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Abstract

Crystallization kinetics of strengite, FePO,,2H,0, has been investigated by direct mixing of
ammonium phosphate solution with a solution containing either iron(IIl) or iron(Il) plus
hydroxylamine, the latter acting as oxidant on the surface of growing iron phosphate crystals.
Nucleation rate was determined by light scattering and crystal growth rate from pH recording.
From the former was found a relatively uncertain surface fre energy of 127 mJ/m?* with Fe(IIl) and
a much more precise value of 55 mJ/m? with Fe(Il) + HONH,. Crystal growth was shown to take
place mainly by surface nucleation, either the mononuclear or the polynuclear mechanism, and
yielded edge free energies of 86-92 pJ/m with Fe(Ill) and 13-22 pJ/m with Fe(II) + HONH,. The
large differences may be interpreted in terms of a Fe(II)-rich monolayer on crystals growing from
solution containing iron(Il) and hydroxylamine.

1. Introduction

Two of the more widespread iron phosphates found as minerals are the iron(Il) salt vivianite,
Fe,(PO,),,8H,0, and the iron(IIl) salt strengite, FePO,,2H,0. One or the other is often found
together with other iron minerals such as pyrite, goethite and limonite and, of course, other iron
phosphates.'? Whether one or the other is abundant at a given location depends on redox
conditions at the site, the former preferring anoxic, the latter oxic environments. Strengite is most
often found as very small crystals. They belong to the orthorhombic bipyramidal class mmm, the
main crystallographic parameters being’

a=2872.2 pm, b =987.8 pm, c=1011.87 pm, Z= 8

According to Groth, the dominating forms are {100}, {111} and {102} (Groth gives the latter
form as {120}, because he takes the long axis as b).

The original aim of our investigation on iron phosphates was crystallization kinetics of
vivianite. It is well known to chemists working with transition metal salts in aqueous solution that
Fe*" is easily oxidized, when the solution is in contact with air, resulting in precipitation of iron(11I)
hydroxide:

4 Fe* + 0, + 10 H,0 — 4 Fe(OH), + 8 H'

Visible color change as well as beginning precipitation in a solution of an iron(II) salt will typically
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be observed already after a few hours, even when the solvent is water purged with nitrogen. In
order to avoid the complications of working under a nitrogen atmosphere throughout, we
attempted to stabilize the system in oxidation stage II by addition of a suitable reducing agent.
Hydroxylammonium chloride was chosen, because this chemicalis used to reduce iron(I1l) in water
analyses’:

4 Fe’ +2 NH,OH" - 4 Fe** + N,O + 6 H + H,0

Despite this precaution, however, the precipitate obtained was not, as expected, vivianite, which
forms relatively large and characteristic crystals,” but nanocrystals of strengite. In fact,
hydroxylamine is not only reducing, but strongly oxidizing as well, the standard potential of the
couple NH,OH'|NH," being as high as E° = 1.35 V.” We infer that the actual process of
precipitation in the presence of hydroxylamine is

2 Fe* +2 H,PO, + NH,OH" + 3 H,0 ~ 2 FePO,2H,0 + NH," + 2 H’

Apparently a growing crystal of iron phosphate somehow catalyzes the process of oxidation. For
comparison we also made a series of precipitations directly from iron(III) and phosphate without
additive:

Fe’* + H,PO, + 2 H,0 ~FePO,,2H,0 + 2 H'

Since H" is liberated in the process of precipitation both with and without additive, pH recording
is a suitable method of measurement. In further experiments nucleation was detected by light
scattering (turbidimetry) like in a previous study on calcium fluoride.®

2. Materials and methods

2.1. Apparatus
Two different pH meters were used for pH recording. In the first series it was a Radiometer pH/ion
meter model PHM 240 with a Metrohm Solitrode combination electrode. It was connected to a
serial port of a PC, which stored the readings at suitable time intervals. In the second series a
Mettler-Toledo SevenCompact pH meter with an InLab ExpertPro ISM combination electrode was
used. With this latter instrument connection to a PC during a kinetic experiment was unnecessary,
as the storage capacity of the meter is 1000 measurements. The time interval of measurements is
entered into the instrument before start. Values were afterwards transferred to a USB stick and
from there into the computer for data processing. Both pH meters were calibrated with ISO
standard buffers: potassium tetraoxalate, 0.05 molkg, pH = 1.680, potassium hydrogen phthalate,
0.05 mol/kg, pH = 4.008, potassium dihydrogen phosphate + sodium hydrogen phosphate, both
0.025 mol/kg, pH = 6.865, and borax, 0.01 mol’kg, pH = 9.184, all pH values applying to 25°C.
Turbidity spectra for determination of nucleation rates were recorded with a World Precision
Instruments/Ocean Optics model SD2000 fiber optic spectrometer with spectral range 250-850 nm
and resolution 1.9 nm. The light source was a World Precision Instruments D,Lite combined
deuterium and tungsten/halogen lamp. Samples were placed in standard 1-cm quartz cuvettes
inserted in an Ocean Optics CUV-UV cuvette holder connected to a circulation thermostat.
Precipitate was examined by dark-field microscopy, using a Zeiss Jenapol microscope
equipped with a Zeiss cardioid condenser. As this method did not provide a definite identification
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ofthe precipitate as strengite, further studies were made with scanning electron microscopy, x-ray
powder diffraction and Mossbauer spectroscopy. Micrographs ofuncoated samples were obtained
at low vacuum using a FEI FEG microscope. Diffractograms were obtained using a D8 Bruker
diffractometer equipped with Cu tube and a Lynx Eye detector. Mdssbauer spectra were obtained
at room temperature with a Wissel spectrometer calibrated using a natural Fe foil at room
temperature. The spectrum was fitted using 2 doublet components with Lorentzian line shape.

2.2. Reagents

Stock solutions for precipitation experiments were diammonium iron(II) sulfate hexahydrate
(Mohr’s salt) + hydroxylammonium chloride, both 0.1 M, ammonium iron(IIl) sulfate
dodecahydrate (iron alum), 0.1 M, as well as 0.1 M solutions of ammonium dihydrogen phosphate
and diammonium hydrogen phosphate. Iron alum was BDH Analar, the other chemicals were
Merck p.a. Solvent, also used for dilution, was either Milli-Q water (Millipore Corp.) or
demineralized water further purified by passing through a filter with activated carbon and a
Silhorko Silex 1 mixed-bed ion exchange column.

2.3. Procedures

Experiments with pH recording were carried out at 25 and 35°C for the systems with iron(II) and
hydroxylamine, but only at 25°C with pure iron(III). To a test tube of 20 mL was added 5 mL of
a suitable mixture of the two ammonium phosphates; in a number of cases only the dihydrogen
phosphate was used. To another test tube was added 5 mL of either iron(Il)/hydroxylamine or
iron(IIT) solution. Both test tubes were immersed in a water thermostat. After a few minutes the
solutions were mixed in one of the test tubes, the pH electrode inserted, and pH recording started.
The initial time interval of storing pH values was 1 minute. With the Radiometer instrument, the
program in the computer, to which it was connected, doubled the interval when pH had decreased
by less than 0.01 since the previous reading. Recording was stopped when more than 12 hours had
elapsed since the start of the experiment. With the Mettler-Toledo instrument the time interval
could not be changed during a run, so measurements continued until memory was full, i.e. after
nearly 17 hours. Towards the end of an experiment there was very little, if any, variation in pH
values, so some data had to be deleted to make the outcome similar to that from the other pH
meter. In both cases a final pH reading was taken the following day, and a sample of precipitate
was taken for microscopic characterization.

In the recordings of turbidity spectra the program on the PC to which the spectrometer was
connected was set to Time Acquisition such as to store the absorbances (turbidities) once a minute
at six different wavelengths: 400, 480, 560, 640, 720 and 800 nm. The spectra of the iron stock
solutions as recorded on the spectrometer showed no measurable light absorption above 350 nm.
The total volume of solution in the cuvette was 3 mL. Recording of spectral data was started as
soon as the last reagent solution had been added to the cuvette. After a certain period, which
depended on initial supersaturation, absorbance at 400 nm had reached a value of about 2, and then
the signal-to-noise ratio at this wavelength was too low to ensure reliable measurement. The
experiment was then stopped. All these experiments were made at 25°C.

3. Calculations
Knowing the initial composition of the solution as well as the recorded pH values we may,

assuming that only strengite crystallizes and with the aid of literature data for relevant equilibrium
constants”'®''>13 calculate all concentrations, amount of solid precipitated and residual
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supersaturation at any time during the process. A previously described computer program,'*"

recently revised such as to run under Microsoft Windows 10, has been used for these calculations.
The rate R of advancement of a crystal face was assumed proportional to the third root of amount
precipitated; this is equivalent with the assumption of a constant number of growing crystals during
the process. Further calculations on crystal growth rates will be described below in the section
Results.

Turbidity data from spectroscopy were evaluated using the Mie theory for light scattering
from small particles.'®'” We have no explicit expression for calculating particle size or number
density from turbidity data. Instead, the method is based on the extinction efficiency factor

3
O =

- 1

TN 0
where 1 is the turbidity, corresponding to absorbance in a cuvette of unit length, N is the number
of particles per unit volume, and a is the radius of a particle. Q,,, in turn, is a function of a,
wavelength A and the refractive indices of particle and surrounding medium. In the present study
0. is calculated from these latter parameters using the method of phase angles.'” For each set of
6 turbidity values at the selected wavelengths recorded at a given time, a is adjusted until the
dependence of calculated values of Q,,, on A agrees with the variation of T with A. The calculation
involves the summation of more than 20 spherical Bessel functions, but with a suitable recursion
formula readily implemented in the computer program this is a relatively simple task.® Knowing a
we obtain N from (1), and the increase of N with time gives the rate of nucleation J.

4. Results

Figure 1 shows at left and center crystals of strengite formed by direct precipitation from iron alum
and ammonium phosphate. Images from all other precipitates were similar, including those from
iron(IT) and hydroxylamine. The crystals are on the average about 0.1 um across, those from
iron(IT) and hydroxylamine apparently a little larger. At right is shown for comparison crystals
formed by air oxidation of iron(II) in phosphate solution in a test tube covered with Parafilm. This
results in slow increase of saturation ratio of strengite and thus a low rate of nucleation, such that
much larger crystals are formed than in the case of direct addition of iron(III). In plane polarized
light these crystals showed symmetric extinction as expected for orthorhombic crystals.

Figure 1. Strengite crystals from experiments without additive. Left: Dark-field image of
precipitate from 30 mM solution of iron alum and ammonium dihydrogen phosphate. Center: SEM
image of precipitate from 50 mM solution of either. Right: Circular polarization image of crystals
formed from air oxidation of Fe(II) in phosphate solution.
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X-ray diffractogram and Mdssbauer spectrum are shown in Figures 2 and 3. The rather broad
peak near 3 A in the diffractogram agrees with four of the strongest reflections of strengite: 122,
221, 113 and 131. Similarly the Mdssbauer spectrum agrees reasonably well with the findings of
Dyar et al. on natural strengite from Minas Gerais in Brazil."® There is no agreement, on the other
hand, with the dimorphic phase clinostrengite/phosphosiderite.
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Figure 2. X-ray diffractogram of precipitate Figure 3. Mossbauer spectrum of precipitate
from iron alum and ammonium phosphate, from iron alum and ammonium phosphate.
typical of nanocrystalline strengite.

Crystal growth of electrolytes from aqueous solution normally follows one or more of the
classical kinetic expressions for spiral growth (Burton-Cabrera-Frank mechanism)

Rs = b( CFE o CFa:aq ] lﬂﬁ (2)

mononuclear growth

2 4’5
R, = Esiﬂf_‘?(ln,45’)1’r eXp - ———=—— 3)
(kT 1n B
or polynuclear growth (birth-and-spread mechanism)
- 23 1 4 %5
R KRN T R 1 A s 4)
A (er =) (5) 3(kT) 1n g

In these expressions, which are simplified versions of a formalism originally proposed by
Christoffersen et al,” b, K, and K| are rate constants, c;, and cg, are actual and equilibrium
concentrations of iron, assumed to be rate-determining in surface processes, A is edge free energy
of'a step on the crystal surface, s is the area occupied by a formula unit in the crystal surface layer,
taken as the volume of a formula unit to the power of %4, and S is the average saturation ratio per
ion constituent. The total saturation ratio, [3, is defined as the ion activity product of the

crystallizing substance divided by the corresponding solubility product; for strengite in the absence
of additive we have

a(Fe™ Ja(POY)
& K (strengite)

C))
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where pK(strengite) = 28.40." Thus for strengite S equals the square root of .

Polynuclear growth means that several surface nuclei are present and are growing at the same
time on a crystal face, whereas in mononuclear growth there is only one nucleus per face. Both
mechanisms show a dead zone at low supersaturation, where only spiral growth can be detected.
Above this range growth accelerates, because nucleation may take place between the steps of a
growth spiral, thus leading to a mixed growth law. The relation between the growth rates by spiral
growth, R, by surface nucleation, R, and the overall growth rate R is expressed in Gilmer’s
equation®

3
o T ©)
R R
Experimental data are now analyzed as follows: Growth rates are plotted against (cg, - Cg,)In B
according to (2). If at low supersaturation the plot is linear and passes through the origin, it is
concluded that the crystals grow by the spiral mechanism. The rate constant b is determined from
the slope, and R, may be calculated for the whole range of supersaturations studied. If the plot
shows that growth accelerates at higher supersaturation, surface nucleation is likely to contribute.
R, as a function of supersaturation is then calculated using (6).
We now have two cases to consider: mononuclear growth according to (3) and polynuclear
growth according to (4). To simplify expressions we shall use the following shorthand notations
for the products between rate constant and exponential:

m(S)=S(In ,{?)]’Q
p(B)= 5% (¢s. ~rusy)” (10.5)"

To test for surface nucleation and to determine A we now plot either In[R,/m(f3)] or In[R /p(B)]
against 1/In 3. If the plot is linear, a surface nucleation mechanism is confirmed, but we cannot
directly from the plot tell whether it is the mononuclear or polynuclear mechanism due to the
similarity of the expressions. However, the values found for A will give a hint: for crystals with the
structure and habit of strengite we should not expect widely different values for edge free energies
of steps on different faces. This is what we should find, however, if we insisted on polynuclear
growth as the only mechanism.

Figure 4 shows kinetic plots for precipitations from iron alum and phosphate, and Table 1
gives the values found for edge free energy as well as calculated initial values of pH and
supersaturation.

With a small amount of precipitate, dissolved in hydrochloric acid, from one of the
experiments with hydroxylamine additive, the usual Prussian-blue test was carried out. It was
positive only for Fe(III), showing that oxidation was complete. In calculations on data from these
experiments we have to make use ofthe reaction scheme given in the Introduction. We assume that
the redox process is strictly connected with the crystallization process, which means that [Fe’*] is
negligible in comparison with [Fe*"]. The two acid dissociation constants of hydroxylamine are
known from literature,”'® and so [NH,OH "] may be calculated from solution composition like the
concentrations of the other dissolved species. To calculate the crystallization affinity, which
corresponds to supersaturation in the simple cases, we just need the equilibrium constant of the
overall reaction, written here in the form of a solubility constant:

" a(Fe*) a(HPO? )’ [NH,OH]
? [NH,]

(M

®
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Figure 4. Crystal growth from iron alum and phosphate. Upper left: Spiral growth (BCF
mechanism) at low supersaturation. Upper right: Polynuclear growth. Below: Mononuclear
growth.

TABLE 1. Results for strengite crystal growth from solution of iron(III) and phosphate at 25°C.

Fe/H,PO,/HPO,”, mM | pH, |logB,| A,/pJm’ A,/pJ m!
50/50/0 2.200 | 6.641 89+2 76+4
50/50/0 2.200 | 6.641 93+3
40/40/0 2.235 | 6.596 96+2
30/30/0 2.283 | 6.541 90+4
20/20/0 2.355 | 6.468 81+l
20/20/0 2.355 | 6.468 89+2
50/40/10 2.332 | 6.819 84+4
50/40/10 2.332 | 6.819 91+2

40/30/10 2.401 | 6.816 88+3
30/20/10 2.510 | 6.837 | 58+2, 107+l
Weighted mean 92+1 86+1
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The value of this quantity may be calculated from the solubility product of strengite, the
dissociation constants of the involved protolytes and the standard potentials of the iron and
hydroxylamine couples. In this way we find at 25°C pK,,” = 48.47. Using this value in kinetic
analyses, however, we found unrealistic high values of surface and, in particular, edge free energies.
Furthermore, the final pH recorded on the day after start of an experiment indicated that
supersaturation was still very high without any sign of further reaction. Evidently a metastable state
had been attained. It could be shown that this state obeys a law of constant ion activity product
similar to that of a stable solubility equilibrium. The values of this parameter as calculated from
final pH and used in kinetic analyses are

25°C: pK,, = 14.03+0.13
35°C: pK,, = 14.40+0.13

Kinetic plots on the basis of these values are shown in Figure 5, and edge free energies are given
in Tables 2 and 3.

The classical expression for homogeneous nucleation rate J per unit volume of solution as
worked out by Becker, Doring, Volmer, Zel’dovich and Frenkel is

1677°Q*

J=k,N:Zexp -
o 3(kT)Y 1n* B

€)

k, is a second-order rate constant for assembling of growth units, &V, is the number density of single
growth units in solution, and Z is the Zel’dovich factor accounting for the fact that the distribution
of crystal embryos is not the equilibrium distribution. Different, but equivalent expressions for Z
are found in the literature; one of them is?'

1 (kT)"
Z= —[ ] In* B (10)
8rQ2\ ¥

Further, vy is the surface free energy, and Q is the volume of a formula unit in the crystal. As Z is
proportional to In*, a plot of In(J/In*B) vs. 1/In*B should have the same slope as that of In(J/Z),
and with this we find y using (9).

Determination of J from turbidity turned out to be rather difficult for pure systems with iron
alum and phosphate. The dependence of number density on time became irregular a few seconds
after start of the experiment, probably because of agglomeration and sedimentation. We could
therefore make only a rough estimate of J from the first two or three points. Figure 6 shows the
results. From the upper line we found y = 128413 mJ/m* and from the lower y = 12040 mJ/m’,
the weighted average being

y = 127412 mJ/m’

For the systems with iron(II) and hydroxylamine the situation is quite different as Figure 7 shows.
The rate of nucleation can be determined with rather high precision from the initial slope ofa curve
of particle number vs. time, and we get the rate of nucleation as function of supersaturation shown
on the graph at right. The four lefimost points showing very precise linear dependence are assumed
to represent homogeneous nucleation in accordance with Eq. (9), whereas the rest probably may
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be ascribed to heterogeneous nucleation on unknown substrate. From the slope of the regression
line we get
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Figure 5. Crystal growth from iron(II), hydroxylamine and phosphate. Above: 25°C, below: 35°C.
Left: mononuclear growth, right: polynuclear growth.

TABLE 2. Edge free energies A (pJ/m) of strengite crystals grown at 25°C from solution of
iron(II), phosphate and hydroxylamine. All solutions are 50 mM with respect to Fe(II).

H,PO,, mM | HPO,”, mM | mononuclear | polynuclear

40 10 20.8+0.4
42 8 16.1+0.4 12.4+0.4
44 6 18.9+0.8

46 4 23.1+0.9

46 4 22.4+0.6
48 2 17.0+0.7
20 5 22.1+£0.6
21 4 13.6£0.5
22 3 12.7£1.1
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TABLE 3. Edge free energies A (pJ/m) of strengite crystals grown at 35°C from solution of
iron(Il), phosphate and hydroxylamine. All solutions are 50 mM with respect to Fe(II).

H,PO,, mM | HPO,*, mM | mononuclear | polynuclear
40 10 17.5+£0.9
42 8 25.4+1.0 14.5+0.5
44 6 16.6+0.6
45 5 20.0+0.8
46 4 16.7+£0.8
48 2 11.6+0.7
Y = 55.0+0.6 mJ/m’
10°
10 n
N 3 o o
S [
1O7§ Y
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Figure 6. Approximate nucleation rates in
solutions of iron alum and phosphate.
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Figure 7. Results for nucleation kinetics of strengite crystallizing from solutions with Fe(II) and
hydroxylamine. At left is shown the formation of new crystals as function of time at the 5 highest
supersaturations. The right graph shows the rate of nucleation as function of supersaturation.
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5. Discussion and conclusion

The above results of our study demonstrate not only the catalytic effect of growing iron phosphate
crystals on the redox process involving hydroxylamine and leading to the crystallization of strengite
rather than the expected vivianite. We also notice from the values in Tables 1-3 an important
reduction in surface and edge free energies on crystals growing from solution with Fe(II) and
hydroxylamine compared to those formed directly from Fe(III) and phosphate without additive.
The high values found in the latter case, Table 1, are not unexpected for crystals of trivalent ions;
this includes the not very precise surface energy determined from the plot of Figure 6. It is worth
noting, however, that an alternative method of determining this quantity, based on critical
supersaturation for nucleation, yields a similar result.”> From the kinetic plots in Figure 4 we note
that steady crystallization takes over, indicating that nucleation has ceased, somewhere in the range
0.08 < 1/In B < 0.10; let us take the mean value, corresponding to B = 6.7x10%, as critical
supersaturation for nucleation. When using Eq. (9) in this connection, the preexponential factor
is often taken as 4 = 10°° cm™s™ for the lack of knowledge on the individual factors. Assuming
further that at the critical supersaturation.J =1 cm™s', we end up with y = 125 mJ/m’, i.e. the same
value as that from turbidity within experimental error.

We further note from Table 1 that edge free energies are generally a little higher from
mononuclear than from polynuclear growth. This may be understood if we realize that polynuclear
growth is possible only if the crystal is sufficiently large to accommodate more than one growing
surface nucleus per face; otherwise the mononuclear mechanism is the only possibility. Due to the
long range of electrostatic forces the potential energy of a surface nucleus of a given size is lower
on a large than on a small crystal, and this is registered as lowering of edge free energy.

In the case of crystallization from iron(Il), hydroxylamine and phosphate we have three
aspects to consider: 1) catalysis of the redox process by a growing crystal, 2) low values of surface
and edge free energies, and 3) metastability of the final state, resembling an ordinary solubility
equilibrium.

For the redox process a plausible mechanism could be the following: A surface layer with the
composition FeHPO,,xH,O is formed on a strengite crystal. This is a likely assumption, as the
concentration of HPO,* in the moderately acid solution is orders of magnitude higher than that of
PO,”, and deprotonation of the hydrogen phosphate ion is a rather slow process. A positive
hydroxylammonium ion is now attracted to a negative phosphate site, where the following may take
place, involving two neighboring sites:

Fe?* + HPO,> + HONH," - Fe*" + PO, + H,0 + NH,"
Fe?* + HPO,> + NH," - Fe’" + PO, + NH,"

The amidium ion formed in the first step is, of course, very unstable, so the second step is likely
to be fast.

When looking at the values of edge free energy in Tables 2 and 3, we notice that they are
even lower than those of vivianite® and fall in the range of a typical hydrated 2:2 salt like the
calcium phosphate brushite, CaHPO,,2H,0.” In this connection it is worth noting that Fiiredi-
Milhofer et al. found y = 50 mJ/m?* for this compound.*** This supports the redox mechanism
proposed above. The Prussian blue test does not rule out the presence of a monolayer of Fe(II),
because the amount may be too small to be detected.

A certain influence of adsorbed hydroxylamine on surface and edge free energies cannot be
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excluded either. Adsorption may be the cause of metastability as well, but in this connection it
should be noticed that the major part of any crystal present is, in fact, strengite, the solubility of
which determines the state of the system at the end of the process.
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