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INVESTIGATION OF MANGANESE DIOXIDE
AS AN IMPROVED SOLID DESICCANT

by

Anthony V. Fraioli

ABSTRACT

This report describes the preparation of a series of manganese
oxides and an analysis of their sorptive, structural, and surface
characteristics as low-energetic desiccants for passive dehumidification
and active desiccant cooling systems. A cusped Type III isotherm for
the adsorption of water is reported for the first time. The data are
interpreted as evidence of a first-order phase change from a two-
dimen3ional gas to a liquid film in the first reversibly adsorbed
layer. It appears that the water adsorption characteristics of MnO2
compared to standard desiccants which exhibit Type II isotherms are due
at least in part to differences in the physical topography and
electronic properties of the desiccant substrates: MnO2 is a p-type
semiconductor with essentially-flat, monoenergetic surface structures,
while standard desiccants like silica gel are electronic insulators with
irregular, hete'-oenergetic surfaces.

I. INTRODwi ON

The origin of the Improved Solid Desiccant Program is traced to concepts
developed by Dr. William McInt ire and this writer, (Chemical Engineering
Department, Argonne National Laboratory), during October-November 1981.
Dr. McInt ire was aware of an expressed need by DOE for a desiccant with low
adsorption energetics relative to the bulk heat of vaporization, which would
minimize the energy requirements in regenerating spent desiccant in passive
dehumidification and active solar desiccant cooling systems. We were aware
of some of the surface properties and structures of the manganese oxides, and
felt that they might be tailored to this application. The structures of
manganese dioxides have, with the aid of High Resolution Transmission
Electron Microscopy (HRTEM), recently been elucidated,1'2 and the hollow-form
rectangular tunnel structures of MnO2 fibers, as shown below, appeared at
least theoretically capable of providing large planar, energetically uniform
surfaces for multilayer adsorption. Further, it was felt that capillary
condensation in the internal pore volume would provide hi sorptive capacity
and would occur at relative humidities which were a function of the pore-size
distribution of the fiber sample.
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Fig. 1. Manganate-ion octahedra in array forming the 2x2
tunnel structure characteristic of the mineral
hollandite

A proposal was drawn for a program to prepare and characterize materials
for improved (low energetic) solid desiccants.

With the above as a goal, the tasks of the program, which covers the
work performed from March through August 1982, were to:

(1) develop methods to prepare a variety of manganese oxide
(here after referred to generically as "MnO2") structures
by wet chemical techniques;

(2) analyze the sample by adsorption techniques (volumetric
nitrogen and gravimetric ater adsorption methods), X-ray
diffraction and electron microscopy;

(3) verify process reproducibility in terms of specific
physical and sorptive characteristics by the methods
outlined above.

This topical report is the third and final Milestone charted in the ANL
FTP 49532, the Development of Improved Solid Desiccants Program, and
describes the work done to achieve the program goals.
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II. MATERIAL PREPARATION AND CHARACTERIZATION

The following routes for the preparation of synthetic manganese oxides
were chosen where the literature indicated a single crystallographic
species might be obtained with sufficient surface area to permit analysis by
gas adsorption techniques, and which might ultimately be employed in
practical desiccant systems. In addition, manganite, MnOOH, was prepared as a
non-porous standard.

A. Manganite (MnOOH)

Manganite is a nonporous, "MnO2-like" standard which was employed by
St. Claire-Smith 3 to provide mono-to-multilayer adsorption data without
capillary enhancement. The data obtained with this material provided
multilayer film thicknesses which develop prior to the unset of pore filling
and must be taken into account in pore-size distribution calculations for
porous adsorbents.

The MnO(OH) was prepared by the method of Giovanelli and Leuenberger4

with 25 C NH4 0H (200 mL, 0.2m) added to the vortex of a stirred solution of
MnSO4 -H2 0 (10.2 g in 1 L H20) and H202  (20.4 cc 30 wt% in 200 mL
H20). The fluffy chocolate-brown precipitate was further diluted to 3.5 L
and refluxed 24 h in a 4-L reaction kettle. On cooling, the clear
supernatant was decanted, and the precipitate was filtered and washed with
distilled H20 on 0.08-pm Micropore filters.

B. Cryptomelane (KMngi.XH2O)

The method of Butler and Thirsk5 was employed in the preparation of
cryptomelane. KMnO4 (14.54 g in 500 cc H20) was added at the vortex of a
rapidly stirred MnSO 4 .H 2 0 solution (23.32 g, 1500 cc H20) in a 2-L beaker,
separated by decantation after remaining static for 1/2 h, and allowed to
stand overnight. The residual supernatant in contact with the solid was
clear and colorless, while the separated supernatant was purple. The
unreacted KMnO4 was recombined with the precipitate, diluted to four L, and
refluxed for 1 h with stirring. The heavy, well flocculated precipitate
settled quickly, leaving a clear, colorless supernatant, which was filtered
easily on a Micropore filter and was dried without washing.

C. c-Mn07

An attempt to produce Y-MnO2 by the cold hydrolysis of potassium-bearing
MnCl4 solutions using the method of Cole et al.6 resulted in a product
characterized by XRD as c-MnO2 . Utilizing this technique, McKenzie7

reported obtaining the rho-modification, a member of the Y-MnO2 group, with
an attractively high surface area of 178 m2 /g. The y-MnO2 varieties are
battery-active, and are generally produced by electrolytic deposition.
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A 10-g aliquot of the cryptomelane previously prepared v'as dissolved in
360 cc concentrated hydrochloric acid at 5 C, and the viscous solution was
filtered through the 0.08-Um Micropore filter with little or no residue. The
filtrate was quickly poured (2-3 s) into the vortex of three and a half L
stirred distilled water. The precipitate was washed three times in 500 cc
distilled water and separated by centrifuge. The final product was collected
on an 0.08-Um Micropore filter, and oven dried at 100 C to a brown-black,
hard deposit.

D. Hausmannite (Mn304)

Three sample preparations of "MnO2" were attempted in a procedure
similar to that of Valand8 with manganous nitrate as the source reagent, but
with variations in the neutralizing/oxidizing agent. All three were
identified by XRD as hausmannite (Mn304) with no distinct differences in
samples. However, differences in crystallinity, color, and water-retention
capacity were evident in material preparation. Schematically, the procedures
are depicted as below:

(1) Mn(N03)2  NH4OH Mn304
H202 , boiling

(2) Mn(N03)2  NH4OH + KNO3 Mn304
H202 , boiling

(3) Mn(N0 3)2 KOH Mn,04
H202 , boiling

In each of the three above preparations 71.6 g of 50% aq. Mn(N0 3)2
solution was added to 3.5 L of boiling distilled H2 0 in a 4-L reaction
kettle, and then individually, the following precipitating reagents were
added: 48.2 g NH4OH and 40.0 g 30 wt% H202, made up to 0.5 L; 48.2 g NH4OH,
5.06 g KNO3 and 40.0 g 30 wt% H 2 02 , made up to 0.5 L; and 29.7 g KOH and
40.0 g 30 wt% H202 , made up to 0.5 L. The oxidizing reagents were added
slowly over a period of 3-4 min to avoid frothing and boil-over, and reflux
with stirring was carried out for a period of two h. Each was washed by
centrifuging three times with 500cc distilled H20. Further washing was
considered excessive due to loss of peptization which resulted in colloid
reformation in the second and third washings. All three filtered well on
Buchner funnels and No. 1 Whattman paper. The first two dried to brown
chalk-like cakes which crumbled easily in the mortar and pestle. The third
could not be sucked dry, and appeared to have a "greasy" black shoe-polish
consistency when spatulated. It did not dry out on overnight stand in a
flowing hood as did the first two. It was dried in a tube furnace at 125 C
under N2 flow to sweep the water vapor from the tube. The hard black solid
mass appeared gritty and ground with difficulty in the mortar and pestle.
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A fourth preparation of Mn3 04 was made in the attempt to demonstrate
process reproducibility. To this end, the preparation of the third method
was repeated after a period of four months from the first attempt, bnd the
same general observations were noted during the preparation. The same
(opened) bottle of H202 was used in the preparation, and a less-violent gas
evolution was noted. However, during reflux, the same brownish-black fibrous
lay-up was noted on the vessel wall, formed by spatter from the refluxing
mixture. The cake tended to crack and form a "mud-flat" on the Buchner
funnel, a condition not noted in the previous preparation. Drying was again
performed in the tube furnace under a nitrogen sweep, and the resultant cake
was gritty and crystalline on grinding in the mortar and pestle.

Scanning electron photomicrographs, Figs. 2 through 5, were taken on a
JEOL Model JSM-35 Scanning Electron Microscope at linear magnifications of 2K
and 20K as indicated by the 1-cm scale markers. The presence of fibrous
structure was barely apparent in the manganite (Y-MnO(OH) Figs. 2, 2A)
sample, strongly evident in the cryptomelane (KMn8016.XH2O, Figs. 3, 3A), and
not observable at reasonable magnifications for E-MnO2 (Figs. 4, 4A), or
hausmannite (Mn304 , Figs. 5, 5A).

The presence of a relatively coarse, loose fiber network in cryptomelane
explains its light, fluffy appearance and low apparent bulk density, and may
have arisen from its two-step preparation extending over a 20-24 h period.
The anomaly in the marked appearance of fibers in the Mn304 during
preparation is noted, and apparently arises from alignment of individually
invisible microfibers, in shear in draining (splashed) liquid films along the
upper walls of the reactor vessel, into aggregates that appear as visibly
clumped fibers. The repeat prep of Mn304 (hausmannite-3R) bore no dissimilar
features to those of the original preparation shown in Figs. 5 and 5A.

The X-ray diffraction analytical data were taken with the Norelco powder
camera of 114.5 mm diameter and filter for Fe K-a radiation. The results
are summarized in the first column of Table 1.

III. GAS ADSORPTION TECHNIQUES AND RESULTS

In addition to sample characterization by X-ray diffraction and scanning
electron microscopy, the samples were further characterized by
gas adsorption techniques. Nitrogen adsorption was measured volumetrically,
by the conventional dosing techniques. Using this inert adsorbate,
adsorbent characteristics such as pore size distributions and surface areas
can be determined. A gravimetric technique was employed to study the
adsorbent-adsorbate interactions of water vapor with the oxides of manganese.
These studies provided information on the energetics of the adsorbate-
adsorbent bond, and hints as to the nature of the adsorbed film as a
function of coverage of the adsorbent surface.
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Fig. 2. SEM of manganite, showing
(a) some coarse fibers overlying
compacted microfibers and Microfiber
clumps

Fig. 2A. SEM of manganite
showing (b) some coarse fibers
overlying compacted micro-
fibers and Microfiber clumps

0.5 m ,

*

Fig. 3. SEM of cryptomelane,
showing (a) fibrous compacts
and relatively coarse fibers
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Fig. 3A. SEM of cryptamelane,
showing (b) fibrous compacts
and relatively coarse fibers
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Fig. 4. SEM of E-MnO2 showing
(a) chunk-line aggregates and
layered nodules which make up
aggregates

Fig. 4A. SEM of E-MnO 2
showing (b) chunk-like aggre-
gates and layered nodules which
make up aggregates

R
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Fig. 5. SEM of hausmannite-3,
showing (a) laye:ed aggregate
and detail of nodular deposit

Fig. 5.. SEM of hauamannite-3,
showing (b) layered aggregate
and detail of nodular deposit
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Table 1. Data Summary for Analyses Performed
on Selected Manganese Oxide Samples

Surface Area
m2 /g

N2 H20

Pore Size
Distribution

y -MnO"OH)
(Manganite)

KMn8016 -XH20
(Cryptomalane)
major,Mn304 med.

81.5

99.4
312

252
363
223

E-MnO2

15.6

50.0
62.1a
63.5b

0

Nonporous. No peaks 5-50A
No hysteresis loop on N2
desorption

0

5-15A only

208

5-8, 15-25 and
0

30-50A

Mn304
(Hausmannite-1)

Mn304
(Hausmannite-2)

Mn304 ("greasy
prep")
(Hausmannite-3)

Mn3 04 , major,
(Hausmannite-3R)

-MnO(OH), very minor

72

21.1

175
119

118

121
117

14.8
18.0a

17.Ob

12.5
15.2a
14.8b

132
175b

(avg.
of 30
samples)

0

5-10, 30-60, and 70-95A.

5-10, 30-60,
(knee)

0

and 70-90A

ater adsorption with sample distributed on 5 mm glass beads.

bWater adsorption with sample distributed on 6 mm Rauschig rings.

8
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A. Nitrogen Adsorption

Nitrogen adsorption measurements were carried out on a
Micromeritics Model 2100D Orr Surface-Area Pore-Volume Analyzer, with 125 C
outgassing performed on the apparatus, unless otherwise noted. The nitrogen
measurements showed wide variation in specific surface areas (see
cryptomelane, E-MnO2 , and hausmannite-3, Table 1). This variation was
attributed to the combination of (1) a strong temperature dependence in tne
evacuation of water-filled pores and (2) the rather imprecise temperature
control achieved with thermocouple elements embedded in the shallow-basket
Glas-Col heating mantles partially enclosing the adsorption sample bulb. An
exception to this procedure was taken in the outgassing of the three aliquots
taken from hausmannite-3(R). For this sample, the powders were activated in
a well-regul '-ed tube furnace at 125 +1 0 C in an all-quartz system with a
liquid nitrogen trap maintaining a -195 C dew point in the furnace. The
three samples were then transferred under nitrogen to their respective
adsorption bulbs, and outgassed at room temperature overnight prior to
adsorption. The average of these three sets of data (119+2 m2/g) indicate a
higher degree of precision than was obtained in any of the duplicate measure-
ments listed in Table 1, where activations were carried out on the adsorption
test stand.

Volumetric adsorption data are obtained by the stepwise addition of
a measured volume of gas "dosed" to the sample where it's pressure falls to
an equilibrium pressure (PE) as the sample adsorbs the gas, removing it from
the gas phase. A knowledge of the dosing volume and the additional volume in
the sample tube not occupied by sample allow one to calculate the volume of
gas at S.T.P. (and hence the number of molecules) adsorbed as a function of
the equilibrium pressure. With the sample temperature held constant, and
with repeated dosing and equibration of successive amounts of adsorbate gas,
adsorption isotherms may be constructed where the equilibrating pressure may
range from zero to the saturation pressure (PS) of the gas, i.e., where the
sample is flooded and the adsorbate exhibits the bulk vapor pressure of the
liquid (or some cases solid) adsorbate at the temperature of the measurement. The
x-axis is usually plotted as the relative pressure, x = PE/PS, and in the
special case of water vapor, is synonymous with the Relative Humidity.

The full adsorption isotherm for nitrogen adsorbed on five of the
seven samples is shown in Fig. 6. For manganite, the adsorption was carried
out step-wise to near saturation (x = 0.97) with desorption measurements
(circled data points) retracing the adsorption curve. This was to be
expected for a nonporous "standard" since the presence of a hysteresis loop
and the shape of the desorption branch are due to the presence and size
distribution of pores in the surface. Fig. 7 shows the linear relationship
for systems following the BET theory of multilayer adsorption9, and allows us
to estimate the volume of gas, VM, adsorbed at monolayer coverage:

PE 1 (c-1) PE
VM(PE-PS) VM-c + VM-c P

9
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where c is a constant related exponentially to the heat of adsorption in the
first layer, and PE and PS are the equilibrium and saturation pressures
described previously. Sing10 has recently reviewed the methods employed in
the measurement of surface area, pore size and pore size distribution by gas
adsorption techniques, and suggests that the Kelvin equation:

-2 * Y * V * cos k
rK R * T *1nPEPS

first applied by Lippens11 to the desorption branch of the loop, should only
be applied to the study of capillary condensation in the mesopore (mid-range
of the isotherm) and macropore (near saturation) regions. In the above, Y
and VL are the surface tension and the molar volume of the liquid at T (in
degreesKelvin), respectively, andpis the wetting angle, taken as zero. The pore
radius

r = rK + t

is the sum of the Kelvin radius and t, the film thickness determined as a
function of PE/PS on the known non-porous standard, manganite.

A furthe: test for porosity has more recently been demonstrated by
Wirzing1 2 , who determined the micropore-size distribution of a fine-pored
silica gel from the shape of the adsorption branch in the low-pressure
region, at and beyond the knee of the curve, but well below the start of the
hysteresis loop. From the Kelvin equation one can determine the radius of
liquid-filled pores as a function of the relative pressure of the equili-
brating gas. Differentiating the fraction of the total gas adsorbed at a
given partial pressure with respect to the radius of the pores being emptied
at that coverage will produce a curve showing the rate of change of pore size
as a function of the pore range. The absence of peaks in the pore-size
distribution (PSD) plot for manganite in Fig. 8 verify the absence
of a fine-pore structure for this material.

The full adsorption isotherm and BET plot for nitrogen on
cryptomelane are also shown in Figs. 6 and 7 respectively. Again the
desorption data (circled crosses) lie on the adsoLtion curve, showing no
hysteresis loop and no capillary condensation in the meso- and macropore
region. However, if one calculates the pore-size distribution with the
adsorption data in the low pressure region, and continues with the lowest
(last) desorption point up to saturation, the PSD plot of Fig. 8 is obtained.

12
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The data show a single peak centered from 8-20A, and from it s
origins on the adsorption isotherm, may be considered to represent a single
ragge of micropores. The single "glitch" on the falling slope of the peak at
13A marks the transition from adsorption to desorption data points, showing
surprising continuity in the data flow. Care should be taken in the literal
interpretation of the y-axis values since (although it appeers to be close in
this case) the area under the curve d es not integrate to unity. The data
were numerically differentiated to 100+ A, corresponding to relative pressure
values of "90% while the total gas adsorbed was measured or estimated at
saturation. The peak position(s) and width(s) do, however, give a qualitative
description of the PSD.

The first observable hysteresis loop was seen in the isothermal
data for E-Mn0 2 , and is shown in Fig. 6. Figure 7 records the linearity of
the E-MnO 2 data to the BET plot. The desorption loop does not quite close.
From the two flexure points in the hysteresis loop ("-'0.4 and 0.75 partial
pressures), one might expect to find two peaks in the mesopore range of the
PSD plot. Figure 8 bears this out, and in addition shows a narrow range of
micropores of approximately the same size observed for cryptomelane. The
transitional glitch still appeared at 13-15A.

A more fully developed hysteresis loop was observed for the
"greasy prep" variation of Mn3 04 , hausmannite-3 . Figure 6 snows the nature
of the loop with a sharp flexure in the macropore region at about 80% relative
pressure. A slight curvature is indicated in the BET data of 'ig. 7. Again
the PSD plot for these data is more informative. Figure 8 shows the
presence of three peaks, one in the micropore range, a less intense, wider-
distribution "hump" in the mesopore range, and a more intense, more well-
defined peak in the macropore range.

The final nitrogen isotherm was obtained for the repeat Mn 3 0 4
preparation, hausmannite-3(R), and is shown in Fig. 6. Figure 7 again
validates the surface area data for this sample. Again we observe the fully
developed hysteresis loop, but have to rely on the PSD plot of Fig. 8 to
provide the detailed pore-structure. As with hausmannite-3 there are three
distribution peaks, althouji not as sharply defined as before. The macroporg
peak at 80A has been reduced to a knee on the high side of the enlarged 40A
mesopore distribution. The transitional break is not apparent due to the
closing of the loop and the smooth transition from adsorption to desorption
data.

14



B. H2 0 Adsorpt ion

In 1954, Young and Healey1 3 first reported the validity of applying
data from the adsorption of water vapor in air to the measurement of surface
areas of chrysotile asbestos. They employed the gravimetric technique to
samples exposed to varying relative humidities (RH) maintained by saturated
salt solut ions in desiccator jars at rnnm temperature, and they reported
obtaining exactly the same results as with water vapor in a conventional gas
dosinq system. In 1980, Wirzing1 2 reported the use of the gravimetric
technique of water adsorption employing varying concentrations cf H2 SO4
solutions to provide humidistat control of the water vapor partial pressure
in the measurement of surface areas and pore-size distribution in two types
of silica. The technique employed here is a combination of the two. Eleven
crystallizing dishes, (150 mm dia x 75 mm high) fitted by an 0-ring into an
insulated lucite frame, were suspended in a Precision Model 270 water bath. A
second 0-ring, cemented to the upper edge of the dishes, afforded an
airtight seal to plate-glass covers. A cold-finger fed by a separate
refrigerated water bath provided a stable temperature differential to hold
the bath to within 0.01 0C without drift from the set point (20.03C).

A list of saturated salt solutions employed as humidistat water
vapor sources 14 was referenced for appropriate salts for the baths. An
all-glass vacuum system employing an oil manometer was used to directly
measure the vapor pressures of aqueous salt slurries placed in an evacuable
sample tube immersed in the bath. Table 2 lists the vapor pressures and RH
of the referenced and other salt slurries. In the presentation of equilibrium
adsorption data for the special case of water as the adsorbate, the relative
humidity is defined as RH = X = Peq./Psat. The list is not exhaustive and
includes data on salts not actually employed due to RH range duplication. A
continuing need exists for salts at the low-pressure end of the scale.

Except for the case of manganite, which was expected to be
nonporous, the chronological order of the manganese oxides subsequently
prepared was fortuitously matched by an increasing order of porosity, as
determined by the nitrogen isotherm data. The same order of presentation
will be made for the water adsorption data. The data were more readily
acquired for the less porous samples of the series since the equilibration
time for individual data points was a matter of a day or two for small
adsorptions (low end of the isotherm) with nonporous samples, and ranged to
weeks for large adsorptions (high end) with highly porous samples. While
adsorption equilibria are never attained in practical desiccant systems,
surface characterizations, particularly if thermodynamic calculations are to
be undertaken, require equilibrium data. Methods to improve the rate of such
data acquisition will be discussed in a later section, Future Work.
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Table 2, Vapor Pressure for Aqueous Salt Slurries
at 20.03 C. (Fsat. = 1.7650 cm)

Salt Peq., cm %RH 20C Lit. Value14

ZnCl2  0.0504 2.87 10

H3P04 (85%) 0.1548 8.81% --

LiC1 0.1921 10.9 15

K(Ac) 0.4063 23.1 20

KF 0.5736 32.7 --

MgC1 2  0.5794 33.0 --

Cr03  0.6709 38.2 35

Zn(N03 ) 2  0.7273 41.4 42

KNO2  0.8589 48.9 --

Ni(N03)2  0.9006 51.3 --

NaHSO4  0.9305 52.9 52

NaBr 1.0356 59.0 58

KI 1.2204 69.5 --

Mg(Ac) 2  1.2701 72.3 65

NaC103  1.2968 73.8 15

NaCl 1.3117 74.7 --

Na2S203 1.3648 77.7 --

(MI4 )2504  1.4000 79.7 75

ZnSO4  1.5502 88.3 90

K3Fe(CN)6  1.5588 88.8 --

NaH2PO4  1.6778 95.5 --

NaF 1.6862 96.0 96.6

CuSO 4 1.7044 97.1 98
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The adsorption data for water on manganite at 20.03 C, as well as
the BET plot deri.ved from the data of t,' first three humidity chambers which
lie in the BET range, is shown in Fig. 9.

4.0

CL 
_0

X .0?

L) 46

S.e2

. 2 .4 .6 .

X = PE/PS = PE/PS

Fig. 9. Isotherm for H20 on manganite and BET Plot. Temperature
= 20 C. Note cusp in Type III isotherm at RH = 0.4.

The three data points are a reasonable fit to the low pressure region of the
isotherm, and provide a surface area determination of 15.6 m2 /g (see
Table 1). More significantly, the adsorption data produce a "Type III"
isotherm,1 5 indicative of weak adsorbate/adsorbent interaction, and more
specifically, describe a system wherein the heat of adsorption in the first
physically adsorbed layer is equal to or less than the heat of liquefaction
of the bulk adsorbate. The general features of the Type III isotherm include
the absence of a well-defined knee in the low pressure region, and an
asymptotic approach, concave to the y-axis, to its saturation value in the
high relative pressure region.

Closer examination of the curve shows a cusp in the curve at about
0.4 RH not previously reported for this type isotherm. It was first thought
that the cusp was an experimental artifact, and repeat determinations of the
vapor pressure data for the salts employed in the cusp region showed that
these data do not vary significantly. As data from other sample isotherms
became available, it became apparent that the cusp was present in the others
to an equal or lesser degree, and seemed to be sample dependent rather than
equipment or technique associated.
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A replot of the data, as shown in Fig. 10, may have some
significance. In this figure, the number of layers formed is obtained by

12

8 /

N 6"

4
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.'2 .4 .6 .8 1
X =PE/PS

Fig. 10. Reduced isotherm for H20 on Manganite at 20C. Vm

obtained from BET data of Fig. 9

dividing the volume adsorbed at a given relative pressure by the monolayer
volL.ne, obtained from the BET plot. When this is plotted against the
relative pressure, we can see the adsorbed layers develop as the relative
pressure increases over the sample. One possible interpretation of this plot
is that the 125 C activation removes a monolayer of chemisorbed water. On
readsorption, the activated surface regains its chemisorbed layer at
equilibrium pressures below 0.05 cm Hg, the vapor pressure developed in our
lowest RH humidistat (Table 2). The ensuing physical adsorption proceeds with
the first physically adsorbed layer showing the Type III characteristic
described above. At or about relative pressures of 0.4, bonding of the
second and higher physically adsorbed layers to the first adsorbed layer is
physically distict, and also proceeds with a heat of adsorption equal to or
less than the heat of liquefaction of bulk water.

The second sample, cryptomelane, showed the same cusp formation in
the three determinations made. The data for the first, 50 m/g measurement
is shown in Fig. 11. As noted in Table 1, the asterisked data were obtained
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Fig. 11. Reduced isotherms for H20 on Cryptomelane at 20C
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with the powered adsorbents distributed in the interstices of glass-bead and
Rauschig-ring filled sample vials in an attempt to improve the rate of
equilibration and data acquisition. The intention was to reduce the
tortuosity in the diffusion of the water in the 1 g sample by providing
linear access (along the walls of the packing) of the vapor to the interior
of the sample. From the slightly higher and close grouping of the data,
there would appear to be some merit in this practice. The rate of data
acquisition was also improved.

For the c-MnO 2 , the entire preparation ("2.6 g) was used in the
first sample vial, and no distributed powder measurements were made. The
high surface area obtained (208 m2 /g) appears to go hand-in-hand with the
nitrogen area and PSD measurements. Although the data are not as complete as
those so far reported, the reduced isotherm of Fig. 12 shows a reduction if
not elimination of the cusp, and possibly the development of a pore-dependent
curvature in the lower mesopore region.

2.5

2
f
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0 .2 .4 .6 .8
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Fig. 12. Reduce isotherm for H20 on E-MnO2 at 20*C

The first two hausmannite (Mn 3 04 ) preparations have the reduced
isotherms of Fig. 13. The data were taken from the undistributed powder
measurements (14.8 and 12.5 m2 /g respectively) and show a shallower first
"leg" in the cusp, starting after the first, and ending before the formation
of the second layer.
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Fig. 13. Reduced isotherms of H2O on Hausmannite-1 and Hausmannite-2.

Note near-disappearance of cusp.

Data acquisition on the sample of hausmannite-3, (n,9 g) which

showed the micro-, mesu-, and macropore distributions via nitrogen PSD

measurement (Table 1 ), has proceeded so slowly that only four data points

have been achieved on the undistributed (132 m2/g) sample. The 1 g sample

distributed on Rauschig rings has been on-test fur half the time, and has

equilibrated more than twice the data points. The presence of a shallow

cusp is barely discernable, Fig. 14., with the data tending toward a shallow

Type II isotherm.
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Fig. 14. Reduced isotherm of H2 0 on Hausmannite-3 at 20*C. Note

appearance and near-Type II behavior.
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Since the equilibration time for water adsorption from air-
saturated humidistats is diffusion-limited and can extend over days and weeks
(particularly at the higher relative humidities), an attempt was made to
prepare a complete adsorption-desorption isotherm for this last sample with
composite data. To this end, thirty aliquot half-gram portions of
hausmannite-3(R) were out-gassed to an evacuated liquid nitrogen trap while
being activated for 16 h at 125 C. Due to furnace size limitations, the
activations were carried out in two batches. All samples were serially
exposed to the first four humidistats (up to 23.1% RH) for surface area
determination and verification of sample uniformity. The thirty samples
averaged 123.7 m2/g + 6.0 m2  standard deviation, within the 5%
reproducibility normally expected in repeat surface area determinations on
porous powders. Tighter distributions were obtained within the activation
batches. The first (14 sample) batch averaged 118.0+1.9 m2 /g, while the
second (16 sample) batch averaged 128.9+3.1 m2 /g. This reflects the strong
dependency of measurement duplication on activation technique. The samples
were then distributed into two groups for single-point adsorption and
desorption measurement. The "desorption" samples were first saturated at
100% RH prior to assignment to specific lower-RH humidistats. The saturation
data showed a 0.364+0.006 kg/kg water take-up. The desorption data showed a
dislocation from the adsorption branch at the high end and failed to close at
the low end for reasons which are not clear at this time, and cast doubt on
the validity of the "composite isotherm" technique. For these reasons the
data of a composite isotherm are not graphically presented. The c-value heat
data obtained from the thirty BET-plot data averaged 10.92 + 4.3 Kcal/mol
(std. dev.) and are in surprisingly close agreement to the bulk-value heat of
vaporization of water at 20 C, and will be further described in the following
section.

IV. CONCLUSION

The nitrogen adsorption work has shown th-.L PSD characterization of
porous surfaces may be extended to provide porosity information ranging from
the micro-to macrcpore regions by applying a combination of isothermal
adsorption and desorption data. Although subject to question in past
literature,1 0 the technique now appears valid for nitrogen on MnO2, in
addition to its application to water on silica.12  Although it is trrmpting
to assign the peaks of the measured pore-size distribution data to minerals
of known pore structure, verification of these peaks should first be made by
some independent means such as mercury porosimetry.

The observation of a Type ILL adsorption profile was not anticipated,
especially after the observed Type II behavior for N2 on the same substrate.
For water adsorbed on hausmannite-3(R), thirty determinations of c-value
first-layer heats of adsorption averaged 10.92+4.3 kcal/mol (std. dev.). The
bulk heat of vaporization is 10.56 kcal/mol. Type III behavior is observed
when the first-layer heats are equal to or less thar the bulk heat of
vaporization, arnd are in agreement with the isotherm type reported here. It
appears likely that the fundamental difference between MnO2 and other
"standard" desiccants is that MnO2 is a p-type semiconductor while other
desiccants are electrical insulators. The ability to form delocalized dipole
images in the adsorbent subsurface may contribute to the low-energetic
character of this material as a novel solid desiccant.
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The observation of the novel Type III (cusped) isotherm appears to be
repeatable to a greater or lesser degree within the series of manganese
oxides reported in this study. It appears more strongly defined for the
nonporous y-manganite than in the other more porous oxides, falling off in
the order of increasing porosity as determined by the N2 PSD measurements. If
this feature has not been reported previously,one must ask the question: "Why
not?" It may be due to the dearth of systems capable of evidencing it. Type
III isotherms are rare, and this writer has not come across any references to

water adsorption studies on MnO2 during his recent refamiliarization with the
literature. It might be due to the techniques employed. One significantly
different feature of humidistat equilibration not found in conventional gas
dosing systems is that each data point is approached "unidirectionally," with
the adsorption process proceeding uniformly over all portions of the surface
under conditions of constant vapor partial pressure, until the equilibrium
conditions imposed by the new humidistat environment are met. With gas
dosing systems, equilibrium is achieved under conditions of falling pressure,
with adsorption followed by desorption cycling over all portions of the
surface in the process of system equilibration. From the data for water on
nonporous manganite (Fig. 10), it would appear that, given the prime
requisite of a uniform, monoenergetic surface (in this case, further
homogenized by the chemisorbed water layer), adsorption proceeds uniformly
over the first four dosing steps until at or about the fifth, the monolayer
becomes close-packed, and by a combination of lateral interactions within the
film and from the film to the substrate, the monolayer is "locked" into an
ordered state which precludes its mobile interaction with the oncoming second
physisorbed layer. Hence the second layer initiates its deposition as if on
a bare surface, but at the higher equilibrium relative pressure. The gradual
diminution of the cusp as was observed with progressively more-porous samples
could be attributed to an increase in surface heterogeneity associated with
corner effects in the rectangular tunnel structures. Again, delocalized
dipole images in the MnO2  semiconductor subsurface would favor a
"2-dimensional-gas" characteristic in the incomplete monolayer reflected in
the cusp region of the Type III isotherms reported here.

The following is a summary interpretation of the Type III- cusped
isotherms reported here. The shape of The cusp in the 2-40% RH region
reflects the state of aggregation of the water molecules in the first
physically adsorbed monolayer. From 2-25%RH, the molecules exhibit little
neighbor-neighbor interaction, and tend to pack onto the surface as a mobile,
two-dimensional gas film; from 25-40% RH the film tends to become close-
packed with neighbor-neighbor attractive interaction favoring increased
adsorption from the gas phase per increment of RH. This is reflected in the
rise of the curve to the terminus of the cusp at %40% RH. At this point the
monolayer becomes fully-packed (and "locked") with saturated neighbor-
neighbor interaction. At 40% RH second layer physical adsorption initiates
with a flat, gas-like adsorption characteristic. However, lacking the data
to discern further monolayer breaks, we cannot determine whether further
adsorption process in monolayer steps, or continues with isolated multilayer
clustering, exhibiting the classical Type III behavior for weakly-adsorbing
systems over the remainder of the isotherm.
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The above analysis suffers by being a first-fit attempt on very warm
experimental results. However, it does have the advantage of possessing an
element of internal consistency between the water adsorption and N2 PSD
data.

V. FUTURE WORK

A major problem encountered with the gravimetric water adsorption
technique employed in this study has been the long times required to attain
equilibrium data. The prime cause for this has been demonstrated to be
sorbate diffusion to and within portions of the sample adsorbent. Ths
qravimetric water adsorption technique is presently carried out in air, and
diffusion through air could he eliminated by evacuating the humidistat
chamber. It is, therefore, suggested that a modification to the existing
apparatus em Toy commercially available two-L reaction kettles suspended in
the existing water bath. With round bottoms and heavy Pyrex walls, they can
safely be evaucated with ample room for multiple sample equilibrations.

It has already been suggested that an independent means be employed to
verify the pore-size distribution data by N2 adsorption. Mercury porosimetry
is a technique available to this laboratory on a contract basis.

With an accelerated data acquisiton capability, it should be possible to
acquire water adsorption data st two or more temperatures for thermodynamic
calculation of the isosteric heats of adsorption for the various oxides.
These would be more reliable data than those estimated from c-values derived
from the first four data points on the water adsorption isotherms.

The search for new humidistat salts should continue, especially for
strong water-vapor pressure depressants for data acquisition at the low end
of the isotherm.

Full adsorption-desorption isotherms for water on MnO2 should be taken
to see if PSD data can be obtained from these measurements, and whether there
is agreement between them and the N2 PSD and mercury porosimetry data.

A need has recently been identified for data to determine whether the
weak adsorption energetics involved in the water/MnO2 system would adversely
affect the adsorption kinetics and limit its application in practical
desiccant systems. To this end the goals of the FY 1983 program have been
directed to a study of the water adsorption kinetics in the MnO2 and silica
gel systems.
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