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Ky TIOJIMMEPOB ¥ KOMIIO3UTOB Ha X OCHOBE, aHAIUTHYECKUE U Ma-
TEMaTHYECKHUE METOIbl U MH()OPMAILIMOHHBIE CHCTEMBI B XMMHHU U
XUMHUYECKON TEXHOJIOTUH.
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The review article focuses on the current state of synthetic and biological studies of ribavirin
analogs. Ribavirin is a broad-spectrum nucleoside antiviral drug with a 50-year long history
of research and application, but its mechanism of action still remains unclear. This article
examines contemporary views on the antiviral and antitumor effects of ribavirin and its analogs
and describes the contradictions and gaps that exist in our knowledge. In recent years, new
nucleoside analogs of ribavirin have been synthesized. These ribavirin derivatives modified at
the heterocyclic base, have the potential to become the antiviral and antitumor agents of the
new generation. Thus, this paper presents a systematic review of antiviral activities, antitumor
activities and structure—activity relationship (SAR) correlations of 39 ribavirin analogs created in
the past 15 years. Biological targets and possible mechanisms of action of these new compounds
are also discussed, as well as the prospects and possible directions for further research.

Keywords: ribavirin, ribavirin analogs, biological mechanism, bioisosterism, antiviral drugs,
antitumor drugs.
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0O630p nocesiuuer Co8pPemMeHHOMY COCMOSTHUIO CUHMemMuUUeckux u 6Uo102udeckux ucciedo8aHull aHa-
710208 pubasupuHa. Pubasupur — HYK1eo3uOHbLI NPpoMuU8o8UPYCHbLIL npenapam WupoKoz0 cnekmpa
Oeticmeausi ¢ 50-mu-nemreti ucmopueti UcCCne0o8aHULL U NPUMEHEHUSL, HO MEeXAHUBMbL €20 0elicmaust
00 cux nop ocmaromest HesicHbMU. B 0630pe Kpamico U3/10oKeHbL cospemeHHble 83271510bL Ha buosioeuye-
CKUe MexXaHU3IMbL NPOMUBOBUPYCHO20 U NPOMUBOONYX01e8020 Oelicmausi pubasupuHa U e20 AHA10208,
cyuiecmsyrouue 8 amux 8321510ax npomusopeuust U npobdessl. B meueHue nocieoHuUxX 1em noaydeHot
HOBble HYKe03UOHble aHAI02U — NPOU3BOOHbLE PUbABUPUHA NO 2eMEepPOUUKIUUECKOMY OCHOBAHUIO,
NomMeHYUaIbHO npedcmagsirougue coboii NPomueosUpPYCHble U NPOMUBOONYX0.1e8ble CPedCmaa HO80-
20 noxosieHust. B cmamse 0arn cucmemamuueckuii 0630p UCCIe008aAHUTE NPOMUBOBUPYCHOU U Npomu-
800NYX0.1e601L AKMUBHOCMU U KOPPENAYUUL «MPYKMYpa — AKMUSHOCMb», 8 0buell c/I02KHOCMU, 015
39 aranoezo0e pubasupuHa, npedcmasieHHbLX 3a nociedHue 15 nem, obcyxcoaromest buosozuuecKkue
MULUEHU U B0ZMOIKHbLE MEXAHUIMbL 0elicmaUst 9Mmux HO8bLX COeOUHEHUTI, A MaK»Ke nepcneKkmuesl U
HanpaeieHue 0aTbHelUUX UCCAe008AHUIL.

Knroueevle cnoea: pubasupuH, aHaIo2U pubasupuHa, mMexaHuimbl buoiozuueckoeo oelicmeaust,

6uou30cmepu3m, npomusosupycHble npenaparmsl, npomuesoonyxosiesole npenapameol.

Introduction

Diseases caused by viral infections are the reality
we face. It is no secret that the majority of the available
“powerful medicines against colds and the flu” are just
costly placebos, whereas the treatment of serious, life-
threatening illnesses such as difficult cases of influenza,
viral hepatitis and hemorrhagic fever, requires a different
approach. Among the drugs that doctors turn to when
everything else has been ftried, ribavirin occupies a
special place. This molecule, 1-(B-D-ribofuranosyl)-
1,2,4-triazole-3-carboxamide, is also called virazole (1)

(Fig. 1).

|0 NH
</~H\~Hz </~H\~Hz
HO
OH OH OH OH
|0
N
</ | /NH
N™ N7 “NH,
HO
(0]
Guanosine
OH OH

Fig. 1. Ribavirin (1) and related compounds,
viramidine (2) and guanosine (isosteric fragments
in heterocycles are highlighted in the bold line).

Having been introduced into clinics almost
50 years ago, ribavirin is still in use, despite
several generations of new medications which
came after it. All of the drug’s drawbacks, such as
systemic toxicity, low efficiency of monotherapy
for various infections, the significant cost of the
course of treatment, are compensated by ribavirin’s
wide range of antiviral activity. The molecule
is active in vitro against many RNA- and DNA-
containing viruses [1-10], and its in vivo activity is
just slightly lower. Until recently, the drug was used
(in combination with pegylated interferon alfa, INF-a.)
as the sole effective medication against hepatitis C and
in the treatment of severe viral infections, for example,
Crimean—Congo hemorrhagic fever, yellow fever,
life-threatening cases of influenza. Nonetheless, the
introduction of protease inhibitors, such as Sofosbuvir
and Simeprevir, seems to have limited the use of
ribavirin in hepatitis C treatment — and, fortunately,
the other rest of the abovementioned infections are not
very common. Does it mean that ribavirin, like many
old drugs, is losing its relevance?

According to the Web of Science database, 10 014
articles containing the word “ribavirin” in the title have
been published between 1975 and 2019, and 23480
articles mentioned the drug amongst the keywords.
Most of the research was purely medical, and only
about 8500 articles were related to chemistry or the
molecular biology of the cell. The number of such
publications increased every year, from 45 in 1995 to
651 1n 2015. After 2015 there was a significant loss of
interest to the drug, potentially due to the introduction
of protease inhibitors for hepatitis C treatment. Even
so, there were 451 publications about it in 2018.

The uniqueness of ribavirin is in its diverse
mechanisms of action which are not fully understood
even today. So far, multiple attempts to modify the
molecule and generate a substance as effective as
ribavirin but without its drawbacks, have yielded just
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one relatively successful outcome—viramidine (2)
(1-(B-D-ribofuranosyl)-1,2,4-triazole-3-carboxamidine,
taribavirin). This substance (which is less toxic) is a
prodrug of ribavirin and is being tested in a Phase IV
clinical trial. The research carried out within the last
decade opens up new prospects for ribavirin and its
derivatives and analogs.

1. Metabolism and mechanism of action
of ribavirin and its structural analogs:
contemporary concepts

Ribavirin’s metabolism and mechanisms of
antiviral action are in the focus of multiple review
articles [11-21], so less detail of these processes will
be presented here. In brief, ribavirin enters the cell
through the cytoplasmic membrane with the help
of nucleoside transporters CNT3 and ENTI1. Then
it is phosphorylated in the cytosol by the adenosine
kinase, hADK (EC:2.7.1.20) (Fig. 2). Phosphorylation
may also occur with the help the cytosolic purine

5’-0O-monophosphate (RMP) (3) is processed further
by kinases [23] into 5’-di- and triphosphates (4 and
5, respectively), which serve as substrates for many
enzymes of the host cell and viruses.

Viramidine 2 is also a substrate for hADK,
but it is phosphorylated 10-300 times slower than
ribavirin, and is 10*~10° times slower than adenosine
[22]. Ribavirin’s systemic toxicity is explained by the
accumulation of'its phosphates in erythrocytes, leading
to hemolytic anemia in 10% of the patients undergoing
a prolonged treatment with it [24]. Other cell types
(for example, hepatocytes) remove the metabolites
rather quickly (T, < 2 h) when the extracellular
drug concentration decreases. The metabolites are
dephosphorylated back into ribavirin by inosine
triphosphate pyrophosphatase (EC:3.6.1.9) [25, 26],
then ribavirin undergoes reversible phosphorolysis by
purine nucleoside phosphorylase (PNP) (EC:3.6.1.9)
[27] and/or hydrolysis of the carboxamide group by
adenosine deaminase (ADA) (EC:3.5.4.4) [28, 29].
Thus, the main products of ribavirin’s catabolism are
1,2,4-triazole-3-carboxamide (7) and 1,2,4-triazole-3-

5’-nucleotidase  (EC:3.1.3.5) [22]. Ribavirin carboxylic acid (8), which are released from the body.
NH, NH, NH,
2 N )\/N )\/N
Y LY LY
N\N Q N\N (I)I ICI) N\N
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Fig. 2. Metabolism of ribavirin. A — hADK; B — various kinases; C — ADA; D — PNP;
E — inosine triphosphate pyrophosphatase; F — various nucleosidases.

Ribavirin is not a substrate or inhibitor for cytochrome
P450 (CYP450) and thus is not involved in oxidative
catabolism. So, the molecule’s metabolic cascade engages
the same enzymatic systems as purine nucleosides

do. The fact that most of the previously synthesized
ribavirin analogs are inactive is often explained by the
high substrate specificity of these enzymatic systems.
It is usually thought that ribavirin is active against viral
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infections only in the 5’-phosphate form[15, 30]. Whereas
ribavirin itself, an isostere of guanine and adenosine,
is recognized by hADK quite well (phosphorylation
rate is only 1200 times lower than for adenosine), other
molecules, for example, 1-B-D-ribofuranosyl-1,2,4-
triazole-3-carboxylic acid (6) and 1-B-D-ribofuranosyl-

HCV
Reduced Fitness

1,2,4-triazole, are not phosphorylated by kinases at all
[31]. Itis probably due to this that they exhibit no antiviral
activity. According to contemporary concepts, there are
six suggested mechanisms of ribavirin’s action. Fig. 3,
based on review [21], shows the schematic representation
of these mechanisms.

Current Opinion in Virology

Fig. 3. Mechanisms of ribavirin’s action against HCV [21].
1) Modulation of the cell’s immune response by lymphocytes Th1 and Th2;
2) modulation of ISG expression; 3) inhibition of inosine monophosphate dehydrogenase (IMPDH);
4) inhibition of eukaryotic translation initiation factor eIF4E;
5) direct inhibition of viral RNA-dependent RNA polymerases (RdRp);
6) viral mutagenesis.

Mechanisms 3-6 are directly related to the
phosphorylated metabolites of ribavirin, and the
structural bases of the immunomodulating activity in
mechanisms 1 and 2 are still unknown. Mechanism 1,
related to T lymphocytes, is systemic, and this kind of
activity cannot be tested using cell models.

The mechanism which has been studied most (and
most proven) is the inhibition of inosine monophosphate
dehydrogenase (IMPDH) (EC 1.1.1.205) by RMP (3).

IMPDH is a key enzyme in de novo synthesis of purine
nucleotides. RMP blocks guanosine triphosphate
(GTP) synthesis by binding to the enzyme’s active site
in a reversible manner. This slows down the synthesis
of nucleic acids, as well as all other processes in the
cell which require GTP as a substrate, including the
process of viral genome replication [32]. The change
in GTP concentration affects the functioning of the
host cell, being the reason behind ribavirin’s toxicity.
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IMPDH inhibition leads to a decrease in GTP levels
to ~60% of the normal level. Afterwards, however,
GTP concentration is stabilized and does not decrease
further, while ribavirin’s concentration increases. At
the same time, the dose-dependent manner of the
drug’s antiviral activity persists [33—-36], indicating
the presence of other antiviral mechanisms. The
change in concentration balance of nucleotide
substrates for the viral polymerase may cause the
substitution of GTP with other substrates and
accumulation of lethal mutations in the viral genome
(mechanism 6 in Fig. 3).

Another possible mechanism of action is the
direct inhibition of viral polymerases by the “wrong”
substrate, ribavirin 5’-O-triphosphate (RTP) (5),
similar to how azidothymidine terminates elongation
of HIV DNA by reverse transcriptase (mechanism 5
in Fig. 3). This mechanism was proved by in vitro
experiments for hepatitis C virus [37] and influenza
virus [38, 39]. There is proof that RTP may be the
substrate/inhibitor for other viral fragments [40, 41].
RTP is the substrate for capping enzymes (for example,
the D1 of the vaccinia virus) [42], and is able to form
a “wrong” RNA cap, containing RMP residues, not
7-N-methylguanosine. This cap inhibits the eukaryotic
translation initiation factor eIF4E, and the viral RNA
cannot be translated (mechanism 4 in Fig. 3).

It is known that ribavirin monotherapy is
effective against the Lassa virus [4, 5, 43], human
orthopneumovirus (respiratory syncytial virus) [44],
but not against chronic hepatitis C. However, when
combined with INF-a, a protein which modulates
the immune response, ribavirin is an effective
medication against hepatitis C [45]. As it turns out,
ribavirin switches the phenotype of T lymphocytes
produced by the immune system, from Th2 to Thl,
thus changing the type of the cell’s immune response
(mechanism 1 in Fig. 3) [46, 47]. Moreover, the
interferon produced by the immune system when
binding to receptors on the surface of a cell attacked
by a virus, launches a signaling cascade which leads
to the expression of interferon stimulated genes
(ISG), putting the cell in a “defensive” position
(mechanism 2 in Fig. 3). ISG function is a “hot
topic” in current research [48—55], but little is known
so far. For example, the ISG ; protein in human cells
is an important part of the innate immune system and
is responsible for antiviral activity [56]. Ribavirin has
an effect on the signaling cascade of interferon by
modulating ISG expression. It was confirmed by in
vitro [57-60] and in vivo [61-63] experiments, but the
structural basis of this effect is unknown. There are
suggestions [64] that the decrease in GTP levels due
to IMDPH inhibition is related to the disruption of the
enzymatic cascade, which regulates nitric oxide (NO)

levels in the cell (NO is cytotoxic for T lymphocytes,
and Thl cells are less resistant to it).

The immunomodulating activity of ribavirin
was discovered in the mid-2000s, when major
research on synthesis of the analogs and structure
optimization seemed quite complete. The biological
properties of most ribavirin analogs had been tested
on cheap available cell lines. This is why it is
possible to discover immunomodulating activity for
the substances which had already been studied and
rejected. The diversity of viral infections for which
new analogs had been tested also needs to be taken
into account; results are difficult to compare since the
targets are so different. A substance active against one
virus may often be useless against another.

Ribavirin was created as an antiviral drug and is
still used as such today, although the idea of utilizing
it as a cytostatic agent is quite old [65]. Today, there
is information about 28 trials (10 are complete and
6 are in Phase IV) on clinicaltrials.gov [66], where
ribavirin is being tested in treatments of cancers of
varying kinds. Ribavirin’s mechanisms of antitumor
activity are quite similar to the antiviral mechanisms
described above: the inhibition of enzymatic cascades
related to nucleic acids metabolism [67-69], the
violation of translation mechanisms [70, 71], immune
response modulation [72].

Ofall 1,2,4-triazole nucleosides, including those
with antiviral activity, almost none have been studied
in order to uncover their mechanisms of action, apart
from ribavirin itself and a couple of prospective
drugs, e.g. viramidine. None of the suggested
mechanisms can fully explain ribavirin’s biological
activity, or the structure—activity relationship for the
drug’s analogs and derivatives. All theories collided
with facts that did not fit sooner or later; there is
a number of unresolved issues with each suggested
mechanism. IMPDH inhibition, as mentioned before,
only leads to lower GTP levels in the cell, which
could explain the antiviral effect by the disruption of
viral genome replication. However, the comparison
of the spectrum and intensity of antiviral activity
of ribavirin and other known IMPDH inhibitors
shows that, despite the fact that equal inhibition is
achieved, the antiviral effects are rather different
[32]. Actual interaction with viral enzymes is
usually observed in in vitro experiments, where
ribavirin concentrations are 10-1000 times higher
than clinically relevant [16, 73]. Immunomodulating
activity is also characteristic for levovirine, or
1-(B-L-ribofuranosyl)-1,2,4-triazole-3-carboxamide,
which is the L-enantiomer of ribavirin [74]. This
substance cannot be a substrate for hADK because of
the configuration of the glycoside fragment, and is,
perhaps, not phosphorylated in the body.
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There have been quite a few attempts to
understand the relationship between the structures of
ribavirin analogs and their metabolism and activity
[12, 31, 75-77]. However, obvious correlations have
not been found. For example, there was an attempt
to explain why there is almost no activity in analogs
with pentose glycoside residues, other than D-ribose.
It could be due to the fact that such compounds do
not interact with the human nucleoside diphosphate
kinase (hNDKA) (EC:2.7.4.6), an enzyme which
catalyzes the reversible transition of nucleoside
diphosphates into triphosphates [23]. In this scenario,
the dose-dependent manner of the antiviral activity
of ribavirin’s acyclic analogs, demonstrated using
the in vitro adenovirus model [78], could not be
explained. The attempt to explain the activity of such
compounds by their non-specific hydrolysis, followed
by the transition from 1,2,4-triazole-3-carboxamide
(7) into ribavirin with the help of PNP, does not
seem very convincing. This is because hydrolysis
in cell models is not very likely, and the rate of
glycoside bond rupture in a specialized model system
correlates weakly with the observed activity [79]. We
can conclude that almost 50 years of research have
produced more questions than answers.

The molecule of ribavirin has, roughly speaking,
three places where modification is possible: glycoside
fragment, carboxamide group and the 5-position of
the heterocyclic base. Another possible modification
route is the change from the 1,2,4-triazole heterocyclic
system to another azole, for example, imidazole or
1,2,3-triazole. All these possibilities were reported
in the early days of research on synthesis [80, 81],
but they did not produce a lot of interesting results.
Ribavirin itself has remained the best one amongst its
structural analogs, in terms of activity and spectrum
of action. Even small changes in the molecule would
lead to either complete loss of activity or significant
decrease in efficacy and increase in selectivity.
For example, 2’-deoxyribavirin is inactive [79];
S5-methylribavirin is inactive as well, according to
some data [82]. However, other research suggests
that it inhibits reproduction of certain viruses in
vitro, i.e. the Tahyna virus, the Dhori virus and the
vaccinia virus [83], but the effect is much lower
than that of ribavirin. The substitution of oxygen
with sulfur in the carboxamide group results in the
narrower spectrum of action; 1-(B-D-ribofuranosyl)-
1,2,4-triazole-3-thiocarboxamide inhibits herpes
simplex virus in vitro, with 80% efficacy compared
to ribavirin, but it is inactive to other viruses
that were tested: adenovirus, parainfluenza virus
and rhinovirus [84]. Many compounds related to
ribavirin but with a different heterocyclic system,
such as 5-amino-1-B-D-ribofuranosylimidazole-4-

carboxamide (AICAR, acadesine) and 5-hydroxy-
1-B-D-ribofuranosylimidazole-4-carboxamide
(mizoribine), also have pharmacological prospects,
but their biological activity is different [85]. So is
there any need to search further when there seems to
be no higher peak to reach?

2. New analogs of ribavirin: synthesis
and biological properties

2.1. Isosteric analogs for carboxamide group

The only “old” compound which has prospects for
use is viramidine 2, where the carboxamide is replaced
with the isosteric amidine group. This molecule’s
metabolism is different from that of ribavirin [86—88]; it
is phosphorylated much slower, and active metabolites do
notaccumulate in erythrocytes. Viramidine is transformed
into ribavirin by ADA in liver cells, where its antiviral
activity is supposed to manifest. Moreover, viramidine
inhibits PNP [89], blocking one of the pathways of
ribavirin’s catabolism [90]. Various substituents, such as
alkyl groups and amino acid residues (Fig. 4), have been
introduced into the amidine group of viramidine [91].
Some of these substances exhibit significant antiviral

activity in vitro (Table 1).
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Fig. 4. Viramidine analogs
with different substituents [91].
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Substituents alter the antiviral activity quite a lot.
At the same time, it is hard to explain it by metabolic
transition into ribavirin — by deamination or hydrolysis
of the amidine group. Compound 9a is very active, but
its hydrolysis product 10 is not. We can see that activity
and toxicity decrease with the growing size of the
substituent, although this rule has exceptions. Molecule
9e (homolog of 9a) is more active and toxic than 9a,
while having a longer alkyl chain, but the spectrum of
activity is smaller.

Another isosteric analog of ribavirin is ETAR, 1-(B-D-
ribofuranosyl)-3-ethynyl-1,2 4-triazole (11) (Fig. 5) [92], in
which the carboxamide is replaced with the ethynyl
group. The molecule exhibits strong inhibitory
properties, better than ribavirin, towards a number of
flaviviruses, for example Dengue virus, in cell models
[93]. The research suggests that its mechanism of action
involves IMPDH inhibition. However, the prospects of
this drug are low due to its high toxicity.

Cl

N
\/N HO O
) )k(
N~
N
N N—N
Ho IS
N—
HO. N
o
OH OH

OH OH

11 12

Fig. 5. Active isosteric analogs
of ribavirin.

Table 1. Antiviral activity and cytotoxicity of viramidine and its analogs with substituents,

measured in vitro using Vero cell line

Compound

IC,,, pg/ml -

2 9a 9b 9¢ 9d 9e of 9g 9h 9i 9k 91 10
SFSV 36 104 98 94 * 73 339 566 484 547 * * *
PTV 83 250 201 181 * 41 * *x 1600 | 2690 * * *
DGV4 100 n 76 162 250 n n n n n n n n
RSV 16 24 n n n n n n n n n n n
\'A% 59 198 n 184 n n n n n n n n n
[FAV 48 n 63 n n n n n n n n n n
IFBV 48 n n n n n n n n n n n n
PIFV3 n 125 n n n n n n n n n n n
CCop gl 250 1 1000 | 207 | 250 | 20| 990 | >1000 | 1200 | >3200 | >3200 | >1000 | >3200 | 320

SFSV — Sandfly fever Sicilian virus; PTV — Punta Toro virus; DGV4 — Dengue 4 virus; RSV — human orthopneumovirus

(respiratory syncytial virus); VV — vaccinia virus; I[FAV —

type 3.
* inactive; ** inhibition does not reach 50%; n — not tested.

Viramidine inhibits PNP, an enzyme which is
targeted in chemotherapy of diseases like cancer [94].
The work of Liu et al. [95] investigates cytotoxic
properties of ribavirin analogs, where the carboxamide
group is replaced with a hydrazone group. One of
the suggested compounds, (Z)-N’-(1-(5-chloro-2-
hydroxyphenyl)ethylidene)-1-(B-D-ribofuranosyl)-
1,2,4-triazole-3-carbohydrazide (12), inhibits lung
cancer (line A549) growth at the concentration of 20 pM.

The research focusing on hADK specificity for
ribavirin analogs, where the carboxamide is replaced
with an isostere, and potentially related antiviral
activity, has not shown a clear correlation between
the kinase’s ability to phosphorylate a molecule

influenza A virus; IFBV —

influenza B virus; PIFV3 — parainfluenza virus

and the activity of the latter [77]. For example,
hADK activity towards compounds 9a and 9b is
5% and less than 2%, respectively, compared to the
enzyme’s activity towards ribavirin. At the same
time, the inactive methyl amide 10 is phosphorylated
only 10 times slower than ribavirin. The patent
application [96], where some ribavirin isosteres for
the carboxamide group are described as “inhibitors
of viral polymerases”, has not been approved, and no
data on the activity of those compounds were shown
in this patent application or elsewhere.

There are alternative phosphorylation pathways
which are not dependent on hADK, as well as other
types of pharmacological activity. In the studies on
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the substrate specificity of the genetically engineered
PNP from E. coli [97, 98], a number of ribavirin
analogs were obtained, with the N-alkylated amide

HO B PNP,  HO
0] phosphate

OH X o B OH

N
B= </H | B B'=H[\E/

N N

13 a-d : R=H, R'= |

a

a b@
14 a-c: RR'= \ >

group. As it turned out, even bulky substituents in the
carboxamide fragment did not affect transglycosylation,
which is catalyzed by PNP (Fig. 6).

Fig. 6. Synthesis of N-alkylamide analogs of ribavirin
by chemo-enzymatic transglycosylation.

Alkylamide analogs of ribavirin, 13b and 13¢, have
shown a relatively high in vitro activity against influenza
A virus and herpes simplex virus (an RNA and a DNA
virus, respectively) in different cell lines. Interestingly,
according to the existing concepts [99], metabolism of such
compounds should not lead to ribavirin, but rather to the
inactive 1-B-D-ribofuranosyl-1,2,4-triazole-3-carboxylic
acid. It is impossible to explain the observed activity by a
metabolic transformation into an active compound, as in
the case of molecules 9a and 10. It’s important to note that,
when ribavirin in all its roles (maybe apart from that of
the immunomodulating molecule) imitates natural purine
nucleosides and participates in their enzymatic cascades,
the analogs 13b—c can hardly partake in the majority of
these processes, because of steric factors. This indicates
the existence of yet unknown mechanisms of antiviral
activity for compounds of this type.

The research paper [100] suggests using another
approach to modify the carboxamide group (Fig. 7).
The 3-position in the designed molecules contains
1,2,4-oxadiazole instead of the carboxamide, the former
being the heterocyclic bioisostere of the latter.

The 3-(1,2,4-triazolyl)-1,2,4-oxadiazoles, as it
was discovered, are perfect substrates for PNP; that is
why nucleosides 14a—d can be synthesized by ribavirin

'Galegov G.A., Deryabin P.G., Andronova V.L. (in press).

n .t B k © }
X O—FI’—O
OH OH X
O
NRR'
O
c : SO\ d
o b N c
N—O
</ | 14 a-d : X=OH
N/N
HO o 15a-d: X=H
R=H (a); Me (b); i-Pr (c); Ph (d)
OH X

Fig. 7. 3-Oxadiazole analogs of ribavirin.

modification, as well as by chemo-enzymatic
methods from natural nucleoside substrates, that
allows to produce 2’-deoxy analogs 15a—d. The most
active compound (against hepatitis C virus in vitro),
amongst the isosteres 14 and 15, is molecule 14d
(IC,, = 8.8 pg/ml; 12.5 pg/ml for ribavirin). At the
same time, its toxicity for the tested cell line is much
lower than ribavirin’s. Substances 14a and 14b also
exhibit some activity against herpes simplex virus
and influenza A virus, respectively. Compounds of
this type cannot be metabolized into ribavirin, and the
structure of the most active molecule 14d contains a
bulky aromatic substituent, that sterically prevents it
from participating in processes such as replication.
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2.2. Ribavirin analogs with substitutions
at the 5-position of the heterocycle

Of the publications within the past 10 years dedicated
to structural analogs of ribavirin, the majority focus on
derivatives of 1,24-triazole-3-carboxylic acids, with
substituents at the 5-position. Most of these works, especially
aspects of synthesis, are carefully summarized in the review
by Xia et al. [101]. A significant number of the described
compounds contain D-ribose or an acyclic methoxyethanol
residue as the glycoside fragment, and the substituent in
the 3- or 5-position of the triazole cycle (depending on the
glycoside position) contains an aryl fragment, attached to the
triazole by spacers of various nature (Fig. 8). The structural
similarity, to a great extent, is related to the methodology of
these research papers based on a serial modification of the
sole nucleoside precursor by one or two chemical reactions
(most commonly, Pd-catalyzed cross-coupling).

Compounds containing a substituted 1,2,3-triazole in
the 5-position, 16-24 (Fig. 9), have been found effective
against the tobacco mosaic virus (TMV) [102—104]. The
experiments involved the “half-leaf juice rubbing” model,
wherein 50% of the surface of a tobacco plant leaf were
treated with the tested substance, and then the plant was
infected with TMV. The comparison of the affected areas

/ ; MeOOC

MeOOC\(/ N N

AcO
o (0]
OAc OAc OAc OAc
16
CsHy1

NH H,NOC—_N\_N_ _N
HzNOC\(/ /N//\N HO \E—Z/ w
HO. \|/o\|

Cl

e 7/“\ o

Gly

Fig. 8. The general structure of ribavirin analogs substituted
at the 5-position. X — spacer group (ethynyl, vinyl,
1,2,3-triazolyl, NH, S); Y — NH,, OEt; Gly — glycoside
fragment (ribose, methoxyethanol, H).

on treated and untreated surfaces showed the level of
antiviral activity. The antiviral effect is exhibited not only by
nucleosides or acyclic nucleoside analogs, but also by their
protected derivatives and by heterocyclic bases themselves
(which have the highest activity). In this case, it is hard
to suggest a mechanism that would include synthesis of a
nucleoside from the base, with the help of PNP, because
such a bulky substituent in the 5-position limits the substrate
specificity of the enzyme [97, 105]. We can speculate that
antiviral activity is determined by the heterocyclic base and
the glycoside fragment has a transport function.

i

MeOOC\(/
HO HoN

Lo
18
~ ~°
- HZNOC\E/EZ/N\N//N
Lo

21

BzIO

Fig. 9. Ribavirin analogs active against TMV.
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Compounds 25-28 (Fig. 10) with an ethynyl spacer
are quite active against hepatitis C virus (HCV) (Table 2)
in cell models which contain the viral replicon [106—108].

In this case, there is a similar and consistent
pattern: the carbohydrate fragment seems not to be
too critical for activity, although it has influence
on the toxicity of the compound. The authors of
the study have analyzed the structure—activity
relationship (SAR) by synthesizing a number of
compounds and demonstrating that the important
part is the rigid spacer group in the 5-position of the
1,2,4-triazole ring, as well as the position and type of
the substituent in the arylethynyl fragment. When the

triple bond in compound 28 is replaced with a single
bond, activity is lost. This indicates the importance
of the molecule’s geometry and/or the presence of
m-conjugation between aromatic fragments in the
base, for the substance to be active against HCV.
Derivatives with a substituent in the 4-position of the
aryl ring are active, and the antiviral activity increases
with the growth of lipophilicity and the substituent
size. However, it is difficult to suggest a mechanism
in this case. One of the most active compounds is not
a nucleoside, but a protected derivative 25, which is
unable to participate in metabolic cascades. Also, it is
the only active derivative without an aryl ring.

OH FsC
~ /NW/COOMe = /NW/CONHZ
AcO N—N HO N—N
0] 0]
OAc OAc OH OH
25 26

o

FsC F
3
HO N—N HO N—N
W/O\I

27 28
Fig. 10. Ribavirin analogs active against HCV.
Table 2. Activity of arylethynyl analogs of ribavirin
against HCV virus in vitro
Cell line Huh-5-2 Huh-9-13 Huh-6
Compound EC;, CC,, EC;, CCy, EC;, CC,,
25 52.343.1 >105 54.3+18 >105 25.144.8 >105
26 17.7+1.9 82.5+9.7 19.4+£7.0 >120 43.7+20 >120
27 14.1+3.7 56.5+14 36.7+23 79.0+£19 50.8+21 87.5+14
28 72.349.9 >160 125+6.6 >160 95.3+3.3 132+18
Ribavirin 28.748.2 86.0+45 84.0+15 229 33.0 >100

EC,, (uM) — concentration at which inhibition occurs with 50% efficiency; inhibition of replication of subgenome replicon
of HCV in a respective cell line;
CC,, (uM) — concentration at which 50% cells die.

Nucleoside analogs with simple alkyl substituents
in the 5-position of the triazole cycle are almost inactive
against hepatitis C virus in cell models in vitro [105].
Analogs of compound 26 (Fig. 11) that have a double
bond are active in the frans configuration (EC,; = 9 uM,
CC,,> 30 uM) and inactive in the cis configuration [109].

For ribavirin analogs substituted at the 5-position,
antitumor activity is observed for compounds 30-37,
which are structurally similar to the anti-HCV and anti-
TMYV substances described earlier; although there are
compounds of other types in the series (Fig. 12) [108,
110-115].
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Fig. 11. Active (29a) and inactive (29b) vinyl analogs of compound 26.

Xia et al. [I11, 113, 116] have shown that the
anticancer activity of 5-arylethynyl analogs is due to the
induced caspase-dependent apoptosis. The antitumor effect
was demonstrated using a cell line of pancreatic cancer,
MiaPaCa-2, which is drug resistant. Apoptosis is launched

MeOOC\(/ ) NH

A

OAc OAc

MeQ
N\\

COOMe

BzIO N—N BzIO
\I/O\I \I/O\I
33 34
~ COOMe
OAc OAc
36

©\(/ CONH,
0. N—

OH OH

N/N\(/

since the expression of the heat shock protein Hsp27 is
suppressed because of these nucleoside compounds. Other
mechanisms have been suggested as well: the inhibition of
androgen receptors [116] and immunomodulating activity
of derivatives with a 1,2,3-triazole spacer [114].

Cl

COOMe

~I
N\N/N N_coome
\( W/
N—N
\I/O\I

35

BzIO

CsHq1

OH OH
37

Fig. 12. Ribavirin analogs with a substituent at the 5-position that have antitumor activity.

Interestingly, the SAR parameters obtained for
some analogs of compound 37 show almost the same
consistent pattern as the anti-HCV derivatives do. A rigid
spacer group and a lipophilic substituent in the 4-position
of the aromatic ring are needed. At the same time, the
roles of the glycoside fragment and the carboxamide
group in the 3-position are unclear. Computer modeling
of the structures of the active compounds and X-ray
crystallography demonstrate the coplanarity of the
connected aromatic fragments in the base. Researchers

are of the opinion that this structural motif imitates planar
conjugated aromatic systems in natural purine bases and
is required for the activity of the compound [115].

Conclusions

The majority of the publications summarized here
focus on biological properties of large libraries of target
compounds. Some conclusions can be made regarding
the structure—activity relationship (SAR) for ribavirin
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analogs of the last generation, compounds 16—37, which
contain bulky substituents in the 5- (or 3-) position of
the heterocyclic base. The first and most important
observation is that these substances, while having
structures quite different from the parent molecule,
cannot have the same mechanisms of biological activity
as ribavirin itself. This is because they do not imitate the
structure of a purine base and cannot be substrates for
the enzymes of the purine metabolic cascade. Inhibition
of IMPDH or viral polymerases by these compounds is
also not very likely, due to the high substrate specificity
of these enzymes; at least, the possible mechanism of
such inhibition would be very different from ribavirin’s.
The isosteres of ribavirin 13—15, on the contrary, may
be supposed to imitate the purine structure, and their
possible mechanisms of action may be the same as for
ribavirin. Our second conclusion is that compounds
16-37, which exhibit various types of activity, are very
similar in structure, and the presence of the glycoside
fragment (that makes the molecule a nucleoside analog)
is not required. It is possible that the structural basis for
mechanisms of activity is not connected to the nucleoside
structure of the molecule, but only to the heterocyclic
base, 1,2,4-triazole, which is attached to an aromatic
lipophilic fragment by a rigid spacer group. This idea is
supported by multiple facts: the abovementioned, high
anti-TMV activity of bitriazole bases 23 and 24; the
varying activity of the analogs, with substituents at the
N1 and N2 atoms of the triazole and acyclic derivatives;
the high activity of many protected precursors. However,
there is no direct proof of this hypothesis, because
antiviral and anticancer activity of aglycones has not
been studied.
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Separation of water — formic acid — acetic acid mixtures in the presence of sulfolane
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In this paper, extractive distillation flowsheets for water—formic acid—acetic acid mixtures were
designed. Flowsheets not involving preliminary dehydration were considered, and the relative
volatilities of the components in the presence of sulfolane were analyzed. The result of extractive
distillation depends on the amount of sulfolane. The structure of the flowsheet is determined
by the results of the basic ternary mixture extractive distillation. In three-column flowsheets
(schemes I, II), water is isolated in the distillate of the extractive distillation column. In the second
column, distillation of the formic acid—acetic acid—sulfolane mixture is carried out, yielding formic
acid (90 wt %) and acetic acid (80 wt %). The recycled flow is returned to the first column. Dilution
of the formic acid-acetic acid—sulfolane mixture with sulfolane (second column of flowsheet II)
allows for acids of higher quality (main substance content equal to or more than 98.5 wt %) to be
obtained. Flowsheet III includes four columns and two recycling stages. First, the water—formic
acid mixture is isolated in the distillate of the extractive distillation column. Then, water and
formic acid are separated in a two-column complex by extractive distillation, also with sulfolane.
We were carrying out calculations for column working pressure 101.32 and 13.33 kPa. To prevent
thermal decomposition of sulfolane, working pressure for regeneration columns was always
13.33 kPa. The extractive distillation column of the basic three-component mixture is the main
factor contributing to the total energy consumption for separation (in all schemes).

Keywords: formic acid, acetic acid, water, sulfolane, extractive distillation, separation flowsheet.
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ITpu sxemparxmueHoti pekmugpukayuu (9P) 800HbLX cmeceli HUSUWUX KapboHO8bLX KUCOM (MY-
pasbuHoll U YKCYCHOI), 8 3a8UCUMOCMU OM 8blO0OPA CeNeKMUBH020 a2eHMmd, 803MOIKHO 8bloe-
JleHue 8 oucmusiame 800blL UNU CMeCU 800a — mMypasbuHas kKucaoma. O0Hako 06bluHo 3adaua
8bl0esleHUsl 8CeX NPAKMUUECKU UUCMbLX KOMNOHEeHMOo8 He paccmampusaemcest. 30ecb npeo-
Jazaromest cxembvl gbloeneHust mypasvuHoli (MK) u yrkcycHoil (YK) kucniom uz 600HOU cmecu
axempakmueHotl pekmugurayueii (9P) ¢ cynvgonarom, He npedycmampusarouiue npeosa-
pumenvHoe obesgorkusaHue. AHANU3 Psi008 OMHOCUMENbHbLX Jlemyuecmell KOMNOHEeHMOo8 8
npucymecmeuu CysibponaHa NOKA3al, Ymo 8 3a8UCUMOCMU OM KOAUUEeCm8a 8800UM0O20 AzeHmMa
B803MOXKHbL mpu eapuaHma opearuzayuu OP. B cxemax, cocmoswux u3 mpex KOn0HH, 8 Ouc-
muaname KonoHHbL OP 6a3080ii cmecu 8ooa-MK-YK ewbidensitom 800y, 8 nocieoHell KOSOHHe
cxemol YK omoensitom om azeHma, 8038pauiaemoz0 8 nepeyro KOJNOHHY cxemvl. Bo emopoii
KoNOHHE cxembl I nposoossm pexkmugpurayuro cmecu MK-YK-cynvgponarn ¢ nonyueHuem MK
(90% macc.) u YK (80% macc.), e cxeme II cmece MK-YK paszbaensiiom cynbgonaHom, umo no-
380s158€M noayuams Kuciomol 6onee golcokozo kauecmea: MK (YK) ¢ co0eprcaHuem 0CHO8HO-
20 sewgecmea He meHee 98.5% macc. Cxema III cocmoum u3 08Yx 08YXKONOHHbBLX KOMNIEKCO8
OP: cHauana ebloessitom cmecb 8006l U MYPABLUHOU KUC/OMbL, KOMOPYH0 3amem pa3oensom
OP marike ¢ cynovgonarom. Pacuemsl cxem npogedeHnsl Oast pabouux oasnieHuil konoHH 101.32 u
13.33 klla. [ns npedomspauieHuss mepmuueckozo pasioiKeHuUs CYabgonaHa KOJIOHHbL pezeHepa-
yuu scezoa pabomarom npu oasneruu 13.33 klla. MaxcumanbHblil K10 8 CYMMAPHbBLE IHEP203a-
mpamul Ha pasdeseHue 80 8cex cxemax eHocum KonoHHA OP 6a30801 mpexiKoMNOHEeHMHOU cMecu.

Knroueeste cnosa: MmypasvuHast Kucioma, YykcycHast kucioma, 60061, Cyﬂbd)OJlaH, SKemparKmusHast

pexmugpuKayusl, cxema pasoeneHusl.

Introduction

It is often necessary to separate aqueous mixtures of
carboxylic acids with low molecular weights (C,—C,) for the
purposes of fine organic synthesis and in pulp manufacturing
[1-3]. For example, the oxidation of C—C, paraffins
results in a mixture of C,—C, carboxylic acids (wt %):
formic acid (FA) — 3540, acetic acid (AA) — 30-35,
propionic and butyric acids — 20—30, valeric and caproic
acids — up to 2—6. Having removed the C,—C, acids, the
next step is to separate the water—-FA—AA mixture of
different compositions.

The use of reactive distillation has been proposed,
namely esterification with low molecular weight
alcohols, in order to purify waste waters [4—7]. The
latter, when resulting from the liquid-phase oxidation of
solid paraffins, contain on average 8—10 wt % of C —C,
carboxylic acids [2]. Reactive distillation experimental
tests have been carried out for the undilluted solutions of
acids [7]. In the column distillate, it is possible to obtain
a mixture of esters (methyl formate—methyl acetate) by
reactive distillation, using water—FA—AA mixtures with
10:80:10 and 30:60:10 wt %. The methanol:AA ratio is
2.4:1 (mol/mol) and the reflux ratio is 10. The bottom
product contains water and acetic acid.

Results of extractive distillation in industrial
conditions have also been published [8, 9]. In these
experiments, the periodic operation mode was used at
a pressure of 101.32 kPa. Water—FA—AA mixtures with
40:32:28 wt %, with various added agents, were analyzed.

When pelargonic acid was introduced, the distillate
composition of water—FA—AA mixture was 75:14:11 wt %,
and the bottom product of the column contained an FA—
AA—agent mixture with the ratio of 12:15:73 wt % [8].
The addition of an acetylsalicylic acid/heptanoic acid
mixture (50:50 wt %) led to the following composition
of the distillate and bottom product: 78:18:4 wt % and
10:14:76 wt %, respectively [9].

Extractive distillation in the presence of N-methyl-
2-pyrrolidone was performed for the mixture water—
FA-AA—-admixtures. The ratio of the components
was 27.8:5.5:64.7:2 wt %, and atmospheric pressure
(1.013 bar) was applied. The bottom product in this
case also contained mostly acetic acid and added
agent; water—FA—AA—agent = 0.1:2.0:28.6:69.6 wt %.
The distillate contained water and formic acid,
with no more than 0.2 wt % total admixtures [10].
The regeneration of N-methyl-2-pyrrolidone in the
industrial setting was performed at 0.3 bar (60 theoretical
plates; R=1). This produced rather pure N-methyl-2-
pyrrolidone; 0.1:0.4:4.7:94.9 wt %. The distillate of
the regeneration column was as follows: water—-FA—
AA=0.4:7.6:92.0 wt %.

Another goal, was set in [11], namely the
generation of almost pure water by extractive
distillation of basic mixtures with N-methyl-2-
pyrrolidone. Extractive distillation was performed
for mixtures containing formic acid at 10+80 wt %
with an increment of 10 wt %. The pressure was
101.3 kPa and N-methyl-2-pyrrolidone was used at
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a 2:1 (mol/mol) ratio with feed. The result showed that
extractive distillation with N-methyl-2-pyrrolidone
could be done for mixtures containing: 10 wt % formic
acid and more than 50 wt % water; 20 (30) wt % formic
acid and more than 40 wt % water. The rate of agent
was selected, without any further reasoning, as the
economically stipulated limit, with anything above it
leading to a dramatically higher consumption of energy
used for separation. This is why it is recommended to
use Pressure Swing Distillation (PSD) for mixtures that
contain less than 30 wt % water [11].

Thus, the choice of the additive for extractive
distillation of the basic three-component mixture
dictates the need to further separate water—FA or FA—
AA mixtures, for instance, by extraction [12, 13] or
extractive distillation.

In order to choose the selective solvents in an
industrial setting (based on vapor—liquid equilibrium
(VLE) data from Othmer Still), the influence of
various chemical substances on the VLE for water—
FA [14-20] and FA—AA [21, 22] mixtures has been
investigated.

The increase in the volatility of water (W) compared
to FA at atmospheric pressure has been observed in the
presence of individual or mixed solvents, of different
compositions. They can be based on:

- sulfolane or adiponitrile with added acetophenone,
acetylsalicylic acid, sulfones, etc. (3.2 <a,,., <5) [14];

- cyclohexanone or isophorone with added aliphatic
monocarboxylic acids and acetophenone 2 <a,., <3)[15];

- ethylene carbonate or propylene carbonate
with added carboxylic acids (various structures) and
isophorone (2.5 <a,,., <2.9) [16];

- dicarboxylic acids with added monocarboxylic
acids, 2-hydroxyacetone and other substances with a
high boiling point (2.8 < a ., <3.1) [17];

- sulfolane, adiponitrile, dimethylformamide,
N,N-dimethylacetamide, N-mehtyl-2-pyrrolidone,
acetophenone and their mixtures with other organic
substances (3 < a,,., < 11) [18].

Batch extractive distillation for water—FA mixtures
shows that the distillate may contain almost pure water
if the following agents are used: heptanoic and azelaic
acids (ratio 80:20 wt %); heptanoic, azelaic acids and
2-hydroxyacetone (ratio 67:16:17 wt %) [17]; sulfolane
[14]; adiponitrile [18]; N-formylmorpholine [19]. The
use of isophorone leads to the accumulation of FA in the
distillate (89 wt %) [15].

According to experimental data, the choice of a
selective agent for extractive distillation of FA—-AA
mixtures is rather complicated [8, 9, 21-23]. Certain
binary extractive agents have been suggested, in which
acetylsalicylic acid is paired with an organic solvent:
amyl acetate, ethylene carbonate, propylene carbonate,
diisobutyl ketone, 2-(4-)hydroxyacetophenone, methyl

(ethyl, butyl) benzoates, cyclohexanone, and aromatic
nitro compounds. The majority of these substances have
been found to be not selective enough, with the highest
values of 1.5 < o, ,, < 2.2 observed for the mixed
agents which contain carboxylic acids, nitrobenzene or
acetophenone [8].

This work focuses on extractive distillation of
the three-component water—-FA—AA mixture with
sulfolane (S). The latter is an industrial solvent, which
fits the standard requirements for extractive agents
[24, 25], and sulfolane was previously suggested for
extractive distillation of water—FA [18], water—AA
[26] mixtures. The use of sulfolane allows for the
expectation that separation of water from carboxylic
acids will occur.

Methods

Calculations were conducted using Aspen ONE
Engineering V9.0 software. The NRTL equation was
utilized to simulate VLE. The nonideal behavior of the
vapor phase was taken into account by the NRTL-HOC
model.

Results and Discussion

The VLE simulation for the water—FA—AA mixture
corresponds to the existing data [27, 28]: at pressure of
101.32 kPa and lower than 26.66 kPa the curvature of
the separatrix is different (Fig. 1). The selection of
13.33 kPa pressure is determined by the need to prevent
the decomposition of the agent [25].

According to the data from [11], the highest energy
consumption (for PSD) is observed when water—FA—AA
mixtures contain 10-20 wt % FA. To evaluate the

AA

w - 3 - FA
373.15 328.07 379.96 373.70
324.70 31691

Fig. 1. The diagram of the vapor—liquid
equilibrium (VLE) for the water (W)—formic acid (FA)—
acetic acid (AA) system.
13.33 kPa 101.32 kPa
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feasability of extractive distillation with sulfolane, we
have selected the equimolar mixture (water:FA:AA =
14.5:37.0:48.5 wt %). This mixture has been considered
in previous publications, and the separation options take
into account the changes in separatrix position and shape
with changing pressure [11, 27, 28].

We have calculated the relative volatilities a,,,

o for the basic equimolar mixture and for the

W-AA? aFA—AA

derived system, water—FA—A A—S, with various amounts
of sulfolane (S). Two different pressure values were used
(Tables 1, 2). Since the o, ,, values are the lowest, it is
predicted that a water-enriched distillate will be obtained
at extractive distillation of the equimolar water—FA—AA
mixture. The calculations for extractive distillation of
this mixture are presented in Table 3 (column I). The
distillate contains almost pure water.

Table 1. The relative volatilities of the substances
and selectivity of sulfolane at 101.32 kPa

FS ("W-FA q'W-AA o“FA-AA SW-FA SW-AA SFA-AA
1.17 1.26 1.08 - - -
50 1.99 2.90 1.46 1.70 2.30 1.35
100 2.67 4.23 1.585 2.28 3.35 1.47
150 3.25 5.29 1.63 2.77 4.19 1.51
200 3.73 6.14 1.65 3.19 4.87 1.53
250 4.14 6.82 1.65 3.54 5.41 1.53
300 4.48 7.37 1.64 3.84 5.84 1.53
350 4.77 7.81 1.64 4.07 6.19 1.52
400 5.00 8.16 1.63 4.27 6.47 1.51
450 5.20 8.45 1.62 4.44 6.695 1.51
500 5.37 8.68 1.62 4.56 6.88 1.50
Table 2. The relative volatilities of the substances
and selectivity of sulfolane at 13.33 kPa
FS aW»FA aW—AA 0“FA-AA SW—FA SW»AA SFA-AA
0 0.86 0.955 1.115 - - -
50 1.68 2.53 1.50 1.96 2.645 1.36
100 2.44 3.99 1.64 2.845 4.18 1.40
150 3.14 5.31 1.695 3.66 5.57 1.52
200 3.77 6.50 1.72 441 6.81 1.54
250 435 7.54 1.73 5.10 7.90 1.55
300 4.86 8.45 1.74 5.67 8.85 1.56
350 5.31 9.24 1.74 6.20 9.67 1.56
400 5.71 9.92 1.74 6.67 10.4 1.56
450 6.071 10.5 1.73 7.09 11.0 1.555
500 6.389 11.05 1.73 7.46 11.6 1.55

We have considered the separation of 100 kmol/h
of the water—FA—AA equimolar mixture at two different
pressure values. To prevent reagent decomposition, the
columns whose bottom products contain almost pure
sulfolane, work at reduced pressure.

Extractive distillation flowsheets for the basic
water—FA—AA mixture are shown in Fig. 2. Flowsheets
I, 1T result in the production of water in the distillate,
flowsheet III results in the water—FA mixture in the
distillate.

According to empirically substantiated guidelines,
S > 2 for selective agents in extractive distillation of
binary mixtures. The sulfolane selectivity relative

to water for the basic three-component mixture is
determined as follows:

()

— anAA

Ay _ 44

abovementioned condition of the amount of sulfolane
being less than 100 kmol/h (Tables 1, 2).

The calculations for extractive distillation are
shown in Table 3 (column I). The lowest amount of the
agent which allows for the separation of almost pure
water (99.5 wt %) is 150 and 170 kmol/h at atmospheric and
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S

111

A LE: i

Fig. 2. Principal flowsheets of extractive distillation.
Flowsheets I, II: I — extractive distillation column; flowsheet III: I, III — extractive distillation columns.
F — basic mixture: water (W)—formic acid (FA)—acetic acid (AA).

reduced pressure, respectively. Further sequential selection
of carboxylic acids is possible (flowsheet I, Fig. 2).

Table 4 shows the quality of acids where the content
of the main component is no less than 86.5 wt % for
formic acid (GOST 1706-78, mark B) and no less than
80 wt % for acetic acid (GOST 19814-74, 3rd grade).

Sulfolane is not selective in the separation of
binary mixtures of carboxylic acids. For example,
at 101.32 kPa, o, ,, is 1.49 (addition of 50 kmol
agent) and 1.45 (addition of 400 kmol agent) when
the amount of FA—AA is 100 kmol. The selectivity
of the agent

is close to 1 at both pressure values and is almost
independent of the amount of the agent.

Flowsheet II suggests the additional introduction of
sulfolane into column II (flowsheet II, Fig. 2). Dilution
with this agent leads to the weakening of interactions
between the molecules of the acids [29], thus helping
to separate them. Upon the addition of 120 kmol
sulfolane to the FA—AA—S mixture (bottom flow of the
extractive distillation column), the selectivity S_, , is
0.987 (101.32 kPa) and 0.977 (13.33 kPa), indicating the
absence of auto-extractive distillation.

Calculations for flowsheet II are shown in Table 5.
Dilution of the FA-AA—-S mixture with sulfolane
gives purer acids (compared with data in Table 4) —
no less than 98.5 wt % of the main component (formic
acid, GOST 1706-78, mark A; acetic acid, GOST
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Table 3. Static parameters for distillation columns in flowsheet I

Column 1 II I 1 II I
Pressure, kPa 101.32 101.32 13.33 13.33 13.33 13.33
N,NJ/N, 40, 5/25 50, 18 5,4 40, 3/12 50, 8 5,4
R 1 6.6 0.01 0.05 8 0.05
Feed flow F, kmol/h 100 216.7 183.4 100 236.7 203.4
Feed flow composition, mol. fract. % 0.3330 0.0003 0 0.333 0.0002 0
FA| 0.3330 0.1534 0.0140 0.333 0.1405 0.0126
AA | 0.3340 0.1541 0.1681 0.334 0.1411 0.1516
S - 0.6922 0.8179 - 0.7182 0.8358
Feed temperature T, K 379.86 437.78 397.45 327.49 373.36 400.98
Sulfolane flow F, kmol/h 150 - - 170 - -
Sulfolane temperature T, K 353.15 - - 303.15 - -
Distillate flow D, kmol/h 333 333 334 333 333 334
Distillate composition, mol. fract. W 0.9983 0.0017 0 0.9984 0.0017 0
FA| 0.0017 0.9210 0.0742 0.0016 0.9216 0.0736
AA 0 0.0773 0.8491 0 0.0767 0.8487
S 0 0 0.0767 0 0 0.0777
Distillate temperature T, K 373.21 374.54 336.51 324.73 317.89 336.56
Bottom product flow W, kmol/h 216.7 183.4 150 236.7 203.4 170
Its composition, mol. fract. W 0.0003 0 0 0.0002 0 0
FA| 0.1534 0.0140 0.0007 0.1405 0.0126 0.0006
AA| 0.1541 0.1681 0.0164 0.1411 0.1516 0.0147
S| 0.6922 0.8179 0.9829 0.7182 0.8358 0.9847
Bottom flow temperature T, K 437.78 469.42 460.93 373.36 400.98 462.64
Reboiler duty Q, MW 1.62 1.85 0.98 1.17 2.10 1.05
>Q, MW 4.45 432

Abbreviations (here and throughout): N — total number of theoretical plates in the column; N, — number of the plate where
sulfolane is introduced; N — number of the theoretical plate with feed (numbering starts from the top of the column); R — reflux ratio.

Table 4. The quality of the obtained products

Scheme 1T 11
Pressure, kPa 101.32 13.33 101.32 13.33 101.32 13.33
W, wt % 99.58 99.54 99.58 99.59 99.63 99.51
FA, wt % 90.06 90.14 98.53 98.60 98.53 98.62
AA, wt % 80.14 80.03 99.17 99.21 99.00 99.02
Table 5. Static parameters for distillation columns in flowsheet IT
Column 1 11 11 I I 111
Pressure, kPa 101.32 101.32 13.33 13.33 13.33 13.33
N, N/N, 40, 5/25 45,5/26 15,10 40,3/12 | 45,521 15,10
R 1 5 1.3 0.05 3 1.4
Feed flow F, kmol/h 100 216.7 303.4 100 236.7 3234
Feed flow composition, mol. fract. w 0.3330 0.0003 0 0.333 0.0002 0
FA| 0.3330 0.1534 0.0012 0.333 0.1405 0.0011
AA| 0.3340 0.1541 0.1089 0.334 0.1411 0.1022
S - 0.6922 0.8899 - 0.7182 0.8967
Feed temperature T, K 379.86 437.78 415.28 327.49 373.36 417.30
Sulfolane flow F, kmol/h 150 120 - 170 120 -
Sulfolane temperature T, K 353.15 353.15 - 303.15 303.15 -
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Table 5. Continued

Column I II I I I I
Distillate flow D, kmol/h 333 333 334 333 333 334
Distillate composition, mol. fract. Y 0.9983 0.0017 0 0.9984 0.0016 0
FA| 0.0017 0.9875 0.0108 0.0016 0.9882 0.0097
AA 0 0.0108 0.9892 0 0.0102 0.9903
S 0 0 0 0 0 0
Distillate temperature T, K 373.21 373.85 335.30 324.73 317.10 33533
Bottom product flow W, kmol/h 216.7 303.4 270 236.7 3234 290
Bottom flow composition, mol. fract. W 0.0003 0 0 0.0002 0 0
FA| 0.1534 0.0012 0 0.1405 0.0011 0
AA | 0.1541 0.1089 0.0004 0.1411 0.1022 0.0004
S| 0.6922 0.8899 0.9996 0.7182 0.8967 0.9996
Bottom flow temperature T, K 437.78 491.17 479.82 373.36 417.30 479.84
Reboiler duty Q, MW 1.62 2.77 1.49 1.17 2.01 1.55
2Q, MW 5.88 4.73

19814-74, “synthetic acetic acid”, 2nd grade). Evidently,

the generation of purer products requires more energy.
Flowsheet III (Fig. 2) uses a variant of extractive

distillation where water—FA is separated in the

first column, thus eliminating the need to separate
carboxylic acids at any further steps.

Energy consumption of the extractive distillation
column for the basic mixture at 101.32 kPa (Table 6) is

Table 6. Static parameters for distillation columns in flowsheet II1

Column 1 1T 1 v
Pressure, kPa 101.32 13.33 101.32 13.33
N, N/N, 40, 5/28 30,20 30, 5/10 20, 10
R 3 0.8 1 1
Feed flow F, kmol/h 100 133.4 66.6 1333
Feed flow composition, mol. fract. W 0.3333 0 0.5000 0.0004
FA 0.333 0.0032 0.4935 0.2462
AA 0.334 0.2472 0.0065 0.0032
S - 0.7496 0 0.7502
Feed temperature T, K 379.86 387.68 379.87 369.76
Sulfolane flow F, kmol/h 100 - 100 -
Sulfolane temperature T, K 353.15 - 353.15 -
Distillate flow D, kmol/h 66.6 334 333 33.3
Distillate composition, mol. fract. w 0.5000 0 0.9986 0.0014
FA 0.4935 0.0130 0.0014 0.9856
AA 0.0065 0.9870 0.0000 0.0130
S 0 0 0 0
Distillate temperature T, K 379.87 335.24 373.21 317.11
Bottom product flow W, kmol/h 133.4 100 133.3 100
Bottom flow composition, mol. fract. W 0 0 0.0004 0
FA 0.0032 0 0.2462 0
AA 0.2472 0.0010 0.0032 0.0001
S 0.7496 0.9990 0.7502 0.9999
Bottom flow temperature T, K 456.92 478.97 439.42 480.32
Reboiler duty Q, MW 3.19 0.89 1.32 1.03
2Q, MW 6.43
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twice as high as the values for flowsheets I and II. At
13.33 kPa the total energy consumption in flowsheet
11, with unchanging static parameters of the columns
(N, N/N,), remains largely unchanged: £Q = 6.5 MW,
Q for columns I-1V is 3.08; 0.94; 1.19; and 1.29 MW,
respectively.

Conclusions

Sulfolane can be used to separate water — formic
acid — acetic acid mixtures. The rate of the agent
determines the results of the extractive distillation for the
basic mixture. When less sulfolane is used, the distillate
contains water and formic acid (flowsheet III). When
more sulfolane is used, the distillate contains only water
(flowsheets 1, II).

The highest energy consumption is observed for
those distillation columns where acids are distributed
in various product flows: water — FA (distillate), AA —
bottom product (column I in flowsheet III) and FA —
distillate, AA — bottom product (column II in flowsheets
I, II). The energy consumption of the extractive
distillation column for the basic mixture in flowsheet I1I
is twice as high as the values for schemes I and II, thus
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CHEMISTRY AND TECHNOLOGY OF MEDICINAL COMPOUNDS
AND BIOLOGICALLY ACTIVE SUBSTANCES
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On the use of aqueous solutions of polyvinyl methyl ether
for the embolization of blood vessels
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IMIREA — Russian Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies),
Moscow 119571, Russia
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Aqueous solutions of polyvinyl methyl ether were investigated in order to test whether it is possible
to utilize them as bases for embolic agents used to deliberately block blood vessels. This may be
necessary in the course of treatment of vascular abnormalities, tumors, as well as during the
preparation of patients for surgery. The right branch of the binodal curve for the binary system
“polyvinyl methyl ether-water’ was drawn using the cloud point method and the lower critical
mixing temperature (35.5 °C) was calculated. Furthermore, the exact concentration of polyvinyl
methyl ether in aqueous solutions at which phase transition occurs (given the temperature of 35.5° C)
was found to be 30 wt %. The viscosity—velocity curves for the 30% solution of polyvinyl methyl
ether, obtained by rheoviscometry in the temperature range of 5 to 36 °C, indicate that this aqueous
solution has a low viscosity and behaves like a Newtonian fluid. However, at the temperature of
35 °C and higher, close to the phase transition, a significant deviation from its Newtonian behavior
is observed due to precipitation of polyvinyl methyl ether as it forms a solid white mass. Through
the use of the Arrhenius—Frenkel-Eyring equation, the activation energy of the viscous flow for
polyvinyl methyl ether solutions was found to be 31 kJ/mol. Based on refractometry data, it was
demonstrated that phase transition in aqueous solutions of polyvinyl methyl ether is reversible.
This feature can facilitate medical equipment cleaning before introducing the embolic agent into
a patient’s bloodstream. Finally, the investigation determined some parameters, in which the
formation of embolic agents from a 30% polyvinyl methyl ether aqueous solution occurs (in situ in
a blood vessel at a temperature of 35.5 °C).

Keywords: embolization, embolic agent, viscosity, polyvinyl methyl ether, aqueous solution.
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O BO3MOKHOCTH NPUMEHEHHUSI BOAHBIX PACTBOPOB MOJIMBUHHIMETIHIOBOTO 3upa
JJIS1 3MO00JIN3aM U KPOBEHOCHBIX COCY/10B

II.E. HraaTreBal®, E.C. XXaBopoHoK!, O.A. AeroupkoBa?, C.A. Keaux!

IMHP5A - Pocculickuil mexHosozuueckuili ynusepcumem (HMHcmumym moOHKUX XUMUUECKUX
mexHonoauitl umeHu M.B. AomoHocoea), Mockea 119571, Poccusi

?HayuoHa b MeOUUUHCKUT ucciedosamesbCkull yeHmp xupypeuu umeHu A. B. BuuuHesckoeo
MuHnucmepcmea 30pasooxpareHust Poccutickoii Pedepauuu, Mockea 117997, Poccus

@Aemop onst nepenucku, e-mail: ignateva.polly@mail.ru

Cmamubsi nocssuieHa ucciedo8aHUI0 B00HbLLX PACMBOPO8 NOJUSUHUIMEMUTIO8020 PUPA C Uesibto
onpedesieHUsT B03MOAHOCMU UX UCNOJIb308AHUSL 8 KAUecmae 0CHO8blL IMOOAUUPYIOULe20 cocmasa
0151 npedHaAMepeHHOU 3aKYynopKuU KPOBEHOCHbBIX COCYO008 NpU mepanuu CoCYOUCmMsblX AHOMAUL,
onyxonell u npedonepayuoHHoll nodzomoske nayueHmos. Ha ocHosaHuu sKcnepumeHmaibHblx
OQHHBLX, NOAYUCHHBIX C NOMOULLIO Memo0ad MoUeK NOMYMHEHUS, NOCMPOeHA npasast eemes OUHO-
danbHOoll Kpueoll BUHAPHOU cucmembl NOAUSUHUIMEMUOBLLIL 9¢pup — 8004 U onpedesieHO 3HaUeHue
HUKHell Kpumuueckoli memnepamypsl cmewerust (35.5 °C). OnpedeneHa KOHUeHMpayust noiueu-
HUZIMEMU08020 3¢hUpa 8 B00HOM pacmaeope, Npu Komopoii ¢paz08blil nepexoo npoucxooum npu mem-
nepamype 35.5 °C — ona cocmagnsiem 30% mac. BsizkocmHo-ckopocmHsble kpusble 30%-20 600H020
pacmsopa NOAUSUHUIMEMUN08020 9PpuUpa, NOAYUEHHbBLE C NOMOULLIO MEMOOa Peo8UCKO3UMEeMPUN
8 wuporxom duanazoHe memnepamyp 5-36 °C, cgaudemenbcmayrom, umo ucciedyemsble pacmaeo-
Pbl HUBKOBS3KU U NPOSIBIOM HbIOMOHO8CKoe nogedeHue npu meueHuu. OoHaro yxe npu 35 °C
u evliue 8 obnacmu pazoeozo0 nepexoda HabaoOaemes: 3HauumeslbHoe OMKA0HeHUe om HbIomo-
HOBCK020 nogedeHust 8csiedcmaue 8blnadeHust NOJUSUHUIMEMUII08020 3¢hupa U3 pacmeopa 8 suoe
6esnoil meepooii maccel. B pamrax ypasHeHusi AppeHuyca—-DPpernrens—lipurHea oueHeHa IHepaus
aKmuBayuu 8513K020 meueHuUst B00HbIX PACMeopo8 NOJUSUHUIMEMUI08020 d¢pupa, Komopas co-
cmagnsiem 31 K/x/mone. C nomowbio pedppakmomempuu 6bL10 NOKA3aAHO, Umo pas3osslii nepe-
X00 8 uccnedyemblx pacmeopax umeem obpamumblil xapaKkmep, umo, 8 uacmHocmu, obnezuaem
ouucmry obopyoosaHust Ot 88e0eHUSL IMOONUIUPYHOULE20 COCMABA 8 Op2aHU3M nayueHma. B pe-
3yaemame pabomul onpedesieHbl HeKomopble napamempsl, NPu KOmopsblx popMuposarue smboaa
8 KposeHOCHOM cocyoe in situ npoucxooum uz 30%-20 800H020 pacmeopa NOJAUSUHUNMEMUL08020
agpupa npu memnepamype 35.5 °C.

Knroueevle cnoea: smob0uU3AUUSL, IMOOAUSUPYIOWUL azeHm, 8513KOCMb, NOJUSUHUIMEMUILO-
8blil 9¢hup, 80OHbBLU pacmaeop.

Introduction

Today, the treatment of major issues in blood
vessels by embolization has become rather popular. It
is a virtually noninvasive procedure wherein vessels
are intentionally blocked [1-4]. Embolization is used
to treat various conditions such as aneurysms, cases
of angiodysplasia, uterine fibroids, various cancers,
injuries with severe blood loss, as well as for the
preparation of patients for surgery (to limit blood
loss) [1]. To perform embolization, a catheter is used
to deliver substances into the blood vessel. These
substances may be different in nature, structure and
composition; they may be liquid or solid, but their
role is to form a thrombus (clot) which prevents free
blood flow.

Some of the first materials that were used for
blood vessel blockage were fragments of muscle
tissue, fat tissue or brain meninges, as well as
hemostatic sponges and stainless steel granules [5, 6].
Modern cardiovascular medicine uses embolization
based on gelatin sponges, synthetic polymers, and
microspheres of various composition, balloons,
occluders and coils. However, the development of
current treatment standards requires novel embolic
agents, based on polymers and co-polymers [5, 6]. It
is worth noting that liquid agents, which form solid
emboli in blood vessels in situ, have some advantages
when compared to solid agents [7]. For example,
liquids are easier to introduce into a vessel and
localize in a certain area; the risk of vessel damage
is also lower. Most liquid embolic agents contain
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toxic solvents that may affect the human body and
cause negative side effects [8]. This can be avoided
by using water-based agents; their development is
very important [9]. A promising reagent for this purpose
is an aqueous solution of polyvinyl methyl ether (PVME)
[10]. It is a synthetic polymer with high solubility in cold
water, but it precipitates at temperatures above 35 °C.
Materials based on PVME are highly adhesive to various
surfaces, particularly plastic and metal, and they are
used in production of glues and varnishes, letterpress
ink and sealants [11]. The purpose of the current study
was to evaluate the possibility of creating PVME-based
aqueous embolic agents.

Materials and Methods

We used aqueous solutions of polyvinyl methyl
ether (PVME) (Sigma-Aldrich, US) at concentrations
ranging from 5 to 50 wt %.

The cloud point temperature for PVME solutions
was measured using the following setup. The specimen
was fixed between two glass cover slips next to the
sensor bulb of a mercury-in-glass thermometer, which
was thermostated. The temperature was elevated or
decreased gradually at the speed of 1 °C/min. In the first
scenario, the cloud point temperature was determined at
the moment when clouding started to occur, and in the
second — when the specimen became transparent again.
We have analyzed PVME solutions with the following
concentrations: 5, 10, 20, 30, 35, 40, 45, 50 wt %.

The dynamic viscosity of PVME aqueous solutions
was measured using a Brookfield DV2TLV viscometer
(SC4-16 module) at the following temperatures (°C): 5,
10, 15, 20, 25, 30, 33, 34, 35, 36. The shear rate was
in the 25-50 s!' range. We used Rheocalc software to
process the data.

The refractive index for 30% and 50% PVME
solutions was measured on an URL-1 refractometer in
the 25-40 °C range, with gradual (by 3 °C) increase/
decrease in temperature.

Results and Discussion

The phase transition in aqueous solutions of
PVME results in a change from the original liquid
fluid into solid matter, which may be used as an
embolus. The temperature of this transition highly
depends on the polymer’s concentration. Thus,
to optimize this embolic agent, it is necessary to
investigate the phase diagram of the PVME—water
system and to determine the concentration at which
the phase transition occurs, at 35 °C or a higher
temperature (human body temperature). Based on
the data obtained via cloud point method, we have
created the binodal curve of the phase diagram for
the PVME—-water system (Fig. 1).

38 94°C

37 1

36 A

35

0 10 20 30 40 50 60
PVME, %

Fig. 1. Phase diagram (binodal) for the binary system
PVME-water.

It is evident from this figure that PVME
solutions do have the lowest critical mixing
temperature, 35.5 °C. The PVME—water system is a
transparent liquid fluid (Fig. 2a) at points below the
binodal, and it is a solid white substance (Fig. 2b)
when above the binodal. The solid form is able to be
lodged in a blood vessel.

Fig. 2. A typical view of the PVME—water system,
below (a) and above (b) the binodal curve.

The lowest critical mixing temperature is observed
when the concentration of PVME is 30 wt %, according
to the binodal (Fig. 1). If this solution is introduced
into a blood vessel, clouding is guaranteed to occur,
since the human body temperature is 36.5-37.0 °C.

One of the most important characteristics of an
embolic agent is its viscosity, which determines the
embolization technique, particularly the diameter of
the catheter and the mode of introduction into the
blood system. That is why the next step of this work
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sought to investigate the rheological parameters of
the 30% PVME solution. Its viscosity was analyzed
in a wide range of temperatures, from 5 to 36 °C.
The experimental viscosity—velocity curves (Fig. 3)
show that the solutions tested are lowly viscous and
almost Newtonian. However, at 35 °C and 36 °C, a
significant scattering of experimental values was
observed. This indicates that the substance deviates
from the Newtonian behavior when close to phase
transition.
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Fig. 3. Viscosity—velocity curves for 30% aqueous solution
of PVME at the following temperatures, °C:
1-5,2-10,3-15,4-20,5-25,
6-30,7-33,8-34,9-35,10-36

The analysis of the data obtained at different
temperatures allows for the estimation of the activation
energy of viscous flow using the Arrhenius—Frenkel—
Eyring equation:

E
Inp=1In4 —— | 1
n 2T (1

where 7 is the dynamic viscosity coefficient, 4 — pre-
exponential factor, £  — activation energy of viscous
flow, R — universal gas constant, 7 — temperature.

The anamorphosis of the temperature dependency
for the dynamic viscosity coefficient of the 30% PVME
solution is shown in Fig. 4.

The graph (Fig. 4) shows that at 35-36 °C, a
sharp deviation from equation (1) occurs, clearly
due to phase transition. The polymer forms a solid
white precipitate (Fig. 2b). However, the data for the
temperatures below the phase transition point enables
the calculation of the activation energy of viscous
flow for the PVME solution. Its level is at 31 kJ/mol,
and the pre-exponential factor In4 = —-2.71. Knowing
these parameters, the viscosity of PVME in a wide
range of temperatures — from storage conditions to

| Inm [Paxs]
2
*
3
*
4 . T T T T 1
32 33 34 35 36 37

1000/T [K]

Fig. 4. Temperature dependency of the viscosity
for the 30% aqueous solution of PVME
based on equation (1).

the phase transition point — can be predicted.

The important feature of embolic agents based
on PVME aqueous solutions is the reversibility of
phase transition. The temperature dependency of
the refractive index (Fig. 5) shows that PVME is
dissolved in water in a reversible manner. This may
facilitate the cleaning of medical equipment used for
the introduction of an embolus into a blood vessel.
At the same time, it is safe for the patient as the
temperature of a living human body cannot be lower
than 35 °C.

1.400 - Mp
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1.363
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t, C

Fig. 5. Refractive index of PVME
solutions depends on temperature:
1-50% PVME, 2 — 30% PVME.
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Conclusion

Rheoviscometry and refractometry were used to
analyze aqueous solutions of polyvinyl methyl ether
(PVME). The potential of such solutions to be used as
embolic agents was demonstrated, as they undergo phase
transition at 35-36 °C. The cloud point method was used
to create the right branch of the binodal for the phase
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The structure, composition and preparation of injection-molded composite
materials based on glass-filled polysulfone
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In the course of this study, compositions and designed structures for the polysulfone (PSF) and short
glass fibers systems were calculated. Additionally, disperse-filled polymer composite materials
(DFPCM) based on PSF-190 were classified in accordance with their respective structures, and the
optimal amount of glass fiber (13.5-18.5 vol %) was determined. This article describes the production
of DFPCM using PSF and a short glass fiber with a twin-screw extruder (Labtech Engineering Company
LTD, model Scientific FIC 20-40). Furthermore, optimal mixing parameters for the creation of composites
wherein the glass fiber length exceeds the critical length (I ) were established. The critical length was
calculated, and the curves for fiber size distribution of polysulfone composites were depicted, and a
difference in fiber concentration between the dispenser and the extrusion head (up to ~10-15%) was
found when the fiber content was at 18-25 vol %. For the first time, optimal parameters (which pertain
to medium-filled dispersions) for the structure of DFPCM based on PSF and short glass fiber are able
to be demonstrated.

Keywords: polysulfone, composite materials, critical fiber length, short glass fibers.
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PaccuumaHsl cocmagsl U CnpoeKkmuposaHsl. cmpykmypel 0 cucmemst noaucyioegor (I1ICD)
+ Kopomkue cmekasaHHble 8os0kHa. IIpedcmasnena Kraccugurkayusi OUCnepCcHO-HANOJAHEeHHbLX
NOAUMEPHBIX KOMNOZUYUOHHbLX mamepuanos ([IHITKM) na ocroge IICP-190 no cmpyxkmypHomy
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npuHyuny, ¢ yuemom obobueHHbIX Napamempos cmpykmypsl U YcmaHo8/eHA ONMUMANbHASL
obiacms co0epIKaHUst CMeKastHHO020 8010KHA (13.5-18.5% 06.). Onucara mexHosi02us noayue-
Hust [[THITKM Ha ocHoee TICD u KOpomKo20 cmerstHHO20 80/10KHA HA 08YXULHEK080M IKCMpPY-
Oepe pupmol Labtech Engineering Company LTD mapxu Scientific FIC 20-40 u onpedesieHbl
onmMuMaibHble napamempsl cmeueHust 0151 CO30AHUSL KOMNOZUYUT C ONUHOU CMEeKI080JI0KHA

b6osee |
xp

. Paccuumana kpumuueckas onuna () u nocmpoenst kpussle pacnpedeseHus 0J10K-

HAQ NO pasmepam 8 NOAUMEPHBLX KOMNOZUYUOHHBLX MAMEPUALAX HA OCHO8e NOJUCYIbCPOHA.
Bnepeble npugedeHbl 0aHHbLE NO ONMUMANALHbIM hapamempam cmpykmypst JJHITKM Ha ocHo-
ge IICP u KOpomKUX CMEKNSHHBIX B0IOKOH, KOMOPble COOM8emcmayom cpeoHeHaANnoJHeHHbLM

ducnepCHbLM cucmemanm.

Knroueevle cnosa: nOJluchlepOH., KOMNO3UYUOHHble mamepuasibl, KpumuuecKasi O/lUHA 80JI0K-

HAa, KopomwrKue CmerJislHHble 80JI0KHA, cMmeuleHue.

Introduction

In order to improve physicomechanical
characteristics, heat-resistant engineering polymers
belonging to the polysulfone (PSF) class may be
modified by introducing fibrous fillers of different
nature, thus making them more diverse and applicable
in more situations.

The design of structures and compositions for
disperse-filled polymer composite materials (DFPCM)
should be performed according to the classification of
the system by the structural principle [1].

This work demonstrates data on generation (by
extrusion) of a PSF-based composite with varying
content of short glass fiber.

The selection of glass fiber content was performed
according to the classification of disperse systems by
the structural principle: diluted systems (DS), low-
filled systems (LFS), medium-filled systems (MFS)
and high-filled systems (HFS), taking into account the
generalized parameters of the structure for production
of injection-molded DFPCM.

The publication [2] showed that, for diluted
systems and low-filled systems, insignificant changes
in physicomechanical characteristics were observed.
The highest values were reached in the production of
medium-filled systems below the yield point (MFS-1)
and above it (MFS-2).

Materials and Methods

The Russian-made PSF-190 (JSC “G.S. Petrov
Institute of Plastics™) with the melt flow index (MFI) =10
¢/10 min (340 °C and 2.16 kgf) and the temperature interval
of production at 295-305 °C [3], as well as glass roving
EC17-1200 made by “Owens Corning”, the diameter of its
elementary thread is 13 um and its linear density is 2180
tex [4], were chosen as subjects of research.

'Owens Corning catalog, OCV Reinforcements [electronic
source]. URL: http://www.ocvreinforcements.com/pdf/products/
SingleEndRovings SE1200_ww_06 2008 Rev0.pdf

Polysulfone PSF-190 was dried at ~145 °C for 4 h
in vacuum until the residual humidity was no more than
0.02%.

The mixing of the components and control of fiber
content in PSF were performed during extrusion by
measuring the PSF feed rate with a gravimetric feeder, at
the constant rate of glass roving feed.

The mixing was performed on a twin-screw extruder
Labtech Engineering Company LTD (model Scientific
FIC 20-40). The scheme of the process, in which glass
filled PSF is produced, is shown in Fig. 1.
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Fig. 1. The scheme of the process in which glass filled PSF
is produced (keys see following in the text).

The laboratory extruder (Fig. 1), with the screw
diameter D_= 20 mm and L/D_ = 40, has 10 independently
heated zones with the following temperatures: zone 1 with
260 °C, zones 2-9 with 310 °C, zones 1011 with 295 °C.
The extruder has a degassing zone (zone 9).

In the process of producing glass filled PSF, the torque
was ~35-40 Nxm. The rotational speed of the extruder’s
screws was constant, V, = 300 rpm.

The glass roving was introduced into the extruder by
two different methods:

Method 1. The glass roving was introduced
continuously through a loading spout (position 13) into
zone 1 of the twin-screw extruder, at 260 °C, with linear
speed of fiber feed V= 18 m/min, and the rotational speed
of the extruder’s screws V| = 300 rpm. The glass fiber feed
rate was Q,= 36 g/min.

Polysulfone was introduced by a gravimetric feeder
(position 12) into the loading zone of the extruder (zone 1).
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The feed speed for PSF (V) was varied between 3 and 10
rpm, and the feed rate Q. was changing between 30 and
140 g/min.

Method 2. The glass roving was introduced through
a side twin-screw loader (position 14) into the PSF melt,
directly into zone 7 of the extrusion cylinder. The linear
speed of fiber feed was constant, V. = 1.3 m/min, and
the feed rate was 36 g/min. The rotational speed of the
extruder’s screws was V, = 300 rpm. Polysulfone was
introduced in the same way as in Method 1.

Glass fiber concentration in PSF was controlled
by measuring the PSF-190 feed rate with a gravimetric
feeder (position 12), while changing the rotational
speed of the feeder’s screw from 3 to 12 rpm, and with
the constant glass fiber feed rate Q.= 36 g/min.

Figure 2 shows the dependency of PSF-190 feed
rate on the rotational speed of the feeder’s screw (feeder
in position 12).

140 o Qecn,
g"ﬂm
130 4

100 4
S0
80
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Rotational speed of the feeder's screw, rpm

Fig. 2. Dependency of PSF-190 feed rate (Q,,,)
on the rotational speed of the feeder’s screw
(feeder in position 12).

According to Fig. 2, if the rotational speed of the
feeder’s screw (feeder in position 12) grows from 3 to
10 rpm, then the PSF-190 feed rate increases from 40 to
140 g/min. It may be characterized by a linear function:
Q, = K(n — 4.2/K) = 14(n — 0.3), for the rotational
speed interval between 3 and 10 rpm, n is the rotational
speed of the feeder’s screw (feeder in position 12), K is
a proportionality factor.

The glass fiber content (¢,) in polysulfone, at the
constant glass roving feed rate Q. = 36 g/min, was
calculated as follows: ¢, = Q/(Q,¢. + Q)), where Q. is
PSF-190 feed rate, g/min; Q, is glass fiber feed rate,
g/min; @, is glass fiber content in PSF-190, mass fract.

In order to evaluate the influence of the structure on
the properties of the glass filled PSF, mass fractions (¢)
were re-calculated into volume fractions (¢, ).

Results and Discussion

In order to produce DFPCM based on glass
filled PSF with various structures and generalized
parameters, compositions for the filler of choice (glass
fiber) were calculated. For the short glass fiber, it was
experimentally determined that the maximum content
of glass fiber ¢ = 0.36 vol. fract. This was based on a
known approach [4].

The following Table summarizes the compositions,
generalized parameters of the structure for the disperse
system polymer—glass fiber, and DFPCM classification
by the structural principle.

The share of the polymer matrix in the boundary
layer and the generalized parameter of the structure M
for disperse systems with small specific surface area of
the filler were not taken into account in our calculations.

When the DFPCM structure changes from one type
to another, the change of the generalized parameter ®
leads to variation in technological characteristics and
operational properties.

For example, increase in the coordination number
of the lattice Z and packing density kpack; decrease
in the amount of polymer interlayer between disperse
particles (generalized parameter ®); and increase in
glass fiber content (¢,) lead to an increase in viscosity;
worse reprocessing; and a change in the mechanism of
DFPCM fluidity.

During the use of HFS structures with generalized
parameter ® < 0.20 vol. fract. and glass fiber
concentration higher than 0.27 vol. fract. in extrusion
process, while producing a string, breaks in the latter
have been observed, and extrusion became unstable.

To summarize, this granulation method has
limitations in the structural parameters of DFPCM.
To produce MFS-2 systems with ® between 0.45 and
0.20 vol. fract., and HFS with ® < 0.20 vol. fract., it is
necessary to use the “granulation on the tip” method.

For further experiments, DFPCM based on glass
filled PSF with the following parameters of the structure
were produced:

— low-filled systems LFS:
© =0.90 vol. fract. and ¢, = 0.09 vol. fract.;

— medium-filled systems MFS-1:
0 =0.73 vol. fract. and ¢ _, = 0.09 vol. fract.;
© =0.60 vol. fract. and ¢ _, = 0.135 vol. fract.;

— medium-filled systems MFS-2:

©® =0.45 vol. fract. and ¢ _, = 0.185 vol. fract.;
0O = 0.40 vol. fract. and ¢ _, = 0.21 vol. fract.;
© =0.27 vol. fract. and ¢ _, = 0.25 vol. fract.;

— high-filled systems HFS:
©® =0.20 vol. fract. and ¢, = 0.275 vol. fract.
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Compositions and generalized parameters of the structure for the glass filled PSF (¢, = 0.36 vol. fract., d =13 um)

Glass fiber content

Generalized parameters of the structure of DFPCM

o, » vol. fract. | ¢, mass fract. ®, vol. fract.
Low-filled DFPCM with 0.9 > ® > 0.75 vol. fract.
0.04 | 0.09 | 0.90
Medium-filled DFPCM with 0.75 > ® > (.2 vol. fract.
MEFS-1: 0.75 > ® > 0.45 vol. fract. (DFPCM below the yield point)
0.085 0.204 0.75
0.09 0.215 0.73
0.11 0.264 0.68
0.135 0.32 0.6
0.15 0.37 0.56
MFS-2: 0.45> ® > 0.2 vol. fract. (DFPCM above the yield point)
0.183 0.43 0.45
0.21 0.50 0.40
0.25 0.60 0.27
High-filled DFPCM with 0.2 > ® > 0.0 vol. fract.

0.275 0.66 0.2
0.285 0.69 0.016

0.3 0.82 0.01
0.34 0.82 0.01

Ultrahigh-filled DFPCM with ® <0 vol. fract.
0.37 0.864 0.1

Figure 3 demonstrates the dependency of the
short glass fiber concentration in DFPCM (method
2) on PSF-190 feed rate, in the feeder in position 12
(2) and in the exit from the extrusion head (1); with
the constant fiber feed rate 36 g/min.

Concentra-
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fiber, vol.
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Fig. 3. Dependency of glass fiber concentration in DFPCM
on PSF-190 feed rate, in the feeder 12 (2) and in the exit
from the extrusion head (1).

Figure 3 shows that the feed rate data for the
extrusion head and the gravimetric feeder are the
same in the 75-150 g/min area; further decrease in the
feed rate to 25 g/min leads to a difference of ~15%.

In the process of the introduction of continuous
glass fiber and production of PSF-based DFPCM,
grinding and shortening of the fiber occur in the extruder,
which undoubtedly influences the physicomechanical
characteristics of the glass-filled material.

The publication [4] shows that production of highly
durable glass filled composites with short fibers, based on
polymer matrices, requires that the following condition
is satisfied: fiber length (1) should exceed the critical
fiber length (1 ).

The critical length (1) for “Owens Corning”
EC17-1200 glass fiber in PSF was calculated using the
following formula:

(o2

ZCV = _f ’ d
27
O-ﬂow

If we assume that 7 = , then

NE

Oy
I ~0.866-—-d

O-_ﬂow
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where 6, — tensile strength of glass fiber (2700 MPa);
d - fiber diameter (13 pm); o, — flow stress of PSF-
190 (76 MPa); t — shear stress on the fiber—polymer
matrix boundary, MPa.

The calculated critical length for “Owens
Corning” EC17-1200 glass fiber in PSF is ~220 pm.

To investigate the distribution of glass fiber
in PSF by size, we used the Mikrofot type 5PO-1
device, made by “Moskinap”, Russia. The samples
of glass fiber for this experiment were obtained by
two-step annealing of DFPCM in a muffle furnace, in
accordance with GOST-15973-82.

Figure 4 shows distribution by length for glass
fiber in PSF-based DFPCM, depending on the
method of introduction (method 1 — curve 5 and
method 2 — curves 1-4), with different fiber content.

Mumber of fibers
220 :
200 H H
180 ; H
. i ]
160 ! :
.
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120
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Fig. 4. Distribution of glass fiber by length in PSF-190.
Introduction by method 1 (curve 5) and method 2
(curves 1-4). Fiber content: 13.5 vol % (1, 5),
18.5 vol % (2), 21 vol % (3), and 25 vol % (4).

Fig. 4 indicates that, when glass fiber is introduced
into the loading zone of the extruder (method 1, curve
5), intensive grinding of glass fiber occurs, as a
result of dry friction with granulated PSF, screws and
the extrusion cylinder in the loading zone. In these
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conditions, fiber length in the composite material is less
than | , and the average length 1average ~ 150 pm.

The introduction of glass fiber directly into
the PSF melt in zone 7 of the extrusion cylinder
(curves 1-5) also results in fiber grinding (method 2).
However, in this case, fiber length for the 13.5 vol %
and 18.5 vol % situations is 1average ~ 400 um, which
is almost double of the critical length of fiber in PSF
(I, = 220 um). For composites with 25 vol % fiber
content, the average length is ca. 300 pm, which is
approximately 1.5 times higher than 1_.

The tensile strength of the DFPCM based on PSF
and glass fiber, with laverage ~ 400 pm and fiber content
13.5-18.5 vol %, reaches the maximal value of 120
MPa. This is 1.7 times higher than for the polymer
matrix, and it is no worse than for foreign-made
analogs.

When glass fiber is introduced by method 1, fiber
length in the composite material is less than I, (lZwerage ~ 150
um), and the tensile strength of the DFPCM does not
exceed 75 MPa, which is almost the same as for PSF. In
this case, glass fiber does not work as a reinforcing filler.

Conclusions

PSF formulations containing short glass fibers
were designed based on the theory of lattices and
packing. They were classified by the structural
principle, and the optimal glass fiber content was
determined to be 13.5-18.5 vol %.

The production technology of DFPCM based on
PSF and short glass fiber (method 2) was described,
and the optimal mixing parameters to create
composites where glass fiber length exceeds 1 were
determined.

For the very first time, data on the optimal
parameters of the structure for DFPCM based on PSF
and short glass fiber was presented, which conform
to the parameters of medium-filled disperse systems.
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The determination of the origin of natural bitumen in mummifying resins
of Ancient Egyptian mummies from the collection
of the Pushkin Museum of Fine Arts
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This work presents the results of a study of the resins of seven Ancient Egyptian mummies
from the collection of the Pushkin State Museum of Fine Arts using a complex of analytical
methods: gas chromatography, atomic emission and mass spectrometry. Natural bitumen
and beeswax were identified in the resins using the gas chromatography—-mass spectrometry
method. Based on the results of hydrocarbon distribution in the profiles of n-alkanes in
the resin coatings of the mummies and naturally occurring bitumen, it was assumed that
the Dead Sea bitumen was used. The gas chromatography—-mass spectrometry studies of
mummy resins in the selected ion mode (m/z 217 and 191) provided additional evidence
of the bitumen’s geographic origin. Atomic emission spectrometry with inductively coupled
plasma was used as a means to determine the content of microelements. Vanadium, nickel
and molybdenum were found in the tar of five mummies. The determined relative amounts
of vanadium, nickel, and molybdenum in the resins of the studied mummies showed a good
correlation with the available data on the content of these elements in the Dead Sea bitumen,
as well as the Fayum mummy resin based on this bitumen. The advantages of using the
method of identifying bitumen in mummy resins based on relative content of vanadium,
nickel, and molybdenum were revealed.

Keywords: Ancient Egyptian mummies, natural bitumen, gas chromatography, mass
spectrometry, atomic emission spectrometry.
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B pabome npedcmagieHbl pe3yibmambl UCCIEe008AHUSL COCMABO8 CMOJL CeMU OpesHeeaunemcKux
Mmymuii us koanexyuu I'ocyoapecmeeHHo20 mysest uzobpaszumenvHolx uckycemas umeru A.C. ITyw-
KUHA C NPUMEHEHUeM KOMNIeKCca AHANUMUUEeCKUX memooos: 2a3080U xpomamoepagpuu (I'X),
AMOMHO-I9MUCCUOHHOU U macc-cnekmpomempuu (MC). Memodom I'’X-MC e Hux udeHmugpuuupo-
8aHbL NPUPOOHDLLU bumym u nuesuHslll 8ock. Ilo pesynbmamam pacnpedeneHuli Yan1e8000po0os 8
NpopunsixX H-ANKAHO8 8 CMOJSIHBIX NOKPLIMUSLX MYMUT U NPUPOOHBLX OUMYMO8 8blCKA3AHO npeo-
nosioskeHue o6 ucnoswvzogaruu bumyma Mepmeozo mopsi. JononaHumenvHble doKkasamenbscmeaa
2eozpachuueckozo npoucxorkoeHus bumyma noayuersvt I' X—-MC-uccnedogarHuem cmon mymuii
pexkume MOHUMOPUH2A 300AHHbIX UOHO8 (Mm/z 217 u 191). Memodom amoMHO-IMUCCUOHHOTL
cneKkmpomempuu ¢ UHOYKMUBHO C83AHHOU NA3MOlU onpeodesieHo cooepixaHue MUKposlemeH-
moe U noKkasaHo, Umo 8 CMOAAX NAMU MYMUL npucymemayrom 8aHaoull, HUKes b U MOAUOOEH.
IonyueHHble pe3ysbmamul caudemenbemayrom 06 yooesiemeopumebHol KOppensyuu ux ¢ aAu-
mepamypHbuiMU OGHHBIMU NO COOEPAAHUIO YKA3AHHBLX 3/lemeHmos 8 bumyme Mepmeozo mops u
cmone ParomMcKoli MyMmuu Ha 0CHo8e 3mozo bumyma. BelsieneHbl npeumyuiecmsa ucnob308aHUS
Mmemooda udeHmugpukayuu bumyma 8 CMoaax MyMuii N0 OMHOCUMENLHOMY COOPIKAHUIO 8AHA-
ous, HuUKens u moauboeHa.

Knroueevle cnoea: opesHeezunemckue Mymuu, NpupooHslli bumym, 2a3oeast xpomamozpadusi,
MACC-CNEKMPOMEMPUSL, AMOMHO-IMUCCUOHHASL CREKMPOMEMPUSL.

natural-scientific methods have been carried out since
the 1990s, for which an interdisciplinary approach
is widely used [1, 4-6]. In Russia, a comprehensive
interdisciplinary study of Ancient Egyptian mummies
was first conducted at the National Research Center
“Kurchatov Institute” [7].

A large number of organic substances, including
beeswax, natural bitumen, tar, resins of coniferous
trees, animal fats, vegetable oils, as well as aromatic
oils of some plants, were used for mummification
in different periods in the history of Ancient Egypt
[20]. Research of the resins for mummification was
mainly related to the determination of the nature
of the substances included in their composition.

Introduction

Mummification is an integral part of Ancient
Egyptian culture. The origin of the practice can be
traced back to the early period of Ancient Egyptian
history — the Neolithic era, 5000-4000 BC [1-7]. The
first evidence of the artificial preservation of bodies
relates to the archaeological culture of Badari (about
4500—4100 BC): at that time, some parts of the body
were tightly wrapped in linen bandages saturated
with resinous substances. Ancient Egyptian sources
describing mummification have not been preserved.
The first detailed descriptions were made by the
ancient authors who visited Egypt, Herodotus (5th

century BC) and Diodorus of Sicily (1st century BC)
[1-3].

Currently, comprehensive studies of mummies are
carried out by specialists in various fields of science.
Abroad, systematic studies of Egyptian mummies by

The quantitative composition of the components
of the resins for mummification has not been
extensively studied [9, 19, 20]. The most complete
quantitative study of the composition of resins in
eight Ancient Egyptian mummies from Mostageddah
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(Badari culture, Upper Egypt) by a method of gas
chromatography combined with mass spectrometry
(GC-MS) was presented in a research by J. Jones
et al. [19], where identified the following in the
composition of the resins: vegetable oils and animal
fat (34-95%), aromatic plant extracts (2.4-54%),
pine resins (0.3—11%), bitumen (0.2-19%), vegetable
and beeswax (0.2-7%).

One of the key points in the studying the resin
coatings of Ancient Egyptian mummies is the
development of methods for proving the use of
bitumen in compositions for mummification and the
determination of its geographical origin. The earliest
occurrences of using the word “mummy” date around
1000 BC. According to the descriptions of Herodotus,
Plutarch and Diodorus, natural bitumen was widely
used in Egypt in preserving the bodies of the
dead. Diodorus, Strabo, Pliny, Flavius, and Tacitus
described the use of bitumen found in the Dead Sea
[1-7] for these purposes.

A significant number of works in contemporary
scientific literature has been devoted to the study of
the use of bitumen in mummification. The primary
areas of research are the reliable confirmation of the
presence of bitumen in resin coatings of mummies and
the determination of its origin. One of the first works on
bitumen identification was the work of Benson et al. [21]:
using gas chromatography, the authors studied the resin
of the Egyptian mummy No. 1770 from the Historical
Museum of Manchester. The profiles of n-alkanes
in the mummy resin and bitumen from the Dead Sea
were compared, and it was discovered that the Dead
Sea bitumen has a characteristic alkane profile and is
identical to the hydrocarbon profile of the mummy
resin. Proefke and Rinehart conducted a study of an
Egyptian mummy found in Fayoum oasis of Egypt [22]
with the GC-MS method. n-Alkanes with a chain length
of 19 to 33 carbon atoms were found in the mummy’s
resin. Distribution of saturated hydrocarbons in the
resin coincided with the hydrocarbon profile of natural
bitumen [23]. Normal paraffins with a chain length of 22
to 32 carbon atoms in the sample of mummy resin were
discovered by Beck and Borromeo [24] and the bitumen
was identified by their distribution. Hydrocarbon
fractions of resins of four Egyptian mummies of a wide
range of ages from the British Museum collection were
studied by J. Rullkotter and A. Nissenbaum [25]: share
of saturated alkanes in the hydrocarbon fractions of
resins was at roughly 3%, close to the composition of
the Dead Sea bitumen.

The GC analysis of the resins’ hydrocarbon
fraction of the Egyptian mummies dating to the
4th century BC from the Dakhleh oasis showed
the presence of the long-chain n-alkanes with a
predominance of hydrocarbons with an odd number

of carbon atoms (C,~C,,) [11], in addition to the
Dead Sea bitumen. This, according to the authors,
indicated the presence of terrestrial plant waxes.
The distribution of n-alkanes, typical of the Dead
Sea bitumen, was found only in one sample, while
isoprenoid hydrocarbons, as well as marina and
phytane, were completely absent.

Natural bitumen contains compounds known
as “biomarkers”, which have distinctive chemical
structures closely related to their biological precursors:
plants, bacteria and algae. Steranes and pentacyclic
triterpenes (aromatic steroid hydrocarbons), which
are widely used in organic geochemical correlation
studies, are recognized as such biomarkers [26].
The distribution of these hydrocarbons varies across
different deposits and is dependent on the geographical
origin of bitumen [26-30]. Low chemical reactivity of
the biomarkers and their resistance to photochemical
and microbial degradation made it possible to use
them to identify biodegraded crude oils [31-34], as
well as naturally weathered bitumen [35, 36].

The distribution of steranes and triterpenes
in the Dead Sea bitumen [37] was studied with the
GC-MS method in the mode of monitoring specified
characteristic ions (m/z 217 and 191). The presence
of bitumen in the balms of 39 Egyptian mummies was
analyzed with the same method and it was concluded
[9, 14] that the black color of the mummy resin is not
related to the content of bitumen, as was previously
assumed. A number of mummies with an intense
black resin coating did not contain bitumen; the black
color of the resin was caused by the aging of animal
or vegetable fats and beeswax esters. An additional
confirmation of this conclusion was obtained via
artificial replication of mummifying balms and
their long-term heat treatment. Comparison of the
distribution of steranes in the resins of the four
mummies of the Roman period (4th century AD) from
the Dakhleh oasis (Western Egypt) and the bitumen of
the Dead Sea showed that they are close or practically
coincided [11]. It should be noted, that the Dead
Sea bitumen was identified in almost all studies of
the compositions of mummifying resins in Ancient
Egyptian mummies [11, 25, 31-33, 38, 39]. The
bitumen of the Gebel El Zeit deposits was identified
by studying the molecular distribution of steranes
and terpenes by the GC—MS method in the bitumen
of the Abu Durba and Gebel El Zeit deposits, (Gebel
El Zeit, Suez Canal) and the scanning at m/z 191 and
217 in the resins of two Egyptian mummies [40, 41].

Thus, fossil hydrocarbons, such as profiles
of n-alkanes (C ,C,,), pristane, phytane, hopane
derivatives and isomeric terpenes, may serve as the
biomarkers of the presence and origin of bitumen
in the embalming resins of Egyptian mummies.
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Obstacles to the application of this identification
method may be either the impossibility (in some
cases) to detect pristane, phytane, hopanes and
terpenes or their presence in trace amounts, that is,
the lack of guarantees for their reliable identification
in the mummifying compositions [12, 15]. At the
same time, the presence of a well-defined profile
of n-alkanes (C,—C,,) makes it possible to reliably
identify the presence of the products of oil origin
in the mummies’ resins [1, 12]. However, the lack
of experimental data on the correspondence of the
n-alkane profile to a specific field does not yet allow
for determining the geographical origin of bitumen.
Most oils are characterized by the content of
vanadium and nickel [42]. In the oils of some Volga-
Ural deposits, the content of vanadium reaches 200—
500 g/t. Approximately the same levels of vanadium
and nickel are typical for the oils and bitumen in
the West Canadian basin and the Orinoca basin in
Venezuela [42-46]. The contents of vanadium and
nickel are 4-6 and 0.3—0.5 kg/t respectively in the
asphaltenes of carbonic oils of the Tatarstan Republic
and Samara oblast. In the bitumen of oil fields in Syria,
the share of these elements is 10-20 times lower [44-46].
These elements concentrate in bitumen and their
ratio does not change in the course of oil refining or
natural conversion processes. Therefore, the content
and ratio of vanadium and nickel in natural bitumen
can also serve as a biomarker of geographical origin.
Spielman was one of the first to detect the presence
of vanadium, molybdenum, and nickel in the resins of
Egyptian mummies [47]. He proved that the presence of
these elements is a characteristic feature of the Dead Sea
bitumen. Zaki and Iskander also identified vanadium,

molybdenum and nickel [48] in the Persian mummy
resin by spectrographic analysis and confirmed that the
presence of these elements is an attribute of the Dead
Sea bitumen. Also, 11.0 ppm vanadium and 93.8 ppm
molybdenum! were detected in the resin of mummy
No. 1770 by an atomic absorption spectroscopy [21].
The detection of 65 ppm vanadium, 33.4 ppm nickel
and 17.4 ppm molybdenum [10] in the resin of the
mummy from the Fayoum oasis confirmed Spielman’s
assumption [47] about the presence of the characteristic
metals in the petroleum bitumen. Marshner and Wright
[49] found Ni 10-200 ppm and V 30-300 ppm in several
natural bitumen deposits of Mesopotamia.

Thus, the detection of vanadium, nickel and
molybdenum in the resins of the mummies may be used
to identify the presence of bitumen in mummification
compositions. Furthermore, the quantitative ratios
of these elements may be useful for determining the
geographical origin of bitumen.

The purpose of this study is to identify and
determine the origin of natural bitumen in the resins
of seven Ancient Egyptian mummies from the Pushkin
State Museum of Fine Arts collection using a set of
analytical methods: gas chromatography, combined
gas chromatography with mass spectrometry, and
atomic emission spectroscopy.

Materials and Methods

Raw materials and reagents. The description of
the exhibits from the Pushkin State Museum of Fine
Arts collection submitted for the study is given in
Table 1. The approximate dating of the mummies is
1000 years BC.

Table 1. The description of the studied exhibits
from the Pushkin State Museum of Fine Arts collection

Mummy No. Description, inventory No. of the Pushkin State Museum of Fine Arts
1 I—1a 7150 Human mummy head in tarred shrouds. Length — 20 sm
2 I-1a 6932 Mummy head. Height — 22 sm; girth — 53 sm
3 I - 1a 6505 Male mummy head. Height — 28 sm; girth — 54 sm
4 I - 1a 6506 Female mummy head. Height — 25 sm; girth — 53.5 sm
5 I— la 1241 Headless mummy, swaddled in a large number of bandages
6 I - 1a 5934 Female mummy head. Height — 24 sm, girth — 52 sm
7 I—1a 1239 Mummy of Ipanha in a cardboard case

Test pieces of resinous substance were taken
from the surface of the mummified bodies in the form
of a naturally separated piece of resinous material of
practically black color and odorless.

All solvents and reagents used in the work were
qualified as “CP” (chemically pure) or “for HPLC” (for
the high-performance liquid chromatography).

Sample preparation for the study and the
identification of substances in the composition of the
mummy resin. About 100 mg of the resin sample was
ground, and 5 ml of n-hexane was added. Extraction
was carried out in an ultrasonic bath for 60 min at 50 °C.

'For comparison: the Dead Sea natural bitumen contains
V =463 ppm, Ni— 251 ppm, Mo — 219 ppm.
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The resulting suspension was centrifuged for 10 min
at 5000 rpm. The supernatant was transferred to a
mixing funnel, treated with an aqueous KOH solution
(5%, 2x5 ml) and washed with water (2x5 ml). The
organic layer was filtered through a paper filter with a
small amount of anhydrous sodium sulfate, transferred
to an evaporation cup, and the solvent was removed
at room temperature. The residue was dissolved in
50 pl of hexane. Five milliliters of chloroform were
added to the dry residue after extraction with hexane,
and then extraction was carried out on an ultrasonic
bath for 60 min at 50 °C, the resulting suspension
was centrifuged (5000 rpm, 10 min). The supernatant
was transferred to a mixing funnel, treated with an
aqueous KOH solution (5%, 2x5 ml) and washed with
water (2x5 ml). The organic layer was filtered through
a paper filter with a small amount of anhydrous
sodium sulfate and transferred to an evaporation cup.
The solvent was removed at room temperature. The
residue was dissolved in 50 pl of chloroform.

Fatty acid methyl esters (FAME) were obtained
to confirm the presence of beeswax. For this
purpose, the aqueous KOH solution after treatment
with the hexane extract was acidified with a 20%
aqueous solution of sulfuric acid and extracted
with diethyl ether (2x5 ml). The ether layer was
separated, filtered through a paper filter with a small
amount of anhydrous sodium sulfate, transferred
to an evaporation cup, after which the solvent was
removed at room temperature. The residue was
dissolved in 100 pl of chloroform and treated with
methanol in presence of acetyl chloride according to
the procedure described previously [50].

Hardware and auxiliary equipment

Chromatographic system 1. Gas chromatograph
HP 6890 with mass spectrometric detector MSD 5975
(Agilent Technologies).

Chromatography conditions: the capillary column
DB-5 ms, length is 30 m, inner diameter is 0.25 mm,
stationary phase film thickness is 0.25 pum. The initial
temperature of the column is 100 °C; temperature
programming from 100 to 280 °C at a speed of 15 deg/min.
Endurance at the final temperature is 10 min. The
flow rate of the carrier gas (helium) is 1 ml/min; flow
division 1:10. The temperature of the evaporator is
280 °C, the detector interface is 280 °C. The sample
volume is 1 pl.

The analysis of the hexane extract was carried
out in the scanning mode for the total ion current.
Compounds were identified by mass spectra and
retention indices of the NIST 14 2014/EPA/NIH
database. The analysis of the chloroform extract was
carried out in the mode of monitoring the specified
ions (m/z 217 and 191).

Chromatographic system 2. Bruker 430 GC gas
chromatograph with flame ionization detector.

Chromatography conditions: Capillary column
Select™ Biodiselfor FAME, its length is 30 m, inner
diameter is 0.32 mm, stationary phase film thickness
is 0.25 pm. Temperature program of the column:
initial temperature is 140 °C, held for 4 minutes. The
temperature is risen to 260°C at the speed of 4 deg/min
and held in isothermal mode for 10 minutes at 260 °C.
Injector temperature is 260 °C, detector temperature
is 260 °C. The flow rate of the carrier gas (nitrogen)
is 2 ml/min, the division of the flow is 1:20. Sample
volume is 2 pl.

Fatty acid methyl esters were identified using
a FAME standard mixture (Supelco 37 Component
FAME, ) and a comparison of the compounds
retention parameters with the published data [12,13].

The determination of the micro-element content
in mummy resins was carried out using inductively
coupled plasma atomic emission spectroscopy (ICP)
with iCAP 6300duo Thermo Scientific (USA) and the
Thermo iTEVA (v. 2.5.0.84) software.

Standard 1 is the multielement calibration
standard for ICP-spectroscopy ICP-MS-68B-100
Solution A (ICP-MS-68B-A-100) (5% HNO,);
standard 2 is the multielement calibration standard
for ICP-spectroscopy ICP-MS-68B-100 Solution
B (ICP-MS-68B-B-100) (5% HNO,); standard 3
is the multielement calibration standard for ICP-
spectroscopy MS-3 (5% HNO,).

Sample preparation. About 10 mg of a sample
of a mummy resin was weighed with an accuracy
of up to 0.000001 g, then placed into an autoclave
from PFA with a volume of 50 ml and dissolved in
a mixture of nitric (4.5 ml) and hydrochloric acid
(0.5 ml) in the unit for microwave decomposition of
samples SINEO MDS10 (205 °C, 30 min). The solution
was quantitatively transferred to an inert crucible,
evaporated to a volume of 0.5 ml, transferred to a
polymeric tube. The volume was adjusted to 10 ml
with a 2% nitric acid solution.

Results and Discussion

In order to determine the composition of organic
compounds present in the test resin taken from the
surface of the body of the mummy, the sample was
subjected to sequential extraction with various solvents.
Identification of compounds in the extracts of embalming
resins was carried out with GC-MS.

The chromatograms of the extracts of resins of two
mummies in n-hexane are presented in Fig.1.
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Fig. 1. Chromatograms of hydrocarbons in hexane extracts of the resins
of two mummies (A, B) and beeswax (C).
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The n-alkanes with a chain length of 16 to 35
carbon atoms were identified on the chromatograms of
hexane extracts. There were three possible sources of
normal saturated hydrocarbons (n-alkanes) with such a
chain length: natural bitumen, bee and plant waxes in
ancient Egypt. The predominance of n-alkanes C,, C,,
C,, and C,, is typical for beeswax. A chromatogram of a
solution of modern beeswax in n-hexane was recorded
to identify wax in the resin.

The chromatogram of beeswax is also shown in
Fig. 1. The predominance of C,~C,, hydrocarbons
in chromatograms of hexane resin extracts, typical

for beeswax, leads to the assumption of its use in the
embalming composition for the mummies.

To confirm the presence of beeswax fatty acids
in the composition of mummies, alkaline solutions
obtained after hexane extract treatment were studied.
For what these solutions were acidified, extracted
with diethyl ether, and then fatty acid methyl esters
were obtained. Chromatographic separation was
performed on a Select™ Biodisel for FAME capillary
column. The chromatograms of the FAME extract of
one of the mummies resin and the beeswax are shown
in Fig. 2.
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Fig. 2. Chromatograms of the FAME extract of one of the mummies (A) and the beeswax (B).

The chromatograms identified methyl esters
of palmitic and stearic acids (Fig. 2). The relative
content of these acids in resin samples of different
mummies is 4.7—6.9 (for comparison: this ratio in the
beeswax sample is about 5.2). A comparison of the
obtained chromatograms confirms the beeswax using

in the balsamic compositions of the studied mummies.

The n-alkanes with an even number of carbon
atoms and a chain length of less than 23 atoms are
absent at the beeswax chromatogram (Fig. 1B). These
hydrocarbons were found in hexane extracts of resins
of five mummies (Nos. 1, 3, 4, 6, 7), which allows
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for the assumption of the presence of natural bitumen
in the composition of the resins of these mummies.
The examples of the presence of beeswax and natural
bitumen in the resins of the mummies are described
earlier [11, 19, 20, 51-53].

In order to establish the geographical origin
of bitumen, histograms of the distribution of
n-alkanes in the hydrocarbon profile of mummies
were constructed. In order to exclude the influence
of beeswax, the distribution profiles of n-alkanes
were constructed by hydrocarbons with an even

number of carbon atoms. The resulting histograms
of hydrocarbon profiles are presented in Fig. 3. They
show an approximately similar distribution of bitumen
hydrocarbons in the resins of the studied mummies. The
maximum hydrocarbon content is corresponded to the
n-alkanes with the number of carbon atoms 22-26. The
distribution of hydrocarbons in the resins of the mummies,
in which bitumen from the Dead Sea basin was identified
but beeswax was absent, was established in [19, 20]. The
maximum distribution of hydrocarbons was observed in
the region of 20-25 carbon atoms.
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Fig. 3. Histograms of distribution of n-alkanes in the hydrocarbon profile of the resins
of the studied mummies (Nos. 1, 3, 4, 6, 7) and the resin of Mum-12 mummy from Dakhleh oasis [8].

Based on the study of the distribution of n-alkanes
in present-day bitumen from the Dead Sea and the resins
of the Egyptian mummies from the Dakhleh oasis, it was
shown [11] that the maximum in the Dead Sea bitumen
profile was in the region of 19-22 carbon atoms. The
maximum distribution of bitumen hydrocarbons in
mummy resins (excluding beeswax hydrocarbons) was
in the area of 20-26 carbon atoms. Despite a significant
difference in the position of the maxima in the hydrocarbon
profiles of bitumen resins of mummies and modern
bitumen of the Dead Sea, the authors of [11] nevertheless
made a conclusion about the use of bitumen from tar
deposits of the Dead Sea basin in the composition of the

mummy resins. It was confirmed by studies of the profiles
of steranes in natural bitumen and mummies resins using
the GC-MS method in the regime of monitoring the set
ions (m/z 217).

The comparison of the distributions of hydrocarbons in
resins that were obtained with the published data [11, 19,
20] allows for the assumption that the bitumen from the
Dead Sea basin deposits was used in the resins of the studied
mummies. We studied the chloroform extracts of mummy
resins by GC-MS via scanning in the mode of monitoring
the set ions (m/z 217 and 191) to confirm this assumption.
The histograms of the content of some steranes in the
extracts of mummy resins are presented in Figs. 4 and 5.
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Area of chromatographic peaks

Retention time

Fig. 4. Histograms of the content of steranes and hopanes
(m/z 217) in the bitumen deposits of Gebel El Zeit (A);
Abu Durba (B); Dead Sea (C) and in the resin
of the mummy No. 7 (D):

1 — 13pB,17a-diacholestane 20S (diasterane);

2 — 13B,17a-diacholestane 20R (diasterane);

3 —5a,14p,17B-cholestane 208S;

4 —5a,140,17a-stigmastane 20S;
5a—5a,14pB,17B-stigmastane 20R;
5b — 5a,14p,17p-stigmastane 20S;

6 —5a,140,170-stigmastane 20R.

The obtained data were compared with the
experimental data on the distributions of steranes and
pentacyclic terpenes in the modern bitumens of three
deposits in the basins of the Suez Canal and the Dead
Sea, published in [41]. The phytane and prystane were
not detected in the resins of the studied mummies.
In resins of mummies No. 2 and No. 5, steranes and
terpenes were also absent. In the resins of these two
mummies, there were no n-alkanes with an even
number of carbon atoms and a chain length of less than
23 atoms. The obtained results led to the assumption
that there is no bitumen in the embalming compositions
for mummies Nos. 2, 5.

There were practically no neonorhopane (18c(H)-
30-neonorhopane) and oleanane on the chromatograms
of chloroform extracts of the resins of mummies Nos.

Area of chromatographic peaks
{ o E (o) E w

Retention time

Fig. 5. Histograms of the content of steranes and hopanes
(m/z191) in the bitumen deposits of Gebel El Zeit (A);
Abu Durba (B); Dead Sea (C) and in the resin
of the mummy No. 7 (D):

7 — 17a,1B3(H)-30-norhopane;

8 — 18a(H)-30-neonorhopane; 9 — oleanane;

10 — 17a,21B(H)-30-hopane; 11 — gammacerane;
12a — 170,21B(H)-29-tris-homohopane 228S;
12b — 170,21p (H)-29-tris-homohopane 22R;
13a — 170,21B(H)-29-pentakis-homohopane 22S;
13b — 170,21 B(H)-29-pentakis-homohopane 22R.

1, 3, 4, 6, 7 under ion monitoring conditions at m/z 191.
According to [41], these compounds are present in the
bitumen of the Suez Canal deposits. In the bitumen of
the Gebel El Zeit deposit, hydrocarbons are contained
in rather large quantities, and in somewhat smaller
quantities in the bitumen of the Abu Durba deposit. In
the composition of the Dead Sea bitumen, only trace
amounts of neonorhopane and oleanane are present [41].
The chromatograms of the resins of the studied
mummies under ion monitoring at m/z 191 show a
peak of gammacerane, which is typical for Dead Sea
bitumen. In the bitumen deposits of the Suez Canal,
only trace amounts of gammacerane are present [41].
The GC-MS analysis of chloroform extracts of the
resins of mummies Nos. 1, 3, 4, 6, 7 at m/z 217 showed an
almost complete absence of diasteranes, which is typical
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for the Dead Sea bitumen. Diasteranes are present in the
bitumen deposits of the Suez Canal basin [41].

Thus, the results of the study of the resins via the
GC-MS method in the monitoring mode of the specified
ions (m/z 217 and 191) confirmed the hypothesis about
the use of natural bitumen from the Dead Sea basin
deposits in the compositions of the resins of mummies
Nos. 1, 3,4, 6, 7.

As noted above, the ratio of the content of
vanadium and nickel in the mummy resin may serve
as a biomarker of their geographical origin [42]. For
this purpose, the content of certain trace elements in
the resins of the studied mummies was determined with
the method of an atomic emission spectroscopy with
inductively coupled plasma. The results of elemental
analysis are given in Table 2.

Table 2. Quantitative content of the elements in the mummy resins

Content of elements, ppm
Element/ A, A Mummy No.
1 2 3 4 5 6 7

Al 6925.6 118.9 307.8 5382.6 <0.1 183.4 706.6
Ba,, 19.6 1.6 249 322 <0.1 5.307 12.427
Cd, 0.6 0.3 0.1 1.0 0.2 0.2 0.4
Co,, 5.5 0.6 0.7 7.1 0.7 0.3 1.4
Cr,., 9.3 6.3 0.8 7.0 <0.1 2.6 4.5
Cu,,, 174.1 13.5 14.6 103.7 3.1 43.7 80.1
Fe ,,, 6462.4 571.9 485.3 7387.0 85.8 299.5 1051.1
Ko 2070.5 103104 1617.2 5943.4 5180.6 551.3 4124
Li_,. 3.9 0.3 0.1 2.0 0.2 0.1 0.7
Mg, . 2105.8 644.6 835.3 2448.1 1485.4 111.5 876.4
Mn, 74.1 10.7 20.8 132.9 0.2 7.1 34.5
Mo, ,, 26.2 0.6 6.2 6.0 0.2 6.2 20.7
Na_, 1176.9 21237.1 3399.6 4611.1 20401.1 1095.1 624.4
Nb,,, 8.8 0.3 22 6.0 0.2 2.6 8.3
Ni, 447 0.3 6.6 17.1 <0.1 11.7 39.6
P, . 229.2 8881.4 284.3 1281.9 3814.7 58.2 91.1
Pb,,. 16.7 <0.1 1.5 424.9 <0.1 33.4 <0.1
Sb,s 0.6 4.4 0.2 7.0 0.4 1.1 1.7
Se o6 1.1 5.7 2.5 7.1 2.2 3.6 <0.1
Si,. 703.8 <0.1 532.2 1027.2 338.6 523.9 103.9
St 46.5 5.0 432 64.4 6.7 3.4 35.5
Ti,,,, 665.9 <0.1 36.7 610.3 <0.1 25.6 59.3
\ 87.3 <0.1 20.6 42.3 <0.1 22.9 77.6
Zn, . 21.3 78.2 7.4 35.2 25.0 8.4 2.1
X(Mo, Ni, V), ppm 158.4 - 33.6 65.5 - 41.0 138.1
V, % 55.1 - 61.3 64.6 - 55.9 56.2
Mo, % 16.5 - 18.4 17.3 - 154 15.0

It should be noted from the data in Table 2 that vanadium

and nickel are found in all the examined resins, with the
exception of mummies Nos. 2 and 5. This confirms the
conclusion about the absence of natural bitumen in the resins
of these mummies. It is also interesting to note the absence
of lead, niobium, and titanium in the resin compositions of
mummies Nos. 2 and 5. It is possible that the presence of
these elements is also a feature of natural bitumen, but data
on this are not yet available in publications.

Molybdenum was found in the resins of mummies
Nos. 1, 3, 4, 6, 7, in addition to vanadium and nickel.

According to the results of the research of a number of
authors [10, 21, 47, 48], molybdenum was found only in
the bitumen of the Dead Sea. According to [21], the shares
of vanadium and molybdenum in the natural Dead Sea
bitumen from the sum of the three elements were about
50 and 24%, respectively. The shares of these elements in
the embalming composition of the mummy based on the
Dead Sea bitumen found in the Fayoum Oasis of Egypt
[10] amounted to 56.3 and 15.1%, respectively.

The share of vanadium in the resins of the
studied mummies was 55.1-64.6%; molybdenum was
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at 15.0-18.4%. The results correlate with the published
data on the content of vanadium, nickel and molybdenum
in the bitumen of the Dead Sea and in the resin of the
Fayoum mummy based on this bitumen. Consequently,
natural bitumen from deposits of the Dead Sea basin was
used in the resins of mummies Nos. 1, 3,4, 6, 7.

Using the method of identification of the bitumen in
mummy resins for determining the contents of vanadium,
nickel and molybdenum has several significant
advantages:

— instruments used for this method allow for the
detection of these elements at the level of 0.05 ppm;

— the method has high selectivity, which allows one
to determine the elements in the presence of any organic
compounds, regardless of their quantity;

— the analyzed elements were not subjected to
physical, chemical or biological influences in the process
of a long-term immurement;

— vanadium, nickel and molybdenum are
concentrated as a result of natural bitumen formation,
and their relative content remains constant.

Thus, the detection of the relative content of
vanadium, nickel and molybdenum in mummy resins
can provide a reliable identification for the geographic
origin of natural bitumen in mummification balms.

Conclusions

A GC-MS study of the resins of seven Ancient
Egyptian mummies from the collection of the
Pushkin State Museum of Fine Arts was carried out,
its objective being of determining the presence and
origin of natural bitumen. n-Alkanes with a chain
length of 16 to 35 carbon atoms have been identified
in the resins. The dominance of C,~C,, hydrocarbons,

References:

1. Taylor J.H., Antoine D. Ancient Lives. New
Discoveries: Eight Mummies, Eight Stories. London: British
Museum Press, 2014. 192 p.

2. Egyptian Mummies and Modern Science. Ed.
Rosalie David A. Cambridge and New York: Cambridge
University Press, 2008. 304 p. https://doi.org/10.1017/
CBO09780511499654

3.David A.R. Ancient Egyptian Materials and Technology.
Ed. P.T. Nicholson, I. Shaw. Cambridge: Cambridge University
Press, 2000. 372 p. ISBN 0521-45257-0

4. Monuments and people. Sci. ed. K.K. Iskoldskaya.
Moscow: Vostochnaya literature Publ., 2003. 454 p. (in Russ.).
ISBN 5-02-018341-5

5. Regarding the Dead: Human Remains in the British
Museum. Eds. A. Fletcher, D. Antoine, J.D. Hill. London:
British Museum Press, 2014. 142 p. ISBN 978-086159-197-8

6. Aufderheide A. The Scientific Study of Mummies.
London: Cambridge University Press, 2003. 590 p. ISBN 978-
0-521-17735-1

7. Yatsishina E.B., Kovalchuk M.V., Loshak M.D.,

typical of beeswax, led to the assumption of its use
in mummies’ resins, which was confirmed by the GC
analysis of FAME. In the resins of five mummies,
n-alkanes with the number of carbon atoms less than
23 atoms were found, which points to the presence
of natural bitumen. The bitumen from the Dead Sea
basin was identified by comparing the distributions of
hydrocarbons with the profiles of n-alkanes of mummy
resins from the published sources. Evidence of the
geographical origin of the bitumen was obtained by
studying the mummy resins with the GC-MS method
in the mode of ion monitoring (m/z 217 and 191).

The content of trace elements in the samples
taken for the study was determined using the method
of atomic emission spectroscopy with inductively
coupled plasma. Vanadium, nickel and molybdenum
were found in the resins of five mummies. The
absence of these elements in two of the seven studied
mummies confirmed the conclusion about the absence
of natural bitumen in the composition of their resins.
The results of determining the relative quantities of
vanadium, nickel and molybdenum in the resins of the
studied mummies showed a good correlation with the
published data on the content of elements in the Dead
Sea bitumen and in the resin of the Fayum mummy.

The advantages of identifying bitumen in
mummy resins by the relative contents of vanadium,
nickel and molybdenum are shown.

Acknowledgments

The research was carried out in the Kurchatov complex of
Nano-, Bio-, Info-, Cognitive and Socio-humanitarian Sciences
and Technologies of the National Research Center “Kurchatov
Institute”. The work was supported by the Russian Foundation for
Basic Research, grants Nos. ofi-m 17-29-04144, 17-29-04100.

The authors declare no conflict of interest.

Vasilyev S.V.,Vasilieva O.A., Dyuzheva O.P., Pozhidaev V.M.,
Ushakov V.L. Interdisciplinary study of Egyptian mummies
from the Pushkin State Museum of Fine Arts collection
at the National Research Centre “Kurchatov Institute”.
Crystallography — Rep.  2018;63(3):500-511.  https://doi.
org/10.1134/S1063774518030343

8. Menager M., Azémard C., Vieillescazes C. Study
of Egyptian mummification balms by FT-IR spectroscopy
and GC-MS. Microchemical J. 2014;114:32-41. https://doi.
org/10.1016/j.microc.2013.11.018

9. Buckley S.A., Evershed R.P. Organic chemistry of
embalming agents in Pharaonic and Graeco-Roman mummies.
Nature. 2001;413:837-841. https://doi.org/10.1038/35101588

10. Proefke M.L., Rinehart K.L. Analysis of an Egyptian
Mummy resin by mass spectrometry. J. Am. Soc. Mass
Spectrom. 1992;3(5):582-589. https://doi.org/10.1016/1044-
0305(92)85036-J

11. Maurer J., Mohring Th., Rullkotter J. Plant lipids and
fossil hydrocarbons in embalming material of Roman period
mummies from the Dakhleh Oasis, Western Desert, Egypt.
J. Arch. Sci. 2002;29(7):751-762. https://doi.org/10.1006/
jasc.2001.0773

Tonkue xummdeckue TexHororun = Fine Chemical Technologies. 2019;14(4):45-58

55



The determination of the origin of natural bitumen in mummifying resins ...

12. Brettell R., Martin W., Atherton-Woolham S.,
Stern B., McKnight L. Organic residue analysis of Egyptian
votive mummies and their research potential. Studies in
Conservation. 2017;62(2):68-82. https://doi.org/10.1179/2047
058415Y.0000000027

13. Colombini M.P., Modugno C., Silvano F., Onor M.
Characterization of the balm of an Egyptian mummy from the
seventh century B.C. Studies in Conservation. 2000; 45(1):
19-29.https://doi.org/10.1179/sic.2000.45.1.19

14. Buckley S.A., Clark K.A., Evershed R.P. Complex
organic chemical balms of Pharaonic animal mummies. Nature.
2004;431:294-299. https://doi.org/10.1038/nature02849

15. Lucejko J.,, Connan J., Orsini S., Ribechini E.,
Modugno F. Chemical analyses of Egyptian mummification
balms and organic residues from storage jars dated from the
Old Kingdom to the Copto-Byzantine period. J. Arch. Sci.
2017;85:1-12. https://doi.org/10.1016/j.jas.2017.06.015

16. Lucejko J., Lluveras-Tenorio A., Modugno F,
Ribechini E., Colombini M. An analytical approach based
on X-ray diffraction, Fourier transform infrared spectroscopy
and gas chromatography/mass spectrometry to characterize
Egyptian embalming materials. Microchem. J. 2012;103:110-
118. http://dx.doi.org/10.1016/j.microc.2012.01.014

17. Sarret M., Adam P., Schaeffer P., Ebert Q., Perthuison
J., Pierrat-Bonnefois G. Organic substances from Egyptian
jars of the Early Dynastic period (3100—2700 BCE): Mode of
preparation, alteration processes and botanical (re)assessment
of “cedrium”. J. Arch. Sci.: Reports. 2017;14:420-431.http://
dx.doi.org/10.1016/j.jasrep.2017.06.021

18. Degano 1., Colombini M.P. Multi-analytical
techniques for the study of pre-Columbian mummies and
related funerary materials. J. Arch. Sci. 2009;36(8):1783-1790.
https://doi.org/10.1016/j.jas.2009.04.015

19. Jones J., Higham Th.F.G., Chivall D., Bianucci R.,
Kay G.L., Pallen M.J., Oldfield R., Ugliano F., Buckley S.A.
A prehistoric Egyptian mummy: Evidence for an ‘embalming
recipe’ and the evolution of early formative funerary treatments.
J. Arch. Sci. 2018;100:191-200. https://doi.org/10.1016/j.
jas.2018.07.011

20. Jones J., Higham Th.F.G., Oldfield R., O’Connor T.P.,
Buckley S.A. Evidence for prehistoric origins of Egyptian
mummification in Late Neolithic Burials. PLoS One. 2014.
Aug  13;9(8):¢103608.  https://doi.org  10.1371/journal.
pone.0103608

21. Benson G.G., Hemingway S.R., Leach F.N. The
analysis of the wrappings of mummy 1770. In: The Manchester
Museum mummy project: multidisciplinary research on
ancient Egyptian mummified remains. Ed. by A.R. David.
Manchester: Manchester University Press, 1979. P. 119-132.
ISBN 0-7190-1293-7

22. Proefke M.L., Rinehart K.L., Raheel M., Ambrose
S.H., Wisseman S.U. Probing the mysteries of ancient Egypt:
chemical analysis of a Roman period Egyptian mummy.
Anal. Chem. 1992;64(2):105A-111A. https://doi.org/10.1021/
ac00026a002

23. Lucas A., Harris J.R. Ancient Egyptian Materials and
Industries, 4th ed. London: Historiesand Mysteries of Man,
1989. P. 303-308. ISBN-10: 1854170465; ISBN-13: 978-
1854170460

24. Beck C.W., Borromeo C. Ancient pine pitch:
technological perspectives from a Hellenistic shipwreck.
MASCA Res. Pap. Sci. Archaeol. 1990;7:51-58.

25. Rullkotter J., Nissenbaum A. Dead Sea asphalt in
Egyptian mummies: molecular evidence. Naturwissenschaften.
1988;75(12):618-621. https://doi.org/10.1007/BF00366476

26. Petrov A.A. Oil Hydrocarbons. Moscow: Nauka
Publ., 1984. 264 p. (in Russ.).

27. Kim N.S., Rodchenko A.P. Hopane hydrocarbons in
bitumens of Mesozoic deposits of the western Enisey-Khatanga
regional trough. Geologiya i geofizika = Russian Geology and
Geophysics.  2016;57(4):597-607. https://doi.org/10.1016/j.
rgg.2015.06.011

28. Harrell J.A., Lewan M.D. Sources of mummy bitumen
in ancient Egypt and Palestine. Archaeometry. 2002;44(2):285-
293. http://dx.doi.org/10.1111/1475-4754.t01-1-00060

29. Wendt C.J., Lu Shan-Tan. Sourcing archaeological
bitumen in the Olmec region. J. Arch. Sci. 2006;33(1):89-97.
https://doi.org/10.1016/j.jas.2005.06.012

30. Mackenzie A.S. Applications of biological markers
in petroleum geochemistry. In: Advances in petroleum
geochemistry. Ed. J. Brooks and D. Welte. London: Academic
Press Publisher. 1984;1:115-214. https://doi.org/10.1016/
B978-0-12-032001-1.50008-0

31. Connan J. Biodegradation of crude oils in reservoirs.
In: Advances in petroleum geochemistry. Ed. J. Brooks and D.
Welte. London: Academic Press Publisher. 1984;1:299-335.
https://doi.org/10.1016/B978-0-12-032001-1.50011-0

32. Connan J., Dessort D. Du bitumen de la Mer Morte
dans les baumes d’une momie Egyptienne: Identification par
critéeres moléculaires. Comptes Rendus de [’Académie des
Sciences de Paris Série II. 1989;309:1665-1672 (in French).

33. Connan J., Nissenbaum A., Dessort D. Molecular
archeology: Export of Dead Sea asphalt to Canaan and Egypt
in the Chalcolithic-Early Bronze Age (4th — 3rd millennium
B.C.). Geochim. Cosmochim. Acta. 1992;56(7):2743-2759.
https://doi.org/10.1016/0016-7037(92)90357-O

34. Seifert W.K., Moldowan J.M., Demaison
G.J. Source correlation of biodegraded oils. Organic
Geochemistry. 1984;6:633-643. https://doi.org/10.1016/0146-
6380(84)90085-8

35. Boehm P.D., Douglas G.S., Burns W.A., Mankiewicz
P.J.,Page D.S., Bence E. Application of petroleum hydrocarbon
chemical fingerprinting and allocation techniques after the
Exxon Valdez oil spill. Marine Pollut. Bull. 1997;34:599-613.
http://dx.doi.org/10.1016/S0025-326X(97)00051-9

36. Barakat A.O., Qian Y., Kim M., Kennicutt M.C.
Chemical characterization of naturally weathered oil residues
in arid terrestrial environment in Al-Alamein, Egypt.
Environment Int. 2001;27(4):291-310. https://doi.org/10.1016/
S0160-4120(01)00060-5

37. Rullkotter J., Spiro B., Nissenbaum A. Biological
marker characteristics of oils and asphalts from carbonate
source rocks in a rapidly subsiding graben, Dead Sea, Israel.
Geochim. Cosmochim. Acta. 1985;49(6):1357-1370. https://
doi.org/10.1016/0016-7037(85)90286-8

38. Nissenbaum A. Molecular archaeology: Organic
geochemistry of Egyptian mummies. J. Arch. Sci. 1992;19(1):1-
6. https://doi.org/10.1016/0305-4403(92)90002-K

39. Nissenbaum A., Aizenshtat Z., Goldberg M. The
floating asphalt blocks of the Dead Sea. Physics and Chemistry
of the Earth. 1980;12:157-161. https://doi.org/10.1016/0079-
1946(79)90098-3

40. Barakat A.O., Mostafa A., Qian Y., Kim M., Kennicutt
M.C. Organic geochemistry indicates Gebel El Zeit, Gulf of
Suez, is a source of bitumen used in some Egyptian mummies.
Geoarchaeology: Int. J. 2005:20(3):211-228. https://doi.
org/10.1002/gea.20044

41. Harrell J.A., Lewan M.D. Sources of mummy bitumen
in ancient Egypt and Palestine. Archaecometry. 2002;44:285-
293. https://doi.org/10.1111/1475-4754.t01-1-00060

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2019;14(4):45-58

56



Ekaterina B. Yatsishina, Viktor M. Pozhidaev, Olga A. Vasilyeva et al.

42. Dechaine G.P., Gray M.R. Chemistry and association
of vanadium compounds in heavy oil and bitumen, and
implications for their selective removal. Energy & Fuels.
2010;24(5):2795-2808. https://doi.org/10.1021/ef100173]

43. Marcano F., Flores R., Chirinos J., Ranaudo M.A.
Distribution of Ni and V in A1 and A2 asphaltene fractions
in stable and unstable Venezuelan crude oils. Energy&Fuels.
2011;25(5):2137-2141. https://doi.org/10.1021/ef200189m

44. Galimov R.A., Krivonozhkina L.B., Romanov G.V,,
Petrova L.M. Patterns of the distribution of vanadium, nickel
and their porphyrin complexes in oil components. Neftekhimiya
= Petroleum Chemistry. 1990;9:12-13 (in Russ.).

45. Aleshin G.N., Altukhova Z.P., Antipenko V.R.,
Marchenko S.P., Kamyanov V.F. Distribution of vanadium
and vanadylporphyrins by oil fractions of various chemical
types. Neftekhimiya = Petroleum Chemistry. 1984;24(6):729-
732 (in Russ.).

46. Nadirov N.K., Kotova A.V., Kamyanov V.F., Titov
V.I., Aleshin G.N., Solodukhin V.P., Bakirova S.F., Glukhov
G.G., Koryabin N.M. New oils of Kazakhstan and their using:
Metals in oils. Alma-Ata: Nauka Publ., 448 p. (in Russ.).

47. Spielman P.E.To what extent did the Ancient Egyptians
employ bitumen for embalming? J. Egyptian Archaeology.
1932;18(3/4):177-180. https://doi.org/10.2307/3854980

48. Zaki A., Iskander Z. Materials and methods used for
mummifying the body of Amentefnekht, Saqqara 1941. Ann.

About the authors:

Serv. Antiquites Egypte.1943;XLI11:223-250.

49. Marschner R.F., Wright H.T. Asphalts from Middle
Eastern Archaeological Sites. In: Archaeological Chemistry
— II, ACD Advances in Chemistry series (ed. G.H. Carter).
Washington DC, 1978. (171):150-171. https://doi.org/10.1021/
ba-1978-0171.ch010

50. Pozhidaev V.M., Sergeeva Ya.E., Kamayev A.V.
Study of archeological abstract by chromatography-mass
spectrometry. Zhurnal analiticheskoj khimii = J. Analit.
Chem. 2017;72(6):699-702. https://doi.org/10.7868/
S0044450217060135

51. Mills J.S., White R.The Organic Chemistry of
Museum Objects. 2nd ed. Oxford. Butterworth—Heinemann,
Boston., 1994.206 p. eBook ISBN 9780080513355 https://
doi.org/10.4324/9780080513355

52. Serpico M., White R. Resin, pitch and bitumen.
In: Ancient Egyptian Materials and Technology. Eds. P.
Nicholson, I. Shaw. Cambridge: Cambridge University Press,
2000. P. 430-474

53. Buckley S.A., Stot, A.W., Evershed R.P. Studies
of organic residues from ancient Egyptian mummies using
high temperature — gas chromatography — mass spectrometry
and sequential thermal desorption — gas chromatography
— mass spectrometry and pyrolysis — gas chromatography —
mass spectrometry. Analyst. 1999;124:443-452. https://doi.
org/10.1039/A809022]

Ekaterina B. Yatsishina, Cand. of Sci. (Philosophy), Deputy Director for Research, National Research Center
“Kurchatov Institute” (1, Akademika Kurchatova pl., Moscow 123182, Russia). Scopus Author ID 55062074900. E-mail:
Yatsishina EB@nrcki.ru

Viktor M. Pozhidaev, Cand. of Sci. (Chemistry), Senior Researcher, Department of Biotechnology and Bioenergy of the
National Research Center “Kurchatov Institute” (1, Akademika Kurchatova pl., Moscow 123182, Russia). https://orcid.org/0000-
0001-5916-4374, Scopus Author ID 7004257999. E-mail: pojidaecv2006@yandex.ru

Olga A. Vasilyeva, Cand. of Sci. (History),Head of Department, the Pushkin State Museum of Fine Arts (12, Volkhonka
ul., Moscow, 119019, Russia). https://orcid.org/0000-0002-1946-8346. E-mail: vassilievagmii@gmail.com

Olga P. Dyuzheva, Cand. of Sci. (Art History), Senior Researcher, the Pushkin State Museum of Fine Arts (12, Volkhonka
ul., Moscow, 119019, Russia).https://orcid.org/0000-0002-2084-1881. E-mail: olga.dyuzheva@arts-museum.ru

Yana E. Sergeeva, Cand. of Sci. (Chemistry), Senior Researcher, Department of Biotechnology and Bioenergy, National
Research Center “Kurchatov Institute” (1, Akademika Kurchatova pl., Moscow 123182, Russia). http://orcid.org/0000-0002-6190-
8800, ResearcherID M-2766-2014, Scopus Author ID: 12784841000. E-mail: yanaes2005@gmail.com

Vasily M. Retivov, Cand. of Sci. (Chemistry),Chief Chemist, Head of Analytical Testing Center,Head of the National
Research Center “Kurchatov Institute” (NRC “Kurchatov Institute” — IREA) (3, Bogorodskii Val, Moscow, 107076, Russia). SPIN-
code 5544-5600, Scopus Author ID 26029517500, ResearcherID A-6077-2014. E-mail: retivov_vm(@irea.org.ru

Elena Yu. Tereschenko, Cand. of Sci. (Phys.-Math.), Deputy Head, Laboratory of Natural-Scientific Methods in the
Humanities of the National Research Center “Kurchatov Institute” (1, Akademika Kurchatova pl., Moscow 123182, Russia); Senior
Researcher of the Laboratory of X-ray Analysis Methods and Synchrotron Radiation, Shubnikov Institute of Crystallography FSRC
“Crystallography and Photonics”, Russian Academy of Sciences (59, Leninskii pr., Moscow 119333, Russia). Scopus Author ID
7801407652 , ResearcherID A-8731-2014. E-mail: helena.tereschenko@gmail.com

Irina S. Kulikova, Enginecer, Resource Center of the National Research Center “Kurchatov Institute” (1, Akademika
Kurchatova pl., Moscow 123182, Russia). http://orcid.org/0000-0001-6734-6047. E-mail: kef-irkaO8@mail.ru

Ekaterina S. Vaschenkova, Deputy Head of the Analytical Testing Center of the National Research Center “Kurchatov
Institute” (NRC “Kurchatov Institute” — IREA) (3, Bogorodskii Val, Moscow, 107076, Russia). https://orcid.org/0000-0002-9921-
4142. E-mail: e_katerina2708@mail.ru

Evgeniya I. Kozhukhova, Junior Researcher, Analytical Testing Center of the National Research Center “Kurchatov
Institute” (NRC “Kurchatov Institute” — IREA) (3, Bogorodskii Val, Moscow, 107076, Russia). http://orcid.org/0000-0001-7128-
6286. E-mail: evgeshapanarina@gmail.com

Tonkue xummdeckue TexHororun = Fine Chemical Technologies. 2019;14(4):45-58
57



The determination of the origin of natural bitumen in mummifying resins ...

06 aemopax:

Auuwuna Examepuna BopucoeHa, xanmuaar Gpuinocockux HayK, 3aMECTHTENb JUPEKTOpa 10 HAy4YHOUH padoTe
HUII «KypuaroBckuii uactuty™ (123182, Poccusi, Mocksa, . Akagemuka Kypuarosa, 1.1). Scopus Author ID 55062074900.
E-mail: Yatsishina_EB@nrcki.ru

Iosxxudaee Buxmop Muxaiinoeuu, Kanaujiar XMMUYECKUX HAyK, CTAPIIMN HAYYHBIA COTPYIHHUK OTiea BuoTexHomoruu
u buosneprernkn HULL «Kypuarosckuit uncruryt» (123182, Poccusi, MockBa, mi. Akanemuka Kypuarosa, i.1). https://orcid.
org/0000-0001-5916-4374, Scopus Author ID 7004257999. E-mail: pojidaev2006@yandex.ru

Bacunvesa Onvza AnexkcanoOpoeHa, KaHIUIAT UCTOPUYECKUX HayK, HauanbHuk oraena [MUU um. A.C. [ymkuna
(119019, Mockaa, ya1. Bonxonka, 1. 12). https://orcid.org/0000-0002-1946-8346. E-mail:vassilievagmii@gmail.com

[Aroxkeea Onvea ITaenoeHa, KaHIUIAT UCKYCCTBOBEISHNS, cTapIuuid HaydHbId coTpyaauk [ MUU nm. A.C. [TymkuHa
(119019, MockBa, yi. Bonxonka, 1. 12). https://orcid.org/0000-0002-2084-1881. E-mail: olga.dyuzheva@arts-museum.ru

Cepzeeea SInHa I0yapOo6HQA, KaHIuaaT XUMUYIECKUX HAyK, CTAPINMI Hay4dHBIA COTPYIHMK OTAeia bruorexmomorun
u buosneprernkn HUILL «Kypuarosckuit unctutyt» (123182, Poccusi, Mockga, mi. Akanemuka Kypuarosa, a. 1). http://orcid.
org/0000-0002-6190-8800, ResearcherID M-2766-2014, Scopus Author ID: 12784841000. E-mail: yanaes2005@gmail.com

Pemueoe Bacunuii Muxaiinoeuu, Kanauaar XMMHYECKUX HAYK, TIABHBIM XUMHK, 3aBEIYIONINNA aHATUTHIECKUM
HcTbITaTebHBIM IeHTpoM, pykoBoautens LIKII «VccnenoBatensckuii Hayuno ananutudeckuii nentp HUL[ «KypuaroBckuit mn-
ctutyt — UPEA» (107076, Poccus, Mocksa, boropoackuii Ban, 1. 3). SPIN-kon 5544-5600, Scopus Author ID 26029517500,
ResearcherID A-6077-2014. E-mail: retivov_vm@irea.org.ru

Tepewenrxo Enena FOpveeHa, xaHanaar (GU3MKO-MaTEeMAaTHYCCKHX HAyK, 3aMCCTHTENb HayalbHHUKA JIA00paTopHn
EcrecTBeHHO-HAY4HBIX METOOB B TyMaHuTapHbIX Haykax HUII «KypuaroBckuit nnctutyt» (123182, Poccus, Mocksa, 1. Akaze-
muka Kypuatosa, 1. 1); crapinii Hay4HBIN COTPYIHUK JIAOOPATOPUH PEHTITEHOBCKUX METOIOB aHAIN3a U CHHXPOTPOHHOTO U3ITyye-
nus, Muacrutyt kpucramnorpaduu umenn A.B. [llyonukosa ®HUILL «Kpucramiorpadus u poronuka» PAH (119333, Poccust, Mo-
ckBa, Jlenunckui mp., 1. 59). Scopus Author ID 7801407652, ResearcherID A-8731-2014. E-mail: helena.tereschenko@gmail.com

Kynurxoea Hpuna CepzeeeHa, nunxenep pecypcroro nenrpa HUL «Kypuarosckuit Muctutyt (123182, Poccus,
Mockaa, 1. Akagemuka Kypuarosa, n. 1). http://orcid.org/0000-0001-6734-6047. E-mail: kef-irkaO8@mail.ru

Bawenroea Examepura CepzeeeHa, 3aMeCTHTEIb 3aBEIYIOIIETO aHATUTHIECKUM HCIIBITaTeIbHBIM HeHTpoM HUIL]
«KypuaroBckuit nactutyT — UIPEA» (107076, Poccusi, MockBa, boropoackuit Ba, a. 3). https://orcid.org/0000-0002-9921-4142.
E-mail: e_katerina2708@mail.ru

Koskyxoea EezeHust HzopeeHa, Miaauii HaydHbI COTPYIAHUK aHAJIMTHYECKOTO MCIbITarenbHoro mentpa HUILL
«Kypuarosckuii uactutyt — UIPEA» (107076, Poccusi, Mocksa, boroponckuit Ban, 1. 3). http://orcid.org/0000-0001-7128-6286.
E-mail: evgeshapanarina@gmail.com

For citation: Yatsishina E.B., Pozhidaev V.M., Vasilyeva O.A., Dyuzheva O.P., Sergeeva Ya.E., Retivov V.M., Tereschenko E.Yu.,
Kulikova L.S., Vaschenkova E.S., Kozhukhova E.I. The determination of the origin of natural bitumen in mummifying resins of
Ancient Egyptian mummies from the collection of the Pushkin Museum of Fine Arts. Tonkie Khimicheskie Tekhnologii = Fine
Chemical Technologies. 2019;14(4):45-58 (in Russ.). https://doi.org/10.32362/2410-6593-2019-14-4-45-58

Jna yumupoeanusa: Slunmmna E.b., [loxnnaes B.M., Bacunsea O.A., lroxxesa O.I1., Cepreesa f1.3., PetuBos B.M., Tepemenko
E.10., Kynukosa U.C., Bamenkopa E.C., Koxyxosa E.W. Onpenenenue npoucxoxacHus MPUPOIHOTO OUTYyMa B MyMUDHIIUPYO-
[IMX CMOJIax JApeBHeeruneTckux mymuid u3 coopanus TMUU um. A.C. ITymkuna // Tonkue xumnueckue texnonoruu. 2019. T. 14.
Ne 4. C. 45-58 https://doi.org/10.32362/2410-6593-2019-14-4-45-58

Translated by V. Gusar

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2019;14(4):45-58
58



Fine Chemical Technologies, 2019, Vol. 14, No. 4, pp. 59-68.
Original Russian Text © Viadimir V. Bannikov, Tatyana V. Savitskaya, published in Tonkie Khimicheskie
Tekhnologii, 2019, Vol. 14, No. 4, pp. 59-68

MATHEMATICS METHODS AND INFORMATION
SYSTEMS IN CHEMICAL TECHNOLOGY

MATEMATHYECKHE METOAbI © HHPOPMAITHOHHBIE
CHCTEMBI B XHMHYECKOH TEXHOAOI'HH

hitps://doi.org/ 10.32362/2410-6593-2019-14-4-59-68 [&)sr |
UDC 004.4

The development of a decision support information-modeling system
for safety in the chemical industry
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The analysis of the urgency of developing a decision and support information-modeling system
for safety in the chemical industry is carried out. The article also covers the main elements of
this information-modeling system. Key normative documents backing up the knowledge base
of such an information-modeling system are listed below. The algorithm of the safety decision
supporting information-modeling system is proposed. A database model of the safety decision
supporting information-modeling system is elaborated below. A production rule system is set
forth to manage issuing recommendations on the robust decision support information-modeling
system in the chemical industry based on a methodological document. An implementation plan
is laid out for the robust decision support information-modeling system in chemical industry. It
is a ready-made software package based on two-level (client-server) architecture of information
systems. This article also contains recommendations based on a test case of a tank equipment
total destruction. Results of the computational experiments’ simulation in the TOXI'®s* software
corresponding to the test selected values are available.

Keywords: information-modeling system, industrial safety, database, client-server architecture,
production model, software.
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The development of a decision support information-modeling system...

IpoeedeH aHanus aKmyanbHocmu pa3pabomiKi UHGOPMALUOHHO-Mmo0eupyouel. cucmemot (MMC)
NoO00epIKIKU U NPUHSIMUSL peuleHUll No YynpaeaeHuo 6e30nacHocmeio xumuueckux npousgoocms. Ilpu-
gedeHtbl 0CHO8Hble hodcucmembl cmpykmypol 0arHol UMC. ITepeuucnieHbl OCHO8HblE HOpMAMUBHbLLE
JorxymeHmul 05t 3anosHeHust 6asvl sHaruii MMC; npednosxker aneopumm pabomel U paspabomaHa
Mmo0esnw basvl 0aHHblx UMC. PaspabomaHa cucmema npoOYKYUOHHbLX NPAsUJL OISt YNpaeieHusl 8bl-
Odauu pexomeHOoayuii UMC Ha ocHose memoduueckozo dokymerma. IIpusedeHa npozpammHas pea-
awsayust HIMC, npedcmaensiiouiast coboti 20moeblil KOMNAEKC NPOZPAMMHO20 obecneueHust Ha 0CHO8e
d8yxyposHeaoll (IiueHm—cepgepHoll) apxumexmypbl UHPOPMAUUOHHbLX cucmem. TIpusedeHr ebleo0
perxomeHOauull, NONYUEHHBIX OJIS1 MEeCmMo8o20 NPUMEPA ABAPUL NOJTHO20 PA3PYULEHUSL pe3ep8yapHO-
20 obopyoosaHusi. IIpusedeHnbl pe3ysibmamsl MOOSAUPOBAHUSL BbLIUUCUMENLHBIX IKCNEPUMEHMO8 8
npoepammHom komnaerxce TOKCHTSk gna sanonaneHus mecmogoti 8bl60pKUL.

Knroueeste cnoea: uHGOPMAYUOHHO-MOOEUPYIOULASL cCUCMeMA, NPOMbLULIEHHAsT besonacHocme,
6a3a OaHHbBLX, KAUEHM—CEePBEPHAS apXumexmypa, NPoOYKUUOHHASL MOOeNlb, NPOZPAMMHOE CPEOCMBO.

Introduction

Today, many chemical, petrochemical and oil and
gas production facilities are located near residential
or socially significant accommodations and public
transport facilities. Because of this, the potential
number of victims in possible accidents at these
facilities increases.

One of the important research methods is
emergency forecasting. Therefore, it is most effective
to model accidents at a given facility of a chemical,
petrochemical or oil and gas industry.

Currently, information and computer technologies
have been widely used in the field of chemical process
control, the environmental monitoring of chemical
enterprises and industrial safety, both in Russia [1-5] and
abroad [6—8]. There is a number of software systems for
modeling and/or forecasting emergencies at hazardous
production facilities (HPF), and a practical experience
has been accumulated in using them in the chemical
and petrochemical industries [9, 10].

However, in a real accident, it is impossible to
model the unfolding situation in real time. Therefore,
it is necessary to enact a procedure for modeling
possible emergencies for the standard equipment and
initial parameters for storing hazardous substances
in advance. Upon obtaining the modeling results,
the decision maker (DM) should immediately
analyze the gathered data and make a management
decision regarding enterprise personnel rescue and
the mitigation of the severity of the consequences.
However, this procedure takes up considerable time
in the real situation.

To solve these problems, it is proposed to
implement an information-modeling system (IMS)
for the support and decision making in managing the
safety of chemical plants based on production models.
This system will allow one to select a pre-modeled
accident scenario, most likely in the given situation,

obtain information on the damage zones associated
with various types of fires, explosions, hazardous
matters dispersion, and then give recommendations
on improving the safety of the recipients in the zone
of damage.

Developing a safety decision support IMS
in the chemical industry

When creating an IMS, the two-level architecture
of an information system was used. It is a client-server
architecture, which uses only a server containing a
database and a database management system (DBMS),
and a client holding the level of data representation.

1. Data presentation level. At this level, the
interaction of the system with the user is formed. It is
executed in the form of a program for working with
the user, containing the procedure and conditions for
the reactions of the information system to user actions
based on clear functions.

2. Level of access to the data (server). It provides
for the functions of storage, deletion, modification,
processing and selection of data in the database.

Structural element of IMS includes five
subsystems (Fig. 1):

» The subsystem of interaction with the user (User
Interface). This subsystem is meant for the intuitive
interaction of the user with the system.

* Input data selection subsystem. The selection
of substances in the database (DB) by their properties
(toxicity, inflammability), the selection of accident
properties and screening equipment to set the input
data for the calculation.

* Data storage subsystem. This subsystem
consists of the following databases: the DB of
hazardous substances and their properties; the DB of
HPF standard equipment; the DB of computational
experiments (CE DB).

* Decision making support subsystem. It is
a knowledge base of recommendations which is
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composed of normative, normative-methodological
and normative-technical documents, algorithms,
methods, decision making models. An important
part is also the unit of analysis and comparison of
the obtained results. Production models of knowledge
presentation are the basis of recommendations aimed at the

reduction of the severity of the accident’s consequences
for personnel. The condition criterion is minimizing the
number of victims and the injured at HPF.

o The subsystem for issuing recommendations
and visualizing the results. The results are presented
in the program’s user interface [11].

Input data selection

subsystem
User Interface -
(Delphi) D Substance and
equipment
A selection (SQL)

Subsystem for issuing
recommendations

and visualizing results
(Delphi)

~

Data storage subsystem

DB of hazardous substances

DB of HPF typical equipment

DB of computational experiments

Decision making support subsystem

Knowledge base

Methods, algorithms,
decision making models

Analysis and comparison of results
(DBMS MySQL, Delphi)

(DBMS MysQL)

Fig. 1. IMS functional diagram.

Relevant information from normative documents
in the knowledge base of recommendations is a
guarantee of the effective use of the IMS. Below is a
list of such documents (safety guides):

the methodological guideline for modeling the
accidental releases'; the methodological guide for
accident risk assessment at the oil and gas industry
HPF?; the guide for assessing the consequences of
accidents at explosive and fire hazardous chemical

plants®; the methodological guideline for conducting
hazard analysis and risk assessment for the accidents
at hazardous production facilities*. These guides are
based on the Federal Law® and federal norms and
rules in the ficld of industrial safety®.

For the above system, an algorithm is developed,
as shown in Fig. 2. The first two steps allow one to
enter the input data into the developed system. The
next step is the search for the selected data in the CE

I'Safety guide “Methodological guideline for modeling the accidental releases of hazardous substances” (Ratified in the Rostechnadzor

order dated April 20, 2015, no. 158).

*Safety guide ”Methodological guideline for assessing the risk of accidents at hazardous production facilities of the oil and gas
processing, and oil and gas chemical industries” (Ratified in the Rostechnadzor order dated June 29, 2016, no. 272).

3Safety guide “Methodological guideline for assessing the consequences of accidents at the explosive and fire hazardous chemical
plants” (Ratified in the Rostechnadzor order dated April 20, 2015, no. 160).

“Safety guide “Methodological guideline for the hazards analysis and risk assessment for the accidents at hazardous production
facilities” (Ratified in the Rostechnadzor order dated April 11, 2016, no. 144).

Federal law dated July 21, 1997, no. 116-FZ (edition dated March 07, 2017) “On industrial safety of hazardous production
facilities”(with additions and ammendments effective of March 25, 2017).

SFederal rules and regulations in the sphere of industrial safety “General requirements to justification of safety of hazardous
production facility” (Ratified in the Rostechnadzor order dated July 15, 2013, no. 306).
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database and the selection of the appropriate scenario.
The processing of large amounts of data obtained as
a result of modeling using specialized software is
required in order to implement the request. If the
input parameters and the CE database data are equal,
the corresponding emergency modeling results are
issued. Then the CE database results are compared

Selection of
typical
equipment

Selection of an
identical scenario

with the criteria values in the normative documents,
a list of recommendations aimed at localizing the
consequences of the accident is elaborated and issued
to the user.

It was decided to use a free relational database
management system MySQL’ to develop the IMS
database.

Selection of
substance and
process parameters

Search for initial
parameters in

the CE database.

Does the scenario exist?y

Selection of the
most suitable
scenario for the parameters

Comparison of the data of
the CE database with the
criteria of normative documents.
Is each criterion considered?

Providing recommendations
based on selected criteria of
normative documents

Go to next
criterion

Fig. 2. The block diagram of the IMS algorithm.

The physical model of the database is presented
on Fig. 3. A total of 10 tables were used in the current
database. Each table has a primary key which characterizes
a unique record number; for the table of substances, this is an
identifier of a substance, for the table of stratifications—an
identifier of stratifications, etc. The presence of external keys
is clearly shown in the tables of input and experimental data.
With their help, the tables of substances, stratifications and
clutters are connected with the table of input data, and an
outcome table (spill fire, fuel-air mix explosion, blowup fire,

and dispersion), equipment and input data are connected
with the table of computational experiments data.

Several types of data were used during the model
creation. Each identifier field has a whole number format
—an integer. Text data are presented as a varchar (30)
type, which allows for input of 30 characters per line.
All variable values which are used in recording the rest

"Free relational database management system “MySQL”,
2018. URL: https://www.mysql.com/ (accessed March 22,
2018).

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2019;14(4):59-68

62



Vladimir V. Bannikov, Tatyana V. Savitskaya

Substance
ID of substance int <pk> identity
Name varchar(20) not null
Flammability tinyint(1) not null
Toxicity tinyint(1) not null
TSRS FK_INIDATS_REFERENCE_MATTERS
Initial data Cluity
— ,S"afmca"on — ID of data set int  <pk> identity ID of clutter int <pk> identity
1D of stratification  int <pk> identity Wind speed e e Name varchar(30) not null
WL chai) Dotnul Stratification int not null
Air temperature float not null FK_INIDATS_REFERENCE_ZAGRS
Clutter int not null
Substancg ! int not null Dispersion
Pressure in equipment float not null = =
Temperature in equipment  float not null ID of experiment int  <pk> notnull
Spill area float null
. Damage zone according to threshold dose of toxicity float null
Equipment Damage zone according to fatal dose of toxicity float null
1D of equipment  int <pk> identity FK-EXPS: E-HNDA
Effective volume float not null
Inner diameter  float not null
FK_EXPSH CE_DISPS

Geometry varchar(30)
Height (Length)  float
Working pressure float

not null
not

Name varchar(30)
FK_EXPS_REFERENCE_EQUIPS Experimental data
Explosion of fuel-air mix = = = =
ID of experiment int <pk.fk2.fk3.fkd.fk6> identity
1D of experiment int  <pk> notnull ID of data set int <fk1> not null
Spillares) flcat pull D of equipment int <ike> not null
Zone of shock wave probabilistic damage 1%  float null Existence of spill fire outcome tinyint(1) null
Zone of shock wave probabilistic damage 10%  float null FK_EXPS_REFERENCE_TVS Existence of explosion fuel-air mix outcome tinyint(1) aull
Zone of shock wave probabilistic damage 25%  float null Existence of blowup fire outcome tinyint(1) null
Zone of shock wave probabilistic damage 50%  float null S AR En @ tinyint(1) nul
Zone of shock wave probabilistic damage 90%  float null
Zone of shock wave probabilistic damage 99%  float null FK. sp
Zone of shock wave damage 3 kPa float null
Zone of shock wave damage 5 kPa float null -
Zone of shock wave damage 12 kPa float null FK_EXPS_REFERENCE BIoWUPIiS
Zone of shock wave damage 28 kPa float null 1D of experiment int  <pk> notnull
Zone of shock wave damage 53 kPa float null Spill area float null
Zone of shock wave damage 100 kPa float null Zone of lower flammability limit/2 damage  float null
Spill fire

ID of experiment int  <pk> not null

Spill area float null

Probable thermal radiation damage 1% float null

Probable thermal radiation damage 10% float null

Probable thermal radiation damage 25% float null

Probable thermal radiation damage 50% float null

Probable thermal radiation damage 90% float null

Probable thermal radiation damage 99% float null

Probable thermal radiation damage 100% float null

Zone without negative consequences for a long time 1.4 kW /m2  float null

Safety zone for a person in tarpaulin 4.2 kW / m2 float null

Zone of intolerable pain after 20-30 s, 7 kW / m2 float null

Zone of intolerable pain after 3-5 s, 10.5 kW / m2 float null

Zone of wood flammability float null

Zone of rubber flammability float null

Fig. 3. The physical model of the database.

of the data have the format of floating numbers—float. It
should be noted that, in the stratification table, there is a
unique column which contains a record of the names of
stratifications consisting of one letter, and it has a char
(1) format. Another unique type is a tinyint (1), which is
used to mark the presence of a certain outcome in a given
computational experiment in the table of computational
experiments, called a “flag”.

Since the parameters are entered by the user to
search for scenarios, for the sake of correctness they
cannot have gaps. Therefore, the fields of the source
data tables should not have NULL values (gaps) in their
cells. At the same time, there is no such requirement
for the tables which contain the data of computational
experiments (except identifiers), so they do not need the
Mandatory (not NULL) property.

The tables for the input of initial data allowing for
the assessment of the scale of an accident are the two
main tables with initial parameters.

The data table “Input data” contains data on the
substance and its storage parameters, meteorological
conditions. Itis also connected with the tables “Substance”,

“Stratification”, and “Clutter”, which are filled with the
values used in combining input data. The “Substance” table
has 25 records of various substances, the “Stratification”
table — only 6 records, and the “Clutter” table — 4. The
data table “Equipment” is filled with the data on standard
pieces of equipment and their properties.

The CE database contains the data obtained during
modeling in TOXI™k [1]. The scenarios of hazardous
outcomes may group the accident data. In this paper, the
accidents occurring on stand-alone units of equipment
(tanks) are considered. Groups of criteria collected
into each outcome are divided into deterministic and
probabilistic.

The client part was created using the Borland Delphi®7
programming environment based on a structured Delphi
object-oriented programming language.

Edit type fields, which allow one to input parameters,
are used to input numerical data. Other values are entered
into the Combobox drop-down boxes.

8Software tool «Delphi». Company Embarcadero, 2018. URL:
https://www.embarcadero.com/ru/products/delphi  (accessed
March 22, 2018).
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When one clicks the “Select Scenario” button,
a similar scenario is searched for in the database of
computational experiments. The selected scenario
will be displayed in the Memo field (“white square”
on Fig. 4). If such a scenario does not exist, the

Qb:

program will select the scenario with the most
matching parameters.

When one clicks on the “Damage zones” button, the
values of the damaged zones of the hazardous outcomes
are displayed.

Fig. 4. The screen form of the interface of the decision support system.

On Fig. 5 the scenario is displayed under the
unique identifier 23. Ithas labels of different outcomes.
In the presence or absence of this outcome, the value
varies from 1 to 0 respectively. In this example, the
substance “Butane” is located in standard equipment
“LPG tank 15-1200-02” (EQUIP_ID=15) at the
pressure of 20 atm. The results of a computational

«] SELECT * FROM disserdb.exps WHERE EXP_ID=23 | £

experiment were obtained for the scenario including
a wind speed of 1 m/s, stratification F, temperature in
the apparatus equals to the ambient temperature — 25 °C,
the location is heavily cluttered (all of the above data
on the process parameters are included in the initial
data set INIDAT ID = 15). Toxic damage is absent,
EXP RAS (Dispersion) label is 0.

‘123 EXPID Y17 |133INIDATID Y12 ‘ 123EQUIPID Y17 ‘123 EXP_PROLIV Y17 ‘ 123EXP_TVS Y172 ‘ 123EXP_VSP V172 | 123EXP_RAS Y17

1 236 156 15

1 1 1 0

Fig. 5. Scenario No. 23.

Having identified the presence of certain outcome
marks, the software starts to display the values of the
recorded criteria from the database for the user (Fig. 6).
As one can see, the scenario of toxic damage from the
“Butane” substance is absent.

Having received these values of the damage
zones, the user must be given recommendations on
the actions in case of an accident. After analyzing a
number of safety guides, it was decided to use the
guide “Methodological guideline for the hazard
analysis and risk assessment for the accidents at
hazardous production facilities” (see Footnote 4 on

page 61), as it clearly indicates the criteria for safe
locations and fatal injury. On Fig. 7, recommendations
for the above butane scenario are presented. The
recommendations are derived based on production
rules. The criteria described in the manual mentioned
above are checked. If a specific criterion in the CE
database exists, the user will be presented with its
description in the form of a recommendation based on
the text of the document. For the user’s convenience,
recommendations are presented in the form of a
system of production rules, the main components of
which are shown in the table.
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Y Decisic m]
0 Damage zones:
Wind speed, m/s 1 5 pil e
Zone of thermal radiation probabilistic damage 1%: 212 meters
Susticaion [f 3] Zone of thermal radiation probabilstic damage 10%: 183 meters
= G e e Zone of thermal radiation probabilistic damage 25%: 166 meters
Zane of thermal radiation probabilistic damage 50%: 149 meters
A temperatae G Zone of thermal radiation probabilistic damage 90%: 118 meters
P 5 25 Zone of thermal radiation probabilistic damage 99%: 101 meters
Zone of thermal radiation probabilistic damage 100%: 101 meters
2 20 Zone without negative consequences for a long time, 1.4 kKw//m2: 607 meters
Jiessisinthelud ey Safety zone for a person in tarpauiin 4.2 kKW//m2: 354 meters
Zone of intolerable pain after 20-30 sec. 7 kw/m2: 264 meters
Temperature in the unit, C |25 Zone of intolerable pain after 35 sec. 10.5 kw/m2: 202 meters
Recommendations | Zone of wood flammability, 13.9 kWw//m2: 165 meters
Zone of rubber flammability, 14.8 kw//m2: 157 meters
Cluter  |Severe chtter | Explasion of fuelai mix

Zone of shock wave probabilistic damage 1%: 1076 meters
Zone of shock wave probabilistic damage 10%: 697 meters
Butane ] Zone of shock wave probabilistic damage 25%: 561 meters
Zone of shock wave probabilistic damage 507%: 449 meters

0 . Zone of shock wave probabilistic damage 90%: 308 meters
,ml Losding data into fhe dafebaes Zone of shock wave probabilistic damage 99%: 233 meters
Equipment AI¥100 bd Zone of shock wave damage 3 kPa: 2713 meters
Zone of shock wave damage 5 kPa: 1312 meters
Zone of shock wave damage 12 kPa: 531 meters
Zone of shock wave damage 18 kPa: 331 meters
Zone of shock wave damage 53 kPa: 227 meters
Zone of shock wave damage 100 kPa: 162 meters

Blowup fire.
Zone of lower flammabilty imit /2 damage: 337 meters

Substance

Fig. 6. Damage zone interface.

Recommendations:

Document SAFETY GUIDE "METHODOLOGICAL GUIDELIME FOR AMALYZING HAZARDS aMD RISKE OM
HAZARDOUS IMDUSTRIAL FACILITIES".

{5 pill fire.

Wwhen using prabit functions the damage zones where the probit, function indicatars reach the value corespaonding o 90%
probability are taken for the zones of 100% damage. Leave the 118 meter damage zone immediately.

The damage zonesz where the value of the probit function reaches the value corezponding to 1% probability are taken faor
the zones safe from the standpoint of the impact of damaging factars. Faor pour zafety, reach 212 meters from the equipment
unit.

Blowup fire.

For a blowup fire it shall be assumed that the conditional probability of damaage of a person whio appeared in the zone of
expozure to high-temperature combustion products of a gaz vapordair cloud equals 1. Qutside of thiz zone, the conditional
probability of a perzon being damaged iz assumed to be 0. Leave the 337 meter damage zone from the radiation of the
blowup fire of the fuel-air mix cloud.

Fugl-air mix explozion.

The value of excess pressure at the front of the shock wave P =5 kPa is accepted az zafe for humans. | order to reach a
zafe area, your distance from an eguipment unit should be 1312 meters.

Impact on a person with a shock wave with P > 120 kPa excess pressure at the front is recommended to conzider as a lethal
damage. It iz necessary to leave the 162 meter zone of complete destruction of buildings.

Fig. 7. IMS recommendations for scenario No. 23.

The main components of the system of production rules for managing the issuance
of recommendations developed by the IMS based on the methodological document

Parameter Title
Pr Spill fire outcome
Vs Blowup fire outcome
Tv Fuel-air mix explosion outcome
Di Dispersion outcome
Pr, Zone of thermal radiation probabilistic damage 1%
Pr,, Zone of thermal radiation probabilistic damage 90%
Vs o Zone of lower flammability limit/2 damage
Tv, Zone of 5 kPa shock wave damage
Tv Zone of 120 kPa shock wave damage
Di, Damage zone according to the threshold dose of toxicity
N Presence
p Leave
D Reach
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For the selected document, the production rules of
the system take the following view:

If Pr=N, then P, Pr,; D, Pr ;
If Vs=N, then P, Vs _ ;
If Tv=N, then P, Tv ,; D, Tv;

If Di=N, then P, Dip.

Pressing the “Load data into the database”
button allows one to upload new data modeled with
the TOXI'™sk goftware package to the database of
computational experiments.

/

! 200

To fill the database of computational experiments,
the TOXT™®i version 5.2 [1] software package was used.
Computational experiments were carried out for various
substances. Nine substances were used for the current test
database: gasoline, chlorine, ammonia, methanol, butane,
hexane, chlorine cyan, benzene, diesel fuel. They were
selected in order to vary the event trees that characterize
the possible outcomes of the scenario. Fig. 8 presents the
HPF with one equipment unit (the star), as well as the
calculated damage zones for the scenario under identifier
No. 23.

Fig. 8. Calculated damage zones for the selected scenario.

At this stage, the initial data must be input:
meteorological parameters, equipment, properties of
a hazardous substance, and the choice of an accident
development tree. Upon the completion of the input
of the initial parameters, the damage zones are

calculated for the selected criteria.

After modeling, a file is generated with the results
of the scenario of complete equipment destruction
(Fig. 9). The criteria for each outcome are divided
by page and split into deterministic and probabilistic.

Blowup fire (Ministry of Emergency Situations method)

Hazardous

Status
substance

Site object Equipment

Meteo

Radius of the lower
flammability limit/2
zone, m

Mass involved in the
formation of
hazardous factors, kg

Spill area, m2 Hole area, m2

Tank for LHG 15-1200 -02 Butane

new areal facility Operating status 1

NE, 1m /s, F, 25 deg. C

7934,31 396,54

Complete destruction 0

Fig. 9. The tab “Blowup fire” for obtaining the file with the results.
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As a result, a file with the damage zones was
obtained for various criteria of the calculation methods
for entering data into the database of computational
experiments. Each page of the file represents the results
of a particular outcome. The current system includes
51 test experiments with various initial parameters.

Conclusions

1. Analysis was carried out of the relevance of
IMS development and the current state of specialized
information technologies in Russia and abroad.

2. The functional structure of the IMS was
developed. The utilization of this system allows the
user to receive recommendations for improving the
safety of recipients.

3. The algorithm for the operation of the IMS,
schematically representing the order of interaction with
the system, is presented.

4. The physical structure of the IMS database was
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A generalized algorithm for the verification of functional models and the rules for the verification of
diagrams related by levels of detail were developed in this paper. The algorithm is based on the
analysis of a tree which describes the decompose relations in functional diagrams. At each step of
the algorithm, a pair consisting of a parent diagram and a functional diagram is selected, and the
correlation of the arrows and their roles is checked for both. The formalization of the verification rules
was based on the set-theoretic representation of functional diagrams in the form of labeled oriented
graphs. The rules make it possible to map the position and roles of the arrows associated with the
detailed function block of the parent diagram to the arrows of the child diagram. The following rules
for each of the possible arrow roles were established: “input”, “output”, “control”, “mechanism”. The
use of the logic programming language PROLOG was proposed for the implementation of the algorithm.
A knowledge base structure comprised of 3 interrelated predicates to describe the tree of diagrams,
nodes and edges of the graphs was suggested. A query to check the verification rules was formed,
and methods of binding variables and fixing roles were considered. The analysis and verification
of a fragment of a functional model for the production of vinyl acetate from ethylene was conducted
as an example. The functional diagrams for the processes “Condensate separation” and “Vinyl
acetate isolation” connected by a decompose relation were developed, their set-theoretic models were
constructed, and the use of rules for the verification of each type of arrow were considered.

Keywords: functional modeling, functional model verification, set theory, graph theory, vinyl acetate
production.
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Paspabomar 0606ueHHbL aszopumm eepupuiayuil. pYHKYUOHAIbHbIX Mo0esell U NPasuaia npo-
8epPKU C8SI3AHHBLX OMHOUWEHUEM 0emau3ayuUl OUAZPaAMM. Al2opumm OCHOBAH HA AHAU3e Oepead,
ONUCHIBAIOULE20 OMHOWEHUE 0eMAAU3aAUUUL PYHKUUOHANbHLIX duazpamm. Ha kaxoom waze aneo-
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pumma evlbupaemcst napa, CoOCMosUAs U3 pooumenbckoil U PYHKUUOHAILHOU Ouazpamm, U Oas
amoti napbl 8bINOHIEMCS. NPOBEPKA COOMBEMCMEUSL CMPEenoK U ux poJietl. Dopmanuzauus nNpasua
NPoBepPKU 8bINOJIHEHA HA OCHOBE MEeoPemuUKO-MHONIECMBEHH020 NPedCcMasieHUst PYHIKUUOHAIbHbBLX
Juazpamm 8 eude NOMEUEHHbIX OPUEHMUPOBAHHBLX 2pachos. [Ipasuna Nnoseositom Conocmasumo
NoJIoOKeHUe U POaU CMPEsoK, C8s3AHHbIX C 0emAausuUpyembim PYHIKUUOHAIbHLIM O0KOM POoOU-
mesbCKoll Ouazpammbl, U cmpesok douepHell ouazpammosl. TTocmpoeHbl npasuna 05t Karool u3
BO3MOIKHBLX poJiell CMPesKi: «éXo0h, «@blxo0y, (YnpaeneHuer, wmexaHuzmw:. /ns pearusayuu nocmpo-
eHHO020 AI2OPUMM NPEOSIONEHO UCNONIb30BAHUE S3bIKA JI02U4ecKo2o npoepammuposarust [TIPOAOT.
Ipeonoxera cmpykmypa 6a3ssL 3HAHULL, 8IIOUAOUAst 3 83aUMOC8A3AHHbLX npeduxama 0Jisk ONUCa-
HUsl 0epesa 0emanu3ayuu, 8EPULUH U 0Yye 2paghos, 3a0arouux pYHKUUOHATbHbLe ouazpammel. Cehop-
MUPOBAH 3aNpoC O/is1 NPOBEPKU NPABUNL 8epUUKAUUL, PACCMOMPEHbL CNOCcobblL C813bl8AHUSL Nepe-
MeHHbLX U puicayuu poseli. B kauecmeae npumepa 8blnoHeH AHAU3 U 8epudpuiayus ppaemeHma
PYHKYUOHANTBHOU MOOeU NONYUEHUS. BUHUIAUemama u3 smuneHa. IIpusedeHsbl (hYHKUUOHATbHbBLE
Juazpammbl 0ns1 npoueccos «PazdeneHue kordeHcamar U «lonyueHue suHUIAUEeMAMQ, C8I3AHHBLX
OMHOWeEeHUeM 0emanu3ayul, NOCMpPOEHbL UX MEeoPemuKo-MHOIKECMaEeHHbLe MOOeNU, PACCMOMPEHO
npumeHeHue NPasul eepugpurayuu 01k KarK0ozo muna cmpenok.

Knroueeste cnoea: (pyHKUUOHAIbHOE MOOAUPOBAHUL, 8ePUPUKAUUS PYHKUUOHATLHOT MOOENU,

meopust MHoxKecms, meopusi zpacpoe, nosiyyeHue suHuiayemama.

Introduction

Enhancing the efficiency of the Russian chemical
industry with continuous modernization and the
manufacturing improvement is one of the most important
and pressing objectives. The methodology of functional
modeling is intended for the design, description and
analysis of manufacturing systems in order to increase
their efficiency [1, 2].

As a rule, the main advantages of functional
modeling methodology when compared to other
means of describing production and organizational
processes are considered to be its convenience for
specialists of various profiles, as well as the freedom
from restrictions on the level of detail [3-5]. The
possibility of a strict formalization of functional
models, their analysis and verification are discussed in
specialized literature [6, 7] and has been implemented
in a set of commercial software products designed to
create functional models'? [8]. However, the objective
of developing rules and algorithms for checking
functional models has not yet been achieved.

Generalized algorithm for functional
model verification

According to [9], a functional model is a set of
diagrams connected by a decompose relation. The model
structure can be represented as a tree. Each branch of
this tree presets a pair comprised of a parent and child
diagram, the latter detailing one of the parent diagram’s
functional blocks.

nternet source: https://www.ca.com/us.html
Internet source: https://www.edrawsoft.com/IDEF0-flowcharts.

php

Each arrow associated with the detailed
functional block must have a corresponding boundary
arrow in the child diagram. Its role is uniquely
determined by the role of the corresponding arrow in
the parent diagram. In order to check the correctness
of the functional model, all the relationships between
the parent and child diagrams must be analyzed, and
the presence and roles of arrows must be confirmed.
A generalized algorithm for functional model
verification is shown in Fig. 1.

This algorithm demonstrates a sequential search for
diagrams connected by a decompose relation, the choice
of arrows that must be displayed in child diagrams and
the verification of their roles. (This verification will be
discussed below in more detail).

In order to formalize this algorithm, it is necessary
to switch from the visual representation of functional
models in the form of graphical diagrams to their
mathematical descriptions.

The formalization of rules for the verification
of functional models based on their set-theoretic
representations

In [10] a set-theoretic representation of functional
models as a set of special oriented graphs related by levels
of detail is proposed in this study. Such a representation
allows for the possibility of using the mathematical
apparatus accumulated within the framework of graph
theory [11] for verifying and analyzing functional
diagrams.

A separate functional diagram is not a graph as a
diagram can contain boundary and branching arrows,
while the edges of a graph connect precisely two of its
nodes. It is essential that the semantics of the actions
described by a functional diagram is preset not only by
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Fig. 1. Algorithm for functional model verification.

the edge name, but also by its position relative to the
functional block. A detailed description of a diagram
conversion into a graph is given in [10]. Below is a brief
list of its main features:

* The diagram is represented as a graph with
labeled edges G = (N, L), where N is the set of nodes and
L is the set of edges.

* The graph nodes preset functional blocks,
diagram boundaries, and the branch points of the arrows.

» Each edge of the graph has a label, which is not
necessarily unique.

*  When specifying the edges of a graph, both the
names of the nodes and their roles must be indicated.
Each edge of the graph is described as follows:

edge name (initial node_role:
initial node Name,
end_node_role:
end_node Name)
In order to formalize the rules of model verification
we introduce the following notations:
DP = (NP, LP) is a graph describing the parent
diagram;
NP is the set of the DP graph nodes;
LP is the set of the DP graph edges;

(DP, DC, nb) is an element of the decompose
relation that describes the decomposition of the nb block
of the parent diagram, nb € NP;
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DC = (NC, LC) is a graph describing the child
diagram;

NC is the set of the DC graph nodes;

LC is the set of the DC graph edges;

np € NP is an element of the NP set, np # nb;

nc € NC is an element of the NC set.

Let us consider the rules, which connect the elements
of'the LP and LC sets (the edges of graphs describing the
parent and child diagrams):

1) Each arrow of the parent diagram, which points
to the nb block on the left, has at least one corresponding
arrow in the child diagram. The latter arrow has the same
label; it goes from the left border of the diagram and
points to a block of the child diagram on the left:

if Ip(O:np, I:nb) € LP, then Ip(O:L, I:'nc) € LC

2) Each arrow of the parent diagram, which emerges
from the nb block, has at least one corresponding arrow
in the child diagram. The latter arrow has the same label,;
it points to the right border of the diagram from a block
of the child diagram:

if Ip(O:nb, I:np) € LP, then Ip(O:nc, I:R) € LC

3) Each arrow of the parent diagram, which points to
the nb block above, has at least one corresponding arrow
in the child diagram. The latter arrow has the same label;
it goes from the top border of the diagram and points to a
block of the child diagram above:

if Ip(O:np, C:nb) € LP, then Ip(O:U, C:nc) € LC

4) Each arrow of the parent diagram, which points
to the nb block below, has at least one corresponding
arrow in the child diagram. The latter arrow has the same
label; it goes from the bottom border of the diagram and
points to some block of the child diagram below:

if Ip(O:np, M:nb) € LP, then Ip(O:D, M:nc) € LC

The np and nc nodes can describe both blocks of the
corresponding functional diagrams and their boundaries
or branch points. Note also that one arrow of the parent
diagram may correspond to several arrows of the child
diagram in cases when the arrow in the child diagram
branches without changing its label.

Programming  languages, which  contain
convenient means for describing and analyzing
relationships, as well as pattern matching tools, are
suitable for the implementation of the functional
model verification algorithm. The most convenient

logic programming language for this task is PROLOG,
which supports predicate notation for storing relations
and provides sophisticated means for describing
logical rules with related variables [12]. A knowledge
base is necessary in order to store a functional model
in the PROLOG language. It includes 3 predicates:
descriptions of the decompose relation (decompose),
of the nodes set (node), and of the edges set (edge).
The rules for model verification are a conjunction of
these predicates, and constraints are described using
role specifying and variable binding. Thus, the first
rule describing the correlation between arrows with
the “input” role can be verified using the following
query:
?-decompose(DP,DC,NB),

edge(LP,0,NP,i,NB),

edge(LP,0,1,i,NC),

node(NC,DC).

In this query, according to PROLOG rules, the

capitalized variables signify:

DP is the parent diagram name;

DC is the child diagram name;

NB is the name of the detailed function block;
LP is the label of the parent diagram edge;

NP is the name of the initial node of the LP edge in
the parent diagram;

NC is the name of the final node of the LP edge in
the child diagram.

The lowercase letters o and i define the roles of
the nodes. The lowercase letter 1 describes the node
corresponding to the diagram left border.

An example of verifying the fragment
of a functional model of vinyl acetate
production from ethylene

Let us consider the verification of diagram
construction using a functional model for vinyl acetate
production from ethylene as an example. A generalized
technological scheme of this production was given in
[13], and its functional and set-theoretic models were
built in [10]. For example, let us chose the level A4
“Condensate separation” diagram as a parent diagram
(Fig. 2).

The figure shows that this diagram consists of
4 functional blocks. Each of them is decomposed into a
separate child diagram. Let us consider the relationship
of the “Condensate separation” diagram and the “Vinyl
acetate isolation” diagram. The latter describes the
preparation of the target product — vinyl acetate. This
diagram level is A44, and it represents the result of the
decomposition of the last, fourth functional block of the
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¥

inyl acetate heteroazeotrope with impurities

[y

fusel water —
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compaosition of vinyl acetate with impuritie

[y

inyl acetate with impurities

light fraction (acetaldehyde, ethyl acetate, methyl acetate)

ly]

separation of vinyl acetate

with high-boiling impurities
inyl acetate with high-boiling impurities

composition of
V'Tﬁ" accie vinyl acetate isolation
w.\ 3 high-boiling fraction—
high-boiling L
impurities
rectification column 5
rectification column 1 rectification column 4
NODE TITLE: NUMBER:

Ad

condensate separation

Fig. 2. Parent functional diagram “Condensate separation”.

A4 = (N4; L4), where

I: Vinyl_acetate_isolation)

I: Vinyl_acetate_isolation)

N4 = {L, R, U, D, Acetic_acid_separation, Drying, Separation_of vinyl

acetate with high-boiling impurities, Vinyl_acetate isolation}

L4 o {composition_of vinyl acetate with high-boiling_impurities
(O:Separation_of vinyl acetate with high-boiling_impurities,

vinyl _acetate with_high-boiling impurities
(O: Separation_of vinyl acetate with high-boiling impurities,

rectification_column_5(O: D, M: Vinyl_acetate_isolation)
vinyl_acetate(O: Vinyl_acetate_isolation, 1: R)
high-boiling fraction(O: Vinyl_acetate_isolation, 1: R)}

Fig. 3. A set-theoretic representation of the functional diagram
“Condensate separation” (fragment).

parent diagram. Thus, we are analyzing an element of the
decompose relation

(A4, A44, Vinyl acetate isolation).

Fig. 2 demonstrates that two arrows with the
“input” role and one arrow with the “mechanism”
role enter the “Vinyl acetate isolation” functional
block in the “Condensate separation” diagram. Two
arrows with the “exit” role go out of this block. Let us
consider a fragment of the set-theoretic description of
the parent diagram (Fig. 3). Graph A4 consists of a set
of nodes N4 (this set is shown in Fig. 3 completely)

and a set of edges L4 (a subset of this set is shown,
including edges associated with the “Vinyl acetate
isolation” node). For clarity, the edge labels are in
italics, and the decomposed node name is in bold
italics.

The diagram obtained as a result of the “Vinyl
acetate isolation” functional block decomposition is
shown in Fig. 4. Let us analyze graph A44 that defines
its set-theoretic representation (Fig. 5).

The set of nodes of this graph (N44) includes
only 2 nodes corresponding to the diagram functional
blocks and 4 service nodes. Since the name of one of the
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composition of vinyl
acetate with high-boiling

impurities
choise of control parameters column 5 heating steam consumption
for separating vinyl acetate
with high-boiling impurities
vinyl acetate=
vinyl acetate with high-bailing impurities 5-th rectification
high-bailing f'ract\o%
rectification column 5
e Tme vinyl acetate isolation NUVBER
Ad4 e
Fig. 4. Child functional diagram
“Vinyl acetate isolation”
A44={N44;L44}, where
N44 = {L, R, U, D, Choice_of control parameters, Sth_rectification}
L44 = {composition of vinyl acetate with_high-boiling impurities
(O:L, I: Choice_of control parameters)
vinyl_acetate with_high-boiling impurities(O:L, I: S5th_rectification)
rectification_column_5(0:D,M: 5th_rectification)
high-boiling fraction(O: 5th_rectification,l:R)
vinyl acetate(O: 5th_rectification,l:R)
column_5 heating steam_consumption
(O: Choice control parameters, I: 5th_rectification)}
Fig. 5. A set-theoretic representation of the functional diagram
“Vinyl acetate isolation”.
blocks is very long, the name of the node describing it of the diagram to the “Choice_control_parameters” block.
is abbreviated. The set of edges in graph L44 is shown The set-theoretic description of these arrows should
in Fig. 5 completely; as before, the edge labels are in correspond to rule 1, where
italics.

Let us compare the descriptions of the edges of the
parent and child diagrams. In the parent diagram, the “vinyl

nb = “Vinyl acetate isolation”,

Ip="Vinyl_acetate with_high- boiling_impurities”,

acetate with_high- boiling_impurities” arrow leads from nc = “Choice_control_parameters”.

block 3 to block 4. For the “vinyl acetate isolation” block, The verification shows that the rule is obeyed.

this arrow has the “input” role. In the child diagram, this Similarly, in the parent diagram, an arrow with the
arrow corresponds to the arrow leading from the left border role “mechanism” leads from the bottom border of the
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diagram to the “Vinyl acetate isolation” block. In the child
diagram, this arrow corresponds to an arrow that also
leads from the bottom border to the “5th rectification”
function block. The set-theoretic description of these
arrows should correspond to rule 4, where

nb = “Vinyl acetate isolation”,
Ip = “Rectification_column_57,
nc = “5th rectification”

The analysis of the remaining arrows of the
parent and child diagrams shows that each edge of the
parent diagram corresponds to one edge of the child
diagram. The latter corresponds to either rule 1, or
rule 2, or rule 4. The child diagram has a single arrow
unassociated with the parent diagram: the arrow
“column_5 heating steam consumption”.
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Originals of operating images for generalized problems
of unsteady heat conductivity
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A series of operating (Laplace) non-standard images, the originals of which are absent in well-known
reference books on operational calculus, are considered. By reducing one of the basic images to the
Riemann-Mellin contour integral for the modified Bessel functions and analyzing the corresponding
inversion formula using the approaches of the complex variable function theory, an analytical form of
the original original is found, which is abrupt in nature with a break point. It is shown that analytical
solutions of the corresponding mathematical models using the found originals have a wave character,
which is expressed by the presence of the Heaviside step function in the solutions. The latter
means that at any time there is a region of physical disturbance to the point of discontinuity and an
unperturbed area after the point of discontinuity. The images studied are included in the operational
solutions of mathematical models in many areas of applied mathematics. physics, thermomechanics,
thermal physics, in particular in the theory of thermal shock of viscoelastic bodies, in the study of the
thermal reaction of solids based on the classical Maxwell-Cattaneo-Lykov-Vernott phenomenology,
taking into account the final rate of heat propagation. These models are needed to study the thermal
reaction of relatively new consolidated structurally sensitive polymeric materials in structures exposed
to high-intensity external influences. The analytical relations obtained for the originals and the original
improper integrals resulting from them, containing combinations of Bessel functions, can be used in
the general methodology of constructing and applying various mathematical models in a wide range
of external influences on materials in many fields of science and technology.

Keywords: originals of operational images, hyperbolic models of unsteady heat conduction,
thermal shock.

OpuruHaJjbl onepanuoOHHbIX H300pasKeHni 1J151 00001eHHBIX 3a1a4
HECTALMOHAPHOI TeNJIONMPOBOAHOCTH

9.M. Kapramos

MHPSA — Poccuiickuil mexHosio2uuecKkuil yHusepcumem (HMHcmumym moHKUX XUMUUECKUX
mexHonozutl umeHu M.B. ANomoHocosa), Mockea 119571, Poccus
@Aemop ons nepenucku, e-mail: kartashov@mitht.ru

PaccemompeHra cepust onepauuoHHblx (no Aannacy) HecmaHOapmHbix U300parkeHUll, OpUzUHATbL
KOMOpbILX OMCYMCmaytom 8 U38EeCMHbIX CNPABOUHUKAX NO ONEPAUUOHHOMY ucuucieHuro. ITymem
cgedeHust 00H020 U3 6a308blLX U30OpaIEeHUTL K KOHMYpHOMY uHmezpany Pumana-Mennuna onst mo-
ougpuyuposaHHblx pyHrkyuil Beccenst u ananuza coomeemcmeyrowieii. popmyavl obpawyeHust ¢
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UCNO/TL308AHUEM N00X0008 Meopull (hYHKUUT KOMNIAEKCHO20 NEePeMeHH020 YCmAaHO8NeH AHAU-
muuecKkuil U0 UCKOMO20 OPULUHANA, UMEIULE20 CKAUKO0OpasHblil xapaKkmep ¢ moukol pa3pslea.
Iokasaro, umo aHaruMUUecKue peuweHuUst COOme8emcmayruLUX MAMemMamuyueckux mooenell ¢ uc-
NobL308AHUEM HATUOEHHbIX OPUZUHAIO8 UMEIOm 80JIHO8OU XapaKmep, Uumo 8blparkaemcst Ha/UUU-
em 8 peuwleHusix cmyneHuamoti pyrrkyuu Xesucatioa. IlocnedHee osHauaem, umo 8 /060l MoOMeHm
8peMmeHU cyuiecmayem ob1acmos pusuUUecKoz0 803MYUeHUsL 00 MOUKU Paspblea U He803MYULEHHASL
obiacme nocie mouku paspelea. MsyueHHble Uu300parKeHust 8x00sim 8 ONepayUoHHble peuleHust Ma-
memamuueckux mooeseti 80 MHo2UX 06ACMSX NPUIIAOHOU MAMEMAMUKU, (PUIUKU, MePMOMEXA-
HUKU, MeniogusuKu, 8 UACMHOCMU 8 Meopul Menio8o2o Yoapa 8s3Ko0ynpyaux mes, npu usyueHuu
mensiogoll peaKyuu meepoblx mes HA OCHo8e Kaaccuueckol gpeHomeronoeuu Marxcsenna-Kamma-
Heo-/\blxoga-BepHomma ¢ yuemom KOHeuHOU CKOpOoCmu pacnpocCmpaHeHusl meniomel. YKasaHHble
Modenu Heobxo0umbl 0151 USYUEHUSL MEPMUUECKOU PeaUU CPASHUMETbHO HO8bLX KOHCOUOUPOBAH-
HbIX CMPYKMYPHO-UYECMBUMENLHBLX NOJUMEPHBLX MAMEPUATIO08 8 KOHCMPYKUUSX, NOOBEPACHHBLX
8blCOKOUHMEHCUBHbIM BHEeWHUM 8030elicmausim. TlonyueHHble 011 OPUSUHANI08 AHAIUMUUECKUEe
COOMHOWEHUSL U 8blMeKarowue U3 HUX OPULUHAIbHbLE HecobCcmaeHHble UHMezpasbl, codeprkaujue
rombuHayuu pyHKyuil Beccenst, moeym Oblmb UCNOTb308AHbL 8 00ULell Memodos10eUU NOCMPOEHUSL U
NpUMeHeHUsl PasHOOBPA3HBIX MAMEMAMUUECKUX MO0enell 8 WUPOKOM OUANA30He 8HEULHUX 8030eli-
cmeull Ha Mamepuaibl 80 MHO2UX 00IACMSX HAYKU U MEXHUKUL.

Knroueesle cnoea: opuzuHAIbL ONEPAyUOHHBLX U306parkeHUll, sunepbosuueckue Mooesiu HeCmayuo-
HAapHOU MenionpogooHOCMU, Meniogoll yoap.

Introduction

Modern structural materials, which are a
combination of micro- or nanostructured elements,
are often called structurally sensitive materials. The
creation of such materials based on nanotechnology
is an important direction in the development of
modern materials science. Such materials have unique
physico-mechanical properties that allow them to be
used effectively in structures subject to high-intensity
external influences [1, 2]. An important step in the
creation and use of these kinds of materials is the
construction of appropriate mathematical models to
describe their behavior in a wide range of changes
in external loads. The general methodology for
constructing and studying such models is still far
from complete and requires further development.
This applies primarily to the mathematical models
of a number of physical processes while taking into
account spatio-temporal nonlocality.

Classical phenomenological models of transport
processes and other phenomena, such as Fourier
heat, Nernst mass, Ohm electricity, Newton and
Hook voltages, are based on the principle of local
thermodynamic equilibrium and the continuous
medium hypothesis. The differential equations
derived from them for the corresponding physical
quantities are local, that is, they do not take into
account local non-equilibrium processes; in the
process of derivation, an infinite propagation velocity
of disturbances is incorporated into them. Moreover,
the functions describing these processes are smooth
functions of coordinates and time. However, the
propagation velocity of the potentials of any physical

fields cannot take infinite values. In a real body, the
process of their change occurs with a certain delay
in time according to the relaxation properties of the
material, which are taken into account by relaxation
coefficients. Such processes exist in reality. They
have so-called front surfaces, passing through which
makes the temperature function and its derivatives
acquire a discontinuity [3, 4]. These functions are
described by hyperbolic differential operators. They
include high-intensity non-stationary processes, the
flow time of which is comparable to the relaxation
time. Examples include heating materials with
short laser pulses (duration varies from nano- to
femtoseconds); heating processes with friction at
a high speed; during a thermal shock; local heating
during dynamic propagation of a crack in a transonic
mode, etc.

Taking into account the local non-equilibrium
embedded in the Maxwell-Cattaneo-Lykov-Vernotte
relation for the heat flux (in the one-dimensional
case)

(1)

oT(x,t) _ 0q(x,t)
) =—1 -7
q(x,1) ™ Y

together with the energy equation ¢p0T / Ot = —0q / Ox
lead to the heat hyperbolic type equation [5]

or(x,n) _ OT(xp) _ FT(x1)

()
ot ox* "o
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and the corresponding boundary value problems of a
generalized type [6]. In this case, 7, signifies the thermal
relaxation time (a measure of the inertia of the heat flux)
associated with the rate of heat propagation v, by the

relation 7, =a/ V? (a — thermal diffusivity). When
v, — oo, the magnitude z. — 0 and relations (1)—(2)
respectively lead to the classical phenomenological
law of Fourier heat transfer and the parabolic-type
heat equation, which underlies an almost unlimited
number of studies on non-stationary heat transfer. The
generalized transport problems for equation (2) differ
significantly from the classical ones, with it being more
difficult to find their analytical solutions. The specificity
of such problems lies in the relative simplicity of the
original mathematical models and the difficulties of
solving them in an analytically closed form. This results
in very little success in finding their exact analytical
solutions. The main method for solving boundary-value
problems of a generalized type for partially bounded
domains is the operational one, which leads to complex
functional constructions of the Karslow-Jdger type
[7] in analytic solutions in the Laplace image space

T(x,p)= J.exp(—pt)T(x,t)dt . The originals of the
0

aforementioned Karslow-Jager type constructions do not
appear in well-known reference books on operational
calculus. Serious computational difficulties arise along
this path. The aim of this publication is to consider a
series of non-standard images and their originals. In
addition to the generalized problems of non-stationary
transfer (heat and mass), such images also arise in the
description of electric transmission lines, in the study of
transient modes of electrical circuits (the propagation of
electrical disturbances along the transmission line); in
the thermal shock theory of viscoelastic bodies, etc. Let
us dwell on the generalized problem for equation (2) in
the region x > 0, t > 0 under the initial condition

T(x,1)|,o=T,, x>0 3)

and boundary conditions of either the first kind
(temperature heating or cooling)

W=T,t>0, @)

or the second kind (thermal heating or cooling)

Y

rO

t—t 1
o0 EXP(———)dT = ——¢,,t > 0,(5)
T, A

or of the third kind (heating or cooling by the environment)

t T _
—J.a (x t) N OGXPK——t Tjdz‘:
r 0 ax 7’—r
(6)
=h[T(x,t)|,,-T.],t>0

as well as the constraint condition (in all three
cases)

|7 (x,1)| < o0,x20,¢>0. (7)

It should be noted that questions of the correct
formulation of the boundary conditions for the hyperbolic
type equation (2) were considered by the author in [7].

Let consider the next theory: the originals for non-
standard images.

Inversion theorems for images

Consider a series of images of the form

F(prexp| —x\(p+2a)(p+2B) |

or

-

F(pyexp| —xu(p) |

w(p)=(p+2a)(p+2p): (8)

where 7( p) — are various combinations of rational and
irrational functions of the argument p.
Initially we examine Riemann-Mellin type integral

1 }/+lOO

Y(x,0) =

exp| pt—xu(p) |dp. (9)
27”7,00 w#(p) [ ]

The use of the representation of the Bessel function
of an imaginary argument / (z) in the form of the integral

(8]

2 n 1 }"FlOO l
( j I (z)=— T exp(u +—)du (10)
zZ ioo

and give (9) to a form similar to equation (10). For this,
suppose [7]:

(p+2a)1/2+(p+2ﬂ)1/2 :§1/2
(p+2a)” =(p+2p)" =205, (11)
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the equation leads to

p=i(§+4§ —4p)J(pr2a)(p+2p) =

_1 _4‘72 12
P! (12)
dé dp

=5 . 13
¢ Jpi2a)p2B) (9

Here, p = a +f, 0 = a—f. Following this, the integral
(9) is transformed by replacing the variable (13). In this
case, the straight line (¥ —io0, ¥ +i00) in the plane p is
transformed into a line in the plane & This line is not
straight, but by Cauchy’s theorem it can be deformed
into a line, which is described as (;/' — o0, 7' +700).
Now, the integral (9) takes the form of

Y(x,0) =
_Lyvrd_fex - z+l§(t—x)+"—2(t+x) (14)
2mi 2, & PP 4 4
If t> x, then, assuming in (14) (£ /4)(t—x)=u

and n = 0 from equation (10) we can derive:

Y, (x,t) = exp(-pt)],(cNt* —x*),t > x. (15)

Finally, it is possible to derive

u(p)

If ¢ < x, consider the integral (14), taken along a
closed contour shown in Figure, which consists of a

part of the contour (y —ioo, y +ioo) and the arc of the
circle with the radius R and a center at the start of the
coordinates. The integrand function in (14) is regular
inside the contour and on the boundary, and it does
not contain any poles inside the contour. Afterwards,
using the Cauchy theorem, the integral along this
contour is equal to zero. It can be demonstrated that
for R — oo the integral along the arc of the circle turns
into zero. Thus, this leads to the following result

Y (x,5)=0for £<x. (16)

A

The contour for calculating the integral (14).

exp [—x;( p)] ——exp(—pt)I,(oNE — x> )n(t - x), (17)

where #(f) is the Heaviside function. Further applying the convolution theorem, one can find:

-

=1 jf(t—r) exp(—p7)l,(oN7* —x*)dr,t > X,

0, r<x,

= [jf(t—r) exp(—pr),(oN7* —x*)dr |3t —x).

;(lp) exp| —xu(p) | f(p)—— [ f(t=r)exp(-pr) I (o> X" (7 ~x)dT =

(18)
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Differentiating (18) with respect to x leads to:

exp[ x,u(p)}f(p)(— f(t—x)exp(— px)+0'x_[f(t 7)exp(— pz')[(jri )dr,t>x.

(19)
-0, t<x.
Assuming in (19) that 7( p) =1l then f(¢)=5(t)is the Dirac function. Thus, from (19) we acquire:
— . I (ot
exp| —x2(p) |1 exp(—p1)8(t —x)+ o exp(—pn) L O )
X
(20)
- 0, r<x.
- 1
Suppose now that in (19) f(p)=—, f(t) =1. We can derive the following:
p

1 — . f I (oN7>—x%)

—exp| —xu(p) |[«—1 exp(—px) + ox|exp(—pr) ——x=—dr,1 > x,

—— forp-pr 1N
€2y

0, t<x.
Assuming 7(}7) = l,f(t) =1, in (18) then
p
exp[ x;(p)] —— J.exp(—pz')l0 (oNT° —x*)dr,t > x,
pu(p) x

(22)
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Based on that, we can find the original of the following image:

p+2p
p+2a

1
28—
" ﬁ{ﬂ(l?)

p+2p
w(p)

exp| ~xu(p) | /(p) ="=""exp| ~xuu(p) | /(p) = H; (lp) exp(—xﬁ(p))}}?(p) +

exp[—xﬁ(p)]}?(p) [ 105 exp-pr (V7 =) e -0z +
0 T
+jf(t —1)exp(—pr)l,(oNT> —x*)S(r —x)dr + 2ﬁjf(t —7)exp(—pr)l (oNT’ —x*)dr =

= f(t=x)exp(-px) - (25 —p)ff (t=7)exp(—p)l,(oNT* —x")d7 +

_0111(0'\/12 —x%)
\/1'2 )

+jf(t —7)exp(—p7) ol (o'~ x’) —ol,(oNt? =X )]dr.

+[ f(t-7)exp(-pr) }lr = [ (t—x)exp(—px)+

\/Tz_xz

Thus:

p+2p
p+2a

+j‘f(f—’[)exp(—pf){aﬂl(o- rox) ~ol,(oNT’ =X )},t > X.

exp| =xp(p) | f(p)«—— f(t=x)exp(~px) +

(23)

\/Tz—x2

Assuming in (23) 7(1)) = i,f(t) =1, we obtain
P

1 /Piiﬁ exp[ x,U(P)L—exp( px)+_[exp( pr)[aﬂl(o_“Tz_xz)—(flo(d\/rz—xz) dr,t>x. (24)
p

p \/1'2—x2

The discovered originals lead to a number of interesting relations for improper integrals containing Bessel
functions. Using the inversion theorem for the Laplace transformation, we can transform (17) into:

;(lp) exp[_x;(pﬂ - J.eXp(—pt —pH)l (o~ £ —x’ (e —x)dt = J.exp [—t(p + ,0)]10 (Uw/[z —x? Yt . (25)

Differentiating both sides of equation (25) with respect to x:

exp[—x;(p)] =exp [—(p + p)x] + G)CJ. exp [—t(p + p)]%dt. (26)
-X

X
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This operation is justified by the uniform convergence of the integral (26). In addition, both sides of the equation
(26) are continuous functions with respect to p, therefore, assuming p — 0 we have:

Iexp( pt) 1(31‘7 )dt—(l/ (O'x))[exp( Zx\/_ ) —exp(— px)} (27)

X

Assuming (25) p — 0, we obtain:

jexp( o), (oNt —x*)dt = \/_ﬁexp( 2x\/7) (28)

The next class of images, which is of interest for the thermal shock theory of viscoelastic bodies [2], take
the form of:

+(B +
O(x, p) = eXp xp ARV )] , (29)
p+p
where S >0, 3, > 0. To clarify the possible form of the original (29), we first study the integral
L ! exp{ 14 x\/(p+2a)(p+2ﬂ)}tpt}dp ing th thodol
- - , using the methodology
271 S (p+20)(p +2f) p+2p
expressed in (11)—(16) for these purposes. We establish that the original Q(x, ¢) has the following form:
Q(xat) = F(xa t)ﬂ(t —X), (30)
1 71 +(B +
where F(x,t)=— I —exp| —xp M+pt dp. (1)
2 l y—ioo p +ﬂ2

The contour integral in (31) has two branch points and is calculated in accordance with the well-known rules of
operational calculus [1]. We find that the final result is

lexp[—xp p+(B +:82)j|< *
P p+h5

1 5 exp[—(y+ﬂzy]sin{x(ywzx /?}dy}n@—x}

* |4
FT—+—;£y+

(32)
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As follows from (32), the original Q(x, ) allows for a jump when passing through the value ¢ = x. The magnitude
of this jump is

|A|=1im, ., F(x,0)n(t —x) = lim
1 ﬂl

:1_;.“ lﬂ exp[—(y+ﬂ2)x]sin{x(y+ﬂ2) %}dy.

0 VTP,

F(x,x+2)n(z)=F(x,x)=

z—0

(33)

When calculating the same value |A| , using the operational approach, we can see that the ratio for the function (30)
is as follows:

lim, [ pO(x, p)exp( px)} = F(x,x). (34)

Then, in order to prove (34), we begin with the following:

é(x, p)= Iexp(—pt)Q(x, Hydt = J.exp(—pt)F(x, t)dt = exp(—px)J- exp(—pz)F(x,x+z)dz,

from which we acquire é(x, p)exp(px) = Jexp(— pz)F(x,x+z)dz.

0

Passing to the variable # = pz in the integral, we have
—_— s u
PO(x, p)exp(px) = [ exp(—)F (o x-+—)d
0

The transition to the limit with respect to (29) and (34) while p — oo leads to the following relation

A|=1im [ pO(x, p)exp( px)] = exp[~(Bx/2)]. (35)

Finally, an interesting result is derived from the above calculations and (33):

ﬂl —
1—l.[ 1 exp[—(y+ﬂ2)X]SiH[X(y+ﬂ2),/%}dy=6Xp[—(ﬂ1x/2)]. (36)

Ty y+p

This requires a special explanation (which is supposed to be done in a subsequent publication). From (31),

t
following the rule of differentiating the original J. f(@)dr——(1/ p) f(p) we find another original for the
0

image, which also poses an interest to operational calculus:

7 A
exp{—xp r+h+B) |, . l—lj‘ ! exp[—(y+ﬂ2)t]sin{x(y+ﬂ2) /M}dy S(t—x)+
p+p, | Ty v+ P, Y

y - = (37)
{;IGXP[—(wﬁz)t]sin x(y+ﬁz),/‘7}dy}n(t—x)-

A
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Finally, we express the operational solutions to the boundary value problems (2)—(7) in generalized variables:

ar, c
T(x,t)-T,
goJar, I A

W, r)= (for the case of (5)).

We discover:

W (& p)=T(prexp| ~&p(p+1) |

- 1 - +1 —
where f(p)=— inthecaseof(4), f(p)= pT in the case of (5), and f(p) =
p p

All originals can be found using the above ratios. It
was shown in [3] that the originals of images (38) allow
for a transition to new functional constructions that are
equivalent to those given above and are very convenient
for conducting numerical experiments. This is one of the
features of the solutions of hyperbolic transport models
for partially bounded domains.

Conclusions

The work has presented the originals of non-
standard images, which are part of the operational
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XXII INTERNATIONAL CHERNYAEV CONFERENCE ON CHEMISTRY,
ANALITICS AND TECHNOLOGY OF PLATINUM METALS

Kurnakov Institute of General and Inorganic Chemistry, RAS
MIREA — Russian Technological University

November 18 - 22, 2019

g‘-lepl—mes

Dear Colleagues,

We are pleased to invite you to participate in the XXII International Chernyaev Conference
on Chemistry, Analytics, and Technology of Platinum Metals that will be held
from November 18 to November 22, 2019 in Moscow, Russia at the Kurnakov Institute of General
and Inorganic Chemistry, Russian Academy of Sciences, and MIREA - Russian Technological
University.

The Conference aims to summarize the results of fundamental and applied research in
the field of chemistry, analysis, technology, application of platinum metals and gold,
compounds and materials based on them; to discuss general trends and prospects.

The information about the Conference is available on the website
www.chernyaevZ019.ru

Program

Section 1. Chemistry of compounds of platinum metals and gold

Section 2. Analytical chemistry of platinum metals and gold

Section 3. Technology of processing of raw materials and production of platinum metals and gold
Section 4. Application of platinum metals and gold

The conference will be accompanied by an exhibition of instruments, equipment, reagents, and
standard samples.
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