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Abstract 1,3-Butadiene (hereinafter referred to as butadiene), as an important organic intermediate in the chemical indus-
try, has a wide range of uses in the petroleum and rubber industries. Using ethanol as raw material to produce butadiene can
solve the non-renewable problem of raw materials, so it has received more and more attention. In this paper, catalysts were
hydrothermally synthesized by using SBA-15 as the support, nitrate as the oxide precursor, and nitrogen-containing organic
compounds as the additive. And then, the relationship between catalytic performance (ethanol conversion and butadiene
yield) and the acid-base properties of catalysts was explored in the synthesis of butadiene from ethanol. Specifically, we used
melamine (M), cyanuric acid (Ma), 1,10-phenanthroline (Pm), imidazole (Im), and 1,3,5-triazine (St) as nitrogen-containing
additives for the preparation of Zn-Zr/SBA-15+X catalysts. Through the activity evaluation of the catalysts, the activities of
ethanol dehydrogenation and dehydration, acetaldehyde condensation, and Meerwein-Ponndorf-Verley (MPV) reactions were
calculated. Then, by analyzing the dependence of these activities and butadiene yield on the acidity and basicity (the strength
and number of acidic/basic sites) of catalysts, we found that appropriate amounts of weak acid (0.022 mmolsg™!), moderate
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acid (0.078 mmoleg '), moderate base (0.055 mmoleg "), and strong base (0.056 mmolsg™") are helpful for the ethanol dehy-
drogenation, whereas excess amount of weak acid and moderate acid will lead to the ethanol dehydration. Appropriate
amounts of moderate acid (0.078 mmoleg ') and moderate base (0.055 mmolsg™!) will favor the acetaldehyde condensation
and MPV reactions. The butadiene yield is closely related to the activities of acetaldehyde condensation and MPV. The mel-
amine-modified catalyst (Zn-Zr/SBA-15-+M) has the optimum amounts of weak acid, moderate acid, moderate base, and
strong base in accordance with the above quantities, resulting in the best catalytic performance: 99.5% conversion of ethanol,
65.5% selectivity of butadiene, and 0.45 gspegear '*h™! of butadiene productivity.

Keywords nitrogen modification; ZnO-ZrOz; acid-base property; ethanol; butadiene
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Table 1 Catalytic performance of Zn-Zr/SBA-15+X catalysts

} a NN RPN/ % . v FEBE
AL 7] AL /% T o o 7 T i T IR Y% (gt o)
Zn-Zr/SBA-15 90.9 50.0 4.72 9.73 0.79 2.90 31.9 45.5 0.32
Zn-Zr/SBA-15+M 99.5 65.5 8.42 5.47 0.54 1.07 18.9 65.2 0.45
Zn-Zr/SBA-15+Ma 98.5 63.7 104 4.84 0.63 0.96 19.5 62.7 0.44
Zn-Zr/SBA-15+Pm 994 61.4 13.2 2.60 0.63 0.96 21.2 61.0 0.42
Zn-Zr/SBA-15+1Im 96.8 60.7 13.5 3.81 0.62 0.90 20.5 58.8 0.41
Zn-Zr/SBA-15+St 97.1 59.8 12.5 4.55 0.63 1.00 21.5 58.1 0.40

@RSk 0.2 g EALF, SHRE 380 C, KNI 0.1 MPa, 25#(WHSV) N 1.18 h™!, N, #iii# 10 mLemin~!. M= =R &%, Ma= =R F &, Pm=1,10-FW
Wk, Im=WKME, St=1,3,5- =8, » HA 38 T 0. AR, TS, TIREE. ZBRAME. C=. W RS, BT 90%. < P2 ht =2 (WHSV) X Z

FEEEAL R X T I T E(54.09) X T @I HIE/[2 X 829> T 5(46.07)].
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Table 2 The activity of key steps in the process of ethanol to butadiene

A S LA IR EE /%
T

BiE e WKt #E&c MPVY
Zn-Zr/SBA-15 94.49 5.51 54.50 50.00
Zn-Z1/SBA-15+M 90.94 8.96 67.53 65.50
Zn-Z1/SBA-15+Ma 88.97 11.03 65.38 63.70
Zn-Z1/SBA-15+Pm 86.17 13.83 62.96 61.40
Zn-Z1/SBA-15+1m 85.88 14.12 62.30 60.70
Zn-Zr/SBA-15+St 86.87 13.13 61.51 59.80
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Table 3 Textural properties of Zn-Zr/SBA-15+X catalysts

bR A </ LA TR
TG

(m*g™) (cm™g™) nm
Zn-Zr/SBA-15 385.1 0.94 0.95
Zn-Zr/SBA-15+M 346.6 1.02 1.17
Zn-Zr/SBA-15+Ma 360.7 1.02 1.04
Zn-Zt/SBA-15-+Pm 3544 0.95 1.05
Zn-Zt/SBA-15+Im 3614 1.00 1.07
Zn-Zr/SBA-15+St 351.1 0.96 1.07

© 2024 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

¢ Brunauer-Emmett-Teller surface area. * Single point pore volume at p/py=

0.98. ¢ The average pore diameter (DFT method).
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Figure 2 XRD patterns of Zn-Zr/SBA-15+X catalysts

(a) Zn-Zr/SBA-15; (b) Zn-Ztr/SBA-15+M; (c) Zn-Zr/SBA-15+Ma; (d)
Zn-Zr/SBA-15+Pm; (e) Zn-Zr/SBA-15+1m; (f) Zn-Zr/SBA-15+St
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Table 4 The acidity and basicity of Zn-Zr/SBA-15+X catalysts

EIG S8 B A A AR Ak 78 = IR (B 3~ K 8t B&)), 1610.
1490, 1451 cm" (1) W P e 568 i B S 14 5t B A (i iR
FEFFREZE 300 C(E 3~K 8 F A [K]), iXLLlg it 5
FEATAR B T Zn-Zr/SBA-15 AL ISR . 31X i
B 7 & R BhFT A R m ZnO A1 ZrO, I 8%, T
WHINT Lewis FRA S E.
2.3 HEUFIEREEMS & RS BH KB

B I ER B, S BRI R (R 45 A
BT SR I RO IR EGR )i AT E I, AT AR
B P RRIIE 5 ETEYE . 4R 6 TE. MPV g T
AT i 2 (A Bk,
2.3.1 fERIBR AR B LA E M 49 K IR

H K 9a fivR, LBERLETGTERE SBA-15 BAATIR
TR LTS R, BE#E ZnO-ZrO, I 1% Lewis
RE BB T R BB 9b), 15 %% Lewis MR E &
LB 2R (B 9c). I 15 55 R A Hh R 1 R 5
T, AE RN R A BRI K R S R AR T R
IR 7K IS B R i B s e LA e e SN, B K e I 2 4
MRS S, PR AE B PS03 R0 2 K. HE A TR I i A e

Acid sites concentration®/

Basic sites concentration®/

Catalyst (mmoleg™), [T/"C] (mmolsg™), [T*/°C]

Weak Moderate Total Weak Moderate Strong Total
0.026 0.070 0.001 0.052 0.052

Zn-Zt/SBA-15 0.096 0.105
n-2o/S [181] [368] [102] [323] [400]
0.022 0.078 0.0008 0.055 0.056

Zn-Zt/SBA-15+M 0.100 0.112
e [181] [320] [98] [347] [400]

I SBALS Ma 0.030 0.091 ool 0.0006 0.054 0.058 o113
[184] [348] [105] [331] [400]
0.028 0.089 0.0009 0.058 0.063

Zn-Zt/SBA-15+P 0.117 0.122
n-ar m [187] [360] [103] [375] [400]
0.027 0.115 0.0009 0.056 0.060

Zn-Zt/SBA-15+1 0.142 0.117
f=er m [179] [345] [95] [367] [400]
0.029 0.086 0.0012 0.061 0.052

Zn-Zt/SBA-15+St 0.115 0.114
n-Zr/S S [191] [368] [116] [362] [400]

¢ Determined by NH;-TPD. ® Determined by CO,-TPD. ¢ The desorption temperature of TPD peaks.
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Figure 3 FTIR spectra of pyridine adsorption over Zn-Zr/SBA-15 catalyst: (A) at different temperatures; (B) at room temperature
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Figure 6 FTIR spectra of pyridine adsorption over Zn-Zr/SBA-15+Pm catalyst: (A) at different temperatures; (B) at room temperature
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Figure 7 FTIR spectra of pyridine adsorption over Zn-Zr/SBA-15+1Im catalyst: (A) at different temperatures; (B) at room temperature
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Figure 9 The dehydrogenation ability against (a) the amount of weak acid; (b) the amount of moderate acid; (c) the strength of moderate acid; (d) the
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amount of total base

498  http://sioc-jo

urnal.cn

© 2024 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences Acta Chim. Sinica 2024, 82, 493—502



F F R
70
70 70
68
68 @,y 68| b - o
o 66 < 667 M Ma 2]
2 64 i Pm a 2 641 \ £ 541
z m . = P m 5 601
| 62 L] d 2 62 =m © 62
S 6 St 5 60 S 604
3 B 3
g 58 g s8] S 587
° ° e -
54 " O 5] =0 544 .
52 52 52
50 . T T T T 50 +— . . . . 50— x . : r r
0022 0024 0026 0028 0030 007 008 009 010 011 012 320 330 340 350 360 370
Amount of weak acid/(mmoleg") Amount of moderate acid/(mmoleg™') Strength of moderate acid/'C
72 70 0 ‘
70 68 ] 681
< 68 . 661 < 51
8 B <
2 66 2 64 £ 541
® 64 2 62 ] 621
c e c
2 621 S 60 £ 604
3 3 3
S 60 £ 58 S 581
2 58 € 564 2 564
3 8 8 0
56 54 ] 0 544
541 52 52+
T y y T 50 41— . T T x 50 +— r T T T T
0.0006 0.0008 00010 =~ 00012 0052 0054 0056 0058 0060 0.062 320 330 340 350 360 370 380
Amount of weak base/(mmol-g™) Amount of moderate base/(mmol-g™) Strength of moderate base/C
70 70 70
681 9 . e8] h e8] i M
66 M M M
8 o x 66 la « 66 ™a
2 641 Pm 264 - | = 64 Pm
o = aSt m 3 L]
862 T im ® 62 © 62 .
S < h c 8 Im
2 oo S 6 m S 60 t
2 55 3 i
5 2 58 g 58
3
S 561 E 56 2 56
° 54 =0 8 2 8 ]
54 541 §
521 52 52
50— > oter oo T T 1 " 50 . 501 — ; ; r
0052 0054 0056 0058 0080 0062 0.0 10 o2 0905 0110 0115 0120
Amount of strong base/(mmol-g™) Amount of total acid/(mmolsg™") Amount of total base/(mmol-g™)
= 21| 23 b SERE. =N [ =M oy . A B, A= o1 . a A B, 24 R A
B 10 54t SMEATIERIYE S (TS & (b)TERS &; () TERIESY; (d)IFWE&; ()T IS E; (OTFIEY; (2B S &; (h) RS

B () amgE
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