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VAPORIZATION-AND: THERMODYNAMIC
PROPERTIES OF ZINC OXIDE

Donald F. Anthrop
Lawrence Radiation Laboratory

University of California
Berkeley, California

May 1, 1963

ABSTRACT

The vaporization of zinc oxide has been investigated by (a)
Knudsen weight-loss measurements, (b) mass spectrometric measure-
ments of the vapors effusing from Knudsen cells containing either zinc
oxide or a mixture of zinc and zinc oxide, and (¢} measurements of the
evaporation rates of zinc oxide in streams of helium and zinc vapors.
Zinc oxide was found to vaporize by dissociation to zinc atoms and oxygen
molecules only. The oxide sublimes congruently (i.e., to a vapor of the
same overall composition as the solid) at a composition very close to t_he
stoichiometric. From the measured ion currents of Zn+ and Oz+ during

congruent sublimation, the relative efficiency of electron current pro-

duction, °5 /GZn, is calculated to be 1.28. Limits for the dissociation
2

energies of ZnO(g) and Zn,O(g) are calculated to be D%9g (ZnO) £ 66 kcal

and D4, (Zny0) € 127 kecal., The Knudsen effusion studies and mass

298

spectrometer studies identify the main sublimation reaction as ZnO(s)

= Zn(g) + % O, (g) at pressures in excellent agreement with pressures
calculated from independent thermochemical data for the free energy of
formation of zinc oxide and the vaporization of zinc metal. Transport
experiments in which an inert carrier gas is passed over iron wool yield
the same high rate of zinc oxide sublimation found by previous investi-

gators when zinc vapor is passed over zinc oxide. The anomalously high
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rate of zinc oxide transport in a stream of zinc vapor is thus demon-
strated not to arise, as hypothesized by others, from a catalytic influence
bf zinc vapor on the sublimation process. The probable source of the high
transport rate is reactioﬁ of water vapor and/or carbon dioxide with the
metal to yield hydrogen and/or carbon monoxide, which reduces the zinc

oxide to zinc vapor with regeneration of water vapor and/or carbon dioxide,



VAPORIZATION AND THERMODYNAMIC
PROPERTIES OF ZINC OXIDE

I. INTRODUCTION
 After examining the available data, Brewer and 1\/[as‘cickl con-
cluded in 1951 that zinc oxide vaporized by decomposition to the gaseous

eiements under neutral conditions according to the reaction
ZnO(s) = Zn(g) + 5 O, (@) . (1)

The zinc oxide phase has been reported by Brewer to sublime congruently,
i.e., the ratio of zinc to oxygen atoms in the vapor phase is the same as
the ratio of zinc to oxygen atoms in the condensed phase. 2 ‘The composi-
tion for congruent sublimation is very close to the stoichiometric com-
position. In the same work, Brewer calculated a limit for the heat of
dissociation of ZnO(g) to the gaseous atoms of AH"(’)\< 92 kcal/mole.

Since the heat and entropy of reaction (1) are accurately known,
the equilibrium zinc and oxygen pressures above zinc oxide can be cal-

culated from the thermodynamic equilibrium constant

1
K=P, °P ¢, (2)

Moore and Williams measured the rate of evaporation of zinc oxide
in atmospheres of oxygen, nitrogen, and zinc gas by a transport method.
The evaporation rates of zinc oxide which they obtained in atmospheres
of oxygen and nitrogen are in general agreement with the rates calculated
from the thermodynamic data for zinc oxide --although some of the weight
losses.obtained were so small as to be within the uncertainty of their
balance measurements. However, the evaporation rate of zinc oxide

which they measured in an atmosphere of zinc vapor is greatér by a factor
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of 100 than rates obtéined in atmospheres of oxygen and nitrogen, and
greater by a factor of 109 than the rate calculated from the thermodynamic
data. Moore and Williams hypothesized'that the zinc vapor somehow
catalyzed the decomposition of zinc oxide. -

Using a static system, Secco studied the evaporation rate of zinc
oxide under varied pértial pressures and varied total pressures of gas
in fhe systemf,4 He reported an equilibrium constant for the dissociation
of solid zinc oxide to the gaseous elements greater than the equilibriu£n
constant obtained from thermodynamic data by a factor of 10, ~

More recently, Pillay, using a traﬁsport method very similar to
that used by Moore and Williams, investigated the rate of evaporation of
zinc oxide in atmospheres of helium and zinc‘,5 The evaporatiori rate,
which he measured in pure helium, agrees with the rate calculated from
thermodynamic data. However, the evaporation rate that he obtained
when zinc vapor was passed over the zinc oxide was greater than the rate
calculated from other data by a factor of 1010, and was apparently in-
dependent of the zinc partial pressure in the system.

The anomalously high rates of evaporation of zinc oxide measured
in the presence of zinc vapor have indicated a need for a greatly improved
understanding of this system. This paper reports results of (a) Knudsen
effusion measurements of the vapor pressure of zinc oxide, (b) a mass-
spectrometric investigation of the vapor effusing from a Knudsen cell
'containing either zinc oxide or a mixture of zinc and zinc oxide, and (c)
measurements of the rate of evaporation of zinc oxide in atmospheres of
helium and zinc by a transport method. The‘expe;rimental procedure and
the results obtained in each of the three kinds of studies are described in \

sequence, and the implications of the various results will then be analyzed

in a single discussion section.,
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II. KNUDSEN EFFUSION STUDIES

A, Method and Experimental Procedure

Measurements of the vapor pressure of zinc oxide were made by
the Knudsen effusion method. When an appreciable fraction (approxi-
mately 15%) of a zinc oxide sample was sublimed, no solid residue other
than zinc oxide remained. This observation demonstrates that the oxide
evaporates to a vapor of the same overall composition as the solid, i.e.,
the system sublimes congruently. No detectable change was observed
in the lattice parameter of the solid phase, nor any systematic change in
the equilibrium constant for the dissociation of solid zinc oxide, during
the evaporation of this sample. The composition of congruent sublima -
tion can, therefore, be presumed close to the stoichiometric composition.

If more than one gaseous species is present in the effusing vapor,

- the partial pressures of these species cannot be established by this method

alone, in which only the total weight loss is measured as a function of
time, However, zinc oxide was shown in the mass-spectrometric study
to evaporate to zinc atoms and oxygen molecules only. Since the ratio of
zinc atoms to oxygen molecules in the vapor beam must therefore be 2,
in this congruently subliming system, the partial pressures of oxygen
and zinc in equilibrium with zinc oxide can be calculated from our Knudsen
weight loss determinations, and these partial pressures can be compared
with those calculated from the available thermodynamic data, by Eq. (2).
Polycrystalline zinc oxide (obtained from Johnson-Matthey
Company) was used in all the experiments., Spectrographic examination
of the zinc oxide showed the following impurities: 6 ppm (by weight) of
silicon, 1 ppm.of copper, 1 ppm of iron, and less than 1 ppm each of

calcium, magnesium, and sodiums.
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One aluminum oxide and three quartz effusion cells were used.
Each cell was degassed in a 10-hour eﬁcperiment until the weight loss of
the empty cell was less than 0. Ol'mgo The cells were weighed on an
Ainsworth semimicrobalance vWith a reproducibility of 0.01 through
0.02 mg, ‘

’fhe aluminum oxide effusion cell was a crucible 1/2-in. i.d. by
11/16 in, deep, with an éluminum oxide lid in which a centered, cylin-
drical effusion orifice had beén drilled. This cell was contained in a
tantalum cell 9/10-in. i.d. by 7/8 in. deep, with a tantalum lid in whicﬁ
a centered 0. 2-in, ~diam. hole had been drilled. ’i‘he tantalufn cell was
in turn contained in an open graphite crucible. The graphite and tantalum
crucibles protected the effusion cell from residual gases in the furnace
and increased fhe heat capacity of the cell assembly, so that minor power
fluctuations did not produce significant terrfperature changes in the
effusion cell. To avoid reduction of the aluminum oxide effusion cell by
tantalum, the cel} \;vas separated from the bottom of the tantalum crucible
by a ring made of 20-mil tungsten wire. A simila‘r tungsten wire ring
separated the effusion cell from the tantalum lid above it. The outside
surface of the alumina cell was separated from the tantalum cruciblel
by a 0.1-in, gap.

Experiments were made to determine the weight loss of a sample
of zinc oxide when heated in an aluminum oxidelcell having no effusion
orifice, In four experiments, an aluminum oxide plug was placed in the
orifice of the effusion cell, and in one experiment, an aluminum oxide
lid With no effusion orifice was used. The r’esults‘ are discussed in the

next section (II-B).
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Two of the quartz cells had the same dimensions as the aluminum
oxide effusion cell. The third quartz cell was made larger to increase
the sample area. This cell was 0,83-in, i.d. by 0.82 in. deep., The
lids of all three cells were fused onto the crucibles to obtain gas-tight
‘seals. The quartz cells were heated in a tantalum cell in an assembly
like that already described for the aluminum oxide effusion cell, The
effusion cell assembly was heated in a glass vacuum system by a 500-kc
induction unit. During each vapdr pressure experiment, the residual
pressure inside the vacuum system Was rﬁaintained below 1 x 10“5 mm
Hg. A pyre‘xvcold trap was located between the effusion cell and the
diffu‘sion pump. Liquid nitrogen was contained in this trap whenever the
effusion cell was in fhe vacuu'm system.

| The temperature of the cell was measuréd with an optical pyro-
meter focused on the orifice. Since the area of;thé orifice was small
compared with fhe inside area of the cellé black-body conditions prevailed.
Thé optical pyroineter used (Ser. No. 792636) had been calibrated by the‘
National Bureau of Standards., The optical windows on the vacuum system,
through which the pyromefer measurements were made, were calibrated
for absorption and reflection losses, and appropriate corrections were
applied to the temperature measurements.,

No weight change was observed when an effusion cell containing
a sample of ziné oxide was exposed to air., However, to reduce any pos-
sible vpick-up of moisture by the finely divided sample to a minimum, the
cell was allowed to cool 10 hours under high vacuum before the diffusion
pump was turned off. Air, dried by having been passed over Mg (ClO4)2’
and P,05 and through a liquid N, cold trap, was admitted to the vacuum

system, The effusion cell assembly was removed from the‘syétem and



-6-

Stored over P,0O5 for 8 hours before the cell was; Weighed.. When the
cell was handled in this manner, the weight change. durviing storége for
two days was within the reproducibility of the balance. Details of the
equipment and the remainder of the procedure have already been reported

by Searcy and McNees.,6

B. Results

Vapor pressure data obtained with the aluminum oxide effusion
cell are summarized in Table I. The weight losses given in column 3
have been .reduced by 23, 2% to correct for the observed weight losses
when zinc oxide was heated in a cell with no effusion orifice. Since the
rate of weight loss of the cell having an alumina plug in the effusion
orifice was nearly identical to the rate of loss of the cell whqse alumina
lid had no effusion or‘ifice, the loss was apbarently the result of diffusion
of zinc and oxygen through the walls of the alumina cell.

Vaporization from a Knudsen cell is a steady-state process in
which the partial pressures of Zn and O, inside the Knudsen cell are

related by

(3)

where MZn and MO are the molecular weights of Zn and O, respectively.
0 .
The equilibrium constant can be calculated from the weight loss of the

effusion cell by the equation

feo

K =

1
[ (2.63197 x 10"8) w T2~] 5 (4)
atk °

Derivations of these equations will be found elsewhereog’ 10 The calcu-

lated equilibrium constants are tabulated in column 6 of Table I. The



Table I. ZnO vapor pressure measurements in Al,O; Cell.

T Time Weight loss Area? Clausingb K

(°K) (min) (mg) “{cm? x 108) factor (x 109)
(k)

1341 266.6 : 5.45 8.517 . 2550 27.3
1332 157.4 2,70 8,515 . 2550 20.9
1374 163.6 7,26 ‘ 8§.521 . 2550 89.0
1428 69. 6 8.45 8.529 . 2550 414.0
1404 120.9 9,42 8.525 . 2550 210.0
1326 357.4 5,35 _ 8.514 . 2550 17.0
1282 704.8 3. 90 8,509 . 2550 3.73
1295  290.5 1,95 8. 577 . 2557 4,94
1368 142, 7 4, 26 8. 587 . 2557 48,2
1285 333.0 1,56 8.575 . 2557 2. 86
1324 225.5 2,43 8. 580 . 2557 10. 2

& Corrected for thermal expansion.

bSee references 7 and 8,




last four measurements were made with:particles of quartz mixed with
the zinc oxide éample,‘ The reason for these four experiments, and the
- interpretation of the results, is discussed b.elowo

The équilibrium constants given in Table I are shown plottéd Vs
1/T in Fig. 1, together with the equilibrium constants calculated from
the thermodynamic data given in the report of Coughlin.,11

A summary of the vapor pressure data obtained from the three
quartz effusion cells is given in Table II. The possibility that zinc
oxide might escape through the walls of the quartz cells was not tested,
because such an escape could not resolve the discrepancy already ap-
parent between the l‘ow pressuresl measured in zinc oxide cells and the
thermodynamical_ly calculated partial pressures of zinc atoms and oxygen
molecules. The first nine measurements listed in the table were made
with the first quartz cell, The next five méasurements were made with
'the second cell, and the following five measurements with the third.
For the final two measurements, some crystal.s of aluminum oxide were
mixed with the ziné oxide sample. The aluminum oxide crystals were
very pure sapphire (obtained from the Aluminum Company of America).

The eci'uilibrium constants given in Table II are shown plotted vs
1/T in Fig. 2, together with an equilibrium line plotted from Coughlin's

thermochemaical da'ca.,1 1

III.. MASS SPECTROMETRIC INVESTIGATION

A, EQuipment and Procedure

A mass-spectrometric study was undertaken, in order to deter-
mine the molecular species present in the vapor effusing from a Knudsen

cell that contains zinc oxide. A Nuclide Analysis Associates HT-6 mass
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Fig. 1. The equilibrium constant for the reaction ZnO(s) = Zn(g)+% Oz(g)
measured in alumina cells. The solid triangles are experi-
mental determinations on zinc oxide alone. The line,is plotted
from the free energy of the reaction ZnO(s)= Zn(g)+5 O, (g)
that was calculated by Coughlin from the heats of formation
of zinc oxide, the heat of vaporization of zinc, and from
entropies and heat capacities. The numbered points were
obtained when silica was added.
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Table II. ZnO vapor pressure measurements in quartz cells.

T Time Weight loss Area® Clausing b K
(°K) (min) (mg) (cm? x 102) factor - (x109)
' (k)

1283 282.7 5,08 2,105 .3936 2, 92
1315 216, 8 6. 87 2,106 . 3936 6. 97
1349 126.4 7. 35 2,106 .3936 17.7
1253 485.1 2,19 2.105 . 3936 0. 362
1297  324.3 3.12 2,105 . 3936 1.15
1329  244.3 4,53 2. 106 .3936 3.15
1371  158.5 7,59 2,106 .3936  13.4
1292  375.8 2,09 2,105 . 3936 0. 506
1295 359,1 2,42 2,105 . 3936 0. 676
1291  293.9 4,23 1,527 . 3760 3. 65
1331 210, 9 7, 21 1,527 . 3760 13,7
1260  463.4, 3,22 1,527 3760 1. 20
1292 338.2 4.88 1,527 . 3760 3. 67
1295 303,2 . .~ 4,59 1.527 .3760 3. 95
1322 439.4 1,31 . 1449 .3199, 15. 3
1358 408.3 2,20 1412 .3173 39. 8
1361  483.7 2,72 . 1360 .3135 45.8
1282  524.3 0.52 .1327 . L3111 3. 40
1386  262.5 2. 37 . 1409 . 3171 88. 1
1289  415.3 1. 90 2,105 . 3936 0. 3717
1371 133.6 5,21 2.106 .3936 . 9,82

% Corrected for thermal expansion.

bSee references 7 and 8.
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Fig. 2. The apparent equilibrium constant for the reaction ZnO(s)
Zn(g)+2_ Oz(g) measured in silica cells. The line is plotted
from thérmodynamic calculations of Coughlin, Points 24-28
were obtained with a cell that had a very small orifice.
[J = Quartz Cell III A = Quartz Cell
A = Quartz Cell 11 @® - Quartz C=z111 with some AIZO3 added.

o
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spectrometer was used. Three mercury diffusion pumps maintained the
vacuum between 1 x 10“"7 and 7 x 10-=7 mm in the crucible region, and '

between 1 x 10-'8 and 1 x 10-7 mm in the analyzer region, of the mass

L]

spectrometer. Liquid nitrogen cold traps were employed on all three
diffusion pumps.

The molecular beam source was one of the quartz or aluminum
oxide effusion cells from the Knudsen weight-loss studies. The cell was
nested inside a tantalum crucible fitted with a tantalum lid having a
centered hole of larger diamet;er than th_ebKnudsen cell orifice. The
tantalum crucible, 0,87-in, i.d. and 0. 92 in. deép, was heated at
2200 °C in vacuo before it was put in the mass spectrometer, Six equally
spaced pits drilled in the bottom of the crucible allowed it to be mounted
on the fungé‘ten support rods of the molecular beam soﬁrce assembly,
Twok t’ungsten filaments heated by resistance surrouﬁded the crucible.
Radiation from the tungsten filaments was used to f)roduce cell tempera-
tures up to 1000 °C. Electron bombar\dment heating was necessary to
obtain higher temperatures. A diagram of the molecular'beamvsource
assembly is given in Figo 3

A shutter located between the Knudsen cell and the ion source
allowed us to measure the background intensities. The molecular beam
source assembly was mounted directly below the ionization region at
a 60-deg angle ’Lo the vertical. The molecular beam from the Knudsen
cell entered the ionization region through a system of slits.

The mass spéc’trometer output was recorded on a Minneapolis-
Honeywell recorder‘ hai/in'_g a chart speed of 1 in, /min, and a full-scale

deflection of 1 mV to 30V, depending upon the sensitivity set’éing selected

on the vibrating reed electrometer.
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Fig. 3. Diagram of high-temperature molecular beam source

assembly and Knudsen cell attachw ¢nt,
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The temperature of the Knudsen cell was measured by a platinum,
platinum-10%-rhodium thermocouple. The thermocouple wires were -
introduced into the molecular beam source assembly through a glass

seal, and the thermocouple bead was inserted in a hole drilled in the

bottom of the tantalum crucible.
~ B. Results

1. Zinc Oxide EXpé’riihent‘s

The quartz i‘ef'fusib‘n cell used in this experimeﬁt was the second
of the quartz cells used 1n the Knudsen effusion studies (Sec. II). Thei
zinc oxide r'emaining.fr"fom the Knu&sen studies was replaced by a new
sample, -

Thve fiye isotopes of zinc occur.at masses 64, 66, 67, 68, and
70, aﬁd the three rﬁost abundaht are af masses 64, 66, and 68, For
these isotopes, the relative abundances are 0.489, 0.278, and 0. 1886,
respectively., When the zinc atoms are subjé’ctéd'to 70~-volt electron

impact in the ionization region, some zinc atoms become doubly ionized.
gatt +
Since the mass-to-charge ratios.of Zn and Oy are the same, the
' ++

pressures of Zn64 in the ion beam interferes with measurements of

+ .
the IO . To overcome this difficulty, three ion currents, those for
2
masses 66, 33, and 64, were measured at each temperature. From a
+ -
measurement of the Zr166 ion current, the total ion current of Zn can

readily be calculated from the relation ,,,

1. T a1

+
70 70 66/0.278 .
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66++
From a measurement of the ion current of Zn , the ratio
++
I, 6677/

++
IZn64 /1

from

+.
IZn66 can be obtained, This ratio should be the same as the
64++

n64+ ratio. The ion current of Zn was then calculated

Z

+ ++ +
n64 )aZnss _/IZnse )

++

—

[e>}

S
L]

Zn . (IZ

_ (5)
0.489

=___.__(I

) +
0.278 4

1, 66")

+
n66 )(IZn66 Zn

This value for IZn64++ was' subtracted from the ion current measured

at mass 32 to obtain that for I The three ion currents at mass peaks

+
O, °
66, 33, and 32 were measured on several different days at several tem-
peratures. The data obtained are given in Table IIl. Electron-emission
currents of 0.3 and 1.2 mA were used. Since the ion current is not a

linear function of the electron emission current, the ratio of the ion

currents at the two values of the electron emission current was deter-

667"

mined for each mass peék of interést.._ For Zn “the ratio of the ion

++
66

currents was found to be 0. 289, and for Zn the ratio wés 0. 310,

The ion currents given in column 8 of Table III are those corresponding
tfo an electron emission current of 0, 3 mA. The ratios of the PZn/PO
, 2

calculated from each set of ion measurements are given in column 9,

These ratios were calculated from the measured ion currents, and the
| | 13

ionization cross sections given by Otvos and Stevenson, ° from the
relation
Pzn _ lzn* | %05 (B AzpY) (6)
+ -
P02 102 Oy (E A02+)

where o and ¢ are the ionization cross sections, AZﬁ+ and AO +
. 2

O Zn



’f‘able 111, Mass--spectrometfic data: for zinc and oxygen.

Temp. Emission Elecfrometer .Mass Peakvt- - Background Net peak Ion current PZ /Po
(°K) current sensitivity - No. ; height (divisions)- (divisions)" (x 108) Y2
(mA) scale (V) - (divisions) * : g : R

1316 1.2 107 66 85,00 . 49,5 65,5 . 1,90

1317 . 1.2 10 33 ea.0° © 16,0 . - 48,0 0,148 o
1320 0.3 30 sz 725 . 0.5 . - 12,0 8.60" 0. 90
1279 0,3 3. 86 . 7.5, 180  © 53.5 .. 1.60

1279 0.3 0.3 33 . 57,0 Y 165 40.5 . 0.121 |
1279 0.3 “s00 32 740 - 620 . - 120 3.60° 0.74
1249 1.2 S10° 66 - 39,00 85 30,5 = 0.886

1247 1.2 1. 83 2900 - 7.0 . 220 0,068 .
1249 0.3 30 32 33,5 20,0 . 6.5 1.95 0.176
1258 . 1.2 10 S 66 50.0. 15,5 34,5 1. 00 |
1262 1.2 1. 33 390 . 11,0  ° 28.0 0. 0866 o
1265 0.3 30, - - 32 . 40.0 34,0 - 6.0 1. 80 0,95
1300 0.3 1. . e 9,0 - 26,0 - 650 0. 65 |
1297 3.0 . 1 <33 - 41.5. 11,0 - - 30.5 0.055
1298 1.2 s . 32 _ 8.5 - 67.0 . 13.5 .20 0,92

-
-
=
&

-91-
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. . . 14 .
are the appearance potentials of the respective ions; and E is the
electron-ionizing voltage. When the values for these-q'uantities are

substituted into Eq. (6), it becomes

Pon _ Izn™ 658 _ (10-9.5) (62)
) + -
Po, lo,* 160 (T0-12.5

As discussed by Searcy, Williems,‘ and Schissel, systems that
sublime congruently can be used to calculate relative ionization cross
sections,12 or if, as in this reseer'ch, an electron multiplier is used,
the relative current-production efficiency of the apparatus for the vapor
species can be calculated. Si‘nce the Knudsen weight loss measurements
demonstrated that the zinc and oxygen pressures are related by Eq. (3),
the ratio of the current-produotion.efficiency can be calculated from

Eq. (6), This ratio is

°0, - I02
Sy (60 5) IZn
: (7
g |
O2 _ 9,79 Ioz+ .
OZn Zn

Calculation of this ratio from ion currents given in Tables III and IV

yields an average value for a_Q_?_ of 1.28. The relative ionization cross.

section calculated from the rezlgtionship given by Otvos and Stevenson
is 0. 411, 3 The first dynode of the electron multiplier 1s not equally
sensitive to all atoms. From our data, it is not possible to conclude to
what extent the differenee betv&eén the.-ratio of current-pnoduction
efficiency and the predicted ratio of ionization cross sections is due to

imperfections in the Otvos and Stevenson theory, and to what extent it

is due to d1fference in dlnode response.



Table IV, Summary of mass spectrometric data obtained with aluminum oxide effusion cell,

Temp. Emission Electrometer Mass

Peak

Background..

Net peak.

Ion current P

/P

0,

(°K) current - sensitivity’  No. height (divisions) - (divisions)  (x 108) Zn
(mA). scale (V) (divisions) ‘ I : ,

1223 0.3 o1 66 39.0 15,0 " 24,0 0.24

1223 0.3" 20,1 33 37.5 19.0 18,5 £0.0185° .
1222 0.3 10 32 34,0 30. 5 3.5 L 0.35. . 1.17
1238 1 66 41,5 16.0 25,5 0.255

1238 . 20,1 33 34. 5 22.5 12,0 - 0.012 g
1240 . o 32 35.5 32,2 3.3 0.33 - . 1.29

-g1-
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The vapors that effused from an aluminum oxide cell also were
" examined with the mass spectrometer., The aluminum oxide cell that
" had been used in the Knudsen effusion studies was filled with a new
sample of zinc oxide for the mass spectrometric work., The data ob-
tained with this alumina cell are given in Table IV. |

In these experiments, the absolute temperature of the sample

~ was estimated to be reliable only within £40° of the measured tempera-

ture, Because the zinc oxide sublimes congruently and has a narrow
composition range, this temperature uncertainty is not important in
- studies designed to determine relative ionization cross sections or com-
position of the vapor,

No gaseous Zinc oxide molecules of any kind were detected.
From the very low intensity of the background peak at mass 80, the ion

-12
a

current of ZnO+(g) can be estimated to be less than 2.8 x 10 t

1249 °K. At this temperature the measured ion currents of Zn+ and

Oz+, were 3.2 X 10-'8 and 1,8 x 10;8, respectively. The equilibrium

Zn and 02. pressures above ZnO at this temperature, calculated from
Coughlin's data,,11 are 1.6 x 10-6 atm and 5.6 x 10-7 atm, respectively.
Fromvpressures,. measured ion currents, and ionization cross sections
_given by Otvoé and.Stevenson‘,13 an upper limit of 1.2 x 1(_)-10 atm was
calculated for fche pressure 4of ZnO(g). From t:hese partial pressures,
from free energy functions for Zn(g) and O,(g) given by Stull and Sink:ej,15
and from estimated frée energy furictions for ZnO(g) given by Brewer
and Chandrasekhamiiah,16 a limiting dissociation energy of ZnO(g) was
calculated to be D%gg < 66 kéal. . |

The ion current of Zn,O (jg-) was estimated to be less than

-12

5.2 x 10° "7 at 1258 °K from the very low intensity of the mass 148 peak, -
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The pressures of Zn and O, calculated from Coughlin's data at this
temperature were 2.0 x ,10_6.atm_. and 7.0 x 10‘_77atm, . respectively,
while the corresponding measured ion currents were 3. 60 x ,10_8 and
:1.65 x 210:8._. From these data, an upper limit of 1.3 x 10-'10 atm was
calculated for the pressure of Zn,O(g). =

From these partial pressures, free energy functions for Zn(g)
and O,(g) given by Stull and S,'ink_e,ls‘, and estimated free energy functions
for anO(g), a limiting dissociation.energy for Zn,O(g) of. D%gg < 127 kecal
was calculated..

Th,e possibility: of fragmentation of any zinc oxide molecules was
considered, but when the ionizing electron voltage was lowered to 45, 40,
and 20 YV, ions corresponding to ZnO, . Zn,0, -or to polymers of these
molecules, were still not observed. . Furthermore, agreement with in-
equilibrium constants calculated from the Zn" and 02+ intensities with
the predictions from independent therquynamic data precluded the pos-
sibility that an appreciable fraction of the Zn" peak was a product of

fragmentation.

2. Zinc-Plus-Zinc Oxide’ Experiments

Since the very high evaporation rates of zinc oxide reported by
other investiga’corss-5 ‘Were‘obtained»when'_ excess zinc vapor was
present, and since two of these investigators hyp'othesized that the ex-
cess zinc vapor somehow catalyzed the -éva‘poration of the zinc oxide,

a mass speétro’metric'-investiga'tion' of the zinc-plus-zinc oxide system

- appeared desirable, The very high vapor pressure of liquid zinc, as
compared with that of zinc oxide, precludes the use of a mixture of zinc
oxide and zinc metal. However, a zinc-gold alloy that has a partial
pressure of zinc considerably lower than the pressure of zinc above

liquid zinc can be used successfully.
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A 60%-gold-40%-zinc alloy was prepared as follows: A"lo—mm—
i.d. quartz tube, containing 1,9522 g of zinc and 8. 8230 g of gold, was
evacuated and sealed, This sealed quartz tube was heated in a furnace
at 850 °C for four hours, after which the tube was removed and the alloy
was quenéhed.

‘For the mass spectrometer ekperimenf,'é 'quartz effusion cell
11/16-in i.d. and 3/4 in. deefJ, with twé 'compartments, was used. One
compartment was an open, cup-shaped, quartz crucible, 5/16-in i.d.
and 1/4 in. deep, which was centered on the bottom of the effusion cell.,
This compartment éontained a zinc oxide sample, The rvegion between
the cehter crucible and the walls of the effusion cell formed the second
compartfnent, which held 1. 11 g of the gold-zihc alloy. 'In the quartz
lid of the effusion cell was a 'éentered, cylindrical effusion orifice. The
quartz effusion ce_ll'was contained in a tantalum cfuc.ib‘le as deséribed in
Sec. III-A. Heating was done solely by-radiation from the filaments,

Since the activity of zinc in this gold-zinc alloy can be obtained
from available thermodynamic data for the alloy, 17 the pressure of zinc
above the alloy at a given composition and temperatﬁre can be calculated.
From a méasurement of the ion current of Zn+ from the alloy ét a knownv
temperature, the sensitivity of the mass spec't"rometer for zinc can be
calculated. The Knudsen cell was heated initially to ab_out 430 °C, at
which temperature the n:iass—66 peak became sufficiently infenée for an
accuréte fnéasure_ment of the ion current to be Ihade. That. the alloy did
not change cofniaosition significantly during the m.easu.r.ements was in-(

o et v : !

dicated by the fact that the ion current of Zn remained constant for

more than three hours. The temperature was then raised to 533 °C and

st

another measurement of the Zn ion current was made, The ion cur-

rent was observed to decrease with time during this measurement, an
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v 1nd1cat10n that the compos1t10n of the alloy was changmg. The ionizing
electron voltage was 70 V and the electron emlssmn current 1.2 mA,
These results are summar1zed in Table V.

- The temperature was ralsed in steps to 986' °C. As the zinc
'ev'ap.orated the compos1t1on of the alloy changed and the 1nten81ty of the
66 peak decreased When the temperature reached 956 °C, and the

alloy became sufflclently depleted 1n zmc the Oz peak appe‘ared_, The
Var1at1on of the 1on current ot;)OZ w1th the ion current of Zn" is discussed
more fully in Sec. V. | - " |

| The calculatlons are summarlaed m Table VI for the part1al pres-
-sures of zinc above the Au Zn‘alloy of compos1t1on 40 mole % Zn at the
‘temperatureys at Wthh the mass spectrometer cal1brat10n measurements
vwere made. The thermodynam1c data glven by Hultgren et al, were used
‘1n the calculat10ns.17 S1nce act1v1ty coefflc1ents and partlal molal free

energles are known for the alloys only at 1048 °K the calculation of the

act1v1ty of Zn at 703 °K requ1red some assumpt1ons. For the process

' Zn(ﬂ) Znu(X.Zn' = 0.4 in liquid alloy), -

the excess free -'energ‘y is':det['inedb'yvthe relation
AFZS = AR, - RT fn X, = RT fn 7,
T Znt T Zn e 2T T T Znt - - Zn’

o =Xs
where AFZn

the temperature at which the activity was desired. For re”gular solutions,

was assumed constant for the Tiquid from 1048 °K down to

» this assumptlon should be correct w1th1n experlmental error, in the
absence of enthalpy data, the regular solutlon approx1mat10n is the most

‘reasonable one to apply.' The llqu1dus temperature for the 40% zinc

alloy lies at 950 °K.



Table V. Summary of mass spectrometric measurements on alloy comp051t10n -
40 mole % Zn-60 mole % Au. . '

Temp Electrometer Mass Peak Background Net peak Ion current
(°K) sensitivity No. height (d1v151ons) (divisions) ( x108)
scale (V) (divisions) : ‘

703 0. 100 66 62, 5 24. 0 . 38,5 0.0385
704 0,030 33 75,0 65.5 - : 9.5 0,00285
706 0.100 66 71,0 26.5 44,5 _0., 0445
705 0. 030 33 73.5 62.5 ' 11,0 0. 00330
806 3.0 66 48.0 12.0 . _ 36.0 1,08

807 0, 300 33 39.0 14.0 - : 25,0 0.0750

_Sz_



~24-

Table VI, Summary of calculations for the equilibrium
pressure of Zn above the Au-Zn alloy of

composition XZn = 0,400,

Temperature Vapor preSsure . Activity . "Pressure of
(°K) of pure zinc of zinc zinc over alloy
703 - 2.65 x 102 1.06 x 1075 2.8x 107"
704 2.73 x 1072 1.07x 1073 2.9 % 10"
706 2.89 x 102 1.09 x 1073 3.2x 1077
705 2.80 x 1074 1,08 x 1073 3.0x 107"
806 3.62x 1079 2.8 x107° 1.0 x 1072
807 3,73 x 1079 2.8 x 105 1.0x 107°




Cos.

The entropy of fusion per gram atom was estimated to be 3 c.u.

per gram atom. Then both AS and AH were assumed constant

fus

at the desired temperature was calculated,

fus
with temperature, and AF

=Xs
AFZn

fus

for the solid was then obtained. Since the excess free energy is,

by definition,

Xs

AF 70

= RT 4n ﬂYZn’

the activity of Zn in the alloy was thus known at the desired temperature.
The measured ion current is related to the pressure inside the

Knudsen cell by

" =sp-=s*E - : (8)
T

where S is the sensitivity as usually defined, and Sf is a constant in-
dependent of temperature. From a measurement of the ion current of
a gaséous species at a kndwn pressure and temperature, the constant
S>k can be evaluated. The ion current measurements of Zn+ given in
‘Table V were combined with the zinc pressures given in Table VII to
obtain for S* an average value of 3. 50. The value given in Table V for
IZn+ at 806 °K was not used in this calculation, because the ion current
was observed to decrease during that measurement. The pressure of
Zn was calculated from each measurement of IZn+ tabulated in Table VIII
by means of Eq. (8},

From the measurements of the ion current for the mass-33 peak

given in Table V, the ratios I 66++/

+
7n IZn66 were calculated. The
av'erage value obtained for these ratios was 7.42 x 10_2., This ratio was
64++

assumed to be constant, and the ion currents of Zn were calculated

from it by the relation
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Table VII. Summary of pressure calculations from mass
spectrometer data on the Zn + ZnO system.,

Time Temp Gaseous I+ (ion current) P
(° K) species - (x 108) A (atm)

0:0 849 Zn 7,12 1,73 x 107°

4:48 991 Zn 19,0 5.40 x 1072

7:35 1088 Zn 13,8 . 4,31x107°

11:30 1185 Zn 0. 809 2.74 x 1078

11:55 1185 0, 0.0

12:50 1194 0, 0.0

13:31 1207 0, 0.0
13:55 1225 Zn 12.0 4.22 x 107°

14:10 1229 0, 0.0

14:20 1229 0, 0.022 1.8 x107' 5.8x1078
14:30 1229 Zn 0.576 2.02x 1078
14:47 1229 0, - 0.043 3.5 x107 7 1,1x107"
15:10 © 1229 0, 0.046 3.7 x1077 1.2 x 10"
15:20 1230 Zn 0. 396 1.39x107°

16:00 1255 Zn 10, 4 3.74 x 107°

16:11 1257 O, 0.0 - '
16:28 1257 0, 0. 189 1.57 x 1078 5.04 x 1077
16:35 1257 Zn 0. 529 1.90 x 1078

16:51 1258 0, | 0.281  2.33x107% 7,48x 107"
17:01 1258 0, 0.386 . - 3.21x10°° 1.03x 1070
17:15 1258 - Zn 0.518 1.86 x 1070

17:31 1258 0, 0. 342 5.84 x 1078 9.12x 1077
17:40 1258 0, 0.357 2.96 x 1078 9.51x 107"
17:55 1258 Zn 0. 468 1.68 x 1070

18:12 1259 Zn 0,400 1,44 x 1076

18:50 1259 O, ~ 0.360 2.99x107% 9.61x 107"




Table VIII, Summary of mass spectrometric data for the Zn + ZnO system.

Time Temp Electrometer Mass Peak Background Net peak Ion

(° K) sensitivity No. height (divisions) (divisions) current
scale (V) (divisions) (x 108)
0:0 849 3.0 66 91.0 25,0 66.0 1.98
4:48 . 991 10.0 66 68.0 15.0 53.0 5. 30
7:35 1088 10.0 66 47,0 8.5 38.5 3.85
7:45 1092 0. 300 33 30.5 12,0 18.5 0. 0556
11:30 1185 1.0 66 39.0 16.5 22.5 0.225
11:50 1185 0.100 33 42,5 28.5 14.0 0.014
11:55 1185 3.0 32 48.5 48.5 0.0 0.0
12:50 1194 3.0 32 48.5 48,5 0.0 0.0
13:31 1207 3.0 32 49.0 49.0 0.0 0.0
13:55 1225 10.0 66 38.5 5.0 33.5 3.35
14:10 1229 3.0 32 49.5 49,0 0.5 0,015
14:20 1229 3.0 32 51.0 49,5 1.5 0. 045
14:30 1229 1.0 66 30,5 14.5 16,0 0.160
14:47 1229 3.0 32 54,0 52.0 2.0 0. 060
15:03 1229 0.100 33 34,5 26.5 8.0 0. 0080
15:10 1229 3.0 32 55.5 53.5 2.0 0. 060
15:20 1230 1.0 66 24.5 13.5 11.0 0.110
16:00 1255 10.0 66 32,5 3.5 29.0 2. 90
16:11 1257 3.0 32 50.0 49,0 1.0 0. 030
16:22 1257 0.100 33 40.5 27.5 13.0 0,013
16:28 - 1257 3.0 32 64.5 57.5 7,0 0.210
16:35 1257 0. 300 66 97,5 48,5 49,0 0, 147
16:51 1258 3.0 32 - 70,5 60. 5 10.0 0. 300
17:01 1258 3.0 32 75,0 61,5 13.5 0. 405
17:15 1258 0. 300 66 96.0 48,0 48,0 0. 144
17:31 1258 3.0 32 77,0 65, 0 12.0 0. 360
17:40 1258 3.0 32 77,0 64.5 12,5 0.375
17:55 1258 1.0 66 26.0 13.0 13.0 0.130
18:12 1259 - 0. 300 66 81.0 44.0 37,0 0.111
18:50 1259 3.0 32 76.5 64.0 12,5 0.375

._Lz_
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++ + -2) /0,489
+ . 64++
The ion currents for O, were obtained by subtraction of the Zn ion

currents calculated by Eq. (9) from the ion currents given in .Table VIII
for the mass-32 peak. The pressures of Oy were then calculated from
the O; ion currents by Eq. (6). Results of the pressure calculations
are summarized in Table VII.

No gaseous zinc oxide molecules of any kind Were detected. From
measurements of the background intensities at mass 80 and mass 148,
upper limits for the pressure of ZnO(g) and Zn,O(g) were calculatéd. A

summary of the data appears in Table IX,

IV. TRANSPORT STUDIES

A. Apparatus and Procedure

The Knudsen effusion experiments and the mass spectrometric

investigation indicated that zinc oxide vaporized by dissociation to zinc

- atoms, and oxygen molecules at rates to be expected from the known

thermodynamic data. Re-examination of the influence of ‘zinc vapor on
zinc oxide in a tube furnace seemed necessary to reveal the cause of the
earlier, anomalous tube furnace results..

The experimental apparatus was deliberately designed to bvve
similar to that used by Moore and Williams,,3 and by Pillay.,5 Polycrys-
talline zinc oxide from the same lot of material used in the Knudsen and
mass spectrometric studies was pressed into disks.1/2 in.: in diameter
and 1/10 in. thick. Three of these disks were placed in a pfeviously
degassed alumina boat which, in turn, was placed in a horizontal mullite
tube of a resistance furnace. The mullite tube was 1-in. i.d. with a

1/8-in. wall thickness. The alumina boat, 1-1/2 in. long, 7/8 in. wide



Table IX. Calculation of limits for P

ZnO

and P

Zn, 0O’

T(SII%F’ Izn® Pon 1zn,0" P 71,0 1zno? P7no
(x 10g) (ion current) (ion current)

1185  0.907  3.07x10°% <11.6x107!'? <1.8x 107 ? |
1185  0.860  2.91 x 10°° <2.04x10 1 <5.7x107°
1151  0.919  3.02x107° <11.6x107'% <1.7x 107"

1151 0,919  3.02x 10 ° <2.04x 10711 <5.6x107°
1123 1.27 4,08 x 1078 <.84x10 ' <4 9x107°

997 1,67 4.77x10°% <17.4ax107'?2 <2.25x 1070

-68=
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and 1/4 in. deep, held the zinc oxide disks at midpoint between the top
and bottom of the mullite tube., To one end of the mullite tube a ground
glass joint was sealed. A rubber stopper, through which a gas outlet
tube and a porcelain thermocouple protection tube were sealed, was
placed in the other end. |

Helium obtained from the U.S. Bureau of Mines was used as the
carrier gas, ’I:he analysis furnished by the supplier shoWed no oxygen
and a dew point of -60°C. Helium from the cylinder was. first passed
through a Mg(ClO,), drying tube, then through a quartz tube filled with
copper turnings at 450°C,. The gas was then passed through a variable-
area flowmeter (made by Fiéchef and Porter Cohlpany), ‘A liquid nitrogen
cold trap was located between the flowmeter and the fu_rnvace tube to
remove any remaining condensable gases. |

Four experiments were performed in this tube furnace. In the
first experiment, the alumina boat containing the zinc oxide disks was
placed in the end of the mullite tube. The furnace was heated:to the
desired temperature, durin'giwh:ich time it was purged" with helium.

When the desired furnace temperature was obtained, the alumina boat
was pushed into the center of the hot zone by the porcelain thermocouple
protection tube No. 2,

The evaporation rate of z_inc‘ oxide in the bresence' of flowing zinc
vapor was determined. The procedure was the same as that just described,
except that as soon as the alu‘mina boat had been pushed to the center of
the heated tube, the ground-éIaSs joint was unsealed and an aluminum
oxide crucible containing some zinc metal was placed in the cool region
of the mullite tube near the ground-glass joint. The joint was immediately

resealed, and after the system had been flushed with helium for an hour,

-
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the crucible containing the zinc was slowly pushed into the hotter position
of the mullite tube by the porcelain thermocouple protection tube. The
thermocouple inside this protection tube was used to monitor the tem-
perature of the zinc, The flow rate of zinc vapor was, thus, controlled
by the temperature of the zinc metal and the rate of helium flow through
the tube. The approximate flow rate of zinc vapor was calculated from
the weight loss of the alumina crucible containing zinc, in the known time
of heating.

The zinc metal (purity at least 99,999%) used in this experiment
was obtained from Johnson-Matthey Company. Since any dissolved
hydrogen in the zinc could reduce the zinc oxide and cause an unexpectedly
high weight loss of zinc oxide, the zinc metal used for this experiment
was first melted under vacuum in the open alumina crucible used to con-
tain the éinc in the tube furnace, Residual pressure in the vacuuim system
was less than 1 x 10—5 mm. |

Two tube furnace experiments were performed in Which the zinc -
metal was replaced by iron wire (analytical grade). Iron..has a negligible
'vapor pressure at the temperature at which it Waé heated (approximately
600°C). |

A néw mullite furnace tube and ne‘w\porcelain thermocouple pro-
tection tﬁbes were used fdr these experiments to ensure that zinc from
the previous experiments would not affect the results. The procedure
then followed Waé th‘e sarhe aé that used‘ in the experiment_;ivith zinc
metal, except that n'o cohtainer was used for the iron. The ifon wire
was handled only with rubber gloves or forceps. The wire was wound
into a small wad, inserted into the end of the muilite tube, and pushed

into the hotter portion of the furnace tube by thermocouple protection
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tube ' No. 2, and the temperature of the iron was monitored with-thermo-
couple No. 2. In the third and fourth experiments 14,6955 and 18.0330 g
of iron were used, respectively. All weighings for these tube furnace

experiments were performed on a balance accurate to 0. 2 mg.

B. Results
The results of these experiments are given in Table X. The rates
of weight loss of the zinc oxide sample are given in column 8. In column 9
are given the rates of weight loss of the zinc oxide calculated from thermo-
dynamic data on the basis that zinc oxide evaporates by dissociation to

zinc atoms and oxygen molecules.

V. DISCUSSION

Equilibrium constants for sublimation of zinc oxide to zinc gas
and oxygen gas Were.calculated from Knudsen weight-loss experiments
in quartz effusion cells, and are plotted vs 1/T in Fig. 2. Points are
labeled by run numbers in boths Figs. 1 and 2 to indicate the sequence
in which the points were obtained. Equilibrium constants calculated
from méasurements made with quartz cell I were lower than the constants
calculated from Coughlin's data.,11 Furthermore, the constants ciecreased
after each high témperature experiment, i.e., after experiments 11 and
15. The sample was sfcirred before experiment 22 was made, but stirring
had little effect on the apparent pressure. Since this behavior was not
observed with the aluminum oxide effusion cell (Fig.{ 1), some kind of
interacvtion between the cell and the sample appeared respcljnsible. To
determine whether the quartz or the alumina was causing the strange
behavior, aluminﬁm oxide was mixed with the zinc oxide in quartz cell I,

and experiments 30 and 31 were performed. The apparent equilibrium



Table X. Summary of tube furnace experiments,

System Time Temp He flow rate Wt, of Zn PZn Wt. loss Wt. loss Calc, rate of

studied (hr) (° C) (cm3 / min) transported of ZnO of ZnO loss of ZnO
(g) (mg) (g/hr) (g/hr)

ZnO 44.4 1056 77,0 - - 3.8 8.56 x 10°° 1,31 x 10 %

ZnO + Zn 19.97 1019 64. 8 3. 0046 1.45 x 1072 387.6 = 1.94x10 2 3.7 x 10 2

ZnO + Fe 22,8 1019 75. 8 - - 128,7  5.64 x 1075 5.79 x 107°

ZnO +Fe 26,3 3 2

1006 65, 2 - - 152. 8 5,81 x 10~ 3.72x 10

_88_
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constants calculated from these two experiments continu‘gad to decrease.
This fact implies that alumina has no effect on the ziné oxide evaporation,

Next, some particles of fused quartz were mixed with the zinc
oxide sample in the alumina cell. The apparent equilibrium constants
calculated from experiments 32, 34, 35, and 36, made after this addition,
are lower than the constants calculated from measurements made with
zinc oxide in alumina in the absence of silica (Fig. 1).

X-ray diffraction showed no evidence of phases other than zinc
oxide in the sample after long heating in silica, but silica must, in some
manner, reduce the evaporation rate of zinc oxide. Alth'ough’ the partial _
pressures of SiO, (g) and SiO(g) are both less than 10-11 atm at the highest
temperature used in these experiments, apparently the surface of the‘ zinc
oxide acquired a coating by either vapor deposition or surface diffusion,
which lowered the evaporation rate of the zinc oxide. Surface diffusion
is the more probable source of transport of silica, beéause surface diffu-
sion is known to change catalytic activity at concentrations well below
those at which bulk reactions occur.

If the hypothesis that silica reduces the rate of evapor.ation of
zinc oxide is correct, an increase in the ratio of sample surface area A
to orifice area a might allow equilibrium to be attained in quértz cells,
Quartz cell III was designed to have an A/a ratio 48 times as great as
that in cell I. Because small amounts of condensate of zinc oxide were
deposited in the effusion channel of quartz cell III during the experimen’_cs,
we estimate the total uncertainty in thé equilibrium constant may be as
high as 19%. The apparent equilibrium constants calcﬁlated from the
five experiments made with quartz cell III certainly agree well with the

constants calculated from Coughlin's data. The conclusion from the
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alumina cell data, that the weight loss for zinc oxide is described by the

reaction
ZnO(s) = Zn(g) +%02(g),

is therefore supported by the study with the quartz cell ha\}ing a small
ratio of orifice area to sample area.

As discussed_in Sec. 1II-B, the partial pressures of zinc above
the zinc-plus-zinc oxide systems were calculated from the measured
ion currents by means of a calibration of the IZri+ from an alloy of known
~composition. The relative ionization cross section 1. 28 for oxygen was
.then used to calculate the oxygen partial pressures from oxygen ion
intensities. When the alloy was first heated in the spectrometer, only
zinc ion intensities were detected. However, as the zinc vaporized
from the alloy, the compositiqn changed, the ion current of Zn+ decreased,
and the ion current of oxygen became detectable. Measurements of cor-
responding zinc and oxygen intensities at successively lower zinc concen-
trations and successively higher temperatures are summarized in Table
XI. In column 4 are given the equilibrium constants calculated from the

pressures for the dissociation reaction
ZnO(s) = Zn(g) +%Oz (g). (10)

The equilibrium constants calculated from Coughlin's data for the reac-
tion are given in column 5. For experiments of this type, the agreement
between columns 4 and 5 is excellent. Pressures calculated from mass
spectrometer ion currents are usually estimated to be correct to within
only a factor of 2.

Although Pillay, in his tube furnace experiments, used zinc

partial pressures between 10“1 and 10-3 atm, 5 such high zinc pressures

[y



-36-

" Table XI. Equilibrium constants for the vaporization reaction

ZnO(s) = Zn(g) +%02(g).

(°TI‘<) P, P02 K!' K eq.
1229 1.39x10°% 1.2x1077  4.8x107'% 6.0x 10710
1229 2.02x10°°% 1.1x 107" 6.7x10 10  6.0x 10710
1259 1.44 x10°% 9.61x1077 1.4x107° 1.7 x 1072
1258 1.68x10°% 9.51x1077 1.6x10°° 1.7 x 1072
1258  1.86x10°° 9.12x1077 1.8x10° 2 . 1.7x107°
1258 1.90 x 108 7.48x1077 1.6x107° 1.7 x 1079
1257 -6 -1 9 9

1.90 x 10 5.04 x 107"  1.5x 10~ 1.6 x 10~
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could not be used in our mass spectrometer experiments. The highest
zinc partial pressure which was measured in the spectrometer for the
zinc-plus-zinc oxide.‘ syétems was 9 x 10_5 atm. However, Pillay found
no variation of the evaporation rate of zinc oxide with the partial pressure
of zinc in the systerﬁ. Si‘n,ce our maés spectrometric study of zinc-plus-
~zinc oxide did not reveal any gaseous zinc oxide molecules such.as ZnO,
ZnO,, ZnyO, or polymers thereof, and since the zinc and oxygen partial
pressures were observed to vary in accordance with the thermodynamic
equilibrium constant over the pressure range 1229 °K through 1259°K, in
order to attribute the high rate of evaporation of zinc oxide, obtained by
other hnvestigators,3-5 to some effect of zinc vapor upon zinc oxide, one
-would have to assume the partial pressures vary as predicted by the
equilibrium constant over a low-pressure range, but are higher than the
‘equ'ilibrium values when.zinc pressures are high. Since such a hypothesis
is a violation of the laws of thermodynamics, an explanation was sought
elsewhere.

- The explanation of the conflicting data reported by other investiga-
tors was revealed by our tube furnace experiments. The tube furnace
and procedure were deliberately similar tothoseusedbyPillay,5 and
Williams.3 The evaporation rate of zinc oxide in an atmosphere of flowing
helium (Table X) was, within the limits of uncertainty, equal to the value
calculated from the equilibrium constant for the dissociation reaction
(Eq. 10). In the presence of zinc vapor, the apparent rate of evaporation
of zinc oxide in our tube furnace was increased, just as reported by
Williams and by Pillay. One possible explanation, first suggested by
D. D. Cubicciot't:i,18 remained to be tested., This was that, despite the
traps, water vapor was present in the tube furnaces in sufficient concen-

tration to produce the observed zinc oxide volatilization. The reaction
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sequence could be

. 800°K o S
Zn({4) + H,O(g) = ZnO(s) + Hy(g) ,

and

' - 1273°K =

H, (g) + ZnO(s) = Zn(g) + HyO(g) .

Our calculations showed that if water vapor were present this set of
reactions could produce the observed behavior, and so could t‘hé corre-
‘ -:sponding equilibrium involving CO, and CO. To test th'e'p‘o'ssib‘ility that
water or CO, caused the observed behavior, iron wire was substituted
for liquid zinc. Iron has negligible volatility at the temperature of our
experiments, but can reduce water to hydf;)gen and carbon dioxide to
carbon monoxide. The evaporation rates of zinc oxide obtained when
iron wire was heated in the gas stream were comparable to those obtained
when zinc had been present. Furthermore, after each experirnent the
iron wire was severely oxidized. The oxidation of the iron, together
with the high evaporation rate of zinc oxide when iron was pre‘sént,
demonstrates that the weight loss of zinc oxide was caused by the presence
of water vapor and/or carbon dioxide in the helium gas streams. The

contamination may have resulted from dégassing of the furnace parts.

»

—
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