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Abstract — Catalysts were prepared by using incipient wetness impregnation method with 17 wt% Ni on a support
(SiO0,-Y,03, ALLO;3, Si0,-Zr0O,, SiO,, TiO,, MgO) and the catalytic activity in the reductive amination of ethanol with
ammonia in the presence of hydrogen was compared and evaluated. The catalysts used before and after the reaction were
characterized using X-ray diffraction, nitrogen adsorption, ethanol-temperature programmed desorption (EtOH-TPD),
isopropanol-temperature programmed desorption (IPA-TPD), and hydrogen chemisorption etc. In the case of preparing
ZrO, and Y,0O; supports, the small amount of Si dissolution from the Pyrex reactor surface provoked the formation of mixed
oxides SiO,-ZrO, and SiO,-Y,0;. Among the catalysts used, Ni/SiO,-Y,0O; catalyst showed the best activity, and this good
activity was closely related to the highest nickel dispersion, and low desorption temperature in EtOH-TPD and IPA-TPD. The
low catalytic activity on Ni/MgO catalysts showed low activity due to the formation of NiO-MgO solid-solutions. In the case
of Ni/TiO,, the reactivity was low due to the low nickel metal phase due to strong metal-support interaction. In the case
of using a support as SiO,-Y,0;, Al,Os, SiO,-ZrO,, and SiO,, the selectivities of ethylamines and acetonitrile were not
significantly different at similar ethanol conversion.
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2-1. E0f HZ=EHA

Aol A AHE-E Z1) = 1,05, AlLO;, Z10,, Si0,, TiO,, MgO
Aol 17 wi% NiZ 327 8to] HIR& ARg-sto] Sl & Al x3}
ATk AR A= 4140 2 ProcatalyseAl2] y-AlLO; 2! Degussa
9] TiO,(P25) Z12] I SyloblocA}2] Si0,(S400)E AFE-5FA 1L, 71
ol9] TAl= AFAZFE FAHE AFESlo] Felas Al T A&
AJslo] AsHE-S Al FaSit) ol By FAEES o] Bl AAt
3} (Yttrium nitrate hexahydrate, Y(NO,),"6H,0, SAMCHUN)-S
AAAR 2 M ¢RYo}=(35 wit% NH,OH, SK Chemical)S AH-
3lo] pH 1002 243 § -7 (Reflux Method) .2 1 L 5
o Pyrex Z2F2Z0A 100 °CE] 255 A3k 240417 F<t
SAJeto] Azttt w8, A 23y FAsES A 23w 93
2V3HE(98%, ZrOCly-8H,0, KANTO-Chemicals)S 73| 2 5o
147 M 4 RYolRE AFE-38l9] pH 9.52 ZHE 3 1 L 5 Pyrex
ek el FUsE S BPHO R 100 °CollA] 48A1%F B9 <=

ol o5t ol obdl Az - HA|e) JTF 715

A o™, MgoE ATA 2 ksl vk 45(95%, Mg(OH),,
JUNSEDE AHE-3FSILE. o] A Aozl FAkslge 213 oj7E
Sl SRR Twd] AAs = 5, 60 °CollA 24413 Bk Az
ST, 3]k A = U F AR 700 °CollA] 6417 A st
A% 7105 Azl o, o] £18] FAFEREE 600 °CollA 6
AIE 2 ske] 2472 Y,0,9 MgOE AT AlZE 7r0,8} Y,05=
717} pH 9.59} 109014 S7d31e] sk B3t =2 pHE <3l 3}
ojelA W7o ol LEe = SiO R QlElo] 24 FREFH o7
Si0,7} FAE 0 2 Q18] Si0,-210,2} Si0,-Y,0,% ZH2t g Eksieh
o)A Aofx wAlel] 12 Z14](98%, Nickel(ID) nitrate hexahydrate,
SAMCHUN)E AH8-314 17 wt% Niz 1248t 7] o 3
(Incipient wetness impregnation)& ©]-&3}o] ©X|3}3 1L, o] &
60 °COllA 24X7FERE 213 § F7] E& 3tellA] 500 °CellA] 2A13F
F9t A5kl FHuE ARSI AFE Al EE 17 wt% Ni/XEkaL
Hgstgl o, o] 714 X& ZH2} Si0,-Y,0;, y-AlL0;, Si0,-ZrO,,
Si0,, TiO,, MgOE UERHAT]
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diffraction, XRD)= 3}t &4 Al AR At} A/ 247
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FAAA A o ¥ AL PPy = 0.05~0.2 3] wellA
BET 2% o]&a}o] 43 gho 2 7otk % 71539 PP, =
0.995011 2] gro® 1A Fags A daFow gelato] A
skoith. AlzE 94 Si0,-Y,0,%) Si0,-Zr0,00l 3+ Si e
F =43 Z2F=rH(Inductively coupled plasma spectroscopy, ICP,
iCAP 6300 Duo) 3= 53l #4313l

Ni §52] HANEE S74317] 913k H, 31852 (Micromeritics,
ASAP 2020C)& a5ttt 17 wi%ZF B41¥ A8 0.1 g2 <5
H, 50 cm*/min 5.5 3}ol|A], &% 2545 10 °C/min®.E 500 °C
of| A A% 3hgl A7) T A 21 150 °C7HA] Ar 712 4k §
H, 528 $a510lt}. oF&2 A9 2Ni® + H, — 2Ni-H &3] 4]
S5 2% Aolaigint.

Az g 2 Fujo] A 1) olekg 23 AFS EjlE] §
Blo] O] A 2 B-E(iso-C3H,0H, Sigma-Aldrich, ©]3} IPA) -8
ZH(IPA-Temperature Programmed Desorption, IPA-TPD)3} of g+-&-
%222} (Ethanol-Temperature Programmed Desorption, EtOH-
TPD)E &3l SATAS a3t A1 -0l 0.1 g9] Al
FE o2 35 3lollA 10 °C/min®] 52 2 A=20ll4 300 °C
M S A2 - INRE E3E fA Sk A E skl Y
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50 cm¥/min, 52 455 2 °C/minZ 500 °C7HA] 52 A|17] & 34

b ERE ARt A AA T F of= 3 E917] sfel|A] A
7HA] W37} %, IPA 9 EtOHE 5713}510] 3.0 kPal] = 0% 304 &
QFFEAZ| AL 71 Fof] 1ARE B QP S} 5 TPD 2415 3 3i3lTt.
IPA-TPD] 7-%-, A=2l14] 10 °C/min®] 5= 452 500 °C HE]
UlellA 578331 aL, EtOH-TPDE] 73-9- 600 °C7HA] “d=53t3iet. &
25 = 7k e A ®E4A 7](Quadruple Mass Spectrometer, ©] 3F
QMS, Balzers QMS200)& 53l {43131t} TPA E2ko]] whE A
Z3 Zv] 9] AH-E gobry] S5l IPA BHHS-2 AFER] 2
dlofl A 7hd W o] BAE]= -CiHy(m/z = 41)= AEste] &3t
7%E B2 TH10]. 3, EtOH-TPDE] 7§ oA EQH|3}o)
9] 2711 -CHO(m/z = 29)2] %S 13Tt

thoFst Sl 2 3kl As-S ERIsH] Sl QMSES o] g8te]
%+ 3+ (H,-Temperature Programmed Reduction, H,-TPR)& 5~

s

F A7 W7 F, 5% Hy/Ar(50 em®/min)S &£ 10 °C/
min®] 5 £EZ 900 °C7HA] T30 1L, BAER= T H,, m/z
= 2)F QMSE ARE-3te] T3t
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B Sl vk AE AL 554l 2178 12 mm, 7 10 mm
T HEST1E olgato] th7 |l skt il kg2
AoREZ) 0.1 g2 74 TF sl 73 50 cm’/min, 2 °C/min
S HFER 500 °C7HA s F 3417 Bk 9 AAHEE SIS
o, 4 917 AdellA WzE T HbER 1 210 °COlA] ollehEe] g
A oIEES-S ekt oflghe-o] 29k 3.0 kPa® 15},
ZF FE2 50 em¥/min 2 Ef oAl EtOH :NH;: Hy: N,=1:3:6:
23.89] & v E oA 9kg 2718 AT vkeE 9 A
& CP-Volamine capillary column (60 m x 0.32 mm)2} FID (Flame
Tonized Detector)”} 212 Chrompack CP-9001 7}~ FZwE 7
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3-1. SYEN
Fig. 12 ¥7] 3& 3FollA] 500 °CollA] 2413t B4 24 A
wi%e Nio] S5 Foje] i F-2% 524 gl &% Seadow

) AxkEo BIH 71371 EE ebich. Fig. 1(a)°]
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Fig. 1. (a) N, adsorption-desorption isotherms, and (b) BJH pore size

distribution of the Ni/X catalysts calcined at 500 °C for 2 h.

y-ALOIA FEZHAA YERSITE Fig. 1(b)E 53l 82 73X
o A= A © 7 Si0,, TiO,, MgOR.L} Si0,-Y,0,, ALO,, SiO,-
ZrO,oll A 242 7]30] Wol TAEG oM, 1 F Si0, E AL,
A A2 7183 T3 7] R 242 B R 21s o 5 Q)
Ak Az vl vl gy} T ey 9 Hd 7]y 2719
TAAR] 3k Table 16 YAIBIGITE F715-F-3]7} 571l wjet
H)3E Ao vlglshs Aol UEbk e, Sio, & AAIA = ARE-g
A7 7 S v A g 71397 bt A SRR
A2 Ni
=
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Balz o] Qloj A Si0,-Y,0, BAHE AFEF A4S 7

A RO o= oflghE oplsiEg- A7 At o] Q)
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Table 1. Specific surface areas (Sggy), total pore volumes (V,), and average pore diameters (D,) of the Ni/X catalysts calcined 500 °C for 2 h. H,
dispersion was performed after pretreatment at 500 °C for 3 h in flowing H,, 50 cm*/min for 0.1 g catalyst

Xin 17 wi% Ni/X N,-sorption H,-chemisorption
Sper (M7/g) vV, (cm’/g) D, (nm) Dispersion (%) Metallic surface area (m%/g,,, )
Si0,-Y,0, 121 0369 122 5.56 630
ALO, 144 0.472 13.1 4.79 542
Si0,-710, 114 0309 10.8 127 143
Si0, 147 0971 26.4 0.55 0.62
TiO, 44 0.287 25.9 - -
MgO 59 0.294 20.1 0.04 0.05
Si0,Y,0, 4 % N £ x (@) 3] FL(JCPDS 74-2206)%} Si0, ¥ ZL(JCPDS 76-1390)7} &4 & 1
ALO o fo T o1, Ni/TiO, oA &= FEFY TiO,(JCPDS 21-1276) ¥} ofi}E}A]|
Si0 1 X . Ti0,21-1272)7} 541 HE ). 3% NiMgoe] Z-4- Nio
s A 4 Niell == 9 3E Rolx] oo, Fig. 20 #2 == 570
g o] 93 meor] 24Dl uheh PAF Nio-Mg0o LA = ¢
£ s o 4870 Z01ear & 5 QITHI3-15)
g . l . Table 2¢f) 248 F0]9] NiOZ} 2l 5 11417 52k WHEA12)
g pl A Zoje] Ni* 27 217)ol) ek FAIEI9L 3 AN BAle)
TIO, |o xAt A Ak A s 44 ol ulek Ni 4% 2717} 3-15 nm AFe] 9] gto] Lrehdtt. Si0,-
v Y,055 AAAZ AR A4 vl 22 A4 277} EE gl
Zr0, Y X Y& xxv H, BE SulelA] ukg o U A4 A7) uks 9] Nio 2

2 Theta (degree)
Si0,-Y,0 * (b)
ALO, o re X .
SiO, *A * st

Intensity (a.u.)

| ]
i .
| |
MgO A L
3 AN
. ’

TiO, AI o2 Xan|® 0% 3 o0

ZrO, vy % Y x V

10 20 30 40 S50 60 70 80 90

2 Theta (degree)

Fig. 2. XRD patterns of Ni supported catalysts; (a) fresh catalysts
calcined at 500 °C for 2 h, (b) spent catalysts after 11 h on stream
for the amination of ethanol (*: NiO, %: Ni, @: y-ALO;, H:
NiO-MgO, A: Rutile TiO,, 4: Anatase TiO,, V: Zr0O,).

g A7) ¥k T7kehs e vERlh o= 3h X W olle
< o) Hhgo] Ha== Hot U YA T4 A 1§ Fidol]
o3k Axtebar 2 5= QIUH14]. Si0,-Y,0,5 |93 v gl =
ARESE 79 25 10 nm ©142] A71E 2= Nio 2 Ni%7F 2]
RO, 8i0,-Y,0, A-5-¢ll 214 5 nm o]5ke] 22> Nio 2 Ni°
¥ =7k #EE o Ak o g 2 753k 1 (cubic) Y,0;4
of 3T == A= TEE A eEtTh. 500 °CollA 2 E -9l
31014 8i0,9F AgtE o] 3= Si0,-Y,0; LAl A2 UHE 1,0,
o] ehr| el vhe 4 &2 & 5 loh B NifSio,-
7r0,2] 7% 73873 7 (tetragonal)-ZrO,(JCPDS 50-1089) ZA7/d]
FEEQ=, ol 12 H 352 pHollA 85 Ei= Fek folElx
ZeAAY oA o) Lk Sie Q18] Zr0,2] A AAS <k
g3 Z7] diZolet & 4= ltH16-18]. o] 7k A =i oke] <k
3} A2 &4 NifSi0,-2r0,2 2 =719} Brdo] 9lom,
Garvie 5[19-2112 27 3717} 30 nm ©]3kQ1 Z7ollA] g A
A2 3oy}t g sk 4= Qlrkar sk ul Qi) o] 9} FASHA
Ze}A=9) Si g3l = Qlal Si0,-Y,0,0] F-4E Ao] dAE Ao
2 F5HT} Table 201 ICP 37S B3l Alx2H Fvllol 28
Si¢] A HAES] gh& ZAIBISIT oW Y,0,9] ¢, Zr0o,=Th
SRS Sal A F7AA S o 58 pHollA AdthA

Table 2. Crystalline properties of fresh and spent catalysts and H,-TPR behaviors of the Ni/X catalysts

. XRD H,-TPR ICP
17 wt% Ni/X - — : — » p
NiO crystallite size (nm) Ni crystallite size (nm) Peak temp (°C) Si (wt%)

Si0,-Y,04 39 43 560 113

TiO, 9.9 13.8 535 -
Si0,-ZrO, 11.0 11.1 451 22

AL O4 114 11.6 591 -
Sio, 13.9 15.1 450 -

“Si content in support.
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Fig. 3. H,-TPR profiles of Ni/X catalysts calcined at 500 °C for 2 h
(X: Si0,-Y,0;, AL,O3, TiO,, MgO, SiO,-Zr0,, SiO,).

o7 47 wEgel upg} gpo] P N7 FE] ol U Sic] oF
o] ZgthA o & wi-- A LFERTH16,17].

Nig} G| 7He] 5285 dotr7] 918 Hy-TPR 415 73
sto] 71 A& Fig. 37} Table 201 LFEFSITE Si0,-Y,0,9F ALOSE
A2 AREE A% A o] S FElE BolFelon,
375~750 °CollA] W2 W LlellA o] thE F/-2 s /1o &
AeHs Gl FEe 9a7F 3R E A TH22] NVvTio, 92
2 A= 500 °C el o) F2 FeEfe] 9|7k yepton,
Ni/Si0,2] 735 oF 450 °CollA o} 2k ghel ¥ =17} $2= Qi)
Ni/Si0,-Z10,2] 73-9-= 375~750 °Coll ] Ve = 2719) $h¢) 357}
WEbs ) A e 2 NiMgO FHvle] #4l I 3E 312(600~
900 °C)°llA] BiAl 9] A7} #2E ¢ 01, o] = Fig. 29] XRD 4]
o Al T2 NiO-MgO 144 /91 ABA1Z 5= ATk Ni/
MgO Zm9] 74-9- NiO-MgO 1184 A 0 ZHE] o] ¥ Mg0O2}2]
7o e A O R QIS H, 3H A w5 255 Qe E she
& & T UATH13,14].

Table 2°1 NiO A7 =17] 4 TPRS] ¢l 9] =.9] A2l 7=
FABI oM, XRDE dolxl AA=7]9} TPRS] A7t 4% <
ol ale= &1 4 AATE Nioe] A4 A71:= Si0,-Y,0;4
<Ti0,<Si0,-Zr0,<AL0;<Si0, A &2 F7FeF3 2. TPRE]
A 9 A% A7) kel vk v oA dEE gl uhet
A FA L T4 3k s Argo] ofdkE & YA Aio] §4
IR R e atgo] Aers A2 YA Ao Ak &
T Atk fl9h S Qe wAl-T S k] e s Argol YA
w50 S AT 9SS RolFaL QlrH14,23].

B Aol A AR TRESE A9 17 wi%E UAS T e &
€] AH-S ghobr 7] 918) IPA-TPD 573412 -3 8to] Fig. 49
A skekoitt. whAll Ak g UAo] g Sl Aol A B g
¥ 59 25E 100 °C 3} 200 °C o1 4-S YR E 2714 &5
7} Q). o] w, 100 °C oA = A EeA g
Zolu g AAAR] Fulje] 1] s AR e w2 &k
oA Y= 2= WSS Fig. 4o =24 3kske] Blasltt
[10]. IPAS] Brnbkgol] ook Tz A 0] = Bl &< miz =41,
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Table 3. Evolution of desorption temperatures of supports and Ni/X catalysts in the IPA-TPD and EtOH-TPD profiles. The Ni/X catalysts
used were calcined at 500 °C for 2 h and reduced at 500 °C for 3 h in flowing H, prior to TPD measurements

IPA-TPD IPA-TPD Ethanol-TPD
S rt 17 wt%Ni/X catalyst: Peak t t °C
Hppo Peak temperature (°C) ONVAR CHAYSE T peak temperature (°C) © empe[ga ure (C)

Y
Si0,-Y,04 284 Ni/Si0»-Y,04 225 121 160 191
AlO; 227 Ni/ALO4 225 124 158 199
Si0,-ZrO, 211 Ni/Si0,-ZrO, 239 116 155 219

Sio, - Ni/SiO, - 119 185 -
TiO, 251 Ni/TiO, 255 114 117 238

MgO - Ni/MgO - 129 178 -
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Table 4. Comparison of conversion and selectivities to ethylene, MEA, DEA, TEA, and ACN in the reductive amination reaction of ethanol over

Ni/X catalysts

17 wt% Ni/’X Ethanol Conv. Deactivation rate Selectivity (%)
catalysts (%) (%) Ethylene MEA DEA TEA ACN Others

Si0,-Y,04 88.7 44 5.0 32.1 333 6.5 18.8 43
AL O, 86.1 47 29 332 33.8 6.4 17.2 6.5

SiO,-ZrO, 72.9 1.2 2.7 35.0 33.2 6.1 18.1 49
Sio, 36.5 9.1 5.8 36.7 23.7 6.9 20.8 6.1
TiO, 232 2.1 2.1 432 19.2 - 355 -
MgO 354 52.1 25.8 16.2 15.4 5.7 12.1 24.8

Reaction conditions: T =210 °C, WHSV = 1.82 h™" and Ethanol/NH,/H, feed composition (molar ratio) = 1/3/6 balanced with N, at a constant ethanol partial

pressure of 3 kPa.

Table 5. Experimental data of conversion of ethanol and selectivities over the Ni/X catalysts under the similar conversion of ethanol

17 wt% Ni/X WHSV Conv. Deactivation Selectivity (%)
catalysts (hh (%) rate (%) Ethylene MEA DEA TEA ACN Others
SiO,-Y,0; 6.2 52.6 0.5 3.7 33.6 335 6.9 15.1 72
ALO, 22 50.6 1.4 29 37.6 32.8 6.3 16.7 3.7
SiO,-ZrO, 1.5 534 0.2 2.5 37.5 31.6 5.8 18.4 6.7
Sio, 0.7 55.1 3.9 4.0 37.4 30.8 6.8 18.8 6.2
TiO, 0.2 52.0 42 2.5 343 23.4 39 339 4.5
MgO 0.7 55.9 49.4 16.9 213 31.7 4.1 15.6 273
“Deactivation rate (%) = (X;,,;-X, =11/ X % 100.

Reaction conditions: T =210 °C, Ethanol/NH,/H, feed composition (molar ratio) = 1/3/6 balanced with N, at a constant ethanol partial pressure of 3.0 kPa.
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