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X-ray diffraction (XRD), infrared (IR), and scanning electron microscopy (SEM) techniques
have been used to monitor the crystallization of birnessite (Na;Mn;,0,79H,0, JCPDS card
32-1128) by aging MnOy, which was produced from the oxidation of Mn(OH), by KMnQO, in
an NaOH solution in the presence of Mg?". The crystallization process of birnessite can be
divided into three stages: an induction period, a fast crystallization period, and a steady-
state period. The crystallization of birnessite was accompanied by the crystallization and
phase transformation of feitknechtite (5-MnOOH, JCPDS card 18-0804). Increasing the
temperature will reduce the induction period and accelerate the crystallization and phase
transformation. Increasing the basicity has almost the same effect as increasing the aging
temperature. The crystallization process is also influenced by varying the molar ratio of
MnQ, /Mn?*, A diagram of produced phases at room temperature at different basicities
and ratios of MnO,~/Mn?* is obtained. The interconversion between birnessite and buserite

1561

(NasMn14027°21H,0, JCPDS card 23-1046) is also discussed.

I. Introduction

In recent years the preparation and application of
certain classes of octahedral molecular sieves (OMS)
containing MnOg units have garnered a great deal of
attention. Among these, the synthetic counterpart of
todorokite, which has one-dimensional tunnels consist-
ing of 3 x 3 MnOg units,1? is especially interesting.
Many papers have been published on its occurrence,
syntheses 34107123435 characterization,*1231 ion-ex-
change properties,'18 electrochemical properties,>—° and

* To whom correspondence should be addressed.

T Department of Chemistry, University of Connecticut.

* Department of Chemical Engineering and Institute of Materials
Science, University of Connecticut.

8§ Texaco Research Center.

(1) Bricker, O. Am. Mineral. 1965, 50, 1296—1354.

(2) Post, J. E.; Bish, D. L. Am. Mineral. 1988, 73, 861—869.

(3) Shen, Y. F.; Zerger, R. P.; DeGuzman, R. N.; Suib, S. L.;
McCurdy, L.; Potter, D. I.; O'Young, C. L. J. Chem. Soc., Chem.
Commun. 1992, 1213—-1214.

(4) Shen, Y. F.; Zerger, R. P.; DeGuzman, R. N.; Suib, S. L.;
McCurdy, L.; Potter, D. I.; O'Young, C. L. Science 1993, 260, 511—
515.

(5) Pereira-Ramos, J. P.; Badour, R.; Bach, S.; Baffier, N. Solid State
lonics 1992, 701, 3—-56.

(6) Bach, S.; Pereira-Ramos, J. P.; Baffier, N. Electrochim. Acta
1993, 38, 1695—1700.

(7) Bach, S.; Pereira-Ramos, J. P.; Baffier, N. J. Solid State Chem.
1995, 120, 70—73.

(8) DeGuzman, R. N.; Shen, Y. F.; Shaw, B. R.; Suib, S. L.; O'Young,
C. L. Chem. Mater. 1993, 5, 1395—-1400.

(9) Bish, D. L.; Post, J. E. Geol. Soc. Am. Abstr. Programs 1984,
16, 625.

(10) Luo, J.; Suib, S. L. J. Phys. Chem. 1998, submitted.

(11) Straczek, J. R.; Horen, A.; Warshaw, C. M. Am. Mineral. 1960,
45, 1174-1184.

(12) Golden, D. C.; Chen, C. C.; Dixon, J. B. Science 1986, 231, 717—
719.

(13) Turner, S.; Siegel, M. D.; Buseck, P. R. Nature 1982, 296, 841—
842.

S0897-4756(97)00745-X CCC: $15.00

catalytic properties.22=31 |ts performance in acid—base
catalysis, reduction—oxidation catalysis, and photoca-
talysis is also under extensive investigation.
Birnessite, a layered material with hydrated cations
between the layers,:5-7.20-22 js an important precursor
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to todorokite.23121517.32 The crystalline quality of syn-
thetic todorokite is therefore largely dependent on that
of the originally crystallized birnessite. In addition,
birnessite itself can also be a potential catalytic and ion-
exchange material. Many papers have been reported
on the natural occurrence and synthesis of birnes-
site.1735-7,10.1520-28,33,36 However, to our knowledge, no
reports have as yet been published with a detailed
description of the crystallization and accompanying
phase transformation.

In this work, the crystallization of birnessite and
accompanying phase transformations have been inves-
tigated by XRD, IR, and SEM. A possible route and
mechanism for the formation of birnessite from MnOy
gel (including phase transformations) is proposed.

I1. Experimental Section

A. Preparation Procedure. A typical synthesis is as
follows: a solution of 13.5 g of MnSO4-H,0 (or 19.8 g of Mn-
(Ac)2:4H20) and 3.95 g of MgSO,4-7H;0 (or 3.2 g of Mg(Ac),-
4H,0) in 160 mL of deionized distilled water (DDW) is added
slowly to a solution of 40 g of sodium hydroxide in 180 mL of
DDW with vigorous agitation, to form pink gels of Mn(OH)..
A solution of 5.1 g of KMnQO, in 160 mL of DDW is then added
slowly into the gel during vigorous agitation, to produce a black
suspension of MnOy, the volume of which is about 530 mL.
This suspension is aged at room temperature and atmospheric
pressure. The resultant products at different crystallization
times are filtered and washed. The amount of NaOH and
KMnO, can be varied on the basis of this recipe to change the
basicity and the ratio of MNnO,/Mn?*. The synthesis with
sulfates is used for the study of the crystallization process,
while that with acetates is used to study the effects of
temperature, basicity, and the ratio of MNnO,~/Mn?*. Similar
procedures were reported in our previous work 3410

The concentration of [OH~] (mol/L) of the system is calcu-
lated using the moles of NaOH (M), moles of Mn?* (M), and
the volume of the mixture (V) from eq 1:

[OH ]=(M; — 2Mp)V 1)

B. X-ray Diffraction Experiments and Crystallization
Rates. XRD experiments were conducted using a Scintag XDS
2000 diffractometer, using Cu Ka radiation, with a tube
current of 40 mA and a tube voltage of 45 kV. For each
determination, 10 drops of the sample slurry (all with the same
sample-to-water ratio and therefore the same thickness) were
placed on the sample glass slide. When dried in air, the
sample formed a uniform thin film on the slide. The area of
the sample is much larger than the area of the X-ray beam. A
wet sample is dark black while a dried sample is gray. A color
change is observed when the sample film is dried. A sample
is defined as newly dried within 5 min of when the color change
takes place, after which it is a fully dried sample. A sample
produced at t > 30 days was usually much larger in size. It
was crushed by a ultrasonic treatment at the slurry stage
before being placed on the glass slide. All the XRD patterns
were obtained under identical conditions. The areas (S;) of
the two peaks at 26 of 12.5° (002) and 25° (212) was obtained
from Scintag software. The sum (Sy) of the areas is ap-
proximately proportional to the amount of birnessite in a
product (crystallinity). The crystallinity was assigned as 100%
for the sample with the largest sum of peak intensities (Sn),
thus giving the relative crystallinity of birnessite (X;) in other
products as expressed in eq 2:

Luo et al.
X; = (S/S,,) x 100% 2)

The crystallinity of feitknechtite is estimated similarly from
the peak area at 19.5°.

The variation of relative crystallinity with time is referred
to as the crystallization curve. In this study it is found that
there exists a linear segment, corresponding to a fast crystal-
lization period in the crystallization curve of birnessite. The
slope of this segment is defined as the crystallization rate.

C. IR and SEM Studies. Birnessite product was washed
and dried at room temperature for IR studies. Diffuse
reflectance IR spectra of the samples were taken on a Nicolet
Magna-IR System 750 FT-IR spectrometer, using standard
measurement procedures. For each spectrum, 200 scans were
employed with a resolution of 4 cm™2.

SEM photographs were taken on an AMRAY 1810 scanning
electron microscope. Graphite dispersed in 2-propanol was
smeared on a sample holder, forming a film of graphite matrix
when the solvent was evaporated. A drop of a sample
dispersed in 2-propanol was then added to the newly dried
graphite matrix. When dried in air, the sample was uniformly
distributed and coated slightly with the conductive matrix.

I11. Results

A. Synthesis of Birnessite. The synthesis of bir-
nessite using sulfates was done at room temperature
and atmospheric pressure. Usually the synthesis pro-
cedures contain three steps: the formation of Mn(OH),,
the oxidation of Mn(OH), to a MnOy suspension by
KMnQOy4, and the aging of the MnOy suspension to form
birnessite. The Mn(OH), formed was a pale pink gel-
like slurry. When KMnQO, solution was added to Mn-
(OH),, a brownish suspension of MnOy was produced.
The suspension turned dark black in 3 days, became
grayish black in about 6 days, and after 20 days is
somewhat greenish gray. A reviewer has suggested that
the green color should be due to the formation of
manganate. However, the green color cannot be re-
moved by repeated washing. This color change may not
be due to Mn(V1), which is green and soluble.

B. Phases Existing in the Synthesis Process.
Figure 1 shows the XRD patterns of the products at
different aging time. Three different types of peaks
were recognized. The broad peak at ca. 26 of 37°
disappeared in about 5 days, the two peaks at 26 of 12.5°
and 25° increased in intensity with increasing aging
time, and the peak at 20 of 19.5° is considerably
narrower than the other peaks. The peak at 26 of 19.5°
increased at first, remained constant for some time,
gradually decreased, and finally disappeared. The
peaks at 26 of 12.5° and 25° are due to birnessite. The
peak at 26 of 19.5° is due to feitknechtite, also known
as f-MnOOH, a brownish solid which was reported by
Feitknecht3” and Bricker?! to form from the oxidation of
Mn(OH), with the coproduction of hausmannite®° ((y-
Mn3z04, JCPDS card 24-0734). The very broad peak at
20 of 37° is quite likely due to oxidized hausmannite.
However, many other manganese oxides with MnOg
units may have some XRD reflections in this region.

Upon complete addition of all the starting materials
(aging time t = 0), the birnessite phase could im-
mediately be detected (Figure 1a). However, the stron-
gest peak at that time was at 26 of 19.5°, showing that
the main product at the beginning was feitknechtite.

(36) Ching, S.; Landrigan, J. A,; Jorgensen, M. L.; Duan, N.; Suib,
S. L. Chem. Mater. 1995, 7, 1604—1606.

(37) Feitknecht, W.; Oswald, H. R. Helv. Chim. Acta. 1960, 43,
1947-1950.
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Figure 1. XRD patterns of birnessites at different crystal-
lization times: t = (a) 0 days, (b) 1 day, (c) 3 days, (d) 5 days,
(e) 12 days, (f) 15, days (g) 50 days, (h) 75 days.
Birnessite was only a minor phase at that time, and the
amount changes very little in the following 32 h, after
which the amount began to increase quickly. The early
crystallization stage before the amount of birnessite
increase rapidly is called an induction period hereafter.
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Figure 2. Crystallization curves of birnessites and feitknech-
tite.

The amount of feitknechtite phase increased slowly for
some time (t = 5 days), did not change much from t =
5 days to 25 days, and after that began to decrease and
finally disappeared in 75 days (Figures 1 and 2).

C. Crystallization Process Studied by IR. Figure
3 shows the IR spectra of samples after different
crystallization times. Two very weak bands at ca. 460
and 510 cm™%, which are characteristic IR absorptions
of birnessite,2”38 can be observed for samples at t = 0.
The relative intensities of these two bands increased;
i.e., the amount of total birnessite increased with
crystallization time before t = 15 days, after which the
amount of birnessite was substantially the same. Mean-
while, a peak at 670 cm~! evolved and increased in
intensity with increasing crystallization time.

All samples exhibited very strong absorption in the
4000—2500 cm~1 region, and were usually composed of
several bands, as shown in Figure 3a. They are due to
the IR absorption of interlayer hydrates and, possibly,
some hydroxyl groups not from such hydrates but those
directly bound to the interlayer metal ions. The broad
band near 710 cm~! is due to Mn—0. The band at 650
cm™1 could be due to Mn—0O vibrations.

D. SEM Results. The early stage products have a
very irregular morphology. At t = 0, the product was
composed of ball-like particles of ca. 5 um. In about 3
days the particles were changed to irregular sheets.
Hexagonal platy crystals (ca. 10 um for each side and a
thickness of ca. 1 um) can be found to evolve from the
irregular sheets after 8 days. The morphology of
birnessite is similar to that reported by Bricker,! except
that the size in our work is much larger. Later, the
crystals began to aggregate to larger masses (more than
100 um), in which the crystals gradually lost their
vertexes and prismatic appearances. After t = 90 days,
the aggregates began to delaminate to form irregular
platy products with a diameter of more than 100 um
(Figure 4).

E. Effect of Temperature, Basicity, and Ratio
of MnO,~/Mn?*, Table 1 shows the dependence of the

(38) Potter, R. M.; Rossman, G. R. Am. Mineral. 1979, 64, 1199—
1218.
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induction period and crystallization rate on tempera-
ture. The effect of temperature, basicity, and MnO4~/
Mn2* ratio were studied in syntheses using acetates.
When the aging temperature was —2 °C, the crystal-
lization of birnessite was impeded. The amount of
birnessite was less than 8%, even after 30 days. When
the temperature was increased from 27 to 40 °C, the
induction period was shortened from 30 h to less than
10 h. The crystallization rate became faster. The phase

Luo et al.
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Figure 4. SEM photograph of birnessite.

Table 1. Induction Periods and Crystallization Rates of
Birnessites Synthesized at Different Temperatures
([OH"] = 1.6 mol/L, MnO4/Mn2t = 0.4)

induction crystallization
temp, °C period rate, h™!
-2 >1 month n/a
27 30h 0.28
40 10-14 h 0.80
65 1-2h 3.1
82 <1lh 7.2

Table 2. Induction Periods and Crystallization Rates of
Birnessites Synthesized at Different Basicities (Room
Temperature, MNO4~/Mn2t = 0.4)

induction crystallization
[OH"], mol/L period rate, h1
0.17 >1 week n/a
0.64 60 h 0.049
1.6 30h 0.28
2.6 10-12 h 1.6
3.6 8h 3.6

transformation of feitknechtite was accelerated. At 65
°C, the crystallization started shortly after the begin-
ning of aging. The induction period (if one existed) was
less than 2 h. Almost no induction period was observed
at 85 °C. The crystallization of birnessite and the phase
transformation were complete in 1 day (Figure 5a—d).

Some of the basic data such as the induction period
and crystallization rates are summarized in Table 2.
Amorphous MnOy was obtained for the reaction of Mn2*+
and MnO4~ when no NaOH was used and when an
equivalent amount of NaOH to Mn?" was used. In
acidic solution, the amorphous MnO formed was gradu-
ally dissolved. Birnessite began to appear at [OH™] =
0.17 mol/L, with the amount of birnessite very small
and increasing very slowly so that it was hard to
distinguish the induction period and fast crystallization
period. When the concentration of NaOH was decreased
from 1.6 mol/L (as for the typical synthesis) to 0.74 mol/
L, the induction period was increased from 30 h to over
60 h. The crystallization of birnessite became very slow,
and the formation and phase transformation of feit-
knechtite were slowed considerably. When the amount
of NaOH was increased, the induction period decreased
considerably, e.g., from 30 h at 1.6 mol/L to 8 h at 3.6
mol/L. The crystallization rate and the corresponding
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Figure 5. Crystallization curves for syntheses of birnessites at different temperatures: (a) 27 °C, (b) —2 °C, (c) 40 °C, (d) 65 °C,
(e) 82 °C.

phase transformations were accelerated. The relative The molar ratio of MnO4~/Mn?* for the typical syn-
crystallinity of birnessite reached 100% in about 50 h. thesis is 0.4. At a ratio of 0.17, the main products at t
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Table 3. Induction Periods and Crystallization Rates of
Birnessites Synthesized at Different MnO,/Mn2* Ratios
(Room Temperature, [OH"] = 1.6 mol/L)

MnO4~/Mn2+ induction crystallization
ratio period (h) rate, h1
0.17 5 1.72
0.21 3 2.32
0.24 3 2.82
0.28 2-3 n/a
0.32 1 4.0
0.36 10 1.1
0.40 30 0.28
0.46 >48 n/a

a Product impure, with coexistence of feitknechtite and hans-
mannite.

= 0 were hausmannite and feitknechtite, and no bir-
nessite formed. Birnessite appeared att =6 h and the
crystallinity increased quickly. Meanwhile, hausman-
nite and feitknechtite also increased with time and
coexisted with birnessite for a long time. Increasing the
ratio led to an increase in the amount of feitknechtite
initially formed and a decrease in the amount of
hausmannite initially formed. Birnessite began to form
initially at MnO4~/Mn?* = 0.24, with no observation of
hausmannite. The amount of birnessite and feitknech-
tite formed initially increased on increasing the MnO,4~/
MnZ2* ratio until a ratio of 0.32, where they reached their
maxima, when the induction period was less than 1.5 h
long. At the same time, the induction period was
decreased and the crystallization rate increased.

When the ratio increased above 0.32, the induction
period was increased and the crystallization rate was
sharply decreased. The crystallinity of feitknechtite
initially formed started to decrease and then tracked
the initially formed birnessite. Further increasing the
ratio leads to an initial product which was almost
amorphous, with an extremely long induction period and
with an extremely slow crystallization rate. The amount
of birnessite was less than 10% after 30 days at a ratio
of 0.72. These results are summarized in Table 3 and
Figure 6.

F. Phase Transformation from Buserite to Bir-
nessite. Figure 7 shows the XRD patterns of a product
(t = 60 day) exposed to air, showing that a phase
transformation from buserite to birnessite had taken
place. When the sample slurry was initially added to
the glass slide, no peaks could be detected at this stage,
where there was a large water content in the sample.
With water gradually evaporating in air, the charac-
teristic peaks of buserite began to appear and increased
in intensity as the water content decreased. The peak
intensities reached the highest values when the sample
was just dried, at which time the characteristic peaks
of birnessite began to appear while those of buserite
began to decrease in intensity. Buserite peaks disap-
peared typically in less than 10 min at room tempera-
ture. The product was then birnessite. Obviously, the
Na—buserite acts as a precursor to Na—birnessite.

The conversion from buserite to birnessite was re-
versible. When water was added to the dried slide, the
birnessite turned back to buserite, even when the slide
was heated at 50 °C for 30 min. When the slide was
heated over 65 °C, the birnessite no longer changed back
to buserite, even though the heated sample was im-
mersed in water overnight. The conversion of buserite
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Figure 6. Phase-preparative parameters diagram for syn-
thesis of birnessite (room temperature). (O) amorphous MnOy,
crystallinity of birnessite (if exists) less than 10%; (v) well-
crystallized birnessite; (M) birnessite in amorphous MnOy, with
crystallinity of birnessite less than 80% but greater than 50%;
(¥) birnessite/feitknechtite in amorphous MnOy, with crystal-
linity of birnessite usually less than 50%; (®) a mixture of
birnessite, feitknechtite, and hausmannite.

to birnessite was reported by Giovanoli et al.3® in the
formation of birnessite upon freeze-drying buserite.

1V. Discussion

A. Crystallization Process of Birnessite. The
XRD peaks of birnessite at early stages (t < 5 days) are
very broad and irregular. This indicates that the newly
formed birnessite has very small particle size and/or a
poor ordering of the layers. As the crystallization
process proceeded, the particle size of birnessite in-
creased, with a better ordering of the layers, as indicated
by the narrower and symmetric XRD peaks.

Some variation in the amount of birnessite exists in
this system. First, the crystal size of birnessite changed
greatly during the process. When the crystal size was
small, birnessite showed very low, broad XRD peaks,
which made the estimation of the crystallinity difficult.
Second, the disorder of the layers of birnessite and the
corresponding peak irregularity also add to the difficulty
in estimating the crystallinity. The preferential orien-
tation of birnessites was consistent (the ratio of the area
of the two peaks at 26 of 12.5° (002) and 25° (212) was
roughly constant for all samples; see Figures 1 and 2).
The integration of peak areas was satisfactorily repro-
ducible, with a relative deviation of <10%. When the
XRD patterns are carefully made under identical condi-
tions, the crystallinity of birnessite can be properly
measured and used to describe the general trends of the
crystallization process.

Figure 2 shows the crystallization curve from the XRD
results. The curve exhibits three different sections. In
the first section the crystallinity increases very slowly
from 1% at t = 0 to 2% at t = 32 h. After that it
increases rapidly and almost linearly to 82% att = 9
days. The increase in crystallinity then slows down,
reaching 93% at t = 15 days. From then on it increases
extremely slowly, gradually reaching 100% over a very
long period, at t = 50 day. Corresponding to the three
sections, the crystallization of birnessite can be divided
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newly dried), and after (e, fully dried) the conversion from
buserite to birnessite due to partial dehydration.
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into three stages: an induction period, a fast crystal-
lization period, and a steady-state period. These three
stages are accompanied by a period of transformation
of feitknechtite. The syntheses of birnessite with
acetates at 27 and 40 °C also follow these stages (See
Figure 5b, 5c).

B. Phase Transformation of Feitknechtite. Feit-
nechtite is the main phase in the beginning. The
amount of feitknechtite increased steadily during the
induction period of birnessite. During the early rapid
crystallization period of birnessite, the amount of feit-
knechtite also increased considerably, although not as
fast as the amount of birnessite.

The crystallinity of feitknechtite enters a steady state
from t = 8 to 25 days, and after that it gradually
decreased and totally disappeared in t = 75 days (Figure
2). Since no other phase than birnessite was present
as the final product, feitknechtite must have been
converted to birnessite. The curve of feitknechtite also
exhibits three stages: a steady-increase period (t < 8
day), a steady-state period, (t = 8—25 days), and a phase
transformation period (t > 25 day).

C. Possible Route for the Synthesis of Birnes-
site. Figure 2 shows the crystallization curves of
feitknechtite and birnessite. Feitknechtite reached its
highest purity at a period longer than 12 days and the
purity declined at t = 25 days. The amount of birnessite
kept increasing, although very slowly after t = 15 days.
No evidence has been observed that the purity of
birnessite will decrease, even after t = 4 months,
indicating that birnessite is a stable phase under these
experimental conditions, while feitknechtite is meta-
stable. It appears that birnessite forms with feitknech-
tite as an intermediate. A possible route for the
synthesis may be

MnO, — feitknechtite — birnessite 3)

D. Temperature Effects and Energy of Activa-
tion of Crystallization of Birnessite. 1. Temperature
Effects and Kinetics of Crystallization of Birnessites. The
synthesis includes a series of reactions and of mass
transfer processes. Increasing the crystallization tem-
perature will accelerate the rates of all these steps, and
therefore the whole synthesis. Figure 5a—e shows the
crystallization curves for birnessite at 27, —2, 40, 65,
and 82 °C. The data for —2 °C are only a segment of
the crystallization curve, while the others are complete
curves. The slope of the linear portion of each crystal-
lization curve has been defined as the crystallization
rate of birnessite at that temperature. Assuming that
the weight of intermediate is constant during the fast
crystallization period (as shown from the almost con-
stant intensity of feitknechtite peak) and that the
formation of birnessite from the intermediate is a first-
order reaction, egs 4 and 5 are obtained:

r = kW, = dW,; /dt 4)
AWy, = W dX, (5)

where r is the crystallization rate of birnessite, k is the
rate constant, Win; is the weight of intermediate, dWy;,
is the weight increase of birnessite, dt is the time
difference, dXy;, is the increase in amount of birnessite,
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and W is the weight of the reaction products on a solids
basis. This includes the weights of birnessite, gel,
feitknechtite, etc. but does not include soluble salts.
Equations 6 and 7 can then be derived as follows:

r=KkW,, = W dX,, /dt (6)

k' = (W, W)k = dX,; /dt @)

int
where K' is a new crystallization rate. The slope (dXpir/
dt) of the crystallinity—time curve is the crystalization
rate at a given temperature. For each curve, five points
from the linear portion were chosen to obtain a least-
squares fitting to determine the crystallization rate of
birnessite. The crystallization rates of birnessite ob-
tained in this way at 27, 40, 60, and 82 °C are 0.28,
0.80, 3.1, and 7.2 h™1, respectively (see Figure 5 and
Table 1). The correlation coefficients for the least-
squares fittings are very close to 1. This would appear
to justify the assumption that the formation of birnessite
is a first-order reaction.

From the data of crystallization rates (k) at different
temperatures (T), an Arrhenius plot of In k — 1/T gives
an energy of activation of the crystallization of birnessite
of 52 kJ/mol.

2. Basicity Effects. The crystallization rate of bir-
nessite increases exponentially on increasing the basic-
ity of the system. From the data in Table 2, the
dependence of the crystallization rate constant on the
concentration of OH™ can be obtained by using a least-
squares fitting, as expressed in eq 8:

k= 0.12[OH ]*’ (8)

In the above discussion, a liquid mechanism was
employed to describe the synthesis of birnessite. MnOy
is an amphoteric oxide. At higher basicities, as well as
at high temperatures, the solubility of the MnOy gel will
be increased. The rate of condensation reactions is also
increased. The induction period is therefore decreased
and the crystallization rate will be increased markedly.

3. Effects of Ratios of MNO,~/Mn2?". At low MnO4~/
MnZ2* ratios, the main initial crystalline phase is a lower
valent manganese oxide, hausmannite, and then feit-
knechtite. Birnessite forms initially when the ratio is
higher than 0.25 and its amount is increased on
increasing this ratio. When the ratio is further in-
creased (>0.32), the formation and growth of birnessite
becomes more and more difficult. The starting product
becomes an amorphous manganese oxide with higher
manganese oxidation state. The phases present at
different basicity and MnO,/Mn?" ratios could be
summarized in a phase-preparative parameters dia-
gram of the system (this would not be a phase diagram
since the system is not really in equilibrium). Pure
birnessite can be obtained in the range of MNO4~/Mn2*
ratio of 0.28—0.72 when [OH™] is greater than 1.6 mol/
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L. The crystallization rate is much larger when the
ratio is 0.28—0.36, at which birnessite of high purity
can be obtained in a short time, especially when the
temperature is a little higher than room temperature,
from 40 to 65 °C.

E. Buserite as a Precursor to Birnessite. In
Figure 6, the peaks of buserite decrease in intensity
while those of birnessite begin to appear and increase,
showing that Na—buserite is an unstable phase under
these conditions and is a short-lived precursor to Na—
birnessite.

Birnessite and buserite are both layered materials,
with one and two layers of hydrates. When the sample
is still wet or just newly dried, there are enough water
molecules in the layers and the sample exists in the
form of the buserite structure. After the sample is
dried, some of the water molecules retained in the layers
begin to escape into the atmosphere, producing the less
hydrated birnessite phase. If water is added to the
partially dehydrated birnessite, water molecules will
enter between the layers, leading to the recovery of the
buserite structure.

The conversion between buserite and birnessite occurs
at all stages of the crystallization. Parts a and b of
Figure 7 are the XRD patterns of samples at 1 and 4
days, respectively, showing that the conversion from
buserite to birnessite is underway, even though the
crystallization of birnessite is in the induction period
or early fast crystallization period. In Figure 7a, the
broad peaks of buserite are shifting to the broad peaks
of birnessite, while the peaks at 26 of 19.5° retain their
position.

V. Conclusions

The crystallization of Na—birnessite comprises three
stages: an induction period, a fast crystallization period,
and a steady-state period, accompanied by the formation
and phase transformation of feitknechtite. Increasing
the aging temperature and/or basicity will lead to
reduction of the induction period, the enhancement of
the crystallization rate, and the acceleration of the
phase transformation of feitknechtite. Pure birnessite
product can be obtained quickly when the [OHT] is
greater than 1.6 mol/L at a MnO,~/Mn?* ratio of 0.28—
0.36 and at 40—65 °C. Buserite is a short-lived precur-
sor to birnessite. The conversion from buserite to
birnessite occurs at room temperature due to partial
dehydration and is reversible on rehydration below 65
°C.
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