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Examination of ferrite reactor product has resulted in the detection of a previously unreported Me,0s
oxide structure lype with substituted coaposition Cag g Nag, {Fey Mg n)SinOs. Investigation of
the system Caz Na,_ Fe; Og, x = 0.05 10 0.3 has shown that the simplified composition of this phase
is Cag,NaggFe; 05 (£ = 4). Using the osthorhombic unit cell dimensions determined by indexing
powder X-ray data, a = 10.28, 10,2001}, b = 12.52, 12.46(1), ¢ = 3.01, 3.01(1} A (for Cay,,Na,
{Fe; 5. Mg, 018100105 and Cay,NaggFe, 305 respectively), and the most probable space group Punm,
the crystal structre of this phase has been determined and refined from the powder data.
Cay,Nag oFe; 305 may be described as having fayers ¢composed of Fe octahedra and tetrahedra on
eitber side of (010) planes of Na trigonal prisms. The overall relationship to CaFe,0,. CaFe;0;, and
the litianite homologous series is discussed. The Cay ;Nag oFe, o0 structure type is apparentiy stabilized

by incorporaiion of the minor Ca inte the NaFe; 04 composition.

Introduction

X-ray examination of the leached prod-
uct of ferrites originally produced in a
pilot plant constructed to investigate the
feasibility of DARS (or the Direct Alkali
Regeneration System) were carried out at
CSIRO for the Associated Pulp and Paper
Mills, Burnie, Tasmania. Along with the
expected X-ray patterns, a set of unidenti-
fiable refiecctions was seen to be present
(7). DARS uses iron oxide as a causticizing
agent to produce caustic from black liquor
via beta-sodium ferrite, but impurities in-
troduced with the iron oxide, for example,
may cause additional phases to form in
the system (2). It was decided that the
observed set of X-ray lines represented
such an impurity phase.

Some time later @ more comprehensive
set of the same X-ray peaks was obscrved
in actual plant ferrite (3). SEM and EPMA
studics of this sample (APPM specimen
25815) were subsequently carried out in
order to identify the phase (4).
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Chemical Composifion and Unit Cell

The composition of the reactor phase,
determined by EPMA and normalized to
20 =120, was CaggNa, g (Feyy ;Mg )
SiyyOa, one which very nearly balances
charges. This overall composition was then
mixed together from the appropriate pre-
dried, high purity chemicals (CaCQ,, Na
oxalate, Fe,0;, MgO, and Si0,) and subse-
quently reacted at 1050°C in a platinum ¢ru-
cible. Intermediate grindings of the product
were carried out during a 20-hr heating time
frame. The product was X-rayed and found
to give a pattern which agreed with that of
the unknown in 25815. Only very small
peaks due to the presence of some beta so-
diwm ferrite impurity were observed.

It was still not possible to identify the full
X-ray pattern in the JCPDS powder X-ray
data files; thus, in an atfempt to further char-
acterize this compound, the d-spacings
were analyzed using the lattice indexing
computer program constructed by Visser
(5}, In fact the powder X-ray data were com-
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TABLE 1

X-Ray Powner Data For Cay 1 Na (Fe 5 Mg )
Sty 005 (Z = 4) AND Cay;NaygFe, 405

Cay Nay
(Fe | nMgo20) Cay;Nayy
Sigas O Fe, 405
I dl'lhi deate hkl d obs d:alc
20 6270 6.261 020 6.220 6.228
10 5153 5.142 200 5.138  5.143
5 4.765 4.756 210 4.757  4.757
25 3977 394 220 3.964 3.966
5 3307 3.306 310 3.304  3.306
5 3241 3.24% 230 3.230  3.231
§ 3129 3.3 040 3115 3.114
10 2927 2926 011 2,922 2922
100 2673 2674 240 2,664  2.664
35 2571 2,571 400 2,572 2571
80 2543 2,543 211 2,539 2.54t
30 2.441  2.441 031 2434 2.435
5 2.400 2399 221 2,395 2.396
5 2375 2378 420 2,370 2.377
2.375 131 2.370
10 2310 2.312 340 2,306 2.305
10 2250 2.252 250 2.243 2242
10 2226 2226 i 2224 2.224
15 2125 2127 3N 2,124 2,125 -
2123 141 2.117
20 1.925  1.925 051 1.915 1.918
10 1.866  1.866 421 1.865  1.865
5 1.833 1.833 341 1.830 1.829
30 1770 1770 431 1.769 1768
5 1.586  1.586 370
1.585% 630 1.586 1,585
10 1.566  1.565 080 1.561  1.557
20 1.541  1.541 451 1.539  1.538
5 1.522 1.521 171
20 1.505  1.505 002 1.503  1.503
15 [.479  1.479 611 1.479  1.479
1.479 112
20 1.474  1.473 271 1.469 1.468
5 1.449  1.449 621
1.449 122

pletely indexed with determined orthorhom-
bic unit cell dimensions a = 10.28(1), b =
12.52(1), ¢ = 3.01(1) A (Table ). Further-
more, the following systematic absences
were suggested by this indexing; Akl, no
conditions; k0, no conditions; 0kl, k + [ #
2n; A0, undetermined; A00, iz ¢ 2n; 00,
k # 2n; 00/, | # 2n. These absences were
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interpreted to indicate Pram and Pnnm as
the two most likely space groups. Of these,
the very plausible unit cell derived from the
indexing program was noted to have its 3 A
axis better oriented in space group Prnnm,
where atoms could lie at 0 or § levels along
the short c-axis repeat. This is a condition
which applies for many alkali or alkaline-
earth ferrites; for example, Na, Fe, Ti,_ O,
(6). Volume relationships with Na, Fe,
Ti, .0, also indicated that the stoichiometry
of the new phase, based on the composition
expressed above, should be expressed sim-
ply as Me,O;, with.Z = 4.

Structure Solution

In the case that the unit cell and space
group were correct it was considered that
it should be possible to solve the structure
of this compound by calculating a Patterson
projection map using the 13 resolved Ak0
X-ray powder data intensities {integrated in-
tensities were measured using the powder
diffractometer), and subsequently testing
structure models by pattern refinement with
the Rietveld method (7, &). Step-scanned
powder X-ray data were collected with a
Philips PW1710 diffractometer using mono-
chromated Cu radiation over the range
5-100° 26, step size = 0.025°, step time =
10 sec, scatter slit = 1.0, divergence slit =
1.0°, receiving slit = 0.2°, and monochroma-
tor factor = 0.91. In the subsequent refine-
ments a pseudo-Voigt profile shape func-
tion, corrected for asymmetry by the sum of
four peaks method, was used. The counter
zero, four polynomial background coeffi-
cients, peak halfwidths U, V, W (Gaussian),
and K (Lorentzian}, and the asymmetry
parameter were the refined instrumental
values. Un-ionized scattering coefficients
were adopted for Ca, Na, Fe, and O.

The Patterson function P(x, v) was calcu-
lated using SHELX76 (%), and the result is
shown in Fig. 1. This Patterson projection
is well resolved, with a set of peaks at the
corners of the asymmetric unit, and others
at ~4, 4; 1, §; 0, 4, and 4, §. The structure
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Fic. 1. Patterson function P(u, v) projected onto
(001), calculated using the resolved (hk0) intensity data
from the powder X-ray data of Cay,;Nags(Fe s
Mg 20)8i503 0y Give., CayNaygFe,O5-type). Vertical
axis, s« ; horizontal axis, $b.

solution was not immediately forthcoming
but was reached after several models based
on the Patterson projection were tested.
When an atom was taken to occupy the ori-
gin position, the 2a (0, 0, 0; %, 2, %) and 2d
(3,0, 0; 0, %, 1) positions, together with the
4¢g positions (~}, ~4, 3; ~1, ~§, 0; and ~0,
~%, 3) were progressively realized as the
actual metal positions. However, this only
became apparent through persistent re-
finement of the X-ray powder profile data
using the Rietveld refinements, coupled
with Fourier mapping. As the X-ray powder
profile and the Bragg agreements were grad-
ually improved with correct location of the
metal atoms, the oxygen positions were de-
duced. Eventually, in this manner, the com-
plete structure was determined, including
the positions of the predominantly Na and
Fe ordering. The final agreement factors
were Bragg R = 6.8, R, = 18.1, R, = 24.7,
GOF = 2.1. The agreement profile is given
in Fig. 2. Atom positions and simplified
occupancies are given in Table IIa; bond
tengths in Table IIIa.

X-Ray Study of Ca-Substituted NaFe,0;

After the above structure was determined
and was proved to have Me,O; stoichiome-
try it became apparent that, apart from the
minor Ca and Mg, it could be approximately
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represented as NaFe;O5. This simple com-
position has never been reported in the
Na,0-Fe,O, system, and although it
seemed unlikely that it had been over-
looked, it was prepared and reacted at
~1050°C. The phase assemblage of Fe,0,
and Na,Fe;0,, expected from several re-
ported studies, was in fact confirmed at
this composition.

X-ray studies were then carried out for
the compositions Ca, Na,_  Fe;_ O; from
x = 0.05to x = (.3, at the points Ca, | Nay g5
Fe, 405, CapyNaggbe; 905, CagyNagg
Fe, ;Os, and Ca; (Na,;Fe,,0s. At 2x = 0.1
the product was primarily the new phase
discussed above, with small amounts of
Fe,0; and Na;Fe;0Oy; at 2x = 0.2 the
product consisted only of the new phase
(Table 1}, with a = 10.29(1), b = 12.46(1),
¢ =3.01(1) A. At2x = 0.4and 0.6 increasing
amounts of CaFe,0, were observed, to-
gether with diminishing amounts of the new
phase. Obviously this new ‘‘NaFe;05’
structure type forms only if stabilized by
minor amounts of Ca.

TABLE 11
ATOMIC COORDINATES AND  TEMPERATURE
FacTtors FoR (a) Cay ;3 Nay g(Fe; 53Mgg.20)Sip 3020 AND
(b} Cag;NagyFes50s

Atem Oceupancy x y z  B{(AD
(a) Cag43Nag 3iFey | 37Mig 2005003020
Fel Fe .2201(7) 1147(6) 4 1.34(25)
Fe2 Fe 2399 L3598(7) 0 3.53(33)
Fe3 Fe L0000 000 0 1.53(37)
Fed Fe 5000 0000 0 1.62(33)
Nal Na —0.0198(18)  .2573(19) { 2.88(49)
01 0 (987(26) L1415(26) 0 2.26(79)
02 o] 0619(29) 399830 0 3.77(81)
03 0 3343(25) 0NNy 00 1.27(56)
04 0 2677(28) 2666210 & 2.00(68}
0s 0 J3832025)  4397(24) O L.16(54)
(b) Cay 3 Nay gFez 405
Fel Fe .2193(d) .1156(3) L34
Fe2 09Fe + 0.t Ca L23B6(5) J3628(3) 0 L7113
Fe3 Fe L0000 0000 0 1.71(18)
Feq Fe 5000 0000 0 1.88(20)
Nai 0.9 Na+0.1Ca =-0023310 .2553(11) & 3.9727)
0l (8} LOR93(14)  L1386(14) 0 2.26(41)
02 0 0702016)  .4031(13) 0 3.7741)
03 0 3308(15)  .0779(11F 0 1.27(38)
04 e} 2706(16) 2701011y 4 2.00(38)
03 0 J748(14) 4603013y 0 1.16{33)

B is 2.83 A?if occupancy of Fe2 is 1.0 Fe.
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FIG. 2. Rietveld refinement results for Cag ;3 Na, ;(Fe; 1;Me 30)5i50302 (or CagaNaggFe; 505-type).
Data points are given as crosses, calculated and difference profifes as solid lines. Reflection markers

show the line positions.

Step-scanned X-ray data for the prepara-
tion synthesized at the composition Cag,
Nag o Fe, 4O were collected using the same
set of conditions outlined above. The start-
ing model used for the Rietveld refinement
was the one in Table Ila. In this case, when
refinement was concluded, the agreement
parameters were Bragg R = 594, R, =
16.1, R, = 20.4, GOF = 4.6. Tables IIb
and IIIb give the atomic parameters and
bond distances for Caj,Nay4Fe, 0. It
was considered that the most probable
substitutions in this structure are the fol-
lowing: (1) 0.1 Ca + 0.9 Na occupy the
trigonal prismatic Na site and (2} the bal-
ance of 0.1 Ca occupies one or some of
the octahedral Fe sites. The results of
refinements of this sort were again not
conclusive. However, by introducing 0.1
Ca into Fe2, a higher than average B of
2.83 A? reduced to 1.71 A2, more or less
equivalent to the other Fe atoms; however,
the B value for Nal, when it was substi-
tuted by 0.1 Ca, increased from 2.2 to 4.0
A?, (Table IIIb). Overall there was only a

marginal decrease of the Bragg R value.
This suggests the relatively unusual case
of tetrahedral Ca; but i secems the full
details of cation substitutions must wait
for the results of a single crystal study.

TABLE 111
BorD LENGTHS IN (a) Cayq3Nay 45(Fe 57MEoo)
Sig30n AND (b) Cag,NayyFe; 305

(a) CagyNa, n(Fe oMega0)SihnOn () CagyNagyFe, 40,

Fe1-01 1.98 x 2 2,03 X 2
03 1.99 = 2 1.95 % 2
1%} 1.97 2.00
03 2.11 217
Fe2-02 1.90 1.81
04 1.93 x 2 1.93 x 2
05 1.93 1.86
Fe3-01 2.4 x 2 1.96 x 2
05 1.99 > 4 2.04 x 4
Fe4-03 192 x 2 200 %2
02 2,06 x 4 2.06 X 4
Nal-0t 242 % 2 239 % 2
02 248 x 2 257 x2
04 267 %2 2.62 X2
04’ 2.96 3.03
03 2.62 2.57
05 2.90 2.89

Note. Estimated standard deviations for bond distances are
0.06 A.
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FiGg. 3. Structure of Cay,NaggFe,0s-type projected onto (001). Small labeled circles are metal
atoms; large labeled circles are oxygen atoms. The octahedral/tetrahedral lavers referred to in the
text are outlined by dashed lines; one of the three-wide octahedral/tetrahedral chains is stippled.

The observed sum, Ca + Na > 1, in
the reactor phase Ca, ;Na, ;,(Fe;q,Mg;)
Sig 05 (Z = 4) in specimen 25815 is seen
to be consistent with the suggested substitu-
tion mechanism for Cay,Na, ¢Fe, 405, and
therefore does not necessarily reflect analyt-
ical errors.

Description of the Structure

The crystal structure that was finally de-
termined is illustrated in Fig. 3. It has five
independent cation sites; three are octahe-
dral, one is tetrahedral, and one is tricapped
trigonal prismatic. The tricapped Na coordi-
nation prisms are aligned along planes (010)
in the structure and are surrounded by the
coordination octahedra of Fel, Fe3, Fed,
and the tetrahedron of Fe2. In Cay,Nay,
Fe,,0; The Fel-O distances range from
1.95t02.17 A, mean = 2.02 A; Fe3-0 from
1.96 to 2.04 A, mean = 2.01 A; Fe4-O

from 2.00 to 2.06 A, mean = 2.04 A.
Fe2-0O distances are from 1.81 to 1.93 A,
mean = 1.88 A. Nai-O distances fall
within the range 2.39 to 3.03 A, mean =
2.63 A.

Refinement of occupancy values in Nal
was not conclusive in proving that Ca substi-
tutes for Na in this structure, although this
appears to be the most probable location for
half of the Ca. The average for the six Ca-Q
bonds to the triangular prism in CaFe,0,
(which is also tricapped) is a 2.42 A (10).
Similarly, the six prismatic Na—Q bonds in
the isolated tricapped trigonal prism in
Na,Mn,Ti;O; (1) have an average of
2.54 A. In the structure of Cay ,Nay oFe, 405
reported here the average of 2.53 A deter-
mined for Na-Q is not significantly shorter
than this. However, the average bond dis-
tance of 1.92 A for tetrahedra! Fe2 is some-
what greater, for example, than the mean
value 1.84 A for the four independent Fe
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FiG. 4. Rietveld refinement results for the three-phase mixture of Cay,Na,Fe, Os-type and Na

spinel-type in predominantly beta sodium ferrite.

to bottom.

tetrahedra found in the iron ore sinter prod-
uct SFCA (/2).

Discussion of the Structure

The crystal structure of Ca;,Nag Fe, 4O;
is related to those of CaTi,0, and CaFe,0,.
CaTi,0, represents the lillianite homolog
221, whereas CaFe,0, is “22L; both struc-
tures have chains which are two octahedra
wide in the layers lying between the sheets
of Na trigonal prisms, but of the two,
CaFe,0, only approximates to a true lillian-
ite homolog type (/3). Cay,NayFe, 40y is
in fact a ~*’L lillianite homotog member,
with CaFe,O; (/4) representing the true **L
structure. Lillianite, Pb,Bi,S,, with four-
wide chains of edge-shared octahedra in

the intermediate layers, is the *‘L
member after which the series is named
(15).

Thus it turns out that, of the known ferrite
structures, CaFe,0; is most closely related
to Cay,NayyFe, ,0;. Because CaFey0s
is Cmcm, the mirror planes produce in

Reflection markers are in that order, from top

it a truly symmetrical 3*L lillianite homo-
log structure; on the other hand, in
Ca,;Na, ,Fe, ;05 the chains of three Fe
octahedra on one side of a Na trigonal prism
degenerate into chains consisting of one Fe
octahedron and two Fe tetrahedra on the
other side (Fig. 2). Furthermore, the three-
octahedra-wide chains in Cay,Na, 4Fe, 50s
are not of pure lillianite type, because the
central octahedron of the group, Fed, is
rotated by 180° from its usual
orientation in the lillianite homologs.
This is actually similar to the disposi-
tion of Fe octahedra observed in
CaFe,0,.

Apparently the marginal size adjustments
both in the Na trigonal prisms and in the
Fe octahedral-cum-tetrahedral layers which
result from the substitution of 0.2 Ca
0.1 Na + 0.1 Fe are sufficient to allow this
structure to form, whereas NaFe,O; itself
will not crystallize into this new, basic, and
unique oxide structure type. Extending the
relationship further to sulfide systems, the
structure might possibly be represented by
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the composition Cu**PbBi, S, with tetrahe-
dral Cu, trigonal prismatic and octahedral
Pb, and octahedral Bi.

Quantitative Ferrite Phase Analysis

Other specimens of reactor beta sodium
ferrite product sometimes include a spinel-
like sodium iron oxide (16) as well as the
above described Ca;,NagqFe,,05-type
phase as impurities. Figure 4 shows the cal-
culated and observed X-ray profiles for a
typical product of this sort after refinement
of the X-ray data by the Rietveld method,
with all three phases included in the refine-
ment calculations. Using the relationship
between the individual Rietveld scale fac-
tors derived for each phase and their ZMV
values it is possible to calculate the relative
phase abundances in the ferrite (/7). In the
case illustrated in Fig. 4, it is estimated that
this ferrite contains 7.6 wt% of Cag,Nag,
Fe, ,0s-type, 17.5 wt% of the Na-spinel
type, and 74.9 wt% of beta ferrite (total nor-
malized to 100 wt%). The usefulness of this
approach is that, from such phase abun-
dance estimates, it should be possible to
calculate the plant leaching efficiencies and
caustic reclamation values which might be
achieved for current plant product.

Ww. G. MUMME
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