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Water vapor sorption on metal salt—anodized aluminum composites for sorption refrigeration
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Abstract

In the present study, calcium chloride (CaCl,)-anodized alumina composites was proposed as a sorbent of water vapor
for the application to adsorption chiller, and examined that for the sorption and desorption behaviors. The anodized aluminum
films prepared in an oxalic acid bath had numerous large pores, and their porosities were significantly larger than those of
sulfuric acid-anodized aluminum films. The CaCl,-oxalic acid anodic aluminum composites were capable of sorbing water
vapor even in the relative pressure range below 0.3. With higher doses of CaCl, contained by the alumina film, a larger
amount of water vapor was sorbed by the composite. Furthermore, the CaCl,-oxalic acid anodized alumina composite
showed a fast water sorption rate like commercial silica-gel particles. The calcination temperature after impregnation affected
to crystalline state of CaCl,. The composite with CaCl, crystal sorbed water vapor as much as bulk CaCl,. The sorption and
desorption isotherms for the composites with large amount of CaCl, showed that the water uptake was varied from n =2 to 7
in the relative pressure range of 0.09-0.29, when the composite prepared by using the oxalic acid anodized aluminum with
large pores and calcinated at 473 K after CaCl, impregnation. These result suggested that pore diameter, CaCl, content and
calcination temperature were important parameter for preparation of optimal composite for applying sorption chiller.
Thermo-gravimetric analyses showed CaCl, solution impregnated into pores of anodized aluminum film easily desorbed
water due to heterogeneous nucleation of CaCl, hydrate. Therefore, the impregnation of CaCl, into anodized aluminum film
would be good way for applying water/CaCl, to sorption refrigeration.
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Fig. 3 Relationships between average film thickness, mean pore
diameter and film porosity, and applied current density for
oxalic acid anodizing.

Fig. 4 Relationships between mean pore diameter and
impregnated mass of CaCl,, and PWT time.
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Fig. 5 Sorption isotherms of water vapor on CaCly-anodic . . .
alumina composites and silica gel at 303 K. Fig. 6 Changes in water uptake on composite sorbents 1-3 and
silica gel with time.
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Table 1 The effective amounts of water vapor sorbed on CaCl,-anodized aluminum composite and silica gel

Aq [kg/kg]

39.7 wt%-composite 0.23

Silica gel 0.12

Superposition of CaCl, and anodized aluminum 0.33
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Fig. 7 Schematic diagrams of sorbent beds of CaCl,-anodized 0 : : . : . .
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Fig. 8 Relationship between cooling effect and interval between
39.7 wt%-composite plates.
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Table 2 Preparation conditions of four kinds of CaCly-anozied alumina composites.
Sample code Oxal473 Oxal773 Sulf473 Sulf773
Electrolyte H2C204 H2C204 HzSO4 HzSO4
Oon [min] 240 240 60 60
I [A/mz] 200 200 400 400
Tan [K] 293 293 288 288
Opwr [min] 600 600 90 90
Trwt [K] 293 293 293 293
Oimp [min] 120 120 120 120
Timp [K] 303 303 303 303
T, [K] 473 773 473 773
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(R 11.7 M i i 5 6 -
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Fig. 9 X-ray diffraction patterns of the calcium chloride-anodic Fig. 10 SOTPinH isothepns of water vapor on CaCly-anodic
alumina composites, bare anodized alumina substrates, alumina composites and CaCl, bulk at 303 K.

aluminum substrate and CaCl, bulk.



43 ERS

CaCl,— BB L 7 L 2 = v AE G ORI A KR RUE RS T TR SV TRgT LTz,
SEAJEAS 85 nm DMFLAE A5 > 2 TEEME MR (L 7 L I =7 AT CaCl, WA L, 473 K TRERL L 7=
G (Oxald73) TIXFERMED CaCL, WIS N=, —J7, 773 K TRERL L 7= = v ERIEGER{L 7 /L 2
= AEGH (Oxal773), VHEEE 15 nm OHIFILAE A T D REEBmERL T /L X =7 A2 HIKIZHWT
473 K TRERL L7-EAH (Sulfd73) 75k, fsatED CaCl, 2R C& e otz £72, HAMOF T
I% Oxald73 DHAY, CaCl, AL & FARIC KB BRDOKRKUGEREEZ R LIZZ 06, BT V=7
LR OFEEA & CaCly TRAE 4 O BERRIEE D, EAM OR[N ERH 2 AT 2 EERKN T THDLZ L
NHBLNETRo T,

5. BIEDIL DD LFER ML EEMOKERIINER BRSO MEHS

A TRBRVEIC R T DA OWBVERFHEZ TG 5 7211, AKRRKULAE ORE DR AR T
H5, BB - ZHEHEEEM T, AETIE, BILEENIZEIT 5D CaCl, B IRHE & HAM Dk
UL R O B 2 R LT,

5.1 FEhk

CaCl, IRE LA TH 5 i b IEOF I L O CaCL & 1X, 3.1 TR_7-FNE &[RRI F 0 L7,
7277 L, CaCl, Z¥#aE L=tk OEHE, TN TIRE 473 KICBWTHER L7z, £7-8E64 % L O CcaCl,
BRO KRR S R 1L, 42 TR AEIEIC L 0 34 L7,

5.2 FER LB

Figure 11 (213 Table 3 (278 L72 5 DOFED CaCl, IRAE EIZOWT, EBRE & FHEMO Ll &2 7~
K, 2R EHZ W CTAEBIOMEIE, B CHED LR O - CaCl, IkAE &, A ITMALARE &
CaCLIRE IR DIRE DO CROTIREREZ R, AKLY, ZRZENOREBHIB W THENLRD T
CaCLIRERIT, BENOLROTHEMA—H L TWAEZ ENbND, LER-T, 73 FEIERNIC
A SN2 CaClL L, fALARIC & B3, KR IROMILERE & IRERIED CaCLIBEIC L > T&x £ 5 &
EZOND, TOZ XL, KESO CaCly BSEREHIFLN~NRE SN TS Z A2 RIBL TV 5,

40

Table 3 Physical properties of anodized alumina films and 35T

CaCl: concentration in impregnation solution.

Sample code A B C D E

Film thickness,d [um] 82 8 88 87 86
Pore diameter, D, [nm] 15 55 117 117 117

CaCl, [@L] 715 715 715 385 499
concentration

Impregnated mass of CaCl, [mg]
N
=)

ol . |

25 | l?al.. |

o |

oM . . .
A B C D E

Fig. 11 Comparison between experimental and calculated values
of mass of CaCl, impregnated into anodized alumina film.
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RTKIEIZED Lz, 26D &b, CaCl,— BIBER LT LV X = 0 ZEE R O KZELINE V- 2685
1%, CaCLIRERICEEIND ZENRBIND,

Figure 13 (21, CaCl, IRAE EO R 2B A8 ¥ L O CaCly, BARIZ DWW T, 303 KIZBIT 2 KA
ORI A RT, BEMIL, SEEHIFLER 115 nm OBER (LT L 2 = AR TRETRICHV, CaCl, IRE
A 12 wt%) 5 25 wi% CTE L &7, IREED 25 wt%DE S TIX, MRHE ¢ = 0.13 £ TR
INEENWD L TEY, ¢=0.117TTn=2mol/mol £ THEMNEAT, CaCLIREEN 17 wt%iIs L



15 W% DBEEMIZONTH, =013 (L CTHAENEL Z LR D 0, HERITREROWDIZE D
Tpo NS R 2R LT, AR 12 %D EAM OIESERIE, HFEOKTIZE banE
FRBER 2R LTz, — T, CaClL ERIZOWTIE, 9 =013 L FIZBWTYH, %< DILEKIE
STV, TNHDZ D, HALIN T T AEBBEELT VI =7 MO T HIFLN TS S &
HZ LT, KELKWMAEMEESND WREMEN D 5.

8 T r 8
A Tags =303 K CaCl,bulk .- X 7} IRe=303K  CaChbulk .
g 6 | Rimp o g st
3 ——  25Wt% g ~ ’
E S —a- 17wt% E 57
R <
S| e 15wk Sl
3 -0-- 12wt £ =
23 7.7 wt% a2 3t o Bgi115nm
; 0 Dy 115nm 2 e 25w .
g > | g 2t — - 17 wWt% ®a
: ; I o 4 ™ - am
Y = 300.0m 1t e P P Y
BF X -.0-= 12wt%
0 0 ! : . : * :
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Relative pressure, @ [-] Relative pressure, ¢ [-]
Fig. 12 Sorption isotherms of water vapor on CaCl,-anodized Fig. 13 Desorption isotherms of water vapor for CaCl,-anodized
alumina composites with different impregnated amounts alumina composites with different impregnated amounts
of CaCl, and CaCl, bulk at 303 K. of CaCl, and CaCl, bulk at 303 K.

AR 25 W% DEAM OBEIZNFIZONT, X Q) ZHWTHEI L, BELZGHET A 7 VB X
TR DO 5A11E, 3.2 ODBHAROF N L L[ T & LTz, Figure 14 1%, AWM OWBEIIR L EEM
WO FIERNGE L OFR % X O#IE, SV XK FREBOGBHDERLZRLTWS, S, #HE
MOBRBEMEZ0.7mmU FIZT5 2T, E0NDHHAMRII Y WX AVFERB LY b K& otz
F 72, CaCly B & GHREE (LT L X = U AOKEKIE I OWT, IRER LR CHEERECERES
DHEDH T ETROIZHANREOMZ ISR TRT, FERICIUNAE ER D) HRD 72 25 wt%E A HM O
AglL0.19 TH Y, BERAEDLENORDIME (Ag=021) 2L, BEMOGBHD RPN & FRE
Tholo, LIz o T, HEM OFRGACB IR L R D M FLAE 1 L - C, FIRIZIRE X7z CaCl,
DKREKIEREN A LT 5 Z R bhoiz,

600

500k Superposition
(CaCla+Anodized aluminum)

400f

300 )
200k Tl mm——— J

Silica gel (RD2560)
100} 193 MJ/m3 25 wt%-composite -

Cooling effect, C& [MJ/m?3]

0 ; , . , , .
03 04 05 06 07 08 09 1
Interval between the composite plates, L [mm]

Fig. 14 Relationship between cooling effect and interval between 25 wt%-composite plates.

5.3 FLO

BilE b K iR @ CaCly, DIRAEIRRE & A M OKELRIEFB OREMEZ B LTz, ZOE, K&
STz CaCly D KEBE I ALNICAFAET D & HEZL S 4, CaCly S R IE O M FLATE & USSR IR
D CaCLIBEIZ L > THIEITE D Z LR SNz, £77, KRKQUNLEEBROFER S, FHHIALE
115 nm D3 = ZEEEMIRL 7 L I = 7 ARIZ, CaCly & 25 Wt%IRE SO T, HXIESE
0.09~0.29 |2 T, n=2~7 mol/mol D#iJH TKKLINILENFEETH - 7~



6. EBIEHILY D L—[GIBEE T IL S Z ) LESHM DKER R BEE BB
BB O 3 fRFEEDEAITICA I Ch 2 AERENEZ AT 52 & T, BAKBRRIZI T D RGHE
A RO BS 2 iz, £72, KTV T AEREBROIERNR & LT & & ORI L R f5
NDOTRAE DN BNV TEM L 7=,
6.1 FER S L O Rk
—TEDSYE 1200 Pa TKRAELZFESHTT /T2 H A% 100 ml/min O & TR SN ~Jiil <1
TEEBNTEZ I L-, KEKIIT NI T A% 2 SOKMIEBSES 2L TREL, Tiflo
Kl A BB & AV TF = B O CGRERIET 5 2 & TRAL A Uz, £ EENE T,
REHI EHORENL R TIF5Z & TRINVENICHRE Lz, MISEFEHFEIIE —&—lck v sn,
AEFD T ICRRE ST BVE T & » TIRERIE 217 - 7=,
RS T COMGDEITIZOWTIIELER o OFRFMZLIZLLTO L DIz SN D,
da/dt=kg(a) 3)
ZIT, kIS HEEEE, go)IERERTLEOMBE TH L, LN T L= ZADIEANIHE S
L L2 E, ROCHEEBIILL TORXTRIND,
k=Aexp(—E,/RT) “4)
A XRHRHIR T, EJIEM b= ¥ —, RITFKIEES, £ LT TITHHEE CTH D, ga) D DOE
DE GaE LIz &, HiRFTCORISOEITIILLTO X HIcRIN 5,
G@)=4 [ exp(—E,/RT)dt=hkt )
WY ST T VOB Ga)ZEIRT 5 &, Gla)l TR L CEMRBERERL, Z0 L X OMEEN
FOSIHEES k & 72D,

Table 3 List of reaction models in solid-state reaction kinetics.
Model g(a) G(a)
Avrami-Erofeev m(1-a)[-In(1-a)]""™ [-In(1-a)]"™
Phase-boundary controlled reaction (Tridimensional shape) 3(1-0)*? 1-(1-a)”
First order (Mampel) l-a -In(1-a)

6.2 FER L ER

30 wt%-E G4 & CaCly ARIZDOWT, AT v 7 HIRIC L H2RERZHEZ A OIRE T 0 7T A THE
M L7z & &, FEHEEE & 2 OREIZI T 2 FHIE &EOMGR OKAXDAESER) % Figure 15 (IR
4, AKX IV, CaClL EAETIL 318K 25 343 K O#EFAIZE VT, I n=3.5mol/mol, BL N T=355~
373 K O#iHT n =1 mol/mol F2JE DI ZH LTz, AT v FTRIROBE 2R L= fEIC B
WU, B OHEAL T V2 7 DK DI % G AT KRG EDEIT L CWbE EEZ NS, —7,
CaClL #HAMIE, T=315~318 K DD TH\EiPH T, n = 4~2 mol/mol DA 7 kRS NBE S,
T=318~363 K {25V T n=2 mol/mol F&E DI Z L7, T = 368 K O#iPH T n=0mol/mol ¥ T
iAE L7=y n=4~2mol/mol 5 L 2~0 mol/mol |IZB T BHEZEFHRIIAT v TIHIREZAFLTEY, =
H OFPHTIE, EFHO CaCly K DR % &K R LA WMAENEITL TWD EE X B,

740 A20=1200 Pa

Amount sorbed [mol/mol-CaCl2]

4t . CaClz bulk
3t \oem
\
2t &'1-0—7._4% ——
1 30 wt%-composite \
0 : ' P N
300 320 340 360 380 400

Temperature [K]

Fig. 15 Desorption isobar of water vapor for 30 wt%-CaCl, composite and CaCl, bulk.

A TIZ 320 K B TRBICH KD ETT 5 2 23R S, ZHUcx LT, CaCl, BIATIL, 320K
M5 353 K A% T, HAfERBKIZE Z 59, 353 KU ETAMABKNMRES N, 202 208K



HITIZOWT, FAEETHELEEICOWT T 4 v T (4 7217\, BERERBEGREZ R LIRS
% Figure 16 35 X O Figure 17 (2753, Fig. 16 725, CaCl, HKIZI T 25 n = 3.5~1 OBi/KIEFE T,
YR X OB O R EAE O FE L E 2 7 Avrami-Erofeev O3 (m=4) # iz & &, B
ERRMEZR LIz, £72, Fig. 17006, EAMO n=4~2 OFPHICH T 2 BiAORRRIE, Sk fimi
WET NS ORAGFIBREIZ 2> TWD Z L 2R LTWD, ZORIGIE, BIERE X OB E D i
K CTHRICE Z 5 Z L2 RELTEY, ORGSO EIXEME & OREIZE T 2WEBEN S ALE T
HHZEERLTNA,

1.4 T T T T 0.6
30 wt%-composite (7 = 4-2 mol/mo?/
121 * . 05 { 4 o
= 1.0F
= 204 f
'§ "(':‘ C 3182K
% 0.8} et 03 © 320.7K
x W m 3232K
o 0er ) 4 3257K
3 o 3557K G 02 '
O 04 CaClybulk (n=35-1mol/mol) . 3505 ® 3282K
. . Reaction model: 1
0.2} ieaCtlc.mE m?del‘( -4 & 7l 1 0.1 Phase-boundary controlled reaction
\vrami-troteev (/m= ® 3632K (Tridimensional shape)
O 1 1 1 1 D - . L L L L -
0 50 100 150 200 250 0 10 20 30 40 50 60 70 80

Time, ¢[min] Time, ¢[min]

Fi

—_

g. 17 Model fitting of water desorption for CaCl, composite (n

Fig. 16 Model fitting of water desorption for CaCl, bulk (n = — 4-2 mol/mol).

3.5-1 mol/mol).

IR IC W T, bV A — kIR 7 v S =7 LEAM OKERIEAE D, Wb LT L
BFRIZHARTRES N Z 21, RO LD IZEZDHID, 30 wt%-CaCl, A H L O CaCl, H{R O EE
BHE DR FAC W T, AL I VS 7 bW AE K O R A e, 1R A A% & L < Figure 18 12777,
ZORHIZ, BV L KROEREMRRE PRI 5, £, HERBREOIRE 303 K TiE, &
A B LD CaCl, KD CaCl, /UK DERIE, AARE RO FRIOAEFIREEICH Y, CaCl, K
WREZR L TWD EEZEZXBND, ZIZ0b, B2 MENL, BKDBETT 5 Z & T CaCly, IEKD
EELIT R U, AR A X 7R FIRRE & 72 D, Fig. 15 IR LIZBLESIEHRN S, BEMO
IKARGAEIZOWTIE, 31SK UL ETEMATHLZEEZ 5N, —J, CaCl, A TlE 353 K T %
THARE 72 [EF O HITHER TE 2Ry o 72, W B EAI OSSN T 2584, P () 2
BAEL, TRNLEICERET DI & THEDEKR IS, WRTITIRA LZBYR EOBIAEZIEM A
ELTHRENIERRERE KL L, T b L 3e E\ERICE Z 2 BA 2R &
MRS, BEIAERRRIC K D &, VRFREE dhfR 2 8 2 \AFIREEIZ 22 > Th, 1 IREXDOERSCE ORI 2
59, AR MR Z B X TR T U v VR E K RLZEREICEB VT, BRSO AR
MREZ Do T O EE R 2 B X7 AL R BRI — RS, IR R & AR EE AR O
M OUEZZ EI & M 2 88k T, RN 5 E5bhTns,

CaCl, iR TI, B —BERRIC X DHE e DR & sREEEE R, BiKBUSOEHIEBRIC/AR D Z LT
FINT 4T AT EVHEREINTWD, ZDOZ L, b7 L KOS IAERE fh#RIE, Fig.18
HoD CaCL R 1.9 g/g, IRE3ISK DALV b Hlllchr B2z bNE, —F, HAMIZEBNT, T=
315 K T2 & 2 [EMAKF O 2 ST KBOGNE, BE 15 glg 2im s LTV, Wi X
Db THOWELZER CTEX 2R, 2E0 R —BEERThoToeBE2 6N, Tk, BLEK
DFIFLPNIZIEAL I VS T BN F ) A— R A A THBLTWA 72D, MfLEEm 215N & LT
EEOFENE X2 BRSNS, BERER LY, RY—BRRITY—EE kI, CaCl, D
TEEPNEWVER N SR Z 5720, BB L EIENICERSE Sz CaCly IXER L v {RIEE CHEAE O
CaCl /KFn T L=t B2 b b, HAMICEB W OKRKREMEE SN - 2 &1k, KEERNS O
BT DIERL &\ > T2 FIE L 2 G e Bk OHETTIC, FIROMALEGE AR L T D 2 L AURIE S
nas,
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Fig. 18  Relationship between CaCl, concentrations and temperature in water desorption of CaCl,-composite and CaCl, bulk, and
solubility of CaCl,.

6.3 FL0

ABFFETIE, CaCl,— FiBl{L 7 /L X = 7 WEEM DOKFRQIAE FFEIZ DU TEVE FRIE 2 IV TR
U7z, BERKFORTHZ & 672 9 CaCly KIEHED b OBiAE KOS OFEIEFRE, CaCl, Bk & EAEH
TR > TW e, EEM TII AR —BIERIC X o TEAKFD T Lo 2 EAVRIRS I, ZD720,
CaCl, A L 0 HARIRB TR KMEE SN2 LB B D,

7. Wam

AR THRONIZRRELUTICE LD D,

WAL N> 7 A—GRBRER LT V2 = DEAMIZOWNWT, T =T LE Y 2 VR CHmRERL
BT 25 L C, MR TR L & L0 SRS K E S HEZEREOEHWIBRELT LI =
LHEARAZFRERETH D Z ENbhotz, AR L2 CaCl,— ¥ = UVEERER (L T L 2 = 7 DBEAMIL,
BEE OREEARER L 7 L X =0 DEAM L0 b KAKIGEREOH KB IAEND, S 51T, CaCl,—
Vo UERRARERAL TV S = DEAMITTIR O S ) B A ARIA L RSO KRR EREEZA L TWD
ZENbhroT,

F 7o, 473K OEHIMERIR TR L7z v = UIRIGIRIB(L T VI =0 DEAEM O IX, sz a 3
% CaClL \ZHkT DRI/ % — o BNEE S, CaCl, R L R D K ARKUGE B 2R Lz, ZhboD
FEERFERN S, BRI LT L S =7 MEEORNE & CaCl, IRE % OBERIRE DS, A D KRGS K
WELEATHIEELZRNFTHDLZ EEHALMNT LT,

IEALE 115 nm OFLE AT 5 > = UVEEGMER LRI % L T CaCl, #¥8E L, 473 K THeRk L 7=
BETH, WERICK > THAMOKRARKIURAE EENENT 52 EnboroTz, FEREN 115nm O
WMALE AT DAL EEZFRICEEA L, CaCL IREED 25 wt%DBEAM TIiE, KEKNER X OWHE
DR B FER I 0.09-0.29 OFIPFHIZ I\ TULFE B n = 2~7 mol/mol | D/KAKINE EZFHZ LN T
XN, WEEOBWIITE Lo TKAERNERITE T T 52 Ebhoiz,

CaCl,— Pl (b 7 L X = ZEA M L O CaCly, BAK D K FRKAE 282 S TEVE Bl E 1 4 1
W T RO EERRBIRIT 21T o T2, T ORGSR, CaCly HUKDBAKBERIZIB W TIX, B —EIZ L > THE
FKRFI DT L2 2 EAVRIBEN D, ZHICK LT, BEM TIIARE I & - CTHEFE O AT
MIBNER SN EZBR5D, CaCl,/ KIZBWTIE, RIS —ER LD bEKENSZ N
T Z 572, CaCl,— BHBER (L7 LV X =0 A A TlE, BURIZHEASTRARMLE OETHME S
nNiwtEZzon5s, LEN-T, Wb T AEBBERBRILEE~RET D Z LT, Kk—Hkory
7 LR D KFRLUGEME N B9 5 Al REMERN B 5,
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