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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.
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Разработка процесса инкапсуляции токсичных отходов 
и опасных химических веществ в псевдоожиженном слое
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 Аннотация 

Цели. Исследование процесса инкапсуляции в условиях псевдоожиженного слоя жидких и 
твердых токсичных отходов, содержащих химические вещества 1–3 классов опасности.
Методы. Для исследований в качестве затравочного материала использовался грунт, 
загрязненный гексахлорбензолом и гексахлорциклогексаном. Инкапсулянтом выступал 
церезин, который при температуре 135 °С распылялся в псевдоожиженный слой через 
пневматическую форсунку. Эксперименты осуществлялись на модифицированной лабо-
раторной установке GLATT AGT-150. Перед распылением церезина в грунт через пневма-
тические форсунки вводились связующие – плав высокотемпературного каменноугольно-
го пека и сточные воды, содержащие соли натрия, мышьяка, а также оксиды тяжелых 
металлов. 
Результаты. Показано, что механизм гранулообразования носит смешанный характер. 
Связывание исходных частиц загрязненного грунта осуществляется как пеком, так и за 
счет высаливания. При этом полости в агломерате частично заполняются отложени-
ями солей, что увеличивает прочность и целостность структуры конечного продукта. 
Установлены диапазоны значений управляющих параметров процесса, при которых в 
слое отсутствовала нежелательная агломерация, а пылеобразование не превышало 5%. 
При отношении массы слоя частиц (гранул) к массе поданного церезина, равном единице, 
получен влагоустойчивый сыпучий пригодный для транспортировки и длительного хра-
нения продукт 5 класса опасности. Средние диаметры исходных частиц и капсулирован-
ных гранул соответственно составляют 0.5 мм и 1.5 мм.
Выводы. Выполненные исследования показали принципиальную возможность проведе-
ния в одном аппарате процесса сушки-грануляции-капсулирования токсичных отходов и 
опасных химических веществ 1–3 классов опасности с образованием сыпучего продукта 
5 класса опасности, обладающего влагоустойчивостью, а также пригодного для транс-
портировки и длительного хранения. Полученные результаты могут быть исполь-
зованы при разработке промышленного крупнотоннажного процесса инкапсуляции 
отходов 1–3 классов опасности.

Ключевые слова: стойкие органические загрязнители, тяжелые металлы, токсичные 
отходы, сточные воды, инкапсуляция, каменноугольный пек, церезин
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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.1,2 

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 
1 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/
3 R 52.24.566-94. Recommendations. Methods for toxicological assessment of pollution of freshwater ecosystems. St. Petersburg: 
Gidrometeoizdat; 1994. 136 p.

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 × 10−4 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 52.24.566-94.3 

https://www.mnr.gov.ru/docs/docs/svedeniya_soderzhashchiesya_v_gosudarstvennom_reestre_obektov_nakop
https://www.mnr.gov.ru/docs/docs/svedeniya_soderzhashchiesya_v_gosudarstvennom_reestre_obektov_nakop
https://rpn.gov.ru/news/156/
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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.

Table 1. The composition of the contaminated soil*

Component name mass %

Water 17.45

Inert filler (talc, pyrophyllite, kaolin) 15.37

Hexachlorobenzene 0.004

Hexachlorocyclohexane (mixture 
of isomers including lindane)** 0.002

Soil 67.18

Total: 100.00

* Average particle diameter 0.5–0.6 mm.
** Lindane is classified as hazard class 1.

MATERIALS AND METHODS

The composition of the POP-contaminated soil, 
sampled from the Bolshie Izbishchi landfill site, is 
presented in Table 1.

Component name mass %

Н2О 77.55

PbO 0.02

ZnO 0.01

CdO 0.003

CoO 0.001

CuO 0.02

As2O3 0.02

Na2CO3 0.79

NaCl 20.69

Na2SO4 0.50

NaNO2 0.33

Na3AsO3 0.07

Total: 100.00

Table 2. Wastewater composition

The wastewater composition is shown in Table 2.
High-temperature coal-tar with a melting point 

of ~116–120℃ (CAS no. 65996-93-2)4  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 µm. The encapsulant was 
ceresin-75 (according to GOST 2488-79)5, 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 m2.

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) 

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 × 10−6 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 (Gww, Gc): 
0.6–3.0 kg/h;

– fluidizing agent consumption (GFA): 40–400 m3/h;
– pitch consumption (Gp): 0.5 kg/h;
– fluidizing agent temperature (TFA): up to 260℃;
– spray air pressure in the injectors (PAA): 

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 

https://echa.europa.eu/documents/10162/13630/trd_rar_env_netherlands_pitch_en.pdf
https://echa.europa.eu/documents/10162/13630/trd_rar_env_netherlands_pitch_en.pdf
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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℃). 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℃ 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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minimum fluidized bed height, wFA = 0.9 m/s;
maximum fluidized bed height, wFA = 0.9 m/s;
minimum fluidized bed height, wFA = 1.53 m/s;
maximum fluidized bed height, wFA = 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 (dp = 0.5 mm).

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℃, 
which provides fluidization of particles in the size 
range dp = 0.5 mm (density 2165 kg/m3), was 65 m3/h 
(operating speed wFA = 0.9 m/s). 

It is known [10] that the values of the working 
speed of wFA 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 m3/h 
(wFA = 1.53 m/s) during the experiments. 

The calculation of the mass of layer M, which 
contains the particles dp = 0.5 mm located in the nozzle 
flare zone, and the maximum height of layer l, 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 m3/h to 110 m3/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 dp = 0.5 mm can 
be in the range of M = 0.5–2.4 kg (wFA = 0.9 m/s) and 
M = 0.4–1.7 kg (wFA = 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 TFA on the 
wastewater flow rate Gww (in the range of 0.6–3.0 kg/h) 
while maintaining a constant temperature in the bed 
of 100℃ (the highest moisture intake during drying) 
and fluidizing agent GFA flow rates of 65 m3/h and 
110 m3/h was carried out according to the heat 
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Fluidizing agent flow rate GFA = 65 m3/h;
Fluidizing agent flow rate GFA = 110 m3/h.

Fig. 3. Calculated dependence of the fluidizing agent temperature on the wastewater flow rate while maintaining 
a constant temperature in the bed 100℃.

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 m3/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 TFA = 118.5℃. 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 dd, 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 TFA 
and determining the amount of moisture removed from wastewater Gww

Parameter name Dimension Value

Heat capacity of the fluidizing agent (at 100℃) kJ/(kg·K) 1.01

Heat capacity of wastewater (at 20℃) kJ/(kg·K) 2.88

Wastewater supply temperature °С 20.0

Salinity of wastewater – 0.23

Heat loss % 5.0
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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 dp increases), 
the maximum value of dd was also assumed to be 
0.2 mm (200 µm). 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 dp = 0.5–2 mm. At dp = 2 mm, a 
pressure of 1.4 bar is sufficient to spray the pitch, but, 
at dp = 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℃, 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. 

Tables 4, 5, and 6 set out the results 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).

Wastewater flow rate Gww = 0.6 kg/h;
Wastewater flow rate Gww = 3.0 kg/h;
Pitch flow rate Gp = 0.5 kg/h.

Fig. 4. Calculated dependence of the droplet size of sprayed wastewater and pitch on the pressure 
of the atomizing agent.
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Table 4. Summary table of the experimental results on the dry granulation 
of wastewater on the surface of contaminated soil (Stage 1)

No. exp.

Parameters

Notes
M, 
kg GFA, m3/h ТFA, °С TB,** ℃ TEA,** ℃ PAA, bar Gww, kg/h

1 0.4 64–67 118–188 95–102 75–83 1.4–2.2 0.6–2.1 +*

2 0.4 63–68 187–192 90–101 77–82 2.2–2.4 2.1–3.0 Dust formation

3 0.5 61–67 185–198 88–104 76–84 2.2–2.4 1.5–3.0 +

* No unwanted dust formation and agglomeration.
** Temperature in the bed (TB) and temperature of the exhaust gases (TEA), 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)

N
o.

 e
xp

.
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N
ot
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g
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3 /h
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* 
℃

T E
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(w
w

)*
, b

ar

P A
A

(p
)*

, b
ar

G
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kg
/h

G
w

w
, k

g/
h

4 0.5 62–70 121–192 97–106 82–93 2.2–2.4 3.0–3.1 0.5 1.5–1.8 Unwanted 
agglomeration

5 0.5 63–65 117–190 95–103 81–90 2.4–2.8 3.3–3.6 0.5 1.5–1.8 Unwanted 
agglomeration

6 0.5 107–115 118–133 92–103 71–85 2.4–2.8 3.3–3.6 0.5 1.5–1.8 Dust formation

7 0.6 108–112 129–135 95–100 78–81 2.0–2.4 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 (PAA(ww)) and pitch (PAA(p)) spraying, respectively.
** Temperature in the bed (TB) and temperature of the exhaust gases (TEA), respectively. 

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 m3/h.
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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 2.42

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

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. 

а b c
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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/m3; 
ceresin density is ~900 kg/m3). 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 

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

The results of Stage 3 of the experimental studies are 
presented in Table 7. When the consumption of ceresin 
Gc 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.

An increase 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%.

encapsulant layer thickness on the particles – 100 µm;
encapsulant layer thickness on the particles – 200 µm;
encapsulant layer thickness on the particles – 300 µm.

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).
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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 
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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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Оптимальные режимы бокового отбора в системах экстрактивной 
ректификации с тепловым насосом при разделении смеси 
аллиловый спирт–аллилацетат с бутилпропионатом
П.С. Клаузнер@, Д.Г. Рудаков, Е.А. Анохина, А.В. Тимошенко
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 Аннотация 

Цели. Исследовать влияние режимов бокового отбора на энергетическую эффективность 
комплекса с частично связанными тепловыми и материальными потоками (ЧСТМП) с 
тепловым насосом (ТН) открытого типа в экстрактивной ректификации смеси алли-
ловый спирт–аллилацетат с н-бутилпропионатом и выявить условия, при которых со-
вместное применение комплекса с ЧСТМП совместно с ТН наиболее эффективно.
Методы. Математическое моделирование в программном комплексе Aspen Plus V10. Для 
моделирования парожидкостного равновесия применяли уравнение локальных составов 
модель Non-Random Two Liquid, а для учета неидеальности паровой фазы – модель Ред-
лиха-Квонга. При моделировании традиционной схемы экстрактивной ректификации и 
комплекса с ЧСТМП проводили параметрическую оптимизацию по критерию суммарных 
энергетических затрат в кипятильниках колонн. Для экономической оценки применяли 
инструменты Aspen Process Economic Analyzer V10.1.
Результаты. Для экстрактивной ректификации смеси 30 мас. % аллилового спирта 
и 70 мас. % аллилацетата с н-бутилпропионатом в качестве разделяющего агента по-
казано, что минимум энергозатрат достигается при одинаковом уровне и количестве 
бокового отбора как для варианта комплекса с ЧСТМП с ТН, так и без него. Снижение 
энергетических затрат относительно традиционной схемы для комплекса без ТН со-
ставляет 20%, а с ТН – 38%. Была произведена экономическая оценка наилучших вари-
антов по сравнению с традиционной схемой экстрактивной ректификации. Показано, 
что применение комплекса c ЧСТМП с ТН имеет преимущество только при длительных 
сроках эксплуатации. 

Выводы. Показано, что для экстрактивной ректификации смеси аллиловый спирт–ал-
лилацетат оптимальные режимы бокового отбора при совместном применении ком-
плекса с ЧСТМП с ТН открытого типа и комплекса с ЧСТМП без ТН совпадают. 

Keywords: extractive distillation, heat pump, partially thermally coupled distillation sequence, 
energy saving
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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℃ when using EG and 48℃ when using BP.

In several cases, ED is 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 

1 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 (NV) and the amount of side-section flow 
(V), 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℃, 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 
of 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 
to 99.9 wt %.

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

,                                                               (1)
   

where K is the total number of distillation columns, 
i is the column number in the scheme, and  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 (Qred):

,                                                    (2)
   

where Qtotal  is the total energy consumption in the 
column reboilers (kW) and Wcomp is the compressor 
power consumption (kW). 

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

,                                                 (3)
   

where ОT is the operating time of the unit in years; 
СС is the capital costs, USD; and ОС 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 I) 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, 

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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Table 2. Operating parameters of conventional 
ED scheme

 Operating parameters 
Columns

EC  RC

Ntotal 46 28

NF 35 17

NS 12 –

Qreb, kW 299 375

Qcond, kW −275 −357

R 3.7 4.0

Tcond, °С 96.81 104.0

Treb, °C 128.4 145.9

Pcond, kPa 101.3 101.3

Preb, kPa 105.8 104.0

S, kg/h 2450 –

TS, °C 120.0 –

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.

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

The diagram in Fig. 2 was obtained 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], 

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 Qreb reboiler. The data obtained at this 
stage are shown in Table 3.

The minimum lateral withdrawal flow was 
observed at NV = 47, and the minimum energy 
consumption in the reboiler was observed at NV = 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 III) 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, Cef:

 ,                                            (4) 
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Table 3. Operation parameters optimization of PTCDS. Q units are [kW]

NV V, kg/h RMC RSS

44 1721 611 −337 4.4 −162 1.4

45 1645 569 −335 4.2 −157 1.4

46 1622 532 −339 3.9 −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 3.4 −176 1.5

50 2214 560 −313 3.4 −206 1.9

51 2901 608 −305 3.4 −262 2.8

 Operating parameters 
Columns

MС SS

Ntotal 57 17

NF 35 –

NV 48 –

NS 12 –

V, kg/h 1692 –

Qreb, kW 521 –

Qcond, kW −318 −161

R 3.6 1.3

Tcond, °С 96.8 104.9

Treb, °C 147.0 –

Pcond, kPa 101.3 104.0

Preb, kPa 107.5 –

S, kg/h 2450 –

TS, °C 120.0 –

Table 4. Optimal operating parameters of PTCDS

Fig. 3. PTCDS scheme with open type: 
MC – main column, SS – side section.

where Qreb is the column reboiler duty, A is the 
thermodynamic work, and Tcond and Treb are the absolute 
temperatures in the condenser and reboiler of the EC, 
respectively. 

Based on the data in Table 4, for the PTCDS scheme, 
Cef equaled 8.3. In [25], it was noted that the use of HPs may 
be advisable at values of Cef > 5.

It should be noted that when deriving Eq. (4), 
several assumptions were initially made to assess 
the applicability of HPs in the separation of zeotropic 
mixtures. Despite this, in several works, the criterion 
has also been used for PTCDS schemes with HPs in the 
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, NV, 
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.

In this case,  и  were duties on the 
auxiliary reboiler and condenser, respectively, Wcomp was 
the compressor power consumption, QHE was the heat 
transferred in the heat exchanger of the HP, and QHE was 
the heat transferred in the heat exchanger of the HP, and 

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

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 NV increased, 
the efficiency of the HP decreased; however, the 
minimum reduced energy costs, , were observed at 
the same NV and V values as the minimum energy costs 
of the PTCDS scheme without an HP. The comparison 

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

NV V, kg/h RMS Wcomp QHE

44 1721 295 −86 4.4 62 331 481

45 1645 273 −81 4.2 60 302 453

46 1622 269 −74 3.9 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 3.4 47 230 476

51 2901 409 −65 3.4 46 224 547

Fig. 4. PTCDS heat duty ( , kW), PTCDS with HP 
reduced heat duty ( , kW) and V, kg/h dependence 

on side-stream stage (NV).

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 (H), 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.
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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)

Energy duties 
Scheme

I II III

Qtotal, kW 674 521 274

Wcomp, kW 0 0 49

Qred, kW 674 521 421

ΔQred, % 0 22 38

Table 7. Construction parameters of columns

Column EC RC MC SS

D, м 0.6 0.75 0.7 0.45

H, м 19 11 23 3

Tray/pack type Valve trays Valve trays Valve trays  Rasсhig rings

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 

Table 8. Economical evaluation

Economic parameters
Scheme

I II III

OC, USD/year 222420 179493 132675

ΔOC, % 0 19.3 40.3

СС, USD 502400 368000 1077100

TAC10 272660 216293 240385

ТАС20 247540 197893 186530

ΔTAC10, % 0 20.7 11.8

ΔТАС20, % 0 20.1 24.7

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 
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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, 

a TAC reduction of 24% would be provided by the 
scheme with an HP, and a reduction of 20.1% would 
be provided by the PTCDS scheme without an HP.
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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.
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Особенности оптимизации мультипраймерной ПЦР 
для выявления возбудителей инфекционной пневмонии 
человека
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Аннотация

Цели. Разработка мультипраймерной системы на основе полимеразной цепной реакции 
(ПЦР), направленной на одновременное выявление шести основных бактериальных возбу-
дителей пневмонии человека; выявление параметров и закономерностей, имеющих важ-
ное значение для оптимизации мультипраймерной системы, в том числе для разработ-
ки систем ПЦР в иммобилизованной фазе (на биологическом микрочипе).
Методы. Для определения оптимальных параметров системы использовали методы 
ПЦР в т.н. «моноплексном» и мультиплексном форматах.
Результаты. Сконструированы праймеры, и оптимизирован температурно-времен-
ной профиль проведения ПЦР в объеме для выявления Staphylococcus aureus, Pseudomonas 
aeruginosa, Haemophilus influenza, Legionella pneumophila, Klebsiella pneumoniae и 
Streptococcus pneumoniae. Выявлены закономерности конструирования праймеров для 
ПЦР в иммобилизованной фазе.
Выводы. Изученные закономерности особенностей оптимизации мультипраймерных 
систем позволили разработать прототип системы, способной специфично выявлять 
шесть клинически значимых возбудителей пневмонии человека. Прототип системы мо-
жет быть расширен для анализа вирусных и грибковых патогенов и применяться в кли-
нической диагностике. Результаты изучения особенностей мультиплексной ПЦР в иммо-
билизованной фазе привели к созданию прототипа системы для выявления патогенных 
агентов на биологическом микрочипе.

Ключевые слова: инфекционная пневмония, мультиплексная ПЦР, биочипы, COVID-19

Для цитирования: Клочихина Е.С., Шершов В.Е., Кузнецова В.Е., Лапа С.А., Чудинов А.В. Особенности 
оптимизации мультипраймерной ПЦР для выявления возбудителей инфекционной пневмонии человека. Тонкие 
химические технологии. 2021;16(3):225–231. https://doi.org/10.32362/2410-6593-2021-16-3-225-231

INTRODUCTION

The term “infectious pneumonia” covers a 
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 

the context of the COVID-19 pandemic, when, in 
addition to a viral disease, patients entering medical 
institutions are faced with secondary nosocomial 
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 used 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 ClustalW1 
algorithm. The primers were designed using the 
Integrated DNA Technologies2 network resource, and 
the specificity analysis was performed using the basic 
local alignment search tool (BLAST)3 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:

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’-NH2-CCTCCAAATATCGCTAATGCACC-3’), 
R2 (5’-NH2-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-r1 (5’-TATATCTCTGCGCCATAAGCAAT-3’), 
PCR product length: 217 bp, nested reverse 
R3 (5’-NH2-TATATCTCTGCGCCATAAGCAAT-3’), 
R4 (5’-NH2-CGAACCTGAAGAAAGTTTTCTG-3’), 
R5 (5’-NH2-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, fucK 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 μL) 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 μM 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 IQ5 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.

1 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)

http://www.clustal.org
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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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Fig. 3. Determination of the pathogen DNA by electrophoretic separation of PCR products. 
L – GeneRuler 50bp length marker (Thermo 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.

Fig. 4. Electrophoretic separation of S. aureus PCR products. 
(1) GeneRuler 50bp length marker (Thermo 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.

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) R5 + F4 (126 bp); 
(9) R5 + 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.

for the presence of secondary structures (both 
intramolecular and intermolecular). If correction by 
“shifting” the primer along the complementary strand 
or varying its length or melting temperature to change 
the structures formed was impossible, the primer was 
replaced with one that was newly designed.

CONCLUSIONS

PCR for the simultaneous detection of six clinically 
important bacterial pathogens of human pneumonia was 
designed and optimized.

Currently, the design of primers for immobilization 
is being undertaken, and a test system based on biochips 
is being developed. In the future, the system could have 
an expanded range of diagnosed pathogenic agents of 
infectious pneumonia and could be used in accelerated 
clinical diagnostics.

Acknowledgments
The study was supported by the Russian Science 

Foundation grant No. 20-14-00287.

Authors’ contribution
E.S. Klochikhina – research, preparation of the 

manuscript.
V.E. Shershov – synthesis of fluorescently labeled 

dNTPs.
V.E. Kuznetsova – synthesis of fluorescently labeled 

dNTPs.
S.A. Lapa – planning experiments, editing the 

manuscript.
A.V. Chudinov – academic advising.

The authors declare no conflicts of interest.

REFERENCES

1. Nair G.B., Niederman M.S. Community-acquired 
pneumonia: an unfinished battle. Med. Clin. North 
Am. 2011;95(6):1143–1161. https://doi.org/10.1016/j.
mcna.2011.08.007

2. Harris M., Clark J., Coote N., Fletcher P., Harnden A., 
McKean M., Thomson A. British Thoracic Society Standards 
of Care Committee. British Thoracic Society guidelines for the 
management of community acquired pneumonia in children: 
update 2011. Thorax. 2011;66:ii1–ii23(Suppl. 2). https://doi.
org/10.1136/thoraxjnl-2011-200598

https://doi.org/10.1016/j.mcna.2011.08.007
https://doi.org/10.1016/j.mcna.2011.08.007
https://doi.org/10.1136/thoraxjnl-2011-200598
https://doi.org/10.1136/thoraxjnl-2011-200598


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

230
Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(3):225–231

About the authors:
Ekaterina S. Klochikhina, Laboratory Assistant, Engelhardt Institute of Molecular Biology, Russian Academy of 

Sciences (32, Vavilova ul., Moscow, 119991, Russia). E-mail: arctickate@yandex.ru. https://orcid.org/0000-0002-9485-3068
Valeriy E. Shershov, Researcher, Engelhardt Institute of Molecular Biology, Russian Academy of Sciences (32, Vavilova 

ul., Moscow, 119991, Russia). E-mail: shershov@list.ru. https://orcid.org/0000-0003-3308-7133
Viktoria E. Kuznetsova, Cand. Sci. (Chem.), Researcher, Engelhardt Institute of Molecular Biology, Russian Academy 

of Sciences (32, Vavilova ul., Moscow, 119991, Russia). E-mail: kuzneimb@gmail.com. https://orcid.org/0000-0002-8204-4132
Sergey A. Lapa, Cand. Sci. (Biol.), Senior Researcher, Engelhardt Institute of Molecular Biology, Russian Academy 

of Sciences (32, Vavilova ul., Moscow, 119991, Russia). E-mail: lapa@biochip.ru. Scopus Author ID 6603461000, https://orcid.
org/0000-0002-9011-134X

Alexander V. Chudinov, Cand. Sci. (Chem.), Head of the Laboratory, Engelhardt Institute of Molecular Biology, Russian 
Academy of Sciences (32, Vavilova ul., Moscow, 119991, Russia). E-mail: chud@eimb.ru. Scopus Author ID 7003833018, https://
orcid.org/0000-0001-5468-4119

3. Rawson T.M., Wilson R.C., Holmes A. Understanding 
the role of bacterial and fungal infection in COVID-19. Clin. 
Microbiol. Infect. 2021;27(1):9–11. https://doi.org/10.1016/j.
cmi.2020.09.025

4. Chuchalin A.G., Sinopal’nikov A.I., Kozlov R.S., 
Avdeev S.N., Tyurin I.E., Rudnov V.A., Rachina S.A., Fesenko 
O.V. Russian Respiratory Society Interregional association 
on clinical microbiology and antimicrobial chemotherapy 
Clinical guidelines on diagnosis, treatment and prevention 
of severe community acquired pneumonia in adults. 
PULMONOLOGIYA. 2014;(4):13–48 (in Russ.). https://doi.
org/10.18093/0869-0189-2014-0-4-13-48

5. Tartakovskii I.S. Modern approaches to the diagnosis of 
atypical pneumonia. Klin. Mikrobiol. Antimikrob. Khimioterap. = Clin. 
Microbiol. Antimicrob. Chemotherapy. 2000;2(1):60–68 (in Russ.). 
Available from URL: https://cmac-journal.ru/en/publication/2000/1/
cmac-2000-t02-n1-p060/cmac-2000-t02-n1-p060.pdf

6. Brusnigina N.F., Mazepa V.N., Samokhina L.P., et al. 
Etiological structure of community-acquired pneumonia. Med. 
Al’manakh = Med. Alm. 2009;2(7):118–121 (in Russ.).

7. Doyle J.J., Doyle J.L. A Rapid DNA Isolation Procedure 
for Small Quantities of Fresh Leaf Tissue. Phytochemical 
Bullettin. 1987;19(1):11–15.

8. Morona J.K., Morona R., Miller D.C., Paton J.C. 
Streptococcus pneumoniae capsule biosynthesis protein CpsB 
is a novel manganese-dependent phosphotyrosine-protein 
phosphatase. J. Bacteriol. 2002;184(2):577–583. https://doi.
org/10.1128/JB.184.2.577-583.2002

9. Liu Y., Cao Y., Wang T., Dong Q., Li J., Niu C. Detection of 12 
Common Food-Borne Bacterial Pathogens by TaqMan Real-Time 
PCR Using a Single Set of Reaction Conditions. Front Microbiol. 
2019;10:222. https://doi.org/10.3389/fmicb.2019.00222

10. Xirogianni A., Tzanakaki G., Karagianni E., 
Markoulatos P., Kourea-Kremastinou J. Development of a 
single-tube polymerase chain reaction assay for the simultaneous 
detection of Haemophilus influenzae, Pseudomonas aeruginosa, 
Staphylococcus aureus, and Streptococcus spp. directly in clinical 
samples. Diagn. Microbiol. Infect. Dis. 2009;63(2):121–126. 
https://doi.org/10.1016/j.diagmicrobio.2008.09.017

11. Huletsky A., Giroux R., Rossbach V., Gagnon M., 
Vaillancourt M., Bernier M., Gagnon F., Truchon K., Bastien M., 
Picard F.J, van Belkum A., Ouellette M., Roy P.H., Bergeron M.G. 
New real-time PCR assay for rapid detection of methicillin-resistant 
Staphylococcus aureus directly from specimens containing a 
mixture of staphylococci. J. Clin. Microbiol. 2004;42(5):1875–1884. 
https://doi.org/10.1128/JCM.42.5.1875-1884.2004

12. Morrison K.E., Lake D., Crook J., Carlone G.M., Ades E., 
Facklam R., Sampson J.S. Confirmation of psaA in all 90 serotypes 
of Streptococcus pneumoniae by PCR and potential of this assay for 
identification and diagnosis. J. Clin. Microbiol. 2000;38(1):434–437. 
https://doi.org/10.1128/jcm.38.1.434-437.2000

13. Binks M.J., Temple B., Kirkham L.-A., Wiertsema 
S.P., Dunne E.M., et al. Molecular Surveillance of True 
Nontypeable Haemophilus influenzae: An Evaluation of PCR 
Screening Assays. PLoS ONE. 2012;7(3):e34083. https://doi.
org/10.1371/journal.pone.0034083

14. De Vos D., Lim A.Jr., Pirnay J.P., et al. Direct 
detection and identification of Pseudomonas aeruginosa 
in clinical samples such as skin biopsy specimens and 
expectorations by multiplex PCR based on two outer 
membrane lipoprotein genes, oprI and oprL. J. Clin. 
Microbiol. 1997;35(6):1295–1299. https://doi.org/10.1128/
jcm.35.6.1295-1299.1997

15. Tabatabaei M., Hemati Z., Moezzi M.O., Azimzadeh N. 
Isolation and identification of Legionella spp. from different 
aquatic sources in south-west of Iran by molecular &culture 
methods. Mol. Biol. Res. Commun. 2016;5(4):215–223. https://
dx.doi.org/10.22099/mbrc.2016.3858

16. Turton J.F., Perry C., Elgohari S., Hampton C.V. 
PCR characterization and typing of Klebsiella pneumoniae 
using capsular type-specific, variable number tandem 
repeat and virulence gene targets. J. Med. Microbiol. 
2010;59(5):541–547. https://doi.org/10.1099/jmm.0.015198-0

mailto:arctickate@yandex.ru
https://orcid.org/0000-0002-9485-3068
mailto:shershov@list.ru
https://orcid.org/0000-0003-3308-7133
mailto:kuzneimb@gmail.com
https://orcid.org/0000-0002-8204-4132
mailto:lapa@biochip.ru
https://orcid.org/0000-0002-9011-134X
https://orcid.org/0000-0002-9011-134X
mailto:chud@eimb.ru
https://orcid.org/0000-0001-5468-4119
https://orcid.org/0000-0001-5468-4119
https://doi.org/10.1016/j.cmi.2020.09.025
https://doi.org/10.1016/j.cmi.2020.09.025
https://doi.org/10.18093/0869-0189-2014-0-4-13-48
https://doi.org/10.18093/0869-0189-2014-0-4-13-48
https://cmac-journal.ru/en/publication/2000/1/cmac-2000-t02-n1-p060/cmac-2000-t02-n1-p060.pdf
https://cmac-journal.ru/en/publication/2000/1/cmac-2000-t02-n1-p060/cmac-2000-t02-n1-p060.pdf
https://doi.org/10.1128/JB.184.2.577-583.2002
https://doi.org/10.1128/JB.184.2.577-583.2002
https://doi.org/10.3389/fmicb.2019.00222
https://doi.org/10.1016/j.diagmicrobio.2008.09.017
https://doi.org/10.1128/JCM.42.5.1875-1884.2004
https://doi.org/10.1371/journal.pone.0034083
https://doi.org/10.1371/journal.pone.0034083
https://doi.org/10.1128/jcm.35.6.1295-1299.1997
https://doi.org/10.1128/jcm.35.6.1295-1299.1997
https://dx.doi.org/10.22099/mbrc.2016.3858
https://dx.doi.org/10.22099/mbrc.2016.3858
https://doi.org/10.1099/jmm.0.015198-0


Ekaterina S. Klochikhina, Valeriy E. Shershov, Viktoria E. Kuznetsova, et al.

231
Тонкие химические технологии = Fine Chemical Technologies. 2021;16(3):225–231

The article was submitted: March 23, 2021; approved after reviewing: April 11, 2021; accepted for publication: May 28, 2021.

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

Об авторах:
Клочихина Екатерина Сергеевна, лаборант, ФГБУН Институт молекулярной биологии им. В.А. Энгельгардта 

Российской академии наук (119991, Россия, Москва, ул. Вавилова, д. 32). E-mail: arctickate@yandex.ru. https://orcid.org/0000-
0002-9485-3068

Шершов Валерий Евгеньевич,  научный сотрудник,  ФГБУН Институт молекулярной  биологии  
им. В.А. Энгельгардта Российской академии наук (119991, Россия, Москва, ул. Вавилова, д. 32). E-mail: shershov@list.ru. 
https://orcid.org/0000-0003-3308-7133

Кузнецова Виктория Евгеньевна, к.х.н., научный сотрудник, ФГБУН Институт молекулярной биологии 
им. В.А. Энгельгардта Российской академии наук (119991, Россия, Москва, ул. Вавилова, д. 32). E-mail: kuzneimb@gmail.com. 
https://orcid.org/0000-0002-8204-4132 

Лапа Сергей Анатольевич, к.б.н., старший научный сотрудник, ФГБУН Институт молекулярной биологии 
им. В.А. Энгельгардта Российской академии наук  (119991, Россия, Москва, ул. Вавилова, д. 32). E-mail: lapa@biochip.ru. 
Scopus Author ID 6603461000, https://orcid.org/0000-0002-9011-134X

Чудинов Александр Васильевич, к.х.н., заведующий лабораторией, ФГБУН Институт молекулярной биологии 
им. В.А. Энгельгардта Российской академии наук (119991, Россия, Москва, ул. Вавилова, д. 32). E-mail: chud@eimb.ru. 
Scopus Author ID 7003833018, https://orcid.org/0000-0001-5468-4119

mailto:arctickate@yandex.ru
https://orcid.org/0000-0002-9485-3068
https://orcid.org/0000-0002-9485-3068
mailto:shershov@list.ru
https://orcid.org/0000-0003-3308-7133
mailto:kuzneimb@gmail.com
https://orcid.org/0000-0002-8204-4132
mailto:lapa@biochip.ru
https://orcid.org/0000-0002-9011-134X
mailto:chud@eimb.ru
https://orcid.org/0000-0001-5468-4119
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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 α-glucosidase inhibition activity with a half-maximal 
inhibitory concentration (IC50) of 9.74 µg/mL, antioxidant activity with an IC50 of 29.87 µg/mL, 
and anti-inflammatory activity with an IC15 of 400 µg/mL.
Conclusions. The study confirmed that combining PA and GS can have high α-glucosidase 
inhibition as well as antioxidant and anti-inflammatory effects.
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Аннотация

Цели. Количество пациентов с диабетом растет, у них часто возникают долгосрочные 
осложнения, поэтому поиск методов лечения этого заболевания и коррекции его осложне-
ний является важным для всего мирового медицинского сообщества. Phyllanthus amarus 
Schum. & Thonn. (PA) и Gymnema sylvestre R. Br. (GS) – распространенные во Вьетнаме 
лекарственные растения, используемые в традиционной медицине, включая лечение ди-
абета. Цель данного исследования – скомбинировать PA и GS, чтобы расширить их био-
логическую активность и усилить антидиабетический, антиоксидантный и противо-
воспалительный эффект.
Методы. Порошки листьев PA и GS смешивали в различных соотношениях и экстра-
гировали 95% этанолом. Полученные этанольные экстракты использовались для опре-
деления биологически активных соединений, биологической активности и оптимального 
соотношения компонентов смеси.
Результаты. Оптимальное соотношение PA и GS, определенное в исследовании, равно 
2 : 1 (г/г). Экстракция 95% этанолом данного образца (2 : 1) при 50 °C в течение двух 
часов при соотношении сырье/эстрагент 1 : 10 позволила получить высокий выход экс-
трактивных веществ, равный 14.37%. Этот образец продемонстрировал хорошую ак-
тивность ингибирования α-глюкозидазы с половинной максимальной ингибирующей кон-
центрацией (IC50) 9.74 мкг/мл, антиоксидантную активность с IC50 29.87 мкг/мл и 
противовоспалительную активность с IC15 400 мкг/мл.
Выводы. Исследование подтвердило, что сочетание PA и GS может значительно ингиби-
ровать α-глюкозидазу, а также обладает антиоксидантным и противовоспалительным 
эффектами.

Ключевые слова: антидиабетическое, антиоксидантное, противовоспалительное, 
Phyllanthus amarus Schum. & Thonn, Gymnema sylvestre R. Br., интеграция

Для цитирования: 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

НАУЧНАЯ СТАТЬЯ

mailto:hcanh@hcmut.edu.vn


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

234
Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(3):232–240

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 [11], 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 α-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 
(Na2CO3), sodium hydroxide, aluminum chloride, and 
dimethyl sulfoxide (DMSO). The Folin–Ciocalteu 
reagent, quercetin, gallic acid (GA), para-nitrophenyl 
α-D-glucopyranoside (p-NPG), α-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℃ and a solid/liquid ratio of 
1 : 10 g/mL. Afterward, the extracts were filtered using 
filter paper (15–20 µm) 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℃ (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 ,                            (1)

where mextract  is the dry weight of the extract (g) and 
msample  is the dry weight of the sample (g).

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 µL of each extract was dissolved in DMSO, and 
200 µL of Folin–Ciocalteu reagent was mixed and 
homogenized in a sonication bath for five minutes at 
room temperature. Afterward, 600 µL of 20% Na2CO3 
and 3160 µL 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 760 nm 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 R2 = 0.9979.

2.5. In vitro α-glucosidase inhibitory assay
The antidiabetes activity of the extracts in vitro was 

measured via the α-glucosidase inhibition activity because 
the α-glucosidase enzyme plays an important catalytic 
role in converting polysaccharides to monosaccharides 
(glucose). Thus, inhibition of α-glucosidase lowers the 
glucose content.

The investigation regarding the α-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 µL of the sample solution and α-glucosidase 
enzyme (1 U/mL), respectively, were added to the wells. 
Next, 100 µL of phosphate buffer (pH 6.8) was added 
to the mixture. The plate was incubated for five minutes 
at 37°C. Then, 40 µL of 0.1 mM p-NPG was added to 
the reacting mixture, which was continuously incubated 
for 30 min at 37℃. Subsequently, ~100 µL of 0.1 M 
Na2CO3 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 α-glucosidase 
reaction was calculated as follows:

,                                                     (2)
   

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

The concentrations of the extracts resulting in the 
half-maximal inhibitory concentration (IC50) 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 µL of 
sample was added to 180 µL of DPPH dissolved in 
80% MeOH. The mixture was incubated for 30 min at 
30℃ 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 (I%) was calculated using 
Eq. 3:

,                                                     (3)

where A 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 IC50 
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 2 mL of tested extract. The mixture 
was incubated for 5 min at 70℃. After cooling to room 
temperature, the sample absorbance was measured at 
660 nm using a UV-Vis spectrophotometer (Jasco, USA). 
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The percentage inhibition of the protein denaturation 
was calculated using Eq. 4:

,                                            (4)
   

where Acontrol is the absorbance of the negative control 
(DMSO) and Asample 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 

Phytochemical screening of PA and GS extracted with EtOH solvents

Bioactive compounds Test 
Extracts

PA GS

Alkaloid
Dragendroff [24] ++ ++

Bouchardat [24] ++ ++

Flavonoid
Lead acetate 10% [24] + –

Sulfuric acid 98% [26] + +

Tannin Gelatin 1% [25] ++ +

Saponin
Foam [23] + ++

Liebermann–Burchard [27] + ++

Terpenoid Salkowski [26] ++ ++

Cardiac glycoside Keller–Kiliani [25] – +

Polyphenol Ferric (III) chloride [25] ++ ++

– Not detected; + Slightly positive reaction; and ++ Strong positive reaction

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.
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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.

a b

c
Fig. 2. Bioactivities of the various extracts at different PA/GS ratios: (a) α-glucosidase inhibition activity, 

(b) anti-inflammatory activity, and (c) antioxidant activity.

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 α-glucosidase, with 
an IC50 value of 4.45 µg/mL lower than that of the positive 
control acarbose (6.83 µg/mL). The antioxidant and anti-

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 IC50 value of 
22.12 μg/mL, as well as anti-inflammatory activity, 
with an IC15 value of 200 μg/mL. Here, IC15 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 
α-glucosidase inhibition activity of the latter, which 
was demonstrated via the increased antidiabetes 
activity of samples 2 : 1, 1 : 1, and 1 : 2 compared with 
the GS powder alone. The PA/GS ratio of 2 : 1 showed 
antidiabetes activity (IC50 9.47 µg/mL) 21 times higher 
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Fig. 3. Comparison of the samples’ bioactivities, 
extraction yields, and TPE.

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 ratios of 2 : 1, 1 : 1, and 
1 : 2, with IC50 values of 29.87, 30.24, and 27.71 μg/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 IC15 value of samples 2 : 1, 
1 : 1, and 1 : 2 was almost 400 μg/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 

exhibited high antioxidant and anti-inflammatory 
activities. The samples with a PA/GS ratio of 1 : 2 and 
1 : 1 exhibited nearly equivalent activities, but their 
antidiabetes activity was lower than that of sample 
2 : 1. Therefore, the powder with a PA/GS ratio of 2 : 1 
was concluded to be suitable for developing a new agent 
with strong antidiabetes activity to treat diabetes and its 
complications.

4. CONCLUSIONS

The present study reported the extraction of PA 
and GS and the creation of mixtures of different ratios 
using EtOH. The combination of PA and GS achieved 
high bioactivities, such as antidiabetes, antioxidant, and 
anti-inflammatory. In the mixtures, PA played the main 
role in the antidiabetes activity, whereas GS yielded high 
antioxidant and anti-inflammatory activities. The mixture 
with the PA/GS ratio of 2 : 1 was the best sample because 
of its high TPE and antidiabetes and related bioactivities. 
The optimization of the bioactivities of this mixture will 
be reported in the next phase. In future work, the PA and 
GS combining extracts need to be studied in vivo for a 
comprehensive assessment for the plants’ integration 
before practical application.
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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 µm. 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) × 10−10 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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Стабилизация косметических композиций комбинированными 
эмульгаторами
В.В. Корыпаева, Е.Ф. Буканова, Е.В. Еськова@, В.А. Сохранева
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Аннотация

Цели. Изучить поверхностные свойства и мицеллообразование комбинированных стаби-
лизаторов, являющихся смесью ионных и неионых поверхностно активных веществ (ПАВ) 
или смесью неионных ПАВ. Установить корреляцию между составом стабилизаторов 
и коллоидно-химическими свойствами прямых эмульсий, полученных в их присутствии.
Методы. Поверхностное натяжение на границе раздела фаз водных растворов комбини-
рованных стабилизаторов с воздухом и толуолом измеряли на цифровом тензиометре. 
Седиментационную устойчивость эмульсий оценивали по объему отслоившихся водной 
и масляной фаз в течение 7 дней. Размеры частиц дисперсной фазы определяли с исполь-
зованием микроскопа Olympus CX3, предназначенным для работы в светлом поле, снаб-
женным соединением для USB видеокамеры. Реологические свойства эмульсий оценивали 
с помощью ротационного вискозиметра.
Результаты. По изотермам поверхностного натяжения водных растворов ПАВ на гра-
нице с воздухом и толуолом при температурах приготовления эмульсий (50 и 65 °C) 
установлено, что большей поверхностной активностью и меньшей критической кон-
центрации мицеллообразования на границе с толуолом обладает смесь неионных ПАВ. 
Оптимальное количество стабилизаторов, обеспечивающих устойчивость композиций 
в течение 1 месяца, составляет 4 мас. % смеси АПАВ и НПАВ и 7 мас. % смеси НПАВ. 
Эмульсии, полученные в присутствии смеси анионных и неионных ПАВ, имеют более вы-
сокие значения кинетической седиментационной устойчивости за cчет формирования в 
системе электростатического и стерического факторов стабилизации. Разработанные 
композиции являются микрогетерогенными системами, средний диаметр капель кото-
рых изменяется в пределах 1.0–5.7 мкм. По реологическим свойствам эмульсии относят-
ся к жидкообразным структурированным системам с коагуляционными структурами, 
прочность единичных контактов между частицами дисперсной фазы которых составля-
ет (1.6–27.0) × 10−10Н.

НАУЧНАЯ СТАТЬЯ
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Выводы. Сравнение физико-химических характеристик композиций, полученных в при-
сутствии органических эмульгаторов, показало, что лучшим комплексом свойств обла-
дают эмульсии, стабилизированные смесью ионных и неионных ПАВ, образующих сме-
шанные адсорбционные слои.

Ключевые слова: неионные ПАВ, анионные ПАВ, смеси ПАВ, адсорбция, критическая 
концентрация мицеллообразования, эмульгирование, размер частиц, вязкость, кине-
тическая седиментационная устойчивость

Для цитирования: Корыпаева В.В., Буканова Е.Ф., Еськова Е.В., Сохранева В.А. Стабилизация косметиче-
ских композиций комбинированными эмульгаторами. Тонкие химические технологии. 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/m2; 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 (Krüss 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℃ (mixture of nonionic surfactants) and 65℃ 
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(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, 

Table 1. General characteristics of the emulsifier components

International Nomenclature 
of Cosmetic Ingredients – INCI

Registry number CAS

Hydrophilic-lipophilic 
balance – HLB M, g/mol

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 15.5 270

Sodium Stearoyl Lactylate
CAS Number: 25383-99-7 8.3 450

Glyceryl Stearate Citrate
CAS Number: 50825-78-0 3.4 306

Nonionic surfactant mixture (Remiwax SE PF). Molecular weight ~600 g/mol

Glyceryl Stearate
CAS Number: 31566-31-1 2.5 358

Ceteareth-20,
Ceteareth-12
CAS Number: 68439-49-6

13.2
15.5

1136
784

Cetearyl Alcohol
CAS Number: 67762-27-0 15.5 242.2

Cetyl Palmitate
CAS Number: 540-10-3 10 480

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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1 2

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.

а b

Name of surfactants

Adsorption characteristics of surfactants

G, J∙m/mol σmin × 103, J/m2 Гmax × 106, mol/m2 S0 × 1019, m2 δ × 109, m2 CCCM, mol/m3

Aqueous solution–air boundary

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

A mixture of nonionic 
surfactants 3.80 40.0 7.80 2.95 2.94 0.0064

Aqueous solution–toluene boundary

A mixture of anionic 
and nonionic surfactants 4.70 17.8 4.60 3.60 1.60 0.0037

A mixture of nonionic 
surfactants 8.80 13.0 6.80 2.44 4.08 0.0025

Note: G – surface activity;
σmin – minimum surface tension;
Гmax – maximum adsorption value;
S0 – area occupied by a surfactant molecule in a saturated monolayer;
δ – the thickness of the adsorption layer;
CCCM – the value of the critical concentration of micelle formation.

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

formation of mixed micelles in the solution [6]. At the 
boundary of the aqueous solution–toluene, an emulsifier 
with the best surface-active properties is a mixture of 
nonionic surfactants.

Notably, low values of σmin at the interface 
between toluene and aqueous solutions of surfactant 
mixtures contributed to the formation of stable direct 
emulsions.
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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.

а

b

To calculate the temperature coefficients of the 
surface tension of the combined stabilizers, the σ 
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 dσ/dT was −0.044 mJ/m2; for 
a mixture of nonionic surfactants, the value of dσ/dT 
was −0.037 mJ/m2. 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 
method1 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.

1 GOST 31460-2012. Interstate standard. Cosmetic creams. 
General specifications. Moscow: Standartinform; 2013.

– 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.

а

b

2 3 4 5

6 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).

The presented data show that the obtained 
emulsions were polydispersed microheterogeneous 
systems. The diameters of various fractions varied 
from 1 to 5 μm for a mixture of anionic surfactants 
and nonionic surfactants, and from 3.3 to 16.6 μm 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 

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 
(Рstr), the form of which is expressed as follows:

,                                                                  (1) 

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

1 2 3 4

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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1 2 3 4

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: 

,                                                                 (2)
   

where F1 is single contact strength (N); φ 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

No. Stabilizer content, 
g/100 mL

Yield strength Pstr, single contact 
strength F1, and plastic emulsion 

viscosity η2

Sedimentation rate U and kinetic 
sedimentation stability (KSS) of emulsions

Р st
r, 

Pa

F
1 ×

 1
010

, N

η 2, 
Pa

·s

U
1 
× 

10
7 , 

m
/s

K
SS

1 
× 

10
−7

, s

U
2 
× 

10
10

, m
/s

K
SS

2 
× 

10
−1

0 , 
s

A mixture of anionic and nonionic surfactants

1 1.0 1.4 1.59 0.90 2.01 4.91 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 4.81 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 3.3 1.30 2.40 6.99 1.40 2.91 3.37

5 6.0 3.3 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, ρ1 and ρ2, 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 that is a mixture of anionic 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 10−10–10−9 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 

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 
microheterogeneous systems with an average droplet 
diameter of 1.0–5.0 µm, based on the surfactant 
content; for a mixture of nonionic surfactants, this 
value ranged from 4.0 to 8.0 µm and included a small 
number of fractions with sizes ranging from 10.0 to 
16.5 µm.

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.
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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 regulatory 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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НАУЧНАЯ СТАТЬЯ

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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Управление качеством химико-технологического процесса 
непрерывного синтеза активной фармацевтической 
субстанции лекарственных соединений в проточных 
микрореакторах
В.Ф. Корнюшко, О.М. Николаева@, А.В. Панов, Р.Р. Биглов, А.С. Кузнецов
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Аннотация

Цели. Внедрение цифровых инструментов в разработку лекарственных препаратов, 
интеллектуальных систем управления и контроля качества обусловлено не только 
современными требованиями к химико-фармацевтической отрасли, но и строгими ре-
гламентированными требованиями к выпускаемой продукции. При этом повышение 
эффективности разработки и производства лекарственных средств на всех этапах их 
жизненного цикла опирается на системное применение принципа Quality-by-Design (QbD) 
– «качество, запланированное при разработке». Это системный подход к разработке ле-
карственных препаратов, который начинается с четко определенных целей и оканчива-
ется получением лекарственного препарата, с учетом понимания его процесса изготов-
ления и стратегии контроля, основываясь на надежных научных данных и оценке рисков, 
связанных с качеством. Применение этого принципа позволяет гарантировать выпуск 
качественного продукта «правильно с первого раза». Это достигается применением на 
всех стадиях новых технологий цифровизации всех систем сбора, обработки и хранения 
информации. Целью работы является разработка информационной поддержки интел-
лектуальной системы управления качеством получения активных фармацевтических 
субстанций (АФС) лекарственных средств с помощью принципиально новой технологии 
непрерывного синтеза на микрореакторах проточного типа. Использование этих микро-
реакторов имеет ряд серьезных преимуществ по сравнению с традиционными периоди-
ческими процессами. Среди них возможность подключения аналитического оборудования 
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в проточном режиме, что позволяет обеспечить высокий уровень компьютеризации 
управления синтезом. Для разработки необходимого информационного обеспечения были 
разработаны соответствующие системные, информационные и математические моде-
ли, алгоритмы online управления экспериментом, методики и алгоритмы оценки каче-
ства продукта на основе официальных регламентных документов. 
Методы. Для решения поставленных задач были использованы методы системного ана-
лиза, методы информационного и математического моделирования с построением мно-
гооткликовых регрессионных моделей и online оптимизации по алгоритму Хука-Дживса, 
метод экспертного оценивания на основе коэффициента конкордации. Приведенное алго-
ритмическое обеспечение реализовано с помощью программной среды SciLab.
Результаты. Для управления качеством процесса непрерывного синтеза АФС на про-
точном микрореакторе построены теоретико-множественные системные модели, слу-
жащие для построения цифровой информационной среды процесса экспериментальных 
исследований. Разработаны алгоритмы математического моделирования и оптимиза-
ции процесса управления на основе многооткликовых регрессионных моделей и online ал-
горитма оптимизации, позволяющие осуществлять пошаговое управление процессом с 
учетом ограничений. Разработан алгоритм экспертного оценивания качества процесса 
синтеза на основе анализа эффективности и риска разрабатываемого лекарственного 
средства. Проведены тестовые испытания системы управления на микрореакторной 
системе Qmix на примере получения АФС дифенгидрамина при применении в качестве 
исходных веществ хлордифенилметана и бромдифенилметана. Показано, что степень 
конверсии выше в реакции, где участвует бромдифенилметан. В этом случае в получен-
ной реакционной массе не остается примесей исходных реагентов. 
Выводы. На основе методов математического моделирования разработаны алгоритмы 
управления качеством процесса непрерывного синтеза АФС с использованием принципи-
ально новой микрореакторной системе Qmix. Экспериментальными исследованиями до-
казана работоспособность предложенных методов и алгоритмов в производстве лекар-
ственного средства димедрола из исходных веществ хлорбензогидрола и бромбензогидрола, 
показана статистическая адекватность и состоятельность построенных моделей.

Ключевые слова: непрерывный синтез на проточных микрореакторах, активная фар-
мацевтическая субстанция, системные теоретико-множественные модели, многоот-
кликовые регрессионные модели, online оптимизация методом Хука-Дживса, эксперт-
ное оценивание, коэффициент конкордации, лекарственное средство димедрол
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INTRODUCTION

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:

Fig. 1. Development and research of the drug over time.

https://doi.org/10.32362/2410-6593-2021-16-3-252-266
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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 and drug 
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 selected1 [3].

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 

1 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 stage2.

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 
of 2015: Federal Law of the Russian Federation of 12.04.2010, 
No. 61-ФЗ.
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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;
С – 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; 
SсS – 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:

,                                                (1)

where Q, 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 Kj
exp 

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 Federation3. In addition, each stage has its 
own (technological or environmental–technological) 
criterion Dj

m, 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):

,                                                                  (2)

where G{(R;Q;C)TA; Sj
exp; W; IES} is a global criterion 

for evaluating a drug under development; (R;Q;C)TA 
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); Sj

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: 

.                                               (3)

3 Appendix No. 3 to the Order of the Ministry of Health of 
the Russian Federation of August 24, 2017, No. 558н “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), Kj
exp is the local criterion for assessing 

quality at stage j. The criterion is determined by 
the opinion of each ith expert E 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 table4.

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 
4 Order of the Ministry of Health of the Russian Federation of 
August 24, 2017 No. 558н.



Quality management of the chemical-technological process for continuous synthesis ...

258
Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(3):252–266

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 

of Health of the Russian 
Federation

 Designation in the 
algorithm  Index content

4.1.1.2. C1

Assessment of the chemical scheme of synthesis, of the 
description of the technological process for the production 
of a pharmaceutical substance and its development 
including the control of raw materials, critical stages of 
production and intermediate products and the assessment 
of the production processes validation.

4.1.1.3. C2

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

4.1.1.4. C3
Evaluation of the choice of quality indicators of a 
pharmaceutical substance and standards.

4.1.1.5. C4
Evaluation of profiles of a pharmaceutical substance 
impurities (organic, inorganic, biological).

4.1.1.6. C5 Assessment of the standard samples selection.

4.1.1.7. C6
Assessment of the methods of quality control of 
pharmaceutical substances proposed by the applicant.

4.1.1.8. C7

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

4.1.1.9. C8

The presence or absence of correspondence between the 
results of laboratory analysis submitted by the applicant 
for examination of samples of a pharmaceutical substance 
and the quality indicators included in the regulatory 
documentation.
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Assessment number according 
to the Order of the Ministry 

of Health of the Russian 
Federation

 Designation in the 
algorithm  Index content

4.1.1.10. C9

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 
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.

Table. Continued

Fig. 3. Block diagram of the algorithm for forming a particular criterion.



Quality management of the chemical-technological process for continuous synthesis ...

260
Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(3):252–266

Fig. 4. Appearance of the Qmix microreactor system.

Fig. 5. Apparatus scheme for the synthesis of diphenhydramine.

control module for two channels (pressure up to 200 bar); 
x-Factory microchips measuring 35 × 35 × 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 

(2.0 M) and pure dimethylaminoethanol are fed into a 
19.5-μL 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 N2 (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 (iESI-MS) [14–17].
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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 x1 is (t, ℃), x2 is time (min), and 
x3 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: z1 is benzhydrol (Cl), z2 is 
benzhydrol (Br), z3 is diphenylmethyl (Cl), and z4 is 
bis-diphenylmethyl (Br).

To study the dependence of the maximum 
conversion degree Y(x1,x2,x3) on the control parameters, 
i.e., x1, x2, and x3, the simplest linear regression model 
of the criterion Y(x1,x2,x3) dependent on the controlled 
parameters x1, x2, x3 was chosen (4).

      (4)

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 x1, x2, and x3 with the composition 
indices Zj.

,                                             (5)

where x1, x2, and x3 are temperature t (℃), time 
(min), and the substituent in the ingredients, Br or Cl, 
respectively, and Zjadm consists of the admissible values 
of the composition components: z1, z2, z3, and z4.

Accordingly, regression equations (5) for 
assessing the conversion degree and describing 
constraints in matrix form are as follows:

                                             (6)

                                             (7)

In (6) and (7), A is the column vector of 
regression coefficients of dimension (1:N); X is 
the matrix of controlled parameters x1, x2, and x3 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(z1,z2,z3,z4) 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 x1, x2, and x3 is determined such 
that the values of D(x1,x2,x3) (1) increase in the course 
of the synthesis, and the constraints (5) do not exceed 
the admissible limits Zj(x1j,x2j,x3j) ≤ Zjadm.

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(x1j,x2j,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(x1,x2,x3) at this step using the Hook–Jeeves 
algorithm, the values of Zj(x1j,x2j,x3j) 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 T = 100–180℃ 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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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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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.
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