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OPI'AHUKAIbIK XUMUA
OPIT'AHUYECKAA XUMUA
ORGANIC CHEMISTRY

UDC 554.02

J. Klimentova, M. Madlova, P. Nemeckova, L. Palatinusova, P. Vojtisek, 1. Lukes

Charles University, Praha, Czech Republic
(E-mail: pavojt@natur.cuni.cz)

Conformations of calix[4]arenes — an investigation based on CSD data.
Part I1. Partial cone, 1,2-alternate and 1,3-alternate conformers of methylene-
and heteroatom-bridged calix[4]arenes

In the first part of this investigation (Part I), cone conformers of calix[4]arenes with methylene and hetero-
atom bridges from the Cambridge Structural Database (CSD) were investigated. Previously introduced pa-
rameters o, [ and & were utilized in describing the conformations of the hydrocarbon base frame of the above
mentined compounds. In this part of the investigation, partial cone, 1,2- and 1,3-alternate conformers of
methylene- and heteroatom-bridged calix[4]arenes are studied and the influence of inter- and intramolecular
interactions on the conformations of these compounds is evaluated.

Keywords: calix[4]arene, conformation, torsion angle, distorsion parameter.

Introduction

Calix[4]arenes with methylene or heteroatom bridges and calix[4]resorcinarenes are interesting classes
of macrocyclic compounds which have recently attracted a lot of interest because of their ability to form
host-guest complexes and act as enzyme mimics [1-3]. However, design of functional hosts for cations, ani-
ons and neutral molecules often requires that the calixarene scaffold adopts a specific geometry. The factors
affecting the geometry of the calixarene base frame are numerous [1-6] and the knowledge of how the
calixarene base frame is deformed in response on these inter- and intramolecular interactions is essential in
molecular design of functional molecules. In the first part of this work (Part I [7]), the previously introduced
parameters o, B and d [8, 9] have been utilized to describe the geometry of the calixarene base frame. Fur-
thermore, the influence of various inter/intramolecular interactions on the value of the parameters o, § and &
(and therefore, on the geometry of the calixarene scaffold) in the cone conformers of methylene- and het-
eroatom-bridged calix[4]arenes was studied.

In the second part this work, the influence of inter/intramolecular interactions on the geometry of the
partial cone, 1,2-alternate and 1,3-alternate moiety in calix[4]arenes with methylene and heteroatom bridges
is investigated. As in the cone conformers, the previously introduced parameters o, 3 and d [8, 9] and data
from the Cambridge Structural Database [10] are utilized for this purpose.

The main difference between partial cone, 1,2-alternate and 1,3-alternate conformers and the previous-
ly described cone conformers (Part I [7]) is the presence of cavity formed by four calix[4]arene phenyl rings
in the case of cone conformers. This cavity is nonexistent in partial cone, 1,2-alternate and 1,3-alternate
conformers. In the case of partial cone structures, the 'cavity' is formed by three calix[4]arene phenyl rings
only; the guest cannot be therefore completely encapsulated and, due to diminished intermolecular van der
Waals interactions (three phenyl rings instead of four participate on the guest binding), weaker binding of the
guest in the cavity can be expected. This effect is even more pronounced in /,2-alfernate conformers, which
possess a 'half-cavity' formed by two adjacent calix[4]arene phenyl rings only. On the other hand, in
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1,3-alternate conformers the 'cavity' is formed by two opposite calix[4]arene phenyl rings, so stronger bind-
ing of the guest than in the case of I,2-alternate conformers is expected. Furthermore, 1,2-alternate and
1,3-alternate conformers contain two such 'cavities' compared to cone and partial cone conformers. The il-
lustration of the above mentioned effects is summarized in Figure 1.

W cone
X

<

HO
HoOH . f OH OH HO " partial cone

A 1,2-alternate /\

1,3-alternate oH
OH HO HO
X ~ _X
X X X
X s\\ X X X ,
OH HO \\ w ’ OH
=

Figure 1. Cavities in cone, partial cone 1,2-alternate and 1,3-alternate calix[4]arenes
(X ... CH; or heteroatom/heterogroup)

In the next part of this article, the influence of inter- and intramolecular interactions on the geometry of
partial cone, 1,2-alternate and 1,3-alternate structures will be investigated.

Partial cone structures

Methylene-bridged partial cone calix[4]arenes

The group of partial cone conformers of calix[4]arenes with methylene bridge groups contains relative-
ly few hits (93 complete cif files with 106 independent molecules, and 3 incomplete cif files) compared to
other groups, especially cone (see Part 1, [7]), the substitution patterns are also fewer symmetrical than in the

cone group. Important ones and their corresponding percentages of the partial cone group are given in Ta-
ble 1.

Table 1
The substitution patterns and the corresponding percentages
of the methylene-bridged partial cone group from [10]
Type Hits % Independent molecules %

Symmetrically tetrasubstituted 24 25.0 27 25.5
Distally sgbstltuted lov&{er rim, symmetrically 17 17.7 20 18.9
tetrasubstituted upper rim

Single atom 'triple bridge' 15 15.6 15 14.1
Other 40 41.7 44 41.5
Total 96 100 106 100

The o-f and B-0 plots (Fig. 2, 3) depict the distribution of the partial cone calix[4]arenes according to
their substitution. Since only 16 % of all cif files belong to complexes, metal-coordinated structures are not
distinguished in these plots.
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Figure 2. The a-f plot of the group of partial cone methylene-bridged calix[4]arenes

From Figure 2 it can be clearly seen that the symmetrically tetrasubstituted and single atom 'triple-
bridged' groups are relatively uniform in parameters o, [ with the symmetrically tetrasubstituted group clos-
er to average values of o, B (see Table 4 in Part I [7]). There are two groups of lower rim distally
disubstituted structures: one at B < 210° and one at § ~ 240°. Other substitution patterns (relatively uniform
in o but distributed in the B parameter) are less important because each of them contains only a few mole-
cules and these substitution patterns are therefore not distinguished.

The a-0 plot (Fig. 3) shows that almost all partial cone conformers are uniform in these two parameters
regardless of their substitution pattern with the notable exception of lower rim single atom 'triple-bridged'
structures which form a very distinct group. Lower rim distally substituted structures are not distinguished in

this plot.
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e — symmetrically tetrasubstituted; ® — single atom 'triple bridge' at the lower rim; o —other substitution patterns

Figure 3. The o-9 plot of the group of partial cone methylene-bridged calix[4]arenes
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Conformations of calix[4]arenes ...

The main group of the single atom 'triple-bridged' structures (‘cluster' 2-1, 15 cif files with 15 independ-
ent molecules) is centered at the values [0, B, d] of [103.35; 288.17; 262.95] with a standard deviation of
[2.51; 8.40; 5.44]. There are three deviating structures not included in this group: one at & ~ 340° and two at
8 <230°.

The main group of the symmetrically tetrasubstituted structures (‘cluster' 2-11, 20 cif files with 23 inde-
pendent molecules) is centered at [121.55; 118.78; 243.39] with a standard deviation of [2.19; 18.35; 6.49].
The four deviating structures with 3 > 180° in Figure 2 have been excluded from this cluster.

There are two clusters in the lower rim distally disubstituted group: 'cluster' 2-III containing struc-
tures with B < 210° (11 cif files with 14 independent molecules) centered at [121.99; 142.33; 240.83] with
standard deviation of [2.25; 23.70; 5.78] and 'cluster' 2-IV containing structures with 3 > 210° (5 cif files
with 6 independent molecules) centered at [120.67; 253.64; 223.61] with standard deviation of [2.76; 15.17;
4.50].

The binding mode in 'cluster' 2-1 of the single atom 'triple-bridged' group requires bringing of three
phenolic oxygen atoms to close proximity because of three relatively short covalent bonds to a single het-
eroatom and therefore a certain degree of forced opening of the structure reflected by low o, high B and
0 ~260°. Deformation of the calix[4]arene moiety is very significant in this case and causes the observed
separation of this group in parameters o, B (see Fig. 2). Typical example of 'cluster' 2-1 structures is structure
ABIHIC [10] (see Fig. 1I-1). All structures from this cluster have the 'partial cone' phenyl ring not bound to
the heteroatom. On the other hand, in the structure ZALGOI [10], the 'partial cone' phenyl ring is the ring
opposite to the unbound ring; this type of lower rim substitution leads to & < 230° (the two deviating struc-
tures in Fig. 3). The one structure with & ~ 340° (KOCQEY [10], Fig. II-1) has the 'partial cone' phenyl ring
positioned next to the unbound ring. The parameter & can thus distinguish between the different binding
modes within the 'triple-bridged' structures.

ABIHIC

Figure II-1. Structures ABIHIC, ZALGOI and KOCQEY [10]

In Figure 2, there are four symmetrically tetrasubstituted structures with § > 200° which do not fall into
'cluster' 2-11. Two of them are clathrates with solvent molecule or one lower rim substituent inside the 'cavity'
formed by three calixarene phenyl rings; see structure JOYHIO [10], Fig. 1I-4. Because of the filled 'cavity'
formed by three calixarene phenyl rings, these structures have more open 'cavity' and therefore higher 3.

The other two symmetrically tetrasubstituted structures with parameters § > 200° and & > 290° are met-
al complexes and they are out of our discussion now (see Fig. II-2).

Figure II-2. Structure of tungsten complex GUBTAY [10]
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In 'cluster' 2-11, there are relatively few structures which differ from each other significantly in up-
per/lower rim substitution, occupation of the cavity, possible upper/lower rim coordination etc. Since it is
difficult to find common trends within this cluster, these structures will not be explicitely discussed.

From Figure 2, it is obvious that there are two 'clusters' within the lower rim distally disubstituted, up-
per rim symmetrically tetrasubstituted structures: 'cluster' 2-1IT at B ~ 140°, 8 ~ 240° and smaller 'cluster’
2-IV at B ~ 250°, & ~ 220°. Structures from 'cluster' 2-IV contain bulky upper rim #-butyl groups and are
lower rim-bridged by a relatively short crown ether moiety; compared to structure XOZBAP [10] from
'cluster' 2-1I1 with unsubstituted upper rim, longer and more flexible crown ether chain and average geometry
(B ~ 110°, 8 ~ 240°). The position of the 'partial cone' phenyl ring differs in the above-mentioned bridged
group and in structure XOZBAP in dependence on sterical hindrance between the p-substituent on the
'partial cone' phenyl ring and lower rim bridge (Fig. II-3). Other structures from 'cluster' 2-III have
nonbridged lower rim and are therefore not included in this comparison.

Figure II-3. Structures RIDMIA and XOZBAP [10].
The main difference is the position of the 'partial cone' phenyl ring

As shown previously (structure JOYHIO [10], Fig. 1I-4), the occupation of the calixarene 'cavity' can
have some effect on its geometry. The dependence of parameters o, B on the type of the 'clathrate' for all
partial cone calix[4]arenes (complexes included) is depicted in Figure 4; 'clathrates' tend to have more open
'cavity' and therefore bigger B than molecules with empty 'cavity'.

(m]
350 |- ¢
300 2%0°, o
250 | ‘ oo o
Og
B | b0 ©
(@]
o) oo 0o
200 - o o o8
i oe °
" o8y o
150 | g
N o '. .Q
) ( J
100 |- "& "l
® o
50 " 1 " 1 " 1 " 1 " 1
100 110 120 130 140
(0

o0 — solvent molecule inside the 'cavity'; © — lower rim substituent inside the 'cavity'; A — unsubstituted upper rim
from another calixarene molecule inside the 'cavity'; ¢ — metal ion inside the 'cavity'; ® — nothing inside the 'cavity'

Figure 4. The dependence of the partial cone calix[4]arene geometry on the type of the 'clathrate’
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Compared to cone structures (Part I, [7]), there are a relatively large number of structures which contain
lower rim substituent inside the 'cavity'; this substituent usually comes from the same molecule which is rare
in cone structures. As a rule, structures which contain another molecule or lower rim substituent inside the
'cavity' tend to be more open and therefore have bigger B; similar but not so profound effect have bulky non-
polar upper rim substituents (¢-butyl). On the other hand, structures where m,m-interaction between the ca-
lix[4]arene opposite phenyl rings is not disrupted (empty 'cavity', no upper rim substituents or polar upper
rim substituents capable of some type of interaction) have low 3 and more closed structures. This effect can
be observed primarily on structures with w,m-interaction between aromatic upper rim substituents;
T, t-interaction between two opposite calix[4]arene phenyl rings or interaction of polar upper rim substituents
(see structure HAWYUZ [10], Fig. II-4). The above-mentioned effect of upper rim substituents is depicted in
Figure 5.

350 0 ©
00L gme
O
250} oo :
B i o 3 °
O []Et]] O =
200 g
o oe O
" g :
150
I © i o.
O ( ]
100 | % %
i o 4
100 110 ol 120 130 140

0O — nonpolar substituent at the upper rim; © — polar substituent at the upper rim; ® — unsubstituted upper rim
Figure 5. Effect of upper rim substituents on the geometry of partial cone calix[4]arenes

The influence of the lower rim substituents on the geometry of the symmetrically tetrasubstituted ca-
lix[4]arene base frame is less transparent and probably much less significant than the above-described ef-
fects.

Figure 11-4 depicts the arrangement of the calix[4]arene moiety in the previously-mentioned structures
HAWYUZ and JOYHIO [10].

Figure II-4. Structures HAWYUZ and JOYHIO [10]
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Heteroatom-bridged partial cone calix[4]arenes

The group of partial cone heteroatom-bridged calix[4]arenes comprises of a few hits only (9 cif files
containing 9 symmetrically tetrasubstituted independent molecules, 3 cif files containing 5 independent mol-
ecules with other substitution patterns). Since there are not enough data and therefore no distinct trends could
be observed, no division according to the respective substitution patterns was performed. Likewise, com-
plexes are not distinguished because there are only three such structures in this group. The only bridge
groups that occur in this group are S and SO; structures containing the SO bridges are emphasized in text.

The o-B plot regarding the group of all partial cone heteroatom-bridged calix[4]arenes (Fig. 6) shows two
distinct groups. Structures with oo < 110° (SEBZEE, YAQKAD and VAVRAM [10]) are 'clathrates' which pos-
sess more open 'cavity' (similar effect as in the methylene-bridged partial cone group). The more open 'cavity'
in these structures is also reflected in higher value of parameter . In the second group with o> 120° (‘cluster’
6-1 containing 8 cif files with 9 independent molecules, centered at [121.67; 125.82; 238.77] with standard
deviation of [1.09; 10.82; 12.89]), no such effects are involved; these structures have empty 'cavity' and un-
hindered intramolecular 7, m-interaction between two opposite calix[4]arene phenyl rings.

260 o
240 !
220 ! .
200 o
B 180
160 !

140
®e
120 )

115 120 125

100 .. 1 " 1 " 1

100 105 110

0/

e — no molecule inside the 'cavity'; 0 — solvent molecule inside the 'cavity';
o — ligand from a complex inside the 'cavity'

Figure 6. The o-P plot displaying the group of all partial cone heteroatom-bridged calix[4]arenes

Structure VAVRAM [10] which displays intramolecular mt,7-interaction between one calixarene phenyl
ring and an aromatic ligand from a complex is depicted in Figure II-5.

Figure II-5. Structure VAVRAM [10]
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In the group of structures with empty 'cavity', the structures are distributed in the & parameter. It is very
difficult to find dependences of the distorsion parameters on the substitution of the calixarene platform be-
cause of a small number of structures in this group. However, the only upper rim unsubstituted structure in
this group YANBUL [10] has the lowest B (~ 106°) probably because of &, m-interaction between two oppo-
site calixarene phenyl rings unhindered by any upper rim substituents (Fig. 11-6). Other structures contain
bulky #-butyl groups at the upper rim and the resulting sterical hindrance leads to a somewhat more open
'cavity' and slightly increased (. This effect is very similar to that observed in the methylene-bridged group.

Figure II-6. Structures YANBUL and CIFQAJ [10]

Since there are only a few structures in this group, The values of the parameter 8 are not discussed.
There are four SO-bridged structures with empty 'cavity": trimeric lower rim tetragonally coordinated
SUWNAZ [10] (B ~ 120°) and uncomplexed structures LUXYEI, LUXYIM and LUXXUX [10] (two prox-
imal SO and two S bridges) with B > 130°. Structure LUXYEI [10] is depicted on Figure II-7. One interest-
ing feature of the SO-bridged structures is the arrangement of the sulfinyl bridge groups. The structure
LUXYETI has these bridges arranged in a down-, up-, up-, up- fashion (aeee in clockwise direction beginning
at the bridge adjacent to the 'partial cone' phenyl ring), LUXYIM in a down-, up-, up-, down- fashion (aeea),
SUWNAZ in a down-, up-, down-, up- fashion (acae) and LUXXUX has its two SO groups arranged in a up-,
up- (ee) fashion (compare to cone SO-bridged structures LUXYAE, MAZNEG(01) and OKUKOU (eeee)
and the complex RAWLIL (aaaa) [10]).

Figure II-7. Structure LUXYEI [10]

Unlike the methylene-bridged structures, there are no single atom 'triple-bridged' structures in this
group. Unlike the methylene-bridged structures, there are also quite a number of structures containing hy-
droxyl groups at the lower rim in this group (4 out of 9 structures). The arrangement of hydrogen bonds at
the lower rim therefore seems to be somewhat weaker than in the methylene-bridged group, the reason being
probably larger cavity in heteroatom-bridged calix[4]arenes.
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Since this group contains only a few structures, no conclusions regarding the effect of substitution
and/or coordination beyond those already mentioned in the text were made.

Conclusion — partial cone structures

The arrangement of the partial cone base frame is best reflected in parameter . Very open structures
(single atom 'triple-bridged' at the lower rim, 'clathrates') tend to have high B whereas structures with unhin-
dered m, m-interaction between two calixarene opposite phenyl rings have closed 'cavity' and low 3. Because
of the forced opening of the structure imposed by tetrahedral arrangement of bonds on the heteroatom, single
atom 'triple-bridged' structures also have low . The vast majority of partial cone structures are uniform in J;
the role of this parameter is therefore not discussed.

To sum up, the best way to deform the base frame of partial cone methylene-bridged molecules seems
to be direct substitution of the calix[4]arene phenolic oxygen atoms either by a single atom 'triple bridge' or
by lower rim cis-coordination by a transition metal ion. (there have been observed no molecules with this
substitution or coordination patterns in the heteroatom-bridged group). Substitution at the upper rim signifi-
cantly affects the partial cone calix[4]arene geometry only in the case when one pair of opposite phenyl
rings is brought to a close proximity (e.g. upper rim polar substituents capable of some type of interaction).

Compared to cone structures, partial cone methylene-bridged structures which contain four lower rim
hydroxyl groups are rare. Cyclic hydrogen bond arrangement at the lower rim is known to stabilize cone con-
formation (see e.g. [1-3]); partial cone conformation is therefore favored by molecules containing alkylated
or acylated lower rim hydroxyl groups. On the other hand, heteroatom-bridged partial cone calix[4]arenes
contain a relatively large number of structures which have four hydroxyl groups at the lower rim; the reason
behind this behavior is probably larger cavity and therefore weakening of the hydrogen bonds present at the
lower rim.

1,2-alternate structures

Methylene-bridged 1,2-alternate calix[4]arenes

The group of 1,2-alternate conformers of calix[4]arenes with methylene bridge groups contains rela-
tively few hits (56 complete cif files with 65 independent molecules, 5 incomplete cif files) compared to oth-
er groups (especially cone, see Part 1 [7]). Similarly to partial cone conformers, the molecules of these en-
tries are also less symmetrically substituted than the come group; the percentage of symmetrically
tetrasubstituted molecules is less than 30 % compared to almost 50 % of symmetrically tetrasubstituted mol-
ecules in the cone conformation. The substitution patterns and the corresponding percentages of the
1,2-alternate group are given in Table 2.

Since there is a large number of complexes in this group (41 % of cif files belong to metal-coordinated
structures), these structures are distinguished.

Table 2
The substitution patterns and the corresponding percentages of the 1,2-alternate group
Type No. of cif files % No. of independent molecules %
Symmetrically tetrasubstituted 16 26.2 17 26.1
Single atom proximal bridge 17 27.9 19 29.2
Other 28 45.9 29 44.7
Total 61 100 65 100

The distribution of important groups of /,2-alternate calix[4]arenes is given in Figure 7 (o-3 plot). The
vast majority of symmetrically tetrasubstituted I,2-alternate calix[4]arenes falls to the point [180, 0]. The
1,2-alternate calix[4]arenes with a single atom proximal bridge at the lower rim form a diffuse group. Other
substitution patterns contain only a few molecules each and do not form distinct groups.
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Figure 7. The distribution of important groups of 1,2-alternate methylene-bridged calix[4]arenes

The B-0 plot (Fig. 8) depicts more closely the group of symmetrically tetrasubstituted molecules. /,2-
alternate calix[4]arenes with a single atom proximal bridge at the lower rim form again quite a distinct
group. Other substitution patterns do not have such a significant distribution and do not form distinct groups.
o-0 plot is very similar to the B-0 one and is therefore not reported.
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Figure 8. The distribution of important groups of 1,2-alternate methylene-bridged calix[4]arenes

In the group of symmetrically tetrasubstituted molecules, there are two distinct 'clusters' (see Fig. 8):
'cluster' 8- at & < 500° (5 cif files, 5 independent molecules) formed mostly by uncomplexed molecules and
'cluster' 8-1I (9 cif files, 12 independent molecules) at & > 500° formed mostly by complexes. 'Cluster' 8-I is
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centered at [180.20; 21.62; 462.01] with a standard deviation of [0.31; 28.20; 18.02], 'cluster' 8-1I is centered
at [180.00; 0.00; 556.88] with a standard deviation of [0.00; 0.00; 17.70]. Two symmetrically tetrasubstituted
molecules with § > 30° were not included in these groups.

In the group of single atom proximally bridged molecules in Figure 8, there are two clusters observable:
'cluster' 8-IIT with B < 10° containing both complexes and uncomplexed molecules and 'cluster' 8-IV formed
mainly by complexes with 3 > 10°. 'Cluster' 8-1II contains 10 cif files with 10 independent molecules, is cen-
tered at [182.50; 2.06; 487.17] with a standard deviation of [3.33; 2.17; 11.14]. 'Cluster' 9-IV contains 8 cif
files with 9 independent molecules, is centered at [188.21; 25.55; 508.53] with a standard deviation of [3.24;
12.02; 10.56].

In the group of single atom proximally bridged /,2-alternate calix[4]arenes, there are 5 uncomplexed
structures and 12 complexes. The group of single atom (X) proximally bridged /,2-alternate calix[4]arenes
is relatively uniform in parameter 8; however, its structures differ significantly in o, . This behavior proba-
bly reflects the rigidity of the lower rim O-X-O frame which depends on bond lengths between atom X and
calix[4]arene phenolic oxygen atom and on bond angle on atom X. Smaller atoms (especially B, to a lesser
extent Si, P) with short X-O bond lengths and relatively rigid bond angles tend to warp the calix[4]arene base
frame more than «coordinated metaloid» atoms (see Fig. II-8). Because this deformation reflects both the
rigidity of bond length and angle and because a large number of structures from this group contain mixed
metal/non-metal bridges at the lower rim, no correlation and explanation of the two 'clusters' 8-11I and 8-1V
was attempted. However, structures with larger B from 'cluster' 8-IV are mostly structures with nonsymmet-
rical proximal substitution (e.g one metal ion and one heteroatom, usually Si). The changes in the ca-
lix[4]arene base frame in dependence on atom X seem to be less significant than those in the case of lower
rim single atom 'triple-bridged' structures (see cone [7] and partial cone structures).

Figure II-8. Single atom proximally bridged 1,2-alternate calix[4]arenes ZALGUO, SAVDEZ [10]

The rigidity of the single atom proximal bridge can be further demonstrated on the values of § and & pa-
rameters of this group and a group of 1,2-alternate calix[4]arenes which contain longer proximal bridges.
Single atom proximally bridged structures have relatively high & parameter and low B (B < 40°, 5 ~ 500°)
whereas in the group with longer proximal bridges (four structures) where the calix[4]arene base frame is
less restrained the situation is exactly the opposite (B ~ 60°, & ~ 460°). The values of the B and & parameters
can therefore serve as a rough estimation of the rigidity of proximally bridged structures.

The group of symmetrically tetrasubstituted 1,2-alternate calix[4]arenes (8 uncomplexed structures,
8 complexes) is uniform in o and [ parameters with the exception of two structures with § > 30°. Since no
significant intra- or intermolecular interactions exist in the crystal structures of these compounds (beyond
relatively weak CH-mt interactions), this behavior remains unexplained.

However, the group of symmetrically tetrasubstituted structures varies significantly in the & parameter.
As a rule, structures with one or more lower rim phenolic oxygen atoms missing tend to have higher o pa-
rameter because of the lack of sterical hindrance at the lower rim (structure YIRGAH [10], Fig. 1I-9); the
resulting arrangement of the calix[4]arene moiety is very similar to the chair arrangement of
resorcinarenes [1-3]. Sterical hindrance stemming from larger substituents at the lower rim is reflected in
lower & because of less open structure as in the case of structure CAZSEC with four carboxymethoxy groups
at the lower rim [10].
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Figure II-9. Structures YIRGAH and CAZSEC [10]

Other substitution patterns with the notable exception of lower rim distally disubstituted structures (16
hits including three complexes) contain each a few molecules only and are therefore not discussed. The only
interesting structures within this group are three lower rim single atom 'triple-bridged' structures (3 hits)
which have very high value of & parameter. The influence of this motif on the calixarene base frame is similar
to partial cone structures described in previous chapter; these structures essentially form the transition between
partial cone and 1,2-alternate groups. Representative example is structure POSJUC [10] (Fig. II-10).

Figure II-10. Single atom 'triple-bridged' 1,2-alternate calix[4]arene POSJUC [10]
(the fourth lower rim substituent has been omitted for clarity)

Since the 1,2-alternate calix[4]arenes lack cavity, clathrates cannot be defined. However, quite a large
variety of inter/intramolecular interactions can be observed in this group. CH-m; - and van der Waals in-
teraction exist between lower rim substituents, ligands from complex or solvent molecules and the calixarene
'half-cavity' in almost all these structures. In addition, structures lacking lower rim hydroxyl groups tend to
stack in a chair-like fashion in solid state (intermolecular &, m-interactions between calixarene molecules).
Since the structures in this group are few and the effects are usually mixed, no clear dependence of parame-
ters o, B, & on the type of interaction has been observed. Similarly, because there are only a few structures
and these structures vary widely in substitution, no dependence of the calix[4]arene geometry on the type of
upper rim substituent was observed.

Complexes of /,2-alternate calix[4]arenes generally fall into two categories: metal ion(s) coordinated in
a single atom proximal bridge fashion or metal ion(s) coordinated in a single atom 'triple bridge' fashion (Fig.
II-11). These structures tend to have high & because of the forced opening of the calixarene base frame. For
comparison, see previous chapter on similar (both coordinated and uncomplexed) partial cone structures.
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Figure II-11. Structure JOQBEW [10]

Heteroatom-bridged 1,2-alternate calix[4]arenes

The group of 1,2-alternate heteroatom-bridged calix[4]arenes consists of relatively few hits (23 cif files
containing 23 symmetrically tetrasubstituted independent molecules, 6 cif files containing 6 independent
molecules with other substitution patterns). Since there are only a few molecules of other substitution pat-
terns than the symmetrically tetrasubstituted one, separation according to substitution patterns was not per-
formed. This group contains a relatively large number of complexes (9 complete cif files, all of them belong
to the symmetrically tetrasubstituted group) which are distinguished. Moreover, there are only two structures
containing complete cif files with bridge groups other than S (oxygen-bridged ACUNAO and SO,-bridged
OCUFUO [10]; discussed in text below).

Figures 9, 10 show o-0 and -0 plots of this group. o-f3 plot is the least informative one (as in the group
of methylene-bridged 1,2-alternate calix[4]arenes, the majority of structures fall to the point [180, 0]) and is
therefore not displayed.

In Figures 9, 10, no distinct 'clusters' can be observed. As in the group of methylene-bridged 1,2-alter-
nate calix[4]arenes, structures are distributed in the & parameter. Likewise, there is quite a large number of
inter/intramolecular interactions between calixarene molecules, upper or lower rim substituents and
calixarene phenyl rings or solvent molecules and the calixarene 'half-cavity'. No distinct dependence of the
calix[4]arene symmetry on the type of interaction has been observed, however. Similarly, no dependence on
the type of upper/lower rim substituents was observed in this group.

540

520
500 -
480

8 | o0

460 -

|
"
B
440+ u
[m]
L u]
[ ]

420 -

[ . .
180,0 180,5 181,0 181,5a182,0 182,5 183,0 1835

m — uncomplexed structures; 0 — complexes

Figure 9. The a8 plot of the group of 1,2-alternate heteroatom-bridged calix[4]arenes
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Figure 10. The B-0 plot of the group of 1,2-alternate heteroatom-bridged calix[4]arenes

There are two deviating hits in Figure 11 with 8> 520°. One of them is structure ACUNAO [10], a
unique structure containing oxygen bridges, m-substituted phenyl rings, two hydrogen atoms and two carbon
atom substituents at the lower rim. The geometry of this structure is close to that of chair resorcinarenes. The
other deviating hit in Figure 11 is structure FUDXAD (Fig. 1I-12), which contains very short one atom prox-
imal bridges at the lower rim and therefore a very open structure. The only other proximally bridged lower
rim structure in this group is structure BALNOS (two crown-5 bridges) with significantly more average ge-
ometry owing to longer and more flexible lower rim substituents. Figure 1I-12 depicts structures FUDXAD
and BALNOS [10] showing the dependence of the calixarene geometry on the length of the proximal bridge.
Structure BALNOS has very low & (426°) which reflects a relatively closed 'cavity' in this case. Similar ef-
fects have been observed previously in the group of methylene-bridged /,2-alternate structures.

Figure II-12. Structures FUDXAD and BALNOS [10]

The deviating hit in Figures 9, 10 with o> 183° and B ~ 27° is structure ETUQAL [10]. The hit with
B~ 52°in Figure 10 is a similar tetrasubstituted structure ETUQOZ [10]. Bulky lower rim substituents (three
in ETUQAL, four in ETUQOZ) cause deformation of the base calixarene skeleton mostly because of sterical
hindrance; both structures possess CH-7t interaction between upper rim #-butyl substituent and one calixarene
phenyl ring from different calixarene molecule which is probably behind increased . Both structures have
low 0 (430-440°) which indicates a relatively closed structure (Fig. I1-13).
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ETUQOZ
Figure II-13: Structures ETUQAL, ETUQOZ [10]

It is obvious that the geometry of the calix[4]arene base frame regarding opening of the structure is de-
pendent on the substitution of the calixarene skeleton and is reflected by parameter § as in the group of
methylene-bridged 7,2-alternate structures. This dependence is demonstrated on a group of symmetrically
tetrasubstituted uncomplexed I, 2-alternate heteroatom-bridged calix[4]arenes with upper rim #-butyl substit-
uents with ot ~ 180°, B ~ 0° (the main group in Figures 9, 10 with d between 410-460°).

The dependence of the geometry of these molecules on the size of lower rim substituents (and hence-
forth the sterical hindrance) is depicted in Figure 11; it shows the plot of the & parameter against the 'length’
of the lower rim substituents expressed as a number of atoms in chain from the calixarene phenyl oxygen
(included) to the most distant atom on the substituent (also included).

460 | "

450 |

440 - .

430 |-

420 |

410 1 1 1 1 1
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'length’ of the substituent (number of atoms)

Figure 11. Dependence of the & parameter on the 'length’ of the lower rim substituents

The group of 1,2-alternate heteroatom-bridged calix[4]arenes contains relatively large number of com-
plexes (compared to the partial cone group). All complexes are derived from symmetrically tetrasubstituted
calixarenes, which simplifies evaluation of inter- and/or intramolecular interactions on their geometry.

The two deviating hits with B ~ 18° and & ~ 470° in Figure 11 (-0 plot) are structures containing prox-
imally coordinated two oxygen atoms at the lower rim (and the bridge between them) compared to other
structures in this chapter with none or all lower rim oxygen atoms coordinated. This type of coordination
forces the structures more open as demonstrated by higher & value; nonsymmetrical coordination at the lower
rim is probably behind slightly increased B. The representative structure MOTMUD [10] is shown on
Figure 1I-14.
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Figure II-14. Structure MOTMUD [10]

The two deviating hits with B = 0° and & > 480° in Figure 11 are structures OCUFUO and TARFIC [10]
(Fig. 1I-15). Structure OCUFUO is the only structure among I,2-alternate calix[4]arenes which contains
sulfone bridges, one oxygen atom from each of two distal bridges participates on the octahedral coordination
of two Cu(Il) ions. The coordination is similar to the proximal coordination mentioned above and the value
of the & parameter is therefore larger. The structure TARFIC contains four proximally Rh(IIl) complexed
thiolato groups at the lower rim; there is a structure with the same coordination pattern (TARFAU, Ir(II)
complex) possessing an average geometry (O ~ 445°). These structures show only weak intermolecular CH-1t
interactions; the difference in & therefore seems to arise from different ionic radii of Rh and Ir. The size of
the calixarene lower rim is obviously better suited for larger Ir(III), the coordination polyhedron is therefore
less strained and the influence on the calixarene base frame not so profound. On the other hand, smaller
Rh(III) forces the lower rim oxygen atoms closer and the structure is therefore more open as confirmed by
higher 0.

The coordination of all mentioned lower rim complexes (two proximal oxygen atoms and the bridge be-
tween them) is very close to one of coordination patterns occurring in the cone group (see Part I, [7]).

g 8
OCUFUO k% A

Figure II-15. Structures OCUFUO and TARFIC [10]

Other complexes from the average group with 8 ~ 440° in Figure 11 belong to polymeric upper rim co-
ordinated sulfonato calix[4]arenes. In conclusion, upper rim complexation does not seem to affect the geom-
etry of the calixarene base frame as significantly as the lower rim and/or bridge coordination.

Conclusion — 1,2-alternate structures

Calix[4]arenes lacking lower rim substituents tend to have their base frame deformed towards that of
chair calix[4]resorcinarenes (average o, B; & ~ 500° and more). On the other hand, structures with very large
lower rim substituents tend to have low 0 because of a more closed structure caused by sterical hindrance at
the lower rim. The parameter § can therefore serve as an indicator for the degree of opening of the structure.
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Single atom proximally or 'triple-bridged' structures have also very open structures as reflected by high &
along with somewhat increased o and 3.

To sum up, the best way to immobilize and 'open' the /,2-alternate calix[4]arene base frame is to prox-
imally bridge the lower rim by a single atom (preferably from the second period) or to form a single atom
'triple bridge' as in the partial cone group. A variety of atoms and cations can be utilized for this purpose; the
single atom 'triple bridge' appears to be the more efficient way to open structures. Another method of open-
ing the calixarene base frame is removal of lower rim phenolic oxygen atoms and the resulting decrease of
sterical hindrance at the lower rim. On the other hand, large substituents on the lower rim phenolic oxygen
atoms tend to produce more closed structures (opposite effect). Direct coordination at the lower rim phenolic
oxygen atoms can also significantly affect the calixarene geometry; little influence has been observed in the
case of coordination at the upper rim substituents.

As in the group of partial cone structures, 1,2-alternate methylene-bridged calix[4]arenes which con-
tain four lower rim hydroxyl groups are uncommon. On the other hand, in the group of heteroatom-bridged
structures there is quite a number of structures with lower rim hydroxyl groups in this group which confirms
that the hydrogen bonds at the lower rim in heteroatom-bridged structures are weaker than in their meth-
ylene-bridged counterparts.

1,3-alternate structures

Methylene-bridged 1,3-alternate calix[4]arenes

This group contains relatively small number of symmetrically tetrasubstituted structures (42 out of 184
cif files, which correspond to about 23 %). On the other hand, the number of lower rim distally bridged
structures in this conformation is the largest of all methylene-bridged calix[4]arenes (81 from the total of 184
cif files, 44 %). For further details, see Table 3.

There are also quite a large number of complexes in this group (30 %); the complexes are therefore dis-
tinguished.

Table 3
1,3-alternate methylene-bridged calix[4]arenes from [10]
Type No. of cif files % No. of independent molecules %
Symmetrically tetrasubstituted 42 22.8 43 22.4
Distally bridged lower rim 81 44.0 84 43.8
Other 61 33.2 65 33.9
Total 184 100 192 100

o-B plot (Fig. 12) and -0 plot (Fig. 13) depict almost continuous distribution of all substitution pat-
terns; no pattern forms a distinct group and only little amounts of trends can be deducted. First, symmetrical-
ly tetrasubstituted structures are all uniform in o parameter, differing significantly in 8. No distinct 'clusters'
can be observed in this group.

On the other hand, lower rim distally bridged structures form a small group at B < 350° ('cluster' 12-I)
and a significantly larger group at higher  (‘cluster' 12-II). 'Cluster' 12-I contains 10 cif files with 11 inde-
pendent molecules; this cluster is centered at [180.92; 326.75; 4.54] with a standard deviation of [0.86; 4.98;
3.45]. 'Cluster' 12-1II contains 58 cif files with 67 independent molecules; this 'cluster' is centered at [181.54;
424.64; 11.20] with a standard deviation of [1.48; 21.18; 9.15].

Several trends can be observed within the -8 plot. The group of symmetrically tetrasubstituted mole-
cules remains uniform even in the & parameter; only a few structures have & > 10°. The two distinct groups at
lower/higher B (‘clusters' 13-I, 13-1I) of molecules with distally bridged lower rim remain even in this plot.
However, the group of other substitution patterns distributed almost evenly in the § parameter.

In the group of symmetrically tetrasubstituted structures in Fig. 13, several hits deviate from the main
group. Some of the structures with & > 15° contain large and flexible lower rim substituents one of which
reaches into the 'cavity' formed by the two opposite phenyl rings (CH-wt interactions; structure AFEFUM
[10], Fig. 1I-16). Since the substituents are large, it is impossible for both distal substituents to be inside the
'cavity' and the structure is therefore deformed in the & parameter. Deformation in the § parameter may also
arise from sterical hindrance by four bulky lower rim substituents; the substituents are simply too large to fit
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inside the 'cavity'. In the case of complexes, the deformation in the § parameter is caused by nonsymmetrical
proximal coordination of the lower rim by two metal ions (structure FUTKAG [10], Fig. II-18). The effect of
the proximal coordination can be demonstrated on the fact that other complexes of this group which contain
more symmetrical distal lower or upper rim coordination have low d. Other structures in the symmetrically
tetrasubstituted group have more symmetrical arrangement with & < 15°.
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Figure 12. The o~ plot of the group of 1,3-alternate methylene-bridged calix[4]arenes
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Figure 13. The -0 plot of the group of 1,3-alternate methylene-bridged calix[4]arenes
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The B parameter reflects the degree of opening of the calix[4]arene 'cavity' (see Fig. 1I-16, 1I-17) and
can be therefore used to describe the geometry of uncomplexed calix[4]arenes from this group. As a rule,
structures with low [ parameter have more closed 'cavities' which corresponds to the presence of w, 7-
interactions between the opposite calix[4]arene phenyl rings (e.g. structure FAZFAO [10], Fig. II-16). Bring-
ing of the calixarene opposite phenyl rings to close proximity is often facilitated by lower rim sterical hin-
drance caused by presence of bulky lower rim substituents in these structures. On the other hand, if the lower
rim substituent (AFEFUM [10], Fig. 1I-16) or other molecule (GOTHAY [10], Fig. 1I-16) enters the
calixarene 'cavity', T, m-interaction between the opposite rings is disrupted and as a result the structure is
more open as reflected by higher value of the  parameter (see Fig. II-16). Similar effect has been already
observed in partial cone structures.

Figure I1-16. Structures AFEFUM (B ~ 425°), GOTHAY (B ~ 370°) and FAZFAO (B ~ 320°) [10]
demonstrating effects of a filled and empty 'cavity' on the geometry of the calix[4]arene base frame

The type of the upper rim substituent plays less transparent role; structures with nonpolar bulky upper
rim substituent (¢-butyl) tend to have more open structures with larger B parameter probably because of the
sterical hindrance at the upper rim. On the other hand, in structures which contain upper rim polar substitu-
ents capable of m, - and/or dipolar interaction the B parameter differs in dependence whether the m, 7-
interaction takes place between the calixarene opposite phenyl rings bearing these substituents or whether
there is an interaction between the upper rim substituents and some other molecule inserted into the
calixarene 'cavity' (this molecule may be even similar substituent from another calixarene molecule). An ex-
ample of these three effects is the trio of structures KARNEX, KARNIB, KARNUN [10] (Fig. II-17).

Structure KARNEX contains phenyl groups at the upper rim; however, the ®, m-interaction of the
calixarene opposite phenyl rings is disrupted by interfence of lower rim substituents and phenyl group from
another calixarene molecule (not depicted, B ~ 449°). Structure KARNIB contains bromine atoms at the up-
per rim; nothing prevents T, m-interaction of the calixarene opposite phenyl rings in this case (B ~ 329°).
Structure KARNUN with bulky #-butyl groups at the upper rim adopts less deformed conformation because
of sterical hindrance at the upper rim and the contribution of lower rim substituents which partially reach into
the 'cavity' (B ~ 449°).

Figure II-17: Structures KARNEX, KARNIB and KARNUN [10]
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There are several possible modes of metal ion coordination within the symmetrically tetrasubstituted
group: lower rim phenolic oxygen or sulfur atoms as in structures FUTKAG, HELYAY [10] (proximal or
distal coordination, Fig. 1I-18), lower rim phenolic oxygen atoms combined with donor atoms from the cor-
responding lower rim substituent (distal coordination), lower rim substituents (distal coordination), upper rim
distal coordination (AHUCEL [10]) or distal coordination on a rigid upper rim substituent. Since there are
only a few structures of coordinated calix[4]arenes in this group, drawing extensive conclusions is impossi-
ble. However, the upper rim coordinated structures have all very low § parameter which is caused by bring-
ing of the opposite phenyl rings to close proximity by their distal coordination; lower rim coordinated struc-
tures where this restraint is absent have all more open structures as demonstrated by higher values of the B
parameter.

HELYAY

® AHUCEL

Figure II-18. Structures of the Ag(I) complex AHUCEL (3 ~ 338°), Al(II]) complex FUTKAG (B ~ 422°)
and Hg(IT) complex HELYAY (B ~ 426°) [10] demonstrating the influence of different types
of upper/lower rim coordination on the geometry of the calix[4]arene

Lower rim bridged structures (49 uncomplexed, 32 complexes) in the group of I,3-alternate ca-
lix[4]arenes have a few unique specifics. First, proximal bridges are impossible within this group unless the-
se bridges were very large. Single atom proximal or 'triple-bridging' at the lower rim described in the groups
of partial cone or 1,2-alternate calix[4]arenes which can significantly affect the geometry of the ca-
lix[4]arene base frame is impossible from sterical reasons. The remaining possibility is distal lower rim
bridge; according to Table 3, this form of lower rim substitution is very popular within this group. For the
most part, flexible lower rim bridges with insignificant sterical demands have been utilized in the vast major-
ity of these structures and the length of these lower rim bridges (number of atoms in the bridge) has little ef-
fect on the geometry of the calix[4]arene base frame. In the case of more rigid lower rim bridges, some effect
on the geometry of the calix[4]arene moiety has been observed (see next paragraph).

The group of lower rim distally bridged 1,3-alternate calix[4]arenes formed two distinct groups in pa-
rameter B (‘clusters' 13-1, 13-II; Fig. 12, 13). The larger/lower B seems to reflect the same effects as in the
group of symmetrically tetrasubstituted molecules (namely reaching of lower rim substituent into the
calixarene cavity). The group with lower [ also contains more molecules with more rigid lower rim bridges
compared to the group with larger .

Complexes of the lower rim bridged /,3-alternate calix[4]arenes form a uniform group because the co-
ordination takes place at the lower rim substituent and mostly even at lower rim phenolic oxygen atoms; the
resulting cation-T interaction between this metal ion and two opposite calixarene phenyl rings ensures a rela-
tively open structure and therefore higher B (see structure AVERUO, Fig. 1I-19). As a rule, the coordination
at the lower rim does not significantly affect the geometry of the calix[4]arene base frame as described by
relatively uniform values of the B parameter; all these structures belong to 'cluster' 13-I1. The only notable
exception within this group is one structure coordinated distally at the rigid upper rim substituents; this struc-
ture falls into the 'cluster' 13-1. The low value of B in this case reflects the m, m-interaction present between
the calix[4]arene opposite phenyl rings and the resulting deformation of the calix[4]arene moiety towards a
more closed structure.
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Figure I1-19. Structure AVERUO [10] Figure II-20. Structure YUY YOG [10]

Among 1,3-alternate calix[4]arenes with other substitution patterns, the only relatively numerous group
is the group of lower rim distally disubstituted structures (19 hits including 6 complexes). The values of the 3
in the calix[4]arenes with other substitution patterns generally seem to follow the same rules as those for the
symmetrically tetrasubstituted group. However, there are several structures with relatively high o parameter.
Structures with o0 > 200° (e.g. YUYYOG [10], Fig. II-20) lack lower rim phenolic oxygen atoms and, be-
cause of missing sterical hindrance at the lower rim, their conformation is similar to that of saddle conform-
ers of calix[4]resorcinarenes (for comparison, see the effect of missing phenolic oxygen atoms in the /,2-
alternate group). Slightly increased o parameter is also present in the structures of calix[4]quinones.

Effect of a filled/empty 'cavity' in the group of /,3-alternate methylene-bridged calix[4]arenes is de-
picted in Fig. 14 and 15. The main difference from the cone and partial cone conformers is that /,3-alternate
calix[4]arenes have two 'cavities'; each of these may be filled or empty.
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Figure 14. Dependence of the geometry of 1,3-alternate methylene-bridged calix[4]arenes on the type of clathrate

From Figure 14, it is obvious that structures with empty 'cavities' have low  whereas for clathrates the
reverse is true. Empty 'cavities' allow undisturbed 7, m-interaction between two opposite calix[4]arene phenyl
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rings; the structure is therefore more closed and the parameter B lies below 400° (see similar effect in partial
cone structures). Filled 'cavities' result in more open structures. Uncomplexed structures with both 'cavities'
filled have B usually above 430°; when only one 'cavity' is filled this parameter drops to about 400°. These
effects are depicted in Fig. 15. The group of complexes with one or two metal ions inside the 'cavities' is
relatively uniform; the number of encapsulated metal ions does not seem to matter.

A large number of structures with lower rim substituent inside the 'cavity/ies' have & > 20° (Fig. 14).
The reason for this behavior is probably that in case of bulky lower rim substituents only one of these distal
substituents can be encapsulated; the other one lies necessarily outside the 'cavity' because of sterical rea-
sons. This arrangement at the lower rim may lead to deformations in 9.
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Figure 15. Effect of the number of filled 'cavities' on the geometry of 1,3-alternate methylene-bridged calix[4]arenes

There are three 'clusters' in Figure 15: the first one (‘cluster' 15-1, 44 cif files with 47 independent mole-
cules) centered at [180.80; 344.34; 4.48] with a standard deviation of [1.00; 32.13; 4.50] which contains
molecules with empty 'cavities'; the second one (‘cluster' 15-11, 21 cif files with 24 independent molecules)
centered at [182.16; 402.86; 7.27] with a standard deviation of [1.60; 15.55; 5.45] containing molecules with
one 'cavity' filled and o < 190° and the third 'cluster' (‘cluster' 15-1I1, 99 cif files with 110 independent mole-
cules) centered at [181.33; 432.16; 10.00] with a standard deviation of [1.46; 21.30; 9.72] containing mole-
cules with both 'cavities' filled.

Heteroatom-bridged 1,3-alternate calix[4]arenes

The group of 1,3-alternate heteroatom-bridged calix[4]arenes contains 63 cif files with 73 independent
molecules (significantly more than the partial cone and I,2-alternate groups). However, complexes are
scarce (4 complete cif files with 5 independent molecules, 2 incomplete cif files compared to its methylene-
bridged counterpart). The complexes are therefore not distinguished. In addition, all types of bridges (S, SO,
SO,, N, Si, O) were observed in this group (compared to the cone, partial cone and 1,2-alternate groups).

Figure 16 depicts o-f3 plot of all calixarenes from this group divided according to their substitution pat-
terns. No distinct groups among the symmetrically tetrasubstituted structures can be observed. On the other
hand, lower rim distally substituted, upper rim symmetrically tetrasubstituted structures form a distinct group
at B ~ 440° with several structures located at lower . Other substitution patterns apart from these two ones
contain only a few structures each and are therefore not distinguished.

The main group of lower rim distally substituted, upper rim symmetrically tetrasubstituted structures
(‘cluster' 16-I) with B > 400° contains 6 cif files with 8 independent molecules and is centered at [182.11;
437.39; 10.92] with a standard deviation of [2.54; 15.98; 6.96]. Structures from 'cluster' 16-1 are lower rim
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bridged with crown 5 bridge(s). There are three structures with B < 400° which do not fall into this group;
these structures are either not bridged at the lower rim or are bridged with longer crown ether chain (e.g.
crown 6).
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Figure 16. The o-P plot of all 1,3-alternate heteroatom-bridged calix[4]arenes

Figures 17, 18 (a-B plots) depict dependence of the calix[4]arene symmetry on the type of clathrate.
Similar effects have been already observed for the methylene-bridged group.
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Figure 17. Dependence of the symmetry of the calix[4]arene scaffold on the type of the clathrate

As 1,3-alternate calixarenes have two 'cavities', only one or both of them can be filled or empty. Struc-
tures which have both 'cavities' empty have B <400°; or o > 200° and large [ if they lack substituents at the
lower rim. Structures with only one 'cavity' filled have generally B ~ 410°, structures with both 'cavities'
filled have larger B because of a more open structure (see Fig. 18). Similar effect has been observed within
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the methylene-bridged group. Since there are only a few molecules in each group, calculation of 'clusters'
was not performed.
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Figure 18. Effect of a filled 'cavity' on the geometry of 1,3-alternate heteroatom-bridged calix[4]arenes

Figure 19 shows effects of upper/lower rim substitution on the geometry of the calix[4]arene scaffold.
From Figure 19, it can be seen that structures which contain alkylated or acylated lower rim hydroxyl groups
are all relatively uniform. Unlike other previously described groups, there are a large number of structures
with missing hydroxyl groups at the lower rim in the /,3-alternate heteroatom-bridged group; these struc-
tures have o > 200° and/or 3 > 500° in Figure 19.

575
550 A
525
500
475
450
425

[m]
&
400 F S
§D
A
A
L

] ] ] ]
'S
»
»

375
350
325
300
275

180 190 200 q. 210 220 230

m — nonpolar substituent at the upper rim, hydroxyl or no substituent at the lower rim;
e — polar substituent at the upper rim, hydroxyl or no substituent at the lower rim;
A — no substituent at the upper rim, hydroxyl or no substituent at the lower rim;

0O — nonpolar substituent at the upper rim, substituted lower rim hydroxyl groups;

o — polar substituent at the upper rim, substituted lower rim hydroxyl groups;

A — no substituent at the upper rim, substituted lower rim hydroxyl groups

Figure 19. Dependence of the symmetry of the calix[4]arene scaffold on the type of the substitution
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Since there are altogether six possible types of bridge in the group of /,3-alternate heteroatom-bridged
calix[4]arenes, Figure 20 depicts this group divided according to the type of the bridge.

550 [ °
525 |
L, o
500 | ¢ 3 R
- W
475 | A c
450 &.
B[ ‘vA .
a0 G
375 | ?o ¢
3s0F 8
sk ¢
00E
| | 1 | 1 | 1 | 1 |
180 190 200 o 210 220 230

o
e —S;0—S0;0—S0,;A—Si;0—N;V —0

Figure 20. The o-P plot of all 1,3-alternate heteroatom-bridged calix[4]arenes
divided according to the type of the bridge

The type of the bridge seems to have some effect on the calixarene stereochemistry (Fig. 20). It can be
clearly seen that the nitrogen- and oxygen-bridged calix[4]arenes form distinct groups. Likewise, all sulfone-
bridged calix[4]arenes are very close to each other. Thanks to the symmetrical SO, bridge, these structures
are very symmetrical with all phenyl ring angles to the reference plane of about 90° (the opposite calixarene
phenyl rings are almost parallel in all these structures, see Fig. II-21). These values of the phenyl ring angles
account for the relatively low B value. The sulfone-bridged group is uniform in o and B and differs slightly
in & (‘cluster' 20-I; 5 cif files with 5 independent molecules; center at [181.08; 371.41; 9.85], standard devia-
tion [1.44; 9.93; 7.91]); no dependence of the & parameter in the sulfone group on the size and type of sub-
stituents was observed.

Figure I1-21. Structure NUHFOL [10]

The group of SO-bridged calix[4]arenes is relatively uniform in parameter o; however, in the B parame-
ter there are significant differences. No correlations between this parameter and the substitution and/or size
of the upper and lower rim substituents were found. The hit with B < 300° is structure LEQMID [10], a struc-
ture with SO bridges and unsubstituted upper rim. All structures possessing SO bridges in this group (includ-
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ing the structure LEQMID) have these bridges arranged in an up-, down-, up-, down- (aeae) fashion but only
the structure LEQMID has unsubstituted upper rim which allows for a more efficient &, T — stacking of two
opposite calixarene rings (and CH-r interaction between upper rims from different molecules) and has there-
fore lower B (Fig. 11-22).

Figure I1-22. Structures LEQMID and LEQMOJ [10]

The oxygen-bridged group is likewise uniform in o, B and varies in 8; because of the complexity of the
substitution patterns in this group, no conclusions concerning dependence of the & parameter on the type and
size of the substituents could be made. This group contains 6 cif files with 8 independent molecules (‘cluster'
20-II) and is centered at [210.58; 489.59; 11.50] with a standard deviation of [5.09; 10.82; 9.11]. The con-
formation of these structures is very similar to those of saddle resorcinarenes. An example of an oxygen-
bridged structure shows Figure 11-23.

Nitrogen-bridged structures are NANREA, SUDMOT and TAZMEN [10], Figure 1I-24. Structure
TAZMEN is a clathrate with m- substituted phenyl rings (the lonely hit with o0 ~ 190° and B ~ 550°). The
common feature of all these structures is a very open cavity (no intramolecular &, n-stacking). The factors
affecting the calixarene stereochemistry coming into play are numerous: substitution of N bridges, filled or
empty cavity, intermolecular i, t- and CH-m interaction and substitution of the upper and lower rim and pos-
sible m-substitution. Because of too few structures of this type, these stereochemical factors are very difficult
to evaluate.

Figure 11-23. Structure FEZZIU [10] Figure 11-24. Structures NANREA, SUDMOT [10]

Since in the silicon-bridged group there are only two structures it is difficult to draw any conclusions
here. Conformations of these structures are similar to those of the sulfone-bridged group.

Dependence of the B parameter on the type of the bridge can be shown on the example of lower rim
methoxy, upper rim ¢-butyl tetrasubstituted /,3-alternate calix[4]arenes with different bridge groups (all the-
se structures are uncomplexed). The o-f3 plot is given in Figure 21. The majority of relevant structures are
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discussed elsewhere in this chapter. No similar uncomplexed methylene-bridged structure was found in the
CSD [10] for comparison.
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Figure 21: o-B plot showing dependence on the bridge

By far the most common bridge among /,3-alternate heteroatom-bridged calix[4]arenes is the sulfur
one. The following text will deal exclusively with these structures.

In the group of symmetrically tetrasubstituted molecules, several hits deviate from the main group. The
two hits from the symmetrically tetrasubstituted group with oo > 210° are structures SAXJEG(01) [10]. These
structures lack substituents on both upper and lower rim and their conformation is similar to that of saddle
resorcinarenes. There is intramolecular w,mt-stacking (Fig. II-25) present in these structures and intermolecu-
lar CH-mt interaction between calixarene phenyl rings. The intramolecular m,t-stacking is not present in simi-
lar structure SUDMOT (Fig. 11-24) because there is another calixarene molecule positioned inside the cavity
in this structure; the intramolecular ©t,t—stacking cannot be therefore present.

Figure II-25. Structure SAXJEG [10]

The remaining hit with o > 205° belongs to structure NODJOF [10], long chain m- substituted,
S-bridged structure with missing lower rim substituents. Because of the lack of sterical hindrance at the low-
er rim, the conformation of this structure is similar to that of saddle resorcinarenes.

The rest of the sulfur-bridged group (‘cluster' 20-II1, 28 cif files, 41 independent molecules, centered at
[181.70; 413.64; 5.92], standard deviation [1.75; 26.70; 8.41]) is relatively uniform with regard to both o and
B. Structures with two identical crown ether bridges at the lower rim have been included in the lower rim
distally substituted group, therefore there are no lower rim distally bridged structures within the symmetrical-
ly tetrasubstituted group. The trends within this group are similar to those observed within the methylene-
bridged group.

For example, structure ALETUGO1 [10] similar to the structure ALETEQ (B = 377°) is substituted by #-
butyl groups at the upper rim and has a more open structure (B ~ 415°) which reflects sterical hindrance
caused by bulky upper rim substituents. Structures ALETEQ, ALETUGO]1 are depicted in Fig. 11-26. Four
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other lower rim methoxy, upper rim z-butyl-substituted structures are very similar to the structure
ALETUGO1 (B ~415°).

ALETEQ

Figure 11-26. Structures ALETEQ, ALETUGO1 [10]

Upper rim ethynyl-substituted structure HAGVAN (B ~ 430°) has a relatively open structure because of
coordination of the ethynyl groups and bulky phosphine ligands on Pt(II). On the other hand, similar struc-
ture HAGTUF with 4-pentylphenylethynyl substituents at the upper rim is not so open because there is hy-
drophobic interaction between two 1-pentyl chains on the upper rim substituents on the opposite calixarene
rings and CH-7 interaction between upper and lower rim substituents (Fig. 11-27). Therefore, the 3 value for
this structure lies beneath 410°.

Figure I1-27. Structures HAGTUF and HAGVAN [10]

The only interesting structures in the group of lower rim distally substituted heteroatom-bridged
1,3-alternate calix[4]arenes are crown-6 bridged BOXWEQ and ERUWETO1 [10], its Cs(I) complex (the
only complex in this group). The long crown-6 chain allows for m, m-interaction between the opposite
calixarene rings in the structure BOXWEQ but this interaction is broken in the structure ERUWETO01 be-
cause of Cs(I) complexation and the resulting cation-7 interaction with the two opposite calixarene rings.
The structure ERUWETO1 is therefore more open (Fig. 11-28) and has larger 3 value.
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ERUWETO01
Figure I1-28. Structures BOXWEQ and ERUWETO1 [10]

Crown-5 bridged calixarenes from this group tend to have larger B value (more open cavities) because
of shorter bridge which partially reaches into the 'cavities’; these structures are therefore not able to form
intramolecular 7, w-interaction like the crown-6 bridged structure BOXWEQ [10]. Representative example is
structure BOXQUA (Fig. II-29; compare to structures BOXWEQ and ERUWETO01 on Fig. 1I-28).

Figure 11-29. Structure BOXQUA [10]

Conclusion — 1,3-alternate structures

The parameter B seems to be the best one to describe the base frame geometry of /,3-alternate ca-
lix[4]arenes. Structures with parallel or closer opposite calixarene rings (more closed cavities) have low 3
whereas structures with more open cavities have high . Structures lacking lower rim substituents and there-
fore deformed towards the saddle geometry common among saddle resorcinarenes also have higher B but
this type of deformation affects predominantly o (> 200°). Because the & parameter is below 15° in the vast
majority of I,3-alternate structures, it is relatively insignificant for this group. Heteroatom-bridged ca-
lix[4]arenes containing oxygen bridge substituents are also deformed towards the saddle geometry common
among saddle resorcinarenes (short C-O bond length 1.43 A compared to C-C 1.54 A).

To sum up, the best way to significantly influence the geometry of the /,3-alternate methylene-bridged
calix[4]arenes seems to be distal upper rim coordination which leads invariably to more closed structures.
Removal of lower rim phenolic oxygen atoms also has significant impact on the calix[4]arene geometry.
Other effects (filled/empty cavity; effects of upper rim substitution and lower rim coordination; length, flexi-
bility or rigidity of the lower rim bridge) do not seem to affect the geometry of the calix[4]arene moiety so
significantly and/or the result cannot be reasonably foreseen by the chemist.

The best way to immobilize the /,3-alternate conformation in heteroatom-bridged calix[4]arenes is a
double distal bridge at the lower rim. The length of the bridge seems to affect the geometry of the calixarene
base frame; shorter bridges tend to produce more open structures with higher B whereas longer ones do not
disrupt intramolecular 7t,-interaction between the opposite calixarene phenyl rings and therefore tend to
produce more closed cavities with lower J.
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As in the group of partial cone structures, 1,3-alternate methylene-bridged calix[4]arenes which con-
tain four lower rim hydroxyl groups are few. Unlike the groups of partial cone and 1,2-alternate structures,
there are not so many structures containing unsubstituted lower rim hydroxyl groups among the /,3-alternate
heteroatom-bridged structures.

Conclusion

To sum up, the parameters o, 3, 6 are very useful in describing the geometry of the base frame of meth-
ylene- and heteroatom-bridged calix[4]arenes. The values of these parameters reflect not only the base con-
formation (e.g. cone, partial cone, 1,2-alternate or 1,3-alternate) of the calix[4]arene base frame but react to
inter- and/or intramolecular interactions present in the structure as well (see discussions at the end of each
chapter). Dependence of the parameters o, B, & on several types of inter- and/or intramolecular interactions
has been demonstrated. However, as these results were obtained from solid state data, no conclusion con-
cerning conformations and behavior of calix[4]arene molecules in solution can be stated.
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S1. KnumenrtoBa, M. Maasiosa, I1. Hemeukosa, JI. [lanatunycosa, I1. Boittumek, 1. JIykem

Kanuxkc[4]apenaepain kongopmanusaapbl — CSD masimeTrTepiHe Heri3geJreH
3eprrey. I1-06/imM. beJimekTik KOHYC, METHJIEH/] KOHE reTePoaATOM/IbI
KajauKc[4]apenaepain 1,2-anbTepHAHTTHI KIHe 1,3-a/IbTepHAHTTHI KOH(pOpMepJiepi

byn 3eprreymin Oipinmn OGemiminge KemOpumk KypbUlbIMABIK Momimertep 6aszacel (CSD) Herisinnme
METHJICH/II JKOHE reTepoaToMIbl Kemipiepi 6ap kamukc[4]apeHnepaiH KOHYCTHIK KOH(bOpMepIepi 3epTTei.
EpTtepex enrisinret o, B jxoHe O mapameTpIiepi *KoFapblia KeNTipiireH KOChUTbICTapAbIH KOMIPCYTEKTi Herisi
KaHKACBHIHBIH KOH(OPMALUSCHH CUIATTaFaHIa KOJIMaHbUIABL. by Gemimme MeTHieH[i oHEe reTepoaToMIbI
kaymkc[4]apennepain OeNIIeKTiK KOHYCTHIK, 1,2-albTepHAHTTHI koHE 1,3-anbTepHaHTTH KOH(OpMepiepi
3epTTeNin, Oy KOChUIBICTapABIH KOH(GOPMaNMsUIapPhIHAA MOJIEKYIaapablK JKoHE -IMIUTIK opeKeTTeCyIepain
ocepi OarayaHIIbL.

Kinm co30ep: xamukc[4]apeH, KpUCTalnObl KypbUIbIMAAp, KoHpopMauwmsiap, Oypay Oypsimibl, Oypmanay
napamerpi.
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S1. KnumenrtoBa, M. Maasiosa, I1. HemeukoBa, JI. [lanatunycosa, I1. Boittumek, 1. JIykem

Kondopmannn kanukc[4]apeHoB — ncciegoBanne, 0CHOBaHHOe Ha 1aHHbIX CSD.
Yacrts I1. YacTuuHblil KOHYC, 1,2-abTepHaHTHBIE U 1,3-aIbTepHAHTHBIE
KOH(OpMepbI MeTUIEHOBBIX U reTePOaATOMHBIX KaJInkc[4]apeHoB

B mepBoii yacTy Halero MCCIeAOBaHuUs ObUIM PAaCcCCMOTPEHBI KOHHYECKHE KOH(POpMepsh! Kaiukc[4]-apeHoB ¢
METUJICHOBBIMU U T€TEPOATOMHBIMU MOCTHKaMH 13 KeMOpumxckoil ctpykrypHoit 6a3bl qanHsix (CSD). Pa-
Hee BBOJMMBIE NapaMeTpsl o, B U & MCIONIB30BAIMCh IIPH ONMCAHUU KOH(POpPMALMil KapKaca yriieBOJOPOIHO-
IO OCHOBaHHMS YKa3aHHBIX BBIIIE COSIUHEHU. Bo BTOpoi yacTu Hcciie[oBaHNS H3ydEeHB! YaCTHYHbIE KOHIYe-
ckue, 1,2- u 1,3-anpTepHaTHBHBIC KOH()OPMEPHI METHIICH- U TeTePOATOMHO-MOCTHUKOBBIX KallKc[4]-apeHoB 1
OLICHEHO BIIMSHHE MEX- i BHYTPHMOJIEKYIAPHBIX B3aNMOJICHCTBIN Ha KOH(OPMAIUN STHX COCTUHEHUH.

Kniouesvie crosa: xamikc[4]apeH, KpUCTALIMIECKHE CTPYKTYPHI, KOH(GOpPMAILHS, yroJl CKpyYHBaHMS, Iapa-
METp HCKa)KCHHUSL.
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Modification of solar batteries by polymer fluorescent films

The article describes a method for studying the effect of silicon solar cells” modification using spectrum
shifters, which are polymer films based on polymethylmethacrylate with a thickness of about 4 um with em-
bedded fluorescent dyes. In the process of work there were obtained spectrum shifters containing commer-
cially available fluorescent dyes Solvent Yellow 160, Coumarin 440 and BBQ. Evaluation of the spectrum
shifters” influence on the efficiency of a solar battery was carried out by comparing the curve of the external
quantum yield and the current-voltage characteristics of the latter before and after the modification. Interpre-
tation of the obtained results was based on the absorption and fluorescence spectra of the obtained spectrum
shifters. According to the curves of the external quantum yield, a decrease was established in the efficiency of
solar cells after the modification by spectrum switches. It is ascertained that the reason for this decrease is the
emerging competition in the absorption of incident radiation between the spectrum switch and the solar bat-
tery, and the parameters under which this competition would be minimal were determined. According to the
data obtained when measuring the volt-ampere characteristics of the obtained modified solar cells, an insig-
nificant increase in the power of the generated electric current was established. A conclusion is made about
the contradiction between the results of experiments on measuring the external quantum yield and current-
voltage characteristics. With a detailed examination of the features of these research methods it was possible
to find the cause for these contradictions. The main conclusions were drawn about the nature of the interac-
tion of spectrum shifters with solar batteries, and the main conditions under which this interaction was effec-
tive were determined.

Keywords: solar battery, spectrum switch, external quantum yield, current-voltage characteristics, absorption,
fluorescence, fluorescent dye, polymer film.

Introduction

The best efficiency of the experimental device obtained under laboratory conditions reached the conver-
sion efficiency of 25 % for the plates of elements on crystalline silicon [1] and 19.5 % for thin-film technol-
ogies [2].

There are two principal approaches for increasing the efficiency of solar cells. The first is to improve
the electronic properties of existing devices [3—6]. The second is the use of luminescent low-energy spectrum
shifters that absorb short-wavelength photons and re-emit them at more favorable wavelengths (in the long-
wavelength region). Luminescent low-energy shifters are a passive approach that involves the use of a lumi-
nescent material in a layer located in front of a photocell.

The most common polymers for this purpose are polymethyl methacrylate (PMMA) [7-9] or polyvinyl
acetate [10, 11], as well as such inorganic crystalline materials, as Al,O; [3] or SiO, [12]. Various types of
glasses [13—15] and organic silicates ORMOSIL [16, 17] are also used.

Luminescent materials used for low-energy shifters should ideally demonstrate: the quantum yield of
luminescence close to unity; a wide absorption band in the region where the efficiency of photocells is low;
high absorption coefficient; a narrow band of radiation coinciding with the maximum effective absorption of
the photocell; large Stokes shift to minimize reabsorption; low cost; high photostability.

Organic dyes have relatively high absorption coefficients [18], quantum yield close to one [19], and are
easily incorporated into the polymer matrix [18,19]. Their disadvantages are narrow absorption bands and a
relatively small Stokes shift, which leads to considerable reabsorption [20]. Several dyes can be introduced
into one polymer matrix and mixed with one layer to increase the width of the absorption band and increase
the Stokes shift [8]. Their photostability is a matter of debate, although there are reports of significant suc-
cesses in this direction and similar dyes are commercially available [19].

In this paper it is planned to study the effect of polymer spectrum shifters containing organic dyes on
the efficiency of solar cells.
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Experimental part

Reagents. The fluorescent dye Solvent Yellow 160 (SY160) (number CAS: 94945-27-4) was purchased
from Jinan Junda Industrial Technical Co. Ltd. Fluorescent dyes 7-amino-4-methylcoumarin, coumarin 440
(C440) (Cat. # 04400); and 4,4"-bis[(2-butyloctyl)oxy]-1,1":4',1":4",1"-quaterphenyl (BBQ) (model number
03800) were purchased from Exciton Inc. [21]. Polymethylmethacrylate, Mw = 996,000, purchased from
Aldrich (Cat. # 182265). 1,2-Dichloroethane (DCE), 99+ %, purchased from Acros Organics (Cat. #
406820010. All reagents were used without pre-treatment. The high optical transparency gel of Smartgel
OC431A-LVP was purchased from Nyelubricants (Cat. # SM120913).

Equipment. The fluorescence spectra were measured on a USB2000 + spectrometer from Ocean Optics.
The transmission and absorption spectra were measured on a Cary 5000 UV-Vis-NIR spectrophotometer
from Varian. The profile and thickness of the films were measured on a Dektak 150 profilometer from
Veeco. The measurement of the external quantum yield was carried out on a Bentham 218 analyzer equipped
with a Bentham TMc300 monochromator and a Bentham PVE30 photovoltaic characterizer and power sup-
plies for a Bentham 605 xenon and halogen lamp. Volt-ampere characteristics were measured on a Keithley
2400 Sourse meter analyzer complete with a Sun 2000 Solar simulator company ABET technologies.

Preparing of polymer films of polymethylmethacrylate

0.5532 g of polymethylmethacrylate (PMMA) were dissolved in 5.7187 g of dichloroethane (DCE), and
a stock solution with a mass concentration of PMMA equal to 8.82 % was obtained.

Four working solutions of different concentrations were prepared from the resulting stock solution. The
proportions of the base solution (m (PMMA in DCE)) and dichloroethane (m (DCE), as well as the concen-
tration of the obtained samples (W (PMMA)) are presented in Table 1.

Table 1
The concentrations of the PMMA polymer film solutions

Solution 1 2 3 4
m(PMMA in DCE), g 0.1207 0.2535 0.3590 0.4832
m(DCE), g 0.5059 0.3673 0.2395 0.1260
W(PMMA), % 1.70 3.60 5.29 7.00

The resulting working solutions were applied uniformly onto the borosilicate glass with a thickness of
1 mm and an area of 25x35 mm’. The application area is 25x25 mm®, the volume of the applied solution for
each sample is 0.4 ml. After application, the samples were placed in a draught cupboard to remove the sol-
vent. The resulting films were studied using a profilometer in order to determine their thickness and surface
topography. Figure 1 shows the measurements of the profile of all 4 films.
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Figure 1. Parameters of the PMMA films profiles obtained from solution in DCE

It can be derived from Figure 1 that the higher is the concentration of the solution from which the film
was prepared, the more is the average film thickness, the more is the film thickness, and the worse is its uni-
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formity. It should be noted the presence of sharp ups on the boundaries of films. In calculating the average
thickness of the films, these sections are not taken into account.

The average thickness of the films was respectively: 3.05; 9.01; 16.01; 24.0 um.

Based on the results obtained, it was decided to adhere in future studies to a solution concentration of
about 4 %, since it allows to obtain the most uniform film surface at its smallest thickness.

General procedure for introducing phosphors into polymer matrices

The PMMA solution is divided into four equal parts by weight. Various proportions of the luminophore
solution are added to the each part. To all the obtained solutions additions of pure solvent are added in such a
way that the total mass of all solutions is the same. The final concentration of PMMA in working solutions is
kept at 4 %.

Discussion of the results
At first to the PMMA film was introduced the dye SY 160 having the following structure:
CZHS
\

N
/ \ o
CoHs N\
O N Cl

As a result of the introduction, a transparent film with a bright yellow-green fluorescence was obtained,
containing 2 % of SY160 based on the PMMA mass. The SY 160 dye was selected due to its bright fluores-
cence with a maximum at 495 nm — the region where the sensitivity of the solar battery is maximal.

The resulting borosilicate glass film was applied to a standard solar cell or solar cell (SC) made of
5x5 mm polycrystalline silicon by gluing through a gel with a high optical clarity and measuring the External
Quantum Yield (EQE) of SC with and without the deposited film. The result is shown in Figure 2.
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Figure 2. The curves of the BCD of a clean solar cell (SC) and a solar cell
covered with a PMMA film containing the SY160 (SC + SY160) dye

As can be seen from Figure 2, the presence of a fluorescent PMMA film with SY 160 leads to a decrease
in the SC quantum yield in the ranges of 300-360 nm and 390-500 nm. At first glance, the result is contrary
to the theory that the EQE SC should have increased in the wavelength region of 495 nm if a fluorescent film
is applied. However, if we consider the absorption and fluorescence spectra of the resulting film (Figure 3),
we can explain the obtained result.

As can be seen from Figure 3, the absorption spectrum of SY160 has 2 peaks — from 240 to 340 nm
and from 350 to 500 nm. If we look at Figure 2, it is in these areas that we see a drop in the SC VC. This is
clearly seen if we compare the absorption spectrum of SY160 with the curve obtained by subtracting the
curve SC + SY160 from the curve SC shown in Figure 4.
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Figure 3. Absorption and fluorescence spectra Figure 4. The difference between the EQE SC
of the dye SY160 and SC + SY160 curves from Figure 3

It may seem that in Figures 2 and 3 there is no visible contribution of fluorescence, which should in-
crease the EQE of SC. Comparing Figures 3 and 4, one can see some differences in the ratio of peak intensi-
ties and their locations, which is a consequence of the fact that Figure 4 reflects the total contribution from
absorption and fluorescence, that is, the difference in absorption and fluorescence intensities at the moment
of excitation of the sample at a given wavelength.

From the results obtained, it can be concluded that when light falls on an SC covered with a fluorescent
film, a competition arises between the film and SC in absorbing the incident radiation. The SC falls on the
radiation that was not absorbed by the film. This competition is the higher, the closer the absorption peak of
the dye and the maximum of efficiency are on the SC curve in SC. This loss cannot be compensated by the
fluorescence of the film, since the energy absorbed by the film is always greater than the energy transferred
to fluorescence or, in other words, the quantum yield of fluorescence is always less than 1.

From the above it follows that as a spectrum shifter for SC it is necessary to use a fluorescent film hav-
ing an absorption maximum where the EQE SC curve has a minimum.

As fluorophores having absorption in the short-wavelength region of the spectrum, where the EQE SC
is the minimum, dyes C440 and BBQ, absorbing shorter than 400 nm, were chosen.

The introduction of dyes into polymer films was carried out according to the procedure described
above. For each colorant, 4 films with different weight proportions of the dye in the polymer were prepared.
This was done in order to trace the effect of a gradual increase in the concentration of the dye on changes in
the EQE SC, as well as to avoid distortion of the results in view of the effect of concentration quenching,
which may appear in one of the samples. In this case, the results of this sample will simply not be taken into
account.

The first samples of films containing a fluorescent dye C440 were investigated. A summary of the dye
is shown in Table 2.

Table 2
Brief information about the dye C440
Full name 7-Amino-4-methylcoumarin
Abbreviation C440
CH;
Dye structure N
H,N (0) 0]
Weight percent 1 2 3 4
in PMMA films 1.79 % 1.11 % 0.59 % 0.24 %
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The absorption and fluorescence spectra are represented by the C440 dye in Figure 5. Figure 6 shows
the curves of EQE pure SC, and SC coated with C440 films with a mass concentration of 1.79 % and 0.59 %
in the 300-500 nm range. The remaining 2nd concentrations are not indicated in order to avoid cluttering the
schedule and loss of informative value.
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Figure 5. Absorption and fluorescence spectra Figure 6. EQE curves of pure SC and SC coated
of the C440 dye with PMMA films containing C440 dye

at concentrations of 1.79 % and 0.59 %

It can be seen from Figure 6 that with an increase in the C440 dye concentration, the SC efficiency in
the 320 to 390 nm region decreases. Figure 5 shows that this is the region where the absorption of the dye is
located. In the spectral range 300-320 nm, a slight increase in efficiency can be seen, even though in this
region the dye has a significant absorption value. This confirms the conclusion made earlier that the smaller
the value of the EQE SC in a certain portion of the spectrum, the smaller the fraction of absorbed energy the
SC converts into electricity, and the less competition is expressed between the SC and the spectrum switch.

During the research, the current-voltage characteristics of the obtained samples were measured (Table 3).

Table 3
Volt-ampere characteristics of the SC coated with polymer films with C440
Sample Jsc, mA/cm? Pmax, mB/cm’ Efficiency, % Relative efﬁciency*, %
SC —23.60 —11.10 11.10 100
1.79 % —23.62 —11.14 11.14 100.36
1.11 % —23.49 —11.03 11.03 99.34
0.59 % —23.41 —11.01 11.01 99.18
0.24 % —23.49 —10.95 10.95 98.65

Note. "Relative efficiency is calculated from the efficiency of the CS, which is assumed to be equal to 100 %.

From Table 3, it is seen that in the case of a concentration of the dye in the PMMA film equal to
1.79 %, an insignificant increase in efficiency with respect to the pure CS is observed, which contradicts the
data in Figure 6, where the concentration of the 1.79 % dye leads to the maximum decrease in the CS effi-
ciency. This discrepancy will be considered below.

Hereafter spectrum explorers containing the fluorescent dye BBQ were investigated. A summary of the
dye is presented in Table 4.

The absorption and fluorescence spectra of BBQ are shown in Figure 7. The curves of the BCD of a
clean solar cell (SC) and a solar cell with overlying PMMA films containing the BBQ dye are shown in Fig-
ure 8.
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Table 4
Brief information about the BBQ dye
Full name 4,4"-bis[(2-butyloctyl) oxy]-1,1":4',1":4"1"-quaterphenyl
Abbreviation BBQ
(H,C)s~CH,
~
Dye structure HC); O 0 (CHy)s
—/ H;C
H3C—(CHy)s
Weight percent 1 2 3 4
in PMMA films 2.63 % 1.33 % 0.67 % 0.34 %
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Figure 7. Absorption and fluorescence spectra Figure 8. The curves of the DCD of a clean solar cell (SC)
of the BBQ dye and a solar cell coated with PMMA films containing

BBQ dye at concentrations of 2.63 % and 0.34 %

It can be seen clearly from Figures 7 and 8 that in the 300-320 nm region the spectrum shifters with the
BBQ dye show the most pronounced increase in the EQE SC and a less pronounced decrease in the EQE SC
in the 320 to 390 nm region compared to the C440. This is because the absorption bands of the BBQ dye lie
in a shorter wavelength range than in the C440, which means that there is less pronounced competition be-
tween SC and the spectrum switch. It is expected that measuring the current-voltage characteristics of SC
coated with BBQ dye films will show a greater efficiency increase than for samples with C440 dyes
(Table 5).

Table 5
Volt-ampere characteristics of the SC coated with polymer films with BBQ

Sample Jsc, mA/cm” Pmax, mB/cm” Efficiency, % Relative efficiency, %

SC —24.20 —11.14 11.14 100
2.63 % —23.83 —11.04 11.04 99.10
1.33% —23.57 -10.92 10.92 98.02
0.67 % —23.83 -11.07 11.07 99.37
0.34 % —23.93 —-11.14 11.14 100

Note. "Relative efficiency is calculated from the efficiency of the CS, which is assumed to be equal to 100 %.

It can be derived from Table 5 that the efficiency of the SC coated with films with BBQ drops with re-
gard to the clean SC for all concentrations of BBQ, which contradicts the results of Figure 5. This contradic-
tion can be explained by the difference in the operation of the instruments for measuring the BAT and volt-
ampere characteristics.
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The device for measuring the EQE registers the energy of the radiation incident on the SC at a certain
wavelength and the energy produced by the SC when this radiation hits it. The device then calculates the
quantum yield as the ratio of the energy generated by SC to the energy of the radiation incident on the SC.
Thus, the shape of the incident radiation spectrum on SC does not affect the shape of the EQE curve.

In the instrument for determining the current-voltage characteristics, the radiation from the SC is sup-
plied by a simulator of solar radiation, which produces the radiation similar to sunlight. The instrument
measures basic SC parameters, which directly depend on the spectrum and intensity of the incident radiation.

Figure 9 shows the emission spectrum from the solar spectrum simulator, as well as the SC absorption
spectrum calculated on the basis of the EQE SC.
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Figure 9. The emission spectrum of the solar simulator (1), calculated on the basis of the BAC,
effective absorption spectrum of SC (2) and the difference between spectra 1 and 2 (3)

Figure 9 shows that in the range from 300 to 350 nm, taking into account the low intensity of the inci-
dent radiation, as well as the low value of the EQE, the effective absorption of SC is negligible. Since the
BBQ dye has an absorbance of up to 350 nm, it is logical that we do not observe any increase in efficiency in
the case of spectrum shifters containing BBQ when measuring the volt-ampere characteristics of the samples.
If we subtract curve 2 from curve 6 from curve 1, we obtain curve 3 describing the energy of the unused so-
lar battery. The dye BBQ in this case, there is practically nothing to collect, whereas for the C440 dye the
absorption spectrum stretches to 380 nm, where there is a larger amount of non-absorbed energy. That is why
we see a slight increase in the efficiency of SCs covered by spectrum shifters containing C440, with a simul-
taneous decrease in efficiency on the BAC curves.

In addition, for some samples there is a slight decrease in efficiency, as can be seen from Table 5,
caused not so much by the absorption of the dye as by the scattering of the incident light by the sample.

Conclusion

As a result of the work, spectra based on the PMMA matrix containing fluorescent dyes SY98, C440,
and BBQ were obtained. The influence of these shifters on the efficiency of the solar battery on which they
were applied was studied.

As a result of the study, the following conclusions were made:

1) there is a competition between the spectrum switch and the solar battery, expressed in the fact that
some of the energy absorbed by the switch does not reach the solar battery;

2) the effect of competition between the spectrum switch and the solar battery is much more pro-
nounced than the effect of increasing efficiency due to fluorescence;

3) the absorption region is a more important parameter for the spectrum displacer than the region of its
fluorescence;

4) spectrum shifters absorbing shorter than 350 nm do not affect solar batteries.
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Dj1yopecueHTTi NoJJuMepJIepAiH KadbIpIIaKTapbIMeH
KYH cdyJeci 6aTapeslapbiH TYPJIEHAIPY

Makainana ¢iyopecueHTTi OOSFBIITAP CHTI3UIreH, KaIBIHIBIFH HIaMaMeH 4 MKM, MOJHMETHIMETAKpHIAT
Herizingeri mojuMmepii KaObIpiakrap Oousibll  TaObUIATHIH, KPEMHHH KYH COyJeNepiHiH CHeKTpIi
JKBUDKBITKBIIITAP KOMeTiMeH MoAn(UKaIMsIIAyAbIH ScepiH 3epTTey afici cunarranrad. JKyMmbic GapbichiHaa
KOMMEpPUWMSUIBIK JkaFbiHaH KospkeTimai Solvent yellow 160, Coumarin 440 sxone BBQ duyopecuentri
GOsIFBIIITAPBI 0ap CHEKTPNIK JKBUDKBITKBILTAP ajblHAbl. KyH OaTapesiChIHBIH THIMIUITIHE CHEKTPIiK
JKBUDKBITKBILITAP CEPi CHIPTKBI KBAHTTHIK LIBIFYIBIH KUCHIK CHI3BIFBIH KOHE MOAM(UKALUsFa NEHiHIT jKoHe
KeifiHri BONbTAMIICp CHIIATTAMAJapblH CaJbICTBIPY apKbUIbl OaraiaHipl. AJIBIHFAH  HOTHKEIEpi
HHTEpIIpeTalUsIIay albIHFaH JKbUDKBITKBILITAPABIH KYTBUTY MEH (IIyOPECLCHIHS CIIEKTPIIePiHe HEeTi3/IeIreH.
ChIPTKBI KBaHTTBIK HIBIFY/IBIH KHCBIKTApbIHA COHKEC CIIEKTPIIIK KBUDKBITKBILITAD apKbUIbI MOAU(UKALMAIAH
KeiliH KyH OarapessiapblHbIH THIMAUICIHIH TeMeHzaeyi aHblkTamasl. OcbiHOall TeMeHaeyniH cebebi
CIIEKTPaJIbl KBUDKBITKBIII TIeH KYH 0OaTapesichl apachlHIAFbl COyJIeNCHYIIH CiHipinyiHaeri maitna 6onarhiH
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0aceKenecTik JKoHe OHBIH €H a3 OONaThIH MapameTpliepi aHbIKTaNIbl. AJBIHFAaH MOAMGHUKALMSIAHFAH KYH
OaTapesiapbIHbIH BOJIbTAMIIED CHIIATTAMAJIAPbIH OJIIIeYy Ke3iHJAE ajblHFaH AEpeKTepre cokkec, eHIIpineTiH
JIEKTP TOFBIHBIH KyaThl MaMalibl kKeTepinai. ChIPTKbl KBAaHTTBIK IIBIFY XKOHE BOJbTAMIIED CHUNATTaMajlapblH
OJIIIEHTIH SKCIEPUMEHTTEPIIH HOTIDKEIePi apachbIHAAFl KAHIIBUIBIK TYpaslbl KOPBITEIH/IBI )KacaIsl. 3epTTey
ONICTEpIHIH epeKIIeIKTepi erKeH-Ter kel KapacThIpbUIFaHIa OCHl KapaMa-KaHIIBUIBIKTapaslH cebebi
afkpHmanapl. Herisri KOpeITBIHABUIAp KYH Oarapesuiapbl MEH CIIEKTPIIIK JKBUDKBITKBIITAPIBIH ©3apa
OPEKETTECy CUIIATHI XKOHE OCHI ©3apa dPEKEeTTeCYAiH THIMII OOJaThIH HETI3Ti MapTTapsl Typabl Kacabl.

Kinm coe30ep: KyH 0arapeschl, CHEKTPJIIK IKbIDKBITKBILNI, CBHIPTKbl KBaHTTBIK IIBIFY, BOJIbTAMIEP
CHITATTaMachl, CiHipy, diyopecuenius, GpayopecueHIHsIIBIK OOSsFBILI, MOTUMEpPII KaObIpIIakK.

A.W. Manrens, U.C. Uprubaesa, 11.P. Mykaraes

Moaudukanus coTHeYHbIX 0aTapeil OJIMMEPHBIMHU
(1yopecueHTHBIMH IJICHKAMH

B craTbe OnmcaH METO/[| CCIIEA0BaHuUs MOAU(UKALIMN KPEMHHUEBBIX COJHEYHBIX OaTapeil MpH MOMOIH CMe-
CTUTENEH CHEeKTpa, KOTOPBIC PECTABISIOT CO00# MONMMEPHBIC IICHKH HAa OCHOBE MOJMMETHIMETaKpHIaTa
TOJIIIMHON HPUMEPHO 4 MKM C BHEAPCHHBIMHU ()IIyOPECLEHTHBIMU KpacUTeIsIMU. B mpouecce paGoThl ObutH
HOJIYYeHBl CMECTUTENIM CIIEKTpa, COJEpIKAIle KOMMEPYECKH JOCTYIHBIE (NIYOPECLUEHTHbIE KpacHUTeNIH
Solvent yellow 160, Kymapun 440 u BBQ. Ouenky BIusHHs CMeCTHTeNeH crieKTpa Ha 3G (GEeKTUBHOCTD COJI-
HEYHOi OaTaped NPOBOAMIM CPaBHEHHEM KPHBOI BHEIIHETO KBaHTOBOTO BBIXOJA M BOJBTAMIICPHBIX Xapak-
TEPUCTHK IOCIEAHEH 10 U nocie Moaudukarmu. MHTepnpeTanuio noay4eHHbIX Pe3yJIbTaTOB BEIN C Yy4ETOM
CIIEKTPOB MOTJIOIICHHS U (IIyOpPECICHIIMH [IOTyYCHHBIX CMECTHTeNeH crieKTpa. 1o JaHHBIM KPUBBIX BHEIIHE-
r'0 KBAaHTOBOT'O BBIX0Ja OBLJIO YCTAHOBIICHO CHIDKEeHHE 3(D(EKTHBHOCTH COJIHEUHBIX Oarapeil mocie Moaudu-
Kalluk CMECTHTEISIMH CIIEKTpa. Y CTaHOBIICHO, YTO MPUYHMHA JAHHOTO CHIDKCHHS — BO3HUKAIONIAs KOHKY-
PCHLHS B [OTJIOLICHAH I1a/IAFOLIET0 H3Ty4CHHS MEXKY CMECTHTENIEM CIIEKTpa U COJHeYHOM Gartapeeil. Kpome
TOTO, OIIPEJeIIeHbl MapaMeTpPbl, IPH KOTOPbIX JaHHAs KOHKYpeHIUs Obuia ObI MUHMMaibHOW. ITo pe3ynbra-
TaM M3MEPEHHUsI BOJIBTAMIICPHBIX XapaKTEPUCTHK MOJIYYCHHBIX MOAN(DUIIMPOBAHHBIX COJHEUHBIX OaTapeii yc-
TAHOBJICHO HE3HAYHMTEIBHOE YBEIMYEHHE MOILIHOCTH BbIPaOAaTHIBAEMOr0 3JIEKTPHYECKOro Toka. CrenaH Bbl-
BOJ O NMPOTHBOPEYHHU PE3YJBTATOB SKCIIEPHMEHTOB M3MEPEHMS BHELIHEIO KBAHTOBOTO BBIXOJA M BOJbTAaM-
MEPHBIX XapaKTepUCTHK. [IpHUYKMHA JAaHHBIX MPOTHBOPEYHH ObUIA YCTAHOBJCHA IIPU JETAIBHOM PaccMOTpe-
HHHU 0COOCHHOCTEH JaHHBIX METOIO0B HccienoBaHus. M3ydeHa npupo/ja B3anMoAeiCTBUs CMECTHTENICH CIIeK-
Tpa C COJHEYHBIMH OaTapesiMH U BBIBEACHBI OCHOBHBIC YCIIOBHS, TP KOTOPBIX TAHHOE B3auMojeicTBre Obl-
710 GBI 9 PEKTHBHBIM.

Knioueswie cnosa: conneunas 6arapesi, CMECTHTENb CIEKTPa, BHEIIHUM KBAHTOBBIH BBIXOJ, BOJbTaMIIEPHbIC
XapaKTEePUCTUKH, HOIIOLIeHUE, (uryopecleHns, GyopeceHTHbIIT KpacuTelb, MOJTUMEpPHAas IUICHKA.
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Investigation of the processes of copper ions transition into a solution
from oxide and sulfide compounds under the influence
of organic complexing agents

The article describes the results of studying of the process of copper leaching from model grounds containing
0.02 % of copper oxide or copper sulfide, with solutions of natural and chemically modified complexing
agents. The total amount of one ground sample was 500 g. The model grounds were placed in columns, and
the solutions of complexing agents were passed through the columns at a given rate. Sodium humate,
sulfonated and oxidized humic acid, native and oxidized fulvic acid, and sodium lactate were studied as
leaching agents. It is shown that solutions of all reagents with a concentration of 0.01 % can produce a transi-
tion of copper into the solution from both the oxide and sulfide mixtures. It was established that oxidized and
native fulvic acids and sodium lactate are most effective for copper extracting. For oxide copper minerals, the
most effective complexing agent is the lactate ion, and an oxidized derivative of fulvic acid has a little lower
efficiency. Further, less effective agents are the sulfonated humic derivative and the native fulvic acid which
have approximately equal effectiveness. The sodium humate is less active and the oxidized humic derivative
has lower efficiency. In the case of sulfide minerals, the most effective complexing agent is the oxidized de-
rivative of fulvic acid. The lactate ion, the sulfonated humic derivative and the native fulvic acid are a little
less effective agents. The sodium humate and the oxidized humic derivative have comparatively low efficien-
cy. By the mathematical processing of kinetic data, the rate constants of copper leaching processes from
model grounds were estimated. The values of the found constants are in the range from 1.05-107 to
1.28-107 s, The kinetic curves for the transferring of copper ions to the solution under the action of
complexing agents are characterized by a relatively small transition period and fast reaching concentrations
which are close to equilibrium ones.

Keywords: humic acids, fulvic acids, sulphonated humic acids, oxidized fulvic acids, oxidized humic acids,
malachite, kinetics of copper leaching.

Introduction

The development of methods for additional extraction of non-ferrous metals from poor and off-balance
ores and dumps is an important and actual task due to permanent decreasing of mineral reserves in rich de-
posits. The purpose of the research is to develop methods for recovery off-balance metals in depleted copper
deposits and dumps by transferring copper minerals to a soluble form with using of complexing agents and
followed by fixation of copper ions on carbonate collectors.

The formation of malachite under natural conditions occurs in the presence of carbonate rocks in the
zones of oxidation of sulfide copper deposits, as well as in places of development of copper deposits, in
waste mines and dumps [1-7]. Earlier it was shown that for the intensification of this process it is expedient
to use limestone as a carbonate collector and donor of carbonate ions, as well as the use of environmentally
safe organic complexing agents [8, 9]. In order to investigate the processes that affect secondary mineral
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formation under these conditions, the effect of organic complexing agents on the solubility of copper miner-
als has been studied.

The main objective of the research is to describe the dissolution of sulfide and oxidized copper minerals
under model conditions for the subsequent accumulation of copper ions on carbonate collectors, with using of
various physicochemical methods. The scientific novelty is in the estimation of the efficiency of conversion of
copper minerals into solution in the form of complex compounds with chemically modified organic ligands.

Experimental

The experiments were conducted to measure the effect of organic complexing agents and their
sulfonated and oxidized derivatives on the process of mineral formation of basic copper carbonates on model
grounds. The model grounds were mixtures of copper oxide or copper sulfide with inert filler consisting of a
mixture of sand and perlite, the content of copper in the soils was 0.02 %. The total amount of one sample of
ground was 500 g. Model grounds were placed in columns, through which solutions of complexing agents
were passed at a given rate. Six types of complexing agents were used: the lactate ion in the form of a buffer
mixture (conventionally designated as Lac), sodium humate (Hum-Na), free fulvic acid (Ful-H), sulfonated
(Hum Sulf) and oxidized (Hum Ox) humic derivatives and oxidized derivative of fulvic acid (Ful Ox). The
initial concentration of solutions of complexing agents was 0.01 %:; the rate of passage of solutions through
the columns was between 30 and 50 ml/h. The controlled parameter in carrying out these experiments was
the concentration of copper in the solution. The current analytical control of copper in the solutions was car-
ried out by the photometric method on the KFK-2 colorimeter with using of sodium dithiocarbamate [10].

Synthesis of modified complexing agents

Sodium humate (manufactured by LLC «NVP BashIncomy, Ufa, Russia) and free fulvic acid (manufac-
tured by Tagrow Co., Ltd., USA) were used as initial complexing agents. The content of water-soluble
fulvates in fulvic acid was 96 % from the dry residue with a fulvic acid content of 70 %, the moisture content
was 10 %; for the sodium humate, the content of the main substance was not less than 80 %, the rest 20 %
represent mainly with water. To characterize the compounds, infrared spectra were registered (Fig. 1 and 2).
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Figure 1. Infrared spectrum of the initial humate
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Figure 2. Infrared spectrum of initial fulvic acid
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It can be seen from the figures, the starting compounds are characterized by a complex structure of ab-
sorption spectra, among which one can distinguish regions related to the vibrations of functional groups
(500-1400 cm™), the range of vibrations of carbonyl groups at 1635-1640 cm™ [11], a wide absorption band
of bound water near 3410-3440 cm™. The IR spectrum of humate also clearly shows the vibrations of free
water molecules.

The initial treatment of the starting materials consisted in their heat treatment at 80—90 °C to remove
excess moisture and volatile compounds. Two main variants were used for the chemical modification of the
starting compounds. First, treatment with oxidants for both a general growth in the number of oxygen-
containing functional groups, which, as a rule, exhibit good complexing properties, and to increase the oxy-
gen content in them and, accordingly, to enhance their electron-donating properties and to extend the chemi-
cal affinity for metal ions. Second, another variant of the chemical modification involves the introduction of
sulfonate groups into the structure of compounds. These groups, in accordance with reference [12], contrib-
ute to an increase in the solubility of the humic compounds with content of metals, and, as a result,
intensificare their geochemical mobility.

Synthesis of oxidized derivatives from the initial complexing agents

The prepared starting materials were treated with 10 % hydrogen peroxide solution at room temperature
for 24 hours. The reaction mixture was evaporated on a sand bath; the residue was dried in a drying oven at
110 °C to constant weight. Infrared spectra of oxidized derivatives of the complexing agents are presented in
Figures 3 and 4.
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Figure 3. Infrared spectrum of oxidized humate
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Figure 4. Infrared spectrum of oxidized fulvic acid

The main differences between the spectra of the modified compounds and the spectra of the initial sub-
stances consist in an increase in the intensity of absorption of carbonyl groups at 1635-1640 cm™ for humic
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and fulvic acids, which indicates an increase in their mole fraction in the oxidation process. For fulvic acid,
an additional peak of ketone groups appears at 1730 cm™. An increase in the number of these functional
groups leads to an increase in water solubility and a tendency to formation of complexes with the metal cati-
ons that are part of the carbonate collectors, i.e. calcium and magnesium.

Synthesis of sulfonate derivatives from the initial complexing agents

The starting materials were treated with a dilute solution of sulfuric acid (concentration 32 %) at the
boiling point of the solution for 4 hours in a cup for evaporation. During the reaction, fulvic acid completely
dissolved in the reaction medium, where it could not be isolated. The infrared spectrum of the humic deriva-
tive is shown in Figure 5.
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Figure 5. Infrared spectrum of sulfonated humate

The presence of sulfate groups in the structure of the sulfonated derivative is confirmed by an absorp-
tion band at 1261 cm™. It should be noted that along with sulfonation, other processes occur, including the
formation of ammonium salts of sulfuric acid with amino groups of humic acid and also the formation of
ketone groups (1703 cm™), apparently in the hydrolysis of unsaturated esters and polysaccharide chains.

Results and discussion

Collection of data on the transfer of copper into a solution from model grounds with the using of
complexing agents was carried out over a period of 50 weeks. All types of complexing agents showed appre-
ciable activity for the dissolution of copper from sulfide and oxide minerals. Figures 6-9 show the copper
content in solutions passing through the columns. For convenience of perception, the obtained values are di-
vided into four groups: data on the humic complexing agents for the copper oxide and for copper sulfide,
and, similarly, on the fulvic complexing agents (together with lactate ion) for copper oxide and copper sul-
fide. The scale on the ordinate axis is the same for all plots.
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Figure 6. Dependences of copper extraction from copper oxide into solution by humic complexing agents
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Figure 7. Dependences of copper extraction from copper oxide into solution
by fulvic complexing agents and lactate ion

It can be seen from the graphs given, the copper extraction rates in the solution are quite stable, alt-
hough they are relatively sensitive to the rate of passage of solutions through the columns, and show a certain

tendency to increase with time.

Humic complexants generally show a lower efficiency when copper is transferred to the solution; nev-
ertheless, average values in the transition of copper to solution are observed for the sulfonated humic deriva-
tive. At the same time, the humic complexing agents show approximately the same efficiency with respect to

the oxide and copper sulfide.
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Figure 8. Dependences of copper extraction from copper sulfide into solution by humic complexing agents
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Figure 9. Dependences of copper extraction from copper sulfide into solution
by fulvic complexing agents and lactate ion
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For the other group of complexing agents, the oxidized derivative of fulvic acid has higher efficiency
for copper sulfide. The lactate ion and the oxidized fulvic acid have a little lower efficiency for copper oxide.
For copper sulfide, the lactate ion has less efficiency.

For chemically modified humic derivatives, the sulfonate derivative is more effective than sodium
humate, and the oxidized derivative has a little lower efficiency. The oxidized derivative of fulvic acid has a
higher efficiency than the native fulvic acid. For these compounds, Figures 10 and 11 show the kinetic
curves of the copper ions transition into the solution with complexing agents at the initial stages of time.
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Figure 10. Kinetic curves for the lactate ion and oxidized derivative of fulvic acid for copper oxide
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Figure 11. Kinetic curves for the lactate ion and the oxidized derivative of fulvic acid for copper sulfide

It can be seen from the figures, the kinetic curves for the dissolution of copper oxide and sulfide com-
pounds with the participation of the complexing agents are characterized at the initial stage by a very steep
rise, followed by a gradual increase in the concentration of copper ions in the solution to equilibrium. Analy-
sis of the graphical shapes of kinetic curves allows us to conclude that the equilibrium value of the concen-
tration of copper ions in solution for the lactate ion is in the range 2.5-3 umol/l, and for the oxidized deriva-
tive of fulvic acid is in the range 3—3.5 pmol/l.

Since the rate of accumulation of products during the dissolution of copper compounds obeys the rela-
tions dc/dt<0 and d*c/dt’<0, the processes correspond to a simple chemical reaction with a low order of reac-
tion in the final product, which slowly approaches equilibrium concentrations. Under the considered condi-
tions, the proceeding reaction is heterogeneous, and due to the low dissolution rates of the copper com-
pounds, the interface area can be considered a constant value, and the concentration of the complexing agent
in the solution is also maintained at a constant level. Thus, the concentration of the initial substances does
not have a decisive influence on the kinetics of the process (that is, they enter the kinetic equation in the form
of constants). Formally, the kinetics of the reaction can be described by the reaction product, that is, by the
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concentration of copper in the solution, which enters the kinetic equation as the difference between some
conditional initial concentration of copper in the solution that is greater than the true equilibrium concentra-

tion of copper in the solution:
v = k([Culini — [Cu*]).

When the equation is differentiated, all constants are transformed into a new constant. The linearization
of the resulting equation by logarithm gives an array of velocities in the investigated interval (Fig. 12, 13).
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Figure 12. Kinetic equations of lactate ion and oxidized fulvic acid derivative
for copper oxide in logarithmic form

0 20000 40000 60000 80000 100000 120000
-12.8 : : : : :
y = 6.97E-06x - 1.36E+01 .
13 >

-132
$
o -13.4
= y =6.31E-06x - 1.37E+01

-13.6

-13.8

| |

7, MHH
@ Lac ---®--Ful Ox

Figure 13. Kinetic equations for the lactate ion and oxidized fulvic acid derivative
for copper sulfide in a logarithmic form

The dependences obtained are satisfactorily described by the equation of a straight line. The rate con-
stant for the reaction involving the oxidized fulvic acid derivative is the same value 1.16-10” s in both cas-
es, whereas in the lactate-ion reaction the rate constant is 1.28-107 s for copper oxide and 1.05-107 s for
copper sulfide. Thus, the oxidized derivative of fulvic acid has the same efficiency with respect to oxide and
sulfide minerals, and the lactate ion has a somewhat higher efficiency in the case of oxide minerals.

Conclusion

The kinetic curves of the transition of copper ions to the solution under the action of complexing agents
are characterized by a relatively small transition period and a rapid yield to the steady-state regime. The ab-
sence of an induction period and early attainment of concentrations close to equilibrium indicate a good abil-
ity to transfer copper ions to the solution for the selected complexing agents.

The use of chemical modification of chelating agents, as a rule, promoted their effectiveness. Neverthe-
less, the oxidized humic derivative showed a little lower efficiency than the original sodium humate. In gen-
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eral, the investigated complexing agents are placed in following series in accordance with their effectiveness
in the case of copper oxide:

Hum Ox < Hum-Na < Ful-H < Hum Sulf < Ful Ox < Lac,
and in the case of copper sulfide:

Hum Ox < Hum-Na < Ful-H < Hum Sulf < Lac < Ful Ox.

For oxide copper minerals, the most effective complexing agent is the lactate ion, and the oxidized de-
rivative of fulvic acid has a little lower efficiency. Less effective agents are the sulfonated humic derivative
and the native fulvic acid which have approximately equal effectiveness. The sodium humate and the oxi-
dized humic derivative are least effective agents. In the case of sulfide minerals, the most effective
complexing agent is the oxidized derivative of fulvic acid. The lactate ion, the sulfonated humic derivative
and the native fulvic acid are a little less effective agents. The sodium humate and the oxidized humic deriva-
tive have comparatively low efficiency.

The effectiveness of the complexing agents studied can be given some relative quantitative assessment
if it is described their ability to transfer copper ions into solution as compared to the concentration of copper
in the solution obtained by passing pure water through the column without the participation of complexing
agents. This concentration is 0.15 pmol/l in average. In view of this, the above series can be written for the
case of oxide minerals as:

5.6 Hum Ox < 9.1 Hum-Na < 15.1 Ful-H < 15.3 Hum Sulf < 17.6 Ful Ox < 19.6 Lac,
and for the case of sulfide minerals:
4.5 Hum Ox < 6.4 Hum-Na < 14.9 Ful-H < 15.2 Hum Sulf < 16.5 Lac <22.1 Ful Ox.

Thus, among studied complexing agents the lactate ion and the oxidized derivative of fulvic acid are the
most effective complexants towards both copper oxide and sulfide minerals.

The research was supported by the Science Committee of the Ministry of Education and Science, the
Republic of Kazakhstan, under scientific grant No. 0214/GF4 «Developing methods aimed to stimulate the
secondary mineral formation of malachite in copper deposits and waste dumpsy.

References

1  Woods T.L. Use of oxidized copper minerals as environmental indicators / T.L. Woods, R.M. Garrels // Applied Geochemis-
try. — 1986. — Vol. 1. — P. 181-187.

2 Sracek O. Geochemistry and mineralogy of Cu and Co in mine tailings at the Copperbelt, Zambia / O. Sracek, M. Mihaljevic,
B. Kribek, V. Majer, F. Veselovsky // Journal of African Earth Sciences. — 2010. — Vol. 57. — P. 14-30.

3 De Putter T. Malachite, an indicator of major Pliocene Cu remobilization in a karstic environment (Katanga, Democratic Re-
public of Congo) / T. De Putter, F. Mees, S. Decrée, S. Dewacele // Ore Geology Reviews. — 2010. — Vol. 38. — P. 90-100.

4 YangF. A review of the geological characteristics and geodynamic setting of Late Paleozoic porphyry copper deposits in the
Junggar region, Xinjiang Uygur Autonomous Region, Northwest China / F. Yang, J. Mao, F. Pirajno, Sh. Yan, G. Liu, G. Zhou,
Zh. Zhang, F. Liu, X. Geng, Ch. Guo // Journal of Asian Earth Sciences. — 2012. — Vol. 49. — P. 80-98.

5 Zheng Y. Geology, fluid inclusion geochemistry, and *°Ar/*’Ar geochronology of the Wulasigou Cu deposit, and their impli-
cations for ore genesis, Altay, Xinjiang, China / Y. Zheng, L. Zhang, Y.-J. Chen, Y.-J. Qin, C.-F. Liu // Ore Geology Reviews. —
2012. — Vol. 49. — P. 128-140.

6 Hazen R.M. Carbon mineral evolution / R.M. Hazen, R.T. Downs, L. Kah, D. Sverjensky // Reviews in Mineralogy & Geo-
chemistry. — 2013. — Vol. 75. — P. 79-107.

7 Seltmann R. Geodynamics and metallogeny of the central Eurasian porphyry and related epithermal mineral systems: A re-
view / R. Seltmann, T.M. Porter, F. Pirajno // Journal of Asian Earth Sciences. — 2014. — Vol. 79. — P. 810-841.

8 Fomin V.N. Thermodynamic parameters of reactions of basic copper carbonates formation with participation of organic
complexing agents / V.N. Fomin, I.E. Rozhkovoy, D.B. Gogol, D.L. Ponomarev // Bulletin of the Karaganda University, Chemistry
Series. — 2015. — No. 4 (80). — P. 22-26.

9 Fomin V.N. Quantum chemical and thermodynamic calculations of fulvic and humic copper complexes in reactions of mala-
chite and azurite formation / V.N. Fomin, D.B. Gogol, L.E. Rozhkovoy, D.L. Ponomarev // Applied Geochemistry. — 2017. —
Vol. 79. —P. 9-16.

10 Mapuenko 3. Dotomerpuueckoe onpenaeneHue saemenTon / 3. Mapuenko. — M.: Mup, 1971. — 502 c.

11 TapaceBuu b.H. MK-cnekTpsl 0OCHOBHEIX KJIaccoB opranudeckux coexunenuii / b.H. Tapacesmu. — M.: Nzn-so MI'Y, 2004.
—55¢c.

12 TlepmunoBa M.B. ['ymuHOBEIC BemecTBa B KOHTEKcTe 3eneHoi xumun / W.B. [lepmunosa, [I.M. XKunun // 3enenas Xumust B
Poccuu / Ioxg pen. B.B. JIynuna, I1. Tynno, E.C. JlokteBoit. — M.: U3a-80o MI'Y, 2004. — C. 146—-162.

Cepust «Xumusi». Ne 4(88)/2017 55



D.B. Gogol, I.E. Rozhkovoy et al.

H.b. T'orons, U.E. Poxkosoi, J1.JI. [Tonomapes, B.H. ®omun

OprasukajbIK KOMIUIEKCTY3Y1i dCePiHeH TOTHIKTHI 5KdHEe CYJab(uaTi
KOCBHLIBICTAPAaH MbIC HOHJIAPBIHBIH ePiTiHaire Koy yAepiciH 3epTrey

Maxkamana xypambeiaga 0,02 % oxcuai MeH cyibhuni 6ap TONBIPAKTAaFbl MBICTBI TAOWFU JKOHE XHMUSIIBIK
MOANGHIMPICHIeH KOMIUISKCTY3YLIIEpAiH epiTIHAIepiMeH CIITici3AeHaipy YPAICiH 3epTTey HoTHKenepi
kentipinredn. I'pyHTThIH Oip yiricidin sxammet memmepi 500 r. Kommiekcry3ywi epitinainepi OGepinren
JKBULIAMIBIKIICH OTKi3iNeTiH OaraHanapra TONBIPAKThIH YJriiepi opHamacThipbuiibl. CinTici3meHmiprimn
areHTTep peTiHJe HAaTPUH TIyMaTbl, CYJb(HUPICHICH )XOHE TOTHIKKAH T'YMHMH KBILIKbUIbI, TaOMFU HKOHE
TOTBIKKaH ()YJIBBOKBINIKBUT JKOHE HATPUM JakTaThl 3eprrenni. bapneik pearenrrepain 0,01 %-1bIK
epITIHALIep] OKCHUATI JKoHEe CYNbGUATI KocHalapJaH MBICTHIH epiTiHaire oTyiHe cenTirid turizeni. Ex tnimai
MBICTBI TOIBIPAKTAaH aJbII IIBIFAPYIbl TOTHIKKAH JKOHE TaOMFH (YIbBOKBIIKBUI MEH HATPHH JIaKTaThl
kepcerTi. JlakTaT-MOH MBICTBIH OKCHATI MUHEPAIAAphl YIIIH HEFYPJIbIM THUIMJl KEIIeHAl TY3rim OOkl
TaOBUIA/IbI; TOTHIKKAH TYBIHIBI (DYIbBOKBIIIKBUIBIHBIH THIMIUTITT HEFYPIIBIM a3bIpak. TOMEH THIMILTIKKE He
are’TTep cyibdaTTaaFad IyMaTThl TYbIH/ABI MCH €PKiH (Y/IbBOKBIIKBLUIBI OOJIBIN TaObLIALbI, ONAp THIMALTIT]
GoiipiHIna KybIKTaranaa Gipaeil. Hatpuii rymaTbiHbIH OenceHiiri 6asy, Oyt xarqaiia TOTHIKKAH T'YMaTThl
TYBIHABl HEFYpNIBIM a3 THiMALTIKke wue Oomaxel. Cynpduari MuHepaigap KargalblHIa ©H THIMIL
KOMIUICKCTY3YIII G0JIbIN (YJIbBOKBILIKBUIABIH TOTHIKKAH TYBIHABICH! TaObu1a/bl. JIakTaT-HOH, cyinbdarTanran
TYMAaTTBl TYBIHJIBI MEH €pKiH (yJIbBOKBIIKBUIEI THIMAITITT HEFYPIIBIM TOMEH areHTTEep PETiHJe eCeHTeNesi.
Harpuit TymMaTtsl MeEH TOTBIKKAH TyMAarThl TYBIHIBIHBIH THIMAUIIN CaJBICTBIPMANBL TYpJAE TOMCH.
Kunernkanbslk MoniMeTTep/i MaTeMaTHKAJIBIK OHACY HOTIDKECIH/IE MBICTHI TONBIpaKTapAaH CLITICI3ACHIIpY
IpOLIECTEPiHiH KbULIAMIBIKTAPBIHBIE, KOHCTAHTANAPHI AHBIKTaNFaH. Onapis mamanapel 1,05-107-ten
1,28'10’7 ¢! NeiiH apanbiFbIiHAa. MBICTBIH MOHAAPBIHBIH EPITIHAIre aybICYBIHBIH KUHETHKAIBIK KUCHIKTApPhI
KeLIeH TY3rilll dcepiHeH a3faraH aybIClajbl Ke3eH MEH Tele-TeHIIK Kyire »akblH KOHLEHTpPAaLUsFa
XKbLIJaM KOJDKETKI3yMEH CHIIaTTANIBI.

Kinm coe30ep: TyMUH KBILIKBUIAAPHL, (YIbBOKBIIKBUIAAPEL, CYIbGHUPICHICH TyMHHI KBIIKBUIAAPHI,
TOTHIKKaH TYMHHII KBIIIKBUIAAPHI, TOTHIKKAH ()YIbBOKBIIIKBUIIAPEL, MAAXUT, MUHEPAIIAP KAIBIITACTHIPY,
MBIC IIafiMaay KHHETHKACHL.

I.b. T'orons, U.E. Poxkosoi, J1.JI. [Tonomapes, B.H. ®omun

N3ydenue npoueccoB nepexoaa HOHOB MeIH B PaCTBOP
W3 OKCH/IHBIX H CYJIb(HMIHBIX COeTHHEHHI MO/ IeiicTBHEM
OpraHHMYecKUX KOMILUIEKC000pa3oBaTeeii

B craree omnmcaHsl pe3ynbTaThl U3y4eHHs NPOIIECcca BBIIIENAYUBAHUA MEAU U3 MOJEIBbHBIX TPYHTOB, COAEP-
wammx 0,02 % okcuna wim cyibduaa MeAd, pacTBOpPaMH MPUPOAHBIX M XUMHUYECKH MOANU(UIMPOBAHHBIX
KOMIUIeKcooOpa3oBaTeneid. OOImee KoIM4ecTBO OAHOro obpasuma rpyHta coctaBisio 500 r. MonenbHble
TPYHTHI pa3MeIaINCh B KOJOHKAX, Yepe3 KOTOPhIE ¢ 3aJaHHON CKOPOCTHIO MPOITYyCKAaJINCh PacTBOPHI KOM-
IIeKcooOpa3oBarenell. B kauecTBe BBINETaYNBAIONINX ar€HTOB MCCIIEJOBAHbI I'yMaT HAaTpus, cyiab(upoBaH-
Hasl U OKWCJIEHHAs] TYMHHOBAsI KHCIIOTa, HATUBHASL M OKHCIICHHAs ()yJIbBOKUCIIOTA, a TAKXKE JIAKTAT HATPHSL.
ITokazano, 4TO pacTBOPHI Bcex peareHToB ¢ KoHmeHTparueii 0,01 % BBI3BIBAIOT IEpexo]l MEAU B pacTBOP Kak
U3 OKCHJIHOH, TaK U 3 Cynb(QUAHOH cMecH. Y CTaHOBIIEHO, 4TO Hanbosee 3(EKTUBHBI U1 3BICYECHHUS MEH
OKMCIICHHasl ¥ HaTHBHas (YNbBOKUCIOTA M JNAKTaT HaTpus. 11 OKCHIHBIX MHHEpAJIoOB Meau Hanbosee 3¢-
(EeKTHBHBIM KOMIUIEKCOOOpa30BaTeNeM SBISACTCS JIAKTAT-MOH, OKUCIEHHOE MPOU3BOAHOE (YJIbBOKHUCIOTHI
obiazaeT HEMHOTO MeHbIel dpdexkTuBHOCTHIO. [Janee MeHee 3P PEeKTHBHBIMU areHTaMH SIBIISIIOTCS CYbdu-
pOBaHHOE T'yMaTHOE HMPOU3BOJHOE M CBOOOIHAS (YIEBOKUCIOTA, KOTOPbIE MPHOIM3UTEILHO PAaBHEI IO 3¢-
¢exTuBHOCTH. ['yMaT HaTpusi MeHee aKTHBCH, OKHCIEHHOE I'yMaTHOE IPOM3BOJHOE MMeEeT Ooyiee HHU3KYIO
a¢dexTuBHOCTE. B cirydae cynmbumHbIX MHHepanoB Hanmboiee 3(PQeKTHBHBIM KOMIUIEKCOOOpa3oBaTeneM
SIBJIICTCSl OKHUCIICHHOE IPOU3BOAHOE (DYITEBOKHCIOTHL. JlakTaT-MOH, Cynb(pHUPOBaHHOE TyMaTHOE IPOU3BOI-
HOe U cBOOOAHAs (YJIBBOKMCIOTA SBISIOTCA HEMHOrO MeHee S(G(EKTUBHBIMU areHTamu. I'ymar HaTpus u
OKHCJICHHOE T'YMaTHOE NPOM3BOAHOE MMEIOT CPaBHHUTEIBbHO HU3KYIO 3(dexTuBHOCTh. [lyreM MaTemaTHue-
CKOI 00pabOTKM KMHETHYECKUX NAaHHBIX YCTAHOBJIEHBI KOHCTAHThI CKOPOCTEH MPOLIECCOB BBIIMIETAYNBAHUS
MeIH M3 MOJENBHBIX IPYHTOB. 3HAUCHHS HAiICHHBIX KOHCTAHT HAXOATCA B mpegenax ot 1,05-107 go
1,28-107" ¢”'. Kunernueckue KpuBbIe EPeXoia HOHOB MEM B PACTBOP HOJ JCHCTBHEM KOMILIEKCOOOPa30Ba-
TeNed XapaKTepU3yIOTCSI CPABHUTEIBHO MAJIbIM NIEPEXOAHBIM IEPHOOM U OBICTPBIM JTOCTH)KEHHEM KOHIICH-
Tparui, 6IM3KNX K PaBHOBECHBIM.

Kniouesvie cnosa: TYMHUHOBBIC KHCJIOTHI, q)yJ'H)BOKI/ICIIOTa, CyIIb(i)I/IpOBaHHbIe TYMHUHOBBIC KHUCJIOTbBI, OKHUCJICH-
HbIE TYMHHOBBIC KUCJIOTBI, OKHUCJICHHBIC (l)yHbBOKI/ICHOTLI, MaJIaXUT, MUHEPAJIOIC€HE3, KUHETHUKA BbILIEIIa-
YUBAHHUA MCIOH.
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Efficiency of applying cluster-associated model of viscosity of liquid metals

To describe the viscosity up to the temperature transcendental polynomials with four or five adjustable pa-
rameters is often used, which devoid of physical meaning. As it is known, the extrapolation of these approxi-
mating dependencies is impossible more than for 25 % of the investigated interval in view unavoidable ap-
pearance, it is main characteristic of such polynomials, which are completely contrary to the monotonously
decreasing character of the temperature dependence of viscosity. Usually, the experimental points are for the
low-temperature region adjacent to the melting point, and especially for high-refractory metals. Meanwhile,
the viscosity of each metal strongly depends on the temperature and when it get changed from the melting
point to the boiling point decreases about four times. The aim of our research is to develop a generalized clus-
ter-associated model of viscosity of liquid metals based on the concept of chaotized particles according to the
degree of clusters association. In this work temperature dependence of viscosity according to the concept of
the randomized particles is considered. Models of viscosity dependence on temperature taking into account
various maintenance of particles are analysed: crystal-moving, fluid and steam-moving particles. The new
cluster model of viscosity temperature dependence allowing to reveal behavior of viscosity in the wide range
of temperatures is offered. Applicability of this model on the example of indium fusion is shown.

Keywords: viscosity, chaotized particles, the degree of clusters association, cluster-associated model, liquid
metals, reference point, crystal-moving particles, the temperature dependences of the viscosity.

Introduction

In recent years, due to the changing conjunction on the market of non-ferrous and rare earth metals is
increasing interest in the study of their physico-chemical properties such as viscosity, plasticity and fusibility
and others. In this connection, measurement of physical properties should be considered as a priority of ex-
perimental study the structure of real metallic melts.

The melt viscosity is of great practical importance in metal industry. At the same time, the study of the
viscosity of molten metal is of great scientific interest, since the viscosity is the most structure-sensitive
characteristics of the melt, which gives an idea of the internal forces of interaction of particles.

Expanding the use of liquid metals as working fluids and coolants in nuclear power engineering, chem-
istry, space technology and other industries, for the needs of metallurgical production and new materials
technology make the task of research of their thermal properties, particularly viscosity, urgent. Previous stud-
ies found that the temperature dependence of the viscosity is determined by the structure of metals, inter par-
ticle connections and interactions between particles [1-3]. This relationship is based on the following theo-
ries: theory with effective inter-ion potential; electron theory to the calculation of the generalized pseudo po-
tential; theory based on the methods of quantum chemistry; the theory of quasi-crystalline liquid (Fraenkel
equation); semi-empirical model containing two or more adjustable parameters.

Disadvantages of the above theory is that they work in a very narrow temperature range, contain adjust-
able parameters, which are often no physical meaning. Thus, the main reason for the error correlation tem-
perature dependence of viscosity is that all models of the main studied characteristics (pseudo- or pair poten-
tial) either are not changed by increasing temperature, or the models are valid only within a narrow tempera-
ture range, thereby not allowing to describe the behavior liquid generally range from melting point to the
boiling point, or even to a critical point, ie in the full range of liquid on the basis of continuous change of the
status of quasi-crystalline to quasi-gaseous.

The methodology of the research

Employees of the Chemical and Metallurgical Institute J. Abisheva, Doctor of technical sciences, Pro-
fessor V.P. Malyshev and Doctor of technical sciences A.M. Turdukozhaeva proposed a new approach based
on the Boltzmann distribution. According to this approach, all three aggregate states can be viewed from the
perspective of subordination Boltzmann distribution and to connect virtually every state with important char-
acteristics of matter on the basis of excess or excess energy barriers melting and boiling. As in all cases con-
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sidered particles, differing only in the amount of energy of chaotic motion, then their union and differential
display can be described as the concept of chaotized particles [4, 5].

According to the concept of chaotized particles, crystal sliding and steam sliding, liquid sliding particles
are present in each of the states of aggregation of matter. However, by increasing temperature, and overcom-
ing various barriers of energy chaotization of ratio of the particles shares changes. Virtual education and the
statistical presence of each of the three types of chaotized particles in each aggregate state allows by their
balance to determine the role of each species in a particular state of various processes. The authors of the
concept of chaotized particles proposed three formulas of temperature dependence of viscosity with the in-
fluence of the three classes of chaotized particles. The temperature dependence of the viscosity under the
influence of crystal-sliding particle is given by:

v,=v.T/T, )]
and formula crystal-sliding and liquid-sliding particles taken into consideration:
v,T,[exp(-T,, /T,)—exp(-T,/T,)]
T[exp(-T, /T)—exp(-T,/T)]

Under the influence of all the three types of the temperature dependence of the viscosity of the particle

is described by the formula:
v, (T, T,
v, T exp( T ] 3)

In formulas (1)—(3): T — temperature; 7,, — temperature of melting; 7, — temperature of boiling and
v,, T, — viscosity and temperature in the reference point.

The proposed equations should be considered as an alternative to existing models of metals viscosity.
Extensive testing of these models on the available reference of materials on the viscosity of metal melts al-
lowed to establish the adequacy of the reference data of any of the three species of the proposed models. But
the testing necessity of each three models and selecting of the most appropriate complicates the data pro-
cessing procedure. This made more detailed consider the nature of the liquid state, while remaining within
the concept of chaotized particles.

In each of the three states of matter particles chaotized, named crystal, liquid and steam sliding, general-
ly create a more or less orderly set. The concept of chaotized particles based on the virtual presence of each
of the three classes of particles in the solid, liquid and gaseous states of matter. Thus, in the solid state, alt-
hough the crystalsliding particle as a whole and provide along-range order of Communications and stability
of the crystal, their presence in the lattice is the exchange with more energy particles—liquid sliding and
steam sliding -and there foreshort-lived, the virtual, with ever-changing mosaic of units and vacancies in
each cluster formation.

Each individual particle according to the Boltzmann distribution for a short period of time that depends
on extremely high frequency vibrations and binary collisions, the order of 10'*s™, has time to visit all three of
its guises. We can say that in the solid state virtually continuously it contains liquid and gaseous state. This
virtuality is also characteristic of the liquid and gaseous states, i.e. we can talk about the virtual presence of a
solid and gas in the liquid, solid and liquid in gaseous one.

According to the concept of randomized cluster of particles-this is a form of a probability of the existence
of various low-energy complexes of the crystal-sliding particles. Calculations of equity and quantitative content
of clusters to moles substance at the melting point and boiling point indicate that the concept of randomized
particles allows to quantify the formation of clusters with their distribution by number of particles in the fluid at
any temperature. The yield on the correlation of viscosity with an average number of particles in a cluster is
crucial because it points directly to the lack of considering only the elementary clusters in the case of significant
discrepancies with the experimental data on the viscosity. Probably a strong dependence on the temperature, in
addition to the diluting effect of liquid sliding and steam sliding particles can be explained by the formation of
associated or aggregated elementary clusters, the destruction of which with the temperature rising occur in par-
allel with the destruction of elementary clusters, which creates the effect of a stronger influence of temperature
on the viscosity in the case of the formation of such associations or aggregates.

Therefore, we believe it is necessary to strengthen the fragment (7,/7) the basic model (1) by raising the
probability of an elementary event equal to the number of colliding particles:

v=v (T./T)". 4

2

v,
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Here indicator a association degree It makes sense to measure a degree n—particle clusters.
A detailed theoretical study of the temperature dependence of viscosity model of liquid metal according
to the degree of association of clusters is given in works [4, 5].

The results of research

To pre-test of the applicability for justifying the generalized semi-empirical model of the viscosity of
liquid metals on the concept of randomized particles we used well-known experimental and approximation
data.

Recieved more generalized form of the temperature dependence of the viscosity can be used to calculate
the activation energy of the viscous flow of the melt in combination with Fraenkel equation which is derived
for the dynamic viscosity:

RT
Here 4 and U are respectively constant pre-exponential factor and the activation energy of viscous flow,
the meaning of which is interpreted by different authors, depending on the intended nature of the interparticle
interaction and quasi-crystalline structure of a liquid [6].
As the kinematic viscosity is related to the dynamic viscosity of the formula v=m/p (p — melt densi-
ty), then, because of the very weak dependence of density on temperature, can be directly replaced in the
equation (5) n to v, respectively, adjusting the parameters 4 and Uby 4" and E, :

E
v=Aex a |
p[RT)

It should be noted that although the selection of the reference point is not critical, it expedient to fix
near (but not at) crystallization, as at lower temperatures, the viscosity is determined more reliably and has
the highest value. In the crystallization point itself because of the possible presence of an unspecified number
of the equilibrium solid phase viscosity of the emulsion will be inflated against viscosity of the pure liquid
state.

Here is the applicability of the proposed model by calculating the viscosity of indium. Indium [6] shows
the values of 7, =429,56K and T, =2273-2373K (average 2323 K). It also contains data on the kinematic
viscosity, which compared with calculated by model v(1)-v(4) (see Table 1, Fig.). The reference point is a

point with 7. =443K and v, =2,433-107 m’/s .

n:Aexp[ij. (%)

Table 1
Comparison of experimental [6] and calculated by models v(1)-v(4) data
by the kinematic viscosity of indium, v-107, m*/s

T v(exp) v(1) v(2) v(3) a v(4)
T,,=429.6 — 2.509 2.582 2.586 — 2.506
443 2.433 2.433 2.433 2.433 — 2.433
573 1.809 1.881 1.545 1.510 1.152 1.901
673 1.542 1.602 1.206 1.150 1.091 1.629
773 1.392 1.394 0.995 0.922 1.003 1.427
873 1.288 1.235 0.853 0.766 0.938 1.270
973 1.203 1.108 0.751 0.653 0.895 1.144
1073 1.142 1.004 0.676 0.568 0.855 1.042
1273 1.069 0.847 0.573 0.450 0.779 0.884
T,=12323 — 0.464 0.374 0.212 — 0.497
R — 0.981 0.143 <0 — 0.986

The average value of @ =0,96. Although India has a sufficient amount of experimental data, @ <1 due
to the fact that it is a chemical analog of gallium and has good fluidity. The homogeneity of the received set
for a followed by Nalimov criterion: S(x)=0,405; ., =0,514<r, =2,004.
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v — the kinematic viscosity; 7 — temperature; points — experimental data [6];
1 — model (1); 2 — according to (2); 3 —to (3); 4 —to (4)

Figure. Dependence of kinematic viscosity of indium on temperature

Given the degree of association with the cluster reference point in the model (4) can be used as a gener-
alized model indium melt viscosity in the complete range of temperatures near the melting temperature of

T. =443K on the kinematic viscosity
v=8,389-10"/T** £3,06-10°, m?s.
In this temperature range is calculated activation energy £, =4681 J/mol, and a generalized model for

the activation energy E, =5629 J/mol .

By the results of comparing the most appropriate are the first and fourth models. The correlation coeffi-
cients are respectively 0,981 and 0,986. As can be seen, for the calculation of indium viscosity it is enough to
apply the model of general form (4).

Thus, the analysis of these models showed that the generalized model which took into account the de-
gree of association of clusters viscosity molten metal is comparable with the temperature dependence of vis-
cosity based on different content crystal sliding, liquid sliding and steam sliding particles has a high correla-
tion coefficient, and is sufficient to describe the full range from the melting point to boiling point.

The discussion of the results

The new semi-empirical model of viscosity was tested for 28 common metals for which there are refer-
ence data about viscosity. With given the degree of association of clusters as the melt viscosity of the gener-

alized model in a full range of temperatures from the melting point 7 till the boiling temperature 7, is pos-

sible to use the model (4) from the reference point v, and 7, by kinematic viscosity of metal with finding a
confidence interval and rounding. These equations are shown in Table 2.

Table 2
The equations of kinematic viscosity of metals
Metal T. K T.K v, 107’ m*/s Equation of kinematic viscosity
1 2 3 4 5

Lithium 453.7 500 10.285 v=(0561-10"/T"")+3.14-10”
Sodium 371 400 6.603 v=(0.216-107/T"*")+2.74-107"
Kalium 336.71 350 6.175 v=(0.792-10"/T"*)+2.78-10"°
Cuprum 1356 1438 4.85 v=(0.080/T"")+8.02-10"°
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Continuation of Table 2

1 2 3 4 5
Rubidium 312.7 350 3.675 v=(0.479-10"/T"'*)%1.66-10"
Argentum 1235 1293 3.98 v=(0.183/T"*)£1.57-10”
Caesium 301.6 350 2913 v=(0305-10"/7"")%1.95-10"
Aurum 1337.59 1336 3.11 v= (0.963-10’2 /T1'44)iz.65~10’9
Beryllium 1560 1570 3.494 v=(0.864-10*/T°"")+0.2
Magnesium 923 973 7.01 v=(0.337-10*/ T*") £ 4.47-10”
Calcium 1125 1173 10.81 v=(0.152/T"")+137-10""
Strontium 1043 1073 8.149 v= (1.010/T2'°1)J_r3.62-10’9
Barium 983 1073 4.564 v= (0.025 /T1'56)i1.68~10’9

Zinc 692.7 698 4.5 v=(0.117/T"")+3.59-10”
Cadmium 594 603 1.374 v=(1.360-107/T"*)£1.21-107
Mercury 234.27 273 1.239 v=(0.192-10°/T**)+1.59-10”°
Aluminium 933.4 973 4.75 v=(5.845-10"/T"")+1.82-10™"
Gallium 302.92 326 3.11 v=(6.091-10"/T*")£3.56-10"
Indium 429.56 443 2.433 v=(8.389-10"° /T"*)+3.06-10”
Thallium 576 579.2 2328 v=(1.001/7"")+2.63-10”
Germanium 1211.41 1218 1.35 v=(62.4/T*")£7.09-10"

Tin 505 573 2.23 v=(0.102-10"/T"")£1.56-10”’
Lead 600.6 648 2.05 v=(0.341-10"/7°7)£5.75-10™"°
Bismuth 544.2 548 1.95 v=(1.005-107/7"*)£1.21-10”
Tellrium 723.11 733 3.57 v=(31.17/T*")%0.18-107
Ferrum 1811 1838 4.56 v=(1.586-10°/T**)+1.86-10”"
Cobalt 1767 1777 7.39 v=(5.962-10°/T°%)+3.55-10"
Nickel 1728 1803 6.09 v=(1.070/T"*)£5.98-107"°

5 metals (gallium, indium, tin, lead and mercury) have a mean value @ <1, when the main cause of it is
the capability in supercooling at lower crystallization remain liquid. So gallium is able to remain liquid till
—40 °C (233 K), indium is a chemical analogue of gallium and has good fluidity, tin and lead, also remain
liquid at supercooling and mercury — only metal which is liquid in the standard state, has a melting point
-38.9 °C.

Conclusions

1. A new semi-empirical model of viscosity tested on 28 common metals for which there are reference
data on the temperature dependence of viscosity. In most cases, generalized model describes the temperature
dependence of the viscosity more adequately comparing with the experimental data than previously proposed
three alternative models.

2. Obtained high values of correlation coefficients for the proposed model points to its functional char-
acteristics. On this basis there were recommended calculated dependence for each metal.

3. For 5 metals (gallium, indium, tin, lead and mercury) received average meaning @ <1, which explains
their tendency to remain in the supercooling in the liquid state.
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A.III. Kaxukenona, /I.b. Onidues, 3.C. opaena

TYTKBIp CYHBIK MeTAJIFa KJIACTEPJIi-acCOUMATUBTI
MOJeJIbi KOJAAHYAbIH THIMIIJIIri

CyiiblK MeTannapibl SOPONBIK SHEPreTHKa, XUMHUs, KOCMOCTBIK TEXHHKa JKOHE eHJipicTiH Oacka nxa
cajajapblHa METaJUTyprHsIIbIK ©HEPKACINTIH KaKETTUIr >KoHEe 3aTTapiAblH JKaHA TEXHOJIOTHSUIAPHI YIIIH
JKYMBIC JICHENEepi MEH JKbUTYy TACHIFBIIITAPBI PETiHAC KOJNIaHY ailMaKTapbIHBIH KEHEIOl OJapJblH IKbLTY
(U3UKaNBIK KacCHUETTEpiH, OHBIH IMIIHJIE TYTKBIPJIBIFBIH 3€PTTEY MOCENIECIHIH ©3eKTUIriH aWKbIHAAHIBI.
Temmepatypara GaillaHbICTBI TYTKBIPJIBIKTBI CUMATTAY YIIiH (HU3UKAIBIK MaFbIHACHIH JKOFAIITAThIH TOPT-Oec
JKYBIKTay IapameTpiiepi 6ap TpaHCLEHICHTTI IMOJMHOMAApABl KoigaHaabl. OChIHIAH anmpoKCHMALUSIIBIK
TOYENAUTIKTEPAl 3ePTTEreH apajiblKTaH OHbIH 25 % apThIK LIaMara SKCTPAIOJLMsIAY MYMKIH eMec eKeHi
6enrini. Cebebi oHmall MOMMHOMAAPFa TOH IKCTPEMAJIbUIBIKTAP/ABIH LIBIFYBl MYMKIH OONajpl, aja oiap
TYTKBIPJIBIKTBIH TEMIIEPATypasIbIK TOYESNAUTIriHIH OIpKaIbIIThl KEMiMell CHUIaThiHa KaHIlbl Kenedi. OJeTTe,
TOKIpUOEITiK HYKTeNep, acipece KUbIH OalIKUTHIH JKOHE JKOFaphl TeMIlepaTypaga KalHaWThIH MeTaaap YIIiH,
OayKy HYKTeciHe TYHiceTiH TOMEHIi TeMmreparypaiblK aifiMakrapra KarbicThl. OFaH Koca 9p METaIblH
TYTKBIPJIBIFBI TEMIIEpaTypara eTe TOyell, COHIBIKTAaH OHBIH OaJIKy HYKTECIHEH KaifHay HYKTeCiHe AeHiHri
apajbplkTa e3repy OapbIChIHIA OJKYBIKTall ajfaHna TepT ecere asasjabl. basHnamana GailibIHBICKaH
KJIacTepliepJiH CYHbIK OalKpIMajapra dcep €Ty JCHICHiH eCKEpeTiH, CYHbIK MeTajJapblH TYTKBIPJIBIFbIH
€CeNTEeHTIiH Kamel MojeNb KenripiireH. Kpucrtanganran OesekTepiH OipKenki MOAENIHIH CYHbIK
KYHIHZET] /IeMEeHTapIIBIK KIACTePiHiH OaJIKbIFaH METal/IbIH TEMIICPATYPAJIBIK TYTKBIPJIBIFBIHBIH TYEJALIIr
aHpIKTaFaH. TYTKBIPIBIKTHIH TEMIIEpaTypagaH ToYeNAUTriHIH KaablIaHFaH (opMackl MeTall epiTiHAICIHIH
aFbIH DHEPTHSCHIHBIH KYJIIIBIHBICHIH caHayra DpeHKenb TeHaeyiMeH Oipre koinaHbuiraH. JKaHa skapTbuiaid
SMITUPHKAJIBIK YITici TYTKBIPJIBIK MEH TeMIIepaTypa apachlHa TOYeJIUIIri aHbIKTaMalblK HHAUH epiTiHmici
apKBUIBI KOPCETUIreH. Y ChIHBUIBIIT OTHIPFAaH MO/ICNb GOMBIHINIA €CENTeNreH CYHbIK HHANH TYTKBIPJIBIFBIHBIH
CaJIBICTBIPMaIIbl HOTIIKEC OepinreH.

Kinm ce30ep: TYTKBIPIIBIK, PETCi3[eireH OeJIIeKTep, acCOLMPICHIeH KIACTepIiH AOPEekKeci, KiacTepi-
acCOLMATHBTI MOZENI, CYMBIK METanfap, penepiiik HYKTe, KPHCTaIKO3FANIBICTEl GOILIEKTEP, TYTKBIPIBIKTHIH
TeMIiepaTypara TOyeIAiiri.

A.II. Kaxxukenona, /I.b. Anubues, 3.C. U6paesa

a(l)(l)eKTl/IBHOCTb NMPUMECHCHU S KJ'IaCTepHO-aCCOIIl/IaTHOﬁ MOae/In
KHHEMAaTH4YeCKOH BSI3KOCTH AKUAKHX METAJJI0OB

Pacimpenue obnactell MCHOJIB30BAHMS KUAKHX METAIOB B KayeCTBE pabOuMX TeN M TEIUIOHOCUTENICH B
SZICPHON DHEPTeTHKE, XMMHUH, KOCMIIECKOH TeXHHUKE U APYTUX OTPACILIX MPOMBIIUICHHOCTH, VIS IOTPEOHO-
CTH METaJUTypIrHIeCKOro IPOU3BOACTBA U HOBBIX TEXHOJOTHI MaTEepUaJOB JENAIOT 3a1aqy HCCIESJOBAHUS HX
TEINIO(HU3NIECKUX CBOWCTB, U B YACTHOCTH BSI3KOCTH, aKTyaJIbHOH. [IJIs1 ONMCaHUS BSI3KOCTH B 3aBUCHMOCTHU
OT TEMIIepaTyphsl YacTO UCIIOIB3YIOT TPAHCIEHICHTHBIE ITOJMHOMBI C YSTHIPbMS-IISTHIO MTOJTOHOYHBIMH I1a-
pameTpamH, JHIICHHBIMH (U3MYEecKoro cMbicia. Kak H3BECTHO, 3KCTPANOJALMSA IOJOOHBIX alNpOKCUMH-
PYIOLIMX 3aBHCHMOCTEN HEBO3MOXKHa Ooiee deM Ha 25 % OT M3ydeHHOTO HHTEpBaia BBUIY HEH30€XKHBIX
HPOSIBICHUIT SKCTPEMAIBHOCTEH, XapaKTEePHbIX I TaKMX MOJMHOMOB, KOTOPBIE MOJHOCTBIO IIPOTHBOPEYAT
MOHOTOHHO YOBIBAIOILIEMY XapaKTepy TeMIIEpaTypHOH 3aBUCHMOCTH Bs3KOCTH. Kak mpaBmio, SKCIepHMeEH-
TaJIbHBIE TOYKH OTHOCSATCSI K HU3KOTEMIIEpaTypHOH 00JIaCTH, MPUMBIKAIOMIEH K TOUKE IUIaBICHUsI, 0COOCHHO
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JUISL TYTOIUIABKUX UM BBICOKOKHUITAIIMX METAIOB. MeX Iy TeM BSA3KOCTh K)KA0T0 MeTallla CHIIbHO 3aBUCHT OT
TEMIIEpaTypbl U NPU €€ U3MEHEHHUH OT TOYKH IUIABJICHUS O TOUKH KUIICHUS YMEHBIIACTCS MPUOIM3UTENIBLHO
B yeThIpe pasa. Llenbplo Halero ncciieoBaHus SABIACTCA pa3padoTKa KIaCTePHO-aCCOLMATHOI MOJICIIH BSI3KO-
CTH XKUJKHX METAJUIOB Ha OCHOBE KOHLCIIMH XaOTH3HMPOBAHHBIX YACTHUIl B 3aBUCHMOCTH OT CTENCHH acco-
LHalUK KJIAacTepoB. B crarhe paccMOTpeHa TeMIepaTypHas 3aBHCHMOCTB BS3KOCTH COTJIACHO KOHLEIIIUH
Xa0TH3UPOBAHHBIX YacTull. [IpoaHaIn3MpOBaHbl MOJEIH 3aBUCHUMOCTH BS3KOCTH OT TEMIICPATYpPhI C YYETOM
PAa3NIUYHOrO COJEPIKAHUS YACTHI[: KPUCTAUIONOABIKHBIX, YKUIKOMOABIKHBIX U MapOIOJBHXHBIX YaCTHII.
[IpennoskeHa HOBas KJIAcTepPHAs MOJENb TEMIIEPATYPHOHW 3aBHCHUMOCTH BSI3KOCTH, NO3BOJIAIONIAS BBIIBUTH
HOBEICHUE BSA3KOCTH B IIMPOKOM JHAaIa3oHe Temreparyp. [loka3aHa NMpUMEHMMOCTb JAHHOH MOjenu Ha
HpUMepe paciulaBa HHIMS.

Kniouesvie cnosa: BA3KOCTbH, XaOTU3UPOBAHHBIC YaCTULIbI, CTEIIEHb AaCCOUMHUPOBAHHOCTU KJIACTEPOB, KIACTEP-
HO-acconuaTHass MOJACIIb, XKUAKUE MCTAJLJIbI, pEIIEpHAsA TOYKa, KpUCTAJUIONOABHUKHBIC YaCTULbL, TEMIIEPATYP-
Has 3aBUCUMOCTB BA3KOCTH.

References

1 Vertman, A.A. (2001). K probleme metallicheskih rasplavov [On the problem of metal melts]. Fundamentalnye issledovaniia
fizikohimii metallicheskih rasplavov. Pamiati akademika A.M. Samarina — Fundamental studies of physical chemistry of metal
melts. In memory of Academician A.M. Samarin. Moscow: Akademkniga [in Russian].

2 Herwig, F., & Wobst, M. (1991). Eine Schwingtiegelapparatur zur Bestimmung der Viskositét von Fliissigkeiten bei hohen
Temperaturen. Metallik, 82, 12,913-916.

3 Bettezzati, L., & Greer, A. (1989). The viscosity of liquid metals and alloys. Acta met., 37, 7, 1791-1802.

4 Malyshev, V.P., Turdukozhaeva, A.M., & Kazhikenova, A.Sh. (2009). Viazkost rasplavov po konceptsii haotizirovannyh

chastits [The viscosity of liquid metals based on the nature of the substance of the concept of randomized particles]. Tiazheloe
mashinostroenie — Heavy Engineering, 6, 37-39 [in Russian].

5 Turdukozhaeva, A.M., Malyshev, V.P., & Kazhikenova, A.Sh. (2010). Viazkost zhidkih metallov s uchetom prirody
veshhestva po konceptsii haotizirovannyh chastits [The viscosity of liquid metals based on the nature of the substance of the concept
of randomized particles]. Novosti nauki Kazakhstana — News of Kazakhstan science, 2, 32-35 [in Russian].

6 Drits, M.E. (Eds.). (2003). Svoistva elementov [The properties of the elements]. (In 2 books. Book 1. 3d ed.). Moscow: Ruda
i Metally [in Russian].

64 BecTHuk KaparaHauHckoro yHvusepcuTeTa



BEVWOPTAHUKAIbBIK XUMUSA
HEOPIrAHUYECKAA XUMUA
INORGANIC CHEMISTRY

UDC 544.46+665.75+662.7

G.R. Nyssanbayeva', K.K. Kudaibergenov', Ye.K. Ongarbayev', Z.A. Mansurov'*

' Al-Farabi Kazakh National University, Almaty, Kazakhstan;
’Institute of Combustion Problems, Almaty, Kazakhstan

(E-mail: gulnur.83.29@mail.m)

Obtaining expanded graphite by heat treatment

One of the promising materials of the 21st century is expanded graphite or thermally expanded graphite. The
preparation of nanostructure and thermally expanded graphite with improved specific surface, bulk density
and expansion along the trigonal axis of the graphite matrix is associated with the thermal shock of intercalat-
ed graphite The general principle of these methods is the introduction into graphite of either gaseous sub-
stances or compounds that, during thermal heating of the intercalated compound of graphite or their deriva-
tives, transform into a gaseous state and there by create an intralayer pressure that expands the graphite parti-
cle. In the given work thermally expanded graphite, obtained during the heat treatment crystalline hydrates of
metals and nature graphite obtain expanded graphite material. The expanded graphite obtained was used as a
sorbent. The performed studies in this work demonstrated the potential use of the sorbents as adsorbents for
the removal of thin oil films. In this paper, it can be seen that the optimum mixture ratio of graphite to other
contents (graphite : Zn(NOs),x6H,0 : graphite : FeCl;x6H,0) is 2(g) : 8(g) : 2(g) : 8(g), which obtained the
best expansion volume. Here, we propose a simple, effective method to prepare expanded graphite in which
the intercalation and expansion of graphite are realized by only one step not involving any sophisticated de-
vices.

Keywords: graphite, expanded graphite, intercalated graphite compound, thermally expanded graphite.

Introduction

In the recent decades expanded graphite (EG) has been one of the major interesting research subjects
because of nanostructure. Obtained expanded graphite by heat thermal shock is a low-density carbon materi-
al, and it used as a base for sealing and fire-retardant materials. Expanded graphite is a promising material
for high temperature. Physicochemical properties of expanded graphite depend from a graphite synthesis
condition. While thermal characteristics of EG obtained by the thermal shock of convenient graphite interca-
lation compounds or their hydrolyzates are well studied [1, 2] the characteristics of EG obtained by thermal
shock are scarcely investigated. The synthesis of EG describe through the heat treatment of oxidized graphite
and the investigation of thermal properties. The general principle consists in introduction natural graphite of
compounds of salts at thermal heat [3, 4].

Experimental part

In this work were used native graphite and crystalline hydrates of metals. The graphite from the Zavalye
Graphite Plant (Ukraine) is a large-scaly natural graphite subjected to chemical burning under industrial con-
ditions. The result is achieved by mechanical mixing of powder of initial graphite by the making foam agent
by salts of metals for training of porous structure, taken in the quantity of 20-80 % of the mass of mix. The
experiment proceeds in two stages: 1) mixing of graphite with salts of metals; 2) and heating of components
at a temperature of 350—1000 °C. The mix heats up 5-10 minutes. All process of activation takes from 10 to
20 minutes. In Figure 1 shows scheme of obtaining synthesis of thermally expanded graphite.
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Preparation Influence on Final
of |::> binary mix ::> product
components thermal shock

Figure 1. Scheme of the technology of synthesis of the interconnected graphite

Results and their discussion

The single most striking observation to emerge from the comparison, it was formation of the homoge-
neous melted bubbling mass. After end of this stage there is a sharp foaming of graphite which is followed
by allocation of insignificant amount of brown gas (Fig. 2).

a) before heat treatment b) after heat treatment
Figure 2. Formation of the homogeneous melted bubbling mass

In Table shown main sorption properties of thermally expanded graphite.

Table
Main sorption properties of structure
System «graphite — salt» Oil capacity, g/g Water absorption, g/g Buoyancy, %
Graphite — FeCl;x6H,0 20 0,5 80
Graphite — Zn(NOs),X6H,0 25 0,1 99

In Table shown that the structure «graphite — Zn(NO3) ,x6H,0» differs in smaller water absorption,
than «graphite — FeCl;x6H,0». Results of an experiment shown that the reagent structure «graphite —
Zn(NO;) ,x6H,0» adsorbs 25 g of heavy oil.

In details, the mass percent of oxygen in natural graphite increased from 5 to 10 %, the content of car-
bon decreased from 95 to 46 %. It can be explained with the fact that increased of the temperature causes
thermal decomposition of crystalline hydrate in reagent structure, therefore, the relative content of oxygen
increases. Qualitative analyses of reagent structures are submitted in the Figure 3.

Figure 4 shows SEM images of the EG samples. The morphology of the EG samples is wormlike and
there are a lot of pores that can also be observed on the surface. It is the particular loose and porous struc-
tures that would provide EG samples with good adsorption property for the macromolecular compounds.
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Figure 3. Elemental composition of the thermally expanded graphite using SEM/EDAX

OLAB

b) graphite — FeCl;x6H,0

Figure 4. (a) and (b) show the surface morphology of the expanded graphite

Produced samples were also investigated by Raman spectroscopy. As shown in Figure 5, the spectra
that all samples have carbon structure.
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Figure 5. Raman spectra of natural graphite (a), graphite impregnated with salts (b, c)
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In the Figure 6 it is shown oil sorption of TEG in laboratory conditions.

Figure 6. Oil sorption of TEG in laboratory conditions

At the beginning, on the surface of oil a small amount of flammable liquid is sprayed, then fire. During
burning of oil we scatter a sorbent on the surface of the poured oil or it is possible to scatter before oil burn-
ing, and then to burn out oil. At the combustion of oil porous graphite is formed and in a few minutes there is
a full adsorption of oil product.

Conclusions

In this work were to obtain expanded graphite by heat treatment. Morphology of expanded graphite was
verified by scanning electron microscopy analysis. Expanded graphite shown outstanding adsorption perfor-
mance for oil.
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TepMusJIBIK 0HEY KOJBIMEH KeHelTijired rpagur any

XXI raceipza Gonararsl 6ap MaTepuangapabiy Oipi KeHe#TinreH rpaguT, HemMece TePMUSUIBIK KeHEHTINreH
rpadut, 6onbin TabbuIagsl. JKorapel KepceTKimTi GeTTiK ayaaHbl, rpadUT MaTPUIACBIHAAFHI TPHUTOHAJIHI
OCiHIeTri KeHEHTIIreH ASpexeNeri oHEe CyChbIMalbl THIFBI3ABIFBI KOFAphl HAHOKYPBUIBIMIBI TEPMOKEHEH-
TinreH rpaduT anmy, SMICIHIH KaNIbl Karuaachl rpaduTTi TEPMHSUIBIK KbI3ABIPY OapbIChIHAA ra3 Topi3ai
HeMece KOCBUIBICTHI MaTepHaniapasl KeHeHTureH TpadUTTiH imKi KabaTTapblHa €Hrizy OOJNBIN TaObUIaJbL.
Makasana MeTajJblH KPUCTAJIbIK THIPATTApbIH JKOHE TaOWUFH TpaduTTi TEPMHSUIBIK OHJICY OaphIChIHIA
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TEPMHKAJIBIK KEHEHTUIreH IpauT MarepualblH adyra OOJATHIHABIFBI ANTBUIFAaH. AJIBIHFAH KEHEHTUIreH
rpadut copbeHT periHe HaimanaHeUIAbl. MyHIa TpadUTTIH Ty34apMeH KOCBUIBICHI Kelecined (rpadur :
Zn(NOs), x 6H,0; rpadut: FeCl; x 6H,0) 2(r): 8(r), 2 (r): 8 (), OChl KaTblHACTAp >KAKChl KEHEUTY
KeJieMiH anabl. bi3 keHelTinren rpaduTTi amynslH KaHgal na Oip Kypaeni KypbUIFBIIApb! KaXKeT eTICHTIH,
0ip KamaMMeH )Ky3ere achIpbIIAThIH, KaparalbIM api THIM/I 9HiCIH YCHIHIIBIK.

Kinm ce30ep: Tpadut, KEHEUTIITeH TpaduT, THTCPKAUPIICHTeH IPadUT, TEPMOKCHEHTUITeH TpaduT.

I'.P. Hrican6aeBa, K.K. Kynaiioeprenos, E.K. Onrap6aes, 3.A. MancypoB

IHony4yenne paciumpeHHOro rpagura myreM TepMUYecKoOil 00padoTku

OnHuM U3 TIepcreKkTHBHBIX MarepuanoB XXI Beka siBisieTcsi HeHOrpauT, WM TepPMOPACUINPEHHBIN TpaguT.
OOuuii MPUHIKUIT [TOJTYYCHUs] HAHOCTPYKTYPUPOBAHHOTO TEPMOPACIIMPEHHOrO Tpadura C YIy4lHICHHBIMH
MMOKa3aTeJsIMH yIeIbHON OBEPXHOCTH, HACHITHOW IUIOTHOCTH M CTEHEHH PACIIUPEHUSI BIIOJIb TPUTOHAIBHON
ocH rpaUTOBOM MAaTPHIBI TEPMHUUYECKOTO yapa HHTEPKAIUPOBAHHOTO IpaduTa 3aKIF0YACTCS BO BHEAPCHUH
B rpaduT ra3000pa3HbIX BEIIECTB MM COCIMHECHHH, KOTOPbIE MEPEXOAAT B ra3000pa3HOC COCTOSHHE TPH
TEPMHYECKOM HATPEBaHHH HHTEPKAIMPOBAHHOTO Tpa(puTa MM €ro MPOU3BOAHBIX H TEM CaMbIM CO3/A0T
BHYTPHCIIOEBOE JIaBJICHHE, PACIIUPsIOIIee rpahUTOBYIO YacTHIly. B cTaThe TEpMUUCCKH BCIICHEHHbIN rpadur
MOJIyYeH TepMOOOpPabOTKON KPUCTAJUIOTHAPATOB METAUIOB M IPHPOAHOTro rpadura. IToydeH bl paciiu-
pEHHBII TpaduT KCIOJIBL30BAIN B KadecTBe copOeHTa. VccnenoBaHus MOKa3aid BO3MOXHOCTh MOTEHIIUATb-
HOT'O HCIIOJIb30BaHMsI COPOCHTA ISl YAAICHUS TOHKHX MACIISIHBIX IUIEHOK. [T0Ka3aHo, YTO ONTUMAIBHBIM CO-
OTHOIIICHHEM KOMIIOHEHTOB, [P KOTOPOM IOJyYeH HAWIy4lmuii O0ObEM PACIIUPCHUs], SBISICTCS: TIpa-
¢ur : Zn(NOs), x 6H,0 = 2(r) : 8(r); rpadut : FeCl; x 6H,O = 2(r) : 8(r). ABTOpamu npemiokKeH IpocToit u
3¢ HeKTHBHBIN crI0CO0 MOJTyUCHHUSI BCIICHEHHOTO rpaduta, MU KOTOPOM pacIiupeHne rpadura peainusyercs B
OJIHY CTAJIHIO.

Kniouesvie cnosa: rpadut, paclpeHHsblIil rpaduT, MHTEPKAIUPOBAHHOE COCANHEHUE rpaduTa, TEPMOPACILIH-
PEHHBIH Tpadur.
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Biomonitoring of atmospheric depositions of heavy metals
and radionuclides in Irtysh areas of Kazakhstan

This article aims to analyze the data obtained by researching the atmospheric depositions of heavy metals and
radionuclides in Irtysh areas of Kazakhstan using the method of moss-biomonitors. This method was applied
for the Northeastern and Eastern parts of the Republic of Kazakhstan to assess the environmental situation in
these regions. The thirty moss samples were collected in autumn and summer of 2015-2016 growth periods.
A total of 42 elements (Na, Mg, Al, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Ni, Co, Zn, As, Se, Br, Rb, Sr, Zr, Nb,
Mo, Ag, Cd, Sb, Ba, La, Ce, Nd, Sm, Eu, Gd, Tb, Dy, Tm, Hf, Ta, W, Au, Th and U) were determined by the
epithermal neutron activation analysis, also 14 elements (Ba, Ca, K, Mg, Na, Sr, Cr, Mn, Ni, Co, Zn, Cd, Cu,
Pb) were determined by the atomic emission spectrometry with inductively coupled plasma. Multivariate sta-
tistical analysis of the obtained results was used to assess the pollution sources in the studied area (Pavlodar,
Ust-Kamenogorsk, and Semey regions).

Keywords: biomonitoring, heavy metals, neutron-activation analysis, atomic-emission spectrometry.

Human impact on the natural environment is immense; its power is comparable to natural geological
processes and continues to grow with the rate of technological progress. It is especially significantly in the
regions of large industrial centers and large cities.

Protection of environment from anthropogenic impacts involves two main activities: monitoring and
control. Monitoring should ensure the organization of continuous monitoring of the environment state.

Growth of industrial production in recent decade causes an increase of human affects both components
of the environment and public health. Study of atmospheric deposition of trace elements is one of the most
important tasks of the environmental protection and collective efforts of scientists from many countries of
the world dedicated to this area more than 40 years. Control of air quality requires primarily multi-elemental
analysis of the composition of aerosol particles and determination of the concentrations of elements that are
recognized as toxic to living organisms.

In Kazakhstan, due to the current socio-economic development, there are disadvantaged regions by state
of the environment, which is a unique urbanistic system saturated with varied companies of very different
technological orientation. The presence of large number of enterprises and high levels of radiation in Irtysh
area of Kazakhstan determine the urgency of these studies.

The state of the environment and thus the health of the population largely depend on the state of the
earth’s atmosphere. The atmosphere basically consists of a mixture of natural gases. The particulates pass
into the air either from natural sources (soil, rocks, water bodies and living organisms) or as a result of an-
thropogenic activity (industry, transport, fuel, human waste, etc.). Essentially, atmosphere is an aerosol sys-
tem, where solid particles are dispersed in a mixture of gases. Among the various types of pollutants, the
most hazardous are heavy metals.
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The use of mosses as biomonitors of atmospheric depositions of trace elements were introduced in
Scandinavian countries and shortly after that, usage of the mosses to assess the atmospheric deposition of
metals was well proven in the UN Commission of European air [1]. Mosses have only a rudimentary root
system and readily take up elements from the atmosphere. The main advantages of the method are the sim-
plicity of sample collection and the relative ease of analysis compared to precipitation samples conventional-
ly used to assess metal deposition. In addition, the abundance and large geographical distribution of mosses
is advantageous and provides for an inexpensive and simple alternative to conventional bulk deposition anal-
ysis. Thus, a high density network of sampling sites is easily achieved.

The method of moss biomonitoring of atmospheric depositions of trace elements was applied for the
first time in Irtysh area to assess the environmental situation in this region.

Theoretical and experimental obtained data from the studying of air depositions of trace elements, based
on the moss biomonitors, will make a significant contribution to the level of ecological safety development
of Kazakhstan.

This direction seems to be new and highly topical; being that only some regions of the country were
previously studied. Based on the small number of studied territories, we can talk about the need to increase
the area of sampling and further work on the entire territory of the Republic of Kazakhstan for studying the
state of the atmosphere.

Coordination of the European moss survey is since 2014 led by the Joint Institute for Nuclear Research
in Dubna, Russian Federation. Kazakhstan joined to the United Nations Program in 2015.

The research results will be used in the preparation of the «Ecological map of the world — 2018» in the
«Kazakhstany section.

Heavy metals are rare elements (scattered, trace), as performing certain biological functions in the body,
which are accumulated in high concentrations in the environment.

The main natural source of heavy metals is magmatic and sedimentary rocks and their forming miner-
als. Many elements enter into the biosphere from cosmic dust, volcanic gases, etc. The entrance of heavy
metals into the environment due to industrial pollution carried out in various ways. The most important of
these is the release of the processes associated with high temperatures (metallurgy, roasting, burning of fuel).
Despite the great diversity of heavy metal compounds, a set of elements in the gas-dust emissions of the fer-
rous and non-ferrous metallurgy enterprises are the same type; mainly oxides represent them [2].

Heavy metals and other toxic elements emitted into the atmosphere from the industrial constructions,
mostly distributed locally around the emission sources. In a real natural environment, it is usually observe a
good correlation of the shape and size of areas of contamination with the configuration of the wind rose.

Around large enterprises, ferrous and nonferrous metallurgy formed strong technogenic anomalies of
metals. «Characterized by the presence of the zone of maximum concentrations of heavy metals at a distance
of 5 km from the source and the zones of high grade at a distance of 20-25 km. Further, the content of heavy
metals decreases to the values of the local background. Local anthropogenic anomalies generate around the
enterprises that process raw materials containing heavy metals and other contaminants in the form of impuri-
ties. Around major thermal power plants, there are zones of contamination with metals 10-20 km in diame-
ter. Any urban areas are a significant source of heavy metal pollution. High pollution found near freeways,
especially lead, zinc, cadmium» [3].

Since many heavy metals tend to accumulate, the negative effects of their impact on the environment
can occur slowly. Elevated concentrations of heavy metals in soils, groundwater, leading to stunted growth
of trees, agricultural crops and accumulation in the human body can have a detrimental effect on the health
of future generations. Hence, there is the need for monitoring atmospheric deposition of pollutant ele-
ments [4].

Morphological and physiological properties of mosses along with their wide distribution make these
plants very useful bio-indicators to assess the state of the environment. They have a number of advantages
over other plants biomonitors (lichens, tree bark, grass, etc.): the absence or severe change in the cuticle, thin
and close-set leaves, and poorly developed conducting tissue, it leads to efficient accumulation of materials
carried by air, and the little direct uptake from the substrate. Mosses are the most effective at concentrating
heavy metals and other trace elements from air and precipitation. Moreover, they do not have a root system
and, therefore, the contribution of sources other than atmospheric deposition, in most cases is limited. Sam-
ple collection is simple, the analysis of mosses is much simpler than precipitation, the period of exposure can
be determined accurately [5].
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Methods of biomonitoring were developed in the late 70s of the last century as a way to study atmos-
pheric deposition of heavy metals.

The main types of biomonitoring in the European study are the mosses Hylocomium splendens and
Pleurozium schreberi. These species of mosses distributed in a wide interval of temperature zones, and annu-
al growth of them can be easily identified. Typically, the analysis takes a three-year growth of moss.

In research were used well-known and widely used physical and chemical methods of analysis, modern
statistical and mathematical methods of calculations.

Neutron activation analysis

Determination of the elemental composition of moss samples was carried out by using instrumental
neutron activation analysis (NAA).

Neutron activation analysis — analysis in which the identification and quantitative determination of el-
ements in an irradiated sample is carried out selectively, using the variation of irradiation conditions — (en-
ergy of bombarding particles, the exposure time), and consider the nuclear-physical properties of elements
and the occurring radionuclides (particularly schema-defined decay of radionuclides, half-life).

NAA of moss samples were carried out at the PFR-2 (pulsed fast reactor) using activation of epithermal
neutron along with a full range of neutrons [6, 7].

The application of NAA allows to determine up to 45 elements: Ag, Al, As, Au, Ba, Br, Ca, Ce, Cl, Co,
Cr, Cs, Dy, Eu, Fe, Hf, Hg, I, In, K, La, Lu, Mg, Mn, Mo, Na, Nd, Ni, Rb, Sb, Sc, Se, Sn, Sm, Sr, Ta, Tb, Th,
Ti, V, U, W, YD, Zn, Zr [2].

Important stages in the analysis are sampling, and sample preparation.

Environmentally important element, lead cannot be identified using the method of neutron activation
analysis. Due to low contents of mosses in the samples also hampered the detection of copper and mercury,
therefore, to identify these elements, and compare the obtained results, it also was used the method of atomic
emission spectrometry with inductively coupled plasma (AES with ICP).

Determination of metals in moss samples by atomic emission spectrometry

Atomic emission spectrometry with inductively coupled plasma is characterized by high sensitivity and
ability to detect a range of metals and several nonmetals at concentrations up to 10 '°%, i.e. one particle of
10'%. The method is based on using inductively coupled plasma as ion source and mass spectrometer for sep-
aration and detection. ICP-MS also allows for isotopic analysis of the selected ion.

As the particles of the powdered sample fall in the Central channel of the ICP, it evaporates as the parti-
cles are first dissolved therein and disintegrate into atoms. At this temperature, a significant number of the
atoms of many chemical elements are ionized, while the atoms lose the least bound electron, moving in a
state of the singly charged ion.

Sampling and sample preparation

In compliance with the Moss Manual 2015 (Harmens and Frontasyeva, 2015; http://icpvege-
tation.ceh.ac.uk/) the three moss species Hylocomium splendens, Pleurozium schreberi, Pleurochaete
squarrosa (Fig. 1-3) were collected over the Irtysh area during the period of autumn and summer of 2015—
2016. The sampling network with numbered sampling sites is shown in Figures 4-7.

Figure 1. Hylocomium splendens Figure 2. Pleurozium schreberi
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Figure 5. Sampling map (5 samples from Ust-Kamenogorsk)
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Figure 7. Sampling map (15 samples from Semey)

Samples were collected in forest glades or on open heath to reduce through-fall effects from the forest
canopy, and the sampling sites were located at least 300 m from main roads, 100 m from local roads, and
200 m from villages. Collected material was stored in paper bags. A separate set of disposable polyethylene
gloves was used for collection of each sample.

In the laboratory the samples were cleaned from extraneous plant material and air-dried to constant
weight at 30-40 °C for 48 hours. The samples were neither washed nor homogenized. Green-brown moss
shoots representing the last 3 years’ growth were subjected to analysis, as they correspond approximately to
the deposition over the last 3 years. Previous experience from the use of NAA in moss biomonitoring has
shown that samples of 0.3 g are sufficiently large to be used without homogenization.

The concentrations of 42 elements (Na, Mg, Al, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Ni, Co, Zn, As, Se,
Br, Rb, Sr, Zr, Nb, Mo, Ag, Cd, Sb, Ba, La, Ce, Nd, Sm, Eu, Gd, Tb, Dy, Tm, Hf, Ta, W, Au, Th, and U)
determined by epithermal neutron activation analysis, also 14 elements (Ba, Ca, K, Mg, Na, Sr, Cr, Mn, Ni,
Co, Zn, Cd, Cu, Pb) determined by atomic emission spectrometry with inductively coupled plasma in the
moss samples are reported. Multivariate statistical analysis of the obtained results was used to assess the pol-
Iution sources in the studied area (Pavlodar, Ust-Kamenogorsk, and Semey regions).

The descriptive statistics of the 42 analysed elements in all collected moss samples (n=30) from three dif-
ferent cities are shown in Table 1. All values in Table 1-4 are given in mg-kg”, dry weight. In Table 3 the me-
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dian values and minimum-maximum ranges for the contents of all elements were compared with the data ob-
tained from Georgia (moss survey in 2014) and the data from Norway considered as a pristine area of Europe.

A comparison of concentrations Kazakhstan-Norway showed the increased values for most of heavy
metals (Cd, Sm, Ti, V, As, Mo, Mg, Al, Ca, etc) in the studied samples that apparently are due to the state of
the industrial sector of Kazakhstan. The main potential sources of air pollution from the industrial sector of
Irtysh area are the Aksu ferroalloy plant, aluminium factory, Kazakhstan electrolysis plant, petrochemical
plant in Pavlodar region; Ul’binsk metallurgical plant, titanium-magnesium plant in Ust’-Kamenogorsk re-
gion; bus factory, engineering plant, silicate plant in Semey region and etc.; also the production of steel and
zinc and etc., coal mining, extraction of natural resources.

Table 1

Comparison of the results of NAA for element content in mosses collected in the autumn of 2015
(all data are given in mg-kg™)

Region
Ele- Ust’-Kamenogorsk Pavlodar Semey
ments | Arithme- | Average Arithme- | Average Arithme- | Average

tic mean | median C(min.) | C(max.) tic mean | median C(min.) | C(max.) tic mean | median C(min.) | C(max.)

Na 3437.1 3100 2700 3690 2429.2 2400 816 3710 4758 5600 1970 6920
Mg 6248 5900 5760 7170 7106 7550 4910 8220 7250 7790 5470 8480
Al 18260 | 17800 | 16500 | 22000 | 14356 | 13900 5380 22300 | 20420 | 20800 | 15300 | 26500
Cl 140.04 167 36.8 255 312.2 292 45 508 50.26 48.3 42.7 60.9
K 7922 8080 7430 8370 14100 | 15800 10800 | 16900 9970 10200 7390 11800
Ca 9328 8790 7790 11700 | 15290 | 15100 9550 22800 9666 9820 8020 10700
Sc 4.208 4.09 4.010 4.52 2.924 2.88 1.37 4.1 4.36 4.73 2.56 542
Ti 1054.4 970 920 1250 862.6 767 300 1400 1119.8 1170 806 1460
\ 25.7 24.7 22.5 304 19.258 18.9 7.79 29.5 25.38 24.8 21.2 30.7
Cr 21.06 20.6 19.1 23.5 19.1 20.7 12.6 23.1 20.46 21.1 12.2 26.1
Mn 351.8 219 200 907 376.4 422 228 482 250.4 252 196 313
Fe 7280 7390 5250 9290 6452 6480 3030 8680 7322 7390 5090 9820
Ni 9.968 10.5 8.88 10.8 9.36 8.88 6.87 12.6 9.682 10.8 6.34 12.1
Co 5.610 591 4.84 6.4 4.218 4.5 3.07 4.62 6.048 6.74 3.29 7.9
Zn 1.222 1.19 1.05 1.46 404.64 453 87.2 811 1.1226 1.18 0.933 1.27
As 0.130 0.126 0.15 0.17 3.37 3.54 2.51 3.81 [0.12658 | 0.125 | 0.0909 | 0.163
Se 0.269 0.293 0.25 0.31 0.3824 | 0.391 0.275 0.511 | 0.2502 | 0.251 0.119 0.351
Br 3.388 4 3 4 5.124 4.64 4.08 7.52 3.286 3.54 2.28 4
Rb 28.32 28.6 26.3 30.1 22.72 23.5 12.1 29.9 33.5 38 19.1 423
Sr 53.46 54.7 48.1 57.5 167.22 187 88.1 238 59.98 63.9 39.1 80.1
Zr 69.36 733 34.9 94.5 36.6 13.5 10.7 78.4 67.38 543 353 117
Nb 1.286 1.38 0.73 1.8 4.68 5.02 1.52 7.32 1.075 0.892 0.583 2.14
Mo 0.08 0.08 0.074 0.09 0.8224 | 0.748 0.369 1.4 0.07438 | 0.068 | 0.0639 | 0.0954
Ag 0.002 0.0 0.002 0.003 | 0.2738 | 0.263 0.155 0.436 [0.001696| 0.00166 | 0.0014 | 0.00208
Sb 0.155 0.150 0.134 0.167 1.0604 | 1.155 0.604 1.77 0.1514 0.15 0.11 0.184
Cd 0.019 0.019 | 0.0155 | 0.027 | 0.0055 | 0.0055 | 0.0055 | 0.0055 |0.014226| 0.013 | 0.00973 | 0.0234
I 2.318 2.37 1.55 3.06 2.846 2.71 1.99 3.64 2.076 2.05 1.83 2.45

Ba 201.4 196 195 222 174.4 174 154 193 236.6 258 149 305
Cs 1.52 1.6 1.34 1.64 1.0922 1.09 0.543 1.5 1.5006 1.59 0.983 1.8
La 8.692 8.8 5.59 12.7 8.754 6.94 2.38 15.4 9.988 10.9 5.98 14.9
Ce 20.02 20.6 12.3 29.5 19.536 15 4.68 34.8 22.5 24.4 13.5 35.2

Nd 8.428 7.37 5.48 12.5 9.698 8.52 3.51 15.5 9.456 11.1 4.63 13.6
Sm 2.59 247 1.88 3.28 1.8544 1.37 0.502 3.34 2.722 2.74 1.45 3.95
Eu 0.31 0.35 0.285 0.35 0.2832 | 0.254 0.202 0.439 | 0.4074 | 0.427 0.194 0.591
Tb 0.2632 | 0.262 0.197 0.377 10.23742 | 0.178 | 0.0741 | 0.411 | 0.2812 | 0.311 0.163 0.406
Tm | 0.15058 | 0.147 | 0.0549 | 0.257 |0.10514 | 0.0794 | 0.033 0.179 [0.16412 | 0.144 | 0.0756 | 0.297
Yb 0.9264 0.97 0.673 1.35 0.7324 | 0.659 0.262 1.38 0.9346 | 0.874 0.529 1.46
Hf 2.474 2.58 1.37 3.41 1.8382 1.7 0.601 3.03 2.27 1.88 1.35 3.99
Ta 0.2204 0.24 0.143 0.281 [0.21022 | 0.212 | 0.0941 | 0.319 | 0.2352 0.29 0.135 0.305
W 10.00504 | 0.00249 | 0.00214 | 0.0159 | 0.6102 | 0.593 0.416 0.847 [0.008342] 0.00286 | 0.00208 | 0.0264
Au  0.004404| 0.00338 | 0.00179 | 0.00772 |0.009564| 0.00833 | 0.00681 | 0.0137 | 0.0055 | 0.00589 | 0.0012 | 0.0076
Hg [0.07308 | 0.0923 | 0.0271 | 0.0978 | 0.0436 | 0.0376 | 0.0206 | 0.097 [0.06686 | 0.0791 | 0.0264 | 0.0996
Th 3.252 3.59 1.44 5.8 3.2456 2.2 0.768 6.03 3.132 2.63 1.53 6.01
U 0.7882 | 0.773 0.38 1.34 0.7024 | 0.602 0.201 1.17 0.7282 0.65 0.419 1.19
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Table 2
The results of analysis of moss survey, which were collected in the summer of 2016
(all data are given in mg-kg™)
Ele- | Arithmetic Avergge C(min) | C(max.) | Elements Arithmetic Avergge C(min) | C(max.)
ments mean median mean median

Na 2344.69 1540 312 6890 Cd 0.35 0.228 0.12 0.786
Mg 3554.23 2830 918 8370 In 0.26 0.317 0.0528 0.493
Al 10181.53 7400 2240 26000 Sb 0.34 0.23 0.128 0.788
Si 34935.38 25400 5290 116000 1 1.18 1.01 0.305 2.56
Cl 115.30 102 50.2 238 Ba 108.89 81.4 22.5 258
K 6090 5420 1450 10900 Cs 0.81 0.595 0.391 1.5
Ca 5415.38 5510 1100 8670 La 4.37 2.42 0.922 11.7
Sc 2.40 1.35 0.75 6.64 Ce 9.04 5.18 1.93 23.7
Ti 511.92 358 111 1260 Nd 3.96 2.15 0.969 10

\ 13.30 8.37 3.74 34.4 Sm 0.82 0.469 0.169 2.11
Cr 16.44 9.62 5.79 49.4 Eu 0.27 0.193 0.0809 0.693
Mn 155.76 117 30.8 349 Gd 0.48 0.283 0.106 1.22
Fe 4098.46 2530 1190 9580 Tb 0.13 0.0823 0.0373 0.353
Ni 6.63 4.1 1.68 19 Dy 0.71 0.451 0.221 1.9
Co 3.50 1.84 0.873 11.5 Tm 0.075 0.0557 0.0276 0.192
Zn 54.63 57.4 26.2 84.3 Yb 0.51 0.312 0.131 1.37
Se 0.30 0.344 0.152 0.409 Lu 0.073 0.0553 0.00782 0.246
As 2.22 1.67 0.823 4.89 Hf 0.617 0.308 0.102 1.53
Br 2.93 2.83 1.39 4.46 Ta 0.112 0.0725 0.0265 0.315
Rb 16.22 11.2 6.64 34.4 W 0.311 0.204 0.0831 0.689
Sr 62.80 47.5 14.8 150 Au 0.0055 0.00415 0.0026 0.00969
Zr 22.22 10.1 4.56 55.7 Hg 0.42 0.402 0.295 0.576
Mo 0.35 0.223 0.0857 0.858 Th 0.975 0.554 0.253 2.44
U 0.29 0.175 0.0568 0.756

Table 3

Comparison of the median values and ranges of element content in moss from Kazakhstan between data

of the moss survey Norway, Georgia and Kazakhstan (2014-2015) (all data are given in mg-kg'l)

Kazakhstan moss survey mosslézfjglsztgrll 415 Georgia moss survey 2014| Norway moss survey
2016-2017 (Nazarova. et al. 2015) (Shetekauri. et al. 2015) | (Shetekauri. et al. 2015)
Ae of n=30 n=23 n=16 n=100
sample
. Range . Range . Range . Range
Element | Median C(min.)-(%(max.) Median C(min.)-(%(max.) Median C(min.)—(%(max.) Median C(min.)-(%(max.)
“Na 2929 312-6920 2000 424-17100 721 268-1990 nd nd
Mg 5329 918-8480 6060 1710-24800 4410 2720-11600 1730 940-2370
Al 14197 2240-26500 9510 33.8-35100 5195 245020800 200 67-820
Cl 143 36.8-508 180 95.5-1270 225 140465 nd nd
K 8540 1450-16900 10800 3820-23200 5875 3080-9040 nd nd
*Ca 8636 1100-22800 12500 2340-24000 11800 7140-15300 2820 16805490
>ITj 779 111-1460 603 99-3920 547 216-2070 23.5 12.4-66.4
vV 18.7 3.74-34.4 13 1.7-56.7 11.8 6.2-54.0 0.92 0.39-5.1
>’Mn 247 30.8-907 178 70.5-1260 158 70-592 256 22-750
°As 1.68 0.0909—4.89 1.92 0.80-8.1 0.88 0.33-2.87 0.093 0.020-0.505
“Br 3.46 1.39-7.52 4.67 2.3-31.3 4.545 2.3-9.8 4.5 1.4-20.3
Mo 0.34 0.0639-1.4 0.69 0.21-2.03 0.35 0.24-0.77 0.135 0.065-0.70
'cd 0.17 | 0.0055-0.7865 | 0.75 0.02-2.74 0.25 0.12-0.56 0.058 0.025-0.171
YLa [ 69 0.922-15.4 6.4 1.35-373 59.28 18.8-138 17.1 5.6-50.5
3Sm 1.66 0.169-3.95 1.05 0.198-7.09 2.13 0.92-6.28 0.189 045-2.56
¥ 0.25 | 0.00208-0.847 | 0.44 0.12-1.42 0.43 0.035-0.945 0.33 0.05-1.34
8Au [0.00584 | 0.0012-0.0137 [0.00145]0.00023-0.00441| 0.13 0.06-0.27 0.127 0.009-1.23

Cepust «Xumusi». Ne 4(88)/2017

77




M.U. Nurkassimova, A.K. Tashenov et al.

The average concentrations of elements are given in Table 4 to compare two different methods: NAA
and AES with ICP, and was found a correlation coefficient, which is 0,7784.

Table 4
The average concentrations of elements, determined by two different methods

Elements Ba Ca Cd Co Cr K Mg | Mn | Na Ni Sr Zn
C(average), mcg/kg by NAA 170 18909 | 03 | 49 | 19.9 | 8762 | 5716 | 247 | 3178 | 9.1 | 86.6 |146.2
C(average), mcg/kg by AES 114 [12720] 2.0 | 54 | 33.7 | 5316|2971 | 473 | 1868 |172.3] 76.6 |225.1

The performed preliminary investigation shows that the moss biomonitoring of atmospheric deposition
of heavy metals is an efficient technique to study the environmental situation in the Kazakhstan. The experi-
ence of this study can be successfully used in the other regions of the Kazakhstan. Also, there will be maps
of the spatial distribution of elements and radionuclides in the study area, based on the statistical analysis of
the data created with the use of maps of the distribution of elements, will assess potential sources of pollu-
tants into the environment.
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Ka3zakcran PecnmyOsiukacsinbiH EpTic eHipinaeri aybip Metanagap
MeH PaJMOHYK/JIMATEPAiH aya/JiaH TycyJiepiHiH OMOMOHUTOPHUHT

Makanana Myk-Onomonutopsap tanmaysl Herisinge KasakcranueiH Epric eHipingeri ayblp Merangap MeH
PaaMoOHYKIMATEPAIH aTMOochepalibiK TYCYIepiH 3epTTey OapbIChIHAa AlIBIHFAH MATiIMETTep TAJIKbUIAaHFaH. by
onic Kaszakcran Pecny6nukaceinbi Contyctik-1biFbic skoHe CONTYCTIK allMaKTapbIHBIH IKOJIOTHSIIBIK
JKarIaibiH Oaranay MakcaTblHAa Koiamausuipl. 30 Myk yarinepi 2015-2016 sok. ecy Ke3eHiHIH KY3 kKaHe ka3
Mesrinepine xxuHanrad. JKanmer, 42 sanement (Na, Mg, Al, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Ni, Co, Zn, As,
Se, Br, Rb, Sr, Zr, Nb, Mo, Ag, Cd, Sb, Ba, La, Ce, Nd, Sm, Eu, Gd, Tb, Dy, Tm, Hf, Ta, W, Au, Th xone U)
SMIKBLUTYJIBIK HEUTPOH-OCICEHIUTIK TalIay diciMeH, COHbIMEH Katap 14 snement (Ba, Ca, K, Mg, Na, Sr,
Cr, Mn, Ni, Co, Zn, Cd, Cu, Pb) uHIyKTUBTI OaillIaHBICKaH IIa3Majbl aTOM-IMHCCHSIIBIK CIICKTPOMETPHS
OMiCIMEH aHBIKTAIIBL. AJIBIHFAH HOTWOKENEPIiH KON(DYHKIMOHAIIBl CTATHCTHKAIBIK Tajlaybl 3€pTTEIreH
teppuropusinarsl (IlaBnonap, Ockemen xone Cemell alimMakTapbl) JacTaHy Ke3zepiH Oaranay MakcaTbIHIA
KOJIIaHBLI/IBL.

Kinm coe30ep: OHOMOHUTOPHHI, ayblp MeTajgap, HEHTPOH-OCICCHAUTIK Tangay, aTOM-IMUCCHSIIBIK
CIICKTPOMETPHSI.
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B1oMOHMTOPHUHT BO3XYUIHBIX BbINAJAeHUH THAKeIbIX METAJIOB U PAANOHYKJIN/IOB B
Ipuuprbimbe Pecnyboaumkn Kazaxcran

B craree mpoaHanu3upoBaHbl JaHHBIC, KOTOPHIC OBLIH MOJXYYCHBI MPH U3yYCHUU aTMOC(EPHBIX BBIMAICHHN
TSOKETBIX METAJUIOB M PaAMOHYKINI0B B [IpuupThIibe Ha OCHOBE aHaNIM3a MXOB-OMOMOHHUTOPOB. [laHHBIN
MeTo/ ObUT MPUMEHEH I OLEHKH 3KOJIOTHUECKOH cuTyauuu B CeBepo-BOCTOUHBIX U BOCTOYHBIX pernoHax
Pecny6imku Kazaxcran. 30 o6pa3sioB MxoB ObutH cobpanbl oceHbto  jeToM 2015-2016 rr. pacTuTensHOro
nepuona. B nenowm, 42 anemenra (Na, Mg, Al, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Ni, Co, Zn, As, Se, Br, Rb,
Sr, Zr, Nb, Mo, Ag, Cd, Sb, Ba, La, Ce, Nd, Sm, Eu, Gd, Tb, Dy, Tm, Hf, Ta, W, Au, Th u U) 0butu onpee-
JICHBI C TIOMOIIBIO AMUTEIIIOBOTO HEHTPOHHO-aKTUBAIIMOHHOTO aHajm3a, a Takke 14 (Ba, Ca, K, Mg, Na, Sr,
Cr, Mn, Ni, Co, Zn, Cd, Cu, Pb) — ¢ noMOIIBI0 aTOMHO-3MHCCHOHHOW CIIEKTPOMETPHU C WUHIYKTUBHO-
CBSI3aHHOM IUT1a3Moi. MHOTO(QYHKIMOHABHBIN CTATHCTHYCCKUI aHAIN3 MOJTYYCHHBIX PE3yNbTaToB OBLT HC-
MOJTb30BaH JIJIsI OICHKA WCTOYHWKOB 3arpsi3HCHUS Ha HCCIEOBaHHON Tepputopun (peruoHsl [laBmonapa,
VYerp-Kamenoropeka u Cemest).

Kniouesvie cnosa: 61/IOMOHPITOpI/IHF, TSDKCIIBIC MCTaJlJIbI, HCﬁTpOHHO-aKTHBaHHOHHLIﬁ aHaJIn3, aTOMHO-
OMHUCCHOHHAs CIICKTPOMETPUS.
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Thermolysis of brown coal from the Baganursky deposit (Mongolia)

The process of thermolysis of brown coal from the Baganursky deposit of Mongolia has been studied. These
coals are characterized by high content of gas component (up to 40 %) and low content of liquid fraction. The
decomposition begins at ~200 °C. At temperatures up to ~700 °C there is no sintering. In the solid residue, on-
ly relicts of the individual hydrocarbon constituents of the original coal are retained. The liquid condensate of
sublimates (up to 19 % by weight of the initial) contains 0.78 % of the organic extract (96—98 % of the phe-
nolic mass with a maximum boiling point of 360 °C) and 92.2 % of the aqueous solution (with a boiling range
of 115-130 °C). The initial aggregate state (the particle size of the material, the effect on it of the external
medium) not only affects the yield of the gas constituent of coal during thermolysis, but also determines the
impurity composition of the organic extract of the condensate liquid sublimates.

Keywords: thermolysis, brown coals, solid residue, sublimates, condensate, hydrocarbons, phenols, thermal
analysis.

Introduction

Fossil coals are subdivided into anthracites, stone and brown coals. Depending on the composition,
physical and technological properties, as well as economic, social and other factors, the coals of particular
deposits can be used as energy or technological raw materials. Currently, they mainly serve as a fuel re-
source. At the end of the last century, up to 73 % of the extracted fossil coals were used for this purpose in
the USSR [1].

When burning in the furnaces of boiler houses and domestic ovens, a large amount of volatile compo-
nents is released and incomplete coal burnout spores are formed, which leads to a systemic release of envi-
ronmentally hazardous combustion products into the atmosphere. In the conditions of the mountainous ter-
rain and the continental climate in Central Asia, for example, on the territory of the Republic of Tuva, stag-
nant zones, smog in the surface space of the «wind shadow effect» and pollution of the atmosphere of cities
and settlements of the region with harmful products of flue gases: carcinogens and other highly toxic sub-
stances [2].

Similarly, an analogical adverse environmental situation is observed in the adjacent coal-mining regions
of Mongolia. For example, at the Khushut coal deposit of lean coal, production is conducted only for the en-
ergy needs of the local population [3]. Also, mainly for domestic needs and thermal power engineering, de-
posits of a number of brown and hard coals of Mongolia are being developed [4]. At the same time, envi-
ronmental problems of flue emissions have not been solved, both for large stationary TS and TPPs, and for
private sector furnaces of cities and settlements of regions that use coal to be extracted as a source of thermal
energy.

In this regard, within the framework of the comprehensive Program for the Creation of Technologies
for the Efficient and Environmentally Safe Processing of Mineral Raw Materials (SB RAS project
No. 28.4.8, 2004-2006) in TuVIKOPR SB RAS, (Kyzyl) in cooperation with ISTTM SB RAS (Moscow).
Novosibirsk), investigations were carried out on the dynamics of thermolysis of coals of Tuva with the aim
of working out a process for obtaining environmentally friendly fuel material [5]. Interest in this topic from
Mongolian specialists served as a basis for research on the thermal decomposition of coals of Mongolian de-
posits. Within the framework of the program of these investigations, work was carried out to investigate the
thermolysis of coals of individual deposits in Mongolia [6, etc.].

This report is devoted to the results of investigations of the thermal decomposition of brown coals of the
Baganursky deposit.

Experimental part

The technical characteristics of the samples of this coal are given in Table 1.
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Table 1
Technical characteristics of the samples of coal
Sample of Baganur Technical analysis, % Elemental composition on dax L
stone coal W Al V& C H S OrsiN | Calorie Q) kefeal
Sample 1 8.4 10.4 41.1 72.0 4.9 0.36 22.9 5034.4
Sample 2 9.3 10.2 42.5 70.0 4.1 0.49 21.5 4991.0

The material for the investigation was initially presented in the form of a single sample, and then in ad-
dition — an aggregate batch weighing about 3 kg, which was a mixture of lumps of various sizes mixed with
a small rash. At the first stage, the dynamics of thermal decomposition were investigated by differential
thermal analysis (DTGA) using the MOM-1000 derivatograph (type «Paulik, Paulik-Erdei», Hungary). The
weight of the sample was ~1 g. The starting material was previously divided into three fractions: free-
flowing, medium-sized (5—20 mm) and lump (> 20 mm). Heating was carried out to 650—700 °C at a rate of
10 °C/min. The experimental conditions provided for the free diffusion of gaseous constituents of coal
formed in the sample upon heating, but excluding contact with the air medium.

Determination of the quantitative characteristics of the process was carried out in a laboratory facility
with the capture of gas and light boiling condensates, including a container placed in the furnace, into which
a crucible with a sample was connected, connected by a branch pipe with a system for capturing sublima-
tions. The mass of samples in these experiments was in the range of 50-100 g.

Investigations of thermolysis products were carried out by a number of methods of instrumental analy-
sis: DTGA, IR spectroscopy, chromatography-mass spectroscopy.

DTGA single sample. Figure 1 and Table 2 show the data of the DTGA of samples of material of vari-
ous sizes.
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Figure 1. DTGA of a single (initial) coal sample: a-g (see Table 2)
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Table 2
Thermal decomposition of brown coal from the Baganursky deposit
Initial sample*’
Steps a b c d
of decom- Weight loss Weight loss Weight loss Weight loss
position |Interval, t °C| from the |Interval, t°C| from the |Interval, t°C| fromthe |Interval, t°C| from the
initial, % initial, % initial, % initial, %
1 80-100 0.2 100-150 0.5 100 - 80-150 55
2 180-300 280-300 6.5 210-300 7.0 150-200 '
3 300400 17.1 300400 10.5 300400 75 200400 11.2
4 400-550 10 410-500 215 400-500 400-500 12.4
5 550-700 12 500-700 ' 500-700 8.0 500-650 7.0
)y 700 ~39 % 700 ~40 % 700 ~42.5 650 ~36.1

Note. *) a — lump sample, fresh prepared; b — lump, previously prepared; ¢ — fresh prepared rash sample; d — rash sample,
previously prepared.

It can be seen that with the general identity of the results of individual samples on the curves, there are
differences in the course of their sections characterizing the individual stages of thermolysis. On the DTA
curves for samples in experiments with samples a, b, d (see Fig. 1), a clear cascade of endoeffects is fixed in
the interval 380—600 °C, corresponding to the phased removal of gaseous and low-boiling decomposition
products from the material. However, in the case of a sample in (Fig. 1), instead of a cascade of thermal ef-
fects, only one large endopic is observed in the range of ~ 400-540°C. Such a variety of curves on
thermograms at the initial stage of heating can be explained by the initial state of the material: the size, the
conditions of its content from the time of extraction to sampling (contact with the air medium and storage
time). Nevertheless, the decomposition sequence is the same for all samples (Table 2): the process begins
with explosive gas evolution at relatively low temperatures in the amount of 5.5-7.0 % of the initial one. For
trials a and c, the association is combined into a single stage with the subsequent or with the previous stage.
The total weight loss varies between 36.1-42.5 %, depending on the final temperature of the experiment.

DTGA samples of the coarse lot. The results of the experiments (Fig. 2) basically agree with the data of
the experiments of a single sample (Fig. 1). Thus, the loss of the mass of the samples upon heating (TG and
DTG curves) is carried out step-by-step at 80—200 and 300—470 °C: by 9.4 and 14.7 %, respectively (for
small intermediate loss Am” = 2.7 %). With further heating, the monotonic mass loss (Am®) is 14.1 %. The
total mass loss of the sample reaches ~ 41 %, and in some experiments — 47 %.

Consistency of the decomposition products of coal. Determination of the consistency of the decomposi-
tion products was carried out in the following modes: 1) continuous heating to 600—650 °C with an exposure
of 1-2 hours at a finite temperature; 2) stage-by-stage heating (with a 2-hour exposure through 100 °C) to
600-650 °C (see Table 3).

Table 3

The results of thermolysis of brown coal with a gradual aging

/oC Experiment 1, monolith sample Experiment 2, intermediate sample
’ AP, % Condensate, % | Gas fraction, % AP, % Condensate, % | Gas fraction, %
200 18.73 0.28 18.44 9.5 6 3.5
300 9.3 1.5 7.54 10.04 4.04 6
400 10.2 3.65 6.6 9.74 4.14 5.6
500 6.58 0.64 5.94 7.7 2 5.7
600 5.03 0.37 4.66 - - -
650 - — - 5.05 1.9 3.15
> 49.94 6.39 43.55 42.03 18.08 23.95

The results of the experiments of regimes 1 and 2 differ somewhat, but on the whole they correlate ac-
cording to the main parameters. Thus, in the case when the initial sample was an initial coal monolith (exper-
iment No. 1, Table 3), a significant loss of mass (18.73 %) was observed already at 200 °C, mainly as a gas
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component. At the same time, in an experiment with an average breakdown of fines (experiment No. 2, Ta-
ble 3) at a holding temperature of 200 °C, the mass loss is only 9.5 %. Extracts at subsequent temperature
stages in both experiments lead to comparable mass losses, differing only in the gaseous components. The
final results differ only due to the mass loss at 200 °C.
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a — monolith; » — average
Figure 2. DTGA of the coarse coal lot

The total loss of mass of experiment No. 1 is 49.94 % and is determined primarily by the gas compo-
nent (43.55 %), and the total loss in experiment No. 2 is 42.03 % and is determined by equally condensed
sublimates (18.08 %) and gas constituents (23, 95 %), while the number of the latter is almost half that of
experiment No. 1. This difference is due to the partial loss of gaseous components in the case of sample
No. 2 due to diffusion weathering during storage under conditions of free contact with the environment.

In the investigation, along with the study of the dynamics of the thermal decomposition of coal, quanti-
tative characteristics of the decomposition process were determined and a solid residue and liquid conden-
sates of the sublimes of the low-boiling constituents of coal were obtained.

For a comparative evaluation of the thermolysis result, an X analysis of the average initial lot of coal
and its solid thermolysis product was carried out.

The IR spectrum of the initial coal sample (Fig. 3, curve 1) includes absorption bands corresponding to
out-of-plane vibrations of aromatic CH bonds in the range 1000-1100 cm'; ether in the region of 1150—
1350 cm™'; C—O phenolic in the region 1550-1650 cm™'; C=0 quinolones in the region of 2845-2020 cm ';
CH-aliphatic and OH groups of phenols and carboxylic acids in the region of 3100-3400 cm™' and their pe-
ripheral groups in the 3500-3600 cm ' region. The IR spectra of the material after thermolysis (Fig. 3,
curve 2), as a rule, have relict absorption bands corresponding to weakly pronounced vibrations, and in re-
gions of 2500 cm ™' there are no vibrational bands.
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Figure 3. IR spectrograms of the average initial sample of brown coal (1) and the product of its thermolysis (2)
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The results of DTGA liquid condensate sublimation of coal thermolysis (samples I, II and average en-
larged lot) obtained after holding at 600, 300 and 400 °C (Fig. 4) showed that in the temperature range 115—
130 °C all the sample material passes into vapor. In this case, the complete identity of the thermograms of all
samples is noted.
The liquid condensate of the thermolysis of the average sample of the coarse lot of coal was extracted
with chloroform, extracting an extract in an amount of 0.78 % of the mass of the liquid condensate. The main
part of the liquid condensate of sublimates is an aqueous solution. IR spectra of the extract of the middle
sample contain the following characteristic absorption bands: 1 — saturated fragments of molecules (maxi-
ma 1377, 1463, 2728, 2854 cm™'); 2 — aromatic structures (722, 744, 812, 874, 1604 cm™); 3 — oxygen-
containing compounds (1032, 1167, 1706 cm ™). This thermolysis product contains phenol, two isomers of
methylphenols and two isomers of ethylphenols, as well as n-alkanes and a-olefins (in minimal amounts).
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Figure 4. DTGA of the liquid extract of the sublimations of thermolysis of samples I () and II () in the temperature
range up to 600 °C, and also of the average coal sample (c) in the temperature range up to 300 (I) and 400 °C (II)
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The results of chromatographic determination of the consistency of organic products of the extract of
the sublimations of thermolysis of samples I and II are given in Table. 4. The bulk of the extracted organic
component is also represented by phenol and its derivatives.
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Table 4

Material composition of the extract of the condensate of the sublimes of thermolysis of the Baganurian coal

Peak No. Substance Reten?ion time, Relativc(:)
minutes content, %
Sample |
1 Phenol 4.6 36.45
2 2-Methylphenol 5.3 14.45
3 3-Methylphenol 5.5 32.57
4 2,6-Dimethylphenol 5.9 0.45
5 2-Ethylphenol 6.1 0.90
6 2,4-Dimethylphenol 6.3 5.03
7 3-Ethylphenol 6.4 7.27
8 2,3-Dimethylphenol 6.6 0.74
9 3,4-Dimethylphenol 6.7 1.44
10 3-Propylphenol 7.4 0.69
Sample I1
1 3-Methylpyridine 5.0 0.2
2 2,6-Dimethylpyridine 5.8 0.08
3 2-Methyl-2-cyclopentene-1-one 6.1 0.3
4 3-Methyl-2-cyclopentene-1-one 7.0 1.12
5 Phenol 7.3 60.26
6 2,3-Dimethyl-2-cyclopentene-1-one 8.2 0.71
7 2-Methylphenol 8.5 6.21
8 4-Methylphenol 9.0 27.25
9 2,5-Dimethylphenol 10.2 1.06
10 3-Ethylphenol 10.8 2.69

In the extract of condensate, there are also small amounts of cyclopentene and pyridine derivatives,

there is an insignificant amount of the phase relating to alkanes and olefins.

Within a general identity of the phase composition of the extracts of the average sample of the aggre-
gated lot, samples I and I (96-99 % phenol and its derivatives), the proportions of the constituent phases are
slightly different. Also, in the extract of sample II there is an admixture of the cyclopentene derivative, and
in the extract of the intermediate sample condensate, an admixture of naphthalene derivatives. This is proba-
bly due to the different initial aggregate state of the materials of these samples: the particle size, which de-
termines the contact surface with the external medium of the starting material, and the degree of reaction of

this factor to it.

Based on the investigation data, it is possible to imagine the thermal decomposition of the Baganur

brown coal by the following scheme:

Initial brown coal of the Baganursky deposit (average sample)
650 °C, 2 hours

Sublimation (42,03%) Solid residue (57,97%)
Partially preserved relicts: aromatic
Gas (23,95%) liquid product (condensate) hydrocarbons, cthereal groups, phenol and
to the atmosphere ! quinol derivatives
H,0 (92,22 %) + Organic constituent
(0,78 %)

Phenol and its derivatives
average (98.3 %)

y

130°C

Gas to the atmosphere
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Conclusion

The conducted study of the thermolysis of brown coal from the Baganursky deposit showed that it is
characterized by a high content (> 40 %) of gaseous components, which are removed from the material when
heated in the range of ~ 200 °C, minor admixtures of liquid condensate and absence of astringent constitu-
ents. The material does not cake. The solid-phase residual thermolysis product is a free-flowing graphite-like
material, which can be briquetted only by the introduction of astringent formulations. Liquid condensate
consists of 99.22 % of the aqueous solution and 0.78 % of the organic component — phenol and its deriva-
tives. The condensate boils away without residue in the range 115-130 °C. Investigation on samples of a ma-
terial with various sizes: medium sample of a coarse batch, fine (sample I — size < 5 mm) and large (sam-
ple II — diagonal size > 30 mm) fractions showed that the initial aggregate state of the material, the degree
of environmental impact on it influence not only the yield of the gas component during thermolysis, but also
the phase composition of the extract of the condensate of sublimation.
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H.. Konsuios

Baranyp xeH opHbIHbIH (MOHFO0/IMS1) KOHBIP KOMIpPiHIH TepMoIu3i

Baranyp xeH opHbIHbIH (MOHFOIIHS) KOHBIP KOMIPiHiH TepMOan3i Ypaici 3epTrenai. by kemipiep ra3gapasiy
xen Mmeuepivern (40 % neitin) skoHe cyitblk dpakumsabiH ~200 °C Gacramamsl. ~700 °C  peftinri
Temreparypaga micy Oonmaiiasl. Karrel KanmbikTa Oacramkbl KOMIpHIH TEK JKeKe KOMIpCYTeKTi
KypaMIacTapbIHBIH PENUKTepl Ke3mecemi. AnaynslH CyHBIK KOHIeHcaThIHAa (OacTanks!l MemmepaeH 19 %
neitin) 0,78 % opraHukanbelk dkcTpakT (96-98 % deHonapl Macca, MakCUMaNIbl KaliHay TeMIlepaTypachl
360 °C) xome 92,2 % cymsl epitiHai (KaifHayaslH Temmeparypaiblk uHTepBanbl 115-130 °C) Gomamsl.
Bacranksl arperarThlk Ky# (MaTepuan OeIIeKTepiHIH ipiiiri, oFaH KOpIIaraH OPTAaHBIH dcepi) TepMoiu3
Ke3iHIe KOMIpAIH Ta3/iblk KypaMJachIHBIH IOBIFBIMBIHA OCEp €TIl FaHa KolMal, almaynplH CYHBIK
KOHJICHCATBIHBIH KOCHAJIBIK KYPaMbIHA J1a BIKIAJ €TeJ.

Kinm ce30ep.: Tepmonn3, KOHbIP KeMipiep, KaTThl KalJbIK, aiiiay, KOHIEHcaT, keMmipcyrekrep, (eHonaap,
TEPMUSIIBIK Taaay.

H.. Konsuios

Tepmosm3 0yporo yrist baranypckoro mecropo:xaenusi (MoHrosms)

W3zyden mponecc tepmoinusa Oyporo yrist baranypckoro mecropoxxaenus Monrommu. JlaHHbIe yrim OTIIH-
YaloTCs BEICOKUM COJICp KaHHEM ra30Boi cocrasistromei (1o 40 %) 1 HU3KUM cofepKaHueM KHUAKOH (pak-
uuy. Pasnoxenue marepuana HauuHaercs mnpu ~200 °C. IIpu temneparypax Bmiots 1o ~700 °C cnekanue
OTCYTCTBYET. B TBEpIOM OCTaTKE COXPAHSIOTCS TOJNBKO PENIMKTHI OTACIBHBIX YIIIEBOJOPOAHBIX COCTABIISIO-
muX ucxopHoro yrist. XKugkuii konaeHcar Bo3roHoB (1o 19 % mac. ot ucxognoro) copepxut 0,78 % opra-
HHYECKOro 3KcTpakTa (96-98 % ¢denompHON Macchl ¢ MakcUMalbHOU Temmeparypoil Beikunanus 360 °C) u
92,2 % BomHOTrO pacTBopa (¢ TemneparypHsiM HHTepBanoM KuneHus 115-130 °C). McxonHoe arperatHoe co-
CTOsTHUE (KPYMHOCTh 4acTHUIl MaTepuasa, BO3AeiiCTBIE HAa HETO BHEILITHEH CPeJIbl) HE TOJIBKO BIMSIET HA BBIXO,
ra3oBOi cOCTaBILAIOIIEH yIIA IPU TEPMOJIU3E, HO U OIpEeEsIeT IPUMECHBIM COCTaB OPraHU4ECKOro AKCTPaK-
Ta XHUAKOTO KOH/EHCATa BO3TOHOB.
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Knioueswie crosa: Tepmonus, Oypble yriu, TBEPBIH OCTAaTOK, BO3TOHBI, KOHIEHCAT, YTJIEBOAOPOIbI, (DEHOIIBI,
TEPMHUUYECKUI aHAIN3.
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Study of the material composition of raw materials
and the thermodynamic analysis of ore sulphidization

This research is aimed at a complex solution of two problems — increasing the efficiency of processing of
oxidized copper ores and utilization of sulfur-containing waste from oil and gas processing. By the methods
of chemical, mineralogical and granulometric analyzes the composition of the Sayak ore and waste sulfur was
examined. It was found that the total copper content in the ore made 2.7 %, 1.8 % of which is represented by
oxidized minerals. The main ore minerals are malachite, azurite, brochantite and chrysocolla. A thermody-
namic analysis of the interaction of oxidized copper minerals with dissolved elemental sulfur possessing the
properties of nanoparticles was carried out. The possibility in principle of copper sulfidization was estab-
lished. Based on the obtained data on the thermodynamic properties of polysulfide systems, AfHozg&w,
SO298.15> A_/‘Gozgg_w, Cp0298.15 of elght polysulﬁdes — CaS2, CaS3, CaS4, CaS5, CaSG, CaS7, CaSg u CaS() WEre
defined. The temperature dependences of the standard Gibbs energy of the reaction of dissolved sulfur with
oxidized copper minerals — malachite, azurite, brochantite and chrysocolla — were defined. The possibility
in principle of sulfidization of oxidized copper minerals with dissolved elemental sulfur possessing the prop-
erties of nanoparticles was established. It is shown that in the temperature range 298.15-500 K the formation
of copper (II) sulfide and sulfur (IV) oxide in the interaction of oxidized copper minerals with elemental
nano-sized sulfur is most likely. As the standard Gibbs energy of the sulfidation reaction increases, the min-
erals can be arranged in a row up to 400 K: azurite; malachite; brochantite; chrysocolla, after 400 K: azurite;
brochantite; malachite; chrysocolla. In these rows, the probability of interaction with sulfur decreases.

Keywords: oxidized copper ore, sulfidization, polysulfides, sulfur-containing waste.

The problem of processing oxidized copper ores is urgent in the copper industry of Kazakhstan. It is
caused by the lack of cost-effective technology for concentration of this type of raw materials. Relatively
cheap flotation methods of concentration, which are traditional in the processing of sulphide raw materials,
are ineffective in view of the natural hydrophilicity of oxidized copper minerals. As a result, about 20 % of
the total volume of mined copper mineral products that fall to the share of oxidized ores accumulate in the
form of dumps and are on the balance sheet of the corresponding enterprises, requiring maintenance costs,
which leads to an increase in the cost price of the final product of these enterprises [1].

The problem of sulfur utilization is caused by the excess of supply over demand in the elemental sulfur
market. This is caused by the increase in the production of associated sulfur in the processing of constantly
increasing volumes of sulfur-containing oil and gas raw materials and deeper purification from sulfur of the
off-gases and flue gases of the coke-chemical, metallurgical and energy industries, which is dictated by the
toughening of requirements for environmental protection. Forced storage of non-distributed surplus com-
modity sulfur, as well as storage of sulfur-containing waste in the form of dumps require large areas of terri-
tory and financial costs for maintenance by oil and gas processing enterprises. In addition, these warehouses
and dumps are sources of soil and air pollution [2, 3].

The solution of the problem of oxidized ores concentration is seen in the change in the properties of ox-
idized minerals towards the hydrophobization of the surface, which would improve the efficiency of the flo-
tation method. One of the methods of solving the problem is chemical modification of minerals by means of
sulphidization, as a result of which oxidized minerals are converted to sulphide minerals with the hydropho-
bic surface. For this transformation nanosized element waste sulfur can be used. In addition to the sulfiding
role, nano-sulfur, depositing on the mineral surface, plays an additional hydrophobization role [4].

To determine the principle possibility of the sulfidation of oxidized copper minerals, a thermodynamic
analysis of their interaction with sulfur was carried out.

Chemical composition of Sayak ore

The technological sample of Sayak deposit ore, according to mineralogical composition and genetic
characteristics, also falls to the oxidized type of copper ore. The main ore minerals are malachite, azurite and
chalcopyrite, the secondary ones are pyrite, magnetite, hematite, iron hydroxides.
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The chemical composition of the studied ore samples was determined by chemical and spectral analysis
methods. The results are shown in Table 1.

Table 1
Chemical composition of copper ore of Sayak deposit
Component Content, % Component Content, %

Cugen, 2.7 CaO 2.79
ClUouen, 1.80 MgO 2.40

Si0, 56.60 Pb 1.01

AlLO; 14.42 Zn -

FeonA 6.18 So6mA 0.13

In the ore, the content of oxidized copper made 66.7 % of its total amount. In terms of copper, the ore is
mixed.

Thermodynamic analysis of the interaction of ore components with elemental sulfur

Thermodynamic analysis of the interaction of ore components with elemental sulfur was carried out.
When preparing the investigated ores for flotation concentration, their preliminary sulphidization was pro-
vided. The main sulphiding chemical is dissolved elemental sulfur, which possesses the properties of nano-
particles. The possibility in principle of interaction of this sulfur with the raw materials oxidized copper min-
erals is considered in the thermodynamic analysis of possible sulfidization reactions and calculation of the
temperature dependence of the standard Gibbs energy of the reaction.

Initial thermodynamic data

The temperature dependences of the standard Gibbs energy of compound formation is calculated ac-
cording to the equation
AGr= AH — TA, D%, (1)

on the basis of the data [5—8] for the reduced Gibbs energy and the standard enthalpy of formation at 0 K
(Tables 2, 3).

Table 2
Temperature dependence of the change in the reduced Gibbs energy of the formation of compounds
T,K
Substance 298.15 300 350 400 450 500
A®*;, J-mol K
S 22.9 22.9 223 22.1 22.1 20.2
H,0 -164.7 —164.7 —164.5 -34.5 -37.1 -39.7
SO, 19.5 19.5 18.0 16.7 14.9 13.1
SO; —63.9 —64.0 —66.3 —69.6 -71.0 —74.9
CO, 4.1 4.1 4.0 3.8 3.7 3.5
Si0, —165.7 —165.8 -166.9 —-170.1 -169.2 | -172.6
Cu,S 13.2 13.3 13.5 15.1 16.9 17.4
CuS 20 2.0 2.0 1.8 1.1 0.4
Table 3
Standard enthalpy of formation of compounds at 0 K
Substance AH’, kJ-mol” Substance AH’, kJ-mol”
S 13.2 CO, —393.1
H,0 —286.3 Si0, —906.0
SO, —294.3 Cu,S —81.1
SO4 —390.1 CuS —55.0
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The required values of the standard enthalpy of formation at 298.15 K [8, 9] for calculating the tem-
perature dependence of the standard Gibbs energy of formation by the equation are given in Table 4.

AfGOT: Afﬂozoms - TAfSOZ%AlS - TMA_prozoms-

Standard enthalpy of formation of substances at 298.15 K

Substance A,-Hozg&l 5, kJ ‘mol’
Cu,CO3(OH), —-1051.0
Cu3(CO3),(OH), -1631.3
CuSiO3-2H,0 -1747.3
CuySO4(OH)g -2179.9

(2)
Table 4

The values of the standard entropy of the formation of substances calculated using the data [8] are given
in Table 5.

The standard heat capacity of compound formation was calculated using the data [8]. Its values are giv-
en in Table 6. Data on the chrysocolla standard heat capacity are taken from [10]. The standard heat capacity
of the formation of azurite, malachite and brochantite was calculated through the standard heat capacity,
which was estimated using the Kumok’s heat capacity increment system [11, 12] by the formula

Cp0298.15(AmBn) = mcpi298,15(An+) + nCpiZ‘)SAlS(Bmi)' 3)

Table 5
Standard entropy of formation of substances

Substance Afsozgg 15, ‘mol T-K!
Cu,CO;(OH), -503.5
CU3(CO3)2(OH)2 -671.5
CuSi0;-2H,0 -629.3
CuySO,4(OH)e —1211.0

Standard heat capacity of formation of substances

Substance A,-C,,Ozg&l 5, J ‘mol T-K!
CU2CO3(OH)2 -4.5
CU3(CO3)2(OH)2 4.2
CuSiO3-2H,0 45.3
Cu,SO,(OH), 214

Table 6

On the basis of the obtained data, the temperature dependence of the standard Gibbs energy for the for-
mation of all participants in the investigated interactions was calculated by the formulas (1, 2). The results
are given in Table 7.

Table 7
Temperature dependence of the standard Gibbs energy of formation of substances
T,K
Substance 298.15 300 350 400 450 500
AGr, kJ-mol!

1 2 3 4 5 6 7

S 6.4 6.4 54 4.4 3.3 3.1
H,0 -237.2 -236.9 —228.7 —225.1 —222.1 -219.1
CO, -394.4 -394.4 —394.5 -394.7 —394.8 394.9
Si0, —856.6 —856.2 —847.5 -837.9 —829.8 —819.7
SO, -300.2 -300.2 -300.6 -301.0 =301.1 -300.9
SO; -371.1 -370.9 -366.9 -362.3 —358.2 -352.7
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Continuation of Table 7

1 2 3 4 5 6 7
Cu,S —85.0 —85.0 —85.8 —87.1 —88.7 —89.7
CuS -55.6 —55.6 =55.7 =55.7 =555 —55.2
Cu,CO5(OH), —900.9 —900.0 —874.8 —849.5 —824.3 —799.0
Cu;(CO5),(0OH), —1431.1 —1429.9 —1396.3 -1362.7 —1329.0 -12954
CuSiO;2H,0 —1559.7 —1558.5 —1527.2 —1496.3 —1465.6 —1435.2
CusSO4(OH) —1818.8 —1816.5 —1755.9 -1695.1 -1634.2 -1573.1

The temperature dependences of the standard Gibbs energy of the reaction of dissolved sulfur with oxi-
dized copper minerals — malachite, azurite, brochantite and chrysocolla — were defined.

Thermodynamic analysis of the interaction of sulfur with brochantite

The following four interactions of dissolved sulfur with brochantite were considered:

Cu,SO4(OH)s + 4S = 2Cu,S + SO; + 280, + 3H,0 @)
3Cu,SO4(OH); + 10S = 6Cu,S + 7SO; + 9H,0 5)
Cu,SO4(OH)s + 68 = 4CuS + SO, + 2S0, + 3H,0 (©6)
3Cu,SO4(OH); + 16S = 12CuS + 7SO; + 9H,0 (7)

The probability of these interactions was judged by the change in the standard Gibbs energy:
A,G’r=2AG*(Cu,S) + AG*(SO;3) + 2A,G°(SO)+ 3AG*(H,0) —

— AG"H(CusSO4(OH)e) — 4A/G (S); (®)
A,G’r = 6AG*(Cu,S) + TAG (SO5) + 9AG*(H,0) —
—3A/G"(CusSO4(OH)g) — 10AG°K(S); 9)
AG’r = 4AG (CuS) + 1AG"(SO5) + 2A,G°(S0,) + 3AG*(H,0) —
— AG"H(CusSO4(OH)e) — 6A/G (S); (10)
AG’r=120G°(CuS) + TAG"(SO;) + 9IAG’ (H,0) —
— 3A/G"{(Cus(Cu,SO4(OH),) — 16A,G «(S). (11)

Substituting the values of the corresponding quantities from Table 7 to the equations, we obtained the
temperature dependence of the standard Gibbs energy of the reactions (4—7). By the formula

1gKp(ry=—A,G"/(2,303RT) (12)
the temperature dependence of the reaction equilibrium constant was calculated. The results are given in Ta-
ble 8.

Table 8

Temperature dependence of the standard Gibbs energy and the equilibrium constant of the reaction
of dissolved sulfur with brochantite

Reaction |7, K 298.15 300 350 400 450 500
A, G, kJ-mol -59.9 —61.1 —91.5 ~136.3 ~183.1 -230.5
4 Equation AG’r=—0.843T + 195.8
1gKp 10.5 10.6 13.6 17.8 21.2 24.1
A,G%, KJ-mol ™ 50.0 49.0 24.1 —14.4 ~56.3 ~96.9
5 Equation AG’r=—-0.727T+271.0
1gKp 8.8 -85 3.6 1.9 6.5 10.1
A, G, kJ-mol ~125.1 ~126.3 ~153.5 ~193.7 —234.3 —278.1
6 Equation AG’r=-0.753T +103.2
1gKp 21.9 22.0 22.9 25.3 27.2 29.0
A, G, kJ-mol ~15.2 ~16.2 -37.9 ~71.8 ~107.5 —144.5
7 Equation AG’r=—0.637T+178.5
1gKp 2.7 | 2.8 | 5.6 | 9.4 | 125 | 151

Based on the data in Table 8, the temperature dependences of the standard Gibbs energy of the reaction
of dissolved sulfur with brochantite are shown in Figure.
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Figure. Temperature dependences of the standard Gibbs energy
of the reaction of dissolved sulfur with brochantite

According to the temperature dependence of the standard Gibbs energy of the reaction, the formation of
copper (II) sulphide and sulfur (IV) oxide is most likely in the interaction of brochantite with elemental
nano-sized sulfur. Temperature rise increases the probability of this interaction.

The probability of reactions (4) and (7) is also high. Reaction (5) is likely with a temperature of 100 °C
and higher.

Conclusions

The studies of the chemical, mineralogical and granulometric composition of the copper ore of Sayak
deposit have been carried out. It has been established that the examined ore with the content of
Cuyoyox=2.7/1.8 is oxidized by 67 %.

According to the mineralogical analysis in the Sayak ore, the main ore minerals are the oxidized miner-
als of copper — malachite and azurite. Iron is represented in the form of minor minerals — pyrite, magnetite,
hematite and iron hydroxides. According to the X-ray diffraction analysis, silicon and aluminum form non-
metallic minerals in the form of quartz, feldspar, chlorite and mica.

The results of thermodynamic analysis indicate a possibility in principle of sulfidization of oxidized
copper minerals — malachite, azurite, brochantite and chrysocolla, dissolved by elemental sulfur, which pos-
sesses the properties of nanoparticles.

References

1  CwmmpnoB C. Menusle mpo6iems! netHoi Metaiuryprin / C. CmupHoB // Kazakhstan. — 2010. — Ne 3.

2 MupoBoii peiHOK cepbl. [DP]. — Pexum noctyma: http://www.webeconomy.ru/index.php?newsid=1300&page=cat&type=
news.

3 Emoo6aesa XK.C. [IpaBoBBIe acneKkTsl POU3BOACTBA, XPAaHEHMSI M TPAHCHOPTHUPOBKH cepbl B Kazaxcrane n crpanax CHI' /
2K.C. EmobaeBa // Xumnaeckast u HepTexummuieckas npomsinuieHHocTs B CHI': 11 kord. — Amcrepmam, 2006.

4 Iaiike XX.A. BeiOop onTuManbHOrO pexuMa Cynbpuau3aluu okucieHHoit mexnoi pyast / XK. A. Hlaiike, I'.JI. Katkeesa,
WM. Ockem6exos, JI.P. I'm3aryninna, M.A. Axy6aesa // [Ipomsimennocts Kasaxcrana. — 2014. — Ne 4. — C. 68-71.

5 Typeuu JI.B. Tepmonunamuydeckue cBoicTBa MHAMBUAYanbHbIX BeutecTB / JI.B. I'ypuy, 1.B. Beiiu, B.A. Mensenes u ap.
— M.: Hayka, 1978. — T. I, Ku. 2. — 328 c.

6 Toxe, 1966. — Brm. II. — 96 c.

7 TepMmonuHaMHUYECKHE CBOICTBa HMHAMBHIAYaJbHBIX BemecTB. [DP]. — Pexum noctyma: http://www.chem.msu.su/Zn/
welcome.html.

8 Tepmmnueckne KOHCTAaHTH BemecTB. [DP]. — Pexxwum nocryna: http://www.chem.msu.su/cgi-bin/tkv.pl?show=welcom.html.
9 CgoiictBa munepainos. [OP]. — Pexum gocryma: http://www.74rif.ru/mineral-gl.html.

10 Babyukun B.M. Tepmoaunamuka cunukatos / B.M. babyuikun, I.M. Matsees, O.I1. Muemnos-Ilerpocsin. — M.: Ctpoiius-
nart, 1986. — 408 c.

92 BecTHuk KaparaHauHckoro yHusepcuTeTta



Study of the material composition ...

11 Kymox B.H. IIpo6iema cormacoBaHnss METOHOB OIEHKH TepMoAMHaMH4eckux xapakrepuctuk / B.H. Kymox // Ilpsimbie n
oOpaTHble 3aJa4i XMMUYecKol TepmoanHaMuku. — HoBocubupck: Hayka, 1987. — C. 108-123.

12 Kacenos B.K. Tepmonunamuueckue Merons! B xumuu u Metamryprun / B.K. Kacenos, A.C. [Nammukuna, M.K. Angabep-
reHoB. — AnmMartsl: Payan, 1994. — 256 c.

I'. Bypkircetepksizbl, [.JI. KatkeeBa, .M. OckembekoB, JI.P. ['m3atynnuna, A.M. XXyHycos

IIuKi3aTTBIH 3aTTHIK KYPAMBIH 3epTTeY #KJHe KeH/i CyJIbpuaTeyain
TePMOAUHAMHUKAJBIK TAJIAAYbI

Makana TOTBIKKAH MBIC KEHAEPiH OalBITYIBIH THIMIUIITIH apTTHIPY >KOHE MYHAaH MEH ra3 KaJJbIKTapbIH
OHJIey Ke3IHJer1 KYKIPTKYpaM/Ibl KaJIBIKTap bl KoJleTe xKapaTy MaceleIepiH KelleH Al Menryre OarbITTanFaH.
XUMHSUIBIK, MHHEPATOTHSUIBIK JKOHE TPaHYJIOMETPHSUIBIK Tajiay odaicrepi OoifbiHia Cask KEHiHIH jKoHE
KaIIbIK KYKIPTTIH Kypamzaapbl 3eprrennai. Kenpmeri xammsl MBICTBIH Kypamsl 2,7 %, onbly iminge 1,8 %
TOTBIKKAH MUHEpaJIiap eKeHJIri aHbIKTanabl. Herisri keH MHHepangapbl Malaxur, a3ypuT, OPOLIAHTHT JKOHE
XpHU30K0JIa 00BN Tabbu1agsl. TOTHIKKAH MBIC MHHEPAAAPbIHBIH, HAHOOOJIIEKTIK KACHETTepre ue, epireH
JNIEMEHTTIK KYKIPTIICH oCepIIeCcyiHiH TepMOIMHAMUKAIIBIK TalAaybl KYPri3ingi. Meic cynbhuATEHYIHIH
6acTel MYMKiHZIIri aHbikTanael. [lonucyabQuATIK sxylenepaiH TepMOAMHAMHKANIBIK KacHeTTepi OoifbiHIIa
aNbIHFaH HOTIOKelNep HeriziHge CaS,, CaS;, CaSy, CaSs, CaSg4, CaS;, CaSg xone CaSy momucynbGuarepiniyg
A/Hozgg’ls, 50298’15, A,G0298,15, Cp0298’15 KOpCeTKIITepi anblHIbl. EpireH KyKIPTTiH TOTBHIKKAH MBIC
MHHEpaJlIlapbl — MaJIaXuT, a3ypuT, OPOIIAHTUT JKOHE XPU30KOJUIAMEH ocepiiecy peakuusIapbl OOHbIHIIA
cTaHmapTTel ['mOOC SHEPrUsACHIHBIH TeMIepaTypanblK —Toyenmimikrepi Oenrimenmi. TOTBIKKaH MBIC
MHHepaJIapbIHbIH, HAHOOOIILEKTIK KACHETTepre He, epireH AEeMEHTTIK KYKIpTHeH CyJbQUATeHYiHIH Heriri
MyMKiHgikTepi 3eprrengi. 298,15-500 K temmneparypa MHTEpBajiblHAA TOTHIKKAH MBIC MHHEPAIIAAPHIHBIH
JNIEMEHTTIK HaHOMeJILepili KykipTmen ocepiecyi kesinge mbic (II) cympduai men kykipr (IV) oxcuai
TY3UIyiHIH MYMKIHIIrI KOFapsl ekeHi aHblkranasl. Cynbduarey peakiusuiapblHIAFBl CTaHAAPTTHL [ HO0C
SHEPTUSNIapbIHbIH apTysl OoifbiHma 400 K-re neifin MplHamalf KaTapra OpHaJacThIpyFa Oonaiabl: a3ypwuT,
Manaxur, Opomantur, 400 K-HeH keifiH: a3ypur, OpomraHtur, Majaxurt, xpusokoimra. Ocwl Karappaa
KYKIPTIICH OPEKETTECY bIKTHMANABLIBIFI a3asi/Ibl.

Kinm co30ep: TOTBIKKaH MBIC KeHi, CyIbQUATEY, MOTUCYIbOHUATED, KYKIPTKYPaMIIBI KATIBIKTap.

I'. Bypkutcerepksizbl, ['.JI. KatkeeBa, .M. OckembekoB, /[.P. 'm3arymnuna, A.M. XKyHycos

I/I3yqe}me BEHICCTBCHHOTO0 COCTaBa ChIPbA
Hu TepMOHHHaMH‘{eCKHﬁ aHaJIu3 CyJIL(l)HI[l/ISaHI/II/I PYABI

Crathsl HalpaBjeHa Ha KOMIUICKCHOE pelIeHe JBYX HpoOieM — MOoBbIeHHe 3P PEKTHBHOCTH 000TalleHHUs
OKHCIICHHBIX MEIHBIX Py ¥ YTHIN3ALHIO CEPOCOIEPIKAIINX OTXO0B IepepaboTky He(TH U raza. MeronamMu
XHMHYECKOT0, MUHEPAJIOTHYECKOT0, TPaHyJIOMETPUIECKOTO aHAIN30B MCCIICIOBAHEl COCTABBI CAsIKCKOH PyIIbI
M OTXOJHOH cepbl. YCTaHOBJIEHO, YTO colepxkaHue odmeit Meau B pyae 2,7 %, u3 aux 1,8 % npeacraBieHo
OKHCIICHHBIMU MUHEpaJIaMH. [ JIlaBHbIC pyIHBIC MUHEPAIBI IPEICTABICHEl MaJlaXUTOM, a3ypPUTOM, OpOIIaHTH-
TOM M XpH30KO0JUION. IIpoBeien TepMOAMHAMUYECKUN aHAIU3 B3AMMOJCHCTBHS OKUCIIEHHBIX MEIHBIX MUHE-
paJioB C paCTBOPEHHOH 3JIEMEHTHOHN cepol, oOiamaromield CBOHCTBAMI HAHOYACTHL. Y CTAaHOBJICHA MTPHUHIM-
MHaNbHas BO3MOXHOCTh CynbGuau3auu Meau. Ha ocHOBe MONTydeHHBIX JaHHBIX MO TEPMOIMHAMHUYECKUM
CBOIfCTBaM MOJHCYIIbGHUIHBIX CHCTEM OINPEACIICHBI A/H0298‘15, 5’0298,15, A/G0298‘15, C,,Ozgg,w BOCBMH MOJHCYIb-
¢dbumoB — CaS,, CaS;, CaS,, CaSs, CaSg, CaS;, CaSg u CaSy. Kpome TOT0, yCTaHOBJICHBI TEMIIEpATYPHBIC 3a-
BHCHMOCTH CTaHIAPTHOI sHeprun ['nb0ca peaknuy pacTBOPEHHON Cephl ¢ OKUCICHHBIMU MEAHBIMHA MHHEpPa-
JaMH — MaJIaXUTOM, a3ypHUTOM, OpOIIAHTUTOM M XPHU30KOJUIOH. YKa3aHa HMPUHIMIHANBEHAs BO3MOXKHOCTH
Cynb(GUIM3AMN OKHUCICHHBIX MEIHBIX MUHEPAIOB PaCTBOPEHHON 3JIEMEHTHOH cepoi, 00Iaaromei cBoiCT-
Bamu HaHouactull. IToka3zaHo, uTo B TemnepaTypHoM uHTepBane 298,15-500 K npu B3auMoaeicTBUM OKHUC-
JIEHHBIX METHBIX MHHEPAJIOB C 3JIEMEHTHON HaHOpa3MepHOU cepoil Hauboliee BEPOSITHO 0Opa3oBaHUE CYilb-
¢una menu (II) u oxcuna cepsr (IV). Ilo Mepe Bo3zpacranus cranaapTHO# sHepruu ['n60ca peakiuu cynbdu-
JTUPOBAHUST MHHEPAJIbl MOXXHO PacmosiokuTh B pan o 400 K: a3yput, manaxur, OpOLIaHTHT, XPU30KOIIA,
nocine 400 K: a3yput, OpOLIaHTHT, MalaxWuT, XpU30KOJIAa. B HaHHBIX psAgax yMEHbIIAETCs BEPOSTHOCTH
B3aMMO/ICUCTBUS C CEpOH.

Kniouesvie crosa.: oOKUCICHHAS MEIHAS pyaa, CyIII)q)I/II[I/I?’aHI/ISI, HOIII/ICyIII)(i)HIIbI, cepocoepiKalue OTxXoabl.
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«Green» chemistry methods in synthesis of flotation agents

A review of the authors' own works devoted to the development of «green» methods of chemistry in the
synthesis of various derivatives of monoethanolamine and diethanolamine, which are potential surface active
substances and flotation agents, is made up. It is shown that the application of the «green» chemistry
principles, for example, implication of 5 molar % an organic phase transfer catalyst — tetrabutylammonium
iodide in alkylation reactions makes it possible to significantly increase (in two to three times) the yields of
target substances N-alkylated derivatives of diethanolamine and monoethanolamine with a tenfold reduction
in the duration of reactions and a lowering of the process temperature, which leads to a significant reduction
in energy and labor costs. Synthesis of target flotation agents, for example, O-2-((dimethoxyphosphoryl)-
(2-hydroxyethyl)amino)ethylxanthate and sodium 2-dimethoxyphosphoryloxyethyl carbamate by the atom-
economic method — four-component reaction of the one-reactor interaction with a reduction in the number
of stages from two to one also contributes to an increase in the total yield of target substances by 23 times.

Keywords: surface active substances, flotation agents, «green» chemistry, monoethanolamine and
diethanolamine alkyl and dialkoxyphosphoryl derivatives, xanthate, carbamate.

Introduction

It is known, «green» chemistry means chemistry that efficiently processes raw materials (preferably re-
newable), excludes drains, avoids the use of toxic and harmful reagents and solvents in the production of
chemical products and their application [1-3]. Acquiring new positions in technology development, «green»
chemistry in the 21st century has become a truly new way of thinking, a new philosophy, a new language
that allows us to look at chemistry not only from utilitarian positions (production of products that have de-
mand), but above all with humanitar positions [2]. It should be emphasized that «green» chemistry and ecol-
ogy are not the same thing. On the contrary, the final goal of «green» chemistry is to negate the efforts of
ecologists to remove those harmful emissions that are the main problem of almost all chemical (and not only
chemical) industries. If ecologists try to neutralize the consequences created by chemistry, then the task of
«green» chemistry is to provide such production in which harmful consequences are generally absent or min-
imized. The basic principles of «green» chemistry were formulated at the beginning of the 21st century by
Paul Anastas, one of the leaders of the US Environmental Protection Agency [3].

The current state of the technology of mineral processing makes it possible to ensure a fairly high de-
gree of complex utilization of raw materials [4]. However, the further solution of the interrelated problems of
more rational use of natural resources, ecology, energy and production management requires technologies for
processing and enriching the mineral and other types of raw materials of a qualitatively new level [5]. Suc-
cessful solution of the above problems is impossible without further improvement of the theory of enrich-
ment processes, including selective opening and separation of minerals, separation of components of organic
and inorganic substances from water [6]. The creation of new and modification of traditional flotation agents
will allow increasing the extraction of target components from ores of nonferrous, noble and rare metals. In
addition, from the economic point of view, the principle of creating new flotation agents should be the avail-
ability of starting reagents, which are easily obtained from petroleum hydrocarbons. In this regard, the prob-
lem of developing an efficient technology for the enrichment of polymetallic ores and the creation of highly
effective, original and affordable flotation agents continues to be very actual [7].

It is known that the main groups of reagents used in the flotation of polymetallic sulphide ores are
sulthydryl anionic collectors — alkylxanthates, dithiocarbamates [5, 8] and dialkyldithiophosphates. Their
collective ability largely depends on the structure and location of the hydrocarbon radical. This dependence
has been studied in detail in a number of papers, from which it can be seen that a relatively small change in
the structure of the collector molecule (for example, the elongation or isomerization of the hydrocarbon radi-
cal) leads to a significant change in the collection ability of the reagent [9—13].
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The study of the properties of modified alkyl xanthates and dialkyl dithiophosphates is especially inter-
esting, because a very limited number of publications are devoted to the study of the flotation properties of
reagents of this kind, both in domestic and foreign literature.

«Greeny synthesis of alkyl diethanolamine derivatives

As a result of our previous studies, high flotation activity and the selectivity of the action of a number
of alkyl diethanolamine derivatives as additional collectors in flotation enrichment of sulfide polymetallic
ores have been established. The disodium salt of N-octyl-N,N-bis(2-xanthateethyl)amine [14] and 2-[N-
heptyl-N-(2-hydroxyethyl)amino]ethylxanthate sodium [15] significantly improve the quality of copper-lead
concentrate at the processing of copper-lead-zinc-pyrite ore. N,N-Di(2-hydroxyethyl)aminononane [16]
shows a high collecting activity in the flotation of lead-zinc-silver-containing ore, significantly increasing the
extraction of lead, zinc and silver into the collective concentrate.

These reagents-collectors are obtained from commercially available diethanolamine in two stages via
intermediate N-alkylldi(2-hydroxyethyl)amines.

In order to increase the yields of intermediate N-alkyldi(2-hydroxyethyl)amines in the preparation of
compounds having flotation activity, an alkylation reaction of diethanolamine (DEA) with alkyl C4-C; bro-
mides (AB) was carried out. Previously, the alkylation reaction of DEA was usually carried out by heating
(50-60 °C) in a water-alcohol medium for 3 days in the presence of a stoichiometric amount of potash [17].
At the same time, the yields of C4-C; alkylated DEA derivatives ranged from 42 to 72 %.

Using one of the principles of «green» chemistry: «Catalytic systems and processes (as selective as pos-
sible) are better in all cases than stoichiometric ones» [2, 3] alkylation of DEA in the presence of an organic
phase transfer catalyst — tetrabutylammonium iodide was carried out. As a result of the reactions of alkyla-
tion of DEA at room temperature for 2 hours in an aqueous alcohol medium and a molar ratio of
DEA:AB:K,COs: n-BugNI = 1:1:1:0.1 reagents, 81 % of N-butyl-N,N-di(2-hydroxyethyl)amine, 87 % of
N-pentyl-N,N-di(2-hydroxyethyl)amine, 87 % of N-hexyl-N,N-di(2-hydroxyethyl)amine, 92 % of N-heptyl-
N,N-di(2-hydroxyethyl)amine were obtained (Fig. 1).

HO HO
— n-BuyNI N
N-H + RBr — » N-R
/_/ potash /—/
HO HO

R= C4Hy, CsHyy, CeHys, C7Hys
Figure 1. Synthesis of N-alkyl-N, N-diethanolamines

Based on the results obtained, it can be concluded that the alkylation reaction of DEA in accordance
with the principles of «green» chemistry makes it possible to obtain N-alkyldi(2-hydroxyethyl)amines selec-
tively and in a high yield, with a significant reduction in the reaction time and a 30 °C decrease in the process
temperature, it leads to a reduction in energy and labor costs. At the same time, the yield of the target
alkylaminoglycols almost doubles increases [18].

Application of the principles of «green» chemistry in the synthesis
of sodium O-2-((dimethoxyphosphoryl)(2-hydroxyethyl)amino)ethylxanthate

In continuation of our research to obtain new diethanolamine-based surfactants, we performed a di-
ethanolamine phosphorylation reaction by dialkyl phosphites, as shown in the diagram in Figure 2.

OH
o HO
HP(OR), —s 2 OH
+
NOH OR)2 —g0ec N~
H /
R = CH3, C,Hs 0—P(OR),

Figure 2. Scheme of phosphorylation of diethanolamine by dialkyl phosphites
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The diethanolamine phosphorylation reaction was carried out by reacting diethanolamine with a dialkyl
phosphite in a benzene medium in the presence of magnesium oxide at a temperature of 80 °C. As a result,
dialkyl bis (2-hydroxyethyl) phosphoramidates were obtained in the yields of 67 % and 65 %, respectively.
The composition of the obtained phosphoramidates was confirmed on the basis of elemental analysis data,
and the structure was confirmed on the basis of IR and NMR data of 'H and "C, *'P spectra [19]. In the IR
spectra of synthesized phosphoramidates, intense bands of characteristic stretching vibrations of P=0O and
P-O—-C bonds in the region 1196, 1162 cm’ are observed, confirming the presence of a phosphorus-
containing radical in the molecule of the obtained compounds. The presence in the spectra of intense absorp-
tion bands in the region of 3267+3387 cm™ confirms the presence of hydroxyl groups in the structure of
phosphoramidates. In the PMR spectrum of dimethyl-bis(2-hydroxyethyl)phosphoramidate in D,O the pro-
tons of the OCHj substituents are observed as a doublet at 3.20 and 3.23 ppm, the protons of NCH, groups
are resonated at 2.80—2.92 ppm, protons of OCH, groups at 3.48 ppm, protons of OH groups at 4.70 ppm in
the form of a broadened singlet, which also confirms the reaction of the amine group.

In the PMR spectrum of diethyl-bis(2-hydroxyethyl)phosphoramidate in DMSO-ds, the protons of ethyl
substituents manifest themselves as two groups of signals: a triplet at 1.15 ppm with J=7.3 Hz and two
quartets at 3.85 ppm and 3.87 ppm with the same SSIC, the protons of NCH, groups are resonated at 2.95
and 2.98 ppm in the form of two triplets with SSIC 6.1 Hz, protons of CH,OH groups at 3.41 ppm in the
form of a triplet with J = 6.3 Hz, protons of OH groups at 4.70 ppm in the form of a broadened singlet.

The two-dimensional COSY spectrum of dimethyl-bis(2-hydroxyethyl)phosphoramidate, shown in a
Figure 3, made it possible to establish the homonuclear interactions of H-H through three bonds and unam-
biguously confirm the structure of the obtained phosphamidate.
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Figure 3. The two-dimensional COSY spectrum of dimethyl bis(2-hydroxyethyl)phosphamidate in D,O

In the °C NMR spectrum of dimethyl-bis(2-hydroxyethyl)phosphoramidate, resonance signals in the
region of 50.61 ppm corresponding to the OCHj; groups, 57.44 and 59.82 ppm corresponding to the CH,OH
groups and the signals in the 39.87 and 41.05 ppm which belong to the groups CH,N are observed. In the
BCNMR spectrum of diethyl-bis(2-hydroxyethyl)phosphoramidate resonance signals are observed in the
16.4 ppm region corresponding to the OCH,CH; groups, at 60.28 ppm. —OCH,CH; groups and signals in the
region of 49.28 ppm belong to the CH,N groups, the signals at 61.78 ppm. — to CH,OH groups.

In the *'P spectrum of dimethyl-bis(2-hydroxyethyl)phosphoramidate, only one signal is observed in the
region of 8.86 ppm, and in the *'P spectrum of diethyl-bis(2-hydroxyethyl)phosphoramidate — one signal in
the region of 11.17 ppm corresponding to the dialkoxyphosphamide group is observed.
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Further conversion of dimethyl bis(2-hydroxyethyl)phosphamidate to sodium xanthate was carried out
by reacting phosphamidate (FA) with carbon disulphide and sodium hydroxide at room temperature and the
molar ratio of FA:CS,:NaOH = 1:1:1 reagents in an alcohol medium, as shown in Figure 4. Sodium
0O-2-((dimethoxyphosphoryl)(2-hydroxyethyl)amino)ethylxanthate was obtained in a yield of 28 %,
m.p. 78 °C. Since the yield of dimethyl-bis(2-hydroxyethyl)phosphamidate in the first stage was 67 %, the
total yield of xanthate in two stages is 19 %.

HOg HO )SJ\
Na
OH NaOH 2 o s
o wom = o
~ EtOH N
H3C\O/P\O/CH3 H3C\O/P\O/CH3

Figure 4. Scheme of dimethyl-bis(2-hydroxyethyl)phosphamidate reaction
with carbon disulphide and sodium hydroxide

Since the development of «green» methods for the synthesis of diethanolamine derivatives is one of the
goals of our studies, we studied a one-reactor method for carrying out a four-component reaction of
diethanolamine, dimethyl phosphite, carbon disulfide and sodium hydroxide, as the reduction in the number
of stages of obtaining the target substance corresponds to a number of principles of «green» chemistry, and
namely, principle 2, which reads: «The synthesis strategy must be chosen in such a way that all materials
used in the synthesis process are maximized were included in the producty, and also to principle 5, which
reads: «The use of auxiliary substances (solvents, extractants, etc.) should be minimized whenever possible»
[2,3].

A four-component reaction of a single-reactor reaction of diethanolamine, dimethyl phosphite, carbon
disulfide and sodium hydroxide, taken in a molar ratio of 1:1:1:1, was carried out in a ethyl alcohol medium
at room temperature, as shown in the diagram in Figure 5. After appropriate treatment of the reaction mix-
ture, sodium O-2-((dimethoxyphosphoryl)(2-hydroxyethyl)amino)ethylxanthate was isolated in a yield of
65 %, m.p. 78 °C.

0
o o
H Il NaOH H;CO—P—OCH; ¢
HO/\/N\/\OH+ H—1|3—OCH3 + Cs, TOH> ! H
OCH, HO™ N N0 NsNa

Figure 5. Scheme of a four-component reaction of a single-reactor interaction of diethanolamine,
dimethylphosphite, carbon disulfide and sodium hydroxide

The structure of the synthesized samples of O-2-((dimethoxyphosphoryl)(2-hydroxyethyl)amino)ethyl
xanthogenate was established on the basis of the IR and "H NMR spectra analysis [19]. In the IR spectra of
both xanthate samples in the region of 2847 + 2952 cm’', absorption bands characteristic for valence vibra-
tions of CH, and CHj; groups of saturated hydrocarbons are observed. A wide strong OH band absorption
band is manifested in the 3300 cm’ region. The absorption band of medium intensity in the region of
1201 cm™ is attributed to the stretching vibrations of the P=0O group. Strong bands of stretching vibrations of
P—-O-C bonds are observed in the region of 1050 cm™. The presence of the C=S group is confirmed by the
presence of very strong absorption bands in the spectrum at 1063 and 1070 cm™, weak bands in the 781 and
575 cm’™ regions correspond to vibrations of the C—S bond.

As a result of our studies, we have established that both the sequential reactions of diethanolamine
phosphorylation and the interaction of the dimethylbis(2-hydroxyethyl)phosphoramidate formed with the
carbon disulphide and the four-component reaction of the one-reactor interaction of diethanolamine,
dimethylphosphite, carbon disulfide and sodium hydroxide form sodium O-2-((dimethoxyphosphoryl)-
(2-hydroxyethyl)amino)ethyl xanthate. The coincidence of the physicochemical characteristics of both
xanthate samples confirms that in both cases the same substance was obtained.
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Consequently, the practical application of the principles of «green» chemistry leads to the synthesis of
the desired compound: sodium O-2-((dimethoxyphosphoryl)(2-hydroxyethyl)amino)ethylxanthate by the
atom economical method — with a reduction in the number of stages from two to one, and increase of the
total yield of the target substance more than three times (from 19 to 65 %).

The «green» method of monoethanolamine N-alkylation

Continuing the search for highly effective flotation agents among amino alcohol derivatives, we inves-
tigated the «green» methods for the alkylation of monoethanolamine (MEA) in order to increase the yield of
target products while reducing energy and labor costs [20]. Previously, the alkylation reaction of MEA was
carried out by the usual method of amine reaction with alkyl bromide in the presence of potassium acetate in
anhydrous alcohol at 50-55°C [21]. As a result of prolonged heating (20-30 h), corresponding
N-monosubstituted MEA derivatives with the yields of 27-42 % and N,N-disubstituted derivatives of MEA
with the yields of 7-10 % are formed. Obviously, the use of the conventional alkylation process gives a ra-
ther low yield of the target amino alcohols with a total reaction time of 3—5 days. Therefore, a search for a
more economical method of synthesis was carried out.

In order to optimize the conditions for the interaction of MEA with alkyl halides and increase the yield
of N-alkylation products, the reaction was carried out in various solvents — alcohol, acetone, dioxane,
tetrahydrofuran, benzene. It has been experimentally established that 90 % alcohol is the most suitable sol-
vent. In fact, the solubility of the initial reagent — MEA in alcohol is greatest. While in other polar solvents
such as sulfuric ether, ethyl acetate, dioxane, tetrahydrofuran, MEA is practically insoluble, or dissolves
poorly at room temperature, which consequently affects the yield of the final product.

Among the tested binding agents of hydrogen bromide, which was released in the reaction, — NaOH,
KOH, sodium and potassium acetate, potash, the best yields of alkylated ethanolamines were obtained by
using potash. Based on the analysis of scientific chemical literature on the application of «green» chemistry
methods, it has been shown that one of the main principles of «green» chemistry is the use of catalysts in
order to shorten the time of synthesis, reduce energy costs and increase the selectivity of reactions for ration-
al use of initial reagents and reduce the costs of target products [1-3].

Since the MEA alkylation reaction is carried out in a two-phase liquid-solid system, an organic catalyst
for the interfacial transfer the tetrabutylammonium iodide was used. With the addition of five mole percent
catalyst, the alkylation process is significantly accelerated, and the reaction ends after two hours at room
temperature. As a result of the reaction, monosubstituted N-alkyl-N-ethanolamines in the yields of 72-81 %
and disubstituted N,N-dialkyl ethanolamines in the yields of 7-19 % were obtained under the conditions ob-
tained (Fig. 6). The composition of the obtained compounds was confirmed on the basis of elemental analy-
sis data, and the structure was based on IR and NMR data of 'H and "C spectroscopy [20].

- R OH R OH
/\/OH+ RBr n BU4N| \N/\/ + \ /\/
HoN - N
noTaw H R/

R = C3Hz, C4Ho, CsH14
Figure 6. Synthesis of C;—C; alkylated derivatives of MEA in «green» conditions

Thus, using the principles of «green» chemistry, carrying out the alkylation reaction of MEA in aqueous
alcohol under organocatalysis conditions makes it possible to obtain N-alkylated derivatives of MEA selec-
tively and in high yield, with an almost doubling of the yield of the target substances and a reduction in the
reaction time by a factor of ten.

«Greeny chemistry in the synthesis of sodium dimethoxyphosphoryloxyethyl carbamate

With the aim of developing new highly effective flotation reagents-collectors, we investigated the reac-
tion of phosphorylation of MEA [22]. In the study of various reaction conditions, the best conversion of the
initial MEA was achieved by phosphorylation with dimethyl phosphite (DMF) at 80 °C in benzene using
magnesium oxide as the catalyst and a molar ratio of reagents MEA:DMF:MgO = 1:1:1. As a result of the
reaction, 2-aminoethyldimethylphosphate (ADMP) was obtained in a yield of 65% (Fig. 7).
2-Aminoethyldimethylphosphate is an oil, that is highly soluble in water.
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0 mo o/
HZN/\/OH + (CH30),PH HNT B
benzene, 80°C O// 0)

Figure 7. Phosphorylation of MEA by dimethyl phosphite

The composition and individuality of synthesized 2-aminoethyldimethylphosphate are confirmed by
thin-layer chromatography and physicochemical characteristics. The structure of the compound was estab-
lished on the basis of an analysis of the IR and NMR spectra of 'H and "*C, *'P [22]. In the IR spectrum of
the synthesized phosphate, given in a Table, there is an absorption band of the characteristic vibrations of the
NH, group at 3440 cm™, in the region of 1190 cm™ a characteristic band of the P=0 group is observed, in the
1070 cm™ the absorption band of P-O—C. In the *'P 2-aminoethyldimethyl phosphate spectrum, only one
signal is observed in the 6.72 ppm region corresponding to the phosphate group.

In order to obtain new surfactants, we investigated the reaction of 2-aminoethyldimethylphosphate with
carbon disulfide. The reaction was carried out in the presence of an equimolar amount of sodium hydroxide
in an ethyl alcohol medium at room temperature, as shown in Figure 8. The reaction yielded a crystalline
product in 48 % yield, which is sodium 2-dimethoxyphosphoryloxyethylcarbamate (DMPC-1). At the same
time, its total yield with respect to the initial MEA is 31 %.

| S |

)
O Na )K O/
H2N/\/O\P/ + CS, NaOH TSTONT T \P\

4o EtOH H g 9

Figure 8. Interaction of 2-aminoethyldimethylphosphate with carbon disulfide

The structure and individuality of the synthesized compound — sodium 2-dimethoxyphosphoryloxy-
ethylcarbamate — are confirmed by the data of physicochemical methods, IR and PMR spectroscopy [22],
presented in Table.

In order to develop a «green» method for the synthesis of sodium 2-dimethoxyphosphoryloxy-
ethylcarbamate, we carried out a four-component reaction of monoethanolamine, dimethylphosphite, carbon
disulfide and sodium hydroxide, due to the fact that the reduction in the number of stages of obtaining the
target substance corresponds to a number of principles of «green» chemistry [2, 3].

The four-component reaction of single-reactor method of MEA, DMF, carbon disulfide and sodium hy-
droxide in a molar ratio of 1:1:1:1 interaction was carried out in an ethyl alcohol medium at room tempera-
ture, as shown in the scheme in Figure 9. After the appropriate treatment of the reaction mixture,
2-dimethoxyphosphoryloxyethylcarbamate (DMFC-2) in 78 % yield.

I NaOH
/\/OH + (CH;OLPH + CS, Na\S N/\/O\P/
HaN H /0

O

Figure 9. The single-reactor method of four-component reaction of MEA, DMF,
carbon disulfide and sodium hydroxide

As can be seen from the data in Table, the infrared spectra and nuclear magnetic resonance spectra of
'H and "C of the sample of sodium 2-dimethoxyphosphoryloxyethyl carbamate (DMPC-2) obtained in the
four-component reaction coincide with the spectra of the sample obtained in the reaction of 2-
aminoethyldimethylphosphate with carbon disulfide DMPC-1.
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Table
Physico-chemical characteristics of synthesized MEA derivatives
PMR spectra data, 6, ppm IR spectra data, v, s’
MEA 1A yield%| R CH,NH
. . 0 f 2 2 _ O
derivatives (CH,NH) OCH; OCH, P=0 P-O-C NH,(NH)
ADMP 65 0.17 2.95 3.24-3.27 3.58 1190 1070 3440

DMPC-1 48 0.28 (4.50) 3.26-3.28 3.62 1163 1050 (3414)
DMPC-2 78 0.29 (4.50) 3.27-3.31 3.62 1200 1053 (3425)

Thus, we have established that as a result of sequential reactions of phosphorylation of mono-
ethanolamine and subsequent reaction of the 2-aminoethyldimethylphosphate formed with carbon disulphide
and the four-component reaction of monoethanolamine, dimethyl phosphite, carbon disulfide and sodium
hydroxide, a sodium 2-dimethoxyphosphoryloxyethyl carbamate is formed. In the latter case, its total yield
increases in 2.5 times. Consequently, the application of the principles of «green» chemistry makes it possible
to carry out the synthesis by an atom-economic method with a reduction in the number of stages from two to
one and a significant increase in the yield of the target substance.
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djioTopeareHTTEpP CMHTE3IHAer] «’Kachlll» XUMMS daicTepi

Makanmaga mnoTeHIManAbl OeTTik OelceHAl 3aTTrap KkoHE (QuIoTOpeareHTTep OOJNBIT  TaOBUIATHIH
MOHO3TAaHOJIAMMH MEH JMATAHOJAMUHHIH OPTYPJI TYBIHIBUIAPBIHBIH CHHTE3iHE (KACBUD» XUMHS OJIiCTEpiH
JKacayra apHaJFaH aBTOPJIapAbIH 63 )KYMbICTapblHa IOy XKYprisinreH. OHza «Kachbll» XUMHUS IIPUHIUITEPIH
KOJIIaHFaH/Ia MAKCATTAJIFaH OHIMHIH LIBIFRIMIApPHI OipiaMa (eKi-yII ecere) )KOFapbUIaliThIHBI )KOHE MPOLECTI
KYPri3y TeMIepaTypachl MEH peaKklus JKYPri3y Y3aKThIFbl OH €ce TOMEHAEYi OipiiaMa SHepreTHKaJbIK KoHe
eHOCK LIBIFBIHIAPABIH KbICKApYbIHA SKENTreH. ATOMIKOHOM/IBI SJICIEeH MakcaTTaiaraH (JIoTopeareHTTepaiH
CHHTE31 — caTbl CaHbl eKijieH Oipre neifiH KbICKapThIll, COHBIMEH KaTap MaKCaTTalFaH 3aTTBIH KaJIIbI
IIBIFBIMBIH 2-3 ecere JIeHiH XKoFapbuIaTyFa KaOlIeTTLIIr H KOPCeTKEH.

Kinm ce30ep: OGerrik Oencenmi 3arrap, (IIOTOpEareHTTEp, <OKACBUD) XUMHs, MOHOITAHOJAMHH >KOHE
JUATAHOJIAMUHJIEPAIH AJTKUIIAL JKOHE THAITKOKCH(POCHOPUII TyBIHABIIAPEI, KCAHTOTeHAT, KapbaMmar.

C.A. Buzep, H.O. AkumbaeBa, K.b. Ep>xanos

«3ej1eHbIe) ME€TOAbI XMMHUHU B CHUHTE3C (l).]'IOTOpeaI‘eHTOB

B crarbe npoBeneH 0030p cOOCTBEHHBIX pabOT aBTOPOB, HOCBSIIECHHBIX Pa3padOTKe «3€IEHBIX» METOJIOB XH-
MHH B CHHTE3€ Pa3HOOOPa3HBIX IIPOU3BOAHBIX MOHOSTAHOIAMHHA U JUATAHOJNAMHUHA, SBISIOLIMXCS TOTCHIIU-
aJIbHBIMU [IOBEPXHOCTHO-aKTHBHBIMH BelllecTBaMM M (iotopearenramu. [TokasaHo, 4TO NpUMEHEHHE IPHH-
LIMIIOB «3€JICHOW» XUMHHU IO3BOJIIET 3HAUMTEIBHO (B JIBa-TPU pa3a) MOBBICHTH BBIXO/BI LIEJNEBBIX BEIIECTB
TIPU JIECATHKPATHOM COKPAICHUH MPOJOJDKUTENEHOCTH MPOBEACHHS PEaKIUd U CHIDKEHHH TEMIIepaTyphl
TIPOBEAEHHUS TIPOIIECCOB, YTO NPHUBOJUT K 3HAUUTEILHOMY COKPAICHUIO YHEPIeTHUECKUX U TPYHOBBIX 3aTpar.
CuHre3 1eneBbIX (PI0TOpeareHToB aTOMIKOHOMHBIM METOJIOM — C COKPAIIEHHEM YHCIa CTagui OT ABYX MO
OJIHOM TaKXKe COCOOCTBYET MOBBIIMICHHIO OOIIETo BBIXO/a IIEIEBBIX BEMIECTB B 2-3 pasa.

Knioueswvie cnosa: MOBEpXHOCTHO-AaKTHBHBIC BEIECTBA, (IOTOPEATSHTHI, «3eJIeHas» XUMHUS, aJKHIbHBIC U TU-
anKokcndochopuIbHbIE TPOU3BOIHBIE MOHOSTAHOJIAMHHA U IMITAHOJIAMHHA, KCAHTOI€HAT, KapOamart.
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Analysis of the quality of water resources of the Republic of Kazakhstan

The article summarizes and analyzes the data of observations on the condition of water resources of the Re-
public of Kazakhstan. The rivers and lakes of Kazakhstan are sources of water consumed by the population of
the country for various needs, while the availability of water is reduced, and the demand for it is growing due
to the development of large cities and expansion of business in various regions of the country. Therefore the
problem of saving and rational usage of available water resources is topical. The article shows the factors af-
fecting the quality of water in open reservoirs as well as the results of observations of fresh water sources for
five years. The analysis of data presented testifies to the deterioration of the environmental situation as a
whole. The number of water resources having class of hazard «pure» is decreasing, and the number of water
sources of «dirty» and «very dirty» classes is increasing. It is noted that the most contaminated areas are the
territories of East Kazakhstan and Karaganda, Aktobe and Zhambyl regions. The level of pollution of fifteen
water resources was determined, it was noted that the main pollutants are zinc, manganese, nickel and nitro-
gen compounds. The analysis of the data presented indicates the need to address the serious problem caused
by fresh water pollution due to an increase in the amount of sewage, and ways to solve this problem should
have a legislative basis that will protect the environment from the harmful effects of anthropogenic factors.

Keywords: water resources of the Republic of Kazakhstan, rivers, pollution, pollutants, environmental protec-
tion.

Water occupies a special place among the natural resources of our planet. It is known that less than
30 % of the Earth's surface is land, and everything else is the World Ocean. And although there is a lot of
water on the globe, it is not evenly distributed across the countries and regions of the Earth. It should be
borne in mind that fresh water is negligible, it means about 3 % together with the ice of the Arctic, Green-
land and Antarctica in relation to the general water resources of our planet.

Resources of surface river waters of the Republic of Kazakhstan according to the State Committee of
the Republic of Kazakhstan on average are estimated at 100.9 billion m® per year of which 56.5 % are
formed in Kazakhstan and 44.4 % amount comes from adjacent territories such as China, Republic of Uzbek-
istan, Republic of Kyrgyzstan and the Russian Federation [1, 2].

Our country occupies the last rating among the former Soviet Union republics for water availability.
Specific water availability is about 36,000 per 1 km? and 6,000 m’ per person per year [2].

There are eight river basins on the Kazakhstan territory, the largest of which are Irtysh, Balkhash-
Alakol, Aral-Syrdarya and Zhayik-Caspian, it consists more than 90 % of water resources in total.

In general Kazakhstan water resources are unevenly distributed across regions. Thus 34.5 % of all water
resources are in the Eastern region, 4.2 % in the North, 2.6 % in the Central region, 24.1 % in the South,
21.2 % in the Western South, 13.4 % in the West.

Total resources of fresh water are estimated at 524 km® including 80 km” of water locating on the glaci-
ers, 190 km® of water are concentrated in lakes, the resources of the rivers contain 101 km’. Reserves of
groundwater make up 7.6 km’, including next points: for domestic and drinking water supply — 5.6 km’; for
household, drinking and industrial and technical water supply — 0.4 km’; for domestic and drinking water
supply together with irrigation of land — 1.3 km” [3].

At present 67 % of the population of Kazakhstan can use the central system of drinking water supply,
while in Russia this figure is 89 %, in Great Britain, Germany, France, Singapore and Israel it is almost
100 %. Access to the centralized system of water disposal is less than half of the country's population, in
Germany and France — 93 %, the UK — 98 %. By 2040 it is expected to increase the irretrievable consump-
tion of water for public utilities up to 1.4 km’ (an average of 1.9 % per year). The population growth is pro-
jected to 20.8 million people, which will lead to an increase in water consumption up to 35 %, while the ur-
ban population will increase from the current 53 % to 73 % due to the formation of agglomeration centers on
the basis of the largest cities of Kazakhstan such as Astana, Almaty and Shymkent with a population of at
least two million people as well as Aktobe and Aktau which have a high proportion of the able-bodied popu-
lation and where small and medium businesses are most actively developing. As the country develops other
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major cities of Kazakhstan may become centers of agglomeration, which will require the construction of a
new water infrastructure to meet the needs of the growing population of agglomerations in water supply and
sanitation [3].

The situation with lack of affordable drinking water, waste water and waste water treatment is aggra-
vated by the backlog in the technical support and repair of the existing infrastructure of centralized water
supply. A significant part of the communal infrastructure is in a dilapidated state, which leads to high water
losses. On a nationwide scale they account for about 40 % of the total amount which is significantly higher
than in countries such as the USA (11 %), Russia (21 %), the UK (23 %). One of the reasons for the backlog
in infrastructure development is the weak tariff setting mechanism, which does not allow covering operation-
al and investment costs [4].

The general unsatisfactory state of assets (over 60 % worn ones) worsens the quality of the services of
centralized water supply. The efficiency of public services in Kazakhstan lags behind those of the United
Kingdom, Italy, and Russia: there are 1.5 to 4 employees per thousand water users, while it is 0.3 to 1.3 per-
son in other countries [5].

In general the gradual economic recovery of the demand for water will increase as the population be-
comes larger. In this connection it is necessary to carry out large-scale works on saving and rational use of
water resources [5].

Parameters of drinking water quality standards in Kazakhstan generally correspond to European stand-
ards and the World Health Organization, but the levels of the maximum allowable values of international
standards, for example, for turbidity, are often more stringent.

According to the Committee for Consumer Protection of the Ministry of National Economy of the Re-
public of Kazakhstan, the main reasons affecting the quality of water in open reservoirs are:

—non-observance of the size of water protection zones,

— the formation of spontaneous household dumps,

— effluent of industrial and agricultural objects,

—accommodation of residential and industrial facilities on the banks of river beds without coordination

with the sanitary epidemiological service, accidents on sewer networks, and others [3].

The level of surface water pollution was estimated from the complex index of water pollution (IWM),
which is used to compare and identify the dynamics of water quality changes and varies insignificantly from
year to year (Table 1).

Table 1
Distribution of water bodies with a class of hazard
Amount of water bodies
Class of hazard 2011 2012 2013 2014 2015
«Pure» 13 (15.3 %) 23 (21.5 %) 25 (22.9 %) 18 (16.2 %) 10 (9.9)
«Moderately polluted» 52 (61.2 %) 49 (45.8 %) 52 (47.7 %) 49 (44,1 %) 65 (60.8)
«Polluted» 12 (14.1 %) 26 (24.3 %) 17(15.6 %) 28 (25.2 %) -
«Dirty» 5(5.9 %) 6 (5.6 %) 6 (5.5 %) 11(9.9 %) -
«Very dirty» 1(1.2 %) 2 (1.9 %) 9 (8.3 %) 3 (2.7 %) 33 (28.3)
«Extremely dirty» 2 (2.35 %) 1 (0.9 %) - 2 (1.8 %) 1(1.0)

In 2014-2015 the number of water bodies of the class «pure» has decreased compared with 2012-2013.

In 2015 the number of water bodies with the class «very dirty»(33) increased compared with 2011-
2013 (2011 — 11,2013 —2,2013 —9).

The observations on the quality of surface waters by hydro chemical indicators were carried out at 215
hydro chemical stations, which were distributed in 88 water bodies in 2011; then 240 hydro chemical sec-
tions were distributed for 104 water bodies in 2012. In 2013-2015 observations were made on 240 hydro
chemical stations, which were distributed on 109 water bodies, namely 71 rivers, 16 lakes, 14 reservoirs,
3 canals, 1 sea [3].

Constant water pollution occurs in water bodies on the territory of the East Kazakhstan area, Karagan-
da, Aktobe, Zhambyl regions by heavy metals, nutrients and organic substances, in connection with the his-
torical discharges of chemicals (the river Ilekbor, pollutant is chrome), a historical accident at a chemical
plant (Lake. Biilikol — increase in BODS), obtaining of purification discharges from mining and mining en-
terprises (the rivers Cherubaynura, Kara-Kengir, Sokyr, Nura, pollutants are nitrogen nitrite, ammonium salt,
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copper, zinc, oil products, phenol S), (the rivers Krasnoyarka, Breksa, Tikhaya, Glubochanka, pollutants are
zinc, cadmium, copper, iron, manganese, ammonium salt) (Table 2).

In addition, excess MPCs are fixed due to high background concentrations of chemicals in the regions.
For example, in the basin of the river Tobyl there were manganese, nickel, iron; in the mountain rivers of the
Ile river basin copper, fluorides were; In Balkash — Alakol systems of lakes and lakes of Shchuchinsk —
Borovoe resort zone there was high mineralization.

Table 2
Information on pollution of surface waters of the Republic of Kazakhstan
Name of water body, region Level of pollution Name of pollutants
Elek river (Aktobe region) «Very dirty» Boron, chromium (6+), ammonium saline
Esil river (Akmola region) «Very dirty» Nitrogen, manganese
Glubochanka river «Very dirty» Zinc, manganese
(East Kazakhstan)
Brex river (East Kazakhstan) «Very dirty» Zinc, manganese
Tikhaya river (East Kazakhstan) «Very dirty» Zinc, manganese
Krasnoyarka river «Very dirty» Zinc, manganese
(East Kazakhstan)
Ulba river (East Kazakhstan) «Very dirty» Zinc, manganese
Tobyl river (Kostanay region) «Very dirty» Manganese, nickel
Nura river (Karaganda region) «Very dirty» Manganese, nitrite nitrogen
Kara Kengir river «Extremely dirty»  |Ammonium saline, manganese, nitrite nitrogen
(Karaganda region)
Kokpekty river «Very dirty» Manganese
(Karaganda region)
Samarkand Reservoir «Very dirty» Manganese
(Karaganda region)
Sokyr river (Karaganda region) «Very dirty» Manganese, nitrite nitrogen, ammonium salt
Cherubai-nura river «Extremely dirty»  |Manganese, nitrite nitrogen, ammonium salt
(Karaganda Region)
Nura-Yesil Channel «Very dirty» Manganese
(Karaganda region)

Pollution and scarcity of water resources constitute a serious environmental problem for the sustainable
development of Kazakhstan. Currently rational use of water resources is an extremely urgent problem. This,
above all, protecting water areas from pollution, and since industrial wastewater is the first in terms of the
volume and damage that they cause, it is first of all necessary to solve the problem of dumping them into riv-
ers. In particular, it is necessary to limit discharges into reservoirs, as well as improvement of production,
purification and utilization technologies. Also it is important to collect charges for the discharging sewage
and pollutants and to transfer levied funds for the development of new non-waste technologies and treatment
facilities.

Apparently, the ways to solve the problem of water resources pollution in Kazakhstan lie primarily in
the development of a developed legislative framework that would allow to really protect the environment
from harmful anthropogenic impact, as well as to find ways to implement these laws in practice.
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Ka3zakcran Pecnmy0iMKaChIHBIH KePYCTi CYJIAPbIHBIH CAllaChIH CapanTay

Maxkanana Kazakcran PeciiyOnUKachbIHBIH CY KOPJIApBIHBIH JKaFJaiblH Oakbuiay MOIIMETTEpi caparnTalijibl
JKOHE KOPBITBUIABL. Ka3akCTaHHBIH ©3€HIEpI MEH KeJiepi €l XalKbIMEH OpTYpsi KaXKeTTeJiKTepre
KOJIIaHBUIATHIH CY KO3i, COHABIKTAH KapaMIbl CyJiap KOpbI a3ar0/a, ajl OFaH JAEreH KaKETTLIIK eJ/iH opTypJi
aifiMakTapbiHa OM3HECTIH KeHEI0IMEH JKoHe ipi KamanapasiH qaMmyMer aptyzaa. CoHabIKTan 6ap cy KopiiapbiH
CaKTay JKOHE THIMAI KOJIJaHy e3eKTi Ooubin TaObLIanbl. Makanaja amblK pe3epByapiapAarbl Cy carnachlHa
acep ereTiH (akTopiap *KSHE COHFBI Oec JKbUIAAa TYIIBI Cy KOpJapblH Oakbliay HOTHIKeNepl KelTipiireH.
ManimerTepi capanrtay >Kallbl SKOJOTHSUIBIK XKaFAaiIblH HalapiaraHblH kepcerTi. «Ta3a» caHaTTarbl cy
KOPJIapBIHBIH CaHBI a3aifblll, aJl «J1ac» KOHE «OTE JIac» CaHATTaFbl Cy KOPJApbIHbIH MeJuiepi apryaa. lIsrsic
Kasakcran aynaniapsi xoHe Kaparanasl, Akre6e sxxoHe JKamMObU1 00JIBICTAph €H JIaCTaHFaH aiiMaKTap OOJBII
Tabbu1apl. OH Gec cy KOpJapbIHBIH JIaCTaHy JOPEKECi aHBIKTaJ[bl, HEri3ri JIaCTaHABIPFHIITAP OOJIBII
MBIPBILI, MapraHel, HUKeJb jKOHE a30T KOCHUIBICTApbl eKeHi TaObuIAbl. KepceTinreH ManiMerTep arblHIBI
CyNlapIblH apTybIMEH TYINBI CYABIH JIaCTAHYbIHA HETi3[eNreH KYypAeNii Mocesenepii IIenry KaKeTTiriHiH
JI9JIeTl JKoHEe OYJ1 MOCceIeHi Ienry KopIiiaFaH OpTaHbl aHTPOHOTeH Il (haKTOPIBIH 3USIHIbI 9CEpiHeH KOpFayFa
MYMKIiHZiK O€peTiH 3aHABIK TYPFbIaa O0IybI KaXeT.

Kinm ce30ep: Kazakctan PecryOnukacbsIHBIH Cy KOpJaphl, ©3€HIED, JacTaHy, JacTayllbl 3aTTap, KOpLIaraH
OpTaHbl KOpFay.

I'.I'. baiikenoga, T.B. beni, JI.M. Cyrpanuna

AHaJn3 Ka4yecTBa NOBEPXHOCTHBIX BOA PecnyOuuku Ka3zaxcran

B cTarbe 000011eHb! 1 TpOaHANTN3UPOBAHEI JaHHBIE HAOIIOJCHUH O COCTOSIHUM BOJHEIX pecypcoB PecrryOmm-
xu Kazaxcran. Pexu n o3zepa Kazaxcrana sBISIIOTCSI HCTOUHHKAMH BOJIBI, TOTPEOIISIEMOI HACEIIEHHEM CTPaHBI
JUISL pa3JIMYHBIX HYXI, TIPH 3TOM 3aIIachl IPUTOTHOM BOJBI YMEHBIIAIOTCS, a MOTPEOHOCTE B HEH pacteT B
CBSI3M C Pa3BUTHEM KPYNHBIX TOPOJOB M pacHIMpeHHneM OM3HEcCa B Pa3IMUHBIX PErMOHaX cTpaHsl. IlosTomy
npo6ieMa COXpaHeHUs M PAIOHANBHOTO UCTIOIb30BAHHS UMEIOIUXCS BOJHBIX PECYPCOB SBIISETCS aKTyallb-
HOH. B cTathe ykazaHbl (pakTOpBI, BIUAIOMINE HA KAYECTBO BOABI B OTKPBITBIX PE3€PByapax, a TAKKe Pe3ylib-
TaThl HAOIIOJEHUH 3a MCTOUYHMKAMM IPECHOII BOIBI 3a MATh JIeT. AHAIN3 MPEICTaBICHHBIX JAHHBIX CBHIE-
TENBCTBYET 00 YXYALIEHHU SKOJOTMUECKOH OOCTAaHOBKM B IeJIOM. UHCIIO BOAHBIX PECypcoB Kiacca «JHc-
ThIIl» YMEHBIIAETCS, @ KOJMYECTBO MCTOYHHMKOB BOJBI KIIAcCa «TPA3HBIN» U «OYEHb I'PA3HBID) yBeIMUYMBa-
ercst. OTMedeHo, 94To HanboJiee 3arpsi3HEHHBIMU PETHOHAMU SBJIIOTCS Tepputopru Boctounoro Kasaxcrana,
Kaparangunckoif, Axrioounckoit 1 XamObackoi obnacteil. bein onpenenen ypoBeHb 3arpsi3HEHHS IISITHA-
JaTH BOJHBIX MCTOYHHMKOB. OTMEUYEHO, YTO OCHOBHBIMH 3arpsA3HUTEISMH SIBISIIOTCS LIUHK, MapraHell, HH-
Kellb U COEMHEHHUS a30Ta. AHAIN3 MPEACTABICHHBIX JaHHBIX CBUAETENBCTBYET O HEOOXOAUMOCTH PEICHUS
cepbe3HOi MpobaeMbl, 00yCIOBIEHHON 3arpsA3HEHUEM MPECHOH BOIBI U3-3a YBEIHMUYEHHUs KOJIHUYECTBA CTOY-
HBIX BOJ, MPUYEM ITyTH PEIICHUS 3TON MpOOIEMBI JOIKHBI UMETh 3aKOHOAATENbHYIO OCHOBY, UYTO MO3BOJIUT
3aIIUTHTH OKPY’KAIOLIYIO Cpey OT BPEJHOTO BIHSHUS aHTPOIIOT€HHOTO (hakTopa.

Kniouesvie cnosa: Bomubie pecypcbl Pecniyonuku KazaxcraH, pexu, 3arpsi3HEHHUs, 3arps3HSIONIAE BEIICCTBA,
3alllMTa OKpYXKarolen cpepl.
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Implementation of new forms of works for formation of skills
of information critical analysis

Technology of critical thinking development aimed at gaining new knowledge, including on the basis of
knowledge which is already available through its critical analysis. The main condition for the development of
critical thinking is not a presentation of a specific and limited amount of information, but motivation of inter-
est in the Chemistry study, the critical assessment of the proposed theoretical and empirical material by stu-
dents and then synthesizing them in their activities. To develop skills of critical analysis the new forms of in-
dependent work have been introduced. With the aid of reflexive questions the students’ attitude have been as-
certained. There are many techniques and strategies to generate critical thinking. In this paper we have high-
lighted some of the most popular and productive methods, besides it was necessary to take into account the
possibility of its use in Chemistry lessons. Each method allows diversifying the learning process, which often
consists of one activity: written or oral.

Keywords: critical thinking, modernization, analysis, reflection, Venn diagram, techniques, strategies, presen-
tation.

Creation of conditions and the use of various learning tools that can generate students' critical thinking
is one of the main tasks of the successful implementation of the modernization of education, so now many
educators and psychologists conducted theoretical and empirical search for the creation of these conditions.

Students themselves should set goals and choose ways to achieve them, to use the knowledge acquired
at school in real life, beyond the educational process.

Critical thinking development technology aimed at obtaining new knowledge, also on the basis of
knowledge already available through its critical analysis. In more detail about technology of development of
critical thinking, about the methods and strategies proposed by it, it is described in this source [1; 89]. For
example, an effective study of the theme pH of the solutions is possible only with thorough knowledge of
such concepts as hydrolysis, dissociation, strong, weak acids and bases. l.e. studied information should have
a causal relationships and a logical sequence. It is also important that students do not perceive the infor-
mation received from the teachers as undeniable truth without the possibility of its sequential analysis. For
example, when studying the theme «The structure of electron shells» distribution of electrons along energy
levels (electron arrangement in cells) is perceived as a given, or that in a molecule consisting of two different
kinds of atoms, such as CO,, is polar covalent bond, although this oxide is not pole.

With the development of information technology, the Internet, everyone can access the specialized
knowledge at any point and almost instantly. Simultaneously with the appearance of unlimited access abso-
lutely to all information, is increasing the risk of links, the study of unreliable sources with not quite trust-
worthy information.

Considering all the above arguments, first-year students need to develop the ability to critical analysis
of information. For this you can use new forms of independent work, contributing to the development of crit-
ical thinking.
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We carried out a pedagogical experiment on the subject «Chemistry of elements» classes, in which took
part first-year students. Earlier we have written an article about implementation of techniques and strategies
proposed by technology of development of critical thinking and the impact of these forms of work on the
learning activities of schoolchildren [2]. Only the first year students were selected to participate in the exper-
iment, as schools still maintained the linear system of training represented by a class-and-lesson form of or-
ganization of educational process, where students study subjects strictly sequentially in a specific amount for
a certain period in the classroom. Universities Students use a credit system, which is aimed at increasing the
level of self-education, and to individualization student learning pace. Therefore, first-year students are less
prepared for the individual form of organization of learning, where they have to develop knowledge on their
own. It is also one of the reasons why the first year students took part in the experiment is that at school stu-
dents use one or two books, when they come to University, they do not have a unified textbook for learning.
This is also one of the difficulties in finding and studying the information.

The aim of the pedagogical experiment was to teach the students a critical analysis of incoming infor-
mation. The experiment was conducted in a period of 4 months, 24 people were involved. According to the
program of the discipline at every lesson describes a specific group of elements, such as group 15, group 16
and their separate agents, the compounds which they form and characteristic properties of these compounds.
To maximize the assimilation of information flow through its critical analysis, we decided to use the group
training that has allowed us to analyze simultaneously emotional and functional comfort of students when
training in groups.

Before reading every lecture on the topic of discipline students write their own abstracts. To evaluate
the effectiveness of composed abstracts the students were asked to answer a number of questions on the top-
ic, using only their abstracts. At the end of the lesson the students were asked the following questions:

1. Do you consider your abstracts effective?

2. The abstracts helped you when answering the questions?

3. Do you consider you need to learn how to compose more effective abstracts?

The survey revealed that the majority of students believe that their abstracts were imperfect. For most
students abstracts are mechanical rewriting of the text from the textbook, without analyzing the information,
which entails a lack of systemacy of knowledge For example, students describe the sectors that use nitrogen,
but they cannot explain why it is used, due to what property it is widely used in a particular sector.

Before the start of the experiment we have chosen the form of independent work that promote the de-
velopment of critical thinking skills, that as a result would have led to mastering the skills of presenting the
results of their analysis in a variety of forms: a collective presentation, a Venn diagram and schemes.

Presentation (duration 15-20 minutes) is prepared by students who were previously divided into groups.
For example, in the lesson on the topic «15 group», where the main members are nitrogen and phosphorus,
as the basis for the dividing of students into groups, we used the degree of oxidation of specific for the given
elements. If a student receives a card with a «+5», then he falls into the group, which had to characterize all
nitrogen compounds, where it has an oxidation state +5. The main requirements for the presentation were:
own critical analysis of information, close contact with the audience, persuasiveness and creative presenta-
tion of information using the examples. Perhaps, work on a collective presentation helps to gain the greatest
number of skills and competencies, as besides analytical skills also develops an ability to assign responsibili-
ties, skills of oral effective presentation.

After the completion of work the students have been proposed a number of issues for introspection,
where the students had to answer yes or no:

1. I analyze in detail the content of the training material and carry out its selection.

2. I propose to the group the ideas to maximize the presentation effectiveness of the material.

3. Build the logic and sequence of presentation of educational material in preparation for presentation.

4. Plan my speech according to the requirements of the presentation.

After processing the survey results, the following data were obtained: 62 % of students rate their educa-
tional activity as high, 38 % — as low.

For clarity the results of the responses to questions for introspection are presented in Figure 1.
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38 %__

62 %

HYes

No

Figure 1. Student’s introspection

Also one of the new forms of work has been the development of schemes. The scheme is used for the
visual structuring of a theme, allocation of the main structural elements and establishing links between them.
These schemes help the students to see not only the features of the objects, but also allow you to memorize
the information faster. The scheme allows preparing homework more qualitatively, since it is already a fin-
ished reminder that was made on the lesson. It is necessary to ask questions to those who made the scheme.
These questions should be free-response questions. This work has allowed to develop in students besides the
ability to work to the text, the following skills: highlight keywords, organize the necessary information, ana-
lyze, compare and summarize information, development of monologic speech, as well as the students have a
need to look for additional information, as it happens that not all the issues are covered in class. These ques-
tions remain as homework, which takes the form of fascinating work with information.

Another form, used by us for individual work of students is Venn diagram. The first technique was de-
scribed by English scientist John Venn in his book «Symbolic Logic». This is a graphical way that is used
when you need to compare two or more concepts, methods, objects. «Venn diagram « help to identify com-
mon in two or more events, highlight the differences and summarize knowledge on the stated topic [3; 175].
A lesson identifies two or more concepts, terms, events that you need to compare. For example, it is possible
to compare the structure and properties that are inherent in nitrogen and phosphorus (Fig. 2). Students draw
diagrams, fill the graphs. At the stage of comprehension takes place a discussion of diagrams in groups.
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Figure 2. Venn diagram for nitrogen and phosphorus

At the last lesson we carried out self-reflection in order to identify the perception of students of new
forms of work. For this the students were given questionnaires with the following questions:
1. Did you like the new ways of working with information?
2. Did you easily manage with providing information in the form of schemes, diagrams and presenta-

tions?

3. What do you think, whether this ways of work help to improve the quality of knowledge in the disci-

pline?

4. Would you like to continue to use these ways of work on the lessons?
After processing the survey results, the following data were obtained (see Table).
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Table

The results of survey

Answers Number of students %

Yes 14 59

No 8 33
Difficult to answer 2 8

The results of this survey are shown in a Figure 3.

8 %

33%

HYes No Difficult to answer

Figure 3. The results of survey

As the results of the survey, most students liked the new ways of work, and they would like to use them
in future.

Despite the variety of approaches to the study of the problem and opinions of different scientists, there
is a common opinion that critical thinking which is developed enough is an integral part of an effective
teaching, good training material possession and use of the information obtained in ordinary life.

There are many techniques and strategies to generate critical thinking. In this paper we have highlighted
some of the most popular and productive methods, besides it was necessary to take into account the possibil-
ity of its use in Chemistry lessons. Each method allows diversifying the learning process, which often con-
sists of one activity: written or oral.

When using this program, the teacher is not just a source of new information, but also helps in a quality
assimilation of information.

References

1 Koxubacosa I'.T. Hossle Texnonornu B o0ydennu xumun / I'.T. KoxubacoBa. — Kaparanna: M3zn-so KapI'V, 2016. — 141 c.

2 Koxkubacosa I'.'T. ®opmupoBaHue KPUTHYECKOrO MBILLICHHs ydamuxcs B npouecce obydenus xumun / [.T. Kokubacosa,
M.M. Abumesa, K.K. Cepukosa /Bectuuk Kaparana. yu-ta. Cep. Xumus. — 2016. — Ne 2(82). — C. 89-94.

3 3aup-Bex C.U. Pa3Burue kputnueckoro Muiuutenus na ypoke / C.1. 3aup-bek, U.B. MymraBunckas. — M.: TIpocsenienue,
2011.—223 c.

I'.T. Kokubacosa, K.K. CepuxoBa, M.M. A6umena, C.X. Ka3raesa, A.)K. bencosa

AKNapaTThl CbIH TYPFBIAAH TAJNJAY AAFABLIAPBIH KAJIBINTACTBIPY
YUIiH )KYMBICTBIH KaHA TYPJIePiH eHri3y

ChIH TYpFBIIAH OIJIayIbl JAMBITY TEXHOJIOTHSICHI JKaHa OUTIM anyFa, OHBIH iIIiHAE OHBI CBIH TYPFBIAAH Talaay
KOMETiMEH ajblHFaH OiUTiM Heri3iHe OarbITTaaFraH. AKMapaTThl MICKTEITCH KOJICMIC >OHE TOJBIKTAM
GasiHIamay, ai oNapIblH XMUMUSHBI 3ePTTEYre IereH BIHTACHIHBIH OSHYBIHA HTEPMeey, OepiireH TeopHsUIbIK
JKOHE IMITUPHKAIBIK MAIIMETTEpl OKYILIbUIAP/ABIH ChIH TYPFBICHIHAH Oarajaybl )oHe Oy/aH opi onapibl 3
MYJZECiHE KOJIIaHyFa KUHAKTAY alybl ChIH TYPFBICBIHAH OflIayablH HErisri mapthl 00Jbin Tadbitaasl. ChlH
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1

TYPFBIIAH Talay AaFIbUIapbiH KaJBIITACTHIPY YIUiH ©3IHIIK )KYMBICTBIH JKaHa TYpi eHri3iimi. Pediexcunti
CYpaKTapJIblH KOMETIMEH CTYICHTTEPJiH JKYMBICTBIH jKaHa TYpiHE AEreH Ke3KapacTapbl aHbIKTauabl. ChblH
TYPFBICBIHAH OWIayabl KaJbINTACTHIPYFa MYMKIHAIK OCpeTiH amaniap MeH XYMBIC Typiepi >KeTKUTKTI.
Toxipubene TaHbIC, TYCIHIKTI, opi ©HIMAI OipHEIIe )KYMBIC TYpJepi KOJIAHBUIIbI, MYHBIMCH KOCa OJIapJIbIH
XUMHsS cabaKTapbIHAa KOJIJAHBLUTY MYMKIHJIKTEPiH eckepy KaxeT 0oyabl. Byt aman-Tocinmepin opKaiichichl
OKBITY YPJICIiH TYpICHAIpyre MYMKIHIIK OepeTiH Oip )KYMBIC TYpiHEeH KypayraH (>ka30alia HeMece aybI3Iia).

Kinm ce30ep: CBIH TYpFBIIAH Oiinay, >KaHapTy, Tangay, peduexcusi, BeHH pmarpammacel, Tocimzep,
CTparerus, TycayKecep.

I'.T. Kokubacosa, K.K. Cepukoa, M.M. Abummea, C.X. Ka3raeBa, A.)K. beucosa

Buenpenune HOBBIX opM padoThl A1 (OPMHUPOBAHUS HABBIKOB
KPHUTHYECKOI0 aHAJIHN3a HH(popMannu

TexHoorust pa3BUTHS KPUTHIECKOTO MBIIUICHHS HAlpaBJIeHa Ha IIOJyYeHHEe HOBOTO 3HAHMS, B TOM HCIIC H
Ha OCHOBE YK€ MMEIOIIErocsl 3HaHMs IIPU ITOMOIIHU €ro KPUTHYECKOTO aHaiu3a. [ JTaBHBIM yCIIOBHEM pa3BH-
THUSI KPUTHUYECKOTO MBIIIICHHS SIBISICTCS HE M3JI0)KEHNE KOHKPETHOTO U OTpaHHYEHHOro o0beMa MH(OpMa-
UM, a IPOBOLMPOBAHUE MOOYKACHHS HHTEepeca K N3y4eHHIO XUMHH, KPHTHIECKOTO OIIEHUBAHUS YICHHKaAMHU
HPEIOKEHHOTO TEOPETHYECKOTr0 M AMIMPUYECKOr0 MaTepuala M Jajnee CUHTE3UpOBaHHUE UX B CBOCH aes-
teabHocTH. [t popMHUpOBaHUs HABBIKOB KPUTHYECKOTO aHAIM3a ObUTH BHEAPEHBI HOBbIE ()OPMbI CAMOCTOS-
TelabHOH padoThl. C MOMOIIBIO Pe(IEKCHBHBIX BOIPOCOB YCTAHOBJICHO OTHOIICHHE CTYACHTOB K HOBBIM
¢dopmam pabotsl. CyliecTByeT OrpoMHOE KOJHYECTBO IPHEMOB U (HopM pabOThI, MO3BOSIIOLIMX cHOpMUPO-
BaTh KPUTHUYECKOE MBIIIIEHHE. B 1aHHOM 3KclieprMeHTe ObIIM IPUMEHEHBI HECKOJIBKO Hanboee HOMmyJsip-
HBIX U IPOIYKTHBHBIX ()OPM PabOTHI, K TOMY K€ HEOOXOANMO OBIIIO yIHTHIBATH BOZMOXKHOCTH UX IPUMEHe-
HUSI Ha 3aHATHAX 110 XUMHUH. KaxIpIii 13 IpHeMoB I03BOJISLT pa3HOOOPa3UTh y4eOHBIH Ipolece, KOTOPHIH 3a-
YaCTYIO COCTOHT M3 OJHOTO BU/A NEATEIBHOCTH: MIMCEMEHHOTO WM YCTHOTO.

Kniouesvie cnosa: xpuTnueckoe MbIIUIEHUE, MOJEPHU3ANNUS, aHaNu3, pediekcus, quarpamma Benna, mpue-
MBI, CTPATErHH, MPE3EHTALIHS.
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