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Abstract

Objectives. The study aims to investigate the effectiveness of the use of various options for
organizing the process of diabatic distillation in the separation of a mixture of acetone—toluene—
n-butanol by extractive distillation using dimethylformamide as an entrainer in a scheme with
preliminary separation of azeotropic components.

Methods. As the main research method, mathematical modeling in the Aspen Plus V. 12 software
package was used. As a model for describing vapor-liquid equilibrium, the local composition
Non-Random Two Liquid equation model was used. Parametric optimization of diabatic schemes
was carried out according to the criterion of reduced energy costs.

Results. Based on the scheme for extractive distillation of an acetone-toluene—-n-butanol mixture
with preliminary separation of azeotropic components, five options for organizing diabatic
distillation schemes were considered, both with and without use of a compressor to reach a
required flows temperature.

Conclusion. It is shown that the use of diabatic schemes in the extractive distillation of a
acetone—toluene-n-butanol mixture with dimethylformamide makes it possible to diminish the
reduced energy costs by 8.9-43.5%. Meanwhile the maximum reduction in energy consumption
is achieved in a scheme where upper vapor flows of two other columns are used to heat the
azeotropic components separating column.
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AHHOMaAyus

Ilenu. HccnedosaHue sHepzemuueckoll sgpcpekmusHocmu npumeHeHust Heaoduabamuueckoil
9KCMPaKmueHoli pexkmupurkayuu npu pasodenieHul. Cmecu auemoH—MOoAYON—H-6YmaHON ¢
oumemungpopmamudom 8 Kauecmee paszdessoulez0 azeHma 8 cxeme C npedsapumesbHblM
omoesieHuem a3zeomponoodpasyrouUx KOMNOHEHMOS.

Memoowsl. B kauecmee OCHO8HO20 Memooa UCCNed08AHUSL NPUMEHSIOCh MAMEeMAMUUecKoe
MOO0eNUPOBAHUE C UCTIONTb308AHUEM NPOPAMMHO20 Komnaekca Aspen Plus V. 12. Modenuposarue
naposKuoKocmHo20 pPasHOBecUsl NPOU3BO0UNOCL NO  YPABHEHUI JIOKAJbHbLX COCMasos
Non-Random Two Liquid. Ilapamempuueckass onmumusayusi Heaouabamuueckux cxem
NnpoeooUNACE NO KPUMEPUIo NPUBEOEeHHbLX IHepeemuUecKux sampam.

Pesynemameot. Ha ocHose cxembl SKCMPaKmueHOU peKmupukayuil CMecu auemoH—moyost—H-6ymaHosn
c npedsapumenbHblM omoesieHuem azeomponoobpasyrouux KomnaHeHmos 6bL10 paccmompe-
HO NAMb 8aPUAHMO8 OP20HU3AYUUU CXeM Headuabamuueckoli peKmugpurayuu, KaK ¢ UCnoab30-
saHuem Komnpeccopa 0t 00CMuUIKeHUst Heobxo0uMoll memnepamypsblL nomokos, makx u b6e3 Hezo.
Buteoowst. [TokazaHo, umo npumeHeHue Headuadbamuueckoll SKCmpaKmueHoll. peKmupurayuu
8 cxeme paszoesieHusl CMeCU AUemMOH—MONYONA—H-OYmaHOoL ¢ OUMEMUNPOPMAMUOOM C npedsa-
pumesibHbM omoeseHuem a3eomponoodpasyrouux KOMNOHEHMO8 No380Jsilem CHU3UMb Nnpu-
gedeHHble dHepzemuueckue 3ampamsl Ha 8.9-43.5%, npu smom marKcumanbHoe CHUIKeHUe
9Hepzozampam 0ocmuzaemesi 8 cxeme C UCNONAb308aHUeM Ot 00602pesa KOJOHHbL OmoesneHUs
a3eomponoobpasyrouLUx KOMNOHEHMO8 8ePXHUX NAPO8bLX NOMOK08 08YX OpY2uUX KOJIOHH.

Knroueesle cnoea: sxcmpaKkmugHasl peKmuurKayus, meniouHmezpayus, Heduabamuueckas
pexmugurayus, sHepaocbeperxeHue

Jlna yumuposanus: Knaysuep I1.C., Pynako JI.I, Anoxuna E.A., Tumorenko A.B. TlpumeHeHue cxeM HeaauabaTHIeCKOH
OKCTPAKTHBHOM PEKTU(UKAIMKM C TPEABAPUTEILHBIM OTASICHHEM a3e0TPONO00pa3yIONINX KOMIIOHEHTOB JUISL pas/ielieHUsl CMECH
aleTOH—TOYOlH-0yTaHom. Tonkue xumuueckue mexronoeuu. 2023;18(2):83-97. https://doi.org/10.32362/2410-6593-2023-18-2-83-97
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INTRODUCTION

The extractive distillation (ED) method is
used in the basic organic and petrochemical
synthesis  industries to  separate  non-ideal
mixtures. However, the use of ED in large-tonnage
processes is associated with significant energy
consumption, which makes reducing energy
costs for its implementation an important task.
As in the case of conventional distillation,
various methods can be used for this, including
internal [1-3] and external [4-6] thermal
integration, as well as a combination of these
approaches [7-9].

One approach to reducing energy costs
in the ED process involves the use of diabatic
distillation schemes, in which the external
supply (or removal) of heat to the column
plates is carried out by means of integrating heat
flows between different scheme devices. Although

diabatic distillation schemes offer numerous
advantages over other thermal integration
approaches [10], the specific features and

patterns of their application in ED have as
yet been little studied.

In a previous work [11], we evaluated the
energy efficiency of the wuse of diabatic
distillation in the ED scheme of a mixture of
acetone—toluene—n-butanol with dimethylformamide
(DMF), in which the entrainer is used in the
first column of the scheme. Based on this
scheme, four diabatic distillation schemes were
proposed, two of which proved to be workable
without increasing the pressure of steam flows
in compressors, while in the other two,
compression of flows in the compressor was
necessary to ensure the temperature difference
necessary for heat exchange. It was shown that,
due to this organization of the diabatic process,
the applicable energy costs can be reduced by
11-17%; however, in this case, diabatic distillation
schemes with a compressor do not offer
significant energy efficiency advantages as
compared to schemes without a compressor.

The work set out to synthesize diabatic
distillation schemes based on another variant of
the conventional ED scheme of a mixture of
acetone—toluene—n-butanol with DMF involving
preliminary  isolation  of  azeotrope-forming
components (Fig. 1) and evaluate their energy efficiency.

CALCULATION SECTION

Modeling and determination of optimal scheme
parameters were performed in the Aspen Plus v.12.1

SIS VR = OF

1

C2 C1 C3

&

Fig. 1. Scheme of extractive distillation of the
acetone—toluene—n-butanol mixture with dimethylformamide
as the entrainer with preliminary separation
of azeotropic components. Hereinafter: C1 — extractive
distillation column, C2 — acetone—toluene separation
column, C3 — entrainer regeneration column;

1 — entrainer (DMF); 2 — feed; 3 — acetone; 4 — toluene,
5 — n-butanol.

software package (Aspen Technology, USA). As initial
data for the development of diabatic distillation
schemes, the results of optimizing the conventional
ED scheme of the studied mixture set out in the
dissertation of E.A. Anokhina' were used (Fig. 1). In
order to describe the vapor—liquid equilibrium in the
acetone—toluene—n-butanol system with DMEF, the
Non-Random Two Liquid equation of local
compositions of, whose parameters were also published
by E.A. Anokhina, was used.

As in our previous work [11], the calculations
of the schemes were carried out on 1000 kg/h
of the initial mixture containing 71.3 wt %
acetone, 14.7 wt % toluene, and 14.0 wt % n-butanol.
The temperature of the feed stream was 61.8°C;
the pressure was 101.3 kPa. The pressure of
the top of the columns was assumed to be
101.3 kPa; columns with theoretical plates were
considered. The calculations were carried out
in the design-verification variant having a fixed
product flow quality, which was set to be the
same as in the work [11] and the dissertation
of E.A. Anokhina—namely, at a 99.5 wt %
concentration of acetone and n-butanol, a
toluene concentration of 99.6 wt %, and a DMF
concentration of 99.99 wt %. The optimal operating
parameters of the conventional scheme are given
in Table 1.

' Anokhina E.A. Extractive distillation in complexes
with partially coupled heat and material flows. Dr. Sci. Thesis
(Eng.). Moscow; 2020. 549 p. (in Russ.)
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For the practical implementation of diabatic
distillation schemes, it is necessary to ensure that
the temperature difference of the flow, whose heat
is intended for use (i.e., the heat source), as well as
the temperature on the plates of the distillation
section of the columns into which this heat is
directed (the heat receiver), is sufficient to provide
the driving force of heat exchange. As in our previous
work [11], when modeling schemes, the temperature
difference AT between the heat source and receiver
was assumed to be at least 10°C. To assess the
feasibility of implementing diabatic ED schemes
with specified heat transfer parameters and preliminary

selection of the required compression ratio £ in
the compressor, an analysis of the temperature
profiles of all columns of the conventional scheme
was carried out as shown in Fig. 2.

As can be seen, the highest temperatures are
observed on the plates of the rectifying sections
of columns C1 and C3. Since the temperature on
the plates of the rectifying section of column C2
is much lower, only the upper steam flows of
columns Cl and C3 were considered for the purposes
of ensuring heat transfer in diabatic schemes. Thus,
based on the analysis of profiles, five variants of
diabatic distillation schemes can be proposed (Fig. 3).

Table 1. Optimal operating parameters of extractive distillation scheme with preliminary separation of azeotropic

components (Footnote 1)

Parameters C1 C2 C3

otal 45 18 44
N, 35 10 9
N 20 - _
0., kW 92.3 153.1 107.1
O e KW 78.3 146.3 107.1
R 4.4 0.44 3.7

ront C 110.3 56.2 117.8

" C 142.0 105.9 151.8
S, kg/h 395.3 - -
T,, °C 100 - —
O, r KW 352.6

Note: C1 is the extractive distillation column; C2 is the acetone separation column; C3 is the entrainer regeneration column;
N, is the total number of plates in a column; N, is the feed plate number in a column; N is the number of the plate with the

total

entrainer in a column; Q_ is the reboiler heat duty; O

cond

temperature; 7, is the reboiler temperature; S is the entrainer flow rate; 7 is the entrainer temperature; O

is the condenser heat duty; R is the reflux ratio; T

g 18 the condenser
is the total heat duty.

total
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Fig. 2. Temperature profiles of columns of conventional extractive distillation scheme:
(a) column Cl1, (b) column C2, (¢) column C3.

Scheme I (Fig. 3a). The upper steam flow of the
C3 column is used to heat the C2 column.
In this case, the flow temperature is sufficient to
provide heat supply to any plate of the distillation
section of the C2 column without additional
compression.

Scheme II (Fig. 3b). Heating of the C2 column
is provided using the upper steam flow of the CI1
column. In this case, heat supply without the use of a
compressor is possible on plates from the 11th to
the 14th.

Scheme III (Fig. 3c). Heating of the C2 column
is carried out simultaneously with the use of steam
flows of the C1 and C3 columns.

Scheme IV (Fig. 3d). The upper steam flow of
column C1 is used to heat column C3. In this case, in
order to ensure a given temperature difference AT
between the heat source and receiver, it is necessary
to use a compressor with a compression ratio of at
least 2.4.

Scheme V (Fig. 3e). To heat the column CI,
the upper steam flow of the column C3 is used.
In this case, in order to provide the driving
force of heat exchange, it is also necessary
to compress the flow with compression ratio
lL6<E <22 When E_ >221t1$p05$1bleto
supply heat to the reboiler of the column C1 and,
thus, the implementation of an adiabatic scheme
with a heat pump.

Note that in the schemes using a compressor,
a preheater is installed in front of it to prevent
possible cavitation. The thermal duty on the
preheater is designated by O,

A comparison of diabatic distillation schemes
with the conventional ED scheme was carried
out according to the criterion of reduced energy
costs (Q..), which were calculated according
to the formula proposed by the authors [12]:

Qcons = Qlotal +3 VVcomp’ (1)

where Q  is the total energy costs in the column
reboilers, kW; W is the power consumed by
the compressor, kW.

The correct relative evaluation of schemes
involves comparing their energy consumption
with an optimal set of operating parameters for
each of them. The optimal parameters of the
conventional ED scheme, which are defined in the
dissertation of E.A. Anokhina (Footnote 1), ar
presented in Table 1.

The criterion for optimizing diabatic schemes
was the given energy costs, Q_ . The optimization
parameters were the position of the heat
supply plate to the stripping section of the
column, N, the amount of heat supplied, Q,.;
and the compression ratio in the compressor,
E, . necessary to ensure the accepted value AT.
At the same time, the optimization procedure
had some features for each of the schemes under
consideration.

As already mentioned, the temperature of
the flow coming out of the top of the column C3
(T, , = 117.8°C) in Scheme 1 is sufficient

d
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Fig. 3. Diabatic extractive distillation schemes:
(a) Scheme I, (b) Scheme 11, (c) Scheme III, (d) Scheme IV, (e) Scheme V.

to provide heat supply to any of the plates of the
stripping section of the column C2. At the same
time, all the heat given off by this flow at full
condensation, 107.2 kW, can be used. Thus, for
this scheme, the only optimization parameter
is the position of the heat supply plate N, . The
results reflecting the search for the optimal
position of N, are presented in Table 2.

It can be seen that, the closer the heat supply
plate N, is located to the reboiler, the lower the

reflux ratio and the duty on the column reboiler.
The most effective variant is the heat supply to the
lower (17th) plate of the column. The optimal operating
parameters of Scheme I are presented in Table 3.

The optimization of Scheme II was carried out
similarly, the only difference being that here the
temperature of the upper steam flow of column C1
(T, = 110.3°C) is sufficient only to supply
heat to the plates of the distillation section of

column C2 from the 11th to the 14th. The results
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Table 2. Dependence of the parameters of column C2 for diabatic Scheme I on the position of the heat supply stage NV,

Ny Qs KW 0. kW R®
11 107.2 57.18 0.56
12 107.2 53.38 0.52
13 107.2 51.16 0.52
14 107.2 49.52 0.48
15 107.2 48.20 0.47
16 107.2 47.16 0.46
17 107.2 46.39 0.45
Note: N, is the heat supply plate number in the heat exchanger; Q, . is the exchanger heat duty; C2 is the acetone

HE

separation column; Q  ©* is the reboiler heat duty in C2; R is the reflux ratio in C2.

Table 3. Optimal operation parameters for diabatic Scheme |

Parameters C1 C2 C3
total 45 18 44
N, - 17 -
0., kW 92.3 46.4 107.1
R 4.4 0.45 3.7
Oy KW - 107.2 -
O one KW 245.8
Note: N, is the total number of plates in the column; N, is the heat supply plate number in the heat exchanger;

0., 1s the reboiler heat duty; R is the reflux ratio; O, is the exchanger heat duty; O is the reduced energy consumption in the

scheme with thermal integration.

of determining the optimal position of N,
in the C2 column of Scheme II are presented
in Table 4, and the optimal operating parameters
for the diabatic Scheme II are shown in Table 5.

For Scheme III, it is necessary to determine
the optimal positions of two heat supply

plates—N,.' (from column Cl) and N>
(from column C3)—into column C2, as well
as the amount of heat supplied transferred
from the steam flow of column C1 (Q,.")

and the steam flow of column C3 (Q,.%. The
optimization results are shown in Table 6.
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Table 4. Dependence of the parameters of column C2 for diabatic Scheme II on the position of the heat supply stage NV, .

Nyp 0o KW 0. kW R
11 78.3 80.27 0.50
12 78.3 77.95 0.48
13 78.3 76.93 0.47
14 78.3 76.29 0.46

Note: N, is the heat supply plate number in the heat exchanger; O, is the exchanger heat duty; C2 is the acetone
separation column; Q_ “* is the reboiler heat duty in C2; R® is the reflux ratio in C2.

Table 5. Optimal operation parameters for diabatic Scheme 11

Parameters C1 C2 C3
total 45 18 44
N, - 14 -
0. ., kW 923 76.3 107.1
R 44 0.46 3.7
Oy KW - 78.3 -
0. kW 275.7
Note: N, is the total number of plates in the column; N, is the heat supply plate number in the heat exchanger;

total

0., is the reboiler heat duty; R is the reflux ratio; O, is the exchanger heat duty; QO is the reduced energy consumption in the

scheme with thermal integration.

It can be seen that the amount of heat released
during the complete condensation of steam
flows at the position N, > = 16 or N> = 17 is
excessive; when implementing such a scheme,
additional heat supply to the reboiler of the
C2 column is not required. At the same time, the
lowest values of the reflux ratio in the C2 column
are observed at N,,' = 13 and N, > = 17. The optimal
operating parameters of Scheme III are presented
in Table 7.

In Scheme IV (Fig. 3d), the temperature of the

upper steam flow of column Cl1 (T, = 110.3°C)

is insufficient to provide heating of the
distillation section of column C3. To achieve the
necessary temperature difference, it is necessary
to increase the flow pressure in the compressor.
Thus, for this scheme it is necessary to determine
both the optimal position of the plate N, and
the optimal value of the compression ratio in
the compressor E e It follows from Eq. (1) that
the minimum value of the reduced energy costs
(Q. ) will be achieved with a minimum W

cons comp?

and, accordingly, with a minimum FE at

comp’

which the necessary temperature difference
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Table 6. Results of the search for optimal operating parameters of the diabatic Scheme I1I

Ny Ny 0. kW 0. kW R“ 3 kW
11 78.3 107.2 0.92 2791
12 78.3 107.2 0.87 22.80
13 78.3 107.2 0.82 17.67
11 14 78.3 107.2 0.76 11.95
15 78.3 107.2 0.70 5.25
16 68.6 107.2 0.59 0.00
17 54.0 107.2 0.47 0.00
11 78.3 107.2 0.87 23.25
12 78.3 107.2 0.86 22.17
13 78.3 107.2 0.81 17.04
12 14 78.3 107.2 0.76 11.29
15 78.3 107.2 0.69 4.49
16 66.0 107.2 0.57 0.00
17 52.6 107.2 0.46 0.00
11 78.3 107.2 0.83 18.55
12 78.3 107.2 0.82 17.45
13 78.3 107.2 0.81 16.47
13 14 78.3 107.2 0.75 10.70
15 78.3 107.2 0.68 3.80
16 64.7 107.2 0.56 0.00
17 51.9 107.2 0.45 0.00
11 78.3 107.2 0.78 13.32
12 78.3 107.2 0.76 12.15
13 78.3 107.2 0.75 11.11
14 14 78.3 107.2 0.74 10.15
15 78.3 107.2 0.68 3.13
16 63.2 107.2 0.54 0.00
17 513 107.2 0.49 0.00

Note: N,.' is the heat supply plate number in the heat exchanger to column C2 from column C1; N, is the heat supply
plate number in the heat exchanger to column C2 from column C3; Q' is the exchanger heat duty from the steam flow
of column C1; Q. is the exchanger heat duty from the steam flow of column C3; C2 is the acetone separation column;
0., is the reboiler heat duty in C2; R® is the reflux ratio in C2.
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Table 7. Optimal operation parameters for diabatic Scheme III

Parameters Cl1 C2 C3
otal 45 18 44
Ni' - 13 -
Ny’ - 17 -
0., kW 92.3 0 107.1
R 4.4 0.45 3.7
Oi'» kKW - 51.9 -
Oy, kW - 107.2 -
0, e kKW 199.4
Note: N, is the total number of plates in the column; N, ' is the heat supply plate number in the heat exchanger to

column C2 from column Cl; N, ? is the heat supply plate number in the heat exchanger to column C2 from column C3;
0., is the reboiler heat duty; R is the reflux ratio; Q,.' is the exchanger heat duty from the steam flow of column C1; Q,* is the
exchanger heat duty from the steam flow of column C3; Q,, is the heat duty in the preheater; £ is the compressor
compression ratio, W __is the compressor power consumption; Q is the reduced energy consumption in the scheme

. . . comp
with heat integration.

cons

Table 8. Results of the search for optimal operating parameters of the diabatic Scheme IV

i g 1507 N Q> KW > KW Qi KW 0. KW
24 9.0 10 71.4 99.7 45 131.2
25 9.5 12 71.3 96.2 45 129.2
2.6 9.9 14 71.0 92.9 45 127.1
2.7 10.3 15 70.9 91.3 4.9 127.1
2.8 10.8 43 70.9 36.8 5.2 74.4

Note: E_ s the compressor compression ratio; W, is the compressor power consumption; N, is the heat supply
plate number in the heat exchanger; O, is the exchanger heat duty; C3 is the extractive distillation column; Q © is the
reboiler heat duty in C3; O, is the heat duty in the preheater; O is the reduced energy consumption in the scheme
with thermal integration.

cons
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between the heat source and receiver is provided.
At the same time, the minimum value of E_
depends on the position of the heat supply plate.
The results of optimization of Scheme IV are
shown in Table 8.

It is interesting to note that, with an increase
in Ecomp from 2.4 to 2.7, the range of plates
in the exhaustive section, to which heat supply
in the C3 column is possible, increases smoothly;
with £~ = 238, there is a sharp jump, and heat
supply becomes possible to any plate of the
stripping section of the column. This is probably
due to the characteristics of the temperature profile
along the height of the column C3 (Fig. 2c¢), in
the stripping section of which there is a zone
where the temperature along the height of the column
practically does not change. The optimal operating
parameters of Scheme IV are presented in Table 9.

The optimization of Scheme V was carried out
in a similar way. The results are presented in

RESULTS AND DISCUSSION

Table 12 shows the values of the reduced
energy  consumption  for  the conventional
two-column ED scheme and the diabatic ED
schemes obtained on its basis. The decrease of the
reduced energy consumption AQ ~ was calculated

by Eq. (2):

AQcons - (Qtotal - Qcons) / Qtotal x 100%’ (2)

where Q _  is the total energy costs in the reboilers
of the columns of the conventional ED scheme,
and Q is the reduced energy costs of the diabatic
distillation scheme.

Table 12 shows that the greatest reduction
in energy consumption compared to the conventional
scheme is provided by diabatic Schemes I, II,

Tables 10 and 11. and I, in which there are no compressors.
Table 9. Optimal operation parameters for diabatic Scheme IV
Parameters C1 C2 C3
- 45 18 44
N, - - 43
0., kw 92.3 153.1 36.8
R 4.4 0.44 3.7
0, kW - - 70.9
0, kW 5.2 - -
2.8 - -
comp
, 10.8 - -
comp
0. kW 319.8
Note: N, is the total number of plates in the column; N, is the heat supply plate number in the heat exchanger;

total

0., 1is the reboiler heat duty; R is the reflux ratio; O, is the exchanger heat duty; O
E_ . 1s the compressor compression ratio; W, is the compressor power consumption; O,

com,

in the scheme with thermal integration.

is the heat duty in the preheater;
is the reduced energy consumption

PH

cons
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Table 10. Results of the search for optimal operating parameters of the diabatic Scheme V

W KW Ny Qo kW | QKW 0y KW Q0 kW
1.6 1.1 37 10.8 89.3 0.2 92.8
1.7 1.3 38 12.4 87.4 0.3 91.6
1.8 1.4 39 14.4 85.4 0.3 89.9
1.9 2.0 42 27.9 71.7 0.5 78.2
2.0 3.1 43 40.1 59.6 0.7 69.6
2.2 4.0 44 44.3 50.1 0.9 63.0

Note: E is the compressor compression ratio; W is the compressor power consumption; N, is the heat supply
plate number in the heat exchanger; Q. is the exchanger heat duty; C1 is the extractive distillation column; Q ' is the
reboiler heat duty in C1; Q,,, is the heat duty in the preheater; O is the reduced energy consumption in the scheme with thermal

integration.

cons

Table 11. Optimal operation parameters for diabatic Scheme V

Parameters C1 C2 C3

N_. 45 18 44
N, 44 - -
0. kW 50.1 153.1 107.1
R 4.4 0.44 3.7
Oyer KW 443 - _
O,y KW - - 0.9

comp - - 22

comp> KW - - 4.0
Oone KW 323.2

Note: N, is the total number of plates in the column; N, is the heat supply plate number in the heat
exchanger; Q_, is the reboiler heat duty; R is the reflux ratio; O, is the exchanger heat duty; Q,,, is the heat duty in the preheater;
E_ is the compressor compression ratio; W oo is the compressor power consumption; @  is the reduced energy

consumption in the scheme with thermal integration.

cons
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Table 12. Energy efficiency of various variants of extractive distillation schemes

Scheme
Parameters
Convent. I 11 I v A%
O.r KW 352.6 245.8 275.7 199.4 282.2 304.5
comp> KW 0 0 0 0 10.8 4.0
0. kW 352.6 245.8 275.7 199.4 319.8 323.2
AQ % 0 30.3 21.8 435 9.3 8.9
Note: Q, ., is total energy costs in reboilers of the columns in the conventional scheme; W is the compressor power

consumption; O is the reduced energy consumption in the heat integration scheme; AQ_ is the decrease in the reduced

energy consumption in the heat integration scheme.

At the same time, the energy efficiency of
Scheme 1 is higher than Scheme II, since more
heat is released during condensation of the steam
flow of column C3 than during condensation
of the steam flow of column Cl; as a result,
the energy consumption in the reboiler of
column C2 in Scheme I is reduced by 3.3 times,
while in Scheme II, consumption is reduced
by only 2 times compared to the conventional
scheme. The maximum decrease of the reduced
energy consumption is achieved in Scheme III:
in this scheme, additional heat supply to the
reboiler of column C2 (Q_“ = 0) is not required,
since steam flows coming out from above
columns Cl1 and C3 adequately provide its
heating, while compression of steam flows using a
compressor to increase their temperature is also
not required. The energy efficiency of Schemes IV
and V is significantly lower than that of
Schemes I-III, although the energy consumption
in the reboiler of the column C3 of Scheme IV
is reduced by 2.9 times, while in the reboiler of
the column C1 of Scheme V, energy consumption
is reduced by 1.8 times compared with the energy
consumption of the corresponding columns of
the conventional scheme. This is due both to
the presence of compressors in Schemes IV and V,
as well as to the fact that the share of column C1
and column C3 in the total energy consumption
of the conventional Scheme 2 is 26.2 and 30.4%,
respectively, and the share of column C2 is 43.4%;
therefore, reducing energy consumption in the

reboilers of these columns makes a smaller
contribution to reducing the energy consumption
of the Scheme 2 than the reduction of energy
consumption in the reboiler of the C2 column.

CONCLUSIONS

Thus, five variants of schemes with thermal
integration of columns due to diabatic distillation
were synthesized based on the conventional
ED scheme of an acetone—toluene—n-butanol
mixture with preliminary separation of azeotrope-
forming components. The optimal parameters of
these schemes are determined by the criterion of
reduced energy costs. The schemes of diabatic
ED are shown to be characterized by 8.9-43.5%
lower reduced energy consumption than the
conventional two-column scheme. At the same
time, the greatest reduction in energy consumption
is achieved in the scheme of diabatic distillation,
in which steam flows coming from above two
other columns are used to heat the separation
column of azeotrope-forming components: ED
columns and DMF regeneration columns.
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Abstract

Objectives. The study set out to determine the equilibrium parameters of the 3,4-dicyanofuroxan
molecule by means of molecule geometry optimization by quantum chemistry methods, verify the
adequacy of the methods used, and compare the obtained results with X-ray diffraction analysis
(XRD) and gas electron diffraction (GED) data.

Methods. Quantum chemical calculations were carried out using BSLYP, MP2, and CCSD(T)
methods with 6-31G(d,p), cc-pVTZ, and aug-cc-pVTZ basis sets.

Results. The equilibrium molecular structure of 3,4-dicyanofuroxan was refined by means
of quantum chemical calculations using the Gaussian09 program. The geometrical parameters
were compared with the structure of this compound in the solid phase and a number of
related compounds in gas and solid phases. It was theoretically established that the planar
equilibrium structure of the dicyanofuroxan molecule has C, symmetry. The structure of the
free dicyanofuroxan molecule was found to differ depending on the phase. The B3LYP and
CCSD(T) methods describe the molecular structure of dicyanofuroxan more accurately than the
MP2 method. A regularity was revealed, according to which an increase in the basis, as a rule,
leads to a better agreement of the geometry, regardless of the functional.
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Conclusions. The calculations performed are in good agreement with the literature data and
results of joint analysis by GED and XRD. The effect of cyano substituents on the ring geometry
is observed in comparison with the literature data for the dicyanofuroxan molecule. For the
molecule in question, it is better to use the B3LYP/ aug-cc-pVTZ method. The values of geometric
parameters obtained by this method are in better agreement with the structure in the gas phase.
The discrepancies with the experimental XRD results may be due to interactions in the
crystal structure. Differences in the geometric parameters obtained on the basis of different
functionals and bases make this molecule interesting for experimental structural studies
using GED or microwave spectroscopy, which will permit the identification of optimal
methods and bases for obtaining the geometric parameters of furoxan class molecules.

Keywords: equilibrium structure, molecular structure, oxadiazoles, furoxans, quantum
chemical studies
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HAYYHAS CTATbBA

HccienoBanue paBHOBECHON CTPYKTYPbI MOJIEKYJIbI
3,4-nuumranopypoKcana

H.H. Koaecuuxosa', H.B. Aobanos'>>", B.H. Aobanos?, H.®. IIIumkos’
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AHHOMAuuUst

Ifenu. OnpedeneHue pasHOBECHLIX NAPAMEmpPo8 MONeKYabl 3,4-0uuaHogpyporcaHa nocpeo-
CMEOM ONMUMUSAUUU 2e0MeMmpPuUll MOJEKYJbl MemooamMu KEAHMOBOU XUMUU, nposepKra
adexeamHOCMU UCNONBb3YeMblX Memooos8, A MmaKk’Ke COnocmassieHue NONAYueHHbLX pesyabma-
moe ¢ OaHHbIMU peHmeeHodugppakyuoHHozo aranusa (PCA) u 2azoeoti snexmporozpagpuu (I'2)
poocmgeHHbIX COeOUHEeHUTL.

Memoodst. KeaHmoegoxumuueckue pacuemost memodamu B3LYP, MP2 u CCSD(T) ¢ 6asucHbimu
Habopamu 6-31G(d,p), cc-pVIZ u aug-cc-pVIZ.

Pesynomamet. YmouHeHA  pABHOBECHASl MOJEKYASPHASL  cmpykmypa  3,4-0uyuaHo-
dypokcaHa ¢ NOMOWBI KBAHMOBO-XUMUUECKUX pacuemos & npozpamme Gaussian09.
IIposedero cpasHeHue 2eomempuuecKux napamempog co cmpykmypoii 0aHH020 COeOUHEeHUs
8 meepooli ¢aze u c psi0omM poOCMeEeHHblX CcoeOuHeHUll 8 2a3080l u meepoolli case.
Teopemuuecku YCMAaHOBNEHO, UMO PABHOBECHAS. CMPYKMypa MONeKYibl OUYUAHOpYporca-
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Quantum chemical research of the molecular structure of 3,4-dicyanofuroxan

Ha siensiemes naockoil u umeem cummempuio C.. Ycmaroesnerno, umo cmpykmypa ce0600HOi
MONeKYNbl ouyuaHogypokcaHa 8 sasucumocmu om cpassel paznuuaemcest. Memoost CCSD(T)
u B3LYP mouHee onucbleaem MONEKYJAIPHYIO CMpYKmypy OUYUAHOPYPOKCAHA NO CPABHEHUIO
¢ memooom MP2. BouisgneHa 3aKOHOMEPHOCMb, CO2/1ACHO KOMOpoU yeesuueHue b6asuca, Kawk
npasuio, NPpueoouUm K Ayuilemy coaiaco8aHuio 2eoMempull He3asuUCUMO 0m PYHKYUOHANA.
Buieoodst. [Ipogedertble pacuembl XOPOULO CO2NACYIOMCSL € JUMEepaAmypHboiMU OaHHbLIMU,
a maroke pesysbmamamu co8mecmHozo aHanusa memooamu I'S u PCA. BnusiHue yuaHo-
3amecmumeneti Ha 2eoMempuio Koabya Habarooaemest 8 CpasHEeHUU ¢ AumepamypHoimMu OaHHbLMU
05t MoSleKYy bl duyuaHopyporcana. [ns paccmampusaemoil MONeKYlbl Aydule UCNOb3080Mb
memo0 B3LYP/aug-cc-pVTZ. 3HaueHus z2eomempuueckux napamempos, NnoayueHHble Imum
MemoooMm, Yyuule Co2lacyromest co cmpykmypoil 8 2a3080il ¢pase. PacxoroeHus ¢ saKcnepumeH-
maneHbmMu pesyaomamamu PCA moeym 6bimsb 06ycno8neHbl 83aUMO0licMBUIMU 8 KPUCTATIU-
yeckoll cmpykmype. Pasnuuus 8 2eomempuueckux napamempax, noAYyueHHsblx Ha OCHO8E PA3HbLLX
PYHKUUOHAN08 U 6a3uUco8, 0enaom 3my MONeKYaYy UHMepecHOl 0151 npogedeHUsl IKCNepUMEH-
ManbHO20 CMPYKMYPHO20 UCCA008AHUL Memooamu D uau MUKPOBOSHOBOU CNeKmpoCKoOnuu,
umo nozeoaum 8 6yoywem Halumu onmumaibHble memoobl. U 6a3ucbl. O NOAYUEHUS
2eomempuuecKux Napamempos MoNeKysl KAacca pypoKCcaHos.

Knroueesvle cnoea: pasHogecHAs CMpYKmMypa, MONEKYASPHASE CMPYKmMypa, OKCOOUA30/bL,
yporcatbl, KEBAHMOBO-XUMUUECKUE UCCAE008AHUSL

s yumuposanusn: Konecunkosa M.H., JlobanoB H.B., Jlo6anos B.H., IllumkoB N.®. HccrnenoBanue paBHOBECHOMH
CTPYKTYPBIMOJICKYJIbI 3,4-uiinanopypokcana. Toukuexumuueckue mexrnonoeuu.2023;18(2):98—108. https://doi.org/10.32362/2410-

6593-2023-18-2-98-108

INTRODUCTION

The class of oxadiazoles, representing one
of the most promising in the creation of energy-
intensive  compounds, became the focus of
research attention in the first decades of the 21st
century [l] due to the combination of unusual
thermochemical characteristics: high enthalpy of
formation and thermal stability. The presence of
active oxygen in oxadiazole and oxadiazole
N-oxide also increases the energy capacity of the
molecule [2]. In addition, the chemical properties
of oxadiazoles make it easy to introduce groups
containing high-energy bonds that increase the total
energy of the molecule.

The 3,4-dicyano-1,2,5-oxadiazole-2-oxide (3,4-dicyano-
furoxan, DCFO) substance is used in the solution
of many urgent problems. Representing an intermediate
in the organic synthesis of high-energy materials [3],
the substance is used in chemical ignition systems

(it  spontaneously ignites upon contact with
rocket fuel components [4]), as well as showing
pharmacological and biological activity (vasodilator)
[5]. In addition, DCFO derivatives have antimalarial
properties [6] and potential for application as
coagulants and enzymes.

DCFO was synthesized for the first time
in 1925 [7]. Subsequently, several more options for
DCFO obtaining were proposed in 1962, 1975, 2001,
and 2019 [3-5, 8]. For a long time, the 1962
synthesis [8] was the most reliable. However,
in 2019 a group of scientists from Maryland
developed a reproducible, economical, safe, and
highly efficient method for DCFO obtaining,
obtaining a crystal of the substance for the first
time and confirming the result using X-ray diffraction
on a single crystal [5].

At that time, the structure of nitro-containing
derivatives of furoxans in the gas phase, such as
3-methyl-4-nitro- and 4-methyl-3-nitrofuroxan,

Toukue xumudeckue TexHoaoruu = Fine Chemical Technologies. 2023;18(2):98-108

100



Inna N. Kolesnikova, Nikolay V. Lobanov, Valery N. Lobanov, Igor F. Shishkov

had already been studied by gas electron diffraction
(GED) and quantum chemical calculations [9].
A number of pyridines containing a cyano group
were also studied using the same methods [10—12].

In 1996, the first attempt was made to optimize
the geometry of the DCFO molecule by means
of the Gaussian-92 software package using the
Hartree—Fock (HF) method, involving exchange-
correlation 3-parametric Becke-Lie—Yang—Parr (B3LYP)
density functional and density functional based
on the second-order Méller—Plesset perturbation theory
(MP2) with basis sets 6-31G(d,p) (HF/6-31G(d,p),
B3LYP/6-31G (d,p), and MP2/6-31G(d,p)) [I13].
A year later, the obtained -calculation data for
this substance were compared with the results of
ultraviolet and infrared spectroscopy [14].

In 2012, a study was conducted using the
Gaussian 09 software package [15]. However,
the authors limited themselves to the level of the
B3LYP/cc-pVTZ theory. Calculations based on the
same methods using different bases are also of interest.

The aim of the present work is to determine
the equilibrium structure of the DCFO molecule
by optimizing the molecule geometry using B3LYP
and MP2 quantum chemistry methods with the
6-31G(d,p)!, cc-pVTZ?, and aug-cc-pVTZ® bases in
the Gaussian 09 program; to carry out a calculation
at the theoretical level CCSD(T)* with the basis
6-31G(d,p); to check the adequacy of the methods
used; and to compare the results with the data of
X-ray diffraction analysis (XRD) and GED for
related compounds.

EXPERIMENTAL

Quantum chemical calculations were carried
out with by means of the Gaussian 09 software
package [16] using the density functional theory
method with the B3LYP functional [17, 18] and
MP2 perturbation theory [19] with correlationally
consistent basis sets 6-31G(d,p) [20], cc-pVTZ [21],
and aug-cc-pVTZ [22]. A calculation using the
CCSD(T) method [23] was additionally carried out
with basis sets 6-31G(d,p). To determine the
equilibrium structure of DCFO, complete optimization
of the geometry and calculation of the oscillation

1'6-31G(d,p) is a valence-split basis set with addition of
d-type polarization functions for each atom from Li to Ca and
p-type polarization functions for each light atom (H, He).

2 cc-pVTZ is a triple-zeta correlation consistent basis set.

3 aug-cc-pVTZ is an augmented version of the previous
basis set with added diffuse features.

4+ CCSD(T) is a coupled cluster single-double and
perturbative triple method.

frequencies were performed. The atom numbering
for the DCFO molecule are shown in the figure.

The Cartesian coordinates of the DCFO optimized
using the CCSD(T)/6-31G(d,p), B3LYP/6-31G(d,p),
and MP2/cc-pVTZ functionals are presented in the
appendix (Tables S1, S2, and S3).

Fig. Atom numbering in the DCFO molecule.

RESULTS AND DISCUSSION

It follows from Table 1 that B3LYP/aug-cc-pVTZ
calculations reproduce the C-N and C=0 DCFO
bond lengths better than MP2 calculations with
the same basis set (especially when compared with
the latest experimental data for the crystal [4]).
This statement is also true for some bond angles.
Quantum chemistry calculations show that the
planar DCFO molecule has Cg symmetry. XRD
revealed that there are 2 forms in the solid phase,
the parameters of which differ in the case
of bond lengths.

The equilibrium structure calculated by the
B3LYP/aug-cc-pVTZ method is in good agreement
with the solid phase determined by XRD. The
discrepancies between the data are no more
than 0.01 A for the bond lengths, while the values
of the bond angles differ by no more than 1°.
In contrast to the gas phase, two molecules of
the crystalline phase are nonplanar; however,
the deviation from the plane does not exceed 4°
(Table 1). A comparison of the equilibrium structure
of DCFO with the structure in the crystalline
phase demonstrates the similarity of the bond
lengths of the oxadiazole rings with a maximum
deviation not exceeding 0.02 A and 2° in the bond
lengths and bond angles, respectively. This indicates
that the B3LYP method is likely to better predict
the structure of DCFO in the gas phase. However,
due to the different state of aggregation of these
structures, their differences can be associated with
the effects of intermolecular interactions in the crystal.
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Note: The DCFO crystal cell consists of two independent molecules 1 and 1A. r (O1-N2) is the equilibrium bond length between the corresponding atoms. A(O1-N2-C3) is the
value of the angle between the corresponding atoms. D(O1-N2—C3—C4) is the value of the dihedral angle between the corresponding atoms. Bond lengths are given in angstroms. The

angles are given in degrees.

The molecular structure of DCFO is relatively
well  described by the B3LYP/aug-cc-pVTZ
method: the functional gives the best fit for most
bond lengths as compared to the MP2/cc-pVTZ
method. The largest differences are observed for the
O1-N2 bond: its length of 1.458(4) A refined
according to XRD data correlates with the length
determined by the B3LYP/aug-cc-pVTZ method
(1.470 A) and does not coincide when using the
MP2/cc-pVTZ method (1.552 A). The same
situation is observed with the OI-N5 bond length:
according to XRD, its value is 1366(5)A, which is
close to the value determined by B3LYP/aug-cc-pVTZ
(1.347 A); moreover, it noticeably differs from the
results of MP2/cc-pVTZ (1.314 A). The worst
matches are given by MP2/6-31G(d,p): in this
case, the difference for bond lengths reaches 0.1 A.

The CCSD(T)/6-31G(d,p) method adequately
describes the molecule structure, with most of the
bond lengths correlating with the experimental
data: the calculated O1-N2 bond length is 1.480 A,
while the bond Ilength refined by XRD
is 1.4584) A. The OI-N5 bond length
as calculated by the CCSD(T)/6-31G(d,p) method
and obtained by XRD coincides with high precision
(1.369 and 1.366(5) A, respectively).

In this work, we also compared the structural
parameters of DCFO with the geometry of
related compounds (3-methyl-4-nitrofuroxan and
4-methyl-3-nitrofuroxan) determined by the GED
method in [12].

From Table 2, it can be seen that DCFO is
similar in parameters to 3-methyl-4-nitrofuroxan:
for most bond lengths, the difference is no more
than 0.08 A, while the angles differ by no more
than 2°-3°. The most noticeable deviations are
in the C3-C7 (0.082 A), N2-06 (0.019 A), and
C3-C4 (0.012 A) bonds. Among the angles,
N2-C3-C4 (2.3°) and C3-C4-N5 (2.5°) show the
largest discrepancy. The situation changes with
the transition to 4-methyl-3-nitrofuroxan. The angles
mostly do not coincide, while the lengths
of only two bonds (C3-C4 and N2-06) are
close in their values (the difference is less than
0.009 A). Such significant differences (0.03-0.10 A)
may be due to the effect of substituents.

In general, it can be argued that when
comparing the results of calculations by the
B3LYP and MP2 methods with the basis
sets  6-31G(d,p), cc-pVTZ, and aug-cc-pVTZ,
there is a tendency for a better agreement
between the calculated molecular parameters
and the experimental wvalues. It can be
seen that an increase in the basis, as a rule, leads
to better geometry matching, regardless of the
chosen functional (Table 3).
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Table 2. Comparison of structural parameters of DCFO, 3-methyl-4-nitrofuroxan, and 4-methyl-3-nitrofuroxan

Parameter B3LYP/I“)11?:-(c)c-pVTZ 3-methyl-4-nitrofuroxan GED [12] | 4-methyl-3-nitrofuroxan GED [12]
r(O1-N2) 1.470 1.462(9) 1.382(6)
r (N2-C3) 1.339 1.333(9) 1.307(6)
r(C3-C4) 1.426 1.414(9) 1.422(6)
r (C4-N5) 1.306 1.304(9) 1.340(6)
r (O1-N5) 1.347 1.354(9) 1.429(6)
r,(N2-06) 1.196 1.215(9) 1.205(6)
r (C3-C7) 1.406 1.488(9) 1.488(6)
A(O1-N2-C3) 105.2 107.2(5) 107.5(3)
A(N2-C3-C4) 106.9 104.6(5) 109.2(3)
A(C3-C4-N5) 111.4 113.9(5) 109.2(3)
A(O1-N5-C4) 107.6 106.1(10) 104.7(4)
A(N2-O1-N5) 108.9 108.1(10) 109.4(5)
A(O1-N2-06) 119.0 118.1(6) 118.6(3)
A(N2-C3-C7) 122.3 121.2(5) 121.1(3)

Note: bond lengths are given in A; angles are in degrees.

We also compared the C-N bond lengths in The C-N bond length of DCPO is very similar
DCFO with a number of cyanopyridines, the data to that in the corresponding cyanopyridines.
for which were obtained by two independent methods The spread of values does not exceed 1%, which
(Table 4). can be considered a good indicator, demonstrating

Table 3. Comparison of DCFO selected parameters during various quantum chemical calculations

Method r(01-N2), A r (01-N5), A
XRD [4] 1.458(2) 1.366(3)
B3LYP/6-31G(d,p) 1.475 1.351
B3LYP/cc-pVTZ 1.472 1.346
B3LYP/aug-cc-pVTZ 1.470 1.347
MP2/6-31G(d,p) 1.651 1.311
MP2/cc-pVTZ 1.552 1314
MP2/aug-cc-pVTZ 1.567 1312
CCSD(T)/6-31G(d,p) 1.480 1.369
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Table 4. Comparison of bond lengths C—N in DCFO — 2-cyanopiridine — 3-cyanopiridine — 4-cyanopiridine series

2-cyanopiridine [10] 3-cyanopiridine [11] 4-cyanopiridine [12]
DCFO (B3LYP/aug-cc-pVTZ)
GED XRD GED XRD GED XRD

r (C7-N8), A 1.152

1.158(5) 1.1452(8) 1.157(2) 1.1499(12) | 1.159(3) 1.1370(8)
r,(C9-N10), A 1.150
r (C4-C9), A 1.421

1.445(3) 1.448(2) 1.432(2) 1.4303(12) | 1.438(3) 1.439(8)
r (C3-C7), A 1.406

that the chosen method and basis describe the
molecule under consideration quite well.

CONCLUSIONS

The equilibrium structure of the DCFO molecule
was refined by optimizing the free geometry
using quantum chemistry methods. The adequacy
of the methods used was checked by comparing
the obtained results with those mentioned in the
literature. The obtained results are compared with the
XRD data for the molecule in the crystalline phase.

Equilibrium  geometric ~ structural parameters
characterizing the DCFO molecule were obtained

(calculation results are given in Tables 1 and 2).
The results are consistent with those of related
compounds.

It should be noted that, although structural
comparison of solid DCFO with modeling of the
molecule properties in the gas phase between the
centers of maximum electron density is somewhat
difficult, the structures under study are quite similar.
The data obtained by XRD correlate with the
corresponding geometric parameters of the DCFO
backbone calculated by the B3LYP/aug-cc-pVTZ
method (r(O1-N2) bond length is 1.458(2) and
1.470 A; r(O1-N5) bond length is 1.366(3)
and 1.347 A; r(N2-C3) bond length is 1.336(3)
and 1.339 A).

SUPPLEMENTARY

Table S1. Cartesian coordinates of atoms in the DCFO molecule obtained at the level of the CCSD(T)-31G(d,p) theory

No. Symbol X Y Z
1 0} 1.0630 -1.6922 0.0
2 N 1.4296 —0.2798 0.0
3 C 0.2732 0.3759 0.0
4 C —0.7800 —0.5742 0.0
5 N —0.2976 -1.7930 0.0
6 o 2.5878 0.0245 0.0
7 C 0.2018 1.7728 0.0
8 N 0.1196 2.9355 0.0
9 C -2.1677 —0.3032 0.0
10 N -3.3028 —0.0472 0.0
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Table S2. Cartesian coordinates of atoms in the DCFO molecule obtained at the level of the B3LYP/6-31G(d,p) theory

No. Symbol X Y Z
1 o —-1.81695 —0.83540 0.0
2 N —1.34222 0.56103 0.0
3 C 0.0 0.47737 0.0
4 C 0.32868 —0.91407 0.0
5 N —0.74964 —1.66405 0.0
6 o —2.15078 1.45395 0.0
7 C 0.82413 1.62158 0.0
8 N 1.51834 2.55455 0.0
9 C 1.63809 —1.47669 0.0
10 N 2.71587 —-1.90832 0.0

Table S3. Cartesian coordinates of atoms in the DCFO molecule obtained at the level of the MP2/cc-pVTZ theory

No. Symbol X Y Z
1 O -1.81233 —0.89477 0.0
2 N —-1.34771 0.58627 0.0
3 C 0.0 0.46095 0.0
4 C 0.33496 —0.90095 0.0
5 N —0.75514 —1.67493 0.0
6 o -2.15711 1.46346 0.0
7 C 0.81982 1.60597 0.0
8 N 1.50816 2.55741 0.0
9 C 1.64067 —1.45056 0.0
10 N 2.73510 —-1.87474 0.0
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Abstract

Objectives. To identify general principles for the design of dispersed-filled polymer composite
materials (DFPCMs) with different generalized and reduced parameters, as well as types of disperse
structure with high fire resistance; to develop an algorithm for the creation of non-combustible polymer
composites with flame-retardant fillers.

Methods. Scanning electron microscopy and laser diffraction were used to assess the shape, size,
and particle size distribution of flame retardants. According to the presented classification of DFPCMs
by structural principle, standard bar samples were obtained to determine the oxygen index (OI) and
the fire resistance category.

Results. For the MFS-2 (medium filled system) and HFS (high filled system) structure types,
the maximum resistance to burning (category V-0) is achieved with a generalized parameter
of ® < 0.40 volume fractions; the OI value increases in 2 times (up to ~40%) in relation to the
polymer matrix.
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Conclusions. In order to obtain a flame retardant DFPCMs (OI = 40%, category V-0) based on ethylene
vinyl acetate with OI = 20% and magnesium hydroxide (brucite), the amount of water vapor released
during the decomposition of the flame-retardant filler should be at least ~250 mL/g with a coke
residue ~32%. A developed algorithm for calculating compositions and generalized parameters for the
creation of DFPCMs having a predetermined type of disperse structure and high resistance to burning
is presented.

Keywords: composite materials, disperse structure, oxygen index, resistance to burning, cable
composition, EVA, mineral flame retardants
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Technol. 2023;18(2):109-122 (Russ., Eng.). https://doi.org/10.32362/2410-6593-2023-18-2-109-122

HAYYHAS CTATbA

IIpoekTUpOBaHUE CTPYKTYPbI H COCTABOB CTOMKHX
K FOPEHUI0 MOJIMMEPHbIX KOMIIO3UIIMOHHBIX MATEPHUAJIOB
C HANOJIHUTEJIAMM-AHTUNIMPEHAMHU HA OCHOBE TMIPOKCH/IA MATHUS

K.A. BpexoBa™, H.[l. CumoHoB-EmMmeapsaHOB, A.A. IIBIXTHH

MHP3A — Poccuiickuil mexHoioeuueckuil yHusepcumem (HMHecmumym moHKUX XUMUUECKUX MEeXHOI02UTL
um. M. B. Aomorocosa), Mockea, 119571 Poccust
“Aemop onst nepenucku, e-mail: kr-otaku@mail.ru

AHHOMAQyust

IMenu. Ycmaxosums pyHOAMEHMANbHbLE 3AKOHOMEPHOCMU Ot NPOEKMUPOBAHUSL COCMA808
OUCNepPCHO-HANOAHEHHBIX NOAUMEPHBIX KOMNOSULUUOHHbIX mamepuanog ([{HIIKM) ¢ pasHbimu
0006 EHHBIMU U NPUBEOCHHBIMU NAPAMEMPAMU U MUNAMU OUCNEPCHOTL CMPYKMYypbl C 8bLCOKOU
cmotlikocmplo K 20pEHUI0, A MaKoke paspabomame an20puUmm Co30aHUSL HE20PHOUUX NOJUMEPHBLX
KOMNO3UMO8 ¢ HANONAHUMENAMU-AHMUNUPEHAMU.

Memoost. OueHKYy popmbl, pasmepa u pacnpedeseHus. Yacmuy no pasmepam Oas HANOJHU-
mesneli-aHMUNUPeHo8 8cex MApoK onpeodessni HA CKAHUPYUEM SeKMPOHHOM MUKPOCKONne
u memooom sazepHoti ougpparxyuu. CoenacHo npedcmagaieHHol kaaccugpurxayuu JHITKM no
CMPYKMYpPHOMY NPUHYUNY OblLIU NOSAYUEeHbL cmaHoapmHble 06pasubl 6pycKog 01t onpedesieHust
KucniopooHoz20 uHoerxca (KH) u kamezopuu cmotikocmu K 20peHuto.

Pe3ynemamelt. YcmaHogneHo, umo oas cmpykmypot JHIIKM muna CHC-2 (cpedHe-HanonHeHHAs
cucmema) u BHC (8blcokoHanonHeHHas: cucmema) npu obobuieHHom napamempe O < 0.40 06. 0.
docmuzaemcest MAKCUMAIbHASL cmolikocmb K 2opeHutro (kamezopus [1B-0), a 3naueHue KH eo3pac-
maem 8 2 pasa (0o ~40%) omHoCcuMeNbHO NOAUMEPHOU MAMPUYBL.

Boureoodst. I[lokaszaHo, umo O0as noayueHust cmolkux Kk zopeHuro [HIIKM (KH = 40%,
xamezopus IIB-0) Ha ocHoge casuneHa ¢ KH = 20% u eudporcuda mazHus (6pycum),
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KOAUUeCmeo 8bl0eNsoULUXCS Napo8 800bL 00NIHO cocmasasime He meHee ~250 ma/2 npu
PA3N0IKeHUU HANOJHUMEeNS-OHMUNuUpeHa, a Kokcoewvlii ocmamok ~32%. IIpedcmasner
aseopumm pacuema cocmaegos, obobuieHHblx napamempos u cozoarus [JHITKM ¢ 3a0aHHbIM
munom OucCnepcHoll cmpyKkmypbsl U 8blLCOKOL CMOUKOCMbIO K 20pEHUIO.

Knroueesvle cnoea: KOMNO3UUUOHHbLE MAMEPUAbL, OUCNEPCHAs. CMpYyKmypa, KUCL0POOHbLI
uHOeKc, cmolikocms K 20peHuUt0, KabesbHAsl KOMNO3UYUSL, CI8UNLEH, MUHEPAbHbLE AHMUNUPEHbBL
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CTOIKHUX K FOPEHUIO MOJIUMEPHBIX KOMIIO3HLUOHHBIX MaT€pPHAJIOB C HAIOJHUTEISIMU-aHTUIMPEHAMH Ha OCHOBE I'MIPOKCUAA
Maruus. Tonkue xumuueckue mexnonoz2uu. 2023;18(2):109—122. https://doi.org/10.32362/2410-6593-2023-18-2-109-122

INTRODUCTION

One of the urgent tasks in practical materials
science consists in the creation of non-combustible
polymeric and polymer composite materials (PCM)
offering increased resistance to burning and low
toxicity of gaseous substances emitted during
burning.

The widespread use of dispersed-filled PCM
(DFPCM) in industry is partly due to the large
number of studies on flame-retardant substances of
different chemical composition forming the basis for
determining specific conditions for obtaining fire-
resistant materials with reduced fire hazard [1-5].

Halogen-containing substances, which decompose
when heated to release a halogen atom that inhibits
the burning process, are actively used as flame
retardants. However, their use is limited by the
toxicity of combustion products and wastes involved
in the production of halogen-containing polymer
compositions, which both comprise significant
environment pollutants [6—11].

In terms of halogen-free flame-retardant fillers,
mineral powder fillers based on aluminum (Al),
magnesium (Mg), and calcium (Ca) hydroxides,
which form water vapors during decomposition, have
proven most effective. In this case, the endothermic
reaction of the filler decomposition with the release
of water contributes to cooling, the isolation of
the burning zone from available oxygen, and

a reduction of gas exchange at the material surface,
as well as reducing smoke formation [12]. In order
to obtain  burning resistant DFPCMs, the
amount of mineral flame-retardant filler in them
should be not less than ~45-60 wt % (22-30 vol %
at density ~2.5 g/cm®) according to the published
data [11-13].

The maximum content ¢ of a dispersed
flame-retardant filler, which can practically be
introduced into a PCM on a matrix of any nature,
depends on the maximum packaging (kp, 0,.)s
size (d), shape (k), fractional composition, and
particle distribution in the volume of the polymer
matrix (PM).

The following are generalized values of the
maximum content (¢_ , vol fract.) of solid dispersed
fillers with various particle sizes in DFPCMs, which
are in good agreement with experimental data [14]:

— nanoparticles  (1-100 nm) — o
~0.05-0.20 vol fract.

— ultradisperse particles (0.1-1.0 um) — ¢
~(0.20-0.255 vol fract.

U

U

max

— submicroparticles (1.0-3.0 um) — o __ =
~(.255-0.35 vol fract.

— microparticles  (3-10  um) — ¢ =
~(0.35-0.45 vol fract.

— macroparticles (1040 pum) — o = =

~ (0.45-0.62 vol fract.
— large particles (larger than 50 um) — ¢
~ (0.62—0.64 vol fract.

u

max
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Analysis of the above data showed that only
large and macroparticles of flame-retardant fillers
with a size of more than ~10 pum or their mixtures
with nanoparticles and microparticles can be used
to create burning-resistant DFPCMs [14]. When
nano-, ultradisperse-, and submicro-particles are
used, highly efficient dispersants must be used,
which help to increase ¢ to allow the introduction
of flame retardant in the required quantity
(up to ~50-60 wt %).

Unfortunately, since data on the packaging
and maximum content of dispersed flame-retardant
fillers in DFPCM are virtually non-existent in the
scientific and technical literature, it is not possible
to determine the structural formation process in such
systems.

New models, classifications, and calculations
of DFPCM compositions, developed in recent years,
generalized and reduced parameters of disperse
structure relate dispersed structure types—diluted
systems (DS), low-filled systems (LFS), medium-
filled systems (MFS), medium-filled systems below
the yield point (MFS-1), medium-filled systems
above the yield point (MFS-2), and high-filled
systems (HFS)—with a set of rheological, physical
and mechanical, electrophysical, thermal, and optical
characteristics [14]. However, there appear to be
no data on burning resistance.

In [15], we considered the flammability
of DFPCM flooring with silica inert filler with
diameters of 500 um and 160 um in terms of the
relationship of surface heat flux density (¢) with
generalized parameters, as well as providing
a detailed disperse structure typology.

The aim of the present work is to establish
fundamental regularities for the design of DFPCM
compositions with different generalized and reduced

parameters, as well as various disperse structure
types offering high resistance to burning. This can
provide the basis for the development of an algorithm
for creating non-combustible polymer composites
with flame-retardant fillers.

EXPERIMENTAL

DFPCM  for cable insulation based on
copolymer ethylene vinyl acetate — EVA 11306-075,
with melt flow rate 8 g/10 min (Kazanorgsintez,
Russia) and mineral antipyrine fillers from brucite
EcoPiren® (EP) based on magnesium hydroxide
Mg(OH), (RGKHO, Russia) were used as a material
basis for the study.

The shape, size, and particle size distribution
for all grades of flame-retardant fillers were
determined using a Hosokawa-Alpine scanning electron
microscope (Germany) and a Malvern Mastersizer 2000
laser analyzer (Malvern Panalytical, UK).

Table 1 shows the main characteristics of the
dispersed flame-retardant fillers (brucite) of the
various EP grades.

Figure 1 shows the structure of the dispersed
powder of EP flame-retardant filler.

As can be seen from Fig. 1, magnesium
hydroxide particles have a scaly structure with a
shape coefficient k£, = 5 [14]. Due to their shape often
differing from lamellar, it is not possible to determine
the shape coefficient of flame-retardant particles
with the necessary accuracy from a study of micrographs
(Fig. 1). The investigated EP dispersed flame-
retardant fillers are characterized by a fairly wide particle
size distribution. When constructing the structure of
DFPCMs, the shape, size, particle size distribution,
and the maximum content of the flame-retardant filler

Table 1. Characteristics of flame retardants based on magnesium hydroxide (brucite) of various EcoPiren® (EP) grades

and particle sizes

Flame-retardant filler Particle size change interval, pm Average pczt,ﬁ;frl:i diameter Spedﬁ;:l:l.zﬂzce area
EP 2SA 0.6-5.0 2.5 3.50
EP3.5 1-10 5.0 2.63
EP5.5 1-9 10.0 2.06
EP 10R 2-47 24.0 1.60
EP 20R 2-89 45.0 1.23
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FW
7 ym | 8.9 mm

Fig. 1. Structure of the particles of the EP 3.5
flame-retardant filler.

in the PM takes into account the parameter ¢_
(vol fract.), which can be determined using special
experimental techniques [16]. The ¢_  values for all
investigated flame-retardant fillers (brucite) are given
in Table 2.

From the above data follows the incorrectness
of determining the parameter ¢__ by bulk density
for investigated flame retardants.

The maximum content of the flame-retardant
filler in DFPCM (¢~ 0.62 vol fract.) is achieved
for macroparticles of EP-10R and EP-20R grades
with a particle size of 25 and 45 um, respectively.
With a decrease in the particle size to 2.5 pm, @

max

The design of a disperse structure having
different types and various generalized parameters,
as well as DFPCM compositions based on EVA
and flame retardants of various EP grades, was
carried out according to the algorithm developed
earlier [14].

The content of a dispersed flame-retardant
filler (¢,) with a known parameter ¢__ ensures
the formation of a given type of structure in the
DFPCM (classified according to the generalized
parameter ®), was calculated by Eq. (1) [14]:

¢0,=(1-0)x¢_,volfract. (1)

where ® is the PM fraction for the formation of
interlayers between filler particles in DFPCM.

Figure 2 shows the dependencies of ¢, = f(®)
for the design of DFPCM compositions with
a given type of disperse structure based on EVA and
flame-retardant fillers of various EP grades.

The presented data on DFPCM compositions
show that when using flame-retardant fillers with
a particle size of 2.5-10 pm (EP 2SA grade with
¢, .. = 0.25 vol fract.,, EP 3.5 with ¢ = 0.35 vol fract.,
and EP 5.5 with ¢ _ = 0.43 vol fract.), it is almost
impossible to introduce a sufficient amount of
dispersed filler (up to ~60 wt %) to obtain materials
resistant to burning [14].

In [17], it is shown that the amount of water

decreases to 0.25 vol fract. (EP 2SA). vapor released from the flame-retardant filler
Table 2. ¢ values for dispersed powders of flame-retardant fillers of various EP grades
9., VOl fract.
Flame-retardant | Particle diameter
No. filler d _,pm
9 .
a q n By the sealing By three .
By oil capacity graph concentrations By bulk density

1 EP 2SA 2.5 0.27 0.24 0.23 0.157

2 EP3.5 5.0 0.36 0.34 0.35 0.168

3 EP5.5 10.0 0.47 0.43 0.42 0.195

4 EP 10R 25.0 0.61 0.6 0.59 0.231

5 EP 20R 45.0 0.63 0.62 0.61 0.291
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HFS MFS-2 MFS-1 LFS DS

0.6

0.5

0.4

0.3

0.2

Filler content oy, vol fract.

0.1

0.0 0.2 0.4 0.6 0.8 1.0
®, vol fract.

Fig. 2. Dependence of the flame-retardant filler content
(¢,) in DFPCM on the generalized parameter ©
for various EP grades:
1-EP2SA (o, =0.25);2-EP3.5(p  =0.35);
3-EP5.5(9,, =0.43);4-EPI0R (9 _ = 0.60);
5—EP20R (¢, =0.62).

(brucite). Depending on the particle diameter, this
reaches its maximum value (V,;, ~ 430 mL/g)
with a particle diameter of more than 10 pm.

Considering the maximum packing (¢, _ ) and
the amount of water vapor emitted during
decomposition, the EP 10R flame-retardant filler
(d, =25 pm and ¢_ = 0.60 vol fract.) was used to
investigate the effect of structure type and parameters
and create the burning-resistant DFPCM.

To conduct experimental studies, the following
compositions of DFPCM with an EP 10R flame-
retardant filler (d,, = 25 pum, ¢ = 0.60 vol fract.)
and different types of structures were used: DS with
® = 0.95 vol fract., ¢, = 0.03 vol fract; LFS with
©® = 0.75 vol fract., ¢, = 0.15 vol fract.; MFS-1 with
® = 0.60 vol fract,, ¢, = 0.24 vol fract. and with
©® = 0.50 vol fract., ¢, = 0.30 vol fract.; MFS-2 with
® = 0.45 vol fract, ¢, = 0.33 vol fract. and with
©® = 0.30 vol fract., ¢, = 0.42 vol fract.; HFS with
©® = 0.20 vol fract., ¢, = 0.48 vol fract.

DFPCMs based on EVA and EP 10R fillers with
different disperse structure types were produced by
mixing the raw components on a LabTech LZ80/VS
twin-screw extruder (Labtech Engineering, Thailand)
with a screw diameter of 16 mm at 200°C and a
screw speed of 150 rpm.

In order to determine the oxygen index (OI)'
and the category of resistance to burning
(method B)? standard samples in bar form were
obtained from DFPCMs with different types of
disperse structure using injection molding.

Samples in the form of standard bars were
cast on the ARBURG injection molding machine
(Germany) at a pressure of 50 MPa, a melt
temperature of 200°C, a mold temperature of 30°C,
a holding time under pressure of 5 s, and a cooling
time of 24 s.

The testing of DFPCMs with different types
of disperse structure for resistance to burning
and determination of OI was carried out in the
Center of Scientific and Technical Department No. 3
of the G.S. Petrov Plastics Research and Testing
Institute (Russia).

For  determining the burning resistance
of DFPCM, the burning and smoldering times of
a vertically mounted bar specimen were recorded;
based on the test results, the material was assigned
a burning resistance category whose parameters
are shown in Table 3.

DFPCMs  of the V-0  category  are
characterized by the greatest resistance to burning.
Samples that do not conform to the presented
categories of resistance to burning are assigned
a category—out of category (—), which corresponds
to the lowest resistance to burning. For the initial
PM EVA the flammability parameters were determined:
OI = 20.5% and flammability category—(-).

RESULTS AND DISCUSSION

The results on burning resistance and OI
parameters for all investigated samples of DFPCMs
based on EVA 11306-075 grade with EP 10R flame-
retardant filler are given in Table 4.

According to the results of the experiment,
DFPCM with a magnesium hydroxide content of
EP 10R not less than ~0.36 vol fract. (~0.59 wt fract.),
which corresponds to the disperse structure types
MFS-2 (0 <0.40 vol fract.) and HFS (® <0.20 vol fract.),
has the highest category of resistance to burning (V-0).

Polymer materials with the specified category
of resistance to burning are approved for the
manufacture of electrical products in the cable industry
[18]. According to works of A.V. Filina [18] and
A.A. Frik’®, DFPCM used as electrical insulation
materials should have an OI of at least ~32%.

I GOST 21793-76. Gosstandart of the USSR. Plastics. Method for determination of the oxygen index. Moscow: State committee

for standards of the council of ministers of the USSR; 1976.

2 GOST 28157-2018. Interstate standard. Plastics. Methods for determining the resistance to burning. Moscow:

Standartinform; 2018.

3 Frik A.A. Research and development of fire-resistant cables using halogen-free materials: Cand. Sci. Thesis. Moscow:

VNIIKP; 2016. 20 p. (in Russ.).
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Table 3. Criteria for the category of resistance to burning DFPCM

Category of resistance to burning

Test indicators

V-0 V-1 V-2
Burning time after application of flame, no more than, s 10 30 30
The total burning time of 5 samples after two-fold application of flame, s 50 250 250
Does not burn and smolder before clamping + + +
Ignition of hygroscopic cotton wool located 300 mm from the sample - - +
Burning and smoldering of the sample after the second removal of the flame,

30 60 60
no more than, s

Note: “+” — the indicator is achieved; “—" — the indicator is not achieved.

Table 4. Type of structure, generalized parameters, compositions of DFPCM based on EVA + EP 10R and their resistance to burning

EP 10R (¢, content .
DFPCM Category of r'es1stance
composition Type of structure | O, vol fract. to burning
P GOST 28157-2018
vol fract. | wt fract.
EVA 11306-075 - 1.0 )
DS 0.95 0.03 0.07 )
LFS 0.75 0.15 0.31 )
0.60 0.24 0.45 V-2
MFS-1
0.50 0.30 0.52 V-2
EVA 11306-075 + EP 10R
0.45 0.33 0.56 V-1
MFS-2 0.40 0.36 0.59 V-0
0.30 0.42 0.65 V-0
HFS 0.20 0.48 0.70 V-0
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Figure 3 shows the dependence of OI = flo)
and, for the first time, the OI dependence for
DFPCMs on the generalized parameter (®) of the
disperse structure, forming a basis for relating the
disperse structure types with the OI parameter and
the burning resistance. Here it should be noted
that the traditional OI dependence on ¢f does not
allow the classification of DFPCMs according to
the structural principle (DS, LFS, MFS-1, MFS-2,
and HFS).

The dependence Ol = f(®) for DFPCMs has
an S-shaped form and characteristic areas that
correspond to different types of disperse structure.

40
35
xX
— 30
o
25
20 >
0 0.1 0.2 0.3 0.4 0.5
¢ vol fract.
(@)
HFS MFS-2 MES-1 LFS DS
40 o u—oj
35
xX
30
o
25
20 >
0 0.2 0.4 0.6 0.8 1.0
0, vol fract.
(b)

Fig. 3. OI dependence for DFPCM based on EVA:
(a) on the EP 10R flame-retardant filler content,
(b) on the generalized parameter ©.

In area 1, the OI value increases by only ~10%,
amounting to ~22% when the EP 10R is introduced
into the EVA. These are the DS, LFS, and MFS-1
structure types (up to ® > 0.60 vol fract.).

In area 2, there is a sharp jump in the OI value
from 22 to 37% in the formation of DFPCM with
the MFS-1 structure type at ® = 0.60-0.45 vol fract.

In arca 3, the OI reaches its maximum value
of 40%, which is associated with the formation
of MFS-2 (® < 0.40-0.30 vol fract.)) and HFS
(® < 0.20 vol fract.) structures in DFPCMs, along
with a corresponding increase in the flame-
retardant filler (brucite) content.

Thus, for DFPCMSs based on EVA with OI =20.5%
and EP 10R flame retardant, it is possible to achieve
the OI value in ~2 times higher than the OI value
characteristic for an unfilled PM at the creation of
disperse structures of MFS-2 and HFS types. In this
case, the maximum value ® = 0.40 vol fract., EP 10R
flame-retardant filler content ~0.36 vol fract. (0.59 wt fract.),
an Ol of =40%, and a category of resistance to
burning—V-0.

At Ol = 32% (the recommendation given in
works of Filina [18] and Frik (Footnote 3)), the
cable insulation from DFPCM based on EVA + EP 10R
can have a structure like MFS-1 with ® = 0.50 vol fract.;
the filler content will decrease and amount to
¢,= 0.30 vol fract. (0.52 wt fract.).

For the first time, data on the influence of
disperse structure type on the OI and burning
resistance for DFPCM based on EVA and dispersed
flame-retardant filler are presented, allowing the
purposeful design of compositions offering a
predetermined resistance to burning.

The increase in the Ol value when EVA is added
to the PM with EP 10R flame-retardant filler is due
to the decomposition of magnesium hydroxide and
the release of water vapor. Water vapor and coke
residue formation are the main factors increasing the
OI and burning resistance of DFPCMs.

According to thermogravimetric analysis (TGA)
[17], we determined the amount of water vapor
emitted from 1 g of EP 10R flame-retardant filler
(brucite) to be ~425 mL/g; the corresponding coke
residue value was 32%.

Figure 4 shows the dependencies of the volume
of water vapor emitted during brucite decomposition
in DFPCM on the flame-retardant filler content
and the generalized parameter ®, which determines
the type of DFPCM disperse structure.

According to the general pattern, the volume
of water vapor increases with an increase in the
content of the flame-retardant filler and a decrease
in the generalized parameter; this however depends
on the DFPCM structure type. From the above, it
can be concluded that the higher the content of
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Fig. 4. Dependence of the volume of water vapor released
during the decomposition of brucite in DFPCM:
(a) on the content of the flame-retardant filler,
(b) on the generalized parameter ©.

water-releasing ~ flame  retardant  during  the
decomposition reaction, the higher water content in
the polymer composite material during burning.

Since the burning of DFPCM is due to the
exothermic depolymerization of EVA, it is of interest
to determine the volume of water vapor per 1 g of PM
needed to inhibit the burning process.

Figure 5 shows the dependencies of the volume
of water vapor emitted during brucite decomposition
per 1 g of PM (¥} o pu , mL/g) on the flame-retardant filler
content and generalized parameter ®, which determines
the DFPCM disperse structure type.

y
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Fig. 5. Dependence of the volume of water vapor released
during the decomposition of brucite per 1 g of polymer matrix:
(a) on the content of the flame-retardant filler,

(b) on the generalized parameter ®.

As can be seen from the obtained data, in order to
obtain DFPCM with high OI (~40%) and the category
V-0, the water vapor content per 1 g of PM should be at
least 600 mL/g.

On the basis of the dependencies, which were
obtained for the first time, it became possible to relate the
OI of DFPCM with the volume of water vapor emitted
during the decomposition of the EP 10R flame-retardant
filler and the type of disperse structure (Fig. 6).

For the structure types of DS, LFS, and MFS-1 up
to ® > 0.60 vol fract., the OI for EBA-based DFPCM
is practically not increased (from 20.5 to 22%). A sharp
increase in the OI (~2.0 times) occurs when more than
220 mL/g of water vapor is released in the area of
change in the generalized parameter ® from 0.60 to
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Fig. 6. Dependence of the oxygenation index for DFPCM
on the volume of water vapor released during the
decomposition of EcoPiren® brucite: (a) by 1 g of PCM,
(b) by 1 g of the polymer matrix.

0.40 vol fract., which corresponds to the transition
of the MFS-1 structure to MFS-2 and HFS. The
maximum OI value of 40% for the EVA-based DFPCM
is reached at ® = 0.40 vol fract. and a water vapor
emissionof 250 mL/g and Vi opm = 600 mL/g. Further,
as the volume of emitted water vapor increases [more
than 250 (600) mL/g], the OI value for DFPCM with
MFS-2 and HFS structures remains almost constant.

Thus, the optimum amount of water vapor to
create a DFPCM with high OI value and resistance
to burning is  Vyoew <~ 250 mL/g and
Viormw = 600 mL/g, flame-retardant filler content
of 0.36 vol fract., structure types are MFS-2 and
HFS (® <0.40 vol fract.).

For the recommended OI value of =32% ([18]
and Footnote 3), the cable insulation of DFPCM
based on EVA + EP 10R can have an MFS-1
structure with @ = 0.47 vol fract. and a water vapor
amount of ¥y oy =230 mL/g and Vy opy =512 mL/g.

Table 5 summarizes the OI and burning
resistance as well as the characteristics of DFPCM
based on EVA and EP 10R magnesium hydroxide
(d, =25 umand ¢ __ = 0.60 vol fract.) with different
types of disperse structure.

The obtained results and new disperse structure
model representations form a basis for designing
the structure type, compositions of DFPCM with
maximum value of OI and high burning resistance
at known values of @__, coke residue, and amount of
water vapor (¥} o ) emitted from 1 g of dispersed flame-
retardant filler.

It was shown in [19] that extruded and cast
DFPCM are well processed into products if the
condition ® = 0.50-0.60 vol fract. and the disperse
structure of MFS-1 type (up to yield strength)
is fulfilled.

Thus, in order to create high-tech and burning-
resistant extrusion and injection-molded DFPCM,
it is necessary to create an MFS-1 structure with
~0.50-0.60 vol fract. and a flame-retardant filler
content of at least 0.36 vol fract.

The main problem of increasing the generalized
parameter ® to 0.50-0.60 vol fract. at a constant
value of @, (not less than 0.36 vol fract.) is related
to the creation of a new dispersed flame-retardant
filler with a given fractional composition, in which
the packing parameter ¢max should reach the value
of 0.70-0.75 vol fract. (increasing from 0.60 to
0.75 vol fract.). However, we do not consider these
issues in the present work.

The following is an algorithm for the design
of DFPCM formulations using a flame-retardant
filler based on EVA (Ol = 20.5%) and magnesium
hydroxide (EP) with a high OI value and resistance

to burning.
Based on the research carried out and the
fundamental dependencies established, a general

algorithm for the design of compositions and a
given type of DFPCM structure with flame-retardant
fillers with high OI and resistance to burning
can be proposed:

1. To select of PM with a determination of
OI, burning resistance according to GOST, and
TGA test.

2. To choose a flame-retardant filler, study it
by differential thermal analysis and TGA and
determine the main characteristics: the temperature
of the decomposition start (7, ), the temperature
of the loss of 10% of the mass (7)), the temperature
of the decomposition end (7 ), the temperature
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Table 5. Structure parameters and resistance to burning DFPCM based on EVAand EP 10R (d_ =5 um, ¢__ = 0.60 vol fract.)

Types of DFPCM dispersed structure based on EVA + EP 10R
Parameters

DF LFS MFS-1 MEFS-2 HFS
0, vol fract. 0.95 0.75 0.60 0.50 0.47 0.45 0.40 0.30 0.20
@, vol fract. 0.03 0.15 0.24 0.30 0.32 0.33 0.36 0.42 0.48
¢, wt fract. 0.07 0.31 0.45 0.52 0.55 0.56 0.59 0.65 0.70
Vi ocm » mL/g 313 132.9 190.8 2233 230.0 238.0 251.8 277.0 299.9
Vi opu » mL/g 33.7 192.6 346.9 465.2 512.2 540.9 614.1 791.4 999.7
OL % 21.5 21.5 21.5 25.5 32 36.5 39.5 40.0 40.0
Categow of resistance -~ _ V2 V2 V2 Vol V-0 V-0 V-0
to burning

range of decomposition (A7), coke residue, and the
volume of water vapor released from 1 g of flame-
retardant filler (Vo ).

3. To determine the main characteristics of the
dispersed flame-retardant filler: average particle
diameter (d ), particle shape ratio (k), specific
surface area of particles (S), particle size distribution,
density, and porosity.

4. To experimentally determine the packing
parameter (k) and the maximum dispersed filler
content ¢_  according to the known methods for
flame-retardant filler [17, 18].

5. To calculate the value of the generalized
parameter ® for DFPCM at a known value of ¢__ for
a flame-retardant filler with its various contents,
provided ¢ < ¢_ , according to Eq. (2):

® = ((pmax _f3(pf)/(Pmax H (2)

where © is the share of PM to form a layer between
the dispersed particles in the DFPCM; ¢_  is the
maximum content of the dispersed filler; ¢, is the
content of the dispersed filler; f*=(1+26/d) is the ratio
of the boundary layer thickness (8) to the diameter
(d) of the dispersed particles. For large, macro, and
microparticles, the coefficient f* ~1.

6. To classify DFPCM according to the structural
principle and determine the type of disperse structure
of DFPCM (DS, LFS, MFS-1, MFS-2, and HFS)
according to the values of the generalized parameter ®
at different contents of .

7. To calculate the flame-retardant filler content
(¢, » vol fract.) for each type of DFPCM disperse
structure by Eq. (3):

(pVOl £ = (1 - ®) : (Pmax : (3)

8. To calculate the flame-retardant filler content
in mass units (¢, wt fract) and determinate
the compositions for each type of DFPCM disperse
structure by Eq. (4):

Ouir = Prir wt fract. , 4)
(pvol f 1- ppJ + pi
Ps

f

where p, and p are the densities of the flame-
retardant filler and PM.

9. To calculate the volume of released water
vapor (Vi oen and ¥ o5y ) during the decomposition
of the flame-retardant filler in DFPCM with
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different structure types and flame-retardant filler
content according to Egs. (5) and (6):
= Vo Puir (6))

VHZO,CM
VHZO,PM - VHZO / (thp’ (6)

where D is the PM content in mass units.

10. To determine the optimum DFPCM
composition and structure with high OI and resistance to
burning (V-0) under the conditions:

Vioom =250 mL/g,
Vi,opm =600 mL/g.

CONCLUSIONS

For the first time, the fundamental dependencies
on Ol and burning resistance of DFPCM
based on EVA with flame-retardant fillers on the
case study of EcoPyrene® magnesium hydroxide
(brucite) were obtained. This forms the basis
for determining the construction, type and parameters
of disperse structure with the main characteristics
of resistance to burning and OI.
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Abstract

Objectives. To obtain and study the properties including degradability of polymer composite
materials (PCM) based on low-density polyethylene (LDPE) obtained by introducing an
environmentally friendly additive comprising an oxo-decomposing additive (ODA) based
on an amphiphilic polymer-iron metal complex, which accelerates the process of polymer
degradation.

Methods. PCMs based on LDPE and ODA were produced by processing in laboratory extruders
in the form of strands, granules, and films. Thermodynamic properties were determined by
differential scanning calorimetry in the temperature range 20-130°C. In order to assess the
performance characteristics (physical and mechanical properties) of the PCM, tensile strength
and elongation at break were determined. The biodegradability of PCM was evaluated by
Sturm’s method, with the biodegradation index being determined by the amount of CO, gas
released as a result of microorganism activity, as well as composting by placing the PCMs
for six months in biohumus. Changes in physical and mechanical properties and water
absorption of the films during storage were evaluated. The photochemical degradability of
the PCM was determined by exposing it to ultraviolet radiation for 100 h (equivalent to
approximately one year of exposure of the films under natural conditions). The appearance
of the composite samples following removal from the biohumus was determined using an
optical microscope with x50 magnification in transmitted and reflected light.
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Results. Following biodegradation by composting, the physical and mechanical properties
of PCMs decrease by an average of 40.6%. This is related to the structural changes that
occur in composites during storage in biohumus, i.e., the formation of a looser structure
due to the development of large clusters of microorganisms that affect the formation of
microcracks. It leads to the stage of fragmentation of the polyethylene matrix and indicates
the progress of biological degradation of composites. In this case, the water absorption of the
composite samples was 63% after 96 h of exposure. The biodegradability index determined
by the Sturm method after 28 days of bubbling had changed by 82%, indicating an intensive
biodegradation process. Exposure to ultraviolet radiation for 96 h resulted in the complete
destruction of the PCMs, which turned into small “flakes.” This method is the most effective
for the degradation of LDPE- and ODA-based PCMs.

Conclusions. According to the results of the study of ODA-containing PCMs based on an
amphiphilic polymer-iron metal complex, the tested filler-modifier can be recommended for
the production of PCMs offering an accelerated degradation period.

Keywords: biodegradable compositions, polyethylene, oxo-decomposing additive, amphiphilic
polymer-iron metal complex, filler, photochemical destruction
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HAYYHAS CTATbHA

bHoKOMIIO3MIIMOHHBIE MATEPHAJIbI HA OCHOBE MOJIMITHIICHA
1 aM(puPUIBLHOT0 MOJUMEPHOI0 METAJVIOKOMILJIEKCA KeJjie3a

H.10. BacuaneB™

Mocrosckuii nonumexHuueckuii ynusepcumem, Mocksa, 107023 Poccust
“Aemop ons nepenucku, e-mail: iljanaras@yandex.ru

AnHOomauus

Ienu. Ilonyuenue u uccnedosaHue ceolicms, a makrke cnocobHocmu K OecmpyrKyuuu
NOAUMEPHBIX KOMNO3UYUOHHbLX Mmamepuanog ([IKM) Ha ocHoge noausmusieHa HU3KOU
naomuocmu (IIOHII), nonyuaemwvix 3a cuem egedeHust 9Kosozuuecku 6e30nacHoll oKco-
pasnazarowetics o0obasku (OP/) Ha ocHoge amM@pPuPuIbHO20 NOAUMEPHO20 MEemAaNlo-
KomnaekKca JKenesa, Yckopsirtouell npoyecc pasiosKeHus noaumepos.

Memoodut. [IKM Ha ocHoee TIDHII u OP/[ noayuanu e nabopamopHslx sxcmpyodepax 8 eude
cmpeHe, 2panysn u naeHok. TepmoouHamuueckue ceoticmsa onpedensnu ouggepeHyuaro-
HO-cKaHupyowel Kanropumempueil 8 unmepegane memnepamyp 20-130 °C. [ns oueHku
IKCcnAYyamayuoHHsblx cgolicme (pusurko-mexarHuueckux xapaxmepucmuk) [IKM onpedensnu
paspyuwiaouiee HanpsiokeHue npu pacmsskeHuu U omHocumesnbHoe YyoauHeHue npu paspbslee.
Cnocobrocms K 6uopasznoxeruto IIKM oyerusanu memooom IlImypma, onpedenssi uHoeKc
buopasnosxerus no rkoauuecmsy evioeauswezocs CO, e pesynbmame sKusHedesmenoHO-
cmu MUKPOOP2AHU3MO8, A MaKIKe nymem KomnocmuposaHust, nomewas IIKM Ha noszooa 8
6uoeymyc. B npoyecce xpaHeHUsL onpedensniu usmeHeHue puauKo-mMexaHuuecKux ceolicma,
a marxoke godonoenoweHue naeHok. CnocobHocme I[IKM Kk ¢pomoxumuueckoli decmpyKyuu
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onpedensanu, noogepaas 06pasyubl Y1empagpuoiemosomy U3LYUeHUI0 8 Omcymemeuu Opyaux
ucmouHurxog cgema 8 meuerHue 100 u (aK8UBANEHMHO NPUOAUIUMENLHO 200y IKCNOZUUUU
NAEHOK 8 NPUPOOHBLX YCA08USLX). BHewHull U0 KOMNO3UYUUOHHBLX 006pA3U08 NOCaEe U3bSMUSL
us buoeymyca onpedensnu npu NOMOWU ONMUUECKO20 MUKPOCKONA ¢ yseauuerHuem x50
8 nNpoxodsiuem u omparKeHHoM ceeme.

Pesynemameut. B npouecce O6UOpA3N0IKEHUSL MemOOOM KOMNOCMUPOBAHUSL 00 NOYy200a
¢dusurKo-mexaHuueckue ceolicmea cHuxcaromesl, 8 cpedHem, Ha 40.6%, umo cesi3aHO CO
CMPYKMYPHbIMU USMEHEHUSIMU, NPOMEKAUWUMU 8 KOMNOo3umax e npouecce XpaHeHus
8 buozymyce: popmupogaHuem bosee pulxaoll cmpykmypwsl ecsredcmeue obpa3o8aHuUsl U
NPooYyUPOBAHUSL KPYNHBLLIX KAACMEPOo8 MUKPOOP2AHUZMO8, BAULIOWUX Ha o0bpaszosaHue
MUKpOMPEULUH, UMO NPUBOOUM K cmadull ppazmeHmayuu NOAUIMUNLEHO80U MAMPUULL U
ceudemenibcmayem o npomekaHuu npoyecca buosozuueckoii 0ecmpyryuu KOMNO3UYUOHHBLX
mamepuanos. IIpu smom godonoanoweHue KOMNO3ULUOHHbLX 06pa3yoe cnycms 96 u akcno-
3uyuU usmeHunoce Ha 63%. HHoerxc buopasniazaemocmu, onpeodeneHHulii memooom [Imypma
no ucmeueruu 28 cymokx 6apbomupo8aHusl, usmeHuncs Ha 82%, umo ceudemenbcmayem oo
UHMEHCUBHOM NpOoMeKaHUU npoyecca buopasnoxeHus. Bozdelicmeue yaompaguoniemogozo
usnyuerust 8 meueHue 96 u nokasano nosaxoe paspyuierue IIKM 0o 06pa3o8aHust MenKux
weonvesr. [laHHbLI Memoo aeasemcst Haubosee shgpeKkmueHbiM 0151 NPOUECCA PA3TLONEHUS
ITKM na ocHose IISHIT u OP/.

Bwleoowst. Hccnedoearue ITKM, codeprkawux OP/] Ha ocHoge amMpupUuibHO20 NOSUMEPHO20
MEMANNIOKOMNIIEKCA XKene3d, NOKa3aLo, Umo uccaedyemolii. HAaNnoOaAHUmeAb-moougpuKamop
MOIKHO peKomeHoogamsb 0ast uszomoanerust [IKM ¢ YcKkopeHHbIM CPOKOM PA3NOAEHUSL.

Knroueessle cnosa: buopasiazaemvle KOMNOSUYUU, NOJUSIMUTEH, 0KCO-pasiazarouiasicst dobaska,
amMpupuabHbLTL NOAUMEPHBLUT MEMANNIOKOMNIEKC JKesle3d, HANOJHUMENb, POMOXUMUUECKASs
decmpyryusi

Jna yumupoeanusa: Bacunbe W.JO. BHOKOMIO3UIIMOHHBIE MaTepuanbl Ha OCHOBE MONMATWIEHA M aMpuduibHOro
MOJIMMEPHOTO METAJUIOKOMIUIEK A XKejes3a. Toxkue xumuueckue mexvonoeuu. 2023;18(2):123—134. https://doi.org/10.32362/2410-

6593-2023-18-2-123-134

INTRODUCTION

Global  production of synthetic plastics
increases every year. Polymer materials are used
in many areas of light industry, particularly in the
packaging industry [1]. Polymeric films used for food
packaging, plastic tableware, and rigid polymeric
containers are typically used once and then disposed
of [2]. Since this type of polymer waste does not
decompose over time, its accumulation in landfills
or dumps leads to environmental pollution [3]. One
of the most environmentally-friendly approaches
for eliminating this problem involves the
development and use of biodegradable polymer
materials based on natural materials that do not
harm the environment or human health [4].

To date, a new approach to the production
of Dbiodegradable polymeric materials has been
developed by producing products that retain their
physical and mechanical properties during their service
life and subsequently undergo physicochemical,
chemical, biological and degradation processes
under the influence of environmental factors to be
easily incorporated into the metabolism of natural
biosystems [5—7].

Biodegradable  polymers  comprise  high-
molecular-weight compounds that can be degraded
in the presence of active biological organisms
and under appropriate conditions. In the active
medium, biodegradable polymers undergo significant
structural changes in molecular weight and
mechanical properties, contributing to the formation
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of a nutrient medium for the growth of
microorganisms [8—10]. Under such conditions,
processes  of  hydrolysis and  photochemical

destruction of biodegradable polymers generally
occur. Materials break down into components that
are part of the natural cycle: water, carbon dioxide,
biomass. Unlike traditional polymers derived from
petrochemical feedstocks, biodegradable polymers
are capable of biodegradation in a short period
of time [11-13].

There are several approaches to the development
of biodegradable materials, including the use
of natural polymers, particularly polysaccharides.
In [14, 15], an application for native starch was
identified. In [16], native starch was modified
into thermoplastic starch to obtain biodegradable
hybrid compositions after mixing with polyethylene
[17]. The developed composites characterized by
optimal physical and mechanical properties had
a high biodegradation index [18-20].

Another direction that is gaining popularity
in the creation of degradable polymers involves
the introduction of molecules into the polymer
structure that contain functional groups conducing
to accelerated photo- or oxy-decomposition of the
polymer [21]. This method seems to be the simplest
and relatively cheapest way to solve some
environmental problems. It is particularly important
that the additives incorporated into the polymer
be safe for use in the products made from
such a composition [22]. One of the main criteria
for biodegradable polymeric materials is the
harmlessness of biodegradable materials for the
environment and humans, which must be confirmed
by international certificates of compliance with
international  standards adopted in the field
of composting and biodegradation (EN 13432 European;
ASTM D 6400—USA; and Green PLA-—Japanese
standards) [23].

Since it is also desirable that the additive be
used to modify a range of polymers, an amphiphilic
polymer with complexing groups capable of
forming stable complexes with metal ions, in
particular an amphiphilic polymer-metal complex
(APM) of iron, was chosen for the modification
of polyethylene in this work. Compared to salts
of transition metals (Mn, Co, Cu, Ni, Fe), the
toxicity of polymer metal complexes is significantly
reduced [24]. Amphiphilic polymers have gained
a strong position in many areas of industry,
science, technology, and medicine thanks to the
successful combination of the physicochemical
properties of high molecular compounds and
electrolytes [25]. The wuse of polymer metal
complexes as degradation activators incorporated
into polymer films is of great importance due to

their low toxicity, good compatibility with the
hydrophobic matrix of polyolefins, and oxidative
activity [26].

MATERIALS AND METHODS

As the objects of the study, we used:

— low-density polyethylene (LDPE) grade
15803-020 produced by Kazanorgsintez (Russia),
having an average molecular weight of 1.8 - 10* c.u.;

— oxo-decomposing additive (ODA) based on
LDPE (50 wt %) and APM (50 wt %) (prooxidants
in the form of iron carboxylate);

— polymer composite materials (PCM) based on
polyethylene and ODA.

PCMs were obtained on a Mashplast extruder
(Russia) equipped with either a strand or a flat-plate
extrusion head at temperatures in the zones of the
extruder ranging from 100°C (in the loading zone) to
125°C (in the head zone).

The melting temperature of the composites
was determined by the endothermic maximum of
the melting peak using the differential scanning
calorimetry (DSC) on a DSC 214 calorimeter
(PolymaNetzsch-Gerdtebaug GmbH, Germany) in
the temperature range from 20 to 130°C at a
scanning speed of 5 deg/min and a sample
weight of 10 + 1 mg.

The physical and mechanical properties of the
samples under tension were determined using the
RM-50 testing machine (Mashplast, Russia), which
is equipped with a computer interface using
StretchTest software. The destructive tensile stress
(c,) and elongation at break (€) of the PCM were
measured under normal conditions in accordance
with GOST 14236-811'. The limit of the permissible
value of the load measurement error did not exceed
+1%. The maximum deviations in the diameter of the
strand samples and the cross-sectional areas of the film
samples were +0.2 mm and 2-3%, respectively. The
average value was determined from 3—5 measurements.
The tests were carried out at a deformation rate of
100 mm/min. Samples of film for testing were
obtained using a special cutting device, the shape
of the samples conforming to Type 1B (ENISO 527-3).

A composting method was used to assess the
biodegradation dynamics of the PCM. The samples
were placed in special trays with biohumus at a
temperature of 23 + 2°C and a humidity of 70 + 10%
and kept for one to six months. The degree of
biodegradation of polymer compositions was

" GOST 14236-81. USSR State Standard. Polymer films.
Tensile test method. Moscow: Izd. Standartov; 1992.
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assessed by changes in physical and mechanical
properties: destructive tensile stress and elongation
at break in accordance with GOST 54530-20112.

The Sturm method according to GOST 32433-2013?
was also used to determine the biodegradation
period. This method consists in measuring the
assimilation rate of the test material in an aqueous
solution in the presence of bacterial microflora,
which is recorded by the rate of carbon dioxide
emission from the microorganisms. The exposure
time was 28 days. To assess biodegradation, the
biodegradation rate criterion was used; this is
defined as the first derivative of the biodegradability
index of PCM.

A determination of the effect of ultraviolet (UV)
radiation on the studied PCM was carried out under
the following conditions: the films were placed
in a chamber isolated from external light sources.
Two PRK-4 quartz lamps were used, providing
radiation with a wavelength of A = 185-315 nm. Film
samples of 100 x 100 mm were placed at a distance
of 30 cm from the UV lamps. 100 h of exposure
in such a unit is known to be equivalent to
approximately one year of exposure of films under
natural conditions.

Optical studies of the appearance of the PCM
after composting were carried out using an
AxiolmagerZ2m microscope (Carl Zeiss, Germany)
at x50 magnification in transmitted and reflected light.

RESULTS AND DISCUSSION
LDPE granules were mixed with ODA granules

at different concentration ratios, where the share of
ODA in film compositions was 1-5% by weight.

Table. Temperature ranges for composite film fabrication

The mixed extrudate was produced as strands on
a twin-screw extruder at the temperatures shown in
the table.

The diameter of the extruder screws is 16 mm.
The rotation speed of the screws ranged from 60
to 80 rpm. The strands were cut into granules
about 2 mm in size at a knife rotation speed from
80 to 100 rpm. The schematic diagram of a twin-
screw extruder is shown in Fig. 1.

/° 'd

[\ VAN VAN VAN £\ £\ AN VAN AN AN VAN £\ £\ AN L\ L\
VYV VV VYV VYV V'V YN NNV VYV

01
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\J/

|
[ E——

Fig. 1. Scheme of the device for obtaining composite granules:
1 — engine, 2 — twin-screw extruder, 3 — loading hopper,
4 — gearbox synchronized with the engine,

5 — pressure sensor, 6 — strand, 7 — cooling bath,

8 — granulator, and 9 — composite granules.

The pellets obtained on a twin-screw extruder
were then fed into a laboratory single-screw
extruder with a 12 mm screw diameter and extruded
through a 130 mm wide flat die. At the same time,
a barrier screw was used, which provided good
homogenization of mixtures based on LDPE
and ODA during the extrusion process, as well as
high quality of the resulting polymer composite

Composition

Temperature by extruder cylinder zones, °C

1 zone

2 zone

3 zone 4 zone 5 zone

LDPE:ODA 100

110 120 125 125

Note: LDPE — low-density polyethylene, ODA — oxo-degradable additive.

2 GOST 54530-2011. National Standard of the Russian Federation. Resources saving. Packaging. Requirements, criteria
and test scheme through composting and biodegradation. Moscow: Standartinform; 2019.
* GOST 32433-2013. Interstate Standard. Testing of chemicals of environmental hazard. Ready biodegradability — CO,

in sealed vessels. Moscow: Standartinform; 2019.
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films. The rotation frequency of the screw varied
from 60 to 80 rpm.

The material exiting the head was transferred
to cooled receiving shafts, then stretched using a
broaching device and wound into rolls to produce a
composite film material. The diagram of a flat-slot
single-screw extruder is shown in Fig. 2. At the same
time, the laboratory samples were characterized
by a uniform matte surface with no local holes
or visible defects. The edges of the samples are even
and smooth.

Fig. 2. Scheme of the extrusion device:
1 — engine, 2 — loading hopper, 3 — screw,
4 — pressure sensor, 5 — flat slot head,
and 6 — melt of the finished composite.

The thermodynamic affinity of the components
used for the manufacture of PCM was determined
using DSC (Fig. 3). The temperature interval at
which the technological process of obtaining
composites was carried out is selected in the DSC
diagram. It can be seen that there are two endo
peaks in the diagram, one of which has a weak
character and corresponds to the melting temperature
of ODA (102.3°C), which can be explained by
the low concentration in the composition of the
composite. The second peak corresponds to the
melting point of the starting polyethylene (111.3°C).
Considering that the base of the modifier is
comprised of synthetic thermoplastic non-polar
polyethylene, this filler is characterized by properties
inherent to the original polyolefin due to a narrow
range of melting temperatures. This results in a
more homogeneous composite structure during the
extrusion process.

Water absorption is one of the most important
properties of biodegradable compositions, as it
indirectly characterizes the ability of the PCM to
biodegrade. Figure 4 shows the kinetics of water
absorption as a function of ODA concentration
in the PCM.

As can be seen, LDPE absorbs virtually no
water. For composites where ODA 1is incorporated
at 1-3 wt %, water absorption varies slightly up to 1%.

€xo T

mW/mg

20 40 60 80 100 120

Temperature, °C

Fig. 3. Differential scanning calorimetry diagram of PCM
based on LDPE:ODA = 95:5 wt %.

Water absorption, %

— oW

Fig. 4. PCM water absorption kinetics based on LDPE and
ODA. 1 — Initial LDPE; ODA content,
wt%:2-1;3-2;4-3;5-4;,6-5.

A significant change in water absorption was
observed for the composite whose ODA mass
fraction was 5%. This is probably due to structural
changes in the polymer/filler system, where a looser
structure is formed in the presence of ODA.
Comprehensive studies of polymer composite
film samples to determine biodegradability were
carried out using the composting and Sturm method.
The determination of the biodegradation process
in biohumus was carried out at a temperature of
23°C and a soil humidity corresponding to 70 + 10%
of its maximum moisture capacity. The used soil
was characterized by the presence of microorganisms.
The composting times were one month, three
months, and six months, respectively. The PCM
samples and the control sample were placed on a
substrate, pre-filled with a small amount of soil, and
then completely covered with a layer of soil; constant
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air access to the sample was provided to avoid
suppressing the vital activity of the microorganisms.
The degree of biodegradation of the samples during
storage in biohumus was assessed by changes in
parameters of physical and mechanical properties.

The results of determining the destructive
tensile stress and elongation at break before and
after biodegradation (one month, three months,
and six months in biohumus) are shown in
Figs. 5 and 6. These figures show that the tensile
breaking stress and elongation at break for
composites not subjected to  biodegradation
decrease only slightly and are almost identical
to those of the original LDPE, which is
characterized by a more homogeneous composite
structure.

Destructive tensile stress, MPa

Oxo-decomposing additive content, wt %

Fig. 5. Determination of tensile destructive stress of PCM
based on LDPE and ODA before and after biodegradation:
1 — before biodegradation; 2 — a month of biodegradation;
3 — three months of biodegradation;

4 — six months of biodegradation.
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Oxo-decomposing additive content, wt %

Fig. 6. Elongation at break of PCM based on LDPE
and ODA before and after biodegradation: 1 — before
biodegradation; 2 — a month of biodegradation;

3 — three months of biodegradation;

4 — six months of biodegradation.

After one month of biodegradation, the values
of the destructive tensile stress decrease slightly,
most likely due to the formation of microorganism
colonies (Fig. 7a). During this period, no structural
changes occur in the studied PCM. As the
biodegradation period was extended to three months,
a 16.5% decrease in mechanical properties was
observed. The growth of microbial colonies resulted
in a looser structure accompanied by the initial
formation of microcracks (Fig. 7b), which characterize
the biodegradation of the polyethylene matrix.
After six months, the deformation properties had
decreased by 25.0% due to active microbial colony
growth, while the mechanical properties decreased
by 40.6% (Fig. 7c). In addition, not only traces
of microorganisms were observed on the composite
films studied, but also clusters infected with
microcolonies of bacteria. Thus, one group of
microorganisms creates a substrate for another, which
is characterized by more intensive destruction
of composites, contributing to the formation of
more microcracks. This indicates the initial stage
of fragmentation of the polyethylene matrix and
the progression of the biological degradation of
composite materials.

The biodegradation index was determined
by the Sturm method, which is based on estimating
the activity of bacteria by carbon dioxide CO,
emission. The more CO, is released, the higher
the rate of biodegradation. During the research, a
control flask with biohumus without a laboratory
sample was taken as a standard, which excluded
the influence of the nutrient medium of the
biohumus itself. The rate of biodegradation was
taken as the share of increase in CO, released as
a result of the vital activity of microorganisms
in the sample flask compared with the reference.
Figure 8 shows the dependence of the determination
of the PCM biodegradation index on the concentration
of ODA in the PCM.

The observed lack of significant changes
occurring during the experiment for LDPE is due
to the absence of a structural modifier that
contributes to the biological degradation of the
polymer. On the other hand, the biodegradability
index of the original ODA after 28 days of bubbling
is 5.9%; this is due to the absence of a synthetic
polymer from which the PCM was obtained. The
experimental results for all the LDPE and ODA
based composites studied are characterized by
almost identical values after one week of bubbling.
This is due to the period of initial multiplication
of microorganisms, as in the case of biohumus,
which were previously in an inactive form. In the
period from 7 to 28 days, as the concentration ratio
of ODA in composites increases, the biodegradation
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(@)

(b)

(©)

Fig. 7. Photomicrographs of PCM film samples based on LDPE:ODA = 95:5 wt %
after removal from biohumus with an increase of x50: (a) 1 month; (b) 3 months; (c) 6 months.

Biodegradation index, %/days

R w s W

—

1, days

Fig. 8. Dependence of the biodegradation index of PCMs
based on LDPE and ODA on ODA content.
1 — Initial LDPE; ODA content, wt %: 2 —1;3—-2;4—3;
5—-4;6—5;7— initial ODA.

index increases, presumably as a result of the active
growth of microbial colonies due to the progress
of the biodegradation process.

An accelerated test of the effect of UV radiation
on the PCM under investigation was carried out.
Irradiation of the original LDPE based film for 30 h
did not result in any significant change in the
properties of the sample: the external characteristics

(@)

(b)

of the film remained the same, while the mechanical
properties hardly changed following irradiation.
For PCM based on LDPE and ODA with 5% modifier,
the decrease in mechanical properties after 30 h
of irradiation was 15-30% of the initial value, while
no change in appearance was observed (Fig. 9a). The
first changes in the appearance of the PCM based
on LDPE and ODA at 5 wt % were observed after
60 h of UV exposure. At the same time, the reduction
in mechanical properties was 30-55% of the initial
value (Fig. 9b). Following 96 h of exposure, the sample
was completely destroyed (Fig. 9b).

Thus, the described method turns out to be
the most effective for the accelerated process of
photochemical destruction of the developed PCMs
based on LDPE and ODA based on APM iron.

CONCLUSIONS

Studies were conducted aimed at creating PCMs
based on LDPE and ODA from APM iron, having an
ODA content in the PCM of 1-5 wt %. Laboratory
samples of PCM based on mixtures of LDPE and
ODA were obtained by flat-gel extrusion at different
concentration ratios.

(©)

Fig. 9. Appearance of PCM based on LDPE:ODA = 95:5 wt % under UV radiation during:
(a) 30 h; (b) 60 h; (c) 96 h.
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The physicomechanical properties both
before and after the biodegradation process were
investigated. Prior to the biodegradation process,
optimal physical and mechanical properties of PCM
characterized by the thermodynamic compatibility
of the components were observed to be practically
at the level of LDPE. Following the biodegradation
process, a 40.6% decrease in mechanical properties
and a 25% decrease in deformation properties due
to a change in the structure of the material were
observed for a period of up to six months: the
formation of a looser structure was accompanied
by the formation of colonies of microorganisms
with their subsequent reproduction, which in turn
influenced the formation of microcracks indicating
the initial stage of fragmentation of the polyethylene
matrix.

The water absorption of the PCM was determined.
It follows from the results of the experiment that
the introduction of ODA up to 5 wt % increases the
water absorption of the filled compositions by 63%.

The biodegradation of PCM was determined
using the Sturm method. The biodegradation
process was found to be dependent on the amount of
modifier introduced. After 28 days of bubbling, the
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Abstract

Objectives. The main aim of this review is to summarize the existing knowledge on the use of X-ray
photoelectron spectroscopy (XPS) for the characterization of nanoparticles and nanomaterials.
Results. XPS or electron spectroscopy for chemical analysis can provide information on the
qualitative and quantitative composition, valence states of the elements of the samples under
study, the chemical composition of the surface and interfaces that determine the properties of
nanoparticles and nanostructured materials. The review describes the role of several different
methods for the characterization of nanomaterials, highlights their advantages and limitations,
and the possibilities of an effective combination. The main characteristics of XPS are described.
Various examples of its use for the analysis of nanoparticles and nanomaterials are given in
conjunction with additional methods to obtain complementary information about the object under
study.

Conclusions. XPS provides depth information comparable to the size of nanoparticles (up to
10 nm depth from the surface) and does not cause significant damage to the samples. Two
disadvantages of XPS analysis are sample preparation requiring a dry solid form without
contaminations and data interpretation. XPS provides information not only on the chemical
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identity, but also on the dielectric properties of nanomaterials, recording their charging/ discharging
behavior. Chemical information from the surface of nanoparticles analyzed by XPS can be used
to estimate the thickness of nanoparticle coatings. XPS has a high selectivity, since the resolution
of the method makes it possible to distinguish a characteristic set of lines in the photoelectron
spectrum at kinetic energies determined by the photon energy and the corresponding binding
energies in elements. The intensity of the lines depends on the concentration of the respective
element. Obtaining a sufficiently complete picture of the properties of nanomaterials requires the
use of a group of complementary instrumental methods of analysis.

Keywords: X-ray photoelectron spectroscopy, nanoparticles, nanomaterials, valence states
of elements, surface, interfaces, diffraction methods, spectral methods
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AHHOMaAyus

ITenu. OcHosHast yesnb 0aHHo20 063o0pa — 0606wuMsb cyuwecmayrouue 3HaHUsL 00 UCNO0bL308AHUU
Mmemooa peHmezeHO8CKOU pomoaneKkmpoHHOU cnekmpockonuu (PDPSC) ons xapaxmepuszayuu
HaHouacmuy U HAHOMAMepualos.

Pesynemameot. Memoo PDPOC unu 27eKmMpoHHOU CneKmpocKonuu OJst XUMUUECK020 AHAIU3A
Mookem npedocmasumsb UHGOPMAUUIO O KAUECNBEHHOM U KOJAUUECMBEHHOM cocmase,
B8AIEHMHBIX COCMOSHUSAX 2/IleMEeHMO8 ucciedyemoblx 06pasy08, Xumuueckom cocmase nogepxHo-
cmu u epaHuy paszoesna, Komopsle onpeodessiiom ceolicmaa HAHOUACMUY, U HAHOCMPYKMYPHBLX
Mmamepuanos. B o0630pe onucaHa posib  HECKOMbKUX PA3IUUHBIX Memooo8 0Nl  Xapak-
mepucmurKu. HAHOPA3SMEPHbIX MAMEPUANIO8, NOOUEPKHYMbL UX Npeumyuiemsa, O02paHudeHust
u eoamoxkHocmu agpgpexmusHoll KombuHayuu. OnucaHsvl ocHosHble xapaxkmepucmuku PDIC.
Ilpugederbl paznuuHble NpuUMepsbl ee UCNOAb308aHUSL O/l AHAU3A HAHOUACMUY U HaHomame-
puanog 8 cosokynHocmu ¢ OONOSHUMENbHbIMU MemOOaMU Ot NOSAYUEHUSL KOMNIEeMEeHMAPHOLL
uHgopmayuu 06 usyuaemom obvexme.
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Buteoodst. POOC npedocmasisiem uHGOpMayuro o 2aybuHe, CpagHuUMOU € pasmepom HAHOUACMUY,
(0o 10 HM 2nybuHbL OM NO8EPXHOCMU), U He 8bl3bledem 3HAUUMEIbHO20 No8pex0eHUs. 00Pa3L08.
Leyms Hedocmamikamu aHanuza POOC saeasromesi nodzomoska obpas3yos (mpebyemest cyxasi
meepoast gopma 6e3 3azpsisHeHust) U uHmepnpemayusi OaHHblx. PDPOC npedocmaensiem
UHGPOPMAYUUIO HE MOABLKO 0 XUMUUECKOU UOeHMUUHOCMU, HO U 0 OUSIeKmpuuecKux ceoticmeax
HAaHOMAMepuaios, pesucmpupyst ux nogedeHue npu 3apsoke/paspsoke. Xumuueckas uHgop-
MAUUst ¢ NOBEPXHOCMU HAHOUACMUY, NPOAHANUSUPOBAHHASL C Nnomowbio PDPOC, moxem
UCnoL308aAMbCSL 0151 OUEHKU MOJUUHBL hoKkpbimuil HaHouacmuy. PDPOC obradaem 8blcoKOl
CeneKmueHOCmbi0, NOCKONbKY pPAaspeularouids CnocobHocmsb memood NOo380aAsem pasaudums
xapaxmepHolli HA6Op JUHUU 8 (POMOINEKMPOHHOM cheKkmpe Npu KUHEMUUECKUX SHEepPaUsLX,
onpedensemvlx sHepaueli pomoHO8 U COOMEEeMCMBYUUMU IHEPLUSMU C8SI3U 8 IJIeMEeHMAX.
HHmencusHocmb UHULL 3a8UCUM 0M KOHUEHMpPpAyuu coomeememayrouieeo sanemenma. Ionyue-
Hue 00CcmamouHO NOAHOU KapmuHblL C80UCME HaHOMAMepuai08 mpebyem UCno1b308AHUSL 2PYN-
Nbl 83AUMOOONONHAIOULUX UHCMPYMEHMATbHBLX MEM0008 AHANUSA.

Knroueevle cnoea: permeeHog8cKasi (POMOINEKMPOHHAS CNEKMPOCKONUSl, HAHOUACMUUbL,
HaOHOMAMEPUANbL, BANEHMHbLE COCMOSIHUSL 9JeMEeHMmo8, NO8epXHOCMb, 2PAHUUbLL pasdena,
JuparyuoHHsble Memoobl, CneKmpaslbHble mMemoosbl

Jlna yumupoeanua: Wmenxo A.A., JlazoB M.A., Muponosa E.B., [lyrmun A.}O., HonoB A.M., Cropoxenko ILA.

Ananms HaAHOYACTUIL )44 HaHOMAaTCpHUaJioB MCTOAOM

PEHTTEeHOBCKOI

(OTONIEKTPOHHOH  CHEKTPOCKONIUU.  ToHKuUe

xumuueckue mexronoeuu. 2023;18(2):135-167. https://doi.org/10.32362/2410-6593-2023-18-2-135-167

INTRODUCTION

As a rapidly growing class of materials,
nanostructures are of great interest for many
applications. Several methods are used to characterize
the size, crystal structure, elemental composition,
and many other physicochemical, chemical, and
physical properties of nanoparticles. The different
strengths and weaknesses of each method make
it difficult to choose the most appropriate one,
and a combined approach to characterization is
often required. In addition, it is necessary that
researchers from different fields overcome the
problems of reproducibility and reliable
characterization of nanomaterials after their synthesis
and further processing (e.g. annealing steps).

Determination of the structure, qualitative and
quantitative chemical composition of nanomaterials
consisting of nanoparticles (quantum dots) or
nanofilms  (two-dimensional structures), and the
relationship of these characteristics with spectral
properties is one of the central problems in the
study of nano-objects.

The method of X-ray photoelectron spectroscopy
(XPS) or electron spectroscopy for chemical analysis,
as shown in the proposed review, can provide
information on the qualitative and quantitative
composition, valence states of the elements of the
samples under study, the chemical composition of
the surface and interfaces that determine the
properties of nanostructured materials.

The number of studies using XPS has increased
more than 15-fold over the past 30 years. In the last
year alone, XPS has been mentioned in more than
9000 published articles.

XPS is not usually considered as a method
with horizontal (lateral) nano-resolution. However,
the electrons detected by this method travel
distances measured in nanometers and can be
used to obtain sufficient information about the
structure  of nanometer-sized samples on the
surface and in the near-surface layer. Although the
possibility of obtaining information at the nanometer
scale from samples with a flat surface seems more
obvious, XPS data can be used to determine the
composition of nanoparticles. It is also possible
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to obtain information about coatings and layers in
nanoparticles under conditions where other surface
investigation methods cannot be applied.

The main purpose of the review is to summarize
the existing knowledge on the use of the XPS method
for the characterization of nanoparticles and
nanomaterials.

NANOMATERIALS

Nanomaterials are materials that have linear
dimensions in one or more directions from a few nm
to 100 nm (Fig. 1). Restrictions on the size of
nanostructures make it possible to divide them
into zero-, one-, two-, and three-dimensional [1-3].

Nanomaterials occupy an intermediate position
between atoms and bulk crystalline and amorphous
solids. In this regard, the wunique properties of
nanoparticles are determined by surface (high ratio
of the fraction of surface atoms to volume) and
quantum-size effects, especially when the particle
sizes are comparable with the correlation radii of
physical phenomena (the mean free path of electrons,
phonons, the size of the magnetic domain or
exciton, etc.). The electronic properties of the material
depend on these factors, from which many physical
and physicochemical characteristics follow, for
example, the presence of unique optical, electrical,
magnetic, mechanical, catalytic properties, as well
as the possibility of surface functionalization [2, 3].

Features of the electronic properties, which
manifest themselves as the particle size approaches
nanometers, are described in monograph [3] and
a number of review articles (see, for example, [4-7]).
Quantum size effects of semiconductor nanoparticles
are described in textbooks [8—10]. The size effects
are also considered in articles [11, 12], the description
of the influence of the size of nano-objects on their
various properties is given in [13].

In addition to size, in some cases, the shape
(magnetic nanocrystals) also has a great influence
on the properties of particles [2]. Catalytic activity
and selectivity, electrical and optical properties,
and melting temperature are also highly shape
dependent [14].

Metals that do not exhibit or weakly exhibit
catalytic activity in the ordinary state may turn
out to be active catalysts in the nanoscale state.
The increase in activity is explained by charge
transfer from the substrate and is more pronounced
for particles with the smallest size [15-19] and
those consisting of transition metal oxides [20-24].
Zeolites are often used as a matrix for stabilizing
metal nanoparticles, since the particle size can
be limited by the channel width [25-31].

In [32], copper oxides (Cu,0, CuO) were
deposited on the surface of SiO, and ZrO, substrates.
It was shown that the values of the binding energy
and the modified Auger parameter [33] for copper
oxide strongly depend on the degree of dispersion
of the deposited phase and the type of substrate.

(a) I (b) : (©
(d) (e)

Fig. 1. Nanoparticles with a core—shell structure of various shapes: (a) spherical concentric,
(b) hexagonal (hexahedral), (c) nanoparticles containing several cores covered with one shell,
(d) multilayer concentric spherical nanoparticles (nanomatryoshka), (e) particles with a removable layer [2].
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Thus, from the Wagner plots [33], it is possible to
determine not only the chemical state of the metal
in the deposited layer, but also the particle size
distribution [34] (Fig. 2).

One of the modern methods for obtaining
nanostructures in the form of thin oxide films under
ultrahigh vacuum conditions followed by in situ
analysis is the reduction of the surface of higher
metal oxides by bombardment with inert gas ions
(He", Ne", Ar") or the oxidation of the metal surface
with O," ions. This technique was used to modify
and study pressed powdered higher oxides of
molybdenum and tungsten [35], tungsten oxide [36],
the surface of metallic vanadium [37], niobium oxide
[38], and tantalum oxide [39, 40].

A review article [2] is devoted to core—shell
nanoparticles, according to which these nanoparticles
are used in biomedical and pharmaceutical
applications, catalysis, electronics, and are used to
achieve a high quantum yield and create photonic
crystals (Fig. 3). Applications are also described
in [41-43]. Supramolecular systems in general,
including nanoparticles, nanomaterials, and structures
based on them, are described in [44].
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Fig. 2. Wagner plots describing the change in binding
energies, kinetic energies, and modified Auger parameters
for Cu 2p,, and Cu L, VV copper lines. The arrow shows
the increase in particle size; empty squares correspond
to bulk oxides [34].

S ] %
> 3
& i g NH2 Br COxpy %
-9 %
Q)\ -7 ‘)xgaﬂd eXChan ge N %
; S \
Q ey %ot P
H O, “‘

QD O % e o
) .' ;’,g 2 _—"
| ' ° !

OH, Qo . D
\ G Y \)Q%/,// /,’ /
K \\O at, PAY io,x" .Ae’é
K2 S on OffunctXO“’/,/ &\\
%, S IS &
O{O[z ]VH2 Br COH o oé‘?g)
G[;? el . PO as O@

00000 WN

7

Fig. 3. Fields of application of core—shell nanoparticles [2].
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Study of nanomaterial properties

Work [45] is devoted to the commercialization
of nanobiotechnologies. Many of the physical
and chemical parameters needed to understand
the properties of objects are often unpublished
and most likely not defined at all. Bureau
International des Poids et Mesures, Consultative
Committee for Amount of Substance: Metrology in
Chemistry and Biology, and Technical Committee
of the International Organization for Standardization
(TC 1ISO 229) determined the requirements for
nanomaterials in relation to the environment,
health and safety, toxicology, and also approved a
list of necessary physicochemical properties and
parameters of nanomaterials (16 in total) related
to the chemical and physical state of the surface [46].

Review [47] 1is devoted to the methods
of studying nanoparticles and nanomaterials.
Review [48] summarizes research tools and
methods for studying the surface of solids and
surface layers developed over the past 50 years.
Publication [49] describes the determination of
nanomaterials in the environment by various methods.

The papers [11, 48, 50] describe the
necessary requirements for the correct analysis of
nanoparticles:

1) in situ analysis or immediately after synthesis;

2) understanding the interactions (and time
dependence) of particles placed in a working
environment (biological, solutions, catalysis, etc.);

3) the need for analysis by several methods;

4) development of new methods of analysis,
or increasing the resolution and sensitivity of
already used methods to obtain more accurate
information about the structure of nanomaterials.

Since nanomaterials, like colloidal systems, are
qualitatively different from the bulk substance, it
can be assumed that methods previously developed
for colloidal systems can be wused to analyze
nanomaterials. However, despite the similarity of
these objects, colloidal phenomena can lead to
the degradation of nanomaterials [51].

Ultra-microscopy  using visible light can
determine the limiting particle size of the order
of 200 nm (taking into account the boundaries
of the visible range of 400-700 nm), and using
ultraviolet—up to 100 nm. When light scattering
is used, the Ilimiting determinable size of
nanoparticles is 2-5 nm, which is an adequate
approach for nanoparticle sols. The limitation
of this method is the need to measure dilute
sols and a significant difference between
the refractive index of the dispersed phase
(nanoparticles) and the dispersion medium [52].
Other methods based on the scattering of light

by particles are nephelometry and turbidimetry,
suitable for estimating particle sizes in dilute sols.
To determine the particle size distribution,
ultracentrifugation  and  the  construction  of
sedimentation curves are used. To determine the
surface potential of charged particles ({ potential),
measurements  of  electrophoretic ~ braking and
electro-osmosis are carried out [52].

The method of X-ray diffraction with a particle
size of less than 5 nm becomes severely limited
in terms of analytical information, there is no
surface sensitivity, and a sufficiently large amount
of substance and time are required for analysis.
Electron microscopy, X-ray diffraction, and electron
diffraction are more versatile and have a
resolution sufficient for studying nanomaterials [3].

The Mossbauer spectroscopy method provides
information on the short-range order of the
structure of matter and magnetic properties at
different temperatures and external magnetic fields [52].

Transmission electron microscopy (TEM), atomic
force microscopy (AFM), Brunauer—Emmett—Teller
(BET) specific surface area measurements provide
information on size and size distribution, particle
shape, and surface properties. TEM can also
determine the crystallinity of a sample. AFM
determines the height distribution, location, and size
of particles. If this information is lacking, the
BET method is used, provided that the particles
have a narrow size distribution, are spherical in
shape and are not porous. An estimate of the external
size (hydrodynamic diameter) of a particle of
regular shape can be determined by the method
of dynamic light scattering [3, 52].

Scanning electron microscopy (SEM) is used
to determine the structure and size distribution
of particles, but is inefficient for measuring samples
consisting of complex nanoparticles (for example,
with a core-shell structure), since it provides
information only about the size distribution for
the whole particle. Under the action of an electron
beam, the surface structure changes. SEM gives
inadequate results when determining the particle
size less than 20 nm. The method of electron
diffraction on a selected region has limitations
associated with measuring the signal from a large
number of crystalline particles (to determine
crystallinity) and a sufficiently large fraction of
amorphous nanoparticles in a crystalline matrix
for their detection [52].

Electrophoretic light scattering (laser
Doppler electrophoresis) is used to determine the
charge on the particle surface.

Infrared spectroscopy ~ and  paramagnetic
resonance spectroscopy determine the presence
of adsorbed light molecules and functional groups
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on the surface of particles and the degree of
substitution of surface atoms. When measuring
absorption and Iuminescence spectra in the optical
region, one can determine the surface roughness,
film thickness, and particle size due to the
difference in the properties of nanomaterials from
bulk materials [3, 52].

Thermal analysis (thermogravimetry), differential
thermal analysis and differential scanning calorimetry
allow you to study phase transitions in a substance,
including glass transition and crystallization into
various polymorphic phases. Using these methods,
the characteristics (temperature, energy) of the
above processes and the phase composition of the
resulting  nanoparticles are determined. When
carrying out isothermal calorimetric titration, it
is possible to determine the ability of sorption
of proteins and biologically active substances [52].

There are also other methods such as
vibrational and superconducting quantum
interference device magnetometry (superconducting
quantum  interferometer is a  supersensitive
magnetometer used to measure very weak magnetic
fields), energy dispersive and X-ray absorption
spectroscopy, electron energy loss spectroscopy,
X-ray spectroscopy of absorption near the edge
and with high resolution (fine structure) [3, 52].
Works [53-56] are devoted to modern methods of
studying nanoparticles and nanomaterials, up to the
determination of the structural dynamics of individual
molecules in the femtosecond range.

XPS is one of the most reliable methods
for determining the electronic structure and
stoichiometry of solids. General information about
measurements of samples by this method is given,
for example, in [57]. Some deviations of the results
may occur due to adsorbates present on the surface
of the studied particles [58].

General conclusions about the analysis
of nanoparticles
issues in

Some of the main unresolved

the field of nanoparticle research are the
following [52, 59]:
1) the instability of nanomaterials and

nanoparticles, which significantly increases the
requirements for the influence of the analysis tool,
external conditions, measurement conditions and
time on the materials under study;

2) a significant proportion of atoms or molecules
and the possible influence of surface impurities, elemental
enrichment or depletion and contamination;

3) the need to use complementary methods
to increase the significance (correctness) of the
information received;

4) change in the physical properties of
nanomaterials, for example, the mean
free path of electrons or the etching rate
of surface atoms by ions, associated with size and
environment;

5) increased requirements for sample preparation
for analysis.

XPS OF NANO-OBJECTS

With the development of nanotechnologies,
the role of XPS as a surface analysis method
has increased significantly. A feature of this method
is the possibility of qualitative and quantitative
chemical analysis of the surface layers of a
substance—multiphase and multicomponent thin
films, particles, and powders on the surface. It is
possible to analyze the fine structure of the
spectra and determine the charge and chemical
states of the detected elements. Determination of
the qualitative and quantitative composition is
acceptable in depth (profiling) and on the surface
(mapping).

The lateral resolution of electron spectrometers
is usually a few micrometers and exceeds the
size of typical nanoparticles by at least three
orders of magnitude, so the area of information
collection is determined by the shallow depth
of analysis based on the mean free path of
photoelectrons. The analytical depth is 4-10 nm
for polymers, and 0.5-2.5 nm for metals and
oxides. Another advantage is that XPS is a non-
destructive analysis method, which allows signal
accumulation from low-intensity components. The
exception is polymeric and photosensitive samples,
for which slight photodissociation and radiolysis
are possible. The lower limit of the determined
concentrations is ~0.1 at. %, which corresponds to
1-10 ng of a substance or 0.01-0.05 of a monolayer.

General provisions

XPS measurements are usually carried out
under ultrahigh vacuum conditions to prevent
adsorption of molecules and contamination of the
surface during the measurement process. Recently,
near-atmospheric  pressure systems (near-ambient
pressure XPS) have also been developed and used,
both with synchrotron sources and conventional
X-ray tubes [60, 61].

Under conditions of ultrahigh vacuum, it is
possible to analyze impurities and surface defects,
and at elevated pressure, it is possible to study
reactions on the surface, in particular, catalysis.
Many photoelectron spectrometers are combined
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with in situ sample preparation tools such as
molecular beam epitaxy, pulsed laser deposition,
chemical vapor deposition, magnetron sputtering,
and ion bombardment. The XPS method in relation
to the study of classical objects, for example,
the surface of solids, is described in detail in
a number of textbooks and monographs [62—67].

Structure of the device

The main components of a modern electron
XPS spectrometer (Fig. 4) are a radiation source,
a device for mounting and introducing a sample,
an energy analyzer, and an electron detector
located in an ultrahigh vacuum chamber [68—71].

( N
Sample Photoelectrons
/ ___________ > Energy analyzer
Vacuum chamber Y
and magnetic
hv screen Detector

X-ray source
Y Recorder

Fig. 4. Block diagram of an X-ray photoelectron
spectrometer.

The radiation sources in the XPS method,
as a rule, are X-ray tubes with a metal anode,
which give soft characteristic X-ray radiation
with an energy of the order of several keV, which
makes it possible to carry out a qualitative and
quantitative elemental analysis of the sample
surface, determine the chemical state (oxidation
state) of elements, and also investigate the electronic
the structure of valence states near the Fermi
level (with a rather low resolution of the spectra)
[70, 72-74]. The energy resolution of the XPS
method is determined primarily by the bandwidth
of the exciting radiation. The resolution can be
increased using monochromators, which also leads
to some side effects [75-79].

XPS is a method of integral analysis due to
the rather large diameter of the X-ray beam. Local
analysis is possible when the spectrometer is
equipped with sharp-focus X-ray tubes with a beam
diameter of 100-500 pm.

As a detector in XPS, a secondary electron
multiplier is used, which is a proportional electron
counter and amplifies the signal by a factor
of 10°-107. Industrial spectrometers use channel
electron multipliers or large area detectors or
vidicon detectors [69, 70, 72].

To ensure a sufficient mean free path of
electrons without energy dissipation and loss of
analytical information, as well as to maintain
surface cleanliness, ultrahigh vacuum with a
pressure of 10°-10® Pa is maintained in the
spectrometer  during  measurements,  supported
by various types of pumps. The requirement for
surface cleanliness imposes a limitation on the
materials used in the spectrometer device.

There are a number of methods developed
from classical XPS. These are valence band XPS
(using  gas-discharge  sources), energy  loss
spectroscopy (on such features of the -electronic
structure of the sample as surface and bulk plasmons,
shake-up satellites, asymmetric core lines, and
multiplet  splitting),  photoelectron  diffraction.
Modification of the spectrometer design led to the
appearance of photoelectron spectroscopy  with
angular resolution and the introduction of synchrotron
and ultraviolet radiation sources [62, 68, 70, 72].

Method basics

Spectra measurement. When analyzing a
sample, the survey spectrum is first measured
over a wide range of binding energies. The survey
spectrum consists of photoelectron and Auger
lines, satellites from an X-ray source and shaking
and contains a background of inelastically scattered
electrons. Following that, the boundaries of
photoelectron lines are determined and the spectra
of individual lines are measured [70, 71] (Fig. 5).

Mathematical processing of the spectra is
described in detail in the sources [80-82]. There
are also some additional data tables that allow
one to manually or programmatically subtract the

spectrum  features (X-ray satellites) associated
with the non-monochromaticity of the source
[75, 83].

Determining the chemical state of atoms on
the surface is possible by changing the binding
energy of the line with a change in the environment
of the atom (chemical shift). There are a large
number of works on theoretical calculations of
the chemical shift and absolute binding energy,
however, in practice, insufficiently accurate
knowledge of the numerical parameters required
for calculations leads to the need to refer the
obtained experimental data to the data measured
for standard samples. The rules for determining
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Fig. 5. X-ray photoelectron spectrum
of molybdenum upon excitation by Mg Ka
radiation, recorded at an analyzer transmission
energy of 100 eV [70, 71].

the chemical shift indicate that the chemical shift
of the element line depends on the oxidation
state of the element in the compound under
study, which is equivalent to the electron density
distribution  between the atom and adjacent
atoms, or the charge on the atom [70, 83]. Under
conditions of electrostatic charging, which occurs
when measuring poorly conducting or dielectric
samples, the spectra are completely shifted to the
region of high binding energies. In some cases,
this effect can be minimized by irradiating the
sample surface with a compensating low-energy
electron beam. In other cases, for the qualitative
determination of elements or chemical states,
either assignment to lines with a reference binding
energy (for example, Ag 3d, Au 4f, or C ls) is used,
which may not be true with differential charging,
or the determination of the qualitative composition
and forms of the substance by the usual or modified
Auger parameters [83].

Quantitative analysis in XPS

Classical quantitative analysis via photoelectron
spectra is based on the fact that line intensities
are directly proportional to element concentrations
and elemental sensitivity factors [68—70]. Most
of the parameters of the photoemission process
significantly depend on the material, their
ratio is close to a constant value, so the fraction of
atoms of a given type C in the sample can be
determined by Eq. (1):

1./S
C =i, 1
x ZII/SI ()

where [ is the line intensity, S is the elemental
sensitivity factor. A set of elemental sensitivity
factors is required for each X-ray source with
a different angle between the source and the energy
analyzer. The sensitivity factors for a homogeneous
sample are determined as the product of the
photoionization cross section of the atomic shell o,
and the mean free path for photoelectrons of a given
line A [83].

A table of theoretically calculated photoionization
cross sections for atomic orbitals (from lithium to
uranium) was given in the reference book'. The
National Institute of Standards and Metrology (NIST)
maintains six databases applicable to XPS and
Auger spectroscopy. These are databases on the
binding energies of photoelectronic lines in XPS,
on the elastic scattering cross sections of electrons,
on the mean free paths of electrons in a substance,
on the effective electron (in)elastic mean free paths
in a substance, on modeling electronic spectra for
surface analysis, and on backscattering correction
factors for  Auger-spectroscopy.Critical — reviews
[84—-87] are devoted to the evaluation of these data.

When determining atomic concentrations, the
following assumptions are usually made:

1) in the area of analysis, the sample is
homogeneous or polycrystalline (up to the
information depth of measurement over the entire
analyzed area);

2) reflection and refraction of X-rays is negligible;

3) reflection and inelastic  scattering  of
photoelectrons is small;

4) the probability of photoionization of core
levels does not depend on the environment of atoms
(low matrix effect);

5) the area of the X-ray beam exceeds the area of
the sample.

Changes in the elemental sensitivity factors
of transition metals in different compounds can be
taken into account using the experimental values
measured for different standard samples [83].

When the composition of the sample is
inhomogeneous, calculations by Eq. (1) lead to
errors. These deviations can be eliminated by taking
into account additional factors affecting the peak
intensities [70-73]:

1) measurement of elemental and complex,
close in composition, standard samples under the
same conditions as a sample of unknown
composition;

2) introduction of corrections for the depth
of exit and the atomic density changed in
comparison with the standard (matrix correction);

' https://xpslibrary.com/%CF%83-sf-asf-and-rsf/.
Accessed April 01, 2023.
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3) modeling the spectra obtained for the
assumed concentration gradients, if they are well
known, and performing a multicomponent fitting,
taking into account the resulting background of
inelastically scattered electrons.

Ultraviolet photoelectron spectroscopy (UPS)

According to the principle of operation, UPS
is similar to XPS [73, 75, 83, 88]. As radiation
sources, gas-discharge lamps are wused, which,
depending on the pressure of the inert gas, emit
lines of He I (21.2 eV) and He II (40.8 eV) or
Ne I (16.9 eV) and Ne II (26.8 eV) with a very small
linewidth (less than 0.02 eV). In lamps, a capillary
discharge with a cold cathode occurs [88].

UPS is not a method for quantitative surface
analysis, since it does not give a quantitative
estimate of the atomic concentrations of elements
on the surface. The lines in the region of the
valence band have a large width (3-5 eV), and
the intensity depends on the bonds formed by the
element and differs for a number of compounds.
Therefore, the shape of the valence band spectra
differs for isomers and allotropic modifications,
which is used to distinguish between surface
compounds, for example, amorphous carbon,
graphite, and highly oriented porous carbon [88].

This method makes it possible to record the
spectra of states of wvalence electrons near the
Fermi level and quasi-core levels with a low binding
energy with a high energy resolution and intensity.
UPS in the variant with angular resolution was
intensively used in studies of the binding energy of
adsorbates with the surface, and when measuring
the photoelectron spectra of a smooth surface of
single-crystal samples at different polar and
azimuthal angles, it is possible to construct a band
structure [88].

XPS with synchrotron excitation

The use of synchrotron radiation sources for
excitation of photoemission offers advantages
over X-ray tubes commonly used in laboratory
instruments. Synchrotron ~ XPS  measurements
can be more efficient due to the unique
characteristics of synchrotron radiation compared
to X-rays, especially with respect to nanomaterials

[89]. The most important advantages are
high intensity and brightness, the possibility
of tuning the radiation energy, high energy

resolution, and low linewidth after the monochromator
(depends on the radiation energy, is less than
0.1 eV for energies of the order of keV).

The concept of brightness includes illumination
and angular divergence of the beam. Due to the
fact that synchrotron sources have a brightness
10° times higher than laboratory sources and a
small beam size, they are able to provide higher
lateral resolution and signal-to-noise ratio. This
can be especially significant when measuring
spatially separated nanoparticles at low surface
coverage [89].

The high energy resolution of modern electron
analyzers, ultraviolet and synchrotron radiation, high
angular resolution (fractions of a degree), and
ultralow temperatures have made it possible to
make significant progress in experimental studies
of the electronic structure of the valence bands
of solids. As a result of such experiments,
experimental Brillouin zones, Fermi surfaces, and
zone dispersion maps are obtained, which
previously could only be obtained from quantum
chemical calculations.

The width of the photoelectron peaks is
determined by the convolution of three components:
the natural linewidth, the resolution of the
electronic analyzer of the spectrometer, and the
width of the exciting radiation. The natural width
of the lines depends on the atomic orbital from
which the photoemission occurs and is usually in
the range of 0.13-0.70 eV (for Ag 3d,, it is 0.33 €V).
In instruments with synchrotron sources and X-ray
tubes, approximately the same electron analyzers
are used, and the difference in resolution is due
to the width of the X-ray line. The linewidth
of synchrotron radiation is a function of the
radiation energy and monochromatization and
is much lower than that of X-ray tubes. This makes
it possible to track small (smaller) chemical
shifts [90].

Currently, there are new methods of XPS
with synchrotron radiation or free electron lasers
at high pressure. One of the promising and fairly
new areas is the study of heterogeneous processes

at the solid-liquid interface, which includes
the preparation of thin liquid films and XPS
measurements at high  (atmospheric) pressure

(Fig. 6) [91-93]. Chemical shift measurements can
provide high chemical selectivity for both molecules
on the surface and the substrate. In XPS experiments
with X-ray quanta with an energy of ~1 keV, it is
possible to create pressures in the range of several
Torr and even higher due to the generation of
photoelectrons with a high kinetic energy and a
long mean free path [91].

In [93], the interface between metallic nickel
and an aqueous solution of KOH was studied using
synchrotron radiation sources, differential pumping
systems between the sample and an electron analyzer.
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Fig. 6. Investigation of heterogeneous processes
at the solid-liquid interface
using XPS [91].

Excitation was carried out by radiation converted
into a standing wave, which was achieved by using
a multilayer Si/Mo mirror as a substrate and increased
the depth resolution [93]. Previously, the same team
of researchers carried out work to determine the
surface layer of a-hematite (Fe,O,) adjoining a solution
containing high concentrations of NaOH and CsOH
[91]. The measurements were carried out at elevated
pressure, using a multilayer substrate that provides
the formation of a standing wave (ambient pressure
XPS (AP XPS); standing wave ambient pressure
photoelectron spectroscopy). Using XPS with angular
resolution, it was determined that when moving
away from the surface of hematite as a solid, there
is a mixed hydrated layer with adsorbed NaOH,
then a layer of NaOH and CsOH adsorbate, and
then a layer of hydrocarbon contamination. Thus,
the experimental data are consistent with the
theoretical models. As another example of the use
of the AP XPS method, one can cite the work [94],
where  core—shell  nanoparticles consisting  of
strontium/calcium fluoride in ethylene glycol were
studied.

Freezing is used to measure biological samples
or thin liquid films on a surface in addition to
measurements at elevated pressure. The study of
electrocatalysts for fuel cells using XPS is described
in review [95]. From the simulation of water
adsorption on the Pt (111) surface, it followed that
a thin ice film is bound to the metal surface by
metal-oxygen and metal-hydroxyl bonds. Also in
the review, the structure of iodine adsorbate on the

surface of a gold single crystal was studied with
a change in the voltage between the surface and
the solution, which is of interest from the point
of view of the oxidation/reduction potential of the
iodide—ion/iodine pair associated with oxidative
desorption and reductive deposition on the surface.
Similar results were obtained for Pt (111) and Pt (111)
surfaces with 0.5 Ru, Ru (0001) monolayers.

In the same work, a linear correclation was
found between the adsorbate chemical shift and
the adsorption energy of ultrathin metal films and
molecules. Further, for real fuel cells consisting
of platinum on a carbon carrier, the relationship
between the oxidation state and the chemical shift
and the spin—orbit splitting, which are different
for oxide and metallic platinum, was determined.
For catalyst particles consisting of an alloy of
various metals (Pt/Ni, Pt/Ru, Pt/Ru/Ni), the dependence
of the binding energy of platinum lines and the
rate of methanol oxidation were determined. Other
metals were present in the particles in the oxidized
form (Ni(OH), and Ru/RuO,/RuO,) and acted as
oxygen donors in this process [95].

It was shown in [96] that the binding energy
of the surface of an oxide nanoparticle in solution
is related to the surface potential. This result was
obtained by measuring a microjet containing silicon
oxide nanoparticles. On the surface of oxides, due
to interaction with hydroxyl groups in aqueous
solutions, a charge is formed, which depends on
the composition of the oxide, pH of the solution,
its composition, concentration of components,
particle size, and the electric field determines many
physical and chemical properties of the particles.

The acidity and basicity of the surface groups
can be determined from the change in the binding
energy of the element. In [97], the polymers were
sorted by increasing Lewis basicity with increasing
sodium sorbed on the surface of the film. In [98],
a linear relationship was found between the
difference between the binding energies of the
Sb 3d, and Cl 2p lines and the basicity for
rapidly frozen solutions of SbCl, with various Lewis
bases in dichloroethane. The form of the linear
relationship between the chemical shift of the O 1s
line in metal oxides Mg, Al, Si, the Fermi level
potential, and the isoelectric point was determined.
When the list of oxides was extended with oxides
of zinc, copper, nickel, titanium, and iron, a linear
dependence of the difference in binding energies
(the sum of chemical shifts) of metal and oxygen
lines on the potential of the isoelectric point
and the potential of the Fermi level was found [97, 98].

Another measurement option implemented
at elevated pressure with synchrotron radiation
is the measurement of the spectrum of a gas jet
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without electrical contact with the substrate and the
spectrometer holder. In [99], the flow of an aerosol
of nanoparticles passing through rather narrow
guides (nozzles) was measured. The short mean free
path of electrons in Si nanoparticles coated with SiO,
and the sufficiently large particle size (d = 14 £ 2 nm)
made it possible to neglect the elastic scattering of
photoelectrons, the shift in binding energies due
to quantum size effects (manifested at d < 4 nm), and
charging.

Layered structures

To determine the concentration profile of
elements in depth, etching of the sample surface
with an ion beam, for example, with Ar’, O, ions
[100, 101]), ion sputtering with C. clusters with
a low destructive power for organic materials
[102-104], profiling by a beam of ionized water
clusters [105] followed by measurement by non-
destructive methods of surface analysis, methods
of surface ion probing (Rutherford backscattering
spectroscopy, secondary ion mass spectrometry,
glow discharge atomic emission spectroscopy)
[106], X-ray microanalysis with an electron probe
combined with calculations by the Monte Carlo [107].
In order to determine the depth profile of elements,
XPS is used in XPS versions with resolution in
terms of the analysis angle [108] and analysis of
the shape of peaks and background [109—-114].

To determine the qualitative composition in a
surface layer with a thickness of more than 5-10 nm,
the most applicable method is ion sputtering. This
procedure has its drawbacks, such as preferential
sputtering of atoms of one kind, atomic mixing
and radiation-stimulated diffusion, which limits
the final depth resolution. In some cases, elements
are reduced to lower oxidation states.

Information depth

The depth of penetration of X-rays into the
sample is much greater than the emission depth
of photoelectrons. The intensity of the photoelectron
beam from depth d decreases exponentially with
increasing depth, according to Eq. (2) [86, 115]:

d
I=1_exp|-— R 2
” p( Kcos@] @

where A is the electron mean free path, I is the
photoemission intensity of an infinitely thick layer,
and 0O is the photoemission angle relative
to the surface normal.

Normal emission I
High kinetic energy

According to this equation (when integrated
over the ratio d/A), more than 95% of the
photoemission comes from a surface layer with a
thickness of 3Acosf. The corresponding thickness
is called the depth of analysis (Fig. 7).

Q Analyzer

(S]
Analysis
¢
4 depth

Analyzer

i Emission at a high angle
Low kinetic energy

Fig. 7. Dependence of the analysis depth (information
depth) on the detection angle and kinetic energy
of photoelectrons [86].

To estimate the contribution of elastic and
inelastic  scattering of electrons in a material,
two concepts are introduced into the intensity of
photoelectron  lines: the inelastic mean free
path (A) and the effective attenuation length
[83]. The first term assumes that photoelectrons
can lose energy only due to inelastic collisions,
while the second term also takes into account
elastic interactions, so this parameter depends on
the detection angle.

Information depth is the maximum depth in
the normal direction to the surface from which
useful information can be obtained. It is usually
given as the thickness from which a given
percentage of the signal (95% or 99%) comes out
and can be determined from the depth distribution
function of the element, or, in general, from the
mean free path of the photoelectron in the
selected sample [83].

Multilayered structures

Measurements ~ of  signal intensities and
determination of theoretical thicknesses for flat
surfaces covered with several flat layers are
described in [115]. As an example, equations are
given for the intensities of two consecutive
layers and a substrate [116]: outer layer (3),
second layer (4), and substrate (5):

d.
Iy =1w(l'){1—exp(—mﬂ, 3)
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In the above Egs. (3)5), 1, [, I, are the
intensities of photoelectrons from the substrate, upper
and lower layers, respectively, d, and d, are the
thicknesses of the outer and second layers, A, and
A,(i, j, k) are the average the mean free path of
electrons with the energies corresponding to lines 7, j, &, 0
is the angle of the analyzer with respect to the normal
of the sample surface.

However, usually the exact values of the signal
intensities from the bulk materials that make up the
layers are not known. Then, for the case of a
two-layer sample, the equations for the photoemission
intensity of a thin film on a substrate can be written as:

I ("):’w(")ll‘e"p(‘“gﬁﬂ’ ©)

IB(k)ZIw(k)eXP[—ﬁ]- (7)

The layer thickness d, is found by Eq. (8):

)

d, = (i)ln(M—lJ.

L, (D1 (k)

If it is difficult to theoretically predict the
exact value of the signal intensity from a bulk
material, then the ratio of such photoemission
intensities of two different substances is found by
sequentially measuring the intensity of signals from
two pure materials in the same installation. The
above Eq. (8) also does not take into account
differences in the mean free paths, which is true for
elements with a compound film with similar binding
energies (and photoelectron Kkinetic energies), for
example, a metal with an oxide film.

One of the first proposed for the analysis of
thin multilayer films was the Hill equation [117]. It
was used to determine the thickness of the oxide
film on the silicon surface. The film thickness can
be calculated by Eq. (9):

(I Si0, / RSi02 )

Si

d, = Lg, cos(0)In| 1+ ©)

In the presence of a large number of layers,
the corresponding multipliers are introduced, as
shown in the previous equations. For example, for
an oxide film on a silicon surface, consisting of
intermediate oxides and dioxide, Egs. (10)—(13) were

used [118]:
I Si0,
Ry,

dsio, = Lo, c0s(0) In| 1+ , (10)
]Si203 +ISA+ [Sizo +[s_
RSizO3 RSiO i,0 l
I
dsi 0, = Lsi 0, c08(0) In| 1+ —=o (1)
’ RSizoslSi
I
dgo = L, cos(0)In {1 + [—S‘O H, (12)
RSiO]Si
I
dg; o = Lg, o cos(0) In| 1+| —=— | |. (13)
RSiZO]Si

In Egs. (10)—~(13), for partial thicknesses of the
oxide components dg, , the electron decay
length is denoted as Ly, , and R is the ratio of the
photoemission intensities of the oxide and oxide
forms, R, = 0.9329 is the ratio for SiO, and Si,
which can be calculated from the atomic densities,
attenuation length and stoichiometry (14):

Ry, =1+025%(R, -1). (14)
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Similarly, the concentrations of eclements
are calculated in structures that are a non-
continuous homogeneous layer on the surface or
in the depth of the sample, introducing the ratio
of the layer area to the analyzed area into the
calculations [119].

There is also a method [80-82, 120-122]
based on the analysis of the background shape?.
With a deeper occurrence of the component in
the sample, the background signal increases in the
region with a higher binding energy, and vice versa.
For most metals, alloys, and oxides, the energy
distribution of photoelectrons and the observed
spectrum, after correction for the spectrometer
transmission function, are expressed in terms of
the two-parameter universal cross section according
to equation (15):

F(E)=J(E)- T CBZ g } ~J(E)dE, (15)
E +

where F(FE) is the signal intensity at a point with
energy FE without electron scattering (primary
excitation spectrum), J(E) is the experimentally
measured  photoelectron  spectrum, E is the
photoelectron binding energy, E’' is also the
photoelectron binding energy, but used not to
determine the signal at a particular point, but as
a variable for integration, B = 2866 eV and
C = 1643 eV2 For solids, such as light metals
(for example, Al and Si), a simple two-parameter
equation does not describe plasmon energy losses, for
which a three-parameter Eq. (16) is introduced:

F(E)=J(E)-
_T B(E —E)
#{C—(E'~EY} +D(E - EY

o (16)
J(E)dE..

Table 1. Rules for estimating the depth distribution from the A /B, ratio, where B
for the background line at a point 30 eV away from the maximum, and

For thin layered structures, two-parameter Eq. (15)
is written as Eq. (17):

F(E)=J(E)- Bj (£ -E) _J(EYdE. (17)
{1643+ (E - E)}
In this equation, the parameter B, is chosen

so that the intensity of the background line
exactly coincides with the intensity of the
experimental spectrum J(E) at a distance of 30 eV
from the peak maximum (thus, the background
is subtracted in the range up to 30 eV towards
higher binding energies beyond the peak position).
Then the depth distribution of atoms can be
estimated from the parameter B1 and the peak area
A from Table 1. The attenuation depth L is
determined from Eq. (18):

L= Acos0.

(18)

0 1

Here B, = 3000 eV? A is the mean free path
of photoelectrons, and 0 is the photoemission
angle with respect to the surface normal. After
determining L, the depth distribution of atoms can be
estimated from Table 2.

As an example of the use of Egs.
(6)—(8), the thickness of thin oxide films on
transition metals may be determined [123-125].
The thickness of the oxide—hydroxide film on the
surface of an alloy of niobium and zirconium
(consisting of water, hydroxide, oxide, and metal
layers) was determined in the same way during
oxidation under atmospheric conditions with high
humidity [126]. If the film consists of several
oxide and hydroxide forms or contains water,

(3)-(5) or

is the adjusted parameter
, is the area of the photoelectron peak

A /B, Depth distribution
P
=25eV Uniform
>30 eV Mostly on the surface
<20 eV Predominantly deep in the sample

2 http://www.quases.com/. Accessed April 01, 2023.
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Table 2. Depth distribution estimation rules based on the attenuation depth L

L Depth distribution
—6A, <L <O6), Uniform
=3\, <L<0 Mostly on the surface
0<L<3), Predominantly deep in the sample

the calculation of the thickness of ultrathin
films is carried out for all elements that make up
the films. In [126], the fine structure of the spectra
of the Zr 3d, Nb 3d, and O ls lines was studied
(Figs. 8-10).

Classification of samples in XPS
with angular resolution

The thickness profiling of samples is possible
not only with a change in the X-ray energy, but
also with a change in the photoelectron detection
angle. Angle-resolved XPS (AR XPS), based on the
dependence of the peak intensity on the detection
angle, has been used for more than 35 years as a
non-destructive method for analyzing the surface
structure. The accuracy, limitations, and problems
of the method are presented in [127] from a
theoretical point of view, and in [118] from a
practical point of view, but only for a system
consisting of a thin SiO, film on Si.

H20 a

OH* d

02*

Fig. 8. Layered structure of a thin mixed oxide-hydroxide
film on the surface of zirconium and niobium. The letters
denote: a is the thickness of the water film, b is the total
thickness of the hydroxide and water films, d is the total
thickness of the coating layer of water, hydroxide, and
oxide films, x is the thickness of the film corresponding
to the oxidized metal [126].
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Fig. 9. Fine structure of the spectrum of the O Ls
oxygen line with indicated peaks corresponding
to oxygen in the composition of water,
metal hydroxide, and oxide [126].
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Fig. 10. Fine structure of the spectra of zirconium
and niobium lines with indicated peaks corresponding
to the metal and various oxide forms [126].
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Angular-resolved XPS is based on quantitative
expression (19) relating the measured photoelectron
intensity /,(0) to the concentration profile c(z):

I

1,(0)=1,[ CF(2,0)/(2) exp(— Mf) Se)dz

- . (19)
=1,{ f(2) exp(—m)dz.

In this expression, 0 is the detection angle
with respect to the normal, z is the depth of the
layer from which photoemission occurs, CF(z, 0)
is the factor responsible for elastic scattering effects,
and f(z) is the concentration profile of the selected
element. With this designation, the signal intensity
from a standard sample of known composition will
be equal to / Acosb at fiz) = 1.

According to equation (19), with a sufficient
number of measurements, it is possible to obtain f{(z)
by inverse transformation, but this procedure is
extremely sensitive to errors in determining the area
(intensity) of the peaks [127]. A serious limitation
of the method is the need for very flat sample
surfaces (to eliminate shading), which means the
absence or special consideration of nanostructures
on the surface [60, 127, 128] and measurements
in directions that do not coincide with high
symmetry directions (axes).

Depending on the complexity of the analysis,
samples in XPS with angular resolution are
divided into the following groups.

1. Simple samples. They usually consist of
an element coated with an oxide film. To
determine the thicknesses, the Hill equation [117] is
used, which is the most accurate and simplest
approach for quantifying the thickness of layers
in XPS with angular resolution. If there is a
significant  difference between the energies of
electrons from the coating layer and the substrate,
the Thickogram method is used to determine the
thicknesses [129].

2. Fairly simple samples. Multilayer samples
for which a step-by-step method of thickness
estimation is used [70-72]. Later, a layering method
was proposed that estimates the average thickness
and amount of substance in each layer. On such
constructions it was impossible to determine the
depth scale. Therefore, nowadays the focus is more
on diffuse profiles, and not on those with clear
boundaries, as was customary in the layering
method. The relative amounts of one form or another
of a substance or element are built on the depth
scale [70, 72].

3. Complicated samples. Samples for which
the preliminary concentration profile is unknown.
For their analysis, the methods and software
described in [130, 131] are used.

Concentration profile analysis

The uncertainty in calculating the concentration
profile of elements in AR XPS is expressed by
the depth resolution Az. By definition, this is the
thickness of the sample layer in which the
calculated  component concentration  changes
from 16% to 84% (assuming that the real sample
has a sharp boundary). This choice allows us
to define Az as twice the standard deviation 2o;
when choosing 10% and 90% concentration,
Az = 236c. If the depth profile function has
an exponential rather than a Gaussian form,
as in the case of electron depth attenuation,
Az (16-84%) = 1.67c.

When analyzing the concentration profile by
the AR XPS method, proceed as follows. First,
the detector signal is corrected for the analyzer
transmission function, since the detection efficiency
depends on the kinetic energies of the electrons.
Further, the cascade of secondary electrons from
the high-energy side of the peak is adjusted to a
straight line and such a background is subtracted.
After that, a model spectrum is generated, taking
into account the depth distribution of the
components. Finally, the model spectrum is corrected
for the experiment, which can be performed using
the QUASES-Generate software [130, 131]. This
software allows you to build spectra of a wide
variety of concentration profiles, including buried
and non-immersed layers (Frank—Van der Merwe),
islands  (Volmer—Weber), islands on the layer
surface (Stranski—Krastanov), and exponential profile.
The paper [132] gives an example of a program
developed for interpreting data obtained from
measurements in AR XPS.

Direct formulas and transformations are used
to go from theoretical concentration profiles and
phase parameters to specific line signal intensities
(spectrum modeling), while inverse transformations
are required to obtain concentration profiles. Inverse
Laplace transforms are sensitive to fluctuations in
the input intensity ratios and spectrum noise.
Detailed calculations of the concentration profile,
formulas, and errors in the calculations are given
in [133].

To calculate the profiles of ultrathin films
with sharp boundaries, the method of least entropy
is successfully used. The uncertainty inherent
in AR XPS is reduced as follows: each component
is defined as a continuous layer (square profile)
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defined by three parameters (depth, thickness,
and density), which fits within the limitation of
parameters that can be extracted to three per element
[134, 135].

The analysis is carried out separately for
each component. The composition of the film is
determined empirically, only after matching the
individual components in depth. The composition
is calculated from the ratio of concentrations,
without reference to stoichiometric coefficients, which
makes it possible to evaluate the changes that occur
during sample preparation. The method makes it
possible to take into account discrepancies, and
with a smaller discrepancy than when using inverse
transformations [136]. The above formulas and
calculations are limitedly applicable, since real
samples can have not only a rough surface, but
also an inhomogeneous coating or planar
(two-dimensional) inhomogeneities of the composition.

Conclusions on data processing
by the AR XPS method

Based on the results of the conference on
AR XPS [136], the following main conclusions
were made.

First, for homogeneous films, the relative error
in determining the thickness depends on the calibration
of the instrument, while for inhomogeneous films,
deviations are possible depending on the specifics
of the distribution of components. Different thickness
ranges require their own calibration by changing the
effective mean free path of electrons.

Second, for thin films of unknown composition, it
is difficult to switch from a qualitative dimensionless
profile to a quantitative depth distribution, and for
certain and limited systems, the use of AR XPS and
intensity modeling leads to depth distributions that
are close to real, without an exact match.

The information obtained by the AR XPS
method is limited to three parameters per substance.
Determination errors are the sum of limited depth
resolution and unknown or variable composition
of the sample, and the depth resolution Az/z
exceeds 0.8 [136].

Small structures with a size on the order
of the attenuation lengths of the radiation of
characteristic electrons (or the mean free path) can
be well described as smooth homogeneous layers,
which mainly depends not on the structure, but
on the size of the elements.

Including elastic scattering of electrons in
calculations, both for modeling and for calculating
experimental data, can increase the amount of
structural  information due to the use of
photoemission angles exceeding 65°.

Further development of precise quantitative
determination in AR XPS requires the development
of a theory of the angular and energy distribution
of photoelectrons and their exit from a solid body,
including elastic scattering, which is theoretically
well described, inelastic scattering that occurs in
the volume of a solid body (bulk excitations), and
surface excitations that occur when crossing
the solid—vacuum surface [136].

Ion etch profiling

The possibilities of non-destructive layer-by-layer
depth analysis in the XPS method are limited by
the use of angular resolution and variation of the
excitation radiation energies. The concentration
profile of the components over the depth of the
sample can be determined by the XPS method in
the destructive variant with ion etching. A number
of processes occur on the surface that change
the qualitative and quantitative composition of the
sample: atomic mixing in cascades of ion collisions,
leading to implantation of recoil atoms, distortions
of the crystal lattice during collisions, and the
formation of defects (vacancies, substitutions,
and agglomerates). Irradiation with ions of inert
gases leads to insignificant changes, since it causes
distortion of the sample only due to knocking
out, displacement of atoms and selective sputtering.

Irradiation with ions of reactive gases, such
as oxygen, leads to a significant change in the
chemical composition and density of the sample
due to the formation of new compounds. When a
surface is irradiated with high energy ions, thermally
activated diffusion and segregation occur [70-72].

To optimize the ion etching process, the
pressure in the analysis chamber and the preparation
chamber is kept as low as possible (10°® Pa and
below) to prevent possible contamination by
sputtered atoms after etching. The area of analysis
must be smaller than the spray area and be in its
center. To improve depth resolution and eliminate
the effect of photoemission on the sample, lines
with low photoelectron kinetic energy (high binding
energy) should be measured. The ion energy should
not exceed 1 keV at high ion masses (heavy inert
gases or cluster sources), and the ion source should
produce a raster (point) beam [71, 72].

For smooth samples, etching with a large
deviation from the normal (>60°) can be used; for
rough samples—close to normal. The ion beam
must contain a minimum amount of impurities and
neutral atoms and must fall into the same region
from several positions. This is possible when
using multiple sources or when rotating the sample.
In general, the sample to be etched should have a
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smooth surface, an amorphous, non-crystalline
structure, consist of a single phase and elements
with close sputtering yields, have good thermal and
electrical conductivity, and have low counter
diffusion and Gibbs segregation [137]. Atoms
removed from the surface can then be analyzed
by secondary ion mass spectrometry.

Features of the XPS spectra of complex objects

The size, shape and location of nanoparticles
affect the experimental data obtained from XPS,
causing a change in the binding energies of the
peaks and Auger parameter values, the absolute
and relative intensities of the peaks of various
elements excited by X-rays at different energies
or at different angles to the sample [50, 59].

In particular, for nanoparticles of noble metals
of group VIII on SiO, and ALO, substrates, a
positive shift in binding energies was shown
compared to bulk metal samples [138].

The formation of a photo-hole as a result of
photoemission affects all surrounding electrons and
leads to a change in the binding energy and
kinetic energy of the electron [139, 140]. The initial
state contribution reflects changes in the charge
density on the atom due to the chemical and
geometric environment. The final state contribution
arises from differences in the screening of core holes
that appear during photoemission. Photoemission
can lead to several types of end states. The shielding
efficiency of core holes depends on a certain
element (intraatomic shielding), on the environment
(atom coordination number), and on the interaction
with the substrate (interatomic shielding).

In the case of nanoparticles, strong electronic
interaction with the substrate can make a significant
contribution to interatomic screening [141]. The
binding energy shift for nanoparticles on a substrate
can also be contributed, to a lesser extent, by the
effects of the initial state. This is charge transfer
between particles and the substrate and hybridization
of electronic states in them.

According to the Koopmans theorem, for a
molecule with a filled shell, the binding energy of
an electron in the state (orbital) i is equal to the
orbital energy of this state with the opposite sign.
This theorem makes it possible to identify the
calculated energies of orbitals with ionization
potentials, but it does not take into account electronic
relaxation.

Intramolecular  relaxation  consists in  the
rearrangement  of the remaining  surrounding
electrons relative to the photo-hole, leads to a
decrease in energy and occurs when the molecules

of a substance are hemisorbed on the surface, and
their energy levels are shifted compared to a free
gas or liquid. This leads to a change in the binding
of the electron to the core (the effect of the initial
state) and relaxation or polarization screening
(the effect of the final state).

The authors of [142] indicate the following
mechanisms for changing chemical shifts due to the
effects of the initial state:

1) interatomic charge transfers during the
interaction of a metal with an oxide (deposited
layer or clusters with a substrate), which was
observed during the oxidation of transition metals
on oxides, with the appearance of chemical shifts
of more than 1.5 eV,

2) the appearance of an electric field from the
effective charges of the substrate or metal layer
(charging on non-conductive substrates) and the
influence of the electric field of the charge of
the interface;

3) chemical shifts of the core levels of surface
atoms, which include a contribution from atoms
with a reduced coordination number and are caused
by the rehybridization of valence levels—intraatomic
charge transfer. Usually, these are small negative
shifts up to —0.3 eV.

The effects of the final state, as indicated
above, affect the screening of core holes after
photoemission and depend on the environment
of the atom. In the case of dominance of the final
state effects, the shift of the binding energy is
inversely proportional to the cluster size. Figure 11
shows the dependence of the binding energy on
the cluster size [142].

575.2 4 035 ——

> ] £ > 030

; = 2025

a _ 85& 020 —4

& 575.0 R
& Eools

3 | £% 010
S 0.05
% 5748+ 0004 ____ i
o | 0.85 0.75 0.65 0.55 045
o0 1/R, 1/nm

2 574.6 1

(]

OD -
g
o -
= 574.4
as] T T T T T T T

T T T
0.0 0.2 0.4 0.6 0.8 1.0
Cr layer thickness, nm

Fig. 11. Binding energy of the Cr 2p, , core level as a function
of the thickness of the Cr layer on the SrTiO, (100) substrate.
The inset shows the dependence of the chemical shift on the
reciprocal radius of Cr clusters on the same substrate [142].
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The initial and final state contributions can
be distinguished by using the Auger parameter.
The concept of the Auger parameter is based on the
following assumptions:

1) for the same element in the same compound
and sample, there is a fixed difference between the
energies of two lines (Auger and photoelectron);

2) corrections for the charge shift of lines
when measuring individual lines are insignificant,
since they are not used in estimating the Auger
parameter;

3) work function corrections also do not affect
the value of the Auger parameter, and the vacuum
energy level can be correlated with the Fermi level.

Measurement of the Auger parameter can be
one of the few possible ways to identify the
element and its form in the sample in the presence
of a static charge on semiconductor materials and
dielectrics, since it is difficult to determine the
vacuum energy level in them. The Auger parameter
o (20) is introduced as the difference between the
kinetic energies of the two main Auger and
photoelectron peaks measured on the same spectrum.
The coincidence of one of the involved levels
of the Auger transition with the level of
photoelectron emission is not mandatory:

a=E, (CCCH-E,(O). (20)

In Eq. (20), a is the Auger parameter, C', C", C""
are the levels between which the Auger
transition occurs, C is the level from which
photoemission occurs, £, is the kinetic energy of the
photoelectron.

Since, in the case of choosing different levels,
the value of the Auger parameter could be negative,
the term modified Auger parameter, o', (Eq. (21))
was introduced, corresponding to the sum of the
Auger parameter o and the photon energy hv,
or the binding energy E, and the kinetic energy E,, of
the Auger electron:

a=a+hv=E, (CCC)+E/C). (21)

A detailed description of the theory with
examples of how the Auger parameter changes
with the chemical state of matter is given in
review [139]. The paper [140] gives examples of
studying samples of various compositions: alloys,

modified silicon surfaces, oxides, mixed oxides,
thin films, glass, metal clusters, oxide systems on
substrates, interfaces between metal and organic
matter, free molecules, and liquid solutions.

Calculation of signal intensities
from spherical particles

For the first time, the significance of the
surface structure was realized in the study
of  heterogeneous  catalysts, which can be
characterized as a powder consisting of core—shell
nanoparticles. One of the reviews considering
the quantitative analysis of rough surfaces [143]
gives the historical development of quantitative
analysis and includes formulas for correcting
volumetric sensitivity factors, formulas for various
layers on the surface, including continuous, carbon
contamination and spherical particles, as well as
formulas describing shape distortion. peak in the
presence of covering layers.

For core—shell nanoparticles, several models
have been developed that are applicable to powder
samples. Most of these models make the following
assumptions [144]:

1) for powders, an approximation of a simple
sphere or even a hemisphere is given, introducing
a simplification that the signal intensity from
randomly located particles in the powder is
equivalent to the signal intensity from a single
particle;

2) elastic scattering of photoelectrons in a solid
is neglected;

3) the relative mean free paths for a given
photoelectron line are the same in the core
and shell.

The simple sphere approximation implies that
the angular distribution of photoelectrons in powders
is isotropic. The other two assumptions were made
in [144] and were consistent with experiments
for functionalized gold nanoparticles. Divergences
in the dependence of the intensity of photoemission
of the particle core as a function of radius were
observed only for particle sizes less than the mean
free path, when the XPS method no longer
becomes surface-sensitive, but volume-sensitive
(Fig. 12).

Thus, the authors of the paper argue that
the model of a single sphere for a powder sample
is valid without any special refinements due to the
random distribution of particles over the substrate
and the absence of layer periodicity [144].

Attempts to quantify the photoemission intensity
of spherical particles and flat shells on them were
made in a number of works, for example, in one
of the early detailed studies [145].
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Fig. 12. Dependence of the Au 4f, , line intensity
as a function of the particle radius.
(The solid line shows the volume-to-surface ratio
S/V = 3/R for a sphere. The vertical arrow indicates
the mean free path of the photoelectrons in this line.)

The application of the theory described above
for finding the thickness of thin films to spherical
layers covering particles leads to an overestimation
of the shell thickness [116, 146]. An approach to
solve this problem introduces the effective layer
thickness, deff, which denotes the film thickness
determined by the electron analyzer. For planar thin
layers, this thickness is constant in all regions of
the sample; for spherical particles, it varies.

For uncoated spherical clusters, the photoemission
intensity can be calculated from Eq. (22) [115]:

(22)

G {xz Jlex+D exzp(—Zx) - 1]},

where A is the mean free path, x = 7/A, and r is the
cluster radius.

Further, the intensity of the signal from the shell
can be calculated as the difference between the
intensities of the signals from a spherical particle
with the same diameter and a core made of the shell
material. Equation (23) includes the attenuation of
the core signal on a uniform shell layer, but the real
thickness is different. Thus, the intensity can be

approximately calculated as:

S(core) =exp (— i] A X
)\’S
y {xz . [(2x+1) exzp(—2x) —1]}

(23)

In Eq. (23), the average shell thickness and
mean free paths of the corresponding photoelectrons
in the core (A.) and shell (A) are introduced,
respectively.

Extended Eq. (23) in the form (24) includes
additional factors [147]:

S(core) = {W} exp [—%) L’ x

. {xz . [(2x+ 1)ex2p(—2x) —1]}

24

Numerical determination of the photoemission
intensity of layers is given in [116] for spherical
and cylindrical Si,N, particles coated with a
layer of hydrocarbon contamination. Particle
hemispheres were divided into 9 segments of 10°,
in each of which deff was determined from the
average angle; photoemission intensities of the
segments were multiplied by geometric correction
factors proportional to the projection of the segment
area and summed up (Fig. 13).

Based on the results of [115], the coefficients
for spherical and cylindrical objects were obtained
from geometric considerations. The equations
and calculations were tested on two series of
experiments with oxidized Si,N, particles and
aluminum foil. The possibility of such calculations
was confirmed using the XPS  MultiQuant
software, the library of which includes all the
necessary parameters. It is shown that the use of
the flat layered structure model leads to an overe
stimation of the layer thicknesses.

For hemispherical particles
the photoemission intensity was
using Eq. (25) given in [148]:

on a substrate,
also calculated

I

ads,normal — nnR2 —27'[:717\,2 %

ads
ads,normal,c0

[l

Here n is the density of particles, R is the radius,
A, is the mean free path of photoelectrons in the
surface layer.

The intensity of the signal from the substrate,

respectively, was calculated by Eq. (26):

(25)
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Fig. 13. Axial sections and top view of a sphere and a cylinder with two layers of coatings, made to sum
the signal from the material of the core and two coating layers. Sectional sections are identical,
but the shapes and ratios of the projected areas differ [115].
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Both of Egs. (25, 26) are valid only for
normal detection, and for the ratio of the
photoemission intensities of the same layers
measured at an angle 0, the same equation looks as
follows (27):

(26)

1 1
sub,0 — 1_ f(G,R / }\‘) (1 _ sub,normal ] (27)

Isub,e,O sub,normal,0

The coefficient f is found from the graph
according to the desired angle to the normal and the
ratio R/A. The same correction factor can be
calculated by Eq. (28):

f(O,R/\)= Aexp(—(l)f)/R'j+B, (28)

where A and R' are correction parameters, B is the
asymptotic value [149].

Another theoretical approach for calculating the
photoemission intensities of spherical particles of the
core-shell structure was proposed in [150, 151]).
This model assumes that the particles have spherical
symmetry and the core is in the center, the core radius
is 7, and the shell thickness is d. Then the signal
intensity from the particle core I(A, , d, r) will be
equal to (29):

L

I, ,d,r)=nS(h, ,r)x
(29)
Xexp(_ij h(L,L] A (LJ
;\'AL >\'AL )\'AL ;\'AL

and the explanation of the functions included in (29)
can be represented by Egs. (30)—(33):

S(hy,r) = Jta” (30)
n
h(s,p)=—"(g)5”, 31)
+1
B’ +PB,p+1
k = 32
) Bp’+Bsp+1 2
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F(p)=1+ (2p+l)exp2(—2p)—l' (33)

In this model, A, is the effective attenuation
length. If the angle from the normal does not
exceed 60° and the elastic scattering effects are
small, the mean free path A can be used. The atomic
sensitivity factors are given by the equation for
S(h,» ), where n is the atomic density, /; is the
signal intensity from the bulk material with a clean
surface, which is proportional to the atomic sensitivity
factor at a given photon energy. Further, #A(3,p)
and k(p) are empirically obtained functions with
three given constants: B, =0.00288984, , =0.05135594,
B, = 0.45982462.

If the theoretical intensity of the photoemission
of the core can be expressed as / (A, d, r), where
A is the average attenuation length of the

AL ¢
photoelectrons  corresponding to the elements
of the core, then the theoretical intensity

of the photoemission of the shell (34) can be
described as:

L=y ,d=0,r+d)~1(\_.d,r), (34)

where X, is the average attenuation length
of photoelectrons from the shell. The first term
corresponds to the intensity of the signal from a
spherical particle of radius (» + d) consisting of the
shell material, the second corresponds to the
intensity of the signal from a particle of radius r,
of the same composition. The theoretical ratio of the
intensities of photoelectron lines (35) of the shell
and core will be equal, respectively [152, 153]:

I, 1y .d=0,r+d)

s = (35)
1. I\ .d,r)

The above equations were used to calculate
the shell thickness in bimetallic nanoparticles
with a core consisting of gold, platinum, and
rhodium, and a shell made of iron oxide [89]. This
method was used to determine the growth of
oxide shells on spherical silicon particles (with
an initial radius of 5 nm) under normal conditions
[154, 155].

The relative concentrations of oxide forms
of silicon in the oxide shell can be found from
Eq. (36) [150]:

I

Cyo. = ——, 36
Sio, IS+I»LIC ( )

where p is the ratio of atomic densities in silicon
(4.96-10? cm ™) and silicon dioxide (2.27-10% cm3).

Software

To simulate Auger electron and X-ray photoelectron
spectra and improve the accuracy of determinations
in the routine analysis of samples of complex
composition, the SESSA software was developed
[156]. The program contains the necessary
physical parameters and gives an estimate of the
intensities of peaks and electronic spectra, energy
and angular distributions of photoelectrons, taking
into account elastic and inelastic scattering for
multilayer thin films. Theoretically, the processes of
formation of signal intensities on complex samples
are described in a number of works, for example,
[157]. Examples of use are given in [158].

In the SESSA software, the calculation
of electron energy losses occurs in the infinite
medium approximation, and the decrease in the peak
intensity in XPS arises due to losses due to surface
excitation and internal excitations (due to the
appearance of a static hole in the process of
photoemission) [159]. A one-step model that takes
into account both of these phenomena and is
based on the semi-classical dielectric response
model is introduced into the QUEELS-XPS
software, which performs a quantitative analysis
of the intensity of the background formed
by electrons with energy loss.

The Tougaard algorithm  underlying the
QUASES program is based on the assumption that
the elastic scattering of electrons can be neglected
to estimate the depth distribution from the
background shape on the low-energy side
of the peaks [84]. Verification of this assumption
using the SESSA software on two types of
samples of different Cu/Au configuration and
similar Si/SiO, structure is given in [86] (Fig. 14).

In [160], the QUASES-Tougaard software
was used to analyze gold nanoclusters on the
surface of polystyrene. Spherical gold nanoclusters
were deposited on polystyrene substrates and
survey spectra were studied. The sample was
presented in the form of spheres with a diameter
of 2R with surface coverage f. For quantitative
calculations, the spheres were conditionally divided
into 9 coaxial cylinders of equal area and different
heights (Fig. 15).
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XPS spectra in the formation of gold nanoclusters
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Fig. 14. X-ray photoelectron spectra obtained from samples
with different effective thicknesses of the gold layer
(from 0.2 to 2.4 nm). As the thickness of the gold
layer increases, the photoelectron peaks C Ls and Au 4f shift,
and the intensity of the peaks and the background
of inelastically scattered electrons increases [160].
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Fig. 15. Separation of spheres of radius 2R into 9 coaxial
cylindrical shells with equal area and different heights
in vertical and lateral projections was performed
to calculate the total signal intensity [160].

In [86], the program generated spectra for
samples containing gold and copper in the form
of various compounds and alloys, as well as
for silicon and silicon dioxide, with different
distributions over the depth and area of the
sample. In [161], the surface was coated by
deposition of vanadium oxide and cerium oxide
on aluminum oxide substrates, and cerium oxide
and cadmium sulfide on titanium oxide substrates.
The experimental spectra obtained were in good
agreement with those generated in the program.

Overcoming the challenges of nanoparticle analysis

The main  parameters studied in the
characterization of nanoparticles are the size and
shape, qualitative and quantitative composition,
the size distribution function of nanoparticles, the
degree of aggregation, surface charge and surface
area, and the chemical composition of the surface
of particles of the core—shell type [3, 51, 162, 163].
The average size, size distribution and organic
ligands present on the surface of the particles
can influence the properties and possible applications
of the nanoparticles. In addition, the structure
of mnanoparticles and their chemical composition
should be investigated both at the first stage
after the synthesis of nanoparticles and for a
sufficiently long time after synthesis due to the
influence of the aging effect of nanoparticles [3, 51].

The results of methods for measuring the
physicochemical ~ parameters of  nano-objects
significantly affect the prediction of the use of
these  materials for  commercial  purposes.
At present, the scientific community is faced with t
he task of further improving the accuracy and
resolution of many methods for the analysis of
nanoparticles and nanomaterials [49, 51, 162-165].
However, there are significant problems in the
analysis of nanomaterials due to the lack of suitable
standard ~ materials  for  calibrating  analytical
instruments, difficulties associated with sample
preparation for analysis and interpretation of
data in situ and operando, especially in large-
scale production, as well as their analysis
in complex matrices [49, 164].

Obtaining a sufficiently complete picture of
the properties of nanomaterials requires the use of
a group of complementary instrumental methods
of analysis [3, 44, 63-67]. Of particular interest
are ultrafast spectral and diffraction methods, which
make it possible to understand the connection
between the elements of the structure—dynamics—
function triad. Significant success in their application
to the study of nano-objects is associated with the
development of synchrotron radiation technologies
and free electron lasers, which provide X-ray
sources of high brightness and high temporal
resolution [53-56]. As applied to nano-objects,
the use of ultrashort X-ray pulse
diffraction =~ makes it possible to study
heterogeneous processes at the solid—liquid surface
interface, which includes the preparation of thin liquid
films and XPS measurements at high (atmospheric)
pressure [60, 61, 91, 94, 165], structural dynamics
in extreme conditions, which makes it possible to
provide information about the behavior of nano-
objects in states far from equilibrium.
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CONCLUSIONS

The review depicted a number of methods for
the synthesis and preparation of nanomaterials with
a wide range of their applications. With the expansion
of the production of nanoparticles, more reliable
rapid methods of analysis will be required. Currently,
the analysis is focused not only on the characterization
of the core of nanoparticles, but also on surface
ligands that affect their physical properties. Due to the
difficulties with reproducibility and reliability in
determining the physicochemical parameters of
nanomaterials, a combined approach is required to
find their required properties. Some issues in the
field of nanomaterials research remain unresolved.
This review describes the role of a number of
methods for characterizing nanomaterials, highlights
their advantages and limitations, as well as the
possibilities of effective combination, presents both
general and modern operando methods that are used
to monitor the formation kinetics and properties of
nanoparticles.

XPS is the most widely used analytical method
for chemical surface analysis and is also used to
characterize nanoparticles and nanomaterials. Its
physical principle is based on the photoelectric effect.
XPS is a powerful quantitative method useful for
elucidating the electronic  structure, elemental
composition, and oxidation states of elements in
a material. It can also analyze ligand exchange
interactions, nanoparticle surfaces, and core—shell
structures.

Compared to microscopy methods such as
TEM and TEM/EELS (electron energy loss
spectroscopy in a transmission electron microscope),
which use transverse spatial resolution to identify
elements in the transmission direction, XPS examines
the composition of a material by analyzing the
spectrum of ejected electrons. As an added
benefit, XPS provides depth information similar
to the size of nanoparticles (up to 10 nm deep
from the surface) and does not cause significant
damage to samples. Two disadvantages of XPS
are the need for careful sample preparation (requires
a dry solid form without contamination) and data
interpretation.

XPS is a reliable and useful tool for the
quantitative study of proteins as well as peptides
adsorbed at interfaces. The method can also
characterize the molecular interface. Chemical
information from the surface of nanoparticles
analyzed by XPS can be used to estimate the
thickness of nanoparticle coatings. XPS also provides
information about their dielectric properties by
recording the behavior of nanomaterials during
charging/discharging.

The advantage of the high sensitivity of XPS
should be emphasized, since each element has
a certain characteristic set of peaks in the
photoelectron spectrum at kinetic energies determined
by the photon energy and the corresponding
binding energies, and the intensity of the peaks
depends on the concentration of the corresponding
element.

Originally existing as a method for carrying
out measurements and research under conditions
of ultrahigh vacuum, XPS has also been developed
in application to processes and objects that occur
and exist at higher pressures comparable to
atmospheric pressure. Therefore, the range of possible
measurement samples has expanded to include
solutions (for example, solutions of nanoparticles),
thin liquid films, and biological objects. The changes
affected the design of the device and also affected
the radiation sources. It became possible to use
synchrotron and ultraviolet sources, access to the
measurement of new spectra, for example, the spectra
of the valence band, and the determination of the
corresponding characteristics of matter. One of the
main problems solved by the XPS method is the
measurement of the composition and structure of
layered samples and samples of a complex,
inhomogeneous structure (spherical particles) and
the determination of the concentration profile of
elements in them. Another problem associated with
quantitative analysis is the technique for subtracting
non-linear background, especially under complex
spectra of samples containing several different
overlapping lines. To solve these problems, special
software has been created, the principle of which
is to approximate the model spectrum for the
proposed structure of the sample to the experimental

spectrum.
However, despite all the difficulties and
problems  associated  with the analysis of

nanomaterials, XPS successfully makes it possible
to determine the charge states of elements, the
composition and structure of the surface of various
samples (and the list of possible samples and
methods for their analysis is constantly expanding)
by performing in situ and operando analysis. In
combination with methods that make it possible
to study the physical structure and structure of
samples, the XPS method is able to provide
sufficient information for the processes of obtaining
and using nano-objects.
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