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Chapter 1 General introduction

1.1 Background of research

1.1.1 Depletion of primary energy source
Our civilized life was supported by energy consumption. For example, air conditioning,
automobile, light, and television require energy. Energy consumption in the world for each primary
energy source is shown in Figure 1.1-1. Consumptions of fossil fuels (oil, coal, and natural gas)
shows upward trend. Demand of oil and natural gas would be increased for next 25 years because of

economic growth of developing countries.

-E' 5000 - 5 o
L P T il — Coal
(>U 0 q\‘_//"'—”',.-------.....___.:::.‘ - (Gas
5 "’ ----------- - BiOmass
g .y '_‘ﬂ—"——‘- Nuclear
% 2 —/ e Other renewables
B LT Rt = Hydro
B il e
p—
= 1980 1990 2000 2010 2020 2030
Year

Figure 1.1-1 Energy consumption in the world for each primary energy source. Dashed lines indicate

prediction of consumptions [1].

However, oil, coal, and natural gas are exhaustible resource. Depletion of primary energy sources
makes severe effects to economic activity in the world. Hence, research and development of energy

saving technologies is required.

1.1.2 Mismatches of supply and demand of energy
Mismatches of supply and demand of energy are becoming big social issue. It is recorded that
the difference of power load between peak load and bottom load was 85 GW in Japan at August 23,
2010 [2]. Thermal energy for residential area is usually in demand at morning and evening. On the
other hand, exhaust heat from industrial area does not match the demand of heat because most of
industrial plants are operated at daytime or whole day. Cogeneration (combined heat and power
supply) systems have been installed in Japan. The demand of power and that of heat often tend to

show different peak time. As a result, research and development of the recovery, storage and
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conversion of surplus heat is required.

1.1.3 Utilization of un-used thermal energy
1.1.3.1 Exhaust and surplus heats from industrial plants, cogeneration systems, and small

nuclear reactors

Industry of
. mmmm | Temperature of
Chemical . exhaust heat [°C]
- 1 W 500-
sroreHm | W 450-499
: B 400-449
Ceramic
| M 350-399
Steel [ 300-349
1 [ 250-299
% £
Incineration 200-249
W 150-199
0 50 100 150 200 250 [ 100-149

Exhaust heat [PJ year'1]

Figure 1.1-2 Amount of exhaust heat for each industry in Japan [3]. Heat in exhaust gas is shown in

these data.

Heat storages from industrial plants, cogeneration systems, or small nuclear reactors are
important to utilize surplus thermal energy. Amount of exhaust heat for each industry in Japan is
shown in Figure 1.1-2 [3]. Exhaust heat at 250-299°C is released from industrial plants. Especially,
it is released from chemical industry (15.4 PJ year '), ceramic industry (15.2 PJ year '), and steel
industry (12.5 PJ year '). Also exhaust heat at 300-349°C is released from steel industry (20.4 PJ
year '), chemical industry (6.00 PJ year '), and petroleum industry (4.84 PJ year '), and exhaust heat at
200-249°C is released from incineration industry (41.7 PJ year '), chemical industry (18.8 PJ year '),
and steel industry (16.3 PJ year ') The exhaust at 100-200°C can be recovered by using
adsorption-type thermochemical energy storages [4]. Thus, recovery of exhaust heat at 200-300°C is
important. The exhaust gas from cogeneration systems is generally at around 450°C. Steam and/or
hot water are produced by using the exhaust heat from internal combustion engine or micro gas turbine.
After these thermal processes, heat at around 300°C can be stored. The primary outlet temperature of
pressurized water reactor (PWR) is around 350°C, and that of boiling water reactor (BWR) is around
300°C. In past decades, small nuclear reactors were studied for district heating [5,6]. However,
usually nuclear plants are operated at steady state. On the other hand, the demand of heat is not steady.
Hence, thermal energy at 200-350°C from above mentioned sources should be stored until periods of

the demand.
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1.1.3.2 Heat supply for district heating or drying processes
District heating systems have been designed for cold area [7-9]. Supplied heat is used for
space heating, supply of hot-water, and road heating, for example. Generally, hot-water or steam at
80—-150°C are supplied to district area. Drying processes in industrial processes (paper drying process,
for example) also require heat [10]. Heat supply by using fossil fuels is not good in the viewpoint of
depletion of primary energy source (Section 1.1.1). Thus, stored heat from other processes should be
used for district heating or drying processes. Hence, research and development of thermal energy

storages (TES) is important.

1.2 Previous researches for thermal energy storages

1.2.1 Sensible and latent heat storages
1.2.1.1 Principle

Sensible heat storages can store thermal energy by heat capacity of the materials [11].
T
o= [ ¢ (1)
T,

Here, Q [kJ kg ']: heat output capacity, C, [kJ K" kg™']: Specific heat capacity of the material, T; [°C]:
initial temperature, T¢ [°C]: final temperature, respectively. Advantages of sensible heat storages are
reasonable cost and safety. On the other hand, disadvantages of them are relatively low heat output
capacity (several tens kJ kg "), heat loss to environment, and change of heat output temperature.

Latent heat storages can store thermal energy by enthalpy change by fusion [11].
Q = AHfsn/l\/lmtr (1-2)

Here, My [kg molfl]: a molecular weight of the material, AHg, [kJ molfl]: enthalpy change of fusion,
respectively. Advantages of sensible heat storages are constant value of heat output temperature and
higher heat output capacity (around 100500 kJ kg ' [11—13]) than sensible heat storages. On the
other hand, disadvantage of them is heat loss to environment.
1.2.1.2 Materials for sensible heat storage and latent heat storage

For sensible heat storages, water, brick, steel slab, and aluminum are proposed as materials
[11,14], for example. For latent heat storages, ice, erithritol, polyethylene, LiNO;, NaNO;, K,COj; are
proposed as materials [11-14], for example. The materials should be selected to match target

temperature and to avoid thermal decomposition.
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1.2.2 Thermochemical energy storages
1.2.2.1 Principle
Thermodynamic cycles are used for thermochemical energy storages (TcES). The cycles are
based on Clausius-Clapeyron equation [15].

P AH AS
J— - (1-3)

InK=In| — |=——+
P RT R

0

Here, K: equilibrium constant, P: equilibrium pressure, Py: standard pressure, AH: enthalpy change by
evaporation, adsorption, absorption, or reaction, AS: entropy change by evaporation, adsorption,

absorption, or reaction, R: gas constant, T: absolute temperature, respectively.

Adsorption cycle

Adsorption equilibrium
(91> 9q2)

|

[ |
Evaporation equilibrium Uptake: g1 yptake: g,

and
Condensation

Qevpg
Evaporation

In P

1T

Figure 1.2-1 Clapeyron-diagram of thermochemical energy storage by using adsorption refrigeration

cycle (adsorption isostere).

Commonly, TcES by using adsorption are used for refrigeration. It consists of
evaporator/condenser and adsorption bed. Clapeyron-diagram of thermochemical energy storage by
using adsorption refrigeration cycle is shown in Figure 1.2-1. The adsorption cycle consists of four
processes as follows; (a — b): isosteric heating, (b — c¢): isobaric desorption, (¢ — d): isosteric cooling,
(d — a): isobaric adsorption. Here, Q.. evaporation heat, Q.,q: condensation heat, Qq.,: desorption heat,
Q.as: adsorption heat, respectively. Generally, the heat input and output in the process (a — b) and (c
— d) are negligible. Evaporation equilibrium (K,), adsorption equilibrium of lean adsorbed bed (K,),

and adsorption equilibrium of rich adsorbed bed (K3) is expressed as below.
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AH AS
K, = In| 2 |2~ Zen | P (1-4)
P, RT R
ln K2 — ln 5 —_ AHads—l + ASads-l (1_5)
P, RT R
P, AH AS
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3 LPJ RT R (-0

Here, P;: equilibrium pressure of evaporation, P,: equilibrium pressure of adsorption bed for uptake of
i, P3: equilibrium pressure of adsorption bed for uptake of d, (q; > ), AHc,: enthalpy change by
evaporation, AH,4s.;: enthalpy change by adsorption for adsorption bed for uptake of Q;, AHags2:
enthalpy change by adsorption for adsorption bed for uptake of ¢, AS,,: entropy change by evaporation,
AS,45.1: entropy change by adsorption for adsorption bed for uptake of q;, AS,4s0: entropy change by
adsorption for adsorption bed for uptake of 0y, respectively. Thermochemical energy storages by using

adsorption can store heat at the process of isobaric desorption (Qqes), and evaporation heat (Qep) is used

for refrigeration.

Absorption cycle

Absorption equilibrium

A
i \

Lean solution
Rich solution

Evaporation equilibrium

and
Condensation

Qevpg
Evaporation

In P

1T

Figure 1.2-2 Clapeyron-diagram of thermochemical energy storage by using absorption cycle.

Generally, TcES by using absorption are also used for refrigeration. It consists of evaporator,
absorber, generator (for desorption), and condenser. Clapeyron-diagram of thermochemical energy
storage by using absorption refrigeration cycle is shown in Figure 1.2-2. The absorption cycle
consists of four processes as follows; (a — b): isosteric heating, (b — c): isobaric desorption, (¢ — d):
isosteric cooling, (d — a): isobaric absorption. Here, Q,,: absorption heat. The heat input and
output in the process (a — b) and (c — d) are negligible because usually absorption chillers include a
heat exchanger between (a — b) and (c — d). Evaporation equilibrium (K,), absorption equilibrium of

lean solution (K,), and absorption equilibrium of rich solution (Ks) is expressed as below.
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AH AS
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R RT R
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Here, P4: equilibrium pressure of absorption for lean solution, Ps: equilibrium pressure of absorption for
rich solution, AH,,s: enthalpy change by absorption for lean solution, AH,,.: enthalpy change by
adsorption for rich adsorbed bed, AS,,s.: entropy change by absorption for lean solution, AS,..: entropy
change by absorption for rich solution, respectively. Thermochemical energy storages by using
absorption can store heat at the process of isobaric desorption (Qqes), and evaporation heat (Qep) is used

for refrigeration.

Chemical reaction cycle

Reaction equilibrium
Evaporation equilibrium /

and

Condensation }6 Dehydration

thd
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Evaporation Hydration

thd

1T

Figure 1.2-3 Clapeyron-diagram of heat enhancement mode of thermochemical energy storage by

using chemical reaction. Dehydration/hydration was considered as the reactions in this case.

TcES by using chemical reaction can operate heat enhancement mode, heat storage mode,
temperature upgrading mode, and refrigeration mode [16,17]. The heat enhancement mode is
important for applications for heat supply (district heating and drying processes). Clapeyron-diagram
of heat enhancement mode of TcES by using chemical reaction is shown in Figure 1.2-3.
Dehydration/hydration was considered as reversible reactions in this case. Here, Qgnq: dehydration
heat, Qpyq: hydration heat, respectively. Evaporation equilibrium (K;), reaction equilibrium (Ks) is

expressed as below.
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AH AS
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R RT R
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In K === : 1-9
- B -2 0

Here, P¢: equilibrium pressure of the reaction, AH,: enthalpy change by reaction, AS;: entropy change by
reaction, respectively. Thermochemical energy storages by using chemical reaction can store heat by
endothermic reaction (dehydration, decarbonation...), and output heat by exothermic reaction (hydration,
carbonation...).
1.2.2.2 Materials for thermochemical energy storage

Adsorption-type TcES

Zeolite-H,0 [4,18-25], silica gel-H,O [26], and active carbon-CH30H [27-29] were proposed
as adsorbent-adsorbate pairs, for example. Heat storage capacities of the materials are around 180—640
MJ m [11], and heat at around 60—200°C can be stored [4]. In recent years, silicoaluminophosphate
zeolites (SAPO) [23,24] and ferroaluminophosphate zeolites (FAPO) [25] are studied because of their
adsorption isotherm shows S-shape, large uptake of water, and preferable regeneration temperature.
Absorption-type TcES

LiBr-water [30-33], LiNO;-NH; [33,34], NaOH-H,O [35], and KOH-H,O-NH; [36] are
proposed as working pairs, for example. Heat storage capacities of the materials are around 430-910
MJ m [11], and heat at around 40—150°C can be stored [11]. Because absorption-typeTcES can be
used as liquid-gas two phase flow, the heat transformation system is useful continuous heat pump
operation. The technical problems of absorption-type TcES are that the reactor design needs
high-vacuum chamber because the operation pressure is relatively low, and they require periodical
maintenance because the solutions are corrosive.
Chemical-type TcES

TcES by using reversible chemical reactions has been studied in the past decades. For
example, metal hydroxides [16,37—43], metal carbonates [44—48], metal salt hydrates [49-59], metal
salt-nCH;0H [56,57,60-62], and metal salt:-nNH; [63—66] have been reported as thermochemical energy
storage materials (TCMs). The advantage of TCMs is their high heat storage capacities (more than
1000 MJ m > for metal hydroxides and metal carbonates). Thus, TCMs by using chemical reactions
are studied in this work. A TCM on Mg(OH), has been examined earlier [37-39].

MgO(s)+H,0(g) == Mg(OH),(s) AH; =-81.0 kJ mol™ (1-10)
H,0(g) == H,0(l) AH_, =-40.7 kJ mol™ (1-11)

The dehydration (endothermic reaction) in Eq. (1-10) corresponds to the heat storage operation, while

the hydration (exothermic reaction) corresponds to the heat output operation.
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The technical problem of TCM based on metal hydroxides and metal carbonates is that they
cannot store thermal energy at 200-300°C. Generally, heat storage temperature for metal hydroxides
and metal carbonates are equal to or higher than 350°C.  On the other hand, the target temperatures of
thermal energy storage for metal salt hydrates, metal salt-nCH;OH, and metal salt:-nNH; are around

100°C.

1.3 Development of materials for thermochemical energy storages

1.3.1 Motivation of development of materials for thermochemical energy
storage

As mentioned at Section 1.1.3.1, exhaust heat at around 200-350°C is needed to be stored.

Thus, TCMs which can dehydrate at 200-350°C are required. A technical problem of Mg(OH), and

Ca(OH), (conventional TCMs) is that these materials dehydrate at 350°C or higher temperature within

30 min. Thus, reactivity enhancement for dehydration is required. Developments of TCMs which

can dehydrate at lower temperature were performed by following procedures.

1.3.2 Modification of surface state

The dehydration reactivity could be enhanced by surface modification by hygroscopic
compounds. TCMs which were modified by metal salt or metal hydroxide were proposed by Hirao
[67] and Ryu et al. [68]. A schematic model of the surface modification by hygroscopic compounds is
shown in Figure 1.3-1. The surface of Mg(OH), was covered with hygroscopic compounds (lithium
chloride (LiCl) or sodium hydroxide (NaOH), for example). Figure 1.3-2 shows thermal
decomposition curves for metal salt- or metal hydroxide-modified Mg(OH), [67]. The mixing molar
ratio of additive to Mg(OH), was one to ten in Figure 1.3-2. Metal salt- or metal hydroxide-modified
Mg(OH), is abbreviated as “name of additive/Mg(OH),” (For example, LiCl-modified Mg(OH), is
abbreviated as LiCl/Mg(OH),). The dehydration of surface-modified Mg(OH), started at lower
temperature than that of authentic Mg(OH),.

Metal salt or

metal hydroxide
(Ex. LiCl or NaOH)

v

Figure 1.3-1 Schematic model of surface modification by hygroscopic compounds.

Mg(OH),
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Figure 1.3-2 Thermal decomposition curves for metal salt- or metal hydroxide-modified Mg(OH),

[67].
Dehydration temperatures of authentic and surface modified Mg(OH), is shown Table 1.3-1 [67]. An
order of dehydration temperature was as follows; NaOH/Mg(OH), < LiCl/Mg(OH), < LiOH/Mg(OH),

< NaCl/Mg(OH), < Authentic Mg(OH);.

Table 1.3-1 Dehydration temperatures of authentic and surface modified Mg(OH), [67].

Material Dehydration temperature [°C]
Authentic Mg(OH), 277
NaCl/Mg(OH), 267
LiOH/Mg(OH), 255
LiCl/Mg(OH), 232
NaOH/Mg(OH), 205

The hygroscopic property of the metal salts or metal hydroxides could be known by the
enthalpy change by dissolution. Values of enthalpy change by dissolution (AH, ) for each metal salt
or metal hydroxide are shown in Table 1.3-2. An order of AHsolo for these four compounds is as
follows; NaOH < LiCl < LiOH < NaCl. It can be concluded a compound which has large negative
value of AHsolo is a candidate for an additive. Metal hydroxides show negative value of AHSOlo.

However, these materials are not recommended as additives because of their strong basic property.
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Table 1.3-2  Values of enthalpy change by dissolution for each metal salt or metal hydroxide [69].
*Values of enthalpy change by dissolution for CsF was obtained from [70].

Cation Anion AHy, [kJ mol '] Cation Anion AHy, [kJ mol™']

Cs" I 33.3 Na" Br —0.60
Cs" Br 26.0 Na" I —-7.531
Rb" I 25.1 K" F -17.7
Rb" Br 21.9 Li" OH -23.56
K" I 20.33 Cs" F —29.03*
K" Br 19.9 Li' Cr -37.03
Cs" Ccl 17.8 Na®" OH —44.52
Rb" Ccl 17.28 Li" Br —48.83
K" Ccl 17.217 K" OH™ -57.61
Li" F 473 Rb" OH —62.3
Na® Ccr 3.883 Li" I —63.26
Na* F 0.91 Cs" OH -71.0
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Figure 1.3-3 Relationship between difference of ionic radius (r. — r-) and enthalpy change by

dissolution (AHsolo) for each metal salt.

It is known that the value of AHsolo becomes large when the difference of ionic radius of metal

salt is large [71]. Relationship between difference of ionic radius (r+ — r-) and enthalpy change by

10
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dissolution for each metal salt is plotted in Figure 1.3-3. The metal salt with big cation (Cs") and
small anion (F"), or small cation (Li") and big anion (CI", Br_, I') shows large negative value of AH, .
Lil, LiBr, LiCl are candidates for additives. However, metal iodides are easy to oxidize in the
atmospheric condition. Thus Lil was removed from candidates of additives. The melting points of
the additives should be high to avoid melting at any accidents. The melting point of LiCl (605°C [69])
is higher than LiBr (550°C [69]), thus LiCl/Mg(OH), was studied further.

Hydration (exothermic reaction) of LiCl/MgO was studied in the previous study [67].
Conversion of the hydration of the material was greater than 0.5 at 110-180°C, water vapor pressure of
57.8 kPa, and 80 min for supply of water vapor. The dehydration and hydration of the material are
reversible. Hence, LiCl/Mg(OH), has a potential for TCMs.

1.3.3 Modification of bulk composition
The other procedure for reactivity enhancement is modification of bulk composition. The
dehydration reactivity of mixed hydroxides could be enhanced by adjusting metal ion composition.
Magnesium-cobalt mixed hydroxides (MgyCo;«(OH),) and magnesium-nickel mixed hydroxides
(MgyNi;«(OH),) are proposed as TCMs by Takahashi [72] and Ryu et al. [73]. The dehydration
proceeded at lower temperature when the concentration of Co or Ni in the hydroxide was increased.

The change of Gibbs energy by reaction under the standard condition is expressed as follows.
AG! = AH? —TAS; (1-12)

Here, AG,° [kJ mol']: change of Gibbs free energy by reaction, AH,° [kJ mol ']; change of enthalpy by
reaction, T [K]; absolute temperature, AS,° [J mol ' K ']; change of entropy by reaction. AG, is zero
at equilibrium state. Thereby, a temperature at equilibrium state (turnover temperature, Ti,) is

expressed as below.

_AH?
"OAS?

(1-13)

The values of AH,° and AS,® for reaction from oxide (rock salt structure) to hydroxide (brucite structure)
are shown in Table 1.3-3.  The values of AS,° is almost constant (= 150 J mol ' K" for these reactions
because major contribution of entropy change is dissipation of H,O (g) by the reaction. Hence, Ty,

depends on the value of AH,° (Figure 1.3-4).

11
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Table 1.3-3 The values of AH,® and AS,° for reaction from oxide (rock salt structure) to hydroxide

(brucite structure).

AH° AS,°
Reaction [kJ molfl] [J mol ™’ Kﬁl]

Ca(OH), = CaO + H,0 (g) 109 145
Mg(OH), = MgO + H,0 (g) 81.0 152
Cd(OH), = CdO + H,0 (g) 60.7 148
Fe(OH), = FeO + H,0 (g) 60.2 162
Co(OH), = CoO + H,0 (g) 60.0 163
Ni(OH), = NiO + H,0 (g) 48.2 139

600 e e

r Brucite-type hydroxides 1

500 | M(OH), b,

__ 400 | o

O C i ]

o C , ]

<300 F Mg, .

2 r 8 ]

~ C Cd P ]

200 ¢ % ]

i Fe ]

L Ni .7 J

100f N. ’@‘/ :

L2 Ca ]

sav b by b b s bov v by aa laaay

0
40 50 60 70 80 90 100110120
AH® [kJ mol ]

Figure 1.3-4 Relationship between AH,° and Ty,
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It is known electronegativity of cation and basicity of solid catalyst has a relationship for
metal oxides or hydroxides [74,75]. Metal hydroxides whose cation has a small value of
electronegativity show basicity in the aqueous solution because hydroxyl groups are easy to remove in
the solution. Thus, electronegativity of cation and AH,° for metal hydroxides should have a correlation.
Therefore, electronegativity of cation and Ty, should have a relation. Figure 1.3-5 shows a
relationship between electronegativity of cation and Ty,,. Metal hydroxides whose cation has a large
value of electronegativity show lower turning temperature.

The mixed hydroxide can be prepared when two hydroxides have a same crystal structure and
similar ionic radiuses. The dehydration reactivity of mixed hydroxides can be enhanced by adjusting
metal ion composition in the mixed hydroxide. Magnesium-cobalt mixed hydroxides
(MgyCo;x(OH),) and magnesium-nickel mixed hydroxides (MgsNi;—x(OH),), which have brucite
structure, were proposed as a TCM [72,73]. Some of these mixed hydroxides could dehydrate at
280°C and hydrated at 110°C with water vapor pressure of 57.8 kPa.

It is known that rare earth hydroxides have a same structure (Y(OH);-type structure). Thus,
rare earth mixed hydroxides can be prepared as candidates for TCMs. Nagao et al. reported that some
of rare earth oxides showed high hydration reactivity at 25°C with saturated water vapor [76].
Batsanov et al. [77] and Yamamoto et al. [78] reported that the temperatures of first dehydration for rare
earth hydroxides proceed at 250-410°C. Thus, rare earth hydroxides would store thermal energy from

chemical plants, steel plants, and light-water reactors.

1.4 Objective

1.4.1 Lithium chloride-modified magnesium hydroxide
14.1.1 Dehydration/hydration kinetics
Some technical issues have been remained for practical application of TcES by using
LiCI/Mg(OH),. Although kinetic equations and parameters for dehydration of LiCl/Mg(OH), and
kinetic equations and parameters for hydration of LiCl/MgO are important to design reactors of TcES,
there are no kinetic study on dehydration of LiCl/Mg(OH), and hydration of LiCl/MgO. Kinetic
equations and parameters for dehydration of LiCl/Mg(OH), and hydration of LiCl/MgO have been
unclear. In this work, dehydration profiles and hydration profiles of materials at various temperatures
are measured, and kinetic analysis is performed. The effect of LiCl-modification on enhancement of
hydration reactivity has been also unexplained. The understanding about hydration mechanism of
LiCl/MgO is important to design new TCM. In this work, hydration of LiCl/MgO is observed by near
infrared spectroscopy, and measured spectrum is deconvoluted into components (spectrum of Mg(OH),
and that of sorbed water). The hydration mechanism is discussed by profile of peak area for each
component with time.
1.4.1.2 Relation between reaction conditions and heat output capacity
A TcES should be corresponded a temperature of exhaust heat and that of demand of heat.

Thus, operation conditions of TcES should be designed to satisfy the objective. The relation between

13
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reaction conditions and hydration reactivity affects heat output capacity. The relation between reaction
conditions and conversion of the hydration of LiCl/MgO with LiCl mixing molar ratio of 0.01, 0.02, and
0.10 were studied previously [67]. However, detailed study on the effect of lithium chloride mixing
ratio, hydration temperature, and water vapor pressure were not performed. Heat output capacities of
the TCM were not evaluated in the previous study. In this work, hydration of LiCl/MgO at various
lithium chloride mixing ratio, hydration temperature, and water vapor pressure are examined, and heat
output capacities for each condition are evaluated.
1.4.1.3 Durability properties

The durability properties of TCMs are important for practical application. The reactivity
change affects heat output capacity of TCMs. A relationship between reactivity and number of
operation should be known to decide a period of replacement. The period of replacement affects
economic potential of TCMs. Twelve runs of dehydration-hydration operation for LiCl/Mg(OH), was
performed in previous study [67]. However, the reactivity change has been expected to be occurred at
more than twelve runs. The reactivity change would cause by change of surface state. In this work,
105 runs of repetitive reactions are examined to evaluate durability properties for practical application.
The characterization of the samples is carried out to confirm any changes at surface state during 105

runs of repetitive reactions.

1.4.2 Rare earth mixed hydroxides
1.4.2.1 Dehydration reactivity
As mentioned at Section 1.1.3.1, surplus/exhaust heat at around 250-300°C is needed to be
stored. Rare earth mixed hydroxides is proposed as TCMs in this work. The dehydration reactivity
of rare earth mixed hydroxides could be enhanced by adjusting metal ion composition. However, there
are no studies on the dehydration reactivity of rare earth mixed hydroxides. In this work, dehydration
of rare earth mixed hydroxides is measured by thermogravimetry. The relationship between
composition of rare earth mixed hydroxides and dehydration temperature is studied.
1.4.2.2 Hydration reactivity at low vapor pressure
Mg,Co;«(OH), and MgNi;(OH), can store thermal energy at 250-300°C, but these
materials require water vapor pressure of 57.8 kPa for hydration. It means these materials need heat at
85°C for evaporation of water for the hydration, and extra heat sources such as exhaust heat from
cooling media of internal combustion engines, polymer electrolyte fuel cells, or industrial plants are
needed for the water evaporation. However, it is hard to use these heat sources following with the
requirement for hydration, that is, heat output operation. Hence, it is necessary to develop new
materials that can be used at a lower water vapor pressure (lower heat source temperature) during the
heat output operation. Rare earth mixed hydroxides are candidate for TCMs. However, there is no
information about hydration reactivity of these TCMs under low water vapor pressure. Thus,

hydration behaviors of these materials under low water vapor pressure are studied.
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1.4.3 Combination of thermochemical energy storages based on lithium
chloride-modified magnesium hydroxide and small nuclear reactors
1.4.3.1 District heating system with thermochemical energy storage
As mentioned at Section 1.1.3.1, small nuclear reactors were designed for district heating.
Generally, nuclear plants are operated steady. However, heat load is not steady. Load leveling by
using TcES is considered as one of the methods to overcome the problem [79,80]. LiCl/Mg(OH), is
expected as a material for load leveling because theoretical heat output capacity of Mg(OH), is enough
large (1.4 MJ kg™'). It is needed to estimate a required amount of LiCl/Mg(OH), to evaluate a
possibility for load leveling. In this work, the required amount of LiCI/Mg(OH), is estimated by the
modeled district heating system with a small nuclear reactor.
1.4.3.2 Emergency core cooling system with TCM
At the accident at nuclear power plant, it is needed to remove decay heat from the reactor.
Thus, emergency core cooling systems (ECCS) are installed in the nuclear power plants. However,
severe accidents would occur with blackout. Hence, ECCS which can work without power is needed.
LiCl/Mg(OH), is a candidate as a heat absorber because it dehydrate (endothermic reaction) at around
300°C, which is suitable for temperature of light water reactors (LWRs), and it’s high heat storage
capacity. It is needed to calculate required amount of LiCl/Mg(OH), for ECCS to evaluate a potential
of the material. In this work, the decay heat from a small nuclear reactor after shutdown is calculated,

and then required amount of LiCl/Mg(OH), for ECCS was estimated.

1.5 Structure of thesis

A structure of the thesis is described as below.

In Chapter 1, the background of research was explained. Previous researches for thermal
energy storages were reviewed and technical issues were clarified. The motivation of development of
TCMs was shown. The potential of LiCl/Mg(OH), and rare earth mixed hydroxides for TCMs were
discussed. The problems of LiCl/Mg(OH), and rare earth mixed hydroxides for practical application
were shown. Then, the objectives of research were explained.

In Chapter 2, LiCl/Mg(OH), with a series of LiCl mixing molar ratios are prepared. The
dehydration of authentic Mg(OH), (conventional material) and LiCl/Mg(OH), are performed. Kinetic
analysis of dehydration is performed.

In Chapter 3, the hydration of LiCl/MgO at various LiCl mixing molar ratio, hydration
temperature, and water vapor pressure are examined. Heat output capacities of the materials for each
condition are evaluated. Kinetic analysis of hydration is performed by using shrinking core model.

In Chapter 4, observation of hydration by near infrared spectroscopy is performed to
understand the contribution of LiCl-modification. The obtained spectra are decnvoluted into
components (Mg(OH),, and adsorbed water or sorbed water). The hydration mechanism was
discussed by profile of peak area for each component with time.

In Chapter 5, 105 runs of dehydration-hydration cyclic operations are performed. The
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samples are dehydrated at 250°C and hydrated at 110°C with water vapor pressure of 57.8 kPa. The
change of heat output capacity is evaluated. The change of surface state is examined to understand a
reason of reactivity change of the material.

In Chapter 6, rare earth mixed hydroxides are proposed as candidates for TCMs. Thermal
decomposition profiles of the rare earth pure/mixed hydroxides are measured to evaluate the
dehydration reactivity of each hydroxide. Dehydration-hydration behaviors of the rare earth
pure/mixed hydroxides are examined. The samples are dehydrated at 300°C and hydrated at 110°C
with water vapor pressure of 7.4 kPa (relatively low water vapor pressure). Reaction heats of the
samples are measured. Then heat output capacities of the samples are evaluated.

In Chapter 7, combination of a small nuclear reactor for district heating and a TcES based on
LiCI/Mg(OH), (a = 0.10) is studied. A district heating system by using a small nuclear reactor is
modeled, and then amount of LiCl/Mg(OH), for load leveling is estimated. LiCl/Mg(OH), (a = 0.10)
is also expected to use as a heat absorber for emergency core cooling system (ECCS). Required
amount of LiCI/Mg(OH), for ECCS of the small nuclear reactor is estimated.

In Chapter 8, the results of research are summarized, and conclusion of thesis is stated.
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Chapter 2 Dehydration of lithium chloride-modified

magnesium hydroxide

2.1 Introduction

Magnesium hydroxide (Mg(OH),) is expected as a thermochemical energy storage material
(TCM). Studies on a thermochemical energy storage by using Mg(OH), were performed previously
[1-4]. However its technical problem is that the dehydration temperature of Mg(OH), for heat storage
operation is at 350—400°C. The dehydration of Mg(OH), corresponds to heat storage operation. As
mentioned at Chapter 1, the utilization of waste heat at 200-300°C has an impact on thermal energy
saving (i.e. recovery of exhaust/surplus heat from steel plants, chemical plants, and light water reactors).
Hence, a new material, lithium chloride-modified magnesium hydroxide (LiCl/Mg(OH),), was proposed
to reduce dehydration temperature [5]. LiCl was expected to accelerate dehydration of Mg(OH),
because of its higher hygroscopic property.

Although to obtain rate equations and dehydration kinetic parameters of LiCl/Mg(OH), are
important to design reactors of thermochemical energy storages (TcES), and decide operation conditions
of TcES. There are no kinetic study on dehydration of LiCl/Mg(OH),. Many theories for the
dehydration of Mg(OH), have been proposed; one of them is the interface reaction model, which can be

expressed as follows:
(1-X)"=1-(kt/R) (-1

where X is the conversion of dehydration, k’ is the reaction rate constant, t is the reaction time, and R is
the initial crystal radius. Eq. (2-1) with n = 1/2 (two-dimensional reaction interface model) was
proposed by Anderson and Horlock [6], while Gregg and Razouk proposed the same equation with n =
1/3 (spherical reaction interface model) [7]. On the other hand, Gordon and Kingery reported that the
dehydration of Mg(OH), is a first-order reaction [8]. As previously stated, rate equations and kinetic
parameters of dehydration of LiCl/Mg(OH), are unclear. Thus, the dehydration of LiCl/Mg(OH), is
studied empirically in this chapter.

In this chapter, LiCI/Mg(OH), at various LiCl mixing ratios were prepared. The
characterization of LiCI/Mg(OH), was performed by scanning electron microscopy, powder X-ray
diffraction analysis, and measurement of specific surface area. Then the dehydration rate parameters

of authentic Mg(OH), (conventional material) and LiCl/Mg(OH), were analyzed by thermogravimetry.
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2.2 Experimental

2.2.1 Sample preparation
LiCl/Mg(OH), was prepared using an impregnation method. A LiCl aqueous solution was
prepared from LiCl-H,O (99.9%, Wako Pure Chemical Industries, Ltd.) and pure water. Mg(OH),
(0.07-um diameter, 99.9%, Wako Pure Chemical Industries, Ltd.) was impregnated with the LiCl
aqueous solution, evaporated at 40°C using a rotary evaporator, and then dried at 120°C overnight.

Dried powder was mixed at agate mortar. The LiCl mixing ratio () is defined as follows:

o= amount of LiCl [mol]
amount of Mg(OH), (or MgO)[mol]

(2-2)

here, = 0 indicates authentic Mg(OH),. A series of LiCl/Mg(OH), with = 0.02, 0.10, 0.30 was
prepared.

2.2.2 Characterization techniques
2.2.2.1 Scanning electron microscopy
Scanning electron microscopy (SEM) was performed to identify the microstructures and
surface morphologies of the samples. A scanning electron microscope (SM-200, TOPCON Corp.) was
used. An acceleration voltage was 8 kV. The samples were pretreated at 120°C for 30 min (or more).
2.2.2.2 Powder X-ray diffraction analysis
Powder X-ray diffraction (XRD) measurements were carried out under atmospheric
conditions at room temperature using an X-ray diffractometer (Ultima IV, Rigaku Corp.) through a 26
range 10°-90° at a scan speed of 1.0° min' using monochromatic CuKe radiation, 40-kV generator
voltage, and 40-mA current.
2.2.2.3 Measurements of specific surface area
The nitrogen adsorption isotherm at 77.4 K was measured (Omnisorp 100CX, Beckman
Coulter Inc., or Autosorb 1MP, Quantachrome instruments). The specific surface area of the samples
was calculated using the BET method. Prior to nitrogen adsorption, the samples were evacuated at
120°C for 30 min (or more) as a pretreatment.
The specific surface area of authentic Mg(OH), and LiCl/Mg(OH), (« = 0.10) were measured
by Omnisorp 100CX, and that of LiCI/Mg(OH), (= 0.02, 0.30) were measured by Autosorb 1MP.

2.2.3 Dehydration measurement with thermogravimetry
The dehydration profiles of the samples at several temperatures were measured by isothermal
method by using a thermobalance (TGD9600, Ulvac-Riko Inc.). The samples were charged in the Pt
cell of the balance in a hydroxide form. In this study, the dehydration rate constants were examined
with an isothermal method. The dehydration temperatures (T4) for the samples were analyzed at 5

temperatures: 270, 280, 290, 300 and 320°C for authentic Mg(OH),, 250, 270, 280, 290 and 300°C for
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LiCl/Mg(OH), (« = 0.02), 230, 250, 270, 280 and 300°C for LiCl/Mg(OH), (a = 0.10), and 230, 250,
270, 280 and 300°C for LiCI/Mg(OH), (a«= 0.30). The dehydration was carried out with a heating rate
of 20°C min"' under a 100 mL min ' of Ar gas flow. Before dehydration, the samples were dried at
120°C for 30 min to remove sorbed water. The mole fraction of Mg(OH), in the MgO and Mg(OH),

particles (X) was evaluated from the weight change of the samples as follows:

AW/ My o
w /M

hydroxide hydroxide

X [mol/mol] =1+ (2-3)

where Aw [kg] is the weight change of the sample, Mo [kg mol '] is the molecular weight of water,
Whydroxide [Kg] 1s the initial sample weight, and Muydroxidze [kg molfl] is the molecular weight of
magnesium hydroxide (Mg(OH),). To remove the influence of dehydration during the heating

operation until Ty, a region at X < 0.90 was studied.

2.3 Results

2.3.1 Characterization of the samples

2.3.1.1 Surface morphology of lithium chloride-modified magnesium hydroxide

Figure 2.3-1 SEM micrographs of authentic Mg(OH),, and LiClI/Mg(OH), (« = 0.02, 0.10, 0.30).
The graph is magnified a 1000 times. (a) authentic Mg(OH),, (b) LiCI/Mg(OH), (a = 0.02), (c)
LiCl/Mg(OH), (e = 0.10), and (d) LiCl/Mg(OH), (= 0.30).
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Figure 2.3-2 SEM micrographs of authentic Mg(OH),, and LiCI/Mg(OH), (« = 0.02, 0.10, 0.30).
The graph is magnified a 10000 times. (a) authentic Mg(OH),, (b) LiCI/Mg(OH), (a = 0.02), (c)
LiCl/Mg(OH), (e =0.10), and (d) LiCl/Mg(OH), (= 0.30).

SEM micrographs of authentic Mg(OH),, and LiCl/Mg(OH), (= 0.02, 0.10, 0.30) are shown
in Figure 2.3-1 and Figure 2.3-2. The needle-like crystals of LiCl were not found from these
micrographs. This result indicates that the LiCl was highly dispersed on the Mg(OH), particle.

2.3.1.2 Crystal structure of lithium chloride-modified magnesium hydroxide
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Figure 2.3-3 XRD pattern of authentic Mg(OH),. (o) indicates reference peak of Mg(OH), (ICDD
10830114).

XRD pattern of authentic Mg(OH), are shown in Figure 2.3-3. The characteristic peaks of
Mg(OH), were identified.
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Figure 2.3-4 XRD pattern of LiCI/Mg(OH), (a = 0.02). (o) indicates reference peak of Mg(OH),
(ICDD 10830114).

XRD pattern of LiCI/Mg(OH), (a = 0.02) are shown in Figure 2.3-4. The characteristic
peaks of Mg(OH), were identified.
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Figure 2.3-5 XRD pattern of LiCI/Mg(OH), (= 0.10). (o) indicates reference peak of Mg(OH),
(ICDD 10830114), and (e) indicates reference peak of LiClI-H,O (ICDD 221142).

XRD pattern of LiCI/Mg(OH), (« = 0.10) are shown in Figure 2.3-5. The characteristic
peaks of Mg(OH), and LiCIl-H,O were identified.
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Figure 2.3-6 XRD pattern of LiCI/Mg(OH), (a = 0.30). (o) indicates reference peak of Mg(OH),
(ICDD 10830114).

XRD pattern of LiCI/Mg(OH), (a« = 0.30) are shown in Figure 2.3-6. The characteristic
peaks of Mg(OH), were identified.
The brucite structure of Mg(OH), was not affected by the LiCl-modification.

2.3.1.3 Specific surface area of lithium chloride-modified magnesium hydroxide

Table 2.3-1 Specific surface area of the samples at various LiCl mixing molar ratio (a = 0-0.30).

£

LiCl mixing molar ratio (&) [mol/mol] 0 0.02 0.10 0.30
Specific surface area  [m° g '] 354 36.2 24.6 19.7

*a = 0 indicates the authentic Mg(OH),.
Specific surface area of the samples at various LiCl mixing molar ratio (o = 0-0.30) are

shown in Table 2.3-1. For LiCI/Mg(OH), (a = 0.02-0.30) samples, specific surface area decreased
from 36.2 m* g ' to 19.7 m* g ' with higher a.
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2.3.2 Dehydration measurement with thermogravimetry
2.3.2.1 The relationship between temperature and dehydration rate
Dehydration profile for authentic Mg(OH), at T4 = 270-320°C are shown in Figure 2.3-7
with calculated profiles which derived by kinetic analysis at Section 2.4.. The dehydration profiles

were convex downward curve. The dehydration rate became faster with higher dehydration temperature

(Ta)-
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Figure 2.3-7 Dehydration profiles for authentic Mg(OH), at Ty = 270-320°C. Calculated profiles
are obtained at Section 2.4. Red line: calculated line at 320°C, orange line: calculated line at 300°C,
green line: calculated line at 290°C, blue line: calculated line at 280°C, black line: calculated line at

270°C, respectively.

Dehydration profile for LiCI/Mg(OH), (a = 0.02) at Ty = 250-300°C are shown in Figure
2.3-8 with calculated profiles which derived by kinetic analysis at Section 2.4. The dehydration
profiles were convex downward curve. The dehydration rate became faster with higher dehydration
temperature (T).

Dehydration profile for LiCI/Mg(OH), (a = 0.10) at Ty = 230-300°C are shown in Figure
2.3-9 and at high temperatures of T4 = 270-300°C are shown in Figure 2.3-10 with calculated profiles
which derived by kinetic analysis at Section 2.4. The dehydration profiles were linear at 0.40 mol/mol
<X £0.90 mol/mol, and convex downward curve at X < 0.30 mol/mol. The dehydration rate became
faster with higher dehydration temperature (T4). An area at 0.30 mol/mol < X < 0.40 mol/mol would
be a transition region of these two processes. LiCl/Mg(OH), (&= 0.10) reached x = 0.10 for 8.2 x 10°
s (= 2.3 h) at 250°C and for 7.2 x 10% s (= 0.2 h) at 300°C.  LiCl/Mg(OH), (= 0.10) can store thermal
energy practically at 250-300°C.
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Figure 2.3-8 Dechydration profiles for LiCI/Mg(OH), (a = 0.02) at T4 = 250-300°C. Calculated

profiles are obtained at Section 2.4. Red line: calculated line at 300°C, orange line: calculated line at

290°C, green line: calculated line at 280°C, blue line: calculated line at 270°C, black line: calculated

line at 250°C, respectively.
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Figure 2.3-9 Dehydration profiles for LiCI/Mg(OH), (a = 0.10) at Ty = 230-300°C. Calculated

profiles are obtained at Section 2.4. Red line: calculated

line at 300°C, orange line: calculated line at

280°C, green line: calculated line at 270°C, blue line: calculated line at 250°C, black line: calculated

line at 230°C, respectively.
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Figure 2.3-10 Dehydration profiles for LiClI/Mg(OH), (a = 0.10) at high temperatures of T4 = 270-
300°C. Calculated profiles are obtained at Section 2.4. Red line: calculated line at 300°C, orange

line: calculated line at 280°C, green line: calculated line at 270°C, respectively.

Dehydration profile for LiCI/Mg(OH), (a = 0.30) at T4 = 230-300°C are shown in Figure
2.3-11 and at high temperatures of T4 = 270-300°C are shown in Figure 2.3-12 with calculated profiles
which derived by kinetic analysis at Section 2.4. The dehydration profiles were linear at 0.40
mol/mol < X < 0.90 mol/mol, and convex downward curve at X < 0.30 mol/mol. The dehydration rate
became faster with higher dehydration temperature (T4). An area at 0.30 mol/mol < x < 0.40 mol/mol

would be a transition region of these two processes.
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Figure 2.3-11 Dehydration profiles for LiCI/Mg(OH), (a = 0.30) at T4 = 230-300°C. Calculated
profiles are obtained at Section 2.4. Red line: calculated line at 300°C, orange line: calculated line at
280°C, green line: calculated line at 270°C, blue line: calculated line at 250°C, black line: calculated

line at 230°C, respectively.
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Figure 2.3-12 Dehydration profiles for LiClI/Mg(OH), (a = 0.30) at high temperatures of T4 = 270-

300°C. Calculated profiles are obtained at Section 2.4. Red line: calculated line at 300°C, orange

line: calculated line at 280°C, green line: calculated line at 270°C, respectively.

2.3.2.2 The relationship between lithium chloride mixing ratio and dehydration rate
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Figure 2.3-13 The dehydration profiles for authentic Mg(OH), and LiCl/Mg(OH), (e = 0.02, 0.10,

0.30) at 280°C.

Figure 2.3-13 describes the dehydration profile for authentic Mg(OH), and LiCl/Mg(OH), («
=0.02, 0.10, 0.30) at 280°C. LiCl/Mg(OH), (= 0.10) has the fastest dehydration rate among the four

samples.
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2.4 Discussion

24.1 Dehydration model
24.1.1 Authentic magnesium hydroxide and lithium chloride-modified magnesium
hydroxide (a = 0.02)
The mole fraction of Mg(OH), (X) showed convex downward curve (decreased in proportion
to inverse exponential) with the reaction time (Figure 2.3-7 and Figure 2.3-8). The typical
dehydration rate equations (integrated form) which were submitted previously are summarized in Table

2.4-1 [9].

Table 2.4-1 Typical dehydration rate equations (integrated form) [9].

First-order reaction Mampel Equation Jander equation
(Homogeneous reaction model) (Interface reaction model) (Diffusion controlled model)
Inx = —kt 1oy K (l—xl“)z:k—t2
R R

Here, k [sfl, m's ', orm?’ sfl] is a rate constant, and R is a radius of solid reactant. The relationships
between time and function of x are shown in Figure 2.4-1. Then, linearity of each plot is evaluated.
Squared correlation coefficients (R”) for each model are shown in Table 2.4-2. The plot of first-order
reaction shows best linearity (R* = 0.996). Thus, first-order reaction is thought to be appropriate to

analyze the dehydration rate of authentic Mg(OH)p.

Authentic Mg(OH), , T, = 300 °C

i . Mampel (n = 2)

0.8 [|--—— Mampel (n = 3)
w1
S o06[ ]
C -
R r
S 04l
3 -
I I
0.2[ ]

" First-order
-

o
0 1x10° 2x10° 3x10°
Time [s]

Figure 2.4-1 Relationships between time and function of X (first-order reaction, Mampel equation, and

Jander equation) for dehydration of authentic Mg(OH), at 300°C.
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Table 2.4-2 Squared correlation coefficients for first-order reaction, Mampel equation, and Jander

equation for dehydration of authentic Mg(OH), at 300°C.

) ) Mampel Equation Mampel Equation )
First-order reaction Jander equation
(n=2) (n=3)
R’ 0.996 0.989 0.993 0.969

In this work, the dehydration rate constants were evaluated employing an integration method.

A rate of the first-order dehydration is written as follows:

dx
—— =KX (2-4)
dt
where t is the reaction time [s], and K is the rate constant of first-order reaction [s '].

Eq. (2-4) can be integrated by the initial condition (t = t;, x = 0.90) to yield Eq. (2-5) as follows:
Inx = -kt —0.105 (2-5)

Because dehydration proceeded partially during the heating process until desired temperature, thus, X =
0.90 was selected as the initial period for kinetic analysis to avoid the effect of dehydration during the
heating process. From Eq. (2-5), it is evident that the rate constant, kg, corresponds to the slope of the
plot of t vs. In X.

A dehydration profile for authentic Mg(OH), at 300°C is shown in Figure 2.4-2. The
dehydration profile was convex downward curve. Figure 2.4-3 describes a dehydration rate analysis
plot of authentic Mg(OH), based on Eq. (2-5). The dehydration rate analysis plot showed linearity in
the in the region of 0.20 mol/mol < X < 0.90 mol/mol, that is, —1.6 < In X <—0.11. The assumptions
made held in the region of 0.20 mol/mol < X < 0.90 mol/mol. The dehydration analysis plots did not
show linearity in the region of X < 0.20 mol/mol (In X < —1.6) because dehydration was saturated at
around X = 0.15 (In X =—1.9) (Figure 2.4-2). The authentic Mg(OH), showed similar behaviors in the
temperatures of 270—320°C. From Figure 2.4-3, the dchydration rate constant, ki at 300°C was
calculated to be 4.18 x 10™*s™".
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Figure 2.4-2 Dehydration profile for authentic Mg(OH), at 300°C.
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Figure 2.4-3 Dehydration rate analysis plot for authentic Mg(OH), at 300°C.

A dehydration profile for LiCI/Mg(OH), (o = 0.02) at 300°C is shown in Figure 2.4-4. The
dehydration profile was convex downward curve. Figure 2.4-5 describes a dehydration rate analysis
plot of LiC/Mg(OH), (a = 0.02) based on Eq. (2-5). The dehydration rate analysis plot showed
linearity in the in the region of 0.20 mol/mol < X < 0.90 mol/mol (-1.6 < In X < —0.11). The
assumption was applied in the region of 0.20 mol/mol < x < 0.90 mol/mol. The LiCl/Mg(OH), (a =
0.02) showed similar behaviors in the temperatures of 250—300°C. From Figure 2.4-5, the dehydration

rate constant, K¢, at 300°C was calculated to be 2.55 x 10°s "
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Figure 2.4-4 Dehydration profile for LiCI/Mg(OH), (a = 0.02) at 300°C.
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Figure 2.4-5 Dehydration rate analysis plot for LiCl/Mg(OH), (= 0.02) at 300°C.

35



Chapter 2 Dehydration of lithium chloride-modified magnesium hydroxide

2.4.1.2 Lithium chloride modified magnesium hydroxide (« = 0.10, 0.30)
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Figure 2.4-6 Dehydration profile for LiCI/Mg(OH), (a = 0.10) at 300°C.

A dehydration profile for LiCl/Mg(OH), (a = 0.10) at 300°C is shown in Figure 2.4-6. As
previously stated, the mole fraction of Mg(OH), decreased linearly in the region of 0.40 mol/mol < x <
0.90 mol/mol (Figure 2.4-6). Therefore, the process in this region was independent of the mole

fraction of Mg(OH),. In this region, the dehydration rate equation can be written as follows:

ax

Sk (2-6)
where k, is the rate constant of the process (zero-order reaction) [s '].  The dehydration rate constant in
the region of 0.40 mol/mol < x < 0.90 mol/mol at 300°C was calculated to be 1.46 x 10~ s™'. The
formed H,O was passed at LiCl layer. This process would be related with the H,O diffusion in LiCl
layer.

A dehydration rate analysis plot of LiCI/Mg(OH), (« = 0.10) based on Eq. (2-5) is shown in
Figure 2.4-7. The rate analysis plot showed inflection points at around In X = —1.2 (X = 0.3) and at
around In x = —2.3 (x = 1.2). A linear trend was observed in the region of 0.10 mol/mol < x < 0.30
mol/mol (2.3 <In X <—1.2). At the region, first-order dehydration of Mg(OH), was a rate controlling
process of the overall dehydration rate. The dehydration behavior of LiCI/Mg(OH), (« = 0.10) at
temperatures of 230°C—300°C showed the same tendency. From Figure 2.4-7, the dehydration rate
constant in the region of 0.10 mol/mol < X < 0.30 mol/mol (—2.3 < In x < —1.2) at 300°C was calculated

to 4.04 x 107 s™". In this region, the dehydration of Mg(OH), is a first-order reaction.
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Figure 2.4-7 Dehydration rate analysis plot for LiCI/Mg(OH), (« = 0.10) at 300°C.

According to these results, the dehydration of LiCl/Mg(OH), (« = 0.10) can be separated into
two steps:  First step (0.40 mol/mol < X < 0.90 mol/mol) is the zero-order dehydration of Mg(OH),
because the mole fraction of Mg(OH), decreased linearly in the region of 0.40 mol/mol < x < 0.90
mol/mol (Figure 2.4-6). Second step (0.10 mol/mol < x < 0.30 mol/mol) is the first-order dehydration
of Mg(OH), (based on Eq. (2-4)) because the rate analysis plot showed linear trend at the region
(Figure 2.4-7). The region for first-order dehydration of Mg(OH), was different between
LiCl/Mg(OH); (a = 0.02) (0.20 mol/mol < X < 0.90 mol/mol) and LiCl/Mg(OH), (a = 0.10) (0.10
mol/mol <X <0.30 mol/mol). It was inferred that the surface modification was not enough significant
when o < 0.10 (Section 2.3.2.2). Thus, H,O diffusion resistance in LiCl layer or H,O desorption from
LiCl is not rate controlling step for LiCI/Mg(OH), (o = 0.02). On the other hand, enough
LiCl-modification for LiCI/Mg(OH), (a = 0.10) would accelerate first-order dehydration of Mg(OH), ,
but H,O diffusion in LiCl layer or H,O desorption from LiCl would be rate controlling process in the
region of 0.40 mol/mol < X < 0.90 mol/mol.

Similarly, the dehydration of LiCI/Mg(OH), (o= 0.30) can be separated into two steps: step 1
(0.40 mol/mol < x < 0.90 mol/mol) is the zero-order dehydration of Mg(OH),, and step 2 (0.10 mol/mol
< X £ 0.30 mol/mol) is the first-order dehydration of Mg(OH),. A dehydration profile for
LiCl/Mg(OH), (a = 0.30) at 300°C is shown in Figure 2.4-8. The dehydration rate constant of
zero-order dehydration, k,, at 300°C was calculated to be 1.30 x 10°s".
plot of LiCI/Mg(OH), (« = 0.30) based on Eq. (2-5) is shown in Figure 2.4-9. A linear trend was
observed again in the region of 0.10 mol/mol < X < 0.30 mol/mol (2.3 < In X < —1.2). The

dehydration behavior of LiCI/Mg(OH), (« = 0.30) at temperatures of 230°C—300°C showed the same

A dehydration rate analysis

tendency. From Figure 2.4-9, the dehydration rate constant of first-order dehydration at 300°C was
calculated t0 2.77 x 10 5™,
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Figure 2.4-8 Dehydration profile for LiCl/Mg(OH), (= 0.30) at 300°C.
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Figure 2.4-9 Dechydration rate analysis plot for LiCl/Mg(OH), («= 0.30) at 300°C.

2.4.2 Arrhenius parameters for dehydration rate

In this work, Arrhenius-type temperature dependence on rate constants is assumed as follows.

-E
k :k af 2_
t = Kp eXp( RT J (2-7)
-E
k, =k — 2-8
z 0 exp( RT J ( )

Here, kp [s '] and ky [s"'] are pre-exponential factors, E, [kJ mol '] and E, [kJ mol '] are activation
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energies, R [J K~' mol™'] is a gas constant, and T [K] indicates absolute temperature.

The Arrhenius plot of the rate constants for the dehydration at several temperatures are shown
in Figure 2.4-10 and Figure 2.4-11. Table 2.4-3 and
Table 2.4-4 describes pre-exponential factors and activation energies of authentic Mg(OH), and
LiCI/Mg(OH), (a = 0.02. 0.10, 0.30) that were derived from Figure 2.4-10 and Figure 2.4-11. Here,
the region of X for first-order reaction is 0.2 mol/mol < X < 0.9 mol/mol for authentic Mg(OH), and
LiCI/Mg(OH), (= 0.02), and 0.1 mol/mol < x < 0.3 mol/mol for LiCl/Mg(OH), (a= 0.10, 0.30). The
region of X for zero-order reaction is 0.4 mol/mol < X < 0.9 mol/mol for LiCI/Mg(OH), (e = 0.10, 0.30).
Gordon and Kingery reported that the activation energy of the dehydration for 325 mesh brucite powder
in vacuo was 125 kJ mol ™' [8], whereas the activation energy of authentic Mg(OH), in this study was
139 kJ mol ™. Hence, the result in this chapter appears to be reasonable. As shown in Table 2.4-3,
the activation energies of the first-order dehydration of Mg(OH), were decreased by surface
modification on Mg(OH), particles. It can be seen that the activation energy of the first-order

dehydration decreased by 8.2% for LiCI/Mg(OH), (= 0.10) compared with authentic Mg(OH),.

-4:""I""I""I'"'I""

IE _ First-order reaction

[FTTTRTTRTI RTATRTIT)

n (k,[s")
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o
|

_11E....|...x1x...|....|....§
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Figure 2.4-10 Arrhenius plots of the dehydration rate constants (first-order reaction). = 0 indicates

the authentic Mg(OH)s.
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Figure 2.4-11 Arrhenius plots of the dehydration rate constants (zero-order reaction).

Table 2.4-3 Pre-exponential factors (Kyp) and activation energies (E,p) of first-order reaction for
authentic Mg(OH), and LiCl/Mg(OH), (a= 0.02, 0.10, 0.30) for dehydration.
The region of X [mol/mol] kg [s']  Eaf[kJ mol™']

Authentic Mg(OH), 1.90 x 10’ 139
0.2<x<0.9 .

LiCl/Mg(OH), (= 0.02) 1.26 x 10 130

LiCl/Mg(OH), (= 0.10) 1.74 x 10° 127
0.1<x<0.3 .

LiCI/Mg(OH), (a=0.30) 3.70 x 10 123

Table 2.4-4 Pre-exponential factors (k,) and activation energies (E,,) of zero-order reaction for
LiCl/Mg(OH), (= 0.10, 0.30) for dehydration.
The region of X [mol/mol] ko [s"']  Ea [kJ mol™']
LiCl/Mg(OH), (= 0.10) 5.23 x 10° 126

04<x<0.9 :
LiCl/Mg(OH), (o= 0.30) 7.79 % 10 118

The dehydration profiles of authentic Mg(OH), and LiCl/Mg(OH), (« = 0.10) were calculated
to confirm a validity of the proposed model. Figure 2.4-12, Figure 2.4-13, Figure 2.4-14, and Figure
2.4-15 show comparisons of the measured and calculated dehydration profiles for authentic Mg(OH),
and LiCl/Mg(OH), (a = 0.10) at 300°C and 270°C. The values calculated for LiCI/Mg(OH), (a =
0.10) in the region of 0.30 mol/mol < X < 0.40 mol/mol were weighted average values from calculations

based on step 1 and step 2 (Egs. (2-9) and (2-10)).

dx
5 (1-b_ ) k, + bkt (2-9)
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0.4- Xi_to2
= = 2-10
T 04-03 (10
Here, b= [-]: weighting coefficient at t =t [s], X;—¢—» [mol/mol]: mole fraction of Mg(OH), att=1t—2
[s]. The mole fractions of Mg(OH), calculated using the value of Table 2.4-3 and
Table 2.4-4 successfully described the dehydration profiles.
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Figure 2.4-12 Comparison of the measured and calculated dehydration profiles for authentic

Mg(OH), at 300°C.
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Figure 2.4-13 Comparison of the measured and calculated dehydration profiles for authentic

Mg(OH), at 270°C.
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Figure 2.4-14 Comparison of the measured and calculated dehydration profiles for LiCI/Mg(OH), («
=0.10) at 300°C.
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Figure 2.4-15 Comparison of the measured and calculated dehydration profiles for LiCl/Mg(OH), (&
=0.10) at 270°C.

The obtained kinetic equations for dehydration of authentic Mg(OH), and LiCl/Mg(OH), (=
0.02, 0.10, 0.30) are summarized in Table 2.4-5.
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Table 2.4-5 Summarized kinetic equations for dehydration of authentic Mg(OH), and LiCl/Mg(OH),
(=10.02,0.10, 0.30)

Authentic Mg(OH),, LiCl/Mg(OH), (e = 0.02)

Region of x Kinetic equation Temperature dependence
dx -E
02<x<09 -—=kx k. =k, ex -
1= ot P p( RT

LiCl/Mg(OH), (= 0.10, 0.30)

Region of x Kinetic equation Temperature dependence
dx -E
04 <x<09 -—=k k =k, exp| —%
X dt z Z 70 p( RT ]
dx -E,,
e (1-b_) k, +b_ Kkt k, =k, exp[ = J
03<x<04
0.4—-X%X_,, -E
= et k. =k, ex -
< 04-03 PN S ( RT
dx -E
02 < x <03 ——=kXx k. =k, ex -
ot PSP ( RT

2.4.3 Effect of lithium chloride modification on dehydration
The activation energy of the first-order dehydration decreased by 8.2% for LiCI/Mg(OH), («
= 0.10) (Table 2.4-3). From SEM micrographs (Figure 2.3-1 and Figure 2.3-2), LiCl was highly
dispersed on the Mg(OH), particle. Hence, the surface of Mg(OH), particle was thought to be covered
by LiCl (Figure 2.4-16) at ¢ > 0.10. The effect on reduction of the activation energy would be caused
by quick removal of H,O from reaction field, and H,O was absorbed into LiCl. The lean H,O
atmosphere accelerated the dehydration of Mg(OH), (Egs. (2-11) and (2-12)).

Mg(OH), ——> MgO + H,0 2-11)
LiCl + H,0 —— LiCl-H,0 (2-12)

LiCI coverage on Mg(OH), is thought to be not enough for LiCl/Mg(OH), (a = 0.02) (Figure 2.4-16
(a)) compared with LiCl/Mg(OH), (a = 0.10) (Figure 2.4-16 (b)). Thus, the dehydration rate of
LiCl/Mg(OH), (e = 0.02) was lower than that of LiCl/Mg(OH), (« = 0.10) (Figure 2.3-13). On the
other hand, LiCl coverage on Mg(OH), is considered to be excess amount for LiCl/Mg(OH), (= 0.30)
(Figure 2.4-16 (c)) compared with LiCI/Mg(OH), (e = 0.10) (Figure 2.4-16 (b)). The dehydration
rate of LiCI/Mg(OH), (a = 0.30) was lower than that of LiCl/Mg(OH), (= 0.10) (Figure 2.3-13). It
is thought that the excess amount of LiCl increased the diffusion resistance of water in LiCl layer,

thereby the dehydration rate was reduced.
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(a) LiCl LiCI (c)
LiCI/Mg(OH), LiCI/Mg(OH), LiCl/Mg(OH),
(= 0.02) (= 0.10) (= 0.30)

Figure 2.4-16 A schematic model of LiCl-modified Mg(OH),. (a) LiCI/Mg(OH), (& = 0.02), (b)
LiCl/Mg(OH), (a=0.10), (c) LiCI/Mg(OH), (= 0.30).

244 Absolute reaction rate
To study a mechanism of the dehydration, an analysis of absolute reaction rate is performed.

Elementary reactions of the dehydration are expressed as below.

Mg(OH), == A" —— MgO + H,0 (2-13)

Here, A" indicates an activated complex. In the previous studies, two theories for absolute reaction of
the dehydration of Mg(OH), were proposed. (1) A transition state is assumed by Martens et al. as a
process at which proton is passing through potential barrier [10]. The activated complex was
considered as a H,O-like intermediate (H,O"). Potential curve is calculated by Morse equation. In
this case, the elementary reactions proceeds uniformly in Mg(OH), particle. Hence, the dehydration
rate is expressed by using the equation of first-order reaction. (2) L’vov et al. assumed MgO (g) as an
activated complex [11,12]. In this case, the elementary reactions proceed at reaction interface.
Hence, the dehydration rate is expressed by using Mampel equation (interface reaction model, Eq. (2-1)).
In this work, the dehydration rate is analyzed by the first-order reaction. Thus, the first theory is
thought to be appropriate.

The dehydration of Mg(OH), is analyzed by the transition state theory [13]. The formation

rate of MgO is expressed as follows.

d[MgO] _ _ d[Mg(OH),]
dt dt

= k¥[AT] (2-14)

Here, k* [s '] is a rate constant. A pre-equilibrium for [A"] is assumed.

[A"] = K*[Mg(OH),] (2-15)

Here, K¥ [] is a pre-equilibrium constant. The rate of passage of the complex through the transition
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state is supposed to be proportional to a vibrational frequency along the reaction coordinate.
k* =1V (2-16)

Here, « [] is a transmission coefficient, and v* [s '] is the frequency at transition state. In this work,
the value of k is assumed as 1. From results of statistical thermodynamics, a relation between the
frequency (v¥) and temperature (T) is expressed as below.

vi = % (2-17)

Here, kg [J K '] is a Boltzmann’s constant, and h [J s] is a Planck’s constant. From Egs. (2-14), (2-15),
(2-16), and (2-17), an overall dehydration rate of Mg(OH), is written as follows.

d[Mg(OH k,T
ORI _ s ST vigromy, (2-18)
dt h
Here, a Gibbs energy change of activation, AG* [kJ mol '], an entropy change of activation, AS* [J K
mol '], and an enthalpy change of activation, AH* [kJ mol '] are introduced. Relationships between

pre-equilibrium constant and these state quantities are given as below.

i
K* = exp _AG
RT

2-19
e 857 g A" o
P R P RT
From Egs. (2-18) and (2-19), the overall dehydration rate of Mg(OH), is written as follows.
d[Mg(OH),] kT AS* AH*
— s = B — ——— | [Mg(OH -
pm b &P\ | &P 7 [Mg(OH), ] (2-20)

One molecular of H,O is formed by the dehydration of one molecular of Mg(OH),. Thus, a
stoichiometric coefficient for gas formation, An [—], is equal to one. The relationship between the

enthalpy change of activation and the activation energy is given as below.

AH* =E, —(An-1)RT

2-21
£ (2-21)

Thus, Eq. (2-20) is rewritten by using E,;.

45



Chapter 2 Dehydration of lithium chloride-modified magnesium hydroxide

k, =kB—TeXp a8t exp _Er (2-22)
RT

From comparison between Eq. (2-7) and (2-22), a following relationship between the pre-exponential

factor and temperature, the entropy change of activation is obtained.

Ky = kB—Texp(A—Sij (2-23)
h R
The Gibbs energy changes of activation at 300°C are calculated from obtained values at Table 2.4-3,
and summarized in Table 2.4-6. The lowest value of AG* is obtained at = 0.10. The modification
of LiCl succeeded to reduce AG*. This result suggests catalytic role of LiCl (Section 2.4.3). The
negative value of AS* supports the first theory (activated complex: H,0'). MgO (g) was assumed by
the second theory as the activated complex. A formation of gaseous activated complex results the
positive value of AS*. Thus, the second theory is not appropriate for the dehydration of authentic
Mg(OH), and LiCI/Mg(OH),. A distance between Mg”" and Mg>" is thought to be decreased at the

activation state, hence AS* showed negative value.

Table 2.4-6 Activation parameters for first-order dehydration of Mg(OH), at 300°C and various LiCl

mixing ratio ().

a [mol/mol] 0 0.02 0.10 0.30
AH* [kJ mol "] 139 130 127 123
AS*[TK 'mol ] -72.7 ~76.1 ~73.4 —86.3
AG* [kJ mol "] 181 174 169 173

Distances between Mg>", O, and H™ were previously studied [14] and are shown in Figure
2.4-17. Distances between Mg”", 0", and H' at a basic state of Mg(OH), is shown in Figure 2.4-17
(a). Here, a motion of H' around 0% is needed to be considered. A shortest distance between two

protons is 1.228 A (Figure 2.4-17 (b)).
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Mg

‘
‘o
O H

4772 A
4772 A

Figure 2.4-17 Distances between Mg®", O, and H' in the brucite structure [14]. The numbers
indicate distances in A. (a) Basic state; (b) A state with a shortest distance between two protons.

Tonic radiuses are not to real scale.

Morse potential for a proton in the brucite structure was given by Martens et al. [10].

V(r) [eV] = 4.70{1 - exp[—2.294 -5 ﬂ (2-24)

o

Here, V(r) [eV] is a potential, r [A] is a coordinate of a proton, and ry [A] is an equilibrium O-H
distance. The potential curve of the proton in the brucite structure is overlapped with the other
potential curve of a proton. Thus, an overall potential curve is calculated by summation of each
potential curve. The overall potential curve is shown in Figure 2.4-18. The energy levels for OH

vibration of Mg(OH), were given by Martens et al. [10].
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Figure 2.4-18 Potential curve of H for Mg(OH), [10]. Dashed lines indicate the original potential
curve which was calculated by Eq. (2-24). A red solid line shows the overall potential curve. Dashed
and single-dotted lines indicate energy levels for O—H vibration of Mg(OH),. n, shows a ground state

of O—H vibrations.

An energy to pass through potential barrier is calculated as 2.43 eV (= 156 kJ mol ') at basic state, and
0.79 eV (= 50 kJ molfl) at the state with a shortest distance between two protons. These values (50—
156 kJ mol ") are close to the values of activation energy of first-order reaction (123—139 kJ mol ™)
(Table 2.4-3). Thus, the transition state of the dehydration is thought to be related with the potential
barrier of protons in the brucite structure. The activation energies of LiCl/Mg(OH), was decreased
compared with authentic Mg(OH), (Table 2.4-3). The activated complex can be backed to the original
state. Here, formed H,O is absorbed into LiCl for LiCl/Mg(OH),. Thus, the contribution of reverse
process was thought to be decreased. Hence, the activation energies of LiCl/Mg(OH), is thought to be

decreased.

2.5 Summary

LiCl/Mg(OH), (a= 0.02, 0.10, 0.30) were prepared as candidates of TCM. LiCl was highly
dispersed on the Mg(OH), particle. The dehydration of authentic Mg(OH), and LiCl/Mg(OH), (« =
0.02, 0.10, 0.30) were examined, and kinetic analysis were performed. « of 0.10 was optimum value for
thermal energy storage at 250-300°C. The dehydration of LiCl/Mg(OH), (« = 0.10) was understood
by a two-step reaction model. The dehydration rate did not depend on the mole fraction of Mg(OH),
in the first step (zero-order reaction), but depended on the mole fraction of Mg(OH), as a first-order
reaction in the second step. The activation energy of the first-order dehydration of Mg(OH), decreased
by 8.2% as a result of LiCl-modification (« = 0.10). The absolute rate for dehydration of authentic
Mg(OH), and LiCl/Mg(OH), (a = 0.02, 0.10, 0.30) were studied by using transition state theory. The
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transition state of the dehydration is thought to be related with the potential barrier of protons in the
brucite structure. The kinetic parameters and equations which submitted at Chapter 2 would be

fruitful for design reactors of TcES, and decide operation conditions of TcES.
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Chapter 3 Hydration reactivity of lithium

chloride-modified magnesium oxide

3.1 Introduction

Dehydration kinetics LiCI/Mg(OH), was studied at Chapter 2. Hydration reaction of
LiCl/MgO is used for a heat output operation of thermochemical energy storages (TcES). Although to
obtain hydration behaviors of LiCl/MgO are important to design reactors of TcES, there is not enough
information on the effects of LiCl mixing ratio, hydration temperature, and water vapor pressure on the
hydration behavior of LiCl/MgO.

The hydration rate analysis of the material is also needed to design reactors for TcES and
exergy analysis. Understanding about hydration of LiCI/MgO is important to calculate a heat output
rate of the material, which is an important performance of TcES. The hydration of MgO was studied
by Layden et al. [1] and Kato et al. [2]. Layden et al. reported an interface reaction was rate
controlling step for hydration, and the rate depended on the vapor pressure. Kato et al. studied the
hydration of MgO, and concluded that the rate controlling process was H,O diffusion in Mg(OH), layer.
Some gas-solid reaction models (i.e. shrinking (unreacted) core model, grain model, and pore model)
have been proposed. Matsuda et al. discussed the hydration of calcium oxide (CaO) by using grain
model [3]. Aihara et al. studied the carbonation of CaO and decarbonation of calcium carbonate
(CaCO;) by using pore model [4]. Kim et al. examined the hydration of composite material, expanded
graphite/calcium chloride (CaCl,)/MgO, by using shrinking core model [5]. However, there are no
studies on a hydration kinetics of LiCl/MgO, thereby it is still unclear.

In this chapter, the hydration of LiCl/MgO was examined by thermogravimetry. The
hydration of LiCl/MgO at various lithium chloride mixing ratio, hydration temperature, and water vapor
pressure were examined by a thermobalance, and the heat output capacities of the materials were

evaluated. Kinetic analysis of hydration was performed, and heat output rate was evaluated.

3.2 Experimental

3.2.1 Sample preparation
LiCl/Mg(OH), was prepared as a precursor of LiCI/MgO. A detail of the procedure was
shown in Section 2.2.1. In this chapter, a series of LiCl/Mg(OH), with a = 0.02, 0.05, 0.10, 0.30 was
prepared, and authentic Mg(OH), was used as a reference. Authentic Mg(OH), and LiCl/Mg(OH),
was dehydrated at thermobalance (TGD9600, Ulvac-Riko, Inc.), and LiCl/MgO was obtained.

Conditions of dehydration are shown in Section 3.2.2 and 3.2.3.
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3.2.2 Characterization techniques
3.2.2.1 Scanning electron microscopy

Authentic Mg(OH), and LiCI/Mg(OH), was dehydrated by the thermobalance to obtain
authentic MgO or LiCI/MgO. First, the samples were dried at 120°C for 30 min under argon gas flow
(flow rate 100 mL min'). Then, the samples were heated up to the dehydration temperature (Tq,
300 °C) at a rate of 20 °C min ' under argon gas flow (flow rate 100 mL min ). The sample was kept
at the dehydration temperature for 30 min.

Scanning electron microscopy (SEM) was performed to identify the microstructures and
surface morphologies of the samples. A scanning electron microscope (SM-200, TOPCON Corp.) was
used. An acceleration voltage was 8 kV.

3.2.2.2 Powder X-ray diffraction analysis

Authentic Mg(OH), and LiCl/Mg(OH), was dehydrated by the thermobalance to obtain MgO
or LiCI/MgO. The procedure of dehydration was same as Section 3.2.2.1.

Powder X-ray diffraction (XRD) measurements were carried out under atmospheric
conditions at room temperature using an X-ray diffractometer (Ultima IV, Rigaku Corp.) through a 26
range 10°-90° at a scan speed of 1° min ' using monochromatic CuKe radiation, 40 kV generator

voltage, and 40 mA current.

3.2.3 Hydration measurement with thermogravimetry

The weight changes of the samples in the course of dehydration and hydration operation were
measured by a thermobalance (TGD9600, Ulvac-Riko, Inc.). The samples were charged into a Pt cell
of the balance. First, the samples were dried at 120°C for 30 min under argon gas flow (flow rate: 100
mL min"") to remove the sorbed water. Then, the samples were heated up to the dehydration
temperature (Tq, 300°C or 350°C) at a rate of 20°C min ' under argon gas flow (flow rate: 100 mL
min ). The sample weight at 200°C was defined as an initial weight. The sample was kept at the
dehydration temperature for 30 min, after which it cooled down to the hydration temperature (Ty, 110—
200°C) at a rate of 20°C min '. The hydration operation was induced by introducing a mixture of
water vapor and argon (carrier gas) at the hydration temperature. Time for vapor supply (t,) was
examined between 2 min and 280 min. The partial pressures of water vapor (as an argon balance)
were examined in the range of 7.4 to 57.8 kPa. Table 1 shows the relationship between water vapor

pressure (Pu20) and saturated vapor temperature (Ts).

Table 3.2-1 The relationship between water vapor pressure (Pyo) and saturated vapor temperature

(Ty).

P20 [kPa] 7.4 12.3 19.9 31.2 474 57.8
Ts [°C] 40 50 60 70 80 85

After the hydration operation was complete, vapor flow was stopped and dry argon gas was introduced
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at the same hydration temperature for 50 min to remove the sorbed water (drying operation).
Mole fraction of Mg(OH), (x [mol/mol]) in the particles consisting of MgO and Mg(OH), was
calculated using the Eq. (3-1).

G-

Aw/M
X [mol/mol] = {1 + 10 }

W, /M

hydroxide hydroxide

where Aw [kg] is the weight change of the sample, My [kg mol '] is the molecular weight of water,
Whydroxide [Kg] 1s the initial sample weight, and Miydroxide [kg mol_l] is the molecular weight of
magnesium hydroxide (Mg(OH),).

Figure 3.2-1 shows a dehydration and hydration profiles of LiCl/Mg(OH),. The mole
fraction of Mg(OH), after the dehydration reaction is denoted as X, [mol/mol], that of Mg(OH), at the
end of the vapor supply period is denoted as x, [mol/mol], and that of Mg(OH), after the drying
operation is denoted as X, [mol/mol], respectively. The conversion of the hydration (Ax; [mol/mol]) is
defined as AX; = X, — Xo, and the apparent change of X by sorption (AX, [mol/mol]) is defined as AX, = Xy

- Xe.
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Figure 3.2-1 Example of dehydration and hydration profiles of LiCl/Mg(OH)p.
The heat output capacity was calculated from the enthalpy changes in the reaction and the
sorption of water vapor. In this study, the heat output capacity was expressed as heat output per unit

initial weight of the starting material (LiCUMg(OH),) [kJ kg']. It was assumed that the enthalpy

change by the sorption of water vapor was equal to enthalpy change by the condensation of water.

Qtotal = Qr + Qa (3'2)
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-AH
Q= xax (3-3)
sample
—-AH
Qa = v = x AX, (3-4)

sample

Here, Qo [KJ kgfl]: heat output capacity of the material; Q, [kJ kgfl]: heat output by hydration; Q, [kJ
kg']: heat output by sorption; AH, [kJ mol ']: enthalpy change by reaction; AH [kJ mol']: enthalpy
change by sorption; AX; [mol/mol]: conversion of the hydration; Ax, [mol/mol]: apparent change of X by
sorption; Mgampie [kg mol']: molecular weight of the sample, respectively.

The mean heat output rate (W [W kg ']) is evaluated by time for vapor supply (t, [s]) and Qo
[kJ kg '].

Quoa 3
W =St 1) -
s (3-5)

v

3.3 Results

3.3.1 Characterization of samples

3.3.1.1 Surface morphology of lithium chloride-modified magnesium oxide

Figure 3.3-1 SEM micrographs of authentic Mg(OH),, and LiCl/Mg(OH), (« = 0.02, 0.10, 0.30) after
dehydration operation. The graph is magnified a 1000 times. Starting materials are as follows; (a)
authentic Mg(OH),, (b) LiCl/Mg(OH), (a = 0.02), (c) LiCl/Mg(OH), (a = 0.05), (d) LiCl/Mg(OH), («
=0.10), and (e) LiCl/Mg(OH), (= 0.30).
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Figure 3.3-2 SEM micrographs of authentic Mg(OH),, and LiCl/Mg(OH), (a= 0.02, 0.10, 0.30) after
dehydration operation. The graph is magnified a 10000 times. Starting materials are as follows; (a)
authentic Mg(OH),, (b) LiCI/Mg(OH), (a = 0.02), (c) LiCI/Mg(OH), (a = 0.05), (d) LiCI/Mg(OH), («
=(0.10), and (e) LiCI/Mg(OH), (e = 0.30).

SEM micrographs of authentic Mg(OH),, and LiCl/Mg(OH), (a = 0.02, 0.10, 0.30) after
dehydration operation are shown in Figure 3.3-1 and Figure 3.3-2. The needle-like crystals of LiCl
were not found from these micrographs. This result indicates that the LiCl was highly dispersed on the
samples after dehydration operation.

3.3.1.2 Crystal structure of lithium chloride-modified magnesium oxide
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Figure 3.3-3 XRD pattern of authentic Mg(OH), after dehydration operation. (©) indicates reference
peak of Mg(OH), (ICDD 10830114), and ( A) indicates reference peak of MgO (ICDD 10711176).

XRD pattern of authentic Mg(OH), after dehydration operation are shown in Figure 3.3-3.
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The characteristic peaks of Mg(OH), and MgO were identified. Some of Mg(OH), was remained after
30 min of dehydration at 300°C.
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Figure 3.3-4 XRD pattern of LiClI/Mg(OH), (a = 0.02) after dehydration operation. (A) indicates
reference peak of MgO (ICDD 10711176).

XRD pattern of LiCl/Mg(OH), (« = 0.02) after dehydration operation are shown in Figure
3.3-4. The characteristic peaks of MgO were identified.
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Figure 3.3-5 XRD pattern of LiC/Mg(OH), (« = 0.05) after dehydration operation. (A) indicates
reference peak of MgO (ICDD 10711176).

XRD pattern of LiCl/Mg(OH), (« = 0.05) after dehydration operation are shown in Figure
3.3-5. The characteristic peaks of MgO were identified.
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Figure 3.3-6 XRD pattern of LiClI/Mg(OH), (a = 0.10) after dehydration operation. (A) indicates
reference peak of MgO (ICDD 10711176).

XRD pattern of LiCl/Mg(OH), (« = 0.10) after dehydration operation are shown in Figure
3.3-6. The characteristic peaks of MgO were identified.
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Figure 3.3-7 XRD pattern of LiCl/Mg(OH), (« = 0.30) after dehydration operation. (A) indicates
reference peak of MgO (ICDD 10711176).

XRD pattern of LiCI/Mg(OH), (« = 0.30) after dehydration operation are shown in Figure
3.3-7. The characteristic peaks of MgO were identified.
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3.3.2 Hydration measurement with thermogravimetry

3.3.2.1 Relationship between composition and hydration behavior
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Figure 3.3-8 Dechydration—hydration profiles of LiCl/Mg(OH), at mixing ratios a = 0-0.30, Ty =
300°C, T, = 110°C, pyao = 57.8 kPa, and t, = 80 min.

The dehydration-hydration profiles of LiCl/Mg(OH), at several mixing ratios at T, = 110°C
are shown in Figure 3.3-8. The water vapor pressure (Pyyo) was fixed as 57.8 kPa. Authentic
Mg(OH), (LiCI/Mg(OH), (a = 0)) did not dehydrate enough (Xo = 0.521 mol/mol), but LiCI/Mg(OH),
mixtures (« = 0.02, 0.05, 0.10, 0.30) dehydrated well at 300°C during 30 min. These results agreed
with the results of XRD. LiCI/Mg(OH), (o = 0.10) showed the fastest dehydration rate. The
materials (o= 0.02, 0.05, 0.10, 0.30) hydrated at 110°C with water vapor pressure of 57.8 kPa.
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Figure 3.3-9 Dehydration—hydration profiles of LiCl/Mg(OH), at mixing ratios « = 0-0.30, T4 =
300°C, T, = 180°C, puz0 = 57.8 kPa, and t, = 80 min.
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The dehydration—hydration profiles of LiCl/Mg(OH), at T, = 180°C at various mixing ratios
are shown in Figure 3.3-9. The materials (= 0.05, 0.10, 0.30) hydrated partially at 180°C with water
vapor pressure of 57.8 kPa. On the other hand, LiCI/Mg(OH), (a = 0.02) dehydrated well at 300°C
during 30 min, but did not hydrate enough at 180°C with water vapor pressure of 57.8 kPa.

3.3.2.2 Relationship between hydration temperature and hydration behavior

In this section, authentic Mg(OH), was dehydrated at 350°C, and then hydrated at 110°C or
180°C, pmo = 57.8 kPa. Authentic Mg(OH), dehydrated at 350°C for 30 min (X, = 0.12 mol/mol).
Hydration profiles of authentic Mg(OH), at these conditions are shown in Figure 3.3-10. In the figure,
the x-axis indicates the time from vapor supply start, and y-axis shows the change of the mole fraction
of Mg(OH), (AX). Here, AX is defined as AX = X — X, in the hydration operation. Authentic MgO
hydrated well at 110°C, pyp0 = 57.8 kPa, and t, = 80 min (AX; = 0.719 mol/mol). On the other hand, it
hydrated slightly at 180°C, pyyo = 57.8 kPa, and t, = 80 min (Ax; = 0.082 mol/mol).
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Figure 3.3-10 Hydration profiles of authentic MgO at T4 = 350°C, T, = 110°C and 180°C, ppao = 57.8
kPa, and t, = 80 min.

LiCl/Mg(OH), was dehydrated at 300°C, and then hydrated at 110-200°C, pyyo = 57.8 kPa,
and t, = 80 min. The hydration profiles of LiCI/MgO (a = 0.10) with several T, are shown from
Figure 3.3-11 to Figure 3.3-13. Kinetic analysis is performed at Section 3.4.2.2 and calculated
profiles are obtained at the section. The water vapor pressure (Pp2o) Was fixed as 57.8 kPa. In these
figures, the x-axis indicates the time from vapor supply start, and y-axis shows the change of the mole
fraction of Mg(OH), (AX). The hydration profile shows a convex upward curve at 110—-150°C. On
the other hand, it shows a linear shape at 180-190°C. The hydration profile at 160°C and 170°C
appeared as an intermediate shape. These results suggest that the hydration mechanism was changed

by hydration temperature. The hydration profile at 195°C and 200°C increased gradually for first 20
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min, and then it increased steeply and linearly. This result suggests an existence of induction time for

hydration (ti,q).
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Figure 3.3-11 Hydration profiles of LiClI/MgO (a = 0.10) at T4 = 300°C, T, = 110-150°C, pupo = 57.8
kPa, and t, = 80 min. Calculated profiles are obtained at Section 3.4.2.2. Blue line: calculated line at
110°C, black line: calculated line at 120°C, green line: calculated line at 130°C, red line: calculated line

at 140°C, brown line: calculated line at 150°C, respectively.
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Figure 3.3-12 Hydration profiles of LiCI/MgO (a = 0.10) at T4 = 300°C, T;, = 160°C and 170°C, puz0

= 57.8 kPa, and t, = 80 min.
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Figure 3.3-13 Hydration profiles of LiCI/MgO (a= 0.10) at T4 = 300°C, Ty, = 180-200°C, pupo = 57.8
kPa, and t, = 80 min. Calculated profiles are obtained at Section 3.4.2.2. Blue line: calculated line at
180°C, black line: calculated line at 185°C, green line: calculated line at 190°C, red line: calculated line

at 195°C, brown line: calculated line at 200°C, respectively.

3.3.2.3 Relationship between vapor pressure and hydration behavior

Vapor supply
= 150 ————t S 400
£ : = 57.8 kPa .
o 1.25 Frao I Temperature 7 390
=S ol S R 1300 O
£ 1.00 5 >
= o
=l s e 1250 @
g 0.75 ~—— - 200 g
L ! . Q-
g 0.50 1150 &
S 3100 2
8 025] 1,
Q N
- 1 Nt =)
= Wiy 50 100 150 200  °

Time [min]

Figure 3.3-14 Dehydration—hydration profiles of LiCl/Mg(OH), (= 0.10) at T4 = 300°C, T, = 110°C,
Pr2o = 7.4-57.8 kPa, and t, = 80 min.

The dehydration—hydration profiles of LiCI/Mg(OH), (a = 0.10) with different values of py0

are shown in Figure 3.3-14. The hydration temperature (T,) was fixed as 110°C. The value of Ax,

increased by increase of the water vapor pressure (Puao)-
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3.3.2.4 Relationship between time for vapor supply and hydration behavior
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Figure 3.3-15 Dehydration—hydration profiles of LiCI/Mg(OH), (a = 0.10) at T4 =350°C, T}, = 110°C,
Pmo = 57.8 kPa, and t, = 2-60 min.
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Figure 3.3-16 Dehydration—hydration profiles of LiCl/Mg(OH), (= 0.10) at T4 = 350°C, T, = 110°C,
P20 = 57.8 kPa, and t, = 60—140 min.

The dehydration—hydration profiles of LiCI/Mg(OH), (e = 0.10) at 110°C with several
hydration periods are shown in Figure 3.3-15 and Figure 3.3-16. The water vapor pressure (Pyo) was
fixed as 57.8 kPa. The hydration was proceeded with time. The hydration was completed at which X,

reached to 1.00 mol/mol at t, = 140 min.
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Figure 3.3-17 Dehydration—hydration profiles of LiCI/Mg(OH), (a = 0.10) at T4 = 350°C, T, = 140°C,
P20 = 57.8 kPa, and t, = 5-200 min.

The dehydration—hydration profiles of LiCl/Mg(OH), (o = 0.10) at 140°C with several

hydration periods are shown in Figure 3.3-17. The water vapor pressure (Pu20) was fixed as 57.8 kPa.

The hydration was proceeded with time.
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Figure 3.3-18 Dehydration—hydration profiles of LiCl/Mg(OH), (= 0.10) at T4 = 350°C, T, = 180°C,

Pr2o = 57.8 kPa, and t, = 2-80 min.
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Figure 3.3-19 Dehydration—hydration profiles of LiCI/Mg(OH), (a = 0.10) at T4 = 350°C, T, = 180°C,
P20 = 57.8 kPa, and t, = 80-280 min.

The dehydration—hydration profiles of LiCl/Mg(OH), (o = 0.10) at 180°C with several
hydration periods are shown in Figure 3.3-18 and Figure 3.3-19. The water vapor pressure (Pyo) was
fixed as 57.8 kPa. Temperature in the reactor was cooled down at 120°C after vapor supply to avoid

dehydration of the samples under the drying operation. The hydration was proceeded with time. The

hydration was almost completed at which X, reached 0.990 mol/mol at t, = 280 min.

3.4 Discussion

3.4.1 Heat output capacity

3.4.1.1 Relationship between composition and heat output capacity
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Figure 3.4-1 Relationship between « and AX;, AX, of the materials at Ty = 300°C, pyo = 57.8 kPa,
and 80 min for vapor supply. Starting materials were LiCl/Mg(OH), (a = 0-0.30): (a) T, = 110°C; (b)
T, = 180°C.
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A Relationship between LiCl mixing ratio () of the samples and AX;, AX, of the materials at
T4 = 300°C, T, = 110°C, 180°C, puyo = 57.8 kPa is shown in Figure 3.4-1. The value of Ax; for
LiCl/Mg(OH), was increased by « for LiClI/Mg(OH), (=0, 0.02, 0.05, 0.10).  On the other hand, that
of Ax; for LiCI/Mg(OH), (a = 0.10, 0.30) was similar. The value of Ax, for LiCl/Mg(OH), (a = 0.10,
0.30) was higher than 0.90 mol/mol at T, = 110°C. Figure 3.4-2 shows the heat output capacity of
LiCl/Mg(OH), with each mixing ratio at T, = 110°C. The heat output capacity increased with increase
of a. Specifically, the heat output capacity of LiCI/Mg(OH), at mixing ratios & = 0.05, 0.10, and 0.30
was greater than 1000 kJ kg '. Figure 3.4-3 shows the heat output capacity of LiC/Mg(OH), with
each mixing ratio at T, = 180°C. The maximum value of heat output capacity was 724 kJ kg~ for

LiC/Mg(OH), (@ = 0.10).
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a=0.30
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Figure 3.4-2 Heat output capacities of LiCI/Mg(OH), at mixing ratios ¢ = 0-0.30, Ty = 300°C, T;, =
110°C, p2o = 57.8 kPa, and t, = 80 min.
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Figure 3.4-3 Heat output capacities of LiCI/Mg(OH), at mixing ratios & = 0-0.30, Ty = 300°C, T;, =
180°C, puo = 57.8 kPa, and t, = 80 min.
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3.4.1.2 Relationship between hydration temperature and heat output capacity

1_"'I"'I"'I"'I"‘I"'
e
§°8‘ o C/AX ]
~ O
© 06 0 .
E l °° 5
o)
N L
3 04r o .
. [ ™ AX, ]
> L D) -
Qo2 wa ]
I EEg O |
Spgly
0|||||||||||||||||||||||
100 120 140 160 180 200 220
Th[OC]

Figure 3.4-4 Relationship between T} and AX;, AX, of the materials at T4 = 300°C, T}, = 110-200°C,
Pu2o = 57.8 kPa, and 80 min for vapor supply. Starting materials were LiCI/Mg(OH), (a= 0.10).
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Figure 3.4-5 Heat output capacities of LiCl/Mg(OH), at mixing ratios & = 0 (authentic Mg(OH),) and
0.10, T4 =300°C, T, = 110-200 °C, puo = 57.8 kPa, and t, = 80 min.

A relationship between T, and AX;, AX, of the materials (o = 0.10) at several hydration
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temperature (Ty) is shown in Figure 3.4-4. The value of AX; decreased with T, at 110-150°C, and it
increased with Ty, at 150—170°C, then decreased with Ty, at 170-200°C. This behavior would be caused
by a change of the rate controlling step for an overall hydration of the sample. On the other hand, the
value of AX, shows downward trend at T, at 110-200°C. The value of Ax, at 110°C was specifically
large compared with that of Ax; at 120-200°C.

Figure 3.4-5 shows the heat output capacity of authentic Mg(OH), (LiCl/Mg(OH), (a = 0))
and LiCI/Mg(OH), (a = 0.10) with several values of T,. The heat output capacity of authentic
Mg(OH), at 110°C and 180°C are obtained from Figure 3.4-2 and Figure 3.4-3. The heat output
capacity at 180°C was 229 kJ kg for authentic Mg(OH), and 724 kJ kg ' for LiCl/Mg(OH), (& = 0.10),
and the heat output capacity at 110°C was 589 kJ kg~ for authentic Mg(OH), and 1.40 x 10° kJ kg for
LiCI/Mg(OH), (a = 0.10). The heat output capacity was increased more than twice by
LiCl-modification. The heat output capacities for LiCl/Mg(OH), at T, = 110-180 °C were higher than
the heat output capacity of latent heat storage (around 100-500 kJ kg™") [6,7].

3.4.1.3 Relationship between vapor pressure and heat output capacity

T_[°C]
1 4050 60 70 80 85
I O]
— 08Ff .
o I
£ I o
S 06f -
= 3 Ax, 1
X 04t N .
- i AX, Ly
> I o) \ ]
< 02 __ Q - ] n
O [ -l 1 1 1 1 1
0 10 20 30 40 50 60
B [kPa]

Figure 3.4-6 Relationship between pyyo and AX;, AX, of LiCI/MgO (a = 0.10) at T4 = 300°C, T, =

110°C and 80 min for vapor supply. T, indicates saturated vapor temperature.

Figure 3.4-6 shows the relationship between pyo and AX;, AX,. Both AX; and Ax, show a
linear trend for pypo.  This suggests that the hydration rate of LiCl/MgO depends linearly on pyo.
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Figure 3.4-7 Heat output capacities of LiCI/Mg(OH), (a = 0.10) at T4 = 300°C, Ty, = 110°C, puzo =
7.4-57.8 kPa, and t, = 80 min.

Figure 3.4-7 shows the heat output capacities of LiCI/Mg(OH), (a = 0.10) with each pyo.
The maximum value of heat output capacity was 1.43 x 10’ kJ kg ' for pyao = 57.8 kPa.
3.4.1.4 Relationship between time for vapor supply and heat output capacity
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Figure 3.4-8 Relationship between t, and AX,, AX, of the materials at T4 = 350°C, T,, = 110°C, and
Pmo = 57.8 kPa.  Starting materials were LiCl/Mg(OH), (= 0.10).
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Figure 3.4-9 Heat output capacities of LiClI/Mg(OH), (a = 0.10) at T4 = 350°C, Ty, = 110°C, puro
57.8 kPa, and t, = 2—-140 min.

Figure 3.4-8 shows the relationship between t, and AX;, AX, of the sample (o = 0.10) at Ty,
110°C and pypo = 57.8 kPa.  The plots of AX; showed convex upward curve. On the other hand, the
plots of AX, rose steeply for first 5 min, and then increased gradually and linearly for 5—140 min.

Figure 3.4-9 shows the heat output capacities of LiCl/Mg(OH), (« = 0.10) with each t, (2—
140 min). The heat output capacity was varied from 297 kJ kg™ to 1.53 x 10° kJ kg''. The heat
output capacity increased only 8.4% from t, = 80 min (1.41 x 10’ kJ kg") to t, = 140 min (1.53 x 10’ kJ
kg™'). When the change of heat output capacity between current period and next period was less than
10%, it is assumed that the current heat output capacity was enough and representative value under the

condition. The result suggests 80 min of vapor supply is enough for heat output operation at 110°C.
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Figure 3.4-10 Relationship between t, and AX;, AX, of the materials at Ty = 350°C, T, = 140°C, and
Pu2o = 57.8 kPa.  Starting materials were LiCI/Mg(OH), (a= 0.10).
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Figure 3.4-11 Heat output capacities of LiCI/Mg(OH), (= 0.10) at Ty = 350°C, T;, = 140°C, puao =
57.8 kPa, and t, = 5-200 min.

Figure 3.4-10 shows the relationship between t, and AX;, AX, of the sample (o= 0.10) at T, =
140°C and pypo = 57.8 kPa. The plots of AX; showed convex upward curve. On the other hand, the
plots of AX, rose steeply for first 5 min, and then it remained around 0.17 mol/mol for 5-200 min.

Figure 3.4-11 shows the heat output capacities of LiCl/Mg(OH), (= 0.10) with each t, (5—
200 min). The heat output capacity was varied from 334 kJ kg™ to 1.26 x 10° kJ kg”'. The heat
output capacity increased only 8.7% from t, = 140 min (1.16 x 10° kJ kg ") to t, = 200 min (1.26 x 10’
kI kg™"). It suggests 140 min of vapor supply is enough for heat output operation at 140°C.
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Figure 3.4-12 Relationship between t, and AX;, AX, of the materials at Ty = 350°C, T, = 180°C, and
Pu2o = 57.8 kPa.  Starting materials were LiCI/Mg(OH), (a= 0.10).

z‘V [min]
280
240
200
160
120

80
40
20

10
5 [] Adsorption
B Hydration |7

I = 180°C

0 500 1000 1500 2000
Heat output capacity [kJ kg'1]

Figure 3.4-13 Heat output capacities of LiCl/Mg(OH), (o = 0.10) at T4 = 350°C, T, = 110°C, ppo =
57.8 kPa, and t, = 2-280 min.

Figure 3.4-12 shows the relationship between t, and AX;, AX, of the sample (= 0.10) at T, =
180°C and pypo = 57.8 kPa. The plots of Ax; showed linear relation for 0—120 min, and then it showed

convex upward curve for 120-280 min.  On the other hand, the plots of AX, rose steeply for first 2 min,
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and then it showed almost constant value (0.05) for 2—280 min.

Figure 3.4-13 shows the heat output capacities of LiCI/Mg(OH), (« = 0.10) with each t, (2—
280 min). The heat output capacity was varied from 47 kJ kg™ to 1.30 x 10’ kJ kg”'. The heat
output capacity increased only 1.8% from t, = 160 min (1.17 x 10° kJ kg ™) to t, =200 min (1.19 x 10°
kIkg™"). It suggests 160 min of vapor supply is enough for heat output operation at 180°C.

3.4.2 Kinetic analysis of hydration for lithium chloride-modified magnesium
oxide
3.4.2.1 Shrinking core model

LiCl-nH,0 Mg(OH),

y A

H,O (9) _"p (_2)’

MgO

M

Chizo-i
Chizo-g

CHZO-C

Concentration
of H,O [mol m~3]

I I 0
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Figure 3.4-14 Scheme of the shrinking core model for hydration of LiCI/MgO (not to actual scale).

As mentioned at Section 3.1, several gas-solid reaction models have been proposed. A
specific surface area of LiCl/Mg(OH), (= 0.10) was 24.6 m> g, thereby LiCI/MgO (& = 0.10) would
not be a porous material. Hence, the pore model was not employed in this work. LiCI/MgO was used
as powders. Consequently, LiCI/MgO was not pellets consist of “grains”. Hence, the grain model
was excluded. The shrinking model was applied in this work. Shrinking core model has been
applied to many gas-solid reaction systems [8—12]. In this study, shrinking core model with surface
modification is studied. Figure 3.4-14 shows a scheme of the model for hydration of LiCl/MgO.
The concentration of H,O in the LiCl'nH,O layer is thought to be higher than that of H,O in the main
body of gas because LiCl is a hygroscopic compound. LiCl-nH,O (n > 1) is considered as a media for
H,O transportation. The processes of H,O transport and consumption consists of three components;
(1) H,O absorption at LiClI'nH,0, (2) H,O diffusion in the Mg(OH), (ash) layer, (3) Hydration at the
interface of the shrinking core. In this work the flow rate of the gas mixture (77 mL min ") is enough

high to avoid the overall hydration was controlled by gas film diffusion. Shrinking core model with
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surface modification has some assumptions; (a) isothermal condition in the particle, (b) a particle size
will not be changed, (c) first-order irreversible reaction at the interface of the shrinking core, (d)
pseudo-steady assumption for concentration distribution of H,O. In this paper, concentration of H,O is
expressed as Cypo [mol m °].  Subscript of i indicates interface between LiCl-nH,O and Mg(OH),, and
that of ¢ indicates shrinking core.

In this section, the hydration of LiCI/MgO (« = 0.10) at T, = 110-200°C, pu2o = 57.8 kPa is
studied. An overall rate equation would be simplified when one process is a rate controlling step.

f(AX;) in the following equations indicates a function of rate analysis.

(a) Controlled by water absorption of LiCl-nH,O
The water absorption rate at LiCI'nH,O under a constant water vapor pressure would be express as

below.
ws by = AX =, (AXI) (3-6)

Here, Kqps [s_l]: absorption rate constant.
For ash diffusion control or interface reaction control, relationships between time for vapor

supply (t,) and conversion of the hydration (AX;) is expressed as below [12].

(b) Controlled by diffusion in Mg(OH), (ash) layer

Yo 3-ax PR 1 2(1-Ax) = £, (Ax) (3-7)
* pl’22
=P (3-8)
6Ci10.: Dep

Here, p [mol m]: molar density, r, [m]: radius of the particle, Dep [m” s ']: effective diffusion

coefficient in the Mg(OH), layer, t" [s]: characteristic time.

(c) Controlled by the hydration at interface

—

Y=1-(1-4x)" = f (Ax) (3-9)

* r
t =Cp—2k (3-10)

H20-i ™%

Here, k; [m s ']: hydration rate constant per unit area at the interface of shrinking core.
First, the relationship between t, and fg(AX,), fa(AX;), or fr(AX;) were plotted. Then, a rate

controlling process can be known by the function which has a best linearity.
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Figure 3.4-15 Test plots for kinetic analysis by shrinking core model for LiCl/MgO (a = 0.10) at
110°C.

Test plots for kinetic analysis by shrinking core model for LiCI/MgO (a = 0.10) at 110°C are
shown in Figure 3.4-15. The function of ash diffusion control shows best linearity. Hence, ash

diffusion is assumed to be the rate controlling process of overall hydration rate at 110°C.
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Figure 3.4-16 Test plots for kinetic analysis by shrinking core model for LiCI/MgO (a = 0.10) at
140°C.

Test plots for kinetic analysis by shrinking core model for LiC/MgO (« = 0.10) at 140°C are
shown in Figure 3.4-16. The function of ash diffusion control shows best linearity. Hence, ash

diffusion is also assumed to be the rate controlling process of overall hydration rate at 140°C.
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Figure 3.4-17 Test plots for kinetic analysis by shrinking core model for LiCl/MgO (a = 0.10) at
180°C.

Test plots for kinetic analysis by shrinking core model for LiCI/MgO (= 0.10) at 180°C are
shown in Figure 3.4-17. The function of water absorption of LiCl-nH,O control shows best linearity
at t, = 0—120 min, and the function of interface reaction control shows best linearity at t, = 120—280 min.
Hence, water absorption at LiCl-nH,O is the rate controlling process of overall hydration rate at t, = 0—
120 min (AX; < 0.72 mol/mol), and interface reaction is assumed to be the rate controlling process of
overall hydration rate at t, = 120—280 min (AX; > 0.72 mol/mol).

3.4.2.2 Hydration rate equations and kinetic parameters

The change of the mole fraction of Mg(OH), (AX) consists of conversion of the hydration

(AX;) and the apparent change of X by sorption (AX,).

AX = AX, + AX, (3-11)

Usually, sorption rate is much faster than chemical reaction rate. In this work, it is assumed
sorption rate is expressed as zero-order rate equation and the sorption process reach achieve equilibrium
for 60 s (Eq. (3-12)).

AX, =K t, ('[V <60 s) s Kep = AXz_eq/60[s]
(3-12)
AX2 = AXZ—eq (tV > 60 S)
Here, AXa, ¢q [mol/mol]: sorbed amount of H,O per unit mole of LiClI/MgO at equilibrium.
From experimental results, temperature dependence of Ax, at 120-200°C would be formulated

as Eq. (3-13). The value of Ax; at 110°C was specifically large (Figure 3.4-4). Thus, the temperature
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range of 120-200°C was selected.

(3-13)

4
AXy o = 1.56x10°° XexP(Mj

RT

Here, R [J mol”' K™']: gas constant, and T [K]: absolute temperature. Figure 3.4-18 shows measured
and calculated values of Ax; at t, = 80 min and pyo = 57.8 kPa. The values of AX, can be calculated
by Eq. (3-13).

025 —r———— 11—
: Bl = 57.8 kPa
_020F © = Sl min
E ' o O Measured
= 015F Calculated |}
E

_eq

0.10 F

Ax2

0.05 |

[0 )0 [0 ) S Y E B A
120 140 160 180 200

T o]

Figure 3.4-18 Measured and calculated values of AX,_¢q at t, = 80 min and puyo = 57.8 kPa.

Calculation of AX; depends on the rate controlling process. Hydration rates at 120°C < Ty, <
150°C and 180°C < T}, < 200°C are discussed at following discussions. In this work, hydration rate at
110°C is not examined because Ax, shows specifically behavior, and hydration rate at 160°C and 170°C

are not analyzed because hydration would be a transition region at these temperatures.
120°C < T, £150°C

From the discussion at Section 3.4.2.1, ash diffusion would be expected as the rate controlling

process of overall hydration rate at 120°C < Ty, < 150°C.
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Figure 3.4-19 Calculated Ax, profile for each Ty, (120°C < T,, < 150°C).

The values of Ax; were obtained from the relationship of Eq. (3-11). The values of AX were
obtained from Figure 3.3-11, and the values of Ax, were calculated by Eq. (3-13). Figure 3.4-19
shows calculated Ax; profile for each T, (120°C < T;, < 150°C). The values of t were obtained from
the relationship of Eq. (3-7). Relationship between hydration temperature and characteristic time is

shown in Table 3.4-1.

Table 3.4-1 Relationship between hydration temperature and characteristic time.

Th [°C] 120 130 140 150
t [s] 1.72 x 10* 2.22 x 10 2.87 x 10* 3.56 x 10*
50 REEEREEEERRLLEE
[ P =97.8kPa ]
40 F © Measured 4
[ —— Regression ]
% L ]
~ 30 g
3 : ]
E L
. 20 ]
10| .
0 VA R B B B

0 2 4 6 8 10
1/Ax2_eq [mol/mol]

Figure 3.4-20 Relationship between 1/AX,..q and t.
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From Eq. (3-8), the value of t depends on the value of 1/Cyyo.; (concentration of H,O at
interface between LiCl'-nH,O and Mg(OH),), and their relationship should be a line from the origin.
1/Ci0-c should correspond to 1/AX;..q. Thus, the relationship between 1/AX,..q and t is plotted in
Figure 3.4-20. The linear relation is found and the line is passing through the origin. Hence, the
assumption in this section is valid. ~An empirical formula of the relationship between 1/AX;.¢q and t"is

expressed as follows.

£ [s] = 4.22x10°
AX, ., [mol/mol] (3-14)

Comparisons between measured profiles and calculated profiles of Ax at 120°C and 150°C are

shown in Figure 3.4-21 and Figure 3.4-22. The submitted model can express the profiles of Ax.

1.0 e
F| Ax

[| © Measured
—— Calculated

=
o

Ax [mol/mol]

o
N

%00™10720 30 40 50 60 70 80

Time from vapor supply start [min]

Figure 3.4-21 Comparison between calculated and measured value of AX of LiCl/MgO (« = 0.10) at
T4=300°C, T;,= 120°C, pyzo = 57.8 kPa, and t, = 80 min.
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Figure 3.4-22 Comparison between calculated and measured value of Ax of LiCI/MgO (a = 0.10) at
Ta=300°C, T, = 150°C, puao = 57.8 kPa, and t, = 80 min.

180°C < T, £200°C

From the discussion at Section 3.4.2.1, water absorption at LiCl-nH,O is the rate controlling
process of overall hydration rate at 180°C < T, < 200°C, AX; < 0.72 mol/mol. From the results at
Section 3.3.2.2, existence of induction time for hydration (t;,q) was indicated. The values of AX; were
obtained from the relationship of Eq. (3-11). The values of AX were obtained from Figure 3.3-13, and
the values of AX, were calculated by Eq. (3-13). Figure 3.4-23 shows calculated AX; profile for each
T, (180°C < T}, £200°C).

Vapor supply

AX, [mol/mol]
Qe O 2 2 D
N w B (8)] (o))

=
—

00 10 20 30 40 50 60 70 80
Time from vapor supply [min]

Figure 3.4-23 Calculated Ax, profile for each Ty, (180°C < T, <200°C).

The profiles of AX; show good linearity from 50 min to 80 min. The regression line at 50-80
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min was extrapolated, and intersection point at AX; = 0 is calculated as t;,4 in this work (Figure 3.4-24).
The relationship between hydration temperature (Ty,) and induction time for hydration (1) is shown in
Figure 3.4-25. A linear correlation is found. An empirical formula of the relationship between T,

and t;,4 is expressed as Eq. (3-15).
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Figure 3.4-24 Calculation procedure of t;,q and K,,,.  The solid line indicates regression line of AX;.
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Figure 3.4-25 Relationship between hydration temperature (T;,) and induction time for hydration (t;yg).
t ., [s]=83.7xT, [°C]-1.49x10* (3-15)

The absorption rate constant (K,,s) was obtained from a slope of regression line of Ax; at 50-80 min

(Figure 3.4-24).
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The elementary reactions for hydration of LiCl-nH,O are assumed.
LiCl-nH,O + H,O (g) Eﬁl LiCl-(n+1)H,0" SLEEN o/ () +1)H,O (3-16)
L2

Here, LiCI(n+1)H,O" in Eq. (3-16) is an intermediate, k;; [kPa' s™'], ki, [s '], and ki3 [s '] are rate

constants for each elementary reaction. A rate equation of overall hydration is expressed as follows.

o _
dt

k
k, =—F+H— LiCl -
abs 1+(kLz/kL3) Pro [LICI] (3-17)

The measured values for Ky at 180-200°C are shown in Figure 3.4-26.

A28 v v
13.0F 1900C_—_180°C ]
~ c O O ]
2135 G :
5 :
= . ]
-14.0 — 4 O Measured —
C Calculated | 1
£ 200°C
45—t S
2.10 2.15 2.20 2.25

1000/T;, [K-]

Figure 3.4-26 Measured and calculated values for Ky, at 180-200°C.

The measured values for K,,s at 190-200°C showed downward tendency. Thus, a reverse reaction
(from LiCl-(n+1)H,0" to LiCl'nH,0 and H,0) is thought to be dominant at 180-200°C. Hence, k;, is
much greater than ki3 at 190-200°C. Eq. (3-17) is simplified by using the relation, ki, >> k3.

dx k , k )
o =K = S g [LICH) (3-18)

abs
kL2
A following relationship is obtained from measured values for K, at 190-200°C.

kLl I(L3

(3-19)

5
=9.17x107* exp(MJ

RT

L2
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Then, a relationship between ki ; and temperature is obtained from the measured values for K, at 180—

190°C and coming relationship (Eq. (3-20)).

I(Ll kabs kLl kL3
3.71x10°
k., =1.80x10" exp[—TJ (3-21)
A relationship between Ki,/k; 3 and temperature is obtained from Egs. (3-19) and (3-21).
k., 6 5.25x10°
12 =1.96x10% exp| - = 3-22
k., Pl R (3-22)

The values for K5 at 180-200°C are calculated by Egs. (3-17), (3-219, and (3-22). The calculated
values for K, are shown in Figure 3.4-26.

Comparisons between measured profiles and calculated profiles of Ax at 180°C and 200°C are
shown in Figure 3.4-27 and Figure 3.4-28. The submitted model can express the profiles of AX. The
obtained kinetic equations for hydration of LiCl/MgO (& = 0.10) are summarized at Table 3.4-2.
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Figure 3.4-27 Comparison between calculated and measured value of Ax of LiCI/MgO (a = 0.10) at
T4 =300°C, T, = 180°C, puzo = 57.8 kPa, and t, = 80 min.
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Figure 3.4-28 Comparison between calculated and measured value of Ax of LiCI/MgO (a = 0.10) at
Ta=300°C, Ty, =200°C, puao = 57.8 kPa, and t, = 80 min.

Table 3.4-2 Obtained kinetic equations for hydration of LiCI/MgO (a = 0.10).

Temperature [°C] Equations for AX,
31 ) t sy 422X10
120-150 1 3(1 AX,) + 2(1 AX ) v [s] Ax,_.. [mol/mol]
A% =0 (t, <t,) t, [s]=83.7xT, [°C]-1.49x10*
AX = ko ty (ty 2t,) k :Lp [LiC1]
1 abs "V V = tind abs + (kLz/kL3) H20
180-200 ]
k., = 1.80x10%7 ex —M
RT
5
ke _ 1.96x10%° exp[—wj
" RT
Temperature [°C] Equations for Ax,
Ax, =k t, (t,<60s) Ky = A%, /60[s]
120-200 .
A%, =A%, (t, >605) 2€q—156><10‘6><exp(%j

3.4.2.3 Effect of lithium chloride modification on hydration
The value of Ax; for authentic MgO was 0.082 mol/mol at Ty = 350°C, T, = 180°C, pmo =
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57.8 kPa, and t, = 80 min. On the other hand, that of AX; for LiCl/MgO (« = 0.10) was 0.522 mol/mol
at Tq = 300°C, T, = 180°C, pmo = 57.8 kPa, and t, = 80 min. The hydration reactivity was enhanced
by LiCl-modification. The enhancement would be caused by relatively high concentration of H,O at
the interface between LiCl-nH,O and Mg(OH), compared with concentration of H,O at the surface of
authentic MgO.

3.4.3 Heat output rate

]

Y
N
o
o

pH20=57.8 kPa

-—
o
o
o
T
-
]
—
»
o
[e]
(@)

Measured
______ Calculated 1

800

600
400 |

200 [ hee TR .

-
-
-
-

%0710 20 30 40 50 60 70 80
Time from vapor supply [min]

Mean heat output rate [W kg'1

Figure 3.4-29 Comparison between measured and calculated value of mean heat output rates (W) of

the material at pyyo = 57.8 kPa.  Starting materials was LiCl/Mg(OH), (a= 0.10).
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Figure 3.4-30 Calculated mean heat output rates (W) of the material at pyyo = 57.8 kPa. Starting
materials was LiCl/Mg(OH), (a= 0.10).

Comparison between measured and calculated value of mean heat output rates (W) of the
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material at pyyo = 57.8 kPa is shown in Figure 3.4-29. The value of W for calculated curve was little
under estimated against measured curve. The relative error at 5 min was 4.9% for T, = 140°C, and was
17% for Ty, = 180°C. The relative error at 20 min was 6.9% for T, = 140°C, and was 6.3% for T, =
180°C. Figure 3.4-30 shows calculated mean heat output rates (W) of the material at pyo = 57.8 kPa.
Lower temperature showed higher heat output rate. W was 535 W kg ' at 120°C, 435 W kg ' at 140°C,
and 163 W kg ' at 180°C for initial 20 min. The heat output rate was higher than 150 W kg ™' for first
50 min at T, = 120-180°C. Lahmidi et al. reported the mean heat output rate of a composite material,
expanded natural graphite-SrBr,-H,0O, was 36 kW m > at T, =35°C and pyp0 = 2.3 kPa [13]. The bulk
density of LiCI/Mg(OH), (a = 0.10) is 716 kg m .  Thus the heat output of LiCl/Mg(OH), (W > 107
kW nf}) at T, = 120-180°C and pyyo = 57.8 kPa was greater than the TCM of metal salt hydrate. Kim
et al. reported the mean heat output rate of Expanded graphite/MgO/CaCl, at T, = 110°C was 320.0 W
kg for first 10 min [5]. The mean heat output rate of LiCl/MgO at T, = 120°C was 832 W kg ' for
first 10 min, and it was higher than the composite material, expanded graphite/MgO/CaCl,. Because
expanded graphite/MgO/CacCl, is introduced expanded graphite for thermal conductivity enhancement,
then, heat capacity per mass is relatively smaller than the materials in this work. However,

LiCl/Mg(OH), is also expected to have potential as a high-performance TCM.

3.5 Summary

The effects of LiCl mixing ratio, hydration temperature, and water vapor pressure on the
hydration behavior of LiCl/MgO were studied, and the heat output capacities at different experimental
conditions were calculated. The kinetic analysis of hydration was performed by using shrinking core
model.

The conversions of the hydration increased with higher LiCl mixing ratios in the samples,
with an increase in water vapor pressure, or with lower hydration temperature. Both the conversion of
hydration and the apparent change of the mole fraction of Mg(OH), by sorption show a linear
dependence on water vapor pressure. The heat output capacities of the material (o = 0.10) at pyyo =
57.8 kPa were 724 kJ kg ' at hydration temperature of 180°C and 1.40 x 10° kJ kg™' at 110°C. These
were higher than the heat output capacity of authentic Mg(OH),. The rate controlling process of
overall hydration was changed by temperature. H,O diffusion in Mg(OH), layer was the rate
controlling process at 110-150°C, puyyo = 57.8 kPa, and water absorption at LiCI'‘nH,O is the rate
controlling process of overall hydration rate at 180-200°C, ppo = 57.8 kPa, AX; < 0.72 mol/mol.
Hydration rate equations and kinetic parameters of LiCl/MgO (& = 0.10) are submitted (Table 3.4-2),
and heat output rate is evaluated. The submitted rate equations predicted well hydration profile of
LiCI/MgO (a = 0.10). Hence it was demonstrated that the proposed hydration model by using
shrinking core model was valid for hydration of LiCI/MgO (a = 0.10). LiCl/Mg(OH), was expected to
be used as a new TCM.
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Chapter 4  Near infrared spectroscopy for hydration observation of

lithium chloride-modified magnesium oxide

4.1 Introduction

The reaction conversion of the hydration for LiCI/MgO (a = 0.10) was larger than that of
hydration for authentic MgO at same hydration temperature and water vapor pressure (Chapter 3).
Hydration of LiClI/MgO was enhanced compared with authentic MgO by introduction of LiCL
However, a mechanism of the hydration for LiCI/MgO is unclear. It is not easy to identify the
hydration mechanism by thermogravimetry. It is necessary to understand the effects of metal-salt
modification in order to develop new thermochemical energy storage materials (TCMs). The
hydration mechanism is important information to develop new TCMs.

In this chapter, hydration of authentic MgO and LiCI/MgO (« = 0.10) was examined by near
infrared (NIR) spectroscopy. The NIR absorption spectrum under the hydration process is consists of
elementary spectrum of Mg(OH), and adsorbed/absorbed water. Thus, peak positions of each
component should be clarified to deconvolute measured spectrum into components. Thus, NIR
absorption spectrum of authentic Mg(OH), at 110°C was observed to obtain a peak position of
stretching first overtone for Mg(OH),. NIR absorption spectra of authentic Mg(OH), under vapor
supply were observed to clarify a peak position of adsorbed water, and that of LiCl/Mg(OH), (a= 0.10)
under vapor supply were observed to clarify a peak position of adsorbed and absorbed (sorbed) water

Then, NIR absorption spectra of authentic MgO and LiCl/MgO (« = 0.10) under vapor supply
were observed to analyze hydration mechanism. The obtained NIR absorption spectra of authentic
MgO and LiCI/MgO (a = 0.10) under hydration process is deconvoluted into each components
(Mg(OH), and adsorbed/absorbed water). The hydration mechanism was discussed by profile of peak

area for each component with time.

4.2 Experimental

4.2.1 Sample preparation
LiCl/Mg(OH), was prepared as a precursor of LiCl/MgO. A detail of the preparation
procedure was shown in Section 2.2.1. In this chapter, LiCl/Mg(OH), (a = 0.10) was employed, and
authentic MgO was used as a reference. Authentic Mg(OH), and LiCl/Mg(OH), was dehydrated at
400°C under Ar gas flow (flow rate 50 mL min ") for 1 h, and then authentic MgO and LiCI/MgO was

obtained.

4.2.2 Observation of hydration by near infrared spectroscopy
The spectra of the samples were observed by near infrared (NIR) spectroscopy. The NIR
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absorption spectra were measured by the diffuse reflectance (DR) method. The spectra were recorded
on a UV-vis—NIR spectrophotometer equipped with a portable integrating sphere (V-670, JASCO
Corporation). The background for the NIR spectra was calibrated with a-Al,O; powder using the

diffuse reflectance mode. The obtained absorption spectra were converted into KM function [1].

K (1-R)
f(Rlz—=~——2 4-1
(R) S R (4-1)
Diffuse reflectance of the sample
R= (4-2)

Diffuse reflectance of a-Al,O,

Here, f(R): KM function, K: absorption coefficient, S: scatter coefficient, R: relative diffuse reflectance,
respectively. The scanning speed was fixed at 10000 cm ' min '. A schematic diagram of the NIR

spectroscopic measurement system is shown in Figure 4.2-1.

- Water

Vent

1) Micro-feeder
2) Evaporator

3) 4-way valve
4)
5)

Furnace
Sample

Quartz reactor
Integrating sphere
6) NIR spectroscope

MFC : Mass Flow Controller 6)

TC : Thermocouple

Figure 4.2-1 Schematic diagram of the NIR spectroscopic measurement system.

Water adsorption, water absorption, and hydration are thought to be proceeded simultaneously
for hydration of LiCI/MgO. Stretching and bending vibrations for adsorbed water on MgO, stretching
and bending vibrations for adsorbed water on LiCI-nH,O, stretching and bending vibrations for hydrated
species in LiCl'nH,0, and stretching vibrations for Mg(OH), were observed by NIR spectroscopy. A
schematic model for hydration of LiCl/Mg(OH), is shown in Figure 4.2-2. Names of observed

compounds by NIR spectroscopy are shown in red characters in Figure 4.2-2.
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H,0 (9) (‘ H,0O adsorbed @
& \on LiCl /
{  H,0 adsorbed
&\ \ {  onMgO

LiCI-nH,0 ™\,

MgO + H,O
— Mg(OH),

Figure 4.2-2 Schematic model for hydration of LiCl/Mg(OH),. Names of observed compounds by

NIR spectroscopy are shown in red characters.

Spectrum measurement to identify peak position
Spectrum of authentic Mg(OH), under Ar flow was observed to identify the peak position of

stretching first overtone for Mg(OH),. 200 mg of authentic Mg(OH), was placed in the quartz reactor.

The reactor was heated at 110°C or 180°C under Ar flow, and DR-NIR spectra of authentic Mg(OH),

were recorded.
Spectra of authentic Mg(OH), under vapor supply were observed to identify the peak position

of adsorbed water at 110°C. 200 mg of authentic Mg(OH), (0.07-um diameter, 99.9%, Wako Pure
The reactor was heated at 110°C under Ar flow.

The water vapor

Chemical Industries, Ltd.) was placed in the reactor.
A mixture of water vapor and Ar (carrier gas) was produced at the evaporator.
pressure (Po) was fixed at 57.8 kPa. The gas mixture was supplied (flow rate: 10 mL min ") into the
reactor for 20 min at 110°C for adsorption measurement, and DR-NIR spectra of the samples were
recorded. The spectra were measured every 4 min.

Spectra of LiCI/Mg(OH), (« = 0.10) under vapor supply were observed to identify the peak

position of adsorbed and absorbed water at 110°C or 180°C. 200 mg of LiCl/Mg(OH), (a= 0.10) was

placed in the quartz reactor. The reactor was heated at 110°C or 180°C under Ar flow. The gas

mixture (Proo = 57.8 kPa) was supplied (flow rate: 10 mL min ') into the reactor for 20 min at 110°C or

180°C for sorption measurement, and DR-NIR spectra of the samples were recorded. The spectra

were measured every 4 min.

Spectrum measurement for analysis of hydration
Spectra of authentic MgO under vapor supply were observed to analyze hydration of authentic

MgO. The gas mixture (Pyao = 57.8 kPa) was supplied (flow rate: 10 mL min™") into the reactor for 40
min at 110°C for hydration measurement, and DR-NIR spectra of the samples were recorded. The
spectra was measured every 4 min. The flow rate of the gas mixture for NIR measurement (10 mL

min ') was smaller than flow rate of the gas mixture for thermogravimetry (77 mL min ') to observe a

detail of initial hydration state for the samples. The obtained spectra were deconvoluted into

88



Chapter 4 Near infrared spectroscopy for hydration observation of lithium chloride-modified magnesium oxide

components. It is assumed that the profile of each component can be expressed by Gaussian function.
Spectra of LiCI/MgO (e = 0.10) under vapor supply were observed to analyze hydration
LiCIUMgO (e = 0.10). The gas mixture (Po = 57.8 kPa) was supplied (flow rate: 10 mL min") into
the reactor for 40 min at 110°C or 180°C for hydration measurement, and DR-NIR spectra of the
samples were recorded. The spectra was measured every 4 min. The obtained spectra were
deconvoluted into components. It is assumed that the profile of each component can be expressed by

Gaussian function.

4.3 Results

4.3.1 Spectrum measurement to identify peak position
4.3.1.1 Spectra of authentic magnesium hydroxide

0.05 [

0.04 .
L ---- Measured value

0.03

KM function
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T
—
~
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8000 7000 .
Wavenumber [cm"] Base line
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Figure 4.3-1 DR-NIR spectrum for authentic Mg(OH), at 110°C. 1) indicates a fitted curve of
Mg(OH), first overtone (7174 cm ).

Spectrum of authentic Mg(OH), under Ar flow was observed to identify the peak position of
first overtone for Mg(OH),. DR-NIR spectrum for authentic Mg(OH), at 110°C, under Ar
atmosphere is shown in Figure 4.3-1, and the spectrum at 180°C, under Ar atmosphere is shown in
Figure 4.3-2. Red colored curve, 1), indicates fitting curve by using Gaussian function. Martens
and Freund reported that a peak position of first overtone for Mg(OH), is 7154 cm™' [1]. In this
work, the peak position of first overtone for Mg(OH), at 110°C and 180°C is estimated as 7174

cm ' from the results of curve fitting.
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Figure 4.3-2 DR-NIR absorption spectrum for authentic Mg(OH), at 180°C: 1) indicates a fitted
curve of Mg(OH), first overtone (7174 cmﬁl).

4.3.1.2 Water adsorption on authentic magnesium hydroxide
Spectra of authentic Mg(OH), under vapor supply were observed to clarify the peak position
of adsorbed water at 110°C. DR-NIR spectra of authentic Mg(OH), under vapor supply at 110°C, puso
= 57.8 kPa, and vapor supply time (t,) of 0-20 min are shown in Figure 4.3-3. The peak at 7174 cm '
(first overtone of Mg(OH),) was observed at first 8 min of vapor supply. Then, a shoulder peak at
around 7000 cm ™' and a sharp peak at around 5300 cm ™' were observed after 12 min of vapor supply.
040 ———————————1———r
0.35 _ Authentic Mg(OH),
030 _ 1100C
025
0.20 £
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0.00 k
8000
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Figure 4.3-3 DR-NIR spectra of authentic Mg(OH), under vapor supply at 110°C, ppo = 57.8 kPa,
and t, = 0-20 min.

To remove a contribution of first overtone for Mg(OH), to the spectra, DR-NIR difference
spectra were calculated. The difference between a spectrum at t, > 4 min and a spectrum at t, = 0 min
was calculated. Figure 4.3-4 shows NIR difference spectra of authentic Mg(OH), under vapor supply
at 110°C, pyao = 57.8 kPa, and t, = 4-20 min. A shoulder peak at around 7100 cm ' and a sharp peak
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at around 5200 cm ' were observed after t, = 12 min.
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Figure 4.3-4 NIR difference spectra of authentic Mg(OH), under vapor supply at 110°C, pyo = 57.8
kPa, and t, = 0—20 min.

4.3.1.3 Water sorption at lithium chloride-modified magnesium hydroxide
Spectra of LiCl/Mg(OH), (« = 0.10) under vapor supply were observed to identify the peak
position of adsorbed and absorbed water at 110°C or 180°C. DR-NIR spectra of LiClI/Mg(OH), («a =
0.10) under vapor supply at 110°C, pyo = 57.8 kPa, and t, = 0-20 min are shown in Figure 4.3-5.
The peak at 7174 cm ' (first overtone for Mg(OH),) was observed at t, = 0 min. Then, a shoulder peak

at around 6900 cm ' and a sharp peak at around 5200 cm ' were observed after 4 min of vapor supply.
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Figure 4.3-5 DR-NIR spectra of LiCI/Mg(OH), (« = 0.10) under vapor supply at 110°C, pmao = 57.8
kPa, and t, = 0—20 min.

To remove a contribution of first overtone for Mg(OH), to the spectra, DR-NIR difference
spectra were calculated from the DR-NIR spectra under sorption processes. The difference between a

spectrum at t, > 4 min and a spectrum at t, = 0 min was calculated. Figure 4.3-6 shows DR-NIR
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difference spectra of LiCI/Mg(OH), (a = 0.10) under vapor supply at 110°C, pyo = 57.8 kPa, and t, =
4-20 min. A broad peak at around 7000 cm ' and a sharp peak at around 5200 cm ' were observed

after t, = 12 min.
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Figure 4.3-6 NIR difference spectra of LiCl/Mg(OH), (= 0.10) under vapor supply at 110°C, puzo =
57.8 kPa, and t, = 0—20 min.

DR-NIR spectra of LiCl/Mg(OH), (¢ = 0.10) under vapor supply at 180°C, pyyo = 57.8 kPa,
and t, = 0-20 min are shown in Figure 4.3-7. The peak at 7174 cm ' (first overtone of Mg(OH),) was
observed at t, = 0 min. Then, a shoulder peak at around 6900 cm ™' and a sharp peak at around 5200

cm ' were observed after 4 min of vapor supply.

040
0.35 _ LiCI/Mg(OH), (= 0.10)
00k 180°C

0.25 £
0.20 £
015 F
0.10 £
0.05 F

0.00 e,
8000

KM function

7000 6000 5000
Wavenumber [cm-1]
Figure 4.3-7 DR-NIR spectra of LiCl/Mg(OH), (e = 0.10) under vapor supply at 180°C, pmao = 57.8

kPa, t, = 020 min.

Figure 4.3-8 shows DR-NIR difference spectra of LiCI/Mg(OH), (« = 0.10) under vapor
supply at 180°C, poo = 57.8 kPa, and t, = 0-20 min. A broad peak at around 7000 cm ™' and a sharp

peak at around 5200 cm ™' were observed after t, = 8 min.
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Figure 4.3-8 NIR difference spectra of LiCl/Mg(OH), (« = 0.10) under vapor supply at 180°C, puzo =
57.8 kPa, and t, = 0-20 min.

4.3.2 Spectrum measurement for analysis of hydration
4.3.2.1 Hydration of authentic magnesium oxide
Spectra of authentic MgO were observed to analyze hydration of authentic MgO. The
changes in the DR-NIR spectra for the hydration process of authentic MgO at 110°C, and pyyo = 57.8
kPa are shown in Figure 4.3-9 and Figure 4.3-10. A peak at around 7174 cm ' was observed at t, =
24 min. After 28 min of vapor supply, a shoulder peak at around 7000 cm ' and a sharp peak at around

5300 cm ' were observed. The peak area was increased by time.
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Figure 4.3-9 DR-NIR spectra of authentic MgO under vapor supply at 110°C, ppoo = 57.8 kPa, and t,
= 0-20 min.
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Figure 4.3-10 DR-NIR spectra of authentic MgO under vapor supply at 110°C, pyro = 57.8 kPa, and
t, = 20—40 min.

4.3.2.2 Hydration of lithium chloride-modified magnesium oxide
Spectra of LiCl/MgO (« = 0.10) were observed to analyze hydration of LiCl/MgO (« = 0.10).
The changes in the DR-NIR spectra for the hydration process of LiCI/MgO (a = 0.10) at 110°C, and
Pioo = 57.8 kPa are shown in Figure 4.3-11 and Figure 4.3-12. A broad peak at around 7000 cm '

and a sharp peak at around 5200 cm ' were observed. The peak area was increased by time.
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Figure 4.3-11 DR-NIR spectra of LiCl/MgO (& = 0.10) under vapor supply at 110°C, ppo = 57.8 kPa,
and t, = 0-20 min.
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Figure 4.3-12 DR-NIR spectra of LiClI/MgO (« = 0.10) under vapor supply at 110°C, py20 = 57.8 kPa,
and t, = 20-40 min.

The changes in the DR-NIR spectra for the hydration process of LiCI/MgO (a = 0.10) at
180°C, and pyro = 57.8 kPa are shown in Figure 4.3-13 and Figure 4.3-14. A broad peak at around

7000 cm ' and a peak at around 5200 cm™' were observed. The peak area was increased by time.
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Figure 4.3-13 DR-NIR spectra of LiCI/MgO (= 0.10) under vapor supply at 180°C, pypo = 57.8 kPa,
and t, = 0-20 min.
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Figure 4.3-14 DR-NIR spectra of LiCl/MgO (« = 0.10) under vapor supply at 180°C, pyz0 = 57.8 kPa,
and t, = 20-40 min.

4.4 Discussion

441 Spectrum decomvolution for analysis of hydration process
44.1.1 Peak positions of each component

Peak positions of each component are estimated to perform spectrum decomvolution during
hydration process. The peak position of first overtone for Mg(OH), at 110°C and 180°C is estimated
as 7174 cm”' from the spectra of authentic Mg(OH), (Section 4.3.1.1).

The adsorbed water on the solid surface showed a different combination band depending on
the hydrogen bond structure [2,3]. It was reported that a hydrogen bond increment causes a shift of the
peak position to a lower wavenumber [2,3]. In this work, profile of adsorbed water on authentic
Mg(OH), was separated into two species; (a) free water (not hydrogen-bonded water), and (b) bound
water (hydrogen-bonded water). Figure 4.4-1 shows schematic model of water adsorption on

Mg(OH), under vapor supply.
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Bound water
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Free water
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Hydroxyl group of Mg(OH), Mg(OH),
Figure 4.4-1 Schematic model of water adsorption on Mg(OH), under vapor supply. (—) covalent

bonds, (---) hydrogen bonds.

Figure 4.4-2 shows a deconvoluted difference spectrum of authentic Mg(OH), at 110°C, puzo
= 57.8 kPa, t, = 12 min. It is assumed that the profile of each component is expressed by Gaussian
function. The deconvolution was performed by curve fitting between measured value and calculated
value. The calculated value was obtained from a summation of values of each component. The
spectra is deconvoluted into four components; 2) free water (v, + v3) (7055 cm '), 3) bound water (v, +
V3) (6848 cmﬁl), 4) free water (v, + v3) (5400 cmﬁl), and 5) bound water (v, + v3) (5216 cmﬁl). Here,

vy: symmetric stretch vibration, v,: bending vibration, v;: asymmetric stretching vibration of water,

respectively.
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Figure 4.4-2 Deconvoluted difference spectrum of authentic Mg(OH), at 110°C, py0 = 57.8 kPa and
t, = 12 min: 2) free water (v; + v3) (7055 cm '), 3) bound water (v, + v3) (6848 cm ), 4) free water (v,

+v3) (5400 cm ™), and 5) bound water (v, + v3) (5216 cm ).
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Water sorption at LiCI/Mg(OH), (a = 0.10) would form hydrated species in LiCl. In this
work, profile of adsorbed and absorbed water at LiCl/Mg(OH), (« = 0.10) was separated into two
species; (a) free water, and (b) hydrated species. Figure 4.4-3 shows schematic model of water

sorption at LiCl/Mg(OH), under vapor supply.

Hydrated species
Free water
\H \O/ H

Li Cl Li

Hs .H
[l A
HD\H Nl ,O
HsH O |H ™ H

cl —9 | cl Li

Cl

HJ,H

LiCl - nH,O
H. ,H
(0]

Hydroxyl group of H H

H
Mg(OH) O O Mg(OH),

Figure 4.4-3 Schematic model of water sorption at LiCl/Mg(OH), under vapor supply. (—) covalent
bonds.

Figure 4.4-4 shows a deconvoluted difference spectrum of LiClI/Mg(OH), (a = 0.10) at 110°C,
Pu2o = 57.8 kPaand t, = 12 min. It is assumed that the profile of each component can be expressed by
Gaussian function. The spectra is deconvoluted into four components; 2) free water (v; + v3) (7060
cm "), 3) hydrated species (v; + v3) (6859 cm '), 4) free water (v, + v3) (5469 cm '), and 5) hydrated

species (v, + v3) (5130 cm ™).
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Figure 4.4-4 Deconvoluted difference of LiCl/Mg(OH), (a= 0.10) at 110°C, pyo = 57.8 kPa and t, =
12 min: 2) free water (v; + v3) (7060 cm '), 3) hydrated species (v; + v3) (6859 cm '), 4) free water (v,
+v3) (5469 cm ™), and 5) hydrated species (v, + v3) (5130 cm ).

Figure 4.4-5 shows a deconvoluted difference spectrum of LiCl/Mg(OH), (a = 0.10) at
180°C, puao = 57.8 kPa and t, = 12 min.
water (v, + v3) (7060 cm '), 3) hydrated species (v; + v3) (6859 cm™ "), 4) free water (v, + v3) (5469

The spectra is deconvoluted into four components; 2) free

cm "), and 5) hydrated species (v; + v3) (5130 cm ™).
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Figure 4.4-5 Deconvoluted difference spectrum of LiCI/Mg(OH), ( = 0.10) at 180°C, puao = 57.8
kPa and t, = 12 min: 2) free water (v, + v3) (7060 cm "), 3) hydrated species (v; + v3) (6859 cm '), 4)
free water (v, + v3) (5469 cm '), and 5) hydrated species (v, + v3) (5130 cm ).

Assignment of each components of adsorbed water for authentic Mg(OH), is shown in Table
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4.4-1 and that of adsorbed and absorbed water for LiCl/Mg(OH), (&= 0.10) is shown in Table 4.4-2.

Table 4.4-1 Assignment of each components of adsorbed water for Authentic Mg(OH),.

Free water Bound water Free water Bound water

Temperature v+ V3 Vit v vy + V3 vy, + V3
[°C] [em '] [em '] [cm '] [em ']
110 7055 6848 5400 5216

Table 4.4-2 Assignment of each components of adsorbed and absorbed water for LiCl/Mg(OH), (a =
0.10).

Free water Hydrated species Free water Hydrated species

Temperature Vi +Vv3 vitvs \Z R A\ R
[°C] [em™] [em™] [em™] [em™]
110 7060 6859 5469 5130
180 7060 6859 5469 5130

4.4.1.2 Spectrum decomvolution of the samples under hydration process
The deconvolution of each spectrum under hydration process was performed with following
conditions; (a) the peak position of each component was constant, (b) the standard deviation of the
Gaussian function for each component was constant.
The deconvoluted spectrum of authentic MgO at 110°C, pyyo = 57.8 kPa and t, = 20 min is
shown in Figure 4.4-6. The spectrum is deconvoluted into three components; 1) Mg(OH), (first

overtone) (7174 cm '), 4) free water (v, + v3) (5400 cm '), and 5) bound water (v, + v3) (5216 cm ™).
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Figure 4.4-6 Deconvoluted spectrum of authentic MgO at 110°C, pyyo = 57.8 kPa, t, = 20 min: 1)
Mg(OH), first overtone (7174 cm™ ), 4) free water (v + v3) (5400 cm '), and 5) bound water (v, + v3)
(5216 cm ).
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Figure 4.4-7 Deconvoluted spectrum of authentic MgO at 110°C, pyyo = 57.8 kPa and,t, = 40 min: 1)
Mg(OH), (first overtone) (7174 cm™ ), 2) free water (v, + v3) (7055 cm '), 3) bound water (v, + v3)
(6848 cm "), 4) free water (v, + v3) (5400 cm '), and 5) bound water (v, + v3) (5216 cm ).

The deconvoluted spectrum of authentic MgO at 110°C, pyyo = 57.8 kPa, and t, = 40 min is
shown in Figure 4.4-7. The spectrum is deconvoluted into five components; 1) Mg(OH), (first
overtone) (7174 cm™ "), 2) free water (v; + v3) (7055 cm '), 3) bound water (v; + v3) (6848 cm ), 4)

free water (v, + v3) (5400 cm '), and 5) bound water (v, + v3) (5216 cm ).
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Figure 4.4-8 Deconvoluted spectrum of LiCI/MgO (e = 0.10) at 110°C, pmao = 57.8 kPa, t, = 20 min:
1) Mg(OH), (first overtone) (7174 cm "), 2) free water (v, + v3) (7060 cm™ "), 3) hydrated species (v, +
v3) (6859 cm "), 4) free water (v, + v3) (5469 cm '), and 5) hydrated species (v, + v3) (5130 cm ).

101



Chapter 4 Near infrared spectroscopy for hydration observation of lithium chloride-modified magnesium oxide

The deconvoluted spectrum of LiCl/MgO (a = 0.10) at 110°C, pyyo = 57.8 kPa, and t, = 20
min is shown in Figure 4.4-8. The spectrum is deconvoluted into five components; 1) Mg(OH), (first
overtone) (7174 cm '), 2) free water (v, + v3) (7060 cm™ "), 3) hydrated species (v; + v3) (6859 cm ),
4) free water (v, + v3) (5469 cm™"), and 5) hydrated species (v, + v3) (5130 cm ).

The deconvoluted spectrum of LiCl/MgO (« = 0.10) at 110°C, pyyo = 57.8 kPa, and t, = 40
min is shown in Figure 4.4-9. The spectrum is deconvoluted into five components; 1) Mg(OH), first
overtone (7174 cm™"), 2) free water (v; + v3) (7060 cm '), 3) hydrated species (v, + v3) (6859 cm '), 4)
free water (v, + v3) (5469 cm '), and 5) hydrated species (v, + v3) (5130 cm ).
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Figure 4.4-9 Deconvoluted spectrum of LiCI/MgO (e = 0.10) at 110°C, pmao = 57.8 kPa, t, = 40 min:
1) Mg(OH), (first overtone) (7174 cm '), 2) free water (v, + v3) (7060 cm™ "), 3) hydrated species (v, +
v3) (6859 cm ™), 4) free water (v, + v3) (5469 cm '), and 5) hydrated species (v, + v3) (5130 cm ).

The deconvoluted spectrum of LiCI/MgO (a = 0.10) at 180°C, ppao = 57.8 kPa, t, = 20 min is
shown in Figure 4.4-10. The spectrum is deconvoluted into five components; 1) Mg(OH), (first
overtone) (7174 cm '), 2) free water (v, + v3) (7060 cm™ "), 3) hydrated species (v; + v3) (6859 cm ),
4) free water (v, + v3) (5469 cm™"), and 5) hydrated species (v, + v3) (5130 cm ).
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Figure 4.4-10 Deconvoluted spectrum of LiCI/MgO (& = 0.10) at 180°C, pyo = 57.8 kPa, t, = 20
min: 1) Mg(OH), (first overtone) (7174 cm '), 2) free water (v; + v3) (7060 cm '), 3) hydrated species
(vi + v3) (6859 cm '), 4) free water (v, + v3) (5469 cm '), and 5) hydrated species (v, + v3) (5130

cm ).

The deconvoluted spectrum of LiCl/MgO (a = 0.10) at 180°C, pyro = 57.8 kPa, t, = 40 min is
shown in Figure 4.4-11. The spectrum is deconvoluted into five components; 1) Mg(OH), (first
overtone) (7174 cm '), 2) free water (v, + v3) (7060 cm™ "), 3) hydrated species (v; + v3) (6859 cm ),

4) free water (v, + v3) (5469 cm™"), and 5) hydrated species (v, + v3) (5130 cm ).
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Figure 4.4-11 Deconvoluted spectrum of LiCl/MgO (« = 0.10) at 180°C, pypo = 57.8 kPa, t, = 40
min: 1) Mg(OH), (first overtone) (7174 cm '), 2) free water (v; + v3) (7060 cm '), 3) hydrated species
(vi + v3) (6859 cm '), 4) free water (v, + v3) (5469 cm '), and 5) hydrated species (v, + v3) (5130

cm ).
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4.4.2 Hydration mechanism
4.4.2.1 Authentic magnesium oxide

A profile of peak area of Mg(OH), (first overtone) for authentic MgO at 110°C and ppyo =
57.8 kPa is shown in Figure 4.4-12. The peak area increased steeply from 4 to 12 min, gradually from
12 to 32 min, and steeply from 32 to 40 min. A profile of peak area of free water (v; + v3) for
authentic MgO at 110°C and py0 = 57.8 kPa is shown in Figure 4.4-13. The peak area was zero until
20 min, and increased linearly from 20 to 40 min. A profile of peak area of bound water (v, + v;) for
authentic MgO at 110°C and pyyo = 57.8 kPa is shown in Figure 4.4-14. The peak area was zero until

24 min, and increased steeply from 20 to 40 min.

0 5 10152025303540
t, [min]

Peak area of Mg(OH), [a.u.]

Figure 4.4-12 Profile of peak area of Mg(OH), (first overtone) for authentic MgO at 110°C and pupo
=57.8 kPa.

Authentic MgO
[ 110°C

0 5 10 15 20 25 30 35 40
t, [min]

Peak area of free water [a.u.]

Figure 4.4-13 Profile of peak area of free water (v; + v3) for authentic MgO under hydration
operation at 110°C and pp0 = 57.8 kPa.
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Figure 4.4-14 Profile of peak area of bound water (v; + v;) for authentic MgO under hydration
operation at 110°C and pyyo = 57.8 kPa.

Differential peak areas are calculated to obtain information about rate of hydration or water
sorption. Differential peak areas are evaluated from the central difference (At = 8 min) of the original
data. Differential peak area of Mg(OH), (first overtone) for authentic MgO at 110°C and pyo = 57.8
kPa is shown in Figure 4.4-15, that of free water (v; + v3) is shown in Figure 4.4-16, and that of bound
water (v; + v;) is shown in Figure 4.4-17, respectively. Differential peak area of Mg(OH), (first
overtone) showed relatively large value at t, = 4min. On the other hand, differential peak area of free
water and bound water remained zero until t, = 16 min. These results indicate the supplied water
vapor was consumed by hydration of MgO at surface until t, =16 min. Differential peak area of free
water and bound water increased after t, = 20 min, and then differential peak area of Mg(OH), (first
overtone) increased after t, = 28 min. These results indicate water adsorption on the surface was
started at around t, = 20 min, and hydration of MgO at inner side was proceeded by diffusion of

adsorbed water from surface to inner side.

- Authentic MgO
- 110°C

Differential peak area
of Mg(OH), [a.u.]

t, [min]

Figure 4.4-15 Differential profile of peak area of Mg(OH), (first overtone) for authentic MgO under
hydration operation at 110°C and pyo = 57.8 kPa.
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Figure 4.4-16 Differential profile of peak area of free water (v, + v3) for authentic Mg(OH), under
hydration operation at 110°C and pyyo = 57.8 kPa.
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Figure 4.4-17 Differential profile of peak area of bound water (v, + v;) for authentic Mg(OH), under
hydration operation at 110°C and pyp0 = 57.8 kPa.

4.4.2.1 Lithium chloride-modified magnesium oxide
A profile of peak area of Mg(OH), (first overtone) for LiCl/MgO (« = 0.10) at 110°C and
Pu2o = 57.8 kPa is shown in Figure 4.4-18. The peak area increased gradually until 12 min, steeply
from 12 to 20 min, and gradually from 20 to 40 min. A profile of peak area of free water (v, + v;) for
LiCI/MgO (a = 0.10) at 110°C and pyro = 57.8 kPa is shown in Figure 4.4-19. The peak area
increased linearly but the slope was changed at 12 min. A profile of peak area of hydrated species (v,
+ v3) for LiCI/MgO (a = 0.10) at 110°C and puo = 57.8 kPa is shown in Figure 4.4-20. The peak

area increased steeply until 12 min, and increased gradually from 12 to 40 min.
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LiCI/MgO 1
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Figure 4.4-18 Profile of peak area of Mg(OH), (first overtone) for LiCI/MgO («a = 0.10) under
hydration operation at 110°C and pyyo = 57.8 kPa.
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Figure 4.4-19 Profile of peak area of free water (v; + v3) for LiCI/MgO (& = 0.10) under hydration
operation at 110°C and pyyo = 57.8 kPa.
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Figure 4.4-20 Profile of peak area of hydrated species (v; + v3) for LiClI/MgO (a = 0.10) under
hydration operation at 110°C and pyo = 57.8 kPa.
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Differential peak area of Mg(OH), (first overtone) for LiCI/MgO (« = 0.10) at 110°C and
Pmo = 57.8 kPa is shown in Figure 4.4-21, that of free water (v, + v3) is shown in Figure 4.4-22, and
that of hydrated species (v, + v3) is shown in Figure 4.4-23, respectively. Differential peak area of
Mg(OH), (first overtone) showed peak at around t, = 16 min. On the other hand, differential peak area
of free water (v, + v3) showed peak at t, = 8 min, and that of hydrated species (v, + v3) showed peak at
t, =4 min. These results suggests supplied water vapor was consumed for formation of free water and
hydrated species for first 8 min, and then hydration of MgO was proceeded. There are two
possibilities of reaction paths for hydration of LiCI/MgO (a = 0.10) at 110°C. One of them is a
cascaded relationship between water sorption at LiCl (Eq. (4-3)) and solid-solid reaction of LiCl-H,O
and MgO (Eq. (4-4)) (Reaction path A). The absorbed water was consumed for the hydration of MgO

in this reaction path.

LiCl + H,0 (g) — LiCl-nH,O (4-3)
LiCl-nH,O + MgO — LiCl-(n—-1)H,0+ Mg(OH), (4-4)

The other possibility is parallel relationship between water sorption of LiCl (Eq. (4-5)) and hydration of
MgO (Eq. (4-6)) (Reaction path B). The absorbed water was not consumed for the hydration of MgO

in this reaction path.

LiCl + H,0 (g) — LiCl-nH,0 (4-5)
MgO + H,0 (g) > Mg(OH), (4-6)

It is not easy to identify the reaction path. However, hydration was enhanced by LiCl-modification

(Chapter 3), the hydration mechanism of LiCl/MgO (a = 0.10) can be explained by reaction path A.
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0 & 10 18 20 25 30 35 40
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Figure 4.4-21 Differential profile of peak area of Mg(OH), (first overtone) for LiCI/MgO (a = 0.10)
under hydration operation at 110°C and pyyo = 57.8 kPa.
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Figure 4.4-22 Differential profile of peak area of free water (v, + v;) for LiCl/MgO (a = 0.10) under
hydration operation at 110°C and pyyo = 57.8 kPa.
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Figure 4.4-23 Differential profile of peak area of hydrated species (v, + v;) for LICI/MgO (= 0.10)
under hydration operation at 110°C and pyo = 57.8 kPa.

A profile of peak area of Mg(OH), (first overtone) for LiCl/MgO (e« = 0.10) at 180°C and
Pu2o = 57.8 kPa is shown in Figure 4.4-24. The profile of peak area showed upward curve. A profile
of peak area of free water (v, + v;) for LiCI/MgO (= 0.10) at 180°C and pyyo = 57.8 kPa is shown in
Figure 4.4-25. The peak area increased steeply until 16 min, and then it became almost constant. A
profile of peak area of hydrated species (v; + v3) for LICI/MgO (a = 0.10) at 180°C and pypo = 57.8
kPa is shown in Figure 4.4-26. The peak area increased steeply until 12 min, and then it became

almost constant.
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Figure 4.4-24 Profile of peak area of Mg(OH), (first overtone) for LiCI/MgO (« = 0.10) under
hydration operation at 180°C and py,o = 57.8 kPa.
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Figure 4.4-25 Profile of peak area of free water (v; + v3) for LiClI/MgO (& = 0.10) under hydration
operation at 180°C and py,0 = 57.8 kPa.
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Figure 4.4-26 Profile of peak area of hydrated species (v; + v3) for LiClI/MgO (a = 0.10) under
hydration operation at 180°C and pyo = 57.8 kPa.
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Differential peak area of Mg(OH), (first overtone) for LiCl/MgO (o = 0.10) at 180°C and
Pmo = 57.8 kPa is shown in Figure 4.4-27, that of free water (v, + v3) is shown in Figure 4.4-28, and
that of hydrated species (v, + v3) is shown in Figure 4.4-29, respectively. Differential peak area of
free water (v; + v3) and hydrated species (v; + v;) showed peak at around t, = 8 min, and then
decreased until t, = 20 min. On the other hand, differential peak area of Mg(OH), (first overtone)
showed peak at 8 min, and then decreased. These results suggest hydration of MgO and water sorption
occurred almost simultaneously until t, =20 min. Finally, differential peak area of free water (v; + v3)
and hydrated species (v; + v3) remained around zero after t, = 24 min. This result indicates water
sorption reached equilibrium state at around t, = 24 min. There were two possibilities of reaction paths
for hydration of LiCl/MgO (« = 0.10) at 180°C, same as hydration at 110°C. One of them is a
cascaded relationship between water sorption of LiCl (Eq. (4-3)) and solid-solid reaction of LiCl-H,O
and MgO (Eq. (4-4)) (Reaction path A). The other possibility is parallel relationship between water
sorption of LiCl (Eq. (4-5)) and hydration of MgO (Eq. (4-6)) (Reaction path B). The hydration at
180°C was enhanced by LiCl-modification (Chapter 3), the hydration mechanism of LiCI/MgO («a =
0.10) can be explained by reaction path A.
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Figure 4.4-27 Differential profile of peak area of Mg(OH), (first overtone) for LiCI/MgO (o = 0.10)
under hydration operation at 180°C and pyp0 = 57.8 kPa.
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Figure 4.4-28 Differential profile of peak area of free water (v, + v3) for LiCI/MgO (a = 0.10) under
hydration operation at 180°C and pypo = 57.8 kPa.
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Figure 4.4-29 Differential profile of peak area of hydrated species (v, + v3) for LICI/MgO (= 0.10)
under hydration operation at 180°C and pyyo = 57.8 kPa.

4.5 Summary

Hydrations of authentic MgO and LiCI/MgO (« = 0.10) were observed by near infrared
spectroscopy to understand the contribution of LiCl-modification. The obtained spectra were
decnvoluted into components (Mg(OH),, free water, and bound water or hydrated species). The
spectrum of authentic MgO is deconvoluted into five components; 1) Mg(OH), (first overtone), 2) free
water (v, + v3), 3) hydrated species (v, + v3), 4) free water (v, + v3), and 5) hydrated species (v, + v3),
and that of LiCl/MgO (& = 0.10) is deconvoluted into five components; 1) Mg(OH), (first overtone), 2)
free water (v, + v3), 3) hydrated species (v + v3), 4) free water (v, + v3), and 5) hydrated species (v, +
V3).

The hydration mechanism was discussed by profile of peak area for each component with
time. For authentic MgO, supplied water vapor was consumed by hydration of MgO at surface until
first 16 min, and water adsorption on the surface was started at t, = 20 min. Hydration of MgO at
inner side was proceeded by adsorbed water on the surface of MgO after t, = 28 min. For LiCl/MgO
(a = 0.10) at 110°C, supplied water vapor was consumed for formation of free water and hydrated
species for first 8 min, and then hydration of MgO was proceeded. For LiCI/MgO (o= 0.10) at 180°C,
hydration of MgO and water sorption was occurred almost simultaneously until t, = 20 min., and water
sorption was reached equilibrium state at around t, = 24 min. There are two possibilities of reaction
paths for hydration of LiC/MgO (a = 0.10). One of them is a cascaded relationship between water
sorption of LiCl and solid-solid reaction of LiCl'H,O and MgO (Reaction path A). The other
possibility is parallel relationship between water sorption of LiCl and hydration of MgO (Reaction path
B). The hydration was enhanced by LiCl-modification (Chapter 3), the hydration mechanism of
LiCl/MgO (a = 0.10) can be explained by reaction path A.
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Chapter 5 Durability of lithium chloride-modified

magnesium hydroxide on repetitive reactions

5.1 Introduction

The dehydration and hydration reactivity of LiCI/Mg(OH), were studied at Chapter 2 and
Chapter 3. From previous results, LiCl/Mg(OH), is a candidate for thermochemical energy storage
materials (TCM) to store heat at 250-300°C, and output heat at 110-180°C with 57.8 kPa of water
vapor. The knowledge on durability properties of LiCl/Mg(OH), is needed to study for practical
application. For example, it is used to decide a period for replacement of TCM. The reason for the
reactivity change should be explained. Although there have been some reports on the durability
characteristics of TCMs [1-6]. However, the durability characteristics of metal-salt-modified material
have not been reported.

In this chapter, the thermogravimetry was used to investigate the reactivity change of
LiC/Mg(OH), in 105 dehydration/hydration cycles. The samples were dehydrated at 250°C and
hydrated at 110°C. The number of cycle, 105, was selected to examine heat storage/output operations
for one winter-season. It is assumed that one cycle of heat storage/output operation is performed every
day for 105 days (from early December to middle of March, for example). A target value of durability
property of the material is to keep heat output capacity as £ 20% under 105 runs compared with initial
value.

The surface state of LiCl/Mg(OH), is quite important for its reactivity. Thus, samples were
characterized before and after 1, 7, and 105 cyclic operational runs. Microstructures were observed
using scanning electron microscopy. The crystal structures of the samples were examined using
powder X-ray diffraction. Specific surface areas of samples were determined by the adsorption of

nitrogen gas.

5.2 Experimental

5.2.1 Sample preparation
LiCl/Mg(OH), was prepared using an impregnation method. A detail of the procedure was

shown in Section 2.2.1. In this chapter, LiCl/Mg(OH), (a = 0.10) was employed.

5.2.2 Repetitive dehydration—hydration measurement with thermogravimetry
The dehydration and hydration of the samples were measured by thermogravimetry using a
thermobalance (TGD9600, ULVAC-RIKO, Inc.). LiCl/Mg(OH), samples were charged into the Pt cell
of the balance. The dehydration temperature (T4) was 250°C and the hydration temperature (T,) was

110°C, with heating and cooling rate of 20 °C min ' under argon gas flow (flow rate 100 mL min ).
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Prior to dehydration, the samples were dried at 110°C for 110 min to remove sorbed water.

The sample weight at the first achievement of 200°C was defined as the initial weight. The
samples were then dehydrated at 250°C for 200 min. The hydration operation was conducted by
introducing a mixture of water vapor and argon (carrier gas) at a water vapor pressure of 57.8 kPa for 80
min. This vapor pressure corresponded to the saturated vapor pressure at 85°C.  After the hydration
operation was complete, the vapor supply was stopped and dry argon gas was introduced at the same
hydration temperature for 50 min in order to remove sorbed water (drying operation). This set of
dehydration—hydration—drying operations is designated as the cyclic operation. In this study, 105 runs
of this cyclic operation were examined.

Mole fraction of Mg(OH), (X) [mol/mol] in the particles consisting of MgO and Mg(OH), was
calculated using the Eq. (5-1), where Aw [kg] is the weight change of the sample, Mypo [kg mol '] is the
molecular weight of water, Myydroxide [Kg molfl] is the molecular weight of Mg(OH),, and Whygroxide [kg]

is the initial sample weight.

(5-1)

Aw/M
X [mol/mol] = {1 + 10 }

Whydroxide /M hydroxide

Vapor supply
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Figure 5.2-1 One cycle of the dehydration and hydration operation. X indicates mole fraction of

Mg(OH),.

Figure 5.2-1 shows a dehydration and hydration profiles of LiCI/Mg(OH), (a = 0.10). The
mole fraction of Mg(OH), after the dehydration reaction is denoted as X, [mol/mol], that of Mg(OH), at
the end of the vapor supply period is denoted as X, [mol/mol], and that of Mg(OH), after the drying
operation is denoted as X, [mol/mol]. The conversion of the hydration (Ax; [mol/mol]) is defined as
AX] = X, — Xo, and the apparent change of X by sorption (Ax, [mol/mol]) is defined as Ax; = X, — Xe.

The heat output capacity was calculated from the enthalpy changes in the reaction and upon
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the sorption of water vapor. The detail of the calculation was shown in Section 3.2.3.

5.2.3 Characterization techniques
5.2.3.1 Scanning electron microscopy
Scanning electron microscopy (SEM) was performed to identify the microstructures and
surface morphologies of the samples. A scanning electron microscope (SM-200, TOPCON Corp.) was
used. An acceleration voltage was 5-10 kV.
5.2.3.2 Powder X-ray diffraction analysis
Powder X-ray diffraction (XRD) measurements were carried out under atmospheric
conditions at room temperature using an X-ray diffractometer (Ultima IV, Rigaku Corp.) through a 26
range 10°-90° at a scan speed of 1° min ' using monochromatic Cu Ko radiation, 40 kV generator
voltage, and 40 mA current.
5.2.3.3 Measurements of specific surface area
The nitrogen adsorption isotherm at 77.4 K was measured (Omnisorp 100CX, Beckman
Coulter Inc.). The specific surface area of the samples was calculated using the BET method. Prior

to nitrogen adsorption, the samples were evacuated at 120°C for 30 min as a pretreatment.

5.3 Results

5.3.1 Repetitive dehydration—hydration measurement with thermogravimetry
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Figure 5.3-1 Dechydration and hydration profile of LiCI/Mg(OH), (= 0.10) from first cycle to
seventh cycle.
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Figure 5.3-2 Dehydration and hydration profile of LiCI/Mg(OH),

fourteenth cycle.
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Figure 5.3-3 Dechydration and hydration profile of LiCI/Mg(OH), (« = 0.10) from fifteenth cycle to

21st cycle.
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Figure 5.3-4 Dehydration and hydration profile of LiCl/Mg(OH), (« = 0.10) from 22nd cycle to 28th

cycle.
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Figure 5.3-5 Dehydration and hydration profile of LiCI/Mg(OH), (« = 0.10)
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Figure 5.3-6 Dehydration and hydration profile of LiCl/Mg(OH), (« = 0.10) from 36th cycle to 42nd

cycle.
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cycle.

118



Chapter 5 Durability of lithium chloride-modified magnesium hydroxide on repetitive reactions

Mole fraction of g(OH)2 [mol/mol]

Time [min]

0 500 1000 1500 2000 2500

From 50th to 56th cycle
Ta = 250°C, T. B 110°C, Pis = 57.8 kPa

7 300

H 250
O

Py
200 g

1150
1 100
50

0

Temperatur:

Figure 5.3-8 Dehydration and hydration profile of LiCI/Mg(OH), (« = 0.10)
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Figure 5.3-11 Dechydration and hydration profile of LiCl/Mg(OH), (« = 0.10) from 71st cycle to 77th
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Figure 5.3-12 Dehydration and hydration profile of LiCl/Mg(OH), (= 0.10) from 78th cycle to 84th
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Figure 5.3-14 Dehydration and hydration profile of LiCl/Mg(OH), (= 0.10) from 92nd cycle to 98th

cycle.
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Figure 5.3-15 Dehydration and hydration profile of LiC/Mg(OH), (« = 0.10) from 99th cycle to
105th cycle.

The Dehydration and hydration profiles of LiCl/Mg(OH), from first cycle to 105-th cycle are
shown in from Figure 5.3-1 to Figure 5.3-15. Figure 5.3-1 shows the dehydration and hydration
profile of LiCl/Mg(OH), from the first cycle to the seventh cycle. During these cycles, the value of X
decreased, while that of X, increased. The dehydration of LiCl/Mg(OH), occurred in 200 min at 250°C.
The maximum value of X, (= 0.901) was found at fourth cycle. Figure 5.3-15 illustrates the
dehydration and hydration profile of LiCI/Mg(OH), from the 99th cycle to the 105th cycle (last seven
cycles). The value of X, remained almost constant at around 0.99, while that of X, remained nearly
constant at around 0.34. It was unclear whether any further decrease in dehydration reactivity had
occurred.

Figure 5.3-16 shows the relationships between the cycle number, and X, X, AX;, respectively.
The value of X, increased from 0.040 to 0.339 during the 105 cyclic operations, while the dehydration
reactivity of LiCI/Mg(OH), decreased. On the other hand, the value of X, increased from 0.850 to

0.996 during the 105 runs. The value of Ax;, which corresponds to the heat output performance,
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increased from the first cycle (0.810) to the fourth cycle (0.901) and then decreased from the sixth cycle
(0.901) to the 105th cycle (0.657). This decrease in the value of AX, is attributed to the reduction in
the dehydration reactivity of the sample. The reason of the reduction in the dehydration reactivity is

discussed at Section 5.4.3.

Xg X, AX, [mol/mol]

Number of cycles [-]

LICUMg(OH), (« = 0.10) key A x,
T, = 250°C, T = 110°C 2
P.o = 57.8kPa ® Ax,

Figure 5.3-16 Relationships between number of cycles and Xo, X., and AX;

5.3.2 Characterization of samples
5.3.2.1 Surface morphology of the material before and after cyclic operation
Figure 5.3-17 shows SEM micrographs of LiCl/Mg(OH), (o = 0.10) before the cyclic
operation and after 1, 7, and 105 runs. The major component in the sample is Mg(OH), because the
last operations performed were hydration and drying. The needle-like crystals of LiCl were not
observed before the cyclic operation, after one run, and after seven runs, which indicates that the LiCl
was highly dispersed. On the other hand, needle-like crystals of LiCl were observed in the sample
after 105 runs.
SEM micrograph, which is magnified a 5000 times, of LiCl/Mg(OH), (« = 0.10) after 105
runs is shown in Figure 5.3-18. It was observed that only a portion of the Mg(OH), and MgO surfaces

were covered with LiCl crystals after 105 runs of cyclic operation.
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Figure 5.3-17 SEM micrograph of LiCI/Mg(OH), (= 0.10); (a) before cyclic operation, (b) after one

run of cyclic operation, (¢) after seven runs, and (d) after 105 runs. The graph is magnified a 1000

times.

Bkx ‘2 Brm 1571/ 08~

Figure 5.3-18 SEM micrograph of LiCl/Mg(OH), (= 0.10) after 105 runs. The graph is magnified
a 5000 times.

5.3.2.2 Crystal structure of the material before and after cyclic operation
Figure 5.3-19 shows the XRD pattern for LiClI/Mg(OH), before the cyclic operation and after
1, 7, and 105 runs. The major component in the sample was Mg(OH),. The characteristic peaks of
Mg(OH), and LiCIl-H,O were indeed identified in all of the samples. The peaks corresponding to LiCl
were detected slightly at only after 105 runs. These results indicate that highly dispersed LiCl on the
surface of Mg(OH), at the initial state was aggregated and needle-like LiCl crystal was formed
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gradually on the surface of Mg(OH), between the seventh cycle and 105th cycle. The characteristic
peaks for LiOH, MgCl,, and hydrated form of these species which would be products of side reactions,

were not identified in all of the patterns.

|1 Key
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Figure 5.3-19 XRD pattern of LiClI/Mg(OH),; (a) before cyclic operation, (b) after first cyclic

operation, (c) after seventh cyclic operation, and (d) after 105th cyclic operation.

5.3.2.3 Specific surface area of the material before and after cyclic operation

Table 5.3-1 Specific surface area of materials before and after cyclic operation.

Number of cycle [] As prepared 1 7 105
Specific surface area [m” g '] 24.6 55.7 55.6 51.6

Table 5.3-1 shows the specific surface area of the materials before and after the cyclic
operation. The major component in the sample was Mg(OH),. The surface area of the sample was
increased by one run of the cyclic operation. The first dehydration was divided the original grains into
smaller grains. Subsequently, the specific surface areas were almost the same from the first cycle to

the 105th cycle.

5.4 Discussion

5.4.1 Comparison with authentic magnesium hydroxide
In a previous study [2], the durability of authentic Mg(OH), was examined. Authentic
Mg(OH), was dehydrated at 350°C for 60 min and hydrated at 110°C for 60 min under a vapor pressure
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of 57.8 kPa. The conversion of the hydration reaction was around 0.50 in twelve runs of cyclic
operation. In another previous study [3], high-purity Mg(OH), was dehydrated at 350°C and hydrated
at 110°C for 60 min under a vapor pressure of 48 kPa. High-purity MgO gave a conversion of
approximately 0.50 for hydration at the 70th cycle. Reactivity of the material decreased during the
initial five cycles. The LiCl/MgO showed higher conversion of hydration (AX;) than authentic MgO
did. For example, AXx; was 0.874 after 12 runs of cyclic operation and AX; was 0.704 after 70 runs.

LiCl/Mg(OH), (or LiCI/MgO) is thus a promising material for a thermochemical energy storage.

5.4.2 Change of heat output capacity

Cycle No. 1

Cycle No. 6

Cycle No. 40

Cycle No. 70

Cycle No. 99

[0 Water sorption
B Hydration of MgO

Cycle No. 105

0 200 400 600 800 1000 1200 1400
Heat output capacity [kJ kg'1]

Figure 5.4-1 Heat output capacity of LiCI/Mg(OH), (e = 0.10) after cyclic operations.

Figure 5.4-1 shows the heat output capacity of LiICI/Mg(OH), (« = 0.10) after the first, sixth,
40th, 70th, 99th, and 105th runs of the cyclic operation. The initial value of the heat output capacity
was 1.25 x 10° kJ kg ™', and the value of the heat output capacity at the 105th cycle was 986 kJ kg ™.
The heat output capacity thus decreased by 21.1% from the first cycle to the 105th cycle. The
maximum heat output capacity value was found to be 1.37 x 10° kJ kg™' (9.4% more than initial value)
at the sixth cycle and the minimum heat output capacity value was 962 kJ kg ' (23% less than initial
value) at the 99th cycle. The heat output capacity at 99th cycle and 105th cycle was lower than the
target value of heat output capacity (£ 20% compared with initial value). The durability of the
LiCl/Mg(OH), (= 0.10) is needed to be improved in future work.

5.4.3 Change of surface state
From the SEM micrograph (Figure 5.3-17(d) and Figure 5.3-18), only a portion of the
Mg(OH), and MgO surfaces were covered with LiCl after 105 runs of cyclic operation. This result is
corresponding to the XRD pattern (Figure 5.3-19) of the sample after 105 runs, which indicated the
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formation of LiCl anhydride crystals. As discussion at Section 2.4.3, the uniform LiCl-coating
accelerated the dehydration of Mg(OH),. From SEM micrographs, it was indicated that highly
dispersed LiCl on the surface of Mg(OH), at the initial state was aggregated and needle-like LiCl crystal
was formed gradually on the surface of Mg(OH), between the seventh cycle and 105th cycle (Section
5.3.2.1). A part of surface of Mg(OH), was uncovered with LiCl. The change of the surface state
was thought to be decreased the dehydration reactivity of the sample. Thereby, the heat output
capacity of LiCI/Mg(OH), (« = 0.10) decreased by 21.1% in the 105 runs.

On the other hand, the specific surface areas were almost the same from the first cycle to the
105th cycle (Table 5.3-1). This result indicates that the effect of sintering on decreasing dehydration
reactivity is smaller than the effect of the changes of surface state.

Consequently, a regeneration of surface state is needed. For example, excess vapor is
supplied to the material, and LiCl is deliquesced. Then the sample is dried, and homogeneously
dispersed LiCl on the surface is obtained like material at the initial state.

One candidate method is that LiCl crystals are dissolved into water, and then water will be removed by

evaporation. This procedure can disperse LiCl again.

5.5 Summary

In this chapter, the effect of 105 runs of a cyclic dehydration and hydration operation on
LiCl/Mg(OH), was examined. The heat output capacity of the material decreased by 21.1%, from 1.25
x 10° kI kg ' to 986 kJ kg, in the 105 runs of the cyclic operation.

A SEM micrograph revealed that LiCl was highly dispersed on the Mg(OH), grains before the
cyclic operation. In contrast, needle-like crystals of LiCl were observed on the Mg(OH), grains after
105 runs of the cyclic operation. The XRD pattern showed no characteristic peak for LiCl in the
sample prior to the cyclic operation. However, the peak did appear in the sample after 105 runs of the
cyclic operation. These results indicate that highly dispersed LiCl on the surface of Mg(OH), at the
initial state was aggregated and needle-like LiCl crystal was formed gradually on the surface of
Mg(OH), during 105 runs of cyclic reactions. This change was thought to be decreased the reactivity
of the material. The specific surface area of the material was almost unchanged between the first and
105th cycles. Hence, this sintering was thought to be a minor effect compared with the change in the
surface state. Formed needle-like crystals of LiCl is needed to disperse again for regeneration of the
material. A regeneration of surface state is needed to improve durability property of LiCl/Mg(OH), («
= 0.10). For example, excess vapor is supplied to the material, and LiCl is deliquesced. Then the
sample is dried, and homogeneously dispersed LiCl on the surface is obtained like material at the initial

state.
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Chapter 6 Rare earth mixed hydroxide for

thermochemical energy storage

6.1 Introduction

Authentic magnesium hydroxide (Mg(OH),) and Lithium chloride-modified magnesium
hydroxide (LiCI/Mg(OH),) were studied as a thermochemical energy storage materials (TCMs) at
previous chapters (Chapters 2, 3, and 4). However, these materials require water vapor pressure
(Pm20) at Pmao = 31.2 kPa for hydration. It means the thermochemical energy storage (TcES) system
requires heat over 70°C for evaporation of water for the hydration, and extra heat sources such as
exhaust heats from cooling media of internal combustion engines, polymer electrolyte fuel cells, or
industrial plants are needed for the water evaporation. However, it is hard to prepare these heat
sources on the requirement for hydration operation. Hence, it is necessary to develop new materials
that can be used at a lower water vapor pressure (lower heat source temperature) for hydration, that is,
heat output operation.

Batsanov et al. [1] and Yamamoto et al. [2] reported that the temperatures of first dehydration
for rare earth hydroxides (Tg) proceeds at 250-410°C (Table 6.1-1). Thus, rare earth hydroxides
would store thermal energy from chemical plants, steel plants, and light-water reactors. Nagao et al.
reported that La,O3 shows high hydration reactivity at 25°C with saturated water vapor [3]. However,
a technical problem is that the first dehydration of La(OH); does not proceed enough at 300°C or lower
temperatures [4]. Pure La(OH); is not suitable for TCM to store industrial waste heat lower than
300°C.

The dehydration (endothermic reaction) and hydration (exothermic reaction) of a rare earth

(R) hydroxide (R(OH)s, R indicates a rare earth element) is expressed generally as follows:

R(OH), (s) == ROOH (s) + H,0 (g) (6-1)

ROOH (s) —— %R203 (s) + %HZO (2) (6-2)

The second dehydration of rare earth hydroxides generally occur at over 400°C [1]. In this chapter,
only the first dehydration of rare earth hydroxides was studied because this study’s main subject is heat

storage at lower than around 300°C.
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Table 6.1-1 Temperatures of first dehydration for rare earth hydroxides (R(OH);).

Metal (R) Y La Nd Sm Gd Dy Ho Er Tm  Reference
Te [°C] 310 410 375 345 330 295 290 250 270 [1]
Te [°C] 264 310 335 290 270 [2]

As mentioned at Chapter 1, TCMs based on mixed hydroxides such as magnesium-cobalt and
magnesium-nickel mixed hydroxides can store thermal energy at 280°C [5], and dehydration
temperatures of brucite-type hydroxides are affected by electronegativity of cation. The relationship of
temperatures of first dehydration for rare earth hydroxides in Table 6.1-1 and electronegativity of cation
are shown in Figure 6.1-1. Temperatures of first dehydration are decreased with increase of

electronegativity of cation.

O Batsanov et al. (1967) [1]
B Yamamoto et al. (1985) [2]
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Figure 6.1-1 Relationship between electronegativity of cation and first dehydration temperature for

rare earth pure hydroxide. The values of electronegativity in a reference [6] are employed.

Figure 6.1-2 The Y(OH);-type structure [7].

It is known that rare earth hydroxides have a same structure, yttrium hydroxide (Y(OH);-type
structure, Figure 6.1-2) [8]. Ionic radiuses of lanthanum (La), neodymium (Nd), gadolinium (Gd), and
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yttrium (Y) are shown in Table 6.1-2. Their radius was 1.10 £ 0.07 A. Lanthanum hydroxide
(La(OH)3), neodymium hydroxide (Nd(OH);), gadolinium hydroxide (Gd(OH)s), and yttrium hydroxide
(Y(OH);) have same structure and similar ionic radius. Hence, different rare earths are able to be
mixed together under wide mixing ratio, and rere earth mixed hydroxides can be prepared. The
dehydration/hydration reactivity of rare earth mixed hydroxides can be enhanced by modifying the
metal ion composition. Table 6.1-3 shows crustal abundances of rare earth, common metals, and
uranium. The abundances of Y, La, Nd and Gd are smaller than that of magnesium (Mg), aluminum
(Al), and iron (Fe), while the abundances of the rare earth metals are similar to that of cobalt (Co), and
bigger than uranium (U). The abundances of rare earth elements are not extremely “rare”. Therefore,

La(OH);, Nd(OH);, Gd(OH);, Y(OH); and their mixed hydroxides would be candidates for TCMs.

Table 6.1-2 Ionic radiuses of La, Nd, Gd, and Y (coordination number: 6) [9].
Metal ion La Nd Gd Y
r[A] 1.17 1.12 1.08 1.04

Table 6.1-3 Crustal abundances of rare earth, common metals, and uranium [9].

Element Mg Al Fe Co U
crustal abundance [ug g '] 3.2x10*  84x10"  7.1x10" 29 0.91
Element Y La Nd Gd
crustal abundance [ug g'] 20 16 16 33

Reaction enthalpies of Eq. (6-1) for rare earth pure/mixed hydroxides are needed to evaluate
heat output capacities of TCMs. Reaction enthalpies can be calculated from formation enthalpies of
hydroxides and oxyhydroxides. However, only few values of them are known (Table 6.1-4). Thus,

reaction enthalpies (reaction heats) of the rare earth pure/mixed hydroxides are needed to measure.

Table 6.1-4 Standard enthalpies of formation for rare earth pure hydroxides and oxyhydroxides.

Compound AH; [kImol''] Reference Compound AH; [kImol'] Reference
La(OH); —1343.29 [10] Nd(OH);3 —1403.7 [13]
La(OH); —1415.5 [11] Nd(OH);3 —1436 [12]
La(OH); ~1442 [12] Gd(OH), ~1410 [12]
LaOOH —1045.45 [10] Y(OH), —1398.96 [10]
LaOOH —1078.6 [11] YOOH —1101.96 [10]

In this chapter, rare earth pure/mixed hydroxides were prepared by the
precipitation/coprecipitation method. Microstructures and surface morphologies of the samples were

identified by scanning electron microscopy. The crystal structures of the samples were examined by
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powder X-ray diffractometry. Infrared (IR) spectroscopy was performed to clarify formation of
homogeneous mixed hydroxides. Thermal decomposition profiles and dehydration/hydration behavior
of the rare earth pure/mixed hydroxides were measured by thermogravimetry. Reaction heats of the
samples were measured by differential scanning calorimetry. Then heat output capacities of the

samples were evaluated.

6.2 Experimental

6.2.1 Sample preparation

Rare earth pure/mixed hydroxides, La,Nd; x(OH);, LayGd,«(OH);, and LasY«(OH); (X = 0,
0.25, 0.50, 0.75, 1), were prepared by the precipitation/coprecipitation method. La(NOj);-6H,O
(99.9%, Wako Pure Chemical Industries, Ltd.), Nd(NO;);-6H,O (99.5%, Wako Pure Chemical
Industries, Ltd.), GA(NO3);-6H,0 (99.5%, Wako Pure Chemical Industries, Ltd.), and Y(NOs3);-nH,O
(99.9%, Wako Pure Chemical Industries, Ltd.) were used as precursors of the hydroxides. The value
of n was determined previously by thermogravimetry, and it was 5.29. An aqueous solution of the rare
earth nitrate(s) was added to 1 M aqueous NaOH solution. The resulting precipitates were washed five
or more times with pure water and thermally decomposed by heating at 800°C for 5 h. Then,
hydrothermal treatment was performed by using an PTFE autoclave (inner diameter 34 mm x depth 80
mm). 1 g of thermal decomposition product and 30 mL of water were charged into the autoclave.
Hydrothermal conditions for each sample are shown in Table 6.2-1. The sample preparation procedure

for rare earth pure/mixed hydroxides is shown in Figure 6.2-1 as a flowchart.

Table 6.2-1 Hydrothermal conditions for La,Nd;(OH);, LayGd, «(OH);, and La,Y;«(OH); without
Y(OH);.

x=0 x=025 X =0.50 x=0.75 x=1

La,Nd,.«(OH); 120°C, 3 h 120°C, 3 h 120°C, 3 h 120°C, 3 h 120°C, 3 h
La,Gd,.«(OH); 160°C,24h  120°C,3 h 120°C, 3 h 120°C, 3 h 120°C, 3 h
La,Y . «(OH) - 180°C,24h  120°C,3h 120°C, 3 h 120°C, 3 h
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Nd(NO,)5-6H,0, 1 M NaOH,,
Gd(NO;);-6H,0,
. S
"
Pure water —
Precipitate

> 3 times | washing

F

Thermal decomposition | 800°C, 5 h

Hydrothermal treatment

v

Rare earth pure/mixed hydroxides

Figure 6.2-1 Sample preparation procedure for La,Nd;4«(OH); (x = 0, 0.25, 0.50, 0.75, 1),
LayGd, x(OH); (x =0, 0.25, 0.50, 0.75, 1), and La,Y; x(OH); (x =0.25, 0.50, 0.75, 1).

For Y(OH); preparation, an aqueous solution of the Y(INO;); was added to 1 M aqueous NaOH solution.
The resulting precipitate was hydrothermally treated at 160°C, 24 h, and thermal decomposition was not
performed. The obtained powders were washed three times with pure water. The sample preparation

procedure for Y(OH); is shown in Figure 6.2-2 as a flowchart.

Y(NOs)saq 1M NaOH,,

——]

Precipitate

Hydrothermal treatment

3 times washing

L

y

Y(OH),

Figure 6.2-2 Sample preparation procedure for Y(OH);.

Authentic Mg(OH), (0.07-um diameter, 99.9%, Wako Pure Chemical Industries, Ltd.) was

examined as a reference material.
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6.2.2 Characterization
6.2.2.1 Scanning electron microscopy
Scanning electron microscopy (SEM) was performed to identify the microstructures and
surface morphologies of the samples. A scanning electron microscope (SM-200, TOPCON Corp.) was
used. An acceleration voltage was 8 kV. The samples were pretreated at 120°C for 30 min (or more).
6.2.2.2 Powder X-ray diffraction analysis
Powder X-ray diffractometry (XRD) measurements were carried out using an Ultima IV
diffractometer (Rigaku Corporation). For a qualitative analysis, the 2@ range was at 10-90° and a scan
speed was 0.5° min ', For a lattice constant measurement, the step scan was employed with 26 range
at 35-90° with step width of 0.01°. A diffracted X-ray was counted among 3 s for each angle. Si
crystal was used for an internal standard. The measurement of lattice constant was performed at 21 +
2°C. Monochromatic CuK « radiation was used, and the generator voltage and current were 40 kV and

40 mA, respectively.

6.2.2.3 Infrared spectroscopy
Infrared (IR) spectroscopy was performed by using Fourier transform (FT) IR
spectrophotometer (FT/IR-4200, JASCO Corporation). Resolution of spectrum was 1 cm . The
powder samples were mixed with KBr powder, and disk was prepared by compression of powder

mixture. The measurements were carried out under atmospheric condition at room temperature.

6.2.3 Thermal decomposition measurement with thermogravimetry
The thermal decomposition curves for the samples as hydroxide state were measured by
thermogravimetry (TG) using a TGD9600 thermobalance (Ulvac-Riko Inc.). Before the analysis, the
samples were dried at 120°C for 30 min to remove the adsorbed water. The samples were heated to
400°C at the rate of 5°C min' under argon gas flow (flow rate: 100 mL min ).
The mole fraction of the hydroxide (X [mol/mol]) was calculated from the weight change in

the samples.

(6-3)

X [%] {H—AW/(”'MWJ

Wini / M hydroxide

Here, Aw [g]: weight change in the sample, n [-]: the stoichiometric factor (1 for Mg(OH),; 1.5 for rare
earth pure/mixed hydroxides), Myso [g molfl] the molecular weight of water, Myygroxide [ molfl]: the
molecular weight of the pure/mixed hydroxide, and Wy, [g]: the initial sample weight, respectively.
For rare earth compounds, X = 1, 0.33, or 0 would imply that the sample is a pure hydroxide,
oxyhydroxide, or pure oxide, respectively.

In this study, the temperature at which the derivative thermogravimetric curve shows a

maximum is defined as the first dehydration temperature (Tg).
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6.2.4 Dehydration—-hydration measurement with thermogravimetry

Dehydration-hydration behavior of the samples as hydroxide state was determined by
thermogravimetry. The dehydration operation was carried out at 300°C (T4 = 300°C) for 30 min, and
the hydration-operation was performed at 110°C (T, = 110°C) for 80 min. During hydration operation,
a mixture of water vapor and argon (carrier gas) at a water vapor pressure (Pmo) of 7.4 kPa was
introduced. This vapor pressure corresponds to the saturated water vapor pressure at 40°C.  After the
hydration operation had completed, the vapor supply was stopped, and dry argon gas was introduced at
the same hydration operation temperature (110°C) for 50 min to remove the adsorbed water (drying
operation). The dehydration-hydration-drying operation was carried out at heating and cooling rates of
20°C min ' and at an argon gas flow rate of 100 mL min ™"

Figure 6.2-3 shows an example of dehydration and hydration profiles for rare earth mixed
hydroxide. The definition of the mole fraction of hydroxide (X) is same as Eq. (6-3). The mole
fraction of hydroxide after the dehydration reaction is denoted as X, [mol/mol], that of hydroxide at the
end of the vapor supply period is denoted as X, [mol/mol], and that of hydroxide after the drying
operation is denoted as X, [mol/mol]. The conversion of the dehydration (AX4 [mol/mol]) is defined as
AX4 = 1 — Xo, the conversion of the hydration (AX; [mol/mol]) is defined as AX; = X, — X, and the
apparent change of X by adsorption (AX; [mol/mol]) is defined as AX; = X, — X..

The heat output capacity was calculated from the enthalpy changes in the reaction and upon
the adsorption of water vapor. In this chapter, the heat output capacity was expressed as heat output
[kJ] per unit initial weight of the sample (rare earth pure/mixed hydroxide) [kg]. It was assumed that

the enthalpy change of the adsorption of water vapor was equal to that of the condensation of water.

Qtolal :Qr + Qa (6—4)
—AH
Q= x4, (6-5)
sample
—AH
Q.= v =xAX, (6-6)

sample

Here, Quu [kJ kg ']: heat output capacity of the material, Q, [kJ kg ']: heat output by reaction, Q, [kJ
kg ']: heat output by adsorption, AH, [kJ mol ']: enthalpy change by reaction, AH, [kJ mol']: enthalpy
change by adsorption, AX; [mol/mol]: change of X by hydration; AX, [mol/mol]: apparent change of X
by adsorption, Mgmpie [kg mol ']: molecular weight of the sample. ~ Since some of enthalpy changes by
reaction for rare earth pure/mixed hydroxides are unknown, reaction heats were measured at Section

6.2.5.
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Figure 6.2-3 Example of dehydration and hydration profiles for rare earth mixed hydroxide. X

indicates mole fraction of hydroxide.

6.2.5 Measurement of reaction heat with differential scanning calorimetry
The reaction heats (dehydration heats) of rare earth pure/mixed hydroxides were measured by
differential scanning calorimetry (DSC). A differential scanning calorimeter (Thermo plus DSC8320,
The

samples were heated to 500°C at the rate of 5°C min ' under argon gas flow (flow rate: 100 mL min ™).

Rigaku Corporation) was used. The samples were charged into Al pans, and closed by Al lids.
The measurement was performed five times. Average value and standard deviation (o) of reaction

heats were evaluated. In this chapter, error-bar indicates 3c.

6.3 Results

6.3.1 Characterization
6.3.1.1 Surface morphology of rare earth mixed hydroxide
SEM micrographs of authentic La,Nd; «(OH)s, La,Gd; x(OH)s, and La,Y.x«(OH); (x =0, 0.25,
0.50, 0.75, 1) are shown in from Figure 6.3-1 to Figure 6.3-6. Secondary particles were consisted of
spherical primary particles for La,Nd,(OH); (x = 0, 0.25, 0.50, 0.75, 1), Lag75Gdy,5(OH);, and
Lap75Y025(0OH);.  On the other hand, secondary particles were consisted of columnar crystals for
La,Gd; x«(OH); (x = 0.50, 0.75, 1), and La,Y,x(OH); (x = 0.50, 0.75). Larger columnar crystals were

observed for Y(OH)s, and their size were around 10 pm.
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Figure 6.3-1 SEM micrographs of authentic La,Nd; «(OH); (x =0, 0.25, 0.50, 0.75, 1). The graph is
magniﬁed a 1000 times. a) La(OH)3, b) L30.75Nd0.25(OH)3, C) La()_s()Nd()_s()(OH)3, d) Lao.zsNd0.75(OH)3,
e) Nd(OH);.
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Figure 6.3-2 SEM micrographs of authentic La,Nd; x(OH); (x =0, 0.25, 0.50, 0.75, 1). The graph is
magnified a 10000 times. a) La(OH)s, b) Lag 7sNdg 25(OH)s, ¢) Lag 5oNdo s0(OH)s, d) Lag 25Ndo 75(OH)s,
¢) Nd(OH)s.
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Figure 6.3-3 SEM micrographs of authentic La,Gd; «(OH); (x =0, 0.25, 0.50, 0.75, 1). The graph is
magniﬁed a 1000 times. a) La(OH)3, b) L30.75Gd0.25(OH)3, C) Lao_s()Gdo_s()(OH)3, d) Lao.szd0.75(OH)3,
e) Gd(OH);.
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Figure 6.3-4 SEM micrographs of authentic La,Gd; x(OH); (x =0, 0.25, 0.50, 0.75, 1). The graph is
magnified a 10000 times. a) La(OH)s, b) Lag 75Gdg 25(OH)s, ¢) Lag 50Gdo s0(OH)s, d) Lag 25Gdy 75(OH)s,
¢) Gd(OH);.
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Figure 6.3-5 SEM micrographs of authentic La,Y;4(OH); (x = 0, 0.25, 0.50, 0.75, 1). The graph is

magnified a 1000 times. a) La(OH)s, b) Lag75Y25(OH)s, ¢) LagsoYo.50(OH)s, d) Lag2sYo.75(OH)s, €)
Y(OH)s.
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Figure 6.3-6 SEM micrographs of authentic La,Y;(OH); (x = 0, 0.25, 0.50, 0.75, 1). The graph is
magnified a 10000 times. a) La(OH);, b) Lag75Y025(OH)s, ¢) Lags0Y0.50(OH)s, d) LagasYo.75(OH);, €)
Y(OH);.
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6.3.1.2 Crystal structure of rare earth mixed hydroxide
The XRD patterns for La,Nd, x(OH); is shown in Figure 6.3-7. The reference XRD patterns
indicate literature value of La(OH); and Nd(OH);, and they are known to have an Y(OH); structure
(P63/m). All of the samples showed the Y(OH);-type structure. The peaks for the mixed hydroxides
were not separated into individual La(OH); and Nd(OH); peaks. The peak positions shifted to the
higher-angle side when the Nd ion composition was increased, indicating that the samples were

Y (OH);-type pure/mixed hydroxides.

La Nd,_(OH),

Reference (La(OH),)
(ICDD 00-036-1481)

—1——1&1‘4&—.&&—*—.‘ X=1
_.L__}LA_AL_J\._A.._.A._A_A_‘_ x=0.75

x=0.50

L x=0.25

—L—L.LJALAA~A~ x=0

| || | Reference (Nd(OH),)
s i L o B o Lo Do s B g Do Dn o e | (IGEID) BB X563,

10 20 30 40 50 60 70 80 90
20 [degree]

Figure 6.3-7 XRD patterns for La,Nd, «(OH); and references (La(OH); and Nd(OH);).

Intensity [a.u.]

The XRD patterns for LayGd; x(OH); is shown in Figure 6.3-8. The reference XRD patterns
indicate literature value of La(OH); and Gd(OH);, and they are known to have an Y(OH); structure.
The peaks for the mixed hydroxides were not separated into individual La(OH); and Gd(OH); peaks.
The peak positions shifted to the higher-angle side when the Gd ion composition was increased,

indicating that the samples were Y(OH);-type pure/mixed hydroxides.
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Figure 6.3-8 XRD patterns for La,Gd, «(OH); and references (La(OH); and Gd(OH);).

The XRD patterns for La,Y;.x«(OH); is shown in Figure 6.3-9. The reference XRD patterns
indicate literature value of La(OH); and Y(OH)s, and they are known to have an Y(OH); structure.  All
the samples showed the Y(OH);-type structure. The peaks for the mixed hydroxides were not
separated into individual La(OH); and Y(OH); peaks. The peak positions shifted to the higher-angle
side when the Y ion composition was increased, indicating that the samples were Y(OH);-type
pure/mixed hydroxides.

A shift of lattice constant for LayY;4(OH); is shown in Figure 6.3-10. The lattice constant
of the hydroxide was decreased linearly with increase in Y content. This result suggests a formation of

mixed hydroxides with homogeneous composition.
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Figure 6.3-9 XRD patterns for La,Y;«(OH); and references (La(OH); and Y(OH);).
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Figure 6.3-10 Shift of lattice constant for La,Y | x(OH);; (a) a-axis, (b) c-axis.
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6.3.1.3 Infrared spectroscopy
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Figure 6.3-11 FT-IR spectra of LaNd;«(OH)s;; (a) La(OH);, (b) Lay75Ndgo5(OH);, (c)

Lag 50Ndg.50(OH)s, (d) Lag,5Ndg 75(OH)s, () Nd(OH)s. (i) 4000-400 cmﬁl, (i1) 4000-3000 cm .

The FT-IR spectra of La,Nd;«(OH); is shown in Figure 6.3-11. The peak positions of
La,Nd,.«(OH); for fundamental of OH vibration were at around 3610 cm . The absorption peaks for
the mixed hydroxides were not separated into individual La(OH); and Nd(OH); peaks. These results

agree with the results of XRD measurement. The mixed hydroxides with homogeneous composition

were obtained.
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Figure 6.3-12 FT-IR spectra of LaGd;«(OH);; (a) La(OH)s;, (b) Lag75Gdyo5(OH)s, (c)

Lay 50Gdo.so(OH)s, (d) Lag »5Gdo 75(OH)s, (€) GA(OH)s. (i) 4000400 cm ', (ii) 4000-3000 cm .

The FT-IR spectra of La,Gd;«(OH); is shown in Figure 6.3-12. The peak positions of
La,Gd, x(OH); for fundamental of OH vibration were at around 3610 cm ', The absorption peaks for
the mixed hydroxides were not separated into individual La(OH); and Gd(OH); peaks. These results
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agree with the results of XRD measurement. The mixed hydroxides with homogeneous composition

were obtained.
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Figure 6.3-13 FT-IR spectra of LaXYl_X(OH)3; (a) La(OH)3, (b) La0.75Y0.25(OH)3, (C) La0,50Y0,50(OH)3,
(d) Lag»5Y o 25(OH)s, (¢) Y(OH)s. (i) 4000-400 cm™, (ii) 4000-3000 cm ™.

The FT-IR spectra of La,Y,«(OH); is shown in Figure 6.3-13. The peak positions of
LasY | x(OH); for fundamental of OH vibration were at around 3610 cm . The absorption peaks for
the mixed hydroxides were not separated into individual La(OH); and Y(OH); peaks. These results
agree with the results of XRD measurement. The mixed hydroxides with homogeneous composition

were obtained.

6.3.2 Thermal decomposition measurement with thermogravimetry
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Figure 6.3-14 Thermal decomposition curves for La,Nd;_«(OH)s.
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Thermal decomposition curves for La,Nd;4(OH); are shown in Figure 6.3-14.

The

dehydration started at lower temperature when the Nd ion composition in La,Nd, «(OH); was increased.
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Figure 6.3-15 Thermal decomposition curves for La,Gd;_«(OH)s.

Thermal decomposition curves for La,Gd;4(OH); are shown in Figure 6.3-15.

The

dehydration started at lower temperature when the Gd ion composition in La,Gd; x(OH); was increased.

The effect of the Gd ion composition on the temperature shift for dehydration was greater than that of

the Nd ion composition.
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Ar flow 100 mL min™
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Figure 6.3-16 Thermal decomposition curves for La,Y4(OH);.

Thermal decomposition curves for LasY;4(OH); are shown in Figure 6.3-16.

The

dehydration started at lower temperature when the Y ion composition in La,Y;4(OH); was increased.
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The effect of the Y ion composition on the temperature shift for dehydration was greater than that of the

Nd ion and Gd ion composition.
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Figure 6.3-17 Thermal decomposition curves for LagsoNdgso(OH)s, Lags0Gdgso(OH)s,

Lag 50Y¢.50(OH); and Mg(OH),.

The thermal decomposition curves for Lag soNdg s0(OH)s, Lags50Gdg.s0(OH)s, LagsoYo.50(OH);
and Mg(OH), are shown in Figure 6.3-17. Lags0Y.50(OH); started dehydration at lower temperature
than Mg(OH),.

6.3.3 Dehydration-hydration measurement with thermogravimetry
Figure 6.3-18 shows the dehydration-hydration behavior of LayNd; «(OH);. Dehydration of
La,Nd,; x(OH); did not proceed to completion even upon heating at 300°C for 30 min. La(OH); and
Lay 75Ndg 25(OH); showed the value of X, more than 0.9.
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Figure 6.3-18 Dehydration and hydration behavior of La,Nd;_«(OH);.

145



Chapter 6 Rare-earth mixed hydroxide for thermochemical energy storages

Figure 6.3-19 shows dehydration and hydration behavior of LayGd,x(OH);s.
Lag»5Gdo 75(OH); and Gd(OH); proceeded first dehydration well (Xo = 0.33). However, Gd(OH); did
not hydrate enough.
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Figure 6.3-19 Dehydration and hydration behavior of La,Gd; x(OH);.

Figure 6.3-20 shows dehydration and hydration behavior of La,Y | «(OH);. Lags0Y.50(OH);,
Lag25Y0.75(OH)3, and Y(OH); proceeded first dehydration well (X, = 0.33). However, Lag5Y.75(OH);
and Y(OH) did not hydrate enough.
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Figure 6.3-20 Dchydration and hydration behavior of La,Y«(OH)s.
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Figure 6.3-21

shows

dehydration and hydration behavior
Lay 50Gdo.50(OH)s, Lag50Y0.50(OH)3, and Mg(OH),.

of LagysoNdoso(OH)s,

Mg(OH), did not dehydrate enough at 300°C and

did not hydrate enough at 110°C with water vapor pressure of 7.4 kPa.
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6.3.4 Measurement of reaction heat with differential scanning calorimetry
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Figure 6.3-22 DSC profiles of La(OH); under Ar flow.

150 200 250 300 350 400 450 500
Temperature [°C]

DSC profiles of La(OH); are shown in Figure 6.3-22. The negative value of specific heat

flow indicates endothermic process. Endothermic peaks were found at 360-410°C.
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Figure 6.3-23 DSC profiles of Laj 75Ndy»5(OH); under Ar flow.

DSC profiles of Lag75Ndg»s(OH); are shown in Figure 6.3-23. Endothermic peaks were

found at 360—400°C. There were two peaks in the DSC curve of Laj75Ndg25(OH)s.

XRD measurement and FT-IR measurement, the composition of the sample was homogeneous.

From results of

Thus,

the two peaks would be consists of amorphous Lag75sNdj,5(OH); and crystalline Lag75Ndg25(OH)s.
Both amorphous Lag7sNdg,5(OH); and crystalline Lag;5Ndg,s5(OH); would be formed at the

hydrothermal process.
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Figure 6.3-24 DSC profiles of Lay 5oNdy so(OH); under Ar flow.

DSC profiles of Lags5oNdoso(OH); are shown in Figure 6.3-24. Endothermic peaks were

found at 360—400°C.
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Figure 6.3-25 DSC profiles of Laj,sNdy75(OH); under Ar flow.

DSC profiles of LagysNdg75(OH); are shown in Figure 6.3-25. Endothermic peaks were
found at 350-390°C.
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Figure 6.3-26 DSC profiles of Nd(OH); under Ar flow.

DSC profiles of Nd(OH); are shown in Figure 6.3-26. Endothermic peaks were found at
350-390°C.
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Figure 6.3-27 DSC profiles of Laj 75Gdy25(OH); under Ar flow.

DSC profiles of Lag75Gdo,s(OH); are shown in Figure 6.3-27. Endothermic peaks were
found at 360-410°C. There were two peaks in the DSC curve of Lag75Gdg25(OH); as the DSC curve
of Lag75Ndg,5(OH);. Same as Lag7sNdg,5(OH)s, the two peaks would be consists of amorphous
Lay 75Gdg25(OH); and crystalline Lag 75Gdg25(OH);.  Both amorphous Lag 75Gdg25(OH); and crystalline
Lay 75Gdg25(OH); would be formed at the hydrothermal process.
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Figure 6.3-28 DSC profiles of Lay 50Gdy.so(OH); under Ar flow.

DSC profiles of Lags50Gdoso(OH); are shown in Figure 6.3-28. Endothermic peaks were
found at 350-420°C.
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Figure 6.3-29 DSC profiles of Laj,5Gdy 75(OH); under Ar flow.

DSC profiles of Lagy5Gdg75(OH); are shown in Figure 6.3-29. Endothermic peaks were

found at 330-410°C.
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DSC profiles of GA(OH); are shown in Figure 6.3-30. Endothermic peaks were found at
350-370°C. There were two peaks in the DSC curve of Gd(OH);. Same as Laj75sNdg25(OH)s, the two

peaks would be consists of amorphous Gd (OH); and crystalline Gd (OH);.

Both amorphous Gd(OH);

and crystalline Gd(OH); would be formed at the hydrothermal process.
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Figure 6.3-31 DSC profiles of Laj 75Y25(OH); under Ar flow.

DSC profiles of Lag75Yo25(OH); are shown in Figure 6.3-31.
found at 300—430°C.
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Figure 6.3-32 DSC profiles of Lags0Y.50(OH); under Ar flow.

DSC profiles of LagsoYos50(OH); are shown in Figure 6.3-32. Endothermic peaks were
found at 290-420°C.
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Figure 6.3-33 DSC profiles of Laj,5Y.75(OH); under Ar flow.

DSC profiles of Lag,5Yo75(OH); are shown in Figure 6.3-33. Endothermic peaks were
found at 280—400°C.
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Figure 6.3-34 DSC profiles of Y(OH); under Ar flow.
DSC profiles of Y(OH); are shown in Figure 6.3-34. First endothermic peaks (Y(OH); —

YOOH) were found at 260-340°C. Then, second endothermic peaks (YOOH — 1/2Y,0;) were found
at 400-500°C.
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6.4 Discussion
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Figure 6.4-1 Relationship between composition of hydroxide and first dehydration temperature.
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Figure 6.4-2 Relationship between electronegativity of cation and first dehydration temperature for

rare earth pure/mixed hydroxides.

A relationship between composition of hydroxide and first dehydration temperature is shown
in Figure 6.4-1. First dehydration temperature decreased with increase of Nd, Gd, or Y ion
concentration. The effect on reduction of first dehydration temperature for each metal ion was found

as follows: Y ion > Gd ion > Nd ion. The dehydration reactivity of materials would be enhanced by
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adjusting the metal ion composition in the mixed hydroxide. This phenomenon is analyzed by a
viewpoint of electronegativity of cation. Figure 6.4-2 shows a relationship between electronegativity
of cation and first dehydration temperature for rare earth pure/mixed hydroxides. Electronegativity of
metal (La: 1.10, Nd: 1.14, Gd: 1.20, Y: 1.22) was obtained from a literature [6]. The electronegativity
of mixed metal can be calculated weighted average value of electronegativity of each cation [14]. For

example, electronegativity of cation for Lag 75Y(,5(OH); was calculated as follows;

Xmixcd = XXXLa + (1_ X) X XY
=0.75x 1.10 + 0.25 x 1.22 (6-7)
=1.13

here, ymixea 1S @ electronegativity of mixed metal, x;, is a electronegativity of lanthanum, yy is a
electronegativity of yttrium, respectively.

From Figure 6.4-2, first dehydration temperature for rare earth pure/mixed hydroxide was
decreased with higher value of electronegativity of cation. A regression line was obtained as below.

T, [°C]1=-830.8 y, + 1294 (6-8)
here, ¥, 1S a electronegativity of cation (., Ynd> XGd> XY»> OF Ymixed)-  Lhis trend is explained as follows.
A model of dehydration of rare rare earth pure/mixed hydroxide is shown in Figure 6.4-3. Electron
pair of oxygen in the hydroxide is attracted by “Relatively electronegative cation”. Thereby, an
electron density in a bond of O-H is relatively low, which means easy to cut the bond. The
dehydration would occur by electronic attack from oxygen to hydrogen (Figure 6.4-3). The higher
electronegative cation attracts electron pair of oxygen more, and it results the dehydration process

proceeds easily. Hence, first dehydration temperature for rare earth pure/mixed hydroxide was

decreased with higher value of electronegativity of cation.
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Figure 6.4-3 Model of dehydration of rare rare earth pure/mixed hydroxide.

6.4.2 Relationship between composition and conversion of hydration
A relationship between composition of La,Nd; x(OH); and conversion of hydration is shown
in Figure 6.4-4. These compounds did not proceed first dehydration enough. Especially, the values
of AX4 were smaller than 0.20 mol/mol for La(OH); and Lag75Ndg,5(OH);, thereby these compounds
showed little value of AX,. The values of AX; for La,Nd, «(OH); were around 0.15 mol/mol, which

indicates their potentials for heat output are low.

2
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La Nd,_(OH),,

i (o} 2o (o) —_
T, =300°C, T, =110°C, p, =7.4kPa
Figure 6.4-4 Relationship between composition of LayNd; x(OH); and conversion of hydration.
A relationship between composition of LayGd; «(OH); and conversion of hydration is shown
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in Figure 6.4-5. Laj,5Gdy75(OH); and Gd(OH); proceeded first dehydration (AX4 > 0.60 mol/mol).
On the other hand, Gd(OH); did not proceed hydration reaction well. Lag75Gdg,5(OH); showed

maximum value of AX; (0.20 mol/mol) for La,Gd; (OH);. This result indicates La-rich compounds

have potentials for hydration.
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Figure 6.4-5 Relationship between composition of LayGd; «(OH); and conversion of hydration.

A relationship between composition of La,Y4(OH); and conversion of hydration is shown in
Figure 6.4-6. La;s50Y.50(OH);, LagssYo75(OH); and Y(OH); proceeded first dehydration (AXy > 0.60

mol/mol). LagsoYo.s50(OH); showed maximum value of AX; (0.34 mol/mol) for rare earth pure/mixed

hydroxide.
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Figure 6.4-6 Relationship between composition of La,Y.4(OH); and conversion of hydration.

6.4.3 Relationship between composition and reaction heat
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Figure 6.4-7 Relationship between composition of rare earth pure/mixed hydroxide and reaction heat.
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Figure 6.4-8 Relationship between electronegativity of cation and reaction heat.

A relationship between composition of rare earth pure/mixed hydroxide and reaction heat is
shown in Figure 6.4-7. The reaction heat was around 78 kJ mol " for rare earth pure/mixed hydroxide.
From a discussion at Section 6.4.1, higher electronegative cation attracts electron pair of oxygen more,
and it results the dehydration process proceeds easily. Thus, it is expected that the reaction heat
decreases with higher value of electronegativity of cation. A relationship between electronegativity of
cation and reaction heat is shown in Figure 6.4-8. The measured reaction heats are within = 10%
value of a regression formula as below.

g, [kJ mol™'] = —62.30 %, +149.8 (6-9)

Reaction heats showed downward trend by increase of electronegativity of cation. This tendency

supports the discussion at Section 6.4.1.

6.4.4 Heat output capacity
Heat output capacities of LayNd; «(OH); and Mg(OH), are shown in Figure 6.4-9. The heat
output capacities of La,Nd; «(OH); were smaller than that of Mg(OH),. Hence, La,Nd, «(OH); are not

suitable for TCMs.
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Figure 6.4-9 Heat output capacities of La,Nd, «(OH); and Mg(OH),.

Heat output capacities of LayGd, «(OH); and Mg(OH), are shown in Figure 6.4-10. The heat
output capacities of Gd(OH)s, Lag,5Gdg75(OH);, and La(OH); were smaller than that of Mg(OH)p,.
Hence, these compounds are not suitable for TCMs. On the other hand, The heat output capacities of
Lag 50Gdg s0(OH);, and Lag75Gdg 25 (OH); were higher than that of Mg(OH),. Thus, these compounds

are expected as candidates of TCMs.
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Figure 6.4-10 Heat output capacities of La,Gd; x(OH); and Mg(OH),.

Heat output capacities of La,Y4(OH); and Mg(OH), are shown in Figure 6.4-11. The heat
output capacities of Y(OH)s;, Lag,sY75(OH);, and La(OH); were smaller than that of Mg(OH),.
Hence, these compounds are not suitable for TCMs. On the other hand, The heat output capacities of

Lags0Y0.50(OH)3, and Lag 75Y¢25 (OH); were higher than that of Mg(OH),. Thus, these compounds are
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expected as candidates of TCMs. Especially, LagsoY(s0(OH); shows highest heat capacity (282 kJ

kg ') in the rare earth pure/mixed hydroxide because of its highest value on conversion of hydration
(0.34 mol/mol).
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Figure 6.4-11 Heat output capacities of La,Y | x(OH); and Mg(OH);.

6.4.5 Rare earth elements from spent nuclear fuels
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Figure 6.4-12 Yield of each fission product from 2y [15].

Yield of each fission product from U [15] is shown in Figure 6.4-12. The rare earth
elements (Y, La, Nd, and Gd) can be obtained from spent nuclear fuels. It is known that radioactivities
of La and Nd will be lower than 0.1 Bq g, which is lower than radioisotope regulation in Japan, after

two years cooling [16]. The separation from rare earth mixture into each element is not easy because
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of their similar properties. Separation processes by chromatography [17,18] or solvent extraction
[19,20] were studied. The separation process requires a mixture of high concentration of nitric acid
and methanol. Here, rare earth mixed hydroxides such as Lags¢Gdys0(OH)s, Lag75Y¢25(OH);, or
Lags0Y0.50(OH); have potentials as TCMs, which indicates high-purity rare earth element is not essential

for TCMs. Thus, rare earth mixed hydroxide can be obtained from spent nuclear fuels relatively easily.

6.5 Summary

Rare earth hydroxides are proposed as new candidates for TCMs. Rare earth elements can
be obtained from natural resources or spent nuclear fuels. The dehydration reactivity of the hydroxides
was enhanced by adjusting the metal ion composition, which indicated that the first dehydration
temperature depends on electronegativity of cation. TCMs based on LagsoY.50(OH); dehydrated at
300°C, and hydrated at 110°C with water vapor pressure of 7.4 kPa which corresponds to saturated
vapor pressure at 40°C, and at which authentic MgO has small reactivity. Reactivity of conventional
material (Mg(OH),) was lower than Lags0Y350(OH); under these conditions. Reaction heats of rare
earth pure/mixed hydroxides showed downward trend by increase of electronegativity of cation. The
heat output capacities of Lag 50Gdo so(OH)s, Lag75Gdg25(OH)s, LagsoYos0(OH)s, and Lag75Y025(OH);
were higher than that of conventional material (Mg(OH),) at 110°C with water vapor pressure of 7.4
kPa. Thus, these compounds are expected as candidates of TCMs. Especially, LagsoY.50(OH)3
shows highest heat output capacity (282 kJ kg ') in the rare earth pure/mixed hydroxide, then, is the best
TCM in this study.
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Chapter 7 Combination of thermochemical energy storage based
on lithium chloride-modified magnesium hydroxide and small

nuclear reactors

7.1 Introduction

In past decades, water cooled reactors [1-3] and a gas cooled reactor [4] with small capacity
(5-330 MWt) were studied for district heating. Generally, nuclear plants are operated steady. On the
other hand, heat load is not steady. Load leveling by using thermochemical energy storages (TcES) is
considered as a method to overcome the problem [5,6]. However, required amount of thermochemical
energy storage material (TCM) for load leveling of small nuclear reactors has not been studied. The
required amount is needed to be studied to evaluate a potential of TCM for load leveling. In this
chapter, LiCl/Mg(OH), (a = 0.10) was considered as a TCM for load leveling because of its high heat
output capacity (1.40 x 10° kJ kg™ at Tq = 300°C, Ty, = 110°C, puzo = 57.8 kPa, and 80 min for vapor
supply) compared with rare-earth mixed hydroxides (282 kJ kg71 at Tg=300°C, T;, = 110°C, pyao = 7.4
kPa, and 80 min for vapor supply).

At the accident at nuclear power plant, it is needed to remove decay heat from the reactor.
Hydrogen was formed at the accident of Fukushima Dai-ichi nuclear power station because decay heat
couldn’t be removed by blackout. Thus, emergency core cooling system (ECCS) which can work
without power is needed. LiCl/Mg(OH), (a¢ = 0.10) is a candidate as a heat absorber because it
dehydrate (endothermic reaction) at around 300°C, which is suitable for temperature of light water
reactor (LWR), and its high heat storage capacity. Kim evaluated the required amount of a TCM
(authentic Mg(OH),) [7]. For nuclear reactor of 1000 MWt capacity, 72 ton of authentic Mg(OH), is
needed to absorb heat after 10 h shutdown [7]. The required amount of LiCl/Mg(OH), (« = 0.10) for
ECCS of small nuclear reactor is important to evaluate a possibility of LiCl/Mg(OH), (a = 0.10) as a
material for ECCS.

In this chapter, the heat load of a town was assumed by sin curve modeling, and then the
required amount of LiCl/Mg(OH), for load leveling was estimated. The decay heat from a small

nuclear reactor is calculated, and then required amount of LiCl/Mg(OH), for ECCS was evaluated.

7.2 Small nuclear reactor for district heating

7.2.1 District heating system with thermochemical energy storage
Small nuclear reactors for district heating or cogeneration were studied in the last decades.
Usually, the network of district heating is designed temperature range of 80—150°C [1-4]. Heat load is
approximately 600-1200 MWt for large cities and 10-50 MWt for towns [8]. Usually, required

164



Chapter 7 Combination of thermochemical energy storages based on lithium chloride-modified
magnesium hydroxide and small nuclear reactors

temperature of heat for space heating is 80°C, and that of heat for hot water production is 60°C [1]. In
this chapter, a small pressurized water reactor (PWR) for combined heat and power generation is
considered. A nuclear reactor at Bilibino, Russian federation was designed for cogeneration [9]. 25
MWt of heat output and 11 MWe of electric output are obtained from the reactor. In this work, a small
reactor which outputs 10 MWt of heat and 4.4 MWe of electricity, is considered (reactor power: 23.3
MWt). Temperatures at primary and secondary system are shown in Table 7.2-1. The core output
temperature is estimated at 350°C and supply temperature for district heating is estimated at 95°C. A
generating efficiency of the nuclear power plant is assumed as 0.33. It is assumed that the load of
electricity is constant. LiCI/Mg(OH), (@ = 0.10) is used as a TCM in this district heating system.
Pressurized water is used as a heat medium. Schematic diagram of district heating system with TcES
(operated for heat storage) is shown in Figure 7.2-1. The base load for district heating (10 MWt) is
supplied from PWR, and surplus heat is stored by dehydration of LiCI/Mg(OH), (= 0.10) at low-heat
demand period. The other heat is supplied for space heating, supply of hot water, and snow melting.
The temperatures at inlet and outlet of heat exchangers and flow rate of water at a peak of heat storage

are calculated from a following relationship. It is assumed that all pipes are insulated.
W, =F-C, -AT (7-1)

Here, We, [KW] is a rate of heat exchange, F [kg s '] is a flow rate of water, C, [kJ kg' K'lis a
isobaric specific heat capacity, and AT [°C] is a temperature drop at a heat exchanger, respectively.
Schematic diagram of district heating system with TcES (operated for heat output) is shown in Figure
7.2-2. The base load for district heating (10 MWt) is supplied from PWR, and additional heat is
supplied from hydration of LiClI/MgO (« = 0.10) at high-heat demand period. The obtained heat is
supplied for space heating, supply of hot water, and road heating. It is assumed that LiCl/Mg(OH), («
= 0.10) is dehydrated at around 300°C in the reactor, and LiCl/MgO (a = 0.10) is hydrated at around
140°C with water vapor pressure of 57.8 kPa. The temperatures at inlet and outlet of heat exchangers
and flow rate of water at a peak of heat storage are calculated (Eq. (7-1)). The set value of temperature

for power generation loop of the small reactor is shown in Figure 7.2-3.

Table 7.2-1 Thermal parameters of a pressurized water reactor for district heating.

Primary system Secondary system
Core inlet Core outlet
Heat output Supply temperature Return temperature
temperature temperature
[MWt] [°C] [°C] [°C] [°C]
10 300 350 95 65

165



Chapter 7 Combination of thermochemical energy storages based on lithium chloride-modified
magnesium hydroxide and small nuclear reactors

40°C  F-gg7kgs F=95kgs
326°C  3260C | |310°C
Reactor ——
SG HX1 (TCM is inside)
13.3 MWt Storage of
- 2 MWt surplus heat
350°C
320°C 321°C [ fo700c A
To = Water
turbine reservoir
350°C To other
F=63.5kgs™! rocesses
S0 950C 95001 g P
PWR )
HX2 + Space heating
) \ + Supply of hot water
GG, @ @ Road heating
~ 300°C [ 1 65°C
= 65°C SG:
Steam generator
O HX:
= Heat exchanger

Figure 7.2-1 Schematic diagram of district heating system with thermochemical energy storage (at a

peak of heat storage operation) at low-heat demand period.
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Figure 7.2-2 Schematic diagram of district heating system with thermochemical energy storage (at a

peak of heat output operation) at high-heat demand period.
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Figure 7.2-3 Set value of temperature for power generation loop of the small reactor

Heat load for district heating was studied by Dotzauer [11], and an example of heat load for
district heating is shown in Figure 7.2-4. The heat load was approximately 300 = 60 MWt for first
240 hours. The heat load of district heating was changed + 20% relative to a base load. The heat

load for a town was modeled by using sin curve.

600 - CoN

Heat load [MW]

0 50 100 150 200 250 300 350 400 450 500
Time [h]

Figure 7.2-4 Example of heat load for district heating. Upper solid line indicates measured load [11].

It is assumed that base load is 10 MWt, and heat load can be changed + 20% relative to the base load
within a day. The relationship between heat load (W, [MWL]) and time (t [s]) was calculated by a

following equation.

W, =10+2 sin(zt—”tj (7-2)

0

Here, t, indicates the period of one cycle of heat load (= 24 h = 8.64 x 10* s). The first term of Eq.
(7-2), 10 MW, is heat output from the small nuclear reactor (base load). A model of heat load with
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time in the town is shown in Figure 7.2-5.
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Figure 7.2-5 Model of heat load with time in the town.

6 20 24

The heat output from the TcES and heat storage to the TcES is expressed as below.

W, s =2 sin(zt—ﬁtj (7-3)

0

The amount of surplus heat for recovery and storage was obtained by integration of Eq. (7-3) from the

start of heat output (t=t, =0 h =0 s) to the end of heat output (t=t, = 12 h=4.32 x 10* s).

L (2
0= 2II sm(gt)dt (7-4)
=55[GJ]

55.0 GJ of heat is needed to output for the district heating system for load leveling, and same amount of
heat is required to store from the start of heat storage (t =t, = 12 h = 4.32 x 10 5) to the end of heat
storage (t=1t; =24 h=28.64 x 10*s).

Then, the required amount of LiCl/Mg(OH), (& = 0.10) was estimated. The heat output
capacity of LiCI/Mg(OH), (a = 0.10) at T4 = 300°C, T, = 140°C, pmo = 57.8 kPa, and t, = 80 min was
872 kJ kg ' (Section 3.4.1.2). Here, 55.0 GJ of heat is needed to store and output, 63.1 ton of
LiCI/Mg(OH), (a = 0.10) is required for a thermal energy storage. It is assumed from former
experimental study that the bulk density of LiCl/Mg(OH), (o= 0.10) is 0.716 ton m . The volume of
the TCM is estimated as 88.1 m®>.  Adamov et al. studied nuclear reactor of 10 MWt capacity [1]. The
nuclear reactor tank was designed as 3 m of diameter and 7 m of height at lower part, and 7 m of

diameter and 10 m of height at upper part [1]. The volume of nuclear reactor tank (20 MWt capacity)
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is estimated as 434 m’>.  The total volume of the TcES will be larger than 88.1 m® because it needs heat
exchanger, water reservoir and other components. However, the amount of LiCl/Mg(OH), (a = 0.10)
is acceptable to install TcES in the site of the nuclear plant compared with the volume of nuclear reactor
tank.

Here, a flow rate of water at secondary system (F, [kg s ']) is expressed as below.

W

_ heat
n AT (-5)

p

Here, Wyeo [kKW] is given by Eq. (7-2). A calculated profile of F; is shown in Figure 7.2-6. The flow
rate at one hour before from a switching from heat storage operation of TcES to heat output operation of
TcES is calculated as 75.3 kg s '.  The flow rate at one hour after from the switching is calculated as
84.5kgs . The flow rate increased 11% in two hours at the switching period. The change of flow

rate is thought to be enough small to carry out the switching without unstable situation.

100.0 [

o
=
o

(o]
9
o
T
1

40.0 | ;

20.0 | .

Flow rate of water [kg s-]

4 g 12 1
Time [h]

Figure 7.2-6 Calculated profile of flow rate of water at secondary system.

=
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7.2.2 Emergency core cooling system with thermochemical energy storage
The decay power of fission product from LWRs can be expressed following empirical formula

[12].

W, 0. -02
= 0066 [ts‘“ ~(t,-7.) } (7-6)

0

Here, Wy, [MW1t]: decay thermal power, Wy, [MWt]: thermal power at constant operation, t; [s]: time

from shutdown, 7 [s]: time for constant operation of nuclear reactor, respectively. For short time after
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shut down compared with time for constant operation (t; << z), Eq. (7-6) can be simplified as below

[12].

W,

dey

=W, 0.066 [t,°* =7, ] = W, 0.066 t*> (7-7)

The calculated decay thermal power (Wg.y) with time for 10 MWt capacity of small nuclear reactor is

shown in Figure 7.2-7. Decay power was calculated by Eq. (7-7) with Wy = 10 MWt.

1 min 1h 1 day
[ | | |

MW 1]

1x107"
= r

Wdc

1X10-2 T R RTIT R TIT BT AT R
1 1x10"1x10%1x10° 1x10* 1x10° 1x10°

t [s]

Figure 7.2-7 Calculated decay thermal power (W) with elapsed time from shutdown for 10 MWt

capacity of small nuclear reactor.

Eq. (7-7) can be integrated, and Eq. (7-8) is obtained. Total decay heat amount (Qq4.y, [MJ]) which was

released from fission product can be calculated by Eq. (7-8).

Quy =W, [ ©0.066 " dt
dey — 0 0 s S (7-8)
=825x107W, t**

S

The calculated decay thermal power (Wg.,) with elapsed time from shutdown for 10 MWt capacity of a

small nuclear reactor is shown in Figure 7.2-8.
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Figure 7.2-8 Calculated total decay heat amount (Qqcy) with elapsed time from shutdown for 10 MWt
capacity of a small nuclear reactor.
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Figure 7.2-9 Required amount of LiCI/Mg(OH), (« = 0.10) with elapsed time from shutdown for 10

Required amount of LiCI/Mg(OH)2 [ton]

MWt capacity of a small nuclear reactor.

The required amount of LiC/Mg(OH), (« = 0.10) for ECCS is estimated from heat storage
capacity of the material and calculated decay heat. The mole fraction of Mg(OH), after the
dehydration at 300°C for 30 min was 0.03 mol/mol for LiCI/Mg(OH), (a = 0.10) (Chapter 3). Hence,
heat storage capacity of the material at 300°C is 1.3 MJ kg™'. It is assumed a blackout occurs together
with the accident. Figure 7.2-9 shows required amount of LiCI/Mg(OH), (a = 0.10) with elapsed time
from shutdown for 10 MWt capacity of small nuclear reactor. 0.44 ton of LiCl/Mg(OH), (= 0.10) is
required when blackout continued one hour, and 5.6 ton of LiCl/Mg(OH), (a = 0.10) is required when
blackout continued one day. Figure 7.2-10 shows Required volume of LiCl/Mg(OH), (a = 0.10) with

time from shutdown for 10 MWt capacity of small nuclear reactor. The volume of the TCM is
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estimated as 0.62 m’ for one hour blackout and 7.9 m® for one day blackout. ~As mentioned at Section
7.2.1, the volume of nuclear reactor tank (10 MWt capacity) is estimated as 434 m>. These amount of

LiCI/Mg(OH), (a= 0.10) is acceptable for ECCS in the site of the nuclear plant.

3 1 min 1h 1 day

1x10' [
1x10°
1x107 |

1x102 |

1x10°3 |

1X10-4~ T R RTIT R TIT BT AT R
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Figure 7.2-10 Required volume of LiCI/Mg(OH), (= 0.10) with elapsed time from shutdown for 10

Required volume of LiCI/Mg(OH)2 [m?]

MWt capacity of small nuclear reactor.

7.2.3 Future prospects of thermochemical energy storage

The heat output capacity of LiCl/Mg(OH), (a= 0.10) decreased by 21.1%, from 1.25 x 10> kJ
kg ' to 986 kJ kg', in the 105 runs of the cyclic operation (Chapter 5). A price of Mg(OH), is around
100 JPY kg ' [13], and that of LiCl is 1350-1450 JPY kg ' [14]. A price of LiCl/Mg(OH), (o = 0.10)
is around 250 JPY kg ™' without preparation cost. This price is thought to be relatively law, thereby
LiCl/Mg(OH), (= 0.10) which is used 100 days can be replaced by new LiCl/Mg(OH), (a= 0.10).

A number of cells in the reactor of TcES are required for a load leveling of small nuclear
reactors. To obtain desired heat storage/output rate, a control system for the cells in the reactors of
TcES is required. Research and developments of the control system which can follow an actual heat
load is needed to be studied.

An optimization of the reactors for TcES is needed to study. Especially, enhancements of
heat transfer in the reactors are important. Thus, designs of heat exchangers in the reactors are

upcoming significant technical issue.

7.3 Summary

A cogeneration system by using a small nuclear reactor was considered. The heat load of a
town was assumed by sin curve modeling. Required amount of LiCl/Mg(OH), (« = 0.10) for load

leveling of a 23.3 MWt reactor was 63.1 ton (88.1 m’). The decay heat from fission products after

172



Chapter 7 Combination of thermochemical energy storages based on lithium chloride-modified
magnesium hydroxide and small nuclear reactors

shutdown by the accident was calculated. Required amount of LiCl/Mg(OH), (« = 0.10) for ECCS
was 0.44 ton (0.62 m’) for one hour blackout, and 5.6 ton (7.9 m’) for one day blackout. These
amounts of LiCl/Mg(OH), (« = 0.10) was acceptable to install the thermochemical energy storage

combined with the nuclear plant.
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The depletion of primary energy sources and the mismatch between the supply and demand of
energy are becoming big social issues. Thus, researches and developments of recovery, storage and
conversion of surplus heat or exhaust heat from nuclear reactors, cogeneration systems, and industrial
plants are required. The surplus/exhaust heat from above mentioned sources at 200-300°C is released
to environment without recovery. In this work, thermochemical energy storage (TcES) is studied to
recover, store and convert the surplus/exhaust heat because of its higher heat output capacity than
sensible heat storages and latent heat storages. A technical problem of conventional thermochemical
energy storage materials (TCMs) based on metal hydroxides and metal carbonates is that their low
dehydration or decarbonation (endothermic reaction) reactivity at 200-300°C. Thus, surface of
Mg(OH), was modified by LiCl, and the bulk composition of rare earth mixed hydroxide was modified
to enhance dehydration reactivity. However, some technical issues of these materials were remained.
The dehydration/hydration kinetic equations and parameters, relation between reaction conditions and
heat output capacity, and durability properties of LiCl/Mg(OH), had been unclear. Rare earth mixed
hydroxides are candidate of TCMs. However, their dehydration and hydration reactivity had not been
studied. Combination of TcES and small nuclear reactors can be used for load leveling and emergency
core cooling systems (ECCS). Then, it was needed to estimate required amount of LiCl/Mg(OH), for
load leveling or ECCS to evaluate possibility and potential of the combination. These technical

problems were studied in the thesis.

In Chapter 1, “General introduction”, the research background of the thesis was reviewed,
and importance of thermal energy storage was mentioned. The previous researches of thermal energy
storages were reviewed and the technical issues of thermal energy storages were discussed. Then, the

motivation of development of TCMs was explained. The objectives of the research were shown.

In Chapter 2, “Dechydration of lithium chloride-modified magnesium hydroxide”,
LiCl/Mg(OH), at various LiCl mixing ratio (@) was prepared as candidates for TCMs. The
dehydration of authentic Mg(OH), and LiCl/Mg(OH), were examined, and kinetic analysis were
performed. ¢« of 0.10 was optimum value for thermal energy storage at 250-300°C. The dehydration
of LiCl/Mg(OH), (a = 0.10) was understood by a two-step reaction model. The dehydration rate did
not depend on the mole fraction of Mg(OH), in the first step (zero-order reaction), but depended on the
mole fraction of Mg(OH), as a first-order reaction in the second step. On the other hand dehydration
of authentic Mg(OH), was understood by a single reaction model (first-order reaction only). The

kinetic equations and parameters for dehydration were submitted.

In Chapter 3, “Hydration reactivity of lithium chloride-modified magnesium oxide”,
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hydration of LiCI/MgO was studied in detail. The effects of LiCl mixing ratio, hydration temperature,
and water vapor pressure on the hydration behavior of LiCl/MgO were examined, and the heat output
capacities at each condition were calculated. The kinetic analysis of hydration was performed by using
shrinking core model. The heat output capacities of the material (& = 0.10) at pyyo = 57.8 kPa were
724 kJ kg ' at hydration temperature of 180°C and 1.40 x 10° kJ kg ' at 110°C. These were higher
than the heat output capacity of the authentic material. The rate controlling process of overall
hydration was changed by temperature. H,O diffusion in Mg(OH), layer is assumed to be the rate
controlling process at 110-150°C, pyo = 57.8 kPa.  Water absorption into LiCl-nH,O is assumed to be
the rate controlling process of overall hydration rate at 180—200°C, pypo = 57.8 kPa, at early period, and
interface reaction is assumed to be the rate controlling process at latter period. Hydration kinetic

equations and parameters of LiCl/MgO (« = 0.10) are submitted, and heat output rate is evaluated.

In Chapter 4, “Near infrared spectroscopy for hydration observation of lithium
chloride-modified magnesium oxide”, hydration of authentic MgO and LiCl/MgO (a = 0.10) was
examined by near infrared (NIR) spectroscopy. The obtained spectra were decnvoluted into
components (Mg(OH),, free water, and bound water or hydrated species). The hydration mechanism
was discussed by profile of peak area for each component with time. For authentic MgO, supplied
water vapor was consumed by hydration of MgO at surface until first 16 min, and water adsorption on
the surface was started at 20 min. Hydration of MgO at inner side was proceeded by adsorbed water
after 28 min. For LiCl/MgO (& = 0.10) at 110°C, supplied water vapor was consumed for formation of
free water and hydrated species for first 8 min, and then hydration of MgO was proceeded. For
LiCI/MgO (a = 0.10) at 180°C, hydration of MgO and water sorption was occurred almost
simultaneously, and water sorption was reached equilibrium state at around 24 min. There are two
possibilities of reaction paths for hydration of LiCI/MgO (« = 0.10). One of them is a cascaded
relationship between water absorption of LiCl and solid-solid reaction of LiCI-H,O and MgO (Reaction
path A). The other possibility is parallel relationship between water absorption of LiCl and hydration
of MgO (Reaction path B). The hydration was enhanced by LiCl-modification (Chapter 3), the
hydration mechanism of LiCI/MgO (a = 0.10) can be explained by cascaded path (reaction path A).

In Chapter 5, “Durability of lithium chloride-modified magnesium hydroxide on repetitive
reactions”, 105 runs of dehydration/hydration cycles of LiCl/Mg(OH), (a = 0.10) were performed.
The heat output capacity of the material decreased by 21.1%, from 1.25 x 10° kJ kg to 986 kJ kg, in
the 105 runs of the cyclic operation. A SEM micrograph revealed that LiCl was highly dispersed on
the Mg(OH), grains before the cyclic operation. In contrast, needle-like crystals of LiCl were
observed on the Mg(OH), grains after 105 runs of the cyclic operation. The XRD pattern showed no
characteristic peak for LiCl in the sample prior to the cyclic operation. However, the peak did appear
in the sample after 105 runs of the cyclic operation. These results indicate that highly dispersed LiCl
on the surface of Mg(OH), was aggregated and needle-like LiCl crystal was formed on the surface of
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Mg(OH),. The change of surface state was thought to be decreased the reactivity of the material.

In Chapter 6, “Rare earth mixed hydroxide for thermochemical energy storages”, rare earth
hydroxides are proposed as new candidates for TCMs. The dehydration reactivity of the hydroxides
was enhanced by adjusting the metal ion composition. A TCM based on Lags0Y ¢ s0(OH); dehydrated
at 300°C, and hydrated at 110°C, water vapor pressure of 7.4 kPa. Reactivity of conventional material
(Mg(OH),) was lower than LagsoY(s0(OH); under these conditions. Reaction heats of rare earth
pure/mixed hydroxides showed downward trend by increase of electronegativity of cation. The heat
output capacities of LagsoY(.50(OH); was 282 kJ kg{1 at 110°C with water vapor pressure of 7.4 kPa
which is higher than that of conventional material (Mg(OH),) at these conditions. Thus, these
Lags0Y0.50(OH); is expected as a candidate of TCM.

In Chapter 7, “Combination of thermochemical energy storages based on lithium
chloride-modified magnesium hydroxide and small nuclear reactors”, combination of a small nuclear
reactor for district heating and a TcES based on LiCl/Mg(OH), («= 0.10) was studied. A cogeneration
system by using a small nuclear reactor was considered. The thermochemical energy storage by using
LiCI/Mg(OH), (a = 0.10) is expected to use load leveling and expected as a heat absorber for
emergency core cooling system (ECCS). Required amount of LiCl/Mg(OH), (a = 0.10) for load
leveling was estimated as 63.1 ton (88.1 m®). Required amount of LiCl/Mg(OH), (e = 0.10) for ECCS
was 0.44 ton (0.62 m3) for one hour blackout, and 5.6 ton (7.9 m3) for one day blackout. These
amounts of LiCI/Mg(OH), (a = 0.10) was acceptable to install the TcES in the site of the nuclear plant.
Hence, combination of TcES and small nuclear reactors is possible by using LiClI/Mg(OH), (= 0.10).

LiCl/Mg(OH), (e = 0.10) are expected to use as a TCM which can dehydrate at 250-300°C
and hydrate at 110-180°C with water vapor pressure of 57.8 kPa. TcES based on LiClI/Mg(OH), (a =
0.10) can use with small nuclear reactors for load leveling or ECCS. Lags50Y(50(OH); is expected to
use as a TCM which can dehydrate at 300°C hydrate at 110°C with water vapor pressure of 7.4 kPa.
These TCMs can be recover, store and convert the surplus/exhaust heat at 250-300°C from nuclear
reactors, cogeneration systems, and industrial plants. These TCMs have potentials to overcome
problems like depletion of primary energy sources and the mismatch between the supply and demand of

energy.
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Nomenclature
Roman Subscripts
C, : specific heat capacity [kJ K" kg '] 0 : initial value or pre-exponential factor
E. - activation energy [kJ mol '] abs : absorption
G : Gibbs free energy [kJ mol '] ads : adsorption
H - enthalpy [kJ mol '] b : Boltzmann’s constant
M : molecular weight [g mol '] c : cyclic dehydration-hydraion-drying
P : pressure [kPa] operation
Q - heat output capacity [kJ kg '] cnd : condensation
R : gas constant [J mol™ K] dcy : decay
S - entropy [J K" mol '] des : desorption
T : temperature [°C] or [K] e : evaporation
\ : potential [eV] eq : equilibrium
W : heat output rate [W kg '] d : dehydration
X : mole fraction of hydroxide [mol/mol] f : first-order
h : Planck’s constant [J s] fd : first dehydration
k  rate constant [s '] or [ms '] fsn : fusion
p : partial pressure [kPa] h : hydration
t : time [s] r : reaction
w : weight [g] S : shutdown
X : mole fraction of Mg(OH), [mol/mol] srp : sorption
turn : turnover
Greek \% : vapor
a : LiCl mixing ratio [mol/mol] z : zero-order
Vi : symmetric stretching vibration of water
molecules
%) : bending vibration of water molecules
V3 : asymmetric stretching vibration of

water molecules
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