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Summary. The formation of secondary Ln(III) solid phases
(e.g. Nd(OH)CO3 and Sm(OH)CO3) has been studied as
a function of the humic acid (HA) concentration in 0.1 M
NaClO4 aqueous solution and their solubility has been in-
vestigated in the neutral pH range (6.5–8) under normal
atmospheric conditions. Nd(III) and Sm(III) were selected as
analogues for trivalent lanthanide and actinide ions. The solid
phases under investigation have been prepared by alkaline
precipitation and characterized by TGA, ATR-FTIR, XRD,
TRLFS, DR-UV-Vis and Raman spectroscopy, and solubility
measurements. The spectroscopic data obtained indicate that
Nd(OH)CO3 and Sm(OH)CO3 are stable and remain the sol-
ubility limiting solid phases even in the presence of increased
HA concentration (0.5 g/L) in solution. Upon base addition
in the Ln(III)-HA system decomplexation of the previously
formed Ln(III)-humate complexes and precipitation of two
distinct phases occurs, the inorganic (Ln(OH)CO3) and the
organic phase (HA), which is adsorbed on the particle surface
of the former. Nevertheless, HA affects the particle size
of the solid phases. Increasing HA concentration results in
decreasing crystallite size of the Nd(OH)CO3 and increasing
crystallite size of the Sm(OH)CO3 solid phase, and affects
inversely the solubility of the solid phases. However, this im-
pact on the solid phase properties is expected to be of minor
relevance regarding the chemical behavior and migration of
trivalent lanthanides and actinides in the geosphere.

1. Introduction

The long-term performance assessment for the safe disposal
of spent fuel in underground geological formations (e.g. clay
formations, granite, etc.) requires mechanistic knowledge of
the chemical behavior of the radionuclides in aquatic sys-
tems, because usually only through underground aquifers
migration and dispersion of the radiotoxic elements in the
environment is possible [1]. There is particular interest re-
garding actinides (e.g. U, Pu, Np, Am Cm), because of the
amounts produced in fission reactors and their long-lived
radionuclides, which are generally highly radiotoxic alpha
radiation emitters. Actinides and lanthanides show similar

*Author for correspondence (E-mail: pspasch@ucy.ac.cy).

chemical behavior in solid and aqueous phase, if present in
the same oxidation state [2]. This is attributed to the fact,
that lanthanide elements and particularly Nd, Sm and Eu
(112.3, 109.8 and 108.7 pm, respectively) have almost iden-
tical ionic radii with actinide elements such as Am and Cm
(111.5 and 111 pm, respectively) in the Ln(III) oxidation
state [3].

The trivalent state is one of the most common oxidation
states of minor actinides (e.g., Am and Cm) in aqueous solu-
tions under most environmental conditions. Additionally, the
trivalent state is one of the four thermodynamically stable
oxidations states of plutonium, which is a key radioelement
in spent fuel and maybe the predominant oxidation state
under highly reductive conditions [4]. On the other hand,
the aquatic chemistry of lanthanide ions is dominated by
trivalent oxidation state under environmentally relevant con-
ditions. Because of the direct similarities between the solid
and aqueous phase chemistry of some of the actinides and
lanthanides and the fact, that lanthanides are non-radioactive
and possess excellent fluorescent properties, we have used
Ln(III) ions as non-radioactive analogues for the An(III) in
this study [2].

The chemical behavior of trivalent lanthanide and ac-
tinide ions in natural systems is governed by hydrolysis,
complexation with naturally occuring ligands, colloid gen-
eration, geochemical interaction with mineral surfaces and
solid phase formation. The investigation of formed solid
phases is of particular interest because secondary phases of
trivalent actinides may represent important sinks for minor
actinides within nuclear spent fuel repositories and deter-
mine their solubility and mobility in the geosphere. There-
fore, a mechanistic understanding of the fate and transport
mechanisms of minor actinides in natural and contaminated
sites requires the investigation of the solubility and relative
stability of solid phases formed under natural conditions as
key parameters [1]. Although there are several studies re-
garding solid phase formation and stability [5–8], the num-
ber of studies dealing with the impact of naturally occur-
ring matter (NOM) on the formation of secondary phases
is limited [9, 10] and further investigations are needed to
understand better the effect of NOM on the solid phase sta-
bility and solubility. Investigations on the impact of NOM on
solid phase formation and stability are of fundamental im-
portance because NOM (here represented by humic acid) is
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omnipresent in natural waters and may affect the solution
chemistry of metal ions (e.g. complex and colloid forma-
tion). Moreover, in vivo and in vitro studies clearly show,
that organic matter strongly affects crystal growth as well as
texture of minerals and inorganic solids [11, 12].

In this study we have investigated the effect of humic
acid (HA) on the solid phase formation of lanthanide ions
in aqueous solutions. The stability of Ln(III) solid phases
has been studied as a function of the HA concentration in
0.1 M NaClO4 aqueous solutions in the near neutral pH
range (6.5 < pH < 8) under normal atmospheric conditions.
Characterisation of the solid phases formed in the presence
and absence of NOM was performed by TGA, ATR-FTIR,
XRD, TRLFS, DR-UV-Vis and Raman spectroscopy. Pos-
sible effects of the solid phase alteration on the chemical
behavior in aqueous solutions were investigated by solubil-
ity measurements in a pH range between 6.5 and 8.0 using
UV-Vis spectrophotometry.

2. Materials and methods

2.1 Solid phase preparation

Ln(III) stock solutions were prepared by dissolution of
Sm(NO3)3 ·6H2O or Nd(NO3)3 ·6H2O (Aldrich Co) in aque-
ous 0.1 M NaClO4. Ln(OH)CO3 solid phases (Nd(OH)CO3

and Sm(OH)CO3) were prepared by alkaline precipitation
(pH 10) of a 50 mL Ln(III). The alkaline precipitation took
place in pure 0.1 M NaClO4 and 0.1 M NaClO4 solutions
containing various amounts of humic acid ([HA] = 0.1,
0.3 and 0.5 g/l) under normal atmospheric conditions at
25 ◦C. According to UV-Vis measurements of the super-
natant solutions HA was quantitatively precipitated with
the solid phase yielding samples with different HA content
(Ln(OH)CO3/xHA, x = 1, 3 or 5 for 0.1, 0.3, and 0.5 g/l
HA, respectively). The precipitates, which were magenta for
Nd(III) and yellow for Sm(III), corresponding to the differ-
ent solubility experiments (6.5 < pH < 8.0), were separated
from the solutions by centrifugation, washed (2 times) with
de-ionized water, air-dried.

HA solutions used in this study were prepared from
Aldrich humic acid, purified and characterized as described
elsewhere [13].

2.2 Solid phase characterisation

The precipitates have been characterized by thermogravi-
metric analysis (TGA-50 Shimadzu), and X-ray diffrac-
tion (XRD 6000 Shimadzu). FTIR-ATR spectroscopy (IR
Prestige-21 Shimadzu) was performed on solid samples after
separation by centrifugation.

The evaluation of the particle/crystallite sizes was per-
formed using the Scherrer Eq. (1).

t = lλ

B cos θ
(1)

In Eq. (1), t is the averaged dimension of crystallites,
k is the Scherrer constant (assumed to be 0.98), λ is the
wavelength derived from the XRD measurements; B is the
FWHM of the most intense reflection; and θ the angle of
incidence/reflectance (in rad) [15].

Furthermore, all solid samples were analysed by Diffuse
Reflectance Ultraviolet-Visible (DR-UV-Vis) spectroscopy
(Perkin-Elmer 750). Raman spectra were measured (al-
pha300 Raman microscope, WITec) using two different
laser wavelengths at lLaser = 532 and 785 nm, respectively.
The latter laser source was used to minimize fluorescence
contributions arising from the organics content present in
some of the samples. For the Samarium containing samples,
a TRLFS analysis was performed at room temperature using
a diode pumped Q-switched Nd:YAG-laser/OPO system
(Ekspla NT240 series) operating at 1 kHz as excitation light
source and an intensified CCD-camera (Andor, DH 734 18H
13) coupled to a spectrograph (Andor Shamrock SR-303i-A)
as detection system. The photoluminescence (PL) signal was
recorded as time resolved emission spectra (TRES) using
the box car technique, providing both, spectral and time-
domain information. In a typical experiment the sample was
excited at λex = 464 or 405 nm, the delay after laser pulse
was δt = 100 ns and the gate width Δt = 20 μs. The gate
step was adjusted according to the length of the PL decay.
The PL decays were analyzed by fitting the integrated PL
signal within wavelength intervals corresponding to the dif-
ferent samarium luminescent transitions with an exponential
function f(t):

f(t) =
n∑

i=1

Ai exp
−t

τi

+ B (2)

where Ai is the amplitude, B is the baseline offset (constant)
and τi is the decay time.

2.3 Solubility measurements

For solubility studies the Ln(OH)CO3 solid phases (about
100 mg), prepared in the presence and absence of HA, were
conducted with 50 mL of 0.1 M NaClO4 solutions under
normal atmospheric conditions at 25 ◦C. The pH was ad-
justed by addition of 0.1 M NaOH or 0.1 M HClO4. Fol-
lowing equilibration time (from 2 weeks to one year), pH
was measured using a glass electrode (Hanna Instruments
pH 211) and the analytical Ln(III) concentration in solution
was determined spectrophotometrically (UV 2401 PC Shi-
madzu) by means of arsenazo-III according to a previously
described method [14]. Prior concentration determination
the test solution was ultra-filtrated using 0.45 μm membrane
filters to remove any solid phase particulates from the so-
lution. The molar extinction coefficients ε of the Nd(III)-
arsenazo and the Sm(III)-arsenazo complex at 650 nm were
εNd = (197 000 ± 650) L mol−1 cm−1 and εSm = (114 000 ±
650) L mol−1 cm−1, respectively.

3. Results and discussion

According to UV-Vis measurements carried out using the su-
pernatant solutions HA was almost quantitatively (> 99%)
co-precipitated with the inorganic solid phase. Hence, it is of
particular interest to investigate the effect of HA on the for-
mation and chemical behavior (e.g. solubility) of secondary
Ln(III) solids.

Thermogravimetric analysis (TGA) of the prepared
solids was performed to investigate the decomposition pro-
file and validate the composition of the Ln(III) solid phases.
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Fig. 1. TGA curves of the Ln(OH)CO3 solid phases prepared in pres-
ence and absence of HA.

In Fig. 1 the TGA curves of the Ln(III) solids precipi-
tated from HA-free solutions show characteristic steps and
mass losses (about 25%) with temperature, which according
to stoichiometric calculations correspond to Ln(OH)CO3.
Specifically, the first step (up to 100 ◦C) is attributed to re-
sidual (physical sorbed) water, because the samples were
only air-dried, and the second and the third step corres-
pond to the removal of the chemically bound water and the
carbonate decomposition, respectively. For Ln(III) solids
precipitated from HA solutions, the TGA curves remain
similar but the mass losses for physically and chemically
bound water increase up to 30% for Sm(OH)CO3/xHA and
35% for Nd(OH)CO3/xHA compared to the correspond-
ing pure Ln(OH)CO3 samples. The higher mass loss, which
is about 10 and 15% for Sm(OH)CO3/xHA and 35% for
Nd(OH)CO3/xHA respectively, corresponds to water and
HA, which are adsorbed and/or bound into solid phase par-
ticles. Adsorption of HA on solid phase particles increases
the water-holding capacity of the material [16], because HA,
which is adsorbed/bound into the solid particles, affects
their texture and water-holding capacity.

The investigations regarding possible formation of new
Ln(III) solid phases, which may include HA in their struc-
ture, the solids were carried out using various spectroscopic
methods such as ATR-FTIR, TRLFS, DR-UV-Vis and Ra-
man spectroscopy. Following data obtained from these in-
vestigations are presented and discussed.

Fig. 2. ATR-FTIR spectra of the Ln(OH)CO3 solid phases prepared in
presence and absence of HA.

Fig. 2 shows ATR-FTIR spectra of Ln(OH)CO3-5HA
solid phases in contact with an aqueous solution of 0.1 M
NaClO4. Fig. 2 also includes the ATR-FTIR spectra of the
corresponding pure Ln(OH)CO3 solid phases. The spectra
of the pure solid phases and solid phases contacted with HA
show similar features. The two intensive absorption bands at
3440 cm−1 and 1635 cm−1 in the FTIR spectrum correspond
to O−H stretching and to H−O−H bending of the water
molecules, respectively. The absorption bands at 3610 and
1370 cm−1 correspond to the anti-symmetric stretching of
the hydroxy moiety and complexed carbonate, respectively.
The absence of any new peaks in the spectra related to HA
indicates that only Ln(OH)CO3 solids are formed and most
probably HA is just physically adsorbed on the inorganic
particles.

Complementary to the ATR-FTIR spectroscopy the
Ln(OH)CO3 solids have been investigated also by Raman
spectroscopy. Raman spectra of Ln(OH)CO3 solids prepared
in the absence and presence of HA are shown in Fig. 3
(λLaser = 532 nm). The spectra of the pure Ln(OH)CO3 solids
show the characteristic ligand (carbonate and hydroxy)
bands at 1065 and 3594 cm−1, respectively [17], proving
the formation of the Ln(OH)CO3 solid phases. The Raman
spectra of the Ln(OH)CO3/xHA are strongly affected by
the intrinsic fluorescence of the HA chromophores, which
extensively overlaps the Raman bands of the Ln(OH)CO3

solids. In order to minimize the impact of the HA fluo-
rescence, another set of Raman spectra has been obtained
at λLaser = 785 nm. Excitation at 785 nm results in signifi-
cantly lower fluorescence of the HA because of the much
lower absorption probability of the HA chromophores at this
wavelength. The corresponding spectra are shown in Fig. 4,
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Fig. 3. Raman spectra of the Ln(OH)CO3 solid phases prepared in pres-
ence and absence of HA, using a laser source at 532 nm.

which in contrast to Fig. 3 shows only an enlarged section of
the spectrum from 0–1500 cm−1.

Comparing the Raman spectra collected for Ln(OH)CO3

at 532 and 785 nm excitation, it is found that for Sm(III)
both spectra are identical – as expected. However, in case
of Nd(III) the spectral intensity distribution was strongly
dependent on the laser wavelength. The Raman spectra
measured with λLaser = 785 nm show very strong, but broad
Raman bands around 1265 cm−1. The observed enhance-
ment may be attributed to a resonance Raman effect in-
duced by exciting close to an absorption band of Nd(III).
The comparison of this Raman band for Nd(OH)CO3 and
Nd(OH)CO3/5HA shows a slight peak broadening in the
presence of HA, which maybe attributed to slight changes in
the solid phases or to additional HA related Raman bands,
which can also be found in this spectral region [18].

The occurrence of a resonance Raman effect at λLaser =
785 nm for the Nd(OH)CO3 solid phase is corroborated
by the DR-UV-Visible spectra (see Fig. 5), which show
a strong absorbance band at 785 nm. In contrast to
Nd(OH)CO3, Sm(OH)CO3 does not show any absorption
band at this wavelength.

The Raman spectra obtained by means of the 785 nm
source show that there is no difference between Ln(OH)CO3

and Ln(OH)CO3/xHA solids, indicating that under nor-
mal atmospheric conditions and even in the presence
of increased HA (natural organic matter) concentration,
Ln(OH)CO3 remains the sole solubility limiting solid phase.
This is also supported by the DR-UV-Vis measurements.
Like the Raman spectra the DR-UV-Vis spectra are simi-
lar for Ln(OH)CO3 and Ln(OH)CO3/xHA solids, indicating

Fig. 4. Raman spectra of the Ln(OH)CO3 solid phases prepared in pres-
ence and absence of HA, using a laser source at 785 nm.

Fig. 5. DR-UV-Vis-spectra of the Ln(OH)CO3 solid phases prepared in
presence and absence of HA.

that the HA does not affect the composition and structure
of the Ln(III) solids. The formation of two distinct phases,
the inorganic (Ln(OH)CO3) and the organic phase (HA) is
of particular interest taking into account the relative high
affinity of HA for trivalent lanthanides in solution [19].

Additionally, the Sm(OH)CO3 solids were investigated
by TRLFS spectroscopy. The emission spectra (Fig. 6) show



1 1

2 2

3 3

4 4

5 5

6 6

7 7

8 8

9 9

10 10

11 11

12 12

13 13

14 14

15 15

16 16

17 17

18 18

19 19

20 20

21 21

22 22

23 23

24 24

25 25

26 26

27 27

28 28

29 29

30 30

31 31

32 32

33 33

34 34

35 35

36 36

37 37

38 38

39 39

40 40

41 41

42 42

43 43

44 44

45 45

46 46

47 47

48 48

49 49

50 50

51 51

52 52

53 53

54 54

55 55

56 56

57 57

58 58

59 59

60 60

61 61

62 62

The effect of humic acid on the formation and solubility of secondary solid phases (Nd(OH)CO3 and Sm(OH)CO3) 5

Fig. 6. Emission spectra of Sm(OH)CO3 (dashed line) and Sm(OH)CO3

with 0.5 g/l HA (solid line) at δt = 100 ns, λex = 464 nm.

four emission peaks centered at 564, 601, 650 and 708 nm
corresponding to the 4G5/2 → 6HJ transitions, with J = 5/2,
7/2, 9/2 and 11/2, respectively. A small change in the inten-
sity ratio between the 4G5/2 → 6H7/2 and the 4G5/2 → 6H9/2,
6H11/2 transitions was observed with increasing HA concen-
tration (see Fig. 6). The fluorescence decays for all sam-
ples were monoexponential. The decay times for all Sm(III)
samples are very similar (160 ns < τ < 180 ns) and no sys-
tematic influence of the HA on τ could be observed (see
Table 1). Compared to the Sm(III) decay time in water
(2.3 μs < τH2O < 2.7 μs) [20, 21] or in other solids such as
Sm(III) doped glasses, oxides or even organic complexes
(500 μs < τ < 3.1 ms) [22–25] the decay times determined
for the Sm(OH)CO3 and Sm(OH)CO3/xHA solids are dis-
tinctly shorter. This may be explained by fast (phonon-
assisted) relaxation pathways provided by the coordinating
OH− and CO3

2− ions in the solids.
Generally, the spectroscopic investigation are in agree-

ment and indicate clearly that precipitation of the
Ln(OH)CO3 solids (even in the presence of increased HA
concentration) results in the formation of the pure solids.
Formation of solids containing in their structure HA isn’t ob-
served and the HA co-precipitated with the inorganic solid is
just physically adsorbed on the surface of the Ln(OH)CO3

particles. The separation into an inorganic and an organic
phase during precipitation is somehow unexpected, taking
into account the relatively high affinity of HA for the Ln(III)
ions resulting in stable Ln(III)-humate complexes in solu-
tion [19]. The formation constants of the Ln(III)-humate
complexes (log β ∼ 7) are relatively larger than the corres-
ponding formation constants for hydrolysis and carbonate
complexation (log β1 ∼ 6 and log β1 ∼ 5, respectively) [1].
However, in the alkaline pH range (pH 10), where the solid
phase formation occurred, the concentration of the hydrox-

Table 1. Fluorescence decay times τ of the Sm(OH)CO3 solid phase
prepared in the absence and presence of different amounts of humic
acid in solution. The average error in τ is ±5 ns.

Sample τ (ns) at 464 nm

Sm(OH)CO3 168
Sm(OH)CO3/0.1 g/L HA 162
Sm(OH)CO3/0.3 g/L HA 164
Sm(OH)CO3/0.5 g/L HA 165

Fig. 7. XRD diffractograms of the Ln(OH)CO3 solid phases prepared
in presence and absence of HA.

ide and carbonate ligands becomes predominant resulting in
the decomplexation of the Ln(III)-humate complex and the
formation of the Ln(OH)CO3 solids.

In order to validate the spectroscopic data and inves-
tigate possible effects of the adsorbed HA on the solid
phase texture (e.g. particle size) XRD measurements have
been performed. Fig. 7 shows the XRD diffractograms
of Ln(OH)CO3 and Ln(OH)CO3/xHA solids. In agree-
ment with the spectroscopic data, the XRD spectra indicate
only the presence of Ln(OH)CO3. The particle/crystallite
sizes were calculated according to Eq. (1) and are sum-
marized in Table 2. The data show, that HA affects dif-
ferently the particle/crystallite size of the Nd(OH)CO3

and the Sm(OH)CO3 solid phases. The crystallite size of
Nd(OH)CO3 solid decreases, whereas the crystallite size
of Sm(OH)CO3 solid increases with increasing HA con-
centration in solution. The opposite effect of HA on the
particle size of the two different lanthanide solid phases can
be attributed to the different ionic radii of the correspond-
ing elements [2, 3]. Moreover, the changes in particle size
may affect accordingly the solid phase solubility because of
microsolubility effects [26].

Possible microsolubility effects have been investigated
by solubility experiments using two different Ln(OH)CO3

solids, prepared in absence and presence of HA and the cor-
responding data are graphically shown in Fig. 8. According
to the solubility data (Fig. 7) microsolubility effects (even
small) are apparent, resulting (as expected) in lower solubil-
ity (about 0.4 log-units) for Sm(OH)CO3/xHA and slightly
higher solubility (about 0.1 log-units) for Nd(OH)CO3/xHA
in comparison to the corresponding pure solids. However,
these changes in the solubility of the solids are within the un-
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Fig. 8. Solubility curves of the Ln(OH)CO3 solid phases prepared in
presence and absence of HA.

Table 2. Particle size of the Nd(OH)CO3 and Nd(OH)CO3 solid phases
precipitated in aqueous solutions of 0.1 M NaClO4 containing vari-
ous amounts of humic acid. The particle size has been estimated from
the XRD spectra/peaks according to Scherrer equation (Jenkins and
Snyder, 1996).

[HA] in mg/l Nd(OH)CO3 Sm(OH)CO3

Particle size (nm)

0 10.3±0.5 14.5±0.5
0.1 9.4±0.5 15.8±0.5
0.3 8.5±0.5 16.0±0.5
0.5 8.1±0.5 16.5±0.5

certainty found in literature regarding the values of solubility
product (−19.0 < log Ksp < −20.1) [27, 28].

4. Conclusions

Based on the results obtained from this study it can be con-
cluded that:

The formation of secondary solid phases of lanthanides
(e.g. Ln(OH)CO3) is not significantly affected by the pres-
ence of humic acids in an aqueous system. The spectro-
scopic data obtained by FTIR, Raman, TRLFS, DR-UV-Vis
spectroscopy clearly show that only the pure Ln(OH)CO3

solid is formed and the HA is just coprecipitated, most prob-
ably adsorbed onto the solid particles.

However, the adsorption of humic acids on the particle
surface affects the texture of the solid phase formed, result-
ing in different particle sizes (as indicated by XRD meas-
urements) and different water holding capacity of the solid
phase (as indicated by TGA measurements) in the presence
of HA.

The changes in the solid phase solubility because of mi-
crosolubility effects are relatively small and within the un-

certainties of the solubility product values given in literature
for Ln(OH)CO3 solid phases.

The impact of humic acids on the chemical behavior
and migration of trivalent lanthanides and actinides in the
geosphere because of their impact in the formation of sec-
ondary solid phases is expected to be of minor relevance
and significantly lower than their impact because of the
formation of HA complexes with the lanthanide and ac-
tinide ions. However, coating of nano-sized solid phase
particles with HA colloids could increase their stability
in the aqueous phase and result in enhanced contami-
nant mobility. Since colloidal transport plays an important
role in contaminant/radionuclide transport, the formation of
HA-coated inorganic particles could be subject of further
investigation.
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