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Abstract

A series of Nb/Mn-x multistage porous niobium/manganese composite catalysts were successfully
synthesised under relatively mild conditions using a template method. The samples were charac-
terised using XRD, FTIR, SEM, XPS and contact angle measurements to determine their morphology
and hydrophilic/hydrophobic properties, as well as confirming the loading of the Mn element and
analysing the valence states present. The results showed that macropores were successfully intro-
duced into mesoporous niobium phosphosilicate to prepare a multistage porous niobium phospho-
silicate carrier, which was successfully and homogeneously loaded with elemental Mn. The elemen-
tal Mn was present in the form of y-MnO; crystalline phases and valence states such as Mn2+, Mn3+,
and Mn#**, The surface hydrophobicity of the catalysts showed a tendency to increase and then de-
crease with the increase of Mn loading. These catalysts showed good catalytic efficiency in the con-
version of 5-hydroxymethylfurfural to 2,5-furandicarboxaldehyde and 5-formylfuran-2-carboxylic
acid using pure water as solvent. Among them, Nb/Mn-0.045 achieved the best catalytic perfor-
mance. The yield and selectivity of 2,5-furandicarboxaldehyde reached a maximum of 7% and
28.5%, respectively, under the optimum reaction conditions (140°C, 3.5 h), and for 5-formylfuran-
2-carboxylic acid, the yield reached a maximum of 5.79% at 160°C, 3.5 h, and the conversion of
5-hydroxymethylfurfural was 33.15%. The results indicate that the appropriate Mn elemental
loading, reaction temperature and reaction time are crucial for the catalytic efficiency. In addition,
Nb/Mn-0.045 showed some recoverability.
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2. HELFIHIE
2.1. BT BREREM R AHI&E

FREX 0.6 g F127 THArH, I 30 mL Z555F7K, $iiHE 10 min ff F127 5820 ff. BEJG, W F127 ¥
TR 43 503 I 0.750 mL ¥k HCI F10.218 mL 44% H,SO, #70F pH A5 % 3.5, K iAE 35°C N LA 300 r
min IR EERFSAEE 2 o SRJEKE TS ) & RV A BRAR TV N 2R A VAR, VNN 0.95 g B ERA
A10.225 mL IERERR DU B8, ), FVREERTINN 3 g 2K LIRMER . K Aa i n #3228 1R
WHENA0C, RRELPEFEAWE 20 he REBEFEE NG, BB G IERELET 2 WA IR O K U B H,
AR, BRMEET 150°CHBATEA PTG, FFE 24 ho MR RRE NG, BRI
BN M HANERE, Wil ESHMIES B E K. BT EAE 120°C F T8 2 h, B ATEE AR
T H A IR LL 300 r min Tt (R EESERE 1 min, BEREES U@ T B B TR A, ERU SRS
Ko B Je K BT T R B e AR b, B 10 mL B DAV TR B3 R o B B 7 [ R 1 120°C R T8k 2 h JEAF B,
3B A E AR R o B TS [ 148 A i 44 9 NbSiP-Hp.
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SrIFREL 0.023 g+ 0.012 g+ 0.021 g+ 0.031 g FERERAH TR o, A 30 mL Z85-F7K, L 300 r min™
(38 BE R FE 10 min A S R IR BRI TR SE A VAR, 153 — R BUAS AR FE 1 vy B R B VA

FrEY 0.3 g NbSiP-Hp [ 444} A T CLHL B 4T AIA [FI9R FE i A B RV b KR A9 A 700 v min™* ()3
FEAE SR N RPN, 6 h, B2 oS 18 A S i o B AR R, KBTS Mok K T 120°C FHEF 2 he
B J e P A [ A fT B K B 3 IR A iR 2 REERIR A, 7E 120°C N 2 h, 32— RFIAFE Mn FE &1
Nb/Mn  [E4Ky K, AR BT FH v i 8 S0 VRO IR AS [B)K HL 43 il i 44 9 Nb/MIn-0.005,  Nb/Min-0.025.
Nb/Mn-0.045. Nb/Mn-0.065.
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Figure 1. Wide angle XRD patterns of the Nb/Mn-0.045 samples
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Figure 2. FTIR spectra of Nb/Mn-x and NbSiP-Hp samples
& 2. Nb/Mn-x #1 NbSiP-Hp #£FH FTIR J¢it
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Figure 3. (a) Full scan spectrum of Nb/Mn-0.045; (b) C1s, (c) Nb3d and (d) Mn2p XPS analysis of
Nb/Mn-0.045
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P4 3(b) {7~ Cls ) XPS Z5 & REiE, WL HITE 284.8 eV 1 288.34 eV Ab4UL & HIPE NI, 43 55t B T
C-H §F1 C = O ##[21] [22]. Nb3d XX T FEANRIR A Nb (¥ 725 2 B R ENE R, 5] 3(c) Bom
Nb3d [¥] XPS &5 & fEits, 75 HI7E 207.4 eV F1 210.16 eV 4k LGS0 WS AP A, Sk T P Rl al e 11 e 25 (RN
Nb3ds, A1 Nb3dsy,) [23] [24] e Ah, RAFAE L Nb B AR SRR A A X R R4 WU (5110 204 eV % 3% () Nb?*,
5, 205 eV X RifF) Nb*™), IX—4k5 BRI FIRE S BT A 4R LA Nb,Os I s RAEE T3 . [ 3(d) iR
Mn2p [¥] XPS 455 BEi, 641.8 eV ALHIAKIFR Mn2py, I ] LL LR U J LS55 524073y 640.8. 641.6.
642.8 £l 644.8 eV [ FI%, 3 HI%I BT Mn 7&K Mn?*. Mn¥* Fit Mn* IR RN ZS, BLK Mn Je &K 4L E
B[25] [26], XRAEIEMAFERT L2 M ESAFLE. & LR, @il XPS 704, ATHIL T Nb/Mn
Z IR E AT E R 5MAS, Mn JTE g8 15713 T NbSiP-Hp IR, LA B4 Rt
5 XRD LA FTIR W43 Hr 45 AW A

3.4. FHHEEST

T3 BT (SEM) A& BT FC HEAL AL EE R RIORE 3 RO R PE RO R BEREOR o ] A(a) Bz, Sl WL mT BLUA
B, SEM EEIE 4 2 7R T Nb/Mn-0.045 ALy BLARVE FEIAE 2~10 pm B3 HEI B AR 5 B ROK ZRA5T0H .

Figure 4. (a)~(c) SEM images at different magnifications and (d)~(f) Elemental mappings of
the Nb/Mn-0.045 samples
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K] 4(b)~(c) N FEANE B BOR B Py, 8 IR S B T DU, X SRR 20 i Ak 77 R F AR K
27 10~20 nm FPRRE QMK FIUREL 1 ST BT, 3% L2t K OR8] £ 55 2 [ 5 145 Nb/MIn-0.045 {4677 T% B
TARZHER AL, TGN 7RI EE R AR, Dot S gt 1 58 2 B g VG PEAL i . EAME AT A
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WEi.
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5(a)~(d)Fra, e VT A TR G RO R A AT O R R A VAR IR B, T DU I R S g K PR AR
BT ANFEREE R . R Mn SCERIIEDL R, NbSiP-Hp LT I O BE B sk M, e
FAtEIL 124.4°, IXFE—NMBOKIHE Al A AR T A0 FFE ZK R 3 20 DL B S 7K e A2 5 e A 7 3 TV 1 7
A T EMRIRE R Mn Je R FEE, T RAIER E] Nb/Mn-0.025 Ff i il f 386 K2 T 134.4°,
AR I FK M — b5, B2, BEE Mn R FRENSE S5, S B0 FIR T EK
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Figure 5. Static contact angle of Nb/Mn-0.045 samples in air atmosphere
B 5. Nb/Mn-0.045 #MR7EZ [P RIERSIEM A
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3.6. EHIEMITMN

3.6.1. UG F AR

T AEWE AL T AL HMF 3540y DFF (R rh, 405016 i 1t 0t DFF Wi Rk v iy se i, RIZEAH
FI BT, F— &% Nb/Mn-x 2 ALE & AT T TEAUK PG E L HMF S236, sEI4h |
K 6 Fir. B4, RIFHET Mn T FE A NbSIP-Hp #EALFIZR I H KA HMF 421 DFF. FFCA
EHEEYE, TEET 7 Mn JGE U ND/Mn-x AR AL R 3945 B — e FEEE R4, IXREH Mn Jo &
5 AT HMF ARG SRR o MBI T USRI, X T-3E4T 1 Mn o &R AT &, BEE
Mn JTCEFAEEREE, DFF KURE SikFMIESRIH e ETHE RIS, XIS Re 2 TS
Mn JCERFAEERIE N, MR LA SRR 2 B, IS 3] T S & DFF CRALE £
M, (B2, BE Mn o GRS 0n, 619 DFF gdt— b Ak, MM 7R 21 FFCA, ik
FHT DFF MRS TRE. Bk, FTLMRYE DL BSis o i gl e, AR &l fEHEA 0.045M (1)
R IEAT Mn JGER AR, R DS BB B AR A BUR Y ND/Mn-0.045 4657, A FH A £ 771
ARSI P BT AR, 1E 24.54% 1) HMF 3 A0Z T AT LA3RAG 28.47%0) DFF &8 F1 13.41%f1)
FFCA E#E1E. 4.4.2 Fl 4.4.3 T AL SEI6 K 0 A AL R S5k B 3dEAT o

E Conversion of HMF
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Figure 6. The effect of different Mn loading levels on the catalytic performance
during the synthesis of Nb/Mn-x catalysts (Reaction conditions: 140°C, 3.5 h)

6. Nb/Mn-x #EAFT &R 2 H Mn TTRAH SR EFTHEL M RERIFM0
(R BRI : 140°C, 3.5h)

3.6.2. IR FA R KB (E) B9 RN

T R DFF AL FFCA e, REHRSLZEARIEAT 704G, BIFFE 1 SIS [R) A s B it BE X HMF %
b2, DFF B EANEE DL K FRCA SR AIS R R SR o S5 A T 0] e A 280 A 52 e 4] 7 () s
B S S TR ZE S, HMF R A SN I, 2 B SE K 1) S S 8] R T HMF %44k . DFF (I8 0E
SPUEET RIS, T DFF MR 2L et s RIS, X & T RS RS IEET, DFF #
B BT FFCA. MRS [AIA S 3.5 h i, 1527 DFF BB, 9 7%, i FFCA 7E R MK
[IAF] 4 h B A3 2] T R . DL b SEae g5 R B, i K OSIR BE 22 5 51 DFF it — PSR i FFCA,
M AR T DFF ik s AnieR.
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(71, DFF HkEett S HLHGEWT RS, 11 DFF MIlCR S0 ETHE PRS2 /N IE
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IERENE . XML R R, IR m e et DFF 3F— P A il FFCA SO IE S EASCER I FRAC. AL,
T B S NIRFE A 140°C . X FFCA T &, BEAE MR FEI =, FFCA BIWCERAL T 2.45%~5.79% [ 7E
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Figure 7. Effect of (a) reaction time (reaction conditions: 140°C) and (b) reaction temperature (reaction conditions:
3.5 h) on catalytic activity
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Figure 8. Stability test of Nb/Mn-0.045 catalysts (Reaction conditions: 140°C,
3.5h)
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