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Abstract

Objectives. To study the possibility of hydroxyacetone-phenol binary mixture (a constituent of a
mixture of phenol production by the cumene method) separation in flowsheets based on the use
of distillation special methods. This is the addition of separating agents to increase the relative
volatility of the components of the original mixture, and the variation of pressure in the columns.
Methods. A computational simulation in Aspen Plus® was used as the research method.
Mathematical modeling of the vapor-liquid equilibrium was carried out using a local compositions
model Non-Random Two Liquid. The viability of the latter was confirmed by comparing experimental
and calculated on phase equilibrium data, and azeotropic data. The average relative error does
not exceed 3%.

Results. The dependence of the composition and boiling point of the hydroxyacetone—phenol
azeotrope on pressure was determined in a computational experiment (as the pressure increases,
the azeotrope is enriched with phenol). The possibility of using a complex of columns operating
under different pressures to separate the mixture was shown (the shift of the azeotrope
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is about 9%). The change in the relative volatility of components of the original mixture in
the presence of a high- (diethylene glycol) and a low-boiling (acetone) separating agent was
investigated. Both solvents are selective agents used in extractive and re-extractive distillation
processes. Three technological separation flowsheets containing two distillation columns were
proposed.

Conclusions. The study established the operation parameters of the columns (number of
theoretical stages, feed stages of the original mixture and separating agent, and reflux ratio) and
energy consumption (total heat supplied to the columns boiler) of three separation flowsheets
ensuring the production of products of a given quality (not less than 0.99 mol fractions).
The flowsheet with diethylene glycol is characterized by the lowest energy consumption.
It is recommended that complexes of extractive and re-extractive distillation be further optimized.
This enables the second product of cumulus production—acetone—to be involved in the
technological cycle.

Keywords: phenol, hydroxyacetone, vapor-liquid equilibrium, extractive distillation, re-extractive
distillation, pressure-swing distillation complexes
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HAYYHASA CTATbSA

CxeMbl pa3aesieHus1 OMHAPHON CMeCH TMAPOKCHAeTOH—(eHO0T
C HCMOJIb30BAHMEM CIIEHUAIBHBIX METOA0B PeKTU(PUKALINH

H.C. I'araHoB, E.B. PeiToBa"’, A.K. PpoakoBa

MHPSA — Pocculickuili mexHonozuueckuil ynusepcumem, Mockea, 119454 Poccusi
MAemop ons nepenucku, e-mail: erytova@gmail.com

AHHOMAyus

IMenu. Hccnedosamb 803MOINHOCMb pas0eseHUsl CMeCU 2UOPOKCUAUemOH-peHoN (cocmas-
Jsirowell cmecu npouzeoocmed PeHona KYMONbHbIM MemoooMm) 8 cxemax, 6asupyrouuxcs Ha
UCNONBL308AHUU CNeYUAIbHBIX NPUEeMO8 peKkmuguKrkayul: 006a8ieHUU pa30essitouux azeHmos,
NosbLUULAULUX OMHOCUMENbHYIO lemyuecmsb KOMNOHEHMO08 UCXOOHOU CMeCU, U 8apbUPO8AHUU
0aenieHUst 8 KOJIOHHAX.

MemooOsl. B kauecmsee MmemoOd UCCACO08AHUSL NPUMEHSIICS GbIUUCAUMENbHLIIL 9KCnepu-
MeHm 8 cpede npozpammHozo kKomnaekca Aspen Plus®. Mamemamuueckoe modenupogaHue
pasHosecust IKUOKOCMb-NAp NPo8OO0UTIOCHL C UCNOJAb308AHUEM MOOENU JIOKAbHbIX COCMaso8
Non-Random Two Liquid. AdexkeamHocmb nociedHezo0 noomeepiKoeHa CpasHeHUem IKCnepu-
MEHMANIbHBLX U PACUEMHBIX OAHHBIX 0 pA3080M PABHOBECUU, OAHHBLX 060 a3eomponuu; CpeoHss
omHocumenvHas owubra He npesbliuana 3%.

Pe3synemamel. B gvluuciumenvHOM sKcnepumeHme onpedeseHd 308UCUMOCMmb cocmasa U
memnepamypbl KUneHus. azeompona 2u0poKCUAUEemMOH-peHos om oOaeneHusl (npu yeenuue-
Huu oaeseHust azeompon obozawjaemcst peHOs0M), NOKA3AHA B03MONHOCMb UCNOb308AHUSL
KoMnieKca KOJOHH, pabomarouwux nod pasHbim OdesieHuem, 0si pasdeseHust cmecu (cosuz
azeompona cocmasensiem nopsioka 9%). HccnedogsaHo usmeHeHue OmHOCUMENbHOU Jemy-
yecmu napsvl KOMNOHEHMO8 UCXOOHOU CMeCu 8 NPUCYMCmeUU MmsiKesio- (OUSMULeH2UKOb)
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u Jsieekokunsiujezo (auemowr) pasdensiiouiezo azeHma. Oba pacmeopumenss s8ASIOMCSL ceneK-
MUBHBbIMU G2EHMAMU OJIsl NPOUECCO8 IKCMPAKMUBHOU U PeIKCMpaKmueHol peKkmugpukayuu.
IIpednorkeHbl mpu NPUHYUNUALHBLE MEXHOI02UUeCKUe CXembl pasdeneHusl, cooeprkawue oge
peKMUPUKAUUOHHbLE KOSIOHHBL.

Bwieoodst. OnpedesieHbl cmamuueckue napamempsvl pabombl KOJOHH (WUCAO Meopemuueckux
mapesiok, Homepa mapesox nooauu UCXOOHOU cmecu U pazldensouiezo dzeHma, ¢preamosoe
YUCTIO0) U 9HEep2o3ampamsl (CYMMApHbLE HARPY3KU HO KUNSIMUALHUKU KOJIOHH) mMpex cxem pasoe-
JleHust, obecneuusaroujue noayueHue npooyKkmos 3a0arHozo0 Kauecmaa (He Huxke 0.99 mon. doneti).
HaumeHbuwiumu saHepeozampamamu XapaKmepusyemest cxema ¢ OusmunieH2auKonem. [ns oano-
Hellwell onmuMu3ayul peKomeHO08aHbL KOMNIEKCbl IKCMPAKMUBHOU U pPesKCcmpaKmueHol
pexmucurayuu. ITocnedHsist no3gosiem 808/eUb 8 MEXHOI02UUECKUT YUK 8MOPOll NpooyKkm
KYMObHO20 NPOU3B00CMBA — AUEMOH.

Knroueesle cnoea: ¢eros, 2u0porKcuayemot, naposKudKocmHoe pagHogecue, SKCmpaKmueHast,
DpesaCMpaKmueHast peKmuguikayus,, KOMNIEKCbl C 8apbUpPO8aHUEM 0ABNEHUS 8 KOJIOHHAX

Jlna yumuposanusn: TaranoB W.C., PerroBa E.B., ®ponkoBa A.K. Cxembl pasnesneHusi OMHAPHOH CMECH THIPOKCHAIICTOH-
(heHOIN ¢ UCTIONB30BAHUEM CICLHAIBHBIX METONOB pekThdukaimu. Touxue xumuueckue mexnonoeuu. 2023;18(5):415-425. https:/doi.

org/10.32362/2410-6593-2023-18-5-415-425

INTRODUCTION

Phenol is a large-scale product of industrial
organic synthesis, the main amount of which is
obtained by the cumene method [1-4]. The combination
of an aromatic ring in the phenol molecule, which
ensures a fairly high thermal stability of the
compound, and a hydroxy group, which has increased
polarity compared to the alcohol hydroxyl and is
one of the strongest ortho-para-orienting substituents,
creates favorable conditions for the versatile use of
phenolic products [5].

Wide application of phenol in various industries!?
constantly tightens the requirements for the purity

! Chemie Mania: World consumption of phenol. URL:
http://www.chemiemania.ru/chemies-8878-1.html. Accessed
April 13, 2023.

2 Analytical portal of the chemical industry: Global
phenol market: installed capacity and demand forecast. URL:
https://www.newchemistry.ru/printletter.php?n_id=4044.
Accessed April 13,2023.

of the target product’. By-products formed at the
stage of chemical transformations are dimethylbenzyl
alcohol and acetophenone. In addition to these
high-boiling substances, other components, such as
hydroxyacetone (HA), 2-methylbenzofuran (2-MBF)
and mesityl oxide, are also formed in small
quantities [6—11]. The negative effect of HA on the
quality of phenol is manifested in the fact that in
distillation columns, as well as at the stage of
catalytic purification of raw phenol from impurities
using heterogeneous catalysts at high temperatures,
a condensation reaction of HA with phenol occurs
to form 2-MBF. This heterocyclic compound is
colorless, but during storage it easily forms colored
resinous products, which deteriorates the color
of the phenol. Eliminating the formation of HA
and completely removing it from products using

3 GOST 23519-93. Interstate Standard. Technical
synthetic phenol. Specifications. Moscow: IPK Izdatelstvo
standartov; 1996.
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conventional distillation is a technically intractable
task due to the presence of limitations imposed by
vapor—liquid equilibrium (VLE) [6]. Previously, a
method was proposed for producing high-quality
phenol by reducing the content of 2-MBP at the
stage of catalytic purification of phenol and
changing the technology of distillation of the
separated products. To achieve conditions that meet
the requirements for phenol of the highest quality
category, it was necessary to significantly complicate
the traditional distillation flowsheet by introducing
additional azeotropic-extractive distillation columns
and installing more efficient trays in a number of
columns. These measures, although not radically,
solved the problem of purification from HA and
2-MBP: phenol of the required quality is produced
at most plants, but it is too expensive, and any
failures in the composition of the initial mixture
entering the separation result in a decrease in
quality [7].

Despite the proposed chemical and technological
solutions, the task of improving the quality of phenol
remains relevant and requires an assessment of
the prospects and conditions for the use of special
separation techniques in order to achieve the required
purity of the target product (phenol). In this regard,
the aim of this work is to find alternative options
for separating a HA-phenol mixture, allowing
reducing the HA content in the products of
phenol synthesis using the cumene method.

OBJECTS AND METHODS OF RESEARCH

The binary component of the industrial mixture:
HA-phenol was chosen as the object of study.
Some  physicochemical characteristics of the
components at atmospheric pressure are presented in
Table 1.

In order to evaluate options for the separation
of a mixture of a specific composition, information
is needed on the VLE under various conditions,
in particular, when varying pressure and when
additional substances are added to the system.
To obtain the required data and further calculate
the distillation process, the method of mathematical
modeling of VLE in the Aspen Plus® V. 10.0
software package* (dAspenTech, USA) using the
Non-Random Two Liquid (NRTL) equation was
used. The binary interaction parameters of the
NRTL equation (Table 2) were taken from [7] and
used to calculate the VLE at a pressure
of 0.2 atm (Table 3).

The choice of reduced pressure is due to
the fact that at atmospheric pressure there is
a high probability of HA decomposition at
temperatures above 145°C. At a pressure of 0.2 atm
the temperature of the mixture does not
exceed 135°C.

As follows from the data presented, the description
of the VLE of the HA-phenol binary system
at a pressure of 0.2 atm is generally satisfactory.

Table 1. Physicochemical characteristics of phenol and HA at a pressure of 1 atm [7]

Name Gross formula M, g/mol T,, °C n? d>, g/lem’
Phenol CHO 94.11 181.8 1.5426 1.063
HA CHO, 74.08 145.5 1.4295 1.082
Note: M is the molar mass, g/mol; T, o, is the boiling point, °C; n,*° is the refractive index; d,%° is density, g/cm’.
Table 2. Binary interaction parameters for the NRTL equation [7]
Component i Component j . a, ; bﬁ .
HA Phenol —-0.798 -0.291 1.341 1.113 0.3

Note: a,a,
into account the non-ideality of the mixture.

b,, b, are parameters taking into account the binary interaction of components i/, j-i; ¢, is the parameter taking

4 Aspen Plus®is a powerful software designed for modeling processes in the chemical, petroleum, energy, and many other
industries. The model obtained in a computational environment allows engineers and researchers to design and optimize various

chemical processes and systems.
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Table 3. Comparison of experimental [7] and calculated data on the VLE of the HA (1)—phenol (2) system at a pressure of 0.2 atm

Yua» Mol fact. Uncertainty errors y, T,°C Uncertainty errors T
X,,,» mol fract.

exp. calc. abs., mol fract. rel., % exp. calc. abs., °C rel., %

0.000 0.000 0.000 0.000 0.00 131.84 131.65 0.19 0.14
0.044 0.044 0.041 0.003 6.82 133.00 131.71 1.29 0.97
0.100 0.119 0.117 0.002 1.59 132.80 131.53 1.27 0.96
0.200 0.290 0.285 0.005 1.69 131.20 130.18 1.02 0.78
0.400 0.700 0.649 0.051 7.26 125.00 123.17 1.83 1.47
0.500 0.818 0.784 0.034 4.18 120.00 118.32 1.68 1.40
0.600 0.890 0.876 0.014 1.61 115.00 113.38 1.62 1.41
0.700 0.937 0.934 0.003 0.33 110.50 108.79 1.71 1.55
0.800 0.970 0.968 0.002 0.19 105.05 104.78 0.27 0.25
0.900 0.989 0.990 —0.001 0.08 101.13 101.44 —-0.31 0.31
1.000 1.000 1.000 0.000 0.000 98.45 98.78 —0.33 0.34
Average 2.637 Average 0.87

Note: x,,, y,, are the HA concentrations in liquid and vapor phases, respectively, mol fract.; T is the boiling point

of the mixture. (1) A component of the mixture with a lower boiling point (in this case, HA), (2) A component of the mixture with

a higher boiling point (phenol).

Therefore, the parameters of the binary interaction
of the NRTL equation (Table 2) can be used in the
future to calculate the distillation process.

RESULTS OF COMPUTATIONAL
EXPERIMENT

The HA-phenol system is characterized by
the presence of an azeotrope with a maximum
boiling point (at constant pressure), which indicates
significant negative deviations of the system from
ideal behavior and, accordingly, the predominance
of strong interactions of opposite molecules. The
latter imposes thermodynamic restrictions on the
process of conventional distillation and requires
the use of special distillation techniques based on
the principle of redistribution of concentration

fields [12] between separation areas with different
sets of final products. The method of extractive
distillation (ED) [13, 14], which has proven itself
to be an energy-efficient separation process,
including mixtures containing phenol, has been
widely used for the separation of mixtures of
various natures [15-17].

To assess the possibility of using and
operating conditions for separation complexes for
a HA-phenol mixture, additional information was
obtained on the effect of pressure on the composition
of the binary azeotrope and potential separating
agents (SA) (high-boiling diethylene glycol (DEG)
and low-boiling acetone) on the relative volatility
of the starting components. Table 4 shows the
characteristics of a binary azeotrope at different
pressures, which indicate the presence of a noticeable
azeotropic shift in the considered pressure range.
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Table 4. Calculated characteristics of azeotropes at different pressures

Pressure, atm X, Mol fract. T, °C
0.1 0.990 114.07
0.2 0.959 131.71
1.0 0.902 182.45

Note: x,,, is the concentration of HA in azeotropic mixture; 7' is the azeotropic mixture boiling point.

ﬂf ‘UZ
—o> o

L

L x

Fig. 1. Flowsheet I of separation of a mixture
of HA (1)—phenol (2) at a pressure of 0.1 atm and 1.0 atm
in columns / and 2, respectively. £ is the amount of initial
mixture, kmol/h; D is the distillate flow, kmol/h;
W is the bottom flow, kmol/h.

Figure 1 shows a schematic diagram of
separation (I), representing a complex of two columns
operating at different pressures.

The calculation of the distillation process was
carried out at 100 kmol/h of the initial mixture
(feed to column 7). The HA content (x,,) in the
initial mixture was 0.7 mol fract. (model composition).
The initial mixture was fed into the column at a
temperature 7 close to the boiling point of the
mixture. Requirements for the quality of the resulting
products: HA content x,, = 0.995 mol fract., phenol
content x, = 0.999 mol fract. When calculating the
distillation process, optimization of parameters:
overall efficiency of the column N (number of
theoretical stages, NTS), numbers of feed stages
for the feed mixture streams (N,) and SA (N,),
as well as the reflux ratio R was carried out
using the Sensitivity Analysis module. The model
composition of the initial mixture was chosen

to establish the general principles of separation of
the HA-phenol mixture of the final composition
(to exclude the situation of dilution of the mixture
with the target product).

Table 5 shows the material balance and
operating parameters of the columns of Flowsheet I,
which represents a complex of two columns
operating under a pressure of 0.1 and 1.0 atm, respectively.

The course of the lines of constant relative
volatility of the HA-phenol pair in the presence
of DEG (Fig. 2) and acetone (Fig. 3) shows that
DEG (high-boiling SA, T,, = 244.8°C) and acetone
(low-boiling SA, T, = 56.0°C) increase the volatility
of HA relative to phenol in mixtures with a high
phenol content. For a model composition containing
0.7 mol fract. HA, in the presence of DEG, the
relative volatility of HA decreases slightly, but
remains high enough to realize the extractive effect.

Thus, in the first case, it is possible to organize
the ED process [13-14], and in the second case,
the process of re-extractive distillation (RED) [15].

Figure 4 shows the structures of the ED
(Flowsheet II) and RED (Flowsheet I1I) complexes.

Flowsheets II and III are antipodean flowsheets
and differ in the recovery of final products: in the
first case (Fig. 4a) HA and phenol are recovered
as the distillate flows; in the second (Fig. 4b)—as
the bottom flows. An essential requirement for the
functioning of the first column of both flowsheets
is the organization of a counterflow of the initial
mixture (F) and SA.

The calculation of the ED and RED process
was carried out using the binary interaction
parameters of the NRTL equation taken from [7],
the NIST database’, or modeled using the UNIFAC
equation. The quantity and composition of
the initial mixture, as well as the quality
requirements for HA and phenol, correspond to
Flowsheet I; purity of SA x,, = 0.999 mol fract.

5 Aspen Plus® V. 10.0 database. NIST Chemistry WebBook
URL: https://webbook.nist.gov/. Accessed April 22, 2023.
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Table 5. Material balance and operating parameters of distillation columns at different pressures

Distillate (D) Bottom flow (W)
Col.No. | P,atm | N,NTS | N, R 0,0 KW
Flow rate / x,, (T, °C) Flow rate / x,,, (T, °C)
1 0.1 60 3 3 70/0.995 (82.11) 33.41/0.021 (97.77) 3575.6
2 1.0 70 17 2 30/0.001 (165.15) 3.41/0.098 (182.45) 1287.8
Total energy consumption 4863.3

Note: Flow rate is the number of flows, kmol/h; x,,, is the concentration of HA in the flow, mol fract.; T'is the flow temperature
(distillate/still), corresponds to the boiling temperature at a given composition of the distillate/still, °C. The plates are numbered
from the top of the column. O, , is the energy consumption of the boiler, kW.

Acetone
L 5%&1

HA W Y WW - Phenol

.9 08 07 06

Fig. 2. Isoline diagram of the relative volatility of the Fig. 3. Isoline diagram of the relative volatility
HA-—phenol binary system in the presence of DEG (SA) of the HA—phenol binary system in the presence
at a pressure of 0.2 atm, a. is the relative volatility of acetone (SA) at a pressure of 0.2 atm, o is the
of the components. relative volatility of the components.
,_07 9 I_DZ 9 /CU
SA > b b,
i J
oy
7 2
W.
7 Vi ?
SA
W,
| Lvs  Lus

(a) (b)

Fig. 4. Structures of the ED (Flowsheet 11, a) and RED (Flowsheet I1I, b) complexes. £ is the flow of the initial mixture, kmol/h;
D is the distillate flow, kmol/h; W is the bottom flow, kmol/h.
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An important indicator of the ED and RED
processes is the SA consumption, which ensures
its selective action. Therefore, at the first stage of
optimization of the parameters of the corresponding
columns of Flowsheet II and III, a ‘“manual”
selection of the SA flow rates and pressure in the
column necessary to achieve the specified purity
of the product streams was carried out, and in
most cases the quality of the products exceeded
the specified one. Next, the Design Specs and
Sensitivity Analysis modules were used.

The calculation results for the ED and RED
processes are presented in Table 6.

DISCUSSION OF RESULTS

The data from the computational experiment
showed that in all three options the required
quality of product flows was achieved. The most
efficient option for separating an HA—phenol mixture
is the ED process with high-boiling SA (DEG).
As one would expect, the RED mode with low-
boiling SA (acetone) requires the highest (almost
twice as much as in ED) energy consumption,
which is due, among other things, to the higher
ratio of SA (2.0 compared to 1.2 in ED), which

it is necessary to evaporate twice to isolate acetone
in the distillates of both columns of the RED
complex. Flowsheets I and III differ slightly in energy
consumption (8.6%).

A comparison of the ED and RED modes
shows a significant reduction in the total energy
consumption in the first column of the ED complex,
which is associated with the additional ease
of isolating HA as a product with a minimum
boiling point in the distillation region, which
belongs to the mixture of F|) + SA gross composition.
In this case, at close levels of supply of the initial
mixture and SA, we can talk about the process of
conventional distillation of a ternary mixture of
HA-phenol-DEG. A feature of this mode is the
production in the cube of a column of a composition
belonging to a separatrix [14], which, due to
curvature, touches the side of the DEG-—phenol
triangle in the DEG concentration range of
0.65-1.0 mol fract. (Fig. 5). The latter leads to a
decrease in the content of HA impurities in the
bottom product of the ED column, which otherwise
would be about 1.0-1.5%.

Despite the high energy consumption of
the RED complex, its main advantage is the
involvement of acetone in the technological process—
the second target product of the cumene method

Table 6. Material balance and operating parameters of distillation columns of the ED and RED complexes

Distillate (D) Bottom flow (W)
Col.No. | P,atm | N,NTS | N,/N,, | R 0, kW
Flow rate / x,, / x, (T,°C) Flow rate / x, / x, (T, °C)

ED complex (SA/mixture ratio = 120 : 100)
1 0.2 16 9/6 0.67 70/0.996 /0.004 (98.88) 150/0.002 /0.198 (172.69) 1602.0
2 0.2 20 6/— 1.45 30/0.001/0.999 (131.69) 120/0.000 / 0.008 (190.91) 1111.0
Total energy consumption | 2713.0

RED complex (PA/mixture ratio = 200 : 100)
1 0.35 60 7/53 0.15 270/0.259/0.000 (34.24) 30/0.001/0.999 (147.44) 3050.0
2 1.0 11 7/- 0.08 200/0.002 /0.000 (56.18) 70/0.999/0.000 (143.61) 2230.0
Total energy consumption | 5280.0

Note: Flow rate is the number of flows, kmol/h; x,,, .

and x_ are concentrations of HA and phenol in the flow, respectively, mol fract.;

T'is the flow temperature (distillate/still), corresponds to the boiling temperature at a given composition of the distillate/still, °C. The
plates are numbered from the top of the column. Q, , is the energy consumption of the boiler, kW.
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(b)

Fig. 5. Distillation lines in the concentration triangle of the HA—phenol-DEG system (a)
and a fragment of the diagram (b), reflecting the features of the location of the separatrix in the vicinity
of the DEG—phenol side at a pressure of 0.2 atm.

[I,‘E’IS n,\1’n u,‘is u,;u 0,25 n,ysln n,ysls n,;n n,;:.s 0,50 0,55 0,60 0,65 0,70 0,75 0,80 0,85 0,90 n,g‘%\Phenﬂl
131,71 C
(a)
for the production of phenol, which is not
in full demand today. This circumstance
undoubtedly increases the prospects for further

optimization of the RED process and its use
in industry.

CONCLUSIONS

New physicochemical information was
obtained on the phase behavior of binary and ternary
systems by using mathematical modeling of the
VLE of the HA-phenol system at three pressures
and in the presence of potential SAs (DEG, acetone).
This formed the basis for the development of
variant flowsheets based on the use of special
techniques, and explanation of the separation
results from the perspective of thermodynamic-
geometric analysis of the phase diagram.
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Abstract

Objectives. Changes to the properties of water caused by factors such as pressure or temperature,
can only be explained by its structural changes. Scientists study changes to the properties of
water due to various physical stimuli only without the addition of any substances. Examples
of stimuli are acoustic exposure, thermal exposure, pressure variation, shaking, intensive
vibration treatment followed by dilutions, vortexing, bubble generation, inter alia. The aim of the
present review article is to summarize the available data on how the above processes affect the
physicochemical and biological properties of water and aqueous solutions.

Results. It has been shown that heating makes water less compressible and decreases air
solubility in water, while cooling enhances its viscosity. Acoustic exposure makes the structure
of water become coarse-grained, followed by an increase the number of large clusters, pH and
temperature inside a cavitation bubble. High pressure enhances the viscosity, self-diffusion,
and compressibility of water. For bubble processed water, there are changes in the spin-spin
and spin-lattice relaxation times. Reactive oxygen species are formed, as well as increased
solubility of gases in liquids and reduced friction. Vortex process technology causes an increase
of electrical conductivity of water and reduced viscosity. Intensive vibration treatment and
dilution processes result in changes in electrical conductivity of water, dissolved gas

© E.S. Don, G.O. Stepanov, S.A. Tarasov, 2023

426


https://doi.org/10.32362/2410-6593-2023-18-5-426-445
mailto:physactive@yandex.ru

Elena S. Don, German O. Stepanov, Sergey A. Tarasov

concentration, ultrasonic wave velocity, pH, surface tension, dielectric constant, and spectral
response. There is also data to support the biological effects of different types of physical
treatment of solutions.

Conclusions. This review shows that physical treatment of water can induce changes both
in physicochemical and biological properties of water and aqueous solutions.

Keywords: water technology, water properties, mechanical treatment, aqueous solution
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OB30OPHAS CTATbHA

Bausinue pusnyeckou 00padoTKu HA PU3NKO-XUMUYECCKHE
U 0MOJIOTUYECKHE CBOMCTBA BOJbI M BOIHBIX PACTBOPOB

E.C. Oou*, I'.O. Crenanos!, C.A. Tapacos'?

THIID WMATEPHA ME/TMKA XOA/THHI, Mockea, 129272 Poccust

?HayuHo-uccnedosamenbCckuil.  uHcmumym — obwieti. namonoeuu U namogpusuonoceuu, Mockea,
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AHHOMAuust

IMenu. MH3meHeHusi ceolicme 800bl, 6bl38AHHblLE PA3NUUHBIMU (AKMOPAMU, MAKUMU KAK
dasneHue uiu memnepamypa, moeym OOBACHAMbCS MONbKO CMPYKMYPHbIMU USMEHEHUSIMU
800bl. YueHble uUcCCe0Yyom U3SMEHEHUS. C8olicme 800bl, NPOUCXO0SUUE UCKIIOUUMENbHO U3-30
PpazuuHblX husuueckux pasopaxcumeneil u 6e3 dobasneHust kakux-1ubo seujecms. Ilpumepamu
maxux pazopakumesnell SA8AI0MCsL aKycmuueckoe U mennogoe gozodelicmeue, U3MeHeHue
daenieHusl, ecmpsixuearue, UHMeHCU8Has eubpayuoHHass obpabomka ¢ nocredyrouwum passe-
OJeHuem, suxpegoe nepemewiusarue, obpazoearue nysvlpbkos u m.0. Llenvto daHHO20 0630pa
sensiemest 0606weHUe UMEIOULUXCSL OOHHBLX 0 MOM, KAK 8blULeYKA3AHHbLE NPOUECCHL 8AUSLIOM HA
¢usuro-xumuueckue u buosouueckue ceolicmaa 800bl U 800HbLIX PACMBOPOS.

Pesynemameut. [TokasaHo, umo Hazpes desaem 800y MeHee CHRUMAEeMOl U CHUXKaem pacmeo-
pumocms 8030Yyxa 8 800e, a oxax0eHuUe nogvlulaem ee 8s13Kocmb. AKycmuueckoe gosdeticmaue
npueooum K momy, umo cmpyKkmypa 800blL CMAHO8UMCSL KPYNHO3IEPHUCMOU, UMO CONpo8osoa-
emcesi ygenuueHuem Koauuecmaa KpynHolx iiacmepos, pH u memnepamypsl sHympu Kaguma-
UUOHHO20 nyswipsi. Bbicokoe oOasneHue cnocobcmgyem YeenuueHUuro maKux @QuauuecKux
ceoticma 800bl, KaK 8513KOCMb, camoougdysus u cokumaemocms. [ns 8o0vl, obpabomaHHOU
NY3blpbKAMU, NPOUCXOOSIM UIMEHEHUSL 8PeMeH CRUH-CNUHOB0U U CNUH-peuemouHol peaakca-
yuu, obpasyromest aKmugHble GopMmbL KUCOpPoOa, a makike Habnrdaemess NnosblULeHHAS
pacmeopumocms  2a308 8 JKuoKocmsx Hapsidy CcO CHUXeHuem esa3kocmu. Buxpeesoil
MexXHON02UUEeCKUTL NPOUece NPUBOOUM K Y8eAUUeHUIO I/IeKMmpPonpo8odHocmu 800bl U CHUIKEHUIO
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esskocmu. HHmeHcusHas eubpayuoHHasi obpabomika u npoueccb. pazbasneHust npusoosim
K UBMEHEHUI0 HeIKOMOPbLX XApaKmepucmuK 800bl, MAKUX KAK 31eKMpPOnpo8o0HOCMb, KOHUEHMPA-
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JuaiekmpuuecKas. NPOHUUAEMOCMb U CneKmpaavHullil omrkauk. B pabome makixe npedcmas-
JleHbl 0aHHble, noomeeprkoarouue buonozuueckue sghgpexmol pasAUUHbLX MUNO8 YNOMSIHYMOU

gusuueckoil obpabomrKu pacmeopos.

Boreoodst. /[aHHblil 0630p nokassieaem, umo gusuueckas obpabomrxa 800bl MOIXKeEN 8bl3bl8AMb
UBMEHEHUST KaK PUUKO-XUMUUECKUX, MAK U buosioeuueckux ceoticma 800blL U 800HbLLX pacmMeopos.
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Jna yumuposanusa: Jlon E.C., CrenanoB I'O., Tapaco C.A. Bimsinne ¢usnueckoii oOpaGoTku Ha (H3UKO-XUMHYECKHE
u OHWOJOTrHMYecKHe CBOMCTBAa BOJbI W BOOHBIX pPAcTBOpPOB. Toukue xumuueckue mexnonoeuu. 2023;18(5):426-445. https://doi.

org/10.32362/2410-6593-2023-18-5-426-445

INTRODUCTION

Water is a unique chemical compound which
has no analogue in nature. Many of its properties
are considered anomalous from the perspective of
theoretical science. In a stationary state water is an
open non-equilibrium system capable of accumulating
additional free energy [1]. It has been demonstrated
that external influence (optical, plasma, mechanical,
etc.) can radically change the macroscopic properties
of liquid solutions [2—10]. Many papers describing the
unique properties and features of the structure of water
have been published [11-16], so we would like to focus
more on data supporting the emergence of new properties
of water and aqueous solutions after their exposure
to mechanical actions. The influence of mechanical
treatment on the chemical properties of compounds
has been studied for a long period of time and is
currently undergoing a boom [17-20]. Nevertheless,
scientists in the field of mechanochemistry mainly
focus on changes in the structure of solid chemical
compounds rather than the structure of water which
is usually viewed, if at all, as a nominal solvent.

However, when liquid water is affected by certain
factors, such as pressure or temperature, changes
in some of its properties can only be explained by
structural changes of water [21].

With regard to the mechanical treatment of
aqueous solutions, scientists and primarily physicists
are thoroughly investigating the acquisition of new
properties by water which can arise without the
addition of any chemicals. They are exclusively due
to various mechanical stimuli such as: acoustic
exposure; thermal exposure; pressure variation; shaking,
intensive vibration treatment followed by a dilution
step; vortexing; bubble generation, etc. The aim of this
review is not only to describe the available data on
how the above processes affect the physicochemical
properties of water, but also to assess influence
on the biological effects of such aqueous solutions.
We are also interested in topics concerning exposure
of water and aqueous solutions to other physical
stimuli, for example, exposure to electromagnetic
fields. However, we intentionally omit them in
this review as they are much more investigated
to date [22-25].
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FEATURES OF THE STRUCTURE OF WATER

Before discussing the properties of water which
can be modified following mechanical treatment, it
is important to gain an understanding of the special
properties of initial untreated water. For this, the
features of its structure need to be analyzed. Bernal’s
basic work [26] and further development of its ideas
resulted in the creation of the so-called standard
model for water representing the structure of water as a
hydrogen-bonded network: loose but tight at the same
time. These asymmetric properties were established
by Bernal and Fowler after comparing the radius of
a water molecule with its expected density, found
to be markedly lower than the calculated value
(1.0 instead of 1.8 g/cm?). These results were confirmed
by Meyer, Steward, and Amaldi using X-ray diffraction
measurements of water [27-29].

At the present time, the current model of water
can be described as follows:

1. The tetrahedral geometry of water molecules
might be responsible for water’s unusual properties
[26]. Two hydrogen atoms form hydrogen bonds
with oxygen responsible for water’s unique
properties [30-34]. However, the manifestation of
the unique properties of water is explained by the
formation of two additional acceptor hydrogen
bonds. As a result, water has strong orientational
interactions in addition to van der Waals attractions
and repulsions.

2. This leads to cage-like structuring, not only
in the solid phases (ices) but also even in liquid
water. Liquid water is a mixture of two fluids: a low-
density one and a high-density one [35].

3. Liquid water is a mixture of types of structure.
It is the structure of water that gives water its
macroscopic properties [36—40].

4. Liquid water tends to be more cohesive
than other simple liquids. Owing to their structural
arrangement,  water  molecules spontaneously
associate with each other into a tetramer through
hydrogen bonds. Although hydrogen bonds are
much weaker than covalent bonds (they have
energies of 4-13 kJ mol compared to approximately
418 kJ mol for a carbon-hydrogen covalent
bond [41]), they contribute to the overall molecular
energy due to their high number and fast formation [42].

The above model is rarely disputed nowadays,
but there are still a few questions to be asked.
Moreover, the growing number of new experimental
facts raises even more questions. One of these
questions  concerns the stability of density
inhomogeneities in water. The existence of density
inhomogeneities  (so  called water  structures
and clusters) in liquid water is a well-recognized fact
[43-45]. However, some specialists think that water

structures may be long-lived [14, 43], while other scientists
consider that the life time of water structures is
determined by the hydrogen-bond jump time.
This does not exceed a few picoseconds, or longer
times, but comparable to the hydrogen-bond jump
time [31, 46].

The jump time of hydrogen bonds and, therefore,
individual water structural elements can indeed be
several picoseconds. However, replacing one structural
element with another one does not lead to the
destruction of the whole structure, making it dynamic
and long-lived at the same time. The existence of
a dynamic self-replicating network of water
molecules in liquid water was proposed in 1998 [47].
It was then independently confirmed by an X-ray
diffraction study of water nanodroplets [48, 49].

Different cluster sizes have been experimentally
studied and theoretically described to date: small
clusters (dimers to decamers) and clusters formed
by several dozen [45, 50, 51], or even hundreds of
water molecules [52]. The existence of water octamer,
a formation previously regarded as thermodynamically
unstable, has been confirmed. The 'H nuclear magnetic
resonance (NMR) spectroscopy demonstrated that
dynamic hydrogen bonding in the size-specific cluster
(n = 8) is one of the features of the thermodynamically
metastable water cluster formed in hydrophobic
solvents [53]. However, even highly purified water
can contain impurities or ions that form stable water
structures around themselves [54, 55]. The structures
generated can be transformed into low-density to
high-density forms, bending but not damaging some
of the hydrogen bonds. The sizes of these structures
depend on the concentration of impurities, medium
temperature and pH, etc. [56-59].

PHYSICOCHEMICAL PROPERTIES OF WATER

The model of water described in the previous
section is characterized by properties well known
in the scientific literature. Being loose but tight,
water has relatively high values of surface tension,
melting point, and boiling point. Water has density
anomalies which are manifested in various ways.
For example, ice floats on liquid water. In most other
materials, the solid sinks in the liquid. This density
anomaly is due to the fact that applying pressure
melts solid water into a liquid, whereas applying
pressure drives most liquids to freeze into a solid [60].

Polymorphism of a crystal structure is a well-
known phenomenon. More than five such structures
can be counted for carbon (diamond, graphite, graphene,
fullerene, etc.). Most substances are characterized
by only one or two solid phases, water has more
than a dozen phases of its solid, ice [11]. Water is
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a polar molecule, so its liquid can dissolve polar
and ionic solutes. Its thermodynamic signatures for
dissolving non-polar molecules are different from
those of most other solvents. In order to signify
that difference, it has been given its own name: the
hydrophobic effect. Nevertheless, water has a number
of properties which are beyond any doubt. For
instance, water changes its phase into a solid at low
temperatures. When heat is added to solid water (ice),
it melts to become a liquid. Further heating results
in boiling: a phase transition from the liquid phase to
the gas phase. Therefore, at this level, the pressure-
temperature (p7) phase diagram of water, which shows
these features, is similar to the phase diagrams of
other materials. The main physicochemical properties
of water are presented in Table.

Experiments have demonstrated that exposure
of water to mechanical stress may change some
of the properties listed in the table. Since the
structure of water is responsible for its properties,
most types of exposure are directed at the clustering
of this structure (formation, destruction, and
association), changing intermolecular distance and
the nature of hydrogen bonding, as well as the
formation and collapsing of bubbles, which may
change some of the properties (for example, heat
capacity, molar volume, coefficient of thermal
expansion, coefficient of isothermal compressibility,
air solubility in water, water expansion with

increasing temperature, viscosity with decreasing
temperature, etc.). Each type of exposure will be
detailed in the next sections.

ACOUSTIC EXPOSURE

The ultrasound beam originates from mechanical
oscillations with frequencies ranging from 15 kHz
to 10 MHz, above the range of normal human
hearing. Since the speed of sound in water is
about 1500 m-s™', the corresponding wavelengths of
acoustic waves are within the range of 10 to ~0.01 cm,
which usually exceeds the sizes of atoms or chemical
bonds to a significant level. As an ultrasound
wave travels through a liquid, local pressure
fluctuations, variable in space and time, induce acoustic
cavitation. The effects of ultrasound result from
acoustic cavitation, associated with the formation,
growth and collapse of bubbles in liquids. In these
processes, the low energy density of the sound
field is converted into high energy density inside
and outside the collapsing bubble [61]. The
energy accumulated during the growth of a bubble
in the expansion phase is released as acoustic noise,
shock waves, chemical reactions, or as light emission
when the bubble collapses abruptly during the
contraction phase [62]. Didenko’s work shows
that ultrasound causes the temperature inside a

Table. The main physicochemical properties of water (at 25 °C and 101.325 kPa, where applicable)

Characteristic

Value

Density

997.047013 kg'm™

Dielectric constant

78.375218

Magnetic susceptibility

—1.64-107' m*mol™!

Electric conductivity

0.05501 pS-cm™

Limiting ionic conductivity

H+

OH"

349.19 S-cm*mol™!

199.24 S-cm?mol™!

Ionic mobility

H+

OH~

3.623A~107 m>V's!

2.064 A ~107m*>V's!
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Table. Continued

Characteristic Value
Thermal conductivity 0.610 W-m'-K™!
Speed of sound 1496.69922 m-s™!

Refractive index

1.33286 (A = 589.26 nm)

pH 6.9976
pK, 13.995
Surface tension 0.07198 N'm™!

Kinematic viscosity

0.8935-10 ¢ m*s!

Dynamic viscosity 0.8909 mPa-s
Bulk viscosity 2.47 mPa-s
Diffusion coefficient 0.2299 A2ps!

Dipole moment

2.95 D (at 27°C)

Adiabatic compressibility 0.4477 GPa™!
Isothermal compressibility 0.4599 GPa™!
Expansion coefficient 0.000253°C™!
Adiabatic elasticity 2.44 GPa
Joule-Thomson coefficient 0.214 K-MPa™!
Vapor pressure 3.165 kPa

Cryoscopic constant

1.8597 K-kg'mol™!

Ebullioscopic constant

0.5129 K-kg'mol™

Polarizability

1.636:10 % F-m?

Note: Data collected from Chaplin M. Water Structure and Science; 2016. http://www 1 Isbu.ac.uk/water/ (accessed June 29, 2020).
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bubble to increase dramatically. The effective
emission temperature during cavitation in water was
measured to be 4027 + 73°C (4300 + 200 K) [62].
Ultrasound waves move through the solution as
a result of several physical phenomena, such as micro-
turbulence, micro-streaming, micro-jets and sound
(or shock) waves. In this way they enhance the
contact area and mass transfer between both
media through cavitation process [63]. Therefore,
ultrasonic irradiation may improve water purification.
For example, an  ultrasonic-assisted  method
was found to have advantages over shaking in
terms of Pb* extraction from water. The extraction
recovery of Pb* was enhanced by >2%, with
a 7.5-fold shorter extraction time achieved, when
compared to a thermostatic electrical shaker [64].

Kovalenko et al. [65] demonstrated that
sound waves influenced the structural properties
of water using a light-scattering method. It was
shown that infrasonic waves of certain frequencies
(5 and 10 Hz) destroyed clusters of less than
1.6 um considerably. On the other hand, normal
sound and ultrasound waves decreased the
concentration of medium and small clusters with
a radius of less than 0.9 pum and promoted the
formation of extremely large clusters (>3 pm). Thus,
exposure to acoustic waves makes the structure
of water coarse-grained. The increasing intensity
of the affecting wave enhances damaging effects.
As predicted by the authors, the number of
extremely large clusters may also grow. This is
due to the increased probability that the spatial
relationship of clusters of wvarious sizes will
become optimal for the multiple occurrences
of hydrogen bonds between them [65].

When water is exposed to long sound waves
at the operating frequencies of the cavitator, the
distance between clusters exceeds the acceptable
limits at a certain moment. As a result, the
interaction forces diminish and the liquid ‘breaks’.
Later, the broken clusters will form clusters again,
but with a different structure. There are several
possible outcomes for this process:

1) a cluster may dissociate either into several
fragments or into molecules;

2) the initial cluster may transform into another
cluster and completely change its structure and shape
(plane or spatial);

3) the structure of a cluster may be partially
changed, with defects in configuration observed
(for example, only from rigid deformation induced
by the shock-wave front);

4) combinations of water molecules may
appear due to hydrogen bonding with other
molecules of the oxide group, with similar structures
forming, but with a different composition, i.e., they

are composed of the molecules of substances
resulting from the destructive action of cavitation of
solids;

5) water clusters may also be filled with
molecules or fragments of other substances. It can
have either more atomized or more integrated
fragments. Clearly, changes to the shape and
position of clusters can lead to changes in the
properties of water when exposed to sound
waves [66].

Thus, from the physical perspective, ultrasonic
treatment increases the number of large -clusters
in water and the pH level. Intensive exposure to
ultrasound causes cavitation that results in the
formation of various free radicals and a temperature
rise inside a cavitation bubble. This effect may
be used for removing metal ions from water.

Water with changed properties can exert
new effects on biological systems due to the
transformation of its initial structure. Exposure
of water to cavitation has been shown to enhance
the germination capacity of seeds soaked in
the exposed water when compared to untreated
water [66]. Nevertheless, when biological systems
themselves are exposed to ultrasound in an
aqueous medium, this results in DNA damage,
inhibition of enzyme activity, membrane damage,
and cell death. This effect is caused by the
generation of free radicals induced by ultrasound [61].

HEATING/COOLING

The presence of clusters in water can also
be explained by temperature-dependent changes
in its properties. When the temperature of distilled
water and salt solutions rises to 40°C, clusters
of 2 to 40 pum are destroyed, and energy absorption
observed [57]. Water possesses characteristics of
temperature dependence, such as heat capacity, molar
volume, thermal expansion coefficient, isothermal
compressibility coefficient, etc.

The heat capacity of water is relatively large,
since water stores energy in both its van der
Waals and hydrogen bonds. Water has a minimum
volume at a temperature of maximum density, 4°C,
whereas the volumes of simpler liquids increase
monotonically. Cold water has a negative thermal
expansion coefficient between 0 and 4°C; heating
shrinks it. Further heating to 46°C makes water
less compressible; while above 46°C water exhibits
normal liquid behavior, in that as it heats up the
compressibility increases [67].

The lifetime of molecular vibrations in
excitation is expected to decrease with increasing
temperature, while energy and the probability of
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interaction with other molecules also increase.
For example, the lifetime of excited liquid HCI
stretch vibrations decreases from 2.1 ns at —100°C
to 1.0 ns at —25°C [68]. Excited OH-stretch vibrations
in liquid water have a lifetime of 0.26 ps at 25°C,
increasing to 0.32 ps at 85°C [69]. The increase
in lifetime with temperature can be explained by the
effects of the hydrogen bond network. OH-stretch
vibrations usually become weaker through energy
transfer to the overtone of the H-O-H bending mode.

However, water hydrogen bonds are weakened
with increasing temperature, resulting in high-
frequency stretch vibrations and low-frequency

bending vibrations. This increase in temperature gives
rise to a shift of the overtone of the bending mode
beyond the resonance with the stretching mode,
making energy transfer less probable [69].

The solubility of air in water decreases as
temperature increases: water contains less air at
high temperature. For example, at 1 bar at 10°C city
water will hold approximately 2.3% air by volume.
If the water is heated to 91°C at the same pressure
of 1 bar, it can only hold about 0.3% air by volume.'

When water is rapidly heated using a pulsed
infrared laser to temperatures well below boiling
point, the initial expansion is followed by an apparent
contraction and then a re-expansion. The first
expansion phase occurs more slowly than the timescale
for bulk H-bond re-structuring of the water, as
determined from vibrational bands in the Raman
spectra. The second phase of the expansion is
caused by hydrodynamic effects and is accompanied
by morphological changes resulting in light
scattering, as well as droplet spallation [70].

As the temperature decreases, an increase in
viscosity is observed, which is especially noticeable
in supercooled water. The cooperative formation
of an open hydrogen-bonded network is observed
as temperature decreases. This structure is formed
by stronger hydrogen bonding, giving rise to larger
clusters and reducing easy traveling (increased
viscosity) [165].

The effects of heat treatment on the biological
properties of water strongly depend on the object
exposed. Fenkes et al. have discovered that an
upward thermal shift from cold acclimation (8°C)
to 13°C reduces salmonid sperm swimming speed,
while an increased activation temperature also
lowers the proportion of motile cells [71]. The authors
consider such effects to be caused by changes in
the number of thermosensitive ion channels. Many
publications indicate that the soaking of seeds
in hot water at 80-90°C with shaking followed

'"'Watreco. VPT — Vortex Process Technology. URL: https://
www.watreco.com/technology. Accessed August 31, 2021.

by dipping in chilled water results in effective
seed decontamination from Escherichia coli and
Salmonella [72, 73].

However, certain pathogens, such as Legionella
pneumophila and Mycobacteria avium, tend to
be detected at greater frequencies in hot water
systems than in cold water [74]. There is strong
evidence of elevated hydrogen metabolism in hot
water microbes. Hot waters in electric water heaters
can contain as much as three orders of magnitude
more H, than influent cold water due to metal
corrosion [75, 76]. Such elevated H, levels enhance
the growth of hydrogen oxidizing bacteria and
hydrogen metabolism [76]. Moreover, the elevated
proportions of hydrogenase genes, as well as
chaperon genes for the correct folding and
functioning of hydrogenase in Legionella pneumophila
provided strong evidence of stimulated hydrogen
metabolism in hot water.

ELEVATED PRESSURE

In the same way that a high-density crystalline
phase is formed, liquid water also undergoes
significant structural changes at high pressure. The
viscosity, self-diffusion and compressibility of water
contribute to achieving approximately 200 MPa
pressure. At higher temperatures, these changes
are induced at higher pressure values (for example,
at 127°C, a pressure of 600 MPa is required, and at
177°C, changes will be achieved at 1 GPa [77].

Viscosity is one of the properties of water,
the change of which will have a stronger effect
on biological systems. The diffusion velocities of
reactants and products strongly depend on the
medium viscosity which determines the liquid-
phase reaction rate. Water viscosity, which rapidly
increases at low temperatures, in contrast to
expectations does not increase with growing
pressure, as common for other liquids. Water shows
anomalous behavior at 30°C and low pressure:
while the pressure in this case increases, water’s
viscosity unexpectedly decreases, not increases [78].
The weakening of hydrogen bonds caused by the
reduction in intermolecular distance allows freer
displacement of water molecules. The viscosity
decrease appears to be minimal at around 150 MPa,
increasing thereafter to follow the classical behavior
for higher pressures [79].> At sufficiently high

2 Revised Release on the IAPS Formulation 1985
for the Viscosity of Ordinary Water Substance. Erlangen,
Germany: The International Association for the Properties
of Water and Steam; 1997. 15 p. https://doc.modelica.org/
Modelica%?204.0.0/Resources/Documentation/Media/Water/
IF97documentation/visc.pdf. Accecced May 24, 2023.
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pressure (above 200 mPa), water viscosity increases
significantly compared to that at the atmospheric
pressure. The specific volume and heat capacity
of water both decrease monotonously with pressure
as a result of the weakened hydrogen bonds that
are its energy storage.

The dielectric constant increases with pressure.
This, in association with the increase in density,
manifests itself as a reduction in the strength of
electrostatic interactions [80]. Density increases with
pressure [81], while the fundamental tetrahedral
H-bonding pattern is preserved at up to about
1 GPa: the stability limit of liquid water at 27°C
[82]. A study of the densities of trimethylamine
N-oxide aqueous solutions measured at pressures
of 0.1 to 100 MPa demonstrates that the
concentration dependence of densities is minimal
at pressures of 75 MPa and higher. The apparent
molar volumes of trimethylamine N-oxide in
aqueous solution increased as the pressure grew, if
temperature and concentration were not too high.
Considering these thermodynamic criteria, it can
be concluded that such hydrophobic substances
act as structure-forming agents in water [83].

As an explanation for all these effects, there
appears to be an increase in interpenetration of
hydrogen bonded networks at about 200 MPa
(at 17°C). Interpenetration of hydrogen bonded
clusters is preferred over more extreme bending
or breaking of the hydrogen bonds. This structural
arrangement of liquid water at high pressures
corresponds to that detected at neutron scattering
[84], suggesting that the structuring of liquid water
at high pressure is similar to the structure of ice
phases obtained at high pressure [85].

Study of the high-pressure effects on the
properties of solutions are essential in understanding
the functioning of microorganisms living in the ocean
under pressures of up to 100 MPa. Such pressure
can affect the structure and density of aqueous
solutions of osmolytes that influence the osmotic
pressure inside organisms and the stability of their
enzymes [81].

BUBBLE GENERATION AND BUBBLING

Micro- and nanobubbles (MNBs) have been a
subject of intensive research over the past decade.

Gas particles exist with sizes ranging about
several hundreds of nanometers and with number
volume density in the range of approximately from
1 to5 (up to 12) 106 cm™ [86]. The characteristics
of MNBs include the increased solubility of
gases in liquids, reduced friction, either negative or
positive zeta potentials and the generation of free

radicals [87-89]. Some authors indicate an abrupt
increase in the electrical conductivity of MNB
water [90], while others provide evidence of reduced
conductivity compared to purified water [91]. It is
evident that air bubbles in water cannot be viewed
as neutral and that ions are closely involved in
the generation mechanism of these bubbles, thus
influencing the properties of a solution. Furthermore,
the selective adsorption of dissolved anions at
nanobubble (NB) interface contributes to their
stabilization [86]. The pH value of the solution
may be observed to either increase or decrease,
which also supports this hypothesis [92]. Electric
fields emerging around bubbles due to their
polarization affect one another. Based on NMR
results, the number of NBs is positively correlated
with the relaxation time, T2, of the water. The
increase in T2 with the generation of NBs indicates
that the mobility of the water molecules
increases [93].

In addition, ultra-fine hydrogen-bubbled water
has been shown to obtain properties different from
those of reductive hydrogen water and tap water. The
authors proved that the pH and oxidation-reduction
potential were changed by 0.6 and almost 1000 mV,
respectively, when compared to tap water [94]. It was
also found that, as in the case of shaking, reactive
oxygen species (ROS) are produced by NB water.
The fluorescent response to ROS was found to be
maintained within 2 days, and the number of ROS
has a positive correlation with the NB number
density in the water [95]. The positive and negative
biological effects of NBs depend on the size
of the organism and its susceptibility to ROS,
NB size and amounts, temperature, flow rate
and nature of the liquid. NBs have been reported
to produce negative effects on Dbacteria and
positive effects on yeast [96].

Recently, there has been considerable focus
on the application of MNB technology in biological
processes. Water containing MNBs has been reported
to accelerate the growth of plants and shellfish,
and has also been used in the aerobic cultivation
of yeast [97]. Ebina et al. showed that oxygen-NB
water promoted the growth of plants, fish, and
mice [98]. Kurata et al., who applied oxygen micro-
bubbles in an osteoblast cell-culture system, reported
greater alkaline phosphatase activity, related to
increased osteoblastic cell activity [99]. Park et al.
found that the fresh weights of micro-bubble treated
lettuces were 2.1 times greater than those of the
macro-bubble treated lettuces, when grown under
the same conditions [100]. Ushikubo et al. showed
that when barley coleoptile cells were floated in
water after the generation of oxygen MNB:s,
cytoplasmic streaming rates inside the cells were
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accelerated [101]. Moreover, NBs may provide a
transport mechanism for gas delivery to a membrane
or cell and thus alter the cell function [102, 103].
Liu et al. also demonstrated that the germination
rates of barley seeds dipped in water containing
MNBs were 15-25% greater than those of the
seed dipped in distilled water. Tap water containing
NBs reduces bacterial diversities and decreases
the deposition of mineral precipitation [104].
The germination rates of seeds dipped in water
containing NBs are 15-25% higher and are
characterized by greater spin-lattice relaxation
times and spin-spin relaxation times measured by the
NMR method [93].

VORTEXING, SHAKING, AND INTENSIVE
VIBRATION TREATMENT FOLLOWED
BY DILUTION STEP

One of the most common mechanical effects
on water is vigorous shaking. This technology
implies using a vortex mixer, magnetic stirrer and
other similar devices, as well as ordinary shaking.
It has been shown that the vortex-processed water
has a higher electrical conductivity than non-
treated water (2.8-2.9 dS/m vs 2.5 dS/m), as well as
reduced viscosity (by 3-17%, depending on water
quality) and increased heat capacity (by 3%).}
Mechanically  treated aqueous  solutions also
produce biological effects. A study examining the
effects of vortex-processed water further used on
tomato plants demonstrated that the stem height
and width of the plants were significantly greater,
regardless of their culture. Both higher -electrical
conductivity and higher availability of nutrients
in the vortex-processed water might have given the
tomato plants a slight advantage [105].

Some simple organisms are sensitive to
mechanically treated water. Dinoflagellates enhance
their bioluminescence in response to a medium
(seawater with salts) exposed to shaking. This effect
is observed in 10 min after mechanical exposure
[106]. RNS60, a physiologic saline solution
containing oxygen NBs, generated by subjecting
normal saline to Taylor—Couette—Poiseuille (TCP)
flow under elevated oxygen pressure, has been
shown to inhibit the expression of proinflammatory
molecules in glial cells via phosphatidylinositol-3-
kinase (PI3K)-mediated upregulation of IxBo.
Thus, RNS60 treatment decreases the activation of
astrocytes and microglia and reduces neuronal a
poptosis in the brain of mice after traumatic brain

3 Watreco. VPT — Vortex Process Technology. URL: https://
www.watreco.com/technology. Accessed August 31, 2021.

injury [107]. RNS60 solution also exhibits
immunomodulatory  effects  [108].  Long-lived
luminescence in the blue region was found to occur
in deionized water saturated with atmospheric
gases following mechanical shaking.

Effects of intensive vibration treatment combined
with serial dilution steps on the properties of
solutions have been studied to a much greater extent.
This technology is often used to prepare ultra-
dilutions or high dilutions (UHDs) which refer
to extremely low molarity (frequently above the
number of Avogadro) preparations of biologically
active substances [109]. Due to a combination of
various physical influences (like pressure, temperature,
NB formation, etc.), this technology should,
therefore, be considered a complex physical process
that changes the properties of water [3, 110-112].

The properties of UHDs prepared using this
technology (for example, electrical conductivity,
dissolved gas concentration, ultrasonic = wave

velocity, pH, surface tension, dielectric constant, and
spectral response) are quite different from those
of the initial substance solution and the solvent
(water), and can be explained by the formation
of nanoassociates [111-119]. Another example of
anomalous properties of such an UHD is the fact
that oxygen molecules in aqueous solutions
subjected to external physical action transition
from the triplet to the singlet state. This may indicate
the possibility of overcoming or bypassing the
quantum exclusion principle [3, 120]. Furthermore,
for dilutions saturated with NBs generated by
turbulent flow mixing, it has been shown that the H,0,
concentration in the solution increases with each
successive dilution step. This suggests that the
generation of free radicals may also alter the
concentration of hydrogen peroxide obtained from
water molecules, while atmospheric  oxygen
increases in the process of vigorous shaking [4].
The ROS generation rate has been found to increase
exponentially with an increase in the frequency of
mechanical action. The major pathways for hydrogen
peroxide generation are probably associated with
the formation of singlet oxygen and its further
reduction. The alternative pathway is the formation
of hydrogen peroxide as a result of hydroxyl radical
recombination [121]. The pH of water tends to
increase immediately after mechanical exposure.
The droplet evaporation method shows that
succussion of pharmaceutical preparations obtained
as described (compared to gently mixed samples)
induces the formation of structures characterized
by a greater disorder (parameter entropy), increased
gaps between the structure elements (parameter
lacunarity), and smaller complexity (parameter
local connected fractal dimension) [122]. According
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to the literature, the addition of substances in
ultra-low concentrations leads to a change in the
structure of water, i.e., to a change in its hydrogen
bonds [123-125]. It has been demonstrated that
near-ultraviolet scattering spectra of water change
significantly following intensive vibration treatment
combined with serial dilution step, with the changes
persisting for several hours after exposure [126].
Subsonic-frequency mechanical oscillations have
been shown to increase the redox potential of
water, which is also maintained for a considerable
period of time [127].

There is also data to indicate that molecules
of the original substance are preserved in UHDs
[4, 118, 128, 129], while common vigorous shaking
(using a vortex mixer or similar devices) removes
bubbles from the solution, including those with
adsorbed  impurities.  Multiple  serial  dilutions
preserve the molecules of the initial substance. These
may become nucleation sites for forming stable
[130-133] NB structures generated during the
vigorous mechanical process (like preparation
of UHDs) and highly-organized water around them
[134]. The possibility of the presence of initial
substance molecules, even in the high dilutions,
can also be explained by the froth flotation. This
does not mean, however, that these residual
molecules are responsible for the high dilution
unique properties [2, 4, 10, 118, 129, 135, 136]. The
spontaneously formed nanoassociates may represent
the carrier of activity that determines the special

physical, chemical, and biological properties
of UHDs [113, 119].
Long-lived nano and micro entities of an

unknown nature are also detected experimentally
in UHD substances [118, 134, 137-139]. The
stability of these clusters may be achieved via the
presence of deuterium [123, 140] in water, residual
amounts of the initial substance [118, 129], or
impurities (ions, silicates) released from the surfaces
of the containers used for serial dilutions combined
with intensive vibration treatment [141]. It has
been shown experimentally that nanosilica can
self-assemble into trimeric structures [142—147].
Adsorption of ions (from glass or water) or
hydrophobic molecules on the surface of heterophase
elements makes them more stable. The longevity
of NBs and its correlation with the material of the
bottle may be associated with the negative charge
of the NBs. The glass surface becomes negatively
charged due to silica hydrolysis and SiOH
dissociation into SiO~ and H*. Therefore, the charged
NBs support the stabilizing electrical interaction [148, 149].

Individual density inhomogeneities are believed
to be organized into giant heterostructures, the
topology of which depends on the primer, i.e., the

residual initial substance [140]. These nanostructures
can be maintained through the dilution process
due to their drive for hydrophobic surfaces (a plastic
pipette tip) or electrostatic interactions, in a case
with a glass pipette/glass chip or a glass container
surrounded by an electric field, forming new clusters
in each dilution [150].

It may be concluded that a serial dilution
process combined with intensive vibration treatment
is a good technique for producing stabilized water
structures in water solutions. The special biological
properties of aqueous solutions exposed to the serial
dilution process combined with intensive vibration
treatment are also determined by the specificity of
the initial substance. They offer new opportunities
for treating various diseases, as has been demonstrated
in a number of studies [151-159]. This also can be
useful in the technology where the treatment of
piezoelectric ceramics by the corresponding UHDs
during the hot pressing caused changes to the
physical features of the resultant ceramic samples
[160]. Thus, in spite of high-temperature processing,
the activity of UHDs is retained. Serial dilutions of
a solvent containing no initial substance (control)
followed by intensive vibration treatment also result
in the formation of nanostructures different from
those in water. However, their properties (activity)
will lack specificity [161].

Agricultural studies have demonstrated that
adding extremely diluted substances results in
increased  chlorophyll  production,  significantly
changes the amino acid profile and amino acid
production as well as photosynthesis, germination
rates and metabolism. The ability of highly
diluted formaldehyde to affect the rate of
demethylation/re-methylation of veratric acid by
the Rhodococcus erythropolis bacteria was shown
using electrophoretic and microscopic techniques
[162]. Also, the germination rates of wheat seeds
treated with UHDs increase significantly when the
number of strokes is increased during the dilution
process [163, 164]. All of these (and many other)
physicochemical reactions, as well as effects on
living systems exposed to the water and aqueous
solutions obtained during the intensive vibration
treatment and dilution process, stress the importance
of this approach in many disciplines.

CONCLUSIONS

This review shows that physical treatment of
water can induce changes both in physicochemical
and biological properties of water and aqueous
solutions. Many of the properties listed in the
table may change in response to certain exposure.
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As the structure of water is responsible for its
properties, most types of exposure are directed
at the clustering of water molecules (formation,
destruction, and association), changing intermolecular
distance and the nature of hydrogen bonding,
as well as the formation and collapsing of bubbles.

These structural modifications may change the
main properties of water, such as: heat capacity;
molar  volume; thermal expansion coefficient;
isothermal compressibility coefficient; air solubility in
water; water expansion with increasing temperature;
and viscosity with decreasing temperature. It has
been experimentally demonstrated that heating makes
water less compressible and decreases air solubility
in water, and cooling enhances its viscosity, while
changes in the molar volume and expansion rate
have a non-monotonic nature.

Acoustic exposure also results in significant
changes. This type of exposure makes the structure
of water coarse-grained, i.e., it increases the number
of large clusters, increases pH and temperature inside
a cavitation bubble and leads to the formation of
various free radicals.

High pressure enhances the physical properties
of water such as viscosity, self-diffusion, and
compressibility. Water viscosity increases considerably
at quite high pressure. However, water shows
anomalous behavior at 30°C. Water viscosity decreases
with increasing pressure and can drop to 150 MPa,
increasing thereafter to follow the classical behavior.
It has also been shown that the specific volume and
heat capacity of water both decrease monotonously
with increasing pressure, while dielectric constant
and density tend to increase.

Some researchers indicate an abrupt increase
in the electrical conductivity of micro-nano bubbled
water, whereas others report reduced conductivity
when compared to purified water. It has been proved
that the pH and oxidation-reduction potential are
changed by 0.6 and 1000 mV, respectively, when
compared to the initial water. For NB processed
water, there are changes in the spin-spin and spin-
lattice relaxation times, ROS are formed as well as the
increased solubility of gases in liquids and reduced
friction are observed.

Vortex process technology results in the
increased electrical conductivity of water and
reduced viscosity as undissolved gases are removed.
However, there is an increase by 3% in electrical
conductivity after vortex process technology treatment.
Intensive vibration treatment and dilution processes
also exert pronounced effects on water. When treated
by this method, water can change some of its
characteristics, such as: electrical conductivity;
dissolved gas concentration; ultrasonic wave velocity;
pH, surface tension; dielectric constant; and spectral

response. The vigorous mixing of the solution results
in the increased generation rate of ROS with an increase
in the frequency of mechanical action, increased
pH, altered near-ultraviolet scattering spectra of the
water, as well as enhanced oxidation-reduction
potential. Nanoassociates formation is one of the
possible explanations of this phenomena.

With regard to the effects on living systems,
treatment of water using various methods, such as
ultrasonic exposure, bubble generation, intensive
vibration treatment, or vigorous mixing, including
that with serial dilution process, changes the
biological properties of water. Many authors report
improvement in the growth and development of
organisms and plants soaked in the processed
water. Water exposed to various types of mechanical
stress produces positive effects on the germination
rates of seeds, plant weight and stem width, and
the growth of fish and mice. From the practical point
of view one of the most important abilities of
mechanically-treated dilutions is the ability to
exert influence on the initial substance. This is
useful for improving the material features, and for
medicines with the physical mechanism of action
affecting the target molecules. Most data on the
biological effects of processed aqueous solutions
were experimentally obtained for solutions exposed
to mixing combined with serial dilution steps. Other
test factors have been barely studied, so further
investigations are required to develop this topic.
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Abstract

Objectives. To determine the physical and chemical properties (bulk density, ash content, total
pore volume, abrasion, humidity, sorption capacity) of sorbent based on ash-and-slag waste
Jfrom heat power engineering, calcined and modified with a Tiprom K organosilicon water repellent.
Methods. The physicochemical properties of the modified sorbent were determined using
an experimental method according to the methods of regulatory documents on equipment
verified and certified in the prescribed manner.

Results. Ash and slag taken from the ash dump of the Novocherkasskaya GRES power station
were dried, then calcined at a temperature of 600°C for 30 min and modified with a Silor
hydrophobizing silicon-containing liquid (HSL). The modifier/ash ratios (by weight) were 1:20,
1:10, 1:5, 1:3, and 1:2. The optimal ratio was 1:5 at a sorption capacity with respect to hexane
of 0.86 g/ g. The modification temperature was optimized in the temperature range of 110-200°C.
The optimal approach it to dry samples at 160°C to constant weight. At a temperature of 200°C,
sintering of the material was observed. The analysis of HSL modifiers was carried out in terms
of the price/ sorption properties ratio. The following were considered as HSL: Silor, HSL-11BSP,
HSL 136-157M, PROFILUX, Tiprom K, Tiprom U. The optimal modifier Tiprom K was selected.
The physicochemical properties of the modified sorbent obtained at a ratio of 1:5 (by weight)
and dried at 160°C were experimentally determined. The sorption properties were studied on
the water surface with respect to various oil products: fuel oil, kerosene, AI-92 gasoline, nefras,
oil sludge, and n-hexane. The smallest sorption capacity was obtained with respect to n-hexane,
amounting to 0.86 g/g. During the experiment, it was found that half of the sorption capacity
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was filled with oil in the first minutes of contact. Complete sorption time was 30-40 min for
relatively light hydrocarbons (n-hexane, AI-92 gasoline, kerosene, nefras), 40-60 min for oil
sludge, and more than 60 min for fuel oil. Experiments established that the sorption process
does not depend on the matrix (salinity) of water. A visual assessment of the color intensity
of the residual spot of oil sludge allowed a conclusion to be made about a significant content
of oil products in the case of sorption of oil sludge by quartz sand based on the residual yellow
layer of oil sludge. In the case of sorption of oil sludge by calcined and modified sorbents, the
residual oil products were insignificant. A comparative analysis of data on the effectiveness
of the developed sorbent and currently available analogues based on sludge and slag is
presented.

Conclusions. The next physicochemical properties of the sorbent modified with HSL Tiprom K
were determined: bulk density was 0.621 g/mL, ash content was 97.1%, total pore volume
by water was less than 0.05 mL/g, attrition was 8.8%, humidity was less than 0.5%; sorption
capacity, in g/ g: for n-hexane, 0.86; for AI-92 gasoline, 0.89; for nefras, 0.93; for kerosene, 0.99;
for oil sludge, 1.18; for fuel oil, 1.46. The efficiency of cleaning a solid surface from oil sludge
with a calcined sorbent was 97%, and with a modified sorbent 95%. The modified sorbent
has high buoyancy when saturated with oil products and the ability to retain them for
a long time.

Keywords: sorbent, ash-and-slag waste, thermal power engineering, oil products, water-
repellent silicon-containing liquids

For citation: Bushumov S.A., Korotkova T.G. Environmentally safe sorbent from ash-and-slag waste of heat
power engineering. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2023;18(5):446—460. https://doi.org/10.32362/2410-6593-2023-
18-5-446-460

HAYYHAS CTATbA

IKOJIOTHUYECKH 0€30MACHBIN COPOEHT
U3 30JI0LJIAKOBBIX OTX0/I0B TEIJIOIHEPreTUKHI
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“Aemop ons nepenucku, e-mail: korotkoval 964@mail.ru

AHHOMaAyuUst

Ifenu. Onpedenerue QUIUKO-XUMUUECKUX C80UCM8 (HACLINHOU NJIOMHOCMU, 30JbHOCMU,
CYMMAPHO20 06bema nop, UCMUPAEeMOCMU, BIAAHOCMU, COPOUUOHHOU emikocmu) copbeHma
HQ OCHO8€E 30JI0ULLAKO8bIX 0MX0008 MEenlo9HeP2EMUKU, NPOKAEeHHO020 U MOOUDUUUPOBAHHO20
KpemHutiopeaHuueckum auopogpobuzamopom Tunpom K.

MemoOust. Dusuko-xumuueckue ceolicmaed MOOUPUUUPOBAHHO20 copbeHma onpedeneHbl
9KCNepUMEeHMANbHbIM MEMOOOM NO MEMOOUKAM HOPMAMUBHBLX O0KYMEHMO8 HA 060pYy008aHUU,
nogepeHHOM U ammeCmo8aHHOM 8 YCMAHOB8LeHHOM nopsioke.

Pesynemamet. 3osi0wnakx, omobparHslll Ha 3on0omeane Hoeouepkacckoii 'POC, ebicyuieH,
npokaneH npu memnepamype 600°C 8 meueHue 30 MUH U MOOUPUUUPOBAH 2UOPOPobUIUPY-
towell KpemHuticooeprkauieli xuoxkocmoto (I'KXK) mapku Cunop. HcenedogaHsbl cOOMHOUEHUS
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Mmoougpurxarm/3ona (no macce) 1:20, 1:10, 1:5, 1:3, 1:2. OnmumaibHbM NPUHSMO COOMHOULE-
Hue 1:5 npu copbyuuUoHHOU emKocmu no omHouleHur K H-zexcary 0.86 2/2. IIposedena onmu-
Mmusayusi memnepamypsl moougukayuu 8 uxrmepsane memnepamyp 110-200°C. Haubosnee
ONMUMANbHbIM slesislemcst 8blcyuiuearue obpasyoe npu 160°C 0o nocmositHHol maccel. Ilpu
memnepamype 200°C Habnooanocb chekaHue mamepuana. Beinonnen ananuz moougpuxamo-
poe I'KXK no coomHoweHuio yeHa/copbyuoHHble ceolicmea. B rkauecmee I'KXK paccmompernl
mapru: Cunop, 'KXK-11BCII, 'KXX 136-157M, PROFILUX, Tunpom K, Tunpom Y. Belbpar onmu-
ManbHbLil moduguramop mapku Tunpom K. DkcnepumeHmanbHO onpedesieHbl husuKo-xumuue-
cKue ceolicmea MOOUPUUUPOBAHHO20 copbeHma, NoaYueHHo20 npu coomHoweHuu 1:5 (no macce)
u evlcywerHozo npu 160°C. HsyueHbl e20 copbUUOHHbLE ceolicmea HA 600HOU nosepxHocmu
Nno OMHOWEHUI K PA3NUUHbIM Hehmenpooykmam: masymy, KepocuHy, beHsuHy mapku AH-92,
Hedppacy, Hedhmeulnamy u H-2eKcaHy. HaumeHbwias COpOUUOHHAS. eMKOCMb NOSYUEHA NO OMHOWEHUIO
K H-2ekcary, komopast cocmagusa 0.86 2/ 2. B xo0e sKkcnepumeHma YcmaHo81eHO, Umo nos08UHA
8e/TUUUHbBL COPOUUOHHOU emMKocmu 3anosHeHa HegpmenpooyKkmom 8 nepeble MUHYmMbl KOHMAaKmad.
Bpewmsi noaHoti copbyuu cocmasuno 30-40 MUH Ot OMHOCUMENbHO JleeKUX Y2/1e8000p0008
(H-2excaH, 6eH3uHr AH-92, kepocuH, Hegpac), 40-60 mur onsi Hepmewnama u 6osree 60 MmuH
onst masyma. SKCNepuUMeHmaIbHO 8blI8eHO, MO NPOouect copoyul He 3asucum om Mampuybsbl
(conerocmu) 8o0bl. IIpu 8U3YyanbHOU OUeHKe NO UHMEHCUBHOCMU OKPACKU OCMAMOUHO020 NSIMHA
Hejpmewnama coenaH 6bleo0 O 3HAUUMENALHOM COOepIKaAHUU Hegmenpooykmos 8 cayuae
copbyuu Hegpmewnama Keapuesoim NecKkom HA OCHO8E OCMAMOUH020 JKesimozo Closi Hegpme-
wanama. B eryuae copbyuu Hegpmewnama npokaneHHbM U MOOUPUUUPOSAHHBbIM copbeHmamu
ocmamouHble HeghmenpooyKkmul HesHauumenbHsl. IIpugedeH cpagHUMenbHbll aAHANU3 OAHHBLX
no agpcpexmusHocmu paspabomaHHo20 copbeHma U UMEUUXCS 8 HACMOosiuiee 8pemst AHA10208
HA OCHOB8E WILAMO8 U WLAKOS.

Boreodst. Onpedesnervl pusurxo-xumuueckue ceoticmea copberma, mooudgpuyuposarHozo I'KXK
Tunpom K: HacvinHasi naomHocme 0.621 2/cem?®, 3oneHocme 97.1%, cymmapHblil obvbem nop
no eode meree 0.05 cm’/e, ucmupaemocmo 8.8%, enarkHocmo meHee 0.5%; copOUUOHHAS
emrocms, 8 2/ 2: no H-2excaHy 0.86, no 6ersuny AH-92 0.89, no Hegppacy 0.93, no kepocury 0.99,
no Hegpmewnamy 1.18, no masymy 1.46. SgpgpexmueHocms ouucmrKu meepooil nogepxHocmu
om Hegmewiama NpPoKaieHHbim copbermom cocmasuna 97%, a moouguyuposaHHvim — 95%.
MooudgpuyuposaHrHslii copbeHm obradaem 6blcOKOU Nnaagyuecmvro Npu HACbLUWEHUU Hegme-
npooyKkmamu U cnocobHOCMbIO0 UX OAUMENbHO20 YOEPIKAHUSL.

Knroueevle cnoea: copbeHm, 3010ULIAKO8blE 0MX00bl, MenodHepeemuKa, HegmenpooyiKmod,
2udpogobusupyrousue KpemHuticooeprkauiie RXUoKocmu

Jna  yumuposanua: bymymoB C.A., KoporkoBa T.I. DOkxonormuecku Oe30macHbli COpOEHT M3  30JI0NUIAKOBBIX
OTXOJI0B TEIJIOOHEPreTHKH. Toukue xumudeckue mexnonozuu. 2023;18(5):446—460. https://doi.org/10.32362/2410-6593-2023-

18-5-446-460

INTRODUCTION

Ash and slag (ash residue) is formed by mixing
water with captured fly ash and solid slag waste
generated by the combustion of coal in the furnaces
of power plants. It is sent for storage in the form of
a pulp outside the territory of the thermal power
station (TPS) to an ash dump, also called a hydroash
dump.

Currently, the quantity of accumulated ash-
and-slag waste (ASW) amounts to billions of tons.
The area occupied by them is thousands of hectares

of land. Seepage into the soil and dusting of ASWs
have a negative impact on the environment and
the health of people living in urban areas near
TPSs, combined heat and power stations (TETS in
Russian abbreviation), and state district power stations
(GRES in Russian abbreviation) [1, 2]. Recycling of
ASWs in Russia is no more than 8% [1].

This waste is cheap, accessible, non-explosive
and non-flammable.

The review [2] analyzed research by scientists
on the impact of ASWs on the environment. The
results of the analysis are summarized in a table which
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shows that the storage of ash waste leads to dust
from the surface of the ash dump, migration of
pollutants along the soil profile and alienation of
the territory. The first two factors contribute to the
deposition of pollutants on the surface, pollution of
atmospheric air, surface, ground and underground
waters. Data from the literature regarding the content
of isotopes in the ash of thermal power plants enabled
a conclusion to be made about the danger to public
health and the threat to flora and fauna due to the
leaching of radionuclides and heavy metals into the
soil and groundwater. The following areas for
processing and disposal of ASWs were identified: use
in agriculture; extraction of metals; rare and valuable
components; firefighting; alumina production; as
well as wastewater treatment and isolation of various
wastes. The analysis of the chemical composition
of the ashes of the Khabarovskaya TETS-3
power station showed that the waste is classified as a
technogenic mineral raw material which accumulates
over time.

Many research and review works have been
devoted to the areas of recycling of ASWs [3-6].
In [3], the composition of ASWs of the Kazanskaya TETS-2
power station was studied. It can be concluded
that the main promising areas for the utilization of
ASWs, in addition to the construction industry, can
be the extraction of titanium from them, the synthesis
of zeolites from the aluminosilicate components of
ash and slag. In order to maximize the level of ASW
recycling, it is recommended that the ASW removal
system be switched to the dry method [4]. In order
to reduce the negative impact of ASWs on the
environment and involve them in economic turnover,
the issue of regulating this problem is proposed
to be returned to the legislative level [6].

ASWs from the combustion of coal from TPS
is generally considered to be non-hazardous to the
environment. In [7] the chemical composition of the
ASWs of the Khabarovskaya TETS-3 is given. Based
on the calculation method and the phytotesting
method, the waste is classified as hazard class V.

Our quantitative chemical [8] and toxicological
(biotesting) analyzes of the ashes of the
Novocherkasskaya GRES power station showed
that the dry ash-and-slag mixture collected by an
electric precipitator, cyclone and bag filter belongs to
hazard class IV [9], while the ash-and-slag mixture
accumulated at the ash dump according to the
hydraulic ash removal scheme, belongs to hazard
class V[10].

Every year, the pollution of water bodies with
oil products (OPs) increases as a result of the
discharge of partially treated or untreated wastewater
into them. This in the future may lead to an
environmental disaster. Research by scientists confirms

the presence of adsorption properties of ASWs. The
paper [11] proposes the use of waste water from an
energy generating enterprise (Russia) as a sorbent
(filter media) to clean the drainage of a storm
drainage system. The characteristics of the proposed
ash-and-slag sorbent (Russia) are given. A device for
drainage of storm and snowmelt runoff, including
a filter media, has been developed. It is recommended
that purified water be used for household needs
(irrigation, construction activities, etc.) in order to
save drinking water.

In [12], the authors used fly ash from coal-fired
power plants (India) as a sorbent for the treatment
of domestic wastewater. Waste water was purified
after preliminary settling for 24 h to precipitate
coarse  mechanical  impurities. =~ Wash  water
samples were placed in flasks with a capacity of
250 mL, a weighed portion of the adsorbent was
added and kept in a thermostat with a shaker at a
temperature of 25°C for 7 h. No significant adsorption
was observed. Next, the effect of ash/wastewater
ratio on the removal efficiency of pH, surfactants,
and suspended solids was studied. As a result, it was
proposed that the sorbent be used for the treatment
of household wastewater at a dosage of 40 g of
sorbent per 1 L of treated water for 6 h.

In [13], the ash and slag of the Taichung Power
Plant (Taiwan) was studied from the point of
view of its use as a sorbent for the purification of
synthetic (model) wastewater. Based on chemical
oxygen demand (COD), it was found that model
wastewater contains copper in a quantity from 10 to
40 mg/L and potassium hydrophthalate in a quantity
from 250 to 1000 mg/L. Wastewater (leachate) from
the Taichung City landfill with known contents of
ammonium nitrogen, total nitrogen, iron, phosphates,
zinc, and manganese was also tested. Sorption
conditions were optimized, such as solution pH,
temperature, sorbent dosage (sorbent/purified water
ratio). When using ash and slag as a sorbent, the
purification efficiency for COD was 47.0%, for
ammonium nitrogen, 39.4%; for total nitrogen, 31.1%;
for zinc, 82.2%; for manganese, 94.3%; for iron, 96.5%;
for phosphates, 92.9%.

Indian scientists have conducted studies on the
treatment of wastewater with fly ash from phosphates and
fluorides [14], suspended solids, COD and biochemical
oxygen demand (BOD) [15], heavy metals and organic
substances [16].

Wastewater with a volume of 1.0 L was filtered
through a layer of sorbent (dynamic sorption) 10 cm
thick. The free filtration process took about 1.3 h.
As a result, the degree of purification of the
wastewater sample in terms of suspended solids
was 69.02%, in terms of BOD—71.48% and in
terms of COD—66.59% [15].
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In [16], fly ash was used as a sorbent, in order
to purify wastewater from a number of heavy
metals: nickel, zinc, lead, iron, manganese, and
aluminum. The purification efficiency of the
wastewater sample was more than 80% for all
metals except manganese. Its cleaning efficiency
was in the range of 70-80%.

In [17], fly ash was used as a sorbent to
purify water from 2,4-dimethyl phenol. The sorption
properties of the material were studied in model
aqueous solutions containing 2,4-dimethylphenol,
depending on the temperature of the solutions, the
dose of the sorbent, and the initial content of
2,4-dimethylphenol.  The authors managed to
achieve a degree of extraction of 2,4-dimethylphenol
from an aqueous solution at a level of about 90%.
In addition, a method was proposed for regenerating
the sorbent with a 2% aqueous solution of hydrogen
peroxide.

In [18], fly ash was used as a sorbent for the
removal of 2-chlorophenol (2-CP) and 2,4-dichlorophenol
(2,4-DCP) from aqueous solutions. The effect
of pH solution on the removal process was
studied (the pH value is lower than the pK value
of 2-CP and 2,4-DCP). An experimental setup was
assembled with a filter filled in layers from the
edges with quartz sand and in the middle layer
with fly ash. Sorption was mobile in nature
of the solution being purified (dynamic sorption).
The sorption capacity of fly ash reached its maximum
stable value already at a passing time of about
60 min and was about 2.0 g/g and 1.3 g/g for
2,4-DCP and 2-CP, respectively. The mutual influence
of 2,4-DCP and 2-CP on the sorption process
was studied.

This paper presents the results of studies of an
environmentally friendly sorbent based on ASW
thermal power engineering, calcined and modified
with the Tiprom K organosilicon water-repellent
agent. It has a high buoyancy when saturated
with OPs and the ability to retain them for a long
time. The modified sorbent was studied on model
mixtures containing fuel oil, kerosene, AI-92 gasoline,
nefras, oil sludge and n-hexane and is intended
for cleaning wastewater from free-floating and
emulsified petroleum products. The sorption of oil
sludge on a water surface was carried out under
laboratory conditions. A real sample of sea water
(the Black Sea) was studied as a water body.

METHODS

The  physicochemical  properties of  the
modified sorbent are determined according to
Russian regulatory documents: bulk density according

to GOST R 51641-2000', ash content according
to PND F 16.2.2:2.3:3.32-02%, total pore volume
according to GOST 17219-713, abrasion strength
according to GOST R 51641-2000, mass concentration
of OPs according to PND F 14.1:2:4.5-95% humidity
according to GOST 5180-2015°. The sorption
capacity of the modified sorbent in relation to OPs
was determined experimentally, as described in this
article.

To calcinate the samples, a LM-312.11
laboratory electric furnace (VEB ELEKTRO BAD
FRANKENHAU-ZEN, 1990, German Democratic
Republic) was used, maintaining a temperature
range from +50 to +1200°C. The study of the OP
content in the samples was carried out using
a KN-3 concentration meter (SIBEK-OPRIBOR, 2018,
Russia). To dry reagents and samples and prepare
laboratory glassware, a drying cabinet of the LOIP
LF-60/350-GG1 series (Laboratornoe Oborudovanie
i Pribory, 2012, Russia) was used, maintaining a
temperature range from +50 to +350°C. To weigh
the samples, Adventurer electronic laboratory scales
of AR214 modification (OHAUS Europe, 2004,
Switzerland) were used. Extraction of solutions
was carried out on an ES-8000 rotary extraction
unit (Ekokhim, 2015, Russia), extraction of solid
samples was conducted on a universal laboratory
shaker of WU-4 type (PREMED, 1985, Poland).
Abrasion tests of materials were carried out using a
KP-131 set of sieves (Meridian, 2015, Russia) with
a lid and tray. All measuring instruments are
included in the Russian State Registry of Measuring
Instruments® and verified in accordance with the
procedure established by the Ilegislation of the
Russian Federation. When conducting laboratory

I GOST R 51641-2000. State Standard of the Russian
Federation. Filtering granular materials. General specifications.
Moscow: Gosstandart Rossii; 2000.

2 PND F 16.2.2:2.3:3.32-02. Measurement procedure
of the content of dry and calcined residue in solid and
liquid waste of production and consumption, sediments,
sludge, activated sludge, bottom sediments by gravimetric
method. Moscow: NTF “Khromos™; 2002 (publ. 2017).

3 GOST 17219-71. State Standard of the USSR.
Active carbons. Method for determination of summary pore
volume by the moisture capacity test. Moscow: Ordena
“Znak Pochyota” Izdatelstvo stantartov; republication
October 1987.

* PND F 14.1:2:4.5-95. Quantitative chemical analysis
of waters. Method of measuring the mass concentration
of petroleum products in drinking, surface and wastewater
by IR spectrometry. Moscow: FTSAO; 1995 (publ. 2011).

5 GOST 5180-2015. Interstate Standard. Soils. Methods
of laboratory determination of physical characteristics.
Moscow: Standartinform; 2015.

¢ https:/fgis.gost.ru/fundmetrology/registry. ~ Accessed
October 03, 2022.
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studies, volumetric glassware was used: cylinders,
burettes, volumetric flasks, and pipettes in accordance
with GOST 29228-917.

RESULTS AND DISCUSSION

The object of the study is ASW taken from the 3rd
section of the ash dump of the Novocherkasskaya GRES
power station (Novocherkassk, Rostov oblast), which
is a liquid-solid mass. A sample of ASW was
homogenized and placed in a drying oven, where
it was kept at 110°C for 30 min to remove free
moisture. The dried ASW had a lumpy shape. As
a result of calcination in a muffle furnace at 600°C
and holding at this temperature for 30 min, a loose
crumbly material was obtained, called calcined
sorbent, the physicochemical properties of which
were determined by us in [19] and amounted to: bulk
density was 0.666 g/mL; ash content, 99.5%; total
pore volume, 0.506 mL/g; abrasion, 8.5%; humidity,
less than 1%. According to the results of granulometric
analysis, 95.2% of the mass of the calcined sorbent
falls in the fraction from 0.25 to 0.5 mm.

In order to impart buoyancy when saturated
with OPs and ability to retain them for a long time on
the water surface, the calcined sorbent is modified
with an organosilicon water repellent (hydrophobizing
silicon-containing liquid, HSL) and is called a
modified sorbent.

At the first stage of research, the optimal mass
ratio of HSL and prepared calcined sorbent was
determined. Five samples were prepared based on
Silor/ASW HSL in mass ratios of 1:20, 1:10, 1:5,
1:3, and 1:2. The samples were left open for a day
at room temperature until completely dry. Next,
the samples were ground in an agate mortar to break
up the lumps formed during the process of wetting
the ASW by HSL, and the sorption properties
of the resulting samples with respect to n-hexane
were studied.

Distilled water of 1.0 L was placed in an
open cylindrical glass container with a capacity of
about 3 L. An aliquot of 2.00 mL was placed into
the same container using a microdispenser and, in
a separate experiment, 4.00 mL of chemically pure
(99.9% purity) n-hexane (density at 20°C is 0.6548 g/mL),
which corresponds to 1308 mg and 2617 mg in
terms of pure substance. n-Hexane was placed on
the surface of the water in the region of the geometric
center so that the n-hexane spot did not touch

7 GOST 29228-91. State Standard of the USSR.
Laboratory glassware. Graduated pipettes. Part 2. Graduated
pipettes without a set waiting time. Moscow: Standartinform;
1991.

the walls of the container. Next, an accurate weighed
portion of the prepared sample of the modified
sorbent weighing about 1.0 g was selected (the
mass value was recorded with an accuracy of 0.0001 g
and was used in further calculations) and was
scattered in a uniform thin layer on the surface of
the n-hexane spot. The samples were left in this form
for 30 min. After this, the sorbent was collected
with ash-free blue ribbon filter paper, the sample
with the filter paper was placed in a Petri dish and
dried open in air for about a day to evaporate water
and residual n-hexane. The air-dry sample together
with filter paper was placed in a conical flask with
a ground stopper with a capacity of 100 mL, 10 mL of
carbon tetrachloride was added, the flask was closed
with a lid and the sample was shaken vigorously on
a universal laboratory shaker for 1 h. The resulting
extract was filtered through an ash-free blue-ribbon
filter, installed in a glass funnel, in a flask with a ground
stopper with a capacity of 50 mL. Extraction of the
sample followed by filtration was repeated 2 more
times with new portions of carbon tetrachloride,
10 mL each. All extracts were combined in the
same flask with a ground stopper with a capacity
of 50 mL, into which the first portion of the extract
was collected, and the contents of the flask were
mixed with rotational movements.

The resulting combined extract was passed
through a previously prepared chromatographic
column, which was a cut burette with a capacity
of 25 mL. A small piece of glass wool was placed
in the lower part of the column, previously kept
in a 1:1 solution of sulfuric acid for 12 h, washed
with distilled water and, after drying, washed with
carbon tetrachloride and dried in air. Then 6 g
of aluminum oxide, activated by calcination in a
muffle furnace at a temperature of 600°C for 4 h,
was poured into the column, followed by the
addition of distilled water with a volume of 15 mL
per 500 g of calcined aluminum oxide, followed
by stirring and holding for 24 h in a desiccator.
The top layer of aluminum oxide was also fixed
in the column with a small piece of glass wool. Then
8 mL of carbon tetrachloride was poured into the
column for wetting. After absorbing a portion of
carbon tetrachloride, the column tap was opened and
the ecluate passing through the column was collected
into a measuring cylinder with a volume of 10 mL.
As soon as the upper limit of carbon tetrachloride
passed through the chromatographic column reached
the top layer of glass wool, the column tap was
closed and the first portion of the sample extract
with a volume of about 10 mL was added to the
column, after which the column tap was opened
and the eluate continued to be collected into a
measuring cylinder with a capacity of 10 mL. As soon
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as the quantity of eluate in the cylinder reached 8 mL,
the column tap was closed and the collected eluate
was discarded, then the column tap was opened
and the eluate continued to be collected in a conical
flask with a ground stopper with a capacity of 50 mL.
In this way, the entire volume of the sample extract
was passed through the sorption column and as soon
as the top layer of the extract touched the top layer
of glass wool, the column was closed and 5 mL of
carbon tetrachloride was added, after which the
stopcock was opened and the eluate continued to
be collected in a conical flask until the liquid in the
column sank to the level of the top layer of glass
wool. The resulting eluate with a volume of 30 mL
was thoroughly mixed in a flask by shaking, the
eluate was successively diluted 1000 times, the
diluted eluate was poured into a measuring cuvette,
and the OP content was measured using a KN-3
concentrator previously prepared in accordance
with the operational documentation. The OP content
in samples X, g/g, was calculated using the expression

_C,-B-K

M -1000 )

where C_ is the measured quantity of OP in the
extract, mg/L; B is the eluate volume, L (equal to 0.03 L);
K is the eluate dilution factor (equal 1000); M is the
sample weight, g.

The obtained values of OP content in the
samples are expressed in g/g and are the values of the
sorption capacity of the modified sorbent samples.
The results are shown in Tables 1 and 2 and in Fig. 1.

Based on the analysis of the data obtained, it
was concluded that the sorption capacity of the

samples does not depend on the amount of n-hexane
excess. The highest value of the sorption capacity
of the studied samples was taken as the result.
The optimal weight ratio of HSL to ASW was 1:5,
while the sorption capacity with respect to n-hexane
reached a maximum of 0.86 g/g.

At the second stage of the research, the optimal
conditions for drying the samples were determined.
The sample masses were subjected to forced drying
in an oven at temperatures of 110-200°C to constant
mass. At temperatures above 180°C, non-uniform
drying of the sample, adhesion and enlargement of
grains were observed, which in turn led to a decrease
in porosity and a deterioration in sorption properties.
At a temperature of 200°C, sintering of the
material was observed. The most optimal method
is to dry samples at 160°C. For samples weighing 1 g,
the drying process took no more than 10 min.
Optimization of modification temperature is given
in Table 3.

At the third stage of research, the optimal HSL
modifier was selected based on the price/sorption
properties ratio. Silor, HSL-11BSP, HSL 136-157M,
PROFILUX, Tiprom K, and Tiprom U modifiers
were considered as HSL. The sorbents obtained
on the basis of HSL 136-157M and Tiprom K have
the highest oil capacity, but Tiprom K has the
lowest price, due to than chosen as the optimal
modifier. Figure 2 shows the values of sorption
capacity (oil capacity), in g/g, in relation to n-hexane,
indicating the price of HSL in RUR/kg. The price is
shown in figures around HSL in 2021 prices.

Tiprom K HSL was accepted as optimal; its
price was 420 RUR/kg, and the sorption capacity
of the resulting modified sorbent is 0.86 g/g.

At the fourth stage, the physicochemical
properties of the Tiprom K modified HSL sorbent

Table 1. Sorption capacity in relation to n-hexane of hydrophobizing silicon-containing liquid (HSL) samples of the Silor brand—
calcined sorbent according to the measured content of OPs in the samples when interacting with 1308 mg of n-hexane

Modiﬁer/a.sh ratio Sample weight, g Me.asured content of OPs Eluate dilution ; Sor.'ption capacity
(by weight) in the extract, mg/L factor in relation to n-hexane, g/g
1:20 1.0008 20.7 1000 0.62
1:10 1.0016 23.7 1000 0.71
1:5 0.9999 28.3 1000 0.85
1:3 0.9968 28.2 1000 0.85
1:2 0.9972 28.3 1000 0.85
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Table 2. Sorption capacity in relation to n-hexane of HSL samples of the Silor brand—calcined sorbent according
to the measured content of OPs in the samples when interacting with 2617 mg of n-hexane

Modifier/ash ratio Sample weight Measured content of OPs Eluate dilution Sorption capacity
(by weight) P ght, 2 in the extract, mg/L factor in relation to n-hexane, g/g
1:20 0.9972 21.3 1000 0.64
1:10 0.9976 23.9 1000 0.72
1:5 1.0022 28.7 1000 0.86
1:3 0.9981 28.6 1000 0.86
1:2 0.9974 28.6 1000 0.86
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Fig. 1. Dependence of sorption capacity
on the modifier/ash ratio (by weight).

Table 3. Modification temperature optimization

Fig. 2. Sorption capacity (oil capacity)
in relation to n-hexane and price of HSL.

Temperature °C

Sorption capacity in relation to n-hexane, g/g

110 0.72
120 0.75
130 0.78
140 0.81
150 0.85
160 0.86
170 0.84
180 0.78
200 0.60

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(5):446-460

453



Environmentally safe sorbent from ash-and-slag waste of heat power engineering

were studied: bulk density, ash content, total pore
volume, abrasion, humidity, and sorption capacity,
which are given in Table 4. Methods for determining
these indicators were described in detail by
us in [19] when studying the properties of a calcined
sorbent.

At the fifth stage, the sorption properties of
the modified sorbent were studied in relation to
various petroleum products, such as: fuel oil,
kerosene, AI-92 gasoline, nefras, oil sludge, and
n-hexane. OP samples were applied to the surface
of distilled water at the rate of 2.00 g per 1 L of
water, after which 1.00 g of sorbent was evenly
scattered in a thin layer over the entire area of
the OP spot. The time of interaction of the sorbent

Table 4. Physical and chemical properties modified sorbent

with the OPs was recorded. After a certain time, the
samples were collected with blue ribbon filter paper,
dried in Petri dishes in the open air for 24 h, and
in the case of fuel oil and oil sludge, excess OPs
were additionally blotted with filter paper and the
sorption capacity of the samples was measured.
The highest oil capacity was observed in the case
of sorption of fuel oil, the lowest—with n-hexane.
The increase in oil intensity can be explained by
an increase in the density and molecular weight
of the oil. The sorption time was optimized (Table 5).
For relatively light OPs, the optimal sorption
time was at least 30—40 min, for heavy ones—at least
60 min. During the experiment, it was established
that half the sorption capacity is filled with OPs

Indicators Units of measurement Modified sorbent
Bulk density g/mL 0.621
Ash content % 97.1
Total pore volume mL/g Less than 0.050*
Abrasion % 8.8
Humidity % Less than 0.5

*The total pore volume is determined by water; the resulting hydrophobized sorbent has hydrophobic properties.

Table 5. Optimization of sorption time

Fuel oil Kerosene AI-92 gasoline Nefras Oil sludge n-Hexane
Sorption time, min
Sorption capacity (oil capacity) g/g
10 0.68 0.58 0.59 0.52 0.61 0.56
20 1.03 0.79 0.72 0.68 0.84 0.73
30 1.20 0.92 0.85 0.81 0.99 0.84
40 1.32 0.97 0.88 0.89 1.09 0.86
60 1.45 0.99 0.89 0.92 1.17 0.86
90 1.46 0.99 0.89 0.93 1.18 0.85
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in the first minutes of contact. Conventionally,
complete sorption can be considered 30-40 min
for  relatively  light hydrocarbons  (n-hexane,
Al-92 gasoline, kerosene, and nefras), 40-60 min
for oil sludge and more than 60 min for fuel oil (Fig. 3).

A laboratory study of the sorption of oil sludge
on the water surface was carried out (Fig. 4). A real
sample of sea water (the Black Sea) was studied
as a water body.
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Fig. 3. Dependence of the oil capacity of OPs
on the time of sorption.

4

(b)

Fig. 4. Sorption of oil sludge on the water surface:
(a) applying oil sludge to the water surface with
a microdoser; (b) sorption of oil sludge
by a modified sorbent.

Oil sludge of 1.00 g was applied to the surface
of water with a volume of 1 L using a microdoser.
Then 1.00 g of sorbent was applied to the OP spot.
After 30 min, the sorbent with oil sludge was
removed and the water was analyzed for OP content
using the infrared spectrometry.

The sea water sample was transferred to a
separating funnel with a capacity of 2 L. 20 mL
of a 1:9 sulfuric acid solution was added to the
separating funnel with the water sample under study
and mixed. Next, 20 mL of carbon tetrachloride
was added to the funnel and the OPs were extracted
with carbon tetrachloride by intensively mixing
the contents of the funnel using a rotary extraction
unit for 5 min. After extraction, the funnel with
the sample was left alone for 10 min for phase
separation. After phase separation, the lower organic
phase was poured into a glass with a capacity
of 50 mL. 10 mL of carbon tetrachloride was
again added to the separating funnel with the
sample and the OPs were re-extracted in the
manner described above, and the lower organic
layer was poured into the same beaker with a capacity
of 50 mL that contained the first portion of
the extract, thus combining the resulting extracts.
Next, 5 g of sodium sulfate, previously dried in
an oven at 110°C for 3 h, was added to the glass
with the extract, the contents were thoroughly
mixed with a glass rod and left for 30 min to
completely dry the extract. After drying, the extract
was passed through a pre-prepared chromatographic
column, as described in the experiment to study
the sorption capacity for n-hexane of Silor HSL
samples.

The resulting eluate with a volume of 30 mL
(0.03 L) was thoroughly mixed in a flask by
shaking, the eluate was diluted 10 times, the diluted
extract was poured into a measuring cuvette, and
the OP content was measured using a KN-3
concentrator. The OP content in sea water sample
X, mg/L, was calculated using the expression

_C,-BK
v

X @

where C is the measured quantity of OP in the extract,
mg/L; B is the eluate volume, L (equal to 0.03 L);
K is the eluate dilution factor; V is the volume of
sample taken for analysis, L (equal to 1 L).

Table 6 shows the measured OP contents in
extracts recalculated to the OP content in sea water
contaminated with oil sludge after interaction with
the sorbent, as well as the data necessary to establish
the efficiency of sorption of surface OPs.
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Thus, the content of residual OPs was 12.0 mg/L,
which corresponds to a sorption efficiency of
surface OPs of more than 95%. During the
experiment, it was found that the sorption
process does not depend on the matrix (salinity)
of water.

At the final stage, a comparative experiment
was carried out on oil spill response using
quartz sand, calcined and modified sorbents (Fig. 5).

A thin film of 1.00 g of oil sludge was
applied to the surface of the watch glass. Next,
1.00 g of calcined sorbent, modified sorbent, and
quartz sand were applied. After 30 min, the
mixture was collected with a spatula. When
visually assessing the color intensity of the residual
oil sludge stain, it was concluded that there is
a significant content of OPs in the case of
sorption of oil sludge by quartz sand; a residual
yellow layer of oil sludge is visible. In the case
of sorption of oil sludge by calcined and
modified sorbents, residual oil residues are
insignificant. Instrumental analysis of samples of
spent modified and calcined sorbents showed
the presence of OPs in 1.00 g of sorbent, equal
to 097 g and 095 g, respectively. Thus, the
efficiency of cleaning solid surfaces from oil
sludge with a calcined sorbent was 97%, and
with a modified sorbent—95%.

A comparative analysis
effectiveness of  the

of data on the
developed sorbent and

currently available analogues based on sludge
and slag is given in Table 7. Analysis of the
sorption capacity for AI-92 gasoline shows that
modifying sludge and slag with various HSLs can
increase their sorption properties. The sorption
capacity of such sorbents fluctuates at the
level of 1 g/g.

The methods presented in [20], [21], [22],
and [23] for studying the sorption capacity of
sorbents are based on measuring the mass
of OPs adsorbed by the sorbent provided they
are kept in the thickness of the OPs under
complete immersion, which shows the value
of the total possible sorption capacity. This
article experimentally studied the efficiency of
sorption of the working volume of the sorbent
during elimination of oil spills of various petroleum
products on water and solid surfaces. The methodology
for studying sorption capacity contains a stage
of drying a sorbent sample with adsorbed OPs
in the open air for about a day, in order to remove
water and OPs not adsorbed by the sorbent. This
demonstrates the ability of the sorbent to reta
in adsorbed OPs for a long time.

Based on the research results, sorbent
modified with Tiprom K HSL based on the
ASWs of the Novocherkasskaya GRES power
station is recommended for use in eliminating
oil spills of various petroleum products on the
surfaces of any type of water, including sea water.

Table 6. Efficiency of sorption of surface OPs in a sea water sample based on measured and calculated residual

oil product contents

Mass of OPs added | Measured content of OPs Eluate dilution factor Concentration of OPs Sorntion efficiency. %
to the 1 L water, mg in the extract, mg/L after sorption, mg/L P SH A
1000 40.0 12.0 98.8

Fig. 5. Oil sludge sorption on a hard surface: from left to right: oil product sample, quartz sand,
calcined sorbent, and modified sorbent.
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Table 7. Characteristics of sorbents based on sludge and slag (production waste)

Sorption capacity Sorption capacity
Sorbent for AI-92 gasoline, g/g research method Source
Activated carbon AG-3 0.48 - [20]
Granular sorbent based on chemical water treatment sludge
at Kazanskaya TETS-1:
impregnated with a 3% aqueous solution of HSL-11N 0.62 _Grav1ty method by
immersing a sorbent 20]
sample in a sample of
impregnated with a 5% aqueous solution of HSL-94N 0.68 pure OPs
impregnated with a 5% aqueous solution of HSL-94N + Silor 0.648 [21]
Sorbent based on soda production sludge of Bereznikovsky
Sodovy Zavod (formed at the boundary of the water surface,
finely dispersed, pasty, white):
original 0.95 Ratio of the absorbed
OP mass to the known
mass of dry sorbent [22]
processed with HSL-11P 1.13
treated with Akvasila solution 1.2 [23]
Measurement of the
Sorbent based on ash and slag from Novocherkasskaya GRES mass content of QPS Current
. . . 0.89 in the sorbent using .
power station (modified HSL brand Tiprom K) . . article
infrared spectrometric
methods

CONCLUSIONS

An environmentally friendly modified sorbent
was developed based on thermal power ASWs
accumulated in ash dumps. This has high buoyancy
when saturated with OPs and the ability to
retain them for a long time.

The physicochemical properties of sorbent
modified with Tiprom K HSL were determined:
bulk density was 0.621 g/mL; ash content was 97.1%;
total pore volume in water was less than 0.05 mL/g,
abrasion was 8.8%, humidity was less than 0.5%,
sorption capacity, in g/g: for n-hexane, 0.86;
for AI-92 gasoline, 0.89; for nefras, 0.93; for
kerosene, 0.99; for oil sludge, 1.18; for fuel oil, 1.46.

A study of oil sludge sorption on a water
surface showed an efficiency of more than 95%.
The efficiency of cleaning solid surfaces from oil

sludge with the calcined sorbent was 97%, and
with the modified sorbent—95%.

The resulting modified sorbent is recommended
for eliminating spills of OPs and oil-containing
waste at production sites and soils. The use of
a modified sorbent will make it possible to
effectively purify wastewater before discharging
it into a reservoir to acceptable quality standards
with minimal economic costs.
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Abstract

Objectives. To investigate the possibility of preventing hydrogen absorption into the functional
structural materials of hydrogen-generating membrane electrode assemblies based on porous
nickel, carbon black, and reduced graphene oxide with platinum-nickel and palladium-nickel
nanoparticles.

Methods. The hydrogen absorption into materials of membrane electrode assemblies of alkaline
electrolyzers was evaluated using an electrolyzer with variable temperature, reagent feed rate,
and gas content.

Results. The study established the need to use reduced graphene oxide, in order to reduce
hydrogen absorption and degradation of hydrogen-generating membrane electrode assemblies.
Conclusions. The service life test results and performance of the designed variants of prototypes
of membrane electrode assemblies with nanostructured electrodes based on reduced graphene
oxide, preventing hydrogen absorption into functional materials and their degradation,
demonstrated the creation of hydrogen generators with high energy efficiency shows potential.
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AHHOMAaAyus

Ienu. HccnedogaHue 803MOMHOCMU Npedom8pauieHuss Ha8000ParsKUBAHUSL (PYHKUUOHATIbHBIX
KOHCMPYKUUOHHBIX MAMEPUANOE MEMOPAHHO-9/IeKMPOOHbLX O10K08 2eHepauuu 800opoda HaA
OCHO8e NOpuUCmMo20 HUKEeNsl, Ca’kKU U 80CCMAHOBAEHH020 OKCUOA 2pagheHa, MOOUPUUUPOBAHHBLX
HOHOUACMUYAMU NAAMUHA-HUKE b U NAANA0UT-HUKENb.

Memooeul. /[ oyeHKU cmeneHu HA80O0OPAIXKUBAHUS MAMEPUAIOE MEMOPAHHO-ITEKMPOOHBLX
610K08 ULeIOUHBLX 2N1eKMPONU3EePOo8 Oblla UCNONB308AHA YCMAHOBKA INEKMPOSUIEPA C BOZMOIN-
HOCMbI0 KOHMPOJISL memnepamypbsl, CKOPOCMU NOOAUU PeazeHmo8 U COOePIAHUSL 20.308.
Pesynomameot. ObocHog8aHaA HEOOXOO0UMOCMb NPUMEHEHUSL B0CCMAHOBNEHHO20 0OKCUOA 2pacheHa
C Yeslbr0 CHUIKEHUSL HAB000PpArXKUBAHUSL U 0e2padayui. MeMOPaAHHO-91eKmpooHblX 6710K08 2eHepa-
yuu 8000opooa.

Bwbt800bl. Pesyibmambl pecypCHblX UCNbLIMAHUL U pabouue XapaKkmepucmuku CKOHCMpPYupo-
B8AHHBLX 8APUAHMO8 MAKEMO8 MEMOPAHHO-9IeKMPOOHBLX 610K08 C HAHOCMPYKMYPUPOBAHHBIMU
aneKxmpooamu. Ha OCHO8e B0CCMAHOBAEHHO20 OKCUOA 2pacheHa, Hugeiupyrouue Hago00paisu-
8aHue U Oezpadayuto PYHKUUOHANBHBIX MAMEPUALO8, OEMOHCMPUPYIOM NnepcneKkmugHOCmb
KOHCMPYUPOBAHUSL 2eHEPAMOopo8 8000p00a C 8blCOKOU IHEep203hheKmusHOCMbHO.

Knroueesvle cnoea: zeHepayust 6000po0d, HABOOOPAIKUBAHUE Memasanos, MemOpaHHO-
aneKmpooHble On0KU, HAHOKOMNO3UMHbLE 9/1eKmpoOdbl, 80CCMAHOBNEHHbLI OKCUO 2pacheHa,
9Hep203hheKmusHOCmb

s yumuposanusn: Jlebenesa M.B., Paryrkun A.B., Cumopor U.M., fwmrynoB H.A. CHukeHHE HaBOJOPaKHUBAHUS

MarepuaioB MEMOPaHHO-3JICKTPOIAHBIX OJIOKOB TeHeparopoB Bopopona. Toukue xumuueckue mexuvonoeuu. 2023;18(5):461-470.
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INTRODUCTION

The development of new efficient energy
systems using the latest achievements of nano- and
chemical technologies, as well as hydrogen energy,
is an important objective for energy saving [1-5]. The
most promising trend in the design of autonomous
energy sources is the creation of integrated energy
systems of electrolysis cells with chemical energy
converters [3-6]. During the operation of the
electrolysis cell, hydrogen and oxygen are formed
at the cathode and anode, respectively:

Cathodic reaction: 2H,0+ 2¢ — H,+ 20H" (1)

Anodic reaction: 20H™ — 2¢ — 1/20,+H,0 (2)

Overall reaction: H,0 — H, + 1/20, 3)

In order to convert the chemical energy of
fuel into electricity in autonomous power sources,
high-purity (more than 99.95%) hydrogen obtained
in alkaline water electrolyzers (AWEs) [2, 7-11]
must be used. To improve the energy performance
of membrane electrode assemblies (MEAs), as a
key component of AWESs, nanostructured functional
materials are used [4-6, 12-17]. The MEA design
is based on metal gas diffusion electrodes, anode
and cathode catalytic layers separated by a polymer
membrane (diaphragm). Industrial electrolysis plants
have a high level of energy consumption, due to
high overvoltages of the hydrogen evolution reaction.
This factor contributes to the intense degradation of
metal electrodes and electrocatalysts [1-3]. In order
to ensure an increased service life of electrolyzers,
methods need to be developed to stabilize the
functional structural metals for MEAs [4, 18-22].

One of the main causes of the degradation
of structural metals in contact with hydrogen in
industrial plants can be found in the complex
multistep processes of hydrogen dissolution in
metals. Hydrogen absorption into metals can cause
such phenomena as hydrogen embrittlement of
steels, hydrogen hardening, and hydrogen damage
during friction [2, 3, 8, 23].

Hydrogen absorption into metals is an integral
result of the action of many factors. Its mechanism
is mainly determined by the following: the rate
of diffusion and transfer of hydrogen in the metal;
the localization and concentration of hydrogen
in certain regions; the ability of the metal to

interact with hydrogen in places of its localization;
and the behavior of the quality parameters of the
bulk of the metal (and to a greater extent, the
surface layer) which control the ability of materials
to adapt to further impacts [23].

Experimental studies into the processes of
diffusion, permeability, and solubility of hydrogen
in metals confirmed the possibility of penetration
and diffusion of hydrogen deep into the material
through the crystal lattice. Possessing a high level
of energy, hydrogen atoms can be adsorbed on
the interface, nonmetallic inclusions, microvoids,
and other collectors. In this case, the rate of diffusion
is comparable to the rate of crack development.

The mechanisms of hydrogen absorption, as
well as the effect of hydrogen embrittlement and
hydrogen transfer on the destruction of the crystal
lattice of materials and on the changes in
physicochemical properties, are studied using various
diffusion models. In this case, the contact surface
of the materials can be considered, on the one hand,
as the surface of a metal catalyst capable of forming
hydrides and, on the other hand, of a catalyst
which causes the destruction of substances. Analysis
of data on these processes is especially necessary
when constructing models of degradation of MEAs
of hydrogen generators and searching for efficient
methods to increase their service life.

In this work, the support in MEAs was porous
nickel (PN) formed by the nanotemplate method
on an aluminum matrix, and the electrocatalysts
were platinum—nickel and palladium—nickel bimetallic
nanoparticles (anode and cathode, respectively).
The control of flows of gases (hydrogen and oxygen)
is one of the most important technological stages
of MEA operation. In industrial electrolyzers at
high current densities, it is the use of PN with a
large active surface area that ensures the efficient
removal of gas bubbles to prevent hydrogen
absorption into metals for the efficient operation of
catalysts [13, 18-22, 24-26].

Various techniques are used [23-29] to increase
the degradation resistance of metal -electrodes
when exposed to hydrogen. The modification
of metals with trace amounts of platinum metals,
in particular, as well as alloying of metals with
copper, aluminum, and calcium, can enhance the
resistance of metals to hydrogen absorption. This
can also prevent the formation of reactive
hydrogen species on the surface of metals, and
inhibit corrosion processes by the formation of
oxide—hydroxide films. One promising trend to
prevent intense hydrogen absorption into metal
structures is the possibility of wusing graphene,
which has a high volumetric density of hydrogen
storage [28, 29].
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This study aimed at assessing the possibility
of preventing hydrogen absorption into functional
structural metals of nanostructured hydrogen-
generating MEAs by using electrocatalytic matrices
based on reduced graphene oxide (rGO). The basic
criteria for hydrogen absorption into metals were
energy efficiency and stability of the hydrogen
generation process.

EXPERIMENTAL

The MEA electrodes were produced of platinum—
nickel (Pt-Ni) and palladium-nickel (Pd—Ni)
bimetallic particles. The precursors for the synthesis
of nanoparticles were aqueous solutions of K PtCl,,
PdCl,, and NiCl, (Sigma-Aldrich, USA). PN with
a thickness of 2 mm and an average pore diameter
of less than 50 pum was used as the main
support [22]. The molar ratio of bimetallic particles
was 1:1 at a mass loading of palladium at the
cathode of m = 0.5 mg/cm’ and a mass loading
of platinum at the anode of 0.8 mg/cm? The sizes
of palladium—nickel and platinum—nickel bimetallic
nanoparticles ranged from 4 to 9 nm.

In order to estimate the degree of degradation
of the electrodes, XC-72 carbon black (Cabot, USA)
and rGO, obtained according a published procedure [6],
were studied as supports.

The energy efficiency and stability of hydrogen
generation were assessed using a 600 ETS
Electrolyzer Test System (Scribner Associates Inc.,
USA), consisting of a controller with a potentiostat,
a power supply, gas reagent supply systems, and
sensors of temperatures, flows, and contents of
hydrogen and oxygen. The controller was connected
to the electrolyzer by cables for electropositive and
electronegative currents (I+, I-), voltage power
cables (V+, V-), and auxiliary wires (A+, A-)
(Fig. 1). Voltammograms were recorded and the
stability of the MEA operation was tested using
a two-electrode circuit (Fig. 1).

The MEA was a key part of the electrolysis
cell. The MEA consisted of 7x7 cm PN-based
gas diffusion bimetallic electrodes with the ability
to control the process temperature from 25 to 80°C,
as well as a commercial Sustainion® X37-50 anion
exchange membrane (Fuel Cell Store, USA) placed
between the anode and cathode materials [14].
The stability of the MEA during the electrolysis of
water was tested at current densities from 0.05 to
0.6 A/cm?> for 180 h. The operating voltage was
varied in the range from 1.3 to 3 V.

Electrolyzers can use MEAs of two types:
standard and zero-gap [19, 21]. The disadvantages
of the second type of MEA include the need

PC I+
A-———] !—
At —————

V+I|| I+

Fig. 1. Two-electrode cell connection diagram:
(+), positive electrode (anode);
(—), negative electrode (cathode); A, auxiliary electrode;
and PC, power cable.

to remove hydrogen and oxygen from the electrodes.
In this work, the standard variant (Fig. 2) of the
design was chosen due to its ease of assembly and
low degradation of the electrolyte. The removal of
gaseous reaction products was facilitated by using
electrode matrices based on PN with a developed
pore system and carbon materials in the gas
diffusion layer.

RESULTS AND DISCUSSION

This work studied the effect of the localization
of electrocatalysts on the process of hydrogen
absorption into structural functional materials of
MEAs during hydrogen generation. Three variants
of localization of bimetallic nanocatalysts in the
MEA during cathodic hydrogen evolution were
considered. The three variants differ in the type of
support matrix, on which the electrocatalysts are
located, i.e., in the localization of hydrogen release
and the place of contact with the structural material.
The following support matrices were used: PN,
an electrode material; carbon black, a standard
component of the gas diffusion layer; and rGO, the
first proposed component of the gas diffusion layer
for studying the hydrogen absorption process.
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Electrolyte + H, Electrolyte + O,
73
Electrolyte Electrolyte

Fig. 2. Scheme of membrane electrode assembly (MEA):
(1) anion exchange membrane, (2) gas diffusion layers,
(3) electrodes based on porous nickel (PN),
and (4) bipolar plates.

Variant 1. the support matrix is PN; Pd-Ni
bimetallic nanocatalyst with a mass loading of
metals of m_= 0.5 mg/cm’.

Variant 2: the support matrix is XC-72 carbon
black; Pd-Ni bimetallic nanocatalyst with a mass
loading of metals of m_= 0.5 mg/cm’.

Variant 3: the support matrix is rGO; Pd-Ni

bimetallic nanocatalyst with a mass loading of
metals of m_= 0.5 mg/cm’.
A characteristic of the efficient operation

of the MEA is the specific energy consumption
W (kW-h/m* H) of the AWE process, determined
by the ratio of the power P (kW) of the electrolysis
process to a unit volume of generated hydrogen:

P=IxU. “4)

Herein, [ is the current in the MEA, A; and U, is
the rated voltage of the electrolysis process, V.

When an electric current passes through the
MEA, the energy consumption potential of
the electrodes shifts due to additional energy
consumption to compensate for the slow transfer
of electrical charges and the destruction of
structural metals in the process of hydrogen
generation. With increasing current density, the
voltage increases, and so does the energy
consumption for electrolysis. The change in
the electrode potential caused by the flow of
electric current through the system relative to
its value in the absence of current is determined
by overvoltage:

~U,. 6

wherein U and U, are the voltages in the presence
and absence of electric current, respectively.
The hydrogen evolution overvoltage mn can be
calculated by the Tafel equation

n=>b-(lgj-1gj,), (6)

wherein j is the operating current density, A/cm?;
J, is the exchange current density, A/cm* b is the
temperature-dependent constant, V.

Figure 3 presents the experimental dependences
of the hydrogen overvoltage on the current density
for three variants of MEA with different localization
of hydrogen evolution wusing electrodes based
on rGO. It also shows comparison with samples
based on carbon black and PN at a temperature
of + = 80°C in a 7M KOH electrolyte. The
results demonstrating a decrease in the overvoltage
of cathodic hydrogen evolution are typically
interpreted as an increase in the exchange current
density j, (see Eq. (6)).

In order to assess the stability of hydrogen
generation, the above three variants of MEA were
tested for 180 h, temperatures of 60 and 80°C, and
current densities up to 600 mA/cm? Figure 4 shows
the time dependence of the operating voltage in
three variants of MEA at a temperature of 80°C
and a current density of 600 mA/cm?.

0.30 - m Vv
®] m2 3
0.25 -
0.20 -
0.15 -
0.10 -
0.05 - /
0.00 , . . . ‘
0 50 100 150 200 250
J> mA/cm?

Fig. 3. Polarization curves of cathodic hydrogen evolution
for three variants of MEA: (1) PN, (2) XC-72 carbon black,
and (3) reduced graphene oxide (rGO).
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Fig. 4. Dependence of the voltage in three variants of MEA
on the operating time of the alkaline water electrolyzer
(AWE) at a current density of 600 mA/cm?
and a temperature of 80°C: (1) PN, (2) XC-72 carbon black,
and (3) rGO.

At the first stage of service life tests (up to 15-20 h),
the wvoltages in all MEAs corresponded to the
same content of the Pd-Ni electrocatalyst and
differed insignificantly. However, at the next stage
of hydrogen generation, the voltage in the MEA
with the support matrix based on PN (variant /)
increased significantly in comparison with the carbon
variants of support matrices (variants 2 and 3).
At the same time, after 15 h of testing, the minimum
voltage was observed for variant 3 of MEA with
the rGO-based support matrix. This trend continued
throughout the service life tests.

The main disadvantages of industrial hydrogen
generators are: firstly, high specific energy
consumption (more than 4 kWh for generation
of 1 m’ H, with a long service life and elevated
temperatures); and secondly, an increased content

of platinum metals (more than 1-2 mg/cm?). Table 1
presents the specific energy consumption in three
variants of nanocomposite MEAs for hydrogen
generation at current densities of 500 and 600 mA/cm?
and temperatures of 60 and 80°C.

The table provides specific energy consumption
data for three variants of nanocomposite MEAs
at current densities of 500 and 600 mA/cm?, temperatures
of 60 and 80°C, and a service life of up to 180 h.
These results correspond to the process of generation
of high-purity hydrogen with a maximum hydrogen
productivity of more than 14 - 107 m3/h. At a hydrogen
generation temperature above 90°C and a current
density above 700 mA/cm? intense agglomeration
of Pt-Ni and Pd-Ni bimetallic nanoparticles was
observed in the first 30-40 h of the service life tests.
The energy efficiency of hydrogen-generating MEAs
obtained with carbon nanocomposite electrodes
exceeds the characteristics of commercial hydrogen
generation electrolyzers and is on a par with
promising modern pilot plants [4, 6, 12, 13].

The rGO-based variant of MEA demonstrated
the best results in energy efficiency and stability
of hydrogen generation, especially in comparison
with the PN-based one. However, the question arises
about the causes of this phenomenon and the effect
of the structure of the support matrix on increasing
the rate of hydrogen formation in the cathodic
evolution reaction. This reaction is a complex
multistep process and is necessary to resolve problems
of energy saving and create anti-corrosion coatings.
For most metals, the reaction rate of hydrogen
formation is determined by the rate of discharge
of hydrogen ions. The removal of adsorbed
hydrogen occurs by the Heyrovsky reaction, i.e.,
the mechanism of electrochemical desorption:

H,0,,+¢é —>H,, +0OH" (7

Table. Specific energy consumption of electrolysis cells per 1 m* of H, (pressure 1 bar) at different current densities

Specific energy consumption per 1 m* of H,, kWh'-m® of H,
t,°C j =500 mA/cm? j =600 mA/cm?
1 2 1 2 3
80 4.01 4.05 4.10 4.06 4.08 4.13
60 3.98 4.18 4.24 4.14 4.21 4.28
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H,,+H,0,,+ é=2H,+ OH" (8)

The dependence of the binding energy of
adsorbed hydrogen on the metal surface on the
overvoltage at the electrode suggests that cathodic
hydrogen evolution can also occur through other
mechanisms:

H,O,+¢é 2H, +OH" ©)]

2H,, —>H, (10)

Thus, the -electrochemical desorption reaction
can also be the rate-limiting step of the process.

On platinum catalysts at low overpotentials,
the rate-limiting step of the process is the recombination
of hydrogen atoms [27]. Due to the significant
heterogeneity of the electrode surface, the reaction
can occur by various mechanisms. This can have a
significant impact on the shape of the polarization
curves. This confirms the presence of excess surface
hydrogen concentration on the polarization side,
caused by the rate-limiting step of hydrogen removal
and hydrogen penetration through the metal.

When analyzing the causes of the decrease
in the energy efficiency and stability of hydrogen
generation, the hydrogen saturation of structural
materials of MEA needs to be taken into account.
The hydrogen saturation of metals occurs by the
dissociation on the surface of the support. In similar
cases, the saturation of metals is caused by the
penetration of hydrogen atoms into them as a result of
corrosion reactions, or during cathodic polarization.
Metals lose their physicochemical properties, causing
degradation of the functional materials of the MEA.
Measures are needed to prevent the formation of
reactive hydrogen species and ensure the efficient
removal of the generated hydrogen from
electrocatalysts. In this work, rGO was chosen

Fig. 5. Model of graphene oxide.

as the material for preventing these degradation
processes. Figure 5 presents the model of the structure
of unreduced graphene oxide. Figure 6 shows
a micrograph of the rGO support matrix with Pd—Ni
nanoparticles.

Hydrogen generation involves the reduction
of the initial graphene oxide to rGO, preventing the
formation of reactive hydrogen species (atoms, radicals)
and hydrogen absorption into the active surface of
metals (see Eq. (7)). The efficiency of the removal of
the generated hydrogen from electrocatalysts and
nickel electrodes is ensured by two factors: the high
volumetric density of hydrogen storage in both the
layered structure of rGO (Fig. 6); and the porous
structure of individual graphene layers. Moreover,
the hydrogen production by the alkaline electrolysis
of aqueous solutions is carried out at -elevated
temperatures (60-80°C). This leads to hydrogen desorption
by thermal fluctuation vibrations and hydrodynamic
deformation of graphene layers [28, 29]. Intensification
of the removal of molecular hydrogen from the zone
of the electrocatalytic process increases the rate of
the rate-limiting stage of recombination of adsorbed
hydrogen atoms on platinum group metals (platinum,
palladium) [27] and reduces the hydrogen absorption
of metallic structural materials of MEA by reactive
hydrogen species.

CONCLUSIONS

The research studies the possibility of preventing
hydrogen  absorption into  functional  structural
materials of nanostructured hydrogen-generating MEAs.
The criteria for process of hydrogen absorption of metals
were energy efficiency and stability of the hydrogen
generation process. For the first time, the results of
service life tests using electrocatalytic matrices based
on rGO demonstrated the stability and high
electrocatalytic activity of functional nanocomposite
electrodes at elevated temperatures (up to 80°C) and
current densities (more than 600 mA/cm?). The specific

Fig. 6. Micrograph of the rGO support matrix
with Pd—Ni nanoparticles.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(5):461-470

467



Reduction of hydrogen absorption into materials of membrane electrode assemblies in hydrogen generators

energy consumption and performance characteristics of
the developed prototypes of AWEs with nanocomposite
electrodes based on rGO, preventing the hydrogen
absorption and degradation of functional materials,
indicate that it shows the potential to create hydrogen
generators with a high level of energy efficiency.
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Abstract

Objectives. To establish expected emergent (unexpected) properties of magnetic materials
when obtained in aqueous micellar solutions of surfactants (aqueous quantum materials), and
their use in fine technologies.

Methods. Chemical synthesis of magnetic nanoparticles in aqueous micellar solutions of
surfactants of various nature. Characterization of magnetic solutions and nanoparticles by
magnetic measurements, spectroscopy, diffractometry, small-angle X-ray diffraction, scanning
probe microscopy, and others.

Results. The term “water quantum material” refers to materials (micellar solutions) whose
properties are mainly determined by the nuclear quantum effect on macroscopic scales (emergent
property). Micellar solutions exhibit phenomena and functionality not always consistent with
the classical theory of micellization. The article presents in detail the experimental results
that suggest the manifestation of the emergent properties of magnetic materials obtained
in aqueous micellar solutions of surfactants. In particular, Gd** ions in an aqueous micellar
solution of sodium dodecyl sulfate exhibit paramagnetic properties, possibly indicating their
random arrangement in solution contrary to the classical theory of micellization with an ordered
adsorption layer on micelles. Hybrid Pt-Gd nanoparticles are formed in a quantum material

This is the revised and translated from Russian into English language variant of the original article published in
Izvestiva Yugo-Zapadnogo gosudarstvennogo universiteta. Seriya: Tekhnika i tekhnologii = Proceedings of the Southwest
State University. Series: Engineering and Technology. Russian Text © The Authors, 2022. For citation: Mirgorod Yu.A.,
Borsch N.A., Storozhenko A.M., Ageeva L.A. Emergent Properties of Magnetic Ions and Nanoparticles in Micellar
Solutions of Surfactants. Izvestiya  Yugo-Zapadnogo — gosudarstvennogo — universiteta. — Seriya:  Tekhnika i tekhnologii =
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with cetylpyridinium chloride as a matrix, although Gd®' ions must be repelled by CP* ions on
micelles. Nanosized powders of cobalt ferrite and nickel ferrite obtained in a micellar solution
of sodium dodecyl sulfate have superparamagnetic properties, although the presence of their
precursor ions in the adsorption layer in classical micelles should lead to ferromagnetic properties.
Conclusions. The synthesis of nanoparticles in a quantum material opens up the possibility
of reducing ions of different signs in one stage during the processing of metallurgy waste,
in order to obtain nanoparticles of various metals and their composites. Magnetic nanoparticles
obtained in a quantum surfactant material self-assemble on various substrates, enabling
the creation of materials whose residual magnetization and coercive field can be controlled
at room temperatures.

Keywords: magnetic nanoparticles, nuclear quantum effects, water quantum materials, emergent
properties, metallurgy waste processing
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HAYYHAS CTATbSA

IMepaKeHTHbIE CBOMCTBA MATHUTHBIX HOHOB U HAHOYACTHIL
B MULIJUIAPHBIX pactBopax ITAB:
HUcnoan3oBanue 151 TOHKUX TeXHOJIOTHUH

10.A. Mupropoxn™, H.A. Bopui, A.M. CtopoxkeHko, A.C. AreeBa

FOz0-3anadnwslii 2ocydapcmeeHtslil yHusepcumem, Kypck, 305040 Poccus
“ Aemop ons nepenucku, e-mail: yu_mirgorod@mail.ru

AHHOMAaAyus

Ilenu. Bviigsumb npeonosazaemvle dmeporkKeHmHble (HeoXKUOAHHble) ceolicmed MAaZHUMHBbLX
MAMEPUANO8 NPU UX NOAYUCHUU 8 B00HbLX MUUESISIPHBIX PACMBOPAX NOBEPXHOCMHO-AKMUBHBLX
sewiecms (I[TAB) (800HbIX K8AHMOBBLIX MAMEPUANLAX), KOMOpPble MONKHO UCNOIb308AMb OJIS
MOHKUX MEeXHON02UTL.

Memoosl. Xumuueckuil CuHMeE3 MAZHUMHBLX HAHOUACTNUY, 8 800HbIX MUUEIISIPHBIX PACMEOPAX
ITAB paznuuHoli npupoobl; xapaKkmepusayus MAZHUMHbIX pACmeopo8 U HAHOUACMUY, Memo-
damu MazHUMHbBLX U3MEpeHUT, cneKkmpocKonuu, ougppaKkmomempuu, MAI0Y210801 peHmeeHos-
cKoll dugparyuu, cKaHupyroueil 30H0080TL MUKPOCKONUU U OPpY2UMU.

Pesynomameut. TepmMuH «800HbBLI KEAHMOBLLI MAMEePUA» OMHOCUMCSL K MAMEPUANAM (MULET-
JSIPHBIM pacmaopam), ceolicmaa KOmopblx 8 OCHOBHOM ONPeoensitomcst ss0epHbiM K8AHMO8bIM
agppekmom 8 MmarKpockonuueckux macuumabax (ameporxceHmHoe cgolicmeo). MuuennspHoie
pacmeopbl 0eMOHCmpUpYOm sieeHUst U (PYHKYUOHAIbHbLE B803MONHOCMU, He 8cez0a CoOom-
HOCUMble C Kaaccuueckoll meopuell muyennobpaszosarus. B cmamwe nodpobro npedcmas-
JleHbl 9KCNepUMEHMAbHbLE pe3ylbmnambl, KOmopble No380sIom NPeonoioRums nposieneHue
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IMEPOINEHMHBLX C8OUCME MAZHUMHBbIX MAMEPUANO8, NOAYUAEMbLX 8 S00HLLX MUUETSIPHBLX
pacmeopax IIAB. B uacmHocmu, uoHbl 2adonurust Gd®* e 800HO-MUUEANIPHOM pacmeope
dodeyuncynbgpama Hampust NPOSBASIOM NAPAMAZHUMHbLE C8OUCMEA, UMO, 803MOXHO, YKA3bl-
eaem Ha ux becnopsidouHOe pacnoiosKeHue 8 pacmaope 80NpeKu Kaaccuueckoil meopul Muyesno-
0bpazosaHusl ¢ AOCOPOUUOHHBIM YNOPSLIOOUEHHOM Ccoe HA muyennax. I'ubpudHsle HaHoUuacmuybsbl
Gd-Pt obpasyromcsi 8 KEAHMOBOM mamepuase ¢ XA0PUOOM UemunnupuduHus 8 Kauecmee
mampuybt, xomst uoHbl Gd®" 0o/VKHBL ommanKusamsest UOHAMU yemuanupudurust LIT" Ha
Mmuyennax. Hanopasmepruvle nopoworxu ¢heppuma Kobanoma u gpeppuma HUKest, noiyuaemole
8 MUUEe/ISIPHOM pacmeope ododeyuncyagpama Hampus, obradarom cynepnapamazHUmMHsIMU
ceoticmsamu, Xxomsi npucymemaue ux NPeKypcopHsblx UOHO8 8 a0COPOUOHHOM c/loe 8 Kaaccuue-
CKUX MUYeNNax 00KHO b6blio 6bL npugecmu K (peppoMazHUMHbBIM C80TiCMaEaM.

Buleoodst. CuHmes HAHOUACMUY 8 KE8AHIMO8OM Mamepudie OmKpbleaem 803MOIKHOCMb 80C-
CMAaHo8/IeHUsl UOHO8 PA3HbLX 3HAK08 3a 00HY cmaduto npu nepepabomre omxo0o8 Memannyp-
2UU C Yenblo NOAYUEHUsL HAHOUACMUY, PA3AUUHBbIX MEeMAalog U ux Komnozumos. MasHumHble
HaHoOUuaCMUYbL, nolyuaemsle 8 KeaHmogom mamepuane ITAB, camoopeaHu3ytomest Ha pasiuy-
HbLX NOOJIOXKKAX, UMO NO3680Jaslem co30aeams MAMepuaibl, 0OCMAMOUHASL HAMAZHUUEHHOCMb
U KOIpUUMUBHOE NOJle KOMOPbLX MOXKHO PeYyiuposams Npu KOMHAMHBbIX MeMnepamypax.
Taxum ob6pazom, NOKA3AHO, KAKUM 00PA30M IMepOIeHMHble C8OUCMBA K8AHMO8bLX Mamepua-
J108 MOIHO NPUMEHSIMb OJIS1 MOHKUX MEeXHO/I02UTL.

Knroueesle cnoea: mazHUMHblE HAHOUACMUYLL, SO0epPHbLI KeaHmMOo8bLll s¢hghexm, 800HblEe KEAH-
mosble mamepuasel, ImeporkeHmHsble ceolicmaa, nepepabomiKa omxo008 mMemaiiypauu
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INTRODUCTION

Ionic surfactants are often used to obtain
magnetic nanoparticles. They play the role of matrices
for the localization of d-block elements ions [1-4].
According to classical theory, direct surfactant
micelles in water have the structure of a hydrocarbon
core with a double electric layer of ions [5]. The
electrical double layer consists of an adsorption
and a diffuse layer. The ions of the adsorption layer
are densely packed and organized. The degree of
ionization of micelles and the energy of Gibbs
micelle formation can thus be established. The ions
of the diffuse layer, on the contrary, are washed
out by thermal energy. Based on such an organization
of magnetic ions in the adsorption layer, a strong
exchange interaction between them can be expected

with the manifestation of ferromagnetic properties.
However, this is not observed [6]. Another emergent
property is associated with the synthesis of metal
nanoparticles from positive ions in micelles of
cetylpyridinium  chloride ~ C H,,CHNCI [7-9].
Gadolinium ions Gd** should not penetrate into
the hydrocarbon core of a classical micelle, since
they are repelled by the positive C H,,CHN" ions
of the micelle. Therefore, the matrix or protective
properties of micelles should not appear. However,
these properties are used very successfully.

For more purposeful application, these and other
contradictions ~or emergent properties require
a more detailed study. This is especially important for
in vivo use, where synergism and antagonism of
drugs or magnetic probes with the quantum

properties of a biological cell is possible [10-12].

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(5):471-481
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We previously conducted similar studies with the
same goal, but the mystery of the nature of this
phenomenon did not allow wus to explain the
contradictions we observed. The time has come now
to return to the causes of the magnetic properties
of ions and nanoparticles obtained in the matrices
of quantum materials.

Let us briefly dwell on the probable mechanism
of this phenomenon. Solid quantum materials
operate at low temperatures where quantum fluctuations
are more pronounced. Solid quantum materials
reveal completely new phenomena and functions in
the Mott transition, high-temperature superconductivity,
topological superconductivity, colossal magnetoresistance,
and giant magnetoelectric effect [13].

The quantum properties of water have been the
focus of intensive study, in order to understand the
role of quantum phenomena in the properties of water.
However, these studies are based on calculations of
various water models and depend on the choice
of parameters proposed by the researchers themselves.
Therefore, the results are very inconsistent. Water
does not have the properties of a quantum material.
The quantum fluctuations in it need to be “woken up”.

The unravelling of the mystery of quantum
phenomena in aqueous solutions was made possible
by the fact that for the first time the presence
of accompanying phenomena was shown. This
consisted namely of an extended phase transition
in an ensemble of small aqueous systems and
micellization [14—17]. The micelle formation process
and the accompanying liquid-liquid phase transition
are two sides of the same coin. Strong fluctuations
of the extensive properties of water (thermal
fluctuations) appear in the area of formation of
spherical micelles, due to the smallness of the
ensemble of water (6-14 molecules), corresponding
to the size of surfactant molecules. They, in turn,
stimulate the manifestation of quantum fluctuations
of water molecules and charges. Organized chaos
or correlation of thermal and quantum fluctuations
arises. Quantum fluctuations at a size of 0.2-0.3 nm
with the duration of a picosecond form thermal
fluctuations (cavities) for micelles with the capture
of water molecules at a size of 4—6 nm with diffusion
coefficients of the order of 4:10° cm-s™' [17].

Magnetic ions and nanoparticles in micellar
aqueous solutions are assumed to be present
inside a quantum micelle or an organized chaos
of water and surfactants. When attempting to measure
electrical conductivity or electromotive force, the
electromagnetic field of the device destroys quantum
fluctuations and the micelle shows classical
behavior. The reducing agent hydrazine hydrate
does not affect the nuclear quantum effect. Such a
theoretical explanation of the manifestation of

emergent properties is still debatable. Nevertheless,
these properties can already be used for practical
purposes.

In this article, as part of the discussion, we
consider only the supposed emergent properties
of magnetic materials when they are obtained in
micellar surfactant solutions. The first part of the
article discusses the magnetic properties of ions, then
we will consider the features of self-organization
and behavior of magnetic nanoparticles. In conclusion,
we will show how a micellar surfactant solution
can be wused in a hybrid waste processing
technology to obtain metal nanoparticles, metal
oxides, and to create self-assemblies of magnetic
nanoparticles.

MATERIALS AND METHODS

The main reagents used were cetylpyridinium
chloride C H,,C.HNCI (CPC) (99%, Sigma-Aldrich,

167733
USA), sodium dodecyl sulfate (SDS) (99%, Shostka
Chemical  Plant, Russia), gadolinium acetate

Gd(CH,CO0),-3H,0 (chemically pure, Vekton, Russia),
platinum hydrochloric acid H,[PtCl ]-6H,0 (99%,
SilverSalt, Russia), hydrazine hydrate N H,HO
(100%, Clearsynth, India), FeSO,/7H,O (chemically
pure, Russian Vitriol Company, Russia), CoCl-6H,0
(chemically pure, Fairsky Industrial Co., China) and
NiClL-6H,0 (chemically pure, Fairsky Industrial Co.,
China) were used to obtain CoFe,O, and NiFe O,
nanoparticles. A mixture of toluene and isoamyl
alcohol in a volume ratio of 4:1 (purified grade
reagents from Fluka, Switzerland) was used as the
organic phase in the process of flotation extraction.

For the synthesis of nanoparticles, an ultrasonic
disperser UZDN-2 (Techcenter, Russia) was used.
The diffraction patterns of the nanopowders were
recorded on a DRON 3M X-ray diffractometer
(Burevestnik, Russia) with a copper emitter. The size
and shape of nanoparticles were determined using
a JEOL JEM-1011 transmission electron microscope
(TEM) (JEOL, Japan) at an accelerating voltage
of 100 kV. The content of platinum in the Pt-Gd
nanopowder was determined using a Kvant-Z atomic
absorption spectrometer (Kortek, Russia) with an
electrothermal atomizer (graphite furnace). Magnetic
studies were carried out on magnetic balances
by the ponderomotive method, as well as on the
universal “Cryogenic high field measurement system”
(CFMS, Cryogenic, United Kingdom). In addition
to the usual measurements of the magnetic moment
as a function of the magnetic field and temperature,
we used the technique of measuring the magnetic
susceptibility after cooling in zero (zero field
cooling, ZFC) and low (field cooling, FC) magnetic
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fields. The characteristic maximum on the ZFC
branch at the blocking temperature was used
to estimate the sizes, as well as the size distribution
of nanoparticles. Topographic and elemental analyzes
were performed on a Philips SEMS 515 scanning
electron microscope (Philips, Netherlands) with an
EDAX ECON IV microanalyzer. The photographs
of the obtained powder particles were taken with
an Olympus GX71 metallographic microscope
(Olympus, Japan).

RESULTS AND DISCUSSION

Magnetic properties of Gd*" obtained
in a quantum material with sodium
dodecylsulfate (SDS)

We tested the magnetic ordering of Gd** ions
by adding gadolinium acetate (CH,COO"),Gd*" (GA)
to SDS in the ratio (1:1, mol) [6]. Solutions of
0.05 M GA at 298 K had a magnetic susceptibility
equal to 1.8:107 m*>kg™, i.e., they were diamagnetic.
When GA was added to a solution of SDS (1:1),
no precipitation was observed. The micellar solution
of gadolinium dodecyl sulfate obtained in this way
became paramagnetic with a magnetic susceptibility
equal to 2.0:107 m*kg! (Table). If we assume that
gadolinium dodecyl sulfate at such a concentration
is soluble in an aqueous solution of GA, then
without the action of a magnetic field, the Gd*" ions,
and, consequently, Na® ions in solutions with
spherical micelles, are completely randomly oriented.
They do not have the structure of the adsorption
layer of a classical micelle. The paramagnetic
properties of such solutions are preserved in the
temperature range of 275-315 K.

On the other hand, if the Gd*" ions are built
into an order characteristic of a lamellar micelle
(liquid crystal) (Fig. 1), as in the GA—water—undecane
system, the Gd** ion has ferromagnetic properties.

When the aqueous solution of GA is saturated
with n-undecane, the temperature dependencies

o Gd3+

__~— n-undecane

O coo” | cH;

Fig. 1. Lamellar micelle (liquid crystal)
in the GA—water-n-undecane system.

of the specific inverse magnetic susceptibility
x '(T) indicate the appearance of magnetic ordering
of another type. The projection of the function y '(7)
on the abscissa axis is positive. This indicates that the
ferromagnetic order is typical for metallic gadolinium.
Figure 2 shows the temperature dependence of the
specific inverse magnetic susceptibility for liquid
crystals of the GA (0.1 M)—water-n-undecane system. In
this case, the approximate linear function is:

v (T)=2.5-10°T — 2.5-10".

When comparing the magnetic properties
of Gd* ions in a quantum material and with
organized ions of liquid crystal, we can conclude
that they are different. Using the classical theory
of the formation micelles in water, they possess
the structure of a hydrocarbon core with a double
electric layer of ions. The double electrical layer
consists of an adsorption layer and a diffuse layer.
The ions of the adsorption layer are dense and
organized. Based on such an organization of
magnetic ions in the adsorption layer, we can
rightly expect a strong exchange interaction between
them with the manifestation of ferromagnetic
properties. However, we observed the paramagnetic
properties of gadolinium ions with random motion
in solution.

Table. Specific magnetic susceptibility of GA aqueous solutions without micelles and with SDS spherical micelles at 298 K

Aqueous solutions GA concentration, [M] x-1077, [m¥kg]
GA 0.0005 —6.0
GA 0.005 —4.0
GA 0.05 -1.8
GA +SDS (1:1) 0.0005 —4.0
GA+SDS (1:1) 0.005 2.1
GA +SDS (1:1) 0.05 2.0
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475



Emergent properties of magnetic ions and nanoparticles in micellar solutions of surfactants: ...

107/y, QO
m*/kg 900

44 ’

0 100 200 300 7K
Fig. 2. Inverse magnetic susceptibility vs temperature
for the lamellar micelle of the
GA (0.1 M)—water—n-undecane system.

Magnetic properties of Pt—-Gd nanoparticles
obtained in a quantum material
with cetylpyridinium chloride (CPC)

For the synthesis of hybrid nanoparticles, we
chose H,[PtCl] and Gd(CH,COO), with CPC
concentration of 0.0293 M. This is greater than
critical micelle concentration (CMC) = 0.002 M
[18]. We passed nitrogen through the mixture of
dissolved substances, in order to remove dissolved
oxygen, followed by stirring. A yellow solution was
obtained, the color of which is due to the interaction
of the cetylpyridinium® ion with [PtCI ]*". The ions
in micellar solution and alkaline medium were
reduced with hydrazine hydrate. After reduction,
a dispersion with dark brown nanoparticles was
obtained, represented by the TEM image in the
middle (Fig. 3a) and along the edges of the dried
suspension (Fig. 3b).

The content of Pt in the washed dry nanoparticles
corresponded to the complete reduction of ions,
24 wt % Pt. The 82% content of Gd instead
of 97.6% indicates the presence of organic impurities
in the nanoparticles. These can be assumed
to be CPC molecules. As can be seen from Fig. 3,
the nanoparticles are 5-10 nm in size. The nanoparticles
are self-organized in the quantum material (Fig. 3a)
and this organization is visible in the dried
material on the carbon substrate (TEM). The granular
equidistant structure of the hybrid nanoparticles
is also clearly visible. After the redox reaction and
preparation for TEM, nitrogen and water disappeared
from the reaction mixture, thus it can be assumed

that the hybrid nanoparticles are distributed
between CPC molecules.
In order to understand and compare this

with our magnetic nanoparticles, we have presented
the mechanism of photoreduction of Au and Pt ions
in a micellar solution of SDS without the addition
of a chemical reducing agent. Such a research
method avoids pollution of the production of
nanoparticles by reaction products and makes the
study of the reaction mechanism purer. Micelles and
nanoparticles have been investigated using small-
angle X-ray scattering, extended X-ray absorption
fine structure, and TEM [19]. The authors have
provided evidence that SDS micelles are preserved
with the inclusion of nanoparticles of the “nanoparticle
core—surfactant shell” type. Au and Pt metal
nanoparticles were formed photochemically in the
cores of micelles, and had no significant effect
on the micelle morphology. Before reduction,
the ions were randomly distributed in solution,
and after reduction, their reduced forms ended up
inside micelles.

Our studies [8] have also proved the formation
of condensation centers and magnetic nanoparticles

(2)

(b)

Fig. 3. TEM images of hybrid Pt-Gd nanoparticles obtained in a quantum material
and dried on a graphite substrate.
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of manganese and cobalt in micelles. This behavior
of ions indicates their participation in the quantum
nuclear effect, as confirmed by our and other studies.

Let us compare the magnetic properties of
crystalline Gd and powder Pt-Gd. According to
reference data, the specific magnetization of bulk
crystals Gd in a magnetic field 0.5-1.7 T in a nitrogen
atmosphere is 240 A-m?kg and bulk crystals has
a Curie point of about 293 K. Specific magnetization
of the synthesized powder Pt-Gd in a magnetic
field 0.86 T is two orders of magnitude lower
than those of Gd crystals and has the value
1.92 A'-m%*kg. The Curie point of the studied Pt-Gd
nanopowder is equal to ~270 K, which is ~23 K
below the Curie point of the bulk sample. There is no
blocking temperature on the ZFC curve which
is typical for superparamagnetic nanoparticles.

Thus, taking into account the results obtained
in the study of magnetic properties, it can be assumed
that using such a synthesis method and without
thorough  purification of  nanoparticles  from
surfactants, the Pt—-Gd powder has an atypical
magnetic behavior.

Magnetic properties of cobalt ferrite
nanoparticles obtained in a quantum material
with SDS

Cobalt ferrite nanoparticles were obtained by
ion flotation extraction, in order to demonstrate
the production of nanoparticles from waste using our
integrated technology [20]. SDS were dissolved in a
1.5-liter solution, 0.0002 M CoCl, and 0.0004 M FeSO,
and 0.0008 M. A micellar solution (quantum material)
of a mixture of salts of cobalt, iron, sodium, and
pink-colored SDS due to the presence of hydrated

cobalt ion is formed. After 10 min of ionic flotation
extraction, the pink color of the aqueous solution
disappeared: the mixture of toluene extractant with
isoamyl alcohol turned pink. The extraction was
stopped. After flotation, the extractant with iron cobalt
salts and SDS was separated. The extractant was
removed by distillation, the salt precipitate was
dried under vacuum and over paraffin powder.
Then the mixture of salts was treated with
sodium  hydroxide  solution until  complete
precipitation of iron and cobalt hydroxides. This
was washed with water and dried in air to obtain
possible CoFe,O,. We deliberately did not shape the
crystal lattice of CoFe O, by heating to thermally
decompose SDS.

In order to obtain X-ray diffraction (XRD)
and TEM images, the composite was preliminarily
dispersed in ethyl alcohol using ultrasound. Received
the dispersion was applied to a copper substrate
coated with carbon. The diffraction pattern showed
that the formation of the CoFe,O, crystal lattice was
either incomplete (i.e., the dense packing of the
spinel structure was not formed) or a strongly
defective structure was formed. This is indicated
by slightly higher interplanar spacing and broadened
diffraction peaks. Moreover, X-ray reflections are
shifted towards larger angles, i.e., for a crystal cell
with smaller parameters. Nanoparticles self-organize
into a periodic colloidal structure on a carbon
substrate (Fig. 4a) and have a maximum size
distribution in the range of 4 to 6 nm (Fig. 4b).

Thus, the following conclusions can be drawn
about the structure and magnetic properties of the
formed nanoparticles. Surfactants adsorbed and
included in the powder system interfere with
the creation of an “ideal” crystal lattice of CoFe,O,.

V.%

20

0 1 2 3 4 5 6 7 8 9 10 11 12
D, nm

(b)

Fig. 4. TEM image of self-organization into a periodic colloidal structure of cobalt ferrite powder
nanoparticles obtained in a quantum material and dried on a graphite substrate (a)
and size distribution of nanoparticles (b); V is the relative frequency, %; D is the nanopaticle size, nm.
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The particles consist of two components: a well-
formed CoFe,O, phase and its amorphous counter-
part. Nanoparticles have a maximum size distribution
in the range from 4 to 6 nm and self-organize into
a periodic colloidal structure on a carbon substrate.
As established from the ZFC-FC magnetization
curves, the nanosized powder possesses a blocking
temperature of 45 K with a magnetic moment
of 0.85-0.9 p at a temperature of ~0 K, and
the Néel temperature lies in the range of 110-250 K.

Magnetic properties of nickel ferrite nanoparticles
obtained in a quantum material
with SDS

The results of experimental elemental analysis
of the synthesized powder of the expected
nickel ferrite showed an increased content of
iron and oxygen relative to stoichiometric nickel
ferrite  (NiFe O,) [21]. The composition of the
powder corresponds to NiFe, O,,.. The method
described above for obtaining cobalt ferrite in
the case of nickel leads to the formation of self-
organizing nanoparticles of nonstoichiometric nickel
ferrite (Fig. 5). This is because the synthesis process
with the addition of alkali was accompanied by
the partial removal of amphoteric nickel hydroxide.
In addition, the resulting powder, in addition to iron and
nickel hydroxides, possibly contained (C ,H,SO,),Fe,
(C,,H,,SO,),Fe(OH), and (C H,SO,)Fe(OH), They
were difficult to isolate at the stage of filtering the
precipitate after the addition of alkali. The 3% carbon
content confirms such assumptions.

The XRD pattern of the synthesized powder
had no sharp peaks; something which does not
prove that ideal crystals were obtained. Elemental

Fig. 5. TEM image of self-organization into a periodic
colloidal structure of nickel ferrite powder nanoparticles
obtained in a quantum material and dried
on a graphite substrate.

* p, is the Bohr magneton.

analysis and XRD data of the powder convincingly
prove that it consisted of X-ray amorphous non-
stoichiometric ferrite and SDS. Furthermore, heat
treatment at 600°C caused the appearance of
diffraction peaks of crystalline nickel ferrite.

The magnetic susceptibility of the material
after ZFC or FC was measured [21, 22], in addition
to standard magnetization versus magnetic field.
In the ZFC procedure, the sample was cooled to
4 K without applying a magnetic field and
measurements were made in a static magnetic field.
Then the temperature was slowly raised and the
magnetization was recorded. The FC procedure
differed from the ZFC measurements only in that
the sample was cooled in a non-zero magnetic
field. FC and ZFC curves of magnetically
inhomogeneous magnetic materials typically coincide
at high temperatures while differing below their
blocking temperature 7,. Their ZFC curves have a
maximum at 7,, whereas their FC curves usually
rise monotonically down to very low temperatures.
At temperatures above 7, = 25 K, the synthesized
nickel ferrite nanoparticles possess superparamagnetic

properties (Fig. 6), characteristic of magnetic
nanomaterials.
M,
A-m*kg
2
0.25 —X
0.20 \
1
0.15
0.10
0.05 /\
000 T T T T T T
0 50 100 150 200 250 300 7,K

Fig. 6. Temperature dependence of the specific
magnetization of nickel ferrite powder in magnetic
field of 300 Oe: 1 - ZFC, 2 — FC.

Another important characteristic of a magnetic
nanomaterial is its specific saturation magnetization.
That of the synthesized ferrite nanoparticles is
150 Am¥kg at 5 K which is slightly below
the saturation magnetization of bulk NiFe,O,
(17.6 A-m%kg).

From the experiment of synthesis of nanoparticles
in a quantum material, the following conclusions
can be drawn. It is possible to reduce metal ions
of different signs of complex and simple [PtCl]*
and Gd** ions in a quantum material in a single
step. This is very important when processing
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waste to obtain nanoparticles of different metals
[23, 24]. There are no differences in the recovery
of supposedly “organized” ions of the adsorption
layer and the diffuse layer of an ionic surfactant
micelle. All ions are randomly distributed in
the water quantum material.

The listed methods for the synthesis of
nanoparticles were created in order to illustrate
the production of nanoparticles from waste. This
technology consists of three stages: firstly, aqueous
solutions of simple or complex metal ions are
obtained from waste; secondly, they are extracted
by the method of ion flotation; at the third stage,
ions are reduced to nanoparticles in an aqueous
micellar solution.

Magnetic nanoparticles in a quantum material
are necessary for their organization into long-range
and dynamic assemblies on various substrates.
Experiments show that nanoparticles in a quantum
material self-organize well when dried on substrates
in the second minimum of the dependence of
their potential energy on distance. This technology
will open up possibilities for a wide range of
applications. In particular, materials can be created
for which the remanent magnetization and coercive
field are controlled at room temperature. For this,
liquid crystals containing ions can also be used [25].

Self-organized structures are well-formed from
dispersions of nanoparticles in a quantum material
on any substrate. Further annealing on the substrate
preserves this organization and allows the formation
of a different mesoscopic order with emergent
properties: an increase in the blocking temperature
and the behavior of superspin glass [26, 27].

In terms of further potential, other emergent
properties of quantum materials that can be used
for the synthesis and application of magnetic
materials found by other researchers may be a focus
in the future.

Thus, there is an increase in the optical rotation
of SDS solutions in the concentration range from
0.002 mol/L to CMC, followed by a decrease
after CMC to a constant value at 0.015 mol/L and
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Abstract

Objectives. To identify the principles of creating digital twins of an operating technological
unit along the example of the process of liquid-phase alkylation of benzene with propylene,
and to establish the sequence of stages of formation of a digital twin, which can be applied
to optimize oil and gas chemical production.

Methods. The chemical and technological system consisting of reactor, mixer, heat exchangers,
separator, rectification columns, and pump is considered as a complex high-level system.
Data was acquired in order to describe the functioning of the isopropylbenzene production
unit. The main parameters of the process were calculated by simulation modeling using UniSim®
Design software. A neural network model was developed and trained. The influence of various
factors of the reaction process of alkylation, separation of reaction products, and evaluation
of economic factors providing market interest of the industrial process was also considered.
The adequacy of calculations was determined by statistics methods. A microcontroller prototype
of the process was created.

Results. A predictive neural network model and its creation algorithm for the process of
benzene alkylation was developed. This model can be loaded into a microcontroller to allow
for real-time determination of the economic efficiency of plant operation and automated
optimization depending on the following factors: composition of incoming raw materials;
the technological mode of the plant; the temperature mode of the process; and the pressure
in the reactor.
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Conclusions. The model of a complex chemicotechnological system of cumene production,
created and calibrated on the basis of long-term industrial data and the results of calculations
of the output parameters, enables the parameters of the technological process of alkylation to be
calculated (yield of reaction products, energy costs, conditional profit at the output of finished
products). During the development of a hardware-software prototype, adapted to the operation
of the real plant, the principles and stages of creating a digital twin of the operating systems of
chemical technology industries were identified and formulated.

Keywords: digital twin, cumene, industrial plant, neural networks, machine learning, ESP8266
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IpuHOUNBI CO3MaAHUA MPOTOTUIIA HM(POBOIO JBOMHUKA IMPOIIECCA
AJKWJIMPOBaHMsI O€H30/1a MPOIMJIEHOM HA OCHOBE HEMPOHHOM CeTH
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AHHOMAyYuUs

Ilenu. BvlseneHue NPUHYUNOE CO30AHUSL UUPPO8blX O080UHUKO8 peastbHo OJelicmeyoueli
MEexXHON02UUEeCKOl YCMAaHO8KU HA NpumMepe Npoyecca HRUOKopasHo20 aNKUAUPO8AHUSL beH301a
NPONUNEHOM U YCMAaHO8/IeHUE NoCaed08aAMeNbHOCMU 9MAN08 QOPMUPOBAHUSL UUGDPPOBO20
08oliHUKA, KOmMOopast mMoxKem 6blmb NPUMEHUMA Ol ONMUMU3AYUU pabombl Hedhmeaa30xXumu-
YecKozo0 NPouU3s00CmMad.

MemooOust. Paccmompera 6 uesiom XUMUKO-MEXHOJI02UUECKAs. CUCmemMd, COCMOosias us pear-
mopa, cmecumens, menioooMeHHUKO8, Cenapamopa, peKmupuUKAyUOHHbIX KOJOHH U HACOCA,
KAK cucmema 8blcoK020 YposHsl. BoinonHer c6op OaHHbLX, ONUCLIBAIOULUX (PYHKUUOHUPOBAHUE
YCMaHO8KU NOAYUEHUSL U30NPONUNOEH30NA ANKUAUPO8AHUEM OeH30/1a NPONULeHOM nymem
pacuema OCHOBHbLX NAPAMEMPO8 NPOUEcca C NOMOULbIO UMUMAUUOHHO20 MOOESAUPOBAHUSL
C NPUMEHEeHUeM CNeyUaIU3UpPO8aAHH020 NPoepamMmHo20 obecneuerus UniSim® Design. Pa3pa-
6omana u obyuera Helipocemesgast MOOEsb, YUUMbIEAOULAS 8AUSLHUE PA3NUUHBIX (haKmopos
DPEAKUUOHHO020 NPOUECcCca ANKUNUPOBAHUSL, pasdesieHuss NPoOYyKmoe peaKyuu U OUeHKU KOHO-
MUUECKUX aKmopos, 06ecneuusarouux poblHOUHYIO NpuUsIeKamelbHOCMmb paccmampueae-
M020 NPOMbLULIEHH020 hpoyecca. OnpedeneHa aA0eK8AMHOCMb pe3yibmamog pacuemos
ONMUMANbHBLIX —Napamempog npouecca Memooamu MaAmemamuueckoll. Cmamucmuru.
Coz0ar npomomun yugpogozo 080UHUKA NPOUECCA, Pealiu308aHHOU HO MUKPOKOHMpPOEepe.
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Pesynemamut. CozdarHa npoezHocmuueckast Helipocemegasi MOOe/lb U A2OPpUMM ee NOoCMmpo-
eHust O/l npouecca AaaKUNUPOB8AHUsL OeH30/10 NPONUNIEHOM, NO38OASIOWASL NPU 3az2py3Ke
ee 8 MUKPOKOHMpoOnep obecneuums 8 pesKume peaibH020 8pemeHU onpedeneHue IKOHOMU-
yeckoll agpgpexmusHocmu pabomsl YCMAHOBKU U A8MOMAMUUECKYI0 ONMUMU3AUUI pabombl
YCMaHO8KU &8 3a8UCUMOCMU OM COCMA8ad NOCMYNAULE20 Cblpbsl MEXHON02UUECK020 DeIUMA
cucmembl, memnepamypHozo pexxuma npogedeHus. npoyecca U 0asleHUs. 8 peaKmope.

Buteoodst. Co30aHHast MOOENb CAOIKHOU XUMUKO-MEXHOI02UUECKOl Cucmembl Npou3eo0cmaea
KYMONQ, OMKAAUOPOBAHHAS. HA OCHOBAHUU NPOMBLUNEHHBIX OAHHBIX OAumesibHo20 npobeza
MEexXHON02UUECKOll YCMAHOBKU U pe3yibmamo8 pPAacuemo8 6blX0OHbIX Napamempos8 npouecca
npu NomMowu HeUpoHHOU cemu, Peanuso8aHHoOl HA MUKPOKOHMpPOJepe, Nno38oJsiem pac-
cuumames napamempsbl. MexHON02UUEeCK020 Npouecca OaAKUAUPOBAHUSL (8blxX00 NpooyKmoa
pearkyuu, sHepzemuueckue 3ampamal, Yclo8HY npubblib Npu 8blnycke 20mogoll NPOOYKUUL).
B npouecce paspabomiku npomomuna npo2PamMMHO-GNNAPAMH020 KOMNIEKCA YnpasieHus
YCmaHo8KoU aNKUNUPOBAHUSL BEH301a NPONUNEHOM HA OCHO8e OAHHbLX, AO0ANMUPOBAHHBLLX
K pabome peanvHOl YcmaHo8KU, ObLIU 8bls8NeHbL U COOPMYAUPOBAHBL NPUHUUNBL U IMAnbL
C030aHUSL YUPOB8020 0BOUHUKA NPOU3IBOOCMBEHHBLIX CUCMEM OMPACAE XUMUUECKOU MeXHO02ULL.

Knroueebste cnoea: yugposoil 080UHUK, KYMOJ, NPOMbLUIEHHAS. YCMAHO8KA, HElpOHHblE cemu,
MawuHHoe obyueHue, ESP8266

Hna yumuposanun: Kichatov K.G., Prosochkina T.R., Vorobyova LS. Principles of creating a digital twin prototype for

the process of alkylation of benzene with propylene based on a neural network. Tonk. Khim. Tekhnol. = Fine Chem. Technol.
2023;18(5):482—497. https://doi.org/10.32362/2410-6593-2023-18-5-482-497

INTRODUCTION process. Existing approaches to the selection of
the current operating parameters are based primarily
petrochemical industry is one of the on the experience of operators and process

largest sectors of the world economy. The main trends
in the development of modern petrochemistry are
aimed at increasing the capacity of petrochemical
plants and the selectivity of chemical reactions,
reducing the energy intensity of chemical technological
processes, processing of new types of raw materials,
and environmental safety of production. The key
results of these processes will be to increase the
efficiency of petrochemical productions.

The modernization and technical re-equipping
of operating plants are carried out, as a rule, on the
basis of experimental data without the appropriate
scientific study. The methods of chemical technological
processes optimization applied do not allow us
to cover comprehensively the whole range of
characteristics and factors affecting the production

engineers, thus limiting the possibility of eliminating
shortcomings associated with the human factor [1].

Currently, digital processes using artificial
intelligence technologies are being increasingly
introduced, in order to resolve urgent production
problems and improve the efficiency of industrial
enterprises. One of the most effective ways of
solving this problem today is mathematical modeling
using neural network technologies using modern
hardware and software systems.

The use of neural networks based on Big Data
provides a unique opportunity to establish the
hidden relationships of the qualitative and
quantitative characteristics of feed streams, fuel,
cooling water, and electricity consumed by cumene
with  production efficiency indicators. In the
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conditions of existing production, this enables the
potential for increasing energy saving in a short
time to be identified and the number of measures
needed to  optimize industrial  technological
processes to be significantly reduced: redistribution
of feed streams, fuel, water, and electricity [2].

At the same time, the application of intelligent
systems in the industrial sector is often implemented
with the use of cloud data storage and distributed
computing. The use of external cloud systems poses
certain difficulties and risks:

— high cost of ownership of cloud services
infrastructure;

— the possibility of unauthorized access by the
provider’s personnel due to insufficient data protection;

— temporary loss of access to information may
occur as a result of network equipment failures'.

Industrial companies are concerned about the
uninterrupted operation of all plant facilities and
services. The risks associated with the transfer
of data and calculations for the management of
existing production to external cloud resources are
a potential threat to the safety of operation of
existing fire and explosion hazardous facilities. In
this regard, embedded solutions based on industrial
controllers and supervisory control and data
acquisition (SCADA) systems are currently a fault-
tolerant alternative to external cloud services.

The basic unit of a digital intelligent system
at an industrial petrochemical enterprise is a digital
twin (DT). This is a digital (virtual) model of
industrial facilities, systems and processes of an
enterprise ~ which  accurately  reproduces  the
characteristics and actions of the original and is
synchronized with it. The DT is used to simulate
events which occur with the original under certain
conditions, significantly reducing the time and
material costs for testing complex and expensive
equipment, thus preventing possible emergencies
and ensuring the safety of existing production?.

Classification of DTs by levels of integration
with a real production facility**:

' “We risk losing data and breaking the law” — why
companies are afraid of the clouds. VC.ru. 2021. Available
from URL: https://vc.ru/promo/246963-riskuem-poteryat-
dannye-i-narushit-zakon-pochemu-kompanii-opasayutsya-
oblakov. Accessed January 5, 2022.

2 Zuykova A. What are digital twins and where are they used.
RBC. 2021. Available from URL: https:/trends.rbe.ru/trends/
industry/6107¢5339a79478125166eeb. Accessed January 5, 2022.

3 Prokhorov A. Digital twins. The concept is evolving.
C-News. 2018. Available from URL: https://data.cnews.ru/
articles/2018-04-18 _tsifrovye dvojniki_kontseptsiya razvi-
vaetsya. Accessed January 5, 2022.

4 Digital twin technology. Future2Day. 2019. Available
from URL: https://future2day.ru/texnologiya-cifrovyx-
dvojnikov/. Accessed January 5, 2022.

— DT prototype is a virtual analogue of the
facility, including all the data for reproducing the
original object;

— DT instance is a database of all characteristics,
operational properties, and information about the
operation of a physical facility, including its three-
dimensional model and functioning in parallel
with the original;

— DT aggregate is a collected intelligent cyber
physical system including DTs and real facilities,
controlled from a single center and exchange data
with each other online.

The development of new digital technologies
has marked the arrival of the fourth industrial
revolution (Industry 4.0) [3] and the trend towards
the re-profiling of all sectors of industrial production.
Using supply chain management-marketing systems
as an example, [4] enabling technologies that
enable the transition to Industry 4.0 were identified:
advanced manufacturing, additive manufacturing,
augmented reality, simulation, cloud computing,
industrial Internet of Things (IoT), cyber security,
and Big Data analytics and customer profiling.
Among these, the most used digital technologies
are mobile and cloud computing, IoT, big data
analytics, and blockchain [5].

Digital transformation is profoundly changing
our way of living, rendering obsolete not only
products or services, but also the way in which
firms organize their business processes along with
how they create and capture value. Thereby, reinventing
a business model is mandatory for incumbents
in their attempt to survive in the changing digital
world [6].

At the same time, [7] notes that information
on available assistive technologies and trends
is scarce and limits the ability to make appropriate
decisions.

The concept of Digital Transformation itself
is multifaceted [8]. In [9], the different types
of digital transformation impacts on innovation
processes are classified, and barriers to integrating
digital competencies into traditional companies are
described. It should be noted that research on the
relationship of digital transformation to innovation
processes and innovation management is at an
embryonic stage. The concept of DT is analyzed
in [10]. It was shown that DTs of technological
processes may be used for monitoring.

The effectiveness of digitalization is clear: it
enables industry processes to be automated, a variety
of information to be stored and data analyzed. It can
also predict future incidents and system states [11].
2021 has been a year of growth in the active
involvement of global oil and gas companies in
business transformation from upstream to downstream,
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with the re-engineering of production strategies
and operating models taking the lead. Ceipek er al.
[12] conducted an analysis of a 10-year US panel
dataset showing that underperforming firms are
more willing to engage in the emerging digital
transformation, while a superior level of prior
performance make firms less inclined to engage in
such digital technologies. As a rule, the management
of large successful companies is not willing to
change and upgrade resources to include digital
technologies, because they are inert and inflexible,
and the volume of production is high. Such
companies lack incentives to adopt advanced digital
technologies [13]. Therefore, company boards of
directors are often the inhibitor of digital change
in this case. Managers also need to actively combat
myopia, inertia, or rigidities that ensue from an
established product and business logic to ensure
the exploration of cutting-edge solutions for future
product development [12]. This inertia is partly
explained by the fact that according to estimates
made by [14], 66% to 84% of digital transformation
projects fail, 13% of which is a sizable share
considering the costs, both monetary and otherwise,
of putting these projects in place. Nevertheless,
more and more business leaders have recently

begun to understand the importance of using
digital data and analytics to improve business
performance®.

Digital transformation can lead to notable

advantages for firms, such as helping to create
products and services that are more efficient and
consistent with customer needs, thus providing a
shorter innovation process and time to market, and
creating related digital ecosystems [15].

In 2002, Michael Greaves gave a lecture in
which he formulated the world’s first concept
of DTs [16].

Digital twinning in industry was first applied
in the aerospace industry [17], but the oil industry
has long wused only traditional modeling and
optimization techniques. Nowadays, in oil and gas
chemistry, the use of DTs is becoming increasingly
important [18, 19].

The classification of data from the literature
on the use of DTs of production systems has shown
that three options for their use are possible:

1) modeling the reliability of systems, the
ability to plan their maintenance by monitoring
anomalies, deformations, fatigue cracks, diagnosis
of the state of the existing physical object;

> Booth A., Patel N., Smith M. Digital transformation
in energy: Achieving escape velocity. 2020. Available from
URL: https://www.mckinsey.com/industries/oil-and-gas/
our-insights/digital-transformation-in-energy-achieving-
escape-velocity#. Accessed January 5, 2022.

2) study of system behavior at each stage of
life cycle and prediction of its characteristics by
digital simulation of physical object and control
of'its life cycle using the IoT concept;

3) optimizing the behavior of the system at
the design stage prior to the creation of the
physical object, or optimizing and predicting the
characteristics of the product life cycle based on
its past and present states [17].

In [20], information on various factors enabling
the application of DTs in industry and -creating
barriers to their implementation is systematized.
Currently, there are two approaches to describing
DTs [21]:

— a full equivalent of a cyber-physical system;

— only one, key and fundamental, component
of a cyber-physical system out of several possible
ones [22]. This also stresses the opinion that
a true DT provides an automatic bidirectional
data transfer between the digital and the physical
counterparts [23]. This distinguishes DTs from
digital models with manual information transfer
and from digital shadows, in which the collection
of information from the physical object to the
digital analogue is automatic and the reverse data
transfer is done manually [24].

The authors [25] provide information on existing
methods for designing DTs, based on data from
a real object’, or from a real physical system [26],
or a combination of these approaches, resulting
in the greatest added wvalue and functionality
of the twin.

Although Industry 4.0 proposes the use of DTs
in industry for predictive maintenance and aftermarket
analysis, there are few applications in this area.
This is due to imperfect methodology for developing
real-time DT models, limited synchronization
capabilities between the digital and physical
object [27], problems with Big Data collection and
processing, a lack of highly accurate models for
multilevel object representation, and difficulties in
implementing them in production, including due
to companies’ resistance to change. New generation
information technology [28], which provides a
continuous exchange of information between DT
and production facilities [29], can help to resolve
this problem.

There are successful examples of application
of DTs for solving problems of optimization of
industrial plants. These include the optimization of
the reactor unit of styrene production in the Tabriz
petrochemical complex using an artificial neural

¢ Steve Miller. Predictive Maintenance Using a
Digital Twin. 2019. Available from URL: https://www.
mathworks.com/company/newsletters/articles/predictive-main-
tenance-using-a-digital-twin.html. Accessed January 5, 2022.
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network and an adaptive neuro-fuzzy inference
system [30], improving the energy efficiency of
furnace equipment using a DT integrated into the
SCADA system [31] and coke formation prediction
at a catalytic cracking unit [32].

In this regard, it is thus pertinent to identify
the principles of creating a DT of the process
of liquid-phase alkylation of benzene with
propylene, a prototype of an intelligent industrial
process control system.

MATERIALS AND METHODS

Chemical process description

The method of coproduction of phenol and
acetone by oxidation of cumene obtained by gas-
phase alkylation of benzene with propylene over
AICI, catalyst, was first developed and introduced
into industrial production in the Soviet Union by
a group of chemists (P.G. Sergeev, R.Yu. Udris,
and B.D. Kruzhalov). At present in global industry,
cumene is mainly produced on zeolite catalysts
(licensors of the modern alkylation process are
such companies as BADGER’, UOP?, LUMMUS?, and
IFP'%) [33, 34]. Processes for the production of
cumene, phenol, and acetone from cumene are
constantly being improved. Various methods for
intensifying the process have been proposed, for
example by optimizing the recycle flows in the
alkylation process or introducing ozone as an
initiator in the cumene oxidation process [35].

Works are known in which the optimization
of the alkylation process was carried out by means
of traditional technological methods (carrying out
the process using a reactive distillation column
[36], the introduction of additional separation
columns [37]). Other authors have proposed ways
of intensification based on the results of
mathematical modeling using conventional approaches.
Thus, the authors of [38] applied a computer
model written in Borland Delphi and defined the
optimal parameters of the alkylation process to
increase product yield and decrease catalyst
consumption. In previous studies [39], we proposed
a model of the reactor block in Aspen® HYSYS
(Aspen Technology, Inc., USA)'", which enables the

7 Badger Licensing LLC. 2021. Available from URL:
https://www.badgerlicensing.com/. Accessed January 5, 2022.

§ UOP. 2022. Available from URL: https://uop.honey-
well.com/. Accessed January 5, 2022.

° Lummus Technology. 2022. Available from URL: https://
www.lummustechnology.com/. Accessed January 5, 2022.

10 TFP Energies nouvelles (IFPEN). 2022. Available from URL:
https://www.ifpenergiesnouvelles.com/. Accessed January 5,
2022.

' Aspen Technology, Inc. 2022. Available from URL:
https://www.aspentech.com/en. Accessed January 5, 2022.

cumene yield in the alkylator to be calculated with
sufficient accuracy and optimal parameters of the
process conditions to be selected depending on the
required productivity. At the same time, the results of
such modeling are “idealized”, since it is not possible
to take into account all the factors of real
production.  Therefore, the optimal operating
parameters calculated on the basis of such models
cannot be directly applied in real faculties and
require additional clarification. The regulation of
technological mode parameters is performed by
means of the SCADA, based on the laws of
proportional—integral-derivative regulation. However,
the main responsibility for making decisions on the
choice of operating parameters lies with operators.
This can lead to errors due to human factor,
including suboptimal process management and loss
of profit share.

Application of DTs based on neural network
modeling technologies not only allows all the
factors affecting the equipment (including hidden
ones) to be taken into account, but also plant
operation to be reproduced as accurately as possible
and continuously synchronized. As a result, it is
possible to regulate process mode parameters by
applying a new type of controllers integrated into
intelligent cyberphysical systems and automatically
to optimize plant operation online without operator
intervention. This approach is currently the first
step towards the creation of smart manufacturing,
or more correctly called intelligent manufacturing.

In [40], for the liquid-phase alkylation process,
modeling was performed using two-layer neural
networks. The optimum values were calculated
for temperature and pressure in the reactor, as well
as its length, allowing the maximum yield of
cumene to be obtained. The authors [41], simulated
the yield and selectivity of benzene alkylation
reaction products formation with propylene using
two-layer neural networks and compared the
calculated data with the experimental results with
an average relative error ranging from 3.7% to 7.7%.

However, there is no information in the
literature regarding the creation of DTs of the
process of liquid-phase alkylation of benzene with
propylene based on neural networks, in which
the output parameter is the profit of the process unit.

Creating a database of raw data

The creation of a DT of the cumene production
process implies the development of a virtual model
which enables not only the process conditions
to be reliably repoduced, but also, as a result of
continuous analysis of stream data, to regulate
the process faster than the operator can react
to the event.
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In order to develop such a virtual model of
a chemical technological process, the operation
of a complex multiparameter system must be
reproduced.

The first step in creating a DT is simulation
using data, obtained from the factory set. In order
to show the possibility of developing a model
of a DT of the process, despite the lack of data
from a real process unit, we created our own
initial database by simulating the process unit in
the Honeywell UniSim® Design'? software .

The reactor was modeled according to the
method described in [39]. In order to form a detailed
model of the alkylation reactor, 13 chemical
reactions (1 main and 12 side) were used, the
kinetic parameters of which are given in Table 1.
As part of the creation of a DT model, it was
assumed that the kinetic parameters of the
reactions were constant in the range of the selected
values of temperature and pressure.

In a continuation of studies of the alkylation
process, the reactor model was supplemented with
a separation system using commercial-grade cumene
production.

The design scheme includes three blocks:
raw materials preparation, reaction block, and
a separation system. The process equipment consisted
of a reactor for alkylation and transalkylation
reactions, two columns—atmospheric column for
extracting benzene from the reaction mass and a
vacuum column for separating a mixture of cumene
and diisopropylbenzenes, a separator for separating
off-gases, six heat exchangers, a mixer, and a pump.

Figure 1 shows a simplified scheme for the
production of cumene.

In the feed preparation wunit, the initial
benzene and propylene are mixed with recycled
diisopropylbenzenes (Dcumene) in the mixer M-I,
then heated to 60°C. This mixture is fed to the
reaction unit, modeled on the Dbasis of the
equilibrium reactor R-1 and the separator SK-1.
From here unreacted off-gases (propane, ethane) are
released. This reactor is characterized by complete
conversion of propylene into reaction products.
The selectivity for cumene is about 99%.

The separation system is a system of columns
RC-1 and RC-2. Column RC-1 is designed to extract
benzene from the reaction mass which returns

Table 1. Kinetic parameters of the reactions of the alkylation of benzene with propylene at a temperature of 122°C and

a pressure of 1.6 bar

Reaction Ay E , kJ/mol k, ¢!
1 2 3 4
CH,+CH, —i—CHCH(CH,), 1.58-10° 150.94 3.74-107"2
CH,CH(CH,),+ C,H,— CH,(CH(CH,),), 2.26:10° 128.81 1.47-107°
CH,(CH(CH,),),+ C,H,— CH (CH(CH,),), 1.80-10* 140.64 5.81-107"2
CH+CH —n—CHCH, 1.28:-10° 130.41 5.53-1071°
2CH—->CH,, 1.97-10° 116.20 6.68-107"
2CH,— CH,=CH-CH, 1.65-10° 166.98 7.64-1071°
2 C,H,— CH,-~CH=CH-CH, 2.92-10° 141.47 2.00-107
2C,H,— CH,=C(CH,), 3.95-10¢ 138.86 3.13-10°®
CH,+ CH,=CH-C H,— C H.CHCH,C H, 5.45-10° 159.90 1.33-107"
CH,+ CH,=C(CH,),—~» C H.C(CH,), 5.65-10° 158.23 2.11-10712
CH,+ CH,=CH-C,H, > CH.C H, 1.42:10° 147.95 7.18-10°"
CH,+CH,—»CHCH, 7.16:10° 37.40 5.15-1071°
CH,CH.+CH,—» CH,(CH,), 2.90-10* 129.58 1.55-1071°

Note: 4 is the pre-exponential factor or Arrhenius equation, £ is the activation energy for the reaction, k is the rate constant.

12 Honeywell International Inc. 2022. Available from URL: https://honeywell.com. Accessed January 5, 2022.
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Fig. 1. Simplified scheme for the production of cumene:
M-1 — mixer; HE-1, HE-2 — heat exchangers; R-1 — reactor; SK-1 — separator; RC-1, RC-2 — distillation columns.

to the feed preparation unit (not shown in the diagram).
The column has 56 valve trays, the top and bottom
temperatures are 108.5 and 186.0°C, respectively.
A mixture of cumene and Dcumene is fed into
the RC-2 vacuum separation column, where they are
separated at a column top pressure of 200 mm Hg.
Column RC-2 consists of 23 valve trays, top and
bottom temperatures are 134.0 and 189.0°C,
respectively. From above, commercial-grade cumene
is obtained, and Dcumenes are removed from the
cube, which are sent for mixing with the initial
benzene and propylene.

The temperature (from 128 to 147°C) and pressure
(0.15 to 0.24 MPa) of the process in the reactor,
the ratio of benzene to propylene (from 3:1 to 4:1),
corresponding to the operating ranges of the
installation under consideration were selected as
input parameters of the neural network. The output
parameter, in contrast to the works of other authors,
is the principle profit from the process.

The values of the principal profit from the
sale of cumene PP, RUR/h, were calculated
by Eq. (1), taking into account the income from
the sale of cumene and the cost of energy resources
of the installation.

PP=C-i-P-a-P,—b-P,—c-P, (1)

where C is the cumene concentration in a commercial
product, i is the amount of cumene produced, kg/h,
a is the water vapor consumption, kg/h, b is the
circulating water consumption, kg/h, ¢ is the electricity
consumption, kW/h, is the calculated data obtained
from the model. Constant values: P, is the price of
commercial cumene, accepted at 4.7825 RUR/kg,
P is the price of water vapor, accepted at 1.19 RUR/kg,
P, is the price of circulating water, accepted at
7.11 RUR/kg, P_is the price of electric power,
accepted at 2.50 RUR/kW.

The energy requirements are determined using
the UniSim® Design cumene production plant
model. Steam is used as a heat carrier in reboilers of
columns RC-1 and RC-2, heat exchangers of propylene
fraction and benzene (HE-1, HE-2), and a feed
preheater in front of the reactor. Recycled water is
used in the condensers of the columns RC-1, RC-2,
in order to reduce the temperature in the reactor
and cool the bi-Dcumenes after the column RC-2.
The P-1 pump consumes electric power.

Selection of the topology and learning algorithm
for the neural network

The data obtained as a result of modeling the
technological unit in the UniSim® Design software
was used to create a predictive neural network model
of the process. Based on the structural approach,
this enables the principal profit of the unit to be
established depending on the feedstock composition,
the temperature of the process, and the pressure in the
reactor.

We used a two-layer direct communication
network with sigmoidal transfer functions (2) of
neurons in the hidden layer:

1
1+e*

5(x) 2)

and linear transfer functions in the output layer
of neurons (Fig. 3). The choice was due to the fact
that such a neural network configuration takes
into account the non-linear effects of the original
process model. However, at the same time, the
computational complexity of the sigmoid function
allows it to be used in devices with limited
performance (embedded solutions, microcontrollers,
etc.). The two-layer network was chosen because
in the paper [41], when solving a similar problem,
reliable results were obtained.
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Fig. 3. Model of the used neural network.
b,...b, are bias terms of each perceptron, w,...w,
are weight vectors of each perceptron, » is the index,
N is the number of perceptions in model.

All data was divided into 3 groups: learning
curve (70%), training sample (15%), and data for
testing the network (15%).

The learning curve is used to train the neural
network, after which the neural network is trained
in one iteration. Then the learning curves and training
samples are mixed and the process is repeated
until the minimum value of the standard deviation
of the training sample is found. Subsequently the
neural network is tested with the calculated values
of weights and biases on the data for validation.

We used the Levenberg—Marquardt algorithm
(backpropagation algorhythm), Bayesian regularization
algorhythm and scaled conjugate gradient algorhythm in
the MATLAB® software package'® (MathWorks, USA).
The choice of the neural network training algorithm
was made by comparing the regression coefficient R.

CALCULATION OF TRANSFER FUNCTIONS
COEFFICIENTS

When creating a DT based on a neural network
model, the process of continuous receipt at the
input of the neural network model of the initial
process parameters needs to be organized (in this
case, temperature, pressure, reagent ratio) along with
their transformation into the output data of the model
(in this case, principal profit). In order to produce
the model in the form of a computational module
of the DT of the process, calculation of transfer

5 MATLAB. 2022. Available from URL: https://www.
mathworks.com/products/matlab.html Accessed January 5,
2022.

functions coefficients is required. This was performed
using a program written in Python programming
language using the NumPy!'* and Pandas'’ libraries.
When calculating the coefficients, the network
topology and the learning algorithm selected
in the previous stage in MATLAB® software were used.

RESULTS AND DISCUSSION

After modeling, we obtained a database for
creating a DT. Database includes 2100 values by
varying the input parameters (temperature, pressure
in the reactor and the benzene/propylene ratio)

in the operating ranges of the plant under
consideration. At each step, UniSim® Design

performed calculation of the entire model, the costs of
commercial-grade cumene and energy resources
were determined, and then the principal profit was
calculated.

The model created in UniSim® Design is three-
parameter. The assessment of the reliability of the
data obtained was carried out by comparing one-
factor calculations and known theoretical laws.

With a benzene/propylene ratio equal to 3:1
(Fig. 2a), an increase in the principal profit is
observed with an increase in pressure from 0.15 to
0.24 MPa and an increase in temperature from
128 to 140°C. Fluctuations of the principal profit
values are explained by the multifactorial influence
of energy consumption in the columns of the separation
system. Increasing the temperature in the reactor
increases the process rate, but is thermodynamically
disadvantageous due to the exothermicity of the
process. Despite the increase of energy consumption
in the reactor and a decrease in the selectivity of
the target reaction, with an increase in the process
temperature, costs are compensated by reducing the
consumption of steam in the separation columns and
growth of the principal profit.

An increase in pressure leads to an increase
in the principle profit by increasing the product yield
from the reactor, reducing steam and cooling water
consumption, even though the circulating pump’s
power consumption increases.

Carrying out the process with a benzene ratio
of 4:1 (Fig. 2b) is economically unprofitable for any
combinations of temperature and pressure (negative
principal profit), since, although feeding more
benzene into the reactor leads to greater process
selectivity, the cost of benzene separation in the
K-1 column exceeds the effect of higher cumene yield.

4 NumPy. 2022. Available from URL: https:/numpy.
org/. Accessed January 5, 2022.

15 Pandas. 2022. Available from URL: https:/pandas.
pydata.org/. Accessed January 5, 2022.
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Fig. 2. Dependence of the principal profit on the parameters of the technological process at fixed values:
The benzene/propylene ratio = 3:1 (a), 4:1 (b), temperature in the reactor 128°C (c), 140°C (d),
pressure in the reactor 0.15 MPa (e), 0.24 MPa (f).

At a fixed temperature of 128 and 140°C (Figs. 2¢
and 2d), the pressure increase does not lead to a
significant increase in the principal profit. At the
same time, increasing the amount of fed benzene
in relation to propylene significantly reduces the
principle profit due to the growth of costs of
benzene separation in the column RC-1.

At a minimum fixed pressure of 0.15 MPa (Figs. 2e
and 2f), the increase in temperature does not
significantly affect the principal profit, while at
a pressure of 0.24 MPa, a slight increase in the
principal profit is observed.

Thus, the maximum principal profit is achieved
with a minimum benzene/propylene ratio of 3:1
and temperatures and pressures of 140°C and 0.25 MPa,
respectively. This corresponds to the known
theoretical laws.

Nevertheless, in a real process unit, the process
is not carried out at the maximum parameter limit
(due to triggering of interlocks, the need to ensure
the safety of the technological process). Within the
ranges, the influence of process parameters on the
principal profit is non-linear, therefore, the selection
of regression equations describing the process
accurately enough is extremely difficult in this case,
Optimization requires methods to be used which
describe non-periodic series with a trend other than
linear, such as neural networks.

The choice of neural network training algorithms
(Levenberg—Marquardt algorithm  (backpropagation
algorhythm), Bayesian regularization algorhythm
and scaled conjugate gradient algorhythm) was
made by comparing the regression coefficient R.
The smallest standard deviation corresponds to the
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back-propagation algorithm with 12 neurons in the
first hidden layer. In this case, the neural network
is trained for 54 epochs (Table 2, Fig. 4).

The program allows for the continuous refinement
of the transfer functions coefficients, while taking
into account the possible arrival of new initial data
from production plants (Table 3).

Development of the DT prototype

We chose the ESP8266 microcontroller developed
by Espressif Systems (Chine) as a prototype of an
industrial ACS (automatic control system) controller
with an implemented DT: one of the leaders in the
development of hardware solutions for the IoT.

The advantages of ESP8266 as a model tool
in comparison with other microcontrollers are:
prevalence, low price, standard programming
language “C”, open-source program code, libraries,
availability of sensor expansion boards, input-
output devices, availability of standard input-output
ports (with 12C, SPI, UART, GPIO interfaces), an
analog-to-digital converter, which allows for data
acquisition and demonstration platform processing,

Table 2. Results of neural network modeling

as well as easy integration with industrial
controllers. Also, the microcontroller has sufficient
computing and communication capabilities for it
to be used in solutions for the IoT (single-core 32-bit
LX6 microprocessor, up to 160 MHz, program
memory 4 MB, ROM 24 MB, RAM 32 KB,
WiFi module) [43], [44].

This device is programable using specialized
software: compiler, linker, and programmer. We used
the PlatformlO integrated development environment
to create a program [45] to calculate the principal
profit of the production unit based on technological
parameters. The program was loaded into a
microcontroller which will independently receive the
initial data from the sensors and produce the result.

Thus, we were able to create a prototype of
a DT based on a microcontroller, allowing for the
operation of a cumene production unit to be simulated
and the process mode optimized. When training
a neural network based on data from a real operating
plant, the neural network can automatically take into
account the specific features of the technological
process.

Algorithm
Backpropagation Bayesian regularization Scalable conjugate gradients
Number
of neurons " 7 = " 7 = - z =
inthehidden | 52 | E= 2 x 52 = 2 o 52 T = £ ~
= 8 = 2 o = 8 = 2 o = 8 & o 2 o
layer Eg_ 'gc S = Ea 'Ec 3 = Eg_ 'go 1
S| 88 ' z 2 R ©E = S5 G
Z = &2 §> Z = & 2 §> Z = & 2 §>
D D 2]
= =] =
1 24 1.37 0.9905 48 0.92 0.9926 57 0.76 0.9934
2 94 0.18 0.9986 50 0.12 0.9991 63 0.72 0.9935
3 71 0.23 0.9982 170 0.18 0.9985 200 0.23 0.9982
4 18 0.20 0.9985 72 0.31 0.9976 112 0.55 0.9958
5 45 0.18 0.9986 240 0.11 0.9991 79 0.10 0.9991
6 22 0.36 0.9972 126 0.20 0.9985 66 0.15 0.9989
7 50 0.43 0.9969 258 0.19 0.9986 84 0.36 0.9972
8 17 0.09 0.9993 538 0.31 0.9975 140 0.38 0.9970
9 27 0.37 0.9972 684 0.29 0.9976 62 0.73 0.9940
10 20 0.07 0.9995 673 0.18 0.9985 191 0.42 0.9969
11 43 0.29 0.9977 323 0.08 0.9994 48 1.70 0.9886
12 54 0.03 0.9998 353 0.17 0.9986 235 0.17 0.9986
13 80 0.06 0.9995 1000 0.48 0.9963 211 0.21 0.9982
14 48 0.31 0.9975 1000 0.35 0.9973 222 0.76 0.9940
15 13 0.05 0.9997 803 0.17 0.9985 240 0.27 0.9980

Note: MSE is a mean squared error.
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Fig. 4. The results of the selection of the neural network configuration:
(a) on the learning curve (70% of the data), (b) on the test set (15% of the data), (c) on the control sample
(15% of the data), (d) on all the data (100% of the data). Target is the target value of the principal profit,
Data is the calculated points, Fit is the result of the neural network, Y = T (Output = Target) is the perfect match line.

First hidden layer Second hidden layer
Coefficients Coefficients
Neuron number Neuron number

b w, w, w, b w
1 2.388 —1.982 —1.258 0.410 —0.020
2 —2.198 1.085 -1.129 -2.321 0.027
3 —1.643 0.623 —0.406 0.549 —1.196
4 2214 —2.470 0.227 —0.473 —0.027
5 0.186 —0.254 0.028 —1.003 0.223
6 0.168 0.531 0.207 -0.315 0.547

1 —0.381

7 0.338 1.550 —1.577 —1.462 0.023
8 —1.475 -0.512 —0.040 —0.480 0.905
9 1.997 0.659 -2912 0.074 —0.009
10 1.417 0.409 —0.742 —0.903 0.186
11 —1.433 —1.565 -2.107 1.744 —-0.010
12 —2.498 -1.126 —-0.720 1.040 —0.145

Note: bis the bias term of each perceptron, w,, w,, w,, w are weight vectors of each perceptron.
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Based on the prototype, it is planned to create
simulators for training production personnel, as well
as integrated solutions for optimizing the operation
of process units.

The production of cumene is large-scale, so the
implementation of the results of this work in terms
of the use of new digital technologies may be
associated with certain difficulties due to lack of
motivation, inertia and lack of obvious need to
change the technological base.

Also the promotion of DTs in industry is
strongly influenced by the shortage of integrated
circuits and financial crises, during which the
management seeks to maintain production, while
avoiding risks associated with the introduction of
innovative technologies and approaches in production.
An important factor when creating DTs based
on big data from manufacturing, is that the data
generated must be professionally and efficiently
processed and filtered for subsequent analysis;
otherwise the results will be unreliable. There may
also be uncertainties associated with errors in
the operation of instrumentation, controllers, and
actuators of the control system. A partial solution
of this problem may be the involvement of a group
of qualified specialists, consisting of programmers,
technologists, and  scientists  for  screening,
classifying and filtering the meaningful data from
the database.

A DT obtained using big data, based on
a simulation model, cannot in principle take into
account all the factors which impact a real plant.
Therefore, the DT obtained in this way must be
adapted to each specific industrial plant, training it
further on data from a real plant.

Our proposed DT prototype can be used in
the future to create simulators, useful for training
personnel of cumene production.

Further research will be directed towards the
creation of an aggregated cumene production twin.
This is a cyberphysical system and is characterized
by a continuous two-way data exchange with real
plants [44]. Data exchange within a cyberphysical
system can be organized using a blockchain platform
which can serve as a data management tool within
the company. With the ever-increasing need for
connectedness and security, especially in the
petrochemical industry, blockchain may provide the
backbone of the manufacturing future [45].

DT creation principles

Based on our research, using the example of
the process of liquid-phase alkylation of benzene
with propylene, we established the following stages
in creating a DT, also applicable for any petrochemical
process:

1. The formation of database of information
about the functioning of a technological object,
which can be performed in two ways:

— collection of process parameters by processing
mode sheets of production operators, or collecting
data directly from SCADA of a technological facility;

— calculation of the basis process parameters
(pressure, temperature, reaction time, reflux ratio,
energy consumption, etc.) by modeling the process
using specialized software.

2. Defining the preferred algorithm for training
a neural network model and calculation of its basic
parameters (number of neurons and layers, types of
transfer functions, etc.).

3. Assessment of the adequacy of the chosen
neural network model using statistical methods criteria.

4. Calculation of the parameters of transfer
functions required to predict the optimal parameters
of technological modes of production facilities.

5. Selection of an intelligent system (IC) for
industrial process control: a prototype of a DT,
taking into account the scope and parameters of the
application.

6. Programming of an intelligent industrial
process control system, testing, pilot tests at an
industrial plant.

7. Performing stages 1-6 for all technological
objects and production processes.

8. Creation of an aggregated production twinon,
including the developed DTs of related technological
objects and their continuous data exchange with
real installations, in order to clarify the functioning
parameters.

Aggregated production twin
(cyberphysical system)

Fig. 5. Cyberphysical system creation algorithm.

CONCLUSIONS

The process of liquid-phase alkylation of
benzene with propylene is one of the main large-
scale petrochemical processes. At the same time,
there is a need to create a cyber-physical system
to control and continuously optimize production.
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In this article we demonstrated an algorithm aimed
at developing a digital production twin as the first
step in creating a cyber-physical system. Using the
results of the UniSim® Design simulation of the real
plant a set of technological data was created and
a neural network was built. This allows the
economically optimal technological mode of the
plant to be defined in online mode. In the process of
forming the neural network. the principles of creating
a digital duplicate of the process were established,
and a prototype of the intelligent process control
system was developed.

Given the importance of digital transformation,
including the application of DTs and cyber-physical
systems in industrial enterprises, the methodology
developed to create a DT for the production of
cumene by alkylation of benzene with propylene
is also significant. The paper systematizes the
principles of creating a DT production, as a
comprehensive expert system of predictive analysis
of production processes.

The practical application of the results of our
study is to create a prototype of a DT based on
a microcontroller for cumene production unit.
A microcontroller control program based on neural
network technology was created to enable online
optimization of technological mode parameters to be
carried out under continuous conditions.
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