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INTERACTION OF NaCl(g) AND HCI(g) WITH CONDENSED Na2SO4

Carl A. Stearns, Fred J. Kohl, George C. Fryburg,
and Robert A. Miller*

National Aeronautics and Space Administration
Lewis Research Center

Cleveland, Ohio 44135

ABSTRACT

The interaction of Na SO (1)with NaCI(g), HCl(g)

and H O(q) was studied in atmospheric pressure flowing
air dAd oxyg.•n at Na^SO 4 0) temperatures of 900 and 1000°C.
Thermomicrogravimetric and high pressure mass spectro-
metric sampling techniques were used. ExperimenLal results

establish that previously reported enhanced rates of weight
loss of Na SO (1) in the presence of NaCl(q) are due

to the rea^tign

Na 2 so4 (c) + 2HC1(g) = 2NaC1(g) + SO 2 (g) + H 2O(g) + 112 0Jg)

being driven to the right in flowing gas systems. The

HCl(g) is the product of hydrolysis of NaCl caused by

small but significant amounts of H 0(g) present in the
system. Thermochemical calculatioAs are used to show
that even with sub-ppm levels of H 0(q) present, signifi-
cant quantities of HCl(g) are prod^ced.

INTRODUCTION

The role that condensed or qas p hase sodium chloride plays
in the hot corrosion process is not well understood and is the
subject of a number of current investigations. When studying

the effect of NaCl(c) on %SO 4 (1)-induced attack of metals,

investigators use test methods in which mixtures of the salts
are applied as deposits on samples or in which samples are
iiimiersed in crucibles containing mixtures of the salts. Main-
taininq the desired composition of the salt mixture is a problem

in long duration, high temperature tests because the NaCl vaporizes
preferentially. This is due to the fact that the vapor pressure

of sodium chloride is orders of magnitude greater than that of

sodium sulfate.

*NRC Resident Research Associate.
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Pettit and cowo rkers (refs. 1, 2) attempted to avoid the

preferential loss of NaCl from NaCI(c)-Na2S0q(c) mixtures by
adding partial pressures of NaCl(g) to the flowing air used
in their tests. They reported that instead of suppressing

the loss of NaCl from the mixture, the addition of NaCl(g)
resulted in an increased rate of weight loss of the entire
deposited mixture. This unexpected behavior prompted them
to perform additional experiments with inert metal samples to
eliminate any possible corrosion effects. Deposits of Na2SO4(c)

were applied to platinum samples which were then heated to
1650°F in flowing air containing 300 ppm by weight of NaCI(q).
Under these conditions, the samples lost weight at a linear
rate of 0.4 mg cm L hr- l . Furthermore, the same rate of
weight loss was observed when the inlet air was bubbled

through water.	 In the absence of the NaCl(g) addition to the
air flow, the rat e of weight loss was reported to be
0.004 mg cm- 2 hr' l . Thus the enhancement in rate of weight

loss of Na2SO40 ),produced by the addition of NaCl(g) t
H20(g) to the air flow, was a factor of 100.

Jones et al. (ref. 3) carried out similar experiments
with Na 2 SO4(c) deposits on platinum samples. With sample

temperature held at 1600°F and 300 ppm NaCl (q) added to flowing9

air, they reported a weight loss rate of 0.03 to 0.05 mg cm-? hr'1
when the inlet air was passed through Drierite (anhydrous CaSO4)
and 0.1 mg cm-- hr_ 1 when the air was bubbled through water.

Smeggil observed thermogravimetric results in his hot
corrosion studies (ref. 4) which suggest that NaCl(q) promoted

the loss of Na,SO 44 (l) from his samples. He performed additional
experiments with Na 2 SO4(c) deposits on platinum substrates which
he heated in flowing air with partial pressures of NaCI(q).
Preliminary results indicated anomalously large weight loss rates
(ref. 5).

The observations of Pettit et al., Jones et al. and
Smeggil appear to be inconsistent with what one would predict

on the basis of equilibrium thermodynamics. This fact and uur
continuing interest in hot corrosion phenomena prompted us
to initiate the work reported herein. Our high pressure mass
spectrometric sampling facility (ref. 6, is a powerful tool

for studying systems at atmospheric pressure. Na2SO4(1)-NaCI(g)
interactions were studied at a total pressure of one atmosphere
of air or oxygen for various temperatures of Na2S0q(l) and for
various partial pressures of NaCl(g) and H ` O(g ). Mass spectro-
metric sampling was used to identify and monitor gas phase

species.	 In addition, continuous recording thermomicrogravimetric
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measurements were used to determine condensed phase weight
^hange rates. Experimental measurements were supplementers

with thermodynamic calculations. Although this work is still
in progress, the results presented here elucidate the inter-
action of NaCl(g) with Na2504(1).

EXPERIMENTAL

Materials. — For all of the experimental results reported here,

Na Sc)O^ coatings were applied to Pt 201 Rh metal coupon
substrates. The coupons were approximately 2.2xl.3xO.038 cm
in size and ha! a 0.32 cm diameter hole near one end to

facilitate hanging. Coatings of Na2SO4(c) were applied by
spraying a saturated aqueous sodium sulfate solution onto the
faces of the coupon as it was heated on a hot plate to about

150°C. The quantity of Na 2 SO4 (c) applied was determined by

weighing and ranged from 2 to 4 mg cm- 2 . Fisher certified grade
sodium sulfate was used. 	 a

Initially, gold coupons were tested as substrates for
Na2SO4(c) but recorded weight change curves for various con-
ditions were found to he not reproducible. Visual examina-
tion, after interrupting the experiment at various stages,

revealed that tt.e Na9SO4(c) coating after melting was not
uniform over the sample. Distinct droplets of Na2SO4(c)

were apparent and the size and distribution of the droplets

were different for each test. Examination of a gold sample
by scanning electron microscopy with energy dispersive X-ray

analysis revealed that the Na2S0q(c) did not cover the entire

surface area with even a thin film. Apparently Na 2 SO4 (1) does

not wet gold. Such a situation presents an unknown and

nonreproducible surface area of Na2SO 4 0) for vaporization

and interaction with NaCl(g) during our tests. This then
probably accounts for the lack of reproducibility observed

in wei(jht changt curves for gold substrates.

Visual examination of Pt 201 Rh coupons coated with

Na 2 SO4(c) was made at various stages of thermogravimetric tests.

It was always noted that Na2SO40) tended to run down and form
a thick section near the bottom of the coupon. Also, some

Na2SO40) usually crept up the hangdown suspension hook. Thus,

while the Na2SO4 ;1) appeared to wet the entire coupon surface
area, we feel there is still a problem which precludes
normalizing weight changes in terns of sample area.

Thermogravimetry. — Weight change experiments were carried out

in the apparatus shiwn schematically in figure 1. A Cann type

3
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RH microbalance, the output of which was continuously

measured with a strip chart recorder, was used to follow the

coupon weight change. The balance was operated with a sensi-
tivity setting ;uch that 5 micrograms of weight change pro-
duced one millimeter of deflection on the recorder chart.
Because of noise produced in our flowing gas system, this was
the highest practi,-able sensitivity that could be used.

The sample was hung from the balance with a 0.127 mm
diameter hangdown wire with a 0.5 nun diameter wire hook at

i ts lower end. The hangdown wire and hook were Pt 13`.'G, Rh
alloy. The sample hung in a 2.3 cm inside diameter quartz
tube attached to the balance enc',osure by a greaseless ball
and socket joint. To protect the balance from corrosive vapors,

air was uassed down through the `valance enclosure at a rate
of 365 cc/min. An equal flow of air was passed over the

sample by flowing air into 'he inlet at the lower end of the
quartz tube. Both gas flow; exited from the system through

the single gas exhaust shown in figure 1. Exhaust gas was
bubbled through a 2.5 cm high column of vacuum pump oil.

Air was supplied from the laboratory compressed air service
line and each flow was passed through a 6 cm diameter by
20 cm high column of 0rierite. When desired, the air flow

over the coupon could, by a ppropriate valvinq, be bubbled

through water before entering the system.

A portion of the quartz tube was located in a 2.86 cm

inside diameter by 20 cm high movable furnace. Tne furnace
temperature was controlled by a precision setpoint, propor-

tional controller and silicon controlled rectifier power

supply. Sample temperature was measured by a Pt-Pt 13 Rh
thermocouple brought in through the bottom of the quartz

tube. The thermocouple junction was located adjacent to
the center of the sample. Ice-point compensated thermocouple

voltage was read with a digital voltmeter.

Partial pressures of NaCl(q) were generated by heating

pre-melted sodium chloride contained in a platinum crucible.

The crucible was supported on a double bore alumina tube
containing a thermocouple whose junction was in contact with
the crucible bottom. The alumina tube-crucible assembly could

be moved vertically through a slip-seal in the bottom end of the
quartz tube. Crucible temperature was varied by vertical
positioning of the crucible in the furnace and measured with

.9ithe ice-point compensated thermocouple and a digital volt-
meter. Sample and crucible temperatures were set and controlled

to tl"C.

14
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The operatin g procedure was to hang the Na2S0q(c)-coated

sample from the balance with the furnace cool and lowered

below the sample. The salt crucible was lowered below the

furnace. Gas flow was initiated and the balance was allowed
to settle down to a steady state. The furnace was turned on

and once it reached the set-point temperature, it was raised

up to the desired position to heat the sample. The sample
reached the operating temperature, either 900 or 1000°C, within
five minutes after raising the furnace.

Prior to investigating Na2SO 4 (1)-NaCI(q) interactions,
a number of "calibration" experiments were performed. The
rate of weight gain due to condensation of NaCl on the
hangdown wire was measured. This rate, R. in mg hr- 1 was
measured, with an uncoated Pt 20`^ Rh coupon, as a function of

coupon temperature and NaCl(q) concentration. The air flow
was held constant at 365 cc min- 1 and a fixed position for the
furnace was maintained. For coupon temperatures of 900,

950 and 1000 1 C, R was found to be linear in time, independent
of sample size and dependent on salt crucible temperature,

TNaCI, according to the Arrhenius relationship:

log R=	 -T-	 +Q	 (1)
NaCI

where A and a are constants whose value depends on the -.ample

temperature.

The concentration of NaCl(g) added to the air flow %..as

measured as a function of temperature of the salt crucible.

Concentration, C in ppm by weight, was determined by measuring

the weight loss of salt in the crucible, after fixed increments

of time at temperature, and calculating the weight of air that

flowed in the time increment. For the flow rate of 365 cc/min,
C was found to vary with crucible temperature according to

the relationship:

log C =	 -a --	 + h	 (2)
TNaCI

where a and h are constants whose value depends Dn the geometry

of the apparatus.

High- Pressu re Mass Spectrometric Sampling.— A high pressure, free
,let expansion, modulated molecular beam, mass spectrometric
sampler and flow-tube system was used to identify directly gas

phase species involved in Na 2 so 4 (c)-NaCl(q) interactions under

5
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various conditions. The apparatus is shown schematically in
figure 2. Details of this apparatus have been presented previously

(refs. 7, 8). The sample was suspended from a platinum wire in
a 2.5 cm diameter quartz tube contained in a tube furnace. A
smaller diameter, 1.5 cm, liner quartz tube extended up to within

about a centimeter of the sample. Gas (oxygen or jir) was
fed independently to each tube and the total flow was 365 cc/min.
The two-tube arrangement was used to facilitate adding water

vapor to the outer tube only so as to protect the salt, con-
tained in the Pt 20% Rh crucible, from hydrolysis. sample and
crucible temperatures were measured as in the thermogravirnetric

apparatus. All experiments were performed at atmospheric

pressure.

The theory and description of the sampler have been presented

elsewhere (ref. 6). Briefly, gas enters the sampler through a
0.25 nmi diameter Pt 20% Rh samplinq orifice l ocated in the
apex of a short 106 degree sampling cone. The (las is expanded

as a free ,jet, converted to a molecular beam and passed, via
differentially pumped vacuum stages, into a quadrupo,e mass spectro-

meter operated at pressures below 10- 8 torr. The moleculr

beam is modulated by a rotating segmented disc and synchronous
detection is used to measure ion currents resulting from ions

produced by electron bombardment of the neutral nu)lecular

beam.

When sampling systems containing condensible qas—phase
species, it is desirable to have the sampling orifice as hot as

practical to minimize clogging of the orifice. 	 In our apparatus,

the sampling cone protrudes into the flow tube and furnace as
shown in figure 2. The orifice temperature attained in any

experiment depends on the selected sample temperature. At
sample temperatures below about 1000°C, with NaCl(q) concentra-

tions above about 200 ppm, orifice clogginq becomes a problem

and limits the duration of experiments. Therefore, most
experiments were performed at sample temperatures of 10000C

or higher and with NaCl(g) concentrations below about 150 ppm.

For the majority of the sampling experiments, oxygen was

used as the flowing gas because it results in lower "metastable

noise" (ref. 9) and p roduces "quieter" mass spectra than does

air. However, even with the high purity tank oxygen used,

interference is encountered in certain regions of the mass
spectrum. Rare gas impurities contained in the oxygen are the

cause of such interference. For example, the 40Ar+ r-ignal

precludes measurement of the NaOH+ ionic .Jpecies.

6
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RESULTS AND DISCUSSION

Thermoy avimetric Experiments. — Figure s shows a typical recorded
weight change curve for a Na 2SOq(c)-coated Pt 20X1 Rh coupon at
900°C. Also shown in this figure is the linear weight qain

curve (obtained for an uncoated coupon at 900% when 300 pprn
NaCl(g) was added to the air flow) that results from NaCl(c)

pickup by the hangdown wire. (before NaCl(q) is added to the
flow, the coated coupon is seen to lose weight linearly in

time due to vaporization of Na 2 SO4 (1). When a partial pressure
of NaCl(q) (300 pprn by weight) is added to the "dry" air flo:
a rapid weight gain is observed before the curve gradually

levels off and transcends to a lipiear rate of weight loss.

Finally, when H 20(9) is added to the NaCI(g)-containing air

flow, the rate of weight loss is seen to increase. The pertur-
hation shown when the H20(g) was added is due to the disturbance
of the balance produced by switchinq from dry to wet air.

Recorded weight changes for coated coupons must be
corrected for (1) the concurrent weight gain dae to NaCl
condensation on the hangdown and (2) Na2SO 4 (1) vaporization
weight loss. The first correction is obtained from "calibra-
tion" experiments and the second is obtaineu from the beginning
of t`ie curve obtained before the addition of NaCI(g). When

such corrections are made, we see that the net weight loss
rate resulting from the addition of NaCl(q) and NaCl(q) + H20(g)

is appreciable.

The initial weight gain observed upon addition of NaCl(g)
was presumed to be due to the absorption of NaCl by the Na2SO4(1).

To :-rify this presumption, several experiments were interrupted

during the initial weight gain by rapidly lowerin q the furnace

anJ crucible and cooling the sample. The sample was removed from
the apparatus and rinsed with water to remove all deposit.

The resulting solution was analyzed for chloride. The calcu-
lated amount of NaCl, corresponding to the quantity of chloride,
was found to be in excellent cpreement with the respective recorded

weight gain. These tests established that indeed the observed
initial weight gain upon thA addition of" NaCl(g) is due to

the absorption of NaCl by the Na 2 SOq(l). This point will be

discussed in more detail later.

Numerous experiments were perfc, rined at sample

of 900 and 1000"C with 300 ppm NaCI(q). In these

reproducibility of the Na2SO4 vaporization weight

initial weight gain upon addition of NaCl(g) were

temperatures
experiments, the

loss rate and

found to be



satisfactory. However, the weight loss rates measured after

the addition of NaCl(q) and H 20(g) showed poor quantitative

reproducibility. At the present time, we cennot explain the

quantitative variation observed in our experimental results.
Nevertheless, we feel the qualitative features observed in

the thermogravimetric experiments are significant'. Therefore,
the results of a typical set of experiments are presented in
Table I to serve as a qualitative summary of our observations.
These results show that the addition of NaCl(g) to air flowing

over Na 2SO4 (1) at 900 and 1000°C enhances the rate of weight

loss of the Na2SO 4 0 ). This enhancement increases when H20(g)

is also added to the air flow.

Our results are in qualitative agreement with the results of

Jones et al. (ref. 3), but our findings regarding the addition

of 1,120(q) do not agree with the reported observations of Pettit

and co-workers (ref. 1). It is also interesting to note that
neither of these groups of investigators reported any observations

regarding the absorption of NaCl by Na2SO4(1) ex posed to partial

pressured of NaCI(q).

The phase diagram for the NaCl-Na SO4 system has been

measured and found to show a single eutectic with no soiiu solution

(ref. 10). Above 900 - C, all compositions are completely liquidus.

Additionally, Flood et al. (ref. 11) have established that NaCl(1)

and Na 2SO40) form a practically ideal solution in both
branches of the liquidus. Thus the quantity of NaCl(1)
absorbed by Na2S0qq(1) in the presence of NaCl(q) can be calcu-

lated. Consider r,a 22 SO40) as the solvent, designated by the
subscript S, and Na 10) as the solute, designated by the sub-
scripi s. The weight of solute in the solvent is given by:

_ _X _	 W	 (3)

W s	 1-^ s Ms S ^	
.

where W is weight, M is molecular weight and X is mole fraction.

Because sodium chloride in the gas phase is made up mainly

of monomer and dimer (for all practical purposes, higher order

polymers can be ignored), the mole fraction of solute can be

determined by considering the equilibria:

NaCl(l) = NaCl(q)	 (4)

2NaC1(1) = (NaCl) 2(g)	 (5)

8



If we designate monomer and dieter by the subscripts m and d,

respectively, the equilibrium constants for reac t ions (Q) and
(5) are:

KQ -	
P

111-	 Pm °
	

(6)

S

P
K5	X	 = Pd ^	 (^)

S

where P is pressure and the superscript a refer, to the saturated
equilibrium vapor pressure of pure NaCl(1). An effective pressure

P E can be defined as:

PE = Pm + 2P 	 (8)

so that by substitution we obtain:

P E = X S Pm0 + 2X 2 Pd °	 (9)

from which X S can be determined by the quad ratic formula giving:

	

(P)2	

P 
	 P 

	

X	

m	

E	
m

+

	

s	 :6(Pd)2	 2Fd	 4F'd

Thus we see that the mole fraction of solute is a function of
the effective pressure of sodium chloride gas and the equili-
brium saturated vapor pressures of the monomer and dieter. Be-

cause the equilibrium pressures are a function of temperature,
the mole fraction of solute is also a function of the solute-
solvent mixture temperature.

For our experiments, the effective pressure is related to
the weight concentration, C, of ;odium chloride added to the air
flow, i.e..

P - C Moir

	

F	
MNaCI

9
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so that by substitution we obtain:

(Pm )2	 CMa1r

xs	 16(Pd^	
2PdMNaCI

•► -
From equations (3) and (12), wt. see that the weight of NaCl(l)
absorbed is a function of the weight of Na 2SO 4 (1) present, the
sample temperature and the concentration of NaCl(g) added to
the air flow.	 In figure 4, we have plotted the mole fraction
of NaCl(l) in Na2SO4 (1) as a function of NaCl(g) concentration
and mixture temperature. Values of the monomer and dimer
equilibrium saturated vdpor prp ssures were taken from the JANAF
Thermochemical Tables (ref. ' 1 2 .

For each of our ex periments, the measured weight of NaCl(1)
absorbed by the Na2SOq(1) was compared with the corresponding
calculated value. As shown for the examples in Table I, the

agreement was found to be excellent.

The absorption of NaCl(l) by Na2SO4(1) deposi,s exposed
to NaCl(g) could have important ramifications for hot corrosion

processes. When sodium chloride enters a turbine engine combus-
tor, some will react with sulfur impurities in the fuel to fcrm
Na 2 '04(q) (refs. 13, 14) which can, in turn, condense on hot
gas path parts to form Na2SO4(1) (re.. 15). However, thermo-

dynamic considerations predict (ref. 13) that NaCl(g) will also
be present because all the sodium chloride is not converted to
sulfate. Therefore, NaCI(1) could be absorbed by the Na2SO4(1)
deposit. To assess how important this aspect might be, we

have made some calculations for a burner rig test. The test
itself is described elsewhere (ref. 15). 	 For a burner rig
flame doped with 8 ppi,i NaCl, 14.8 mq of Na 2 SO 4 were collected
on a platinum target at 900°C. Equilibrium calculations for

this flame condition (fuel/oxidant ratio = 0.0432. Jet A fuel,
8 ppm NaCl) give 5.62x10- 7 and 6.14x10- 11 atm. respectively, for
the pressures of sodium chloride monomer and dimer. For the
effective pressure of NaCl resulting from these pressures, we

calculate the mole fraction of NaCl(l) absorbed as 2.8x10- 4 . Thus
for the 14.8 mg Na 2 SO4(1) deposit, the quantity of NaCl(l)
absorbed is 1.7 pg. Actual analysis of the collected deposit
from this test revealed that the chloride content was not

10
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perceptible above the 40 yg chloride background level.

This calculation and comparison with a burner ri experi-
ment indicate that, for the concentrations o r NaCI(q^ exported
in turbine engines and the quantities of Na7'5O4 deposits typically
mrasured in practice, the amount of NaCI(1) ' absorbed is low.

Mass Spectrometric _Samppling Experiments. - A typical set of

experimental results obtained with Na?^04 (c) on a Pt 201 Rh
sample are shown in figure 5. The measured ion intensities

are relative to the one atmosphere oxyqen signal and no corrections
(cross section, Mach-number focusing and mass discrim i nath' i) were
applied to measured values.	 In the first expe ► iment with gust
oxygen flowing over the Na SO4(c), the only pertinent species
detected were 0 2 (q), N 220(gi and Na2SO4 (q). The H20(g) is derived
from the 600 ppm by volurne of water vapor contained in the tank
oxygen used. The Na ? SO4(q) results from the vaporization reaction:

Na 2 SO4 (c) - Na 2 SO4 (g)	 (13)

The saturated vapor pressure of Na 2 SO4 1 q) at 1000°C is 4 .23x10 -7 atm
(ref. 13). No dissociation products of Na 2 SO4 were detected;
this is as expected because for the reaction:

Na 2 so 4 (c) = 2 N a( q ) + SO 2 ( q ) + 0 2 ( g )	 (14)

at one atmosphere oxygen pressure and 1000°C the partial Ares ures
of Na(q) and S02(q) are calculated to be 1.3x10- 8 and 6.7x10- atm
respectively and these levels are below the detection limit of

our sampler.

When about 100 ppm by weight of NaCI(q) was added to the

oxygen flow. numerous pertinent va por species were identified.
In addition to the H 20(9) and various p odium chloride species,
the mass spectrum was found to be relatively rich in Na + , SO +

and HC1 + ions. Na 2 SOn + and Na 3SO4 + ions were also measured. 2 The

Na + ion probably all derives from fragmentation of NaCl(g) in the
electron bombardment (30 ev electron energy) ion Source. The

N8 2 SO4 + ion results from ionization of the Na 2 SO 4 (q) vaporization
product. The precursor of the Na 3 SO 4 + ion is p resumed to be
NaC1Na SO4(9) which loses a chlorine by fragmentation, upon
ionization. At the present time, we have not estab;ished whether

the molecule NaC1Na2SO4(g) is the product of a qas-solid interaction
or gas—phase reaction.

For our considerations here the important ions observed are

11
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HC1 ; and S0 2 + , Because some H-)0(q) is present in the flowing
gas system, we attribute the HN ion to the small amount of

HCl(g) produced in the reaction:

NaCl(q) + H20(q) . WH(g) + riCl(q)	 (15)

even though interference prevented us from measuring NaOH(q).

The S02+ ion is produced by ionization of S02(9) resulting from the

reaction:

Na 2 SO4 (c, q ) + 2HCi(q) r 2NaCl^ q ,c) + SO 
2

( g ) + H2O M + 112 02 ( g ) (16)	
do..I

When additional H jO(g) wa: added to the NaCI(q)-Op(g)-Na2SO4(c)
system, the hydro ysis product HC1(q) and reaction product S02(g)

each increased markedly.

Experinients were performed where only 0.2a HCl(q) was added

to the oxyqen flow.	 In these experiments, NaCl(g) and S02 (g) were
detected as products. At temperatures below about 1107°C, orifice

cloggin, was a problem. This was due to the relatively high con-
centration	 NaCl(q) produced from reaction (16).

Re , .'cs qualitatively similar to those discussed above were
obtained when air was substituted for oxygen as the flowinq gas.

With air the amount of reaction of Na2SO4(c) was increased. This
was ascertained by measuring the SO ,? * signals with air and oxygen

under the various conditions.	 For example, with NaCl(q) and

H20(g) added to the gas flow, the S0 2+ intensity with air was

about two times greater than with oxygen. The increased reaction
in the presence of air is due to the lower oxygen pressure

associated with the air system.

The mass spectrometric results allow us to now qualitatively

interpret the thermogravimetric experiments observations.

Na250 4 (c) in flowing oxygen alone vaporizes and the Na2SO4(c)-
coated sample loses weight at a low rat,, in proportion to the

sample temperature and flow conditions. When NaCl(q) is added
to the gas flow, some of it is hydrolyzed by water contained

in the gas and the [;Cl(q) produced reacts with Na2SO4(c) a ccord-

ing to reaction (16). Under this condition, the sample loses

weight by both vaporization and reaction of Na2S0gg(c) and the
rate of weight loss is greater than before the NaCI(g) was added.

When more H20(q) is added to the gas flow, more HC1(g) is produced
and more reaction of Na Z SVc) takes place. Thus the addition
of more H 20(q) results in a greater rate of weight loss of
Na 2 SO4(c). Weiqht losses are observed in these experiments
because the products of the Na 2 SO4(c) reaction are continually

12
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beinq swep, away from the sample by the flowing gas.

The qualitative description and reactions presented here
explain observed high temperature interactions of NaCl(q) with

Na 22 SO (c) under oxidizing conditions depend on the presence of
Hz0(q^. It is therefore of interest to calculate the dependen,
or such interactions on pressure nf H 22 0(q). The equilibrium

chemical composition of the Na-O-S-H-CI system over liquid
0.954 (mole fraction) Na SO 4 -0.046 NaCl et 1200K was calculate
a function of pressure o H20(g). This Na2S0q-NaCl solution
composition is that which is in equilibrium with 300 ppm by

weight of NaCl(q) at this temperature. Calculations were perf
with a modified version of the NASA Chemical Equilibrium Compo

sition computer program (ref. 16) for an air atmosphere of

0.21 atm 0 2 -0.79 atm N 2 . The results of these calculations ar
presented in figure 6 and show that even in air at equilibrium
w'th Drierite some HC1(g) an,' NaOH(d) are present.

We feel that it is extremely difficult to remove low leve
of water from flowing_ air or oxygen. While we had previously
shown that the level of water vapor in ambient laboratory air

( -10- 2 atm) is reduced by passage through Drierite (ref. 6),
have measured the level of water vapor in the tank oxygen used
here and Shawn that it is unaffected , passage through a Drie

column. Thus we contend that without very special precautions
any study of the Na 2SO 4 -NaCI system should include considerations
Of the interactions of water vapor.

Although the equilibrium constant for reaction (16) is much
less than one for the conditions of our experiments, it is not

surprising that t. , . addition of HCl(g) leads to the removal of

Na2SO4 . This is c.se to LeChatelier's principle; continuous
removal of the gaseous products of a reaction will cause the
equilibrium to shift to the right. However, the same principle
would imply that the addition of NaCl(g) should suppress the
formation of gaseous products. This apparent paradox shows that

thermodynamic considerations alone cannot explain the behavior

observed here for the Na 2 SO 4 -NaCI system. Kinetically, for our
experimental conditions, small amounts of HCl(q) are obviously

more effective than large amounts of NaCI(g).

One additional
out to detdrmine th

NaCl(l)-Nd?SO4(l)-H

by weight, was adder

coupon. Th,e coupon
time was allowed to

mass spectrofretric experiment was carried
effect of the addition of excess S02 to the

?O(g)-02(g)-S02(9) system. Gaseous NaCl, 54 pprn

to the oxygen flowing over a Na ? SO40 )-coated
temperature was held at 1273K and a sufficient

elapse to assure that NaCl(l) dissolved in

13
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the NazSOq(1). For t hese conditions, the mole fraction of NaCl(1)

was calculated to be 3.4x10' 3 , Finally, the flow of NaCl( ` was

stopped anc S02(q) was added to the 0 2 (q) flow. The S0 2 (9? was
about 0.2% by volume. The mass spectral measurements revealed that

both HCl(q) and C1 2 (q) were present. The measured partial

pressure of W.1(q) was about two orders of magnitude greater than
the partial pressure of C12(g). McKee et al. (ref. 11) reported
for a similar experiment only th.- detection of C12(g).

To supplement our experiment, equilibrium calculations of

the type used to produce figure 6 were made. The results of these
calculations, given in figure 1, show that HC1(g) is indeed
predicted to be a more abundant species than C1 2 (q) for the level

of water vapor found in the tank oxygen we used in the experiments.
Furthermore, the results of the calculations indicate that the
species HCl, Cl and C10 should be more abundant than C1 2 even
for levels of water vapor below the theoretical value for H2O
in equilibrium with Drierite.

CONCLUDING REMARKS

The removal of Na2SO 4 0) by NaCI(q), observed in our experi-
ments and those of Pettit et al.. Jones et al. and Smeggil,

results from reaction (16) being driven to the right in a flowing
gas system. The HCl(q) originates from the hydrolysis of NaCl

by small amounts of water vapor present in the system. The only
new gas phase species identified in Na 2 SO 4 (1)-NaCI(q) gas inter-

actions is NaC1Na2SO4(9) and experimental evidence suggests that
it plays only a m i nor role in this interaction. Quantitative
differences repor ^d in measured thermogravimetric results are

probably due to variability of H20(g) content and Na2SO4(1)

surface coverage.

The results reported here have implications for hot corrosion

processes and establish the importance of even trace amounts of
water in the systems considered. Additional experiments and

analysis ai•e needed to further elucidate the role of NaCl(q)

and NaCI(c).

14
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TABLE I

THERMOGRAVIMETRIC RESULTS FOR PLATINUM SAMPLE

(AREA - 5.5 cm2 ) COATED WITH 13 mg OF Na2SO 4 AND

HEATED	 IN FLOWING AIR* (FLOW VELOCITY	 -	 1.6 cm/sec)

System Steady State Rate Weight of	 NaCl

of Simple Weight Absorbed

Change,	 mg/hr Initially,	 mg

Temp,	 °C Temp,	 °C

_	 900	 10x10 900	 1000

t
Na2SO4 + Dry Air -0.01	 -0.18

Na 2 SO4 + Dry Air + NaCI(g)** -.08	 -.32

Experimental 0.38	 0.09

Calculated .39	 .09

_	 Na 2 SO4 + Wet Air + NaCI(g)** --.14	 -.87

!	 *Dry Air - Air Flowed Through Column of Drierite.

Wet Air - Air Bubbled Through Column of Water at 25°C.

**300 ppm (by Weight) of NaCI(g).
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Figure 4. -Variation of mole fraction of NaC101 in
Na2SO4611 with concentration of NaCliyi in air at
three mixture temperatures.
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Figure 5. - Mass spectral analysis of major vapor species emanating from a Na 2SO4 -coated platinum sample heated
in flowing oxyge:i with and without impurity additions.
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