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REACTLON OF METAL SULVATES WITH MOLYBDENUM OXIDE, A HLIGH
TEMPERATURE REACTION STEP FOR THERMOCIIERLCAL GYCLES

C. M. Hollabaugh, T..C. Wallace, Sr., M, G. Bowman, and
W. M. Jones
University of Californla. Los Alamos Sclentific Laboratorv
Los Alamos. New Mexlco 87545 USA

ABSTRACT

The reaction of sulfales wilh molyhdenuin oxide at high temperature was studied to
determine Lhe feasibility ol using these reactions in a therwochemical process for
malzing hydrogen. The experiments were performed by heating the blended powders to
temperatures of 1075 K and higher and analyzing the cvolved eas Ffor acid content.

It was found that the reaction rate over Lhe firsl few winntes increased with both
temperatuce and Mody., The fraction of snllate reacting in the first. 5 minutes
varics with cation used. At 1125 K and Fer a molar ratio of sulfale ion/HoOy of
0.5, the fraction reacted was 0.29 for Ba804, 0.32 {or Ca804 aund 0.82 for
Laz2 (804) 3.

These resnlts are encouraging and jadicate that an alternative means to sulfuric
acid drying and decomposition is feasible using a mixed sulfate/oacde system to
lower the effective decomposition temperature of the insoluble sulfate.

KEYWORDS

Calcinm sulfate, barium sulTate, lanthanum sulfate, molybdenum trioxice, hydrogen,
thermochemical, kinetics, decomposition.

INTRODUCT TON

Hydvogen production by splitting water thermochemically is o proven concept that
it being developed and researched in several laboratories Cheoughont the world, A
common slep in many ol these cydles is production ol an aqueons sultfuric acid
intermediate which tore cyelic use must be evaporated and thermally decomposed o
wiater and sultur trioxide,  The sulTur trioxide is further decomposed 1o sul fuy
diveridee amd asyeen (Paviea o PV Peneahon sy DV s van v e, 10 )0 e
high temperature concentration aad decomposition steps impose a gevere corrogive
envirvonmenl vequbriug egpeasive matevials ol conatrnet jon,

An altevnative (Bowmau, 1974) solution to the poblems ol handling and decomposing
sulluric acid in the introduction of an fnsoluble metal suitate into the cyele,
Thin conld be done by contacting wolturvice aend with a metal oxide to prodouce the



appropriate metal sulfate which, being insoluble, is separated from solution by
filtration. The sulfate is decomposed to the met-l oxide, sulfur dioxide and oxy-
gen. Cox, Jones and Pcterson (1980) have presented experiment.l results for the
bismuth sult.ate and bismutk oxysulfate system. and discuss tLhe ramifications of
using these and similar sulfates in a thermochemical cycle.

Other less ecxpensive insoluble sulfates, such as calcium sulfate, could also be
used except that their decomposition temperatures may be too high. We have found
that the effective decomposition temperature for these sulfates can be lowered by
adding molybdenum oxide. A typical cycle using this concept may be illustrated by
the following equations:

SO0s + 2H,0 = H,S04 + Hy Electrochemical 350 K (1)
H2S804 + CaMoO4 = CaSO4 + MaO3 + Hy0 350 K (2)
CaS0,; + Mo0; = CaMoD4 + SOy 1200 K ()
S04 = SO0, + 1/20 1150 K (4)

Reaction 1 was originally studied by Bowman ard Onstoil. (1974) and is presently
being rescarched together with reaction ¢ at Westinphouse by Parker (1979).

The kinctics of reaction 2 are not yet koown but our preliwinary rcesults indicate
rcasonable reaction rates at 300 K in 1.0 M acid. This paper reporls our study of
reaction 3 using calcium, barinom and lanthanum salfates and w:lybdenum oxide.

EXPERIMENTAL

The course of the reaction of three metal sultfates (barium sul Fate, calcium sul-
Fale and Lanthanum sulfate) wilh molybdenmn oxide was determined by rapidly hest-
ing a mixture of the desired compounds to a scelected temperature above the melting
point of molybdenum oxide (1008 K), holding them at Lhal temperatunree and absorbiug
the product gas in an aqueous solution.  The pooduct gases are composed mainly ot
sulfur trioxide with smaller amounts of sulfur dioxide and oxypen preseat,  The
absorbnt solution was continuously titrated with 1,0 N sodinm hydroxide to
maintain the solution at pH = !9,0, The_reaction results derived from the ti-
tration are expressed as the feaction of SO3 resctoed,

The apparatus consisted of a quarlz reaction chimber vhich couid be rapidly in-
serted into a prcecheated tube 'uroace so that the reaction temperalnre wan reachod
fn A mivutes,  TU appeced that Little or uo reaetion ovowrved until the waiyh-
denum oxide meited.  The fnitial solid sample was contained in a platioum boat
held in the reaction chamber. A 2% co™/min, helium carrier pan flow was main-
tuined over the sample to prevent wack diffusion of the product gag.  Becausie the
viapor pressure of molybdenum oxide at. the experimental temperatures is sipgnilicam
(3.4 Tore at 1175 K), provi ion had to be wmade for its condensation in a cooler
portion of the delbiveay tabeomo cha! the tabe worhd nee plag,

The experimental variables investigated in this work were: rveaction temperature
and  reactant vatio (80,7 Mooy),  For caleimm suilate and barviom sullate the se-
leeted temperateres were T2, VES and 3225 K ool the speciticd deactant vatjon
0.h, 1.0 and 2,0, With Lanthanmm sultate, however, it was found that the inital
reaction rate wan no peapid that part ot the melt wan blown onl ol the platinm
boal  at  the higher tempeeatuee,  Thereloee, only two lover temperatures were
cliogen, 107 and 1124 K,



Results and Discussions

Barium sulfate. The results obtained in the reaction of molybdenum oxide _with
barium sulfate at 1125 K are shown in Fig. 1, a plot of the fraction of SC4 re-
acted as a function of time. The three curves are for reactant ratios of 0.5, 1.0
and 2.0. Similar results are shown in Figs. 2 and 3 at temperatures of 1175 and
1225 K, respectively. For all cases, the results show that the reaction rate
increases as molybdenum oxide is added to the system. The reaction sequence ap-
pears to be the dissolution of Lhe sulfate in molten molybdenum oxide and later
reaction to form sulfur trioxide and barium molyhdate. The latter dissolves in
the reaction melt.

The effect of temperature on the reaction was as cexpected. Both the initial
reaction ratc and the tntal quantity of sulfate that reacted by the end of the
experiment increased with temperature. At 1225 K and a reactant ratio of 2.0,
the oxide was consumed in roughly 2) minutes. The frzction of sulfate consumed
during this period was less than half because of the loss of part of the molyb-
denum oxide by evaporation. At lower temperatures, the reaction did not procead
to the depletion of the molybdenum oxide reactant.

Calcium sulFate. The results for calcium sulfate are more cowplex. Tt reacts
faster than barium sulfate and as a result the molybdenum oxide was deplcted at
a rcactant ratio of 2.0 at the three temperatures. These resulls arc shown in
Figs. 4, 5 and 6 at Lemperalures of 1125, 1175 and 1225 K, respectively.  Again
we note that the fractica of sulfate consumed was Jess than 0.5 becruse of molyb-
denum oxide evaporation.

At a reactant ratio of 0.5, the recaclion rates were high inilially (over 30%
in 3 minutes), however, only at 1225 K did the rate remain high until most of the

sulfate had reacted. At the two Jower temperatures an adverse offect eccurred

when less than half of the sulfate had heen consumed.  The cause for this effect

is not yet known, however, we speculate that calcium sulfate dissolves Faster

and is more soluble Lthan barium sulfate in the reaction melt. When an excess of

molybdenum oxide is preaent, all the ealciom sulfate dissolves an the Cirst 10 min-
utes causing its activity (in the melt) to decrcase as ils concentration de-

creases slowing the rraction rate abrupily as seen in Figs. 4 and 5. 1t appears,

theretore, that a reactant ritio between 0.5 and 1.0 may produce a highor reaction

yicld, particularly at the lower temperatures.

Lanthanum sulfale.  As stated earlier, the reaction of Lanthanum sulfate with
molybdenuwn oxide was extremely rapid making it dilfficult to contain the liquid
reaction mixture in the platinum boat. Consequently, experimental results were
only obtained at two lower temperatures, 1075 and 1125 K seen in Figs, 7 and 8,
respectively, AL the loshest reactaat ratio, 2.0, the iwitial reaction raie in
higher at 1125 K but the fFraction ol sultate that had reacted atter 60 minutes
wias the same for both tempers® ces.  The reason for this anamaly is unknown. At
the other reactant ratios, “h the rate and Traction reacted increassd with
temperalure as expected,

Avaximately 907 of the Lanthamam sablate g decammn ol de o booan 5 miaut oy
at  L12h Ky the tastest rate ol the Llree saltates studied, Compaved Lo caleinm
sullate, which showed the next fastest rate, banthanum sultate ol ters an advant ago
ol about 100 K lower temperature for equivaleat rates.

Although these results are enconraging trom a veaction rate standpoint, ve recojp-
nize the difficolticos in utilizing soch matercials in a practical cyeleo Onp the
one pand, the use ol a Pigquid sech ags molybdenon oxide a2 a reactast and react fon



medium would raise heat transfer rates at high temperature, further the handling
of a liquid is much easier than that for a solid. On the other hand, one would
be faced with the problem ot the phase transition from solid to liquid coupled
with the subsequent cooling and solidification of the reaction melt in the cycle.
Materials handling during these transitions may prove to be Adifficult from a
practical viewpoint.

CONCILUSIONS

A therimochemical cycle using insoluble metal sulfates mixcd with molybdenum oxide
to lower their decomposition temperatures appears to be o feasible way to avoid
the high temperature drying and decomposition of sulfuric acid. Approximitely 90%
of the sulfate can be decomposcd in less than 5 minutes at 1125 K in the presence
of molybdenum oxide so that residence times at high temperature could be short
depending on the heat transfer rate. Because the materials are liquid at the de-
composition temperature, heat Lransfer should be rapid.

REFERENCES

Besenbruch, G. and Co-workers (1979). Development of a Sulfur-lodine Thermo-
chemical Water-Splitting Cycle for Hydrogen Production. Procecdings 14Lh TECEC,
Boston, Massachusetls.,

Bowman, M. G. (1974). Fundamental Aspects of Systems for the Thermochemica!
Prodvrction of Hydrogen from Water. Proceedings First National Topical Meeting
on Kuclear Process Heat Applications, American Nuclear Sociely, lLos Alamos, Now
Mol co Jamerican res

Bowman, M. G. and E. T. Onstolt (1974). Hydrogen FPraduction by a lLow Voltage
Eleclrolysis in a Combined Thermochemical and Electrochemical Cycle. Proceedings
Electrochemical Socicty Mecting, New York.

Cox, K. E., W, M. Jones and C. L. veterson (1980).  The LASL Bismath Sulfate
Thermochemical  Hydrogen Cycle.  Proceedings of the 3rd World Hydrogen Fnergy
tonfercnce, Tokyo, Japan.

Parker, G. H. and P. W. T. Tu (1979). Laboratory Model and Electrolyzer Develop-
ment for the Sulfur Cycle lydrogen Production Process. Procecdings 14th TECEC,
Boston, Massachusetts. o

van Velien, Do oand H. Langeokawp (19710 Thermochemical Hyidvoten Peoaduction hy
the Mark=13 Process: A Status Report.  Proceediags Lath 1hGEC, Hoston, Massa-
chusetts,



K0, REACTED

W Oy

} AL

(]

(9]

— : : 1 i 9
. ]
328C, +MGO3= Bar.'204 +S03z I
~ TEMPZRIATURE 1:23 K - 09
T _RAD
- 2 2C ~ oe
.3
|
A Q¢ 2
. = 5 07
: : =
0
. i E:
~ —I o 26
I ) " <
o)
: : )
— , >
i >
7 —
O
I
U/G/D’—G x
- W
~
!
|
1 | -~
sC 22 72
" Zeactiozn :—:'_SESE‘IL_-.:{::.?Eb—EETZ'S':{'."""""'" Fig., 2

1 f v = T
BaSC4 + MoOz= BaMoO,4 + SO
TEMPERATURE 1175 K |
T RATIO
(SO;/MOOS)
| 0 20 i
a (n
| A 05 |
- -
-
-
-
et 1 i ! 1 |
o} 10 20 30 40 50 70
T.ME {min)

Reaction of 83504 with Moo_f, at 1175 K.



n ~ T v 10 T T Y T T T
. BaSC 4+ McOz=BaMo04+ SOz gg?ﬂ%E +R ng%REC?gg?(o,fSOs
.3 TEMPERATURE 1225 K : ost ' oaTio B
; {(SO4 /MoQ3)
cep . os}- © 20 .
. a0
=R B e o7} A 05 ]
p ~ —
— ! O
e <
= 06k . W oel n
.= . uos:r
i os:— __/- . n 0 O - S a5 7
z z
Z o4 RATIO i S o4 §
< (SO~/Mo03) e
z c 290 - & o3l -<
a I1.C
A G5 i ! ’
B 021 .
1 . .
|
1 ! J o 1 1 ! | i —
2% 3 4C D a0 70 0 0 2C 30 40 50 60 70
TMZtmn) TIME (min)

Zre. T30 Rezeticn of BaSO Cwizh \1003 at [225'K. ) “"rig. £. Reaction of CaSU, with }1003 at 1125 K.

- -



REACTLED

50,

FIRACTION Of

S - T )
: 10
. ZcS0g4+NoC3= CaMoO4+S03 ' T T T T
22— TEMPERATURE [I75K - /A/’“—— |
| RATIO 09
. (S0 /Mo0O3) CaS0y + MoO3=CaMo0, +S04
cer- o . TEMPERATURE 1225 K
' 20 o8l
| ~ 1.0 m
a7l & 05 D-
] Qo7 -
—
&)
7 w
W 06 -
"<
. )
w
—0 L 05 -
S
é 0.4 —O— —O -
O
_ = RATIO
w o3 (SO /MoO3) _
- 02 -
- or | .
CS 'IC ZLG 3:C 4,0 5L0 6|0 70 0 1 l l | 1 1
T:ME {rmn) Y 0 20 30 40 50 80 70
iy TIME (min)

Fig. 5. 2succion of CuiC, with NoO, at 1175 K. Fig. 6. Reaction of TaSU, WItH Mgd3 ar 1225 K.



o8l i osl [ TEMPERATURE 1125K i
= ‘ RATIO
2(S0y)3 +3M00 =L {0Q) +350, (S0 /MoOs)
8 0.7 TEMPERATURE 1075K - 8 0.7} O 20 -
w RATIO w g 25
5 (S03/ MaCy) 5 -
< 4 h A 05
'5;_' 0.6 O 2.0 m o 0.6 —
ol a 1.0 o
» 0.5 - @ 05 m
L & A Q5 TH
S o)
P __p—o—0a—1d z
C as r_V,,.—1:1-—-"""":"{: - © 04 .
2 r(;},4)______.——-cr<>--‘<>""*3 S
=2 <
z =
WL 0.3 - L 0.3/ -
L _ 02 _
ol _ 0.1 |
i / i 1 1
, L ] ; i 1 1 0 -
% 0 20 30 40 SO 60 70 © '© 20 30 40 50 & 70

i ) TIME (min)
S ___TiME(min)
rig. 7. Reac:ion of La,(SC,), with MoO, at 1075 K. Tig. 8. Reaction of La,(s0,), with MoO. at 1125 K.



