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Abstract. LaCoO; and LaCo;Cu ;05 perovskites supported on highly dispersed mesoporous silica
KIT-6 were impregnated with silver nitrate (nag/nc, = 4/99 and 8/99). The phase composition of the
initial samples and samples after catalytic tests in syngas conversion and catalytic characteristics have
been investigated. The regularities of the transformation of samples in the process of reduction in a
hydrogen-containing gas have been studied. It is shown that, for the LaCoO; sample, with an increase in
the silver content, the activity and selectivity for higher alcohols increase from 6 to 23 %. The maximum
interaction of cobalt with silver is observed at a silver content of 4 %. At a higher content, part of the cobalt
is reduced regardless of the influence of silver due to its faster agglomeration. This leads to a stronger
amorphization of the reduced sample and a sharp increase in its activity. The LaCog;Cu( ;03 sample
exhibits a higher selectivity for higher alcohols (36 %) due to the effect of copper. Silver promotion of
the sample allows achieving the maximum selectivity for higher alcohols of 56 % with a silver content
of 4 %. A further increase in the silver content leads to a sharp decrease in the selectivity for higher
alcohols (41 %) and the appearance of CO, due to the saturation of copper-containing particles with

silver and a decrease in the interaction of cobalt with copper.
Keywords: syngas conversion, synthesis of higher alcohols, silver-promoted La-Co catalysts.
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Cunre3 Bpiciux cnuptoB HA LaCo-

U LaCoCu-nepoBckurax, NIpOMOTHPOBAHHBIX cepedpoM

E.B. loxkyuuu, T.Il. MuHiokoBa
Huemumym kamanuza um. I K. bBopeckosa PHUL] CO PAH
Poccuiickas ®@eoepayus, Hosocubupck

AnnoTtanus. [TepoBckutsl LaCoOs u LaCog;Cug;0;, HaHeCeHHbBIE Ha BRICOKOANUCTIEPCHBINA ME30TIOPUCTHIN
kpemHeseM KIT-6, nponuTeiBaauch HUTPAToM cepedpa (Nag/Mc, = 4/99 1 8/99). Mccnenosan Gaszoerit
COCTaB MCXOHBIX 00pa3IIoB 1 00pa3I0B MOCIIE KATATUTHYECKUX UCIIBITAHUH B KOHBEPCHH CHHTE3-Ta3a
¥ KaTaINTHYECKIE XapaKTEPUCTHKU 00pa3oB. M3ydeHbI 3aKOHOMEPHOCTH MPEBPAICHUS 00pa3IoB
B IIpollecce BOCCTAHOBJICHUS B BOJOpoacoiepxkalieM rase. [lokazano, uro s oopasua LaCoO,
C POCTOM COIEepIKAHUA cepedpa YBEININBACTCS aKTUBHOCTD U CEJIEKTUBHOCTH I10 BBICIIMM CIIUPTAM
¢ 6 110 23 %. MakcuMalibHOE B3aMMOJIeicTBUE KOOaIbTa ¢ cepeOpoM HaOII0AAETCsl TPH COEPIKAHUH
4 % cepebpa. [Ipu GornbIiem comepKaHUU YacTh KOOAJBTa BOCCTAHABINBACTCS HE3aBUCHMO OT BITUSHUS
cepebpa BesieAcTBUE ero 6osiee OBICTPOIl arjoMepaliui. ITO MPUBOAKT K 0oJiee CHIIbHOM amopdu3anun
BOCCTAHOBJIEHHOTO 00pasia 1 pe3koMy pocTy ero aktuBHOCTH. O6paser; LaCo,,Cug;0; mposBiseT 6omnee
BBICOKYIO CEJIGKTUBHOCTb TI0 BeICIIUM criupTaM (36 %) 6marogaps BnustHuto Meau. [IpomoTupoBanue
oOpasma cepedpoM MO3BOISET JOCTHYh MAKCUMAIIFHON CEIEKTUBHOCTH IT0 BEICIITUM CITHPTaM B 56 %
npu comaepkanuu cepedpa B 4 %. JlanapHeiiiee yBeaInYeHHE CONCPIKAHMSI cepedpa IPUBOIUT K PE3KOMY
CHIKCHHIO CEJICKTUBHOCTH 110 BEICIIUM cripTam (41 %) u mosBnermto CO, BCIEICTBUE HACHIIICHUS

MEeIbCOAEPIKALINX YacTUL] cepeOpPOM M CHHIKEHHUIO B3aUMOJIEHCTBHS KOOAIbTa C MEIBIO.

KuioueBble cj10Ba: KOHBEPCHSI CHHTE3-Ta3a, CHHTE3 BBICIIMX CITUPTOB, TPOMOTHPOBAHHBIE CEPEOPOM

La-Co-katanusaTopsl.

BaarogapuocTtu. PaboTa mognep:xana MUHHCTEPCTBOM HAayKH ¥ BHICIIETo oOpa3oBanus Poccuiickoit
®Denepaluu B paMKax TOCyAapCTBEHHOT0 3aKka3a ang MHcTuTyTa Katann3a uMeHn bopeckoBa (IpoexT
AAAA-A21-121011390054-1). UccrenoBauus XRD, AES npoBoarIIuCE ¢ UCTIONB30BaHUEM CPEICTB
COBMECTHOI'0 UCCIIEZIOBATEIBCKOTO IeHTpa «HamoHaIpHBIM HEHTP MUCCIET0BAaHNN KaTaIn3aTOPOB»

B MHcTuTyTe Katanusa um. bopeckosa. ABropsl Onarogapus! K.x.H. FO. H. becnasko 3a momomis B pabote.

Huruposanue: JJoxyuui, E. B. Cunres Boicuiux cniuptoB Ha LaCo- u LaCoCu-niepoBckuTax, IpOMOTHPOBAHHBIX cepedpom /
E.B. lokyuun, T.I1. Muntokosa / XKypHn. Cub. dpenep. yu-ta. Xumus, 2021, 14(4). C. 437-446. DOI: 10.17516/1998-2836-0252
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1. Introduction

Conversion of syngas obtained via the processing of biomass or conversion of carbon dioxide [1,
2, 3] into various valuable chemical products (hydrocarbons, higher alcohols) will make it possible
to abandon the use of natural fuel. Cobalt catalysts are the most effective for the conversion of
syngas. Promotion of cobalt-containing catalysts is an important way of their modification in order
to significantly reduce the reduction temperature, increase the activity, and control the selectivity for
higher hydrocarbons and alcohols. The conventional promoters of these catalysts are expensive noble
metals [4]. At the same time, in recent years, the possibility of using cheaper metals as promoters
of cobalt-containing catalysts has been actively studied. Promotion with Group 11 metals (Cu, Ag,
Au) is considered as the most promising replacement for precious metals. The most effective among
these metals is Ag, which provides a significant increase in the activity of catalysts with Ag content
increase compared to Au and Cu [5]. It can be explained by the formation of a larger amount of the
metastable B-Co phase with a hexagonal close-packed lattice during reductive activation in an Ag-
containing catalyst [6]. In this case, a high content of Cu and Au leads to a decrease in the activity of
the catalyst, which is caused by the coating of the edges of cobalt clusters with a promoter [5]. Silver
has a fundamentally different atomic structure in comparison with copper, gold and platinum, and
promotion with silver has little effect on selectivity, but a significant content leads to a decrease in
activity [7].

It was shown with DFT method [8], that the rate of syngas conversion over Co-containing
catalysts is controlled by CO dissociation and oxygen removal through the formation of water.
Silver promotion of the cobalt surface decreases the rate of structure-sensitive CO dissociation
and structure-sensitive reaction of subsequent hydrogenation. It leads to a longer lifetime of the
intermediate CH, compounds and, accordingly, to an increase in the probability of chain growth. In
this case, the rate of oxygen removal in the presence of silver increases [9]. It has been shown [10]
that the process of oxygen hydrogenation on silver includes a fast stage of the formation of adsorbed
hydroxyl groups, which are then slowly removed in the form of water. It can be assumed that, in the
case of the formation of silver clusters on the surface of cobalt clusters, silver can both facilitate the
incorporation of an associatively adsorbed CO molecule into CH,-Co followed by hydrogenation
and lead to termination of the CH,-Co chain. In both cases, an increase in selectivity to alcohols
will be observed.

A combination of Ag and other metals promotion of Co-containing catalysts may give an
interesting result. Thus, promotion with lanthanum [11] improves the overall reducibility of cobalt and
the surface area of the cobalt, which leads to an increase in the overall catalytic activity. Introduction of
lanthanum into the catalytic system makes it possible to suppress the formation of carbon dioxide, as in
the case of the Fe-Cu-La sample [12] and perovskite LaCog7Nij30; [13]. It turns out to be important in
the case of the promotion of a cobalt-containing catalyst with copper, which, together with the presence
of lanthanum, leads to a significant increase in the selectivity for higher alcohols [14, 15]. In this case,
copper-containing catalysts are conventional catalysts for a water-gas shift reaction, which inevitably
leads to CO, formation.

In the present paper, we studied the effect of silver promotion of oxide precursors LaCoO; and
LaCo7Cug 305 of a perovskite-type structure, supported on KIT-6 silica, on the activity and selectivity

for higher alcohols in the conversion of syngas. It was proposed, that the inclusion of lanthanum,
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cobalt, and copper cations in the perovskite structure would ensure their strong interaction at the stage

of sample reduction and provide the best synergistic effect.

2. Experimental

The oxide samples were synthesized with the citrate method by mixing metal nitrates, citric
acid, water, alcohol, and KIT-6 silica, described elsewhere [16]. KIT-6 silica was partially removed
by leaching in NaOH solution [17]. The synthesized samples were characterized by chemical analysis
(Optima 4300 DV, Perkin Elmer), X-ray diffraction (D8, Bruker), and thermal analysis (Netzsch STA
409) in an Ar + H, mixture (1/1). The resulting finely dispersed samples were divided into 3 portions,
two of them were impregnated with an aqueous solution of silver nitrate based on the atomic ratio
Ag/Co = 4/99 and 8/99 according to the established cobalt content in the sample. Then the samples
were dried in air in a place protected from direct sunlight with occasional thorough mixing.

Catalytic tests with a duration of 18—19 h were performed in a periodic mode in a flow laboratory
reactor at a temperature of 240 °C, a pressure of 2 MPa, and the following gas composition: CO/H, = 1/2
and 10 % nitrogen (an internal standard). A powder with a grain size of 0.14—0.25 mm was prepared
from the sample. The reductive activation of the samples before catalytic measurements was carried out
in a flow of an Hy/Ar mixture at temperature 500 °C for LaCoO; sample and 330 °C for LaCo;Cug ;05
sample, based on the results of DTA. GHSV was selected in such a way that CO conversion was not
high and close for all the samples, that is, the tests took place under similar conditions. The composition
of the gaseous products was analyzed continuously. Liquid products were collected and analyzed after

the reaction.

3. Results and discussion

According to XRD data, the synthesized samples LaCoO;/KIT-6 u LaCo7Cug305/KIT-6 consist
of a phase with a perovskite structure with a rhombohedral lattice R3¢ (LaCoO; — ICDD PDF2 00—
048-0123) (Fig. 1). It should be noted that the samples consist of only one phase; no cobalt or copper
oxides are observed.

Intensity (a. u.)

LaCo, ,Cu, ;0,4

2Theta(deg.)

Fig. 1. Diffraction patterns of initial samples LaCoO;3/KIT-6 and LaCog;Cuy305/KIT-6. All reflexes belong to
the perovskite phase
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The transformations during reductive activation were investigated by thermal analysis. According
to thermal analysis in the Ar+H, mixture data (Fig. 2) for all samples, a weight loss effect is observed in
the region of 130 °C, corresponding to the removal of adsorbed water. In the case of LaCoOj; reduction,
three exothermic effects are observed: 357, 478, and 677 °C. The first two peaks refer to sequential
cobalt reduction: Co*" — Co?" and Co*" — Co° [18]. The mass loss values for these two stages of cobalt
reduction turn out to be close, although they should correlate as 1/2. The close value of the weight
loss with a thermal effect of 677 °C indicates that this effect is related to the reduction of a part of the
cobalt at this temperature. An increase in the temperature of Co*" reduction to 677 °C may be due to
the influence of the support, which leads to the formation of hardly reducible cobalt silicate C0,SiO4
[19]. Promotion of LaCoOj; with silver nitrate slightly changes the pattern of cobalt reduction. The main
effect is traced in a decrease in the temperature of the first stage of reduction of cobalt Co** — Co?*
and its prolongation. In this case, an increase in the silver content leads to a stronger shift towards
lower temperatures. The second thermal effect during the promotion of LaCoQOj; with silver also shifts
somewhat to the region of lower temperatures. It can be assumed that the optimal silver content, at
which the maximum interaction of cobalt with silver is ensured, is located near the nuy/nc, = 4/99
region, which is consistent with the data of other authors. [5]. In the samples promoted with silver,
some of the Co?" cations are also reduced at temperatures above 600 °C due to the formation of cobalt
silicate, which is a result of the deep interaction of the perovskite phase with KIT-6 silica and its partial
incorporation into the perovskite structure [16].

A similar picture is observed for the LaCo(7Cug30; samples. Most of the cations of cobalt and

copper are reduced together at a temperature of 266 °C with the formation, probably, of bimetallic
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Fig. 2. DTA data of samples in a hydrogen-containing mixture: (a) LaCoOs/KIT-6, (b) 4 %Ag/LaCoO;/KIT-6, (c)
LaCoy;Tip305/KIT-6, (d) 4 %Ag/LaCoq;Tip30:/KIT-6
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Cu-Co particles. However, some of the copper and cobalt cations are reduced separately: for copper
cations — 238 °C; for cobalt cations — 327, 432, 639 °C. The reduction temperatures of cobalt cations
are close to the reduction temperatures in the case of the silver-promoted LaCoOs sample. The separate
reduction of cobalt and copper cations is apparently related to the cations located on the surface of the
perovskite phase. A low proportion of separately reducible cobalt cations leads to a weakly pronounced
thermal effect of the reduction of cobalt at temperatures above 600 °C caused by the formation of
cobalt silicate. The promotion of copper-containing perovskite with silver significantly changes the
nature of the reduction of the samples. So, in the case of a silver content of 4 %, the reduction of
copper with cobalt starts at a temperature of less than 200 °C with a maximum at 222 °C. Thermal
effects are observed corresponding to the separate reduction of some of the cobalt cations: 351, about
440 and 638 °C. Probably due to the close surface tension [20] of copper and silver, a similar crystal
lattice (Fm3m) and the possibility of the formation of binary alloys of any composition [21] silver
modifies the surface of the formed Cu-Co particles with suppression of the complete reduction of
cobalt. With a further increase in the silver content (8 %), in addition to the analogous stage of the
combined reduction of copper with cobalt, thermal effects of the separate reduction of cobalt from
copper are also observed. In this case, the first stage of cobalt reduction occurs at a temperature of
about 300 °C. We believe that the maximum silver content that can be associated with the forming Cu-
Co particles in this system is in the range from 4 % to 8 %. With a further increase in the silver content
to 8 %, some of the silver is unbound with such particles and can affect the reduction of the remaining
cobalt cations, lowering the observed reduction temperature, similar to the reduction of cobalt in the
4 %Ag/LaCoOs sample.

According to the observed regularities of the reduction of samples with hydrogen, one should
expect that in the case of the separate reduction of cobalt cations from the reduction of silver and
copper, in addition to the particles of cobalt modified by copper and / or silver, an unmodified cobalt
particles will also appear. Such samples should have a higher activity in syngas conversion. This is
due to the fact that silver on the surface of cobalt particles occupies the most active centers, reducing
the overall activity of such particles, while, however, contributing to an increase in the selectivity for
alcohols, an increase in the chain length, and a decrease in the selectivity for light hydrocarbons [9].
To reduce the samples, a temperature was chosen that ensures the complete reduction of cobalt, with
the exception of the forming phase of cobalt silicate. It was 500 °C for samples based on LaCoOs; and
330 °C for samples based on LaCog;Cu30;.

The results of catalytic tests of the samples in syngas conversion are consistent with the
assumption made above. Thus, in the case of LaCoOs, with an increase in the silver content, the
activity and selectivity for alcohols increases significantly (Table 1) with a simultaneous decrease in
the selectivity for paraffins. The constant value of the distribution parameter of alcohols o indicates
that CH, hydrocarbon particles are formed on cobalt particles, and silver clusters are responsible for
their termination by the introduction of an associatively adsorbed CO molecule. Correspondingly,
with an increase in the silver content, the selectivity for alcohols increases. The fraction of alcohols is
represented in the overwhelming majority of primary alcohols, which excludes the possibility of their
synthesis by hydration of olefins.

In the case of the LaCo,Cu, ;05 sample, the promotion with silver decreases the activity of the

samples, probably due to a decrease in the activity of copper-containing metal particles, including the
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Table 1. Catalytic properties of samples on mesoporous silica KIT-6 in the syngas conversion at pressure of 2 MPa
and 240 °C and gas composition H,/CO = 2/1

/' Sw GHSV, Xco, Sco, S ROH, Cre RH, Coote

N4, sas 5 0> OCo,» CH,» OC, >

Sample € 5 3 2 4 7S S en/
ne, m*g h % % %. % o | ask Y | oagr o Y o

LaCoOs - 117 | 2350 [22.4 187 | 149 6.1 [ 041 | 9 0.82|60.6| 52 |0.21

0
4 %Ag/LaCoOs 4/99 | -* | 2480 [248| O 17.1 | 11.6 1 13.0 | 0.39 | 25 0.83 | 58.3 | 64 | 0.12
8 %Ag/LaCoO; 8/99 | - 3340 (225 O 190 | 12.2 1232040 | 57 0.81 | 45.6 | 205 0.11
0
0

LaCog7Cu 305 - 193 | 1320 | 193 211 | 137 364|040 | 24 0.78 |28.8| 15 [ 0.08
4 %Ag/LaCoy7Cuo305 4/99 | -* 940 | 154 20.8 | 13.3 55803921 078 (101 | 2 |0.13
8 %Ag/LaCo(7,Cuo30; 8/99 | -2 1060 | 18.5| 2.1 | 173 |12.8 414|040 24 079264 | 9 |0.11

2 — the specific surface area was not measured for the samples impregnated with silver nitrate, since the method requires a
thermal pretreatment, which can cause changes in the texture of the samples that are difficult to identify.

Table designations: Sy, — specific surface area of samples; GHSV — gas hourly space velocity (h”); S — selectivity of CO
consumption for the corresponding reaction products (%); X — conversion of CO (%); ROH — alcohols; RH — paraffins; Y —is
the yield of product (mg/g...<h); assr — the Anderson-Schultz-Flory parameter (a, s for alcohols, oy, 5o for paraffins); en/an —
olefin to paraffin ratio.

formation of bimetallic Ag-Cu particles. In this case, the distribution parameter of alcohols for copper-
containing samples is similar to samples based on LaCoOj3, which also indicates the formation of CH,
particles on cobalt particles, followed by the introduction of a CO molecule associatively adsorbed on
copper or silver into CH,-Co, followed by hydrogenation.

The selectivity for methane and light hydrocarbons for all samples weakly depends on the sample
composition. The alcohol selectivity for silver-promoted LaCoO; samples increases with increasing
silver content. In the case of samples based on LaCo,;Cug30s, the alcohol selectivity reaches a
maximum at a silver content of 4 %, and at 8 % it significantly decreases due to the binding of all cobalt
and copper to silver clusters. In this case, the promotion of cobalt with copper provides a significant
increase in the selectivity for higher alcohols and, probably, in the case of the introduction of silver on
the 4 %Ag/LaCo(7Cug 305 sample, reaches its maximum values. This allows us to consider this sample
as the most promising for the synthesis of higher alcohols by syngas conversion.

The high silver content in the sample of 8 %Ag/LaCo;Cug 305 leads to the appearance CO, in the
products of syngas conversion, that may be caused by a decrease in the strength of interaction between
copper and cobalt due to the effect of silver, as indicated in the results of thermal analysis. The ratio
of olefins to paraffins for all samples modified with silver is similar, but lower in comparison with the
unpromoted sample of LaCoO;, indicating that silver inhibits the activity of f-hydride elimination
centers leading to the formation of olefins.

The results of XRD analysis of the samples after catalytic measurements (Fig. 3) show that all
samples contain lanthanum oxide La,O; (ICDD PDF2 01-073-2141), lanthanum hydroxide La(OH);
(ICDD PDF2 01-083-2034), cobalt carbide Co,C (ICDD PDF2 00—050—-1371), metallic silver (ICDD
PDF2 01-087—-0717), a trace amount of cobalt silicate C0,SiO, (ICDD PDF2 00-029-0506) and
metallic cobalt. Cobalt metal can be present as a hexagonal-packed a-Co phase (ICDD PDF2 00—
005—-0727) or as a cubic-packed B-Co phase (ICDD PDF2 00-015-0806). The type of the metallic
cobalt phase cannot be accurately determined due to the low intensity of the reflections in the X-ray
diffraction pattern and due to the proximity of the (220) a-Co and (111) B-Co reflections. The absence
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8%Ag/LaCo, ;Cu, ;05
4%Ag/LaCoy ;Cuq 305
WN
o) LaCo;Cuy 305
n am 8%Ag/LaCoO4
4%Ag/LaCo0,
LaCoO;,

10 20 30 40 50 60
2Theta (deg.)

Intensity (a. u.)

Fig. 3. Diffraction patterns of samples after catalytic tests. Designations: ® — La(OH);, * — La,O;, m — C0,SiO0y,
o—-Ag, ¢—-Co,C,A-Co

of the perovskite phase indicates complete destruction of the samples during reduction and catalytic
tests. The low content of cobalt carbide, which is considered to be responsible for the synthesis of
alcohols [14, 15], in the samples may be due to both the effect of promoters: silver and copper, which
slow down the rate of CO dissociation, and the effect of the lanthanum-containing oxide support.
Cobalt silicate suggested on the basis of thermal analysis data is observed in trace amounts, which is
well explained by the high amorphization of the samples after catalytic tests. The copper oxide phase
is not observed, it may be the result of the formation of bimetallic particles with cobalt on its basis.
Reflections of metallic silver are observed only in samples containing 8 % silver, which is in excellent

agreement with the thermal analysis data.

4. Conclusions

Silver promotion of perovskite-type oxide precursors LaCoO; and LaCog;Cu30s, supported on
mesoporous silica KIT-6, makes it possible to increase significantly the selectivity of catalysts based on
them for higher alcohols in syngas conversion. In the case of LaCoO;, the alcohol selectivity increases
with an increase in the silver content from 6 to 23 %. Cobalt promotion with copper provides a more
significant increase in the selectivity for higher alcohols, and in the case of additional promotion with
silver on the 4 %Ag/LaCo,,Cu,;0; sample, the selectivity reaches a maximum of 56 % with respect
to converted CO. In the presence of silver, the reduction temperature of cobalt and copper decreases,
while the activity of copper-containing samples decreases. In the case of samples based on LaCoOs,
with an increase in the silver content, its stronger interaction with a part of the initially reduced cobalt
is observed, which probably leads to the formation of a part of cobalt unbound with silver and its
independent reduction. This in turn significantly increases the activity of the catalyst. The promotion
of cobalt-containing catalysts with silver apparently suppresses the activity of the centers responsible
for the synthesis of olefins; their content in hydrocarbons does not exceed 10—-12 % of the mass.

The high activity and low commercial price of silver in comparison with other noble metals makes
it possible to consider silver as the most promising promoter of catalysts for the synthesis of higher

alcohols in syngas conversion.
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Abstract. Ultrasound assisted emulsification microextraction (UAEME) as a new sample preparation
method was optimized for the determination of permethrin in urine samples. Also, deep eutectic solvent
was used as the extracting solvent instead of organic solvents in this method. In order to determine the
optimal values, six main parameters were studied in different levels. Totally, 105 runs were performed
using the one-variable-at-a-time method followed by high-performance liquid chromatography with
a UV detector. Under the optimum conditions, the calibration curve for permethrin was linear in
the concentration range of 5 to 500 pugL"' for urine samples. The accuracy and reproducibility of the
introduced method were determined using the relative recovery (RR%) and relative standard deviation
(RSD%) tests on the fortified urine samples. RR% and RSD% were found to be 96.3—-101.7 % and
3.2-7.6 %, respectively. The limit of quantification and also the limit of detection were obtained 5 and 1
ng/L, respectively. In the present study, the DES-UA-EME technique was successfully developed for the
extraction of permethrin from urine samples and subsequent quantification by high-performance liquid
chromatography.In comparison to the other sample preparation methods, the proposed technique has the

advantages of shorter extraction time, simplicity, and applicability in laboratories with less equipment.

Keywords: deep eutectic solvents, sample preparation, ultrasound assisted emulsified microextraction,

permethrin, high performance liquid chromatography.
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IMYJIBIrHPOBAHHAS] MUKPOIKCTPAKIUA
¢ IOMOLIBIO YJIbTPa3ByKa ¢ nocjaeaymoueid BbicokodpdexrnBHOM

JKUJKOCTHOM XpoMartorpaduei 1J1 nepMeTPpUHA

Mexpan Ilypxocceiin®®, Asmpesa Fonaraii®,

Pamun Xarann?, baoak Ilaknexag®

“Meouyunckuu ynusepcumem Apmuu Hcnamcxou Pecnyonruku Upan
Tezepan, Hpan

0 Tecepanckuti MeOUYUHCKUL YHUGEpCUMEm

Tezepan, Hpan

AHHOTauMsA. MUKPOIKCTPAKIUS SMYJIbIMPOBAHHUS C IIOMOILBIO YJIbTPa3ByKa B KaueCTBE HOBOT'O
METO/1a MOATOTOBKH 00pa3ioB Obliia ONTHMH3MPOBAHA ISl OMIPEACICHHUS MEPMETPHHA B 00pa3max
mouu. Kpome Toro, B 3TOM METOJIE B KaU€CTBE IKCTPATUPYIOLLETO PACTBOPUTEISI BMECTO OPIaHUYECKUX
pacTBOpHUTENICH HCIOJIB30BaJICS II1yOOKHH 3BTEKTHYCCKHI pacTBOpUTEh. JJIs onpeneneHus
ONTUMAaJbHBIX 3HAYCHHUH OBLIH W3YUYCHBI IIECTh OCHOBHBIX IIApaMETPOB Ha PAa3HBIX YPOBHAX. Beero
ObL710 BBITIONIHEHO 105 MPOTOHOB ¢ TOMOIIBIO METO/Ia OHON TIEPEMEHHOMH, 32 KOTOPBIMH MOCIeI0BaIa
BBICOKOA () (heKTUBHAS JKHIKOCTHAsI XpoMaTorpadus ¢ YD-neTekTopoM. B onTuMaabHBIX YCIOBUSIX
KaJauOpoBOYHASI KpUBas JJIsl IepMEeTpHUHA Obljla TMHEWHOW B TMana30oHe KOHIEHTPAIUi OT 5
10 500 mxr/n! miis 06pasios Moun. TOUHOCTH U BOCIPOM3BOAMMOCTD BBEAEHHOIO METOA ObLIN
OTIpe/ICTICHBI C UCIOJIb30BAHUEM TECTOB OTHOCUTEIBHOT0 BoccTaHoBNIeHUs (OB%) 1 oTHOCHTEIBHOTO
crarnaptHoro otkiaoHeHus (OCO%) Ha oborameHHBIX 00pasnax mouu. OB% u OCO% cocTaBuinu
96,3-101,7 % u 3,2-7,6 % cooTBeTcTBeHHO. [Ipeaenbl KOJTUYSCTBEHHBIX TIOKa3aTeIeiH 00HAPYKCHUS
5 u 1 MKT/T cCOOTBETCTBEHHO. B HacTosmem ucciieoBaHuY ObLITa YCIIeTHO pa3padoTaHa METOIMUKA
MHKPOIKCTPAKIMH SMYJIbIHPOBAHHUS C MOMOIIBIO YIIBTPa3ByKa ISl H3BJICUCHUS IEPMETPUHA U3 00pa3IoB
MOYH ¥ TIOCIIETYFOIIET0 KOTMIECTBEHHOTO OIIPEICICHUS C TOMOIIEIO BEICOKO3 () (DK THBHON KUIKOCTHOU
xpomatorpaduu. [To cpaBHEHUIO ¢ IPYyTrUMHU METOJAMH MOJIOTOBKH 00Pa3I0B MPE/JIOKEHHBII METO]
o0IlalaeT TAKMMH MTPEUMYIIECTBAMH, KaK 00Jiee KOPOTKOE BpeMsI IKCTPAKIIUH, TIPOCTOTA U BO3MOKHOCTh

MPUMEHEHHUSI B JIa00PATOPUSX C MEHBIIUM KOJIMYECTBOM 000PYA0BaHHUSI.

KoroueBble ciioBa: riryOOKHil 3BTEKTUYECKHI paCTBOPUTEIb, OATOTOBKA 00Pa310B, MUKPOIKCTPAKIIHSI
SMYJIBTUPOBAHUS C MIOMOIIBIO YIBTPa3ByKa, IEPMETPHH, BEICOKOA(DPEeKTHUBHAS KUIKOCTHAS

xpomarorpadust.

BaarogpapHocTH. ABTOpPHI BRIpaXKaloT MPU3HATEIBHOCTh YHUBEPCUTETY MEAUIIMHCKUX HayK A, a

TaKJKe MePCOHATY JIAOOPATOPHH 32 BCIO LICHHYIO MOJAEPKKY.
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Introduction

Pesticides are a group of chemical substances extensively used to eliminate, keeping away, or
removing any kind of insect, rodent, fungi, or other types of annoying organisms. Although pesticides
have a great impact on improving agricultural productivity and increase of food production, the processes
of production, formulation, storage, transformation, and marketing of crops and also the wide application
of these substances cause occupational exposures, environmental contamination, and the presence of
their residuals in food [1]. Small amount of pesticides can also cause the occurrence of symptoms,
diseases, and irreparable poisonings in humans. Thus, trace monitoring of these compounds is of great
importance from occupational and environmental perspectives [2].

Permethrin isan insecticide in the pyrethroid family used to eradicate parasites such as head lice,
ticks and scabies from humans and animals [3]. Permethrin affects the neuronal membrane by blocking
the movement of sodium ions from outside to inside the neuronal cell membrane thereby disrupting
the sodium channel current that regulates the polarization of the membrane. This leads to delayed
repolarization and subsequent paralysis of the nervous system [4]. Human and animal studies have
shown evidence of a relationship between exposure to this pesticide and genotoxic effects, cellular
changes, and the occurrence of some disorders in the immune system, liver, kidney, and thyroid [5].

Considering the extensive use of pesticides, development of fast and reliable technique for trace
residue analysis of these compounds in various media such as biological, food, fruit, and vegetable
samples is of great importance [6]. Among the instrumental methods, high-performance liquid
chromatography (HPLC) instrument is an appropriate option for analyzing trace amount of pesticides
in different samples, such as water, urine, and fruits [7].

Sample preparation is considered an important step in the process of analysis. The main
goals of sample preparation are elimination of interfering agents, preconcentration of the desired
analyte, and transforming the analyte (if required) to a more appropriate extraction solvent. In
addition, using smaller sample volume, improvement of selectivity in the extraction process,
automation, reducing the consumption of organic solvents and laboratoryequipment have been
proposed recently [8].

In the past, two methods of liquid-liquid extraction [9] and solid-phase extraction [10], were
often used for extraction and pre-concentration of analytes from the sample matrices. Recently,
novel procedures, in which, low amount of organic solvents are used, have been developed. For
example, in the liquid phase microextraction (LPME) method, the extraction of analyte from a
sample containing the liquid phase is performed using small amount of water-insoluble solvent [11].
The LPME technique is divided into three main categories including single-drop microextraction
(SDME), hollow fiber liquid-phase microextraction (HF-LPME), and dispersive liquid-liquid
microextraction (DLLME) [12].

In 2006, DLLME method was introduced by Rezaei et al. The DLLME method is applicable for
a variety of samples such as soil, urine, and food. In this procedure the extraction process is based on

the tendency of the analyte to the aquatic sample phase and the organic phase of the extractor solvent
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[13]. Considering the advantages of the relatively novel DLLME method over the previous methods, its
attraction has been retained for the analytical toxicologists, and, in comparison with the other sample
preparation techniques, it has a significant share of studies. However, DLLME suffers from some
limitations. The first and most important drawback is the application of an extra organic solvent as a
disperser solvent, which causes entrance of the added solvent into the environment. Also, the required
time of preparation is extended due to the numerous steps during the sample preparation process.
Although by manual injection of the extractor solvent into the sample, the tiny droplets and cloudy
phase are rapidly created, the contact surface between the aqueous phase of the sample solution and
the organic phase of the extractor solvent is not in its maximum range [14].

In addition to the benefits that the DLLME method poses, the ultrasound-assisted emulsified
microextraction (UA-EME) technique has other advantages such as the ease of forming small
emulsions, creating the maximum contact surface between the aqueous phase of the sample and the
organic phase of the extractor solvent. Moreover, ultrasound application liminated is perser solvent
consuming and avoids increasing the sample and wastewater volumes [15].

The only limitation of this technique is using organic solvents as the extractor solvent. The organic
halogenated solvents, especially chlorinated solvents (e. g. carbon tetrachloride, etc.), which are
usually used as the extractor solvent, have some disadvantages such as toxicity, incompatibility with
the environment, and high price [16]. In order to eliminate this limitation, which can be considered
as the last remaining limitation for solvent-based microextraction methods, development of a novel
extraction method using environment friendly extraction solvent is essential.

DES is produced by combining two natural substances, between which the hydrogen bond forms
during synthesize process. The substance with free electron pairs is known as hydrogen bonding donor
(HBD) and the substance with empty orbit is known as hydrogen bond acceptor (HBA).One or both
raw materials may be solid, however the resulting product of such combination has a liquid form and
much lower melting point comparing to the initial substances [17]. In comparison to the other solvents,
the DESs have advantages such as more compatibility to the environment as well as biodegradability,
nontoxicity, and also it is more inexpensive. Moreover, the physicochemical properties of the DESs,
such as density, viscosity, conductivity, surface tension, and etc., can be engineered and changed as
needed [18]. Thus, with the assessment of the feasibility of applying DESs instead of organic solvents
in sample preparation methods, it would be possible to reach a novel method.

The aim of this study was the development of DES-UAEME method as a rapid, easy, inexpensive,
effective, safe, and environment friendly sample preparation procedure for determination of trace
permethrin in urine samples, in which, the substitution of chlorinated organic solvents (COSs) with

DESs is considered to eliminate the drawbacks of previous sample preparation methods.

Methods

Chemicals

Permethrin standard was obtained from Sigma-Aldrich (Germany). The analytical grade of organic
solvents, including chlorobenzene, carbon tetrachloride, chloroform, methanol, and acetonitrile, were
purchased from Merck (Germany). Also, chemical substances of choline chloride, Urea, sodium
chloride, tetrahydrofuran (THF) with the purity of higher than 99 %, and buffer solutions at different
pH were bought from Merck (Germany).
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Instruments

In order to analyze the samples, a high-performance liquid chromatography system, equipped with
a K-1001 pump and a K-2006 ultraviolet detector (Knauer, Germany), was used. The chromatography
conditions were a C18 column (L=150 mm, ID=4.6 mm), a mobile phase of methanol (70 %), and
water (30 %), pump flow-rate of 1.0 ml/min, column temperature of 25 °C, and ultraviolet wavelength
290 nm, respectively. The other equipment and tools used in this study include a double ionized water
distillation machine (PURITE, USA), micro sampler (Socorex, Germany), digital scale (Sartorius,
Germany), ultrasonic bath (Sono, Switzerland), magnetic stirrer (Chiltern, USA), digital thermometer
(TP3001, China), pH meter (Metrohm, Switzerland), centrifuge (Hettich zentrifugen Rotofix 32,
China).

Preparation of stock and standard solutions

The stock solution with the concentration of 1000 mg/L was prepared in acetonitrile and kept in
the refrigerator at 4 °C. The standard solutions with different concentrations were prepared daily by

diluting the stock solution with deionized water.

Synthesis of DES

In order to synthesis DES, choline chloride as the HBA, and urea as the HBD were combined in
the specified molar ratios at 50 °C for 5 min, to obtain three hydrophobic DES with different structures.
Considering the addition of urea molar ratio in preparation of DES, the viscosity of the DES solution
can be decreased. In this way, the solution with the ratio of 1:1 has the highest viscosity and the
solution with the ratio of 1:4 has the lowest viscosity, so that the solution with the ratio of 1:1 has a very
high viscosity, Therefore, the ratios of 1:2 (DESI), 1:3 (DES2), and 1:4 (DES3) were selected for the

investigation.

Ultrasound-assisted emulsification microextraction

a) 300 uL of the extraction solvent (DES1) was injected through a syringe into a 15 mL sample
tube containing 10 mL of sample. b) Then, 300 uL of THF as an emulsifier agent was injected into the
solution and at this stage a cloudy solution, which prove the formation of insoluble self-aggregation
in nano and molecular dimensions was formed. The cloudy solution was subjected to ultrasonication
to guarantee well distribution of extraction solvent droplets in aqueous phase. c) In the next step, the
solution was centrifuged and two separated phases were obtained. The phase containing the analyte
was separated using a syringe and poured into a new tube and was dried under a nitrogen stream.
d) Finally, the residual substance was dissolved in acetonitrile and was injected to HPLC-UV for

quantification.

Optimization procedure

In order to determine the optimal values and levels of the effective factors in the extraction of
permethrin via UA-EME method, six effective parameters including the type of extraction solvent,
extraction solvent volume, the amount of added salt, sample pH, time of exposure with ultrasonic
(sonication time), and centrifugation time were selected. The design of experiments was performed

using the one-variable-at-a-time method, and each parameter was tested in different levels and three
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Table 1. The variables and levels in the optimization steps

Variables Levels
Type of extraction solvent Chlorobenzene Carbon. Chloroform | DESI | DES2 | DES3
tetrachloride

Extraction solvent volume (pL) 100 200 300 400 | 500 | 600
The amount of added salt (W/V%) 0 5 10 15 20 25
Sample pH 3 5 7 9 11 -
Sonication time(min) 5 10 15 20 25 30
Centrifugation time(min) 2 4 6 8 10 12

replicates to select the optimal values. In each step of optimization, all the effective variables are
kept constant except the desired parameter which is changed in different levels of the experimental
range to determine its optimal value. The experiment steps were done with three replicates and the
average values were reported as results. Totally, 105 steps were performed for optimization of the
effective factors in the extraction of permethrin from standard samples. Table 1 shows the variables

with corresponding levels in the optimization steps.

Results and discussion

Selection of the extraction solvent

In the UA-EME process, the extraction solvent must have certain properties such as insolubility
in water, and the ability to extract the desired compound as well as the appropriate chromatographic
behavior. In order to develop the application of DES in the mentioned method, three solvents, DESI,
DES2, and DES3 which their compositions were described in the previous section were tested in
addition to three mentioned organic solvents including chlorobenzene (C¢HsCl), carbon tetrachloride
(CCly), and chloroform (CHCI;).Therefore, 6 parallel levels were examined.

Based on the obtained results, during the application of chlorobenzene and chloroform as the
extraction solvent, after the formation of the cloudy phase and in the step of separating the extraction
solvent through the centrifuge, the whole volume of the added extraction solvent has not separated
which could be due to their small amount of solubility in water. This issue reduced the extraction
ability of these solvents in comparison to the other solvents. Overall, among the six studied extraction
solvents, DESI and carbon tetrachloride showed the highest relative recovery (RR), however, due to
the advantages of DES compared to the organic solvents, DES1 was selected as the optimum extraction
solvent for the next steps (Fig. la).

Selecting the volume of extraction solvent

In this step, to investigate the effect of extraction solvent volume on the analyte extraction
recovery, the experiments were performed using various volumes in 6 parallel levels ranged from
100 to 600 pL of DESI. The lower range of extractant solvents volume was considered to be
100 pL, equivalent to HPLC injection volume. On the other side, due to the dilution effect, applying
a high volume of extraction solvent cause a decrease in the enrichment factor. To prevent this, the

upper level of the extracting solvent was considered to be 600 pL. The maximum recovery was
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Fig. 1 Steps to optimize the factors affecting extraction: a selection of the extraction solvent type; b selecting
the volume of extraction solvent; ¢ the effect of salt addition; d effect of sample pH; e effect of sonication time;
f Effect of centrifugation time

obtained when 300 pL of DES1 was employed as extracting solvent. In the higher solvent values,
the recovery rate remained constant, therefore, a volume of 300 uL was selected as optimum value
(Fig. 1b).

The effect of salt addition

Due to the fact that ionic compounds have the highest solubility in water, the addition of salt
to the solvent facilitates the analyte removal from the aqueous sample. This variable is called ionic
power. In order to study the effect of adding salt, six different values of sodium chloride in the range
of 025 W/V% were applied.

The obtained results showed that, by the increase of salt concentration, the extraction rate
diminishes, and the highest analyte extraction rate was obtained when no salt was added to the sample.
It is because of the increase in sample viscosity that caused a reduction in the analyte penetration
coefficient. Therefore, 0 % was selected as the optimum value and the next steps of the optimization

were carried out without the salt addition (Fig. Ic).

The effect of sample pH

Through the adjustment of pH, the analyte molecules could be directed towards the ionization
or molecular forms. In order to easier extraction of the analyte from aqueous samples (water-based
samples such as biological samples), it must be directed towards molecularization. With the addition of
an appropriate amount of hydrochloric acid or sodium hydroxide to the sample, permethrin extraction

rate was studied. For this purpose, the pH of the sample was examined at 5 levels in the range of 3—11.
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The highest extraction rate was achieved in around pH=7. Thus, the pH value of 6 was chosen for the

next steps (Fig. 1d).

Effect of sonication time

In the sonication step, the test tube containing the sample and extraction solvent was placed in
the ultrasonic bath to achieve maximum contact between the extraction solvent and sample solution.
The effect of sonication time on the extraction efficiency was investigated in the 6 levels ranged 5-30
minutes. After 10 minutes, the extraction efficiency was constant. Therefore, 10 minutes was selected

as the optimal sonication time for the next steps of the experiment (Fig. /e).

Effect of centrifugation time

The centrifugation time in the UA-EME method is an important step to separate the extraction
solvent from the sample. During this step, the cloudy phase of the sample disappears and two separate
and clear phases are created. The effect of centrifuge time and speed on the extraction efficiency was
investigated at 6 levels of the time ranges from 2—12 minutes using speed of 2500—4000 rpm. After
8 mins, the extraction efficiency was constant and the maximum extraction efficiency was obtained
at the speed of 4000 rpm. Thus, the time of 8 minutes and the speed of 4000 rpm were chosen as the
optimum values for the next steps (Fig. If).

Analytical performance

In order to draw the calibration curve, blank urine samples of unexposed individuals were diluted
at a ratio of 1:2 in deionized water and then spiked with certain concentrations. Then, the prepared
samples were extracted via the developed preparation method. The sketched calibration curve was
linear in the concentration range of 5 to 500 pg/L (n=5) and desirable linearity (R>= 0.999) was
achieved. The limit of quantification (LOQ), based on the lowest detected analyte concentration with
85—-115 % accuracy and precision <10 % in five consecutive injections, and also the limit of detection
(LOD, signal/noise= 3) were obtained 5 and 1 pg/L, respectively. The analytical figures achieved for
the developed technique confirmed the proper efficiency, linearity, and reproducibility of this process

for the quantification of permethrin in urine samples.

Application assay

In order to assess the applicability and efficiency of the developed DES-USAEME method for
the real urine samples, the spiked urine samples of unexposed persons with standard permethrin
concentrations of 5, 50, and 150 pg/L were prepared. According to the developed method and setting
the effective parameters based on the optimized condition, the samples were analyzed day to day (6
consecutive days) and in one day (n=6) and the relative recovery (RR%) values were calculated at the
mentioned standard concentrations. The RR% values in the intra-day (repeatability) and inter-day
(reproducibility) situations were in the range of 97.5 to 101.7 and 96.3 to 99.5 percent, respectively.

Also, in order to assess the reproducibility and repeatability, the RSD% values were calculated
using the concentrations ranges of 5, 50, and 150 pg/L. The obtained results for RSD% were in the
range of 3.2 to 7.6 percent which confirms the acceptable precision of the developed method. The

results of relative recovery (RR %) and relative standard deviation (RSD%) have reported in Table 2.

— 454 —



Journal of Siberian Federal University. Chemistry 2021 14(4): 447-456

Table 2. The results of analysis, accuracy and precision of permethrin determination in urine

. RR + SD (%), (n=6)
Real sample Spiked levels (ng/L)
Intraday Inter-day
0 N.D* N.D.
) 97.5+7.6 96.3+£6.2
Urine
50 99.1 £6.5 99.5+5.1
150 101.7+£5.1 99.8 £3.2
*Not detected

Overall, the results achieved in the recovery and precision confirm that the proposed method has
concentrated and purified the desired analyte from the complex matrix of the real urine sample with

high accuracy and precision and confirms the validity of the method.

Conclusions

In the present study, the DES-UA-EME technique was successfully developed for the
extraction of permethrin from urine samples and subsequent quantification by high-performance
liquid chromatography. Different variables affecting the extraction process of this compound were
investigated and optimized. Employing a solvent with lower toxicity and volume is an important
advantage for a sample preparation method as this developed method possessed and enjoyed such
advantages. The obtained results illustrated that, in addition to having better performance and
lower volume requirement, the deep eutectic solvent could replace toxic organic solvents in sample
preparation methods. Using ultrasonic, the formation of tiny extraction solvent droplets in the
sample was remarkably increased; Therefore the contact area (surface) between the analyte and
solvent was increased which resulted in a high extraction efficiency and a decrease in extraction
time. In comparison to the other sample preparation methods, the proposed technique has the
advantages of shorter extraction time, simplicity, and applicability in laboratories with less

equipment.
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Karanutnueckoe okucjieHue kopbl keapa (Pinus Sibirica)

KHCJIOPOAOM B BAHMJIMH H LEJNJII0J/I03Y

1. O. Buryas, B.E. Tapadanbko,

1O.B. Yeaouna, B. A. JleBpanckmii

Huemumym xumuu u xumuuecxoti mexronocuu CO PAH
QU] «Kpacnoapckuii nayunvii yeump CO PAH»
Poccuiickasa ®@eodepayus, Kpacnosapck

AnHoTanmsi. V3y4eH nporecc KaTaJuTHUYECKOr0 OKUCICHHS 00pa3lioB HATyPaIbHOM U ITPEIBAPUTEIBHO
IIPOIKCTPATNPOBAHHOM KOpHI Kexpa cnoupcekoro (Pinus Sibirica) MonekysipHbIM KuciopoaoM. [Tokazano,
YTO TAHHUHBI UHTUOMPYIOT 00pa30BaHKe BAaHWIMHA ITPU OKUCICHUH KOPbI. BBIX0/1 BAHUIIMHA COCTABIISIET
5-7 mac.% B TiepecyeTe Ha JIUTHUH KOPBI, 4TO B 3—4 pasa HIKe 110 CPABHEHHIO € PE3yJIbTaTaMK OKHCIICHHS
JpeBecHHbl. Hajnune TAHHUHOB B ChIPbE YCIOXKHSET aHAJIM3 JIMTHUHA U 3aBbIIIACT Pe3yJIbTaThl Oosee

YCM B [IBa pa3sa.

KuroueBble cjI0Ba: KaTaIUTHIECKOE OKHCJICHHUE, KOpa KeJipa, COCHa CI/I6I/IpCKaH, JIUTHWH, BaHUJIUH,

all€TOBAaHMWJIJIOH, BAHUJIMHOBAs KHUCJI0Ta, EJIII0JI03a, TAHHUHBI.

BaaromapuocTu. Pabora mpoBesieHa B pamMkax OromkeTHOro mpoekta Ne 0287-2021-0017 aus MuacTuTyTa
xuMuH 1 xumudeckoit rexuogorun CO PAH ¢ ncnonp3oBannem o6opynoBanusi KpacHosipckoro

PEruoHalbHOTO Hay4HO-UccienoBarenbckoro nentpa CO PAH.

Iurnposanue: L{ntuposanue: Buryus, /1. O. Katanurndeckoe okuciienue kopsl keapa (Pinus Sibirica) Knciopoxom B BAHUINH
n nemnironosy / JI. O. Buryns, B.E. Tapa6ansxo, 0. B. Uen6una, B. A. Jlesnauckwuii / XKypn. Cub. denep. yn-ra. Xumus, 2021,
14(4). C. 457-463. DOI: 10.17516/1998-2836-0254

Introduction

Catalytic oxidation of native wood lignins with oxygen gives significant yields of aromatic
aldehydes. Recently, there has been an increasing interest in the integrated use and deep processing of
wood and also bark as well, due to the large amount of industrial wastes (up to 15 % of the processed
wood) [1].

The cedar bark (PinusSibirica) is a complex of tissues formed from the cambium in the form of
two layers: a bast — the inner layer which adjacent to the cambium, and the outer layer — the crust. The
bast conducts organic nutrients formed in the leaves down the trunk, the outer crust protects the trunk
tissues from mechanical damage, the penetration of fungi and bacteria, a sharp change in temperature
and moisture evaporation.

The chemical composition of the bark and wood are different. The bark contains significantly less
cellulose than wood, and according to the literature data, the content of lignin in the bark is higher than
in the stem part, and reaches 32 wt.% [2,3]. For this reason, the bark could be a very convenient raw

material for vanillin production.
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The possibility of catalytic oxidation of birch bast into syringaldehyde, vanillin and the
corresponding acetyl derivatives was demonstrated earlier [4]. The oxidation of cedar bark into
aromatic aldehydes is not described in the literature. The catalytic oxidation process of natural and

pre-extracted cedar bark (PinusSibirica) with oxygen is studied in this paper.

Experimental

Samples of natural Siberian cedar (PinusSibirica) bark were used, as well as samples pre-
extracted with H,O (boiling in water; bark, 100 g; water, 1500 ml; duration, 1 hour; weight loss, 11.0
wt.%) and EtOH (extraction in the Soxlett apparatus; EtOH, 2000 ml; duration, 120 hours; weight loss,
16.7 wt.%). Alkaline treatment of the bark (5 g) was carried out with 1 % NaOH solution (250 ml) for
one hour while boiling. The lignin content in the samples was determined by the mass of the solid
residue after hydrolysis of the samples with 72 % sulfuric acid (the Kiirschner method) [5].

The calculated lignin content in the samples of the initial and pre-extracted bark was determined

by the formula

L _ LNaOH ) (1 - Vvloss Na\OH/100 %)
cale. 1 — Wigss extr/100 %

1

where L., — calculated lignin content in the samples, Lya.on — the lignin content in the bark sample
after its sequential extraction with ethanol and alkali, Wyssnaon — Weight loss of the bark sample after
extraction with ethanol and alkali, W yssexir — bark weight loss after extraction with water or ethanol.
Lignin content in the sample of the initial bark was calculated by the formula (1) at Wyssexe= 0.

The reaction mass was prepared by sequential mixing the catalyst (CuSO4x5H,0), alkali, water
and bark. Experiments were conducted in a stainless steel autoclave (volume, 1 L; inner diameter,
85 mm; height, 180 mm) at 160 °C and oxygen partial pressure 0.2 MPa. Before heating, the reactor
was purged with argon, heating was also carried out in an argon atmosphere. Stirring was done with
a magnetic stirrer (stir bar diameter, 10 mm; length, 60 mm; stirring speed, 700 rpm). Duration of
heating (under argon) and stabilization of the temperature was 25—40 min, the process duration at
a given temperature is 60 minutes. Oxygen was fed into the reactor from a calibrated buffer volume
through a valve, maintaining constant pressure in the reactor. Amount of the consumed oxygen was
calculated from pressure change inside the buffer volume.Temperature was maintained automatically
with £2 °C precision.

Samples of the reaction mass with a volume of 13—15 ml were taken at regular intervals, adjusted
with 1 M HCl solution to pH 3—4, and exhaustively extracted with chloroform.

Concentration of components was determined by GLC (Chromos Engineering GH1000

chromatograph, column 30 m X 0.32 mm, stationary phase phenylpolysiloxane, 5 %), column

temperature 170 °C, anthracene was used as internal standard.

Results and discussion

Lignin content in cedar bark

Table 1 shows the analysis results for the content of cellulose and lignin in the samples of the
initial and pre-extracted bark. The analysis of wood bark (unlike wood) for lignin by the sulfuric acid

method can give overestimated results, since the bark, in particular cedar bark, has a high content of
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Table 1. Lignin and cellulose content in cedar bark samples

Weight loss after

.. o
extraction, wt.% Lignin, wt% Cellulose,
wt.%
Analyzed Calculated
Original cedar bark - 48.6 17.9 25.8
Cedar bark extracted with H,O 11.0 50.8 20.1 332
Cedar bark extracted with EtOH 16.7 44.8 21.5 33.0
Cedar bark extracted with EtOH and
NaOH 52.7 379 - -
OH
OH
0— OH
(0]
TN
(0] O
O n
HO —0
HO
OH

Fig. 1. Hydrolysable tannins are esters of sugars and  Fig. 2. Condensed tannins are derivatives of flavanols
phenylcarboxylic acids and flavandiols

hydrolyzable (Fig. 1) and condensed (Fig. 2) tannins. Some of these substances are not extracted by
organic solvents, and during acid treatment may undergo further condensation and overestimate the
results of lignin determination by the traditional method [5].

To extract polyphenolic acids and flavonoids, alcohol extraction of raw materials was carried
out, then treated with 1 % alkali solution [5]. The total weight loss after EtOH extraction and alkaline
treatment reached 53 wt.%, and the lignin content in this sample was 38 wt.%. Assuming that extraction
with an aqueous solution of alkali completely removes tannins from the solid residue, the lignin content
in the samples of the initial and extracted bark can be calculated using the formula (1). As tannins were
extracted, the lignin content increased from 18 wt.% in the original bark to 20-22 wt.% (Table 1).

Thus, the results obtained confirm the well-known recommendations [S] for the lignin
determination in the tree bark after the removal of tannins from it, and this ensures the correctness of
the data obtained earlier [6—11]. After taking into account the amount of tannins, the lignin content in
the cedar bark was reduced by more than two times compared to the direct determination by Kiirschner

method and amounted about 18 %.
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Oxidation of cedar bark samples

Figures 3—5 show the accumulation curves of carbonyl compounds during the oxidation of the
original and pre-extracted samples of cedar bark. The maximum concentrations of vanillin and its
yields per loaded substrate were recorded at 30—50 minutes of oxidation and varied in a narrow range
of 1.1-1.6 wt.%.

Induction periods of 10—30 minutes should be noted on the accumulation curves of vanillin and
other products. Induction periods are not usually observed in the processes of lignins oxidation into
aromatic aldehydes [12]. However, inhibiting the oxidation of coniferous wood by syringaldehyde
leads to a pronounced induction period on the vanillin accumulation curves and a two-fold decrease in
its maximum concentration [13].

Table 2 presents data on the maximum yields of oxidation products based on lignin determined by
Kiirschner's method, and calculated according to formula (1) (see Table 1).

The maximum yields of vanillin per bark lignin were 6—8 wt.%, which is 3—4 times lower
compared to the yields of vanillin obtained by oxidation of coniferous wood samples [12—-14].

The obtained results indicate that during the oxidation of bark samples, the tannins as antioxidants
decrease the product yields and form an induction period on their accumulation curves. For these

reasons, the coniferous species bark is less suitable for obtaining vanillin compared to wood.

08 A 07 g
_ 05 _ 06
S~ S~
c 04 i c 4 -
5 Vanillin 5 Vanillin
£ 03 g o4
g T 03
S g
g %2 8 02
01 Acetovanillone 014 Acetovanillone
0 VA 0 VA
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

Time, min

Fig. 3. Accumulation curves of carbonyl compounds
and vanillic acid (VA) in the catalytic oxidation
process of original cedar bark. Process conditions:
160 °C; bark, 50 g/1; NaOH, 50 g/1; Cu(OH),, 37,5 g/l;
0,, 0,2 MPa

0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2

Concentration, g/I

Time, min

Fig. 4. Accumulation curves of carbonyl compounds
and VA in the catalytic oxidation process of cedar
bark sample pre-extracted with EtOH. For the process
conditions see Fig. 3

Vanillin

Acetovanillone

ot e
VA
0

0 10 20 30 40 50 60 70

Time, min

Fig. 5. Accumulation curves of carbonyl compounds and VA in the catalytic oxidation process of cedar bark
sample pre-extracted with H,O. For the process conditions see Fig. 3
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Table 2. Maximum products yields of the initial and pre-extracted cedar bark samples oxidation

Yields of products, wt. %, based on

Vanillin on Acetovanillone Vanillic acid on
Extractant

Lignin + Lignin Lignin + Lignin Lignin + Lignin

Tannins calculated Tannins calculated Tannins calculated
Original bark 2.29 6.21 0.43 1.18 0.28 0.78
H,O0 3.11 7.85 0.46 1.16 0.23 0.57
EtOH 2.57 5.35 0.43 0.90 0.26 0.54

Conclusion

Thus, the possibilities of cedar bark catalytic oxidation were studied for the first time.
Component analysis of cedar bark showed that the classical analysis for lignin with sulfuric acid
gives overestimated results due to the high content of tannins in the raw material. The calculated
values of the lignin content in the original and pre-extracted bark samples are of 18-20 wt.%,
and this value is almost three times lower than the results of direct lignin determination by
Kiirschner method in the bark, and a one third lower than the lignin content in a coniferous
wood.

The main products obtained by oxidation of samples of natural Siberian cedar bark and pre-
extracted with water and alcohol were vanillin, acetovanillone and vanillic acid. The maximum yields
of vanillin per loaded bark samples were recorded at 30—50 minutes of oxidation and vary in a narrow
range of 1.1-1.6 wt.%.

The maximum yields of vanillin per bark lignin were 6—8 wt.%, and they are of 3—4 times lower
compared to the yields from coniferous wood samples [12—14]. The obtained results indicate that
during the oxidation of bark samples, the tannins perform the function of antioxidants, and this leads
to a decrease in the product yields and appearance of an induction period on the vanillin accumulation
curves. For these reasons, the bark of coniferous species is less suitable for obtaining vanillin compared

to wood.
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Abstract. The aim of this work is to study the effect of new modified ingredients on the complex of
properties of composite elastomeric materials. It was found that the introduction of modified ingredients
into the composition of elastomeric compositions enhances interfacial interaction at the «rubber-filler»
interface and the formation of additional bonds between rubber macromolecules and functional groups,
as a result of which an improvement in the complex of properties of the compositions is observed.
The introduction of modified carbon into the composition of elastomeric compositions enhances
interfacial interaction at the «rubber-filler» interface and the formation of additional bonds between
rubber macromolecules and functional groups of the oligomer, as a result of which an improvement in
the complex of properties of the compositions is observed. The technology of purification of mineral
fillers from metal oxides has been developed. A sufficiently high degree of purification by this method
is due to the fact that in the process of temperature exposure at 950 K, iron ions from the paramagnetic
state (d-form Fe,O;) pass into ferromagnetic (r-form Fe;Oy4). Feasibility and prospects of using modified
fillers, both mineral and organic, in the formulations of rubber compounds for the production of various
types of rubber products.
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HccnenoBaHusi HANOJHEHHbIX KOMIIO3UIIMOHHBIX

3J1aCTOMEPHBIX MaTepPUAJIOB

B.B. SIkyoos?, A. Ubaay/aaes’,

. K. SIxy6osa?, J.V. Temadaena®

‘TawkeHmcKuti XUMUKO-MEXHOI02UYECKUU UHCMUMYM
Vsbexucman, Tawkenm

*Tawxenmcekuil 20Cy0apcmeennuil MmpancROPMHbLL YHUEEPCUMen
Vsbexucman, Tawkenm

Annotanus. l{enpro 7aHHOHN pabOTHI IBISICTCS U3yUYCHUE BIUSHUS HOBBIX MOTU(PUIIHTPOBAHHBIX
MHTPEIUEHTOB Ha KOMIIJIEKC CBOWCTB KOMIIO3UTHBIX 3JIACTOMEPHBIX MaTepHajaoB. YCTaHOBJICHO,
4TO BBEJACHHUE MOAU(GHUIUPOBAHHBIX HHTPEIUCHTOB B COCTAB 3JIaCTOMEPHBIX KOMITO3UIIAH
ycunuBaeT Mex(pazHoe B3aUMOJIEHCTBUE HAa TPAHUIIE «KAyUYyK-HAIOJIHUTEIb» U 00pa3oBaHue
JIOTIOTHUTEIBHBIX CBSA3CH MEXy MaKpOMOJIEKYJIaMU Kaydyka U ()yHKIIHOHAIBLHBEIMH TPYIIIIAMH,
B Pe3yJIbTAaTE YEro yJy4IIaeTcss KOMIIJICKC CBOMCTB KOMITO3ULIMil. BBeaeHne MOTUPUIITPOBAHHOTO
YTIEpOa B COCTAB AIACTOMEPHBIX KOMITIO3HIIMH YCHINBAST MeXK(Pa3HOE B3ANMOJICHCTBIE Ha TPAHUIIC
«Kay4yK-HaIllOJHUTENIb» U 00pa30BaHUE JOMOJHUTEIBHBIX CBA3EH MEX Iy MaKpOMOJIEKyIaMHU
KaydyKa i QyHKIHOHAJIBHBIMH TPYIIIAMHU OIUTOMEPA, B PE3YyIbTATE YeTO YIyYIIaeTcss KOMILICKC
CBOMCTB cocTaBoB. PazpaboTaHa TeXHOJIOrUsl OUUCTKH MUHEPAIbHBIX HAMIOJHUTENEH OT OKCUIOB
MeTalioB. JIoCTaTOYHO BBICOKAsl CTENEHb OYUCTKU A3THM METOAOM OOYyCIOBJICHA TEM, YTO
B Ipoliecce TeMmneparypHoro Bo3aecteus 950 K noHbI kene3a u3 mapaMarHuTHOTO COCTOSTHUSI
(d-popma Fe,03) nepexonsit B peppomaraetuk (r-popma Fe;O,). BosmoxHa 1 nepcnekTuBa
UCIOJIb30BaHU S MOJU(ULIIMPOBAHHBIX HAMOIHUTENEH, KAK MUHEPaJIbHBIX, TAK U OPraHUYECKHX,
B pelUENnTypax pe3nHOBbIX CMECEH sl IPOU3BOJICTBA PA3JIMUHBIX BUJOB PE3UHOTEXHUUYECKUX

HU3JEIHUH.

KiroueBble ci0Ba: KayuyK, HAIOJIHUTENb, INIACTH(GUKATOP, YCKOPUTEIb, aKTHUBATOP, MOIU(PHUKAIIHSL.

Iurtuposanue: SIky6os, b. b. MccnenoBanus HalOTHEHHBIX KOMIIO3HIIMOHHBIX 3JIaCTOMEPHBIX MaTtepuaios / b.b. SIky6os,
A. Ubanynnaes, [I.K. SIky6oBa, D.V. Temrabaesa / XKypu. Cuo. denep. yn-ra. Xumus, 2021, 14(4). C. 464—476. DOL: 10.17516/1998-
2836-0255

Introduction

Thanks to fundamental research by a number of foreign and domestic scientists in the field of
chemistry and technology of composite materials, significant progress has been achieved in creating
them, based on flexible-rigid-chain polymers, with a wide range of properties. Meanwhile, research
in the field of creating the physicochemical foundations of the technology for producing elastomeric
composite materials, using ingredients that are different in nature and structure, are far from
substantiated [1,2]. This requires a fundamentally new approach to creating high-quality ingredients,

taking into account the specifics of their structure and properties. All this makes it possible to move
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from empirical to scientifically grounded selection of ingredients for the production of elastomeric
composite materials for various purposes.

Vulcanizing agents are chemically active compounds that take part in the formation of the spatial
structure of vulcanizates. In the process of the formation of the spatial structure with an increase in
the degree of crosslinking, there is a decrease in the number average (M,) of polymer chain segments
and, accordingly, an increase in the number of crosslinks per unit volume of the vulcanizate (v). With
a change in the degree of cross-linking, a gradual change in the properties of vulcanizates occurs. The
equilibrium modulus with an increase in the density of the vulcanization network and in accordance
with the molecular-kinetic theory of elasticity increases in direct proportion to the number of cross-
links or inversely proportional to the average molecular weight of the chain segments between the
nodes of the spatial network of the vulcanizate. The change in hardness and strength characteristics
of vulcanizates depends on many factors. So, during vulcanization of rubbers with sulfur, depending
on the content of attached sulfur, and hence on the density of the vulcanization network, first, up to a
content of bound sulfur of about 5 wt. including there is an increase in tensile strength of vulcanizates.
This vulcanizate has the properties of soft rubber. With a further increase in the content of bound
sulfur to 10 mass.h. the strength of vulcanizates decreases, the material becomes tough, leathery. If the
content of bound sulfur is further increased, then the strength of the vulcanizate increases again, and
it turns into hard ebonite. This is due to the fact that when a certain degree of crosslinking is reached,
the distance between some nodes becomes too small as a result of uneven crosslinking, which makes it
difficult to orientate molecular chains during stretching. This leads to local overvoltages, therefore, to
rupture of circuits in these places. A further increase in bond strength with the transition from highly
elastic to elastic deformation and strength in this case will be due to purely chemical bonds [3—6].

With an increase in the density of the vulcanization network, the relative and residual elongations
decrease to very small values typical for brittle materials. In this case, the elasticity changes according
to a complex relationship: the maximum elastic properties are manifested at such a density of the
vulcanization net, at which the maximum strength is observed for soft rubbers. In addition, the swelling
in solvents decreases in proportion to the increase in the degree of crosslinking [7,8].

To obtain rubbers with a given set of properties, it is necessary to provide a certain degree of cross-
linking of elastomers by introducing a certain amount of vulcanizing substances into the composition.
In this case, the number of formed cross-links will depend on the nature of the rubber, the nature
and content of the vulcanizing substance, the conditions of vulcanization. Some accelerators are also
curing agents. For example, thiurams and polysulfide accelerators at the vulcanization temperature can
cure some rubbers without the use of elemental sulfur. The activity of most accelerators increases with
the introduction of metal oxides, stearic acid, etc. Vulcanization accelerators for one type of rubber
can completely lose the properties of accelerators and play a different role in compositions based on
another rubber [8, 9].

The aim of the work is to study the effect of new modified ingredients on the complex of properties

of composite elastomeric materials.

Objects and research methods

The standard rubber compound was isoprene, styrene butadiene nitrile butadiene, chloroprene

rubbers. The investigated fillers were Angren kaolin, bentonite of Uzbekistan, phosphogypsum,
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wollastonite, natural burnt clay, modified carbon. Physicochemical characteristics of carbon-
containing secondary raw materials were determined by: GOST 25699.1-93-sampling method;
GOST 25699.2-93-specific conditional surface; GOST 25699.3-93 ijodine number; GOST
25699.4-93-specific adsorption surface; GOST 25699.5-93-o0il adsorption; The total oxygen content
and the content of its functional groups — lactone and quinone by pyrolysis in a stream of nitrogen,
carboxyl and hydroxyl — by the method of selective neutrolization with Na,CO; and NaOH solutions.
To isolate soluble products from carbon-containing secondary raw materials, the test sample in a filter
paper bag was placed in a Soxhlet apparatus and extracted for 72 hours with gasoline, acetone, benzene,
and toluene. IR spectra were recorded in the form of films on KBr-20 plates in the range of 400—2000
sm™'. PMR spectra were recorded on a high-resolution NMR spectrometer on a superconducting
magnet with an operating frequency for protons of 294 MHz in CCly or CsDg with (CH;),Si solutions
as an internal standard. EPR spectra were recorded on an EPR-3 instrument at 295K. The molecular
weight of the extraction products of carbon-containing secondary raw materials was determined on
an EP-68 in chloroorm. The production of rubber mixtures was carried out on laboratory mixing
rollers RC-WW 150/330 (Rubicon, Germany). The determination of the Mooney viscosity of rubber
mixtures was carried out on a Mooney MV 2000 viscometer (Alpha Technologies, England). The
stress relaxation test was carried out on the same samples as the Mooney viscosity, immediately after
completing the viscosity measurement by stopping the rotor very quickly and measuring the drop in the
final Mooney viscosity over time. The kinetics of vulcanization of rubber compounds was determined
using an ODR2000 orheometer (Alpha Technologies, UK). Technical indicators were determined by
the corresponding GOST.

Results and discussion

Based on the analysis of the data of numerous studies and experimental results, it has been
established that the above-mentioned raw materials cannot be used directly in the production of rubber
products without preliminary processing and appropriate chemical modifications. They contain up
to 5 % iron oxide and up to 30 % water, which negatively affect the technological and physical and
mechanical properties of elastomeric compositions and products made from them. And the main
requirement for these materials is that their content is not more than 0.3 %. After electromagnetic
separation and drying at 373—426K, the content of metal oxides decreases only to 2.2 %, and the
amount of bound water decreases to 15 % [8—12].

To increase the magnetic susceptibility of weakly magnetic metal oxides (mainly Fe,Os;) and
remove bound water in the composition of the investigated fillers, the method of heat treatment was
used. The processing of mineral fillers was carried out for different times and temperatures, then
cleaning was carried out on an electromagnetic separator. From the data in Table 1 it can be seen
that in order to achieve a higher degree of purification of mineral fillers, it should be subjected to
preliminary electromagnetic separation, followed by heat treatment at T = 10001273 K for 60 minutes
and electromagnetic cleaning. A sufficiently high degree of purification by this method is due to the
fact that in the process of temperature exposure at 950 K, iron ions from the paramagnetic state (d-form
Fe,0;) pass into ferromagnetic (r-form Fe;O,4) [13, 14].

Derivographic studies have also shown that for deep dehydration of kaolin, it is sufficient to heat

the mineral at temperatures T = 773—823 K. In the case of bentonite, the removal of adsorbed water
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Table 1. Influence of time and temperature of treatments on the degree of purification of mineral fillers from
metal oxides

Content of metal oxides,%

Before Heat treatment time, min
electromagnetic After clectro S le t t
. . ample temperature.
cleaning magnetic cleaning C 20 40 60 80
773 2,20 | 2,18 | 1,99 | 1,90
973 2,07 | 191 | 1,56 | 1,50
>7 2,22 1173 1,98 | 1,02 | 0,21 | 0,20
1373 1,25 |1 0,98 | 0,19 | 0,19

proceeds even at 363—463 K and depends on the type of cation. Removal of water and the formation of
anhydrous clays occur at temperatures of 933-983 K [15].

Industrial waste phosphogypsum (PG) differs in chemical composition from traditional mineral
fillers and contains mainly CaSQ,, SiO,, H,0, P,Os and other oxides of alkali and alkaline earth metals
[16,17]. According to the data of X-ray structural analysis, crystallization water is included in the
composition of the crystal lattice of the PG, which is lost when it is heated above 423 K, the maximum
removal of water from the FG occurs during heat treatment at a temperature of 473 K. Under these
conditions, a structural transformation takes place simultaneously, as indicated by disappearance of
lines d = 5.96; 4.25 A and the appearance of the d = 3.49 A line in the diffractogram. The latter refers
to the formed anhydride. An increase in temperature to 773 K and above leads to a more intense
appearance of lines characteristic of anhydride. In the temperature range 1073-1273 K, the PG
completely transforms into the anhydride (anhydrous) state. Based on this, we have chosen the range
of calcination temperature PG 1073—1273 K. Studies have shown (Table 2) that during heat treatment
of such natural minerals as Angren kaolin, phosphogypsum, bentonite, wollastonite, natural clay at
1000-1273K also has place of structural changes, increasing oil absorption and specific geometric
surface. Using the EPR method, an increase in the concentration of free radicals was established,
indicating the formation of paramagnetic centers in the samples under study. A significant difference

was also found between the modified fillers in the dispersibility and distribution of particles of the

Table 2. Specific geometric surface and oil absorption of mineral fillers, depending on the conditions of heat
treatment, at 1273 K, for 60 minutes

Indicators”
The name of indicators Before heat treatment After heat treatment
B AK WL | NBC PG MB | MAK | MW | MPH | MPG
Sy MY/T 29,1 21,2 2.1 18,3 2,2 35,4 242 29 22,2 29
Oil absorption m1/100g:
linseed 32,0 21,0 7,48 21,3 16,4 34,1 27,0 9,46 24,5 17,9
petrolatum 38,2 28,0 10,2 20,3 24,6 | 442 34,0 12,3 27,1 26,4
DBP 36,4 25,2 11,9 18,1 26,2 43,0 31,5 14,3 24,3 27,6

* Original B — bentonite, AK — Angren kaolin, WL — wollastonite, NBC — naturally burnt clay, PG — phosphogypsum, MB —
Modified bentonite, MAK — Angren kaolin, MW — wollastonite, MPH — phosphogypsum.
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modified fillers in the elastomeric matrix, as compared to the unmodified ones. The best dispersibility
and, accordingly, the highest degree of uniformity in the distribution of filler particles is characteristic
of rubber mixtures filled with modified fillers [18-20].

Elastomers were studied by the method of static adsorption from dilute solutions in order to reveal
the peculiarities of the interaction of macromolecules of various rubbers with particles of modified
mineral fillers. It was found that modified mineral fillers have a higher adsorption activity to rubber
macromolecules as compared to unmodified ones. Apparently, this effect is due to an increase in their
specific surface area and concentration of active centers. It was found that modified phosphogypsum,
just like chalk, exhibits low adsorption capacity; therefore, it can be concluded that these materials
have the same specific surface area. It is noticed that depending on the type of elastomer, the value of
the maximum adsorption value of fillers changes significantly.

As a result of the experimental studies, the following sequence of the arrangement of the studied

mineral fillers in terms of adsorption activity to rubber macromolecules was established:

MB>MAK>NBC>MW>MPH

The results of the physicochemical analysis of carbon-containing secondary raw materials
(production waste) indicate (Table 3) the difference in its chemical composition from the well-known
grades of low-structural technical carbons T 900, T 701, T 705, P 803, namely, with increased oxygen
and hydrogen content. The study of the products of extraction of carbon-containing secondary
raw materials indicate the presence of up to 12 % of organic compounds, sized on the surface of
carbon particles. The elemental composition was established: carbon-92.11 %, hydrogen-5.70 % and
oxygen-2.19 %. The gross formula of the extract is C54H400. The number average molecular weight
according to gel chromatography data is ~700. IR spectroscopic studies show that the extraction
products are combinations of condensed aromatic and paraffinonaphthenic hydrocarbons, as well
as oxygen-containing carbonyl compounds. This, in particular, is indicated by the appearance of
characteristic absorption bands in the region of 3050 cm-1 (stretching vibrations of C-H bonds of
the aromatic ring), 2860, 2930 and 2975 cm-1 (stretching vibrations of C-H bonds of methylene and
methyl groups). Absorption bands are also found at 1710 cm-1 (carbonyl group C = 0) in the carbon
chain, and in asphaltene resins at 1730 cm-1. The absorption bands in the region of 1500—1600 cm-1
correspond to stretching vibrations of C = C — bonds, which are products of thermal cyclization and
oligomerization of acetylene. Obtaining PMR spectra, in turn, indicate the presence of protons at
d =6.70 ppm, d = 6.85 ppm, d = 7.10 ppm, characteristic of aromatic structures and its substituted
derivatives.

The extracted product gives a narrow single EPR signal with a PMC concentration of 1 x 10" spin
/ g., g is a factor close to the g factor of a free electron. It should be noted that the results of the mass
spectrometric study also confirmed the proposed composition of the extract products. Studies have
shown that the carbon-containing secondary raw material is modified carbon, the surface of which is
microencapsulated with oligomeric oxygen-containing compounds. The thickness of the oligomeric
cover, calculated from the value of the specific geometric surface, was about 50—60 E. The modified
carbon is characterized by an increased value of the oil and iodine numbers, which is associated with
the surface roughness (Sc = 25-30 m2 / g) and the presence of polyconjugated systems. In addition, we

note that it is characterized by a high degree of dispersion.
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Table 3. Elemental composition of MC and some grades of carbon black

L. Content,%
The name of indicators "

MC T 900 T 701 T 705 11803
Carbon 88-90 96-99 96-98 96-98 97-99
Hydrogen 3-4 0,3-0,5 0,4-0,6 0,6-0,8 0,4-0,6
Oxygen 6-7 0,1-0,2 0,3-0,5 0,3-0,5 0,1-0,2

Sulfur - 0,1 0,3 0,3 0,2
Ash content 0,8-0,9 0,1-0,2 0,4-0,6 0,4-0,5 0,4-0,5

* MC — modified carbon.

Electron microscopic studies indicate that the structure of the modified carbon particles is somewhat
different from the particles of the original technical carbon, there are no clear boundaries of the spheroidal
shape of particles characteristic of carbon black. However, after heat treatment at 1573 K for 1 hour (in a
nitrogen atmosphere), its structure approaches the structure of carbon black, and the average surface
particle diameter decreases from 30.6 to 21.5 nm. An increase in the specific geometric surface from 20.3
t029.3 m2 / g is observed. The latter is probably due to the process of dispersion of larger particles due to
the volatilization of moisture and other accompanying substances during heat treatment.

Comparing the results of X-ray studies of the initial and heat-treated modified carbon, it was
found that they are characterized by the presence of an insignificant impurity of crystalline phases.
These phases, apparently, refer to hydrocarbons contained in its composition (up to 12 %). The main
phase of modified carbon is a phase with a typical turbostratic structure (packing of structural element-
graphite-like), which is proved by the characteristic asymmetric profile of diffraction fringes. The
diffractograms of modified carbon, in contrast to the diffractogram of carbon black, are characterized
by a rather low ordering of the turbostratic layers of layers, as evidenced by the value of Jyg, / Joop. It
should be noted that the interplanar spacings (dy,) for carbon black are significantly lower. The degree
of ordering of the modified carbon (parameter Jog, / Jooo) increases with high-temperature (973—1573
K) treatment. The sizes of the areas of coherent distance of amorphous phases are determined, the
height is 12—0.5 A, the size of the layers varies within 15-20 A. The conducted studies suggest that
the structure of modified carbon seems to be an intermediate stage in the formation of soot structures.
It can be assumed that the use of a carbon filler finished with an oligomer coating, consisting of a
conjugation system, makes it possible to formulate a fundamentally new approach for creating filled
elastomeric compositions with improved properties.

It was found that the introduction of modified carbon into the composition of elastomeric
compositions increases the carbon content of the rubber gel, the density of the mesh, the stress —
deformation of rubbers, and the degree of swelling of the sample decreases. This is due to the presence
of oligomer components, especially on the surface of carbon particles. In order to clarify the nature
of the influence of oligomer fractions on the process of structure formation of rubbers, the modified
carbon was subjected to selective extraction and carbon black P 803 was modified with the obtained
oligomer. The introduction of modified carbon black P 803 into rubber compounds leads to an increase
in the content of carbon rubber gel (CRG) and an increase in stress (E300) with an increase in the

density of the mesh and a decrease in the swelling of elastomeric compositions. Presumably, this is due
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to: firstly, with an increase in the adsorption interaction of modified carbon black P 803 with rubbers,
and secondly, the formation of additional bonds between rubber macromolecules and functional groups
of the oligomer, confirmed by IRS, DTA, and TGA data.

Thus, we can assume that the introduction of modified carbon into the composition of elastomeric
compositions enhances interfacial interaction at the rubber-filler interface and the formation of
additional bonds between rubber macromolecules and functional groups of the oligomer, as a result of
which an improvement in the complex of properties of the compositions is observed.

Physicochemical properties of fillers significantly affect the basic technological and physical and
mechanical properties of elastomeric compositions. When studying the process of mixing rubbers of
various nature with modified fillers (MB, MV, MAK, NBC, MU and MFGQG), the distinctive behavior
of these fillers in non-crystallizing rubbers SKMS-30RP and SKN-18 was established. It is noted that
in the process of mixing SKMS-30RP rubber with 100 wt.h. MAC, 60 parts by weight MB, 80 parts
by weight GLEE and 60 wt.h. MV appears on the plastogram a second maximum, depending on the
mixing time: ¢ = 14-16, 1618, 13—14 and 14—15 minutes, respectively. In the case of 50 wt.h. MU
SKN-18 maximum is observed at f = 6—9 minutes, which is associated with the end of the process of
dispersion of fillers and the formation of a homogeneous mixture. The appearance of this effect is due
to the manifestation of special interactions at the rubber-filler interface (Fig. 1).

It is shown that the increased rubbing and absorption in the elastomer of the studied modified
fillers in comparison with unmodified and commercially used fillers, which are characterized by
lower values of the amplitude of torque oscillations. This, in turn, leads to better workability and
plasticity of rubber compounds. It was found that this circumstance is due to the physicochemical,
structural features of the modified mineral fillers, and in the case of modified carbon, the presence

of an intermediate oligomeric layer that plays the role of a sizing agent. In favor of this assumption, a

40

/ T=385-386K

0 ‘5 10 iS iZO T, min
Fig. 1. Plastograms of the kinetics of the change in torque in time during the displacement (Dp;) of 40 wt.h. IB
(a) and MOB (b) per 100 wt.h. rubber SKMS-Z0OARP
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decrease in the time and temperature of mixing elastomeric compositions filled with modified fillers is
indicated in comparison with unmodified and commercially used ones.

The study of the rheological properties of filled elastomeric compositions showed that the lower
the shear stress (U), the greater the manifestation of the effect of the filler on the effective viscosity
(EE) of the mixture. At the same time, the introduction of modified mineral fillers into the composition
of the elastomer leads to an increase in the ZE of rubber compounds as they are filled. This is especially
true in the case of highly dispersed bentonite and Angren kaolin.

The values of the apparent activation energy (E) of the viscous flow of elastomers filled with the
investigated fillers were determined. A significant difference was found in the behavior of modified
bentonite and Angren kaolin in non-crystallizing rubber SKMS-30RP, characterized by a high value of
E viscous flow (64.3 and 56.6 kJ / mol). For comparison, we can note the system containing the original
bentonite and Angren kaolin (42.7 and 40.8 kJ / mol). This behavior of modified bentonite and Angren
kaolin is possibly related to structural features, as well as more efficient interaction at the rubber-filler
interface.

It was found that with an increase in the filler content in the rubber, the recoverability of the
rubber mixture after deformation significantly decreases. At the same time, the ability of the system to
accumulate the energy of elastic deformation, i. e. swelling of the extrudate (Pe), largely depends on
the specific geometric surface (Ssp) of the fillers. So, for example: when filling the rubber with 60 wt.h.
with modified bentonite, Angren kaolin and phosphogypsum, the swelling of the extrudate (Re) from
unfilled rubber is reduced by 545, 510 and 250 % (for SKI-3); 360, 325, and 310 % (for KR-50 nairite),
respectively. The ability of the system to accumulate the energy of elastic deformations decreases with
an increase in the content of the filler according to the value, its Ssp. According to the influence of the
rheological properties of elastomeric compositions, the fillers studied by us, in accordance with the

values of E, and Re, can be arranged in the following row:

MB > MAK > NBC > MC > MPH

Plasto-elastic properties of filled rubber compounds with modified fillers have shown that in
terms of their technological parameters, they practically do not differ from commercially used mineral
fillers. However, at high degrees (more than 30 parts by weight per 100 parts by weight) of rubber
filling, it will be necessary to take into account the specific surface area of modified bentonite, Angren
kaolin and natural burnt clay, which contributes to a more significant increase in the effective viscosity
of rubber compounds.

It has been established that the introduction of modified carbon and natural burnt clay into the
composition of the composition increases the confection stickiness of rubber mixtures, in comparison
with carbon black P803 and EK. For example, when filling 50 wt.h. rubbers SKI-3, Nairite KR-50,
SKMS-30RP and SKN-18 MU and NBC; the confection stickiness of rubber mixtures is 2.15 and 1.86
kN /m: 1.60 and 1.12 kN /m; 2.20 and 1.81 kN / m; 1.40 and 1.21 kN / m, respectively. It is noticed that
in the case of using phosphogypsum as a filler, in the formulations of rubber compounds, it manifests
itself as very inert, similar to chalk.

In the case of modified carbon, this effect increases with an increase in its content, and vulcanizates
are characterized by higher tensile strength (Fp), compared to rubber containing P803 carbon black. So,

for example, with a content of 40 wt.h. MU and carbon black P803 in the composition of elastomeric
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Fig. 2. Dependence of the conditional stress on the elongation of rubbers (filler content 40 parts by weight per
100 parts by weight of rubber) -a, swelling and mesh density of composites-b based on SKMS-30ARP rubber. IB
(=—-) and MOB (ee)

compositions based on SKI-3, nairite KR-50, SKMS-30RP and SKN-18, Fr values are 21.5 and 17.5;
12.6 & 9.7; 13.1 & 10.1; 15.2 and 12.9 MPa, respectively. Obviously, this is due to the presence of an
oligomeric cover on the surface of carbon particles, which enhances the effect of the interaction of the
rubber-filler. This is evidenced by a decrease in the conditional stress during elongation of rubbers
containing heat-treated modified carbon. It has been established that the introduction of modified
fillers into compositions significantly increases the resistance of rubbers to tearing in comparison with
commercially used fillers. This is especially pronounced when the content is 60—70 wt.h. modified
fillers per 100 wt.h. rubber SKMS-30RP, i. e. tear resistance increases from 42.6 to 74.2 kN / m.

The study of the effect of modified fillers on the dynamic properties of rubbers under repeated
compression showed that when they are introduced into the composition of the compositions, a
decrease in heat generation and permanent deformation is observed. They also affect the dynamic
durability of rubbers under repeated stretching (Nras). In compositions based on rubbers, Nairite
KR-50, SKMS-30RP and SKN-18 Nrac passes through a maximum and its greatest value is observed
at a content of 40—60 wt.h. per 100 wt.h. rubber. It was shown that the combination of the studied
modified fillers with carbon blacks (P324, K354, etc.) also gives a certain effect. So, with an increase
in the content of modified carbon, when combined with a mineral filler, the elastic-strength properties
of vulcanizates increase. This process can be controlled and purposefully improved a number of
technological and technical parameters of elastomeric compositions. In this case, special attention
should be paid to the degree of filling and the ratio of the modified filler and carbon black.

The study of the effect of modified fillers on the dynamic properties of rubbers under repeated
compression showed that when they are introduced into the composition of the compositions, a
decrease in heat generation and permanent deformation is observed. They also affect the dynamic

durability of rubbers under repeated stretching (Nras). In compositions based on rubbers, Nairite
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Table 4. Influence of the proposed modified bentonite performance properties of rubber-textile and metal-frame

products
Rubber textile products Metal frame products
. Ne 9101 Ne 922
Indicators
Standard Suggested Standard Suggested
composition composition composition composition

P, conven. unit. 0,35-0,40 0,40 0,35-0,40 0,40
F,, MPa 9,2-10,2 15,6 3,0-4,0 9,3
E-clatively, /0 300-350 320 200-250 220
Fmakingy% 8-10 6 4-6 4
P, kKN/m 40-45 68 40-50 59
Stickiness (BN-5006, rbr 1,5), kg. 1,0-1,5 1,8 1,2-1,6 1,6
Adhesion strength, MPa 0,70-0,80 0,92 0,7-0,8 1,10

KR-50, SKMS-30RP and SKN-18 Nrac passes through a maximum and its greatest value is observed
at a content of 40—60 wt.h. per 100 wt.h. rubber.

Table 4 shows the operational properties of production formulations for obtaining textile and
metal frame products using modified bentonite. As can be seen from the table, the technological and
physical and mechanical properties of the composition are much higher than the required standard
indicators. This shows, firstly, that modified bentonite can replace standard ingredients, and secondly,
the dispersion of the modified bentonite creates a colloidal disperse system together with elastomers
ensures their uniform distribution throughout the composition.

It was shown that the combination of the studied modified fillers with carbon blacks (P324,
K354, etc.) also gives a certain effect. So, with an increase in the content of modified carbon, when
combined with a mineral filler, the elastic-strength properties of vulcanizates increase. This process
can be controlled and purposefully improved a number of technological and technical parameters of
elastomeric compositions. In this case, special attention should be paid to the degree of filling and the
ratio of the modified filler and carbon black

Conclusion

The technology of purification of mineral fillers from metal oxides has been developed. A
sufficiently high degree of purification by this method is due to the fact that in the process of temperature
exposure at 950 K, iron ions from the paramagnetic state (d-form Fe,O;) pass into ferromagnetic (r-
form Fe;0,). Feasibility and prospects of the use of modified fillers, both mineral and organic, in the

formulations of rubber compounds for the production of various types of rubber products.
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Abstract. A method for the adsorption separation of inorganic arsenic species (As(I11)/As(V)) using
sequentially connected preconcentrating columns filled with functionalized silica gels and their
determination by inductively coupled plasma optical emission spectrometry was proposed. As(V) was
effectively retained at pH 3.5-6.5 by an adsorbent containing groups of quaternary phosphonium bases
on the surface and exhibiting the properties of an anion exchanger. In this pH range, As(III) was not
extracted, which made it possible to separate As(V) from As(III). As(III) was retained in a wide pH
range of 1-6 by a complexing adsorbent containing mercapto groups on the surface. Adsorbed As(V)
was quantitatively eluted from the surface with 1M HNOs, and As(IIT) — with 5 % unithiol solution in 2M
HCI. The use of «non-aggressive» eluents allows us to reuse adsorbents for preconcentration of As(III)

and As(V) at least 5 times. The separation efficiency was confirmed by the analysis of model solutions.

Keywords: arsenic, separation of chemical species, silica gel, adsorption preconcentration.
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CopoOuuonnoe pa3nesnenne mbimbsaka(lll)
U Mblmbsika(V) ¢ moMombIO

q)yHKlll/IOHaJII/I3I/IpOBaHHbIX CHJIMKareJjien

E.B. boponuna?, C.JI. Junyx-Illagpuna?,

B.H. Jlocer?, A. K. Tpopumuyk®

“Hayuno-ucciedosamenbCkuti uHdiceHeprulll yenmp «Kpucmanny
Cubupckoeo ghedepanvrhoco ynugepcumema

Poccuiickas ®edepayus, Kpacnosapck

°Kuesckuil nayuonanvnwitl ynusepcumem um. Tapaca Illeguenko
Vxkpauna, Kueg

AnnoTtanus. [Ipemioxen crmoco0d copOIMOHHOTO pa3esIeHHus] HeOpraHWYECKUX (GOpM MBIIIbSIKA
(As(1I1)/As(V)) ¢ moMonbio (pyHKIIMOHATU3UPOBAHHBIX CHITMKATEIICH C TIOCIICAYOIIMM OIIPEICICHHEM
METOZIOM aTOMHO-IMHUCCHOHHOM CHEKTPOCKOIMH C MHIYKTHBHO CBsI3aHHOH 1azmoit. As(V) apdexTnBHO
yaepxuBaercs npu pH 3,5-6,5 copberToM, comepkaniuM Ha TOBEPXHOCTH I'PYIINBI YeTBEPTHIHBIX
(dhochonneBrx ocHoBaHU. B marHOM amanazone pH orcyrcrByet copomus As(III), aTo mo3BomseT
otaessath As(V) ot As(I1I). Ans nzneuenus As(111) mpeasioxken copOeHT, GyHKINOHAIN3UPOBAHHBIH
MEepKaITorpymnamu, KOTopslii konmuectBeHHo n3BnekaeT As(IIl) B nuanazone pH 1-6. CopOupoBanHBIi
As(V) xommuecTBeHHO 3mronpyeTcs ¢ mopepxHocTd |M HNO;, a As(III) — pactBopom 5 %-ro yHuTHONA
B 2M HCI. Vcronb30BaHne «HEarpeCCUBHBIX» SIIOEHTOB MTO3BOJISIET HCIOIB30BATh COPOCHTHI 1JIS
nosropHoro konuentpupoanust As(I11) u As(V) He menee 5 pa3. KoagpuuneHT KOHIEHTPHUPOBAHHU S

As(IIT) 1 As(V) pasen 20. D dexTHBHOCTH pa3/ieNeHHs MOITBEPXKICHA AaHAITM30M MOJIEIBHBIX PACTBOPOB.

KaroueBnie cioBa: MBIIIBAK, PA3ACICHUEC XUMHUUYCCKUX (1)OpM, CHUJINKarcib, COp6]_II/IOHHO€

KOHIICHTPHUPOBAHUE.

Baaronapuocts. MccnenoBanue BbINONHEHO MTpU GpuHAHCOBOU mnozyepikke PODU, [IpaBurenbcTBa
Kpacnospckoro xpast u KpacHosipckoro kpaeBoro (poHaa HayKH B paMKax HaydHoro mpoekra Ne 20—
43-240006.

Intuposanue: boponuna, E. B. Copbuuonnoe pasaencane mpimbaka(lll) n mermbsaka(V) ¢ momonrsio GyHKIMOHATH3HPOBAHHBIX
cunukareneii / E.B. boponuna, C.JI. Junyx-1llagpuna, B.H. Jloces, A.K. Tpodumuyk // Kypn. Cub. denep. yn-ta. Xumus,
2021, 14(4). C. 477-488. DOI: 10.17516/1998-2836-0256

MBIIIBSIK NIMPOKO PACHPOCTPAHEH B arMoc(epe, MOoUBax, MPUPOIHBIX BOJAX W KHUBBIX Opra-
HU3Max M3-32 HHTEHCHBHOI'O HCIIOJIB30BAHUS MBIIIBIKCOACP)KANIUX MPOIYKTOB (IECTUIIUOB, Tep-
OMIMIOB, KOHCEPBAHTOB), M3-3a BYJIKAHHYECKOW JIESATECIBHOCTH, C)KUTAHMSI PEAKTHBHOTO TOILUIMBA
u mycopa. [locnennee Bpems 60ibII0e BHUMAHUE YACIIAETCS 3aTPA3SHEHUIO MBIIIBIKOM, TaK KaK 3TO
OJIMH U3 TOKCHYHBIX DJIEMEHTOB, KOTOPBII MOKET HAKAIIIUBATHLCS 110 MHUILEBOM LENOYKE U MPEICTaB-
JATH yTPO3y IS 310pOBhs Jtofei [1]. Takke MBIIIBSIK MOXKET MOMAaaTh U3 MOA3EMHBIX BOJ B ITOYBHI,

a U3 HUX B PACTCHUA U, B KOHCUHOM CUCTC, B OPraHu3M 4YCJIOBCKA. Bricokoe COACPIKAHNUEC MbIIIbsAKa
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B 00BEKTaxX OKPY’KAIOLIEH cpenbl MPOBOLUPYET pa3iIHyuHbIe 3a00IeBaHUs, B TOM YHCIE HEKOTOPHIE
BUJIBI paka [2].

B npupoze MBIIIbSK MOABEpraeTCst ONOX UMUYECKOMY BO3AEHCTBHUIO, TPETEPIIeBast OKUCIUTEIBHO-
BOCCTAHOBUTEIIbHBIC IPEBPAIIECHUS, [I09TOMY JaHHBIHM AJIEMEHT ITPUCYTCTBYET B OKpY KaIOLIeH cperie
B BU/JIE HECKOJIBKUX (POPM, KOTOPBIE 00J1aIaI0T Pa3IMYHOMN NOABUIKHOCTBIO, OMOIOCTYTHOCTHIO M TOK-
cuuHocThIo [3]. B nienom, Heoprannyeckue GopMbl MBIIIBSKA 00€e TOKCHYHBI, YeM OpraHHYecKue,
a tokcmaHocTh As(III) B 1020 pa3 Brimte, uem As(V) [4]. D1o cBs3aHo ¢ Tem, uto As(I11) B3aumoneii-
CTBYET C THOJIBHBIMH TPYTIIIAMH [TUCTENHA U METHOHHWHA B COCTaBe OEIKOB-(EPMEHTOB, OIOKUPYSI UX
paboTry. ApceHar B IOYBaxX U JOHHBIX OTJIOXKEHHSIX MOXKET TaK)Ke BOCCTAHABIIMBATHCS 10 apCEHUTA
B pe3yNbTaTe KU3HECATESIPHOCTH OaKkTepuit [5].

JIOTNOJIHUTENBHY0 TPYAHOCTD IPH aHAJIM3€ CO3/1aeT B3aUMHBII Nepexo (OpPM MBIIIbIKA IPYT
B JIpyra IpH OOBIYHBIX aTMOC(EPHBIX YCIIOBHUSX, MOCKOJIBKY B OTOOpaHHBIX 00pas3max BOIBI IIPH
XPaHEHUHU MPOTEKAIOT OKUCIUTEIbHO-BOCCTAHOBUTEIBHBIE MPOIECCHI, KOTOPBIE UCKAKAIOT PE3yb-
TaThl OmpenereHuil. J{ns pemeHus 3Toid mpoOiIeMbl aBTOPHI paboTHl [6] MPOBOMIIIH pa3lIeicHUE
mbibsika(I1l) u merbska(V) HenocpeacTBEHHO cpasy ocie 0TOopa Npod B MOJIEBBIX YCIOBHSIX.

AHanUTHYECKUE METO/IBI JUIsl pa3feleHNs U KOHIEHTPUPOBAHUS (POPM MBIIIbSIKA PACCMOTPEHBI
B psiie 0030poB [7—10]. OCHOBHBIM MOJIXOIOM B pa3/ielICHUH U KOHIIGHTPUPOBAHUH HEOPTAaHUUECKUX
(hOpM MBIIIBSIKA CIYKUT coueTaHue 3(H(HEKTHUBHOTO METO/IA PA3/ICIICHUS C UyBCTBUTEIEHBIM METOIOM
orpeneneHus. B nemnom, MeTozbl onpeenieHus (OpM MBILIbsIKA MOXKHO pa3ieauTh HA XpoMaTorpa-
¢uueckune n HexpomaTorpadpuueckne. HecMoTpst Ha TO, 4TO Xpomarorpaduyeckre MeToabI 001 JatoT
PSLIOM HENPEB30iICHHBIX JIOCTOMHCTB, HEXPOMATOrpa)uuecKre METO/bI OTIINYAIOTCS 3HAYUTEIBHO
OosblIell YyBCTBUTEIBHOCTBIO, POCTOTOH, SKOHOMUYHOCTBIO M JJOCTYITHOCTBIO, TIOATOMY HX pa3-
BUTHE SIBJISIETCS] aKTyallbHOM 3a/1aueii. Oco00 MpH TOM CTOUT BbIJIEIUTh COPOLIMOHHBIN METOJI, KOTO-
PpBIii obecrieunBaeT BHICOKYIO 23 (QEKTUBHOCTH pa3neineHust popm, BEICOKHE KO3 PHUIIHMEHTHI KOHIICH-
TPUPOBAHUS, IPOCTOTY, IKCTIIPECCHOCTh ¥ SKOHOMUIHOCTb.

B kauecTBe COpOCHTOB MJIsI pa3JeleHNs] U KOHICHPHUPOBAHUS (POPM MBINIBSIKA HCIOJIB3YETCS
MHOXKE€CTBO MAaTE€pUANIOB Pa3INMUHON MpUpOabl: pa3zHooOpasHbie cMoibl [11-15], akTuBHBIE yriu [16],
yriepoaHubie HAHOTPYOKH [17, 18], marautHbIe copOeHTH [19], OnocopOens [20] u T. 1., OTHAKO HaW-
Oosiee MUPOKO MPUMEHSIOTCSI MaTepralibl Ha OCHOBE OKcua KpeMHHusl [21-23], B 4aCTHOCTH CHITHKa-
renb. CHIIMKareny ¢ 3aKperuieHHbIMU (DYHKIIMOHAJIBHBIMA I'PyIIIAMH Pa3IMIHON MPUPOABI XOPOIIO
U3y4YeHbl U HAXOJST IOBCEMECTHOE IIPUMEHEHHE, TaK KaK 00J1a/Ial0T PSIIOM LIEHHBIX CBOMCTB, a MOJIY-
YEHHBIE C UX IPUMEHEHUEM PE3yJIBTaThl JIETKO BOCIPOM3BOASTCA.

CopOeHThl, cesekTHBHO u3Biekatoue As(V), conepxar, Kak npaBuiio, aAHHOHOOOMEHHBIE IPpyII-
I16I, 10O MBIIIBSAKOBAsI KMCIOTa MPEJCTABJICHA B BOAHBIX PACTBOPAX MPEUMYIIECTBEHHO aHHOHHOH
(dhopmoii, a copbeHThl, cenekTuBHO u3Biekaroiiiue As(I11), BKIOUa0T cepycoaepKaniine KOMIICKCO-
oOpasyromye Tpynibl, 100 JUCCONMAINS MBIIIBSIKOBOW KHUCJIOTHI HAYMHAETCS TOJIbKO 1pu pH > 9.
CwMenianHble COPOCHTHI, COJepIKALIe 1 HOHOOOMEHHBIE, U KOMILIEKCO00pa3yoIUe I'PYIIIbl, HAIPH-
Mep KpeMHEe3eM, XUMHUYECKN MOJU(PHUIINPOBAHHBIH MEPKANITO- K aMUHOT PYTIIIAMH, CHOCOOHBI H3BJIE-
KaTh 00¢ (pOPMBI MBIIIbsKA OMHOBpEMEHHO [23].

J11st ToCTIe Ty FOIIETo ONPE/IeIICHH S MBIIIbSIKa ATOMHO-CIEKTPaJIbHBIMU METOJaMH aHaJIN3a HE00-
XOIMMO MPOBEJCHHE CTaANM MonpoBaHus. Oco0y0 CI0KHOCTh MPH ATOM NPEACTABIISIET HITIOUPO-

Banue As(III) ¢ moBepxHOCTH cepocoaep)kamux COpOSHTOB, HA KOTOPOH OH OUYCHb NPOYHO YACPIKHU-
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BaeTcs. BONBIIMHCTBO MCCleAoBaTeNel MpeIaraloT B Ka4ecTBE II0EHTA HCIIOIb30BaTh PACTBOPHI
NaOH paznuunoii koHneHTpanuu [24], KoTopble (pakTHUECKH YaCTUYHO Pa3pyIIaloT BEPXHHUH CIIOH
MaTpHIbl KPEMHE3eMa U CMbIBAlOT AS BMecTe ¢ (pyHKLIHMOHAIBHBIMU I'pylIaMu copbeHTa. B atom
cilydae cOpOEHT He pereHepupyeM, a III0AT MPEACTaBIsET cOO0M MIEeT0UHON PACTBOP, COACPIKALIIH
KPEMHHUEBYIO KHCIIOTY, KOTOpas MOBPEXJAaeT KBapleByI0 pacmeuinTensHyio cuctemy HCII-ADC
u UCII-MC cniekTpoMeTpoB.

[Toaromy cop6ronHoe pasaeneaue As(V) u As(I11) ¢ ucnonb30BaHuEeM pereHePUPYEMBIX COP-
OCHTOB U MMOCIEAYIOIIee NX ONPEAeICHNE ABIISCTCS aKTyalbHOU 3a1a4ei.

B manHoO# paboTte s COpOIMOHHOrO pasnenenus u kouuentpuposanus As(V) u As(111) nepen
HX TIOCIIeTYIOINM ONPEAEICHUEM aTOMHO-IMHCCHOHHBIM C HHYKTHUBHO CBSI3aHHOMH IJIa3MOH MeETO-
JIOM UCIIOJIb30BaHa JIBY XKOJIOHOYHASI CUCTEMa, COACpIKallias J1Ba TUIa (GyHKIIMOHATU3UPOBAHHBIX CH-

nukarenei — ¢ TpudeHmIhpocHOHNEBBIMU TPYIIIIAMH U MEPKAIITOIPOITUIBHBIMY I'PYIIIAMH.

JKcnepuMeHTAIbHAS YacTh

IIpubopul. Pacupenenenne MbIlIbsika MEX/AY BOJHOW (a3oil 1 cCOPOSHTOM KOHTPOJIUPOBAIU
1o aHasnnsy BoxHOM (azel metonom MCIT-ADC ¢ ncnonbioBanuem criekrpomerpa iCAP 6500 Duo
(Thermo Scientific, CIIIA). OntuMaibpHbie apaMeTpsl paboThl MprOopa MpeacTaBiIeHbl B Ta0. 1.
pH pactBopoB u3mepsiau ¢ nomouisio nonomepa SevenMulti (Mettler-Toledo, [lIBefiniapus) ¢ kom-
OounupoBaHHBIM AekTponoM InLabExpertPro. I[lepucransruyeckuii Hacoc Masterflex L/S (Cole-
Parmer Instruments Company, CIIIA) npuMeHsan A MPOKaYMBAHMS KUJKOCTEH dYepe3 CTeK-
JISTHHbIE MUHMKOJIOHKH (BHYTpPEHHHI IuameTp 3 MM, BBICOTa 5 CM), 3allOJIHEHHbIE COPOCHTOM.
Konnenrpanuio TpupennndochoHneBbIX 1 MEPKANTONPONMIBHBIX I'PYII, 3aKPETUICHHBIX Ha T10-
BEPXHOCTH KpEMHe3eMa, OTIPEIeIIsITN METOI0OM JIEMEHTHOT 0 aHanu3a Ha ananu3zarope HCNS-0 EA
1112 (Flash, CILIA).

Peaxmueur. icxonusie pacTBopbl As(I11) ¢ kOHIIEHTpaue# 5 MI/J1 TOTOBUJIX U3 CTaHIaPTHOTO
pactBopa uoHoB 'CO Ne 7976—2001 pacTBOpeHHEM alUKBOTHI B AMCTHJUIMPOBAHHOM Boze. Mc-
xoziHble pacTBOpbl As(V) ¢ KOHLEHTpaKel 5 MI/J1 TOTOBHIJIM OKUCIIEHUEM CTaHAapTHOI'O PacTBOPa
nonoB I'CO As(III) Ne 7976—2001 kumstaueHnem ¢ nepokcuaoM Bogopoaa. [lomydenHslii pacTBop 10-

BonuiH 10 oobema 50 ma. Heobxonumoe 3nauenue pH coznaBasnu pactBopamu HCl, NaOH kBamnu-

Ta6nuua 1. [TapameTpsr UCIT-ADC onpeneneHus
Table 1. ICP-OES operational conditions

XapaKkTepuCTUKHU ITapamerpsl
MourHOCTb TeHepaTopa IIa3Mbl 1150 Bt
PacnblnutenbHbIi MOTOK 0.7 n/mMuu
OxJlaxaaromui NoToK 12 n/Mun
BcnomorarenbHbIi TOTOK 0.5 1/muH
CKOpoCTh Hacoca 60 06/MuH
Bpewms crabunuzamuu Hacoca Sc
Bpems unTerpupoBaHus curHana 15¢
00630p mIa3Mbl AKCHAJTBHBIN
KonnuecTBO n3MepeHuit 3
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Tabnuua 2. Pearents! 1uist amonposanus As(I11)

Table 2. Reagents for As(III) elution

[Tonuoe Ha3BaHMe peareHTa CrpyxrypHas hopmysa [MpousBonuTens,
(CokparmeHHoe Ha3BaHHE) PYKTYP pMy CAS Ne
('? Sigma-Aldrich
3-mepkanTo-1-nponan cynsponat Harpus (MIT) HS\/\/§\ONa 17636101 >
0]
| I . _ .
2-MepkanTodTancynbponat HaTpus (MOC) HS/\—ﬁ—ONa ?;%21721::Slizlch,
o
2-MepKanTo-5-0eH3NM U130 CYJIb(HOKUCITOTA NaO-$ N\ Sigma-Aldrich,
HatpuBas coiabs (MBI) o N>_SH Y 207511-11-3
H
S
TuomoueBnHa )J\ 000 «YHHBEPXHUMUK»
HoN NH,»
SH ioma- i
2,3-nuTHoi-1-nponancyab(oHar HaTpHs (YHHTHOI) H S\)\/SO3H igiréliloglgrlch,

¢ukanuu X. 4. PeakTHBBI, HCII0JIb3yEMbIC B KAUECTBE JCCOPOMPYIONUIUX pacTBOPOB (TadI. 2), nMean
KBaJU(HUKALHUIO X. 4. B KauecTBe OCHOBHI JUJIsI CHHTE3a COpOCHTA B3sIIM KpeMHe3eM Mapku Cuiox-
pom C-80 (Jlromunodop, Poccus), ppaknus 0,1-0,2 MM, yaenbHas noBepxHocTh 80 M2/T, cpeaHuil
nuametp nop 50 HMm.

Cunre3 copoenToB. CHHTE3b! PyHKIIMOHAIM3UPOBAHHOTO KPEMHE3eMa MEPKaII TOIPOIUIIbHBIMU
(MIIC) nnu tpudenmnpochonnessiMu rpynmnamu (TODC) npoBoamimm o Metoaukam [25, 26].

Memoouxa sxcnepumenma. 3aBucumoctsb creneru n3snedenus As(I1l) u As(V) ot pH u Bpeme-
HU KOHTaKTa (a3 UCCIEeA0BAIN B CTATHYECKOM pexuMe. [JJ1sl 3TOro B CTEKISTHHYIO ITPOOUPKY € MPH-
Teptoii mpookoi Beogru pactBop As(III) umu As(V), conepkantuii 10 mxr As, nodasnsuin HCI uinun
NaOH nns co3manus HeoOxoguMmoro 3HaueHust pH, Boxy mo oOmiero odsema 10 mi, BHOCHH 0,1 T
copbenta TODC unu MIIC u BeTpsixuBaiu B TeueHrne 5—30 MUH B 3aBUCIMOCTH OT LIeJIEH dKCTIepu-
MeHTa. PacTBOp OTAEnsIN OT copOeHTa AeKaHTAIel U ONPEACISUIM B HEM OCTaTOYHOE COJepKaHne
Mmernbaka metonoMm VCIT-ASC npu anune BonHbI 189,042 HM.

[Tpu uccnenoBanuy cOpOIUK B TMHAMUYECKOM PEXUME B CTEKIISTHHYIO MUHUKOJIOHKY ITOMeIla-
nu 0,1 T copbenta TODC nnu MIIC u npy moMoIu NepucTaIbTUIECKOTr0 Hacoca MPOITYCKaIH Yepes
Hee pactBop As(V) unu As(IIl) coorBercTBeHHO. OCTAaTOUHOE COEPIKAHME MBIIIBIKA ONPENEIIsIIN
B Kaxabix 10 ma mpomenamero pactsopa metogoM NCIT-ADC. Tlo moiay4eHHBIM pe3yabTaTaM CTPOU-
JY TUHAMHAYECKHE BBIXO/IHBIC KPHUBEIE.

Jlist necopOumy MbllIbsIKa B AMHAMUYECKOM PEXKHUME UYepe3 CTEKISIHHY 0 MUHUKOJIOHKY, COZIep-
xamryto 0,1 r copoenta TODC nnm MIIC ¢ copoupoanasiM As(V) mim As(III) coorBeTcTBEHHO
B KoiuuectBe 10 MKr, mpomyckanud 5 u 10 M1 1ecopOUpyIOIIero pacTBopa CO CKOPOCThIO MOTOKA

1 mn/muH. Comep:kaHue MBIIIbIKA B pacTBOpE MocIIe aecopommu onpenensin metogom NCIT-ADC.
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Pesyabrarsl n 00cyxaenue

Copoyuonnoe uzeneuenue As(Ill) u As(V). KonnaectBo TpudenmnpochoHreBsIXx 1 MEPKANTO-
MPOMMJIBHBIX T'PYIII, 3aKPEIJICHHBIX HAa TIOBEPXHOCTH KPEMHE3EMOB, I10 JIaHHBIM JJIEMEHTHOI'O aHa-
nu3a, coctaBuio 0,08 u 0,6 MMOITB/T cOOTBETCTBEHHO. DYHKITMOHATU3NPOBAHHYO IOBEPXHOCTH CHH-

TE3UPOBAHHBIX COp6CHTOB MOXHO NPCACTABUTH B CICAYIOIIEM BUIEC:

CeHs CeHs
CeHs it CeHs  CgHs it CeHs SH SH
| R (CH);  (CHy,
/TTTT—Si0, 77777 777810, 77777

H,C

R= —(CH2)3—NH—C—NH§>—CH2—
0 m,
TO®C MIIC

BaxHbIM pakTOpOM, OIIPEACIISIOIINM paclpeielieHHe U pa3ielieHHe BHIOB MbILIbSIKA, SBISETCS
pH pactBopa. TOOC, uMeromuil NON0XKUTEIBHO 3apSKEHHYIO TOBEPXHOCTh U BBICTYMAIONIUN KAk
TUIUYHBIA aHHOHOOOMEHHUK, u3BiekaeT As(V) u3 BogHbIX pactBopoB npu pH > 2,0 (puc. 1, kpu-
Bas /). MakcnMaibHas CTENEeHb U3BJIeUeHHs qocTuraercs npu pH 3,5-6,5 u coctasisier > 95 %. Ilpn
nmaHHBIX 3HadeHHusX pH As(V) cymiecTByeT B BOAHBIX pacTBOpax B BHJE apceHaT-noHOB: H,AsO4
(pK.1=2,3), HAsO4> (pK.,=7,0) [24]. B3zaumoneiictBue mexay As(V) u tpudenundochoHueBbMu
rpynnamu npu pH < 3 3HaYUTEeNbHO CHIUKAETCS, UTO CBS3aHO C cymmecTBoBaHuEeM As(V) B HeHTpaib-
HOU MoueKysipHOit popme. 50%-nas coporus As(V) nadbmopaercs npu pH = 2,5, uto 6sin3Ko K 3Ha-
yeHnto pKa,; HOHU3AIIMU MBIIIBAKOBOW KUCIOTHI IO IEPBOil cTyneHu. Bpems ycTaHoBneHus copOIu-

oHHoro paBHoBecus ipu pH 3,5-6,5 e npepbimaer 10 MuH.

R, %
100 £, po—

A
X ix x (A H\A

80 |

60 |

40 |

20

0 —r =
1 1
CacM

Puc. 1. Crenens uzBneuenust As(V) (1) u As(Il) (2,3) copbernramu TODC (1, 2) u MIIC (3) ot pH pactBopa:
Meopsenta = 0,1 T, Cag = 1 MKI/MII, Vi pa = 10 M1

Fig. 1. Extraction of As(V) (/) and As(III) (2, 3) by TPPS (Z, 2) and MPS (3) sorbents vs. pH: mygsorbent = 0.1 g,
C(As) =1 ug mL‘l, Vsor = 10 mL
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Mpemubak(I1l) HaxomuTcs B pacTBope NMpH JaHHBIX YCIOBHUAX B BHAE HEAMCCOIMHUPOBAHHOU
MBIIIBSKOBACTON KUCIOTHI (pK,1=9.2) n He usBnekaercs copoenToM TODC (puc. 1, kpusas 2).

Beicokyro copOumoHHy 0 3G dekTHBHOCTD 10 oTHotIeHuto K As(I1) nposiBisier copoent MIIC.
KonnuectBenHOE M3BIeUeHue (cTereHb u3BieueHus R > 98 %) As(I1l) nocturaercs B auama3one pH
1,0-6,0. B 0,5-1 M HCI crenenp u3Biedenus: cumkaercs 10 95 % (puc. 1, kpupas 3), 4TO MOKET
ObITh cBsi3aHO ¢ yacTUIHBIM okucieHueM As(III) no As (V). Takum 06pa3om, MPU UCHOTH30BAHUU
copberToB TODC u MIIC M0oxHO OCYIIECTBUTH pa3aeneHue u koHueHTpupoanue As(V) u As(III).

[TpumeHneHne TUHAMHYECKOTO KOHIICHTPUPOBAHMUS ITO3BOJISIET JOCTUTATh KOJMYECTBEHHOTO H3-
BJIeYCHUs (cTeneHb nzBneuenus > 98 %) As(V) copoenrtom TODC B nuanazone pH 3,5-7,0 u3 601b-
muX 00bEMOB PacTBOPOB. MakcuMalbHBIH 00beM pacTBopa As(V) ¢ koHUeHTpamuend 1 MKr/mi,
U3 KOTOPOro HaOJIIOIaeTCsl €ro KOJIMYeCTBeHHOE H3BjeueHue, coctanisier 70 ma npu pH =5 (puc. 2,
KpuBast /) mpu CKOPOCTH IOTOKa pactBopa | mi/mMuH. C yMEHBIIEHHEM HCXOJHOW KOHLIEHTPAIIUU
As(V) B pactBope B 2 pasa 10 0,5 MKI/MJI IPOMOPIMOHATILHO YBEIMYUBACTCSI 00bEM pacTBOpa, Mpo-
ITyCKaeMOTr0 uepe3 KOJIOHKY, U cocTaBiseT 140 MIT 10 TOYKH MpOCcKoKa (puc. 2, kpuBas 2). JuHamude-
cKast copOnroHHas eMKocTh copoenta TODC, paccunuTanHas 10 TOUYKH IPOCKOKA, paBHA 9,3 MKMOJIb
As(V)Ha 1 1, uro coorBeTcTByeT 700 MKT As(V) Ha | T copOeHTa.

B nunamuueckom pexxnme rpu ucxoaHoit kontentpauun As(I11) 1 Mmxr/mi ero usBiedeHue Ha-
Oiro1aeTCst BO BCeM MpOoIycKkaeMoM o0beMe pactBopa — 240 M (puc. 2, kpusas 3). 3aMEeTHBIH BBIXOA
MbInbaKa (5 %) Habmomaerca npu npoxoxaeHuu 200 mu. OnHaKo MpU JaJIbHEHIIEM yBEIHYEHUN
o0beMa CTeTeHb ero u3BiIedYeHus He u3mensercs. CoponronHas eMkocTs copoenta MIIC o Toukn
npockoka coctasisieT ~ 30 mkmonb As(III) va 1 r copOenTa.

Brusnue conymemeyrowux uonos na copoyuonnoe uzeneuenue As(I1l) u As(V). Ha copoumonHoe
KOHLIEHTpUPOBaHHE aHHOHHBIX (popMm As(V) OyayT OKa3bIBaTh BIHMSIHHE Pa3IMYHbIE OTPHIIATEIBHO
3apsDKEHHBIC HOHBI, TPUCYTCTBYIOIINE B IPHUPOJHBIX BOIAX U U3BJICKAIOUINECS TTOJIOKHUTEIBHO 3apsi-

JKEHHOM TOBEPXHOCTBIO KpEMHE3eMa ¢ YeTBepTHYHbIME (hocoHHeBbIMU OCHOBaHUsIMU. VccnenoBa-
CpiBB/CHCX

1 r

0.8

0.6

04

0.2

0 40 80 120 160 200 240 VoM

Puc. 2. lunamuueckue Beixopnsie kpuBbie As(V) (1,2) u As(III) (3): Meopsenra = 0,1 T, Cagy = 1 Mxr/™ma (1,3),
0,5 mxr/mi (2), ckopoctb oToka 1 mi/mus, pH =5

Fig. 2. Breakthrough curves for As(V) (Z,2) and As(III) (3): Mygsorbent= 0.1 T, Cagy = 1 pg mL! (7, 3), 0,5 pg mL!
(2), flow rate 1 ml min!, pH =5
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HUE BJIMSHUS aHUOHOB — XJIOPUIOB, THIPOKapOOHATOB, HUTPATOB U CYJIb()ATOB — IIPOBOIMIIH B INHA-
MHYECKOM PEKHME B OWHAPHBIX pacTBOpax, cogepkamux 1 Mxr/mi As(V) u 5—50 Mr/n cTopoHHETO
AHWOHA IIPU CKOPOCTH TOTOKA pacTBopa | MiI/MHH.

Ha n3Bneuenne As(V) copoernrom TODC He BIUSIOT 0JHO3APSIHBIE AHUOHBI C KOHIIEHTpaLinei
5 u 10 mr/n. [lpucyrcrBue xnopua-uoHa ¢ koHuentpanueit 40 Mr/in u cynbdar-noHa ¢ KOHIIEHTPALU-
eil 5 MI/I CHIDKaeT IMHAMHUYECKYI0 eMKOCTh COPOCHTa Mo OTHOMEHHIO K As(V) 10 TOUKH NMPOCKOKA
B TPH pa3a JIo 3 MKMOJIB/T.

Ha copOruunonnoe usBineuenue As(III) copoentom MIIC mMoryT oka3bpiBaTh BIWSHHE IIBETHBIC
U TSDKEJIbIe METaJIbl, 00pa3yroline KOMILUICKCHbIe coenuueHus ¢ SH-rpynnamu copoenra. [Toatomy
JUTSL OTIpEIeNICHHSI BO3MOKHOCTH PeasIn3alliy MOCIIEA0BATEIBHOTO PA3ICNICHHS U KOHIICHTPUPOBAHHS
As(111) u As(V) uzyuanu cenekruBHoctb copounu As(I1I) u3 100 M pacTBopa ¢ ero KOHIEHTpaluei
1 u 0.1 mxr/ma copoerntom MIIC nipu pH 2, npu koTOpoM HabII01aeTCS MAaKCUMaJIbHOE OTINYHE €T
crenenu uzpnedenus As(111) or As(V), u npu pH 5, npu koTopom HaGn0aeTCsl KOJIMYECTBEHHOE U3~
BieueHue kak As(IIl) copdentom MIIC, tak u As(V) copoerToMm TODC (puc. 1).

Memaroriee BIUSHIE CTOPOHHUX KATHOHOB CUMTAJIOCH 3HAYUTEIBHBIM, €CJIH CTEIICHb H3BJIeUe-
Hus As(I11) m3mensinace 6omnee uem Ha £5 %. KonnuectBennomy uzBiedennto | Mxr/mi As(I11) mpu
pH 2 ne memarot (B kpatHbIx KoamdecTrax): Na', K, Ca?’, Mg?" (1000), Zn?", AI**, Fe** (100), Ni%',
Pb?*, Cd*" (50). Karnonsl Cu?* usBnekawTcs B ToM xe auanasone pH, uro u As(I11), oqHako He cHuE-
JKAIOT ero cTeneHb u3piedenns u3 100 M pactBopa npu koHteHTpauuu 1 Mr/mit. [Ipu ymenbiieHun
koHneHTpanun As(II) B pactBope 10 0,1 MKI/MIJI CETEeKTUBHOCTh €T0 M3BJICYCHHS YBEIUIUBACTCS
B ipucyTcTBHU Zn>, AP, Fe**, Ni%*, Pb%*", Cd**, Cu®' B 10 pa3. BeIcOKasl CEEKTHBHOCTh U3BJICUECHH S
As(IIT) cBa3ana ¢ Tem, uto npu pH 2 naHHbBIE 3JIeMEHTHI He U3BJIeKatoTcst copoenTom MIIC.

IIpu pH 5 cop6ent MIIC mposBiIsieT MEHBIIYIO CEIEKTUBHOCTD, TOCKOJIBKY MPH JaHHOM 3Ha-
yenuu pH HaGnronaercs uspieuenue Zn2', Fe3', Ni?*, Pb*", Cd?*, Cu?". CopOLUOHHOMY M3BJIEUYEHUIO
As(I1I) u3 100 M1 pacTBOpa ¢ €ro KOHUEHTpauen 1 MKr/mi He MenraroT 10-kpaTHbIe U30BITKA JaH-
HBIX KaTHOHOB MeTayuioB. [Ipu ymensiennn koHueHTparuu As(III) mo 0.1 MKI/MII CelIeKTHBHOCTH
uzsneuyenus As(I1l) copoenrom MIIC yBennuuBaercs B 10 pa3. Takum o0pa3om, Npu yMEHbIICHHH
koHueHTpauuu As(I1l) B pacTBope yBeIM4MBaETCs CEJIEKTHBHOCTD €0 U3BJICUCHNU .

Bricokas cenexktuBHOCTh u3BnedeHus As(II1) mpu pH 5 mo3BonseT ocymecTBIsATh €ro BhIAeIe-
Hue u3 npupoaHbIX Boa copoerTom MIIC Ha (oHe comyTCTBYIOIMIMX HOHOB METAJIIIOB U PEaIN30BaTh
HocJIeIoBaTeIbHOE BhleleHne u koHeHTpuposanue As(V) copoentom TODC u As(I1l) copbenTom
MIIC u3 BOOHBIX pacTBOPOB IpH ogHOM 3HadeHnu pH = 5. Takum oOpa3om, mpeziaraeMele cop-
OCHTBI ABISIOTCS celeKTUBHBIM 1715 BbiaenaeHus As(IIl) u As(V) u MoryT ObITh IPUMEHEHBI AT UX
KOHIIEHTPUPOBAHUS U ONPEEIICHNS B PEalbHBIX 00bEKTaxX.

Hecopoyus As(111) u As(V). Jecopbunto As(I1l) u As(V) nzydaiin B IHHAMHYECKOM PEKUME TIPU
CKOPOCTH MOTOKa | MiI/MHH.

[Mockonbky uzBneuenue As(V) copoenrom TODC npoucxoauT 3a cueT aHHOHOOOMEHHOT'O Me-
xaan3Ma ¥ ipu pH 1 As(V) He n3BnexaeTcs, TO B Ka4eCTBE JeCOPOUPYIOLINX OBIITH BHIOpaHBI pacTBO-
pbI MUHEpanbHBIX KHCIOT. KonnuectBenHas aecopOouus (R yecops > 98 %) MBIIIBSAKA C TOBEPXHOCTH
TODC nocruraercs 5 u 10 ma 1 M HNO; nimm HCI.

Ocobyro crnoxHocTh npexacraBiser gecopouus As(III) ¢ moBepxuoctu MIIC, oOpasyroriero

MIPOYHbIE KOMIUIEKCHI C MEpKanTorpynmnamu. Beibop cepoconepikalyux peareHToB sl AecopOruu
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As(I1T) (Tabi. 2) OCHOBBIBAJICS HAa TOM, YTO OHHU Takke 00pa3yroT npouHbie koMmriekchl ¢ As(I11) n nux
KOHIIEHTPALMS B paCTBOPE 3HAUYUTENIFHO IIPEBBIIIAET KOHICHTPAIIMIO TPUBUTHIX MEPKAITOIPOITHIIb-
Heix Tpyni. Crenens aecopouuu As(IIl) ¢ noBepxHocTu copoenra MIIC ¢ ucnonb3oBaHueM pas-
JUYHBIX PEareHTOB M MX KOHIICHTPAIHNHU ITpuBeieHa B Tabi. 3. Kak BHIHO 1O JaHHBIM TOH TaOIHIIb,
MakcuMmaibHas creneHs necopounn As(III) (99 %) nocturaercs npu UCTIONB30BaHUH S M1 5 %-HOTO
pactBopa yautnona B 2 M HCIL.

[Ipu ucTIoNb30BAHUY JAHHBIX AMIOMPYIOIINX PacTBOPOB copOinonHbie cBoiicTBa TODC u MIIC
o otHomeHU o K As(V) u As(IIl) cooTBETCTBEHHO HE U3MCHSIOTCSA KaK MUHUMYM IOCIIE TIATH ITH-
KJIOB COPOITUU-TECOPOIIHH.

Jocruraemsrii k03hGUIHEHT KOHIICHTpUPOBaHUS TIpu copoumu 0,5 MKT/MII MbImbsika u3 100 M
pactBopa 1 00bemoM airoerTa 5 mut paBeH 20 st As(V) u As(I1I).

MeTtonuka pasaenenus As(I1l) u As(V). Ha ocHOBaHIY IOTyYEHHBIX PE3YIBTATOB COPOIIMOHHOTO
koHneHTpupoBanus As(V) u As(IIl) c ucnonb3oBanuem copoerToB TODC nu MIIC npeasoxeH AByX-
KOJIOHOUHBIY BapuaHT pazaenenus [27].

PactBop, coneprkamuii As(V) u As(Il), oosemom 100 mut ipu pH = 5 npomnyckaroT 4yepes IBe 1o-
CJIe/IOBATEIbHO COCMHEHHbIE MUHUKOJIOHKH CO CKOPOCTBIO IOTOKA pacTBopa 1 mii/muH. B niepBoii ko-

nonke, coneprkariei 0,1 r copoerta TODC, npoucxoaut copoinonHoe u3sieueHue As(V), BO BTOPOii,

Ta6muua 3. ecop6uus As(I1l) ¢ moBepxHOocTH MIIC
Table 3. Desorption of As(III) from MPS surface

Konnenrtpamus / Konnenrtpamus /

Pearent RﬂecopGa% Pearent Ruecopﬁs%

Cpena Cpena

MIT 1 %/ 2 M HC1 2 VHUTHOII 0.1 %/ H,0 2

5 %/ 2 M HC1 49 0.5 %/ H,0 7

MOBC 1 %/ 2 M HCl 2 1 %/ H,O 12
MbU 1 %/ 2 M HCl 0 2.5 %/ H,0 24

10 %/ H,0 0 5 %/ H,O 27

TuomoueBuHa

10 %/ 2 M HCl 1 0.5 %/ 2M HC1 58

10 %/ H,O 2 5 %/ 2M HC1 99

Tabnuua 4. Pesynbrate! pa3aencuus u onpenencuus As(V) u As(I1l) B momenbHbIX pacTBopax (n=3, P=0,95)

Table 4. Results of separation and determination of As(V) and As(III) in model solutions (n=3, P=0,95)

KonnenTpaius MpIIbsiKa B pacTBOPE, MKI/I Haiineno MpImbska, MKT/T
As(V) As(IIT) As(V) As(I1T)
10 20 10.6 £ 0.7 209+ 1.1
20 80 20.8+1.0 794+£27
80 80 81.3+£2.6 78.5+£2.6
20 10 207+ 1.0 9.9+0.7
80 10 80.2+1.8 9.8 +0.7
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cozepxaieii 0,1 r copoenta MIIC, — As(I1I). Iecopoiuto As(V) u As(111) ocyriecTBisitoT pa3aeabHbIM
MIPOIyCKaHUEM Yepe3 nepByto KosloHKy 5 Mi1 1 M HNO;j, uepes BTopyto — 5 Ma 5 %-Horo yHuTHONIa B 2
M HCI. ConeprkaHue MbIIIbsiKa B JIecOpOMpPYONMX pacTBopax onpeneisitor merogom NCIT-ADC.

D¢ heKTUBHOCTH pa3eieHns U MOCIEAYOLIEr0 ONpeaeseHNns (POPM MBIIIbSIKA IIPH UX COBMECT-
HOM IPUCYTCTBUH TOITBEPIK/CHA aHAJIN30M MOJIEIIbHBIX PACTBOPOB, COICPIKAIINX PA3JINYHbIE KOH-
meHTparuu As(V) u As(I11) (radm. 4).

3akJoueHue

[Ipennoxena MeToauka KoHUEHTpupoBaHusa u pasnenenus As(IIl) u As(V) ¢ ucnonas3oBaHu-
€M JIByX IOCJIE0BATEIbHO COCIMHEHHBIX KOHIEHTPUPYIOMIMNX KOJOHOK, COAEPKAIINX KPEeMHE3eM,
(YHKIMOHAIM3UPOBAHHBIH TPUDEHUIPOCHOHNEBHIMU M MEPKANTONPOINUIBHBIME TPYyHIAMH CO-
OTBETCTBEHHO. B nepBoil KOJIOHKE MPOMCXOIUT CEJIEKTHBHOE KOHIEHTpupoBaHue As(V) 3a cuer
ANEKTPOCTATHYECKOT0 B3aMMOJICHCTBUS C MOJOKHUTEIBHO 3apSIKEHHBIMH TPUDEHUIPOCHOHNEBHIMU
rpynnamy, a Bo Bropoil — As(IIl) 3a cuer koMmiiekcooOpa3oBaHMs C MEPKAIITOIPONUIBHBIMH TPYII-

namu. Koapduunentsl konueHTpupoBanus coctabisior 20 mist As(V) u As(111).
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Abstract. This paper presents a study of the pyrolysis products organic raw materials (bio-oil and sludge
sediments of treatment facilities) by chromatographic methods. A feature of the work is to optimize the
sample preparation procedure by fractionating the pyrolysis products. Using the method of gel permeation
chromatography, molecular weight distribution of pyrolysis products was assessed. Determination of
the water content in these objects (by Karl Fischer titration) was used to assess the possibility of their
direct analysis by gas chromatography. A sample of sludge pyrolysis and several fractions obtained from
a bio-oil sample were analyzed. By the method of two-dimensional gas chromatography, where a self-
developed column based on an ionic liquid was used as the first measurement column, the pyrolysate
of sludge sediments and the ether fraction of bio-oil were analyzed. The obtained chromatograms and

quantitative results are presented.

Keywords: bio-oil, sludge, pyrolysis, gas chromatography, two-dimensional gas chromatography, gel

permeation chromatography, ionic liquids.

Acknowledgements. The research was carried out with the financial support of the RFBR and the

Government of the Novosibirsk region within the framework of the scientific project No. 20-43-543013.

Citation: Shashkov, M.V., Sotnikova, Yu. S., Dolgushev, P. A., Alekseeva, M. V. Development of comprehensive analysis of
pyrolysis products for lignocellulose raw materials and sludge sediments by chromatographic method, J. Sib. Fed. Univ. Chem.,
2021, 14(4), 489-501. DOI: 10.17516/1998-2836-0240

© Siberian Federal University. All rights reserved
This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0).
*  Corresponding author E-mail address: shashkov(@catalysis.ru

— 489 —



Journal of Siberian Federal University. Chemistry 2021 14(4): 489501

Pa3paﬁoTKa KOMIIJICKCHOI'0 aHaJ/In3a MPOAYKTOB
MMUPOJIN3a JUTHOUEC/IJIIJI03HOIO ChIPbi

U NJI0BBIX 0CAIKOB XpOMaTOI‘pa(l)I/I‘leCKHMI/I MeTOAAMHU
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II. A. Toarymes?, M. B. AnexceeBa™ °
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AHHoTauusi. B nanHoil paboTe mpeacTaBlIeHO UCCIEAOBaHUE MPOAYKTOB MUPOJIHU3a
OPraHUYeCcKOTO CHIPhs (OMOHE(PTH U HIIOBBIX 0CaAKOB KOMMYHAIBHBIX OYHCTHBIX COOPY KCHUI)
xpomarorpadpuyeckumMu Metogamu. OCoOEHHOCTh PabOTHI 3aKI0YACTCSI B ONTUMHU3AIMH [TPOLIEAY PbI
MpPOOOIMOATOTOBKH MyTeM (PaKIHUOHUPOBAHUS MPOAYKTOB mupou3a. [Ipu ucrmors3oBaHuu
MeTOoJIa rejib-IIPOHKKaoIIeH Xxpomarorpaduu npoBeeHa Ol[eHKa UX MOJIEKYJISIPHO-MacCOBOI0
pacupenenenus. OnpeaencHue CoOAepKaHU BOIBI B JAHHBIX 00BeKTaX (METOJOM THTPOBAHUS
no Kapny ®@uniepy) npuMeHSJIOCH JJIs1 OIEHKH BO3MOXXHOCTH UX MPSIMOTO aHAJM3a METOJIOM
ra3oBoi Xxpomarorpaguu. B cooTBeTCTBUY C 3THM OBLIH IPOAHAIH3IUPOBAHBI 00pa3el] MUPOTH3aTa
UJIOBBIX OCAJIKOB U HECKOJBKO (DpaKIluii, MOJyUeHHBIX U3 00pa3ua ounonedTr. MeToa0M ABYMEPHOU
ra3oBOi XpoMaTorpaduu, rie B KAYeCTBE KOJOHKH IEPBOTO H3MEPEHU S HCIOIb30BaATH KOJIOHKY
COOCTBEHHOMU pa3pabOTKH HA OCHOBE MOHHOW JKMIAKOCTH, ObLITH MPOAHATU3UPOBAHBI ITUPOITU3AT
HIIOBBIX 0CAIKOB U dpupHas Qpakmus onoHedTu. [IpencraBieHbl MONTYyYSHHBIE XPOMATOT PAMMBI

N KOJIMYCCTBCHHBIC PE3YJIBTATHI.

KiroueBble ciioBa: OnoHe(Th, HIIOBBIC OCAIKH, TUPOJIH3, Ta30Basi XpoMaTorpadus, AByMepHas ra3oBas

xpomMaTorpadusi, relib-IIPOHNKAOIAst XpOMATOT padysi, HOHHBIC KUIAKOCTH.

Baaronapuoctu. VccienoBanue BRITONHEHO Tpu puHAHCOBOU noanepkke PODU u [IpaBurenscTBa

HoBocuOupckoii obactu B paMmkax HaygHoro mpoekta Ne 20—-43-543013.

Iutuposanue: [llamkos, M. B. PazpaboTka KOMIUIEKCHOT0 aHAIN3a IPOYKTOB IIUPOJIH3a JIUTHOLEIITIONO3HOTO ChIPhs M MIIOBBIX
ocajikoB xpomarorpaduaecknmu Metogamu / M. B. lllamkos, 0. C. Cotankosa, I1. A. Jlonrymes, M. B. Anekceesa // XKypH.
Cub6. denep. yn-ra. Xumns, 2021, 14(4). C. 489-501. DOI: 10.17516/1998-2836-0240

BBenenue

HecMoTpst Ha BHYIUUTENbHBIE MUPOBBIE 3aM1aChl TPAJULIMOHHOIO YIJIEBOJOPOIHOIO ChIPhS, U3-
BECTHO, YTO OHH OI'PAaHUUYEHBI M CTPEeMHTENbHO HcTomaroTcs [1]. [lo 3Toit npudmHe B HacTosIIEe Bpe-
Ml aKTUBHO IIPOBOAUTCS MOUCK TEXHOJIOTMH MOJYUEHHUS TOIUIMBA U LIEHHBIX XUMHYECKUX MPOAYKTOB
U3 aJbTEPHATUBHBIX M BO30OHOBIISIEMBIX pecypcoB. OcoOEHHO BOCTPEOOBAHO IIPU 3TOM BOBJICYCHHUE

MHOT'OYUCJIICHHBIX, 3a9aCTYI0 CJIOKHBIX U HCITOCTOAHHBIX 10 COCTABY PACTUTCIBHBIX NJIN CMCIIAHHBIX

— 490 —



Journal of Siberian Federal University. Chemistry 2021 14(4): 489-501

OTXOJIOB, YTO B CBOIO OYEPEAb MO3BOJISIET PEIIaTh 3a/1a4y WX YTHJIM3AIUHU C TTOIMYTHBIM MOy YSHHEM
MOJIE3HBIX MPOAYKTOB. Cpenu Hambollee MHOTOYHCICHHBIX H CIIOKHBIX 10 COCTaBY BHJOB OTXOJIOB
MOYKHO BBIICTTUTH JINTHOLIEIUTIOJIO3HOE CHIPBE (OTXO/BI JIECOMPOMBIIIIEHHOT'O KOMIIIEKCa, CEIbCKOTO
X03s#cTBA) [2], a TAaK)KE HIIOBBIE OCAIKA KOMMYHAJBHBIX OYUCTHBIX COOpY KeHui [3]. OmHUM U3 crio-
cO0O0B MX yTHIHM3AIUHU SBISETCS MPSIMOE CKUTaHUE, OHAKO JAHHBIM MOAXOJ MUMEET PsIA OrpaHHye-
HUI BBUAY BBICOKOM BJQXHOCTH TAaKOI'O CBIPbsl, @ TAK)KE BBICOKOTO COAEPkKAHUSI CEPhl U a30Ta, YTO
TpeOyeT JOMOIHUTENILHON OYHCTKH JIBIMOBBIX I'a30B Iepe]] OKOHUYATEIbHOM dMuUccueil B arMocdepy.
Hdpyroii 3PeKTUBHBIH CIIOCO0 YTUINU3AMUH JAaHHBIX OTXOJ0B — TUPOJIH3 C TOCICIYOIUMHU CTaIHsI-
MU KaTaJIUTHUYECKOii nepepadoTku [4, 5]. B pe3yibraTe nmupoan3a noiaydyaroTcs CIOKHbIE CMECH Opra-
HHMYECKHUX BELIECTB, KAK IPaBUJIO, HEU3BECTHOIO UJIM YACTUYHO U3BECTHOI'O COCTABA, IPUTOHbIE IS
JaJbHENIIEero IPeBpaIIeHUs (C HCIIOIb30BaHNEM KaTaIMTUYECKUX IIPOIIECCOB) B LIEHHBIE TPOU3BO/-
Hbl€ TOILIMBHOI'O WJIM XMUMHYECKOr0 Ha3HaueHUs. B Hacrosiiee BpeMsi NPOBOASATCS HCCIEAOBAHMS,
CBsI3aHHBIE C MOUCKOM HambOosee dPPEKTUBHBIX MyTel KaTaJIUTHYECKOW NepepaboTKH MPOIyKTOB
MUPOJIU3a TAKOT'O TUIIA ChIPbSL.

Jlns BeIOOpa MOAXOAAIINX YCIOBUU MPOBEIASHUS MUPOJIN3a, a TaKKe NajbHEWIel nmepepa-
OOTKH MUPOIU3HBIX KHUAKOCTEH HEOOXOIUMO KaK MOKHO 00Jiee TOYHO 3HATh UX XUMHUUYECKUU CO-
ctas. [Ipu a3ToM Hambonee mpueMiIeMBbl A1 aHAJNW3a MHOTOKOMIIOHEHTHBIX CMecel XpomaTorpa-
¢uueckue Mmetonsl. Tak, I aHATU3A JIETYYeH YaCTH MHUPOIU3HON KHIKOCTH HAMOO0JIee TPUTOTHBI
MeTOo/Ibl Ta30oBoii xpomarorpaduu (I'X), MOCKOJIbKY OHM O00ECIEUMBAIOT HAUIyYlllee pa3jieieHue
¥ BO3MOXXHOCTHh HJCHTH(DHUKAINU KOMIIOHCHTOB METOIOM Macc-CIeKTpoMeTpuu. BMmecte ¢ Tem,
METO/J| JKUJKOCTHOU Xpomarorpaduu (BIXKX) no3sossieT nony4uTs HHPOPMAIMIO O HEJIETYIUX
COCTMHEHUSX, TIOIXOMAUT [ aHAJIM3a KOMIIOHEHTOB B CIOXKHOI MaTpuie (BOIXHON), a TaKXKe s
HCCJIEIOBAHMS MOJIEKYJISIPHO-MAaCCOBOI'O pacipereneHus. B 0CoOOeHHOCTH CTOUT BBIACIUTH ABY-
MepHY ra3oByio xpomarorpapuro (I'X*['X), koTopas maeT BO3MOKHOCTh YBEIUYUTH Pa3ICIIH-
TENbHYIO MOIIHOCTH CUCTEMBI B HECKOJIBKO pa3 3a C4eT 00beINHEHU S pa3AeIUTEIbHBIX BO3MOXKHO-
cTel IByX KoIOHOK. Kpome Toro, oHa obecreunBaeT aHa U3 MUKpOIpuMecel Ha (poHEe OCHOBHBIX
KOMITOHEHTOB MaTPHIIbI ¥ TIO3BOJISICT MIPOBECTH I'PYIINOBOI aHAIN3 IO XUMUYECKUM KJlaccaM s
OIHMCAaHUs IMOJHOT'O0 cocTaBa o0BekTa [6]. [ MOMSIPHBIX BBICOKOKHIAIINX CMECEH, BKIIFOYAIO-
HMIMX KHUCIOPOACOAEPKALIUE COSNUHEHNU S, dDPPEKTUBHOE pa3Jie]IeHHe TOCTUTAeTCs C IPUMEHEHH-
eM noHHBIX xkuakocteit (MXK) B xagecTBe (aspl B oqHOI n3 KOoHOK [7]. B pamkax Hactosmei
paboTH U3MI0KEHO NMPUMEHEHHE TAaKOoro MOJX0/a, OCHOBAHHOTO Ha HMcnonb3oBaHuU MIK-komoHKH
cOoOCTBEHHOH pa3pabOTKH.

B pabore OynyT paccMOTpEHbI OJJHH 13 HarnOOJIee CIOKHBIX 110 COCTaBy OOBEKTOB, HO aKTyaJslb-
HBIX C TOYKH 3PCHUS YTIIIH3AIUU OTXOJI0OB JISCHOTO, CETbCKOTO M KOMMYHAJIBHOTO X0351CTBa: OHO-
Hed1h (BH) — nmpoaykT nupoiin3a JIMrHONEIIIFOJI03HOTO PACTUTEIBHOTO ChIPhS; IPOAYKT MHUPOIH3a
HJIOBBIX OCAJIKOB KOMMYHAJIbHBIX OUHCTHBIX COOPYKEHUH.

OcHoBHas 3a/iaua MCCIIEOBAaHUSI COCTOsIa B pa3pabOTKe KOMILIEKCHOIO MOJX0Ja K XapakTe-
pU3anuy TPOAYKTOB MUPOIH3a OPraHUYECKOTO CHIPbs (OMOHE()THh M MHUPOIU3AT HIIOBBIX OCAIKOB)
xpoMaTorpauuecKkuMu MeToiaMu. Tak, XHMUYECKUI aHaJIU3 ITaHHBIX 00bEKTOB IPOBEICH C TIOMO-
IR0 METOJIa TeIb-TIPOHUKAOIICH XpoMaTorpaduu, METOa Ta30BOM XpOMaTOMAacC-CIIEKTPOMETPUHT
U METO/a ABYMEPHOH ra30Boil xpomaTorpaduu ¢ MCIOJb30BAHUEM XPOMATOrPAPUUCCKON KOJOHKH

Ha OCHOBE HOHHOI KHUIKOCTH.
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MartepuaJibl U METOABI

OO6pasipl MUpoIn3aTa APEBECHOTO CHIPhs (OMOHE(TH) M MUPOIU3aTa UIOBBIX OCAJAKOB MOTyYe-
Hbl oT komnanun OO0 «3ueproJleclIpom» (r. Kazans, Poccus).

Bce pactBopuTenu (IuxJiopMeTaH, AU THIIOBBIHN 3¢up, alieToH) mpon3BoacTBa « COI03XUMITPOM)
COOTBETCTBOBAJIM KBaIM(UKALMU 0. C. 4. B KayecTBe 3J110eHTa Ui Iellb-IIPOHUKAIONIEH XpoMaTo-
rpaduun ucrnonpzoBanu Terparuapodypan (TT'®) nmpoussoxcta PanReacAppliChem (Mcmanus).
[Mupuaun u ouc(rpumermwicunun)rpudropaneramua-N, O (BCTPA) npoussoacrea AcrosOrganic
(amncrora 6oiee 99 %) MCTIONB30BAINCH B KAUECTBE PEareHTOB ISl IPOLETy Pl IepUBaTH3AINH (CH-

J'[I/IJ'[I/IpOBaHI/IH) C ICJIBIO MMOBBIIHECHUA JICTYUYECTH psAJia KOMIIOHCHTOB.

Ilpobonodeomoska 05t ananu3a Memooom 2eib-nPOHUKAuell Xpomamozpapuu

O06pa3ip! OMoHepTH ¥ MPOAYKTA MUPOIN3A HIIOBBIX OCAJIKOB KOMMYHAJIBHBIX OYHCTHBIX COOPY-
JKEHUH TIPEACTABIISUIM COOON BSI3KYIO HEOJHOPOIAHYIO KHAKOCTh, HEIPUTOIHYIO JUJIsl IPSIMOTO BBOJA
B )KMJIKOCTHBII xpomarorpad. 1o 3Toit mpuunHae 00pa3nbl pacTBOPSIN B TeTparuapodypaHe U IeH-
tpudyruposanu ripu 12000 06/muH B Tedenune 3 MuH. Haioca0uHy 0 )KUKOCTh IEPEHOCUIIH B BHa-

Ty Ha 2 MJI M yCTaHaBJIMBAJIA B aBTOJ03aTOP XpoMaTorpada.

Ilpo6bonoodzomoska obpasya buornepmu 018 aHaIU3a MEMOOOM 2A3080U XPoMamozpaduu

[pouenypa npoGoroaroToBku ononedTH BKIto4aia pactBopenue 0.5 r odpasua B 1 Mu aneToHa,
MOy YCHHBIN PacTBOP JOOABIISIIN MO KAIJISIM B 5 MJI ICHOHN30BAHHOM BO/IBI IPY HHTEHCHBHOM Hepe-
MmemuBanud. Habmroganock pacciioenre Ha 18e (as3bl: BOAHYIO (HM)KH.) H OPraHUYECKYIO (BEPXH.).
[Monmy4eHnHyt cycnieH3uto neHTpudyrupoanu npu 12000 o6/MuH B TeueHUe 3 MUH, BOIHYIO (asy
OTICIISUTH M TIEPEHOCHIIM B BHAJy Ha 22 MJI C 3aKPYUYMBAOIICHCS KPBIIIKOW. 3aTeM BOAHYIO (a3y
9KCTPArupOBAIIN TPHIKABI AUITHUIOBBIM 3(hupoM (110 5 mur). COBOKYIIHBIIN 3KCTPAKT OTNYBATIH TOKOM
cyxoro azora 10 oobema 1 mi. BonHas da3za, ocTaBiuascst mocsie SKCTpaKIUy AUITUIIOBBIM 3(DUpOM,
OTIyBaJIach JI0CyXa B TOKE a3oTa npu HarpeBanuu 1o 60 °C. Jlanee k octarky no6asisin 200 MK
nupuanHa 1 200 mxn BCT®A ¢ nocrneayonuM HarpeBaHUeM TOTy4eHHOH cMecH B TeueHue 40 MuH
nipu 70 °C. OctaTok OoT HeHTpru(yTrupoBaHus (BsI3Kask CMOJI000pa3Hast KHUAKOCTH) CYIIHIH B TOKE Cy-
XOro a3oTa B TeYeHHe |5 MHH, 3aTeM MOJBEPraJik IKCTPAKIUN 5 M IuxjopMmerana. [lomydeHHBIN
9KCTPAKT OTJYBaJd TOKOM cyXxoro azora Ao 0.5 mii, a ocratok pactBopsiiau B TT'O.

B pesynbraTe ObLIO MOJIYYCHO YeThIpe oOpasua (hpakiinu): d3PUPHBII SKCTpaKT, BoAHAs (da3a
nocie nepusatuzanuu bBCTDA (yrineBonnas gpakius), IMXIOPMETAaHOBBIN IKCTPAKT, OCTATOK ITOCIIE

SKCTPaKIMK JUXJIOPMETaHOM (pacTBOpeHHbI B T'D).

Onpeoenenue 800bl memoodom mumposanus no Kapny-Quwepy

CognepkaHue BJIaru B OMOHE(TH M MHUPOIU3ATE MIIOBBIX OCAJKOB (Macc.%) ONpeensyii MeTo-
JoM TutpoBanus o Kapny ®duiepy ¢ ncrnosib30BaHHEM aBTOMATHUECKOro TuTparopa Metrohm 870

TitrinoPlus.

T'env-nponuxaiowas xpomamozpagus

MoJIeKyIIpHO-MACCOBOE paclpeeiicHHe IPOAYKTOB MUPOIK3a ApeBecHHbl (OHOHE(DTh) U Mpo-

AYKTOB IMUPOJIN3a UJIOBBIX OCAAKOB KOMMYHAJIbHBIX OYUCTHBIX COOpy)KeHI/Iﬁ n3yvajin ¢ MOMOIIBIO
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resib-IpOHUKaroIe xpomarorpaduu ¢ ucnoib3oBaHueM cuctembl Thermo Scientific DIONEX
UltiMate 3000 ¢ geTekTopoM 3apsiKEHHBIX aspo3oieit. [Ipody o6beMoM 5 MKJI BBOAMIIN B KOJIOHKY
Tosoh Bioscience TSKgel G2000HHR (7.8 x 300 mm, pa3mep yactui 5 um). TemmnepaTypa KOJIOH-
ku coctaBiisuia 40 °C. B kadecTBe 3110€HTa HCIIONB30BaNId TETParuapodypaH mpu CKOPOCTH MOTOKA
1.3 mu/mun. KanuOpoBKy 11s1 KOPPEISIHH BPEMEHH JJIFOUPOBAHUS U MOJICKYJISIPHOW MAaCChI IPOBO-
WU C ACTIOTB30BAHUEM CTAaHAAPTOB MOJUCTHPONIA C MOJCKYISIPHBIME MaccamMy B nuamna3oHe 162—

7000 r/monb npousBoactea Agilent Technologies B aHaIOrMUHBIX YCIOBHUSIX.

Ananuz obpasyos memooom I’ X/MC

s omHOMepHBIX pa3aeneHuit MmetonoM ['X/MC UCIONB30BaNHCH CISTYIOIINAE KOJIOHKH: C HEeTOo-
nspHoit pazoit HP-Sms (Agilent) (30 M % 0.25 MM x 0.25um) — 17151 aHaIU3a yIJCBOAHON Gpakiuu Ouo-
HepTH 1 00pa3ia MUPOITU3aTa HIOBBIX 0CaIKOB. J{J1s1 apupHOI Pppakunu 6rnoHe(TH ObLIIa UCTIOTH30BaHA
KOJIOHKA COOCTBEHHOTr0 rpoun3BoacTBa Ha ocHoBe MK bis2MPyCy (25 M X 0.25 mm % 0.2 um) [8].

VYenoBust paznesnenus s odpasna yrieBogHoH (pakuuu OmoHedTH M o0Opasma MUpoOIU3aTa
UJIOBBIX 0CAJKOB. TemmepaTypHas mporpaMma TepMocTaTa KOJIOHOK BKJTIo4ana BeIiepkKy mpu 70 °C
(3 MuH), Kanee MporpaMMHPOBaHUE CO CKOPOCThIO 8 °C/MUH 110 KoHeuHOI TeMmepaTypsl 320 °C. Tem-
neparypa ucraputens coctasisiiaa 320 °C, cKopocTh MOTOKA ra3a-HocuTes (reuit) — 1 Mir/MuH.

VYenoBust pazaenenus ains oopasua 3gpupHoi Gppakunn 6nonedtu. TemneparypHast mporpamma
TepMocTaTa KOJIOHOK BKJIt0o4ana BeiAepkKy npu 70 °C (3 MuH), gajee mporpaMMHUpOBaHUE CO CKO-
pocteio 8 °C/muH 10 koneuHoi temneparypsl 280 °C. Temneparypa ucnaputens 280 °C, ckopocTh
MOTOKa ra3a-Hocutens (renuit) — 0.9 Mir/MuH.

VYenoBust paboTel Macc-CHEKTPOMETpa BKIIIOYANIN: 3JIEKTPOHHYI0 HoHu3anuio — 70 3B, temme-
parypy uctounuka nonmusanuu — 230 °C, tremneparypy nepexogHoit auauu — 250 °C. Peructpanus

CIIEKTpa B peKUMe CKaHUpOBaHUs B quana3one 40—600 m/z.

Heymepnas eazosasn xpomamozpagus

B kauecTBe BBICOKOMOJSPHOW MEPBOM KOJOHKM HAa OCHOBE JUKATHOHHOW mupuanaueBoi MK
bis2MPyC,y ncnonb3oBanach KOJ0OHKA COOCTBEHHOT0 mpou3BoacTBa (25 M x 0.25 MM x 0.25 pum), npu-
TOTOBJICHHASI CTATHYECKMM METOJIOM BBICOKOTO JaBJICHHUsI IO METOIMKe, OUCaHHOI B [§8]. B xauecTBe
BTOpPOH KOJIOHKH B3SUTM HENOJISIPHYIO AUMETHII-(S %o()eHNI)-TOIUCHIIOKCAaHOBY10 KoJIoHKY HP-5ms
(Agilent, 5 M x 0.25 mm X 0.15 pm).

Bcee m3mepenus metogom ['X*I'X OBIIH BBIIIOIHEHBI ¢ HCIOIB30BaHUEM XpoMaTorpada Agilent
7890B u aBrocamiuiepa G4513A. B I'X*I'X skcniepiumeHTax ObLI HCIOIb30BAH MOTOKOBBIA MOIYJISI-
Top Agilent n mporpamMmmMHuoe obecnieuenne ZOEX (i1 BU3yanu3anuu JByMEPHBIX 00pa3oB).

VYcenoBus paspenieHust st o0Opasua 3¢upHoil ppakumu Ouonedrtu. TemmeparypHas mpo-
rpamMma TepMocTaTa KOJIOHOK BKJirodasa: Harpes npu 70 °C (3 MuH), pajee mporpaMMHupOBaHUE
co ckopocThio 8 °C/MuH 10 KoHeuHoW Temmeparypbl 280 °C. Temmeparypa ucnaputTenas U 1e-
tektopa (ITMJ) cocraBnsna 280 °C. CkopocTh MOTOKa ra3a-HOCUTENS COOTBETCTBOBAJNA: IS
nepBoi KooHKHU (renuit) — 0.8 MJI/MUH, IJ1s BTOPO# KOJIOHKHU (Bogopon) — 23 mur/muH. [lepuon
MOAYJIALUM cocTaBisia 1.5 c.

VYcnoBus paszneneHus Ay obpasna mupoin3aTa WIOBBIX 0CAaAKOB. TemmepaTypHasi mporpaMma

TepMocTaTa KoJIoHOK BKuiroyana: 90 °C (3 MuH), 1ajee mporpaMMHUPOBAHHE CO CKOPOCTHIO 8 °C/MUH
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1o koHeuHo# Temneparypsl 280 °C. Temneparypa ucnaputens u fetrexropa (1IN ) pausanacs 290 °C.
CKOpOCTh IIOTOKA Ta3a-HOCHTENSI COOTBETCTBOBAJIA: [Tl IEPBOM KOJIOHKH (renuid) — 0.8 Mir/MuH, 11s
BTOPOM KOJIOHKH (Bostopon) — 26 miu/muH. [lepuon Mmoayisinuu cocrasisia 1.5 c.

J1s uaeHTUQUKAA HEKOTOPBIX KOMIOHEHTOB poBoaminn [ X*['X-aHanu3 cMmecel, comepika-
IIMX MOJIEJIbHBIE BellecTBa: HaQTaiuH, GpeHoa, MeTH)I- U AuMeThiI-GeHonbl. B ocTanbHbIX ciyua-
SIX IpoBoAMIN cpaBHUTENbHBIN I X/MC-ananu3 uccienyembIx cmeceld Ha mpubope Agilent 7000B
Ha KOJIOHKe C xuaKoit (azoit bis2MPyCoy (25 M x 0.25 MM x 0.25 pM) B YCIOBUSIX, aHATIOTUYHBIX IS
mepBoid koJoHKHN B [ X*T'X. PacueT OTHOCHTENBHOTO CONEpKAHUS TPYII KOMIIOHEHTOB MTPOBOIMIN

METOJIOM IIPOCTOIl HOPMHUPOBKH.

OO0cy:x1eHne pe3yJbTaTOB

Ananuz memooom eenb-npoHuKaoujell xpomamozpagpuu

[lepen aHaIM30M OATOTOBICHHBIX MTPOO MPOBOAMIIACH KATHMOPOBKA 10 BpEMEHAM YACPKHUBAHU S
C UCTIOJIF30BAaHUEM PACTBOPOB CTAHAAPTOB ITOJIUCTUPOIIOB C Pa3IMYHBIMHU MOJICKYJIIPHBIMH MaCCaMHU.
AHanu3zupyeMbie CMECH BBOAMIIH B KOJIOHKY C MTOMOIIBIO0 aBTOMATHYECKOTO fo3aTopa. C HCIoinb30Ba-
HHEM JIETEKTOpa 3apsDKSHHBIX a3pP030J1el OBLIN IOy YSHBI XpPOMATOT PAMMBI, TPHBEICHHBIC Ha pUC. 1.
W3 mpenctaBieHHBIX XpOMATOIPaMM BUJTHO, YTO aHAIM3UPYEeMble 00pas3Ilbl COEPIKAT OpraHuueCcKue
BeIlecTBa B MIMPOKOM amama3one macc — 160—1500 r/moms. [Ipu 3TOM mpeodiagaroT KOMIOHEHTHI,
MOJIEKYJISIPHBIE MacChl KOTOPBIX Jiexar B uHTepBajie 300—600 r/Moib. B Gosblieii cTeneHn nHTEepec
MPEICTaBIACT (PpPaKIHs ¢ MOJNEKYISIpHBIMU MaccaMu MeHee 300 r/MOib, HOCTyIHAs Uil aHATU3a
metogoM ['X. B cBow odepenb, 3Ta Gpakiuss MOKET HPUMEHSTHCS Ui MMOJYYCHHUS KOMIIOHCHTOB
MOTOPHBIX TOIUTUB WJIU IICHHBIX XUMHUYECKUAX IPOAYKTOB. B ciIydae KOMIIOHEHTOB ¢ OOJIBITUMHA MO-
JIEKYJSPHBIMU MacCaMH aKTyaJbHO MPHUBJICUEHNE KATATUTHYECKUX TEXHOJIOTUM JIJIs MOTyueHus 060-
Jiee JISTKAX MPOU3BOMHBIX 33 CUCT KPEKHHTa BRICOKOMOJICKYIISIPHBIX MpenmecTBeHHIKOB. CorilacHO

MPECTaBICHHBIM JaHHbIM, JIerkue KoMIoHeHThI (< 300 1/M0JIb) He SBIISIOTCS OCHOBHBIMU B paccMma-

— ; — ;
1000 600 300 1000 600 300
M, r/monb M, r/monb
Puc. 1. XpomarorpamMmbl aHaTU3UPYEMBIX OOBEKTOB: a — MTUPOJIN3aTa HIIOBBIX 0CATIKOB; 6 — OnoHedTu. Koonka

Tosoh Bioscience TSK gelG2000HHR (7.8 x 300 MM, pa3mep gacTui 5 M). DIIOEHT — TeTparuapodypaH.
CkopocTh nmoToka 1.3 mur/mMuH

Fig. 1. Chromatograms of the analyzed samples: @ — sewage sludge pyrolysis liquid;  — bio-oil. Column Tosoh
Bioscience TSK gelG2000HHR (7.8 x 300 mm, particle size 5 m). Tetrahydrofuran was used as an eluent. Flow
rate — 1.3 ml/min
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TPUBAEMBIX MPOAYKTaxX nuposnsa. OpHako Ha Xxpomarorpamme ouonedtu (puc. 16) B naHHOM jaua-
Ma30He HAOJI0/1aeTCsl BHICOKOMHTECHCUBHBIN MUK, KOTOPBIH, BEPOSTHO, OTHOCUTCS K JIEBOTIIIOKO3aHY

corjacHo AaHHbIM [ X-aHanu3a (cM. HUXKE).

Ilpo6onodeomoska

[TpenBaputensHo B 00paslax aHAJIM3HPYEMBIX CMECel OINpEeNersyioch COepKaHue BOABI, UYTO
MO3BOJIAJIO OIIEHUTh MPUTOAHOCTH Mt aHanu3a metonoM ['X. TutpoBanue mo merony Kapma @u-
mepa rnokasajo cozpepxkanue BoAsl 38 n 9.2 % B OnoHe(TH M NMUPONHM3aTE MIOBBIX OCAJIKOB COOT-
BETCTBEHHO. TaK Kak 0OJbIIOe KOJTUYECTBO BOABI BBOAUTH B I X-KOJOHKY HEJOMYyCTUMO, BOSHUKAET
HE00XOIUMOCTh MPOOOIIOATOTOBKY B cirydae OmoHedTr. Kpome Toro, kak m3BecTHO, OMOHE(DTH CO-
JEP>KUT OOJIBIIOE KOJTHYECTBO YITIEBOJOB — IPOAYKTOB TEPMOIECTPYKIUH LIEJIIOIO3b] M TeMHLIEN-
710110361 [9], uTO BiteUeT 3a co00H HEOOXOAMMOCTh MPOBEICHHS JEPUBATH3AIMH I BO3MOKHOCTH
ux aHainusa meronoMm I'X. B ciryuae nuponuzara HiI0OBBIX OCaJKOB COOTBETCTBYIOIIME MPOLENYPBI
MIPOOONOATOTOBKH HE IPUMEHSIITNCH M3-3a HEBBICOKOTO COJIEPXKAaHMSI BOJBI M yTIIEBOJOB [4].

Cpenu n3BecTHBIX METO/I0B pobornoarotoBku [10,11] 6611 BEIOpaH METO/I, OCHOBAaHHBIN Ha pa3-
JIeTICHUN TIPOOBI HA OPTaHUYECKYIO M BOJHYIO YaCTH, SKCTPAKIMIO U3 BOJHOH YacTH KOMIIOHEHTOB
JUSTHIIOBBIM 3(HUPOM, aHAJIM3 BOLHOI YacTh ¢ JepuBaru3anueil. B padore meTonuka npobonoxro-
TOBKH OblJIa YCOBEPIIEHCTBOBAHA — MPEAJIOKEH CIoco0 3(h(heKTHBHOMN KCTPAKIIMU BOAOH, OCHOBAH-
HBII Ha MEJICHHOM J00aBJICHMH 110 KarisiM pactBopa BH B anietone B noporpesaemyto Bony. Kpome
TOro, OBLITM pa3padoTaHbl MOAXOAB! K 3((ekTnBHOMY BbIeNeHUI0 (paKlnii, B YaCTHOCTH OIpesie-
JICHO HEO0OXOJMMOE KOJIMYECTBO 3KCTPAreHTOB M KPAaTHOCTh AKcTpakuuu (3-kpatHoe). Bee cramuun

KOHTPOJMPOBAJINCH ITyTeM aHaJIN3a MoJIy4eHHBIX (pakuuii metogom I'X/MC.

Ananuz obpasya buonepmu memooom I'’X/MC

Jlist BBIOOpA ONTHMAJIBLHOW CHUCTEMBI M YCJIOBHI pa3[esieHHsi KOMIOHEHTOB 00pa3ibl KaXK0i
n3 Qpaknuii Ha repBoM 3Ttane aHaunuznpoBaiau MeronoM ['X/MC na menomnsipHoit kosnonke HP-Sms.
[Tomy4eHHbIe IepBUYHBIE TaHHBIE U OLIEHKY COCTaBa 110 MACC-CIEKTPaM HCITIOJIb30BAJIN AT AalbHEil-
el ONTUMH3aINH XpOMaTorpapuyecKix yCIOoBUH.

Ha xpomarorpaMmMax ocraTka M JUXJIOPMETAHOBOW (pakiMy HE ObUIO BBISBICHO KaKUX-THOO
KOMITOHEHTOB Tipu a"anu3se 10 320 °C. BeposiTHO, IpHUYKHA 3aKII0YAETCS B TOM, UYTO B 3TH (ppakiuu
HOMNAAI0T JHILb BHICOKOMOJIEKYJISIpHBIE (hParMEeHThI JIMTHUHA M CMOJIbI, KOTOPbIE HE aHAJIU3UPYOTCS
metomoM I'X. JIas moaTBEpKACHUS OCTAaTOK OBLI IPOAHATM3UPOBAH METOIOM TeJIb-ITPOHUKAIOIICH
xpomatorpacduu. [IpoBeneHHoe Mcciaea0BaHKe I0Ka3ajlo, 4TO OH COACPKHUT 85 % KOMIIOHEHTOB C MO-
JeKyIsIpHBEIME Maccamu 6osee 300 r/MoiTb, TO €CTh MPAKTHYECKH MTOTHOCTHIO COCTOUT M3 HEJIETYUNX
KOMIIOHEHTOB, HE aHaJIU3UPyeMBbIX MeTonoM I'X.

AHam3 «yriIeBOIHOW (ppaKIuiy MPOBOAMINA HA HEMOISIPHOH Koonke HP-5ms, kotopas panee
YCIICIIHO MIPUMEHSIIACh IS IePUBATH3UPOBAHHBIX 00pa31l0B OMOIOTMUECKOT0 MPOUCXoXKaAeHu [12].
[NonmyuyeHHbIe XpoMaTOrpaMMBI coziepxar 6osee 50 MMKOB, pe3yaIbTaThl KOTOPHIX HE IPUBEICHBI H3-3a
OI'paHHYEeHHOr0 00beMa Marepuaja cTaThbi. B n1aHHON (pakiuu, TIaBHBIM 00pa3oM, IPUCYTCTBYIOT
YTIIEBOJIBI, BOZOPACTBOPUMBIE KUCIIOTHI (INKUCIOTHI, F'HAPOKCUKHUCIOTHI). IIpi 5TOM OCHOBHBIM KOM-
TIOHEHTOM SIBIISIETCSI JIEBOTJIIOKO3aH (0K0JI0 45 %), 00pa3yIouuiics B pe3yabTaTe MUPOIU3a IEJUT0JI0-

3bl, YTO COOTBETCTBYET JIUTEPATyPHBIM JaHHBIM [11].
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Ananuz «3dupHoii (ppakium» 1mokazaj, 4To oHa HanboJee IMpeACTaBUTENIbHA U pa3HOOOpa3Ha
I10 KJIaccaM BEIECTB, BKIIIOYasi KHCIOTHI, ()EHOIbHBIE COSIMHEHHSI HECKOJIBKUX THIIOB, KAPOOHMIIb-
HbIE COCJIMHEHUS U MPOU3BOJHbIE (ypaHoB. OCHOBHBIM COEIMHEHHEM B JAaHHOW (pakiMu SBISET-
cst ykcycHast kucnora (6osiee 70 %). JlaHHast ppakuus npeacTaBiaseT HanOONBIINI HHTEPEC C TOUKH
3peHus JajbHENIIeH nmepepadoTKH, MOCKOIBKY B HEH MPUCYTCTBYIOT apOMaTHYECKHE COSAMHEHUS,
HMMEIOLINE BBICOKHI MOTEHIHAN JUJIs MONY4YEHUs [IEHHbIX XUMHUYEeCKUX BemecTB. Kpome Toro, mpo-
[[ECC KaTAJIUTHYCCKON THAPOOOPAOOTKHU JaHHON (PPAKIIHHU CIIOCOOCTBYET 0OPA30BaAHUIO YIJICBOAOPO-
JI0B (KaK HACBHIIEHHBIX, TAK U HEHACBIIIEHHBIX), KOTOPBIC IPEACTABISAIOT IEHHOCTh C TOYKU 3PEHHS
TOILJIMBHOTO ITPUMEHEHHUs. B cBsi3u ¢ 3TuM OoJiee neTanbHas XapakTepu3alus JaHHOW Gppakunu OHo-
He()TH BecbMa akTyasibHa. B pesynbrare ee pajnbHEHIINNA aHATIU3 TPOBOAMIICS METOJOM JBYMEPHOMH

ra3oBoii xpomaTorpapum.

Ananusz 6uonegpmu memooom 08YMepHOLL 2430801 Xpomamozpapuu

Hecmotps Ha mpenmymectBa Mmetona I X*I'X o cpaBaenuto ¢ ['X B OMTHOMEPHOM peKUME, OTHOM
U3 po0JieM, OrpaHMYMBAIOLIMX 00J1aCTh IPUMEHEHU S TAaHHOT'O METO/IA K aHAIIU3Y CIIOMKHBIX BBICOKO-
KUIAIUX CMECeH, SIBISIETCS HEBBICOKAsi MAKCHMAIIBHO JOMyCTHMas TeMIepaTypa aHanu3a. Cea3aHo
9TO C TEM, YTO COBPEMEHHBIE MOJISPHBIE M BHICOKOIOJIAPHBIE HEenoABIKHbIE )xuakue dhaszpl (HXKD),
MIPUMEHSIEMbIE BO BTOPOH KOJIOHKE, UMEIOT OI'PAaHNYEHHYI0 TEPMOCTAOMIIBHOCTh M HE MOT'YT AKCILITY-
aTUPOBaThCs mpu TemmepaTrypax Bbie 260 °C [13]. 1 4aCTUYHOIrO penIeHUs] JaHHON MpoOaeMbl
HCIIONB3YIOTCS (a3bl CpeaHel MONISIPHOCTH, XapaKTepu3ylomuecs 0oibled TepMOCTaONIBHOCTHIO.
OnHaKo OHM NMPUTOAHBI JHUIIb JJI5 OTPAHUYEHHOT0 Kpyra 3a/1a4, B OCHOBHOM JJIsl CMECEH yTIIeBOI0-
POZIOB, TaK KaK 3a4acTyIO He MO3BOJIAIOT JOCTUTHYTh TpeOyeMoil CeIeKTUBHOCTH pa3zeneHus [14].

HenasHo ObL10 00HapyxeHo, 4To Ha posib Takux HXK® noaxonst nonnsie sxuakoctu (MK). Cpeau
MHO)KECTBA MX KJIacCOB HanOoJee noxxoasmumu B kauectse HXK® okazanuce XK ¢ nmunazoneBsiMy,
NUPUAMHUEBBIMY, (hochoHneBbIMU KaTnOHaMHU 1 aHnoHOM (Ntf2) (GucTpudropmeruicynbHOHUITMMU-
nar) [15—17]. HXX® ra ocHoBe manubrx MK spisrorcs TepmoctadminsHBIMEA 10 300 °C, B TO K€ BpeMst HX
xpomarorpaduueckas Mo pHOCTb MPEBOCXOAUT BCE TPAJUIIMOHHBIE ONIApHBIE (a3bl [18].

B cBs31 ¢ 3THM B KadecTBE MEPBOI KOJOHKHU IS aHAlM3a 00pa3oB OnoHedTH ObliIa BRIOpaHa
koJsioHKa bis2MPyCy Ha ocHOBe nupuauHueBoi nukarnonHoi MK, koropas panee nokasala BbICO-
KYIO CEJICKTUBHOCTB ¥ TEPMOCTAONIILHOCTD IIPH UCIIOIB30BAaHUH B IByMepHOI xpomarorpaduu [19].
B kadecTBe BTOpOI KOJIOHKH BBICTyMana ciabomnoispHas kojgonka HP-5Sms. B xome ontumuzanmuu
ycnoBuit paznesnenus metonoM [ X*I'X BappupoBaiy CKOPOCTH MOTOKA Yepe3 KaXk1yI0 U3 KOJOHOK,
TEeMIIEpaTypHYIO IPOrpaMMy TepMocTaTa, 00beM BBOAUMON MPoObI, BpeMs MoayIsaiuu. B pesynbsra-
T€ B MOJOOPAHHBIX YCIOBUAX (CM. SKCIIEPUMEHTAIBHYO0 YacTh) ObliIa IT0JTyYeHa KapTHHA Pa3/ieeHus,
MpeICcTaBICHHAS Ha pUC. 2.

W nenTnduxaiys OCHOBHBIX KOMIIOHEHTOB OCYIIECTBIISUIACH ITY TEM COITIOCTABIICHH S TOPSIIKA BbI-
X0J1a OCHOBHBIX MMHKOB Ha niepBoii kojonke B [ X*['X u 8 ' X/MC pa3zaeneHuu, HoydeHHOM Ha KOJIOH-
ke ¢ MK B ycnoBusIX, aHaIOrHYHEIX NIepBoi kooHke B [ X*['X. Ha ocHOBaHWH UCIIOIB30BAHUS 3THX
JAHHBIX yJaJ0Ch MPOBECTH Pa3rpaHUUCHUE 30H, OTHOCSIIMUXCS K PA3IMYHBIM KJIaCCaM COCIMHEHHIH.
Cpeny HUX OB BBIJEJICHBI KapOOHOBBIE KUCIIOTHI, alu(aTnyeckne coequHeHus (BKiroyasi kap0o-
HUJIbHBIE COEIMHEHHUSI, CIIMPTHI U MPOU3BOAHBIE ()yPaHOB), @ TAKIKE MHOMKECTBO KJIACCOB ()EHOJIBHBIX

COGZ[I/IHGHI/Iﬁ (HpOI/ISBO,I[HLIe I'BasgKoOJia, CHpHUHI0JIa, (bCHOJ'ILI, ,Z[I/I(i)eHOJ'ILI). Crour OTMETUTDH, YTO CH-
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Puc. 2. O6pa3 paznenenus metonoMm [ X*I'X nius sdupnoii Pppakuu 6uonedru. [lepsas xononka bis2MPyC9
(25 m x 0.25 mm X 0.2 um), Bropas xoigoHka HP-Sms (5 m x 0.25 mm X 0.25 pm), mporpaMmmMupoBaHue
temnepatypsl: 70 °C (3 mun), nanee 8 °C/mun no 280 °C

Fig. 2. GC*GC separation for the bio-oil ethereal fraction. The first column is bis2MPyC9 (25 m x 0.25 mm x 0.2
pum), the second column is HP-5ms (5 m % 0.25 mm x 0.25 pum), temperature programming: 70 °C (3 min), then
8 °C/min up to 280 °C

PHUHTOJIBI ¥ TBASIKOJIBI TAK)KE OTHOCSTCS K (DEHOJIaM, BMECTE C TeM, COZIEPIKAT METOKCH-Tpy bl [Ipu
9TOM MHMHHMMAaJbHAs Pa3HHUIA B CEJIEKTHBHOCTH, KOTOPYIO 0OECleunBaeT HAIMYNE METOKCHU-TPYIIIH,
Ja€T BO3MOXHOCTH 3(1)(1)CKTI/IBHOI‘O pas3acsiCHud CUPUHTOJIOB U I'BAAKOJIOB, C MOABJICHUEM CUTHAJIOB
B Pa3HBIX XpOMaTOrpahuuIecKrx 30HaX. DTO MOATBEPKIAeT MHUPOKHE BO3MOKHOCTH MeToma [ X*['X
u kosoHok ¢ MK 11t ananmu3a Takoro poja ciIokHbIX cMecell. KonnuecTBeHHast OLleHKa KIacCoB CO-
€IMHEHUH TMOKAa3bIBAET, YTO MPEUMYIIECTBEHHBIH BKJIAJ B 3Ty (PaKLIHIO BHOCAT KUCIOTHI (85 %),
B OCHOBHOM YyKcycHas kuciiora. Ha (heHosbHbIE coequHEHNs B 0011IeH ClI0KHOCTH npuxoautes 12 %,
OCTaJIbHYIO YaCTh COCTABIISAIOT ()ypaHOBBIE N KAPOOHHMIIBHBIC COSTUHECHNU .

Takum 00pa3oM, BCECTOPOHHSISI XapaKTepu3alus OMOHeTH METOJaMK ra30BOH XpoMaTorpapuu
MO3BOJIIET YCTAHOBUTH, YTO B OCHOBHOM OHA COCTOMT U3 KHUCIOPOJACOAEpKAIMUX coenuHeHni. Oc-
HOBHasI JIOJIsl IPUXO/IMTCS HA YTJIEBOABI U KApOOHOBBIE KUCIIOTHI, UMEIOUIHE [IEUIIOJI03HY 0 IPUPOLY,
a TakXke (eHOJIbHBIC COCIMHEHNS PAa3IMYHBIX KJIACCOB, MIPECTABISIONINE COOOH MPOAYKTHI TEPMHU-
YeCKOW JecTpyKIuH JIurHuHa. CTOUT OTMETHUTh, YTO 3aja4a OILIEHKH COCTaBa 0oJjiee TSKEIOH 4acTh
O6ruoHedTH B TaHHOW paboTe He cTaBUiach. TeM He MEHee MOKHO IPEAIOI0KHUTh, YTO OHA COCTOUT

U3 0oJiee KPYIHBIX (parMeHTOB JIMTHUHA (MHOTOs/IepHbIe (DEHOJIBI) U 1IeIUIIOI03bI (OJTUTr0Caxapuibl).

Ananus nupoausama ujl06sblx 0Ccaokos

Anaan3 metogom I'X/MC
KaK OITMCAaHO BBILIC, B cnyqae nnponmaTa HUJIOBBIX OCAJAKOB aHAJIOTUYHBIC npoue)]ypm HpO-

6OHO,I[FOTOBKI/I (@paKHHOHHpOBaHI/Iﬂ) HE MPUMCHAJINUCH N3-3a HCBBICOKOI'O COACPIKaHUS BOABI. ﬂﬂﬂ

— 497 —



Journal of Siberian Federal University. Chemistry 2021 14(4): 489501

HpeBapUTENIbHOW OLIEHKH COCTaBa JIETy4el 4aCTH COOTBETCTBYIOIIMH TUPOIU3AT ObLI MPOAHAIH-
3upoBaH MetonoM ['X/MC nHa kononke HP-5ms. Ananu3 nokaszan Hannuue aindaTHdecKux U apo-
MaTHYECKHX YTJIEBOIOPOJOB, (PEHOJIOB, a TAKKE TSIKEIBbIX KapOOHOBBIX KHCJIOT. [Ipu aTom, Kak
1 B ciiydae OMOHE(TH, C y4eTOM OTMEUYEHHOT0 OOJIBIIOT0 MacCHBA HEPA3/IEICHHBIX TMKOB pa3JIny-
HBIX KJIACCOB COEAWHEHHH OBbLI JOTIOJHUTEIBHO MPOBEJEH aHAJIU3 METOJIOM JBYMEPHON ra30BOM
xpoMaTtorpadum.

Anasu3s metoaom I'X*T'X

Hcnonbs3oBanue ABYMEpHOH Ta30oBOH XpoMarorpaduu sl aHaln3a MHPOJIM3aTa MIIOBBIX
0CaJIKOB MPU3BAHO YJIYUIIUTh pa3/ejeHHe Pa3Iu4YHbIX MOJSIPHBIX M YCIOBHO MEHEE IMOJISIPHBIX
KJIACCOB COEIMHEHUH B ero cocrtase. I1o 3Toi nmpuumHe 11 aHAJIM3a TaKKe UCII0Ib30Baach cxXe-
Ma c nepBoil kojoHKoi Ha ocHoBe MK bis2MPyCy, BMecTe ¢ TeM COOTBETCTBYIOIIAsi KOMOMHA-
LM KOJIOHOK MPOJAEMOHCTPHUPOBaja BEICOKYIO 3()(hDeKTUBHOCTD pa3fesieHUs] KUCIOT U AU(PEHOIOB
B ciiydae OMoHe(TH.

Jlist paznenenus ObUTH ITOAOOpaHbI YCIOBUS, HECKOJIBKO OTiaMYaBmIrecs oT bH BBUY pa3HUIEI
COCTaBOB JIaHHBIX 00beKkTOB. KoHeuHast TemmnepaTypa Obljia yBeJlndeHa, 4TOObl JOOUTHCS ITHOHPO-
BaHUS JKHPHBIX KaPOOHOBBIX KHCJIOT C BBHICOKOH MOJIEKYJISIpHOH Maccoil. B pesynbraTe Obla momy-
YeHa KapTHHA pasJielieHus], peAcTaBieHHas Ha puc. 3. Ha pucyHke MOXKHO BHIETh, YTO YAaUHBIN
1og0Op KOJIOHKH W YCJIOBHM XpomarorpadupoBaHUs MO3BOJISET BBIJICINUTH HECKOJIIBKO PA3INIHBIX
KJIACCOB COeMHEeHU . BmMecTe ¢ Tem, 0OHapy KeHbI CYILIECTBEHHBIC OTINYHS OT KAPTHUHBI pa3/ielIeHUs
JUTst OnoHeTH, ISt KOTOPOH OCHOBHBIE I'PYIIIBI KOMIIOHEHTOB MPEACTABICHBI ()EHOJIBHBIMHU COE/IH-
HEHUSIMH U KUCJIOTaMU. 3HAYUTEIbHBIM OTIUYHMEM SIBJISIETCS TO, YTO B MMPOJIM3ATE UIIOBBIX 0CAIKOB

npeo6na,uaIOT CBO60,I[HLI€ JKUPHBIC KUCJIOTBI, B TO BPEMS KaK B 6I/IOH6(1)TI/I MNPUCYTCTBYIOT JICTKHUC

=
i e | MpegenbHbie
wil TaEn TaTE L /Vrneaonopo,qm KapOoHOBbIEe 0
A/ T 1 | [xmenoTH / 4 HenpegenbHble
! ’ L / I KapOoHOBbIE
3 KWNCMOTbI
= !
= X
o \
[ \
=a |
3<
Qo {_/A
O o2 : | 25
%,ﬂ | 2~
O~
o
O 8 U
o
o - .
E
o } - /—-—-’—"_\
1B\ o o T | [ - |
off \ 1] .
o 7,\/\./(’ ' |2 L / h | ‘ |
2 I = [Baskonsl
.c_; sk GeHons i
=4

o M2 M3 4 5 6 17
1 KOMNOHKa (MUH)

Puc. 3. O6pa3z pasmenenus meronoM ['X*I'X nmns oOpasma mupoiu3aTa HIOBBIX ocankoB. [lepBasi KoloHKa
bis2MpyC9 (25 m x 0.25 mm x 0.2 um), BTopas kononka HP-5ms (5 m x 0.25 mm x 0.25 pm), mporpamMmmupoBaHue
temneparypsl: 90 °C (3 mun), nanee 8 °C/mun o 280 °C

Fig. 3. GC*GC separation for a sludge pyrolysate sample. The first column is bis2MpyC9 (25 m x 0.25 mm x 0.2
pum), the second column is HP-5ms (5 m % 0.25 mm x 0.25 pm), temperature programming: 90 °C (3 min), then
8 °C/min up to 280 °C
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KapOOHOBBIC KHCIOTHI, B OCHOBHOM yKCyCHas Kucjiaota. Kpome Toro, otMedarotcst )EHOJIbHBIC COCIH-
HEHUS TEX K€ KJIaCCOB, YTO U B OMOHE(TH, a TAK)KE MPUCYTCTBYIOT YTJIEBOIOPOIBI (AIKAHBI), KOTOPHIC
He 00HApYXKUBAJIKCH B IPEBECHOM MUPOJIN3aTe. BEpOsITHBIM HCTOYHUKOM KUPHBIX KUCIOT B COCTa-
BE IMHPOJIM3aTa WIOBBIX OCAJKOB BBHICTYHAIOT JTUIHUIBI, KOTOPBIE CONEPXKATCS B OONBIIUX KOJTUYE-
CTBax B UCXOMHOM chipbe [20]. Eciu TOBOPUTH 0 KOJIMYECTBEHHOM OlLIEHKE 10 KjaccaM COeIMHEHUH,
TO CBOOOIHBIC KUCIOTHI COCTABIIOT 38 % cMecH, (EHONBHBIC COSTMHCHUS Pa3HBIX KJIaccoB — 36 %,
yriaeBonopoabl — 26 %. Tak, OGnarogapst ucnonb3oBanuio VXK B kadecTBe nepBoii KOJIOHKH, yAaeTCs
MTOTYYUTH YIOBICTBOPHTEIBHBIC (POPMBI ITIKOB TSKEIBIX CBOOOTHBIX KUPHBIX KUCIOT U AU(PECHOIIOB.
Ha TpaguiinoHHBIX KOJOHKAX TAKKE BEIICCTBA UMEIOT HEYIOBICTBOPUTEIBHY O (POPMY ITHKA HIIA BO-
Bce He anntoupytores [21].

TakuMm 00pa3om, Ha OCHOBAHUH MPEACTABICHHBIX JAHHBIX OBLIO YCTAHOBIICHO, YTO MHPOJIA3AT
MJIOBBIX OCAJKOB B OCHOBHOM COCTOUT M3 CBOOOJHBIX BBICOKOKHIISIINX KAPHBIX KUCIOT U aJTKaHOB,
KOTOPBIE, BEPOSTHO, SIBISIOTCS MPOAYKTAMH paciiajia TPUTIIMIIEPUIOB B Mpoliecce muponausa. Takxe

HNPpUCYTCTBYIOT q)eHOHBHBIC COCIUMHECHUS TEX KEC KJIACCOB, UTO U B 6I/IOH6(1)TI/I.

3akJ/oueHue

Hogsble HanpaBieHus:, CBsI3aHHBIE C KATAJIUTUYECKUMH TEXHOJIOTHSIMH TepepaboTKHu BO30OHOB-
JSIeMBIX PECypCcoB, HEM30EKHO CTaBSIT HOBBIE 33J[auM PA3BUTUS METOJIOB XMMHUYECKOTO aHAJH3a.
B Hacrosiieit pabote 1oka3aHo, 4T0 KOMILIEKCHOE TPUMEHEHUE XpOMaTOrpaduecKuX METOIOB IS
aHaJIN32a CJI0KHBIX O0BEKTOB, TAKUX KaK MUPOJIM3ATHI INTHOIEIUIIOI03HOTO CHIPhsSI M HIIOBBIX 0CAIKOB
KOMMYHAaJIBHBIX OYMCTHBIX COOPYI)KEHUH, MO3BOJISIET MOJYUYNUTh MHOTO IIEHHON MH(OpMALUU O CO-
cTaBe Takux cMmeceil. Tak, B TaHHOI padoTe METOA TeIb-IIPOHUKAIOIIEH XpoMaTorpaduy O3B0
HOJIY4YUTh HHOOPMALIMIO O BKJIAJIE TSOKENbIX U JIETKUX (pakiuii B cocTaB Takux 00bekToB. [Ipu mo-
CJIE/IYIOIIEM HCIIOIb30BAHUN JJAHHOTO METOJA JIISl HPOIYyKTOB KaTAJIMTHIECKHN 1TepepadOTKH MOXK-
HO, K IIPUMEDPY, OLUEHUTh Y3PPEKTUBHOCTh KPEKUHT'a KOMIIOHEHTOB C BHICOKOW MOJIEKYJISIPHOM Maccoii
B II€JIEBBIC ITPOM3BOAHBIC. MeTO/ XpoMaToMacc-CIEKTPOMETPHH Jajl BO3MOXHOCTH IIPOBECTH HJICH-
TU(HUKAIMIO OCHOBHBIX KOMIIOHEHTOB JIAHHBIX CMECEW M YIPOCTUTh AAJbHEUIIYI0O HHTEPIIPETAIHIO
pesynbratoB ' X*T'X. Meton ' X*I'X ¢ ucronb30BaHreM BBHICOKOIIOISIPHBIX KOJOHOK Ha ocHoBe MK
HpeACTaBIsieT COOON KOMIUIEKCHBIN METOI, MO3BOJISIOMNN () (HEKTHBHO pa3esisiTh MHOKECTBO KOM-
TIOHEHTOB CMECH M ITPOBOAMTH OLIEHKY MX PACIpEeIIeHNUs B COOTBETCTBUH C XUMHYECKUMH Kilacca-
Mu. BmecTe ¢ Tem, Ipu HCTIOIb30BAHUM AAHHBIX MOJXO0B K aHAIH3y MPOAYKTOB KaTaTIUTUYECKON
1epepaboTKH MOXKHO IPOBOJIUTH OLEHKY A(P(PEKTHBHOCTH BHIOPAHHOTO KaTajlW3aToOpa M YCIOBUI
MpEeBpaIIeHNs], a TaK)Ke MCCIEIOBATh MApUIPYThl MPEBPALICHUS COOTBETCTBYIOIMIMX KOMIIOHEHTOB
MTUPOJIM3HBIX JKUAKOCTeH. Takum oOpa3oM, ModydeHHbIE B paboTe JaHHBIE MPEACTABISAIOT 3HAUU-
TEJIBHYIO MPAKTUYECKYIO [IEHHOCTD JUIsl yBeTHueHHs 9(PPEKTUBHOCTH U CHUIKEHUS TPY103aTPaT IIPU

MIpOBEACHUU I/ICCHG,I[OBEIHI/Iﬁ B HAITpaBJICHUHN KaTaJuTUIeCKOU nepepa60TKH JaHHBIX CMecei.
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Abstract. Composite zeolite sorbents based on analcime with inclusions of hydrated zirconium dioxide
(ZrO,-analcime) have been obtained by hydrothermal treatment of coal fly ash cenospheres with a high
glass phase content in the presence of a zirconium compound and an alkaline activating agent at 150 °C
and different stirring modes of the reaction mixture. The synthesis products were characterized by XRD,
SEM-EDS, STA and low-temperature nitrogen adsorption; their sorption properties with respect to Cs*
and Sr?" were studied in the pH range of 2—10. It was found that the ZrO,-analcime compositions surpass
unmodified analcime by 2—5 times in terms of sorption of Cs* and Sr*" and by two orders of magnitude
in terms of the distribution coefficient value (Kp ~10° ml/g). The process of high-temperature solid-
phase transformation of Cs'/Sr**-exchanged forms of the compositions was studied, which simulates
the process of conversion of water-soluble forms of Cs-137 and Sr-90 radionuclides into a mineral-like
form. It was shown that at 1000 °C the ZrO,-analcime compositions with sorbed Cs* and Sr?* undergo
the phase transformation resulting in polyphase systems of similar composition based on nepheline,

tetragonal ZrO,, and glass phase.
Keywords: hydrothermal synthesis, cenospheres, analcime, ZrO,, sorbents, radioactive waste.
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CopOunonHble cBoiicTBAa KOMNO3ULUI ZrO,-aHaabIUM

B oTHOomenuu Cs(I) m Sr(IT)

E.A. Kyruxuna, T. A. Bepemaruna

HUnemumym xumuu u xumuuecxoti mexnonrocuu CO PAH
QU] «Kpacnoapckui nayunvid yenmp CO PAH»
Poccuiickaa ®edepayus, Kpacnospck

AnHoTanus. [Tony4deHbl KOMIIO3UTHBIE IEOTUTHBIE COPOSHTH HA OCHOBE aHAJBI[MMA C BKIIOUCHUSAMU
TUJPATUPOBAHHOTO AMOKCH 1A HUPKOHUS (Z1rO,-aHaIbIIM) My TEeM THAPOTEPMaIbHONH 00paboTKu
HeHocdep JETyUnX IHEPreTHUYECKUX 30J1 C BBICOKUM COACpPIKAHUEM CTEeKJI0(]asbl B IPUCYTCTBUH
COEJIMHEHH I MUPKOHUS U LISJIOUHOT0 aKTHBHUpYyomero arenTa npu 150 °C u pa3anaHOM pexnme
MepeMeNlInBaHus peaKIuOHHON cmecu. [IpoyKTsl cHHTEe3a 0XapakTepu3oBaHbl MmeTogamu PDA,
POM-5JIC, CTA n HuU3KOTEeMIIepaTypHOH aJcopOIny a30Ta, H3yUeHbl HX COPOLMOHHBIE CBOWCTBA
B orHomenuu Cs™ u Sr?* B unreppane pH = 2—-10. YcTanoBI€HO, 4T0 KOMIO3UIMK Z1rO,-aHaTBIUM
NPEBOCXOAAT HEMOAM(DHUIIMPOBAHHBIN aHANBLMM B 2—5 pa3 1o BenuuuHe copouuu Cs* u Sr2*
¥ Ha J1Ba TOpsAAKa 1o BennuuHe Kodpduuuenta pacnpenenenus (Kp ~10° mu/r). U3yden npouecc
BBICOKOTEMIIEPATYpHOrO TBepAOhaszHoro npespamierust Cs'/Sr2*-06MeHHBIX HOPM KOMIIO3ULUIA,
MOJCIUPYIOIIUI POIeCcC MepeBoa BoaopacTBOPUMbIX (opm panuonykiaunos Cs-137 u Sr-90
B MuHepajgononobHyio ¢popmy. I[Tokazano, uto npu 1000 °C xomnozunuu ZrO,-aHanbIuM
¢ copbuposannbiMu KatnoHamu Cs™ 1 Sr2* mpeTepneBaroT (pa3oBoe IMpeBpalieHue ¢ 06pa3oBaHuEM
nonnda3Hoi cucTeMbl OJIM3KOTO cocTaBa Ha OCHOBE (a3 HedennHa, TeTparoHaiabHoro ZrO,

U cTeKJI0(a3bl.

KitroueBble cJI0Ba: THAPOTEPMAIbHBINA CHHTE3, IICHOCHEPBI, aHAIbIKUM, ZrO,, COPOCHTHI, PaIOAKTHBHbIC

OTXObI.

Buaaronapuoctu. PaGora BeIlloIHEHA B paMKaX rocyJapCcTBEHHOTO 3ananus MHcTuTyTa
xuMuH 1 xumudeckoit texnonoruu CO PAH (mpoext Ne 0287-2021-0013) ¢ ucnonp3oBaHueM
obopynoBanuss KpacHOsIpcKOro permoHajJbHOTO IEHTPA KOJUIEKTHUBHOTO 1moJjib3oBanust OUIL
KHIL CO PAH s nposeaceuuss POM-3JIC u Cubupckoro deaepanbHOro YyHUBEpPCUTETA JIs
nposenenust CTA.

ABTOpBI BeipaxatoT Onaronapuocts corpyaaukam UXXT CO PAH B.B. IOmaiesy 3a usmepenue

yreasHOH 1uomanyu nosepxnoctu, C. H. Bepemaruny 3a nposenenune CTA u pacmngposky JICK/
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TT nanswix, I. H. Bongapenko 3a Beimonnenne POA, E. B. Ma3yposoii 3a nposenenne POM-D/IC,
O.A. JleBuukoit u B.P. Ky3uk 3a Beinonnenue ananuza UCII-MC u AAC.

Hutuposanue: Kyruxuna, E. A. Copbimonnsie cBoiicTBa komnosuuuit ZrO2-anansuum B orHomeHuu Cs(1) u Sr(11) /
E.A. Kytuxusna, T. A. Bepemaruna // Xypu. Cub. dpenep. yu-ta. Xumus, 2021, 14(4). C. 502-514. DOI: 10.17516/1998-2836-0258

Brenenue

Pa3paborka 3((eKTHBHBIX COPOLMOHHBIX MATEPHUAJIOB IS HW3BICUYEHUS PaJUOHYKIINJIOB
U3 )KUAKUX pagnoakTUBHBIX 0TX070B (PAO) akTyasnbHa B CBS3M C BaXXKHOCTBIO PEIICHUS PaaHO-
9KOJIOTUYECKUX MPOOJIEM, BBI3BAHHBIX HAKOIUIEHHEM U PAaCHpOCTPAaHEHHEM pPaJHOAaKTHUBHBIX 3a-
IpSI3HEHHMI B OKpy»Karolllell cpele B pe3yJbTare JesTeNbHOCTH PaJUOXUMHUYECKHUX M aTOMHBIX
npennpustuid. Cpean paanoakTUBHBIX KoMIOHEHTOB PAO oco0yro 03a004€HHOCTH BBI3BIBAIOT
TEIUIOBBIAENIONHE TPOAYKTHl aenenus ’Cs u 2°Sr (T, ~30 net) [1, 2]. B xonTekcTe oKoH4Ya-
TEIBHOTO 3aXOPOHEHHS PaJMOAKTHUBHBIX OTXOJOB TEPMHUYECKH 00OpaboTaHHBIE HEOPraHWYECKHE
MOHOOOMEHHHUKY C COPOMPOBAaHHBIMH PAJIUOHYKIIHIaMU MOTYT (yHKIIMOHHPOBATH KaK EPBUYHBIH
OGaprep B cucTteMe MHOT00OAaphepHOT0 3aXOPOHEHUsI OTBEpKIeHHBIX PAO B reosiornyeckoit cpeze
[3, 4]. B KauecTBE XUMHUYECKH, TEPMUYUECKU M PAJUALUOHHO YCTONUMBBIX MATpHIl H30sauuu 3’'Cs
u ?°Sr paccMaTpUBAIOTCS KAPKACHBIE aJIFOMOCHIMKATHI, MOAOOHBIE [0 COCTABY M CTPYKTYypE MoJie-
BBIM LITIATaM U (eJIb/IINaTON IaM.

C TOUYKM 3peHHS] MUHUMHU3AUN 00BEMOB PaJIMOAKTHBHBIX OTXOJO0B M yMEHBIICHHS YUCIIa UC-
MOJIb3YEMBIX CTaJIMH OYUCTKU COPOLIMOHHBIC TEXHOJIOTHH, KOTOPbIE OJJHOBPEMEHHO M3BJIEKAIOT JBa
nnu OoJiee pajnoOHyKIIUAOB, IPEICTABISIOT HAHOOIBIINK HHTEPEC 110 CPABHEHHUIO C TEXHOJIOTHSIMU,
KOTOpPBIC MO3BOJISAIOT BBIIEIATH TOJIBKO OIMH 3JeMeHT. COBMECTHOE BBIJICTICHHUE Pa3INYHBIX paguo-
HYKJIUO0B IPUBOIUT K (POPMHUPOBAHHIO €JUHCTBEHHOT'O TPOYKTa, B KOTOPOM COPOMPOBAHHBIE KaTH-
OHBI MOTYT pa3MeliaThcs B OAHOM (ase [5, 6] uiu pacupeneisiThCst MKy HECKOJIbKUMU (azamu [7].

Panee Oblna MPOJEMOHCTPUPOBAHA BO3MOXXHOCTH TMJIPOTEPMATIBHOTO CHHTE3a KOMITO3UTHOTO
MaTepuraja Ha OCHOBE aHAJbI[MMa C BHEAPEHHBIM B 00BEM IICONIHUTA THAPATUPOBAHHBIM JTHOKCHIOM
nupkoHUS (ZrO,-aHaJIBINM) C UCIIOIb30BAHNEM IIeHOC(]Ep JIeTyIHX SHEPreTHUECKUX 30J1 B Ka4eCTBE
ucrounuka Si u Al u coepunenus: uupkonus [8]. BappupoBanue yciioBuii CMHTE3a MO3BOJIWIIO T10-
JYYUTh YaCTULBI KOMIO3UIIUH C Y3KUM pacIpe/elIeHHeM KPUCTAJUIOB 110 pa3Mepy ¢ MaKCUMYMaMH
oxoJi0 6 MkM [9] u 40 MxM [8].

Tepmuueckast 0opadoTka ZrO,-conepxamiero anansiuma rnpu 1000 °C npuBena K MOITYyYSHHIO
MOPOIIKOOOPa3HOr0 KOMITO3UTHOI'O MaTepHasia TUOKCH T IIUPKOHUS / HedennH / cTekio [8], nMerorie-
r'0 HOTEHIIMAJI B KAUeCTBE ITPEIIECTBCHHUKA XUMUYECKH, MEXaHNYECKH U PAIHAIMOHHO YCTOWIMBBIX
OTBEPKJICHHBIX (POPM SIZIEPHBIX OTXO/I0B, B KOTOPBIX COPOMPOBAHHBIE aKTHHOM Il MOT'Y T BKJIFOUAThCSI
B (pa3y Ha OCHOBE JMOKCHJA LUPKOHUSL, a paauonykinuasl 37Cs u °°Sr — B (asbl, chopMupoBaHHBIE
Ha OCHOBE aJTIOMOCHIIMKaTHOro cTekna [10, 11].

OreHKa COPOIMOHHBIX CBOMCTB KPYMHBIX (~40 MkM) gactul ZrO,-comepKamiero aHalbluMa
no otHomenuio kK Nd**, apnsromerocs umuraropom aktuHon 0B (I11), mokasana, 4To MaTepuan cop-
Oupyet kaTroHbl Nd** n3 pa30aBieHHBIX pacTBOPOB ¢ Koo duunentom pacupenenenus (Kp) okoso
10° M/t 1 5hHEKTUBHOCTBIO COPOLIMOHHOTO u3BIeYeHus 10 99,6 % [9]. [TapameTpbl COPOLIUU KATHO-

HoB Nd*', nonyuennsie miis ZrO,-couepKaiiero aHajiblMa, CONOCTABUMBI ¢ TIApaMETPAMH, OIIpeIe-
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JICHHBIMH JIJIS YUCTOT0 aHAJIBLUMA. DTOT (PaKT CBUETEIBCTBYET O TOM, UTO B OCHOBHOM 32 COPOIIHIO
Nd*" na xomnosute ZrO,-aHajblUM OTBEYAET aHAIbLUM, a HE JMOKCHJ UUPKOHUA. UTo Kacaercs
U PKOHHUHCOCPIKAIIET0 KOMIIOHEHTA, TO TMOKCH ]I IUPKOHUS B THPATUPOBAHHOM (hOpMe BhICTyHAeT
3¢ heKTHBHBIM HOHOOOMEHHUKOM I10 OTHOIICHHIO KaK K KATHOHAM, BKJTIOYast [IE3UN M CTPOHIIHM, TaK
u aHnoHaM [12—15]. Takum 0Opa3om, 03KugaeTCs1, 9TO KOMIO3uIHs ZrO,-aHaIbIKM OyIET MPOSIBIISThH
COpOLMOHHbIE CBOMCTBA TAK)KE B OTHOLIEHHH KaTHOoHOB Cs* u Sr2*.

Hacrosimass paGora mocesimiena uccnenoBanuto copouuu Cs' m Sr?* ma wactumax ZrO,-
COJICPIKAIIIETO aHAIIBIIIMA Pa3MEPOM ~6 MKM, ITOTyYCHHBIX IIPU PAa3HBIX PeKUMAX THAPOTSPMATIEHON
00paboTku. B kauecTBe HEpPaJMOAKTUBHBIX HMMUTATOPOB HCIIOIh30BAIMUCH BOJHBIE PACTBOPBI HUTPa-
TOB CTaOMIBHBIX U30TOIOB ME3Hs M CTPOHITUS C Pa3auvHOlN KucinoTHOCThIO (pH = 2-10) u comepxa-

nuem Cs'/Sr?*, XapakTepHBIM [l COCTABOB PEATLHBIX PAJINOAKTHBHBIX OTXO/OB.

3KcnepnmeHTaanaﬂ JacThb

Peaxmuevt u mamepuanvl. Bce XuMUUeCKUe PEakTHUBBI, KOTOPbIE MPUMEHSLIIN B JAHHOH paboTe,
ObLIM MapKH 4. 1. a.

B pabore ucnonb30Baiu Gpakiuio aTlOMOCHINKATHBIX IIEHOCHEP C coAepKaHUeM CTEKI0(ha3bl
95 mac.% ((Si0,-A1,03) ¢rexno)> COCTAB KOTOPOU MpuBeacH B Tabi. 1. Ha puc. 1 mpeacTaBieHbl MUKPO-

¢doTorpadun rmodyn neHochep TaHHOM UCXOTHON PpPaKITUH.

Cunme3s KOMRO3UMHO20 mamepuaia ZI"Oz—aHa]lbL]uM

Cunte3 npooauiu B aBTokiaBe « BELUGA» (Premex AG, IlBeiinapus) B mpoliecce THAPO-
TepMaabHOi 00padoTku nenocdhep HM-T-1A —0,18+0,08 mm npu 150 °C u ayTOreHHOM J1aBICHUHU
coryacHo Metonuke [9]. CkopocTs nepeMernuBanus coctaBisiia 30 (mepeMeHHbIH pexum), 50 u 200
(mocTosiHHBIN pexxuM) 006/MuH. Bee mponykTsl paccenBanu Ha cutax (Bubporpoxor I19-6800, Poc-
cus) ¢ pazmepom sigeek 0,036 mm.

Jns ynanerust cBoOomHOr0 nHOKcHAa NupKoHus ppakuto < 0,036 Mmm oOpabaTsiBaIy yIbTpa-
3ByKOBBbIM HcTouHUKOM (Cole-Parmer Instruments CPX-750, CILIA) B Teuenue 30 MuH c mocienyto-

el nekanTauuen u cymkoi ocaaka npu 80 °C B Teuenue 3 u.

Obtai RCRE of FRC KO8

TM4000 0090 15kV 9.5mm x300 BSE M 03/15/2021 ' 100pm TMA4000 0106 15kV 9.5mm x500 BSE M 03/15/2021 ' 100um

Puc. 1. POM-cHumku nexonnsix nenocdep ¢ppakunn HMTIA —0.18+0.08 mm
Fig. 1. SEM images of initial cenospheres of fraction HMT1A —0.18 + 0.08 mm
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Ta6nuna 1. MakpOKOMIIOHEHTHBIH U (a30BbIii cocTaBbl (Mac.%) HCXOMHBIX LIEHOCHED

Table 1. Macrocomponent and phase composition (wt.%) of initial cenospheres

MakpoaaeMeHTHBIH .
Da30Bblii COCTAB
cocTaB

- <

O6pasen b F3/ = S s

cM < <T:‘ = E =2

= g e = o = E = g

Sl S| 21 %19E &) 2| 5| 8

a) B3 < £ |2 5| £ s g S
HM-T-1A —-0,18+0,08 mm 0,38 80 67,6 | 21,0 | 3,2 3,1 34 0,8 0,5 | 954

Memoouka s3xcnepumenmos no copoyuu

Cop6uuio karronos Cs" u Sr?* IpoBOAMIIN B PABHOBECHBIX YCIOBHAX MPH KOMHATHOU TEMIIEPATY-
pe myTeM KoHTakTHpoBaHus copOenTa ¢ pactBopoM CsNO; u Sr(NO;), 3a1aHHON KOHIIEHTPAIUU B UH-
tepsasie ot 0,5 o 50 mr/i, a 1iist oopasia Zr-ANA-200 B 1ienouHoi cpee B uaTepBae ot S 10 500 mMr/i.
Hagecku o6pasmos copoertos (0,0500 £ 0,0005 1) momeniany B INTaCTUKOBBIC KOHTSHHEPHI U 3aJIHBAIIN
40 M7 BOZHOTO pacTBOPA, COACPIKAIIIETO 33 JaHHbIC KOHIICHT ALK KAaTHOHOB CTPOHIINS UIIH 11e3ust. Pac-
TBOPBI NEPHOJMUECKH B3MYUHBAJIN U BBIICPXKUBAIN TP KOMHATHOHN TemriepaType 24 4.

PaBHOBecHbIe (a3bl paznensuiv GUIbTpOBaHUEM, GUIBTPAT U UCXOAHBIN PACTBODP aHAJIN3UPOBa-
JIM Ha COJiep )KaHNe KaTHOHOB METAJIIOB.

PaBHOBECHYIO COPOIIMOHHYIO €MKOCTB (A, MI/T) pacCUMUTHIBAIH MO PAa3HOCTH KOHIICHTPALUil

B MCXO/IHOM M paBHOBECHOM pactBopax (1):

Co—Cp)V
S o

m

A

rne Cy — ucxonHas koHieHntpauus Me"™ B pactBope, Mr/i; Cp — paBHOBeCHasi KOHIIeHTpanus Me™
B pacTBOpe, Mr/i; V — 00beM HCXOIHOT0 PacTBOpa, J; M — Macca HaBeCKH COpOeHTa, T.

[To sKkcnepuMeHTAIbHBIM JaHHBIM ObLIM MOCTPOCHBI U30TEPMbI COPOLMU HA OCHOBE MOJECIH
Jlenrmtopa (2) [16]:

b-Cp

A = —_—
p = am 1+b-Cy’

@

e a,, — EMKOCTh COPOEHTA MPHU HACHIIICHUHU, MI/T; b — KOHCTaHTa ypaBHeHus JIenrmropa, j1i/mr; Cp —
paBHOBECHAsi KOHLEHTpauusi Me"" B pacTBope, MI/J1.

Ha ocHOBaHMM MOJyUEHHBIX JJAHHBIX PACCYUTHIBAIN TAKUE MapaMeTphbl cOpOLNH, Kak Ko3(hdu-
et pacnpenenenns (Kp, Mi/r) auis nuneiinoi yacti usotepmsl npu C,< 1 Mr/n n sgpdexTuBHOCTL

cop6iuu (E,%) ¢ ucnonp3oBanuem ypaBHenuit (3) u (4) COOTBETCTBEHHO:

_ Co=Cp V

Kp ¢, mw 3)
E=%"%.100%. @)
Co
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Bce skcniepuMeHTaNbHBIE TOUYKU MOTYUYEHBI B BYX MapaijieNsiX, IpUBeICHHbIC JAHHBIC SBIIS-
IOTCSl UX CPEAHMMH BEIMYMHAMH; OTHOCHTEIIBHOE 3HAYEHUE CTaH/IAPTHOT'O OTKJIOHEHUS HAXOIUTCS
B mipeaenax 6,0 %.

Memoowl uccredosanus. XMMUYECKNH cOCTaB y3KHX (ppakiuii MuUKpochep onpeaessin coriac-
HO 'OCT Ne 5382-2019 [17].

P®A-cnekTpsl 3anuceiBasin Ha gudpakromerpe JJPOH-3 (Poccus).

DIeKTPOHHO-MHUKPOCKOITNYECKUE HCCIIEOBAHNS 00Pa3LOB U OMPEAEICHHE HIEMEHTHOT'O COCTaBa UX
TIOBEPXHOCTEN OCYILECTBIISIIN C TIOMOIIBIO HACTOJIIBHOTO PACTPOBOT'0 3IEKTPOHHOr0 MUKpockomna (POM)
TM-3000, TM-4000 u S-5500 (Hitachi, SInonus), 060pya0BaHHOIO CHCTEMOW MHKpoaHaiu3a Bruker,
BKJIIOYAIOIIEH 3HeprofucnepcHonHbIil peHTrenoBekuii cnekrpomerp (3JIC, EDX) ¢ nerekropom XFlash
430H u nporpammubiM obecnieuenneM QUANTAX 70. Pentrenocniexpaibhblii Mukpoanains (PCMA)
MPOBOJMIIM IIPU YCKOPSAIOLLEM HanpsikeHuu 15 kB. Bpemst HakomieHust JaHHbIX cocTaBisuio 10 MuH.

Tepmuueckuii ananus Boinonusuin Ha npudope STA Jupiter 449C/AELOSQMS403C (Netzsch,
I'epmanmst). DxcriepuMeHTHl TPoBOANIN B oToke cMecH 20 % O,—Ar B IIATHHOBBIX TUTIISX C TEp-
(OPUPOBAHHBIMH KPBIIIKAMH IIPH cKOpocTH Harpesa 10 °C-mun'. KauecTBEHHBI cOCTAB OTXOASMIMX
ra30B OLCHUBAIH 110 H3MCHEHUIO HHTEHCHBHOCTH HOHOB ¢ m/z 18 (H,0).

TexcTypHbBIE XapaKTEePUCTHKH MOJIYUYSHHBIX 00pa3loB OMpPEASIsIM Ha COPOLIMOHHOM aHaju3a-
Tope ynenbHol moepxaHoct NOVA 3200e (Quantachrome Instruments, CIIIA) MeTogoM HU3KOTEM-
nepaTypHoii axcopoumu azora npu 77 K. Viaensnyro minomans nosepxnoctu (SPPT) paccunTeiBanu
MeToznoM bpyHnayspa — Ommera — Temepa (B3T) [16].

Konuentpauuu katroHoB Cs' m Sr?* ompezensim MeToIOM aTOMHON aGCOPOLMOHHON CIIek-
tpomerpun (AAC) na npubope AAS-30 (Carl Zeiss, Germany). B obmacTu KOHIEHTpalMi HIKe
npenena ooHapyxeHus MeToaoM AAC GuIbTpaThl aHAIU3UPOBAIH METOIOM MacC-CIIEKTPOMETPUHU

C MHIYKTUBHO-CBsi3aHHOMH mna3moit (ICP-MS7500a, Agilent, CIIIA).

Pe3yabTaThl M 00CyKAEHUE

Ha puc. 2a-6 npencrasnensl POM-cHUMKH NpoAyKTOB cuHTe3a B cucreMax Na,O-H,O-(Si0,-
ALO3) crexno (00pazenr ANA-50, monmydenHbrii panee [18]) u NayO-ZrO,-H,O-(Si0,-A1,03) crexno
(oOpasier Zr-ANA-30, Zr-ANA-50, Zr-ANA-200). JletanpHbIe Hccaeq0BaHms MOP(OIOTUH U COCTaBa
ITOKA3aJIH, YTO MPOTYKTHI COMEPKAT YACTHUIIBI C HKOCUTETPAdIPHICCKIM raOUTyCOM, TUITHYHBIM IS
KPUCTAJJIOB aHAJIBIIUMA.

O0pa3er, momy4eHHbIH 0e3 mobaBieHus uctTounnka ZrO, [18], mpencraBuseT coO0H MOIbIe MU-
Kpoc(ephl, CTEHKA KOTOPbIX COCTOUT M3 KPUCTAIIJIOB aHABIMMA Pa3MepoM 2—7 MKM, IIPU HE3HAYH-
TEITHHOM COJIEPKaHUU OCTaTOYHOU CTeKII0(]a3sl (puc. 2a).

Kak npu Hu3koit (30 06/mMuH), Tak ¥ npu Beicokoi (200 00/MIH) CKOPOCTH NIEpEeMEIINBAHUS Pe-
akroHHoH cMecH B cucteme NayO-H,0-(S10,-A1,03) crexno POPMHUPYIOTCS YaCTHIIBI aHAIBIIIMA C JIC-
(eKxTHOM cTpyKTYpo# KpucTaiia (puc. 26-g).

OrneHka pa3MepoB YacTHIl Zr-COAEPIKaIIero aHaJIbIIIMa Ha OCHOBaHUM POM-CHHMKOB TIOKa3a-
JIa, 9TO pa3Mep YaCTHUIl, OJTYUCHHBIX IIPH PA3HBIX CKOPOCTSIX MEPEMEIIMBAHUS, BAPbUPYET B HHTEP-
Bajie 6—10 MKM U cocTaBiseT i1 OONBIINHCTBA 8—9 MKM.

HccnenoBanusi, nposeeHHble MeTo0M PDA, BBISBUIM, YTO JUJIsl BCEX 00pa3loB KyOHYECKHii

AHAJBIIUM CITYKUT SAMHCTBEHHOHN meonuTHO# (aszoit (puc. 3). [To marasiMm POM-3]IC, B wacTuiax
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TM3000_7583

10 Ourn‘
Puc. 2. POM-cuuMku npoaykToB cunTesa: a — ANA-50; 6 — Zr-ANA-30; ¢ — Zr-ANA-50; 2 — Zr-ANA-200
Fig. 2. SEM images of synthesis products: @ — ANA-50; 6 — Zr-ANA-30; ¢ — Zr-ANA-50; e — Zr-ANA-200
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A
¥ A= NaAISi,O- H,0 (01-070-1575)
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Puc. 3. Indpakrorpamma komno3unuu Zr-ANA-30

Fig. 3. Diffraction pattern of the composition Zr-ANA-30

aHaJIBLIUMa TIPUCYTCTBYET Zr, cofepkaHue Kotoporo cocrasisier 5,0—-6,0 mac.% (puc. 4). Panee me-
tomoM PODIC 0110 OKA3aHO, YTO [IUPKOHUI B COCTABE KOMIIO3UIIMK HAXOMUTCS B (hOpME THOKCH 1A
nupkonus [8, 9]. Ha nudpakrorpamMmax Zr-copepkamnux o0pas3noB peduieKCoB, OTHOCAIIMXCS K JIH-
OKCHly ITUPKOHHSI, HE OOHAPYIKEHO, YTO MOXKET CBUACTEIbCTBOBATH 00 aMOP(HHOM COCTOSIHUH 3TOTr'O
KOMITOHEHTA.

— 508 —



Journal of Siberian Federal University. Chemistry 2021 14(4): 502-514

Full scale counts: 1010 Base(d)_pt1
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Puc. 4. POM-D/IC yvacTka moBepxHOCTH komnozunuu Zr-ANA-30
Fig. 4. SEM-EDS of the Zr-ANA-30 surface area

[To nanubIM POM, Haunbonee neeKTHOH CTPYKTYpO# KpucTaia u 0ojaee OHOPOIHBIM pacipe-
JICJICHUEM [HPKOHUEBOTO KOMIIOHEHTA [0 €ro MOBEPXHOCTH XapakTepusyercs: oopasen Zr-ANA-30,
IOy UYCHHBIH TP caMOi HU3KOH CKOPOCTH TEPEMEIINBAHNS B IIEPEMECHHOM PEXIME.

[TpoBeneHa oneHKa BO3MOXKHOCTH HCIIOJB30BAHMSI IIPOAYKTOB CHHTE3a B KaueCTBE COPOCHTOB
Cs* u Sr*". Onpezenensl u30TepMbl copOuu karruonoB Cs™ u Sr** npu pasmuunbsix pH 1is aHanb-
LMMa, HE COACPIKAIIEro UPKOHUN, U KOMIO3ULIHUH ZrO,-aHaIbIMM, MOTYYEHHBIX MPH Pa3IUIHBIX
pexuMax nepeMermnBanus (puc. 5, 6).

W3 npeacraBiaeHHbIX HA PUC. 5 TaHHBIX BUJIHO, UYTO aHAJbLUM, HE COJepkKalluil Zr, B HEUTpasib-
HOM cpelie POsBIsieT HauboJIee HU3KY0 COPOLIMOHHYIO CIIOCOOHOCTh B OTHOIICHUH KaTHOHOB Cs,
4TO0 OOYCJIOBJCHO MPOSIBJICHUEM HOHHO-CHTOBOro 3ddekra [19]. Habmrogaemasi He3HauWTEIbHAS
copbuus karnoHoB Cs* cBs3aHa, CKOpee BCEro, C y4acTHEM B COPOLIMH OCTATOYHOU CTEKI0(a3bl, Bbl-
CTYTAIOIIeH B Ka4eCTBE MOJIOKKH JIJIsl aHabluMa. JlaHHbIH 00pa3el XxapakTepu3yeTcs TaKk)Ke HeBbI-
COKOM €MKOCTBIO B OTHOIIEHUH St>*, COMOCTABUMOM ¢ BEIMUMHON copOuuu kKaTuoHos Cs*.

Cpenu Zr-conepykalinx KOMIIO3MIKMN B HelTpaibHOM cpene (pH = 6) numpb s obpasua Zr-

ANA-30 nabmrogaercsi 3HAUUTEIBHOE TOBBIIICHUE COPOLMOHHBIX MapaMeTpoB B oTHOmeHHH Cs*

50

ANA-50 ® Cs:
ik ® sr
30 pH 6

N
o
T

-
o

1
0 10 20 30 40

o

Cop6uunoHHas EMKOCTb, Ap, mr/r

PaBHOBeCcHas KOHLeHTpauus, Cp. mr/n

Puc. 5. Uzorepmbl copOuuu Cs*, Sr?>* na ANA-50 ipu pH = 6 (TOUKH — SKCIIEPUMEHT, JIMHUK — MOJENb JICHTMIOpa)
Fig. 5. Cs* and Sr?* sorption isotherms for ANA-50 at pH = 6 (points — experiment, lines — Langmuir model)
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Puc. 6. Usorepmbr copbuun Cs* m Sr?* ma xomnosumusx ZrO,-aHanbOuM 0pu pasaudebix pH (Touxkm —
9KCIEPUMEHT, IHHUHU — MOJIeJb JIeHrMIopa)

Fig. 6. Cs* and Sr**" sorption isotherms for ZrO,-analcime compositions at different pH (points — experiment,
lines — Langmuir model)

u Sr’** (emrocts Gonee 40 mr/r, Ky ~104-10° mui/r) (puc. 6), B To BpeMs KaK COpPOLHOHHAs CIOCO0-
HOCTH KoMIto3uIuit Zr-ANA-50 u Zr-ANA-200 He n3MeHMIach 10 cpaBHEHUIO ¢ oOpasiom ANA-50,
HE COJICPIKAIINM IIUPKOHUI. BeposiTHO, 3TO CBsA3aHO ¢ OoJiee AePEeKTHON CTPYKTY POl KpUCTAJIIa 3TO-
ro MPOAYKTa M 00Jiee OMHOPOIHBIM paclpeAeiiCHHEeM ITUPKOHUEBOTO KOMIIOHEHTA 10 IMOBEPXHOCTH
KpHUCTaJIa aHaIbIIMMa, a TAK)Ke 00JIee BBICOKOH YACIbHON MOBEPXHOCTHIO 110 CPABHEHUIO C IPYTUMU
KOMTIO3HITHSMU.

B kucnoii cpene (pH 2) mpu comocTaBUMBIX COPOIIMOHHBIX MapamMeTpax B ciaydae copomuun Cs*
CYLIECTBEHHO BO3pacTaeT copOunonHas eMkocth (103-374 Mr/r) B OTHOIIEHUH KaTHOHOB Sr2* ¢ MaK-
CHUMaJIbHBIM 3HaUeHUEeM 151 oOpasna Zr-ANA-30. Bo3amoxHo, ZrO, Ha MOBEPXHOCTH aHAIbIIMMA, T10-
Jy4EHHOTO B JIAHHOM PEXXUME, YAaCTUYHO HAXOAUTCS B (hopMe CHIIMKATa IIUPKOHUS, KOTOPBIN B KHUC-
Jioii cpene GyHKIMOHUPYET KaK KATHOHOOOMEHHHUK.

B menounoii cpene kommozuruu Zr-ANA-30 u Zr-ANA-50 mposBistoT O1u3Kkue copOIHOHHEIC
ceoiicta B otHOmeHnH Cs™ u Sr?" — emkocTh 30-36 Mr/r u Kp ~10410° mui/r. Ilposenerune copbunu

B GoJiee NIMPOKOM MHTEPBAlle KOHIEHTpanuil karnoHoB Cs™ u Sr2*, mposeMoHCTpUpOBanHoOE Jis 06-
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pasua Zr-ANA-200, no3sonuio B 3 pa3a NOBBICUTH EMKOCTh B OTHOIIeHUH St>* u B 1,5 pasza anaino-
rUYHBIN noKka3ares mist Cs'.

Takum o6pa3zom, kommnosuius ZrO,-aHaJIbIUM, TI0JIy4eHHAas! IPH [IEPEMEHHOM MepeMeLIBaHHH
€O CKOPOCTHIO 30 00/MUH, B KUCIIOM, IIETOYHOI U HEeHTpanbHOl cpee copoupyet karnonsl Cs* u Sr?*
C BBICOKOH COPOLIMOHHON eMKOCThIO mopsiika 40—60 MI/T U P BEICOKUX 3HAYCHUSIX KO PHUIIEHTA
pacnpenenenus nopsaka 103-10 mur/r.

Bri0op ycnoBuii nposeneHus TBepodgazHoi KpUCTAIIM3AIUHU 0Ty YeHHBIX KOMIIO3ULIUN ITPO-
BOJIMJIM Ha OCHOBAaHUH PE3yJIbTATOB CHHXPOHHOT'O TepMUYEeCKOro aHanu3a. Ha puc. 7 usobpaxe-
Hbl TT- u JICK-kpuBbIe 15 Ipoliecca TEPMHUIECKOTO MpeBpaieHus] KoMno3uuuu ZrO,-aHaabluM
¢ copbupoBannbiMu Katuonamu Cs' u Sr?". Kak cienyeT u3 NpUBENEHHBIX HAa PUC. 7 JAHHBIX,
Ha kpupoi JICK nabmronaercs 3x303¢dext B untepsaie 780—980 °C, koTopblii oTBevaeT 3a (a3o-
BBl mepexon. [lis mpoBeaeHus KpucTaniau3annn Oblaa BeiOpana Temneparypa 1000 °C. O6pasubl
MPOKAJUIIN P JaHHON TeMIlepaType B T€4eHHE 6 4 ¢ MEJICHHBIM ITOABbEMOM TEMIIEPaTyPhI B Te-
yeHue 4 4.

Jlnst uzydeHust pa3zoBOro cocraBa MpoOAYKTOB TEPMHUYECKOTO MPEBPAILEHHS M10JyUYSHHbBIE KOM-
NO3MLUK, HacklleHHble KatnoHaMu Cs' u Sr?*, Gbutn uccnenoBansl MetogoM PDA. Ha puc. 8 uso-
OpakeHbl JUPpaKTOrpaMMBbl 1Jis Tpoaykra ¢azosoro npespauierus npu 1000 °C komnosuuuit ZrO,-
anansuuM, comepkamux Cst u Sr?'. Tlo ganueiM PDA, npomyKThl TBEpA0)A3HOrO MpPEBpAIEHHs
B Ka4eCTBE OCHOBHOH (ha3bl comepikatr a3y HedeanHa, KOTOpas MOXKET BKJIIOYATH [[E3UH M CTPOH-
LU, a TaKXKe JUOKCHJI IIUPKOHMS TETPAaroHaJIbHOW MOAN(DHUKAINH, CHOCOOHOTO HHKOPIOPHUPOBATH

f-meTastel, u cTexsodasy.

01} 4102
< 100
00}
— 498
2 — s
g 01} % °
——Cs" {% 3
g . E
02
= -4 94
03} 192
490
04}
1 1 1 1 1 1 1 1 1 1 88

0 100 200 300 400 500 600 700 800 900 1000
Temnepartypa, °C
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Fig. 7. TG- and DSC-curves for the thermal conversion process of the ZrO,-analcime
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Puc. 8. IudppakrorpaMMbl LUPKOHOATIOMOCHIMKATHOTO MaTepHala, MOJYyYeHHOr0 B pe3ysbTare (pa3oBOro
npespaienus npu 1000 °C komnosunun ZrO,-aHaabUuM ¢ cOpOUpoBaHHbIMU KaTnuoHaMu Cs* u Sr?*

Fig. 8. Diffraction patterns for the zirconaluminosilicate material resulted from the phase transformation of the
ZrO,-analcime composition with sorbed Cs* and Sr?* at 1000 °C

BoiBoabl

Takum 00pa3om, MoJayYeH KOMIIO3UTHBIH copOeHT Ha ocHOBe ZrO,-colepkaiiero aHajibluma,
KOTOPBIA JIEMOHCTPUPYET BBICOKHME COPOLMOHHBIE mapaMeTphl (emkocTh 40—60 mr/r, Kp ~103-10°
MJI/T) B poriecce copOruu katuoHoB Cs' u Sr?* U3 KMCIBIX, IENTOYHBIX ¥ HEUTPATBHBIX CPET ITPH CO-
nepxxanuu B pactBopax Cs' u Sr?*, conmocTaBuMOM ¢ KOHIEHTparuel paguonykiauaos Cs-137 u Sr-90
B JKUJIKUX PaJUOaKTUBHBIX 0TX0/aX. CpaBHUTENIbHbIE UCCIIEOBAHUSI COPOLIMOHHBIX CBOUCTB Z1rO,-
cozieprKalero aHaapuma u Na-(hopMbl aHAJIBIIIMa MTO3BOJIMIIN YCTAaHOBHUTD, YTO 32 CBSI3bIBAHUE Ka-
troHOB Cs™ 1 Sr?" 0TBeYaeT KOMIOHEHT KOMITO3UIIMK HA OCHOBE MMAPATHPOBAHHOTO JUOKCHIA LIUP-
KOHMSL.

IMokasano, uro pu 1000 °C Bce koMIO3UIMHU ¢ cOpOMpOBaHHBIMU KaTnoHamu Cs' u Sr>* mpeTep-
NeBalOT TBEPAO(a3HYI0 KPUCTAIUIM3ANHMIO C 00pa30BaHUEM CTEKJIOKPHCTAUINYECKOH Monuda3zHoi
CHCTEMBbI OJIM3KOI'0 COCTaBa, BKIIFOUAIOIICH MUHEPAIONOM00HbIe (pa3sl HedeTrHa, SIBIISOIIETOCS T10-
TEHIIMAJIFHON MaTpULEH ISl M30JISIIUH KATHOHOB LE3Hs ¥ CTPOHIIMS, U TeTPAaroHAJIBHOTO JHOKCHIA
LU PKOHMSI, CIIOCOOHOI'0 MHKOPIIOPHPOBATH f-MeTasLbl.

YuuTsIBas, 4TO JaHHAs KOMIIO3UINS, BKJIOYAIOMIAs aHAJIBIMM M JIMOKCUJA IMPKOHUS, TaKkKe
croco6Ha ynaBauBarh KaTuoHsl Nd3* 3a cueT copOunm Ha aHANBIUME, €€ MOKHO PACCMATPUBATH KaK
1oau(pyHKINOHAIBHBIN COPOSHT JIJISi COBMECTHOT'O BBIACICHHUS PATHOHYKIIMJIOB PAa3JIMYHOTO THIIA,
KOTOpbIE MOTYT ObITh CTAOMJIM3UPOBAHBI B MO (Aa3HOM MTPOAYKTE TEPMUUECKONH 00paboTKN 0OMEH-

HBIX (OpM copOeHTa ¢ pa3MelleHneM COpOMPOBAHHBIX KATHOHOB B ABYX (ha3ax.

Cunucok autepatypsl / References
1. Application of Ion Exchange Processes for the Treatment of Radioactive Waste and
Management of Spent lon Exchangers. Vienna: International Atomic Energy Agency, 2002. 124 p.
— 512 —



Journal of Siberian Federal University. Chemistry 2021 14(4): 502-514

2. Saeb S., Patchet S.J. Radioactive Waste Disposal (Geology). Ed. R. A. Meyers. Encyclopedia
of Physical Science and Technology. M.: Academic Press, 2003. P. 633—641.

3. Figueiredo B.R., Cardoso S.P., Portugal 1., Rocha J., Silva C.M. Inorganic ion exchangers
for cesium removal from radioactive wastewater. Separation & Purification Reviews 2018. Vol. 47(4),
P. 306-336.

4. El-Kamash A.M. Evaluation of zeolite A for the sorptive removal of Cs+ and Sr2+ ions from
aqueous solutions using batch and fixed bed column operations. Journal of Hazardous Materials 2008.
Vol. 151(2-3), P. 432—445.

5. Mimura H., Akiba K., Ozawa M. Preparation of ceramic solid forms immobilizing cesium
and/or strontium and evaluation of their physical and chemical properties. International Conference
«Nuclear Energy for New Europey. Slovenia: 9—12 September 2002. Kranjska Gora, P. 553-560

6. Vereshchagina T.A., Fomenko E.V., Vasilieva N.G., Solovyov L.A., Vereshchagin S.N.,
Bazarova Z.G., Anshits A.G. A novel layered zirconium molybdate as a precursor to a ceramic
zirconomolybdate host for lanthanide bearing radioactive waste. Journal of Materials Chemistry 2011.
Vol. 21(32), P. 12001-12007.

7. Dosch R.G. Ceramics from lon-Exchangers: Approach to Nuclear Waste Solidification.
Transactions of the American Nuclear Society 1975. Vol. 22(Nov.16), P. 355-355.

8. Vereshchagina T.A., Kutikhina E. A., Solovyov L.A., Vereshchagin S.N., Mazurova E. V.,
Chernykh Ya. Yu., Anshits A. G. Synthesis and structure of analcime and analcime-zirconia composite
derived from coal fly ash cenospheres. Microporous and Mesoporous Materials 2018. Vol. 258(March),
P. 228-235.

9. Bepemaruna T.A., Kyruxuna E. A., Yepnsix . 10., ®omenko E.B., Masyposa E. B., Bepema-
ruH C.H., bonmapenxo I H. [Tomydenue u cBoiicTBa Zr-cofepKamux copOIMOHHO-aKTUBHBIX MaTepHa-
JIOB HAa OCHOBE MUKpOCHEp JIETYUNX SHEPreTHYCCKUX 3011, JKypran Cubupcrkozo ghedepanvroo yHugep-
cumema. Cepust Xumus 2019. Vol. 12(3), P. 347-363. [Vereshchagina T. A., Kutikhina Ye.A., Chernykh
Ya. Yu., Fomenko YeV., Mazurova Ye.V., Vereshchagin S.N., Bondarenko G.N. Polucheniye i svoystva
Zr-soderzhashchikh sorbtsionno-aktivnykh materialov na osnove mikrosfer letuchikh energeticheskikh
zol. Zhurnal Sibirskogo Federal'nogo Universiteta. Seriya Khimiya 2019. Vol. 12(3), P. 347-363. (In Russ.)]

10. Orlova A.L, Ojovan M.I. Ceramic Mineral Waste-Forms for Nuclear Waste Immobilization.
Materials & Design 2019. Vol. 12(16), P. 2638-2683.

11. Waste Forms Technology and Performance: Final Report, Washington, DC: National Research
Council, 2011.— 308 p.

12. Amphlett C.B. Inorganic lon Exchangers. Amsterdam-London-New York: Elsevier
Publishing Company, 1964. 141 p.

13. Tel H., Altas Y., Gur E., Ugur A. Sorption kinetics of cesium on ZrO2 and ZrO2-SiO2-TiO2
microspheres. Radiochimica Acta 2010. Vol. 98(4), P. 215-219.

14. Hamoud M.A., Allan K. F., Sanad W. A., El-Hamouly S.H., Ayoub R.R. Gamma irradiation
induced preparation of poly(acrylamide-itaconic acid)/zirconium hydrous oxide for removal of Cs-134
radionuclide and methylene blue. Journal of Radioanalytical and Nuclear Chemistry 2014. Vol. 302(1),
P. 169-178.

15. Venkatesan K.A., Selvam G.P., Vasudeva Rao P.R. Sorption of strontium on hydrous
zirconium oxide. Separation Science and Technology 2000. Vol. 35(14), P. 2343-2357.

— 513 —



Journal of Siberian Federal University. Chemistry 2021 14(4): 502514

16. Greg S.J., Singh K.S.W. Adsorption, surface area, porosity. London: Academic Press, 1982.
304 p.

17. TOCT 5382-2019. IlemeHTHI 1 MaTepUaIIbl HIEMEHTHOT'O TPOU3BOACTBA. METOIbI XUMHUECKO-
ro a"anu3a. M: Craanaptundopm, 2019.— 70 c. [GOST 5382-2019. Tsementy i materialy tsementnogo
proizvodstva. Metody khimicheskogo analiza. M: Standartinform, 2019. 70 p. (In Russ.)]

18. Vereshchagina T.A., Kutikhina E.A., Chernykh Y.Y., Solovyov L.A., Zhizhaev A.M.,
Vereshchagin S.N., Anshits A.G. One-step immobilization of cesium and strontium from alkaline
solutions via a facile hydrothermal route. Journal of Nuclear Materials 2018. Vol. 510 (November),
P. 243-255.

19. Breck D.W. Zeolite Molecular Sieves: Structure, Chemistry and Use. John Wiley & Sons,
1973. 771 p.



Journal of Siberian Federal University. Chemistry 2021 14(4): 515-526

DOI: 10.17516/1998-2836-0259
YK 543.054; 543.51

Determination of Rare Earth Elements in Plant Samples
by ICP-MS with Microwave Digestion

Anna A. Kravchenko**P,

Irina V. Nikolaeva® and Stanislav V. Palesskiy*
4Sobolev Institute of Geology and Mineralogy SB RAS
Novosibirsk, Russian Federation

bNovosibirsk State University

Novosibirsk, Russian Federation

Received 29.10.2021, received in revised form 01.11.2021, accepted 07.11.2021

Abstract. Method of microwave digestion using HNOs, HCl and HF in MARS-5 system followed by
ICP-MS analysis is proposed for determination of rare earth elements (REE) in plant materials. Limits of
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HUcnoab3oBanue MHUKPOBOJHOBOI'O Pa3J0KCHUA
AJIS ONPEACJICHUA PEAKO3EMETBbHBIX 3JIEMEHTOB

B pacTuTe bHbIX 00pa3uax merogom MC-UCII

A.A. KpaBuenko™9,

H.B. Hukoaaena?, C.B. Ilanecckuii®

“Uncmumym eeonocuu u munepanozuu um. B. C. Cobonresa CO PAH
Poccuiickas ®edepayus, Hosocubupck

SHosocubupckuil 20cy0apcmeeHHblil yHUGEpCUmen

Poccuiickas ®edepayus, Hosocubupck

AnHortanus. [pennoxena meronquka MC-VCII anann3a pacTUTENBHBIX 00Pa3IIOB MOCIE PA3I0KEHUS
B MUKPOBOITHOBOI cricteMe MARS-5 ¢ ucnionszoBanuem cmecu kucinot HNOs, HCl u HF st onpenenenns
penko3eMenbHbIX 3eMeHTOB (P33). Jocturnyrsie mpeaensl oouapyxenus 0.0001-0.001 mMxr/r
TTO3BOJIMJIM OINPEENIUTh KOHIIEHTpauu Bcex P33 B Tpex crangapTHeIX oOpasnax — Tp-1, JIb-1
n OK-1 u B kanuaate B crannaptHbie 00pasubl XCC-1 ¢ norpemHoctbio MeHee 13 %. B pabore
n3y4eHo BIusHME ucrnonb3oBannsa HF Ha nepesenenne P35 B pacTBOp B 3aBUCHMOCTH OT COJCPIKAHUS
KPEMHHSI B PACTUTENBHBIX 00pa3uax MpH pa3jiokeHUH B MUKpoBoiHOBOH cucteme UltraWAVE. Jlis
PacTUTEIBHBIX 00pa3IoB ¢ cozepxkanreM kpemHus Bbime 0.1 % gokazaHa HEOOXOAMMOCTH HCIIONB30BaHUS

(hTOPOBOOPOIHON KUCIOTHI JJIs KOJIMYECTBEHHOr0 nepesenenusi P30 B pacTBop.

KiroueBble cJI0Ba: peKO3EMEIbHBIC JIEMEHTBI, PACTUTENbHbIE 00pa3Lbl, MaCC-CIEKTPOMETPUS

C MHIYKTUBHO-CBs13aHHOI ma3moit (MC-HCII), MUKpOBOITHOBOE pa3JioKEHHUE.

Baarogapnocrn. PaboTa BeimonHeHa 1o rocyaapcrsenHoMy 3aganuio II'M CO PAH Ne 0330-2016—0013.

Lutuposanue: KpaBueHko, A. A. Mcronp30BaHie MEKPOBOIHOBOTO PA3JIOKEHUS IS OIIPEACICHUS PEAKO3EMEIbHBIX JICMEHTOB
B pacTUTeNbHBIX 00pasuax metogom MC-UCII / A. A. KpaBuenko, 1. B. Hukonaesa, C. B. [Tanecckuii // XKypu. Cub. dpenep.
yH-Ta. Xumus, 2021, 14(4). C. 515-526. DOI: 10.17516/1998-2836—0259

BBenenne

VYBenuueHue norpedIeHus peKo3eMeNbHbIX dieMeHToB (P3D) npuBoauT K X Oosiee aK THBHOMY
pacrpocTpaHeHHIo B Onocgepe 3a cueT BHIOPOCOB MPOMBIIUICHHBIX MPEANPUITHH, & TAK)KE HCIOJb-
30BaHMS B CEIBCKOM X03sHcTBe (ochOpHBIX ynoOpeHuii, serupoBannbix P3D [1-3]. Panee cuwura-
JI0Ch, 9TO P30 HETOKCHYHBI U JIETKO BBIBOJSATCS U3 OPraHNU3Ma XUBOTHBIMH U YEJIOBEKOM ITOCIIE TTPH-
eMa BHYTPb, OJJHAKO PsiJl COBPEMEHHBIX ITyOJIMKAIUi 1T0Ka3aJ TOKCHYHOCTb ATOH I'PYIIINbI SJIEMEHTOB
JUTSL pa3IIMYHBIX )KUBBIX Ooprann3MoB [4—8]. Takum 0Opa3oM, ocoboe 3HaUeHNE IIPHOOPETAIOT FKOJIO-
THYECKHUE UCCIICIOBAHUS, HAITPABJICHHbBIC HA U3YUYCHHUE TIOBEACHUSI dTUX dJIEMEHTOB B orocdepe [1, 9].

Omnpenenenue conepxanust P3D B pacTeHUSAX CTAHOBUTCS MHCTPYMEHTOM, MO3BOJISIONINM pe-
I1aTh pa3Ho00pa3HbIe 3a/1a4H, TAKUE KaK U3yUeHHE Ka4eCTBa BO3/[yXa B CEIIbCKUX, TOPOJCKHUX U IIPO-

MBIIUIEHHBIX 3Kocuctemax [10—12], uccrienoBaHue BO3MOXXHOCTHU OYHUILNEHHS BOJOEMOB oT P30
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3a c4eT OMOAKKYyMYJISIITUU Pa3IMYHBIMU BOTHBIMU pacTeHus MU [12, 13], n3yueHue ypoBHS coaepxa-
Hust P35 B 6M000BEKTaxX NJIs OLCHKH 3KOJIOTHUSCKOW CUTYalllH B peruoHe [14], netanbHoe n3y4eHne
TOKCHYHOCTH P30 1151 pacTUTENbHBIX OPraHu3MoB [6, 7]. Takske 3Ta TpyIina dJIEeMEHTOB MoKa3ala
ce0st Kak BO3MOXKHBIM MapKep IPpH ONPEAEICHNUH TPOMCXOKICHNS U CII0c00a BBIPAIIMBAHNS pacTe-
HUH, ymoTpeOsieMbIx B umty [15].

VYpoBens copepkanusi P35 B pacTuTenbHbIX 00bekTax cocraBisieT npumepHo 0.001-1 Mxr/r
Ha cyxoi obpasern [11, 16—18], uTo TpebyeT pa3paboTKu METOIUK Pa3IOKEHHUS C HU3KUMU Mpeena-
MU OOHapy’KEeHHUs, a TAK)Ke MCIIOIb30BAHNS MHOTOIEMEHTHOI'O YyBCTBUTEIBHOIO METO/IA aHAJIHN3a.
Macc-crekTpoMeTpusi ¢ UHAYKTHUBHO-cBa3aHHON mia3Moi (MC-UCII) no3BosiseT mpoBOIUTE Mpsi-
Moe onpezenenue Bcex P35 B pacTUTENbHBIX 00pa3nax 0e3 JOMOTHUTENBHBIX MPOLEAYP KOHIIEHTPH-
pOBaHUs MOCJIe TIePeBECHUs X B pacTBOp. Hanbonee pacrpocTpaHeHHBIM CIIOCOOOM Pa3iioKeHHs
pacTHTEIBHBIX 00pa3IoB ABISETCS MX 00pabOTKa KOHIIEHTPUPOBAHHON a30THOM KHCIOTOH MO0 ee
cmechbio ¢ H,O; B MUKPOBOTHOBBIX cucTeMax. OHAKO pacTeHHs colepskaT 10 2 % KpeMHUs, B CBSI3U
C 4eM pasJiokeHne oopas3ioB Oe3 ucronbszoBanust HF MoxeT nmpruBOAUTE K HEMIOJTHOMY MEPEBEICHUIO
B pacTBOp P33, cBA3aHHBIX ¢ KpEeMHHEM JHO0 COpOUPOBABIIMXCS HA 0CAJKEe KPEMHHUEBBIX COEIUHE-
Huil mocne pasnoxenus [17-19]. B pabdorax [17, 18] mokazana HeoOXoquMocTh ncnonb3oBanus HF
JUTSL KOJIMYECTBEHHOT O IiepeBe/ieH s B pacTBop P33, ogHako Toabko B padote [17] npearnpuHsThI 10-
MIBITKH CBSI3aTh ITOTEPH ITUX JJIEMEHTOB NpH pasioxeHuu 6e3 HF ¢ ypoBHeM conepikanus KpeMHUS
B oOpasuax. Takum oOpazom, 3TOT BOIPOC HEIOCTATOYHO OCBEIICH B JUTEPATYpe U IPEACTABISIET
co00# MHTEpEC /IS HCCIICAOBAHMSL.

Lenbio HacTosiiei paboThl siBisieTCs: orpejesieHne Bcex P3D B cTaHIapTHBIX pacTHTEIbHBIX
o6pasnax merogom MC-UCII ¢ ucnonb3oBanneM pa3paboTaHHONH HAMU METOJUKH MHKPOBOJIHOBOTO
KHCJIOTHOTO pa3noxeHus B cucteMe MARS-5 [20] u momydeHre HOBBIX TaHHBIX O KOHIIEHTPAIUAX
P33 B karamnnate B ctangapTHbie 00pasmubl XCC-1, a Tak)ke UCCIIefOBaHHE BO3MOKHOCTH TIepeBeIe-
Hust P3D B pactBop 0e3 ncrnosib30BaHus (PTOPOBOJOPOIHON KHCIOTHI ITpH 00JIee BHICOKOW TeMIIepary-

pe 1 1aBJIEHNU B MUKPOBOJIHOBOMH cucTeme peaktopHoro tumna UltraWAVE.

MaTepnanbl U METO/bI HCCJICJOBAHUSA

Hccredyemvie obpaszyvi

O0BeKTaMU aHATTN32 IBIISTFOTCSI CTAHAAPTHEIE 00pa3Ibl COCTaBa PACTUTEIFHOTO IIPOUCXOK ICHHUST:
OK-1 (3nomes kananckas ['CO 8921-2007), JIB-1 (nuct 6epessr 'CO 8923-2007), Tp-1 (TpaBocMech
I'CO 8922-2007) wm kammumat B craHmapTHbie o0pasmbl XCC-1 (XBOS COCHBI CHOHPCKOW),
XapaKkTepU3yIOIIHeCs] pa3IMYHbIM cojepkanueM Kpemuus (tadn. 1). B macnoprax craHaapTHBIX
00pas3IoB IpUBEICHBI aTTecTOBaHHBIC 3HaYeHMs utst La, Ce, Pr, Nd, Sm, Eu, Yb B 06pasue Tp-1 u mis
La, Ce, Nd, Sm, Eu, Tb, Yb, Lu B o6pasuax JIb-1 u DK-1. s octanbabix P33 10CTYMHBI TOJIBKO

OPUCHTUPOBOYHLIC 3HAYCHU .

Xumuueckas noocomoska

B pabote ucmnosib30Baiy ACHOHU30BAHHYIO BOY C YACIbHBIM conpoTuBicHueM 18,2 MOwm-cm,
ouniennyto B cucteme MilliQ ¢pupmsr Millipore (CILIA); a30THYI0 M COISTHYIO KHCIOTHI 0CO00H YH-
CTOTHI (OC. 4.), IeperHaHHbIe IBAXKIbI HA ycTaHOBKaX rneperonku DuoPure ¢pupmer Milestone ([lanus);

(hTOPOBOIOPOIHYIO KUCIOTY 0COOOH YUCTOTHI (OC. 4.), IBaXKIBI IEPETHAHHYIO Ha ycTaHOBKe Berghof

— 517 —



Journal of Siberian Federal University. Chemistry 2021 14(4): 515-526

Ta6nuua 1. Cogepxanne kpemHus 1 P3D B pacTUTEIBHBIX CTAHIAPTHBIX 00pa3iax

Table 1. Silicon and REE concentrations for plant reference materials

DK-1 [21] JIB-1 [22] Tp-1 [23] XCC-1 [20]
Si,% macc. 1.1 0.40 0.50 0.12
2P3D, mkr/T 8.9 1.2 3.8 -

BSB-939-IR (I'epmanusi); nepokcu BOAOpoaa 0co00i YUCTOTHI (0c. 4.). B3BemmnBaHue HaBECOK BBI-
TIOJTHSUTH Ha aHAIMTHYecKuX Becax Sartorius BP211D (I'epmanus) ¢ TOYHOCTHIO 0 YETBEPTOT'O 3HAKA.
MUKpPOBOJIHOBOE pa3iiokeHHe 00pas3loB MPOBOAMIN C MCIOJIb30BAHUEM JIByX Pa3iHU4HbIX MUKPO-
BOTHOBBIX cucteM — MARS-5 (CEM Corporation, CIIIA) u UltraWAVE (Milestone, Utamus). Jns
passokeHus: 00pa3loB MCIOJIB30BAIN TPOOUPKU U3 MOAU(DUIIMPOBAHHOTO MOJIUTETPAPTOPITUICHA
(TOM) obwvemom 15 M miast MukpoBoHOBO# cucteMmbl UltraWAVE u nmonurteTpadTopaTHICHOBBIE
(ITT®3) aBroxmnassl HP-500 o6vemom 100 M 11 MUKpOBOIHOBOI cuctemsl MARS-5.

JUtst mepeBesieHHsl ONpe/eNIIeMbIX 3JIEMEHTOB B PACTBOP NMPHMEHSIH JBE METOAMKH MHUKPO-

BOJIHOBOT'O KHCIIOTHOTO pa3iiokenust (puc. 1) — MmeToauky 1 ¢ ucroiab3oBaHueM GTOPOBOAOPOIHOIA,

[ Oé6pazen 0.1 2

N N

[ Metoauka 1 Meroauka 2

N {}

N
Paznoxenne B MARS-S: Paznoxkenne B UltraWAVE:
10 mn HNO;:HCI (3:1) + 0.4 mn HF 4 mn HNO,
\__ 60 munyr, 180°C, P, =15 Gap ) 25 munyrt, 230°C, P, =70 Gap

s

BoinapuBaHue Ha IVINTKe
Jlocyxa, T~80 °C, ~8 yacoB

N

Pazaoxenne B MARS-5:
10 HNO,:HCI (3:1)
60 munyT, 180°C, P, =15 Gap

max

U

[ HentpudyrupoBanue J

N

[Pa'sﬁamleﬂue ¢ 100aBJIeHHeM BHYTpeHHero craniaapTta In (1 MKI‘/JI)]

s

[ MC-UCII u3mepenus ]

—
—

Ve
N

Puc. 1. Cxema METOJMK MUKPOBOJHOBOTO KUCIIOTHOT'O Pa3JI0KEHHU S PACTUTEIbHBIX 00Pa3I[0B C HCIIOJIb30BAHUEM
(dhropoBomopoaHON KUCIOTHI (MeToauKa 1, MARS-5) u Tosibko B a30THOI KucioTe (Metoauka 2, UltraWAVE)

Fig. 1. Sequence of steps for microwave digestion of plant samples using hydrofluoric acid (method 1, MARS-5)
and using only nitric acid (method 2, UltraWAVE)
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A30THOW M COJISTHOM KHUCJIOT B MUKPOBOJHOBOW cucteme MARS-5, mogpoOHo onmucanHyio B pabo-
te [20], u MmeTOOUKY 2 Ge3 NCTOTB30BaHUS (PTOPOBOJOPOIHON KHCIOTH B MUKPOBOJIHOBOH CHCTEME
UltraWAVE. Ilpu paznoxeHuu o0pa3noB 1o MeToauke 2 HaBecky o0Opasia 0.1 T B3BemrBaiu npsmo
B IIPOOMPKAX JUIsI PA3JIOKEHUS U J0OABIISIIN 4 MJI KOHIIEHTPUPOBAHHOM a30THOI KHCIIOTHI. 3aTeM T0-
MeLIaJI1 IITATHB ¢ IPOOUPKAMHU B peakTop MUKpoBoJIHOBOM cuctembl UltraWAVE, HarneTanu apron
10 40 6ap u npoBoaunu pasnoxenue npu 230 °C (Bbixox Ha pesxuM 15 muH, BeiAep>kuBanne 10 MuH,
nasienue 10 70 atm). [lo okoHUaHUHU MPOIEAYPHl ABTOKJIAB OXJIaXKIAJICS 10 KOMHATHOW TeMIepary-
PBI, MOJTYUYEHHBIE PACTBOPHI KOJMYECTBEHHO MEPEHOCHIIN B OAHOPA30BBIE MOIHUIIPOITHUICHOBBIE ITPO-
Oupku oobeMoM 15 M.

Henocpencreenno nepex MC-HCII m3MepeHUsIMH pacTBOPHI TOCIE pa3ioKeHHs 00pasloB
1o MeTouKaM | 1 2 HeHTpU(YrupoBaid U JONOJIHUTEIBHO Pa30aBIIsijiv, HTOTOBBIN (akTop pazdas-
nenust coctapis 750, kucnotHocTh — 4 % HNO;. B xauecTBe BHyTpEHHEr0 CTaHJapTa UCIIONIb30Ba-

1 In ¢ koHneHTpanueit 1 MK/

MC-HUCII usmepenus

W3mepenuss BBINOJAHSIM HAa Macc-cieKTpoMmeTrpe Bbicokoro paspeweHuss ELEMENT
(FinniganMat, 'epmMaHusi) ¢ THEBMAaTHYECKUM KOHIIEHTPUYECKUM pacrbuinTeneM Maiinxapna B LIKIT
MHOro31eMeHTHBIX 1 M30TOIHBIX HccnenoBannii MuctutyTa reonoruu u munepanoruu uM. B. C. Co-
6onea CO PAH. Jlist mosy4eHust MHTEHCHBHOT'O M XOPOILIO BOCIIPOU3BOIMMOIO CUT'HAJIA TIPH COXpa-
HEHMH HHU3KOTO (JOHOBOTO YPOBHS IIyMa M MUHHMAJIEHOTO YPOBHS 00pa3oBaHUsI OKCHIHBIX HOHOB
nepes M3MEPEHUIMU TPOBOJIMIIM HACTPOMKY MPUOOpa M ONTHUMH3AIMIO HHCTPYMEHTAJIBHBIX [Tapame-
TPOB: TPOOOTIONATOIIHIA, OXJIAXKJAFOIIHIA U JJOTTOTHUTEIBHBIN ra30BbIi moToku coctapmin 0.9—-1.2, 14
u 0.9 n/muH cooTBeTcTBeHHO. OOpa3oBaHue B IJIa3Me OKCUJIOB Oapusi, BbI3bIBAIOIINX UHTEPhEpeH-
LMK Ha €BPOINH, IPH JaHHBIX ONEPALMOHHBIX IapaMeTpax oleHuBaeTcs Ha yposHe 0.1 % [24], aTo
YYUTBIBAIM IPU pacdyeTe KOHIEeHTpanui. OnpeneneHne IpOBOIUIN B HU3KOM Pa3pelIeHUH 110 cie-
nyrowumM usotoram: 'PLa, 40Ce, IPr, 46Nd, ¥7Sm, 'S19Ey, 157Gd, 1%9Tb, '©*Dy, '65Ho, '%Er, 1T,
172Yb, 175Lu.

IIpu MC-UCII ananu3e NpuMEHSIN BHEIIHIOK T'PaAYyUPOBKY [0 MHOI'O3JIEMEHTHOMY pac-
tBopy CMS-1 (Inorganic Ventures, CIIIA) B coueTaHuu ¢ BHYTPEHHUM cTaHaapToM. [ panyupo-
BOYHEBIE TPa)UKU CTPOUIIH IO TPeM Toukam ¢ KoHIeHTparusmu 0.01, 0.2 u 1 HI/T, pacTBOPHI 1S
rpagyupoBKU TOTOBUJIH, pa30aBJisisi HCXOAHBIH pacTBOp ¢ KoHUeHTpanued 10 MKr/MJI BECOBBIM

METOJOM.

Pe3yabTaThl U HX 00CyKIeHHE

Ilpeoenvt obnapyocenus

[Mpenens! obHapysxenust P30, paccunTaHHble Kak 3G BapHalMKd KOHTPOJIBHOTO ombiTa (n=4),
NpUBEACHBI B Ta0J. 2 JUIsl 00EUX METOIMK MUKPOBOJIHOBOTO PA3JIOKEHUsSI IPU TIepecyeTe Ha TBEp-
JBIH 00paser ¢ yueToM pa30aBiIeHHs M HABECKH, OHH IT03BOJISIOT TPOBOJUTH OIpeesieHne Beex 14
P3D Bo Bcex uccnenyeMbix o0pasiax. IHTEHCHBHOCTH CUT'HAJIOB B KOHTPOJIBHBIX OMBITAX JJIs 00enx
HCIIOJIb30BaHHBIX METOAMK XHUMUYECKOW MOATOTOBKH MPAKTUYECKH HE OTIINYAJINCH OT (POHOBBIX MH-
CTPYMEHTAJbHBIX MHTCHCUBHOCTEH CUTHAJIOB P30, 4TO TOBOPUT O HE3HAYUTENIBHOCTH 3arPsI3HECHUS

Hp06 O9THUMHU BJIEMCHTAMU B XOJI€ X XHUMHYECKOI IIOATOTOBKH.
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Tabnuua 2. [Ipenenst ooHapyxenust P33 u auana3oHsl HX COAEPKAHUS B CTaHAAPTHBIX oOpasuax [21-23], Mkr/r

Table 2. REE Limits of detection and concentrations for reference materials [21-23], pg/g

SreMeHT 3(0) Jlnana3oH comepikaHUs
Meronuka 1 MeTtoauka 2 B CO

La 0.0003 0.0002 0.26-2.05
Ce 0.0007 0.0006 0.5-3.4
Pr 0.0004 0.0003 0.06-0.42
Nd 0.001 0.001 0.22-1.59
Sm 0.001 0.001 0.041-0.31
Eu 0.0004 0.0003 0.0095-0.047
Gd 0.001 0.001 0.05-0.35
Tb 0.0002 0.0001 0.01-0.041
Dy 0.0005 0.0003 0.04-0.36
Ho 0.0001 0.0002 0.007-0.047
Er 0.0004 0.0005 0.017-0.13
Tm 0.0002 0.0001 0.003-0.021
Yb 0.0006 0.0007 0.018-0.074
Lu 0.0001 0.0001 0.0029-0.019

Pesynomamor MC-HUCII ananuza cmanoapmuuix oopasyos Tp-1, JIb-1 u OK-1

MeToauku MUKPOBOITHOBOTO paziokeHus (Ne 1 u 2) ObuIM IpUMEHEHBI JUISl CTaHAApPTHBIX 00-
pazuoB Tp-1, JIB-1 u OK-1. [Tocne paznoxenus nmo Metoguke 1 ObLIM MOTyYEHBI IPO3PAdYHBIE PACTBO-
pBI 6€3 BUIMMOrO 0cajKa, B TO BpeMs KaK I10Ciie pa3yIoKEHHs 110 METOIMKE 2 PacTBOPBI COACPIKAIN
HeOOJIbIIOe KOJUYECTBO OEJIOro 0cajKa, COOTBETCTBYIOIIET0 HEPA3JIOKUBIIMMCS MOJIMKPEMHEBBIM
kucaoTaM. PesynbraTsl onpenenenust P33 B ctaHmapTHBIX 00pa3nax Mocie pasyiokKeHus Mo 00eum
METOJMKaM MIPUBECHBI B Ta01. 3—5 B CpPaBHEHUH C aTTECTOBAHHBIMU 3HAYEHU MM, a TAK)KE C TUTEpa-
TYPHBIMH JaHHBIMH, 10Ty deHHBIMU MeTo1oM MC-HCII nociie KHCI0THOTO pa3yiokKeHUs B CMecH KHC-
5ot (st o6pasos Tp-1 u OK-1) [25] u MeTOIOM HHCTPYMEHTAILHOTO HEUTPOHHO-AaKTUBAITMOHHOT O
anamu3a (MHAA), He TpeOyromuM mpeaBapuTeIbHOTO pa3iokKeHus 00pa3mos [26] (ans oOpasioB
JIb-1, Tp-1 u DK-1).

Konnentpanuu P33, onpeneneHuble mocie pa3iokeHUs 10 METOAUKe 1, cornacyroTcs ¢ aTTe-
CTOBAaHHBIMHU M JIUTEPATYPHBIMHU JJAHHBIMHU B IpeJeliaX AOBEPUTENIbHBIX HHTEPBAJIOB, YTO FOBOPUT
0 TMOJHOTE MEepPEeBEeICHHs B pacTBOp M npasuiabHOCTH nocieaytomero MC-UCII onpenenenus 3Tux
aneMeHTOB. OTHOCHTENbHAS MTOTPEIIHOCTD onpenenenust 7—12 %. J{ns cranmaptaoro oopasia IK-1
MOYXHO OTMETHTbH €IMHUYHOE HECOOTBETCTBHE MEX/1y IOy YeHHOH HaMH KOHIIEHTPALNeH NTTepOus
U aTTECTOBAHHBIM 3HAYEHHEM, OJHAKO HAIIU PE3yIbTaThl COITACyIOTCs B Ipeaesiax J0BEPUTEIbHBIX
nuTepsanoB ¢ nanabiMu MC-UCII onpenenenns B pabotax [25] u [26]. C ucnoiab30BaHNEM MHUKPO-
BOJIHOBOI'O Pa3jIOKEHHUs 110 MeTouKe 1 ymanock onenuTh KoHientpanuu Gd, Tb, Dy, Ho, Er, Tm, Lu
B oopasue Tp-1 u Pr, Gd, Dy, Ho, Er, Tm B o6pa3zuax JIb-1 u OK-1, mj1st KOTOPBIX JOCTYITHBI TOIBKO
OpPHEHTUPOBOYHBIC 3HAUEHU S, JIsl 00pa3ioB Tp-1 u DK-1 nojyueHHbIe KOHIIEHTPALMU COTIIACY OTCS

C TaHHBIMU paboTHI [25].
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Tab6nuua 3. Pesynsrarst MC-HUCII ananu3sa crangaptaoro obpasua Tp-1, Mxr/r

Table 3. Results of ICP-MS analysis for reference material Tr-1, pg/g

DiaeMeHT Me”fz))::[tl/l?(;l 1, MeTOLC[:I:IKa 2, Ca[z; A C"["zT ;j A CJEET;]:S
n==6 n=2

La 0.25+0.02 0.22 0.26 =0.09 0.25+0.02 0.30 £0.06
Ce 0.51+0.04 0.45 0.50 +£0.05 0.49 £0.09 0.60 £0.09
Pr 0.058+ 0.006 0.052 0.060 £ 0.009 0.06 £0.01 -

Nd 0.24+0.02 0.21 0.22 +£0.02 0.21 £0.03 -

Sm 0.048+ 0.005 0.039 0.041 +£0.003 0.04 £0.01 0.060 £0.011
Eu 0.010 £+ 0.001 0.008 0.0095 +0.0014 | 0.008 +0.001 0.007 £0.002
Gd 0.043+ 0.005 0.032 0.05* 0.05+0.01 -

Tb 0.0060 + 0.0006 0.0045 0.01* 0.006 £ 0.001 -

Dy 0.033+0.003 0.025 0.04* 0.04 +0.01 -

Ho 0.0061 £0.0006 0.0046 0.007* 0.006 £ 0.001 -

Er 0.018 £ 0.002 0.015 0.017%* 0.015 +£0.002 -

Tm 0.0028 £ 0.0003 0.0020 0.003* 0.0020 = 0.0003 -

Yb 0.017 £ 0.001 0.013 0.018 £0.002 0.016 £ 0.003 0.025 +0.005
Lu 0.0025 +0.0003 0.0019 0.0029%* - -

Ipumedanus: C+ A — nOBepUTENbHBII MHTEPBAJ MPU JOBEPUTENbHONU BeposiTHOCTH 0.95; S — cTaHIapTHOE OTKJIOHEHUE;

* — OPHEHTHPOBOYHOE 3HAYCHUE.

Tabnuua 4. Pesynsrarst MC-HCII ananusa crangaptaoro obpasua JIB-1, Mmxr/r

Table 4. Results of ICP-MS analysis for reference material LB-1, pg/g

DieMeHT MeTCo;EI/Ii,a 1, MeTOZ([:I:IKa 2, Ca[TzT;:] A C"["2T6i] S
n==6 n=2

La 0.74 £0.06 0.58 0.82 +0.09 0.68 £0.08
Ce 1.5+0.1 1.1 1.50 £0.12 1.49 £0.05
Pr 0.17 £0.02 0.13 0.19* -

Nd 0.69 +£0.07 0.53 0.69 £0.06 1.67 £0.03
Sm 0.13 +£0.01 0.10 0.132 +£0.015 0.139 +0.019
Eu 0.032 +£0.004 0.023 0.026 +0.005 0.023 +£0.004
Gd 0.14 £0.02 0.10 0.15% -

Tb 0.021 £0.002 0.016 0.022 +0.003 0.020 +£0.004
Dy 0.13 +£0.01 0.10 0.12* -

Ho 0.023 +0.002 0.019 0.026* -

Er 0.068+ 0.006 0.060 0.07* -

Tm 0.010+ 0.001 0.008 0.011* -

Yb 0.063 £ 0.005 0.048 0.074 £0.007 0.074 £0.004
Lu 0.009 £ 0.001 0.007 0.011 £ 0.001 0.010 + 0.001

Ipumedanus: C+ A — nOBepUTENbHBII MHTEPBaJ MPU JOBEPUTENbHON BeposiTHOCTH 0.95; S — cTaHIapTHOE OTKJIOHEHUE;

* — OPHEHTHPOBOYHOE 3HAYCHUE.
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Tabauua 5. Pesynsratel MC-VCII ananu3za cranaaptaoro oopasua IK-1, Mkr/r

Table 5. Results of ICP-MS analysis for reference material EK-1, pg/g

DieMeHT Me'f(:))::n?(’a 1, MeTOEI:IKa 2, Ca[gﬁ A C"[”ZT ;j A C"["ZT;]: S
n==6 n=4

La 2.0+0.1 1.6 2.05+0.14 2.10+0.28 2.03+0.16
Ce 3.5£0.2 3.0 34+£03 37+0.7 3.69 £ 0.21
Pr 0.37+£0.04 0.33 0.42%* 0.44 +0.07 -
Nd 1.4+ 0.1 1.3 1.59 £0.17 1.59 +£0.28 1.2+0.3
Sm 0.26+0.02 0.23 0.31 £0.03 0.28 £0.04 0.33+£0.03
Eu 0.052+ 0.005 0.044 0.047 +0.008 0.07 £0.02 0.049 +£0.005
Gd 0.27+0.03 0.21 0.35* 0.32+0.06 -
Tb 0.041 £0.004 0.034 0.041 +£0.005 0.054 +£0.013 0.050 +0.007
Dy 0.22 +£0.02 0.19 0.36% 0.32+0.06 -
Ho 0.038 £0.004 0.034 0.047* 0.05+0.01 -
Er 0.12 £ 0.01 0.10 0.13* 0.13+£0.02 -
Tm 0.017£ 0.001 0.015 0.021* 0.020 +0.003 -
Yb 0.11+ 0.01 0.09 0.074 £ 0.006 0.12 £ 0.03 0.071 £ 0.030
Lu 0.017 £ 0.002 0.014 0.019 £ 0.003 0.020 +£0.003 0.015 £ 0.004

IIpumeuanus: C+ A — nOBEpUTEIbHBII MHTEPBAJ MPU JOBEPUTENbHON BeposiTHOCTH 0.95; S — cTaHIapTHOE OTKJIOHEHUE;
* — OPHEHTHPOBOYHOE 3HAYCHUE.

[Tocne pa3noskeHus 1Mo METOAMKe 2 KOHIEHTpanuu P33 B pacTBopax 3aHUKEHBI OTHOCUTEIBHO
aTTecTOBaHHBIX 3HaueHUH Ha 10-30 %, TeM caMbIM MOATBEPKIACTCS, YTO ISl 00PA3IOB C COAEpIKa-
HueM kpemHuust 0.40—-1.2 % konuyecTBeHHOE nepeBeneHue P35 B pacTBOp HEBO3MOXKHO 0€3 UCTIONb-

30BaHUS (PTOPOBONOPOAHON KHCIIOTHI.

Peszynemamor MC-HUC-ananuza kanouoama

6 cmanoapmuule 0opasyvlt XCC-1

O06e MeTOIUKN MHKPOBOJIHOBOTO Pa3jI0KCHUS OBLIN MPUMEHCHBI IS KaHIHUIaTa B CTAHIAPT-
Hble 00pasisl XCC-1 ¢ mocnenytomum MC-UCII onpenenenuem P33 (Tabd. 6). 15 onleHKH TpaBUiib-
HOCTH TIOJIYYSHHBIX HaHHBIX pe3yisratel MC-HMCII aHanm3a mociae MHKPOBOIHOBOTO PA3JIOKEHUS
po0 CpaBHHUBAJH C JUTEPATypHbIMH HaHHbIME s La, Ce, Sm, Eu, Yb u Lu, nojay4eHHBIMH METO-
mom MHAA [26].

MukpoBosiHoBOe paszioxenue odpasia XCC-1 ¢ comepkanneM KpemHus okojo 0.1 % mo me-
TOJMKE 2 TTO3BOJIIIIO KOJIMYECTBEHHO nepeBectu P30 B pacTBop, B TO BpeMs Kak B pabdore [17] mis
00pasioB ¢ TakuM xe copepxanreM kpemuwus (0.097-0.11 %) nabmroganuce motepu P3D. D10 MokeT
OBITh CBsI3aHO ¢ O0JIee BRICOKUMU TEMIIEPaTypOi U TaBICHHEM B MUKPOBOITHOBOH MEYH PEaKTOPHOTO
THIIA, UCIOIb3yeMoit B MeToauke 2 (230 °C, 170 6ap) o cpaBuenuto co 150 °C u gaBienuem 1o 13 6ap
B MHKPOBOITHOBOH CHCTEMe KaMepHOro TuIa B padote [17].

Pesynpratel MC-UCII ananuza nocie pasiokeHus 110 00eMM METOAMKAM B JJaHHOH padoTte co-

TJIIaCyIOTCA MEXKAY co0oii u ¢ JINTEPATYpPHbIMU JAaHHBIMU, TEM CAMBIM IMOATBEPIKAAA NPABUIBHOCTDH
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Tabnumna 6. Pesynsratet MC-UCII ananu3a kanauaata B ctanaaptHbie 00pasisl XCC-1, MKr/r

Table 6. Results of ICP-MS analysis for new reference material NPS-1, pg/g

DieMeHT C+A,metonuka 1,n=6 | C+ A, meToauka 2, n=4 Courx S[26]
La 0.084 +0.008 0.083 £0.013 0.085 +0.003
Ce 0.16 £0.01 0.16 £0.02 0.169 £ 0.004
Pr 0.018 £0.002 0.020+ 0.002 -

Nd 0.076 £ 0.008 0.074+ 0.009 -
Sm 0.015 £ 0.002 0.016 £ 0.002 0.0134 +0.0009
Eu 0.0037+ 0.0007 0.0031+ 0.0011 0.0028 +£0.0002
Gd 0.016=0.002 0.016= 0.004 -
Tb 0.0025+ 0.0003 0.0022+ 0.0006 -
Dy 0.014 £ 0.001 0.012+ 0.004 -
Ho 0.0027+ 0.0003 0.0029+ 0.0009 -
Er 0.009+ 0.001 0.008=+ 0.002 -
Tm 0.0015 £ 0.0003 0.0015=+ 0.0005 -
Yb 0.009 +0.002 0.009 +0.003 0.0060 + 0.0012
Lu 0.0015 +£0.0003 0.0012+ 0.0004 0.0010 +0.0001

Ipumedanus: v/o — He onpenensian,; C+ A — JOBEpUTENBHBIH MHTEPBAJ MpPH JIOBEPUTEIbHOH BepositHocTH 0.95; S —
CTaHAAPTHOE OTKIOHCHUE.

onpenencuus koueHTpanuii P33 B oopasine XCC-1. YpoBeHb comepkaHus OOIBIINHCTBA ONpee-
JIIEMBIX 3JIEMEHTOB B 3TOM 00pasiie OKa3aJics CYyIIECTBEHHO HIDKE, YeM B M3YUCHHBIX CTAHIAPTHBIX
obpasuax pacrenuit Tp-1, JIb-1 u DK-1, oqnako Ha 1-2 mopsjka BbIlIE MpPEiEioB OOHAPYIKEHUS
(Tab. 2), 9TO MO3BOIUIO IIPOBECTH KOTUISCTBEHHOE OIPEICIICHUE ATUX SJIEMEHTOB C MOT'PEITHOCTSI-
Mu onpenenenus ot 8 1o 15 %.

TaxuMm 006pa3om, OBLTH IOy YEHBI HOBBIC TAaHHBIC O KOHIeHTpanusx 14 P30 B kaHauaare B cTaH-

napTtHbie 00pa3ibl XCC-1 ¢ ucrnoab30BaHUEM JABYX METOAMK MUKPOBOJIHOBOT'O PA3JIOKECHHUSI.

3akjrouenne

Ipennoxennas meronuka MC-HUCII ananuza mocie pa3iaokKeHHs B MHUKPOBOJIIHOBOM CHUCTEME
MARS-5 ¢ ucnonbs3oBanuem cmecu kucsior HNO;, HCl u HF no3Bosisiet onpenensite KOHIICHTPAILUN
Bcex P30 ¢ nmpenenamu o6napysxenus 0.0001—-0.001 MKI/T B pacTUTENBHBIX 00pa3Iax ¢ coaepKaHu-
eM kpemuus ot 0.1 go 1.1 %, morpemrHocTs onpezaeneHus cocrapisieT MmeHee 13 %. [IpaBunbHOCTH
pa3pabOTaHHOW METOIUKY TOKa3aHa Ha OCHOBE CPAaBHEHUS MOJTYYCHHBIX PE3yJIbTaTOB C ATTECTOBAH-
HBIMH 3HAYCHHUSAMHU KOHIICHTparuid P35 B cTaHmapTHBIX 00pasiax ¥ MMEIOIIMMUCS JTUTEPATyPHBI-
MM JAHHBIMHU. YTOUHEHHbBIE B IIPOLIECCE UCCIEN0BaHUs JaHHble 1o cogepkanuto P33 B Tp-1, JIb-1
1 OK-1, 15151 KOTOPBIX TOCTYIHBI TOJIBKO OPHEHTUPOBOYHBIC 3HAYSHU S, TIOBBIIIAIOT YPOBEHb XapaKTe-
pU3anuu TUX 00BEKTOB i MOTYT OBITH MCIIOIH30BAHBI B JaIBHEHIIIEM B aHAIUTHYCCKOW TTPAKTHKE.

[IpumeHeHHe ABYX pa3HBIX METOAUK MHKPOBOIHOBOTO pa3zjiokeHus (cmech kuciotr ¢ HF
B MARS-5 u Tonsko HNO; B UltraWAVE) ¢ nocnenyrommm MC-HUCIT aHanmn3oM mMo3BOIUIO MMOITY-
YUTh HOBBIE JaHHBIE O cofepkanuu P30 s kanaunarta B ctangapTHbeie oopasnsl XCC-1, xapakTe-

pusyonierocs cojepxkanueM kpemHus Ha yposHe 0.1 %.
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Jly1st pacTUTEIBHBIX 00pas3IioB ¢ copepkanueM KpemHuus Boiie 0.1 % moka3ana He0OXOJUMOCTh
HCTIIOTB30BAaHUS (PTOPOBOAOPOMHON KHUCIOTHI IJIsI KOIWYSCTBEHHOTO mepeBeneHus P35 B pacTBop

B MUKpOBOJIHOBOH cucteme UltraWAVE.
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POU3MKO-XUMHUYECKUN aHAJIN3

nepexoaa 6aiiepura AI(OH); B 7-Al, 05

H.B. ®uaarosa, H. ®. Kocenko, A.C. ApTIOlINH
Usanosckuii 2ocyoapcmeenbiii
XUMUKO-MEXHOJI02UYeCKULl YHU8epcumem
Poccuiickas ®edepayus, Hseanoso

AHHoTauus. [TorydeH ruIpoKCH I aTIOMUHHES B BUJIe OaiiepuTa ocax IeHHeM aMMHUakoM. pH ocakieHust
OIpeJIeIeH METOOM MMOTEHIIMOMETPUYECKOTO TUTpOBaHUsl. Ha OcHOBaHMM TaHHBIX TEPMUYECKOTO,
penTreHogasoBoro u MK-crekTpaibHOro aHain3a ycTaHOBIICHA MOCIEOBATEIBHOCTD IIPEBPAILCHU N
baiiepura B naTepBase temueparyp 10 800 °C. ITo naHHBIM aacopOIUU-IecOopOIUun a30Ta IJIs
obpasytomuxcst 6émura u y-Al,O; onpeznenena yenbHas HOBEpXHOCTh, 00bEM M CPEIHUI pa3Mep 1mop:
135+2 u 238410 m?/r; 0,38 1 0,51 cm/r; 1,7 1 3,8 HM COOTBETCTBEHHO. Hen30TepMUUIECKUM METOIOM
(o ypaBHEeHHIO ABpamu) onieHeHa Y ()eKTUBHAS YHEPIUs aKTUBAIUHU Tlepexona daliepuT— O0EMUT:
(136£5) x/»x/Moib.

KuaoueBnble ciioBa: 6émur, v-Al,Os, 6aiiepuT, TepMOIN3, KHHETUKA Pa3JI0KEeHNUs1, ypaBHEHUE ABpamH,

OHEPrus akTUuBaluu, TepMI/I‘{eCKI/Iﬁ aHaJin3, Z[I/I(i)paKTOFpaMMBI.

Baaropapnocrtu. VccnenoBanue npoBeeHO ¢ UCIOIb30BaHUEM pecypcoB LIeHTpa KOIIEKTUBHOTO
1oJIb30BaHus HayuHbIM 00opynoBanueM UI'XTY (npu nognepxke Munodpuayku Poccun, cornamenue
Ne 075-15-2021-671).

Hutuposanue: ®unarosa, H. B. ®usnko-xumudeckuii ananus nepexona daiepura AI(OH); B y-Al,0; / H. B. ®unarosa,
H. ®. Kocenxo, A. C. Aptromns // XKypH. Cub. ¢penep. yu-ta. Xumus, 2021, 14(4). C. 527-538. DOI: 10.17516/1998-2836—-0260

Introduction

Alumina is an inorganic material which is widely used in ceramics [1], catalysts andcatalysts
supports [2], photocatalysts [3], hydrogen production [4], as electronic material[5], and in other
fields. Materials on the base of aluminum oxides and hydroxides are among the most studied.
In recent years, the increasing attention has been focused on the development of alumina nano-
sized powders. They have a high potential as composites [6], as binder in no cement high alumina
castable [7], for pollution prevention [8], as biocompatible material for medical composites [9],
etc. In the literature, there are many methods of the nano alumina preparation by different
methods such as sol-gel [10], combustion [11], hydrothermal [12] and other liquid phase synthetic
methods [13]. Currently, the most common route is the thermal decomposition of aluminum
hydroxides and oxyhydroxides. Hydroxides are usually obtained by precipitation [14-21]. There
were used various precipitating agents, such as NaOH and n-butylamine [15], ammonium acetate
[16], ammonium carbonate [17], ammonium bicarbonate [18], soda [19], ammonia [20], sodium
carbonate [21].
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Gibbsite and bayerite are the most important aluminum trihydroxidesA1(OH); [20,22-24]. Among
aluminum hydroxides, boehmite, aluminum oxyhydroxide AIOOH, is an accepted precursor because
ofits heat treatment produces transition aluminas [25]. Boehmite y-AIOOH is one of two polymorphs
of aluminum oxyhydroxide (the other one is diaspore, a-AIOOH). Boehmite can be prepared by a solid-
state thermal transformation of gibbsite [26, 27]. Boehmite can be also synthesized from a liquid phase
by hydrothermal/solvothermal routes or by sol-gel and precipitation techniques [28]. Experimental
conditions such as an aluminum source, the nature of a precipitating agent, pH, temperature, and time
of a thermal treatment may have the main influence on the boehmite crystallite size and morphology
[29]. y-Alumina is a kind of extremely important nano sized materials. It is used as a catalyst, can
promote the sintering behavior of alumina, etc. [1, 2]. The characterization of transition aluminas
formed by the dehydration of boehmite have been extensively studied [25, 27]. It was also under
investigation the mechanism and kinetic parameters of the thermal decomposition of gibbsite and
bayerite by non-isothermal thermogravimetric analysis [30-32].

In this paper, we tried to describe the bayerite — boehmite —y-Al,Osthermal decomposition, to
give some characteristics of obtained boechmite and y-Al,0;, and to determine theactivation energy of

the bayerite dehydrationunder non-isothermal conditions.

Materials and experiments

Aluminum nitrate nonahydrate AI(NOs);-9H,0, analytically grade, in the form of 0.25 M solution
in a distilled water was under stirring. The ammonium hydroxide solution (chemically pure, 6 M) was
added to this solution during 1.5 h under constant stirring to pH 9.1-9.3. The precipitate was filtered,
washed with distilled water, filtered again, and dried at 100—105 °C to a powder which was ground in a
mortar. Dried precursor was heated at a rate of 10 °C/min in air atmosphere up to required temperature
in a muffle oven SNOL 1300.

XRD-patterns were obtained using a diffractometer DRON-6 with a copper target (A=0.1542 A,
40 kV, 100 mA). Thermalanalysis was performed in a computer-controlled instrument (model TGA/
SDTAS851¢/LF/1600); crucible 700 mkL; air blow 50 mL/min; temperature program up to 1200 °C at
various heating rates (2, 3, 5, 10, 15, 20, 30, and 50 °C/min). Infrared spectra of samples were obtained
on Avatar 360-FT-IR spectrometer(«Nicolet»). The nitrogen adsorption-desorption measurements of
calcined samples were performed using adsorption analyzer Sorbi-MS.The specific surface areas were
calculated by means of the Brunauer—Emmett-Teller (BET) method and the pore size distribution was

obtained according to the Barret-Joyner—Halenda (BJH) method.

Results and discussion

It was done the direct titration of aluminum nitrate solution by ammonia solution to determine
the precipitation pH. The equivalence point was fixed by the potentiometry (Fig. 1).The potential
jumps (pH) corresponded to pH of the full precipitation beginning and finish, namely, 3.62 and 9.06,
respectively. So, it might consider that pH ~9.1 would provide the AI(OH); full precipitation. According
to work [22], under precipitation by ammonia AI(OH);was at first separated as a gel which then was
crystallized in the bayerite form. It was confirmed by XRD pattern (Fig. 2).

Allmain peaks corresponded to bayerite AI(OH); (JCPDS No 21-1307).Boehmite- and
gibbsite peaks (JCPDS No 21-1307 and 761871, relatively) were not considerable.The process of
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Fig. 1. The titration curve of aluminum nitrate solution by ammonia
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Fig. 2. XRD pattern of a precipitated product. Registered peaks refer to bayerite

its thermal decomposition was complex and run in several stages (Fig. 3). The endotherms at 138
and 203 °Con the DSC curve might refer to the removal of physical and interlaminar water which
was in a low quantity [22,27]. The sharp mass loss (~23.5 %) and an intense endothermic peak
were observed at ~300 °C. They corresponded to the partial AI(OH); dehydration to monohydrate
as boehmite y-AIOOH. Thenthe removal of expanded water followed to form y-Al,0; from
boechmite (mass loss 14.8 %). All subsequent changes run with no mass loss, so, a gradual heat
release in the rangeof 500—1000 °C and exothermic peaks at 1109 and 1158 °C were attributed to
alumina polymorphic transitions up to a-Al,O; (probably, through 6- and 6-phases). Rough values
of the molar water content were calculated as 0.89 (300 °C), 0.19 (450 °C), and 0.07 (600 °C). The
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Fig. 3. TG-DSC curves of a dried precipitated product

exotherm appeared at the very end of DTA curve (1158 °C) corresponded to the transformation
into a-alumina.

For comparison, DTA curve of the original gibbsite had an intense endotherm around 300-320 °C
(gibbsite — boehmite) and a second endotherm, less intense, above 500 °C (boehmite — y-alumina)
[31]. For the natural boehmite, the dehydroxylation started at 480 °C and was complete by 520 °C [33].
Visible changes of transformations temperatures towards less values might relate to the small particle
sizes of bayerite and a fresh boehmite and their high reactivities.

An obtained bayerite was treated at various temperaturesfor 1 h.XRD patterns indicated the existence
of a product up to 250 °C in a XRD amorphous form. At 300 °C clear reflexes were appeared (Fig. 4).
According to the JCPDS card No. 21-1307 fory-AIOOH peaks (260) 14.48, 28.11, 38.25, 45.65, 48.81, 51.44,
55.09, 60.45, 63.88, 64.78, 67.53, 71.73 correspond to hkl positions (020), (120), (031), (131), (051), (220),
(151), (080), (231), (002), (171), (251), respectively. So, boehmite represented practically the only phase in
the range of 300—400 °C. At 400 °C intensities of boehmite peaks were decreased and their width grew,
that might indicate the start of AIOOH decomposition to y-Al,O; that was confirmed by the data of JCPDS
Card No. 29-0063 for this phase: peaks 37.60, 39.49, 45.79, 60.89, 66.76 refer to the (311), (222), (400), (511),
(440), respectively. The crystal structure of this polymorph remained up to go 800 °C. As seen in Fig.4,
boehmite was transformed completely to y-alumina. No intermediate compound was found.

The crystallite sizes (D, nm) of crystalline phaseswere estimated using Debay-Scherrer equation:
D = 0.90A/Bcosb, ()

where A — X-ray wavelength; B and 6 — full-width-at-half-maximum (FWHM) of an observed peak and
diffraction angle, respectively.

The calculation of the average crystallite sizes was made using the strongest reflexes (4 for
boehmite and 2 for y-Al,03). They were found as 2.17 (300 °C) and 2.09 nm (400 °C) for boehmite, and
1.69 (500 °C) and 2.08 nm (800 °C) for y-AL,O;.
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Fig. 4. XRD patterns of a precipitated product

IR-spectra are shown in Fig. 5. The IR spectrum of boehmite had a characteristic vs(Al)O—H and
V,5(A1)O—H stretching bandsor O—H stretching mode with two maxima at 3380 and ~3050 cm™. The
stronger broadening band occurred due to the hydrogen bond between the various hydroxyl groups
in boehmite. This was confirmed by the presence of H-O—-H bending band at about 1640-1650 cm™,
originating from bending—scissoring vibrations which were typical for water molecules. Boehmite
showed strong infrared intensity in the 1050 to 1640 cm™! region [5]. The transmission in the spectra of y-
Al,05 was very weak in this field. Bands presence at ~1160 cm™! (shoulder) and 1050 cm™! corresponded
to in-plane bending—scissoring vibration of OH in Al-O—H. The second hydroxyl deformation band
at 1050 cm! related to boehmite [27]. The dehydroxylation of the boehmite followed by the decrease
in intensity of the hydroxyl deformation modes. The region of 1000—400 cm™ corresponded to Al-
O vibrations for y-Al,O;. The bands at 668, 555, and 461 cm'were ascribed to the stretching and
bending—scissoring vibration modes in octahedral aluminum AlQg, while a band at 998 cm™ related to
the stretching mode of AlO, tetrahedral configuration [5, 27, 33].

Nitrogen adsorption and desorption were measured to investigate the pore characteristics, namely
diameter, volume, and size distributions of samples. As shown in Fig. 6, both samples exhibited type IV

isotherm with an H2 hysteresis loop according to [IUPAC classification.with a capillary condensation
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Fig. 5. IR-spectra of a product after heat treatment at 300 °C (boehmite) and 800 °C (y-Al,0;)
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Fig. 6. N, adsorption-desorption isotherm plots of boehmite and y-Al,05 samples

step at p/po= 0.4—0.5. It was the characteristic of a mesoporous material withthe presence of cylindrical
type pores in both synthesized alumina. Arched initial curve pieces indicated a strong adsorbate-
adsorbent interaction. Pore size distributions curves are shown in Fig. 7. Obtained peaks were single
with narrow pore size distribution. The pore size distribution plots were uniform with one main peak in
the ranges of 2—5 nm. It indicated very homogeneous mesopores by size. The average pore sizes were
found as 1.7 and 3.8 nm, respectively.

Specific surface areas, Sgpy, were 13542 and 238+10 m?/g for boehmite and y-Al,Os. Pore
volumeswere around 0.38 and 0.51 cm?®/g, respectively.

Thermal analysis techniques were used in the evaluation of kinetic parameters of solid-state
reactions in the dehydroxylation process of bayerite powder.Al(OH); decomposition to boehmitewas
accompanied by the heat absorbance, that is revealed as endoeffect in DTA/DSC curves. Fig. 8

illustrated DSC curves fragments for bayerite —boehmite transition.

— 533 —



Journal of Siberian Federal University. Chemistry 2021 14(4): 527-538

o Boehmite
| ’Y-A1203

1 10 100
dp, nm

Fig. 7. Pore size distribution for boehmite and y-Al,05 samples
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Fig. 8. DSC curve fragments for bayerite — boehmite transition at various heating rates of samples

These fragments differed by the heating rate during curves registration and by the extremum
temperature. Peak temperatures of each endothermic curve shifted to the higher temperatures with the
heating rate increase. It meant that dehydration temperature was not fixed but grew with increasing of
heating rate. These data could be used to make a kinetic analysis of boehmite dehydration by Avrami
equation:

in (Phex) = o g e @
whereT),,, — endothermic peak temperature which related to dehydration reaction; # — heating rate, K/c;
E, — effective activation energy, J/mol; R — universal gas constant (8,314 J/mol'K); A — pre-exponential

factor in Arrhenius equation:
k = A exp(—E/RT). 3)
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2
The plot of In (T";l“x) versus — L expected to be linear with slope tgo. So, the activation energy
could be attained via this expressioﬁags E.= Retga. Experimental and calculated data are presented in
Table 1. Values of tga (16.3£0.6) and coefficient of correlation R? (0.975) were determined from slope

of the dependencegiven in Fig. 9.

Table 1. Data for the effective activation energy estimation by Avrami equation

Tnax, K 541 547 554 566 576 584 590 598

h, K/min 2 3 5 10 15 20 30 50

16,5

16.0 .

15,5

15.0+

14,54 .

In(T?/h)

14.0

13,5

13.01 .

12,5

166 168 170 1.72 1.74 176 178 1.80 182 184 1.86
T-10*

Fig. 9. The Avramiplotforbayerite — boehmite transition

The effective activation energy for the partial bayerite dehydration and boehmite formation was
calculated as 136+5 kJ/mol. This magnitude was in accordance with the activation energy value for
gibbsite — boehmite transition which was estimated by different authors in the range of 155-159 kJ/mol
[30], 108.5 kJ/mol [31], 133—-142 kJ/mol [32].

Conclusion

Aluminum hydroxide as bayerite was precipitated with ammonia. The process of its thermal
decomposition was complex and run in several stages.XRD patterns indicated the existence of a
product up to 250 °C in an amorphous form. The boehmite represented practically the only phase in
the range of 300—400 °C. At 400 °C AIOOH was decomposed to y-Al,03. No intermediate compound
was found. The specific surface, volumes, and dimensions of pores for boehmite and y-Al,Oswere
determined as 135+2 and 238+10 m?/g; 0.38 and 0.51 cm®/g; 1.7 and 3.8 nm, relatively. First, the

effective activation energy for bayerite — boehmitetransition (136+5 kJ/mol) was found by means of
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non-isothermal method (by Avrami equation).It was compared with the analogous value for gibbsite

— boehmite transition.
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Abstract. The composition and structure of ethanol-lignins of coniferous (abies, pine) and deciduous
(aspen, birch) wood and products of their catalytic telomerization with 1,3-butadiene has been
studied with use of the methods 3'P-NMR, gel-permeation chromatography, scanning electron
microscopy and elemental analysis. Data on the nature and content of hydroxyl groups in ethanol-
lignins were obtained using phosphorylation of lignins with 2-chloro-4,4,5,5,-tetramethyl-1,3,2-
dioxaphospholane.The studied lignins differ from each other in the content of aliphatic, phenolic
and carboxyl groups. The total content of hydroxyl groups increases in the series of ethanol-lignins:
birch < aspen < pine < abies. For the modification of ethanol-lignins, the reaction of catalytic
telomerization with 1,3-butadiene was used at 70 °C and 90 °C in the presence of a complex of
palladium (II) diacetate with the sodium salt of triphenylphosphine trisulfate. By comparing the
number of aliphatic, phenolic and carboxyl OH- groups in the initial and telomerized ethanol-lignins,
it was found that only aliphatic and phenolic hydroxyl groups participate in the telomerization
reaction. Telomerization of ethanol-lignins with 1,3-butadiene increases their average molecular
weight and reduces polydispersity. The morphology of telomerized and initial samples of ethanol-

lignins varies significantly.
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CocTaB ¥ cTpOeHHe ITAHOJJIMTHUHOB XBOIHOM
U JIMCTBEHHOM IPeBeCUHbI U MPOAYKTOB

HUX KATAJMTHYECKOH TesioMepu3anuu ¢ 1,3-0yraguenom

M. A. Jlyromikun?, ®. Paraéoya’®,

JI. Ipsikosud®, FO. H. Mausip*®, b. H. Ky3uenos™*®
Uncmumym Xxumuu u XUuMu4eckou mexHonocuu
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°IRCELYON

Lyon, France

*Cubupckuii ghedepanbhbill ynusepcumen
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Aunorauusi. Metogamu 3'P-SIMP, resb-npoHuKaromieii XxpoMarorpadyu, CKaHUPYOIIEH 31eKTPOHHON
MHUKPOCKOINH U AJIEMEHTHOT'0 aHAJIN3a N3yUYEeHBI COCTaB U CTPOEHHE STAHOJNIUTHUHOB XBOWHOM (ITHXTA,
COCHA) ¥ JUCTBEHHOH (OCHHA, Oepe3a) APEBECHH U MPOIYKTOB UX KaTAJIUTHYECCKON TEIOMEpU3aIUn
1,3-0yranuenoM. JlaHHbIE O IPUPOJIE U KOJINUYECTBE THAPOKCHIIBHBIX TPYIIT B 3TAHOJIINTHUHAX
MOJIyY€HBI C UCIIONIb30BaHHeM (HOCHOPHIMPOBAHUS JIMTHUHOB 2-x710p0-4,4,5,5,-TeTpametu-1,3,2-
nuokcadochonanoM. M3yueHHbIE 3TAHOUIMTHUHBI OTIIMYAIOTCS APYT OT APYTra COAepKaHUEM
anudarnyeckux, GeHONbHBIX U KAPOOKCHIIBHBIX rpyIii. O0Iee KOJIUYeCTBO I'MAPOKCUIBHBIX I'PYIII
YBEJIINIUBAETCS B PSIAY STAHOJTUTHUHOB: Oepe3bl / OCHHBI / COCHBI / MUXTHL. JIj1st MonnduKanum cBoi-
CTB 3TAaHOJUIMTHUHOB MCIIOJIb30BaHa PEaKIUsl KaTallMTHYECKON TesioMepu3anuu ¢ 1,3-0ytagreHom
npu 70 u 90 °C B npucyTcTBIM KoMILIeKca auanerara namianus (I1) ¢ HaTpreBoit conbio Tprcybhara
tpudenundocduna. [Tyrem conocrapieHns KoIuIecTBa anupaTuIecKux, GeHOIbHBIX 1 KAPOOKCHIIBHBIX
OH-rpynn B HCXOAHBIX U TEIOMEPHU30BAHHBIX 3TAHOJUIMTHUHAX YCTAHOBJIEHO, YTO B PEaKI[UH
TEJIOMEpPH3aIMH YYaCTBYIOT TOJBKO alluaTnieckue U GEeHOJIbHbIC THIPOKCHIbHBIC TPYIIIIbI.
Tenmomepu3anus 3TAHOUTUTHUHOB 1,3-0yTaIeHOM yBEINUHUBAET UX CPEIHIOI0 MOJIEKYJISIPHY IO
Maccy ¥ CHHKAET MOJIUIUCIIEPCHOCTh. Mop(dosI0rus TeIoMepru30BaHHBIX U UCXOJAHBIX 00pa3IoB

OTAaHOJUJIMTHUHOB CYHICCTBCHHO PA3JIMYaCTCH.

— 540 —



Journal of Siberian Federal University. Chemistry 2021 14(4): 539-551

KuroueBbie €J10Ba: 3TAHOIIMIHUH, TUXTHI, COCHBL, OCUHEL, Oepessl, OH-rpymmsl, conepxanue, > P-SIMP,

KaTaJIuTHYCCKasa TeHOMepI/I3aHI/IH,1,3 -6yTa,Z[I/ICH.

Baaronapuoctu. PaboTa BhITIONHEHA NTPH (PUHAHCOBOU mopaepkke Poccuiickoro Hay4dHOro (hoHIa
(rpanT Ne 21-13-00250) ¢ ucnons3oBanuemM 060pyaoBaHus KpacHOSIPCKOTo pernoHaIbHOrO IIEHTpa
koJutekTUBHOTrO ToJib3oBanuss UL KHI[ CO PAH.

Hurtuposanue: JIyromkun, M. A. CocTaB u CTpOCHHE STAHOJNIMTHHHOB XBOWHOW M IMCTBEHHOM IPEBECUHBI M TPOIYKTOB UX
KaTaJuTH4ecKoil Tenomepusann ¢ 1,3-0yramuenom / M. A. Jlytoukun, @. Paradoya, JI. {pskouy, 10. H. Mansp, b. H. Ky3ueros
// Kypu. Cub. benep. yn-ta. Xumus, 2021, 14(4). C. 539-551. DOI: 10.17516/1998-2836-0261

Beenenne

OrpoMHbIe pecypchbl BO30OHOBIISIEMO# JTUTHUHOLEIIITIOJIIO3HOM OMOMACCHI MPE/ICTaBICHbBI IpeBe-
CHHOM, KOTOPasi COCTOUT U3 TPEX OCHOBHBIX KOMIIOHEHTOB: LIEJUIIOJI03bI, TUTHUHA, T€MHIIEIIIIOI03bI
[1]. TpaauLMOHHBIE TEXHOJIOTMH XMMHUYECKOH repepaboTKH IPeBECHHbI HAIIPABJICHbI HA MOIYYEeHUE
LIEJICBBIX TPOJYKTOB MPEHMYIIECTBEHHO M3 IEJUTIONIO3b], PH 3TOM JUTHUH OCTAETCsl KPYMHOTOH-
HaXXHBIM OTXOJIOM [2].

[lepcieKTHBHBIE TEXHOJIOTHH TITyOOKOW 1epepaboTKH APEBECHHBI OPHEHTUPOBAHBI HA MCIIOb-
30BaHKME BCEX OCHOBHBIX KOMIIOHEHTOB Oromacchl [3—5]. OqHoilt U3 Hauboliee akTyaabHbBIX 3aja4 sB-
asieTcs pa3paboTKa BHICOKOTEXHOJIOTMYHBIX METOJOB YTHIIM3AIMH JIUTHUHA.

JIurauH — apoMaTHYeCKUi MOJTUMEp, COAepKaHNEe KOTOporo B ApeBecuHe focturaet 30 mac.%. On
COCTOMT 3 IBasIMJIBHBIX, CHPUHTUIIBHBIX W THAPOKCH()EHMITIPOIaHOBBIX MOHOMEPHBIX SIMHMII, CBSI-
3aHHBIX MEXy CO00H yIIIepoI-KUCIOPOIHBIMH U YTIIEPO/-Y IJIEPOAHBIMHU CBS3sIMU. JIMTHUHBI XBOWHBIX
TIOPOJI B OCHOBHOM COCTOSIT U3 CTPYKTYP T'BasIHJIBHOTO THIIA ¢ HEOOJIBIIMM KOJIMYECTBOM CTPYKTYP
CHUPHHTHIIBHOTO M P-TUAPOKCU(DEHUIBHOTO TUIIOB. JINTHUHBI JIMCTBEHHBIX MOPOJI IPEUMYIIECTBEHHO
CoziepKaT CTPYKTYPhI CHPHHTMIIBHOTO THIIA X HEOOJIBIIIOE KOJTMYECTBO I'BASIIIMIBHBIX KOMIOHEHTOB.

B Hacrosiiee Bpemst HCCIIENYIOTCS pa3iMdHble yTH NepepadOTKH JIMTHUHA B ICHHbIE XMMUYe-
CKHE TIPOIYKTHI, OCHOBHBIC U3 HUX ACHOJIMMEPHU3ANHNS 10 MOHOMEPHBIX COCAMHEHUI 1 XUMUYecKast
moaudukanus. [7-11] Xumndeckast MoIupHUKaIKs JUTHAUHOB UCIIONB3YETCs JIJIsl OJIYUYESHUS HOBBIX
(YHKIIMOHAJIBHBIX TTOJINMEPOB, HAIIPUMEP OMOJIOTMUECKH aKTUBHBIX CYJIb()aTHPOBAHHBIX JTUTHUHOB
[10]. ITpu aTOM mpeanouTeHne OTAACTCS UCTIOIB30BAaHUIO OPTaHOCOIBBEHTHBIX JINTHUHOB, 00pa3ylo-
LIUXCS PU MOIYYEHUH LEJLTION03bI B CPeJe OpraHu4eckux pactBopureneil [12]. OpraHoconbBeHT-
HbIC JJUTHUHBI B OTIMYHME OT TPAJAUIMOHHBIX TEXHUUYECKHUX JUTHHUHOB HE COIEpXkaT Cephl U HEop-
TraHWYECKUX IPUMECeH, MMEIOT MEHEee KOHJIAECHCHPOBAHHYIO CTPYKTYpy M 0OJaJaroT IMOBBIIIEHHOH
PCaKIMOHHOM CITIOCOOHOCTBIO.

BBeznenne HOBBIX (DYHKIIMOHAJIBHBIX TPYTII B CTPYKTYPY OPraHOCOJIBBEHTHBIX IUTHHHOB TI03BO-
JIUT U3MEHSATh MX PacTBOPUMOCTH, TUAPOPOOHOCTh, OUOJOIMUYECKYI0O aKTUBHOCTh M JIPYTHE CBOWi-
cTBa. B wacTHOCTH, THAPOKCUIIBHBIE TPYIIIIBI JINTHUHA MOTYT y4aCcTBOBATh B PEAKIMSIX COTOJINMEPH-
3aIUH (TeJIOMEPHU3aINN) C HEIPEAeIbHBIMU JISTKUMH YIJIEBOJOPOJaMH, HAIPUMED C MPOMAHIUEHOM
niu 1,3-0yTagueHoMm.

Ha npumepe nosucaxapuioB (kpaxmaia) ObJIO IIOKa3aHO, YTO CBOMCTBA MPOJYKTOB UX KaTallH-

THUYECKOHI TEJIOMEpHU3alnu C 1,3-6yTaZ[I/I6HOM MOT'YyT CYHIECTBEHHO OTJINYAaTbhCA OT CBOICTB HUCXOOHBIX
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nonumepos [13, 14]. B nHacrosiiee BpeMsi B IUTEPATYpe OTCYTCTBYIOT CBEICHHS O MpoIleccax TeaoMe-
pU3alHH TUTHIHOB C TUCHAMH.
Lenbro HacTosMIEH PaOOTHI SBISIIOCH M3YUYCHHE COCTaBa U CTPOCHHUS ATAHOJUIMTHUHOB Pa3jiny-

HBIX ITOPOA APCBCCUHBI U ITPOAYKTOB UX KaTaJuTUIeCKOU TEJIOMEpHU3alnu C 1,3-6yTa,I[I/I€HOM.

JKcnepuMeHTAIbHAS YacTh

B xauecTBe 00BEKTOB HCCIEOBAHUS OB BRIOPAHBI ATAHOJIUTHUHBI, BBIICTICHHBIC U3 OMUJIOK
Pa3IUYHBIX BHJIOB JIPEBECHHBI — COCHBI, ITMXTHI, OCUHBI, Oepe3bl. DTaHOUINTHIHBI NOIYy4aIn o0pa-
00TKOM apeBecHbIX OMUIOK 60%-HbIM BOAHBIM PACTBOPOM 3TaHOJA B aBTOKJIaBE MPH TeMIIepaType
180 °C B Teuenue 2 4 no metoauke [15].

Tenomepusanuo TaHOJUTUTHUHOB 1,3-0yTaJuHOM [TPOBOIMIIN CIIEY FOIIUM 00pa3oM.

Hagecky stanomnuraunsa (0,35 1) pactBopsiyiz B 70 MJI AHCTHIITUPOBAHHOM BOIBI ¢ T0OaBICHUEM
0,35 r ruapokcuaa HaTpus. Karanusatop roToBuiu, 100aBisis B IPUTOTOBICHHBIH PaCTBOP ITAHOIN-
JUTHHHA 69 MTr HaTpueBoil conu Tpucyibdara Tpupenmnpochuna u 13 Mr quanerara rnajragus.
PacTBOp MEPEHOCUIIN B CTAIBHON peakTop 06bemoM 100 ¢M?, mocne 4ero cBOGOMHBIN 00BEM 3amo-
HsUTH aproHoM i 1,3-OyranueHoM. Macca OyTaaueHa B KaKJIOM ciiydae cocTaBisiia 2,5+0,1 r. Pe-
AKIIMIO TeJIOMEPHU3aLMK MPOBOINIIN B TeueHUH 2 4 npu Temmneparypax 70 u 90 °C nmpu HHTEHCHBHOM
nepememnBanuy. [lociie 3aBepiieHus: peakuy TeJIOMEPU30BAHHbIIN JIUTHUH OCAXAAJIN U3 PACTBOpa
10%-HBIM PacTBOPOM COJISTHOW KHCIOTBL. OCalloK OTAECNSUIA LEHTPUPYTHPOBAHUEM M IPOMBIBAIH
JUCTUJLIMPOBAHHON BOJOM.

st ceemkn 3 P-IMP-criektpoB o6pasern (0,01-0,03 1) pacTBOPsIN B CMECH JISHTEPUPOBAHHBIX
pactBoputeneit AM®/mupuann(l:1v/v) ¢ 1o06aBIeHnEM UKJIOTeKCaHOIa B Ka4ecTBe cTaHmapTa. Jlus
dhochoprtnpoBaHus 00pa3IoOB JUTHIHA HCIIOIb30BaIN 2—XJ10p0-4,4,5,5—teTpameTi-1,3,2—1nokco-
(docdanan, xotopsrit nodasnsu B konudectse 0,1 T (puc. 1). Takke k cMecu 100aBIsLTH JSHTEPUPO-
BaHHBIN XJI0pOdopM.

SIMP-cniexTpsl (BKJIFOUas JBYyXMepHBIE) ObliM 3anmucanbl npu 25 °C Ha CHEKTpOMETpe
Bruker AVANCEIII (600 MHz (‘H) u 155 MHz (3C), 240 MHz (*'P)) KpacHospcKkoro mentpa
KOJIJIEKTUBHOTO Toib30BaHus. Konnentpanuio OH-rpynn paccuMThIBaIM 110 WHTErpajbHOMN
MHTEHCHUBHOCTH COOTBETCTBYIOIINX 00sacTell, CpaBHUBAS MX C IJIONMABI0 MUKA CTaHAApPTa —
LUKJIOTeKCaHOoIa.

MoutekyIisipHO-MacCOBOE paciipeiesieHie 00pa3IoB ONpeelisiii Ha MHOTOJJIETeKTOPHON CHCTEME
GPC / SEC Agilent 1200 Infinity II ¢ TpoitabiM neTekTupoBanuem: peppakromerpom (PL), Bucko-
sumeTtpoM (VS) u cBeropaccesuuem (LS). Pasnenenne npoBoauinu Ha qByX KonoHkax Aquagel-OH

Mixed-M (300 x 7,5 MM, 8§ MKM), UCTIONB3Ys XJIOpodopM B KauecTBe MOABMKHOU (ha3pl. KomoHKy

OCH; 0 ~ OCH;

> CDCl5 -
+ p—CI —> 0
P R
OH 0 Pyridine O—P_

i
Puc. 1. dochopunupoBanue TUTHHHOB

Fig. 1. Phosphorylation of lignins
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KanuOpoBajyu No craHaapraMm nonudTuieHrukons (Agilent, Canra-Kinapa, Kanudopuus, CILIA).
CKopocTh TIOTOKA AIII0EHTa cocTaBisiia | mur / MuH, a 06bem npodsl — 100 mki. Ilepen ananuzom
00pasibl pacTBOPSIIM B MOABHKHOU (aze (1 Mr / M) u GpuibTpoBanu yepe3 ruApoPpUIbHbIA MeM-
6pannbiii punsTp u3 PTFEO0,22 MM (Agilent). Coop 1 00paboTKa TaHHBIX BBITIOIHSIIMCH C TOMOIIBIO
nporpammuoro obecneuenust Agilent GPC / SEC MDS.

DJIEMEHTHBIM aHajJW3 JIMTHUHOB BBINIOJHEH Ha 3yeMeHTHOM ananmu3atope FlashEA-1112

(ThermoQuest, Utanusi).

Pe3yabrarhbl 1 00cyxaeHne

Onpeoenenue cooepicanus 2UOPOKCUTLHBIX 2PYNN 8 IMAHOITUSHUHAX

JlaHHBIE DJIEMEHTHOI'0 aHaJIKM3a JPEBECHBIX ATAHOJIJIUTHUHOB IIPUBE/ICHBI B Ta0I. 1.

B cTpyxType nuranna coaepkarcst pasHoodpasnsie OH-rpymisl, criocoOHbIe y4acTBOBATh B pe-
akuuu tenoMepusanuu ¢ 1,3-6yramuenom. C ucnonb3osanuem mMerona 'P-SIMP ycranosnena npu-
poza u coepKaHue PA3IUIHBIX THAPOKCHIIBHBIX IPYIII B OTAHOJJIUTHUHAX JTUCTBCHHON M XBOWHON

JPEBECHHBI.

Tabnuua 1. DneMeHTHBIN COCTaB IPEBECHBIX dTAHOJUIMTHUHOB™®

Table 1. Elemental composition of wood ethanol-lignins*

DTaHOITUTHIH C (%, mac.) H (%, mac.) Oyir (%, Mac.)
[TuxTeI 66,34 5,94 27,54
CocHBbI 65,28 6,06 29,49
OcuHBI 63,01 6,26 30,73
Bepessr 63,62 6,04 30,34

* — cofepKaHue KUCIOPO/Ia PACCUUTAHO T10 Pa3HHUIIC.

WuTerpuposanue moniaaeii nukoB B IMP-criektpe no3BossieT audhepeHnpoBaTh pa3IndHbIe
sl OH-rpynn U paccunTHIBATE MX COACPKAHME B STAHOIMIHUHAX. Tunnunsiii 3 P-IMP-criektp
n300pakeH Ha puc. 2.

B criekTpe MOKHO BBIIEIUTH HECKOJIBKO 00J1acTel, COOTBETCTBYIOLIMX paznudHbiM OH-rpymnnam:
obnacts ot 150 o 145,5 ppm coorBetcTByeT anudarnyeckum OH-rpynnam, nuk npu 139 ppm npu-
HAJUISKUT [UKIIOT€KCAHOY, UCIIOJIb3YEMOMY B KauecTBe cTaHIapTa, oonacts npu 144,7-136,6 ppm
cootBeTcTBYET (peHonbHBIM OH-rpynmam, npu 133,6—136,6 — kapOokcnnbabIM Tpynnam [16]. Madop-
MaIHs O COOTBETCTBUH PAa3IMIHBIX 0051acTel B *'P-SIMP-criekTpax 3TaHOJUIMTHUHOB Pa3IMYHBIM BU-
JaM CBsi3eil mpuBeieHa B Ta0I. 2.

HHTerpupoBaHue 3THX 00JIACTEH C yYETOM KOHICHTPALMH CTaHaapTa (IUKJIOreKCaHOJIa) IMO0-
3BOJISIET BBIYHMCIUTH COAEP)KAHHE B STAHOJJIMTHMHAX OCHOBHBIX THIIOB TMJPOKCHJIBHBIX T'PYIIIL:
anudaruyeckux (COUPTOBBIX), PEHOJIBHBIX U KapOOKCHIIbHBIX. DEHOJIBHBIE I'PYIIbI B CBOIO OYe-
penb MoryT ObITh T PepeHINPOBAHEI HA HEKOTOPBIEe MOATUIIEI (—B-5, —4-0-5, —5-5 cBs3n). Takke
B SIMP-crniekTpax MOryT ObITh BBIAEJICHBI I'BasIIIMIIbHBIC U KaTeXHJIbHBIC TpyMIbl. B Tabn. 3 npusese-

HbI JaHHBIC O COACPIKAHUHN Pa3JIMIHBIX (1)paKL[I/IOHHBIX TPyl B 9TaHOJIJIMTHUHAX.
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Puc. 2. 3'P-SIMP-CIEKTp 3TaHOJIMIHUHA TUXThI

Fig. 2. 3'P-NMR spectrum of abies ethanol-lignin

Ta6nuua 2. Coorsercrue obnacteii B 3'P-SIMP-criekTpax JUIHUHA Pa3IM4HbIM BUIAM CBS3€ii

Table 2. Correspondence of regions in the lignin *'P-NMR spectra to different types of bonds

Tun OH-rpynn WnTepran, ppm
Anudarnueckue 150,0-145,5
®deHobHBIC 144,7-136,6
[Tapa-OH-deHosbHbIE U IBasIIUIbHBIC 137,3-140,0
C5 3ameleHHbIe, BKIJIFOYAs: 140,0—-144,7
-B-5 142,8-144,7
-4-0-5 141,7-142,8
-5-5 140,2-141,7
I'BasiuuibHBIE 139,0-140,0
KarexunbHble 138,0-139,0
Iapa—rnnpoxcn—QeHoIbHEIe 138,0-137,3
Kap6okcunbHbie 133,6-136,6

Hccnenyemble 2TaHOIIUTHUHBL cofepkar oT 6,1 mo 5,5 mmons OH-rpynn Ha 1 T nmonumepa.
DeHosIbHBIE THPOKCOIPYIINBI BHOCST HAaOObIIN BKIIa B o01ee copepkanre OH-rpymim ais Bcex
M3y4aeMbIX 3TaHOJUIMTHWHOB. MakcumainbsHoe copepskanne OH-rpynn HaOmromaercs IUist 9TaHOJI-
JUTHUHA MUXThl, MUHUMAJIBHOE — JUJISL 3TAHOJLIMTHUHA Oepesbl. Obmmiee konnyecTBoOH-rpymnm yBe-

JIMYUBACTCA B pAAY 3TAHOJJIMTHUHOB! 66p63H<OCI/IHH<COCHLI<HI/IXTBI.
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Tabnuua 3. Coxepxanue paznuuabix OH-rpymmn B 9TaHOIUIMTHHHAX (MMOJIB/T)

Table 3. Content of different OH-groups in ethanol-lignins (mmol/g)

TunyHKIMOHATBHBIX TPy D TAHOIIUT I

MTAXTHI COCHBI OCHHBI Oepesbl
Aunugarudeckre 2,27+0,03 2,53+0,17 2,3+£0,2 1,77+0,11
denonpunie-OH 3,45+0,05 2,884+0,08 2,8+0,2 3,29+0,02
C5-3aMeleHHbIC, BKIIOYas: 0,81£0,02 0,74+0,02 1,940,1 2,18+0,02
-B-5 0,15+0,03 0,11+0,01 0,17+0,02 0,16+0,02
-4-0-5 0,19+0,01 0,164+0,005 0,36+0,02 0,66+0,10
-5-5 0,39+0,01 0,36+0,02 1,3+0,1 1,3+0,1
I'BasiubHBIE 0,415+0,002 0,36+0,01 0,18+0,01 0,22+0,03
KarexuibHbie 1,5+0,1 1,6+0,1 0,61+0,01 0,72+0,03
Tapa—runpokcu — GpeHoIbHbIE 0,44+0,04 0,13+0,01 0,23+0,01 0,14+0,01
Kapb6okcuiababie 0,33+0,01 0,29+0,01 0,48+0,02 0,40+0,01

Hs'yquue mepmuttec;cozi ycmoﬁwueocmu pacmeoperHnblx dSmanoJlIUcHUHOB

[IpoBeneHa cepusi SKCIEPUMEHTOB 0 H3YUYCHHIO TEPMUYECKOIH YCTOHYNBOCTH ITAHOJITUTHUHOB
B BOJIHO-II[EJIOYHOM Cpefie B OTCYTCTBHE M B IPUCYTCTBUHU KaTaJIN3aTopa TeJIoMepH3aluu (KOMILJIEKC
muanetaramaaausa(Il) ¢ HaTpueBoit conbio Tpucynbdara Tpupenmndochuna). st 3Toro mposeze-
HO COIOCTABJICHUE COICPIKAHMS PA3JIMYHBIX THIPOKCHIIBHBIX I'PYIII B KICXOJIHBIX U TEPMOOOpadOTaH-
HBIX STaHOJUTUTHHUHAX (Ta0l. 4).

[MpakTHyecku 1uist BceX TEpMOOOPaObOTaHHBIX 00pa3loB HAOIIONACTCS CHHIKEHHUE COJEPKAHUS
amudarnaecknxu penonpHbIX OH-rpynn u Bo3pactaHue KOHICHTPALMH KapOOKCHIIBHBIX I'Py I 110-
CJie BBIJICP)KKH UCXOJHBIX ATAHOJJINTHIHOB B BOJTHO-IIIETIOYHOM cpene mpu Temmnepatypax 70 u 90 °C.
CrenyeT OTMETHUTB, YTO MUHUMAJIBHBIM M3MEHEHHSIM IIPH TEPMOOOPaOOTKE MOABEpraeTcs ITAHOI-
JIUTHUH Oepe3bl.

Pe3ynbraTel U3y4eHUs] TEPMHUYECKOW YCTOWYMBOCTH PACTBOPCHHBIX JTAHOJUIMTHHHOB CBHUJIC-
TEJICTBYIOT O COXPAHEHUHU J0CTATOYHOro KonuuecTBa OH-rpyrm, crnocoOHbIX yuacTBOBaTh B Peak-

nuu Teromepusanuu ¢ 1,3-0yraanenom npu remneparypax 70 u 90 °C.

H3yuenue menomepuszayuu smanonriuenunos ¢ 1,3-6ymaouernom

O npOoTEeKaHUH PEAKIIUU TSIOMEPH3AIUHU CYAIIH [0 COACPKAHMIO THIPOKCUIIBHBIX TPYIII B UC-
XOJIHBIX 9TAHOJUIMTHUHAX U MPOJAYKTAX UX TEJIOMEPH3AIIHH.

Kak ciienyeT u3 momydeHHBIX pe3yIsTaToB (Tadi. 5), conepkanue anudarudeckux, GeHOIbHbIX
u KapOoKcmIbHBIX OH-Tpymnin B MCXOMHBIX M TEJIOMEPHU30BAHHBIX ATAaHOUIMTHHHAX MOXKET CYIIe-
CTBEHHO Pa3inyaThbCs.

[To cpaBHEHHIO C HCXOHBIMH ITAHOJIMTHUHAMU [TUXTHI U OCHHBI IPOAYKTHI UX TEJIOMEPH3AIHH
cofepxar MeHble anudarnueckux U peHoapHbIx OH-rpymnm. Ilpu Tenomepu3anuu 3TaHOJIMTHUHA
COCHBI COJICPIKAHUE ITHX I'PYII MaJI0 U3MEHSETCS, a B CJIy4ae ITAaHOJUIMTHUHA Oepe3bl MOXKET BO3-
pactath. Comeprkanue KapOOKCHIIBHBIX IPYIIN B IPOAYKTAX TEIOMEPU3AIMH BCEX BHIOB 3TAHOJIJIHUT -

HHHOB 6OJ'ILIH6, 4Y€M B UCXOAHBIX 3TAHOJIJIMTHUHAaXx. Ha COACPIKAHUEC PpA3JIMIHBIX BUIOB OH-prl'[l'I
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Tabnuua 4. Conepxanne OH-rpynn B 5TaHOJUIMTHMHAX IOCJHE WX BBIIEPKKHU B pactBope 2 % NaOH npu 70
1 90 °C (MMOJIB/T)

Table 4. Content of OH-groups in ethanol-lignins after their exposure in a solution of 2 % NaOH at 70 and 90 °C
(mmol/g)

DTAaHOJIUTHUH IMUXTHI

T'mapoxcunbHbIe B orcyrcTBHe KaTanmzaTopa B npucyrcTBuM KaTanuzaTopa Hcxonubiit
TPYIIITBI (#0,05) (#0,05) STaHOJUIMTHUH
70 90 70 90 -
Anudarnueckue 1,75 1,76 1,69 1,62 2,27+0,03
®deHobHBIC 3,50 2,63 2,82 2,36 3,45+0,05
Kap6okcunbubie 0,58 0,55 0,54 0,65 0,33+ 0,01
Bcero 5,83 4,94 5,05 4,63 6,10 +0,05
OTaHOIIUTHIH COCHBI
T'mapoxcunbHbIe B orcyrcrBue kaTanuzaTopa B npucyrcTBuM KaTanuzaTopa Wcxonnerit
TPYIIITB (#0,05) (#0,05) STAaHOJUIMTHUH
70 90 70 90 -
Anudarnueckue 1,90 2,19 1,83 2,36 2,53+0,17
deHoNbHEBIE 2,44 3,20 3,27 3,31 2,88+0,08
KapGoxcunbHble 0,52 0,68 0,43 0,62 0,29+0,01
Bcero 4,85 6,07 5,53 6,28 5,70+0,23
OTaHOUIMTHUH OCHHBI
T'uapokcuiIbHbIC B oTcyTcTBHE KaTanuzaTopa B npuCyTCTBHH KaTalu3aropa HVcxonusrid
TPYIIITB (*0,05) (#0,05) STAaHOJUTUTHUH
70 90 70 90 -
Anudarnueckue 1,96 1,68 1,94 1,66 2,30+£0,2
deHobHEBIE 1,92 1,90 2,21 2,69 2,80+£0,2
Kap6oxcunbHbie 0,74 0,54 0,68 0,60 0,48 £0,02
Bcero 4,60 4,10 4,80 4,95 5,60+0,3
DTaHOIIUTHUH Oepesbl
I'mapokcunbubie B orcyTcTBHe KaTanuzaTopa B npucyrcTBum katanuzaropa Hexonuspiit
TPYIIIB (*0,05) (#0,05) STAaHOJUIMTHUH
70 90 70 90 -
Anudarnueckue 1,92 1,55 1,88 2,17 1,77+£0,11
DeHoIbHEIC 3,30 3,42 2,93 3,28 3,29+0,02
Kap6okcunbHbie 0,76 0,72 0,72 0,86 0,40+0,01
Bcero 5,98 5,69 5,54 6,31 5,46+0,12

B TEJIOMEPU30BAHHBIX dTAaHOJIMTHUHAX OKa3bIBACT BIMSHHUE M TEMIIEPAaTypa peakuy TeJIoMepu3a-
uuu (Tadun. 5). Tak, NpoAyKT TeaoMepu3aluy 3TaHouIMrHiHa oepessl mpu 90 °C conepkut 0osblie
amudarnaecknx n Gpenonapubix OH-rpynm (2,48 u 4,15 MMoib/T), 4eM ucxoaubIi dTaHoUrHuH (1,77
1 3,29 MMOIIB/T), IpUYEM UX COJEPKAHUE CYIIECTBEHHO yMeHbiaercs (10 1,89 u 2,79 MMoub/T) npu
CHIKEeHHH TeMrepaTypsl Tenomepusanuu 10 70 °C. IloBsimenne konudecrsa OH-rpynn B mpomyk-
Tax TeJOMepHU3aluK 3TaHoIMrHUHA Oepe3bl mpu 90 °C MOKeT ObITh CBSI3aHO C IPOTECKAHUEM pPeak-

U THAPONIH3a YQUPHBIX CBSI3CH TUTHIUHA B BOIHO-IICIIOYHON CpeIe.
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Ta6numna 5. Conepxkanue paznuaabix OH-rpynm B HCXOAHBIX U TEIOMEPH30BAHHBIX 3TAHOJIUTHHHAX (MMOJIB/T)

Table 5. Content of different OH-groups in the initial and telomerized ethanol-lignins (mmol/g)

DTaHOJJIUTHIH MUXTHI
[TapameTrpst HcxonHblit 5TAaHOIUTHUH [ponykT Tenomepusanuu (£0,02)
T, °C - 70 90
Aunngpatudeckre 2,27+ 0,03 1,95 1,82
DeHoIbHBIC 3,45+ 0,05 2,17 3,05
Kap6okcuibabie 0,33 £ 0,01 0,59 0,80
Bcero 6,10 + 0,05 4,71 5,67
DTaHOJIJIUTHUH COCHbL
[TapameTrpst HcxomHblii 9TAaHOTUTHUH [ponykTt Tenomepusanuu (£0,02)
T, °C - 70 90
AnudaTrueckue 2,53+0,17 2,16 2,43
DeHoIbHbBIC 2,88+0,08 2,61 2,86
Kapb6okcuiababie 0,29+0,01 0,53 0,67
Bcero 5,70+0,23 5,30 5,96
DTaHOIIUTHIH OCHHBI
[MapameTtpsr HcxonHb1id 3TaHOIUIUTHUH IIpoxyxT Tenomepuzanuu (£0,02)
T, °C - 70 90
Anudarnueckne 2,30+ 0,20 1,13 1,69
DeHOoIbHBIE 2,80+ 0,20 0,92 1,41
KapOokcuiababie 0,48 + 0,02 0,49 0,51
Bcero 5,60 0,30 2,50 3,60
DTaHOJIIUTHUH Oepe3sl
[Tapamerpst HcxonHslii 9TaHOIUTHUH IpomyxT Temomepnzaruu (+ 0,02)
T, °C - 70 90
Anudaruueckue 1,77+£0,11 1,89 2,48
denonbHBIE 3,29+0,02 2,79 4,15
Kap6okcuiabHbie 0,40+0,01 0,69 0,55
Bceero 5,46+0,12 5,37 7,18

MeTo0M renb-IPOHUKAONIeH XpoMaTorpadu N3yu4eHo MOJIEKYIISIPHO-MAaccoBOE pacipesere-
Hue (MMP) HCXOAHBIX ¥ TETOMEPHU30BAHHBIX 3TAHOJIMTHUHOB MUXTHI U OCUHBI (puc. 3). Tabnuia 6
COZICPKUT JAaHHBIE O CPEIHMX MOJEKYJISPHBIX Maccax W IMOJIHANCIEPCHOCTH 00pa3loB HCXOAHBIX
U TEJIIOMEPU30BAHHBIX JTAHOJUIMTHUHOB. B cilydae TelOMEpH30BaHHBIX JTAHOJUIMTHUHOB HMUXTHI
1 OCHHBI HaOJII01aeTCs YBEITHMUCHHE CPEIHEH MOJIEKYJISIPHOM MacChl M CHM)KEHHE TIOJIN JUCTICPCHOCTH
[0 CPABHEHUIO C MCXOJHBIMU dTAaHOJIUTHUHAMU. Takke B ciiydyae TeJIOMEPU30BAHHBIX 3TAHOJLIUT -
HUHOB HaOJI0/1aeTCsI NCUE3HOBEHHUE ITMKA HU3KOMOJIEKYJISIPHOH (DPaKIIMH, TPUCY TCTBYIOIIETO Ha KPH-
BbIX MMP uCXOAHBIX 3TaHOIIUTHUHOB.

OTcyTcTBHE HU3KOMOJEKYIISIPHBIX (DPakIuil B TEIOMEPH30BAHHBIX ATAHOJUIMTHUHAX MOXKET
CBHJICTEJILCTBOBATh O «CIIMBAaHHUW» MaKpPOMOJIEKYJ JIMTHUHA MEXIy cOO0OW uepe3 MpHCOCIMHHB-

mecst MosieKyJisl 1,3-0yTajuena, 9To MPUBOANUT K YBEIMYEHUIO UX MOJIEKYJIsIpHOWH Macchl. Kpusbie
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Puc. 3. KpuBbie MOJICKYJISIPHO-MAaCCOBOTO pacHpeeeHus sl ATaHOUIMIHUHOB NUXTHL (1 — 1o, 2 — mocie
TeJIOMEepU3alnn) U OCHHBI(3 — 110, 4 — IMOCIIe TeTOMEPU3ALIHH)

Fig. 3. Molecular mass distribution curves for abies ethanol-lignin (1 — before, 2 — after telomerization) and
foraspen ethanol-lignin (3 — before, 4 — after telomerization)

Ta6nuua 6. CpenHue MoJeKyaspHbie Macchl (Mn, Mw) i onuauctepcHocThb (D) HCXOMHBIX U TEIIOMEPHU30BAHHBIX
3TaHOJUTUTHUHOB

Table 6. Average molecular mass (Mn, Mw) and polydispersity (D) of the initial and telomerized ethanol-lignins

O6pa3sen Mn (Da) Mw (Da) D
DTaHOJIUTHUH MTUXTHI (MCXOIXHBIN) 950 1830 1,95
DTaHOIIUTHUH NUXTHI (TIOCIIE TEIOMEPU3ALINH) 1350 2320 1,73
DTaHOJIUTHUH OCHHBI (MCXOTHBIN) 1104 1436 1,50
DTaHOJIUTHUH OCUHEI (TTOCIIE TEIOMEPU3ALIAN) 1583 2480 1,32

MOJIEKYJISIPHO-MAaCCOBOTO PaCIpeeeHIsI TEeJIOMEPU30BaHHbBIX 3TAHOIJIUTHUHOB COCHBI U Oepe3sl
HE y/1aJ0Ch MOJXYYUTh U3-32 MAJIOW PACTBOPUMOCTH 3THUX JTUTHUHOB B JTIOCHTE.

JlanHbie 0 MOP(OJIOTUH UCXOIHOI'O U TEIOMEPU30BAHHOIO ATAHOJUIMTHUHA MMHUXThI TOIYYEHBI
METOZOM CKaHUPYIOIIEH AIIEKTPOHHOH MUKPOCKOIINH (pHC. 4).

B nporecce TenoMepusanuu dTaHOJUIMTHUHA € 1,3-0yTalueHOM CyIIECTBEHHO U3MEHSETCSI ero
MopdoIoTHs, a UMEHHO €ro M3Ha4aJIbHO aMop(dHas cTpyKTypa TpaHchopmupyercss B Oojee mopu-
CTYI0 1 OoJiee yeTKo (hparMeHTHPOBAHHYI0. AHAJIOTHYHAsI KAPTHHA HAOIOAAETCS U TIPU TEJIOMEPH-

3alliuy 5TaAaHOJJIMIT'HUHOB COCHBI, OCHHBI 1 6€p63H.
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Puc. 4. COM-u306paskeHHs HCXOAHOTO (A) 1 TeoMepH30BaHHOTO (B) sTaHONIIMrHIHA TUXTHI

Fig. 4. SEM images of initial (A) and telomerized (B) abiesethanol-lignin

3akjrouenne

Metonamu 3'P-SIMP, renb-npoHUKaromei XpoMoTorpaguu 1 CKaHUPYIOMIEH JIEKTPOHHON MH-
KPOCKOITMH 0XapaKTePU30BAHbI TAHOJITUTHUHBI, BBICICHHBIC U3 IPEBECHHBI TUXTHI, COCHBI, OCHHBI
u Oepessl.

[To nanueIM SIMP, n3ydeHHbIe STaHOIIUTHUHBI OTINYAIOTCS APYT OT APYyTa COAEPKAHUEM pas-
JINYHBIX (PYHKIHOHAJIBHBIX rpymin. OgHako o0lee coaepKaHue B HUX alu(GTHICCKUX, (PEHOIBHBIX
1 KapOOKCHJIBHBIX TPy pa3iandaeTcst He3HaYuTenbHO (5,46—6,10 MMOIB/T).

DTaHOJUIUTHUHBI ObUTH MOAUGUIIMPOBAHBI Tesomepu3sanueii 1,3-0yraguerom mpu 70 u 90 °C
B IPUCYTCTBUU KaTalu3aTopa — komIuiekca nuanerara Pd(Il) c narpueBoii conbio Tpucynbdara Tpu-
¢benunndochuna. Xoa0CTHIMU IKCICPUMEHTAMHU B aTMOC(epe aproHa yCTaHOBJICHO, YTO IPU ITHX
TemmnepaTypax MPOUCXOAUT CHIDKEHHE B PACTBOPEHHBIX ATAHOJUIMTHUHAX COAEp)KaHUs anudarnde-
CKUX U (DEHOJIHBIX THIPOKCUIIBHBIX I'PYII U BO3pacTaHHe KOJU4ecTBa KapOokcuibHbix OH-rpymm,
OITHAKO X oOl11ee co/iepKaHne Majio U3MEHSIETCSL.

CormnocTtapiieHne cojepkanns pa3indibix OH-rpyrin B MCXOIHBIX TAHOJIMTHIUHAX U B IPOJIY K-
Tax WX TEJIOMEPU3ALNN [T0KA3aJI0, YTO B PEAKIINU TEJIOMEPHU3ALMH yUacTBYIOT anudaTudeckue u de-
HOJIbHBIE THJIPOKCHIIbHBIE TPYIIIIBL.

MeTo10M Trelb-TPOHUKAIOMIEH XPOMOTOrpauu yCTaHOBIICHO, YTO B CITy4ae TEJIOMEPHU30BaHHBIX
STaHOJIJIMTHUHOB MTUXThl U OCHHBI HAOJIIO/IAeTCs yBEIIMYCHUE CPEeIIHEH MOJIEKYJISIPHONH MacChl U CHHU-
JKEHHUE MOJTUANCIIEPCHOCTH 110 CPABHEHHUIO C MCXOIHBIMH 3TaHOJUIUTHUHAMH.

[To naHHBIM CKaHUPYFOIICH JICKTPOHHON MUKPOCKOITNHU, H3HAYAJIBHO aMOP(HAsI CTPYKTypa dTa-
HOJUINTHUHOB TpaHc(opMupyeTcs IIpH TeIOMEepH3aliy B 6oJiee MOpHUCTYIo U Oosee 4eTKo (pparmMeH-
THPOBAHHYIO.

Tenomepr3oBaHHbBIE YTAHOJIIUTHUHBI SBJISIOTCS O0see ruApoGpoOHBIMHU TI0 CPABHEHUIO C HCXO-
HBIMH ¥ UMEIOT IIEPCIIEKTUBBI UCIIOIb30BAHMUS B KAYECTBE COPOCHTOB, T'UAPOU30IISIIIIOHHBIX MaTePHU-

aJIOB, B KOCMETHYECKOU IIPOMBIIIVIEHHOCTH, ITPU IMOJYUYCHU N KOMIIO3UTHBIX MaTEPUAJIOB.
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3J’leKTp0XI/IMI’I‘IeCKOC H3y4YCHUE
BOCCTAHOBJICHUHA ﬂeByJIHHOBOﬁ KHCJIOTbI

B AallCTOHUTPHUJIC HA PA3JIMIHBIX 3JICKTPOAAaX

I'. B. Bypmakuua?, /1. B. 3umonnn®9,

B.B. Bepnexkun?®, A. U. Py6aiino*°
Uncmumym xumuy u XUMU4ecKou mexHoi02uu
@UIL] KHI] CO PAH

Poccuiickas ®edepayus, Kpacuosapck
®Cubupcruil hedepanvubiii ynueepcumem
Poccuiickas ®edepayus, Kpacuosapck

AHHOTAIUS. DIEKTPOXUMHUECKUMH METOIAMHU M3y4€HO BOCCTAHOBIJICHHE JIEBYJIMHOBOW KHCIIOTHI
B 0E3BOJHOM ALIETOHUTPUIIEC U ALETOHUTPUIIE C HOOABICHHEM JOHOpPa IPOTOHOB HA IJIATHHOBOM,
POAMEBOM, CTEKJIOYTJIEPOAHOM, PTYTHOM KamlelIbHOM, JKEJIE3HOM, MEJHOM W CBHHIIOBOM
anekTponax. IlokaszaHo, 4TO BOCCTAaHOBJICHHE JICBYJIMHOBOH KHMCIOTHI B 3aBHCHMOCTH OT NPUPOABI
MaTepHala 3JeKTpoJa MOXKET MPOTEKaTh Kak I10 IeKTpokaramuTuieckomy (Ha Pt, Rh u CVY), tak

u anektpoxumuueckomy (Ha Fe, Cu, Pb) mexanuzmy.

KuarodeBble cJji0Ba: SIEKTPOXMMHS, JEBYJIMHOBas KHCIOTa, BOCCTAHOBJIEHHE, IUTATHMHOBBIN,
POIMEBBINA, CTEKIIOYTJIEPOHBIN, PTYTHBIN KalleJIbHbIN, )K€I€3HbIH, MEAHBIN U CBUHLIOBBIHI 3JIEKTPOBL,

AETOHUTPUII, Y-BAJICPOJIAKTOH, BaJI€CpUaHOBas KHUCJIOTA.

BaarogapHocth. Pabora BhIMONHEHA B paMKax rOCYAapCTBEHHOrO 3amaHus MHCTHUTyTa XUMHUU
u xumudeckoit texaonorun CO PAH (mpoekt 0287-2021-0012).

Iutuposanue: Bypmakuna, I. B. DinekTpoxnuMuyeckoe H3yueHHe BOCCTAHOBIICHUS JIEBYJIMHOBOM KHCIOTHI B allCTOHUTPUIIE
Ha pa3nuuHbX 3nektpoaax / I. B. Bypmakuna, /1. B. 3umonun, B. B. Bepniekun, A. 1. Py6aiino // XKypn. Cub. dpenep. yH-Ta.
Xumus, 2021, 14(4). C. 552-560. DOI: 10.17516/1998-2836-0262

BBenenne

JleBynunoBas kucnora (JIK) siBisieTcst ofHUM M3 OCHOBHBIX MPOAYKTOB KHCIOTHOTO THAPO-
JW3a JIMUTHOLEIUIIOJIO3HOM Onomaccel. biiaronapst Hanu4unio B MOJIEKYyJe ABYX PEaKIMOHHOCIIO-
COOHBIX LIEHTPOB (KeTO- M KapOOKCUJIBHOW TI'pYIIIN), JIEBYJIMHOBAs KHCIOTAa — NEPCIEKTUBHBIN
MPEeKypcop [JIs CHHTE3a IEHHBIX XMMHYECKMX BELIECTB M BBICOKOIHEPI€THUECKHUX JKUJIKUX
TonauB [1—4]. BoTBIIMHCTBO METOOB €€ MPEeBpAIleHHI OCHOBAHBI HAa TOMOTEHHBIX M T'e€Tepo-
FeHHBIX KaTAJIUTHYECKUX mpoleccax rugpupoanus [S—13]. Takue npoueccsl NpoTEKalOT B aT-
Mochepe BOJOPOAa NPHU BEICOKUX TeMIIepaType U AaBICHUH C UCIIONIb30BaHUEM KaTalH3aTOPOB,
COJIEPXKAINX METAJIbl IIIATHHOBOW T'PYINBI. AJIBTEPHATHBHBIM MyTEM BBICTYTACT 3JIEKTPOXH-
MHUYECKHI CHHTE3, MPEUMYIIECTBOM KOTOPOTO SABIAECTCA BO3MOXXHOCTH NMPOBENCHUSA pEaKIUi

IIpU TeMIEepaType OKpyKalolel cpeasl 1 aTMOC(HEPHOM JABICHUHU Ha PA3TUIHBIX IEKTPOIHBIX
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marepuaiax [1, 14—19]. OgHako KOJIHYECTBO PabOT MO IEKTPOXUMHUYCCKON KOHBEPCUH JICBYJIU-
HOBOM KHCJIOTHI HE3HAYUTEIBHO.

DJEeKTPOXUMHUECKHE PEIOKC-TIPEeBpallleHUs] JIEBYJIMHOBONW KHCIOTBI C OOpa30BaHHMEM Ba-
JepPUAHOBOM KHCIIOTHI, Y-BajJepOJIAKTOHA, H-OKTaHA, 2,7-OKTaHAMOHA, 4-THIpPOKCH-2-OyTaHOHa,
3-0yrteH-2-oHa, 1-OyTaHoma, 1,3-0yTanauoia u3ydeHsl B padorax [1, 14—19]. Iloka3aHo, 4TO B KUC-
aeix (0,5 M H,SO,4) BonHBIX pacTBOpax 3JeKTpOXHUMHYecKoe BoccTaHoBiaeHHe JIK Ha cBMHIIOBOM
AJIEKTPOJIE IPUBOJIUT K 00pA30BaHMIO BaJICPUAHOBOM KUCIIOTHI; HA MEJHOM, JKEJIE3HOM U HUKEJIEBOM
KaTo/ax, B 3aBUCHMOCTH OT YCJIOBHH 3JIEKTPOJIN3a — BAJCPUAHOBOM KHUCIIOTHI U Y-BaJIepOJIAKTOHA,
Ha yIJIEpOIHOM — y-BajepoaakToHa. B menounsix (1 M NaOH) BogHBIX pacTBOpax BOCCTaHOBIIE-
HUe JIeBYJIMHOBOM KucioThl Ha Fe- n Pb-anexTpogax nmpoTekaeT ¢ 00pa3oBaHHEM y-BaJepOJIAaKTOHA.
OnekTpoxumuueckas koHBepcust JIK B H-okTaH u S-aneTnn-2,9-1eKaHIMOH B METaHOJIE, BOJHOM
1 METaHOJI-BO/Ia paCTBOPax U3ydeHa B paborax [17, 18]. YcTaHOBIEHO BIUsHNE COCTaBa JIEKTPOJIU-
Ta ¥ IPUPOJIBI DTIEKTPOAHBIX MaTeprasoB Ha penokc-npespamenus JIK [1, 14—18]. Takum obpaszom,
OOJIBIIMHCTBO HMCCIIEIOBAHUH 3IeKTpoxuMHuuecknx peakunil JIK mpoBeneHo B BOOHBIX U BOJHO-
cnupToOBBIX pactBopax [1, 14-18]. B To e Bpemsi, kak ObuIo nmokaszano B pabore [20], ucrnonb3o-
BaHHE OPraHMYECKHX PacTBOPHUTEINIEH MO3BOJSET N3ydaTh perokc-cBoiictsa JIK B 6oee mmpokoi
00JIaCTH NOTEHINAJIOB.

HacTosimas paboTta nocBsieHa nccileJOBAaHUIO BIMSHIS MaTepuaita padodero 3JeKTposa; Iia-
THHOBOT'0, POJMEBOT0, CTEKJIOYTJIEPOAHOTO, PTYTHOTO KaleIbHOr0, KEJIEe3HOT0, METHOTO M CBUHIIO-
BOT0, Ha 3JIEKTPOXUMHYECKOE BOCCTAHOBIICHHE JIEBYJIMHOBOW KUCIOTHI B OE3BOJHOM allETOHUTPHUIIC

H allCTOHUTPUJIC C )IO6aBJ'IeHI/ICM JOHOpPa MPOTOHOB.

BKCHepl/IMeHTaJI])HaSI JacThb

DJIEKTPOXMMUYECKHE M3MEPEHHUs] CBEXKEHNPUTOTOBICHHBIX PACTBOPOB JIEBYJIMHOBOW KHCIOTHI
(Sigma Aldrich) B anetonutpune (MeCN [Me = CHj3], ocu) npoBoauiau B armocdepe aproHa mnpu
KOMHATHOH Temrieparype. B kauectse poroBOro snexrponura ncrosns3osaiu 0.1 M rerpastunammo-
Huii rerpadropbopar (EtyNBF, [Et = C,Hs]), noHOpa IpOoTOHOB — pacTBOp KoMILIeKca TeTpadpTopoop-
HOW KHCJIOTHI C TUITHIIOBBIM 3(DUPOM HBF4-Et20l (Sigma Aldrich) B aneTonuTpuie, KOTOPbIH IpH-
MEHSIETCSl B OPraHHUYECKUX PACTBOPUTENSX C (POHOBBIM 3JIEKTPOJIUTOM, COfiepKaiuM aHuoH [BF4].
Hukinyeckue Bonbramneporpammsel (I[BA) 1 nonsiporpaMmbsl perucTpupoBaId Ha MOTEHIIMOCTATE
IPC-Pro M (OOO HT® «Bonsra», Cankr-IleTepOypr, Poccust). B kauecTBe pabounx 371€KTPOIOB HC-
ONTb30BaNH: TIATHHOBEIH (d = 1 MM) u crexinoyrineponasiid (CY) (d = 5 Mmm) anekTpoas! B TedIoHo-
BBIX Koprycax (d = 10 Mm), ponueBsiii (S = 35 Mm?), skenesnsiit (S = 20 mm?), Meaubiii (S = 15 mm?),
CBUHIOBBIA (S = 50 MM?) 3JI€KTPO/bl B CTEKISHHBIX 000WMAaX U PTYTHBIA KameIbHBIH 3JEKTPOJL
(p. k. 2.). DIEKTPOAOM CpaBHEHUSI CITY>KHJIA MJIATHHOBAS CIIUPalib, COSMHEHHAS C TUYEHKON dIEKTPO-
JUTHYECKUM MOCTOM, 3aIIOJTHEHHBIM ()OHOBBIM 3JIEKTPOJIUTOM, depe3 Kanwuisip Jlyrruna, Bcomo-
raTtejbHbIM — IUIATUHOBAsSI CIHPajb, IOMEIICHHAs B CTEKJSHHYIO TPYOKY C MOPHCTHIM (PUIBTPOM.
Uwucia0 371€KTPOHOB, YUACTBYIOMIMX B KaXKI0W PETOKC-CTAINH, ONPECIISIN CPAaBHEHHEM BBICOT BOJIH
UCCIIEIyeMbIX COEJIMHEHHI C BBICOTOW BOJIHBI OOPaTHMMOIO OJHOAJIIEKTPOHHOI'O pPEIOKC-TIepexo/a

(hepporeH — hepporcHHIA.

I Jlanee HBF,.
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Pe3ynbTarhl U 00CyxKaeHHEe

DIEeKTPOXUMHUYECKOE BOCCTAHOBJICHUE JICBYJIMHOBOI KHCIIOTHI B allETOHUTPHJIE HA TIATHHOBOM,
POIMEBOM, CTEKJIOYTJIEPOIHOM, JKEIE3HOM, METHOM, CBUHIIOBOM M PTYTHOM KameIbHOM 3JIEKTPOIaxX
M3yYeHO METOAAMH LUKIMYECKOH BOJBTAMIIEPOMETPHUH U KJIAaCCHYecKoi nossiporpaduu. s uccre-
JIOBAaHUS BIUSHUS IPOTOHOB Ha BoccTaHOBJIeHUE JIK n3ydeHo ee aIeKTpoXuMHUYeCcKoe OBEICHHE C J10-
6aBieHneM TeTpadTOpOOPHOI KHCIOTHI, a Takxke HBF, B anleronuTprie. DneKTpoXxuMHU4ecKue Xapak-
TEPUCTUKH BOCCTAHOBJICHUSI JIEBYJIMHOBOM, TeTpadTOpOOpHOIi KcioT u ux cMecH (1:1) B anleToHUTpHIIE
TIPUBE/ICHBI B TAaONINIE, IUKINYecKre BonbTaMIieporpammbl JIK Ha pasnnyHbIX asekTpogax — Ha puc. 1.

BoccTaHoBneHue JIeByTHHOBON KUCIOTHI B alleTOHUTPHIIC HA MJIATHHOBOM, POJUEBOM, CTEKJIO-
YTIEPOAHOM, MEIHOM 3JIEKTPOAAX MPOTEKAeT B OJHY JBYXUIEKTPOHHYIO cTajauio (tabdi., puc. 16-
0), Ha p. K. 3. — B JIBE IOCJICAOBATEIIbHBIC OAHOIICKTPOHHbBIC CTaauu (Tadi., puc. le). Ha cBunIo-
BOM 3JIEKTPO/Ie BOJIHA BoccTaHOBJIEeHU JIK MpakTHUECKHU CIIMBAETCS C BOCCTAHOBJIEHHEM (DOHOBOTO
anekTponuTa (tadi., puc. la). 3HadeHus! MOTeHIMAIOB BoccTaHoBiIeHUs JIK 3aBucsT oT Marepuasa
JIEKTPO/IA U CMELIAIOTCS B aHOAHYI0 001acTh B psiay: CY <p. k. 3. <Rh <Pt <Cu <Pb (tabm., puc. 1).
TaxuMm 06pa3oM, Kak U CIE0BAJIO OKUIATh, HA AEKTpoxuMHuueckoe noseaenue JIK B aneronutpriie
CHJIBHO BJIMSIET IIPUPOJIA MaTepuaia pabouero JIeKTpoa.

W3BecTHO [21, 22], 4TO NpH BOCCTAHOBICHUU COCTUHEHHI B MPOTOHHBIX UM allPOTOHHBIX pac-

TBOPUTCIIAX C I[O6aBJ'ICHI/ICM H" 3HaunTenbsHOE BOUSHUE HA 06p330BaHI/Ie KOHCYHBIX IMTPOAYKTOB OKa-

Tabnuna. DISKTPOXUMHUYECKHE XapaKTEPUCTUKH BOCCTAHOBIICHHS JIEBYJIHMHOBOM, TeTpadTOpOOpHOIl KHCIOT
u ux cMec (1:1) Ha paznuunbix anektpoaax (MeCN, 0.1 M Et;,NBF,, C =4 MM, V =25 mB/c, otH. Pt)

Table. Electrochemical characteristics of the reduction of levulinic, tetrafluoroboric acids and their mixtures (1:1)
on various electrodes (MeCN, 0.IM Et,NBF,, C =4 mM, scan rate 25 mV/s, vs Pt)

T Ein, B (n)
P JIK HBF,* JIK + HBF, (1:1)
-0.42(1) -0.25(1)
[TnaTuHOBBIM -1.20(2) —0.65(1) —0.43(1)
~1.25(<1) ~1.41(2)
-0.50(1)
PoueBbrit -1.49(2) ,_(()) 7227 ((2) —0.90(1)
’ -1.64(2)
-141(1)
CTeKJI0yTIIepOIHBbIi -2.202) _11‘;11((11)) —1.81(1)
: ~2.41(2)
-2.17(1)
P.x.. ~2.66(1) — —
-0.93(1)
XKenesusrit — -1.39(1) —1.00(<<1)
~1.10(<<1)
. -0.95(1) -0.90(2)
MenHblit -0.98(2) 1.25(<1) 1.24(<1)
CBHHIIOBBIH -0.76° (_?07222)) -0.66(1)

TIpumeyanue: n — YUCIO ICKTPOHOB, YUYACTBYIOIIUX B 3JICKTPOXUMHUYCCKOM CTaiK (3HAK «<» 03HAYACT, YTO BBICOTA BOJIHBI
HCCIIEIyEMOr0 COSIMHEH IS MEHBIIIE, YeM BBICOTA OHOICKTPOHHOU BoIHbI); a) HBF,-Et,O; 6) Hauaio BOJIHBI BOCCTAHOBJICHHUSI.
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Puc. 1. Huknuueckue Boasramneporpammbl JIK Ha (a) Pb, (6) Cu, (B) Rh, (r) Pt, (1) CV, (e) p. k. 3. a1ekTpoaax
(MeCN, 0.1 M Et4NBF,, C =4 MM, V =25 mB/c, oTH. Pt)

Fig. 1. Cyclic voltammograms of the LA on (a) Pb, (6) Cu, (8) Rh, (r) Pt, (1) GC, (¢) DME electrodes (MeCN, 0.1
M Et,NBF,, C =4 mM, scan rate 25 mV/s, vs Pt)

3bIBACT MEPEHANPsIKEHHE BOIOPOIa — U3MEHEHHE 3HauYeHHs noTeHuuana napsl 2H/H, npu 3amene
CTAaHJAPTHOTO MIATHHUPOBAHHOTO AJIEKTPOJA IPYTUM 3JIeKTpoaoM. [lepeHanpsikeHne onpeaenserT,
HACKOJIBKO OTPHUIIATEIBHBIM MOKET OBITh 3HaYEHHE TIOTEHIINANA, TP KOTOPOM €IlIe HE TPOUCXOIUT
BOCCTAHOBJICHHSI CPEJIbI — IIPOIiecca, KOHKYPUPYIOILIETO C BOCCTAHOBICHHUEM HCXOAHOTO COSITNHEHUS.

Peaxiust 37eKTPOXUMHUYECKOTO BBIJICICHNS BOJOPO/A SIBJISIETCS. MHOTOCTAIMIHBIM ITPOLIECCOM
U B 3aBUCHMOCTH OT YCIIOBUH (Cpeaa, MaTepHall AIEKTPOa) MOXKET MPOTEKATh 10 Pa3lInYHBIM Me-
xaHu3MaM. OOlIenprHsATas B JUTEPAaType cxema BOCCTaHOBIeHH H' 10 MonekyisipHOro Bomopona

B IPOTOHHBIX PACTBOPUTENISAX BKIIIOUAET CIEAYIONIME OCHOBHBIE cTanu [21, 22]:

H gy + ¢ = Haze) 1-s1 cTamus
2Hney == Hygpe 2-51 cTanus
H(auc) +H+coJlB + e = Hz(anc) 3-s1 cTagus
H2(a;1c) = HZ(raa) 4-s crangust

CuuTaercs, 4TO BOCCTAHOBJICHHE MMPOTOHOB HAYMHACTCS C UX Pa3psia Ha MOBEPXHOCTH KaToja
¢ oOpa3zoBaHMEM aIcOPOMPOBAHHBIX aTOMOB Boztopoaa (1-st cranus). B nanpHeimem, B cirydae dJiek-
TPOJOB C HU3KUM NEepeHANpPsKEHHEM BOAOPOAA, IPOUCXOINUT UX 3HAUUTENbHAs aJcopOLMs Ha dIIeK-
TPOAHO TOBEPXHOCTH C TOCIEYIOEH PEeKOMOMHALIEH 10 MOJIEKYJISIPHOTO BOJIOposa (2-s1 cTaus).
Ha snexTpomax ¢ BBICOKHMM IMepeHANpsIKEHHEM BOAOPOIa MPENNOYTUTEIbHEE MPOTEKAeT PeaKIlus
B3aUMOJICHCTBHSI aTOMapHOT0 BOJOPOa, aICOPOMPOBAHHOIO HA MOBEPXHOCTH Karoxaa, ¢ HY, mpucyT-
CTBYIOIIMM B PAacTBOpE, U MPHCOEIUHEHUEM 3JeKTpoHa (3-g cranus). Ha 4-if cragum mpoucxoauT

JecopOuust ancopOoUpOBaHHOTO HAa TOBEPXHOCTH JIEKTPOIa MOJICKYIIpHOT0 Bomopona [21, 22].
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Jlns uccnenoanus Biusaus H Ha mporece BoccTanosieHust JIK B arleToHUTpHIIE HA pa3innd-
HBIX 3JIEKTPOJHBIX MaTepHallaX U3ydeHO IEKTPOXUMHUECKOE MoBeeHne TeTpadTopOOpHOH 1 JIeBy-
JIMHOBOMU KHCioT, a Takxke JIK ¢ nodaBnennem HBF, B anieronurpuie. Ha puc. 2 u 3 npuBeaeHs! ux
LUKINYECKHE BOJIBTAMIEPOr PAMMBL.

Kak BuIHO U3 maHHBIX puc. 2 u Tabnuisl, 111 HBF, Ha n3yueHHBIX 3/IeKTponax HaOIaaeTCs
pa3IUYHOE KOJIMYECTBO CTaJNH BOCCTAHOBIICHHS, B OCHOBHOM, JBE (Ta0II., pHc. 26, 2, €), 9TO coria-
CyeTcsl ¢ U3BECTHBIM MEXaHH3MOM BoccTaHoBieHuss H™ 1o Bogopona. Ha Pt-anextpone, B oTianuune
OT JIPYT'HX M3YUYECHHBIX JIEKTPOAOB, HAOIIOAACTCS TPEThs CTAlusl BOCCTAHOBIECHUS (Tadi., puc. 20),
3HauEHUsI MOTEHI[MalIa KOTOpoit coBnaaaeT ¢ E, BocctanoBnenus Et,O, 4To CBUAETENBCTBYET O TOM,
YTO TPEThS CTAIMSI COOTBETCTBYET BOCCTAHOBJIICHUIO JMITHIIOBOTO 3(hHpa. 3HAYEHHUS MTOTECHIINAIIOB
BoccTanoBieHuss HBF, B 3aBUCMMOCTH OT Marepuala 3JIeKTPOaa CMEINATCS B aHOIHYI0 00J1acTh
B pany: CY <Fe <Cu<Pb <Pt<Rh.

BoccraHoBiieHne J1€BYJIMHOBOW KHUCIOTHI B allETOHUTpPUJIE C J00aBICHHUEM JOHOpPA MPOTOHOB
(HBF4) na uneptubix Pt-, Rh- u CY-anekrponax nmpoTekaeT B TpH CTaAMH, IPUYEM 3HAYCHHS I10-
TEHI[MAJIOB TIEPBBIX JBYX OIHOJICKTPOHHBIX cTaaui 01u3ku K E;;, Bocctanoiaenust HBF,, a Tperbeit
JIBYXAIIEKTPOHHOM — K Ej BoccranoBienus JIK (tabu., puc. 3, 16). Boccranosnenune H Ha Pt-, Rh-
9JIEKTPO/Ax MPOTEKaeT NMpHu Oojiee HU3KUX 3HAUCHHUAX MOTCHIIMAJIOB (HU3KOM BOJOPOJHOM IIepeHa-
npspkeHnr), a Ha CY — 10CTaTOYHO BBICOKUX (TA0J1.), HO B 000MX CiIy4asiX pasHHIA MEXAY ITOTSHIIN-
aJaMy BOCCTAHOBJICHMS TIPOTOHOB U JICBYJIMHOBOIN KHUCIOTHI Oonblias. Takoe 3JIEeKTPOXUMUYECKOe
MIOBEICHUE CBUJIETEILCTBYET O TOM, UTO HA 3TUX 3JIEKTPOAax HaOIrogaeTcs OQUHAKOBBIH MEXaHU3M
BoccraHoBieHus JIK. Buadane BoccranasiuBatoTcs H', nanee npu 3HaunTeNnbHO O0Jiee OTpULIATEIb-

HBIX 3HAYCHUAX MNOTCHIHAJIOB — JICBYJIMHOBAsA KHCJIOTA. Ha HEUHEPTHBIX Fe—, Cu—, Pb-aneKTpoz[ax

A
(@ 150 kA o
(6) 100 KA /

A
7/ \ 100 p,I(A

(r) 150 KA

A
f (@) ;10 ucA

A
(e) ' 100 pkA

T T T T T T T T T T T T T T

1
0.5 0.0 05 10 15 -20 -25 -3.0EB

Puc. 2. Huknuueckue BoasramneporpamMmmbl HBF, Ha (a) Pb, (06) Cu, (8) Fe, (r) Rh, (1) Pt, (¢) CVY anexkTponax
(MeCN, 0.1 M Et;NBF,, C=4 MM, V =25 MB/c, oTH. Pt)

Fig. 2. Cyclic voltammograms of the HBF, on (a) Pb, (6) Cu, (8) Fe, (r) Rh, (1) Pt, (¢) GC electrodes (MeCN, 0.1
M Et,NBF,, C =4 mM, scan rate 25 mV/s, vs Pt)
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Puc. 3. Hukinnveckue Bonpramneporpammsl (a) JIK u (6) JIK + HBF4 (1:1) na I — Rh u II — Cu anextponax
(MeCN, 0.1 M Et4NBF,, C =4 MM, V =25 mB/c, oTH. Pt)

Fig. 3. Cyclic voltammograms of (a) LA and (6) LA + HBF,4 (1:1) on I — Rh and II — Cu electrodes (MeCN, 0.1
M Et,NBF,, C =4 mM, scan rate 25 mV/s, vs Pt)

3HAYeHUsI MOTCHIINAIOB BoccTaHoBIeHU JIK U mpoToHOB Om3kw, a B ciiydae Cu u Pb mpaktuuecku
coBmaaroT (Tadi., puc. 3, 116).

Takum obpa3om, Ha Pt-, Rh- u CVY-anekTpogax BHavasie IMPOUCXOAUT BOCCTaHOBIeHHEe H'
JI0 aTOMapHOI'0 BOAOPOAA, Jajice — JCBYJMHOBOM KHCIOTHI (Tadu., puc. 3, 16). CiemoBarenbHo,
MOKHO IPEIITOJIOKHUTE, YTO Ha TAaKUX AJIEKTPOJAX MOKET MPOTEKATh PEAKIHs JICKTPOKATAIUTH-
yeckoro BoccranoiieHus: JIK Bogoponom, agcopOMpoBaHHBIM Ha MMOBEPXHOCTH AeKTpona. Panee
nokasaHo [20], 4To Ha MJIATUHOBOM 3JIEKTPOJIE ABYXAJIEKTPOHHOE BoccTaHoByieHue JIK B aieToHUT-
puIie IPUBOAUT K 00pa30BaHUIO Y-BaJIEPOJIAKTOHA. AHAJOIMYHOE JIEKTPOXMMHUYECKOE TIOBE/ICHUE
JIK mabmrogaetcs Ha Rh- u CY-anexkrponax. Ha nemHepTHBIX Fe-, Cu-, Pb-31exTponax ¢ BEICOKUM
nepeHanpsHkeHHeM BOJ0po/ia OIH30CTh 3HAUSHHH MoTeHI[nanoB Bocctanonerust H u JIK (tab.,
puc. 3, 116) u, Kax ciencTue, BO3MOKHOE MTEPEKPHIBAHUE WX BOJH MOTYT IIPHBOIUTH K OOJIee TIIy-
6oxomy BoccTanoBienuto JIK.

Kaxk 0pu10 TIOKa3aHO B pabotax [15, 16], Tonpko Ha Pb-amekTpone B 0,5 M BomHOM pacTBO-
pe H,SO,4 u nipy BBICOKOM 3HAa4€HHMH MMOTEHIMAaNa padoydero a1ekTpojaa —1,8 B ocHOBHBIM mponyk-
TOM 3JIEKTPOXMUMUUYECKOTO BoccTaHoBieHus JIK sBisieTcst BanepuaHoBas Kuciota (puc. 4, myTs 2),
Ha Fe-, Cu-, Ni-ajexTpoaax ruipupoBaHue JCBYJINHOBON KHCIOTHI IPUBOIUT K 00Opa30BaHUIO Ba-
JICPUAHOBOM KUCJIOTHI M Y-BaJIEPOJAKTOHA, a Ha YIIIEPOJHOM — OCHOBHOU IIPOJYKT Y-BaJIEPOIAKTOH
(puc. 4, myTs 1).

TaxuMm 00pa3oM, Ha OCHOBAHHH MTOTYYECHHBIX B pa00TE M U3BECTHBIX JaHHBIX MOKHO ITPEATIONO-
JKUTh, YTO BOCCTAHOBIICHHE JICBYJIMHOBOI KHCJIOTHI B 3aBUCUMOCTH OT MaTepHalia pabodux 3JeKTpo-
JIOB IPOTEKAET TI0 IBYM pa3iudHbIM Mexarnn3mMaM. Ha naeptHbIX (Pt, Rh u CY) anexTpomax BHavae
MPOMCXOJUT paspsiKa NPOTOHOB ¢ 00pa3oBaHUEM aJCOPOMPOBAHHOIO Ha TIOBEPXHOCTH KAaTO/a aTo-
MapHOTO BOIOPOJa, KOTOPBIH, HAKAIUTHBASCH HA IOBEPXHOCTH JIEKTPOJA, ABISCTCS THAPHPYOIIUM
arerToM. IIponiecc BocctanoBnenus JIK Ha Takux 31eKTpomax MpoTeKaeT Kak AIEeKTPOKaTaIHuTHIe-
CKasl peaKIus, MoJOOHAas XOPOIIIO U3BECTHOM PeaKITNi KaTalIuTHYSCKOT0 THIPHUPOBAHUS, C 00pa3oBa-
HUEeM 4-T'1IpOKCUBAJIEPHAHOBOM KMCIIOTHI, KOTOpas ciiabee ajicopOupyeTcs Ha MOBEPXHOCTH 3JIEKTPO-

na, yeM JIK, u B manmpHelnieM ObICTpO JeruapaTHpyeTcs 10 y-BajeponakToHa. Ha HenneprtHbix (Fe,
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Puc. 4. Boccranosnenue JIK B prcyTCTBUU IPOTOHOB
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Fig. 4. Reduction of LA in the presence of protons

Cu, Pb) snexTponax ¢ BHICOKHM IIEpEHANPSIKEHUEM BOIOPO/Ia BHAYAJIE TPOUCXOANT BOCCTAHOBIICHHUE
JIEBYJIMHOBOM KUCJIOTHI ¥ TPOJYKTOB €€ MPOTOHMUPOBAHNU S, 3aTE€M IPOTOHOB MJIU MPAKTHYECKH OTHO-
BpEeMEHHas UX pa3psjika Ha MOBEPXHOCTH KaTo/a, JaJbHEHIINE IICKTPOXUMUYECKHE MTPEBPAILCHHS
KOTOPBIX IPUBOASAT K 00pa30BaHUIO IPOLYKTOB Oosiee rirybokoro BocctaHoBieHus JIK, B Tom gucie
1 BaJEPHAHOBOM KHUCIOTHI, T. €. BoccTanoBieHne JIK Ha Takux aJeKTposax MpoTeKaeT Kak AeKTPo-

XUMUUYECKUM mpoliecc.
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Abstract. The electrochemical hydrogenation of levulinic acid in H,SO, solution at aluminium, lead,
graphite and glassy carbon electrodes is studied. The process is identified to proceed selectively to valeric
acid. The conversion, selectivity and faradaic efficiency are significantly influenced by the material
electrode nature. The levulinic acid hydrogenation at glassy carbon is shown for the first time to proceed

to valeric acid, and the process selectivity is affected by the concentration of surface functionalities.
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BHeKTpOKaTa.HI/ITH‘IECKaﬂ KOHBepCcUus

JIEBYJIMHOBOM KHCJIOThI B KHCJIOH cpeje

T.A. Kenosa?, H. A. 3ocbko?,

B.B. Coiues?, O.II. Tapan®°

APUncmumym Xumuu U XUMUYECKoU mexHon02UU
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AnHoTaums. MccienoBaH mpomecc 3JIeKTpOXUMUYECKOr0 THIPUPOBAHHUS JIEBYJIMHOBOI KHUCIOTHI
B BojiHOM pactBope H,SO, Ha alfoMUHHUEBOM, CBUHIIOBOM, I'Pa(h)MTOBOM U CTEKJIOYTJIEPOIHOM JIEKTPOAX.
YcTaHOBIIEHO, YTO MPOIECC IPOTEKAET CEJICKTUBHO ¢ 00pa3oBaHueM BaJiepHaHOBOW KUCIOThL. CTeneHb
KOHBEPCHUH JIEBYJTUHOBOW KHCIOTBI, CEJIEKTUBHOCTD U (papajeeBckas 3Q(HEeKTUBHOCTD CYIIECTBEHHO
3aBUCST OT IIPUPOIBI MaTepHala AIeKTPoia. BriepBble moka3aHo, 4TO Ha CTEKJIOYTIIEPO/ie THPUPOBAHHE
JIEBYJINHOBOM KUCJIOTHI IPOTEKAET JI0 BAJICPHAHOBOM KHCIOTHI, IPHYEM Ha CEJIEKTHUBHOCTD IPOIecca

OKa3bIBAET BIMSIHUE KOHIICHTPALIMSI MOBEPXHOCTHBIX ()YHKI[HOHAJIBHBIX TPYIIIL.

KarwueBble ciioBa: JICBYJIMHOBAA KUCJIOTA, DJICKTPOKATAIUTUYCCKOE THAPHUPOBAHHUE, BaJICpUaHOBas
KHCJIIOTA, BOJIBbTAMIICPOMCTPH S, CTCIICHb KOHBCPCHUHU, CCIICKTUBHOCTD IIpOLECCa, HpeHapaTHBHLIfI

JIIEKTPOITH3.

BaarogapuocTs. Pabora BhinonHeHa B paMKax roCcy1apCTBEHHOTO 3aJaHust THCTUTYTa XUMUH
n xumudeckor rexuonornn CO PAH (mpoekt 0287-2021-0012) ¢ ncnionb3zoBanueM 000py10BaHHS

KpacHosipckoro pernoHaIbHOTO IEHTpa KOJMIEKTUBHOTO nojis3oBanus UL KHIL CO PAH.

Iuruposanne: Kenosa, T. A. DinekTpokaTaauTHUecKas KOHBEPCHUs JIEBYTMHOBON KHCIOTH B kucioit cpene / T. A. KeHona,
H.A. 3ocbko, B.B. Crrues, O.I1. Tapau / XKypu. Cub. denep. yn-ra. Xumus, 2021, 14(4). C. 561-569. DOI: 10.17516/1998-2836-0263

BBenenue

JleynunoBas kuciota (JIK), monyuaemas B pe3yibTare KUCIOTHOTO KaTaJIUTUUYECKOTO TH-
JIPOJIH3a PACTHTEIBHBIX TOJTUCAXAPHUIOB, IBIISICTCS IEPCIIEKTUBHBIM CHIPBEM TSI CHHTE3a MIPOIYK-
TOB C BBICOKOH J100aBJICHHON CTOMMOCTHIO M MIPOU3BOCTBA KHUAKOTO OnoToriusa [1, 2]. Hanuuune
B MOJICKYJISIDHOW CTPYKTYpE€ IBYX PEaKIIMOHHOCIOCOOHBIX (PYHKIHOHAIBHBIX T'PYIN (KETOHHOU
u kapOokcuibHOH) aenaet JIK BaKHBIM UCTOYHUKOM JUJISL MOJYYCHHUSI TTOJIMMEPOB, (hapMaleBTH-
YeCKHUX MpernapaToB, apoMaTHU3aTOPOB, pacTBOpUTeNeH, miactudukaropon [3,4]. Ilpomeccs mo-
Jy4eHUs yKa3aHHBIX COECIUHEHHI, OCHOBAaHHBIE HA TOMOTCHHOM HJIH T'€TEPOTCHHOM KaTaju3e,
HCCIICOBAHBI JTOCTATOYHO JAETaldbHO [5—7], TOrJa Kak MCIOJIb30BaHUE JIEKTPOKATATUTHICCKHUX
MPOIIECCOB MPUMEHUTEIBHO K nepepadorke JIK nzydeno cinado [8—10]. DiaekTpoxuMudecKast KOH-

Bepcus JIK mo y-Banepomakrona (I'BJI) B mienouHol cpemne Ha CBUHIIOBOM KaToje ObLIa OImucaHa
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eme Tadenem B 1911 1. [11]. OgHako B HAcTOsIIEEe BPEeMs UMEETCS OTPAHHYCHHOE KOJIHMYESCTBO
myOIUKaIUK 1Mo 3MeKTpoKaTanuTHaeckomy runpupoanuto JIK. B [8] aBTOpsI mosydmiin Bajaepu-
anoByto kuciioty (BK) ¢ BeicOkuMHE cenekTuBHOCTBIO (95 %) u dhapaneeBckoi 3¢ (HEeKTHBHOCTHIO
(86,5 %) Ha CBUHIIOBOM 3JIEKTPOJIE B KUCIIOU cpele, Torna kak mpu pH=7,5 BoccTaHOBIICHHE UACT
co 100%-HbIM BBIXOJIOM I10 Y-BaJIepONaKkTOHY. IHTepecHbIN MoaX0a mpeatoxeH apTopamu [10, 12]
JUISL TIOJIy4YeHHSI N-OKTaHa 4epe3 ABYXCTAaJUHHBIN mpouecc (ruapupoBanue u peaknus Komaboe)
aieKTpokatanuTuueckoi koHBepcuu JIK. Dnexrpokaranutuueckoe ruapupoBanue JIK apaser-
Csl TeTEPOreHHBIM IIPOIECCOM H, CJIEAOBATEIBHO, 3aBUCUT OT IIPUPOJBI MaTepuaia karoaa. B pa-
6ote [12] aBTOpHI HCCIEAOBAIH MPOIEece AneKTpoxumuyeckoi kousepcuu JIK Ha Pb, Cu, Fe, Ni
u rpadure. Boicokue cenekTUBHOCTh M (apaneeBckas 3GpPpeKTUBHOCTH B Ipolecce T'upupoBa-
Hus JIK 1o BasepraHoBO#i ObLIIM MOJYyYESHBI HA CBUHIIE, UMEIOIIEM HanOOoJIbllee epeHaInpsKeHHe
B peakunu BeraeneHus Hy. ['mnpuposanue JIK Ha rpaduTe B KHUCIIOM cpeqe MPOTEKAET C BEICOKOH
cenekTuBHOCTHIO 10 ['BJI. Ha npyrux snexkrponax aBTopbl HaOmonald HU3KY0 3((EKTHBHOCTD
rugpupoBanus JIK, npu 3ToM ceneKTHBHOCTE NPOAYKTOB 3aBHcena oT pH cpensl. Boicokue moxa-
3aTenu nmpouecca runpupoanus JIK Ha cBHHIIE HE IENAIOT €T0, OAHAKO, TOCTOWHBIM KaHIUAaTOM
IIPH MCIIOJIB30BAaHUHU B IPOMBIIIIJICHHBIX MacIITabax u3-3a OMACHOCTH MONadaHus BBICOKOTOKCHY-
HBIX Pb?'-HOHOB B CTOUYHBIE BOABL. B CBA3M ¢ 3THM NOUCK U MCCIEIOBAHME HOBBIX MaTEPHANIOB
JUISL TIpolecca 3JIeKTpoKaTaIuTHIecKoro ruapruposanus JIK BRICTYNalOT Ha CETONHSIIHUNA JeHb
aKTyaJIbHOH 3aaaueil.

B nanHoii paboTe mpeacTaBIeHbl pe3yIbTaThl UCCICJOBAHUS IIEKTPOKATAINTHYECKUX CBOMCTB
amomunus (Al), creknoyriepona (CY), rpadura B cpaBHeHHH cO cBUHIIOM (Pb) B iporiecce ruapupo-

BaHUA HCByJ’IHHOBOﬁ KHCJIOTHI 10 BaﬂepHaHOBOﬁ B KUCJIOH cpene.

JKcnepuMeHTAIbHAS YaCcTh

VccnenoBaHust BBINIOJNHSIIM B pacTBOpax ¢ KoHIEHTpauuei 0,2 MOJb/J JIeByJTUHOBONH KUCIOTBI
(SigmaAldrich) 8 0,5 M H,SO4 (xu), pH=0,2, mpUroTOBICHHBIX C HCHOIH30BAHNUEM JICHOHN3NPOBAH-
Hoit BojeI (18,2 MOwm), nosnyueHnHol Ha yeranoBke Simplicity (Millipore Corp., France).

DKCIepuMeHThl 10 THApUpoBaHuio JIK MpoBOAWIM B 2JNEKTPOXUMHYECKON TPEXdISKTPOIHON
siueiKe C pa3/ieieHueM KaToHOT'0 M aHOJTHOTO IPOCTPAaHCTBA KATHOHOOOMEeHHOH MemOpanoit MD-4CK
Ha JIEKTPoJax U3 CBUHIA, aTroMuHus crexioyriepona (CY), rpadura. PacTBOp B KATOIUTHYIO Kame-
py nonasaiu rnpu nomoiu nepucransrudeckoro Hacoca LeadFluidBT300L (LeadFluidTech., China)
U LUPKYJIHUPOBAIIU CO CKOPOCTHIO 80 MIJI/MHUH.

Ilnomans KaToxa CocTaBisna 5 cM?, 00beM dIeKTponuTa — 40 MJI, BCIOMOTraTeIbHBIM SIIEKTPO-
JIOM CJIyKHJIa IIaTuHoBast Gonbra. B kayecTBe 21eKTpona cpaBHEHHU S UCIIONB30BAIN HACHILICHHBIH
xjopcepedpsiubiil anekTpon (XCD) (+0,195 B ota. CBD), coennHEHHBIH COIEBBIM MOCTHKOM C Ka-
msipom Jlyrruna. Bee 3HaueHHs MOTEHIMAIOB B TEKCTE CTAThU YKa3aHbl OTHOCUTEIBHO JTAHHOTO
9JIEKTPO/a CPABHEHUS.

I'mapupoanue JIK mpoBoAMIM B IOTCHIMOCTATHYSCKUX YCIOBHUSX MIPU 3HAYCHHH MOTEHIIHAIA
ot —1,2 1o —1,8 B, mpo0oIKUTEIBHOCTD 3JeKTpoiau3a coctapisaia 1-3 u. Ilepex peructpanneit BOIbT-
aMIICPHBIX 3aBUCHMOCTEH PacTBOPBI MPOYBaJId aproHOM B TeueHue 30 MUH JUJIs yAaJIeHHs pacTBO-
peHHoro kuciaoposa. [loreHuan a1ekTpoaa nojAepKUBaJIH MPU OMOIIK NOTEHIIMOoCcTaTa / rajibBa-
Hoctara/ FRA BIOLOGIC VSP-300 (Bio-Logic SAS, Clarix, France).
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[lepen HayamoM SKCTIEPUMEHTA I KaXK0T0 3JIEKTPO/ia MPOBOIUIIN KaTOAHYIO aKTHUBAIIUIO CKa-
HHUPOBAaHUEM MTOTCHIIMANIA Ha IPOoTshKeHH: 20 THKIOB co ckopocThio 100 MB/c ot paBHOBecHOTO MMO-
TEHIIMaja COOTBETCTBYIOUIETO deKTpoaa 10 —1,6 B.

[Mponyxtel ruapupoBanust JIK 6pun npoananusuposansl MetogoM BOXX na nmpubope Mu-
muxpom A-02 («DxoHosay, Poccust), ocHamennom Y®-nerekropom (peructpauus npu A = 210 HM)
1 xpoMaTorpadudeckoit kooHkol «{nachep-250-ITA», 5 mxm, 2x75 MM («OxoHosa», Poccus). B ka-
YeCTBE JII0eHTa Ucnmoib3oBain 85 % 0.075M LiClOy, 15 % CANB H,0, nogaBaeMblii CO CKOPOCTHIO
0,2 mu/mun ipu Temmeparype 40 °C.

CreneHb KOHBEPCHUH JIEBYINHOBOMN KHUCIIOTHI, BEIXOJI M CEIEKTUBHOCTH 10 oTHOIIeHUo K BK pac-

CUHTBHIBAIIH COTNIACHO ypaBHeHUsM (1)-(3):

CJIK,g —CJIK
= oK. 100%,
XK Cic 0 W
Yga = :BA -100%,
JIK,o ()
Yga
Spa = —£-1009
BA T L %, o

rae ik — kousepeust JIK, mon.%; Cjy o — HaganbHas koHueHTpauus JIK mons/i; Cyx — TeKyImas KoH-

meHTpanus JIK monb/im; Y g — Beixox BK M011.%); S — ceneKTHBHOCTH 10 oTHOMIeHH0 K BK%.
dapaneeBckyo 3pPEeKTUBHOCTD PACCUUTHIBAIIN 110 (hopmyJie

Nk zF

T @)

'€ njx — KOJIHYCCTBO MOJIeH J'IeByJ'IPIHOBOﬁ KHUCJIOTBI, MOJIb; T — YHCJIO DJICKTPOHOB, YYAaCTBYIOMIUX

CE =

B peaknuu (s ruapupoBanus JIK no BK, z=4); F —aucino @apazest, 26,8 A u; [ — Tok anexTponusa,

A; T — BpEM: JJICKTPOJIN3a, 1.

Pe3yabTaThl H 00CyKAEHUE

CKOpOCTh U CENEKTUBHOCTH AIEKTPOXUMHUYECKOTO MPoIlecca B 3HAYUTEILHON CTETIEHH OIpe/ie-
JISTFOTCS TPUPOJOH AIEKTPOTHOTO MaTepralia, IOATOMY ITPH BEIOOpE MaTepralia KaTo/a s Imporiecca
runpupoBanus JIK Ba)KHO OIIEHUTH €ro 3JMEeKTPOKATATUTUUYECKYI0 aKTUBHOCTH KaK 10 OTHOIICHHIO
K caMOMY CyOCTpary, Tak ¥ B PEaKI[i{ BBIICICHUS BOIOPO/IA.

C TepMomuHaMu4ecKoi Touku 3peHust ruapuposanue JIK mo BK sBisercs OmaronpusiTHbIM
MIPOIIECCOM, TaK Kak 00paTuMbIiii moTeHnuan socctanoBneHus JIK no BK nmpubnusurensao Ha 500 MB
MOJIOXKUTEJIbHEE, YeM O0paTUMBII MOTEHIMA peakiuu BbiAeacHus Bogopoaa (OBD) Bo Bcem aua-
na3one pH. [Tockonbky peakuuns BoccranoBnenue JIK Bkiarouaer H,O u H oOparumeblil moteHuman
M3MEHSIETCS B COOTBETCTBHUU ¢ pH anexTponuTa.

B kucnon Ccpeac BOCCTAHOBJICHUC HCByHHHOBOﬁ KHUCJIOTBI IPOTEKACT 1O pCAKIIUH
CH;CO(CH),COOH + 4H* + 4¢~ — CH,(CH,);COOH + H,0; +0,54B (OBD).  (5)

OnHako KMHETHYECKH PEeaKIUs BBIJCICHUS BOJOPOAa MPOTEKAaeT ObICTPEE Ha METANIMUECKUX
AMEKTPOMIax 10 CPaBHEHUIO ¢ peakiueil rugpupoanus JIK, u, cienoBaTenbHO, NEHCTBUTEIBHBIC T0-
TEHIIUAJIBI IPH JIEKTPOSIH3E OYAyT JOCTATOYHO OJM3KUMU. B 3aBUCMOCTH OT 3HAYCHUS U MPUPOIBI

NEPCHANPAXKCHUA BOAOpOAA TMAPUPOBAHUEC OPraHUYCCKOIO cy6CTpaTa Ha MCETaJlJIaX MOKET MPO-
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Puc. 1. BonbramnepHble NOTEHIIMOAMHAMUYECKHE 3aBUCHMOCTH peakluu BoiaeneHus sogopoaa B 0,5M H,SO,
Ha pa3INYHBIX ICKTPOIHBIX MaTepraiax. CKOpOCTh pa3BepTKH moteHnuaga — 50 mB/c

Fig. 1. Linear sweep voltammetry of hydrogen evolution reactionin 0,5M H,SO, at various electrode materials.
Ascanrate of 50 mV/s

TEKaTh KaK IO 3JIEKTPOXMMHUYECKOMY (CONPSKEHHBIH MPOTOH-3JIEKTPOHHBIA MEPEHOC 3apsjia), Tak
U TI0 JIEKTPOKATATUTHIECKOMY MEXaHU3MY, T. €. C y4acTHeM aJcopOMPOBAaHHBIX aTOMOB BOIOpOJA
[9, 13].

BonbramnepHbie 3aBUCHMOCTH [JIs1 TIpoliecca BoiaeseHus Bogopoaa B 0,5 M H,SO,4 Ha Pb, Al,
CVY u rpadure, noayueHHbIE METOIOM JINHEHHOW pa3BepTKH NOTEHIMAJIA, IPEACTABICHBI Ha pHC. 1.

HccrnenoBaHHBIE MJIEKTPOJIBI Pa3INYAOTCS KaK M0 MOTEHIMAy HavyaJla BbIJIeIeHUs (TepeHanpsi-
KeHu1o BeiaeneHnst) H,, Tak 1 o ckopocTu npomecca. 3aMeTHOE BbIIeIeHHe BoJopoia Ha Pb-karone
Habmronanu Toaeko npu E =—1,1 B, ayst Al u CY 31u 3HaueHus cocrasuiau —0,88 u —0,89 B cooTBet-
CTBEHHO, TOT/Ia KaK Ha rpadure ObUIO OTMEUCHO caMOe HU3KOE MepeHarnpsKeHUe BBIIACICHUS BOJIO-
pona, —0,32 B. Pa3nuuHbIil HAKJIOH MOJSPU3ALMOHHBIX KPUBBIX TaKyKe CBHACTEIBCTBYET O Pa3HON
JTUMHUTHPYIOLIEH (CKOPOCTH OIPEEIsIONIeil) CTaIuu Mpolecca BhIACICHUS BOAOPOIA.

Ha puc. 2 mpencTaBieHbl BOJIBTaMIIEPHBIC 3aBUCHMOCTH TIPOIEcca 3MEKTPOKATAIUTHIECKOTO
ruapuposanust 0,2 M JIK B 0,5 M H,SO,4 na Pb, Al, CY u rpadure.

AHanu3 MOJyYEHHBIX BOJBTAMIIEPHBIX 3aBUCHMOCTEH CBHIETEILCTBYET, YTO TOJIBKO HA CBHH-
LIOBOM 3JIeKTpoe (pHc. 2a) HaOoAaeTcsl CBUT TOTeHnHada Bocctanosyenus JIK B odmacts Gosee
HU3KUX 3HAYEHUH U CYIIECTBEHHOE YBEINYCHHE TUIOTHOCTH TOKA 110 CPABHEHUIO CO 3HAUEHUSIMH, TI0-
JTyY9eHHBIMU 115 (POHOBOTO 3eKTpoauTa. Tak, mpu noreHnuaie —1,6 B mioTHOCTH TOKa cocTaBmia 81
u 214 MA/cM? 1151 peakIuy BRIIENEHHUS BOAOPoaa U ruapuposanus JIK cOOTBETCTBEHHO.

Ha snextpone u3 CY (puc. 26) KpuBble JUHEHHOW pa3BEePTKH MOTEHIUATA ISl (JOHOBOTO AJICK-
TponuTa u rpu godasnennu JIK npakTuuecku coBnajaroT, a INIOTHOCTh TOKA yBEJINYMBACTCS HE3HA-
YUTEIBHO JINIIB IIPY MOTeHIMaax Boie —1,3 B. YBenuuenue nepeHanpsikeHUs peakiiuy pH 100aB-
nenuu B pactBop JIK U, COOTBETCTBEHHO, CHU)KEHUE MJIOTHOCTH TOKA MPH OJUHAKOBBIX 3HAYCHUSIX
MTOTCHIINAJIA TI0 CPAaBHEHUIO C POHOBBIM 3JIEKTPOIUTOM Habmronaercs Ha Al u rpadute (puc. 26, 2).

Taxoe nmoBeneHue, BO3MOXKHO, 00yCIIOBICHO Pa3JIMUYHBIMHU XapaKTEPOM B3aUMOJICHCTBHS U dHEP-

THEH CBA3H Kap6OHI/IHBHOI71 Trpynnbl B MOJICKYJIC JIK ¢ akTUBHBIMH HEHTPpaMH Ha IIOBEPXHOCTU METAJI-
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Puc. 2. BosbramnepHble NOTEHUHMOJMHAMHYECKHME 3aBHUCHUMOCTH pPEAaKLMHM  BBIACICHUS]  BOAOpOAA
u Bocctanonerus 0,2 M JIK B 0,5 M H,SO,4 Ha pa3nndHbIX 3JEKTPOAHBIX MaTepuaiax: a — Pb; 6 — Al; B — CV;
r — rpadut. CkopocTh pa3BepTku notenuuana 50 mB/c

Fig. 2. Linear sweep voltammetry of hydrogen evolution reaction and reduction of 0,2 M LA in 0,5 M H,SOy, at
various electrode materials: a — Pb; b — Al; ¢ — GC; d — graphite. Ascanrate of 50 mV/s

JIMYECKUX M YTIIEPOIHBIX A1eKTpoaoB [14]. Paznuunas ancopOIrioHHas CIOCOOHOCTh HHTEPMEIUATOB
1 IIPOIYKTOB PEAKIINY TAK)KE MOXKET OKa3bIBATh BIMSHHIE HA CTaINU Pa3psia 1 peKOMOMHAIINY HOHOB
BOJIOPOJIA U, KaK CJIEJCTBHE, HA CKOPOCTH IIPOLIECCa B LIETIOM.

JUIs OLUEHKW BIWSHHUS NPUPOJIBI MaTepHuaja KaTola Ha CEIeKTUBHOCTh U (papasieeBCKyIo
s dexruBHOCTH(CE) mporecca runpupoBanust ObLI IPOBEACH MPENapaTHBHBIN JIEKTPOJIU3 MIPHU I10-
teHuuaie —1,6 B B reuenue 2 u. Ha puc. 3 npencrapiieHbl nokaszaTenu npouecca rugpuponanust JIK
Kak (yHKIUS MaTepuaa KaTo/a.

Kak cnenyeT u3 nonyd4eHHON JuarpaMMbl, Ha BCEX UCMIONb30BaHHBIX d1ekTpoaax B 0,5 M H,SO,
anekTpokaranutudeckoe ruapuposanue JIK umer ¢ obpasosanuem BK. Cremenp konepcun JIK
cumwkaercst B paxy Pb > CY > Al > rpagur, a cenekTuBHOCTH Bo3pactaeT B paxy CY < rpapur
< Al < Pb. Ucxomasi U3 AaHHBIX BOJIBTAMIICPOMETPHH, OCHOBHBIM IIPOLIECCOM, MPOTEKAOIIUM Ha Al,
JOJKHO OBITH BELIENeHHE H,, Tem He MeHee kouBepcus JIK coctaBmra 6onee 40 %, a CEIIEKTHBHOCTH
mo BK —38,2 %. Al oTHOCHTCS K MeTajlaM C BBICOKHM IEPEHAIPSIKCHUEM BBIJICIICHUS BOAOPO/A,
U B COOTBETCTBHUH C MEXaHU3MOM, ITPENIIOKEHHBIM aBTOpaMH [8], runpuposanue —C=0 B JIK gomxHO
MPUBOJIUTH K 00pa30BaHUIO METHUIIBHOM IPYIIIEL, T. €. CeeKTUBHOMY oOpa3oBanuio BK. JloctaTouHo
HU3Kasl CEJIEKTUBHOCTH Al MOXET CBHAETEIHCTBOBATh O IIPOTEKAHHUH MPOIiecca 10 NHOMY MEXaHH3-
My, HAIIPUMeEp, KaK Ipeanoiaraetes B padbote [9], uepe3 00pa3oBaHue Ha IOBEPXHOCTH JICKTPOIA Pa-
JuKaia 4-ruipOKCUIICHTAHOBOW KUCIIOTHI, KOTOPBIH B 3aBUCUMOCTH OT YCJIOBHH 3JIEKTPOJIN3A U MIPHU-
pozsl Marepuaia karoaa 1ubo nporonupyercs (I'BJI u/wnu BK), 160 B3anMoaeiicTByeT ¢ Ipyrum
panukanoM, o0pa3yst TMMEPHBIN MPOAYKT (MHHAKOM) (pHC. 4).

VYrnepogHsle MaTepHaibl IIUPOKO HCHOIB3YIOTCS B KauecTBE KaTalIM3aTOPOB IS JIEKTPO-

XUMHUYCCKUX IIPOLCCCOB 6nar0z[ap;[ TaKUM CBOﬁCTBaM, KaK MHCEPTHOCTb U (BJ'ICKTpO)XI/IMI/I‘ICCKaH
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Puc. 3. Daexrpokaranurndeckoe ruapuposanue JIK B 0,5 M H,SO4 kak QyHKuus npupoasl marepuaia
ajeKTposa. Bpems snextponusa 2 4; noteHuualn sekrpoaa —1,6 B; nauanbHas konuentpauus JIK 0,2 M

Fig. 3. Electrocatalytic hydrogenation of LA in 0.5 M H,SOy, as a function of the nature of electrode material. The
electrolysis duration 2 h; an electrode potential of —1,6 V; the initial LA concentration 0.2 M
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Puc. 4. Anantuposannsiit 1uist JIK mexanusm BocctanosiieHus 10 BK, ['BJI u nuHakoa, 0CHOBaHHBIH Ha 00IEM
MEXaHH3ME BOCCTAHOBIICHUS KapOOHUIBHOH rpymisl [9]

Fig. 4. Adapted reduction mechanism for LA to VA, gVL and pinacol based on the generic carbonyl reduction
mechanism [9]

cToiikocTh. C Ipyroil CTOPOHBI, HA MOBEPXHOCTH YIJIEPOAHBIX MAaTepHATIOB MOKHO CUHTE3HMPOBATh
paznuuHble (QyHKINOHAIBHBIE KHCIOPOJCOIEPKAIIUE TPYIIIBI, KOTOPBIE BHICTYTAIOT B KAYECTBE aK-
THUBHBIX LIEHTPOB aJCOPOIMH PEareHTOB U MPOAyKTOB peakuuu. CY 4acTo UCIOIb3yeTCsi KaK CEeH-
COPHBIN AIIEKTPOJ U AJISI UCCIIEAOBAHUS MEXAHU3MOB PA3JIMUHBIX DJIEKTPOXUMUYECKUX peakuui. Mc-
NOJIb3Ysl KATOAHYIO M/MJIM aHOAHYI0 00paboTky CVY, MOXKHO M3MEHSITh NPUPOAY M KOHIEHTPALIHIO

AKTUBHBIX LICHTPOB Ha €ro NOBCPXHOCTH. B aToii cBsI3UM HUCCJICO0BAaHUC CVY B KayecTBe KaTrajau3aTo-
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pa 11s BocctaHoBieHus JIK, a Takyke BO3MOKHOCTH €ro aKTHBALMH IPEACTABIACT TEOPETUUSCKUN
Y IIPAaKTUYECKHUI HHTEpecC.

B nannoit pabote aktupaiuio CVY anexrpoaa nposoauiu B 0,5 M H,SO, u 1 M KOH nipu noren-
uManax BelenaeHus Bogopona —1,5 B u kucnopona 2,3 B B Teuenue 600 ¢ no METOIUKE, ONMUCAHHON
B [15]. Ilocne obpaborku crenens kouBepcun JIK yBenuunnace no 60,5 %, a cenekruBrocts u CE
cocraBw 53,1 u 27,7 % coorserctBenno (puc. 3). Kpome toro, nocie odpadorkn CY u3MeHHICS
TaK)ke XOJI BOJIFTAMIICPHBIX 3aBUCHMOCTEH (CM. pHC. 26), UTO CBSI3aHO, IO-BUINMOMY, C H3MECHEHHEM
KoJim4yecTBa (yHKIMOHAIBHBIX I'PYIIN Ha HOBEPXHOCTH JeKTpona [16].

O0paborka rpadura, oIHaAKO, HE NPUBOJUT K 3aMETHOMY yBelndeHuto koHBepcuu JIK, mpu
9TOM CEJIEKTHBHOCTH 10 oTHOIeHHIo K BK 1 dapaneesckas adextnBHOCTS CHMXKarOTCS (pHC. 3).

[Tpu 0IMHAKOBBIX YCIOBHSX JEKTPOIN3a JIyULIHe Pe3yJIbTaThl ObUIH MOJIYyYeHBI Ha METalJIu-
yeckoM cBuHLE. Crenens kouBepcuu JIK 3a 2 1 anexrponusa cocraBuna 91,3 % mnpu cenekTuBHO-
ctu o otHomeHU0 K BK 64,7 % u dapaneesckoii apdexruBnoctu 32,4 %. CineayeT OTMETUTb, YTO
B JJaHHOU paboTe ceneKTuBHOCTH Pb mo otHomeHuro k BK Huxe, yem B pabotax [4, 9, 11]. Takoe
pacxokIeHHe B MMOKa3aTeNaX Mpolecca, Ha Halll B3I, ONPECIISIeTCS CYIIECTBEHHBIM Pa3InyrueM
(puKCHpyeMBIX IIJIOTHOCTEH TOKa (ITPH aHAJIOTMYHBIX JPYyTUX NapaMeTpax aJekTponaunsa). Tak, B pa-
6otax [4, 9] NIOTHOCTH TOKA UCXOAA U3 MPEACTaBICHHBIX BOJIBTAMIIEPHBIX 3aBUCUMOCTEH COCTaB-
asna ot 0,4 no 40 mA/cm? ipu norenuuane —1,6 B, Torna kak B HacTosuiel pabore ona 6ouee 200
MA/cM? (cM. puc. 2a). MOKHO NPEATIONOKATE, YTO B JAHHOM CIIydae CYIIECTBYET OTIMYHE B (aK-
THYECKOHN TUIOMAAH JIEKTPOIOB, BEPOATHO, N3-3a CII0C00a aKTHBAIMK €ro IIOBEPXHOCTH. Bricokne
MJOTHOCTH TOKAa MOTYT HPHUBOAUTH K M3MEHEHHIO pH B MPHUAIEKTPOAHOM CJI0€ M MOTEHLIHAIBHO

BIIUSTH Ha a/JIcOpOIMOHHBIE XapakTepucTuku JIK, mpuBoas kK H”HOMY pacnpeneaeHuIo Npo yKTOB.

3akJaoueHue

DNEKTPOKATAIIUTHIECKOE THAPUPOBAHUE JIEBYJIMHOBONW KHUCIOTHI B BOJHOM pacTBope H,SO4
OBIJIO MCCIIEJOBAHO HA aJTIOMHHHEBOM, CBUHIIOBOM, TPaUTOBOM H CTEKJIOYTICPOTHOM IEKTPOIAX.
YCTaHOBIIEHO, YTO HAa BCEX UCCIIEIOBAHHBIX AIEKTPOJaX MEKTpoKaTaIuTHIecKoe ruapupoanue JIK
MMPOTEKAeT 10 BallepHaHOBOW KHUCIOTHL [loka3aHo, 4uTo creneHb koHBepcuu JIK cHMXkaeTcs B psay
Pb > CVY > Al > rpadur, a cenekTUBHOCTb BozpacrtaeT B psiay CY < rpadut < Al < Pb. Buiepssie mo-
Ka3aHo, YTO Ha cTekjoyriepone runpupoBanue JIK mporekaet mo BK, mpudem Ha CelleKTHBHOCTH

mponecca OKa3bIBACT BJIUAHUC COCTOAHNUE ITOBEPXHOCTH CV.

Konduukr narepecon

ABTOpBI 3a5BJIAIOT, YTO Y HUX HET KOH(l).]'II/IKTa HUHTCPECOB.
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CBoiicTBa rPaHYJIMPOBAHHBIX 230TCOACPKALUMX YI00PEeHUH
HA OCHOBE COCHOBBIX OIMJIOK M HCCJIeJOBAHUE UX IPPEKTUBHOCTH
IPU BbIPALIMBAHUHU MIIEHHUIbI

B 3eMule/leIbueckoii 30He KpacHosipckoro kpast

B.H. Pomanos?, H. C. Ko3yanna?,

T. A. CubITKOBa?, A. B. Bacuienko?,

M. A. Muxaitjaen?, A.I. Jlunmmn®, M. 1O. Beaam®,
E.B. Benpukosa®, A. A. Co6ouies®, O.I1. Tapan®®
“Kpacnoapckutl HayyHO-UCCIe008aAMeNbCKUL UHCIMUNYM
CeNbCKO20 X03AUCMEA

@UIL] KHI] CO PAH

Poccuiickaa ®edepayus, Kpacnospck

SUnemumym xumuu u xumuueckou mexruonozuu CO PAH
@UIL] KHI] CO PAH

Poccuiickas @edepayus, Kpacnosapck

‘Cubupcruil ghedepaivHblil yHUGEpCUMEN

Poccuiickas ®edepayus, Kpacnosapck

AnHoranus. [Ipennoxen cnoco0 NMoxydeHus TPaHyJINPOBAHHBIX YA0OPEHUH Ha OCHOBE COCHOBBIX
OIUJIOK, COZICPIKAIIUX aMMHUauHy0 cenutpy. MccnenoBanbl pr3MKO-XMMHUYECKHE CBOMCTBA OMUIIOK
n ynoopennii, conepxxamux 20,0 % mac. azota. MI3yueHo BIUsSHHUE IPEABAPUTEIBHON 00paboTKI
COCHOBBIX oniiIoK 1 % mac. BogaBIM pacTBopoM NaOH Ha CBOWCTBA I'paHyIHPOBAaHHBIX YIO0OPEHUH.
Pe3ynbraThl MOJICBOTO HCIIBITAHUS 110 BRIPALTUBAHUIO MIIEHUIIBI copTa «KpacHosipckas 12) BBISBUIN
POCTOCTUMYJIMPYIOLIEE BIHMSHUE a30TCOACPIKALINX I'PAHYIMPOBAHHBIX YI00PEHHUI 110 CPABHEHHIO
¢ Hey10OpeHHBIM (hoHOM. YcTaHOBIIEHO Ooee 3 GEeKTHBHOE BIMSHUE HA yPOXKAWHOCTH ITIICHUIIBI
rPaHYJIMPOBAHHOTO Y00pEHMsI, [T0JyUYEHHOI'0 M3 COCHOBBIX OIMMUJIOK Mocie ux oopadorku 1 % mac.
BoHBIM pacTBopoM NaOH — 1o 1aHHOMY Nokasaresnto JocTuraeMsii agdexr Ha 1,9 1/ra Oosbme

B CpaBHEHUU C aHAJIOTUYHBIM yJIO6peHI/IeM Ha OCHOBC MCXOJHBIX OITHJIOK.

KuroueBble cJioBa: COCHOBBIC ONMJIKH, aMMUAYHas CEIUTPA, FPaHyINpOBaHUE, MIIICHUIA, TTOJIEBON

OIIBIT, Y PO’KAHHOCTH 3€pHAa.
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Baarogapuoctu. Pa6oTa BeimosHeHa B pamkax npoekta Ne 0287-2019-0009 ¢ ucnonb3oBaHuem
obopymoBaHus KpacHOSIPCKOTO PerHOHANBHOTO IEHTPa KOJJIEKTHBHOTO Tonb3oBanmss UL KHI]
CO PAH.

Iuruposanue: Pomanos, B. H. CoiicTBa rpaHyIMpOBaHHEIX a30TCOJEPKAIINX YAOOPEHHI HA OCHOBE COCHOBBIX OIHIIOK
1 McclesioBanye nX 3((EKTUBHOCTH MPH BBIPAIIMBAHNH ITIICHUIIBI B 3eMIIe/ieTbueckoii 30He KpacHospekoro kpast / B.H. Pomanos,
H.C. Ko3ynuna, T. A. CHbiTKkOBa, A. B. Bacunenko, M. A. Muxaitnen, A.T. Jlunmun, M. FO. benam, E. B. Benpukosa,
A.A. Cobones, O.I1. Tapan // Kypu. Cub. denep. yu-ta. Xumus, 2021, 14(4). C. 570-581. DOI: 10.17516/1998-2836-0264

BBenenne

[Tpobiema yTHiIM3annm JpeBECHBIX OTXO/I0B B HAIICH CTpaHe CYMTACTCS OJHOM U3 Hanboee ak-
TYaJIbHBIX, TaK KaK B HACTOALICEC BPpEM IPHU CYHICCTBYIOIIUX METOAAX Hepepa60TKH TEPACTCA MOUTH
MOJIOBHHA OWOMacchl epesa [1, 2].

OI[I/IH W3 CIIOCO00B yYTuiausanuu JpeBECHBIX OTXO040B, B YaCTHOCTH OITHJIOK, — IIOJIYUYCHUE Oopra-
HOMUHepaJIbHBIX ynoOpenuii [3]. Hanbosee nepcrieKTHBHBIMH SIBJISIIOTCS TPaHYJIMPOBAHHBIE y100pe-
HU, TOCKOJBKY 00€CIeunBarOT CHUKEHNE TPY103aTpaT Ha X BHECEHHE B OoUYBY. C Apyroi CTOPOHHI,
IPaHyJINPOBAHUE TIO3BOJISET 00ECTIEYNTH 3aMEITICHHOE YAAJIICHUE BOIOW 3JIEMEHTOB MU TAHUS U3 I'Pa-
HYJI U, CJICI0BATEIbHO, Ooiee 3(h(heKTHBHOE UX MOTPEOICHUE PACTEHUSIMH B IEPHOJT BereTaluu. A30T
SIBJISIETCSI OCHOBHBIM 3JIEMEHTOM JUJIsl IOCTHIKCHUSI BBICOKOH YPOXAMHOCTH CEIbCKOXO3SHCTBEHHBIX
KYJbTYp U UX Ka4€CTBA. HSBCCTHO, YTO UHTCHCUBHOC IPUMCHCHUEC TPAAUITUOHHBIX a30TCOACPKAIIUX
MHUHEPaJIbHBIX YJOOPEHUH COPOBOXKIAETCS HEOIAronpUsITHBIMH SKOJIOTHYECKUMH PUCKaMHU 33 CUET
yBEJIMYCHUS DBTPO(UKALNY IPUPOHBIX BOJI U IMUCCHH 3aKucH azoTa [4]. BHenpenue azorcoepxka-
X yJOOPEHMI MPOJIOHTUPOBAHHOTO JEHCTBHUS B arpapHyo 00JacTh MO3BOJIUT COKPATHTh 00BEMBI
MPUMEHSIEMbIX MUHEPAJIbHBIX BOJOPACTBOPUMBIX yJIOOPEHHL, UTO 00ECIIEUUT CHUIKEHUE HETaTHBHO-
T'0 BO3/ICHCTBHSI HA 3KOJIOTHIO IPH OoJbIeM SKoHOMu4eckoM addexre [5]. Caepkuparonium (akro-
POM MacIITaOHOTO MPUMEHEHHUS YAOOPEHUH MPOJOHTHPOBAHHOTO ACHCTBUSI CUMTACTCS MX BBICOKAs
CTOMMOCTB, OCOOCHHO YA0OpeHNH 000JI09€THOr0 THITAa. B 3TOM OTHOIICHNH BechMa IPUBJIEKATEIbHBI
rpaHyJIMPOBaHHbBIE YI00PEHHUsI HA OCHOBE JIPEBECHBIX OTXOJI0B, COJEPIKAIINE PA3IMUHbIE MUHEPAJIb-
HbIe KOMIIOHEHTBI.

O030p auTepaTypbl MOKa3aji, YTO BOZMOXXHOCTh I'PAHYJIMPOBAHHS CMECH JAPEBECHBIX OITH-
JIOK C aMMHUAYHOH CEIUTPOH, 0COOCHHO MPHU BBICOKMX COAEPXKAHUAX MOCIEIHEH, TPaKTHIECKH
He paccMmarpuBaercs. DTo 00yCIOBJICHO, OYEBUIHO, €€ PA3JIOKECHHEM IIPHU TeMIepaType BbILIC
110 °C [6]. B mponecce rpanyianpoBaHus 3a CYET caMopa3orpesa remuneparypa popmyemoii cmecu
MOJKET IPEBhIIIAaTh 3T0 3HaueHue [7]. [loaromy paspaboTka criocoba monydeHus rpaHys1 u3 ape-
BECHBIX OIMJIOK B COUETAHUU C aMMHMAYHON CEINTPOI IpencTaBiseT nurepec. Tak Kak amMMuad-
Has CeJIMTpa LIUPOKO MPUMEHSIETCS B CEIbCKOM XO035CTBE, COJEpKalUe €€ I'PaHyInpPOBaHHBIC
MaTepHuajabl MOTYT CIyXHUTb yaoOpeHuem. Jlisi BBIABICHHUS POCTOCTUMYIIHMPYIOMIETO IEHCTBHS
BHOBB IpeIJIaraeMbIX YIOOpEeHUH aKTyalbHBI UCCIAEJOBAHUS MO BHIPAIIMBAHUIO CEIHCKOXO03SIH-
CTBEHHBIX KYJIBTYD B ITOJIEBBIX YCIIOBHUSX, MO3BOJISIIOIINE ONPENEIUTh UX BIUSHHUE HA ypoxaii-
HOCTb U Ka4€CTBO MPOAYKIIHNH.

Lenb paboTsl — pazpaboTka criocoba MOIy4YeHNs HA OCHOBE COCHOBBIX ONMJIOK I'PAHYJIMPOBAH-
HBIX yJI00pEHUi, collepKaluX aMMHAYHY IO CEJTUTPY, & TAKKE U3YUCHUE X CBOMCTB U UCCIIEJOBAHUE

BIIMSTHUS y10OpeHUi Ha MPOAYKTHUBHOCTD SIPOBOH MIIEHHUIBI copTa «KpacHosipckas 12).
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IJKcNepMMeHTAJIbHAA YaCTh

Tlonyuenue epanynruposantvlx y0oopenul

ChlpbeM JUIsl MOJYUYeHHs] YJAOOpPEHMH CIYXKWIM BO3JYIIHO-CyXHE ONWIKH COCHBI (Pinus
Sylvestris L.). Bmaxuocts onunok — 3,0-3,6 %, comepxanue 30161 — 0,3 %. OMMWIKKA H3MeTbYain
U BBLICISUIH (DPAKIIMIO PAa3MEPOM MEHEe 3 MM.

Jlnst monmy4eHns ynoOpeHni NMpUMEHSTH MCXOIHBIE ONMMIIKH M ONMJIKH, IIPEABAPUTEIBHO 00-
paborannbie 1,0%-HbIM BonHBIM pacTBopoM NaOH. BopHo-1ien0uHON TUAPOIU3 MPOBOJUIH TIPU
CJIEYIOMINX YCIOBHSX: Temneparypa 93+3 °C; nmpomoinKUTeNbHOCTh | ) 3HaYeHHE THIPOMONYJIS
paBHO 15; mepementnBanue. [IpoOMBIBKY MOIOKKHN BOJIOW U HEHTpaNH3aI[MI0 OCTATKOB IIEJIOUH pac-
tBopoM 0,1 NHNO; (ruppomonyis — 10) mpoBoannu ananorudno metoauke [8]. [loamoxky cymmnn
JI0 BO3YIIIHO-CYXOTo cocTossHUs mpu 50+5 °C.

[Momyuenne ynoOpeHuil BKJIIOYAIIO ABE OCHOBHBIE CTAINK: |) HAHECEHNE Ha ONMIKH aMMHAYHOH
CENIUTPHI; 2) TpaHyINPOBAHHUE.

Hanecenrne aMMHa4qHOM CeMUTPHI (MapKa «94») IPOBOIMIH MTPOIMUTKOMN OIHMIIOK BOJHBIM PAaCcTBO-
poM u3 pacyera 3,5 j1/kr. KonuecTBO aMMHAYHON CEITUTPhI PACCYUTAHO TaK, 4TOOBI YI00pEeHHE CO-
aepxano 20,0 mac. % asora. [IponuTaHHbIe ONUIKY YIUIOTHSIU U BBIAEPKUBAIU B 3aKPBITOH Tape
B TedyeHne 15-20 4 mpu komMHaTHOM Temmeparype. 3arem cymunu npu 100-105 °C no ocraTouHOM
Bnaxuoctu 12,7-15,5 %.

I'panynupoBaHue OMUIOK, COMACPXKAIIUX aMMHUAUYHYIO CEIUTPY, MPOBOAWIM HA TPaHyIATOPE
ZLSP — 150 (Kuraii), ncrionp3yst MaTpuIly ¢ JMaMeTpoM oTBepcTuid 4 MM. B mporecce rpanynsnun
HNEePUOIUYECKH KOHTPOIUPOBAIN TEMIIEpaTypy OIMUIIOK, KOTOopas He JoJKHA mpeBbimaTs 85-90 °C.
Ecnin Ha BBIXO/I€ TOTyYalIi PBIXJIBIE, JIETKO paclaaroliiecs TpaHyJIbl, IPoLece I'PaHyJ IS UHU TOBTO-
pSUTH.

Ha ocHOBe HCXOHBIX OIMIIOK 1 OITHJIOK, 00pa0O0TaHHBIX IEJIOYbI0, OBLIO ITPUTOTOBIEHO 110 10 KT
a30TCoepKaIMX yIoOpeHnii caenyromero coctasa (mMac. %): 42,85 — onuiiku cocHbl, 57,15 — ammu-

aqyHas ceJiuTpa.

H3yl¢eﬂue ¢M3MKO-XMMMH€CKMX CBOUCMB COCHOBBIX ONULOK

U yOOOpeHUll Ha UX OCHOGe

BrnaxHOCTB, 30JIBHOCTH COCHOBBIX OIMJIOK, COJAEp)KaHWE B HUX JINTHUHA (B MOIU(HUKAINH
Komapoga) omnpeznensiin no merogukam [9], Binaroemkocts — no 'OCT 24160—80, oOriee xosuue-
CTBO MOJU(EHOIBHBIX COEMHEHUH — METOAOM TepecyeTa Ha KuciaoTy ramwiosyto nmo 'OCT P NCO
14502—-1-2010. HachinHy0 MIOTHOCTH I'PaHYJIMPOBAHHBIX y1o0peHuit onpeaensiun cornacHo 'OCT
28512.1-90. 1151 onIeHKM MEXaHUYECKON MTPOYHOCTH TPaHyll yIoOpSHII TPUMEHSIH METOIUKY pabo-
ToI [10]. [l151 oTceBa pa3pyIIeHHbBIX YACTHI] HCIIOIB30BaHbI CUTA C OTBEPCTUIMH | 1 3 MM.

[TopucTyro CTPYyKTypy COCHOBBIX OIMHJIOK UCCIIEJOBATN METOJIOM HU3KOTEMIIEPATypHOH aacopo-
uuu azora B uurepsaie (P/P,) 0.06-0.99 na ananuzatope ASAP 2029MP-C (Micromeritics, CLIA).
Ilnomans yaensHoi noBepxHocTH (Sper, M2/T) 1 06beM MUKPOTIOP (Vini, CM3/T) pacCUUTBIBAIH 10 Me-
tony BOT [11]. O6bem me3onop u Makponop mupuHoi 10 300 HM (Vie.mae, CM>/T) OBbLI paccuuTaH
¢ momormbio Metona BJH (Barrett — Joyner — Halenda) [12].

Peructpanust UK-criekTpoB COCHOBBIX OIUJIOK, YI0OPEHUH HA KX OCHOBE U aMMHUaYHOI CETUTPBI

BeimonHeHa Ha MK-®Dypee cnekrpomerpe IR Tracer-100 (Shimadzu, Slnonus) B 061acTi BOJTHOBBIX
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gucen 4000—400 cm™'. OGpa3ipl TOTOBMIIM B BUE TAGIETOK B MATPHUIIE GPOMHCTOTO KaIHs TIPH OJH-

HaKOBBIX ycioBHAX (3 mT Ha 1000 Mr OpommIa Kamus).

Ilposedenue nonegvix ucnvimanuii

Brusinue a3oTcoiepkaiiux yJao0peHHil Ha OCHOBE COCHOBBIX OIMJIOK Ha MPOAYKTHBHOCTB SIPO-
BOI IieHUIIsI copTa «KpacHosipckas 12» n3y4asiock B CpaBHEHHH C aMMHAYHOH CETUTPOH U HEYH00-
PEHHBIM ()OHOM (KOHTPOJIb) B YCJIOBHSIX CTALIMOHAPHOT'O MOJIEBOr0 OnbITa. [IpeinecTBeHHUK — sipoBast
MIIeHUIa, 00paboTKa IMOYBBI — BecHOBCIanka Ha 20—22 cM. [1oeBoii ombIT MPOBOIIIICS Ha yYaCTKE,
pacnosioxkeHHOM B 30He KpacHosipckoii JiecoctenH, ¢ reorpaguyeckuMu KOOpJuHaTaMu: HupoTa 56°
03' CH, u 92° 42' B/1. Ileprion npoBenenust onbiTa — ¢ 8 Mast o 8 centsiops 2021 1. ITousa Ha ydacTke
MPECTABIISACT COO0H YepHO3eM OOBIKHOBEHHBIN, MaJIOMOIITHBIN, CPEIHECY NIMHUCTHIN. BbI0OOp yuacTka,
CXeMa 3aKJIaJKH OMbITa U (DEHONOTHYEeCKHEe HAaONIOCHUS MpoBeaeHB! o Metonukam [13] 30 ampens
2021 r. Ilnomaas y4acTKOB 10 BHECEHHUE ya00penuii coctapisia 400 M?, yueTHas miomais (II0mans
KOHTPOJIBHOTO y4acTka) — 25,2 M2, PasMelieHre BAPUMAHTOB OMbITA HA IUIONIAIN OYEPEIHOE, TOBTOP-
HOCTbh 3-KparHas. Benaiika onbITHOrO yyacTka rnpoBefeHa 8 mast Ha rinyouny 20—22 cu. J{uckoBanue
noBepxHocTH IposezieHo 10 mast. Buecenue ynobpenuii (ammuagnoii cenntpsl, Y/1-1 u YI-2) npoxonu-
JIO TIepe/] BCIAIKOH MOBEPXHOCTHO, C MOCIICAYIOIICH 3aaikoi Ha TIIyOrHY 10 22 CM.

Hopwma BHecennst azorcoaepskarero ynoopenus Y/I-1 cocrasmusina 80 kr/ra, Y/I-2 — 70 kr/ra, am-
MuadHo# ceautpsl — 100 kr/ra. [ToceB ceMsiH MIICHUIIBI TPOBOAXIN HA TyOounHy 5 cMm 30 mast 2021 r.
Hopwma BriceBa ceMstH mieHHB — 3,5 MurH mT. Ha 1 ra (150,5 kT ceMsH neHus Ha 1 Ta).

IToceBbI MIIEHUIBI B MOJECBOM OIBITE XapaKTECPU30BAJIM MO OOIICTIPHHATHEIM METOAUKaM [14].
OO0pa3pl TTOUBKI JIsI ONIPEEIICHHsI COACPIKAHUS BJIark ObuIH 0TOOpaHbl 27 Mas Ha Tyouny 0,5 M
yepe3 10 cm. OnHOBpEMEHHO MTPOU3BEICH 0TOOP 00Pa3IIOB OYBI IJIs OMPEACIICHHUS COACPIKAHUS dJIC-
MeHTOB nuTanus. OT0op mpoO MOoUBkI U ee aHaau3 ocymecTBieHb! 1o MeTogukam ['OCT 5898-2019
u [15]. locToBepHOCTH BAUSAHUS BHECEHU y10OpeHnii Ha ypokaitHocTs nineHuisl (HCPys) onennBa-
JIM € TIOMOIIBIO TUCTIEPCHOHHOTO aHaiu3a [16]. YOopka ypoxas rnpoBesieHa 8 CeHTsOpsl.

JlaHHBIE O IOTOAHBIX YCIOBHUAX B 30HE MPOBEICHNUS MOJICBOTO OMBITA 10 CBEICHUSAM HHTEPHET —
noptasa http:// ru-meteo.ru (Mait — cents16ps 2021 r.) npuBenens! B Tabum. 1. 3a urons — asrycr 2021 T.

BhbITaio 230 MM ocazKoB Ipu cpennen Temmepatype 17,5 °C.

Pe3yabrarsl un 00cyxkaenue
Cesoticmea epanyIupo8aHHbIX A30MCO0ePAHCAUUX YOOOPeHUT

HA OCHOB€ COCHOBbLX ONUJIOK

JU1st TIOBBITIEHUS yCTOWYUBOCTH yI0OPEHUH K Y/IaJICHHUIO a30Ta BOIOW MPH MX MOy YSHHH OTHO-
BPEMEHHO MCIOJIb30BaHbI J[Ba METO/a: 1) MPONUTKA COCHOBBIX OMMIIOK, OOJIAAAIOUINX Ccriequduye-
CKOH TOPUCTOM CTPYKTYpOH, pacTBOPOM aMMHUAYHOH CETUTPHI; 2) rpanyinpoBanue. CrocoOHOCTH
K MEJUICHHOMY yJIaJICHUIO a30Ta U3 T0JIyYeHHBIX YJI00pEHUH JI0CTUTaeTCs 3a CUeT BHYTpUIU(dy3u-
OHHBIX 3aTPYJHEHUH IIepexoa aMMHUAaTHOM CeINTPHI N3 00beMa I'paHyJl B IOYBEHHBIH pacTBOP U I10-
cJle pacnajia rpaHyJI — IePeX0J0M HAHECEHHOI' O BELECTBA U3 11OP.

CoCHOBBIE OTTMJIKH B COCTaBE yI0OPEHHH BBITTIOTHSUIHA (ByHKIIMIO TIOPUCTOM TTOJJIOKKH JIJIsI HAaHe-
CEHHs aMMHUAYHON cenuTpsl. IlapaMeTpsl HOPUCTOH CTPYKTYPhI HCXOIHBIX COCHOBBIX OITHJIOK M OTIH-

10k nociie 006padotku 1,0%-HpIM BogHBIM pacTBopoM NaOH npusenens! B Tadu. 2.
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Ta6nuna 1. [TorogHbie yCa0BUS BEreTAIIMOHHOTO Mepro/a moJjieoro ombita 2021 1.

Table 1. Weather conditions in vegetative season of the field experiment 2021 year

Temneparypa Bo3ayxa, °C
Hara Ocanku, MM
CpenHsst
3a uoHb 15,5 122
3a HI0Ib 19,7 47
3a aBrycr 17,4 61
3a UIOHb — aBr'yCT 17,5 230

Tabnuna 2. PU3UKO-XUMHUUYECKUE CBOMCTBA COCHOBBIX OITUIIOK

Table 2. Physical and chemico-properties of pine sawdust

O6beM mop, ecm/r,x107
Ob6pasern SgET, M2/T BJI. r/r [®, % | JTuraux, %
Vtota Vmic Vme-mac
COCHOBBIC OITUJIKU 0,437 8,74 0,49 8,25 3,63 0,15 32,78
COCHOBBIE OITHIIKH OCIIE
obpabotku 1.0 % pactBopomNaOH 0,454 12,43 | 0,76 11,67 4,85 0,05 40,07

TIpumedanue. Sger — yaelibHas IIOLIA b HOBEPXHOCTH, Vio— 001IHiT 00beM nop mupunoii 10 300 HM, V. — 00bEeM MUKPOTIOP,
Vine-mac — 00beM Me3onop u Makpomnop mupuHoit 10 300 um, BJI — Bnaroemkocts, [1® — conepxanue moaudeHOIBHBIX
BEIECTB.

O6pabotka ormmiok 1,0%-HbM BogHBIM pacTBopoM NaOH 1pu BEIOpaHHBIX YCIOBHSIX TTO3BOJIH-
na ynanuth 21,9 % pa3audHBIX OPraHUYeCcKUX BEIIeCTB. B pesynbraTe B CTPYKTYpe ONMIOK yBEIH-
quiicsi 00beM 1op: Mukpormop B 1,55 pas, a Me30- u makponop mupuHoi 10 300 um B 1,4 pasa. Yeenn-
YEeHHUE MOPUCTOCTH IAHHOTO 00pa3siia MPUBOAMT K OOJIbIIEH ero MPOHUIAEMOCTH JJIsS MOJIEKYJI BOIbI,
YTO CJIEAYET U3 CPAaBHEHUS 3HAYEHUII BIArOEMKOCTH UCXOIHBIX U 00paOOTaHHBIX IIEI0YbIO0 OIHIIOK
(tabu. 2). D10 MOXKeT 00ecreuynBaTh 00Jice PABHOMEPHOE PACIIPEICICHUE aMMHUAYHOM CETUTPHI 10 T10-
BEPXHOCTH OITHJIOK.

Oco0eHHOCTHI0O aHATOMHUYECKOTO CTPOCHHUSI APEBECHHBI COCHBI SIBIISETCS BHICOKOE COACpIKAHHE
Tpaxeu]l (BBITSHYTBIC OJPEBECHEBIINE KICTKH PACTCHHUH, CITy’Kalllle TPAHCIIOPTEPOM BOABI M MHUHE-
palbHBIX COJEeH), Ha MO0 KOTOPBIX mpuxonutcs 10 93,1 %. CpenHuil nuameTp Tpaxeuj BapbUpy-
ercst oT 10 1o 50 mxM, a qnuHa — oT 1,4 10 4,4 MMm. CTeHKH TpaXeus MOKPBITHI IOPAMH pa3MepoM
0,8-3,0 mxm [17]. Tpaxeu bl cHOCOOHBI 0OECHEYUTH TPAHCIIOPT MOJIEKYJI aMMHAYHOI CelUTphI B 00-
Jee MeJIKue rmopsl. JIokamm3aus MOJIeKyIl 3TOro BEIIeCTBAa B MUKPO-, ME30- U MEJIKMX MaKpOHopax
MOXET CII0COOCTBOBATH MX MEMJICHHOMY Y/aJICHUIO B IIpoLiecce 00paboTKU YA0OpeHU BOIOM.

COCHOBBIE ONMJIKH XapaKTEPU3yIOTCSI HEBBICOKMM COAEPIKAHMEM MOJINU(EHOIBHBIX BEIIECTB —
He 6osee 0,15 %, a miesiounast 00pabOTKa MPUBOAUT K CHUIKCHHUIO X COACpKaHUs B 3 pasa (Tadi. 2).
W3BecTHO, 4TO JpeBECHHA COCHBI COACPXKHUT pa3iudHble (PEHOJIbHBIE COCAMHEHHUsS, B TOM YHCIIE
u depynosyto kucnoty [18]. depynoBasi kKucioTa OKa3blBaeT HEraTUBHOE JIEHCTBHE HA POCTOBYIO
aKTMBHOCTh PACTEHUH 3a CYET MHTHOMPOBAHMS Y PACTEHHWH HUTpATpeAyKTasbl, Gochopuiasbl,
[III0TaMAaTACTHPOreHa3bl, KOTOPBIE SBJISIIOTCS KJIIOUEBBIMA META0OJUTAMU UX HOPMAJIBHOTO pas-

BUTHUS [19] Z[J'II/ITSJ'IBHOG BHCCCHHUC B IMOYBY JIMTHOLCIIJIFOJO3HBIX OTXOA0B oe3 npeABaApUTEIBbHOTO
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KOMIIOCTUPOBAHHUSI MIPUBOJIUT K HAKOIUJICHUIO B Heil BelecTB (PeHOJIbHON NPUPO/IbI U MOBBILICHUIO
ee puroTokcnuHOCTH. [ToaTOMY CpaBHEHHE PE3yIbTATOB IOJIEBOTO OIBITA 110 BHIPAIIMBAHMIO ITIIIE-
HUIbl C MCIIOJIb30BAHUEM YJO0OpEHHII HA OCHOBE MCXOAHBIX M 00paOOTaHHBIX OMMIIOK TO3BOJHT
OLIEHUTH HEOOXO0IMMOCTh MPUMEHEHUS CTAINN BOAHO-IIEIOYHOTO I'UAPOJIN3a IPH MOy UYSCHUH yI0-
OpeHuit.

CocHoBsle onuiku copepskat 32,78 n 40,07 % nuranna (tabdn. 2). B pesynprare 6nopasnoxeHus
yI00OpeHuil B IOYBE U3 JUTHUHA 00pa3yr0TCs I'yMyCOBbIe BeliecTBa. CUNTACTCS, YTO COACPIKAIIUMACS
B KJIETKaX JIPEBECUHBI JIMTHUH, BBIICIISIFOIIUICS IO JEHCTBUEM AABJICHUS U TEMIIEPATY PbI, CITYKHUT
CBSA3YIOUIUM BellecTBOM B rpanyie [7]. CienoBarenbHO, O0OJbIIEe COJAeP)KaHNe JIUTHIUHA B OMUJIKAX
nocie o6pabdorku 1,0%-HbIM BopHBIM pacTBopoM NaOH 1o cpaBHEHHIO ¢ MCXOJHBIMHU OIMIIKAMH
CIOCOOCTBYET MOMYUYESHHUIO OoJiee TUIOTHBIX M MPOYHBIX TpaHys (Tadi. 2 u 3).

[NomyuyeHHbIe 00pa3mbl COCHOBBIX OIMJIOK U a30TCO/EpIKAIlMe yA00peHUsl Ha UX OCHOBE M3yde-
Hbl MmeTogoM UK-cniekrpockonuu (puc. 1).

B HK-cnekTpax ynoOpeHHii Ha OCHOBE COCHOBBIX OMIJIOK MICHTH(UIIMPOBAHBI OJIOCHI ITOTJIO-
HIEHUST KoJe0aHusl CTPYKTYPHBIX TPYIII aMMHAYHOM CENMUTPBI, B 4aCTHOCTH II. 1. ipu 3035, 1399,
1384, 1042, 827 u 714 cm! [20]. OTMeUEHO OTCYTCTBHE CABHIa XapPAKTEPUCTUUYECKUX TOJOC MOITI0-
IICHUSI aMMHAYHOM CEJIUTPBI B COCTaBe YJ0OpPEHUH B CPAaBHEHHWH C MHMBUAYAJIbHBIM BELIECTBOM
(puc. 1, xpuble 3-5). DTOT (haKT MOATBEPKAAET TEPMOCTAOMIBHOCTH AMMHAYHOH CENUTPHI B TIPO-
1ecce MOoJy4YeHUs TPaHyJIMPOBAHHBIX YJN0OpeHHid. BpisiBieHa HEM3MEHHOCTh XapaKTEePUCTHUECKUX
10JI0C TOTJIOIIEHHS KaK MCXOJHBIX 00pa3llOB COCHOBBIX ONMJIOK, TaK M YJOOpPEHHMI Ha HX OCHOBE
(puc. 1, kpuBble 1-4). JlanHblii (PakT, KaK 1 OTCYTCTBHE CABHIa IOJIOC MOTIIOMICHUSI aMMUAYHOH Ce-
JUTPBI, TO3BOJISIET CYIUTh 00 OTCYTCTBUH €€ XMMUYECKOr0 B3aUMOICHCTBHS C ()yHKIIMOHAIBLHBIMHU
rpynmnamMu cocHoBbix onuiiok [20]. CinenoBaTenbHO, B TIOJIyYEHHBIX I'PaHYJIUPOBAHHBIX YI00PEHHUIX

COXpaHsACTCA q)opMa HaXO0XACHW a30Ta, CBOICTBEHHAsI aMMHAYHOU CCJIMTPC.

P63y]lbmambl nojiesoco onvlma

YCTaHOBIICHO, YTO MPH BCIAIIKE I'PAHYIIBI C TIOBEPXHOCTH PACTIPEACTIAIOTCS 110 TOPU30HTY B Ta-
Ko mporopunu: 5 % ocraiorcs B moBepxHOCTHOM cioe 05 cM; 5 % momanaror Ha rayouny 20 cm;
90 % pacnpenensitoress B ropuzonte 5—15 cm. CriemoBareabHo, s 3G(HEeKTHBHOrO AeHCTBHS I'pa-
HYJINPOBAaHHBIX yJOOpEHMH Ba)kHA BJIAXKHOCTH OUBHI B cioe 0—20 cm. Ha craguu moceB — BCXOAbI

BJIQYKHOCTB ATOI0O CJI0si cocTtaBuia 26,5 %. HabiromaeMblil ypoBEHb BIAQKHOCTH IOYBBI CLIOCOOCTBO-

Tabnuna 3. XapakTepuCTHKN TPaHyINPOBAHHBIX a30TCOACPIKAIINX yI0OPEHNI HA OCHOBE COCHOBBIX OIHIIOK

Table 3. Characteristics of granular nitrogen-containing fertilizers based on pine sawdust

Mexanuyeckas IpoOYHOCTb, %o
Obpase Juametp Jlnuna rpanyi, Haceinnas
pasel rpaHyi, MM MM [IOTHOCTE, I/aM? Dpaxuus Opakuna
>1,0 MM >3.0 MM
V-1 5,2-5,5 5,0-10,2 273,2 98,1 95,5
V-2 4,5-4,8 8,3-12,1 430,3 99,3 98,8

Ipumeuanue. Y/I-1 — a3oTcogepikaiiee y1o0peHne Ha OCHOBE HCXOIHBIX COCHOBBIX ONMIIOK; Y][-2 — ynoOpeHue Ha OCHOBE
onuiok, oopadoranubIx 1,0%-HbIM BoIHBIM pacTBOpoM NaOH.
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Puc. 1. UK-criekTpbl HCXOHBIX COCHOBBIX OIUIIOK (1), onniok nocie o6padorku 1 % NaOH (2), a3orconeprkamux
ynobpeHuii Ha ux ocHoBe (3 ¥ 4 COOTBETCTBEHHO) M aMMHAYHOM CETUTPHI (5)

Fig. 1. IR spectra of initial pine sawdust (1), sawdust after treatment with 1 % NaOH (2), nitrogen-containing
fertilizers based on them (3 and 4, respectively) and ammonium nitrate (5)

BaJI TIOSIBIICHIIO BCXOOB B TeUeHHUe Heenu (k 7 utoHs). [Ipesxie Bcero BCXOIbI OTMEUYCHBI Ha YUaCTKE
C IPUMECHCHUEM aMMHUaYHOMN CCIIMTPHBI, 4YEPE3 CYTKHU NMOABHUIINCH BCXOAblI HA APYT'UX ydaCTKax.

B momneBoMm ombITe OBLIO ONMpENElIeHO COACpIKAHWE OCHOBHBIX JJIEMEHTOB IHTAHUS B IOYBE
Ha pa3HbIX CTaAUAX BETCTAlWMH MIICHUIIBI IPHU UCIIOJIB30BaHUU yz[o6peHHﬁ B CpaBHEHUU C Heyu06-
peHHBIM (poHOM. [T cpaBHEHHSI BaJIOBOW MPOAYKTUBHOCTH YAOOPEHUH HOPMBI BHECCHHS OBLIH BbI-
opanbl cpaBaumbie: 80, 70 u 100 kr/ra qs onsitoB ¢ Y/I-1, Y]I-2 1 aMmMuadHasi ceuTpa COOTBET-
CTBEHHO (Tabm. 4).

MakcuManbHOE YMEHBIIICHHE COJIEpXKaHMsl HUTPATHOro azoTa (B 8,6 pa3a) Ha CTaauU KOJIO-
[ICHUS MIICHUIIBI OTMEYCHO B OIBITE C AMMHAYHON CENMUTPON. B ombITax ¢ yAOOpeHUsMH Ha OC-
HOBe cOCHOBBIX omuiok YJI-1 u Y]JI-2 BeiHOC a30Ta MeHbIne (B 4,5 u 3,9 pa3a COOTBETCTBEHHO),
HO TIpH 3TOM HaOJIFOIaeTCs CYNMIECTBEHHO MEHBIICEe COACpKAaHHWE a30Ta Ha CTaguu BcxonoB. s
VYI-1 Ha 3TOM cTaguKU OTMEUEHO HE3HAYUTEIBHOE yBEIUUYCHUE CONEPIKaHUS a30Ta IO CPAaBHEHUIO
C KOHTPOJBHBIM OIIBITOM, a [0 CPABHEHUIO C aMMHUAYHOW CEUTPON COMNEPIKaHHE ITOTO dICMCHTA
B 104Be MeHblIe B 1,7 pa3a (tabu. 4). Habmrogaemblil pakt MOKeT ObITh 00YCIIOBJICH CYIECTBEHHO
MEHBITUM KOJIMYECTBOM a30Ta, BHECEHHBIM B IIOYBY C T'PAaHYJIHPOBAHHBIM yIOOpEHUEM, a TaKKe
3aMCIJICHHBIM €0 BbIJACICHUEM U3 I'PaHYJI.

CpaBHEHUE COIep )KaHUI HUTPATHOTO a30Ta ¥ hocopa Ha CTaIUH BCXOAOB B KOHTPOIHEHOM OIThI-
Te U B onbITe ¢ Y/[-2 CBHETENBCTBYET O BOZMOXHOM (DUKCAIIMM ITHX DJIEMEHTOB Ha MMOBEPXHOCTH
rpaHy’ ynoopeHus. Ha ctagmy KolomeHus coepKaHiue HUTPATHOTO a30Ta B IIOYBE BO BCEX OMBITAX
C yIOOpEHUSIMU OTIMYAETCSI MaJIo, MU BCE TOJIyYEHHBIC 3HAYCHUS MTPEBBIIIAIOT CONEPKAHUE B KOHT-
POJIEHOM OIIBITE.

ConeprkaHue MoABHKHOIO Gocdopa B [OYBE HA CTAJAUU BCXOJIbI — KOJIOIICHUE HAXOJUTCS B IIpe-

nenax 54,0—88,0 Mr/kr mouBsl (Tabdi. 4). CpaBHEHHE C COlEPKAHUEM 3TOTO JIEMEHTa B MIOYBE IEpe]]
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Tabauua 4. CoxeprxaHue 3J1€MEHTOB UTaHUs B ouBse (cyoit 0-20 cm)

Table 4. The nutrition elements content in soil

Buecennoe ynobpenue, Hurparsiii a3ot, Mr/kr [MoxewxubIN Gocdop,
Kr/ra MI/KT
Bapuant onbita —
Beero Hutparusrit 01.06 02.08 01.06 02.08
as3or ToceB KOJIOILICHHE ToCeB KOJIOILICHHE
be3 ynobpenuit - - 14,7 2,9 69 78
(KOHTPOJIB)
Y]I-1 80 2,8 16,3 3,6 75 72
Y2 70 2,5 12,4 3,2 54 88
AMMHaYHas CeTUTpa 100 17,5 27,6 3,2 85 65

IIpumeuanue. Y/I-1 — a3oTcogepskaiee yqo0peHre Ha OCHOBE HCXOQHBIX COCHOBBEIX OIMHIIOK; Y/I-2 — ynoOpeHue Ha OCHOBE
onuiok, 0opaboranusix 1,0%-HeIM BogHbIM pacTBopoM NaOH.

Tabnuua 5. XapakTepucTuka MoceBoB MieHuIbl copra «KpacHosipckas 12»

Table 5. Characteristic of sowing of wheat sort «Krasnoyarskay 12»

. Crebnn 3epeH B Kooce VYpoxait
®oH ynobpenunii
ITYK ™M MTYK rpamMm n/ra + K KOHTP.
Be3 ynoOpenuii (KOHTPOJIB) 237 88 27 0,90 21,4 -
Yai-1 253 85 27 0,89 22,6 1,2
V-2 269 87 26 0,91 24,5 3,1
AMMuauHas cenuTpa 246 92 30 1,07 26,4 5,0
HCPys nnst yno6penuii 0,8

IIpumeuanue. Y/I-1 — azoTconepkaiiee y100peHre Ha OCHOBE UCXOAHBIX COCHOBBIX ONMUIIOK; Y/[-2 — ynoOpeHue Ha OCHOBE
onuiok, oopaboranusix 1,0%-neIM BogHBIM pacTBopoM NaOH.

moceBoM (pochopa 50,4—67,4 MI/KT) TOKa3bIBACT, YTO B TCUCHHE BETSTAI[MU MIIICHUIIEI HE HA0IF0/a-
JI0Ch JiepuIIMTa ITOrO 3JIEMEHTA ITUTAHNUS.

Hanuune nuTarenbHBIX 2JIEMEHTOB B TIOUBE B BETETAIIHOHHOM IIEPHOIe 00ECIIEUNIIO TIOBBIIIICHUE
YPOXKAHHOCTH MIICHUIBI (TA0I. 5).

Pe3ynbraThl MOJIEBBIX UCIIBITAHNN MTOKA3aIH YBEIUYEHUE YPOXKAMHOCTH MIIEHUIIBI IIPU BHECe-
HUU B MOYBY 000MX BUOB a30TCOACPIKAIIKMX rpaHyaupoBanubix yaoopenuit (Y/-1 u Y]I-2) o cpas-
HEHMIO ¢ KOHTPOJIGHBIM OnbITOM. Ho Gombinii addext 6bu1 osryden nist ynodpenus Y/I-2 Ha ocHO-
BE€ COCHOBBIX OIUJIOK, 00pa00TaHHBIX BOJHBIM PACTBOPOM ILIECIOYH. YPOXKAHHOCTH MIICHHUIBI B 3TOM
cirydae Ha 1,9 1/ra npeBblaeT ypoxxaifHOCTh, HaOII0/1aeMyI0 B OnbITe ¢ yaoopenuem Y /I-1 Ha ocHOBe
HCXOJIHBIX (HEOOPaOOTAaHHBIX) OIHJIIOK.

Takum 006pa3om, yJOOpeHHsI Ha OCHOBE COCHOBBIX OITMJIOK ITO BAJIOBBIM 3HAYECHHUSIM JIOCTHUTAe-
MOH ypOKallHOCTH YCTYINAIOT aMMHUAYHOU CEeUTpE, HO B MEpecyeTe Ha BBOJUMBbINH HUTPATHBIN a30T
CYIIECTBEHHO MPEBOCXOAAT TPAJUIIMOHHOE ynoOpenue (Tabum. 5). [lpumenenue yro0peHuit mposoH-
THPOBAHHOTO ACWCTBHS HA OCHOBE IPEBECHBIX OMMJIOK MO3BOJIUT YMEHBIINUTH KOJTHYECTBO MUHEPAIb-

HOIr'o a30THOI'o yZ[O6pCHI/I$I, CHU3BUTDH YPOBCHb 3arpA3HCHU S ITOYB U I'PYHTOBBIX BOX. CJ'IeZ[OBaTGJ'IBHO,
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JalbHEHIIas ONTUMH3AIUS METOAA TMOJTYyYCHU A y}lO6p€HHI7I Ha OCHOBEC JIPCBECHLIX OIMUJIOK, 4 TaAKXKE
TEXHOJIOTUHU UX HCHOJb30BaHHWA NJI BbIpalllUBAHUS MIICHUIBI ABJIAIOTCA BECbMa ICPCIICKTUBHBIMU

HaIlTtpaBJICHUAMU HCCHCHOBaHHﬁ.

3akjrouenne

PazpaboTtan croco0 nomy4deHuns a30TCOACPIKAIINX yIOOPEHHH, OCHOBAHHBIH HA MPOIHUTKE COC-
HOBBIX OITMJIOK BOJHBIM PacTBOPOM aMMHAYHOM CETUTPHI U X TPAHYJIUPOBAHUH, CIEAYIOIIEro CO-
craBa (Mac. %): 42,85 onmiiku cocHsl, 57,15 amMmuaunas cexurpa. MecinenoBanus nokasanu 3¢ hex-
THBHOCTH IPUMEHEHHU I IPEABAPUTENbHON 00paboTku onmiok 1,0%-HbIM BogHBIM pacTBOpoM NaOH,
MIPUBOASAIICH K Pa3BUTHIO UX MOPUCTOH CTPYKTYpPbI, YMEHBIICHNUIO COJICPKAHUS TOJIN(PEHOIBHBIX
BEILIECTB U TI03BOJISIONICH M0JyyaTh OoJiee MIOTHBIC U IPOUHBIC IPAHYIIbI.

ITo pe3ynbraraM MpOBEECHUS MOJIEBOTO OINBITA 10 BHIPAIIMBAHUIO MIIEHHUIBI copra «KpacHo-
spckast 12» ¢ MIPUMEHEHUEM I'PAHYIMPOBAHHBIX a30TCOACPIKANINX YIO0OPEHU Ha OCHOBE COCHOBBIX
OIMJIOK YCTAHOBJICHO HX POCTOCTHUMYJIHMpYIOIIEEe ACHCTBHE — YPO)KaWHOCTh KYJIBTYpPBI BBIpOCIa
Ha 1,2-3,1 1/ra o CpaBHEHHUIO C HEYIOOPCHHBIM BapuaHTOM. [10 MTOCTHUTHYTOH ypOXKaiHOCTH YI0-
OpeHre Ha OCHOBE OIMJIOK Iociae 00pabOTKH pacTBOPOM Inesiodn Ha 1,9 1/ra mpeBbliaeT ynoopeHue
U3 UCXO/IHBIX COCHOBBIX OIUJIOK, YTO MO3BOJISIET CYUTATh €ro 0oJiee MepCreKTUBHBIM ISl IPHMEHE-
HUs B arpapHoit oOnactu. PazpaboTaHHble IpaHyIMpPOBAaHHBIE a30TCOEPXKAIINE YIOOPEHHS 110 -
(EeKTUBHOCTH JCUCTBHS B IIepecyeTe Ha BHECEHHBIH HUTPATHBIM a30T MPEBOCXOAAT TPAIUIIMOHHOE
ynoOpeHne — aMMuadHyto ceauTpy. X ncronb3oBaHue MO3BOJISET CHU3UTh YPOBEHB 3arPsA3HEHUS
MOYB M IPYHTOBBIX BOJ B PaliOHAX 3eMIICACIINS.

[Momy4yeHHBIE pe3yIbTaThl MOKA3bIBAIOT IEIECO00PA3HOCTD MPOAOIIKEHNUS JaJIbHEHIINX T10JIe-
BBIX UCCJICJIOBAHUIT JIUIsl IOATBEPIKICHHS POCTOCTUMYIHpYoIero 3¢ dexTa pa3paboTaHHBIX TPaHy-
JUPOBAHHBIX A30TCOAEPKAINNX YA0OpPEHNI HA OCHOBE COCHOBBIX ONMJIOK B PA3JIMYHBIX KJIMMaTHUe-

CKHX YCJIOBHSX U ornpenesicHus 3 (hexra ero mposIOHTHPOBAHHOIO ICHCTBU.
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Abstract. This paper reports on an effective method for depolymerization of fucoidan in an aqueous
medium using ultrasonic treatment. To assess the effect of this treatment, high-molecular-weight
fucoidan was dispersed at a concentration of 10 mg/ml in deionized water and subjected to ultrasound
at a frequency of 20 kHz with varying intensity. The effect of high-intensity low-frequency ultrasound
on the particle size of sulfated polysaccharides isolated from brown algae, where the minimum value of
the average hydrodynamic diameter was 85.92 + 32.9 nm, was studied. The dependence of the particle
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Husko4acToTHAS BHICOKOUHTEHCHUBHAS
yJIbTPa3ByKoBasi 00padoTka

CyJIb(paTHPOBAHHOI0 MOJIMCcAXapua OypbIX BOAOpOCJIei

B.E. CynpyHuyk
Cesepo-Kaskazckuil ¢hedepanvhblil yHugepcumen
Poccuiickaa @eoepayus, Cmasponons

AnHoTanus. B nanHoi pabore coobmaercs 00 3pPeKTHBHOM METOAE ACTOINMEPHU3AN AU
(dbykougaHa B BOIHOMN cpejie C MOMOIIBIO yIbTPa3ByKoBoi oopaboTku. Jlis onenku 3¢ dexra
Tako# 00pabOTKH BRICOKOMOJICKYJISIPHBIH (yKOUAaH OB JUCTIEPTUPOBAH B KOHICHTPAIlHH
10 Mr/MJ1 B ICMOHU3UPOBAHHOM BOJE U MOABEPTHYT YJIBTPAa3BYKOBOMY BO3IECHCTBUIO C YACTOTOM
B 20 k'l npu BappUpOBaHUU UHTEHCUBHOCTHU. M3yUueHO BIUSIHUE BBICOKOMHTEHCUBHOTO
HHU3KOYaCTOTHOI'O YJbTPa3ByKa Ha Pa3MEPHOCTh YaCTHIL CYJIb(haTUPOBAHHOIO MOJHUCAXapHUIa,
BEIJICIICHHOTO U3 Oy PBIX BOJOPOCIEH, Iie MUHIMAaTbHOE 3HAYCHHIE CPEIHETO TUAPOJHHAMHYECKOTO
nuaMmeTpa coctaBuiio 85,92+32,9 M. BelsiBJeHa 3aBUCMMOCTh pa3Mepa 4YacTHI MoJIucaxapuma
OT UHTEHCHBHOCTH YJIBTPa3BYKOBOTO Bo31eicTBHA. OMpeaeieHO BIUSHIEC TAKOTO BO3ICHCTBHS
Ha CTeneHb cynbdaTupoBanus Gykougana. [lokazaHa KaBUTAIHOHHAS aKTHBHOCTH B Cpejie 00padoTKu

u O6CY)K,I[€HBI MNPpHUYNHBI €€ U3BMCHCHU .

KuroueBble ciioBa: gykonnan, gecynbhaTupoBanue, IeMOINMEPU3aLHsl, YIBTPa3ByKoBas 00paboTkKa,

KaBUTAalIMs, IOJIUCAXapUAHBIC HAHOYACTHUIIBI.

BaaroaapuocTu. ABTop Beipaxaet Onarogapaocts UTMO u nuuno B. B. BunorpanoBy 3a BO3MOKHOCTh
rpoBesieHus paboThl Ha 6aze nadbopatopuit SCAMT. PaboTa BbINIOIHEHA TPH MOAJICPKKE CTUIICHTUU
[Ipesunenta PO monoasiM yuensim u actimpanTam Ne CI1-1758.2021.4 «Pa3paboTka HAHOOHOKOMIIO3UTHOTO

Hocutenst TAII niist TapreTHOH BRICOKOA(h(DEKTHBHON TPOMOOIUTHUSCKON TEPATTHI.

Luruposanne: Cynpyrnuyk B. E. HuskouacToTHast BBICOKOMHTCHCHBHAS yIbTPa3ByKoBast 00paboTKa Cynb(haTupoBaHHOTO
nonucaxapua Oypeix Bonopocineit / B.E. Cynpynuyk / Kypu. Cub. denep. yH-ta. Xumus, 2021, 14(4). C. 582-592. DOIL:
10.17516/1998-2836-0265

BBenenne

dykonaH — pa3BeTBICHHBIH CyJib()aTHPOBAHHBII reTOPOINOINCAXaAPH/I, BBIJIEISIEMbIH U3 KJle-
TOYHBIX CTEHOK OYPBIX MOPCKHX BOJOPOCIIEH M HEKOTOPBIX TKaHEH MOPCKUX Oecrio3BOHOYHBIX. Oc-
HOBHBIM MOHOMEPHBIM 3BeHOM (pyKkoujaHa BeicTymnaeT L-(yko3a, 04HaKO yCTaHOBJIEHO IIPUCY TCTBHUE
B CTPYKTYpPE TaK)K€ HEKOTOPBIX KOJIMUECTB OCTATKOB INIIOKO3bI, MAHHO3BI, KCHIIO3HI [1], razakTos3sl
[2, 3] rrokypoHOBO# KUCIOTHI [4] u 1p. Cama cTpyKTypa PyKOUIaHOB HE OHOPOAHA, U MOXHO BbI-
JIeNTUTh JIBa HanOoJiee 4acTo BCTPEYaeMbIX THIIAa OCHOBHOMW 1en. [IepBblil THIT IpecTaBiseT coooi
1—3-cBs3anHble ocTaTku o- L-dykonupanosbl, BTopoit TUII — yepeayrouecs 1—3- n 1—4-cBs3anHbie

ocratku o- L-pykonupanossr [5]. [Tomumo cynbhaTHEIX rpyIIl, KOTOPbIE, KaK IPABUJIIO, PACIIOIOKEHEI
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npu C-2, C-3 u/unu C-4 yrieponHom arome (pyko3HOro Kosjibiia [0, 7], UMEIOTCS alleTaTHBIC TPYIIIbI
B nojiokeHusx C-4 (mpu 1—3-cBsa3aHHBIX 0cTaTKOB (pyko3sl) 1 C-3 (ipu 1—4-cBs3ax) [7].

WuTepec k npobieme uccienoBanusi GpykouaHa pacTer, U B MOCIEIHEE JECITHIETHE KOIUYe-
CTBO PELEH3UPYEMBIX paldoT, MOCBAMICHHBIX M3YUYCHHIO 3TOTO IOJMcaxapuaa, BIPOCio B 3,6 pasa.
dyxkonanbl 001a1AI0T IMPOKUM CIIEKTPOM OMOJIOTMUYECKOH aKTHUBHOCTH, B TOM YHCIE TPOSIBIISIIOT
NPOTUBOBUPYCHOE [8], MPOTUBOOITYXO0JIEBOE, MPOTHUBOBOCIAIUTENBHOE, AaHTUKOATYJIIHTHOE [9] aH-
tutpombudeckoe [10], anTuiIMnoreHHoe U anTuokcuaantHoe [11, 12] aelicTBre, yCUIIMBAIOT aKTHUB-
HOCTB €CTECTBEHHBIX KHJIJIEPOB, MakpoQaros, JeHIPUTHBIX KJIETOK U T-kieTok [13]; cTumMyaupyroT
remonod3 [14] u 1. 1. OgHAKO CYIIECTBYIOT OIPAaHMYEHHUS €r0 IPUMEHEHHUS B CBSA3H C BBICOKON MOJe-
KyJsipHOH Maccoil. Mi3BecTHO, 4TO HU3KOMOJIEKYJIsIpHBbIE (pyKOMJaHbI 00JIAAAI0T YTy YIIEHHBIMH M-
MYHOMOJYJIHPYIOIUMH, aHTHOKCHAAHTHBIMU CBoiicTBamMu [15—17], BeIpaKeHHBIM OTOEIHBAIONIUM
apdexTom [16, 18]. CHMIKEHNE MOJIEKYJISIPHOH Macchl HEOOXOAMMO B TOM YUCIIE U JUIS YBEITHUCHHS
PEaKIMOHHOM CIIOCOOHOCTH TOJIMcaxapu/a.

CeronHs cyIecTByeT MHOXKECTBO TIOJIX0/I0B K JCTIOTMMEPH3AINH IIOJINMEPOB, B TOM YHCIIE TIPH-
POIHOTO NPOUCXOXKICHUS, U BKJIIOUAIOT XMMUYECKHe, (hepMeHTaTUBHbBIE, (prznyeckue MeToabl. Jlis
XUMHYECKOTO THIPOJIN3a HanboJiee 4acTo MCIOJIb3YIOT KHCIOTHI M NepeKHuch Bopopoaa [19]. dep-
MEHTaTUBHBIE METOJIbI JICTIOJIMMEPU3ALIMU IPUMEHSIOT, B YaCTHOCTH, JUIsl Aerpafannn GyKouaaHoB
¢ obpazoBanuem onuromepos [20, 21]. Ho B Takux MeTomax CTOUT BOIPOC O CIOCO0aX OYUCTKH KO-
HEYHOI'o MPOAYKTa, B 0OCOOEHHOCTH IPU MCIOJIb30BAHUH MOCIETHEr0 IS MEIUIIMHCKUX U (hapMma-
neBTHYeCKuX neseil. Kpome Toro, K HeOCTaTKaM ATHX IOIXOJI0B MOXKHO OTHECTH IKOJIOTHYECKHE
mpoOJIeMBl, a TaK)Ke HEXEIaTeNbHOE Pa3J0KEeHHE COMYTCTBYIOIUX COCAWHEHHI, €ClM pedb HICT
0 MHOTOKOMITOHEHTHOM cucteme [22]. HekoTopeie U3 croco0oB, BKIIOYAIOIINAE TTPUMEHEHIE KOHIICH-
TpUpOBaHHbIX KucyoT (Hanpumep, HCl), nMEIOT HU3KHIA BBIXO/ U MJIOXYI0 BOCIIPOM3BOAUMOCTD [22],
a Tak)Ke MPUBOJAT K 00pa30BaHUIO HEXXEJATEIbHBIX MOHOMEPOB U OJUromMepoB [23] mim paspyuie-
HUIO0 XUMUYECKOH CTPYKTYPHI.

K ¢usmueckum MeTomaM Jerpajaliii OTHOCAT YJIBTPa3BYKoBoe BozjelcTBue. [Ipnmenenue
yIBTpa3ByKa IIMPOKO M3YUEHO JJIS Jerpajallii CHHTETHYECKUX MOJUMepoB [24] (Hampumep, mo-
TUATIIICHA [25], momuctupona [26], momuakpuiMeTakpuiaTo) [27]. Jns merpagaiiil IpUPOTHBIX
MOJIUMEPOB YJIBTPA3BYKOBOE BO3ACUCTBUE OBLIO MCIIOAB30BaHO eiie B 1933 1. [28] u B manbHeiiem
MPUMEHSIIOCH ISl 00paboTku aekcrpaHa [29], mektura [30], KapOOKCUMETHIIIECITION036I [31]. Viib-
TPa3ByKOBOE BO3JIEICTBUE CBS3aHO C KOJICOAHMSIMH JaBJICHHs BCIEACTBUE (OpMUpPOBaHMS KaBHUTa-
LMOHHBIX My3bIpbKOB. KaBUTANMs SBISETCS HCTOYHMKOM 3aITyCKa MHOTUX XMMHYECKHX MPOLIECCOB
B CHCTEME, B TOM UHCIIe HHUIIUUPYET paguKajJbHbIe peakinu. KpoMe TOro, Koaaanc KaBUTallHOHHBIX
ITy3bIPHKOB COMPOBOXKIAeTCA GU3MUSCKUMH (P PEKTaMH B BUJIE yIaPHBIX BOJIIH M TOPSYNX TOUEK, KO-
TOpBIE BHOCST 3HAUMTENBHBIN BKJIA] B Ierpagaluto nmoiumepa [32].

Vnbrpa3BykoBast 00paboTKa MIPUBOAMUT K CHHKEHUIO MOJIEKYJIIPHOH MacChl M BS3KOCTH pacTBOpa
MOJIMMEpa, HO HE CONIPOBOXKIAETCSA 3HAYUTEIBHBIM U3MEHEHNAM XUMHUYECKOH CTPyKTyphI [32, 33]. [Ipu
9TOM Pa3pbIB MOJIMMEPHON LEMH OCYIIECTBISETCS, KaK MPABHIIIO, B IEHTPAJIBHON TOYKE MM B CAMBIX
cJ1abbIX MECTax CTPYKTYPbI, U CKOPOCTH PA3JIOKEHHS! YBEIIMYUBAETCS C POCTOM MOJICKYJISIPHON MacChl
noiuMepa [33]. B nesom, mpenMyImecTBo MeTo/a yIbTpa3ByKOBOT0 00pabOTKH 3aKIII0YAETCS B €0 Obl-
CTPOTE, MSATKOCTH M KOJIOTHIHOCTH [34]. TeM He MeHee yapTpa3ByKoBas AenoinuMepu3anus Gykouia-

Ha paCCMOTPCHA TOJBKO AJIs1 OAHOI'O MPEACTAaBUTCIIS, BBIACIICHHOI'O U3 MOPCKOI'O Orypua [35], npuicMm
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(U3UKO-XMMHUYECKUE CBOICTBA MOJy4YaeMbIX YacTHUI], B TOM YUCIE BIMSHHUE TAKOW 00pabOTKM Ha cTe-
NIeHb CYNb(hAaTHPOBAHUS MONUCAXapH A, H3ydeHbI He ObLTH. [103TOMY Lienbro paboThI SBHIIOCH TIOTYYe-
HHE [TyTeM YJIBTPa3ByKOBOM 00paboTku (yKoHiaHa ero HaHOpa3MepHOH (ppakiuy, TPUMEHHUMOW s

peHICHus q)apMaL[eBTI/I‘ICCKI/IX 3a4a4 ¢ U3y4CHHUCM KaBHTaHHOHHOﬁ AKTUBHOCTH B CpeaC O6pa6OTKI/I.

MarepuaJibl U METObI

Jlnst ynbTpa3BykoBoii 00paOOTKH MCHOJIB30BAJIM TOJIMCaXapu/l, MOJy4YeHHBIH U3 Oypoil Bozo-
pocnu Fucus vesiculosus mo metoanke, mpeacTaBleHHON B padoTe [36], C HEKOTOPBIMH H3MCHEHHSIMU.
Iocnenyromyo 0OYUCTKY IMPOU3BOAMINA B COOTBETCTBUHU C paboroii A.M. Vpsauiiesa, 1. 0. baky-
nuHa, H.}O. Kum u ap. [37]. Tlonyuennslii monucaxapua npeacTaBisiia co00i CBETIO-KOPHYHEBBIH
MOPOIIIOK, CO CTENCHBbIO cynbdarupoBanus 22,79 %, ¢ THAPOAMHAMUYCCKHM Pa3MEPOM YaCTHIL
10,4 £2,7 um, UK-cnekrp: 3326 cm™!' (-OH), 1645 cm™! (C-0), 1217, 1150 u 1085 cm! (S=0), 673 cm™!
(-COOH), 608 cm™! (0=S=0).

B mnpouecce ynpTpa3sBykoBOH 00paOOTKH OBLI HCIOJIIB30BAaH YJIBTPa3ByKOBOHW IIpOLECCOp
UIP1000hd momaocthto 1000 Bt (Hielscher Ultrasonics GmbH, I'epmanus). Bee o0pa3siubl ObLin
00paboTaHBl yIBTPA3BYKOBBIM BO3/ACHCTBHEM B TedeHHe 40 MUH ¢ mocTosHHOW dactotoi 20 kI
u paboueit amrmautymoi 20, 40 u 80 %. O6pasisl o0beMom 100 MiT U KOHLEHTpaluel (ykougaHa
10 mr/mut BeIAEpKHBaNN 1ipu Temreparype 25 + 1,0 °C. Bo BpeMst 00pabOTKH IIOCTOSTHCTBO TeMIIepa-
TYPHOTO PeXHUMa MOAIEP>KUBAIOCH C TOMOIIBIO JISASHON 0aHU ¢ KOHTPOJIEM TeMIIepaTyphl pacTBOPA,
He nipeBbimaromeit 313 K, repmogarunkom. J{ns paboThel momoOpaHO HEBBICOKOE 3HAYCHHUE KOHIICHT-
paruu nonucaxapuaa, Tak Kak H3BECTHO, YTO CTENEHb JACMOIUMEPU3AINH TOJINMEPOB YMEHBIIACTCS
C YBEJIMUYCHHEM KOHIICHTPAIMH PACcTBOpA IPH COXPAHEHNH T10/IaBAEMOH yIbTPa3ByKOBOI MOITHOCTH
[25]. 3mepenne KaBUTAIIUU OCYIIECTBIAIOCH C IIOMOIIBIO KABUTOMETpa.

[Mocne 0oOpaboOTKM I MONYYCHHOW (pakiuu (ykowmaHa Obla OCYIIECTBIICHA OLEHKA OC-
HOBHBIX (DM3MKO-XUMHYECKUX IMOKa3aTelieil — r'MpOoJINHAMHYECKOro AUaMeTpa, A3eTa-NoTeHInala
1 cTeneHu cyibdarnpoBanus. HanopasMepHyto (pakiuio OTACISIN ITyTeM (QriIbTpoBaHus. [ un-
POAMHAMHUYECKUN JHAMETP M 3JIEKTPOXMMHUECKUI MOTEHIIMAJ ONpeaessiin ¢ nmoMoiisio Photocor
Compact Z (OO0 «®otokop», Poccus).

Onpenenenne CTeneHy CyJb(haTupOBaHUsI OCYIIECTBIISUIN C TIOMOILIbIO XJIOPHIHO-XKEIaTHHOBOTO
Mmetona [38]. BaCl,-kenaTHHOBBII pacTBOpP rOTOBHIIN CieayIomuM oopa3oM: 0,3 T KenaTHHa pacTBOPS-
nu B 100 ma ropsiaeti Boasl (60—70 °C), 3aTeM BbIACp)KUBATIN B XOJIOAMIbHUKE TTpH 4 °C B TeUEHUE HOYH.
B nonmyuennsIii pactBop >kenarrHa BBoauin 2 r BaCl, u octaBisiim Ha 2—3 4 mpy KOMHATHOW TemMIiepa-
type [39, 40]. K 0,2 M1 0o6pasiia monucaxapuaa BHOCHIH 3,8 M1 3%-1 TPUXJIOPYKCYCHOU KHCIOTHI U 1
i BaCly-xenaTuHOBBIN pacTBOP MHKYOMPOBAIIH, IIEPEMEIINBAs B TEUCHUE 15 MHH, C IOCIEAYIOINM
uzmepenueM adbcopOuuu npu 360 HM [41] ¢ nomouibio criekTpodoromerpa Cary 8454 UV-Vis Diode
Array System (Agilent Technologies Bayan Lepas Free, Mamnaiizust). biank conepskain 0,2 MJ1 JIeHOHU3H-
poBaHHOHU Bozbl. KosmuecTBeHHOE conepikaHue Cyinb(orpyIn onpeaessuiy no KaJinOpoBOYHOMY Ipa-
UKy, rrie B KauecTBe cTaHaapra Obl1 ncroiab3oBad Na,SO,. YpaBHeHHE perpeccuyl ObLIIO CIeAYOINM:
y = 0,029x + 0,0692, R? = 0,96, n = 6. Cremnenb Cynb(haTupoBaHus MOTHCAXAPHIA OMPEALISIIOCH KaK

MIPOLICHTHOE COZICPIKaHKE Yepe3 COOTHOLICHHE MacChl cylbdorpymn (m2) k Macce nmoiucaxapuaa (ml).
% cynbara = (m2 / ml) x 100. (D)
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Pesyabrarsl n 00cyxkaenue

[Ipn ynprpa3BykoBoil 00pabOTKe BOAHOTO pacTBOpa (yKOHMJaHa YIBTPa3BYKOM C YacTOTOM
20 xI'm monucaxapua moaBepraeTcs Aerpaialii, YTO MPUBOIUT K JOCTOBEPHOMY CHHKEHHIO pa3Me-
pa gactun 6nonosinmepa. OTCiIeKMBaHKE MTPOIIECCOB AETPaJallii ObLIIO OCYIIECTBIICHO ITyTEM OIpe-
JIeNIeHHsI M3MEHEHHUs pa3Mepa 4acTHll (pyKouJaHa ¢ MOMOIIBI0 METOJA JMHAMUYECKOTO PacCestHus
CBeTa.

[Ipu ompeneneHuH 3aBUCUMOCTH THUIPOJMHAMHYECKOTO TUAMETpa YacTHUIl HAHOPAa3MEPHOU
¢pakuuy QykougaHa OT WHTEHCHBHOCTH YJIBTPA3ByKOBOTO BO3/ECTBHs Oblila MONYy4YEHA CEpUS
o0pasuoB. [lyist 3TOro BOjHBIE PacTBOpPHI (pyKoUJaHa MOABEPralid yJIbTPa3ByKOBOMY BO3/CHCTBHIO
[IPY BapbMPOBAHUM HHTEHCMBHOCTHU YJILTPa3ByKoBO# BoHbL 0T 100 10 133 u 200 Br/cMm?, nipu 3TOM
00paboTKy ocyInecTBIsUIH B TedeHne 40 MUH IPU HAJUYHH OXJIAXIAIOIIEH pyOaliku U KOHTPOJIC
TeMIIepaTypHOro pexxuma, He npesbimatoniero 313 K. BaxkHo, 4TO JaHHBIA TeMIEpaTypHbINA pexXUM
00yCJIOBJICH T€M, YTO KOJIIANICHPYIOIINE ITy3BIPhKH MOTYT 3HAYUTEIBHO YBEIUYHTH TEMIEPATypPy
(o 5000 K) xak B caMOM CXJIOTIBIBAFOIIIEMCS ITy3BIPE, TAK U B 00JIACTH B HEIIOCPEIACTBEHHOMN OJIM30CTH
oT my3bIps [42]. IloBbIeHHE TeMIepaTypsl IPH YIABTPa3BYKOBOM BO3/ICHCTBUU OKAa3bIBAET HETAaTUB-
HOE BJIMSIHME Ha CKOPOCTh XMMUYECKUX PEaKlnii, B TOM YHCJIe Ha CKOPOCTh JenonnMepusanun [25].
[Ipu moBBIIEHUH TeMIepaTypbl PACTBOPa B KaBUTAILMOHHBIE My3bIPhKH MOMNAAA0T Hapbl PACTBOPH-
TEJIsI, YTO OKA3bIBACT aMOPTU3UPYIOMNH 3QPEKT MPH MX CXJIONBIBAHUH, YTO B CBOIO OUEPEAb BEICT
K CHIDKEHHIO CHIIbI YIapHOH BOJHBI [25, 26]. B 11€510M, COHOXUMUYECKHE PEaKIIu UMEIOT O0iee BbI-
COKHE CKOPOCTH IIPU HU3KUX Temmeparypax [26].

B coorBercTBUM € puc. | HabMO1aETCs BO3pAacTaHKE A0JIM HAaHOpa3MepHOi (paxiuu GpykouaHa
C POCTOM MHTEHCHBHOCTH YJBTPa3BYyKOBOro Bo3jeicTBUA. CpelHUN rHApOAMHAMHYECKUI THaMeTp
MOJTy4YEeHHBIX YacTHUI], KaK M B Cllydae MOJEKYIAPHOH MacChl, HMEET ONpeIeIeHHOE 3HAYCHHE IS
3a/laHHOI MHTEHCHBHOCTH. OIHAKO HEBBICOKMI BBIXOJ] HAHOPA3MEPHOH (hpakiuu (PyKOHaaHa MOKET
OBITh CBsI3aH ¢ KOH(opMaIHei MaKpOMOJIeKYJI rojiucaxapuaa. Tak, M3BeCTHO, YTO Y Pa3BETBIICHHBIX

MOJIMCcaxapyuIoB (OPMBI «KJIyOKa» pa3phIB Lenu Ooiee 3aTpyAHEH, YeM Y JTMHEHHBIX «I1aJ0YKOBHI-
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Puc. 1 I'paduk 3aBucmmocTtu pasmepa (A) u o6vemuoit monu (B) wacTui ¢ykommgaHa OT WHTEHCHBHOCTH
YIBTPa3ByKOBOTO BO3ACHCTBHS

Fig. 1. Dependence of the size (A) and volume fraction (B) of fucoidan particles on ultrasonic exposure
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HBIX» MaKpOMOJIEKYJI (HalmpuMep, XUTO3aHa), BCIEACTBUE TOTO, UTO JMHEHHas: KOHPOpMaIus Ipu-
BOJUT K HAKOIJIEHUIO «TSIHYLIMX CUJ» BAOJb Beell uenu [43]. Bo3MoKHO, 4TO JaHHOE 3aTpyJHEHUE
MPEO0JIeBACTCS IIPU MOBBIIIEHUN HHTEHCUBHOCTH yJIBTPa3ByKOBON BOJIHBL.

JanpHeiimas o0paboTka pacTBOpa moiucaxapuia Bo Becex ciaydasx (0onee 80 MUH) He mpuBena
K 3aMETHOMY YMEHBIICHUIO Pa3MEPOB YaCTHIl U J0JIM HAHOPA3MEPHOU (paKIIMU, TIOATOMY SIBIISETCS
HenenecoobpasHoi. [lpu yBennuenun padoueit ammutyast ¢ 20 no 80 % pasmep moigydaembIX da-
ctull pykounmana cokpatics B 1,3 pasa (puc. 1), 9T0 MOKET ObITH CBA3aHO C OCTATOUYHBIM BPEMEHEM
IUIs 00pa30BaHUs KaBUTAMH. MUHUMAIBHBIN CPEIHUNA THAPOJUHAMUYCCKUN TUAMETpP YaCTHI Ha-
OJrOmaeTCs B pe3ysbTaTe ylIbTPa3sByKOBOIO BO3JCHCTBUSA ¢ MHTEHCUBHOCTHIO 200 Br/cM? M cocTaBui
85,92+32.9 aMm.

Takum 00pa3om, OATBEPKIACTCS TE3UC O TOM, YTO IPEEN pa3mMepa YacTHull, Kak U MOJICKYJIsIp-
HOW MacCBhl, HAXOAHUTCS B IPSIMOI 3aBUCIMOCTH OT HHTCHCHBHOCTH YJIBTPa3BYKOBOW BOJIHEIL.

3HAYUTENBHON XapaKTePUCTHKON MPHU OMpPECTCHUN BIUSHHUS YJIBTPa3ByKOBOI'O BO3ACHCTBHUSA
Ha (YKOUZAH SBISICTCS OINPENCICHHUE CTEICHU CYIb(PaTHpOBaHUS 00paOOTaHHOTO IMOJIMCAXapUaa.
CreneHb cylib(aTHPOBAHUS — BaKHAsI XapaKTEPUCTUKA TP MPOSBICHUN (yKOUJAHOM aHTHKOAry-
JISHTHOTO FUTH aHTUIIPOTU(PEPATUBHOTO NeHCTBUS [44].

B pabote OB HCTIOTB30BaH XJIOPUIHO-KETATHHOBBIM METO/I ONPEIeICHUs COepKaHUS dTepu-
(bUIIMPOBAaHHOI CepBl, KOTOPHIM OCYIIECTBICH C HCIOIB30BAHUEM HET'HAPOIN30BaHHOTO (pyKOHIaHa,
YTO TI03BOJIMJIO POBECTH OIIEHKY CBOOOJIHOM («IOCTYITHOW») CEpPbI, CIIOCOOHON BCTYNATh B XUMHYe-
CKHE B3aMMOJICHCTBUS, YTO BKHO IPH IIPOSIBJICHUH OHOJIOTHYECKUX CBOMCTB.

Kak nokazaHno Ha puc. 2, B pe3yJIbTare COHOXHUMUUYCCKONW 00pabOTKH CTECHb CyIbhaTHpoBa-
HUs cCHIDKaeTcs Ha 3,63 %. CHIKEHHUE CTENeHU CyNb(paTHPOBAHUS COIMPOBOKIACTCS M3MCHCHHEM
AIEeKTPOXUMHYEcKoro noteHnuana ¢ —10,54 no —7,5 mB. B pe3ynbsraTre MOXKHO clienaTh BEIBOJ O UyB-
CTBUTEIBHOCTH CYIH(POTPYIII K YIABTPa3ByKOBOMY BO3JCHCTBHIO.

BaxHBIM mapaMeTpoM, XapaKTepU3YIOIINM YJIBTPa3BYKOBOM IpoIecc, BBICTYMAET TaKO€ SB-

JICHUC, KaK KaBUTallus. KaBI/ITaI_[I/IH CIIYKUT UCTOUYHUKOM 3allyCKa MHOI'MX XUMHWYCCKUX ITPOLECCOB

- - N n
o (3] o 5
L 1 1 1

CreneHb cynbdaTtupoanus (%)
(%)

1 2

Puc. 2. Crenenp cynbdarupoBanus UCXOAHOTO Ppykoumana (1) m 00pabOTaHHOTO YIBTPa3ByKOM C YacCTOTOM
20 xI'u B Teuenne 40 muH (2)

Fig. 2. Degree of sulfation of native fucoidan (1), sonicated at a frequency of 20 kHz for 40 min (2)
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B CHCTEME, B YACTHOCTH WHULIMHMPYET paguKaJbHbIC pPeaKkIuu. B pe3ynpraTe CXJIONBIBAHUS KaBH-
TAI[MOHHOTO ITy3bIpbKa CO3/1aeTCsl yJapHasi BOJIHA ¢ 00pa30BaHMEM aKyCTHUYECKOTO IOTOKa, IPHUBO-
JSIero K pOpMUPOBAaHUIO TYPOYJIEHTHOCTH M3-3a HENPEPHIBHOTO (JOPMHUPOBAHUS U CXJIOTBIBAHHS
MI0JIOCTEH B CHCTEME, IIPH ATOM CO3/aI0TCs yIapHbIE BOJIHBI U TOPSYUE TOUKH, KOTOPHIE BHOCAT 3HAUH-
TeTBHBINA BKJIaJ B ferpajanuio noanmepa [32]. [loatomy moMuMO BXOAHBIX apaMETPOB YJIBTPa3BY-
Ka, UCIOJIb3yEeMOTr'0 JUIsl TeHEepallni KaBUTALNN, HEOOX0IMMO OCYIIECTBICHHE H3MEPEHUS BBIXOJHBIX
CHTHAJIOB, CO3/1aBaeMbIX KaBuTaliel. B pabore naMepeHne KaBUTALUU OCY IIECTBIISLIOCH C TIOMOIIBIO
KaBUTOMETpa, AEHCTBHE KOTOPOr0 OCHOBAHO Ha 00pabOTKe CHEKTpa KaBUTAIIMOHHOIO IIIyMa, TaK Ha-
3bIBAEMOr0 0EJIOro IyMa, HIPUHUMAEMOTr0 HIMPOKOIMOIOCHBIM THIPO(GOHOM, C TOCIENYIOIUM IIpe-
00pa3oBaHMEM AKyCTHUYECKOTO CHUT'HAJIa B DIEKTpUUYECKHH. YeM MHTEHCHBHEE ynapHas BOJHA, TEM
6oJj1e€ MHUPOK CHEKTP KABUTAIIMOHHOTO IIyMa 1 OOJIBIIIe 3JIeKTPHYECKHil curHal. M3MepeHune KaBuTa-
LIMOHHON aKTHBHOCTH B BUJIE JIEKTPHUYECKOT0 CUT'HAJIA OCYIIECTBIISIIOCH BO BPEMS yIIBTPa3BYKOBOTO
BO3/ICICTBUS HAa pacTBOP IMOJIUCAXAPHU/IA.

HccnenoBanue mokasano, 9TO B XOJ€ YJIBTPAa3BYKOBOTO BO3JCHCTBHS HAOIIOAAETCS CHUKEHUE
KaBuTanuu B TeueHue nepsbix 500 mc (puc. 34). OnHako 3aTem Ha 6-if MUHYTe BO3/eiicTBUs HaOIIO-
JlaeTcsl YCUIICHNE 3IICKTPUUYECKOT0 CUTHAA, TO €CTh POCT KaBUTALMU JJO MAKCHMAJIEHOTO 3HAUCHUS
14,1+0,37 MB, 1 3aT€M 3TOT CUT'HAJI CHUKAETCS 10 HEBBICOKMX 3HaueHui ot 5,2+ 0,47 no 4,4+0,28 mB
B nipenenax 40-it MunyTH (puc. 35).

CHIJIBHBIN 2MEKTPUUYECKUI CUTHAJ B TEUCHHUE MEPBBIX MUJUINCEKYH], BO3MOXHO, 00yCIIOB-
JIeH BBICOKOH KOHIEHTpAIMel Ta30BbIX MY3BIPHKOB B pacTBOpe. Tak, OHOBPEMEHHO OCYIIECT-
BJISIETCS CXJIONBIBAHME M3HAYAIBHO CYNIECTBYIOIIUX I'a30BbIX MY3BIPHKOB B CHCTEME, a TaKkKe
BHOBb reHepupyeMbiX [45]. OgHaKo BIIOCIENCTBUU BHICOKAsl KOHIEHTPAIMs KAaBUTALMOHHBIX
My3bIPHKOB NPUBOAUT K UX KJIacTepU3aluu. B pe3ynprare KaacTepus3aluu My3sIPbKH MEIIA0T
JIpYT JIpYyTy CXJIONBIBATHCS M3-32 DKPAHHPOBAHMUS, UYTO BHI3BIBACT M3MEHEHHE aKyCTHUYECKOH
SMHCCHH, a COXpPaHEHHE MYy3BIPHKOB, B CBOIO O4Yepe]b, MOXKET OJIOKMPOBATH Mepeaady 3ByKa

yepes KHUIKOCTh K THaApodoHy [46], B pe3yiaprare 4ero 3JIEKTPUUECKUH CHUT'HAJl CHUXKAETCs.
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Puc. 3. Tpaduk M3MEHEHUS KABUTAL[OHHOH aKTUBHOCTH IIPU YJIBTPA3ByKOBOM BO3/ICHCTBHUHU B TCUCHUE TIEPBBIX
500 mc (A) u 40 muH (B)

Fig. 3. Changes in the activity of cavitation under ultrasound exposure during the first 500 ms (A) and 40 min (B)
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Taxum oOpa3om, HabIO1a€TCs IEpPBOHAYAIBHOE MOBBIILIEHHE C MOCIEAY UMM CHHKCHHEM Ka-

BI/ITaHPIOHHOﬁ AKTUBHOCTH.

3ak/oueHue

B paboTe BBISBICHO ACHCTBUE BRICOKOMHTCHCUBHOW HU3KOYAaCTOTHOH YJIBTPa3BYKOBOM 00-
paboTku Ha HU3UIECKO-XUMHUUYCCKHE XapaKTepUCTUKU pykougana. MccrmeqoBana KBUTAHOH-
Has aKTHBHOCThH B cpelne o0paboTKH, a Tak)Ke 3aBHCHMOCTBH pa3Mepa YacTHIl MoJikcaxapuia
OT UHTCHCHBHOCTH YJIBTPa3BYKOBOTO BO3ICHCTBUS. JJaHHBINA cTOcO0 MeCcTPyKIIUH MOJIHCaXapH-
Jla TI03BOJIMJI MOJIYYUTh HAHOPA3MEePHYIO Gpakiiuio GyKouJaHa co CPEIHUM THAPOAUHAMUYE-
CKUM auaMeTpoM gdacTui 85,92+32.9 M. [IpenuMymecTBOM yIbTPa3ByKOBOTO croco0a Moiy-
YeHUsI HAaHOpa3MepHO# Gppakiuu GyKouaaHa siBJISIETCS BO3MOXKHOCTH IIPSIMOTO HCITOJIb30BaAHU I
MMOJYYEHHOTO PacTBOpa, HCKIIFOYasi CTaJNI0 OYUCTKHU, B CO3JaHUU JEKapCTBEHHHIX Gopm. Ta-
KUM 00pa3oMm, yJIbTpa3ByKoBas 00paboTka hyKougaHa MpeACTaBIsICT COO0H IKOIOTHICCKHU Y-
CTHIH, NeMeBBIA M 3(QPEKTHUBHBIA METO MOAU(HUKAIIHMU ATOTO OMOMOIUMEpPA; €T0 MOXKHO HC-
M0JIb30BATh JUISI MMOJYy4YeHUs] HU3KOMOJICKYJISIpHbIX (pakuuii pykoumaHa ¢ npeackasyeMbIMH
XapaKTePUCTHKAMH.

JlanbHeiimas padora OyzieT HampasjeHa Ha MOA00p crocoda Co3/iaHusi HOCUTEIIS C TOCIey0-
e IMMOOHITA3AINEeH TPOMOOIUTHYESCKOT0 areHTa C MCIIOJIb30BAHUEM IOy YeHHOW HAHOPa3MEePHOU

Gbpakuuu GpykongaHa.
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