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Synthesis of V/ZSM-5 by ball milling for catalytic conversion of biomass to formic acid

QIN Xiao—ya, LI Jia-lu, DING Yong—zhen", SHEN Feng’

(Agro—Environmental Protection Institute, Ministry of Agriculture and Rural Affairs, Tianjin 300191, China)

Abstract: V/ZSM-5 solid catalyst was prepared using the solvent—free mechanical ball milling method and the conventional impregnation
method. X-ray powder diffraction (XRD), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), N, physical
adsorption, and inductively coupled plasma mass spectrometry (ICP-MS) were used to characterize the catalyst. The results showed that
the catalysts prepared using the two methods had similar V content (~1.7%). Compared to the traditional impregnation method, the ball
milling process was solvent—free and needs less time (1 h). In addition, the particle size was smaller and had a larger specific area(367 m*-
¢ vs 223.90 m*- ¢'), and the ball milling treatment results in a higher valence state of V leading to the better yield of the ball milled
catalyst (45% vs 35%). The effect of different experimental factors on the catalytic reaction in water was studied systematically. Under the
optimal conditions (180 °C; catalyst: substrate=1: 2; 3 MPa oxygen; 30 min), the yield of formic acid from glucose was up to 45%. In
addition, various carbohydrates could be converted to formic acid with the prepared catalyst. This study provides an additional method for
the synthesis of metal-supported catalysts which is simple, efficient, easy to operate, and environmentally friendly. It is of great
significance for the conversion of lignocellulosic biomass to high value—added chemicals.
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HER1E N —F/NFHEILR, ) 2 T T
8 (B2 AR AESUR . BLAh, R AT LFE Cr,
Co Ni,Cu S AL FIEH R #E— i h a1, 2 A
REVR A H A, e A T AT ik 53.4 g L7 iR 1) 36
[l RE R R 15 T I S B SR F (40 g+ L) o S RE PR
REZ A1 & B I i I IR BBV, R () B 4 77 ) J2:
K SB— A AR L FH I ) S (i T AR TR
I, AR FE AR A B S K AR B 7 W R, AN RE RS
S IR AT P AR AOBR I S B U 1w e BRI 2 A A
@ A THE DG i e 24113 2 B 7 G2 = S s s € ]

H A, A2 AL 77 0 FeCl , VOSO. F1 43 J& Nk
LG H ORI e ALK AL S W R . BN, 7E
1.65 MPa O, [l F , Fe, (S04 11 Ak 5 25 4 5 1k g Y
PR 1) 77 %0 39.79%", BLAN, 5 VA ALY HA BRI
AALRE T, X R R HL AT ¢ v B R B | RO A B =
BAEALFEAL ] R . N, Wang 2504 45 T NaVOs
HEAR T, FEAE BT K SRS T AL A 1Lk
HR = 2 R 42.8% . WEFE R B0, AH L FH AL 4 )8, v
A A TS PR A A . DR, T R R AR
A3 K43 #B 5 AV, 4 HsPVaMoioOso F1 KsVsW5050
85 o RHR S AR A Ak TR0 2 1 o 25 W B R 1 7 R
40%~70% . YIFIMHEALT B REA SFE ik K L& 9
H R ABAFAE TC T ORI L 5 e o 85 4R
PR L, P 2 RE 5 s AR 2R S B0AG %440 1 5 FLRE RS I 3
el FH A T A A LR R R K AL B 0 T AL LA

R0 H A % 4 R o 20 Ak ) e
73k B, AR 20858 F BBk & T
Ce0,@ZSM~-5.Si0,-Fe0,/ZSM~5 . Cu-Fe/ZSM~5 . TiO./
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H, A B AR R o WD R sk ek
b TR Z — o A AR R G A LA ER S 7
BTV AR A E AR H A T AR SR BE A
VAS TR S 105 o) 5 P 790 A 0 B 2 25 4 L R A Ak
PERE L0 X, RGEMFIE T BRES 155 B A [ A ffE A1 771
EEALRROK AL A R G DL

1 MEEFE

1.1 #4
i B IR B (NH,VOs) , 7 1 i ZSM=5 il K B
(CsH100s,99% ) #1 B B 7 T 38750 (i) A RS

2 B (CsHO06) | B BE (CoH 105, 99%) il A ZE Hi
(CsHiOs,95% ) ¥ H -1 42 sk AR AL BB R
H) 3 £F 48 B (CHx»011, 98%) Fll 22 28 M (CiHL011,
98%) , ¥ A At 5 A R BFHEA RA Al MR i =
(101QD)IE A RHE AT HERE A ) TRREARAT PR A 5 1
B (CH»0, ) M [ K E VL RAL TR AR A R 5 af
VS TEVE M [(CoHLo0s). 0 B b s EF 8k T A Al . P
AR Ry o3 B, A B4 TR AL BE R A .

1.2 V-ZSM-5 4L 5 #l &

PRI 1.5 g ZSM=5 F10.068 g NH,VO; T3k 5 fE v
(AW ,50 mL) o [RIEFELA 20 B AR 4 5 mm A
BN RS PR o B b A BROE G [ AR AT R BR B L
(Retsch PM100) |, %8 J5 7E 350 r+min™' 5% 3 T 2K &
1 he MK BRI G W HE Z T, &
500 CZ5 AU T 4B bE 2 h(FHEE K 2 Comin™) .
T Ja FH 25 B TR PRI 37K, 80 CHET 12 h, i i fk
Ffw 4 h VIZSM-5(B) .

YRS BR R R P AR Geie ot i il 8 V/ZSM -5 i
5. A S mL 2 BT KB I 0.068 ¢ [
R NHVOs, SR JE S FE S T4 1.5 g ZSM-5 A F
FIREW R BE S EE4 b BEJSAE 85 °CF NPk
FBRIER o BTSRRI I £ 500 CZ5 SR
FEl R 4BeE 2 h(FHELEE R A 2 Comin™) . JE AT
IRBEME 3 U, HET . PRS- EAb R ar 24 VIZSM=5(P)
1.3 V-ZSM-5 {4k FI RAE

K FH 22 [# FEL 2 7] #37 & 5 QUANTA FEG 400
R o HE R A R S A A L B (SEMD) LSRR S B 30
EDS BEHE Y (3£ [E EDAX /A 6] GENESIS) % F & i 47
JCER S EGE BRI A o B S i B I e
20 kV. fii F 78 A5 6 78 D8 Advance ) X SR R AT
SACCXRD) X i 1 i AH 24 7 3R AL, It 2% 4 2 4
B, AR 0.154 18 nm, FHHE L 40 kV, =3 HL
A 40 mA, M5 BE 0.1 s - step™, i Ll A 5°~
90°, i FHI Sy ASAP 2460 A % R FLUFNFL B 35 I 5
F G0 (S [ 22 v R $ v ) 0 A i ) BL 3R T BRI AL

R fiff 36 B #E B K R BL B 2 ] ESCALAB
250Xi X 5 2ot H - R % (XPS) RAE T R A TEIE
2, M 4 a0 Al Ka(hv=1 486.6 V), T 150
W, 500 wm HBE, 25 G HELL Cls 284.8 A i, HL B
A48 TR TS (ICP-MS) BT % 45 4 Agilent 7700
ce, I ARFE IR T , 75 2 100 mL 5.

1.4 W RN R F=H5r T
DL A b Ry ), R A A SO TN T 0.1 g
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AW 5 mL £ B 7K H0.05 g V/ZSM-5 fitfb# & T
50 mL ANEE AN = R 28 S A H o O A8 AR AR (3
MPa) , SR J5 TEA R BE IR T (160~180 °C) S — &
BFR] (10~50 min) o SN 25 5, A KPR Ve A1 i
N2, FEVe H) 2 2 TR B T TR U TR P B RS
JHR B SO AR 235 (Waters Acquity UPLC H-Class ) ]
Eo LLAE N 0.5 mL- min™ BB K IE K (5 mmol -
L) AU sl A, R FH R 22800 2% (RD Fl Shodex SH1011
BEREED T 08T , BT A 50 °C, RU I 28965 7 35 C.,
R R R A N R A

B R (%)=

APV IR EE AR i — R R A B R

T W) U JEE R
L e ¢ oy AU TR I B R
R )= e e B

x100%

x100%

2 #EREWR

2.1 EUFILEHRE

TCI A BR P T A% e 18 5t 1 i 4 1 V/IZSM=5 i
PR 500 BRI 35 J 2101V o0 R 40 A 1 S An 1 TR .
MV ICR WSS R E , R 26 B AL
VLRI S AT AR R w0 (B 1e FIE 1d) o (HRZ
BREE VLA B AL (P& b)) ks R~ B g /N TRt
Pl AR (B 1a) o X FBE i TR R ML &
AE ML 7, 2 BB B ZSM =5 3K B9V T . Ak
FR A R R ST B/ b 2 T AR B, 5 B A AL 67 A
WAL, B, M IR0 BRI E A L V 7
R ZSM-5 AL IS PE T RE B R . R E— R ITER
VE DA AR B VR B AR T ALE N 3T T
AL FLARIN A o 2550 & B, B BR S ZSM -5 2R 44 1
h IR 5 B MR HOF 349042 R 2.62 nm 1T AITALV
PSR A [] ZSM =5 JEBREE 1 h 48R 5 15 2 1 b1 kL,
HOE LR TR RN 2.12 nmo PRI HEN | BR S 2+ 7 o
4> VALIEA R T LA T FLAR RN

R 25 AL BRI I I R AR 5 48 1 I BR S 1
F 17 28V AL FLBR A5 R RRAE , X 135 A RE S EA T T
N W FFFIBEBFF 2 AE . DAL 2 1T DA H, FE ARG TR J7 0.4<
PIP*<0.9 B}, 3 iy B8 A77E [0 i 1, 349 4y LU fg IV 7Y
[ 5 B R o 46 0 il %, 26 B 3 R i R AR AR AR A FL &S
F o 1R, ZSM -5 BE R B R AS B B AT Z2 5L 2%
oy, T 3R T AR AL 2 43 1) 327.90 m - g7 A 0.19
em’ g o P RAL R A, o O R AN 91.7% . R
BRI NEASE VUG, B RIBRILAS AT

20 um ' 20 pm ¥

a.b AR, c d N VITE Mapping
a, b are SEM images, and ¢, d are SEM—Mapping images
Bl 1 RREFKE RS A ELFI R REER
V JTZ Mapping [
Figure 1 SEM and SEM—-Mapping images of catalyst synthesized
by impregnation and ball milling method

" 1407 - ZSM-5

< 1ok ~&- V/ZSM-5(B)

E —A= V//SM-5(P) b-5-8-5% 4

g 1001 e kel

£§ 80T “A“

E: ?A—A:ﬁ""&k

£ 601

E

2 401

H 5l

= 20

N . . . . . .
0 0.2 04 0.6 0.8 1.0

FAXTE /7 Relative pressure(P/P")
B2 770 B S SR B/ B R 2%

Figure 2 Nitrogen adsorption/desorption isotherms

F1 EUFIEFLIRERFE

Table 1 Pore structure characteristics of the catalysts

FeRmM Mflmi B ALALEE
Vel Specific Micropore Total pore Micropore
Catalysts  surface area/ area/ volume/ volume/
(m’-g™) (m’-g")  (em’~g™) (em*-g™)
ZSM-5 327.90 300.80 0.19 0.13
V/ZSM-5(P) 223.90 193.20 0.15 0.08
V/ZSM-5(B) 367.0 344.10 0.20 0.15

R, 20 )R 223.90 m?- g F10.15 em?®- g X AT EJE
TR G A HEAL R, Ho R A A T 3 7E ZSM-5
R IEHE T LI . H BRI 5 R A A Ak 77
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V/ZSM-5(B) bR 1 B 2 BT, A4 i e &1 R wT
DAt BRI 15 B A A R0 B0RE /N ik 2 B AR, 3
Al BB P B bR ARG K FEE . Hid i
W FIER S 1 5 i V5 2k ZSM -5 Ak R 32 2R 2
THALEEH -

ZSM=5 U R J7 345 B VIZSM=5 44k 551 1 X
SIE R AT FT (XRD) G5 W 3 Fis o At i I

f ZSM -5 1£ 20 F Pl 7.86° ., 8.78° ,23.18° ,23.90°
24.40°, 43 H%F R T ZSM=5 1 (011) (020) (051) (511)
(313) Fh AU, I SRS 8 5 SOk 1B 1) — 3K . @
1 ¥ T BRI A A V bR A V/ZSM -5 44k
F, H:XRD [#3% 5RK ZSM-5 AR —3 (K 3) , T f
FE i #0 AT HL 7 ZSM - 5 43 F 0ifi B MIFT 25 44, 3% B
ZSM-5 B4R V G I B ZSM-5 1Y Sk e A2 78
fb. 5 ZSM-5F1V/ZSM-5(P) kb, V/IZSM-5(B) Y
TS v B W R FAIG, X O T4 )8 VB 2% 31 ZSM-5
o, ZSM-5 1 & M S HOR AR S AT R B B0 .
A, XRD B3 i 3R B4 8 VAR AR A7 5 0, m]
fese K R 4 0@ Vs 43 BFE ZSM=5 R 1A, XE LARS I
WA, R ICP X & B AR V & fE kAT 1
2R R V/ZSM-5(P) F1 V/ZSM-5(B) H1 V & 23 1)
H1.63% F11.69% ., HAR ) 7 &t J& H XRD &3 Ak
AR VR IE AT S0 Y T BRI 3 7E HoAth SCik
A R E™,

SRy itk — 25 B BRES V  1 A [ELA A AR R V/ZS M-
5(B) L& )@ VI BAAAEIE K, UL RO TRG BT 36
WA A g RS T T X EOE T RIS o BT
(XPS)MRK A . H &4 mT %0, WA 5 A i i 4L
IV IEE WA FUIEE , 53000 T ~518 eV Fl~525 eV [
o MR SCHRARIE , T 45 S RENL T ~518.1 eV 4L AY

\Muﬁhﬂ\—-—w

V/ZSM-5(P)
(011) (051)
(020) (511
g (313) Z3M-5
£
10 20 30 40 50 60

20/(°)

3 7ZSM-5 RV Btk /E V/ZSM-5 B XRD Eli&
Figure 3 XRD spectrum of ZSM-5 before and after modification

GO IR T VI RRIE RS AT, ~517 eV Ak V 1E S
J& T VEBYRETE A 38 R o AR B A R R
i R VORI VAR S Ve X XPSHETT T 43
DL XTI AR A TR S0, VIZSM=-5 (B) ik 7
VS 62.4%, Vi 37.6%, T i 45 2 4 4L 57
V/ZSM=5(P)" V¥ 5 51.1%, V¥ 15 48.9% ., [RIiL, BR B
Ab PR R R R LB R (BE 482 ) 3580 14 ) A B T
E AV BIE . AR A A R A A FLI TR RO i
rh, VR s AR AT R, A B R VA,
RIGHEESMERT , Ve B Sk mm &
Vo RREL AR R A A W AL A TR
22 ERAEREMTV AHELFIELMEERID
NGRICIND S =g o N 0P <3 G o I N b i
AL E R IR RN K, ERAEE YV
AT OLT , ZSM-5 i T3 A A AufE AL 7 A5, FEAR
A AT, LA R AE 7 F R 2%) .
MR MG SR B A U 48 V i bR v/Zsm-
5(P) Ak i A A s, H R 7 283K 31 35% . 7E [FIAE 1Y
WAL AT MUBER BE v & B0 4 )8 V6 44 1k 57
[V/ZSM=5(B) & AL A2 05 7= R 1) 7= 2R 38 i 51 45% .
1 F ICP I 5 &5 S R W V/ZSM=5(P) Fi1 V/ZSM-5(B)
GJEV SR SEACHIE , L, BRES I A B AL

(a)V/ZSM-5(B)

V2p 32(V¥) |
(62.4%)

V2p 112

N v2p3/2(Vv*)
\ (37.6%)

1 1 1 1 1 L 1 1
528 526 524 522 520 518 516 514 512
254 18 Binding energy/eV

(b)V/ZSM-5(P)

V2p 3/2(V™)

(51.1%) V2p 3/2(V*)

(48.9%)

528 526 524 522 520 518 516 514 512
25418 Binding energy/eV
4 V/ZSM-5(B)F1 V/ZSM-5(P)# V2p XPS Bt
Figure 4 V2p XPS of the catalyst V/ZSM-5(B) and V/ZSM-5(P)
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7ZSM-5 V/ZSM-5(P) V/ZSM-5(B)
1AL Catalysts

SIS £t 0.1 g A ,0.05 g AL, 5 mL 58 Tk,
180 °C,3 MPa 0,,30 min
Condition:0.1 g glucose,0.05 g catalyst,5 mL water,
180 °C,3 MPa 0,,30 min

B 5 ZSM-5 BRARRAEE AV EUHEE L FIERE B8

Figure 5 Catalytic performance of different catalysts

Rl TR IR 15t B B A Ab 7] 32 22 )t R 2 V/ZSM—-
5(B) kL RT3/, P Ta AR K, 2 8% AL
MU 2 BUBER B VL G B 4 T8 VR A 1R TN
TEMEAEMERE A D03, AR TR T2 F s
SEEIRCTOHE ) P

BRESETE] (0.5.1.2.4 h) DL V 1 ki (0% .
1% 2% . 5% . 10% ) XT 4 Ak 1 5E /52 e 41 18] 6 s o
BRES I ]2 A0 B (0.5 h) , FEA B A Ak 70 1 R AR X 45
2 IR RN 41.0% SERER A IERK 2 1 h )5, B
PR 1) 7= 2R 1 0 1) 469 , 24k 252 JiE K BRI B[], LA B 1Y
AL FIPE R AT B Z $2 Tt o 145 S U0 A BR 5 15 [i]
K ME LA 4 J& 1 &) MRS e 17 4078 ZSM -5 |, T Bk
JE& 1 h B RE s & 24 e k), B A B AT
AT, SR icht. ANTR)V S g A g S an & 6(b)
Fis e 24V BTk EN 0% I, B ER 1 72 R A%, 15 1

0T (a)

40T
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i 77 % Formic acid yield/%

0.5 1 2 4
BRIZE ] Ball milling time/h

WA G R EAA M IETE . M7 1% 0 VI, B R
FRAGHRE I, V&N 2% I, R A AT L ik £
45.3%. HRSEIGINV Y 3R, A A RS I B AL R AT
TR AT BB B, R T A AR BGERE VY
AT E R 2%,
2.3 [RYIKEX BB = R Z N

ARG T AR R ORI M ER A&
PRGNS ) X VIZSM =5 (B) AL i A W5 0520 . 15
WF5E T 46 250 W40 v e V/Z.SM- 5 (B) Ak 751 7 7K
A H A b 4 25 AR A 1k oA B R A S ), 45 SR an 1A 7 i
TN MR RATR AS TR R) I o B T 2 ) e AR 8
B LA 5E 4 (96%~98% ) , 26 W T % K P Ak,
KRR A S LA 5 e fk . TR I 7™ 2R Bl 5 T 2
W B (R 3G I 2R T R a3, MR 1%
5 2% B, R 7™ Rt i, W 45% . S5 R IR
JE RIS AL S0 A 7 a5 P AL A A . Bl
B S B E— B E) 109 , HEAL I BESR AL A AL
LB, S 8O ™ 24 B R (AT BE S 2 35%
TN fh A A AR A o HE IR 174 S o iy FH LA T R
S, — R EAL R B2 ARG, AR, A
BRI LA H 7 26 W5 10 B Ak 38 KT R 11 7™
X R T R AL TR R A E] =) CO,.
24 HEUAFIBEXHEEBREZNEN

AR Y FH B X AL s 1 A A LA, T
ST W R L8 N IR A & TS N e 27N
6] V/ZSM =5 (B ) FH 12 %] 4 285 0 ™ FE R A s i), 285 SR
KI8 firzs o MR a] LU H | 47 W 04 5 fb R Bt o A
AT F R R g i BT, SR R T V/IZSM-5(B)
FHEE N 12.5 mg I, S AR AL 30 90% , R ™ 5N

50T ()
40
301

201

FH R 7~ 2% Formic acid yield/%

0
0 1 2 5 10
V f#8 4t V dosage/%

SN £ 0.1 g HIEIHE,0.05 g HEALF 5 mL 2585 17K, 180 °C,3 MPa 02,30 min
Condition:0.1 g glucose,0.05 g catalyst,5 mL water, 180 °C,3 MPa 0,,30 min

Bl BREERTE R V S E N L M RE R R0
Figure 6 Effect of ball milling time and V dosage on the yield of formic acid
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100r o g—@—— % —®%—®& 1100 N

S 5
% 80 O AR Formic acid yield 180 ©
= - AL Glucose conversion %
E [}
5 60F {60 ¢
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5 T
< 40T 1o g
& 201 120 %
= i
0 0o =

1 2 25 5 75 10

JEEWHe I Substrate concentration/%

JLIE 451 :0.05 ¢ V/IZSM=-5 (B AL, 5 mL L3 77K,
180 °C,3 MPa 0,,30 min
Condition:0.05 g catalyst,5 mL water, 180 °C,3 MPa 0,30 min

B7 AEEERREN PR~ R

Figure 7 Effect of glucose concentration on the formic acid yield
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Figure 8 Effect of catalyst dosage on the formic acid yield
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Figure 9 Effect of gas atmosphere on formic acid yield
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Figure 11 Catalytic conversion of different carbohydrates to

formic acid with V/ZSM-5(B)
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