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RS, EHR TOX~DKZITFKIC BT 5 H HED
B EF RO HID, AAFFETIL, LAl CHEET
HD NaCl ZIFZUDELTZIRMANZ LD FEED S5 R SR
B LW R A T 9522 HEE T,
AFZE % BRAELT-2 %, NaCl 75 ELE O 4 Tl e g
Do fRZEIIHIL, J0 B E Tl O 0 fiRz IESE 5
ZEE UL, BIRD KL (400°C, 0.1 g em™) BX
MR DR B E (330°C, 0.64 g cm™) D2 ODES )%
FRAFITBNTHFREOFRAFIR L) D NaCl DR E#]
HILT=LZA WTIDEED . NaCl D3 A IS 2
ZENITRENTZ, 512, NaCl ORI, KBS B E
DIFHINIVBFIZBNAZENHLN /2o T, T,
TNHVE R NTARICEO S E BEICHEcE5Z8
T D THD, TDH%, Fox ITFERD 250°CHEVKH
(2B D0 fif~D NaCl IRINON RO FAEr7 2Bt 21 T
VN, NaCl 2 EE 23 EREZ RV Y (1.0 M) S5 B I B D 43 fif %
P, KO ERE CIEFRm O o iFa EE 5 (2.0-3.0

M) ZeE R LT, Zhuid, 7BV RIEIZ LD RS
HORREMZ R TH O TH D, RFFLTIL, NaCl DOIETT
TR DX B D KBS RO S FE 33 L ONEA I R
PERTAZEEBELT,

SIHIT, RWFGEEHED H72)3C ZnCl, BFFEID CO,
OIS 2 &% R U2, E72, ZnCl, & NaCl
DB EDHEITEST, CO & CO, DILREZHIHITEHZ
EERHLIDOT, ZNHDOFERIZHOWVTHIE T D,

2. ARAE
2.1 83 8

FWRIZ, 13C RALAEL7=H D (BC 99 atom% and
>95% (w/w) in H,O, Cambridge Isotope Laboratories) %
UMz, ZnCly V3, FGHIEEEY (Rrfl, #UEE 98%) & /e,
NaCl I, FiyeHiER (Rafk, M 99.5%) & V-, &8
M OWINCIE, HEF AR (Fieslizk, 75-150 pm, i
99.9%) | $IAR (FIYEHMZE, <75 um, I 99.9%) . £k
K FEAEEE, -150 um, ML 99.9%) . = F /LA (Fn
JEHliZE, <150 pum (100 mesh), FFE 99.9%) . 7 LkHAK
(F I AT AR 4L, <200 mesh, FFE 99.9%) %
Uz, ENELORIET, BEARZ IR 228 Hn
720 DKL, Pure Water Cartridge G-5C (Organo Co.
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PEFEIE BC NMR IEZFTHZE TRIELTZ, NMR {5558
% A IR BE\ DA AT DRI RUREC S DR LR
FA~D B BIZAN T, LLFOICH LIz

[HCOOH]y p=f{Icoo,iiq P 1co,gas (1-9) + Icor,gas (1-p) }
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ZIT 77— () I NMR G 53R EEL PC R O
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B, 250°C TIEFRERIT 0.80 £7250 Iconiigs Lco gass Icon.gms
&, FRENIFAT D CO, DFESYTREE ., KAHF D CO &
CO, DFESTHE THD, ZOIINL TIRELTE T 774 —
LENENDORE S FRE L OFEND | R DI % E &
L7z,

FOSAEZRI, EE LA 5 (W2 mm, %4
mm) & U7, SOGEIEE S (KDF-S70 7> 7)
2L, FRRORAFIRE . CO BLVCO, DAERED
NMR Z3#71&, JEOL ECX400 (9.4 T) (2X0f 57257,

3. ARHER
3. 1 EfiE KN R

IXUDIT, AT BAGRAHZI1T DF W /iR O S A)
DM T D FE TORBE(LEZ RS, SRR E
250°CIZH1T D, 96 M ECTOA ML DRFEE(LE
Fig. 1 {7, FEEOPIEEIL, 1.0 mol kg THD, /3fiF
SNT-FRIL CO A H S, 72 ML TXEEL CO
XL A BND, FER RO DRI,
CO TEHY, CO, DAITHOTITH T, FEMRIEEKEN
ZMETIE, CO ApnMENETH DM,

Yield

0 20 4IO 6I0 80 100
Time / h
Fig. 1. Time evolution of the concentration of reactant and
products of the noncatalytic hydrothermal decomposition of
formic acid at 250°C. The vertical axis is shown as the
normalized concentration. The initial concentration of

formic acid is 1.0 mol kg™

3.2 ZnCLLO3E

XD oy RIS IZ X35 ZnCly, DFhE% . 0.01-100
mmol kg DILWEIHD ZnCl, D EEHPH I3\ TR
L7z, Fig. 2 {2, KD *C NMR A~ ML4E7R9, ZnCl,
PERE DS RBIEV 0.01 mmol kg DIFA . CO BMERLIZA
FRL. CO, DRI TN THY, MM TR EeE 45 iR S
BTG A EIFEAEE DG, ZnCl, JEENEIINT 51
DI, SUGKEEEIE, CO ~DI RIS CO, ~D I3 i
RREEA~LEI DL LN DD -T2, ZnCly JEFEA, 10
mmol kg K072 DL CO, AERDMENL o7,

Fig. 3 1%, XWO LD LR OWEIN K 57~
ZnCLIEFE A BAEU Y 0.01 mmol kg DA TR 20%
IIRESILTUE, CO VL 20%A4 KL, CO, DA EIEH T
I THoT2, ZnCLIEED 0.1 mmol kg DA, AW
DAL, 0.01 mmol kg DA LFEAE L DO N->
720 ZnCLIEFEDY 1 mmol kg DA, FEED /3R k
230 30% 5 RSz, CO 1E 13%4ERKL, CO, 1% 17%4
R UT=, ZnClL I EEAY 1 mmol kg 1Z725L, CO & CO, D
AERBENMEEALEFC L7272, ZnCl, JEE2Y 10 mmol
kg DA XERIL R X RIEIC EHL ., FEEIT

x5
L |
10 1
100
co | | . €O,
200 180 160 140 120
Chemical shift / ppm

Fig. 2. "C NMR spectra of gas-phase product of the
hydrothermal decomposition of formic acid at 250°C for 1
hour with a various concentration of ZnCl,. The
concentration values of ZnCl, are shown in mmol kg™ The
C chemical shift values of CO, and CO are 128 ppm and

186 ppm, respectively.
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250°C, SUGHKFFIT 48 HFETETEBHIL7-H5 R4 Fig. 4
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EUINUIS B OIEON, FEEO S RIEE DK 2 f5L72-
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FIRLTHRY, BRI FHEICELTZEEZBND, 2D
LEOFXERIEIO CO OREITIEABEDLXLTIZFRIL T
BV, NaCl DY LB L CO DA E I3 D5
BTN EBR LA,

1.0 LR LR LR T T TTTTIT

—O— HCOOH

Yield

—+ CO
- €0,

0.01 0.1 1 10 100

[ZnCl,] / mmol kg-!

Fig. 3. The product yield of the decomposition of formic
acid at 250°C for 1 hour shown against ZnCl, concentration.

The initial concentration of formic acid is 1.0 mol kg™
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ZnCly & NaClZ & | ZSUNRHRIZININL T2 3556 D | X1k
Doy RGN KT DR BB L 7=, F WK IR,
ZnCl,(0.01-100 mmol kg™) & NaCl(1.0 mol kg™") Z#RA0L
250°CC, 1 FERISE T, Fig. 51, ZAHO PC NMR
ARG IVETRT, ZnCly DR HIKV 0.01 mmol kg
DA CO DMERLIZARL ., CO, 1T MR LT,
ZAUE, NaCl ZIINL 725G LR Th -7, ZnCl, =
FEAY 10 mmol kg £TIE, CO ApMERL LY, CO, I
FEAEEREN 2D o7, ZnCl, BEN KL E W 100
mmol kg 12725 &, FAERA CO M5 CO, ~ETIERD
77,

Fig. 6 13, £ OYE IS %775, ZnCLIREA30.01
-1.0 mmol kg' DA K 40%DFEEIN 3 fiRLT-, CO IX
40%4 KL, CO, DAL BT TN ThH o172, ZnCly JREE
7310 mmol kg DA FEEIT 40% 537 L . ZnCl, I
0.01-1.0 mmol kg DIFE LA DB T2A8, CO DAERK
F1X 35%E 720 L, CO, 28 5% L7, ZnCl, A
100 mmol kg DL FEED/IEEIT 80%IZHIANL
CO DA 20%., CO, DAEKEIL 60% Th-o7-,

INBHOFERE NaCl ZEINLRWE S5 e,
NaCllE ZnCly (255 CO, AR5t 2 fidilihi o SR 24 4

1.09 T T T T
—O— HCOOH
—{+ CO
0.8 - CO, -

Yield

0 10 20 30 40 50
Time / h

Fig. 4. The time evolution of the reactant and product of the
hydrothermal decomposition of formic acid at 250°C with
addition of 1.0 1.0 mol kg™ NaCl. The initial concentration

of formic acid is 1.0 mol kg
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Fig. 5. °C NMR spectra of gas-phase product of the
hydrothermal decomposition of formic acid at 250°C for 1
hour with a various concentration of ZnCl, with addition of
1.0 mol kg NaCl. The concentration values of ZnCl, are

shown in mmol kg™

DENALINE/ ST, ZDZ T, NaCl & ZnCl, DRSE
ZIHEET LI, il OBEETHIEARBLEIC
CO F72iF CO, ~DIUSHRH A YNV EZ DL FIRETd
HIEHITRT,
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H DT 2803 TE . A o MR O Hl 23T
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AT 7 Mt WK B S ~ DS IS DTN
WrEsha,

A A UK FE THTR 3Tk, W E Ao
arha— LR THD, CO + HO <> HCOOH (A3
its) & HCOOH — CO, + Hy DUSIEEZZNZE I Ky
k&8, TR b >> k., THHHCIE b << k&

1.0 T T TTTTIT

0.8 —

0.6

Yield

02l —O— HCOOH
7 13-co
== €O,
0</ T 11 111111 11 111111
0.01 0.1 1 10 100
[ZnCl,] / mmol kg!

Fig. 6. The product yield of the decomposition of formic
acid at 250 C  for 1 hour shown against ZnCl,
concentration with addition of 1.0 mol kg NaCl. The

initial concentration of formic acid is 1.0 mol kg™
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Development of Conversion and Storage Methods of Hydrogen Energy into

Formic Acid Using Sub- and Supercritical Aqueous Solution of Sodium Chloride
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Summary

Control of the decomposition paths of HCOOH into CO and CO, is desired for the utilization of formic-acid
intermediate in the water-gas-shift reaction for the production and storage of hydrogen energy. [ demonstrated
the selective path control of the HCOOH decomposition into CO and CO, by taking advantage of the hybrid use of
ZnCl, and NaCl. The NMR analysis shows that ZnCl, has a catalytic effect on CO, path and the catalytic effect
can be finely tuned with variation of ZnCl, concentration. NaCl has an effect to slow down the catalytic effect of
ZnCl, on CO, production and can be used to modulate the role of ZnCl, and to switch the reaction path from CO,
to CO production. The present procedure can be used to produce HCOOH with minimum loss of decomposition
into CO, and to produce H, from HCOOH with minimum loss into CO.

The procedure developed here can be used for the in selective path control of HCOOH decomposition in hot
water with ZnCl, and NaCl. When HCOOH is produced from CO gas, the reaction rate of the production from
CO to HCOOH is desired to be enhanced without accelerating the loss of HCOOH into CO,, while the
decarboxylation of HCOOH needs to be accelerated when H, is taken out from HCOOH. The present findings
can be used to improve the effectiveness of the control of the competing reaction pathways from HCOOH to CO

and CO,.
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