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PRI B R A —FMIRRA . SRR S ATA, T
DATE 5 TR AE AL FRIE F R o3 7 AR 06 1 S b,
@ RN A e 8 =R e IA £10 g e S s £
B, FR AT A TR 4T 4 A Wy I R T,
ok FH H R A M S4B HMF 1] % DMF AJ L iJE—
He S B A W R R R A 22 R0,

AR SR IR 352 B BRI BAE b A Wy S
4 BA B 3 10 B (Sper=1 359 m>-g ) (435 1k
PIEMR(AFC), FH¥ AFC FIMEHI#S PA/AFC fi4L5
BB TN . L AFC R 384 PAfEAL 5,
ELHIR A S MK, N HMF fEfLin&fils: DMF
Ryt R RE L S, H HMF #4b %Rk 3] 99%,
DMF WCRIKF] 95%. A5 5K 57 F Rk M (e
HE AR WLHGE, AR AT DL R 58 E
BROYA ST IR AR

1 SRI
1.1 ##5 XA

ST BRI P BB Y R AN
YaKe-201 P EEK. 5-F2 H FLAREE (>99.9%) | 2,5- —F%
LR IR (BHMEF, >99.9% ) [ Wi T B RER £ e 47
HBRA AL A (PACL, >59%) . A AL #h
(NaCl, >99.5%) . ' FR(HCOOH, >98%) . 1,4- 4/~
I (C4H50,, >99%) . AF A (KOH, >95%). 2,5-
T F LR IR (999%) 11U S KR (THF, >99%) 1 1
B T AR 2E B R A R A Al B A AL A (NaBH,,
96%). ERBR(HCI, 36%~38%)F1 N,N- " F 5t H iz
(CsH/NO, 94%~95%)W H [# 24548 A fb 241750 4 FR
OS] ZHE(C1sHas, 99%)H H AL R BRHY A
MR, PA/C(5%, DSHSU) H 1LPE 47 5k R
B ARt —aith, EiMA.

1.2 FEALH 4 &
1.2.1 FHRNEHEGH &

¥ 10 g P IEt TR B AE N, 1
RAIEE TN RAE 220 °C(10 C-min ), IF
TE 220 C FAAFF 8h BT P B —L s
450 °C(10 °C-min "), F7E 450 C F{£FF 1 h 1521
BIR(FC). TP THA KOH Hikil4. M1
TN CEERUK AT, Jo¥% 2 ¢ FC 6 g KOH #%5]
Pitt. KOH e FHR A WA 2 LT, AR5
1E 110 C Fik—4 T4 24 h, BRI HTRASYITER

SEHR 800 CIBEE 1hy e FTfS r=1) FEh AR
MEBEFREHEE R, THFEHRF] AFC-3.0
(mxom:mpc=3:1). /N[A] KOH 1 FC Jii & i) AFC #
43l 4 AFC-1.5. AFC-3.0 fll AFC-4.5.

1.2.2 447 PA/AFC #4%) &

T 3 ] BRI A il PA/AFC AR
95K 0.5 g AFC-3.0 H 7 40 HiE 40 mL K,
SRIG ] FIRVE R RN 1.96 mL Na,PdCl, 7KK
(0.12mol-L ™", F-AEmE I1BEFE FIRA 1h, #E31HY
A=) F 2B K DR RSO 278 80 CHLA
kT, 153 PA/AFC-3.0. Pd/FC. Pd/AFC-1.5 Fi
PA/AFC-4.5 8 i 2 AR il 25
1.2.3 #ALF] PA/XC-72 F 694 &

WA R f PAXC-72 HEARF]. %G
B 0.5g XC-72 M HELEISH 38 mL £ & T /KM
2mL BEFWH; RIEEZE WA 1.96 mL
Na,PdCl4(0.12 mol-L ™), % Sidit+E 1 h, B sERIH
e 1A T 25 B K BRI B H2E1E 80 CHEAR 4t
T, 153 Pd/XC-72. [AF:, 4L Pd/C. PA/CNT.
Pd/N-CNT. Pd/AC . Pd/rGO , AwXC-72 . Ru/XC-72
PUXC-72 Ml & #E2E . N-CNT Ahi g K &
(CNT) 127K (NH; - HoO)i e /K #4 F 5 s & Ak
RN KA
1.3 44 & A

fdi FHMC £ INCA Sight X BE& (0BG Y95
FEIR KA Talos F200x B3 5oL T B I4E(TEM),
PATFESTCE AL, SRR 40kV,
LN 30 mA [ BA(AAR Ka 58 5T 048 [ A 2 v 2%
Al AXS D8 B! X FIEATHUXRD)HFIL#MA X
FEATHE; LAC 1sWeh 22, (R E S s
F] D8 Advance ! X St TREIH(XPS) I i
FERITER X HEOLFRERE, i AR E IR 7
/3] SPECTRO ARCOS HY H S8R & 25 B TR & 5
AL (ICP-AES) U #E &4 Pd &8 C. H. O,
N JCE /MR 15885\ w] vario EL CUBE 7!
AU B SE R (9 [ 22 7 AR A ] ASAP 2020
HD8S R HEA T 20 /A W e, A 4% ol
FE I FLAR R
1.4 ABALH P BES R

THHAE S0 mL = He A BRSO 7% H HMF b
JnE%%4k} DMF. ¥ HMF(0.25 g, 2 mmol), 1,4-—
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AR5 mL) . FZ0.76 mL, 20 mmol), Pd/AFC
(0.2 )M A IE + —LefE MNP R 2,
TE 120 “CF i 15 h. SRABCA DBWAX (A 3%+l
FID Kl #5$ 1Y Agilent 8890 < AH (i G iE U =&
PR, AR EGE- TS (GC-MS) it — P %
FE T .

HMF AL (Cramr) F1 DMF YUR(Yome) 9115
NNk

Conir =MXIOO%, (1)
nHMF,O
Your = MIoME_ 0 1009%, ()
n
HMF,O0

3.86 nm

3 6 9 12 15
Bt /nm

(2) PA/FC 1) TEM EUGRFRIARGE (/NG

4.68 nm

100 nm
]

3 6 9 12 15
FiAE/nm

(c) PA/AFC-3.0 1) TEM &G Fikiiz Gt

T SRINGE

A

(¢) PU/AFC-3.

0 ff] HAADF-STEM #l EDS-mapping i

A navr o /B IR HMF BEJR 5 nave A SV 25
A 34 HMF BEJR ;5 npwmr S22 B DMF BE/R i

2 #R5IE

2.1 ERH A RE RAE

PEBERI P E AR A Nl A4 i
bR PERR, AR KOH WEAbit— L4k
AFC @ s2s KOH il 4153 Pd/FC.
Pd/AFC-1.5.Pd/AFC-3.0 il PA/AFC-4.5 fifL71, ¥
IR 4 FPAEAL AR B S T B A N OWER, 155
TEM EUE, FfFiFfrkifagsit(& 1).

M 1 8] W, PA/FC | Pd 4K H0k (NPS/fELE

8.68 nm

SR 1T %

20+

0O 3 6 9 12 15
HFiiE/mm

(b) PA/AFC-1.5 ) TEM 4 ki 45

601
8.11 nm
S
ﬂlliﬂ40
&
&l
%:420
0 1
4 0o 3 6 9 12 15
e R /nm

(d) PA/AFC-4.5 ) TEM & Fkii2 45

50 nm
I

&

1 £33 Pd L FHBNPERRMELFIE TEM, HRTEM F1 EDS & &



556 T, A TP BRI 552 T SRR T 255 i 2,5-— F kg 83

PR ARG, X FEEIEH T ARE KOH 1E1Lr
P ERIEAVDN, F2 Pd TCRE L e
KOH EfbJF 1 AFC kA& I, nl LIUiAEE] Pd 438K
BT

LR R, AR R oT R B 5 A &
KA, SRR ARZ KOH &1L Bk
ROCE N AT 14.1%, Mgt KOH &G4 Fh
TEALPI B AFC HAUTER & RS, F 2%
Kifi, RW KOH JHBR T AYFh. PA/AFC-3.0 )
HAADF-STEM &4 1 EDS 7T £ KK 1(e))ix,
N. Pd. C. O %JUZETE AFC-3.0 HrAids 5.

IEAh, ICP-AES lli45 531, Pd/FC SEFx Pd
RN 1.04%, EALT 5%HFIRAE. T
KOH J& b5 1) 3 R {77l (PA/AFC-1.5 . Pd/AFC-3.0
F1 PA/AFC-4.5), Pd GAKBURAEXTH/N, Pd ~F-340kE
2535 h 8.68. 4.68. 8.11nm, Efr Pd i)
Bk 4.82% . 4.89%FN 4.95%, SHILMEEA.
AFC-1.5. AFC-3.0 fil AFC-4.5 [ L TRA3 51K
2856, 1359 F 1085m’g "', I AT FC Y 2.92
m*g (£ 1). 7E&F AFC 1, AFC-1.5 ML
AFC-3.0 Fll AFC-4.5 Z, EWiIZ 1) KOH iR
ffL, KOH 5 FC e Htkm Lk b, ik 2
P IFL P BB 5 M SO ) A A% e, AT eI s
FI P e Y,

# 1 FCHED AFC MIAREFE

per P U1k S (2 LRIV (m’-g )
R (emtg) 2L fEL AL
FC 1.04 0.003 2.92 N/A 2.92
AFC-1.5 4.82 1.477 2 856 471 2385
AFC-3.0 4.89 0.852 1359 50 1309
AFC-4.5 4.95 0.754 1 085 11 1074

Y N/A R TAT RO,

[’ 2 AP Pd SEAEAERIRY XRD El1E. A 2
AU, B AR S A ATT S R4 X Pd (111
BRI, PR FRURDRAR AR R /DN, PR AR L & £
FE AT ST A TE.

RS A FICR AR, SR XPS X
AN A TR AT, S RUNE 3 Frs. %t
& B /~, 7£ PA/FC. Pd/AFC-1.5. Pd/AFC-3.0 #l1 Pd/
AFC-4.5 b 4£7E Pd. C. O FIN JCZ. Pd &
PP RS, Ml T XPS WSR2 EE

3 ¥ (a.u.)

5 (a.u.)

9k F/(a.u.)

/ﬂ\‘*\.h.‘n Pd/AFC-1.5
NMM
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Pyrrole N N 1s
- |

Pyridine N

Pd/AFC-1.5

o %

’;. . e ‘-..,.‘,
\:?; .
AR
&?“: .
Aot . Pd/AFC-3.0
"5 SR N AN
c . ) I e
: £ x, o
! Pd/AFC-4.5
N ! . ot
396 398 400 402 404

255 RE/eV

(c)N 1s

i (a.u.)

332 334 336 3&8 3;&0 3;&2 3;&4 3;16

254G HeleV

@Cls

3 BHRMEEFIE XPS MidHiL
T, BT A R S AL B 1N L]
(9 PA” Wb, (AR, BRI K 5 Pd
Z A EAE AT RE S T B A e R A R UR .
N 1s 1Y XPS Jik o n B A28 0T LLUEZS ke
.(398.80.2) eV FHRLIE & (400.5£0.2) eV, 58
42 )8 PA A Y T BEPEA 5 0, PA/AFC HR AL
SUFEER AT Resg i HA AL A MERE. C 1s Stk or
Ti{E 284.6. 286.3. 286.8. 292.5¢eV &b, 435X
C—C., C—0O. C—OH #1 C—N 45#4.
2.2 YER4E HMF 354 % DMF
Bl 4 Ry il s AL R HMF £ DMF 1

Re MR N iEFE. MK 4 W] 0L, PA/FC, Pd/AFC-1.5,
Pd/AFC-3.0 Hl Pd/AFC-4.5 UL R Jy & LAk
HMF 4 i DMF (#PEfE. #E 2 mmol HMF, HMF/Pd
5 20, 20mmol FA, 15mL 1,4- 4% NHIKZR D
120 °CJ2 W 15h, 455 %P PA/FC 1REHx 22, HMF
AN 54% . DMF RN 5%, TR R H &
RS/, P ATHUE AR, T AFC-1.5 SR H A FK
M HRTAF(ER 1), J/hiy PdRAR(E 1), {HZ Pd/
AFC-1.5 BPERERI L PA/AFC-3.0 Fil PA/AFC-4.5 22,
S AT RES T3 22 0 L BRI 14 7.

1E AT A AL R PA/AFC-3.0 (1) 1 e B i,
HMF &4k %55 99% . DMF U3k 95%, 5 HAthAH
KSCHRIFFE 485 R XT HE LR 2. PA/AFC-3.0 w=iG Tk
JR A AT R R H R AT AR . FLBREE I A A
AP, ARSI TP 5 A M T, HMF A R i
AR AR AR, TERGRZIA O—H N 5
O—H---n AHEAEA, BIFEMEAL SN R, HMF 43+
238 AFC RIH AN SR W, TN HMF
HEfE. L, RRER O R+
BT IZUESE.

&l 4(c)h PA/AFC-3 fiEfk HMF 5 H RN
DMF # FEH & Rl s ik B2 A8 Ak, BT 4(c) AT i,
TERIER SN ISHE] Ry 12 h BsF BHMF A1 2,5-— FH k4R
Rk 5 MR 15%, TR RN 45 R H
HESCR) 1.3%, #H] BHMF fil BFMF J& HMF
54k h DMF iy al=4). 5IAHR, 5-H JEpk
P (5-MF)FE A e i AR v o HeACR 2.3%, 3RM
5-MF HUg—FREnyal =4, B, a7 RAED
SOV AR F 82 BHMF #1 BEMF #£47. HMF
T Aeg s E SN A BHME, SRJ5 2 M550
5 W R LA RO, foe e e ad B3R I b A= i
DMF. J;—F s B is4% AT B J& HMF 196 & A4 R d
PIERAE SN, SRIG R A IR LRI R SOW A ) 5-MEF,
it 5 K g A8 ) 356 DA FR R oy S AR i A ol
2-F2 F L5 F L DR IR (HMMF), 5 Jm W ek b3
FERETRAL TR A i, DMF. i T RA5 /51 HMF
il 5-MF @ i ek . DMF, [HIL#E Pd/
AFC-3 14 5] ¥ HMF #4kh DMF {3 #2
1 BHMF Fl BEMF 14 )2 N i A8 5 SR E .

Ry ik — 20 B UE RO R R FE A, K
BHMEF F1 HMF 4351 i PA/AFC-3.0 fE4L T (9 5 i
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O~ FA
—2> \ / OH TR1] R1: figtk
o 0 o R HMMF
ud T on Ay, e L) on ) R2: i1 2
BIMF Rl FMHMF A 9 o (I?
o HCO/\@/\OCHE R3: A
BFMF
\ 4
/\<i7/\ FA o fl) o
HO  \ [ O -------d > OH =------=- > OCH——>
W et—— ()
HMMF FMMF DMF
(a) HMF A REAYIN US4 A4
100 | BFMF
B 5-MF
B BHMF
. 80 - M DMF
=
= T 60
ke 40 F
#®
20 F

Pd/FC

Pd/AFC-1.5 Pd/AFC-3.0 Pd/AFC-4.5
fiE AL

(b) fEALTERE

3 6 12

9
HsJ ] /h
(c) 7E PU/AFC-3 | HMF A5 fbad

4 EWUFIEL HMF §I& DMF HaeR & RiEE
%2 L HMF #1#& DMF BIZ AT IEREXTLE

AL Atk M/ C i} [H)/h gl A% %1%
29%Ni-20%Co/C*? H iR 210 24 ISR 99.0 90.0
Cu/PBSACP] S 190 6 SR 91.9 66.0
Cu,ZnAl™! SNEE 180 4 SNEE 99.9 91.7
CuyCoyoCey-6003" S 170 12 S 100.0 95.4
Cu/SiO,-HT-8.5P! DY Sk R 200 8 DU Sk R 99.9 57.0
CZ-90P% S 180 5 S 100.0 97.4
Cos-Cu@CP?! ] 160 3 SR 100.0 85.0
5%Au/ZrO, DY Sk R 230 30 ERRUT] 100.0 722
Pd/AFC-3.0 Hiz 120 15 1,4-— 55 99.9 95.0

JEY). WA BHMF #5202 F 2 a1k, T+ HMF
W JefE A BHME, WA BHMF BRI
i DMF e He s B HMF /B IR 4119 DMF %
PR AE(E S). S AT, 76 R 4444 F
{8 Fl BHMF YEN I ) DMF R AE 3 h ik
2| 82%, ¥ F HMF fENIEH)H) DMF WG AE 12 h
IS AT 76%. #E—E38 R N i E], {8 BHMF
YERIEY), 6 h Bf BHMF 34048 99% . DMF 4%

} 96%; Tiifdi F HMF £ R Ji5#), 15 h I5F HMF %4k
FAEF] 99% . DMF WHN 95%. X —L5HUFSE
24 BHMF 15 A S0 A0, BHMF AT DL A i
—Ffial & BFMF, Jfilf—23k15 52 i DMF.
TER N 4% HMF(2 mmol) . 45 Pd fJEE
JRECN 20:1, IFI 15 mL ., R EHE A 15h B,
SN BEXT HMF fE4b55 4k DMF 520 I3 3.
MRS IREE N 100 CHF, HMF AR R 59% |
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DMF YR Ky 3%. Fifizg [ i 19 T =i, HMF 344k
T, 7E 120 CHFIRE] 99%, 1 DMF R
130 CHHRE, H97%. HMF %4k 2H1 DMF Y%
R BT v T, 2 IR A A R I
Hal =Y DMF Bk, M 3RAS4¢ i i e Bk

100 - _ o —-E------
I n - ‘ [}
i @
Il . ’
80 / o
’I L.
IS I’ .
TN R
x| i --m- BHMF
® | I --@--HMF
40F 1 @
/I S
1
! B
! .
20 )
’.
e
I”
0 . 1 1 1 1 1
0 3 6 9 12 15
B 1]/h
(a) UL HMF FI BHMF MM 54 AL R
100
’//ﬂ- ————— - "o
e .
80 r ,” O
® !
oo o
p /
2 ll O"
2 40 b g --0- BHMF
/ --O--HMF
II g
20 F/ o
/I
!
1 .
0 le' 1 1 1 1 1
0 3 6 9 12 15
Fif [)/h

(b) L) HMF 1 BHMF KT DMF %
5 Pd/AFC-3.0 {4k HMF %% DMF 44

WAL, R 0 X6 S vy B SE IR AR K (8 3).
#£ 10 mmol FH RS, HMF %L1 DMF Y435
H 54%F1 32%. 7E 120°C R NE] 25 mmol B,
HMF AL 2F DMF IR 5351135 5] 99%F1 96%. 1%
S R R A3 R R g 3 R 25 7E PA/AFC iR 7
O RSN AR DY RN R A
ik HMF §%4b38, 845520 BEMF RN, S
# DMF iR FREROL S o6, I FI%T DMF iR 5%
AR, FEMFFE TSR, 1,4- SRRk RE i
U ARPTRAL, AT DO S e R A% s
Nof B, A A AT DA S [ A A A R 1) 4%

FArEC TR S AL P RE.
%R 3 PA/AFC-3.0 ZEA R R B &% T4 HMF

4L EE1L 5 DMF BofERE
¥ 5 IR/ °CH i/mmol VAW EALR /% WR /%
1 100 20 1,4- 575 59 3
2 110 20 1,4-— 5N 65 24
3120 20 L4-T5HAH 99 95
4 130 20 1,4- 5 NH 99 97
5 140 20 LA 99 96
6 120 10 L4-Z5 % 54 32
7 120 15 LA T8 63
8 120 25 L4-T5AH 99 96
9 120 20 “HIBEBEE 99 33
10 80 20 PR 35 24

23 L5HARBAARHEEAIL

B 244> BHME(2 mmol) , 1 fi2(20 mmol) .
Y5 Pd IIBEIR LR 20:1 . 1,4- 4 SHR(15mL) .
TRJE 120 °C RN INTE] 15 h, PA/C M 7T RIMEAL ], 3
AL A AT %, FFE Pd ak B 5%. EH
FRAEAE I BHMF &8 6l 2 DMF B9ERE,
AR 4.

%4 EEFEEE LR ERFERE BHMF

Sf# 4 DMF BytERELL B
PS5 MR B % PR BRI %
1 Pd/C 15 99 56.00 56
2 Pd/CNT 15 99 73.00 73
3 PAN-CNT 15 99 52.00 52
4  PdAC 15 99 13.00 13
5  PdrGO 15 99 23.00 23
6 PdXC-72 15 99 96.00 96
7 AwWXC-72 15 99 64.00 63
8 RwXC-72 15 93 0.03 3
9  P/XC-72 15 90 0.08 7
10 Pd/XC-72 3 73 59.50 22
11 Pd/AFC-3 3 96 87.50 84

MR 4 [T UL, TRy AR AR (Pd/C) sl i ik
FHIR(CNT., 1GO. AC il XC-72)%1 %% Pd il & o
3, PI/XC-72 BIMEALPERERAT, #F 120 CJ L
15 hisf, DMF BN 96%, i HABRR AT 45 Pd
EALRIERE ] B4 2. AR T2 8 (Au. Ru. Py
S B i e RS XC-72 #AAK b, ERIFER)
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TN A RGP S PA/XC-72 HHEL,
HoAth 57 4 8 Ak PERE S A I PA/XC-72. BR
Au/XC-72 1] DMF %K 60%5), Rw/XC-72 Fl
P/XC-72 () DMF WS 448, H P/AFC-3.0
Lt PA/XC-72 fALFRIEA A AfiEfb rERE, RIH
Pd/AFC-3.0 L 7E 3 h N AT L3R4S 96% 1) BHMF
AL AT 84% 1 DMF WCE. AR KON 254 T,
Pd/XC-72 AL AL 73% . DMF 3
22%, ViIITEYEP B 5 R EAM LUSCR AT
2.4 AEALH] PA/AFC-3.0 #4EIRFE 2

TE SOV SR AN RSO T, PA/AFC-3.0 i
e et nT LU 5 AN IEA ST TP
fili. 7E55 1 MEG, @2 OB AR A 7
HF R REL, ANHGSMNSIE AR, B 6 N
PA/AFC-3.0 fEFFEE MEMRZE L. IE 6 Al i,
PA/AFC-3.0 7E5% 2 RIGAH TS ORFREE Ak
e, MIAESS 5 RIEFF G HME $5 1641 DMF R
R XA AT RE R TR AESR S Pd/
AFC-3.0 fiEAL IS SRR i R ik | etk
Z45h Pd YKUR AR e . o TR X —
R S AR S P AEAE R F ICP-AES #5471
i, R Pd AR L FERE] 0.38%, MIMLEIE 1 Hi
TS A8
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Catalytic synthesis of 2,5-dimethylfuran by elimination of
5-hydroxymethylfurfural over activated feather carbon catalysts
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Abstract: Among the bio-derived fuels, 2,5-dimethylfuran (DMF) is considered as an ideal alternative to
gasoline because of its excellent energy density and high octane number. Feather-derived layered porous carbon
by activation with KOH (AFC) was used as catalyst support, and supported palladium nanoparticles were used
as catalysts for the conversion of 5-hydroxymethylfurfural (HMF) to DMF. The Pd/AFC-3 catalysts achieved a
99% conversion of HMF and a 95% yield of DMF using formic acid as a hydrogen donor due to their relatively
large specific surface areas and suitable pore structure. In addition, HMF was effectively adsorbed on the
surface of AFC through the hydroxy group to form strong O—H---N or O—H:- & interactions, which will be
expected to accelerate the hydrogenolysis of HMF. Formic acid not only serves as an H source for the
hydrogenation of aldehyde groups but also undergoes esterification with the hydroxy group to form formyloxy
ester, which in turn forms DMF after deoxygenation. The catalytic activity of the catalyst is excellent to such an
extent that it is even comparative to those catalysts prepared from commercial carriers, and it can be maintained
for multiple catalytic cycles.

Key words: feathers; biomass fuels; 2,5-dimethylfuran; formic acid; catalysis
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