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ABSTRACT 

Thermodynamic Anomaly ir. Mg(OH)- Decomposition 

Thomas Anthony Reis 

( PhD Dissertation ) 

The purpose of tne research reported here is to investigate the 
origin of the discrepancy in the equilibrium water vapor pressure 
measurements for the reaction Mg(0H)2(s) = MgO{s) + H~0(g) when 
determined hy Knudsen effusion and static manometry at the same temperature. 
For this reaction undergoing continuous thermal decomposition in Knudsen 
cells, Kay and Gregory observed that by extrapolating tin steady-state 
apparent equilibrium vapor pressure measurements to zero-orifice, the 

-4 vapor pressure was ~10 of that previously established by Giauque and 
Archibald as the true thermodynamic equilibrium vapor pressure using 
statistical mechanical entropy calculations for the entropy of water vapor. 
This large difference in vapor pressures suggests the possibility of the 
formation in a Knudsen cell of a higher energy MgO 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(0H) 2 used as a starting material, which 
confirms the inferences of Kay and Gregory. Thus, most forms of Mg(0H) 2 

are considered to be the stable thermodynamic equilibrium form. 
In efforts to determine if metastable MgO is being formed, methods 

such as x-ray diffraction, surface area analysis, therroogravimetry, 
scanning electron microscopy, and solution calorimetry were used to 
characterize Mg(0H)_ samples after partial or complete decomposition, 
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in terms of structure, part ic le size, surface area, porosity, morphology, 

and heat-of-formation. 

X-ray d i f f ract ion results show that during the course of the reaction 

only the equilibrium NaCl-type HgO is formed, and no di f ferent phases 

result from samples prepared in Knudsen ce l l s . Surface area data indicate 

that the HgO molar surface area remains constant throughout the course 

of the reaction at low decomposition temperatures, and no signif icant 

annealing occurs at less than 400°C. Scanning electron microscope 

photographs show no change in part ic le size or part ic le surface morphology. 

Solution calorimetric measurements indicate no inherent higher energy 

content in the MgO from the sol id produced in Knudsen ce l l s . 

The Knudsen cel l vapor pressure discrepancy may ref lect the formation 

of a transient metastable MgO or Mg(OH).-MgO solid solution during 

continuous thermal decomposition in Knudsen ce l ls . 

Al—W- A*"**! 
Alan W. Searcy, Chairman, 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 
1 2 centuries.' Initially, 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(0H)2(s) = HgO(s) + H 20(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 Giauque and Archibald in order to demonstrate that statistical 

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 H ?0(g) pressures measured 
23 24 for the reaction by the Knudsen effusion method ' is known to yield 
22 25 the true equilibrium pressure for many reactions but has since been 

shown to yield for dolomite, also apparent equilibrium pressures which 
are many orders of magnitude below the true equilibrium pressures: 

The purpose of the research reported here is to investigate the 
origin of the discrepancy between the manometric measurements of the 
H.O(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 (KSG) in Knudsen effusion cells. 
Probably the discrepancy originates in some characteristic common to 
many decomposition reactions. 
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Many researchers in different groups, and separately, have each 
done extensive research on the Mg(0H) 2 decomposition reaction and its 

?7-fi7 

solid product in some way over the last four decades. In particular, 
x-ray investigations by many researchers have been done on Hg(0H) z 

and MgO from its decomposition, and as a result, the Mg(0H)2(s) - HgO(s) 
system has been carefully characterized crystallographically. Recent 
investigators have found only two solid phases, Mg(0H)2(s) and HgO(s), 
when high purity Mg{0H)- is used, whether natural brucite or chemically 13 prepared reagent powder. Intermediate phases such as "metabrucite" 18 or a spinel-like solid, 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 result of a high iron impurity 

44 content in the brucite. 
Mg[0H)- crystallizes in layered Cdl~-type structure as shown in Fig 1. 

Natural brucite often occurs as very pure, well-crystallized, and easily-
cleaved crystals. The structure is composed of hexagonal close packed 

2+ (HCP) double layers of OH" anions. The Mg cations occupy all the 
octahedral interstices between each pair of hydroxyl layers. The a and 

o a 

c spacings of the hexagonal unit cell are 3.11 A and 4.74 A respectively. 
X-ray studies indicate that there are no significant irregularities in 
the stacking sequence of the hexagonal layers of the Mg(OH),, structure 80 in the brucite crystals. 

MgO crystallizes in the NaCl-type structure as shown in Fig 2. The 
2+ lattice can be viewed as formed of face-centered (FCC) arrays of Mg 

2_ and 0 ions. Each kind of ion is octahedrally coordinated by oppositely 
charged ions. The lattice edge a of the FCC unit cell, which consists 

o 
of four "molecules" , is 4.20 A . 
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Thermal decomposition of Mg(0H)2 in an electron m i c r o s c o p e 3 8 ' 5 0 ' 5 2 ' 6 5 " 6 7 

has been used to determine the orientation between the parent Kg(0H)2 

crystals and the product MgO crys ta l l i tes . The TEK studies confirm the 

conclusion from single crystal x-ray d i f f ract ion studies that dehydration 

of HCP Mg(0H)2 produces NaCl-type MgO in an ordered form. The MgO 

crys ta l l i tes were found to be in parallel array with their <,111> and <110> 

axes parallel to the c and a axes respectively of the parent Hg(0H)2 

crysta l . Consequently, the (lll)MgO planes are parallel to the (101}Mg(0H)2 

or (0001)Mg(OH)2 basal planes of the parent Mg(0H)2 c rys ta l . Above 500°C 

additional reflections were purported to be a result of a change in the 
13 orientation of some of the MgO crys ta l l i tes . No intermediate phases 

were observed in the XRD or TEH studies. 

In order to test the agreement between the calorimetrical ly measured 

entropy of H-O(g) and the values calculated from spectroscopic data, G&A 

careful ly determined the thermodynamics of the Mg(OH)2(s)-HgO(s)-H20(g) 

system near 200°C, by obtaining equilibrium data for the Mg(0H)2 decomposition 

direct ly from stat ic manometric H-O(g) pressure measurements (Fig 3). 

Pressures measured as functions of time rose~0.2 torr(v27 Pa) / day for 

two weeks, but the i n i t i a l measured pressures were only 2 % to 10 % below 
-4 the f inal equilibrium pressures, indicating an immediate r ise from~10 

of the true equilibrium pressure to within ~10 % of i t . An intermediate 

r ise in the vapor pressure when the decomposition was stopped and then 
21 22 resumed, was also observed by K&G ' 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 MgO samples. 
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The G&A equilibrium vapor pressure data near 200°C, when plotted on 
a Log P vs 1/T plot as shown in Fig 4, gives from the slope a heat-
of-reaction (AH ) which agrees with the value determined from their 
calorimetric measurements of tne heat-of-solution (AH s ( ) l n ) 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. G&A corrected 
for retained water in their A H , measurements by assuming that the -»5 % 

retained water was in the form of unreacted Mg(0H)„(s). From measured 
HoO(g) pressures, heat capacities, and AH , , G&A were able to calculate 
the absolute entropy, S U Q , of the water vapor above solid phases, 
Hg(OH)2(s)-MgO(s) (App I). They found that the s"J c agreed with the 
entropy calculated from band spectra, S„aJ] , to within a 0.3 0 / deg-mole 
experimental error. Thus, the manometrically measured vapor pressures 
were the true thermodynamic values for the Mg(0H)„ decomposed and the MgO 
formed in their reaction 

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

81 calculated by Giauque to be~3.3 kJ / mole and ~3.8 kj / mole respectively. 
Equilibrium solid phases are not necessarily equilibrium macrocrystalline 

81 phases, according to Giauque, 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 
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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 properties of macrocrystalline 
phases." 

K&G investigated the decomposition of brucite platelets 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, P , which remained constant throughout most 
of the decomposition. If the reaction was stopped and then resumed, the 
phenomenon was repeated; that is, a higher initial pressure decreased to 
a lower steady-state pressure. K&G plotted P s vs A Q , the Knudsen cell 
orifice area, as shown in Fig 5a, and extrapolated to A = 0. They 
found that P approached a constant value at A Q = 0, which was different 
for each temperature selected, and plotted these values on a Log P vs 1/T 
plot (Fig 5b). The slope givesAH r x n = 130.5 kJ / mole (31.2 kcal / mole), 
which differs from the AH = 82.8 kj / mole (19.8 kcal / mole) measured 
by GSA by 47.7 kj / mole (11.4 kcal / mole). Both are compare ' on a 
Log P vs 1/T plot shown in Fig 4. 

Using DTA, it was observed by Rao & Pitzer 8 2 and others 8 3, that for 
HgO obtained from the decomposition of reagent Mg(0H) 2 and MgCO, , that 
small exothermic (~1.5 kj / mole) peaks extending over a small temperature 
interval (~50°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 HgO to a 
more nearly completely stable MgO. 
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Freund has done some very interesting research on Mg(OH)- decomposition 

using f ine ly divided microgram quantities in a mass spectrometer. His 

results show several maxima in the rate of water vapor evolution, which 

he attr ibutes to the formation of an overlayer of par t ia l l y decomposed 

magnesium hydroxide, 

^ 0 H > 2 . x 0 x / z a x / 2 » x ~ 2 -

The square denotes an anion-sized vacancy l e f t by H-0 molecules in the 

hydroxide l a t t i c e . This hypothesized overlayer, while basically a defect 

layer, is assumed to represent a diffusion barrier for further H-0 molecules. 

When a c r i t i ca l thickness is reached, i t spontaneously re-crystal l izes to a 

cubic MgO, exposing fresh Mg(0H)„ surface. In most other analytical methods, 

a smooth reaction is observed when milligram quantities are used. In a 

la ter publication on the application of x-ray analysis to this reaction, 

Freund and Sperling found by examination of the survival of the (001) and 

(110) reflections of the Mg(0H)„ beyond substantial dehydration to nearly 

anhydrous MgO as well as the sh i f t of these reflections with increasing 

temperature with l i t t l e or no l ine broadening, some additional evidence to 

support this defect structure concept. 

Although the other x-ray d i f f ract ion and electron microscopy experiments, 
7 81-84 as previously described, show no evidence for a metastable ' 

decomposition product, the MgO produced in Knudsen cells might be thermo-

dynamically metastable by about 48 kJ / mole. Such a large difference in 

the heats-of-reaction, i f interpreted as a difference in the heats-of-formation 
o 

of the MgO product,AH f , can be measured indirect ly by means of the 
TMgO „ . 

heat-of-solution of the MgO , AH"=; , in an acid solution (App I I I ) . 
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Thus, 

Knudsen Effusion: Mg(0H)2(s) = MgO*(s) + H20(g) , (JH r x n ) ( 1 ) 

Static Manometry: Mg(0H)2(s) = MgO (s) + H20(g) , (aH r x n ) , 2 ) 

MgO*(s)= MgO(s) . < • % , ) ( 1 ) - ( « „ „ ) ( 2 ) 

In this study, in efforts to determine i f a metastable product is 

formed, Thermogravimetry (TG), B.E.T. Surface Area ( S B E T ) , Scanning Electron 

Microscopy (SEM), X-Ray Diffract ion (XRD), and Heat-of-Solution calorimetry 

(AH , ) were used to characterize Mg(0H)2 samples after part ia l or complete 

decomposition, in terms of structure, part ic le size, surface area, porosity, 

morphology, and heat-of-formation. 
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EXPERIMENTAL 
Starting Material 

High purity Hg(0H) 2 is relatively easy to prepare by various synthetic 
p r o c e d u r e s ! 9 ' 2 7 ' 3 7 ' 3 8 ' 4 4 ' 4 6 ' 6 3 ' 6 6 ' 7 3 ' 8 4 ' 9 8 It is not hygroscopic, corrosive, 
or toxic, making it very easy to handle. 

The Hg(0H) 2 starting material used in the initial experiments was a 
commercial, reagent-grade powder manufactured by Ventron-Alfa Products of 
Danvers, Massachussetts, which will be denoted V-Hg(0H)„ , or simply 
Ventron or V. The Mg(0H) 2 used later as a starting material, denoted 
G-Mg(OH). , or simply G&A or G, was synthesized in the laboratory according 
to the method described by Giauque and Archibald(G&A). 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 research a teflon beaker was 
used. The teflon beaker was tested in the laboratory with the Hg{0H)„ 
synthesis materials in it at 220°C, the required synthesis temperature, 
and found to have satisfactory mechanical stability and chemical inertness. 
Chemical inertness was indicated by no significant change 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. 

Chemical analyses of several natural brucites ' were averaged to 
provide an estimate of the chemical elemental composition of the natural 

21 22 brucite used by Kay and Gregory{K&G) ' in their Knudsen cell experiments. 
They do not report an analysis of their material. This natural brucite 
starting material will be denoted K-Mg(0H) 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 
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material used for raanometric and effusion studies. 

Host experiments i n i t i a l l y done using the V-Mg(OH)- were repeated 

using the G-Mg(0H)2 under the same or similar experimental conditions. 

For experiments that were done in the high vacuum furnace{~10 torr ) 

with a Knudsen c e l l , only G-Hg(0H)2 was used as the start ing material. 

The fact that no signif icant qual i tat ive change in behavior was observed 

with di f ferent start ing materials w i l l be discussed la ter . 

HgO Sample Preparation 

The experimental conditions used in th is research to produce HgO 

from either start ing material resemble Knudsen cel l conditions more 

closely than they do conditions in a stat ic manometric study. 

I n i t i a l l y , V-Mg(0H)2 was decomposed in a low vacuum(~2.0 tor r ) 

apparatus using a quartz hel ix U-tube as in Fig 6. The sample cup of 
2 

the U-tube had a cross-sectional area o f - 2 . 0 c m , and a corresponding 

volume o f - 3 . 0 cm . The extent of decomposition was determined from 

the sample weight loss, with only water assumed to escape. An outl ine 

of the calculation is given in App VI . The va l id i ty of the assumption 

that only water was lost is confirmed to -0 .5 wt % by comparing actual 

and theoretical weight losses for the reaction(App V I I ) . In order to 

minimize powder loss by entrainment during the decomposition, which 

would cause error in the calculations, the exi t arm of the U-tube was 

made into a three coi l hel ix. The U-tube was constructed of quartz, so 

that samples could be annealed in s i tu at 1000°C. However, prolonged 

heating at 1000°C caused SiO- embrittlement and ultimately resulted 

in mechanical fa i lure 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 the 
powdered sample from being blown-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 an diameter by 20 cm long alumina 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 tungsten 
element resistance furnace that uses a large Varian model 0183 silicone 
oil diffusion pump backed with a Duo-Seal model 1397 mechanical pump to 
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 2 
sectional area of ~3.3 cm compared to -2.0 cm for the U-tube sample cup. 
The Knudsen cell becomes simply a crucible when the lid is removed. The 
alumina cell or crucible is more inert and durable at 1000°C than the 
quartz U-tube. The dimensions of the various Knudsen cells and crucibles 
used in this and other related research are given in Tables 1 4 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 cell temperature 
in the high vacuum furnace and electrobalance. This 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 heatinq elements. A maximum set temperature of 
1200CC 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 1000CC 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(0H)2 decomposed in the high vacuum furnace. 

Since the MgO re-hydrated slightly on exposure to air, weight gain 

/' 
i 
i 
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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 starting materials 
were at complete or near complete decomposition. A weight gain of 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(TS) 
Two weight-loss vs time measurements were made using the V-Mg(0H) ? 

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 decomposition temperatures, about 350°C, only~95 % 

decomposition is achieved before the decomposition rate decreases to a 
negligible value. To find a temperature at which essentially complete 
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 'hen 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
ition had been achieved. The temperature for essentially complete 
decomposition by this procedure was found to be 650°C for V-Mg(0H) 2. 

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

40 42 because of the absence of water vapor. Slow heating minimizes sintering 
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of MgO? 3' 3 4 which has been extensively s t u d i e d ? 9 ' 4 7 ' 5 8 ' 6 4 , 8 5 ' 8 6 ' 1 0 2 

Since samples using G-Mg(0H) 2 were prepared in Knudsen cells with 
small orifices, it was a simple matter to measure the time of reaction 
and calculate the flux, J,. Q , from the weight lost and orifice dimensions. 
These samples were prepared in the high vacuum furnace, but without the 
use of the electrobalance. Using the Hertz-Knudsen-Langmuir(H-K-L) 

87 
equation with appropriate values substituted, 

p s - 7 5 0 i S 1 / 2 v • ' ^ v 1 T , 1 / 2 

the maximum steady-state pressure of the water vapor inside the Knudsen 
cell, P , was calculated. H is the molecular weight of the water, 
18.015 gms / mole, the vaporizing species. T is the temperature in degrees 

2 Kelvin, and J„ „ is the flux in moles / cm -min. P is in torr. 

Surface Area(S„„) 
88-90 Surface areas were determined by the B.E.T. method, 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 results was observed regardless of whether the 
sample was rapidly transferred to the standard sample tube and analyzed 
or whether the sample was decomposed 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 MgO samples produced from Mg(0H) 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 lightly dusting them onto a slightly damp 
carbonized substrate. This substrate was prepared from a fine suspension 
of powdered carbon in a viscous, quick-drying organic liquid. A more 
convenient method was to disperse the powdered samples in CC1. immediately 
after their removal from a vacuum or dry nitrogen environment, and then 
apply a few drops of this well-mixed suspension onto a nearly dried 
carbonized substrate surface with an eyedropper. After a sample had dried 

o 

under a drying lamp for 15 minutes, a ~200A gold f i lm was sputtered onto 

the sample. 

X-Ray Diffraction(XRD) 

After surface area measurements were made on a powdered sample a 

portion of i t was rapidly transferred into the 15x12x1.5 mm cavity of a 

specially designed luc i te sample holder for x-ray measurements. The 

powder surface was smoothed with a glass microscope s l ide. The sample 

was irradiated in a Picker model 3488K x-ray diffractometer operating at 
o o 

40 kV and 14 mA using either CuKocO .542A) or FeKot (1.937A) 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(0H)2 and MgO l is ted in the ASTM / JCPDS f i l e (App VII I ) 
91 

and in the literature: 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 
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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 
lowest resolution, was not used since test spectra showed that the principal 
peaks were too small for accurate measurement at this resolution. 

XRD spectra were taken of V-Mg(0H) 2 and G-Mg(0H) 2 , the two different 
starting materials. Several samples of V-Mg(0H)_ and different batches of 
G-Mg(0H) 2 showed no spectral inconsistencies. Using the radiations and 
resolutions already described, spectra were also taken of samples after 
partial or complete decomposition under a variety of conditions, and after 
high temperature annealing. 

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, several area measurements of the same reflections 
were made for each spectrum taken, and the average area calculated. 
Integral breadths (IB) were calculated for these same reflections. The 

92 93 IB is defined as the total peak area divided by the maximum peak height. ' 
Typical calculations are shown in App IX. The IB can be used as a measure 

94 of the degree of crystal Unity. The IB decreases as the peak height 
increases, and a decreasing IB is a measure of increasing crystal Unity. 

Substitution of CuKcc for FeKee radiation causes about a 10-12 degree 
shift in the positions of the peaks of the spectra. But within limits 
of "2 % error, the choice of CuKocor FeKtC radiation made no difference 
in the calculated IB for the same starting material. 

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



- 16 -

within experimental error, of the resolution of the diffractoraeter, 

except for the lowest resolution, 10,000 cps. At th is resolution peak 

heights were too small for accurate measurement, 
v v r c 

I B {101) ' I B {200) ' I B (101) ' a n d I B(200) ' u s e d l a t e r a s notations 

when discussing the resul ts, denote the integral breadth for (lOl)V-Mg(OH), 

(200)V-Mg0 , (101)G-Hg(0H)2 , and (200)j-MgO , respectively. 

The sample was unprotected from a i r during the approximately 20-25 

minutes which were required to do an x-ray diffractometer scan. A re-scan 

at the highest resolution while the sample was s t i l l in the x-ray 

diffractometer, indicated no additional reflections after more than 

30 minutes exposure to a i r . 

Solution Calorimetry(^H , ) 
ig 95 95 

The solution calorimeter ' used in all the heat-of-solution 
measurements(Fig 8) was constructed in this laboratory. The calorimeter 
consists of an acid-filled standard 2 liter wide-mouth dewar flask, which 
is the calorimeter reaction vessel (CRV). The CRV is weighted with 10 lbs 
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, 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 

g 
for any change in resistance of the thermistor lead wires with temperature, 
an additional wire leading to the TB was connected as close as possible 
to the thermistor in the CRV of the calorimeter. 
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The thermistor itself was mounted in the 5 cm thick heat-insulating 
styrofoam lid. An 0-ring was used to fit the lid snuggly into the top. 
Additional holes in the lid were used to admit a stirrer, and also an 
ampoule bursting device at the end of which the sample 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 resistance heater or a coldfinger (Fig 8). 

Small glass beads were 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 ml 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 
Thermos*'ice 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 lids 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 (AH , ) measurement, the CRV temperature 
was maintained constant tx- ± 0.1°C for at least 30 minutes to assure that 
no error was introduced by extraneous heat effects during the actual AH , 
measurement. The constancy of the CRV temperature could be observed on 
a chart recorder. Thus, the apparatus is really a constant heat flux 
calorimeter rather than an sdiabatic 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 i measurement. This temperature rise from an initial equilibrium 
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. 
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 ;iiermometer which is accurate to within 0.01 °C. The CRV 
acid solution temperature (T , ) as a function of the TB setting is shown 
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 f. :ess w i l l be referred to as vacuum ampoulization. 

The other part of the sample was quickly transferred to an x-ray d i f f rac-

tometer sample holder and scanned in the x-ray diffractometer, and then 

vacuum ampoulized. The two parts showed no difference in the i r AH , 

as measured in the solution calorimeter. 

A test for sample handling error on the AH , , shown in App X, gave 

results within 5 % of the theoretical value, and is within the l im i ts of 

oth°»' 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, and the 

bottom flattened to promote easy bursting. The bulb thickness is important, 

especially on the flattened bottom, which must easily break when forced 

against the pin of the ampoule bursting device. Too thin a bulb breaks 

easily during handling and vacuum ampoulization, causing loss of precious 

sample. 

For evacuation, an ampoule was inserted into the Cajon f i t t i n g connected 

to the mechanical pump, shown in Fig 6. A f t e r ^ l to r r 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 signif icant 

amounts r,* the sample powder from being pushed up into the stem during the 

bursting operation. I f sample is in the stem, the solution reaction in the 

CRV is slowed suf f ic ient ly to affect the accuracy of the AH , measurements. 

I t was important to cool the hot lower stem near the bulb rapidly after 

sealing with the torch to prevent Mg(0H)2 decomposition or other changes of 

the sample. Cooling was done with a stream of compressed a i r , 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 

ampoules to determine if any heat effects are associated with bursting the 
evacuated ampoules in the acid solution. None were observed. 

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 HCl 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 measure the HCl solution strength. After 28 AH , measurements which 
included the chemical calibrations, starting with fresh HCl solution, the 
acid strength decreased from 1.00 M to 0.90 H. For two AH , measurements 
of partly decomposed samples and five associated chemical calibrations 
with V-Mg(0H) z , the HCl acid 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 AH _,_ measurement. This correction was found from a so In 
set of t v * ° A H

s o i n measurements and five calibration measurements to be 
less than the error in the calibration of a fresh HCl solution. 

A typical AH , 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(0H) 2 as the chemical 
calibration standard(App XI). A quantity of~200 mg of V-Mg(0H)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 MgO in the part ly decomposed sample UHjjj-j- ) 

was calculated from the measured AH . , as shown in App XI. 

The heat-of-solution of Mg(0H)2 ( A H " 9 J ° H 5 2 ) is accurately k n o w n ! 9 ' 3 7 ' 9 8 , 9 9 

I ts use is described in App XI . Powdered V-Mg(0H)„ was used as the cal ibrat ion 

standard because i t dissolves readily in 1 M HC1 to give a rapid response 

in the CRV. The G-Mg(OH). responded more slowly and gave less reproducible 

results probably because of i t s larger part ic le size and lower porosity, 

which are evident from the SEM and surface area data to be discussed la ter . 
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RESULTS i DISCUSSION 

K&G showed that unusually low steady-state pressures were established 

in Knudsen cells with 0.38 - 1.03 mm or i f ices regardless of whether large 

natural brucite flakes (10x10x0.5 mm), brucite platelets (250 - 840 pm), or 

commercial MgfOH)- reagent powder was used as the start ing material 

(No part ic le size was reported for the i r commercial Mg(0H)2 reagent powder, 

but i t was probably ~30 p i in cross-section, l i ke the commercial V-Mg(OH). 

reagent powder used in th is research). K8G extrapolated measured pressures 

to zero o r i f i ce diameter, as shown in Fig 5a, for the brucite platelets 

only, but for an o r i f i ce of 1.03 mm diameter they found a close s imi lar i ty 

to steady-state pressures for brucite flakes and commercial Mg(0H)2 reagent 

powder. This s imi la r i ty implies that extrapolation to zero o r i f i ce for any 

of their di f ferent start ing materials would y ie ld about the same steady-state 

pressure. This pressure, obtained by means of the Whitman-Hotzfeldt 

equation, ' ' when translated onto a Log P vs 1/T p lo t , 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(0H)~ 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(0H)2 synthesized in this laboratory, 

with Knudsen cells of di f ferent cell and or i f i ce 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/P vs A , the cross-sectional area 

of the o r i f i ce , should be l inear i f the rate- l imi t ing step does not change 

with pressure. Agreement between the extrapolated value in the present 

work, and in K&G's study,~1 to r r , is good. 

A plot of 1/P vs A has a slope of cA , which yields a l inear plot 
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if cA s is constant. The Clausing factor 2 3' 2 4' 1 0 0 of the Knudsen cell 
orifice is assumed to be approximately unity. If A can be estimated from 
the cell cross-sectional area or some fraction of the reactant-product 
surface area, the dissociation or reaction coefficient, c , can then be 
estimated. A low apparent value of c may result from a slow step in 

7 8 
the decomposition reaction. ' 

My data confirm K&G's data for P , which demonstrates that the 
same low apparent equilibrium pressures in the Knudsen cells with small 
orifices are generated whether larger Mg(0H)_ flakes or Hg(0H) 2 powders 
of ~30 jim average cross-section are decomposed; the phenomenon is independent 
of the particle size, porosity, and morphology. 

Table 1 presents some effusion data of K&G, including some experimental 
details such as reaction temperature, physical character of the reactant, 
and Knudsen cell details such as cell and orifice size, and channel length. 
The steady-state vapor pressure, P , is given for different orifice sizes. KE In the lower part of Table 1 K&G's zero-orifice pressure, P , is evaluated 
at 463 K and 485 K, the temperatures at which G&A made their measurements, 
and extrapolated to 573 K (300°C), the temperature at which the present 
measurements were made. It is this Knudsen effusion equilibrium vapor 

KE pressure, P , that differs by four orders of magnitude from the static eqm 
CM V£ A QM 

manometric true equilibrium vapor pressure, P ™ . Thus, Pg™"" TO" * P e a m • 

Table 2 presents correspond^ experimental details and data from my 

effusion experiments. 

Using the P from my G-Mg(0H)2 data in Fig 11,~1 to r r , obtained from 
the extrapolation of the Knudsen cel l o r i f i ce area, A , to zero, the slope, 

6 - 1 2 
- 7 .5 x 10 tor r m , and the effective surface area of the sample, As , 

-4 2 represented by the Knudsen cell cross-sectional area,«<3.3 x 10 m , 
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the Whitman-ltotzfeldt equation in reciprocal form, 

" P s ' ""eqm + V ^ V e q m ' (1) 

yields an apparent dissociation coef f ic ient , c~4 x 10 . K&G obtained a 
-4 value of*18 x 10 under similar conditions. They report a cross-sectional 

area of ~2.~ x 10" 4 m 2 . 

The total surface area for a*»125 mg sample of K&G brucite platelets 
(K-Mg(OH)p ). 550 jjm across (an average of the size range 250 - 840 jim) is 

~7.5 x 10" m (App XII). This is not very different from the Knudsen cell 
cross-sectional area used in the calculation above. If this total surface 
area is used to calculate c instead of the cell cross-sectional area, the 

-4 result is««1.8 x 10 . This result is consistent with the theoretical 
treatments of Rosenblatt and Searcy, which predict that for very low 
values of c the entire surface area of the sample would be effective 
in vaporization. 

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(0H) 2 are similar to K&G's with 
K-Mg(0H) 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 

22 flakes and brucite platelets, although these two starting materials are 
not largely different in specific surface area. G-Mg(0H) 2 and K-Mg(0H) 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-Hg(0H)2: ~ l mZ I gm G^HgO: ^175 mZ / gm 175X 

K-Mg(0H)2: ~ 1 0 ~ 2 m 2 / g m K-̂ MgO: «175 m2 / gm 1750OX 

The surface area of a G-MgO sample prepared in a Knudsen cel l at 300°C 
2 J 

is estimated to be~4200 m / mole (Fi(g 28). Using Fig 31 with this value, 
the surface area near 200°C can be estimated by parallel extrapolation with 

2 ' 

the V-HgO data to be-7500 m / mole. The K-MgO surface area near 200°C 

is assumed to be similar to that of G-ffgO. 

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 thei r equilibrium data as 

well as being close to the midpoint of the temperature 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(0H)2 platelets is calculated in App XII 
-3 2 to be-6 x 10 m / gm. K-Mg(0H)2 is assumed to be similar in size and 

shape to G-Mg(0H)2 , and is also assumed to behave in a similar manner 

during decomposition to K-MgO as a result of the data in Fig 11. Thus, 

a ~125 mg sample would decompose to ~86 mg of K-MgO with a total surface 

of ~15 m 2. 

In Figs 12 & 13 are plotted the weight-loss vs time curves, both 
absolute and relative, for V-Mg(0H) 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 limits of the decomposition temperature 
range used throughout this research. 
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The measured weight-Joss 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 weight lost (Fig 13). 

The "steps" in the weight-loss curves shown in Figs 12 & 13 may result 
102 from localized water vapor pressure build-up in the compacted bed of 

micron-sized, partially sintered particles during decomposition. If large 
enough, this pressure could cause a sudden vapor burst to relieve the 
pressure, causing a quantity of small sample fragments and particles 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 others: 

As can be deduced from the equations given in Figs 12 & 13, the 
corrections for these powder losses shift these corrected relative weight-
loss curves, particularly 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 

4 5 decomposition:' 
O t h e r s 2 7 ' 3 8 ' 5 1 , 5 2 ' 5 9 ' 6 2 have done extensive kinetic research on Mg(0H) 2 

decomposition, using both brucite of various particle sizes as well as 
chemically prepared Mg(0H) 2 reagent powder. Induction and acceleratory 
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27 51 52 VI 
periods were observed in some cases, * and not in others. Where it 51 52 has been observed, ' 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-acceleratory 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 extent of decomposition, X„ Q , on the steady-state pressure, 
P s , for G-Mg(0H) 2 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 P in the closed cell is about 100 times larger than in the 
open cell. The vapor escapes rapidly from the open cell, and the P given 
is the same as the measured system pressure. 

For the cell fitted with the orifice, the dependence of P on X„ Q 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 continuous decomposition profile, yielding an almost instantaneous 
rise of P to a constant value as shown in Fig 27 by the dashed line. The 
gradual decline in the actual P near the end of the decomposition may 
result from a combination of decreasing reactant surface area as the Mg(OH)-
particle shrinks and is covered with a MgO product layer, and hindrance 
caused by diffusion of water vapor through this product layer. 

Decomposition of Mg(0H) 2 does not proceed at measurable rates past 
-95 % , unless the sample is heated above about 400°C. At 650°C almost 

37 100 % decomposition is achieved. Similar results were observed by others. 
The~5 % retained water corresponds to 24-30 % of a monolayer of water on 
the high surface area V-HgO, and 44-76 % of a monolayer on G-MgO (App XVI). 
Presumably the MgO surface anions are largely OH" ions which must desorb 
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as water by the reaction, 

2 OH" = 0 2 " + H 20(g) 

Even heating at-»900°C is not sufficient to remove all the water present 
le of 
103 

as OH" ions! When the MgO is re-heated above ~2000°C, some of the OH 
ions are still present apparently associated with Kg defects. 

The adsorption energy holding OH" groups to the MgO 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 OH" = H20(ads) + 0 2" . 

Different mechanisms of OH" combination reactions to form the less strongly 
adsorbed water molecule are discussed by Freund. Others " have also 
discussed in detail the various theoretical and experimental aspects of 
adsorption on MgO. 

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 viewed 
at high magnification (2000X - 5000X), but at low magnification (100X - 500X) 
the CCI. suspension method showed a more uniform general particle distribution 
over the sample holder surface compared to the powder dusting application 
method. 

Figs 14, 15, & 16 are samples made from V-Mg(0H)„ decomposed in the low 
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vacuum U-tube apparatus at 310°C. Fig 14a shows the V-Mg(0H)2 before any 

decomposition occurs, and Fig 14b shows the same starting material ~95 X 

decomposed. There is no signif icant difference in the appearance. Fig 15 

shows at much higher magnification the part ic le surface morphology of the 

V-Mg(0H)2 before decomposition, and in Fig 16, after ~95 1 decomposed. 

There appears to be no signif icant difference in part ic le surface morphology 

at th is higher magnification as wel l . 

Figs 17, 18, & 19 are samples made from G-Hg(0H)~ decomposed in an 

open alumina cel l in the high vacuum furnace at 300°C. Again, Fig 17a 

shows the undecomposed G-Mg(0H)2 , and Fig 17b the same material ~95 % 

decomposed. Both are al ike in appearance. Figs 18 & 19 show that again 

the surface morphology does not appear to change signi f icant ly from the 

undecomposed G-Hg(0H)2 to the~95 % decomposed G-Hg(0H)2. 

X-Ray Diffraction(XRD) 

Using the two dif ferent start ing materials, XRD spectra were taken 

before decomposition was begun, about half decomposed, and nearly completely 

decomposed. Both FeKee and CuKx radiations at their highest resolution 

were used to scan for anomalous x-ray ref lect ions. Only known reflections 

for Mg(0H)2 and MgO were observed (App VI I I ) regardless of the start ing 

material, apparatus, temperature, or degree of vacuum over the sample. 

XRD spectra for G-Mg(0H)2 , and part ial and nearly completely decomposed 

G-Mg(0H)2 are shown in Figs 20 - 22. CuKs radiation was used. The samples 

for XRD spectra were prepared in a small-or i f ice alumina Knudsen c e l l . 

Corresponding spectra for the V-Mg(0H)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 temperatures up to 1000"C produced 

no anomalous x-ray reflections. Decreasing FWHH and increasing peak height, 
or peak sharpening, resulted from this annealing process. These results 
imply increasing crystallinity, which is also indicated fay the decreasing 

v 
I B?200) ' a s s n o w n i n F'i9 23. 

The d-spacings calculated from the spectra for V-Mg(0H) 2 , V-MgO, 
G-Mg(0H)~ , and G-MgO , regardless of radiation or resolution used, agreed 
with the ASTH / JCPDS values given along with them in App VIII. The 
d-spacings remained constant as a function of the extent of decomposition, 
time at low temperature annealing, and time and temperature at high 
temperature annealing. Sample preparation in a Knudsen cell made no 
difference. 

Both V-«g(0H) 2 and V-MgO have broader peaks than G-Mg(0H) 2 and G-MgO. 
75 The broader peaks may be a result of small particle size or induced 

79 strain incurred during the reaction. App XIII compares my MgO particle 
CO 

size data with those of Eubank, who used dif ferent techniques of measure

ment as well as di f ferent times and temperatures of preparation. The 

V-Mg(0H)2 and V-HgO particles observed by SEM range from -5 pm to -25 p 

cross-section; the G-Mg(0H)2 and G-HgO particles from ~2 jim to ~20 ym, 

with much larger hexagonal p late- l ike particles (Fig 17) having a diameter 

of~350 urn. The dimensions calculated from XRD data, assuming negligible 
o o 

strain, are approximately «40 A to"100 A. 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)MgO 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 X„ ~ = 0. 
This observation implies that the Mg(0H) 2 phase does not lose a significant 
fraction of its water content before the MgO phase nucleates. The 
(101)Mg(0H)2 principal peak of either starting material disappears prior 
to complete decomposition as shown in Fig 24. The early disappearance 
of the (101)Mg(0H)„ peak might result because the Mg(0H)„ particles are 
covered with a layer of MgO thick enough to reduce the x-rays penetration. 
Another possibility will be suggested after surface area measurements 
have been reviewed. 

The (200)MgO peaks increase in height as the decomposition proceeds, 
but the 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 MgO samples were held for from 1 to 15 hour periods 
(Fig 23). When MgO has been annealed at 1000°C for 13 hours (Fig 25), there 

2 1s a decrease in S „ E T from 14,000 to 2700 m / mole; a further annealing period 
of 15 hours at 1000°C causes no further change in the surface area(Fig 25). 

The (101)Mg(0H)2 and (200)Mg0 peak areas and heights at a given point 
in the decomposition are smaller for V-Mg(0H)„ and V-MgO than for G-Mg(OH). 
and G-MgO (Fig 24), whereas the FWHM's shown in Fig 24, and the integral 
breadths shown in Fie ., arc smaller for G-Mg(0H) 2 and G-MgO than for 
V-Mg(0H) 2 and V-MgO. These observations are evidence that G-Mg(0H) 2 and 
G-MgO are formed of larger crystals than are V-Mg(0H) 2 and V-MgO. This 
agrees with SEM data (Figs 14-19) and the surface area data (Fig 28). 
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For Mg{0H) 2 the IB, 1 Q 1» does not change appreciably during the 
decomposition, as shown in Fig 26. For the high vacuum decomposition, the 
V-Mg(0H) 2 curve is approximately the same distance above the G-Mg(0H) 2 

curve as the V-MgO is above the G-MgO (Fig 26), probably because of smaller 
crystals and lower order in the V-Mg(0H) 2 and v-MgO than in the G-Mg(0H) 2 

and G-MgO. 
V G V 

The I B | 2 Q Q , and I B 7 2 0 0 \ ^ o r ^ a r e n o t a s c o n s t a n ' t a s ^^fini> a n t * 
p 

^ f l D l l ^ o r M 9^^^2 f ° r m o s t °̂  t n e decomposition, as shown in Fig 26. 

They both decrease just pr ior to complete decomposition, perhaps because 

in that same composition range, where Mg(0H)2 peaks are not observed, 

removal of water from the MgO phase or i t s surface increases the c rys ta l ! i n i t y . 

The IB, 2 0_> for the V-HgO prepared in a re lat ively low vacuum in the 

helix U-tube is greater than that for the G-MgO prepared in a Knudsen cell 

or in an open cel l in a high vacuum environment, probably because the 

integral breadths are influenced by the relat ive dimensions of the Mg(0H)2 

crysta l l i tes from which the MgO is formed. The integral breadth for G-MgO 

formed in the Knudsen cel l is somewhat less than that for the G-MgO formed 

in an open crucible. This difference probably results because the 

substantially higher steady-state water vapor pressure,-50 x 10 torr 

(-6.7 Pa), in the closed cel l catalyzes the MgO crysta l l izat ion reaction 

over that in the open crucible, in which the H20 pressure is -30 x 10" torr 

(~0.04 Pa), which is 2 orders of magnitude closer to the system pressure 

o f ~ 2 x 10" 5 tor r (~0.D03 Pa). This is shown ^n Fig 27. 

Surface Area(S„„) 

A l inear 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(0H)_ and G-Mg(0H) 2 showed linear behavior. This 
linearity indicates that the surface area per mole of MgO is constant and 
independent of the extent of the decomposition for a particular Mg(0H) 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(0H)» / V-MgO 
system that indicates larger surface areas for lower reaction temperatures. 
An opposite temperature dependence is observed for the G-Mg(0H) 2 / G-MgO 
system (Fig 28), which may be a result of the two very different experiments1 
conditions used for the G-Mg(0H) 2 decomposition there, whereas the V-Mg(0H) 2 

has been decomposed under identical conditions at the different temperatures. 
The higher temperature G-Mg(PH) 2 decomposition shown in Fig 28 was carried 
out in a U-tube, but the lower temperature G-Mg(0H) 2 decompositions were 
carried out in a Cfosed Knudsen cell and the same Knudsen cell with the 
lid 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 initial sample heating 
or measured sample temperature. 

The only other significant experimental difference for the G-Mg(0H)~ 
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 10" 5 torr (v0.003 Pa), 
the system pressure, for the open crucible. Fig 27 compares the steady-

-5 state pressures during continuous decomposition in the open cell (.v30 x 10 
torr) and closed Knudsen cell (<~50 x 10 torr) at the same system pressure 
(MZ x 10" 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 decomposition i t i s th is steady-state pressure that i s the 

effective ambient pressure over the sample, not the system pressure. 

Thus, allowing for the tenfold pressure increase during continuous 

decomposition, the 2.0 to r r system pressure would create a higher water 

vapor pressure above the G-Hg(0H)2 / G-MgO sample than would the 

~2 x 10 tor r system pressure. Thus, water vapor catalysis of the G-MgO 

crysta l l izat ion reaction * * could be responsible for a more rapidly 

formed, less porous, and larger part ic le G-MgO product to y ie ld lower 

surface areas at lower temperatures rather than at higher temperatures 

as with V-Mg(0H)2 decomposition in the U-tube as shown in Fig 28. 

Although the surface area is substantially di f ferent for each 

di f ferent start ing material and i t s product, when they are each decomposed 

at 260°-350°C to between 82-98 mole % , thei r respective surface areas 

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

A correlation of the percent retained water with the surface area of MgO 

along with the disappearance of the (lOl)Mg(OH). XRD peak before a l l the 

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

water molecules. But there is no correlation below 350°C as shown by 
37 my data in Table 3. Above 380°C i t has been shown that there is a 

correlation between retained water and surface area with preparation 

temperature (Table 4). 

FWHM's for the Mg(0H)2 and for the MgO (Fig 24 & App IX) remain 

re lat ively unchanged as a function of the extent of decomposition for 

both reactant and product. Annealing the MgO at 345°C for two weeks does 

not s igni f icant ly decrease the FWHM or IB/LQQX (Fig 25), although the 

surface area is decreased by "50 % of the difference between the i n i t i a l 

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 MgO may result from small particle size, 
o 

wlOO A , and not particle 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 FWHH as a result of relieving the strain during the long 
anneal at 345°C, but this would not affect the surface areas significantly. 

For decomposition temperatures of 300°C and 310°C the surface area 
vs time curves in Fig 29 are similar for the two different starting 
materials. The weight-loss kinetic curve for V-Mg(0H) 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(0H) 2 decomposes faster, creating a larger surface 
area V-MgO product than does G-Mg(0H) 2 to G-HgO. 52 Gordon did extensive weight-loss studies on brucite as a function 
of time at various temperatures, and the shapes of his curves were 
similar to those I obtained at similar temperatures. 

The development 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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i s evident from the SEN micrographs shown in Figs 14a & 17a. The even 

larger difference in the surface area for the completely decomposed 

materials, X j ^ = 1.00 , probably ref lects a difference in the sizes of 

the crysta l l i tes that make up the part icles (Figs 14b & 17b). 

Calorimetrically, the di f ferent start ing materials give di f ferent 

heats-of-solution (App XI) . They are~111.98 kJ / mole for G-Mg(0H)2 

and ~113.13 kJ / mole for V-Mg(0H)2 . The larger surface area of the 

la t te r (Fig 28 & App XV) is probably the principal contributor to th is 

difference, although this difference i s within experimental error. 
2 

A value for the specific surface energy for Mg(0H) 2 of "330 mJ / m 
112 113 112 114 has been given in the literature! ' Others ' discuss some 

methods for estimating the surface tension 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(0H)2 

has a larger particle size than V-Mg(0H) 2 . The SEM micrographs also 
show different particle size distributions and particle surface morphology 
between G-M-(0H) 2 and V-Mg(0H) 2 . These data imply that the V-Mg(0H) 2 

is more porous than G-Mg(OH), , which agrees with what the surface area 
data suggest (Fig 28). 

Since the V-Mg(0H) 2 decomposition produces a steeper slope in Fig 28 
than the G-Mg(0H) 2 decomposition, the surface area per mole of V-MgO, 
although a constant value as the decomposition proceeds, is greater than 
that of G-MgO, 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(0H) 2 vacuum decomposition is so slow near 200°C, the Gtt 
decomposition temperature region, that preparation of the amounts of 
product required for accurate surface area measurements would require 
extremely long times. Extrapolating the surface areas for both V-HgO 
and G-MgO at higher decomposition temperatures to the lower temperature 
GSA region gives an estimate of their surface areas in this region (Fig 31). 
The GSA extrapolation in Fig 31 is made from one measurement at 350°C by 
assuming parallel slopes. This 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 GSA temperature region using values for 
the MgO specific surface energy that are close to the theoretical and 

115 
experimentally measured values as given by Boffi and Ricci (App XV). 
The equation for calculating the E * is also given in App XV. 

The molar surface area at 200°C is estimated from Fig 31 to be 
2 

— 10,500 m / mole of G-MgO when extrapolated from the datum at 350°C. 
I f the maximum specific surface energy is taken as near the theoretical 

2 
value of -1500 mJ / m , an E - of ~15.8 kJ / mole for G-MgO is 

calculated. 

Using the smallest value for the G-MgO molar surface area from Fig 28 , 
2 

-3000 m / mole of G-MgO, for material decomposed at 300°C, a molar surface 

area is estimated from Fig 31 to be-6000 m2 / mole of G-MgO at 200°C. 

This gives a maximum E f of -9 .0 kJ / mole of G-MgO for the same 

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

is 9.0 - 15.8 kJ / mole for G-MgO. For V-MgO a value o f "28 .0 kO / mole 

is calculated from an extrapolated molar surface area of .-18,700 m / mole 
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o f V-HgO. 

The E - for annealed MgO is~2 .5 kJ / mole for G-MgO and 

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

* E s u r f ' o n d e c o m P o s i t i ° n a t 200°C is~6 .5 - 13.3 kJ / mole for G-MgO 

and-v24.0 kJ / mole for V-HgO. 
2 

The specific surface energy would have to be at least-3000 mJ / m 
4 

to y ie ld the ~48 kJ / mole required to explain a factor of -"lO difference 

in the vapor pressures at 200°C in terms of the sol id MgO total surface 

energy, E ^ r f . This high value could be expected only i f a much higher 

energy plane than (100)MgO or a combination of such planes were exposed 

during the MgO formation from the decomposition, but this is unlikely 

to occur since the (100)MgO plane is e lec t r ica l ly neutral and a stable 

equilibrium plane. 

Solution Calorimetry(AH . ) 

MgO heat-of-solution (AH—?.. ) data collected by various researchers 

over many y e a r s 3 7 , 7 3 , 9 8 ' 1 1 5 are compared in Fig 32, which plots the AH"-J° 

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

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

prepared in a i r . None were prepared in Knudsen cel ls . The AH^r 

approaches a constant value near higher temperatures of decomposition or 

annealing as shown in Fig 32. This result is consistent with my data 

plotted in Fig 23, which show that as MgO anneals, the surface area and 

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

~15 kJ / mole of MgO difference in A H ^ ° n between the highest, 1400°C, 

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

surface area ef fect , since the value closely corresponds to that for 
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At . at 200°C that was calculated previously from extrapolated 

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

surface energy, t , for the MgO used in these kinds of AH , experiments 

using differences ' " ^ H A with temperature from Fig 32, and the 

estimated corresponding surface area differences from Fig 23 for G-MgO. 

The average specific surface energy calculation is shown in the lower 
2 

portion of App XV. A value of~1750 mj / m is obtained, which is close 
2 

to the~1500 mJ / m used as the maximum value for (100)HgO used to 

calculate the E . values also shown in App XV. Various investigators 

have theoretical ly calculated ' " or experimentally measured ' 

the specific surface energy of MgO. 

The plot of 4Hj?? n as a function of the extent of decomposition, 
XHoO ' s n o w n i n F i 9 3 3 ' indicates that within the~15 VJ I mole scatter 

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 s igni f icant ly higher heats-of-solution than 

those prepared in Knudsen ce l ls . Thus, the degree of vacuum or P„ Q 

over the sample has no signif icant effect on the measured^n"^r . 

The dashed l ine in Fig 33 is the heat-of-solution for an annealed sample 

of MgO that is taken as the macrocrystalline equilibrium MgO at true 

equilibrium. This true equilibrium is taken to correspond closely to 

that of Giauque and Archibald. Thus, th is heat-of-solution is taken as 

the reference state to which MgO prepared in Knudsen cells as well as 

in open crucibles is compared. The NBS value indicated in Fig 33 was 
120 calculated from NBS thermochemical data for a sample of low surface 

area MgO(c) (App I I I ) . Clearly, under Knudsen cell conditions the sol id 

product of Mg(0H)2 decomposition does not show the excess heat-of-solution 
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of ~48 kj / mole of MgO which is required to explain the large difference 
in the observed and calculated vapor pressures. The explanation 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(0H)2(s) = MgO(s) + H20(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 
Mg(0H)„ used in the Kay and Gregory study or the MgO produced by its 
decomposition in Knudsen cells was in some manner profoundly different in 
properties from the Mg(0H) 2 or MgO 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(0H) 2 

starting material for which the latter measurements were made. 

My effusion results agreed both in terms of the steady-state pressure, 
P , and the condensation coefficient, c , with those reported before. 
Kay and Gregory give a very low value of c irrespective of the effective 
surface area, A , determined by varying Knudsen cell geometry, 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 P that I obtained decomposing G-Mg(0H) 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. 
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SUMMARY & CONCLUSIONS 
22 Kay demonstrated that the zero-orifice extrapolation for the Mg(0H) 2 

decomposition does not yield H-O pressures consistent with known thermodynamic 
data for the reaction, Mg(0H)2(s) = MgO(s) + H„0(g) . The agreement 
of my Knudsen cell data with those of Kay means that the zero-orifice 
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(OH), in small orifice Knudsen 
cells is a general phenomenon for Mg(OH)- decomposition under those 
conditions, and is thus independent of the way in which the starting 
material was formed or prepared. The decomposition kinetics, therefore, 
do not depend on reactant or product particle size, particle size distribution, 
porosity, gross particle morphology, or particle surface morphology. 

The low H„0 equilibrium pressures in effusion cells would be consistent 
with a decomposition reaction that yields a metastable form of MgO or a 

* metastable MgO - H_0 solid solution 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 ordinate (1/T = 0), the intercepts for the two 
plots are very close, indicating that the standard entropy 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 type, 

(MgO) n.(H 20) n = (MgO) n-(H 20) n_ 1 + H 20(g) , 

because the entropies of reaction depend primarily on the number and kinds 



- 44 -

of gas molecules produced or consumed in a reaction. 

The only product phase ident i f iable by x-ray d i f f ract ion is normal 

MgO, and my calorimetric data give no indication of the existence of the 

~48 kj / mole of energy that could account for the presence of a metastable 
7 ?fi ftl-Rd 

phase ' ' in any significant amounts. Perhaps the solid product 
of the reaction which produces the measured H-0 pressures in effusion 
cells could be a transient metastable HgO or Mg(0H) 2 - MgO solid 
solution (Fig 34) in significant quantity. Perhaps it forms in small 
volume elements during the decomposition and returns to the nearly completely 
stable MgO by a rapid exothermic process when internal strains trigger 49 a martensitic-type transformation. The blow-out of sample which was 
sometimes observed (Figs 12 & 13) after a steady-state decomposition had 
been established may indicate that an unstable phase is formed during 
decomposition. Such an unstable phase might usually transform into small 
volume elements, expelling retained water without sufficient force to 
cause sample blow-out, but could sometimes have the local transformation 
generate sufficient heat to initiate nearly simultaneous transformation 
through enough of the sample to expel enough retained water to cause blow-out. 

A metastable phase that decomposes and creates thermal strains during 
temperature cycling would perhaps explain the increase in P , when even 
for a short time, the sample heating was temporarily discontinued, as was 
observed by Kay and Gregory. The initial P on resumption of heating was 
much higher than P 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 (lll)MgO, during the continuous 
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decomposition in the Knudsen cell. These surfaces rapidly vanish when 
the MgO statically equilibrates for even a very short time during the 
sample transfer. This could involve rapid sub-roonolayer water molecule 
adsorption on the exposed high energy surfaces when the continuous 
decomposition reaction ceases, lowering their energy to very near that of 
the true equilibrium state. A change in some of the properties of the 
HgO surfaces exposed during the decomposition such as specific surface 
energy or surface defects may also contribute to the explanation. 
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Table 1. Calculated Steady-State Pressure of Mg(0H)?-Mg0 Under Varying Conditions. K&G Data. 

Starting Material Apparatus *MgO P sxlO J 

Bakei®Mg(0H), Reagent Powder Closed Monel 
L Knudsen Cell 

( dcel 1=16.5mm) 
(Orifice channel length = 0.1 mm) 

orifice 
Brucite Platelets 
-20 + 60 mesh 

(840 - 250 Jim) 

Large Brucite Flakes 
(10x10x0.5 mm) 

K&G zero or i f ice area extrapolation (An=0) at 

(' the temperatures of G&A experiments 

KE 

= 1.03mm 500°K/227°C 0.05 -0 55 1.9 Torr/253 Pa 
= 0.38 2.5 /333 
= 1.03 7.8 /1040 
= 0.38 
= 1.03 " ! 

8.4 
2.6 

/1120 
/347 

(AQ=0) at 463/190 
485/212 

- 1.9 
8.9 

/253 
/1187 

leqm 

V K&G data for A =0 extrapolated to a temperature 573/300 
of my experiments 

1290. /172000 



Table 2. Calculated Steady-State Pressure of Mg(0H)2-Mg0 Under Varying Conditions. My Data. 

Starting Material Apparatus AMgO P s x 10° 

V-Mg(0H)2 Reagent Powder 

G-Mg(OH)., 

Open Pt basket 
o 

(1 cm ) with 
electrobalance 
Open Alumina Knudsen 
Cell 

Closed Alumina 
Knudsen Cells 

orifice 
orifice 

0.38mm 
1.80mm 

Closed Graphite 
Knudsen Cell 

553"K/280°C 

618 /345 

573 /300 

573 /300 

orifice 1.00 mm 
V 

673/400 

0-0.95 

0-0.95 

0.203 
0.484 
0.733 
0.804 

0.603 
0.145 
0.197 
0.441 
0.539 
0.606 
0.678 
0.746 
0.759 
0.874 

0.798 
0.863 

0.84 Torr/112 Pa 

3.40 /453 

0.38 /51 
0.32 /43 
0.44 /59 
0.29 /39 

202 /26933 
26 /3467 
40 /5333 
51 /6800 
67 /8933 
54 /7200 
70 /9333 
46 /6133 
61 /8133 
28 /3733 

35 /4667 
29 /3867 

S 

Note: The orifice channel length =1.0 mm, and the Knudsen cell diameter = 20.5 mm for the alumina 
Knudsen cells, and = 11.1 mm for the graphite Knudsen cell. 
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Table 3. Surface Area vs Percent Retained Water for Temperatures 
Less Than 370°C. My Data 

T(°C) tine(hrs) Retained H 20 Surface Area 
(mole «) (m /mole HgO 

V-Mg(0H)2 / U-tube & low vacuum 
260 150 7.2 14735 
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)- / 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)- / 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 Th-m 370°C. Livey et al. 3 7 Data. 

T{°C) time(hrs) Retained H 20 Surface Area 
(mole %) (m2/mole HgO 

Air-prepared samples 
380 
500 
700 
1000 
1380 

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 

2 3.72 11100 
1 2.0 7250 
1 0.75 1490 
1.75 0.15 360 
1.75 0.12 180 
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APP I 

Outline of Giauque and Archibald Calculation o f Entropy for H~0(g) 

- Giauque and Archibald measured: 
-Heat Capacity (C ) for G-Mg(0H)2 S fi-MgO from 20 K to 300 - 320 K 

-Heat-of-Reaction (AH ) for G-Mg(0H)2 decomposition to G-MgO 

indirect ly by means of the Heat-of-Solution (AH , ) of G-Hg(0H)2 

and G-MgO at 298 K. 

- Giauque and Archibald obtained the following results: 

-Entropy of G-Mg(0H)2 & G-MgO ( S M , Q H , and S H Q ) using S =J C d(lnT) 

-Entropy of H_0(g) ( s f ig ) using a l l of the above information in 

the equation, . &Hr 

°H20 " JHg(0H)2 " °MgO T " ' ' " reqm 

Giauque and Archibald obtained the following results: 

T AH D <.calc Qband 
1 *Mrxn Heqm \ o \ 0 

(K) (kJ / mole) (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 II 

The Dynamic Knudsen Effusion Hethod 

Diff. 
Pump "H 20 

Knudsen 
cell 

^ 3 K 

Constant T 

From measurement of the sample weight-loss during thermal vacuum 
decomposition, the quantity of water N„ -. (moles), that escapes through 

2 ' 
an orifice of area A (cm ) in a time of t (min), the flux , J„ Q 

2 (moles / cm -min) of the escaping water can be calculated using, 
N, 

JH 20 
H20 

* „ ' 
From J H 0 (moles / cm -min), the molecular weight of the vaporizing 

species, M (gms / mole), and the temperature, T (K) , the maximum steady-
state equilibrium pressure, P (torr) , in the Knudsen cell can be calculated 
using the HKL equation with the appropriate constants substituted. Thus, 

Ps " 7 6 ° S 1/2 "H20 1 - 2 1 7 J H 2 0 ( T ) 
1/2 

The P as a function of T can be plotted on a Log P vs 1/T plot to 

y ie ld AH and AS° from the slope and intercept respectively, using, 

AH 1 
L ° 9 p =- rx-R-r 

AS 
2.3 R 
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APP m 

Calculations of Heat-of-SolutionUkHI^) from Heat-of-Fbrmation(AHp Data 1 2 0 

i H °so ln * Heat-of-Solution in 1.0 M HCl at 25.0°C; (aq) at standard state, 

m« 1 

(1) Mg(0H)2(c) + 2HC1{1) s o 1 n ( H Hg2 +(aq) + 2Cl"{aq) + 2H 20(l) 

AH J AHJ AH5 A.H2 AHJ 
f l f 2 f 3 r 4 f 5 

j ^ : (-924.7) + (-165.4) (-466.9) + (-167.4) + (-285.8) 

(AH; 'loin >{1) " t ( 4 H f 3

 + 2 A H f 4

 + 2 A H f 5 > " mf, + 2 A H f 2 » 3 

= -117.8 kO / mole 

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

V-Mg(OH), = -113.1 kJ / mole 
s o , n G-Hg(0H)2 = -112.0 

(AH0 ^ 
(2) MgO(c) + 2HC1(1) ? o 1 n ' ( 2 >».Mg 2 *(aq) + 2Cl~(aq) + H20(1) 

AH? = (-601.7) kJ / mole (macrocrystalline MgO) 
r 6 

= (-597.9) (microcrystall ine, f inely divided, or 

high surface area MgO) 

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

^ W ^ ) = c <*»?3

 + 2 A H f 4

 + a H f 5

} - ( A H f 6

 + z*% > ] 

= -155.0 kJ / mole (macrocrystalline) 
= -158.8 (microcrystalline, finely divided, or 

high surface are* MgCj 
= -202.7 (IF MgO metastable by 47.7 kJ / mole) 
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APP IV 

Giauque I Archibald Mg(OH), Synthesis Procedure 

Use the following quantities of reagent-grade materials in a 
600 ml Chenware*teflon beaker with its lid. (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 MgCl 2*6H 20 
60.75 mis 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 MgCl 2*6H 20, then add 50 mis of the distilled water to it S 
dissolve the solid. Pour this solution carefully into the 600 ml teflon 
beaker containing the KOH. Rinse the 150 ml beaker with the 
additional ~ 11 mis of distilled water & pour this into the KOH beaker. 
Swirl the KOH beaker gently to mix, cover it with the teflon lid, & put 
it into a laboratory oven at«220°C for~l hour until a transparent 
liquid results. Turn off the oven & allow to cool to«/25°C 
over-vlO 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 
Hg(0H) 2 is low (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<>/3.4 gms, giving<*98£ yield in repeated 
syntheses. 
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APP V 

Spectroscopic Analytical Results for Mg(0H) 2 

G-Mg(0H) 2* V-Hg(0H) 2* G&A 1 9 K&G Z 1* 2 2(See Note below) 

Si 40 ppm 2500 ppm 1000 ppm 
Al 30-100 100 1000 
B 2000 1 
Fe 150 200 1000 
Ca 250-600 1500 1000 
Ba 10 10 
Na 700 
K 1500 ppm 10 
Cu 20 200 10 
Ni 
Mn 

200 -300 
20 1000 

Ag 5 10 
Pb 1 
CI 
C03 0 
so 4 

P0 4 
50 

Note: K&G used natural brucite (Texas Brucite) for almost all 
experiments (except a short series using Baker*'reagent-grade 
Mg(0H) 2 powder). K&G gave no elemental analysis of their brucite 
or Mg(0H)„ powder. The K&G values shown above have been averaged 
from values for brucite (Canadian & Rhodesian Brucite) from other 

38,52 sources. * 

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

Mg(0H)2(s) * MgO(s) + HgOfg) 

Wfl * starting weight of Hg(0H)2 

w, - weight of mixture at some point in the decomposition 
(the mixture consists only of Mg(0H)2 and HgO). 

K,„inH\ ' molecular weight of Mg(0H)2 = 58.326 grams/mole 
"HQO = m 0' e c u' a r weight of MgO = 40.312 grams/mole 
Mj, 0 = molecular weight of H-0 = 18.015 grams/mole 

XMa(OHl * XMaO = m o^ e f r a c t l o n s o f M9(0H) 2 * H90> respectively 
WMafOH) & WMo0 = weight fractions of Mg(OH)- & MgO,respectively 

w - w, — 2 • = moles of HoO lost = mo'es of MgO formed 
MH 20 

(wQ - w,} lMg(0H)2 
XMg0 = Z\ M ^ • XMg(0H) 2

 = 1 " XMgO 

wMgO w1 M H Q Mg(0H)2 ' wMgO 

The Mole Fraction and the Weight Fraction are related by, 

w =
 XMgO'MMgQ 

XMgO % 0 + XMg(0H) 2 "MgfOH^ 
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Mass Balance Test of X ^ Calculated from Weight Loss 
2 

Open Knudsen cell has a cross-sectional area of~3.5 cm (without the 
lid containing the small orifice). 
Samples dried in drying oven at 125°C for 1 hour, then cooled in 
dessicator. 
Run #1: 365.6 mg G-Mg(0H)2 ' 6.268 nmoles fi-Mg(0H)2 

xfO.egiD'C^gg / lkVig(0H) ̂  = gravimetric factor 

252.7 mg G-MgO (Theoretical) = 6.268 mtnoles G-HgO 

Evacuate the system containing the carefully weighed G-Mg(OH)-
to-»2 torr, and then carefully return the system to atmospheric 
pressure. 

365.9 mg G-Hg(0H)z = 6.273 mmoles G-Mg(0H)2 NO SAMPLE LOSS from 
evacuation of system 

Evacuate the system containing the same sample carefully replaced, 
to<v2 x 10 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)- to~95% G-MgO. 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 torr. 100% decomposed. 

251.2 mg (Experimental Yield). Thus, ll\'.7 mg x 1 0 ° = 99.41% Yield 

Run #2: 409.2 mg G-Mg(0H)2 = 7.016 mmoles G-Mg(0H)2 

282.5 mg G-HgO (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). 
(2 x 10" 6 torr). 
(2 x 10 torr). Temperature increased again to 950°C & held for 1 hour 

282.5 mg (Experimental Yield). Thus, ̂ --f -m9 x 100 = 99.89% Yield 
doc.o mg _ 



- 68 -
APP VIII 

X-ray Reflections for Mg(0H) z & MgO from ASTM/JCPDS Files* & Hy Data 

2fl CuK*** 20 FeK«** l'lo (hkl) d-ASTM/JCPDS d-Hy Data 

Mg(0H) 2 

File 
18.6° 23.3° 80 001 4.770 A 4.813 A Mg(0H) 2 

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 1.193 
81.3 109.9 10 202 1.183 1.185 
87.2 120.1 2 113 1.118 1.118 

MgO 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 52 220 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. 
* o o 
X-ray wavelengths of CuK^ & FeK* are 1.542A & 1.937A , respectively. 
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Integral Breadth Calculation & FWHH Heasurewent 

The Integral Breadth (IB) is defined as the total peak area divided 92 93 by the maximum peak height * as measured from the peak baseline near 
the center of the peak. Thus, 

Peak Area 
1 8 * Peak Height 

The FWHH was measured at the point of half the maximum height with a 
metric rule to the nearest 0.5 mm. 2 The peak area was measured with a planimeter to the nearest 1 mm . 

The chart paper conversion constant is 727.8 mm / radian. 

Principal peak reflections in 28 degrees: 

(101)Hg{0H)2 (200)Hg0 

FeK (1.937A ) 48.2° 54.8° 
CuK (1.54ZA ) 38.0 43.0 

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

^^flODG-HqfOH) = 4 " 6 m = ( 5 - 5° " 8 - 2 * ) x 1 0 " 3 radians 
(101)V-Mg(0H)2 

(200)G-Mg0 
(200)V-Mg0 

= 7 - 8 = (9.62 - 10.99) 
= 1 6 - 2 3 = (21.98 - 31.60) 
= 2 9 - 3 6 = (39.85 - 49.46) 

Sample calculation: 

IB(101) = - f 2 ^ X 7 2 7 ^ W - = 7 - 5 x l 0 " 3 - d i a -
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APP X 

Admixture Test for Sampling Handling Error 

V-UgfOHu and Annealed G-MgO were mixed in different proportions 
and vacuum anjpoulized. The ^-0-1 . , of these mixed samples were measured. 

* H soln o f V T9(° H >2 * -1939.7 0 / gm = -463.6 cal / gm (App XI) 

A Hso1n o f * 4 e a 1 e d G ^ ° * "3793.2 J / gm = -906.6 cal / gm = -152.9 kj / mole 

25 "C The value for the AH. ,_ for the Annealed G-MgO was obtained from I sol n = 

two measurements of Annealed G-MgO from each of three different batches 
of Annealed G-MgO prepared in the same manner, for a total of six 

L 25 "C 
measurements of t n e 4 H c o i n of Annealed G-MgO. Thus, 

(a 6 ) G = -152.9 + 0.7 kJ / mole, (eg = 0.46 %). 

This value, (1g \ ) G , was dependent on five separate calorimeter calibrations 
using V-Mg(0H;. as the calibration standard. (See App XI). Thus, 

(a 5 ) v = -471.9 + 5.8 chart divisions / gm of V-Mg(0H)2 , {r5 = 1.23 % ) , 

and, the Calorimeter Calibration Factor (CCF) becomes, 

r r c -1939.7 J / gm of standard . ,,„ , , _,,,„+ j . „ ( , , „ 
C C F = 471.9 chart divisions/ gm of standard = - 4 - 1 1 0 J / c h a r t d , v i s i 0 n 

Run #1: 42.00 mg of Annealed G-MgO -159.31 J 
86.10 mg of V-Hg(0H)2 -167.01 J 

-326.32 J, expected total 

T n u s, -£L4!U xl00 = 95.47 % f 0 r t h e m i x t u r e-
3 Z h , 3 < ; J = - -311.54 J, actually obtained 

for the mixture. 
Run #2: 48.30 mg of Annealed G-HgO -183.21 J 

103.40 ng of V-Mg(0H) 2 -200.56 J 

Thus, 
-383.77 J, expected 

-Hl'll j xl00 = 98.53 % -378.12 J, actual 
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APP XI 

A H soln f r o r a A H s o l n o f P a r t i a 1 1 v Decomposed Sample at 25°C 

Since the partially decomposed sample was a mixture of Mg(0H)2 

reactant and MgO product, the measured AH , of the mixture, 
AHTI?„ , contained components from both reactant and product. The AH„,„ 

SOln y.n

r mi* s o ' n 

of only the MgO, A H ^ n , had to be calculated from AH™*n since 
complete decomposition to NgO could not be achieved at the low temperatures 
of decomposition used to prepare most samples. 

A H mix _ .HMg{0H), Y . AUMgO Y 
A H s o l n " A H s o l n 2 ' X M g ( 0 H ) 2 *AH

SoW XHgO 

= A H M 9 ( 0 H ) ? . f i - x 1 + A H " 3 ° . x A H s o l n 2 l l " XMgO) + A H s o l n %0 

H e n C e ' A H m i x r A H M 9 { 0 H ) 2 H - X 1 1 
AH«9°n = A H s o l n £ A H 5 0 1 n ^ V 3 , N o t e : S e e F i g s 32 & 33 

XMgO 

I f the sample is from decomposing G-Mg(0H)2> then, 

A HHg(0H) 2 = A HG-Hg(0H) 2 = _ 2 6 7 6 3 M l , ^ e = _ m g 7 6 0 , m U 

s o 1 n s o l n (After GJA)1 9 

= -458.9 cal / gm = -1920.0 J / gm 

The V-Mg(0H)2 (Ventron Mg(0H)„ reagent grade powder) was used for the 
cal ibration of the calorimeter since i t gave a rapid response and reproduc
i b i l i t y . A value for A H , " v ? ' ' 2 was assigned to i t that was an average 

so in 19 37 98 99 
value based on measurements made by various researchers * * * and 
measurements made with this calorimeter here in this laboratory using 
electr ical cal ibrat ion. The values agreed with my data within experimental 
error of ~2 %. A instrument sensi t iv i ty o f~5 J was obtained with this 
calorimeter. 

A H soTn* ° H ^ 2 = - 2 7 ° 4 0 " 1 / mole = -113135 J / mole 

= -463.6 cal / gm = -1939.7 J / gm 
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Surface Area Calculation for a Typical Sample of Brucite Platelets 

A typical sample size of«/12^ mg of K&G brucite platelets, K-Mg(0H)_ , 
in the size range 250 - 840 pi ( 550 pi average) was used in the 
calculation. Half of the average size ( 275 urn) was used as the platelet 
thickness. The density of brucite as listed in most handbooks of chemical 3 and ph.»-!cal properites is~2.40 gms / c m . From the density of the 
brucite in the sample, the volume of the sample can be estimated. 
Thus, 

125 mg / sample = Q 0 K c m 3 „ 5 2 x 1 Q - 8 m 3 Q f b n j c i t e f s g m p l e 

2400 mg / cmJ 

From a typ ica l , average-size brucite platelet of K-Mg(0H)2 , 

550 /im 

550 w/ ~7[ 2 7 5 P 

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

2 x (550 p i ) 2 + 4 x (550 p i x 275 p i ) = 1.21 x 106 jum2 / platelet 
=1.21 x 10" 6 m2 / platelet 

and, 

(550 p i ) 2 x (275 p i ) = 3.32 x 10 7 / im 3 / platelet 

= 8.32 x 10" 1 1 m3 / platelet 
Thus, 

5.2 x 10- 8 m3 / sample . fi25 p 1 a t e l e t s , s a m p l e > a n d 

8.32 x 1 0 " " mJ / platelet 

(625 platelets / sample) x (1.21 x 10" 6 m2 / platelet) = 7.56 x 10" 4 m2 / sample 

= 6.0 x 10" 3 m2 / gm K-Mg(0H)2 
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APP X I I I 

HgO Part ic le Size Comparison of My Data with Others 

T time XRD Surface Area SEH 

MY DATA 
V-MgO 

265°C 45 hrs 100A 41A 5-25 ^m 

310 30 100 44 5-25 

G-HgO 
300 3 40 Vi 2-2O(~350)* 
350 3 40 lol 2-2C(~350)* 

large^350^un hexagonal part icles are also observed (F ig .17 ) . 

(10,000 A = 1 /im ) 

EUBANK DATA3 TEH 

300° C 48 hrs 55 A 0.01 Jim 

400 85 0.01 

500 139 0.01 

600 365 0.035 

700 >300 0.05-0.1 

1000 1 2 ( 0.50-1.0 

1300 5 5-20 

1500 1 20-30 

1750 0. 3 30-50 

2000 0. 3 ' • 50-100 

Note: See also Refs. 74-79. 
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APP XIV 

Particle Size Calculation from Surface Area Data. 

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

2 3 
Cubes: S = 6d $ V = d S = surface area & V = volume 

3 
Spheres: S = 4(|)2«- S V = ${£)£.- | V 

The molar surface area, I , in m / mole is given by, 

S" = y^" , (1) . H = molecular weight (gins / mole) 
p 

S = surface area / part ic le (m / part ic le) 

V = volume / part ic le (cm / part ic le) 

p = density of part ic le material (gms / cm ) 
e c 
£ = -j- , whether have uniform cubes or spheres, & from (1), 

d = 6xM(l / Sxp) , (2). 
v D»„ n-;««.„,.*,•„„ ,)„„*,••„ - molecular wt. x (formula wts. / unit ce l l ) 

XRD D l f f r a c t l o n d e n s i t y " Avogadro's Number x volume of unit cell 

The unit cel l volume can be obtained from the unit cel l dimensions, which 
can be measured with x-ray or electron d i f f rac t ion . Using the value of 
2x d(2on) f r o m m y * R D d a t a 9 1 v e n i n A P P V I I I > gives for the FCC MgO unit 
cel l spacing d/ , Q 0 % a value of 2x(2.111 A) = 4.222 A. This agrees with 
Goodman's value of 4.20 A obtained by electron d i f f rac t ion . Thus, the 
unit cel l volume becomes, 

V = (4.222 x 10" 8 cm) 3 = 7.53 x 1 0 ' 2 3 cm3 

Now, , 
p = 3.56 + 0.02 gms / cm for FCC MgO, and (2) becomes for MgO, 
XRD 

d = 67.94(1 / S ), (3) . 
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APP XV 

Total Surface Cr.ergy as a Function off Several Vari.iples 

XHgO ^MgO - Surface Area E ^ 
(mJ/ tir) (m / total moles) ''W7 moile MgO) 

V-Hg(OH)2 G-Mg(OH)2 V-Mg(0H)2 u-Mg'0H)2 

(265°C) (350°C) 

0.00 1500 2050* * 50 
** 0.70 ** 0.02 

0.25 5500 1500 8.25 2.25 
0.50 9300 3000 13.95 4.50 
0.75 12900 4500 19.35 6.70 
1.00 16600 6000 24.90 3.00 

Annealed HgO 2700 1650 4.05 2.50 

Some Specific Surface Energies for HgO 

Y/mn\ , theoretical = 1310 1 1 5, 1362 1 1 7, 144E 1 1 5 mJ/m2 

" l u u < 114 IIS 115 
f(100) * e * P e r i m e n t a l ' 1040 1 1 , 1150 1 1 3, 1200 1 1 3 

7(110) , theoretical = 2591 115 
117 

"^(011) ' t n e o r e t i c a 1 = 3 9 4 0 

Surface Area of Mg(0H) 2 . ** Y M g ( 0 H ) ^ 330 mJ / m Z used in calculation 112 
'2 

Esurf = (10~ ^ M g o ' x ^ S u r f a c e A r e a ' • w i t h u n i t s a s i n a b o v e T a b l e 

t ^ " s p l n ^ C C " ^"soln^QOO'C (Surface Area) 3 5 0 o c - (Surface A r e a ) 1 0 0 0 „ c 

(160.0 - 152.4) kJ / mole G-MgO 
(6000 - 1650) m2 / mole G-MgO 

1747 mJ / m 2 o f G-MgO 
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Calculation of Monolayer Coverage on High Surface Area HgO 

0 * Fractional coverage of MgO surface by H-0 monolayer. 

At X ^ * 1.00 , 9 = 0.00 
Assume that have 1.00 mole of Mg(0H)2 to decompose. Thus, at~95 % 
decomposed have ~0.95 mole MgO and~0.05 mole undecomposed Mg(0H)2 , 
or i f , 

Mg(0H)2 = Mg0-H20 . 

then 0.05 mole MgO-H-O = 0.05 mole MgO + 0.05 mole H20(ads) 
Thus, 

X M g ( 0 H ) 2

 = X MgO-H 2 0 = XMgO + X H 2 0 = 1 - ° ° • 

(0.05 mole H20(ads) / mole Mg0)x(6.023 x 10Z3molecules H20(ads)/mole H20(ads)) 

= 3.01 x 10 2 2 molecules H20(ads) / mole NgO 

and, 
(3.01 x 10 2 2 molecules H20(ads) / mole Mg0)x(15.2xl0~20m2/molecule H20(ads)) 

2 
= 4575 m = total area occupied by 0.05 mole adsorbed H20 on 1.00 mole of 

MgO 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-MgO at 350°C is~15200 ra2 / mole V-MgO and 

~6000 m2 / mole 6-MgO, respectively; and extrapolated to near 200°C (Fig 31) 
O 9 

is-18700 m / mole V-MgO and<v10500 m / mole G-MgO, respectively. Thus, 

ev-Mq0 ^310°C = 15200 x l 0 ° = 3 0 * o f s u r f a c e covered by H20(ads) monolayer H ii 
9V-MgO hoO°C = T8700 x l 0 0 = 2 4 * 

9G-Mg0 *350°C = ~6000 x l 0 ° = 7 6 % 

9G-Mg0 *200°C = T0500 x 1 0 ° = 4 4 % 

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

Fig 1 - HCP Mg(OH) 2 unit cell & dimensions. 
Fig 2 - FCC HgO unit cell & dimensions. 
Fig 3 - Giauque & Archibald Static Manometry Apparatus & plot of some 

of their data. 
Fig 4 - Comparison of Knudsen Effusion (Kay & Gregory) and Equilibrium 

Static Manometry (Giauque S Archibald) data on Log P vs 1/T 
plot. 

Fig 5 - (a) Plot of Whitman-Motzfeldt equation, P vs A , extrapolated 
to zero orifice area, A = 0 (after Kay & Gregory). 
(b) Log P vs 1/T plots for decreasing orifice sizes (after Kay 
& Gregory). 

Fig 6 - Low-vacuum decomposition apparatus. 
Fig 7 - High-vacuum decomposition apparatus & electrobalance. 
Fig 8 - Solution calorimeter with associated electronics S ampoule 

bursting device. 
Fig 9 - Full-scale calibration curve for the Thermistor Bridge setting 

(TB) vs Calorimeter Reaction Vessel (CRV) Temperature ( T
c a"i o r)-

Fig 10- Working scale from the calibration curve in Fig. 9. 
Fig 11- Plot of reciprocal of Whitman-Motzfeldt equation, 1/P vs A , 

of my data using G-Mg(0H)_[=G&A] in Knudson cell of decreasing 
orifice. (See Eq. (1), p.24 ). Also relevant K&G data plotted. 

Fig 12- Relative weight-loss S Actual weight-loss vs time plots using 
V-Mg(0H)2[=Ventron] in open Pt basket at 280°C using 
electrobalance. 

Fig 13- The same as Fig. 12, except at 345°C. 
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Fig 14- SEN .micrographs at 500X 
(a) undecomposed V-Mg(0H) 2. 
(b)~952 decomposed V-Mg(0H) 2. 

Fig 15- Fig. 14(a) at 5000X. 
Fig 16- Fig. 14(b) at 5000X. 
Fig 17- SEM micrographs at 100X 

(a) undecomposed G-Hg(0H)2. 
(b)~95% decomposed G-Hg(0H)2. 

Fig 18- Fig. 17(a) at 5000X. 
Fig 19- Fig. 17(b) at 500OX. 
Fig 20- XRD spectra of undecomposed G-Mg(0H)2-
Fig 21- Same as Fig. 20, except~442 decomposed G-Hg(OH).. 
Fig 22- Same as Fig. 20, except~873 decomposed G-Mg(0H)2. 
Fig 23- S B E T & (200)MgO Integral Breadth with FWHM vs Temperature. 

These are sintering/annealing curves for both V-MgO[=V,Ventron] 
& G-MgO[G,G&A]. 

Fig 24- (101)Mg(0H)2 & (200)«g0 peak area with FWHM vs X H . for both 
V-Mg(0H)2[=V,Ventron] & G-Mc(0H)2[=G,G&A] starting materials. 
Closed circles = Knudsen cell conditions & open circles 
= non-Knudsen cell conditions. 

Fig 25- S B £ T & (200)MgO 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(0HL. Open squares & open 
triangles are for S B E T & (200)MgO Integral Breadth, 
respectively, of MgO annealed at 1000°C. 
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Fig 26- {101)Mg(0H)2 & (200)HgO Integral Breadths vs X ^ j for both 
V-Mg(OH)2[»V,Ventron] & G-Mg(0H)2[»G,GSA] starting materials 
under Knudsen cell S non-Knudsen cell conditions at similar 
temperatures. 

Fig 27- P vs X H Q for G-Mg(0H)2[*G&A] decomposition under Knudsen cell 
(closed circles) & non-Knudsen cell (open circles) conditions 
at the same temperature. 

Fig 28- S B £ T vs X H Q for both V-Mg(0H)2[=Ventron] S G-Mg(0H)2[=G&A] 
under Knudsen cell (closed circles) & non-Knudsen cell (all 
other symbols) conditions at the same 4 different temperatures. 

Fig 29- S B E T vs Time for both G-Mg(0H)2[=GJA] S V-Hg(0H)2[=Ventron] 
under Knudsen cell (closed triangle) & non-Knudsen cell (all 
other symbols) conditions. 

Fig 30- S B E T & Relative weight-loss vs Time curves for G-Mg(0H)2[=GSA] 
under Knudsen cell (closed circles S closed triangles) 8 

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

Fig 31- S B E T vs T d e c o m p o s i t i o n for V-Mg(0H)2 (open circles) & G-Mg(0H)2 

(closed circle) under non-Knudsen cell conditions. 
Fig 32- AH A vs Temperature for Mg(0H) 2 prepared & decomposed under 

various conditions by various researchers over the years. The 
v denotes that the MgO samples were prepared under vacuum 
conditions. 
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Fig 33- AH**]„ vs X ^ for C-Mg(0H)2[-GSA] 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. 

Fig 34- Hypothetical Gibbs Free Energy vs Composition diagram for the 
system MgO - Mg(0H) ? - H ?0. 
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