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Preparation of Magnetic Sulfonated Carbon-Based Solid Acid Catalysts

for the Hydrolysis of Cellulose

WANG Hua-Yu ZHANG Chang-Bin HE Hong" WANG Lian
(Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, P. R. China)

Abstract: Magnetic sulfonated carbon-based solid acid catalysts (Fe/C-SO;H) were prepared by the pyrolysis of
cellulose and subsequent sulfonation. The catalyst samples were characterized by scanning electron microscopy
(SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
Fourier transform infrared (FT-IR) spectroscopy, and vibrating sample magnetometry (VSM). Their catalytic properties
for the hydrolysis of cellulose were investigated. Results show that Fe exists in the carbon body in the form of y-Fe,O;
and the Fe/C-SO;H catalyst has superparamagnetic properties. In the hydrolysis reaction, cellulose conversion reached
40.6% over Fe/C-SO;H under optimal conditions. Furthermore, the catalyst could be steadily dispersed in the reaction
mixture and be separated using an externally applied magnetic field. However, the catalytic performance dropped after
the first run. The reason for deactivation is deduced to be a reduction in the amount of sulfonic acid groups on the
surface of the catalyst.

Key Words: Biomass; Cellulose; Catalytic hydrolysis; Magnetic catalyst; Carbon-based solid acid;
Sulfonation
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Fukuoka™ 1 Liu®4§& M 438 T 78 LK Ky SR A 5 (1)
M N AR AL IS A 2 U EERAE S TAE,
XTFRE T 47 4k 22 36 45 22 0 B 0 0T 3 42 AT 1%
Wang 254 16 T Ru/CNT i 4k 57 76 K A I b fig
NG A YR AL AL I BB, SR, ] 5 rh
Y B MA% By 5 i 5 4 e AR ), X Fen S g o
KA A, % F ik, Zhang ZEUHFSY T 7 3 Rk
b A A 700 7 2 2 R A Ah 5 Ak S 7 b i AL P .
IR FIAE LT A AR A AL SO T R AT Y
HEA TS PRI R, (HR R N R RS AR
A A — 5 T2 388 0 FH A AR, 55— Tt 234
I Al g,

AR, B SR R AL 1) BV A RR Ay —Fh 48T 1
AR R AR TR 114 588 R A R T 5 22 DG 1291 9% 2
B — B it — R A — X R 2 0
APV TARSE AR RAR D, — XS AN RER 2
TEM LY R A LS YA T 58 AL f5 i
Fe k. ARG &, Jo 7 19 30 00 [ A iR g v finga
AE . Hara""Fl Onda™'45 B2 il 2 HH R R 1 174 e 2
AR AL, I IF I Tz b A T AT
WAL 4 Z K R T . BRI 4, Shimizu S5EUOif
I8 T R Z IR Z TR & JEm $h nT VA b4 4 20K
FE A AR (E, Ak ) 5 3 4 1)
IO R P 3 B TR, 3 S f T SR AR AL
A ME. R, anfari] 5 0 B AT B0 i Ak T
Pk A 0 53 255 [N A A0 R0 LA S i Ak
IKIFREF MR G — D . ST E Y,
AT A T Rl e e T R A [ AR 1 A A 7], X iz A
AN T T RAE, M T ILAE LR 4 2 K A S v vh
I fbPERR, 220 oK SRR £ 4k 2K i It
SHAEAL TR A 2 16 IR T 1 02 AT

1 LEEH
1.1 EEFFEE

JIt FH (%) 2F 48 22 0 1l i 21 4 3R (Avicel; Merck,
Germany); filf i2 25 1 & MR AR R W F b st Ak 21l 24
AL A ERITE A AT AR AL LT il A B b e
RN A3 A 2B 05 S50 K38 IR ZEIRK.

FREL 4 g HF4EZIMARNEAT 0.4 g Fe(NOy);-9H,0
[ 20 mL Y, AWEHEHEIF B A > 72 25% 24
K, HE pH=10. ZE G MBI Ee 2K &, T, 1
400 °C N, S50 RN 15 h, BB Ji5 15 21) B2 40 [ 408
KORIT, B4 Bk 0.3 g B0 [ AR R 10 (B A TR
INEFE RO A% 2.5 em; (& 4 ecm) i B 7RIS 5
mL & ARG ER P 55 [RAT T 25 LR A BA2: 5 cmy; =
8 cm) P, % B HEA TRE R fLad 2 (40-80 TKIB ).
RN ZEH G, # R B AR R E 150 T K
AbBE 2 h; FieJi I 80 TLA_EMIHUK R, HEm+
KR ] SO A 1k B RPASHR 1 ik BE Ak 152 T[]
TRBR IR, B HoAir 44 4 Fe/C-SOH(T), Hirp T 1031
FRAL IR ().

1.2 EEFIRGE

AL 19 B8 A1) FH 2 [ Nicolet 23 /] 670 %l
i AR 2T AR EREOR R AE, #4005 KBr iR G,
FEATWTIE 5 .

AR TR 1 o AF 25 4 2R T H AR B 22 20w A 7 (1)
D/MAX-RB #7177 5 {3 % 78, HARAF B R0 40
KV, #EAEHH N 100 mA, R Cu K, FHE I E (A=
0.154056 nm), F KN 4 (°)*min™.

i A ) A XPS W 2 >R H A PHI 2 A (1)
Quantera REFE(LIEA FIAE. A Al K, (1486.6 eV) J X
JGIE, SRR 50 eV, JTLRMZEGREM C Ls (Ez=284.8
e V)RS IE faf L7 5.

AR 3 1T R e 30 o R SE R A T K 0.1
g AL A 20 mL 2 mol - L™ i) NaCl 57 1, =
T B 24 b, AL R A HH Natsg e ik )
A AEAL R BB S, W 6 mmol <L ) NaOH
SRR E .

FE R I TE S AE H A Hitachi 23 7 4 S-3000N 7
HHT S (SEM) LWL, TA/EH KR 5.0 kV.

A 7 25 T 0 TROW T 35 R I H AR Hitachi 23 ]
i H-7500 %335 5 B 485 (TEM) AT R AE, TAEH T N
80 kV.

B R, AR 0 R 2 R A 35 [ Lake
Shore 23 H] VSM 7307 B4 shFE 5 55 1 F ) &4 5

SR )R it 1] ] phh 2.
1.3 EBAFIEEREIEM
2 BSCHR[15], A SCHT i Fe/C-SOH (T) AL 7

PTG PEPPAN S5 AN - AT 4 R A SO AE— A
A R IEUE B TR 100 mL AN 8B S 28 Fh kAT,
SR FF AR AT I R 22 A 0.05 g £F4E %, 0.15 ¢
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FEAEFI AT 20 mL ZE 08 K. InEE] 140 TR 12 h.
7 L 25 R K 7= A 7 B 0 0 5, B 2 TV
FH B 50R A €4,3% (RID, HPLC; Waters) % FF 45 1977 i
AT BT SO 2R R Z 37 6K 2%, Sugar
Pak-1 {4,341 (6.5 mmx300 mm), #1:K 90 °C, Lhit
FEERY — IR ZR AR K R sl AR, 286 SR MR ok e
O HER - P

AR AR PR TR AT

£F 4 2 Al =B N i A 4 2 R 1 ARk
/BN B AR LT 4E 2 i x100%;

5 A AT 38 = 250 11 B R 80 I g T AR
LR YR T AR T Y BE IR X 100%;

L1 A R A= 1 v BT A LG I R
IR B TN T3 A B £ 4 25 BT 35 A A 4 B T I EE R
$x100%.

2 ZER5VHE
2.1 BUFIFRFIIRENFZHER

F SEM F1 TEM E L HLXLEE T Fe/C-SOsH(60)
AL IOZERE. T8 1 R fil151Y Fe/C-SOH (60)f#
fEF#9 SEM Fl TEM HE Fr. &l 1a AT LA b b 7
2, Z ML B LTI, KR 1-
10 wm (G TR AT 2 B X Bk K2 WA R
AREZR A 25, HERUS AR %, X 5 SCk[18]41

1 Fe/C-SO;H(60)fE L FH SEM (a)fl TEM (b)RRF
Fig.1 SEM (a) and TEM (b) images of Fe/C-SO;H(60)
catalyst
60 in Fe/C-SO,H(60) denotes the sulfonation temperature (C).

AR —F. KAk, i TEM B8 A (] 1b) Al DL 4
HFH, AT G Fe,O, BEE 40K UK L 11 75 B
JE R, XA 5 SCER[ 1914 18 1 HE A — 3

&l 2 25 0 T A A B AR Fe/C T R AL 5
FEANEY XRD 158, fi& 2 AT LLFE 1, Brd ike S 7
10°=30°30 [l P4 247 H B0 55 A S, X d BH ik LA TC A8
e X A7 7E . [F] B 38 ] DLW 22 3] Fe 7E 30.1° .
35.6°.43.4° ,57.1°F1 62.9°4b 34 H B I A4 X 1, T -
Fe,O, FHE 17 5116 (JCPDS 39-1346). iX Ui B Fe 5
CIEMIR AW, Fe /& LL y-Fe,0; MIE XAETE Tk A
. S Ab, HeA Fel/C il Fe/C-SOH RYTEIK, AT LA
PERR AL AT, XRD 335 B 5 A & A 01 8 i ele 2 . X
U B R AL BRI AT BUAE Fe IAETEIRAS.

ST U B A HLSO, Ah H G Ak 5 4 1 5
i, FRAT TN T R S A AR TR L B AR 2 A
g Kl 3 AR LTS ) FT-IR 35 & A 3
AILUE Y, SRRk 2 BT BORE S He ok, iRk > 5
FIAESHAE 1205.1029 F1 598 cm™ 4k HY 3R T 4B Wiy
W i, AR SCHR[20-211, 1029 F1 1205 cm™ ZEWZ i
U435V J& F—SO,H L H () O—=S—0 HEXTFR A
ST PR AR RSN, 598 cm™ 2L Wi ) & T—SO,H
o —OH A 25 iR 3h. LA 248 2, 78
HTE BT B il g A2 v, B2 R S UK T840k
U T EAR R R TH 559 45 A 1 —SO,H S AT i, DLk
XSG 28 BLUE SE—SO,H JE A 2 il 2y 5 32 5] Fe/C
HEAETR .

R T Ay BTRER R AL T S Ak R R B (ol FH 9 i Ak
IR 2E N TR N, FRATRE F i A5
HHTT XPS FAE. B 4(A) NSRRI HT S AL XPS

e y-Fe O,

(a)

Intensity (a.u.)
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(©)
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2 BHEF Fe/C BB AIEHMA XRD i E
Fig.2 XRD patterns of C and Fe/C catalysts before
and after sulfonation
(a) self-made carbon, (b) Fe/C, (c) Fe/C-SO;H(60)
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Fig.3 FT-IR spectra of Fe/C catalysts before and
after sulfonation
(a) Fe/C, (b) Fe/C-SO;H(60)

TEPEL F AT L, A R T ISR 2 B T 7116
Je 725.4 eV U, HAESCRR[22], 3X N8 H B
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FIFHI ) Fe YIRIER £ 2ZUE DL Fe B SAATE. X5
XRD SEER 25 R —2.

P& 4(B) Ayt A FIE FH = U Y Fe/C-SO5H(60)
AL S 2p XPS i . i & AT LIRSS S 2p %%
S5 A RE M B IR (AN 2. W 4B) BT,
HIJEHEALFIG S 2p XPS & EH B T 47 F 168
eV (1B R AE e, AR SCHR (18100 438, 254 REf
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Fig.4 (A)XPS spectra of Fe 2p of Fe/C samples
before (a) and after (b) sulfonation, (B) XPS spectra
of S 2p of fresh Fe/C-SO;H(60) (a) and Fe/C-SO;H(60)

after the 3rd reaction run (b)
(A): (a) Fe/C, (b) Fe/C-SO;H(60)
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Field (Oe)
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Fig.5 Magnetic curves of Fe/C-SO;H(60) catalyst
before (a) and after (b) the first run

'S J&A—SOH MIE AFFEFA AL Hh . [R]EsiA AT
WEZH, 5B 8E ) Fe/C-SOH(60) AL AR L, {8 FH
— K5 4 Fe/C-SOH(60) ALY S 2p T U 1) 54
JEEARLE, X UL I Al S, R 5r—SO.H K&
P e S Ry 3 A R e 9% . & T B 9% A9 —SO.H B
PR 52 107 1) 5 MK A J SRR 8.

2.2 EUEFIREER

&l 5 MM — KT S 9 Fe/C-SOH(60)
FEFRI AR T MRt 5 RTLAE Y, FEfes 6
FHHT IS, FLAR R RE Akss B 43 51k 2.8 Fl 2.0 emu- g™,
Tl A Wl AL 5 B 5 i 38 R 2k e AL R R
IR A, B 224 TG M A0 37 s A 700 AT AT AT R
P, NS BR8] PR R A 5 | A A P SR
G5 KA ARG, A0 7 BURE A 2R 30 /N 1R
(A 5, ELRE S S S 1 388 5t 8 1 2 e
T IR B AR 77 43 B8 5 [ i) B 1Y), 55 9, 52548
), 5P 18 i A 50 %) R R e 5 R A T Uk
55. AL, AR R SR g, X U B
Il FAS S5 AL TR 9 1 3 B BE T
23 BAFFEEENER
230 KB IR L H & 89 Fe/C-SOHIT) AT 1 A1 7% £

%

A TR LIRS T & i i 5 ik
AR A AL TR AL 2T 4 22K i) F A= i HLAA
Preg . T s I, B T AR i 2
Ah, A — LKA Y. NRHRTLUE H, 7E 60 Tl
R AL 554 & L 1 Fe/C-SOLH (60) Ak 71 ¢ R 1
RAF I AE 16 P, 21 48 2R 55 L ik 5] 40.6%; H
o, HZEBERISCRIA R 23.1%. TAE 40 F1 80 CHiifik
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1 FAEHEBRLEETHEN Fe/C-SOH(T)HRIER MM L FEZ KB R MFEE
Table 1 Acidity and activity for the hydrolysis of cellulose over Fe/C-SO;H(T) catalysts at
different sulfonated temperatures

Product yield (%)

Acid site amount

Entry Catalyst Conversion (%)

cellohexose cellopentaose cellotetraose cellotriose cellobiose glucose unknown products ~ (mmol-g™)
1 Fe/C-SO;H(40) 23.1 0.3 0.5 0.6 1.0 2.0 6.5 12.2 0.81
2 Fe/C-SO;H(60) 40.6 - 0.8 1.7 1.7 2.2 23.1 11.1 1.25
3 Fe/C-SO;H(80) 30.0 0.4 0.4 1.5 1.1 2.3 119 12.4 1.05

AT A B L FIE TR, SRR (LR
AT 23.1%F1 30.0%. ARHE SCHRHR 1B 18>, —J5 TH A7
AT RE 2 7E AH X R T A R R L 45 144 (80 C) T, A
L AR I, B0 B E R AR /N (R B UKL b ) il R
(—SOH)A G Hzfb ) i, 3 —J7 T, A Al Re A2 7E
T8 E AT EE R B L) Fe/C-SO,H(60) [ 42 HAT BY
UF IR S5 18, X Rh S5 45 B F—SO.H il 2] ;L
B 3R 1 IR S A AL, FRAT TR & A
BRIRTE 40 CHHE L HR I SO, w4 /b, Fr LIk 51
IR —SOH /. IR 45 LK, Fe/C-
SOH(60) AL T 1E 15 SCHR (15145 18 14 itk 2 1k [T 1K
PR PR A AL T6 T e AR — B0 X BERH, Fe AIIMA IR BEA
A7 e e [ AR PR A A 7R PO A T 1. DRL b, R sk
T PR A [ A IR 2 — il FH T /K R T 4 R 1 5 43 5 1)
HEALFH.

e 1 8 n] DL, Bl R R A TR 38 o, 5]
AT TR £ A, 222 B SE IS s/ N 4. T R A TR
FEikF] 60 CH, BR ALK 1.25 mmol - g™, PE— 4
Tk R AU B, AR 3 1 5 R TR i 3940 P T R
FH AT UL, AR A G 1 LR TR e A U AH DG, 5
WCIRIES, Bl AR A TSR A 22 Ak, A ik
Pk SIS M AR A — 30 X UL, & B AR 1L
BRI E R 60 C, 7EIZIE T, —SOH Sk Aqk
ShA A A .

232 BEAAMTELZARK

AR FZEZ T FelC-SOH (60) it Ak 7 it 7] 8 5
I FERE. 1A e SN 45 d i 280 1 UE&, 110
CH i %05 TR . H 8 0 32 2 1 /K
TR, 2% 2 BT ARGk R e Ak S R A ) e R

F 2 Fe/C-SO;H(60)fE X FIMEE S IEINE F 1%

Table 2 Acidity and reusability of Fe/C-SO;H(60)
catalyst

i . Selectivity of Acid site amount
Catalyst condition Conversion (%) ¥

glucose (%) (mmol-g™)
fresh 40.6 57.0 1.25
after the first run 352 56.2 0.94
after the second run 29.5 55.8 0.88

PERHE. S5 4b, 35 2 i85 H T O F A A A 750 A iR
. R 2 AT UL, B IRAERA SN )G, Fe/C-SO;H(60) /Y
TEVE ST BRI A A B R %, X4 4
FIN 40.6% T KR 35.2%, i 25 B 0 28 £kt A0
M 57.0% T %5 56.2%. 5 — RIGIF G £F 4 R 1 3%
R T RER 29.5%.

AR R 2 I AT LSRR, Bl o R S 14,
AR 2 T (R R 2 T T o, R I 2R — R L S5
FIEAE ST B AL AR L T R B, IR R T
0.31 mmol- g™, 25 UK NS, HEAL TR BR /T AT
Xt&E /b, A41545 0.06 mmol g™ YA, UL A SEER
ot S 55 (A 50 £ 2 2K A S g HR ) T AR A —
XU, FERl AR, BEARIRA T AL R T
TKIATTAL B, AR =Bl SN R ET T, AL R 2 1T
YR SEAMT A T VI, X ] RE A T B AL R 2%
T Y A

X X S U P& 114 R i A 7 s I Hh s 7 R 31
BAALMER, JATHEAT T T IRIASE 50 BPEF4E % K
fi# S 6 h s, R FHAMINEE 4 Fe/C-SOH(60) 43 2
WS, PRSIV 9 h, 455 UL 6. rh ] I,
B AL S FE RN 9 h 5 (B 6(b)), R4 R AL

50
(a)

40+ .

= 30t

R

2

£ 20}

3 (b)
10 (c)

0 1 1 n L n 1 1
0 3 6 9 12 15

Reaction time (h)

6 BT Fe/C-SO;H(60)ME L I B o £F e Rk R = K
Fig.6 Hydrolytic reaction of cellulose with and
without Fe/C-SO;H(60)

(a) with Fe/C-SO;H(60); (b) without Fe/C-SO;H(60) after 6 h reaction
with Fe/C-SO;H(60); (c) with the same amount of the leaching sulfonic
acid (without the presence of Fe/C-SO;H(60))
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SEHKEN, 0 TR MBI L I, 10 (IR A B G (LR 2007, 19
1141]

AR FOIMA L2 2 AR 24— U B i
(k50 FIT 58 % 110 Tl it () B R (DA 36 2 R 3R AR), S0
S WK 6(c). Xt LR 45 R (K 6(b)Fl 6(c)), &
PR W AR ZAE B Fe/C-SOH60) AL FIAEAERT, H
TERBRRIVEF T, SR 4E R AL R4 Pzl 1 sk
45 6(a)Fll 6(b)) KT, £F 4k 3 A S AT A
13% 55 AL, (BTERR 4L 2 J5 RN 9 h, &1
Y2 B AL R GEE K. i I FRATTHET, 76 51 )30
A T RE 2 B0 1 IR R Ak R (R AVE (R4
RN 3 FE KT, Fe/C-SOH(60) Ak 4L % 3= 5 it
AEAEF. BICTT LA, TELT4E 2R (X K At s+, A
A7 2 1T R R Sk A B2 25 2 B ARV . b, 18
AT ISR, Ak e SR B 5 2 13 (0
6 h), 2 T 5T, S0 R G . H R A
X7 S RIAEAEZA B A A AR, W EFr i, BRI [
TRIRAE AL 1) B S BEAE TR LR R A T 2T 4
FHIK S

I, o T A ) EA R, S5 435 oK J AT
FESM TGS VR AR 5 SO0 i 4 25, S B4k
FI A [ WA 2 5 R

3 & i

ARSI FH A 1 B R R B2 45 MK Fe/C, It
DAL R 2R S J 1 R R Ik A1, S 45 Jo L AT o8 I
T AR B S Al R L [ AR IR Fe/C-SOH(DHEAL . 12
WAL TN AT 25 4 R K A S B 58 T 1
B R SN 4G R, Fe/C-SOLH(T)JE AL 71 7 41
INRESVE R R TP 5 5 0 AR 2R 438, X % SR
YE R ALK f A Tl AL R A X, oA T
AR R FHET 4 R PRI T . B R 20
R A SRR R, BT R 140 AR M 2 (]
T SR 3 R s F A B R A AR5 A
TR, R ) A AT R RS BT Hom DA A
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