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Abstract The precipitation of lanthanum and neo-
dymium phosphate phases from supersaturated aque-
ous solutions at pH ~ 1.9 was studied at 5, 25, 50, and
100 °C in batch reactors for up to 168 h. Crystalline
La and Nd-rhabdophane phases precipitated immedi-
ately upon mixing of the initial aqueous La or Nd and
PO, solutions. Changes in aqueous PO, and Rare
Earth Element (REE) concentrations during the
experiments were determined by ICP-MS and UV-
Vis spectrophotometry, while the resulting solids
were characterized via powder XRD, SEM, TEM, and
FTIR. All precipitated crystals exhibited a nano-rod
morphology and their initial size depended on tem-
perature and REE identity. At 5 °C and immediately
after mixing the La and Nd-rhabdophane crystals
averaged ~44 and 40 nm in length, respectively,
while at 100 °C lengths were ~ 105 and 94 nm. After
168 h of reaction, the average length of the La and Nd
rhabdophanes increased by 23 and 53% at 5 °C and 11
and 59% at 100 °C, respectively. The initial reactive
solutions in all experiments had activity quotients for
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rhabdophane precipitation: REE3* 4 PO, +nH,O =
REEPO, - nH,0 of ~1072%. This activity quotient
decreased with time, consistent with rhabdophane
precipitation. The rapid equilibration of rhabdophane
supersaturated solutions and the progressive rhabdo-
phane crystal growth observed suggests that the REE
concentrations of many natural waters may be
buffered by rhabdophane precipitation. In addition,
this data can be used to guide crystallization reactions
in industrial processes where monodisperse and
crystalline La or Nd rhabdophane materials are the
target.

Keywords Nano-rods - Phosphate - Rare earth
elements - Crystallization - Rhabdophane

Introduction

Rare Earth Element (REE) phosphate phases have
been of increased industrial interest during the last
decade due to their physical and chemical properties
(e.g., resistance to corrosion and low solubility) and
their potential use in making ceramics for nuclear
waste storage host analogs (Chairat et al. 2007).
Although in nature REE-rhabdophane phases may
play a significant role in controlling the REE
concentrations of waters and soils (Jonasson et al.
1985; Byrne and Kim 1993; Braun et al. 1998;
Hongbing et al. 2004; Kohler et al. 2005), little is
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known about their precipitation pathways and char-
acteristics. The goal of this study is to provide an
improved understanding of La and Nd-rhabdophane
precipitation through a series of controlled laboratory
experiments.

Phosphates of the rhabdophane group have a
chemical formula XPO,-nH,O where X stands for
REE, Y, Ca, Pb, Th, U, Fe; and n represents the
number of water molecules in the structure which
varies from 0.5 to 2. Rhabdophane has a hexagonal
structure with large channels in the c¢ direction
(Mooney 1950), which are able to incorporate non-
stoichiometric water (Kijkowska et al. 2003). REE-
phosphates are commonly used in industry due to
their luminescent properties, low solubility, and high
stability. For example, they are components in optical
amplification devices and plasma display panels (Rao
and Devine 2000), in solid-state fuel cells (Norby and
Christiansen 1995), laser materials (Nedelec et al.
2002), and in nuclear waste storage host analogs
(Chairat et al. 2007; Oelkers and Montel 2008). A
number of previous studies provided insight into the
precipitation of REE-phosphates via a number of
pathways including precipitation from aqueous solu-
tion (Min et al. 2000; Lucas et al. 2004; Zhang and
Guan 2005; Bregiroux et al. 2006), sol-gel precipi-
tation (Rajesh et al. 2007; Gao et al. 2010), and solid-
state reactions through mechano-chemical methods
(Onoda et al. 2003; Diaz-Guillén et al. 2007;
Campayo et al. 2007).

In nature, REE-phosphates are released into the
environment via the alteration of REE-bearing igne-
ous minerals (Mitchell 1965; Oelkers et al. 2008), and
from the dissolution of REE-rich apatites (Kohler
et al. 2005; Taunton et al. 2000; Gaillardet et al.
2003). These processes lead to relatively low La and
Nd concentrations in natural waters (i.e., rivers,
oceans). For example, in river waters La and Nd
concentrations range from 10 to 936 pmol/L and 7.94
to 1070 pmol/L, respectively (Gaillardet et al. 2003),
while in sea water, the concentrations of La range
between 16.5 and 82.3 pmol/L (De Baar et al. 1983)
and of Nd from 46.3 to 359.8 pmol/L. (Jeandel et al.
1995). Due to the limited mobility and similar
chemical behavior of REE in aqueous environments,
they have been used extensively as chemical tracers
of natural fluid—rock processes (Fee et al. 1992;
Jeandel et al. 1995; Johannesson et al. 2000; Hann-
igan and Sholkovitz 2001; Borrego et al. 2005;
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Tanaka and Kawabe 2006; Andersson et al. 2008;
Mourier et al. 2008; Welch et al. 2009).

Although a number of studies evaluated the
solubility of REE-phosphate at various temperatures
by monitoring the fluid composition during rhabdo-
phane dissolution (Liu and Byrne 1997; Firsching and
Brune 1991; Cetiner et al. 2005), the reported
solubilities vary by ~2 orders of magnitude. Simi-
larly, previous studies demonstrated that rhabdophane
can be readily synthesized (Min et al. 2000; Lucas
et al. 2004; Zhang and Guan 2005; Bregiroux et al.
2006; Rajesh et al. 2007; Gao et al. 2010; Onoda
et al. 2003; Diaz-Guillén et al. 2007; Campayo et al.
2007), but a quantitative evaluation of the precipi-
tated solids and the fluid compositional evolution
during precipitation is lacking. This study aims to
improve our understanding of REE-phosphate pre-
cipitation in natural and industrial processes through
a systematic investigation of precipitation La and Nd
rhabdophane from acidic aqueous solutions as a
function of time and temperature.

Materials and methods

Rhabdophane was synthesized by mixing an aqueous
solution of either 0.1 M La(NO3);-9H,O or
Nd(NO3)3-9H,0 with an aqueous solution containing
0.1 M KH,PO, and 0.09 M KOH. The concentra-
tions were chosen to assure the supersaturation with
respect to rhabdophane in the initial reactive solution.
All solutions were prepared with 18 MQ cm™" Milli-
Q grade water and brought to the experimental
temperature before mixing. The experiments were
performed in 200 mL borosilicate glass batch reac-
tors at 5, 25, 50, and 100 °C. The two aqueous
solutions were mixed in the glass reactors by
simultaneous adding equal volumes of the initial
solutions. The reactors were immediately sealed and
placed in an oven or refrigerator at the desired
temperature for up to 168 h. The pH of the initial
La(NO3);-9H,0, Nd(NO3);-9H,O, and KH,PO,/
KOH stock solutions were 1.2, 1.3, and 4.8, respec-
tively, and the pH of all the initial mixed solutions
were 1.9. pH was measured at 25 °C with an ORION
pH-meter and a Toledo electrode calibrated with
NBS standard buffer solutions. Experiments were
performed at low pH because REE are more soluble
at these conditions (Tosiani et al. 2004), and to avoid
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precipitation of La(OH); and Nd(OH); that might
occur due to their low solubility at pH ~6 (Wood
1990; Smedley 1991), allowing accurate analysis of
the fluid phase composition during the experiments.
All reactors were shaken manually at least three times
per day and before sampling. Fluid/precipitate sus-
pensions were sampled regularly from each reactor.

The suspensions were first centrifuged at 23,000
rpm to separate solids from the liquid phases. Then
the liquids were filtered through 0.2 um polycarbon-
ate filters and diluted with 0.1 M HNO3; before
analyses. Aqueous lanthanum and neodymium con-
centrations were measured with Inductive Coupled
Plasma Mass Spectrometry (ICP-MS) using an
Agilent Technologies 7500 ce with an uncertainty
of £5%. Total aqueous phosphorus was analyzed by
the ascorbic—molybdate blue method (Kuo 1996)
using a 3000Series UV/Visible Cecil CE3041 spec-
trophotometer at a wavelength of 882 nm, with an
uncertainty of +10%.

Measured solution compositions were used to
assess solute speciation and mineral saturation states
with the aid of PHREEQC (Parkhurst 1998) together
with its 1lnl database (Johnson et al. 2000). This
thermodynamic model adopts a standard state of unit
activity for pure phases and H,O at any temperature
and pressure. For aqueous species other than H,O, the
standard state is unit activity of the species in a
hypothetical 1 molal solution referenced to infinite
dilution at any temperature and pressure. The ion
activity product (IAP) of La or Nd-rhabdophane was
calculated assuming they precipitate according to:

REE’" + PO~ + nH,0 = REEPO, - nH,0, (1)

where REE’ " represents either aqueous lanthanum or
neodymium. Consistent with the standard state, the
IAP of rhabdophane is given by:

IAP = ARER3* aPOj’? (2)

where a refers to the activity of the subscripted
aqueous species.

After separation from the supernatant solutions, all
solid phases were washed three times with Milli-Q
water and subsequently dried at room temperature.
X-ray powder diffraction (XRD) analyses were
performed using a Philips PW1050 diffractometer
and Cu-K, radiation (1 = 1.5406 A). Scans were
recorded between 10 and 65° 26 at a 0.1°/min scan

rate and a step size of 0.01°. Patterns were compared
to the standard mineral files compiled in the PDF2
database (JCPDS, International Center for Diffraction
Data). Crystallite size was calculated using the
Scherrer equation (Scherrer 1918). The (111) reflec-
tion of a silicon standard (PDF 05-0565) was
compared to the ~29° 20 peak of all samples. Mid-
infrared spectra of the solids were acquired from 650
to 4000 cm~' using an A2-Technology MicroLab
Portable mid-Infra Red (FTIR) spectrometer, with a
diamond internal reflection (DATR) sampling sys-
tem. Spectra were recorded with a 4 cm ™' resolution
by co-adding 128 scans. Spectral manipulation
including baseline adjustment, smoothing, normali-
zation, and band component analysis was performed
using the Thermo Nicolet OMNIC E.S.P. 5.1 soft-
ware package. Selected solid samples were imaged
with a JEOL 1200-MIALL Transmission Electron
Microscope (TEM) at 80 keV. Photomicrographs
were digitized and crystal dimensions were measured
by calculating the best fit of an ellipse to the contours
of the crystals using the Imagel] software (Rasband
1997-2009), with 150 and 100 crystals analyzed for
the La and Nd-rhabdophane, respectively. The spe-
cific surface area of all solid samples was determined
by BET (Brunauer et al. 1938), using a 11-point
nitrogen adsorption fit and a MicroQuantachrome
instrument with samples degassed at room tempera-
ture for 20 h before analyses.

Results and discussion
Solid phases evolution

Immediately upon mixing of the initial solutions a
white (La system) and light pink (Nd system) precip-
itate formed. The first sample was taken within 60 s
after mixing the two initial aqueous solutions; this
sample is referred to as having been sampled at
t = 0.02 h. XRD patterns of the solids taken from
experiments at various temperatures and times are
shown in Fig. 1. In the lanthanum—phosphate system
(Fig. 1a, b), the precipitates match the pure La—
rhabdophane reference pattern (PDF 046-1439). After
168 h and at 100 °C the patterns suggest the formation
of minor monazite (anhydrous LaPO,, PDF 035-0731)
(Fig. 1b, marked with stars). In the neodymium—
phosphate system (Fig. 1lc, d) the XRD patterns match
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Fig. 1 XRD patterns of solids obtained as a function of
temperature. a and b illustrate the patterns of synthesized La—
rhabdophane after 0.02 and 168 h of elapsed time, respectively.
The patterns match the reference patterns for synthetic La—
rhabdophane, LaPO,4-0.5H,0 (PDF 046-1439). At 100 °C and
t = 168 h some monazite (LaPO,) peaks are evident; peaks
corresponding to monazite (PDF 035-0731) are marked with

the reference pattern of neodymium phosphate
hydrate, NdPO,4-0.5H,0 (PDF 034-0535), with minor
contribution from Nd-churchite, NdPO, 2H,O (PDF
039-1385) (Fig. 1c, marked with open circles).
Although, a XRD reference pattern is not available
for pure Nd-rhabdophane, the structure (hexagonal
unit cell and space group P3121) and water content
match those of other rhabdophane phases.

In both systems the initially precipitated phases
remain stable throughout the experiments, although
their crystallinity increased with temperature and time
(see Fig. 1). The sharpening of the XRD peaks with
temperature and time indicates improved crystallinity
in both systems. This was confirmed by the calculated
crystallite sizes via the Scherrer equation, using a shape
factor £ = 0.94 (Table 1). Note that crystallite size is
the average size of perfect arranged unit cells calcu-
lated from the full width at half maximum (FWHM) of
XRD peaks (Eq. 3). Scherrer equation crystallite sizes
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stars. ¢ and d illustrate patterns of synthesized Nd-rhabdo-
phane after 0.02 and 168 h elapsed time, respectively. The
patterns match the reference patterns for neodymium phosphate
hydrate, NdPO,4-0.5H,0, (PDF 034-0535); minor contribution
peaks positions from Nd-churchite NdPO42H,O (PDF
039-1385) are indicated by open circles

are generally smaller than particles size measured by
microscopy, due to a number of factors including non-
single crystal, heterogeneous crystal strain, and instru-
mental effects. At = 0.02 h the crystallite sizes at 5,
25, and 50 °C in both systems were similar and ranged
from 2.9 to 4.4 nm. At 100 °C the crystallite size more
than doubled to 9.9 nm for the La system and 11.6 nm
for the Nd system. The same trends were observed after
168 h. Rajesh et al. (2007) reported a temperature-
dependent increase in crystallite size during the
transformation from hexagonal to monoclinic mona-
zite. The increase in crystallinity and crystallite size
(Table 1) and the appearance of minor monazite at
100 °C in the La system (Fig. 1a) in this study is
interpreted to be due to the initiation of the transfor-
mation of rhabdophane to monazite at this temperature.

The recovered solids exhibited nano-rod morphol-
ogies, as shown by the TEM images in Fig. 2. The
particle dimensions (width and length) measured
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Table 1 Crystallite sizes determined from XRD patterns, average particle lengths and widths measured by TEM, and specific
surface areas (SApgr) of the recovered solids from all experiments

T (°C) Crystallite size by XRD* Average particle length by Average particle width by SAger® (m%/g)

(nm) TEM® (nm) TEM® (nm)
t=002h +t=168h +=0.02h =168 h t=0.02h =168 h t=002h r=168h
La-Rha 5 3.4 26 44 + 12 54 + 17 7+2 6+1 - 115
25 3.4 4 - - - - 97 130
50 4.4 75 - - - - - 99
100 99 10.5 105 =+ 48 116 + 53 8 +3 14+5 - 63
Nd-Rha 5 2.9 3.7 40 + 14 61 + 20 541 6+2 - 91
25 3.4 2.3 - - - - 91 114
50 3.4 6.9 - - - - - 81
100 11.6 16.1 94 + 28 149 + 70 8 +2 14+5 - 54

? Crystallite size calculate via Scherrer equation using a shape factor k = 0.94

® The uncertainties in this table refer to the standard deviation of 150 measurements for the La—PO, system and 100 measurements

for the Nd—PO, system

© The precision is £0.6 m?*/g as determined from the standard deviation of repeated analysis

Fig. 2 TEM
photomicrographs of La—
rhabdophane synthesized at
5 °C (a, b) and 100 °C

(¢, d) at time r = 0.02 and
168 h, respectively, Nd—
rhabdophane synthesized at
5 °C (e, f) and 100 °C

(g, h) at time r = 0.02 and
168 h, respectively. The
scale bar showed in a is
common for all the pictures

La Rha

-~ vd
S
¥ Nd- Rha
T=5°C t=0.02h

from the TEM photomicrographs are shown in Fig. 3
and are provided in Table 1. The data show that the
average particle length increased with increasing
temperature and time, yet the average widths did
not vary significantly. The crystals recovered from
the 5 °C La-rhabdophane experiment at =0 h

=5°C =0, oth h}

IlrA T=5°C t=168h

(c) N\ (d)

4T=100°C t=0.02h| T=100°C t=168h

SR w

-
* La-Rha |  LaRha LaRha |
=5°C & | T=100°C 1=0.02h| | _ggT-100°C t=168h
> (h)
T8 &
“Nd-Rha 3 Nd-Rha
|

exhibited a narrow length range from ~18 to
72 nm with an average length of 44 £ 12 nm. After
168 h the nano-rods ranged in length from ~23 to
122 nm with an average length of 54 £ 17 nm. The
nano-rods particles synthesized at 100 °C at r = 0.02
and 168 h, respectively, exhibited an average length
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Fig. 3 Particles length obtained at 5 and 100 °C at initial time
(t=0.02 h) and at the end of the experiments (+ = 168 h)
from the TEM photomicrographs: a, b La—rhabdophane and ¢,

of 105+ 48 nm at r=0 and 116 53 nm at
t = 168 h, indicating very little change in size with
time. For the Nd-rhabdophane system a similar
pattern was observed, yet the increase in particle
length was more pronounced than in the La system.
The Nd-rhabdophane nano-rod particles formed at
5 °C at t = 0.02 h had lengths ranging from ~17 to
88 nm with an average length of 40 &+ 14 nm and
after 168 h the lengths reached an average length of
61 £ 20 nm. Interestingly the particles in the Nd
system obtained at 100 °C at t = 0.02 h had average
lengths of 94 + 30 nm while at # = 168 h its length
increased to 149 + 70 nm. The average initial width
of the La and Nd-rhabdophane particles was ~7 nm
and this doubled at 100 °C after 168 h.
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d Nd-rhabdophane. n represents the number of particles
measured in each system

The peak positions and bands assignments of solid
sample FTIR spectra are shown in Fig. 4 and Table 2.
The assignments were based on comparisons with
literature data (Assaaoudi et al. 2001; Onoda et al.
2003; Lucas et al. 2004; Morkan et al. 2007; Rajesh
et al. 2007; Liu et al. 2008). In both systems the broad
band in the 3460-3300 cm™’ region (band 1), was
assigned to the water O-H stretching vibration. The
corresponding H-O—H bending vibration is present at
~ 1645 cm™! (band 2). The peaks between 1200 and
890 cm™! (bands 4-8), correspond to the main P-O
interactions. Three v; P—O stretching vibrations were
observed at ~ 1049, ~1065, and ~1010 cm_l, and
a v; P-O stretching vibration was observed at
~975cm™'. In the La-rhabdophane system at
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Fig. 4 FTIR spectra as a function of temperature for La— (¢) t = 0.02 and (d) 168 h, respectively. The positions of the
rhabdophane synthesized at time (a) r = 0.02 and (b) 168 h, main bands are indicated by dashed lines and numbers below
respectively and Nd-rhabdophane synthesized at time the lines correspond to the band assignments listed in Table 2

Table 2 Peak positions of main FTIR bands of the La and Nd-rhabdophane shown in the spectra in Fig. 4

Wavenumber (cm™ ) Reference

Band no. La—Rha Nd-Rha Bands assignment”

1 ~ 3480 ~3480 O-H v (Lucas et al. 2004)

2 ~ 1645 ~ 1636 H-O-H ¢ (Lucas et al. 2004)

3 - ~ 1350 H-O-N (Rajesh et al. 2007)

4 ~ 1049 ~ 1067 P-Ov (Lucas et al. 2004; Assaaoudi et al. 2001)
5 ~1024 - P-Ov (Liu et al. 2008)

6 ~1016 ~1010 P-Ov (Lucas et al. 2004; Onoda et al. 2003)

7 ~970 ~975 P-Ov (Lucas et al. 2004; Assaaoudi et al. 2001)
8 ~893 ~904 P-Ov (Morkan et al. 2007)

9 ~ 840 ~ 841 N-H (Rajesh et al. 2007)

a

v = stretching; d = bending
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100 °C and after 168 h (Fig. 4b) the peak at
~970 cm™! (band 7) became sharper and another
peak at ~1024 cm™' (band 5) representing the
contribution from monazite appeared; this observa-
tion is consistent with the XRD observations
(Fig. 1b). In the Nd-rhabdophane system (Fig. 4c,
d) the two bands present at ~ 1350 and 841 cm™'
(bands 3 and 9) likely correspond to nitric acid
groups adsorbed onto the rhabdophane particles.
These band assignments are based on the study of
Rajesh et al. (2007), who observed the appearance of
nitrate absorption bands at 1380 and 878 cm ™' during
the sol-gel synthesis of REE-phosphate. In all cases
the phosphate peaks became sharper and better
defined with increasing temperature, which is con-
sistent with the XRD results, where a corresponding
increase in crystallinity was observed.

The specific surface areas (SAggr) of the recov-
ered solids (Table 1) decreased with increasing
temperature confirming the particle size distributions
discussed above (Fig. 3). The specific surface areas
at 25 °C and +=0.02h was 97 &+ 0.6 and 91 £
0.6 m*/g for the La and Nd system, respectively. In
the lanthanum system at the end of the experiment
(t = 168 h), the specific surface area decreased from
~115+ 0.6 m%*g at 5°C to ~63 £ 0.6 m*/g at
100 °C, while in the neodymium system after 168 h
the specific surface area decreased from ~91 £ 0.6
m?/g at 5 °C to ~54 £ 0.6 m%g at 100 °C. These
results concur with the observed increase temperature
dependent in particles size from the TEM image
evaluations and the increase in crystallite size from
the XRD determinations.

The REE-phosphate phases precipitated in this
study were characterized by nano-rod shapes, high
crystallinity, and fairly monodisperse character. These
properties are of interest for industrial application and
contrasts with other phosphate phases. For example,
Mg-phosphates (struvite; MgNH,PO,-6H,0) precipi-
tates from aqueous fluids at basic conditions as a
crystalline phase, but with the formed particles having
a twinned “X” morphology with average lengths of
80 um and widths of 20 pm (Roncal-Herrero and
Oelkers 2011). Al and Fe phosphates precipitated from
acidic aqueous solutions initially form amorphous
phases which transform only slowly (9-21 days) to
their crystalline counterparts and in most cases mixed
crystalline phases form (Roncal-Herrero et al. 2009).
The irregular shape and polycrystallinity of such
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phosphate phases are not favorable for industrial
purposes. Conversely, the La and Nd-rhabdophane
synthesized in this study are crystalline with nanometer
dimensions and they exhibit narrow size distributions
which make then ideally suited for industrial applica-
tions (e.g., plasma display panels, solid-state fuel cells,
etc.) (Rao and Devine 2000; Norby and Christiansen
1995). Furthermore, as will be shown below, rhabdo-
phane nucleation and growth may be sufficiently fast to
also buffer aqueous REE concentrations in natural
fluids.

Chemical evolution of the aqueous phase

The evolution of the aqueous fluid compositions as a
function of time is listed in Tables 3 and 4. 90% of
the initial phosphate and lanthanum or neodymium in
the aqueous solutions was removed within the first
minute, consistent with REE-phosphate phase pre-
cipitation. Also listed in Tables 3 and 4 are the
saturation indexes (SI) of these solutions with respect
to rhabdophane and REE-hydroxide phases, and the
Log (IAP) of the solutions with respect to rhabdo-
phane. The SI given in this table was calculated
using:

SI = Log(IAP/K), (3)

where AP again refers to the ion activity product and
K designates the equilibrium constant of the solid
phase as taken from the lInl database (Johnson et al.
2000). This approach uses the Deybe—Hiickel equa-
tion to calculate activity coefficients as a function of
temperature and aqueous solution composition. The
SI is positive when the solution is supersaturated with
respect to the solid phase, but negative when
undersaturated. The calculated SI using equilibrium
constants available in the literature suggested that all
solutions were supersaturated with respect to rhab-
dophane at 25 °C, consistent with its precipitation
during in the experiments. Equilibrium constant for
rhabdophane (Eq. 1) are not available for tempera-
tures others than 25 °C. All solutions were undersat-
urated with respect to lanthanum and neodymium
hydroxides (Tables 3, 4). The aqueous composition
evolution in the La-system is consistent with the
continuous precipitation of La-rhabdophane and an
approach to equilibrium. Although a similar trend is
evident for the Nd system, more scatter in the
concentrations of the supernatant was observed
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Table 3 Chemical evolution of aqueous lanthanum (Cp,) and phosphorus (Cp) concentrations, SI for selected La phases, and Log
(IAP) for the aqueous phase in all La-rhabdophane experiments

T (°C) Elapsed time (h) Cra x 10* mol/L Cp x 10* mol/L SI* Log (IAP)° La-Rha

La-Rha® La(OH); La,05

5 0 500.00 500.00 - —17.20 —60.04 —20.83
0.02 15.80 112.73 - —18.38 —62.39 —22.25
0.5 7.26 112.04 - —18.72 —63.08 —22.57
3 523 112.33 - —18.87 —63.36 —22.71
6 4.50 113.74 - —18.94 —63.50 —22.77
12 3.78 117.21 - —19.02 —63.67 —22.84
24 321 118.30 - —19.09 —63.81 —22.90
48 3.05 120.82 - —19.12 —63.87 —22.92
96 2.14 121.06 - —19.28 —64.18 —23.07
168 2.38 121.62 - —-19.23 —64.09 —23.03
25 0 500.00 500.00 4.24 —-17.13 —59.88 —20.46
0.02 7.18 102.88 2.43 —18.60 —62.83 —22.29
0.5 1.89 106.05 1.87 —-19.18 —63.99 —22.85
3 2.57 104.78 2.00 —19.05 —63.72 —22.72
6 2.19 105.96 1.93 —-19.12 —63.86 —22.78
12 5.04 107.76 2.29 —18.76 —63.15 —22.42
24 1.66 109.13 1.82 —19.24 —64.12 —22.90
48 1.14 110.72 1.66 —-19.41 —64.45 —23.05
96 1.08 110.62 1.64 —19.43 —64.49 —23.08
168 1.03 113.16 1.62 —19.46 —64.54 —23.09
50 0 500.00 500.00 - —17.09 —59.81 —20.23
0.02 3.36 96.97 - —18.87 —63.36 —22.46
0.5 1.10 97.59 - —19.35 —64.33 —22.94
3 0.57 98.31 - —19.64 —64.90 —23.22
6 0.48 100.54 - —-19.72 —65.06 —23.29
12 0.60 99.42 - —19.62 —64.86 —23.20
24 0.32 100.98 - —-19.89 —65.41 —23.46
48 0.32 100.78 - —20.02 —65.66 —23.58
96 0.24 102.47 - —20.02 —65.66 —23.58
168 0.25 101.04 - —20.00 —65.63 —23.57
100 0 500.00 500.00 - —-17.12 —59.86 —20.34
0.02 0.59 106.37 - —19.64 —64.91 —23.35
0.5 0.19 107.72 - —20.13 —65.89 —23.83
3 0.11 96.18 - —20.36 —66.35 —24.11
6 0.08 95.45 - —20.50 —66.63 —24.25
12 0.06 95.38 - —20.63 —66.88 —24.38
24 0.05 91.62 - —20.70 —67.03 —24.47
48 0.05 95.58 - —20.70 —67.04 —24.46
96 0.03 94.22 - —20.93 —67.48 —24.68
168 0.03 96.22 - —20.93 —67.48 —24.68

? Calculated using Eq. 3
® Calculated using Eq. 2

¢ Calculated using Log Kj, rpa = —24.70 at 25°C (Liu and Byrne 1997) according to the reaction LaPO,-10H,0 = La** +
PO,*~ + 10H,0
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Table 4 Chemical evolution of aqueous neodymium (Cyq) and phosphorus (Cp) concentrations, SI for selected Nd phases, and Log
(IAP) for the aqueous phase in all Nd-rhabdophane experiments

T (°C) Elapsed time (h) Cna % 10* mol/L Cp x 10* mol/L SI* Log (IAP)® Nd-Rha
Nd-Rha® Nd(OH); Nd,05

5 0 500.00 500.00 - —14.92 —52.27 —20.64
0.02 98.54 44.45 - —15.23 —52.88 —21.82
05 98.11 47.61 - —15.23 —52.89 —21.79
3 75.92 37.38 - —17.94 —58.23 —21.41
6 73.69 35.95 - —15.33 —53.08 —21.98
12 nm.4 n.m.¢ - n.c. n.c. n.c.
24 66.32 31.25 - —15.36 —53.15 —22.06
48 73.55 41.37 - —15.34 —53.10 —21.92
96 76.13 47.06 - —15.33 —53.09 —21.86
168 63.89 34.40 - —15.38 —53.19 —22.04

25 0 500.00 500.00 4.18 —14.86 —52.15 —20.32
0.02 99.40 8.59 227 —15.17 —52.76 —22.24
0.5 95.23 43.29 2.94 —15.22 —52.86 —21.58
3 62.67 27.42 3.26 —17.62 —57.60 —21.05
6 55.43 2475 2.55 —15.40 —53.23 —21.97
12 5251 22.82 2.49 —15.42 —53.27 —22.02
24 57.52 27.47 2.60 —15.39 —5321 —21.91
48 211.20 194.48 3.70 —15.04 —52.51 —20.81
96 144.87 115.55 3.43 —15.13 —52.68 —21.09
168 246.79 233.25 3.80 —15.01 —52.44 —20.71

50 0 500.00 500.00 - —14.84 —52.11 —20.13
0.02 79.64 28.17 - —15.28 —52.99 —21.67
0.5 75.51 37.34 - —1531 —53.04 —21.57
3 116.44 82.02 - —15.18 —52.79 —21.13
6 198.87 177.85 - —15.04 —52.51 —20.69
12 229.57 216.02 - —15.01 —52.45 —20.59
24 78.76 46.51 - —15.30 —53.02 —21.47
48 236.19 232.30 - —15.01 —52.44 —20.55
9 97.05 78.55 - —15.24 —5291 —21.19
168 48.48 26.60 - —15.47 —53.36 —21.86

100 0 500.00 500.00 - —14.88 —52.19 —20.27
0.02 12.28 12.36 - —16.05 —54.53 —22.90
05 15.79 6.36 - —15.96 —54.35 —23.10
3 14.79 9.37 - —15.99 —54.42 —22.96
6 12.45 6.67 - —16.06 —54.55 —23.18
12 13.92 422 - —16.01 —54.46 —23.33
24 11.89 3.67 - —16.08 —54.58 —23.45
48 12.04 3.90 - —16.08 —54.58 —23.42
9 11.24 430 - —16.10 —54.64 —23.41
168 15.78 3.66 - —15.96 —54.35 —23.34

a

b

c

e

Calculated using Eq 3
Calculated using Eq. 2

Calculated using Log Kng_Rha

—24.50 at 25 °C (Johnson et al. 2000) according to the reaction NdPO,4-10H,0 = Nd** + PO~ + 10H,0

n.m.: concentrations were not measured

n.c.: saturation state and Log (IAP) were not calculated

@ Springer



J Nanopart Res (2011) 13:4049-4062 4059
20— -19
@ & i (#q ;)c“'m: 2285 ® T ;')c"“'%; 2187
'( 2152 15% il LTe I
. v T100°C =-24.36 & i“‘ A v T100°C =-23.23 5
§21 4 L I S
e AL a—
3 R ST = al S :
241 % _ -23+ x
; SP— . £ a— G "
-25 T T T T T T

| — =1, Tl e als |
0 20 40 60 80 100 120 140 160
Elapsed time (hours)

0 20 40 60 B0 100 120 140 160
Elapsed time (hours)

Fig. 5 Change in Log (IAP) as a function of elapsed time for at the indicated temperatures for a La—rhabdophane and b Nd-
rhabdophane. The lines are the best fit to the data points obtained assuming first order exponential decay kinetics

(Table 3, Fig. 5), and this scatter was most obvious in
the 25 and 50 °C experiments. The reason for this
scatter is unclear, but it could be that small proportion
of the nano-rod particles passed through the 0.2 um
filter during the separation of the solids from the
reacting solutions. These fine particles could subse-
quently dissolve when the fluid phase was diluted
with 0.1 M HNO; before analyses.

Insights into the evolution of the fluid—solid
system can be gained by considering the fluid phase
ion activity product for potential precipitating phases.
The temporal evolution of the Log (IAP) of lantha-
num and neodymium rhabdophane in the reactive
fluids from the synthesis experiments is presented in
Fig. 5. A rapid decrease of Log (IAP) was observed
during the first minute of each experiment, consistent
with REE-rhabdophane precipitation. Despite the
scatter, near-constant Log (IAP) values for both
systems were attained at all temperatures after
~40 h. Steady state has been defined as the point
where the output La, Nd, or P concentrations were
stable within +15%. These uncertainties in aqueous
La or Nd and P concentrations will produce a +0.15
uncertainty in the calculated Log (IAP). However, the
average values of the steady-state Log (IAP) calcu-
lated by fitting the experimental data to a first order
exponential decay curve revealed that despite marked
differences in the goodness of fit (¥ ~ 0.95 and
~0.45 for La- and Nd-phosphate, respectively), the
general trend towards steady state and equilibrium
are evident. The average steady-state Log (IAP) for
La-rhabdophane decreased from —22.85 at 5 °C to

—24.36 at 100 °C, while the average steady-state Log
(IAP) for Nd-rhabdophane varied between —21.87 at
5°C and —23.23 at 100 °C. Although equilibrium
between the solid and fluid phases was not confirmed
in this study, it seems likely that these steady-state
IAP values are close to the equilibrium values for the
overall rhabdophane crystallization reaction (e.g.,
Eq. 1). In general, mineral solubility products are
temperature dependent. The IAP of the rhabdophane
in the current crystallization study is inversely related
to temperature (Tables 3, 4 and Fig. 5). This retro-
grade behavior has been observed in some other
REE-phosphates minerals, including monazite up to
at least 300 °C (Cetiner et al. 2005; Poitrasson et al.
2004).

Implications for natural fluids

The results from this study suggest that rhabdophane
precipitation from supersaturated solutions is rapid.
In nature, rhabdophane is commonly found as
alteration products of apatite or basalts (Fodor et al.
1992; Cotton et al. 1995; Berger et al. 2008), while in
industrial processes rhabdophane is often precipitated
directly from solution like in this study. To assess the
role of rhabdophane precipitation in natural environ-
ments, a comparison between the compositions of
natural water (Gaillardet et al. 2003; Smedley 1991;
Johannesson and Lyons 1995; Johannesson et al.
1995, 1996c¢, b, a; Nordstrom et al. 1992; Stille et al.
2009) and the average steady-state Log (IAP) of La
and Nd-rhabdophane determined in this study is
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Fig. 6 Logarithms of aqueous La>* or Nd** activities plotted
as a function of corresponding aqueous PO,’~ activities.
Circles correspond aqueous activities calculated from the
compositions of natural fluids taken from the literature
(Gaillardet et al. 2003; Smedley 1991; Johannesson and Lyons
1995; Johannesson et al. 1995; Johannesson et al. 1996¢, b, a;

plotted in Fig. 6a, b, respectively. The La and Nd
activities of various natural waters (circles in Fig. 6)
lie remarkably close to the solid lines representing the
average steady-state Log (IAP) for REE-phosphate
calculated from the 25 °C experiments in this study.
In contrast, the solutions appear to be supersaturated
compared to rhabdophane solubility calculated using
the 1lnl database (Johnson et al. 2000). Small
differences between our average steady-state Log
(IAP) and the water compositions plotted in Fig. 6
could stem from several factors including: (1) the
effect of natural rhabdophane solid-solutions on
mineral-fluid equilibrium reaction and (2) uncertain-
ties in the thermodynamic database used to calculate
the speciation of the REE and phosphates in the
aqueous phase. Nevertheless, our results suggest that
La— and Nd-rhabdophane precipitation controls the
upper limit on the REEs concentrations of natural
solutions.

Conclusions

This study demonstrated experimentally that rhabdo-
phane precipitates directly and equilibrates rapidly
with supersaturated solutions at all temperatures from
5 to 100 °C. These results are significant for the
understanding of rhabdophane precipitation pro-
cesses; derived IAP values can serve as an upper
limit for REE concentrations in natural systems. This
conclusion is confirmed by the close correspondence
between the steady-state La and Nd-rhabdophane
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Nordstrom et al. 1992; Stille et al. 2009). The solid line
represents activities for the steady-state IAP of La and Nd-
rhabdophane calculated from experiments at 25 °C and the
dotted line represents activities in equilibrium with rhabdo-
phane according to the 1lnl database (Johnson et al. 2000)

activity products generated in this study and the
compositions of natural fluid. The control of natural
REE concentrations by the precipitation of phos-
phate-bearing minerals provides a rigorous first step
in the quantification of “REE compositional spectra”
of natural waters. In addition, the data from this study
provide the quantitative basis for the large scale
production of monodispersed nano-rod rhabdophane
materials that have wide applications in industrial
processes.
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