abstract

Objectives. The objectives of this work are the development of a multi-primer system based
on the polymerase chain reaction (PCR) aimed at the simultaneous detection of six bacterial
pathogens that cause human pneumonia and the determination of the parameters important
for the optimization of this multi-primer system, including solid-phase PCR systems (biological
microarrays).

Methods. To determine the optimal parameters of the system, PCR methods were used in
monoplex and multiplex formats.

Results. Primers for Staphylococcus aureus, Pseudomonas aeruginosa, Haemophilus influenza,
Legionella pneumophila, Klebsiella pneumoniae, and Streptococcus pneumoniae detection were
designed, and the PCR cycling conditions were optimized. The patterns of primer design for solid-
phase PCR were revealed.

Conclusions. The developed prototype of a system specifically identifies six clinically significant
bacterial pathogens. It could be expanded for the analysis of viral and fungal pathogens and used
in clinical diagnostics. A prototype of a system for pathogenic agent detection in the immobilized
phase (biological microarray) was created.

Keywords: infectious pneumonia, multiplex PCR, biochips, COVID-19

For citation: Klochikhina E.S., Shershov V.E., Kuznetsova V.E., Lapa S.A., Chudinov A.V. Specificities of multi-
primer polymerase chain reaction optimization for the detection of infectious pneumonia agents in human. Tonk. Khim.
Tekhnol. = Fine Chem. Technol. 2021;16(3):225-231 (Russ., Eng.). https://doi.org/10.32362/2410-6593-2021-16-3-225-231

© E.S. Klochikhina, V.E. Shershov, V.E. Kuznetsova, S.A. Lapa, A.V. Chudinov, 2021
225


mailto:arctickate@yandex.ru

Specificities of multi-primer polymerase chain reaction optimization ...

HAYYHAS CTATbSA

Oco0enHocTH onTUMHU3ANMU MyJabTUNIpaumMepHoii ITI[P
JJIS. BbISIBJICHUS BO30ynuTe el NHPEeKIMOHHON THEBMOHUHU
Yyesa0BeKa

E.C. Knounxuna?, B.E. IllepmioB, B.E. Kysneunona, C.A. Aana, A.B. YyauHoB

Hnemumym monexynsipHoti buonozuu um. B.A. DHzenveapoma Pocculickoli akademuu HAYK,
Mockea, 119991 Poccus
@ Aemop ona nepenucku, e-mail: arctickate@yandex.ru

AHHOMAyus

Ienu. Paspabomika mMyasmunpaiimMepHoli cucmemsl Ha 0OCHO8E NOAUMEPA3HOU UenHoU peaKyuu
(TILIP), HanpaeneHHOU HA 00HO8PEMEHHOE 8blsi8leHuUe ULeCMU OCHO8HbLX baKmepuaibHblX 8030Y-
Jumesielli NHEBMOHUU UEI08EKA,; 8blI8EHUE NAPAMEMPO8 U 3AKKOHOMEepHOCMEN, UMEIOULUX 8AXNC-
Hoe 3HaueHue 011 ONMUMUSAUUU MYJbMUNPATUMEPHOU cucmembl, 8 mom uucae 01 paspabom-
rKu cucmem ITLP 8 ummobunuzo8aHHoll gpaze (Ha buosioeuuecikom muKpouune).

Memooul. /[ onpedeneHuss OnNMUMAIbHBIX NAPAMEmpo8 Cucmembl UCNO/Ib308ANU Memodbl
IIIIP 8 mM.H. «<MOHONNEKCHOM» U MYJbMUNIEKCHOM (POPMAMAX.

Pesynemamut. CkoHcmpyupogaHsl npaiimepsl, U ONMUMUIUPOSAH MeMNnepamypHO-epemeH-
Holl npoghunb nposederust I1L[P e obveme ons svisasaerus Staphylococcus aureus, Pseudomonas
aeruginosa, Haemophilus influenza, Legionella pneumophila, Klebsiella pneumoniae u
Streptococcus pneumoniae. BolsieieHbl 3aKOHOMEPHOCMU KOHCMPYUPOBAHUSL Npalimepos Oss
III[P & ummobunuzoeaHHoll gpase.

Bbleooul. H3yueHHble 3aKOHOMEPHOCMU 0CObeHHOCMel ONMUMUSAUUU MYJAbMUNPATUMEPHBLX
cucmem NO38ONUAU pa3pabomames NPOMOMUN CUCMEMbl, CNOCOOHOU CNeyuguUUHO 8blsiesisiMmb
wecmsv KAUHUUECKU 3HAUUMbLX 8030ydumesieli nHeemMoHUU uesiogeka. IIpomomun cucmemsbl MO-
JKem 6bimb pacuiuper 0t AHAIU3A BUPYCHBLX U 2pUDOKO8bLX NAMO2EH08 U NPUMEHSIMbCSL 8 KIU-
Huueckoll duazHocmuke. Pesynomamul usyuerus ocoberHocmeii myasmunaerxcHoti ITL[P 8 ummo-
6unuz08aHHOU haze npuseau K co30aHUI0 NPOMOMUNA CUCMeMbl 0151 8blsI8NEeHUSL NAMO2EHHbLX
azeHmo8 Ha 6U002UUECKOM MUKPOUUNE.

Knroueevle cnoea: uHpeKyUOHHAS NHEBMOHUSL, MyabmunaekcHas I[P, 6uouunst, COVID-19

Jna yumuposanus: Knounxuna E.C., llepmos B.E., Ky3nenosa B.E., Jlana C.A., YUynuaos A.B. Ocobennoctu

onTuMH3anuu Mynbrunpaiimeprnoi TTLP aist BeisiBiIeHUS BO30ynuTeseil HHPEKIIMOHHON MHEBMOHUM 4ejoBeka. ToHKue
xumuueckue mexvonoauu. 2021;16(3):225-231. https://doi.org/10.32362/2410-6593-2021-16-3-225-231

The term “infectious pneumonia” covers a

INTRODUCTION the context of the COVID-19 pandemic, when, in
addition to a viral disease, patients entering medical

institutions are faced with secondary nosocomial

spectrum of diseases of the respiratory system that
differ in etiology and pathogenesis [1]. Accurate and
timely identification of the causative agent of the
lesion is important for the development of successful
treatment regimens [2], as well as for the control of
the infection. This has become an urgent problem in

infections [3].

To identify the causative agents of pneumonia,
which can be viruses, bacteria, or fungi, possible
standard methods can be used for etiological
diagnosis, for example, inoculation. This is often
inconvenient due to the limitations of working
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with biological samples, as well as the lengthy and
laborious work involved in cultivation, isolation,
and further determination of the pathogenic agents
[4, 5]. For these reasons, more accurate and faster
identification is often required for correct treatment [6].

Currently, molecular genetic methods of analysis,
such as the polymerase chain reaction (PCR) variations,
are becoming more widespread. Their application
is favorably notable for relative ease, accuracy, and
sensitivity of the results, as well as speed [4], which is
important for treating diseases with a highly dynamic
pathological development process.

This work is devoted to the development and
optimization of PCR for the simultaneous detection
of six bacterial pathogens of human pneumonia:
Staphylococcus aureus, Pseudomonas aeruginosa,
Haemophilus influenza, Legionella pneumophila,
Klebsiella ~ pneumoniae, and Streptococcus
pneumoniae. In the described approach, regions
of marker genes of pathogens were amplified in
one common volume, the resulting products being
separated by the electrophoretic method. The lengths
of the detected amplified fragments were used to
identify the specific pathogen.

Using the developed system as an example,
important features for the optimization of multi-
primer PCR are described, including those for use in
the immobilized phase.

EXPERIMENTAL

Strains

We wused the decontaminated genome-wide
DNA of bacterial strains from the collection of the
State Scientific Center for Applied Microbiology
and Biotechnology (Obolensk, Serpukhov, Moscow
oblast, Russia). DNA isolation from the cell cultures
was completed using the cetyltrimethylammonium
bromide method [7].

Primers

Multiple alignment of the genomic target
sequences was performed using the ClustalW!
algorithm. The primers were designed using the
Integrated DNA Technologies? network resource, and
the specificity analysis was performed using the basic
local alignment search tool (BLAST)® algorithm
(National Institutes of Health, USA). The sequences,
species specificities, genetic targets, and lengths of
the PCR products for all of the primer pairs used are
shown below:

! Clustal: Multiple Sequence Alignment. URL: www.clustal.
org (accessed December 15, 2020).

2 Integrated DNA Technologies. URL: www.idtdna.com
(accessed December 17, 2020).

3 Basic Local Alignment Search Tool. URL: https://blast.ncbi.
nlm.nih.gov/Blast.cgi (accessed December 15, 2020)

S. aureus, ebpS gene, direct ebpS-f
(5’-ACTCGACTGAGGATAAAGCGTCT-3"), reverse
ebpS-r (5’-CCTCCAAATATCGCTAATGCACC-3),
PCR product length: 283 base pairs (bp), nested reverse
R1 (5’-NH,-CCTCCAAATATCGCTAATGCACC-3’),
R2 (5-NH,-GGTAACAATACTTTGGCCATGCCACC-3),
nested direct F1(5’-CTGCCGCTTCAAAACCACATGCC-3),
F2 (5°>-AAAAGGTGGCATGGCCAAAGT-3"),
F3 (5’-AGCAAGTAATAGTGCTTCTGCCG-3").

S. pneumonia, cpsB gene, direct cpsB-f1
(5’-TTGATGTAGATGACGGTCCCAAG-3’), reverse
cpsB-rl  (5’-TATATCTCTGCGCCATAAGCAAT-3"),
PCR product length: 217 bp, nested reverse
R3  (5’-NH,-TATATCTCTGCGCCATAAGCAAT-3’),
R4 (5’-NH,-CGAACCTGAAGAAAGTTTTCTG-3’),
R5 (5-NH,-GCAATGACTAAATCATCTGCCAC-3’),
nested direct F4 (5-GCGAACCATTGTCTCTACCTCTC-3’),
F5 (5’-TCTACCTCTCACCGTCGCAAGGG-3’),
F6 (5-TGGCAGAATCCTACAGGCAGG-3’).

L. pneumophila, sidA gene, direct sidA-f
(5’-TTCCACTGGTGGGTGGGGTTTTG-3"), reverse
sidA-r  (5-TCATGTTGGAGTTCTATGGCACG-3),
PCR product length: 369 bp.

H. influenza, tfucK gene, direct fucK-f
(5’-TGCTCACTCAACGCTTAACTGGT-3"), reverse
fucK-r  (5-TTCTGGGCTAATGGTGTACGTAA-3),
PCR product length: 193 bp.

P. aeruginosa, oprL gene, direct oprL-f
(5’-GCGTGCGATCACCACCTTCTACT-3"), reverse
oprL-r  (5’-TTCTTCAGCTCGACGCGACGGTT-3"),
PCR product length: 321 bp.

K. pneumonia, rmpA gene, direct rmpA-f
(5’-ATCAATAGCAATTAAGCACAAAA-3’), reverse
rmpA-r  (5-TCATAATCACACCCTTTAGGATA-3’),
PCR product length: 177 bp.

Multiplex PCR

The reaction mixture (30 pL) contained 1.5
units of Taq polymerase (Thermo Scientific,
United States) in the buffer produced by the same
company, dNTP at a concentration of 200 uM each,
five pairs of specific primers, and a genome-wide
bacterial template (or a mixture of bacterial DNA).
The reaction was carried out in a MiniCycler DNA
amplifier (MJResearch, USA) under the following
conditions: 95°C for 5 min (initial denaturation),
30 cycles of 20 s at 95°C, 30 s at 66°C, and 30 s
at 72°C; the final incubation was 5 min at 72°C.
Gradient PCR and determination of the system
sensitivity using real-time PCR were performed
in an 1Q5 amplifier (Bio-Rad, USA). The PCR
products were separated in 4% agarose gel and
colored with ethidium bromide. The lengths of the
amplification products in ultraviolet light were
used to determine the type of analyzed DNA.
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500 bp __|
250 bp 7|

a

b

Fig. 1. Electropherograms of PCR products of gradient PCR. L — GeneRuler 50bp length marker
(Thermo Scientific, USA). 4% agarose gel, coloring with ethidium bromide.
(a) S. aureus. Primers annealing temperatures: Well 1: 65.0°C, Well 2: 65.6°C, Well 3: 66.5°C, Well 4: 67.7°C,
Well 5: 69.5°C, Well 6: 70.8°C, Well 7: 71.7°C, Well 8: 72.0°C, Well 9: negative control;
(b) L. pneumophila. Primers annealing temperatures: Well 1: 57.0°C, Well 2: 58.2°C, Well 3: 60.0°C, Well 4: 62.7°C,
Well 5: 66.5°C, Well 6: 69.3°C, Well 7: 71.0°C, Well 8: 72.0°C, Well 9: negative control.

RESULTS AND DISCUSSION

Genetic targets were selected for the six most
important causative agents of pneumonia, and primers
were designed for multiplex PCR [8-16].

We were guided by the general requirements
when designing the primer sequences: species
specificity and intraspecific conservatism of the
selected regions of the genetic targets. The primer
annealing sites were manually selected. Additionally,
the need to obtain different lengths of PCR products
for the convenient subsequent detection of pathogens
by electrophoretic separation was taken into account.
The physicochemical characteristics were determined
for each oligonucleotide sequence; a BLAST analysis
was then performed and examined for the formation
of dimers, hairpins, and other secondary structures.

The initial amplification conditions for
subsequent optimization were chosen as follows:
denaturation at 95°C and 30 cycles of 20 s at 95°C,
30 s at 57°C, and 30 s at 72°C. For the pathogens
S. aureus and L. pneumophila, gradient “monoplex”
PCRs were performed. The results revealed that the
annealing temperature of the latter was increased to
66°C (Fig. 1).

In a new temperature—time cycle, monoplex
PCR variants were carried out for the remaining
four pathogens. The primer effects were checked,
comparing the lengths of the PCR products with the
theoretical ones. Then, in the mode of a mixture of
the DNA templates (Fig. 2) of several pathogens,
their specificity and ability to detect only their
pathogens without providing false-positive results
were confirmed.

The result of differential detection of a pathogen’s
DNA in a sample by multiplex PCR is shown in Fig. 3.

Fig. 2. Electrophoretic separation of PCR products
by multiplex PCR with a mixture of primers.

(1) GeneRuler 50bp length marker (Thermo Sientific, USA),
(2) S. aureus, (3) L. pneumophila, (4) H. influenzae,
(5) P, aeruginosa, (6) S. pneumoniae,

(7) L. pneumophila + S pneumoniae,

(8) S. pneumoniae + H. Influenzae + S. aureus.

The PCR products were separated in 4% agarose gel and
colored with ethidium bromide.

In the cases of S. aureus and S. pneumoniae, specific
primers were designed for subsequent immobilization
on a biochip incorporating fluorescently labeled
nucleotides into the immobilized growing chain.
The above principles were also used in this work.
The high sensitivity of the primers designed for
immobilization was confirmed by volumetric PCR
undertaken under the conditions of the previously
found optimal temperature—time profile. The results
of the monoplex PCRs in volume for S. aureus and
S. pneumoniae are shown in Figs. 4 and 5. It can be seen
from the pherograms that the lengths of the PCR
products obtained using various combinations of
primers were in good agreement with the theoretical
ones.

When analyzing the pherograms, primers showing
insufficient sensitivity or specificity were re-analyzed
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500 bp—
250 bp—~

500 bp —|

500 bp
250 bp—

Fig. 3. Determination of the pathogen DNA by electrophoretic separation of PCR products.
L — GeneRuler 50bp length marker (7Thermo Scientific, USA), (1) S. pneumoniae, (2) S. aureus, (3) L. pneumophila,
(4) S. aureus + L. pneumophila, (5) H. influenzae, (6) P. aeruginosa, (7) H. influenzae + P. aeruginosa,
(8) K. pneumoniae. The PCR products were separated in 4% agarose gel and colored with ethidium bromide.

500 bp —»
250 bp—

Fig. 4. Electrophoretic separation of S. aureus PCR products.
(1) GeneRuler 50bp length marker (7hermo Sientific, USA),
(2) R1 + F1 (163 base pairs (bp)), (3) R1 + F2 (78 bp),
(4) R1 +F3 (180 bp), (5) R2 + F1 (115 bp),

(6) R2+F2 (30 bp), (7) R2 + F3 (132 bp).

The letters “R” and “F” indicate the numerical indexes
used to designate various primers. The theoretical length of
the corresponding PCR product is indicated in parentheses.

1 2 3456 7 8 910

500 bp — =
250 bp

Fig. 5. Electrophoretic separation of PCR products of
S. pneumoniae. (1) GeneRuler 50bp length marker
(Thermo Sientific, USA); (2) R3 + F4 (144 bp);

(3) R3 +F5 (131 bp); (4) R3 + F6 (169 bp);

(5) R4 + F4 (87 bp); (6) R4 + F5 (74 bp);

(7) R4 + F6 (112 bp); (8) RS + F4 (126 bp);

(9) RS+ F5 (113 bp); (10) R5 + F6 (151 bp). The letters
“R” and “F” indicate the numerical indexes used to
designate various primers. The theoretical length of the
corresponding PCR product is indicated in parentheses.
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Abstract

Objectives. The amount of patients with diabetes is increasing, and such patients experience
several long-term complications. Therefore, finding a method to treat the disease and its
complications is an urgent issue worldwide. In Vietnam, Phyllanthus amarus Schum. & Thonn.
(PA) and Gymnema sylvestre R. Br. (GS) are common herbs used in traditional therapy including
diabetes treatment. This study aimed to combine PA and GS to extend their bioactivities in
antidiabetes, antioxidant, and anti-inflammatory treatments.

Methods. Here, PA and GS powders were mixed at different ratios for extraction. Ethanolic extract
was used to detect bioactive compounds, bioactivities, and appropriate ratios of the mixtures.
Results. The optimal ratio for the PA and GS combination was 2 : 1 (g/g). The ethanolic extraction
of the 2 : 1 sample at 50°C over two hours with a solid/liquid ratio of 1 : 10 achieved a high
yield of 14.37%. This sample exhibited good a-glucosidase inhibition activity with a half-maximal
inhibitory concentration (IC50) of 9.74 ug/mL, antioxidant activity with an IC50 of 29.87 ug/mL,
and anti-inflammatory activity with an IC15 of 400 ug/ mL.

Conclusions. The study confirmed that combining PA and GS can have high a-glucosidase
inhibition as well as antioxidant and anti-inflammatory effects.
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HAYYHAS CTATbBA

KomOunauusi Phyllanthus amarus Schum. & Thonn.
u Gymnema sylvestre R. Br. 1151 1edenusi nuadera
U €ro J0Jr0CPOYHBIX OCJI0KHECHUM

T.M. Ae'?, Y. JL.II. Hryen'?, A.K. Xal2@

I Xumuro-mexHonozuueckuil gaxynomem, TexHonozuueckuii yHusepcumem XowumuHa,
268 Au TxvloHe Keem ya., 2. Xouwumur, Beemnam

?BoemHamcKkuili HAaUUOHAabHbLU YyHugepcumem, PatioH Txék, 2. XowumuH, BeemHam

@ Aemop ona nepenucku, e-mail: hcanh@hcmut.edu.vn

AnHOMauus

Ienu. Konuuecmeo nayueHmos ¢ ouabemom pacmem, Yy HUX UACMO 803HUKAIOM 00120CPOUHbLE
OCJIOIKHEHUSL, NOIMOMY NOUCK MEeMOO08 SleueHUs 9mMo20 3a601e8aHUSL U KOPPEKYUUU €20 OC/IONHE-
HUTL sie/isiemest 8AXKHbIM OISl 8CE20 MUPOB020 MeOUyUHCKoz0 coobwecmaa. Phyllanthus amarus
Schum. & Thonn. (PA) u Gymnema sylvestre R. Br. (GS) — pacnpocmpaHeHHble 80 BbemHame
JleKapcmeeHHble pacmeHust, UCNoaAb3yemble 8 MpadUUUOHHOU MeOUyUHe, 8KA0UAsl leueHue Ou-
abema. Ilens 0aHHo20 uccnedosaHus — ckombuHuposams PA u GS, umobbl pacuupums ux 6uo-
Jl02UUeCKY0 aKMu8HOCMb U YCUAums anmuouabemuueckuli, aHmMuUoOKCUOaHMHbLU U NPOmMueo-
gocnanumesnbHulil dgpperxm.

Memoowut. TTopowxku nucmvee PA u GS cmewueanu 8 pasiudHblX COOMHOWEHUSIX U IKCmpa-
2uposanu 95% smaronom. IlonyueHHble SMAHONLHBLE IKCMPAKMbL UCNOIB308ANUCE O/t ONpe-
OdeneHust 6UOI02UUECKU AKMUBHBLLX COEOUHEHUT, bUuo02UUecKoli AaKMmU8HOCMU U ONMUMALHO20
COOMHOUWLEHUSL KOMNOHEHMO8 CMeCU.

Pesynomamel. OnmumanvHoe coomHoweHue PA u GS, onpedenerHHoe 8 uccriedogaHuu, pasHo
2 : 1 (2/2). Oxemparxyus 95% samaHosom darHHozo obpasua (2 : 1) npu 50 °C 8 meueHue 08yx
yaco8 Npu coomHouleHuu coipbe/acmpazerm 1 : 10 no3goauUnA NOAYUUMb 8bICOKUTL 8bLX00 IKC-
mpaKmueHblx gewecms, pasHulili 14.37%. Omom obpazey NpooemoHCMPUPO8AL XOPOULYIO AK-
MmueHOCMb UH2UOUPOBAHUSL 0.-2/1H0K03UOA3bL C NOJNOBUHHOU MAKCUMANLHOU UH2UOUpYOULell KOH-
uenmpayueti (IC50) 9.74 mre/mn, anHmuokcudoaHmHyro axmusHocms ¢ IC50 29.87 mre/mn u
npomueogocnaniumenvryto akmugHocme c IC15 400 mrz/ mn.

Buteoout. Heenedosarue nodmaepounio, umo couemarue PA u GS morkem sHAUUMENbHO UH2UOU-
posamu a-2n110K03U0A3y, a makxKe obaradaem aHMUOKCUOGHMHBIM U NPOMUBOBOCNANAUMESIbHBIM
agppexmamu.

Knroueesvte cnoea: armuduabemuueckoe, AHMUOKCUOAHMHOE, NPOMUBOEOCNAAUMENbHOE,
Phyllanthus amarus Schum. & Thonn, Gymnema sylvestre R. Br., unmezpayus

Jna yumuposanusa: Le T.M., Nguyen Ch.D.P., Ha A.C. Combination of Phyllanthus amarus Schum. & Thonn. and
Gymnema sylvestre R. Br. for treatment of diabetes and its long-term complications. Tonk. Khim. Tekhnol. = Fine Chem. Technol.
2021;16(3):232-240. https://doi.org/10.32362/2410-6593-2021-16-3-232-240
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1. INTRODUCTION

Diabetes mellitus is an endocrine disorder disease
characterized by a hereditary or acquired deficiency
in insulin excretion as well as reduced responsiveness
of organs to the produced insulin [1]. According
to International Diabetes Federation reports, there
were about 463 million adults with diabetes in 2019,
and the number is predicted to rise to 630 million
by 2045 [2, 3]. Patients with diabetes mellitus are
likely to have long-term complications, e.g., impaired
wound healing, retinopathy, atherosclerosis, cataract,
neuropathy, and nephropathy [4]. Inflammation and
oxidation are the most common complications of
diabetes [5]. Therefore, a medicine or drug for treating
diabetes and its complications is being researched
worldwide [1]. In these efforts, the use of natural
compounds with antidiabetic properties has attracted
much attention. However, the major drawback of herb-
based medicine is that the bioactivities of the plants
depend on the extraction conditions. A solution for
this issue can be found in traditional medicine. For
example, in traditional Vietnamese medicine, several
human diseases can be treated using a combination
of various herbs. Certain plants play the main role
in treating the disease, while the others are used for
treating the complications. However, the development
of pharmaceutical preparations has led to lower and less
efficient quantities of herbs being used in medication
for human diseases. The traditional method shows
promise in creating more valuable disease treatments,
especially diabetes.

Phyllanthus amarus Schum. & Thonn (PA) is a
small tropical herb in the Phyllanthus genus of the
Euphorbiaceae family and can be found in Nigeria,
India, China, Vietnam, and Thailand [6]. Its leaves
are commonly used and highly valued in traditional
medicine because of their beneficial properties [7];
several researchers have extracted and isolated bioactive
compounds, such as polyphenols, flavonoids, tannins,
triterpenes, sterols, and alkaloids, from PA leaves [8].
Because of these valuable ingredients, the leaves have
been confirmed to have several potential bioactive
applications, such as antihepatitis [9], antioxidant [10],
anticancer [l1], anti-inflammatory [12], antimalarial
[13], antimicrobial [14], and antidiabetes [15].

Gymnema sylvestre R. Br. (GS), a plant in the
Asclepiadaceae family, is commonly found across
Asia, Africa, and Australia [16]. Its leaves are used in
numerous traditional therapies for patients with diabetes
and various other diseases [17]. The plant reportedly
has potent anti-obesity activities, e.g., it may help lower
weight gain and fat accumulation [18]. Isolated bioactive
compounds of GS indicate the gymnemic acid group is
the main active compound responsible for the plant’s

antidiabetes activity. In addition, GS leaves have been
reported to have diverse antiviral [19], antibiotic [20], and
anticancer [21] bioactivities among others [16]. Similar to
those of PA, most bioactivities of GS do not concurrently
exist under the same extraction conditions. The plant
has also been used in the production of tea brews, tea
bags, and confections as well as in the management of
sugar homeostasis and maintenance of obesity and blood
cholesterol levels in a various foods [22].

Owing to their diverse bioactivities, PA and GS
show potential for use in treating diabetes and its
complications. Therefore, in this study, they are mixed at
different ratios to improve their antidiabetes, antioxidant,
and anti-inflammatory activities. The antidiabetes activity
is measured via o-glucosidase inhibition, whereas the
antioxidant and anti-inflammatory effects are determined
via 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical
scavenging and albumin denaturation, respectively.
Following traditional medicine, the herbs play the main
role in the mixtures’ antidiabetes activity, as verified via
ethanolic extraction for further research.

2. MATERIALS AND METHODS

2.1. Materials

The PA and GS leaves were harvested from Binh
Chanh District, Ho Chi Minh City, Vietnam, in October
2020. The identification was done at the Department
of Ecology and Evolutionary Biology of the Faculty
of Biology and Biotechnology, Ho Chi Minh City
University of Science, Vietnam National University.
After being harvested, the samples were rinsed with
water, dried at room temperature, ground into a powder
with a particle size of 3—5 mm, and stored in sealed bags.

The following pure-grade chemicals were purchased
from commercial suppliers: ethanol (EtOH), methanol
(MeOH), distilled water, sodium nitrite, sodium carbonate
(Na,CO,), sodium hydroxide, aluminum chloride, and
dimethyl sulfoxide (DMSO). The Folin—Ciocalteu
reagent, quercetin, gallic acid (GA), para-nitrophenyl
a-D-glucopyranoside  (p-NPG),  a-glucosidase,
acarbose, bovine albumin, and DPPH were provided
by Sigma-Aldrich, Singapore.

2.2. Preparation of extracts

A total of 50.00 g of the PA and GS powder mixture
was extracted at different ratios with 500 mL EtOH 95%
over two hours at 50°C and a solid/liquid ratio of
1: 10 g/mL. Afterward, the extracts were filtered using
filter paper (15-20 pm) under vacuum conditions. The
herbal residue was recycled for subsequent extraction
under the same conditions. The two extractions were
mixed and concentrated via rotary vacuum evaporation
at 55°C (Buchi R-215 Rotavapor). The moisture content
of the extracts and powders were determined using
Sartorius moisture analyzer MA37.
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All experiments were performed in triplicate. The
extraction yield was determined using Eq. 1:

Extraction yield (%)= Dot 1 100% €))
msample
where m__~is the dry weight of the extract (g) and

m is the dry weight of the sample (g).

sample
2.3. Phytochemical screening

Phytochemical screening of the PA and GS was
conducted to detect the presence of alkaloids, flavonoids,
tannins, saponins, terpenoids, cardiac glycosides, and
polyphenols [23-27]. The reagents, test method, and
results are shown in table.

2.4. Determination of the total polyphenol
excreted (TPE)

The phenolic level was determined by Folin—Ciocalteu
assay, as described by McDonald et al. [28]. A total
of 40 uL of each extract was dissolved in DMSO, and
200 pL of Folin—Ciocalteu reagent was mixed and
homogenized in a sonication bath for five minutes at
room temperature. Afterward, 600 pL of 20% Na,CO,
and 3160 pL of distilled water were added to the mixture.
An extract without reagents was used as a sample. After
incubating all samples at room temperature for 30 min,
their absorbance was measured at 760nm using a
UV-Vis spectrophotometer (Thermometer, USA). The
calibration curve for GA was created to calculate the
phenolic content. The TPE was shown as the milligrams
GA equivalent (GAE) per gram of the extract (dry
weight). The equation of the calibration curve was
y=1.2003x—0.0034, where R*=0.9979.

2.5. In vitro a-glucosidase inhibitory assay

The antidiabetes activity of the extracts in vitro was
measured viathe a-glucosidase inhibition activity because
the a-glucosidase enzyme plays an important catalytic
role in converting polysaccharides to monosaccharides
(glucose). Thus, inhibition of a-glucosidase lowers the
glucose content.

The investigation regarding the a-glucosidase enzyme
inhibitory activity of the extract was conducted following
Liu’s method [29]. The test was performed on 96 well plates.
The extracts were dissolved in DMSO before the test, and
40 and 20 pL of the sample solution and a-glucosidase
enzyme (1 U/mL), respectively, were added to the wells.
Next, 100 pL of phosphate buffer (pH 6.8) was added
to the mixture. The plate was incubated for five minutes
at 37°C. Then, 40 pL of 0.1 mM p-NPG was added to
the reacting mixture, which was continuously incubated
for 30 min at 37°C. Subsequently, ~100 pL of 0.1 M
Na,CO, was added to terminate the reaction. The sample
absorbance was measured at 405 nm using the UV—Vis
spectrophotometer. Acarbose was employed as a positive

control. The percent inhibition of the a-glucosidase
reaction was calculated as follows:

1% — A—B

]><100% , 2

where A is the absorbance at 405 nm of the blank
(a-glucosidase and the substrate) and B is the absorbance
at 405 nm of the extract (a-glucosidase, the substrate,
and the sample).

The concentrations of the extracts resulting in the
half-maximal inhibitory concentration (IC,) of the
enzyme activity were determined graphically.

2.6. In vitro antioxidant assay

The oxidation is one of the main complications of
diabetes; thus, finding an agent with antioxidant and
antidiabetes activities is a necessity. The antioxidant
activity of the samples was investigated via DPPH free
radical scavenging assay according to Stagos’ method,
with slight modifications [30]. A total of 120 pL of
sample was added to 180 pL of DPPH dissolved in
80% MeOH. The mixture was incubated for 30 min at
30°C in the dark. Then, the absorbance was measured
at 517 nm using the UV-Vis spectrophotometer.
Here, MeOH and ascorbic acid were used as the
negative control and positive control, respectively.
The percentage inhibition (/%) was calculated using
Eq. 3:

1%:[ B]xlOO%, 3)
where A4 is the absorbance at 517 nm of the DPPH
radical of the negative control and B is the absorbance
at 517 nm of the DPPH radical solution mixed with the
sample.

The antioxidant activity was expressed by the IC,
value, representing the sample concentration required to
inhibit 50% of the free radical scavenging activity.

2.7. In vitro anti-inflammatory assay

Inflammation is a complex process associated with
the reaction of body tissues to infection, irritation, or other
injuries. Therefore, it is involved in various diseases,
including diabetes [31]. The in vitro anti-inflammatory
activity of the extracts was evaluated via the extracts’
protective activity against albumin denaturation, as
described in previous studies with slight modifications
[32]. The extracts were serially diluted in DMSO, which
was used as the negative control.

The reaction mixture was prepared by adding 3 mL
of bovine albumin dissolved in phosphate buffer with
a pH of 6.4 into 2mL of tested extract. The mixture
was incubated for Smin at 70°C. After cooling to room
temperature, the sample absorbance was measured at
660 nm using a UV-Vis spectrophotometer (Jasco, USA).

Toukue xuMudeckue TexHosoruu = Fine Chemical Technologies. 2021;16(3):232-240

235



Combination of Phyllanthus amarus Schum. & Thonn. and Gymnema sylvestre R. Br. ...

The percentage inhibition of the protein denaturation
was calculated using Eq. 4:

A4, —A4
1% — control sample XIOO% , (4)

control
where 4 is the absorbance of the negative control
(DMSO) and 4 is the absorbance of the extract.

2.8. Statistical analysis

All analyses were performed in triplicate, and
the data were expressed as the mean value+standard
deviation for each measurement.

3. RESULTS AND DISCUSSION

3.1. Phytochemical studies of PA and GS

Ethanol is a polar solvent commonly used in
phytochemical extraction because EtOH has been
suggested to extract the maximum amount of bioactive
compounds from plants [33, 34]. According to the
phytochemical screening results presented in table, all
previously mentioned bioactive compounds were detected
in both PA and GS. Alkaloids and terpenoids were present
in large quantities in both herbs, which indicated that the
plants have potent antidiabetes and antioxidant activities
because of the specific activities of these biocompounds.
In particular, the strong presence of tannins in the PA
extract suggested the probability of such bioactivities.
Tannins have been shown to have antibacterial, antiviral,
antifungal, antidiabetic, and antioxidant activities and
promote tissue recovery in cases of superficial burn
injuries [35]. Furthermore, the existence of flavonoids

in the PA extract suggested the ability to enhance the
current therapy options for type 2 diabetes mellitus
[36]. The GS extract had a more vigorous reaction
with the saponin and cardiac glycoside reagents than
the PA extract. Saponins have been shown to exhibit
hemolytic, antimicrobial, insecticidal, anthelmintic,
analgesic, anti-inflammatory, sedative, and antitumor
bioactivities [37]. The use of cardiac glycoside in
clinical trials for the treatment of heart disease and
atrial arrhythmia has been confirmed [38]. Because of
the robust amount of key biocompounds possessing
antidiabetes activity, the PA extract was predicted to
exhibit better antidiabetes activity than the GS extract.

3.2. Effect of different PA and GS ratios on
extraction yield and TPE

The TPE and extraction yields of the PA and GS
mixtures of various ratios are presented in Fig. 1. The
results showed that the differences in the extraction
yield were insignificant (approximately 1%). The
extraction yield was in the range of 13.77% (GS)
to 15.22% (PA), increasing with the increase in the
PA content in the powder. The GS content increased
when the TPE of the extracts decreased, except in the
2 : 1 sample. In general, the TPE of all samples was
in the range of 65-71 mgGAE/g and the difference
was statistically significant. The TPE reached a
maximum value of 71.06 mgGAE/g at the PA/GS
ratio of 2 : 1, with the highest extraction yield from
the PA. Phenolics are the primary bioactive materials
in nature and have been reported to have multiple
biological effects, including antidiabetes effects [39].
Thus, the high TPE values illustrated the extracts’
potential antidiabetes activity.

Phytochemical screening of PA and GS extracted with EtOH solvents

Extracts
Bioactive compounds Test
PA GS
Dragendroff [24] ++ ++
Alkaloid
Bouchardat [24] ++ ++
Lead acetate 10% [24] + -
Flavonoid
Sulfuric acid 98% [26] + +
Tannin Gelatin 1% [25] ++ +
Foam [23] + ++
Saponin
Liebermann—Burchard [27] + ++
Terpenoid Salkowski [26] ++ ++
Cardiac glycoside Keller—Kiliani [25] - +
Polyphenol Ferric (IIT) chloride [25] ++ ++

— Not detected; + Slightly positive reaction; and ++ Strong positive reaction
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Fig. 1. Extraction yield and TPE in the PA
and GS mixtures of various ratios. Here, 2 : 1 refers
to the PA/GS ratio of 2 : 1, and from right to left,
the PA content gradually decreases.

3.3. The effect of the different ratios of PA and GS
on their bioactivities

Figure 2 displays the bioactivities of the various
extracts at different herbal powder ratios. The PA extracts
showed strong inhibitory effects on a-glucosidase, with
anIC, value 0f4.45 pg/mL lower than that of the positive
control acarbose (6.83 pg/mL). The antioxidant and anti-

250

200 200

IC,, (%)
%
S

§_.;§3
GS Acarbose

inflammatory activities of the PA samples were lower
than those of the GS samples, but the PA’s antioxidant
activity was still higher than that of numerous herbs in
the existing literature [40]. The GS extract exhibited
the most antioxidant activity, with an IC,  value of
22.12pg/mL, as well as anti-inflammatory activity,
with an IC | value of 200 pg/mL. Here, IC ; was used
to evaluate the anti-inflammatory activity because all
extracts’ inflammatory inhibition was lower than 20%.
William et al. reported that extracts with inflammatory
inhibition above 20% following albumin denaturation
can be considered anti-inflammatory agents [41].

The efficiency of the plants’ combination was
determined using the bioactivities of the combined
samples. The results indicated significant biological
activity changes compared with the raw materials.
The PA content was an important factor in the
antidiabetes activity, and a decrease in PA led to a
reduction of the activity in the extract. Mixing the
PA with the GS powder significantly improved the
a-glucosidase inhibition activity of the latter, which
was demonstrated via the increased antidiabetes
activity of samples2:1,1:1,and 1 : 2 compared with
the GS powder alone. The PA/GS ratio of 2 : 1 showed
antidiabetes activity (IC,; 9.47 ug/mL) 21 times higher
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Fig. 2. Bioactivities of the various extracts at different PA/GS ratios: (a) a-glucosidase inhibition activity,
(b) anti-inflammatory activity, and (c) antioxidant activity.
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than that of the GS extract alone. Moreover, the GS
content was responsible for improving the antioxidant
and anti-inflammatory activities of the mixture. The
radical scavenging activity increased as the GS content
increased in the samples at the ratiosof2: 1, 1: 1, and
1:2,withIC, values 0f29.87, 30.24, and 27.71 pg/mL,
respectively. The combination of PA and GS enhanced
the antioxidant activities approximately 1.7-fold
compared with the PA extract alone. Increasing the
GS concentration in the mixture had no discernible
effect on the anti-inflammatory properties. Compared
with the PA extract, the IC , value of samples 2 : 1,
1:1,and 1 : 2 was almost 400 pg/mL, a 1.8-fold
improvement. The enhancement of the bioactivities
verified that the integration of PA and GS led to the
discovery of a novel agent for treating diabetes and its
complications.

The extraction yields and bioactivities of the five
samples are shown in Fig. 3 to determine the optimal
ratio for integration. The results illustrated that the
PA extract exhibited the highest antidiabetes activity
and extraction yield but the lowest antioxidant and
anti-inflammatory activities. However, the GS extract

Extraction

yield
— PA
Anti- —2:1
inflammatory TPE
—1:1
1:2
—GS

0-Glucosidase

Antioxidant inhibition

Fig. 3. Comparison of the samples’ bioactivities,
extraction yields, and TPE.
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Abstract

Objectives. This study investigated the surface properties and micelle formation of combined
stabilizers, which are a mixture of ionic and nonionic surfactants or different nonionic surfactants,
to establish a correlation between the composition of stabilizers and the colloidal-chemical
properties of direct emulsions obtained in their presence.

Methods. The surface tension at the interface between the aqueous solutions of the combined
stabilizers with air and toluene was measured using a digital tensiometer. The sedimentation
stability of the emulsions was assessed by the volume of the exfoliated water and oil phases
for seven days. The particle sizes of the dispersed phase were determined using an Olympus
CX3 bright field microscope equipped with a universal serial bus video camera connection. The
rheological properties of the emulsions were evaluated using a rotary viscometer.

Results. According to the isotherms of the surface tension of aqueous surfactant solutions at the
interface with air and toluene at emulsion preparation temperatures of 50 and 65°C, a mixture of
nonionic surfactants exhibited a higher surface activity and lower critical micelle concentration at
the interface with toluene. The optimal amount of stabilizers providing stability to the compositions
for one month was 4 mass % for a mixture of anionic surfactants and nonionic surfactants and
7 mass % for mixtures of different nonionic surfactants. Emulsions obtained in the presence of
a mixture of anionic and nonionic surfactants exhibited higher kinetic sedimentation stability
values due to the formation of electrostatic and steric stabilization factors in the system. The
developed compositions were microheterogeneous systems, the average droplet diameter of
which varied within the range of 1.0-5.7 um. In terms of rheological properties, emulsions were
classified as liquid-like structured systems with coagulation structures; the strength of single
contacts between particles of the dispersed phase was (1.6-27.0) x 1071 N.
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Conclusions. A comparison of the physicochemical characteristics of the compositions obtained
in the presence of organic emulsifiers showed that emulsions stabilized using a mixture of ionic
and nonionic surfactants, which form mixed adsorption layers, exhibited the best set of properties.

Keywords: nonionic surfactant, anionic surfactant, surfactant mixture, adsorption, critical micelle
concentration, emulsification, particle size, viscosity, kinetic sedimentation stability
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Cradwmsanust KOCMeTHYECKHX KOMITO3UIUI KOMOMHUPOBAHHLIMU
IMYJILIATOPAMM

B.B. KoprinnaeBa, E.®. BykanoBa, E.B. EcbkoBa“, B.A. CoxpaHeBa
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um. M.B. NomoHocosa), Mockea, 119571 Poccus
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AHHOMAuus

Ienu. M3yuums nogepxHOCMHble ceolicmaa U MUYeAno00pasoeaHue KOMOUHUPOBAHHbBLX cmabu-
IU3AMOPO8, ABNAOULUXCS CMECHIO UOHHBLX U HEUOHBLX N0BEPXHOCMHO akmueHblx seuiecms (IIAB)
unu cmecvro HeuoHHwulx ITAB. YemaHogumb KOPpensiyuio mexk0y cocmagom cmabunu3iamopos
U KOJIOUOHO-XUMUUECKUMU CEOUICMBAMU NPAMBLX IMYALCULL, NOAYUEHHBLX 8 UX NPUCYMCMEULL.
Memooeul. [losepxHocmHoe HamMsKeHUe HA 2paHule pa3desna pas 800HbIX pACMEopo8 KOMOUHU-
POBAHHBLX CMABUNUSAMOPO8 C BO30YXOM U MOAYOSOM USMEPSIU HA UUDPOBOM MmeH3uomempe.
CedumeHmayuoHHY YCcmoliuugoCms I MYAbCULL OUeHUBANU NO 06 beMy OMCAOUBULUXCS. BOOHOU
u macnsiHol ¢pas e meuerue 7 OHell. Pasmepul uacmuy oucnepcHotl ¢pasvl onpedensiiu ¢ UChoslb-
308aHuem mukpockona Olympus CX3, npeoHasHaueHHbM Ot pabombl 8 C8EMOM NnoJje, CHAb-
IKeHHbIM coeduHeHuem onst USB sudeorxamepsl. Peonozuueckue ceolicmaa IMybCull OyeHU8a U
C NOMOULLIO POMAYUOHHO20 BUCKO3UMEMPA.

Pesynoemamet. [lo usomepmam noeepxHOCmMHO20 HamsiokeHust B00HbLx pacmeopos ITAB Ha zpa-
HUYe ¢ 8030YXOM U MOAYOJSIOM NPU memnepamypax npuzomoseneHust smyaocuili (50 u 65 °C)
ycmaroeneHo, umo boavuell N0O8epXHOCMHOU AKMUBHOCMbIO U MeHbUell Kpumuueckoll KOH-
UEHMpayUL MUYEAT000pa308aHUSL HA 2paHUYEe C moayosom obradaem cmece HeuoHHblx [IAB.
OnmumansHoe Koauuecmeo cmadunu3damopos, obecneuusarouux Yycmoliuugsocms KOMNO3UUUL
e meueHue 1 mecsiya, cocmaesasiem 4 mac. % cmecu AIIAB u HIIAB u 7 mac. % cmecu HIIAB.
Omynvcuu, nonyueHHble 8 NPUCYMCmeuu cmecu AHUOHHbLX U HeuoHHblx ITAB, umetom 6osee 8bl-
coKue 3HaUeHUst KUHemuueckoll cCeOuUMeHmMayUoOHHOU ycmoliuueocmu 3a cuem hopMupo8aHust 8
cucmeme 3leKmpocmamuueckozo U cmepuueckozo gpaxmopoe cmabunuszayuu. PaspabomaHHule
KOMNO3UYUU SBSLOMCS. MUKPO2EMEPO2EHHbIMU CUCMEeMAMU, CPeOHUTl duamemp Kaneslb Komo-
polx usmeHnsiemest 8 npeoenax 1.0-5.7 mxm. Ilo peonozuueckum ceolicmeam sMyabCuUlL OMHOCSM-
Csl K JKUOKOOOPA3HBIM CMPYKMYPUPOBAHHBIM CUCMEMAM C KOARYJNSAUUOHHBIMU CMPYKmypamu,
NPoOUHOCMb e0UHUUHBLX KOHMAKMO8 MeXK0Y uacmuyami OUCNepcHOl ¢hasbl KOmopblx cOCMAaesi-
em (1.6-27.0) x 1071°H.
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Bbleoodst. CpasHeHue PUUKO-XUMUUECKUX XAPAKMepUCmuK KOMNO3uyUll, NoAYyUeHHbIX 8 Npu-
CYmMemeuu 0peaHUUeCKUX IMY1b2dmopos, NOKA3al0, Umo JAYUUUM KOMNIEKCOM caolicma obna-
darom amynbcul, cmMabUNUIUPOBAHHbBLE CMECbI UOHHbLIX U HeuoHHbix TTAB, obpasyrouiux cme-

WaHHble A0COPOUUOHHbBLE CIOU.

Knroueesle cnoea: HeuoHHble [TAB, aHuoHHble [TAB, cmecu ITAB, adcopbuus, kpumuueckas
KOHUEHMPAyUsl MUYEeaA1006pa3oeaHusl, IMYyibeupo8aHue, pasmep Yacmuy, 8sa3Kocmys, KuHe-
muuecKkast ceOUMEeHMAYUOHHASL Yycmoliuugocmo

Jna yumuposanusn: Kopwinmacsa B.B., Bykanoa E.®., EcekoBa E.B., CoxpaneBa B.A. Cra0uiuzanus KocMeTHYE-
CKHUX KOMITO3UIIMII KOMOMHHPOBAHHBIMH dMyJibratopamu. Toxkue xumuyeckue mexnonocuu. 2021;16(3):241-251. https://doi.

org/10.32362/2410-6593-2021-16-3-241-251

INTRODUCTION

Emulsions comprising two immiscible liquids
are the primary materials for the production of
products in various industries, particularly for the
production of cosmetic and hygiene products [1],
in which various substances of natural origin and
those synthesized from natural raw materials are used
[2, 3]. However, thermodynamic and sedimentation
instability or delamination is a problem of all
emulsion compositions, ultimately leading to their
destruction [4].

To ensure the stability of the system, surfactants
are introduced to the emulsion, and their role is to
1) reduce interfacial tension to 5 mJ/m?; 2) create the
ability to quickly adsorb on droplets, creating a thin
layer that does not change when droplets collide and
prevent coalescence; 3) provide good solubility in a
dispersion medium; 4) provide the emulsion a degree
of electrokinetic potential; 5) influence the viscosity
of the emulsion; 6) introduce emulsifying properties
even at low concentrations [5, 6].

To stabilize emulsions for various purposes,
surfactant compositions of different or identical
nature are commonly used. At specific component
ratios, these compositions show the synergistic
effect of reducing critical micelle concentration
(CMC) and increasing surface activity due to the
formation of mixed micelles. Adsorption layers of
surfactant mixtures at the oil-water boundary include
molecules of all surfactant components, ensuring the
high stability of dispersed systems [7, 8]. Currently,
in the production of cosmetic emulsions, there is a
tendency to use readymade complex semifinished
emulsifiers. Information regarding the colloidal-
chemical properties of combined emulsifiers, which

are mixtures of various natural surfactants, and the
physicochemical characteristics of the final product,
eliminate the requirement of performing a large
number of experiments to predict the final results, thus
remarkably simplifying the procedure for developing
compositions that meet consumer properties.

MATERIALS AND METHODS

In this work, industrial-combined emulsifiers
were used as stabilizers for direct emulsions: Blanova
Muls Eco 2277, a mixture of anionic and nonionic
surfactants (Azelis Rus, Russia), and Remiwax SE
containing a composition of nonionic surfactants
(Revada, Russia).

Table 1 presents the information regarding the
components that constitute the combined emulsifiers.

The surface and interfacial tensions of the
aqueous solutions of surfactant mixtures at emulsion
preparation temperatures were measured using a K9
digital tensiometer (Kriiss AG, Germany). The stability
of the emulsions was evaluated by the volume of the
exfoliated water and oil phases within seven days.
The colloidal stability of emulsions was determined
using a Type 310 b high-speed centrifuge (Mechanika
Precyzyna, Poland). The particle sizes of the dispersed
phase were determined using an Olympus CX31
microscope (Olympus, Japan), which is designed for
working within a bright field and is equipped with a
connection for a universal serial bus video camera.
The rheological properties of emulsions were studied
using a Polymer RPE-1M (Khimpribor-1, Russia)
rotary viscometer. For preparing the compositions,
the so-called “hot/hot” standard method was selected
for preparing emulsions. Emulsions were prepared
at 50°C (mixture of nonionic surfactants) and 65°C

Toukue xumudeckue TexHoaoruu = Fine Chemical Technologies. 2021;16(3):241-251

243


https://doi.org/10.32362/2410-6593-2021-16-3-241-251
https://doi.org/10.32362/2410-6593-2021-16-3-241-251

Stabilization of cosmetic compositions using combined emulsifiers

Table 1. General characteristics of the emulsifier components

International Nomenclature

Hydrophilic-lipophilic

of Cosmetic Ingredients — INCI M, g/mol
Registry number CAS balance — HLB
A mixture of anionic and nonionic surfactants (Blanova Muls Eco 2277).
Molecular weight ~346 g/mol
Glyceryl Stearate
CAS Number 123-94-4 3-6 358
Stearyl Alcohol
CAS Number 112-92-5 155 270
Sodium Stearoyl Lactylate 83 450
CAS Number: 25383-99-7 ’
Glyceryl Stearate Citrate
CAS Number: 50825-78-0 34 306
Nonionic surfactant mixture (Remiwax SE PF). Molecular weight ~600 g/mol
Glyceryl Stearate
CAS Number: 31566-31-1 23 338
Ceteareth-20, 132 1136
Ceteareth-12 155 784
CAS Number: 68439-49-6 ’
Cetearyl Alcohol
CAS Number: 67762-27-0 155 2422
Cetyl Palmitate
CAS Number: 540-10-3 10 480

(mixture of anionic and nonionic surfactants) using
a Polytron PT 1200 E homogenizer (Kinematica AG,
Switzerland). The mixing speed was 6000 rpm, and
the homogenization time was 3 min. The ratio of the
oil and water phases was 1 : 4. The concentration of
the emulsifier was varied from 0.5-7% (wt).

RESULTS AND DISCUSSION

The type and stability of emulsions depend on
the ratio (balance) of hydrophilic and hydrophobic
(or lipophilic) functional groups among the surfactant
molecules. To obtain direct «oil-in-water» emulsions,
using emulsifiers with hydrophilic—lipophilic balance
(HLB) numbers ranging from 8—13 was necessary [9].
The numbers of HLB stabilizers were experimentally
determined using the Davies method. For a mixture of
nonionic surfactants, this number was equal to 10.5;
for a mixture of anionic and nonionic surfactants, it
was 13.5. An ester of polyglyceride and fatty acids
with an HLB number of 4 was used as a surfactant with
a known HLB number. Based on the data obtained,

refined sunflower oil with a close HLB number was
selected as the nonpolar phase [5].

A K9 digital tensiometer was used to measure
the surface tension of the combined stabilizers at the
aqueous solution—gas and aqueous solution—toluene
interface, which was selected as a model for the
nonpolar phase. The surface isotherms, interfacial
tension of nonionic surfactant mixtures, and the
mixtures of anionic and nonionic surfactants at
emulsion preparation temperatures are shown in Fig. 1.

The obtained surface and interfacial tension
isotherms were used to determine the surface activity
and CMC, and the parameters for the monolayers
of stabilizers were calculated [10]. The results are
presented in Table 2.

The data presented indicates that at the aqueous
solution—air interface, the mixture of anionic and
nonionic surfactants will have higher surface activity
values, maximum adsorption, and a lower CMC value
compared with a mixture of nonionic surfactants
nondissociating in water, which is associated with the
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Fig. 1. Surface tension isotherms of surfactants in aqueous solutions containing mixtures
of different nonionic surfactants (1); anionic and nonionic surfactants (2) at different interfaces,
i.e., (a) air and (b) toluene.

30

Table 2. Surface activity values, critical micelle formation concentration,
and the parameters of the adsorption layers of surfactant mixtures

Adsorption characteristics of surfactants

Name of surfactants

G, J-m/mol ¢ . x105,3/m?> | I x10°% mol/m* | §x10°,m* | x10°,m* | C_.,, mol/m’

Ci

Aqueous solution—air boundary

A mixture of anionic 4.86 37.0 5.10 3.25 1.76 0.0045
and nonionic surfactants
A mixture of nonionic

3.80 40.0 7.80 2.95 2.94 0.0064
surfactants

Aqueous solution—toluene boundary

A mixture of anionic

L 4.70 17.8 4.60 3.60 1.60 0.0037
and nonionic surfactants

A mixture of nonionic

8.80 13.0 6.80 2.44 4.08 0.0025
surfactants

Note: G — surface activity;

G ;, — minimum surface tension;

I" —maximum adsorption value;

S, — area occupied by a surfactant molecule in a saturated monolayer;
d — the thickness of the adsorption layer;

C .y — the value of the critical concentration of micelle formation.

formation of mixed micelles in the solution [6]. At the Notably, low values of o . at the interface
boundary of the aqueous solution—toluene, an emulsifier between toluene and aqueous solutions of surfactant
with the best surface-active properties is a mixture of mixtures contributed to the formation of stable direct
nonionic surfactants. emulsions.
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To calculate the temperature coefficients of the
surface tension of the combined stabilizers, the o
values for aqueous solutions of surfactant mixtures
of the same concentration were measured at different
temperatures. For a mixture of anionic and nonionic
surfactants, the value of do/dT was —0.044 mJ/m?; for
a mixture of nonionic surfactants, the value of do/dT
was —0.037 mJ/m? The values of the temperature
coefficient of surface tension allowed for predicting
the behavior of the emulsifier at different temperatures
and enabled selecting the conditions for mixing the
phases.

The sedimentation stability of the emulsion was
assessed by the volume of the exfoliated water and oil
phases for seven days. The colloidal stability of the
emulsions was determined according to the standard
method' in an ultracentrifuge at a speed of 6000 rpm,
from which it followed that the emulsion would be
considered stable if, after centrifugation, in a test
tube, no more than one drop of the aqueous phase
and/or 0.5 cm of the oil layer were released.

The compositions differed in terms of the type of
emulsifier and its concentration. Based on the results
obtained, histograms of the ratios of the emulsion
and exfoliated phases were plotted according to the
concentration in the compositions stabilized with a
mixture of anionic and nonionic surfactants and a
mixture of different nonionic surfactants (Figs. 2 and 3).

With an increase in the concentration of the added
stabilizer for all samples, the amount of stable emulsion
increased. Compositions had high stability with the
introduction of an emulsifier, starting from 3% for a
mixture of anionic and nonionic surfactants and 5% for
a mixture of different nonionic surfactants.

The influence of negative temperatures on the
stability of emulsions was investigated, which enabled
determining the stability of the emulsion at low
temperatures and predicting the behavior of finished
product during transportation in adverse weather
conditions. It was found that at temperature drops, the
loss of stability was determined to be 1-2%, which did
not affect the consumer properties of the product.

As a result of the experiments, the following
outcomes were observed:

— The optimal percentage of the input of the
emulsifier for preparing the cosmetic composition was
4% by weight for an anionic and nonionic surfactant
mixture and 7% weight for a nonionic surfactant
mixture. Emulsions with these properties were
sufficiently stable to withstand mechanical stress and
did not collapse when exposed to a centrifugal field and
negative temperatures.

' GOST 31460-2012. Interstate standard. Cosmetic creams.
General specifications. Moscow: Standartinform; 2013.
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Fig. 2. Influence of the concentration of stabilizers
comprising a mixture of anionic and nonionic surfactants (a)
and a mixture of nonionic surfactants (b) on the stability
of emulsions in a gravitational field.

— The use of a stabilizer in the form of a mixture
of nonionic surfactants enabled obtaining cosmetic
products for various purposes; with the introduction
of a 2-3% emulsifying base, a liquid emulsion was
obtained that could be used to prepare cosmetic milk
and lotions. To obtain cosmetic creams and masks while
preparing emulsions, the percentage of input should range
from 5 to 7%.

— The high stability of the obtained emulsions in
the presence of anionic and nonionic surfactant mixtures
resulted from confounding stability factors in dispersed
systems; the presence of ionic surfactants in a system
provided electrostatic stabilization, and the presence of a
nonionic surfactant provided steric stabilization (electrosteric
stabilization) [5]. When using a combined stabilizer, i.e.,
a mixture of nonionic surfactants, only the steric factor of
stability was realized in the system [11, 12].

Particle size in the dispersed phase is one of the
defining characteristics of emulsion compositions,
which was determined using the light microscopy
method. Figure 4 shows the differential curves of the
particle size distribution of emulsions obtained in the
presence of nonionic surfactants. Similar data were
obtained for compositions stabilized with a mixture of
anionic and nonionic surfactants.
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Fig. 3. Influence of the concentration of stabilizers
comprising a mixture of anionic and nonionic surfactants (a)
and a mixture of nonionic surfactants (b) on the stability
of emulsions in a centrifugal field.

The presented data show that the obtained
emulsions were polydispersed microheterogeneous
systems. The diameters of various fractions varied
from 1 to 5 um for a mixture of anionic surfactants
and nonionic surfactants, and from 3.3 to 16.6 um for
a mixture of different nonionic surfactants. The degree
of polydispersity, equal to the ratio of the maximum
diameter to the most probable diameter ranged from
1.75 to 4.25.

Rheological characteristics that determined
the consumer properties of cosmetic compositions
(absorbency, spreadability, moisturizing ability) [13, 14]
were measured using a Polymer RPE-1M rotational
viscometer. The flow curves of emulsions stabilized
using different amounts of a mixture of ionic and
nonionic surfactants and the dependence of viscosity
on shear stress are shown in Figs. 5 and 6.

Based on the presented graphs, the developed
compositions were liquid structured systems with a
yield point. Similar dependences of the shear stress on
the strain rate were obtained for emulsions stabilized
with a mixture of nonionic surfactants. The rheological

70

d, MM / d, pm
-2 —g—3 —a—4 5
—a— 0 —_ 7

Fig. 4. Drop-size distribution of emulsions stabilized
with various amounts of a mixture of nonionic surfactants
(2-7 g per 100 mL of the composition).

behavior of such emulsions can be described using the
Ostwald—de Waele and Herschel-Bulkley equations
[15], which include the value of the ultimate shear stress
(P,,), the form of which is expressed as follows:

P=PF, +My Y, (1)

where P is shear yield stress; n  is plastic viscosity;
vy is strain rate; n is a constant that characterizes
the degree of deviation in fluid properties from a
Newtonian liquid.

o
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Fig. 5. Curves of the flow of emulsions stabilized using
various amounts of a combination of anionic and nonionic
surfactants (1-4 g per 100 mL of composition).
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Fig. 6. Influence of the stabilizer content from a mixture
of anionic and nonionic surfactants on the viscosity
of emulsions.

The structural and mechanical properties of
emulsions depended on the strength of a single
contact between particles of the dispersed phase,
which determined the nature of the contact (phase or
coagulation). The availability of data on the strength of
a single contact determines the ability of the system to
resist destruction under the influence of external forces.
According to Kuhn’s model [16], which considers the
yield point, the strength of a single contact was estimated
for the compositions developed by us as follows:

P 2
F =t @)

20

where F| is single contact strength (N); ¢ is volume
fraction; d is emulsion droplet diameter (m).

The strength values of single contacts (Table 3)
showed that coagulation contacts were formed in
emulsions, ensuring the restoration of the structure
after destruction.

Table 3. Structural-mechanical and molecular-kinetic properties of emulsions

s‘t(:'zlr(li igeFI'lgg:ngm’l::tligch;ﬁ:?:; Sedimentation rate U and Kinetic
g p AnCP sedimentation stability (KSS) of emulsions
viscosity 1,

No. | Stabilizer content, " - > »
¢/100 mL 4 " g - E ="

£ = = g S " =

% = C3 S x S 19

nﬂm X_' :‘N X‘_‘ %—' X wN

Ry =) N 5 g

A mixture of anionic and nonionic surfactants
1 1.0 1.4 1.59 0.90 2.01 491 2.23 4.41
2 2.0 2.0 1.88 1.45 1.66 5.92 1.17 8.73
3 3.0 13.4 3.15 8.00 0.41 2.41 5.20 1.91
4 4.0 18.5 6.27 13.40 0.59 1.60 4.47 2.24
A mixture of nonionic surfactants

1 2.0 1.8 4.61 1.31 4.53 2.16 3.74 2.62
2 3.0 2.4 6.53 1.78 481 2.04 2.70 3.63
3 4.0 2.7 9.67 1.95 6.33 1.55 2.98 3.28
4 5.0 33 1.30 2.40 6.99 1.40 2.91 3.37
5 6.0 33 1.24 2.40 6.62 1.48 2.68 3.66
6 7.0 3.6 2.75 2.60 10.80 0.90 4.15 2.36

Note: index 1 refers to values calculated considering the viscosity of the dispersion medium; index 2 refers to the values

calculated considering the viscosity of the compositions.
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The speed of movement of individual drops under
the action of gravitational forces was proportional to
the difference in the densities of the dispersed phase
and the dispersion medium, p and p,, as well as the
square of the radius of the drops, and it was inversely
proportional to the viscosity of the dispersion medium
[4]. Kinetic sedimentation stability (KSS) was the
reciprocal of the sedimentation constant.

Using the experimentally obtained values of
the particle size and viscosity of the developed
compositions, the reverse sedimentation rates of
direct emulsions were calculated, considering only
the viscosities of water and taking into account the
viscosity of real systems, as well as the KSS of
emulsions (Table 3).

The calculations made enabled quantifying
the effect of the stabilizer on the stability of the
compositions. As concluded from the data given
in Table 3, the rate of emulsion sedimentation in
the presence of a stabilizer decreased, and the KSS
increased 1000 times. The presence of combined
stabilizers considerably increased the viscosity of
emulsions, providing an additional hydrodynamic
stability factor, and made enabled obtaining
compositions stable for almost an unlimited time.

Analysis of the rheological characteristics of
direct concentrated emulsions showed that these
compositions were pseudoplastic systems with a
yield point, the value of which depended on the
type and amount of stabilizer. Varying the content
of the emulsifier allowed gaining a line of cosmetics
including different products ranging from milk to
creams for various purposes. An emulsion obtained
using stabilizer thatis amixture ofanionic and nonionic
surfactants, and which form mixed adsorption layers
providing electrostatic and steric stability factors,
is preferable in terms of structural and mechanical
properties. The calculated values of the strengths
of single contacts were in the range of 1071-10 N,
which confirmed the presence of coagulation contacts
between the particles of the dispersed phase.

CONCLUSIONS

The parameters of the adsorption layers of
various natural surfactant mixtures were calculated.
The maximum adsorption value at the interface with
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toluene and the thickness of the saturated adsorption
layer of the nonionic surfactant mixture at this
interface increased compared with the analogous
value at the solution—air interface, which indicated an
increase in the hydration layer around the oil droplets.
The interfacial tension was reduced to 15 mN/m,
which contributed to an increase in the stability of
emulsions.

The optimal content of the emulsifier was
established as 4% for a mixture of ionic and nonionic
surfactants and 7% for a mixture for different nonionic
surfactants. In the presence of stabilizers, the values
of KSS increased by 1000 times.

Compositions stabilized using a combination
of anionic and nonionic surfactants were
microheterogencous systems with an average droplet
diameter of 1.0-5.0 pum, based on the surfactant
content; for a mixture of nonionic surfactants, this
value ranged from 4.0 to 8.0 um and included a small
number of fractions with sizes ranging from 10.0 to
16.5 pm.

The compositions were pseudoplastic fluids
with a yield point. The calculated strength of single
contacts between particles of the dispersed phase
indicated the presence of coagulation contacts in
dispersed systems.

A comparison of the physicochemical
characteristics of the compositions obtained in the
presence of industrial organic emulsifiers showed
that emulsions stabilized using a mixture of ionic
and nonionic surfactants, which provided stability
because of electrostatic and steric stability factors,
exhibited the best combination of properties.

Authors’ contribution

V.V. Korypaeva — conducting an experiment to
study the colloidal-chemical properties of surfactant mixtures,
studying the rheological properties of emulsions, collecting
and processing material, writing the text of the article.

E.F. Bukanova — scientific consulting at all stages of
the work.

E.V. Eskova — consultation during the individual
stages of research and processing of the results obtained.

V.A. Sokhraneva — conducting an experiment to
obtain emulsions and study their stability.

The authors declare no conflicts of interest.

CIIMCOK JIMTEPATYPbI

1. Lu M., Behnke K. Thin emulsion base for cosmetics:
US Pat. US2019/0192390A1. Filed 12.10.2018; pub. 27.06.2019.

2. Franca C.C., Ueno H.M. Green cosmetics: perspectives
and challenges in the context of green chemistry. Desenvolv.
Meio Ambiente. 2020;53:133—150. http://dx.doi.org/10.5380/
dma.v53i0.62322

Toukue xumudeckue TexHoaoruu = Fine Chemical Technologies. 2021;16(3):241-251

249


http://dx.doi.org/10.5380/dma.v53i0.62322
http://dx.doi.org/10.5380/dma.v53i0.62322
http://dx.doi.org/10.5380/dma.v53i0.62322
http://dx.doi.org/10.5380/dma.v53i0.62322

Stabilization of cosmetic compositions using combined emulsifiers

3. Puchkova T. Entsiklopediya kosmeticheskikh
ingredientov (Encyclopedia of cosmetic ingredients). Moscow:
Shkola kosmeticheskikh khimikov; 2015. 408 p. (in Russ.).
ISBN 978-5-903338-02-3

4. Fridrikhsberg D.A. Kurs kolloidnoi khimii (Colloidal
chemistry course). St. Petersburg: Lan’; 2010. 416 p. (in Russ.).
ISBN 978-5-8114-1070-5. https://e.lanbook.com/book/4027

5. Holmberg K., Jonsson B., Kronberg B., Lindman B.
Poverkhnostno-aktivnye veshchestva i polimery v vodnykh
rastvorakh (Surface-active substances and polymers in
aqueous solutions). Moscow: Binom; 2010. 528 p. (in Russ.).
ISBN 978-5-9963-2942-7

6. Tadros Th. F. Emulsions. Formation, Stability,
Industrial Applications. Berlin/Boston: Walter de Gruyter
GmbH; 2016. 243 p. https://doi.org/10.1515/9783110452242

7. Rosen M.J. Surfactants and Interfacial Phenomena:
3rd ed. New York: John Wiley; 2004. 457 p. http://dx.doi.
org/10.1002/0471670561

8. Bukanova E.F., Filippenkov V.M., Revina Yu.V. Mixtures
of non-ionic surfactants for cleaning compositions. Tonk. Khim.
Tekhnol. = Fine Chem. Technol. 2017;12(3):21-27 (in Russ.).
https://doi.org/10.32362/2410-6593-2017-12-3-21-27

9. Garti N., Lutz R. Recent Progress in Double Emulsions.
In: Petsev D.N. (Ed.). Interface Science and Technology. V. 4.
Emulsions: Structure Stability and Interactions. Amsterdam:
Elsevier; 2004. 557-605. https://doi.org/10.1016/S1573-
4285(04)80016-4

10. Kulichikhin V.G. (Ed.). Praktikum po kolloidnoi
khimii (Workshop on colloidal chemistry); Moscow: INFRA-M
—2012; 287 p. (in Russ.). ISBN 978-5-9558-0217-6

11. Taylor P. Ostwald ripening in emulsions: estimation
of solution thermodynamics of the disperse phase. Adv.
Colloid Interface Sci. 2003;106(1-3):261-285. https://doi.
org/10.1016/S0001-8686(03)00113-1

12. Babchin A.J., Schramm L.L. Osmotic repulsion
force due to adsorbed surfactants. Colloids Surf. B:
Biointerfaces. 2012;91(1):137-143. https://doi.org/10.1016/j.
colsurfb.2011.10.050

13. Nour A.H. Emulsion types, stability mechanism
and rheology: A review. International Journal of Innovative
Research and Scientific Studies (IJIRSS). 2018;1(1):14-21.
https://ssrn.com/abstract=3324905

14. Anuchina A.S., Avramenko G.V., Chudinova N.N,,
Tikhonova T.V., Kienskaya K.I. Consideration of some colloidal-
chemical patterns in the development of cosmetic creams. Khim.
Prom. Segodnya = Chem. Ind. Today. 2012;(8):40—49 (in Russ.).

15. Kirsanov E.A., Matveenko V.N. Nen yutonovskoe
povedenie  strukturirovannykh  system  (Non-Newtonian
behavior of structured systems). M.: TEKhNOSFERA; 2016.
384 p. (in Russ.). ISBN 978-5-94836-461-2

16. Matveenko V.N., Kirsanov E.A. The viscosity
and structure of dispersed systems. Mosc. Univ.
Bull. 2011;66(4)199-228. https://doi.org/10.3103/
S0027131411040079

[Original Russian Text: Matveenko V.N., Kirsanov E.A.
The viscosity and structure of dispersed systems. Vestn. Mosk.
Univ. Ser. 2. Khim. 2011;52(4):243-276 (in Russ.).]

3. IyuxoBa T. Dnyukionedus Kocmemuyeckux unepeou-
eumos. M.: Illlkona kocMmeTnuyeckux xuMukoB; 2015. 408 c.
ISBN 978-5-903338-02-3

4. ®punpuxcoepr J.A. Kypc kornouonoi xumuu. CIIO.:
Jlanp; 2010. 416 c. ISBN 978-5-8114-1070-5. https://e.
lanbook.com/book/4027

5. Xonmbepr K., Uénccon b., Kponbepr b., JIunaman b.
Tlogepxnocmmno-axmueHvie geujecmsea U NOAUMEPbl 8 BOOHBIX
pacmeopax. M.: bunom; 2010. 528 ¢. ISBN 978-5-9963-2942-7

6. Tadros Th. F. Emulsions. Formation, Stability,
Industrial Applications. Berlin/Boston: Walter de Gruyter
GmbH; 2016. 243 p. https://doi.org/10.1515/9783110452242

7. Rosen M.J. Surfactants and Interfacial Phenomena:
3rd ed. New York: John Wiley; 2004. 457 p. http://dx.doi.
org/10.1002/0471670561

8. bykanosa E.®., OwmmnnenkoB B.M., Pesuna FO.B.
Cmecu HenoHHBIX [IAB s momydeHus: YUCTANINX KOMITO-
sutit.  Touk. xum. mexwon. 2017;12(3):21-27. https://doi.
org/10.32362/2410-6593-2017-12-3-21-27

9. Garti N., Lutz R. Recent Progress in Double Emulsions.
In: Petsev D.N. (Ed.). Interface Science and Technology. V. 4.
Emulsions: Structure Stability and Interactions. Amsterdam:
Elsevier; 2004. 557-605. https://doi.org/10.1016/S1573-
4285(04)80016-4

10. Kymuuuxun B.I. (pen.). Ilpakmuxym no koniouodHou
xumuu. M.: UHOPA-M; 2012. 287 c. ISBN 978-5-9558-0217-6

11. Taylor P. Ostwald ripening in emulsions: estimation
of solution thermodynamics of the disperse phase. Adv.
Colloid Interface Sci. 2003;106(1-3):261-285. https://doi.
org/10.1016/S0001-8686(03)00113-1

12. Babchin A.J., Schramm L.L. Osmotic repulsion
force due to adsorbed surfactants. Colloids Surf B:
Biointerfaces. 2012;91(1):137-143. https://doi.org/10.1016/j.
colsurfb.2011.10.050

13. Nour A.H. Emulsion types, stability mechanism
and rheology: A review. International Journal of Innovative
Research and Scientific Studies (IJIRSS). 2018;1(1):14-21.
https://ssrn.com/abstract=3324905

14. Anyunna A.C., ABpamenko ['B., Uynmrosa H.H.,
TuxonoBa T.B., Kuenckas K.M. Yduer HeKOTOpHIX KOIOWI-
HO-XMMHUYECKUX 3aKOHOMEPHOCTE! NpH pa3paboTke KOCMETH-
YECKUX KPEMOB. Xum. npom. cecoons. 2012;(8):40-49.

15. Kupcanos E.A., Marseenxo B.H. HenproronoBckoe
noBeieHne cTpykrypupoBaHHbix cucteM. M.: TEXHOC®OE-
PA; 2016. 384 c. ISBN 978-5-94836-461-2

16. Marseenko B.H., Kupcanos E.A. BsizkocTs u cTpyK-
Typa TUCTHEepPCHBIX cucteM. Becmu. Mock. Yu-ma. Cep. 2. Xu-
mus. 2011;52(4):243-276.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(3):241-251

250


https://e.lanbook.com/book/4027
https://doi.org/10.1515/9783110452242
http://dx.doi.org/10.1002/0471670561
http://dx.doi.org/10.1002/0471670561
https://doi.org/10.32362/2410-6593-2017-12-3-21-27
https://doi.org/10.1016/S1573-4285(04)80016-4
https://doi.org/10.1016/S1573-4285(04)80016-4
https://doi.org/10.1016/S0001-8686(03)00113-1
https://doi.org/10.1016/S0001-8686(03)00113-1
https://doi.org/10.1016/j.colsurfb.2011.10.050
https://doi.org/10.1016/j.colsurfb.2011.10.050
https://ssrn.com/abstract=3324905
https://doi.org/10.3103/S0027131411040079
https://doi.org/10.3103/S0027131411040079
https://e.lanbook.com/book/4027
https://e.lanbook.com/book/4027
https://doi.org/10.1515/9783110452242
http://dx.doi.org/10.1002/0471670561
http://dx.doi.org/10.1002/0471670561
https://doi.org/10.32362/2410-6593-2017-12-3-21-27
https://doi.org/10.32362/2410-6593-2017-12-3-21-27
https://doi.org/10.1016/S1573-4285(04)80016-4
https://doi.org/10.1016/S1573-4285(04)80016-4
https://doi.org/10.1016/S0001-8686(03)00113-1
https://doi.org/10.1016/S0001-8686(03)00113-1
https://doi.org/10.1016/j.colsurfb.2011.10.050
https://doi.org/10.1016/j.colsurfb.2011.10.050
https://ssrn.com/abstract=3324905

Valentina V. Korypaeva, Evgeniya F. Bukanova, Evgeniya V. Eskova, Vera A. Sokhraneva

About the authors:

Valentina V. Korypaeva, Postgraduate Student, Department of General Chemical Technology, M.V. Lomonosov
Institute of Fine Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo pr., Moscow, 119571,
Russia). E-mail: vvkorypaeva@mitht.ru. https://orcid.org/0000-0002-9501-9403

Evgeniya F. Bukanova, Cand. Sci. (Chem.), Associate Professor, Department of Colloidal Chemistry, M.V. Lomonosov
Institute of Fine Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo pr., Moscow, 119571,
Russia). E-mail: bukanova@mirea.ru. https://orcid.org/0000-0002-9989-2437

Evgeniya V. Eskova, Senior Lecturer, Department of Colloidal Chemistry, M.V. Lomonosov Institute of Fine Chemical
Technologies, MIREA — Russian Technological University (86, Vernadskogo pr., Moscow, 119571, Russia). E-mail: eskova@mirea.ru.
https://orcid.org/0000-0003-2536-1884

Vera A. Sokhraneva, Student, M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological
University (86, Vernadskogo pr., Moscow, 119571, Russia). E-mail: sokhraneva.v@mail.ru. https://orcid.org/0000-0003-0930-5604

06 aemopax:

Kopsinaeea BanenmuHna BradumupoeHa, actiupanT Kadeaphbl 00LIel XUMAIECKOH TEXHONOrMH MHCTUTYTa TOHKUX
XuUMu4eckux TexHonoruit um. M.B. Jlomonocosa ®I'BOY BO «MUPDA — Poccuiickuii TexHonoruyeckuii yausepcurer» (119571,
Poccusi, Mockasa, nip. Beprazckoro, 1. 86). E-mail: vvkorypaeva@mitht.ru. https://orcid.org/0000-0002-9501-9403

Byxanoea Eezenusi Pe0opo6HA, K.X.H., JOUCHT Kadeapbl KOIIOUAHOW XuMul MHCTUTYTa TOHKAX XHMHYECKHX
texHonoruit um. M.B. Jlomonocoa ®I'bOY BO «MUPDA — Poccuiickuii TexHomornueckuil ynusepcurer» (119571, Poccus,
Mockaa, rip. Beprazckoro, 1. 86). E-mail: bukanova@mirea.ru. https://orcid.org/0000-0002-9989-2437

Ecovroea Eezenust BnadumupoeHa, cT. Npenoaaparesh Kapeapbl KOJIOMIHOM XUMuK MHCTUTYTa TOHKMX XUMHYECKUX
texHosoruid um. M.B. JlomonocoBa @I'bOY BO «MUPDA — Poccuiickuii Texnomornueckuii ynusepcurer» (119571, Poccus,
Mockaa, mip. Bepnazckoro, 1. 86). E-mail: eskova@mirea.ru. https://orcid.org/0000-0003-2536-1884

Coxpanesa Bepa AnerxcanopoeHa, cryneut NHCTUTYTa TOHKUX XMMHUYECKHX TEXHONOrui uM. M.B. JloMmoHocoBa
OI'BOY BO «MUPDA — Poccuiickuii Texnonornyeckuit yausepcurer» (119571, Poccus, Mocksa, np. Bepnaackoro, a. 86).
E-mail: sokhraneva.v@mail.ru. https://orcid.org/0000-0003-0930-5604

The article was submitted: April 10, 2020, approved afier reviewed: September 15, 2020, accepted for publication: May 25, 2021.

Translated from Russian into English by S. Durakov
Edited for English language and spelling by Enago, an editing brand of Crimson Interactive Inc.

Toukue xumudeckue TexHoaoruu = Fine Chemical Technologies. 2021;16(3):241-251
251


mailto:vvkorypaeva@mitht.ru
https://orcid.org/0000-0002-9501-9403
mailto:bukanova@mirea.ru
https://orcid.org/0000-0002-9989-2437
mailto:eskova@mirea.ru
https://orcid.org/0000-0003-2536-1884
mailto:sokhraneva.v@mail.ru
https://orcid.org/0000-0003-0930-5604 
mailto:vvkorypaeva@mitht.ru
https://orcid.org/0000-0002-9501-9403
mailto:bukanova@mirea.ru
https://orcid.org/0000-0002-9989-2437
mailto:eskova@mirea.ru
https://orcid.org/0000-0003-2536-1884
mailto:sokhraneva.v@mail.ru
https://orcid.org/0000-0003-0930-5604

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(3):252-266

MATHEMATICS METHODS AND INFORMATION
SYSTEMS IN CHEMICAL TECHNOLOGY

MATEMATHYECKHE METOABbI H HH®OPMAIIHMOHHBIE
CHCTEMBI B XHMHYECKOH TEXHOAOT'HHA

ISSN 2686-7575 (Online)
https://doi.org/ 10.32362/2410-6593-2021-16-3-252-266 [@)sy |
UDC 004.9:615.012.1

RESEARCH ARTICLE

Quality management of the chemical-technological process
for continuous synthesis of pharmaceutical substances

of medicinal compounds in flow microreactors

Valery F. Kornyushko, Olga M. Nikolaeva®, Alexey V. Panov, Rem R. Biglov,
Andrei S. Kuznetsov

MIREA - Russian Technological University (M.V. Lomonosov Institute of Fine Chemical
Technologies), Moscow, 119571 Russia
@Corresponding author, e-mail: polyakova@mitht.ru

Abstract

Objectives. The introduction of digital tools for the development of medicines, intelligent
management systems, and quality control is stipulated not only by modern requirements for the
chemical and pharmaceutical industry but also by strict requlatory requirements for manufactured
products. This principle ensures the release of a quality product on the first attempt. The aim of
this study is to develop information support for the intelligent quality management system for the
production of active pharmaceutical substances (APSs) for medicines using a fundamentally new
technology: continuous synthesis in flow microreactors. To develop the necessary information
support, we developed appropriate systemic, informational, and mathematical models; algorithms
for the online management of the experiment; and techniques and algorithms to qualitatively
assess whether the product meets official regulatory documents.

Methods. System analysis techniques, information and mathematical modeling techniques with
multireference regression models, and online optimization using the Hook—Jeevs algorithm (a
method of expert evaluation based on the concordance factor) were used to solve the problems
formulated.

Results. To manage the quality of the process of continuous APS synthesis in the flow microreactor,
we developed theoretic multiple system models that were designed to build the digital information
environment for the process of experimental research. We developed algorithms for mathematical
modeling and optimization of the control process based on multiresponse regression models and
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an online optimization algorithm that allows the process to be managed step by step, taking into
account the limitations. Our results show that the degree of conversion is higher in reactions that
contain bromodiphenylmethan.

Conclusions. Based on mathematical modeling method algorithms for the quality control of the
process of continuous APS synthesis on a fundamentally new microreactor system, Qmix were
developed. The applicability of the proposed methods and algorithms in the production of the
drug diphenhydramine from chlorobenzohydrol and bromobenzohydrol as initial substances was
proven by an experimental study. The built models were statistically adequate and valid.

Keywords: continuous synthesis in flow microreactors, active pharmaceutical substance,
theoretic multiple system models, multicell regression models, online optimization, Hook-Jeeves
method, expert evaluation, concordance factor, diphenhydramine drug
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CyOCTAHIMH JIEKAPCTBEHHBIX COCIUHCHNH B IPOTOYHBIX
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B.®. Kopuromko, O.M. HukoaaeBa®, A.B. [IanoB, P.P. Buraos, A.C. Ky3HeloB
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@Aemop osns nepenucku, e-mail: polyakova@mitht.ru

AnHOMauus

Ienu. BredpeHue yugposblx UHCMPYMEHMO8 8 paspabomiry JeKapCmeeHHbLX Npenapamos,
UHMeNNeKMYANbHbIX CUCMeM YNnpaesieHuss U KOHMpOas Kauecmea 00YC/l08/1eHO He MOJbKO
cospemeHHbIMU MpPebo8aHUAMU K XUMUKO-(hAPMAYe8MUUecKkoll ompacau, HO U CMpo2uMu pe-
21OMEeHMUPOBAHHBIMU MmpebosaHuaMU K sbinyckaemoil npooykyuu. IIpu smom noswvluieHue
agppexmusHocmu pazpabomrKu U NpPou3Bo0CmMaea JeKapCmaeHHbIX cpedcma HA 8cex 3Manax ux
JKUBHEHHO020 YUKA onupaemest Ha cucmemHoe npumeHerue npuHyuna Quality-by-Design (QbD)
— (KaQuecmaso, 3anaaHuposaHHoe npu paspabomier. 9mo cucmemHoslii nodxod K paspabomrke Je-
KapcmeeHHbLX npenapamos, Komopbulil HAUUHAEMCs. C UemKo onpedesieHHblLX yesell U OKaHuusa-
emest noayueHuem 1eKapcmeeHHo20 npenapama, ¢ yuemom NOHUMAHUSL e20 NPoyecca Uus2omos-
JIeHUsl U cmpamezull KOHMpOoJisi, OCHO8bL8ASICb HA HAOEIKHBbIX HAYUHBbIX OAHHBLX U OUEeHKe PUCKOS,
C8513aHHbBIX ¢ KauecmeoMm. IIpumeHeHue smoz20 NPUHYUNG NO380/slem 2apaHMUpPo8ams 8blNYck
KauecmeeHH020 NPooyKma MpasusibHO ¢ nepgoeo pasar. Omo docmuzaemcest NpumMeHeHUem Ha
8cex cmadusixX HO8bLX MeXHO02UlL YUgposu3ayulu ecex cucmem cobopa, obpabomrKu U XpaHeHUs
uHgopmayuu. Llenvto pabomol si8asiemest paspadbomra UHGOPMAYUOHHOU NOOOEpIKKU UHMeS-
JleKMyanvbHoU cucmemsbl YnpasaeHusk Kauecmaom NOAYUeHUsL AKMUBHBIX PapmMayesmuueckux
cybcmanyuii (ADC) nexapcmaeHHbIX cpedcmea C NOMOULbI0 NPUHYUNUASILHO HOB0UL MexXHOJ02UU
HenpepwuleHO20 CUHMe3a HA MUKPOpeaxmopax npomourozo muna. HMcnoas3osaHue smux MuKpo-
peaxmopos umeem psi0 CepbesHblX NPeumMyulecms no CPasHeHuro ¢ mpaduyuoHHbLMU Nepuoou-
yeckumu npoyeccamu. Cpedu HUX 803MONHOCMb NOOKNIOUCHUS. AHAAUMUUECK020 060pY008aHUSL
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8 NPOMOUHOM pexume, Umo nozgoasem obecheuums 8blCOKUL YPOo8eHb KOMNbIOMEPUIaAUUU
ynpasaerus cunHmesom. ns paspabomru Heobxooumozo UHOPMAYUOHHO20 obecneueHus bbiii
paspabomarslL coomgemcemayrouiue cucmemHole, UHPOPMALUOHHbBLE U Mamemamuueckue mMooe-
Ju, aneopummel online ynpaeneHus: IKCNePUMEHMOM, MEMOOUKU U AN20PpUMMbL OUEHKU Kaue-
cmea npooyKkma HA 0CHO8E 0OPUUUANILHBLX PEe2NIAMEHMHBLX O0KYMEHMO8.

MemooeuL. /15 peweHust NOCMA8AeHHbLX 3a0au ObLAU UCNOAB308AHbL MEMOOblL CUCMEMHO20 AHA-
AU3A, MemMoObl UHGPOPMAUUOHHO20 U MAMEMAMUUECIK020 MOOEAUPOBAHUSL C NOCMPOEHUEM MHO-
200MKIUKO8bLX pe2peCcCUOHHbIX Modesell u online onmumusayuu no areopummy Xyrka-/xueaca,
Memo0 IKCNEePMHO20 OUEHUBAHUSL HA OCHO8e K0aghuyueHma KoHkopoayuu. ITpugedeHHoe anzo-
pummuueckoe obecneueHue peaiu3o8aHo ¢ NOMOUbIO NPOZPAMMHOU cpedsl Scilab.
Pesynomamel. /115 ynpaeieHUuss KAUecmeom npoyecca HenpepoieHozo cunmesa ADPC Ha npo-
MOUHOM MUKPOpeaKmope noCmpoeHbl MeopemuKo-MHOIKECMBEHHbLE CUCMEMHble MOOENU, CIY-
JKaugue 058 NOCMpoeHUst YUGpPo8oli UHGOPMAUUOHHOU cpedbl Npouecca IKCNepUMeHmMAalbHbLX
uccnedosaHuli. Pazpabomatvl anzopummsbl MAmMemMamuueckozo Mo0eauUpo8aHus U Onmumusa-
uuu npoyecca ynpaeieHust Ha 0CHO8E MHO200MIKIUKO8bLX peepeCcCUOHHbLX modenell u online an-
20pUMMA ONMUMU3IAYUUL, NO3BOASIOULUE OCYULECMEBIIMb NOULA2080€E YNPasaeHUe NPOUEeCcCoM C
yuemom oeparuuerull. PaspabomaHr anzopumm sKCnepmHoz0 OUeHUBAHUS Kauecmea npouecca
cuHmesa Ha OCHO8e AHANU3A 3hheKxmusHOCMU U pUCKa paspabamuleaemozo J1eKapCcmeeHH020
cpedocmea. IIpogedeHbl mecmogble UCNbIMAHUSL CUCMeMbl YNPAeAeHUs. HA MUKPOPEaKMOPHOU
cucmeme Qmix Ha npumepe noayuerus APC dugeHaudpamuHa npu NPUMEHEHUU 8 Kauecmae
UCXO0OHbIX 8eugecme xopougpeHunmemana u bpomougperHuimemara. I[loxasaHo, umo cmeneHs
KOHBEpPCUU 8blUle 8 peaKyull, 20e yuacmayem bpomougpeHumemar. B smom cayuae 8 nosiyueH-
HOU peaKyuoHHOU Macce He ocmaemest npumecell UCXOOHbLX peazeHmos.

Buteoodst. Ha ocHoge mMemodoe mMamemamuieckozo Mooesiupo8aHus. paspabomaHsl anzopummbt
YynpasneHusl Kauecmeom npouecca HenpepwoleHozo cuHmesa APC ¢ ucnoav3o8aHuem NPUHUUNU-
AIbHO HOBOU MUKPOPeaKmopHoll cucmeme Qmix. DKcnepumeHmanbHbiMU UCCAE008AHUAMU 00-
KasaHa pabomocnocobHoCmMb NPedsloAEeHHbLX Memo008 U G20pUmmo8 8 npousgoocmaee JeKap-
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INTRODUCTION

Clinical studies

The standard methodology for developing and
manufacturing a new medicinal product (MP) usually
takes 11-12 years (Fig. 1) [1]. An obvious method
to increase the efficiency of drug development is to
reduce the duration of the full life cycle, i.e., from
development to industrial production, of a drug.

Ensuring that the drug is effective and causes
minimal side effects is laid in the development stage,
and these factors are tested at the stages of preclinical
and clinical testing. It is possible to divide the entire
life cycle of drug production into four stages:

Phase 1

Phase 2

Phase 3

Num

ber of volunteers

Medication discovery
Premedical studies

20—100

100—500

1000—5000

Registration of a drug

Fig. 1. Development and research of the drug over time.
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—nanoscale or computer modeling and screening
of molecules;

— microscale—composition (formulation) creation—
the stage of pharmaceutical development;

— preclinical and clinical studies
registration [2].

An obvious way to significantly reduce total
production time is to decrease the time it takes to
conduct preclinical and clinical studies. However, it
should be noted that reducing the length of preclinical
and clinical trials will not be effective if there is an
error in the development stage, especially if said error
is not identified until the stage of clinical testing. In
this case, it will be necessary to return to the stage of
pharmaceutical development (microlevel) because it is
during that stage that the mean active pharmaceutical
substance found at the nanoscale is finally selected,
a technological platform for obtaining a ready-made
drug form is developed, and the necessary equipment
and instrumentation are selected' [3].

and drug

METHODS

In this study, at the stage of drug development,
a relatively new approach was used based on the
widespread use of the quality by design (QbD)
principle [4, 5]. Applying this principle guarantees
the release of a quality product on the first attempt.
This is achieved by applying a systematic approach
to the development of quality management systems
at each stage of the drug’s life cycle. It is worth
noting that, according to Demming’s definition [6],
the projected product quality management system
will be optimal from a systematic point of view if
its constituent links are optimal. In this particular
case, these are the stages of a drug production’s life
cycle. To date, all the stages, with the exception of the
pharmaceutical development stage, are certified and
have quality management systems.

The pharmaceutical development stage consists
of two substages that are fairly autonomous, i.e., they
are usually developed by different research teams
who are often part of separate organizations.

A systematic approach to the pharmaceutical
development stage of a new drug includes [7-10]:

— the application of new innovative technologies
for obtaining high-quality products in the form of
active pharmaceutical ingredients (APIs) and ready-
made drugs;

— the creation of a digital environment for
research, including the analysis of information flow

! On the approval of the Rules for the organization of production
and quality control of medicines: Order of the Ministry
of Industry and Trade of Russia of June 14, 2013, No. 916
(Registered at the Russian Ministry of Justice on September
10, 2013, No. 29938).

at the stage of pharmaceutical development (from the
standpoint of system integration—the identification
of interrelations between basic concepts and terms);

— the construction of systematic and functional
models to determine solutions in the information
environment; digitalize information acquisition,
processing, and storage; develop databases and
knowledge bases; and create intelligent information
systems;

— mathematical modeling and software
development for research planning and management,
the estimation of the relationship between controlled
parameters, and the quality of manufactured products.

Analysis of the development of information
support for the second substage—the development of
a finished product—is fully described in the literature
[11]. Therefore, below, we will consider a systematic
approach to building a quality management system
for the substage of the synthesis of an active
pharmaceutical ingredient since, to date, it is in that
stage that innovative solutions regarding the synthesis
of APIs have been found. A multistage scheme of set-
theoretic models described in the form of tuples was
chosen as the system model (Fig. 2).

Tuples of the third level and up are constructed
in a similar way.

One of the main obstacles to successfully
applying the QbD approach at all stages of drug
development and production is forming an effective
strategy to control the quality of the manufactured
product.

The main principle of the QbD concept is that the
main development goal is the finished product and
its consumer (patient). This is primarily due to the
risk assessment of applying a new engineering design
for consumers. All possible production hazards
associated with the raw materials and the process
technology are eliminated only in reverse order during
development. Therefore, the quality of the developed
medicinal product is ultimately determined during
the production stage despite the fact that quality
assessment is performed at each stage®.

In its most general form, the formation of
the criterion is based on the following postulates.
Each variant of control solution X is evaluated by
a set of criteria K characterizing the quality of the
found solution: K = {ki}, where i = 1,..., n, where
n is the number of criteria. The goal of research is
described by the integral criterion G characterizing,
from the viewpoint of the chemical-pharmaceutical
development of drugs, the quality of the obtained
drug, the risk of its use, and its commercial efficacy.

2 On the circulation of medicines with additions and changes
0of'2015: Federal Law of the Russian Federation of 12.04.2010,
No. 61-@3.
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Step 1 FTD = {APS,TA,N,ScS,Mcon,Qi,ICS}
APS = {C,Qi,CTA,BPCP}; TA={...}; N={I,Ch,Co};
Step 2 ScS = {TP,CF,CSP,IP}; Mcon = {Ch,B,T};

ICS = {DB,SPMD,SFCPED,MTCCEE}

Fig. 2. The structure of the set-theoretic model used to form a task
for the development of a system for medication synthesis control.

Abbreviations:
FTD — forming a task to develop a system for medication synthesis control;

APS — active pharmaceutical suspension;
C — composition;

Qi — quality indicators according to regulatory documents;

TA — technical assignment for the development of an APS of a medication;

CTA — compliance with TA;

BPCP — basic physical and chemical properties;
N — name of the medication,;

I — international;

Chm — chemical;

Co — commercial;

SeS — scheme of synthesis;

TP — technological process;

CF — control of the feedstock;

CSP — critical stages of the process;

IP — intermediate products;

Mcon — control methods;

Ch — chemical;

B — biotechnological;

T — technological;

ICS — intellectual control systems;

DB — databases;

SPMD - system for preparing management decisions;

SFCPED - subsystem for collecting and processing experimental data;
MTCCEE — means of telecommunication for communication with the external environment.

Let us formulate in general terms the quality
criterion of a drug under development:

OptimG —> G{O; R;C}, (1

where O, R and C indicate the efficiency, risk,
and commercial value of the developed drug,
respectively.

By “the optimum of the global criterion” we
mean the optimal assessment, made by an expert
community, of the highest efficiency, lowest risk, and
commercial component of a drug being developed

in some uncertainty under external conditions.
The indicators of the effectiveness of drug use and
commercial assessment are quantitative, and the
risk criterion is qualitative, i.e., it determines the
conditions of drug inapplicability (allergic reaction,
patient conditions such as colds, pressure, etc.), side
effects, etc. The uncertainty of external conditions
lies in the fact that when clinically testing a drug, it
is not possible to identify all pathologies in which
it should not be used. Only on the basis of long-
term use would it be possible to more accurately
assess the effectiveness a drug used under various
conditions.
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Criterion (1) is formed by experts after clinical
trials and pilot industrial production. However, at
each stage of the development life cycle, a range of
conditions is set under which research is to be carried
out. With regard to each condition, the quality of the
drug obtained is assessed based on a local criterion,
which is in turn assessed by its own group of experts.

The value of each of the local criterion KfCxp
assessing the quality of the product at each stage of
the drug’s development and production life cycle
is evaluated by a group of experts according to the
methodology approved by the Ministry of Health of
the Russian Federation®. In addition, each stage has its
own (technological or environmental-technological)
criterion D", which serves to select the optimal
parameters in the technological process.

Thus, the scheme of a criteria-based approach to
qualitatively assess the stage of APS synthesis is as
follows (2):

DcKcG, 2

where G{(R;0;C),; S/exp; W; 1ES} is a global criterion
for evaluating a drug under development; (R;Q;C),,
are the components of the global criterion, which are
assessed by experts on the basis of quantitative and
qualitative indicators of the drug under development
according to the work request (R is risk, Q is quality
[efficiency], and C is the commercial component); S"exp
is a local criterion for assessing the quality of APS at
stage j of the drug development life cycle according to
experts; W is the concordance coefficient estimating
the degree of agreement among experts; and IES is an
intelligent expert system for assessing risk, efficiency,
and commercial expediency according to the TA. This
system is determined by experts during development
and clinical trials as follows:

K., {E/,W.D}c S, . 3)

exp.

3 Appendix No. 3 to the Order of the Ministry of Health of
the Russian Federation of August 24, 2017, No. 5581 “On
the approval of the Rules for the examination of medicines
for medical use and the special aspects of the expertize
of certain types of medicines for medical use (reference
medicines, generic medicines, biological medicines, bioanalog
(biosimilar) medicinal products (bioanalogs), homeopathic
medicinal products, herbal medicinal products, combinations
of medicinal products), forms of expert committee findings”
(Conclusion of the expert commission on the results of
the examination of the proposed methods for controlling
the quality of the medicinal product and the quality of the
submitted samples of the medicinal product using these
methods, examination of the ratio of the expected benefit
/form/).

In (3), Kfexp is the local criterion for assessing
quality at stage j. The criterion is determined by
the opinion of each ith expert £ and depends on a
particular technological criterion D. D(Y,X,Z) is
a particular technological criterion assessing the
dependence of the objective function of the synthesis
process Y on the vector of control parameters X and
the constraint vector Z.

Typically, particular criteria include economic,
environmental, and technological criteria. For
example, at the substage of APS synthesis, the
maximum value of the resulting mixture conversion
degree Y is used as such a technological criterion
along with control parameters X and constraints on
the composition Z.

It should be noted that the method of expert
evaluation is used to evaluate both the results of
a complete drug preparation assessment during
the entire life cycle and the quality of products at
individual stages.

A fraction of the indicators for the expert
assessment of a stage of drug APS synthesis is
presented in the table below.

Figure 3 shows an algorithm for the formation of
a private criterion of obtaining a drug with the use of
the expert assessment method according to the expert
tasks seen in the table®.

RESULTS AND DISCUSSION

The solution to the problem of controlling
APS synthesis is explored through a specific drug,
diphenhydramine (dimedrol). This drug is well known
in the field of pharmacy, and its synthesis is used to
demonstrate the development of control algorithms
[12]. Currently, in Russia, as in the rest of the world,
the synthesis of active pharmaceutical ingredients
found in drugs is carried out in capacitive reactors
[13]. Only in the last few years have innovative
continuous synthesis plants emerged. Figure 4 shows a
general view and technical characteristics of the Qmix
microreactor system (Wingflow AG, Switzerland), and
Fig. 5 shows an instrumental scheme for the synthesis
of diphenhydramine at this microreactor.

The characteristics of the Qmix system are as
follows: the power supply unit is one Qmix Base
module with a power of 600 W. The unit includes four
neMESYS MPM precision medium-pressure syringe
pump modules for generating two continuous streams
with pressures up to 200 bar; one microreactor
module Qmix Q+2MR with two separate thermostatic
zones for two microreactors (temperature range from 20
to 250°C, pressure up to 20 bar); one Qmix P pressure

# Order of the Ministry of Health of the Russian Federation of
August 24, 2017 No. 558H.
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Table. Expert assessment and conclusions on the indicators of the medication submitted
for the quality examination

Assessment number according

to the Order of the Ministry Designation in the Index content
of Health of the Russian algorithm
Federation
Assessment of the chemical scheme of synthesis, of the
description of the technological process for the production
41.1.2. C of a pharmaceutical substance and its development

1 including the control of raw materials, critical stages of
production and intermediate products and the assessment
of the production processes validation.

Evaluation of the methods proposed by the applicant to
4.1.1.3. C explain the chemical and pharmaceutical properties of a
pharmaceutical substance.

41.1.4. C Evaluation of the choice of quality indicators of a

3 pharmaceutical substance and standards.
Evaluation of profiles of a pharmaceutical substance
4.1.1.5. C . o . Lo .
4 impurities (organic, inorganic, biological).
4.1.1.6. C, Assessment of the standard samples selection.
41.17 C Assessment of the methods of quality control of
R 6 pharmaceutical substances proposed by the applicant.

Evaluation of the materials submitted by the applicant for
4.1.1.8. C the validation of analytical methods for quality control of a
pharmaceutical substance.

The presence or absence of correspondence between the
results of laboratory analysis submitted by the applicant

4.1.1.9. C, for examination of samples of a pharmaceutical substance
and the quality indicators included in the regulatory
documentation.
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Table. Continued

Assessment number according
to the Order of the Ministry

Designation in the Index content

of Health of the Russian algorithm
Federation
Evaluation of the data provided by the applicant on the
stability of the pharmaceutical substance in all declared
types of primary packaging of data according to the
4.1.1.10. C pharmaceutical substance shelf life establishment by the

applicant for all the declared types of primary packaging,
assessment of the justification of the pharmaceutical
substance storage conditions established by the applicant.

=

v

Formation of a group of experts 1, 2, ..., V

.

Ranking indicators according to rank
SORT(Ci,min < ... < Ci,r..., < Cimax)

A

A 4

Summing up the ranks of each indicator
Ri=3r

A4

Building a generalized ranked series
Crmin, < Crmin+1, <[ ... < Crmax, iRRmin+1,..., Rmax

!

Yes

Wcala < Wadm.

Formation of an expert report on the assessment
of a drug APS synthesis quality

Y

Conclusion of the expert commission
on the results of the expert evaluation
of the quality of the synthesis process

v

( The end )

Fig. 3. Block diagram of the algorithm for forming a particular criterion.
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Fig. 4. Appearance of the Qmix microreactor system.

control module for two channels (pressure up to 200 bar);
x-Factory microchips measuring 35 x 35 x 3.3 mm;
2-,5-, 10-, and 50-mL syringes made of special steel;
and 1-, 10-, and 50-mL syringes made of borosilicate
glass. Capillary material: special 3.175-mm steel.
The set of capillaries consists of 6.35-mm fittings
(28UNF), 6.35-mm ferrules (28UNF), and 6.35-mm
tees (28UNF). Qmix Elements software was used.
Diphenhydramine  synthesis  technology is
described in detail in [13]. A brief description is given
below. Using syringe pumps, chlorodiphenylmethane

Syringe pump ACETONITRILE

0] &)

! |
O @ HO~-N< Pressure sensor
1 2 Back pressure
v regulator
V'V Tap T
Multi-way valve

Microreactor
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N

Heater

N,
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(2.0 M) and pure dimethylaminoethanol are fed into a
19.5-uL microfluidic reactor. Mixing occurs in the first
section of the reactor. Immediately after the reactants
are mixed, the reactor sections create a turbulent flow
to ensure fast and efficient mixing.

Before the mixture enters the second section, it is
diluted with acetonitrile.

The mixture is then fed to a pressure transducer
and back pressure regulator through the reactor outlet
connected to a 2-liter injection valve. The reactor is
used to carry out reactions at pressures ranging from
10 to 20 bar.

The outlet is connected to a valve capable of
dividing the flow between collection, waste, and an air
using a split flow crystallizer.

Since the material exiting the reactor has a
concentration of approximately 1.0 M, dilution with
acetonitrile is performed in the stream. For the rapid
delivery of droplets from the reactor to the mass
spectrometer, segmented N, (g) droplets were obtained
using an electronic pressure regulator. This made
it possible to increase the data collection rate and
reduce the amount of material consumed during the
mass spectrometer data collection. The control system
includes a phototransistor, a video microscope, and
an optical sensor. Mass spectrometer analysis was
performed using an inductive electrospray ionization
source (1IESI-MS) [14-17].

ACETONITRILE

o> [HPLC]

T-mixer

Crystallizer

Video microscope

Filtration

Fig. 5. Apparatus scheme for the synthesis of diphenhydramine.
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An information model of the synthesis process in
a flow microreactor was considered in [7-9].

When describing the criteria for assessing the
quality of the synthesis process, it is indicated that
the structure of the particular criterion includes the
technological criterion D(Y,X,Z). This criterion
estimates the dependence of the objective function
of the synthesis process Y on the control parameters
vector X and the constraint vector Z.

The task is formulated as follows: it is necessary
to construct a step-by-step algorithm to optimize
the process of diphenhydramine synthesis in a
flow reactor by searching for the maximum target
product conversion degree by varying the following
control variables x, is (¢, °C), x, is time (min), and
x, is the substituent in the ingredients Br or Cl
with constraints to the permissible composition
values. The permissible values of the composition
components are as follows: z, is benzhydrol (Cl), z, is
benzhydrol (Br), z, is diphenylmethyl (Cl), and z, is
bis-diphenylmethyl (Br).

To study the dependence of the maximum
conversiondegree Y(x ,x,,x,) onthe control parameters,
i.e., x,x,, and x,, the simplest linear regression model
of the criterion ¥(x ,x,,x,) dependent on the controlled
parameters x, x,, x, was chosen (4).

Y(x,x,,x,)=bxx, +b,xx,+b,xx,(i=1,2,3,..,n)  (4)

1

To solve the optimization problem using this
model, it was necessary to formulate equations for
the constraints, which are the composition values
measured with a chromatograph [18].

For this purpose, we used a system of linear
regression multiresponse equations interrelating the
control variables x,, x,, and x, with the composition
indices Z..

Zj (X5 %25%3) € Zogm » (5)

1

where x, x, and x, are temperature ¢ (°C), time
(min), and the substituent in the ingredients, Br or Cl,
respectively, and Z, - consists of the admissible values
of the composition components: z , z,, z,, and z,.
Accordingly, regression equations (5) for
assessing the conversion degree and describing

constraints in matrix form are as follows:

A=(XxX') x(X'xY) (6)

B=(XxX")"'x(X'xZ) (7)

In (6) and (7), A is the column vector of
regression coefficients of dimension (1:N); X is
the matrix of controlled parameters x, x,, and x, of
dimension (N:3); Y is the column vector of the values
of the objective function of dimension (N:1); N is the
number of experiments; Z(z ,z,,z,,z,) is the matrix of
the values of composition components of dimension
(N:4); and B is the matrix of regression coefficients of
dimensions (3:4).

The regression equations constructed during the
first stage via a passive experiment made it possible
to solve the optimization problem during the second
stage considering the constraints. The purpose of
the third stage is to build an online optimization
algorithm: at each step j, a plan for changing the
controlled variables x, x,, and x, is determined such
that the values of D(x,,x,,x,) (1) increase in the course
of the synthesis, and the constraints (5) do not exceed
the admissible limits Zj.(xlj,xzj,xy) <Z i

One of the modifications of the coordinate-wise
search for the optimum, the Hook—Jeeves algorithm
[19], was chosen as the optimization algorithm.
It is important to note that the new values of the
objective function for a new point j, Y(xlj,xz_l.,x3j,
are not determined experimentally: they are found
as predicted values according to model (1). After
determining the maximum value of the objective
function Yj(xl,xz,xs) at this step using the Hook—Jeeves
algorithm, the values of Z(x,,X,,Xx,) are calculated
using model (2) and transmitted to the researcher,
thus allowing them to make the final decision of the
synthesis control.

Figure 6 shows the block diagram of an algorithm
for optimizing control over the continuous synthesis
of diphenhydramine in a Qmix microreactor system
using an online optimization algorithm and regression
models.

Figure 7 shows the partial results of a study
carried out using the suggested algorithms in a
Qmix microreactor system. Chlorobenzohydrol and
bromobenzohydrol were used as starting components
at temperature 7 = 100-180°C and reaction time
t = 2-20 min. The resulting mixture composition

was measured using high-performance liquid
chromatography.
This graph shows that the conversion

degree is higher in the reaction that contains
bromodiphenylmethane. In this case, no impurities
remain in the resulting reaction mass as starting
reagents. Thus, when choosing dimedrol from
two starting materials for the synthesis of APS,
bromodiphenylmethane is preferred at this stage.
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Fig. 6. Block diagram for optimizing the algorithm of control over the continuous synthesis
of diphenhydramine in a Qmix microreactor system.
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Fig. 7. Graph of the change in the degree of conversion during the synthesis of diphenhydramine APS:
(a) dependence of conversion on the reaction temperature and treatment time; (b) selectivity of the process vs.
the time of treatment with bromobenzohydrol and chlorobenzohydrol, respectively; (c) product yield vs.
processing time; (d) degree of conversion and selectivity of the process vs. the initial mixture composition.

CONCLUSIONS

1. A systematic analysis of a quality management
system for the substage of active pharmaceutical
ingredient synthesis was carried out in this study
because, to date, it is in this stage that innovative
solutions in the synthesis of APS have been found. A
multistage scheme of set-theoretic models described
in the form of tuples was chosen as the system model.

2. The tasks of the criterial approach for
assessing the quality of the drug under development
were formulated. A methodology and an algorithm
for calculating global and local quality assessment
criteria based on regulatory documents of the Ministry
of Health of the Russian Federation were suggested.

3. A description of the innovative process of the
synthesis of an active pharmaceutical substance of a
medicinal product in a flow microreactor system Qmix

was given. It was found that the system significantly
increases the efficiency of the synthesis process.

4. Mathematical modeling of the continuous
synthesis process in a flow microreactor based on
regression analysis was carried out.

5. The block diagram of an online optimization
algorithm for continuous synthesis in a Qmix
microreactor system was developed. The synthesis of
the active pharmaceutical substance diphenhydramine
was used to test the algorithm.
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