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Abstract: 5-hydroxymethylfurfural (HMF) is a versatile compound that has great market potential in the future
chemical industry. HMF production from fructose has a problem of higher cost, while HMF production from
glucose has a problem of lower yield. Therefore, the use of relatively inexpensive biomass-derived syrup to produce
HMF in order to achieve industrial production is currently a research hotspot. A series of Sn-MOR catalysts were
prepared by using mordenite zeolite (H-MOR) as a carrier, which was modified with acid treatment and adding tin to
remove Al and replenish Sn. The Sn-MOR catalysts were characterized by X-ray diffraction (XRD), diffuse
reflectance ultraviolet-visible spectra (UV-vis), ammonia temperature programmed desorption (NH,-TPD), and X-
ray fluorescence spectroscopy (XRF). The characterization results showed that the Sn-MOR still maintained the
crystal structure of mordenite, with changes in strength and content of acid centers, and Sn was inserted into the
zeolite skeleton. Glucose and fructose were used as substrates in the catalytic reaction of unmodified H-MOR and
modified Sn-MOR, and the experimental results showed that H-MOR catalyzed the dehydration reaction of glucose
poorly, with a HMF yield of only 7.08%, but its catalytic performance in dehydration of fructose was better, with a
HMF yield of 76.78%. The modified Sn-MOR possessed isomerization activity, which improved the reactivity of
glucose dehydration with a HMF yield of 38.65%, while the modified Sn-MOR still maintained the high catalytic
activity of MOR for fructose dehydration to HMF. Using sugar mixtures (#uymued giucose - Micose = 1 1) as the substrate,
the reaction performance of the catalysts with different tin metal additions to H-MOR was firstly investigated, and
the results showed that 3.76-Sn-MOR with 3.76% tin addition catalyzed the dehydration of the sugar mixtures
better. The reaction performance of the catalyst prepared by adding tin after H-MOR acid treatment was further
investigated, and the results showed that the 3.76-Sn-MOR, prepared by acid treating H-MOR using 1 mol/L
hydrochloric and adding tin could obtain better HMF yield (49.37%) and selectivity (58.09%) in dehydration of
sugar mixtures. The reaction conditions were further optimized through orthogonal experiments using a 3.76-Sn-
MOR, catalyst in terms of sugar concentration, reaction temperature, catalyst dosage, and reaction time. The results
showed that neither too high nor too low sugar concentration was conducive to HMF formation, and increasing
temperature and catalyst dosage were conducive to HMF formation, but increasing temperature reduced the
selectivity of HMF. Prolongating reaction time had little effect on improving the yield of HMF, but decreased the
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selectivity of HMF. The optimal reaction conditions were as follows: 1.5 g of sugar mixtures, reaction temperature
of 170 °C, catalyst dosage of 0.3 g, and reaction time of 3 h. Under the above optimal reaction conditions, the
superior catalyst 3.76-Sn-MOR, was finally applied to F55 fructose syrup, which has a dry matter ratio of glucose
and fructose similar to that of sugar mixtures, and the HMF yield was 63.76%, the HMF selectivity was 69.43%, and
the fructose syrup conversion was 91.82%. The catalyst was recycled five times and the HMF yield reduced to

49.50%, which still maintained a certain catalytic activity.
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Figure 1 Mechanism diagram of the “De-Al-substitution” modification of MOR
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Figure 2 XRD patterns of Sn-MOR samples
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Table 1 Relative crystallinity and element content of
MOR samples
Catalyst Rela.ti\_/e W./%
crystallinity/% AlLO; SiO, SnO,
H-MOR 100 6.62 93.38
3.76-Sn-MOR 86 6.61 92.14 1.13
3.76-Sn-MOR, 105 3.82 9488 1.29
3.76-Sn-MOR,-Run5 72 377 9274 0.83
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Figure 3 UV-vis patterns of Sn-MOR samples
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Figure 4 NH,-TPD curves of Sn-MOR samples

2.14 X ST (XRF) 5347

S Ta) Pl T 92 41 45 19 Sn-MOR BE & U JC R &
WUANER 1R, 526 RN 8224 I8 1
Sn-MOR F fi A1 L, 2 b B4 Jin 8% i) Sn-MOR 45
TE NRE B EEAIN. 456K 3(b) i UV-vis
FAETTAL, X 22 SRR AR R Ab PRI AL B T T 25 0,
SN Sn B Z4f AR 28 B, IR T £
BB
2.2 Sn-MOR 4L 5 B9 &z Rz 1% gE 9
2.2.1 Sn-MOR &4t B HERE 7K K Bz 1% g€

a3 525 88T 25 0 R SRHE AE et Sn-MOR A
) AR AT R, I AR 2, ik 2]
UL, K0t MOR F -8k 2 e 9% 14 X6 4 465 18 52 4 1k
2O H BTG AL AT, T BUR A B Tk A
SR R T % A B K RN A B HMF, HMF 7= 340 41K
(7.08%) , {H 22368 1 A7 & 08 12 fif M i AL 1 R
075, BRI, i1k SR 0 % Ak ] L3R A5 48 = 1) HMF
FER(76.78%) .

Sn-MOR 1E A AL 7], 20 R Y5 1k HMF,
HMF 7= 3R 42 5 (21.16%) , F 5] A Sn ) Sn-MOR
XiF A M LA SR AR TR P, UE— 2 2Rk
A7 TR A BB AL &M B P 59 3.76-Sn-MOR, 4 1k
I 25 0 A B HMF 77 22 T4 5 (25.61%) , X 2
TR AR AL B S AN A 2200 G B R
4 CIEL 3(b)) , B 22485 0 A7 7E AR T 200 i
fk > HMF™' . F T 7 25 0 S5 4 Ak 2 W A s g ™,
DRI, e LB A R T 2 4 5 7K o HMIF(38.65% ) o
I R SR BE T, 225600 41 308 )5 HMF 7= 56 I ik 5
PN A TR, X T RE R FAEE R MESR T
226 A L A A SRR B K T A A H 2
M AN f 35

2 Sn-MOR {4k 2 1ERR K & Bzt e
Table 2 The performance of Sn-MOR in the dehydration of monosaccharides

Substrate Catalyst Temperature/ °C /% /% Xg Or X¢/% Ref.

Glucose H-MOR 150 7.08 8.56 82.74 this work
Glucose 3.76-Sn-MOR 150 21.16 27.44 77.11 this work
Glucose 3.76-Sn-MOR, 150 25.61 31.07 82.43 this work
Glucose 3.76-Sn-MOR, 170 38.65 42.49 91.41 this work
Glucose H-ZSM-5 160 24.00 25.00 96.00 [31]

Fructose H-MOR 150 76.78 76.90 99.84 this work
Fructose 3.76-Sn-MOR 150 73.75 73.86 99.85 this work
Fructose 3.76-Sn-MOR, 150 70.53 70.61 99.88 this work
Fructose 3.76-Sn-MOR, 170 69.51 69.62 99.84 this work
Fructose H-USY 120 32.00 69.00 46.00 [32]

Conditions: m(sub.)= 1.5 g; m(cat.)= 0.3 g; V(sec-Butanol)= 30 mL; V(saturated salt water)= 5 mL; /=180 min; m(PVP)=0.06 g;

p(N,)=2.0 MPa.



5 52 %5 8

SR A OB 220U A AR SR K 5 5 H b

1075

2.2.2 Sn-MOR f#1L B & #E i 7k &2 52 1 RE
2221 AEBARMERRM

TEIR BE 150 °C . JE J7 2.0 MPa., 4L 0.3 g.

Bi5§ PVP 0.06 g, M AT £E7K 5 mL., T/ 30 mL,
ST [E] 180 min A5 1F T, 52 T AR 85 s N it
1Y) Sn-MOR A 1k 71 4 1k 1 & 4 I 7K 9 52 07 14 BE
GERWNE 3, TELOLHA LR IN4)E Y5, HMF

PR R BRI AR R . BB N Y 3S n, HMF
PR PR I SR R, X2 TR
hn 4 N 1.33% 34 i 5] 3.76%, B 428 W) R g
(& 2(a). 3(a)), A AT AN K HMF; FiE S50
I — 2B HE I, T T Z AR B RS R (F 2(a).
3(a)), ANFIFAE R HME™ R, B8N 3.76%
1) 3.76-Sn-MOR Xif 1 & Ml A AL R0 R 0 -
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Table 3 The performance of Sn-MOR with different Sn additions in the dehydration of sugar mixtures

Sn additions/% V% s/% x/% Xo/% x¢/%
0 36.86 44.79 82.30 62.83 100.00

1.33 44.49 50.99 87.25 75.70 97.75

3.76 48.06 56.90 84.47 69.16 98.39
5.00 45.75 52.05 87.90 75.44 99.22

Conditions: m(sugar mixtures)= 1.5 g; V(sec-Butanol)= 30 mL; V(saturated salt water)= 5 mL; /=150 °C; /=180 min; m(PVP)=0.06 g;

p(N,)=2.0 MPa.
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Table 4 The performance of Sn-MOR prepared by De-Al complementary Sn in dehydration of sugar mixtures

AE T

SR Z, BTN

HCl/(mol-L ™) V% /% X% X/ % xi/%
03 46.96 55.11 85.21 70.47 98.60

1 4937 58.09 84.98 71.38 97.35

2 43.69 53.48 81.69 62.65 99.00

Conditions: m(sugar mixtures)= 1.5 g; V(sec-Butanol)= 30 mL; F(saturated salt water)= 5 mL; /=150 °C; =180 min; m(PVP)=0.06 g;

P(N,)=2.0 MPa.

2223 RMEHBMRKL
DL 3.76-Sn-MOR, A #1651, 7£ J& 71 2.0 MPa,
B3 PVP 0.06 g. 1R I 357K 5 mL. ff T 1 30 mL

F 1T, MR A PR R T TIEARRRE, BT
Bl BE | AR TR & RN TR R A N B TR XSRS
WA SN 25 R m o IEACTR G e gk Lk 5.

#5 EZRBWE-LM)
Table 5 The table of orthogonal-Lo(43)

Entry Sugar concentration/g Mass of catalyst/g Temperature/“C Time/h /% s/%
1 1 0.1 130 2 26.51 52.05
2 1 0.3 150 3 45.45 58.03
3 1 0.5 170 4 55.47 57.72
4 1.5 0.1 150 4 45.34 55.95
5 1.5 0.3 170 2 55.33 61.88
6 1.5 0.5 130 3 44.56 56.92
7 2 0.1 170 3 46.84 50.08
8 2 03 130 4 39.34 50.27
9 2 0.5 150 2 48.85 58.66
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Figure 5 The effect of different factors on yield and selectivity of HMF

2.2.3 Sn-MOR f#1¥ SR 18 5% Rt 7K 5 Bz 14 &g

R B SN A AT, DA Tl R SR
B AE MY, 3.76-Sn-MOR, M i fL 71 15 2 T %%
U 1) HMF 72 3R (63.76% ) K 31 (69.43% ) , S 4
PR 91.82%, FF%5 %5 T 3.76-Sn-MOR, 1k
70 5 521 Mk RE, 45 SR WLE] 6. 3.76-Sn-MOR, 1
RS — R EE A EEEA —EBRENT
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FHZ 5 FR, HMF 7= R 49.50%, iF B 4 16 571 47
HA W

B s gy B sy

Run 1 Run 2 Run 3 Run 4 Run 5

Kl 6 3.76-Sn-MOR, T & i 1A
Figure 6 The reuse results with 3.76-Sn-MOR,
Conditions: m(F55)=1.94 g; m(Sn-MOR)= 0.3 g; V(sec-
Butanol)= 30 mL; V(saturated salt water)= 5 mL; m(PVP)=
0.06 g; =170 °C; =180 min; p(N,)= 2.0 MPa.
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