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PRECIPITATION OF METAL HYDROXIDES FROM AQUEOUS SOLUTIONS AS A RESULT
OF SPONTANEOUS CONDENSATION OF POLYNUCLEAR HYDROXOCOMPLEXES

Background. Generally, it is assumed that the formation of a solid phase (precipitate) happens when the activities
of the involved ions would exceed those defined by the thermodynamic solubility product. However, in case of
precipitation of metal hydroxides, this is a simplification, and the real pattern is more complicated, since metal ions
form strong mono- and polynuclear hydroxocomplexes in a solution. Formation of such complexes, especially those
with zero charge, should result in the deviation from the common solubility product rule.

Objective. The aim of this paper is to develop a precipitation model, which takes into account the effect of the for-
mation of the hydroxocomplexes on the solubility of a metal hydroxide. Eventually, this solubility includes the sum
of the concentrations of metal ions, and all neutral, positively and negatively charged hydroxocomplexes involved
in all equilibria in aqueous solution.

Methods. We assume that formation of the solid precipitate is the result of spontaneous condensation of polynuclear
neutral hydroxocomplexes when their concentrations in a solution exceed a certain critical value. These critical
concentrations can be estimated from the consideration of all equilibria with the assumption that the equilibrium
constants for the formation of neutral polynuclear complexes when their nuclearity increases by one are approxi-
mately equal and do not significantly depend on the size of the particle.

Results. Using this approach, we developed the model, which predicts spontaneous condensation with formation of a
precipitate. Also, we calculated the dependencies of pH-logC,; for precipitation of various divalent cation hydroxides.
It was shown that there exist minimal concentrations, below which no precipitates are formed at any pH value.
Conclusions. Such approach also explains the nature of linear correlations between logarithms of solubility products
and stability constants of neutral complexes described in literature. These results are important for the development
and optimization of industrial wastewater treatment processes.

Keywords: solubility; metal hydroxides; metal hydroxocomplexes.

Introduction

Precipitation of metal hydroxides is used in
technological processes such as preparation of
various oxide materials [1] and removal of harm-
ful metals from wastewaters [2, 3, 4—6]. Thus,
for such practical applications, it is important
to understand the conditions for precipitation of
sparingly soluble species from solutions. It is also
important for a student who studies Analytical
Chemistry. Generally accepted is the assumption
that the formation of a deposit occurs when the
product of the activities (concentrations) of ions
exceeds the solubility product. In case of hydrox-
ide deposit formation M?* + 20H~ = M(OH),J,
it is C,,C}, > K,, where Cy, is the total concen-
tration of M in a solution and K; is the solubility
product. In this paper, we shall demonstrate that
this condition is only simplification which is valid
at rather high concentrations of metal ions. The
reason is the formation of hydroxocomplexes in
the solution.
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Problem statement

The aim of this paper is the development of
the theoretical model which takes into account the
formation of polynuclear complexes and compar-
ing the predictions of this model with the available
experimental data.

Theory

It is generally assumed that the value of solu-
bility product (K)) must be attained for a deposit
to form. In case of metal hydroxide precipitation,
this condition is

Cucon 2 K,. (1
Or, in terms of pH,
logC,, =28 -2pH - pK_, 2)

where p means, as usual, —log.
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Thus, knowing the value of solubility product,
the pH of a deposit formation can be calculated for
each concentration of the solution.

We will further show that the condition (1) or
(2) is a simplification and the real pattern is more
complicated.

In acidic solutions, ions M?" exist in form of
aquacomplexes [M(H,0)(]**. As the acidity of the
solution decreases (pH increases), mixed aquahy-
droxocomplexes begin to form by substitution one
or more water molecules with hydroxyl ions in the
inner sphere of the complexes. When writing the
reaction of their formation, the water molecules
are usually omitted, and the corresponding equi-
libria are represented as follows:

C

M2 + OH-SM(OH)", B, =~ = (3)
MmCon
C

M + 20H SM(OH),, B, = —2:  (4)
CmCoHn

The equilibrium constants B, (3) and B, (4)
are generally known as formation constants or sta-
bility constants of the complexes.

Similarly, for M3+ cations

_ CMm(on)

M?* + OH-SM(OH)*, B, = ,

MCoH

; - . Cm(on),
M3 + 20H sM(OH)*,, B, = PR

MCoH

Cm(on),
3
MmCon

The M(OH), and M(OH), complexes, which
are not charged, can “condense” to form polynu-
clear complexes:

M(OH), + M(OH),5M,(OH),,
M,(OH), + M(OH),SM;(OH),

M?* + 30H-SM(OH),, B, =

Mn—l(OH)Zn—Z + M(OH)ZSMn(OH)Zn (5)
Similarly, for M3 cations
Mn—l(OH)3n—3 + M(OH)BSMn(OH)m (6)

The reactions (5, 6) are the outer sphere in-
teractions in which each polynuclear complex joins
one molecule of mononuclear particle thus increas-
ing its nuclearity by one. The equilibrium constants
(condensation constants) for M complexes

M, (OH),,
K, = o) ()
M, (on),,_,M(on),
and
c
Kc3 — M”(OH)ZII . (8)
C

M, (OH), ,M(OH),

We believe that the equilibrium constants
(7, 8) should not significantly depend on the num-
ber of metal atoms in each polynuclear complex.
It follows from thermodynamic considerations.
The basic thermodynamic equation for tempera-
ture dependence of equilibrium constant is

dnK  AH
dT  RT*’

&)

where AH is the enthalpy change and R universal
gas constant.

Applying this equation to the “condensation
constants” (7, 8) and integrating, we obtain

InK, . = AH, + const,
c(n) RT

(10)

where AH, is the enthalpy change for each of the
reactions (5) or (6), and integrating const depends
on the entropy change and reference system chosen.

Two new oxygen bridge bonds are formed in
each of the reactions (5), and their energies should
be approximately equal. The entropy changes
also should not differ significantly (one particle is
formed from two particles in each reaction of the
sets (5) and (6)). The same reasoning should be
valid also for the set of the reactions where three
new oxygen bridge bonds are formed. Thus, we
believe that the independence of the constants (7)
and (8) on the number of equilibrium should be a
good approximation. Of course, the condensation
constants for M(OH), and M(OH), must be differ-
ent because of the difference of enthalpy changes.
If we denote the energy of one oxygen bridge bond
formation as 4 and assume it approximately inde-
pendent on the nature of the inner sphere metal
cation, then AH, ~ 2h and AH; ~ 3h. Thus, the
ratio logK,; /logK,, is expected to be about 1.5 if
the effect of entropy change is neglected.

Further analysis is given for the M cations
assuming that all constants (10) are equal. Under
this assumption, concentration of each polynuclear
complex can be related to the concentration of
mononuclear particle M(OH),:

CMn(om),, = Kn_lcl%/l(OH)z ) (11
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Where K is the equilibrium constant for each
of the reaction (8). We shall call it “condensation
constant”.

Total concentration of metal in solution when
the deposit is not yet formed is equal to the sum
of concentrations of aqua complexes M?**, mono-
nuclear hydroxocomplexes M(OH)* and M(OH),,
and polynuclear complexes M, (OH),,. It can be
represented as

Cy = ey +BieyCon+

2 2 2p2.2 4 33,3 .6
+B,y¢mCon (1+B2KcMc0H+B2K cvCont B K cycon+ )

or in more concise form
o0
2 ini i .20
Cy =y +BieyCon + BatmCon ZK Byemcon |- (12)
0

A series in brackets (12) is geometric progres-

sion [7]. It converges when KP,cycoy < 1. In this
case we obtain (13)

2
BrcmCon
1- KBZCMCg)H

13)

Cy =y +BieyCon +

A series diverges when KB,c,coy > 1.

One can see that the behaviour of the con-
sidered system is rapidly changed when the
above-mentioned parameter attains the critical val-
ue equal to 1. Such event when properties of a sys-
tem suddenly and sharply change is usually known
as bifurcation [8].

Thus, the product KB,c,c3, can be con-
sidered as a bifurcation parameter of the system.
When it attains the value 1, the system sharply
changes, and the deposit of hydroxide is formed.

So, the condition for the deposition of hydro-
xide is

1

2
Cv € > —.
mCoH

KB,

(14)

Comparing (1) and (14), we must conclude
that the right term of (14) should be equal to the
solubility product:

K >t
KB,

15)

Two conclusions can be made from the analysis
above.

1. Solubility product depends on the value of
condensation constant and second formation con-
stant of the hydroxocomplex (15).

2. Equation (14) rather than simplified for-
mula (1) must be used as the criterion for the for-
mation of deposit.

To use the criterion (14), concentration of free
M2 ions (cy) must be known. In order to calculate
its value, we assume that most of the metal in
pre-deposition state is still in form of mononuclear
complexes and concentration of polynuclear com-
plexes is negligibly small. Then

_ 2
Cy = em +BimCon + BatuCon
and

Cu

= 2 .
1+ Bicon +BaCon

(16)

m

Substituting (16) into (14) and taking into ac-
count (7), we obtain the formula for calculation of
the pH of the hydroxide deposit formation at any
concentration of the solution. Examples of such
calculations are given in the next section.

Experimental verification

The values of stability constants and solubil-
ity products, which are necessary for calculations,
were experimentally determined long ago and tabu-
lated in many chemical handbooks. Table 1 below
contains the data taken from [9].

Table 1. Reference data for main cations M?*

Cations | logB, pK, logB, | logC; | logC,;,
1 2 3 4 5 6"
Cd 8.33 13.66 | 4.17 -3.5 -5.3
Ni 8.55 14.7 4.97 -3.5 —6.0
Co 9.0 14.8 4.4 -2 =55
Pb 10.8 14.92 6.9 —1 —4.2
Fe 9.77 15 5.56 -3 -5.2
Zn 11.3 17.15 4.4 —4.8 —5.8
Cu 13.68 | 19.66 7 —4 —6.1
uo, 18.6 22 9.8 —1.5 —-34
Hg 21.7 | 25.52 10.3 -2.5 -3.9
Sn 20.64 | 26.2 11.86 | —1.5 —5.5

“ Lowest concentrations when simplified formula
(1) can be used.

* Critical concentration values when hydroxide
deposits do not form at any pH.

“* The value logB, = 4.6 is given in literature.
Evidently, this is a mistake. Most probably, 4.6 is loga-
rithm of not total but stepwise second formation constant.
Assuming this, we obtain the value given in the table.
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Considering the data of Table 1, one can no-
tice that as pK| increases the logB, also increases.
That is, the correlation between these values is ex-
pected. This correlation is shown in Fig. 1.

28+
26+

24

logP,

Fig. 1. Correlation between the values of solubility product
and second stability constant of hydroxides M(OH),

We can see that the strong (R = 0.9566) linear
correlation between pK and logB, does exist:

pK, = logB, + (5.12 + 0.31). (17)

Evidently, it proves that the condensation
constant is not significantly influenced by the
number of reactions (8), as well as by the cation
nature, as it was expected from the thermodynam-
ic consideration above. Then, from (17), the value
of condensation constant is equal to (18):

logK, = 5.12 + 0.31. (18)

Using the value of this universal constant, we
can predict the unknown values of second stability
constant for the cations for which the solubility
products are known. Some of such predicted values
are given in Table 2.

Table 2. Predicted values of second stability constants for
some cations M?* which solubility products are known

Cation pK, logp,
Be 21.2 16.1
HfO 34.5 29.4
Mg 10.74 5.63
Mn 12.72 7.62
Pt 35 30
PuO, 20.5 15.4
TiO 29 24
VO 22.13 17

Similar pattern is observed for M3* hydro-
xides. To build the correlation for these cations,
the values of logf, and solubility products pK were
taken from [10].

In this case the strong (R = 0.9263) linear
correlation between pK; and logB, also exists (Fig. 2).
From the correlation of Fig. 2, one can obtain (19)

pK, = logP, + (7.26 £ 0.46). (19)

Hence, the condensation constant is equal
to (20)

logK, ;) = 7.26 + 0.46.

(20)

40-

354

pK;

30-

25

15 20 25 30 35 40

Fig. 2. Correlation between the values of solubility product and
second stability constant of hydroxides M(OH),

It is worthwhile to note that the ratio
logK, 3 /logK,, = 1.42, which is in agreement with
the thermodynamic considerations (see above).
If we, as before, assume that enthalpy of forma-
tion one new oxygen bridge bond (4) and entropy
change does not depend on the nature of cation
(at least approximately), then we can calculate the
enthalpy from the condensation constants using
equation (10):

h
2.3(log K, —log K ;) =27 (21)

As follows from (21), A= —12.1 kJ.

The linear correlations between logarithms of
solubility products and stability constants of neutral
hydroxocomplexes were first described in [11, 12]
in forms of purely empirical linear equations
logB = a — blogK(a = —11.44, b = —1.290 for
M(OH), [I11]; a = —13.12, b = —1.184 for
M(OH); [12]). The author did not discuss the phy-
sical meaning of the empirical coefficients a and b.
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The attempt was made [13] to establish the
origin of the correlations. The authors correctly as-
sumed that the coefficients 4 should always be 1 and
attributed coefficient a to the concentration (activity)
of neutral hydroxide molecules in equilibrium with
the hydroxide deposit in the solution. However, the
authors admit that they do not understand the reason
why this activity is constant for each hydroxide.

In our opinion, the guess [13] is reasonable.
In terms of our model, where the coefficient a is
equal to the reverse condensation constant, at larger
values of n in equilibria (8) or (9), the concentra-
tions of M, ,(OH),,_, and M (OH),, species (8) or
M, (OH),, ;and M, (OH),, (9) should be approxi-
mately equal. Thus, as follows from (10) and (11),
1/ K, = cyon, for M*" and ¢y oy, for M?* cations.

We believe that our model explains the or-
igin of linear correlations in a more natural way.
Moreover, it permits to calculate the values of pH
when a hydroxide begins to form a precipitate as a
function of concentration of a metal in a solution.
For such calculations, the values of all stability con-
stants (not only neutral complexes) must be known.
Such data are not available for M3* cations. Thus,
we performed the calculations only for M?* cations.

Dependence between the concentration and
pH of the deposit formation can be calculated using
formulae (13—15). Using them and replacing the
concentration of hydroxyl ions by pH, we obtain
the working formula for such calculations:

C, =logk, + 1og(102**2p“ +1QMehH-PH | loeh, ). (22)

_2 \j Cd
O
RN
4 \

4 n

Q

4 O

|
N

The dependence (22) should have two asymp-
totes: at low pH values the first term in brackets
prevails and we obtain the straight line correspon-
ding to the simplified formula (2); at high pH
when the last term in the brackets prevail the as-
ymptote is minimal constant concentration when
no deposit is formed at any pH values. This mini-
mum concentration should approximately be equal
to 1/K, that is

—logC,,, ~logK. (23)

The calculations were performed for each
cation of Table 1. The examples of calculated de-
pendencies pH of deposition — concentration are
shown in Fig. 3 for the precipitation of cadmium
and iron hydroxides. Such dependencies for other
cations are similar.

As follows from the calculations, at higher
concentrations and lower pH, simplified formula
(2) can be applied instead of more complicated
dependency (22). The low limits of concentrations
where the formula (2) is applicable are given in
column 5 of Table 1. There are also the minimal
critical values of concentration. Below these values,
no deposits are formed at any pH. These critical
concentrations are given in column 6 of Table 1.
As follows from Table 1, the formula (22) is a bet-
ter approximation than the currently accepted re-
lation (1). It is valid for most of the cations except
for UO,* and Hg*. Both cations slightly fall out of
the correlation in Fig. 1.

Fe

N

4 o\

\'\.
- O\ \.\"l‘l—l
—6 0
. AN
6 7 8 9 10 11 12
pH
b

Fig. 3. pH dependencies of deposition — concentration for Cd**(a) and Fe**(b) ions
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Conclusions

The model was proposed where precipitation
of metal hydroxides begins at certain critical values
of pH and concentrations by means of spontaneous
condensation of neutral polynuclear hydroxocom-
plexes — this phenomenon can be considered as a
bifurcation event. The condensation constant was
introduced. It depends very weakly on the nature
of cations, which was substantiated thermodyna-
mically and proved experimentally.

As follows from the model, the common-
ly accepted criterion (1) for the formation of the
hydroxide deposits is a simplification that can be
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HO. Angpiiiko, O.0. AHZpiliko

OCADKEHHA TOPOKCUAIB METANMIB 13 BOAHUX PO34YMHIB SK HACNIAOK CMOHTAHHOI KOHOEHCALT

NONIAOEPHUX MNAPOKCOKOMIJIEKCIB

MpobnemaTuka. 3aBeeHO BBaxaTw, L0 TBOPEHHS TBepAoi dasun (ocagy) BiAOyBaeTbCA TOAI, KONMU aKTUBHOCTI iOHIB NepeBu-
LLaTb 3HAaYEHHS, BU3Ha4YeHi TepmoanHamiyHMm obyTKoM po3unHHOCTI. OgHak y BUNnagKy ocafpkeHHs rigpokcuaiB Metanis, Lie € Cnpo-
LLEHHSIM, | peanbHa kapTuHa Oyae CKnagHillow Yepe3 yTBOPEHHS B PO34YMHI MILLHUX MOHO- Ta NOniSAepHNX KOMMIEKCIB. Y TBOPEHHS
TaKUX KOMMJeKciB, 0coObnMMBO 3 HYNbOBMM 3apsiAoM, Byae Npu3BoaAuUTU A0 BiAXWUNeHb Bi npaBuna Ao0yTKY PO34YMHHOCTI.

Meta pocnigxeHHs. Po3apobutn mogens ocagKeHHs), L0 BPaxoBye BMUB MiAPOKCOKOMMIEKCIB HA PO3YMHHICTb Figpokcuay
meTany. 3peLuToro, LS PO34YMHHICTb € CYMOK KOHLIEHTPaLi ioHIB MeTany, HeMTpanbHUX, NO3UTUBHO Ta HEraTMBHO 3apsioKeHWX rig-
POKCOKOMMIIEKCIB, WO 6epyTb y4acTb y BCiX BCTAHOBMEHUX Y PO34VMHi piBHOBarax.

MeToauka peanisauii. Po3pobneHHs mogeni ocaikeHHs 3 NpUNyLLEHHSM, WO YTBOPEHHSA TBEPAOro ocafy BiabyBaeTbCst BHAC-

NiOoK CNOHTaHHOI KOHAEeHcaUii HelTpanbHUX NonisAepHMX T4POKCOKOMIMIEKCIB, KOMKM iX KOHLUEHTpaLii nepeBuwate NeBHe KPUTUYHE
3HayeHHs. Lli KpUTUYHI KOHUEHTpaLii MoXHa OLiHUTK, aHani3yloun BCi piBHOBAru B po3yMHax i MpuUMyckakuu, Lo KOHCTaHTU piBHOBaru
YTBOPEHHS HENTPanbHUX MonisgepHUX KOMMNIEKCiB € MpUBM3HO OAHAKOBKMMU Ta CYTTEBO He 3anexarb Bif PO3Mipy YaCTUHOK, KOmnu
iXHS “agepHicTb” 36iNbLUYETECA HA OANHULIIO.

Pesynbraty gocnimkeHHA. CTBOpeHO Moaenb, LWo nepeabavyae MOXUBICTb CMOHTaHHOI KOHAEHcaLii 3 yTBOPEHHSIM ocagy.
PospaxoBaHo 3anexHocTi pH-logC,, AN ocapkeHHs TiapoKCUAIB ABOBANEHTHUX KaTioHIB i BCTAHOBMEHO, WO iCHYIOTb Aeski MiHiMarnbHi
KOHLIEHTpaLii, HUXK4e SKMX He YyTBOPIOIOTLCA ocaam 3a byab-sakux 3HaveHb pH.

BucHoBku. CdopmoBaHuii niaxia fas 3Mory nosiCHUTY Npypoay MiHINHWUX Kopensuii Mixk norapugpmMamm 406y TKIB PO3YMHHOCTI
Ta KOHCTaHTaMu CTiKOCTi HEMTparnbHUX KOMMIEKCIB, OnMcaHnx y nitepatypi. OTpumaHi pe3ynstatit € BaXNMBUMU A4S po3pobneHHs
1 onTUMI3aLii NPOMMCIOBMX NPOLECIB OYMLLEHHS CTIYHUX BOA,.

Knto4yoBi crnoBa: po3ynHHICTb; FApoKCuamn mMetany; rigpoKCoOKOMMMeKCcH MeTanis.
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HO. AHgpuiiko, A.A. AHOPUIKO

OCAXOEHVE MMOPOKCWOOB METAJNOB 13 BOAHbLIX PACTBOPOB KAK PE3YJILTAT CIIOHTAHHOW KOHOEHCALIMA
NONNALEPHBIX TMOPOKCOKOMITEKCOB

Mpo6nemaruka. MpuHSATO cunTaTh, YTO 06pasoBaHNe TBEPAON dasbl (0Ocagka) MPOUCXOAMUT Torda, KOrga akTUBHOCTY MOHOB
MPEeBbLICAT 3HaYeHUs, onpeaeneHHble TEPMOANHAMUYECKM Npon3BeaeHneM pactBopumocTi. OgHaKo B Criyyae OCaKAEeHUs TMapPOK-
CMIOB METarfoB 3TO SBMIAETCS YNPOLLEHMEM, U pearnbHas kapTuHa ByaeT croxHee 13-3a 06pa3oBaHNs B pacTBOPE MPOYHbLIX MOHO-
1 nonmagepHbix koMnnekcos. O6pasoBaHMe Takux KOMMMEKCoB, B 0COBEHHOCTM C HyfEBbIM 3apsaaoM, ByaeT NPUBOANUTL K OTKIOHe-
HWSIM OT NpaBua NPOV3BEAEHNst PACTBOPUMOCTH.

Llenb uccnegoBaHus. Paspa6oTate MOZenb OCaXAeHUs, KOTopasi yYUThIBAET BIUAHWE MMAPOKCOKOMIIIEKCOB Ha pacTBOpU-
MOCTb rMapokcuaa metanna. B utore ata pacTBOpYMOCTb ABMSETCA CYMMOW KOHLEHTPaLMii MOHOB MeTarnsa, HeiTpanbHbIX, noso-
XUTEMbHO M OTPULIATENBHO 3aPSKEHHbBIX MMAPOKCOKOMIIEKCOB, KOTOPbIE MPUHUMAIOT y4acTie BO BCEX YCTAaHOBMBLUMXCS B pacTBope
paBHOBECUSIX.

MeToauka peanusaumm. PaspaboTka MOAENM OCaxkaeH s C NPeanonoxeHneM, 4to obpasoBaHme TBEPAOro ocadka MponCXo-
[T BCeaCTBME CMOHTAHHOM KOHAEHCALMM HeTpanbHbIX NOMUALEPHBLIX MMAPOKCOKOMMIIEKCOB, KOr4a UX KOHLEHTpaLUny NpeBbICAT
onpeaerneHHoe KpUTMYeckoe 3HadeHne. v KPUTUYECKME KOHLEHTPAaLMN MOXHO OLIeHUTL, aHanu13npysi BCe paBHOBECUS B pacTBOpax
1 npegdnonarasi, YTo KOHCTaHTbl paBHOBECHsi 06pa3oBaHNA HENTPasIbHbIX MOMUSAEPHbLIX KOMMIIEKCOB MPUBIUSUTENbHO OAVMHAKOBbI
1 CyLLIECTBEHHO He 3aBUCAT OT pasMepa 4YacTul, Korda ux “aaepHocTb” YBeNMUYMBAETCS Ha eQVHULLY.

PesynkraThl uccneposaHus. PaspaGoTtaHa Mopenb, KoTopasi npedycmatpuBaeT BO3MOXHOCTb CMOHTAHHOW KOHAeHcaumu
¢ obpasoBaHvem ocagka. PaccuutaHa 3asucumocTb pH-logC,, Anst ocaxaeHus TapOKCUAOB ABYXBaNEHTHbLIX KaTUOHOB U YCTaHOB-
NIEHO, YTO CYLLECTBYIOT HEKOTOPbLIE MUHUMASIbHBIE KOHLIEHTPALMK, HIKE KOTOPbLIX HE 0BpasyroTCs ocaaku npu niobbix sHauyeHusx pH.

BbiBoAbl. CHhopMM1pOBaHHbI NOAXOA MO3BOSUIT OGBACHUTL NPUPOAY NIMHENHbLIX KOPPENALMIA MeXay norapudmMamu npovase-
[EHUIN paCTBOPUMMOCTM U KOHCTAHTaMM YCTOMUYMBOCTM HEMTParibHbIX KOMMMEKCOB, ONUCaHHbIX B nuTepatype. [MonyyeHHble pesynsTa-
Thl BaXKHbI ANs pa3paboTK1 1 ONTYMMU3ALIMM MPOMBILLMEHHbIX MPOLECCOB OYUCTKM CTOYHBIX BOA.

KnioueBble crioBa: pacTBOPMMOCTb; MTMAPOKCUALI METANNOB; MMAPOKCOKOMMIEKChI METasMOB.

PexomennoBana Pamoro Hanpiiiia no penaxitii
XiMiKO-TE€XHOJIOTIYHOTO (DaKyIbTETy 21 mororo 2021 poky
KIII im. Iropst CikopcbKoro
Ilpuiinsara go myOGikariii
29 6epesns 2021 poky



