45 53 %5 4 0 R N O 1 Vol. 53, No. 4

1L

2025 4 4 A JOURNAL OF THE CHINESE CERAMIC SOCIETY April, 2025

http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20240558

PEERAMR R BRAR 0 J2 BE BRI A0 B 1 45 S FL AL Aldol BB 4 A S B

XA, B ol BRIl BB AHE!
(1. WIHITYE R T2%RE, WL 1A 313000; 2. HLTFRHRYHT RIS TS, m#Hl 611731)

 ZE: Aldol BEER4E & RNRTER C C EMISREEANUR N 2 —, ELWE M RIZ WA E L& Ak A A ekl 440
BAEZ AR . MK A AL RN, FEEAT R FE A AR 5O BRI B SR AL B B A, B A AR A
JEERAR KN A AL TI(MGAI-SO4>-LDH), X Hgb AT T fE AL Aldol B s B2 A 7T o e i $ 4 i1 A . R il X G2k
WA X S LRTHIA Fourier S LI AN (X (FT-IR)ZERAL F-BL,  VELARTTT 1 MAI-SO4#-LDH HEALTIRITE SRS ) ToR
fii . ARG HRIZR I Bronsted BTG, 45 RRW: Pl % (K] MOAI-SO4>-LDH A 4 R G AL 1T U FERROIR SR 44,
IE & Bronsted BRYEMEACAL 1. 75 PG AEEE A FH 1Y) Aldol 455 SeSirfr, B )5 1) MgAI-SO#2~-LDH A4 & e L% R
705%, H&FASE, HMAEMAEE AR ER] 64.1%, SoRl RIFIMEMMES M. 1oh, RAEMELT=) FT-IR 145
FEH T MgAI-SO42-LDH HEAL I 1) Bronsted B LA AL 4 4 B S BEFRIATLEE o

=

X8R KA MRS, B G L ML
FES6S:0643.36  MEAMRERE: A XERS: 0454-5648(2025)04-0998-09
4% R ETiE) : 2025-03-20

Aldol BEFSs & IR NAE AN —R o C—C i =M. OB EEHZ, LDH Zid1Bhe e 2 i) LDOs
JRNE, AT LB R S TR B4 A, AR B RE T LDH BERAREEACAZ AN, 1R Ak
LR, AT o BN RRIREERER, ks fF RRERIKEILZIRGS K, IR R B,
AL 20 T R TR G AR T O SRR TR I [ A B A A7
TRAWA, SR, fE50 Aldol 44 I B 2 T IR, BEE X LDH A0 TR ABHR N,
PRI, IXREAT B ARY 2T, (e BT IUE T AT DhREA B I, s T2 e
TEAECLE . R B S . s SR Ak )R BaraE, AT BRI AR i
BEig Y E AR, RE T HAE TRz BRI R BRI 1 (MOAI-SO4>-LDH)fE Ay —Fiiky
BB, Bk, FERER. AR, PREEAUFRE PR LDH RORE SERIRRE TSI, AUOEE
IRBRAEALT, RS Aldol 46 IRVEEEAL. & 1 LDH HISHRGENE, EnTRes| N#oh IR A
WA K FE o8 w5, f£43 MgAI-SO4-LDH TEMEAL Aldol 44 = v

KA (LDH) B H B = I(LDOSE Sy —38 B I, BB A ORI B 437, k4 & S L)k
HAE RGN E &S REAY, WEMRRY 7B SiAh, EARIRE S I e B
YA ZENE R, RS R I BRI R . EERN . AERRIREHI VRN — iR R A 9K 45 4 »
LDH 5 iE i1 4 @ S A EBRZ R AR BRELREER I 5 M FLER S L S R AT I Y
FUR, BILREERERE PR, ZE RRERE, EREAUR A S IR KRG S
BB TR S KO, LAY LDH PERERURS A MOAI-SOs*-LDH 4 &, A BB — DTN

Weks H . 2024-08-27. BT H . 2024-09-25, Received date: 2024-08-27. Revised date: 2024-09-25.
HEETH: EXERBSERESTH (22202033); FH xR %A GH A First author: ZHANG Wenchi (2001-), male, Master candidate.
WIZkiTRI7 H (202310347048);  #iT4 K224 01 Bk I 25 E-mail: 2216015453@qq.com
T8I H (S202310347032); #iVL 48 H AR Bl 3 4 BT H Correspondent author: ZHU Linyu (1991-), femal, Ph.D., Lecturer.
(% H #it#ES: ZCLQN25B0301). XIA Pengfei (1989-), male, Ph.D., Associate Professor.
e Ku(2001—), B, WiLwRRA. E-mail: 03115@zjhu.edu.cn; forsky@csj.uestc.edu.cn

WEES: RWEQ991—), %, i+, il
HME€(1989—), %, i+, ElHEZ.



% 53 H5 4 W

FRICH 25 FERCIRBR AR 2 B K A i il 46 S L HEAE Aldol B R 46 & S B - 999 -

AR . TEERIR MgAI-SOs2--LDH AMY BEfs 1R 1L
FEZ WIS AL A, ERE R S5 AR 2 18] B AL
Fefph, IR MR ALBREE R, I i S A AN
FEMYTEG TR R RO AR, PR AR .

WG 15 R — P a7 A R A R A R
HRTRIREEFF) MgAI-SO2-LDH 1EAL7], AR
HAEHAZE A Aldol A N IfEAL T RE . F]
H X F&ATH(XRD). H#i T RAEBLH(SEM). 1§
B LM (FT-IR) M B S RAEF B, XL
I ERAREE R . TSRS IE K bb 3 T AR S EA L 2 M R
BHATVEANRAL . AEDEIERE -, DUV R AN A 3 25 F
BENIEY), %2 MgAI-SO.2-LDH fi#E{k55I#E Aldol
9B RS AL PE RE RO AR E RS

1.1 #RHE
R A . MgNOs):6H0 . H B . B & .

AI(NOs)3-9H20 . (NHa)2S20s A% fir 3 2 S 451 09
fraf, EZERANSAFIARAR; Fraseis K
HNEBT K,

FZEERE n(Mg) : n(Al) = 2 : 1 (n NI HIR)
Fen(IF=) : n(NOz)=1: 1, FREL Mg(NOs):-6Hz0-
AI(NO)s"9H0 LA LIk %, 7 25 “CZ AN 600 r/min
R A NIRRT STk . BE, Kk
TR L RS AR IR BN 38, 120 CRFSE MY 6 h.
Frf3 = LB TR EGAE TR WifE, BEE
(=4 BT HEAE PR BT PR B T S IR,
T 500 C4ME Ak 8 h, HEESMESHEMAY
(LDO). #%, MLHE — RINKERAEFI(NH4)2S:08,
W43 524 04 0.05. 0.10- 0.15 mol/L & 0.20 mol/L.
RS A B NSRS, FFER M 10 min
Ja, g, WTSEPERERIER], 23] S:08%

6 JZ B ER /KT A L A1) MgAL-S,082 -LDH-X (X=0,

0.05, 0.10, 0.15 #10.20)

e, K% 1) MgAL-S,0g2 -LDH-X & T %
Jrep, 550 C SRS 8h, LUIRTFXCPERT LDO.
¥ BRI R LDO 5 TR s Tk, HEE
Z AT EIEJFOERE, SRy FE A 75 5N BR R AR 25
FUB RS RBRR S 1. 5EUK A5 & J5 843
IR, RIS AMENTT] MgAI-SO42-LDH-X,

1.2 fEMLFISRAE

XRD (MiniFlex600, Rigaku, HA) 77 7E 36KV
20mA. 8(°)/min. 5°~80°%kfh T, M FTKE NI A
ghif{5 B K H] Phenom pharos G2 SEM (Phenom

Pharos G2, FEERY, &), EAATINE B LN
15 kV 2 F L% LDH MBS AR TN . F
Fl SEM 1 % Bl & (1) g & Tl X S 28 Y615 {X (EDS)
AT T R A M. KA NICOLETS5600 %!
(NICOLET5600, JéRE, HAR)EILH-LLAM IR
FMEA T B Re 1454, BL KBr IR R E N 5,
THERER T, A5 1b 25 &% B e 1 B
& H Nicolet 55011 2Lt 1% 4% (Nicolet 55011, £ 5k K,
5 )0 4 G A= AT S AT
1.3 LTI RRRYIR

¥ 1.1g XHASEZK % . 0.25 g MgAI-SO42-LDH
L7 10 mL PNERVEA N 50 mL [ ke, 18
I 60 'C 8L 8 ho [N 245 IR (L) EAT THE:

a:Nﬁ x100% (1)

A a ANTHEIRHERALR N SRR XS
SRR AL IOV BR AR No Xt i 22 25 FH A 4
{REZDiNR=

2 HXRE53®

Bl 1 N BE R K T A M AL 7R (MgAI-LDH) il
MgAI-SO42-LDH BTSN H . HE 1 "] A,
&4 1) MgAI-LDH I ASKE A TEAR, T =i
ARG A T f TR B ) R IR g 25 e (B 1a~
lc). fHELZF, @I mmRE 74/ EsEm
MgAI-SO,~-LDH NI 2 3 H ELAR 2908 2 pm FIAEBRIR
i, HIEHA . AT ES0) MgAI-LDH, X
YE 5 #) MgAI-SO#-LDH 45 # i1 % B 1) — 4k
MQAI-SO,2~-LDH Jv 4 %1 (1 B 1d~K 16). X Fh
LA B 1R R 425 A o A A 700 3R T 4 581 i Ak 22 />
2, XA R RER M T 35 1R B AT,
AR HE T AR IR R 5 R ) 2 T PR A I
001, A R TR S AR

Rk — B R RAEERIR SO 2 MgAI-SO42--
LDH HIJCHE MBI Ak, #4777 EDS REiE
38T, SR aE 2 Fios. B 2a i MgAI-SO42--LDH
A LRI S INE T EIE . B 2b NFES ) EDS f¢
W, HPRZER C mRIEEFERT SHERY
JE & i o BRI LA AR, TEER IR MgAI-SO42~-LDH
F#EiH Mg, Al. O L S JeEML. EDS figilh
kR bR e g, R HMTE, XRALT
SERY A EEMER MgAI-SO.2-LDH  H A5 5 i i 4l
B, B &Rk, Bl 2c~KE 2f 5 MgAI-SO4%-
LDH & e & T 40 A0 B, 45 S BBt oc 2 75 18



+ 1000 - CHERR 25 24300 J Chin Ceram Soc, 2025, 53(4): 998-1006 2025 4

W A5, BB SO& Ty 5 AL FIES  #y

(b) MgAI-LDH

(1%

(1 pm)

(d) MgAI-SO;2-LDH (10 pm) (€) MgAI-SO-LDH (2 pm) () MgAl-SO,2-LDH (1 pm)
Bl 1 A FRE S R T 25 A

Fig. 1 Analysis of the catalyst surface structure
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Fig. 2 EDS spectrum and element mapping of MgAl-SO4?>-LDH-0.15
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Fig. 3 XRD patterns of MgAl-LDH and MgAI-SO4?-LDH-X
(X=0.05,0.10, 0.15, 0.20) catalysts
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Table 1 Refined and fitted data from the XRD spectra of all prepared samples.

Samples a b c al(°) BIE) 2(°) D dioos)
MgAI-LDH 3.036 3.036 22.62 90 90 120 91.7 0.754
MgAI-SO,2-LDH-0.05 3.038 3.038 22.66 90 90 120 816 0.758
MgAI-SO,2-LDH-0.1 3.038 3.038 22.90 90 90 120 761 0.766
MgAI-SO,2-LDH-0.15 3.038 3.038 23.32 90 90 120 702 0.078
MgAI-SO,2-LDH-0.20 39.4

Note: a, b, ¢, a, f8, y are the unit cell parameters; D is the crystallinity; d(003) is interplanar spacing of the (003) plane.
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Fig. 4 FT-IR spectra of MgAI-LDH and MgAI-SO4?*~-LDH-X
catalysts
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Fig. 5 Differential thermal-gravimetric curves of MgAl LDH and MgAl-SO4?>~-LDH-0.15
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(a) MgAI-SO4?~-LDH-X catalysts catalyze the conversion
rate of acetone and p-nitrobenzaldehyde condensation

-LDH-0.15 catalyst

(b) Regeneration catalytic performance of MgAl-SO4%~
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Fig. 6 MQAI-SO4?-LDH-X catalysts catalyze the conversion rate of acetone and p-nitrobenzaldehyde condensation and regeneration
catalytic performance of MgAl-SO4?-LDH-0.15 catalyst
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(a) FT-IR spectra of the condensation products of acetone with
p-nitrobenzaldehyde and pure 4-(4-nitrophenyl)-3-penten-
2-one catalyzed by MgAl-SO,>-LDH catalyst
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(b) Local spectra (400-1900 cm™) of Fig. 4a

Ais 4- (4-nitrophenyl) -3-hydroxy-2-butanone; B is 4-(4-Nitrophenyl)-3-penten-2-one.

K7 Y FT-IR 3
Fig. 7 FT-IR spectrum of catalytic product
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Fig. 8 Mechanism of MgAl-SO4?-LDH catalyzed condensation reaction of acetone and p-nitrobenzaldehyde
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Extended Abstract

Introduction The Aldol condensation reaction, as a pivotal organic reaction in forming C-C bonds, plays a crucial role in various
fields such as pharmaceutical synthesis, total synthesis of natural products, and the industrial production of perfumes and dyes.
Conventional Aldol condensation reactions often rely on liquid alkaline catalysts, which suffer from some issues such as difficulty in
recovery, complex waste liquid treatment, strong corrosion to equipment, and severe environmental pollution, thereby restricting their
application in industrial production. Therefore, the development of efficient, recyclable, and environmentally friendly solid alkaline
catalysts becomes a key to promoting the greening and efficiency of the Aldol condensation reactions. Layered double hydroxides
(LDHs), with their unique layered structure and adjustable composition have a great potential in catalysis. Recent research indicates
that functional modifications, such as ion exchange, intercalation, and doping, can further enhance their catalytic performance. Among
them, sulfate-intercalated magnesium aluminum LDH (MgAl-SO4>-LDH) as a special LDH material, through the introduction of
sulfate ions, can enhance the structural stability of LDH and introduce additional acidic sites. This makes MgAl-SO4?-LDH
effectively activate aldehyde or ketone molecules during the catalysis of Aldol condensation reactions, thereby promoting the progress
of the condensation reaction. In addition, the morphology of the catalyst has a significant impact on its catalytic performance. The
flower-like spherical structure, as a special nanostructure, has attracted much attention in the field of catalysis due to its high specific
surface area, abundant pore structure, and superior mass transfer performance. Combining the flower-like spherical structure with
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MgAI- SO4>-LDH can be expected to further improve the catalytic efficiency of the catalyst.

Methods The flower-like MgAI-SO4>-LDH catalyst was prepared in the molar ratios of n(Mg) : n(Al)=2 : 1 and n(urea) :
N(NOs7)=1: 1. In the preparation, magnesium nitrate hexahydrate (Mg(NOsz)2:6H20), aluminum nitrate nonahydrate (Al(NOz)3-9H20)
and urea were mixed and dissolved in deionized water under stirring. The mixed solution was then transferred to a hydrothermal
reaction vessel and reacted at 120 C for 6 h. The resulting product was washed with deionized water for several times and then dried
thoroughly in an oven. The dried material was calcined in a muffle furnace at 500 ‘C for 8 h to obtain the magnesium-aluminum
composite oxide (LDO). Subsequently, a series of ammonium persulfate solutions ((NH4)2S20s) with different concentrations (i.e., 0,
0.05, 0.10, 0.15 mol/L, and 0.20 mol/L) were prepared. The reaction was proceeded in a nitrogen atmosphere at room temperature for
a certain period, and the solvent was removed through filtration and drying, yielding the S20g?" intercalated magnesium-aluminum
hydrotalcite compounds (i.e., S208>/LDH). Finally, the prepared S208>/LDH was calcined in a muffle furnace at 550 ‘C for 8 h to
obtain the modified magnesium-aluminum composite oxide. The modified magnesium-aluminum composite oxide was uniformly
dispersed in deionized water, and the hydration-reduction process was repeated when sulfate ions were introduced to replace
persulfate ions. A final catalyst MgAl-SO4?-LDH was obtained after completing the hydration-reduction and subsequent treatment.

Results and Discussion MgAIl- SO4?>-LDH catalyst prepared has a flower-like spherical structure assembled from two-dimensional
MgAI-SO4?-LDH sheets with a uniform morphology and a diameter of 2 um. The SEM images reveal that, in contrast to the irregular
shape of traditional MgAIl-LDH catalysts, the MgAl-SO4>-LDH sample after sulfate ion intercalation modification exhibits a
flower-like spherical structure. This interconnected sheet structure divides the catalyst surface into numerous small chambers, which
provides abundant reaction sites for the catalytic reaction and promotes the mass transfer process between reactants and products,
thereby contributing to an enhanced catalytic performance. The results of EDS analysis confirm that sulfate ions are introduced into
the catalyst structure and distributed uniformly.

The XRD patterns indicate that the crystallinity of MgAl-SO4>-LDH catalyst is inferior to that of the MgAl-LDH, exposing more
active sites due to the intercalation of sulfate ions. The FTIR spectra reveal that MgAI-SO4?-LDH catalyst contains a rich number of
Bronsted acid sites, enhancing the activation of acetone and p-nitrobenzaldehyde, thus effectively improving catalytic performance.
The optimized MgAI-SO4>-LDH catalyst has a p-nitrobenzaldehyde conversion rate of 70.5%, and after one regeneration the
catalytic conversion rate remains 64.03%, demonstrating a good reusability. The FTIR spectra of the reaction products indicate a
mixture of 4-(4-nitrophenyl)-3-hydroxy-2-butanone and 4-(4-nitrophenyl)-3-penten-2-one.

Conclusions The study prepared a flower-like sulfate-intercalated MgAI-SO4?-LDH catalyst with a uniform microstructure and a
diameter of 2 um, assembled from two-dimensional MgAl-SO4?-LDH sheet structures. The catalyst showed an improved surface
activity due to the intercalation of sulfate ions, thus increasing the number of active sites. The FTIR spectra confirmed the abundance
of the Bronsted acid sites in MgAl-SO4-LDH catalyst, which significantly enhanced the activation of acetone and
p-nitrobenzaldehyde, effectively improving catalytic performance. The optimized catalyst showed a high conversion rate of 70.5% for
the aldol condensation of acetone with p-nitrobenzaldehyde, and after regeneration it maintained a conversion rate of 64.03%,
indicating a good reusability. The reaction products consisted of a mixture of 4-(4-nitrophenyl)-3-hydroxy-2-butanone and
4-(4-nitrophenyl)-3-penten-2-one, indicating a possible mechanism involving the Bronsted acid sites on MgAl-SO4?-LDH catalyst
facilitating the nucleophilic addition reaction between the activated enol of acetone and the protonated aldehyde group of
p-nitrobenzaldehyde.
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