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Abstract—When iodine was reacted with aqueous alkaline earth metal oxides (MgO, CaO, SrO and BaO) both
metal iodate and iodide were formed. However these reactions were never complete. The percentage of products
obtained was increased with excess I, and water, and higher molecular weight oxide. Both single and mixed oxides
were used. Product separation between insoluble iodate and soluble iodide was often incomplete, and much I
remained occluded on the insoluble reaction product when MgO was one reactant. The results show that, from the
mixed oxides examined, the highest yield (76%) and best product separation was obtained using SMgO/BaO, which

may be of value in a thermochemical hydrogen cycle.

INTRODUCTION
Recently a search has been underway to identify chem-
ical reactions which may be useful in thermochemical H,
cycles for water splitting[1]. One reaction thus identified
is that of I, with aqueous base resulting in a simul-
taneous oxidation (to 10,7) and reduction (to I7)

31,+60H™ - 10, + 51" + 3H,0. M

Oxygen is produced by thermal decomposition of the
iodate and hydrogen by hydrolysis of iodide and sub-
sequent decomposition of HI. Since the iodates of the
alkaline earth metal oxides are insoluble (except for Mg)
and the iodides are soluble, product separation is simple.
This is a desirable feature in a cycle. Thermodynamically
the reactions

I(¢) + MO(c)——>5/6MLx(aq) + 1/6MIO)(c) ()

1(€) + MOOH)A{C s S/6Mi(aq) + 1/6M(I03)s(c)
HOlg ()

are,in general, favored (M= Mg, Ca, Sr or Ba). The
enthalpy of all these reactions are negative {(except for
eqn (3), M = Mg) indicating that there is sufficient driving
force for them to go completely. These enthalpies are
listed in Table 1[2-4]. The reactions

5/6MgO(c) + 1/6M(OH)(c) + L(c s S/6Mglx(aq)
+ 1/6H20(1q) + 1/6M(105),(c) 4)

where M = Ca, Sr or Ba are also favored (Table I). The
latter are particularly useful in cycles since Mgl,
hydrolyses readily (AG°~ 0 at 180°C, AH%ss = +58.0kJ)
unlike the other iodides (Ca, Sr, Ba) in the-series.

tWork performed under the auspices of the Division of Basic
Energy Sciences, U.S. Department of Energy.

tAtmospheric pressure at Los Alamos is 11.4 psi.

This work was therefore undertaken to determine per-
tinent details of these reactions, such as the rate, extent
and separation of products between solid and solution
phases. Both the MgO and CaO cases have been pre-
viously examined[$, 6] as part of thermochemical cycles,
but few chemical details are available. Mixed alkaline
earth oxides have also been postulated{7].

The reactions were studied by analyzing the products
both in the solid and solution phases. The effort was
divided into an initial study at room temperature and
pressuret and high dilution using different oxides, and a
repeat at high temperature, pressure and concentration
for single oxides, mixed oxides and paraperiodates.

EXPERIMENTAL

The metal oxide(s) and I, were ground together and placed,
with water, in a Teflon cell in a stainless steel cylinder (Parr
Bomb). The cell was covered with teflon and nickel foil caps to
reduce the possibility of I. reacting with steel. Water was also
placed directly in the cylinder to equalize pressure inside and
outside the cell. The whole was pressurized with helium to 141 psi
and heated at 150°C for specified lengths of time, generally one
hour. On cooling, the vessel was dismantled and the reaction
products analyzed.

After filtration, the solid residue was washed with water and
acetone, and analyzed by its X-ray powder diffraction pattern
and by thermal decomposition. In cases involving MgO, much I,
remained occluded to the precipitate even after washing; this I
was removed by heating to 400°C. For the mixed oxide runs, the
X-ray of the solid residue only showed the higher atomic weight
iodate (except for 5Ca0/SrO). However, after heating to 1000°C,
the two oxides were both easily seen, and the evolved I, was
estimated using standard sodium thiosulfate. The filtrate was
analyzed for iodide, using a specific iodide electrode, and for
iodate, by estimating the liberated iodine obtained on
acidification after extraction of the free I; with p-xylene. The pH
was also taken.

All the oxides and Ca and Ba iodate hydrates were obtained
commercially. Hydrated Sr and Mg iodates were made and
characterized by thermal decomposition and X-ray powder
diffraction patterns, as were also the anhydrous iodates and
paraperiodates. The patterns of the anhydrous iodates are not
available in the literature; the product patterns obtained were
compared with anhydrous iodates which were prepared and
analyzed.
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Table 1. AH%xkJ for the following reactions:
H0
Lx(c) + MO(c)}—>5/6MIx(aq) + 1/6M(103)x(c) )

ey + M(OH):(C)EZ5/6MI:(aq) +1/6M(10:)(c) + H.0llg)  (3)

Ia(c) + 5/6MgO(c) + 1/6M(0H)g(c):{2—0>5/6MgIz(aq)
+ 1/6M(103)o(c) + 1/6H-O(lq)  (4)

13My(I0g)(c) + 43L(ch 2/3M(I0s)(c) + MIyag)  (9)

MgO(c) + ”18M5(106)2(C) + 22/1812(6)—25/18M(101)2

+Mglx(aq)  (10)

Where M = Mg, Ca, Sr or Ba

Equation
Metal 2 3 4 9 10
Mg -272 +9.8
Ca =772  -121 -269
Sr -1263 -431 -343 -10.6 -343
Ba -1549  -525 -378 -17.5 -317

RESULTS

(1) Initial study

The reactions (2-4) were studied by monitoring the
change in pH of the reacting mixture as a function of
time. Resultant plots are shown in Fig. 1. As the reac-
tions proceeded, the solubility of the hydroxide
decreased due to the increase in the metal ion concen-
tration as the iodide formed. Equilibrium was established
before all the available oxide had been consumed. For
BaO and CaO the initial high pH decreased rapidly and
then slowly. For MgO and SMgO/BaO the starting pH
was lower than in the previous cases and quickly decl-
ined to reach an equilibrium value which was relatively
high due to the greater insolubility of MgO (Table 2).
Thus, even though the reaction was fast, the pH of the
product suggested that the extent of the reaction was
low. In order to encourage greater reaction, the con-
ditions were changed. The new conditions chosen, 150°C
and 141 psi initial pressure for 1hr, did show more com-
plete reaction, as indicated by a lower final pH (e.g. in
Fig. 1, case B pH was 9.5, while when run at high
temperature and pressure the pH was 7.7). Carrying the
reaction out in a closed container guaranteed that the I,
and water could not vaporize away. The amount of water
was kept small to decrease the amount of iodate in
solution, and to decrease the energy necessary to dry the
metal iodide. Although a reaction time of 1hr was used
in general, the same product yields were obtained when
the time was shortened to 10 min.

(2) Single oxides at high temperature and pressure

All the oxides were run under the conditions described
above. The X-ray powder diffraction patterns of the solid
products showed that for Mg and Sr the precipitated
iodates were anhydrous, whereas for Ba and Ca the
monohydrates were formed. The reaction temperature
was above the dehydration temperatures for Mg, Ca and
Sr iodates (57.5, 57.5 and 55.0°C) respectively, but below
that for Ba (200°C)[8]. The hydrate formation for
Ca(I0;), appears to be an anomaly.

T 1T 1T 1T 1T 71
A, MO=1/6Ba0 +5/6.MgO
13 B8, MO=MgO -
C, MO=Ca0
D, MO=Ba0

©
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H:0
Fig. 1. MO+I,——1/6M(I0;),+5/6MI, room temperature
MO =0.16 mol I,

Table 2. Solubilities, g/100 cm®

Metal Metal  lodate

iodate iodate  hydrate
Metal Metal oxide at 60°C nH,O at35°C
Mg 0.0006 (25°C) 13.2 4 9.83
Ca 0.131 (10°C) 0.62 1 0.48
Sr 0.69 (20°C) 0.28 1 0.33
Ba 348 (20°C) 1 0.05

In the Mg case the solid reaction product was brown.
This brown color could not be removed by washing
(acetone or n-butanol) or by suction. However, the
brown component was removed by heating to 400°C and
[ was formed. The brown color was therefore thought to
be due to adsorbed 1,[9]. An alternative explanation for
the brown color is the formation of a solid solution
Mg(10;)(I), which has to give the same X-ray pattern as
Mg(10s).. After the heat treatment the X-ray patterns of
both Mg(10,). and MgO were seen. The reaction MgO/I,
was also tried in the absence of water, but no reaction
took place, although I, adsorption was observed.

A parameter study was undertaken using MgO, vary-
ing the amount of water and I, as shown in Table 3. The
mole-% values given in this Table (and subsequent
Tables) are calculated by the ratio of the total moles of
iodate found to the moles of iodate which would be
formed if the reaction represented by eqn (2) was
entirely transformed to products. This ratio is expressed
as a percentage.

The total extent of reaction was greater at higher water
and iodine mole ratios, but the amount of iodate in
solution also increased. Thus, the conditions which
promote high product yields also produce soluble
iodates, so that complete separations were not accom-
plished.

Also shown in Table 3 are the results using Ca, Sr, and
Ba oxides. All experiments were carried out with at least
a 2-fold excess of I, to reduce the possibility of forming
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Table 3. Reaction of single oxides, MO, H,O and I,
at 150°C for 1hr, 14lpsi initial pressure, MO =
3.5% 107> mole

Ha0
MO + Ix——>5/6MI. + 1/6M(105),

Solid Solution

M(I0:);  MI0s):

M I,/MO H.0 mole-% mole-%
Mg 2 15 17 24
Mg 2 30 10 44
Mg 2 93 9 58
Mg 4 15 38 13
Mg 4 43 20 59
Ca 2 15 65 6
Sr 2 17 63 6
Ba 2 16 84 4

basic metal salts. The iodide analyses agreed with the
stoichiometry of eqn (2) (i.e. 5 X total iodate) to within
2%, when a 2 mole excess of I, was used. With a 4 mole
I, excess agreement was not as close, suggesting that
some of the iodide was coprecipitated with the iodate in
the form of a solid solution. The Ca, Sr, and Ba oxides
all showed higher product yields than Mg, BaO gave the
greatest. No brown color was seen.

Even though these yields were relatively high and the
product separation good, the metal oxides alone will not
give adequate efficiencies in thermochemical cycles since
the metal iodides are not easily hydrolyzed.

(e.g. Bal, + HO—BaO + 2HI, AG® = 0 at 2,705°C,
AH30s = +339.7k]) (5)

(3) Mixed oxides at high temperature and pressure

By studying the mixed oxide reactions it was hoped to
be able to combine the properties of the individual
oxides and thus optimize the product yields and separa-
tions. For example, Ba(I0s), is the least soluble iodate
and Mgl, is the most readily hydrolysed iodide.
However, Ba(I0s), requires a temperature of 1000°C to
form BaO.

(a) MgO and CaO

H2O
5MgO + Ca(OH), + 61,— 5Mgl, + Ca(10s). + H,0.
(6)

The insoluble product was dark brown and gave the
power pattern of anhydrous calcium iodate, with one
extra line at a d value of 4.6 A. As in the case of pure
MgO, this brown color could only be removed by heating
to 400°C, which corresponded to the removal of the extra
line and the production of I,. On further heating to
800°C, Ca(I0s), decomposed to CaO, I, and O,. The
X-ray pattern showed both Ca and Mg oxides.

The iodate analysis results are shown in Table 4. The
mole-% values being calculated from the ratio of the
amount of iodate found to the maximum which could be
formed theoretically. By comparing the results of Tables
3 and 4 it is clear that, by substituting 1/6MgO with CaO
both the product separation and the amount of pre-
cipitated iodate was increased. As before, increasing the
moles of I, and water raised the product yield, but also
raised the soluble fraction of iodate.

Table 4. Reaction of MgO and CaO with H,O and I,
150°C, 1 hr, 141 psi initial pressure. MgO/Ca0 = §, MgO =
5.0% 107 mole

H0
5/6MgO + 1/6Ca(OH), + I,— 5/6Mgl, + 1/6Ca(105).

Solid Solution

Ca(IO;«): Mg(IO“):

L,/MgO+Ca0 H,0/MgO+Ca0 mole-%  mole-%
2 1S 29 8
2 44 35 18
2 92 40 23
4 15 47 10
4 43 49 45
4 92 26 48
6 48 47 38

The reaction time was varied between 10 min and
19hr, but this had little effect on the product yields.
Equilibrium was established after 10 min.

(b) MgO and SrO or BaO

As in the previous cases, the insoluble products were
dark brown and gave the X-ray patterns of anhydrous
Sr(I0), and hydrated Ba(I0,), respectively with an ad-
ditional line at 4.6 A. This line disappeared together with
the brown color after heating to 400°C.

MgO was seen in the product X-rays after heating to
1000°C. The analysis results are shown in Table 5. Again,
these show that replacment of 1/6MgO by Sr or Ba
oxides increase the amount of iodate formed, a greater
proportion of this being in the solid phase.

(c) Mixed oxides not involving MgO

In order for this study to be comprehensive, the reac-
tions of the combinations SCaO/BaQ, 5CaQ/SrO and
5SrO/Ba0 were also examined. In the first and last cases,
hydrated barium iodate precipitated. However, for
5Ca0/SrO, hydrated calcium iodate was formed, in the
reverse of the general trend seen in all other examples [a
small amount of Sr(I0,), coprecipitated, since after
heating to 1000°C, both SrO and CaO were seen in the
powder patern].

All the solid phase products were white in contrast to
the mixed oxide runs involving MgO. The quantitative
data is displayed in Table 6.

(4) Paraperiodates at high temperature and pressure
Metal paraperiodates are formed as an intermediate in
the decomposition of metal iodates to oxides[10, 11}.

Table 5. Reaction of MgO with SrO or BaO, H,0 and I, 150°C,
1 hr, 141 psi initial pressure, MgO/MO = 5, MgO = 5.0 X 10~> mole
M= Sr or Ba

H20
5/6MgO + 1/6M(OH): + I—5/6Mgl, + 1/6M(105),

Solid Solution
M(I05);  Mg(I03),
M  IL/MgO+MO H,0/MgO+MO mole-%  mole-%
Sr 2 12 34 8
Sr 4 53 52 18
Ba 2 13 48 6
Ba 4 39 62 6
Ba 4 77 68 8
Ba 8 64 35 8
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Table 6. Reactions of mixed metal oxides, H,O and
L. 150°C, 1hr, 141psi initial pressure, M'O=
0.7 107> mole

0
1/6M'0+ 5/6M"'0 + ]2._1_, 1/6M'(105), + 5/6M'I,

Solid Solution
M M" mole-% mole-%
Ba Ca 66Ba(10;),- H,0 3Ca(10s);
Sr Ca 53Ca(10;),-H,0 10Sr(103);
Ba Sr 75Ba(10);-H,0 4Ba(10s),

M(I05):(c) — 1/5Ms(106)x(c) + 9/502(g) + 4/51x(g)
)

1/5Ms(106)(c) > MO(c) +7/100:(g) + 1/51:(g).  (8)

The temperature of the paraperoidate decomposition
increases Mg—>Ca-Sr—>Ba (650, 800, 900, 1000°C).
Depending on the maximum temperature available for a
thermochemical H, cycle, the reactions of Sr and Ba
paraperiodates with I, may be important in order to
obtain recyclisation

1/3Ms(106)x(c) + 4/3[2(C)H—20>2/ 3M(10,)x(c) + Mlx{aq)
®
or, if reacting in conjunction with MgO,
MgO(c) + 1/18Ms(I0e)x(c) + 22/181x(c)
25 5/18MAOs)(c) + Mgl(ag).  (10)

Since these reactions are again thermodynamically
favored (Table 1) they were studied. However, as is
shown in Table 7, although Bas(I0s), gave favorable
yields by itself, when mixed with MgO little reaction
took place, showing little interaction between Bas(10).
and MgO.

DISCUSSION

The X-ray patterns of the insoluble reaction products,
even though they are all iodate’s, fall into two distinct
groups:

(1) Those which are brown and have an additional line
at a d value of 46A found for reactant mixtures
MgO/Ca0, MgO/SrQ, MgO/BaO [for MgO as a single
oxide, although the product is brown there is no line at
4.6A].

(2) Those which are white and give X-ray patterns of
pure iodates. It is surprising in case 1) that the iodine, if
merely occluded, hangs so tenaciously to the product.
Therefore a solid solution could be formed between I,
MgO and the iodate. This would account for the ad-
ditional line in the X-ray, but the presence of both MgO
and I, do not deform the crystal lattice of the iodate. One
interesting observation seen for SMgO/CaO is that the
amount of I, from heating the insoluble reaction product
is the same below 400°C as above which suggests the
following sequence:

<400°C
Ca(105)(I3), ——— Ca(10;)(D) + I (1

>400°C
Ca(I05)])———Ca0 +1,+0.. (12)

However, the weight loss measurements more closely
support decomposition of the iodate

Ca(10;),»Ca0 + 1+ 5/20,. (13)

When' I, dissolves in a highly alkaline solution an
equilibrium is immediately set up[12]

I;+20H =0I" +1" + H,0, (14)

with the hypoiodite decomposing at a measurable rate to
iodate and iodide

30I" »10;7+2I. (15)

Table 7. Reactions of Sr or Ba paraperiodates, H,0 and I, 150°C, { hr, 141 psi initial

pressure

H:0
(a) Bas(lO(,)z + 4Iz—>sBalz + 2Ba(103)z

Bas(I0s), = 5.5 x 10™* mole.

(a)
Insoluble Soluble
iodate iodate
I,/Bas(10s): H,0/Bas(10¢), mole-% mole-%
16 200 85 2
H,0
(b) 18MgO + Ms(10s); + 221,—> 18Mgl, + SM(I0;),
Ms(I06)2 = 3.6 x 10™* mole. Insoluble Soluble
iodate iodate
M L/I8MgO+M;(10:); H,0/18MgO+ Ms(10;).  mole-% mole-%
Ba 25 18 8 1
Ba 4.6 87 15 1
Sr 4.6 73 19 3
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With alkali (>4M) the following rate law has been found

—d{or] _ . JOIPI]
—g kIO +k, [OHT -

At lower alkalinities or with excess I, no satisfactory
rate law has, as yet, been established, many species
being present at equilibrium{13, 14]. But, with the
established rate law, increasing the base and I, concen-
tration will increase the rate of the reaction. The reaction
rate has been shown to be fast (Fig. 1).

The limiting factor in establishing an equilibrium
favorable to product formation is the decreased solubility
of the oxide (or hydroxide) in the presence of 1™ ions[15]
(due to the common ion effect of the metal ion). This
overrides the highly negative enthalpies of the reactions.
The increased solubility accounts for the increase in
product yield obtained on passing down the series, Mg to
Ba. Solubility also accounts for the separation of iodate
between the two phases allowing much Mg(I10s), to exist
in solution. Ba(I0s),, however, is so insoluble that little
is formed in solution even in relatively dilute conditions.

CONCLUSIONS

In none of the cases studied are the reactions com-
plete; the degree of reaction increasing with atomic
weight. Good product separation is only obtained when
using BaO.

From the viewpoint of the production of H, ther-
mochemically, the mixture SMgO/BaO offers the most
promise. In this case product separation was good, and
the extent of the reaction was high: further, Mgl, is

easily hydrolyzed. However, the temperature available
has to be 1000°C or higher, in order to convert Ba<(10),
back to the oxide.

Acknowledgement —is gratefully given to Mrs. M. Pretzel for
reading the X-ray films.
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