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The kinetic characteristics of the reaction of nickel precipitation by hypophosphites in the
volume of the solution were studied, depending on the pH of the medium, temperature, oxidant
content, nature and concentration of the activator, and the presence of a water-soluble polymer —
polyvinylpyrrolidone (PVP). It was found that the presence of PVP in the solution affects the
duration of the induction period and the rate of the reduction reaction, and the nature of the effect of
PVP significantly depends on the pH of the medium. It has been proven that the use of previously
obtained nickel hydrosols as a reduction activator makes it possible to significantly reduce the
duration of the induction period of the reduction reaction at low temperatures.
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Introduction

Metal-filled hydrogels exhibit specific pro-
perties that can change depending on the moisture
content, pressure, temperature and pH of the envi-
ronment, which opens up new possibilities for their
use [1-4]. A fundamentally new method of obtaining
composite metal-filled polymer hydrogel materials is
obtaining metal particles at the stage of polymer
synthesis. This approach in the creation of composite
hydrogels is currently relevant, as it eliminates many
preparatory and final technological stages of the
process of obtaining composites. The method is
appealing from both practical and scientific pers-
pectives because it enables the simultaneous forma-
tion of nano- and microscale metal particles during the
polymer matrix formation, ensures better and more
uniform distribution of these particles, and allows for
the production of a material with isotropic properties.
This work is one of the stages in the development of
nickel-filled hydrogels based on copolymers of
2-hydroxyethyl methacrylate (HEMA) and polyvinyl-
pyrrolidone (PVP) by combining the processes of
polymerization and chemical reduction of metal
ions. However, the combination of reduction and
polymerization processes is impossible without know-
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ledge of their kinetic patterns. In addition, taking into
account the high reactivity of HEMA/PVP com-
positions in the presence of metal salts of varying
oxidation state [4] and the significantly longer
duration of nickel ion reduction processes [6], it is
necessary to reduce the duration of the induction
period as much as possible and increase the speed
of the metal chemical deposition reaction. Therefore,
knowledge of the kinetic characteristics of this
process is an urgent task, the solution of which will
make it possible to optimize the technology of obtai-
ning polymer metal composites by polymerization
with the simultaneous reduction of metal ions and to
change the technological parameters within prede-
ermined limits.

The choice of nickel as a filler is due to the
special interest in it on the part of researchers, since
composites based on it are promising as new materials
characterized by magnetic, electrically conductive and
catalytic properties. Currently, there are enough
methods of obtaining metal-containing polymer
materials [7]. Thanks to the simple technology
of reduction from salts, the method of producing
polymer composites by immobilizing nickel particles
through chemical deposition in the pores of the
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polymer has gained wide application. As a polymer
matrix, for example, polypropylen, polyacrylates,
cellulose, PVP copolymers [8—10] are used. But metal
deposition in porous matrices does not always give
the desired result in terms of technology. First of all,
this is the possibility of filling only film materials.
Secondly, it is difficult to obtain a uniform distribu-
tion of filler particles in the volume of the composite
and, accordingly, isotropic properties. These disad-
vantages can be avoided by combining the processes
of polymer matrix formation and deposition of metal
particles.

However, during the chemical deposition of
nickel powder, several challenges arise that require
resolution. Thus, depending on the conditions of the
chemical reduction reactions, the metal is not always
obtained in the form of a powder, which is especially
important during the combination of the reduction and
polymerization processes. The obtained product is not
always a pure metal [11]. In the case of reduction with
phosphinates, an alloy of nickel and phosphorus is
obtained, the ratio of which depends on the conditions
of the reduction process [12].

Experimental information on the chemical
reduction of nickel ions mainly concerns the prepa-
ration of various types of coatings and, practically,
there is no information on the kinetic patterns of the
chemical deposition of the metal in the volume of the
solution.

The conditions for obtaining powders, in
addition to the speed of reduction, will undoubtedly
affect the composition, structure, dispersion of the
powder, and, therefore, the properties of the filled
composite and the technological mode of its production.
On the other hand, certain temperature conditions are
necessary for the chemical deposition of metals,
which can be achieved thanks to the heat released
during the copolymerization of HEMA with PVP
[13].

The aim of this study was to investigate the
kinetic patterns and determine the optimal conditions
for the processes of chemical deposition of nickel in
the solution volume.

Materials and research methods
The reduction of nickel ions in an aqueous
solution was carried out at temperatures ranging
from 60 to 90 °C. Nickel sulfate (NiSO4 7H,0)
was used as an oxidizer, as a reducing agent —
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sodium hypophosphite (NaH,PO,-H,0). The redox
system was obtained by adding nickel sulfate to water
in a certain ratio (0,011-1,1 mol/L), sodium acetate
(20 g/L) and sodium hypophosphite (0,024-2,4 mol/L).
The pH value of the solution was adjusted with
concentrated acetic acid and 25 % ammonia solution.
To increase the activity of the reducing agent, a
reduction activator was introduced into the redox
system, in particular, a 2 % AgNO; solution. The
kinetics of the chemical reduction reaction of nickel
ions was evaluated using the volumetric method based
on the volume of hydrogen released [14]. The kinetic
patterns of the process were characterized by the
duration of the induction period, the reaction rate, and
the completion time, which were determined from the
obtained curves of hydrogen evolution over time.

Results and discussion
Currently, nickel is reduced from aqueous
solutions of its salts using hypophosphite, boro-
hydride, boron-nitrogen reductants, and hydrazine [4].
The process of chemical deposition of nickel
with hypophosphites is a redox reaction, the product
of which is metallic nickel [4]:

NiSO, +2NaH,PO, +2H,0——
——>Ni{ +2NaH,PO; +H,80, +H, T I

It is known that the reduction of nickel ions
with hypophosphites occurs intensively at tempe-
ratures of 90-95 °C in acidic or alkaline media [6].
However, at these temperatures, the rapid polyme-
rization of HEMA/PVP compositions also takes place,
which is an exothermic process. Due to the poor
thermal conductivity of the polymer and the high rate
of heat generation, thermal expansion and the
development of internal stresses occur, leading to the
formation of cracks within the sample [13]. The high
polymerization rate and intense hydrogen evolution
during the reduction of metal ions are the causes of
material foaming or the formation of gas cavities
(Fig. 1).

This is the reason why it is necessary to create
such conditions that the polymerization and reduction
reactions take place at much lower temperatures.

When solving specific practical problems,
various kinetic characteristics of the chemical reduction
of metal ions are of interest. In our case, where the
task is to obtain composite metal hydrogels by
combining the processes of polymer formation and
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metal deposition, the important kinetic parameters of
the reduction include the duration of the induction
period, the reaction rate, and the time to completion.
A significant factor is that during the process of
chemical deposition of nickel, hydrogen is released in
a stoichiometric ratio. Studies have shown that the
cessation of hydrogen evolution is accompanied by a
simultaneous loss of the color of the solution, which
indicates the complete consumption of the oxidant
(NiSO,) and the completion of the reaction. Therefore,
in this study, the kinetic parameters of the nickel ion
reduction process were evaluated based on the volume
of hydrogen released during the reaction. Of course,
this method is not accurate for the quantitative
determination of reduced nickel due to errors that
arise during the experiments. However, parameters
such as the duration of the induction period (z;, min),
the reaction rate (V;™, mmol/L-sec), and the time
to completion (z,.s, min) can be determined with
sufficiently high precision.

a

The induction period of the reduction reaction
is the initial stage characterized by kinetic inhibition.
During this period, stable solid-phase particles are
formed in the solution, which subsequently exhibit
autocatalytic effects. The duration of solid-phase
particle formation, and thus the induction period,
depends on numerous factors. In the case of com-
bining the processes of polymerization and chemical
metal deposition, it is important that the duration of
the reduction induction period is shorter than the onset
of the gel-effect stage of the polymerization reaction.

One of the conditions for carrying out a redox
reaction to obtain a fine powder is its autocatalytic
nature, which becomes possible under the introduction
of activators into the system. A 2 % solution of AgNO;
was used as an activator. As research results show, in
the absence of an activator, the reaction either does not
occur at all or proceeds at a very low rate (Table 1).
With an increase in the activator content in the reaction
medium, the reaction rate increases.

Fig. 1. The consequences of the high polymerization rate and metal ion reduction include:
a — foaming of the composition; b — formation of gas cavities

Table 1

Dependence of the kinetic parameters of the Niz" chemical reduction reaction on the content of the
activator AgNO; (T =90 °C; pH = 4.5; [NiSO,4] = 0.55 mol/L)

No. [AgNOs], g/L V" mmol/L-sec 7;, min Treq, N
1 0 0.001 - -
2 0.25 0.390 31.1 152
3 0.50 0.524 25.2 101
4 1.00 0.627 204 76
5 1.25 0.660 19.1 70

V™ — the maximum rate of the Ni2" reduction reaction, t; — the duration of the induction period, t,.;— the duration

of the reduction process.
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It is also worth noting a significant decrease in
the induction period of the reaction and the duration of
the reduction process. Opposite results were obtained in
an alkaline environment. At an activator concentration
of up to 0.25 g/L, the reduction process proceeds at a
high rate.

With an increase in the concentration of the
activator, metal is not formed; instead, a chemical
reaction occurs without hydrogen release, resulting in
the formation of a brown precipitate. However, unlike
in an acidic environment, the use of a reduction
activator in an alkaline medium allows the reaction to
proceed at 60—70 °C. The results presented in Table 2
show that as the pH increases, the reaction rate
increases, while the induction period and reaction
completion time decrease. The increased reduction
rate in an alkaline medium compared to an acidic one
can be explained by the different phosphorus content
in the surface layer of metal particles, which naturally
leads to a decrease in the catalytic activity of Ni
particles and, consequently, a slower growth rate.

According to the literature data [6], the
lowest phosphorus content in the reduction product
is characteristic of solutions with pH = 4.5-6.5 and
pH >10. During polymerization, it is generally not
possible to maintain the pH of the medium within the
required range. In this regard, for conducting the
reduction reaction in acidic conditions, an initial pH
of 4.0-4.5 was selected, while in alkaline conditions,

an initial pH of 7.0-7.5 was chosen, with the
expectation of a pH decrease during the reaction.

The primary requirement for the composition of
solutions used in the production of nickel coatings is
to ensure a minimal reduction rate of metal ions and to
prevent the formation of metal particles in the solution
volume. At the same time, the concentration of the
metal salt is relatively low, ranging from 0.08 to
0.13 mol/L [6]. Such an oxidant concentration in
small volumes is insufficient to obtain a composite
with the required metallic filler content and,
consequently, the necessary properties. During
metal deposition at the polymerization stage, it is not
possible to adjust the concentration of the oxidant and
reducer. Therefore, the content of the reduced metal in
the polymer can only be regulated by the initial
amounts of oxidant and reducer introduced into the
starting composition.

As shown by the results presented in Fig. 2, an
increase in the concentration of nickel ions in the
reaction medium leads to a higher reduction rate and a
shorter induction period. This pattern is observed in
both acidic and alkaline environments. However,
changes in the nickel salt concentration within the
range of 0.0-0.05 mol/L have a negligible effect on
the process rate.

It is well known that an increase in temperature
leads to a higher reaction rate in most chemical
processes. Therefore, it is logical to investigate how
temperature affects the kinetic parameters of the reduc-
tion process in the selected redox system (Table 3).

Table 2

Dependence of the kinetic parameters of the chemical reduction reaction of Ni?* on the solution pH
(T =90 °C; [AgNO;s] = 0.25 g/L; [NiSO4] = 0.55 mol/L)

No. pH V™ mmol/L-sec 7;, Min Tyed, MIN

1 4.5 0.038 31.0 160

2 5.5 0.393 213 86

3 6.0 0.500 18.0 60

4 7.5 0.698 13.2 23

Table 3
Effect of temperature on the kinetic parameters of the reduction process
(Solution composition: [NiSQ,] = 0.55mol/L; [NaH,PO;] = 1.2 mol/L; [AgNO;] = 0.25¢g/L)
V", mmol/L-sec 7;, min Treg, MIN
No. T N

© emperature, °C pH=45 pH=75 pH=45 pH=75 pH=45 pH=75
1 60 0.005 0.92 90 53 430 83
2 70 0.013 3.85 74 25 320 39
3 80 0.066 7.63 55 15 240 27
4 90 0.389 12.32 30 12 165 23

166



Research of processes of chemical preposition of nickel as a filler of polymer hydrogels

Vr™ mmol/L-sec
N w E=N (8]

—_

o

0 02 04 06 08 1 1.2
[Ni1SO4], mol/L

a

Fig. 2. Dependence of the maximum reduction rate of NiZ®
(a), the duration of the induction period (b), and the duration
of Ni?" reduction (c) on concentration.
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Fig. 3. Dependence of the maximum reduction rate of NiZ®
(a), the duration of the induction period (b),
and the total reduction time of Ni*' (c) on the PVP
content in the redox system.
(/NiSO,] = 0.55 mol/L; [AgNO;] = 0.25 g/L):
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It was found that in an alkaline medium, the
effect of temperature on the kinetic parameters of the
reduction process is more pronounced than in an
acidic medium. Unlike in an alkaline environment, at
60 °C in an acidic medium, the reaction proceeds at a
very slow rate, with a significantly longer induction
period and overall reduction duration. At room
temperature, nickel ion reduction does not occur from
the studied solution composition, even under
significantly increased oxidant concentration.

Currently, the literature provides sufficient
experimental data on the study of metal reduction in
the presence of water-soluble polymers, particularly
PVP [15, 16]. In most cases, polyvinylpyrrolidone is
used in small amounts as a stabilizer for metal
particles. During the synthesis of composites based on
pHEMA-gr-PVP copolymers, PVP serves as a
component of the reaction mixture, participates in the
copolymerization reaction, and is used in amounts of
10-50 parts by weight. Therefore, it was necessary to
investigate how PVP, in quantities used for copo-
lymerization, affects the kinetics of the reduction
reaction. In both acidic and alkaline media, the
introduction of PVP into the redox system has a minor
effect on the reduction rate, although it shortens the
induction period (Fig. 3).

In an alkaline medium, with a PVP concent-
ration of 200 g/L in solution, the induction period lasts
14 minutes at a temperature of 60 °C. It is evident that
due to its high complex-forming ability [17-19 |, PVP
acts as an additional stabilizer in this case and promotes
the formation of nucleation sites for reduction.
Through complexation, nickel ions are attracted to
and concentrated along the PVP chain, facilitating the
formation of a greater number of active centers
and preventing their aggregation. When studying
the influence of various factors on the rate of the
redox reaction, it was found that the process is always
accompanied by an induction period — a stage in
which metallic nickel particles with catalytic activity

are formed. During the synthesis of nickel powders in
aqueous solutions, it was observed that the resulting
powders exhibit a broad particle size distribution. The
largest particles sediment within a few minutes.
However, a fraction of metallic particles remains
suspended in solution for 4-6 hours, indicating their
nano- and ultradispersed size. It was therefore logical
to investigate the possibility of activating the nickel
deposition process using solutions containing nano-
and ultradispersed metal particles — hydrosols — as
reduction activators (Table 4).

Due to the use of pre-formed ultradispersed
particles as an activator and changes in reduction
conditions, the kinetic curve shifts significantly closer
to the ordinate, the induction period decreases, and the
reduction reaction proceeds at a high rate from the
very beginning. In this case, the reaction sponta-
neously initiates on the surface of the introduced
ultradispersed activator, and the subsequent increase
in reaction rate is associated with the autocatalytic
nature of the reduction process.

The obtained results made it possible to justify
the optimal technological parameters for nickel
powder production and, based on them, to determine
the technological parameters for synthesizing com-
posite metal hydrogels by combining polymerization
and metal ion reduction processes. Using the
established conditions, samples of nickel-filled com-
posite materials based on pHEMA-gr-PVP copolymers
were obtained. The presence of metallic nickel in
the synthesized polymer samples is confirmed by
their magnetic properties and coloration, which varies
from gray to black depending on the composition,
redox system content, and pH.

The main objectives of further research in this
direction are to determine the influence of reduction
conditions combined with polymerization on the
particle size of the metallic filler, as well as the
structure, physicomechanical, magnetic, and electrical
properties of the obtained composite materials.

Table 4
Effect of temperature and activator type on the kinetic parameters of reduction
(Solution composition: [NiSQ,] = 0.55 mol/L, [NaH,PO,] = 1.2 mol/L; pH = 7.5)
No. Activator Temperature, °C V"™ mmol/L-sec 7;, min Treg, MIN
1 AgNO; 60 0.92 53 &3
2 Hydrosol Ni 60 0.18 21 136
3 Hydrosol Ni 70 0.50 13 106
4 Hydrosol Ni 80 1.29 7 52
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Conclusions

Using the volumetric method, the kinetic
characteristics of the reduction reaction of nickel ions
with hypophosphites in solution were determined,
depending on the solution composition and condi-
tions. It was established that, in the absence of an
activator, the reaction practically does not occur. A
significant increase in the reduction rate is observed at
nickel sulfate concentrations above 0.55 mol/L. In a
slightly alkaline medium, the chemical deposition of
metal is characterized by a high rate and a short
induction period even at temperatures of 60—70 °C.

It was found that the presence of PVP in the
solution affects both the duration of the induction
period and the reduction reaction rate, with the nature
of this influence strongly depending on the pH of the
medium.

Thus, it was proven that the use of pre-formed
nickel hydrosols as an activator significantly shortens
the induction period of the reduction reaction at low
temperatures.
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! Hamionansauit yrisepcurer “JIbBiBchbKa momiTexnika”, kadeapa XiMidHOI TEXHOJIOTT IIepepobKH IIacTMac
? Texuiunmii yrisepcurer Kommite, kadeapa TexHOMOTIH, MaTepiaiiB Ta aBTOMATH30BAHOTO BUPOOHHIITBA

JOC/IIZKEHHA ITPOLECIB XIMYHOI'O OCAI’KEHHS HIKEJITO
AK HAITIOBHIOBAYA ITOJIIMEPHUX I'I/TPOI'EJIIB

HocaimkeHo KiHeTHYHI XapaKkTepHUCTHKHU Ppeakudii BilHOBJeHHs1 Hikeqro rinogocpitramu B 00’ emi
po3uuHy 3ane:kHo Bin pH cepenoBuina, TemmepaTtypd, BMiCTYy OKHCHHKA, NPUPOAM i KOHLEHTpaWLii aKTH-
BaTOpa, MPUCYTHOCTI BOAOPO3YMHHOIr0 nojiMepy — noaiBininipoaigony (ITIBIT). BusiBjieno, mo npucyTHicTh
IIBII y po34yuHi BIVIMBA€ HA TPUBATICTh IHAYKLIfHOr0 Mepiogy Ta MBHAKICTH peakiuii BiTHOBJIeHHS, NPUYOMY
xapakrtep BBy IIBII 3nauno 3anexuthb Bin pH cepenoBuina. [oBeeHo, 10 BUKOPUCTAHHS SIK AKTUBATOpPA
Bi/IHOBJIEHHSI TIONEPEIHLO OJEPKAHUX TiAPO30JIiB HIKeII0 Ja€ MOMJIMBICTH 3HAYHO CKOPOTHTH TPUBAIICTH
iHgykuiifHoro nepiony peakuii BiTHOBJIeHHS 32 HU3LKUX TeMIIepaTyp.

Kuio4oBi cjioBa: Hikesib, BiTHOBJIEHHsI, XiMidHe OCAZKeHHsI, KiHeTHKA, NMOJiBiHiImipoainoH, riaporeni.
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