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Development of Adsorption refrigerator
with Hydrofluoroolefin refrigerant

BRXZILEMBE AT LTFER

Department of Chemical Engineering,

Faculty of Engineering, Fukuoka University

LI S
Takehiro Esaki

1. IXL®IC

HWERERBE (LR T AN F—tF 20 7 4 OS2 T
AN F — BB R A NG ¥ A 7 L DF%E - YEED
HEDLNTVDY, HERORBEEBHRWIROFIEIZ X
DHHICHT AHE LA VT —EI AL T L®E
ZAOND, GEFERIREHROZEMZ L O, Bk
DZEFHRPLTE IO ZADGHEH - X7 v a v &4
WZb72hbe GHODLIPETOIANF—HEELEE
T 5 LI HE O ELBEDP LI R Do

W S AL, TETT 2 R L 7 b e A oo B
(Z7ay) LIFRRY, BAKRTHWET 2%, 207
B, Fut APEE S A — FRH L, ZRHO T
WF—ZRINT 5 EDTRETH B B 1 ITHAERSE
HHEDERL A % 7R T o WA SR IR - BiAE A

THRE)S %0 WAFBRAETIL, 254D O ZIE L.

WAEMZRAE S %o FMRHICERERFITHAZEL WA
PEFICHLER. BURE NV T Y)Y Bz TR B
BATS %o imAKIIIAE S S BiAE L 72wl
Befi e ~NEENY B0 MBI AR 2 AR 1M D RS 2

ETHHE AT Do W NG HBRO G & WG 1,

FERBIS & TE  OMAGHLEIE SN TS,
HEIK, Ty EZTRIY J — O HRGEDH)
HENTBY., WEMIEL T A M. ) BT IVR0G
PRSPV SENEY, SHIZ, EROMEL D b
K2 OHAEOE V&R A KREEE (MOF) b
WAEME L TEHENTHEY, B+ T4 b7
T, REERE (60C~) 12T, KERE AT
LIEDWURETH L0, TETOLRIIBITLEHH
WOWAEM & L CTRASNTEBY . AR s Hb%
B DA A — FRHBA & L TRWE AL F—5)

Adsorption Step Adsorber Desorption Step

Ambient B -\ l Exhaust |
temperature J |

60-100 °C

30-50 C "=

Condenser

Ambient
temperature
40 °C @1018 kPa
1 W v s o W

0°C @316 kPa

REPIFRFS N TV DY, iHERIE, Ty E=2TRLY
J = VIEEOWEM L LT ST ), IGTFE
&) ~A 7o, AVILOMILEIEEZTTEEE L, &%
70 MR AE R 1 % 5 A MR RS ANHED H T 57,
B lo7 v RS TSI, O LS A i
WCHEFT A2 LT BOERLEEEE LR SmWT
YEZTIGERE R AT A MEBIZE DD S T
%Y F o, AR TIEA G T AR L 72 MOF
EEWT A LT, EEOETTKRERE L8
TAMEREIITON TS, FRILEAL, B
R AETERE B X MR CORENEEL 2 1) . Wil
B L CoEFM MR EsHifFcE 57,

Wi v SR C D BIKB) AT Bl 22 U E G 1 %0 2 o0 BR B4
PG & WA OMAEDEIKE KT 5. B
ZAE, RGBT A L 2 VWistECTh ) o 25,
BN RKENWZ ER X)) v N TH DL, X T4 b
W5 A AR O E LS TG BASRBUC LB BATE 720,
IR D@ AR RE T H 5o TR ITHIALA =
AR E L BUKEILEEE 2 A3 5720, @HRET
WA mAKIGIC S EASh, 070, iHkHITEA
T4 b e LT, AR TS EImAT RIS %2 5,
—h T, WHOWEIMEAR TR WIRE, D F hIKET
TORBIRHHEA L MG T L2 L 3LV, TV E=
TEHEIZ, HRGEOR TIRERASKE L R E
WM & LRI % SARAR E A D RAE # A3 5F 5
Bo LLGDE, BOARIRESLETHL Z LR
LS TH 5720, FERILOE B 2,

RIF7ETIE, RB7 0 v BIECTH LA Fa7)ut
o —KRy, N Faz)irtuatl 71 (HFC,
HFO) @24 H L7ze HFC, HFO &3tk ot
MG HBR ISR SN TV B TH 5, HFO



HE HFC Wit & el U, shEEsE bR (GWP)
/& L BRBEHAMEDN S W20 HFC Gl 2
SOE XMz D SN TV 5B, FIZ HFC-134a &k

(1,1,1.2-5 v 70ty V) 3h—x7a,

FIEMGEE S THE 70+ 2 TOHHEE - EL <A
ENTWwAHA, GWP IZ 1430 (CO. ®» GWPfEIZ 1)
LOTE L, FELTRBEEOBESRANETINT
W %, HFC-134a & £ & I # L HFO-1234yf & i
(2.333-F b7 0Fu~ryy ) X GWPED
4 PITF &/h& <. HFC-134a @ & (ZIF RS 0 21k
RS 720, HFC-134a WiEh 5 O iR 2 5ED 5
nTwa,

4 OWgE 7 v — 713 2 ® HFO-1234yf @it % F v
ToBEREN RS AR 2 5T 5 2 & T IRIESEDO B XD
. S S BEf g dit s a5 2 LT
WHEEE L COREHN A L2 B L Twb, &
[B]i3 HFO-1234yf @4 Fl v 7205 2 s o B 3851
EABNT b o HFO-1234yf % + 45 (W 5 5 A%t
I L, WOESAR E I L7z 155 7o SR
& B RO AT ERE R 2 FHl L. R
T L RWE M O BAFE T AE & MG L 72

2. EBEFIE

AWFGe %D 512872 ) . HFC-134a, HFO-1234yf
I & WA O WY A R A S L 7o WG SRRAR &
HI5E L7z KR E OIS 2 B 2 1 2R T, FEEBRTFHE
EREEE AV, EREEOERMERIE. TAKRY
N, HAF ¥ 3=, WLV EERETH D, £i%
WE, BN v EHESHRIETAR E L. T

Thermostatic box

Vacuum pump

Data logger

Refrigerant
gas lank

Adsorption
cell

Thermostat bath
2 FEEEEE O

3 WAE IV EWER (Maxsorb 1T)

LImBEDOMENTRETH %o Wikl HFC-134a. HFO-
1234yf (#EFE 99.5% LA 1. Honeywell 4L %) % fj
7o WRAE AU 2 FEEH O 1 1% ik MaxSorb T (B 74 # AL
A . CNovel™/MH-00 GREE R FEAEL) . 2 VKR —
7 A ) 7 - TMPS2 (KB b4t #) & MOF-177

(Basolite Z377. ¥ 7 <7V KV v F+#) 27z,
EHRIE~ A 780, X VILDEEE L T 008 2 fliE
HEE LT, o0 R & B ) BKEO RV XY
R=F A, FHREFRASEOMILEREELH L, #
HItto @A EEEAR (MOF) 2B D70 #
E L7,

W £ AT ITMBR A L 720G M &2 1.0 g FoIE
L7z (B3)e HAF ¥ vN— L Wia5 b L% #iE L,
TS BB L 7ot TEIAY %2 F V CRT T 1R
L7720 WAEX VDNV T HHD. TAF ¥ 3=
WA A ERMIG L, HAF ¥ Y N—%FTEDEIINCRE
EL720 WAL VOV T REIT D L. TREHRIZ L
0T X YN—NOEEETAEDPBA L. T v 2 =K
DIETIMPMET S %0 TEDNEEDP TN o2k
AW & L7zo st L7ZET IR T v v N —
EWAE N DOERED ST A OERE(LE FIH L 72,
W A E R BT 5 720 ICEE R TOFEIERMIR
REAEE THIH & L B Peng-Robinson &, % H v 72,
F(1)-(5)1Z Peng-Robinson % 7k o fIH O 7 A H &
E WA R D T AT R LA M ER Y72 ) OWAE
w(6)Z H L7z,

_RT _ a
v—=>b V'+200-0

- RT: _ /Ty
oo a5mBE w1 JEV| e

P

b::0.077805%33 (3)



m=0.37464 + 1. 54226 w — 0. 26992 (4)
PSs

__ P . 5

[ 10g10< Pe ) - 1.0 ( )

= M ‘M, mfngzrrmzt/ Sads (6)

Av

P3SN AET) R, T (IS EREWE, T-% P
SO FURE. N TH S, PP Lo idfios
MED EFRPOGBEVEE TH b, g & g 1IN
HEWEMEETH L, V & M IIEGER & Gy
ADG T THbDo a, b, m & w1t Peng-Robinson =\
DINT A =5 T b, WHOMFImE, T 771E X
REFPROP 7B 7 A X WA LY, ~f 7 uflz
B LR TIIERTHE S NZIRE, EARNETD
W% 75 & 7 5 Dubinin-Astakov B % v 2 2 & Tk
O % 1T - 725 Dubinin-Astakov (D—A) (7).
(8)% LT IZRT

C=%exp [7{R2T In <€Tb>}ﬂ] (7)
V,.=Vexp(a(T-T)) (8)

C LA . Wo lEEM O~ A 7 T LA,
Vo WA R O S R, E RS B i A
WF = n IWAEM - BAEBICEEMETH S, Vi T
FENENZEHICB 2G5 EOREE., BETH .
a \IBWIRRHCH D, NTA—F Woo E. nDfi%
MEHBREED T4 v T4 Y ZICEVIE LTz T 720
FARBE TH S N7 Pl A = & ) W L % Clausius-
Clapeyron B9 S H I L 720 &L, W=
H—EIREE T O L IREOBETH 5,

@f:—R<:£%;>C (9)

512, DA U K D HEE S B PGS & & FHE
T2 2 T, WA ERE T O BRBNRE TR &
NG PR EEEZHNT L2 LIRS, 155
72 AE AR & 0 BREDRRE 2 VR L. BREDIRE St
TOMWREZEEZ TRl L7z, T/, kR & X582 54
TLFE R 3 2 WM Tl & 2 I L. s s ol
B BRENFE: 2 HEW L 72

3. EBHERPLUER

HFC-134a. HFO-1234yf i & Maxsorb 1T O W 75
Flf a4 (@) b)Rd, EEBRTHS =
HHEEI L7 D-A X TOHEBIM & FBA R L ofRE
(B4kc)brde F720 D-ARTELN/ST A —
YERIICEL DL, HBONTWFHEFERMEID . KA
JFELLF ORI 6 W 8AS. B EATY) | iR E
wED LI DWHAWNAETLRT Y Y Vv hH
%o H512300 kPa FEEE (M o> 0°C HH 24 o i 1 2%
SEH) TH. BRERE (20-40C) 2BV TIX 1.3
kg/kg DL EOREWIRERIE LN TND I DDA b,

—_
=
—
w

[ |

™ B o oai [~}
0
1.6 o
(=)
=D 14
=0
5 12 d
.M -
o
-
=
o 08
=
£ 06 ® 20°C Exp.
o) O 30°C Exp. 30°C Cal.
2 @ 40°C Exp. ----40°C Cal.
< 04 @ 50°C Exp. —— 50°C Cal.
60°C Exp. 60°C Cal.
0.2 ® 70°C Exp. — - =70°C Cal.
@ 80°C Exp. =——80°C Cal.
. @ 90°C Exp. ===90°C Cal.

0 100 200 300 400 500 600 700 $00 900 10001100
Pressure [kPa]

4(a) HFO-1234yf %t & Maxsorb I W25

(b) 13 » v
1.6
—
Lo 14
20
% 12
a 1]7.
D :
o 08 |/,
2 4 -
£ 06 ,»°T ® 20CExp. 20°C Cal,
=} P O 30°C Exp. 30°C Cal.
Z & 40°C Exp. 40°C Cal.
< " & 50°C Exp. 50°C Cal.
@ 60°C Exp. ----- 60°C Cal.
02 © 70°C Exp. — - -70°C Cal.
& 80°C Exp. =——80°C Cal.
. @ 90°C Exp. ===90°C Cal.
(C) 0 100 200 300 400 500 600 700 500 900 10001100

® HFO-1234yf refrigerant
©HFC-134a refrigerant

0 100 200 300 400 500 60O 700 800 900 10001100
Pressure [kPa]

4(b), (c) HFC-134a #5# & Maxsorb II & W 75 %¢
AR & FEEAE R L D-A U2 X 2 e
WL FEBRE R & DR



F1 D-AXT A4 v T AT NRITA—FDFLED
(Maxsorb 1I)

HFO-1234yf HFC-134a
W 1.7925 [cm®/g]
n 1177 [-] 1.162[-]
E 8.640 [k]/mol] 7.262 [k]/mol]

HFC-134a @it 13 HFO-1234yf @it & Ik L CTor 1172
DINE B, FD 728, HFC-134a @ I3 ARE H 8 O )
FHEDIUL ERNDBRENZ ENDRPD, 12722D%E
N TH D . TG BT 2 S SRR OB X 1Z
BEDLL LW ENDbRr L, 20729, HFO-1234yf
WD &9 7% GWP /NS WIHBET O i 2 Fv b
CETEVREENEONLEZ ERb2S, $72. D
“ART7 14974 7 LR T, EREEY
HUTEI L L) LHRPBONTBY, 719714~
TINTG A=Y ORELEEMERE L 72o £ 512, Clausius-
Clapeyron B £2 30 2 & H#E#l L 72 W 25 #2413 410 k]/
kg nrouzmst ~ 262 kK] / kg wronms: (0.1 kg/kg~1.6 kg/
kg) TH Do ZIUIFEIEE 145 k]/kg — HFO-1234yf
(@25C) LWL T8 EOETH -7,
HFO-1234yf ¥ — Maxsorb M {2 35 1) % W5 55 5t
X %1 L 720 B 5 122 OWEAE G SO 0 BREFHIIX % 7R
T o BRBHHRI LT BRE) T O WA AR R O WK A =
EHERRT B DR Do WS s A% o BRENIR L 12 &
D PR EAEIIER L. ZOMITKEVIT LRSS
D/NEL - B IALDSTTREIC 72 B0 SN HBIHE OB E)
e L 72255848 0CL BRIRIRE 40C, HARE
80C DIRELMIZFERTE Lz A4 7 VK X b WG
WETIEL.30kg/kg BN LDIZH L, FEHFET
b 1.23kg/kg 615720, PG E1L 0.07 kg
/kg T %o Maxsorb M TlE~ A 7 O fLAS%E L T
WBIRAEMTH B 720, EimETH 5 80T 2B T
LEWVIEENSEONDL 20, 15515 PR AE &7
AN OER L B LT, MO TRIWZ &b h
bo ZZTy ZORMEFRMNTES NG FHREREY
WM T EAZFEM L 720 B6. 7 IZEWAEM D 40,
80C DA HF MM E R T F72. B8 ICBiA &
TOWEREY T LD, WEML LD, MOF-177 &
40T, 50 kPa D42 5T Maxsorb IT & 1) & W75
/AN E WA, 100 kPa Ll ECld Maxsorb IL £ 1) %
EWIREEDPESNTWS, i, ML IcB Y
T, Maxsorb MiZ A —/8—< 4 7 adflh b~z adl
FCTOMILTAEA L TWEDIZHR L, MOF-177 i

L0AFSEICHIALGAT D ¥ — 2 258 U . HLHITED # vl
LofixF L TCwb7-oZ SN, T/,
Maxsorb 1T & I8z L C. MOF-177 (& W75 & 0 #IRNAY
BALH ES) AR LTV A,
WIZAVILEATHWAEME L TRAYKR—TF A —
K MHO00 & AV K—F 231 H TMPS-2 W 45
A% R 3o WIERR LD . AL Tld/h S VIl
BECHLD, WHENZHRL T L, A VI~D
WA ST L. s S IE I R & el L TR L T
W S EDbh D TMPS2 (ZHFLEARE A3 W5 44
L LTSV, BAEEIT/N S WHERTSH 555
MH-00 TiZ, ¥4 7 0fLIZIMATA VILDOZEL T
B Y. MFLAHE L Maxsorb IT X MOF-177 & [/ & 12
Tve D728, 40C. 800kPa (FixIE0.8) T
W mIIFRIEOMEIE LN T VD Z L3505 72,
WIS, WA SR TOmE., ENEFToOlEET
L 720 MH-00 TIdW a5 888 £ 0BG @2 &0
TiDEREIIRKE L, BT 52 EBATRETH LD
LD b, FEEEESEY BT 5 & Maxsorb 1T,
TMPS-2, MOF177 DIEIZH KL T Z &b h
%o MOF-177 TldME = b K& (. BEFRETOR
HELLVD, PHBRERZOMERTE WL, —F
T, TMPS2 Tld&RoOWE &3/ S w)s, FagEE
TOWFHE /NS ., FHl %= 7% Maxsorb I &
DRERMEEHFEON TS, MFLEFEIC L D . B
W 5 2 e FHEN S,

2000

o
8
o‘\J _
Condenser s
_____ Desorption Step .~
1000 i e g
Lo |
o
=)
-
7] ,,
& e oLl s
™ Adsorption Step. A /
I A Ads step:1.30 o/p
Adsorption Uptake Line ~ Des step:1.23 g/g -
vy _.\ \ =—Vapor line
. /| m—pdsorption Cyele(80°C)
100

0 10 20 30 40 50 60 70 80 90
Temperature [°C]

5 HFO-1234yf %5l & Maxsorb 1T 0 W75 25 3l
O BT

IR HFO-1234yf Wit & ZEH 2 W TE s
LR EREEL, KR T Y EST O BEREEE Hv
720 75 A B C O P S 7 L RIS O E



ZRONDLZEDVHRERTH L, LLEDS, WD
IR EET 2 LEENICEONLHHEIR0.1

~O0.5BREICEEE R ENTEEIND, TD72D,

L0 PR AEREE AT 5 &) L LTRPUEII R S,
B Z1E, J5E L7z MOF-177 @ X 912 A E S BRI
BHRPDHUIALE B2 . EiRE TIEREEAVNE <
%% &9 HiEERRET Ch b o FRICTHMER CTOWAE =X
WEM OB E EOWREELFOND 720, B
B DIREE - E D&M T COWEE DA HE L
. EERE R A AR AT AR L 2 Do F 7oL KR
AT HBETIIHAA BRI R T 52 AT
APREINTNDEY, KAV BTNV ERHGIZART
&, ZEOWESRE VA Z & TH5C T W
WA EEPEOND VAT APHEEIN TS, &
VAT AT BEHOBREROGEL 2 B HI2E S
DI LT, B PRIRE R ARSI EL L
WL Y AT LA TH D, BKOWARIIKREC R
AR T (COP) 1ZIET 9 %A%, Bk R HIRE X

1.8

L
1.6 x L]
[ ]
—@m 1.4 x* 9
=1} ® x
= 112 X o]
o] X
= ® m ® B
- 1 x
=S [ ] [ ]
- X
= 08 o
2 ®
£ 06 ®
=] [ ]
3
04
< F =
XMOF-177 40°C
0.2 X XMOF-177 80°C
X @ MaxsorblIl 40°C
@ MaxsorblIl 80°C

0w -
0 100 200 300 400 500 600 700 $00 900 10001100
Pressure [kPa]

26 Maxsorb Il & MOF-177 ®We S8R (40, 80T)

1.8
ETMPS-2 40°C
1.6 B TMPS-2 80°C
AMH-00 40°C A
= i AMH-00 80°C
&0 A
20
P 12 i
g =
[=? A [}
=)
o 08 A
r'Y
g ] A
£ 06 A Y =
2 4 b
S 04| a #
< at o
B ]
0.2 AN - n
L
0 B

0 100 200 300 400 500 600 700 800 900 10001100
Pressure [kPa]

M7 TMPS2 & MH-00 oW (40, 80T)

o

W Adsorption step
016 g/g

—
I

0.07 g/g

—_
(]

-0.03 g/g

o

0.11 g/g

Adsorption Uptake [g g']

=
2

=

Maxsorb MH-00  MOF-177  TMPS-2
Adsorbents

8 WA SR ERE R O I E R D E L O

BT LoD, FHEEEENPKRELS T D, T,
BN A — FRHRIERIERIEZR A LA REE 720 5,
AWFFED HFO-1234yf &l L AEM R T I2B VT L %
DY AT LFKED LD EELOND, SId, £
LB AR DR L ORISR T B
W2 PR e o A7 Ak E b A1 4T - ¢
[AXES

4. BbYIC

WS S SR (SR A s B & I3 R 2 ) L B
B A — FFH 2 ARAET 2 BB O BRI B TH % o
PERD FERG I & 137 5 HFO-1234yf &l % Fl\v 72
W RIS SRR 2 BASS 5 2 & T AR i A i
BEL LA ANVF (LR TReL 35, KFZEL M
DT L ) 2T, HFO-1234yf B oW 75 S 1045 % 52
WL, D-ARXZHNTT 4 v T4 7L, Fillls
AR L7z, S 510, WA BRICBIT 2 HEET
Felh T O PG w2 S L 720 HFO-1234yf 4
LA 7L AT A EMERORT TIERAEE/RTH
WIEERESE LN L DS, BB TS mIE R &
Fd 5720, TohFEBAERENMELONZV, 22
Ty AVILEETDHAYR=FG A=K, ) HR
MOF TOWRAEFRMR 2 HE L. ZOFHkEEEY
S L 720 BIERSE MOF 25 WPl A 252 A5
B Dol ) EWHFERINEEZ/5 720
(ZiE BiAE AR T OWE s I % TTRE & 3 2 MR %S
RYVAT LEEIDERNTH D Z Do Tz,

W5 S5 SR O B 58 ClIEM OBIFE N2 T )
HEM & BRI O — RS EEI % b HFO-1234yf
RT3 B W - IBAE S RR R R A B O TRER -



HIE & o 72 & WA OB BB AT EEL~D
N=PFWIZ%DZENRTFREIND FRTEFELL
A WAL BT B A LANILER B O B Tk
Mg DBALGEFE R WA & &\ o 72 B HEAE ORI E
HEDTWD, WAEREE ) T ENLEDPS, Bk
EOBGE - [ LT T ET, RRT & H 72005
AT DOER 20T THRZEZT> TV & 720,

[FEE]

ATl FEBIHERFRF R
HEZRIAT 5 72 b DIl 2. & KSR 52 7' 0
Vs bO—BETIT o2 b DTH D, HHERFKS:
Be TEAWFgeRl REE dE 2%, TSI IC, & MK
SR R HIZ. P, (b AT
L TR BH KRR DA vz %
L7ze SCRE#HOEELZLLET,

[BEXHR]

1) Japan's Energy white paper 2020 (2020).

2) J. M. Pinheiro, SSalustio, J. Rocha, A. A. Valente,
C. M. Silva, “Adsorption heat pumps for heating
applications”, Renewable and Sustainable Energy
Reviews, Vol.119, 109528, 2020

3) A. Alahmer, S. Ajib, X. Wang, “Comprehensive
strategies for performance improvement of

adsorption air conditioning systems : Areview”
Renewable and Sustainable Energy Reviews,
Vol99, pp. 138-158, 2019

4) A. N. Shmroukh, A. H H. Ali S. Ookawara,
“Adsorption working pairs for adsorption cooling
chillers: A reviewbased on adsorption capacity

Renewable and
Sustainable Energy Reviews, Vol50, pp. 445-456,
2015

5) B. Han, A. Chakraborty,

characteristics of methyl-functional ligand MOF-

and environmental impact”,

“ Adsorption

801 and water systems: Adsorption chiller
modelling and performances”, Applied Thermal
Engineering, Vol.175, 115393, 2020

6) W. Lombardo, A. Sapienza, S. Ottaviano, L.
Branchini, A. D. Pascale, S. Vasta, “A CCHP

ORC

experimental

system based on cogenerator and

adsorption chiller prototypes:

Energy and economic analysis for NZEB

7)

8)

9)

10)

11)

12)

13)

14)

applications”, Applied Thermal
Vol.183, 116119, 2021
Y. Bai, Z. Huang, Z. Zhang, F. Kang, “Ultrafine

hierarchically porous carbon fibers and their

Engineering,

adsorption performance for ethanol and acetone”,
New Carbon Materials, Vol.34 (6), pp533-538, 2019
Z. Cao, N. G. Osorio, X. Cai, P. Feng, F. Akhtar,
“Carbon-reinforced MgCl. composites with high
structural stability as robust ammonia carriers
for selective catalytic reduction system” Journal
of Environmental Chemical Engineering, Vol8,
103584, 2020

A. Karmakara, V. Prabakaranb, D. Zhao, K. ].
Chua, “A review of metal-organic frameworks
(MOFs) as

adsorption

energy-efficient desiccants for

driven heat-transformation
applications” Applied Energy, Vol. 269, 115070,
2020

A. M.Babiloni, J. R. Barbosa Jr., P. Makhnatch, J.
A. Lozano, “Assessment of the utilization of
equivalent warming impact metrics In
refrigeration, air conditioning and heat pump
systems” Renewable and Sustainable Energy
Reviews, Vol.129, 109929, 2020

S. Daviran, A. Kasaeian, S. Golzari, O. Mahian, S.
Nasirivatan, S. Wongwises, “A comparative study
on the performance of HFO-1234yf and HFC-134a
as an alternative in automotive air conditioning
systems” Applied Thermal Engineering, Vol.110,
pp1091-1100, 2017

M. Richter, M.O. Mclinden, EW. Lemmon,
“ Thermodynamic 2333

Tetrafluoroplentane [R1234yf]: Vapor Pressure

Properties of

and p-p-T measurements and Equation state.” J.
Chem. Eng. Data, Vol.56 (7), pp.3254-3264, 2011

M. Sultan, T. Miyazaki, B. B. Saha, S. Koyama, H.S.
Kil, K. Nakabayashi, J. Miyawaki, S. H. Yoon,
“Adsorption of Difluoromethane (HFC-32) onto
phenol resin based adsorbent: Theory and
experiments”, International Journal of Heat and
Mass Transfer, Vol. 127, pp.348-356, 2018

H. K. Chael, D. Y. Siberio-Perez, J. Kim, Y. Gol, M.
Eddaoudi, A. J. Matzger, M. O'Keeffe, O. M. Yaghi,

“A route to high surface area, porosity and



inclusion of large molecules in crystals” Nature
Vol. 427, pp.523-527, 2004

15) K.CA. Alam,

Hamamoto,

M.ZI. Khan, AS. Uyun, Y.
A. Akisawa, T. Kashiwagi,

“Experimental study of a low temperature heat

driven re-heat two-stage adsorption chiller”

Applied Thermal Engineering, Vol27, ppl686-

1692, 2007

M

&I 2016 4F- 6 H

2016 £ 6 A
2018 4F 4 J

HIEICES,

K& e s
rlE  fRREKS L8 by
AT N LEE BhEk

AN = UNE N S N S R
FHY T EHER g (1)
iEs

JST-ALCA #dirhifse B

R RFE LY A7 41
ES S L



REBEMARRETARRES

BEEY T M S NHEAORIR EREFE
IRRRICSI M U e B T BB RO RIR

Controlling Adsorption Properties of Core—
Shell Metal—Organic Framework Particles
through Synthesis Protocols
RBAFAZRIFMARMCE T FER
Department of Chemical Engineering,
Kyoto University

R B

Atsushi Fujiwara

1. FL®IC

% L1 B AF 8% & (Metal-Organic  Frameworks,
MOFs) (&, &J& 1 4 » L GHRE T2 LR E D
WO ZILEM R CTH 5. ZOMEHL, HTED
HAEHEIZ L > TA L — & — TOMMILER 7T B
ThU ., FAGHE AR, SEEAOIS AR
ENTW2Y MOF O Th, V7 ML & (Soft
Porous Crystals; SPCs) &IFEN S b Did, Z Ok
DELPI® I, &5BEDEIIZ BV TGN L
L. F7eiilrEINns L CTHEEL ATy 7
WRIZHINS 20 Z ORERLWAELRENILT — Mg LT
I, BEEAIEET AT (F— MREE) fHETo
P GETBECRECWAER LIS EONL T L
M5 HHER & L CosHAPEES T 5,SPC
DERLIZIET T, 7 — MEEFEORE A KD 5T
WA, BURTIRZ S o6, @B A 4 v L AR
TOMAEGHLEERERT L FERIKELTVDE, 20D
FHEOMEIZ, 7 — MAEEAEERI IS L, T
D7 — MEELE A ERTLO0HEREIZH D, 2D
BURICR LT g8, 2B SPC AL L 72
B, WERCTCRE OMESRNIC BT 2 EE, H— 0 SPC AL
T AR DL XL A X oz T03 7 afk

L o Tr— MGEEAZLL 728 v ) By 5,

T7 Yz VEISPCOITH A X, ¥z )VERDKEE
N X o T = MIRAEE & A 122 LT RET
Eawpr BB Lz, SREERTAOICIE, a7
T AR, Y VERDHIio723 T Y 2 VT 2 ST
BLUENH DO, BHEOR TERFETIX, HHIC

SPC D UGHEN R EWHEIZBWT, a7 =
BT OBEERIIHEETH 2 2 LhHE SN TN DY,
COMEOREN 2 F R, $EkD MOF H 14 12
HAWSNTELNY T )T 7 & OIREERED SUCEE
IR R EEZENDL, 22T, RFZETIE.
37 ORI X B WA R I SRR IR ATERRIC
BN~ A2 7oy RV T Y 2 VRO
wER A RAT,
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Parti ) Particle diametei
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Fig. 1 SEM images of (a) ZIF-8 and (b) ZIF-67 particles used as
core particles (reproduced with permission from ref 11.
Copyright 2021 American Chemical Society).
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Fig. 2 Schematic illustration of the core-shell particle synthesis
using a central collision-type microreactor: (a) micrometer
-sized suspension segments; (b) homogeneously mixed
suspension.
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Fig. 3 (a) XRD pattern and (b) STEM-EDX mapping image of
the particles obtained during the synthesis of ZIF-8@ZIF-
67 particles (reproduced with permission from ref 11.
Copyright 2021 American Chemical Society). Simulated
XRD pattern of ZIF-8 and ZIF-67 was reproduced from
ref 5 and 6, respectively.
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Fig.4 STEM-EDX mapping Iimages and particle size
distributions of ZIF-8@ZIF-67 particles synthesized at
Weore Of (3, d) 5.8, (b, €) 2.9 and (c, f) 1.4 mg/mL (reproduced
with permission from ref 11. Copyright 2021 American
Chemical Society).
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Fig.5 SEM and STEM-EDX mapping images of ZIF-67@ZIF-8
particles synthesized at (a, d) @wewe = 5.8 mg/mL and [Zn*"]
=100 mM using the batch reactor, (b, €) e = 5.8 mg/mL
and [Zn”"] = 100 mM using the microreactor, and (c, f) Weore
=14 mg/mL and [Zn*"] = 100 mM using the microreactor
(reproduced with permission from ref 11. Copyright 2021
American Chemical Society).
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Fig. 6 N, adsorption isotherms of ZIF-8, ZIF-67, (a) ZIF-8@ZIF-
67 or (b) ZIF-67@ZIF-8, and mixtures of ZIF-8 and ZIF-67
particles at 77 K. The weight ratios of ZIF-8 and ZIF-67
particles were set to be the same as those in core-shell
particles (reproduced with permission from ref 11.
Copyright 2021 American Chemical Society).
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