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PRINCIPAL INVESTIGATOR'S SUMMARY

The objective of this project was to investigate the high temperature
thermodynamics of potassium sulfite (K2803) and of potassium sulfide
<K25) for purposes of application to the seed chemistry of open-cycle,
coal-fired magnetohydrodynamiec (MiD) electric power generation. The
program involved three stages: (1) construction of an experimental
facility to permit vapor pressure mi:asurements in vacuum at high tem-
peratures; (2) high temperature stuiies of K2803; (3) high temperature

studies of KZS'

The Knudsen rate-of-effusion method was used to obtain data for sub-
sequent vapor presgure and related thermedynamic calculations, In this
method the sample was caused to vaporize in vacuum by effusion through a
small orifice in an otherwise closed containing vessel (the Knudsen cell).
Several materials were evaluated for use as Knudsen cells above 80000:
platinum, boruvn nitride, machinable glass, tungsten, molybdenum, alumina,
high density graphite, and pyrolytic-coated graphite., Of these materials,
only graphite proved suiltable for KZS, and none proved completely satis-
factory for K2803 (alumina is apparently chemically inert to both K2803

and K,.S, but small samples, 10 to 100 mg, showed anomalous effusion

2
behavior in alumina, suggesting surface interactions).

The rate-of-effusion studles, supported by tube furnace experiments,
X-ray powder diffraction, mass spectrometry, and chemical analyses and

tests as appropriate, revealed the following new knowledge about K2803

and KZS:



(1) X SO3 undergoes a disproportionation reaction at high tempera-

2
tures to form KZS and Kzsoa. Subsequent vaporization first
involves the KZS formed., Thus K2503 vaporizes incongruently.

(2) When K,S is vaporized in vacuum, the initial vapors are

2
predominantly potassium atoms, with minor species being S

2
and various K-S molecules., The ratio of K/S2 in the wapor
is very large initially and decreases steadily with prolonged
heating. Thus KZS also vaporizes incongruently.
Chemical reactions were established from the above facts, and measured
vapor pressures, Interpreted accordingly, provide new values for the
standard heat of formation of KZS’ Appropriate equilibrium constant
expressions and free energy functions were also obtained. Auxillary
results include measurements of fhe vapor pressure of silver (used for

system verification), and of K28205 (used as a thermnal decomposition

gsource for KZSO3).

The results for K2803 in graphite containers should be of great interest
to MHD, in this investigator's opinion. Evidence was obtained for a
reduction reaction that has potential application as a short-cut in the
seed reprocessing procedure. The reaction would be useful regardless of
the K-5-0 composition emerging from the MHD generator. Further work is

suggested along this line, particularly studies of the K2S04~graphite

system,
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1. INTRODUCTION

1.1 BACKGROUND

In proposed noal-fired, open-cycle magnetohydrodyramic (MHD) electriceal
power generating systems, plans call for doping the combustion stream
with a "seed" compound, potassium carbonate (KZCOB)’ for the purpose of
producing gasenus potassium fons (K+) as electric current carriers in
the MID generator. A preliminary evaluation of the problems involved in
predicting and controlling the fate of gaseous K+ lons in cooling MHD
streams was reported previcusly (Ref., 1). The two main ideas of that
study whick led to further experimental work reported here were:

(1) A high percentage (ideally 100%) of the potassium must be
recoverable for subsequent re-use, thus effecting a virtual
closed-cycle for the seed ~ompound, KZCOB’

(2) Potassilum ions emerging from the MHD generator would be
exploited as "getters" for fuel-derived sulfur-bearing species
in the zooling stream., They would cause the precipitation of
potassium sulfate (KZSO4) under conditions of oxidant~rich
combustion, and of reduced forms such as potassium sulfite
(KZSOS) and/or potassium sulfide (Kzs) from fuel=rich combustion.

It should be noted that the requirement for using the seed compound to
remove sulfur on a continuous basis necessitates a seed-regenerating
process in which the sulfur is separated from the seed products in usable

form, while in the same process potassium is returned to K200 Other-

3.
wise, the seed compound could be simply KZSO4 from start to finish, and




the sulfur from the fuel could be removed downstream by conventional
means. Recommending between these alternative approaches for the seed
cycle has been impossible because of the lack of reliable data on the
high temperature chemistry of the potassium-oxygen~sulfur system, MNo
MHD generator has been operated in a manner that uses a seed compound to
remove sulfur. And though some predictions were made during the British
MIID program (Ref. 2) regarding conditions for the precipitation of K2804,
KZSOB’ KZS, and KZCOB’ it 1s clear that those predictions were based on

poorly approximated data and on models that were too simplistic to be

reliable (Ref. 1),

At the time this project began, the most direct progress on the sead=

s
chemistry problem appeared to reyulre the experimental detemmination of
0

the vaporization thermodynamics of K,S and K A collaborative effort

2 2503
was mounted that inclnuded concurrent investigations at NASA-LeRC, the
University of Toledo (UT), and Arkansas State University (ASU). Some of
the results from this collaboration were published recently (Ref. 3).

Much of the work done at ASU has not been reported, however, and comprises

the bulk of this rxeport.

1.2 PROGRAM OBJECTIVE AND PLAN

The objective of this program was to investigate the vaporization thermo-
dynamics of KZS and KZSOB’ and to report any ancillary findings that
might prove useful for MHD purposes. The program divided nafturally into

three tasks:

(1) Development of Experimental Facility



(2) K2303 Experiments

(3) KZS Experiments
The Knudsen rate-of~effusion method (Ref, 4) was selected as the most
direct method for obtaining vapor pressure data, and an experimental
system was constructed for this purpose which provided microbalance
capabilitiles at high temperatures under high vacuum, Since the vapori-
zation reactions were unknown for both xzsos and KZS’ identification
of species ascompanying vaporization was of paramount importance. TFor
this information we depended on the collaboration with LeRC referred to
earlier. Other analyses and evaluations included vacuum tube furnace
experiments, ¥-ray puwler diffraction, thermal gravimetry, and chemical

analyses and tests as appropriate.

Specific objectives included (for K2803 and KZS):
(1) The vaporization reactions, i.e., the identification of pro-
ducts of vaporization.
(2) 'The temperature dependency of vapor pressures assoclated with
the equilibrium vaporization reactions.
(3) The thermodynamic quantities accessible by combining the

results of vapor pressure measurements wlth existing thermo=-

dynamic data.

WLth these results, it would be expected that a sophisticated equilibrium

calculation, such as the NASA CEP of Gordon and McBride (Ref. 5), could

provide reliable predictions about the potassium-oxygen-sulfur Interactions

in the MHD stream.




2, EXPERIMENTAL

2,1 HIGH TEMPERATURE VACUUM FURNACE AND VACUUM MICROBALANCE

All rate-of-cffusion measurements were conducted in a modified Brew
Model 1068~C high temperature vacuum furnace, which utilized resistance
heating of tungsten mesh elements to provide a cylindrical hot zone of

2 in. dia, by 8 in, high., The 32 KVA power supply was designed to drive
the heating clement to a waximum temperature of 3000°¢c, Tungsten radi-
ation shields (7 layers) surrounding the heating elements utilized a
"elam shell" design for ease of installing and removing specimens. Half
of the heater shell and tungsten shield assembly were mounted on a hinged
door of the vacuum vessel, providing easy access to the specimen when the
door was opened. The door included double "0" ring scals, with pumping
of the space between the "0" rings. It also included a one in, dia.
optically flat sight glass with an externally operated shutter to permit
line~of~-sight optical pyrometer viewing of the center of the hot zone.

A series of 0,25 in, dia. holes in the radiation shielding provided the
optical path to the hot zone. A second, similar series of holes located
diametyically opposite the pyrometer sight path permitted thermocouple
access to the center of the hot zone. A water-ccoled internal copper
heater shell (nickel flashed) and a double-wall, water~cooled stainless
steel external chamber assured a true cold-wall furnace with minimum heat
radiation to surrounding areas. Conventional vacuum feel-throughs were
employed., The pump stack was also conventional, consisting of an oil
diffusion pump, mechanical fore-pump, liquid nitrogen trap, and gate valve.

Typical pressures at temperature were in the lO“6 torr range without

4
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using liquld nditrogen.

A Cahn RG vacuum recording electromicrobalance was mounted on top of the
furnase chamber so that the balance werk load was suspended along the
vartical axis of the hot zone. The glass vacuum chamber of the micro-
balance was joined to the stainless steel, furnace chamber by a glass~to-
metal seal which tlen permitted the use of standard hdgh vacuum flanges.
Access to the balance was through one end of the glass vessel which was
equipped with a ground glass flange sealed by a metal plate with "0" ring.
The balance was isolated from the hot zone and operated at room tempera-
ture., Work loads were suspended from the balance into the hot zone by
means of tungaten or molybdendum hangdown wires which ranged in diameter
from 0.05 mm to 0.125 mm. The hangdown wires passed through a seriles of
0.25 in. dia. holes in the radiation shielding. The distance from the

balance beam to the center of the hot zone was about 20 in.

2.1.1 Thermocouple Calibration

A chromel-alumel thermocouple of 0.010 in. dia. wires in a 2-<hole alumina
sheath was located such that i1ts bare junction was within about 0.25 in.
of the sample-containing cell at the center of the hot zone. The thermo~-
couple was calibrated with the aid of the microbalance in the following
manner. A e¢ylindrical graphite cell, suspended from the microbalance and
typical of the cells used in the effusion experiments (Fig. 2), was
equipped with small "Fall-out" holes in its bottom. Small wedges (10 to
50 mg) of various high purity metals were fitted into the holes so that

when they melted, they would fall from the cell and cause a sudden



displacement in the balance output. A two-pen strip chart recoxder that
monitored the balance and the thermocouple provided a convenient record
of the apparent temperature at which fall-out occurred. Metals, their
melting points, and correction's included:

Indium, 156°C (+40° correction)

Cadmium, 321%

Lead, 327°C

Zine, 419°C

Aluminum, 660°C (no corrections)

Silver, 961°¢C (no correction)
Several variations of this procedure were used, including attaching the
small metal samples to liooks on the outside of the cell and using imert
weights which were held to the cell by strips of the different metals and
which fell when the strips melted. The main difficulty, which necessi-
tated many repetitions, was due‘to unpredictable sticking of the metals
(eapecially zinc) to the graphite cell on melting. As shown above, thermo~-
couple corrections were unnecessary above the melting point of aluminum,
Corrections below about 660°C were determined graphically from a curve

established by repetitions of the fall-out procedure.

2.1.2 Data Acquisition and Control System

A Hewlett-Packard 9845 computer with a 3054A Automatic Data Acquisition/
Control System was used to control the furnace temperature and to monitor
both the temperature and the microbalance. Digital to analog routines

and hard-wire connections to the solid stuate controller of the furnace




permitted temperature control to withim 1° at any operating temperature.
The thermocouple described above was used to measure the temperature, and
continuous computer intieraction provided control signals to seek a zero
difference between the thermocouple output and the set-point. Data
acquisition via analog to digital routines included the thermocouple out~
put, the microbalance oucput, and the time derivative of the balan:e
output. These three quantities were also monitored continuously on a
three-pen strip chart recorder. In fact, except for the temperature
control, all data was read from the recorder chart, which proved to be
more convenient than the computer-acquired data. Fig. 1 shows schemati~

cally the experimental system with the data acquisition/control system.

2.1.3 Knudsen Cells and Cell Materials

Table 1 summarizes results for materials used as containers for Kzso3 and
KZS under vacuum at high temperatures., No really good container material
was found. The best appears to be high density graphite coated with
pyrolytic graphite, though ther? is evidence tha; this material reacts

with K2803 in an indirect manner (see section 2.2.3).

The Knudsen cells were simple in design (Fig. 2).. The main design con-
sideration was the tétal load capacity of the Cahn RG microbalance, which
required that the sum of the Knudsen cell, hangdown wire, and sample be
kept below 2 g. Other design considerations were to keep the orifice
diameters small to assure that the effusing vapors were representative of
equilibrium vaporization, and to avold thick cell walls and thus avoid

the need for corrections due to the impeding of molecular flow by the

gyt o s ST e o
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(Effusion from Bottom)

Figure 2. Knudsen Cell Designs.
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Table T 3
kg
Evaluation of Materials as Knudsen Cells for Containing .’}
K.S/K.S0., in Vacuum at High Temperatures % %
27772773 ¥
Material Observed Behavior Evaluation el
Pt Yellow-brown discoloration of platinum above Probably unsuitable for -
800°C. Not a large effect, but definite. No extended use above 800°C. .
mass gain or loss of Pt observed. Erratic 3 *
effusion results with KZS' -
s ;’g
Mo Extensive reaction above 800°C Unsuitable
1} Extensive reaction above 800°C Unsuitable
Quartz Becomes frosted, definite reaction above 800°C Tnsuitable
Machinable Glass Becomes frosted, definite reaction above 800°C Unsuitable

Boron Nitride

Initial bleached appearance where in contact
with sample. Becomes eroded on exténsive
heating. Cell mass loss observed.

Unsuitabie for extensive use.

Graphite, 1.81 g/ cm>

No reaction observed with K,S. After extensive
heating with K,SO0,, erosion of cell observed.

Evidence for mass™ loss with KZSD3.

Probably suitzble for KZS'
Questionable for K,S0,.
Perhaps porous to VngIS.
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Material

Graphite, pyrolytic

Table I (coni'd)

Observed Behavior

—

Evaluation

coated

Alumina

No reaction observed with K,S after extemnsive
use. Becomes eroded after extensive use with
K2803. Evidence for mass loss with KZSOB'

Probably suitable for K,S.

Questionable for KZSO .2

No evidence of chemical reaction to 1300 C.

No mass loss or gain cbserved., Erratic
effusion results with K

2S—-possi'ble surface
wetting effects.

Chemically inert. Possible
surface wetting effects.

nd wood 30
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orifice channel (Ref. 4). No special significance is attached to the

o .
location of ‘the orffice, which was determined by the ease of working
with the cell material. For example, two platinum cells obtained from
LeRC were electron beam welded atid were constructed more conveniently by

having the orifice in the top.

2.1.4 System Verification-~The Vapor Pressure of Silver

A check against possible inductive interactions between the current flow-
ing to the heating elements and the Knudsen cell suspended from the
microbalance was obtained by rate-of-effusion measurements for silver,
with subsequent vapor pressure calculations. This procedure was carried
out several times during the project. Typlcal results in Table IL and
Fig. 3 show acceptable agreement with the critical values of Hultgren
(Ref. 6). The slope of the plotted data yields an enthalpy of vaporiza-
tion of 68.3%0.4 kcal/mol as compared with Hultgrens value for AH®(298)

of 67.900£0.200 kcal/mol.

The calculation procedure for Ag vapor pressures from rate-of-effusivn

data is illustrative of that for K,S,0 K SOB’ K,S, to be discussed

252050 Xy 2
later. The Knudsen equation (Ref. 4) for the vapor pressure P in terms

of rate-of-effusion is

~ O /2yRT
P"?\’W'\/M (1)

where w = mass effusing per second from the cell orifice

cross-section area of effusion orifice

>
1l

=
]

correction factor for orifice (unity for all cells

in this work).

12



#

10
11
12
13
14
15
16
17
18
19
20

21

10

9

Table 1L

Rate of Effusion and Vapor Pressures for Silver

x Rate, kg/s

9.40
5.26
3.29
1.39
1.09
1.28
5.54
0.271
0.700
0.242
0.200
0.232
0.355
0.496
0.614
0.714
2.23
3.72
3.47
8.98
8.85

2K

1489
1445
1417
1364
1349
1357
1308

1331
1344
1403
1434
1423
1481

<1471

13

105 x P,atm

14.1
7.77
4.81
1.99
1.55
1.83
0.778
0.377

0.989
0.334
0.277
0.323
0.498
0.700
0.870
1.02
3.24
5.47
5.08

13.4

13.2
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Table II (cont'd)

i 10° x Rate, kp/s °K LQ_{-’__;M
§ 22 1.88 1260 C.259
f 23 0,257 1266 0.355
2 24 0.279 1272 0.386
£ 25 0.308 1276 0.427
% 26 0.290 1274 0. 402
| 27 3.92 1410 5.71
; 28 0.442 1274 0.612
% 29 1.85 1376 2,66
30 2.53 ’ 1381 3.65
31 0.170 1260 0.234

Graphite Cell, Orifice Area 5,595 x 1077

PR vs

14
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R = universal gas content
T = Kelvin temperature

M = molecular welght of effusing specles
2,2 FEXPERIMENTAL RESULTS FOR KZSO3

2.2.1 Kzso3 from the Thermal Decomposition of K28705

We reported previously (Ref. 3) the apparent contamination of commercilal

KQSO3 with K 03 and 1,0, and the confusion in the literature on whether

2¢ 2
commonly avallable "potassium sulfite" is K,50, or K,80,¢ 2H,0 (Jcrps
Card No, 1-0895). %o avoid these uncertainties, K2803(s) was prepared
by decomposition in vacuum of Fisher Reagent Grade potassium metabisulfite,

KZSZOS:

40-400° ¢
Ky8,05(8)  =mmrme=r KZSOB(s) + 80,(g) (2)

Well-defined K,S0, was prepared by this method directly in the Knuidsen

2773
cell at temperatures below 400 C, Subsequent K2503 studies were then
conducted at higher temperatures (m700-1200°C) without breaking vacuum,
The validity of reaction (2) was established by mass spectrometry at
LeRC which showed SOz(g) as the only gaseous speciles, and by X-ray dif-
fraction analyses at UT and ASU which showed the residue to be KZSOB'
Thermogravimetric confirmation was also obtained. The theoretical yield
of SOz(g) is 28.81% of the original K28205 according to decomposition
following (2). Gravimetric determinations which involved various reaction

temperatures, rates of heating; sample sizes, and container materials,

were consistently near 28.81% in yield. At a fixed temperature, the loss

16
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Table III

Rate of Effusion and Vapor Pressures for the
- KZSOS(B) + SOz(g)

109

Reaction: K,S,0

x Rate, ka/s

A

Y
10

O

G raphite Knudsen Cell, Orifice Area 1.72 x 10

0.104
2.95
7.86
17.9
G4h.4
7.11
19.2
42.2
1.05
2.97

27275

°K

365
395
405
415
425
405
415
425
385

395

17

7M2

10 x »,atm

0.326
9.61
25.9
59.8
150,
23.5
64.1
143,
3.38
9.67

oz -
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of SOZ(g) vs time gave a curve typlcallywith a definite inflection point
which always occurred at about the 50% depletion point of available 802.
Constant rates of effusion were found to be impossibla to attain once the
50% depletion point was reached for a given sample. Instead, the rates
would fall off asymtotically. The effusion data in Table IIL were accord-
ingly taken before the decomposition reactlon was 50% complete. The
pressures plotted in Fig. 4 yield o least squares fit for log P(atm) =

A+ B/T of A= 12,22%0,20 and B = ~ 6816100,

2,2.2 K2503 Tube Furnace Studies

Preliminary mass spectrometric data obtained at LeRC on vapors above

K 503(8) was interpreted in terms of the reaction

ZKZSOB(S) — KZSO4<8) + SOz(g) + 2K(g) (3)

Early in this work, however, it became obvious that various sulfides of
potassium, in addition to elemental sulfur, were produced when K2803 was
vaporized, Initial studies were conducted in graphite cells and so the
possibility was pursued th&a reduction by graphite was the source of the
sulfur and sulfides. Subsequent results using cells of boron nitride,
platinum, and alumina showed that potassium sulfides and elemental sulfur
arc unavoidable major products f£rom the vaporization Of'K2803(8>’ and not
the result of a reduction reaction with the container. Since reaction (3)
did not explain fthe vaporization of KZSOB(S)’ a lengthy series of tube
furnace experiments was conducted to characterize the condensates and

residues from the reaction. These experiments utilized a simple vacuum

manifold witha protruding Vycor tube over which an external tube furnace

19
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(mounted on casters) could be positioned, After completion of an experi-
ment, the furnace was rolled back, permitting removal of the Vycor tube
(containing the sample) in a glove bag filled with dry nitrogen., Results
from the tube furnace studies include:
L K 4, K SB’ K SS’ and additilonal unidentified sulfides were
obtained in the cell residues.
(2) SZ’ K, and unidentified sulfides were obtained as condensates.
(3) A test for Soz(g) as a major product of vaporizulion of K2803
was negntive,
(4) Results 1-3 are intrinsic to K.S0, and not due to reaction

2773
with container materials.

2.2.3 ‘Thermal Gravimetric Analysis (TGA) of K,SO

2773

Samples of K2 2O5 were subjected to.vaporization in vacuum in which the
temperature was driven up at a constant rate. The purpose was to estab-
Lish the various plateaus in the TGA weight loss curve and thereby
identify the successive reaction products. Fig. 5, which is a typical
result using a platinum cell, shows the regions of volatility for K2 9052
K2803, and KZSOA’ respectively, In the following reaction series, for
which all masses are relative to 100% for the original K,S 05, the TGA

272
plot should show successive losses of 28.8%, 32.0%, and 39.2%.

K, 205(8) = K,80,(s) + 50,(g) 4)
100% 71.2% 28,87

2K 303<S) = K SO (s) + 2K(g) + S0 (g) (5)
71.2%4 39.2% 32.0%

20
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Figure 5. Thermogravimetric Anzlysis for K23205~—K2‘503--K2‘S{) 4 ’ t"
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K,50,(c) = K,50,(g) (6

39.2% 39.2%
There is no question about the correctness of reaction 4, aé dincussed
earlier and as further evidenced by data of Table 1V, Reaction (3),
however, is not consistent with the TGA data, None of the results in
column 2 of Table IV corresponds to the required value of 32.0%. 1In
fact, no one reaction has been proposed that will account for the TGA
data of k2803 On the basis of the tube furnace results, and mass

spectrometric results of the next section, a plausible reaction is

4K2803(s) = 3K 304(9) + K,5(g) )]
71.2% 58.8% 12.4%
where the percentages are again in terms of the original KZS°OS' Reaction

(7), with parallel contributions from (5) provides a consistent account

of results with Pt containers. The TGA curves obtained using BN rells

and graphite cells exhibited no plateau corresponding to the depletion

of KZSO3 to leave just KZSOA. Reaction with the cell is indicated. 1In
the BN results of Table IV, mass loss was greater than 100% of the original
K25205 The graphite cell results show losses of 107 and 99%. It is
important to realize that the BN and graphite experiments did ndt involve
temperatures high enough to cause vaporization of K2304 (first discernible
in our system and cells at about 1025°C). It should be further noted

that in experiménts which were interrupted before sample depletion, X~ray
diffraction of the residue always showed K SO4 to be present. Thus while
K 804 is formed, it is also consumed, implying that the cell reaction (for
both BN and graphite cells) is between the cell and K2504, not the cell
and KZSOS' The fact that all of the K,S0, and all of the K 804 eventually

2773 2
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disappear requires that one of the products from the reaction between
K2804 and the cell must be KZSOS' For the graphite cell, the most

plausible reaction is
K,50,(s) + 1/2 C(s) = K,504(s) + 1/2 €0,(g) (8)

In this manner all the K,S0, produced by reactions (5) and (7) would be

consumed, and so would all of the KZSOS'

believed to be involved for the BN cell, but since BN cells were abandoned,

A similar kind of cycle is

no attempts were made to identify the specific reactions.

The extent of graphite cell reaction can be predicted if the source
of Kzso4 is considered to be from reaction (7), which when added to (8)
yields the formal net result

AKZSOB(S)'= 3K2504(S) + KZS(S) (7
BKZSOA(S) + 3/2 C(s) = BKZSOS(S) + 3/2 COz(g) (8)
K2503 + 3/2 C(s) = KZS(s) + 3/2 COz(g) 9)
71.2% 8.1% 49 .6% 29,7%

The mass loss to be expected from the total reaction sequence is 28.87%
by SO2 evolution from (4}, 49.6% from vaporization of‘KZS, and 29,7%
from CO2 evolution, for a total of 108.1% of the original K28205. Results

in terms of actual cell loss should also be noted. TFrom (9), a K28205
sample of 100 mg would cause 8.1 mg of the graphite cell to be lost. A
typlcal cell weighed about 1500 mg, which means that in addition to

sample loss, a change of 8.1/1500, or about 0.5%, in the cell mass must
be detected in the course of an experiment. For experiments of heating

duration from several hours to several days, it is easy for a 0.5% change

in cell mass to be obscured by accumulative uncertainties. The indicated

23
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Table 1V

Thermogravinetric Analyses foru Kzszo5----1<‘,‘,'SO.3

i & loss in Forming 1 % loss after
. Bxpt # K2803 from K,8,0, K,S0, formed Containex
% L 28.8 18,9 (1<1000 C) Pyrolytic graphite
1€ 2 28,3 17.6 Pt pan
3 27.8 16.6 Pt pan
4 29 ———— Pt pon
5 28.8 26 Pt cell
6 28,8 25 Pt cell
7 28 25 Pt cell
8 28.5 88 BN cell
9 — 24 Pt cell
10 28.8 22 Pt cell
1 26.3 89 BN cell
1.2 28.5 23 Pt cell
13 28 79 Graphite
14 28.1 7L Graphite

LQB.B% theoretilcal

2At 1 below K,50, volatility

2

IR 8 st s

24

i b Er A BN LR 0 b P
S T e b At i,



RS S

R S b

B R B At paam K st o Sew G rin s . Stiimi SIS FS

sy

N o

PR AR S SR

vange of detoctability is, however, well within microbalance capabilities,
and the cell change can be detected, particularly now that reaction (8)
has been revealoed. Tor smaller zamples (the smallest in any of the ASU
experiments was 4,0 ng), gravimetric detection becomes proportionally
movre diffiicult., The 4.0 mg sample, for example, would dnvolve a loss of
about 0,02% of the graphite cell and would require detection over the

duration of an expeviment of 0.3 mg loss from a total of 1500 wg.

2.2,4 Mass Spectrum of Vapors Over K2803

Once it was established that elementall sulfur and mixed sulfides are
produced when Kzsos(s) is vaporized under vacuum, Further mass spectro=-
mebile measurements were carriled out at LeRC (Ref. 3). The results
(FMig. 6) are consistent with the tube Lurnace and TGA [indings, but they

ave not definitive regavding the cextent of reaction (5). Mass 64 could

+
2

low intensitics, isotopic peak measurements at mass 66 and 68 wene

Include contributions from both S0, and S;, but becausc of the overall

Lnconclusive in resolving this questilon. The ratio of intensities fox SOE/

+
[0 was observed to increase with temperature, which would be expected if

both 80? and 32 contributed to m/e = 64, Pavent species not involving
R R N SR S SR .ot
S0 or 502 ave believed to be K\ Sg» Ky87, biz, kZSS, hasﬁ, and RQSS'

The specles KS+ and KSF arce probably fragment products. This interpreta-

2
tion agrees with the tube furnace and T6A results for reaction (7)

4K,80,4(e) = 3K,S0, (8) + K,$(s/g) M

Thoe KZSOQ (m.p. 2069°C) is not volatile at the temperature (76006) of the

nass spectrometric measurements and would not contribute any vapor species.



CONTAINER: GRAPHITE
TEMPERATURE: 760°C
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Figure 6. Mass Spectrum of Vapors from K2503.
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The parent specles listed above result from the subsequent vaporization

of KZS:
xK,8(s) = (2x~2)K(g) + K,5,(c/g) (10)
K Sy(c/g) = 2K(g) +35,(s) (11)

x = 1’2,3000‘

The peak at m/e = 44 is assigned to CO+ as predicted by reaction (8).

2
It is worth noting that the relative intensity at m/e = 44 is exceeded only

by that of K and s;/soz.

2.2.5 Rate-~of~effusion Results for K2803

2.2.5.1 KZSO3 Effusion from Boren Nitride Knudsen Cells

Because the TGA studies established that BN cells react with K,SOB, and

2

because the nature of the reaction is unknown, little progress is possible
wilth calculations based on effusion data from BN cells. Results are
nevertheless reported for possible value to future studies. Pressures in
Table V and Fig. 7 were calculated by assuming reaction (5) and ignoring
the cell reaction., The effusion rates do not involve any assumptions,

S0

however, and constitute primary data for the K --BN system,

2773

2.2.5.2 K,80

9 Bffusion from Graphite Cells

3

Results for KZSO3 effusion from pyrolytic-graphite coated, high density
(L.81 g/cmB) graphite cells appear in Table VI. The data are tabulated
in the order they were acquired and show an abrupt increase (see Fig. 8)

in the effusion rate after "point" number 8, where a change from 2.02 x 10

27



Table V

Rates~of~Ef fugion and Vapor Pressures for K2803

Vaporization from a Boron Nitride Knudsen Cell

T,°K AEffusion Rate, kg 8 - P,atm

1103 1.69 x 1077 3.57 x 107
1093 1.38 x 10 2,90 x 107
1068 6.17 x 1070 1.28 x 107°
1148 8.24 x 107 1.77 x 107
1081 8.67 x 10~ 1.81 x 1072
1048 3,00 x 10710 6.17 x 1070
1053 3,75 x 10720 7.73 x 1079
1061 3.92 x 107 8.12 x 1070
1103 1.42 x 1072 3.00 x 107
1108 1.81 x 107 3.83 x 1070
1123 2.65 x 107 5.64 x 107
1139 5.52 x 1072 1.18 x 107
1168 9,17 x 107 1.99 x 1074
1153 6.35 x 107 1.37 x 107
1108 1.44 x 1070 3.05 x 107°
1113 1.68 x 1077 3.56 x 107
1038 1.71 x 1070 3.50 x 1078
1028 9.17 x 1074 1.87 x 1078
1103 | 1.21 x 10~ 2.55 x 107

* Boron nitride cell with 0.8l3 mm dia orifice. Clausing factor taken
as unity. M in Knudsen eqtn. equals 0.04674 kg.
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Figure 7. Log P(atm) vs 104/T for Vaporization of K

Nitride Knudsen Cell.
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10
11
12
13
14

Lo
L7
18
19
20

Rates of Lffusion and Vapor Pressures for K2803

Vaporization from a Graphite Knudsen Cell

10

10

Table VI.

x Rate, kg/s

0.444
0.739
1,23
1.90
L.15
1.96
2.41
2.02
b.45
3.12
5.25
3.97
8.21
8.12
9.48
11.2
2.43
4.61
7.13

11.6

30

1023
1048
1063
1093
1073
1093
1103
1098
1098
1093
1103
1113
1123
1133
1143
1153
1073
1113
1133

1153

10~ x P,atm

2,72
4.59
7.69
12.1
7.23
12.4
15.4
12.8
28.3
19.8
33.5
38.2
52.8
52.4
61.5
73.0
15.3
29.5
46.0
75.6



2]
22
23

25
26
27
28
29

31
32
33
34

35

Graphite Knudsen Cell, Orifice Area 1.72 x 10~

10

10

Table VI (cont'd)

x Rate, kg/s

14.0
17.4
2L.7
5.70
21.7
28,5
2.22
2,69
3.40
4,49
5,87
7.63
9.53
12.0
2,72

Points 1-8 apply to reaction (10).

Points 9-35 apply to reacticn (11).

3

o

1163
1173
1183
1113
1183
1193
1073
1083
1093
1098
1108
1118
1128
1138
1073

10 x P,atm
91.6
114,
143,
36.5
143,
189,
14.0
17.0
21.6
28.5
37.5
49.0
61.4
77.7
17.1
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to 4.45 % 10”20

kg/s was observed, The first eight determinations are
attributed to reaction (7) with the effusate consisting of products

resulting from (10) and (11). The abrupt increase 1s due to the onset
of the reaction of K2804 with the graphite cell and reflects the addi=~

tion of COz(g) to the vapors.

2.2,5.3 K2803 Effusion from Platinum Cells

Platinum cells, electron beam welded, with the effusion orifice in the
top (Fig. 2), were loaded through the orifice with KZSZOS' After thermal
decompogition to form K2503, effusion data of Table VII were obtained,
From earlier discussion, the predominant vaporization reaction for K2803
in platinum appears to be reaction (7)., The calculated pressures are
lower than those from BN or graphite cells as expected, but they are

also much more eratic (Fig. 9). Reaction between the platinum cell and
the sample was not extensive, as evidenced by the constant cell observed
after total exhaustion of the sample, Experiments in open platinum pans

revealed a brown discoloration of the platinum, but this was not accom-

panied by discernible mass gain or loss,

2.3 EXPERIMENTAL RESULTS FOR KZS

2.3.1 K,$ Samples

Commercially available samples were found to be insufficiently well-
defined for purposes of this work. They were unsatisfactory either in

stated composition, such as the Alfa K Sx’ S > 12.8%, used in our first

2
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(973

10
1L
12
13

14

16

PSRRI

Pt Knudsen Cell, Orifice Area 1.77 x 10

Rates of Effusilon and Vapor Pressures for K2503
Vaporization from a Platinum Knudsen Cell

10

10

Table VII

x Rate, kg/s

2.01
7.95
6.49
3.24
2,24
10.8
4.82
6.18
1.45
1.46
1.71
1.65
1.85
3.39
5.77

5.33

°K

1103
1195
1177
1165
1150
1285
1215
1225
1078
1085
1107
1134
1144
1167
1184
1189

2

M

Pressures apply to reacticns (10) and (11)

34

6

10~ x P,atm

0.393
1.62
1.31
0.651
0,44
2.28
0.989
1.27
0.280
0.283
0.335
0.327
0.369
0.682
1.17

1.08
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study (Ref., 1), or they were of anomalously high volatility, as we

found with samples obtained from Cerac. Suitable samples were synthe-
sized directly from the elements (Ref. 8) in a dry tox under argon by

the group at UT. In their procedure, sulfur was added to a stoichiometric
excess of potassium in a pyrex cup at 180°C. The metal-rich crude pro-
duct was transferred under argon to a vacuum line where the excess
potassium was sublimed at 350-400°C. The product was analyzed by X-ray
powder diffraction and by titration with standard acid. The X-ray
diffraction pattern was that of KZS (JCPDS Card No. 23-496A). The

titration was interpreted as though the sample were KkS with a typical

1

result of x = 1,97+40.04. Because KZS reacts on contact with moisture

from the air, subsequent handling and transferring of samples required

either dry box or dessicator techniques.

2.3.2 Mass Spectrum of Vapors Over KZS

Mass spectrometry at LeRC of the vapors from KZS(c) revealed the ionic

species of Fig. 10 (Ref. 3), which are very similar to results of Ortman

et al (Ref. 9). Parent species are believed to be K+, S;, KZS+’ Kzst.

Fragmentation species are KS+ and KSZ. One would also predict KZSS’

K284, K , as vaporization products, though they were not detected

255
unfragmented. As the vaporization proceeded, the ratios of the two most

+
intense species, K and S+, were observed to change, with the relative

2
intensity of K+ decreasing smoothly, while that of S;

Initially the ratio for K#/S; was greater than 200, and after an extended

increased (¥ig. 11).

period of heating at >700°C, the ratio finally became less than about 4

when the sample was almost completely gone. The results confirm the K?S
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vaporizes incongruently, as predicted by veaction (10).

2.3.,3 Isothermal Total Mass Loss Experiments

Further characterization of the incongruent vaporization of Kzs was

sought £rom vacuum microbalance experiments in which Kzs samples (20-

100 mg) were vapoxilzed isothermally, Evidence for incongruency from

such experiments is provided by departure from a horizontal line of the
curve from a plot of rate~of~effusion vs time, Alternatively, since

the temperature is constant, rate-of-effusion vs fraction of sample
vaporized should plot as a horizontal line for congruent vaporization,

and deviation from the horizontal would be evidence of incongruent vapori-
zatlon, Results for graphite and for alumina cells, Figs. 12 and 13
respectively, leave no doubt about the incongruent vaporization of KZS'
The experimentslwere repeated several times, and though detalls of the
changes in rate were never ldentical from one experiment to the next,
certain features were nevertheless always present, The large maximum
exhibited by the rate was always observed, and it always accurred early
in the history of the sample in alumina cells, and late in the sample's
history in graphite cells. A sharp decrease always occurred after the
maximum, followed by more "regular' behavior. While these results
provide ample evidence of the incongruenﬁ vaporization of xzs, they are
not understood. The early appearance of the maximum in alumina cells
caused alumina to be abandoned as a cell material, even though total
mass loss indicated no permanent change in the alumina. Subsequent

measurements were restricted to graphite Knudsen cells, and were made
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before 50% of the sample was depleted in order to avold the maximum of
Fig. 12, This strategy was adopted on the assumption that the effusion
behavior of the isothermal experiments was due to an effect other than

that of equilibrium vaporization for which measurements were sought.

2.,3.4 KZS Sffusion from Graphite Knudsen Cells

The results of Table VIII appear in the order they were acquired. After
"point" number 12, subsequent effusion rates (points 13-21) were lower

by almost n factor of 2 (Fig. 1l4). Such an abrupt fall-off in the rate-
of~effusion of KZS was also observed in effusion studies at UT (Ref. 3).
In that work we attributed the higher fates to the incongruent reaction
(10) for which the effusant is predominantly K(g). The lower rates were

assigned to the onset of the congruent vaporization of KZS4(c).
KZS4(c) = 2K(g) + ZSz(g) (13)

Resultg in Table VIII do not provide information about whether KZS4 is

formed as a congruently vaporizing phase, but they do indicate that a

change in the vaporization reaction occurs.

S and K,S0, Effusion Results

2.3.5 Comparison of K2 9504

The disproportionation reaction (7) suggests that vapor species and

effusion rates for K2503 and KZS should be the same in the range ~ 700~

1000°C., This comparison is complicated by possible contributions to
the vaporization of KZSOB from reactions (5) and (8), and by possible
solution effects between KZS and K2804 (Ref. 10). Comparison of cal-

culated vapor pressures (Figs. 8 and 14), and of mass spectra (Figs. 6

42




Table VIII

Rates-of-Effusion and Vapor Pressures for

K,S Vaporization from a Graphite Knudsen Cell

2
t 10 x Rate, kg/s °K ;gf__gc__}’_,_%n_\‘
1 L.74 1063 12.0
2 1.81 1063 12.5
3 1.79 1063 12.4
4 2.81 1078 19.6
3 4.23 1093 29.7
6 5.72 1108 40.4
7 8.11 TP 57.7
8 4,17 1093 29.3
9 8.07 , 1123 57.4
10 10.5 1138 75.2
11 15.6 1163 4 113.
12 20.5 1178 149,
13 0.333 998 2.23
14 1.79 1078 12.5
15 2.48 1093 17.4
16 4.36 1123 31.0
17 8.33 1158 60.2
18 11l.5 1173 83.6
19 6.47 1148 46.5
20 10.6 1173 77.1
21 1.62 1073 11.3

(1) Pyrolytic graphite-coated graphite Knudsen cell, orifice area 1.70 x 10_7M2

(2) Points #1-12 apply to reaction (10).
(3) Podints #13-21 apply to reaction (1l1).
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and 10), however, shows a striking similarity, as predicted by comparing

reactions (7) and (10),

2,4 THEUWMODYNAMIC CALCULATIONS

The accumulated results from these studlies indicate that the carly stages
of vaporization of both Kzso3 and Kzs involve K(g) as the predominant
goseous specles, in accordance with reaction (10)., The value of x for
calculations was taken as x = 4 in our previous report (Ref, 3), This
value was based on effusion data by Edwards at UT which indicated the
formation of a congruently vaporizing phase of composition Kzsé. While
the present results cannot shed light on the K284 congruency, the value
x = 4 nevertheless appears a reasonable value because of the closeness

in Aug values reported for Kzsx (Ref, 11):

K,S, AH?Z

28y Allp, 298

103,0£0,7 kecal/mole

R
1

K, S AHE, 298 111.841.2 kcal/mole

273

111.3+0.5 kecal/mole

"
1

K254 AHf, 298

Kzs5 AHE, 298 = ~ 112,.2%£0.4 kecal/mole
K2SG AHE, 298 = - 111.9£0.7 kcal/mole

Within experimental error, the above results indicate that AHE (298) is
the same for all KZSx when x > 2. The initlal vaporization reaction,

applicable to both K.$ and KZSOB’ may be written in terms of one mole of

2

pascous product as
2/3 K,S(s) = 1/6 KZS4(1) + K(g) (14)

for which the equilibrium constant Kp (assuming unit activity for
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condensed phases) is simply

Kp = P (15)

The first set of pressures in Table VIII, calculated by the method of

equation (1), apply to reaction (14), and yield a leest squares fit of
log P(atm)(reaction 14) = =~ 11920/T + 6.336

The second set of pressures in Table VIIL corresponds to reaction (ll)

which becomes for one mole of gaseous product

1/4 K254(l) = 1/2 K(g) + 1/2 5,(8) (16)
with
- pl/2,1/2
Kp Py PSZ 0.5P (17>

The pressure data for reaction (1l6) ylelds a least squares fit of
log P(atm) (reaction 16) = =10400/T + 4,756
Standard deviations for the least squares equations provide uncertainties

of about *2%,

The value for'AHE (298) of KZS(B) can be calculated by combining the
results of third law calculations applied to reactions (14) and (16).

The third law equation
AH® 5og = = RTAnK  ~ TA¢ (18)

requires free energy functions ¢ for all species in (16) and (17). All
¢'s are availlable from the JANAF Tables (Ref. 12) except those for K254(1)’

which we estimated previously (Ref. 3) by the following relationships:

DIK,S, ()] = GIK,S(s)] + 3(4[Nay0,(s)] = §[Na,0(s)1) (19)

BIR,S, (1)1 = §IK,S,(s) + 2(9[Na,8(1)] = $[Na,S()])  (20)
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Table 1IX

Free~-Energy Functions

s° = —[c°-H° (298K) 1/T (cal/mol K)

o
T(K) X(g) S 2(g) KZS (s) KZS 4 €3] React ( 10§¢ React (11)
900 40,46 58.11 35.73 59.1 26.48 34.51
1000 40.82 58.73 37.21 62.21 26.39 34.22
e 1100 41.16 59.31 38.75 65.18 26.19 33.94
1200 41.48 59.86 40,32 68.01 25.93 33.67
1300 41.78 60.38 41,86 70.40 25.61 33.48

e i e R R 2

TRt ot = e



AN

e o
e A s e . - e R ARICRR T I T T e

8Y

Table X

Heats of Formation of K_.S and KZSO

2 3
sHZ, 298

Compound Source Reference Method (kcal mol-l)
KZS(s) Sabatier, 1881 a3 Sol'n Calorimetry -103.4

Rengade & Costeanu, 1914 (14) Sol'an Calorimetry - 87.3

Letoffe, et al., 1974 a1 Sol'n Calorimetry -92.1

JANAF, 1978 (12) Compilation - 90.0%3

Ortman, et al., 1979 9) Mass Spectrometry - 90.322.4

Johnzon & Steele, 1981 (15 F2 Calorimetry - 97.1%0.6
KZSOB(S) Berthelot, 1884, Martin & {16) Experimental -266.9

Metz; NBS Circular 500

Erdds, 1962 (7)) Estimation ~267.2

Rasch, 1970; Barin & (18) Estimation -272.%

Knacke (5)

i e - P ———— S



By this method we obtalned:
Angge, reaction (14) = 53,4%0.09 kcal mol-l
AH;QS’ reaction (16) = 64,9%0.05 kecal mol-l

Free energy functilons ¢ used in these calculations appear in Table IX.
These results, when combined with JANAF values for AHE (298) of X(g)

and of Sz(g) (21.31 and 30.71 kecal molhl, respectively), give AH% (298)
for KZS(S): ~87.1t3.0 keal mol"l as reported previously (Ref. 3) using
vapor pressures obtained at UT, and -82.0%3 kcal mc>11"1 using pressures
from Table VIII. Results from other gpurces (Table X) support the first
value above. The source of our different results (ASU vs UT) lies in

the measured vapor pressures (and thus the RT&nK terms) for K,S, for

2
which the ASU results were consigtently higher than those from UL, The

reason for the difference in measured pressures is not understood.
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3. SUGGLESTIONS FOR FUTURE WORK

The high temperature chemistry of K2503 and Kzs is complex, as reflected
by the paucity of thermodynamic data which provided the impetus for this
work., Measurements at high temperatures are affected by interaction
vith contalner materials, usually in ways not understood, as in the
boron nitride results for K2803, and the alumina results for KZS' It

is not clear that a suitable container material has yet been found, and
future studies will have to deal with this problem. The most desirable
extension of the present work, however, would be studles of KZSOA in
graphite containers, Such studies would provide a critical test for the
reaction sequence that our results support for K2803 in graphite, and
the necessary experiments should be straightforward. On the basls of
our findings, for example, one would predict that KZSOQ(S) would as the
result of reaction (9) "vaporize" from a graphite Knudsen cell at say
800°C, which is too low a temperature (m.p. KZSOQ, lG¥900) for the true
vaporization of K2804. This reaction should be of much interest in MHD

seed-cycle considerations.

More complex studies suggested by thils work would involve elucidation of

the "peaks" from the isothermal total exhaustion experiments of section
2.3.3. 'Those results are probably kinetically rather than thermodynamically
controlled, as evidenced by numerous increases in effusion rates (and

thug of vapor pressures) at constant temperatures. The effect of surface

to volume ratilos of the samples, whilch waere qulte small in the isothermal

experiments, would probably also require investigationm.
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1. Project Status Report, July 13, 1979

2. First Semi-Annual Report, January 11, 1980

3. Second Semi-Annual Report, June 1980

4, Third Semi-Annual Report, February 3, 1981

PUBLICATION

1, J. E. Bennett, V. S. Chincholkar, J. G. Edwards, L. E. Grimes,
R. Haque, F. J. Kohl, F. Sibieude, and C. A. Stearns, ''Vaporiza-
tion Thermodynamics of KZS and KZSOS’" in Proceedings of the
Symposium on High Temperature Materials Chemistry, ed. by D. D.
Cubicciotti and D. L. Hildenbrand, Proceedings Volume 82-1, The
Electrochemical Society, Pennington, NJ, 1982, pp. 337-352,

THESIS
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Arkansas State University, M.S. Thesis, 1982.
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R. Haque, F. J. Kohl, F. Sibieude, and C. A. Stearns, 'Vaporiza-

tion Thermodynamics of K,S and KZSOS’" presented at the 160th

2
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March 1980,
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5. ADDENDUM

Reaction of potassium sulfate with graphite. Discovery of the

disproportionation reaction of K2503 in graphite containers

4K2803 = KZS + 3K2804 (14)

raised questions about possible subsequent reactions of KZSO4 with graphite,
No reference to K2804~graphite reactions were found in the literature, but
the significance of such reactions was percelved to be of sufficient impor-
tance to this work to justify experimental studies, Results from these
studies came too late for the main body of this report. Instead the essen-
tial findings are summarized in this addendum.

Tube furnace experiments were conducted in which KZSO4—graphite mixtures
in a graphite Knudsen cell were subjected to high temperatures under high
vacuum in an arrangement such that vapors effusing from inside the cell
were caused to deposit on the inner walls of a Vycor tube. The Vycor tube
possessed a temperature gradient that ranged from room temperature to the
temperature of the furnace hot zone, thus causing selective deposition of
vapors. Reactilon occurred with visibly discernible deposits at about 780°C.
Deposits (in order of increasing distance from the hot zone) were found to
be: 1) mixture of potassium sulfides; 2) elemental sulfur; 3) elemental
potassium. This kind of experiment was repeated three times at temperatures
to 850°C, and the results in each case were as described above. Similar
experiments were then carried out in a vacuum furnace eduipped with a quad~-
rupole mass spectrometer probe. The permanent gases CO and CO2 were detected
with the quadrupole as products of the reaction between KZSO4 and graphite

above about 750°C, These gases were not detectable in the tube furnace
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experiments because they did not condense under the conditions of those
experiments., Species assigned from positive ilon spectrometry as originating
from the Knudsen cell were (in order of decreasing intensity): COZ’ co, K,
Sz, 0. Below about 800°C the CO intensity was greater than that of C02,

but above this temperature the intensities reversed, Species looked for but
not detected were: SOZ’ 803, 02, 54, S6’ 88’ SlO’ Minute non-background

signals were obtained for K Sx’ with x = 1,2,3,4,5,6, but uncertainties were

2
too great for meaningful assignments.
These results indicate that the reaction between KZSOQ and graphite

proceeds according to

K80, (s) + 4C(gr) = 4CO + K,8 (2A)

and KZSOA(S) + 2C(gr) = ZCO2 + KZS | (3A)

with subsequent incongruent vaporization of KZS (as described in this report).
X~ray powder diffraction of cell residues gave only KZSO4 patterns, thus
indicating against the idea of K, S0

2773
It is possible that only (3A) occurs and that CO(g) results solely from the

as an intermediate of (2A) an. (3A).
decomposition of COz(g), but this has not been established. We do attribute

the detected speciegs 0(g), however, as resulting from either the reduction

or the decomposition of COZ’ and not from KZSO4.
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