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91 NaBO, A4 A7 X35}9IT}. NaBH =

]
HEGLE,

W 25, 3

RS- 550°C, W39 35 bar,

Abstract — Hydrogen storage mediums are considered promising for hydrogen production due to simple transportation
and storage. NaBH, is extensively studied as a potential medium due to its high hydrogen capacity (10.8 wt%) and mild
production conditions. Despite its critical role in sustainable hydrogen production, the utilization of NaBO, has received
less attention. NaBO, can be regenerated using reducing agents such as NaH, MgH,, Mg and gaseous hydrogen. Ball
milling is widely employed for room-temperature regeneration under low pressure, but it has limited application on large
scale. This study performed the regeneration of NaBO, using a packed bed reaction system with enlarged amount of
NaBO,-Mg mixture. On optimized experiment condition at 550 C, 35 bar and a 1:2 NaBO,:Mg weight ratio, NaBH,
yield was 63.9%. These findings highlight the potential for scalable regeneration of NaBH, under controlled conditions.
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TH1]. 2% NaBH= 10.8 wi%2] =2 &) FAG 45 st
903, 71 73 (hydrolysis)E E8f S 259 obe 7ol

IFE FAE A ol o] T NaBH,H2+x)H,0 —
NaBO,xH,0+4H,)[2,3].

AE7Fs 74 Ak 91l ARES- 1521 NaBO,9| $h¢l
7% 7 F 2/de] U= AL It NaBO, AA 25 A= 25
Tl 28 shAlel E3ste] & d(Ball-millysEAL 71 |
Fao) 71t W o] AFEE AL Ut Lang2 NaBO,, MgH, 9}
B WS ARE-SE NaBH, $H A 2] 27 ollA] obe, AIRE W-e-=11
1) 59 JFS Btk WA E 2,34 MPaoll Al &2
71.2%, 71.9%, 10.0%% §H-&-2] G FA A kgt 3714 0
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CF Wehe-& kA= 2-g-ste] RES- &g #Jske] Q11 k9t

grofl 71018 4= ik HF HA) AXE 27191
12,000 rpm, 20 bar, 12 h, NaBO,:MgH, & ] 1:2.7°14 89.0%2]
TES DAUTH4).

NaBH, #A|A 2]l de] E8-5= MgH, 2 v5 712 7} wh 9k
415159 Aok SE-S 218t tiAlAIR Mg,Si[5-7], Mg-Ni[8], Mg[5,
9-11] 5°] A5 1 ek 53] Mg,Sitf St 1220014 Mg 52&
who} 2ol A B4 A3HE oAdeitt MgH, = Mg,Si, Mgs &
43 NaBH, A &5 vlast 27, 550C, 70 MPaollA] X1t
A3 A3} MgH, 2+ Mg,Si, Mg2] /-2 97%, 98%, <20%=. L}EF
Wk B ske] Aozl Mg-23.5 wt%Ni 3-8 &= (eutectic alloy)>
BIAQI ¥ S MgH, 2] A& S 5= Stk Mg-
23.5 wt%Ni 383 Alo] 2] ARHAE HY o5& FHAD %
oz}l 7152 Mg A4 gH 2 - Rt} U 2590 673 Kol gkl
Ht} o] 5 53l 3.0 MPacllA] 80%2] NaBH, A =58 AATHS].
Felli= 78 MgE NaBH, AlA 2ol E-88h= ARII7F B9l
th 78 Mg MgH, 52 Hlawato] Aglskar, jkg- 5 )43t
Mg5o% A gHla}r] o] go] 3}T}. Ouyang <l|o]A EFY Q] &
9 (shaker mill)¥} MgS AH&-3}0] NaBO,2H,0= - 74 (NaBO,
2H,0+4Mg — NaBH,+4MgO)3F3ITH5]. & 35% #+3F2] Mgo] 3
el 1 g0 WhE-25 1,200 cpmollA] 15h &< B 8}o] 68.5%2]
& AATH12]. B AAE TN = U ARSSRE AP g
oA REg& 3B = Qlrh= lo] AT, A2 822 Aga}

9} 92] Bom> Mgé} NaBO,E & U(ball-mill) 2|3t 7
SHAl £83 5] 100 ml 21 L EZ 0] H (autoclave) HH-5-715 &
&3to] REGAIZHE &8k HH9]. 300°C A 600°C oA %138
NaBO, $H¢] 788 v w st 27 400C 2} 500CollA g2 7¢
30%, 60%= YEFEIL, 600C ol A= 63%=E 500°C ol 4] £} Bl w8t
zpo] 7k ERA] okt ol = whg-of] &A1 FHAIQ]
MgH, /42 9} W8 7|4l 254 7} 400~430C, 450°C O]t} ©]
S B3l 400C oAM= W S A3 1) 29l Wk B o]
ol 9] w2 G495 Hol=d Hhal, 500C 2k 600°C oA+ 57
Abgh 32 /do] vl 218 o 5= Utk 600T ©)/d2] S120)A]
+ /3% NaBH7} el =]o] RES- &/do] Fhasigict.

£ oM 3849 NaBO,2) 132 9Jato] ng35 s
7] (Packed Bed Reactor, ©|3} PBR)elA H, 35Z710l|A S 8S
Z1843}30T}. 50 g2] NaBO, & AHE-3to] Mg A2 o, N2 %,
W9 5 ke Bl S BrReIRlT Whe & SRR E
Ethylene diamine (EDA)& 2-8-51° NaBH,Z A2 0 & &/
BTk W35 9 A E-S XRD, SEM, FTIRS A3} kS A
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2-1. 2

B kS0l 2831 NaBO, (355>98%)2F Mg I--14(99.9+%)= 2+
Z} %=1 2] Wuhan Lullaby BiotechnologyA |2} US Research nanomaterials,
IncAke] AlE-S ZH2F ARSIl 1 9] =% 4 A Aol ARS-¥ EDA
(>99%), NaOH (295%, pellet), KI (299.0%)*= sigma Aldrichol| 4]
TS 0.18 mol% NaClO -8-212- Sh=ro] Eabatellr] s}t
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Fig. 1. Scheme of packed bed reaction system.
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Y-S ARSIt Whe-7) Setolli= ¢I9te] 227 7](Back Pressure
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&3it}. BPR Mgtolli= A 998 912|417 BPRS B3390}

2-3. HISE FH| ¥ 2R M 2

2-3-1. NaBO, ¥-8-& 742

174 %9] NaBO,xH,0% £71 ¢l wol 7] 2o B3 &5
450C7HA 52 5% 3C/minZ 7FE3 3, 3h B9k 418139t
] 7Y Bt e 7k w9071 295k stk dA e
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ST Aol AMEE = EEL] T2 W] Ul 855 7]
31E|] 71 kS 131 50 g0 = A$H3lS] 21, NaBO, S} Mg?l
=3 0&s 243k 7)ol H,5 A% Al(Mass Flow
Controller, MFC, Brooks 5850E)E ©]-8-5}01 100 ml/min2] %422
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2-4. NaBH, £& 3 Mzks

2-4-1. 5%

AAEZHE NaBH,Z A&7 07 35317 9laix EDAS A}
B-31%rH4.5.8]. WA 397} EDAS £81aL, EDA7} NaBH,]
3l 71 =2 S nE e 2 oR 4Rl &% 60TolA] 4113k
&F Rkl o] % 7ot HE|E AHE-sto] EDAS) ALl vhE-
2o &S ekt el ¥ EDAS- Y 0 2 HE] EDAS} NaBH,Z
Bg)al7] 9aiA] 34 729 557 (Eyeler, N-1200B) 2 AF-8-3}]



Fig. 2. Images of color changes during the titration.

30 mbar, 60Collx] 718} 71dste] Gl A A8k, o] F FHZx7]
(Eyeler, FDM-2010)5 A3} -80°C, 30Pacl|A] o] Sulj& T 5
AASITE.

2-4-2. 27H& 0|83 NaBH, =5 5%

NaBH,?| =5+ 2 2= 47 (lodometric analysis)s 53l 57
ST thee] & B3l Aol AR F AP N o AT g
(Sample)¥} 718N (Blank)s 212} Al Z=81 vk A= o2 54
NaBH, 0.02g7} 0.1 mol/L NaOH £ 10 mlE &3] 71]8k31
a1, 715492 0.1 mol/L NaOH ¢4 10 mI7HS A}-g-5to] Fh]3}
AT}, o] T g-9lo)| z}z} 0.18 mol/L NaClO €% 25 mIZ H7}sta
5% F<F ARSI 1 ¥ 4g°] KIE 288 100 ml 8-
7} Z47kekal S Bt wEkGlth R e ' 25% Ak 8-
miE F7ksto] 22 B 124 A Al xa)glet.

o E )2 e 0.1N E] 2 3HEH(Na,S,05)S T9] 5k
23} 2 A WskE SsiSith S =i F40E
APFEFC] H915 ARl NaBH,2| o2& Attt
N2,8,0; ~Na,$,0;  [ml] 3

e 2% 37.83

HEH 0% NaBH,) A 58 TR} Zo Aptalgict.
Ay &%) =

S N

Fi

ga
k)

o

5 NaBH,[%] =

<= NaBH,[%]

Bk NaBH4[—g }x 100
mol
x 100

1-8-3F NaBO,[mol]

2-5. HIZE & 44=E =M

HHe= W A= JhRHo| 25 &gate] g ¥ A
HitachiA}9] 8-4800 -85} 413} T} FTIR (Fourier transform
infrared)< Nicolet iS50 spectrometer (Thermo Fisher Scientific, USA)
= ARgSRlTE Aol kA 90 &2 KBrt 1:1000]74¢] H]
S ZeHE 400 barell A 5 o 7stslo] Etsio] EhlsiSitt.
XRD (X-Ray Diffraction) D/MAX 2500 V (Rigaku, Japan)= &
gt A3l

3. Zup H &
3-1. Zap 3 oE
HhE-E0] 38 ¥ flo] NaBO, xH,05 Mgl Z=#81e] Wk
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Fig. 3. Images of blocked reactor after the heating of as-received
reactant.
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Fig. 4. XRD diffraction pattern of fresh (a) and collected Mg and
NaBO, solution after reaction (b) and extracted solid (c).

FAEL L5 A5A7]H Fig, 394 22 A EEo] ¥y
| 23] gteo] FrlsISiTt. o]idt d - 57512 )
HESERE S ellA f2]¥ H,0 #Akek Mg7t A dtato]

BRI 0 Aot o] & s flsiA] H AtellA
-situ 227194 NaBO, xH,05 A]2]510] NaBO,Z Q3ITt.

A BkS A, F BZ] XRD H &S Fig. 40 YERQIT)
HEE- 7 NaBO,2} Mg E3HEof| A= 32.2°, 34.4°, 36.6°, 47.8°, 57.4%|
gt Mg 573 927} TR vk 3 3lgE A ElE 1)
R &+ Mg 54 9219} 42.9°, 36.6°14 MgO E4 =17} 2
U EESE 27.9°, 35.8°, 54.7°, 40°, 57.7°, 41°, 45%114] RS- S71A| 2
2% MgH, 9127} A2E T, 1] 55 5 P4 Bolle Mg 54
¥ F= BEE A AL, 25.1°, 29.1°, 41.4°, 49.2°, 51.3%] $] X5
NaBH, ¥] =%+ Uelsi}.

A3 Y o] vhE @4 WskE SEM oln| x| 9} A4 WS
S84 BEEATE SEM o] v ] &} 4 v]3H (mapping) +4 A3}
e A EqEoll= 3 9] Mgél vt A § F4Fe] NaBO, 7} T
Hlo] EAEh= 31& SRIskIthFig. S(ad), Fig. 6(a). 1§ F 31574
EFE 9] Mg Ak 2 Wl 9l o, el AF77F
7Fellth(Fig. 5(b.e)). Fig. 6(b)oll Urebet €l visg 4] Ao} vk

Aol FFEl8HA -5 2% Na, 03 Mg U7t S5 o] 9=
s GRI) o & B3l RES Y F Mgitel NaBO,2] £t
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Fig. 6. EDS mapping of Mg, NaBO, solution before (a), after (b) the reaction and remaining solid after extraction (c) (Cyan: sodium, Red:
oxygen, Magenta: magnesium).
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Fig. 7. FTIR spectra of commercial and produced NaBH,.

I MO & 58 7 Utk 5 £ 354
25} vawsto] miEs)l A G1g ,J%iE}(Flg 5(c ). w3
A7 0 Na ¥ ob] 2} Mgot = 22 ¢ 9ol A #H= JIkFig.
6(c). O FF-5 E3) 0] NaBO,= 2] ¥]#] ¢kir, Mg 9]
A3 NaBH, =814 © 2 Fe]w] Qls-5 eJn] gttt Mgsl 02 53+
&3l XRDeA #ERIE MO 4735 Ajgele = lSitt.

7 A ¥ NaBO,, -8 NaBH, 8} #kg- W % § PoJ%] NaBH,°]
FTIR 23 E &S Fig. 7¢] Yeblch FTIR 23 248 NaBH, &=
2200~2400 cm'ol] X3k 4] 7)2] B-H E4 377} #2159l A
#|2] ¥ NaBO,°l4+= B- -0, B-OH 5 EA) 9 37K(1128, 1256.3 cm™)
o ﬂ%v}m,w FZ T doix NaBH, °I4= B-0$} B-HE 9
vjehs 937} B v RSk AdE Bl HF
Ho=z %‘JH%‘IE}.

Ay Aut

13 M (NaBO,:Mg, HESAIRE, HHg 25, oFe)el o st
g 17] $13)] NaBO,:Mg &3] 1:1-1:4, §E-§-A1 7} 2-6h,
& 145 barellA] A & WSS B3I TH(Table 1).

WS AR 9] S dee] ke Ao R7] 913 Fig. 87
| HEg2 28 A =& wgE Y3t 1:22] NaBO,:Mg
&3], 45 baroll A & ¥ A3 A7} 43 2% 7} 500C, 520C,
550C = F7Fsll2 vl NaBH, A1 78> 11.1, 22.7, 23.5%% 5
7F8FtE NaBO,: Mg Hl &S 1302 S7I RS o) A 82
550C oA 392%= A F7FFAAIRE ¥-§ =% 570C ol A
22.8%% wA48] FAetirt. a2ellA Mg AR -3 A2~ ]
Mg E3S A ¥ olyz), NaBO,ot & 114 21 H&5E A3
gk 4= QlrH 14]. =3k A8l £3of W=, NaBH, = 550C ©]5-of|A]
TAE sk FalE7] ARSI 15] wERA B RS Al AEe|
Al HA 251 550 CekaL Adetal o] & 255 1yska A
S APsigict.

714V G4 B Al IS AR S8 el wE A

& A3} Fig. 99l ‘/}E}LH ‘3} HES-25 470, WES- 918 1 bar,
20 bar, 35 barol| Al A8 &2 717} 38.3%, 37.3%, 2%= 452
QJaFo] A=] Skt 314 UJ, 550CollA &8st A3 27} 20 bar,
35 bar, 45 bar A 37.5%, 63.9%, 23.5%% WFS- & of] th 3t & gko]
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Table 1. Experimental conditions and results of NaBH, regeneration

from NaBO,
NaBO,:Mg Reaction Temperature ~ Pressure Yield
Weight ratio times [h] [°c] [bar] [%]
1:4 6 470 35 50.2
1:4 6 470 1 37.6
1:3 6 470 35 56.5
1:3 6 470 1 28
1:2 6 470 35 42
1:2 6 470 20 373
1:2 6 470 1 383
1:1 6 500 45 159
1:2 6 500 45 11.1
1:1 3 600 1 24.1
1:3 2 550 35 39.2
1:3 2 570 35 22.8
1:2 2 550 20 375
1:2 2 550 35 63.9
1:2 2 550 45 23.5
1:2 2 520 45 22.7
1:2 2 500 45 11.1
1:1 2 500 45 12.2
1:1 2 550 35 334
45
40 4 39.2
354
304
;‘;‘ 27 27 235 1 228
2 201
15 4
11.1
10 -
5 <
Y T T T T f
500 520 550 550 570

Temperature [°C]

Fig. 8. Yield over the various temperature on 45 bar, 2h of reaction
time (yellow bar-1:2, orange bar-1:3 of NaBO,:Mg weight ratio).

FEA) ol T 2o 71k B o] S71ete e
w2 2 Aol 7} F5ishA e 20 ® ekEvh b, 45 bar
of| A X8ist A3 elx NaBH, A &2 23.5%% FAaskqleh &
Y ST}l M 4y Z.%it T 312 7oA RESSTHAIR] MgH,
—’] e‘l‘—l—g} \_o —ﬁ*"oﬂ

Fig. 10]] L}E}LHO*D} L%Aﬂ g 470C W
A AE, 9=k vl 550C oA 2hs<t %18 § *E‘* @%
YERATE 9H8-2% 470C, NaBO,;Mg £3H] 1:1, 12014 A48 &
&2 27 15.9%, 42%, 550 T, 1:1, 120141+ 33.4%, 63.9%C. =
550C N o 32 A 85 B3k NaBH, AR 9Ee-2 vkt
S ol Etsla, A8 % 550TolA] 470T oA BT} 22 A
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Fig. 9. Effect of pressure on yield at 1:2 of NaBO,:Mg, 6h of reac-
tion time (yellow bar: 470 C, blue bar: 550 C).

70

633
60

56.5

502

» 42
: 39.2

334
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20

15.9
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Fig. 10. Yield over the various NaBO,:Mg ratio on 35 bar (yellow

bar-temperature: 470 C, reaction time: 6 h, blue bar-tem-
perature: 550C, reaction time: 2 h).

A FEE AT ol =2 W2 ellA
&7t SHE o] Asgo] e
550°ColA] 1:4 1:3904 2H2s= A4
3 ZAAE Aokl ot o7

=74 A (mass transfer)
o3 TH11,16]. 470C,
TE e Aot MeE <l

H ATE FAAE Mest H B 18T W]
of] =9J3te] 50 g 1152] NaBO, & AAEsh= A7-5 Zsgssich.
13 A= EDAE &85t 5% A= it

H-5-E-91 NaBO, 2t $HA Mgl &3)7} 1:1014 1:4704] Fof
S o AT 23] S7E A4 Skt 450C, 550T
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=Eeo A 13,1
1 bar'f-E] 35 bar7}A]= k9] S7tek 97 S7F8itt 35 bar ©]5-
235lth. o] 5 Fall A WHE-ERt 2 A VA ] &
A o] BF kgl A 71032 &l skoitt #H A 231
NaBO,:Mg &3] 1:2, 35 bar, 350°C, 2417l 63.9%2] A48 5
5 AT o5 Eal 710 B Y 9150 Hhg- AR €]€] PBRI}
e M EE WEE Aol A o]t NaBO, A2 218 7Fs &
ERlsISiT

4 EEH o F Zrasteink. o) st fAka

s
A=

# Al
2 QT AR, WA A 2E ol
(22-CM-AE-26).
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