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Abstract The Pt-WO, catalyst system has received much attention for its high activity and selectivity in glycerol hydro-
genolysis to 1,3-propanediol (1,3-PDO). In this work, the Ga-doped GaWZrOx solid acid supports (GaWZ) with different W
contents were prepared, and then Pt/GaWZ catalysts were prepared by the wetness impregnation method. The effects of the
W contents on the physicochemical properties and catalytic performance of the Pt/GaWZ catalysts were systematically inves-
tigated. CO chemisorption and X-ray photoelectron spectroscopy (XPS) characterizations revealed that the dispersion of Pt
on the GaWZ supports first increasesd with the increase in the W content, reached a maximum of 86% on the Pt/GaWZ(10)
catalyst with 10% (w) of W, and then decreased at 15% (w) of W. UV-Vis diffuse reflectance (UV-Vis DRS), Fourier trans-
form infrared (FTIR), and XPS characterization showed that the W in the Pt/GaWZ catalysts interacted with the Zr—OH
functional groups on the tetragonal phase ZrOz, thus forming mono-dispersed WOx species. When the W content was greater
than 7.5% (w), the second layer of the WOx species began to emerge. The mono-dispersed WOx species may be conducive to
the high dispersion of Pt. The results of the temperature-programmed desorption of NH3 (NH3-TPD) and pyridine adsorption
infrared (Py-IR) characterizations showed that the higher the W content, the higher the amount of the acid on the catalyst,
with the simultaneous increase in the amounts of both the Brensted acids and Lewis acids. In glycerol hydrogenolysis over
the Pt/GaWZ catalysts, with the increase in the W content, the glycerol conversion evolved in a volcano-shaped trend, while
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the selectivity to the target product 1,3-PDO increased monotonically. The highest yield of 1,3-PDO of 47.5% was achieved
over the Pt/GaWZ(10) catalyst, and the catalyst also displayed excellent recycling stability. On the basis of the characteriza-
tion results, we propose that the Pt dispersion and the synergistic interaction between Pt and WO, species determine the activ-
ity of the Pt/GaWZ catalysts in glycerol hydrogenolysis, and the Bransted acid site pertaining to the WOx species is the key to
determine the selectivity to 1,3-PDO over the Pt/GaWZ catalysts, as evidenced by the good linear relationship between the

1,3-PDO selectivity and the amount of the Brensted acid sites.

Keywords W content; glycerol hydrogenolysis; 1,3-propanediol; Pt dispersion; Brensted acid
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Figure 1 XRD patterns of the Pt/GaWZ(x) catalysts with (a) 0, (b) 5%,
() 7.5%, (d) 10%, and (e) 15% (w) of W
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Table 1 Basic physicochemical properties of the Pt/GaWZ(x) catalysts

15 3% (w). MWB S3(WCFHEB)H AT W, WZ 1 PyZ
I WO AL PR 51 E, HRIARETE 1 nm BA
T, F PYWZ WP RRAAHAE 1 nom LR, BHkAT e
HEWT PUGaWZ(x) #4075 AR /N RSE (RRE 742 1 B 43 1
1 Pt AT WO, PFh. FRATTHE— P L PUGaWZ(10) AR 2
1T TRERGE X S HT(EDS). WA S4(L 2 F# 5 )
R, B AT R A AT, PR WO B

B SSA(IL S #7145 E) AN GaWZ(x) B AR FI P/GaW Z(x)
AT A AT WIS 5 3% (UV-Vis DRS). M E AT LA
WEZH|, GaWZ(x)#AEM PYGaWZ(x)EALFIAITEAE 228
nm V)& T A E T BB (07 - ZeY) 1%
HEMR W21, GaW Z(5)7E 256 nm H H W =1 & -3 h Y
Be A7 8 NEEAL ) WO, ¥R, B W 3N, ZIgi%
WA, U WO VIR BUREA BT BRI, (B 1S
fe e, BRI 351 nm X BT SR A A R )
R4 L GaWZ(x)EAk_Ef WO, #fi 3= 2 DLy
BT AFAE . R BB TE PYGaWZ(x) i 4L 57
A ER(E S5B, WHFHMER), Ui Pt A
M) WO, ¥ 1) 4 HCRAS.

B S5C(IL 37 H745 H) A PYGaW Z(x) (AL 7 (R A8 37 i
AF LT HNEIE(FTIR). PYGaWZ(x)HEALFIIAIFE 1625 cm™!
1745 cm ' HHEL T Zr—OH 0725 f 4R Bl 25 20 Rt 4 R
SUERT K4y F 105 PR 3h B BLAE AT F AL B BR
Pt/GaWZ(0)4F, HAWMELFIZLE 950 em™! T HIL T
W—O—Zr FIFFEHRBNIERS), I HaZ g qs R W I3
InTiaE s, [FE, Ze—OH {4 PR 0 0 B R W sy, 1
B WO, #ifhiEid 5 Zr—OH iR N, #iEr T
ZrO K. H4h, BIMEXTT PYGaWZ(15), 2T 890 cm™!
) W—O0—W AXFRAAE RSN EPURR A E, 5
UV-Vis DRS R4S H i WO, #0732 DL Loy BOF A7
ERILEE 8 £ 2 N PYGaWZ(x) AL Pt 4f F1 W
Af 1ELA SR

Catalyst W(P% WWY% S/ Voore”/ dod/nm Docl% Sell dpé/nm
() (om'+g) " (nge ) !
PUGaWZ(0) 287 0 124 039 126 33 82 14
PYGaWZ(5) 2.89 49 138 037 108 54 133 0.9
PUGaWZ(7.5) 291 75 139 037 107 68 168 0.7
PUGAaWZ(10) 2.90 10.0 145 0.38 9.8 86 212 0.5
PYUGaWZ(15) 2.94 149 142 037 106 60 148 0.8

“Determined by ICP-OES; ® BET surface area; ¢ average pore volume; Y BJH desorption average pore diameter; ¢ Pt dispersion; /active surface area of Pt, and ¢ Pt

particle size determined by CO chemisorption.

R2 PYUGaWZ(x)MEAFIE Pt 4f F1 W 4f 3445 3
Table 2 The Pt 4f and W 4f fitting results of the Pt/GaWZ(x) catalysts

Pt 4f7/2 BE/CV

w 4f7/2 BE/eV

Catalyst = o PEY(PO+HPEN T (PYZN)Y/% W e WS WS WY e  (W/Zr)/%
PY/GaWZ(0) 713 72.8 0.03 6.71 — — — 0
PY/GaWZ(5) 71.1 72.9 0.05 7.11 35.1 357 0.06 14.5

Pt/GaWZ(7.5) 71.3 72.9 0.09 7.58 35.0 357 0.09 212
PY/GaWZ(10) 712 72.8 0.12 831 35.1 357 0.12 242
PY/GaWZ(15) 712 72.9 0.07 5.54 35.1 357 0.15 31.0

9 Atomic ratio.
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Figure 2 Py-IR spectra of the Pt/GaWZ(x) catalysts with (a) 0, (b) 5%,
(c) 7.5%, (d) 10%, and (e) 15% (w) of W acquired at 373 K

PE. PYGaWZ(O)HIETEIR(R, HMERION 4.2%, 7=
M FEEE 1,2-PDO FIEREE(1-PO). £ PY/GaWZ(5) I,
B E MR AR (CTL R SR T 16.2%,
1,3-PDO & #1409 40.2%, 1,2-PDO E&#1EE AN 21.4%.
SREEIA W IR E] 10% (W), H LR A CTL 437
THE 2 96.5%F1 87.5%, 1,3-PDO EHFMERTTE 54.3%,
1,2-PDO M MRGH 5 2 0.4%, 1,3-PDO 7553k 2 i
B, N 47.5%. 1E PYGaWZ(15) b, B4R 1,3-PDO ik HdE
gk 2 b B 60.7%, 2T H R T, K
1,3-PDO 73R [E N 404%. Rk, BEE W 36,
1,3-PDO I 2333 (STY 1 3.pp0) 2 S TF 15 5 FEAR AR 4L,
%, fE PY/GaWZ(10) & STYisepo i i1, N 4.37
gegp 'ehl.

F3  PYGaWZ(x) AT I R
Table 3 Acidic properties of the Pt/GaWZ(x) catalysts

Catalyst ni/(mmolsg™)  np/(mmoleg™)  npy/(mmoleg™)
Pt/GaWZ(0) 0.41 0.01 0.42
Pt/GaWZ(5) 0.42 0.05 0.47

PUGaWZ(7.5) 0.45 0.06 0.51
PYGaWZ(10) 0.48 0.07 0.55
Pt/GaWZ(15) 0.50 0.08 0.58

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

K 3 J& PUGaWZ(10) #4071 L 1 H- i AU s B A2
2RI 9 10 h IS,  CTL A 59.1%, 1,3-PDO &4
A 60.9%. MNESEZEKZ 18 h, CTL F+&%] 87.5%,
1,3-PDO M TN 54.3%. 24BN TE Y 22 h i,
CTL FF%K 84.7%, 1,3-PDO i%E##1t% B 3E THEZE 46.1%,
1-PO EFIENTF 2 46.0%. LA EZ5 B EIR, 24 R R [E]
AR, FaFEY 1,3-PDO SR EAMRE, SEE
YIRS A= 2, N fi43 CTL. 1,3-PDO JEFPEFI
FRRREAG. PRI, OB [A] (1) 38 75 BE A ) 132 = H v
AR, SCRBRE G R AR FE S, AT SEIH sk R
PE. R 1,3-PDO.
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Table 4 The catalytic results of the Pt/GaWZ(x) catalysts in the hydrogenolysis of glycerol ¢

Sel. (x(C)/% in liquid products)”

STY/

Catalyst Conv."/% CTL/% 13.PD0 12-PDO 70 70 Yield, 3.pp0/% (ggor )
Pt/GaWZ(0) 4.2 2.7 6.3 52.5 28.0 4.6 0.2 0.02
Pt/GaWZ(5) 17.5 16.2 40.2 21.4 30.7 6.2 6.5 0.60

Pt/GaWZ(7.5) 50.8 41.4 50.3 8.3 334 6.7 20.8 1.91
Pt/GaWZ(10) 96.5 87.5 54.3 0.4 38.8 6.4 47.5 4.37
Pt/GaWZ(15) 71.3 66.5 60.7 2.1 29.6 6.6 40.4 3.71

“@Reaction conditions: 0.10 g of catalyst, 2.0 g of 30% (w) glycerol aqueous solution, temperature of 413 K, H, pressure of 6.0 MPa, stirring rate of 500 remin~!, and

reaction time of 18 h; ? determined by gas chromatograph (GC).
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Figure 3 The reaction course of glycerol hydrogenolysis over the
Pt/GaWZ(10) catalyst

Reaction conditions: 0.10 g of catalyst, 2.0 g of 30% (w) glycerol aqueous
solution, temperature of 413 K, H, pressure of 6.0 MPa, and stirring rate of
500 remin”!
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JHX 1,3-PDO [REREMEE =T 1,2-PDO. iX L4k
Ut Z A TES) 1% E R R T A M2 ol o 1
PIfp¥R R, Sk, fERAXTE, 78 PUGaWZ(0) AL 7 L,
1,2-PDO A f# =4+ 1-PO ML FEMEA 55.0%, 2-PO ik
BN 9.3%, B 2 HACH 5.9, U8 PUGaWZ(x)fiEfk
FIHF T WO, YR B TR et S i B, 24
1,3-PDO JEFMEMEERF R, AL, £ PUYGaWZ(0) L,
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Hil . 1,3-PDO A1 1,2-PDO HIE MR R LT 5%, 1
Ui B 2 JCIE 71 I R AR 75 22 PRI W 2 ] B[R4
H.

R5 PYGaWZ(10)F PYGaWZ(0) £k 7 - H 3 1,3-PDO & 1,2-PDO
N e a5

Table 5 Comparison of the hydrogenolysis results of glycerol, 1,3-PDO,
and 1,2-PDO over the Pt/GaWZ(10) and Pt/GaWZ(0) catalysts “

Conv.’/ CTL? Sel. (x(C)/% in liquid products)”

Catalyst ~ Substrate

% % 1,3-PDO 1,2-PDO 1-PO 2-PO

Pt/GaWZ(10) glycerol  96.5 875 543 0.4 388 64
1,3-PDO 220 21.7 — nd.© 985 09

1,2-PDO 842 83.4 n.d. — 932 6.7

Pt/GaWZ(0) glycerol 42 2.7 6.3 525 28.0 4.6
1,3-PDO 4.6 45 — nd. 932 36

1,2-PDO 1.9 1.6 n.d. — 550 9.3

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

@ Reaction conditions: 0.10 g of catalyst, 2.0 g of 30% (w) aqueous solution of
the substrate, temperature of 413 K, H, pressure of 6.0 MPa, stirring rate of
500 remin!, and reaction time of 18 h; * Determined by GC; “n.d.: not detect-
able.

223 HBERAMGERELK

BB HE T PYGaWZ(10) AL fa e v,
SN AR 4, VORER 45 5R W 4. PYGaWZ(10)7E
WERMNKIG, CTL REMSLRFEFESE — IR PT 94%,
1,3-PDO JEFENE A — RIS 97%, [FIS 7= 4) 53 A
AR R T — s S wk s Ak R
Pt-WO,/Si02-5% ALO;(1073)EMFILER 5, Himf:
R FELT 38.3%, 1,3-PDO LML T 21.1%05).

100

I Conversion to liquid mm 1,3-PDO
N 1,2-PDO @ 1-PO mm 2-PO

= [e2] ©
o o o
L 1 "

CTL and selectivity/%
N
(@)

o
I

2 3
Run number

B4 PyGaWZ(10)fEALFIINE AR E
Figure 4 The recycling stability of the Pt/GaWZ(10) catalyst
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SPYWO,/L-ALO; L AIZIIIRER f&, B il %M
78% AR & 51%, 1,3-PDO ik £ M 32.8% [ Ik =
19.6%0%61. Zhao Z£B7IN 22 5] Pt/WO,(900)/Ta,0s 1L 712
—IREHMJGE, 1,3-PDO EFELUAHE, (HH L
FE RN — IR 89%. K H HRTEM Xf & H J5 1)
PY/GaWZ(10) [ &5 F b AT W22 () S8, WL FF(E 1),
AT DUE BITE AT ERRAAAERR DY A ZeO, [ dibke
Gb, JLFEAR] Pt R T RIRE, BEANER GRS
WO, 5t HITEZE F Ik 2 Hh A 7] (1 ARO0E 5 460 SRR A
2.3 EHREXRTTISFXE

CO Th2EME B AN XPS RIER W, FEE GaWZ(x) ik
W N, AR P B BUE e N, 1E
Pt/GaWZ(10) . Dp & Bl f5 1w, 2S5 FEAIK. UV-Vis DRS.
FTIR fil XPS FALE ], PYGaWZ(x)fEALF7 i W 3-8
PLER MBI WO, FITERAATE, W RS T 7.5% (w)i,
WO, PIF /B A BT N B PUGaWZ(x) AL 7]
1 Dp A1 Sper BRI EAREL, (H2 PYGaWZ(x) /L
FIZ 6] Dy 25535 KT Seer U225, UERAMEALTH)
Sper AAEsZM Dp MEBERZR. B—JH, A5 W I
Pt/GaWZ(0)] Dpe B RAR T AR, PRI FRATTHEN
W IAELE, JEHIE DL o 8O AR 1) WO P F, R
THEm Do BEE W BISEM, 8 WO MR 2, i)
Dp . (HEEE SN W B, HT WO YR 48U
HHT TR, SUFE De PRI,

EH WA F, P-W LTI 48 PtiEH
PN RTE AR B AT, NIRRT,
Dp ik, Sec#K, REBEIEHLAE A, AR T
SRR LR, X — RAEE N F1SE T B S ISR
AFEB AT E R, BRH MRS Sy R ES
FA—F, HPYGaWZ(5)H PYGaWZ(7.5)_EH itk %
(KBRS T Sp (IIENE, 1 PYGaWZ(15) L H i #4bZF1
B AT See BRI, X2 T WO, ¥R 2 Hilh o1
IR F Gy, AR E S8 Pt 5 WO MR =& 2
R ERVE . 24 W BB, K PYGaWZ(x)fEALIZR
TR T H M TR, DR KIESE Pt Uk
BES TGS, MXT PUGaWZ(15), Bk Sp (KT
Pt/GaWZ(7.5), {H'ERIFETE WO, MR EZ, #H L
T E#H.

5 PYGaWZ)ALF F H il b E S W 2.
I RARA 5 AR, 1,3-PDO RIZEHEPERE W 1350 1
WmER 4). SCERER L, B IRA R T H ik B S
1,3-PDOR038] fij L i85 1,2-PDO [ 4E il A 5[18.20.39-40],
FATLL1,3-PDO EFMN BIREAER, KI—#H BIR 4T
IZEESE R (A 6), Bl PYGaWZ(x)ELFIN B FRiRZ,
1,3-PDO &M . 1M 1,3-PDO &M 5 L i E s
B A L TEA S5 S9a, SOb, WL HHER). W4k, 5
CHRIRIE Y 1,2-PDO I FEMES L BRE IEA AT, FRAT
KIAE PYGaWZ(x)HEALF E, 1,2-PDO &£ Bl L FR &
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Figure 5 The relationship between the glycerol conversion and the
active surface area of the Pt/GaWZ(x) catalysts
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Figure 6 A plot of the selectivity to 1,3-PDO against the amount of the
Bronsted acid on the Pt/GaWZ(x) catalysts

I3 SR ECT B S (B S9¢, ICRHER), &R
WIS R AR 1A 2R il L PR A Yok g 8 S S o
PO HIE IR, (A B IRAT.

3 g

1E PUGaWZ(x) AL |, i W B30, WO, ¥
Filt L2 2 AR K 1 77 28 FE 2 B DY U7 A ZeO2 3R 1HTL. Wi
ARk, AN EZIE Pe 43 BB, T EL S e {4 A 55 1
Bronsted fR & . Lewis IR EMAIRE. H-HH WO, Y
FhA T P SCH 20 B, TR BB W RS I g m. 7E
HmE AR S, Pt BURE K Pt5 WO Z [81 ) 1
FfE R UeE T PUGaWZ(x) AL S P£, 17 1,3-PDO i
FVERU T PYGaWZ(x) AL 71 I Brensted B2z 4.
Ja 8 TAE R LA 2625 22 HAh 28 TIIA TR IT R (B Al In)
X PYWOS/ZrOx AL B AAE . kB n R &
LTI, DU E PYWOL/ZrO, LTIk R
B H LA AR T 1,3-PDO 1RE.
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4 SCIGERSY

41 EEFIHIE
4.1.1 GaWZ(x)FE AR & &

AR I & 7 1E S SO, BRSSP R
24.17 g ZrOCL*8H,0 ¥T 150 mL £ & 7K, ik N g
NN 50 mL ZK(25% (w)). 4REEHiHE 3 h, THRZ 373
K, FIJi48 hjG, KEAMKERESME, BT, H3H
BYTHE Zr(OH)y, WFEELAA] )5 75 .

Ga B GaWZ(x) %k M AR 5 SC ik 3 119 7 5 1
#1 BB B 0.5 g Zr(OH)s 3K . 0.035 g
(NH4)10H2(W207)s 5 mL 1.0 gL' ) Ga(NOs); ¥, N
ANEF] 50 g ZBFKH. EEBFE 10 min J5, IS 373
K, FIFifsE N REF 20 h. AEG, gk, Fifd A
B RTE 383 K HEAE ST, BHEBSIA R, fE5 9
Jrt 873 K RS 3 h, FHEI#E A 10 Kemin!. #1415 3
MEARFZ RN GaWZ(x), Hr x 8L Zr(OH), AHEELT)
W KRR 7E iR &R, prfg At RH w
BB BB A 10% (w), Ga IR HH
0.27% (w). i 238 (NHa)10H2(W207)s IS, BIW]
P GaWZ(x)EME+ W 1=,

4.12 PY/GaWZ(x) M7 &9 #) &

PY/GaW Z (x) A7 B &P 3R W R 4% 0.50 g Big
#2411 GaWZr(x)# A 83 20 mL X &7k, 25
BN 4.0 mL 1.93 mmoleL ! Y] HoPtCle /K ¥ 373 K T4t
3 hIRBIH AT, SRIEIERFES 393 K R4kt it
W ERBEE S )G, 2 3R 723 K K5k 4 h, FHE
AR 5 Kemin ', T RAF S H M EM R BIRT, FERTERE
X 573 K FIRJE 2 h, IBJESHN 5% (¢) Ho/Ar, ¥
T 100 mLemin™', FHEEZ 2 Kemin™'. #4055 Pt 1 #
WHEEN 3.0% (w).

4.2 fEHRMRETEN

HE A M 1,3-PDO RMNAEZEFIA 10 mL (1)
SLM25 Ay e s 87 28 (A6 3 thE 40 R B SR B0 A 38 A R A
AT, BARPIRWR: B 2.0 g 30% (w)HIRKE
W~ 0.10 g MEATIIMN B B2 (1 R DU M A B R,
FERNZE. H H (99.9%) 2 RE#ENTR, BRA
—E RN Hy, SR INEGERRE, HEN 500 remin!.
Iz 413K f5, W77 Ho 774 6.0 MPa. ¥ 18 h /5,
AP FE. RN SR E =R, BB O
Iy, B ETEWR, IR IE T BE(n- T B 1,4-T =
fi, 78 GC-9560 TS M i (g (it A R
AT X BT AT, g AT 4514 N HP-INNO
Wax (30 mX0.32 mmX0.5 pm)@iE, KIGE Tk
MZS(FID), FEFE2RARTIZHEE 523 K, HEARTLEE 353
K, 8 Noo [ —/ Mg =0 =GN PIIR, LS
FARELE 2% KA.

S 24 EATIRAE 51k K= b v B A 3R
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