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Allantoin: synthesis and chemical properties

The availability and multifunctionality of allantoin makes it extremely attractive to unlock the synthetic poten-
tial on the basis thereof, especially for the needs of the pharmaceutical industry. Numerous publications on the
allantoin chemistry are scarce, nonsystematic in nature and do not allow a deep understanding of the methods
for its preparation and its chemical properties. In order to close this gap, the present review integrates the sys-
tematic data on the methods for the allantoin synthesis and the study of its chemical properties as well as the
areas of allantoin practical application. In the present work, the methods most widely used in preparative prac-
tice to produce allantoin from the carbonyl compounds and urea are considered, and the ways of transformation
of a number of nitrogen-containing heterocycles under the influence of various reagents leading to the target
product are presented. The main chemical properties of allantoin are shown in hydrolysis reactions, complexa-
tion with organic and inorganic substrates, interactions with nucleophilic reagents, in chemoluminescence pro-
cesses. In some cases, when the unconventional methods for the allantoin synthesis are given and allantoin
transformations are considered, the mechanisms of the formation of final compounds are shown. A systematic
material on the preparation methods and the chemical properties of allantoin can serve as a reliable navigator
for those specialists who aim at manufacturing of allantoin-based practically important substances. Based on
the integrated data it is pointed out that allantoin can be successfully used as a basic azaheterocycle to manu-
facture a wide range of new compounds, including bioactive ones.

Keywords: allantoin, urea, carbonyl compounds, azaheterocycles, complexes, luminescence, hydrolysis.

Introduction

Allantoin belongs to the widely known azaheterocycles of the imidazolidinone series (in particular, hy-
dantoins). Its useful biological properties have been the subject of several generalizing communications [1, 2].
However, at the same time, to date, there are no works in the literature that reflect the generalized chemistry
of allantoin. Based on the aforesaid, this review aims to draw the attention of chemists and specialists in related
fields to the methods for allantoin preparation as well as its chemical properties to expand the potential for
application of allantoin-based compounds in organic synthesis and daily life.

1. General information and application of allantoin

Allantoin (Fig. 1), also known as (2,5-dioxo-4-imidazolidinyl)urea, is a heterocyclic compound compris-
ing a five-membered ring containing a urea substituent in the 4th position. Table 1 represents the main physi-
cal-chemical properties of allantoin.

Cepus «Xumusi». Ne 1(97)/2020 7
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Figure 1. Allantoin structure

Table 1
Physical-chemical properties of allantoin

Parameter Value
Appearance White crystalline powder, odorless and tasteless
Melting point, °C 225 (with decomposition)
Solubility in water at 25 °C, g/l 5.7
Density, kg/m?® 800
pH of 5 g/l solution at 25 °C 4.5-6

_ 3436 (NH,), 3068 (NH,), 3192 (NH), 2947 (CH), 1780 (C=0),
_ 1

IR-spectrum, v, cm 1719 (C=0), 1667 (C=0)
IR-spectrum, §, cm™ 1602 (NH,), 1430 (NH)
NMR H (DMSO-ds), 8, ppm 8.05 (1H, s), 6.94 (1H, d), 5.83 (2H, s), 5.24(1H, d)
NMR *¥C (DMSO-ds), 3, ppm 173.79 (C=0), 157.70 (C=0), 157.06 (C=0), 62.61 (C-tert.)

Allantoin attracts the attention of researchers due to the fact that it is widely used as one of the active
ingredients in skin care products, promotes the healing of scar tissue and scars that makes it the in-demand
material for cosmetology and pharmaceutical practice. Currently, allantoin is included in more than 1300 var-
ious cosmetic products [1]. Thus, for instance, having a regenerating effect, allantoin helps to remove cicatricle
tissues and scars [3]. As a part of creams, allantoin protects the skin from sunburns, chapping and cracking [4].
Allantoin also has a genotoxic effect [5] and restores normal skin moisture and elasticity [6]. The compound
is able to reduce the genotoxic effect of ultraviolet radiation [7] and inhibit the development of a number of
destructive processes caused by reactive oxygen species, i.e. exhibits antioxidant properties.

The main allantoin consumers are the cosmetics manufacturers as well as the pharmaceutical companies
that use it as a feedstock to manufacture drugs intended for the treatment of various diseases [8]. Moreover,
allantoin is used in agriculture as a plant growth regulator and is a component of fertilizers and veterinary
disinfectants [9].

2. Methods for allantoin preparation

2.1. Isolation from the cell structure of plants

Allantoin was found in the callus of the Coffea Arabica plant [10]. To date, several methods are known
for isolation of allantoin from the natural raw materials from the Coffea Arabica cell culture [10] and from the
explants of leaves and apical shoots of the Mertensia maritima plant [11].

2.2. Synthetic methods for allantoin preparation

2.2.1. Synthesis of allantoin from carbonyl compounds and urea

The reactions of low molecular weight carbonyl compounds with urea are probably the most important
in the allantoin synthesis since they represent the best conditions in terms of the availability of the reagents
and the manufacturability of the process in general. Figure 2 illustrates the generalized methods for the allan-
toin preparation using carbonyl compounds with urea.

The principle of allantoin formation is exemplified by the use of mesoxalic acid or its monohydrate as
the initial substrate in the reaction with urea at 110-115 °C.

One of the approaches to synthesize allantoin is the reaction in the presence of hydrogen peroxide as an
oxidant, where glyoxal interaction with urea gives allantoin with a 58 % yield [12]. During the implementation
of this process, the in situ transformation of glyoxal into glyoxalic acid under the action of the oxidant is
postulated, and the acid is responsible for the final heterocyclization stage. Allantoin can be synthesized from
various derivatives of acetic acid and urea, namely, from diethoxyacetic acid in the presence of HCI with a
yield of 45 % [13], from dichloroacetate or dichloroacetic acid with a yield of 62 % [14].
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Figure 2. Synthesis of allantoin from carbonyl compounds and urea

The acetaldehyde-based allantoin synthesis involves the one-pot aldehyde oxidation with nitric acid fol-
lowed by cyclization of the intermediate glyoxalic acid with urea, while the yield of the target product reaches

66 % [15].

Currently, the industrial allantoin production is based on the condensation of glyoxalic acid and urea in
the presence of various catalysts: mineral acids [16], cation exchange resins [17], solid acids [18], ionic liquids

[19], supported catalysts and zeolites [20, 21].
2.2.2. Synthesis from azaheterocycles

Figure 3 represents the most successful methods for allantoin production that utilize the chemical methods
of transformation of various nitrogen-containing heterocycles.

0 o)
NH, HO
o:< + NH NH
HN
NH, \\< o
oV o) N 0
o 5’4 & oo‘b H
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X N N
N N H H

Figure 3. Allantoin synthesis from azaheterocycles
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The oxidation of uric acid with potassium permanganate in an aqueous solution was found to lead to the
allantoin formation with a yield of 70 %. The use of other oxidants results in a non-selective reaction perfor-
mance since along with the target allantoin, various by-products are formed: acyclic amides, hydantoin, oxonic
acid, 4-imidazolidine carboxamide, oxalic acid, etc.

The electrolysis of an adenine aqueous solution in a phosphate buffer at room temperature is accompanied
by the oxidative degradation [22] to a number of nitrogen-containing heterocycles, where allantoin is the main
product (45 %).

The interaction of hydantoin and urea in the presence of bromine and acetic acid [23] allows synthesizing
allantoin with a relatively low yield (40 %). The allantoin formation implies an intermediate C-bromination
process followed by N-alkylation of urea with brominated hydantoin.

The practical result affected the alloxan by KNO, and acetic acid is that in this case it is preferable to
narrow the pyrimidine trion cycle to the allantoin one, and the urea molecule, a product of the complete de-
struction of alloxan, is involved in the allantoin formation.

Ref. [24] shows that under the action of H>O- in the presence of AgNOs at 65 °C, glycoluril transforms
with the opening of one of the imidazolinone rings leading to allantoin with a high yield (76 %).

An example is given for the selective hydrolysis of the phenylamino derivative of allantoin in the presence
of mineral acids [25] yielding allantoin.

3. Chemical properties of allantoin

Already at the beginning of the last century, a communication appeared [26] postulating the phenomenon
of reversible isomerism (keto-enol tautomerism) for the allantoin molecule, and Figure 4 represents the tauto-
meric equilibrium established.

(6] OH

H,N ¥ H,N H
Y Y _
NH NH
o HN\< o HN\<

(6] (6]

Figure 4. Allantoin tautomeric equilibrium

Allantoin is known to exist as a racemic mixture of (R) and (S) sterecisomers. A number of studies [27,
28] considers the accumulation of (R)-allantoin and (S)-allantoin during the non-enzymatic and enzymatic
oxidative urate decomposition into allantoin during the purine catabolism in many organisms. The non-enzy-
matic racemization of allantoin was found to result in the accumulation of (R)-allantoin, since the enzymes
that convert allantoin to allantoate are specific for the (S)-isomer. The allantoin racemase enzyme catalyzes
the reversible conversion between the two allantoin enantiomers, thereby ensuring the overall efficiency of the
catabolic pathway and preventing the allantoin accumulation. Figure 5 shows the racemic mixture of allantoin.

o) 0
H H H
HZNYNW‘/( H2N\[]/N,,// M
NH NH
o HN\< © HN\<
o) o)

Figure 5. Allantoin racemization

T

I

To explain the spatial orientation paths in the allantoin stereochemistry, a mechanism was proposed [29]
for the mutual transition of allantoin stereoisomers into a racemic mixture under the action of urate oxidase
(Fig. 6).

Further studies [30] of allantoin diastereomers showed that the allantoin molecule had two optical centers
and two stereoisomers that are not the mirror images of each other and confirmed the transition of one stereo-
isomer into another one (Fig. 7).
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Figure 6. The mechanism of formation of allantoin sterecisomers
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Figure 7. Transition of allantoin stereoisomers

3.1. Complexation reactions
Currently, numerous studies are devoted to the methods to prepare various organic and organometallic

complexes of allantoin by changing the nature of the ligand, including the use of the mechanochemical syn-
thesis. Thus, the synthesis of the allantoin organic complexes with pantotheonic [31], polygalacturonic [32],

ascorbic [33], and urocanic [34] acids as well as glycine [35], was carried out. Figure 8 shows several exam-

ples.
0

H
HoN
0 2 YN
X
o}
H,oN OH
o
(0] H,N HW/<
. “ X W/
NH
{j/\J\OH J HN\(
HN

o

e}

Figure 8. Allantoin complexes with organic acids
The synthesized allantoin-aluminum and allantoin-chlorohydroxyaluminium complexes with various or-
ganic acids [36] have found application in cosmetology as a part of deodorants, astringent lotions, aftershave,

and other personal hygiene products (Fig. 9) [37, 38].
11
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OH Y = OH, Cl, Br, I, SO3K, SO3NH,4, SO3Na
Figure 9. Allantoin-aluminum complexes

There is no doubt that the abovementioned examples of the preparation of allantoin complexes with or-
ganic ligands do not exhaust all the opportunities to create such compounds.

Figure 10 represents certain successes achieved in the synthesis of allantoin complexes and the composi-
tion of the allantoin-chlorohydroxyaluminium complex with ascorbic acid with the participation of the imide
atom of the allantoin heterocyclic fragment [33].

o)

HyN HY(
T "
o HN\< -
OH
/ HO

O—,j

\

Cl

Figure 10. Allantoin-aluminum complexes

Figure 11 shows the same type of complex, where the total composition of the allantoin-aluminum com-
plexes with various organic acids is presented [37, 38], however, the terminal amino group of the urea substit-
uent is involved.

R = salicylate, phenolsulfonate, lactate, benzoate, acetate
Figure 11. Allantoin-aluminum complexes

The intensive development was the study of allantoin complexes with silver, zinc and organic acids due
to their manifestation of the wound healing, bactericidal [39, 40] and antithrombotic properties [41]. Figure 12
illustrates the overall composition of allantoin-zinc-silver complexes.

HZNTH\’/<
o | N—Ag| Zn(OH),

- -2

Figure 12. Complexes of allantoin with silver and zinc
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3.2. Hydrolysis reactions

Allantoin is prone to chemical and enzymatic hydrolysis reactions, including those in living organisms
[42] leading to allantoic acid (Fig. 13).

o)
H,N M
TN o COOH O
H,O0
w2 AL
0 HN\< HoN

()

NH,

Iz
Iz

Figure 13. Hydrolysis of allantoin

By changing the depth of the allantoin hydrolysis it was found [43] that 5-aminohydantoin and fulminic
or carbamic acid are the products of this reaction (Fig. 14).

o) o) HCNO
H,N H
2 N H,N
W]/ H2o or
O NH —_— +

NH
HN HN o
o HoN OH

o}

Figure 14. Hydrolysis of allantoin

3.3. Chemo- and electrochemoluminescence

Sagqib et al. [44] found the allantoin ability for intensive chemoluminescence with lucigenin. To explain
the results, a reaction mechanism was proposed (Fig. 15) suggesting that allantoin can decompose and release
a cyanide radical in an alkaline medium to react with lucigenin.

o]
H,N H
2 N HoN NH, HN
T OoH- N :

NH ——— —_— —_— C02 + Cc=

O HN S S

0 0 o) 0

0

o ) o} o}
‘ C ' 2 C o
| |

—2Z=2

Figure 15. The mechanism of allantoin chemoluminescence

In the experiment described in Ref. [45], the electrochemiluminescence based on allantoin and tris(2,2'-bi-
pyridine) ruthenium [Ru(bPy)s]?* in an alkaline buffer solution at pH = 11.0 was studied. Given the specific
nature of the established effect, the reaction mechanism (Fig. 16) suggests that allantoin in an alkaline medium
turns into a radical anion involved in further stages of electrochemiluminescence.
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Figure 16. Allantoin-based electrochemiluminescence

3.4. Interaction with phenol

A method based on the reaction of allantoin and phenol [20] in the presence of heterogeneous catalysts
comprising mineral acids supported on solid zeolite supports allows producing the ortho/para-hydroxyphenyl-
hydantoins (Fig. 17).

HO
O
H ]
HoN
OH 2 TN 0
©/ ' © T ' NH
HN NH HO

o}

O

Figure 17. Reaction of allantoin and phenol

3.5. Nitrogen Substitution Reactions

For the first time, the N-alkylation of allantoin was carried out at the beginning of the 20th century [46]. In
the proposed method, the silver-substituted allantoin was initially prepared followed by the Ag replacement by
methyl group under the influence of methyl iodide. Figure 18 shows the process for producing of 1-(1-methyl-
2,5-dioxoimidazolidin-4-yl)urea and 1-(3-methyl-2,5-dioxoimidazolidin-4-yl)urea using these reactions.

(@)

Figure 18. N-methylation of allantoin

In Ref. [47], a comprehensive silylation of allantoin was carried out by heating the latter with bistrime-
thylsilylacetamide (BSA) in pyridine (Fig. 19).

SiMe ;
H 0 ’ 3 ’SIMe3 o

N
T Y( BSA, Py Me33i/NTN
0 NH : N—SiMe
HN\\< 110 °C o N 3
e
Me3Si \<

0]

H,N

©)

Figure 19. N-silylation of allantoin
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3.6. Reactions with aldehydes

There is a noticeable amount of bactericidal substances that are synthesized by the interaction of allantoin
with glutaraldehyde [48] and formaldehyde [49]. Figure 20 shows an example of the allantoin condensation
reaction with glutaraldehyde.

R
HN H P H | 2
2 N R/N N
NN Sl Y
* NH —— N
° ° O HN 0 N
<
OH
R =
*

e
(0]

O

R
)\/\/\O

Figure 20. Allantoin condensation with glutaraldehyde
The most studied are the allantoin condensation reactions with formaldehyde (Fig. 21).

O
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H (0] 0 H H H H 0]
o j(ﬁ H“j{ VNW“Y(
3 H—{ 2 NH ——— HN 0 NH
’ HN\\< >/NH 0 HN\<
Germal 115

o} 0 o]
Figure 21. Allantoin condensation with formaldehyde

Diazolidinyl urea (Germal I) and imidazolidinyl urea (Germal 115) are the well-known methylol deriv-
atives of allantoin widely used in various fields of human activity. Diazolidinyl urea (Germal I1) is a hetero-
cyclic compound comprising methyl-substituted allantoin derivative. Currently, the location of substituted
methylol groups in this compound is a matter of discussion, and two main configurations are assumed. Ac-
cording to the published data [49], diazolidinyl urea is a tetra-N-methylol derivative of allantoin, however,
recent studies [50] have shown that the product of the allantoin condensation with formaldehyde is a compound
where one of the four methylol groups is bonded to the tertiary carbon atom of the hydantoin cycle. Table 2
represents the physical-chemical properties of Germal 1l and Germal 115.

Table 2
Physical-chemical properties of diazolidinyl urea and imidazolidinyl urea
Parameter Value

Diazolidinyl urea [51] Imidazolidiny! urea [52]

Appearance White crystalline powder White crystalline powder
PP with a slight characteristic odor with a slight characteristic odor

- Easily soluble in water, Soluble in water, ethylene glycol, propylene glycol, glycerin,
Solubility . - . -
propylene glycol slightly soluble in methanol, insoluble in ethanol
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Diazolidinyl urea is one of the most commonly used preservatives in cosmetics [53-55] releasing formal-
dehyde as a result of decomposition. The concentrations of the released formaldehyde in the cosmetic products
and the factors affecting the release of formaldehyde during the decomposition of diazolidinyl urea have been
previously studied [56, 57]. However, to date, there is not much data on its decomposition, and analytical
methods to determine the diazolidinyl urea have been developed during the last 15 years [53, 58]. It was pre-
viously reported that (4-hydroxymethyl-2,5-dioxo-imidazolidin-4-yl)urea (HU compound in Figure 22) is the
only decomposition product of diazolidinyl urea [53]. The scheme 21 shows a possible decomposition path for
diazolidinyl urea. Doi et al. [59] proved that diazolidinyl urea (compound 1) releases formaldehyde to form
the HU (compound 8) and six other decomposition intermediates (compounds 2-7).
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HOJ N HOJ HN N
NH NH / NH
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NH
8 HN\\<
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Figure 22. Decomposition products of diazolidinyl urea

The Germal 11 and Germal 115 are bactericidal components that are mainly used as preservatives in cos-
metic products, protect them from bacteria, yeast, and mold. These substances are a part of various shampoos,
hair conditioners, shaving gels. Being active against both gram-negative and gram-positive bacteria, these
compounds have antimicrobial activity, can be used individually [50] and in a combination with para-
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hydroxybenzoic acid esters (parabens), are also synergistic with a number of other preservatives. Imidazoli-
dinyl urea has the same positive effects as diazolidinyl urea, but it has no antifungal effect [60].

Both compounds can cause irritation to the eyes and skin, and are also capable of causing the contact
dermatitis, since they release free formaldehyde, however, the amount of this formaldehyde is much lower
than the recommended limits [61]. The use of diazolidinyl urea as a part of the personal care products is al-
lowed in concentrations of up to 0.5 wt.% [51].

Conclusions

Thus, this work summarizes the information on the methods for producing allantoin from various sub-
strates and considers its inherent chemical properties. An analysis of the literature on the chemical properties
of allantoin shows that it is most characteristic for the complexation reactions that allow obtaining new bio-
logically active compounds. In some cases, the work is focused on the methods to prepare and use allantoin
under industrial conditions.
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A.A. Bakub6aes, C.I'. Unbsicos, O.B. Tarapenko, B.I1. Tyrynsayposa,
A.O. 3opuHn, B.C. Manbskos, A.C. KacbsiHoBa

AJJIAHTOMH: CHHTE3i 7K9He XUMMSUIBbIK KacueTTepi

AJITaHTOWHHIH KOJI )KETIMILTIr MEH Kol (yHKIIMOHAIIBLIBIFEI OHBIH HETi31HJC CHHTETHKAJIBIK 3aTTap alyaa,
COHBIH 1mIiHe (hapMaIeBTUKAIBIK OHAIPIC KKETTUTIKTEP1 YIIiH YIKEH KbI3BIFYIIBUIBIK TyFBI3YAA. AJUIAHTOUH
XUMHMSCHI TYpalbl KOITEreH 9/1e0u Ke3/1ep TOJIBIK eMeC, KyHeci3 xKoHe OyJI MOJIIMETTep OHBIH allbIHY dAicTepi
MEH XMMUSUIBIK KaCHETTEPiH TOJNBIK TYCiHyre MYMKIHAIK Oepmeliai. Ochl Makanaia aJulaHTOMHII CHHTE3ICY
JKOHE XMMHSUIBIK KACHETTEPIH 3ePTTey dicTepi, OHBIH NPAKTUKAIBIK KOJIAHBLTYBI Typaibl KYHEICHIeH MJTi-
MeTTep KelTipinreH. by skyMpIcTa ajutaHTOMHHIH KapOOHMIII KOCBUIBICTAp MEH MOYEBHHA/IAH ATy IbIH IIpe-
NapaTHBTIK TOKipuOene KeHIHeH KOJIIaHBUIATHIH d/IICTepi KapacThIPBUIFAH JKOHE a30TKYpaMIbl TeTepOLNKII-
JIEPiH 9PTYPIIi pearcHTTEep dCEPiHECH HETi3Ti OHIMIEe 9KEJIETiH TPaHCHOPMAIMSITBIK aifHATyIap JKOJAaphl Kep-
CeTUIreH. AJUTAHTOMHHIH HETi3Tl XMMHSUIBIK KAacHeTTepi T'MIPOJIN3 peakUMsulapblHIa, OPTaHUKAIBIK JKOHE
OeliopraHUKaJIBIK CyOCTpaTTapMEH KOMILIEKCTY3YAS, HYKIeOo()IbIi peaKTUBTEPMEH dPEKETTeCy e, XEeMOII0-
MUHECICHIHS MIPOIECTEPiHIe KOPCETIITeH. AJTITAHTOWH CHHTE31HIH CTaHIAPTTHI €MeC 9IicTepi MEH OHBIH XH-
MUSUTBIK ©3TepiCTepTe YIIBIPaybl OepisireH xKepiepiHae COHFBI OHIMICPIiH TY31Ty MeXaHH3MIepi KOpCEeTiIreH.
AJNNaHTOWHHIH CHHTE31 MEH XUMHUSUIBIK KACHETTEPl Typasbl XKYHeli MaTeprall aJlIaHTOWH HET131He MaHBI3IbI
3aTTapbl CHHTE3/CT ajyFa OaFbITTaIFaH MaMaHIap YIIiH KaXeTTi Kypan Oosa anaisl. XKanmbuiaHFaH MoTi-
MeTTep HeTi3iH/e aJUTaHTOMHII a3a3TePOLMKII PETiH/Ie KaHa OUOIOTHSIIBIK OeJICeH 1l JKoHe 6acKa J1a KOChUIBIC-
TapAbIH KeH CIEKTPiH aly YIIiH KOJIIaHyFa OOJIaThIH/IBIFbl A TBUIFaH.

Kinm 06306171 aJllTaHTOWH, MOYCBHUHA, KaPGOHI/IHI[i KOCBUIBICTAp, a3areTCPOLUKIACP, KOMIIJICKCTEP, JIIOMUHEC-
LEHIMA, TUAPOIIUS.

A.A. baku6aes, C.I'. Unbsacos, O.B. Tarapenko, B.I1. Tyrynsayposa,
A.O. 3opuHn, B.C. Manbkos, A.C. KacbsiHOoBa

AJJIAHTOMH: CHHTE3 M XUMHYECKHEe CBOMCTBA

JlocTymHOCTB ¥ oM YHKIMOHATIBHOCTD AJUTAHTOMHA JIETIAI0T €ro KpaifHe IPHUBJIeKaTeIbHBIM JUIS pean3alui
CHHTETHYECKOTO TOTEHIMAIa Ha ero OCHOBE, 0COOCHHO /Il HYXI (apMaleBTHYSCKONH MPOMBIIUICHHOCTH.
MHoro4nciIeHHbIe TUTepaTyPHbIE CBEACHHS M0 XMMHH aJUTAHTOWHA HOCST OTPBIBOYHBII, HECHCTEMHBIH Xapak-
Tep, ¥ OHH HE TIO3BOJIIOT NMETh MOIHOIIEHHOE MPEICTaBICHHE O METOJaX €ro MOITyUYEeHUS U €r0 XUMHUIECKIX
cBoifctBax. C menmbio yCTpaHEHHs JaHHOTO Mpo0ela B IpecTaBIeHHOH 0030pHON CTaThe MPUBEIEHBI CHCTe-
MAaTU3HPOBAHHbIE JaHHEIE TI0 METOAAM CHHTE3a ATAHTOWHA U M3YYEHHIO er0 XUMHIECKHX CBOUCTB, a TAKKe
3aTPOHYTHI 00IaCTH NPAKTHYECKOTO IPUMEHEHH aJUIaHTOMHA. PaccMOTpeHbl Hanboee pacpoCcTpaHeHHBIE B
IpenapaTUBHON NMPAaKTUKE METOJBI MONyYeHUS aJUIAHTOMHA U3 KapOOHMJIBHBIX COCIMHEHUH M MOUYEBHHBI, a
TaKOKe TIPUBE/ICHBI MyTH TPaHC(HOPMALUK Psa a30TCOASPIKAIIMX TeTEPOLMKIIOB MO ACHCTBUEM Pa3IUYHBIX
peareHToB, MPUBOIINE K 1IeJIeBOMY IPOAYKTY. OCHOBHbIE XUMHUYECKHE CBOMCTBA aJUIaHTOMHA ITPEACTaBICHbI
B PEaKNUIX THAPOIIN3a, KOMIUIEKCOOOPa30BaHUS ¢ OPTaHNIECKUMH U HEOPTaHUIECKUMH CyOcTpaTaMu, B3au-
MOZEHCTBHS C HYKICO(MIPHBIME peareHTaMu, B IPOIeccaX XEeMOJIIOMHUHECIIEHINH. B OTAeNbHBIX Clydasx,
KOT/Ia TIPUBOAATCS HETHIIOBBIE METOJBI CHHTE3a AJUIAHTOWHA M PacCMATPHBAIOTCS €r0 MPEBPAIICHHs, ITOKa-
3aHBI MEXaHU3MBI 00pPa30BaHMs KOHEUHBIX coefMHeHnH. CHCcTeMaTH3NPOBAaHHBII MaTepral o0 METOAaM CHH-
Te3a ¥ XMMIYECKIM CBOHCTBAM aTTAHTOMHA MOJKET CIIYXKHTh HA/IS)KHBIM HAaBHTaTOPOM JIJIS T€X CIEI[HAICTOB,
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KOTOpBIE HALIEJIEHBI TTOy4aTh MIPAaKTUYECKH Ba)KHbIE BEIIECTBA HA OCHOBE amnaHTonHa. Ha ocHoBaHMM 0600-
IMIEHHBIX JaHHBIX OTMEYEHO, YTO AJUIAHTOUH MOXET OBITh YCIEIIHO HCIONB30BaH B KauecTBe 0a30BOro a3are-
TEPOLHKIIA IS TOMYYIEHHs ITHPOKOTO KPyra HOBBIX OMOIOTHYECKH aKTUBHBIX U JPYTHX COSTUHEHUIL.

Knrouesvie crosa: AJUIaHTOWH, MOYCBHUHA, Kap60HI/IJ'[I>HBIe COCIMHEHNS, a3ar€TEPOLNKIIbI, KOMIIJICKCEI, JIOMU-
HECUCHIUA, TUIPOJIN3.
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Interpolymer complex of biopolymers as a soil structure-forming agent

An interpolymer complex based on biopolymers — chitosan (CS) and sodium alginate (AlINa) was synthesized.
The chitosan-sodium alginate interpolymer complex was prepared by mixing equimolar solutions of polymers
in a given proportion. Chitosan solution in citric acid and aqueous solution of sodium alginate were used. The
composition of the interpolymer complex is determined by the methods of gravimetry, turbidimetry and dy-
namic laser light scattering and is [CS]:[AINa] = 2:3. Interpolymer complex is formed as a result of ion-ion
interaction between cationic polyelectrolyte chitosan and anionic polyelectrolyte sodium alginate. Agrochemi-
cal parameters of soil were determined without and with treatment of certain biopolymers and interpolymer
complex. Soil treatment by the individual biopolymers and the prepared interpolymer complex has not been
appreciably affected in its basic agrochemical parameters. As a result of laboratory experiments, it is shown
that the prepared interpolymer complex is more effective means of protecting the soil from water erosion in
comparison with individual biopolymers. Vegetation experiments in the laboratory revealed that soil treatment
interpolymer complex has a positive effect on the growth and development of cucumber. Consequently, the
synthesized interpolymer complex can be used as an effective environmentally sound structure-forming agent
for the soil.

Keywords: interpolymer complex, biopolymers, chitosan, sodium alginate, composition, soil, structure-forming
agent.

Introduction

Desertification and degradation of agricultural soils is one of the global problems of our time [1]. Cur-
rently, the main reasons for the deterioration of soil quality are water and wind erosion, irrational use of land.
As a result, part of the fertile land is useless for arable land every year. This leads to genetic changes in the
soil and leads to the process of degradation. The structure and water-physical properties of the soil are changing
under the influence of anthropogenic factors, which leads to a decrease in its fertility.

Restoration of fertility and erosion control are clearly impossible without improvement of soil water-
physical properties. Therefore, optimization of water-physical properties and stabilization of soil structure is
one of the most important tasks in the field of soil ecology. One of the optimal ways to improve the structural
and aggregate state of soils is the treatment of the top layer of soil by interpolymer complexes (IPCs) [2].

Surface treatment of soil IPC allows to achieve soil consolidation for 3-5 years, can prevent water and
wind erosion and the associated spread of various contaminants [3], marked air and water permeability of
coatings IPC [2, 4-6]. Ecologically safe biopolymers and IPC based on them are promising structure-forming
agents [7-8].

The goal of research is the preparation of IPC based on the biopolymers — chitosan (CS) and sodium
alginate (AL), to study the structure-forming properties of IPC and the effect on the growth and development
of vegetable crops.

Experimental

High molecular weight chitosan with a molecular weight of 190 kDa, degree of deacetylation 85 %,
Sigma-Aldrich (Germany). 102 M solution of chitosan in 3 % citric acid were used. Sodium alginate with a
molecular weight of 440 kDa manufactured by Sigma-Aldrich (China), used 102 M aqueous alginate solution
[9-10]. The composition of IPC was determined by the following methods: gravimetry, turbidimetry and dy-
namic laser light scattering.

For study the formation of IPC by gravimetric method, a series of solutions with different volume ratios
of equimolar solutions (102 mol/l) of CS and AL were prepared according to Table 1.

22 BecTHuk KaparaHgmMHCKoOro yHusepcureTa



Interpolymer complex of biopolymers as a soil structure-forming agent

Table 1

Ratio of components to preparation IPC

Ratio The volume of solution, ml
CS AL
[100]:[0] 10 0
[90]:[10] 9 1
[80]:[20] 8 2
[70]:[30] 7 3
[60]:[40] 6 4
[50]:[50] 5 5
[40]:[60] 4 6
[30]:[70] 3 7
[20]:[80] 2 8
[10]:[90] 1 9
[0]:]100] 0 10

The resulting solutions were mixed in a rotator for 6 hours, then centrifuged for 15 minutes at a rotation
speed of 3500 rpm, then drained the liquid and weighed the wet precipitation.

For study the formation of IPC by turbidimetric method, after mixing the obtained solutions in accordance
with Table 1, the optical density of each solution was measured on the spectrophotometer Specord 210 plus
(Analytik Jena, Germany) at a wavelength of 400 nm. Based on the received data, a graph of the dependence
on the composition of the optical density solution was drawn.

The measurements of {-potential (macromolecule recharge) carried out by dynamic laser light scattering
method on the device Zetasizer Nano ZS90 (Malvern, UK).

Samples of dark chestnut soil of the dry steppe zone of the East Kazakhstan region were selected in 5 km
from the Vodnyi village near Semey town. The study of the main agrochemical parameters of the soil, such
as: field humidity, acidity, moisture capacity, water resistance, nutrient content (phosphorus, nitrogen), organic
matter and humus content was carried out according to the generally accepted methods.

To study the soil resistance to water erosion, glass Petri dishes were used in the model experiment. In
each dish is introduced 50 g of the sample in dark-chestnut soil, sifted through a sieve d = 0.25 mm. the Soil
in the first Cup of dry (control, polymers and IPC not included), the soil in 2-dish handled IPC [CS]:[AL] =
= 2:3, the soil in the 3-dish was administered 12.5 ml of 10-% M of chitosan dissolved in 3 % citric acid, 4-dish
was administered 12.5 ml of 103 M aqueous solution of sodium alginate. All cups were dried for 5 days at
t =20 °C. The dried soil samples were then tilted 15° and 100 ml of distilled water was sprayed. Washing
water was collected in glass flasks.

Vegetation experiments were carried out in the laboratory at a temperature of 20 °C. Wagner vessels
measuring 1.7 dm?® and a surface area of 1.68-102 m? were used as soil containers. Before the experiment, the
vessels were cleaned of mechanical impurities, the dishes were rinsed with running water, and then with dis-
tilled water. The average soil sample was taken. To ensure the moisture content of the lower soil layer at a
depth of 2 cm from the bottom with the compaction of the first layer, glass tubes were placed. The vessels
were filled with soil 10 cm high from the bottom of the vessel, leaving 2.5 cm from the upper edge of the
vessel. Each vessel is signed in accordance with the experience option.

For vegetation experiments as a vegetable culture cucumber (Cucumis) «Kustovoy» was selected, which
is cultivated in many regions of the Kazakhstan.

Harvesting of plant seeds. Seeds of cucumbers of the «Kustovoy» variety were placed in glass Petri dishes
and germinated between the filter paper moistened with pre-distilled water in the dark. From the seeds laid for
the vegetation experiment, intact seeds with well-developed roots were selected. Planting of plant seeds. Soil
treatment with biopolymers and IPC by two-solution method was carried out according to the following
scheme:

1. Control experience — not included biopolymers and IPC.

2. Treatment by CS (8.05-102 g/vessel).

3. Treatment by AL (5-1072 g/vessel).

4, Treatment by IPC [CS]:[AL] = 2:3 (6.44-102 g/vessel : 6-102 g/vessel).
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5. Introduction of dry mixed fertilizer «Vyrastaika» (NH4):SOs — {NH4H,PO. + (NH4),HPO4} —
— KH2PO4 = 12-14-16 (0.84 g/vessel).

6. Treatment by IPC and dry mixed fertilizers.

After tillage, cucumber seeds were planted, the distance between them was kept from 2 cm to 4 rows in
each. Planting depth 1 cm. Top layer of soil is moistened with purified water from a spray bottle, resulting in
a restoration of a polymer film in the surface of soil. Watering of the soil was carried out once in 2 days,
keeping 60 percent of the full moisture capacity. Every day the vessels were moved in randomized mode to
avoid the impact of external factors on the development of the plant. The emergence of the first shoots and the
appearance of mass shoots were observed, daily evaluation of biometric parameters of the organs of terrestrial
growth was conducted as well.

Results and Discussion
The results of gravimetric and turbidimetric studies of complexation and measurements of (-potential
(macromolecule recharge) showed that the composition of IPC is formed [CS]:[AL] = 4:6 or 2:3 (Figs. 1-3).
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Figure 2. The dependence Figure 3. The dependence of the {-potential
of the light absorption ratio [CS]:[AL] on the composition IPC

Previously, we have prepared a IPC structure [CS]:[AL] = 1:4 [11]. However, in that work chitosan was
dissolved in hydrochloric acid, in this work chitosan is dissolved in citric acid. Thus, the nature of the solvent
affects the composition of the prepared IPC. Agrochemical parameters of soil without treatment and after
treatment of separate biopolymers and IPC are determined. Table 2 shows that biopolymers and IPC do not
change the pH of the aqueous extract and increase the pH of the salt extract. There was no noticeable effect on
other soil parameters.
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Table 2

Agrochemical parameters of soil

Structurant Agrochemical parameters
PHwater | PHsait NH.*, mg/g soil P,0s5, mg/g soil
Before making 6.909 | 7.207 0.61 2.25
CS 6.917 | 7.560 0.62 2.25
AL 6.921 | 7.581 0.61 2.,23
IPC 6.926 | 7.552 0.67 2.27

Figure 4 shows the results of a study of soil resistance to water erosion. There is soil erosion in the control
experiment and in the dish treated with individual polymers. The washout is not observed only in the dish
treated with IPC.

a — control; b — soil treated with IPC; ¢ — soil treated with chitosan; d — soil treated with sodium alginate
Figure 4. Soil after spraying with distilled water

Each experiment was repeated three times. The washing water of the soil treated by IPC is the most
transparent in comparison with other washing waters. Then the soil samples were dried for another 5 days at
t = 20 °C and weighed. According to the results of calculations, a diagram of soil resistance to water erosion
was designed (Fig. 5).

T ¥ T L T * T

Control CS AL IPC

Figure 5. Diagram of soil resistance to water erosion, %
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Thus, it was shown that the IPC of [CS]:[AL] = 2:3, is the most effective means to protect the soil from
water erosion.

The results of vegetation experiments for 32 days are shown in Figures 6-8.

The period from sowing before the appearance of initial seedlings was 8 daysand before mass
seedlings — 12 days. In this case, the initial and mass germination in the experiment with IPC and
IPC + fertilizer was 8-10 % higher than the control. Cucumber varieties «Kustovoy» refers to bee pollinated
and 30-40 days after the emergence of seedlings, it is advisable to transplant the seedlings into open ground.

IPC Fertilizer IPC with fertilizer

Figure 6. Growing experience in the vessels of Wagner
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Figure 7. Dynamics of growth of cucumber Figure 8. Dynamics of cucumber growth
during the technology of processing of sail in soil treatment technology IPC with fertilizer

biopolymers and IPC based on them
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According to the results of biometric observation at the end of the growing season, the height of the main
stem of the cucumber in the experimental variants was 47.2 cm (with CS), 40.5 cm (with AL), 49.7 cm (with
IPC), 61.2 cm (with fertilizer), 71 cm (with IPC and fertilizer), and 39.5 cm in the control variant (Fig. 7, 8).
The greatest development of the root system was registered for the experimental variants with IPC (biomass
was 0.41 ¢, length of the main root 7.3 cm) and with IPC + fertilizer (0.40-0.45 g and
8.8-10.0 cm). We also recorded the stimulating effect of IPC and fertilizer on the development of parameters
such as leaf length (9.7-10.5 cm), while there was no difference between the options in the number of leaves
(7-8 pcs) and flowers (1-2 pcs)) for one plant.

Therefore, it was found that IPC has a positive effect on the growth and development of cucumber.

Conclusion

IPC on the basis of biopolymers of chitosan and sodium alginate was prepared. The composition of the
IPC determined by the gravimetric, turbidimetric and dynamic laser light scattering methods and is [CS]:[AL]
= 2:3. Soil treatment by the individual biopolymers and the resulting IPC is not appreciably affected in its main
agrochemical properties, however, processing IPC has greatly improved the resistance of soil to water erosion.
Vegetation experiments in the laboratory revealed that soil treatment IPC has a positive effect on the growth
and development of cucumber. Thus, it can be concluded that the IPC of the composition [CS]:[AL] = 2:3 can
be used as an effective, environmentally compatible soil structure-forming agent.

The study was carried out with the financial support of the Ministry of education and science of the
Republic of Kazakhstan, grant AP 05134681.
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b.X. Mycabaesa, X.C. KaceimoBa, M.A. Angabeprenosa

buonosaumepJiepaiH HHTEPNOJIUMEPJII KOMILTIEKCI
TONBIPAK KYPBUIBIMTY3YLIiCi peTiHae

Xwurosan (XT3) xeHe Hatpuil aneruHatsl (AnNa) OGuomoinMepiepi opeKkeTTecyi apKbUIbl HHTEPIIOIHMEpI
komiuieke (UIIK) cunresnenai. XuTo3aH — HATPHid aIbIUHATHI HHTEPIIOJIUMEPITI KOMIUIEKC] OIUMEPIIEpIAiH
SKBUMOJISPJIBIK EPITIHAUIEPIH 9p TYPJIi MpoHopuusiaa apaiacTeipy oiciMer ansiHabl. MIIK cunTesney ymixn
XUTO3aHHBIH JMMOH KBIIIKBUIBIHIAFBI €PITIHIICI MEH HATPHUI albI'MHATHIHBIH CYJIBI €piTiHAICI A JaTaHbUIFaH.
TysiareH uHTEPNOINMEpIIi KOMIUIEKC KYpaMbl TPaBUMETPUs, TYpOHIUMETPHUS JKOHE NUHAMUKAIIBIK JIa3epiIiK
JKapbIK MIAIIBIpay oicTepiMeH aHbIKTaiFaH xoHe [ XT3]:[AnNa] = 2:3 ten. UIIK xaTHOHIBI MOIMIIEKTPOIUT
XHUTO3aH MEH aHWOHBI ITOJIMAJICKTPOJIUT HATPHUI abTUHATHI apachIHIaFbl HOH-HOHMIBIK 9PEKETTECY HOTHKe-
ciage Ty3uteni. Tomblpak yariiepiHiH arpoXUMHUSUIBIK KepceTKimTepiH sxeke ouonommmMeprepai UIIK enriz-
OecTeH jkoHe CHTi3reHHeH KeifiH aHbIKTaraH. TomBIpakThl )keke OnonoauMepiiepMeH xaHe ainbiarad UITK-men
OHJIeY OHBIH HETI3Ti arpOXHMISUIBIK KOpPCeTKINITepiHe alTapiIbIKTai acep eTKeH koK. JKeke OnomommmMepiep-
MEH, SFHU KOMIUIEKC KOMIIOHEHTTepiMeH xkoHe cuHTe3aenreH NITK-MeH ypriziires 3epTxaHaiblk Toxipuode
HOTIDKECIHJIE JKeKe OMOMOIMMepIIEpPMEH, SFHU KOMIIJIEKC KOMIIOHEHTTEPIMEH CallbICTBIPFaH/1a aJIbIHFAH HHTEP-
MOJIMMEPJIi KOMIUIEKC TOTBIPAKTHI CY 3PO3UACHIHAH KOPFaYIbIH THIMAI KYpaJibl OOJIBIT TaOBUIATHIHEI KOPCET1I-
TeH. 3epTXaHalbIK JKaFJaija )Kypri3iireH BereTauusuiblk Toxipuoe HoTmxkecinae Tonsipaktel UIIK-mMeH eHney
KOKOHICTIH — KHUAPJBIH 6Cyi MEH JaMybIHa OH acep eTeTiHi aHBIKTaIbL. JleMek, OHomoarMepiepieH CHHTE3-
nenreH MITK THIMII SKOJIOTHSIIBIK Kayilci3 TOMBIpaK KYPbUIBIMTY3YIIiCI peTiH/e NaliAalaHbuTy sl MyMKIH e
KOPBITBIHABLIAayFa 00Jabl.

Kinm ce30ep: nHTEpIIONMMEPITi KOMILUIEKC, OMOTIOIMMEp, XUTO3aH, HATPUH aJIbTMHATEL, KypaM, TOIBIPAK, Ky-
PBUIBIMTY3YIII.

b.X. Myca6aeBa, XK.C. KaceimoBa, M.A. AngabeprenoBa

NHTepnouMepHbIi KOMILJIEKC OHOMOJIMMEPOB
KaK CTPYKTYpooOpa3oBaTeJb MOYBbI

CunresupoBaH nHTepnonumepHsiii kommeke (MI1K) Ha ocHoBe GnononmmmepoB xuto3ana (XT3) u anprunara
Hatpus (AnNa). HTepromMMepHbIi KOMILIEKC XHTO3aH—aJIbIHHAT HaTPHs OBbLT ITOJy4eH METOJOM CMEIICHUS
SKBUMOJIIPHBIX PACTBOPOB MOJMMEPOB B 3a1aHHOil nponopiun. s cunresza UIIK ucnons3oBaHbl pacTBOp
XHUTO3aHa B JIMMOHHOW KHCIIOTE W BOIHBIA pacTBOp ansruHata Hatpusa. CocraB UIIK ompenenen metomamu
TPaBUMETPHH, TYpOUIUMETPHUN U TUHAMHYECKOTO JIa3epHOTo cBeTopaccesHus u paseH [XT3]:[AnNa] = 2:3.
WHTepnionuMepHBIil KOMIUIEKC 00pa30BaH B Pe3yJIbTaTe MOH-MOHHOTO B3aHMMOJECHCTBHUS MEXIy KaTHOHHBIM
MONUAIEKTPOIUTOM — XUTO3aHOM M aHUOHHBIM MOJIMAIEKTPOINTOM — albIHHATOM HaTpust. OnpeeneHs! ar-
POXMMHUYECKHE MTOKa3aTeNd 00pa3oB IMOYBKI O3 U T0CIie BHECEHUS OTAEIbHBIX Ouononnmepos u UIIK. O6-
paboTKa MOYBbI OTAEIBHBIMH OHOMOJIMMEPAMH U ITOJIY4YEHHBIM HHTEPIIOIMMEPHBIM KOMIUIEKCOM 3aMETHO He
MOBJIUsIIA HA €€ OCHOBHBIE arpOXMMHUUECKHUE ITOKa3aTeNnu. B pesynbraTe 1a00paTOPHBIX OMBITOB C OT/ASTBHBIMH
6uomnonnmepamu 1 cunTesnposanHbM UIIK mokaszaHo, 4To Moy4eHHBII HHTEPIIOIMMEPHbIA KOMIUIEKC SIBIIS-
eTcst 6osee 3¢ (HEKTUBHBIM CPEICTBOM 3aIIUTHI TOYBEI OT BOAHON 9PO3HH IO CPABHEHHIO C OTIEIBHBIMU OHO-
MOMMEepaMH — KOMITIOHEHTaMU KoMIuIekca. [lomydeHHble pe3ynbTaThl BereTal[MOHHBIX OIBITOB B 1JabopaTop-
HBIX YCIOBHSX BBIABIIIH, 9TO 00paboTka moussl WIIK momoxuTensHO BIMSAET HA POCT U Pa3BUTHE OBOIIHOM
KyJIbTYpbl — orypua. CienoBaTeIbHO, MOXHO 3aKIFOUUTh, YTO CHHTE3UPOBAaHHBIN 13 OouomomumepoB UITK
MOJKET OBITh HCITONb30BaH KaK 3 PEKTUBHBIN SKOJIOTHYECKU O€30IMacHbIi CTPYKTypooOpa3oBaTelb OYBHI.

Kniouesvle cnosa: MHTEPNIOIMMEPHBIA KOMIUIEKC, OMOMIOIMMED, XUTO3aH, aJbTHHAT HATPHs, COCTaB, MOYBA,
CTPYKTYypOOOpa3oBaTeb.
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Reaction between guaiacol and glyoxalic acid under microwave irradiation

In this paper, we considered the opportunity to use microwave irradiation as an alternative to the convection
heating method during the guaiacol condensation reaction with glyoxalic acid in an aqueous solution in the
presence of sodium hydroxide in order to preparatively obtain the 4-hydroxy-3-methoxymindic acid, an inter-
mediate of the vanillin synthesis. The experiments under the influence of the microwave irradiation were carried
out using the «Speedwave four» microwave system that allowed varying the irradiation power in the range
from 0 to 1450 W. The condensation reaction was carried out at the irradiation power of 290, 580, 870, and
1160 W. The effects of time, temperature and microwave radiation power on the desired product yield of the
condensation reaction was established by varying the reaction conditions during the experiments. Using this
method, the experimental conditions of highest product yield were determined when temperature of the reaction
mixture, the irradiation power and synthesis time were 70 °C, 870 W, and 30 minutes respectively. A compar-
ison of the results of the synthesis of 4-hydroxy-3-methoxymindic acid under the microwave activation and for
the conventional procedure was performed. The use of the microwave irradiation was found to significantly
reduce (up to 20 times) the synthesis time, however, the maximum product yield achieved by this method turned
out to be lower compared to the one obtained by conventional procedure. The 4-hydroxy-3-methoxymindic
acid synthesized samples structure was confirmed using IR, 1H and 13C NMR spectroscopy.

Keywords: vanillylmandelic acid, guaiacol, glyoxalic acid, condensation, microwave irradiation.

1 Introduction

4-Hydroxy-3-methoxymindic acid (2) (vanillylmandelic acid, VMA) is an important intermediate in the
vanillin synthesis (3) using the guaiacol method [1-4] (Fig. 1). This method is more ecofriendly than the one
used to produce vanillin from the lignin-containing raw materials and allows obtaining the desired product (2)
of high quality with lower cost as compared with the natural vanillin and the one obtained from the natural raw
materials.

0
HO 0
OH A
HOOC-C(O)H, OH" [O], t, kat.
OCHs OCH, OCHj
OH OH OH
1 2 3

Figure 1. Vanillin synthesis using guaiacol method

It is noteworthy that the key disadvantage of the abovementioned method of vanillin preparation is the
significant duration of the guaiacolate condensation with glyoxylate that can exceed a day [2].

The condensation time can be reduced by increasing the temperature, however, the prolonged heating of
the reaction mixture in the case of guaiacol and glyoxalic acid decreases the yield of the desired product due
to the acceleration of the side reactions [5] as well as due to the instability of glyoxalic acid upon heating [2].
The use of the special catalysts [6-8] can also reduce the duration of the condensation stage, but this approach
significantly increases the costs of vanillin production (3).

One of the methods to increase the rate of many organic reactions is to use the microwave radiation. The
advantages of this approach include the uniformity and the absence of delayed heating of the reaction mixture,
the opportunity for rapid temperature control and the instant energy supply cut as well as a number of other
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parameters [9]. Although the mechanism of the effect of microwave irradiation on the behavior of the chemical
processes is still poorly understood, many studies have been published confirming the advantages of using of
microwave activation to prepare various organic compounds [10-13].

At the moment, the use of the microwave activation in the vanillin (3) synthesis is described only for its
production by curcumin oxidation [14], and the use of such an approach to the guaiacol (1) condensation with
glyoxalic acid has not been found in the available literature.

2 Experimental

2.1 Materials and methods

Commercially available guaiacol (99 %, Aldrich Organics) and an aqueous solution of glyoxalic acid
(50 %, Aldrich) were used as reagents. A solution of sodium hydroxide (30 %) was obtained by dissolving a
portion of sodium hydroxide (chemically pure, Vecton).

The experiments using microwave irradiation were carried out using the «Speedwave four» microwave
sample preparation system (Berghof Products + Instruments GmbH) with a maximum power of 1450 W and
a magnetron frequency of 2450 MHz that allowed varying the temperature in the range of 50-230°C.

To control the progress of the reactions, a reverse phase HPLC method was used on a Shimadzu LC-20
Prominence liquid chromatograph equipped with a PDA-20A UV detector.

2.2 Synthesis using microwave irradiation

A portion of 0.94 g (0.0075 mol) of guaiacol was mixed with 11.5 ml of water and 1.1 g of a 30 % sodium
hydroxide solution with vigorous stirring. 0.7 g (0.0047 mol) of a 50 % glyoxalic acid solution and 5.0 ml of
water were mixed separately. The resulting solutions were combined, placed in a fluoroplastic autoclave of the
microwave system and kept for 10, 20 and 30 minutes at different temperatures and irradiation powers.

2.3 Synthesis by the conventional procedure

9.3 g of guaiacol and 115.0 ml of water were placed in a round bottom flask. 10.6 g of a 30 % sodium
hydroxide solution were added to the reaction mixture with a vigorous stirring. Then a mixture of 7.4 g of a
50 % solution of glyoxalic acid and 50.0 g of water was added to the resulting sodium guaiacolate solution.
The reaction mixture was kept at a temperature of 30 °C from 5 to 25 hours.

2.4 Synthesis by the conventional procedure

To isolate the desired product (2), the reaction mixture was acidified up to a pH level of 4-5 by the
addition of hydrochloric acid and the excess of guaiacol was separated by extraction with benzene. The aque-
ous phase was acidified up to pH = 1 and the desired product was extracted with the ethyl acetate. The extract
was evaporated to dryness and the bottom residue was recrystallized from a minimum amount of ethyl acetate.
The product (2) was obtained with the MP = 131-133 °C (132-133 °C in Ref. [3]). The IR spectrum: v, cm™;
3336 (OH), 2971 (CHs), 2932 (CHs), 1744 (C=0), 1713 (C=0). *H NMR spectrum: 3, ppm (DMSO-dg): S.W.
12.47,s.8.96, d. 6.96, d. 6.78, d. 6.72, s.w. 5.68, s. 4.89, s. 3.75.

3 Results and discussion

In the present work we studied the opportunity to synthesize vanillylmandelic acid (2) by the guaiacol (1)
condensation with glyoxalic acid under the effect of the microwave irradiation as compared with the traditional
synthesis method. With that, we conducted a series of experiments to determine the optimal synthesis condi-
tions. The reaction mixture was subjected to the microwave irradiation with a power of 290, 580, 870, and
1160 W.

While conducting the experiments with varying the irradiation power without the additional heating (Ta-
ble 1), no increase in the reaction rate is observed compared to the conventional synthesis procedure. The
maximum yield achieved in 1 hour of the experiment for the product (2) (34 %) is comparable with the one
obtained without the irradiation for the same synthesis time.

An increase in the heating of the reaction mixture contributed to an increase in the VMA yield. The best
results were obtained when carrying out the reaction at a temperature of 70 °C (Table 1). The maximum VMA
yield was achieved by irradiating the reaction mixture at a power of 870 W for 30 minutes. Further exposure
of the reaction mixture is not feasible, since the yield of the desired product is gradually reduced that is prob-
ably due to the progressing side processes.
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Table 1
VMA vyield (2) dependence on the experimental conditions
S Time, min
,\fg' Irradiation rate, W Temperature, °C 10 | 20 | 30 | 60
' VMA yield, %

1 290 No heating 8 10 13 -
2 580 No heating 9 11 15 -
3 870 No heating 12 17 30 33
4 1160 No heating 11 14 19 34
5 290 70 62 63 66 -
6 580 70 65 66 68 -
7 870 70 65 68 71 67
8 1160 70 66 67 66 65

Under the conditions of the conventional synthesis procedure, the VMA (2) yield of about 70 % can be
achieved only after 10 hours (Fig. 2), that is, the synthesis time under the microwave activation is reduced by
20 times. However, the maximum yield of the desired product (2) is higher as compared with the irradiation-
less process. This is due to the acceleration of the side process of the formation of 4-hydroxy-5-methoxy-1,3-
benzene-diglyoxalic acid during the reaction at elevated temperatures. The results of the HPLC analysis of the
reaction mixtures show that during the synthesis under the microwave irradiation, the content of this impurity
in the reaction mixture is 2.5 times higher than in the synthesis without irradiation.
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= 4
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Figure 2. Dependence of VMA yield on the reaction time

Conclusions

Thus, for the first time, the synthesis of vanillylmandelic acid using the microwave irradiation was carried
out and allowed us to reduce the synthesis duration by 20 times in comparison with the traditional methods.
The best results were achieved when carrying out the reaction at 70 °C and the irradiation power of 870 W.
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MHuKpPOTOJIKBIHIBI CIYJIeJEeHY Ke3IH/eri rBasikoJl
MEH [NIMOKCAJ KbIIIKbLIBIHBIH PeaKIHACHI

Maxkarnasia BAHUIIMH CHHTE31HIH jKapThUIail ©HiMi OOJIBIN TaOBIIATHIH 4 THIPOKCH-3-METOKCUMUHIANE KBIIIKbI-
JIBIH TIPENapaTHBTIK SMICIEeH aly MaKCaThIHIa KOHBEKIMSUIBIK KBI3ABIPY S/iciHe Oanama peTiHie MHUKpPOTOJI-
KBIHJIbI COYJICTICHY OJICiH Malaany apKbLIbl HATPUI THAPOKCHU/II KATHICHIHIA CYJIbI €PITIH/IIIET1 TBASKOI MCH
TJIMOKCAJT KBIIIKBUIBIHBIH KOHACHCAIMS PeakMsIChl KapacThIpbuiFaH. Taxipubenep cayseneHy KyaTbH 0-1eH
1450 Br-xa neiiinri uHTepBana TaXipuOe xyprizyre 6onateiH «Speedwavefour» MUKPOTOJKBIHIBI XKyieci
keMerimMeH xyprisiired. Konnencauus peakuusicer 290, 580, 870 sxone 1160 BT coyneneHny Kyatsl kar/ia-
WA Kypai. Peaknms xarmaitapelH e3repTe OTBIPHII, TIXKIpHOEIEp i KYpridy OapbICHIHIAa KOHICHCAIHS
PEeaKUMSCHIHBIH HETi3T1 OHIMIHIH TY3iyiHe YaKbIT, TEMIIEpaTypa 5KOHE MHKPOTOJKBIHABI KyaTThIH dCepi aHBIK-
TaJFaH. OHIMHIH eH KOFapbl IIBIFBIMBIH ATyFa MYMKIHJIK O€peTiH 3KCIepPUMEHT IMIapTTaphl aHBIKTAIFAaH: pe-
akmust KocrachlHBIH Temreparypacsl 70 °C sxoHe coynenenaipy KyaTtsl 870 Br. Cuntesney yaksitsl 30 MuH
KYpazabl. MUKPOTOJKBIH/BI aKTUBTEHIIPY JKOHE JSCTYPJI SAICTI KOJAAHBIN PEeaKUUsHbI XKYPridy jKaFaaibIH-
Jarbl 4-TUIPOKCH-3-METOKCUMETHH KBIIIKBUIBI CHHTE31HIH HOTHXKEJIEPiHe CaNbICThIPY *kacajaFraH. MHUKpOTOII-
KBIH/IBI COyJIENICHY i KOJIIaHy CHHTE3/Iey yaKbIThIH €/10yip KbIcKapTaasl (20 ece), anaitna OyJ1 o/1ic HOTHXKeCIHAEe
AJIBIHFaH OHIMHIH IIBIFBIMBI JOCTYPJIi 9MIICKE KaparaHa TOMEH OOJBIM IBIKTEI. CHHTE3ICIIN ablHFaH 4-TH-
POKCH-3-METOKCUMHHAAND KBIIKBUIBIHBIH TYBIHABUIAPBIHBIH KypbUIbIcEl K-, H sxome 3C SMP-
CIIEKTPOCKOMHS 9JiCTePiHIH HOTIDKENEPIiH Tanay apKbUII TSN ICHTeH.

Kinm co30ep: BAaHUIMUHIAb KBIIIKBUTBL, TBASKOJ, TIIMOKCAJ KBIIIKBIIBL, KOHICHCAIUS], MUKPOTOJIKBIHIEI CAY-
JIeTIeHy.
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Peakuug reasikoJ/ia v r’iioKCcaJIeBOH KHCJIOTHI
B YCJI0OBHUSIX MUKPOBOJIHOBOT0 00/ 1y4eHUsI

B cratbe paccMoTpeHa BO3MOXKHOCTH IPHMEHEHHS! MUKPOBOJHOBOTO OOJyYEHHsI B KaUeCTBE aIbTEPHATHUBEI
KOHBEKLIMOHHOMY cIoco0y HarpeBa MpH MPOBEJEHHN PEeaKLUH KOHJSHCAI[MH I'BasKoa U TIIHOKCAIeBON KHC-
JIOTHI B BOJHOM PAacTBOPE B MPUCYTCTBUU I'MAPOKCHIA HATPHSA C LEJIBIO MPETIapaTUBHOTO MOIy4eHUs 4 TH-
POKCH-3-METOKCUMHH/IAJIBHONW KHCIIOTHI, SBJISIONIEIiCS MOTyNPOAYKTOM CHHTE3a BaHHJIMHA. DKCIIEPUMEHTHI
MOJ BO37IEHCTBHEM MHKPOBOJHOBOTO OOTyuUeHUs! ObLIM NMPOBEAEHBI C HCTIONB30BAHUEM MUKPOBOJIHOBOH CH-
cteMsl «Speedwavefoun), TO3BOJISIOIIEH BapEUPOBATh MOIIHOCTE 00y4eHHs B HHTepBaie oT 0 1o 1450 Br.
Peaxkiuro KoHIeHCAIUY POBOIMITA TIPU MOIITHOCTH 00myueHust 290, 580, 870 n 1160 Bt. B x0/1e mpoBeieHHBIX
9KCIIEPUMEHTOB IIyTEeM BapbUpPOBaHMS YCJIOBUH pEaKLUil yCTAHOBICHO BIMSHHE BPEMEHU, TEMIEpaTyphl U
MOIITHOCTH MHKPOBOJIHOBOTO OOJIyYeHHS HA BEIXOJ IIEIEBOT0 NMPOIYKTa peakiuu KoHaeHcanun. OmnpeeeHs
YCIIOBHS TIPOBEJCHUS SKCIIEPUMEHTA, ITO3BOJITIONIHE ITOTYIUTh HAMOOIBIINI BEIXO POAYKTa JAHHBIM METO-
JIOM, @ UMEHHO: TemIepaTtypa peakuuoHHoii cmecu 70 °C u momHocTs o0mydenus 870 Bt. [lpu stom Bpems
cuHTe3a coctaBmiio 30 MuH. [IpoBesieHO cpaBHEHHE Pe3yJIbTATOB CHHTE3a 4 THAPOKCH-3-METOKCUMHUHIAIEHON
KHCIIOTHI B YCIOBHSX MUKPOBOJTHOBOW aKTUBAILMM U TPAAUIIMOHHBIM METOIOM. Y CTAaHOBJIEHO, YTO HCIIOJIB30-
BaHHE MUKPOBOJIHOBOTO OOIydeHHs MMO3BOJISIET 3HAUUTENBHO (10 20 pa3) COKpaTUTh BpeMs CHHTE3a, OJHAKO
MaKCUMaJIbHBII JOCTUTHYTHII JaHHBIM METOJIOM BBIXOJ IIPOYKTa OKa3ajics HUXKE [0 CPAaBHEHUIO C TPaJULU-
OHHBIM MeToZioM. CTpOeHHE CHHTE3UPOBAaHHBIX 00pa3IoB 4-THIPOKCH-3-METOKCUMUHIAIBHON KHCIIOTHI IO/~
TBEPK/IEHO pe3yNbTaTaMu aHamm3a Metonamu UK-, 'H u 13C IMP-cniekTpockonu.

Kntouegvie cnosa: BAaHUIMIMUHIANBHAS KUCIIOTA, TBAsSKOJ, IIMOKCAIEBas KUCIOTa, KOHCHCALUs, MUKPOBOJI-
HOBOE 00ydeHwme.
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Antiradical activity and bioprediction
of 0- and p-hydroxybenzoic acid hydrazide derivatives

This article provides results of evaluation of synthesized biologically active substances 1-4 antiradical activity
according to their ability to interact with the 2,2- diphenyl-1-picrylhydrazyl radical (DPPH"). It was found that
all synthesized compounds 1-4 have antiradical activity. Pronounced antiradical activity was shown by N-
ethyl-2-(2-hydroxybenzoyl)hydrazine-carbothioamide (1) (ICso(DPPH) = 12.5 uM) and N-ethyl-2-(4-hydroxy-
benzoyl)hydrazine-carbothioamide (2) (ICso(DPPH) = 16.7 uM) samples under the conditions of this test sys-
tem. Activity of N-ethyl-2-(2-hydroxybenzoyl) hydrazinecarbothioamide (1) and N-ethyl-2-(4-hydroxyben-
zoyl)hydrazinecarbothioamide (2) samples are comparable to activity of known antioxidants. Studied sub-
stances 1 and 2 are promising for further advanced research of their antioxidant properties and other types of
biological activity. Results of PASS computer system applicability estimation for prediction of biological ac-
tivity using structural formula as a part of pre-experimental screening are provided. Expected activity of chem-
ical compounds combines physiological activity of initial hydrazides of o- and p-hydroxybenzoic acids as well
as components of structural molecule. According to bioprediction data analysis, all compounds can act as in-
hibitors with a high degree of probability.

Keywords: antioxidant, antiradical activity, free radical, thiosemicarbazide, 1,2,4-triazole, DPPH, biopredic-
tion, PASS.

Introduction

Antioxidants have found widespread practical application in chemistry, chemical engineering, food in-
dustry and pharmacy. Multiple contributions are provided on research of various natural compounds [1-4],
their synthetic analogues [5-12] and botanicals extracts [13-15] antioxidative activity. Antioxidative therapy
is a way of treating various diseases which develop significantly through free-radical processes [16, 17]. An-
tioxidants are implemented in therapy of various pathologies including inflammatory processes [18-20] and
cardiovascular diseases [21, 22]. They are uses as adaptogens in stress conditions [23] and for treatment of
neurodegenerative disorders, such as Alzheimer's and Parkinson disease as well as cognitive dysfunction.

In recent years there has been search and streamlined synthesis of new multifunctional phenol type anti-
oxidants superior in their efficiency to existing analogues considering peculiarities of structure and antioxida-
tive activity interrelation. A promising area of highly effective antioxidants creation is synthesis of «hybrid
molecules» combining several functional groups reacting independently or synergistically to substrates oxida-
tion process in lipidic or water phase.

The purpose of this paper is to research the anti-radical activity of synthetic compounds 1-4 in reference
to 2,2-diphenyl-1-picrylhydrazyl (DPPH), and expand the synthetic antioxidants based on hydrazides of o- and
p-hydroxybenzoic acids.

Experimental

For studied samples 1-4 antiradical activity estimation in test with DPPH radical methanol solution of
DPPH (100 uM) was used. For selection of substances with pronounced antiradical activity 2 ml of 100 uM
DPPH methanol solution was mixed with 20 ml of researched substance dissolved in methanol in 5 mM con-
centration. This way, the final concentration of test sample in reaction mixture was 50 uM. Optical density
reduction at 515 nm was measured 10 minutes after adding test sample to DPPH solution. Interaction with the
DPPH radical was carried out at final concentrations of 50, 25, 20, 15, 10, 5and 2.5 uM for studied substances
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that can reduce the optical density more than 50 %. Then, the test sample concentration that can reduce the
optical density by 50 % (ICso(DPPH)) was determined.

Computer prediction of biological activity was carried out using PASS software which predicts 4000
types of biological activity based on training array analysis containing structural formulas and biological ac-
tivity data of more than 300,000 chemical compounds. Structural formulas of studied compounds are entered
into system as files of Mol or SDF format. Prediction results are calculated as compound probability of dis-
playing certain biological activity (Pa) and probability of not displaying such activity (Pi). PASS system is
thoroughly described in works [24-26] http://www.way2drug.com/passonline website provides resource al-
lowing to predict more than 4000 types of biological activity.

Results and Discussion

Previously we have synthesized hydrazide derivatives of o- and n-hydrobenzoic acids (1-4) [27-29]
which contain thioamide group, ethyl unit and 1,2,4-triazole groups. 1-4 compounds antiradical properties
estimation for the purpose of revealing active antioxidants was carried out for the first time.

Several series of experiments were carried out to define antiradical properties according to technique [30].
DPHH radical and test sample solution optical density are shown in Table 1.

Table 1

Optical density of 100 pM DPPH radical with S0 pM examined substance solution
after 10 minute incubation period

Optical density,

No. Structural formula and substance name rel. unit

L
O
7
o

\
NHNH—C—NH-CH,~CH,

0.112

N-ethyl-2-(2-hydroxybenzoyl)hydrazine-carbothioamide (1)

0)
%
o

\
NHNH—C—NH-CH,~CH,

0.127

N-ethyl-2-(4-hydroxybenzoyl)hydrazine-carbothioamide (2)
OH CH,-CH;
N
3 \ 7=5 0.587
N—NH
3-(2-hydroxyphenyl)-4-ethyl-1H-1,2 4-triazol-5(4H)-thione (3)
HO CHy-CH,§
N
4 \ 7=S 0.418
N—NH

3-(4-hydroxyphenyl)-4-ethyl-1H-1,2,4-triazol-5(4H)-thione (4)
5 Control (DPPH solution without test sample) 0.852

Table 1 shows that all 1-4 compounds are capable of antiradical activity, compounds 3 and 4 are able to
reduce optical density below 50 %, so from all compounds 1-4 only compounds 1 and 2 are promising for
further research.

Second series of experiment was carried out to study ability of compounds 1 and 2 to interact with DPPH
radical at various concentrations (from 2.5 to 50 uM) (Table 2, Fig. 1).

36 BecTHuk KaparaHgmMHCKoOro yHusepcureTa


http://www.way2drug.com/passonline

Antiradical activity and bioprediction ...

Table 2
Optical density of DPPH radical 100 pM with test sample 1 and 2 solution
at final concentrations 50, 25, 20, 15, 10, 5 and 2.5 pM after 10 minute incubation
No Final concentration of substances Optical density, rel. unit
" | 1and 2 in the reaction mixture, uM | reaction mixture of compound 1 reaction mixture of compound 2
1 50 0.071 0.159
2 25 0.243 0.325
3 20 0.287 0.396
4 15 0.451 0.55
5 10 0.57 0.609
6 5 0.728 0.743
7 2.5 0.806 0.810
Con_trol (DPPH solution 0.907 0.907
without test sample)
60 60
50 50
§_ 40 % 0
§ 30 E’ 30
_§ ¢ g *
C g @]

10
0 \

¢ 02 04 08 08 1 0 02 0,4 06 08 1

. . . -10
Optical density, rel.units Optical density, rel.units

a) b)

Figure 1. Dependence of optical density of the reaction mixture
compound 1 (a) and compound 2 (b) on the concentration

Using created calibration curves (Fig. 1) concentrations of N-ethyl-2-(2-hydroxybenzoyl)-hydrazinecar-
bothioamide (1) and N-ethyl-2-(4-hydroxybenzoyl)hydrazinecarbothioamide (2) were determined. Estimation
of 1-4 compounds antiradical activity towards DPPH radical showed that in conditions of given test system
samples 1 and 2 displayed the most pronounced antiradical activity. The concentration of samples 1 and 2 to
be able to reduce optical density of DPPH radical 100 uM solution by 50 % was found. ICso(DPPH) for com-
pound 1 is 12.5 uM, ICso(DPPH) for compound 2 is 16.7 pM.

Referring to the data, the ICso(DPPH) for the standard ascorbic acid sample is 19.9 uM. 1 and 2 samples
activity is competitive with ascorbic acid reference sample.

According to reference data [31, 32] ICso(DPPH) (uM) for known antioxidants is the following: glutathi-
one — 49, hydrochinone — 27, trolox — 28, a-tocopherol — 28, quercetin — 8. This way, antiradical activity
of samples 1 and 2 is comparable to that of known antioxidants. Studied substances 1 and 2 are promising for
further research of their antioxidative properties. Experimentally received results allow for the conclusion
about practicability of further research in order to search for prospective antioxidant compounds among deriv-
atives of o- and p-hydroxybenzoic acids are reasonable.

According to Chemical Abstract Service data, nowadays there are more than 65 million known chemical
compound structures, while amount of those virtually generated in silico but not synthesized yet exceeded 165
billion [33, 34]. Despite widespread use of high performance screening methods, it is not possible to experi-
mentally test millions of compounds to define their biological activity. This in one of fundamental issues of
contemporary chemistry — research of «structure-activity» correlations of physiologically active compounds
[35, 36]. Due to this, a very important component of modern approaches to research and development of new
bioactive substances are information technologies which allow reducing amount of substances researched in
biological experiments and streamline patterns of their research. One of the ways of using information tech-
nologies for searching bioactive substances is computer-assisted bioactivity prediction through chemical struc-
ture.
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In order to define compounds 14 expected biological activity we have carried out bioprediction using
one of the most effective contemporary software — PASS (Prediction of Activity Spectra for Substances)
(Table 3), which is used to define «structure-activity» correlations. Result of expected activity for compounds
1-4 is shown in Table 3.

Table 3

Results of a computer bioprediction of the expected type of biological activity of compounds 1-4

Cﬁlrgp. Probability | Ranging Activity type names
0.846 0.003  |Gonadotropin antagonist
0.815 0.004 |HMGCS2 expression enhancer
0.814 0.011  |Taurine dehydrogenase inhibitor
1 0.802 0.002  |PfA-M1 aminopeptidase inhibitor
0.769 0.004  |Catechol oxidase inhibitor
0.760 0.004  |Antituberculosic
0.727 0.005 |Antimycobacterial
0.725 0.005 |Ovulation inhibitor
0.857 0.005 |Taurine dehydrogenase inhibitor
0.847 0.003  |Gonadotropin antagonist
0.819 0.004 |HMGCS2 expression enhancer
2 0.792 0.003  |PfA-M1 aminopeptidase inhibitor
0.739 0.003  |Trimethylamine dehydrogenase inhibitor
0.725 0.004  |Antituberculosic
0.744 0.038 |Mucomembranous protector
0.839 0.007  |Arylacetonitrilase inhibitor
0.827 0.004  |Histidine Kinase inhibitor
0.772 0.005 |Gamma-guanidinobutyraldehyde dehydrogenase inhibitor
3 0.751 0.009 |Proteasome ATPase inhibitor
0.748 0.012  |Glutathione thiolesterase inhibitor
0.725 0.005 |Aminobutyraldehyde dehydrogenase inhibitor
0.718 0.003 |Alkaline phosphatase inhibitor
0.881 0.005 |Arylacetonitrilase inhibitor
0.824 0.005 |Glutathione thiolesterase inhibitor
0.812 0.004 |Gamma-guanidinobutyraldehyde dehydrogenase inhibitor
0.799 0.005 |Proteasome ATPase inhibitor
0.797 0.008 |Muramoyltetrapeptide carboxypeptidase inhibitor
0.782 0.004  |Sulfite reductase inhibitor
4 0.755 0.007  |Peroxidase inhibitor
0.751 0.011 |NADPH-cytochrome-c2 reductase inhibitor
0.740 0.004  |Aminobutyraldehyde dehydrogenase inhibitor
0.715 0.013  |2-Hydroxyquinoline 8-monooxygenase inhibitor
0.747 0.049  |Aspulvinone dimethylallyltransferase inhibitor
0.715 0.018 |Ribulose-phosphate 3-epimerase inhibitor
0.712 0.015 |UDP-N-acetylglucosamine 4-epimerase inhibitor
0.701 0.012  |Fatty-acyl-CoA synthase inhibitor

Compounds 1-4 bioprediction data analysis suggests that the compounds can display inhibitive, antimi-
crobial and antitubercular activity with a high degree of probability. PASS system provides comparable an-
titubercular activity probability for compounds 1 and 2 (Pa = 0.760 and Pa = 0.725), compound 2 can display
antimicrobial activity (Pa = 0.727). Compounds 1-4 can act as various inhibitors with probability (Pa > 0.7).
Compounds 3 and 4 are highly likely to be enzyme inhibitors.

Data of computer-assisted biological activity prediction from PASS online computer system require fur-
ther experimental research and validation but provide opportunity for dedicated research of specific biological
activity types which have quite high probability of experimental displaying. This way, prediction data can be
taken to plan further experimental studies in test systems of in vitro and in vivo.
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Conclusions

1. All synthesized compounds have anti-radical activity, but compounds 1 and 2 have pronounced anti-
radical activity. The activity of samples 1 and 2 is not inferior to the reference sample of ascorbic acid. The
ICso(DPPH) for ascorbic acid is 19.9 uM. The 1Cs(DPPH) for N-ethyl-2-(2-hydroxybenzoyl)hydrazinecar-
bothioamide (1) is 12.5 uM, and ICso(DPPH) for N-ethyl-2-(4-hydroxybenzoyl)hydrazinecarbothioamide (2)
is 16.7 uM. The researched substances of 1 and 2 are perspective for an in-depth study of their antioxidant
properties.

2. The prediction data can be taken to plan further experimental studies in test systems of in vitro and in
vivo.
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K.b. CarbaeBa, O.A. Hypkenos, 3.T. lllynsray,
C.A. ®azpuioB, M.JK. bypkees, [I. XaBnnuek

0- JKOHEe N-THAPOKCHUOEH30# KbIIIKbLIBIHBIH THAPA3H/I TYBIHALIAPbIHBIH
PaAuKaJIFa Kapchl OeJicCeHAiIIri MeH 01000 KAMBbI

Maxkanana OHONOTHSIIBIK OeceHai 3arTapabiH 2,2-mudenmt-1-mukpunruapasmn (JOIT, DPPH') pagukansi-
MEH opeKeTTecy KabineTi OOWBIHIIA paguKaiFa Kapchl OeJICeHIUTIKTI Oaranay HoTHKenepi kenripiared. Ockl
TecT-KYyHe skarmaibiHaa N-s1un-2-(2-rugpokcu-6eHsomn)ruapasuakapooranoamua (1) sxone N-3Twn-2-(4-
TU/IPOKCHOCH30MI)rHAPAa3nHKapOoTHOAMK L (2) yIrinepi paaukanFa Kapchl OCICEHAITIKTI KOPCETKEHI KoHEe
osapaeiy Gipintici 1Cso(DPPH) = 12.5 uM, exinmrici ICso(DPPH) = 16.7 uM-fa TeH eKeHiri ailKbIHIa/Ibl.
3eprrenred 1—4 KochUIBICTapbIH ilmiHAe TeK 1 MeH 2 KOCBUIBICTAPBIHBIH OKCHAAHTTKA KapChl KACHETi MEH
OMOaKTHBTIUTIKTIH 0acKa TYpJIepiH OaH 9pi TepeH 3epTTeyre NepCcHeKTHBANb 6okt Tadbutansl. PASS xoM-
MBIOTEPITIK OaFaapiaMaHbl KOJIZaHa OTHIPHII, TOXKIPUOEIiK alIbIH-ajla CKpHHHUHT Ke3€H] PeTiHAe KYPBUTBIMIBIK
(hopmyra OoWbIHIIIA OHONOTHSUIIBIK OCICEHIUTIKTI 00JDKay YIIH MaiiiaaHy MYMKIHAITIHIH Oaranay HOTHXe-
siepi kenTipinreH. XUMHUSUTBIK KOCBUTBICTAPIBIH KYTIJIETIH OCICEH I 0- KOHE N-TUAPOKCUOCH30M KBIIKBLI-
JapBIHBIH 0ACTAIKBI THAPA3UATEPiHIH (HU3UOTOTUSIIBIK OSJICEHALTIN MEH KYPBUIBIM/BIK MOJICKYJIaHbIH KypaM-
nac OemikTepin OipikTipeni. BuoGOKaAMHBIH TalJaHFaH MOTIMETTEPiHEH, OAPIBIK KOCBUIBICTAPAIH HHIHOM-
TOp peTiHae 001y MYMKIHIITI yJieci JKOFaphl.
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K.b. Carnaesa, O.A. Hypkenos, 3.T. Ulynbray,
C.J. ®a3zpuioB, M. K. bypkees, /1. Xapnuuek

AHTHPAIUKAIbHAS AKTUBHOCTH U OHOMPOTHO3
NMPOM3BOAHBIX I'MAPA3HIAOB 0- U N-THAPOKCHOEH30HHBIX KHCJIOT

B crarbe npuBeNCHBI PE3yNIbTAThl OLICHKH aHTHPAJUKAIbHOI aKTUBHOCTH CHHTE3MPOBAHHBIX OHOJIOTHYECKH
aKTHUBHBIX BellecTB 1-4 1o crocoGHOCTH B3aHMOIEHCTBOBATh C paanuKaIoM — 2,2-nudeHi-1-mukpunruapa-
smwioM (JIPIIT, DPPH"). YcTaHOBICHO, YTO BCE CHHTE3MPOBAHHEBIC COCMHCHHS 00JIal0T aHTHPAINKAITEHON
AKTHBHOCTBIO, HO B YCJIOBUSIX JAaHHOM TECT-CHCTEMBI BEIPKEHHYIO aHTHPAIUKAIBHYIO aKTUBHOCTD ITPOSIBAIIN
o6pasupr N-atun-2-(2-rugpokcubenzonn)ruapasuakapbotnoamusa (1) 1Cso(DPPH) = 12,5 uM, st N-stuin-
2-(4-runpoxcubensoun)ruapasunkapborrnoamuaa (2) 1Cso(DPPH) okazanock paBHoit 16,7 uM. AKTHBHOCTB
o6pasios N-stun-2-(2-ruapokcubensonn)ruapasuakapoornoamuaa (1) u N-3Tui-2-(4-ruapokcHOeH30m)-
ruapasuHKapOoTHOaMua (2) comocTaBUMa ¢ aKTUBHOCTBIO H3BECTHBIX aHTHOKCHAAHTOB. [loaTOMY M3 cuHTe-
3HUpPOBaHHBIX coeAnHEeHnH 1—4 coequHeHns 1 M 2 MepCHEeKTUBHBI A JAIbHEHUIIEro YIayOJeHHOTO H3yYeHHS
UX QHTHOKCHIAHTHBIX CBOMCTB M APYTHX BUAOB OMOAKTUBHOCTHU. IIpUBEACHBI pe3yIbTaThl OLIEHKH BO3MOXKHO-
CTH HCIIOJIb30BAaHUsI KOMIBIOTEpHOH cucteMbl PASS 11t mporHo3upoBaHusi OHOJIOTNUeCKOH aKTHBHOCTH IO
CTPYKTYpPHOI (hopMyIe Kak 3Tara JOIKCHepHUMEeHTaIbHOr0 CKpUHKHTa. [IpeanonaraemMas akTHBHOCTh XUMH-
YECKUX COSTMHEHNI KOMOUHMPYET KaK (PU3MOJIOTMIECKYI0 aKTHBHOCTh HCXOAHBIX THAPA3HIOB 0- U N-TUIPOK-
CHOCH30HHBIX KUCIIOT, TaK M COCTABIIIONINX KOMIIOHEHTOB CTPYKTYPHOM MOJIeKyJIbl. 113 ananm3a qaHHEIX O1o-
HPOTHO3MPOBAHUS BCE COCIMHEHMS C BBICOKOH CTENEHBIO BEPOSTHOCTH MOTYT BBICTYNAaTh B KAUECTBE HHIMOU-
TOPOB.

Kntoueevie cro6a: aHTHOKCHIAHT, aHTHPAJUKAIbHAS aKTHBHOCTH, CBOOO/HBINA PaIMKall, THOCEMHUKapOasu,
1,2,4-tpuasoun, JPIIT, 6uonporHos, PASS.
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Investigation of isophorone diisocyanate oligoisocyanurate effect
on water dispersible polyurethane properties

Oligoisocyanurates (OIC) are the products of various diisocyanates cyclotrimerization reaction, with their func-
tionality being more than three (potential crosslinking agents). They are applicable in chemical polymer indus-
try as an additive to diisocyanates for polyurethane coatings obtaining with various properties, as well as an
isocyanate-containing component on its own for polyurethane synthesis. The OIC-based polymers possess a
number of unique properties, e.g. improved thermal stability, fire resistance, UV resistance, also they are not
expected to undergo hydrolysis. We studied the effect of isophorone diisocyanate oligoisocyanurate content on
hydrodynamic, thermo-mechanical and thermal properties of resulting water dispersible polyurethanes. Sam-
ples of water dispersible polyurethanes containing isophorone diisocyanate (IPDI), poly (butylene adipate)
(PBA) and 2,2-dimethylolpropionic acid (DMPA) were prepared following acetone method for this purpose,
with IPDI OIC amount being 10-30 wt.% per pure IPDI. IPDI OIC was partially blocked with morpholine to
exclude crosslinking in WDPU synthesis. Dynamic mechanical analysis (DMA), differential scanning calorim-
etry (DSC), and dynamic light scattering (DLS) were used to characterize the polymers obtained. It was estab-
lished that oligoisocyanurates improve the characteristics of both water dispersible polyurethanes and their
polymer films. Moreover, oligoisocyanurates prevent polyurethane coatings crystallization due to its branched
structure, which without a doubt will affect their performance positively.

Keywords: polyurethane, water dispersible polyurethane, isophorone diisocyanate, 2,2-bis(hydroxymethyl)pro-
pionic acid, poly(butylene adipate), isophorone diisocyanate oligoisocyanurate, dynamic light scattering, dy-
namic mechanical analysis

Introduction

Polyurethane is one of the most demanded polymers in many industries nowadays. It stands out by a
sufficiently large operating temperature range and high strength characteristics. The application of polyure-
thanes varies from sheets for making surfaces of spindles, rollers, wheels to base for paints, varnishes and
binders for important composites.

Water-based polyurethane dispersions, namely one- (1K) and two-component (2K) waterborne polyure-
thane compositions are reported to be a relatively new eco-friendly type of polyurethane coating compounds.
Their application tends to increase in the painting of wood, plastic, metals and other materials [1-3]. Despite
the high quality, unique durability and environmental benefits of 2K waterborne polyurethanes, they have
significant disadvantages related to the limited viability and relative toxicity of the isocyanate component. 1K
waterborne polyurethane based on prepolymers of physical drying or self-crosslinking film forming agents
appeared to be much more technologically advanced and safe.

The preparation of a prepolymer is the main stage in the synthesis of 1K water dispersible polyurethanes
(WDPU). Bifunctional isocyanates, e.g. isophorone diisocyanate (IPDI) [4], hexamethylene diisocyanate
(HDI) [5], toluene diisocyanate (TDI) [6] etc., polyols of various molecular weight [7], as well as hydroxyl-
or amino-terminated low molecular weight bifunctional chain extenders [8] are used for that purpose. It is also
necessary to reach the water dispersibility for the resulting prepolymer — to that end, a hydrophilic agent is
introduced into the composition. Salt of 2,2-bis(hydroxymethyl)propionic acid (DMPA) is one of the most
commonly used hydrophilic agents [9, 10].

Oligoisocyanurates (OIC), which are the products of the cyclotrimerization reaction of various diisocya-
nates [11, 12], are possible to use in the synthesis of WDPU. OIC found application in chemical industry as an
additive to diisocyanates in order to obtain polyurethane coatings with refined properties [13], as well as an
isocyanate-containing component on its own in the synthesis of polyurethane and hybrid composites [14, 15],
and aerogels. It was reported [16, 17] that polyurethanes obtained using OIC had high thermal resistance and
fireproof, also resistance to UV and hydrolysis. Furthermore, OIC can be modified with various low molecular
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weight compounds containing groups reactive to isocyanate ones. The above-mentioned fact also allows vary
WDPU properties over a wide range.

After having reviewed the available sources, a limited number of works dedicated to WDPU synthesis
using HDI- [13, 18-20] and IPDI-based [3, 15] OIC were found. Moreover, the effect of the HDI OIC content
on WDPU properties was studied thoroughly in the first articles, while only basic opportunity to obtain WDPU
was shown in the latter ones.

In our opinion, the use of IPDI-based OIC in the WDPU synthesis seems preferable due to IPDI contain-
ing aliphatic and cycloaliphatic isocyanate groups of different reactivity. The reactivity of isocyanate groups
can vary widely [21, 22] depending on the synthesis conditions. This provides the ability to control the pre-
polymer structure and hence the properties of the final product. Furthermore, IPDI-based OIC are completely
soluble even at NCO conversion of ~73 % as noted in the [3]. In contrast, the critical gelation conversion of
HDI cyclotrimerization reaction products is only 50 %. This experimental fact allows changing WDPU prop-
erties to a larger extent due to the various degree of OIC modification.

There is no doubt that 1K WDPU properties with IPDI-based OIC depend on the isocyanurate content in
the system, the degree of modification and the IPDI NCO groups conversion in OIC.

The objective of this study thereby is to investigate the effect of IPDI-based OIC content in WDPU on
hydrodynamic, thermal and thermo-mechanical properties of resulting products.

Experimental

Materials and instruments

IPDI (98 %) was purchased from Sigma-Aldrich and then purified by vacuum distillation at T = 90 °C
(10 mmHg); Tp = 158-159 °C; d?® = 1,049 g/cm?; np? = 1,4840.

2,2-bis(hydroxymethyl)propionic acid (98 %) (DMPA) was purchased from Sigma-Aldrich, 1,2-dia-
minopropane (99 %) (DAP) and N,N,N-triethylamine (99 %) (TEA) were purchased from Acros Organics.
These chemicals were used without further purification.

Poly(butylene adipate) (PBA) was purchased from Aldrich; the content of hydroxyl groups is 1.7 wt.%
(M;, ~ 2000), determined by chemical method.

Acetone, morpholine (99 %) and 1,4-butanediol (99 %) (BD) were purchased from Sigma-Aldrich. These
chemicals were purified by standard method [23].

Catalysts: 1,4-diazobicyclo[2.2.2]octane (98 %) (DABCO), propylene oxide (98 %) (PO) and dibutyltin
dilaurate (95 %) (DBTDL) were purchased from Aldrich and were used without further purification.

Synthesis of isophorone diisocyanate oligoisocyanurates

Polycyclotrimerization of IPDI was carried out in the mass in presence of DABCO (0.4 wt.%) + PO
(2 wt.%) catalytic system, T = 60 °C. The reaction was controlled by FTIR spectroscopy using ALPHA spec-
trometer (Bruker, Germany) using NaCl cuvettes by a decrease in absorption line intensity (v = 2270 cm™?)
which corresponds to NCO asymmetric stretching vibrations.

IPDI-based OIC with NCO conversion of 20 % for the WDPU synthesis was partially blocked with mor-
pholine, 0.31 g of morpholine per 1 g of IPDI OIC. The content of aliphatic and cycloaliphatic NCO groups in
the IPDI OIC determined by the method described in [24] was 33 % and 67 %, respectively.

Synthesis of waterborne polyurethanes

Synthesis of WDPU-10 containing 10 wt.% of IPDI OIC (per pure IPDI) went as it follows. DMPA (1.20
g) and TEA (0.90 g) were put into a 250 mL flask with ground glass neck. A sample of PBA (14.89 g) and BD
(0.58 g) were added to the flask and were dissolved with constant stirring and T = 55 °C after the obtained
DMPA salt was dissolved in acetone (32 g), pre-drained on molecular sieves. Then, IPDI (10.00 g) and DBTDL
(0.06 g) were added to the flask. The reaction of urethane formation was carried out for 3 hours with constant
stirring and T = 55 °C and was controlled by carrying out the titrimetric analysis [25]. After the reaction being
done, partially blocked IPDI OIC (1.31 g) dissolved in acetone (5 g) was added into the flask. The reaction
was carried out for 30 minutes.

After the first stage, the reaction mass was allowed to cool to the room temperature. Then, a chain exten-
sion was performed, with PDA sample (1.78 g) dissolved in 93 g of distilled water added to the flask with
intense stirring ([NH2]/[NCO] = 1). The excess acetone was removed in vacuum. The solid content in the final
product was 25 %.
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WDPU-20, WDPU-30 and OIC-free WDPU-0 were prepared by the described technique. The precise
formulation of WDPUs obtained is reflected in Table 1. DMPA content in every sample was 4 wt.%, first stage
of synthesis was characterized with the reactive groups ratio [NCO]/[OH] = 2.0.

Table 1

Composition of water dispersible polyurethanes

Sample | DMPA, g | TEA, g |PBA,g|BD,g|IPDI,g| IPDI OIC, g | Blocking agent,g | PDA, g | PBA, wt.%
WDPU-0 1.16 0.87 | 14.89 | 0.58 | 10.00 0 0 1.80 50.8
WDPU-10 1.20 0.90 | 14.89 | 0.58 | 10.00 1.0 0.31 1.78 48.6
WDPU-20 1.25 0.94 | 14.89 | 0.58 | 10.00 2.0 0.62 1.75 46.5
WDPU-30 1.30 0.98 | 14.89 | 0.58 | 10.00 3.0 0.93 1.72 44.6

Researching methods

The viscoelastic properties of WDPU samples were investigated by dynamic mechanical analysis (DMA)
using a DMA 242 C device (Netzsch-Geridtebau GmbH, Germany): uniaxial tension on film samples, working
length of 10 mm, width of 3 mm, thickness of ~0.2-0.3 mm, continuous scanning,
T =-170 + +170 °C, a speed of 2°/min, helium atmosphere. A sinusoidal oscillating force was applied to the
samples, allowing one to develop strain amplitude of up to 30 um at fixed frequency of 1 Hz. The temperatures
of relaxation transitions were determined by the inflection points on the curves of the safe modulus (E").

Thermal analysis of WDPU samples was carried out using a METTLER TOLEDO DSC822¢ differential
scanning calorimeter with a heating rate of 20°/min.

The particle size distribution in WDPU dispersions was determined by dynamic light scattering at 25 and
60 °C using a Photocor Compact.

Results and Discussion

As shown in [3], polycyclotrimerization can be presented as follows:

NCO e Neo
/ kt OCN/R\NJ\N/R
. )\ /g kt
\ 07 "N” Vo
NCO R\NCO

Trifunctional cycles are formed at the first stage during cyclotrimerization of diisocyanates. They form
n-mers and then a crosslinked polymer at subsequent reaction stages. As previously mentioned, the critical
gelation conversion (CGC) in IPDI polycycloaddition is able to reach 73 %. However, using IPDI OIC in
WDPU synthesis with NCO conversion not having yet reached CGC will result in obtaining crosslinked pol-
ymers highly likely. This deals with the obvious fact that different compounds that contain more than three
functional groups, act as possible crosslinking agents. The part of polyfunctional compounds will obviously
increase with the conversion of isocyanate groups. It is necessary to block partially the NCO groups of OIC to
eliminate possible crosslinked structures formation during the WDPU synthesis. We determined [3] the critical
gelation conversion in reaction between IPDI OIC and bifunctional compounds at different NCO group con-
version values to define the minimum of NCO groups (wnco™°%*®) that are to be blocked. So, mnco?° e vs.
NCO group conversion of IPDI OIC graph was obtained based on the data mentioned above (Fig. 1).

The minimum required value of mnco™ % increases with increasing of isocyanate groups conversion of
IPDI OIC as expected.

However, polymer crosslinking and, accordingly, coating hardening after application means an open road
to damp- and heat-proof coatings. Attention therefore should be paid to hydroxyl- and amine-terminated com-
ponents with other functional groups as IPDI OIC blocking agents, e.g. double bonds (allyl alcohol, allylamine
etc.). Self-crosslinking 1K WDPU can be obtained using that kind of IPDI OIC blocking agent. The degree of
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crosslinking for WDPU-based coatings will obviously be determined by functional groups content in the com-
position. Thus, there are two ways to control crosslinking. The first one is selecting highly converted IPDI
OIC, and the second way is varying the IPDI OIC content in WDPU synthesis. We have investigated the
second way in the context of this work.
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Figure 1. onco°e vs. NCO group conversion in IPDI OIC graph

To determine how IPDI OIC content influences waterborne polyurethanes, we prepared 3 samples con-
taining IPDI OIC by weight (per free IPDI): 10 % (WDPU-10), 20 % (WDPU-20) and 30 % (WDPU-30)
(Table 1). OIC-free WDPU-0 obtained under similar conditions was used as a reference sample.

The size of dispersed particles and their distribution in dispersion medium is one of the main character-
istics of any colloidal solution. Dynamic light scattering of all obtained dispersions was carried out to establish
the IPDI OIC content impact in WDPU on their hydrodynamic characteristics. Table 2 and Figure 2 show
results of the analysis.

AR —— - WDPU-0

S — - WDPU-0 - — -WDPU-10

R — — - WDPU-10 - WDPU-20

-1 - WDPU-20 - WDPU-30
' - WDPU-30

T
T
100 1000
R, nm R,, nm

a) T=25°C b) T = 60 °C

T
100

Figure 2. Particles size distribution

The trend that is observed for WDPU-0 and WDPU-10 samples (Table 2) is worth mentioning, where a
decrease in average hydrodynamic radius (RxN) and the diminishing of particle size distribution (Fig. 2) with
the increase in temperature can be seen. This observed pattern is apparently the result of aggregates destruction.
It should be noted that distribution narrowing occurs due to the destruction of the aggregates of dispersion
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particles larger than 100 nm. In contrast, the distribution broadens with increasing temperature for WDPU-20
and WDPU-30 samples. This may indicate their lower resistance to the temperature increase.

Hydrodynamic characteristics of WDPU

Sample Ru'l, nm
T=25°C T=60°C
78.7 38.9
WDPU-0 (16,0; 201.2)" (9.6; 78.5)"
WDPU-10 40.8 20.0
WDPU-20 20.4 49.1
WDPU-30 36.0 50.5

Table 2

Note. * — RiN was determined for every peak.

It can be seen from the Table 2 that IPDI OIC-containing WDPU are characterized by a lower value of
RN and by a narrower particle size distribution in comparison to WDPU-0 at room temperature. Thus we can
conclude that IPDI OIC introduction (from 10 wt.% to 30 wt.% per pure IPDI) in to WDPU positively affects
on their hydrodynamic characteristics.

The analysis of IPDI OIC content influence on WDPU thermo-mechanical properties using the DMA
method was the next step.

Table 3 shows the transition temperatures measured by inflection points on dynamic elastic modulus (E’)
vs. temperature graph and by maxima on dynamic loss modulus (E") vs. temperature graph. There are also
elastic modulus values for sample temperature 30 °C higher than glass transition temperature.

Table 3
Thermo-mechanical and thermal properties of WDPU
DMA DSC
Sample E'rg+30°c, Ty, °C T, °C Ts,°C T4, °C 0
MPa | (byE) | (byE) | (yE) | (yE) | T Tn | Afim ko
WDPU-0 1194 -148 -56 37 115 -52 119 -22.6
WDPU-10 1250 -148 -55 37 112 -53 116 -11.1
WDPU-20 1297 -148 -53 37 102 54 107 -13.1
WDPU-30 1360 -149 -53 37 99 -52 106 -9.61

It is well known from the kinetic theory of elasticity [26] that the molar mass of interstitial polymer chains
is inversely proportional to the dynamic elastic modulus for sample temperature 30 °C higher than glass tran-
sition temperature (E'rg+30°c). Therefore, we can suggest relying on the modulus variation data (Table 3), that
the molecular weight of polyurethane interstitial chains decreases when the IPDI OIC percentage in WDPU
composition increases, with the assumption of constant density of WDPU-0 — WDPU-30 polymer samples.
This is most likely due to the fact that, following its high branching and polarity, IPDI OIC enhances the
polyurethane mesh formation possibility mainly by reason of hydrogen bonds.

All four samples revealed qualitatively equal results for temperature transitions. The first transition (T)
is most likely a B-transition. The second peak on the loss modulus (E") vs. temperature graph resulted by the
‘thawing’ of polyester block segmental mobility. Thereby T is the glass transition temperature (T,). It can be
seen from the Table 3 that T, for studied polyurethanes there hardly depends on the IPDI OIC content. Tem-
perature transitions Tz and T4 are most likely associated with initial melting of WDPU samples crystalline
phase (first), as well as with their transition to a viscous flow state (second).

The nature of observed temperature transitions was confirmed by DSC analysis (Fig. 3, Table 3).

Degree of crystallinity is an important characteristic of polymer films. It can be estimated indirectly by
melting enthalpy (AHm) magnitude due to close chemical nature of prepared WDPU. So, Table 3 indicates
more than double decrease in AHpy value with an increasing in IPDI OIC content in WDPU. The obtained
experimental fact can be apparently explained by the branched structure of OIC, limiting the polyester block
‘packing’. It should be expected that a further increase in IPDI OIC content in WDPU can lead to a completely
amorphous polymer yielding.

Cepus «Xumusi». Ne 1(97)/2020 47



S.V. Karpov, A.S. Dzhalmukhanova et al.

-52°C |
1 |

EXO

'|'|'|:'|'|'|"|'|':|'|'|'|'
-120 -90 -60 -30 O 30 60 90 120 150 180 210
T,°C
1 — WDPU-0; 2 — WDPU-10; 3 — WDPU-20: 4 — WDPU-30

Figure 3. DSC thermograms

Conclusions

We have investigated the effect of isophorone diisocyanate oligoisocyanurate content in water-dispersible
polyurethane compositions on their hydrodynamic, thermo-mechanical, and thermal properties in this work.
According to the obtained results it was found that the OIC introduction improves properties of both agueous
polyurethane dispersions and their polymer films. This is indicated, in particular, by decreasing of dispersed
particle average size. Furthermore, isophorone diisocyanate oligoisocyanurates block the crystallization of
coatings they involved in due to its branching. It will undoubtedly positively affect the performance of these
coatings when used at reduced temperatures. Along with this, oligoisocyanurate introduction to water dispersi-
ble polyurethane compositions has no significant effect on decreasing of glass transition temperatures. It should
provide high performance characteristics at low operating temperatures.
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C.B. Kapnos, A.C. IxxanmyxanoBa, /[.A. Uepnses, B.I1. Jlogeiruna,
B.B. Komparosa, I'.B. Mankos, 2.P. bagammmnna

HN3o¢popoHanu3onuaHaT OJIUTON30UMAHYPATTAPBIHBIH CYyAMCIEPCUATBIK
NOJIMypeTaHAapAbIH KacueTTepiHe dcepiH 3epTrey

Omurounsormanyparrap (OML) — Typii auu3onuaHaTTapasl MUKIOTPIMEPU3aNIsIIAy PeaKIUsICH], (QyHKINO-
HaJJIBUTBIFEI YIITEH Kol (oJieyeTTi OailmaHbICTRIpymIsl arenTTep). Onap XUMUSIIBIK HONMMMEPITiK @ HEPKACinTe
TYpJii KacueTTepi Oap mojMypeTaHabl KaObIHAAPIB! ANy YIIiH AWM30IMaHATTapFa KOCHa peTiH/e, COHaaii-ak
TiKenel mojMypeTaHap CUHTE3iHe apHaJIFaH M30LMaHaThl 0ap KOMIIOHEHT peTiHae KojgaHnsic tanthl. OUL]
HETI31H/Ie CHHTE3/Ie/ITeH MoJuMepiiep Oipkarap Oiperei KacueTTepre ue, aTan aiTKaH/Ia, )KOFapbl TEPMO-0TKa,
coHpaii-ak, YK-coynenenyre xaHe runponausre To3iMai. Makanana anblHFaH OHIMISP/iH THAPOIUHAMUKAIIBIK,
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TEPMOMEXaHUKAJIBIK )KOHE JKbULY (DPM3MKAIBIK KACHETTEPIHE CYMCIICPCUSIIBIK MONNYPETaHAAp KYPaMbIH/IaFbl
nzopoponauusouanat (MOAN OUL) onuronsonuanypart KYpaMbIHIH ocepi 3epTrenreH. OChl MakcarTa aile-
TOHJBIK dicrieH uzodoporaumnzonuanar (UD/AN), nonmubytunenagunusat (IIBA) sxone epkin UD/IU canbic-
teipMaisl Typae 10-30 % canmax OULL UDIU, mombytunenagunuHar (I1BA) xone 2,2-0uc(rugpoxcume-
THI)IIPONTHOH KeIMIKBUTE! (JIMITA) Heri3iHAeri CyAncIepCHsUIBIK Oy peTaHIapAblH YIATIepi CHHTE3IeI .
NCO-udmu OULL tobsmb BJITY cunTe3i Ke3iHae TIriireH KypbUIBIMIAPIBIH Maiifa GolybH OoinxsipMay
YIIiH MOp(OIMHMEH KOpIIanFaH. AJBIHFAH AUCTICPCHSIIAp MEH OJap/bIH Heri3iHjeri kaOslHIap JUHAMHUKa-
JIBIK MEXaHUKAIBIK Tanaay (JAMA), audpepennnanas ckanepiey xanopumerpus (ICK) sxoHe xapbIKThIH AU-
HaMHUKanbIK mameipaysl (JAPC) onictepin maiinanaHa oTeIpHII cUNaTTanFad. ONUron30anyparTap nojamype-
TaH/ap/IbIH Cy AUCHEPCHSIAPBIHBIH, COHali-aK OJapAbIH HEri3iH/eri OJMMEepIIiK IUICHKAIAp/bIH CHIIaTTaMa-
JIApBIH KaKCcapTaThIHBI aHBIKTAJIbl. COHBIMEH KaTap, OJIMTOU30IMaHypaTTap OJapAblH HEeTi31HAer1 xKaObIHaap-
IIBIH KpUCTaJIaHybIHA KeJepri KenTipeai, Oy1 olapAblH MaigainaHy cumaTTaManapblHa OH acep eTei.

Kinm coe30ep: nonmypeTtaH, HONNypeTaHIapAbIH Cy AUCTICPCHSCH], H30(OPOHINH30NUAHAT, 2,2 -0uc(THIPOKCH-
METHJIT)IIPONTHOH KBIIIKBUIBI, TOJHNOYTHIEHaJUIIMHAT, OJIMTON30LHaHypaT H30(OPOHANN30IIaHaTa, JUHAMH-
KaJIBIK JKapbIK MIaNIbIpaybl, TMHAMHUKAIBIK MEXaHUKAIBIK TaJIIay.

C.B. Kapnos, A.C. JIxxanmyxanoBa, /[.A. Uepnsies, B.I1. JIogsiruna,
B.B. Komparoga, I'.B. Mankos, 2.P. bagammuna

HccaenoBanue BJIAMSHUS OJIUTOM30IMAHYPATOB H30(OPOHIUN30I[HAHATA
HA CBOICTBA BOJOAUCIEPCHOHHBIX MOJUYPETAHOB

Ommrounsornmanypatel (OUL]) — npoAayKThl peaknuy IUKIOTPUMEPH3AIMU Pa3IMYHBIX JAUU30IMAHATOB
¢ (QyHKIIMOHAIBHOCTBIO OONBIIE TpeX (MOTEHIHAIBHBIE CINUBAIONIHE areHThl). OHU HAIlUTH TPUMEHEHHUE B XU-
MHYECKO! TOIMMEPHOI MIPOMBIIIIEHHOCTH B KaUueCcTBE JO00ABKU K AUU30IMAHATAM AT MOTydYCHUs OTHype-
TaHOBBIX MOKPBITHH C Pa3IMIHBIMH CBOHCTBAMH, a TAKXKE HEIIOCPEICTBEHHO B Ka4eCTBE M30IMaHATCOeprKa-
MIero KOMIOHEHTa Ul CHHTe3a nonmypeTraHoB. [lomuMepsl, cunTe3upoBanHbie Ha ocHoBe OMLI, obmanator
PSIOM YHHKQIBHBIX CBOWCTB, @ IMEHHO: MOBBIIICHHON TEPMO-, OTHECTOWKOCTBIO, a TAKKEe YCTOWIUBOCTBIO K
Y ®-u3myueHunto U ruAposu3y. B craThe nccinenoBaHo BIMSHAE CO/lepKaHHUE OJMTOM30IMaHypaToB H30(opoH-
mumsonanara (OUL UDJIN) B cocTaBe BOIOAUCTIEPCUOHHBIX TOJIMYPETAHOB HA THIPOIUHAMUYCCKHE, TEP-
MOMEXaHMYECKHe U TeIUI0O(pHU3NIECKIe CBOHCTBA MOTydaeMbIX POoayKToB. C 3TOi 1eIbI0 alleTOHOBBIM METO-
JIOM OBIITM CHHTE3HPOBAHBI 00Pa3I[bl BOZOIUCIEPCHOHHBIX IOJIMYPETaHOB Ha OCHOBE N30()OPOHINHM30HAHATA
UdaN), nommbytunenaaunuaata ([IBA) u 2,2-0uc(ruapokcuMeTin)npornuoHoBoii kuciotel (JJMIIA), co-
nepxamme 10-30 % BecoBbix OUL] UDAN otHOCHTENRHO cBoOomHOTO UD/IN. [l nckmodeHus oopa3opa-
HUS CIIUTBIX cTpyKTyp npH cunTe3e B/AITY NCO-rpynmer OULl MDA gactnano O10kupoBamm Mopdou-
HoM. [lomydeHHbIe qUCTIEpCHH M TOKPHITHS Ha MIX OCHOBE OBUTH OXapaKTePH30BaHBI C HCIOIB30BAHUEM METO-
JIOB TMHAMHUYECKOro MexaHudeckoro anammsa ([JJMA), muddepeHnmansHoil ckaHUpYIOEeH KaJopuMeTpun
(ACK) n nmunammnueckoro paccesiuus cseta (JIPC). YcTaHOBICHO, UTO OJIMIOU30LUAHYPATh] YIIy4IIatoT Xapak-
TEPUCTHKU KaK BOJIHBIX JHUCIIEPCHUI IMOJMYpPETaHOB, TaK U MOJMMEPHBIX IJICHOK Ha MX ocHoBe. Kpome Toro,
BBUJIy CBOEH Pa3BETBICHHOCTH, OJMIOM30LMAHYPATHI MPEMATCTBYIOT KPUCTAUIN3ANY MOKPHITHH Ha MX OC-
HOBE, 9TO, HECOMHEHHO, TIOJIOXKUTEIFHO CKKETCS Ha UX SKCIUTyaTallMOHHBIX XapaKTePUCTHKAX.

Kniouesvie cnosa: monnyperas, BOAHAS JUCIEPCHA TTOJMYPETAHOB, H30(hOpOHANN3ONNAHAT, 2,2-0UC(THAPOK-
CHMETHII)IIPOITHOHOBAs KUCIIOTA, TIOIMOY THICHAAUITUHAT, OJIMTOM301HaHypaT H30()OPOHIUN30IMaHATA, AUHA-
MHYECKOE CBETOpAcCesHUE, TMHAMUYECKUH MEXaHHYECKHUil aHaIH3.
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Production of cyclodextrin nanocomplexes based on
N’-((5-nitrofuran-2-yl)methylene)isonicotinohydrazide and research
of their structure by physical and chemical methods

In the present work, the supramolecular complexes of N'-((5-nitrofuran-2-yl)methylene)isonicotinohydrazide
with B-cyclodextrin (B-CD) and 2-hydroxypropyl-B-cyclodextrin (2-HP-B- CD)were first obtained and studied.
The NMR methods of one-dimensional *H, $3C spectroscopy confirmed the structure of the obtained inclusion
complexes. The structure of the compounds was also studied by two-dimensional NMR spectroscopy COSY
(*H-H) and HMQC (*H-13C), which allows one to establish spin-spin interactions of a homo- and heteronuclear
nature. Comparison of the integral intensities of the H NMR signals of the initial substrate and - and 2-HP-
B-CD in supramolecular complexes showed that in both cases complexes of the composition of one substrate
molecule per one receptor molecule are formed. It was found that the interaction of N'-((5-nitrofuran-2-yl)meth-
ylene)isonicotinohydrazide with the studied B-cyclodextrins forms inclusion complexes with the penetration of
the substrate molecule into the internal cavity of the receptor by the pyridine fragment in the case of using p-
CD and the furanose cycle in the case of 2-HP-B-CD. The resulting supramolecular complexes can dissolve in
water or form stable aqueous dispersions.

Keywords: hydrazones, N'-((5-nitrofuran-2-yl)methylene)isonicotinohydrazide, -cyclodextrin, 2-hydroxypro-
pyl-B-cyclodextrin, inclusion complexes, NMR spectroscopy, supramolecular complexes, COSY (*H-H),
HMQC (*H-3C).

Introduction

Hydrazones obtained on the basis of the well-known isonicotinic acid hydrazide are used as antibacterial
and anti-tuberculosis drugs, analytical reagents and dyes [1]. However, some of them have low solubility in
water. At present, various ways have been developed and are used to increase the solubility of drugs in water:
the use of special excipients, including the inclusion of drugs in the structure of water-soluble polymers [2].

A possible solution to the problem of water solubility of hydrophobic substances is the use of complexa-
tion technology with cyclodextrins. Using the complexation method to obtain biologically active substance
clathrates with cyclodextrins will increase the water solubility of hydrophobic and slightly soluble substances,
their bioavailability and chemical stability [3]. This will extend the half-life of the active component and,
therefore, reduce the dose of the drug used.

Cyclodextrins (CDs) belong to the group of water-soluble compounds, but do not have high solubility at
normal temperature due to the relatively strong intramolecular hydrogen bonds in the crystal lattice [3, 4]. The
lowest solubility among all natural cyclodextrins has B-cyclodextrin. Being in a dry crystalline state, cyclodex-
trins do not have high hygroscopicity [5]. However, in the process of crystallization of cyclodextrins from
aqueous solutions, water molecules are actively included in the torus cavity, and are also present in the crystal
structure of the substance, binding to the outer surface of the molecules.

The structure of the cyclodextrin crystals is stabilized by intermolecular hydrogen bonds. In the crystal-
line hydrate state, the aggregates of cyclodextrin molecules have a tubular or network shape, and, due to dif-
ferent orientations, form particles resembling needle-like or prism-like agglomerates in appearance (Fig. 1).

The crystal shape of the cyclodextrin molecules depends on the degree of hydration. With the removal of
water, the crystals become amorphous [6]. During the formation of inclusion complexes, water molecules are
displaced from the cavities of the cyclodextrin torus as a result of incorporation of the corresponding «guest»
substance into the torus cavity.
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Figure 1. The structure of the cyclodextrin crystals

Cyclodextrins are insoluble in most organic solvents, but are also able to dissolve in some polar aprotic
solvents [7]. The temperature dependence of the solubility of cyclodextrin may vary as a result of the com-
plexation process with the molecule of the «guest» substance. Inclusion complexes may have greater solubility
in water than intact cyclodextrins, provided that the molecules of the «guesty substance are readily soluble in
water. And, on the contrary, during the formation of inclusion complexes with hydrophobic molecules of the
«guesty» substance, the solubility of cyclodextrins in water may decrease [6]. Despite the decrease in the solu-
bility of cyclodextrin molecules («matrix» molecules), the solubility of a hydrophobic compound in aqueous
systems in the inclusion complex may increase [8].

The stability of the formed complexes is due to the formation of various non-covalent forces of interaction
between the cyclodextrin and «guest» molecules: van der Waals, hydrophobic, etc. Cyclodextrin in the com-
plex protects the «guest» molecule from damage by various reactive molecules and thereby reduces the oxida-
tion rate of steric rearrangements, hydrolysis, racemization and enzymatic destruction [3].

In this regard, the use of cyclic oligosaccharides, B-cyclodextrins (receptor), as a component of the su-
pramolecular system for obtaining a water-soluble complex with hydrazone (substrate) is promising. The pos-
sibility of inclusion of the active substance in the capsule of B-cyclodextrin is due to hydrophobic interactions
between the BAC and the complexing agent.

When complexing with cyclodextrins, the molecules of the «guest» substance transform into a nanostruc-
tured («encapsulatedy) state, in which each substrate molecule is placed in the cavity of a native or modified
cyclodextrin molecule [6]. This causes significant changes in the physicochemical properties of the molecules
of the substance bound by cyclodextrins: the stability of compounds sensitive to oxygen or light increases [6];
the reactivity and activity of the substrate molecules changes; stabilization of easily volatile compounds occurs
[9]; the solubility of a number of substances increases [9]; the possibility of converting liquids into powder
form is realized [2]; the resistance of the substrate to biodegradation by microorganisms increases [9]; disa-
greeable odors and taste are masked [10]; the color or color intensity of the compounds changes; the catalytic
activity of cyclodextrins, etc., can be observed [9]. Such properties of cyclodextrins and their derivatives makes
them suitable for use in analytical chemistry, agriculture, pharmaceuticals, food and cosmetic production [10].

The aim of this work was to obtain inclusion complexes N'-((5-nitrofuran-2-yl)methylene)isonicotinohy-
drazide 1 (Fig. 2) with B-cyclodextrin (B-CD) and 2-hydroxypropyl-p-cyclodextrin (2-HP-B-CD), as well as
the establishment of structural features of the obtained supramolecular complexes.

0 NH—N=C/U\

07 NO

X

Z
N

Figure 2. N'-((5-nitrofuran-2-yl)methylene)isonicotinohydrazide (1)

Experimental

B-Cyclodextrin (B-CD) and 2-hydroxypropyl-p-cyclodextrin (2-HP-B-CD) were used by Fluka, 99 %
pure. H and 3C NMR spectra were recorded on a Jeol INM-ECA 400 spectrometer (399.78 and 100.53 MHz
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on 'H and 3C nuclei, respectively) in a DMSO-ds solution at room temperature. Chemical shifts are measured
relative to the residual signals of protons or carbon atoms of DMSO-de.

To obtain complexes for the inclusion of functionally substituted N'-((5-nitrofuran-2-yl)methylene)-
isonicotinohydrazide 1 with B-cyclodextrins, the coprecipitation method was chosen, since this method is
simple and easy to implement. A concentrated solution of 3-cyclodextrin in water was added dropwise to a
concentrated solution of N'-((5-nitrofuran-2-yl)methylene)isonicotinohydrazide 1 in DMF in the ratio 1:1.
Then they were interfered with a magnetic stirrer at a temperature of 50-60 °C. The identity of the proposed
complexes was checked by thin-layer chromatography on Silufol UV-254 plates in the isopropyl alcohol
system — 25 % ammonia-water solution 7:2:1. The final product was dried at a temperature of 350 °C in
vacuum drying at atmospheric pressure of 0.4 kgf/cm? The inclusion complex of hydrazone 1 with
B-cyclodextrin was obtained in powder form. The yield of product 2 was 71.6 %, mp. 300-303 °C. The
inclusion complex 3 N'-((5-nitrofuran-2-yl)methylene)isonicotinohydrazide 1 with 2-hydroxypropyl-p-cyclo-
dextrin was obtained similarly. The product yield was 70.5 %, mp. 289-292 °C.

Results and Discussion

In supramolecular chemistry, the size and shape or geometric complementarity of the interacting compo-
nents play a decisive role; therefore, B-CD and its 2-hydroxy derivative, 2-hydroxypropyl--CD, were used to
obtain inclusion complexes with substrate 1.

To analyze the physicochemical properties of inclusion complexes of cyclodextrins with substances from
various classes of organic and inorganic compounds, as well as aggregates of inclusion complexes, various
instrumental methods are used [11]. The choice of specific analysis methods is determined by the physico-
chemical properties of the complexant substance and the state of aggregation of inclusion complexes [6].
Nanostructures of inclusion complexes formed as a result of substrate-ligand interaction of guest substance
molecules with cyclodextrin molecules can be studied and characterized both in dry crystalline form and in the
state of solutions [12].

To determine the change in the properties of the ligand substance and the substrate as a result of the
formation of nanocomplexes of cyclodextrincavitates obtained in the crystalline state, thermal analysis meth-
ods, microscopy methods, spectral, chromatographic methods, etc. can be used [13-15]. To control the physi-
cochemical properties of inclusion complexes It is recommended to use the methods of thermal analysis, scan-
ning electron microscopy, X-ray diffraction analysis, IR spectroscopy, NMR, CD, EPR spectroscopy, micro-
calorimetry and etc.

For analysis of inclusion complexes, the methods of proton magnetic resonance spectroscopy on *H nuclei
and nuclear magnetic resonance spectroscopy on 3C nuclei are mainly used. The most informative method for
confirming the formation of inclusion complexes is *H-NMR spectroscopy [9]. This analysis method allows
you to fix the pronounced chemical shift in the vibrational spectra of H-3 and H-5 protons oriented inside the
torus cavity, which is due to the placement of the «guest» substance molecule in the hydrophobic cyclodextrin
cavity. Moreover, insignificant chemical shifts are observed in the vibrational spectra of H-1, H-2, and H-4
atoms localized on the outer surface of the molecule [16]. The 3C-NMR spectroscopy method allows one to
record chemical shifts in the electronic environment of carbon atoms of the cavity of a cyclodextrin molecule
resulting from the van der Waals and electrostatic interaction of the molecules of the «guest» substance with
the molecules of the host substance [17-20]. With an increase in the concentration of the «guest» substance in
the system, a proportional increase in the chemical shift in the vibrational spectra is observed, due to a shift in
the equilibrium state towards the formation of inclusion complexes [21].

The synthesis of the initial N'-((5-nitrofuran-2-yl)methylene)isonicotinohydrazide 1 (substrate) was
previously described by us in [11-13]. The substance during screening studies showed pronounced
antimicrobial and antifungal activity.

In the *H NMR spectrum of compound 1, the proton H-4 of the furan fragment appeared as a single-
proton doublet at 7.29 ppm. with 3] 4.4 Hz. The remaining furan proton H-3 resonated with the pyridine protons
H-15,19 with a three-proton multiplet at 7.76—7.79 ppm. The pyridine protons H-16,18 were manifested by a
two-proton doublet at 8.77 ppm. with 3] 5.6 Hz. The proton H-8 at the unsaturated carbon atom and the amide
proton H-10 appeared as single-proton singlets at 8.36 and 12.41 ppm. respectively.

In the 13C NMR spectrum of compound 1, the signals of the carbon atoms of the furan fragment appeared
at 115.08 (C-3), 11.61 (C-4), 151.83 (C-5) and 152.59 (C-2) ppm. The signals of the carbon nuclei of the
pyridine ring are observed at 122.07 (C-15,19), 140.35 (C-14) and 150.99 (C-16,18) ppm. The unsaturated
carbon atom C-8 resonated at 137.20 ppm. Chemical shift signal at 162.53 ppm corresponds to the carbon
atom C-11 of the urea group.
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The structure of compounds 1 was also confirmed by the methods of two-dimensional NMR spectroscopy
COSY (*H-H) and HMQC (*H-1C), which allows one to establish spin-spin interactions of a homo- and het-
eronuclear nature. The observed correlations in molecule 1 are presented in Figure 3.

In the spectra of the *H-'H COSY compound, spin-spin correlations are observed through three bonds of
the neighboring methine-methine protons of the H*-H2 furan ring (cross-peak coordinates, ppm: 7.28, 7.76 and
7.76, 7.28) and aromatic protons H'>°-H618 (coordinates of cross peaks, ppm: 7.78, 8.76 and 8.7, 7.77) of the
pyridine ring. Heteronuclear interactions of protons with carbon atoms through one bond were established
using *H-*CHMQC spectroscopy (Fig. 3b) for all pairs present in the compound: H*-C* (7.27, 116.62), H*-C?
(7.75, 115.04), H>19-C>19(7.76, 122.10), H8-C® (8.35, 137.21), H'®18-C1618(8,77, 150.96).

a)
Figure 3. Correlation scheme in the spectra of HMQC (a) and COSY (b) of compound 1

As a result of the studies, the supramolecular complexes 2 and 3 based on the functionally substituted N'-
((5-nitrofuran-2-yl)methylene)isonicotinohydrazide with cyclodextrins (3-CD, 2-hydroxypropyl-p-CD) were
first obtained. The study of supracomplexes with 3-CD 2 and 2-HP-B-CD 3 showed that in both cases, inclusion
complexes of substrate 1 with a cyclodextrin receptor cavity are formed. The greatest change in the chemical
shifts of protons in the process of formation of supramolecular complexes occurs with the internal protons H-
3 and H-5 of the cyclodextrin cavity. In the formation of the inclusion complex of substrate 1 with -CD, the
greatest change in chemical shifts occurs with protons of the pyridine fragment. In the case of using 2-HP-§-
CD, a proton of the furan cycle undergoes a greater change in chemical shifts. This indicates the incorporation
of the substrate molecule into the cyclodextrin cavity by the pyridine fragment in the case of using p-CD
(Fig. 4) and the furanose cycle in the case of 2-HP-B-CD (Fig. 5).

Figure 5. Scheme of the formation of supramolecular complex 3
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'H and **C NMR spectra of compound 1 in the free state and in the composition of supramolecular com-
plexes 2 and 3 obtained in DMSO-ds are presented in Tables 1 and 2.

Table 1
Chemical shifts of *H and *C nuclei of substrate 1 in the free state (80)
and in the composition of complexes 2 (81), 3 (82)
Atom Group B¢ 'H
number o) o) o1 Ad1= 81—0¢ 02 Ad2= 8200
2 >C< 152.59
3 CH 115.08 7.78 7.77 -0.01 7.90 0.12
4 CH 140.35 7.29 7.28 -0.01 7.26 -0.03
5 >C< 151.83
8 =CH 137.20 8.36 8.35 -0.01 8.38 0.02
10 NH 12.41 12.41 0
11 >CO 162.53
14 >C< 140.35
15 CH 122.07 7.78 7.75 -0.03 7.78 0
16 CH 150.99 8.77 8.75 -0.02 8.75 -0.02
18 CH 150.99 8.77 8.75 -0.02 8.75 -0.02
19 CH 122.07 7.78 7.75 -0.03 7.78 0
Table 2

Chemical shifts of *H nuclei of - and 2-HP-B-CD in the free state (80) and in complexes 2 (81) and 3 (82), ppm

Atom B-CD 2-HP-B-CD
number o) 01 Ad1= 31—99 o) 02 Adr= d2—0p

1 4.77 4.77 0 4.79 4.79 0

2 3.26 3.25 -0.01 3.26 3.27 0.01

3 3.58 3.52 —0.06 3.70 3.73 0.03

4 3.28 3.28 0 3.26 3.27 0.01

5 3.50 3.58 0.08 3.54 3.50 —0.04

6 3.58 3.55 —0.03 3.56 3.58 0.02

7 3.26 3.26 0

8 3.70 3.70 0

9 0.98 0.96 —0.02

A comparison of the integral intensities of *H NMR signals of molecule 1 with B- and 2-HP-B-CD in
supracomplexes showed that in both cases complexes of the composition of one substrate molecule per one
receptor molecule are formed. It was shown that the products obtained form a mixture capable of dissolving
in water or forming stable aqueous dispersions.

Conclusions

The supramolecular complexes of N'-((5-nitrofuran-2-yl)methylene)isonicotinohydrazide with B-cyclo-
dextrin (B-CD) and 2-hydroxypropyl-p-cyclodextrin (2-HP-B-CD) were first obtained and studied in the work.
Using the *H, *C NMR and two-dimensional NMR COSY (*H-'H) and HMQC (*H-1*C) spectroscopy, the
structure of the obtained inclusion complexes was confirmed, and spin-spin interactions of a homo- and het-
eronuclear nature were established. A comparison of the integral intensities of the *H NMR signals of the initial
substrate with 3-CD and 2-HP-B-CD-us in supramolecular complexes showed that in both cases complexes
are formed with the penetration of the substrate molecule into the internal cavity of the receptor by the pyridine
fragment in the case of B-CD and furanose cycle in the case of 2-HP-B-CD. It was shown that the obtained
supramolecular complexes are able to dissolve in water or form stable aqueous dispersions.

Acknowledgements

Financial support from the Ministry of Education and Science of the Republic of Kazakhstan (IRN
AP05131054-0T-18, 2018-2020) is greatly acknowledged.

56 BecTtHuk KaparaHgmMHcKoro yHusepcureTa



Production of cyclodextrin nanocomplexes based on ...

References

1 Wiseman B. Isonicotinic acid hydrazide conversion to Isonicotinyl-NAD by catalase-peroxidases / B. Wiseman, X. Carpena,
M. Feliz, L.J Donald, M. Pons, I. Fita, P.C. Loewen // J. Biol. Chem. — 2010. — Vol. 285, No. 34. — P. 26662-26673. DOI:
10.1074/jbc.M110.139428.

2 Judge V. lIsonicotinic acid hydrazide derivatives: Synthesis, antimicrobial activity, and QSAR studies / V. Judge,
B. Narasimhan, M. Ahuja, D. Sriram, P. Yogeeswari, E.D. Clereq, C. Pannecouque, J. Balzarini // Med. Chem. Res. — 2012. —
Vol. 21. — P. 1451-1470. DOI 10.1007/s00044-011-9662-9.

3 Zimmer S. Cyclodextrin promotes atherosclerosis regression via macrophage reprogramming / S. Zimmer, A. Grebe, S. Bakke,
N. Bode, B. Halvorsen, T. Ulas, M. Skjelland et al. // Science Translational Medicine. — 2016. — Vol. 8, Iss. 333. — P. 333-350.
DOI: 10.1126/scitransimed.aad6100.

4 Szejtli J. Past, present and futute of cyclodextrin research / J. Szejtli // Pure and Applied Chemistry. — 2004. — Vol. 76,
No. 10. — P. 1825-1845.

5 Sabadini E. Solubility of cyclomaltoo-ligosaccharides (cyclodextrins) in H20 and D20: a comparative study / E. Sabadini //
Carbohydrate Research. — 2006. — Vol. 341, No. 2. — P. 270-274.

6 Das S.K. Cyclodextrins — the molecular container / S.K. Das // Research Journal of Pharmaceutical, Biological and Chemical
Sciences. — 2013. — Vol. 4, No. 2. — P. 1694-1720.

7 Szejtli J. Cyclodextrin Technology / J. Szejtli // Dordrecht, Netherlands: Kluwer Academic Publishers, 1988. — 441 p.

8 Dodziuk H. Cyclodextrins and Their Complexes. Chemistry, Analytical Methods, Applications / H. Dodziuk — Warsaw: Wil-
ley-VCH, Weinheim, 2006. — 504 p.

9 Maazaoui R. Applications of cyclodextrins: formation of inclusion complexes and their characterization / R. Maazaoui // In-
ternational Journal of Advanced Research. — 2015. — Vol. 3, No. 2. — P. 757-781.

10 HypkenoB O.A. CuHTe3, CTpOCHHE W aHTHPaAUKAJIbHAS aKTHBHOCTH HOBBIX T'HAPAa30HOB HM30HHKOTHHOBOH KHCIOTHI /
O.A. Hypkenos, I".)K. Kapunosa / Marepuanst XX MexyHap. Hay4.-PAKT. KOHQ. CTy/. ¥ MOJOABIX y4eHbX (20 mas 2019 1.). —
Tomck, 2019. — C. 169, 170.

11 Nurkenov O.A. Synthesis and anti-microbial activity of N'-(2-hydroxy-5-nitrobenzylidene)-isonicotinohydrazide /
O.A. Nurkenov, G.Zh. Karipova, T.S. Zhivotova, S.B. Akhmetova, T.M. Seilkhanov, S.D. Fazylov // News of NAS RK. Chemistry and
Technology Series. — 2019. — No. 2(434). — P. 26-30.

12 Hypkenos O.A. I'uapasuj ©30HUKOTHHOBOM KHCIOTHI 1 ero npousBoanbie / O.A. Hypkenos, C.JI. ®assuios, I'.)K. Kapumnosa.
— Kaparanpa: I'macup, 2019. — 156 c.

13 Miller L.A. Practical considerations in development of solid dosage forms that contain cyclodextrin / L.A. Miller // Journal of
Pharmaceutical Sciences. — 2007. — Vol. 96, No. 7. — P. 1691-1707.

14 Singh R. Characterization of cyclodextrin inclusion complexes — a review / R. Singh // Journal of Pharmaceutical Science and
Technology. — 2010. — Vol. 2, No. 3. — P. 171-183.

15 Javery S. Preparation and characterization of Cyclodextrin inclusion complexes: a review / S. Javery, A. Dosh // International
journal of Universal Pharmacy and Bio Sciences. — 2014. — Vol. 3, No. 3. — P. 674-691.

16 Loftsson T. Cyclodextrins in drug delivery / T. Loftsson // Expert opinion on drug delivery. — 2005. — Vol. 2, No. 2. —
P. 335-351.

17 Wang Q.F. Preparation of inclusion complex of paeonol and B-cyclodextrin by sealed control temperature method / Q.F. Wang
/I China Journal of Chinese Materia Medica. — 2007. — Vol. 32, No. 3. — P. 218-221.

18 Marques C.H.M. Studies of cyclodextrin inclusion complexes. I. The salbutamolcyclodextrin complex as studied by phase
solubility and DSC / C.H.M. Marques // International Journal of Pharmaceutics. — 1990. — Vol. 63, No. 3. — P. 259-266.

19 Xiang T.X. Inclusion complexes of purine nucleosides with cyclodextrins: 1. Investigation of inclusion complex geometry and
cavity microenvironment / T.X. Xiang // International Journal of Pharmaceutics. — 1990. — Vol. 59, No. 1. — P. 45-55.

20 Beni S. Cyclodextrin/imatinib complexation: binding mode and charge dependent stabilities / S. Beni // European Journal of
Pharmaceutical Sciences. — 2007. — Vol. 30, No. 2. — P. 167-174.

21 Nurkenov O.A. Complexes of inclusion of functionally-substituted hydrazons of isonicotinic acid with cyclodexstrines and
their antiradical activity / O.A. Nurkenov, S.D. Fazylov, A.Zh. Issayeva, T.M. Seilkhanov, T.S. Zhivotova, Z.T. Shulgau, Zh.M. Ko-
zhina // Newsof NAS RK. Chemistry and Technology Series. — 2018. — No.6 (432). — P.57-66.
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N'-((5-nuTpodypaH-2-na)MeTHIEH)H30HHKOTHHOTHIPA3U/A Heri3inae
HMKJIOIEKCTPUH/IIK HAHOKeIIeHAep/li a1y ’KdHe 0J1apAbIH KYPbLIbIMbIH
(pu3NKAIBIK-XUMHUSIIBIK JIiCTEPMEH 3epTTey

Makanana N'-((5-HuTpodypan-2-11)METHIICH ) M30HUKOTUHOTHAPA3UATIH B-tiukinoaekcTpuamed (B-111) xouHe
2-ruapokcunponui-B-uukiaonekctpuaMer (2-T'TI-B-I11) cynpaMonekyspiblK KElIeHAep ajlbIHbIIN, 3epTTel-
ren. Bip emmemzi 'H, *C cniextpockorms SIMP oficTepiMeH albIHFaH KOCY KENIEHEPiHiH KYPHLIBICH Pac-
Tangel. ['oMo-3xoHe TeTeposiaep TaOUFATHIHBIH CIIMH-CITUHII 63apa OPEKEeTTeCyiH OpHAaTyFa MYMKIH/IIK OepeTiH
AMP COSY (*H-H) sxome HMQC (*H-'3C) exi emmemi CmeKTpOCKOMHs OmicTEPIMEH AHBIKTAJFaH.
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O.A. Nurkenov, S.D. Fazylov et al.

Cynpamonekynspisl kemenaepae ‘H SIMP curuangapbIHblH HHTErPAIIBIK KAPKBIHABLIBIFBIH B- sxoune 2-TTI-
B-LIJI-MeH canbIcTIpy €Ki JkaFmaiia Aa perentopiapabH Oip MOIeKyIachkiHa CyOCTPaTThIH Oip MOJICKYIachl-
HBIH KypaM KemreHi TysineriHmirin kepcerti.N'-(5-HuTpodypaH-2-uin)MeTHICH ) H30HUKOTHHOTHAPA3HITIH
3epTTeleTiH B-IUKIOeKCTPHHACPMEH 03apa apeKeTTecyi Ke3iHae cyOcTpaT MOJIEKYIachIHBIH PelenTOPABIH
KybICBIHA TUPHIUH (parMeHiMeH KipyimeH B-11/1 Konpanranaa sxoHe (ypaHO3ABIK HUKIMEH KipyimeH 2-TI'TI-
B-II1 xonmanFanaa KOCy KeImeHaepi naiaa 6oaTelHbI OaiKanabl. AJBIHFaH CyIpaMoJIeKyJIIPIIBIK KeIeHaep
CyZa epyl HeMece TYPaKTHI Cy IHUCIIEPCHsIIaphIH KYPYbl MYMKIH.

Kinm ce30ep: runapsunrep, N'-((5-HuUTpo(dypaH-2-UI)METHICH)U30HUKOTHHOTHAPA3U, PB-IHKIOICKCTPHH,
2-THPOKCUTIPONUI-B-IUKIONEKCTPHH, Kocy KemeHzaepi, SIMP cHeKkTpocKOIHACH], CYHPOMOJIEKYIISAPIIBI Ke-
wenznep, COSY (*H-H), HMQC (*H-%3C).

O.A. Hypkenos, C.JI. ®a3buioB, T.M. Ceitnxanos, A.JK. Mykaresa,
I'.K. KapunoBa, A.T. TakubaeBa, A.I'. TomabaeBa

IosyyeHne NUKI0AeKCTPHHOBBIX HAHOKOMILIEKCOB HA OCHOBE
N'-((5-HuTpodypaH-2-HI)MeTHIEH) N30 HUKOTHHOTHIPA3H/1a
1 HCCJIeIOBAHIE HX CTPYKTYPHI PU3HKO-XUMHYECKHMH METOAaAMHM

B crartee BHepBblc ObUIM IOJMYyYCHBI M H3Y4YCHBI cympamounekyisipabie koMmiuiekchl N'-((5-autpodypan-
2-WIT)METHIICH ) M30HUKOTHHOTHApasuaa ¢ B-rukinoaexcrpuom (B-LIJI) u 2-runpokcunponmi-B-nuKioaex-
crpunom(2-T'TI-B-11/T). Metonamu H, 13C SIMP criekTpockonuu 6bUI0 TIOATBEPKIEHO CTPOEHHE MOTYYEHHBIX
KOMIUIEKCOB BKJIOUeHUsI. CTpOEHHE COeIMHEHNH OBUIO H3YUeHO TAaKKe METOaMH IBYMEPHOH CIIEKTPOCKOIIHI
SIMP COSY (*H-'H) 1 HMQC (*H-13C), no3Bosisironeil ycTaHOBUTh CMH-CIIMHOBBIE B3aUMOIEHCTBUS TOMO-
Y reTeposaepHoii Ipupoasl. CONOCTaBIEHNE MHTETPAILHBIX MHTEHCHBHOCTEH curaanos *H SIMP ucxoaHoro
cyoctpara ¢ - u 2-I'TI-B-L1/I-Hamu B cynpaMoNeKyIIpHBIX KOMIUIEKCaX MOKa3alo, YT0 000HX ciaydasx oOpa-
3YIOTCS KOMIUIEKCBI COCTaBa: OJJHA MOJICKyJia cyOcTpara Ha OHY MOJICKYJY pelentopa. Y CTaHOBICHO, YTO
npu B3aumozeiicteun N'-((5-HuTpObypaH-2-HI)METHICH)M30HUKOTHHOTHIPA3HIa C H3y4aeMbIMU B-IIHKIIO-
JEKCTPHUHAMHU 00pa3yIOTCs KOMITIEKCH! BKIFOUESHUS C BXOXKICHUEM MOJIEKYJIBI CyOcTpaTa BO BHYTPEHHIOIO 110~
JIOCTh pelenTopa NUPUANHOBBIM (parMEeHTOM B ciIydae ucrosb3oBanus B-11J1 u ¢pypaHO3HBIM HUKIOM — B
ciryqae 2-I'TI-B-L1J1. ITomyyeHHbIe cynpaMoieKyIsIpHbIe KOMIUIEKCHI CIIOCOOHBI PACTBOPSTHCS B BOJIE MU 00-
Pa30BBIBATH YCTONYHMBBIC BOAHBIC TUCIICPCUH.

Knroueswie cnosa: runpazuist, N'-((5-HuTpOQypaH-2-HIT)METUIIEH ) H30HUKOTHHOTHAPA3H, B-IHKIOJEKCTPHH,
2-THIPOKCUTIPONUI-B-IUKIOIEKCTPHH, KOMIUICKCHI BKIIOYEHHUS, crieKTpockonus SIMP, cynpomosnekyJspHbie
xommiekcel, COSY (*H-'H), HMQC (*H-13C).
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Features of the extraction of yttrium and lanthanum with an intergel
system based on hydrogels of polyacrylic acid and poly-4-vinylpyridine

To predict the sorption activity and selectivity of hydrogels, the effect of mutual activation of polymer networks
in the intergel system was studied. The intergel system of the hydrogel of polyacrylic acid ((hPAA)) and the
hydrogel of poly-4-vinylpyridine (hP4VP), which was studied at a distance through the volume of the solvent
in the absence of direct contact between the polymer networks, were chosen as the object of study. Intergel
systems have been investigated using methods for measuring electrical conductivity, pH, and gravimetry. The
mutual activation of La®* and Y3* ions with the intergel system in an aqueous medium was also studied. It has
been established that as a result of the remote interaction of the studied hydrogels, their mutual activation oc-
curs, leading to a significant change in their electrochemical and conformational properties. At certain ratios of
acidic and basic hydrogels, a significant increase in the sorption of lanthanum and yttrium ions is observed in
comparison with the initial hydrogels. These results indicate the appearance of ionized structures with optimal
conformation, providing an optimal ligand environment around lanthanum and yttrium ions.

Keywords: intergel systems, polyacrylic acid, poly-4-vinylpyridine, hydrogels, remote interaction, La®* ions,
Y3* ions, sorption, desorption.

Introduction

It is known that polymer hydrogels having functional groups capable of binding metal ions are classified
as highly selective polymer structures. This contributes to the fact that such polymers have a sorption ability
with respect to metal ions, including ions of rare earth elements.

According to the phenomenon of the remote interaction of polymer hydrogels in an agueous medium,
nonionic macromolecules that are unable to undergo ionization and subsequent dissociation cannot participate
in the process of remote interaction. Therefore, the remote interaction of polymers of various structures leads
to their functionalization.

Previous studies showed that the remote interaction of polymer hydrogels leads to a significant change in
their electrochemical and conformational properties. As a result of remote interaction, functional groups are
formed without counter ions, stabilized by intramolecular interactions; electrochemical and conformational
changes in macromolecules lead to a significant increase in the sorption ability of the intergel system, consist-
ing of two hydrogels; the «long-range effect» under certain conditions leads to high selectivity with respect to
metal ions [1-4].
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In this regard, the aim of this work is to study the sorption ability using an example of an intergel system
consisting of hydrogels of polyacrylic acid and poly-4-vinylpyridine with respect to lanthanum and yttrium
ions, as well as predicting the possibility of using them to extract rare and rare-earth metals.

Experimental

To measure the electrical conductivity of the solutions, a MARK-603 conductometer (Russia) was used;
the concentration of hydrogen ions was determined using a Metrohm 827 pH-Lab pH meter (Switzerland). The
mass was determined on an analytical electronic balance SHIMADZUAY220 (Japan). The concentration of
La®* and Y?* ions was determined on spectrophotometers Perkin Elmer Lambda 35 (USA), Jenway-6305 (Ja-
pan).

The studies were carried out in an aqueous medium and in a 0.005 M solution of 6-aqueous lanthanum
and yttrium nitrate. Polyacrylic acid hydrogels were synthesized in the presence of a crosslinking agent
N,N-methylene-bis-acrylamide and a redox system K;S;0s — Na,S203 in an aqueous medium. The synthesized
hydrogels were crushed into fine dispersions and washed for a long time with distilled water until a constant
value of the electrical conductivity of aqueous solutions was established. A Sigma-Aldrich crosslinked divi-
nylbenzene hydrogel of poly-4-vinylpyridine (hP4VP) was used.

Electrochemical studies

Experiments to determine the pH and conductivity were carried out at room temperature. The studies of
the intergel system were performed in the following order: each hydrogel in dry form was placed in separate
cells from a plastic bag, the pores of which are permeable to low molecular weight ions and molecules, but
impermeable to dispersion of hydrogels. Then the cells with dry hydrogels were placed in glasses with agueous
solutions and solutions of lanthanum nitrate. The electrical conductivity and pH of the supra gel were deter-
mined in the presence of hydrogels in solution. Adsorption behavior in relation to La (I11) in aqueous condi-
tions: studies using periodic and column methods under various conditions: experimental studies of the kinetic
and thermodynamic characteristics of the adsorption process, studied in the work, which are indicated in the
reference literature and were considered [5-6].

Method for determination of lanthanum and yttrium ions. The method for determining lanthanum and
yttrium ions in solution is based on the formation of a colored complex compound of the arsenazo |11 organic
analytical reagent with rare-earth metal ions (REM).

The degree of extraction (sorption) was calculated by the formula:

n= (Cint— C res)/(C res)*100 %,
where Ciy: is the initial concentration of the metal in solution, g/l; Crs is residual concentration of metal in
solution, g/l [7-9].

Results and Discussion

Study of the mutual activation of hPAA:hP4VP hydrogels in the intergel system

The presence of an intergel system in an aqueous solution leads to various processes that affect the elec-
trochemical balance in the solution.

As a result of these interactions, a state arises in which there are no counterions in some of the charged
functional groups of hydrogels. The concentration of ionized groups that lack counterions depends on the
initial molar ratios of the polymer networks and other factors.

Figure 1 shows the time dependence of the pH of aqueous solutions on the molar ratios of hP4VP. As pol-
yacid predominates, a decrease in the concentration of hydrogen ions with time is observed. Distinct minima
are observed in the presence of only polyacids (hPAA:hP4VP = 6:0) after 6.5 hours of interaction. The maxi-
mum pH values after 24 hours are observed at a ratio of hPAA:hP4VP = 6:0. As the proportion of polybase
increases, the pH of the solution gradually decreases. The lowest pH value is observed in a 5:1 ratio after 6.5
hours of interaction.

The appearance of an excess of H* ions is due to the high swelling rate and dissociation of COOH groups,
as well as the insufficient swelling rate of the main groups and their low concentration. An increase in the
content of OH™ ions in the aqueous medium is associated with a low swelling rate and a low concentration of
COOH groups, as well as a high swelling rate and the interaction of the main functional groups with H* ions.
This is possible in the case of a second reaction in which hydroxyl anions are released into the solution. In
parallel, the third reaction is taking place, as a result of which the free proton binds to the pyridine ring and the
concentration of positively charged ions in the solution decreases sharply.
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Figure 1. Dependence of the pH of aqueous solutions on the molar ratio of hydrogels hPAA:hP4VP over time

Figure 2 shows the dependence of changes in the electrical conductivity of solutions on the molar ratio
of hydrogels over time. During the remote interaction, regions of minimum and maximum electrical
conductivity appear, and at the beginning of the interaction, the conductivity of the solutions increases. With
aratio of 5:1, high values of electrical conductivity are observed after 4.5; 6.5; 8.5 and 24 hours. The maximum
conductivity values are reached after 24 hours. As can be seen from the figure, the minimum electrical
conductivity of aqueous solutions is observed at a ratio of 3:3 for all the time of distance interaction of
hydrogels.
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Figure 2. Dependence of the electrical conductivity of aqueous solutions
on the molar ratio of hydrogels hPAA:hP4VP in time

Comparing the values of electrical conductivity and pH, we can conclude that as a result of mutual
activation of the hydrogels go into a more highly ionized state. The area of maximum activation of hydrogels
is the ratio of hPAA:hP4VP =5:1. The highest ionization of gP4VP hydrogel occurs at a ratio of 5:1.

The minimum electrical conductivity of the hPAA:hP4VP intergel system is due to the binding of the
proton cleaved from the carboxyl group by the vinylpyridine heteroatom. When immersed in an aqueous
medium, both hydrogels begin to swell as a result of interaction with water molecules. Carboxyl groups are
first ionized, then anions — COO~ and hydrogen ions (protons) H* are dissociated into the carboxylate. The
ionization of the cationic hydrogel of poly-4-vinylpyridine in an aqueous medium occurs as a result of the
addition of hydrogen ions formed during the dissociation of carboxyl groups and water molecules into H*, OH~
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ions. The long-range effect of hydrogels leads to the fact that during these interactions the total content of
positive charges in the agueous medium decreases.

High values of electrical conductivity, in turn, indicate that, at certain ratios of two hydrogels, the disso-
ciation of carboxyl groups prevails over the process of proton association by polybasic nitrogen heteroatoms.
The reason for this may be a conformational change in the links in the interstitial chains. At certain concentra-
tions, charged NH* groups can form intramolecular cross-links >N... H*... N=, which lead to the folding of
macromolecular tangles and a decrease in proton binding.

From the above results, it can be expected that the phenomena of mutual activation of functional hydro-
gels should be reflected in activation processes with metal ions. To verify this assumption, the mutual activa-
tion of the intergel system with respect to lanthanum and yttrium ions was studied.

Figure 3 reflects the change in the concentration of lanthanum ions during its sorption by the
hPAA:hP4VP intergel system. First, in all ratios, we observe that the amount of lanthanum ions in the solution
is high. As can be seen from the figure, in comparison with the ratios when only polyacid or polybase is present
in the solution (ratios 6:0 and 0:6), the ratios at which there are 2 hydrogels in the solution have a much greater
sorption ability. A much higher degree of extraction of La®* ions at a ratio of 3:3. Moreover, the greatest sorp-
tion occurs when the ratio of hPAA:hP4VP = 3:3 after 24 hours of interaction. This is due to the fact that, at
this ratio, the hydrogels of polyacrylic acid and poly-4-vinylpyridine are in a highly ionized state due to the
mutual activation of hydrogels in intergel systems.
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Figure 3. Dependence of the concentration of lanthanum ions on the molar ratio
of hydrogels in the hPAA:hP4VP intergel system in the environment of 6-aqueous lanthanum nitrate
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Figure 4. Dependence of the concentration of yttrium ions on the molar ratio of hydrogels
in the hPAA:hP4VP intergel system in a medium of 6-yttrium nitrate
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The dependence of the concentration of yttrium ions on the molar ratio of hydrogels in time in the
hPAA:hP4VP intergel system in a medium of 6-yttrium nitrate is shown in Figure 4. The results obtained
indicate that mutual activation leads to a significant increase in the sorption properties of polymer hydrogels
in the intergel system.

The starting hydrogel of polyacrylic acid has a higher degree of extraction of yttrium ions. As can be seen
from Figure 4, the highest activation of yttrium ions occurs at a ratio of 2:4 hPAA:hP4VP. In the figure, one
can observe the general regularity of the degree of activation of yttrium ions in the intergel system. The lowest
activation point corresponds to a 4:2 ratio after 4.5 hours of interaction. And in a 2:4 ratio of the intergel
system, a decrease in the concentration of yttrium ions is observed. The main reason for such a high degree of
extraction is the high ionization of polymer structures as a result of their mutual activation. Further, the extrac-
tion of yttrium ions by the intergel system decreases and the polybase present in the solution shows the lowest
activation with yttrium ions. These results indicate the appearance of ionized structures with optimal confor-
mation, providing an optimal ligand environment around lanthanum and yttrium ions.

Table 1 presents the values of the degree of extraction of lanthanum ions by the hPAC-hP4VP intergel
system. It can be seen that in the hPAA:hP4VP intergel pairs, the degree of sorption is much higher compared
to individual hydrogels. This is due to the high degree of ionization of the starting polymers in the intergel
system during their remote interaction as a result of mutual activation. The highest ionization of hPAA:hP4VP
occurs at a ratio of 50 % hPAA — 50 % hP4VP, as a result of which the degree of extraction of lanthanum ions
reaches maximum values (97.6 %).

Table 1
Degree of extraction of lanthanum ions with hydrogels PAA, P4VP
n(La), %
T, h hPAA:hP4VP, %
100 83:17 67:33 50:50 33.67 17:83 100
0 0 10.2 10.2 9.4 9.4 0 3.7
0.5 10.2 19 25.4 21.4 13.4 12.6 134
15 25.4 22.2 13.4 26.2 18.2 9.4 19
2.5 30.2 22.2 28.6 26.2 21.4 18.2 7
45 39.9 30.2 28.6 49.5 27.8 14.2 8.6
24 59.8 67.1 67.1 97.6 56.7 37.5 27.8

Table 2 shows the values of the degree of extraction of lanthanum ions by the hPAA: hP4VP intergel
system. The highest ionization of hPAA:hP4VP occurs at a ratio of 33 % hPAA — 67 % hP4VP, as a result of
which the degree of extraction of yttrium ions reaches maximum values (26.9 %).

Table 2
Degree of extraction of yttrium ions with hydrogels PAA, P4VP
n(Y), %

T, h hPAA:hP4VP, %
100 83:17 67:33 50:50 33:67 17:83 100
0 37 22 10.2 9.4 9.4 0 3.7
0.5 6.4 13.3 14.5 3.2 26.9 4.9 2.6
15 24.3 10.3 17.3 13.1 17.3 13.1 9.2
2.5 24.3 10.3 11.7 13.1 17.3 13.1 9.2
4.5 13.6 9.9 2.1 3 4.6 4.5 3.6
24 18.1 15.1 13.6 1.6 21.1 13.6 13.6

Conclusions

Based on the obtained data on the electrical conductivity, pH, and swelling coefficient, we can conclude
that sorption of lanthanum ions by polymer hydrogels occurs. When the molar ratio of hPAA: hP4VP hydro-
gels is equivalent, the intergel system has the highest sorption ability with respect to lanthanum ions in
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comparison with the initial hydrogels. The maximum degree of binding of the polymer chain to yttrium ions
is manifested when the ratio of hPAA:hP4VP = 33 %:67 %. The mutual activation of hPAA and hP4VP hy-
drogels in the intergel system allows one to achieve a significantly higher degree of sorption for the intergel
pair than for individual hydrogels. As can be seen from the data obtained, most of the lanthanum is recovered
within 24 hours. In this case, the highest sorption occurs at the ratios of 67 %hPAA — 33 % hP4VP and 33 %
hPAA — 67 % hP4VP, 67.1 and 56.7 % of lanthanum are recovered, respectively. The largest amount (97.6 %)
of lanthanum is recovered at a ratio of 50 % hPAA — 50 % hP4VP at 24 h [10-13].
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b. Torxycksizbl, JI.K. blckak, 11.C. Canap6exosa, H.O. Meip3axmeroBa,
T.K. xxymanunos, }O.B. I'paxynssudtoc

Honuakpua KbIIKbLIbI MEH NOJIN-4-BUHWINMPUINH FHAPOreibAepi Herizingeri
HHTepPreJibli )KyieeH MTTPUd MEH JIAHTAaH/AbI aJly epeKuIeJiKTepi

['uaporesbaepais copOLMSITBIK OEICeHIUTIN MEH CEeKTUBTUIrH OomKay YIIiH HHTepreNnb/ai KyHeneri mojm-
MepJIiK TOpJIapAbl ©3apa aKTUBTEHAIPY/IiH Scepi 3epTTeNreH. 3epTTey 00BEKTICI PeTiHe MOIMAKPHIT KbIIIKBUIbI-
HeIH ruaporeni (rI1AK) sxone monu-4-puamtmapuauaHiH (T14BI1) rugporeni tanmanmsl. HTEprensai xyieHiH
pH, a5exTp eTKi3rimTiri rpaBIMETPUSIIBIK OISy 9icTepiMeH aHbIKTanbl. CoHmaif-aK CyJIbl OpTafa HHTEPrembIi
xyitemen La®* sxkoHe Y3 HOHIApBIHBIH ©3apa aKTHBALMACK 3€pTTEN . EH 5KOFaphl 21EKTp OTKI3TITiK 24 carart-
TaH KeHiH OpBIH J/IbL. DJIEKTP OTKI3riTiriHiH eH TeMeHri MoHepi TTIAK:rII4BII = 0:6 uaTeprenbi xyiiecinae
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Gaiikarran. On MHTeprenbai JKyHeHiH auci3 muccoumarmsicbiMer Oaiinanpictel. TITAK:TTI4BIT unTeprensai
JKYHeciHe cyTeri HOHAAPBIHBIH KOHIIEHTpausAchIHbIH yratobl TIIAK:TII4BII = 5:1 apakaTsIHaCBIHIA KOPIHTCH.
3epTTenreH ruApOrebIAEp/IiH KalbIKTBIKTaH 63apa 9PEKETTECY] HOTHIKECIHE OJIapABbIH AEKTPOXUMHSIIBIK JKOHE
KOH(OPMaNSIIBIK KACHETTEPiHIH alTapIIbIKTail @3repyiHe oKelNill COKTHIPATHIHBI XKaHE 03apa aKTHBTEHIIIPY KYp-
ri3iareHi anbIkTaNAbL Erep 613 oCEI gepeKTepIi aJIeKTp OTKI3TIIITIr Typaibl JepeKTep OOMbIHIIA CaTbICTEIPCaK,
OyJ1 perTe KapOOKCHIIB/II TONTap/IBIH JHCCOLHANMSICH! IIPOIieci TPOTOHAAPABIH BUHIII IIMPUUHTE KOCBLTY HpO-
neciHeH 0ackIM 0OJIAJIBI IETEH KOPBITHIHIBI xKacayFa 0omapl. KpIIKBUIIBIK KOHE HET13IIK THAPOTeNbIep/iH Oe-
rini Oip apaKaThIHACBIHIA OacTaIKbl THAPOTENIBICPMEH CaIbICTHIPFAH I IAHTAH JKOHE UTTPHI HOHIapBIHBIH COPO-
LMSCHIHBIH alTapibIKTall ecyi OalikanraH. by HoTKenep JTaHTaH XKoHe UTTPUH HOHAAPBIHBIH aifHaIachIHAA OH-
TaiJIbl JIMTAHATHI OPTaHBl KAMTaMachl3 €TETiH OHTailbl KOH(MOpMALHACH 0ap HOHNAJFaH KYpPbUIBIMIAPABIH
naiiaa OOTyBIH KepceTesi.

Kinm ce30ep: uHTeprenbii XKyiie, MOJIHMAKPUI KBIIKBUIGL, MONH-4-BUHWINUpUAuH, La®* nonsl, Y3* nownsl,
copOrust, 1ecopOIs.

b. Torxyckssbl, JLK. blckak, U.C. Canapbekosa, H.O. Meip3axmeToBa,
T.K. xxymanuios, F0.B. I'paxynsBudroc

Oco0eHHOCTH U3BJIeYEHUS] UTTPHUS U JIAHTAHA UHTEPreJieBoil cucTeMou
HA OCHOBe THAporejei NOJIUAKPUJIOBOH KUCIOTHI U MOJIH-4-BUHWINMHPUINHA

J1nst mporHO3UpOBaHUs COPOITMOHHOM aKTUBHOCTH ¥ CEJIEKTUBHOCTH THIpOTeNeil ObIIIO HCCISIO0BAHO BIHSIHIE
B3aMMHOI aKTHBAIMH ITOJIMMEPHBIX CETOK B HHTEpreIeBol cucTeMe. B kauecTBe 00beKTa HccineoBaHus Obuia
BBIOpaHa HHTEpreneBas CHCTeMa «TUAPOrelb MoInakprioBoi kuciotsl (TIIAK) — ruxporens nonu-4-BuHMII-
nupuanHa (tI14BI1)», xoTopas nzydanach Ha pacCTOSHUH 4Yepe3 00beM pacTBOPHUTENA MPH OTCYTCTBUH He-
MOCPEICTBEHHOTO KOHTAKTa MEXIy MOIUMEPHBIMH ceTKaMH. VIHTepreneBbie CHCTEMBI OBUIN U3Y9IEHBI METO-
JaMH U3MepeHHs leKTponpoBoaHocTy, pH u rpaBuMeTpun. Takke paccMOTpeHa B3aUMHast aKTHBAIUS HOHOB
La® u Y®* ¢ uHTepreneBoil cuCTEMOl B BOJHOM cpejie. 3aBUCHMOCTb YEILHON 3JIE€KTPONPOBOIHOCTH OT MO-
JSIPHOTO COOTHOIIICHHUS THAPOTEIe BO BpEMEHH, YBEINISHUE IIEKTPOIIPOBOAHOCTH MIPOUCXOAAT IIPH COOTHO-
mrennd TTTAK:TII4BIIT = 5:1 Ha NpOTSDKEHUH BCEro BPEMEHH yJaleHHOTO B3anMOAeHCTBHs. MakcuMabHas
JJIEKTPOIPOBOJHOCTH ObUIA TOCTHTHYTa 4yepe3 24 4. MUHUMaNbHbIe 3HAYSHUs JJIEKTPOIPOBOJHOCTH OTMe-
4yeHsl B o0xactu uHTepreneBod cucremoit rIIAK:rII4BII = 0:6, uto cBs3aHO ¢ ero cnaboil quccormanuei.
3aBUCHMOCTH KOHIIEHTpalu MoHOB Bogopona rIIAK:rI14BIl, yBennueHne KOHIEHTpAIlMd HOHOB BOAOPOIA
npoucxoaat npu cootHomreHnu TITAK:TII4BII = 5:1. YcraHoBi€HO, YTO B pe3ysibTaTe JUCTAHIMOHHOTO B3aH-
MOZEHCTBHS M3y4aeMBIX THUAPOTeNeil MPONCXOANUT MX B3aMMHAsl aKTHBALWs, IMPHUBOJAMIAS K 3HAUUTEILHOMY
MU3MEHEHUIO UX JIEeKTPOXUMHUIECKHX ¥ KOH(POPMAMOHHBIX CBOMCTB. DTH pe3yIbTaThl YKA3bIBAIOT HA BO3HHK-
HOBEHHE HOHW30BAaHHBIX CTPYKTYp C ONTHMAIbHON KOH(OpMaImeH, 00ecreynBaroniX ONTHMAIBHOE JINTaH -
HOE OKpY)KEHHE BOKPYT MOHOB JIaHTAHA M UTTPUSL.

Kniouesvie cnoea: NHTEpreneBas CUCTEMA, MOMMAKPHUIOBAs KUCIOTA, MOMU-4-BUHUINUPUANH, COPOLUs, Je-
cop6uus, nonsl La®*, nonsr Y3+,
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Poly(propylene fumarate phthalate) and acrylic acid
radical copolymerization constants and parameters

Poly(propylene fumarate phthalate) and acrylic acid radical copolymerization in dioxane solution at various
molecular ratios of original monomeric mixture was studied in this work for the first time. An unsaturated
polyester resin was obtained using the polycondensation reaction. The composition of the obtained poly(pro-
pylene fumarate phthalate) was determined according to elemental analysis. The studied copolymers are prom-
ising for further study due to their swelling ability, antioxidant activity, and biodegradable ability. Copolymer-
ization reaction kinetics has been studied. The composition of the copolymers was determined using chromate-
mass spectrometry. Radical copolymerization constants and parameters have been calculated by Mayo-Lewis
integral method. Based on the copolymerization constants the Q-e parameters was calculated according to the
Alfrey-Price equation. It was proved that non-solvable polymers of a net-shaped structure are formed in the
whole range of the researched comonomer ratios during the radical copolymerization of p-PFF with AA. Based
on the results presented in the article, we can say that all copolymer compounds based on poly(propylene
fumarate phthalate) and acrylic acid demonstrate the ability to control physical and chemical properties. This
in turn will allow to create new materials with a pre-defined behavior program. It was found that the unsaturated
polyester resin is characterized by a lower reactivity in case of acrylic acid and poly(propylene fumarate
phthalate) copolymerization.

Keywords: poly(propylene fumarate phthalate), acrylic acid, biodegradable, polycondensation, radical copoly-
merization, kinetics, copolymerization.

Introduction

Over the past few decades fumaric acid-based polyesters comprising Krebs cycle [1, 2] are of much in-
terest in biomedicine due to great biocompatibility and biodegradability [3, 4]. Moreover, polyester resins are
relatively cheap products, which in some cases makes materials based on them competitive comparing to other
sorts of plastics [5-8].

Poly(propylene fumarate phthalate) is the most researched material among the. It is a perfect option for
cross-linking with various monomers, such as acrylic and methacrylic acid.

Cross-linked poly(propylene fumarate phthalate) can satisfy a number of medical requirements, such as
biocompatibility, osteoconductivity, sterilisability and manageability [9-14]. It can be polymerized in situ [15]
forming solid composite with mechanical properties identical to those of spongeous bone.

In this regard, the poly(propylene fumarate phthalate) (p-PFP) and acrylic acid (AA) copolymerization
constants and parameters determination, as well as the development of new methods for vinyl monomers
radical polymerization control and polymer characteristics improvement are one of research priorities for high-
molecular compounds chemistry development.

External factors sensitive copolymers were previously synthesized by reaction of polyglycolefumarates
radical copolymerization with various unsaturated carboxylic acids and dimethylaminoethyl metacrylate [16—
21]. Due to this fact, further research in this area appeared to be advantageous.

Reactions of poly(propylene fumarate phthalate)(p-PFP) and acrylic acid (AA) radical copolymerization
were studied in this work for the first time.

Experimental

Initial p-PFP was received by fumaric acid, phthalic anhydride and propylene glycol polycondensation at
temperatures 423-453 K [22, 23]. The reaction was monitored by determining the acid number and the amount
of water emission. The synthesized polyester is a light yellow fusible resinous substance that can dissolve in
chloroform and dioxane. Received resin was obtained from original monomers by multiple acetone washing.
Received substance content was defined by elemental analysis data.
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P-PFP molecular weight was determined by light scattering method at NACH 2100 AN nephelometer
and by gel-permeation chromatography, which is 2272 and 2394 atomic mass units.

P-PFP and AA radical copolymerization was performed in solution of dioxane at different original co-
polymer molecular ratios with benzoyl peroxide (BP) as initiating agent at 333 K. Synthesized polymers were
washed by dioxane and dried in vacuum multiple times in order to refine them from remaining unreacted
monomers until reaching constant weight.

Contents of received copolymers were defined with potentiometric titration and by a highly efficient
chromatograph LC-20 Prominence, Shimadzu (Japan) [24, 25]. In order to find amount of copolymers unre-
acted double bonds (degree of unsaturation) bromide-bromate method was used [26].

P-PFP and AA radical copolymerization kinetics was investigated by dilatometric method in dioxane.
Constants of copolymerization r, and r, were defined based on contents of copolymers received at deep con-
version using Mayo-Lewis integral equation [27].

Results and Discussion

Elaborate development of thorough research in the area of radical copolymerization allows controlling
properties of polymers, their structure and molecular mass, and also suggests more methods for producing
polymers with the desired properties. As mentioned above, unsaturated polyesters-based products cured with
vinyl monomers and having specific physico-chemical and mechanical properties are most desirable. Unsatu-
rated double bonds in p-PFP molecules allow using it as polymeric matrix to receive cross-linked polymers in
case of copolymerization with acrylic acid.

P-PFP was received by fumaric acid, phthalic anhydride and propylene glycol polycondensation [22, 23].

Cross-linked copolymer formation as result of p-PFP oligomeric molecule and AA radical copolymeri-
zation in presence of BP as initiating agent can be shown by the following diagram:

(o)
(o] CHj (e) (o]
Ho O)VYO ° il \)J\OH — >
CHs o o |
(o]

o o o, /%

HO. o\)\/o CHs
0
Y o
CHs HOOC—TH ) 0
CH, CHs 0

HO. o\)\/o CHs
0
0 R
CH, o)

o
Copolymerization constant and parameters values are important characteristics when considering mono-

mers relative reaction ability depending on their structure. However, more comprehensive information on
monomers relative reaction ability at copolymerization can be obtained from kinetic data (Fig. 1).
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Figure 1. p-PFP:AA copolymerization kinetic graph

P-PFP and AA radical copolymerization kinetics at various initial molecular ratios was studied deeply in
order to estimate monomers relative activity (Fig. 1). It was found that the reaction rate and copolymer yield
increase with increasing AA content in the initial monomer mixture. However, these parameters decrease with
increasing p-PFP in the reaction mixture. This seems to be determined by presence of —COO carboxyl func-
tional group in acrylic acid chain, which can participate in reactions of polymer transfer followed by molecular
mass growth due to branching processes. As can be seen in Figure 1, the radical copolymerization Kinetics data
indicate a constant process acceleration in the case of AA molecular mass increase in initial monomeric
mixture.

As mentioned above, cross-linked insoluble polymers are formed throughout the range of studied
copolymer ratios in process of p-PFP and AA radical copolymerization.

Experimental data received after studying radical copolymerization processes in p-PFP — AA systems are
shown in Table 1. Copolymer yield ranges from 83 % to 62 %.

Table 1

Copolymer content dependence on initial mixture composition in process
of p-PFP (M1) and AA (M2) [BP] = 8-:10° mole/m®, T = 333 K

Initial monomer ratio, % by mass Copolymer content, % by mass Yield. %
M1 M, mi mo
10.22 89.78 6.77 93.23 83.70
25.00 75.00 20.34 79.66 78.73
50.00 50.00 44.17 55.17 79.33
73.91 26.09 68.42 31.58 71.93
90.00 10.00 86.67 13.33 62.09

As can be seen in Table 1, p-PFP-AA copolymers are enriched with AA components throughout the range
of initial mixtures. At that, the proportion of AA components in the copolymer composition increases symbol-
ically with respect to their content in initial monomeric mixture.

Copolymer yield and swelling rating increase as share in original AA mixture rises; this seems to be
determined by high degree of branching and cross-linking.

The branching and cross-linking reactions decrease correspondingly with AA molecular concentration
reducsing since benzene rings cannot participate in homopolymerization reactions. While the copolymer un-
saturation degree increases. Besides, the abovementioned reactions are more complicated when p-PFP con-
centration rises in initial monomeric mixture, which leads to higher viscosity.

Copolymer content dependence on initial mixture composition can be shown more conveniently on con-
tent diagram (Fig. 2).
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Figure 2. Composition diagram showing p-PFP — AA copolymer content
dependence on initial monomeric mixture composition

Copolymer relative activity based on copolymer content and initial monomeric mixture composition has
been calculated using Mayo-Lewis integral equation [9], Fineman-Ross and Kelen-Tudos standard methods.
Table 2 shows the calculated data that illustrate the higher AA activity in the process of radical copolymeriza-
tion.

Table 2
p-PFP — AA binary systems radical copolymerization constants and parameters
M, M, r r rire 1n 1r, Q1 e1 Q2 €2
p-PFP AA 0,76 1,21 0,92 1,32 0,83 1,19 1,06 1,15 0,77

As can be seen in Table 2, the relative activity value ryin p-PFP-AA system is below one (r1<1). This
suggests a higher activity of macroradical ending with p-PFP component towards «outer» monomer or radicals,
but macroradical ending with AA second co-monomer component tends to react with «inner» monomer. Co-
polymerization stabilizer derivatives are close to each other, i.e. copolymer macroradicals can be created by
static structures.

Conclusions

Therefore, a brief summary of the studies described in this article shows that new crosslinked polymers
can be obtained by poly(propylene fumarate phthalate) and acrylic acid radical copolymerization.

The obtained result demonstrates the ability to control the physicochemical properties of a poly(propylene
fumarate phthalate) and acrylic acid based copolymer by changing the content of the polymer composition,
which allows you to create new materials with preset properties.
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M. XK. Bypkees, F.M. )Kymanazaposa, E.M. Tax0aes,
I" K. Kynaitbepren, C.b. Aykaauesa, 2.2K. XKakynbekoa

MoaunponuwieHpymaparPTagaTTbl aKPHJI KbIIIKbLIbIMEH PaIHKAJIbI
CONOJIMMepJIeyAiH KOHCTAHTAJIAapbl MEH apaMeTpJiepi

Makanana ajrani pet nmoaunponuieHbymapardTanaTTelH 0acTankbl MOHOMEPIIK KOCTIAHBIH TYPJi MOJIBJBIK,
KaThIHACBIH/IA TUOKCAH OPTAChIH/A aKPHJI KBIIIKBUIBIMEH OMHAPIIBI paJUKaJAbl COMOIUMEpPIICHY 3epTTENreH.
[TonmMKOHACHCAIMS PEAKIUACHIMEH KaHBIKIaFraH MoaudGUpII maiblp anbHabl. ConmonuMepieHy YpIiCiHiH Ku-
HETHKAChl 3epPTTENAl. XpOMaTo-Macc CIEKTPOCKOIHS dIiCiH KOJJaHy apKbLIbl CHHTE3/IEIreH COMOINMepIIep-
JiH KypaMbl HaKTbUlaHFaH. Maio-JIBIONCTIH HHTErPAIABIK 9liCIMEH PaJNKAaIIbl COMIOIUMEPIICHY KOHCTaHTa-
Japbl MEH mapamerpiiepi aHnbikrainFaH. Andpeii-IIpaiic TeHaeyi G0#bIHIIA COMOINMEpPIICHY KOHCTAHTAChIHBIH
Herizinne Q-e mapamerpuepi ecentenrer. n-1IO® nen AK pagukanasl conoaumepiey Ke3iHae COMOHOMeEp-
JIepAiH 3epTTENIreH apa KaTbIHACBIHBIH OapJIBIK MHTEPBAJIbIH/IA TOPJIbl KYPBUIBIMHBIH €piIMEHTIH omuMepiepi
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Ty3ineriHgiri gonenaenni. Makanana KenTipiireH HoTHKeIep OOWBIHIIA ToMUIponmwieHpyMapar neH akpuil
KBILIKBUTBI HETi31HIETi COMOIMMEpNIEpIiH OapiblK KOCBUIBICTaphl (DHU3UKA-XMMUSUIBIK KacHeTTepaAl Oackapy
MYMKIHAITH KepceTei Aen aiiTyra 6oxansl. by e3 ke3erinae anasH ana GepinreH OaraapiaaMa TopTiOi Ooi-
BIHIIIA YKaHA MaTepUAIIap/Ibl )KacayFa MYMKIHAIK Oepe/ii. AKPHJI KbILIKBUIBIH TOIHIpOnuiIeHpyMapardranat-
TICH COMOJIMMEpIIeY Ke3iH/Ie KaHbIKIaraH oard(GUp MIaibIphl a3 peakUusUIbIK KaOiIeTTINIKIICH CUlTaTTaJFaH.

Kinm ce3dep: nomumnponmiendymapardTanar, akpul KbIIIKBUIEL, ONOBIIBIPAFBIMITHIK, TIOJIMKOHICH AL, Pa-
JUKaJbl CONOIMMEPIICHY, KUHETUKA, COIOIUMEPIICHY.

M.X. bypkees, .M. )Kymanazaposa, E.M. Taxx0aeB,
I''K. Kynaii6epren, C.b. Aykaauesa, 9.2K. XKakynOekoa

KoHncTanTsl 1 mapamMeTpbl paIuMKaJabHON CONMOTHMEPH3ANNHU
noJMnponuiIeHpymaparpranara ¢ aKpuJIoBOH KUCI0TOM

B crarbe BriepBrle nccnenoBana OMHapHas paguKaibHas COIOIMMEpHU3alis MOIHIponmIeHpyMapardTanara
C aKpUIJIOBOH KHCIIOTOH B pacTBOpE AMOKCAHA MPHU PA3IMIHBIX MOJIBHBIX COOTHOIIECHUSIX HCXOJHOH MOHOMEP-
HOH cMecH. Peakiyell MOIMKOHIEGHCAIMN MOTy4YeHa HEHACBIIEHHas! Tonm3upHas cMona. CocTaB MOTydeH-
HOTO0 TTOJIMIponmIeHpyMapaTdTanaTa yCTaHaBINBAIN [0 JAHHBIM 3JIEMEHTHOT0 aHanu3a. McciaenoBaHHbIe Co-
MONUMEPHI IEPCIIEKTUBHBI IJIST AATHEHIIIEro n3ydeHns HX HaOyxXaromeil cmiocOOHOCTH, AaHTHOKCHAAHTHOH aK-
THBHOCTH, OHonerpagupyeMoii cnocobHoctu. McciaenoBana KuHeTHKa peakuuu cononuMepusanuu. Cocras
COTIOJIMMEPOB OIPE/ENICH C TIOMOIBI0 XPOMAaTO-MacCc-CIIeKTPOCKoNuy. [TapaMeTpsl paJuKaIbHOM COMONUMe-
pH3aIMU ¥ KOHCTAHThI PaCCUNTAaHBl HHTETpAILHEIM MeToioM Maiio-JIbronca. [Tapamerpsl Q-e paccuuTansl Ha
OCHOBaHMH KOHCTAHT COIIOJIMMepasaluy 1o ypaBHeHHto Andpes-Ilpaiica. beuto 1okazaHo, 4To HepacTBOPH-
MBIE TIOJIIMEPBI CeTYaTON CTPYKTYypBl BO BCEM HMHTEpBAaJe MCCIECIOBAHHBIX COOTHOIICHHI COMOHOMEPOB 00-
pasyiorcs npu pagukanbHoi conomumepuzaiuu n-11PdD ¢ AK. [lo npuBeaeHHBIM B cTaThe pe3yibTaTam
MO>KHO 3aKJIIOYHTh, YTO BCE COSIMHEHUS COMOIMMEPOB Ha OCHOBE MOJIUIponmiIeHpyMapaTdranara 1 akpuio-
BOH KHCIIOTHI I€MOHCTPHPYIOT BO3MOXKHOCTHU YIIPABICHUSI (PH3UKO-XUMHIECKHMH CBOMCTBAaMH. JTO, B CBOIO
odepe/ib, HO3BOJIUT CO3JaTh HOBBIC MaTepHallbl C 3apaHee 3aJaHHOW NPOrpaMMOii MOBeAeHUs. Y CTAHOBIICHO,
YTO IIPU CONOJIMMEPH3AlMH MOJHIPOIIIICHpyMapaT(Taiara ¢ akpHIOBOH KHCIOTON HEHACHIIICHHAs OJH-
a(upHas cMOJIa XapaKTepU3yeTCs MEHbIIEH PeaKIMOHHON CIIOCOOHOCTBIO.

Knrouesvie crosa: nonunponuineHpymapardraiar, OuoperpagupyeMocTb, akpHIoBask KUCIOTa, MOJTHKOHICH-
cauysi, paauKanbHas COMOIMMEPU3aIHs, KHHETHKA, COMOTUMEPH3alHs.
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Study of acid properties of new polymeric complexes of maleic
acid polymethylvinyl ether cross-linked by polypropylene glycol

Dissociation course of polymethylvinyl ether of maleic acid cross-linked by polypropylene glycol (PMVE-MA
with PPG) was investigated using classical potentiometric titration and colloid titration. It is assumed, that in
the course of colloid titration monovalent counter-ions are replaced by the oppositely charged polycation, there-
fore it was determined the general concentration of anionic groups of hydrogel of polymethylvinyl ether of
maleic acid cross-linked by polypropylene glycol. The apparent constant of dissociation (pseudo constant of
dissociation) depends on the forming of the polyelectric complex but does not depend on the degree of disso-
ciation. While it is known that potentiometric titration are determined by the apparent constant of dissociation
that decreased simultaneously with the increase of the dissociation degree. Protons releasing from acid groups
of hydrogel of polymethylvinyl ether of maleic acid cross-linked by polypropylene glycol leads to the formation
of the complex with stronger cationic polyelectrolyte. Therefore, comparison of the results of potentiometric
and colloid titration makes it possible to take in the information about the interrelation of acid characteristics
of the surface of PMVE-MA with PPG and its functional properties. As a result we can define its application
area for creation of new high-efficient composite material.

Keywords: polyelectrolyte, colloid titration, potentiometric titration, dissociation, hydrogel.

Introduction

In recent decades hydrogels are widely used for producing the composite materials, filtering elements for
liquid and gaseous mediums, adsorbents used for cleaning the water from heavy and toxic metals and gathering
the oil and oil-product, carriers of nanoparticles of different nature [1]. Their application area depends on
physical and chemical compositions of polymers, and structural and acid-base surface characteristics of poly-
mers [2]. It is necessary know the protolytic properties of polymer surfaces, the origin and the number of active
cites for the determination the degree of adsorption activity and selectiveness of polymer materials. Inhomoge-
nuity and high degree of dispersion of these materials make it more difficult to control the surface adsorptive
and acid-base properties of polymer with the use of the method of surface analysis (the study of moistening
(wetting) phenomenon by the use of test liquids).

At the present day adsorptive-chemical method mainly used for the defining surface acidity of finely dis-
persed materials [3]. This method is practically not used for the study of polymer materials surface. Considering
that active sites of hydrogel surfaces are characterized with weak protolytic properties, it will be reasonable to
use methods of potentiometric and colloid titration in non-aqueous or mixed solvents in order to estimate their
guantity and values of pK (these methods are capable to strengthen donor-acceptor properties).

The article is devoted to the experimental evaluation of apparent constant of dissociation (pseudo constant
of dissociation) (pK) of hydrogel of PMVE-MA with PPG in water and aqueous organic media by the use of
potentiometric and colloid titration.

Experimental

Hydrogel of polymethylvinyl ether of maleic acid, cross-linked by polypropylene glycol (PMVE-MA
with PPG) was used as the object of the research:

OCH,4 OCHj,4
90 °C
—_—
o} 0 o o
O n n

OH OH
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Poly(methyl-vinyl-co-maleic acid) or polymethylvinyl ether of maleic acid (PMVE-MA) were obtained
by the hydrolysis of polymethylvinyl ether of maleic anhydride (PMVE-MAH). Process was performed on the
unit composed of round-bottomed flask (volume 100 ml) and backflow condenser. Initial mixture was prepared
from 0.65 g PMVE-MAH and 20 ml distilled water. Hydrolysis was carried out during 2 hours at 90 °C.
Aqgueuos solution of polypropylene glycol (PPG) was gradually added into obtained solution of polymethyl-
vinyl ether of maleic acid (PMVE-MA) up to obtaining the homogeneous mixture. Excess water was removed
by the use of rotary evaporator. Reaction mixture was solidified 24 hours at 80 °C. The gel of PMVE-MA with
PPG [4] was obtained as a result of the esterification reaction among polymethylvinyl ether of maleic acid and

polypropylene glycol:
OCHs

OCH,

CH
HO O\/‘q\ OH 80°C OH
(@] (0] n+ \|/{V m O/\r o
OH OH CHs, CH, HsC\l/val\]\o/\rCHs

CHz M
O OH
OCHj; n
Potentiometric titration of hydrogel of PMVE-MA with PPG was performed in water and agueous organic
media 0.05 M using the NaOH solution in the presence of 0.1 M NaCl accurate within 0.001 units of pH. The
titration was carried out using «I-160MI» ionomer with the function of push-button controlled mixing. The
temperature was kept constant at 22 °C. Ethyl alcohol and acetone were chosen as organic solvents for the
purpose of intensification of acidic sites. These solvents are characterized by the more distinctive basic prop-
erties than water and their acidity scale span is longer (ethanol 19.5; acetone 32.5) and consequently the dis-
criminating fineness (differentiating ability) is greater. Mixed solvent «water — ethyl alcohol» (70 % by ethanol
weight), «water — acetone» (70 % by acetone weight) is the most perspective solvent for the study the slightly
acidic properties of carbonaceous resin (carboxylic cation exchange resin).
Colloid titration of hydrogel of PMVE-MA with PPG 0.05 M was performed by the use of NaOH solution
in the 0.1 M NacCl presence.

The curves of potentiometric and colloid titration and the dependency of pKa on the degree of dissociation
a, for hydrogel of PMVE-MA with PPG were obtained.

(o] On

Results and Discussion
With the aim to study the process of dissociation of polymethylvinyl ester of maleic acid, linked with

polypropyleneglycole, we obtained the curves of potentiometric and colloid titration and dependence of pKa
on the degree of dissociation a, for hydrogel.

The dependency of the dissociation degree o, of hydrogel of PMVE-MA with PPG in neutral medium
(ay =0.96) on the polymer concentration c , are presented in Figure 1. The degree of weak acid dissociation

a, was defined according to the equation 1:

c,
0p = —"— 1)
C, +Chs
As can be seen in Figure 1, the dissociation level of the acid is decreased in presence of organic solvents,
which is confirmed with constant values of autoprotolysis of these solvents (ethanol, aceton), as well as with
values of dipole moment and dielectric capacity.
Dissociation of hydrogel of polymethylvinyl ester of maleic acid, linked with polypropyleneglycole, was
studied by method of potentiometric titration as well (Fig. 2, a, b and c).
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Figure 1. Dependence of dissociation level ap on polymer concentration c;

14 T T T T T T 7 14 T T T T T T T T T 18
el @ e 2] ® e
k14
104 —— Titration curve s 104 L1
—=— First-derivative curve %_ >
e 3 Lo &
T 8 = T g
o T T o 81 T
L3 <Q] -8 %
6 64 -6
L2
La
4+ L, 4+
2
2 T T T T T T T T T 0 2+ T T T T T T ¥ T T 0
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
0.05 M NaOH, mL 0.05 M NaOH, mL
30
14 T T T T T T 8
204 —— Second derivative curve C) i
12 H
c) .
10
—— Titration curve s %_
T —=— First-derivative curve R
= 81 r4
[}
-30 L3 <
0 2 4 6 8 10 12 14 61
0.05 M NaOH, mL A [?
i L1
2 T T T T T T 0
0 2 4 6 8 10 12 14

0.05 M NaOH, mL
a — water; b — water — ethyl alcohol; ¢ — water — acetone

Figure 2. Integral and differential curves of titration of hydrogel of PMVE-MA with PPG
in the presence of NaCl electrolyte, across different environments

According to the literature data water, acetone and ethanol have the following values of dipole moment
(1, D) and dielectric permeability (€) [5] (at 20 °C) (Table 1):

Table 1
Dipole moment and dielectric permeability
Solvent u, D €
Water 1.8 78.5
Ethanol 1.7 24.3
Acetone 2.7 20.7
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Figure 2a presents the titration curve of hydrogel of PMVE-MA with PPG, which functional groups are
entirely protonated by the solvent of sodium hydroxide in agueous media. As can be seen in Figure 2a, the
differential curve has poorly resolved jumps of titration. The same dependency was obtained for the titration
curves of hydrogel in water-ethanol mixtures (Fig. 2b). Replacing ethanol in the water-organic mixture to
acetone being the less polar solvent we obtain the titration curves (Fig. 2¢) that significantly differ, in the case
of using the most polar solvent jump of titration will be sharper.

Addition of organic solvents decreases the level of dissociation, and thus charge quantity of macromole-
cule is decreased as well, and its shape is changed to nodular one. Here is cumulative effect in increase of
availability of ionogenic groups and decrease of steric factor.

Observed indexes pH are graphically determined depending on neutralization degree ., , which has been

calculated according to the equation 2:

C al
aNZM, (2)

Cp

where ¢ is the concentration of added titrating solution, and €, is the concentration of polymer in func-

NaOH
tional groups equivalent.

Both types of concentration are adjusted taking into dilution procedure. Taking into the consideration the
simultaneous change of the titration curves and the decrease of ionic strength, it was assumed that there is the
influence of electrostatic interaction (Coulomb interaction) as it was noted by authors of the work [6].

The degree of dissociation o, was estimated according to the equation 3:

CH3O+_COH’

Cp

where o is the neutralization degree and C  is the total concentration of hydrogel of PMVE-MA with PPG

o =0yt

: 3)

in functional groups equivalent.
Concentration of hydroxonium ¢, . was obtained from measured pH. Concentration of hydroxide ¢ -
was estimated using this value from ionic product of water K, (K, =1.01x107** mol?/L? at 22 °C).

On the titration curves (Fig. 3) we can see the jumps corresponding to double-stage dissociation of hy-
drogel of PMVE-MA with PPG. The degree of dissociation a, increases along with growth of pH.

1.0 T T T T

Potentiometric titration
0.8 1 —— water

—— water-ethanol
—=— water-aceton

0.24

0.0

pH

Figure 3. Dependence pH on the neutralization degree an of hydrogel of PMVE-MA
with PPG in the presence of 0.1 M NaCl determined by the potentiometric titration

In Figures 4 and 5 experimental data of potentiometric titration of hydrogel of PMVE-MA with PPG were
presented as the functions of apparent constant of dissociation (pseudo constant of dissociation) pK on the degree
of dissociation a ;. They were calculated according to Henderson-Hasselbach equation (equation 4) at the values

of dissociation degree o, (0<a,<1) and according to Lifson-Katchalsky theory (equation 5).

pK = pH —log—20; 4)
l1-a,
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pK = pK+ApK(ap) , (5)

where K, — ionization constant of functional groups of the polymer, and ApK(a ) represents the contribu-
tion of electrostatic interaction (Coulomb interaction) of functional groups. It can be determined using the
integration of the area under the curve pK -f (o).

Figure 4. Curves of Henderson-Hasselbach for potentiometric titration of hydrogel PMVE-MA with PPG
in presence of electrolyte NaCl, in different media: a) water; b) water-ethyl alcohol; ¢) water-acetone

The apparent constant of dissociation (pseudo constant of dissociation) pK for hydrogel of PMVE-MA
with PPG depends on the degree of dissociation o, evaluated according to the data of potentiometric and
colloid titration (Fig. 5).
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Figure 5. Dependency pK on the degree of dissociation ap for hydrogel of PMVE-MA with
PPG in the presence of NaCl obtained by the potentiometric and colloid titration

Consequently, surface acid sites of hydrogel of PMVE-MA with PPG can identified as carboxylic groups.
This is confirmed by the results of IR-spectroscopy of hydrogel of PMVE-MA with PPG. In infra-red spectrum
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absorption bands have been found in the areas of 1712 cm™ and 1640 cm™. They are corresponding to valent
asymmetrical and symmetrical oscillations (vibrations) of carboxylic group C=0 [7].

The aim of the research was the definition of apparent constant of dissociation (pseudo constant of dis-
sociation) K* of hydrogel of PMVE-MA with PPG according to the experimental data of colloid titration. For
this purpose it was performed the computation according to equation system used for mathematical processing
of the titration curves of the monobasic weak acid (HA) by (NaOH) strong base. Using these equations we
determined the dissociation constant of weak acid according to mass action law (Guldberg and Waage’s Law
of Mass Action) (equation 6), ionic product of water (equation 7), condition of electrical neutrality (equation
8) and the expression for the mass balance (equation 9) [8, 9].

CyoC,.
K,= LT I S (6)
CHA
K,=C, o Cop ()
CH30*+CNa* :COH’ +CA’ ; (8)
C, +Cia =C,. 9)
After the transformation we obtain the cubic equation:
3 2
Cho TCho (C K+, (K, —¢ K, -K,)-KK, =0. (10)

As c_ . *>>K_ K, then the equation takes the following form:

HZ0
C o TK, € TK, ?
G =~ - —K, (. tC, )+ K, . (11)
Replacing ¢ | .=a-c, we obtain the dependence:
ayc,+K, aye ,+K, ?
Chor =~ N p2 +\/( N "2 J—Kacp(l—aN)+KW. (12)

The degree of dissociation o, for hydrogel of PMVE-MA with PPG and the apparent constant of disso-
ciation (pseudo constant of dissociation) K, dependingon C, and «, were estimated according to the equa-
tions 12 and 3 (Table 2).

Table 2
Value of pKa and n for hydrogel PMVE-MA with PPG at t = 25 °C in different media

Solvent pK’: n (equat. 4) pK,
Water 1.4+0.1 3.6301 1.8+0.1
Water — Ethyl alcohol 3.2+0.2 4.8092 3.4+0.1
Water — Acetone 2.3+£0.1 4.6443 2.5+0.2

Calculated values pK’:, pK, and n are represented in the Table 2. As can be seen, obtained results
comply with each other well.

Conclusions

Dissociation indexes of the hydrohel of PMVE-MA with PPG were determined by the potentiometric
titration in water and water-organic medium. Index of apparent constant of dissociation (pseudo constant of
dissociation) pK depends on the change of dissociation degree o, for the studied polymer. It was necessary
to extrapolate pK and o ;=0 for the purpose of determination of pK,.

Contrary to data of potentiometric titration, the apparent constant of dissociation (pseudo constant of
dissociation) pK* was determined by the use of colloid titration with the oppositely charged polycation is
essentially independent of the degree of dissociationa . In the case of the hydrohel of PMVE-MA with PPG
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the results of colloid titration do not point on the presence of two different ionized groups. This is explained
by the fact that in the process of titration the monovalent counter-ion entirely replaced into polycation. There-
fore we can measure the general concentration of polyacids anionic groups in hydrogel. Using the dissociation
constants determined by the colloid titration, it becomes possible to determine the degree of dissociation and
properly the charge of hydrogel of PMVE-MA with PPG for the wide spectrum of concentrations and neutral-
ization degree in the case if there will be the oppositely charged macromolecules or surfaces in them. This has
importance for the practical use of hydrogels if there is the replacement of counter-ions (for example, in ad-
sorption process).
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A XK. CapcenbexoBa, A.U. Xanmurosa, T.E. Knumoga, T.O. Xamurtosa,
I' K. Kynaitbepren, 1.B. ®urypunene, A.T. Menemosa, P.K. Cotuenko

IMoMnponmjiIeHrJINKOJbMEH TirVireH, MajJeMH KbIIIKbIIBIHbIH MOJMMeTHJIBHHUIII
3¢ upiHiH )KaHA MOJUMEPJIK KelleHAePiHiH KbIIKbLUIIBIK KACHETTEPIH 3epTTey

TlomumponuIeHr TMKOIBMEH TIiTUIreH, MaJIeWH KBIIIKBUIBIHBIH noauMeTraBuHmI 3¢upiniy (IIT-men [IMBD-
MK)) nucconnanusiChIHBIH 6aphIChl MbIHAIAN ICTEPMEH 3€PTTEINi: KITACCHKAIBIK TOTCHIIHOMETPHSUIBIK THTP-
JIey JKOHE KOJUTOMATHIK TUTpIey. Kommonars! Tutpiey OapbIchiHAa OipBaNCHTTI Kepi HOHIAP KapChl 3apaaTai-
FaH MOJMKATHOHMEH aybICTBIPBUI/BI, OChUIAMIIA MOJUMPOMHICHIIMKOIBMEH TITUITCH MaJICHH KBINIKBITBIHBIH
MOJMMETHIIBHHII 3(QUPIHIH HETi3iHAErT THIPOTENiHIH aHHOHIBIK TONTAPBIHBIH JKAIBl KOHICHTPALUSICHI
AHBIKTAIIBL JIMCCOIMANIMSHBIH KOPIHETIH KOHCTAHTACKI OYJI pETTE TONMMUAIICKTPIIIK KEIICHHIH KalbINTacyblHa
GaitnaHbICTHI 00JTabL, ANlaliaa qUCConManys A9pexecine OainaHbICTh eMec. by opaiina moTeHINOMETPHUSIIBIK
TUTPJICY AUCCOIMAINS JCHTeHiHIH 6CcyiMeH 0ip Me3Tiiie a3aliThUIATHIH AUCCOIMAIMSIHBIH KOPIHETIH KOHCTaH-
TachlH aHBIKTayFa OOJIaThIHEI Oenrii. [ToMUIPOMUICHITIMKOIBMEH TIiTLITeH, MAICHH KBIIIKBUIBIHBIH TOJIAME-
TWJIBUHII d(QUPIHIH KBIIKBUIB HETI3iHACT1 THAPOTENbIiH KBIIKBUIABIK TONTApbIHAH MPOTOHIAAPABI OocaTy
KaTThI KATHOH/IBI TIOJIMAJIEKTPOIIUTI Oap KEIIeH 11 KaJbIITACThIPYFa ajbln Kenai. Ochuiaiiiia, TOTeHIIHOMETPHS-
JIBIK JKOHE KOJUTOMATHIK THTpJey HaTmxkenepid canbictoipy [III-Men Tirinren [IMB3-MK 6errepiHin Kbimi-
KBUIABIK CHIIATTaMaJIapbIHBIH )KOHE OHBIH (DYHKIIMOHAJIBIK KACHETTepiMeH e3apa OaillaHbIChI Typasibl aKmnapar
anyra MYMKiHIIK Gepeni. OCBIHBIH apKachIHa XaHa, THIMJLIIN OFapbl KOMIO3HLMSIIBIK MaTepuaiapbl
)Kacay MaKCaThIH/Ia OHbI KOJIJJaHy aiiMarblH aHbIKTAay MYMKIH/IIT1 allbUIIbI.

Kinm 6930617.' TIOJINBJICKTPOJINT, KOJIHOI/I,IITi TUTPJICY, MOTCHIUUOMETPUAIIBIK TUTPJICY, AUCCOLIMAlNA, THUAPO-
TCllb.
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A. XK. CapcenbekoBa, A.W. Xamurosa, T.E. Kimumoga, T.O. Xamutosa,
I'.K. Kynait6epren, 1.B. ®urypunene, A.T. Menemona, P.K. Coruenko

I/ICCJ'ICIIOBaHI/Ie KHCJOTHBIX CBOMCTB HOBBIX MNOJIUMEPHBIX
KOMIIJICEKCOB IMMOJIHUMETHJIBHHHJIOBOI0 3(])npa MaJIEHHOBOM KHCJI0THI,
CIIUTOIO MOJUIIPOMUAIICHTTUKOJIEM

XoJ TUcCoIMayy MOJUMETHIIBHHIIIOBOTO 3(hrpa MaJeHHOBON KUCIIOTHI, CITMTOTO TIOJIHUIIPONMICHITIHKOIEM
(IIMBS-MK c II1I"), 651 nCccefoBaH METOAAMH KJIACCHIECKOTO TIOTEHIIMOMETPHYECKOT0 THTPOBAHHUS U KOJI-
JIOUAHOTO TUTpoBaHus. [IpennonoxeHo, 4To B X01¢ KOJUIOMIHOTO TUTPOBAHUS OJHOBAJICHTHBIE IPOTUBOUOHBI
3aMEHSIOTCSI TPOTUBOTIOIOKHO 3apsKEHHBIM MOTUKAaTHOHOM, TAKUM 00pa3oM, onpeaenseTcs: o0mmas KOHLEeH-
TpaIysl aHHOHHBIX TPYII THAPOTes MOJHMMETMIBHHIIOBOTO 3(Hpa MaTeHHOBON KHCIOTHI, CITUTOTO IOJH-
npommieHrukoaeM. Kaxymascss kOHCTaHTa JUCCOILMAIMH TIPH 3TOM 3aBHCHT OT (POPMUPOBAHUS MONUIIIEK-
TPUYECKOTO KOMILIEKCa, HO HE CBsI3aHa CO CTENEeHbI0 Aucconnanuy. Kak M3BeCTHO, MOTEHIIMOMETPUIECKUM
TUTPOBAHUEM OIPEIEIIOT KaXYIIyHCd KOHCTAHTy NUCCOLUALUU, KOTOpas yMEHbIIAETCsl OAHOBPEMEHHO C
POCTOM CTENEHH IUCCOIMANK. BrIcBOOOKIeHHEe IPOTOHOB U3 KUCIOTHBIX I'PYII THAPOTENs TOJHMMETHIIBH-
HHUJIOBOTO 3(Hpa MAaJCHMHOBOH KHCIOTHI, CIIUTOTO IOJIMIIPONMICHITIMKOIEM, MIPUBOANT K (HOPMHUPOBAHUIO
KOMIIIeKca ¢ 0oJee CHIIbHBIM KaTHOHHBIM MOJIHAIEeKTposuToM. ClleoBaTeNbHO, CPABHEHNE PE3YIIbTaTOB MO-
TEHIHOMETPHUYECKOTO U KOJUIOMIHOTO TUTPOBAHUS IO3BOJISET MOMYYaTh HHYOPMAIIMIO O B3aHMOCBSI3H KHC-
JOTHBIX XapakrepucTuk nosepxHoctu [IMBD-MK c II1I" u ero ¢pyHKunoHansHeIME cBOWCcTBaMuU. briaronaps
3TOMY OTKPBIBA€TCS BO3MOXKHOCTh OIpeeTeHHs 00IacTH ero NPIMEHEHHUS AT CO3JaHuUsI HOBBIX BBICOKOA(D-
(heKTUBHBIX KOMITO3UIIMOHHBIX MaTEPHAIIOB.

Knrouesvie cnosa. TIOJIUBJIEKTPOJIMT, KOJUIOUAHOC TUTPOBAHUE, IOTCHIIUOMETPHUICCKOEC TUTPOBAHUE, NUCCOLIU-
anys, ruporeiib.
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Change in the heat of D-glucose dissolution in water
exposed to electromagnetic field

The article is devoted to the study of the influence of weak electromagnetic fields of 90, 110 and 170 MHz
frequency on water properties. The calorimetric measurement of the integral heat of dissolution of non-electro-
lyte (a-D-glucose) was chosen as an indirect method to study the change in water properties. The heat of a-D-
glucose dissolution was measured in relation to field frequency for the first time. The results of calorimetric
measurements of the thermal effects of the carbohydrate dissolution in field-exposed water compared with
unirradiated are presented. The measurements were carried out with a Beckman thermometer. The dependence
of the relative heat of a-D-glucose dissolution on time after field exposure was established. A cumulative char-
acter takes place for the 90 MHz and 110 MHz frequencies. That is reflected in the gradual increase of endoef-
fect. The dependence has a maximum on the third day in the case of 170 MHz. A sharp change in the heat of
dissolution was observed within three days for the 90 MHz and 110 MHz frequencies. Further a weak time
dependence is registered after twenty days. In general, there is an increase in the endothermicity of the a-D-
glucose dissolution process. The assumption has been made that the hydration heat of a carbohydrate molecule
in field-exposed water reduces due to the increased intermolecular interactions between water particles and
weakened interactions between water particles and carbohydrate molecules.

Keywords: electromagnetic field, glucose, heat of dissolution, calorimetry, hydration, thermodynamics, carbo-
hydrate solutions, frequency.

Introduction

Interest in the impact of weak physical fields on different objects is increasing every year. This is primar-
ily due to the fact that the density of such fields of artificial origin grows, covering the region of ever higher
frequencies for communication and navigation and increasing the density of broadcasting on the previously
used ranges. In this regard, it is interesting to study the problems of efficiency and effectiveness of field impact
in various processes. Water and aqueous solutions is one of the common objects of influence. It is known that
fields influence the properties of water and aqueous solutions. These effects are explained by a change in the
energy of water molecules interaction in a liquid state, i.e. the change in the hydrogen bond energy. Earlier a
method to quantify the change in the energy of hydrogen bonds due to the influence of a magnetic field by
calorimetric estimation of the heat of solids dissolution was proposed [1].

Internal energy dU and enthalpy dH are the thermodynamic functions that describe intermolecular inter-
actions. They are related by the equation dH = dU + pdV. The volume change is minimal within solution
formation process, therefore the equality of internal energy and enthalpy can be assumed. The enthalpy of
dissolution (or the thermal effect of dissolution at constant pressure) can be determined experimentally by the
calorimetric method.

Previously, experiments have been conducted to measure the thermal effects of salt dissolution. Starting
from the fundamental works of Klassen [2] it was shown that the heat of salts dissolution in magnetized and
normal water is noticeably different. In an article [3], it was found that the thermal effect of dissolution for
potassium chloride during water magnetization within eight hours changes by 25 %. The results on the change
in the thermodynamic properties of crystalline hydrates grown from solutions exposed to low-power high-
frequency (HF) electromagnetic fields in the range of 30-200 MHz are no less interesting [4]. The presented
data shows a multidirectional effect depending on the field frequency. The explanation is based on the assump-
tion of structural reorganization of water and water clusters and changes in the degree of ion hydration, which
is also confirmed by experimental data on the measurement of the electrical conductivity of salt solutions in
field-affected water [5].

However, a small number of experiments with the dissolution of non-electrolytes in field-exposed water
are known to date. Thermal effects of propanol-1 — water mixing are presented in [6]. When using water
exposed to a high-frequency electromagnetic field, the heats of mixing noticeably change both towards the
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increase of thermal effect and towards its decrease depending on the field frequency. The changes in the heat
of mixing are also dependent on the exposure time and the initial temperature. The authors assume that the
observed phenomena occur due to the changes in the energy of interaction of propanol molecules with a struc-
turally reorganized solvent.

In the above studies, we measured either the heat of mixing of two liquids or the heat of dissolution
(dehydration) of inorganic salts. To supplement the experimental data, it is of interest to study the dependence
of the dissolution enthalpy of a non-electrolyte solid in treated water on the frequency of high-frequency (HF)
field.

Natural monosaccharides such as glucose are unique on their properties. Having a chiral atom in its struc-
ture and exhibiting optical activity, these molecules are characterized by high hydration capacity due to the
presence of a large number of hydroxyl groups. There are other unique properties that ensure the cycle opening
in agueous solution and the conformational transformation of molecules of these carbohydrates [7]. The inter-
est in the thermodynamics of carbohydrates aqueous solutions has not only exhausted, but has increased even
more. One of the reasons is the fact that carbohydrate aqueous solutions serve as a good model of solvation
interactions [8].

Carbohydrate molecules are bifunctional in relation to their hydration capacity. Hydration includes a spe-
cific hydrophilic hydration through the formation of hydrogen bonds between hydroxyl carbohydrate groups
and water particles, as well as a specific hydrophobic hydration through intermolecular interactions between
CH- and CHy- carbohydrate groups and water particles [8].

Application of molecular dynamics methods to aqueous solutions of B-D-glucose made it possible to
model the structure of hydrogen bonds. Calculations showed that the hydrogen-bond network differs little from
the network in the crystal structure [9]. It is assumed that when considering the interaction of water with car-
bohydrate molecules, it is necessary to take into account the complementarity of the geometry of the location
of hydroxyl groups and the structural matrix of the solvent [8]. Franks [10, 11] first studied the problem of
stereospecific hydration of carbohydrates. The specificity of hydration is determined by the ratio of the number
of axial and equatorial hydroxyl groups with a preferred hydration of the latter [12]. According to Franks,
hydration is ensured by a good agreement between the geometry of the equatorial OH-groups and the water
matrix. The distance between the oxygen atoms in equatorial hydroxyls is 0.485 nm, which lies in the region
of the second maximum of the radial function of water distribution (0.49 nm). This fact suggests that the
carbohydrate molecule is embedded in the structure of the hydrogen bonds of the solvent [8]. It follows that
when glucose dissolves, the dynamic structure of hydrogen bonds is perturbed and recovered, with some water
particles being replaced by glucose molecules. In [13] it was assumed that after the dissolution of the carbo-
hydrate the hydrogen-bond network is structured.

Given the above, the research was aimed at the study of changes in the heat of glucose dissolution in
water exposed to high-frequency electromagnetic field of certain frequencies.

Experimental

To estimate the changes in the intermolecular interactions of glucose and field-exposed water, we used
the literature data on the integral heats of dissolution. According to these data, the thermodynamic character-
istics of a-D-glucose dissolution in water at 298.15 K are as follows:

AH”=11.028 + 0.017 kJ/mol — integral heat of dissolution at infinite dilution;

TAS = 18.1 kJ/mol — entropy factor;

AGP®= 7.1 + 0.5 kJ/mol — change in Gibbs dissolution energy.

The integral heat of a-D-glucose monohydrate dissolution at infinite dilution is 19 kd/mol [8].

The frequencies of the electromagnetic field of 90, 110 and 170 MHz were chosen as the most effective,
based on previous studies in the field of water systems [15].

The G4-119A high-frequency generator was used to exert a field effect on water. A sample of deionized
water was placed in an axial-type cell, the design of which is described in [15]. The cell was connected to a
generator, which was used to set a certain frequency of HF field. The field exposure with a certain frequency
lasted continuously for two hours. At the end of the field exposure, the water sample was either used immedi-
ately or placed in an airtight container and used at different time intervals after the field action. The measure-
ments were carried out on a calorimetric setup, the scheme of which is shown in Figure 1.
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1 — stirrer; 2 — hole for introducing a soluble substance; 3 — lid; 4 — inner coating;
5 — stirrer fixing; 6 — motor; 7 — Beckman thermometer; 8 — outer coating

Figure 1. Scheme of calorimetric setup

For calorimetric measurements, we weighed 2.000 g of a-D-glucose monohydrate accurate to 0.001 g
and placed the sample in a control tube, afterwards the tube was weighed. A pipette was used to measure
100 ml of water, which was poured into a 400 ml porcelain beaker, which was then put into a calorimeter.
Thereupon, we placed a tube with glucose and a Beckman metastatic thermometer through a hole 2. The con-
trol tube was kept in a calorimeter until a uniform variation of temperature over time was established. When
the range of readings became uniform, we quickly emptied glucose out of the control tube through hole 2.
After the start of the main period, the thermometer readings were recorded every 30 seconds. We completed
the measurement when a uniform variation of temperature was established. The control tube was weighed, and
the specified mass of dissolved glucose was calculated. The temperature drop corrected for heat exchange was
found using the graphical method. A similar experiment was carried out with field-exposed water. Each ex-
periment was repeated twice. The relative change in the dissolution enthalpy was calculated by the formula:

AHr:M-loo%, 1)
AH,
AH, = %- 100%,where AH is the relative change in the heat of dissolution, %; AHe is the heat of dis-

solution in field-exposed water, kJ/mol; AH. is the heat of dissolution in the control experiment (without
field exposure), kJ/mol.
According to formulas 1-3, the data were reduced to the same mass of glucose sample:

M =C-AT, (2)
9
By subtracting (1) from (2), dividing the difference by (1) and performing the simplest transformations,
we obtained:
AH, —AH. _m-AT, —m,, -AT 3)
AH, m,, - AT, ’
where m¢ is the mass of glucose in the control experiment; me is the mass of glucose in the experiment with
field exposure; C is the calorimeter constant, J/K; AT. — temperature change during dissolution in the control
experiment K; ATex — temperature change during dissolution in the experiment with field exposure; Mg is the
molar mass of glucose monohydrate, g/mol.
Thus, there is no need to determine the calorimeter constant for each experiment, if we compare the heats
of dissolution under control.
The heat of glucose dissolution was measured immediately after field action (0 days), on days 3, 11, and
21. We also used two water samples subjected to field effect 60 days ago (110 and 170 MHz) and 133 days
ago (90 MHz).

Results and Discussion

Obtained dependences of heat of glucose dissolution on time of water exposure (90, 110 and 170 MHz)
are presented in Figures 2—4.
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Figure 2. Dependence of heat of glucose dissolution on time of water exposure. Frequency of field exposure — 90 MHz
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Figure 3. Dependence of heat of glucose dissolution on time of water exposure. Frequency of field exposure — 110 MHz

In all cases the dependence of the field effect on the time of water exposure is clearly observed. The heat
of dissolution measured immediately after the field effect does not differ from the control one. For each of the
frequencies, a sudden change in the heat of dissolution takes place on the third day after the exposure. The
time dependence of the effect for the frequencies of 90 MHz and 110 MHz is similar: after the third week a
«saturation» of the effect is observed, i.e. it becomes time-independent. For the 170 MHz frequency, there is
an extreme dependence; the maximum is reached on the third day. Experimental data correlate with other data
given in [14], which reports an increase in field effect during the week.
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Figure 4 Dependence of heat of glucose dissolution on time of water exposure. Frequency of field exposure — 170 MHz
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The solubility enthalpy can be represented as the sum of two opposite in sign components:

AHOdissoI = AHOceII + AHOhydrat, (4)
where AH%isso1 is the dissolution enthalpy; AH % is the enthalpy of the crystal lattice of glucose (> 0); AH %yqrat
is the hydration enthalpy (<0).

As can be seen from the literature data [8], the heat of a-D-glucose dissolution is positive. It means that
the energy of the crystal lattice prevails over the energy of hydration. The enthalpy of the crystal lattice can be
considered constant in all calorimetric experiments, since only water was exposed to the field. Although we
used the monohydrate, the heat of hydration cannot be considered equal to zero. An additional intermolecular
interaction between water and glucose may occur.

In all cases (except for the first point in Figure 2), a change in the thermal effect towards endothermic
values is observed. Based on Franks’ assumption that a carbohydrate molecule is embedded in the solvent
hydrogen bond network, we can assume an increase in the interactions of homogeneous particles: water —
water and carbohydrate — carbohydrate. Additional hydration of the monohydrate occurs either to a lesser
extent in the field-exposed water, or does not occur at all, or dehydration occurs. This correlates with a change
in the heat value in a positive direction, i.e. the predominance of the energy of the crystal lattice over the energy
of hydration.

Taking into account the existence of short-lived water molecules associates (clusters), formed by hydro-
gen bonds, we can assume that the HF field shifts the equilibrium:

(HzO)n — H,O + (HzO)n71<—> H,O + (HzO)nfz

which is characterized by the equilibrium constants K; and K.

The values of the constants depend on the strength of interaction of the water molecule with the collective
aggregate, which, in turn, essentially depends on the number of particles in the aggregate and the perfection of
its structure. If, based on the data of some researchers [16, 17], we consider the energy of separation of water
molecule from the n > 10 aggregate, about 30 kJ/mol and take the size of an aggregate of hundreds or thousands
of water molecules, then the values of K; and K; will differ slightly. Despite the fact that clusters exist for a
very short time (a few picoseconds) due to heat motion, they may be formed again. Under this assumption, the
time dependence can be explained by the time it takes to reach a new equilibrium between different particles
in water. Based on the Figures 2—4, it is possible to conclude that the time to reach equilibrium in the case of
frequencies of 90 MHz and 110 MHz is approximately three weeks. At 170 MHz frequency, an unstable equi-
librium occurs on the third day, which, for reasons unknown so far, relaxes to the original.

Conclusion

Summarizing all the above mentioned it is possible to come to the following conclusion:

1. Preliminary field effect on water with frequencies of 90, 110 and 170 MHz increases the endothermic-
ity of a-D-glucose dissolution;

2. For 90 and 110 MHz frequencies a cumulative time effect is observed, with «saturation» after 21 days.
For 170 MHz frequency the maximum effect occurs on the third day;

3. It has been suggested that the interaction of water-water particles increases as a result of the field effect
on the solvent that explains the decrease in the enthalpy of carbohydrate hydration;

4. For the first time, it was found that the field effect depends on water exposure time after the field action.
The maximum effect for different frequencies is observed under different exposure time.
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B.II. HlunyHos., A.B. Psa0bix

JJIEKTPOMArHHUTTIK Opic HITHKeCiHae cyaa
D-riaoko3aHbIH epireH sKbL1y dcepiHiH o3repyi

Makana cyapiH Kacuerrepine apHanrad (90, 110 sxone 170 MI') meraprepiepAiH dJici3 3J1eKTPOMAarHUTTIK
OpICTEpiHIH dCEpiH 3epTTeyre apHAIFaH. DIEKTPOIHT eMec, o-D-Tmoko3aHbl epiTyAiH HHTETPaABIK KbLTYBI-
HBIH KaJOPHMETPUSUIBIK OJIIIeMi CYABIH KAacHETTEPiH e3repTyliH jkaHaMa ofici peTiHAe TaHIajFaH.
A-D-rnroxo3aHbIH epITIHIICIHIH KBUTYBIH OJIIIeY OipiHIII peT epic XKHUUIriHiH (YHKIUACH PETiHAE OJIICHII.
BexMaHHBIH TepMOMETpPIMEH CalbICTHIPYFa KEIMEIeH, epicTeri cyaa KeMipcyldapAblH €piTiHAICIHIH KbLTY
ocepliepiH  KaJIOPUMCETPUKAIBIK ~OJIIeY HOTIbKeNepi KenTipinren. Jlama ocepiHeH KeHiHTiI yaKbITKa
0-D-riroK03aHbI epiTYiH CATBICTHIPMAITIBI XKBUTY TOYESIAUTITT aHbIKTaIael. 90 M1 skoHe 110 MI1 sxuiniktep
YIIIH KyMYJISTHBTIK cunat 6ap, an 170 MI'n GonraH sxaFiaiaa ToyeaailiKTiH YINiHII KYHi €H )KOFapbl MOHTe
ne. 90 MI' sxone 110 MI' skuinmikTep YIIiH YII KYH iIlIiHZAE epireH XbUIyABIH KYPT e3repyi Oaifkaisl,
COJIaH KeUiH )KUBIPMACHIHIIBI KYHHEH KeHiH yaKbITKa TOyeIuTiK a3 6omanbl. XKammsl, o-D-roroxo3ansr epity
MPOIIECIHIH SHAOTEPMHSIIBIKTHIFEI aHBIKTAIABL. CyFa ocep eTeTiH CyIarbl KoMipcylap MOJEKYIaChbIHBIH THI-
paTTaybIHBIH KBUTY Cy OOJIIEKTEPiHIH apalblK MOJEKYISPIBIK 03apa OpeKeTTeCyi KoHe Cy OenmiekTepiMeH
KeMipcyiap MOJIEKyJIalaphl apachlHIaFbl ©3apa dPEeKeTTEPAiH dJCipeyi calmapblHaH a3asabl Aen OohKaHya.

Kinm ce30ep: sneKTpOMAarHUTTIK Opic, TIII0K03a, epireH KbITy, KAIOPUMETPHsl, bUIFAIIIAY, TEPMOANHAMHUKA,
KOMIpCyJIapIbIH epiTiHainepi, KULUTIT.

B.I1. Illunynos, A.B. Psa6bix

N3meHenne Tennosoro 3¢gexra pacrpopeHus D-rioko3nl
B BO/i¢ B pe3yJibTaTe JeHCTBHSA JIEKTPOMATHUTHOIO MOJIS

CraThsl MOCBSIIIEHA UCCIIEOBAHHIO BIMSHUS CIA0BIX 3JIEKTPOMAarHUTHBIX MOJIEH MerareproBOro Auamna3oHa
(90, 110 u 170 MI'm) Ha cBo¥icTBa BOoMIBL. B KauecTBe KOCBEHHOTO METO/1a M3YUEHHSI I3MEHEHHUS CBOHCTB BOJIBI
ObUIO BBHIOPAHO KAJOPHUMETPHUECKOE M3MEPEHHE WHTETPAIBHONM TEIUIOTHI PAacTBOPEHMS HEXIEKTPOINTA —
o-D-rimroko3s1. BiepBble npon3BeaeHO U3MepEeHUEe TEIUIOThI PAaCTBOPEHHs o-D-TIIt0K03bI B 3aBUCUMOCTH OT 4a-
CTOTHI 3JIEKTPOMAarHUTHOTO HOJIs, KOTOPOE BO3JeiicTBOBaNO Ha Boy. [IpuBenieHb! pe3yapTaThl KalopuMeTpu-
YECKHX M3MEPEHH TeIOBbIX 3()(EKTOB PaCTBOPEHHS YIIIEBOJAA B BOAE, MOABEPIIICHCS MOJICBOMY BO3JCH-
CTBHIO, TI0 CPAaBHEHHIO ¢ HE0OIyueHHOH. V3MepeHus npoBOAMINCH ¢ TOMOIIbI0 TepMoMmeTpa bekmana. Yera-
HOBJICHA 3aBICHMOCTb OTHOCUTENIHFHOH TETIOTHl pacTBOPEHHMS 0-D-TTIoK035I 0T BpeMeHH IOCTIe MOJIEBOT0 BO3-
nericrBud. [ yactot 90 u 110 MI' uMeeT MecTO HAKOMUTENbHBINH XapakTep, YTO BhIPAKaeTcsl B OCTEIEH-
HOM yBenmdeHnn SH103¢dexTa, a B crydae 170 MI'm 3aBHCHMOCTS BO3HHKAeT MaKCHUMyM Ha TPETHH CYTKH.
Juis gactor 90 u 110 MI'n Habnromaercst pe3koe W3MEHEHUE TEIUIOTHI paCTBOPEHHS B TCUCHUE TIEPBBIX TPEX
CYTOK, 3aTeM, [OCJIe ABA/IATHIX CYTOK, IPOCIekKHUBaeTcs ciiabas 3aBUCMMOCTh OT BpeMeHu. B 1ieiiom, Habumo-
JIaeTCsl yBENWYEHHE SHAOTEPMUYHOCTH Ipollecca pacTBOPEeHUs «-D-Iioko3sl B pesyibTaTe IOJIEBOIO
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BO31eicTBuUs Ha Body. Habmronaembie 3(eKThl OOBSICHSIIOTCS HA OCHOBE HPEIIOI0KEHNS 00 YMEHbIICHUN
TEIUIOTHI TH/IPATAUK MOJIEKYJIbl YIJIEBO/A B BOJIE, TOJBEPTIICHCS MOJICBOMY BO3JICHCTBHIO, BCIEICTBHE YCHU-
JICHUS MEXMOJICKYJISIPHBIX B3aHMOJCHCTBHI MEX/y YaCTHULIAMH BOJIBI U OCJIA0JICHUS B3aUMOICHCTBHIT MeXITy
YacTHI[AMH BOJBI X MOJIEKYJIaMH YTIICBOJA.

Knroueswvie cnosa: OJICKTPOMArHuTHOE II0JIC, IJII0OKO3a, TEIJIOTa PaCTBOPCHUSA, KaJIOPpUMETPU, TUApATaAlluA,
TEpMOJUHAMUKaA, paCTBOPLI YIJICBOJOB, 4YaCTOTa.
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Relationship of associated clusters degree with metal
ionization according to the cluster-associate model

This article deals with a cluster-associate model of kinematic viscosity of liquid metals. This model was derived
from the concept of chaotized particles. According to the proposed model, the authors calculated average values
clusters association degree contained in liquid metal. 28 metals of the second — sixth periods of D.I. Mende-
leyev element table were studied for calculation. The authors compare the first potential of metal ionization
with the obtained values of clusters association degree. This comparison showed a regular change in clusters
association degree closely connected with the change in the first ionization potential. In combination with the
Fraenkel equation, an approximate equation was obtained to calculate activation energy. The obtained equation
for the cluster-associate pattern of viscosity temperature dependence is used in calculating the activation energy
of viscous melt flow for twenty-eight metals. The obtained results on activation energy were compared to ex-
perimental data. This comparison showed that the activation energy data obtained from the proposed model is
described better by the approximating dependence. Tables and figures are given in the work for visual confir-
mation of the obtained results. Thus, in the process of comparing the first potential of metal ionization for all
periods of D.l. Mendeleyev element system with clusters association degree, their regular connection was re-
vealed. This connection makes it possible to assert the functional aspect of the cluster-associate pattern.

Keywords: viscosity, chaotized particles, degree of cluster association, cluster-associate pattern, liquid metals,
activation energy, crystal mobile particles, ionization potential, modified Fraenkel equation.

Introduction

In 2008 in the Chemical and Metallurgical Institute named after Zh. Abishev doctors of technical sciences
V.P. Malyshev and A.M. Turdukozhayeva developed a concept of chaotized particles based on Boltzmann
distribution. According to the concept, three aggregate states of the substance are considered from a single
point of view by its structure less component. In all cases, particles which differ only in the energy magnitude
of chaotic motion are considered. According to the concept of chaotized particles in each of the three aggregate
states there are crystal mobile, liquid mobile and vapor mobile particles. However with the temperature rise

and overcoming of various chaotization energy barriers, the proportion of these particles changes.

90

The proportion of these particles is calculated according to the equations

Pm=1-exp(-T,/T)

P, =exp(-T,/T)
Ran =1~ Py =Py —€XP(=T,, /T ) —exp(-T, /T).

Igm — crm
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Here P, is the proportion of crystal mobile particles; P, is the proportion of vapor mobile particles;
Rgn is the proportion of liquid mobile particles; 77— temperature; Tr, — melting temperature, T, — boiling

temperature.

Earlier in the work [1] three models were proposed with the consideration of different content of crystal
mobile, liquid mobile and vapor mobile particles. But the need to test each of the three viscosity models and
to choose the most adequate brings some elements of uncertainty in the design method of such a dependence,
in addition complicating the data processing procedure. This led us to develop a single cluster-associate model

v=v,(T./T)". (1)

According to the concept of chaotized particles, a cluster is a probabilistic form of the existence of various
low-energy complexes from crystal mobile particles. Calculations of clusters proportion and quantity for a
mole of substance at the melting and boiling point have shown that the concept of chaotized particles allows
to quantify the formation of clusters with their distribution by the number of particles in the liquid at any
temperature.

In the same work [1], the model validity (1) to the calculation of liquid metals viscosity was shown. It has
been shown that the model (1) for many metals most adequately describes the temperature dependence of
viscosity and can be used to calculate the viscosity at high temperatures without the performance of experi-
ment. For many metals equations for viscosity were derived.

Experimental

In the work [2] three models (taking into account crystal mobile, liquid mobile and vapor mobile particles)
of kinematic viscosity of metals were compared with their ionization potentials for all periods of D.l. Mende-
leyev element system, analysis of which revealed regular connection of values of this potential with model
numbers ranked by increase of temperature influence on viscosity. In this work we will compare cluster-asso-
ciate pattern (1) by the degree of clusters association with the first ionization potential of the considered metals
for all periods of D.l. Mendeleyev element system.

This comparison is shown in Table 1 and Figure 1.

Table 1

Comparison of the first ionization potentials of the metal with the degree of cluster association

Period | Me | Valenceshell | 11,eV | a Period | Me | Valenceshell | I1,eV | a
) Li 2st 5.390 | 1.01 Rb 5st 4176 | 1.22
Be 252 9.320 | 9.51 Sr 5s? 5.692 | 2.01
Na 3s! 5.138 | 1.35 Ag 41055t 7574 | 1.82
3 Mg 3s? 7.644 | 2.57 5 Cd 41052 8.991 | 1.80
Al 3s%p? 5.984 | 1.03 In 4005525t 5.785 | 0.96
K 4s? 4339 | 1.22 Sn 4d105525p? 7.342 | 0.97
Ca 4s? 6.111 | 1.68 Te 4d105g25p* 9.01 | 2.77
Fe 3d%4s2 7.87 | 3.54 Cs Bs! 3.894 | 1.19
Co 3d74s? 7.86 | 3.05 Ba 6s? 5211 | 1.56
4 Ni 3d%4s? 7.63 | 1.92 Au 4f1450106s! 9.22 | 1.44
Cu 3d%94st 7.724 | 1.65 6 Hg 414571062 10.43 | 0.90
Zn 3d104s? 9.391 | 1.90 Tl | 4f145d'%s?6p* | 6.106 | 1.32
Ga | 3d%%s%4p! 6.00 | 0.91 Pb | 4f¥5d%6s%6p? | 7.145 | 0.79
Ge 3d04s24p? 7.88 | 2.81 Bi | 4f“5d™%6s%6p® | 7.287 | 1.36

As can be seen from the table and the figure, in general there is a symbate (consistent) change in the
degree of clusters association with the increase or decrease of the first potential value of metal ionization for
all periods of Mendeleyev element system. Some departure of this model becomes apparent for silver in the
fifth period and for gold, mercury, thallium and lead in the sixth period, that is connected with big tendency to
clusters association from metal atoms for beryllium, with influence of 4d-subshellfor silver, with completion
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of 4f- and 5d-subshells development for metals of the sixth period, and mercury and lead also have 6s-subshell
accompanied by lanthanide contraction and sharp increase in ionization potential.
The average value of cluster association for 28 metals is @ = 1.94. The obtained values of clusters asso-
ciation degree of the tested metals were checked for range uniformity according to equations [3]:
X = Xax
r,=————_<r_, S(x)=
min S (X) n-1 ( )
n
where X, is the minimax value of the range; X is the average value; S(x) is the mean-root-square error and

n is the volume of the range, r, =1.483f %" [3; 15] where f =n-2.

a

10 ojné .

27 period 4" period
9
Ila eV g 3rd period I
1

7
6
5
4
3
b
1
0

l1, eV

Rb S dg Cd I Sn Te Cs Ba Au Hg 71 Pb B
I1 is the first ionization potential; @ — average degree of cluster association

Figure 1. Dependence of ionization potential and average value of clusters
association degree for 28 metals in order of increasing of their atomic number

This test showed that for 28 metals, the range is not uniform: mean-root-square error S(x) = 1.645; in

equation r;, <rr is not observed r . =4.68 > re=2.73; x,;, = 9.51(for Be).
max max max

Therefore, it is necessary to eliminate the «jumping out» value, i.e. the beryllium data. The high value of
association degree of beryllium clusters is connected with its high position in the periodic table, partial pos-
session of covalent links, high tendency to associate clusters of metal atoms, and high ionization potential.
Beryllium generally refers to semi-metals, which causes its exclusion from a variety of metals.

The elimination of beryllium and reduction of range up to 27 metals leads to validity of range uniformity:
S(x) =0.780; r,;, = 2.46 < rc= 2.71; x,,;, = 3.54 (for Fe).

max max

In this case for 27 metals a = 1.66+ 0.32.
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Results and Discussion

Research for calculation of clusters association degree are conducted on the most uniform simple sub-
stances — metals, therefore this indicator has low values and changes within ~1-4 (excepting beryllium) (Ta-
ble 1). Without this semimetal, and in addition lower than normal associated mercury (a = 0.9) at its anoma-
lously high ionization potential (10.43 eV), generally regular and probably significant, although weakly ex-
pressed as cendant dependence of cluster association with metal ionization potentials is observed

a=0.09+0.241,, R=0.70, t, =6.7 > 2. 2

The weakness of this connection is explained by the secondary nature of associates formation in compar-
ison with the primary processes of elementary n-particle clusters formation from crystal mobile particles, as it
was demonstrated earlier on the example of more evident interconnection of the standard three models with
metal ionization potentials. The conformity consists in a great tendency to association of ionic complexes —
clusters, which have stronger attraction of universal mobile electrons.

The relationship between cluster association and ionization potential for 26 metals, without mercury and
beryllium, is shown in Figure 2.

|1,€V

3 4 5 6 7 8 9 10
11 is the first ionization potential; @ — average degree of cluster association.
Points are data from Tablel, line — according to the equation (2) without data on Be and Hg

Figure 2. Relationship between cluster association and metal ionization potential

Ya.l. Fraenkel, on the basis of activation motion mechanism, obtained in 1927 the equation of dependence
of dynamic viscosity on temperature
E
j, )

= Aex 4
N |D(RT

where E, is the activation energy; R is the gas constant; T is the temperature; A is some constant proposed by
Arrenius.

As the kinematic viscosity is connected with dynamic viscosity on a formula v =n/p (p — melt density),
because of very weak dependence of density on temperature (several percent in all range of liquid state) in
comparison with 3—4 multiple change of viscosity in the same range [4], it is possible to change directly in the
equation (3) apparent viscosity n to kinematic viscosity v, having respectively corrected parameters 4 to A4’
and activation energy E, to estimated value E’

E'
=A <. 4
v eXp(RTJ (@)

Table 2 shows the activation energy values obtained from the modified Fraenkel equation (4) based on
experimental (information) and calculated on cluster-associate model (1) data for 28 metals of D.I. Mendele-
yev periodic system.

The activation energy values for the calculated data range from 2868 J/mole (mercury) to 128017 J/mole
(beryllium). The correlation coefficient for the calculated activation energy values E,’(calc) in comparison
with experimental E.(inf) comprised 0.8580 with its signification tr = 16.6> 2 including beryllium. At its
exception the correlation coefficient is much higher than —R = 0.9552 with its signification tr = 55.6 > 2.
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Table 2

Activation energy values for experimental (Ea (inf)) and calculated
on cluster-associate model (1) (E,’ (calc)) data for 28 metals

Element | E,(inf), J/mole | E, (calc), Jmole | Element | E,(inf), Jmole| E,’(calc), Jmole
Li 5463 5920 Rb 4548 5055
Be 85231 128017 Sr 20453 22723
Na 5803 6485 Adg 22981 21684
Mg 22915 22150 Cd 9487 10867
Al 9029 8871 In 4681 5629
K 5138 5812 Sn 5155 5496
Ca 17635 20171 Te 13478 21476
Fe 49404 55540 Cs 4498 5072
Co 41971 46835 Ba 15889 17543
Ni 28610 29757 Au 16038 17294
Cu 18450 22133 Hg 2262 2868
Zn 12713 14134 TI 6652 9154
Ga 3850 4074 Pb 4714 4448
Ge 19098 31004 Bi 7649 8447

Figures 3 and 4 show the comparison of the obtained range of activation energy data for experimental
and calculated on cluster-associate pattern viscosity with the degree of cluster association for the metals under
investigation, £, = f (a).

Eq

100000 -
90000
80000 r
70000
60000
50000 r
40000
30000 r
20000

10000 r

0

0 1 2 3 4 5 6 7 8 9 a 10

E, is the activation energy, J/mole; a is the average degree of cluster association.
Points are experimental data, line is approximation of experimental data by equation E, = 4+ Ba

Figure 3. Dependence of activation energy for experimental data on the degree of clusters association for 28 metals

As can be seen from the figures, the activation energy data obtained by processing the calculated values
from the generalized pattern are described better by the approximate dependence.
The approximate equation for experimental data on viscous flow activation energy is expressed as:

E,(inf) = Ba + A =9957 a — 2731. (5)
For calculated on cluster-associate model (1):
E,/(calc)= B'a+ 4’ =14695 a - 8525. (6)

The approximation dependability value for the information data on viscous flow activation energy de-
pending on the degree of cluster association gives 0.9277, for the calculated from the model (1) — 0.9754.

Virtually, the coefficient B in equation (5) and B’ in equation (6) make up the value of the activation
energy corresponding to one cluster and are expressed as J/(mole-cluster). For experimental data, this coeffi-
cient is equal on average to ~10 kJ/(mole-cluster), and for calculated values is equal to ~15 kJ/(mole-cluster).
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Eq
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E, is the activation energy, J/mole; a is the average degree of cluster association. Points are experimental data,
line is approximation of data calculated according to the model (1) by equation E,'= B'a+ 4’

Figure 4. Dependence of activation energy calculated on model (1) on the degree of clusters association for 28 metals

Shown above calculations confirm the functional nature of the cluster-associate pattern, taking into ac-
count the degree of clusters association from crystal mobile particles, which are the basis of a single model,
and allow to consider the obtained approval as another proof of objectivity of chaotized particles concept.

Conclusions

1. The interconnection of clusters association degree in cluster-associate pattern of metals viscosity with
their ionization potentials for all periods of D.l. Mendeleyev element system reveals their regular relation sim-
ilar to the previously proposed [2] three separated patterns. This confirms the functional nature of the new
pattern, which retains clusters from crystal mobile particles as a physical basis, with additional consideration
of their association.

2. Analysis of activation energy values obtained from the modified Fraenkel equation on the basis of
experimental (information) and calculated on cluster-associate pattern data for 28 metals showed their ade-
guate straight-line dependence, moreover the description of their interconnection with the degree of clusters
association on the basis of the calculated from the proposed pattern activation energy values is more accurate.

3. The obtained data based on the new cluster-associate pattern can be considered as another confirmation
of the concept fruitfulness of chaotized particles.
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A.III. Kaxxukenosa, JI.b. Anmnbues, A.b. Celitumberona, )K.M. TenrexOaeBa

KnacrepJik-accouuaTuBTi Moae/ b 00MBIHIIA METAJNAAPABbIH HOHIbIH
NOTEeHUMAJIBIHBIH ACCOLMPJICHIeH KJIACTEPiHiH A9peskeciHin 63apa OallJIaHbBICHI

Makanana CyHbIK METAIIAPIbIH KHHEMATHKAIIBIK TYTKBIPJIBIFBIHBIH KIACTEPIIiK-aCCOIMATTRIK MOJIEN Kapac-
TBIPBUIFAH. BYJ1 MOJIeNb XaOTU3UPIICHT€H OOJIIEKTep TY)KbIPHIMIAMACHIHBIH HETi3iH/e anblH/Ibl. ¥ CHIHBUIFAH
yJITire coiikec aBTOpIap CYMbBIK MeTalIarbl KJIaCTepIIep/IiH aCCONUANMSIIAHY [OPEIKECIHIH OpTaIIa MOHAEPIH
ecenreni. Ecenrey yuin J[.1. MenaeneeBTiH dJeMeHTTepi KECTECiHIH eKiHIII — aNTHIHIIBI Ke3eHIepiHiH 28
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MeTaJIapbl 3epTTENreH. ABTOPIIAp/IbIH KYMBICHIH/IA METaJIAapIsl HOHAAy IbIH OipiHII d/eyeTiH KiacTepiep-
IIiH acCOLMalMsUIaHy ASPEKECIHIH aJbIHFAaH MOHIEPIMEH CAIBICTHIPY KenTipiireH. byn canpicTeipy OipiHmIi
HOHJAY dJIeyeTiHiH e3repyiMeH THIFbI3 OaillaHbpicTa KilacTepiep KaybIMAACTBIFEI JOPEKECIHIH 3aHIbI 63repyiH
kepceTTi. OpeHKenb TeHAEyiMeH OipiKTipiIreHae aKTUBTEHAIPY SHEPTHSCHIH €CeNTey YIIIH alpOoKCHMUp-
Jeynri TeHaeyi adbHABL TYTKBIPIBIKTHIH TEMIEPATyPaNbIK TOYSIAITIriHIH KIacTepiIiK-aCCOUATTHIK MOAENI
YLIiH aNblHFaH TEHJEY KUbIPMa CEeri3 METaUT YIIIiH GalKbIMaHbIH TYTKBIP aFbICHIH aKTUBTCHAIPY SHEPTHSCHIH
ecenTey Ke3iHze MaiaaHbUIFaH. AKTUBTEHIIPY SHEPTHsCH OOMBIHINIA aJIbIHFaH HOTIDKEIep/li aBTopIap K-
CIICPUMEHTAIIIBI MOJIIMETTEPMEH CaJIBICTHIPBL. ByJl CaNbICThIpy YCHIHBUIFAaH MOZIENb OONBIHINA ANIBIHFAH Oel-
CEHJIIPY PHEPruschl GOWBIHINA JEPEKTEpP anNpPOKCUMALMSIBIK TOYCIAUIIKTEH KaKChl CHIATTAlaThIHBIH KOp-
ceTTi. AJIBIHFaH HOTWKEJEPAl KOpPHEKI pacTay VIIiH KYMBICTa KecTeslep MEH cyperrep KenripinreH. Ocbl-
naiiira, JI.11. MenneneeB aneMeHTTepl KyHeciHiH OapIiblk Ke3eHaepi OOMbIHIIA MeTalAapIsl HOHIAYIbIH Oi-
piHIII oJIeyeTiH KIacTepliep acCOLHUALMACHIHBIH JOPEKECIMEH CalbICTHIPY Ke3iHAe OJapAblH 3aHibl Oaiina-
HBICBI aHBIKTANABL. byt GailiaHbIc KIIaCTepIiK-KaybIMIaCKaH MOJIEIbAIH (YHKIMOHAI/IBIK CUIIATHI TYpalibl Oe-
KiTyre MyMKIiHIIK Oepei.

Kinm ce30ep: TYTKBIPIBIK, PETCI3EIreH OOIIIEKTep, aCCOIMPIICHTeH KIIACTePIiH ToperKeci, KilacTepili-acco-
IIUaTHBTI MOJIEI, CYHBIK METaNIap, aKTUBTEHAIPY SHEPTUSICHI, KPHCTAIT KO3FAIBICTHI OOJIIIeKTep, HOHIAY diIe-
yeri, @penkenpaid MoauduKausIaHFaH TeHALYi.

A.IIl. KaxxukenoBa, JI.b. Anmubues, A.b. CelitumberoBa, XK.M. TenrexOaeBa

B3aumocBsi3b cTeneHn ACCOMMUPOBAHHOCTH KJIACTEPOB C MOTCHIHAJTAMHA
HOHHU3AIlUM METAJIJIOB 110 KﬂaCTepHO-aCCOHHaTHOﬁ MOAa€JIn

B cratee paccMoTpeHa KIIacTepHO-acCOIMAaTHAs MOJENb KHHEMAaTHUECKOH BA3KOCTH JKUIKUX METaioB. Mo-
JieTIb ObLIa TOJTy4eHa Ha OCHOBE KOHIETIIIMY XaOTU3UPOBAHHBIX YacTHI]. ABTOPaMH, COTJIACHO IPEI0KEHHON
MozienH, ObUIM pacCUMTaHbl CPEJHUE 3HAYEHUs CTEIEHU ACCOLMUPOBAHHOCTH KIJIACTEPOB, COAEPIKAIIUXCS B
JKUZIKOM MeTtainte. i pacdyera ObUTH HCCIIeIOBAaHBI 28 METAJIOB BTOPOTO — HIECTOTO MEPHUOA0B TAOIHIIBI d1e-
MeHToB JI.M1. MenneneeBa. Kpome Toro, npuBezieHO CONOCTABICHNUE NEPBOT0 NOTEHIMANIa MOHU3AL[MY METall-
JIOB C TIOJTyI€HHBIMH 3HAaYE€HHUSMH CTEIICHHU aCCOIIMUPOBAHHOCTH KIACTepOB. JJaHHOE COMOCTaBIEHNE OKa3aI0
3aKOHOMEPHOE M3MEHEHHE CTEIICHH aCCOLHAINN KJIACTEPOB B TECHOM CBSA3M C M3MEHEHNEM IIEPBOTO MOTEHITH-
ayla HoHu3anuy. B komOnHanmu ¢ ypasHeHHeM PpeHKeIst oTyYeHO allpoKCHMHPYIOIee ypaBHEHHE I pac-
yeTa SHEPTrUM aKTUBAIlMM. YpaBHEHHUE AJIS KJIACTEPHO-ACCOLUATHOW MOJENU TeMIIepaTypHOH 3aBUCHUMOCTHU
BA3KOCTH UCIIOJIB30BAHO IIPH pacueTe YHEPruM aKTUBALUU BA3KOTO TEYEHUs paclljiaBa JUIi ABaJllaTU BOCBMU
MeTaIoB. [losryueHHbIe pe3ybTaThl 10 YHEPTUH aKTUBALMK aBTOPbI CPAaBHUIIM C SKCIIEPUMEHTAIbHBIMU J1aH-
HBIMH. Pe3ynbpTaTel COMOCTaBICHNUS TIOKa3aId, YTO JAaHHBIE 110 YHEPTHH aKTHBAIMH, TOJTyYSHHBIE 110 Tpeaa-
raeMoi MOJIETIH, OMTUCHIBAIOTCS JyUIlle alllPOKCUMHpPYIOLIel 3aBHCUMOCTRI0. B paboTe ams Gompiieid Harsa-
HOCTH ITOTyYCHHBIX PE3yJIbTaTOB HIPUBEAEHBI TAOIHIB! X pHCYHKH. TakuM 00pa3oM, IPH COIIOCTaBICHUH TIep-
BOTO TTOTEHIHAIa HOHU3AINH METAJJIOB 110 BCEM IIepruojaM ciucTeMsl sinemenToB JI.M. Menneneesa co cremne-
HBIO aCCOIMAIMH KJIACTEPOB BBIBICHA HX 3aKOHOMEPHAs CBsI3b, KOTOPAst MO3BOJISIET YTBEPKIATH O (DYHKINO-
HaJIbHOM XapaKTepe KIacTEPHO-aCCOIMATHON MOJienn.

Kniouesvle cnoea: BSI3KOCTb, XaOTH3MPOBAHHBIE YACTHIBI, CTENEHb ACCOIMUPOBAHHOCTH KJIACTEPOB, Kiac-
TEPHO-aCCOLIMATHAS MOJIEJb, KUJIKUE METAJJIbl, SHEPTUsl aKTUBALIUHU, KPHCTAJUIONOABI)KHBIE YACTHUIIBI, IOTCH-
I[MaJl HOHM3anuy, MoudurpoBaHHoe ypaBHeHHe DpeHkens.
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Hydrothermal grown iron oxide films on the surface of titanium
and conductive glasses and their current characteristics in water photolysis

The relevance of photolysis on semiconductor electrodes since the pioneer work of Fujishima and Honda on
metallic titanium does not lose sharpness due to new possibilities for developing new materials, such as con-
ductive glasses, for which photolysis cells with semi-transparent semiconductor layer can be created. We have
compared properties of such glasses with a metal for hydrothermal conditions of iron oxide synthesis. Iron
oxide films have also been obtained by introducing a number of cations to modify semiconductor systems
(Fe203). It turned out that the nature of the substrate significantly affects the properties of the formed conductive
film, which ultimately forms the level of anodic photocurrents in the layer of iron oxide semiconductor. We
have investigated current characteristics of such films; it was shown that charging processes occur better on
metallic titanium than on conductive glasses. We consider that the metal substrate significantly reduces regen-
eration processes both in the semiconductor layer and at the interface. Thus, formed Ti/Fe2Os electrolyte het-
erojunction is more efficient than the conducting glass/Fe20s3 electrolyte system. However, this does not mean
that glass is less promising for photolysis systems. It is necessary to achieve more acceptable conditions for the
synthesis of semiconductor material.

Keywords: iron oxide, conductivity, spectrum, current-voltage characteristic, anode photocurrent, band gap,
semiconductor, doping.

Introduction

Semiconductor transition metal oxides are known for their properties as anode materials for the model
processes of water photoelectrolysis [1]. Among this variety of anode materials (TiO, ZnO, Fe,0s, WO3, etc.),
iron oxide has always attracted itself as an optimal material from point of view of its optical characteristics —
the band gap width equals 2.1 eV, herewith the photo corrosion for this material is minimal. On the other hand,
this material has intrinsic essential disadvantages, namely increased recombination [2, 3] and it’s very limited
thickness of an active layer, just a few nanometers [4]. From this point of view, the production of Fe,Os films
in hydrothermal conditions is always attractive, because this method is an universal one and it allows to vary
the properties of films in very wide range, both in thickness and in composition.

It was shown earlier that under the studied conditions of hydrothermal synthesis [5] at certain concentra-
tion ranges of iron chloride (I11) it is possible to dope titanium dioxide films with iron ions. It gives a significant
improvement of current characteristics of photoelectrodes. It was of interest to study the formation of iron
oxide films under the same conditions on pure films of metallic titanium and on a conducting glass. For that
we raised concentration of the electrolyte FeClz5H,0 solution, which allowed to grow films of pure iron oxide
on the surface of titanium and conductive glass in hydrothermal conditions.

Experimental

The investigations were conducted on metallic titanium plates of size 1.5x1.5 cm (VT6 titanium grade)
of composition Ti-6.25 Al-4.1 with small admixture of aluminum and vanadium (Government Standard
19807-91) with a current collector of the same titanium, as well as on conductive glass Fluorine Tin Oxide
(FTO) with conductivity less than 15 ohms/cm? of firm « LATECHD».

Previously we applied 2.0-2.5 g/l FeCl35H,0 solution for modification of titanium dioxide films on the
metallic titanium with hydrochloric acid solution acidifying. We raised the concentration of iron chloride to
5-10 g/l, which allowed us to form under the same conditions (190 °C, 5 hours) iron oxide films in an auto-
clave.

Hydrothermal synthesis of films was carried out in a laboratory autoclave under pressure of 0.5 MPa with
plates position shown in Figure 1. After the hydrothermal synthesis, the films were washed with distilled water,
dried and then annealed in air at 500 °C for 1 hour. In parallel, plates of conductive glasses were processed in
the same fluoroplastic glass. Then the plates after washing with water were also annealed at 500 °C for an hour.
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a — titanium plate (vertical position) and glass plate (horizontal position);
b — the size of the glass electrode with iron oxide layer

Figure 1. Scheme of samples arrangement in the autoclave

X-ray analysis of films was performed at the stationary installation of DRONE-3 with Cu-Ka radiation
directly from the metallic plates of anodized titanium.

The anodic photocurrent of titanium-oxide electrodes was conducted by a three-electrode scheme; a plat-
inum wire served as the counter electrode, the comparison electrode was silver- chloride one. For iron oxide
film illumination a xenon lamp without light filters was used. Illumination of the samples was measured with
a light meter and accounted for xenon lamp as (160-180)-10° Lux and for UV lamp — as 12-0% Lux. The level
of illumination on the sun in the latitude of Shymkent (South Kazakhstan) in June, measured at midday, was
130-10° Lux. Current-voltage characteristic was double-checked for different synthesis conditions, the accu-
racy was confirmed by 3-4 parallel sample measurements, and the photocurrent dependence was constructed
from their averaged values. Relative standard deviation from the average value is 0.5 %.

Micrographs and semi-quantitative analysis of the electrode surface were performed using scanning elec-
tron microscope JSM-6490LV (JEOL, Japan). Optical spectra of glasses were recorded on a Cary-50 spectro-
photometer in a transmission mode.

Results and Discussion

Simultaneous hydrothermal treatment of titanium and glasses in the autoclave allowed to form a layer of
iron oxide film on the surface of the plates when changing iron trichloride solution concentration. This can be
clearly seen from the cross-section of the glass plate (Fig. 2).

" 450.00 nm 416.67 nm 416.67 nm

450.00 nm

20kV  X12,000 1um 10 58 30Pa
Figure 2. Micrograph of iron oxide film of on the glass plate (inverted image)

It is possible to determine the thickness of iron oxide layer in the limit of 416-450 nm, with the transmis-
sion spectrum (Fig. 3) identified as a layer of iron oxide. For example, it is in good agreement with the spectra
of iron oxide in [5] in the limit of 350-800 nm. We can see the absorption limit which is in line with approxi-
mately 400 nm.

300 400 500 600 700
Wavelength (nm)

Figure 3. Transmission spectra of glass after glass treatment with iron trichloride in an autoclave
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The presence of iron oxide film on titanium is also recorded on metal plate X-ray diffraction pattern
(Fig. 4). However, due to the hematite signal weakness, the main peak of metallic titanium outweighs the iron

peak.

|
|

|

Ti ’
Fe,0, m 2,23 {

- l 172 { ’ Fe,0, 559" '.p-himu”,ﬁ
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Figure 4. X-ray diffraction pattern of titanium plate with iron oxide layer

Figure 5 shows the current-voltage characteristic of the dark current for the electrode on titanium. It can

be seen that there is no dark current within the potentials up to 800 mV.

I, uA
700 -

600 -
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400 -
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Figure 5. Current-voltage characteristic of a titanium electrode without lighting

An interesting current characteristic for titanium after titanium annealing in the air at 500 °C is given in
Figure 6 (blue line). Annealing of titanium in the air leads to the formation of titanium dioxide film, and its
current characteristics are insignificant — 15-20 pa (blue line), but increased current characteristics for iron
oxide after hydrothermal synthesis and subsequent annealing of such a sample at 500 °C for 1 hour (red line)

are obvious.

300 -
I, LA

T r—
-400 -200 0 200 400 600 800

Blue line — pure Ti; red line — Fe,Os film on Ti

Figure 6. Current-voltage characteristic of pure titanium after annealing titanium dioxide film (blue line)
and iron oxide film on titanium after annealing at 500 °C (red line)
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Current characteristics for hematite on glass are almost identical (Fig. 7). Since the synthesis conditions
for pairs of Ti/Fe,O3 and glass/Fe,O3 were identical (Fig. 1), we associate such a difference of current charac-
teristics with the formation of the hematite boundary with the substrate, where in the case of glass the current
characteristics are minimal, and when the titanium — hematite boundary is formed, the current characteristics
are much higher. Perhaps it is precisely the recombination processes at the substrate, because hematite interface
is significantly reduced in the case of Ti/Fe,O3 pair as compared with the glass/Fe,Os pair.

Il P-A 250 n
200 -

150 - ——1

=2
100 -

3
50 -

e “
I—I_ﬁ; . T T T 1 Ur mV
-400 -200 0 200 400 600 800

1 — glass electrode, T =500 °C, t =1 h; 2 — glass electrode, T =500 °C, t = 1 h; 3— Ti electrode
Figure 7. Anodic photo current of iron oxide films on glass and titanium

Figure 7 clearly shows the growth of current characteristics up to 250 pA. Photo current on glass elec-
trodes is insignificant and does not exceed 30 uA (blue line — photo current during annealing at 500 °C for
1 hour and red line — photo current during annealing glass at 700 °C for 10 minutes). It can be seen at Figure 7
that the glass annealing does not lead to significant change of current characteristics of hematite on the glass.
At the same time, a sharp (more than 5 times) increase of photo current on titanium electrodes is observed
(green line). We assume that such a significant increase of photo current is associated with the formation of
the Ti/Fe,05 heterojunction. We suppose that the conductivity incompleteness at the boundary is significantly
reduced compared to the same transition at the glass/Fe;Os; boundary, so the conductivity of the «titaniumy
electrode is significantly higher than that of the «glass» electrode.

We have attempted to introduce other ions (for example, Ni, Co, Ag, Cu as well as a number of other
cations) into the process of synthesis of iron oxide films and thereby to change film conductivity. To do this,
20 to 100 g/l of the corresponding cation was introduced into the initial electrolyte containing 2-2.5 g/l
FeCl35H,0. The Figure 8 shows the spectrogram of the film, to which we tried to introduce a solution
Ni(NO3).-6H,0. Then this solution was also autoclaved like for the initial iron oxide electrolyte and the prep-
aration was carried out similarly.

0 1 2 3 4 5 6 TE, kevE b

Figure 8. Spectrogram (a) and micrograph (b) of the iron oxide film with another cation introduction
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We couldn't find any traces of the cation injected in the titanium film; only Fe and Ti elements and traces
of Al and V elements are found on the spectrogram (Figure 8). Thus, hydrothermal conditions do not allow to
introduce the accompanying cations into the synthesized film and the iron oxide film is formed on the surface
in pure form. Thus, we did not find any improvement or degradation of the iron oxide layer on the current
characteristics of the synthesized films (Fig. 8).

Current-voltage characteristic is peculiar as well in this case (Fig. 9). The current values fluctuate (red
line) at approximately the same values as for the original iron oxide (blue line). Such insignificant fluctuations
fit into the general paradigm of current-voltage characteristic dependence. Thus, we did not detect the im-
provement or degradation of the iron oxide layer in synthesized films with a cation.

I, LA 250 -+
200 -
150 -
——1
100 -
=ll=2
50 -
é U, mv
-400 -200 0 200 400 600 800

1 — Fe,0s film; 2 — Fe,03 film with Ni-cation

Figure 9.Current-voltage characteristicsof iron oxide films (blue line)
and films obtained in the presence of much nickel cations in a solution (red line)

We suppose that under hydrothermal conditions, an iron oxide film was formed on titanium, the electro-
physical properties of which are very dependent on the properties of the substrate, i.e. titanium (Fig. 10).

" 20KV X5,000  5u

a
Figure 10. Micrographs of iron films on glass (a) and titanium (b)

In this case, we assume that the Ti/Fe,Os heterojunction, as well as the Ti/ Fe,O3—NaOH electrolyte sys-
tem itself, is a system that significantly reduces regeneration processes in the semiconductor layer and this
sharply raises current characteristics of photoelectrodes. From these positions, perhaps, similar processes are
described by authors of the publication [7], who obtained current characteristics three times the best of ours,
i.e. 1.1 mA/cm?,

Conclusion

Iron oxide films were formed and obtained under hydrothermal conditions on metallic titanium and con-
ductive glasses. It was shown that the current characteristics of the metallic substrate are more than an order
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of magnitude better than for glass. It is obvious that under identical synthesis conditions (hydrothermal growth,
conducting basis) the formation of heterojunction largely depends on the substrate nature. A significant differ-
ence in current characteristics for different substrates is associated with the formation of a semiconductor layer,
where the regeneration processes are very reduced for metallic titanium than for conductive glass.
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TuraH ’x%3He 6TKI3yli WbIHbLIAP OeTiHaeri
THAPOTEPMAJIAbI 6CIPIJITeH TeMip OKCHIIHIH Ka0bIKIIATAPbI
7KHe 0J1apABIH ¢y (oToMU3iHAETrT TOKTBHIK CHIIATTAMAJIAPBI

Dy pKuIIMa MeH XOH/IaHbIH aJIFalliKbl )KYMBICTApbIHAH OacTar apThUlail OTKI3Till AJIeKTpoaTapAars! HOTo-
JM3IH ©3eKTIIr )KaHa MaTepuaap/Abl Urepy il MYMKIHAIKTepiHe 0alJIaHBICTBI OTKIPJIIriH JKOFaNTIai b,
aTan alTKaH/Aa OTKI3Till MIBIHBLIAP OJIap YIIiH XapThulai ©TKI3TiIUTiH XKapThulail Menaip KabaTsl O6ap dorto-
JIM3/11 YSIIBIKTAp JKacamybl MyMKiH. TeMip OKCHIII CHHTE3iHIH THAPOTSPMAIIIBIK JKaFIaiiaphl YIIIiH OCHI IIbI-
HBUIap/IbIH METAIIMEH CAJIBICTBIPFAHIAFbl KacueTTepi canbicThipblIFad. CoHal-aK sxapThUlaid TKi3rill Kyiie-
nepai mogudukausnay yuriH (Fe2O3) GipHerre kKaTHOHIAp €HTi3iM, TeMip OKCHUAIHIH KaOBIKIIATaph! albIH/BL.
TeceHImTiH TaOUFATHI KaJBIITACATHIH OTKI3TIII KaOBIKIIAHBIH KACHETTEPiHE eJeyIIi dCep €TeTiHI aHBIKTAJIbI,
OyJT COHBIHZA TEMipPOKCHTI KapThUlail ©TKI3TIIITIH KabaThlHAa aHOATHI (OTOTOKTAp ICHTeHiH KaJbIITac-
TBIP/IBL. ABTOpJIap KaObIKIIAIAPIbIH TOK CHIIATTaMallapbIH 3ePTTEreH, OJap/IbIH HOTIKENIEPi MeTall THTaHIa
OTKI3YIIIi IIBIHBUIAPMEH CaJbICTBIPFaH/Ia 3apsITay MpoLecTepl JKaKChl XKYpeTiHiH kopceTTi. bi3 Meramn Tece-
HIIII J)KapThUTal OTKI3TIMITIH KaOAThIHIAFbI KOHE (ha3asap meKapachlHIa pereHepalusIbK MPOIeCTeP Il aTap-
JBIKTAl TeMeHzaeTeni nen ecentehmis. Ochutaiima, kameimracaThiH Ti/Fe2Os opTekTi 6TKi3y «eTKi3yii
mbiHb/ Fe2O3—anextponuty xyiecine KaparaHna TuiMaipek. JlereHMeH, bIHBUIApAbIH (OTOMM3IIK JKykenaep
yIIiH OoJamarsl JKOK JIen aifTyra Oonmmaiapl. XKapTeutail eTKi3rimn MaTepHaiiapbl CHHTE3ICYAIH KOsl
JKaFaailapeiHa KOJ XKEeTKi3y KaxkerT.

Kinm ce30ep: Temip OKCHIII, OTKI3TIMITIK, CIIEKTP, BOJBTAMIIEPIIK CHUITATTaMa, aHOATHI ()OTOTOK, THIMBIM ca-
JIbIHFaH aiiMaKTBIH €Hi, )KapThUIai OTKI3rill, JOMHpIIEY.

A.A. Ceitrmar3umos, I'.M. Ceitrmar3umona, JXX.K. Jbxanmyngaesa

I'uaporepmaibHO BhIpalleHHbIE IVICHKH OKCH/A KeJle3a
HA MOBEPXHOCTH TUTAHA M MPOBOASIIIIUX CTEKOJI
U UX TOKOBbIE XapaKTePUCTUKH NPH (POTOJIM3€e BOABI

AKTyasbHOCTB (OTOJTH3a HA MOTYTIPOBOAHUKOBEIX JJIEKTPOJIaX CO BPEMEH MHOHEPCKOH paboTsl Dy HKUIIIMBL
1 XOH/IB HA METAJUTYECKOM THUTAHE HE TePsIeT OCTPOTHI BBH/LY HOBBIX BO3MOXKHOCTEI OCBOSHHS HOBBIX MaTe-
pHAJIOB, TaKWX KaK IPOBOMASINNE CTEKIA, AIS KOTOPBIX MOTYT OBITH CO3/aHBl (DOTOIM3HBIE SMEHKH C
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HOJIYIPO3PaYHbIM CJIOEM IOJTYIPOBOAHKMKA. HamMu comocraBieHbl CBOMCTBA TaKMX CTEKOJ IO CPAaBHEHHIO C
METaJIIOM JIJI THAPOTEPMAIIbHBIX YCIIOBHI CHHTE3a OKCHA XkKene3a. Takke MoTyyeHb! IIEHKU OKCHAA XKelle3a
NP BBEJCHUH Psijia KATHOHOB ISl MOAU(HKAIIMHI ONYTPpOBOAHUKOBEIX crcTeM (Fe203). Kak okasanocs, npu-
poJia MOUIOXKKH CYIIECTBEHHBIM 00pa3oM BIMSET Ha CBOMCTBA (HOpMHUpPYEMOH MPOBOASIICH IIICHKH, YTO, B
KOHEYHOM HUTOTe, (OPMHUPYET YPOBEHb aHOAHBIX ()OTOTOKOB B CIIOE JKEJIE300KCHIHOTO ITOIYIIPOBOAHIKA. AB-
TOpaMHU HCCIEHI0BaHbI TOKOBBIC XapaKTEPHCTUKH TAKUX IUICHOK M MOKA3aHO, YTO Ha METAJUIMYECKOM THTaHE
Jy4Ile TPOUCXOAT 3apsAHbIC TPOLECCH, YeM Ha MPOBOJSIIMX CTEKIaX. Mbl CYNTACM, YTO METaUIHYecKast
HOJUIOXKKA CYLIECTBEHHO CHI)KAeT pereHepallMoHHbIe MPOIECCHl KaK B CJI0€ MOJYIPOBOIHUKA, TaK U HA Tpa-
Huue das. Takum o6paszom, popmupyemsiii rereponepexon Ti/Fe20z—anexkrponut 6oiee addexTuseH, ueM cu-
creMa «mposojsiiee crekiao/Fe20s—anexTponuty. OfHAKO 3TO HE CBHIETENBCTBYET O TOM, YTO CTEKJIa MEHEe
HEpCIeKTUBHBI 17151 GOTONM3HBIX cucTeM. HeoOxoaumo no6uBathest 0os1ee pueMiIeMbIX YCIOBHiT CHHTE3a HO-
JyNPOBOJHUKOBOTO MaTepHaa.

Kniouesvie cnosa: okcnp xenesa, IPOBOJUMOCTB, CIIEKTpP, BOJIbTaMIIepHast XapaKTepHCTHKA, aHOIHBIN (OTO-
TOK, HIMPHHA 3alIPELICHHON 30HbI, NOIYIPOBOAHUK, JOIUPOBAHUE.
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Obtaining of nanocatalizers for low-temperature conversion
of oxide carbon (CuO/ZnO/Al2Os3) with reduced copper content

The main goal of the work was to reduce the content of copper (in terms of copper (1) oxide) in the composition
of the conversion catalyst, and to preserve high catalytic and physico-mechanical characteristics. As an alter-
native to the known technology for producing oxide catalysts from precursors of metal hydroxocarbonates,
there have been selected a manner in which the precursor is copper/zinc hydroxocarbonate. It has been shown
that of the many salts obtained from precursors — metal hydroxocarbonates, copper/zinc double hydroxocar-
bonate with an aurichalcite structure is most effective. The decomposition of these compounds results in the
formation of nanosized metal copper clusters, which have a high specific surface area and high activity in the
redox reaction of carbon monoxide conversion with water vapor to produce hydrogen. The coprecipitation
conditions and the structure of copper/zinc hydroxocarbonate determine the subsequent activity of the oxide
catalyst. A technology for producing nanocatalysts for low-temperature conversion of carbon monoxide with a
low (up to 20 % — from 54 to 34 wt.%) copper content was proposed and the conditions for obtaining a pre-
cursor and catalyst were optimized.

Keywords: Aurichalcite, catalysts, conversion, copper content, low temperature, metal hydroxocarbonates.

Introduction

In recent years, the need for catalysts used in the production of hydrogen and hydrogen-containing gases
by the method of hydrocarbon conversion has increased.

Existing methods for the preparation of copper-containing catalysts are based on the use of deposition
processes and ammonia-carbonate technology. These preparation methods of copper-containing low-temper-
ature catalysts are characterized by a complex, multi-stage and expensive main production scheme, which
necessitates the improvement of existing technologies of catalysts’ producing for the cost of low-temperature
catalysts.

In the course of this work, a significant amount of sources on this issue was analyzed [1-3]. It has been
established that the main condition for solving this problem is the formation of a certain structure of the cor-
responding metal hydroxides obtained by decomposition of ammonia-carbonate complexes of copper and zinc,
followed by separation of the precipitate and heat treatment of the mass pressing.

As shown in [3], increased catalyst activity was achieved by chemical interaction of the catalyst compo-
nents at an early stage of preparation, as well as by decomposition of ammonia-carbonate complexes. The
completeness of the interaction was achieved by the processes in the kinetic mode (i.e., with intensive mixing
of 150-500 rpm) at the solid — liquid interface.

Under these conditions, the aurichalcite phase (CuZn)s(COz)2(OH)s was detected in the obtained precur-
sor. According to the differential thermal and x-ray phase analysis, the decomposition of the obtained precursor
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is accompanied by the formation of highly dispersed oxides of copper and zinc (6-7 nm and
8-10 nm, respectively).

It is shown that of the many salts obtained from precursors — metal hydroxocarbonates, copper/zinc
double hydroxocarbonate with an aurichalcite structure, which has a high specific surface area and activity, is
the most effective.

Based on this, the main attention is paid to the conditions for the formation of copper/zinc hydroxycar-
bonate with the structure of aurichalcite as a precursor of the oxide solid catalyst solution, as well as the con-
ditions for the formation of the oxide catalyst itself.

In this regard, the main goal of the work is to improve the existing technologies by optimizing the condi-
tions for their production and cheapening low-temperature catalysts by reducing the copper component in the
catalyst, by creating a nanostructured morphology of a solid solution of copper/zinc oxides while maintaining
its high catalytic and physicochemical characteristics.

Experimental

The copper/zinc hydroxocarbonate with an aurichalcite structure was prepared by precipitation from cop-
per (I1) nitrates and zinc, and sodium bicarbonate. It is shown that of copper/zinc hydroxocarbonate with the
aurichalcite structure is formed both at a Cu:Zn ratio of 70:30 mol.% And at a ratio of 30:70 mol.%.

The wet weight of copper / zinc hydroxocarbonate after filtering the suspension and thoroughly washing
from the concomitant salt of sodium nitrate was 271.00 g (of which 68.34 % moisture). The mass of dried (at
100 °C, for 2.5 days, and then at 120-125 °C, for 1 day) of copper/zinc hydroxocarbonate was 85.81 g (sample
11.3).

Three compositions of copper/zinc hydroxocarbonate were obtained, which differ in color. The pro-
nounced light blue color is expressed for the sample — 11.2; bluish-green for the sample — 1.1 and dark blue —
for the sample of copper/zinc hydroxocarbonate No. 111.3, and during the drying process at a temperature of
100 °C it darkens, which indicates that a certain proportion of malachite is formed, decaying at temperatures
of 80100 °C. It was also noted that the sample of copper/zinc hydroxocarbonate — I11.3 is characterized by a
rather large size of well crystallized particles of a flat shape, in comparison with the two previous samples of
copper/zinc hydroxocarbonate. The color of samples 1.1 and 11.2 after drying in the temperature range of 100—
110 °C is stable.

Results and Discussion

This study examined the industrial conditions for the preparation of the catalyst used in the process of
low-temperature conversion of carbon monoxide with water vapor: CuO — 54 %, Cr,0; — 24 %, ZnO —
11 %, Al,03 — 19.5 % by weight.

The main role of the catalyst is the conversion of CO to CO; in the presence of water vapor at 270 °C
with the formation of hydrogen for the synthesis of ammonia.

We present the probable redox reactions of CO conversion on a copper-zinc-chromium catalyst:

CO + H,O — CO +H; (conversion process);
Cu + H20 — CuO + H; (copper oxidation);
CuO + CO — COz + Cu (copper recovery).

It has been shown that under industrial conditions occurs a formation of a catalyst with a zinc-malachite
structure, which has low thermal stability.

In this regard, the main solution to the problem is to search for conditions for the formation of a specific
structure of catalyst precursors — copper/zinc hydroxocarbonate; obtained by co-precipitation of nitrates of
the corresponding metals in a precipitating medium, the preparation of which is shown in Figure 1.

The mixture contains various amorphous compounds, the structure of which depends on the dosage rate,
the concentration of the base or precipitant. Depending on the change in conditions, precursors of various
structures are formed. The reaction of the formation of hydrozincite (E) or aurichalcite (D) realizes by substi-
tution from NaxZn3z(CO3)a.
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Figure 1. Formation of precursors and their structure

The catalytic activity of oxide catalysts was studied with varying the content of components in it (Tables
1 and 2). It has been shown that both the alumina content and the mass ratio of copper (I1) oxide to zinc oxide
(obtained under various conditions for the synthesis of copper/zinc hydroxocarbonate), as well as the total
fraction of the latter in the composition of the catalyst, determine its properties (Table 1).

Table 1

Activity, specific surface area and chemical composition of four-component oxide catalysts
for low temperature conversion CO/H20

Catalvst Anmean, Sunit, W[CUO], W[ZnO], W[Crzog], W[A|203],
y % m?/g mass.% mass.% mass.% mass.%

Normative (Technical specifications 80

of Rep. of Uzb. 6.3-57-95) (no less) - 540 11.0 14.0 19.5
84.00 43.16 42.7 44.5 — 8.8
91.00 68.50 41.3 39.2 - 17.8

Cu/ZnO/AIO: 86.31 | 10538 |  35.0 35.4 - 27.4
76.54 123.93 30.6 29.7 - 38.0

As can be seen from the Table 1, the alumina content, as well as the mass ratio of copper (I1) oxide to
zinc oxide (obtained under various conditions for the synthesis of copper/zinc hydroxocarbonate), as well as
the total fraction of the latter in the composition of the catalyst, determine its properties.

Table 2

The activity, specific surface area and chemical composition of three-component oxide catalysts
for low temperature conversion CO/H20

w[CuO], w[ZnQ], w[ALO3], Sunit, Punitx1072,
Catalyst m[ass.‘% m[ass.(% rLass.%] m?/g cm®/g Amean, %
36.80 58.60 2.80 147.89 6.40 92.22
Cu0O/Zn0O/Al03 34.20 56.10 8.80 145.15 6.30 81.30
31.70 49.90 17.10 160.38 6.90 76.00

As shown in the Table 2, copper/zinc hydroxocarbonate with an aurichalcite structure is formed both at
a Cu:Zn ratio of 70:30 mol.% and at a ratio of 30:70 mol.%. It is shown that copper/zinc hydroxocarbonate
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with the aurichalcite structure was obtained by precipitation from copper (I1) nitrates and zinc, and sodium
bicarbonate.
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Figure 2. X-ray diffraction patterns of hydroxocarbonate samples copper/zinc obtained in three syntheses

The diffraction patterns of three samples of copper/zinc hydroxocarbonate, similar to the structure of
aurichalcite are depicted in the Figure 2. According to the presented curves, three samples of copper/zinc
hydroxocarbonate-HC Cu/Zn are characterized by the intensity of reflexes. The position of reflexes in all three
samples remains almost constant.

In the spectrum of sample No. 111.3, an intense reflection is observed in the range of 27°, the prevalence
of the individual phase of copper (1) oxide in which, apparently, affects the structure and properties of the
catalyst as a whole.

It has been revealed that the content of composing catalysts, the main part occupied a solution based on
a zinc oxide lattice with copper (1) oxide clusters embedded in it during calcination of copper/zinc hydroxo-
carbonate with an aurichalcite structure.

All three catalysts obtained by varying the ratio Cu:Zn from copper/zinc hydroxocarbonate with the struc-
ture of aurichalcite have different properties, because a continuous series of solid solutions of copper/zinc
hydroxocarbonate with the structure of aurichalcite is formed.

It has been noted that for an oxide low-temperature catalyst, the ratio Cu:Zn = 30:70 mol% is optimal.
Violation of stoichiometry in the composition of copper/zinc hydroxocarbonate inevitably affects the structure
and properties of the oxide catalyst. The coprecipitation conditions and the structure of copper/zinc hydroxo-
carbonate determine the subsequent activity of the oxide catalyst.

Figure 3. X-ray diffraction pattern and IR-spectrum of copper/zinc hydroxocarbonate
{aurichalcite (Cus_sxZnsy)(COs3)2(OH)s}

During the calcination of copper/zinc hydroxocarbonate with the aurichalcite structure
(ZnxCu;-)5(CO3)2(OH)s (Fig. 3), a solid solution of copper/zinc oxides is formed with a maximum distortion
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of the crystal lattice of copper (1) oxide. After preliminary activation of the catalyst (hydrogen reduction),
there were formed the clusters of metallic copper with a high active surface area.

The aurichalcite spectra are characterized by: strong absorption vibrations at 1415 and 1340 cm™ of ni-
trate groups in gerhardit; georgite is characterized by weak absorption vibrations below 1350 cm™2, except for
carbonate groups at 838 cm™; hydroxyl groups at 3407, 3317 cm™ for malachite. Also, a slight difference is
observed in the spectra of hydrozincite and aurichalcite, which makes impossible to distinguish which was
monophase.

DSC can also be used as a method of identifying a mixture of phases and allows to determine the degree
of homogeneity of zinc/copper. It is important that hydrozincite and aurichalcite have different destruction
maxima of 241 °C and 325 °C, respectively, which makes it quite easy to identify hydrozincite present in the
aurichalcite sample or vice versa. Thus, the optimal conditions for obtaining a catalyst with aurichalcite struc-
ture are established.

The formation of catalyst precursors — hydroxocarbonate salt of copper and zinc with the structure of
aurichalcite

Under the action of mechanochemical activation of metals in a gaseous environment, copper and zinc
ammonia are formed, which subsequently form a double hydroxocarbonate salt of copper and zinc with the
structure of aurichalcite in the next stage of steam treatment:

10Cu(NHz)2CO3 + 10Zn(NH3)CO3 + 6H,0 — 2(Cu, Zn)s(CO3)2(OH)s + 30NH31 + 16CO,1 + 50,1

The decomposition of such a precursor allows one to obtain copper and zinc oxides, the crystal lattices
of which are distorted as much as possible, while after hydrogen reduction of such a solid solution, nanosized
metal copper clusters are formed that have a high specific surface and high activity in the redox reaction of
carbon monoxide conversion with water steam to produce hydrogen.

This technology is of significant interest as catalysts in the production of hydrogen and hydrogen-con-
taining gases by the conversion of hydrocarbons, in the production of ammonia, methyl alcohol, etc.

Conclusions

It was shown that of the many salts obtained from the precursors — metal hydroxocarbonates, copper/zinc
double hydroxocarbonate with the aurichalcite structure is the most effective as a catalyst for the low-
temperature conversion of carbon monoxide with water vapor.

The technology of producing nanocatalysts of low-temperature conversion of carbon monoxide with the
aurichalcite structure was proposed, and the conditions for producing a precursor and catalyst with a reduced
copper content of up to 20 % (from 54 to 34 wt.%) were optimized.

The conditions for obtaining a solid solution of copper/zinc oxides with an aurichalcite structure with a
maximum distortion of the crystal lattice of copper oxide and the formation of nanoscale clusters of metallic
copper with a high specific surface and activity in the redox reaction of carbon monoxide conversion with
water vapor were determined.
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Mbpbic kypambl Tomengeren (CuO/ZnO/Al>Osz) kemipreri okcHaiHiH TOMeH
TeMIepaTypajibl KOHBEPCHSCHIHAA HAHOKATAIN3ATOPJIAPABI ATy

JKYMBICTBIH HErisri MakcaThl KOHBEPCHSIIBIK KaTalH3aToOp KypaMbIHAAFsl MbIC KypambiH ToMeHaety ((I) mbic
OKCHiHE KaiiTa ecenTereH/ie) )KoHe KOFaphbl KaTAJIUTHUKAIBIK JKOHE (U3HKa-MEXaHHKAJIBIK CUNATTaMaslapabl
cakTay Oonapl. MeTtanaapaslH THAPOKCOKapOOHATTaphIHAH OKCUATI KaTalu3aTopiapabl adyAblH Oenrini Tex-
HOJIOTHSCHIHA GalaMa PeTiH/Ie MBIC/MBIPBILI THAPOKCOKapOOHATHI OOJIBIN TaObLIATHIH 9IiC TaHAANABL Ty3imy-
JIeH aJIbIHFaH KOITereH Ty3/1ap IblH — METaJl THIPOKCOKapOOHATTAPEI, Ay pUXAJIBLUT KYPHUIBIMBI 6ap MBIC/MbI-
PBIII KOC TUAPOKCOKApOOHATH! H THIMAI OOJIBIT TaOBLIA/BI, ONAPIBIH BIABIPaybIHAH KeHIH METaJl MEH MBIC-
THIH HaHO®JIIeM/Ii KitacTepIrepi maiaa 6oa sL, yCTiHri 6eTi O6ap koHe KoMipTeTi OKCHIIHIH Cy OybIHIA CyTeKKe
aifHaJTy KOHBEPCHUSCHIHBIH TOTBIFY — KaJIIIbIHA KENTIpy peakIMsACHIHAA OeICeHAITIKKe ne. MBIC/MBIPBII TH/I-
POKCOKapOOHATHIHBIH TYHIBIPY JKaF[ainapbl MeH KYPBUIBIMBI, OKCHATI KaTalnn3aTOPABIH Keleci OelceHIuIirin
aHbpIKTalapl. TOMeH TeMIepaTypasibl KOHBEPCHSCHIHBIH HAHOKATANIN3aTOPBIH ally TEXHOJIOTHSCH YCHIHBUIIBI
(20 %-ra meiiin 54-teH, 34-11i Maccara JeiiiH) KoHE IPEKyPCOp MEH KaTalTHU3aTOP/Ibl ATy IIAPTTAphl OHTAMIAH-
JBIPBUIFaH.

Kinm ce3dep: TeMeH TeMIiepaTypabl, KaTaau3aTopiap, METaJIapIblH THAPOOKCOKapOOHATTaPHI, KeMipTeTi
OKCHJIi KOHBEPCHUSCHI, aypHXANBIUT, MBIC KYPaMBl.

M.M. Ycmanosa, B.B. Jlonros, H.P. Amypos, C.1L. Pammnosa, T. lanaxomxaes

IMonyyenne HAHOKATAIH3ATOPOB HU3KOTEMIIEPATYPHOI KOHBEPCHH OKCHU/IA YIJIepoaa
(CuO/ZnO/Al203) ¢ NOHUKEHHBIM COAePKAHHEM Me/TH

OCHOBHOI1 1IeNbI0 PabOTHI CTABUIIOCH CHIDKEHHE cOlepaHus Meau (B mepecuere Ha okcua menu (II)) B co-
CTaBe KaTaJHu3aTopa KOHBEPCUH U COXPAHEHHE BBICOKMX KATAIHUTHYECKHUX U (PU3MKO-MEXaHHYECKUE XapaKTe-
pHCTHK. B KauecTBe allbTepHATUBBI M3BECTHOI TEXHOJIOTHH MOJYYEHHUS OKCUTHBIX KaTaIU3aTOPOB U3 HpelIe-
CTBEHHHKOB THAPOKCOKapOOHATOB METAIUIOB OBUT BEIOPAH CIOCO0, B KOTOPOM IPEANISCTBEHHHUK MPEICTABISLI
co0oif runpokcokapOoHaT Mean/uuHKa. [lokasaHo, 9YTO U3 MHOTHX COJIeH, OJNyYeHHBIX U3 HpeIIeCTBEeHHNU-
KOB — T'HJPOKCOKAapOOHATOB METAJUIOB, ABOWHOI IHIPOKCOKApOOHAT MEIU/IIMHKA CO CTPYKTYpPOH aypHXaib-
uTa ABisercs HanbOonee 3(GQEeKTUBHBIM, MOCIE PA3IOKEHUS KOTOPOro oOpa3yroTcs HaHOpa3MEpHBIE Kila-
CTEphI MeTaJlIa ¥ MEH, KOTOPbIe UMEIOT BBICOKYIO YJENBHYIO TIOBEPXHOCTh ¥ aKTHBHOCTD B OKHCIIUTEIBHO-
BOCCTaHOBHTENBHON peaKIMM KOHBEPCHH OKCH/A YIIepoa BOISHBIM MmapoM ¢ obpasoBaHueM Bojopoaa. ITo-
Ka3aHOo, 4TO YCJIOBHs COOCK/CHHS M CTPYKTypa TMIPOKCOKapOOHaTa MeAn/LMHKA ONPEENIOT MOCIeIy o-
IIyI0 aKTUBHOCTh OKCHIHOTO KaTanu3zaTopa. IIpe/sioikeHa TEXHOIOTHS MOJyUeHHs HAaHOKAaTaJIu3aToOpPOB HU3-
KOTEMIIEpaTypHO# KOHBEPCHH OKCHAA yriepoaa ¢ TOHMkKeHHbIM (n020% — c¢ 54 nmo 34 macc.%)
CoZiep)KaHUEM ME/IH M ONITUMHU3MPOBAaHBI yCIIOBHS TIOMyYEeHHS IPEKypcopa U KaTaan3aropa.

Kuiouesvle cno6a: HU3KOTEMIIEPATYPHBIi, KaTaan3aTop, THAPOOKCOKapOOHATH METAILIOB, KOHBEPCHS OKCHIA
yrIIepo/ia, aypuxajbluT, COJACPKAaHHE MEJTH.
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Thermodynamic analysis of oxidized copper minerals interaction
with modified reagent

Practicality of preliminary sulphidization of oxidized copper minerals for the purpose of oxidized ore concen-
tration is shown in the paper. For the first time the thermodynamic analysis was carried out for interaction of
modified sulphidizing reagent with major components of oxidized copper ore — malachite, azurite and chrys-
ocolla. Ammonium polysulfide formed in the solution of sodium polysulfide and ammonium sulfate was used
as modified sulphidizing reagent. Temperature dependence of standard Gibbs energy for the reaction of ammo-
nium polysulfide with oxidized copper minerals was determined. It was noted that standard Gibbs energy for
malachite and azurite interaction with modified reagent has negative values in the temperature range of 298,15—
373 K, thus showing high probability of interaction, which grows together with temperature. Interaction with
chrysocolla is less active than with malachite and azurite but is still possible at mentioned temperature, with
interaction probability again proportional to temperature. Thus, the possibility of oxidized copper minerals
sulphidization with modified sulphidizing reagent is determined in the research.

Keywords: oxidized minerals, chrysocolla, malachite, azurite, modified sulphidizing reagent, sulphidization,
thermodynamic analysis, Gibbs energy.

Introduction

Cheap flotation enrichment methods, conventional for sulfide ore, are less effective for oxidized ore due
to natural hydrophilicity of oxidized copper minerals surface [1-3].

One of feasible solutions is chemical modification of minerals via sulphidization resulting in transfor-
mation of oxidized minerals into sulfidized ones, which can improve the flotation enrichment efficiency
[4-9].

The thermodynamic analysis of possible reactions with determination temperature dependence of stand-
ard Gibbs energy has been carried out in order to assess the possibility of sulphidization with modified reagent.

Ammonium polysulfide formed in the solution of sodium polysulfide and ammonium sulfate was used as
modified sulphidizing reagent.

The objective of work was to find the temperature dependence of ammonium polysulfide interaction with
major components of oxidized copper ore, such as malachite, azurite and chrysocolla.

Experimental

Three types of interaction of modified reagent with copper compounds — malachite, azurite and chryso-
colla have been studied:

Cu2CO3(OH)2solidy + 2(NHa)2Sss01id) = 2CUSsolid) + 8S¢solid) + (NH4)2COssolicy + 2NH4OH liquia); (1)
Cus3(CO3)2(OH)z(solia) + 3(NHa)2Sssoticy= 3CUS(solid) + 12Ssotia) + 2(NH4)2COs(s0idy + 2NH4OHliquiay;  (2)

CuSiO3(H20)2sotidy+ (NHa)2Ss(soticy= CUS(sotiay+ 4Ssotidy+ (NHa)2SiOs(soliay+ 2H20liquid). (3)

Probability of reactions was estimated by alteration of standard Gibbs energy.
Calculation of temperature dependence of standard Gibbs energy is based on Hess law [10] and was made
using the formula

AG %t = Y A¢Gr (products) + S A¢GOr (init.), (4)
where A:G% — standard Gibbs energy at temperature (T), > A«G% (products) — sum of standard Gibbs energy

of reactions products formation at temperature (T), > A:Gr (init.) — sum of standard Gibbs energy of initial
components formation at temperature (T).

110 BecTHuk KaparaHgmMHCKoOro yHusepcureTa



Thermodynamic analysis of oxidized copper minerals interaction ...

Temperature dependence of reaction velocity constant was calculated using the next formula:
Ig Kem = ,AfGOT/(2_303RT), (5)

where R is the universal gas constant.
Temperature dependence of standard Gibbs energy of reactions products formation was determined by
approximated method of Temkin-Schwartzman [11, 12], taking ACp0 = const, by the formula

AG®r = AH%05.15 — TA1S%08.15 — TMA{C) 20815, (6)
where AfH%agg 15 is the standard enthalpy of compound formation at 298.15 K; AtS%ags 15 is the standard entropy

of compound formation at 298.15 K; AtC,%ss.15 is the standard heat of compound formation at 298.15 K; M is
the coefficient, equal to

M =298,15/T — 1 + In(T/298.15). (7)
Standard entropy was determined by formula
AiS%aos,15 = S%aos,15 — > S%05 15(€lementary substance), (8)

where S%aqs 15 is the standard entropy of compound at 298.15 K; 3'S%aos 15(elementary substance) is the sum of
standard entropies of substances forming the compound at 298,15 K.
Standard heat capacity of compound formation was determined by the formula:

ACpl29815 = Cp208.15 — Y Cpl208 15(€lementary substance), (9)
where C, 20815 is the standard heat capacity of compound at 298,15 K; 3 C,%0s 15(€lementary substance) is the
sum of standard heat capacities of substances forming the compound, at 298.15K.

In case of insufficiency of the available literature data, the necessary values have been determined by
proximate methods.

Standard heat capacity was estimated by the Kumok method [13] based on heat capacity increments sys-
tem:

Cp208,15(AmBn) = MCp'208,15(A™) + NCp'208.15(B™), (10)
where C,'208.15(A™) is the increment of cation heat capacity; C,'29s,15(B™) is the increment of anion heat capac-
ity.

Results and Discussion
The standard enthalpy values of compound formation at 298.15 K are given in the Table 1. Values for
H20Oiquid)y, NH4OHiquid), (NH4)2COs¢so1id), CuSesolic), Cu2CO3[OH]2¢sotia), Cus[CO3]2[OH]2s0ticy COMpounds are
from [6-8]. Sisoligyequals to Sg(g) with enthalpy data by [14]. Standard enthalpy for (NH4)2Sssoiig), (NH4)2CO3¢solia)
and (NHa4)2SiOssoligy Was calculated by Kassenov method from ionic increments [12]. Lacking data on incre-

ment of S5 SiOz> ions were found by evaluation method using standard enthalpy of sodium pentasulfide and
silicates of First Group metals [16]. Data for CuSiOsnH2Osiiq) are from [18].

Table 1

Standard enthalpy of compound formation

Substance — AfH%gg 15, kJ-mol?
H2Oqiiquig) 285.829
NH1OH{iquid) 361.271
Sisolid) 12.735
(NH4)2Ss(solid) 94.9
(NH4)2COs3(soticty 821.1
CuSsolid) 53.136
(NH.)2SiO3(solid) 1251.6
Cu2CO3[OH]2(solic) 1051.020
Cu3[CO3]2[ OH]2(solid) 1631.341
CuSiO3nH20¢solid) 1747.3

There are standard entropy values of compound formation at 298.15 K in the Table 2.
Data for H:Ogiquiayy NH4OHgiquia), Ssotid), CUSsotia), CU2CO3[OH]2sotia), Cus[CO3]2[OH]2sotia), Cu-
SiOsnH2Os0iiqy Were calculated by formula (8) based on [14-17]. For chrysocolla accepted n = 2. Standard
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entropy at 298.15 K for (NHa)2Sssolid), (NH4)2CO3sotia), (NH4)2Si03(s01iqy Was determined using entropy data
found by Kumok method [13].

Table 2

Standard entropy of compound formation

Substance AtS%gg.15, J-mol 1K
H2Oliquid) -162.955
NH4OH iguid) —359.004
Sisolid) 23.567
(NH4)2Ss(solid) -579.1
(NH4)2CO3(solicy —841.3
CUS(solid) 1.453
(NH4)2SiO3solid) —-857.5
CuCO3[OH]2(solic —503.504
Cu3[CO3]2[OH]2solid) —671.479
CuSiOz'nH20slid) —629.305

Standard heat capacity of compounds formation at 298,15 K is shown in the Table 3.

For H2Oiquid), NH2OH iquid), Ssotid), CUS(sotia), CU2CO3[ OH]2solidy COMpounds the data were taken from [14—
17]. Values for (NH4)2Sssotia), (NH4)2CO3solic), (NHa4)2Si03(s0licy COmpounds were found using Kumok method
[13], those for CuSiOz'nH2Osolig) are from [19].

Table 3

Standard heat capacity of compounds formation

Substance ACy%298.15.J-mol - K
H2Oiquid) 31.793
NH1OH{iquid) 53.576
S(solid) —2.594
(NH4)2Ss(solid) -17.633
(NH4)2CO3s0lic) -14.3
CuS(sotid) 0.712
(NH4)2SiO3soliq) -18.8
Cu2CO3[OH]2(solid) -5.309
Cus[COs]o[ OH]a(solic) 4.203
CuSiOz'nH20solid) 45.288

By means of the equation 6 the temperature dependence of standard Gibbs energy for every interacting
compound have been calculated. The results are given in the Table 4.

Table 4
Temperature dependence of standard Gibbs energy of compounds formation
T, K
Substance 20815 | 313 | 328 | 343 | 38 | 313
AsG°, kJ-mol?
H20iquia) —237.244 —234.836 —232.426 —230.038 —227.67 —225.323
NH4OH iiquid) —254.234 —248.922 —243.595 —238.305 —233.05 —227.828
Sisolid) 5.708 5.359 5.009 4.660 4.313 3.967
(NHa)2Sssolid) 77.759 86.365 95.070 103.788 112,517 121.258
(NH4)2CO3(s0tid) —570.266 —557.768 —545.133 —532.488 -519.834 -507.171
CuSsolid) —53.569 —53.591 -53.614 -53.637 —53.66 —53.684
(NH4),Si03(solid) —995.936 —983.196 -970.313 —957.417 -944.509 —931.589
Cu2CO3[OH]2solic) —900.9 —893.423 —885.869 —878.301 —870.736 —863.167
Cus[COs]2[OH]2(solid) —1431.139 —1421.166 -1411.09 -1401.01 —1390.928 —1380.843
CuSiO3-2H20 soliay —1559.673 —1550.344 —1540.953 —1531.594 —1522.264 -1512.963
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Using respective data from Table 4 in the equation (4) the temperature dependence of standard Gibbs
energy for the reactions (1-3) was determined. Formula (5) was used to calculate temperature dependence of

equilibrium constant for the reaction (Table 5).

Table 5
Temperature dependence of standard Gibbs energy and equilibrium constant
Reaction T, K 298.15 313 328 343 358 373

—AG%.kJ-mol*? 394.826 399.229 403.75 408.367 413.048 417.808
10 Equation AGr =-0.307T — 303.1

IgKp 69.25 66.70 64.37 62.26 60.34 58.58

—AG%.kJ-mol*? 543.349 547.774 552.31 556.931 561.615 566.377
11 Equation AGr = -0.307T — 451.5

IgKp 95.30 91.52 88.06 84.91 82.04 79.41

—AG%.kJ-mol*? 19.247 21.044 22.86 24.684 26.51 28.346
12 Equation AGr =-0.121T + 16.99

IgKp 33 | 352 | 364 | 376 | 387 | 397

Based on Table 5 data, the temperature dependence diagrams were built for interaction of malachite,
azurite and chrysocolla with modified reagent (Fig. 1).
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Figure 1. Temperature dependence of standard Gibbs energy for interaction of copper minerals with modified reagent

As follows from Figure 1, standard Gibbs energy for malachite and azurite is negative in the whole tem-
perature range, indicating high probability of interaction, growing with temperature. Interaction with chryso-
colla is less active than with malachite and azurite but is still possible at mentioned temperature, with interac-
tion probability again proportional to temperature growth.

Interaction of a modified reagent with chrysocolla in interval of 298.15-373 K is lower than for malachite
and azurite. But also it can proceed in this temperature interval. Raise of temperature also is able to increase
the probability of interaction.
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Conclusions

Based on the results of thermodynamic analysis the modified reagent is recommended as oxidized copper
minerals sulphidizer for flotation enrichment of oxidized copper ore. In particular, the possibility of sulphidiz-
ing the ore containing malachite, azurite and chrysocolla as major components, is demonstrated in the study.

Financial support of scientific research was carried out under the project AP 05130454 «Development
of an effective technology for the processing of oxidized copper ores using a modified reagent» of the Ministry
of education and sciences of the Republic of Kazakhstan.
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I'.JI. Katkeesa, I'. Bypkitcerepkpizsl, FO.I1. Mopo3sos, E.M. XKynycos

ToThIKKaH MbIC MUHEPAJIIAPbIHBIH MOAM(PHKANMSAIAHFAH PeareHTIeH
dpeKeTTeCYiHiH TePMOIMHAMMKAJIBIK TAJI1aybl

TOTBIKKAH MBIC KeHIEpiH OaiibITy Ke3iH/e TOTHIKKAH MBIC MHHEpAIIapbIH allIbIH alla CyJIbQUATEY KePEeKTiri
KOPCETIIreH. AJIFalll peT TOTHIKKAH MBIC KEH/IEPiHIH HETi3iH KypayIibl — MaJlaXHT, a3y PUT )KOHE XPHU30KOILIa-
HBIH MOIU(UKANMSIIAHFAH CYIb(QUATEYII PearcHTIIeH oPEeKeTTECYiHIH TePMOIHHAMHUKAIIBIK TalJaybl )KYpPTi-
3inai. Monudukanusnanran cynbQUATEYIII peareHT peTiHae HaTpui MONUCyIb(GUAI MEH aMMOHHI Cylbda-
TBIHBIH epITiIHAICIH/E Naiia 00JFaH aMMOHHI TTOMUCYIbGUII KONAAHBULABL. AMMOHHN MOMUCYNbGHUIIHIH TO-
TBIKKAQH MBIC MHHEpaJIIapbIMEH PEaKIMsChIHBIH CTAaHAAPTTHI [ MOOC SHEPTUSCHIHBIH TeMIIepaTypajbIK Tyel-
niniri aiikeiHAanaspL. Manaxut neH a3yput yiuid 298,15-373 K apansirbinaa MoaubuKaysIaHFaH peareHTIeH
peaKnusChl Ke3iHae CTaHAapTThl [ MOOC SHEPTHSCH Tepic dcep KOpPCeTeTiHAIr aHbIKTanAbl. COHIBIKTaH MOJIH-
(hUKaIHsITaHFaH PEareHTTiH MaJaXxuT KIHe a3yPHUTIICH dPEKETTECy BIKTHMAIIIBIFBI )KOFaphl. TemieparypaHbiy
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JKOFapblIaybl ©3apa 9Cep €Ty bIKTUMAJIbIFbIH apTThpabl. MoauduKaMsIaHFaH peareHTTiH XPU30K0JUIaMeH
OpeKeTTecyi MalaXuT IeH a3ypHTKe KaparaH/aa dJIci3 KepceTuireH. Anaiiia ocbl TeMIiepaTypa HHTEpBaIbIHAA
aFbIll KeTyi MyMKiH. TeMrepaTypaHbIH XKOFapbliaybl COHBIMEH KaTap e3apa acep €Ty bIKTHMMAaJbLIbIFbIH apT-
TeIpanbl. OckiFaH OaliIaHBICTHI, TOTBIKKAH MBIC MUHEPAIIAPBIHBIH MOAU(HKAIMSUIAHFaH CYyJIbQUATEYIII pea-
TeHTI — aMMOHUH TTONHCYIbGUIIMEH CyIbGUITEHYIHIH MYMKIHIITI KOPCEeTIreH.

Kinm ce30epi: TOTBIKKaH MUHEpaIaap, XpU30KOJIa, MAIAXUT, a3ypuT, CyIb(UATEeYNI MoIu(pUKAIMIaHFaH
p b el b b
peareHt, cyiabhuITey, TEPMOANHAMUKAIBIK Tanay, [ M00c SHeprHscH.

I'.JI. Katkeesa, I'. Bypkutcerepksizbl, FO.I1. Mopo3zos, E.M. XKynycos

TepMoauMHAMHUYECKUN aHAJIU3 B3aUMOJACHCTBUS OKMCJICHHBIX MUHEPAJIOB MeIH
¢ MOAM(PUUMPOBAHHBIM peareHTOM

Tloxasana HEOOXOAMMOCTh TNPEABAPUTENBHON CYJIb(QUIN3AIMN OKHCICHHBIX MHHEPAIOB MEIW NpH
o0oraieHny OKUCICHHON MeIHO! py sl BriepBrie poBeneH TepMOIMHAMUYECKUH aHAIN3 B3aUMOJICHCTBHUS
MOIMGHUINPOBAHHOTO CYIb(OUINUPYIOIIETO PeareHTa ¢ OCHOBHBIMH COCTAaBILIOIIMMH OKHCICHHON MemHOMN
PYABI — MaJaxUTOM, a3ypPUTOM U XPH30KOIIOH. B kauecTBe MomudUIIMPOBaHHOTO CyIbGUINPYIOLIEro pea-
TeHTa IPHUMEHEH MOINCYIIBL()HIT aMMOHUS, 00pa30BaHHBIN B PACTBOPE MOJIHCYNIb(GHIA HATPUS U cyIbdaTa am-
MoHus. OmpezeneHa TeMiepaTrypHast 3aBHCUMOCTD CTaHIapTHOI sHeprun [ mb0ca peakuny nonucyiabduaa am-
MOHHS C OKHCJICHHBIMH METHBIMH MUHepanaMu. [1oka3aHo, 4To H3MEHEeHHe CTaHAapTHOIT sHepruu I'ub6ca pe-
aKIMH Ul MaJlaxuTa U a3ypura ¢ MOAUGHIUPOBAHHBIM peareHToM B uHTepBane 298,15-373 K npunumaer
oTpHLarebHble 3HaYeHHs1. ClieJoBaTENbHO, BEICOKA BEPOSITHOCTD B3aUMOICHCTBUS MOTHU(DUIIHPOBAHHOTO pe-
areHra ¢ MaJaXUTOM U a3ypuToM. [1oBbIIIeHHEe TeMIIepaTypsl CIOCOOCTBYET YBEIMYECHHIO BEPOSITHOCTH B3au-
MozelcTBus. CBA3b MOAU(UIIMPOBAHHOIO PEareHTa ¢ XpU30KOJUION BBIpaXKEHa ciabee, YeM MallaxuTa u asy-
puta. OgHAKO OHA MOXKET IPOTEKATh B TAHHOM TeMIIepaTypHOM HHTepBaie. [IoBbIIIeHHe TeMIepaTyphl TakkKe
CIIOCOOCTBYET YBEIIMYECHHIO BEPOSTHOCTH B3anMojeicTBusl. TakiuM oOpa3oM, yCTaHOBJIEHA MPUHIUIIHATIBHAS
BO3MOXKHOCTD CYJIb(DPUIH3AIMH OKHUCICHHBIX MEIHBIX MUHEPAJOB MOAUGHUIMPOBAHHBIM CYJIb()UIUPYOIIUM
pEareHTOM — IMOJIUCYIb(GUIOM aMMOHHSL.

Knrouegvie ciosa: OKUCICHHBIE MUHEPANIBI, XPU30K0JUIA, MaJaXHT, a3ypHUT, MOAUGHUIMPOBAHHEIN CyIb(OH M-
pYIOUINI peareHt, cyabpuIn3anys, TepMOITHAMIUECKUN aHamu3, sHeprus ['nboca.
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Possibility of enrichment of ore processing waste from Karagaily
and Zheskazgan mining plants by dry separation method

This study aims at review of the effects of dry separation method on the ore flotation efficiency and thoroughly
discusses the possibility of waste enrichment by sieving through fine-mesh sieves with sizes (d > 0.4;
0.16 <d<0.4;0.08 <d <0.16; d < 0.08 mm). A granulometric analysis of four samples waste production, was
carried out and the copper content in each fraction was determined. According to the results of the study, the
following was established: 1) the largest proportion has a grain size fraction over the range
0.16-0.08 mm in the «current tails» of the Karagaily ore-processing plant, in this fraction turned out to be the
highest copper content; 2) a larger amount of copper is contained in coarse fraction of «stored tails» and «cur-
rent tails» of Zhezkazgan ore-processing plant 1-2, therefore, it is possible to sift out a finely dispersed fraction;
3) the largest fraction by grain size is over the range of 0.16-0.08 mm in «aged tails» of Zhezkazgan PP 3, but
the largest weight percentage of copper is over the range 0.08 < d < 0.16. As a result of the studies, it was found
that «current tails» and «stored tails» are applicable for the ore enrichment by dry separation method. The
«Current tails» of the KPP are not suitable for enrichment by dry separation.

Keywords: concentration plant, tailings samples, analysis, fraction, grain sizes, screening, copper content, dry
separation.

Introduction

The problem of handling solid waste is the most urgent component of ensuring national security for our
country, since the volumes of accumulated waste are considered as one of the factors of the progressive envi-
ronmental crisis. The sphere of secondary use of resources in Kazakhstan is at the stage of active formation.
The purpose of this research was to study the possibility of using dry separation method for enrichment of ore
processing waste from mining plants.

Today, special attention is paid to the problem of utilization of mining waste, as the use of technogenic
mineral resources is not only one of the reserves of mineral raw materials for the mining industry, but also an
important part of the state policy of resource saving and environmental protection.

Around the world, the process of mining and processing metal ores forms a large amount of waste of
various aggregation state. At present, they contain billions of tons of ore that has undergone certain processing.
Further accumulation of mining complex waste causes a serious problems of the environmental situation on
the planet. The urgent issue is the creation of new environmentally friendly technologies for mining, focused
on their maximum use [1].

Recent years, there is an increase in waste accumulation, therefore the environmental factor significantly
impacts to the economy. According to the estimates of specialists from German metallurgical companies, the
items of taxes and environmental costs of production have begun to gain the most weight recently. Therefore,
progressive technologies for the production of metals from recycled materials are increasingly being intro-
duced abroad. The sources of such raw materials are solid waste storage facilities of mining and metallurgical
industries, the so-called technogenic deposits [2].

Experimental

The difficulty in separating of contaminants is caused mainly due to the moisture of the mass: with its
increase, the stickiness of the impurities grows. In addition to moisture, the degree of stickiness is influenced
by the grain and mineralogical compositions: the greatest stickiness is observed in clay and loamy soils, and
less — in sandy loam, sand and stone dust formed during crushing. With the dry enrichment method, it is
advisable to use cyclones for screening small fractions, since the use of vibrosieve with small mesh sizes is
impossible due to the constant contamination of the holes [3, 4].
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Therefore, for the enrichment of granules with a diameter of less than 1 mm by dry separation method,
vibration systems are used. They are supplied with the platform and a separation plate with air blowing, which
are inclined at certain angle to the horizontal. In this case it is possible to separate the mineral in accordance
with their size under the influence of the vibration friction force.

The dry separation and enrichment unit includes a second vibration platform, which is installed on the
second one-navigation separation. The angle of inclination and the direction of vibration force is approximately
20~60°. At least one gutter is installed on the indicated vibration platform, which is placed under the material
inlet, a grating part is installed inside the gutter, the angle of the grating part and the vibration of the second
platform is 2~20°. The sealed chamber is closed by the grating part, on the side wall of the gutter there is a gas
inlet, at least one outlet for deposition and one more for the upper drain, a first, second, third, fourth partitions
are installed around the side wall of the gutter. The above mentioned output for deposition is installed in the
direction of low end of the sieve piece.

A useful effect is achieved by means of the vibration platform and a strainer, which are inclined to the
vibration force. Enrichment and separation can be carried out in accordance with the mineral density. Moreo-
ver, due to the outlet for the upper discharge, the lighter material can be separated by the pouring method,
which allows to achieve a good separation effect [5].

Four samples of the following grades have been taken for the experiment: 1) «current tails» of the Kara-
gaily processing plant (KPP); 2) «stored tails» of the Zhezkazgan processing plant (ZHPP) No. 1, 2; 3) «current
tails» of ZHPP; 4) «stored tails» of ZHPP No. 3 (grain sizes in samples are 0.01-0.5 mm). These samples have
been subjected to study in terms of the possibility of enrichment with sieve methods.

Dispersion of the samples was determined by sieve analysis. It has been taken 250 grams of powder from
the processing plants. This samples were passed through sieves with sizes 0.4, 0.16, and 0.08. Before sifting
large lumps of the sample were grinded in the mortar. Each fraction was weighed and the copper content was
determined on the atomic absorption spectrometer «Varian AA-140».

Results and Discussion

The aim of our research work was to determine the feasibility of enriching these wastes by sieving through
fine mesh sieves with sizes (d > 0.4; 0.16 <d < 0.4; 0.08 <d < 0.16; d <0.08 mm). In order to achieve this
purpose has been conducted a particle size analysis of mentioned above samples.

Assuming the dividing out of the number of grains by size to be the normal distribution, using the ap-
proximation and the Gauss function, it was determined the position of the distribution maximum and other
statistical characteristics such as, the mathematical expectation and variance (Fig. 1).

For KPP «current tails», the distribution is described by a Gaussian curve with the following parameters:
expectation is 0.11 mm, variance = 0.05, which confirms the normal distribution, i.e. uniform distribution in
all fractions.

Based on the results of the mineralogical analysis, the granulometric analysis of the «Karagaily current
tails» sample has been carried out. According to the results copper was in the form of chalcopyrite, due to its
hardness that is contained in large fractions. Granulometric analysis of the remaining samples was also per-
formed.

The results of this work are presented in the tables and depicted in the graphs below. As a result of
conducted experiments the next data have been obtained. According to this values the sieves sizes, hamely
diameter impacts to the composition and copper content of considered samples. A maximum amount of mass
fraction and copper content corresponds to the sieves with diameter between 0.08 and 0.16 mm.

Table 1

Results of particle size analysis of the sample «Current tails» (KPP)

Sieve diameter, mm Mass fractioon Average copper
g % content, %
d>04 0 0 0
0.16 <d<0.4 71.18 28.47 0.02
0.08<d<0.16 145.12 58.05 0.18
d <0.08 33.7 13.48 0.01
For all fractions 250.0 100 0,11
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The average copper content for all fractions was calculated by the formula
A=Y, pixjA= Z p, X, =0.0-0+0.2847-0.02 + 0.5805-0.18 + 0.1348-0.01 = 0.11

As a result of the analysis (Table 1) it has been determined that the largest fraction of the grain size is in
the range of 0.16-0.08 mm, therefore, there is the highest copper content in this fraction.

%o Wt 58.1%

d<0.8 0.0B<d<0.16 0.2 0.16<d<0.4

0.4 d=0.4 s SEAe, M

Figure 1. Distribution of the sample «current tails» of KPP by grain sizes

Based on the analysis, it was shown that division into fractions for enrichment is not feasible for the
«current tailings» of KPP, since after sieving the percentage of waste will be much higher than in other sam-
ples. This fact makes the dry separation method ineffective for the mentioned above sample.

According to the results of the analysis of the «stored tailings» sample of ZHPP 1, 2 (Table 2) more
copper is contained in the larger fractions of the sample therefore, it is possible to sift out the finely dispersed
fraction and enrich the copper content of the tailings (Fig. 2).

Table 2
Results of the granulometric analysis of the sample «Stored tails» of ZHPP 1,2
Sieve diameter, mm Mass fraction, Average copper
g % content, %

d>04 0 0 0
0.16<d<04 97.14 38.86 0.11
0.08<d<0.16 124.54 49.82 0.08

d<0.08 28.32 11.32 0.01
For all fractions 250.0 100 0.08

According to the analysis results of the sample «current tailings» of ZHPP 1, 2 (Table 3) it is clear that,
as well as the previous one, more copper is contained in the larger fractions of the sample, and in the diapason
of 0.16 < d < 0.4 the largest amount (0.09 %), therefore, it is possible to sift out the finely dispersed fraction
and enrich the copper content (Fig. 3).

As a result of the analysis of the «stored tails» of ZHPP 3, it was determined that the largest fraction of
the grain size is in the range of 0.4-0.16 mm, but the largest percentage of the mass fraction of copper is in the
fraction of 0.08 < d < 0.16. In this case, it is advisable to sift out the coarse fraction d > 0.4 (Fig. 4).
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Figure 2. Distribution of the «stored tails» sample of ZHPP 1, 2 by grain size

Table 3
Results of the granulometric analysis of the sample «Current tails» of ZHPP 1, 2
Sieve diameter, mm Mass fraction, Average copper
g % content, %
d>04 0 0 0
0.16<d<0.4 128.01 51.20 0.09
0.08<d<0.16 91.71 36.68 0.08
d<0.08 30.28 12.12 0.01
For all fractions 250.0 100 0.07
o wi
& 51.2%
0.0%
° d<0.8 0.08<d<0.16 0.2 0.16<d<0.4 . d=0.4 0.6  prain size, mm
Figure 3. Distribution of current tailings sample by grain size 1, 2
Table 4

Results of the particle size analysis of the sample «Stored tails» ZHPP 3

Sieves diameter, mm Mass fractioon, Average copper
g % content, %
d>04 11.88 4.75 0.02
0.16<d<0.4 120.08 | 48.03 0.06
0.08<d<0.16 59.67 23.87 0.09
d<0.08 58.37 23.35 0.01
For all fractions 250.0 100 0.06
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Figure 4. Distribution of the «stored tails» sample of the ZHPP 3 by grain size

The results obtained in this study indicate that the both «Current tails» and «Stored tails» of Zhezkazgan
ore plant processing 1, 2, and «Stored tails» of third sample KPP are suitable for the dry separation enrichment
method. However the current tails of Karagaily plant have a Gaussian normal distribution of all fractions and
the copper content is appropriate, so these samples are not suitable for enrichment by dry separation. The
application of the dry separation method for this sample forms a large amount of waste, therefore, for this
fraction, dry separation is ineffective.

The dry separation method allows to use the units with double vibrating platforms and sieve components
located one above the other. The material for enrichment must be dried to a moisture content of 5 %.

The difficulty of separation of contaminants is mainly due to the humidity: the wetter is the sample, the
stickier impurities are. The degree of stickiness, in addition to moisture, is influenced by grain and mineralog-
ical compositions. The greatest stickiness is observed in clay and loamy soils, smaller one in sandy, sand and
stone dust formed during crushing.

Therefore, to enrich granules with a diameter of less than 1 mm by the method of dry separation, vibration
systems are used with the help of a platform and separation plate with a blow-by air, which are inclined at an
angle to the horizon, then under the influence of vibration friction force it is possible to separate the mineral
according to the size.

Conclusions

As a result of the research, it is established that the «current tails» of the ZHPP 1, 2 are suitable for
enrichment by means of dry separation method; «stored tails» of the ZHPP 1, 2 and «stored tails» of the KPP
3 are applicable too.

Thus, dry separation plants with double vibration platforms and sieves located one above the other can
be used to enrich the concentration plants tails by the dry separation method. The material for enrichment must
be entirely dried to a humidity of 1.5-5.0 %.

The dry separation process is required to enrich maximum ore and obtain copper from sample materials,
which is advantageous for the copper separation in subsequent processes.

The validation of the dry separation method allowed to demonstrate that the presence of copper in the ore
tailings can be determined by means of simple methods of analysis. The pretreatment of the ore tailings is
established under technical considerations, environmental pollution, capital costs and operational risks.

The advantages of dry separation method are the low capital and energy costs, in addition to the great
flexibility to be environmental friendly. When used in the removal of soil contaminants, it reduces disposal
costs and allows the recovery of precious metals.
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Kaparaiinbl :xoHe Ke3KkaszraH KeH-0aibITy (hpadpuKanapbIHbIH
KAJIBIKTAPBbIH KYPFaK 06J1y d1iciMeH 0aiibITy MYMKIHJIr]

Makana Kyprak Oeny omiCiHiH KeHAI OalBITY THIMIUIITiHE ocepiH Tanaayra OarpiTTanrad. COHBIMEH Karap,
emuemzepi ycak enekrepai (d > 0,4; 0,16 <d <0,4; 0,08 <d < 0,16, d < 0,08 mm) eneyimrep apKbLIBI OTKI3IM,
KaJIIBIKTapAbl OaWBITY MYMKIHIIT] KapacTHIPBUFaH. TepT KauablK YATLIEPiHiH rpaHyIOMETPUSIIBIK capanTa-
Machl XYPri3ijin, oiapasIH ap0Oip (pakumsuIapbIHAAFbl MBICTBIH KYPaMIBIK MOJIIIepi aHbIKTaFaH. 3epTTey Ho-
THokenepi 6oitbiama: 1. Kaparaiiiel 0aitbITy paOpHUKachIHBIH «aFbIMIIBIK KaabIKTapbiHbH» 0,16—0,08 MM apa-
JBIFBIHIAFB! (paKIUsIapbIHAa OOJIIEKTepAiH OIIeMi eH KOFaphl OOJAaTHIHEI XKaHE OCHI (PpaKIusIapaa MbIC-
TBIH €H JKOFaphl Meutiepi Tabbutra; 2. JXKe3kasran 6albITy (paOpUKachIHBIH 1—2 YITINEpiHiH «aFBIMIBIK) JKOHE
(OKUHAKTaJIFaH» KaJIBIKTapbIHIA 14 MBICTBIH MOJIIEepi KoFapsl 00omaabl; 3. bemmexrep MenmepiiH ememi
GoiipiHIna eH yiakeH ¢pakius XKeskasran Oaiibity komOuHATEIHBIH 3-yiriciHgeri 0,16-0,08 MM apasbIFbiHIaFbI
«OKHHAKTaJIFaH» KaJIbIKTapJa Ke3Jeceli. 3epTTeyiep HOTHKECIHAE «aFbIMIBIKY JKOHE OKMHAKTAIFaH» Kaj-
IBIKTapAbl KYpFraK 0eiry ofici apKeUIbl OaiibITyFa 00IaThIHBI aHBIKTANABL. Kaparaiinel 6alibITy KOMOHMHATHIHBIH
«aFBIMJIBIK» KaJIBIKTAphl KYpFaK 0ey oiciMeH OalbITyFa xKapaMmaiibl.

Kinm ce30ep: GaiibiTy (haOpHKachl, KAJIBIK YITiIepi, capanTaMa, Gpakius, TYRIpIIK eneMaepi, eney, Mbic-
TBIH KYpaMbl, KYpFaK 0eiy.

E.C. Mycradun, X.b. Omapos, A.C. bopceinbaes, /. Xapnuuek, A.M. [1ynos,
J.A. Kaiixkenos, A.A. MypatbekoBa, /I.T. CaxpipbexoB, A.A. AitHabaeB

Bo3Mmo:xkHOCTDH 000ramenusi orxoaoB Kaparaitannckoi n Ke3kazranckoit
TOPHO-000raTUTEJbHBIX (PAOPUK METO0M CYXOI'0 pa3jaeieHUst

CraTpsl HanpaBJieHa Ha aHAIN3 BIMSHMS METOJa CyXOro pasjelieHus Ha 3 eKTHBHOCTh oOoramieHns pyzsl.
Kpome Toro, 00cysK/1eHbI BO3MOXHOCTH 000TaleH s OTXOJ0B MyTeM IIPOCEHBAHMS Yepe3 MeJIKHe CUTa C pas-
mepamu (d > 0,4; 0,16 <d <0,4; 0,08 <d < 0,16, d < 0,08 mm). Bl TpOBEAEH rPAHYIOMETPUIECKHAIN aHATIH3
YeThlpex 00pa3lioB M OIPE/ENCHO COACpKaHHe MeAd B Kaxaol ¢pakuuu. ITo pesynbraTtaMm HCCIeIOBaHHS
66110 ycTaHOBIIeHO: 1) HanbombIIHMiA pa3Mep 3epHa UMeroT ¢pakiuu B quanazone 0,16-0,08 MM B «TeKkymux
xBocTax» KaparaiiimHCKoro o0oraTuTensHOro KOMOMHATa, B 3TOH ke (pakuuy 0Ka3anoch caMoe BBICOKOE
coziepkaHue Meai; 2) GOobIoe KOJIUYECTBO MEH TakKe 0OHAPYKEHO B KPYMHOW (PaKIMH «JIEKAIBIX XBO-
CTOB» M «TEKYIINX XBOCTOB» JKe3ka3raHckoro 00OraTUTeNbHOro koMOuHara 1-2, mo3ToMy 37€Ch MOXKHO OT-
(bHUIBTPOBATH MEITKOAUCIIEPCHYIO (pakiuio; 3) camast 6osbinas Gppakuus mo pa3Mepy 3epHa HaXOJUTCS B JIHa-
naszone 0,16-0,08 MM B «iIexanbix xBocTax» JKe3ka3ranckoro o0oraTUTeNILHOr0 Komounara 3, Ho HanboJIb-
Init BeCOBO#t mporeHT Meau HaxoauTes B auana3one 0,08 < d < 0,16. B pe3ysprare ncciaenoBaHuii ObLUIO ycTa-
HOBJICHO, YTO «TEKYIIHE XBOCTBD) U «JIEXKaJbIe XBOCTBD) IIPUMEHUMBI JIsl 00OTAIEHHS PY/Ibl METOIOM CyXOT0O
paznenenus. «Texyuue xBocTe» KaparaitmmHckoro o60raTuTensHOro KOMOMHATa He MOAXOAT 11 oborarie-
HHS ITyTEM CYXOro pasJeIeHuUs.

Kniouesvie cnosa: oboratntensHas Gpadbpuka, 00pas3isl XBOCTOB, aHAIN3, PpaKIus, pa3Mephl 3epHa, IIPOCEenBa-
HHE, COZIepKaHNe MEJH, CyXasl Ceraparus.
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