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Simulation experimenting has been used to analyze thermodynamics of chemical dissolution of nickel (II) oxide
and hydroxide in solutions containing various amino acids. Allowance for complexation, protonation and
hydrolysis processes has been found to be a must for adequate description of chemical processes.

Introduction

The  electrochemical  oxidation of  nickel
accompanied by the formation of a film consisting
of nickel oxide-hydroxide compounds at the
electrode-electrolyte boundary [1; 2]. The formation
of a film denotes the presence of a new electrode-
film-electrolyte system [3]. The electrochemical
process mechanism is determined by the
physicochemical properties of a film: its chemical
stability towards the electrolyte, especially the kind
of ligand.

Kinetics of dissolution of oxides and hydroxides of
metals depend on physicochemical properties of
both oxides and solutions, e.g. on their
concentration, acidity, redox potential, availability
of complexation agents [4]. The study of this process
in aqueous solutions allowed the determination of
compound dependence of oxide dissolution rate on
solution acidity, which many researchers tended to
relate to a complicated mechanism of the process
and its possible variation to occur on varying
solution acidity. However, more logic seems to exist
in interpreting this dependence in terms of the processes
of interaction between particles existing in aqueous
phase [5]. Addition to the solution of anions forming the
complexes with metal ion of oxide or hydroxide being
dissolved can notably accelerate dissolution [4].
Nevertheless, the rate of dissolution of nickel (II) and
(IIT) oxides in complexons that form with nickel (II) and
(1) ions stable complexes [6] decreases with the
increase in ligand concentration [4].

Methods

As ligands [L], analyzed herein are the following amino
acids: glycine, a- and B-alanine, valine, serine, leucine,
asparagine, aspartic acid, phenylalanine and histidine.
These ligands were selected because of the fact that
complexing agents of protein origin were used in
chemical and electrochemical deposition and dissolution
of nickel. In particular, electrochemical behaviour of
nickel (II) glycinate complexes of various composition
was most comprehensively studied [7—11].

Dissolution of nickel (II) oxide and hydroxide in

aqueous media can be represented as follows:
NiO+2 H ¢ Ni*" + H,O ; (1)
Ni(OH), + 2 H ¢ Ni*" + 2 H,0. )
Variation in Gibbs energy of such processes occurring in
the conditions other than standard [12] is
AG
= lg + ,
2,3RT K [H I

where Kg is the constant of equilibrium of processes
(1) and (2); CN_2 . 1s the total concentration of nickel
1

C
Ni2*

3)

(IT) ions in the solution.

Equations (1) and (2) are valid only in the case of a high
acidity of reaction medium which allows a complete
suppression of hydrolysis, and if no complexing ligands
are present in reaction medium [13]. It is due to the fact,
with the decrease in acidity of reaction medium, nickel
(1) ions being formed as result of processes (1) and (2)
are subjected to hydrolysis that can be written in the
following fashion:

Ni*" + 1 H,0 ¢ Ni(OH)>™" +nH", (4)
where n = 1-4.

Here, allowance should be made for formation of bi-
and tetranuclear particles [13]:

2Ni*" + H,0 ¢ [Ni,OH]*" + H; (5)
4Ni*" + 4 H,0 ¢ [Niy (OH),]*" + 4 H". (6)

Given complexing agents in reaction medium, nickel
(II) ions enter into appropriate reactions of complex
formation. Depending upon the conditions
(components ratio and their absolute
concentrations), nickel complexes can be formed with
the amino acids under consideration, varying in
composition and, hence, molecular organization, while
amino acids proper are subjected to protonation or
deprotonation [6].

To allow for these factors acting concurrently and
varying in nature, it has been proposed [14] to
introduce into equation (3) a correction factor to
quantitatively describe hydrolysis and complexation.
Then equation (3) can be written in the following
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fashion:
AG
=lg T
2,3RT aKg[H"]
Given no amino acids in the solution and, hence,
complexation, only hydrolysis of nickel (II) ions

occurs, and the factor above is subject to the
following expression

L +o—i PR
ZIKI-[H 7%+ 2K, [N JIH T +
1=

C
Ni2+
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-2+ + -4
HAK NP JH T -
where K; is the constant of equilibrium in processes of
type (4); Ky and Ky, are the constants of equilibrium of
processes (5) and (6), respectively; [Ni*'] is the
equilibrium concentration of nickel (II) ions in the
solution governed by the following equation:

24 CN12+
[NiIT' ]=——.
(04

The right term of equation (7) allows for the
formation in the solution of mononuclear
complexes; the third term and the last do it for
binuclear and tetranuclear complexes, respectively.
On adding amino acids to the solution, the
complexation processes occur; therefore an
additional term appears in equation (7) to allow for
contribution of these processes, and equation (7)
becomes as follows:

n .
a=1+ Y K,[H |7 +2K,[Ni* J[H
=l

AKINETIHTT S L.
]:

+]—l n

®)
where m is determined by the composition of the
complex being formed.

It is 2 for aspartic acid, phenylalanine and histidine,
and 3 for the remaining amino acids under analysis;
[L] is the ligand equilibrium concentration in the
solution determined by the equation

L=
1+ Y BIHT )
k=1

where C_. is total ligand concentration in the solution.

The changes in Gibbs energy were calculated for
total concentration of nickel (II) ions equal to 1107
to 1 mol/l and Ni:L ratio within 1:1 to 1000 in the 1
to 13 pH range.

To calculate the constants B; of nickel complexes
with amino acids BkH of amino acids.

Equations (8) and (9) were taken from [§8], and K,
K, and Ky of nickel hydroxocomplexes from [14].
Results and Discussion

©)

Fig. 1 shows the results of calculation experiment

for solutions not containing amino acids.
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Fig. 1. Dependence of Gibbs energy of NiO (/, 2)
and Ni(OH), (3, 4) dissolution in aqueous solution
containing 1-107 mol/l (1, 3) and 5102 mol/l (2, 4)

of nickel (II) ions upon solution acidity

In the scope of the approach proposed, at AG >0, nickel
(I) oxide and hydroxide are thermodynamically stable,
while at AG<O0, they become dissolved. Thermodynamic
stability of nickel (II) hydroxide exceeds that of nickel
(I) oxide, with the total concentration of nickel in acid
solutions increasing, it increases, while in alkaline
solutions it becomes constant.

On adding various amino acids to the solution,
dependencies vary significantly (fig. 2, 3). Here,
variation of amino acids concentration in the solution, as
compared with the change in nickel content, brings
about a considerably higher effect on Gibbs energy. It
follows from fig. 2 that amino acids under consideration
can be divided into two groups with regard to their effect
on thermodynamic stability of nickel (II) oxide and
hydroxide. The first group includes aspartic acid and
phenylalanine which do not reduce Gibbs energy in

the range of alkaline solutions.
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Fig. 2. Dependence of Gibbs energy of NiO dissolution

in aqueous solution containing 5- 107> mol/l nickel (I1)
ions and B-alanine (/), phenylalanine (2), a-alanine (3),
aspartic acid (4), glycine (5), valine (6), leucine (7),
serine (&), asparagine (9) and histidine (/0) at the 1:50
ratio upon solution acidity
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Fig. 3. Dependence of Gibbs energy of Ni(OH),

dissolution in aqueous solution containing 5-107
mol/l nickel (II) ions and S-alanine (/), phenylalanine
(2), valine (3), o-alanine (4), aspartic acid (9),
glycine (6), leucine (7), serine (8), asparagine (9) and
histidine (/0) at the 1:50 ratio upon solution acidity
The second group comprises all remaining amino acids
that cause a distinct minimum on the
AG/2,3RT — pH curve in the pH range. The analysis of
complexation of these amino acids with nickel (II) ions
shows [6] that aspartic acid and phenylalanine do not
form three-ligand complexes. This is brought about by
various causes which will not be considered herein.
Thus, the minimum on the AG/2,3RT — pH curve is
determined by the formation of three-ligand complexes
of nickel (II). The influence of histidine on
thermodynamic stability of nickel (II) oxide and
hydroxide requires a special consideration because
three-ligand complexes with nickel (II) ions are not
formed despite a minimum observed on the curves
under discussion [6].
The Gibbs energy minimum is, probably, caused by the
fact that histidine forms the most stable complexes with
nickel (II) ions (as compared with the other amino acids).

Their constant Kﬁ:iz is approxi-mately 2 to 4 times

higher than similar constants of the other complexes;
therefore, the process of formation of such complexes will
dominate over all other processes occurring in the given
condition in the solution. Typical curves AG/2,3RT — pH
of dissolution of nickel (II) oxide and hydroxide in
solution containing amino acids of the 1st and 2nd groups
are given in fig. 4, 5, the solution containing serine and
phenylalanine being examples. On these curves, four
specific sections can be distinguished for the following pH
ranges: 1to0 3,3 to 8, 8 to 10, 10 to 13.

In section I of the AG/2,3RT — pH curve,
thermodynamic stability of nickel (II) oxide and
hydroxide decreases with the increase in pH. Here, the
change in amino acid concentration and nature of amino
acid do not practically affect this magnitude. This is

caused by transition of amino acids from a dipolar zwitter-
ion form to that of a monopolar cation taking practically
no part in complexation since solution pH at which the
transition above occurs corresponds precisely to the pH
range of this section of the dependence under analysis
[15]. In section II of the AG/2,3RT — pH curve, given
serine in the solution, a maximum is observed (fig. 4),
while Gibbs energy does not vary if phenylalanine is in
the solution (fig. 5).

Amino acids in the pH range corresponding to this
section of the curve exist in a stable form of dipolar
zwitter-ion. Solution pH at which Gibbs energy
maximum is observed, shifts to the acid solution
range with the increase in ligand content (fig. 4, a).
The range wherein constant Gibbs energy increase with

the increase in ligand content is observed (fig. 5, a).
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Fig. 4. Dependence of Gibbs energy of NiO

dissolution in aqueous solution containing 1- 107
mol/l nickel (II) ions and serine at the 1:1 ratio (1),
1:2 (2), 1:5 (3), 1:10 (4), 1:50 (5), 1:100 (6), 1:500
(7) upon solution acidity:
a — dependence of solution pH at which maximum is observed
on the AG/2,3RT —pH curve, on excess (A) ligand
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Fig. 5. Dependence of Gibbs energy of Ni(OH),

dissolution in aqueous solution containing 1107 mol/l
nickel (I) ions and phenylalanine at the 1:1 ratio (/), 1:2
(2), 1:5 (3), 1:10 (4), 1:50 (5), 1:100 (6), 1:500 (7) upon
solution acidity:
a — dpendence of solution pH at which constant Gibbs energy is
observed on the AG/2,3RT — pH curve, on excess (A) ligand
It should be emphasised that thermodynamic parameters
of dissolution of nickel (II) oxide and hydroxide in

5 7 9 11 13 pH
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solution containing various amino acids, in the pH range
of the AG/2,3RT — pH curve, do not depend on the

constant Ky, KEL or BNiLZ , hor on constants Py or

Pu,L - At same time, a distinct dependence of Gibbs

energy BNiLz / BHZL ratio (fig. 6).
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Fig. 6. Dependence of Gibbs energy of NiO dissolution in
aqueous solution containing various acids at pH 5 (/) and
7(2)uponthe By, /By, parameter

With the BNiLZ / BHZL parameter increasing, stability of

the nickel compounds lessens. This can be attributed to a
concurrent occurrence of several reactions in the
solutions in the given conditions, these reactions
bringing about complex equilibria. The influence of any
specific process (formation of complex particles or
protonation of functional groups of an amino acid) is not
dominant. Concurrent allowance for these processes is
made through the use of the By, /By, parameter as a

measure of their effect on dissolution on the whole. In
section III of the AG/2,3RT — pH curve, Gibbs energy of
dissolution of nickel (II) oxide and hydroxide in
solutions containing the 1st group of amino acids shift
toward positive values with the decrease in solution
acidity (fig. 5). The increase in the total concentration of
nickel (II) ions in the solution brings about an opposite
effect. Given the 2nd group of amino acids in the
solution, in the solution, in the pH range of this section a
minimum of thermodynamic stability of nickel
compounds is observed (fig. 4). Gibbs energy, at
solution pH at which the minimum above is observed,
depends linearly on the BN1L3 / BHZL ratio (fig. 7). With

the BN1L3 /BHZL parameter increasing, thermodynamic

stability of nickel compounds decreases.

The absolute value of the difference between
maximum Gibbs energy (II section) and minimum
Gibbs energy (III section) depends upon the

Kgij constant. Therefore, the run of the AG/2,3RT —

pH curve in the 8 to 10 pH range is governed by the
NiL, + L — NiL;
process (changes are omitted), on the one hand, and,

on the other hand, by protonation of amino acid
amino group. In IV section of the AG/2,3RT — pH
curve, thermodynamic stability of nickel (II) oxide
and hydroxide abruptly rises (fig. 4, 5), right up to
the end of their dissolution (AG reverses its sign).
Under these conditions, amino acids exist
exclusively in the form of a monopolar anion which
readily forms complexes with nickel (II) ions. Gibbs
energy depends on the NiL; constant (fig. 8).

The increase in Py, results in abrupt increase in

thermodynamic stability of nickel (II) oxide and
hydroxide. Also, in such highly-alkaline media the
formation of mixed-ligand complexes [16] is
possible, containing one or two hydroxogroups.
Because of the absence of valid data on stability
constants for these complexes, this factor was not
allowed for in the experiments.
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Fig. 7. Dependence of Gibbs energy (/,2) and its
variation (/%,2") NiO (/,I') and Ni(OH), (2,2)
dissolution in aqueous solution containing 5107
mol/l of nickel (II) ions and various amino acids at
the 1:100 ratio upon the B, /B,  ~ parameter and

NiL 19
constant KMLj 1,2
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Fig. 8. Dependence of Gibbs energy of NiO (/, 3)
and Ni(OH), (2, 4) dissolution in aqueous solution
containing 510 mol/l of nickel (IT) ions and various
amino acids at the 1:100 ratio (at pH 10 (/, 2) and 12

(2, 4)) upon the B, ~constant
Conclusion
The results of this research allow the conclusion
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about expediency of a thermodynamic approach to
estimation of possibility for chemical reactions
which is useful for understanding and controlling
electrochemical dissolution of metals.
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XiMiYHE PO3YMHEHHS OKCHAY Ta TiAPOKCUAY HIKEIIO B pO3UNHAX aMiHOKHCIIOT

MetomoM MaTeMaTHYHOTO MOJIEFOBAHHS JOCIIHKEHO TPOLIECH XIMIYHOTO PO3YMHEHHs OKCHAY Ta Tigpokcumy Hikemo (I) y
po3unHax amiHOKHCIIOT. [Tokasano, mo npu pH 3-8, KoM aMiHOKUCIIOTH iCHYIOTH y (hOpMi LIBITTEp-iOHY, TEpPMOIMHAMIYHA

CTaOUIBHICTh CIOJYK HIKENIO JIHIHHO 3aJIeKHTh BiJl CIIBBIIHOIICHHS! KOHCTAHT BNiLz / BHzL . IIpu pH 8-10 crnocrepiraerscst

MiHiMyM eHeprii ['i00ca. loro BenwuMHA THIMHO 3aJI€KUTH BiXl CIIBBIAHOIICHHS KOHCTaHT BNiL2 /BHzL , a BIgHOCHE ii

NiL . . . . s ey
SHWDKCHHSA BU3HAYA€THCA BCIIMYMHOKO KOHCTaHTH KNiL; . HpI/I pH>1O TEPMOJAHaAMIYHA CTaOUILHICTE CIIOJTYK HIKCIIIO JIIHIMHO

3MEHIIYEThCS 31 30UIBIIEHHSIM KOHCTaHTH BiL, - VY 3B’s13Ky 3 IIMM JUIsI 3[IEKBATHOTO OITHCY IPOLIECY PO3UMHEHHS IOTPiOHE
BpaxyBaHHS IIPOIIECY KOMIUIEKCOYTBOPEHHSI, IPOTOHYBAHHSA 1 TiIPOITI3Yy.

C.B.lBaHoB

XUMHUYECKOE PACTBOPEHHE OKCHUJIA U THAPOKCHJIA HUKEIIS B PACTBOPAX aMHHOKHCIIOT

MeTo10M MaTeMaTHYECKOTO MOAEIUPOBAHUS HCCIENI0BAH MPOIECC XMMUYECKOTO PACTBOPEHUSI OKCHUAA M THAPOKCUIA
mukens (II) B pactBopax amuHOKHCHOT. [lokazaHo, uto mpu pH 3-8, xorma aMHHOKHCIIOTHI CYIIECTBYIOT B (popme
LBUTTEP-HOHA, TEPMOANHAMUYECKAsI CTAOMIBHOCTh COSAMHEHUH HMKENS JIMHEHHO 3aBUCHT OT OTHOILECHHS KOHCTaHT

BNiLz / BHZL . ITpu pH 8-10 nabmonaercs MunumMyM sHepruu I'u66ca. Ero BennunHa IMHEIHO 3aBUCUT OT OTHOLIECHHS

KOHCTAHT Py /P a OTHOCHUTEJIbHOE €T0 CHIDKEHHUE ONpPEAEsieTCsl BEIUYNHOU KOHCTAHTHI KNiL2 ITpu pH>10
NiL, / PH,L » pel NiLy - (PH P

TCPMOANHAMHNYCCKAsL CTabUILHOCTE COG[[PIHeHl/Iﬁ HHUKEIS JTUHEHHO YMEHBIIACTCS C POCTOM KOHCTAHTBI BNiL« . B cBs3u
J

C 9THM JIsl aJeKBAaTHOTO OIHCAHMWS IpOIiecca PacTBOPEHUs HEOOXOIMM YYeT Ipolecca KOMILIEKCOOOpa3oBaHMs,
MPOTOHUPOBAHUSA U THAPOIIM3A.



