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INTRODUCTION

The high temperature reaction between sgodium sulfate and carbon or
carbon monoxide to produce sodium sulfide has had considerable industrial
application. There have been mony patents granted for methods of preducing
the reaction under different conditions and using various catalysts. The
actual uncatalyzed reactions betiween addiumksulf&te and earbon monoxide
have received wery little study and the studies which have been reported
in chemicsl literature exnibit several comtradictions.

This is & report of an attempt to determine the actual products
produced by the reactions at about 900° C. and the manner in which the
amount of each product veries with time. The results obtained establish
some of the reactlions which mus® be considered in any sxplenation of the

complicated oversll veaction.
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HISTORICAL

4 high temporature reaction between sodium sulfate and carben is
mentioned by Clement snd Desormes (1) as early as 1801. Berzelius (2),
Berthier (3), Gay Lusssc (4), and Regnault (5) all made partiel studies
of the reaction; but Unger (6) seems to have been the first to propose
an actuasl eguation for the reaction., He concluded that the primary re-
action wass

Na80, + 2 C = Na,5 + 2 CO,
d'Heursuse (7) did further work on the reaction; and in 1858, Stromayer
(é) reported finding polysulfides end carbonetes among the rezction products.
Hactear (9) further substantiated Stromayer's findings by stating:
¥hen sulfate of soda is mixed with an excess of
carbon and sxposed to & temparature comsliderable above
red heat, out of contact with air, the reacilon ig
Napsn, + 4 C = Nay8 + 4 CO,
Yhen = temperature of dull redness, 1150-1300°F is
uced the rezction ig
4 Napy804 + 7 C m—=—3 2 Na,00; + 2 Na,3; + 5 CO,.

The resction began to assume industrial importance about 189G, and
Berthelot (10) made a study at 1000°C, but reported that he had trouble
because the materisls were reacting with the silica of the coniainers at
that temperature;

Colson (11) ran experiments in which he mixed the sulfate with twice
and four timez ite suuivelents of curbon to determine what effect this
wonld heve wupon the ratio of csrbon dioxide tc carbon monoxide produced,
From this he hoped to egtablich whether the main resction wss the one with
two carbon atoms t§ produce carbon dioxide or with four carbon atome te
produce the monoxide; He udmitted that hig results were inconclusive
gince too much depended upon the uniformity znd iﬁtimacy of mixing and

other factors over which he had ne control, He did prove that the



rosaction ahich takes piace is dependent upon the amount of carbon presgent
fnalysls of gus resulting from the alxture with four corbon equivalents
gave twenty-five partz carbon dioxide to one hundred parts carbon monoxide
and in the mixture containing two carbon eguivalente the ratio was five
parts carbon dioxide to one hundred of carbor monoxide. He carried out his
reaction in a carbon tube inplde & rifle barrel to avoid ﬁhe interference
of siliea reported earlier by Berthelot., At 9509 the resction proved te be
rapid and uniform, the above ratics being nessured afier the reaction had
continued for twenty minutes. No onalysis wag reported on the solid products.

Cambi (12) studied the re&ctions produced by heabing miubures of sodium
sulfate spd cerbon at 900°C in an electric furnsce. In his worlk he used
samples of codium sulfate welghing zboul one hundred and seventy-Tive
kilograms #nd wag thus able to give his producte & more complete analysis
than had been possible in the earlier work, Even so, there wus wuch =zs
ten percent of the weight of products for which he was ansble tebaccount.
He confirmed the findings of carbonates and polysulfides as reported esrlier
by Stromsyer znd by Mactesr, Tables are given showing the compogition of
the mixture produced undér different wbrking conditions, and composition
of the naterial tsken oult of ihe furnsce at different perliods of tine
during production. Cambl proposed that the resction takes place chemieally
in three stages:

(I) BapS0, + 2 C = Rayd + 2 CO,

(I1) (=) 7 NagS + Naz80, = 4 Nay0 + 4 Nap8,

(III) (a) Na,Co; + 2 C
(b) 2 Na + NaoS,

2 Na + 3 CO
2 Na,&8

W

These aquatiéhﬁ correspond clogely to the aectual conditions which he

- found expefimentally. Ag proof of the mechanism of the third stage he



showed that there is z fairly constant ratioc between the amount of poly-
gulfide and carbonate prezent. His results indicated that the amount of
sodium sulfide produced increazsed with time while the émount of ecarbonste
and polysulfide bassed through a meximum at about two and one~hall hours
reaction iime. Although he wag unable to account for the total products
he was able to show that there was no loss of sodium in the reactions.

The only previous study in which the reduction of the sodium sulfate
ig accomplished solely by carbon monoxide wag made by Okuno, Magumi, =nd
Fukuyema (13). They used a static system with the sodium sulfate placed
in 2 boat inside a reaction tube which was heated by an eiectric tube
furnace., The system was arranged o they could introduce known mixtures
of carbon monoxide and carbon dioxide, and measure the change in pressure
as the reaction progresgsed, They reported the formaﬁion of gnantities of
sulfur dioxide even at temperatures as low ap 730°C, A-considerable qush-
tity of sodium carbonate wag produced in the reduced mazs and free sulfur
was depogited at a cold part of the resction tube, The gas volume wag also
observed to decreass during the reaction. According to their results the
quantity of sodium sulfide produced goeg through a maximum with time, at
eachlef the temperatures'ﬁher@ they made studies, At 7409C. the maxinum
wag passed through afiter about seventy minutes. 4% 800°C. the meximunm
was also at seventy minmutes while 8500C, had a fifty minute maximun and
9006ﬁ;_praduced the greatest amount of product at thirty minutes remction
time. JThey proposea'that the main ieaction is:

BapS0, + 4 CO = Nas8 + 4 CO:
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with the secondary resction belng

3 Ba,f0, + HupS = 4 Hap0 + 4 80, -396,350 eal.

4 Nas0 + 4 €O, = 4 Na 005 + 303,840 cal,

4L S0, + 8 C0 =8 C0, + 2 5; 203,740 cal.
combining these four eguations they got the following thermal eguationt

2 Na,pS0, + 6 GO = 2 Ba00; + 4 COp + 5, + 141,140 cal,
Ho mention is wade of polysulfides being formed.

Tha first step in the reduction of sodium sulfate would undoubtedly
be the formation of sodiunm sulfite. TForster and Kubel (14) observed thatb
the thermal decomposition of sodium sulfite at 600°C. may be reprecenteds

4 Bayt0y = 3 Haps0, + Hapd
but above G00°9C, the reaction

Ra,80; = Ha,0 + 80,
disturbs the eguilibrium. The equilibriusm is nobt completed in bwo hours
at 1200°C. The rate of decomposition increases rapidly between 600°C. and
700°C., but only slowly between 700° znd 800°C, M. Picon (15) found that
anhydrous sodium sulfite, in vacno, at 700°C,, is rapidly converted intec

sulfate and salfide.



EXPERIMENTAL

Apparatus

The appar&tus uged in this resesrch can bhe divided into four sections.
The sections bheing & resction chember; a fufnace for heating the chamber
with sultable methods of measuring and controlling the temperature; a
system-fof measuring the pressure in the reaction chamber with comnections
for evecuating the resction chamber znd filling it with carbon monoxide;
and a system for generating, purifying, and storing the carbon monoxide.

The resction chamber is a fused silica tube (1" x 12%"). One end of
the tubas is sealed and the other is ground to fit a standard taper ground
glass joint ($29/42). The female portion of the ground glass joint hus
a connection to the ges handling system asnd outlets for the thermocouple
lead wires. These outlets are mde vacuum-bight by making the glass to
metal seal with lead glass and coeting the seal with picein. The reaction
is ecarried out in a gold boat (1/4" x 1/4%® x 3/4")., The bost is placed on
a support fastened to the eﬁéévof two small fused gilica tubes., These tubes
also serve to protect and separate the thermocouple wires. The small
silies tubes are supported by a short pilece of pyrex tubing festened to
the back of the ground glass Joint by & ring seal. The groumd glass
- jolint is protected from excessive heat by 2 copper cooling coil. Pieture
(1) shows a close up view of the gold boat with its support. Picture
- {B) shows part of the furnece, the resction tube and the cooling coil with
the bost in position to be placed inm the resction tube. Picture (C)
shows the ground glass joint with the thermocouple leads snd the connection
to the gas handling system. The ground glass joint ies also shown enlarged

at F in figure I with G pointing out the thermocouple leads.
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The furnace is of the tube type having an intermaily wound nichrome
hesting unit. The heating wnit draws about 590 watts when operated on
220 volts. The heating unit is supported by fire clay disks in an iron
cylinder the annual space being filled with powdersd asbestos. The
furnsce will reach a temperature of 9009C. in about twenty five minutes.
The heating current is controlled using two fixed resistors (a@ouﬁ 20 ohms ;
each) and a 7.8 ohm variable resistor. The fixed resistors can be put
in or removed from the cireult by conveniéntly mounted switches.

The temperature inside the resction chamber is measured with a chromel-
alumel thermocouple made of number twenty two wire. It is usually necessary
to make & new thermocouple after esch run as thé metel wires sre rapldly
corroded at 900°9C. in the reducing atmosphefﬁ; The e;eetromotive force
of the thermocouple is measursed with & potentiometer ﬁaing 8 galvenometer
having & resistivity of 102 megohms zs a aull point indieator. By
manually operating the fixed and variable resistors it is possible to hold
the temperature of the furnace constent to within five degrees at 900°C,

An electromotive force of 36.00 1 0.10 millivolts corresponds to 896 1 59C.
with the thermocouples used. The electromotive force-temperaturs relation
of the wire used in msking the couples wés determined by calibrating a
couple at saveral fixed points.

The closed end menometer (showa in pleture C) is used to measure the
pressure in the system., This manometer has a capillsry bube constriction
(B in figure I) to slow the mercury columa so it will not break the end of
the manometer if the pressure in the system increases rapidly. The
menometer hazs been reduced in seale on figure I so all of it could be
showm, The rencilon chamber and the remsinder of the system cam bs

evacuated using & Cenco Hyvac pump comnected to one of the outlet tubes of



stopcock D (figure I, ond picture D). Air can be admitted to the system
through & calcium chloride tubs with the other opening of D. The stop-
cocks are so arranged that each part of the system can be separately
svacuated,

The cerbon monoxide iz gensruted hy adding formic zeid from a
dropping funnel to hot (1209-1509C) concentrated sulfuric cid in a pre-
viously evacuatsd sysﬁem; {Shown in picture E snd represented by 4 and
B in figure I.) The carbon monoxide ig then purified by passing it
through soda lime to remove carbon dloxide and acid spray and then through
caleium ehloride and over vhosphorus pentoxide to remove water (picture F).
After purification the carbon monoxlide ig stored in a two liter flesk
(C in figure I) at about one atmosphere pressure. The stopcock connecting
the storage flask to the rest of the system ls a three way T stopcock so
the storage flask may be conmected to bobth the generation and reaction
systems at the same time or to each systemlﬁeparately.‘

Picture G shovs an overall view of the apparatus. The suthor end

sponsor are shown in pleture H snd I respectively,



EXPERIMENTAL

Procedure

ilﬁ the actual meking of é run the gold boat is filled with a weighed
sample {four tenths to five tenths of & gram) of anhydrous resgent grade
‘godium sulfate. The gold boat is then placed on & piece of gold foil to
retain the molten sodium.sﬁlfaﬁe which creeps out through the folded ends
of the boat due to its high surface tension. The molien meterial mast
not bs allowed to contact either silica or ceramie ware since it rapidly
reacts with such materials. The gold boat and foil are then placed on
its support end the silica tube placed around it and fitted into the
ground joint.‘ The furnace is thenrplaeed in pogition and the reaction
tﬁbe is heated to 896° X 50¢, The tube is held at this tempersture for
about five minutes and then evacuated and f£illed with carbon monoxide to
& pressure of 550 to 600 mm. The reactants are kept at the indieated
temperature for the desired period of time. The reaction 1s stopped by
removing the furnace, pumping oub the gaseous producteg and flushing the

reaction tube twice with dry air,



EXPERIMENTAL

Analytieal

The solid products of the reaction are quantitatively analyzed for
sulfate, sulfite, sulfide, and carbonate. No attempt is made to analyze
the gaseous products.

The solid products are dissclved in water and diluted to one hundred
milliliters. The analyses are made on & aliquots of this solution.

The sulfate analysis is made on a twenty-five milliliter aliquot by
the standard barium sulfate gravimetric method taking care to keep the
acidity low. The aligquot is made just acid to litmms and then one
milliter of one tenth normal hydrochloric acid added, The sulfate analysis
hes an overall error of about * 27%.

The total equivalents of sulfite and sulfide are determined in a five
milliliter sample of the baelic reaction solution by titration with one
thousandth normal iodine in potasgsium iodide solution. A second five
milliliter aliquot is acidified snd z2llowed to stand for about two hours
during which time following reaction takes places

6HY 42 5% 48055 ——3 38+ 3 H
After this reaction has gone to completion, the excess sulfide or sulfite
is titrated with one thousandth normal iodine solution. In the cases where
it is doubtful as to whether the sulfide or sulfite is present in excess
a qualitative test is made by treating the acidified solution with
p-eminodimethylaniline as outlined by Lindsay (16). A small trace of sul=
fide will react with the p-aminodimethylaniline to give the characteristie
color of methylene blue. Sulfite exhibits no visible reaction with this
organic compound, It is necessary to run blanks on all of the iodine

titrations when using such dilute solutions. The end point in the iodine



titrations is hard to see bzcause the solution turns brownlsh-orangs as
the iodine is zdded, An exzemple of the method used to ealculate the sule

fide and sulfite present is given belows

o

A five milliliter aliquot requires thirty milliters of one
thousandth normal iodine solution after the amount of the
blank hag been subitracted.
Another five milliliter aliquot, when ascidified and allowed to stand
for two hours, Teguires ten milliliﬁers of one thousandth normel
iodine solubtion after covrection for the blank has been made,
Sulfide is found to be in excess.
5% 4+ 805 = 30.00 x 0.001
for five milliliters of solution or
S 4 803° = 30.00 x 0,001 x 20
,forbthe entire sample. Since 1t reyuires two egulvalents:
of sulfide for sach equivalent of suifite for the reaction
in acid we have the following equationg
5§ -2 805~ = 10 = 0.001 x 20
Combining our equations we have
3 805" = 04400
S04~ = 0,133 milliequivalents
8% = 0.600-0.133 = 0.465 milliequivalents
Therefore we have 18,14 milligrams of sodium sulfide present
and 8,32 milligrams of sodium sulfite.
 The overall error om the sulfide determination is about -17% and
about -40%7 om the sulfite determlnations.
The carbonate determinstion involved the liberation of carbon

dloxide from the sample, absorpbion of the evolved carbon dioxide in a
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solution of.$o&ium carbonate, and detérmﬂning the amount of carbon dioxide
absorbad by the change in pH of the earbonate sgolutlon.

" The sulfide, sulfites, snd other reducing ions in a ten milliliter
aliguct ave oxidized Wy sdding patassium permangenate to the alkaline
golution and bolling. The oxidized solution is placed in & test tube aso
-~ connected that earbon—dioxiﬂe—free ailr can be bubbled through the golution.
Dilute sulfuric scid iz added from & dropping funnel and the evolved
‘carbon dioxide is sﬁept into a messured amount of stendard sodium carbonate
solution, If the air is passed through the acidified aolution for about
fifteen minutes all of the liberated carbon dioxide is swept into the
sodium carbonate solution. The changs in pH of the sodium carbonate
solution is measured using a glass electrode; 4 ezlibration curve, in
which change in pH is plotted against milligrams of sodium carbonate, has
been prepared using kuown samples of earbonate. The overall error in the
carbonste determinations is about I 10%.

Blight traces of what may be free sulfur appesr on dissolving
products when the reasction 1ls comtinued for sixty minutes or longer.

The color produced when the icdine solution is added and the fact
that the ignited barium sulfate is purple in color ave counsidered strong
evidence that gold is present in the products when the resction is continued
longer than thirty minutes. Gold was proved fto be present in the predueté
of the two-hour experiment by the "Purple of Cassius® test in vwhich an scid
solution of the gold is reduced by stamnous chloride to zive a characteristic

purple color due to colloidal gold.



13
RESULTS AND CONCLUSIONS

This research has proved that thé rooetion betwsen sodium sulfute
and carbon monoxide at 900°C. is not a glaple one but consists of several
congecutive and possibly some simultanecus resctions producing a variety
of producis.

No entirely satisfactory materiazl for constructing the reaction
vesgel was found, A few trials vwere made with boats ag ceremic materlals,
These boats were soon‘discardeﬁ beeause of the formation of gumantities
of sulfur dioxide and some free sulfur when the reaction was continued
for even fifteen minutes. The recults obtained with the ceramie boste
indicate that Okune, Massumi, and Fukuyems (13) may have used this type
of boat, for they reported the formation of sulfur dioxide and free
salfur in their research;

A geries of ezperiments was made using plaitinum boats. These boats
weree unsatigfactory because the platinum rapidly reseted with the sodium
sulfide formed. This removed the gulfide from the reaction snd thereby
- interfered with any reactions depending upon the sulfide. It was also

difficalt to determine the platinum sulfide gquentitatively, OSulfite was
ghown %o be pregent in the reaction produgts by the liberation of sulfur
'ﬁioxide when the produets were acidifieé.v The forastion of sodium sulfite
has not been menticned by the other workers who have studled thig problem.
Thé data.of two typleal thirty-minute rume in which platinum bosts wers
useﬁ is pregented below,
‘ﬂilligrams Na,30, reacted Milligrams PtS produced

56,5 15.8
63.4 - 10.5
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The results of the experiments using gold beats are shown in table &

snd graphs I and II, These resuits stion due to errors in

analysis and inability to repreduce eonditions. Despite the
variztions we can follow the gensral trend of the veactions.
The yuantity of sodium sulfite produced increages rapldiy with time
4oy

until the reaction hag contimusd for slxly minutes; then the guentity of

time intervals

e
Sty
’3
ok
&
&
-ty
;ﬁ
o
=
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sulfite seens to remain almost conshant
studied, 7The probable reasction fer the formation of sulfite igt
linas0, + CU = Nay805; + (0,

The anount of sedium gulfide in the preducts ineresses very rapidly

ot

from fifteen to sixty alouites. and only slovwly from sixty Lo one hundred

and twenty mimutes, Okunc, Masual, and Fukuyama {13) reported that the

amount of padiun sulfide nroduced pasged through a maximum at about

tudied. There 1z no

©

thirty sinuites when the reaction at 900°C, was
gvidence of 8 maximunm at thirty winutes in graph I. The sodius ¢ulfide

aved to be formed by thermal decomposition of the sodiuwn galfite

accarding to the reaction of Forster and Zubel (14)
& Nq‘:-'zuf}g, = 3 Adz 0 + Ii"tz.),
This is undoubtedly a peveral-step reaction with the formation of geveral

as intermadiates, No attempt was made to anzlyze

for these intermediate conpounds.
A conglderable guandity of scdiuwm carbonats lg nroduced when the

rerction le continued ouly fifteen minutes, The guantity of earbonate

increases aluost limearly with time zfter fifteen ninubtss. Thors iz no
experinental evidence in this resgearch to suggest a reactlion mechanism

for formation of carbonate,
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Temperature 411 weights in gramp. COG pressure 550600 min,

Turation of Exp. 15 min, 30 nin. &0 min, 1 60 min, 2
it. Bayt0, saunle 0.5185 0. 5869 0519 0.4056
Apparent whe produet 80,5164 8.5796 0.4938 03839
Tt. Na,80, not reacted Q. 4713 0a534£ G 4461 0.3338
. H8,80, reacted Q,0475 C 0,052 0, 0730 0,0718
b, Hapi0, found 0,0008 0.0022 Q0073 €. 0051

2,90, eqmi. of Nzpf0, 0.0009 0.0025 0.0039 ., 0069

&
1

5. HepS found 0.0000 0.0035 0. 0168 0.0202
M 80, equi, of Na,s 0. 0000 0, 0063 0. 0306 0.0378
Wt, Ho,00, found 0.0025% ‘O;QQAQ 0.0043 0.0857
Na, 50, equl. of H¥apC0, 0.0034 0.0055 0. 0058 0.0076
¥a,80, accounted Tor 0.4756 0,540 0. 4904 0, 30561

Ha.80, not sccounbed for 0.0432 90,0379 00287 0.0195
RE 4




Durztion of Exp.

Whe Hapth, sauple
fpporent wh., product
W, Hap50, not reacted
H. Hapto, reacted

Whe NHapS@y found
2,80, equi, of HapSl,
¥t, Na,s found

Hup80, equi. of No,S
Wt, HapC03 found
Ha,80, equi. of Ha,C0,

E@2504 acecounted for

Hapi0, not accounted for

0.3988
0.3646
O, 3264,
80,0724
0. 0060
0.0068
0.0239
0.0435
. 0075
0.0100
@, 3864,

02' 01.21

9¢ win, 2
0, 3207
0. 3031
0. 2517
0. 0690
0, 0050
0. 0056
0, 0168
0.0306
0,0057
0.0076
0.2955

J0252

120 =in,

0. 2465

0.0073
0.0186
@,8340
&, 0027
0,0L30
G.2530

0. 0624
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ig was menticned in the analytichl gection, traces of what appeared
to be free sulfur were produced when the reaciion wag continued longer
than thirty minutes. The presenca of free sulfur would suggest polythio-
nates snd polysulfides in the rezction mixture.

Sinee gold is known not to resct dirscily with sodius sulfate, free
sulfur, or sodium monosulfide, the gold compounds found in the rezction
produets mey have been sodium thiocsurate and/or sodium thioazurite, which
can be formed by the following rescltions:

2 hu + 2 Ha 83 = 2 NakuS, + Na,5,

2 Au + HayS, = 2 HaluS
Thus the presence of gold in the resction products is am indication, but
not a proof, of the presence of polysulfides,

The following are propused asz suggestions for further work:

1, Formulation of 2 aystes of analysis whick will give
aores aceurate results and which will determine the
products present that were merely indiealed by this
resesrch, OSpecifiecally; determine sulfate, sulfite,
sulfide, polysulfides, and polythionates each in
presence of all the others, slso snalysis of the
gaseous products.

2+ Ssarch for a container moaterisl which has a high melting

point and deoes not rezet with any of the products,

3. The design and congiruction of 2 thermocouple or thermomster

which will not deteriocrate in an atmosphere of corbon wmongxide

at 300°C., or else a method of protecting the chromel-alumel



thermocouple from the carbon monoxide.
4o Construction of & flow gystem rather then a gtatic system.
- 5. Actual studies of effect of catalysts uvpon the reaction.
6. Studisy of the high temperature resctions bstween carbon
moncxide snd the sulfates of obther alkall snd zlkalinpe

earth metals.
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SUMMARY

Studies of the uncatalized reactlons between sodium sulfate and
carbon or carbon monoxide began as early as 1801, Since then there have
been meany patents granted for variations of the basic process, particularly
for catalysts, but few detailed studies have been made.

The apparatus consisted of (a) a reaction chamber, (b) apparatus for
heating and controlling the temperature of the reaction chamber, (c) a
system for admitting carbon monoxide to the rezction chamber, measuring
the pressure of the gases in the reaction chamber, snd flushing the re-
action gases from the chamber with air, amd (d) a system for generating,
purifying, and storing the carbon monoxide.

Experiments were aade with sodium sulfate samples of about 0.5 gram,
carbon monoxide pressure being 550-600 millimeters, and the temperature
896 ¥ 59C, Ceramic and platinum containers for the reacting sodium sulfate
proved very unsatisfactory and gold boats were only partially satisfactory.

Analysis of the solid products proved that sodium sulfite, sodium
sulfide, and sodium carbonate are formed. The analysis indicated that
polythionates, polysulfides, and other compounds are alse produced.

The reactions

Na,50, + CO = Na,80, + CO2
4 NapS03 = Naaf + 3 Na,50,
are proposed for the formation of the sulfite and sulfide,

The mammer in which the amounts of sulfite, sulfide; snd carbonate

vary with reaction time was determined, and presented in tables and graphs.

Several suggestions are made for further studies.
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