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Keggin® H,;, PW;, Nb O,(x=0, 1, 2, 3) ¥ Wells-Dawson 3 H, P,W;5 Nb Ow,(x=0, 1, 2, 3) 3l €l = & & 4k
(Heteropolyacid) Z1E 0143} n-Butanol®] B = 3}(Etherification) ¥F-5-& 53 Di-n-Butyl Ether®] A|ZE <35k
Stk WA Niobiume| A2 TR H&E X|3ke Keggin® 2 Wells-Dawsond SE|ZZa|it s #2310k FT
IR, ICP-AES ¥ 3'P NMR 241 53] Zulj7} 2 #1225 3l3-& E218l3Ith. NH,-TPD(Temperature-Programmed
Desorption) 415 S3lf slE|ZEeit Fuje] ASAS SN 7 ALY Sidels sz &t Sl
Niobium®] ¥l we} o ARSAE VeIt o], dHZEeit Fulg od|=3) whgol 2-8skal Zvie] vt
SR A ] Al E B8kl Keggin® Hy, PW;, Nb O, 3! Wells-Dawson® Hg, P,W 5 Nb O, 3l
HZZ Fmi2] Acidity= Keggin® ¥ Wells-Dawson® E-Foll4] Niobium&] 2|¥Hko] S713te] whet 7hasigie
™, n-Butanol®] %43} Di-n-Butyl Ether22] =& slElZZ2At Full2] 73291 #AIglo] Acidity”} 7kl w
g} AgH o7 ZrlsIint. o)Ay dle|ZEe)atke] Acidityt= n-Butanol®] olE| 23} (Etherification) W52 %3+ Di-n-
Butyl Ether®] #lx WhgolA Sl &S AYshs 583 847 Agaqith

Abstract — Etherification of n-butanol to di-n-Butyl Ether was carried out over Keggin H;, . PW,, Nb O,, (x=0, 1, 2, 3)
and Hg, P,W,¢ Nb O, (x=0, 1, 2, 3) Wells-Dawson heteropolyacid catalysts. Niobium-substituted Keggin and Wells-
Dawson heteropolyacid catalysts with different niobium content were prepared. Successful preparation of the catalysts was
confirmed by FT-IR, ICP-AES, and 3'P NMR analyses. Their acid properties were determined by NH;-TPD (Temperature-
Programmed Desorption) measurements. Heteropolyacid catalysts showed different acid properties depending on niobium
content in both series. The correlation between acid properties of heteropolyacid catalysts and catalytic activity was then
established. Acidity of Keggin and Wells-Dawson heteropolyacid catalysts decreased with increasing niobium content, and
conversion of n-butanol and yield for di-n-butyl ether increased with increasing acidity of the catalysts, regardless of the
identity of heteropolyacid catalysts (without heteropolyacid structural sensitivity). Thus, acidity of heteropolyacid catalysts
served as an important factor determining the catalytic performance in the etherification of n-butanol to di-n-Butyl Ether.
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2-1. SlE|Z2E2|AF Z0HHZ=

Niobium®] *|2H¥ Keggin® H,, PW,, Nb.0,(x=0, 1, 2, 3) 4
Wells-Dawson® Hg, . P,W;5 Nb Op(x=0, 1, 2, 3) SElZZT4t =
= 7)Ee Qle £3[17-2218 3aLsled, Na,WO0,2H,0(Junsei
Chem.), H;PO,(Samchun Chem.), Acetic Acid(Samchun Chem.),
Hydrochloric Acid(Sigma-Aldrich), Oxalic Acid(Sigma-Aldrich), NbClj
(Sigma-Aldrich), NaHSO,(Junsei Chem.), H,O,(Junsei Chem.), KCl
(Junsei Chem.), NaOH(Samchun Chem.)& ¢85} #2513},

AZE Keggin® Hy, PW,, Nb O, %! Wells-Dawson® He P,W,s
Nb,Og, SlEIZZ 24t Fvlli= FT-IR(Nicolet, Nicolet 6700), ICP-
AES(Shimadzu, ICPS-10001V) & 3'P NMR(Bruker, AVANCE 600)
< o] g3fo] FAEIloH, 7)) HarE Aol nlwsie] A4
Ql FuljA| S RISt 2 Aol M= x=0, 1, 2, 33! Keggin%
H;, ,PW,, Nb,O,, STHIZZEAF Frlii= K-Nby, K-Nb, K-Nb,, K-
Nb o2 32713135 0™, x=0, 1, 2, 33! Wells-Dawson% Hg, ,P,W,s.,
Nb,Og, FEIZZ2AF Fvlli= WD-Nb,, WD-Nb,, WD-Nb,, WD-Nb;,
o= 378

2-2. SlEf|=E2|M F0le| M5 2M
Keggin® H;, PW,, NbO,x=0, 1, 2, 3) ¥ Wells-Dawson%
Hgi P, W15, Nb Ogy(x=0, 1, 2, 3) SHZZeAE Fule] 2545 5
°

748212} NH;-TPD(Temperature-Programmed Desorption) 2]
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T8It -4 Z471e] SeZEEAt Svl(200 me)yE Tubed A
Aurs7]o] =g A= AFE7H(20 mi/min)E F915kaL
200 °CollA IAZT AAE] & AA Sllsde] 2253 =5
AAAAZLE, 0% Aol A AR olE HAHE)(20 ml/min)E HE
S7] QEO R FEF FYAA, Fulle] BE bl dRyolr) 52w
E5 Siginh He] EEEAE dRUokE 100 °CollA] AR 7H¥
AFAEE Bl AAANA F3et. o1F AFE7E~(10 mUminyE F
AFHA 5°C/min] 52 800 °C7HA] F2ahAA gabE= ofn
Yol= A&t 22l A uoli= MSD(Mass Selectivity Detector)
7} 42 Gas Chromatograph(Agilent, MSD-6890N GC)E- ©]-43]
o ARl

2-3. n-Butanol22E{ Di-n-Butyl Ether H|Z

Keggin® H;, PW,;, Nb O,(x=0, 1, 2, 3) & Wells-Dawson® Hg.,
P,W,s Nb Oe(x=0, 1, 2, 3) S| ZEZE At FrlE o] &3t n-
Butanol®] S 23} §E-S $813}8]}. n-Butanol®] |23} RES-S
3} Di-n-Butyl Ether®] A7 Stainless Steel 2 2 A2 Autoclave
HE-S-71(200 ml)oll A =3 5}S1 . n-Butanol 80 ml2} Toluene 20
mi(SolventyS WHg-71ell F=star se|=Eelit S 1 g& =948t
ATt AbeREE- 9l 71EF FRg-S Haslsl] A8l Aavkaw E &b
gl 37|AIA FFof HES7] Ul2] AkE AR o] % HEg7]2) Ul
5 200 °C7HA] 7FdEtaL, A aw9171(30 bar)ellA 34X -5 HEE-
< 3ot Wk § A4 E-2 Capillary Column(Agilent, DB-
5MS, 60 mx1.0 mmx0.320 mm)©] “&2%¥ Gas Chromatograph
(Younglin Corp., YL6100 GC-FID)S ©]&3to] 24138t} n-
Butanol®] 3-8 Di-n-Butyl Ether A ¥] %= W 4828 7]&2] 73]
[231& Frarste] ofefigl 2ol ATt

Mole of n-Butanol Reacted

Conversion n-Butanol (%) = - %100
Mole of n-Butanol in the Feed M
Selectivity for Di-n-Butyl Ether (%)
2xMole of Di-n-Butyl Ether Formed
= %100 )

Mole of n-Butanol Reacted
Yield for Di-n-Butyl Ether (%)
= (Conversion of n-Butanol)x(Selectivity for Di-n-Butyl Ether) (3)
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3-1. NiobiumO| X2 sllE|=Z2|4t F0f

Keggin® H,, PW;, Nb.O,,(x=0, 1, 2, 3) Z Wells-Dawson
Hg, P W, g Nb,Og,(x=0, 1, 2, 3) FEIZE2AF Ful52] 5441
FE|ZET] ol T2E ERIs] A3l FTR +4& F331510
v 7 Avk= Fig. 13 2o} slHRZ ek 13724 el 2 %e)
20|22 394 (Heteroatom)¥} ¥l $]¢14~ (Polyatom) 2 ZAikA~
(Lattice Oxygen)= T-3%o] 310 o] 78] AE2> FT-IR -4
“gell 700-1200 cm™'9] oJellA] 47)2] ¥ IR Band® UER}= A
o7 dEA QUrh?24,25]. ¢lE 9 Keggin® K-Nb, Ful2] -9
1080 cm™'oJ|A] Heteroatom-O A ], 982 cm™!ol|A] Polyatom=0 2
o] eI, 893 cm'ollA] Polyatom-O-Polyatom(Corner-Sharing)
ZAsto], 812 em™'ollA] Polyatom-O-Polyatom(Edge-Sharing) A %]
YR, o] 999] 4719] IR band= WHA] Keggin® K-Nb,, K-
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Fig. 1. FT-IR spectra of (a) H;,,PW,, Nb O, (x=0, 1, 2, 3) Keggin and (b) Hg, P,W 3 Nb O, (x=0, 1, 2, 3) Wells-Dawson heteropolyacid cat-

alysts.
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Fig. 2. 3'P NMR spectra of (a) H;, PW,, Nb O, (x=0, 1, 2, 3) Keggin and (b) H¢, P,W5 Nb O, (x=0, 1, 2, 3) Wells-Dawson heteropolyacid
catalysts dissolved in D,0. The chemical shift was recorded using H;PO, as an external reference.

Nb,, K-Nb; FuljelA = #ke]w, o] 258 sH|ZEe]Fol 7%
7HAEA R FAYHAUSE & 5 ATt Wells-Dawson® WD-Nb,
Zul= nE AR 1090 em ol Heteroatom-O A &), 960 cm™
of| ] Polyatom=0 2 &) LFERFH 916 cm™ellA4] Polyatom-O-Polyatom
(Corner-Sharing) Z§o], 781 cm™'¢lA] Polyatom-O-Polyatom
(Edge-Sharing) A%o] YeRdt} Y42 Wells-Dawson® WD-Nb,
WD-Nb,, WD-Nb, slE|ZZ2]1t Sl A -2 oJeoa 54 o
A7} YebdE ERIslglon, o] Fal ez Ee]sol: 739
X3H 9] 4L SR1515ITH26].

F7H & 3P NMR w415 o] 43| slel=Eeit Fallo] AlxE
1313 tH27]. Keggin® K-Nb,, K-Nb,, K-Nb,, K-Nb, dE| 2%
Ak o] AL 149, -13.5, -11.9, —10.6 ppmellA] slL}e] 1=
Tho] ﬂil’ﬂ“ o, olF T3l Il FHEE Al e 0w

AZH A& FRASFATH20]. 32| 91%]+= Niobiume] ] ghago]
71kl uhe} F +1.4 ppm A2 3}8H4 ©]F(Chemical Shift)°]

o= Aoz FAE T WD-Nb, slelZEe)qt Fujlo] 4%
-12.6 ppm #|Aol| h}e] F8 A7} L}E}‘/L% OJ%L T ler
71E8] 4 3 GAIERE 18 4 glo2s]. b;, WD-Nb,,
WD-Nb; Sle| ZZ 2|1t Sl o] 75, 24242 i“ﬁc’ﬂ’ﬁ B 999
3 A (-13.1, ~13.6, ~14.0 ppm)&} & ol o] 3 =(-108, 92,
~7.6 ppm)7} YEPES- Q18 4= QlT}. o]:= Niobium®] X|$+0 2 <l
3l Wells-Dawson JE|ZZ&4t 5% W]¢] 5= Phosphrous ¥A}2] o
7’3ol A7) wlitolrt. AlZE Keggin® Hy, PW,, Nb,O,
2 Wells-Dawsond Hg, P,W s Nb O, 3E|ZE2]AF Fjj 2
Phosphorous, Tungsten, Niobium®] 3}8}%] Z/JU]E ICP-AESE =
sl o 1 A= Table 191 J2]&}SIth. Phosphorous: Tungsten:
Niobium®] ©]&#]Q]l Z4JH]¢} ICP-AES 415 F3t S74gke] &
A 8-S Sl Niobiume©] %8 Keggin® Hy, PW, Nb O,y I
Wells-Dawson® Hg, P,W s Nb,Oy, SEIZE2AE Sulj7} Ad5-2] o
E AZE TS GRISII
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Table 1. Chemical composition of phosphorous, tungsten, and niobium
in the H;, PW,, Nb O4(x=0, 1, 2, 3) Keggin and Hg, P,W
Nb, O, (x=0, 1, 2, 3) Wells-Dawson heteropolyacid catalysts
determined by ICP-AES analyses

Ratio of P:W:Nb

Catalyst Theoretical Value Measured Value
K-Nb, 1.0:12.0:0.0 1.0:12.0:0.0
K-Nb, 1.0:11.0:1.0 09:11.0:09
K-Nb, 1.0:10.0:2.0 1.2:10.0:2.1
K-Nb;, 1.0: 9.0:3.0 1.1: 9.0:3.0
WD-Nb, 2.0:18.0:0.0 2.0:18.0:0.0
WD-Nb, 2.0:17.0:1.0 20:17.1:1.0
WD-Nb, 2.0:16.0:2.0 2.0:16.0:2.0
WD-Nb; 2.0:15.0:3.0 2.0:15.0:3.0

Mass Signal Intensity (A.U.)

——r 1 1T 1
0 100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 3. NH;-TPD profiles of H;, PW,, Nb O,, (x=0, 1, 2, 3) Keggin
and Hg, P,W;s Nb Og, (x=0, 1, 2, 3) Wells-Dawson het-
eropolyacid catalysts.

3-2. NiobiumO| X|2HEl GlE|2E2|At F0ie| MY

Keggin® H, PW,;, Nb O, (x=0, 1, 2, 3) ¥ Wells-Dawson™
H, P W g Nb,Ogp(x=0, 1, 2, 3) E|ZE 2|1t Fujo] AFEA 2
NH;-TPD 418 5-8te] 5743181t S74% TPD Profile Fig. 3
of LFER} 91O, Table 201 Acidity #+& Lokt sl =22
Ak Z19] Acidity: Keggin® Hy, PW,, Nb O, slHIZZe]at %
9] 739, K-Nb,(136.1 pmol/g-cat.) < K-Nb,(163.4 pmol/g-cat.) <
K-Nb,(234.5 pmol/g-cat.) < K-Nb,(262.1 pumol/g-cat)2] 412 5

Table 2. Acidity of H;, PW,, Nb 0, (x=0, 1, 2, 3) Keggin and Hg,
P,W;g Nb Og(x=0, 1, 2, 3) Wells-Dawson heteropolyacid

catalysts

Catalyst Acidity(umol-NH;/g-catalyst)
K-Nb, 262.1
K-Nb, 234.5
K-Nb, 163.4
K-Nb, 136.1

WD-Nb, 2474

WD-Nb, 169.0

WD-Nb, 139.1

WD-Nb, 82.0
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Fig. 4. Scheme for dehydration of n-butanol.

7}k, Wells-Dawson®d H,, P,W,5 Nb O, SHZZ2AF ol <]
7%, WD-Nb;(82.0 pmol/g-cat.) < WD-Nb,(139.1 pmol/g-cat.) <
WD-Nb,(169.0 umol/g-cat.) < WD-Nb,(247.4 umol/g-cat.)] =41 =
S7F s o & Vet ek dA| A 02 K9k Wl WD-Nb, < K-
Nb; < WD-Nb, < K-Nb, < WD-Nb, < K-Nb, < WD-Nb,, < K-Nb,°]
78S 1ot} Keggind 4! Wells-Dawsond Sl|H|ZZE2AF B0
7] Niobium?] gr&Fo] 7HA-stof| w2} Acidity”} 57181, Keggin®
o] Wells-Dawsong BT} 28 02 o] & Aciditys UER= 3
o7 A

3-3. n-Butanol25E{ Di-n-Butyl Ether 8IS

n-Butanols &3 Di-n-Butyl Ether®] $d-> n-Butanol®] 23}
HES-of] oJ8)] 3=, o]E Fig. 49 YERATE n-Butanol®] 24~
3} W2 AR Ers) RES-I) A gees) Wkgo] sHeiNkg-o
2 Jojuh= Zlo 7 4# A 9t} Di-n-Butyl Ether?] gHd-& dle| &
ZEAF Fuje] xwel 2% n-Butanol EARE EFRbS
(Intermolecular Dehydration)el] 213l Z188%|=], 1-Butene© =2] &2
AL Enfl ol S&k9 #x}o] Exh| €< Bk-3(Intramolecuar
Dehydration)®ll 2]3ll 3= 31, 01433} ¥h-g-of &J3l cis-2-Butene,
trans-2-Butene 50| 43 == F1 o= 2] QITH29].

TZ 2 27d0] Jolgt Keggin® Hy, PW,, Nb,0,(x=0, 1, 2, 3)
4l Wells-Dawson® Hg, P,W,5 Nb Og,(x=0, 1, 2, 3) 3lE|ZE2|4t
ZullE ©]-§-31] Di-n-Butyl Ethers 333k RE-S Fa81310M,
-84 ¥ A3E Fig. 5o UERNITE n-Butanol®] #3H&2
Niobium®] §Fgo] S7Igtel| we} Zhashe AekS Belom, ol
Kegging® 4! Wells-Dawson% 3EHZZ2|AF Ful] H7olA FU3t
Al VFEFstTE. Di-n-Butyl Ether®2.8] A8 S 55 SafjollA wil$- =
& 207 YERT

o
O

24

3-4. of[E|2E2|At F0H2| MSMT} HISEMZIO| AR

3243} 3.3 2] ¥Rl AvE B sEl 2 Zeit Fojj o] ARSAd v}
Di-n-Butyl Ether®] 58] Aol thal|A] A1 oprt. e ZEe]it
o] Acidity?} HH- 482 Niobium®] X13HE]%] 92 K-Nb, 3l
Bl 2 Z2)ak Sl e} WD-Nb, sl 2Z2)4k Suljolls 71 =7 vel
oM, Niobium®] §Hgo] S7F5 4at fhashs Ads Hal
t}. Fig. 62 slel2Z et Ev2] Acidity®} Di-n-Butyl Ether®] <&
Ao]2] IAIE YERA o]t} Niobiume] 2|38l Keggin® Hy, PW,.,
Nb,0,0(x=0, 1, 2, 3) 2 Wells-Dawson® H,, P,W,s Nb O, (x=0, 1,
2, 3) SH|ZEAt Fullo) WAL slEl=E ek ol TAIR
o] Acidity’} S7FS SV 18 4 givk. whebA] SE|2E
it Zul9] Acidity= Di-n-Butyl Etherd] &8 A4sl= $Q3t
SEG s =
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Fig. 5. Catalytic performance of (a) H;,,PW, Nb O, (x=0, 1, 2, 3) Keggin and (b) Hg, P,W 3 Nb O, (x=0, 1, 2, 3) Wells-Dawson heteropolyacid

catalysts in the etherification of n-butanol.
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Fig. 6. Correlation between acidity of H;, PW,, Nb O,, (x=0, 1, 2,
3) Keggin and Hg, P, W, Nb O, (x=0, 1, 2, 3) Wells-Daw-
son heteropolyacid catalysts and yield for di-n-butyl ether.
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A9l += Niobium©] 2] Keggin® H;, PW,, Nb,O,
(x=0, 1, 2, 3) 2 Wells-Dawson® Hg, P,W,5 Nb Og(x=0, 1, 2, 3)
|2 &2k S n-ButanolZH-E] Di-n-Butyl Ether®] $/dWH$-
of] 285101 HkT} Z17}e] Keggin® U Wells-Dawson 3l|H| Z%2]
b Z0iE A2k, FTIR, 3P NMR 2 ICP-AES 415 53 &
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