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Neodymium-silicon britholites, Ca-xNdi(POy)s—x(SiOs)x(OH),, have been synthesized by the ceramic
method. These materials can be used as host matrixes for actinides immobilization and Nd models the
actinide. The crystal-chemistry evolution as a function of the Si and Nd content has been studied by
combined neutron and X-ray Rietveld refinement. The ;8iGubstitution for PG~ does not lead to
significant changes in the R@etrahedrons. The Nd cations substitute for Ca and are placed at the
Ca(2) sites, getting closer to the hydroxyl sites. The local increase of positive charge around hydroxyls
leads to the & stabilization in 4e Wyckoff position. Since neutrons are sensitive to the H atoms, the
hydroxylation degree has been calculated. Finally, the scattering density Fourier difference maps suggest
the presence of HP® groups, which partially substitute for RO to keep the electric balance of these
compounds.

Introduction formula unit Cag(PQy)s(OH), per unit cell? The hydroxyls
ions and four Ca ions at Ca(1) sites lie along columns parallel
to thec axis. The hydroxyls are sited along theaxis and

the O—H bond direction is parallel to it, without straddling
the mirror planes ar = %/, and®,. The remaining six Ca
atoms, positioned at Ca(2) sites, are associated with the two
hydroxyl groups in the unit cell, where they form triangles
centered on, and perpendicular to, the OH axis and laying
on the mirror planes. The ROtetrahedrons form the
remaining basic structural unit of HA. This structure allows
several substitutio§s'? and neodymiurasilicon britholites

can be understood as HA where Ndubstitutes for Ca

and SiQ* substitutes for PE@~. In this sense, structural
studies of neodymium and lanthanum britholites have been

Britholites are phospho-silicate apatites having the general
composition Ca-y(RE)(SiO4)y(POs)s-y(F,OH). where RE
are rare earth elemenit8.These materials have interest for
the management of long-lived and high-activity radioactive
wastes. Studies of natural apatites from the fossil nuclear
reactor of Oklo showed that these compounds support high
doses of external and interralirradiation, without undergo-
ing important changes in the crystal structéife.

Neodymium-silicon substituted hydroxyapatite, a britho-
lite Cayo—xNd(POy)s-x(SiOs)x(OH),, is considered as a
potential host matrix for the specific immobilization of
actinides. In this case, Nd is used to model the trivalent
actinides due to their similar chemical propertieStudies reported by Boyer et a4
carried out over GNd(PQ,)sSiOsF, have shown that this _ . o _
compound allows the incorporation of 10 wt. % of actinides,  When using diffraction techniques to study the crystal-
they are not affected by disruption of the crystal lattice, and chemistry of S|I|cgn and neodymium britholites, several |ten_15
they can anneal the defects created by self-irradidtion. ~ Must be taken into account. For example, the scattering

The structure of hydroxylapatite (HA) can be described f_actors of P and Si for X-rays are almost ideqtical._More.ov_er,
as a hexagonal unit cell with space grde@y/m and lattice light atoms such as H cannot be detected Wlt.h this ra_d|at|on.
parametersa = 9.432 A andc = 6.881 A, having one Although XRD provides valuable structural information, a
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full understanding of the britholites structure requires ad-
ditional techniques. On the other hand, neutron diffraction
techniques have been demonstrated to be useful to study the
silicon incorporation into hydroxyapatité:l” Moreover,
neutrons are very sensitive to H atoms, but hardly distinguish
Nd from Ca.

In this work, we deal with the structural and chemical
variation of Nd-Si substituted hydroxyapatites obtained by
high-temperature synthesis. It is difficult to determine the
composition at thede Wyckoff position because the hy-
droxyls groups partially decompose over 88D, resulting
in oxy-hydroxylapatited®-2° It is well-known that the local
composition at thée site is very important for the stability
of the apatite$:?! In this work, we combine neutron and
X-ray powder diffraction to study these materials. The
understanding of the crystal-chemistry of britholites can help
us to tailor better host matrixes for nuclear waste storage.

Experimental Section

Silicon—neodymium-substituted hydroxylapatites (britholites) of
general formula Ca-xNdy(POy)s—x(SiOs)x(OH),, have been syn-
thesized by the traditional ceramic method. Britholites with O,

0.5, and 1 (samples B-0, B-0.5, and B-1, respectively) were obtained
by mixing stoichiometric amounts of CaGONd,O3, CaP,O7, and

SiO,. The powder mixtures were pre-fired at ¥ for 1 h, ground, 00 3000 o500 2000 1800 100 60

and shaped into disks by uniaxial pressure. Finally, the disks were

treated at 1200C for 24 h under air atmosphere. The samples Wavenumber (cm-1)

were quenched from high to room temperature. Figure 1. FTIR spectra for samples B-0, B-0.5, and B-1.

Fourier transform infrared (FTIR) spectra were obtained with a
Nicolet 360 FT-IR spectrometer, using the KBr pellet method. We Simultaneous presence of Nd at the Ca(1) and Ca(2) sites. However,
collected 64 scans for each spectrum with a 0.2 cresolution. the refinement of the Nd and Ca occupancies at the Ca(1) position

The britholites surfaces were characterized by scanning electronfesulted in values very close to 0 and 4 for Nd and Ca, respectively.
microscopy (SEM) Coupled to X_ray dispersive energies (EDX) For thIS reason we Only a”OWed the presence Of Ca atoms at the
by means of a JEOL 6400-LINK AN 10000 microscope. Ca(1) sites and all the Nd atoms were set at the Ca(2) position.

XRD patterns were collected with a Philips PW 1730 X-ray |he atomic coordinates of Si and Nd atoms were constrained to be
diffractometer using Cu ¥ radiation (step size®= 0.02, 10sof ~ the same as those of P and Ca(2), respectively. Regarding the
counting time per step) and neutron diffraction patterns were nydroxyls sites, O(H) and H occupancies were let to vary freely.
collected on the high-resolution powder diffractometer 3T2 (LLB The occupancy factors are normalized in such a way as to represent
Saclay,. = 1.2252 A). The 3T2 diffractometer has an array of 20 the number of atoms in a formula unit.

detectors and an availablé 2omain between 10 and 125%4%ith By calculating the distortion of the R@etrahedrons we can get
a step of 0.05 an estimation of the structural distortion. The tetrahedral distortion

Rietveld refinements of the crystal structure were carried out index was obtained from the calculated data using the relation

v PO

for the three samples. The structural refinements at 300 K were

performed simultaneously on the neutron and X-ray diffraction o oT oT

patterns with a 50:50 weighting scheme. The instrumental resolution V4 |0TQ ~ OTG,|

functions (IRF) of both diffractometers were obtained from well- DI = = (1)
crystallized standards and taken into account in separated input files. 6

The refinements were performed using the atomic position set and

the space group of the HA structuPés/m, No. 1767 by means of In this formula, OTQ denotes the six angles between P and the
the computer program FullProf 2080In the case of samples B-0.5  four O atoms of the phosphate tetrahedron @T@, is the average
and B-1, the preliminary refinements proceeded by allowing a angle (around 109%.
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Figure 2. Expanded FTIR spectra between 400 and 1275'crithe
frequency values corresponditoPQ,3~ stretching vibration. *The shoulder
between 870 and 890 crhcould overlap the band at 875 cncorre-
sponding to HPG#~ groups.

absorption bands corresponding to a HA ph&sé. The
intense bands at 1089, 1054, 1007, and 961'aurrespond

to v3 andv,; P—O stretching vibration modes. The doublet
at 603-567 cn1! corresponds to the ©P—0 v, bending
mode. The bands at 3570 and 631 ¢érorrespond to the
stretching and librational modes, respectively, of the hy-
droxyls groups. Samples B-0.5 and B-1 also show the bands

described above. The intensity of the bands assigned to OH -;;Ca
groups clearly decreases in these samples. Finally, the |
absorption bands at 539 cfrcorrespond to the NelO bond. I

Figure 2 is the extended FTIR spectra between 400 and
1250 cn. In this figure, two new (shoulder shaped) bands |; !
at 931 and 876890 cnt! occur. These absorption bands gz
are not easy to assign. Some authors have related them tg ;
the presence of silicon in the apatite structttrelowever,
the broad shoulder between 870 and 890toould contain
the overlapped band at 875 chrorresponding to HPEQ"
groups?® as will be explained later.

We can also observe that thgstretching bands of P&
groups shift to higher frequencies for higher valuex.dh
this way, the band at 1055 crhfor B-0 shifts to 1057 and
1061 cm! for B-0.5 and B-1, respectively. Similarly, the
band at 1089 crrt for B'Q shifts to 1093 and 1095 crhfor Figure 3. Scanning electron micrographs for the britholites synthesized.
B-0.5 and B-1, respectively. The insets show the EDX spectra obtained from the surfaces.

Figure 3 shows the micrographs obtained for the samples
surfaces. The mean grain size was calculated using themicrograph with different directions. More than 300 grains
intercept method” Twenty straight lines were drawn on each Sizes were considered for each sample. The mean sizes were

2.3 (9), 2.0 (4), and 3.6 (9m for B-0, B-0.5, and B-1,

(23) Fowler, B. O.norg. Chem 1974 13 (1), 194. respectively. The chemical composition was obtained by
(gg) éqtgjtSOp?uFlzo-SéS]i Bsiorlcledé M?telg |\?/§QB()_02 6§, SAO(:- Red99 EDX spectroscopy during the surface observation. Table 1
(23) Gibsor, I. R Best, S. M.; Bonfield, W. Biomed. Mater. Red399 collects the results for the three samples, showing experi-
(26) Rey, C.; Shimizu, M.; Collins, B.; Glimcher, Galcif. Tissue Int1991, mental values similar to the theoretical ones.

49,°383. .
(27) ASTM E 384-84. Standard Test Method for Microhardness of Figure 4 shows the XRD (a) and ND (b) patterns for

Materials ASTM Committee on Standards: Philadelphia, PA, 1984. sample B-0. Both patterns show the diffraction maxima
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Figure 4. Part of the experimental (dots) and calculated (solid line) powder X-ray (a) and neutron (b) diffraction pattern for sample B-0. The lower trace
is the difference between observed and calculated patterns. The vertical lines mark the position of the calculated Bragg peaks for the apatite phase.

Table 1. Atomic Composition (wt %) Obtained by X-ray
Fluorescence

Table 2. Atomic Positions, Occupancies, antleq for Sample B-0*

Wyckoff
sample Ca P Nd Si atom position X y z occ Ueqg

B-0 exp. 38.4(8) 18.6(3) 0 0 01 6h  0.3275(2) 0.4841(2) 1/4 6 0.0110(7)
theor. 39.9 18.5 0 0 02 6h 05869 (2) 0.4649 (2) 1/4 6  0.0145(8)
B-0.5 exp. 37.3(3) 17.4(2) 8.1(4) 0.8(2) 03 12i  0.3436 (2) 0.2580 (1) 0.0705(1) 12  0.0224 (6)
theor. 36.2 16.2 6.9 1.3 O(OH)  4e 0 0 0.1975(9) 1.92(3) 0.015 (3)

B-1 exp. 35.5(5) 13.0(1) 16.1(5) 2.8(1) H(OH)  4e 0 0 0.054 (2) 1.39(7) 0.023(8)
theor. 32.7 14.0 13.0 25 Cal af 1/3 2/3 0.0016(3) 4  0.0103(9)

Ca2 6h  0.2460 (2) 0.9923(2) 1/4 6  0.0105 (8)

corresponding to a single and well-crystallized apatite phase.P 6h  0.3982(2) 0.3684(2) 1/4 6  0.0078(7)

Figure 4 also includes the calculated XRD and ND patterns

the good agreement between the observed and calculate

aLattice parametera = 9.41844 (3)c = 6.88374 (3). Bragg (apatite3- 72;
obtained by Rietveld refinement. The difference curve shows Rwp 15.2; Rexp 10.7%? 1.98 (for XRD pattern). Bragg (apatieyL.55; Rwp

8.96; Rexp 2.59y2 2.33 (for ND pattern).

patterns. Table 2 collects the structural parameters andcorresponding to a well-crystallized apatite phase together

agreement factors calculated by the Rietveld refinement.

with two minor phases. These two phases were identified as

Figure 5 shows the XRD (a) and ND (b) patterns for a-tricalcium phosphate, G&0O,), (a-TCP), and silicocar-
sample B-0.5. Both patterns show the diffraction maxima notite, Ca(P0,).SiO,. Both phases were introduced in the
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Figure 5. Part of the experimental (dots) and calculated (solid line) powder X-ray (a) and neutron (b) diffraction patterns for sample B-0.5. The vertical
lines mark the positions of the calculated Bragg peaks for the brithoECP, and silicocarnotite phases.

refinement using previously reported structural da8s. Table 3. Atomic Positions, Occupancies, antleq for Sample B-0.5
Quantitative analysis of the phases was carried out by the Wyckoff
Rietveld method® obtaining values of 7.5 and 2.5% for _&m position X y z 0cC Ve
o-TCP and silicocarnotite, respectively. Table 3 collects the 01 6h  0.3286(2) 0.4851(2)  l/4 6  0.0118(5)
tructural t d t fact lculated 22 6h 05878 (2) 0.4661(3) 1/4 6 0.0172(8)
structural parameters and agreement factors calculated Dyos 12i 03449 (2) 0.2590 (2) 0.0706(2) 12  0.0242(7)
the Rietveld refinement for sample B-0.5. O(OH)  4e 0 0 0.2026 (9) 1.65(2) 0.0170 (7)
Figure 6 shows the XRD (a) and ND (b) patterns for H(OH)  4e 0 0 0.050 (4) 0.64 (4) 0.0285 (8)
le B-1. Together with the main apatite phase, the S&- af vs 2/3 00001(3) 4 00129 (8)
sample - 1ogethe _ _apalite phase, Ca2 6h  0.2372(2) 0.9908 (2) 1/4  5.48(1) 0.0130(7)
patterns show two minor phases identified/sicalcium Nd2 6h  0.2372(2) 0.9908(2) 1/4  0.52(1) 0.0130 (7)
phosphate, G&#PQy), (B-TCP)3* and silicocarnotite. Both P 6h  0.3988(2) 0.3699(2) 1/4  55(1) 0.0090 (7)
Si 6h  0.3988(2) 0.3699(2) 1/4  0.5(1) 0.0090 (7)
H2 6h 0.44(2) 0.06(2) 1/4  0.12(4) 0.0172(8)
(28) Matthew, M.Acta Crystallogr 1977, 33, 1325. )
(29) Dickens, B.; Brown, W. ETschermakis Mineral. Petrogr. MitL971, 2 Lattice parametera = 9.41329 (5)c = 6.88808 (4). Bragg (apatite3- 72;
16, 1. Rwp 15.2; Rexp 10.792 1.98 (for XRD pattern). Bragg (apatiteyL-94; Rwp

(30) Bish, D. L.; Howard, S. AJ. Appl. Crystallogr 1988 21, 86. 5.53; Rexp 3.94y2 1.97 (for ND pattern).
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Figure 6. Part of the experimental (symbols) and calculated (solid line) powder X-ray (a) and neutron (b) diffraction patterns for sample B-1. The vertical
lines mark the positions of the calculated Bragg peaks for the brithgheCP, and silicocarnotite phases.

phases were introduced in our structural model and quanti- Taple 4. Atomic Positions, Occupancies, antleq for Sample B-12

fied. The amounts obtained were 10.8 and 8.4%53farCP Wyckoff

and silicocarnotite, respectively. Table 4 collects the struc- atom position X y z occ Ueq
tural parameters and agreement factors calculated by theg; 6h  0.3292 (3) 0.4864 (3)  1/4 6 0.0118(7)
Rietveld refinement for sample B-1. 02 6h  0.5896 (3) 0.4668 (1)  1/4 6  0.0164 (6)
Fnifi ; 03 12i  0.3452(2) 0.2603(2) 0.0708(2) 12  0.0206 (5)
Table 5 collects some 5|gn|f|c_ant distances and anglesO oH) 4 0 0 0.207 (1) 1.80(3) 0.0110 (9)
calculated for the britholites studied. We can observe that yor) e 0 0 0.063 (9) 0.44 (7) 0.0418 (9)
the higher substitution degree (highewalues), does not  Cal 4{1 1/3 @ 2/3 ( )0-000? 4 4 ( )0-0157 (6())
O sianifi : ; Ca2 6 0.2319 (2) 0.9907 (3 1/4  4.93(2) 0.0138(3
result in S|gn|f|cant_charjges_|n the average® distance. Nd2 6h  0.2319(2) 09907 (3) 1/4  1.07(2) 0.0138 (3)
The tetrahedral distortion index (TDI) does not show p 6h  0.4014 (3) 0.3717(3) 1/4 5.3(2) 0.0103 (6)

6h  0.4014 (3) 0.3717(3) 1/4  0.7(2) 0.0103(6)

aLattice parametera = 9.41862 (8)c = 6.89712 (7). Bragg (apatite)3-29;
(31) Yashima, M.; Sakai, A.; Kamiyama, T.; Hoshikawa,JASolid State Rwp 15.7; Rexp 10.542 2.21 (for XRD pattern). Bragg (apatite)2.68; Rwp
Chem 2003 175, 272. 6.98; Rexp 4.94y2 2.00 (for ND pattern).

significant change either. However, the Caf£a(2) and S
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Table 5. Significant Distances, Angles, and Tetrahedral Distortion Ca
Index for Samples B-0.5 and B-1
B-0 B-0.5 B-1
pP-01 1.535(2) 1.526 (3) 1.538 (4) (i) - el
P-02 1.539 (3) 1.541 (3) 1.535 (4) I W v
P-03 1.529 (1) 1.531 (2) 1.534 (2)
P—O average 1534 (2) 1532 (3) 1536 (4)
Ca2-Ca2 4.078 (3) 3.944 (3) 3.861 (3)
Ca2-O(OH) 2.382(2) 2.300 (2) 2.248 (3)
01-P-02 1113 (2) 1114 (2) 112.1(3) m=1/4 = A O
01-P-03 111.4 (2) 111.8 (2) 111.0 (2)
02-P-03 107.3 (2) 107.0 (2) 107.6 (3) i
03-P-03 107.8 (1) 107.6 (1) 107.4 (2) i
DI 0.02 0.02 0.02
Ca(2)-O(H) distances clearly decrease as a function of the O Ca O Ca’ Nd
X value. @ OH ® OH, O
. . Figure 7. Scheme of the region around tbexis for hydroxylapatite (left)
Discussion and neodymium britholite (right). The two Ca(2) triangles rotatetid&t

) . the 4e anion are shown. For neodymium britholites theCand N&* at
The FTIR study shows the important crystal-chemical ca(2) are closer to the OHand G~ anions atde when compared with

changes undergone by the HA structure when Si and NdHA
replace P and Ca, respectively. Obviously, the absorption
bands corresponding to-SO and Nd-O bonds appear more
intense when the& value increases. The lower intensity of
the O—H stretching band and the removing of the-B
librational mode for B-0.5 and B-1 point out a strong

composition for samples B-0.5 and B-1. From data collected
for sample B-0.5 (Table 3), the occupancies are 1.65 and
0.64 for O and H, respectively. The compositiostatvould

decrease of the hydroxyl content for these two samples. The (OH)p 601 00,35
FTIR spectra also show a shift toward higher frequencies
for thew; stretching vibration band of P& groups. Baddiel For B-1, the data collected in Table 4 show occupancies

and Berry? suggested weak hydrogen bonding of the of 1.80 and 0.44 for O and H, respectively, and #he
OH--- O—PG; type may occur in HA. The lower H content  position for this sample would be
in B-0.5 and B-1 would lead to a lower degree of O
perturbation, which can be reflected in the Rdbrational (OH)o.401 387020
frequencies. The hydrogen bonding debilitates thePQ;
bond, so the lower the H content the higher the-FD
frequency vibration, as can be seen for B-0.5 and B-1.
Sample B-0.5 containg-TCP, Ca(PQy),, and silicocar-
notite, Ca(PO,).Si0;, as secondary phases. Since these two
phases do not contain Nd, this element must be slightly in
excess in the obtained britholites. Actually, the Nd oc-
cupancy, 0.52, is slightly higher than the theoretical one, 0.50,
although this difference can be considered negligible.
Sample B-1 shows a higher amount of secondary phases
leading to a higher alteration of the britholite composition
with respect to the theoretical one. In this case, the britholite
contains more Nd (1.07 vs 1.00) and less Si (0.7 vs 1)
compared with the theoretical values.

These results are in agreement with the data obtained by
FTIR spectroscopy and demonstrate that the higher the
substitution degree, the higher the stability of the oxyapatite
phase. Serret et &l. have reported on the oxyapatite
stabilization by nonisoelectrical substitution offt-dior Ca?*
cations. These authors reported on the vacancies formation
at the 4e Wyckoff position due to this substitution. The
substitutions proposed in our britholites are almost isoelec-
tronic (they are slightly Nd enriched), but the oxyapatite
Stabilization also occurs.

The Si substitution for P does not lead to significant
changes in the PQtetrahedra structure (Table 5). The
average distances and the tetrahedral distortion remains the
same when thex value increases. However, the Nd

Since the chemical composition at #heWyckoff position . S "
is one the most important factors for the apatite reactivity mcorporanon |r_1t0 the Ca(2) position leads to a decre_ase of
' the triangles sides formed by the Ca(2) around ¢haxis

it is mandatory to understand the changes undergone by the, _. : e
britholites in this site. For sample B-0, the occupancies in (Figure 7). The cations at Ca(2) positions get closer to

4e are 1.92 and 1.39 for O and H atoms, respectively. g?_%'}rH?rgi:{):r’]Caes;S'erj:qegifg I(;]fttrr]\eeqh?(;:(:rsﬁtseen?f'ltuiesca-
Considering that all the H atoms are taking part of the '

hvdroxvls arouns. thdelocal chemical composition would approaching of the cations at Ca(2) toward the OH positions
yaroxyls groups, t ) P agrees with the & for OH~ substitution. The N& sub-
result in the following:

stitution for C&" leads to an increase of the positive electrical

(OH); 3% 570,08 charge around the OHor G%~ position and the oxyapatite
is stabilized. It is well-known that HA synthesized at high
whered means vacancies &e position. temperatures loses the hydroxyls at temperatures over 800

Therefore, the obtained apatite is an oxy-hydroxylapatite, °C,!8 leading to oxyapatite formation. This compound is
which is very likely to appear under our synthesis method.
In the same way, we can calculate the lodalchemical (32) Baddiel, C. B.; Berry, E. ESpectrochim. Actd966 22, 1407.
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Figure 8. Difference Fourier maps for neutron SD in B-0, B-0.5, and B-1. The negative SD (in blue) corresponds to H atoms (see text). Projection over the
mirror plane sited at 0 &..

unstable and during cooling under air atmosphere is partially PO;*~ groups could also react as
hydroxylated resulting in an oxyhydroxyapatite phase. Our
results clearly show that higher values xfstabilize the PO’ + H,0<>HPO,”" + OH"
oxyapatite phase. At this point, we must take into account
the bigger grain size in sample B-1, because it could also
contribute to a lower hydroxylation recovery during cooling.
The local chemical composition at thée Wyckoff
position, calculated from the occupancies, would lead to an
excess of negative charge in the britholites. If our britholites
were fully hydroxylated, the two OHgroups would pro-

This mechanism would be in agreement with the negative
density, which increases with thevalues and points out a
higher presence of HR® with the substitution degree. In
this way, the substitution of HP® for PO;*~ would
compensate the charge difference. The presence of small
amounts of HPG¥~ could be confirmed by FTIR as a low
vide a local charge of-2. However, due to the presence intense band at 875 crh However, the low intensity of this

of 0%, the charges at thée positions would be—2.45, band and the overlapping with the-S8D band do not allow

—2.66, and—3.16 for B-0, B-0.5, and B-1, respectively. it to be observed clearly in the FTIR spectra.
Vacancies are created in this crystallographic site but this
mechanism is not enough. A second mechanism must occur
to keep the electrical balance. Figure 8 represents the Britholites of chemical composition GaNd,(POy)s—x-
scattering density Fourier difference maps obtained from the (Si0,),(OH), have been obtained by the ceramic method.
structural models proposed for each sample. The projectionThese materials can be used as models for the study of
over the mirror planes, normal to [0 O 1] direction and sited ceramic matrixes for nuclear waste storage.

at'/, and?/, of the c axis, clearly show negative scattering  The SiQ# for PO2~ substitution has negligible effect
density positions close to the O2 atoms. These sites cor-on the PQ tetrahedrons.

respond to H atoms, the only ones that have negative Fermi The Nc&* for C&" substitution leads to the stabilization
lengths in these compounds. Since neutron diffraction of the oxyapatite phase as well as important structural
indicates the presence of H atoms associated witi* PO  changes around the OH sites.

groups, the formation of HP& groups can be proposed as The presence of H atoms associated withZP@roups

a hypothesis. In the same way that @s partially hydroxy- indicates the formation of HP®", which could contribute
lated, following to the charge balance.

Conclusions

O* +H,0<20H CM0488231



