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ABSTRACT

Thermodynamic Anomaly in Mg(OH)2 Decomposition

Thomas Anthony Reis

( PhD Dissertation )

The purpose of the research.reported here is to investigate the.
origin of the discrepancy in the equilibrium water vapor pressure
measurements for the reaction Mg(OH)Z(s) = Mg0(s) + Héb(g) when
determined by Knudsen effusion and static manometry at the same temperature.
For this reaction undérgoing continuous thermal decomposition in Knudsen
cells, Kay and Gregory observed that by extrapolating the steady-state
apparent equilibrium vapor pressure measurements to zero-orifice, the
vapor pressufe was ~10'4 of that previously established by Giaugue and
Archibald as the true thermodynamic equi]ibrium vapor pressure using
statistical mechanical entropy calculations for the entropy of water vapor.
This lérge difference in vapor pressures suggests the possibility of the
formation in a Knudsen cell of a higher energy Mg0 that is thermodynamically
metastable by about 48 kJ / mole.

It has been shown here that experimental results are qualitatively
independent of the type of Mg(OH)2 used as a starting material, which
confirms the inferences of Kay and Gregory. Thus, most forms of Mg(OH)2
are considered td be the stable thermodynamic equilibrium form.

In efforts to determine if metastable Mg0 is being formed, methods
such as x-ray diffraction, surface area analysis, thermogravimetry,
scanning electron microscopy, and solution calorimetry were used to

characterize Mg(OH)2 samples after partial or complete decomposition,
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in terms of structure, particle size, surfacé area, porosity, morpho]bgy,
and heat-of-formation. |

X-ray diffraction results show that during the course of the reaction
only the equilibrium NaCl-type Mg0 is formed, and no different phaseé
result from samples prepared in Knudsen cells. Surface aréa data indicate
that the Mg0 molar surface area remains constaht throughout fhe course
of the reaction at low decomposition temperatures, and no significant
annealing occurs at less than 400°C. Scanning electron microscope
photographs show no change in particle size or particle surface morphology.
.So1ution calorimetric measurements indicate no inherent higher energy
content in the Mg0 from the solid produced in Knudsen cells.

The Knudsen cell vapor pressure discrepancy may reflect the formation
of a transient metastable Mg0 or Mg(OH)z-MgO solid solution duringv

continuous thermal decomposition in Knudsen cells.

Al . Lroncsy

Alan W. Searcy, Chai@man, Dissertation Committee
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INTRODUCTION

The endothermic decomposition of solid compounds into solid and
gaseous products has been investigated in some manner for about two
centum‘es].’2 Initia]]y, product improvement and production prompted

these investigations, but later a quest for scientific understanding of

3 4-8

decomposition® and decomposition reactions’ - and their products became an

important motivation.

The particular endothermic decomposition,

Mg(OH),(s) = MgO(s) + H,0(g) (1)
sometimes referred to as the brucite dehydration to periclase, has been

9-18

studied by researchers of varied disciplines for many years? The

thermodynamics of the reaction was studied with exceptional care by

19:20 41 order to demonstrate that statistical

Giauque and Archibald
mechanical calculations of entropy of a gas (in this case water vapor)
agrees with the entropy measured thermochemically. Later, Kay and

21,22

Gregory showed that apparent equilibrium HZO(g) pressures measured

23,24

for the reaction by the Knudsen effusion method is known to yield

22,25 but has since been

the true equilibrium pressure for many reactions
shown to yield for dolomite, also apparent equilibrium pressures which
are many orders of magnitude below the true equilibrium pressures?6

, The purpose of the research reported here is to investigate the
origih of the discrepancy between the manometric measurements of the
HZO(g) equilibrium pressure measured by Giauque and Archibald (G&A) for
reaction (1), and the much lower apparent equilibrium pressures which
were measured by Kay and Gregory (K&G) in Knudsen effusion cells.

Probably the discrepancy originates in some characteristic common to

many decomposition reactions.



Many researchers in different groups, and separately, have each
done extensive research on the Mg(OH)2 decomposition reaction and its

27-67 in some way over the last four decades. In particular,

solid product
x-ray investigations by many r'esear'cher'sﬁs"80 have been done on Mg(OH)2
and Mg0 from its decomposition, and as a result, the Mg(OH)z(s) - MgO(s)
system has been cérefu11y‘characterized crystallographically. Recent

inves-tigator‘s44 have found only two solid phases, Mg(OH)Z(s) and Mg0(s),
when high purity Mg(OH)2 is used, whether natural brucite or chemically
prepared reagent powder. Infermediate phases such as "metabrucite" 13
or a spfne]-]ike soh’dl8 described by some investigators, were found not

44

to be present by others.” This spinel-like phase which had been identified

as metabrucite was later shown to be a ;esult of a high iron impurity
content in the brucite%4
Mg(OH)2 crysta]]iies in layered CdIz-type strucfure as shown in Fig 1.
Natural brucite often occurs'as very pure, we]]-crystaT1ized, and easily-
cleaved crysta]s; The structure is composed of hexagonal close packed

2+ cations occupy all the

(HCP) double layers of OH™ anions. The Mg |

octahedral interstices between each pair of hydroxyl layers. The a and

¢ spacings of the hexagonal unit cell are 3.11 R and 4.74 R respectively.

X-ray studies indicate that there are no significant irregularities in

the stacking sequence of the hexagonal layers of the Mg(OH)2 structure

in the brucite crysta1s§O
Mg0 crystallizes in the NaCl-type structure as shown in Fig 2. The

lattice can be viewed as formed of face-centered (FCC) arrays of Mg2+

and ()2' jons . Each kind of ion is octahedrally coordinated by oppositely

charged ions. The lattice edge a of the FCC unit cell, which consists

of four "molecules", is 4.20 K .



Thermal decomposition of Mg(OH)2 in an electron m_icroscope38’50’52’65"67

has been used to determine the orientation between the'pareht Mg(OH)2
crystals and the product Mg0 crystallites. The TEM studies confirm the

70 that dehydration

conclusion from sing]e.crystal x-ray diffraction studies
of HCP Mg(OH)2 produces NaC1-type-Mgo in an ordered form.  The Mg0
crystallites were found to be in parallel array with their {111) and £110)
axes parallel to the ¢ and a axes respectively of the parent Mg(OH)2
crystal. Consequently, the (111)Mg0 planes are parallel to the (101)Mg(0H)2
or (0001)Mg(0H)2 basal planes of the parent Mg(OH)2 crystal. Above 500°C
additional reflections were purported to be a result of a change in the
orientation of some of the MgO crysta]]ites!3 No intermediate phases

were observed in the XRD or TEM studies;

In order to teét the agreement between the calorimetrically measured
entropy of Hzo(g) and the values calculated from spectroscopic data, G&A
carefully determined the thermodynamics of the Mg(OH)z(s)-MgO(s)-HZO(g)
~ system near‘200°C, by obtéining equilibrium déta for the Mg(OH)2 decompdsition
'direct1y from static manometric Hzo(g) pressure measurements (Fig 3).

Pressures measured as functions of time rose~0.2 torr(v27 Pa) / day for
two weeks, but the initial measured pressures were only 2 % to 10 % below
the final equilibrium pressures, indicating an immediate rise from ~10'4
of the true equilibrium pressure to within ~10 % of it. An intermediate
rise in the vapor pressufe when the decomposition was stopped and then
resumed, was also observed by K&GZ]’22 who found a return to the very low
pressure shortly after resumption of the decomposition. Razouk and

31,32

Mikhail confirm a slow approach to equilibrium by means of sorption

experiments using various Mg0 samples.



The G&A equilibrium vapor pressure data near 200°C, when p16tted on
alogP vs 1/T plot as shown in Fig 4, gives from the slope a heat-
of-reaction @Aern ) which agrees with the value determined from their
calorimetric measurements of the heat-of-solution ULHsoln ) for~95 %
decomposed samples (App I). |

This particular decomposition can be carried to, at most~95 %
of completion at decomposition temperatures less than 400°C in vacuum
or air. As my thermogravimetry data indicate, a reasonably complete
decomposition, ~99.5 % , is obtained only above 650°C. G8&A corrected
for retained water in theirAHSO]n measurements by assuming that the ~5 %
retained water was in the form of unreacted Mg(OH)Z(s). From measured

HZO(g) pressures, heat capacities, and AH , G&A were able to calculate

soln

the absolute entropy, Sﬁagc , of the water vapor above solid phases,
2

Mg(OH)Z(s)-MQO(s) (App 1I). They found that the'Sﬁaéc agreed with the

2
entropy calculated from band spectra, Sgagd , to within a 0.3 J / deg-mole

experimental error. Thus, the manometrigally measured vapor pressures
were the true thermodynamic values for the Mg(OH)2 decomposed and the Mg0
formed in their reaction

The Mg0 produced in the experiments of G&A had a high surface area,
and relative to the macrocrystalline Mg0 had a free energy and enthalpy

calculated by Giauques]

to be~3.3 kJ / mole and ~3.8 kJ / mole respectively.
Equilibrium solid phases are not necessarily equilibrium macrocrystalline

phases, according to Giauque§1 who states that, "the third law gives

accurate agreement with the measured equilibrium pressures, when the entropy

and heat content are measured on the actual finely divided magnesium oxide

in equilibrium. Thus, the colloidal particles approached essentially zero



entropy at very low temperatures and evidently approximated a perfect
crystalline structure. It is concluded that neither reproducibility of
equilibrium measurements based on approach from each side nor agreement
with the third law of thermodynamics, can be accepted as proof that an
equilibrium corresponds to the thermodynamic propertfes of macrocrystalline
phases."

K&G investigated the decomposition of brucite p1ate1ets in small
orifice Knudsen cells (App II), and found, regardless of orifice size,
that after a Short time the water vapor pressure decreased rapidly to a
steady-state vapor pressure, Ps , which remained constant throughout most
of the decomposition. If the reaction was stopped and then resumed, the
phenomenon'waé repeated; thai is, a higher initial pressure decreased to
a 16wer,steady—state pfessure. K&G plotted ‘PS Vs Ao , the Knudsen cell
orifice area, as shown in Fig 5a, and extrapolated to AO'= 0. They
found that PS approached a constant value at A0 = 0, which was different_
for each temperature selected, and plotted fhese values on a LlogP vs 1/T
plot (Fig 5b). The slope gives;Aern = 130.5 kJ / mole (31.2 kcal / mole),
which differs from the ‘Aern = 82.8 kJ / mole (19.8 kcal / mole) measured
by GRA by 47.7 kd / mole (11.4 kcal / mole). Both are compared on a
Log P vs 1/T plot shown in Fig 4.

82 and other583, that for

Using DTA, it was observed by Rao & Pitzer
Mg0 obtained from the decomposition of reagent Mg(OH)2 and MgCO, , that
small exothermic (~1.5 kdJ / mole) peaks extending over a small temperature
interva1.0v50°C) followed the large endothermic decomposition DTA peaks
in each case. Thus, these were attributed to crystal defect and strain

removal or a disorder - order transformation from a metastable MgO* to a

more nearly completely stable MgO0.



Freund55 has done some very interesting research on Mg(OH)2 decomposition
using finely divided microgram quantities in a mass spectrometer. His
results show several maxima in the rate of water vapor evolution, which
he attributes to the formation of an overlayer of partially decomposed -

magnesium hydroxide,

The square denotes an anion-sized vacancy left by HZO molecules in the
hydroxide lattice. This hypothesized overlayer, while basically a defect
layer, is assumed to represent a diffusion barrier for further H20 molecules.
When a critical thickness is reached, it spohtaneous]y re-crystallizes to a
cubic Mg0, exposing fresh Mg(OH)2 surface. In most other analytical methods,
a smooth reaction is observed when milligram quantities are used. In a
later publication on the application of x-ray analysis to this reaction,
Freund and Sper11n957 found by examination of the survivalbof the (001) and
(110) reflections of the Mg(OH)2 beyond substantial dehydration to nearly
anhydrous Mg0 as we]] as the shift of these reflections wifh increasing
temperature with little or no line broadening, some additional evidence to
support this defect structure concept.

Although the other x-ray diffraction and electron microscopy experiments,

as previously described, show no evidence for a metastab1e7’81'84

-

decomposition product, the Mg0 produced in Knudsen cells might be thermo-
dynamically metastable by about 48 kJ / mole. Such a large difference in ~

the heats-of-reaction, if interpreted as a difference in the heats-of-formation

o]

of the Mgl product,AHf , can be measured indirectly by means of the

Mgl MgO

heat-of-solution of the Mg0 ’AHso1n , in an acid solution (App III).



&

Thus,

Mg'(s) + HO(g) . (8 )
Mg0 (s) + HZO(g) . (oH )(2)

Knudsen Effusion: Mg(OH)Z(s)

Static Manometry: Mg(OH)Z(s)

‘Mg0 (s) = MgO (s) , (8R4 )(1) - (BHyn )(2)

By = (AH . )(qy - (B )y + BH

Mg0 MgOV

In this study, in efforts to determine if a metastable productvis
formed, Thermbgravimetry (TG), B.E.T. Surface Area (SBET ), Scanning Electron
Microscopy (SEM), X-Ray Diffractidn (XRD); and Heat-of-Solution calorimetry
(AHso]n ) were}used to characterize'Mg(OH)2 samples after partial or complete
decomposition, in terms of structure, particle size, surface area, pdrosity,

morphology, and heat-of-formation.



EXPERIMENTAL

Starting Material

High purity Mg(OH)2 js relatively easy to prepare by various synthetic
procedures].g’27’37’38’44’46’63’66’73’84’98 It is not hygroscopic, corrosive,
or toxic, making it very easy to handle.

The Mg(OH)2 starting material used in the iﬁitia] experiments was é
commercial, reagent-grade powder manufactured by Ventron-Alfa Proddcts of
Danvers, Massachussetts, which will be denoted V-Mg(OH)2 , or simply
Ventron or V. The Mg(OH)2 used later as a starting material, denoted
G-Mg(OH)2 , or simply G&A or G, was synthesized in the laboratory according
to the method described by Giauque and Archibald(G&A)].9 A synopsis of their
method and my yield data for the synthesis is given in App IV. G&A used
a platinum-lined vessel, but in the present reséarch a teflon beaker was
used. The teflon beaker was tested in the laboratory with the Mg(OH)2
syntheﬁis materia}s in it at 220°C, the required synthesis temperature,
and found to have satisfactory mechanical stabi]ity and chemical inertness.
Chemical inertness was indicated by no significantAchange in the chemical
elemental analysis of successive preparations relative to other starting
materials(App V). Magnified visual scrutiny of the beaker surface also
showed no evidence of reaction.

38,52 were averaged to

Chemical analyses of several natural brucites
provide an estimate of the chemical elemental composition of the natural
brucite used by Kay and Gregory(K&G)Z]’22 in their Knudsen cell experiments.
They do not report an analysis of their material. This natural brucite
starting material will be denoted K-Mg(OH)2 , or simply K&G or K.

One possible, though unlikely, explanation for the discrepancy between

the G&A and K&G results is that it arose from differences in the starting



material used for manometric and effusion studies.
Most experiments initially done using the V-Mg(OH)2 were repeated
using the G—Mg(OH)2 under the same or similar experimental conditions.

-5 torr)

For experiments that were done in the high vacuum furnaceGulo
with a Knudsen cell, only G Mg(OH)2 was used as the start1ng material.
The fact that no s1gn1f1cant qualitative change in behavior was observed

with different starting materials will be discussed later.

Mg0 Sample Preparation

The experimental tonditions used in this research to_pfoduce Mg0
from either stérting material resemble Knudsen cell conditions more
'closely than they do conditions in a static manometric study.

Initially, V-Mg(OH)2 was decomposed in a low vacuum(~2.0 torr)
apparatus usfng a quartz helix U-tube as in Fig 6. The sample cup of

the U-tube had a cross- sect1ona1 area of 2.0 cm2

vo]ume of ~3.0 cm3.

, and a corresponding
The extent of decomposition was determ1ned from |
the sample weight Joss, with only water assumed to escape. An outline
of the calculation is given in App VI. The validity of the assumption
that only water was lost is confirmed to ~0.5 wt % by comparing actual
and theoretical weigﬁt losses for the reaction(App VII). In order to
minimize powder 1oss'by entrainment during the decomposition, which
would cause error in the calculations, the exit arm of the U-tube was
made into a three coil helix. The U-tube was constructed of quartz, so
that samples could be annealed in situ at 1000°C. However, prolonged
heating at 1000°C caused S1‘O2 embrittiement and ultimately resulted

in mechanical failure of the U-tube.

Since the pressure measuring sensor was not located at the powder
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bed surface, the pressure there was estimated to within 0.1 torr by
inserting a helix coil of the same dimensions as the helical arm of the
U-tube between the pressure measuring sensor and the vacuum pump.

After the decomposition, the vacuum in the U-tube was equalized to
atmospheric pressure by slowly adding dry nitrogen gas through a micrometer
valve into the closed-off U-tube. This procedure prevented part of thé
powdered sample from beingvblown-out through the arms of the U-tube when
the U-tube assembly was disconnected for transfer to the surface area
analyzer. The apparatus as shown in Fig 6, was designed to allow transfer
of the sample to the surface area analyzer without exposure to air.

The temperature near the sample cup of the U-tube was measured using
a standard Pt/Pt-10% Rh thermocouple connected to a Type S calibrated
Doric 412A Trendicator temperature gauge with LED digital display. The
sample temperature was estimated to be within 5°C of the displayed temperature.

The tube furnace shown in Fig 6 was a resistance furnace of Kanthal
wire wound on a 2.5 cm diameter by 20 cm long a]umina tube. The tube was
then mounted in a 15 cm diameter cylindrical metal vessel surrounded by
glass wool insulation. The maximum furnace temperature of about 1200°C
could be held for one hour without causing malfunction of failure of the
furnace. It consistently produced a steady temperature of 1000°C + 5°C
for 15 hours when initially tested for high temperature stability.

For higher vacuum and better furnace control, the modified high vacuum
furnace shown in Fig 7 was used for decompositions. This is a tungsfen
element resistance furnace that uses a large Varian model 0183 silicone
0il diffusion pump backed with a Duo-Seal model 1397 mechanical pump to

6

obtain a vacuum of ~10”° torr. The electrobalance shown in Fig 7 is a

Cahn RG.
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In the high vacuum furnace experiments, an alumina Knudsen cell was
used in place of the U-tube to contain the sample. The cell had a cross-

2 compared to ~2.0 cm2 for the U-tube sample cup.

sectional area of~3.3 cm
The Knudsen cell becomes simply a crucible when the 1id is removed. The
alumina cell or crucible is more inert and durable at 1000°C than the
quartz U-tube. The,dimensipns of the various Knudsen cells and crucibles
used in this and othervre1ated research are given in Tables 1 & 2. These
dimensions -are similar to those of the U-tube sample cup.

The same type of thermocouple and temperature gauge already described
for the U-tube apparatus was used to measure the sample cel] temperature
in the high vacuum furnace and electroba]ance Th1s temperature was
controlled to within 5°C of the set temperature by a Eurotherm proportional
control unit with a Pt/Pt-10% Rh thermocouple temperature feedback sensor
attached to the furnace heating elements. A maximum set temperature of
1200°C was available with this unit. The furnace temperature was changed
by means of a Eurotherm temperature ramping unit capable of controlled
heating or cooling rates from 1°C / minute to 40°C / minute in 1°C / minute
intervals. A maximum set temperature of 1000°C is available with this

temperature ramping unit. The proportional control unit could be used

at 1000°C to 1200°C.

Sample Characterization

Thermogravimetry, surface area, x-ray diffractometer, and scanning
electron microscope data were obtained for reactants and products of each
of the two different starting materials. Calorimetric data was obtained
only for the G-Mg(OH)2 decomposed in the high vacuum furnace.

Since the Mg0 re-hydrated slightly on exposure to air, weight gain
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tests were carried out in the ambient atmosphere using a Mettler single

pan microbalance sensitive to ~0.01 mg. The different startihg materials
were at complete or near complete decomposition. A weight gainvof 1 mg

for a 100 mg decomposed sample exposed 5 minutes to the ambient was typical;

this gain was so slow as to be considered negligible.

Thermogravimetry (TG)

Two weight-loss vs time measurements were made using the V-Mg(OH)2
reagent powder in a cubic Pt basket, 1 cm on an edge, suspended by a quartz
stirrup from the electrobalance, midway into the high vacuum furnace(Fig 7).

At convenient décomposition temperatures, about 350°C, only ~95 %
decomposition is achieved before the decomposition rate deéreases to a
negligible value. To find a temperature at which essentially comp]ete
decomposition occurs, the following procedure was followed: A sample was
heated to ~95 % decomposition in the high vacuum furnace at 350°C using
the electrobalance to monitor the weight-loss until no weight-loss was
observed on the balance scale. The temperature was then increased at the
rate of 1°C / minute, which caused the sample to decompose further.
Eventually, a temperature was reached at which no further weight-loss
was observed. This temperature was then taken as the minimum temperature
required for essentially complete decomposition.. This temperature was
maintained for an additional 30 minutes to observe that complete decompos-
jtion had been achieved. The temperature for essentially complete
decomposition by this procedure was found to be 650°C for V-Mg(OH)Z.

Appreciable sintering does not occur at 345°C(Fig 25) in the Tow
vacuum U-tube(Fig 6). In the high vacuum furnace, sintering is minimized

because of the absence of water vapor?o’42 Slow heating minimizes sintering
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of MgO?B’34 which has been extensively studied?9’47’58’64’85’86’102

Since samples using G-Mg(OH)2 were prepared in Knudsen cells with
small orifices, it Was a simple matter to measure the time of reaction
- and calculate the flux, JH20 , from the weighf lost and orifice dimensions.
These samples were prepared in the high vacuum furnace, but without the

use of the electrobalance.. Using the Hertz-Knudsen-Langmuif(H-K-L)

equation87 with appropriate values substituted,
b =760 M2 a7 (my/2
s 2650 H20 ’ H20 v

the maximum steady-state pressure of the water vapor inside the Knudsen
- cell, PS » was calculated. M is the molecular weight of the water,
18.015 gms / mo]é, the vaporizing species. T is the temperature in degrees

Kelvin, and JH 0 is the flux in moles / cm2-min. PS is in torr.
2

Surface Area(SBET)

Surface areas were determined by the B.E.T. method?s"90

either with

the sample left in the helix U-tube, which was designed to serve as a sample
for the surface area analyzer, or in a standard surface area analyzer sample
tube. No difference in the resu]ts was observed regardless of whether the
sample was rapidly transferred to the standard sample tube and analyzed

or whether the sample wasvdecomposed directly in the sample tube. The
surface area analyzer was a Quantasorb Surface Analyzer manufactured by
Quantachrome Corporation of Greenvale, New York. Reproducibility for high
surface area Mg0 samples produced from Mg(OH)2 is~1 %. Weighing to
determine final sample weight .and the extent of decomposition could be

" done after the surface area measurement since it did not affect the

sample weight.
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Scanning Electron Microscopy(SEM)

SEM micrographs were taken of the two different starting materials
and of the products when decomposition was ~95 % complete. Some samples
were prepared for SEM study-by 1ightly dusting them onto a slightly damp
carbonized substrate. This substrate was prepared from a fine suspénsion
of powdered carbon in a viscous, quick-drying organic liquid. A more
convenient method was to disperse the powdered samples in CC14.immediate1y
after their removal from a vacuum or dry nitrdgen environment, and then
apply a few drops of this well-mixed susbension onto a nearly dried.
carbonized substrate surface with an eyedropper. After a sample had dried
under a drying lamp for 15 minutes, a ~ZOOK gold film was sputtered onto

the sample.

X-Ray Diffraction(XRD)

"~ After surface area measurements were made on a powdered sample‘a
portion of it was rapidly transferred into the 15x12x1.5 mm cavity of a
specially designed lucite sample holder for x-ray measurements. The
powder surface was smoothed with a glass microscope s]ide.v The sample
was irradiated in a Picker model 3488K x-ray diffractometer operating at
40 kV and 14 mA using either CuKoc(1.5423) or FeKec(1.937K) x-rays. The
chart speed was fixed at a constant rate of 2° / minute. The 28 scan
was from 20° to 120°, which includes almost the entire range of x-ray
reflections for Mg(OH)2 and Mg0 listed in the ASTM / JCPDS file (App VIII)

and in the 11terature?]

A test scan of the empty lucite sample holder
showed no reflections.
A resolution of 1000 counts / second (cps) was used for most of the

samples examined, but 400 cps was also used for some samples. The entire

*y
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range of resolutions from the highest at 200 cps through 400, 1000, 2000,
4000, and 10,000 cps was used in experiments designed to investigate the
effect of resolution on the strucutre of the spectra. 20,000 cps, the
Towest resolution, was not used since test speétra showed that the principal
peaks were too small for accurate'measuremenf at this resolution.

XRD spectra were taken of V-Mg(OH)zvand.G-Mg(OH)2~, the two different
starting materials. Several samples of V-Mg(OH)2 and different batches of
G-Mg(OH)2 showed no spectral inconsistencies. sting_the radiations and
resolutions already described, spectra were also taken of samples after
partial or complete decomposition dnder a variety of conditions, and after
high temperature annealing. 4 v |

The maximum heights of the (101)Mg(0H)2 and the (200)Mg0 principal
peaks were measured from the baseline near the peak center. At half the
maximum peak height the full width was measured to give the full width at
half maximum (FWHM). Using a Dietzgen model 1804A compensating optical
reading polar planimeter, geveral area measurements of the same reflections
were made for each spectrum taken, and the average area calculated.

Integral breadths (IB) were ca]cuTated for these same reflections. The
IB is defined as the total peak area divided by the maximum peak height?2’93
Typical calculations are shown in App IX. The IB can be used as a measure

of the degree of crysta]]inity?4

The IB decreases as thé peak height
increases, and a decreasing IB is a measure of increasing crystallinity.
Substitution of CuKee for FeKec radiation causes about a 10-12 degree
shift in the positions of the peaks of the spectra. But within Timits
of ~2 % error, the choice of CuKecor FeKe radiation made no difference

in the calculated IB for the same starting material.

The IB for é]] materials examined was also observed to be independent,



- 16 -

within experimental error, of the resolution of the diffractometer,
except for the lowest resolution, 10,000 cps. At this resolution peak
heights were too small for accurate measurement.

IB%]O]) s IBYZOO) s IB%]O]) , and IB%ZOO) ,» used later as notations
when discussing the results, denote the integral breadth for (101)V-Mg(OH)2 R
(200)V-MgO , (10])G-Mg(OH)2 ,.and (200)G-Mg0 , respectively.

The sample was unprotected from air during the approximately 20-25
minutes which were requiredito do an x-ray diffractometer scan. A re-scan
at the highest resolution while the sample was still.in the X-ray

diffractometer, indicated no additional reflections after more than

30 minutes exposure to air.

Solution Calorimetry(AH

so]n)’

19.95.96 | ced in all the heat-of-solution

The solution calorimeter
measurements(Fig 8) was constructed in this laboratory. The calorimeter
consists of aﬁ acid-filled standard 2 liter wide-mouth dewar flask, which
js the calorimeter reaction vessel (CRV). The CRV is weighted with 10 1bs
of small pieces of lead cemented into the base to anchor it in the |
surrounding water of the controlled temperature bath (CTB).

The temperature of the acid solution in the CRV was measured to
within 0.005°C with a thermistor connected to a modified Wheatstone

bridge?7

referred to here as the thermistor bridge (TB). The thermistor

is a Type YSI 44105 rated at 3000 ohms at 25°C, manufactured by the

Yellow Springs Instrument Company of Yellow Springs, Ohio. To compensate
for any change in resistance of the thermistor lead wires with temperature?7
an additional wire leading to the TB was connected as close as possible

to the thermistor in the CRV of the calorimeter.

s
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The thermistor itself was mounted in the 5 cm thick heat-insulating
styrofoam 1id. An O-ring was used to fit the 1id snuggly into the top.
Additional holes in the 1id were used to admit a stirrer, and also an
ampoule bursting device at the end of which the Samp]e was held in the
~ evacuated pyrex ampoule. The CRV temperature could be raised or lowered
by inserting into the CRV through the hole for the ampoule bursting device,
either a hotfinger Eesistance heater of a coldfinger (Fig 8).

Small glass beads weré put into the bottom of the CRV to prevent the
ampoule bursting device from slipping on the smooth bottom of the dewar
flask during the bursting maneuver. |

The ampoule bursting device, shown in Fig 8, was constructed from
acid-resistant tantalum metal and a hard, fiberized plastic material,
Nema G-10. |

The 1500 m1 of 1.00 + 0.01 M HC1 solution for the CRV was made using
| concentrated reagent-grade HC1. This solution was calibrated against a
standard NaOH solution by titration to the phenolpthalein endpoint.

The CTB was made from a 40 liter urethane insulated, rectangular
Thermosqaice chest. As a test of its insulation against heat-loss, the
temperature in the CRV and CTB was set at 25.000 * 0.005°C, as measured
with an accurate thermometer. Both were covered by 1lids devoid of openings.
After 2 hours at an ambient temperature of 23°C in the laboratory, the
temperature was carefully measured at various points horizontally and
vertically, avoiding any significant mixing. The CRV temperature had
decreased 0.03°C and the CTB temperature 0.1°C. Both temperatures were
independent of horizontal or vertical position to within 0.01°C.

In the course of the calorimetric measurements the CTB temperature was
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kept within~0.1°C of the desired temperature by means of a Thermomix
controller combined with the CTB cooling coils as shown in Fig 8.

Prior to a heat-of-solution (&H ) measurement, the CRV temperature

soln
was maintained constant to * 0.1°C for at least 30 minutes to assure that
no error was.introduced by extraneous heat effects during the actual AHsoin
measurement. The constancy of the CRV temperature could be observed on
a chart recorder. Thus, the apparatus is fea]]y a constant heat flux
calorimeter rather than an adiabatic one, Since there is a very small heat-
loss. from the CRV which must be compensated for by the CTB.

Typically, a temperature rise in the CRV of 0.07°C would occur during

a AH measurement. This temperature rise from an initial equilibrium

soln
horizontal baseline to‘the final horizontal baseline covers more than 90 %
of the chart recorder scale, giving maximum scale measurement accuracy.
The stirrer in the CRV was driven at 200 rpm by a Slo-Syn constant
speed motor to maintain a thermally homogeneous acid solution. During the

AH measurement, the acid solution was temporarily inhomogeneous.

soln
Equilibrium was assumed to have been re-established when the temperature. Vs
time plot on the chart recorder became horizontal again, a process that
typically required ~10 minutes.

The complete CRV system operating with the CTB was calibrated against
a standard mercury thermometer which is accurate to within 0.01°C. The CRVY

acid solution temperature (T ) as a function of the TB setting is shown

calor
in Figs 9 & 10. Fig 9 shows the entire temperature range for the full TB
scale; Fig 10 shows the temperature range of interest, 24.50° - 25.50°C, in
an expanded scale.

After surface area measurement in the helix U-tube or standard sample

tube, a sample was quickly removed, divided into two parts, and one part
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rapidly transferred to an ampoule, shown in Fig 8, which was evacuated
and sealed. This process wi]] be referred to as vacuum ampoulization.
The other part of the sample was quick1y transferred to an x-ray diffrac-
tometervsample holder and scanned in the x-ray diffractometer, and then

- vacuum ampoulized. fhe two parts showed no difference in theirAAHSO]n
as measured in the solution calorimeter.

A test for sample hand]ing'error on the AHso1n s shown in App X, gave
results within 5 % of the theoretica] value, and_is within the limits of
other experimental error.

The pyrex ampoules were made from 15.cm sections of 6 mm OD / 4 mm ID
pyrex glass tubing. An 18 mm diameter bulb was blown onto one end, andvthe
bottom'flattened to promote easy bursting. The bulb thickness i§ important,
especially on the flattened bottom, which must easily break when forced
against the pin of the ampoule bursting dévice. -Too thin a bulb breaks
easily during'handling and vacuum ampoulization, causing loss of precious
sample. |

For evaéuation, an ampoule was inserted into the Cajon fitting connected
to fhe mechanical pump, shown in Fig 6. After~o1 torr pressure was reached,
the ampoule was carefully sealed-off about 2 cm above the bulb with a small
oxyacetylene torch. Sealing-off close to the bulb prevented significant
amounts of the sample powder from being pushed up into the stem during the
bursting operation. If sample is in the stem, the solution reaction in the
CRV is slowed sufficiently to affect the accuracy of the AHso]n measurements.
It was important to cool the hot lower stem near the bulb rapidly after
sealing with the torch to prevent Mg(OH)2 decomposition or other changes of
the sample. Cooling was done with a stream of compressed air, after which

the ampoule was cut-away about 6 cm further up the stem and this part also
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cooled the same way. Vacuum ampoulization required about 3-5 minutes.

Several blank AH measurements were made using empty evacuated

soln
ampoules to determine if any heat effects are associated with bursting the
evacuated ampoules in thevacid solution. None were 6bsefved.

The heat of dilution resulting from the water formed as a product in
the solution reactions is estimated to be within experimental error.

Reaction of the_sample with the acid.decreases the acid strength, SO
several acid strength tests were carried out for HCI solutions, both before
use and after each one had been used for many solution reactions. A
standard NaOH solution titration to the phenolpthalein end-point was used

to measufe the HC1 solution strength. After 28 AH measurements which

soln
included the chemicél calibrations, starting with fresh HC1 solution, the
acid strength decreased from 1.00 M to 0.90 M. For two‘AHSO]n measurements
of partly decomposed samples and five associated chemical calibrations
with V-Mg(OH)2 , the HC1 écid solution strength decreased from 1.00 M to
0.98 M. | '

Any change in the acid strength was corrected for by calibrations run

before and after a 4H measurement. This correction was found from a

soln

set of two AH measurements and five calibration measurements to be

soln
less than the error in the calibration of a fresh HC1 solution.

A typicalAHSMn measurement for a decomposed sample began with dividing
the sample into approximately equal parts. The parts were then transferred
into pyrex ampoules and vacuum ampoulized. Calibrations were carried out
before and after AH_ ;. measurements using V-Mg(OH)2 as the chemical
calibration standard(App XI). A quantity of~200 mg of V-Mg(OH)2 gives

almost a full sweep on the chart recorder, comparable to that of a sample

run, and provides the same scale measurement accuracy. The calibration
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run and the sample run were made as similar as possible to minimize error.

The heat-of-solution of the Mg0 in the partly decomposed sample (AHso1n

, as- shown in App XI.

soln
The heat-of-solution of Mg(OH)2 u;HEgggH)

was calculated from the measured AH
2 ) is accurately known].9’37’98’99
Its use is described in App XI. Powdered V—Mg(OH)2 was used as the calibration
standard because it dissolves readily in 1 M HC1 to give a rapid response

in the CRV. The G—Mg_(OH)2 responded more slowly and gave less reproducible

results probably because of its larger particle size and lower porosity,

which are evident from the SEM and surface area data to be discussed later.
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RESULTS & DISCUSSION

K&G showéd that unusually low steady-state pressures were established
in Knudsén cells with 0.38 - 1.03 mm orifices regardless of whether large
natural brucite flakes (10x10x0.5 mm), brucite platelets (250 - 840 pm), orv
commercial Mg(OH)2 reagent powder was used as the starting material
(No particle size was reported for their commercial Mg(OH)2 reagent powder,
but it was probably ~30 pm fn cross-section, like the commercial V-Mg(OH)2
reagent powder uSed}in this résearch). K&G extrapolated measured pressures
to zero orifice diameter, as shown in Fig 5a, for the brucite platelets
only, but for an orifice of 1.03 mm diameter they found a close similarity
to steady-state pressures for brucite flakes and commercial Mg(OH)2 reagent
powder. This similarity implies that extrapolation to zero orifice for any
‘of their different starting materials would yield about the same steady-state
pressure. This pressure, obtained by means of the Whitman-Motzfeldt
equat1’ong3’24’100 when translated onto a Log P vs 1/T plot, as shown in
Fig 5b, gives from the slope, 130.5 kJ / mole (31.2 kcal / mole) as the
apparent heat-of-reaction for the dehydration of Mg(OH)2 under Knudsen cell
conditions, compared to 82.8 kJ / mole (19.8 kcal / mole) calculated from
G&A thermochemical data (App I).

Data gotten at 300°C from the G-Mg(OH)2 synthesized in this laboratory,
with Knudsen cells of different cell and orifice sizes are compared in Fig 11
to K&G's data extrapolated to the same temperature since K&G's highest
temperature was 235°C. The plot of 1/PS Vs Ao , the cross-sectional area
of the orifice, should be linear if the rate-limiting step does not change

. with pressure!O]

Agreement between the extrapolated value in the present
work, and in K&G's study,~1 torr, is good.

A plot of 1/PS Vs Ao has a slope of cAS , which yields a linear plot
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23,24,100 of the Knudsen cell

if cAS is constant. The Clausing factor
orifice is assumed to be approximately unity. If Asvcan be estimated from
the cell cross—sectional‘area,or some fraction of the reactant-product
surface area, thé disso¢iation.or reaétion coefficient, c , can then be
estimated. AviOW'apparent-va1ﬁe'of o .may resuit‘frbm a slow step in
the decompos1t1on reaction. e 8 _ o |
My data confirm K&G's data fdr Pedm s which demoﬁstrétes that the
same low apparent equilibrium pressures in the Knudsen cei]s with émal]
orifices are generated whether larger Mg(OH)2 flakes or Mg(OH)2 powders
of ~30 pm average cross-section are decomposed; tﬁe phenomenon is indepéndent
'_of the particle size, poros1ty, and morphology. ”
Table 1 presents some effus1on data of K&G, 1nc1ud1ng some experimental
details such as reaction temperature, physical character of the reactant,

“and Knudsen cell details such as cell and orifice size, and channel Tength.

The steady-state vapor preSsure, PS , is given for different orifice sizes.

KE
eqm

at 463 K and 485 K, the temperatures at which G&A made their measurements,

" In the Tower part of Table 1 K&G's zero-orifice pressure, P , is evaluated

and extrapolated to 573 K (300°C), the temperature at which the present

measurements were made. It is this Knudsen effusion equilibrium vapor

KE

eqn ° that differs by four orders of magnitude from the static

. T SM KE -4 5SM
manometric true equilibrium vapor pressure, Peqm Thus, Peqm 10 Peqm .

pressure, P

Table 2 presents corresponding experimental details and data from my

~effusion experiments.

Using the Peqm from my G-Mg(OH)z data in Fig 11,~1 torr, obtained from
the extrapolation of the Knudsen cell orifice area, A0 , to zero, the slope,
~7.5 x 10% torr™! m2 , and the effective surface area of the sample, A.

represented by the Knudsen cell cross-sectional area,~3.3 x 10’4 m2 s
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the Whitman-Motzfeldt equation in reciprocal form,

1/PS = 1/Peqm + Ao(]/CAspgqm) (1)

yields an apparent dissociation coefficient, c~4 x 10'4. K&G obtained a

value of~18 x ]0'4 under similar conditions. They report a cross-sectional
-4 m2 '

area of ~2.1 x 10

The total surface area for a~125 mg sample of K&G brucite platelets
(K-Mg(OH)Z,), 550 pm across (an average of the size range 250 - 840 pm) is
~7.5 % 10'4 m2 (App XII). This is not very different from the Knudsen cell
cross-sectional area used in the calculation above. If this total surface
afea is used to calculate c instead of the cell cross-sectional area, the
result is ~1.8 x 10'4. This result is consistent with the theoretical
treatments of Rosenb]att100 and Searcy?_which predict that for very low
values of ¢ the entire surface area of the sample would be effective
in}vaporizétion.

It appears that the magnitude of the increase in the surface area in
going from reactant to product does not effect the observed Knudsen cell
vapor pressures since my data'with G-Mg(OH)2 are similar to K&G's with
K-Mg(OH)2 , as shown in Fig 11. This has also been observed to be the case
to some extent when comparing K&G's Knudsen cell vapor pressures for brucite
flakes and brucite p]ate]etsg2 although these two starting materials are
not largely different in specific surface area. G-Mg(OH)2 and K-Mg(OH)2
do differ significantly in specific surface area, and are the basis of the
observation that vapor pressure is independent of the magnitude increase in
the specific surface area. The specific surface areas of the different

reactants and products estimated near 200°C along with the magnitude of

increase in going from reactant to product is,
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G-Mg(OH),: w1 e /gn  6-Mg: ~175m° / gn 175X

2

K-Mg(OH) p: 107 me / gn  K-Mg0: ~175m° / gm  17500X

~ The surface area of a G-Mg0 sample prepared in a Knudsen cell at 300°C
is estimated to be~ 4200 m2 / mole (Fig 28). Using Fig 31 with this value,
the surface area neér 200°C can be estimated by parallel extrapolation with
the V-Mg0 data to be ~7500 m2 / mole. The K-Mg0 surface area near 200°C
is assumed to be similar to that of G-Mg0.

A temperature of 200°C is near the midpoint of the temperatures 190°C
(463 K) and 212°C (485 K) used by G&A to obtain their equilibrium data as
well as being close to the midpoint of thé témperature range 145° - 235°C
used by K&G to obtain their Knudsen effusion steady-state vapor pressure
~data (Fig 5b). |

The surface area for the K-Mg(OH)2 platelets is calculated in App XII
to be~6 x 10'3 m2 / gm. K-Mg(OH)2 is assumed to be similar in size and
shape tb G-Mg(OH)2 , and is also as§umed to behave in a similar manner
during decomposition to K-Mg0 as a result of the data in Fig 11. Thus,

a ~125 mg sample would decompose to ~86 mg of K-Mg0 with a total surface
of ~15 m.

In Figs 12 & 13 are plotted the weight-loss vs time curves, both
absolute and relative, for V-Mg(OH)2 reagent powder decomposed at two
temperatures. The electrobalance in the high vacuum furnace was used for
these measurements. These initial weight-loss experiments were carried
out to see if any uncharacteristic weight-loss phenomenon occurred during
a normal decomposition in high vacuum. The temperatures of 280°C and 345°C
were chosen because they are near the 1imits of the decomposition temperature

range used throughout this research.
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The measured weight-loss curves show "steps", which correspond to
rapid bursts of powder sample escaping the platinum basket sample holder.
At the lower temperature, 280°C, there is only one large and early "step"
that accounts'for‘~25 % of the total weight lost (Fig 12). At 345°C, the
higher temperature; there are two smaller, nearly equal “steps", one early
and one near the midpoint of the decomposition, that together constitute
~10 % of the total we1ght lost (Fig 13).

The "steps" in the we1ght -loss curves shown 1n Figs 12 & 13 may result
from localized water’]02 vapor pressure build-u p in the compacted bed of
" micron-sized, partially sintered particles during decompositfon. If large
enough, this pressure could cause a sudden vapor burst to relieve the
pressure, causing a quahtity of small sample fragments and partic]es to
escape from the sample holder. The size of the "steps" as well as their
occurrence during the decomposition appears to be random. A small orifice
Knudsen cell might significantly reduce or eliminate the observation of
this effect, which.may.still be occurring though undetectable in a weight-
loss experiment. The influence of water vapor pressure in powder beds on
the decomposition process is discussed by others39 42

As can be deduced from the equations given in Figs 12 & 13, the '
corrections for these powder losses shift these corrected relative weight-
Toss curves, particu]ariy near the end of the decomposition, causing more
deviation from the theoretical weight-loss limit. These corrected curves
now show the sigmoid shapes which are considered characteristic of isothermal
decompos1t1on4 »5

Other527 38,51,52,59,62 have done extensive kinetic research on Mg(OH)2

decomposition, using both brucite of various particle sizes as well as

chemically prepared Mg(OH)2 reagent powder. Induction and acceleratory
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27,51,52 38

periods were observed in some cases, and not in othersty~ Where it
has been observed?l’52 it was stipulated that it was not a result of the

time required for sample heating. My weight-loss kinetic data (Figs 12 & 13)
do show an initial induction-aéce]eratory period, but I attribute this
~apparent induction_effect to sample heating time.
Some of my data from Table 2 has been plotted in Fig 27 to illustrate
the effect of the extentvof decomposition, XMgo , on the steady-state pressure,
PS , for G-Mg(OH)Z at 300°C. Plotted are the results for a Knudsen cell
fitted with a 1.80 mm diameter orifice, and for an open cell 20.5 mm in
diameter. The PS in the closed cell is about 100 times larger than in the
vopen cell. The vapor escapes rapidly from the open cell, and the Ps given
is the same as the measured system pressure.
For the cell fitted with the orifice, the dependence of PS on XMgo at
the beginning is probably a result of sample heating time rather than any
initial hindered kinetic process. A rapid sample heating would give a more
nearly ideal continudus decomposition profile, yielding an almost instantanéous
rise of PS to a constant value as shown in Fig 27 by the dashed line. The
gradual decline in the actual PS near the end of the decomposition may
result from a combination of decreasing reactant surface area as the Mg(OH)2
particle shrinks and is covered with a Mg0 product layer, and hindrance
caused by diffusion of water vapor through this product layer.
Decomposition of Mg(OH)2 does not proceed at_measurab]e rates past
~95 % , un]eés the sample is heated above about 400°C. At 650°C almost
100 % decomposition is achieved. Similar results were observed by others§7
The~5 % retained water corresponds to 24-30 % of a monolayer of water on

the high surface area V-Mg0, and 44-76 % of a monolayer on G-Mg0 (App XVI). .

Presumably the Mg0 surface anions are largely OH™ ions which must desorb
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as water by the reaction,

2 OH™ = 02' + 'HZO(g) .

Even heating at ~900°C is not sufficient to remove all the water present

103

. as OH™ ions. When the Mg0 is re-heated above~2000°C, some of the OH™

ions are still present apparently associated with Mg defects].O3
The adsorption energy holding OH™ groups to the Mg0 surface is much

higher than for water molecules, but it has been suggested that the

persistence of the OH ions may not be a result of high adsorption energy,

but the difficulty in bringing widely-spaced OH™ groups together to form

water molecules according to the reaction,

2 04" = H0(ads) + 0% .

Different mechanisms of OH™ combination reactions to form the less strongly

104-110 have also

adsorbed water molecule are discussed by Freund?3 Others
discussed in detail the various theoretical and experimental aspects of

adsorption on Mg0.

Scanning Electron Microscopy(SEM)

SEM micrographs were taken of each of the two different starting materials
before decomposition was started and after it was nearly complete. The two
different methods of preparing SEM samples gave similar results when viewgd
at high magnification (2000X - 5000X), but at low magnification (100X - 500X)

the CC1, suspension method showed a more uniform general particle distribution

4
over the sample holder surface compared to the powder dusting application
method.

Figs 14, 15, & 16 are samples made from V-Mg(OH)2 decomposed in the low
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vacuum U-tube apparatus at 310°C. Fig 14a shows the V-Mg(OH)2 before any
decomposition occurs, and Fig 14b shows the same stérting material ~ 95 %
decomposed. There is no significant difference in the appearance. Fig 15
shows at much higher magnification the partic]e.surfgce morphology of the
V-Mg(OH)2 before'decomposition, and in Fig'16, after ~95 % decomposed;

There appears to be no $ignificant difference in'partic]e surface morphology
at this higher magnification as well.

Figs 17, 18, & 19 are samples made from G-MQ(OH)2 decomposed in an
open a]umina ce1] in the high vacuum furnace at 300°C. Again, Fig 17a
shows the.undecomposed GFMg(OH)2 , and Fig 17b the same matefja1n:95 %
decomposed. Both are alike in appearance. Figs 18 & 19 show that again
the surface‘morphology does not appear to change significantly from the

undecomposed G-Mg(OH)2 to the ~95 % decomposed G-Mg(OH)Z.

X-Ray Diffraction(XRD)

| Using the two different starting materials, XRD spectra were téken
before deéomposition was begun, about half decomposed, and nearly completely
decbmposed. Both FeKee and Cu_Ka: radiations at their highest resolution
were used to scan for anomalous x-ray reflections. On]y known reflections
for Mg(OH)2 and Mg0 were observed (App VIII) regardiess of the starting
material, apparatus, temperature, or degree of vacuum over the sample.
XRD spectra for G-Mg(O_H)2 , and partial and nearly completely decomposed
G-Mg(OH)2 are shown in Figs 20 - 22. CuKe radiation was used. The samples
for XRD spectra were prepared in a small-orifice alumina Knudsen cell.
Corresponding spectra for the V-Mg(OH)2 samples decomposed in the helix
U-tube apparatus at lower vacuum are not shown; these spectra also showed

no additional reflections that might indicate intermediate phases or
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impurity phases.

Annealing at increasingly higher temperaturés up to .1000°C produced
no anomalous x-ray reflections. Decreasing FWHM and increasing peak height,
or peak sharpening, resulted from this annealing process. These results
1mp1y increasing crystallinity, which}is also indicated by the decreasiné

YZOO) , as shown in Fig 23.

The d-spacings calculated from the spectra for V- Mg(OH)2 , V- MgO
G-Mg(OH)2 , and G-Mg0 , regardless of rad1at1on or resq1ut10n used, agreed
with the ASTM / JCPDS values given along with them in App VIII. The
d-spacings remained constant as a function of the extent ofvdec0mposition,
time at low temperature annealing, and time and temperature at high
temperature annealing. Sample preparation in a Knudsen cell made no
difference.

Both V-Mg(OH)2 and V-Mg0 have broader peaks than G-Mg(OH)2 and G-Mg0.

75 or induced

The broader peaks may be a result of small particle size
stra'in79 incurred during the reactiqn. App XIII compares my MgO particle
‘size data with those of EubankF,’8 who used different techniques of measure-
ment as well as different times and temperatures of preparation. The
V-Mg(OH)2 and V-Mg0 particles observed by'SEM range from ~5 pm to ~25 pm
cross-section; the G-Mg(OH)2 and G-Mg0 particles from ~2 ym to ~20 pm,

with much larger hexagonal plate-like particles (Fig 17) having a diameter
of ~350 pm. The dimensions calculated from XRD data, assuming negligible
strain, are approximately ~40 K to ~100 R. The comparisons imply that

the particles observed in SEM photographs are polycrystalline. Particle

size calculation from surface area measurements (App XIV) yield approximately

the same dimensions (App XIII).

For both starting materials, the (200)Mg0 principal peak is visible
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when only ~8 % of the water has been removed (Fig 24), and the peak area
measured as a function of composition extrapolates to zero at XMgo = 0.
This observation implies that the Mg(OH)2 phase does not lose a significant
fraction of its water content before the Mg0 phase nucleates. The
(101)Mg(0H)2'principa1 peak of either starting material disappears prior
to complete decomposition as shown in Fig 24. The early disappearance
of the (101)Mg(0H)2 peak might result because the Mg(OH)2 particles are
covered with a layer of Mg0 thick enough to reduce the x-rays penetration.
Another possibility will be suggested after surface area measurements
have been reviewed.

The (200)Mg0 peaks increase in height as the décomposition proceeds,
but thé FWHM remains essentially constant. This is indicated in Fig 24
by the values in parentheses, and in App IX.

Fig 25 shows modest decreases in integral breadth and surface area
with time of heating at 345°C, with the FWHM remaining relatively constant.
But both integral breadths and surface areas markedly decrease with annealing
temperature at which Mg0 samples were held for from.l to 15 hour periods
(Fig 23). When Mg0 has been annealed at 1000°C for 13 hours (Fig 25), there
is a decrease in SBET from 14,000 to 2700 m2 / mole; a further annealing period
of 15 hours at 1000°C causes no further change in the surface area(Fig 25}.

The (101)Mg(OH)2 and (200)Mg0 peak areas and heights at a given point
in the decomposition are smaller for V-Mg(OH)2 and V-Mg0 than for G-Mg(OH)2
and G-Mg0 (Fig 24), whereas the FWHM's shown in Fig 24, and the integral
breadths shown in Fig 26, are smaller for G-Mg(OH)2 and G-Mg0 than for
V-Mg(OH)2 and V-Mg0. These observations are evidence that G-Mg(OH)2 and
G-Mg0 are formed of larger crystals than are V-Mg(OH)2 and V-Mg0. This

agrees with SEM data (Figs 14-19) and the surface area data (Fig 28).
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For Mg(OH)2 the IB(]01) does not change appreciably during the
decomposition, as shown in Fig 26. For the high vacuum decomposition, the
V-Mg(OH)2 curve is approximately the same distance above the G—Mg(OH)2
curve as the V-Mg0 is above the G-Mg0 (Fig 26), probably because of smaller
crystals and lower order in the V-Mg(OH)2 and V-Mg0 than in the G-Mg(OH)z
and G-Mg0.

The 1B

and IB% for Mg0 are not as constant as IBY]O]) and

¥200) 200)
IB%]O]) for Mg(OH)2 for‘most of thg decomposition, as shpwn in Fig 26.

They both decrease just prior to complete decomposition, perhaps because-

in that same composition range, where Mg(OH)2 peaks are not observéd,

removal of water from the Mg0 phase or its surface increases the crystallinity.

The 1B for the V-Mg0 prepared in a relatively low vacuum in the

(200)
helix U-tube is greater'than that for the G-Mg0 prepared in a Knudsen cell
or in an open cell in a high vacuum environment, probably because the
integral breadths are influenced by the relative dimensions of the Mg(OH)2
crystallites from whichvthe Mgl is fofmed. The integral breadth for G-Mg0
formed in the Knudsen cell is somewhat less than that for the G-Mg0 formed
in an open crucible. This difference probably results because the

3

substantially higher steady-state water vapor pressure,~50 x 107~ torr

(~6.7 Pa), in the closed cell catalyzes the Mg0 crystallization r'eact1‘on39"41
over that in the open crucible, in which the H20 pressure is ~30 x 10-5 torr
(~0.04 Pa), which is 2 orders of magnitude closer to the system pressure

of~2 x 1072 torr (~0.003 Pa). This is shown in Fig 27.

Surface Area(SBET)

A linear increase in the molar surface area as a function of the extent

of the decomposition reaction is shown by the plot in Fig 28. Although the
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slopes differed, both'V-Mg(OH)2 and G-Mg(OH)2 showed linear behavior. This
linearity indicates that the surface area per mole of Mg0 is constant and
independent of the extent‘of the decomposition for a particular Mg(OH)2
Starting material; sintering was negligible under the conditions of time
and temperature of the decomposition (Fig 25).

There is a clear temperature dependence for the V-Mg(OH)2 / V-Mg0
system that indicates larger surface areas for lower reaction temperatures.
An opposite temperature dependence is observed for the G-Mg(OH)2 / G-Mg0
system (Fig 28), which may be a result of the two very different experimental
conditions used for the G-Mg(OH)2 decomposition there, whereas the V-Mg(OH)2

has been decomposéd under identical conditions at the different temperatures.
The higher temperature G-Mg(OH)2 decomposition shown in Fig 28 was carried
out in a U-tube, but the lower temperature G-Mg(OH)2 decompbsitions were
carried out in a closed Knudsen cell and the same Knudsen cell with the

1id removed. It would be expected that the open crucible and U-tube would
be essentially experimentally identical since their diameters‘were approxi-
mately the same. The U-tube was made of quartz and the open crucible of
alumina, which may have insignificantly affect the initia] sample heating
or measured sample temperature.

The only other significant experimental difference for the G-Mg(OH)2
decomposition in Fig 28 was the ambient pressure over the sample. For the
U-tube it was~2.0 torr 267 Pa) compared to~2 x 107> torr (0.003 Pa),
the system pressure, for the open crucible. Fig 27 compares the steady-

state pressures during continuous decomposition in the open cell (v30 x 10'5

3 torr) at the same system pressure

torr) and closed Knudsen cell (~50 x 10~
w2 x ]0'5 torr), indicating that the open cell steady-state pressure

increases an order of magnitude above system pressure, and that during
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continuous decompcsition it is this steady-state pressure that is the
effective ambient preséure over the sample, not the system pressure.
Thus, allowing for the tenfold pressure increase during continuous
decomposition, the 2.0 torr system pressure would create a higher watér
vépor pressure above the G—Mg(OH)2 / G-Mg0 sample than would the

2 x 107°

torr system pressure. Thus, water vapor catalysis of the G-Mg0

crystallization reaction39’4o’42 cbu]d be responsible for a more rapidly

formed,’less porous, and larger particle G-Mgo'product to yield lower

surface areas at lower temperatures rather than at higher temperatures

as with V-Mg(OH)2 decomposition in the U-tube as shown in Fig 28.
Although the surface area is substantially different for each

.different starting material and its product, whenvthey are each decomposed

at 260°-350°C to between 82-98 mole % , their respgctive surface areas

do not indicate a large or proportional change, as shown in Table 3.

A correlation of the percent retained water with thé surface area of Mg0

along with the disappearance of the (10i)Mg(0H)2 XRD peak before all the

water has been driven off could suggest a "surface phase" of adsorbed

water molecules. But there is no correlation below 350°C as shown by

37 that there is a

my data in Table 3. Above 380°C it has been shown
correlation between retained water and surface area with preparation
temperature (Table 4).

FWHM's for the Mg(OH)2 and for the Mg0 (Fig 24 & App IX) remain
relatively unchanged as a function of the extent of decomposition for
both reactant and product. Annealing the Mg0 at 345°C for two weeks does
not significantly decrease the FWHM or IBYZOO) (Fig 25), although the

surface area is decreased by ~50 % of the difference between the initial

and annealed values under the same conditions. Thus, the decrease in
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surface area appears to be caused by pore closure rather than increased
particle size.
The large FWHM for the Mg0 may result from small particle size,
~100 K , and not bérticle strain because particle size calculations
based on surface area, shown in App XIV, give approximately the same
values for particle sizes as do calculations based on my x-ray diffraction
data, shown in App XIII. Furthermore, if the larger FWHM had been a
result of significant strain, there would probably have been a large
decrease‘in the FWHM as a result of relieving the strain during the long
anneal at 345°C, but this would not affect the surface areas significantly.
For decompbsition temperatures of 300°C and 310°C the surface area
vs time curves in Fig 29 are similar for the two different stafting
materia]s.‘ The weight-loss kinetic curve for V-Mg(OH)2 at 345°C (Fig 13).
is also similar to its counterpart in Fig 29. The surface area kinetic
curves and relative weight-loss kinetic curves are directly compared for
identical experimental conditions in Fig 30. The similarity of shapes
between the two kinds.of curves suggests a relationship between the rate
of development of surface area and the rate of weight-loss. Fig 29
indicates that V-Mg(OH)2 decomposes faster , creating a larger surface
area V-Mg0 product than does G-Mg(OH)2 to G-MgO.
Gordon52 did extensive weight-loss studies on brucite as a function
of time at various temperatures, and the shapés of his curves were
similar to those I obtained at similar temperatures.
The deve]opmeht of surface area during decomposition from a theoretical
standpoint is discussed by Nicholson!]]
The difference in the surface areas of the two starting materials,

shown in Fig 28, reflects the difference in their particle size, which
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is evident from the SEM micrographs shown in Figs 14a & 17a. The even
larger difference in the surface area for the completely decomposed
materials, XMgo = 1.00 , probably reflects a difference in the sizes of
the crystallites that make up the particles (Figs 14b & 17b).

Calorimetrically, the different starting materials give different
heats-of-solution (App XI). They are ~111.98 kJ / mole for G-Mg(OH)2
and ~113.13 kJ‘/ mole for V-Mg(QH)2~. The larger surface area of the
latter (Fig 28 & App XV) is probably the principal contributor to this
difference, a}though this difference is within expefimenta] error.

A value for the specific surface energy for Mg(OH)2 of ~330 mJ / me
has been given in the 1iterature!]2’]13 0thers112?]14.discuss some
methods for.estimating the surface'tensioh or specific surface energy
of these or similar materials.

Despite the surface area difference of the two starting materials,
my thermogravimetry data (Figs 11 & Table 2) indicate similar steady-
state pressures. X-ray and SEM data, already discussed, show that G-Mg(OH)2
has a larger particle size than V-Mg(OH)2 . The SEM micrographs also
show different particle size distributions and particle surface morphology
between G-M-(OH)2 and V-Mg(OH)2 . These data imply that the V-Mg(OH)2
is more porous than G-Mg(OH)2 , which agrees with what the surface area
data suggest (Fig 28).

Since the V-Mg(OH)2 decomposition produces a steeper slope in Fig 28
than the G-Mg(OH)2 decomposition, the surface area per mole of V-Mg0,
although a constant value as the decomposition proceeds, is greater than
that of G-Mg0, which also has a constant, but different, value under
similar decomposition conditions. Compare the data in Fig 28 at 345°C

and 350°C respectively.
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The Mg(OH)2 vacuum decomposition is so slow near 200°C, the G3A
decomposition temperature region, that preparation of the amounts of
product required for accurate surface area measufements would require
extremely long times. Extrapolating the surface areas for both V-Mg0
‘and G-Mg0 at higher decompbsition‘temperatures to the lower temperature
G&A region gives an estimate of their‘surféce areas in this region (Fig 31).
The G&A extrapolation in Fig 31 is made from one measurement at 350°C by
assuming parallel slopes. Thié assumption is based on the similarity of
the surface area vs temperature curves for the two different materials
shown in Fig 23, and the surface area vs time curves in Fig 29. With
the estimated surface area, it was possible to approximate the total

surface energy, E , in the G3A temperature region uSing values for

surf
the Mg0 specific surface energy that are close to the theoretical and

experimentally measured values as given by Boffi and Ricci”5 (App XV).

The equation for calculating the E is also given in App XV.

surf
The molar surface area at 200°C is estimated from Fig 31 to be
~ 10,500 m2 / mole of G-Mg0 when éxtrapo]ated from the datum at 350°C.

If the maximum specific surface energy is taken as near the theoretical

value of ~1500 mJ / m% , an E

surf of ~15.8 kJ / mole for G-Mg0 is

calculated.

Using the smallest value for the G-MgO molar surface area from Fig 28,
~ 3000 m2 / mole of G-Mg0, for material decomposed at 300°C, a molar surface
area is estimated from Fig 31 to be~6000 mz / mole of G-Mg0 at 200°C.

This gives a maximum E of ~9.0 kJ / mole of G-Mg0 for the same

surf

specific surface energy as above. Thus, the range of E at 200°C

surf
is 9.0 - 15.8 kJ / mole for G-Mg0. For V-Mg0 a value of ~28.0 kJ / mole

is calculated from an extrapolated molar surface area of ~18,700 m2 / mole
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of V-Mq0.

The E. ¢ for annealed Mg0 is ~2.5 kd / mole for G-Mg0 and

~4.0 kdJ / mole for V-Mg0. Hence, the change in the total surface energy,

AEs ur
and ~24.0 kJ / mole for V-MgO.

P decomposition at 200°C is~6.5 - 13.3 kJ / mole for G-Mg0

The specific surface energy would have to be at Teast~3000 mJ / m2

4

to yield the ~48 kJ / mole required to explain a factor of ~10" difference

in the vapor pressures at 200°C in terms of the solid Mg0 total surface

Mg0

surf ° This high value could be expected only if a much higher

energy, E
energy plane than (100)Mg0 or a combination of such planes were exposed
during the Mg0 formation from the decdmpoéition, but this is unlikely
to occur since the (100)Mg0 plane is electrica]1y neutral and a stable
equilibrium plane.

Solution Calorimetry(AH )

soln

Mg0 heat-of-solution GAHgg?n ) data collected by various researchers
- over many year‘537’7:‘3’98’“6 are compared in Fig 32, which plots the AHEg?n

at 25.0°C against the temperature at which the Mg0 was prepared. A few

samples were prepared in vacuum, denoted by v in Fig 32, but most were

Mg0
soln

approaches a constant value near higher temperatures of decomposition or

prepared in air. None were prepared in Knudsen cells. The 4H

annealing as shown in Fig 32. This result is consistent with my data
plotted in Fig 23, which show that as Mg0 anneals, the surface area and

integral breadth also decrease to a constant value. Fig 32 shows

Mg0
soln

and the lowest, 200°C , temperature. This probably represents only a

~15 kJ / mole of Mg0 difference in AH between the highest,'1400°C,

surface area effect, since the‘va1ue closely corresponds to that for
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At at 200°C that was calculated previously from extrapolated |

surf
surface areas. This can be shown by calculating an average specific

surface energy, ¥ , for the Mg0 used in these kinds of AH

Mg0
soln

soln experiments

using differences in AH with temperature from Fig 32, and the
estimated corresponding surface area differences from Fig 23 for G-Mg0.
The average specific surface enefgy calculation is shown in tHevlower
portion of App’XV. A value of ~1750 mJ / m2 is obtained, which is close
“to the ~1500 mJ / m2 used as the maXimum value for (100)Mg0 used to'

values also shown in App XV. Various investigators
115,117-119 84,114

calculate the E
surf

have theoretically calculated or experimentally measured

the specific surface energy of MgO.

Mg0
soln

ngO , shown in Fig 33, indicates that within the ~15 kJ / mole scatter

‘The plot of AH as a function of the extent of decomposition,

in the data there is no dependence of the heat-of-solution of the solid
reaction product on the extent of reaction, and the samples prepared in
open crucibles did not have significantly higher heats-of-solution than

those prepared in Knudsen cells. Thus, the'degree of vacuum or PH 0

Mg0 2

over the sample has no significant effect on the measur‘edAHSO]rl .

The dashed line in Fig 33 is the heat-of-solution for an annealed sample
of Mg0 that is taken as the macrocrystalline equitibrium Mg0 at true
equilibrium. This true equilibrium is taken to correspdnd closely to
that of Giauque and Archibald. Thus, this heat-of-solution is taken as
the reference stéte to which Mg0 prepared in Knudsen cells as well as

in open crucibles is compared. The NBS value indicated in Fig 33 was

120 for a sample of low surface

calculated from NBS thermochemical data
area Mg0(c) (App III). Clearly, under Knudsen cell conditions the solid

product of Mg(OH)2 decomposition does not show the excess heat-of-solution
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of ~48 kJ / mole of Mg0 which is required to explain the large difference
in the observed and calculated vapor pressures. The exp1anation lies

elsewhere.
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GENERAL DISCUSSION

The measurements reported here eliminate a number of possible
explanations of the discrepancy between the apparent heat-of-reaction

for,

Mg(OH),(s) = Mg0(s) + H,0(g)

calculated from Knudsen cell data, and that calculated from static manometry
and calorimetry data. Calorimetry data had been obtained from the static

manometry samples. The possibility that the discrepancy arose because the

4

Mg(OH) used'in the Kay and Gregbry study or the Mg0 produced by its

2
decomposition in Knudsen cells was in some manner profoundly different in
properties from the Mg(OH)2 or Mg0 for which the static manometry and
calorimetry measurements had been made was eliminated by carrying out
measurements as a function of the extent of reaction on the same Mg(OH)2
starting material for which the 1étter measurements were made.

My effusion results agreed both in terms of the steady-state pressure,
Ps ,'and the condensation coefficient, c , with those reported before.
‘Kay and Gregory give a very low value of ¢ jrrespective of the effective
surface area, AS , determined by varying Knudsen cell Qeometry, and is
consistent with what I obtain if the total surface area of the sample of
brucite platelets for an average sample size is used instead of the cell
cross-sectional area in the condensation coefficient calculation previously
discussed. A low value of the condensation coefficient is an experimental
manifestation of a kinetic barrier in the decomposition process

The very low PS that I obtained decomposing G-Mg(OH)2 at 300°C under

Knudsen cell conditions very similar to those used by Kay and Gregory when
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their data at 235°C (their maximum decomposition temperature) was linearly
extrapolated to 300°C in Fig 4, confirms their observations of very low
pressures and establishes that the phenomenon is independent of the

starting material used. This is shown in Fig 11.



- 43 -

SUMMARY & CONCLUSIONS

Kay22 demonstrated that the zero-orifice extrapd1ation for the Mg(OH)2
decomposition does not yie]d H20 pressures consistent with known thermodynamic
data for the reaction, Mg(OH),(s) = Mg0(s) + H O(g) . The agreement
of my Knudsen cell data w1th those of Kay means that the zero- or1f1ce
extrapolation used for brucite platelets can be extended to a reagent

powder. ~ More importantly, the agreement demonstrates that the low steady-
-state pressures observed when decomposing Mg(QH)2 in small orifice Knudsen
:cells is a genera] pnenomenon for'Mg(OH)2 decomposition pnder”tnose
Veonditidns, and is thus 1ndependent.of¢the way in which the starting

material was formed or prepared The decompos1t1on kinetics, therefore,

~do not depend on reactant or product part1c1e s1ze, part1c1e s1ze distribution,
poros1ty, gross part1c1e morphology, or part1c1e ‘surface morphology.

The low H,0 equilibrium pressures in effusion cells would be consistent

2
with a decompos1t1on react1on that yields a metastable form of Mg0 or a
| metastab]e MgO - HZO so11d so]ut1on as indicated by MgO in Fig 34.

If, in Fig 4, the data of Giauque and Archibald and Kay and Gregory
are extrapolated to zero ordinatev(l/T = O), the intercepts for the two
plots are very close, indicating that the standard entrooy change in the
Knudsen cell measurements of Kay and Gregory is'nearly the same as found
for the equilibrium system of Giauque and Archibald. This is consistent
with the thesis that the apparent equilibrium in effusion cell experiments

can be of the typelO]

(Mgo)n'(Hzo)n = (Mgo)n'(HZO)n-l + HZO(Q) s

because the entropies of reaction depend primarily on the number and kinds
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of gas molecules produced or consumed in a reaction.

The on1y product phase identifiable by X-ray diffraction‘is normal
Mg0, and my calorimetric data give no indicatfon of the existence of the
~48-kJ / mole of energy that could account for the presence of a metastable

phase7,26,81—84

in any significant amounts. Perhaps the so]id product

of the reaction which produces the measuréd H20 pressures in effusion

cells coujd be a transient metastable MgO’or'Mg(OH)2 - Mg0 solid

so1ut’ion]0'I (Fig 34) in significant quantity. Perhaps it forms in small

volume elements during the decomposition and returns to the nearly completely

stable Mg0 by a rapid exothermic process when 1nterna1 strains trigger

a martensitic-type transformatfon?g The blow-out of sample which was

sometimes observed (Figs 12 8 13) after a steédy—state decomposition had

been established may indicate that an unstable phase is formed during

‘decomposition. Such an unstable phase might usually transform intd small

volume elements, expe]ling retained water without éufficient force to

cause sample b]ow-out, but could sometimes have the local transformation‘

generate sufficient heat to initiate nearly simultaneous transformation

through enough of the sample to expe1 enough retained water tq cause blow-out.
A metastable phase that decomposes and creates thermal stfains during

temperature cycling would perhaps explain the increase in PS , when even

. for a short time, the sample heating was temporarily discontinued, as was

observed by Kay and Gregory. The initial PS on resumption of heating was

much higher than PS at the time the sample heating was interrupted. This

effect could be reproduced many times

An alternate explanation might be the transient formation or exposure

of higher energy surfaces such as the (111)Mg0, during the continuous
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decomposition in the Knudsen cell. These surfaces rapfd]y vanish when
the Mg0 statica11y'equilibrates for even a very short time during the
sample trahsfer. This could involve rapid-sub-monolayer water molecule
adsorption on the exposed high energy surfaces whén the continuoué
decomposition reaction ceases, lowering their‘ehergy to very near that of.
~the true.eoui1ibrium state. A chénge_in §Ome of theipfoperties,of the
Mg0 surfaces exoosed~during'the decomposition such as soecific surface

energy or surface defects may also tontribute to the explanation.
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Table 3. Surface Area vs Percent Retained Water for Temperatures
Less Than 370°C. My Data ' _

T(°C) - time(hrs) Retained H20 Surface Area
‘ (mole %) (mz/mo1e Mg0

V-Mg(OH), / U-tube & low vacuum
2 - .
14735

260 150 7.2
265 110 -17.6 16815
280 66 11.5 13440
280 168 14.8 11150
300 5 4.0 8790
310 3 15.0 15020
310 . 14 ‘14.0 20943
340 ‘ 0.33 14.0 17583
340 24 13.2 16715
350 0.75 9.9 14680
350 0.25 8.0 16613
350 0.75 5.8 13637
350 0.50 2.0 16078
G-Mg(OH)2 / U-tube & low vacuum
350 0.25 9.0 6064
340 5 4.0 5587
350 1 3.0 8955
350 0.25 5.0 6390

G-Mg(OH)2 / Knudsen cells & high vacuum

300 3 19.6 2160 (open cell)
300 3 12.6 3851 (closed cell)
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Table 4. Surface Area vs Percent Retained Water for Temperatures

Less Than 370°C. Livey et a1.37 Data.
T(bc) time(hrs) Retainéd H20 Surface Area
| (mole ) - (m’/mole MgO

Air-prepared samples

380 2 3.72 . - 11100

500 1 2.0 7250

700 1 0.75 1490

1000 1.75 0.15 360

1380 1.75 0.12 180
Vacuum-prepared samples

380 3 4.0 -

540 1.17 1.4 6250

770 1 0.32 2100

1000 1.75 0.20 1340

1340 - 1.75 0

.86 810
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APP 1

Outline of Giauque and Archibald Calculation of Entropy for H20(g)

; Gfauqué and Archibald measured: N
" -Heat Capac1ty (C ) for G- Mg(OH)n & G-Mg0 from 20 K to 300 - 320 K
v-Heat-of-Reactwnv(AHr'xn ) for G- Mg(OH)2 decompos1t1on to G-Mg0 .
~indirectly by heans of the Heat-pf—Solthon (AHso1n ) of G-Mg(OH)2
rana G40 at 298 K. | o |

- G1auque and Arch1ba1d obtained the fo110w1ng resu]ts

-Entropy of G- Mg(OH)2 & G MgO ( SMg(OH) and - SMgo ) using S j o d(]nT)

-Entropy of H O(g) ( Sca]C ) us1ng a]] of the above information in
2

the equation . AH :
S -5, 4+ —TX o RT1n P

calc _
S S Mg0 ST eqm

H,0 ‘» Mg(OH)2

- Giauque and Aréhiba]d obtained the following results:

. " | calc band
T AMrn _ Peqm 3 SH,0 >H,0
v 2 | 2
(K) (kJ / mo]e) ' (Pa) (J / deg-mole) (J / deg-mole)
463 ‘82.8 2654 203.55 . 203.84

485 82.4 7252 205.48  205.43
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APP 11

The Dynamic Knudsen Effusion Method

Diff. _ N
Pump H,0 B '
' ¢——— (Constant T
4 (I
Knudsen

g

From measurement of the sample weight-loss during_thermal vacuum
decomposition, the quantity of water NH20 (moles), that escapes through
an orificg of area A (cmz) in a time of t (min), the flux , JHZO,
(moles / cmz-min) of the escaping water can be calculated using,

3y 0= —=

From JH 0 (moles / cmzqnin), the molecular weight of the vaporizing
2 .
species, M (gms / mole), and the temperature, T (K) , the maximum steady-
state equilibrium pressure, PS (torr) , in the Knudsen cell can be calculated

using the HKL equation with the appropriate constants substituted. Thus,

1/2
_ (MT) _ - 1/2
P 760 ges JH20 1.217 JH20 (T)

The PS as a function of T can be plotted on a Log P vs 1/T plot to '
yield ISH. and AS° from the slope and intercept respectively, using,

_ AH 1 AS
Log P =-737 7T * 73R
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APP II1

Calculations of Heat-of—So]ution@AHgo]n) from Heat-of—Formation(AH;) Data120

AH

®coln = Heat-of-Solution in 1.0 M HC1 at 25.0°C; (aq) at standard state,

m=1

AH?
( soln)(1LM92+(aq) + 2C17(aq) + 2H,0(1)

(1) Mg(OH),(c) + 2HCT(1)

AHg aHg NN aHS
K. (-924.7) + (-165.4) (-466.9) + (-167.4) + (-285.8)
(AHZo1n Y1) = [(AH;3 + 2AH;4 + 2AH;5 ) - (AH;] + 2AH;2 ) ]

-117.8 kJ / mole

Note: Compare with the values at the bottom of APP XI.

V-Mg(OH)2 = -113.1 kJ / mole

(AH? )
soln 6-Mg(OH), = -112.0

(AHZ 1)
(2)  Mgo(e) + 2ne1(1)—10(Bpyg® (aq) + 2017(aq) + HO(1)

AH‘f’ (-601.7) kJ / mole (macrocrystalline Mg0)

6
= (-597.9) (microcrystalline, finely divided, or

high surface area Mg0)

= (-554.0) (IF Mg0 metastable by 47.7 kJ / mole) ??

i) () = LK v 2AHg e oy

) - (AHS +24HS ) ]
3 fe - f

5
= -155.0 kJ / mole (macrocrystalline)

= -158.8 (microcrystalline, finely divided, or
high surface area Mg0)

= -202.7 (IF Mg0 metastable by 47.7 kJ / mole)



- 64 -
APP IV

" Giauque & Archibald Mg(OH)2 Synthesis Procedure

Use the following quantities of reagent-grade materials in a
600 m! Chemware™ teflon beaker with its 1id. (This particular brand of
teflon will not soften significantly below 240°C from repeated tests in
our laboratory. It was rated by the manufacturer not to collapse below
280°C.)

343.75 gms reagent-grade KOH
12.12 gms reagent-grade MgC12’6H20
60.75 mls distilled H,0 ‘

Weigh out the KOH pellets using a small 150 ml polyethylene
"beaker. This usually requires about four separate weighings
of ~85 grams each. In the same beaker, but rinsed clean of KOH, weigh
out the MgC12‘6H20, then add 50 mls of the distilled water to it &
dissolve the solid. Pour this solution carefully into the 600 mi teflon
beaker containing the KOH. Rinse the 150 ml beaker with the
additional ~11 mls of distilled water & pour this into the KOH beaker.
Swirl the KOH beaker gently to mix, cover it with the teflon 1id, & put
it into a laboratory oven at ~220°C for~1 hour until a transparent
liquid results. Turn off the oven & allow to cool toa25°C
over ~10 hours. Dissolve the solid mass out of the beaker with
distilled water & filter through a 2-inch fritted disc glass funnel with
aspirator-assisted 1 liter vacuum filter flask. Wash thoroughly free of
KOH & oven dry for several hours at 125°C. The solubility of the
Mg(OH)2 is Tow (9 mg/L @ 18°C) relative to the KOH; thus, it will appear
as tiny flakes floating on the dissolving solution. 3.48 gms is the
maximum theoretical amount from this size charge of reactants. The
actual ammount obtained is~s3.4 gms, givinga-98% yield in repeated
syntheses.



Si
Al

Fe
Ca

Ba
| Na

" Cu
“Ni
Mn
Ag
Pb
c1
o
50,4
PO,

K2 *
G-Mg(OH)2 V-Mg(OH)2 G&A
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APP V

Spectroscopic Analytical Results for Mg(OH)2

19

k8621222 (see Note below)

40 ppm 2500 ppm ~ 1000 ppm .
130-100 100 - 1000
2000 1
150 200 1000
250-600 1500 1000 -
10 10
700 |
: v 1500 ppm 10
20 200 | 10
200-300
20 o 1000
5 10
1
0
50

Note: K&G used natural bruéite‘(Texas Brucitjé)for almost all
experiments (except a short series using Bake

Mg(OH)2 powder). K&G gave no elemental analysis of their brucite
or Mg(OH)2 powder. The K&G values shown above have been averaged

reagent-grade

from values for brucite (Canadian & Rhodesian Brucite) from other

sources.38’52

*
Analyses done by American Spectrographic Laboratories,
San Francisco, CA.
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Calculation of the Mole Fraction and the Weight Fraction

Mg(OH),(s) = Mg0(s) + Hy0(g)

=
[}

starting weight of Mg(OH)2

E 3
"

~ weight of mixture at some point in the decomposition
(the mixture consists only of Mg(OH)2 and Mg0).
MMg(OH)2 = molecular weight of Mg(OH)2
MMgO = molecular weight of Mg0
MH20 molecular yeight of HZO

58.326 grams/mo1e‘
40.312 grams/mole
18.015 grams/mole

XMg(OH)2 & XMgo mole fractions of Mg(OH)2 & Mg0, respectiYe1y :
wMg(OH)z & wMgO = weight fractions of Mg(OH)2 & Mg0,respectively

Wy - W . '
= moles of HZO lost = moles of Mg0 formed
M ,
H20
MO T T . P o » Kmg(on), T 1 *mgo
_ (w. - wq) M .
Mego = o1, MMQO * Wya (M) 1= Wy
1 H,0 9\thJ, -8

The Mole Fraction and the Weight Fraction are related by,

W - *Ma0" MMg0
Mg0

+

*ga Mmgo *Mg(on), Mg(on),
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APP VII
Mass Balance Test of XMgO Calculated from Weight Loss

Open Knudsen cell has a cross- sect1ona1 area of,v3 5 cm (without the
1id containing the small or1f1ce) '

- Samples dried in dry1ng oven at 125°C for 1 hour, then coo1ed in
dess1cator

~ Run #1: ] 365.6 mg'G-Mg(OH)z, 6. 268 mmoles G- Mg(OH)2
x(0,6911)§[MMgo / MMg(OHEP] grav1metf1c factor

252.7 mg G-MgO (Theofeticé]) = 6.268 mmoles G-Mg0

'Evacuate the system conta1n1ng the carefu]]y we1ghed G-Mg(OH)2
to~2 torr, and then carefully return the system to atmospher1c
pressure. _ I |
365. 9 mg G- Mg(OH)z = 6.273 mmoles G-Mg(OH) ~ NO SAMPLE LOSS from
' : _evacuation of system
: Evacuate the system conta1n1ng the same samp]e careful]y replaced,
toa2 x 10 -5 torr, raise the furnace temperature to 350°C over a

" 10 minute interval, and hold at that temperature for 1 hour to decompose
the G-Mg(OH)2 toa~95% G-Mg0. Now increase the temperature from 350°C to
950°C over a 30-minute interval & hold at that temperature for 3 hours.
The'pressure at 950°C after 3 hours is 2 x 10"6 torr. 100% decomposed.

251.2 mg (Experimentai vield). Ths, —%—g%—%—mgx 100 = 99.41% Yield
Run #2:  409.2 mg G-Mg(OH), = 7.016 mmoles G-Mg(OH)2
282.5 mg G-Mg0 (Theoretical) = 7.016 mmoles

No Evacuation Test. Same decomposition procedure as above (350°C for

1 hour). Temperature increased to 420°C & held for 1 hour

(2 x 10"5 torr). Temperature increased again to 950°C & held for 1 hour
(2 x 10'6 torr). '

282.5 mg (Experimental Yield). Thus, 282.5 mg y 100 = 99.89% Yield
282.8 Mg ki
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X-ray Reflections for Mg(OH)2 & Mg0 from ASTM/JCPDS Files* & My Data

26 Cuke ™ 28 Fekae  I/1_ (hk1) d-ASTM/JCPDS = d-My Data

] <]

80 001

Mg(OH), 18.6° - 23.3° 4.770 A 4.813 A
File 33.0 41.6 6 100 - 2.725 2.730
7-239  38.0 48.2 100 101  2.365 2.370
50.9 65.4 55 102 1.794 1.796
58.7 76.0 35 110  1.573 1.575
62.1 80.8 18 111 1.494 1.493
68.3 - 89.7 16 103 1.373 1.372
68.9 90.6 2 200  1.363 1.364
72.1 95.4 12 201  1.310 1.310
80.6 108.7 2 004  1.192 11.193
81.3 109.9 10 202 1.183 1.185
87.2 120.1 2 113 1.118 1.118
Mg0 37.0 47.0 10 111 . 2.431 2.436
File 43.0 54.8 100 200  2.106 2.111
4-0832 62.4 81.2 852 220 1.489 1.491
74.8 99.4 4 311 1.270 1.270
78.7 105.6 12 222 1.216 1.216
94.1 133.7 5 400  1.053 1.055

*See also Ref. 91.
**X-ray wavelengths of Cuky & FeKg are 1.542A & 1.937A , respectively.
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Integral Breadth Calculation & FWHM Measurement

The Integral Breadth (IB) is defined as the total peak area divided
by the maximum peak heightgz’93 as measured from the peak baseline near
the center of the peak. Thus,

_ Peak Area
IB = Peak Height

The FWHM was measured at the point of half the maximum héight with a
metric rule to the nearest 0.5 mm. |
The peak area was measured with a planimeter to the nearest 1 mmz.

The chart paper conversion constant is 727.8 mm / radian.

Principal peak reflections in 28 degrees:

(101)Mg(OH),  (200)Mg0
Fek (1.937A ) 48.2° 54.8°
[]
Cuk (1.542R ) 38.0 43.0

Over the range of decomposition ~0-95% the FWHM remained relatively
constant for both starting materials & their respective products.

FWHM (101)6-Mg(0H) -6mm = (5.50 -_8.24)x10'3 radians
2 - _

(101)V-Mg(OH), ~ 7 -8 = (9.62 - 10.99)

(200)6-Mg0 = 16 - 23 = (21.98 - 31.60)

(200)V-Mg0 =29 - 36 = (39.85 - 49.46)
Sample calculation:

2 .
- 659 mm”  ,radian . 7.5 x 1073 radians

IB(101) " 7121 . 727.8 mm
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Admixture Test for Sampling Handling Error

V-Mg(OH)2 and Annealed G-Mg0 were mixed in different proportions
and vacuum ampoulized. The AHso]n of these mixed samples were measured.

25°C

AHso]n

of V—Mg(OH)2 = -1939.7 J / gm = -463.6 cal / gm (App XI)

‘Anig]g of Annealed G-MgO = -3793.2 J / gm = -906.6 cal / gm = -152.9 kJ / mole
The value for the AHZ>C
two measurements of Annealed G-Mg0 from each of three different batches

for the Annealed G-Mg0 was obtained from

of Annealed G-Mg0 prepared in the same manner, for a total of six

25°C of Annealed G-Mg0. Thus,

measurements of the‘AHso]n

(3 )g = -152.9 £ 0.7 kJ / mole, (og = 0.46 %).

This value, (36 )G , was dependent on five separate calorimeter calibrations
using V-Mg(OH)2 as the calibration standard. (See App XI). Thus,

(35 )y = -471.9 + 5.8 chart divisions / gn of V-Mg(OH), , (05 = 1.23 % ),
and, the Calorimeter Calibration Factor (CCF) becomes,

-1939.7 J / agm of standard
471.9 chart divisions / gm of standard

CCF = -4.110 J / chart division

Run #1:  42.00 mg of Annealed G-Mg0 ..... .. =159.31 4
86.10 mg of V-Mg(OH), ..... e, -167.01 J

-326.32 J, expected total

Thus, 311.54 J X100 = 95.47 % for the mixture.

$326.32J p— -311.54 J, actually obtained
for the mixture.
Run #2:  48.30 mg of Annealed G-Mg0 ......... -183.21 J
103.40 mg of V-Mg(OH)y «ovvvvenenennn -200.56 J

-383.77 J, expected

378.12 J 1100 = 98.53 % -378.12 J, actual

Thus, 383.77 9

v
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APP XI

mix
soln

g0

AHZ’o]n from AH of Partially Decomposed Sample at 25°C

Since the partially decomposed sample was a mixture of‘Mg(OH)2

reactant and Mg0 product, the measured AH of the mixture,

: v _ soln
AH2;¥n , contained components from both reactant and pro@uct. The AHsoTn
of only the Mg0, _AHZg?n , had to be calculated from AH':&(n since
complete decomposition to Mg0 could not be achieved at the low temperatures

of decomposition used to prepare most samples.

mix _ ,uMg(OH) Mg0 :
AHso]n AHs0n 2. XMg(OH)2 taH g XMgO
- AiMa(OH),  (q anMgo
B 20 (0 Xugo) * AHsa1r mgo
Hence§ _AHmix ) [A MQ(OH)Z (] - X ) ] .
a0 - - soln " soln Mg0 . MNote: See Figs 32 & 33
. X

Mg0

If the sample is from decomposing G-Mg(OH)z, then,

Mg(OH)
soln

-111976 J / mole

AH 2 = At MIOH), = 56763 cal / mole

soln (After G8A)'°

-458.9 cal / gm ~

-1920.0 J / gm

The V-Mg(OH)2 (Ventron Mg(OH)2 reagent grade powder) was used for the
calibration of the calorimeter since it gave a rapid response and reproduc-
ibility. A value for4AHz;¥2(0H)2 was assigned to it that was an average
value based on measurements made by various researchers19’37’98’99 and
measurements made with this calorimeter here in this laboratory using
electrical calibration. The values agreed with my data within experimental
error of ~2 %. A instrument sensitivity of~5 J was obtained with this

calorimeter.

V-Mg(OH)2
soln '

-27040 cal / mole

AH -113135 J / mole

-463.6 cal / gm -1939.7 J / gm
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APP XII

Surface Area Calculation for a Typical Sample of Brucite Platelets

A typical sample size of~125 mg of K&G brucite platelets, K—Mg(OH)2 R
in the size range 250 - 840 pm ( 550 pnlaverage) was used in the
calculation. Half of the average size ( 275 Fm) was used as the platelet
thickness. The density of brucite as listed in most handbooks of chemical
and physical properites is~2.40 gms /.cm3. From the density of the
brucite in the sample, the volume of the sample can be estimated.

Thus,

of brucite / sample.

2400 mg / cm3 ' ‘

From a typical, average-size brucite platelet of K-Mg(OH)2 .
550 pm
550 pm 275 pm.

the surface area per platelet and the volume per platelet can be calculated.
Thus,

6 pmz / platelet

6 m2 / platelet

1.21 x 10

2 x (550 ’Jm)2 + 4 x (550 um x 275 f"“)
) 1.21 x 107

and,

(550 pm)? x (275 pm) = 8.32 x 107 am® / platelet

=8.32 x 101! m® / platelet
Thus,
5.2 X 1078 3 / sample
- 1 3 = 625 platelets / sample , and
8.32 x 10 m~ / platelet
(625 platelets / sample) x (1.21 x 1078 m® / platelet) = 7.56 x 1074 m2 / sample

-3

= 6.0 x 1073 n° / gn K-Mg(OH),
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APP XIII

Mg0 Partic]e'Sizé Comparison of My Data with Others58
T time . XRD Surface Area - SEM
- " MY DATA
V-Mg0 S . =
© 265°C 45 hrs - . 100A 1A - 5-25 gm
310 3 100 44 - 5-25
6-Mg0 R |
30 3 4 U3 2-20(~350)"
S0 . 3 4 161 2-20(~350)"

' 1*1arge~/350;am hekagdnai'particlés are also observed (Fig.17).

(10,0008 =1 pm )

See also Refs. 74-79.

EUBANK DATA®S TEM
300°C 48 hrs 55 A 0.01 pm
s00 - 85 10.01
500 1 139 0.0l

600 | . 365 0.035
700 , >300 0.05-0.1
1000 12 10.50-1.0
1300 5 5-20
1500 1 20-30
1750 0.3 30-50
2000 0.3 ¥ 50-100

Note:



- 74 -

APP XIV

Particle Size Calculation from Surface Area Data.

7

Assume uniform, non-porous cubes or spheres of edge or diameter d .

6d°.

d

Cubes: S & V=d

Spheres: S

The molar surface area, S , in

< SxM '
S Vxp (1) . M
S
v
P
S _6 h .,
v =3 ° whether have uniform
d = 6xM(1 / Sxp) »
p = X-Ray Diffraction density =
XRD _

3

4D s v=3PR- g

A

S = surface area & V = volume

3

m2 / mole is given by,

molecular weight (gms / mole)

surface ‘area / particle (m2 / particle)

volume / particle (cm3 / particle)

density of particle material (gms / cm3)
cubes or spheres, & from (1),

(2).

molecular wt. x (formula wts. / unit cell)

Avogadro's Number x volume of unit cell

The unit cell volume can be obtained from the unit cell dimensions, which

can be measured with x-ray or electron diffraction.

2x d(200)

cell spacing d(]OO) a value of 2x(2
Goodman's value of 4.20 A obtained by electron diffraction:

unit cell volume becomes,

v = (4.222 x 1078

Now,

P
XRD

d=67.94(1/75),

em)3=7.53 x 10

Using the value of

from my XRD data given in APP VIII, gives for the FCC Mg0 unit
o

111 A) = 4.222 A. This agrees with
65 Thus, the

23 cm3

= 3.56 + 0.02 gms / cm3 for FCC Mg0, and (2) becomes for Mg0,

(3).
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APP XV

Total Surface Energy as a Function of Several 'Varivab1es

| XMgO 1Mg'0 ) : gurface Area : Equrf
~ (md/ m") (m“ / total moles) (kd/ mole Mg0)
V-Mg(OH), G-Mg(OH),  V-Mg(OH), G-Mg(OH),
- (265°C)  (350°C) -

0.00 1500 2050 s0° . 0707 0.02"

0.25 . 5500 1500 8.25 2.25

0.50 - 19300 3000 - 13.95 4.50

0.75 12900 4500 - 19.35 6.70

1.00 o 16600. 6000  24.90 9.00

- Annealed Mg0- 2700 - 1650 4.05 2.50

Some Spetific Surface Energies for Mg0

115 mJ/mz. '
115

1310113, 1362117, 1448
1040114, 1150115, 1200
2591115
3040117

’ 1( 100) theoretical
f( 100) ° experimental
“((110) , theoretical
-((011) , theoretical

* Surface Area of Mg(OH)2 . FF ¥Mg(0H)2~ 330 mJ / m2 used in calcu]ation.!]2

Equrf = (10'6)(‘Mgo)x(5urface Area) , with units as in above Table

[ Wi01n)350c = @o1n)10000 (160.0 - 152.4) kJ / mole G-Mg0

l_(Surface Area)350°c - (Surface Area)]000°(J (6000 - 1650) m2 / mole G-Mg0

1747 md / me of G-MgO .
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APP XVI

Calcu]ation of Monolayer Coverage on High Surface Area Mg0

~ 0 = Fractional coverage of Mgl surface by H20 monolayer.

At X =1.00 , & = 0.00

Mg0
Assume that have 1.00 mole of Mg(OH)2 to decompose. Thus, ata95 %
decomposed have ~0.95 mole Mg0 andlvo .05 mole undecomposed Mg(OH)2 s
or if, : -
Mg(OH)ZI = MgO.HZO s

then 0.05 mole MgO- H20 0.05 mole MgO + 0.05 mole HZO(ads)
Thus,

Kmg(on), = mgo-n = *mgo * Mo T 10
(0.05 mole H20(ads) / mole Mg0)x(6.023 x 1023m01ecu1es H20(ads)/mo1e H20(ads))

22

= 3.01 x 10°° molecules H20(ads) / mole Mg0

and, _
(3.01 x 1022 molecules H20(ads) / mole MgO)x(15.2x1O'ZOm?/molecu1e Hzo(ads))

2

= 4575 m“ = total area occupied by 0.05 mole adsorbed H20 on 1.00 mole of

Mg0 of high surface area.

From Figs 28 and 31 (also pp 37 & 38 of text) the average surface area
for V- MgO at 310°C and G- -Mg0 at 350°C is 15200 m / mole V-Mg0 and
~6000 me / mole G-Mg0, respectively; and extrapolated to near 200°C (Fig 31)
is ~18700 m2 / mole V-Mg0 and a-10500 m2 / mole G-MgO, respectively. Thus,

QV-MgO )310°C = T%g%% x100 = 30 % of surface covered by H20(adsj monolayer
eV-Mgo )200°c = 13?68 x100 = 24 % " " L " r " .
®6-Mg0 )350°¢C -%%S—S x100=76% ™ v v m wowowwmow
gG-Mgo )200°C = T%%%% x100 = 44 %2 " " " " " " b

Note: See References 104-110 for detaiied theoretical and experimental
discussions regarding adsorption on Mg0.
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FIGURE CAPTIONS

HCP Mg(OH)2 unit cell & dimensions.
FCC Mg0 unit cell & dimensions.

Giauque & Archibald Static Manometry Apparatus & plot of some

of their data.

Comparison of Knudsen Effusion (Kay & Gregory) and Equilibrium
Static Manometry (Giauque & Archibaid) data on Log P vs 1/T
plot. _

(a) P]oé of Whitman-Motzfeldt equation, PS Vs Ao’ extrapolated

to zero orifice area, A, = 0 (after‘Kay &rGregony).

(b) Log P vs 1/T plots for(decreasihg orifice_sizes,(after Kay
& Gregbry). | ; |

Low-vacuum decomposition apparatus.

High-vacuum decompositibn apparatus & electrobalance.

Solution calorimeter with associated electronics & ampoule
bursting device.

Full-scale calibration curve for the Thermistor Bridge setting
(TB) vs Calorimeter Reaction Vessel (CRV) Temperature (Tcalor)‘
Working scale from the calibrationlcurve in Fig. 9.

Plot of feciproca] of Nhitman-Mdtzfe]dt equation, 1/PS Vs AO,
of my data using G-Mg(OH)2[=G&A] in Knudsen cell of decreasing
orifice. (See Eq. (1), p.24 ). Also relevant K&G data plotted.
Relative weight-loss & Actual weight-loss vs time plots using
V-Mg(OH)2[=Ventron] in open Pt basket at 280°C using
electrobalance.

The same as Fig. 12, except at 345°C.
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SEM micrographs at 500X
(a) undecomposed V-Mg(OH)Z.
(b) ~95% decomposed V-Mg(OH)z.

‘Fig. 14(a) at 5000X.

Fig. 14(b) at 5000X.
SEM micrographs at 100X

(a) undecomposed G-Mg(OH)z.

(b) ~95% decomposed G-Mg(OH)z.
' Fig. 17(a) at 5000X.

Fig. 17(b) at 5000X.

XRD spectra of undecomposed G-Mg(OH)Z.

Same as Fig. 20, except~44% decomposed G-Mg(OH),.
Same as Fig. 20, except ~87% decomposed G-Mg(OH)Z.
Sget & (200)Mg0 Integral Breadth.with FWHM vs Temperature.
These are sintering/annealing curves for both V-MgO[=V,Ventron]
& G-Mg0[G,G&A].

(101)Mg(0H)2 & (200)Mg0 peak area with FWHM vs XMgo fof both
V-Mg(OH)2[=V,Ventron] & G-Mg(OH)2[=G,G&A] starting materials.
Closed circles = Knudsen cell conditions & open circles

= non-Knudsen ce]].conditfons.

SBET & (200)Mg0 Integral Breadth with FWHM vs Time at 345°C.
Closed circles & open circles are for the low temperature heat
treatment of~95% decomposed V-Mg(OH)z. Open squares & open
triangles are for SBET & (200)Mg0 Integral Breadth,
respectively, of Mg0 annealed at 1000°C.



Fig 26-

Fig 27-

‘Fig 28-
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(101)Mg(0H)2 & (200)Mg0 Integral Breadths vs XMgo for both
V-Mg(OH)2[=V,Ventron] & G-Mg(OH)2[=G,G&A] starting materials
under Knudsen cell & non-Knudsen cell conditions at similar
temperatures. A | _ _

PS VS XMgo for G-Mg(OH)z[eG&A].decomposition under Knudsen‘cej]
(c]osed:circles)-& non-Knudsen cell (open circ]es) conditions
at the same temperature |

S for both V- Mg(OH) [= Ventron] & G- Mg(OH) [=G&A]

BET VS XMg_o

- under Knudsen cell (closed circles) & non-Knudsen cell (all

' ,fotner Symbols)'conditions at the same & different temperatures.

Fig 29-

Fig 30-

Fig 31-

Fig 32-

SBET vs Time for both G- Mg(OH)Z[ =G&A] & V- Mg(OH) [ Ventron]

,under Knudsen ce]] (c]osed tr1ang]e) & non-Knudsen cell (an

' other symbo]s) cond1t1ons.

.SBET & Relative weight-loss vs Time curves for G- Mg(OH)z[ =G&A]

- under Knudsen cell (closed c1rc1es & c]osed tr1ang1es) &

non-Knudsen cell (open circles & open triangles) cond1t1ons at

300°C.

SBET VS Tdecomposition for V-Mg(OH)2 (open circles) & G-Mg(OH)2
(c]osed'circ1e) under non-Knudsen cell conditions.
Mg0

AHso]n

' Temperature for Mg(OH)2 prepared & decomposed under
various conditions by various researchers over the years. The
v denotes that the MgO samples were prepared under vacuum

conditions.37



Fig 33-

Fig 34-
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1&#“01“ Vs XMgo for G-Mg(OH)2[=G&A] under Knudsen cell (closed

circles) & non-Knudsen cell (open circles) conditions at 300°C.

The annealed sample indicated in the figure'was prepared at
1000°C for 10 hours under vacuum,
Hypothetical Gibbs Free Energy vs Compos1t1on d1agram for the

system Mg0 - Mg(OH)2 - HZO'

*y
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HCP Mg(OH)»
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FIG 1



XBL 823-288

FIG 2
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Constant T

15 days

XBL 8110-1433

FIG 3
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Ps = Poq (1 + AgW/Aga)

2.6 x 107°
(0.002 torr)

R |
AH,,, =130.5 kJ/mole

. ¢

| | N,
2.0 2.2 2.4
1000/T (K)
(b) XBL 81101435

FIG 5
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