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Relationship between catalyst acid-base property and condensation
performance for ester aldehydes
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Abstract: A series of catalysts with different contents of Na', K" and Cs" for vapor phase condensation of
ester aldehydes were prepared by impregnation method using y-Al,O; and SiO, as carriers. The catalysts
obtained were then characterized by XRD, BET, NH3-TPD and CO,-TPD for analysis on structure, acidity
and basicity, followed by evaluation on their catalytic performance on condensation of methyl propionate
and formaldehyde in vapor phase. The results showed that, under the reaction conditions of pressure
0.2 MPa, temperature 370 °C, mass space velocity 1.2 h™!, 10% (on the basis of the mass of SiO,, the same
below) Cs/SiO, catalyst exhibited better activity with the highest methyl propionate conversion rate of
41.03% and methyl methacrylate selectivity of 99.20%. When there were abundant alkali center, a positive
correlation was found between the proportion of weakly basic sites on the surface of the catalyst and its
catalytic performance for condensation of ester aldehydes in vapor phase. However, the presence of acidic
and moderately strong alkaline sites of the catalyst could lead to a decrease in activity and selectivity.
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Fig. 1 Schematic diagram of micro fixed-bed device
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Fig. 2 XRD patterns of xNa(yK/zCs)/y-Al,03 catalysts
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Fig. 3 XRD patterns of xNa(yK/zCs)/SiO, catalysts
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Table 1 Physicochemical properties of xNa(yK)/y-Al,O;
and xNa(yK)/Si0, catalysts

HEALFH e /(mYg) LB (em’/g) FHFL7%/am
5%Na/y-ALO; 264.5 0.48 7.3
10%Na/y-ALOs 253.9 0.47 7.4
15%Na/y-ALOs 2422 0.39 6.4
20%Na/y-ALOs 231.9 0.36 6.2
5%K/y-Al,03 208.3 0.38 7.3
10%K/y-ALO; 201.8 0.36 7.2
15%K/y-ALO; 157.7 0.31 7.9
20%K/y-AL0; 144.5 0.25 6.9
5%Na/Si0, 48.9 0.32 25.5
10%Na/SiO, 15.2 0.13 353
15%Na/SiO, 1.4 0.01 23.0
20%Na/SiO, 0.9 0 13.8
5%K/Si0, 33.8 0.28 32.8
10%K/Si0, 28.6 0.22 30.7
15%K/Si0, 17.9 0.16 35.6
20%K/SiO, 42 0.04 36.2
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HAOBAIN, xNa/SiO, Fl yK/SiO, 1 b3 i AR5 51 i
48.9 m*/g fil 33.8 m*/g &% 0.9 m*/g Al 4.2 m’/g, &%
A XRD FIEHHETA, XA BESEH T Si0, 8k
BB K ISR N & AR i A AL Y 25 5
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1 *ﬂi‘% 2 ﬁf%, )’-A1203 ﬁij\jﬁﬁi, %% Cs”ﬁ%ﬂ@
B, H L 2 T AR LA BR R AT i EE SIS T B 2
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553 1 ik M, S AR S LR R A PR RE R C R - 691 »
AR R IR BN, B
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MR 3 20 + —— 15%Cs/y-AL,0;
Table 2 Physicochemical properties of zCs/y-ALOs; Fil zCs/SiO, ﬂ_ﬁ s 20%Cs/y-ALO,
catalysts with different supports 8 10
ek HERE R (mYg) FLEEY(emYg) AL /m s
5%Cs/y-ALOs 171.6 0.32 7.5 0
10%Cs/-ALOs  162.7 0.30 7.4 > 100 200 o 200
15%Cs/y-ALO;  159.1 0.27 6.9 HRBE/C
10 -
20%Cs/y-ALOs 155.6 0.26 6.7 d NH,-TPD — 5%Na/y-ALO,
8t P, ——— 10%Na/y-ALO,
5%Cs/Si0, 97.4 0.36 14.9 ——— 15%Na/y-ALO,
. A 20%Na/y-ALO,
10%Cs/SiO, 45.1 0.31 27.1 i,
15%Cs/Si0, 24.0 0.19 31.4 ﬂiT}_ﬁ )
20%Cs/Si0, 14.1 0.12 34.0 [@ 0
2.3 ﬁﬂ:?‘fﬂﬁ‘]ﬁﬁﬁ'&ﬁffﬁ 2
i 3 2 1) i 20 2 W BRSO A i Ak R0 2% 1T R A ﬂm 200 200 400
N EEE T *H I i fL ] ) CO,-TPD Al SEEE/C
NH;-TPD M2k, It CO, FI NH; B B v AR e AT 10
" e o NH,-TPD .
TR, A A T 7] 3% 1T R B 7 7 ) 43 R0 81 ! f(ﬁ/KI/(V/'Akloé
20,2225 & 0 . 0 i — 10%K/y-ALO,
2022230 gg g ( 7,<150 °C ). HaEAE (150 °C< 6 ——— 15%K/-ALO,
T,<400 °C). 532 ( T5<200 °C ), H5&fz (200 °C ;p‘; 4 20%K/y-AL,Os
STy<400 °C) (Hp Ty T, Th. T AR, g2
N g O
DB T R TR | et (o7 SSUBSC 53 A & o
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5 | 15%Na/y-ALO; g 20%Cs/y-ALO;
& 20 — 20%Na/y-A1203 w °
s E oo
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5 -2
0 —4 r \W
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30  CO,TPD 5%K/y-ALO; [ 4  xNa(yK/zCs)/y-ALO; L5 CO,-TPD #1 NH;-TPD
S ast —— 10%K/-ALO; e
3 20} T IS%KA-ALO, Fig. 4 CO,-TPD and NH;-TPD curves of xNa(yK/zCs)/
E%I; s 20%K/y-ALO; y-Al,0; catalysts
8 10
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20%Na/SiO,
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Fig. 5 CO,-TPD and NH3-TPD curves of xNa(yK/zCs)/SiO,
catalysts
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Sc "1, zCs/SiO, AL A7 Bl W i CO, Wb, AN
[F] T+ xNa/SiO, Fl yK/SiO, AT 1Y CO, BRI , Cs”
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T I IMXT 2Cs/Si0, Ak 7B 12t F 8 52 M KL
5 xNa(yK/zCs)/y-ALO; flEALFIFEA—F, X ZEHT
Cs,CO; I BB FE AIK T NaOH fil KOH &, %
HAR Si0, PP Z AR B /N T NaOH Fil KOH
W, MW 5d T LR, 5%Na/Sio, k57 LA iH
YA NH; BB, (HRE Na & A4k £ K, NH;
JI5E B W T 2K 5 yKU/S10, F 2Cs/S10, fE AL FE A TG
NH; BiRfigs, alANZ AL FIIEA TR . LA,
xNa(yK/zCs)/SiO, A6 1 7E A fh it 78 rh a i i v v
L EZELBE o F

ZE LA, SRANRBHATE Si0, il p-ALO; #iik
FHIARERE T, AU TERE TR T AP
r g, HPRIER AL AT, T 2 1 R AR AR L T AR A
SER AR AT 2 THT R PR A S A R S

#3

Bl 4 J B - A S B o DA R B AR SR G
232 BAEEBTEElAREASRES A0
ANEEAE TR . B 57 055 19 2 43 B 245 1 dn
3 FiR. MR 3 AT, BEE Na Gmmiz,
xNa/y-Al,Os 1AL 75 55 Bt 17 s Kk o i o7 o5
IRAME R 63%AIR T 45%, TR ms RO S 5 S
I RLEE IR 3B 3T% I 55%; SRR A5 =
B, A SRR MR AT AR M 7 A5 EE R A R
H 64%E M % 87%, TR PENAL & o SR M7 A EE
IR B 36% 8 E 13% . Wbl I,
xNa(yK/zCs)/y-ALO; fEALFI T Na & it e 5%~15%
B, SABRE S S BRSNS
JE PSR A 7 AT R . yKY/y-ALOs Fil zCs/y-Al, 0,
AL AR R 5 2 AH AL

xNa(yK/zCs)/y-AL O3 HEALH AR | BT 107 s A bk

Table 3  Acid and basic active sites of xNa(yK/zCs)/y-Al,Oj3 catalysts

BAAE] RUEURE((mmol CO/gew) HHEMENE &8 R BRE (7 FRVEG AUBUR/(umol NHy/gew)  SHMRVENL & P 3mmREN 45

MR i mm e AR ERARY%G  mm hEm mm ERAE% R
5%Na/y-ALL,O3 0.145 0.084 0.229 63 37 4.07 2.28 6.35 64 36
10%Na/y-Al,0;  0.176 0.140 0.316 56 44 3.64 1.10 4.74 77 23
15%Na/y-ALLO;  0.192 0.243 0.435 44 56 3.28 0.96 4.24 77 23
20%Na/y-Al,O;  0.204 0.248 0.452 45 55 2.60 0.39 2.99 87 13
5%K/y-Al,0; 0.149 0.091 0.240 62 38 3.35 1.67 5.02 67 33
10%K/y-Al,0; 0.184 0.209 0.393 47 53 2.32 0.64 2.96 78 22
15%K/y-Al,0; 0.162 0.233 0.395 41 59 1.55 0.43 1.98 78 22
20%K/y-Al,0; 0.164 0.219 0.383 43 57 1.41 0.27 1.68 84 16
5%Cs/y-Al,O5 0.108 0.06 0.168 64 36 3.80 2.26 6.06 63 37
10%Cs/y-Al,O5  0.157 0.135 0.292 54 46 2.08 0.79 2.87 72 28
15%Cs/y-Al,O;  0.161 0.195 0.356 45 55 1.50 0.39 1.89 79 21
20%Cs/y-Al,0;  0.165 0.177 0.342 48 52 0.97 0.13 1.10 88 12

# 4 O xNa(yK/zCs)/SiO AL IR . BIEN:  RAE mEs
4 xNa(yK/zCs)/SiOp HEALT B . B 07 i Bk
Table 4 Number of acid and basic active sites of xNa(yK/zCs)/SiO, catalysts
e BP0 25 K/ (mmol COy/gear) 3%‘6)&‘@@5 #ﬁﬁﬁ‘rﬂzﬁﬁ i P £ B0 /(umol NH/geay) SRR
553181 T BB BB JEIR Y EUY%  BEIRATEUY% Bl rh g MR JEE IR OB %
5%Na/Si0, 0.020 0.024 0.044 46 54 0.011 0.002 0.013 85
10%Na/SiO, 0.023 0.014 0.037 63 37 0.002 — 0.002 100
15%Na/Si0, 0.008 0.003 0.011 71 29 - — — —
20%Na/Si0, — — — — — — — — —
5%K/Si0, 0.043 0.015 0.058 74 26 - - - -
10%K/Si0, 0.013 0.001 0.014 90 10 - - - -
15%K/Si0, 0.002 0.002 0.004 50 50 - - - —
20%K/Si0, - — - - - - - - —
5%Cs/SiO, 0.030 0.004 0.034 88 12 0.003 0 0.003 100
10%Cs/SiO, 0.031 0.006 0.037 84 16 - - - —
15%Cs/SiO, 0.023 0.007 0.030 77 23 — — — —
20%Cs/Si0, 0.022 0.003 0.025 89 11 — — — —

e v v N 1 8
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Hi3e 4 Al xNa/SiO, HEALFIER . Bl 7 o5 4%
b, 20%Na/SiO, fiEAE 7 JLF- TG BR Bl i P 7 o5 o o,
5%Na/SiO, Fl 10%Na/Si0, {1k 7] ) H o i 1 A7 st JEE
IRE BN 54% . 37% , ¥ T [ 46 & 511 K/Si0,
Fl Cs/Si0,; 5%K/SiO, A5 55 Bt A7 i AU i 2
(10.043 mmol/gey, ), FLIGIIEAL 2 BE IR 43R 74%,
10%K /S0, Ak 771 553 Bl 1 A3 15 BE R 23 BGA E 90%.,
AR AR 0.014 mmol/gey; zCs/SiO, fE A 55 Bk P
7 S BEJR Ay S T Nat o KPfk s . BT,
xNa(yK/zCs)/Si0, HEALF (435 15t 0 1 558 B 4 5 1)
AR Si0, fhAY, oA H A, DT 52 ) 4 £k 71
55 THT 94) P i 0 i P35 01
233 R R BR A 0 7R

X} 3 A3 4 P zCs/y-ALO; Fl zCs/SiO, ik
FIF R . BME A S I g T LLE
zCs/Si0, i 1k 7 3 m & 0k M A7 2 B = AL
zCs/y-ALO; 1) 10%Z4E 47, JUHUE A& F o a1 1
AR zCs/y-ALOs 9 1%, 1T UL p-AlLO; AR L7
H Si0, A A0 70 2L A T 5 ) R Bt , ) s i
RN E R § QU EAN
24 fELFIEL MP ERBSHESES R

AT TG PE PR R R B e R S 2 . T
MR MRS 0.2 MPa, SGtERHT R As 3h
1.2h"' VR 370 °C. % 5 N p-AlLO; kAL
FEAL MP FIH SR 48 A O 45 5 .

£ 5 AFEMELRTE O
Table 5  Activity evaluation of different catalysts

MIEHE B R

MP %1k MMA i

fiEeR) /% BEE/% % wEU%
5%Na/y-Al,0; 14.09 96.51 3.49 0.6
10%Na/y-ALO5 16.87 95.31 4.69 —
15%Na/y-ALOs 19.07 94.06 5.94 —
20%Na/y-ALOs 13.69 91.63 8.37 —
5%K/y-ALOs 15.76 94.83 5.17 0.34
10%K/y-AlL,0; 17.69 90.38 9.62 —
15%K/y-AL,0; 15.86 83.39 16.61 —
20%K/y-AL,0; 6.73 74.23 25.77 —
5%Cs/y-Al,03 19.19 93.37 6.63 0.88
10%Cs/y-AL0; 22.74 86.91 13.09 —
15%Cs/y-AL0; 24.44 82.78 17.22 —
20%Cs/y-ALO; 20.33 76.71 23.29 —

MF S ATLLAEH, XFF xNa/y-ALO; L], 4
Na' & &l 5% ZE 15%0F, MP #4635l 14.09%
42 19.07%, 1M F AR~ 4 MMA HEEFErEH 96.51%
[ 94.06%, FEZE=Y AR TRYE (M1), H
TE Na' & &2 S%E =il 2] — k. 4 Na' & &

e 3 20%00F, MP #IbZ[E 2 13.69%, HHBR™
Y1 MMA JEPEEE 2 91.63%., MRS 3 bl
R WG ML SR E AT A SR T, B Na' %
ARG, 2 R AR G AR, (EES A
¥R T, R e XM, LR R R R 0 B
K, FEUERT AR, = b O AT O T RE S
7 2 TR MV s R AIAT 56, TR R 3 00 HR e e A Ak
FNBRYE DT s EALVE R 5 & A B K Bk Ak s i PO, i
MP 55 H RS A S 0 A R Adol 4 &7 R ML
il PRI B A 790 2 T A 7 5t 1 22 R
SR, SN HURIE K, MP FAE SRS, i MI AT RE
H MMA kA SFERE BB r=4, BEE 1L 77 2
SRR B BN, EFE RS O N ORI R, BB
YT MLVWREETHS, HAR ™% MMA SEEPERAT.

A B T8 % T, yKiy-ALO; A
zCs/y-ALO; HEALFIMEAL MP 5 H B4 & I v FL A
xNa/y-AlL,O; HEA—F, {H yK/y-ALO; ¥ Hr=4
MMA W IEEEPEREARIREE R XF L3 3t p-ALO;
B[R] 7 i Na R KAk 5] 2 i R ik o 0 e 9
ATLLE Y, S R KO 50 2 1 A0 iR 7
MEEE R, XIS U, AR 3R a1
AR TFEEER N B KA o 10 2Cs/y-AlLOs AL XT
MP B4R E T xNa/y-ALO; Fl yK/ALO;, Xf
MMA B REMEART RS, L R R s/, X
I xNa/y-AlL O3, yK/y-Al,O3 Fll zCs/y-Al,O5 fEILF 2
AT PR e 00 S AR, AL TR 2Cs/p- AL, O 2 THT LR 2
e85 R I T 9-ALO; T 2 AH [F] 75 5t 1) Na ™
KA . 201 MP 5 HBESAR 45 A S0 I A 2
ARk 7] 2 T A 7 A 50 A 2 e

6 M LA Si0, R #AR 15 1 AE AL R L MP Al
PSS MG A RN AR, 3k 6 nlsl, EMETZ
A (A 2.4 95 ) T, zCs/SiO, kL MP 5 I
WESARAR G I SO S p-ALOs B3 [ Bl 6 T
B LRI AR . BEE Cs SRS, MP#
e RIGFEAL, MMA kR ETI SR T
Fekash, HY5 zCs/y-ALOs ML, HARfLMERER 31K
TREEHRTE . 4 Cs A 10%HF, MP #4{bRik 3|
41.03%, H MMA BN 99.20%, XfH 3 ik
4 th zCs/y-ALOs Fl zCs/Si0, MR . BRIEAL 1Y
HOMTEETT LRI, 2Cs/Si0, HEAL 72 1 A itk
DB AUA 2Cs/p-ALOs 1 10% 2247, o HIE )R
TFombl M A 2Cs/p-ALOs B 1%, zCs/SiO,
e Ak 70 55 B PR A7 0 B R 43 B0 i T xNa/Sio, |
yK/SiO, L7, HA, 10%Cs/Si0,. 5%Na/SiO, il
5%K/S10, A4 751 2 17 A B 1 A7 $5 it SR AR AH 2, (H
& 5a~c AJ I, 10%Cs/SiO, 7E 100 °CHiji CO, it bt
WAL 5%Na/Si0, Fil 5%K/Si0, AL, X
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6 MEALPEREVEO Bt , W LUHED, AT MP 5
PR 206 15 S IO TG ML i, 2RI C O, Jid B A
100 °CHIj B4 55 B A5 o

6 SOy JEMAEAE PRI

Table 6  Activity evaluation of silica supported catalysts

Y MP #{k  MMA #®# MIEE —HERE

/% /% /% 5380 %
5%Na/Si0, 7.21 94.14 5.86 —
10%Na/SiO, 2.25 98.26 1.74 —
5%K/Si0, 14.36 85.01 14.99 —
10%K/SiO, 2.58 94.65 5.35 —
5%Cs/SiO, 28.84 99.06 0.94 —
10%Cs/Si0,  41.03 99.20 0.80 —
15%Cs/Si0,  29.41 99.02 0.98 —
20%Cs/Si0,  23.96 98.92 1.08 —

RYELL EE5R, IFa &3 1 f3R 2 AT H0, Bl i
BB T &M, xNa(K/zCs)/y-ALO; Al
xNa(yK/zCs)/SiO, 1Y Lt 2 I BLHIFL AR AR 2 35 87 1K
A, AL P A, AT AR Y 3
TR0 AR FLAR B R /N5 AR AR TR T SR 4 5 S by M g
TCH LR . 15%Cs/ALO; Fil 10%Cs/SiO, AL 7 1
Bk, MP $ALRGHIN 24.44%F1 41.03%, FKH
Cs"MI#F Na™fl K, Xz W aE m a7 B 3
R AR TR TR T AN A P A E 2 T SOV R i 300 1 H B
JR Ak ARSI, S5 M) S5z by o R A S O BB, LA
FEAE TR ME AL A 10%Cs/Si0, il Ak 7 1% PE 8 T
15%Cs/ALO; LT . [FIIF, 10%Cs/SiO, AL 1
SRR 7 e 50 SR AR 7 s R 2 K, Rt
5 HARE A BRI SRR & SOV PERE S IEAH G R AR

3 #it

TERBE S 0.2 MPa, S ifERE 5 & 28 3N
120", RRCRE 370 CHIT A4 T, 10%Cs/SiO,
AL B MP 543 e (41.03% ), MMA £k
99.20% . 10%Cs/SiO, k.77 2 i e A7 BH . 1) 22 fff
W, 5 TE 55 AP o i B3 5 R B S B
Pk, MR FAE FIPEA 45 5l %0 .

(1) Bl 5 V2 00 1) VA B R T v, 2k dk
P-ALO; Z5 IR B B3, #AAk Si0, TEm /K #15%
T RA AL, ¥ B8O AR 2% AL A
RO/ o AT Y L 3R T BURFLAARFR R /N 5 A4k
e T A 4 £ S5 I M B T B R B

(2) Ak 37 2 T R 1k 57 O A7 A o ik 3 HL Ak
i P ASAH 4 15 T T RESEAS WA 2R AL, R T HG
7RI FEY P 198 43 ) Bt 7K B 0, % A R L%

(3) HEAb TR 2R 18 s s A o AR EAS AN F
TR AR SR AR 5 SO s PE R 4 v, Tl EL
SRR N &AL, RS H AR =9
MMA (3% FE

(4 ) fHAb 700 2 18 55 B 1 o7 A B0 S P s A 1 AL
RURCE 2 LS AL R I SOAE 40 B RO PR BB 5 IE A
PSS

ARSI 5 IR AL TR R el 5 e b TR T 46 5 S
NVERESC R IERTT, A SE B BRI 4 A 1AL 0 Y
RO S IR e S [
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