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Available online 28 October 2024 dihydroxy-3,6-dinitrosonaphthalene-2,7-disulfoxic acid (HR) as an organic

analytical reagent was developed. The optimal conditions were determined as
follows: Amax = 575 nm, pH = 9.15, universal buffer, HR concentration= 0.05%
relative to Tni?* = 50.0 pg/25 ml and HR volume = 1.2 ml. The area of adherence
to the Bouguer—Lambert—Beer law was found to be 5.0-55.0 pug/25 ml. Absorption
spectra were studied, showing Sandell’s sensitivity (S) as 0.009174 pg/cm?, and the
contrast AL = 65 nm (HR = 510 nm). The composition of the complex and the
mechanism of its formation were examined using the equilibrium shift method, the
isomolar series method, and Asmus' straight-line method. The molar ratio of the

Keywords: complex was determined to be Ni?*: HR = 1:2. The molar absorptivity coefficient
ﬁg;%r;gggntgxriia%ﬂg's (ereal = 23585), the formation equilibrium constant (Keq = 1.6200-10%) for the
Equilibrium shift methold, complex formed by nickel (II) with HR, the stability constant (B = 1.30-10%, 1gf =
Isomolar series method, 23.11) using Babko’s dilution method, the confidence interval of the deviation from
Asmus’ correct linear method, the mean value (AX =0.2270), and the lower limit of detection (Qmin = 0.6004 pg/25
Calibration graph. ml) were determined. The results from the graduated graph were processed using

the method of least squares, leading to a linear mathematical equation: Yi =0.0014
+ 0.0041Xi. The effects of side ions on the determination of nickel ions were
studied. The suggested spectrophotometric method was applied to the analysis of
model mixtures, industrial alloys based on aluminum, natural waters (Omonkhon
spring water) and polymetallic ore from the Khandiza mine with the results
metrologically evaluated. The relative standard deviation (S;) did not exceed
0.0461.
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1. Introduction

The progression of the science, medicine,
agriculture, manufacturing and chemical industries and
the integration of novel technological processes has
heightened concerns about environmental pollution [1].
The potential consequences of these activities include air
and water contamination, soil degradation, and
disruptions to ecosystems. To prevent ecological
catastrophes stemming from these issues, there is an
urgent need to establish comprehensive environmental
monitoring systems. These systems play pivotal roles in
the systematic collection, analysis, and interpretation of
data related to air and natural water quality, soil health,
biodiversity, and other environmental parameters.

Currently, advancements in science and technology
emphasize the need to develop and enhance analytical
methods with improved metrological characteristics.
These methods should be applicable across a wide range
of metal concentrations in natural, industrial, and
biological materials. With the significant increase in
substances emitted into the environment, maintaining
and monitoring the purity of the atmosphere, soil, and
water has become a critical issue.

Spectrophotometric  determination of transition
metals via chromomeric reagents has long been a time-
tested and basic analytical method [2]. The beauty of this
technique lies in its sensitivity, selectivity and high
economy. The branch of analytical chemistry has
evolved leaps and bounds for better methods, yet
spectrophotometric methods have not lost their place, as
these methods offer simplicity with accuracy and are
relevant even today. Organic reagents, on the other hand,
are still the basis for determining chemical reactions, and
they are currently the most widely used quantitative
analysis methods in chemical, pharmaceutical,
industrial, forensic, environmental and clinical research
worldwide. Absolute leaders in the number of methods
used to analyze substances in environmental objects (35—
50%) at present. The sensitivity of the method is 10~ M
(102 ug/ml or mg/l).

Nickel is present in various organs and tissues in
amounts of several micrograms per 100 grams of tissue.
According to medical and sanitary data, the liver
contains the highest concentration of nickel in the human
body, as do some parts of the brain. The primary source
of nickel entering the body is food. Additionally, nickel
is widely used in industry, technology, mechanical
engineering, science, and medicine [3].

Nickel resists corrosion and is commonly used to
plate other metals for protection. However, it is primarily
used in making alloys, such as stainless steel. Nichrome,
an alloy of nickel and chromium with small amounts of
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silicon, manganese, and iron, resists corrosion even
when red heats and is thus used in toasters and electric
ovens. A copper—nickel alloy, which converts seawater
into fresh water, is frequently used in desalination plants.
Other nickel alloys are utilized in boat propeller shafts
and turbine blades. Nickel is also used in batteries,
including rechargeable nickel-cadmium batteries and
nickel-metal hydride batteries found in hybrid vehicles.
Finely divided nickel serves as a catalyst for
hydrogenating vegetable oils [4].

Biological role of nickel: Nickel can influence plant
growth and is essential for certain species. However,
some nickel compounds can cause cancer if inhaled as
dust, and some individuals may be allergic to direct
contact with the metal. Natural Abundance: Most nickel
1s extracted from iron—-nickel sulfide minerals, such as
pentlandite. Nickel is also found in other minerals,
including garnierite [4].

The maximum permissible concentration (MPC) of
nickel in industrial premises is 0.003 mg/m3. For metallic
nickel, the MPC was 0.05 mg/m3, which was measured
as a pure substance. Nickel can enter the human body
through the respiratory system, skin, and digestive tract.
Excessive nickel in the body can cause vitiligo and
poisoning symptoms. In unpolluted and slightly polluted
river water, nickel concentrations typically range from
0.80 to 10.0 pg/dm®. In more polluted waters,
concentrations can reach several tens of micrograms per
dm?®. The average concentration of nickel in seawater is
2.0 pg/dm3, and in groundwater, it is approximately
0.103 pg/dm®. However, when groundwater washes
nickel-containing rocks, concentrations can sometimes
increase to 20.0 mg/dm3. The nickel content in water
bodies is regulated: the MPC for general sanitary
purposes is 0.10 mg/dm3, whereas for toxicological
purposes, it is 0.01 mg/dms3 [5-7].

Nickel ions are nutritionally essential trace metals
for at least several animal species [8], microorganisms
and plants; therefore, either deficiency or toxicity
symptoms can occur when too few or too many Ni ions
are taken up, respectively. Although a number of cellular
effects of nickel ions have been documented, a
deficiency state in humans has not been described.
Nickel ions are very important both industrially and
biologically. Nickel ions are among the essential trace
elements, along with cobalt, copper, zinc and manganese
ions, in the human diet. Heavy metals such as nickel (11)
ions have long been regarded as highly hazardous forms
of pollution that are poisonous to humans even at low
doses. Pb, Cu, Cr, Cd, Hg, Zn, Ni, As, and other heavy
metals can be refractory and accumulate in organisms.
The concentrations of heavy metals such as nickel (1)
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ions in aquatic systems, as well as their accumulation
through the food chain, may pose health risks and cause
environmental problems [9]. After optimizing the
preparation conditions, including the reaction solution
pH, the optimal reagent concentration, and the reaction
duration, the nickel (1) ions in the agueous solution were
determined via a spectrophotometric method using the
reagent 1-(4-(((4,5-dimethyl-1H-imidazol-2-
yl)diazenyl)methyl)phenyl)-N-(4-nitrobenzyl)ethan-1-
imine[10]. The spectrophotometric detection method for
complexing nickel (II) ions with 7-bromo-2-nitroso-1-
oxynaphthalene-3,6-disulfoacid with organic analytical
reagents involves the following optimal conditions:
Amax=0.40, pH=6.5, universal buffer and a Bouguer—
Lambert-Behr law area of 1.0-17.5 ug/25 ml [11]. The
optimal conditions for the spectrophotometric
determination of nickel (II) ions via D-penicillamine
have been investigated [12]. This study outlines
simultaneous  spectrophotometric  techniques  for
quantifying Ni?* ions via 1-(2-pyridylazo)-2-naphthol
(PAN) in micellar media. The ligand and its metal
complexes, namely, Ni?*-PAN, were rendered water
soluble with the neutral surfactant Triton X-100,
eliminating the need for organic solvent extraction [13].
The spectrophotometric technique was employed to
investigate the interaction between nickel (11) and copper
(1) ions with three different ligands: ethyl 4-(4-
hydroxyphenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyri-
midine-5-carboxylate, 4-(1H-benzimidazol-2-yl)phenal,
and  2-(3-phenylamino-4,5-dihydro-1,2-oxazol-5-yl)-
phenol [14]. The compound 2-(2-thiazolylazo)-p-cresol
(TAC) reacts with nickel (11) ions within the pH range of
6.0-10.0, resulting in the formation of a blue complex at
a ratio of 1:2. The stability constant of this complex was
determined to be 5.0 £ 0.3 [15]. A method was developed
for the extraction and concentration of nickel ions in the
form of a dimethylglyoxime complex by using
triethylamine. The nickel-enriched triethylamine extract
was then separated and evaporated. The resulting residue
was dissolved in chloroform (50 pL), and the absorbance
at 380 nm was measured. A spectrophotometric
procedure for the determination of nickel was
established, with a limit of detection of 0.020 pg/mL (n
=10; P =0.95) [16].

Some spectrophotometric determinations of the
investigated nickel ions include pyridoxal-3-
thiosemicarbazone [17], 1-(2-pyridylazo)-2-hydroxy-4-
mercaptofenol  and  aminophenols  [18], 2-
hydroxythiolphenol [19], 2-haydroxy-5-iodothiophenol
and biphenyldiamidine [20], 2-hydroxyl-1-
naphthaldehyde thiosemicarbazone [21], 2-
aminoacetophenone isonicotinoylhydrazone  [22],
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esomeprazole [23], 1-[(5-benzyl-1,3-thiazol-2-yl)-
diazenyl]-naphthalene-2-ol  [24], 3,5-dimethoxy-4-
hydroxybenzaldehyde isonicotinoyl hydrazone [25] and
5-(2-bromo-5-methoxybenzylidene)-thiazolidine-2,4-
dione [26]. Some preconcentration and separation
approaches have been utilized for the determination [27]
of nickel (I1) ions. A literature survey indicated that
several spectrophotometric methods [28-29] have been
used for the determination of nickel (I1) ions by using
various chromogenic reagents. Many reagents have been
used in spectrophotometric methods for the
determination of heavy and toxic metal ions such as
nickel (Il) ions, but most of them have various
disadvantages, such as selectivity and detection limits,
long-term color changes, and the overheating or
interference of many ions [30-32].

On the basis of the literature sources analyzed
above, the current study aims to develop rapid, simple,
selective, highly sensitive spectrophotometric methods
for quantifying low levels of nickel (II) ions in various
samples, such as individual solutions, ore samples,
alloys, natural water and real objects. The principle of
this method is based on allowing nickel (I1) ions to react
with  the  reagent  4,5-dihydroxy-3,6-dinitroso-
naphthalene-2,7-disulfoxic acid (HR) as a newly
prepared reagent at a selected pH. We have also
encouraged this research to produce microscopic
amounts of nickel (11) ions in real samples.

2. Experimental part

Methodology.  Spectrophometric, colorimetric,
potentiometric, Asmus straight line and equilibrium shift
methods, the isomolar series method, the Tolmachev and
Babko methods, the least squares method and the
additive method were used in this investigation.

Devices. Spectrophotometric studies of the colored
solutions were carried out on a KFK-3 concentration
photocolorimeter in glass cuvettes with a layer thickness
of 1.0 cm. The pH of the solutions was monitored with a
pH meter (pH Mettler-Toledo AG 8603; Made in China,
Ne-B507604800).

Solutions and reagents. Standard solutions of nickel
(1) ion salts with a titer of Tni?* = 1000 mg/ml were
prepared using accurately weighed portions of analytical
grade metallic mineral salts. “Clean” and “Chemically
clean” brand reagents were used in the experiment. An
accurately weighed portion of nickel (1) ion salt was
placed in a 1000 mL volumetric flask and dissolved in
distilled water. Small-concentration solutions were
prepared by serial dilution of the prepared standard
solution [33]. HR solutions are prepared by dissolving
0.0500 g of reagent with distilled water in a 100 ml



Chem Rev Lett 7 (2024) 895-911

volumetric flask. For preparation of a 0.05% solution of
HR, 0.1000 g of its exact weight was dissolved in a 200
ml volumetric flask, added to the mark with distilled
water and stirred [33].

Buffer solutions. A universal buffer solution [34]
was prepared by mixing HsBOs;, CH3COOH and H3PO4
(0.04 M each) and adding 0.2 M NaOH to obtain the
corresponding pH. The Na tetraborate buffer solution
was prepared by mixing 0.05 M Na;B40;-10H;0 and
adding 0.1 N HCI to obtain a pH of 9.15, the glycine
buffer solution was prepared by mixing 0.1 M NaOH and
adding 0.1 M NH,CH>COOH to obtain a pH of 9.18, and
the phosphate-borate buffer solution was prepared by
mixing 0.1 M KH:POs and adding 005 M
Na;Bs07-10H,0 to obtain a pH of 9.20. All reagents
were of analytical grade and chemical grade. Distilled
water was used in this study.

3. Results and Discussion

HR was identified via spectrophotometry. HR was
identified on the basis of its electronic spectrum.
Spectrophotometric studies (400 to 770 nm) revealed
that the HR used in this work as an organic reagent is
characterized by one light absorption maximum located
in the region of 440-540 nm. To determine the state of
the reagent in solution, its absorption spectra were
studied depending on the pH of the medium. The results
obtained are presented in Fig. 1. The data obtained show
that HR in the pH range of 1.68-2.80 has a light
absorption maximum at 440-470 nm, in the pH range of

0,250 -

0,200 +

0,150 4

0,100 +

0,050

0,000 +

3.0-4.80 at 450-470 nm, in the pH range of 5.0-6.75 at
450-480 nm, in the pH range of 6.80-7.00 at 480-540
nm and in the pH range of 7.25-13.05 at 510-540 nm.
As shown in Fig. 1, the light absorption spectra of HR
depending on pH are symmetrical curves, with a
maximum at 440-540 nm [35, 36].

Determination of the optimal pH. One of the main
conditions of the complex formation reaction is the
medium of the solution [35]. Therefore, buffer solutions
with different pH values were used to obtain
reproducible results. For this 5.0 ml of universal buffer
solution with a pH of 6.73-11.50, 0.05% HR was added
to a 25.0 ml measuring flask reagent solution, and 1.0 ml
of 50.0 pg/ml nickel (II) solution was added and diluted
by adding distilled water to the mark of the flask. The
optical density (A) of the complex solution was
measured on a KFK-3 concentration photocolorimeter at
a wavelength of Amsx=575 nm in cuvettes with an
absorption thickness of £=1.0 cm. The obtained results
are presented in Fig. 2.

According to the results presented in Fig. 2, the
highest optical density (A) of the complex compound
was observed in the range of pH 9.02-9.30. The highest
optical density (A) was chosen at pH=9.15.

Determination of the optimal buffer solution. The
effects of buffer solutions of different compositions (for
example, universal, Na-tetraborate, glycine and
phosphate-borate) with the same pH of 9.10-9.20 on the
light absorption of the color complex have been studied
[34, 28]. The results are presented in Fig. 3.

—~pH=1,68
- pH=2,80
pH=3,56
—~—pH=4,00
~pH=5,92
--pH=6,24
pH=6,86
——pH=7,25
—-pH=8,18
—-pH=9,18
—--pH=13,05

400 450 500 550

= S

600 650 700 750 800

A, nm

Fig. 1. Electronic spectra of HR at different pH values.
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Fig. 2. Dependence of the optical density on the solution environment (Amax=575 nm, £=1.0 cm, n=5).
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Fig. 3. Dependence of the optical density on the buffer solution content (Amax=575 nm, £=1.0 cm, pH=9.15, n=5).

According to the presented results (Fig. 3), the color
complex presented the highest optical density under the
influence of the universal buffer solution.

During this research, the time dependence of the
formation of colored complexes was studied [35].
According to the obtained results, the fact that the optical
density of the formed colored complex did not change
for 3.5 hours indicates that there was enough time for
analysis. When the order of addition was studied, buffer—
nickel (I1)-reagent—distilled water produced the highest
optical density.

Effect of the reagent concentration on the nickel (I1)
complex. In complexation reactions, the amount of added
reagent plays a key role in the complete binding of the
metal to HR. To find the necessary amounts of reagents
to ensure the complete binding of metals into a complex,
a series of experiments were carried out in which the
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concentration of metal ions was maintained constant, but
the amount of reagents was gradually increased. To
determine the dependence of the optical density of the
solutions of the complexes on the amount of added HR,
solutions were prepared by adding 5.0 ml of a universal
buffer solution at pH 9.15, containing 50.0 pg of nickel
(1) ions, increasing amounts of a 0.05% HR solution,
and the volume was brought to the mark with distilled
water. The solutions were mixed, and their optical
density (A) was measured on a KFK-3 photocolorimeter,
with an absorption maximum at 575 nm at £=1.0 cm
relative to the blank experimental solution (Fig. 4). A
complete consistency of the optical density (A) was
observed in the presence of 1.1-1.4 ml (Vo= 1.2) of
0.05% HR solution. This amount of reagent is considered
sufficient for connecting complexes with added amounts
of metal ions [28].
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Fig. 4. The dependence of the optical density (A) of the complex on the amount of added reagent (Amax=575 nm,
£=1.0 cm, pH=9.15, n=5).

The area of submission to the Bouguer—Lambert—
Beer law for the nickel (I1) complex. A total of 1.2 ml of
0.05% HR aqueous solution, 5.0 ml of universal buffer
solution (pH=9.15), and a variable amount of 50 pg/ml
nickel (11) standard solution were diluted to the mark of
the flask by adding distilled water. After the optical
densities of the solutions were mixed, they were
measured and compared with those of the reference
solution. The obtained results are presented in Fig. 5.

According to the obtained results, compliance with
the Bouguer—Lambert-Beer law was observed in the
range of 5.0-55.0 ug/25 ml. At higher concentrations,
deviation from the linear relationship [35] was observed.

Determination of the absorption spectrum of the
reagent (HR) and its complex with nickel (I1). UV-visible
spectra were obtained (Table 1) under optimal conditions
using the HR reagent, and the complex formed with
nickel (I1). In accordance with the method’s sensitivity
by Sendel, the light absorption per unit area (0.001 of
mkg/sm?) was calculated via the following formula:

_Q-£-0.001 50.0-1.0-0.001
T A-25 7 0.218-25.0

where S is the sensitivity of Sendel, Q is the
concentration of the absorbed metal ion, £ is the path
length of the cuvette, and A is the optical density.

= 0.009174 ug/sm?

0,0 10,0 20,0

30,0

Cx

40,0 50,0

s
2+
i", mkg

Fig. 5. Graph of the dependence of the optical density (A) on the amount of added nickel (1)
(Amax=575 nm, £=1.0 sm, pH=9.15, n=5).
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The obtained results clearly indicate that the that the shape of the complex involving nickel (11) is Ni?*
reaction has both considerable contrast (AA=65 nm) and  (Fig. 6) [35, 36]. The stoichiometry of the complex was
high sensitivity (5=0.009174 pg/cm?). determined via the Isomolar series method (Fig. 7) and

Determination of the composition of the Ni (I1)-HR Asmus’ correct linear method (Fig. 8). All the methods
complex. The composition and mechanism of complex  employed confirmed that the molar ratio of the
formation were determined. By utilizing the Nazarenko components in the complex was Ni:HR=1:2.
method (equilibrium shift method), it was established

Table 1. Spectral characterization of HR and its complex with nickel (1)
(Cniz+= 50 mkg, Amax=575 nm, £=1.0 cm, pH=9.15, n=5).

Color of the Py L AN € Cni?*, mkg/ Cni?*, i Sendel sensitivity
complex p NiR. wx nm (NiRy) 25 ml mol/I ug/cm?
Light purple  9.15 575 510 65 23585 50 3.4075-10° 0.218 0.009174

1.0 . y

*T A
0,5
1g[H]
0,5
-1,0

Fig. 6. The ratios of the components in a complex were determined via the equilibrium shift method (Amax=575 nm,
£=1.0 cm, pH=9.15, n=5).

0,300 -

0,200 -

0,100 -

|
|
|
|
|
|
|
|
|
I
0,000 } t t t t t J t |
1 2 3 4 5 & 7 8§ 9SHR,ml
9 8 7 6 5 4 3 2 1N*ml
Fig. 7. Isomolar series method graph of the composition of the complex formed by nickel (1) with HR
(Amax=575 nm, £=1.0 cm, pH=9.15, n=5).

Method for determining the charge of the nickel (I1) a) First, 1.0 g of cationite KU-2 was transferred to a
complex: To determine the charge of the complex, the column with a 1.0 cm diameter, treated 3 times with 10
solution was passed through columns containing the ml of 0.1 N hydrochloric acid and then washed with 50
cation KU-2 and the anion AB-16-GS. ml of distilled water. Then, under optimal conditions, 1.2
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ml of a 0.05% HR reagent solution, 1.0 ml (50 pg/ml) of
nickel (1) solution, and 5 ml of universal buffer solution
were poured into a volumetric flask with a volume of 25
ml, the volume was adjusted to the mark with distilled
water, and 10.0 ml of the complex solution was passed
through cation KU-2. The red solution of the complex
was not retained on cationite KU-2.

b) One gram of anionic AB-16-GS was transferred
to a column with a diameter of 1.0 cm and treated 3.0
times with 10 ml of 0.1 N NaOH solution. The column
was subsequently washed with 50 ml of distilled water,
after which 10 ml of the complex solution was passed. In
this case, the complex was retained on the upper layers

factors, they do not participate in complexation. On the
basis of data obtained by determining the charge and
composition, the expected structure of the complex can
be represented as follows: 2[HR]>+Ni?*=[ZnR,]*>+2H".
Determination of the molar absorption coefficient,
equilibrium and stability constants. To thoroughly
investigate the complex formation reaction of nickel (I1)
with the HR reagent, the main characteristics of the
complex, namely, the true molar extinction coefficient
and the formation equilibrium constant, were determined
via the graphical method of Tolmachev (Fig. 9).
Additionally, the stability constant of the complex was
determined via Babko’s dilution method (Table 2):

of anionite. The solution that passed through the anionite 1 1
was discolored. The complex has a negative charge. This Etrue = N 5 =23585
. 1/¢-10" 4.24-10
can be explained by the fact that the sulfone groups b 20
present in the reagent (HR) at the optimum pH tgg=—=—"——+ -6.9.10°°
(pH=9.15) are in a dissociated state, and owing to steric a 1.3800-10
2,0 B "
- /
15 f
~
Z 1,0 f
S —_——
— .
05 A~~~ ——n=3
~
0,0 ] } ] ] } |
2,00 225 250 2,75 3,00 325 3,50
(/A"

Fig. 8. Graph of the composition of the complex formed by nickel (IT) with HR via Asmus’ correct linear method
(Amax=575 nm, £=1.0 cm, pH=9.15, n=5).
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0,00 0,50 1,00

1,50

2 1/VA

T
2,00

Fig. 9. Graph for determination of the molar extinction coefficient (Amax=575 nm, £=1.0 cm, pH=9.15, n=5).
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eyt (7.079.10%f .17
Mg . -b™ 22.23585.(6.9-10°)°
where Cy is the concentration of hydrogen ions at
the optimal pH, € is the thickness of the absorbing layer,
and n is the stoichiometric coefficient ewye. - true molar
extinction coefficient of the complex, b- tangent of the
slope angle found from the graph.

[H']-(A-C,— A -C)™

K

=1.6200-10°

On the basis of the calculated values of £4,e=23585,
Kequit=1.6200-10® and 1gB=23.11, the developed method
has high sensitivity, whereas the complex has average
stability.

Calculation of the equation of the calibration graph
via the least squares method. The results obtained from
the graph with calibration were mathematically
reprocessed via the least squares method, and a linear
mathematical equation was constructed. For the
analytical application of the nickel (1) complex with HR,

K nstabe.(NiR =
e (c,3/A, —Cy3A) (A 3A, - A, 3A)
1

K

stable —
Kunstable.(NiRz)

where [H*] is the concentration of hydrogen ions in
the solution; A; and A, are the optical densities of the
solutions of the nickel (1) complex before and after
dilution, respectively; C; and C; are the concentrations
of nickel (I1) ions before and after dilution of the
solution, respectively; and the degree of dilution is g=2.

@ graph was used to determine the amount of metal ions

via spectrophotometric measurements. This graph links
the measured value “Y”, optical density “A”, and the
desired content of the analyte “Xi” (Table 3 and Fig. 10).
From the obtained results, the calibration graph
(calibrated graph) equation was Yi=a+bXi, which is Yi
=0.0014 + 0.0041Xi (Amax=575 nm, £=1.0 cm, pH=9.15,
n=5, P=0.95). The accuracy and repeatability of the
determination were calculated via the “Entered—found”
method. The relative standard deviation value (S;) did
not exceed 0.0293, the confidence interval relative to the
average value (AX) was 0.2270, and the lower limit of
determination (Qmin) did not exceed 0.6004 pug/25 ml.

Table 2. Determination of the stability constant of the complex via Babko’s dilution method
(Amax=575 nm, £=1.0 cm, pH=9.15, n=5)

\V/ 2+ K Kstable IngtabIe
No ml’ Vr,ml  Cy-10°5 A1 Cr10° Az (,\“ﬁs;b')e (NiRy) (NiRy)
’ (B« (gBw)
1 050 1.0 1.02 0162 0511  0.079 52110  1.92:10% 23.28
2 075 15 153 0268 0767  0.131  6.11-10%  1.64-10% 23.21
3 100 20 2.04  0.37 1.02 0.181  1.09:10%2  9.17-10% 22.96
4 125 25 256 0472  1.28 0231  1.70-10%2  5.88-10% 22.77
5 150 3.0 307 0578 153 0.283 244102  4.10-10% 22.61
6 175 35 358 0662  1.79 0.328  431:10% 232108 23.37
Mean 1.13-10%® 1.30-10% 23.11
0,250 T
y =0,0041x+0,0014
0,200 + R?=0,9996
0,150 +
;
0,100 +
0,050 +
0,000 } } } } } } } } } {
0 5 10 15 20 25 30 35 40 45 50 55
Xi

Fig. 10. Calibration graph for the determination of nickel (1) ions.
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5-Sa-M-V-B-1000
g'true'l

_5:0.00193-1:25-586934 1000 _
Q= 23585 - 1 = DoUDEmEg

where Qmin. Where Sa is the mean standard
deviation of the optical density suitable for each

Qmin

concentration, M is the number of nickel atoms
contained in the complex (M=1), V is the volume of the
spectrophotometric solution, B is the atomic mass of the
determined component, eye 1S the true molar absorption
coefficient of the complex, and | is the thickness of the
absorbing layer

Table 3. Results of constructing and reprocessing the calibration graph (Amax= 575 hm, pH = 9.15, n = 5)

No Xi, Ug A, Yi Xi? XiYi Y icalculated Yi-Yicalculated (Yi'YicaIcuIated)2 10”7
1 5 0.023 25 0.115 0.0222 0.00080 6.400
2 10 0.042 100 0.420 0.0429 -0.00090 8.100
3 15 0.065 225 0.975 0.0637 0.00130 16.90
4 20 0.085 400 1.700 0.0844 0.00060 3.600
5 25 0.105 625 2.625 0.1052 -0.00020 0.400
6 30 0.125 900 3.750 0.1259 -0.00090 8.10
7 35 0.145 1225 5.075 0.1467 -0.00170 28.90
8 40 0.165 1600 6.600 0.1674 -0.00240 57.60
9 45 0.190 2025 8.550 0.1881 0.00190 36.10
10 50 0.210 2500 10.500 0.2089 0.00110 1.210
11 55 0.230 3025 12.650 0.2296 0.00040 1.600
> 330 1.385 12650 52.960 1.3850 179.8

Effect of different ions (selectivity). The effects of
various foreign ions on the spectrophotometric
determination of nickel (I1) with HR were studied, except
that they were introduced before the HR solution. The
experimental data are presented as the selectivity factor

(F _ Cpen+
Ni2+

excess. The relative error in the determination was £5%.
For the spectrophotometric analysis of nickel (I) ions
(50 ug) with the HR reagent, the influence of foreign ions
was investigated. The following ions did not interfere
with the detection of nickel (II) ions at the specified
ratios: AI**, NH4*, Mn?*, Sn?*, Ba®*, I, F, CI", Br-, PO,%,
NO2, (1:1000), Sn**, ClO4, SO4* (1:100), Fe**, and Fe®*
(1:10). The interfering ions used were as follows: Zn?",
Co?* (1:10), Cd?*, Pb?, Cu? (1:1), citrate, SCN™ and
EDTA (1:0.5). The interfering ions are neutralized [35]
via the precipitation method. A comparison of the
selectivities of reagents known from the literature [37,
38] for the determination of nickel (I1) revealed that the
synthesized reagents are more selective.

, Which is the maximum permissible mass

4. Analytical applications

The selectivity data make it possible to apply the
developed technique for the spectrophotometric
determination of nickel (I1) ions in complex objects.

Determination of nickel (1) ions by HR in model
mixtures. To verify the accuracy and repeatability of the
method, the “Entered—found” method was employed
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with artificial mixtures. To neutralize interfering foreign
ions in the determination of nickel (lI) ions, S,05%, F
and NO; ions were added at a ratio of 1:5. According to
the obtained results, it is possible to detect nickel (1) in
such naturally occurring samples. The measurement
results and their metrological data are presented in Table
4, which shows that the spectrophotometric
determination of nickel (II) ions in complex model
mixtures imitating real objects is quite possible, and the
relative standard deviation (S;) does not exceed 0.0237,
which indicates good accuracy and reproducibility of the
developed method.

Determination of nickel (Il) ions in industrial
samples. An elaborate sensitive and selective
spectrophotometric method for the determination of
nickel (1) ions with the HR reagent was applied to
analyze standard samples of industrial alloys. The
AK12MK 203-5 samples, which have polymetallic and
elemental compositions, were used.

To prepare the samples for analysis, a 1.1111 g
sample of alloy was dissolved in heat-resistant glass with
a capacity of 50.0 ml, and a minimal volume (10.0-12.0
ml) of the tsar vodka was added. The mixture was heated
with gentle boiling on an electric stove until complete
dissolution, and nitrogen oxides were removed. After
cooling, the solution was quantitatively transferred to a
500 ml volumetric flask, diluted with distilled water to
the mark and stirred. The contents of nickel (I1) ions were
determined from aliquots of this solution [35, 36].
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The methods for determining nickel (I1) ions were
as follows: a certain amount of sample mixture was
placed in a 25 ml volumetric flask, 5 ml of universal
buffer solution with a pH of 9.15, 1.2 ml of 0.05% HR
solution, masking agents (KJ for Cu?* ions; NH4F for
Fe?*, Fe**, AP* and Sn?; NH4OH for Zn?*), and the

volume was adjusted to the mark with distilled water.
The optical density (A) of KFK-3 was measured at an £
of 1.0 cm relative to that of the blank solution. The
obtained data and their mathematical processing are
presented in Table 5, with a relative standard deviation
(Sr) not exceeding 0.0187.

Table 4. The results of the determination of nickel (11) ions in artificial mixtures
(Amax=575 nm, £=1.0 cm, pH=9.15, n=5, P=0.95, Yi=0.0014+0.0041Xi).

The composition of artificial Introduced = Found -
mixtures (ratio) NiZ*, g Asts NiZ*, g Sr X+AX
K*, Na, I (1:1000) 0.213 o161
AB*, Co?* | Fe?* (1:10) 0.208 50.39
Mn2* F S O 2 NO . (15) 50.0 0.210 50.88 1.20 0.0237 50.73£1.49
: 'CSZ+2131) 2= 0.212 51.37
) 0.204 49.41

Table 5. Spectrophotometric determination of nickel (I1) ions in standard samples
of industrial aluminum and copper alloys (pH=9.15, £=1.0, n=3, P=95, Yi=0.0014+0.0041Xi).

Vsample, Contined ~ Found
SRl aliguot),  Ni(I)in T Cut.ug Xisax S S,
7 ml solution, pg Xi
0.125 30.15
3.0 30.0 0.122 29.41 29.82+0.94 0.3764 0.0126
0.124 29.90
0.143 34.54
35 35.0 0.144 34.78 34.86+0.92 0.3721 0.0107
0.146 35.27
AK12MK 0.162 39.17
-203-5, 4.0 40.0 0.166 40.15 39.5+1.41 0.5658 0.0143
0.45 0.162 39.17
0.185 44,78
4.5 45.0 0.188 45,51 44.86+2.08 0.8368 0.0187
0.183 44.29
0.204 49.41
5.0 50.0 0.202 48.93 49.30+0.93 0.3732 0.0076
0.205 49.66

Thus, (Table 5), the developed spectrophotometric
method for the determination of nickel (II) ions in
standard samples by the HR reagent is characterized by
high sensitivity, selectivity and reproducibility, with a
relative standard deviation (S,) not exceeding 0.0187.

The nickel (I1) ion concentrations in natural waters
were determined via the addition of additives.
Spectrophotometric determination of the concentrations
of nickel (1) ions via the sample method, known as the
“Method of additives” in the literature and widely used
in chemical analysis, has been used, which requires the
observance of the basic law of light absorption [35]. On
the basis of studies to optimize direct spectrophotometric
conditions for the determination of nickel (1) ions in real
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objects and to obtain optimal estimates of the selectivity
of its determination in individual and complex mixtures,
an expressive spectrophotometric method for analyzing
natural waters to determine the content of nickel (1) ions
was developed. Water samples taken for analysis from
Omonkhona Spring (Surkhandarya region, Omonkhon
village) are complex systems containing, in addition to
mineral macrocomponents, cations of various heavy
metals.

The content of water taken from Omonkhona
according to the passport date (the results were
determined via atomic absorption spectroscopy) was as
follows: elemental composition (mg/l): Al-0.007, As-
0.0013, Sr-6.6, M0-0.0016, Mn-0.0005, Cu-0.004, Zn-
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0.008, Ni-0.0069, Hg-0.00006; mineral composition
(mg-eg/l): K-11.99, Na-11.99, Ca-8.0, Mg-11.39, HCO3
-6.59, SO4*-23.19, CI-1.9. A 2.0 L sample taken from
the Omonkhon spring was placed in heat-resistant glass
with a capacity of 2000 ml, 20.0 ml of a 1.0 N HNO;
solution was added, and the sample was heated in a sand
bath and evaporated to form wet salts. The precipitate
was dissolved in 10 ml of distilled water and filtered
through glass to a volume of 50 ml [39-41].

Method for determination of nickel (I1) ions in
natural waters. The solution was quantitatively
transferred into a flask with a volume of 25 ml, various
amounts (5.0-40.0 pg) of standard nickel (II) solution

(50.0 pg/ml), 5 ml of universal buffer solution at pH
9.15, and 1.20 ml of 0.05% HR solution, and the volume
was adjusted to the mark with distilled water with
subsequent stirring. To improve the selectivity of the
method, the following masking agents were added:
S,03%, F and NO;" ions were added at a ratio of 1:1 [35]
at calculated concentrations for the binding of aluminum,
manganese, copper, zinc and arsenic ions. The optical
density of KFK-3 was measured at £=1.0 cm relative to
that of a blank test solution. The experimental results
obtained via the determination of nickel (I1) ions in the
samples from the Omonkhon spring and their
mathematical processing are presented in Table 6.

Table 6. The results of the determination of the microconcentration of nickel (I1) ions with HR in Omonkhon spring
water by the “Method of additive” (Vwaer=2.0 I, pH=9.15, £=1.0 cm, n=3, P=0.95, Yi=0.0014+0.0041Xi).

Introduced  Contined. Ni?*in Found = Quantity of Ni?*
NiZ*, ug solution, pg Asts Ni2*, ug XEAX i the sample, ug Sr

0.056 13.32

- 13.80 0.059 14.05 13.56+0.88 13.56 0.356 0.0263
0.056 13.32
0.079 18.93

5.00 18.80 0.076 18.20 18.60+0.92 13.60 0.371 0.0199
0.078 18.68
0.098 23.56

10.00 23.80 0.097 23.32 23.48+0.35 13.48 0.139 0.0059
0.098 23.56
0.120 28.93

15.00 28.80 0.116 27.95 28.44+1.22 13.44 0.490 0.0172
0.118 28.44
0.140 33.80

20.00 33.80 0.138 33.32 33.90+1.53 13.90 0.615 0.0181
0.143 34.54
0.160 38.68

25.00 38.80 0.162 39.17 38.68+1.20 13.68 0.485 0.0125
0.158 38.20
0.179 43.32

30.00 43.80 0.178 43.07 43.3240.61 13.32 0.246 0.0057
0.180 43.56
0.201 48.68

35.00 48.80 0.203 49.17 48.60+1.53 13.60 0.614 0.0126
0.198 47.95
0.221 53.56

40.00 53.80 0.224 54.29 53.88+0.92 13.88 0.372 0.0069
0.222 53.80

Thus, (Table 6), the developed spectrophotometric
method for the determination of nickel (11) ions by HR is
characterized by high selectivity, with a relative standard
deviation (Sy) not exceeding 0.0263.

Spectrophotometric determination of nickel (1)
ions in ore from the Khandizinsky deposit. The
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developed method was applied to analyze ore from the
Khandizinsky deposit, which is located in the
Surkhandarya region of the Republic of Uzbekistan. The
ore analysis was performed without separating nickel,
copper, and other associated elements.
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Composition of the ore, % (the results were
determined via atomic absorption spectroscopy): Zn-
3.17; Cu-11.45; Ni-12.37; Au-0.001; Ag-0.00131; Mn-
0.6; Cd-0.1; Pb-3.32; Fe203-9.92; S-20.4; Si02-38.67.

Sample preparation method: Decomposition of a
0.2000 g ore sample was carried out according to the
instructions [42-43]. After evaporation, the salt was
leached with water in a heat-resistant beaker by heating.
The precipitate was filtered and washed five times with
10 ml of distilled water, filtered each time, and the
filtrate was collected in a 100.0 ml measuring flask. After
unfolding the filter, the precipitate was washed into
another beaker, and 4.0 ml of 5 M HCI was added; the
insoluble part of the sample was then filtered. The
resulting solutions were quantitatively transferred to a

1000 ml measuring flask and diluted to the mark with
distilled water.

Determination method. A certain amount of the
solution was placed in a 25 ml volumetric flask. Ascorbic
acid was added to reduce the iron, along with masking
agents (50.0 ug F~ for Fe?*#3* jons and 5.0 ml of a 0.5
M sodium diethyldithiocarbamate solution for Cu?
ions). Next, 5.0 ml of a universal buffer solution with a
pH of 9.15 and 1.2 ml of a 0.05% HR solution were
added. The volume was then brought to the mark with
distilled water and mixed. The optical density of the
solutions was measured via a KFK-3 spectrophotometer
at optimal wavelengths in a cuvette with a thickness
of £ =1.0 cm. The results of the analysis of the ores and
concentrates are presented in Table 7.

Table 7. Results of the spectrophotometric determination of nickel (I1) ions in ores from the Khandizinsky deposit.
(mOre sample,:O.zooo g, pH:915, }\/max:575 nm; EZIO cm n:5, P = 095, Y|:00014+00041X|)

Vore sample solution, ~ Contined Ni?* - Found .

r;)wl in solution, pg Asts Ni?*, ug X +AX S Sr
0.048 11.37
0.052 12.34

0.5 12.37 0.050 11.85 12.05%0.69 0.556 0.0461
0.054 12.83
0.050 11.85
0.096 23.07
0.102 24.54

1.0 24.74 0.104 25.02 24.19+0.79 0.634 0.0262
0.099 23.8
0.102 24.54
0.148 35.76
0.150 36.24

15 37.11 0.154 37.22 36.54+0.81 0.654 0.0179
0.154 37.22
0.150 36.24
0.203 49.17
0.202 48.93

2.0 49.48 0.204 49.41 49.22+0.81 0.316 0.0064
0.205 49.66
0.202 48.93

On the basis of the analysis of the ore from the
Khandizinsky deposit, the developed spectrophotometric
methods are suitable for analyzing various metal-
containing materials. The results obtained are reliable
and valid, with a S; value not exceeding 0.0461,
indicating the accuracy and reproducibility of the
proposed methods (Table 7).

Competitiveness of the developed
spectrophotometric method for the determination of
nickel (1) ions. To establish the competitiveness of the
proposed  spectrophotometric  method for the

determination of nickel (11) ions and to assess the degree
of reliability and accuracy of the obtained results, some
metrological characteristics and analytical parameters of
the developed methods were compared with those
obtained by other researchers via other independent
methods of analysis.

As an example, in Tables 8 and 9, comparative
results obtained via the developed method for the
spectrophotometric determination of nickel (I1) ions with
HR are presented, as are data obtained via other
independent methods and different researchers who
analyze objects of different natures and complexities.
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Table 8. Results of the competitiveness evaluation of the elaborate spectrophotometric method for
Determination of nickel (I1) ions with other organic reagents.

A Molar ~ True molar Interfering influence
Organic reagent pH ™% ratio  absorption of foreign References
oL AX, nM
' Me:R  coefficient, € components
5-(2-bromo-5- 482 Fe3* Cu?*, Mo®*,
methoxybenzylidene)- 7.1-8.9 Ak—1,46 1:2 17500 Se**, Pt?*, Mn?", [26]
thiazolidine-2,4-dione - Cd*, Zn?*, Pb?* (1:1)
5-bromo-2-hydroxyl -3- 2% a3t Tladt
Cu<*, Fe**, Th
methoxybenzal-dehyde- 55 75 440 1:1 20130 (1:5), Ti** (L:4), [28]
4-hydroxy AA=50 .
. EDTA (1:1)
benzoichydrazone
N',N"-((1E,1'E)-
Eprtl)fpanz—l,lf;d;ylt()is( a3 AIT,CF; ((1:4000)),
sulfanediyl)) bis (1-(4- . Mo**, W~* (1:2000),
bromophenyl) ethan-2- 4980 08 11 721000 e g ppevpi), (180
yl-1-ylidene)) bis (2- Pd?*, Cd?" (1:1)
hydroxybenzohydrazide)
2,4-dimethoxybenzal- Cu?* (1:1.32), Hg*
dehyde isonicotinoyl 8.5-9.5 A;&%O 11 59200 (1:1.67),Fe®(1:1.73), [32]
hydrazone (DMBIH) - I\élo6+ (%:2.67)
HR (4,5-dihydroxy-3,6- Zn%, Co?(1:10),
L ) ) 575, . 2t TaOE D% Developed
dinitroso-naphthalene 9.0-9.3 AL=65 1:2 23585 Cd=*, Pb**, Cu methodology

2,7-disulfoxic acid)

(1:1), EDTA (1:0.5)

Table 9. Results of assessing the competitiveness of the developed method
a spectrophotometric method for the determination of nickel (I1) ions.

Analvtical parameters Direct photometric Extraction Developed
y P determination spectrophotometry methodology
Buffer solution Acetate buffer Basic buffer Universal buffer
(pH value) (5.5-7.5) (pH=8.5-9.5) (pH=9.02-9.30)
Lower limit of determined 0.016 0.098 0.6004
contents, pg/mi
Concentration (Beet’s 0.117-2.64 0.1467-1.7607 5.0-55.0
law) range, pg/ml
Relative standard 0.00256 136 0.0237
deviation (S;)

Stability constant of the 2.83-10° 7.12:107 1.30-10%
complex, Pk (1gp = 6.45) (1gp =7.85) (1gB =23.11)
Sensitivity, € 20130 59200 23585

Volume of_the analyzed 250 250 250
solution, ml

Sandell’s sensitivity 0.0029 0.00099 0.009174
(Hg.cm™)
References [28] [32] Developed

methodology

From the data given in Tables 7 and 8, it is possible to
conclude that the developed spectrophotometric method
for the determination of nickel (Il) ions with 4,5-
dihydroxy-3,6-dinitrosonaphthalene-2,7-disulfoxic acid
by metrological characteristics (accuracy,
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reproducibility, selectivity, contrast, lower limit of
determined contents, sensitivity, detection limit,
expressiveness, stability constant, relative standard
deviation not exceeding 0.0461, etc.) is not inferior to the
long-known and widely used analytical methods for the
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determination of this element, and the results obtained
are characterized by reliability and validity, which
indicates the competitiveness of the proposed method of
spectrophotometric determination of nickel (1) ions

5. Conclusion

A simple, sensitive and accurate spectrophotometric
method has been developed for the determination of
nickel (I1) ions. The molar ratio of the components in the
complex was determined via the equilibrium shift,
isomolar series, and Asmus’ straight-line methods (Figs.
6-8). Tolmachev’s graphical method was used to
determine the true molar extinction coefficient and
equilibrium constant of the complex (Fig. 9.) The
stability constant of the complex was determined via
Babko’s dilution method (Table 2). The linear equation
of the calibration graph for the analytical application of
the developed method was calculated via the least
squares method (Table 3 and Fig. 10). The results of the
analysis of artificial mixtures (Table 4), standard
samples of industrial alloys (Table 5), natural waters
(Omonkhon spring water) (Table 6), and polymetallic
ore from the Khandiza mine (Table 7) demonstrated that
the spectrophotometric method for the determination of
nickel (11) ions via HR under optimal conditions was
consistent with the literature data. The method showed
correctness, reproducibility, selectivity, and low limits of
detection, with a relative standard deviation not
exceeding 0.0461 in all cases. The determination error
did not exceed the confidence interval, indicating the
accuracy and reproducibility of the proposed
spectrophotometric method for nickel (I1) ions with the
HR reagent. The proposed method is highly sensitive due
to the stabilization of the colored complex for more than
3.5 hours formed by interactions of the nickel (1I) ions
with the new reagent, which results in low reagent
consumption, elimination of analytical error, less
interference, and statistical analysis, increasing the
sensitivity and selectivity of the method.
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