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Abstract

Metal complexes are thermally unstable in hydrothermal solutions, which may cause metal
cation inertness or precipitation. We investigated, for the first time, the hydrolysis behav-
ior of ammonium fluorozirconate ((NH,),ZrF) at 423.15-773.15 K and 100 MPa. Kinetic
equilibration experiments of the fluorozirconate solution demonstrated that the hydrolysis
of the complex reached equilibrium within 4 h. Variable-temperature experiments showed
that the complex’s hydrolysis was dependent on the temperature and initial concentra-
tion in the hydrothermal solutions, with enhanced hydrolysis at elevated temperature and
decreased initial concentrations. Based on our experimental data, we established a linear
relationship between the cumulative hydrolysis constants (K) of (NH,),ZrFg and absolute
temperature 7: InK = (36.06 + 3.46) — (29747 + 1967)/T, from which A H®, A S® and
ArGS1 values for the hydrolysis reaction were also calculated. This study suggests that fluo-
rine may play an important role in Zr mobility and provide a route to quantitatively charac-
terize the thermodynamic features of metal complexes in hydrothermal solutions.

Keywords Zirconium - Hydrolysis behavior - Hydrothermal fluids - Mobility

1 Introduction

The chemical behavior of a metal element in aqueous solutions is mainly controlled by the
nature of the metal ions or complex species that it forms [1]. It is well known that high-
valence metal cations, cluster ions, and metal complexes can react with water molecules,
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called hydrolysis, leading to the dissociation of water molecules and a change of the stabil-
ity of the metal element [2, 3]. Therefore, these hydrolysis reactions play a significant role
in the solubility and mobility of high-valence metal elements.

Zirconium (Zr) is an important rare metal element and has applications in the aerospace
and defence industries, nuclear reactions, and atomic energy because of its physical and
chemical properties, including excellent corrosion resistance, high melting point, high
hardness, and strength. Zr can dissolve in hydrochloric and sulfuric acid, especially when
fluorine is present, which greatly limits the utility of Zr metal [4]. A few studies have dem-
onstrated that Zr has good stability and can form Zr—F complexes in F rich fluids [5-8].
The crystalline structures and calorimetric changes of these Zr—F complexes at different
temperatures were also measured [9-11]; however, the thermodynamic properties of these
Zr-F complexes in aqueous solutions, especially at high temperature and pressure, are still
poorly understood. This makes it difficult to quantitatively study Zr solubility and mobility
in solutions.

In this paper, we have adopted a pyrohydrolysis method to study the hydrolysis behavior
of ammonium fluorozirconate (NH,),ZtFg) in a hydrothermal solution, to determine its
cumulative hydrolysis constants at 423.15-773.15 K and 100 MPa, with the aim of improv-
ing our understanding of the stability of the Zr—F complex in hydrothermal solutions.

2 Experimental and Analytical Methods
2.1 Chemicals

Fluorine is an essential inorganic ligand for Zr(IV) to form Zr—F ion complexes in aqueous
solutions [12]. In this study, ammonium fluorozirconate (NH,),ZrF;) (99%, AR, Xiya Rea-
gent), a white powder with a density of 1.15 g-cm™>, was used as the starting material. This
kind of Zr-F complex consists of a Zr—F octahedron and two N-H tetrahedrons (Fig. 1)
[13, 14]. The Zr-F octahedron is composed of six fluorine atoms with a zirconium atom
at its center, connected by covalent bonds. Through N-H covalent bonds, three hydrogens
and one nitrogen form an N-H tetrahedron with the vertex nitrogen atom shared by four
N-H tetrahedrons. The Zr—F octahedrons and N-H tetrahedrons are linked by weak ionic
bonds, which can easily break to form two ionic groups. This complex’s powder is highly
soluble in water, forming a colorless solution at room temperature and ambient pressure.

2.2 Experimental Apparatus

All experiments were performed in Tuttle-type cold-seal pressure vessels of 27 mm outer
diameter, 6 mm inner diameter, and 250 mm length, using water as a pressure medium
in the hydrothermal laboratory at the Guangzhou Institute of Geochemistry [15]. This
kind of pressure vessel is usually made of high-temperature nickle-base alloy, and con-
sists of a longer vessel in which the open end and sealed parts are outside the furnace. In
the vessels, the pressure is bulit up by the water through an external hydraulic pump and
an air compressor, which produces an oxygen fugacity environment almost analogous to
nickle—nickle oxide (NNO). The temperature was measured with a NiCr—Ni (K-type) ther-
mocouple and was monitored by a high accuracy electronic temperature controller, while
the pressure was corrected by high accuracy gauges. Temperature systematic error for the
apparatus is+5 K, and pressure error is + 10 MPa.
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Fig. 1 The crystal structure of ammonium fluorozirconate ((NH,),ZrF). The parameters of crystalline
structure are described in the literature [13, 14]

2.3 Experimental Procedure

The hydrolysis experiments of (NH,),ZrF aqueous solutions were conducted with vari-
able initial concentrations of 0.004, 0.005 and 0.01 mol-L~' at temperatures ranging
from 423.15 to 773.15 K and a pressure of 100 MPa. By weighing with an analytical
balance (+0.1 mg, Sartorius, BS124S), 96.4 mg, 120.5 mg, and 241 mg (NH,),ZrF¢
powder were dissolved into 100 mL deionized water to make ideal initial solutions of
0.004, 0.005, and 0.01 mol-L™!, respectively. Due to the weighing error of making the
solutions and the purity error of used chemical, which should lead to an initial Zr con-
centration deviation, all the three initial solutions, as well as the resultant solutions,
were carefully analyzed as seen below. The measured initial Zr concentrations of 351 or
321 ppm, 560 ppm, and 1120 ppm were used for thermodynamic calculations.

Gold capsules, with a diameter of 4 mm and a length of 20-25 mm, were used as the
reactant container. First, the capsules were pretreated by acid cooking, cleaning with
alcohol and deionized water, and then dried at 333.15 K in a drying oven (DGG-9070B)
to ensure no impurities were included. The capsules were then filled with about 100 pL
of the initial solutions and sealed at both two ends with a tungsten inert gas welding
system (PUK U3, Germany). Before and after all experiments, the system was checked
for leaks by placing the capsules into a drying oven at 383.15 K for at least 2 h. Only
capsules with negligible mass differences were used in the experiments.
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Before running an experiment, the gold capsule was placed into the end of the pressure
vessel, followed by a nickel filler rod of ~ 10 cm length, which effectively reduces the ther-
mal convection of the pressure-medium. After the experiments, the vessels were quickly
quenched in an ice-water mixture. The temperature dropped to below 373.15 K in several
seconds. Previous studies have demonstrated that this kind of quick-quench technique can
effectively avoid the obvious re-dissolution of precipitates derived from the pyrohydrolysis
of Ti—F complexes [15, 16]. Therefore, the quenching effect in this study is negligible.
Finally, the capsules were cleaned and weighed again to ensure that no breakage occurred
during the experiments.

2.4 Analytical Methods

After the experiment, the product was processed carefully and analyzed accurately. The
resultant solutions were extracted using a micropipette immediately after cutting open the
capsules. Then the extracted aqueous solutions were centrifuged at 4500 rpm for 15 min,
ensuring that the precipitates were separated from the solutions. The isolated solutions
were removed by micropipette into 15 mL plastic containers and finally diluted with 3%
nitric acid solution.

Zr concentrations of the initial and resultant solutions were measured using an iCAP
Q ICP-MS (Thermo Fisher Scientific, USA) at the Analytical and Testing Center of Sun
Yat-Sen University. The iCAP Q ICP-MS was equipped with a hydrofluoric acid-resist-
ant sample introduction system, including a torch with sapphire inner tube, a micro Mist
PFA nebulizer, and a Peltier cooled PFA Scott-type double pass spray chamber to avoid the
interference of fluorine on the instrument and analytical results. All analyses were carried
out with a plasma power of 1550 W, dwell time of 0.01 s, and sample depth of 5 mm. The
Misa05-1, containing 1 ppm Zr determined at the State Key Laboratory of Isotope Geo-
chemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, was used
as the external calibration standard solution for the mass discrimination correction of the
mass spectrometer. Repeated tests of more than three times and the background deduction
furthered the reliability of the results. The limit of detection for Zr is less than 0.1 ppt, and
the accuracy of the analysis is greater than 3%.

3 Results and Discussion

3.1 Equilibrium of the Hydrolysis Reaction

Theoretically, ammonium fluorozirconate should hydrolyze at room temperature and
atmospheric pressure. However, with increasing temperatures, the Zr—-F complex should

hydrolyze by a stepwise mechanism. A potential stepwise hydrolysis mechanism can be
written as follows:

ZrF;” + H,0 = Zr(OH)F}~ + HF (1a)

Zr(OH)F}~ + H,0 = Zr(OH),F;” + HF (1b)
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Zr(OH),F;” + H,0 = Zr(OH);F;~ + HF (1c)
Zr(OH);F;” + H,0 = Zr(OH), + HF + 2F~ (1d)
Zr(OH), = Zr0, | +2H,0 (le)

The reactions above occur as a nucleophilic substitution of an F~ in the Zr-F octahedron
by a hydroxyl OH™ derived from the dissociation of H,O [17]. This results in the forma-
tion of a series of Zr fluoro-hydroxyl complexes and Zr oxide precipitates corresponding
to varying temperatures, pressures, and runtimes. At given conditions, once the hydrolysis
reactions above reach equilibrium, the maximum Zr will precipitate from the reactive solu-
tions to form Zr oxide. Consequently, the residual Zr concentrations in the reactive solu-
tions remain constant no matter how the runtime changes.

Variable-time experiments with durations ranging from 2 to 12 h at 473.15 K and
100 MPa were conducted to determine the time required to reach equilibrium for the
hydrolysis reaction. The residual Zr concentrations in the reactive solutions for each of
the timed experiments are shown in Table 1. The experimental results show that the con-
centrations of residual Zr in the resultant solutions are 303 ppm, 270 ppm, 268 ppm, and
267 ppm at 473.15 K and 100 MPa at the run times of 2 h, 4 h, 8 h, and 12 h, respectively,
with an initial Zr concentration of 351 ppm. This shows that concentrations of residual Zr
decrease continuously for to 4 h and holds steady at around 270 ppm after 4 h, suggesting
that the hydrolytic reaction has reached equilibrium at the fourth hour (Table 1 and Fig. 2).
When the initial 321 ppm Zr solution was used as the starting material, the above reaction
reached equilibrium within 2 h (Fig. 2). This implies that lower initial Zr concentrations
in the reactive solutions will increase the Zr hydrolysis rate, and accelerate the hydroly-
sis reaction. In addition, elevated temperatures could also accelerate the rate of hydrolysis
and shorten the required time to reach equilibrium for the hydrolysis of ZrFé_ [18]. This
further implies that the exact equilibrium time of the hydrolysis reaction at temperatures

Table 1 Results of variable-time equilibrium experiments of (NH,),ZrF hydrolysis

Run no Temperature® Pressure® Time Initial Zr concen-  Residual Zr
tration concentra-
tion
X (MPa) () (ppm) (ppm)

Zr-2 473.15 100 2 351 303

Zr-3 473.15 100 4 351 270

Zr-4 473.15 100 8 351 268

Zr-5 473.15 100 12 351 267

18-Zr-011 473.15 100 0.5 321 283

18-Zr-012 473.15 100 2 321 244

18-Zr-006 473.15 100 4 321 239

18-Zr-010 473.15 100 8 321 244

18-Zr-013 473.15 100 12 321 243

*The temperature variations during the runs are less than 5 K
The pressure variations are less than 10 MPa
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of more than 473.15 K is less than 4 h, while it is probably more than 4 h at temperatures
of less than 473.15 K. Therefore, we carried out a series of experiments with a duration of
10-12 h, to ensure that the hydrolytic reaction would reach equilibrium.

The hydrolysis reactions of metal complexes reaches equilibrium more easily than the
mineral dissolution. Similar to the Zr—F complex, other complexes, such as Sn—F and Ti-F
complexes, can usually reach hydrolysis equilibrium within a dozen hours at temperatures
ranging from 423.15 to 823.15 K and pressures of 50-400 MPa [16, 19]. However, mineral
(e.g., ZrO,) dissolution equilibrium took more time, up to several days [8]. This is most
likely because the mineral dissolution, as well as consequent complexation, results from
a series of more complex processes involving the solvation, hydrolysis, and nucleophilic
substitution reactions on the solid—fluid interface [17]. Besides, controlled by the surface
energy and specific surface of minerals, the dissolution rate of ZrO, minerals is much
lower at hydrothermal conditions, leading to a longer equilibrium time.

3.2 Temperature and Initial Concentration Dependences of the Hydrolysis Reaction

Relative to ambient conditions, Zr—F complexes are less stable in the high temerature and
high pressure conditions. In these experiments, initial solutions were hydrolyzed stepwise
at a pressure of 100 MPa and temperatures ranging from 423.15 to 773.15 K. The cumula-
tive hydrolysis reaction can be described as:

2NH} + ZrF;~ + 2H,0 = ZrO, | +2NH; + 6HF 2)

The residual Zr concentrations in the resultant solutions at temperatures ranging from
423.15 to 773.15 K and initial Zr concentrations varying from 351 to 1020 ppm are pro-
vided in Table 2 and Fig. 3. These data show that both initial Zr concentration and temper-
ature can influence the stability of Zr—F complexes in F-rich solutions. As seen in Fig. 3,
the residual Zr concentrations drop by one order of magnitude with increasing temperature
despite different initial Zr concentrations. This suggests that elevated temperatures can pro-
mote the hydrolysis of (NH,),ZrF4 and lower the stability of Zr-F complexes in F-rich
solutions, resulting in a negative effect.
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Compared to the temperature, the initial Zr concentration shows a positive effect
on the hydrolysis extent of Zr in F-rich solutions (Fig. 3). In solutions with an ini-
tial 351 ppm Zr concentration, with increasing temperatures ranging from 423.15
to 723.15 K, the residual Zr concentrations vary from 323 to 7.32 ppm (Table 2). In
the initial 560 ppm Zr solutions, the residual Zr concentrations decrease from 443 to
32.4 ppm at temperatures of 473.15 to 773.15 K. Comparably, in the initial 1120 ppm
Zr solutions, the residual Zr concentrations vary from 1020 to 134 ppm as the tem-
perature increases from 473.15 to 773.15 K (Table 2). These further suggest that the
higher Zr concentrations in the reactive solutions could decrease the hydrolysis rate of
(NH,),ZrF¢ and increase the stability of Zr—F complexes in hydrothermal solutions.

Similar temperature or initial concentration effects can also be seen in other experi-
ments involving the complex hydrolysis or mineral dissolution [6, 8, 16, 19, 20]. The
Ti—F complex is stable and hardly hydrolyzes at room temperature, but elevated temper-
atures can increase the hydrolysis rate and decrease the stability of the Ti-F complex,
whereas high initial concentration is good for the stability of a complex [16]. A previous
study found that the solubility of ZrO, can be increased with increasing temperatures
in F-rich fluids [8]. Here is a paradox [17] that both Zr-F complex hydrolysis and ZrO,
dissolution, which are reverse processes, are increased by the elevated temperatures.
Although higher temperatures promote the hydrolysis of the Zr-F complex and lower
the stability of Zr in F-rich solutions, it also facilitates the ZrO, dissolution and forma-
tion of the Zr-F complexes. Maybe high concentrations of the Zr—F complex in F-rich
solutions played a major effect on the stability of Zr-F complex rather than the tempera-
ture. This should plausibly explain the paradox from the experimental results between
the metal complex hydrolysis and mineral solubility.

3.3 Thermodynamic Properties During Hydrolysis

The extended Debye—Hiickel equation [21, 22] was used to calculate the activity of ions
in hydrothermal fluids in this experiment:
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A7 \/7
log,gy; = +0b,1 (3)

1+B, a\/_

where A, and B, are the parameters of the extended Debye-Hiickel equation, and b, is the

extended term parameter of NaCl, which can be used because the aqueous solution in this
experiment can be simplified to a NaCl solution [8]. All the values of these three param-
eters (Ay, By, and by) can be taken from the literature [8, 21, 23] (Table 3). The Z is the
charge of the ion, and the subscript i represents the ion of interest. The c‘i is the distance of
closest approach. The distances of closest approach (d) were set at 2.5 A for NHJr [24] and
4.5 A for Zr species, such as ZrF2 [25]. I'in Eq. 3 represents the ionic strength of the solu-
tion, which was calculated from Eq 4:

n

— 1 2
1= 0

i=1

where c is the molarity of species, including NH', HF, NH;, and Zr species such as ZrFé_.
Other species like HY and OH™, were not considered because of their low concentrations in
these experiments.

The equilibrium constant of the reaction 2 for (NH,),ZrF¢ can be expressed as:

[HF][NH;)?

=— 5)
2 2—
[NHG]"[ZeF ]

When the activity coefficient (y) is introduced into Eq. 5, it can be rewritten as:
6 ,6 2 .2

CHFYHFNH, VNH,

K=—-— (6)

c NH:‘r yNHI CZng’ }/Zng’

where the molarity of ZrFé‘ was determined by the resultant products, and the molarities
of HF, NH;, and NHI were determined by stoichiometric calculations based on the reac-
tion 2, without considering the weak ionization of HF and NHI. The calculated results of
the ionic strength, concentrations, and activity of ions, and cumulative hydrolysis constants

Table 3 The reference vaules of Ay, By, and by at temperature of 423.15-773.15 K and pressure of 100 MPa
described in the literature [20, 22]

Temperature Pressure A B b

v v v

(K) (MPa) (kg"?-mol =12 (kg"?-mol™"2.cm™)x 1078 (kg-mol™")x 1072
423.15 100 0.6352 0.3496 7.5

473.15 100 0.7196 0.3592 6.5

523.15 100 0.8192 0.3686 52

573.15 100 0.9398 0.378 35

623.15 100 1.0981 0.3882 1.1

673.15 100 1.3262 0.4004 -2.8

723.15 100 1.6723 0.4154 -93

773.15 100 2.1872 0.4321 -19.2
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are shown in Table 2. The cumulative hydrolysis constant (InK) of (NH,),ZrF4 increases
from—25.5 to—5.69 at temperatures ranging from 473.15 to 773.15 K with the initial
560 ppm Zr concentration, while it increases from —28.84 to—4.07 at the same tempera-
ture range but with an initial Zr concentration of 1120 ppm. These are similar to the solu-
tions with an initial Zr concentration of 351 ppm, in which the cumulative hydrolysis con-
stant changes from—36.23 to—5.25 as the temperature varies from 423.15 to 723.15 K
(Table 2). Based on the above results, the cumulative hydrolysis constant of (NH,),ZrF
has a positive correlation with temperature and is hardly affected by the initial Zr concen-
tration. It further demonstrates that the equilibrium constant is a function of temperature,
independent of the concentration.
Based on the Van’t Hoff Equation (7, Kelvin)

AH AS
—InK = W - T (7)

and considering known the gas constant (R=8.31451 J-K'mol™!) and the relationship
between enthalpy, entropy, and temperature, there should be a linear relationship between
—InK and 1/T. As shown in Fig. 4, the data were nicely fit with a line. The fitting equation
is InK=(36.06 +3.46) — (29,747 + 1967)/T with ArH?1 and ArSr@n of reaction 2 calculated to
be (247.3 +16.35) kJ-mol~! and (299.8 +28.74) J-mol~!-K~!, respectively. As the tempera-
ture increases, the cumulative hydrolysis constant also increases, implying that the Zr-F
complexes will be more unstable at elevated temperatures. Furthermore, a nice line fitting
suitable to Eq. 7 testifies to the validity of the reaction 2 and the presence of ZrF?)_.
Significantly, a consistent result from the Zr-F, Ti-F, Nb-F, Ta—F, and Sn—F complexes
in hydrothermal solutions is that the higher the temperature, the lower the residual metal
concentration becomes [6, 16, 19, 20]. This will cause the residual metal concentration
in the resultant solutions likely to be below the determination limits especially at temper-
atures over 873.15 K. Therefore, a linear relationship between—InK and 1/7 (Fig. 4) as
described in this study will allow one to derive the cumulative hydrolysis constants not
only at higher temperatures but at lower ones through an extrapolation method. This will
also greatly promote the applications of the pyrohydrolysis results of metal complexes.
Given the Gibbs energy equation (7, Kelvin)

Fig.4 Cumulative hydrolysis Temperature (K)
constants of (NH,),ZrF¢ and 77315 673.15 573.15 473.15 373.15
their linear fitting based on the 0 T T - T - T
Debye—Hiickel and van’t Hoff s === Linear Fitting of Ink
equation b I u, «l R*=0 95

-10F -~

|
l ~
~
LN .
£ 20} -m
~
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N |
-
30k .
© ~
|
-40 . .
0.0015 0.0020 0.0025
/T (K"

@ Springer



846 Journal of Solution Chemistry (2020) 49:836-848

AG® = AH® - TA,S® (8)

the change in the standard Gibbs energy (ArGg) of the hydrolysis reaction of the Zr-F com-
plexes at different temperatures can be calculated and extrapolated to other temperatures.
As shown in Table 4, ArGg decreases from (150.42 +7.06) kJ-mol~! to — (74.43 + 14.49)
kJ-mol~! with the temperature changing from 323.15 to 1073.15 K, displaying a nega-
tive relationship between them. The data in this study suggest elevated temperatures pro-
mote the reaction 2 to happen spontaneously along the forward direction and facilitate the
hydrolysis of Zr-F complexes.

3.4 The Mobility of Zirconium in Fluorine-Rich Fluids

The mobility of Zr is constrained by the temperature and initial concentration of the Zr-F
complex. Elevated temperature can increase the velocity of molecules and ions and accel-
erate the reaction 2 in the forward direction, leading to a negative effect on the stability of
Zr in F-rich solutions, similar to the stability of Zr in pure water and OH-rich solutions [8,
26, 27]. Many researchers have observed that the solubility of zircon is only 35+ 11 ppm
at 1203.15 K in pure water, and several ppm in the OH- and Cl-rich solutions [7, 28-32].
Hence, they hypothesized that Zr was highly unstable in the solutions and easily precipi-
tated from the solutions. But other studies showed that the solubility of Zr in the F-rich
fluids was orders of magnitude higher than in other aqueous systems and can reach thou-
sands of ppm [7, 8], suggesting the enhanced Zr mobility in the F-rich solutions. When
fluorine is enriched in an aqueous solution, the reaction 2 can shift in the opposite direc-
tion, resulting in more Zr dissolution in hydrothermal solutions. On the contrary, the reac-
tion 2 goes in the forward direction when fluorine is absent or in low concentrations, which
will significantly reduce the concentration of residual Zr in solutions. Therefore, at a given

Table 4 Calculated A.G® and

— Temperature A G® Standard deviation

standard deviation at temperature rom

of 323.15-1073.15 K based (K) (kJ-mol™") (kJ-mol™")

on Gibbs energy equation

on the hydrolysis reaction of 323.15 150.42 7.06

(NH,),ZrF, 373.15 135.43 5.63
423.15 120.44 4.19
473.15 105.45 2.75
523.15 90.46 1.31
573.15 75.47 0.12
623.15 60.48 1.56
673.15 45.49 3.00
723.15 30.50 443
773.15 15.51 5.87
823.15 0.52 7.31
873.15 —14.47 8.74
923.15 —29.46 10.18
973.15 —44.45 11.62
1023.15 —59.44 13.06
1073.15 —74.43 14.49
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temperature, fluoride concentrations in fluids play a crucial role in the Zr mobility and the
stability of Zr-F complex.

4 Conclusions

Based on the high-temperature and high-pressure experiments, we found that the cumula-
tive hydrolysis reactions between (NH,),ZrF¢ and water at 423.15-773.15 K and 100 MPa
can reach equilibrium within 4 h. This suggests that the complex’s hydrolysis is much faster
than mineral dissolution because of a homogeneous phase reaction. Variable-temperature
experiments showed that higher temperatures and lower initial solution concentrations had
a positive effect on the hydrolysis extent for (NH,),ZrF,. With the temperature increas-
ing, the cumulative hydrolysis constants also increased. Using the Debye—Hiickel and Van’t
Hoff equations, we fit the relationship between the cumulative hydrolysis constants (K) of
(NH,),ZrF4 and temperatures (7, Kelvin) as the function:

InK = (36.06 + 3.46) — (29747 + 1967)/T,

where A H® and A.S® are (247.3+16.35) kJ-mol™" and (299.8+28.74) J-mol™"K™',
respectively. The corresponding calculated ArGg decrease from 150.42 to —77.43 kJ-mol ™!
as the temperatures ranges from 323.15 to 1073.15 K. These results imply that Zr—F com-
plexes will be more unstable at elevated temperatures and that more fluorine could be
required for the stability of Zr-F complexes in hydrothermal solutions.
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