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Durability characteristics of the hydration of
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The durability of the magnesium oxide/water reaction system under repetitive reaction
conditions was examined experimentally to demonstrate the operability of a magnesium
oxide/water chemical heat pump. Changes in the reactivity in the hydration of magnesium
oxide, which was the most sensitive process in the repetitive reaction, were measured at
hydration temperatures from 90-170°C and pressures from 31.2-70.1 kPa. A lower
temperature and a higher pressure for the hydration reaction were effective in maintaining
reactivity. The effect of different reaction conditions experienced during repetitive cycles to
the standard repetitive cycle was discussed. From microscopic observations, nucleation in
primary particles of the material induced by the structure change during repetitive reaction
was an important factor in the enhancement of durability. © 1999 Kluwer Academic
Publishers

Nomenclature . MgO (s)+ H20 (g) = Mg(OH): (s), "

Cv bulk concentration of vapor [kg 5

Dy effective diffusivity of vapor [m/s] AHj = —81.02 kJ/mol

AH® enthalpy change of reaction [kJ/mol]

M molecular weight [g/mol] H20 (9) = H20 (1), AHj3 = —40.02 kd/mol

P pressure [Pa] (2)

r radius of the particle [m] . _ _

T temperature’C] This heat pump makes it possible to store thermal

t hydration time [s] energy by the dehydration of magnesium hydroxide

t* characteristic time [s] (Mg(OH)y) of_Equation 1, and rele_ase this on demand

wmgo ~ Magnesium weight in the sample [g] by the hydration of magnesium oxide (MgO). A previ-

Awn,o Weight change of sample due to reaction [g] OUS study showed that the heat pump could be used as

X reacted fraction [mol %] a heat amplifier to transform a heat source at 7090

Axg  extent of hydration attained after 60 min of t0 one at 100-150C, storing the heat at a tempera-
the reaction [mol %] ture of 350°C [2]. The pump is also expected to con-

AXn reacted fraction amount of the hydration tribute to load leveling in electrical power generation
[mol %] systems by storing surplus electricity generated during

n ratio index [-] the night as heat energy and resupplying it to users dur-

0 density of solid reactant [kg/#h ing peak-demand periods. The heat pump is effective

for co-generation of energy also, by utilizing heat in the

Subscripts exhaust gas of the system’s diesel or gas engine.

h hydration Previous studies using a thermobalance showed that

H,O water the hydration of magnesium oxide controlled the overall

MgO  magnesium oxide rate of heat pump operation [1]. Heat pump operation

sd,f saturated reacted fraction of the dehydrationvas demonstrated using a laboratory-scale heat pump
of magnesium hydroxide at the former with a reactor bed containing 1.8 kg of reactant [3]. The
dehydration cycle pump had an output of up to 100 W/kg.

One cycle of operation comprises both the hydration
and dehydration of MgO. For practical utilization of
1. Introduction the heat pump, more than 100 repetitions of the cycle
A chemical heat pump using a reversible magnesiunare required. Therefore, the reaction material chosen
oxide/water reaction system has been examined bfor the heat pump must be capable of enduring repet-
Kato et al. [1] to promote thermal energy utilization. itive reaction. However, the reaction material used to
The heat pump examined in this study is based on thdate, common Mg(OH) is not durable enough, and
following equilibria: loses half of its reactivity during the first 10 repetitions.
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Different kinds of magnesium oxide materials have The initial sample was in hydroxide form, and con-
been tested in a previous study [4]. A new magnesiuntained water physically adsorbed at atmospheric tem-
oxide material using ultra fine magnesium oxide pow-perature. During the initial dehydration of Mg(OHl)
der as the precursor was the most appropriate materiéthe physically adsorbed water was removed in a
for the heat pump, because it exhibited high durabil-100 ml/min flow of dry nitrogen gas at 12CQ for
ity and high heat output performance compared to th&0 min. After this procedure, the reaction tempera-
other oxides. Although reactivity of the new material ture was raised at a rate of 50/min up to 350C
decreased during the initial five reaction cycles, the reand Mg(OH)} was dehydrated at this temperatufg)(
activity remained relatively constant over the next 19for 60 min. The samples had changed to a MgO state.
cycles. Thus, comprehensive durability of the new madin all subsequent cycles, the dehydration was repeated
terial for the repetitive reaction was demonstrated in thisinder the same reaction conditions, save for the initial
work. In particular, the hydration of magnesium oxide removal procedure for the physically adsorbed water.
that is the most sensitive to the repetition was demon- In the hydration experiment, a mixture of purified
strated. This reaction corresponds to the heat outpuwvater vapor and nitrogen carrier gas was supplied to
process of the heat pump. The dependence of the repdtie reactor. The hydration pressuR)was set by the
itive reactivity on hydration temperature and pressureroportion of vapor in the reaction gas. After cool-
was examined experimentally. The effect of changes inng the reactor to the desired hydration temperature
the reaction conditions on the repetitive durability was(Ty) in a nitrogen atmosphere, hydration of MgO was
also discussed from the standpoint of the practical opachieved under hydration pressure. Several hydration
eration of the heat pump. The durability characteristiccconditions were examined in the repetitive tests. The
of the reaction were related to these measurements arydration temperatures were from 90 to 2@) which
microscopic observations. corresponded to the heat output temperature of the heat
pump operation. The hydration pressures were 31.2,
47.4, 57.8 and 70.1 kPa, which corresponded to satu-
2. Experiments rated vapor pressures at temperatures of 70, 80, 85 and
2.1. Reaction materials 90°C, respectively. These temperatures corresponded

Mg(OH), material using ultra fine magnesium oxide t0 that of a low-temperature heat source for the heat
powder as the precursor was chosen for the experimenUMp in its heat output mode.

Two grams of ultra fine magnesium oxide powder (avg. The reacted fraction could be calculated by measure-
particle diameter: 10 nm; UBE Co. Ltd.) was packedMent of the sample weight change. It was concluded
in a ball mill with 50 g of purified water and alumina thatthe sample’s weight change during the reaction was
balls. The hydration of MgO was achieved by rolling due to the movement of water. Therefore, the reacted
the mill for 20 hours. After hydration, the pasty product fractin, x [mol %], was defined as follows

was dried at 80C for 24 h, and the resulting flakes were

sieved. Particles having average diameter of 1 mmwere Awn,o/Muo0

used for the following experiments. x =100e (l + #) (4)
wmgo/ Mmgo

2.2. Repetitive reaction experiments wherewpgo and Awn,o are the weight of magnesium

The reactions were studied using a thermobalance urexide in the sample, and the weight change of the sam-
der a flow system. A 15 mg material sample placed in gle caused by the reaction, respectively. The initial state
platinum cellwas installed in the reactor of athermobal-samples contained physically adsorbed water. Thus, the
ance (TGD-9600, Shinku-riko Co. Ltd.). The tempera-state after the physically adsorbed water was removed
ture at the bottom of the cell, which was considered towas defined as a fraction of 100 mol%. The hydra-

be the reaction temperature, was controlled by an eledion experiments started from the dehydrated sample
tric furnace and directly measured by a thermocouplestate. However, dehydration of each sample did not pro-
Each repetitive experiment was proceeded as followingeed tox = 0 mol %, and the sample saturated at about

sequence. x =10 mol % [Katoet al., 1998]. In order to obtain an
Original Dehydration Hydration Dehydration Repetition
Mg(OH), MgO Mg(OH), MgO . 3)
|———1st cycle H 2nd cycle

Since the hydration is most influential to the reactionobjective comparison of the hydration of the materials,
condition, and controls the whole heat pump operatiorthe reacted fraction amountx, [mol %], is defined as
rate, the hydration reactivity is mainly discussed in thisfollows.

studly. AXn = Xn — Xsdf 5)
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wherex,, and xsqs are the reacted fraction of hydra- |p=47,4kpa, t =60min
tion, and the saturated reacted fraction of the former  (a) ¢ - -

dehydration cycle, respectively. F c\ L

The durability characteristics of the hydration were 05 '—A\a o908 i
considered in the experiment from the standpoint of 04 SV =Y - =5 fﬁgc*‘v T
practical heat pump operation. To investigate the de- — T F Ty 10T
pendency of the repetitive durability on the reaction TR 08 pt i e e - —
conditions, the repetitive reaction was measured un- & S 130°C
der fixed conditions at the hydration temperature of 02 F N
90-150C and pressure of 31.2-57.8 kPa. The effect o1k T . 150C
of different reaction conditions experienced during the ! [N N R
repetitive cycle was also examined under some condi- 0

tions of the temperatures of 90—1and pressures of

31.2-70.1 kPa, because the practical heat pump opera-
tion was accompanied with various reaction condition T,=110°C, t,=60min
changes. To clarify the fine structure change of the ma- ®) 4g

No. of Cycle

terial during the repetition, samples of materials which

had experienced the repetition were examined by using 05 LB R T e Tt

a transmission electron microscope (TEM). NG e ;uﬁpri\ﬂ - B ]

— 04 \ :

3. Results SIE): \&\’\eﬂ 31.2kPa

3.1. Durability under fixed conditions of [ I PE S
repetitive reaction 02 1

Fig. 1a shows the reactivity change over twelve cycles o E

of repetitive reaction under fixed hydration conditions, 0 5 4 ' o e 10 ' 12
temperatureT,) of 90°C and vapor pressurd() of No. of Cycle

47.4 kPa. The graph shows that the reactivity decreases

during the initial four repetitions, but remains constantFigure 2 Change of the extent of hydration attainédka;, during repet-

at about 50 mol % from the 5th cycIe to the 12th repe_itive reaction; (a) effect of the hydration t_emperature and number of
tition. Later cycles have a higher activity compared to®¢'es o the value, (b) effect of the hydration pressure.

that of the 4th or 7th cycle. Fig. 1b shows the result

under a higher hydration temperature of 280 The
@ 46 initial reactivity decrease is more marked than under

! P —_ the condition of Fig. 1a. On the other hand, after this
05 | b 3;& i initial decrease, the reactivity remains roughly constant
oa : ////f:{-: - T ] from the 5th cycle tothe 12th. An objective indication of
— T F // 1(\)th ] reactivity, theAx, attained after 60 min of each cycle
= 03 [l (P =47.4kPa,T,=90C of the hydration, is defined as an extent of hydration
3 // | : attained,Axy. The changes ol x4 during repetitive
02 y — =t | cycling are shown under some hydration conditions in
o1 | ——-m ] Fig. 2. Fig. 2a shows the effect of the hydration tempera-
s ] ture on the repetitive reactivity. The hydration reactivity
0 ' i decreases during the initial cycles and becomes roughly
o 1020 X ?ﬁmn] 40 50 60 constant at the following cycles. At the lower hydration
n temperature of 90, 105 and 110, the initial reactivity
®) s _ , _ decreases are observed during the initial three or four
[P =47.4kPaT =130C I ] cycles, and the following cycles have constant reactiv-
05 i ity. The higher the temperature, the more cycles are
os F —— required to reach constant reactivity. The extent of hy-
—_ y/ dration attained at 130 or 153C decreases compared
=03 e e with that of the lower temperature results. At lower
<, P Ll e i temperatures of 90 and 106, some recovery of the
T o — st | extent of hydration attained is observed. Fig. 2b shows
ot | - the effect of the hydration pressure on the repetitive
%/’/ RARRLN | reactivity. The higher the reaction pressure rises, the
0 L larger the extent of hydration attained becomes, and
- the smaller the repetition time for the initial reactiv-
h

ity decrease. At the highest pressure, some recovery
Figure 1 Reactivity change during repetitive reaction; (a) under high Of the extent of hydration attained is obtained after six
durability conditions, (b) under low durability conditions. cycles.
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3.2. Effect of change in reaction conditions Standard: P,=47 4kPa, 1,=60min |
on the repetitive durability 0.7

The effect of change in hydration conditions on the L pirabs 474l a1z R 70 347.1
repetitive durability was examined in the three types >0 P >
of experiments; that is, the effect of high-temperature 0.5 Py gy ey ; - 5/*'1_10
hydration, low-temperature hydration and multiple hy- T 04 O :“ 120 i3
dration conditions on the durability. Fig. 3a shows 5 : ;‘\ ! i L
the effect of some high-temperature hydration cycles < % T i o
on the repetition. After stable reactivity was attained 02 F b LD ": Y
(at 7 cycles repetition) at the low hydration temper- 04 s :‘50* / X130} ;
ature of 110C, the sample was subjected to high- i D ras! asoa]l !
temperature hydration cycles of 130, 150 and 420 0 o s ' ] o' s 20
Subsequently, the sample was hydrated at°ClL( No. of Cycle

the 11th cycle. The last cycle of low-temperature rep-

etition was not affected by the high—temperature hy_Figure 4 The effect of multiple hydration temperature cycles on a stan-
dration cycle, and the extent of hydration recovered td*2" e

its former value before the 7th cycle, i.e. the reactivity

of the low-temperature hydration was maintained aftefufte .t of multiple hydration conditions on the repetitive
a high-temperature experience. Fig. 3b shows the efy,rapility is shown in Fig. 4. The standard repetition at
fect of some low-temperature hydration cycles on thej19°c and 47.4 kPa was followed by multiple hydra-
repetitive reactions. After a stable reactivity was at-tion conditions at 110—17@ and 31.2—70.1 kPa from
tained at a high hydration temperature of 180after ¢ gih to the 19th cycle. Following this, it was found
15 cycles of repetition, the cycle was subjected t0 10w+ 4t the reactivity under standard conditions at the 20th

temperature hydration at 130, 110 and’@) and the ¢y cle was maintained or enhanced compared with the
high-temperature hydration was resumed at the 19t0); e at the initial cycle.

cycle. The extent of hydration after reversion to these

conditions was not affected by the low-temperature hy-

dration experience; and reactivity at the 19th cycle r'®4 Discussion

verted to a similar value to that at the initial cycle. The 4.1. Evaluation of reactivity change during

the repetition
Between shrinking-core models under a pseudo-steady-

(a) Standard: T =80°C. t,=60min | state [5], a model of diffusion through product control-
06 T T T T T T ling was the most suitable to the hydration reaction
AN : C system in a previous study [4]. The rate equation based
0.5 f ke =L NP Ce ] on the model is,
0.4 [ T,=110C . 130%¢ il1o5c 1
“ 0af T =,’ St=1- 3(1— )2 +2(1— xp) (6)
5 hadHE
il ! NI RE wheret* represents a characteristic time [s].
0.1 F 70T R
. _ P
° 2 4 6 8 10 v= 6C, Dy (7)
No. of cycle
) ' p [kg/m3], r [m], C, [kg/m3], D, [m?/s] are the density
Standard: P,=47.4kPa. t,=60min | of solid reactant, radius of the particle, the bulk concen-
05 ¢ ' ‘ ERTeY 1 tration of vapor and the effective diffusivity of vapor.
_ 1oy 1 ] This model was employed for the reaction mechanism
0.4 T,=150C ] and is used in the following discussion.

o Y The value of the reciprocal of the characteristic time,
= 93T A 1/t*, is obtained as the slope of the linear plot of the
:f N . P right hand side of Equation 6 agairtsih each experi-

TN C ment, and corresponds to the reactivity of the hydration.
or . 130Ce 1y To evaluate rgactivity chang.e during repetitive <_:yc|e, a
CF it eeg e value of J/t* is used as an index of the hydration re-

o b 1150 activity. Fig. 5 shows the relationship between the hy-
0 5 10 15 20 dration temperature and t* of the first cycle and the

No. of ycle tenth cycle. The values of the tenth cycle are used as

. . . o . representatives of the saturated steady state values for
Figure 3 Effect of change in hydration conditions on the repetitive dura- .- . . I .
bility; (a) the effect of high hydration temperature cycles on the low the repetltlon, for comparison with the Irlltlal reactivity.
temperature cycle, (b) the effect of low hydration temperature cycles onl N€ higher the temperature, the lower is the value; that
the high-temperature cycle. is, the reactivity. Next, a ratio index|¢]) is introduced
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0.0 4.2. Microscopic observation
0.05 % @I AAAAA 3 To expla_ir_1 the relationship _between_the repetitive cy-
\ cle condition and the hydration reactivity, two reaction
o 004 - A\ e 1st samples, which had experienced low and high dura-
g 0.03 . —-m--1oth | ] bility cycle conditions, were compared by microscopic
= KR observation. Each bulk particle used in the experiment
S o002 SN is a cluster of primary particles having diameter of 300—
! . 700 nm. Since the two samples exhibited no obvious
0ot ] differences in these bulk and primary particles, the in-
P 2 R SO SO B Sttt EES- terior of the primary particles were examined. Fig. 7
90 100 110 120 130 140 150 shows TEM photographs of sectional particles. Fig. 7a
T, [C] shows a sample cycled at 57.9 kPa hydration pressure,

representing results of high durability cycle conditions.
Fig. 7b shows a sample cycled at 31.2 kPa, representing
one of low durability conditions. Both samples were in
the hydroxide state after twelve cycles at a hydration
) » .. temperature of 118C. In Fig. 7a, nuclei of a few nm di-
to describe the effect of cycle repetition on the reactivitygmeter can be observed over the whole area. Although
as follows: similar nuclei are seen in a part of the later sample in
Fig. 7b, they are not developed over the whole area.
n =[1/t"l10t/[1/t*] 1st (8) MgO and Mg(OH) have a square and hexagonal crys-
tal structure respectively [6]. The nuclei are produced
where the tenth cycle’s value is used to characteriz®Y the structure change between MgO and Mg(H)
the saturated stable state of the repetition. The indefluring the repetitive cycling. Such nuclei had been ob-
shows the durability of the sample’s reactivity in repet-Servedin a previous study [7]. Because the nucleation is
itive cycling. The effect of hydration temperature on @ccompanied by the generation of a high reaction sur-
the index is shown in Fig. 6a. The lower the hydra-face area, the development of sufficient nuclei shows
tion temperature, the larger the index and, the bettethat the former cycle reaction has proceeded enough
the durability. Fig. 6b shows the relationship betweer@nd also the next cycle has high reactivity.
the reaction pressure and the ratio index. The index in- Because of high reactivity at the low hydration tem-
creases with pressure; a higher reaction pressure leaB§rature in Fig. 7a, the nucleation proceeded well at
to greater repetitive reactivity.

Figure 5 Change of effect of the hydration temperature gt*lfrom
the first cycle to the tenth cycle.

0.8 - - - -
A
0.7 Fomome B —e—P,=31.2kPa
= “m. --M--  47.4kPa
5 06 o - & - 57.8kPa [
— 05 N
by N
- 04 X
= \I u
3 03 v
= 02 .
= o1k Sk
0 [ L I

80 90 100 110 120 130 140 150 160

T, [
(b) 08
]
: —
T o7 | e
0 " B
— [ ..
oYY Col il
- X LT A
= [ R -
g 0.5 L] £l
=R S ——T,7 sot
— 04 --m-- 100¢C |
- [ - - - 110
[ T
0.3-vlllll |.‘i<|n|i|.||
03 035 04 045 05 055 06 Figure 7 TEM photographs of hydroxide state samples after twelve
P, [atm] repetitive cycles at the hydration temperature of AC0(a) a sample

particle at 57.9 kPa of hydration pressure representing a high durability
Figure 6 Change of the ratio index;, (a) dependency on the hydration cycle condition, (b) a sample at 31.2 kPa representing low durability
temperature, (b) dependency on the hydration pressure. cycle condition.
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the hydration step, and generated fully-developed nus. Conclusion
cleiin the primary particle. The particle acquired a highThe developed reaction material showed durability dur-
reaction surface area and diffusivity, and so the reacing repetitive magnesium oxide/water reversible re-
tivity was sustained during the repetitive reaction. Onaction at 90-110C hydration temperature and under
the other hand, the low reactivity at the high hydra-47.4-57.8 kPa hydration pressure. The saturated dura-
tion temperature in Fig. 7b did not induce the struc-bility was reproducible under the same hydration tem-
ture change and the nucleation. Moreover, sinteringerature and pressure conditions in the repetitive cycle,
inside the particle [7] proceeded during repetitive cy-and was not affected by the experience of different re-
cles. At the next cycle of hydration, similar reactivity action conditions in the cycle. The repetitive durability
could not be maintained because of the small amounivas explained from the standpoint of the nucleation
of reaction surface area and diffusivity accompanyingin a primary particle of the material. Sufficient devel-
the nucleation. Then, the repetitive durability was lostopment of nucleation was an important factor in the
gradually. However, the sintering state could be frac-enhancement of the repetitive durability.
tured under high-reactivity condition cycle, as shown in
Figs 3a and 4.
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