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Abstract
Objectives. To obtain silicone aluminum phosphate molecular sieves SAPO-11 with different silicon content, to determine their pore 
space and acidic properties, to apply 0.5 wt % to their surface Pt, and to evaluate the effectiveness of the use of n-hexadecane in the 
hydroisomerization reaction.
Methods. The chemical composition of the SAPO-11 molecular sieves obtained was determined by means of X-ray fluorescence 
spectroscopy using a Shimadzu EDX-7000P device. The radiographs of non-calcined SAPO-11 were recorded on a Shimadzu 
XRD-7000 diffractometer in CuKα radiation.
Results. Silicone aluminum phosphate molecular sieves SAPO-11 containing 0.5 wt % Pt on the surface were obtained from gels. As the 
SiO2/Al2O3 ratio increases, the number of acid centers increases. This then leads to an increase in the conversion of n-hexadecane. The 
selectivity of the formation of hydrocarbons of the structure decreases at the same time.
Conclusions. Silicone aluminum phosphate molecular sieves Pt-SAPO-11 were obtained. It was also found that the samples undergo 
n-hexadecane conversion.
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Гидроизомеризация н-гексадекана  
на Pt-содержащих силикоалюмофосфатных 
молекулярных ситах SAPO-11  
с различным содержанием кремния
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Аннотация
Цель. Получить силикоалюмофосфатные молекулярные сита SAPO-11 с различным содержанием кремния, изучить свой-
ства их пористой структуры и кислотные свойства; приготовить на их основе бифункциональные Pt-содержащие катализато-
ры (0.5 мас. % Pt) и оценить их каталитические свойства в реакции гидроизомеризации н-гексадекана.
Методы. Анализ химического состава синтезированных силикоалюмофосфатов SAPO-11 проводили на приборе Shimadzu 
EDX-7000P методом рентгенофлуоресцентной спектроскопии. Фазовый состав образцов SAPO-11 анализировали методом 
рентгеновской порошковой дифракции на дифрактометре Shimadzu XRD-7000 в Cu-Kα излучении. 
Результаты. Синтезированы из реакционных гелей силикоалюмофосфатные молекулярные сита SAPO-11 с различным содер-
жанием Si и приготовлены на их основе бифункциональные Pt-содержащие катализаторы гидроизомеризации высших н-па-
рафинов. С ростом соотношения SiO2/Al2O3 увеличивается число кислотных центров, что приводит к возрастанию конверсии 
н-гексадекана. Селективность образования углеводородов изо-строения при этом снижается.
Выводы. Установлено, что соотношение SiO2/Al2O3 в исходных реакционных гелях оказывает влияние как на концентра-
цию кислотных центров, так и на свойства пористой структуры силикоалюмофосфатов SAPO-11. Показано, что соотношение 
SiO2/Al2O3 оказывает существенное влияние на каталитические свойства SAPO-11 в гидроизомеризации н-гексадекана.

Ключевые слова
молекулярные сита, силикоалюмофосфат SAPO-11, катализаторы гидроизомеризации 
н-гексадекана

Поступила: 15.03.2024
Доработана: 08.04.2024
Принята в печать: 01.07.2024

Для цитирования
Аглиуллин М.Р., Хазипова А.Н., Ахметов А.Ф., Баулин О.А. Гидроизомеризация н-гексадекана на Pt-содержащих силикоалюмо-
фосфатных молекулярных ситах SAPO-11 с различным содержанием кремния. Тонкие химические технологии. 2024;19(4):273–278. 
https://doi.org/10.32362/2410-6593-2024-19-4-273-278

INTRODUCTION

Zeolite catalysts are widely used in modern oil refining 
and petrochemistry [1–2]. Silicoaluminophosphate 
molecular sieves (SAPO-n) are used [3–10] in particular, 
for the hydroisomerization of n-paraffins C14–C18. Their 
efficiency is determined by acidity, pore size and the 
nature of adsorbed metal. The catalytic properties of 
SAPO-n zeolites are largely determined by the silicon 
content and the preparation technology, on which the 
pore size and acidity depend [3, 11–19].

We have previously described the preparation of 
SAPO-11 molecular sieves (structured type AEL) with 
a one-dimensional channel system and a pore size of 
4.0–6.5 Å and SiO2/Al2O3 ratio of 0.1 and 0.5 (SAPO-11-0.1 
and SAPO-11-0.5), used in the oligomerization process 

of α-methylstyrene [20]. Continuing this research, we 
deposited 0.5 wt % metallic platinum on these zeolites. After 
extruding and grinding, particles of 20–40 μm size were used 
as catalysts for the hydroisomerization of n-hexadecane.

MATERIALS AND METHODS
SAPO-11 Synthesis
SAPO-11 silicoaluminophosphate molecular sieves were 
synthesized according to the method described in [21] 
from reaction gels with the following compositions: 
1.0Al2O3 : 1.0P2O5 : (0; 0.2; 0.5) SiO2 : 1.0(Templat) :  
45H2O. Phosphoric acid (H3PO4, 85%, Reakhim, 
Russia), pseudobemite (AlO(OH), 72% Al2O3, 
Ishimbay Specialized Chemical Catalyst Plant, Russia), 
white soot (SIGMA, USA), di-n-propylamine (99%, 

mailto:maratradikovich@mail.ru
https://doi.org/10.32362/2410-6593-2024-19-4-273-278
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Acros Organics, Belgium) and distilled water were used 
in the preparation of reaction gels. After the addition of 
all components, the reaction mixture was stirred at room 
temperature (25°C) for 1 h. The resulting thick gel was 
then incubated in an air thermostat for 24 h at 90°C. It 
had previously been found that preliminary aging of the 
gel at 90°C allows silicoaluminophosphate SAPO-11 
of high phase purity and degree of crystallinity to be 
selectively obtained during its further crystallization [21]. 
After the aging step, the gels were loaded into Teflon-
coated autoclaves (TEFIC, China) and crystallized at 
200°C for 24 h. After crystallization, the reaction mass 
was centrifuged, washed with distilled water and dried at 
100°C for 24 h. The SAPO-11 samples obtained from gels 
with SiO2/Al2O3 ratios of 0.1 and 0.5 are designated as 
SAPO-11-0.1 and SAPO-11-0.5. Furthermore, a sample 
from a silicon-free gel was synthesized and designated as 
AlPO-11.

Preparation of catalytic systems

Bifunctional catalysts containing platinum (Pt/SAPO-11) 
were prepared in the following way: SAPO-11 samples 
with different silicon contents calcined at 600°C for 6 h 
in air were impregnated with an aqueous solution of 
H2PtCl6∙6H2O at the rate of 0.5 wt % Pt per weight of 
catalyst, then dried at room temperature at 25°C for 48 h 
and at 100°C for 24 h. The samples containing platinum 
compounds were then calcined in a muffle furnace 
at 600°C for 6 h in air. Next, the samples containing 
platinum compounds were subjected to calcination in 
a muffle furnace (LIOP, China) at 550°C for 5 h. After 
calcination, the samples were extruded, pulverized 
and sieved, in order to obtain a particle size fraction 
of 20–40 µm. The samples containing Pt SAPO-11-0.1 
and SAPO-11-0.5 are hereinafter designated as 
Pt/SAPO-11-0.1 and Pt/SAPO-11-0.5, respectively. The 
silicon-free catalyst sample is designated as Pt/AlPO-11.

1 Travkina O.S. Granular zeolites A, X, Y, mordenite and ZSM-5 of a high degree of crystallinity with a hierarchical porous structure: synthesis, 
properties and application in adsorption and catalysis. Diss. Dr. Sci. (Chem.). Ufa; 2023. 332 p. (in Russ.).

Methods of material analysis

The chemical composition of the synthesized SAPO-11 
silicoaluminophosphates was analyzed using an 
EDX-7000P (Shimadzu, Japan) instrument by means of 
X-ray fluorescence spectroscopy.

The phase composition of SAPO-11 samples was 
analyzed by means of X-ray powder diffraction on an 
XRD-7000 diffractometer (Shimadzu, Japan) in Cu-Kα 
radiation. Scanning was carried out in the region of 2θ 
angles from 5° to 40° with a step of 1 deg/min. The 
processing of X-ray images and phase analysis were 
performed using the Shimadzu XRD program. The 
crystallinity was evaluated by the content of amorphous 
halo in the region from 20° to 30° of 2θ angles using the 
Shimadzu XRD program.

More detailed properties of the synthesized 
silicoaluminophosphate molecular sieves SAPO-11 are 
described in the dissertation of O.S. Travkina1.

Hydroisomerization of n-hexadecane

The hydroisomerization reaction of n-hexadecane 
(n-C16H34, 99%, ReaKhim, Russia) was carried 
out in an integral flow reactor under a pressure 
of 3.0 MPa at 280–350°C with a molar ratio of 
H2/n-C16H34 = 12 mol/mol and a mass feed rate of 
2 h−1. The reaction products were analyzed by means 
of gas–liquid chromatography on HRGC 5300 Mega 
Series Carlo Erba chromatograph (Carlo Erba, Italy) 
using a flame ionization detector (glass capillary 
column 50 m, SE-30). The products were identified 
by means of chromatography-mass spectrometry on a 
chromatography-mass spectrometer GCMS-TQ8050 
(Shimadzu, Japan) using the WILEY mass-spectrum 
library. The physicochemical characteristics of the 
products obtained corresponded to the data available in 
literature [9].

Table 1. Chemical and phase composition of reaction gels and their crystallization products (SAPO-11 and AlPO-11 molecular sieves)

Sample Chemical composition  
of the initial reaction mass Chemical composition of SAPO-11 Crystallinity, %

AlPO-11-0 Al1.00P0.98Si0.00 Al1.00P0.98Si0.00 (AlPO-11) ~93

SAPO-11-0.1 Al1.00P0.98Si0.05 Al1.00P0.90Si0.03 (SAPO-11) ~92

SAPO-11-0.5 Al1.00P0.98Si0.25 Al1.00P0.91Si0.18 (SAPO-11) ~95
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RESULTS AND DISCUSSION

The hydroisomerization of n-hexadecane n-C16H34 upon 
the Pt/SAPO-11-0.1, Pt/SAPO-11-0.5, and Pt/AlPO-11 
samples in the temperature range 280–340°C was 
studied (Fig. 1). It was found that the reaction products 
mainly contain methyl pentadecanes. Among them the 
corresponding 2-, 3-, and 4-monomethyl derivatives are 
the main isomers.

CH3(CH2)14CH3

cat.

H2

CH3CH(CH2)12CH3

CH3

+ +CH3CH2CH(CH2)11CH3

CH3

CH3(CH2)2CH(CH2)10CH3 ++

CH3

CH3CH(CH2)mCH(CH2)nCH3

CH3 CH3

m + n = 10

Fig. 1. Hydroisomerization of n-hexadecane n-C16H34

It follows from [22] that the predominant 
formation of such products (Table 2) is associated 
with the structure of the microporous structure of 
silicoaluminophosphates Pt/SAPO-11. In parallel, low 
hydrocarbons C6–C8 (cracking products) are formed in 
small amounts.

When the loading ratio of SiO2/Al2O3 is increased 
to 0.5, the selectivity of their formation increases up 
to 30% (310°C). As temperature increases from 310 to 
340°C, the selectivity of isomerization sharply decreases, 
and the main priority is cracking (Fig. 2).

It follows from the data obtained (Table 2) that 
the catalyst Pt/SAPO-11-0.1 is more effective for 
isomerization processes, providing a higher total yield of 
isomers. We assume that this is due to the number of acid 
centers in the sample Pt/SAPO-11-0.5, which are 5 times 
greater, including on the outer surface of the crystals, 
relative to the sample Pt/SAPO-11-0.1.

Table 2. Results of hydroisomerization of n-hexadecane at 310°C 
on Pt-containing samples of silicoaluminophosphate molecular 
sieves

Name Pt/SAPO-11-0.1 Pt/SAPO-11-0.5

Conversion of n-С16, % 90 94

Selectivity of Ʃi-C16, % 78 71

Composition of reaction products, % 

2-MeC15, % 21 20

3-MeC15, % 18 16

4-MeC15, % 13 11

5-MeC15, % 5 3

6-MeC15, % 9 6

(CH3)2–C14, % 12 15

ƩС6–С8, % 22 29

Symbols: selectivity of Ʃi-C16 is the total selectivity for C16 isomers; 
(CH3)2–C14 is di- and trimethylisomers of С16; ƩС6–С8 are cracking 
products.
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Fig. 2. Hydroisomerization of n-hexadecane over Pt/SAPO-11 catalysts: (a) conversion of n-C16; (b) selectivity of iso-C16 formation

It should be noted that in the silicon-free 
aluminophosphate Pt/AlPO-11, the hydroisomerization 
of n-C16H34 under these conditions is not observed. 
We attribute this to the fact that the acid centers in 
silicoaluminophosphates, responsible for the course of 
skeletal isomerization, are formed only when silicon 
oxide is introduced into the material. This was shown in 
a previous study [23].
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CONCLUSIONS

This study examined the effect of different silicon 
content on the degree of crystallinity, morphology and 
size of SAPO-11 silicoaluminophosphates. Samples 
SAPO-11-0.1 and SAPO-11-0.5 with 0.5 wt % Pt 
deposited were investigated as catalysts for the 
hydroisomerization of n-hexadecane. It was shown 
that the samples of bifunctional catalysts at 300°C, 
3 MPa, 2.0 h−1 and H2/C16 = 12 mol/mol enable  
iso-hexadecane yields of at least 70% to be 
obtained, with n-hexadecane conversion of more  
than 90%.
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Abstract
Objectives. To calculate the molar enthalpy of vaporization of binary homogeneous mixtures based on isothermal and isobaric vapor–
liquid equilibrium data, and to compare the results of calculation of molar enthalpy of vaporization by different methods with experimental 
data.
Methods. Simulation of the vapor–liquid equilibrium of binary systems according to the Non-Random Two Liquid  “local compositions” 
equation and thermodynamic calculations of molar vaporization enthalpies of binary mixtures at different conditions of vapor–liquid 
equilibrium were used.
Results. Arrays of calculated data were obtained with regard to molar enthalpies of vaporization for 25 compositions of binary 
azeotropes (isothermal, isobaric conditions of phase equilibrium), and the full range of compositions of the benzene–ethanol system 
at atmospheric pressure.
Conclusions. The accuracy of thermodynamic methods for calculating the vaporization enthalpy of binary azeotropic mixtures according 
to vapor–liquid equilibrium data is higher in 85% of cases for isothermal, and in 75% of cases for isobaric conditions. By taking into 
account the influence of temperature on the activity coefficients of components in the liquid phase, the values of excess molar enthalpy 
both for azeotrope compositions and for the full concentration range of the benzene–ethanol system under isobaric conditions of liquid–
vapor phase equilibrium can be accurately reproduced.
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НАУЧНАЯ СТАТЬЯ

Сравнение методов расчета энтальпии 
парообразования бинарных азеотропных смесей
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Аннотация
Цели. Расчет молярных энтальпий парообразования бинарных гомогенных смесей по изотермическим и изобарическим дан-
ным парожидкостного равновесия; сравнение результатов расчета молярных энтальпий парообразования по разным методам 
с экспериментальными данными.
Методы.  Моделирование парожидкостного равновесия бинарных систем по уравнению «локальных составов» NRTL 
(Non-Random Two Liquid); термодинамические расчеты молярных энтальпий парообразования смесей в разных условиях паро-
жидкостного равновесия.
Результаты. Получены массивы расчетных данных по молярным энтальпиям парообразования для 25 составов бинарных азео-
тропов (изотермические, изобарические условия фазового равновесия) и полного диапазона составов системы бензол–этанол 
при атмосферном давлении.
Выводы. Точность термодинамических методов расчета энтальпий парообразования бинарных азеотропных смесей по данным 
парожидкостного равновесия выше в 85% случаев для изотермических и в 75% случаев для изобарических условий. Учет вли-
яния температуры на коэффициенты активности компонентов в жидкой фазе позволяет качественно верно воспроизводить зна-
чения избыточной молярной энтальпии как для составов азеотропов, так и для полного концентрационного диапазона системы 
бензол–этанол в изобарических условиях фазового равновесия жидкость–пар.

Ключевые слова
молярная энтальпия парообразования, бинарные азеотропы, парожидкостное 
равновесие
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INTRODUCTION

The enthalpy of vaporization is the most important 
thermophysical property of substances and mixtures [1–4].  
The accurate estimation of the enthalpy of vaporization 
and its dependence on temperature is a requirement for 
the study of phase transitions [5–7]. In order to calculate 
the thermal balances of distillation columns, reliable data 
on molar enthalpies of vaporization of substances 0

VH  
and mixtures VH  (designations: V—vaporization, 
0—pure substance) in different conditions of phase 
equilibrium are necessary [8–10].

Direct calorimetric measurements of vaporization 
enthalpies are difficult and time-consuming [5, 11–15]. 
Experimentally measured VH  values of mixtures are 
given in [16–20] for individual compositions. There are 
few experimental data for the full range of compositions 
of binary systems V ( )H x  [9, 14, 21–23]. V ( )H x  

binary mixtures can be calculated using different arrays 
of experimental data: excess enthalpies (heat of 
mixing) of liquid solution E ( )H x  (index E stands 
for Excess); and enthalpies of vaporization of pure 
substances at a particular temperature [9, 23, 24]. 
Thermal calculations of distillation columns require 
data V ( , )H x T  on the isobaric conditions of vapor–
liquid equilibrium (VLE).

Data on the enthalpies of vaporization of 
multicomponent mixtures is much less common. The 
calorimetric measurements are usually carried out for 
specific compositions of hydrocarbon fractions [25–27] 
and fuel mixtures [28–30].

Due to the limited amount of experimental data, 
including those under different VLE conditions, reliable 
methods need to be developed to calculate the enthalpies 
of vaporization of mixtures [9, 15, 20]. Currently, 
methods for calculating and/or predicting the enthalpies 
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of vaporization of individual substances belonging to 
certain classes of organic compounds using a limited 
amount of experimental data have predominantly 
been developed. The possibilities of calculations using 
various models and equations of state are considered 
in [32–35].

Thermodynamic methods for calculations of molar 
enthalpies of vaporization can be successfully applied 
to hydrocarbons and their binary mixtures [36–38]. 
For substances and mixtures, the components of 
which form hydrogen bonds, special methods for 
calculating enthalpies of vaporization have been 
developed [35, 39–41].

CALCULATIONS

A simplified method for calculating the molar enthalpies 
of vaporization VH  of multicomponent systems from 
P(T) data for the vapor phase under different VLE 
conditions is presented in [15]. Let us assume that the 
vapor phase state of a multicomponent system is 
determined by the equation of state (1) [42, 43]:

,=PV ZRT  (1)

where P—pressure; V—volume of vapor phase; Z—
compressibility coefficient; R—universal gas constant; 
Т—temperature, К. According to the Clausius–Clapeyron 
equation, the VH  values are defined as:

V
ln .

(1 / )
 

= −  
 x

d PH RZ
d T

 (2)

If by correlating the experimental P–T data, the 
following dependence coefficients can be obtained:

ln ,= +
bP a
T

 (3)

then we can calculate the values of molar enthalpies of 
vaporization by using the following formula [15]:

V ,= −H RZb  (4)

where a and b are correlation coefficients. Instead of 
correlation of experimental data, the following ratio can 
also be applied:

V
ln .
1

∆
= −

 ∆ 
 

RZ PH

T

 (5)

At phase equilibrium, the pressure P over the liquid 
phase of composition xi is defined as:

0

1
,

=
= g∑

N

i i i
i

P x P  (6)

where i—component; γi—activity coefficient of the 
component; 0

iP —saturated vapor pressure of the 
component. In order to calculate phase equilibria, phase 
equilibrium models can be used which take into account 
the dependence of activity coefficients on the mixture 
composition and model parameters in various 
ways [43, 44]. For example, for calculations of VLE and 
molar enthalpies of vaporization from P(T) data of 
N-component systems, we used the dependence of the 
activity coefficients of the components on the mixture 
composition and parameters of the following VLE 
model: UNIFAC (UNIversal Functional Activity 
Coefficient) [15] and NRTL (Non-Random Two 
Liquid) [45].

Tamir [15] obtained a thermodynamic expression 
which establishes the relationship between the pressure 
and temperature of the N-component system under VLE 
conditions:

0 0

1

0

1

lnln

.

=

=

   g
= +         
   g 

+         

∑

∑

N
i i i i

i
i

N
i i i

i
i

x P d Pd P x
dT P dT

x P d
x

P dT

 (7)

For azeotropes (Az), 0 / 1.g =i iP P  After introducing 
the assumption that the activity coefficients of the 
components are independent of temperature 
( / 0),g =id dT  which is strictly true only for athermal 
solutions, Eq. (7) can be transformed to the following 
form:

0
Az 2
V

1

ln
.

=

 
=  

  
∑
N

i
i

i

d P
H RT Z x

dT
 (8)

Tamir [15] used Antoine’s Eq. (9), in order to 
calculate the dependence of the saturated vapor pressure 
of the components on temperature, i.e., Eq. (10) is valid 
for pure substances:

0lg ,
( )

= −
+i i

i

BP A
T C

 (9)

( )

0
0

2 ,=
+

i i
i

i

dP B
P

dT T C
 (10)

where А, В, and C are equation coefficients (9).
In order to calculate the enthalpies of vaporization of 

mixtures of azeotropic composition Az
VH , a simplified 

expression is proposed [39]:

Az 2
V 2

1
2.3026 ,

( )=
=

+∑
N

i i

ii

x B
H RT Z

t C

where t is a temperature, °С.
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Tamir [15] calculated Az
VH  for the ideal vapor phase 

(Z = 1): 

Az 2
V 2

1
2.3026 .

( )=
=

+∑
N

i i

ii

x B
H RT

t C
 (11)

In fact, the enthalpy of vaporization of a mixture of 
azeotropic composition is determined in Eq. (11) by the 
data 0 ( )iP T  for individual components. 

Earlier we proposed a procedure for calculating the 
enthalpy of vaporization VH  of binary and three-
component systems under the assumption of ideal vapor 
phase behavior, while taking into account the temperature 
dependence of the activity coefficients of the components 
for any (zeotropic, azeotropic) compositions [45, 46]:

0

1
( ) ( , ).

=
= g∑

N

i i i
i

P P T x x T  (12)

For binary systems we formulate dP/dT as follows:

0
0

1,2

0
0

1,2

( ) ( , )
( , ) ( )

( ) ( , )
( , ) ( ) .

=

=

 g
= g + =  

 

 g
= g +  

 

∑

∑

i i
i i i i

i

i i
i i i

i

dP T d x TdP x x T P T x
dT dT dT

dP T d x T
x x T P T

dT dT

 (13)

The values of dP/dT and enthalpy of vaporization 
of mixtures (14) were determined on the basis of the 
calculated data of VLE.

2
V =

dP RTH
dT P

. (14)

A comparison of experimental data arrays V ( )H x  
with calculated values was previously carried out for the 
full range of compositions of the benzene–cyclohexane 
system under isobaric VLE conditions [45], the behavior 
of the vapor phase of which can be considered ideal [47]. 
The maximum relative errors for arrays of calculated 
values of the benzene–cyclohexane system at 50.662, 
75.992, and 101.320 kPa do not exceed 5, 5.1, and  
6 relative % (rel. %), respectively [45]. A comparison of  
the results of calculations of molar enthalpies of 
vaporization, must not only be based on the quantitative 
indices. The qualitative correspondence of signs of 
excess values determined from experimental and 
calculated data was shown to be fundamental.

Molar enthalpies of vaporization can be represented 
through partial values of

0 E 0 E
V V1 1 V2 2V1 V2( ) ( ) .= + + +H H H x H H x  (15) 

Here E
V1H  and E

V2H  are partial excess enthalpies of 
the components, xi is the composition of the azeotrope 

(i = 1; 2). The partial excess enthalpies for the vapor and 
liquid phases have opposite signs. The excess value E

VH  
can be determined from experimental or calculated data 

VH  [23, 24, 45]:

E add
V V V ,= +H H H  (16)

where add
VH is an additive value:

add 0 0
V 1 2V1 V2 .= +H H x H x  (17)

A comparison of experimental and calculated values 
E
V ( )H x  for the benzene–cyclohexane system shows that 

the use of Eq. (14) provides a qualitatively correct 
reproduction of the sign of the excess thermodynamic 
quantity [45].

The purpose of the present study is to compare 
experimental and calculated data of molar enthalpies 
of vaporization for binary homogeneous azeotrope 
compositions under different VLE conditions.

RESULTS

Binary mixtures of azeotropic compositions exp
VH  for 

which viable modeling of VLE using the NRTL model is 
possible, were selected from the array of experimental 
data [15] (Tables 1 and 2). The parameters of the NRTL 
equation were taken from the database of the 
Aspen Plus V.10.0 software package. The azeotropic 
data description errors do not exceed 5 rel. % for 
compositions and 0.4 rel. % for temperature. 
Table 2 additionally summarizes the calculated pressure 
values Pcalc (kPa) obtained from the NRTL model.

The molar enthalpies of vaporization of binary 
mixtures of azeotropic compositions were calculated in 
different ways according to VLE data.

Method I. VLE and VH  were calculated independently 
using the Aspen Plus V.10.0 platform. Saturated vapor 
pressures of components 0

iP  in the software package 
were determined by the following expression: 

720
1 4 5 6

3
ln ln .= + + + +

+
ii C

i i i i i
i

C
P C C T C T C T

T C
 (18)

C1i–C7i coefficients are given in the 
Aspen Plus V.10.0 database.

Molar enthalpies of vaporization of substances 0
ViH  

were calculated by means of the Watson equation in the 
following form:

c
1

c0 *
V V 1

1

c

1
( ) ( )

1

 
+ −  

  
− 

 =
 

− 
 

i i
i

Ta b
T

i
i i

i

T
T

H T H T T
T

, (19)
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where ciT  is the critical temperature of component i (index c 
stands for critical); Т1 is the temperature for which the 
experimental value of enthalpy of vaporization *

VH  is 
known; and T is the temperature for which the calculation 
of 0

ViH  is performed. Parameters ai, bi, and critical  
temperature ciT  values are from the NIST database1.

The enthalpy of vaporization of the mixture VH  was 
determined as follows:

V L
V = −H H H , (20)

where HV and HL are molar enthalpies of vapor (V) and 
liquid (L) of a mixture of a particular composition.

Method II. The calculations of mixtures VH  were 
carried out using the VLE data (Eqs. (13) and (14)). The 
procedure for calculating dP/dT is described in detail 
in [45]. The molar enthalpies of vaporization of individual 
substances 0

ViH  (18) were determined using the 
coefficients of the Antoine equation in the form presented 
in a previous study [46]:

1 Standard Reference Database of National Institute of Standards and Technology. NIST Chemistry WebBook. Number 69 (SRD 69). 2022. 
https://doi.org/10.18434/T4D303

0 2
0
V 0= i

i
i

dP RTH
dT P

. (21)

In all tables, molar enthalpies of vaporization of 
mixtures VH  are given in kJ/mol, compositions of 
mixtures—in molar fractions of the component indicated 
in the name of the mixture first.

Tables 3 and 4 show the data sets for comparison of 
experimental values exp

VH  with the results of calculations 
calc
VH  by methods I and II. Relative errors V∆H were 

determined in the standard way:

exp calc
VV

V exp
V

100%
−

∆ = ×
H H

H
H

. (22)

For Eqs. (4) and (11) in [15] only errors (22) are 
given, by which we determined the calculated values of 

VH  (Tables 3 and 4).

Table 1. Experimental values of molar vaporization enthalpies for binary mixtures (azeotropic compositions)  
at atmospheric pressure [15]

No.* Mixture 1–2 Т, К x1, mol. fr. exp
V ,H  kJ/mol

1 p-Xylene–hexanol-1 411.49 0.870 42.0

2 Toluene–2-methylpropanol-1 372.64 0.550 39.9

3 Toluene–butanol-1 378.20 0.680 34.2

4 Benzene–methanol 330.62 0.609 33.6

*Experimental point number.

Table 2. Experimental values of molar vaporization enthalpies for binary mixtures (azeotropic compositions) at isothermal VLE [15]

No. Mixture 1–2 Т, К x1, mol. fr. exp
V ,H  kJ/mol Рcalc, kPa

5 Chloroform–ethanol 320 0.859 31.7 65

6 Acetone–chloroform 320 0.384 33.6 54

7 Propanol-1–ethyl acetate 330 0.218 34.6 52

8 Ethanol–1,4-dioxane 330 0.871 39.7 42

9 Water–1,4-dioxane 330 0.447 39.7 30
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No. Mixture 1–2 Т, К x1, mol. fr. exp
V ,H  kJ/mol Рcalc, kPa

10 Carbon tetrachloride–propanol-1 320 0.876 33.0 39

11 Methanol–benzene 350 0.649 33.2 198

12 Cyclohexane–propanol-2 330 0.647 34.9 64

13 Water–2-chloroethanol 350 0.852 42.8 45

14 Benzene–ethanol 350 0.522 34.9 139

15
Tetrahydrofuran–water

300 0.903 31.0 24

16 320 0.855 32.1 55

17
Water–formic acid

320 0.582 42.4 9

18 360 0.490 41.1 50

19
Water–pyridine

310 0.718 44.7 8

20 350 0.758 41.5 53

21

Ethanol–ethyl acetate

293.8 0.296 36.4 11

22 314.2 0.341 36.0 30

23 320 0.384 35.8 38

24 334 0.417 35.5 67

25 363.2 0.543 34.8 189

Note: Experimental point numbers are given for each temperature condition.

Table 2. Continued 

Table 3. Calculated values of molar vaporization enthalpies and relative errors at 101.32 kPa

No.

Eq. (4) Eq. (11) Method I Method II

calc
V ,H   

kJ/mol V,∆H  %
calc
V ,H   

kJ/mol V,∆H  %
calc
V ,H   

kJ/mol V,∆H  %
calc
V ,H   

kJ/mol V,∆H  %

1 45.2 7.6 43.8 4.4 37.2 −11.5 39.0 −7.1

2 40.7 1.9 46.2 15.7 35.6 −10.8 37.3 −6.5

3 30.5 −10.8 29.8 −12.9 34.7 1.5 36.4 6.3

4 32.6 −3.0 32.7 −2.6 32.3 −3.9 33.9 0.9

Note: the mixture number corresponds to the same number in Table 1.
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Table 4. Calculated values of molar vaporization enthalpies and relative errors at isothermal VLE

No.
Eq. (11) Method I Method II

calc
V ,H  kJ/mol V,∆H  % calc

V ,H  kJ/mol V,∆H  % calc
V ,H  kJ/mol V,∆H  %

5 31.5 −0.6 31.4 −1.0 31.8 0.3

6 36.4 8.3 32.0 −4.9 32.8 −2.3

7 32.7 −5.5 34.3 −0.7 34.6 0.1

8 38.7 −2.5 39.7 −0.1 40.4 1.7

9 40.4 1.8 39.2 −1.2 39.7 0.1

10 32.4 −1.8 32.5 −1.5 33.1 0.4

11 31.5 −5.1 31.7 −4.6 33.8 1.8

12 33.6 −3.7 34.5 −1.1 35.1 0.6

13 43.3 1.2 42.4 −1.0 42.7 −0.3

14 35.2 −3.7 33.8 −3.2 35.1 0.7

15 28.5 −8.1 32.9 6.0 33.2 7.1

16 30.9 −3.7 32.4 0.8 32.9 2.5

17 44.5 5.0 36.4 −14.1 40.8 −3.9

18 44.1 7.3 33.7 −17.9 38.8 −5.5

19 33.6 4.5 43.3 −3.1 43.6 −2.5

20 46.7 1.0 41.5 0 41.8 0.7

21 41.9 4.5 36.8 1.1 36.7 0.8

22 38.0 4.3 35.7 −0.8 35.9 −0.4

23 37.5 −4.5 35.5 −0.7 35.8 −0.1

24 34.2 4.6 34.8 −2.0 35.4 −0.3

25 37.1 5.7 33.4 −3.9 35.2 1.3

Note: the mixture number corresponds to the same number in Table 2.

Method II provides a higher level of calculation 
accuracy when compared to Eqs. (4) and (11), and 
method I for atmospheric pressure in 75% of cases 
(Table 3). For isothermal VLE conditions, method II 
provides a more accurate calculation compared to the 
results of (11) for 85% of azeotropic compositions 
(18 out of 21) (Table 4). The accuracy of calculations 
using method II is lower than by method I only in the 

systems ethanol–1,4-dioxane, tetrahydrofuran–water, 
and pyridine–water (Nos. 8, 15, 16, 20, Table 4).

For the benzene–ethanol system, experimental data 
exp
V ( )H x  is also available for the full range of 

compositions at atmospheric pressure, but no 
temperature values are given [22]. The calculated 
values obtained by the NRTL model are presented in 
Table 5.
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The calculation of VLE using the NRTL model was 
performed with the binary interaction parameters (tij, tji, 
Gij, Gji, α) in the following form:

, exp( ),τ = + = −ατij
ij ij ij ij

b
a G

T
 

where i and j are component indices; τ, α, and G are 
parameters of the NRTL equation. The parameter α 
determines the ordering of the molecule distribution in 
the solution and is related to the coordination number 
of the liquid, τ is the reduced energy parameter, and 
G is a variable characterizing the interaction energy. 
The values i = 1; 2, j = 1; 2. The parameters were 
estimated on the basis of experimental data of the VLE 
of the benzene (1)–ethanol (2) system [48, 49]. Where 
a12 = 0.7596, b12 = 309.183, a21 = −5.8653, b21 = 2314.74, 
and α = 0.604. The average relative errors of the array 
descriptions do not exceed 1.01 (maximum 3.55) 
rel. % for vapor phase compositions and 0.02 
(maximum 0.08) rel. % for temperature.

The arrays of calculated data for the benzene (1)–
ethanol (2) system at atmospheric pressure are 
summarized in Table 5. The average relative errors of 

calculation of molar enthalpies of vaporization of binary 
mixtures do not exceed 3 rel. %.

The concentration dependencies V ( )H x  are 
presented in Fig. 1. Quantitative differences are caused, 
as in the case of the benzene (1)–cyclohexane (2) 
system [45], by the values of molar enthalpies of 
vaporization of pure substances calculated differently by 
Eqs. (16) and (18).

Method II provides a qualitative coincidence of 
concentration dependence types for experimental and 
calculated data, namely in the whole range of 
compositions VH  < add

VH (Fig. 1b). Method I provides 
qualitatively incorrect results for benzene-enriched 
mixtures: VH  > add

V ,H  which does not correspond to 
the experimental data (Fig. 1a).

The excess values E
VH  were calculated using 

Eqs. (16) and (17). Quantitative agreement of the values 
of E

V ,H  determined on the basis of experimental and 
calculated values under isobaric VLE conditions was not 
achieved. However, method II also qualitatively correctly 
reproduces the sign of the excess component of the molar 
enthalpy: E

VH  < 0 for all compositions of binary mixtures 
(Fig. 2b).

Table 5. Experimental and calculated values of the enthalpy of vaporization and relative errors for the benzene (1)–ethanol (2) system  
at 101.32 kPa

х1,  
mol. fr.

Experiment [22] Method I Method II

exp
V ,H   

kJ/mol

E
V,H   

kJ/mol
calc
V ,H   

kJ/mol V,∆H  %
E
V,H   

kJ/mol
calc
V ,H   

kJ/mol V,∆H  %
E
V,H   

kJ/mol

1 30.6 0 30.7 −0.36 0 32.0 −4.35 0

0.929 31.2 −0.02 31.9 −2.18 0.53 30.9 0.81 −1.64

0.852 31.6 −0.23 32.2 −1.80 0.19 31.6 −0.04 −1.63

0.770 32.3 −0.20 32.3 −0.13 −0.34 32.6 −0.99 −1.35

0.672 32.5 −0.77 32.5 −0.01 −0.98 33.6 −3.17 −1.27

0.540 32.9 −1.45 33.0 −0.36 −1.58 34.4 −4.40 −1.61

0.410 33.6 −1.82 33.9 −0.97 −1.78 34.9 −3.78 −2.24

0.310 35.2 −1.01 34.8 1.19 −1.74 35.2 0.11 −2.79

0.208 36.5 −0.57 35.9 1.61 −1.50 35.5 2.65 −3.34

0.086 37.8 −0.25 37.7 0.47 −0.80 36.4 3.71 −3.53

0 38.8 0 39.2 −1.05 0 40.7 −4.98 0
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Fig. 1. Dependencies of molar vaporization enthalpy for benzene (1)–ethanol (2) system on the composition:  
(a) method I,  
(b) method II
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Fig. 2. Comparison of experimental and calculated values of the excess molar vaporization enthalpy for benzene (1)–ethanol (2) 
system at 101.32 kPa:  
(a) method I,  
(b) method II

The results obtained are similar to the conclusions for 
the benzene–cyclohexane system at 50.663, 75.992, and 
101.320 kPa (Table 6). Method II allows qualitatively 
correct types of concentration dependencies 

E
V ( )H x  < 0 to be obtained, while method I familiar-

variable ones to be obtained, when in one region of 
compositions E

VH  are negative and in the other—
positive [45].

Thus, the calculation of molar enthalpies of 
vaporization of binary systems from dP/dT data under 
VLE conditions is more correct for isobaric conditions.

The properties of binary systems formed by non-
associated liquids are usually linear functions of 
composition or exhibit insignificant deviations from 
additive values. However, the enthalpies of vaporization 

of mixtures VH  are an exception [9]. Therefore, for 
systems containing substances which form complexes of 
molecules, the association constants of molecules in the 
vapor phase must be taken into account [40]. Analysis of 
experimental calorimetric data for binary systems 
containing lower carboxylic acids allowed the 
authors [40] to conclude that simplified methods for 
estimating enthalpies of vaporization in mixtures with 
associated components are acceptable, if the excess 
molar enthalpy (heat of mixing) of the liquid solution 
does not exceed 5% of the enthalpy of vaporization.

It was established that calculated values calc
V ,H  

obtained from dP/dT data at VLE are less accurate than 
calculations based on independent arrays of experimental 
data in systems formed by components capable of 
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forming hydrogen bonds in solutions: tetrahydrofuran–
water, water–pyridine, ethanol–1,4-dioxane. The 
application of method II for calculations of molar 
enthalpies of vaporization of benzene–cyclohexane 
system provides more accurate reproduction of 
experimental data exp

VH  in comparison with benzene–
ethanol mixtures. This can be explained by the use of the 
assumption of ideal behavior of the vapor phase 
containing ethanol.

CONCLUSIONS

Molar enthalpies of vaporization of azeotropic mixtures 
were calculated for 18 binary systems under different 
conditions of phase VLE and for the full range of 
compositions of the benzene–ethanol system at 
atmospheric pressure.

Rigorous thermodynamic methods of calculating 
the molar enthalpies of vaporization from VLE data 
of binary systems, even under the assumption of ideal 

behavior of the vapor phase, are more accurate than 
simplified methods of calculation.

The comparison of experimental and calculated data 
arrays obtained by thermodynamic methods I and II was 
carried out. The proposed calculation method II provides 
more accurate results for 85% of the compositions of 
azeotropic mixtures in isothermal conditions, and for 
75% of them in isobaric conditions.
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Table 6. Excess values for benzene (1)–cyclohexane (2) system at isobaric vapor–liquid 

x1, 
mol. fr.

Рcalc, kPa

101.320 75.992 50.662

exp
V ,H   

kJ/mol

Method I Method II exp
V ,H   

kJ/mol

Method I Method II exp
V ,H   

kJ/mol

Method I Method II

calc
V ,H  kJ/mol calc

V ,H  kJ/mol calc
V ,H  kJ/mol

0.143 −0.34 0.03 −0.05 −0.35 0.01 −0.05 −0.41 0.01 −0.04

0.250 −0.42 0.01 −0.08 −0.47 0.00 −0.07 −0.72 −0.01 −0.07

0.397 −0.57 −0.03 −0.11 −0.54 −0.03 −0.10 −0.78 −0.04 −0.09

0.443 −0.59 −0.04 −0.12 −0.55 −0.05 −0.11 −0.66 −0.06 −0.11

0.541 −0.55 −0.06 −0.13 −0.60 −0.07 −0.13 −0.73 −0.08 −0.13

0.700 −0.37 −0.05 −0.15 −0.41 −0.06 −0.14 −0.37 −0.07 −0.14

0.842 −0.12 −0.02 −0.12 −0.47 −0.03 −0.14 −0.34 −0.04 −0.14
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Abstract
Objectives. To study the possibility of using nitrogen-containing organosilicon compounds in the creation of heat-resistant and fire-
resistant casting compositions to seal high-voltage high-frequency equipment.
Methods. Nitrogen-containing organosilicon compounds were obtained using the N-siloxycarbonylation, formylation, and silylation 
methods. The methods used in the work were infrared spectroscopy, elemental analysis, viscometry, and differential scanning calorimetry. 
The mechanical and dielectric properties of the samples were determined.
Results. Previously unknown substances and compounds containing nitrogen-containing organosilicon products as components of the 
curing composition were obtained. Their physicomechanical and operational properties were examined, including the possibility of using 
them as filling heat-resistant and fire-resistant compositions for sealing high-voltage and high-frequency equipment.
Conclusions. It was shown that nitrogen-containing organosilicon compounds—3-(diethylamino)-2-[(triethoxysilyl)oxy]propyl- 
2-methacrylate and triethoxysilyl ester of γ-triethoxysilylpropyl-carbamic acid—can be used as part of a curing system together with 
bromine-containing fillers, in order to obtain compounds used for filling high-voltage high-frequency transformers, throttle valves, and 
other electronic equipment elements with non-combustible properties and increased heat resistance.
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кремнийорганических соединений при создании 
термо- и огнестойких заливочных композиций 
для герметизации высоковольтной 
и высокочастотной аппаратуры
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Аннотация
Цели. Изучение возможности использования азотсодержащих кремнийорганических соединений при создании термо- и огне-
стойких заливочных композиций для герметизации высоковольтной и высокочастотной аппаратуры.
Методы.  С  помощью  методов N-силоксикарбонилирования,  формилирования  и  силилирования  получены  азотсодержащие 
кремнийорганические соединения. В работе использованы инфракрасная спектроскопия, элементный анализ, вискозиметрия, 
дифференциальная сканирующая калориметрия. Определены механические и диэлектрические свойства образцов.
Результаты. Получены ранее неизвестные соединения и компаунды, содержащие в составе отверждающей композиции азотсодержа-
щие кремнийорганические продукты, изучены их физико-механические, эксплуатационные свойства, в том числе возможность исполь-
зования в качестве заливочных термо- и огнестойких композиций для герметизации высоковольтной и высокочастотной аппаратуры.
Выводы.  Показано,  что  впервые  синтезированные  азотсодержащие  кремнийорганические  соединения —  3-(диэтиламино)- 
2-[(триэтоксисилил)окси]пропил-2-метакрилат  и  триэтоксисилиловый  эфир  γ-триэтоксисилилпропилкарбаминовой  кисло-
ты — можно использовать в составе отверждающей системы совместно с бромсодержащими наполнителями для получения 
компаундов, применяемых для заливки высоковольтных и высокочастотных трансформаторов, дросселей и других элементов 
радиоэлектронной аппаратуры, обладающих негорючими свойствами и повышенной теплостойкостью.

Ключевые слова
азотсодержащие кремнийорганические соединения, заливочные композиции, 
термо- и огнестойкие заливочные композиции, герметизация высоковольтной 
и высокочастотной аппаратуры
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INTRODUCTION

Organosilicon sealants and compounds based on low-
molecular silicone rubbers curable at room temperature in 
contact with air moisture began to be actively developed in the 
second half of the last century. These products are currently 
finding  increased  practical  application  in  various  fields  of 
science and technology. They are used in construction, the 
chemical and aviation industries, in modern electronic and 
radio products and household chemicals [1–3].

Cold-curable sealant compositions consist of rubber, 
filler,  vulcanizing  agent,  and  curing  catalyst.  The 
catalyst can be present in the mixture (one-component 
compositions) or introduced into it immediately 
before  vulcanization  (two-component  compositions). 
Depending on the purpose, these compositions 
are  produced  in  different  consistencies:  paste-like, 
thixotropic or viscous-flowing [4, 5].

The most common cold-curable compositions are 
based on linear low-molecular polyorganosiloxane 
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rubbers with a molecular weight from 25000 to 100000, 
containing terminal silanol groups (Scheme 1) [6, 7]. Of 
greatest practical interest are: polydimethylsiloxanes 1, 
polydimethylmethylphenylsiloxanes 2, graft copolymers 
of  α,ω-polydimethylsiloxanediol  containing  1–3% 
of methylvinylsiloxane units and styrene in a ratio of 
1 : 150–200, 3, as well as polydimethylmethyltrifluoro-
propylsiloxanes 4.

Silicon dioxide (pyrogenic or precipitated), carbon 
black, quartz sand, or pigment titanium dioxide are usually 
used as fillers [8, 9]. Organic peroxides, diphenylguanidine, 
tetraethoxysilane, silicon or organometallic compounds 
consisting of at least three functional groups are used 
as  vulcanizing  agents  [10]. Salts  of metals  (Sn, Pb, Ti, 
Cr, Zn, etc.) and carboxylic acids, most often diethyl 
dicaprylate, dibutyl dicaprylate and dibutyl tin dilaurate 
are usually used as curing catalysts [11–13]. In this case, 
the performance of organosiloxanes in air is determined 
by temperatures in the range of 250–300°C [14–16]. In 
order to increase this temperature range, polysiloxanes 
containing  phenyl  and  trifluoropropyl  radicals  or, 
more often, so-called superstructural polymers—
block copolymers with a ladder structure—are usually 
used [16, 17]. However, since polymer materials are 
flammable,  in  order  to  increase  the  heat  resistance  and 
fire safety of silicone compositions, mineral fillers such as 
oxides, hydroxides, halides, oxyhalides, and carbonates 
of metals—Ni, Co, Al, Sn, Fe, Cr, Ti—are used as a rule. 
Zirconium and calcium silicates, aluminosilicates, etc., or 

organic fillers, such as nitrogen-, boron-, phosphorus- and 
halogen-containing organic compounds, for example, 
melamine, phosphorus-containing diols and polyols can 
also be used [17, 18].

The  use  of  azo  compounds  in  addition  to  metal 
oxides is known to increase the thermal stability of 
silicone materials [19, 20]. However, the use of nitrogen-
containing organosilicon compounds for these purposes 
is unknown. There is only a report on the use of 
γ-aminopropyltriethoxysilane as a modifier to increase the 
adhesion of silicone and natural rubbers to glass and plastics 
upon low-temperature vulcanization of rubber [21].

The simultaneous combination of heat-resistant and 
fire-resistant properties  in one material  is  an  important 
objective, so it seemed viable to study the possibility of 
using nitrogen-containing organosilicon compounds, in 
order to create heat- and fire-resistant filling compositions 
to seal high-voltage and high-frequency equipment.

EXPERIMENTAL

The basis for creating the compound was a linear low-
molecular polyorganosiloxane rubber—styrosil—a graft 
copolymer of α,ω-polydimethylsiloxanediol 3 containing 
methylvinylsiloxane units, and styrene with a viscosity of 
8–12 Pa·s. A mixture of ethyl silicate or tetraethoxysilane 
with dibutyltin oxide or with tin diethyl dicaprylate with 
the addition of a nitrogen-containing organosilicon 
compound was used as a vulcanizing agent (Table 1).
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Scheme 1. Some linear low molecular weight organopolysiloxane rubbers with molecular weight from 25000 to 100000 containing 
end silanol groups
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Table 1. Used nitrogen-containing organosilicon compounds

Substance Manufacturer, country of origin Reference to production 
procedure

Styrosil
(low molecular weight polymer styrosil) NIISK1, St. Petersburg, Russia –

Ethyl silicate
(ethyl silicate-40, grade A, premium grade)
(ethyl silicate-32)

EKOTEK Chemical Components Plant2, Russia –

Tetraethoxysilane (tetraethoxysilane, grade A, 98.5%) EKOTEK Chemical Components Plant, Russia –

Dibutyltin oxide (dibutyltin oxide, 98%) Acros Organics3, Belgium –

Tin diethyl dicaprylate
(catalyst 230-15—solution of tin diethyl dicaprylate 
in ethyl silicate-32)

EKOTEK Chemical Components Plant, Russia –

g-Aminopropyltriethoxysilane
(3-aminopropyltriethoxysilane, 99%) Acros Organics, Belgium –

Diethylcarbamic acid trimethylsilyl ester – [22]

Glycidyl methacrylate (glycidyl methacrylate, 97%, 
stable) Acros Organics, Belgium –

Triethoxysilane (triethoxysilane, 95%) Acros Organics, Belgium –

Diethylcarbamic acid triethoxysilyl ester – Diss. Dr. Sci. (Chem.) 
of L.O. Belova4

Methyl formate (methyl formate, 97%) Acros Organics, Belgium –

1  https://fgupniisk.ru/. Accessed April 03, 2024.
2   https://www.eko-tec.ru/. Accessed April 03, 2024.
3  https://www.thermofisher.com/ru/ru/home/chemicals/acros-organics.html. Accessed April 03, 2024.
4  Belova L.O. New approaches to the synthesis and application of diazot-containing organosilicon compounds: Diss. Dr. Sci. (Chem.). Moscow: 

2011. 283 p. (in Russ.).

Infrared (IR) spectra were recorded on a Nicolet 7600 
spectrometer (Thermo Fisher Scientific, USA) in petroleum 
jelly or in a thin layer. Elemental analysis was carried 
out using a FLASH EA 1112 instrument (Italy).  
Differential  scanning  calorimetry  was  carried  out  on 
a  differential  scanning  calorimeter  DSC-822e  (Mettler 
Toledo, Switzerland) at a heating rate of 10 deg/min. The 
dielectric properties were measured using a Novocontrol 
Alpha-A  impedance  analyzer  (Novocontrol 
Technologies, Germany) and a ZGS Alpha Active 
Sample Cell (Novocontrol Technologies, Germany) with 
gold disk electrodes with a diameter of 20 mm. The 
measurements were performed in the frequency range of 
10−1–106 Hz. The mechanical properties of the samples  
 

were determined using a universal testing machine 
AGS-10kNG (Shimadzu Corporation, Japan). The 
samples used to determine the tensile strength and 
elongation at break were strips with a working part size 
of 3 × 20 mm. The stretching speed was 10 mm/min. 
The dynamic viscosity was determined using a Haake 
Viscotester C rotational viscometer (Thermo Electron 
Corporation, USA).

All starting compounds were thoroughly dried and 
purified by distillation before use. Synthetic operations, 
isolation and sampling for the analysis of compounds 
were carried out in a dry nitrogen atmosphere. 
Table 2 shows chemical formulas, names, and codes for 
used nitrogen-containing organosilicon compounds.

https://fgupniisk.ru/
https://www.eko-tec.ru/
https://www.thermofisher.com/ru/ru/home/chemicals/acros-organics.html
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Table 2. Used nitrogen-containing organosilicon compounds

Chemical formula Name Code

(EtO)2Si(CH2)3NHC(O)O 2,2-Diethoxy-1,6,2-oxaazasilepan-7-one Product 111-269

(EtO)3Si(CH2)3NHC(O)H γ-(Triethoxysilylpropyl)-formamide Product 111-300

(EtO)3SiOCH2CH(NEt2)CH2OC(O)C(Me)=CH2
2-(Diethylamino)-3-[(triethoxysilyl)oxy]propyl-2-

methacrylate ESAM

(EtO)3Si(CH2)3NHC(O)OSi(OEt)3 Triethoxysilyl ester of γ-triethoxysilylpropyl-carbamic acid OSU

2,2-Diethoxy-1,6,2-oxaazasilepan-7-one (product 
111-269). A mixture of 15 g (0.07 mol) of 
γ-aminopropyltriethoxysilane and 12.83 g (0.07 mol) of 
diethylcarbamic acid trimethylsilyl ester was heated using 
a  total  refluxing head until  the  release of diethylamine 
and ethoxytrimethylsilane ceased. Product 111-269, 
14.9  g  (97%) was  isolated  by means  of  vacuuming  in 
the form of a viscous oily substance, refractive index 
nD

20  1.4459.  IR  spectrum  (ν,  cm−1): 1690 (C=O); 
3310  (N–H).  Found,  %:  C  43.81;  H  7.82;  N  6.39. 
C8H17O4NSi. Calculated C 47.96; H 9.77; N 7.99. In the 
dissertation of O.V. Belova (Footnote 4): nD

20 1.4459. IR 
spectrum (ν, cm−1): 1680 (C=O); 3310 (N–H).

3-(Diethylamino)-2-[(triethoxysilyl)oxy]propyl-
2-methacrylate (ESAM). Diethylcarbamic acid 
triethoxysilyl ester, 15.9 g (0.057 mol) was slowly 
added  to  8.1  g  (0.057  mol)  of  glycidyl  methacrylate. 
The reaction mixture was stirred at 55°C for 6 h. 
ESAM,  17.22  g  (80%)  was  isolated  by  means  of 
vacuuming at 1 mm Hg within 1 h in the form of a non-
distillable liquid, nD

20  1.4255.  IR  spectrum  (ν,  cm−1): 
1690 (C=O); 1640 (C=C). Found, %: C 54.15; H 9.45; 
N 3.91. C17H35O6NSi.  Calculated  C  54.08;  H  9.34;  
N 3.70.

Triethoxysilyl  ester  of  γ-triethoxysilylpropy l- 
carbamic acid (OSU). A mixture of 141.6 g (0.64 mol) 
of  γ-aminopropyltriethoxysilane  and  105  g  (0.64  mol) 
of triethoxysilane was heated to 45°C, and carbon 
dioxide was introduced with stirring for a period of 
12 h. OSU, 245.5 g  (96%) was obtained by  evacuation 
at 1 mm Hg within 1 h in the form of a non-distillable 
liquid, nD

20 1.4244. IR spectrum (ν, cm−1): 1690 (C=O); 
3340  (N–H).  Found,  %:  C  44.85;  H  8.85;  N  3.31. 
C16H37O8NSi2. Calculated C 44.94; H 8.7; N 3.27.

γ-(Triethoxysilylpropyl)  formamide  (product 
111-300). 23.4 g (0.11 mol) of γ-aminopropyltriethoxysilane 
and 6.6 g (0.11 mol) of methyl formate were placed in 

a  flask  equipped with  a  thermometer  and  a  distillation 
column head. The reaction mixture was heated. After 
separating the released methyl alcohol, distillation of the 
still  bottom  gave  23.84  g  (86.9%)  of  product  111-300, 
boiling  point  146–147°С  (2  mm  Hg),  nD

20 1.4390. 
IR  spectrum  (ν,  cm−1):  1680  (C=O);  3310  (N–H). 
Found,  %:  C  48.07;  N  9.30;  N  5.40.  C10H23O4NSi. 
Calculated C 48.16; H 9.31; N 5.61.

RESULTS AND DISCUSSION

We had previously conducted research on the possibility 
of using nitrogen-containing organosilicon compounds 
as catalysts for the curing of silicone rubbers [24, 25]. 
The resulting coatings possessed frost resistance, high 
dielectric properties, increased mechanical and electrical 
strength, and adhesion. However, they turned out to be 
flammable  which  did  not  always  make  it  possible  for 
them to be used, especially in the electrical insulation of 
power and radio equipment.

Continuing  these  studies,  first  of  all  product 
111-269  (2,2-diethoxy-1,6,2-oxaazasilepan-7-one)  and  
ethyl silicate-40, which had worked well previously,  
were used as a hardener. Then a number of other  
first  synthesized  nitrogen-containing  organosilicon 
compounds were used (Table 1). ESAM was 
synthesized  using  diethylcarbamic  acid  triethoxysilyl 
ester (Scheme 2). OSU was obtained by 
N-siloxycarbonylation (Scheme 3), and product 111-300 
was obtained by formylation (Scheme 4).

Two  compositions  were  used  as  fillers:  a  mixture 
containing Aerosil  (filler  based  on  hexabromobenzene 
(GB filler),  see  composition  in Table 3)  and a mixture 
without  Aerosil  (filler  based  on  hexabromobenzene 
(DB filler), see composition in Table 4). The results of 
testing  the  compositions  using  a  range  of  vulcanizing 
agents and fillers are presented in Tables 5–11.
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CH2 CHCH2OCC CH2

O CH3

O

+ (C2H5)2NCOSi(OC2H5)3

O

(C2H5)2NCH2CHCH2OCC CH2

CH3

O

(C2H5O)3SiO

Scheme 2. Preparation of 3-(diethylamino)-2-[(triethoxysilyl)oxy]propyl-2-methacrylate (ESAM) using triethoxysidyl ester  
of diethylcarbamic acid

(C2H5O)3Si(CH2)3NH2 + CO2 + HSi(OC2H5)3 (C2H5O)3Si(CH2)3NHCOSi(OC2H5)3

O

Scheme 3. Preparation of triethoxysilyl ester of γ-triethoxysilylpropylcarbamic acid (OSU) by N-siloxycarbonylation

(C2H5O)3Si(CH2)3NH2 + CH3OCH

O

– CH3OH
(C2H5O)3Si(CH2)3NHCH

O

Scheme 4. Preparation of γ-(triethoxysilylpropyl) formamide (product 111-300) by formylation

Table 3. Composition of the filler based on hexabromobenzene (GB filler)

Substance Weight parts

Hexabromobenzene 49.5

Melamine 30.0

Aluminum hydroxide (pure) 14.0

Calcium carbonate 6.0

Aerosil 200 0.5

Table 4. Composition of the filler based on decabromodiphenyl oxide (DB filler)

Substance Weight parts

Decabromodiphenyl oxide 47.8

Melamine 31.4

Aluminum hydroxide (pure) 14.8

Calcium carbonate 6.0
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Table 5. Influence of the type of filler and the degree of its filling on the viscosity of rubber, the physical and mechanical properties  
of the vulcanizate, and the ability to self-extinguish. Hardener, weight parts (wt.p.): ethyl silicate-40, 2.6; dibutyltin oxide, 0.025

Parameter Value

Stirosil (9.0 Pa·s), wt.p. 100 100 100 100 100 100 100 100 100

DB filler, wt.p. – 30 – 40 – 50 – 60 –

GB filler, wt.p. – – 30 – 40 – 50 – 60

Dynamic viscosity, Pa·s 9.0 13.5 16.6 18.3 21.5 28.3 33.0 35.0 38.0

Viability at 20°C, min >120 40 40 40 40 40 40 30 30

Tensile strength, MPa 2.45 2.55 1.86 2.45 2.06 1.18 0.98 2.45 2.06

Relative elongation, % 120 110 100 85 120 85 110 105 80

Compression module at 20°С, MPa 2.94 – – 2.45 – 2.84 – 3.14 –

Crystallization temperature, °С −60 – – −60 – −60 – −60 –

Dielectric constant at 103 Hz, 20°С 3.2 – – 3.2 – 3.4 – 3.5 –

tg δ* at 103 Hz, 20°С 0.002 – – 0.0051 – 0.0087 – 0.0073 –

Self-extinguishing, s – 2 2 1.6 1.5 1.5 1.5 1.5 2

Electrical strength, kV/mm 35 – – 40 – 38 – 33 –

*tg δ (dielectric loss tangent) is defined as the ratio of the active component of the leakage current through the insulation to its reactive 
component.

Table 6. Influence of the curing system on the technological and physicomechanical properties of the compound. Hardener (2 wt.p. — 100%):  
tetraethoxysilane — 80%; product 111-269 — 20%; tin diethyldicaprylate — 0.02%

Parameter Value

Stirosil (3.3–9.0 Pa·s), wt.p. 100

DB filler, wt.p. –

GB filler, wt.p. –

Dynamic viscosity, Pa·s 8–9

Viability at 20°C, min 120

Tensile strength, MPa 1–2.7

Relative elongation, % 70–210

Compression module at 20°С, MPa 1.96–2.94

Curing time at 20°С, day 1–2

Crystallization temperature, °С −60



300 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(4):293–309

Using nitrogen-containing organosilicon compounds in the creation of heat- and fire-resistant 
filling compositions to seal high-voltage and high-frequency equipment

Alexey D. Kirilin,  
et al.

Table 6. Continued

Parameter Value

Dielectric constant at 103 Hz, 20°С 3.6

tg δ at 103 Hz, 20°С 0.002

Self-extinguishing, s –

Electrical strength, kV/mm 24–30

Heat resistance, °С 150

Table 7. Influence of the curing system on the technological and physicomechanical properties of the compound. Hardener, 2 wt.p.: 
tetraethoxysilane — 80%; ESAM — 20%; tin diethyldicaprylate — 0.02%

Parameter Value

Stirosil (3.3–9.0 Pa·s), wt.p. 100 100 100 100 100

DB filler, wt.p. – – 40 50 60

GB filler, wt.p. – 30 – – –

Dynamic viscosity, Pa·s 9.0 16.6 18.3 28.3 35.0

Viability at 20°C, min 120 120 120 90 90

Tensile strength, MPa 2.16 1.96 2.26 2.35 2.06

Relative elongation, % 113 100 120 90 90

Compression module at 20°С, MPa  2.75 3.14 2.75 2.65 3.04

Curing time at 20°С, day 1 1 1 1 1

Crystallization temperature, °С −60 −60 −60 −60 −60

Dielectric constant at 103 Hz, 20°С 3.2 3.2 3.3 3.4 3.5

tg δ at 103 Hz, 20° 0.0018 0.0039 0.0047 0.0104 0.0072

Self-extinguishing, s – 2 2 1 1.6

Electrical strength, kV/mm 27 30 30 – 40

Heat resistance, °С 150 – – – –
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Table 8. Influence of the curing system on the technological and physicomechanical properties of the compound. Hardener, 2 wt.p.: 
ESAM — 20%; tin diethyldicaprylate — 0.03%

Parameter Value

Stirosil (3.3–9.0 Pa·s), wt.p. 100 100 100 100 100

DB filler, wt.p. – – 40 50 60

GB filler, wt.p. – 30 – – –

Dynamic viscosity, Pa·s 9.0 16.6 18.3 28.3 35.0

Viability at 20°C, min 120 90 90 90 60

Tensile strength, MPa 1.27 1.37 1.47 1.47 1.47

Relative elongation, % 250 150 180 170 130

Compression module at 20°С, MPa 2.16 2.16 2.45 2.75 2.84

Curing time at 20°С, day 1–2 1 1 1 1

Crystallization temperature, °С −60 −60 −60 −60 −60

Dielectric constant at 103 Hz, 20°С – 3.2 3.3 3.4 3.4

tg δ at 103 Hz, 20°С – 0.0052 0.0053 0.0074 0.0083

Self-extinguishing, s – – 2 – –

Electrical strength, kV/mm – – 36 – –

Table 9. Influence of the curing system on the technological and physicomechanical properties of the compound. Hardener, 2–3 wt.p.: 
product 111-300 — 100%; tin diethyldicaprylate — 0.02%

Parameter Value

Stirosil (3.3–9.0 Pa·s), wt.p. 100 100 100

DB filler, wt.p. 40 50 60

Dynamic viscosity, Pa·s 18.3 28.3 35.0

Viability at 20°C, min 40 40 30

Tensile strength, MPa 2.55 – 2.35

Relative elongation, % 90 – 80
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Table 9. Continued

Parameter Value

Compression module at 20°С, MPa  2.45–3.43 2.45–2.94 2.55–2.84

Curing time at 20°С, day 1 1 1

Crystallization temperature, °С −60 −60 −60

Dielectric constant at 103 Hz, 20°С 3.4 – 3.5

tg δ at 103 Hz, 20°С 0.0050 – 0.0184

Self-extinguishing, s 1 2 2

Electrical strength, kV/mm 36 – –

Heat resistance, °С 180 – –

Table 10. Influence of the curing system on the technological and physicomechanical properties of the compound. Hardener, 2 wt.p: 
tetraethoxysilane — 80%; ESAM — 20%; tin diethyldicaprylate — 0.02%

Parameter Value

Stirosil (3.3–9.0 Pa·s), wt.p. 100 100 100*

DB filler, wt.p. – 40 40

GB filler, wt.p. 30 – –

Dynamic viscosity, Pa·s 16.6 18.3 18.3

Viability at 20°C, min 120 120 0.5

Tensile strength, MPa 2.35 2.35 –

Relative elongation, % 100 120

Compression module at 20°С, MPa  2.84 3.24 2.55–2.84

Curing time at 20°С, day 1 1 1

Crystallization temperature, °С −60 −60 −60

Dielectric at 103 Hz, 20°С – 3.2 –
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Table 10. Continued

Parameter Value

tg δ at 103 Hz, 20°С – 0.006 –

Self-extinguishing, s 2 1–2 –

Electrical strength, kV/mm – 32 –

Heat resistance, °С 170 176 130

*3–4 wt.p. — 100%: tetraethoxysilane — 80%; ESAM — 20%; tin diethyldicaprylate — 0.02%.

Table 11. Influence of the curing system on the technological and physicomechanical properties of the compound. Hardener, 2–3 wt.p.: 
OSU — 100%; tin diethyldicaprylate — 0.02%

Parameter Value

Stirosil (3.3–9.0 Pa·s), wt.p. 100 100 100

DB filler, wt.p. – 40 40

GB filler, wt.p. 30 – –

Dynamic viscosity, Pa·s 17.5 18.3 18.3

Viability at 20°C, min 90 90 90

Tensile strength, MPa 2.45 2.75 2.75

Relative elongation, % 170 210 210

Compression module at 20°С, MPa  3.63 3.92 3.92

Curing time at 20°С, day 1 1 1

Crystallization temperature, °С −60 −60 −60

Dielectric constant at 103 Hz, 20°С 3.2 3.2 3.2

tg δ at 103 Hz, 20°С 0.0006 0.0007 0.0007

Self-extinguishing, s 0.7 0.5 0.5

Electrical strength, kV/mm 31 35 35

Heat resistance, °С 180 190 190
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Table 12. Effect of the curing system [ESAM + tin diethidicaprylate] on the properties of rubber vulcanizates

Parameter Value

ESAM 3 wt.p.

Tin diethyldicaprylate, wt.p. 0.164 0.02 0.016 0.005 0.004 0.003 0.002

Stirosil (9.0 Pa·s), wt.p. 60 60 60 60 60 60 60

DB filler, wt.p. 40 40 40 40 40 40 40

Viability at 20°C, min No <10 30 60 90 90 120

Curing time at 20°С, day 0.33 0.5 1 <24 <24 24 24

Table 13. Influence of the curing system [ESAM + tin diethidicaprylate on the properties of rubber vulcanizates]

Parameter Value

Tin diethyldicaprylate, wt.p. 0.003

ESAM, wt.p. 2 3 5 8

Stirosil (9.0 Pa·s), wt.p. 60 60 60 60

DB filler, wt.p. 40 40 40 40

Viability at 20°C, min 120 90 90 60

Tensile strength, МPа 1.67 1.47 1.47 –

Relative elongation, % 160 185 180 –

Curing time at 20°С, day 48 24 24 48

The results presented (Tables 5–11) clearly indicate 
that self-extinguishing, i.e., decay time after removal 
from the flame, s, of the filled compositions, regardless 
of the amount of filler used (30–60 wt.p.), attained value 
1–2 s, while their heat resistance increased at the same 
time from 150 to 180°C.

The data obtained (Tables 5–11) on tensile strength, 
relative elongation and compression modulus shows 

that  the  introduction of filler has virtually no effect on 
the mechanical properties of the polymer, as well as on 
the  crystallization  temperature  of  the  compositions.  In 
addition,  it  is  clearly  shown  that  GB  filler,  compared 
to  DB  filler,  increases  the  polymer  system  viscosity 
to a greater extent (apparently due to the presence of 
aerosil), while  the degree of filling significantly affects 
the increase in viscosity. For example, with a viscosity 
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Fig. 1. Temperature dependence of tgδ and ɛ’ on the type of hardener at a frequency of 1000 Hz. Hardener:  
●●● ethyl silicate 40 + dibutyltin oxide; ххх product 111-300; ▲▲▲ tetraethoxysilane + ESAM; ○○○ OSU; ⁕⁕⁕ ESAM
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Fig. 2. Temperature dependence of tgδ and ɛ’ on the amount of hardener ESAM at a frequency of 1000 Hz:  
●●● 2; ххх 3; and ▲▲▲ 5 wt.p. hardener per 100 wt.p. polymer

of  the  original  rubber  of  9.0  Pa·s,  the  introduction  of 
40 wt.p. of a filler increases its value approximately by 
a  factor of 2, while using 60 wt.p. of a filler, viscosity 
becomes  equal  to  35.0  Pa·s.  The  constant  value  of 
the  compositions  crystallization  temperature  can  be 
explained by  the  inertness of  the fillers with  respect  to 
styrosil.

When studying the dielectric properties of the resulting 
compositions,  which  characterize  the  behavior  of  the 
material in an electric field, the dielectric constant (ɛ’), 
dielectric  losses  (tgδ)  and  electrical  strength  (Es) were 
considered in detail. They depend on the compound 
operating conditions and are closely related to the 
macrochain chemical composition and structure. From 
the results obtained it is clear that a wide asymmetric 
maximum of dipole-segmental losses can be observed 
in  the  temperature  range  from  −90  to  −130°C  (at 
a frequency of 1000 Hz) (Fig. 1). The asymmetry of the 
tgδ maximum appears to be due to the influence of the 
supramolecular  organization  on  the  polymer  electrical 
properties. As a rule, this effect is especially pronounced 
for crystallizing polymers: something which we observed 
for this composition. In contrast, in the temperature 

range  from −90  to  +100°С,  the  value  of  the  dielectric 
loss tangent remains practically unchanged and is about 
0.005, which allows us to recommend its use at high 
frequencies in this temperature range.

The  influence of  the brand and amount of hardener 
on the value of the dielectric loss tangent (Fig. 2) is 
manifested both in the region of positive temperatures (as 
the amount of hardener increases, losses increase 
slightly, since the polar component amount increases) 
and in the region of subzero temperatures (fluctuations in 
tgδmax values and relaxation time spectrum are observed, 
apparently due to the influence of functional groups on 
molecular mobility).

However, the differences observed in the dependence 
of  the dielectric  loss  tangent  tgδ on  temperature are so 
small that they can be neglected for the practical use of 
the compound. At the same time, the dielectric properties 
of  the  filled  compositions  change  somewhat  with  an 
increase  in  the  tgδ  value.  For  compositions  containing 
up  to  40 wt.p.  of  filler,  the  tgδ  value  does  not  exceed 
0.005,  and  at  a  higher  degree of filling,  it  increases  to 
0.01, exceeding the permissible value for a high-voltage, 
high-frequency dielectric.
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Thus, after the introduction of fillers, a compound 
using nitrogen-containing organosilicon compounds 
as part of the curing system retains high dielectric 
properties, increased electrical and mechanical 
strength and frost resistance. This is characteristic of 
high-voltage and high-frequency compounds. At the 
same  time,  the  compound  acquires  non-flammable 
properties with a simultaneous increase in heat 
resistance.

CONCLUSIONS

The study shows that the use of synthetically available 
nitrogen-containing organosilicon compounds— 
3-(diethylamino)-2-[(triethoxysilyl)oxy]propyl-2-methacrylate  
and triethoxysilyl ester of γ-triethoxysilylpropylcarbamic 
acid—as part of a curing system together with 
bromine-containing  fillers  makes  it  possible  for 
compounds to be obtained to fill high-voltage and high-
frequency transformers, throttles and other elements 
of  radio-electronic  equipment  with  non-flammable  

properties, while simultaneously increasing heat 
resistance.

The physicomechanical and dielectric properties 
of a self-extinguishing organosilicon compound were 
studied, showing that it is manufacturable, has a high 
fire  resistance  (no more  than  10  s)  and  increased  heat 
resistance  (up  to  180°C).  The  compound  retains  high 
dielectric  properties  (tgδ  no  more  than  0.005)  and 
electrical strength (not less than 25 kV/mm), good 
mechanical properties (tensile strength not less than 
1.5 MPa) with high elasticity (relative elongation not 
less than 140%).
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Abstract
Objectives. To synthesize Pt-containing derivatives of natural chlorins as potential agents for the combination therapy in oncology. 
Platinum compounds are known to occupy an important place as chemotherapeutic agents in the treatment of oncological diseases. 
However, Pt(II) complexes are highly toxic to the body and are not selectively accumulated in tumor cells. If photodynamic and 
chemotherapy methods are combined in a single drug, the pigments are responsible for the selectivity of conjugate accumulation in the 
tumor, while a chemotherapeutic agent based on Pt(II) complexes is responsible for the cytotoxic effect on tumor cells. This will not 
affect healthy cells and thereby minimize the systemic toxicity of the drug to the body.
Methods. Methods for the synthesis of pyridine-containing derivatives of natural chlorins and their metal complexes for use 
as potential binary agents in oncology were applied. As part of the study, the structures of the compounds obtained were confirmed 
by mass spectrometry, nuclear magnetic resonance spectroscopy, ultraviolet spectroscopy, and high-resolution chromatography-mass 
spectrometry. Preparative methods, including thin-layer and column chromatography, centrifugation and recrystallization, were used 
to isolate and purify the compounds obtained.
Results. Platinum(II) complexes of pyridine-containing derivatives of natural chlorins were obtained for application in combination 
therapy in oncology. The schemes for synthesizing the target photosensitizers were optimized, in order to increase the yields and for 
subsequent transfer to industrial sites.
Conclusions. It was found that pyridine-containing derivatives of natural chlorins could be obtained in high yields, that they possess 
chelating properties for platinum, and can be considered as binary agents in cancer therapy after successful preclinical trials.
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НАУЧНАЯ СТАТЬЯ

Комплексы платины(II) на основе производных 
природных хлоринов с пиридинсодержащими 
хелатными группами: прототипы лекарств 
для комбинированной терапии в онкологии
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Аннотация
Цели. Целью настоящей работы является синтез Pt-содержащих производных природных хлоринов как потенциальных агентов 
для комбинированной терапии в онкологии. Известно, что соединения платины в качестве химиотерапевтических агентов зани-
мают важное место в лечении онкологических заболеваний. Однако комплексы Pt(II) высокотоксичны для организма и не об-
ладают селективностью накопления в опухолевых клетках. При комбинировании методов фотодинамической и химиотерапии 
в составе одного препарата пигменты будут отвечать за селективность накопления конъюгата в опухоли, а химиотерапевтиче-
ский агент на основе комплексов Pt(II) — за цитотоксический эффект в отношении опухолевых клеток, не затрагивая здоровые 
клетки и, тем самым, минимизируя системную токсичность препарата на организм.
Методы. В работе реализованы методы синтеза пиридинсодержащих производных природных хлоринов и их металлокомплексов для 
применения их в качестве потенциальных бинарных агентов в онкологии. В ходе выполнения работы структуры полученных соедине-
ний были подтверждены методами масс-спектрометрии, спектроскопии ядерного магнитного резонанса, ультрафиолетовой спектро-
скопии, а также хромато-масс-спектрометрии высокого разрешения. При выделении и очистке полученных соединений применялись 
препаративные методы, включая тонкослойную и колоночную хроматографию, центрифигурование и перекристаллизацию.
Результаты. Получены комплексы платины(II) пиридинсодержащих производных природных хлоринов с целью их приме-
нения в комбинированной терапии в онкологии, а также оптимизированы схемы синтеза целевых фотосенсибилизаторов для 
увеличения их выходов и последующего трансфера на промышленные площадки.
Выводы. Установлено, что пиридинсодержащие производные природных хлоринов обладают хелатирующими свойствами 
в отношении платины, могут быть получены с высокими выходами и после успешных доклинических испытаний могут рас-
сматриваться как бинарные агенты в терапии рака.

Ключевые слова
фотодинамическая терапия, хлорины, бактериохлорины, комплексы платины, 
фотосенсибилизатор, комбинированная терапия, пиридины
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INTRODUCTION

Chemotherapy is one of the primary and most efficient 
methods of cancer treatment [1]. Its main advantage is 
the direct cytotoxic effect of chemotherapeutic drugs 
on tumor cells. However, these drugs feature many of 

1 Ostroverkhov P.V. Theranostics based on natural chlorins for non-invasive diagnostic methods and therapy in oncology: Diss. Cand. 
Sci. (Chem.). Moscow: 2022, 115 p.

side effects due to their effect on normal cells [2, 3]1. 
Platinum-based antitumor drugs occupy an important 
place in cancer chemotherapy, both in monotherapy, 
and as part of combination therapy. However, they 
cause serious side effects and are not always efficient 
due to the drug resistance of tumor cells. Therefore, 

mailto:n-kirin97@mail.ru
https://doi.org/10.32362/2410-6593-2024-19-4-310-326
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significant efforts on the part of drug developers are 
aimed at creating platinum-containing drugs with higher 
selectivity of action.

Over past decades, platinum-based mixed-ligand 
complexes have been produced and their biological 
activity has been studied (Fig. 1). Since the discovery of 
the cytotoxic effect of platinum by Rosenberg in 1964 [4] 
about 30 drugs have undergone clinical trials. Of the 
drugs studied, in addition to Cisplatin, only Carboplatin 
and Oxaliplatin are used in clinical practice. Other drugs 
are used locally. For example, nedaplatin has been 
approved in Japan for the treatment of various types of 
cancer; Lobaplatin is used in China for the treatment of 
metastatic breast cancer, chronic myeloid leukemia, and 
small cell lung cancer; and Heptaplatin is used in Korea 
to treat stomach cancer [5].

The mechanism of the action of platinum-group 
drugs involves internalization into the cell where they 

undergo hydrolysis before binding to purine bases in 
DNA, formation of cross-links between DNA branches, 
and initiation of the cell apoptosis process. The formation 
of cross-linked adducts leads to disruption of DNA 
expression (Fig. 2).

The use of photodynamic therapy in combination 
with chemotherapy has shown a high degree of efficiency 
both in in vitro and in vivo studies, and in clinical 
practice. Analysis of publications distinguishes two 
approaches. The first involves the use of photodynamic 
therapy (PDT) and chemotherapy with various variants 
of their combination, while in the second approach, new 
combination drugs have been developed [6].

In the monotherapy regimen, PDT and chemotherapy 
have their own drawbacks and limitations. In clinical 
practice, combination therapy is currently being widely 
used, in order to enhance the efficiency of antitumor 
treatment by using two different methods of affecting the 

Cisplatin

Nedaplatin HeptaplatinLobaplatin

OxaplatinCarboplatin

Fig. 1. Structure of platinum complexes

Leaving ligands

Non-cleavable ligands

Hydrolysys in the cell

Fig. 2. Simplified mechanism of action of platinum preparations in the cell
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tumor. This multimodal approach allows for synergistic 
effects and better healing results.

Tae-Gyu et al. estimated the combined effects of 
Cisplatin chemotherapy and PDT on EMT6 breast 
carcinoma in in vivo experiments using Nude mice [7].

Kaplan et al. presented data on the efficiency of the 
combined treatment of rats with M-1 sarcoma using 
Photolon and Cisplatin as photodynamic and cytotoxic 
agents [8]. The authors used various treatment regimens 
and drug doses. The treatment effect was assessed 
by the absolute rate of tumor growth, inhibition of 
tumor growth, and complete tumor regression. The 
most efficient treatment regimen was found to involve 
photodynamic therapy with irradiation 2 h after 
photosensitizer administration followed by Cisplatin 
1 and 4 days after PDT with a total chemotherapeutic 
agent dose of 2.5 mg/kg. By the end of the study, 
complete regression of the tumor was observed in 88.9% 
of the animals, and inhibition of tumor growth was 
observed in the vast majority of tumor-bearing animals. 
The results of the study allowed the authors to conclude 
that the combination of photodynamic therapy with 
Cisplatin therapy is more efficient than monotherapy 
since it leads to a synergistic effect and helps reduce the 
dose of Cisplatin.

One of the first examples of the preparation of 
conjugates of platinum and a photosensitizer was 
reported by Brunner et al. in 1994. They assumed that 
the selectivity of tumor treatment with Cisplatin could 
be enhanced by combining it with a protoporphyrin IX 
derivative, since the latter has some affinity for low-
density lipoprotein receptors. The resulting carboxylate 
complex of platinum and the protoporphyrin derivative 
exhibited a pronounced synergistic effect both in the 
dark and upon irradiation on MDA-MB-231 human 
breast cancer cells [9].

In later studies, Brunner showed that the nature of the 
non-cleavable ligands bound to platinum strongly affected 
the anticancer activity of the entire conjugate [10–12].

In addition to protoporphyrins, synthetic porphyrins 
with pegylated substituents are also used for conjugation 
with platinum [13]. It is interesting to note that 
replacement of protoporphyrin with synthetic derivatives 
did not lead to significant changes in the antiproliferative 
properties of the conjugates on incubation with 
MDA-MB-231 cells.

Mao obtained new platinum-phthalocyanine 
conjugates based on silicon phthalocyanines with axial 
pyridine ligands for binding to Cisplatin [14]. The steric 
hindrance which can arise between axial ligands after 
complexation with Cisplatin prevents the aggregation 

2  Gordon A.J., Ford R.A. The Chemist’s Companion. New York: Wiley-Interscience; 1972.

of phthalocyanines, ensuring the preservation of 
photophysical characteristics and photodynamic activity.

In 2014, Springler et al. suggested tetrakis - 
(4-pyridyl)porphyrin containing four pyridyl moieties 
as a substance for complexation with platinum [15]. 
A number of porphyrin derivatives with various cis- and 
trans-platinum complexes showed significant toxicity 
to several tumor cell lines under irradiation. Among 
these, the conjugate with transplatin was found to be the 
most active. It showed a low level of dark cytotoxicity, 
while the photoinduced toxicity was in the nanomolar 
concentration range.

Later, Alberto et al. studied the effect of replacing 
the porphyrin ligand with a chlorin or bacteriochlorin 
ligand [16]. It was shown that, along with enhanced 
absorption in the long-wavelength region, the reduction 
of the porphyrin ligand decreased the hydrolysis rate 
of the conjugated platinum complex. This, in turn, can 
lead to a decrease in undesirable side toxicity which is 
related, among other things, to the rate of formation of 
platinum aqua complexes [17].

In 2021, Springler’s research team obtained 
a synthetic bacteriochlorin with an absorption maximum 
in the region of 750 nm containing pyridine moieties for 
complexation with platinum, as well as fluoro- and chloro-
substituted phenyl and sulfonamide groups for increasing 
resistance of the macrocycle to oxidation [18, 19]. In vitro 
studies of the activity of the resulting bacteriochlorins 
with platinum on various cell lines showed an increase in 
cytotoxicity by an order of magnitude, when compared 
to the metal-free bacteriochlorins.

MATERIALS AND METHODS

The solvents were purified and prepared according to 
the standard procedures2. The following reagents were 
used in the study: potassium hydroxide (Sigma-Aldrich, 
USA), hydrochloric acid (reagent grade) (Merck, 
Germany), N-methyl-N-nitrosourea (Sigma-Aldrich, 
USA), sodium periodate (Acros Organics, Belgium), 
osmium tetroxide (Tokyo Chemical Industry, Japan), 
ammonium acetate (Sigma-Aldrich, USA), sodium 
hydrosulfite (Sigma-Aldrich, USA), acetic acid (reagent 
grade) (ALDOSA, Russia), potassium carbonate (Merck, 
Germany), hydrazine hydrate (Sigma-Aldrich, USA), 
hydroxylamine hydrochloride (Sigma-Aldrich, USA), 
Cisplatin (Clearsynth, India), silver nitrate (Merck, 
Germany), diazabicycloundecene (Sigma-Aldrich, 
USA), isoniazid (Sigma-Aldrich, USA), trifluoroacetic 
acid (ALDOSA, Russia), and phenanthrolinediketone (Sigma-
Aldrich, USA). Thin layer chromatography (TLC) 
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was performed using TLC-Kieselgel 60 F254 and 
TLC Aluminumoxide 60 F254 neutral plates (Merck, 
Germany). Column chromatography was performed 
on Silica gel 60 (Merck, Germany). For preparative 
TLC, Aluminum oxide 60 G neutral (type E) and 
Silica gel 60 G (Merck, Germany) were used. Chromatography 
was carried out in the dichloromethane–methanol system 
in various ratios. Nuclear magnetic resonance (NMR) 
spectra were recorded in deuterochloroform on a DPX-300 
spectrometer (Bruker, Germany) with an operating 
frequency of 300 MHz. High-resolution mass spectra were 
recorded on an Orbitrap Elite mass spectrometer (Thermo 
Scientific, USA) and on a micrOTOF II instrument (Bruker, 
Germany) using еlectrospray ionization (ESI). Electronic 
absorption spectra were obtained on an Ultrospec 2100 Pro 
spectrophotometer (GE HealthCare, USA), in 10 mm thick 
quartz cells. All the spectral studies were performed at 
25°C. Sedimentation was carried out on a Hermle Z 206 A 
centrifuge (Hermle, Germany).

RESULTS AND DISCUSSION

In continuation of the studies described above performed 
by various research teams, this work obtained pyridine-
containing complexes of natural chlorins and their 
complexes with Pt(II) as prototypes of drugs for 
combined photodynamic and chemotherapy.

Bacteriopheophorbide (1) obtained from 
bacteriochlorophyll, which in turn was isolated by 
the standard method from Rhodobacter spheroids 
bacteria [20], was chosen as the initial compound. It was 
then converted into bacteriochlorin e6 by nucleophilic 
opening of the cyclopentanone ring by treatment with 
a solution of NaOH in acetone at 50°C for 1.5 h.

Bacteriochlorin e6 was converted to its trimethyl 
ester (2) by treatment with diazomethane (Scheme 1). 
The chromatographic mobility of the product increased 
significantly, enabling its chromatographic purification 
to be performed efficiently. Next, Schiff base (3) was 
prepared by treatment of compound (2) with isonicotinic 

1 2

3 4

Scheme 1. Preparation of bacteriochlorin e derivative with isoniazid and its complex with Pt(II). i: (1) NaOH, H2O/Acetone;  
(2) HCl, H2O/Acetone; (3) CH2N2, Et2O/CH2Cl2, 1 h; ii: isonicotinic acid hydrazide, TosOH, N,N-dimethylformamide (DMF), Ar, 
24 h; iii: Pt(NH3)2(H2O)Cl, DMF, 24 h
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acid hydrazide. The reaction was carried out in 
N,N-dimethylformamide (DMF) in an inert environment 
for 96 h using p-toluenesulfonic acid as the catalyst. 
Chromatography of the product (3) showed the presence 
of two compounds with similar retention coefficients Rf 
and identical molar masses, suggesting the formation of 
that syn- and anti-isomers.

Incorporation of an isonicotinic acid moiety leads 
to a hypsochromic shift of the main absorption band by 
15 nm (Fig. 3).

Next, a platinum complex of isonicotinyl-containing 
bacteriochlorin (4) was obtained by the reaction of 
compound (3) with Cisplatin in 5 : 1 ratio using an 
equimolar ratio (1 : 1) of silver nitrate to compound (3). 

Excess of Cisplatin was required, in order to increase 
the overall yield of the reaction, since platinum can be 
reduced during activation with silver nitrate. As a result 
of the reaction, silver chloride precipitated and was 
separated by centrifugation. The reaction was performed 
in an argon atmosphere for 48 h.

Analysis of the electronic absorption spectra 
showed that platinum is coordinated at the periphery 
of the macrocycle rather than the internal cavity of the 
latter (Fig. 4).

The structure of the resulting compound was 
confirmed by mass spectrometry (Fig. 5) where splitting 
of the molecular ion [M+H]+ 1118.3 Da matching the 
isotopic composition of platinum atoms was observed.
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In a similar way, we obtained a monopyridyl 
platinum complex of natural chlorin (Scheme 2). The 
starting compound was formylchlorin e6 (6) obtained 
by the Lemieux–Johnson reaction from trimethyl ester 
of chlorin e6 (5) using OsO4 and NaIO4 [21]. This 
method was used due to the presence of a vinyl group 
in pyrrole A, and mild oxidation reaction conditions 

which do not affect the chlorin macrocycle. The 
platinum complex of the monopyridyl derivative of 
chlorin e6 was prepared according to a scheme involving 
the preparation of enimine (7) followed by metalation 
with dichlorodiaminoplatinum.

The resulting metal complex (8) was characterized 
using chromatography-mass spectrometry (Fig. 6). Here 

5 6

7 8

Scheme 2. Preparation of a chlorin e6 derivative with isoniazide and its complex with Pt(II). i: NaIO4, OsO4, tetrahydrofuran (THF), 
1 h; ii: isonicotinic acid hydrazide, TosOH, DMF, Ar, 24 h; iii: Pt(NH3)2(H2O)Cl, DMF, 24 h
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a molecular ion peak M+ = 1024.3232 Da with isotopic 
splitting characteristic of platinum compounds was 
observed.

In the next experiment, a phenanthroline residue was 
introduced into the chlorin macrocycle as a chelating 
moiety. The Debus–Radziszewski condensation of 
formylchlorin e6 (6) with phenanthrolinedione was used 
to this end, resulting in the phenanthroline imidazole 
derivative of chlorin (9) [22–25]. The reaction was 
carried out in the presence of ammonium acetate in 
a chloroform-acetic acid mixture under reflux for 
24 h (Scheme 3).

Incorporation of an electron-acceptor substituent 
into pyrrole A leads to a bathochromic shift of the long-
wave absorption band of chlorin by 21 nm relative to the 

methyl ester of pheophorbide a and by 24 nm relative to 
the trimethyl ester of chlorin e6 (5) (Fig. 7).

Logical continuation for modifying the conjugate 
of chlorin with a phenanthrolinimidazole moiety 
is to incorporate a Pt atom on the periphery of the 
macrocycle by the reaction of the pigment with 
potassium tetrachloroplatinate refluxing in DMF 
for 18 h. The resulting metal complex (10) can be 
considered as a prototype of an antitumor drug with 
combined photodynamic and chemotherapeutic 
effects.

The binding of nitrogen atoms in the phenanthroline 
ring to the platinum cation caused a hypsochromic 
shift in the long-wavelength absorption band of the 
pigment (Fig. 8).

Scheme 3. Preparation of a chlorin e6 derivative with phenanthroline and its complex with Pt(II). i: phenanthrolinedione,  
CHCl3/AcOH, NH4OAc, reflux, 12 h; ii: K2[PtCl4], DMF/H2O, Ar, 18 h
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The mass spectrum of compound (10) exhibited 
a molecular ion peak [M+H]+ = 1097.260 Da and an 
accompanying isotope splitting characteristic of platinum 
compounds (Fig. 9).

Terpyridine was the next pyridine-containing 
chelating moiety used for complexation with 
platinum. Bacteriochlorin N-aminocycloimide methyl 
ester (11) [26] was the starting compound. It was reacted 
with bromotolyl terpyridine in tetrahydrofuran in the 
presence of diisopropylethylamine (Scheme 4). The 

substitution reaction occurs at the exocyclic primary 
amino group of the pigment, enabling the formation of 
mono- and disubstituted amines. In order to obtain the 
monosubstituted product (12), a molar ratio of reagents 
of 1 : 1 and dilution of the reaction mixture were used. 
A 2–3-fold excess of the alkylating agent was used [27] 
in order to obtain the disubstituted product.

Product (12) was purified using preparative TLC 
on neutral alumina since due to high polarity, the target 
pigments are “stretched” on the silica gel plate.
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Scheme 4. Preparation of the N-NH2-bacteriopurpurinimide derivative with terpyridine and its complex with Pt(II).  
i: 4'-(4-bromomethylphenyl)-2,2':6',2"- terpyridine, THF, reflux, 8 h; ii: K2[PtCl4], DMF/H2O, Ar, 75°C, 4 h
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In the case of monosubstituted bacteriochlorin, 
a hypsochromic shift is observed in the electronic 
absorption spectrum from 834 to 828 nm with respect to 
the parent compound (11). The 1H NMR spectra of both 
compounds contain characteristic signals of the protons 
in the pyridine rings of the tolyl terpyridine moiety in the 
region of 8 ppm.

The metallation of terpyridine-containing 
bacteriochlorin was carried out using potassium 
tetrachloroplatinate in DMF in the presence of a small 
amount of water. The progress of the reaction was 
monitored using analytical TLC on alumina, since the 
chromatographic mobility of the resulting metal complex 
decreases abruptly.

The electrospray ionization + high-resolution mass 
spectrometry (ESI-HRMS) showed a molecular ion 
peak with isotopic splitting characteristic of platinum 
compounds (Fig. 10).

Another way of incorporating a terpyridine 
moiety into a bacteriochlorin molecule involves the 
use of N-hydroxybacteriopurpurinimide oxime (14) 
synthesized previously in the Preobrazhensky 
laboratory of the Department of Chemistry and 
Technology of Biologically Active Compounds 
at the Lomonosov Institute of Fine Chemical 
Technologies (Scheme 5) [28]. The presence of two 
reaction centers in the molecule of the latter results in 
an ambiguous reaction. Due to enhanced acidity, the 
substitution reaction at the OH group of the exocycle 
occurs more readily (15), while replacement of the OH 

group of the oxime requires refluxing for 15 h to give 
the disubstituted reaction product (16) in 38% yield. 
The structure of the resulting compounds was reliably 
confirmed by a combination of physicochemical 
analytical methods.

Since the formation of the metal complex of 
compound (16) is difficult due to the steric properties of 
the molecule, mono-Pt-containing photosensitizer (17) 
was obtained by the method reported for the synthesis 
of compound (13) involving the use of potassium 
tetrachloroplatinate in DMF and heating.

The resulting complex (17) was characterized by 
electrospray ionization mass spectrometry (ESI-MS) 
where a molecular ion peak with isotopic splitting 
characteristic of platinum compounds was observed.

Thus, as a result of the work described above, 
pyridine-containing chelator groups such as residues 
of isonicotinic acid, phenanthroline, and terpyridine, 
which show affinity to the platinum atom and form 
stable complexes with it, were incorporated into the 
structure of natural chlorins. On the one hand, the 
resulting metal complexes can exhibit photodynamic 
activity on irradiation into the absorption band of the 
chlorin used. On the other hand, platinum complexes 
have a cytotoxic effect, alkylating DNA and exerting 
an antiproliferative effect. After conducting biological 
tests and confirming the synergistic effect, the metal 
complexes obtained can be considered as binary 
photosensitizers for photodynamic and chemotherapy 
in oncology. 
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Fig. 10. ESI-HRMS spectrum of compound (13)



320 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(4):310–326

Platinum(II) complexes based on derivatives of natural chlorins with pyridine-containing 
chelate groups as prototypes of drugs for combination therapy in oncology

Nikita S. Kirin,  
et al.

Scheme 5. Preparation of N-OH-bacteriopurpurinimide derivatives with terpyridine and its complex with Pt(II).  
i: 4'-(4-bromomethylphenyl)-2,2':6',2"- terpyridine, diazabicycloundecene (DBU), CHCl3, 1 h; ii: K2[PtCl4], DMF/H2O, Ar, 75°C, 4 h; 
iii: 4'-(4-bromomethylphenyl)-2,2':6',2"- terpyridine (2eq), DBU, CHCl3, 15 h
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EXPERIMENTAL

Bacteriochlorin trimethyl ester e6 (2). 
Bacteriopheophorbide a (1) (250 mg, 0.409 mmol) was 
dissolved in 28 mL of degassed acetone. The reaction 
mixture was degassed for 10 min in an ultrasonic bath, 
then argon was bubbled through it for 5 min with stirring. 
A degassed aqueous solution (28 mL) of potassium 
hydroxide (3.64 g, 0.065 mol) was added to the reaction 
mixture. Then the reaction mixture was heated in a water 
bath for 1.5 h at 51℃. The reaction progress was monitored 
by TLC on silica gel in the CH2Cl2 : MeOH (5 : 1) solvent 
system. Next, the reaction mixture was diluted with 
water and adjusted to pH 4.5 with hydrochloric acid. The 
precipitate formed was separated, an aqueous solution 
of hydrochloric acid with pH 4.6 was added, and the 
suspension was then centrifuged for 10 min (6000 rpm). 
The supernatant was removed and the procedure was 
repeated two more times. Then, 15 mL of a solution 
of freshly prepared diazomethane in diethyl ether was 
added. The reaction mixture was stirred for 1 h at room 
temperature (25℃). The reaction progress was monitored 
by TLC in the dichloromethane/methanol (50 : 1) system 
to give 160 mg (80%) of compound 2.

1H NMR (CDCl3, δ, ppm): 9.29 (s, 5-H), 8.69 (s, 10-H), 
8.63 (s, 20-H), 5.20 (s, 15-CH2

a), 5.16 (s, 15-CH2
b), 

4.38–4.15 (m, 7-H, 18-H, 17-H, 13-COOCH3), 3.76 (m, 
15-COOCH3), 3.67 (m, 8-H), 3.65 (s, 17-COOCH3), 
3.61 (s, 2-Me), 3.37 (s, 12-Me), 3.21 (s, 32-Me), 
2.38–1.92 (m, 171-CH2, 82-CH2

 , 172-CH2), 1.86 (d, 
J = 7.2 Hz, 7-Me), 1.67 (d, J = 7.1 Hz, 18-Me), 1.10 (t, 
J = 7.3 Hz, 83-Me), −1.12 (s, NH), −1.20 (s, NH).

Mass spectrum, m/z: [M+H]+; calculated for 
C37H44N4O7 + H: 656.32; obtained: 657.3. 

Conjugate of bacteriochlorin with isonicotinic 
acid (3). Bacteriochlorin e6 trimethyl ester (2) (62.4 mg, 
0.095 mmol), isonicotinic acid hydrazide (65.15 mg, 
0.475 mmol), and TosOH∙H2O (18.07 mg, 0.095 mmol) 
were dissolved in 2 mL of DMF, after which argon was 
bubbled through the solution for 15 min. The reaction 
mixture was stirred for 24 h at room temperature. The 
reaction progress was monitored by TLC on silica gel in 
the CH2Cl2:MeOH (100 : 1) solvent system. The product 
was purified using preparative TLC on neutral alumina 
in the dichloromethane/methanol solvent system (80 : 1) 
to give 49.6 mg (79.5%) of compound 3.

1H NMR (CDCl3, δ, ppm): 9.43 (s, 5-H), 8.77–8.66 
(m, N-CH-Nic), 8.37 (d, 20-H), 8.23 (m, CH-Nic), 
8.01 (s, NH-Nic), 5.40–5.05 (m, 151-CH2), 4.40–4.27 
(m, 7-H,17-H,18-H), 4.24 (s, 13-COOCH3), 3.78 (s, 
15-COOCH3), 3.71–3.67 (m, 8-H), 3.66 (s, 17-COOCH3), 
3.40 (s, 2-Me), 3.36 (s, 12-Me), 3.00 (s, 32-Me), 
2.46–1.97 (m, 82-CH2, 171-CH2, 172-CH2), 1.84 (d, 18-Me), 
1.71 (d, 7-Me), 1.06 (t, 83-Me), (−1.61)–(−1.31) (m, NH).

Mass spectrum, m/z: [M+H]+ calculated for 
C43H49N7O7 + H: 775.37; obtained: 776.3. 

Bacteriochlorin platinum complex (4). Silver 
nitrate (2.82 mg, 0.017 mmol) and Cisplatin (5 mg, 
0.011 mol) were suspended in 1.5 mL of DMF in 
an inert environment without access of light, after 
which the mixture was stirred for 12 h at room 
temperature. The suspension was then centrifuged 
for 5 min (10000 rpm), after which the supernatant 
was added to compound 7 (5 mg, 0.007 mmol). The 
solution was stirred for 12 h at room temperature in 
an argon atmosphere without access of light. The 
reaction progress was monitored by TLC in the 
dichloromethane/methanol solvent system (10 : 1). 
After reaction completion, the reaction mixture was 
concentrated in the vacuum of an oil pump to give 
4.98 mg (99.6%) of compound 4.

Mass spectrum, m/z: [M+H]+ calculated for 
C43H49N7O7PtClNO3(NH2)2 + H: 1118.292; obtained: 
1118.3.

3-Formylchlorin e6 trimethyl ester (6). Chlorin e6  
trimethyl ester (5) (498 mg, 0.780 mmol) was dissolved 
in 20 mL of THF, then a solution of NaIO4 (670 mg, 
3.133 mmol) in 5 mL of H2O and 300 μL of 
OsO4 solution (2.75 g, 0.039 mmol) in 90 mL of 
dichloromethane were added. The reaction was carried 
out using stirring in an argon atmosphere and cooling to 
0℃ for 3 h. The progress of the reaction was monitored 
by TLC in a hexane/ethyl acetate (1 : 1) system. 
A saturated solution of NaHSO3 in 10 mL of methanol 
was then added to the reaction mixture that was stirred for 
another 15 min. The reaction mixture was extracted with 
dichloromethane (1 × 30 mL). The resulting extract was 
washed with water (3 × 100 mL), dried with anhydrous 
Na2SO4 and concentrated under reduced pressure. The 
product was isolated using column chromatography in 
a hexane/ethyl acetate system (2 : 1) and crystallized 
from dichloromethane on a watch glass to give 206 mg 
(41.0%) of compound 6 as purple crystals.

1H NMR (CDCl3, δ, ppm): 1.66-1.79 (m, 6H, 82-CH3, 
183-CH3), 2.12-2.30 (m, 2H, 172-CH2), 2.50-2.66 (m, 
1H, 171-CH2), 3.33 (s, 3H, 71-CH3), 3.57 (s, 3H, 21-CH3), 
3.59 (q, J = 7.2 Hz, 2H, 81-CH2), 3.64 (s, 3H, 121-CH3), 
3.80 (s, 3H, 153-CH3), 3.83 (s, 3H, 174-CH3), 4.27 (s, 
3H, 132-CH3), 4.39-4.52 (m, 2H, 17-H, 18-H), 5.25 (d, 
J = 18.8 Hz, 1H, 151-CH2), 5.38 (d, J = 18.8 Hz, 1H, 
151-CH2), 8.94 (s, 1H, 20-H), 9.67 (s, 1H, 5-H), 10.27 (s, 
1H, 10-H), 11.55 (s, 1H, 31-CH).

Mass spectrum, m/z: [M]+ calculated for 
C36H40N4O7

+: 640.290, obtained: 640.909 [M]+.
Ultraviolet and visible (UV/VIS) radiation (CH2Cl2), 

maximum wavelengths λmax, nm (logε): 416 (4.24), 
512 (3.28), 547 (3.36), 634 (3.06), 691 (3.98).
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Chlorin conjugate with isonicotinic acid (7). Formyl 
derivative of chlorin e6 (6) (62.4 mg, 0.095 mmol), 
isonicotinic acid hydrazide (65.15 mg, 0.475 mmol), 
and diazabicycloundecene (18.07 mg, 0.095 mmol) 
were dissolved in 3 mL of DMF, after which argon was 
bubbled for 10 min through the solution. The reaction 
mixture was stirred for 36 h at room temperature. The 
reaction progress was monitored by TLC on silica gel in 
the dichloromethane/methanol (100 : 1) solvent system. 
The product was isolated using preparative TLC on 
neutral alumina in the CH2Cl2 : MeOH (80 : 1) solvent 
system to give 52.7 mg (81.3%) of compound 7.

1H NMR (CDCl3, δ, ppm): 9.43 (s, 5-H), 
8.77–8.66 (m, N-CH-Nic), 8.37 (d, 20-H), 8.23 (m, 
CH-Nic), 8.01 (s, NH-Nic), 5.40–5.05 (m, 151-CH2), 
4.40–4.27 (m, 7-H,17-H,18-H), 4.24 (s, 13-COOCH3), 
3.78 (s, 15-COOCH3), 3.71–3.67 (m, 8-H), 3.66 (s, 
17-COOCH3), 3.40 (s, 2-Me), 3.36 (s, 12-Me), 3.00 (s, 
32-Me), 2.46–1.97 (m, 82-CH2, 171-CH2, 172-CH2), 
1.84 (d, 18-Me), 1.71 (d, 7-Me), 1.06 (t, 83-Me), 
(−1.61)–(−1.31) (m, NH).

Mass spectrum, m/z: [M+H]+ calculated for 
C42H44N7O7 + H: 759.421; obtained: 760.5. 

Platinum complex of monopyridyl chlorin 
derivative (8). Silver nitrate (2.82 mg, 0.017 mmol) 
and Cisplatin (5 mg, 0.011 mol) were suspended in 
1 mL of DMF in an inert environment without access 
of light, after which the mixture was stirred for 12 h at 
room temperature. The suspension was then centrifuged 
for 5 min (10000 rpm), after which the supernatant 
was added to compound 7 (5 mg, 0.007 mmol). The 
solution was stirred in an argon atmosphere for 12 h at 
room temperature without access of light. The reaction 
progress was monitored by TLC in the dichloromethane/
methanol (10 : 1) solvent system. After completion of 
the reaction, the reaction mixture was concentrated in 
the vacuum of an oil pump to give 5.54 mg (99.7%) of 
compound 8.

Mass spectrum, m/z: [M+H]+ calculated for 
C42H44N7O7PtClNO3(NH2)2 + H: 1204.3243; obtained: 
1204.3232. 

3-(Phenanthrolinoimidazol-2-yl) chlorin e6 trimethyl  
ester (9). To a solution of compound 6 (25 mg, 
0.039 mmol) in a mixture of CHCl3/AcOH (5%), 
phenanthrolinedione (16.4 mg, 0.078 mmol) and 
NH4OAc (60.2 mg, 0.781 mmol) were added in 
two portions with an interval of 7 h under reflux 
conditions. The progress of the reaction was monitored 
by TLC in the hexane/ethyl acetate system (1 : 1). 
At the end of the reaction, the mixture was washed 
with saturated NaCl solution, dried with anhydrous 
Na2SO4, and concentrated under reduced pressure. 
The product was isolated using preparative TLC in 
the dichloromethane/methanol (50 : 1) system and 

crystallized from dichloromethane on a watch glass to 
give 24.8 mg (77%) of compound 9.

1H NMR spectrum (CDCl3, δ, ppm): 2.18 (s, 1H, NH), 
1.39 (t, J = 7.6 Hz, 3H, 82-CH3), 1.94 (d, J = 7.2 Hz, 
3H, 183-CH3), 2.72–3.02 (m, 4H, 171-CH2, 172-CH2), 
3.22 (s, 3H, 71-CH3), 3.44 (s, 3H, 21-CH3), 3.76 (s, 2H, 
171-CH3), 3.95 (s, 3H, 121-CH3), 4.38 (s, 3H, 132-CH3), 
4.53 (d, J = 10.1 Hz, 1H, 17-H), 4.62 (d, J = 7.3 Hz, 1H, 
18-H), 5.54–5.31 (m, 2H, 151-CH2), 6.83 (s, 1H, NH), 
7.47 (s, 2H, Ph-H2), 8.09 (s, 2H, Ph-H1), 8.76 (s, 2H, 
Ph-H3), 8.85 (s, 1H, 20-H), 9.09 (s, 1H, 5-H), 10.50 (s, 
1H, 10-H).

Mass spectrum, m/z: [M]+: calculated for 
C48H46N8O6

+: 832.361; obtained: 832.300.
UV/VIS (CH2Cl2), λmax, nm (ε × 10−3, M−1∙cm−1): 

413 (5.49), 508 (4.50), 543 (4.55), 631 (4.14), 688 (5.19).
High performance liquid chromatography – 

mass spectrometry (HPLC-MS) (CH3CN), retention 
time tR, min (m/z): 10.95 (832.3445).

Platinum complex of 3-(phenanthrolinoimidazol-
2-yl)chlorin trimethyl ester e6 (10). To compound 9 
(32 mg, 0.039 mmol) dissolved in 4 mL of DMF, 
a solution of K2[PtCl4] (24 mg, 0.058 mmol) in 1 mL of 
H2O was added. The reaction was carried out with stirring 
for 18 h. The progress of the reaction was monitored 
by TLC in the dichloromethane/methanol (20 : 1) 
system. The reaction mixture was extracted with 
dichloromethane. The resulting extract was washed three 
times with saturated NaCl solution, dried with anhydrous 
Na2SO4, and concentrated under reduced pressure. 
Next, the product was isolated using preparative TLC 
in the dichloromethane/methanol (20 : 1) system and 
crystallized from dichloromethane on a watch glass to 
give 6.4 mg (15%) of compound 10.

Mass spectrum, m/z: [M]+: calculated for 
C48H46N8O6Cl3Pt+: 1097.256; obtained: 1097.260.

HPLC-MS (CH3CN), tR, min (m/z): 8,63 (1097.2603).
Bacteriochlorin 13,15-(N-(4-([2,2':6',2"-terpyridin]- 

4'-yl)benzyl)amino)cycloimide methyl ester (12).  
Bacteriochlorin 13,15-(N-amino)cycloimide methyl ester 
(15 mg, 0.025 mmol), N,N-diisopropylethylamine (9.6 μL, 
0.055 mmol) and 4′-(4-bromomethylphenyl)-2,2′:6′,2″-
terpyridine (11.1 mg, 0.028 mmol) were dissolved 
in 15 mL of THF and refluxed for 8 h in a stream of 
argon. The reaction mixture was diluted with 10 mL 
of chloroform and washed with 50 mL of water. The 
organic layer was dried with anhydrous Na2SO4 and 
concentrated on a rotary evaporator. The residue was 
purified using preparative TLC on neutral alumina in 
a dichloromethane/methanol system (200 : 1) to give 
14.4 mg (63%) of compound 12. 

1H NMR spectrum (CDCl3, δ, ppm), terpyridine 
moiety (TTpy): 9.19 (1H, s, 10-H), 8.79 (1H, s, 5-H), 
8.75–8.55 (9H, m, 20-H and TTpy-H), 7.94–7.79 (4H, 
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TTpy-H), 7.36–7.31 (2H, m, TTpy-H), 5.22 (1H, m, 17-H), 
4.56 (2H, s, TTpy-CH2), 4.27 (1H, m, 18-H), 4.08 (1H, m, 
7-H), 3.88 (1H, m, 8-H), 3.71 (3H, s, 12-CH3), 3.57 (3H, 
s, 175-CH3) 3.53 (3H, s, 2-CH3), 3.17 (3H, s, 32-CH3), 
2.61 (2H, m, 81-CH2), 2.39 (2H, m, 172-CH2), 2.04 (2H, 
m, 171-CH2), 1.81 (3H, d, J = 7 Hz, 7-CH3), 1.69 (3H, 
d, J = 7.8 Hz, 18-CH3), 1.11 (3H, t, J = 7.4 Hz, 82-CH3), 
−0.34 (1H, br.s, s, NH), −0.56 (1H, br.s, s, NH).

ESI-HRMS, m/z: [M+H]+: calculated for 
C56H53N9O5 + H: 932.42; obtained: 932.42.

UV/VIS (CH2Cl2), λmax, nm (ε × 10−3, M−1∙cm−1): 
365 (49.2), 417 (42.7), 551(33.4), 828(40.5).

Platinum complex of compound 12 (13). 
Compound 12 (3.5 mg, 0.0037 mmol) was dissolved in 
2 mL of DMF. K2[PtCl4] (1.7 mg, 0.0041 mmol) was 
dissolved in 0.5 mL of water and added to the DMF 
solution. The reaction mixture was stirred for 6 h at 
75°C. The reaction mixture was diluted with 10 mL 
of chloroform and washed with 50 mL of water. The 
organic layer was dried with anhydrous Na2SO4 and 
concentrated on a rotary evaporator to give 0.9 mg (21%) 
of compound 13.

UV/VIS (CH2Cl2), λmax, nm (ε × 10−3, M−1∙cm−1): 
349 (46.2), 368 (83.7), 418 (42.7), 541(33.4), 799 (40.5). 

ESI-HRMS, m/z: [M+H]+: calculated for 
C56H53Cl2N9O5Pt + H: 1162.4170; obtained: 1162.4248.

Bacteriochlorin 13,15-(N-(4-([2,2':6',2"-terpyridin]- 
4'-yl)benzyl)oxy)cycloimide oxime methyl ester (15).  
Bacteriochlorin 13,15-(N-hydroxy)cycloimide methyl  
ester 14 [28] (28.9 mg, 0.046 mmol), diazabicyclo-
undecene (13.8 µL, 0.092 mmol), and 4′-(4-bromomethyl-
phenyl)-2,2′:6′,2″-terpyridine (20.4 mg, 0.042 mmol) 
were dissolved in 3 mL of chloroform and stirred for 1 h. 
The reaction mixture was washed with 30 mL of water. 
The organic layer was dried with anhydrous Na2SO4 and 
concentrated on a rotary evaporator. The residue was 
purified using preparative TLC on neutral alumina in 
a dichloromethane/methanol system (200 : 1) to give 
29.8 mg (66%) of compound 15.

1H NMR spectrum (CDCl3, δ, ppm): 8.80 (1H, s, 
5-H), 8.75–8.36 (10H, m, 10-H, 20-H and TTpy-H), 
7.99–7.71 (4H, m, J = 8 Hz, TTpy-H), 7.43–7.35 (2H, 
m, TTpy-H), 5.18 (1H, m, 17-H), 4.27–4.22 (2H, m, 
TTpy-CH2), 4.19–4.10 (2H, m, 7-H, 18-H), 4.05 (1H, 
m, 8-H), 3.58 (3H, s, 12-CH3), 3.50 (3H, s, 175-CH3) 
3.22 (3H, s, 2-CH3), 2.78 (3H, s, 32-CH3), 2.32 (2H, m, 
172-CH2), 2.22 (2H, m, 81-CH2), 2.02 (2H, m, 171-CH2), 
1.95 (3H, d, J = 7.3 Hz, 7-CH3), 1.75 (3H, d, J = 7 Hz, 
18-CH3), 1.09 (3H, t, J = 7.3 Hz, 82-CH3), 0.03 (1H, br.s, 
s, NH), −0.23 (1H, br.s, s, NH). 

UV/VIS (CH2Cl2), λmax, nm (ε × 10−3, M−1∙cm−1): 
349 (46.2), 368 (83.7), 418 (42.7), 541(33.4), 799 (40.5). 

ESI-HRMS, m/z: [M+H]+: calculated for 
C56H53N9O6 + H: 948.41; obtained: 948.40.

Methyl ester of 13,15-(N-(4-([2,2':6',2"-
terpyridin]-4'-yl)benzyl)oxy)cycloimide 3-devinyl-3-
(((4-([2,2':6',2"-terpyridin]-4'-yl)benzyl)oxy)imino)
bacteriochlorin (16). 13,15-(N-Hydroxy)cycloimide 
bacteriochlorin methyl ester 14 (30 mg, 0.048 mmol), 
diazabicycloundecene (28.6 μL, 0.191 mmol), and 
4′-(4-bromomethylphenyl)-2,2′:6′,2″-terpyridine (38.6 mg, 
0.096 mmol) were dissolved in 3 mL of chloroform and 
stirred for 15 h under reflux. The reaction mixture was 
washed with 30 mL of water. The organic layer was dried 
with anhydrous Na2SO4 and concentrated on a rotary 
evaporator. The residue was purified using preparative 
TLC on neutral alumina in a dichloromethane/methanol 
system (200 : 1) to give 23.1 mg (38%) of compound 16.

1H NMR spectrum (CDCl3, δ, ppm): 9.15 (1H, s, 
10-H), 8.70 (1H, s, 5-H), 8.69–7.53 (27H, m, 20-H and 
TTpy-H), 5.30 (1H, m, 17-H), 4.92 (2H, m, TTpy-CH2), 
4.23 (2H, m, 7-H, 18-H), 4.10 (1H, m, 8-H), 3.89 (2H, m, 
TTpy-CH2’), 3.73 (3H, s, 12-CH3), 3.65 (3H, s, 175-CH3) 
3.55 (3H, s, 2-CH3), 3.24 (3H, s, 32-CH3), 3.27–2.12 (4H, 
m, 81-CH2, 172-CH2), 1.98 (2H, m, 171-CH2), 1.75 (3H, 
d, J = 7.3 Hz, 7-CH3), 1.72 (3H, d, J = 7.2 Hz, 18-CH3), 
1.08 (3H, t, J = 7.4 Hz, 82-CH3), −0.26 (1H, br.s, s, NH), 
−0.64 (1H, br.s, s, NH).

ESI-HRMS, m/z: [M+H]+: calculated for 
C56H53N9O6 + H: 1268.91; obtained: 1268.92.

Platinum complex compound 15 (17). Compound 15 
(15 mg, 0.016 mmol) was dissolved in 2 mL of DMF. 
K2[PtCl4] (9.86 mg, 0.024 mmol) was dissolved in 0.5 mL 
water and added to the DMF solution. The reaction mixture 
was stirred for 6 h at 75°C. The reaction mixture was then 
diluted with 10 mL of chloroform and washed with 50 mL 
of water. The organic layer was dried with anhydrous 
Na2SO4 and concentrated on a rotary evaporator to give 
3.5 mg (18%) of compound 17.

UV/VIS (CH2Cl2), λmax, nm (ε × 10−3, M−1∙cm−1): 
349 (46.2), 368 (83.7), 418 (42.7), 541(33.4), 799 (40.5).

ESI-HRMS, m/z: [M+H]+: calculated for 
C56H53Cl2N9O6Pt + H: 1177.63; obtained: 1177.60.

CONCLUSIONS

In this study, a series of platinum complexes of 
pyridine-containing derivatives of natural chlorins 
and bacteriochlorins were obtained for potential use 
in combination therapy in oncology. The structure of 
all the compounds obtained was reliably confirmed by 
a combination of physicochemical methods of analysis. 
The study demonstrated the high chelating ability of 
pyridine-containing derivatives of natural chlorins. 
Biological tests of photoinduced and dark cytotoxicity of 
the leader compounds have been scheduled along with 
an assessment of the antitumor activity at the organism 
level.
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Abstract
Objectives. To study the influence of the type of matrix-forming material and excipients concentration, spray drying parameters on the 
characteristics of the powder for inhalation, as well as to investigate the inhalation compositions for stability under stressful conditions.
Methods. Spray drying was used to obtain powder compositions with the required characteristics for inhalation therapy. Microscopic 
and analytical studies of powders were carried out. Statistical analysis made it possible to estimate the influence of factors on the powder 
characteristics and rank them by importance. The stability of spray dried powders was studied.
Results. The optimal parameters for obtaining powders for inhalation were found by means of mathematical statistics: air flow rate was 
37 m3/h; compressed air flow rate — 601 L/h; inlet air temperature — 150°C; solution flow rate — 45% of the power of the peristaltic 
pump (16.3 g/min for this composition); L-leucine concentration — 10 wt %; ratio of components of the matrix polyvinylpyrrolidone 
K-30/D-mannitol = 1 : 3. Under these conditions, as well as by means of 2 experiments additionally selected from the research design, 
a composition with isoniazid as an active substance was spray dried. The resulting powders were analyzed, in order to confirm the 
correctness of the recommended parameters.
Conclusions. The selection of compositions and spray drying conditions involves multiple criteria. The characteristics of the powder for 
inhalation may deteriorate significantly during long-term storage. The optimal parameters were determined using statistical analysis and 
confirmed by experimental data.
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Исследование ингаляционных микропорошков, 
полученных методом распылительной сушки
Л.А. Щербакова , А.И. Саитгареева, М.Г. Гордиенко, Р.Р. Сафаров
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 Автор для переписки, e-mail: shcherbakova.l.a@muctr.ru

Аннотация
Цели. Исследовать влияние типа материала, формирующего каркас частицы, концентрации вспомогательных веществ и пара-
метров распылительной сушки на характеристики порошка для ингаляций. Проверить ингаляционный состав на стабильность 
в стрессовых условиях.
Методы. Для получения порошковых композиций с требуемыми характеристиками для ингаляционной терапии использова-
лась распылительная сушка. Были проведены микроскопические и аналитические исследования частиц сухого порошка. Ста-
тистический анализ позволил оценить влияние факторов на характеристики получаемого порошка для ингаляций и проранжи-
ровать их по значимости. Было проведено исследование стабильности порошков, полученных после распылительной сушки.
Результаты. Методами математической статистики удалось установить оптимальные параметры получения порошков для 
ингаляции: расход сушильного агента составил 37 м3/ч; расход сжатого воздуха, подаваемого на форсунку — 601 л/ч; темпе-
ратура сушильного агента на входе в камеру — 150°C; расход раствора — 45% от мощности встроенного насоса (16.3 г/мин 
для данного состава композиции); концентрация L-лейцина — 10 мас. %; соотношение компонентов матрицы поливинилпир-
ролидон К-30/маннитол = 1 : 3. При данных условиях, а также при условиях 2-х экспериментов дополнительно выбранных из 
плана исследований, была проведена наработка композиции с изониазидом в качестве активного вещества и проведен анализ 
полученных порошков, что позволило подтвердить корректность рекомендованных параметров.
Выводы. Подбор состава композиций и условий распылительной сушки является многокритериальной задачей. Характеристи-
ки порошка для ингаляций могут значительно ухудшиться при длительном хранении. Оптимальные параметры были определе-
ны с применением статистического анализа и подтверждены экспериментальными данными.

Ключевые слова
распылительная сушка, активный фармацевтический ингредиент, микропорошки, 
ингаляция, методы планирования эксперимента, оптимизация
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INTRODUCTION

Pulmonary drug delivery is a promising non-invasive 
method of active pharmaceutical ingredient (API) 
delivery for the local treatment of lung diseases [1]. This 
delivery promotes rapid drug absorption and bypasses 
the first-pass metabolism effect [2].

Studies have shown that for the purposes of 
targeted drug delivery to the lungs, the particle size 
should be in the range of 1 to 5 μm [3]. Obtaining 
particles in the specified size range is possible using 
spray drying. This technology has such advantages as 
high product yield (up to 70%), high drying rate, no 
API overheating, and the ability to obtain a relatively 
narrow size distribution of powder particles. This 
factor is especially important in the development 
of new inhalation drug delivery systems [4, 5]. 

Drying parameters and the composition of stock 
solutions have a crucial influence on the release rate, 
physical characteristics and the stability of powder 
compositions. Such parameters need to be carefully 
investigated, in order to ensure the delivery of high 
doses of drug substance to the lungs. The dispersion 
composition of the composition also plays an 
important role in its stability and aerodynamics.

In addition to the aerodynamic diameter requirements, 
the powder should have a good level of aerosolization, 
depending on flowability and dispersibility [6]. 
Flowability (friability) is an important property of 
inhalation powders, since it determines their behavior 
when an emitted dose of drug is inhaled from a powder 
inhaler [7].

mailto:shcherbakova.l.a@muctr.ru
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The addition of amino acids to powder compositions 
can improve the solubility of the powder, its 
aerodynamic characteristics and increase the yield of 
the product. The introduction of such an amino acid as 
leucine can reduce the surface tension and reduce the 
size of droplets formed during atomization [2]. This 
results in finer particles, preferred for pulmonary drug 
delivery, and reduces agglomeration of the powder 
during storage [1].

Due to their non-toxicity, affordability and water 
solubility, disaccharides such as lactose, trehalose and 
mannitol are widely used in the manufacture of inhalation 
powders. The introduction of carbohydrates in inhalation 
powders should take into account their hygroscopicity, 
glass transition temperature and possible interaction 
with other components and APIs. Hygroscopicity affects 
the ability of the powder to absorb moisture, as well 
as drug stability and caking. Studies have shown that 
the addition of non-hygroscopic mannitol to powder 
composition improves its dispersibility and prevents 
particle caking [8].

Biocompatible polymers of synthetic and natural 
origin can be used as carriers in the creation of inhaler 
compositions [9, 10]. One widely used polymer in the 
pharmaceutical industry is polyvinylpyrrolidone (PVP). 
PVP grade K-30 is widely used in pharmaceutical 
technology as solution stabilizer, filler and binder.

Isoniazid (widely used for the treatment of 
tuberculosis) which acts on pathogens located extra- 
and intracellularly [11] was selected as an API. Using 
a powder composition consisting of isoniazid, mannitol, 
leucine and PVP, a stable and easy to use dosage form, 
can be obtained.

Fillers play an important role in dry inhalation 
powders. They provide the necessary aerodynamic 
characteristics and stability of physical properties of the 
composition [12].

Studies on the stability of pharmaceuticals were 
conducted, in order to study the degradation of drug 
substances, as well as to preserve the characteristics of 
the composition under the influence of stress factors 
(increased values of temperature and humidity) [13]. This 
is necessary, in order to develop the optimal composition 
of the drug product, as well as to determine the basic 
requirements for the creation of primary packaging. 
Based on the results of studies, specific storage 
parameters for drug substances were established [14]. In 
the present work, the stability of powders obtained after 
spray drying was investigated at temperature T = 40°C 
and humidity W = 70%.

The aim of the present study was to research the 
effect of composition and spray drying parameters 
upon the properties of the obtained powder inhalation 
composition and its stability during storage.

MATERIALS AND METHODS

Materials. The experimental work for preparation 
of placebo powders used mannitol, D(-)-mannite 
E 421 (hereinafter D-mannite) grade (Merck, Germany); 
amino acid L-leucine (Suzhou Vitajoy Bio-Tech Co., China); 
PVP K-30 grade (NEO Chemical, Russia). Mannitol 
together with PVP K-30 are used as the matrix-forming 
agents. Isoniazid was used as the API. The pharmaceutical 
substance was synthesized at the Department of Organic 
Chemistry, D.I. Mendeleev Chemical University of 
Russia. The high quality of isoniazid was confirmed by 
high-performance liquid chromatography.

The experimental design. In order to improve the 
efficiency of the experiment and obtain reliable results, 
the experimental design is advisable. Due to the large 
number of influencing factors and available limitations 
on the number of experiments, a full factorial experiment 
combined with two Latin squares was constructed 
(Table 1).

The most significant controlled parameters were 
identified: L-leucine concentration (10, 15, 20, and 
25%); PVP K-30/D-mannite ratio = 1 : 3 and PVP 
K-30/D-mannite = 3 : 1. These parameters were varied at 
four levels. The parameters: drying agent flow rate (32 and 
37 m3/h); compressed air flow rate supplied to the nozzle 
(473 and 601 L/h); drying agent temperature at the chamber 
inlet (150 and 180°C); liquor flow rate (45 and 55% of the 
capacity of the built-in pump)—were varied at two levels.

The design of experiment is presented in Table 2. 
Sixteen experiments were conducted, with experiments 
No. 8 and No. 9 conducted in three repetitions to assess 
the homogeneity of variance and reproducibility variance.

Preparation of dry powder compositions. The 
composition of solutions is presented in Table 3. In order 
to prepare the solutions, 219.3 g of distilled water were 
measured into a glass beaker and the required weights 
of L-leucine, D-mannite, PVP K-30 were added one 
by one. Then everything was stirred with a magnetic 
stirrer until the formation of a translucent solution and 
complete dissolution of these substances. The solutions 
obtained were dried on a spray dryer Mini Spray Dryer 
B-290 (Buchi, Switzerland). Drying parameters were set 
according to the planning matrix (Table 2).

Characterization of the obtained dry powder 
compositions. The yield and the following characteristics 
were determined for all samples obtained: bulk density, 
friability, residual moisture content and the angle of 
repose. The characteristics were measured immediately 
after filling and after 2 weeks of storage at T = 40°C, 
W = 70%.

The product yield was determined as follows: the 
ratio of the mass of powder obtained after the spray 
drying process to the total mass of solid added to prepare 
the stock solution (1):
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Table 1. Variable factors and their acceptable values

No. Parameter
Values

(+) (−)

X1 Air flow rate, m3/h 37 32

X2 Compressed air flow rate, L/h 601 473

X3 Inlet air temperature, °С 180 150

X4 Power of peristaltic pump, %* 55 45

Factors varying at four levels

X5 Matrix-forming material

A B C D

PVP K-30 D-Mannitol PVP K-30/D-Mannitol =  
= 1 : 3

PVP K-30/D-Mannitol =  
= 3 : 1

X6 L-Leucine concentration, % 10 15 20 25

*Note: since the compositions of the solutions were different, their density and viscosity varied accordingly, therefore, for each experiment, 
the flow rate of liquid supplied for drying at a given power was measured individually during the drying process.

Table 2. Design of experiment 

No. X1 X2 X3 X4 X5 X6

1 − − − − A 10

2 + − − − B 15

3 − + − − C 20

4 + + − − D 25

5 − − + − B 25

6 + − + − A 20

7 − + + − D 15

8 + + + − C 10

9 − − − + C 15

10 + − − + D 10

11 − + − + A 25

12 + + − + B 20

13 − − + + D 20

14 + − + + C 25

15 − + + + B 10

16 + + + + A 15

Table 3. Composition of solutions

No. PVP, g D-Mannitol, g L-Leucine, g H2Odist, g

1 12.6 0 1.4 219.3

2 0 11.9 2.1 219.3

3 2.8 8.4 2.8 219.3

4 7.9 2.6 3.5 219.3

5 0 10.5 3.5 219.3

6 11.2 0 2.8 219.3

7 8.9 3.0 2.1 219.3

8 3.2 9.5 1.4 219.3

9 3.0 8.9 2.1 219.3

10 9.5 3.2 1.4 219.3

11 10.5 0 3.5 219.3

12 0 11.2 2.8 219.3

13 8.4 2.8 2.8 219.3

14 2.6 7.9 3.5 219.3

15 0 12.6 1.4 219.3

16 11.9 0 2.1 219.3
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after drying

total
= 100%,η ×

m

m
 (1)

wherein η is a product yield.
Determination of particle size distribution. Using 

Micros MCX-100 Crocus optical microscope (Micros, 
Austria) with hundredfold magnification, particle 
sizes were determined. In order to study each powder 
obtained, a small amount of sample was taken and placed 
on a Goryaev chamber (Minimed, Russia). The images of 
micropowders were processed using ImageG software1. 
In order to characterize the dispersion composition of the 
samples, the median diameter as well as the quantile of 
D10 and D90 were used. Scanning electron microscopy 
(JEOL 1610LV scanning electron microscope JEOL 
1610LV (JEOL, Japan)) was performed, in order to 
visualize the diameter, structural and surface morphology 
of the microparticles.

The residual moisture content of the samples was 
determined using an Axis AGS500 moisture analyzer 
(Axis, Sweden) at 40°C in automatic mode.

Bulk density measurement. In order to establish the 
bulk density values, the powder was placed in a 1-mL 
microtube (Eppendorf, Germany). The bulk density 
was determined by the formula as to be the ratio of the 
mass of the bulk material to the volume occupied by it, 
including the pores between the particles (2):

,ρ =
m
V

 (2)

wherein ρ is the bulk density of the powder; m is the 
mass of the powder; V is the volume of the powder.

The angle of repose is a constant three-dimensional 
angle relative to the horizontal surface formed by a cone-
shaped pyramid of material. The angle of repose value 
was measured in at least three repetitions using an ADA 
AngleMeter 40 electronic angle meter (ADA Instruments, 
China) in three planes and expressed in angular degrees.

Investigation of powder stability under stress 
conditions. The process of testing powder samples 
for caking was carried out in the following way. First, 
sample preparation was carried out. For each sample, 
two gelatin capsules of 0.25 g of powder were filled. 
The powder was obtained as a result of the spray drying 
process. Each pair of capsules was placed in a small 
filter paper envelope and sent to a Memmert heat-cold-
moisture climate chamber HPP110eco, 108 L (Memmert, 
Germany). Powder caking determination tests were 
performed at 40°C and 70% humidity. After 14 days of 
keeping the capsules in the climatic chamber, the powder 
samples were evaluated, checked for caking or sticking. 

1  https://imagej.net/. Accessed May 10, 2023.

Then the following characteristics were determined: 
residual moisture content, particle size distribution and 
angle of repose.

Statistical analysis of the results. In order to 
determine the intensity of the influence of the studied 
factors on the characteristics of micropowders, statistical 
analysis of the results was carried out in accordance 
with [15]. During the analysis, the effects of all factors 
were calculated and their significance was assessed.

Since multi-criteria problems may not have a local 
optimum, this case required a transition to a single-
criteria problem (convolution of criteria), for example, 
by the utopian point method [15]. For this purpose, the 
criteria are normalized in accordance with formula (3):

norm ,
opt

= j
j

j

f
f

f
 j = 1, 2, …, 16, (3)

wherein norm
jf  is the normalized value of the criterion; 

opt fj is the optimal value of the criterion, j is the ordinal 
number of the criterion.

The position of the utopian point in the space of vector 
estimates was determined by equations (4) and (5):

* * *
1 2* ( , ,..., )= mF f f f , m = 1,…, 6, (4)

* normopt=j jf f , (5)

wherein F* are coordinates of the ideal point in the *
mf  

criterion space, since no criterion can obtain a higher 
value; opt norm

jf  is the optimal value of the normalized 
criterion, m is the ordinal number of the criterion.

For each experiment, we calculated the distance to 
the utopian point in space by formula (6):

* norm 2( ) ,= −∑j m md f f  m = 1,…, 6, (6)

wherein dj is the distance to the utopian point, m is the 
ordinal number of the criterion.

The optimal conditions were determined by 
minimizing the distance to the utopian point.

RESULTS AND DISCUSSION

According to the methodology and experiment plan, 
16 experiments were carried out at different values of 
varying factors. Analytical studies were carried out for 
each obtained sample, the results of which are presented 
in Table 4.

Analytical studies of the micropowders obtained 
showed that the product yields ranged from 29.5 to 
73%, with high yields (more than 60%) obtained in 
experiments Nos. 6, 7, 8, 11, 12, 15, and 16.

https://imagej.net/
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The samples studied retain a small percentage of 
residual moisture content (range from 0.12 to 0.65 wt %).

The angle of repose is in the range of 23–50° (except 
for powder No. 2). Bulk density for all samples is less 
than 0.6 g/cm3, indicating a high level of fluidity of the 
obtained dry powder compositions. The particle sizes in 
samples Nos. 3, 8–12, 14, and 15 fall within the range 
of 1–5 µm, which makes them suitable for inhalation 
application.

Statistical analysis revealed that the residual moisture 
content in the studied range is not affected by any of the 
factors. With regard to the remaining criteria, analysis 
showed the contradictory nature of the influence of the 
factors. The optimal conditions for spray drying were 
obtained and established that the distance to the utopian 
point should be minimal: X1 is the drying agent flow 
rate (+) 37 m3/h; X2 is the compressed air flow rate 

supplied to the nozzle (+) 601 L/h; X3 is the drying agent 
temperature at the chamber inlet (−) 150°C; X4 is the 
solution flow rate (−) 45 (g/min); X5 is the matrix material 
(0.621) = C (PVP K-30/D-mannite = 1 : 3), where C is 
the concentration; X6 is the L-leucine concentration 
(0.626 g) = 10%.

Figure shows scanning electron microscope 
photographs of samples Nos. 2 and 10. The images 
shows that the particles have a regular spherical shape. 
The particle size of sample No. 2 has greater uniformity.

After storage of pharmaceutical substances under 
stress conditions, analytical studies were performed 
(Table 5).

After a two-week storage period of the samples under 
stress conditions, it was visually determined that powders 
Nos. 1 and 7 lost their bulkiness (i.e., stuck together). 
In this way further analysis of these samples became 

Table 4. Analysis of the obtained powders

No. Product yield, % Residual moisture 
content, %

Angle 
of repose, ° Bulk density, g/cm3 D10, µm D50, µm D90, µm

1 36.6 0.36 43 0.45 2.2 4.0 6.9

2 40.3 0.12 50 0.54 2.5 4.4 7.1

3 31.3 0.25 34 0.50 2.1 2.8 4.9

4 29.5 0.32 36 0.42 2.4 3.1 8.5

5 31.9 0.32 24 0.38 2.0 3.8 6.1

6 66.1 0.65 27 0.39 2.3 3.6 6.4

7 61.4 0.60 36 0.48 3.9 5.1 6.9

8 60.3 0.45 23 0.52 2.7 3.8 4.9

9 47.4 0.18 37 0.61 2.3 3.2 4.6

10 44.4 0.57 37 0.51 2.1 2.8 3.6

11 64.3 0.60 33 0.43 1.3 1.7 2.3

12 73.3 0.19 32 0.50 2.5 3.4 4.5

13 36.8 0.22 33 0.39 6.4 8.8 12.7

14 31.4 0.15 34 0.41 1.6 2.5 3.6

15 72.8 0.12 33 0.59 2.4 3.0 5.1

16 70.9 0.18 38 0.40 5.2 6.2 8.2
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Fig. Scanning electron microscope photographs of samples No. 2 and No. 10. Photographs of the samples were made on the equipment 
of the Central Research Center of the D.I. Mendeleev University of Chemical Technology of Russia

Table 5. Analysis of powders after storage under stress conditions

No. Residual moisture content, % D10, µm D50, µm D90, µm Angle of repose, °

1 – – – – –

2 0.41 3.8 5.59 8.1 38

3 0.63 4.3 5.90 8.7 35

4 1.15 2.9 4.90 7.1 23

5 0.28 4.0 5.70 8.5 36

6 2.25 4.1 6.00 8.6 40

7 – – – – –

8 0.95 3.6 5.80 8.6 27

9 0.81 4.5 6.40 9.2 51

10 2.07 3.6 6.30 8.6 32

11 2.08 4.1 5.90 8.0 30

12 0.30 3.5 5.30 7.8 30

13 1.40 2.4 3.60 5.7 27

14 0.54 3.2 5.00 6.7 41

15 0.12 3.4 4.95 7.6 35

16 2.32 5.0 7.28 10.0 32



334 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(4):327–336

Study of inhalation micropowders  
obtained by spray drying

Larisa A. Shcherbakova,  
et al.

impossible. All other samples had a small angle of repose. 
Comparing the parameters obtained in Tables 4 and 5, 
we can see that after stress tests the residual moisture 
content and particle size increased insignificantly.

Based on the above, the conclusion can be drawn that 
not all powders are suitable for long-term storage under 
stress conditions. In experiments Nos. 8 and 12, the best 
parameters were obtained, meeting the requirements for 
inhalation powders.

Preparation of powder compositions with API. 
In order to obtain solutions with API (isoniazid), the 
conditions obtained as a result of criteria convolution 
(Table 6, sample 3), as well as the parameters of 
experiments Nos. 8 and 12 (Table 6, samples 1 and 2, 
respectively) were used. These samples of placebo 
compositions showed the best characteristics.

Spray drying conditions for these samples are given 
in Table 7. The results of the study of the samples of 
compositions are presented in Table 8.

Table 8 shows that in all experiments, a high 
product yield (more than 60%) was obtained. Since 
all powders have a small angle of repose and low bulk 
density, the aerodynamic properties of these samples 
can be considered good. The particle sizes have narrow 
particle size distribution, which makes them suitable for 
inhalation application. 

The samples were investigated for stability under 
stress conditions for a period of two weeks (T = 40°C; 
W = 70%). After this time interval, the characteristics of 
the samples did not change significantly (Table 9). 

Thus, the found optimal conditions ensure the 
achievement of the stated result.

CONCLUSIONS

The series of studies showed the contradictory 
influence of composition components and spray 
drying conditions upon the different characteristics 

Table 6. Composition of solutions

No. PVP, g D-Mannitol, g L-Leucine, g Isoniazid, g H2Odist, g

1 1.6 4.75 0.7 0.5 109.65

2 0 5.60 1.4 0.5 109.65

3 1.6 4.75 0.7 0.5 109.65

Table 7. Parameters of experiments

No. Х1 Х2 Х3 Х4 Х5 Х6

1 37 601 180 45 С 10

2 37 601 150 55 В 20

3 37 601 150 45 С 10

Note: X1 is the flow rate of spray gas, m3/h; X2 is the flow rate of compressed air per nozzle, L/h; X3 is the temperature of spray gas 
at the spray cylinder inlet, °С; X4 is the power of peristaltic pump, %; X5 is the matrix material; X6 is the L-leucine concentration, %;  
В is D-Mannitol; С stands for PVP K-30/D-Mannitol = 1 : 3.

Table 8. Analysis of the resulting API powders

Sample Product yield, % Residual moisture content, % Angle 
of repose, °

Bulk density, 
g/cm3 D10, µm D50, µm D90, µm

1 68.6 3.8 15 0.5 3.5 4.6 6.5

2 66.6 3.8 16 0.3 3.5 4.7 5.8

3 68.6 3.6 21 0.4 2.7 3.7 4.8
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of the dry powder compositions obtained. The utopian 
point method was used in order to determine the 
optimal conditions. For the established parameters, 
a dry powder composition containing isoniazid was 
produced. This composition included a mixture of 
PVP K-30/D-mannite = 1 : 3 and L-leucine with a mass 
loading of 10% as matrix material. Analysis of the 
characteristics of the product obtained immediately 
after drying and after two weeks of storage in conditions 
of high humidity and temperature confirmed that the 
required values of quality indicators had been achieved: 
product yield 68.6%; moisture content less than 5%; 
angle of repose less than 20°; average particle diameter 
4.2 µm.
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Table 9. Analysis of resulting API samples after storage under stress conditions

Sample Residual moisture content, % Angle of repose, ° D10, µm D50, µm D90, µm

1 4.3 18 3.2 4.5 5.9

2 4.0 17 2.1 3.0 4.3

3 4.6 20 3.1 4.2 6.1
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Abstract
Objectives. To obtain porous corundum ceramics using an innovative cold sintering process starting from different phase modifications 
of aluminum oxohydroxide—boehmite γ-AlOOH and diaspore α-AlOOH; to study the phase and structural properties of the resulting 
materials; and to assess their permeability to water.
Results. Cold sintering enables the formation of single-phase corundum ceramics with an open porosity of 47.9% directly from the initial 
boehmite powder with the addition of 5 wt % corundum in the presence of 20 wt % water at a temperature of 450°C, mechanical pressure 
of 220 MPa, and isothermal exposure for 30 min. Under the same conditions of cold sintering, a mixture of diaspore and boehmite was 
transformed into α-AlOOH ceramics. This then turned into corundum with an open porosity of 39% when calcined in air at 600°C for 
1 h. The resulting materials had permeability for pure water above 5000 L/(m2∙h∙bar).
Conclusions. Cold sintering is a promising approach to producing porous corundum ceramics which can be used in filtration systems. 
Compared to traditional ceramic technology, the new approach reduces energy, time, and labor costs in the material manufacturing. 
It also eliminates the need to use auxiliary substances (binders, pore-forming agents, etc.).
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Аннотация
Цели. Получить пористую корундовую керамику с помощью инновационного метода холодного спекания с использовани-
ем различных фазовых модификаций оксогидроксида алюминия — бемита γ-AlOOH и диаспора α-AlOOH, изучить фазовые 
и структурные свойства полученных материалов и оценить их проницаемость для воды.
Результаты. С помощью холодного спекания в присутствии 20 мас. % воды при температуре 450°С, механическом давлении 
220 МПа и изотермической выдержке 30 мин из исходного порошка бемита с добавлением 5 мас. % корунда была изготовлена 
однофазная корундовая керамика с открытой пористостью 47.9%. При таких же условиях холодного спекания смесь диаспора 
и бемита превратилась в керамику α-AlOOH, которая при прокаливании на воздухе при 600°С в течение 1 ч перешла в корунд 
с открытой пористостью 39%. Полученные материалы обладали проницаемостью для чистой воды более 5000 л/(м2∙ч∙бар). 
Выводы. Холодное спекание является перспективным методом для изготовления пористой корундовой керамики, которая мо-
жет быть использована в системах фильтрации. По сравнению с традиционной керамической технологией новый подход снижа-
ет энергетические, временные и трудозатраты при изготовлении материала, а также исключает необходимость в использовании 
вспомогательных веществ (связующих, порообразующих агентов и пр.).

Ключевые слова
холодное спекание, оксид алюминия, оксогидроксид алюминия, корунд, бемит, 
диаспор, пористая проницаемая керамика
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1. INTRODUCTION

Ceramics based on aluminum oxide α-Al2O3 are 
widely used in various fields of engineering due to their 
mechanical characteristics, chemical and temperature 
resistance, stable dielectric properties and compatibility 
with biological tissues [1–3]. Aluminum oxide exists in 
the form of a number of transitional phase modifications 
which as a result of successive transformations under 
heating transform into α-Al2O3. In practice, the 

following chains of transformations [4, 5] are most often 
realized [4, 5] (formulas 1 and 2):

300 C 970 C
3 2 3

1100 C
2 3 2 3

-Al(OH) -Al O

-Al O -Al O ,

° °

°

g →χ →

→ κ →α
 (1)

450 C 750 C
2 3

1000 C 1200 C
2 3 2 3 2 3

-AlOOH -Al O

-Al O -Al O -Al O .

° °

° °

g →g →

→δ →q →α
 (2)
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An important problem of α-Al2O3 production is the 
high temperature of its formation (more than 1100°C), as 
well as the sintering temperature of corundum ceramics 
(more than 1500°C). Methods based on the use of 
aqueous reaction medium for γ-Al(OH)3 or γ-AlOOH 
treatment are currently known. They allow for the 
synthesizing of single-phase α-Al2O3 in an autoclave 
at a temperature of 380–450°C [6, 7]. The decisive role 
in reducing the temperature of corundum formation 
under such conditions is played by the interaction of 
solid starting substances with water molecules from 
the reaction medium. This results in dehydroxylation 
of γ-Al(OH)3 with the transition to γ-AlOOH and its 
transformation into α-Al2O3.

In the field of ceramics technology, a new approach 
known as the cold sintering process (CSP) has been 
actively developed during the last decade [8]. Processes 
similar to those occurring with oxide and hydroxide 
powders in aqueous medium in a closed reactor (autoclave) 
are realized, in order to obtain dense or porous ceramic 
materials. The CSP requires a mold equipped with a heater 
in which feedstock in the form of powder and the “liquid 
phase” are placed. The most often used liquids are water, 
aqueous solutions of acids or alkalis, as well as hydroxides 
or salts, including their hydrates with a low melting 
point [9]. CSP is carried out under applied mechanical 
pressure (usually up to 500 MPa) and isothermal holding 
at temperatures below 500°C from several minutes to 
several hours. The lowering of the sintering temperature 
of ceramics under such conditions when compared to 
conventional sintering is based on the interaction of the 
initial powder particles with the liquid phase. The literature 
considers various possible mechanisms of ceramic 
microstructure formation during CSP. This includes partial 
dissolution of solid matter, ion transport through the liquid 
phase and deposition in energetically more favorable 
regions (dissolution–precipitation mechanism) [10], 
as well as mass transfer and coalescence of particles 
due to increased mobility of the crystal structure under 
conditions of quasi-equilibrium hydroxylation (in the case 
of water-based liquid phase) [11, 12]. An important role 
in the CSP process is attributed to surface diffusion [13]. 
As of the present time, more than one hundred different 
ceramic materials fabricated using the CSP method have 
been reported.

The possibility of lowering the sintering temperature 
by means of CSP is of particular interest in refractory 
compositions, including corundum. Given the demand 
for corundum ceramics in a range of applications, the 
development of CSP technology for this material will 
provide significant energy savings in its production. 
Only a few papers have appeared in literature since 
2020 reporting on the successful production of 
α-Al2O3 ceramics using the CSP method. Kang et al. [14] 

succeeded in producing corundum ceramics in two 
stages: by CSP of a mixture of α- and γ-Al2O3 in glacial 
acetic acid at 300°C and 300 MPa for 1 h and subsequent 
calcination of the samples in air at temperatures above 
1250°C. In [15], CSP of γ-Al(OH)3 was realized in 
a spark plasma sintering unit, in order to obtain γ-AlOOH 
(boehmite) ceramics in the presence of water (450°C, 
70 MPa, 20 min). The calcination of the obtained 
boehmite in air led to the formation of α-Al2O3 ceramics 
with a porosity of about 60%. This work also shows the 
transformation of boehmite powder into α-Al2O3 under 
the same conditions, but the obtained corundum sample 
did not have the satisfactory transport strength.

The fabrication of porous ceramics based on 
boehmite (porosity of about 38%) from γ-Al(OH)3 was 
described by Yamaguchi et al. [16]. They performed 
CSP at 250°C and 270 MPa with the addition of water 
as a liquid phase. The authors note that the transition of 
aluminum hydroxide to oxohydroxide is accompanied 
by a significant increase in the porosity of the material. 
Based on the data provided in literature on the sequence 
of transformations of γ-Al(OH)3–γ-AlOOH–α-Al2O3 in 
aqueous medium, including at CSP, the possibility of 
direct production of porous ceramics α-Al2O3 with 
the help of CSP may be assumed. The direct transition 
of another modification of aluminum oxyhydroxide, 
α-AlOOH diaspore, into corundum upon heating to 
a temperature of about 500°C is also known [17]. In 
the few works concerning the fabrication of alumina 
ceramics from natural diaspore, a high porosity of the 
materials obtained is noted [18]. Thus, the diaspore-
corundum transition can be considered as a possible 
basis for the process of obtaining corundum ceramics 
at reduced temperature, in particular during CSP.

The aim of this work is to obtain porous corundum 
ceramics by means of CSP of different phase 
modifications of aluminum oxohydroxide—boehmite 
γ-AlOOH and diaspore α-AlOOH, as well as to study the 
phase and structural properties of the obtained materials 
and to evaluate their water permeability.

2. EXPERIMENTAL
2.1. Synthesis of aluminum oxohydroxide 
(α- and γ-AlOOH)
The synthesis of α-AlOOH (diaspore) was carried out 
in two stages: (1) obtaining the precursor—aluminum 
oxide—by precipitation from aqueous solution and 
(2) treatment of the precursor in water vapor. Aluminum 
nitrate octahydrate Al(NO3)3·9H2O (high purity, 
Lenreactive, Russia) and aqueous ammonia solution 
NH4OH (particularly high purity, IREA experimental 
plant, Russia) served as starting substances for precursor 
synthesis. Equal volumes of aqueous solutions of 
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Al(NO3)3 prepared with a concentration of 0.15 M 
and NH4OH with a concentration of 0.30 M were 
added to 400 mL of distilled water under continuous 
stirring and at a temperature of 75°C. The resulting 
precipitate was left to age at the same temperature 
for 3 h. It was then filtered and washed with a large 
volume of distilled water until the wash water was 
neutral. The filtered precipitate was air dried at 50°C 
for 12 h. The resulting powder was calcined in air at 
1000°C for 30 min. The precursor synthesized in this 
way was placed in a container with a lid made of Teflon 
and placed inside a laboratory autoclave (Private 
entrepreneur Vitsukaeva S.N., Russia) with a volume of 
17 mL. 2 mL of distilled water was poured in advance 
at the bottom. The hermetically sealed autoclave was 
heated to a temperature of 200–300℃ at a rate of 
70℃/h in a SNOL-3.5,3.5,3.5/5-I1 drying cabinet 
(NPF Thermiks, Russia) and kept at the assigned 
temperature for up to 260 h. During the treatment, the 
precursor was separated by container walls from water 
in the liquid state, while in contact with the vapor phase. 
The equilibrium vapor pressure of water was 3.97 MPa. 
The autoclave was then cooled by placing the bottom of 
the autoclave in cold water outside the desiccator. The 
synthesized sample was removed from the autoclave 
and dried in air at 50°C for 5 h.

Aluminum hydroxide (hydrargillite) γ-Al(OH)3 (MD 
brand, Pikalevsky Alumina Plant, Russia) served as 
a starting substance for the synthesis of γ-AlOOH 
(boehmite) in water vapor. When treating γ-Al(OH)3 in 
water vapor, equipment and procedures similar to those 
described above for treating the α-AlOOH precursor 
were used. The temperature of isothermal soaking in 
water vapor was 270°C, the equilibrium pressure was 
5.50 MPa, and the duration was 14 h. The product 
obtained was air dried at 50°C for 5 h.

2.2. Ceramics fabrication using the CSP 
method

The laboratory setup for CSP in aqueous medium consisted 
of the following: an IP-1250 M-auto hydraulic press  

(Plant of Testing Instruments and Equipment, Russia); 
a custom-made steel mold with two composite punches; 
and a ring heater equipped with a temperature controller 
Thermodat-17E6 (NPP Sistemy Kontrolya, Russia) with 
two thermocouples. In order to prevent heat dissipation 
into the press plates and the environment, custom-made 
heat-insulating bars made of gabbro-diabase were placed 
under the punches. The unit was placed in a casing made 
of aluminum foil (RUSAL – Sayana Foil, Russia) and 
refractory kaolin wool MKRV-200 (Teplopromproekt, 
Russia), in order to reduce heat exchange with the 
environment. Sealing of the working volume of the 
mold was achieved by using sheets of graphite paper 
(NPO Unikhimtek, Russia) and copper sealing rings 
(Metallinvest Corporation, Russia) at the joints of the 
mold elements. In order to induce nucleation of the latter 
at CSP, 5 wt % of aluminum oxide α-Al2O3 (corundum) 
was preliminarily added into γ-AlOOH powder. 1 g of 
synthesized aluminum oxohydroxide was placed in 
the working volume of the CSP mold, 0.2 mL distilled 
water was poured in, and then a mechanical pressure of 
220 MPa was applied to the assembled mold. Heating 
was carried out at a rate of 10℃/min to a temperature 
of 450℃, and isothermal holding was 30 min. It has 
previously been shown that the formation of corundum 
phase from boehmite powder occurs at 450℃ under CSP 
conditions [15]. The mechanical pressure was released, 
the mold was cooled naturally, and the ceramic sample 
was removed from the mold. The ceramic sample made 
from α-AlOOH powder was calcined in air at 600℃ for 
1 h. The conditions of ceramic sample fabrication are 
summarized in Table 1.

2.3. Methods of research of synthesized 
powders and ceramics

The X-ray phase analysis of synthesized powders and 
fabricated ceramics was carried out using a PowDiX 600 
diffractometer (LINEV ADANI, Belarus, 2022) by means 
of monochromatic Cu-Kα1 radiation with l = 1.5406 Å 
(0.02-mm Ni filter) on a diffracted beam (30 kV, 10 mA). 
The θ–2θ, continuous imaging was carried out in the 

Table 1. Production conditions of ceramic samples using the CSP method  
(BCS—boehmite cold sintering, DCS—diaspore cold sintering)

Ceramic sample Raw material composition (powder) CSP conditions Calcination conditions

BCS γ-AlOOH 95 wt %,
α-Al2O3 5 wt %

450°С, 220 MPa, 30 min

–

DCS α-AlOOH 75.3 wt %,
γ-AlOOH 24.7 wt % –

DCS-600 α-AlOOH 75.3 wt %,
γ-AlOOH 24.7 wt % 600°С, 1 h
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interval 5° < 2θ < 80° with a step of 0.01° and a speed of 
3.5°/min. Qualitative phase determination was performed 
using the ICDD PDF powder database1, and quantitative 
analysis was performed using the following formula for 
calculating concentrations C (formula 3):

max

max
100%,= ×

Σ
i

j j

I
C

I
 (3)

wherein Imaxi is the reflex intensity of i-phase with 
relative intensity of 100%, and maxΣ j jI  is the sum 
of reflex intensities with relative intensity of 100% for 
all phases in the studied sample. The morphology of 
the synthesized powders and the microstructure of the 
ceramic chips were investigated using a JEOL JSM 6380 
scanning electron microscope (SEM) (JEOL, Japan). 
The thermal analysis of the powder sample was carried 
out in a gas flow (80 vol % air, 20 vol % argon) in the 
temperature range from 40 to 700°C at a heating rate 
of 10°C/min on a Netzsch STA 449C Jupiter thermal 
analyzer (Netzsch, Germany).The integral structural 
characteristics of ceramic samples (density and open 
porosity) were measured using the kerosene saturation 
method in accordance with GOST 2409-20142. In order 
to determine the permeability of ceramics, the time 
required for 100 mL of distilled water to flow through 
the ceramic sample at a pressure drop of 0.09 MPa was 
measured. The permeability P was calculated according 
to the following formula (4):

,=
∆

VP
St p

 (4)

1 ICDD PDF2 database (https://www.icdd.com/pdf-2/). Accessed March 29, 2024.
2 GOST 2409-2014. Interstate Standard. Refractories. Method for determination of bulk density, apparent and true porosity, water absorption. 

Moscow: Standartinform; 2014. https://files.stroyinf.ru/Data2/1/4293767/4293767558.pdf. Accessed March 29, 2024.

wherein V is the volume of liquid passing through the 
membrane of area S for a certain period of time t at 
differential pressure Δр.

3. RESULTS AND DISCUSSION
3.1. Characteristics of synthesized 
aluminum oxohydroxide powders
The synthesis of the precursor for α-AlOOH powder 
production was accompanied by the following chemical 
transformations in solution (formulas (5) and (6)), as 
well as during calcination (formula (7)):

Al(NO3)3 + 3NH4OH → Al(OH)3 sol + 3NH4NO3, (5)

Al(OH)3 sol → AlOOH sol + H2O, (6)

2AlOOH sol → Al2O3 sol + H2O. (7)

The slow mixing of solutions of Al(NO3)3 and 
ammonia produces aluminum hydroxide precipitate 
according to Eq. (5), which in the aging process under hot 
solution transforms into γ-AlOOH boehmite according to 
Eq. (6) [19]. The calcination of the precipitate obtained in 
air at 1000°C leads to the formation of aluminum oxide 
according to Eq. (7). In terms of phase composition, the 
powder obtained is a mixture of transitional modifications 
of aluminum oxide (γ-, δ-, and θ-Al2O3) and corundum 
(α-Al2O3) (Fig. 1) formed during thermal decomposition 
of boehmite. The heterogeneity of the phase composition 
is reflected in the morphology of the product. The 
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Fig. 1. X-ray diffraction pattern (a) and SEM image (b) of Al2O3 powder synthesized by precipitation followed by calcination 
at 1000°С (Greek letters α, γ, δ, θ indicate the peaks of the corresponding Al2O3 modifications)
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SEM image (Fig. 1) shows particles of different shapes 
(rounded, prismatic, irregular) and sizes from 80 nm to 
4.6 μm.

As a result of the treatment of the synthesized 
aluminum oxide powder in a water vapor atmosphere, 
the formation of a mixture of aluminum oxohydroxides: 
diaspore α-AlOOH and boehmite γ-AlOOH can be 
observed. The rate of diaspore accumulation in the 
system shows sensitivity to the process temperature. As 
a result of the incubation of aluminum oxide in water 
vapor at temperatures of 200, 250 and 300°C for 20 h, the 
formation of the largest amount of diaspore (28.1 wt %) 
can be observed at 250°C (Fig. 2a). The preparation of 
boehmite under hydrothermal conditions at temperatures 
from 150 to 240°C and equilibrium water vapor pressure 
from amorphous aluminum oxide has been described in 
the literature [20–22]. The formation of synthetic diaspore 
was observed under harsher hydrothermal conditions, 

at temperatures from 300 to 450°C, and pressures of 
6.0 to 34.5 MPa when α-Al2O3 powder was treated for 
more than 72 h [23, 24]. At the same time, the mixture 
of α- and γ-modifications of Al2O3 passes into diaspore 
through the formation of the boehmite phase [23]. The 
formation of oxohydroxides from different modifications 
of aluminum oxide in water vapor most probably occurs 
with the preservation of the type of close-packing in 
crystals: hexagonal at the transition of α-Al2O3 into 
diaspore and cubic at the transformation of γ-Al2O3 into 
boehmite. The transition of boehmite into diaspore is 
associated with a change in the type of close-packing in 
the crystal. This may explain the slow accumulation of 
α-AlOOH in the reaction mixture during its prolonged 
treatment (more than 48 h, Fig. 2b).

After 260 h of treatment of the synthesized aluminum 
oxide in water vapor at 250°C, the reaction mixture 
contains 75.3% diaspore and 24.7% boehmite (Fig. 3). 
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Fig. 2. Diaspore contents after the treatment of alumina in a water vapor atmosphere: (a) 20 h of treatment at different temperatures; 
(b) different duration of a treatment at 250°C and an autogenous pressure of 3.97 MPa
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Fig. 3. X-ray diffraction pattern (a) and SEM image (b) of diaspore powder synthesized in a water vapor at 250°С and an autogenous 
pressure of 3.27 MPa for 260 h
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Two types of particles can be distinguished in the 
obtained powder: strongly agglomerated particles of 
0.3–1.4 μm in size, as well as large crystals growing 
among them, up to 7 μm in size, possessing smooth 
faces. The appearance of large crystals is a consequence 
of secondary recrystallization in the system.

As a result of treatment in water vapor of 
γ-Al(OH)3 hydrargyllite powder at 270°C and 
equilibrium pressure of 5.50 MPa, a single-phase 
boehmite with predominantly lamellar particle shape was 
formed (Fig. 4). The particle size in the sample ranges 
from 0.5 to 2.9 μm. Such particle shape is also known 
for boehmite synthesized under classical hydrothermal 
conditions (in solution) [25, 26].

3.2. Structure and properties  
of corundum ceramics fabricated  
using the CSP method

CSP of synthesized powders of α- and γ-oxohydroxides 
of aluminum, carried out at a temperature of 450°C and 
applied mechanical pressure of 220 MPa for 30 min, led to 
the formation of transport-strength ceramic samples. The 
phase analysis of ceramics made from powder consisting 
of a mixture of 75.3% diaspore and 24.7% boehmite 
showed that the phase transition of boehmite to diaspore 
is completed during the CSP (Fig. 5a). The grains in the 
material obtained (Fig. 5c) are predominantly close in 
shape and size to the large crystals formed as a result of 
secondary recrystallization in the initial powder (Fig. 4). 
During CSP, single large crystals present in the powder 
served as nuclei of secondary recrystallization, leading 
to a significant increase in the average grain size of 
ceramics when compared to the original particles (from 
0.94 to 2.13 μm).

Thermal analysis of the diaspore ceramics revealed 
an endothermic effect at around 524°C accompanied by 
a mass loss of 13.97% (Fig. 5b). The data obtained on 
the decomposition of α-AlOOH corresponds well with 
that previously known from the literature for diaspore 
powder [17]. At the same time, the total mass loss of 
the diaspore ceramic sample when heated to 700°C 
was 14.63%, which corresponds to the mass fraction 
of water released from aluminum oxohydroxide during 
the transition to Al2O3 (15%). Based on these data, the 
diaspore ceramics were calcined in air at 600°C for 1 h, 
leading to its complete conversion to α-Al2O3 corundum 
(Fig. 5a). The microstructure of the corundum ceramics 
retained the appearance of grains observed in the diaspore 
ceramics (Fig. 5d), while their average size increased to 
2.78 μm.

CSP of boehmite powder in the presence of 5 wt % 
corundum resulted in the formation of single-phase 
α-Al2O3 ceramics (Fig. 6). The SEM image of the 
sample chip shows that the material has a developed pore 
space, and consists of isometric grains with sizes ranging 
from 0.42 to 4.23 μm with an average value of 1.42 μm. 
The grains have a hexagonal shape characteristic of 
corundum.

Corundum ceramics obtained from aluminum 
oxohydroxide powders of different phase composition 
have close values of relative density in the range of 
46–48% (Table 2). At the same time, in the sample 
achieved in one stage CSP from boehmite powder (BCS), 
there is practically no closed porosity (5.9%), and open 
pores account for about half of the material volume 
(47.9%). The DCS-600 sample made from diaspore-
containing powder has lower open porosity (39.0%). 
It should be noted that the DCS sample had only 9.0% 
open porosity before calcination in air. The calcination 
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had a negligible effect on the closed porosity, an increase 
from 12.3 to 13.8% was observed. Taking into account 
the different theoretical density of boehmite and diaspore 
(3.08 and 3.38 g/cm3, respectively), we can conclude that 
the decisive role in the formation of open porosity is played 
by the phase transition of oxohydroxides into α-Al2O3, 
which has a higher theoretical density (3.96 g/cm3).

The values of open porosity observed in the fabricated 
corundum ceramics are comparable to those reported in 
the literature for ceramic substrates made of α-Al2O3 and 
intended for the fabrication of filter membranes (30–40% 
of open porosity) [27, 28]. The permeability of porous 
materials obtained in the present work for pure water is 
more than 5000 L/(m2∙h∙bar) (Table 2). It is consistent 
with the value of open porosity. Corundum ceramics 
made of boehmite powder have a higher level of 
open porosity and permeability than those of diaspore 
ceramics. Similar permeability values have been reported 
by a number of authors for α-Al2O3 ceramic filter 
membranes. For example, in [29] corundum substrates 
with a permeability of 4000 L/(m2∙h∙bar) were immersed 
in a suspension of α-Al2O3 powder followed by drying 
and sintering, in order to obtain single-layer membranes 
with a permeability of about 1000 L/(m2∙h∙bar). Similarly, 
Naseer et al. [30], using less permeable substrates 
(614 L/(m2∙h∙bar)), produced single-layer membranes with 
a permeability of 388 L/(m2∙h∙bar) and bilayer membranes 
with a permeability of 311 L/(m2∙h∙bar). By filtering 
a suspension through a substrate with a permeability of 
4700 L/(m2∙h∙bar), a membrane with a permeability of 
550 L/(m2∙h∙bar) was obtained in [31]. In other studies, 
microfiltration membranes composed entirely of corundum 
possessed permeabilities for pure water ranging from 
2150 to 8000 L/(m2∙h∙bar) [27, 28, 32]. In comparison with 
literature data, the permeability of porous ceramic materials 
obtained in this work allows us to consider the possibility of 
their use as components of filtration systems. Depending on 
the purpose of the system (from macro- to nanofiltration), 
such materials can be promising both for independent 
application, and as substrates for membranes of finer 
water purification. A significant advantage of such porous 
corundum ceramics over the currently known analogues 
is a high level of energy efficiency, expressiveness and 
the low labor intensity of the method of its manufacture: 
CSP of aluminum oxohydroxides, including widely 
available boehmite powder. The further development of 

this technology of porous corundum ceramics involves 
the study of the structure of its pore space, mechanical 
properties and the possibility of manufacturing multilayer 
materials with variable porosity.

4. CONCLUSIONS

The present work shows the possibility of using the CSP 
method for the fabrication of porous corundum ceramics 
based on aluminum oxohydroxides and water. The CSP 
of boehmite γ-AlOOH powder with the addition of 
α-Al2O3 corundum in the presence of 20 wt % water 
at a temperature of 450°C and an applied mechanical 
pressure of 220 MPa for 30 min allows single-phase 
α-Al2O3 ceramics with an open porosity of 47.9% to be 
directly obtained. At CSP of a mixture of α-AlOOH diaspore 
powders (75.3%) and boehmite (24.3%), single-phase 
diaspore ceramics are formed. These completely transform 
into corundum ceramics with an open porosity of 39.0% 
as a result of calcination in air at 600°C for 1 h. Ceramics 
made of aluminum oxohydroxides have a permeability 
level for pure water of more than 5000 L/(m2∙h∙bar), 
allowing us to consider them as a material promising for use 
in filtration systems. The use of CSP provides an increase 
in the efficiency of porous corundum ceramics production, 
when compared with the traditional technology due to 
energy saving and the absence of the need to use auxiliary 
substances (binders, pore-forming agents, etc.).
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Table 2. Integral structural characteristics and permeability of corundum ceramics fabricated using the CSP method

Ceramic sample name Relative density, % Open porosity, % Permeability, L/(m2∙h∙bar)

BCS 46.2 47.9 5370

DCS-600 47.2 39.0 5020
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Abstract
Objectives. To develop technologies for producing multilayer films of transparent thermoplastic polymers; to study methods of modifying 
their supramolecular structure; and to determine their optical properties by means of optical-polarization methods for the use of modified 
films as decorative and design materials in modern architecture.
Methods. Industrial samples of polystyrene, low-density polyethylene, polypropylene, and polyvinyl chloride films from various 
manufacturers (Don Polimer, Vektor, and Sibur) were the objects of the study. The optical properties of the films were studied by means 
polarized-light spectrophotometry. In order to modify the supramolecular structure of the polymers, the surfaces of the films were 
treated under isometric conditions with volatile solvents or their aqueous solutions. Parts of the layers of multilayer films were removed 
by cutting with a punching knife using a press or with a manual device for perforating printing materials.
Results. The spectral characteristics of multilayer films of several transparent thermoplastic polymers in polarized light were determined. 
The study showed that a wide palette of colors and contrasting images can be obtained by mechanically removing part of the layers 
of multilayer films. The phenomenon of pseudo-disappearance of the outermost layer was discovered after treatment of a stack of films 
under isometric conditions with volatile solvents or their aqueous solutions.
Conclusions. Based on the example of large-scale production thermoplastics, it was shown that a combination of technological methods 
of stacking, perforation, and local plasticization of films of transparent thermoplastic polymers can produce pleochroic multicolor 
materials for a range of human activities. The possibility of hidden coding of information on multilayer packaging materials, and its 
visualization and instrumental reading in polarized light was confirmed by color differential and contrast of 150 and 60 units, respectively. 
It was also shown that several monochrome tones of different lightness and brightness can be obtained by varying the number of layers 
or perforating the films in multilayer materials.
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Аннотация
Цель. Исследовать технологии многослойных пленок из прозрачных термопластичных полимеров, способы модификации 
их надмолекулярной структуры, а также изучить их оптические свойства с помощью оптико-поляризационных методов для 
использования модифицированных пленок в качестве декоративных и дизайнерских материалов в современной архитектуре.
Методы. Объектами исследования являлись промышленные образцы пленок полистирола, полиэтилена низкой плотности, по-
липропилена и поливинилхлорида различных производителей («Дон Полимер», «Вектор» и «Сибур»). Оптические свойства 
пленок исследовали с помощью спектрофотомерии в поляризованном потоке света. Для модификации надмолекулярной струк-
туры полимеров поверхности пленок обрабатывали в изометрических условиях летучими растворителями или их водными рас-
творами. Части слоев многослойных пленок удаляли высечкой штанцевым ножом с помощью пресса или ручным устройством 
для перфорации полиграфических материалов.
Результаты. Получены спектральные характеристики многослойных пленок из нескольких прозрачных термопластичных по-
лимеров в поляризованном потоке света. Показаны возможности получения широкой палитры цветов и контрастных изображе-
ний механическим удалением части слоев многослойных пленок. Обнаружен эффект «псевдоисчезновения» внешнего слоя при 
обработке пакета пленок в изометрических условиях летучими растворителями или их водными растворами.
Выводы. На примере крупнотоннажных термопластов показано, что сочетанием технологических приемов сборки, перфориро-
вания и локальной пластификации пленок из прозрачных термопластичных полимеров можно решать задачи создания много-
цветных материалов с эффектом плеохроизма для различных сфер деятельности человека. Возможность скрытого кодирования 
информации на многослойных упаковочных материалах, ее визуализации и инструментального считывания в поляризованном 
свете подтверждена достаточным цветовым отличием и контрастом в 150 и 60 единиц соответственно. Показана возможность 
получения нескольких монохромных тонов различной светлоты и яркости варьированием числа слоев или перфорацией пленок 
в многослойных материалах.

Ключевые слова
двойное лучепреломление, интерференционное изображение, модификация, 
термоусадочные пленки, внутренние напряжения, надмолекулярная структура
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INTRODUCTION

Established optical phenomena in polarized light in the 
form of a bright color of alternating stripes in transparent 
polymer bodies when under mechanical stresses enable their 
destruction to be predicted. They also enable the permissible 
level of load during operation to be monitored [1–2]. 
This practically important and effective method of non-
destructive testing and mechanical testing of models 
constructed from transparent materials is used in the design 
of complex machine parts and building structures. Another 

important application of optical color effects in polarized 
light in transparent polymers is hidden packaging marking 
technology [3]. The creation of colored labels, multilayer 
labels, and other elements of original polymer products can 
also provide protection from counterfeiting. The advantages 
of such technologies include the creation of eye-catching 
color effects on products and packaging without the use of 
toxic dyes and pigments, the possibility of recycling used 
products and packaging made of thermoplastic polymer 
materials, as well as the production of feedstock (large-scale 
production polymers) [4].
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Colors resulting from the interaction of light with 
spatially ordered or quasi-amorphous nanostructures or 
microstructures are called structural colors [5]. Such 
colors are widely found in nature in a range of insects, 
plants, and animals [6, 7]. Structural colors with a wide 
range of shades also appear in transparent polymer films 
with a high level of internal stress when polarized light 
passes through them. The heat sensitivity of the structural 
color of films of large-scale production thermoplastics is 
very specific. It depends on the presence of low-molecular 
ingredients in them and the features of the film formation 
technology. This may slightly increase their cost, but 
significantly expands the scope of application [8].

Internal stresses in polymer products and films are a 
natural consequence of their production technology [9]. 
Thin polymer films are produced by the extrusion and jet 
drawing of a melt. This is followed by the orientation of an 
elastic preform, during which internal stresses in the film are 
frozen. This procedure creates one-dimensional anisotropic 
shrink labels and biaxially oriented films of thermoplastics: 
polypropylene, polyethylene, polyvinyl chloride, and 
polyamides [10, 11]. The combination and duplication of 
these materials opens up new possibilities for their practical 
application in a range of industries and construction. 
A further factor is the variety of optical phenomena [12] 
caused by refraction, reflection, polarization, and 
interference of natural daylight and artificial light, as a 
combination of multiphase electromagnetic radiation [13].

The intensity of white light after passing through 
the polarizer–stressed structures–polarizer transparent 
system can be determined by the following expression:

2 2sin 2 sin ,
2
l

l
Φ

= α∑I I

where I is the light intensity, α is the angle between the 
polarization axis and the vector of the incident light, Iλ is 
the light intensity of the wavelength from the spectrum, 
and Φλ is the difference in the wavelength path from the 
radiation spectrum [1].

The phase difference of light-emitting and 
light-reflecting objects at the point of observation 
through the film depends on internal stresses and causes 
the phenomenon of pleochroism, i.e., the dependence 
of their color on their relative position relative to the 
radiation source and the observer. The use of pleochroism 
was proposed, in order to create new methods for 
protecting products made of transparent polymers from 
counterfeiting and for identifying original products by 
packaging, as well as to produce decorative light panels 
and transparent interior design elements [14, 15].

1  https://www.argyllcms.com/. Accessed February 8, 2023.
2  CIELab is a color space defined by the International Commission on Illumination (CIE) in 1976.

The purpose of this work was to investigate methods 
for controlling pleochroism in multilayer polymer 
materials made of thermoplastic polymers by varying 
the polymer used and treatment method and to justify 
the possibility of using them for the hidden recording of 
information by bar coding.

EXPERIMENTAL

Industrial samples of colorless transparent shrink films 
made of thermoplastic carbon-chain polymers produced 
in Russia were the objects of the study. They are low-
density polyethylene with a thickness of 50 ± 2 μm, 
Biaxplen HGPL polypropylene 30 ± 1.5 μm thick 
(Sibur-Biaksplen, Russia), polyvinyl chloride 50 ± 2 μm 
thick (Don-Polimer, Russia), and polystyrene 60 ± 2 μm 
thick (Vektor, Russia).

Birefringence experiments were carried out on a 
laboratory setup (Fig. 1) designed for photography and 
optical measurements in transmitted polarized light. The 
radiation source was a light-emitting diode (LED) strip 
with a color temperature of the transmitted light flux 
(6500 K) and a nonlinear spectral characteristic (Fig. 2). 
The LED strip was mounted around the perimeter of a 
sealed box with a transparent window made of silicate 
glass, on which a film linear polarizer (Nitto Denko, 
Japan) was placed. After passing through the polarizer 
and the analyzer in a crossed position, the radiation 
spectrum can be considered to be either monotonic or 
linear [1, 13] (Fig. 2).

The spectral characteristics of the radiation source, 
polarizing films, and stacks of shrink films before and 
after external influences were determined using an 
X-Rite i1Pro spectrophotometer (X-Rite Inc., USA). 
The spotread command line tool from the ArgyllCMS 
software1, version 2.3.0, was used. The measurements 
were made in the “high-resolution” mode (measurement 
step 3.333 nm). The radiation characteristics and the 
color of the transmitted light were recorded in units of 
spectral radiance: watt per steradian per square meter per 
nanometer (mW/(sr·m2∙nm)). The spectrophotometer 
was also used to evaluate the contrast of images visible 
in polarized light and to determine the CIELab2 color 
coordinates used to calculate the color difference ΔEab:

2 2 2
2 1 2 1 2 1( ) ( ) ( ) ,∗ ∗ ∗ ∗ ∗ ∗∆ = − + − + −abE L L a a b b

where L* is lightness, a* are red–green coordinates, and 
b* are yellow–blue coordinates.

Based on the spectral transmittances of different areas 
of the multilayer films, color coordinates were calculated 

https://www.argyllcms.com/
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Fig. 1. Schematic of a setup for measuring the spectral 
characteristics of film samples: (1) spectrophotometer,  
(2) a film sample or a stack of films (Stoletov’s stack), 
(3) movable polarizer, (4) fixed polarizer, (5) LED strip around 
the perimeter of the camera, and (6) sealed chamber
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Fig. 2. Spectral radiances of the LED strip: (1) light spectrum 
of the radiation source, (2) light spectrum through two linear 
polarizers with mutually parallel polarization axes, and 
(3) light spectrum through two linear polarizers with mutually 
perpendicular polarization axes

in the XYZ space, where Y is the luminance component. 
Then, from one Y1 value, the Y2 value for the adjacent 
area was subtracted, in order to give the symbol contrast.

The internal stresses in samples of polymer films 
were altered by plasticization through local treatment 
with active solvents and their aqueous solutions 
(tetrahydrofuran, acetone, methylformamide, Russia). 
Heat treatment was performed in laboratory-scale 
apparatuses for welding polymer films of various 
designs [16].

The color effects were visually recorded using a 
Nikon D7000 camera (Nikon, Japan).

From the selected polymer materials, films were 
arranged in Stoletov’s stacks. This also involved 
the cutting of part of the layers or the addition of flat 
transparent elements using both monopolymer films or a 
combination of films of different thermoplastics.

RESULTS AND DISCUSSION

In order to obtain and quantify pleochroism, film samples 
were cut into strips of various lengths and 30 mm wide 
along (or across) the winding direction of the roll and 
stacked on top of each other in Stoletov stacks. From 2 to 
14 layers were used, in order to prepare a stack of films. 
The stacking of more layers of film significantly reduces 
the intensity of transmitted light and the accuracy of 
measurements [12].

The maximum rainbow effect was seen on films of 
amorphous glassy polymers: polyvinyl chloride and 
polystyrene. Films of elastic crystallizable polymers 
produced color palettes with were less bright and less 
multicolor. The lower level of brightness of the colors 
in polyethylene stacks is apparently due to decreasing 
the level of internal stress in the materials because of 
relaxation during storage. Table 1 indicates the original 

color when observed at a right angle, the order of color 
changes and changes in the lightness of shades, the 
frequency of occurrence and alternation of the color 
gamut for each polymer and film stack. For polyvinyl 
chloride and polystyrene films, color and lightness are 
repeated every 2–3 layers. In low-density polyethylene 
and polypropylene film stacks, color is repeated in every 
other layer.

For the purposes of the practical application of the 
results of the spectrophotometry of multilayer films of all 
the polymers studied, Fig. 3 indicates points with color 
coordinates in the color diagram (Fig. 3).

Active solvents which cause plasticization of polymers 
and a decrease in internal stresses in films affect the color 
palette of a stack of films of amorphous glassy polymers: 
polyvinyl chloride and polystyrene. The reason for the 
change in color of the film stack in polarized light is due 
to a change in the internal stresses of these polymers due 
to plasticization [17]. Even short-term (several minutes) 
exposure of the film surface to a solvent led to a noticeable 
local change in the color of the film stack (Fig. 4). In 
the case of multilayer samples, in the areas of contact 
between the film and the liquid, the colors of adjacent 
internal layers appear under the outermost layer which 
absorbs a certain amount of solvent. This phenomenon 
can be called pseudo-disappearance of the outermost 
layer of the multilayer film. After the solvent evaporates, 
this local optical effect persists for a long time, indicating 
an irreversible decrease in internal stresses.

The effect of solvents on the film color can be used 
in the technology of special liquid-sensitive materials 
for security printing. One of the methods of operational 
visual control is wetting the surface of prints on special 
water and fluid-sensitive materials with test liquids or 
solutions. This can be used to verify the authenticity of 
banknotes and documents [18].

It is reasonable to assume that the transillumination 
of a film stack causes no changes in the outermost layer 
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Table 1. Film colors when observed at a right angle

Polymer Color palette

Polyvinyl chloride
1 2 3 4 5 6 7 8 9 10

Polystyrene
1 2 3 4 5 6 7 8 9 10 11

Low-density 
polyethylene 1 2 3 4 5 6 7 8 9

Polypropylene
1 2 3 4 5 6 7 8 9 10
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Fig. 3. Positions of colors of a polyvinyl chloride film stack 
on the CIExy chromaticity diagram: (1) Adobe RGB (1998) 
color gamut and (2) sRGB color gamut
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a

Fig. 4. Exposure of a PVC film to the solvent in areas a. The 
numbers 1–10 show the number of layers in ascending order

1 2 3 4 5 6 7 8 9 10

a b

Fig. 5. Short-term local exposure of a film to solvent in areas a 
and cutting of one layer of film in areas b

of the film in the direction and phases of the light beam. 
This is due to the absence of film in this place. This 
phenomenon is known as pseudo-disappearance of the 
outermost layer from the stack of transparent films. Since 
the transmission of polarized light through a medium 
with internal stresses gives rise to an interference 
pattern, after contact with the solvent, there are either no 
internal stresses in the film, or their level is significantly 
reduced to such an extent that it is insufficient to change 
the characteristics of the transmitted light. In order to 
confirm this assumption about the physical essence of 

the phenomenon of pseudo-disappearance, fragments of 
films inside and on the surface in different layers were 
specially cut out in a multilayer stack near the place where 
a drop of plasticizing liquid was applied. Transmitted 
polarized light from the film stack with perforated layers 
led to the same effect as exposure of the film to a volatile 
solvent (plasticizer).

The perforation of films has an important technological 
and operational advantage over treatment with solvent. 
It is not only the outer layers of films of multilayer 
materials that can be perforated (or not to any significant 
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extent), but also any inner ones. When the inner layers 
are perforated, the multilayer material with an image or 
text hidden from the naked eye will have a higher degree 
of strength and a higher resistance to external influences 
when used, e.g., as commercial packaging.

For the practical application of this effect, it is 
necessary to determine between which layers part of the 
film should be removed, in order to obtain the maximum 
color difference between adjacent areas. For quantitative 
assessment, the CIE76 color difference formula was 
used [3]. For each of the films, the maximum values of 
color difference and the number of layers at which it 
occurs were identified (Table 2).

Such indicators of color difference are many times 
greater than the threshold value distinguishable by the 
human eye: ΔE ≈ 2–3 [12]. These quantitative estimates 
are confirmed visually, since the lightness or brightness 
curves of these colors are different. In order to resolve the 
problems of hidden marking of multilayer films intended 
for packaging and protection against counterfeiting of 
expensive original products [12, 18], the most important 
factor is to compare the color indicators between shades 
of the same color. For example, in the case of low-
density polyethylene films with repeating colors, a table 
of contrasts of areas of a multilayer film of the same 
spectral color, but different tones (gradient color), was 
compiled (Table 3).

The colors of such areas of the film appear identical, 
but their color difference ΔE is many times greater than 
the resolution of the human eye. This color difference 

was determined for all polymer materials studied in this 
work. The presence of several shades of the same color 
in materials made of one polymer, but with a different 
number of layers, expands the artistic possibilities for 
creating a tone image.

Another important characteristic of multilayer films 
intended for marking is the contrast of adjacent areas of 
the film with different numbers of layers or cut locations. 
Image contrast is a quantity different from the color 
difference which shows the difference between two 
parameters [19].

For the film stacks under consideration and 
collected in Stoletov’s stack (Fig. 3), the contrast was 
calculated (Table 4).

It can be noted (Fig. 6) that for the majority of the 
studied polymer films, maximum contrast occurs in the 
stack between layer 1 and layer 2. This is very important 
for use in the production of two-layer materials with 
high-contrast protective elements. It can be seen that the 
contrast of adjacent areas in multilayer films decreases 
as the number of layers increases (Fig. 6). Among 
the films studied, the level of contrast is maximum in 
Biaxplen HGPL polypropylene film (Biaxplen, Russia) 
intended for packaging food and dietary products for 
children.

CONCLUSIONS

Based on the example of large-scale production 
thermoplastics, the study showed that a combination 

Table 2. Color difference between adjacent layers

Material of polymer film Color differencemax Layers

Polystyrene 150 Between layer 10 and layer 5

Polyvinyl chloride 126 Between layer 8 and layer 6
Between layer 10 and layer 8

Polypropylene 125 Between layer 4 and layer 3

Low-density polyethylene 117 Between layer 9 and layer 8

Table 3. Contrasts of gradient color areas of a polyethylene film

Compared areas of multilayer stack 1–3 1–5 3–5 2–4 2–6 4–6 7–9

Contrast 44 48 12 29 23 9 11
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Table 4. Maximum contrast values of adjacent areas

Material of polymer film Contrastmax Layers

Low-density polyethylene 44 Between layer 1 and layer 2

Polystyrene 46 Between layer 10 and layer 3

Polyvinyl chloride 57 Between layer 1 and layer 2

Polypropylene 63 Between layer 1 and layer 2
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Fig. 6. Color contrast of adjacent layers in films 
of thermoplastic polymers: (1) polypropylene, (2) polystyrene, 
(3) polyvinyl chloride, and (4) polyethylene

of technological methods of stacking, perforating, and 
plasticizing films of transparent thermoplastic polymers 
can produce colored materials for use in various human 
activities: architecture and construction for creating 
stained glass and multicolor theatrical scenery; in the 
production of multilayer light filters; and in retail trade 
for the coding and protection of product packaging 
from counterfeiting. Multilayer polymer materials 
which change color in polarized light depending on the 
location of the polarizers, the direction of the transmitted 
light, and the position of the observer (pleochroism) 
are structured from films of glassy amorphous and 
amorphous–crystalline polymers with a high level of 
internal stress. Changing the level of internal stresses in 
films without changing their overall dimensions can be 
achieved by treating the outer layers of polymer films 

with volatile liquid solvents or plasticizers. The decrease 
in the level of internal stresses in the outer layers of 
duplicated polymer materials comprising N films after 
exposure to plasticizers, thus causing a change in the 
color of the film stack in polarized light to the color of 
materials comprising N − 1 layers of films, is referred to 
as pseudo-disappearance of the outermost layer. It forms 
the basis of a new technological method in production of 
decorative polymer materials and artistic works.

The pseudo-disappearance of the outermost layer 
and the perforation of the inner layers cause a significant 
color difference and contrast of adjacent areas of the 
film stack, reaching 150 and 60 units respectively. These 
contrast values are sufficient for the hidden barcoding of 
transparent product packaging, identifiable in polarized 
light.
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Abstract
Objectives. To investigate the protective efficacy of unreduced and reduced forms of the condensation product of D,L-camphor and 
p-ethoxyaniline in nitrile butadiene rubber formulations when compared with the conventional stabilizer N-isopropyl-N′-phenyl- 
p-phenylenediamine aged under laboratory and in situ climatic conditions in the tropics.
Methods. The thermostabilizing effect of the condensation product of D,L-camphor and p-ethoxyaniline was evaluated by means 
of infrared spectroscopy using the dynamics of changes in the absorption bands of carbonyl and hydroxyl groups. The features of rubber 
vulcanization were studied by means of rotorless rheometry. Changes in the physical and mechanical properties of rubbers and degree 
of cross-linking were evaluated after thermo-oxidative aging in laboratory conditions. They also took into account the results of long-
term exposure of samples in undeformed and deformed state in a tropical climate, taking into account meteorological data of the Can Gio 
climatic testing station.
Results. It was found for the first time that condensation products of D,L-camphor and p-ethoxyaniline exhibit a stabilizing effect 
in formulations of rubbers based on polar nitrile butadiene rubber. 
Conclusions. According to the results of laboratory and in situ tests, the study established that the use of N-[(1RS,2RS)-camphan-2-yl]- 
4-ethoxyaniline (reduced form) as an antifatigue agent is preferable. This is due to the presence of a mobile hydrogen atom at the nitrogen 
atom. The protective effect is manifested in terms of the better preservation of elastic-strength properties of rubbers with less change 
in hardness.

Keywords
condensation product of D,L-camphor and p-ethoxyaniline, nitrile butadiene rubber, antifatigue 
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НАУЧНАЯ СТАТЬЯ
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Аннотация
Цели. Исследовать эффективность защитного действия невосстановленной и восстановленной форм продукта конденсации 
D,L-камфоры и п-этоксианилина в рецептурах резин на основе бутадиен-нитрильных каучуков в сравнении с традиционным 
стабилизатором N-изопропил-N′-фенил-п-фенилендиамином, состаренных в лабораторных и натурных климатических услови-
ях тропиков.
Методы. Оценку термостабилизирующего влияния продукта конденсации D,L-камфоры и п-этоксианилина проводили мето-
дом инфракрасной спектроскопии по динамике изменения полос поглощения карбонильных и гидроксильных групп. Особен-
ности вулканизации резин изучали методом безроторной реометрии. Изменение физико-механических свойств резин и степени 
поперечного сшивания оценивали после термоокислительного старения в лабораторных условиях, а также по результатам дли-
тельной экспозиции образцов в недеформированном и деформированном состояниях в тропическом климате с учетом метео-
данных климатической испытательной станции Кон Зо.
Результаты. Впервые установлено, что продукты конденсации D,L-камфоры и п-этоксианилина проявляют стабилизирующее 
действие в рецептурах резин на основе полярного бутадиен-нитрильного каучука.
Выводы. По результатам лабораторных и натурных испытаний выявлено, что в качестве противостарителя наиболее предпоч-
тительно использование N-[(1RS,2RS)-камфан-2-ил]-4-этоксианилина (восстановленная форма), что связано с наличием под-
вижного атома водорода при атоме азота. Защитный эффект проявляется в лучшем сохранении упруго-прочностных свойств 
резин при меньшем изменении твердости.

Ключевые слова
продукт конденсации D,L-камфоры и п-этоксианилина, бутадиен-нитрильный 
каучук, противостаритель, экспозиция в тропическом климате
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INTRODUCTION

Rubbers based on nitrile butadiene rubber (NBR) are 
most common in the manufacture of oil and gas resistant 
rubber products. However, NBR-based rubbers are prone 
to structuring under conditions of high temperatures due 
to the presence of acrylonitrile links in macromolecules. 
Due to the relatively high unsaturated nature of 
macromolecules, the materials possess insufficient 
resistance to various types of aging [1]. Altogether, this 
leads to an increase in hardness, loss of elasticity and 
deterioration of rubber properties in general [2].

In order to resolve this problem, stabilizers of different 
nature are used. The most widely used as thermostabilizers 
are spatially hindered amines, for example, N-phenyl-
N'-isopropyl-n-phenylenediamine (Diafen FP, IPPD); 
oligomer of 2,2,4-trimethyl-1,2-dihydroquinoline 
(Acetonanil P); N-phenyl-2-naphthalenamine (Naftam-2); 
N,N'-diphenyl-n-phenylenediamine (Diafen FF), etc. [3]. 
At the same time, the above-listed amines do not fully 
meet modern sanitary and hygienic standards. It should 
also be noted that the protective effect of their use is 
insufficient, especially under conditions of complex 
influence of climatic factors on rubber.

mailto:vaniev@vstu.ru
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This determines the need to search for new effective 
and low-toxic stabilizers. The condensation products of 
camphor and aniline and their reduction products are of 
considerable interest in this respect. The first information 
on the use of substances obtained by the interaction of 
camphor with aromatic amines in the formulation of 
natural rubber-based rubbers is provided in US patent 
No. 2211629 [4]. The synthesis of new compounds of 
this type is described in [5–8]. Furthermore, there is data 
on the possibility of using camphor anilines and their 
reduction products as antimicrobial [9] and antiviral 
medical preparations [10].

Earlier in [11], we investigated the effect of 
N-[(1RS)-camphan-2-ylidene]-2-methylaniline, 
N-[(1RS)-camphan-2-ylidene]-2-ethylaniline and 
N-[(1RS)-camphan-2-ylidene]aniline on the properties 
of NBR-based rubbers, including the evaluation of 
their efficiency as thermal stabilizers. At the same 
time, a pronounced stabilizing protective effect was 
not revealed, due to the absence of a hydrogen atom at 
the nitrogen atom in the unreduced form of camphor 
anilines [12]. Taking this circumstance into account, 
the reduced form of N-[(1RS)-camphan-2-ylidene]-4-
ethoxyaniline was synthesized.

The aim of this study was to evaluate the 
protective effect of the unreduced and reduced form 
of the condensation product of D,L-camphor and 
n-ethoxyaniline in BPA-based rubber formulations, 
when compared to the conventional stabilizer 
N-isopropyl-N'-phenyl-n-phenylenediamine aged 

1 GOST 34751-2021. Interstate Standard. Rubber mixtures. Determination of vulcanization characteristics using rotorless rheometers. Moscow: Russian 
Institute of Standardization; 2021. https://docs.cntd.ru/document/1200181424?ysclid=lteg4izk40725865149. Accessed November 06, 2023.

under laboratory and in situ climatic conditions in the 
tropics.

MATERIALS AND METHODS

NBR vulcanizates of BNKS-40 AMS grade with 
mass fraction of bound acrylic acid nitrile 36–40% 
(TU 38.30313-2006) were used as objects of the study. 
An effective vulcanizing system including sulfur donors 
thiuram D and dithiomorpholine (China) was used for 
vulcanization. Table 1 presents the structural formulas of 
the D,L-camphor aniline used and its reduction product 
synthesized by the authors of this paper. The other 
ingredients of rubber compounds are given in Table 2.

The following compounds were used as antifatigue 
agents of rubber mixtures: N-[(1RS)-camphan-2-
ylidene]-4-ethoxyaniline (I), N-[(1RS,2RS)-camphan-2-
yl]-4-ethoxyaniline (II), obtained according to known 
methods [6, 7]. Diafen FP (Russia) was also used 
as a substance of comparison. The content of basic 
substances was ≥98.5%. The synthesis of functionalized 
D,L-camphor derivatives was carried out according to 
Scheme 1.

Laboratory rollers Lb 320/160/160 (POLYMERMASH, 
Russia) were used to produce the blends. Rubber without 
a stabilizing agent is hereinafter referred to as base 
rubber.

Vulcanization characteristics were studied using an 
MDR 3000 Professional rotorless rheometer (MonTech, 
Germany) in accordance with GOST 34751-20211.

Table 1. Structural formulas and codes of substances used in rubber formulations

Structural formula Name of substance Code of substance

(1RS)
OC2H5

CH3

CH3

N

CH3

N-[(1RS)-Camphan-2-ylidene]-4-ethoxyaniline Product I

(1RS, 2RS)
OC2H5

CH3

CH3

NH

CH3

N-[(1RS)-Camphan-2-yl]-4-ethoxyaniline Product II

NH

NH

CH3

CH3 N-Isopropyl-N′-phenyl-p-phenylene diamine (IPPD) IPPD (comparison sample)

https://docs.cntd.ru/document/1200181424?ysclid=lteg4izk40725865149
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Table 2. Rubber formulations

Component

Formulation code

0* I II IPPD

Ingredient content, parts by wt

Nitrile butadiene rubber BNKS-40 AMN 100 100 100 100

Carbon black P-234 40 40 40 40

Carbon black P-803 20 20 20 20

Tetramethylthiuram disulfide 2.5 2.5 2.5 2.5

Dithiodimorpholine 1.5 1.5 1.5 1.5

Sulfenamide C (N-cyclohexyl-2-benzothiazole-sulfenamide, CBS) 1.5 1.5 1.5 1.5

Product I – 2 – –

Product II – – 2 –

IPPD – – – 2

ZnO 5 5 5 5

Stearic acid 1.5 1.5 1.5 1.5

*0—rubber compound without anti-fatigue agent.

(i-PrO) 2Ti(OTf)2 (i-PrOH) 2
.

4-OEtC 6H4NH2

(i-PrO) 4Ti

.NaBH 4,NiCl2  6H 2O

EtOH

t = –30°C

CH3

CH3

CH3

N

OC 2H5

CH3

CH3

CH3

NH

OC 2H5

(D,L)

(D,L)

CH3

CH3

CH3

O

(D,L)

I

II

Scheme 1. Synthesis of functionalized D,L-camphor derivatives

In situ tests of rubber samples at the Can Gio 
testing station (Ho Chi Minh City, Vietnam) were 
carried out according to GOST 9.0662 on deformed 

2 GOST 9.066. State Standard of the USSR. Unified system of corrosion and ageing protection. Vulcanized rubbers. Method of ageing 
resistance testing under weather conditions. Moscow: Izdatel’stvo standartov; 1994. https://docs.cntd.ru/document/1200015036?ysclid=lteg68
jel7692111363. Accessed November 06, 2023.

samples in the form of strips with the help of 
clamps, as well as standard plates in their regular  
state.

https://docs.cntd.ru/document/1200015036?ysclid=lteg68jel7692111363
https://docs.cntd.ru/document/1200015036?ysclid=lteg68jel7692111363
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The physical and mechanical properties of the samples 
were determined in accordance with GOST 270-753 
on a 5.0 kN Zwicki-line testing machine (Zwick/Roell, 
Germany). The hardness of rubbers was measured 
according to GOST 263-754. The assessment of the 
resistance of rubbers to thermal aging in air environment 
was carried out in accordance with GOST 9.024-745. 
Cross-linking density was determined according to the 
equilibrium swelling method [13].

The study of spectral characteristics in the infrared 
(IR) range was carried out using an FT-801 Simex 
IR Fourier spectrometer with a universal attachment 
of frustrated total internal reflection (FTIR) (Simex, 
Russia), equipped with a diamond element. The spectra 
obtained were processed in ZaIR 3.5 software6.

RESULTS AND DISCUSSION

The features of thermo-oxidative aging of NBR films were 
preliminarily studied by means of IR spectroscopy in the 
range of 800–4000 cm−1. The rubber was purified from 
the anti-fatigue agent by re-precipitation using 3% toluene 
solution with methyl alcohol with further drying until the 
solvent was completely removed. Products I, II, and IPPD 
were added to a 10% solution of rubber in toluene in an 
amount of 0.25 wt % per rubber. After removing the solvent 
and drying to constant weight, film samples of about 
100 μm thickness were subjected to aging in a thermal 

3 GOST 270-75. Interstate Standard. Rubber. Method for determining elastic-strength properties under tension. Moscow: IPK Izdatel’stvo 
standartov; 2008. https://docs.cntd.ru/document/1200018619?ysclid=lteg818rc7736832141. Accessed October 12, 2023.

4 GOST 263-75. State Standard of the USSR. Rubber. Method for determination of Shore A hardness. Moscow: Izdatel’stvo standartov; 1989. 
https://docs.cntd.ru/document/1200018610?ysclid=lteg99zuym336475224. Accessed October 12, 2023.

5  GOST 9.024-74. State Standard of the USSR. Unified system of corrosion and ageing protection. Rubbers. Methods of heat ageing stability de-
termination. Moscow: IPK Izdatel’stvo standartov; 1994. https://docs.cntd.ru/document/1200015022?ysclid=ltegb6r6kl786947653. Accessed 
September 07, 2023.

6  https://old.simex-ftir.ru/product_5.html. Accessed September 07, 2023.

cabinet at 100°C. After a certain time, the IR spectrum 
was determined using an FTIR attachment with a diamond 
crystal. The process was monitored by the change in the 
absorption bands at 1720 and 3615 cm−1 corresponding to 
carbonyl (–C=O) and hydroxyl (–OH) groups. The results 
are presented in Figs. 1 and 2.

The dependencies presented in Figs. 1 and 2 show the 
dynamics of carbonyl and hydroxyl group accumulation, 
indicating that in the presence of product II and IPPD, 
the oxidative process develops more slowly. Thus, their 
effectiveness as anti-fatigue agents were tentatively 
established.

Figure 3 and Table 3 present the results of rheometric 
studies characterizing the features of rubber vulcanization 
depending on the type of the used substance.

As can be seen from the results of evaluating the 
vulcanization characteristics of rubbers, the addition 
of IPPD has almost no effect on the sub-vulcanization 
time (τs). In turn, the addition of N-[(1RS)-camphan-2-
ylidene]-4-ethoxyaniline and N-[(1RS,2RS)-camphan-
2-yl]-4-ethoxyaniline leads to an increase in the sub-
vulcanization time from 2.2 min to 3.2 and 3.7 min, 
respectively. It can be concluded from the slope angle 
of the rheometric curves that the process rate in the 
presence of IPPD and products I and II slightly decreases 
due to the inhibition of radical reactions occurring 
during vulcanization. It can also be observed that in the 
presence of these substances the values of maximum 
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Fig. 1. Dynamics of change of intensity of absorption band 1720 cm−1(–C=O)
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Fig. 3. Rheometric curves of vulcanization (T = 150℃) of BNKS-40AMN based rubbers

Table 3. Rheometric data of rubber compounds (T = 150℃)

Code τs, min τ90, min Minimum torque, dN∙m Maximum torque, dN∙m

0 2.2 11.4 1.9 31.8

IPPD 2.3 14.5 2.0 28.9

I 3.3 17.4 2.0 28.9

II 3.7 18.0 2.0 28.1

Note: τs is the sub-vulcanization time; τ90 is the time required to reach 90% vulcanization.

torque are about 3 torque units lower when compared 
to the base formulation. This indicates a slightly lower 
degree of crosslinking of these rubbers. Based on these 
studies, and taking into account the τ90 index (time 
required to reach 90% of full vulcanization), rubber 
samples were produced for further laboratory and 
climatic tests under tropical conditions.

Table 4 shows the results of evaluating the physical 
and mechanical properties of the rubbers, as well as the 
level of change in the parameters after laboratory aging 
at 125℃ for 72 h.

Table 5 presents meteorological data for 8 months 
of natural exposure in the territory of the Can Gio test 
climatic station.
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Table 4. Comparative data on the initial properties of rubbers and aged rubbers under laboratory and in situ climatic conditions in the 
tropics

Rubber code 0 I II IPPD

Conditional tensile strength, MPa 26.3 25.4 26.2 26.1

Relative elongation at break, % 373 352 364 369

Hardness, Shore A units 74 74 74 74

Degree of cross-linking n × 10−4, mol/cm3 8.2 8.1 7.8 8.1

Change of properties of rubbers after aging at 125°C, 72 h

Change in conditional tensile strength, % −37 −15 −5 −3

Change in relative elongation at break, % −51 −43 −31 −28

Change in hardness, Shore A units +8 +4 +4 +4

Degree of cross-linking n × 10−4, mol/cm3 10.3 9.6 9.3 9.2

Changes in properties after 8 months of exposure in tropical climates

Change in conditional tensile strength, % −29 −18 −6 −11

Change in relative elongation at break, % −29 −26 −11 −19

Change in hardness, Shore A units +6 +4 +3 +3

Degree of cross-linking n × 10−4, mol/cm3 9.5 9.4 9.1 9.0

Table 5. Meteorological data at the Can Gio climatic testing station for 2022*

Month

Air temperature, °C Air humidity, %
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March 30.3 26.1 35.7 69.6 37.3 85.7 – 680

April 31.6 25.7 36.7 72.7 43.6 96.0 173.7 624

May 32.0 27.0 37.8 72.1 48.0 85.8 87.4 362

June 30.1 24.0 38.7 76.3 49.0 94.5 136.2 513

July 29.6 22.0 38.7 76.0 50.0 92.0 210.1 438

August 30.3 24.0 37.6 77.1 43.0 94.1 96.8 306

September 30.1 24.0 36.7 76.6 53.0 91.0 287.0 391

October 29.3 24.0 36.9 79.9 57.6 90.0 246.5 392

Cumulative* – – – – – – 633.3 3706

* 8 months of exposure data.
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The data shown in Table 4 shows that the 
presence of a mobile hydrogen atom at nitrogen 
significantly affects the activity of the substance as 
an anti-fatigue agent. In particular, if we compare the 
effectiveness of the unreduced and reduced forms of  
N-[(1RS)-camphan-2-ylidene]-4-ethoxyanil ine 
(products I and II), the best protective effect is 
observed for samples containing the reduced form. 
This is manifested in the better preservation of 
elastic-strength properties, a lower level of change in 
the hardness and cross-linking degree index both after 
laboratory and in situ tests of samples subjected to the 
combined influence of tropical atmospheric factors 
(Table 5). The properties of the base rubber without 
an anti-fatigue agent change more significantly, as 
expected. The comparison shows that the protective 
effect due to the introduction of product II is 
commensurate with the traditional IPPD stabilizer. 
This, in turn, is consistent with the known theory on 
the mechanism of action of amine-type anti-fatigue 
agents [14].

Table 6 shows the results of tropical tests of rubber 
samples in the deformed state.

As predicted, under test conditions, the first cracks 
on specimens without anti-fatigue agent were seen 
in a shorter period of time. When such specimens are 
stretched in clamps by 10 and 20%, the first cracks form 
after two and one day, respectively. Rubbers filled with 
products I and II, as well as IPPD, show first cracks after 
2 to 8 days depending on the degree of deformation. At 
a relatively low tensile strain (10%), a commensurate 

protective effect is observed in the cases of product II 
and IPPD.

The photographs presented in Table 6 demonstrate 
the condition of samples exposed for 8 months in tropical 
climates under 10 and 20% stretching conditions. The base 
rubbers (without anti-fatigue agent) are characterized by 
the presence of larger and deeper cracks regardless of the 
degree of deformation. A visually different picture can 
be seen in rubber samples where N-[(1RS)-camphan-2-
ylidene]-4-ethoxyaniline and its reduction product were 
used. In these cases, the development of the destructive 
process is much less pronounced, if judged by the number 
and size of cracks.

CONCLUSIONS

According to the results of testing of NBR-based 
rubbers in laboratory conditions and in full-scale 
climatic tests, it was established for the first time 
that condensation products of D,L-camphor and 
n-ethoxyaniline exhibit a noticeable stabilizing effect. 
The use of the reduced form of N-[(1RS)-camphan-
2-ylidene]-4-ethoxyaniline is preferable as an anti-
fatigue agent in formulations of NBR-based rubbers, 
determined by the presence of a mobile hydrogen 
atom at the nitrogen atom. The protective effect is 
manifested as the better degree of preservation of 
elastic-strength properties of rubbers with less change 
in hardness. In particular, after 8 months of exposure 
in tropical climate the rubbers display a loss of tensile 
strength and relative elongation at break by 6 and 11% 

Table 6. Results of climatic tests of rubber samples in deformed state (tensile)

Rubber code 0 I II IPPD

Time of appearance 
of the first cracks 
on the surface, days

Deformation 10% 2 5 7 8

Deformation 20% 1 4 2 4

Surface photos 
of rubber strips after 
8 months of exposure 
in a tropical climate

Deformation 10%

Deformation 20%
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respectively. The level of hardness of the materials 
increases insignificantly, namely by 3 Shore A units. 
The comparison samples containing N-isopropyl-N'-
phenyl-n-phenylenediamine display a loss of tensile 
strength by 11% and relative elongation at break by 
19%.
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Abstract
Objectives. To develop and validate a methodology for determining inorganic iodine in Laminariae thalli L., corresponding to the norms 
of the State Pharmacopoeia of the Russian Federation, 15th edition (SPh 15). The methodology needs to be valid and suitable for the 
quality control of pharmaceutical raw materials in factory laboratories.
Methods. Cathode inversion voltammetry was used as an instrumental method for determining inorganic iodine using a graphite 
electrode capable of sorbing electroactive ion associates of surfactant–iodine.
Results. When compared with the titrimetric technique recommended by SPh 15, the proposed technique is more selective, sensitive and 
less time-consuming. The efficiency and metrological characteristics of the technique were confirmed by validation in accordance with 
the requirements of SPh 15.
Conclusion. The paper presents a new method for determining the gross content of inorganic iodine in Laminariae thalli L. This 
technique can be used not only in scientific research, but also in the routine quality control of medicinal plant raw materials in control 
and analytical laboratories engaged in pharmaceutical quality control.
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НАУЧНАЯ СТАТЬЯ

Разработка новой  
инверсионно-вольтамперометрической методики 
определения неорганического йода в слоевищах 
ламинарии (Laminariae thalli L.) для контроля качества 
сырья в условиях заводских лабораторий
А.В. Никулин, Л.Ю. Мартынов, Р.С. Габаева, М.А. Лазов
МИРЭА — Российский технологический университет (Институт тонких химических технологий  
им. М.В. Ломоносова), Москва, 119571 Россия

 Автор для переписки, e-mail: lazov@mirea.ru

Аннотация
Цели. Разработка и валидация методики определения неорганического йода в талломе ламинарии (Laminariae thalli L.), соот-
ветствующей нормам Государственной Фармакопеи Российской Федерации XV издания (ГФ РФ XV). Методика должна быть 
валидной и пригодной для контроля качества фармацевтического сырья в условиях заводских лабораторий.
Методы. В качестве инструментального метода определения неорганического йода была применена катодная инверсионная 
вольтамперометрия с использованием графитового электрода, способного сорбировать электроактивные ионные ассоциаты по-
верхностно-активного вещества (ПАВ)–йода.
Результаты. По сравнению с титриметрической методикой, рекомендуемой ГФ РФ XV, предлагаемая методика более селек-
тивна, чувствительна и менее трудоемка. Работоспособность и метрологические характеристики методики были подтверждены 
валидацией согласно требованиям ГФ РФ XV.
Выводы. В работе представлена новая методика определения валового содержания неорганического йода в слоевищах лами-
нарии (Laminariae thalli L.). Данная методика может быть использована не только в научных исследованиях, но и в рутинном 
контроле качества лекарственного растительного сырья в контрольно-аналитических лабораториях, занимающихся фармацев-
тическим контролем качества.
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слоевища ламинарии, валовое содержание йода, инверсионная 
вольтамперометрия

Поступила: 18.04.2024
Доработана: 03.05.2024
Принята в печать: 27.06.2024

Для цитирования
Никулин А.В., Мартынов Л.Ю., Габаева Р.С., Лазов М.А. Разработка новой инверсионно-вольтамперометрической методики 
определения неорганического йода в слоевищах ламинарии (Laminariae thalli L.) для контроля качества сырья в условиях завод-
ских лабораторий. Тонкие химические технологии. 2024;19(4):372–383. https://doi.org/10.32362/2410-6593-2024-19-4-372-383

INTRODUCTION

Iodine is a trace element essential for human health [1–2]. 
In particular, iodine is necessary for the synthesis of 
thyroid hormones—thyroxine and triiodothyronine which 
play a major role in ensuring normal metabolism [3–4]. 
Insufficient iodine intake has significant effects on the 
functioning of muscles, heart, liver, kidneys and brain [5]. It 
can also cause a wide range of endocrine and neurological 
diseases [3, 6–10]. To this day, iodine deficiency remains a 

persistent medical problem, despite international efforts to 
eliminate it.

Herbal medicines deserve special attention in the 
treatment of iodine deficiency conditions due to their low 
toxicity and mild action [11]. The highest concentration 
of iodine is known to be found in seaweed [12]. Iodine 
content and its chemical form in these plants vary among 
species, but the largest amount of this element is to be 
found in brown algae, in particular in various types of 
laminaria [13]. For this reason, Laminariae thalli L. is 

mailto:lazov@mirea.ru
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considered one of the best sources of iodine. This type 
of medicinal plant raw materials is included in the State 
Pharmacopoeia of the Russian Federation, 15th edition 
(SPh 15)1, the European2 and British3 Pharmacopoeia. 
The most bioavailable are believed to be inorganic forms 
of iodine, which, according to literature, are represented 
by iodides and iodates [14–15], which account for 
approximately 80 to 90% of the total iodine content [16].

Various chemical and physicochemical methods were 
used, in order to determine iodine in Laminariae thalli L. 
Thus, for the purpose of quality control of medicinal 
plant raw materials according to the Iodine indicator, 
SPh 15 and foreign pharmacopoeias recommend the 
use of insufficiently selective iodometric titration. At 
the same time, sample preparation used for the purposes 
of determination (burning in an open flame or using the 
Schöniger method) is time-consuming and can lead to 
significant losses of the analyte.

For the purposes of scientific research, iodine 
determination is most often performed by inductively 
coupled plasma mass spectrometry (ICP-MS) [17–20], 
and the fairly sensitive Sandell–Kolthoff kinetic method 
[21–26]. The ICP-MS method is expensive, extremely 
sensitive to the presence of organic components in 
the analyzed solutions, and insufficiently selective 
due to significant isobaric influences from the matrix 
components [27]. The isobaric influences are most 
often corrected by introducing an isotopic tracer—a 
radioactive isotope of iodine, 129I, which is hazardous 
to health [19–20, 28–29]. The kinetic method is labor-
intensive and not selective enough [25–26], requiring the 
use of special sample preparation procedures. The listed 
disadvantages of the Sandell–Kolthoff and ICP-MS 
methods prevent their use in routine quality control 
of medicinal plant raw materials in pharmaceutical 

1 State Pharmacopoeia of the Russian Federation. 15th ed. Moscow: Ministry of Health of the Russian Federation, 2018;4:6181–6187. https://
pharmacopoeia.regmed.ru/pharmacopoeia/izdanie-15/. Accessed May 11, 2024.

2 European Pharmacopoeia. 6th ed. Strasburg: EDQM, 2008;2:2213–2214. https://archive.org/details/europeanpharmaco2008unse. Accessed 
May 11, 2024.

3 British Pharmacopoeia. Herbal drugs and herbal drug preparations. Kelp. London: Medicines and healthcare products regulatory agency, 
2009(3):1–2. https://archive.org/details/britishpharmacop0003unse. Accessed May 11, 2024.

4 Opredelenie massovoi kontsentratsii ioda v pishchevykh produktakh, prodovol’stvennom syr’e, pishchevykh i biologicheski aktivnykh dobavkakh 
vol’tamperometricheskim metodom: Metodicheskie ukazaniya (Determination of the Mass Concentration of Iodine in Food Products, Food Raw 
Materials, Food and Biologically Active Additives by Volamperometric Method: Guidelines). Moscow: Federal’nyi tsentr gossanepidnadzora 
Minzdrava Rossii; 2003.42 p. (in Russ.).

5 Noskova G.N. Determination of various forms of iodine-containing compounds in waters by voltammetric methods. Diss. Cand. Sci. (Chem.). 
Tomsk: 2004. 177 p.

6 GOST 31660-2012. Interstate Standard. Foods. Anodic stripping voltametric method of iodine mass concentration determination. Moscow: 
Standartinform; 2012. https://docs.cntd.ru/document/1200095486?ysclid=lvxs4018b2463460075. Accessed May 11, 2024.

7 Pham K.N. Voltammetric behavior of iodine, selenium and nickel on organo-modified electrodes. Diss. Cand. Sci. (Chem.). Tomsk: 2012. 
160 p.

8 Fedulov D.M. Determination of iodine, lead and selenium in environmental objects in the presence of organic compounds by inversion 
voltammetry. Diss. Cand. Sci. (Chem.). Moscow: 2004. 162 p.

enterprises. A more accessible and simpler alternative is to 
use electrochemical methods. The most modern version, 
in particular, is inverse voltammetry (IVA)4 [30]. This 
method is characterized by a high level of sensitivity and 
does not require the use of expensive equipment.

For the purposes of the routine determination of 
iodine (most often in the form of iodates) by means of the 
IVA method5, silver or mercury film electrodes (MFE’s) 
are predominantly used (GOST 31660-20126) [31, 32]. 
Despite the fact that RPEs make it possible to obtain 
a stable signal, their use in flow analysis is severely 
limited by the toxicity of mercury salts used to obtain a 
mercury film on the electrode surface. Silver electrodes 
are safe to use, make it easier to provide a renewed 
surface and have a higher detection sensitivity when 
compared to MFE’s. However, they are not sufficiently 
resistant to complex matrices of natural samples. There 
are works in which electrodes covalently modified 
with commercially difficult to obtain organic reagents 
were used to increase the determination selectivity and 
sensitivity7 [33, 34]. The process of obtaining this type 
of electrodes is labor-intensive and multi-stage. This 
significantly limits their use in flow analysis in factory 
quality control laboratories. Standardized commercially 
available graphite electrodes are more promising from 
this point of view. They are capable of sorbing organic 
reagent–analyte element complexes on their surface. 
Surfactants can be proposed as available organic 
reagents. In the work by D.M. Fedulov8 research was 
conducted on the influence of the nature and structure 
of surfactants on the deposition of surfactant–iodine 
complexes on the surface of a graphite electrode. Based 
on the research conducted, the authors have proposed 
methodological guidelines for the determination of 
iodine in food products, food raw materials, food 

https://pharmacopoeia.regmed.ru/pharmacopoeia/izdanie-15/
https://pharmacopoeia.regmed.ru/pharmacopoeia/izdanie-15/
https://archive.org/details/europeanpharmaco2008unse
https://archive.org/details/britishpharmacop0003unse
https://docs.cntd.ru/document/1200095486?ysclid=lvxs4018b2463460075
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additives and biologically active additives. This approach 
is convenient in that it does not require the complex 
preparation of the electrode for measurements (there is no 
impregnation stage). However, the authors consider this 
procedure to have two significant drawbacks. The first 
drawback is the influence of matrix components, which 
they propose to be removed by “dry” mineralization 
of samples (analyte loss). The second drawback is 
the need to select conditions for converting all forms 
of iodine into the iodide form. This form provides the 
highest level of sensitivity in determining the element. 
Unfortunately, the authors do not prescribe methods for 
sample preparation and transfer of the element into an 
analyzed form. Moreover, metrological certification 
of the method using water as an example show that, 
despite the ease of performing measurements using the 
additive method9, it is not possible to obtain validation 
characteristics which meet the requirements of the 
SPh 15, even for such a simple object. Accordingly, the 
procedure described in the guidelines is not applicable 
for complex natural samples. Therefore, in order to 
determine the gross content of inorganic iodine in a 
pharmaceutical sample—the Laminariae thalli L.—it 
is necessary not only to reproduce the determination 
conditions, but to develop and validate a new method 
compliant with the standards of the SPh 15. In this case, 
the technique should include labor-intensive sample 
preparation, which to the maximum extent possible 
eliminates the loss of the element being determined. 
It should also include a simple method of converting 
the element into a single analyzed form, as well as an 
effective combination of the above stages with the stage 
of IVA determination using a surfactant.

Thus, the purpose of this work is to develop and 
validate a simple, reproducible, selective, highly 
sensitive, combined IVA method for determining the 
total iodine content in a new type of pharmaceutical 
object for IVA analysis—Laminariae thalli L. containing 
inorganic iodine mainly in the form of iodides and iodates 
easily soluble in water10 [35, 36]. At the same time, the 
methodology must comply with the capabilities of the 
control and analytical laboratories of pharmaceutical 
enterprises and the requirements of the SPh 15.

MATERIALS AND METHODS

Sample preparation was carried out using a WiseVen 
drying cabinet (Wisd, South Korea) and a laboratory 

9 The additive method is one of the standard quantitative methods in analytical chemistry, in which a precisely known amount of the substance 
being determined is introduced into the test sample, and the content of this substance in the sample (test sample) is calculated from the change 
in the analytical signal.

10 Savchuk I.A. Investigation of pharmacological properties and chemical composition of dry Japanese kelp extract. Diss. Cand. Sci. (Biol.). 
Smolensk: 2012. 122 p.

centrifuge SM-6M (Elmi, Latvia). Inorganic iodine 
determination was performed using a voltammetric 
analyzer Ekotest-VA (Ekoniks-Expert, Russia) by 
means of a three-electrode cell consisting of a working 
impregnated graphite electrode (IGE) (Ekoniks-Expert, 
Russia), a silver-silver chloride reference electrode 
ESr-10107 (Izmeritelnaya Tekhnika (Measuring 
Equipment), Russia), a platinum auxiliary electrode 
EPL-02 (Gomel Plant of Measuring Equipment, Belarus), 
and a magnetic stirrer (Elmi, Latvia).

The following reagents were used in the work: 
purified water (conductivity <4.3 µS/cm at 20℃), 
concentrated sulfuric acid (chemically pure, Lenreaktiv, 
Russia), potassium iodide (chemically pure, Chemical 
Line, Russia), potassium bromide (reagent grade, 
Lenreaktiv, Russia), cetyltrimethylammonium bromide 
(Sisco Research Laboratories, India), and zinc dust 95% 
(Clearsynth, India).

Solutions of 1 M H2SO4 and 10% potassium bromide 
were prepared in accordance with SPh 15. Samples 
of Laminariae thalli L. which meet the requirements 
of SPh 15 were purchased from a pharmacy chain in 
Moscow.

0.1 M solution of potassium bromide

12.0 mL of 10% potassium bromide solution were 
placed into a 100-mL volumetric flask. The volume of 
the solution was brought to the mark with water, and the 
mixture was stirred.

Cetyltrimethylammonium bromide solution

An exactly weighed portion of cetyltrimethylammonium 
bromide weighing 0.1850 g was placed into a 250-mL 
volumetric flask. The volume of the solution was adjusted 
to the mark with water, and the mixture was stirred.

Standard solution

An exactly weighed portion of 1.3081 g of potassium 
iodide was placed in a 1000-mL volumetric flask. 700 mL 
of water was added, and the mixture was stirred until the 
sample was completely dissolved. The solution volume 
was adjusted to the mark with the same solvent, and the 
mixture was stirred (iodine concentration 1.0 mg/mL, 
solution A).

Solution A of 5.0 mL was added to a 50-mL volu-
metric flask. The volume of the solution was adjusted to 
the mark with water, and the mixture was stirred (iodine 
concentration 100.0 μg/mL, solution B).



376 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(4):372–383

Development of a new inversion-voltammetric technique in determining inorganic iodine  
in Laminariae thalli L. for the quality control of raw materials in factory laboratories

Alexander V. Nikulin,  
et al.

Solution B of 10.0 mL was placed into a 100-mL 
volumetric flask, the volume of the solution was adjust-
ed to the mark with water, and the mixture was stirred 
(iodine concentration 10.0 μg/mL, solution C).

Solutions for studying the method linearity 
(calibration solutions)

Solution C of 0.05–0.75 mL, 0.50 mL of the 
cetyltrimethylammonium bromide solution, 2.5 mL of 
1 M H2SO4, and 1.0 mL of 0.1 M potassium bromide 
solution were added to a 25-mL volumetric flask. The 
volume of the solution was adjusted to the mark with 
water, and the mixture was stirred (iodine concentration 
was 20–300 µg/L).

Test solution

A sample of the raw material passed through a sieve 
with a hole size of 2 mm, weighing 0.5 g (exactly 
weighed), was placed into a 100-mL conical flask, and 
40 mL of water were added. The mixture was kept at 
90℃ for 15 min and centrifuged for 15 min at a speed of 
2000 rpm. The supernatant was transferred to a 250-mL 
volumetric flask. The precipitate was filtered off, and 
the filtrate was transferred into the same volumetric 
flask through cheesecloth. The solution volume was 
adjusted to the mark with water, and the mixture was 
stirred.

The resulting solution of 5.0 mL, 10.0 mL of 
1 M H2SO4, and 0.5 g of zinc dust were placed into a 
100-mL volumetric flask. The mixture was kept at 80℃ 
for 30 min and cooled. The solution volume was brought 
to the mark with water. The mixture was stirred and 
filtered through a paper filter from the Sinyaya Lenta 
(Blue Ribbon) brand (Russia).

Reference solution

Cetyltrimethylammonium bromide solution of 0.5 mL, 
2.5 mL of 1 M H2SO4, and 1.0 mL of 0.1 M potassium 
bromide solution were placed into to a 25.0 mL 
volumetric flask. The solution volume was adjusted to 
the mark with water, and the mixture was stirred.

Procedure

The test solution of 4.0 mL was placed in a 25-mL 
volumetric flask, then 0.5 mL of cetyltrimethylammonium 
bromide solution, 2.5 mL of 1 M H2SO4, and 1.0 mL 
of 0.1 M potassium bromide solution were added. The 
solution volume was adjusted to the mark with water, 
and the mixture was stirred. The determination was 
carried out using the calibration curve method.

The voltammograms of the test solution and of the 
reference solution were recorded in the potential range 
from −200 to 800 mV.

The amount of inorganic iodine (X, %) in the raw 
material was calculated using the following formula:

9
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where a is the mass of a sample of plant raw materials, g; 
C is the concentration of inorganic iodine in the test 
solution determined from the calibration curve, µg/L; 
C0 is iodine concentration in the reference solution, µg/L; 
P is the main substance content in the standard sample of 
potassium iodide, %; W is raw material moisture, %.

RESULTS AND DISCUSSION

The IVA determination of iodine was based on the 
electrochemical oxidation of iodide ions to molecular 
iodine [34]. At the accumulation step, in the presence 
of bromide ions and a quaternary ammonium base 
(cetyltrimethylammonium bromide), the resulting 
iodine is adsorbed onto the surface of the working 
IGE in the form of a poorly soluble ionic associate. 
When the potential is deployed to the cathode region, 
electrochemical dissolution of the precipitate occurs, and 
a peak of electrochemical reduction of iodine appears 
on the voltammogram. This process can be roughly 
represented as follows:

22I 2e I ,− −− →

2 2I Br I Br ,− −+ →

2 2I Br R R I Br ,− − + → ↓ 

2R I Br 2e R 2I Br ,− − − −  + → + + 
wherein R is the quaternary ammonium base. The 
precipitate dissolution is accompanied by the flow of a 
cathodic current, the magnitude of which is an analytical 
signal.

At the first stage of the study, we succeeded in 
showing that the greatest recovery of inorganic forms of 
iodine is achieved when extracting analytes with water 
under the following conditions: raw material particle 
size—less than 2 mm; extractant volume—40 mL; 
extraction temperature—90°C; extraction time—15 min; 
and extraction multiplicity is 1. It was also found that the 
simplest version of the method described in [34] is not 
suitable for the bulk determination of iodine inorganic 
form. This is due to the extreme complexity of the matrix 
composition of the natural analyzed sample, as well 
as the simultaneous presence of the analyte in several 
forms. For this reason, the work explored the possibility 
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of converting various inorganic forms of iodine (iodides 
and iodates) into a single form (iodides).

Iodates can be converted to iodides under the action 
of hydrogen, easily obtained by the reaction of zinc dust 
with acid. Therefore, mixing sulfuric acid and zinc dust 
with the resulting extract and additional heating to speed 
up the reaction allowed us to obtain the required result. 
The reactions carried out can be roughly represented as 
follows:

2 4 4 2Zn H SO ZnSO H ,+ = + ↑

3 2 2KIO 3H KI 3H O,+ = +

or in general:

3 2 4 4 2KIO 3Zn 3H SO KI 3ZnSO 3H O.+ + = + +

The influence of temperature, reaction time, mass 
of zinc dust, and concentration of sulfuric acid solution 
on the completeness of the reaction was studied using a 
model solution of potassium iodate (iodine concentration 
was 202 μg/L). The assessment was carried out on the 
basis of the resulting iodides content using ionometry. 
As a result of the complete reaction, the concentration of 
iodide ions should be about 202 ng/mL, corresponding 
to the most complete transition of iodate to iodide. The 
results of the experiments are presented in Table 1.

Table 1. Influence of different parameters on the completeness of iodates to iodides conversion (the volume of the test solution is 5 mL, 
the volume of sulfuric acid is 10 mL)

Reaction temperature, ℃ Sulfuric acid 
concentration, M Zinc powder mass, g Reaction time, min Mass concentration 

C(I), mcg/L

Reaction temperature

25 0.1 0.5 30 196.2

40 0.1 0.5 30 198.5

80 0.1 0.5 30 207.1

100 0.1 0.5 30 200.2

Sulfuric acid concentration

80 0.1 0.5 30 205.2

80 0.5 0.5 30 199.1

80 1.0 0.5 30 195.0

80 2.0 0.5 30 184.7

Zinc mass

80 0.1 0.5 30 205.2

80 0.1 0.75 30 178.4

80 0.1 1.0 30 179.4

80 0.1 2.0 30 182.4

Reaction time

80 0.1 0.5 10 181.7

80 0.1 0.5 20 175.7

80 0.1 0.5 30 201.9

80 0.1 0.5 60 172.0
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The data presented in Table 1 indicates that the most 
complete conversion of iodates into iodides is achieved 
at a temperature of 80℃, a reaction time of 30 min, a 
concentration of sulfuric acid of 0.1 M, and a mass of 
zinc dust of 0.5 g. The results obtained are quite easy to 
explain. Thus, as the temperature increases, the reaction 
rate increases. The increase in the concentration of the 
sulfuric acid solution leads to a decrease in the content 
of the element being determined in the solution due to 
the formation of volatile iodine (reaction between KIO3 
and KI). Iodine leaves the reaction sphere during the 
reaction mixture heating. An increase in the mass of zinc 
dust prevents hydrogen bubbles from moving freely in 
the solution, also complicating the reaction of iodides 
formation.

Since laminaria is a typical representative of the 
brown seaweed family, it tends to accumulate elements 
contained in seawater in the largest quantities. These 
elements include sodium, potassium, calcium, and 
magnesium. Therefore, we studied the matrix influence of 
these elements upon the analytical signal of the element 
being determined. As a result of the experiments, it was 
found that sodium, potassium, calcium and magnesium 
with a thousandfold excess in the test solution do not 
interfere with the analytical signal. Thus, as a result of 
the research, a new voltammetric method was proposed 
for the quantitative determination of the gross content 
of inorganic iodine in the Laminariae thalli L. The 
study of metrological characteristics was carried out in 
accordance with the requirements of the SPh 15.

Figure 1 shows voltammograms of one of the standard 
solutions used to plot the calibration curve (Fig. 1a) and 
of the test solution (Fig. 1b) recorded in the range from 
−200 to 800 mV.

Figure 1 indicates that the local maximum is achieved 
at a potential of 233 ± 10 mV both in the voltammogram 
of the standard and in the voltammogram of the test 

solutions. No maxima were found in the reference 
solution voltammogram. The results obtained indicate a 
fairly high specificity of the proposed method in relation 
to the analyte.

Figure 2 shows the effect of iodine concentration on 
the analytical signal of the element being determined.
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Fig. 2. Dependence of the cathode current value on the iodine 
concentration

Analysis of the graph presented in Fig. 2 showed 
that the relationship between the iodine content in the 
analyzed solution and the cathode current is linear in 
the concentration range of the element being determined 
from 20 to 300 μg/L (R2 = 0.9993).

The addition method was used to study the 
correctness. It consisted in adding the exact amount of a 
standard sample of potassium iodide (in terms of iodine) 
to extracts diluted to a half concentration (for working 
in the linear region of the technique). Discoverability 
was calculated as the ratio of the experimentally found 
amount of an element to its theoretical content. The 
results are shown in Table 2.
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Fig. 1. Voltammograms of: (a) the standard solution with the iodine concentration of 200 μg/L, (b) the test solution
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Table 2. Evaluation of the discoverability of the iodine content in the sample (h* = 3.26 μg, m**
test = 2.21 μg)

Added (m), μg hadd m + mtest, μg htheor Found, μg hexp Discoverability, %

0.60 1.07 2.81 4.33 2.91 4.23 103.5

0.60 1.02 2.81 4.28 2.91 4.23 103.5

0.60 1.04 2.81 4.30 2.90 4.22 103.3

1.50 2.31 3.71 5.57 3.82 5.49 103.1

1.50 2.27 3.71 5.53 3.83 5.50 103.3

1.50 2.28 3.71 5.54 3.82 5.49 103.1

2.70 3.91 4.91 7.17 5.07 7.20 103.2

2.70 3.93 4.91 7.19 5.07 7.21 103.3

2.70 3.88 4.91 7.14 5.08 7.22 103.5

*h is an analytical signal (peak height) of the solution diluted to half concentration.
**mtest is the content of the determined component in the test solution diluted to half concentration.

On the basis of the data obtained, it was concluded 
that the method enables correct determination of the 
analyte in the analyzed solution obtained at sample 
preparation stage. The accuracy ranges from 100 to 
105%, and the coefficient of variation (with the number 
of parallel measurements n = 9) was 0.2%.

The study of repeatability consisted in calculating 
the variability index and confidence interval on the basis 
of the results of quantitative determination of inorganic 
iodine gross content in Laminariae thalli L. in several 
replicates. The results are presented in Table 3.

Table 3. Evaluation of the reproducibility of the technique of inorganic iodine determination (the number of parallel measurements 
n = 6, confidence level p = 0.95), the content of the main substance in the standard sample of potassium iodide P = 99.9%, raw material 
humidity W = 8.80%

Parameter
Measurements

1 2 3 4 5 6

h1 6.11 6.10 6.06 6.12 6.18 6.22

h2 6.12 6.16 6.09 6.13 6.16 6.25

h3 6.15 6.14 6.10 6.17 6.15 6.20

Average h 6.13 6.13 6.08 6.14 6.16 6.20

Х, % 1.15 1.15 1.14 1.15 1.16 1.16

Xave, % 1.15

Standard deviation, S 0.01

Standard deviation of the average result, Sõ 0.003

Coefficient of variation, Sõ, % 0.90

Confidence interval, % 1.14–1.16

Analysis result, % 1.15 ± 0.01
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The results presented in Table 3 show that the 
coefficient of variation of the results of inorganic iodine 
quantitative determination (n = 6) was 0.9%, and the 
confidence interval was in the range of ±0.01%.

Intralaboratory precision was studied by means of 
quantifying the element in six replicates on a different 
day by a different analytical chemist. The data is shown 
in Table 4.

The data shown in Tables 3 and 4 allows a comparison 
of the variances of the average results of the two samples 
using the Fisher and Student tests. The calculated values 
of Fisher Fexp = 4.700 and Student texp = 0.141 criteria 
were lower than the tabulated ones (Ftable = 5.050; 
ttable = 2.571). This confirms that the two samples belong 
to the general population. The results of inorganic iodine 
quantitative determination using the method developed 
herein are reproducible and showed satisfactory 
intralaboratory precision.

CONCLUSIONS

As a result of the study, a new highly sensitive, selective, 
combined IVA method for determining inorganic iodine 
in Laminariae thalli L. was developed. Unlike the most 
commonly used pharmacopoeial methods, the proposed 
method involves extremely simple sample preparation. 

This method consists of extraction of the inorganic 
analyte with water and subsequent conversion of the 
iodate and iodide forms of iodine (the most common 
in the Laminariae thalli L.) into a single analytical 
form by processing the extract with zinc dust in acidic 
environment. The validation results demonstrated that the 
new method provides a satisfactory level of metrological 
characteristics (specificity, linearity, discoverability, 
repeatability, intralaboratory precision). The method 
also complies with the requirements of the SPh 15 and 
can be recommended for use in control and analytical 
laboratories involved in pharmaceutical quality control.
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Table 4. Assessment of intralaboratory precision of the IVA method for determining the gross content of inorganic iodine  
(n = 6, p = 0.95), P = 99.9%, W = 8.80%

Parameter
Measurements

1 2 3 4 5 6

h1 5.98 6.02 6.10 6.06 6.20 6.17

h2 5.97 5.98 6.12 6.10 6.15 6.15

h3 6.00 5.97 6.16 6.09 6.19 6.11

Average h 5.98 5.99 6.13 6.08 6.18 6.14

Х, % 1.12 1.12 1.15 1.14 1.16 1.15

Xave, % 1.14

Standard deviation, S 0.02

Standard deviation of the average result, Sõ 0.007

Coefficient of variation, Sõ, % 1.80

Confidence interval, % 1.12–1.16

Analysis result, % 1.14 ± 0.02
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