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Bnepevte uccneoosana Kunemuxa oopa3oeanusn 2udpooKcuoa 3pous npu oelicmeuu Ha

GOOHBIIL PACMEOP €20 HUMP AN 06 Pa3paoa NOCM OAHHO20 MoKa 6 6030yxe. /{uana3on uccie006anHpIx
KOHUenmpayuii Humpamoe cocmaenn (5-40) mmonv/n, a morkoe paspaoa (40-80) mA. Ilokasaro,
umo o0pazoeanue ZUOpPOOKCUOa NP OUCXO0UN MOTbKO 8 C1YUae, Ko20a Pacmaeop A611€mcsa AHOOOM.

B amom cnyuae deticmeue paspaoa npueooum k pocmy pH pacmeopa u oocmuzaemcsa Kkonyenmpa-
yua uonoe OH-, neobxooumas ona oopaszoseanus ocaoka 2udpooxkcuoa. Onpeoesnenst popmanvhvie
KOHCMaHmbl CKOpocmeii 00pazosanus 2udpookcuoa u cmenenu npespauienus uonoé Er®* npu pas-
HBIX moKax paspada. Koncmanmul ckopocmu 3agucesiu om moKa pazpaoa u HavaabHoll KOHyeHmpa-
yuu. Ilpuzadannom moke pa3paoa KOHCMaHmupl CKOP OCHU POCIU C POCHIOM HAYAIbHOU KOHYeHmpa-
yuu. Ilpu moxe paspaoa 80 mA koncmanmui menanucey om 2,1:10°00 7,7:10° ¢ npu yeenuuernuu
Konyenmpayuu om 5 00 40 mmonw/n. Ipu smom cmenenu npespawenus Er®* ymenvwanuce om 0,58
00 0,32, a 3nepzemuueckue pIx00ul ygeauuusanuco om 7,6-10 2 00 0,86 uonoe na 100 3B enoxcennoii
Inepzuu. Memooom OuHAMUYECKO20 PACCEAHUA C8EMA OOHAPY HCEHO, YO NOIYYEHHbLIL 2UODP 00K CUO
obpazyem oge ppaxuyuu c 2udpodunamudeckum ouamempom yacmuy (45,5+5,2) um u (582+85) nm.

Cooepicanue nepeoit ppaxuuu (43+£2)%, a emopoii — (57£2) % Xumuueckuii cocmag npodykma,

onpeoenennvtit memooom I/IC, coomeemcmeyem gpopmyne [Er,(OH):](NOs)-5H,0. To ecmsb nony-
YeHHOe 6euiecne0 OMHOCUMCA K CIOUCHIBIM O80IHBIM 2UOPOKCUOAM. DMU 6euyecmea cOCH oA U3
HOTLOHCUM ETILHO 3APANCEHHBIX C10€6 ZUOP OKCUOO08 PeOKO3EeMebHbIX I/1eMEHN 06 U OMP UYAM e1bHO
3apPANHCEHHBIX MeHCCAOUHBIX anuonos. COM dhomozpagpuu noomeepcoarom amo 3axarouenue.
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The kinetics of erbium hydroxide formation under the action of a direct current discharge
in air on an aqueous solution of its nitrates was studied for the first time. The range of studied
nitrate concentrations was (5-40) mmol/L, and discharge currents (40-80) mA. It was shown that
hydroxide formation occurs only when the solution is anode. In this case, the discharge leads to an
increase in the pH of the solution and the concentration of OH- ions required for the formation of
a hydroxide precipitate is achieved. Formal rate constants of hydroxide formation and the degrees
of conversion of Er®** ions were determined at different discharge currents. The rate constants de-
pended on the discharge current and the initial concentration. For a given discharge current, the
rate constants increased with increasing initial concentration. At a discharge current of 80 mA, the
constants varied from 2.1-10° to 7.7-10° s™* with an increase in concentration from 5 to 40 mmol/L.
In this case, the Er3+ conversion rates decreased from 0.58 to 0.32, while the energy yields in-
creased from 7.6-10-210 0.86 ions per 100 eV of input energy. Using dynamic light scattering, it
was found that the resulting hydroxide forms two fractions with hydrodynamic particle diameters
of (45.5+5.2) nm and (582+85) nm. The content of the first fraction is (43+2) %, and the second is
(57+2)%. The chemical composition of the product, determined by the EDS method, corresponds
to the formula [Er,(OH)s](NOs;)-5H,0. That is, the obtained substance belongs to layered double
hydroxides. These substances consist of positively charged layers of rare earth element hydroxides

and negatively charged interlayer anions. SEM images confirm this conclusion.

Keywords: erbium, hydroxide, synthesis, discharge, kinetics

INTRODUCTION

Layered anion-exchange compounds are at-
tracting considerable interest in many areas of chemis-
try. In particular, the cleavage of crystalline layered
solids into individual layers allows the production of
molecularly thin two-dimensional (2D) materials [1].
This type of materials includes layered rare earth ele-
ment (REE) hydroxides, which combine the ability to
exchange anions with the interesting properties of
REEs. In these substances, a cationic two-dimensional
lattice is formed from the REE(OH); crystalline frame-
work through dimensionality reduction andtopological
engineering. Subsequent chemical exfoliation leads to
the formation of REE-based hydroxide nanosheets. In-
terestin these compounds is associated with their cat-
alytic and photoluminescent properties, as well as bio-
medical applications [2-4].
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Most frequently (~70%), either hydrothermal
precipitation [5] or chemical precipitation [6] are used
to obtain REE hydroxides. The main disadvantages of
these methods are elevated temperatures (100 °C and
above) and pressures, as well as the duration of the pro-
cess (hours and tens of hours). The presence of precip-
itating reagents also does not contribute to the purity of
the product. In this paper, we investigate the possibili-
ties of obtaining REE by a relatively new method,
which we first used in [7] for the synthesis of Zn(OH),.
The method involves the action of a direct current gas
discharge at atmospheric pressure in air on an aqueous
solution of erbium nitrate. And this method does not
have the above-mentioned disadvantages. The object
of the study was erbium hydroxide (Er(OH)s). This
choice was due to the fact that, according to a literature
analysis [4], out of 216 papers published before 2022,
only 5 were devoted to erbium.
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EXPERIMENTAL PART

The reactor consisted of two glass cells sepa-
rated by a cellophane membrane (Fig. 1). Eachcell had
a volume of 80 ml. High voltage was applied to tita-
nium electrodes located 4 mm above the solution sur-
face so that one cell served as a liquid anode and the
other as a liquid cathode. The discharge was initiated
in air at atmospheric pressure, with a discharge current
of 40-80 mA. Aqueous nitrate solutions were prepared
by dissolving analytical-grade Er(NO;)s-5H,0 in dis-
tilled water. Solution concentrations were 5-40 mmol/L
(calculated as erbium).

B
e Eloe

Fig. 1. Schematic diagram of the experimental setup. 1 - liquid
anode, 2 — liquid cathode, 3 — titanium electrodes, 4 — cellophane
membrane
Puc. 1. Cxema 3kcnep UMEHTaIbHOM yCTaHOBKH. 1 — sKUIKUIA
aHoJI, 2 — XUAKUHA KaroJl, 3 — TUTAHOBBIE AJIEKTP O/1bl, 4 — 1eIJI0-
(hanoBas MeMOp aHa

After a certain discharge exposure time, the
Er3*ion concentration and pH of the solution were de-
termined. The pH of the solution was measured using
a PHT-028 water quality analyzer (Kelilong, China),
and the Er®* ion concentration was determined using
the complexometric titration method described in [8].
The maximum discharge burn time was 600 s. Each
measurement was performed at least five times, with
the average value and standard error determined.

To determine the power input into the discharge
ata given current, the voltage drop betweenthe metal
electrodes was measured using a TrueRMSFluke 280
precision voltmeter.

As the discharge burned, a pink colloidal solu-
tion began to form in the upper part of the anode cell.
This color is characteristic of erbium hydroxide [9].
Over time, the solution lost its aggregative stability,
and a precipitate settled at the bottom of the cell. The
precipitate was filtered and washed five times with dis-
tilled water. The resulting substance was air-dried at
50 °C for 24 h and analyzed.
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The colloidal solution was used to determine
the hydrodynamic sizes of particles using dynamic
light scattering (DLS: Photocor Compact —Z, Russia).

The surface microstructure of the synthesized
substance was studied using scanning electron micros-
copy (SEM: Tescan Vega 3SBH, Czech Republic).
The elemental composition of the powders was deter-
mined using energy-dispersive spectroscopy (EDS:
Aztec EDS, Oxford Instruments Ltd., England).

RESULTS AND DISCUTION

A typical kinetic dependence of the con-
centration of Er3* ions and the degree of their
conversion is shown in Fig. 2.
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Fig. 2. Kinetics of changes in the concentration of erbium ions
(1,2) and their degree of conversion (3,4) in the liquid anode.
1,3 —current 80 mA. 2,4 — current 40 mA
Puc. 2. Kunernka M3MeHeHHUs KOHIEHTp Al HOHOB 3p6us (1,2) u

¥X cTerneHu np eBpamieHus (3,4) B sxuakom anofe. 1,3 —tok 80 MA.
2,4 — 1ok 40 MA

Measurements showed that a colloidal solution
does not form in the liquid cathode under the action of
a discharge, and the concentration of Er®* ions does not
change during the experiment.

By processing the kinetic curves in various
ways, we came to the conclusion that the best option
(determination coefficient R 0.98 and higher) corre-
sponds to the following dependence of concentration C
on time t:

Ct) =a+ B exp(—K - t). @y
This expression corresponds to the kinetic law

ac (2)

Pl -K-C+W,
where K is the apparent rate constant of ion loss, W is
the rate of their formation, and the constants o and 8
are defined as o = W/K and S = (Co-WIK), where Cj is
the initial concentration of ions (att = 0).

The results of processing the kinetic depend-
encies allow us to determine the values of K and W.
These data are presented in Table 1.
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Tablel

Kinetic parameters of Er3* ion conwersion
Taonuya 1. KuneTndecKue napaMeTpbl KOHBepCHH WOHOB Erd*

Concentration, Discharge current is 80 mA Discharge current is 40 mA
mmol/I K, st W, mmol/(I's) K, st W, mmol/(I's)
5 (2.1£0.6)- 102 (2.1+0.6)-10°° (3.0£0.2)-102 (7.2+1)-10°3
20 (5.8+1.0)- 104 (1.0£0.2)- 101 (1.1£0.3)-102 (1.1£0.3)-1072
40 (7.7£0.6)- 103 (2.1£0.2)- 101 (5.520.5)- 103 (1.7£0.2)- 101

Using the same data, we determined the energy
parameters of the process (the number of converted
ions per 100 eV of input energy (¢)) and the degree of
ion conversion (). The results are shown in Table 2.
The value of ¢ wascalculated for the processing time
t = K™ as proposed in [10]:

_ [Co=C()]'VyNay -€-100
- Pt

3)

where C, and C(t) are concentrations (mol/l), Vy is the
cell volume (0.08 ), Nay is Avogadro’s constant, € is
the electron charge (C), P is the power input into the
discharge (W).

The value of o was calculated as
_ Co—C(t=600c)
==

a

(4)

Table2

Degrees of conversion and energy yields of the Er3* ion conwersion process
Taénuya 2. CTeneHn NPEeBPAICHHs] W YHEPreTHYECKHe BHIXOAbLI TpOIecca KOHBepcHH HMOHOB Erd*

Discharge current is 80 mA Discharge current is 40 mA
Concentration, Degree _ Energy output Degree _ Energy output
mmol/I of transformation - ' of transformation - '
during 600 s, a lons/100 eV, ¢ during 600 s, a lons/100 eV, ¢

5 0.58 7.6-102 0.42 1.0-102

20 0.22 9.4-102 0.12 1.3:10*

40 0.32 8.6-101 0.24 7.7-10"

0 100 200 300 400 500 600
Time, s

Fig. 3. Dependence of solution pH on treatment time in the liquid
anode (1-4) and cathode (5). 1, 3—40 mA. 2, 4,5 - 80 mA.
2,3—-20 mmol/l. 1, 4,5 —40 mmol/l
Puc. 3. 3aBucumocts pH pactBopa ot BpeMeHr 00p abOTKH B JKHJI-
koM anozie (1-4) u karoze (5). 1, 3—40 MA. 2,4, 5— 80 MA.

2, 3—-20 mmoins/n. 1, 4, 5 — 40 mmons/1

As noted, the process occurs in the surface
layer, the depth of which is significantly shallower than
the depth of the solution. Therefore, it can be assumed
that W is the rate of ion influx into the reaction zone
from the depth of the solution. This rate is determined
by the diffusion and drift of Er®* ions in the electric

ChemChemTech. 2026. V. 69. N 8

field. Therefore, it canbe expected that, for a given dis-
charge current, the diffusion component will increase
with increasing initial concentration. And, for a given
concentration, the drift component will increase with
increasing discharge current. This is indeed generally
observed (Table 1).

The dependence of the constants on concentra-
tion indicates that these constants are apparent. For a
given discharge current, which ensures a constant flow
of active particles from the discharge to the solution
surface, the change in the constants with concentration
indicates that reactions involving the solute, despite
low concentrations, also influence the formation and de-
struction of active particles in the solution. This is also
evidenced by the kinetics of the solution's pH (Fig. 3).

In the liquid cathode, in contrast to the anode,
the pH of the solution always decreases from ~5 to ~2
(at600 s), and the values themselves depend weakly on
the concentration and current. The increase in the pH
of the solution is apparently the reason for the for-
mation of hydroxide. Indeed, the solubility product for
Er(OH); is equal to (1.63 = 0.17)-1072° [11]. Calcula-
tion using this value shows that, for equilibrium condi-
tions, the formation of hydroxide will be observed
when pH equals 5.2 and 5.3 for [Er®*] concentrations
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of 40 and 20 mmol/l, respectively. For these reasons,
hydroxide formation occurs in the anode, but no for-
mation is observed in the cathode. The differences in
pH values are mainly due to differences in the mecha-
nisms of formation of H* and OH- ions in the liquid
cathode and anode. This mechanism was studied and
described in detail in [12]. The main reason for the in-
crease in pH in the anodic part is that the anode is sub-
jected to bombardment by electrons from the discharge.
These electrons, being solvated, react at a high rate
with water molecules, forming OH"ions (e¢q + H,O —
—0.5H, + OH-, K=5.5-10° /(mol's)) [13,14]. Wealso
note that similar Kkinetic dependences with close rate
constants, rates, degrees of conversion and energy
yields are observed during the formation of cobalt hy-
droxide (Co(OH),) under the action of a discharge on
an aqueous solution of its nitrates at the same concen-
trations and discharge currents [15]. Unfortunately, it
is not possible to conduct similar comparisons with
other synthesis methods, since none of the works
known to us provides data on the precipitation kinetics
and product yields.

The results of the DLS analysis showed that
after a discharge action time of 600 s, the colloidal so-
lution formed consists of two fractions. One fraction
has an average hydrodynamic particle diameter of
(45.5+5.2) nm, and the other - (582+85) nm. The con-
tent of the first fraction is (43+2)%, and the second
- (57£2)%. Apparently, the first fraction is primarily
formed colloidal particles, and the second fraction is
the result of coagulation of primary particles. It can be
said that the formation of two fractions is a general pat-
tern for the processes of hydroxide formation under the
action of discharges on aqueous solutions of metal salts.
Thus, such a phenomenon was observed in the synthesis
of Cd(OH), from Cd(NQs), solutions [16, 19], Cu(OH),
from Cu(NOs), solution [17], Ni(OH), from Ni(NO3),
solution [18].

Elemental analysis of the obtained substance
showed that its chemical formula can be described as
[Er2(OH)s](NO3)-5H,0. The best known categories of
such substances are layered double hydroxides (LDH),
which are also called anionic clay materials [20—21].
With respect to rare earth elements (RE), they have the
general formula [RE,(OH)em] (A™)wnxH,O (M=10r 2,
A" is the n-valent anion). These substances consist of
positively charged layers of rare earth hydroxides and
negatively charged interlayer anions. The main layers
and guest anions are linked by strong chemical bonds
between RE3* cations and interlayer anions, which leads
to anion-exchange properties [22,23]. The SEM image
of the obtained substance (Fig. 4) shows that the for-
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mation of agglomerates in the form of lamellar struc-
tures (layers) actually occurs.

VEGA3 TESCAN|

SEM HV: 5.0 kV
View field: 104 um
SEM MAG: 2.67 kx __ Date{midly): 02/18/26

Fig. 4. SEM image of the synthesized substance
Puc. 4. COM Buz cHHTE3HMp OBaHHOTO BEIECTBA

CONCLUSION

Thus, this article demonstrates the feasibility
of producing layered nanoscale erbium hydroxides by
exposing an aqueous solution of erbium nitrate to a di-
rect current discharge at atmospheric pressure in air.
Unlike other traditional synthesis methods, this method
does not require any precipitating reagents, and the
process itself occurs in a short time (approximately 10
minutes).

The work was supported by the Ministry of
Higher Education and Science of the RF, project no.
FZZW- 2026-0005.

The authors declare the absence of a conflict
of interest warranting disclosure in this article.
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