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ABSTRACT This work is devoted to the study of phase equilibria in the BiPO,~YPO,—(nH>O) system under
mild conditions. It was shown that using the precipitation method leads to crystallization of the samples into
the rhabdophane phase YPO, - nH,O and the ximengite phase BiPO,. Hydrothermal treatment of the samples
at 160 °C results in the gradual transformation of hexagonal yttrium phosphate with a rhabdophane-type struc-
ture into tetragonal xenotime YPO,, and hexagonal bismuth phosphate with a ximengite-type structure into
monoclinic bismuth phosphate (space group P2;/n). The transformation into the stable phases of xenotime
and monoclinic bismuth phosphate is almost complete after 28 days of isothermal holding under hydrothermal
conditions at 160 °C. Moreover, the lower the content of the second component in samples containing both
Bi and Y, the faster the structural transformation into the stable phase proceeds. A solid solution based on
monoclinic bismuth phosphate with the composition Biy g4 Y¢.0sPO4 is formed in the system. Before disappear-
ing, the rhabdophane-type phase represents a solid solution with the composition Y, sBig2PO, - nH;O. The
crystallite sizes of all phases increase with an increase in the bismuth content in the system.
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1. Introduction

At present, compounds of the type Me1;1PO4 and complex orthophosphates of trivalent cations are considered promis-
ing functional materials due to their nonlinear optical properties and applications in the production of catalysts, ceramic
dielectric materials, fluorescent materials, fuel cells, and detergent components [1-3]. Rare-earth element (REE) or-
thophosphates are of particular interest owing to their high melting points (7}, =~ 1900 — 2300 °C), low solubility in ag-
gressive media, and high isomorphic capacity [4—11]. Materials based on REE orthophosphates are considered promising
candidates as matrices for immobilizing toxic and radioactive elements and as heat-resistant ceramics [12]. Lumines-
cent nanomaterials based on doped REE orthophosphates have potential applications in optical systems, high-definition
displays, medical and biological analysis, fluorescent imaging, drug delivery, and biomolecule detection [13]. The in-
corporation of Bi** ions into the crystal lattice of yttrium orthophosphate has a favorable effect on its luminescence
intensity [14]. As a result, bismuth-doped nanocrystalline yttrium orthophosphates have found applications as optical
amplifiers, light-emitting devices, displays, and low-threshold lasers [15].

Depending on the synthesis methods and conditions, REE orthophosphates can be obtained in various structural
modifications: monazite with space group P2;/n and xenotime with space group 4, /amd. At low temperatures, REE
orthophosphates can also crystallize in the structures of rhabdophane (P6222, or C2, or P3:21) [16-18] and churchite
(C2/c¢), both containing structural water. An increase in temperature leads to the transformation of hydrated compounds
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into anhydrous phases [10,19,20]. Doping REE orthophosphates with various elements results in the formation of different
phases within the system [13,21-23].

Bismuth phosphate BiPOy exists in several crystalline modifications: a hexagonal phase with a ximingite-type struc-
ture (P3121) and two monoclinic phases — a low-temperature phase (P2; /n) and a high-temperature phase (P21 /m) [24—
26].

It is also known that bismuth phosphate BiPO, finds particular application in catalysis [27,28], ion probing [29], and
the separation of radioactive elements [30, 31], as well as in the enhancement of the electrical properties of phosphate
glasses [32,33]. Recently, photoluminescent properties of bismuth phosphate BiPO,4 have been identified [34].

Due to the relatively small difference in the ionic radii of Bi*™ and REE ions, bismuth phosphate can be doped with
rare-earth element ions [35]. REE-doped BiPO, nanoparticles are promising candidates for photonic and luminescent
applications.

Promising methods for the production of nanoparticles include low-temperature synthesis techniques for solid-state
materials [36-39], including “soft chemistry” methods [40]. Typically, the reaction medium in low-temperature synthesis
of oxide nanocrystals consists of aqueous solutions and aqueous dispersions of various compositions [41], which intro-
duces certain challenges in obtaining nanoparticles based on anhydrous oxide phases with a specified structure [42,43].

Currently, several methods for the synthesis of single-phase micro- and nanoparticles of BiPOy4 are known. Nanorods
of the hexagonal phase of BiPO4 were obtained using a sonochemical method without the use of surfactants/ligands at
room temperature [44]. It is noted that under hydrothermal synthesis conditions at 160 °C, a phase transformation from the
hexagonal phase h-BiPO, to the low-temperature monoclinic phase m-BiPO4 occurs, accompanied by a morphological
transformation from nanorods to monoclinic microcrystals [45].

For the synthesis of nanocrystalline REE orthophosphates, “soft chemistry” methods are commonly used, including
co-precipitation [46,47] and hydrothermal methods [48,49]. Sometimes, the precipitates obtained by “soft chemistry”
methods are annealed at 7' > 800 °C to obtain anhydrous samples [16], or are initially subjected to high-temperature
sintering [22,23].

The phase diagram of the BiPO4—YPO, system is not presented in the literature.

The work is aimed at studying the mutual influence of the components in the BiPO4—YPO4—(nH>0) system on phase
formation using “soft chemistry” methods, including precipitation and hydrothermal treatment.

2. Material sand methods

For the synthesis of nanocrystalline powders with the overall composition Y;_,Bi,PO4 (0 < 2 < 1), the starting
reagents used were bismuth nitrate Bi(NOs)3 - 5H5O (analytical grade), yttrium nitrate Y(NOs3)3 - 6HoO(technical grade),
6 M nitric acid (technical grade), and ammonium dihydrogen phosphate (NH4)oHPO,4 (analytical grade).

To precipitate the orthophosphates, a 0.1 M solution of bismuth nitrate Bi(NO3)s was first prepared. To prevent the
precipitation of bismuth hydroxide, 6 M HNO3 was added. While continuously stirring, a 0.1 M aqueous solution of yt-
trium nitrate Y(NO3)3 was added dropwise to the bismuth nitrate solution in the desired Bi : Y ratio. Then, stoichiometric
amounts of a 0.1 M aqueous solution of the precipitant (NH4)oHPO4 were added while stirring. The resulting suspensions
with pH = 1 were stirred for 30 minutes using a magnetic stirrer at 7' = 25 °C.

The hydrothermal treatment was carried out as follows: the suspension obtained by the precipitation method was
placed in a stainless steel autoclave with a Teflon liner (filling ratio 0.85, P =~ 10 MPa) and hydrothermally treated at
T = 160 °C with isothermal holding durations of 9 hours, 9 days, and 28 days.

All obtained samples were washed with distilled water until pH = 7, precipitated by centrifugation (3500 rpm), dried
at T'= 80 °C for 15 hours, and ground in an agate mortar.

To study the particle morphology and determine the composition of the samples, X-ray spectroscopic microanalysis
(XPS) was performed using a Tescan Vega 3 SBH scanning electron microscope (Tescan, Czech Republic) equipped with
an Oxford Instruments INCA x-act attachment (Oxford Instruments, UK). Due to the overlap of the energy spectra of the
Ka-series of phosphorus (2.013 keV) and the La-series of yttrium (1.922 keV), the yttrium content in the system was
determined using the Ka-series of yttrium (14.955 keV). Measurements were taken in the range up to 20 keV across three
different areas, averaging the obtained values.

X-ray diffraction (XRD) analysis of the samples was performed using powder diffraction patterns obtained with a
DRON-8N X-ray diffractometer (Bourevestnik, Russia) equipped with a copper anode X-ray tube (Ko doublet), in the
angular range of 20 = 10 — 70° with a step size of 0.0142°. Qualitative analysis of the samples was carried out using
the ICSD PDF-2 database. The unit cell parameters of all phases were determined by recording diffraction patterns of
samples mixed with NaCl, calibrated using the internal standard method with the powder XRD standard Si640f (NIST,
USA). Full-profile phase analysis was performed using the Rietveld method with the PDWin and SmartLab Studio II
v4.4.241.0 software suite (Rigaku Corporation, Japan). The phase fractions, determined by the Rietveld method and
expressed in mass percentages, were converted to mole percentages. For this conversion, it was assumed that the phase
with the rhabdophane structure contains 0.667 moles of water per formula unit [49]. The average crystallite size was
determined using the Scherrer equation from the non-overlapping reflections of each phase
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3. Results and discussion

According to the elemental analysis data, the molar ratio (Bi + Y) : P is close to 1:1 in all samples, which corresponds
to the stoichiometry of the orthophosphate. For further designation of the samples, the relative molar fraction of bismuth
with respect to the sum of bismuth and yttrium in the samples is used: for the nominal composition, the notation “Bix”
is used, where x = n(Bi)/(n(Bi) + n(Y)), with n(Bi) and n(Y) being the molar fractions of bismuth and yttrium in the
sample as synthesized; for the samples obtained by the precipitation method and subjected to hydrothermal treatment for
different durations, the notation “Bix(7)” is used, where n(Bi) and n(Y) are the molar fractions of bismuth and yttrium
in the sample determined by X-ray spectroscopic microanalysis (XPS), and 7 is the duration of the isothermal treatment
under hydrothermal conditions. The samples obtained by the precipitation method are designated as “Biz (init.)”. The
nominal composition and results of elemental analysis are presented in the Table 1.

TABLE 1. Sample designation according to the nominal composition, bulk composition based on X-ray
spectroscopic microanalysis (XPS) data, and the duration of hydrothermal treatment

Designation of samples

] Gross composition, z(7), mol. frac.
Nominal

composition, Duration of hydrothermal treatment at 160 °C
2, mol. frac. | Precipitation

9 hours 9 days 28 days

Bi0.00 Bi0.00(init.) | Bi0.00(9 h.) Bi0.00(9d.) Bi0.00(28 d.)

Bi0.05 Bi0.13(init.) giig'ggg 113))* Bi0.06(9d.) _
Bi0.07 — Bi0.07(9 h.) — —
Bi0.10 Bi0.34(init.) — — Bi0.11(28 d.)
Bi0.20 — Bi0.19(9h.)  Bi0.15(9d.) —
Bi0.30 gfggf((:;::))* Bi0.35(9h.) Bi0.34(9d.) Bi0.23(28 d.)
Bi0.40 — Bi0.60(9 h.) — —
Bi0.50 Bi0.93(init.) — Bi0.54(9d.)  Bi0.56(28 d.)
Bi0.60 — Bi0.76(%h.)  Bi0.64(9d.) —
Bi0.70 — Bi0.87(9h.) Bi0.74(9d.)  Bi0.68(28 d.)
Bi0.80 — Bi0.92(9h.)  Bi0.84(9d.) —

Bi0.90 Bi0.97(init.) | Bi0.95(9h.) Bi0.93(9d.) Bi0.94(28 d.)

Bil.00 Bil.00Ginit.) | Bil.00(9h.) Bil.00(9d.)  Bil.00(28 d.)

*The samples were obtained with different degrees of washing of the precipitate.

According to the elemental analysis data for the samples (Table 1) obtained both by the precipitation method and
hydrothermal treatment, the experimentally determined composition of the samples contains less yttrium compared to the
nominal composition. This may be due to the washing out of nanocrystalline yttrium orthophosphate during the washing
process of the samples. According to study [49], the crystallite size of yttrium orthophosphate with a xenotime structure
can be around 4 — 10 nm, which significantly complicates its separation during centrifugation and leads to its removal
with the washing water. The sample Bi0.59(init.) was obtained by a single washing of the precipitate with a nominal
composition of Bi0.30, while the sample Bi0.84(init.) was obtained by applying a three-step washing of the precipitate.

According to the X-ray diffraction data for the BiPO4,—YPO,—(nH20) system samples obtained by the precipitation
method (Fig. Al in Appendix), the Bi0.00(init.) sample exhibits broadened reflections corresponding to the xenotime



Phase formation in the BiPO4—YPO,—(H>0) system 475

structure (PDF-2 Card 00-011-0254). Samples with compositions ranging from Bi0.13(init.) to Bi0.97(init.) crystallize
into the rhabdophane (PDF-2 Card 00-042-0082) and ximengite (PDF-2 Card 00-045-1370) structures. In the Bil.00(init.)
sample, only reflections corresponding to the phase with the ximengite structure are observed.

After hydrothermal treatment at 160 °C with an isothermal holding time of 9 hours (Fig.A2 in Appendix), the sam-
ples crystallize into phases with xenotime, rhabdophane, ximengite, and low-temperature monoclinic bismuth phosphate
structures. According to the X-ray diffraction data, the Bil1.00(9 h.) sample consists of the low-temperature monoclinic
phase of BiPO, (PDF-2 Card 00-015-0767), while the Bi0.00(9 h.) sample crystallizes in the tetragonal xenotime-type
structure of YPO, (for all isothermal holding times under hydrothermal conditions). In the samples containing both Bi
and Y, the formation of phases with ximengite and rhabdophane structures is observed. The presence of bismuth in the
Bi0.04(9 h.) and Bi0.06(9 h.) samples leads to the formation of a tetragonal xenotime-type phase in addition to the rhab-
dophane phase, whereas the presence of yttrium in the Bi0.95(9 h.) sample promotes the formation of the low-temperature
monoclinic bismuth phosphate phase alongside the ximengite structure phase.

An increase in the isothermal holding time under hydrothermal conditions to 9 and 28 days leads to an expansion
of the stability range of phases with monoclinic bismuth phosphate and tetragonal yttrium phosphate (xenotime-type)
structures. After 9 days of isothermal holding under hydrothermal conditions (Fig. A3 in Appendix), in samples containing
both Bi and Y, the formation of tetragonal YPOy is observed in compositions from Bi0.06(9 d.) to Bi0.64(9 d.), while the
monoclinic bismuth phosphate phase is formed in samples Bi0.15(9 d.) and from Bi0.54(9 d.) to Bi0.93(9 d.).

After 28 days of isothermal holding under hydrothermal conditions (Fig. A4 in Appendix), the formation of the
xenotime phase is observed in samples from Bi0.11(28 d.) to Bi0.68(28 d.), while the formation of the monoclinic
bismuth phosphate phase is observed from Bi0.11(28 d.) to Bi0.94(28 d.).

In the samples obtained by the precipitation method with compositions from Bi0.13(init.) to Bi0.97(init.), the unit
cell volumes of the two coexisting phases — YPO, - nH2O with the rthabdophane structure and BiPO,4 with the ximengite
structure — remain constant, which may indicate the absence of solid solution formation based on these phases (Fig. 1a).

Hydrothermal synthesis with an isothermal holding time of 9 hours (Fig. 1b) also leads to the formation of two
phases in the samples from Bi0.07(9 h.) to Bi0.92(9 h.). These samples contain a BiPO4 phase with the ximengite
structure and a YPO, - nH2O phase with the rhabdophane structure, exhibiting constant V/Z values across the specified
composition range, which indicates the absence of solid solution formation. The Bi0.04(9 h.) and Bi0.06(9 h.) samples
are three-phase and crystallize into phases corresponding to BiPO4 with the ximengite structure, YPO, - nH2O with the
rhabdophane structure, and YPO4 with the xenotime structure. The Bi0.95(9 h.) sample is also three-phase, crystallizing
into BiPOy4 phases with ximengite and monoclinic bismuth phosphate structures, as well as a YPO4 - nHO phase with
the rhabdophane structure.

With an increase in the isothermal holding time to 9 days (Fig. lc), a gradual transformation of hexagonal yttrium
phosphate with the rhabdophane structure into tetragonal yttrium phosphate with the xenotime structure, as well as hexag-
onal bismuth phosphate with the ximengite structure into monoclinic bismuth phosphate, occurs. Three-phase regions are
observed for samples with compositions from Bi0.15(9 d.) to Bi0.84(9 d.). It can be seen that the unit cell volume of the
phase with the rhabdophane structure in the samples obtained by precipitation and after 9 hours of hydrothermal treatment,
and the unit cell volume of the phase with the ximengite structure in the samples obtained by precipitation and hydrother-
mal treatment for 9 hours and 9 days, remain constant at approximately (V/Z)aba, =~ 85 A3 and (V/Z)xim. = 91 A3,
respectively. The unit cell volume (V/Z)ana. after 9 days of hydrothermal treatment increases to ~ 86.5 A3, indicating
the formation of a solid solution with an approximate composition of Y. 92Big.0sPO4 - nH20O, and after 28 days (Fig. 1d)
for the Big ¢3(28 d.) sample, to ~ 87.5 A3, corresponding to the formation of a solid solution with the composition
Yo.8Bip.2POy - nH20. The unit cell volume of xenotime remains constant for all compositions and hydrothermal treat-
ment durations ((V/Z)yen =~ 72 A®). The unit cell volume (V/Z) of the monoclinic BiPO,4 phase in the Bi0.95(9 h.) and
Bil1.00(9 h.) samples after 9 hours of hydrothermal treatment is also constant at ~ 74 A3, However, after 9 and 28 days
of hydrothermal treatment, for samples containing Y, a decrease in the unit cell volume of the monoclinic BiPO4 phase
to ~ 73 A2 is observed, which may indicate the formation of a solid solution with the composition Big.g4Y.06PO4.

The absence of data in Fig. 2 for the rhabdophane structure in the Bi0.97(init.), Bi0.95(9 h.), and Bi0.93(9 d.) samples
is due to the low content of this phase (less than 2 mol.%), which makes it impossible to accurately determine the unit cell
parameters.

The phase composition analysis by the Rietveld method (Fig. 2a) for the BiPO4~YPO,—(nH50) system samples
obtained by the precipitation method shows the presence of a xenotime phase in the Bi0.00(init.) sample and a ximengite
phase in the Bi1.00(init.) sample. Samples containing both Bi and Y crystallize in phases with thabdophane YPO, - nH5O
and ximengite BiPOy4 structures in molar ratios close to the elemental composition of the samples.

For the samples obtained with an isothermal holding time of 9 hours (Fig. 2b), the transformation of hexagonal
ximengite into monoclinic bismuth phosphate is observed in the Bi0.95(9 h.) sample. A phase transition from hexagonal
rhabdophane to tetragonal xenotime is also observed in the samples with low bismuth content. With an increase in the
total bismuth content in the samples, there is a corresponding decrease in the proportion of the rhabdophane YPO, - nH2O
phase and an increase in the proportion of the phase with the ximengite structure.
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FIG. 1. Dependence of the unit cell volumes of different phases, normalized to the number of formula
units per unit cell, on the total actual bismuth content in samples obtained by the methods: a) precip-
itation, b) hydrothermal treatment for 9 hours, c¢) hydrothermal treatment for 9 days, d) hydrothermal
treatment for 28 days. The solid solution formation region based on monoclinic BiPOy is highlighted
in color

An increase in the duration of the isothermal holding time under hydrothermal conditions to 9 days (Fig. 2c) leads
to the expansion of the concentration range for the formation of more stable phases — monoclinic bismuth phosphate and
tetragonal yttrium phosphate with the xenotime structure — as well as to a decrease in the amounts of metastable phases
with the structures of rhabdophane Y 92Big.0sPO4 - nH2O and ximengite BiPO,.

In the case of hydrothermal treatment with an isothermal holding time of 28 days (Fig. 2d), the system for almost all
compositions reaches a state of two-phase equilibrium based on the stable phases at 160 °C with xenotime (YPO,) and
monoclinic BiPOy structures. Only in the sample Bi0.68(28 d.) is the presence of ~ 6 mol.% of a rhabdophane-structured
phase with the composition Y gBig 2POy4 - nH20 observed.

For the samples obtained by the precipitation method, from Bi0.13(init.) to Bi0.93(init.), an increase in the average
crystallite sizes of the phases with rhabdophane and ximengite structures from approximately 10 to 40 nm is observed
with increasing bismuth content in the system (Fig. 3a). Moreover, the crystallite sizes of these two phases are almost
identical. Further increase in the bismuth content (up to the Bil.00(init.) sample) leads to an increase in the average
crystallite size of the ximengite-structured phase to ~ 70 nm. The average crystallite size of the xenotime-structured
phase in the Bi0.00(init.) sample is ~ 3 — 5 nm.

For the samples obtained by hydrothermal synthesis with an isothermal holding time of 9 hours, from Bi0.04(9 h.)
to Bi0.60(9 h.), an increase in the bismuth molar fraction in the system leads to a slight increase in the average crystallite
sizes of the phases with rhabdophane and ximengite structures from ~ 45 to 48 nm (Fig. 3b). Further increase in the
bismuth content up to Bi0.92(9 h.) results in an increase in the average crystallite sizes of the phases with rhabdophane
and ximengite structures to ~ 50 nm and 63 nm, respectively. The average crystallite sizes of the monoclinic bismuth
phosphate phase are ~ 85 nm, and the average crystallite size of the xenotime-structured phase is ~ 35 nm.

With an increase in the isothermal holding time under hydrothermal conditions to 9 days (Fig. 3c), growth in the
crystallite sizes of xenotime is observed from ~ 40 nm to ~ 55 nm for samples from Bi0.00(9 d.) to Bi0.64(9 d.). The
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FIG. 2. Phase content (, mol.%) in the BiPO,~YPO4—(H50) system as a function of the total actual
bismuth content in samples obtained by the methods: a) precipitation, b) hydrothermal treatment for
9 hours, c) hydrothermal treatment for 9 days, d) hydrothermal treatment for 28 days. The single-phase
region of compositions is highlighted in color

crystallite sizes of the hexagonal yttrium phosphate with a rhabdophane structure increase from ~ 35 nm to ~ 70 nm
for compositions from Bi0.15(9 d.) to Bi0.84(9 d.). For the hexagonal bismuth phosphate with a ximengite structure,
crystallite growth from ~ 45 nm to ~ 78 nm is observed for samples from Bi0.34(9 d.) to Bi0.93(9 d.). Crystallite growth
of the monoclinic bismuth phosphate phase from ~ 52 nm to ~ 85 nm is observed in samples from Bi0.15(9 d.) to
Bi1.00(9 d.).

An increase in the isothermal holding time under hydrothermal conditions to 28 days (Fig. 3d) does not lead to a
significant change in the average crystallite sizes of the phases with the xenotime structure YPO, and the monoclinic
BiPOy, structure compared to the samples obtained after 9 days of isothermal treatment.

Analysis of SEM micrographs (Fig. 4) of the synthesized samples obtained by precipitation and hydrothermal syn-
thesis methods shows that yttrium phosphate crystallizing in the xenotime structure forms aggregates composed of YPOy
particles, whose sizes are nearly identical to the crystallite sizes of the YPO4 phase (~ 5 to ~ 40 nm), as observed in
work [49]. Bismuth phosphate particles obtained by the precipitation method appear as aggregates of small rounded par-
ticles corresponding to the phase with the xenotime-type structure, with particle sizes of approximately 200 — 300 nm.
Under hydrothermal conditions, bismuth phosphate crystallizes in the form of large monoclinic crystals with sizes ranging
from ~ 0.5 to 2 pm. For the samples containing both Bi and Y, the formation of rod-like particles corresponding to the
hexagonal phase of yttrium phosphateYPO, - nH2O with the rhabdophane structure is observed.
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HhYPO,, rhabdophane ® +YPO,, xenotime
b) @®h-BiPO,, ximengite DSt m-BiPO,

F1G. 3. Crystallite sizes of all phases as a function of the total actual bismuth content in samples
obtained by the methods: a) precipitation, b) hydrothermal treatment for 9 hours, c¢) hydrothermal
treatment for 9 days, d) hydrothermal treatment for 28 days

4. Conclusion

It is shown that in the BiPO4~YPO,—(nH20) system, using the precipitation method, samples with compositions
ranging from x = 0.13 to x = 0.97 crystallize in two phases, namely the rhabdophane and xenotime structures.
Hydrothermal treatment at 160 °C leads to the gradual transformation of hexagonal bismuth phosphate with a ximen-
gite structure into a low-temperature monoclinic bismuth phosphate, and hexagonal yttrium phosphate with a rhabdo-
phane structure into tetragonal xenotime. Increasing the duration of isothermal treatment to 9 days promotes the for-
mation of solid solutions based on monoclinic bismuth phosphate Big 94Y.06PO4 and hexagonal yttrium phosphate
Yo.92Big.0gPOy4 - nH20O with a rhabdophane structure.

Samples obtained via hydrothermal synthesis with a 28-day isothermal treatment are two-phased and contain stable
phases of xenotime and monoclinic bismuth phosphate across the entire composition range, except for the sample with a
bismuth content of z = 0.68, in which 6 mol.% of a solid solution phase with the structure of rhabdophane, composition
Yo.8Big.2PO4 - nH2O, is present. A solid solution is formed based on the thermodynamically stable monoclinic bismuth
phosphate phase with the composition Bip 94Y(.06PO4. The lower the content of the second component in samples
containing both Bi and Y, the faster the structural transformation into the stable phase occurs.

An increase in the molar fraction of bismuth for samples obtained by the precipitation method leads to an increase
in the average crystallite sizes of all phases from ~ 10 to 70 nm. For samples obtained by hydrothermal synthesis, an
increase in the average crystallite sizes is observed with the rise in bismuth content in the system and with an increase in
the duration of isothermal treatment.
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