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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 
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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.
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Обзор посвящен современному состоянию синтетических и биологических исследований ана-
логов рибавирина. Рибавирин – нуклеозидный противовирусный препарат широкого спектра 
действия с 50-ти-летней историей исследований и применения, но механизмы его действия 
до сих пор остаются неясными. В обзоре кратко изложены современные взгляды на биологиче-
ские механизмы противовирусного и противоопухолевого действия рибавирина и его аналогов, 
существующие в этих взглядах противоречия и пробелы. В течение последних лет получены 
новые нуклеозидные аналоги – производные рибавирина по гетероциклическому основанию, 
потенциально представляющие собой противовирусные и противоопухолевые средства ново-
го поколения. В статье дан систематический обзор исследований противовирусной и проти-
воопухолевой активности и корреляций «структура – активность», в общей сложности, для 
39 аналогов рибавирина, представленных за последние 15 лет, обсуждаются биологические 
мишени и возможные механизмы действия этих новых соединений, а также перспективы и 
направление дальнейших исследований.

Ключевые слова: рибавирин, аналоги рибавирина, механизмы биологического действия, 
биоизостеризм, противовирусные препараты, противоопухолевые препараты.

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 tried, ribavirin occupies a 
special place. This molecule, 1-(β-D-ribofuranosyl)-
1,2,4-triazole-3-carboxamide, is also called virazole (1) 
(Fig. 1).

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-α) 
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 23 480 
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 in 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-(β-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 ENT1. 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’-nucleotidase (EC:3.1.3.5) [22]. Ribavirin 

5’-O-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 104–105 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 (Т1/2 < 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-
carboxylic acid (8), which are released from the body.

Fig. 2. Metabolism of ribavirin. А – hADK; B – various kinases; С – ADA; D – PNP; 
E – inosine triphosphate pyrophosphatase; F – various nucleosidases.

Ribavirin is not a substrate or inhibitor for cytochrome 
Р450 (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-β-D-ribofuranosyl-1,2,4-
triazole-3-carboxylic acid (6) and 1-β-D-ribofuranosyl-

1,2,4-triazole, are not phosphorylated by kinases at all 
[31]. It is 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.

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 (RdRр); 
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 Т 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 С 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 С. However, when 
combined with INF-α, 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 Th1, 
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 ISG15 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 Т lymphocytes, 
and Th1 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].

Of all 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-(β-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]; 
5-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-(β-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-β-D-ribofuranosylimidazole-4-

Fig. 4. Viramidine analogs 
with different substituents [91].

carboxamide (AICAR, acadesine) and 5-hydroxy-
1-β-D-r ibofuranosyl imidazole-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 
not accumulate 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. 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

IC50, µg/ml
Compound

2 9a 9b 9c 9d 9e 9f 9g 9h 9i 9k 9l 10
SFSV 36 104 98 94 * 73 339 566 484 547 * * *
PTV 83 250 201 181 * 41 * ** 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
VV 59 198 n 184 n n n n n n n n n
IFAV 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
CC50, µg/ml 250–

1000 >1000 250–
840

250–
1000

250–
1000

660–
1000 >1000 1000–

3200 >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; IFAV – influenza A virus; IFBV – influenza B virus; PIFV3 – parainfluenza virus 
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-(β-D-ribofuranosyl)-
1,2,4-triazole-3-carbohydrazide (12), inhibits lung 
cancer (line А549) growth at the concentration of 20 µM.

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 

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 

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 9а, 
while having a longer alkyl chain, but the spectrum of 
activity is smaller.

Another isosteric analog of ribavirin is ETAR, 1-(β-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.
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the substrate specificity of the genetically engineered 
PNP from E. сoli [97, 98], a number of ribavirin 
analogs were obtained, with the N-alkylated amide 

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 13c, 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-β-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 

1Galegov G.A., Deryabin P.G., Andronova V.L. (in press).

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 
(IC50 = 8.8 µg/ml; 12.5 µg/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 1,2,4-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 

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 – NH2, OEt; Gly – glycoside 
fragment (ribose, methoxyethanol, Н).

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.

Fig. 9. Ribavirin analogs active against ТМV.
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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 
π-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.

Fig. 10. Ribavirin analogs active against HCV.

Table 2. Activity of arylethynyl analogs of ribavirin 
against HCV virus in vitro

Cell line

Compound

Huh-5-2 Huh-9-13 Huh-6

EC50 CC50 EC50 CC50 EC50 CC50

25 52.3±3.1 >105 54.3±18 >105 25.1±4.8 >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 72.3±9.9 >160 125±6.6 >160 95.3±3.3 132±18

Ribavirin 28.7±8.2 86.0±45 84.0±15 229 33.0 >100
EC50 (µM) – concentration at which inhibition occurs with 50% efficiency; inhibition of replication of subgenome replicon 
of HCV in a respective cell line;
СС50 (µM) – 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 trans configuration (EC50 = 9 µM, 
СС50 > 30 µM) 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-
TMV 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 (29а) and inactive (29b) vinyl analogs of compound 26.

Xia et al. [111, 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 

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].

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.

2Prutkov A.N., Chudinov M.V., Galegov G.A., Deryabin P.G., 
Andronova V.L. (in press).

In  line with these conclusions, a significant antiviral 
activity of compound AMP-006, 5-(tetrahydrofuran-
2-yl)-1,2,4-triazole-3-carboxamide (38) (Fig. 13) 
has been reported [118]. This molecule, while being 
a close structural analog of ribavirin, is not at all a 
nucleoside. It has no hydroxy groups and it is not 
hydrolyzed by enzymes, but the molecule has very 
low cytotoxicity, and is active in vitro against the 
influenza A virus and the herpes virus, being just a 
little bit less effective than ribavirin. Nucleoside 39, 
which is obtained from it synthetically, does not have 
antiviral activity2.

Fig. 13. АМР-006 (38) and its inactive 
nucleoside derivative 39.

Given the fact that mechanisms of ribavirin’s 
activity are not known in detail, the role of this drug 
(and its new structural analogs) in the fight against 
viral diseases and tumors is still very promising. It 
seems that in near future these molecules will still be 
playing an important part.

The author declares no conflict of interest.
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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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При экстрактивной ректификации (ЭР) водных смесей низших карбоновых кислот (му-
равьиной и уксусной), в зависимости от выбора селективного агента, возможно выде-
ление в дистиллате воды или смеси вода – муравьиная кислота. Однако обычно задача 
выделения всех практически чистых компонентов не рассматривается. Здесь пред-
лагаются схемы выделения муравьиной (МК) и уксусной (УК) кислот из водной смеси 
экстрактивной ректификацией (ЭР) с сульфоланом, не предусматривающие предва-
рительное обезвоживание. Анализ рядов относительных летучестей компонентов в 
присутствии сульфолана показал, что в зависимости от количества вводимого агента 
возможны три варианта организации ЭР. В схемах, состоящих из трех колонн, в дис-
тиллате колонны ЭР базовой смеси вода–МК–УК выделяют воду, в последней колонне 
схемы УК отделяют от агента, возвращаемого в первую колонну схемы. Во второй 
колонне схемы I проводят ректификацию смеси МК–УК–сульфолан с получением МК 
(90% масс.) и УК (80% масс.), в схеме II смесь МК–УК разбавляют сульфоланом, что по-
зволяет получать кислоты более высокого качества: МК (УК) с содержанием основно-
го вещества не менее 98.5% масс. Схема III состоит из двух двухколонных комплексов 
ЭР: сначала выделяют смесь воды и муравьиной кислоты, которую затем разделяют 
ЭР также с сульфоланом. Расчеты схем проведены для рабочих давлений колонн 101.32 и 
13.33 кПа. Для предотвращения термического разложения сульфолана колонны регенера-
ции всегда работают при давлении 13.33 кПа. Максимальный вклад в суммарные энергоза-
траты на разделение во всех схемах вносит колонна ЭР базовой трехкомпонентной смеси.

Ключевые слова: муравьиная кислота, уксусная кислота, вода, сульфолан, экстрактивная 
ректификация, схема разделения.

Introduction

It is often necessary to separate aqueous mixtures of 
carboxylic acids with low molecular weights (С1−С4) for the 
purposes of fine organic synthesis and in pulp manufacturing 
[1−3]. For example, the oxidation of С9−С20 paraffins 
results in a mixture of С1−С6 carboxylic acids (wt %): 
formic acid (FA) − 35−40, acetic acid (AA) − 30−35, 
propionic and butyric acids − 20−30, valeric and caproic 
acids – up to 2−6. Having removed the С4−С6 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 С1−С4 
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 ≤ αW/FA ≤ 5) [14];

- cyclohexanone or isophorone with added aliphatic 
monocarboxylic acids and acetophenone (2 ≤ αW/FA ≤ 3) [15];

- ethylene carbonate or propylene carbonate 
with added carboxylic acids (various structures) and 
isophorone (2.5 ≤ αW/FA ≤ 2.9) [16];

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

- sulfolane, adiponitrile, dimethylformamide, 
N,N-dimethylacetamide, N-mehtyl-2-pyrrolidone, 
acetophenone and their mixtures with other organic 
substances (3 ≤ αW/FA ≤ 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 ≤ αFA/AA ≤ 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 

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 αW-FA, 
αW-AA, αFA-AA for the basic equimolar mixture and for the 

derived system, water−FA−AA−S, with various amounts 
of sulfolane (S). Two different pressure values were used 
(Tables 1, 2). Since the αFA-AA 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

Table 2. The relative volatilities of the substances 
and selectivity of sulfolane at 13.33 kPa

FS αW-FA αW-AA αFA-AA SW-FA SW-AA SFA-AA

0 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

FS αW-FA αW-AA αFA-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 4.41 6.81 1.54
250 4.35 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, II 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:

,  

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 



28
Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2019;14(4):24–32

Separation of water – formic acid – acetic acid mixtures in the presence of sulfolane

I

II

III

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, αFA-AA 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 SFA–AA 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 4. The quality of the obtained products
Scheme I II III

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 3. Static parameters for distillation columns in flowsheet I
Column I II III I II III

Pressure, kPa 101.32 101.32 13.33 13.33 13.33 13.33
N, NS/NF 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.                             W     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 TF, K 379.86 437.78 397.45 327.49 373.36 400.98
Sulfolane flow FS, kmol/h 150 − − 170 − −
Sulfolane temperature TS, K 353.15 − − 303.15 − −
Distillate flow D, kmol/h 33.3 33.3 33.4 33.3 33.3 33.4
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 TD, 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 TW, К 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
ΣQ, MW 4.45 4.32

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

Table 5. Static parameters for distillation columns in flowsheet II

Column I II III I II III
Pressure, kPa 101.32 101.32 13.33 13.33 13.33 13.33
N, NS/NF 40, 5/25 45, 5/26 15,10 40, 3/12 45, 5/21 15, 10
R 1 5 1.3 0.05 3 1.4
Feed flow F, kmol/h 100 216.7 303.4 100 236.7 323.4
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 TF, K 379.86 437.78 415.28 327.49 373.36 417.30
Sulfolane flow FS, kmol/h 150 120 − 170 120 −
Sulfolane temperature TS, K 353.15 353.15 − 303.15 303.15 −
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Column I II III I II III
Distillate flow D, kmol/h 33.3 33.3 33.4 33.3 33.3 33.4
Distillate composition, mol. fract.                                  W        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 TD, K 373.21 373.85 335.30 324.73 317.10 335.33
Bottom product flow W, kmol/h 216.7 303.4 270 236.7 323.4 290
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 TW, К 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
ΣQ, MW 5.88 4.73

Table 5. Сontinued

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 III

Column I II III IV
Pressure, kPa 101.32 13.33 101.32 13.33
N, NS/NF 40, 5/28 30, 20 30, 5/10 20, 10
R 3 0.8 1 1
Feed flow F, kmol/h 100 133.4 66.6 133.3
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 TF, K 379.86 387.68 379.87 369.76
Sulfolane flow FS, kmol/h 100 − 100 −
Sulfolane temperature TS, K 353.15 − 353.15 −
Distillate flow D, kmol/h 66.6 33.4 33.3 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 TD, 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 TW, К 456.92 478.97 439.42 480.32
Reboiler duty Q, MW 3.19 0.89 1.32 1.03
ΣQ, 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 
III, with unchanging static parameters of the columns 
(N, NS/NF), remains largely unchanged: ΣQ = 6.5 MW, 
Q for columns I−IV 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 I, 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 III 
is twice as high as the values for schemes I and II, thus 

making flowsheet III inefficient.
The dilution of the formic acid−acetic acid mixture 

with sulfolane for distillation (column II, flowsheet II) 
allows for the production of acids of higher quality and 
purity. Flowsheet I is recommended for the production 
of “mark B” formic acid (GOST 1706-78) and 3rd grade 
acetic acid (GOST 19814-74). Yet higher quality of acids 
can be achieved in flowsheet II − “mark A” formic acid 
and 2nd grade acetic acid. The operation distillation 
columns I, II is recommended, with the working pressure 
in flowsheet I set at 101.32 kPa, and in flowsheet II – at 
13.33 kPa.

It is necessary to search for ways to lower energy 
consumption during the separation of aqueous mixtures 
with formic and acetic acids. This necessity determines 
the next steps in research, in particular, finding selective 
agents for the extractive distillation of formic acid−acetic 
acid mixtures.
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И БИОЛОГИЧЕСКИ АКТИВНЫХ СОЕДИНЕНИЙ

On the use of aqueous solutions of polyvinyl methyl ether 
for the embolization of blood vessels
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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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О возможности применения водных растворов поливинилметилового эфира 
для эмболизации кровеносных сосудов
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Статья посвящена исследованию водных растворов поливинилметилового эфира с целью 
определения возможности их использования в качестве основы эмболизирующего состава 
для преднамеренной закупорки кровеносных сосудов при терапии сосудистых аномалий, 
опухолей и предоперационной подготовке пациентов. На основании экспериментальных 
данных, полученных с помощью метода точек помутнения, построена правая ветвь бино-
дальной кривой бинарной системы поливинилметиловый эфир – вода и определено значение 
нижней критической температуры смешения (35.5 ºС). Определена концентрация поливи-
нилметилового эфира в водном растворе, при которой фазовый переход происходит при тем-
пературе 35.5  ºС – она составляет 30% мас.  Вязкостно-скоростные кривые 30%-го водного 
раствора поливинилметилового эфира, полученные с помощью метода реовискозиметрии 
в широком диапазоне температур 5–36 °С, свидетельствуют, что исследуемые раство-
ры низковязки и проявляют ньютоновское поведение при течении. Однако уже при 35  ºС 
и выше в области фазового перехода наблюдается значительное отклонение от ньюто-
новского поведения вследствие выпадения поливинилметилового эфира из раствора в виде 
белой твердой массы. В рамках уравнения Аррениуса–Френкеля–Эйринга оценена энергия 
активации вязкого течения водных растворов поливинилметилового эфира, которая со-
ставляет 31 кДж/моль. С помощью рефрактометрии было показано, что фазовый пере-
ход в исследуемых растворах имеет обратимый характер, что, в частности, облегчает 
очистку оборудования для введения эмболизирующего состава в организм пациента. В ре-
зультате работы определены некоторые параметры, при которых формирование эмбола 
в кровеносном сосуде in situ происходит из 30%-го водного раствора поливинилметилового 
эфира при температуре 35.5 ºС.

Ключевые слова: эмболизация, эмболизирующий агент, вязкость, поливинилметило-
вый эфир, водный раствор.

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 ºС. 
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 ºС/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 (ºС): 5, 
10, 15, 20, 25, 30, 33, 34, 35, 36. The shear rate was 
in the 25–50 s-1 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 ºС range, with gradual (by 3 ºС) 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 ºС 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).

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 ºС. 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 ºС.

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 ºС. 
The experimental viscosity–velocity curves (Fig. 3) 
show that the solutions tested are lowly viscous and 
almost Newtonian. However, at 35 ºС and 36 ºС, a 
significant scattering of experimental values was 
observed. This indicates that the substance deviates 
from the Newtonian behavior when close to phase 
transition.

Fig. 3. Viscosity–velocity curves for 30% aqueous solution 
of PVME at the following temperatures, ºC: 

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:

 ,                                                           (1)

where η is the dynamic viscosity coefficient, A – pre-
exponential factor, Еact – activation energy of viscous 
flow, R – universal gas constant, Т – 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 ºС, 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 lnА = –2.71. Knowing 
these parameters, the viscosity of PVME in a wide 
range of temperatures – from storage conditions to 

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 ºС.

Fig. 4. Temperature dependency of the viscosity 
for the 30% aqueous solution of PVME

based on equation (1).

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 ºС. The cloud point method was used 
to create the right branch of the binodal for the phase 

diagram of the PVME–water system. This has helped to 
determine the optimal PVME concentration, 30 wt %, 
at which the phase transition occurs and an embolus 
is formed at a temperature of 35 ºС. The reversible 
character of the clouding–solubilization process in the 
analyzed system was also demonstrated. 
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СИНТЕЗ И ПЕРЕРАБОТКА ПОЛИМЕРОВ 
И КОМПОЗИТОВ НА ИХ ОСНОВЕ

SYNTHESIS AND PROCESSING OF POLYMERS
AND POLYMERIC COMPOSITES

The structure, composition and preparation of injection-molded composite 
materials based on glass-filled polysulfone

Artyom B. Baranov1, Tatyana I. Andreeva2, Igor D. Simonov-Emelyʼanov1, 
Oleg E. Peksimov2 

1MIREA – Russian Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies), 
Moscow 119571, Russia
2JSC “G.S. Petrov Institute of Plastics”, Moscow 111024, Russia
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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 (lcr) 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.

Структура, составы и получение литьевых композиционных материалов 
на основе стеклонаполненного полисульфона
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Рассчитаны составы и спроектированы структуры для системы полисульфон (ПСФ) 
+ короткие стеклянные волокна. Представлена классификация дисперсно-наполненных 
полимерных композиционных материалов (ДНПКМ) на основе ПСФ-190 по структурному 
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принципу, с учетом обобщенных параметров структуры и установлена оптимальная 
область содержания стеклянного волокна (13.5–18.5% об.). Описана технология получе-
ния ДНПКМ на основе ПСФ и короткого стеклянного волокна на двухшнековом экстру-
дере фирмы Labtech Engineering Company LTD марки Scientific FIC 20-40 и определены 
оптимальные параметры смешения для создания композиций с длиной стекловолокна 
более lкр. Рассчитана критическая длина (lкр) и построены кривые распределения волок-
на по размерам в полимерных композиционных материалах на основе полисульфона. 
Впервые приведены данные по оптимальным параметрам структуры ДНПКМ на осно-
ве ПСФ и коротких стеклянных волокон, которые соответствуют средненаполненным 
дисперсным системам.

Ключевые слова: полисульфон, композиционные материалы, критическая длина волок-
на, короткие стеклянные волокна, смешение.

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 
g/10 min (340 °С and 2.16 kgf) and the temperature interval 
of production at 295–305 °С [3], as well as glass roving 
EC17-1200 made by “Owens Corning”, the diameter of its 
elementary thread is 13 µm and its linear density is 2180 
tex [4], were chosen as subjects of research.  

Polysulfone PSF-190 was dried at ~145 °С 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.

Fig. 1. The scheme of the process in which glass filled PSF 
is produced (keys see following in the text).

1Owens Corning catalog, OCV Reinforcements [electronic 
source]. URL: http://www.ocvreinforcements.com/pdf/products/
SingleEndRovings_SE1200_ww_06_2008_Rev0.pdf

The laboratory extruder (Fig. 1), with the screw 
diameter Ds = 20 mm and L/Ds = 40, has 10 independently 
heated zones with the following temperatures: zone 1 with 
260 °С, zones 2–9 with 310 °С, zones 10–11 with 295 °С. 
The extruder has a degassing zone (zone 9).

In the process of producing glass filled PSF, the torque 
was ~35–40 N×m. The rotational speed of the extruder’s 
screws was constant, V1 = 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 °С, with linear 
speed of fiber feed Vf = 18 m/min, and the rotational speed 
of the extruder’s screws V1 = 300 rpm. The glass fiber feed 
rate was Qf = 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 (VPSF) was varied between 3 and 10 
rpm, and the feed rate QPSF 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, Vf = 1.3 m/min, and 
the feed rate was 36 g/min. The rotational speed of the 
extruder’s screws was V1 = 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 Qf = 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).

Fig. 2. Dependency of PSF-190 feed rate (QPCM) 
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: 
QPSF = 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 (φf) in polysulfone, at the 
constant glass roving feed rate Qf = 36 g/min, was 
calculated as follows: φf = Qf/(QPSF + Qf), where QPSF is 
PSF-190 feed rate, g/min; Qf is glass fiber feed rate, 
g/min; φf 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 (φ) 
were re-calculated into volume fractions (φvol).

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 φmax = 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 Θ 
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 Θ); and increase in 
glass fiber content (φf) 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 Θ < 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 Θ between 0.45 and 
0.20 vol. fract., and HFS with Θ < 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:
Θ = 0.90 vol. fract. and φvol = 0.09 vol. fract.;

– medium-filled systems MFS-1:
Θ = 0.73 vol. fract. and φvol = 0.09 vol. fract.;
Θ = 0.60 vol. fract. and φvol = 0.135 vol. fract.;

– medium-filled systems MFS-2:
Θ = 0.45 vol. fract. and φvol = 0.185 vol. fract.;
Θ = 0.40 vol. fract. and φvol = 0.21 vol. fract.;
Θ = 0.27 vol. fract. and φvol = 0.25 vol. fract.;

– high-filled systems HFS:
Θ = 0.20 vol. fract. and φvol = 0.275 vol. fract.
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Compositions and generalized parameters of the structure for the glass filled PSF (φmax= 0.36 vol. fract., d =13 µm)

Glass fiber content Generalized parameters of the structure of DFPCM
φvol, vol. fract. φ, mass fract. Θ, vol. fract.

Low-filled DFPCM with 0.9 > Θ ≥ 0.75 vol. fract.
0.04 0.09 0.90

Medium-filled DFPCM with 0.75 > Θ > 0.2 vol. fract.
MFS-1: 0.75 > Θ > 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 > Θ > 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 ≥ Θ ≥ 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 Θ ˂ 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.

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 (lf) should exceed the critical 
fiber length (lcr).

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

If we assume that , then
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where σf – tensile strength of glass fiber (2700 MPa); 
d – fiber diameter (13 µm); σflow – flow stress of PSF-
190 (76 MPa); τ – shear stress on the fiber–polymer 
matrix boundary, MPa.

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

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.

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 

conditions, fiber length in the composite material is less 
than lcr, and the average length laverage ≈ 150 µm.

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 laverage ≈ 400 µm, which 
is almost double of the critical length of fiber in PSF 
(lcr ≈ 220 µm). For composites with 25 vol % fiber 
content, the average length is ca. 300 µm, which is 
approximately 1.5 times higher than lcr.

The tensile strength of the DFPCM based on PSF 
and glass fiber, with laverage ≈ 400 µm 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 lcr (laverage ≈ 150 
µm), 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 lcr 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.

Кeywords: Ancient Egyptian mummies, natural bitumen, gas chromatography, mass 
spectrometry, atomic emission spectrometry. 
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Определение происхождения природного битума в мумифицирующих смолах 
древнеегипетских мумий из собрания ГМИИ им. А.С. Пушкина
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В работе представлены результаты исследования составов смол семи древнеегипетских 
мумий из коллекции Государственного музея изобразительных искусств имени А.С. Пуш-
кина с применением комплекса аналитических методов: газовой хроматографии (ГХ), 
атомно-эмиссионной и масс-спектрометрии (МС). Методом ГХ–МС в них идентифициро-
ваны природный битум и пчелиный воск. По результатам распределений углеводородов в 
профилях н-алканов в смоляных покрытиях мумий и природных битумов высказано пред-
положение об использовании битума Мертвого моря. Дополнительные доказательства 
географического происхождения битума получены ГХ–МС-исследованием смол мумий в 
режиме мониторинга заданных ионов (m/z 217 и 191). Методом атомно-эмиссионной 
спектрометрии с индуктивно связанной плазмой определено содержание микроэлемен-
тов и показано, что в смолах пяти мумий присутствуют ванадий, никель и молибден. 
Полученные результаты свидетельствуют об удовлетворительной корреляции их с ли-
тературными данными по содержанию указанных элементов в битуме Мертвого моря и 
смоле Фаюмской мумии на основе этого битума. Выявлены преимущества использования 
метода идентификации битума в смолах мумий по относительному содержанию вана-
дия, никеля и молибдена.

Ключевые слова: древнеегипетские мумии, природный битум, газовая хроматография, 
масс-спектрометрия, атомно-эмиссионная спектрометрия.

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 

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. 
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. Rullkötter 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 (C25–C33) [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 (C19–C35), 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 (C19–C35) 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 
molybdenum1 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 – 1а 7150 Human mummy head in tarred shrouds. Length – 20 sm
2 I – 1а 6932 Mummy head. Height – 22 sm; girth – 53 sm
3 I – 1а 6505 Male mummy head. Height – 28 sm; girth – 54 sm
4 I – 1а 6506 Female mummy head. Height – 25 sm; girth – 53.5 sm
5 I – 1а 1241 Headless mummy, swaddled in a large number of bandages
6 I – 1а 5934 Female mummy head. Height – 24 sm, girth – 52 sm
7 I – 1а 1239 Mummy of Ipanha in a cardboard case

1For comparison: the Dead Sea natural bitumen contains
V – 463 ppm, Ni – 251 ppm, Mo – 219 ppm.

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 °С. 
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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%, 2×5 ml) and washed with water (2×5 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 μl 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%, 2×5 ml) and washed with 
water (2×5 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 μl 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 (2×5 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 μl 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 μm. 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 °С, the detector interface is 280 °С. The sample 
volume is 1 μl. 

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 
SelectTM Biodiselfor FAME, its length is 30 m, inner 
diameter is 0.32 mm, stationary phase film thickness 
is 0.25 μm. 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 μl. 

Fatty acid methyl esters were identified using 
a FAME standard mixture (Supelco 37 Component 
FAMEMix) 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 А (ICP-MS-68B-А-100) (5% HNO3); 
standard 2 is the multielement calibration standard 
for ICP-spectroscopy ICP-MS-68B-100 Solution 
В (ICP-MS-68B-В-100) (5% HNO3); standard 3 
is the multielement calibration standard for ICP-
spectroscopy MS-3 (5% HNO3).

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 °С, 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.



50
Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2019;14(4):45–58

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

Fig. 1. Chromatograms of hydrocarbons in hexane extracts of the resins 
of two mummies (А, 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 C27, C29, 
C31 and C33 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 C25–C33 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 SelectTM 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.

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.

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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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 – 13β,17α-diacholestane 20S (diasterane); 
2 – 13β,17α-diacholestane 20R (diasterane); 

3 – 5α,14β,17β-cholestane 20S; 
4 – 5α,14α,17α-stigmastane 20S; 

5a – 5α,14β,17β-stigmastane 20R; 
5b – 5α,14β,17β-stigmastane 20S; 
6 – 5α,14α,17α-stigmastane 20R.

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 – 17α,1β(H)-30-norhopane; 
8 – 18α(H)-30-neonorhopane; 9 – oleanane; 

10 – 17α,21β(H)-30-hopane; 11 – gammacerane; 
12a – 17α,21β(H)-29-tris-homohopane 22S; 
12b – 17α,21β (H)-29-tris-homohopane 22R; 

13a – 17α,21β(H)-29-pentakis-homohopane 22S; 
13b – 17α,21β(H)-29-pentakis-homohopane 22R.

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 (18α(H)-
30-neonorhopane) and oleanane on the chromatograms 
of chloroform extracts of the resins of mummies Nos. 

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

Element/ λ, Å 
Content of elements, ppm

Mummy No.
1 2 3 4 5 6 7

Al3961 6925.6 118.9 307.8 5382.6 ≤0.1 183.4 706.6
Ba4554 19.6 1.6 24.9 32.2 ≤0.1 5.307 12.427
Cd2288 0.6 0.3 0.1 1.0 0.2 0.2 0.4
Co2286 5.5 0.6 0.7 7.1 0.7 0.3 1.4
Cr2677 9.3 6.3 0.8 7.0 ≤0.1 2.6 4.5
Cu3247 174.1 13.5 14.6 103.7 3.1 43.7 80.1
Fe2599 6462.4 571.9 485.3 7387.0 85.8 299.5 1051.1
K7664 2070.5 10310.4 1617.2 5943.4 5180.6 551.3 412.4
Li6707 3.9 0.3 0.1 2.0 0.2 0.1 0.7
Mg2795 2105.8 644.6 835.3 2448.1 1485.4 111.5 876.4
Mn2576 74.1 10.7 20.8 132.9 0.2 7.1 34.5
Mo2020 26.2 0.6 6.2 6.0 0.2 6.2 20.7
Na5895 1176.9 21237.1 3399.6 4611.1 20401.1 1095.1 624.4
Nb3094 8.8 0.3 2.2 6.0 0.2 2.6 8.3
Ni2316 44.7 0.3 6.6 17.1 ≤0.1 11.7 39.6
P2136 229.2 8881.4 284.3 1281.9 3814.7 58.2 91.1
Pb2203 16.7 ≤0.1 1.5 424.9 ≤0.1 33.4 ≤0.1
Sb2068 0.6 4.4 0.2 7.0 0.4 1.1 1.7
Se1960 1.1 5.7 2.5 7.1 2.2 3.6 ≤0.1
Si2516 703.8 ≤0.1 532.2 1027.2 338.6 523.9 103.9
Sr4215 46.5 5.0 43.2 64.4 6.7 3.4 35.5
Ti3361 665.9 ≤0.1 36.7 610.3 ≤0.1 25.6 59.3
V2924 87.3 ≤0.1 20.6 42.3 ≤0.1 22.9 77.6
Zn2138 21.3 78.2 7.4 35.2 25.0 8.4 2.1
Σ(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
Мо, % 16.5 - 18.4 17.3 - 15.4 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 C25–C33 hydrocarbons, 

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.
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МАТЕМАТИЧЕСКИЕ МЕТОДЫ И ИНФОРМАЦИОННЫЕ 
СИСТЕМЫ В ХИМИЧЕСКОЙ ТЕХНОЛОГИИ

MATHEMATICS METHODS AND INFORMATION 
SYSTEMS IN CHEMICAL TECHNOLOGY

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+Risk 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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Проведен анализ актуальности разработки информационно-моделирующей системы (ИМС) 
поддержки и принятия решений по управлению безопасностью химических производств. При-
ведены основные подсистемы структуры данной ИМС. Перечислены основные нормативные 
документы для заполнения базы знаний ИМС; предложен алгоритм работы и разработана 
модель базы данных ИМС. Разработана система продукционных правил для управления вы-
дачи рекомендаций ИМС на основе методического документа. Приведена программная реа-
лизация ИМС, представляющая собой готовый комплекс программного обеспечения на основе 
двухуровневой (клиент–серверной) архитектуры информационных систем. Приведен вывод 
рекомендаций, полученных для тестового примера аварии полного разрушения резервуарно-
го оборудования. Приведены результаты моделирования вычислительных экспериментов в 
программном комплексе ТОКСИ+Risk для заполнения тестовой выборки.

Ключевые слова: информационно-моделирующая система, промышленная безопасность, 
база данных, клиент–серверная архитектура, продукционная модель, программное средство.

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.

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

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 releases1; the methodological guide for 
accident risk assessment at the oil and gas industry 
HPF2; the guide for assessing the consequences of 
accidents at explosive and fire hazardous chemical 

plants3; the methodological guideline for conducting 
hazard analysis and risk assessment for the accidents 
at hazardous production facilities4. These guides are 
based on the Federal Law5 and federal norms and 
rules in the field of industrial safety6.

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 

1 Safety guide “Methodological guideline for modeling the accidental releases of hazardous substances” (Ratified in the Rostechnadzor 
order dated April 20, 2015, no. 158).
2Safety 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).
4Safety 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).
5Federal 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).
6Federal 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 

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 MySQL7 to develop the IMS 
database.

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 

7Free relational database management system “MySQL”, 
2018. URL: https://www.mysql.com/ (accessed March 22, 
2018).
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8Software tool «Delphi». Company Embarcadero, 2018. URL: 
https://www.embarcadero.com/ru/products/delphi (accessed 
March 22, 2018).

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. It is also connected with the tables “Substance”, 

Fig. 3. The physical model of the database.

“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+Risk [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 Delphi8 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. 
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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 

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. It has 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 

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.

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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Fig. 6. Damage zone interface.

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

Parameter Title
Pr Spill fire outcome
Vs Blowup fire outcome
Tv Fuel-air mix explosion outcome
Di Dispersion outcome
Pr1 Zone of thermal radiation probabilistic damage 1%
Pr90 Zone of thermal radiation probabilistic damage 90%

VsLFL Zone of lower flammability limit/2 damage 
Tv5 Zone of 5 kPa shock wave damage 

Tv120 Zone of 120 kPa shock wave damage 
Dip Damage zone according to the threshold dose of toxicity
N Presence 
P Leave 
D Reach 

The main components of the system of production rules for managing the issuance 
of recommendations developed by the IMS based on the methodological document
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For the selected document, the production rules of 
the system take the following view:

If Pr=N, then P, Pr90; D, Pr1; 
If Vs=N, then P, VsLFL; 
If Tv=N, then P, Tv120; D, Tv5; 
If Di=N, then P, Dip.
Pressing the “Load data into the database” 

button allows one to upload new data modeled with 
the TOXI+Risk software package to the database of 
computational experiments.

To fill the database of computational experiments, 
the TOXI+Risk 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.

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 

developed; the interactions between the associated 
tables of the system data were clearly displayed.

5. A system of production rules was developed for 
managing the issuance of IMS recommendations based 
on a methodological document.

6. The software implementation of the IMS based 
on the client-server architecture of the information 
network was carried out; an example of the system’s 
operation was presented.

7. Scenarios for the total destruction of equipment with 
various initial parameters were modeled using the TOXI+Risk 
software package to fill in the server part of the IMS.

In perspective, it is planned to implement 
scenarios of equipment depressurization to include the 
flare outcome, add new production rules from other 
normative documents and fill the CE database with new 
modeled results.

The authors declare no conflict of interest.
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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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Разработан обобщенный алгоритм верификации функциональных моделей и правила про-
верки связанных отношением детализации диаграмм. Алгоритм основан на анализе дерева, 
описывающего отношение детализации функциональных диаграмм. На каждом шаге алго-
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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 models1,2 [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.

1Internet source: https://www.ca.com/us.html
2Internet 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 

ритма выбирается пара, состоящая из родительской и функциональной диаграмм, и для 
этой пары выполняется проверка соответствия стрелок и их ролей. Формализация правил 
проверки выполнена на основе теоретико-множественного представления функциональных 
диаграмм в виде помеченных ориентированных графов. Правила позволяют сопоставить 
положение и роли стрелок, связанных с детализируемым функциональным блоком роди-
тельской диаграммы, и стрелок дочерней диаграммы. Построены правила для каждой из 
возможных ролей стрелки: «вход», «выход», «управление», «механизм». Для реализации постро-
енного алгоритм предложено использование языка логического программирования ПРОЛОГ. 
Предложена структура базы знаний, включающая 3 взаимосвязанных предиката для описа-
ния дерева детализации, вершин и дуг графов, задающих функциональные диаграммы. Сфор-
мирован запрос для проверки правил верификации, рассмотрены способы связывания пере-
менных и фиксации ролей. В качестве примера выполнен анализ и верификация фрагмента 
функциональной модели получения винилацетата из этилена. Приведены функциональные 
диаграммы для процессов «Разделение конденсата» и «Получение винилацетата», связанных 
отношением детализации, построены их теоретико-множественные модели, рассмотрено 
применение правил верификации для каждого типа стрелок.

Ключевые слова: функциональное моделирование, верификация функциональной модели, 
теория множеств, теория графов, получение винилацетата.
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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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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 

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 lp(O:np, I:nb)  LP, then lp(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 lp(O:nb, I:np)  LP, then lp(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 lp(O:np, C:nb)  LP, then lp(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 lp(O:np, M:nb)  LP, then lp(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,o,NP,i,NB),
          edge(LP,o,l,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 l describes the node 
corresponding to the diagram left border.
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Fig. 2. Parent functional diagram “Condensate separation”.

A4 = (N4; L4), where
N4 = {L, R, U, D, Acetic_acid_separation, Drying, Separation_of_vinyl_

acetate_with_high-boiling_impurities, Vinyl_acetate isolation}
L4 ⸧ {composition_of_vinyl_acetate_with_high-boiling_impurities
         (O:Separation_of_vinyl_acetate_with_high-boiling_impurities,
         I: Vinyl_acetate_isolation)
vinyl_acetate_with_high-boiling_impurities
           (O: Separation_of_vinyl_acetate_with_high-boiling_impurities,
            I: Vinyl_acetate_isolation)
rectification_column_5(O: D, M: Vinyl_acetate_isolation)
vinyl_acetate(O: Vinyl_acetate_isolation, I: R)
high-boiling_fraction(O: Vinyl_acetate_isolation, I: 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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Fig. 4. Child functional diagram 
“Vinyl acetate isolation”

А44={N44;L44}, where 
N44 = {L, R, U, D, Choice_of_control_parameters, 5th_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: 5th_rectification)
rectification_column_5(O:D,M: 5th_rectification)
high-boiling fraction(O: 5th_rectification,I:R)
vinyl_acetate(O: 5th_rectification,I: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 
is abbreviated. The set of edges in graph L44 is shown 
in Fig. 5 completely; as before, the edge labels are in 
italics.

Let us compare the descriptions of the edges of the 
parent and child diagrams. In the parent diagram, the “vinyl_
acetate_with_high-_boiling_impurities” arrow leads from 
block 3 to block 4. For the “vinyl acetate isolation” block, 
this arrow has the “input” role. In the child diagram, this 
arrow corresponds to the arrow leading from the left border 

of the diagram to the “Сhoice_control_parameters” block.
The set-theoretic description of these arrows should 

correspond to rule 1, where
nb = “Vinyl acetate isolation”,
lp = “Vinyl_acetate_with_high-_boiling_impurities”,
nc = “Choice_control_parameters”.
The verification shows that the rule is obeyed.
Similarly, in the parent diagram, an arrow with the 

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”,
lp = “Rectification_column_5”,
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”.

Thus, it has been shown that the decomposition of the 
function block “Vinyl acetate isolation” has been performed 
correctly.

Conclusion

The algorithm for functional model verification is 
based on analyzing a tree which describes the level of detail 
of functional diagrams. At each step of the algorithm, a pair 
consisting of a parent and child diagrams is selected, and the 
rules for arrow correlation in these diagrams are checked. 
To formalize these rules, a set-theoretic representation of 
the diagrams in the form of graphs is utilized. The rules 
are implemented with the use of the PROLOG logic 
programming language.

The authors declare no conflict of interest.
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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.

Оригиналы операционных изображений для обобщенных задач 
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Рассмотрена серия операционных (по Лапласу) нестандартных изображений, оригиналы 
которых отсутствуют в известных справочниках по операционному исчислению. Путем 
сведения одного из базовых изображений к контурному интегралу Римана-Меллина для мо-
дифицированных функций Бесселя и анализа соответствующей формулы обращения с 
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использованием подходов теории функций комплексного переменного установлен анали-
тический вид искомого оригинала, имеющего скачкообразный характер с точкой разрыва. 
Показано, что аналитические решения соответствующих математических моделей с ис-
пользованием найденных оригиналов имеют волновой характер, что выражается наличи-
ем в решениях ступенчатой функции Хевисайда. Последнее означает, что в любой момент 
времени существует область физического возмущения до точки разрыва и невозмущенная 
область после точки разрыва. Изученные изображения входят в операционные решения ма-
тематических моделей во многих областях прикладной математики, физики, термомеха-
ники, теплофизики, в частности в теории теплового удара вязкоупругих тел, при изучении 
тепловой реакции твердых тел на основе классической феноменологии Максвелла-Катта-
нео-Лыкова-Вернотта с учетом конечной скорости распространения теплоты. Указанные 
модели необходимы для изучения термической реакции сравнительно новых консолидирован-
ных структурно-чувствительных полимерных материалов в конструкциях, подверженных 
высокоинтенсивным внешним воздействиям. Полученные для оригиналов аналитические 
соотношения и вытекающие из них оригинальные несобственные интегралы, содержащие 
комбинации функций Бесселя, могут быть использованы в общей методологии построения и 
применения разнообразных математических моделей в широком диапазоне внешних воздей-
ствий на материалы во многих областях науки и техники.

Ключевые слова: оригиналы операционных изображений, гиперболические модели нестацио-
нарной теплопроводности, тепловой удар.

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)

together with the energy equation  
lead to the heat hyperbolic type equation [5]

                      (2) 
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and the corresponding boundary value problems of a 
generalized type [6]. In this case, τr signifies the thermal 
relaxation time (a measure of the inertia of the heat flux) 
associated with the rate of heat propagation vT by the 
relation  (a – thermal diffusivity). When 
vT → ∞, the magnitude τr → 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-Jäger type 
[7] in analytic solutions in the Laplace image space 

. The originals of the 

aforementioned Karslow-Jäger 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

                                                   (3)

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

,                                                 (4)

or the second kind (thermal heating or cooling)

, (5)

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

                    (6)

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

                                           (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

,

or 

,                                  (8)

where  – are various combinations of rational and 
irrational functions of the argument p.

Initially we examine Riemann-Mellin type integral 

.     (9)

The use of the representation of the Bessel function 
of an imaginary argument In(z) in the form of the integral 
[8]       

         (10)

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

,                      (11)
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the equation leads to

      (12)

                                   (13)

Here,  ρ = α +β, σ = α ‒ β. Following this, the integral 
(9) is transformed by replacing the variable (13). In this 
case, the straight line ( ) in the plane p is 
transformed into a line in the plane ξ. This line is not 
straight, but by Cauchyʼs theorem it can be deformed 
into a line, which is described as ( ). 
Now, the integral (9) takes the form of

 (14)

If  t > x, then, assuming in (14) 
and n = 0 from equation (10) we can derive:

            (15)

Finally, it is possible to derive

,                                                                             (17)

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

                                        (18)

If t < x, consider the integral (14), taken along a 
closed contour shown in Figure, which consists of a 
part of the contour  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 → ∞ the integral along the arc of the circle turns 
into zero. Thus, this leads to the following result

Y1(x,t) = 0 for  t < x.                                                   (16)

The contour for calculating the integral (14).
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Differentiating (18) with respect to x leads to:

 

                                                                   (19)

Assuming in (19) that then  is  the Dirac function. Thus, from (19) we acquire:

                                              (20)

Suppose now that in (19)  We can derive the following:

                                               (21)

Assuming in (18) then 

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

Thus:

                                                               (23)

Assuming in (23)  , we obtain

              (24)

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:

 .   (25)

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

                                                   (26)
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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:

 .                                                        (27)

Assuming (25) p → 0, we obtain:

                                                                                         (28)

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

                                                                                                                 (29)

where  To clarify the possible form of the original (29), we first study the integral 

using the methodology 

expressed in (11)–(16) for these purposes. We establish that the original  Q(x, t)  has the following form:

                                                                                                                                                   (30)

where                                                                                 (31)

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

  

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

                                                                 (33)

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

                                                                                                                    (34)

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

from which we acquire  

Passing to the variable u = pz in the integral, we have

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

                                                                                         (35)

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

 .                                               (36)

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

following the rule of differentiating the original  we find another original for the 

image, which also poses an interest to operational calculus:

  (37)
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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 

solutions of a wide class of mathematical models 
in the theory of transfer (heat, mass, momentum), 
in network analysis, in the thermal shock theory of 
viscoelastic bodies, etc. A further development of 
the problem is the use of cylindrical coordinates for 
the radial gradients of the physical quantities under 
examination.

The author declares no conflict of interest.

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

 for the cases (4)–(6) and 

 (for the case of (5)).

We discover:

,                                                                                                                     (38)

where   in the case of (4),  in the case of (5), and  in case (6).
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