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Abstract—The characteristics of supported palladium catalysts was investigated for the synthesis of pyridine from
the reaction of tetrahydrofurfuryl alcohol and ammonia. The effects of support, supported amount of palladium, and
palladium precursor on the reaction were discussed in this experiment. The core-level binding energy of Pdsqof Pd/7-
Al;03 in XPS was shifted higher than that of the unsupported palladium.

From this and the reaction of pyridine formation over the catalyst we suggest that there exist interaction between
palladium and 7-Al;Os. It was also interpreted that the above reaction was strongly related to the acidity of the support,
and pyridine was formed on Pd surface modified by its support.
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Table 1. The physical properties of supports
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Fig. 1. Schematic diagram of chemisorption.unit
(A), desorption. unit (B), and adsorption
unit (C).

1. diffusion pump

3. LN2 cold trap

5. fine metering valve
7. de-oxy trap

8. micro metering valve
9. ball valve(on-off) 10. pressure gauage
DPG: differential pressure gauage

IG : ion gauage

MS : mass spectrometer

TG : thermocouple gauage

TP : temperature programmer

SV . sampling valve

2. mechanical pump
4, bellows valve
6. molecular sieve trap
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Fig. 2. Schematic diagram of the experimental

apparatus.
1. reactor 2. electrical furnace
. thermocouple 4. syringe pump

6. sampling port
. on-off valve
. micro metering valve
9. rotameter 10. pressure regulator
11. de-oxy trap
12. molecular sieve H,0 trap
13. coolnics 14. liquid capture
15. heating zone
16. temperature controller

3
5. condenser
7
8
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Table 2. H, uptake, dispersion, and particle size of supported Pd calculated from H, chemisorption.data

Catalyst Hj Upta: e(# of H Dispersion Pd §ize
Adatoms/g Catal.) x 10-19 (%) (A)

7-Al,03 Not Detected - -
0.05 Pd/7- 0.209 74 15
0.5Pd/7- 0.552 (1.385) 20 (49 58 (23)
1.0 Pd/7- 1.349 (2.289) 32 (40) 35 (28)
2.8 Pd/7- 6.023 38 30

4.5 Pd/7- 8.234 (9.874) 32 (39) 36 (29)
4.5 Pd/7- (a) (3.493) (14) (81)
45Pd/7- (b) 6.745 27 43

5.8 Pd/7- (o) 8.793 27 42

9.8 Pd/7- 9.022(15.532) 16 (28) 71 41
9.8Pd/7- (d) 6.762 12 93

3.9 Pd/a- (e) (1.660) 8 (150)
2.8 Pd(NO3)/7- (0.660) 4 (270)
0.7 Pd(Ac.At.)/7- (1.237) (31 (36)
4.3 Pd/Si0y-Al,03 (5.318) (22) (52)
5.0 Pd/SiO, (5.540) (20) (58)
5.0 Pd/TiO2 (0.482) (2) (663)
5.0 Pd/Laz03 (1.446) (5) (221)

Numericals in the parenthesis represent values for the short calcined catalyst. a) Not calcined catalyst, b) Catalyst sin-
tered for 3 hrs at 500 °C, c) Catalyst calcined for 30 hrs at 450 °C, d) Catalyst sintered for 14 hrs at 500 °C, e) a-Form

Al;03 prepared from calcine of 7-Al;03 for 20 hrs at 1010°C.
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Fig. 3. XPS spectra of Pd/7-Al,0, catalysts with
different Pd loading; 1) 7-Al,0,, 2) 0.5%
Pd, 3) 1.0% Pd, 4) 2.8% Pd, 5) 4.5% Pd, 6)
5.8% Pd, 7) 9.8% Pd.
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Table 3. The temperature dependence on the product distribution and activity of 4.5 Pd/7-Al,0; (THFA:

NHy:Ny:H,=1:5:10:10, Fz=160, W/F =

T(°C) Furans DHP 2-Pentanone Piperidine

300 329 190 1.19 1.17
310 147 151 - -

320 1.27 1.55 - 1.09
330 083 133 0.28 0.84
350 043 129 - 041

16)
1-Butanol Pyridine Alkyl-pyridine Others -¥ g, % 103
5.27 78.41 - 8.77 1.179
4.56 88.35 — 4.10 2.264
3.59 89.48 - 3.00 4.367
2.20 82.82 9.19 2.42 7.768
0.88 58.91 36.82 1.27 18.044
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Table 4. The product distribution and activity in the reducing and oxidizing condition over 0.5 wt.%
Pd/”- Al,0, catalyst

Molar Feed Ratio Product distribution
THFA:NH3:Hy:05:N; W/F  THF DHP 2-Pentanone  1-Butanol Pyridine Resid. -Ypypsx 103

1:5:10: - : 9 16.54 5.99 - 2.19 15.15 76.67 - 10.20
1:5:- :07:11 89.50 - 9.77 - - 53.38 36.84 0.34

W/F, g of catal.hr/THFA mole.

Table 5. The support effects on.the product distribution and catalytic activity of Pd supported catalyst
(THFA:H,;NH4N, = 1:10:5:10, F =160, W/F = 20)

Catalyst (;I(\:) Furans DHP 2-Pentanone Piper. 1-Butanol Pyrid. Pentanol T}’;I?;xoioz Py:;):;)(f)z
4.5Pd/7- 300 581 0.1 1.07 3.07 13.41 74.37 - 1.545 1.149
5Pd/Si0y 250 89.80 - — - 3.26 2.34 4.59 2.101 0.049
5Pd/Las0; 300 55.20 - - - 18.89 - 25.91 0.355 -
5Pd/Ti0; 300 - - - 25.10 - - 74.90 0.253 —
4.3Pd/Si-Al 300 12.64 1091 3.47 — - 72.99 - 0.025 0.018
5Pd/C 300 6542 6.65 - 5.02 - 503 17.87 0.0824

A) Mole THFA reacted/g-cat.-hr

Table 6. Catalytic activity of Pd-supported alumina catalysts at 320°C (THFA:NHy:H:N,=1:6:10:10,

Fr=160)
Hpads. sites x 10-1¢ TOF of TOF of Py-

Catalyst WiE (#s H/g-catal) ~Trapa 10° THFA x 102 ridine x 102
7-Al,05 24.59 - 5.814 - -
0.05 Pd/7- 23.64 0.290 6.813 48.030 0.071
0.5Pd/7- 20.49 0.552 7.471 22.640 0.211
1.0 Pd/7- 18.85 1.349 8.554 10.610 2.565
2.8 Pd/7- 18.26 6.023 10.975 3.048 2.793
45Pd/7- 18.83 8.234 15.693 3.280 2.974
9.8 Pd/7- 17.89 9.022 28.230 5.270 3.878
3.9 Pd/e- 19.68 1.660 1.214 1.330 0.114
0.7 Pd(Ac.At)/ 7- 19.55 1.237 14.844 20.080 17.791
2.8 PA(NO3)/7- 19.64 0.662 3.901 9.858 0.214
4.5Pd/7- a) 15.84 6.745 19.178 4915 2.982
4.5Pd/7-b) 18.85 3.493 6.366 3.051 0.301
5.8 Pd/7-¢) 19.74 8.793 9.644 1.835 1.682

a) Catalyst sintered in Hz stream at 500 °C for 3 hrs.

b) Not calcined catalyst.

c) Catalyst calcined for 30 hrs at 450 °C.

quency) 2 & W & AdFolA AAH HAFolA B3HEE 2% Falsla, 250Cel4 = Furanse 2
7-ALO, 7t Hgd H4ahs-E Hsted AL S 719} o =l Hel WA=, webd THFAZ

of 4= glch, AupHew odr|4 Az ¥uA dr  NH.9 4-gdlo] sziede] 248 FA4sP7] sl o
[10] Si0., La,0. ¥ Coll &A" Pd ZejAleldE A9 A= Qo] Al g o 4 Uk,

THFA7I g A2 Adol=lx] Z3lgic, 53 3-4-3. Pd {89 43

Pd/Si0, Zoiolx THFAY 300Cel C,~ °lsh] Agid AAdukSol glojA] ZuA|=Ae] AHEH Pd
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Table 7. Product distribution.over Pd-supported alumina catalysts at 320°C (Experimental condition .and
W/F are the same as Table 3)

Catalyst Furans DHP 2-Pentanone Piperidine 1-Butanol Pyridine Alkyl-piridine Others
7-Al,05 - 1.30 0.45 — - 0.79 97.33 0.13
0.05 Pd/7- - 1.22 0.31 - - 0.15 97.30 1.02
0.5Pd/7- - 1.00 0.40 — - 0.93 97.15 0.52
1.0 Pd/7- - 1.49 0.44 — 0.45 24.18 73.26 0.20
2.8 Pd/7- 1.23 0.73 0.48 0.35 5.19 91.63 - 0.39
4.5 Pd/7- 1.27  0.62 0.43 0.45 6.65 90.39 - —
9.8 Pd/7- 315 038 0.68 3.13 18.49 74.35 - 0.19
3.9 Pd/a- 61.99 - 1.09 2.31 26.00 8.62 - -
0.7 Pd(Ac.At.)/7- 0.68 0.22 0.36 1.19 7.58 88.60 1.38 -
2.8 Pd(NO3)/7- - 0.71 0.71 - - 2.17 95.78 -
4.5Pd/7- a) 11.10 - 1.29 5.15 21.79 60.67 - -
4.5Pd/7-b) 0.16 1.13 0.50 - 9.88 87.74 -
5.8 Pd/7- ¢ 0.8 0.80 0.42 0.25 3.49 91.66 2.52 0.19

a),b),c) represent the same meanings as Table 6.

5 (Pd precursor)¥ <3S Table 67 7014 Pd
(I1) acetylacetonate, PdCl, % Pd(NO,),2%¥
Pde] Azko] 27k 0,7, 2.8 28] 2, 8wt %2 A=
2 Zolge] vasych, ol Zdo4 Hzidel
TOF = Pd(II) acetylacetonate> PdCl, >Pd
(NOs)0l 42 45 7E oy, 3 Pd
(NO;) .2 Az Zvlof4 Fzide TOFE 33 A
ZEA4e, ol& o] ZwmjoflA Pdel HAlsst 338 Az
g b4 ZIqlEel, Pdel 457 A= e|sd 1,0%
Pd/7-AL,Os9F 0,7% Pd(Ac. At.)/7-ALO, Zd|&
v5d o FajofjA] Fejde] TOF7) 4588 & 4
Art, @b o Zedol] EAfshs Sol9 ks &
Aoz dA=Hct, Fig, 4oll4] 2ol XPS A¥ 7 7ol 4]
el do AzH Pd Fole S 2 Aol 3
g Eoof H|zAMz golo] Al Eafshix
Pd2] AzFzol| d8E vlale AL 4 4 U
Z PdCLE AzH ZFoe] 74¢ Cloleed ol
Pdol 7-Al, 0,9 AHA-E 4347 A3E 7ty
Rozg welch a2z} Pd ofo] 43 7ol Cl-
o] EAellz st AoiFeg Pd a3l AAe
74 Az = gl o]+ Table 7oA o 4 glEo]
2] A4S YA Pd 3ol Aol &5k
oA A

3-4-4, Pd Aol whE G

Table 604 PdCLE A== Pd/7-Al, O, Zuiol
Al Pd &3o] F7t5jHA]l THFA 4245 o I2ig]
TOFe %7}slE A€ Bolxat THFA 424st

Pde] ks AAF ARHL vEhix g AL
o 4 glek, Table 7oll4& ghall]l 7-ALO, Aol =
THFA®] &4)o] o|Foix|x]ut F2 o7 Hejd]o] 4
AE| 2 Pd dafe] FrlswA sleld AMwsl 2ol
= A& 2aloh £3 didde] gAe| Pd dapel &
Akl EAe, Pd A7t 71Ae2 A4 9,.8%
Pd/7-ALO; ElollM& d2ide] Adegs= kit o
At o343 & e TOFE 2}, o]ejzte]
Pd A7} S7H2 4% Furanst 1-Butanol A14le] &
Asled A ol HALL 3,9% Pd/a-AlLO0l4
Felo] sbaksgdch & Zolollx 43 Pd FwdoA
© THFA7} ¥a85l2 7-ALO, AHoAE: sagle
29 upgo] APsx] ot Aoz muihch, waly
THFAZH-¥ sjzjglel 348 913 Pd/7-AlL0, %ol
o] G4AL AAF 27] oj4tog Hiulg pd Fwo]
7-Al, 0,9} & whalle] AA Aol ofsle] slAlE
€ 735l A== Ao

4, Z

ri

1. Pd &olv o AlzYsst Hzlabdel e} H,
Fakgkel 2 Aol mdch, 450°ColA 442
7% 1-ALO, wlel ©A% Pd £o§: PdCLS} Pd
(I1) acetylacetonate® A=Z3h= ZHo] Pd(NQ,),<]
At 2 F4sE Byoh ae)n PACLE AlF
H ZelollM 24X E & Fol FUAsE Aol
Pd #4ts9] F7ket a4 i QA4S sl 22
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Zoj2 Azsgie), o)& HebE 3EE ke A
72 A$ 2 4 £40] Asr] wiFer AHzsch
Pd/7-ALO; ZeiE deld P49 HA=zALE F
Pd Al Al whalek F4590a Apolol] AB7lel 242
o] Easlr},

2. e AAS A Pd Eoi9] 24 SiO,,
C, La;0,, TiO,, Si0,-ALO; o 7-ALO, FolA
7-AL Oy} 743 $48igic), 28l PA/7-AlLO, o)
ol Al sj2jel A4S 914k Pd =ke] 27lol EE (30
A o)A 3 HHZH(~40A)0) Zateict, webAl 2
o A4S 93 Zohe] BAIAL o] ARl o5k
Aeksl s Pd EaolA HA3sle Ao kst

REFERENCES

1. Natta, G., Mattei, G., and Bartolotti, E.: CA., 6261
(1942).

2. Macly, D.G., Halloran, J.P., and Rice, F.J.: US.
Patent, 3,163,652 (1964).

3. Bashkirov, A.N., Kliger, G.A,, Lesik, O.A., and
Marchevskaya, E.V.: Kinetics and Catalysis,
24(2), 392 (1983).

4. Manly, D.G., Barrington, O'Halloran, J.P., and
Cary, F.1.: U.S. Patent, 3,238,214 (1966).

5. Butler, J.D. and Laundon, R.D.: J. Chem. Soc. C
173 (1969).

6. Butler, J.D. and Laundon, R.D.: J. Chem. Soc. B,
716 (1970).

7. ‘Butler, J.D. and Laundon, R.D.: J. Chem. Soc. B,
1525 (1970).

8. Kim, H.D.: M.S. Thesis, Seoul National Univ.,
Seoul, Korea (1987).

9. Kim, Y.J.: M.S. Thesis, Seoul National Univ.,
Seoul, Korea (1986).

10. Ryndin, Yu A., Hicks, RF., Bell, A.T., and Yer-

SIS RS X263 K6 1988:1 1231

11
12.

13.

14,
15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

HFZ - o3 - oA

makov, L.: J. Catal, 70, 287 (1981).

Peri, J.B.: J. Phys. Chem., 69(1), 231 (1965).
AER, RAM=, BHER, EFAZ, \EH
Ao TEfLAERE, 66, 12(1963).

Scholten, J.J.S. and Konvalinka, J.A.: J. Catal., 5,
1 (1966).

Palczewska.: Advan. in Catal., 32, 245 (1983).
Benson, J.E., Hwang, H.S., and Boudart, M.: J.
Catal., 30, 146 (1973).

Peri, J.B. and Hanan, R.B.: J. Phys. Chem., 64,
1526 (1960).

Boudart, M. and Hwang, HS.: J. Catal, 39, 44
(1975).

Wang, S.Y.: Ph.D. Dissertation, Pennsylvania Sta-
te University (1980).

Narita, T., Miura, H., Sugiyama, Y., and Matsuda,
T.: J. Catal, 103, 492 (1980).

Siegbahn, K. and Briggs, D.: “Handbook of X-Ray
and Ultraviolet Photoelectron Spectroscopy”,
Heyden & Son Ltd., Hill View Gardens, London
(1977).

Mason, M.G., Gerenser, L.J., and Lee, S.T.: Phys.
Rev. Letters, 39(5), 288 (1977).

Vedrine, J.C., Dutaux, M., Naccache, C., and Im-
elik, B.: J. Chem. Soc., Faraday Trans. I, 74, 440
(1977).

Shigemi, K.: Appl Sur. Sci, 25(1-2), 81 (1986).
Engelhoft, Jr., W.F. and Tibbetts, G.G.: Phys.
Rev. B19, 5028 (1979).

Bahl, MK,, Tsai, S.C., and Chang, Y.W.: Phys.
Reuv. B21, 1344 (1980).

Mason, M.G.: Phys. Rev. B, 27(2), 748 (1983).
Bozon-Verduraz, F., Omar, A., Escard, J., and
Pontvianne, B.: J. Catal., 53, 126 (1978).
Wicke, E., Nernst, H.G., and Ber Bunsenges,
G.H.: Phys. Chem., 68, 224 (1964).

Wang, S.Y., Moon, S.H., and Vannice, M.A.: J.
Catal, 71, 167 (1981).



