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Structure of H-exchanged hexagonal birnessite and its mechanism of formation
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ABSTRACT

The structural transformation of high pH Na-rich buserite (NaBu) to H-exchanged hexagonal
birnessite (HBi) at low pH was studied by simulation of experimental X-ray diffraction patterns.
Four HBi samples were prepared by equilibration of NaBu at constant pH in the range pH 5-2. The
samples differ from each other by the presence of one (at pH 2 and 3) or two (at pH 4 and 5) phases,
and by the structural heterogeneity of these phases which decreases with decreasing pH. The sample
obtained at pH 5 is a 4:1 physical mixture of a 1H phaset(940 Ab=a3=2.852 Ac=7.235 A,
B=9C,y=90) and of a 1M phaseE 4.940 Ab=a/V3=2.852 Ac=7.235 AB=119.2, y= 90°)
in which successive layers are shifted with respect to each otheaw/®yalong thea axis as in
chalcophanite. Both the 1H and 1M phases contain very few well-defined stacking faults at pH 5. At
pH 4, the sample is a 8:5 physical mixture of a 1H phase containing 15% of monoclinic layer pairs
and of a 1M phase containing 40% of orthogonal layer pairs. Any further decrease of the pH leads to
the formation of a single defective 1H phase. This 1H phase contains 20% and 5% of monoclinic
layer pairs at pH 3 and 2, respectively. Independent of pH, all phases contain 0,§38atlons,

0.167 vacant layer sites, and 0.167 interlayer Mn cations located either above or below layer vacan-
cies per octahedron. A structural formula is established at each pH.

The origin of the observed phase and structural heterogeneities has been analyzed. 1H and 1M
phases are assumed to inherit their specific structural and crystal chemical features from the two
distinct NaBu modifications. NaBu type |, with a high proportion ofircations, is thought to be
responsible for the monoclinic layer stacking because this configuration allows Mn cations from
adjacent layers to be as far as possible from each other, thus minimizing the electrostatic repulsion
between these high charge cations. In contrast, NaBu type Il has a high interlayer charge induced by
Mnise for Mniy., substitutions. Consequently, the 1H phase has a high amount of interlayer protons
and achieves compensation of the unfavorable overlap of layer and interlayer Mn cations, in projec-
tion on theab-plane, by the presence of strong hydrogen bondings between layers. The higher pro-
portion of defined stacking faults in both 1H and 1M phases at pH 4 compared to pH 5 can be
attributed to the increase in reaction rate with decreasing pH. At lower pH (3 and 2) the formation of
strong hydrogen bonds between adjacent layers controls the layer stacking mode and leads to the
formation of a unique 1H phase. The proportion of well-defined stacking faults in this phase de-
creases from pH 3 to 2.

INTRODUCTION Chukhrov et al. 1978, 1989; Cornell and Giovanoli 1988). Be-
The phyllomanganates buserite and birnessite both contf#!Se of the coexistence of both heterovalent Mn cations and
layers of edge-sharing Mn-(O,0H)ctahedra. Buserite has avacantlayer octahedra in their structure, buserite and birnessite
10 A periodicity along the axis with exchangeable cationsP0SS€ss a unigue surface charge as well as remarkable redox
and two layers of KD molecules in its interlayer space. Thénd cation exchange properties. Cation exchange properties are
partial dehydration of buserite at high pH leads to the formvored at higher pH, whereas adsorption and redox processes
tion of 7 A “monoclinic” birnessite, with a single layer of®1 tyPically occur under low pH conditions. Consequently, these
molecules. In acidic medium 10 A buserite converts to 7 'Rinerals play an essential role in sorption and redox processes
hexagonal birnessite, in which interlayer Mn cations and prb. natural environments (McKenzie 1967; Stone and Morgan

tons compensate the layer charge (Burns and Burns 1977, 1dA84; Stone and Ulrich 1989; Manceau and Charlet 1992;
Stumm 1992; Silvester et al. 1995; Wehrli et al. 1995; Manceau

et al. 1997). Because of their contrasting chemical behaviors,
it is important to determine their crystal-chemical features at
*E-mail: Bruno.Lanson@obs.ujf-grenoble.fr different pH and the mechanism of their structural transforma-
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tion. The distribution of heterovalent Mg cations, interlayer Na-birnessite

2+ \yat 4+ 3+ )
M2t Na. (Mns! Mn 0_,nH,0

cations, and layer vacancies, as well as layer stacking are of spe-
cial interest in such structural and chemical study. However, a
study of minerals from the buserite/birnessite group is difficult

because small crystallite size and high density of structural and
chemical defects. Consequently, the main structural and chemi-

0.74 021 0.05

and approaches such as Rietveld refinement (Post and Veblen
1990), powder and polarized EXAFS spectroscopy (Manceau
et al. 1992; Silvester et al. 1997; Manceau et al. 1997), simu

tion of X-ray diffraction (XRD) patterns (Chukhrov et al. 1985 ' y
Manceau et al. 1997; Drits et al. 1998), selected area electi{oN
diffraction (SAED) (Chukhrov et al. 1978, 1989; Kuma et al. \/

1994; Drits et al. 1997a, 1998), and solution chemistry (Silvesteg\g\ @ Na+t
et al. 1997). These studies have revealed the main features a

the structure of birnessite synthesized at different pH, but the110)

nature of structural order-disorder in birnessite prepared at low H-birnessite

4+ 3+
Mn o, Mno.mDo.n )0,

pH has not been described. The reaction mechanism resporK,I 2 I+

sible for the structural conversion of Na-rich 10 A buserite, 05 05 Mn0.12
synthesized at high pH, into low pH hexagonal H-exchanged 7 A
birnessite also remains poorly understood. From simulation of
experimental XRD patterns, the present paper details the ac-
tual crystal structural of birnessite samples prepared at pH rang-
ing from 5 to 2, and more especially the atomic coordinates of

(OH) 03

erogeneity of these samples, and particularly to their layer sta¢t
ing mode, and the presence and abundance of well-defire
stacking faults. Determination of the actual crystal structure of
birnessite samples prepared at different low pH conditions h@SQ\
also allowed the refinement, from the structural point of vie\a4
of the transformation mechanism of high pH Na-rich buserité“o]

into low pH hexagonal bimessite proposed by Silvester et al. FIGURE 1. Idealized structures of triclinic Na-rich birnessite, and

(1997). hexagonal H-rich birnessite (pH 4), after Drits et al. (1997a), Silvester

PREVIOUS STRUCTURAL STUDIES etal. (1997), and Lanson et al. (in preparation). Chemical compositions
) ] ] . given for NaBu and HBi correspond to averaged values for
High pH Na-rich birnessite microcrystals of type | and Il. O atoms and water molecules are not
The substructure of Na-rich birnessite (NaBi), usually syshown. (Modified from Manceau et al. 1997)

thesized at very high NaOH concentration ([NaOH] =M,2

pH > 14) and equilibrated at high pH (8-10), has a one-layer

monoclinic unit cell with an insignificant amount of vacanteller effect, are segregated in Nhnich rows parallel to thb

octahedra (Post and Veblen 1990). Drits et al. (1997a), Silvesigis and separated from each other alongatlis by two

et al. (1997), and Lanson et al. (in preparation.) showed thaivs of Mrf*. This segregation is responsible for the departure

synthetic Na-rich buserite (NaBu) synthesized at high pH cofntem the hexagonal symmetry of the NaBi layer.

sists of vacancy-free layers, and has the composition Two NaBi varieties, hereafter referred to as type | and II,

Naj s(MnéMnd;)O, and a one-layer monoclinic unit cellare formed during the NaBu-to-NaBi dehydration process, NaBi

(a=5.223 Ab=2.854 Ac=10.265 Ap = 98.6; Drits etal. type Il being predominant. These two varieties are differenti-

1998). The partial dehydration of NaBu generates the one-lagg¢ed from their M., content, which is higher for NaBi type Il

triclinic NaBi, witha=5.169 Ab=2.848 Ac=7.321 Aa = (Drits et al. 1997a). These contrasting proportions ofyn

90.8, B = 103.2, y = 9C° unit cell, and N&(Mn¢zMnd,, lead to different amounts and distributions of Na in the interlayer

Mn3}sO, composition (Silvester et al. 1997; Lanson et al. iregion of both varieties.

preparation; Fig. 1). NaBi and NaBu contain a considerable ) )

proportion of Mi* which accounts for most of the negativé-OW PH hexagonal birnessite

layer charge (Drits et al. 1997a; Lanson et al. in preparation). This synthetic variety of birnessite, hereafter referred to as

Further, in both varieties, Mhoctahedra, distorted by the JahnHBI, is obtained by the equilibration of NaBu at low pH
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(Giovanoli et al. 1970a; Glover 1977; Silvester et al. 1997pr structural models realistic from a crystal chemistry point of
HBi is characterized by a 7 A periodicity along thaxis in  view. The quality of fit was estimated over therange of 35—
both humid and air-dried states since its interlayer space c68* for CuKa line using the usudk,, parameter. This trial-
tains no hydrated exchangeable cations. HBi has a one-laged-error fitting procedure has been used to determine structural
hexagonal unit cell wita = 2.848 Ac=7.19 A, andy= 120 and chemical features of phyllomanganates (Chukhrov et al.
at pH 4 (Drits et al. 1997a). Its layers contain a consideraldl®85; Manceau et al. 1997; Drits et al. 1998; Lanson et al. in
amount of vacancies with half of the Mn cations initially presepreparation). Details of the program used to simulate XRD
in Mn3*-rich rows occupying interlayer sites as a result of dipatterns, and the fitting procedure are given by Drits et al.
proportionation and migration processes (Manceau et al. 19972p98). Calculation of XRD patterns was limited tdé 20d 11
As in the model proposed for NaBu (Drits et al. 1997a) theseflections because these lines are the most sensitive to struc-
initial Mn3*-rich rows alternate with two successive®iows tural parameters of layered minerals, including
(Fig. 1), the resulting proportion of vacant layer sites in HBI isrder-disorder in their stacking sequences. The background was
1/6 (1/2 cations< 1/3 rows). Interlayer H Mn%, and Mri* assumed to be constant over the angular range considered
cations compensate the negative layer charge, with the amd@ft= 30-6%, CuKa; 2.95-1.45 A), and no preferred orienta-
of interlayer Mi* cations decreasing at lower pH (Silvester @ton of particles was considered.
al. 1997).
RESULTS

Mechanism of NaBu-to-HBi conversion Main features of the experimental XRD patterns

Silvester et al. (1997) and Drits et al. (1997a) proposed thatThe powder XRD patterns of the four samples (Fig. 2) con-
this transformation is a two-step process. The first stage is chgfn an almost rational series of basal reflections and diffrac-
acterized by rapid exchange of one third of initiafiNayeby  tion maxima which were indexed with a one-layer hexagonal
solution protons and the disproportionation of one third of thgjt cell with rather similar parameters (Table 1). However, for
Mniger cations in the Mft-rich rows to Miuien and Mrkier  |ater needs, indexing was performed using a base centered unit
creating vacant layer sites. During the following slower stagga|| with a = a3, b =D, y = 9C. A detailed analysis of these
the remaining Ngcnayer Cations leave the structure and half ogyperimental XRD patterns reveals features specific to each
the remaining Mfl,. cations migrate from the layer into theyj samples as a function of the experimental pH conditions.
interlayer. At this stage, depending on the solution pH"MN  The ghift of experimentad-values, from whicra andb
re-adsorbs above or below vacant sites. At pH 5, all desor%ameters were calculated, indicates thandb decrease

Mn?* (0.05 atoms per unit cell) re-adsorbs whereas at pH 2, §yntly with decreasing pH (Table 1), and although the positions
re-adsorption occurs (Silvester et al. 1997). This model is con-

sistent with the transformation from orthogonal to hexagonal Intensity increased by a 10x scale factor
layer symmetry as both the disproportionation and the migra- for 32° < 20 < 80°
tion of Mniy., cations release the steric layer strain originatin
from the Jahn Teller distortion in the former ¥nich rows.
The partial re-adsorption of Mhmeasured with decreas-
ing pH should result in a decreasing amount of interlayer M
cations. This conclusion was qualitatively supported by po
der EXAFS data (Silvester et al. 1997) which showed that t
ratio of layer edge-sharing to interlayer triple corner-sharin
Mn-Mn neighbors decreases from pH 2 to pH 5. This result
consistent with an incomplete occupancy of interlayer (aboVv
below layer vacancy) sites at pH lower than 5.

EXPERIMENTAL METHODS
Experimental methods

Na-rich buserite (NaBu) was synthesized after Giovanoli
al. (1970a). The preparation of low pH birnessite (HBi) wa
described by Silvester et al. (1997). Four HBi samples wefre J
prepared at pH = 5, 4, 3, and 2. Powder XRD patterns wegre L pH2
recorded using a Siemens D5000 powder diffractometg A Nt
equipped with a Kevex Si(Li) solid state detector anék€Cu 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
radiation. Intensities were measured at an interved 6f Q.04 Position (°26 CuK )
using a 30 s counting time per step.

[

Simulation of XRD patterns FIGURE 2. Experimental X-ray diffraction pattern of synthetic
As recommended by Drits and Tchoubar (1990) for defegexagonal (k+exchanged) birnessite obtained by equilibration at low

tive structures, structural information was obtained from the{ of Na-rich buserite. S indicate accessory shoulders of high intensity

comparison of experimental data with XRD patterns calculated the higher @ side of 20,11l reflections of HBi prepared at pH 5.
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TaBLE 1. Indexation of the experimental XRD pattern of HBi prepared at different pH

pH5 pH 4 pH 3 pH 2
hkl d(Calc.) d(Exp*.) d(Calc.) d(Exp*.) d(Calc.) d(Exp.) Calc. Exp.
001 7.235 7.265 7.186 7.196 7.213 7.213 7.224 7.248
002 3.618 3.614 3.593 3.593 3.607 3.604 3.612 3.611
200,110 2.470 2.466 2.466 2.461 2.463 2.460 2.464 2.461
003 2411 2.404 (s) 2.395 2.390 (s) 2.404 2.399 (s)
201,111 2.337 2.335 2.333 2.326 2.331 2.323 2.332 2.329
202,112 2.040 2.038 2.033 2.029 2.034 2.027 2.035 2.032
004 1.809 1.801 1.797 1.793 1.803 1.803 1.806 1.804
203,113 1.726 1.726 1.718 1.722 1.722 1.722 1.722 1.722
204,114 1.459 1.459 (s) 1.452 1.464 (s) 1.455 1.468 (s) 1.457 1.458 (s)
310,020 1.426 1.424 1.424 1.423 1.422 1.422 1.423 1.423
311,021 1.399 1.398 1.397 1.398 1.395 1.397 1.396 1.397
312,022 1.327 1.326 1.324 1.324 1.323 1.325 1.324 1.325

Notes: The d values were calculated using a=4.940 A, b=2.852 A, ¢=7.235 A, and B =90° (pH 5), a=4.933 A, b=2.848 A, ¢c=7.186 A, and
b=90° (pH 4), a=4.926 A, b=2.845A, c=7.216 A, and B = 90° (pH 3), and a=4.928 A, b=2.845 A, c=7.224 A, and = 90° (pH 2). From the
simulation of XRD patterns, the error on a and b parameters may be estimated to + 0.003 A and + 0.002 A, respectively. (s) indicates a shoulder
difficult to index accurately.

of hkl reflections are similar for the four samples, each samglae-grained phase formed during the transformation of NaBu
has a different reflection profile. At pH = 5,1201 reflections at this very low pH. Despite the presence nehr254.2
are relatively sharp and symmetrical although a distint.69 A) of another weaker maximum apparently related to this
accessory shoulder is present on the higBesi@e of each of phase, it has been impossible to identify this newly formed
these reflections (Fig. 2). Thel2ll reflections of pH 4 sample product from the positions of these two very broad diffuse
are broad and very asymmetrical on the higlesigle, but maxima (2.45 A and 1.69 A). However, this neoformation is
without an accessory shoulder. The symmetry of tHelA0 reminiscent of the crystallization of nsutite reported by
reflection profiles is significantly improved at pH 3, and thes@iovanoli et al. (1970b) during the alteration of Na-buserite at
reflections become very symmetrical at pH 2. Figure 3 shovesv pH. Nsutite (ICDD no. 17-510) exhibits strong diffraction
that for CiKa an B = 32-42 (2.79-2.15 A) the background maxima at 1.64 A (X), 4.00 A (9), 2.42 A (7), and 2.33 A (7).
for three samples (pH =5, 4, and 3) may be considered constant. . )
By contrast, at pH 2 the background starts to increase arocgulation of the experimental XRD patterns
20 = 34 (2.63 A) and is higher than for the other three samples. HBi pH 5. At pH 5, the one-layer hexagonal (1H) struc-
This increase is probably related to the presence of an extreniglyal model for HBi consists of layers containing 0.833,n
atoms and 0.167 vacant sites per octahedron with interlayer
Mn cations located either above or below each vacant layer
octahedra (Drits et al. 1997a; Silvester et al. 1997, see Fig. 1).
In this model, only the z-coordinates af,Qatoms, interlayer
Mn cations, and D molecules need to be refined to describe
the layer and the interlayer structure, as all other atomic coor-
dinates are deduced from the hexagonal symmetry. Optimum
values have been determined by trial-and-error fitting of the
experimental XRD pattern (Table 2). Because of the high sen-
sitivity of the intensity distribution to the amount of vacant
layer sites and of interlayer cations, these parameters were also
adjusted, their optimum value (in both cases 046702, see
pH4 below) being consistent with the initial model. The same ap-
proach has been used to determine other adjustable parameters
necessary for a complete description of the sample, such as the
pH3 distribution of coherent scattering domain (CSD) sizes along
thec axis, the average CSD size along this axis and ialthe
pH2 plane (Table 3). Figure 4 compares the experimental XRD pat-
tern of HBi pH 5 with the one calculated for 1H structural model
- u % 3 0 e free of well-defined stacking faults, hereafter referred to as a
Position (28 CuK a) defect-free model even though it may contain random stacking
faults (See Drits and Tchoubar 1990 for details on well-de-
FIGURE 3. Comparison of the relative background intensities fo%l_ned and random stacking faults).. All parameters aret listed in
the 4 HBi samples over the 32-22B CuKa angular range (2.79-2.15 A). a'?'es 2-4, e).(cept for the prOpO,rtlon of random Sta,Ckmg fauI.tS
Bkg indicates the significantly increased intensity of background fé¢hich was refined to 38% for this model. The relative intensi-

pH 2, starting around 326. S indicates the shoulder on the highr 2ties and the profiles of experimental and calculated 200re-
side of 201,111 reflection of HBi pH 5. flections are very similar except for the shoulders which are

200, 110
201, 111

pH5
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TABLE 2. Parameters describing the layer and the interlayer structures for 1H and 1M layer stackings

Orthogonal layer stacking Shifted layer stacking

Mnayer X 0 0

y 0 0

4 0 0
Oayer X 0.333 -0.333 0.333 -0.333

y 0 0 0 0

14 1.00 -1.00 1.00 -1.00
MNipieriayer X 0 0 0 0.333

y 0 0 0 0

4 2.100 d(001) —2.100 2.100 d(001) —2.100
HOhneriayer X -0.333 0.333 -0.333 0.667

y 0 0 0 0

4 3.369 d(001) —3.369 3.569 d(001) —3.569
c.cos(B)/a +0.000 +0.333

Notes: These structures are identical regardless of the pH. Optimum values have been determined by trial-and-error fitting of the experimental XRD.
As the position of interlayer species associated with the vacant layer sites of the next layer is a function of the shift between adjacent layers, the lower
layer is used as a reference to define this position. x and y coordinates are expressed in fraction of a and b parameters, respectively. Coordinates
along the c*axis, z, are expressed in A, to emphasize the thickness of layer and interlayer octahedra.

TaBLE 3. Optimum structural parameters to fit the experimental XRD patterns of all four HBi samples (Figs. 7, 8b, 9a, and 10)

pH5 pH 4 pH3 pH 2
a 4.940 A 4.933 A 4.926 A a=4.928 A
b 2.852 A 2.848 A 2.845 A 2.845 A
c 7.235 A 7.220 A 7.216 A 7.224 A
MR,y OcC. 0.833 0.833 0.833 0.833
Oayer OcC. 1.00 1.00 1.00 1.00
Mn,,, Occ. 0.0833 0.0833 0.0833 0.0833
H,0,, Occ. 1H 0.32 0.30 0.260 0.260
Additional H,Oy. - X - +0.333 +0.333 +0.333
Additional H,O, - Y - 0 0 0
Additional H,0,, - - 3.610 3.608 3.612
Additional H,O,. - Occ. - 0.075 0.125 0.125
Radius of CSD (A) 130 190 200 150
Mean N 7 7 8 7
Max N 25 28 30 25
Wk 0.26 0.22 0.25 0.28

Note: The parameters describing layer and interlayer structures of 1H and 1M layer stackings are listed in Table 2. Debye-Waller factors were 0.5, 1.0,
1.0, and 1.5 for Mnjayer, Ojayer, My, @and H,O,x molecules, respectively. Occupancies for Oayer, MNiy, H,O1,, and additional H,0,,, molecules are given
for each of the two symmetrical sites (Table 2), and are thus only half of their actual content per octahedron. Additional H,O ,,, molecules have been
introduced only in the orthogonal layer stacking. The radius of the CSD is measured in the ab-plane, whereas the coherent scattering domain along
the c*-axis is noted N, and expressed as a number of layers.

not reproduced. It is most likely that these features correspoj;rd
to an additional HBI variety having a one-layer periodicity alon

thec axis but a monoclinic, rather than hexagonal, unit cell. T|
check this hypothesis, a set of one-layer monoclinic (1M) mogd
els has been considered, all models having the same base-¢
tered orthogonal layer unit cell. The amount and relativ
positions of vacant layer sites and associated interlayer catig
were set as in the 1H phase. The difference between each mg
was the shift along tha axis of successive layers, lowering
the symmetry from 1H to 1M. Simulation of XRD patterns)
corresponding to these models reveals that relative intensitie s

O
200, 110y
201, 111,

[E= o]
- 1
*s %+ 310,020
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203, 113,
.

202, 112,

+
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FIGURE 4. Comparison between experimental and calculated XRI]
patterns for HBi pH 5Crosses =xperimental points. Solid line = the
calculated pattern. Only RP&nd 11lines are calculated. Atomic coordinates
and other structural parameters used for the calculation are listed in Taljlgs
2 and 3, except for the proportion of random stacking fadts 38%).a .j
=4.940 Ab=2.852 Ac=7.235 Ao =B =y=9C. S indicate shoulders
of high intensity on the highe®Xide of measured 2Q1l reflections
which are not present in the calculated pattern.
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and positions of the shoulders in HBi pH 5 are very similar two phases are listed in Tables 2—4. By comparing the simulated
those of 20and 11 reflections calculated for a model in whichXRD patterns shown on Figures 6 and 7, one may deduce that
successive layers are shifted bg/3 along thea axis (Fig. 5). the estimated error on the proportion of well-defined 1M stack-
This periodic one-layer monoclinic structure is hereafter reig faults in the predominant 1H phase is lower than 5%.
ferred to as 1M phase. The experimental XRD pattern was re-HBi pH 4. At pH 4, it was impossible to obtain a good
produced by assuming a 5:1 mixture of 1H and 1M phasegreement between the experimental trace and XRD patterns
respectively (Fig. 6). calculated using the model obtained for HBi pH 5, since the
A close examination of 2011l reflections calculated for the 201+1,11 , reflections corresponding to the defect-free 1M
1H phase shows that they are slightly shifted toward lo@er phase are shifted as compared to the positions of the asymmetry
values as compared to the experimental peak positions (Figserved on the higheB3ide of 20,11, reflections (Fig. 8a).
6). This shift may be explained by the diffraction effects dd+his shift is most likely related to interstratification effects simi-
scribed by Drits and McCarty (1996) for the randonar to those described for the 1H phase at pH 5. Because of the
interstratification of layer fragments having identical thicknesgspective positions of 201, and 20+1,11 ,, reflections, the
but different interlayer displacements. In such cases, the pastroduction of layer pairs having orthogonal stacking in the
tions of observetikl reflections are located between neighbortM structure should lead to the reflection displacement ob-
ing hkl reflections of phases whose elementary components aeeved experimentally. Accordingly, the best agreement between
interstratified and depend on the relative proportions of thesgperimental and calculated XRD profiles (Fig. 8, =
components. As can be seen in Figure 5, experimeritallRQ, 7.82%) was obtained for a model consisting of a 8:5 physical
reflections are located between calculateld 20, and 20+1,  mixture of the prevailing 1H phase containing 15% monoclinic
11, reflections (H and M subscripts refer to 1M and 1H phasdayer pairs (Table 4) and of the 1M model containing 40% of
respectively). As a consequence, the positions of tha 20 orthogonal layer pairs, respectively. In both phases, orthogo-
reflections for a 1H structure containing layers shifted, withal and monoclinic layer pairs were found to be randomly
respect to the previous one, bg/3 along thea axis should be interstratified. According to Silvester et al. (1997), at pH 4 HBI
shifted toward higher@values in comparison with a defect-was expected to contain 0.156 interlayer cation per octahedron
free 1H structure (Figs. 4 and 6). Accordingly, the best agress a consequence of the incomplete re-adsorption &f Wime
ment between experimental and calculated XRD patterns veasne quality of fit was obtained with 0.167 (Fig. 89, =
obtained for a defective 1H structure containing 8% of su@h82%) and for 0.156R, = 7.68%) interlayer Mn cation per
shifted layers. Figure 7 shows the best Rf,(= 8.40%) ob- octahedron because this difference is within the accuracy of
tained for a 4:1 physical mixture of this defective 1H structutee method£0.02, see below).
and of the defect-free 1M phase. Structural parameters of theHBi pH 3. The improved symmetry of the 201l reflec-
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FIGURE 5.Comparison between experimental and calculated XRD
patterns for HBi pH 5. 2011l reflections are calculated for a model in
which successive layers are shifted bw/3 along thea axis with FIGURE 6.Comparison between experimental and calculated XRD
respect to each other. All other structural parameters are similarp@tterns for HBi pH 5. The calculated pattern is a 5:1 physical mixture
those used for Figure 4. The M indices refer to the calculated monoclinfclH and 1M phases, whose patterns are shown in Figures 4 and 5,
(1M) pattern. Patterns as for Figure 4. respectively. Patterns as for Figure 4.
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FIGURE 7.Comparison between experimental and calculated XRDO
patterns for HBi pH 5. The optimum agreement is a 4:1 physical mixturf
of a defective 1H phase and of a defect-free 1M phase. The defecti
1H phase is a random interstratification of 92% of orthogonal laye
pairs with 8% of monoclinic layer pairs. The defect-free 1M phase i
identical to Figure 5. All other structural parameters are listed in Tablé%
2 and 3. Patterns as for Figure 4.
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tions Ot?seTYed e).(perlmen.tally atpH3 Was found to be related FIGURE 8.Comparison between experimental and calculated XRD
to the significant increase in the proportion of orthogonal Iayggttems for HBi pH 4.8) Defect-free 1M phase in which successive
pairs and, as a consequence, to the formation of a single defggers are shifted by &/3 along thea axis with respect to each other.
tive 1H phase containing 20% of monoclinic layer pairs (FigJl other structural parameters are similar to those listed in Tables 2
9a; Table 4R,, = 8.97%). As for the pH 5 and 4 samples, thignd 3 for the defective 1M phase. A indicate accessory shoulders on
optimum fit was obtained for 0.167 layer vacancies aritle higher B side of 20,11 reflections. if) The optimum agreement
interlayer Mn cations for the two layer types. A significant digs & 8:5 physical mixture of defective 1H and 1M phases. The defective
agreement between experimental and calculated distributiéﬁéphase is a random interstratification of 85% of orthogonal layer

of intensities was observed when the amount of interlayer RIS with 15% of monoclinic layer pairs, whereas defective 1M phase
s a random interstratification of 60% of monoclinic layer pairs with

cations was fixed to th‘? value of_0.134 calculateq by Sllvesﬁ% of orthogonal layer pairs. All other structural parameters are listed
et al. (1997) from solution chemistry data. The discrepancy;{Srapjes 2 and 3. Patterns as for Figure 4.

stronger if the amount of vacant layer sites per octahedron re-
mains equal to 0.167 (Fig. 9B,, = 12.52%), as suggested by
Silvester et al. (1997), than if this amount is decreased to 0.134
(Fig. 9¢, Ry, = 10.29%). The amount of interlayer cation is
estimated with an accuracy better tR@n02 cation per layer

. LE 4. Optimum structural parameters to fit the experimental
octahedr(_)n_, as s_hown_prewou_s_ly by Manceau et al. (1997) foP XRD patterns of all four HBi samples (Figs. 7, 8b, 9a,
Co-containing birnessites equilibrated at low pH. Because of and 10)
thls high sensitivity of calcylated reflectllon intensities and pro-= PH 5 pH 4 pH3  pH2
files to !ayer vacancy and mterlayer.catlon contents, the valu§Syortion of 1H phase ~ 80%  60%  100%  100%
determined for these crystal-chemical characteristics may #eportion of 1M phase  20% 40% 0% 0%
considered very reliable, at least for the predominant 1H pha%@d'ftgalm %‘ﬁg:;“g 8%  15%  20% 5%

HBIi pH 2. The increased intensity of the diffuse backgrour‘ﬁfop. of 1H stacking 0% 40% _ _

near 200,110 and 201,111 reflections observed at pH 2 is Hats in 1M phase

lieved to result from the partial dissolution of NaBu and thiote: In all samples, the interstratification of 1M and 1H layer pairs is ran-
m, in both 1M and 1H phases, the occurrence probability of two succes-

SUbsequent precipitation ofan unidentified phase atthis IQW Sive 1M or 1H layer pairs being always equal to the relative proportion of
The newly formed phase has not been identified because it givi@sind 1H layer pairs, respectively, in the considered structure.
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FIGURE 10.Comparison between experimental and calculated XRD
patterns for HBi pH 2. The optimum agreement is obtained for a defective
1H phase which is a random interstratification of 95% of orthogonal
layer pairs with 5% of monoclinic layer pairs. All other structural
parameters are listed in Tables 2 and 3. Patterns as for Figure 4.

3 ) 45 50 55 60 65 7o by Silvester et al. (1997), differs significantly from the experi-

Position ("26 CuK a) mental oneR,, = 10.74%; data not shown).
FIGURE 9.Comparison between experimental and calculated XRD D
patterns for HBi pH 3.&) The optimum agreement is a defective 1H ISCUSSION

phase which is a slightly segregated interstratification of 80% Bhase and structural heterogeneity of HBi

orthogonal layer pairs with 20% of monoclinic layer pairs. All other Experimental XRD patterns of the various samples differ

.S"ucmral parameters are listed in Tables 2 aqb)a_n(luenge of the from each other by the profiles and the positions of their dif-
interlayer cation site occupancy on the distribution of intensity 1:3r

calculated XRD profiles. Major discrepancies are indicated by arro @Ctlon maxima. Simulation of XRD patterns showed, on the
Site occupancy is lowered to 0.134 according to the model propo&€ hand, that the shoulders observed for samples equilibrated
by Silvester et al. (1997) instead of 0.167 for the optimum agreemé#tPH 5-4 result from the presence of an accessory 1M phase
(Tables 2 and 3 Fig. 9a). All other structural parameters are identi€@iexisting with the main 1H phase. On the other hand, the po-
to those used for the optimum agreemexjtiiffluence of the cation sition of the diffraction maxima is a function of the structural
layer and interlayer site occupancy on the distribution of intensity feleterogeneity of these phases, and in particular of the
calculated XRD profiles. Major discrepancies are indicated by arrowgterstratification of 1M and 1H structural fragments within a
Interlayer site occupancy is lowered to 0.134, t‘ogetherwith the amoyfiien phase. Both phase and structural heterogeneities depend
of Iayervaf:anC|es, instead of 0.167 for the optimum agreement (Ta SSthe pH and decrease from pH 5 to pH 2 (Table 4). Through-
2 and 3; Fig. 9a). All other structural parameters are identical to those .
used for the optimum agreement. Patterns as for Figure 4. OUt. the pH 5-2 range, structural .and crystal-chemical f:haralc-
teristics of the 1H phase remain about constant, with this
prevailing phase containing no more than 20% of monoclinic
stacking faults. Conversely, the second phase (1M) is very sen-
sitive to the equilibration pH.
only two visible diffuse maxima around 36.7 and 5262CuKa The phase heterogeneity observed in HBi equilibrated at pH
(2.45 and 1.69 A, respectively) in the experimental XRD paé-may be related to the structural heterogeneity of high pH NaBi
tern. When taking into account the contribution of this poorlyhich is a physical mixture of two types of crystallites with con-
crystallized phase, a good agreement between experimental @asting layer charges (Drits et al. 1997a). If the coexistence of
calculated XRD pattern&(, = 8.22%) was obtained for a uniqueNaBi type | and Il logically results from the presence of two
HBi phase corresponding to a defective 1H structure containigigtinct phases in the initial NaBu, one may also expect the pres-
5% of monoclinic layer pairs (Fig. 10; Table 4). It should bence of two phases in HBi pH 5. Because at pH 5, the 4:1 ratio
emphasized that this fit was obtained using 0.167 vacant lagetween 1H and 1M phases (Table 4) is identical to the 4:1 ratio
sites and interlayer Mn cations per octahedron, and that the fpaftween NaBi crystallites type Il and | (Drits et al. 1997a;
tern calculated using 0.111 interlayer Mn cations, as sugges8iester et al. 1997; Lanson et al. in preparation), the 1H and
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1M phases may be considered as the respective transformatiograte either above or below newly formed vacant layer sites.
products of NaBu type Il and | crystals. Consequently, the maloncurrently, interlayer Naations are exchanged by, iield-
structural features of 1H and 1M interlayer regions will be comg the structural formula proposed by Manceau et al. (1997)
sidered to determine the factors responsible for the structui@ 1H HBi at pH 5 H ;Mng; MnZisdMnét, Mg, 0169 O;.
control of the initial NaBu variety on the stacking mode of 1H Consequently, an essential feature of 1H HBi is its high
and 1M HBi phases. It is important to note that this control iegative layer charge (0.778 = 0.111 % @.167 per octahe-

preserved only in slightly acidic conditions (pH 5). dron), compensated by the presence of interlayer, N+,
and H cations, the high amount of .. resulting from the
Structural features of the 1H phase replacement of N@uayer i initial NaBu. Along former M-

According to Drits et al. (1997a) the composition of NaBtich rows, occupied and vacant layer sites alternate regularly
type Il is N& s3{MnéssMnit9O,, and upon lowering the pH (Drits et al. 1997a) to create a specific distribution of under-
there is a significant migration of Mnand Mri* cations into saturated ., atoms (Fig. 11). The three O atoms forming the
the interlayer of HBi (Silvester et al. 1997). So that vacant layerof of an empty octahedron (in Fig. 11) are coordinated to
sites form in the initial Mfi-rich rows (Fig. 1). Within these only two Mn,., cations. Assuming non-distorted layer octahe-
rows, 0.055 vacant layer sites (1/6 sited3 rows) are formed dra, each of these O atoms receives approximatly 0.500 + 0.667
per octahedron as a result of the disproportionation of Mr= 1.167 positive charge if coordinated to ¥and Mrt* (open
according to the reaction Njp, + Mniyer — Mo, + MNZienayer  Circles), or 0.667 + 0.667 = 1.333 positive charge if coordi-
+ O 1ayen Whered e, represents a vacant layer site (Silvester eted to two Mft (half-and-half circles). In both cases, these
al. 1997). Additionally, half of the M cations remaining in three O atoms are strongly undersaturated as, globally, they
these former M#i-rich rows after the initial disproportionationreceive only 3.667 (2 1.167 + 1.333) or 3.833 (1.167 +x2

4+
4+
4+
4+
4+
FIGURE 12.Possible distribution in projection on tab-plane of

FIGURE 11.ldealized structural model for the 1H phase of HBiprotons within the interlayer region of the 1H phase. Small solid circles
Distribution of undersaturated.Q, atoms within the upper surface of= Interlayer Mn cations. Large solid circles = molecules
the lower layer (grey triangles) in projection on #ieplane. M.,  coordinating these cations. Saturated or almost saturajgca®@ms
Mnie-atoms, and vacant layer sites are shown as 3+, 4+, and opé#inot shown. Large split circles z/Qatoms saturated by the presence
squares, respectively. Large circles = O atoms forming the upper surfatiiterlayer Mn atoms. Large open circles = Undersaturatggda@ms
of the lower layer. Solid circles = saturated or almost saturatgd Oare shown as. Possible positions of protons (2 per vacant layer site)
atoms. Split circles = unsaturategd,Qatoms coordinated to 2 M, are shown as HTheir interactions with @, atoms are indicated by
atoms. Open circles = most undersaturatggd, @oms coordinated to solid and dashed lines for strong and weak/medium interactions,
1 Mnferand to 1 M. Interlayer Mn cations are not shown. respectively.

3+
b
a

a
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1.333) positive charges, requiring two positive charges on eattarge, because this charge is compensated by a large amount
side of a vacant layer site to achieve local charge balance (wfdnterlayer manganese cations and protons. Finally, both the
protons on one side, and one Meation or one (MHOH)** on  high negative layer charge and the abundance of interlayer cat-
the other). In the latter case, ongdHmolecule is dissociated ions may be considered as essential factors for the formation
into H* and (OH) to permit this local charge compensationof the 1H structure as a result of the low pH transformation of
Even though we do not know the exact distribution andaBu type II.
bondings of the protons, it is likely that they are close to the
undersaturated O atoms and most probably bound to them. Gi&ictural features of the 1M phase
possible distribution of these protons is shown in Figure 12 To determine the factors responsible for the structural con-
where they are predominantly bound to the most undersatio! of NaBu type | on the stacking mode of the 1M phase it is
rated O atoms, i.e., those coordinated to on& lhd one Mff  necessary to consider the differing contents of high valency
atoms (solid lines), and interact to a lesser extent with theMh cations between NaBu type | and Il. According to Drits et
atoms coordinated to two Mn(dashed lines). al. (1997a) NaBu type | composition could vary from
On the opposite side of vacant sites, even the coordinatiday ;s{MnsMndiie) O, to Nao5(Mn%:Mns25)0,, as com-
of the O atoms forming the roof of such sites by interlay@ared to N& s3{MnéseMn3ts9O, for NaBu type Il. If one as-
Mn® and Mr#* cations leaves them undersaturated, as the ssomes that the negative layer charge of NaBu type | is 0.20 per
of positive charges they receive ranges from 1.667 (1.167¢etahedron, and that the 1M phase results from the low pH
0.500) to 1.833 (1.333 + 0.500) if Btnis the interlayer cation, transformation, without disproportionation, of NaBu type I, then
and from 1.500 (1.167 + 0.333) to 1.667 (1.333 + 0.333)tlie idealized structural formula of the 1M phase should be
Mn? is the interlayer cation. Therefore, to increase their satd ;5dMn3 16, Mn3MN3ioz40 0.16) O2(OH)5 133 (H:0)o 36% if ONly
ration by positive ChafgeMnizrﬁér%a should migrate toward H,0 molecules from the hydration sphere of Mp,. cations
these anions along tieeaxis, thus increasing the bond strengthre considered. The higher proportion of high valency Mn cat-
(Brown 1981, 1992). The remainder nisiiaer POSItiVe  jong in this 1M phase, as compared to the 1H phase, is assumed
charges is shared Wlthzan_ter.aye,_coordlnated to these_ (_:a’[lons,[O be responsible for its stacking mode.
Figure 13 shows such an idealized mo_del pf 1H HBi interlayer Because of theaf3 displacement along theaxis between
structure. Here, the thré@®eraye coordinating Mienaye Cat-  5giacent layers, the structure of this phase is indeed similar to
ions form an empty prism with the threg,Qof the adjacent yho 3R structure of chalcophanite (Post and Appleman 1988)
octahedron.of the adjacent layer. Because it provides shert O 5\ is characterized by the same AbC b'A'c’ BcA c'B'a’ CaB
H,Ohneriayer distances (2.82-2.87 &), the orthogonal layer stackrpy ApC stacking sequence (A, B, and C represepissites,

ing provides an optimum configuration to form H-bondi\., B', and C' sites for 4 molecules and OH groups, a, b, and
between the Q. of a vacant octahedron and®erayer COOI- C M. sites, and a', b', and ¢’ MiiayeSites). The projection

dinating Mnyeqa,e:Of the adjacent layer. Consequently, this lay€st 5,ch a4 1M structure along thexis is shown in Figure 14.
stacking is favored in a phase having a high negative laygrinis structure, distances between Jrcations of adjacent
layers as well as between Mf.y.r cations of one layer and
Mn,.r Of the adjacent one are maximized. Consequently, the

) N\
electrostatic interactions between these high valency Mn cat-
/@ [oo/m [ oh valency
\

ions is minimized for such aaf3 interlayer displacement of

adjacent layers along tleeaxis. Even though the location of
2+,3+ MnienayeriS identical in both 1M and 1H phases, the main dif-
ference between these phases is the structure of the interlayer
resulting from different interlayer displacements. In 1M HBI,
as in chalcophanite, Pjnenayer form empty octahedra with the
Oyer Of the adjacent layer (Fig. 14), ang,@H,O distances
(3.10-3.15 A) are longer than those in the 1H phase (2.82-2.87

)
- /’ / 4+ /i A). As a result, hydrogen bonding is much weaker in the 1M

2+,3+

c/
~a

phase than in the 1H phase, and one may consider that in the
1M phase the stacking sequence is mainly controlled by the
minimization of the electrostatic repulsion between high va-
lency Mn cations from adjacent layers.

FIGURE 13.Idealized structural model for the 1H phase of HBI.
Projection of the layer and interlayer structures of the 1H phase al&@fguctural transformation of NaBu to HBi as a function of pH
thebaxis. Interlayer Mn cations are shown as 2+, 3+, wheredsMn  As shown above, at least two structural factors, the forma-
and vacant layer sites are shown as 4+ and squares, respectively. Ligsgent hy drogen bondings and the minimization of cation elec-
circles = O atoms. Saturateg,Qatoms and protons are not Showntrostatic interaction, are likely responsible for the different layer

Open symbols indicate atomsyat 0, and solid symbols indicate atoms . . . . :
aty = £1/2. The prisms defined by very undersaturateg, @toms stackings observed in HBi. In particular, the abundance of high-

and HO molecules coordinated to interlayer Mn cations are outliné(@llency Mn cations in the layers of NaBu type | predetermines

by dashed lines. These dashed lines also indicate possible H-bdhgsmonoclinic layer stacking of the 1M phase, thus minimiz-
between these two species. ing the cation electrostatic repulsion between adjacent layers.
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structure, in which adjacent layers are shifted bB§8-along
thea axis, may be obtained from the displacement of (3n+1)
and (3n+2) layers byaf3 and /3, respectively, along the
axis (Fig. 15b).

However, the reaction may start simultaneously from dif-
ferent parts of a crystal, resulting in the presence of stacking
faults. The formation of a 1M layer pair (stacking fault) in the
1H phase is shown in Figure 15c where the arrowed layer
3(n+1)+1 is shifted bya/3, instead of &3 in the ideal case,
along thea axis. As a result this layer forms an hexagonal layer
pair with the adjacent layer 3m. As mentioned previously, the
amount of stacking faults is likely to depend on the reaction
rate. At pH 5, the layer stacking is controlled mainly by the
crystal-chemical features of NaBu (interlayer charge and pro-
portion of Mrty.), rather than by the physico-chemical condi-

a tions (amount of available protons). Furthermore, the reaction
is rather slow, and defective stacking of adjacent layers may be
FIGURE 14.ldealized structural model for the 1M phase of HBimodified by additional layer displacements/3). Accordingly,
Projection of the layer and interlayer structures of the 1M phase alaigpH 5 the structural alteration of NaBu leads to the formation
the b axis. All symbols as in Figure 13. Dashed lines indicate th@f almost periodic 1H and 1M phases containing few well-de-
vacant interlayer octahedra defined by very undersaturaje@®©ms fined stacking faults (Table 4). At pH 4, the reaction rate sig-
and HO molecules coordinated to interlayer Mn cations. The edgficantly increases and, as a result, stacking faults are “frozen”
of these octahedra are too long to permit H-bonds. in the transformation products of both NaBu modifications, with
1H and 1M phases containing an increased proportion of well-
defined stacking faults (Table 4). Due to the high proportion of
Similarly, the high negative layer charge of NaBu type II, whicthese stacking faults, the relative abundances of 1M (40%) and
is compensated by interlayer cations, is responsible for the oK (60%) phases differ from the relative proportions of Nabu
thogonal layer stacking of the 1H phase, in spite of the unfgpe | (20%) and 1l (80%). At lower pH values, the structural
vorable manganese cation configuration. In this case, the catg@mtrol due to the crystal-chemical features of NaBu modifica-
repulsion is compensated by the formation of strong hydroggens is less influential, the pH being the overwhelming driv-
bondings between adjacent layers, providing the maximum siigg force for the transformation. As a consequence, hydrogen
bility possible to these layer pairs. The 1M phase may be ctyonding takes the dominant role in the layer stacking mode,
sidered metastable because the weaker interlayer bondifimglly resulting in the formation of a unique, and almost de-
permits its transformation to the stable orthogonal layer stagket-free, 1H phase at pH 2.
ing as a result of the increasing amount of available protons
when decreasing the pH. At lower pH, the physico-chemiciiechanism of NaBu-to-HBi conversion
conditions, rather than the structure of the precursor phase,From the simulation of the XRD patterns obtained for the
controls the stacking mode. The presence of the 1M phasé¢oair HBi samples it is possible to refine the NaBu-to-HBi con-
pH 4 and 5 is most likely related to the lower probability ofersion mechanism initially proposed by Silvester et al. (1997),
overcoming the energy barrier to the direct formation of thiat is the direct migration of My to the interlayer (2/6 cat-
1H phase in slightly acidic conditions because of the lowiinsx 1/3 rows = 0.111) and the adsorption of¥fnom solu-
amount of available protons. This hypothesis is supported fiyn into interlayers. The presence of ¥im solution resulted
the longer-lasting Hconsumption observed at pH 5 (~40 hourgfom the initial rapid disproportionation of 0.111 MR, re-
than at pH 2 (a few minutes). However, along with these crysulting in 0.055 M., and 0.055 Mg, Prior to the re-ad-
tal-chemical factors, the reaction rate may also play an essedrption of Mi*, the 0.055 M#A measured in solution is
tial role in the structural transformation. constant over the pH range 2-5 (Silvester et al. 1997). In the

To understand the possible influence of the reaction ratgitbsequent slow equilibration phase 2Me-adsorbs from so-
is necessary to consider the layer displacements responsigi@n onto vacant layer sites to an extent dependent upon the
for the structural transformation. In the idealized structures edlution pH. At pH 5 all solution Mnre-adsorbs, whereas no
NaBi (Post and Veblen 1990; Lanson et al. in preparation.) afdadsorption occurs at pH 2. According to this model, the
NaBu (Lanson unpublished data), adjacent layers are shiftgtlount of Mpeqaye decreases from 0.167 (0.111 + 0.055; pH
with respect to each other bg/3 along thea axis. As a conse- 5) to 0.111 (0.111 + 0; pH 2) atoms per octahedron, whereas
quence, any pair of 3n and 3(n+1) layers coincide in projectigie number of layer vacancies is invariant and equal to 0.167.
on theab-plane (Fig. 15a) if layers are numbered within a NaBu Here, the predicted amount of vacant layer sites was con-
crystal. Thus, the energy necessary for the NaBu-to-HBi stri¢med by the simulation of the experimental XRD patterns for
tural transformation is minimized if the 1H phase results froail studied samples. However, the amount of.Mgerin the
the displacement of (3n+1) and (3n+2) layers bB{8-and &/  four samples was found to be equal to 0.167 cation per octahe-
3, respectively, along theeaxis (Fig. 15a). Similarly, the 1M dron. Thus, an additional source of Mn is needed to account




LANSON ET AL.: STRUCTURE OF H-EXCHANGED BIRNESSITE 837

a0 0 o) 0 O3(n+1)

Ge Ge Qe Qo 3n+2 [C O ©) o ®) ©)
3(m+1)
—£) —%) —£) o) 3n+l O* Ge* GO» O G_§m+2

—O — O — 3m+1
3n

c @) O ¢O @)
O @] 0] (@) O 3m
a —>» a

—p 3 o Ge Ge G
bO @) 0] @) O3(n+1) o) o o) o) O 3(n+1)

) —£) ) e 3n+2 Ge Geo Ge (Ge G 3n+2

: : - - sl | O O O O O 3w

®) ®) O ©) ©) 3n

c O O O ¢o0o @
FIGURE 15. Schematic projection on thee-plane of the mutual displacement of adjacent layers necessary to transform the initial NaBu
stacking sequence, in which adjacent layers are shifted with respect to each oth& &lpng thea axis, into the different HBi stacking
sequences. Octahedral sites of HBi are shown as large open circles, wheggasitibms of NaBu are shown as small solid circles. Displacements
of one layer with respect to the other are shown as arrajvBo(ation of 1H HBi, resulting from the displacement of (3n + 1) and (3n + 2)
layers by &/3 and -a/3, respectively, along theaxis. p) Fomation of 1M HBI, resulting from the displacement of (3n + 1) and (3n + 2) layers
by -a/3 and /3, respectively, along theeaxis. €) Fomation of well-defined 1M stacking faults in the 1H phase (large arrow). This stacking

fault is obtained by shifting the arrowed layer 3(n + 1) + 1&8 -instead of &3 in the ideal case, along thexis. As a result this layer forms
an monoclinic layer pair with the adjacent layer 3(n + 1).

for the constant MRenayer cOntent, while still allowing for the Hg ;M3 MNn3 s MNg7.Mn3140 6,167 Oz (H:0)o.50 At pH 2 this
incomplete re-adsorption of Mhfrom solution at pH < 5 as phase should contain only Ftrand the structural formula of
measured by Silvester et al. (1997). The presence of a brolad crystals originating from NaBu type Il should be
diffraction maxima in the XRD pattern of HBi pH 2 providedH ;:qMn3§ 1AMN52Mn310 0.16) O2(OH)g 055 (H2O)o.445 IN agree-
indirect evidence for the partial dissolution of NaBu with thenent with XRD results, dissolution does not influence the layer
lowering of pH. Possibly, the additional M. Originates structure of the 1H phase, and the structural formulae of HBI
from this partial dissolution because of the resulting re-adsogt-pH 4 and 3 may be derived from the amount of re-adsorbed
tion of Mny,.i0ninto HBiI interlayers, in parallel to the precipi-Mn?*: H} ;aMn¥Mn% o, dMn7.Mn$i10 6169 O2(OH)G 015
tation of a poorly crystallized phase. (H20)o.4s7 @and HyzMn3r,Mnod Mnd M3 110 0.167)
Structural formulae of HBi prepared at different pH O(OHJgoas (H:O)oaen respectively.

If the assumption concerning the valency of additionallyne origin of the a and b parameter variations
adsorbed Mn cations (i.e., Nthis valid, then one may calcu-  As mentioned previously, interlayer Mn cations are located
late approximate structural formulae as a function of pH feither above or below vacant layer sites. The electrostatic in-
HBi crystals resulting from the transformation of NaBu typ&eraction between an interlayer Mn cation and the six nearest
II. As shown by Silvester et al. (1997), the fraction oMr-  Mn, cations depends on the valency of these cations. For the
adsorbed after the disproportionation stage is equal to 100%ame layer cation composition, the replacement of one interlayer
pH 5, 77% at pH 4, 42% at pH 3, and 0% at pH 2. As showfn?* cation by one Mfi cation significantly increases the re-
earlier the structural formula of the 1H phase at pH 5 milsion between these species. To screen this effect, basal O
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atoms forming the triangular basis of interlayer Mn octahedgépvanoli, R., Sﬁh"' E, ar?dSFﬁ!tmnechL W-l(}\;??O;T) Ublé\rlr Qxidhydroxid(ﬁ lcligs
. . vierwertigen Mangans mit Schichtengitter. 1. Mitteilung: Natriummangan(ll,
should move toward each other in #ieplane. The higherthe 210202y Helvetica Chimica Acta, 53, 209-220.

amount of interlayer Mi, the higher the amplitude of this dis-Giovanoli, R., Stahli, E., and Feitknecht, W. (1970b) Uber Oxidhydroxide des

placement and, as a consequence, the smalleraheb pa- vierwertigen Mangans mit_ S_chichtengitter. 2. Mitteilung: Mangan(lll)-
hould manganat(lV). Helvetica Chimica Acta, 53, 453-464.
rameters should be. Of course the absolute change of th@Wanoli, R., Feitknecht, W., Maurer, R., and Hé&ni, H. (1976) Homogene
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