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Bz Rl o AR R BN BRI A B LB ROR AR, X B R AT A B 4 R R AC-SO:HHY 8
HWEEHE SR ENENTRE, REAEH 5%, ERMEMEET, NREMGE R EWim = E 4,
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HEFE, P2 T HZSM-S AL P g . Ru/C N 21 78 2K
A T2 e BH R O P AR P, A R T A
it B0 o 25 I 7 1 A A, AT 5 A v i, A
M5, N FH T 2 A 1 ] A R T DA R AR R AN
JE T B 3 ] T A A 7R El T BRACR IR R & L il &t
FEM . HEMA SIS B Re 0 UL s 45 &, IRt
BRI fe e Y i, CAERRL. KR, Kedbihss
EFEAF Rz BN (B H AT TE AL R BT
VOECESCR

BT B, AR ST A E M R O B, SR B VR R B A AL
151 2% AC-SO3H, Jf:34E HU A 78 /1N BR T8 AR L i i 5 4
NRAC SRR, 25 G2 Z A A 7R X AN [R) S8 20 8 2 B A Ak
REAR RS, EE S AR O AR i e R R AL
& R L.
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2.1 AR5 A

TAEAI T K S KAy TR Ay oy ) 2 R E b
GB/T 6435-2006. GB/T 6438-2007. GB 212-91ll 5.
[ 52 05 25 B Wamm (Wt%o) 4 2 2015

Wazu=100—(WxstWrs+Wass)

] ) 4 [ Netzsch A & 1 STA409PC [ 25 # 7p Hr A%
Xof B 14T 0 2> M1 (TG-DTG). 76 12 8 6 4% ) 2%
PETR, B BE 5L LL10°C min " 0 T i 38 25 M 5= 3 i #E
900°C. LA 4% SN, iR 40 mL min ', FE 5
J 21410 mg.

2.2 AT g 5 RAE

V6 S AR IR ST P IR AT i 47, 2R KR B
ek, HET. TR ER 5 35 R S IR IR IR I ML (R 1 giih
PEIR IIN20 mLIRBRIR), Ssob i Fd /S AE RS, &
NI FE 100~200°C, J BB [] 16 h. 5 21 i A6 = 4 H
80°C ) ZE /K WE 31K, 200°C 7K #8 J2 2 3 h, T FH 7548
IKPE BT SO AFAE, T84 hig B AL FIFE .

FI R 3 s v 5 AR B B IR . BL0.04 g
AL FIRE &, 520 mLR #E S S AL BN U M1 h, &
O o) B9 43 B AR, 5P b 1 SR R v VT E R R
P S ANV . AR R SR R A
crr(mmol g )y=(cnaon* Vaor—cucr* Viici)/m.

] F 1% [%] Bruker /A & D8-Advance 7 X 5 2k fi7 5f
(XRD)A, i i 4k 7033 A7 XRD 23 M. Ik 26 442 B AR

B R Cusl, f7 5% K 1.5406 A, TAF HL [E40 kV, H i
40 mA, Nal [N SR i3, 5 40.05°, $94# 3% 5 3° min ',
F1 4 6 Bl 20=10°~70°.

F| F 1[5 Bruker 2> ] TENSOR 24 21 48 i 43, Xt
ALV HEAT 20 M7 9 H 44 7 B 4000~400 cm ™, 43 7%
#4cm'.

23 RO ALT R

P CE AL B oy B AR L . B
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%, W RN E, AN SN 1SS, TR AIT
X, VB TR E R N300 r min', TREE AL RN . e BE
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W ST 55 R T 1 % [ 2 R A 0 2 £ I FABA H 1 2 P A 7

A (38 A3 HP-5, 30 mx0.25 mmx0.25 wm) 23 # 2E 4
By, MR A& BRI R, mal SO ER, R
1.5 mL min ' RArEERE, BERE TG R 280°C; il
FERTIR70°C, 47453 min, 10°C min ' FHE E300°C, R #F
8 min; AR 4 NIST 5 115 22 fff A\ 4 ot 425 44

3 HRER

3.1 FRFERM B

INEREATF & B Tk T 5 RER DR, W& 1
ROy R T /NEREE, ¥R & A AN Y.
E TR W20 7R, HTG-DTG #h 27T A1, Bl &
TP R T v, ANEREERE R EE R B N3N, B L
FrBe NEI A 150°C, K EL18%, FE &K H.
2B BN 150~550°C, 2k B R R TA 60%, 1X A% BT /R
FE P B N ER ORI R, R 1 T R Y
PRI 7 i, 3 2 R SR AT B i 6 200~300°C (1) 32
BLGA. Bl A 5 4k St i, TGAIDTG Hh £k H 1P
G e, ANEREE T D B K 5 T B AE800~900°C
HEl B R EH S,

WS M TG-DTG I 26t 7] 73 3B B S 1B .
FE M I AE200°C, 2 5 £110%, T2 K 7 b A
KM AR AIIE RS20 Bi200~450°C, A& i & 32 2
53 2 B RVER 1K B VO R S 8 i B R R

J945%, W AR T/ NEREAE S B BO iR B R, X 5
B WA AL ZE E N R EEAR I 85 R — 38 5
ANEREEANF (2, Bl B K AR 2T i, TG 2
HIF G, 2 — 2T &Y, 7T IR E KRRy
R o) A K oy AL R SE N R 2% AT 5, /N ER AN i
& IR M 4 5 2 Tl pr 45 R — 2

3.2 [EKRERAC-SOsH [ AL 45 3

SN R JEE AR e o P ok ] A R TR ) ) 45
T2, T A R 1D e I IR FEE AL S A R L TR
A W R SN R FE R v, [ AR R SR R
K. BT D s I P R E T AR b A IR IR 1 2 A 11
HoE . FUMR B RURLI T[] A 1 TR R P 5 I AN K
ST, BAGERAN, AR L B R 1 L AR %, TR
AR T3 AR g

AC-SO;HHIZL A3 #r (FT-IR) 1 R 4 I 3 o, \f
PLE ), 3464.27 cm ' 2 O-HIf 45 R 1%, 1598.04 cm'
J& —COO—1# 45 ¥R 3 1%, 1400.82 cm™' 4% —SO;H £ [
S=0=S 1 4§z zh 1", KR4 45 A0F V057 B, W LARF 52 fh
b7 4 —-COOH. —SO;H. —OH%: & % F AL, it
Al AN -COOH . —SOsH . —OH %5 % P 3 41 1% 3 171
BT IR L

AC-SO:HIMXRD i K i K4 fro. &5 KW, 78
20=15°~30°4bA — > TE AT 5T 0, XoF B A B 1) 002 T PRI AT

F1  WFEE prolifera) FI/NERBE(C. vulgaris) i b 43 #7485 1
Moisture (%) Ash (%) Volatile (%) Fixed carbon (%)
E. prolifera 5.90 21.30 69.70 3.10
C. vulgaris 8.25 6.57 74.81 10.37
100+ @ | 500 100 ®) [ 900
90 4 90 4
80 L 025 . 801 -025
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= ~ <
50+ 2 501 o
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100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800
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B2 /NERIE(a) R & (b) I TG-DTG it 2 (1 2% il 72 15
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F2 AR FAETAC-SOHI &K &

Reaction temperature ('C)

Particle size of AC (mm)

Total acid amount (mmol g ')

100 0.150-0.180 0.051
150 0.150-0.180 0.273
200 0.150-0.180 0.878
200 0.180-0.250 0.836
200 0.250-0.425 0.783
200 0.425-0.850 0.817

Transmittance (%)
1598.04

3464.27

T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm-")

& 3 AC-SO:HFT-IRIE K
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Intensity (a.u.)

c@01)
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B4 [E{&EEAC-SOH I XRDE &

U6, FE20=40°~50° 475 FH X 45 55 7 — AN 56 A7 S g, %o
N g ol M R A A B 101 THT B AT S e, 0 B 4k 55
AT T R 2E K, X5 3 TS T )% I XRDE B — 2L,
SRR R S e Sl ey 2 v & MK 7 O R
3.3 AC-SO;H % % X i 2 SR AL i 72 1Y
A

T AC-SOHRAY Js N 3 B X H s i A (B 25 R i),
PRI A SC LR 38 T AN [F] e 73 1) 4% 19 [ AR FR AC-SO:H

TE IS AL P A A M (BS). b B mT O, B AL
7R ) 2 il L P T v, /N ERSER A & WAL ZE A 7 R
YU IGE S, JF L T AT AR AR
PR S R AR B . Hod, B
7 25 T AN 100°C #2155 B 150°C, A= 7= 22 B
AT 2 1 AR Al B AN O T 24 1 4% Ui B2 AN 150°C 2 5 2
200°C I, A= ih 77 ZE RN R A B AR . AT,
100/1150°C F il % [ AC-SO;HA AL i 14 S BH &, 1 1
R EAE200°C I, RAY S S AT IO AR R 7848, ¥ TR R
R AER T 2 R TR VAL, I A [ AR R A T T U
SR BB TR BB, (AR TR
W8 o) % P2 3 — 20 I, PR R R A i T
AT TR T, (5 45 4 W R 1) 3 Tk B T 1) 5 Fle A,
AR 3K d A ) 6 R BE SE S200°C.

WA, ) 26 ] 4 R AC-SO5H 1 52 B I JEE 5 A6 47
(R PAB S M AS K, /NEREE I T PR 2 10 2 i
HAEIHITE30 MT kg e A, WF B K S RAG I R A4
TIE I E25 MT kg 245 AT 0, AR A0 A e 32 A2
T TRLE PR 5 00 A 79 ) e R o0 JF 5 i A Y A

B 7 ML AR ) S IR FE b, AR SCIE 5% T S AR
J X [F 44 B2 AC-SOsHAE 2 8 VAL F (i AL 35 28 X B 1
Un Pl 6 it . Bt A i R KRR )N, L 3R THI AR W] e
o NN ] 8 R VAER S A S B % N Dl S 2 3
A ik, PR 218 BRI, SR B, D EREAE
E AT AP il 77 A L BRI A A i A 2 3
PRISURL L FE 1) 56 WAL AS B S, 2 38 52 S L I P A . X
55 ] A R e IR 2 R B2 P AR A e 5 A — B, itk — 2B
VI B [ 44 2 AC-SO;H ) SR & 1R 8 1 L 7E 2 24K
IR AL
3.4 fALF R XY 2 S A T AR Y S

i £ R FE 4 0.150~0.180 mm 1 3% 1 5 My %k 14
200°C Jz B il 15 (1 [ f4: % AC-SOsH, 43 HI7E260£1220°C
X INER A & AT SR RRAL, B SR AL 71 0t
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60 4 (a) Bio-oil yield (%)
| Residue yield (%)
50 4 EEIHHV MJ kg ™)

40
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20 4

0. N

No catalyst  Catalyst A Catalyst B Catalyst C

60 (v Bio-oil yield (%)
Residue yield (%)
50 4 EEE HHY MJ kg)

40 p

304

204

0 7N 7N\ %§ é&

No catalyst  Catalyst A Catalyst B Catalyst C

Bl 5 /NERE () FIEE (b) 7 AIAE26041220°C R BAL BT A AL Wi 7= 2 o A (E B SR AT 3R i P77 s 2 T FBE ) 32 1 (catalyst A

100°C; catalyst B: 150°C; catalyst C: 200°C) (1% 4% 5 % )

[/77) Bio-oil yield (%)
R\ Residue yield (%)
E] HHV (MJ kg ")

604 @

50 4

40 p

30 4

-0. 0.180-0.
Particle size (mm)

Bio-oil yield (%)
Residue yield (%)
FEI HHY (MU kg-')

60 (b)

50
7

40 4

30 4

20 1

o4 N ZN %& %&

0.425-0.850 0.250-0.425 0.180-0. 0.150-0.
Patrticle size (mm)

B 6 /NERE ()M E (b) 73 AIAE260M1220°C R RAL AT 15 2L W0 7 38 L V0B S SR WAL 3 I i P8 ¢ L FEE ) AR A6 (0 2% i R 1)

AL FR RS2 (7). e B AT %0, 40 7] 2 2 O
B 5%, AR T N ER A & AL AT P R A v A
T VS AT 23 1 R AT T S T 3 K. M 7T 5%
B, ZINER VI 5 1 28 03 72 220 ) U TG 4 4 551 2% A4
T4 R 12.32%H1110.33%; R IE U 7 ] BE K 4.11% 1
4.49%; FAAE AR AT A AL 7R I AR AL AN B3, 430l 4R
TS T 4R 1.18F12.38 MT kg . itk aT I,
AR %o LA b i R P AT T —
HOSE . 2 A7) B 4k S48 N 21 10% 0, AR 7=
KM N, X e A2 TR AL 225 5 80y
TRIRG .

3.5 WAL BN AC-SO;HAEAb B R S i AL 1
XA

398 B ER AR B 5 0.150~0.180 mm, 2B i JE
200°C B 81 4% (149 [ 4R 1 AC-SO;HAE M AL 7, 43l 2 82 A
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WA A A W i FAVE O AR AL B (1K18). T T, ANER
FEWRAL BT AR AR e AR v, TRIE IR R E T Y
WAL UR BEAK T-240°C B, /NER G A e B 384T 15 A1)
Ji, 5 BRI U ARA . B AR S IRRE 2B T
AR T HHR 71 I K A A LR 5 7 &
W L, 1 [ R fEE A0 R AR T, A R R AT 15 5
W, & T 2EW = R AAE. 7E260°C R, A4
=25 $) 57.45%, FRIE A N 10.67%, A1) AE
30.31 MI kg .

LR S5 AR L, Wr & WAL I AR AR 1 B A
s 34 5 AR — B, H I AR W3 7= FRFN R S YA R A
A BT AS (6] B A VA 8 B T s, W VAL B A AR
Wi = 26 IS BE KSR R B, BRIE R R
A5 I R IE LA . B R ER FE N220°C, A
WV r= A F50.87%, FRIB IR H36.89%. WA
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60 36
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59/ —*—Residue 34
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. 40- 2
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< 30 =
% 30 v/'__—'__/\v é
o] r28 >
b T
204
L26 T
. .\.___.\'/_. -
0 T T T T T 22
0 0.5% 2% 5% 10%

Dosage of AC-SO;H

B 7 /NEREE)FHFE (b) 73 B E260/1220°C R Ak TS AL i 72 2R
70 31
(a) —=— Bio-oil -
60 —e— Residue /. - 30
'/ L 29
50 .

£l > 26
g1 ° [ 27

=}
2 301 L 26

b
20 4 v - 25
10 4 / o - 24
- 23

0

T T T
220 240 260
Temperature (°C)

T
200

HHV (MJ kg™)

Yield (Wi%)

30
59/ —=—Bio-oil (b)
—e— Residue
28
40 —
9 L26
= -
3 30 s
f_j 24 E
20 T
22
10
20

05% 2% 5% 10%

Dosage of AC-SO,H

0

FAEL B B A 5 T A A 71 P B 1 A A (R 4 FEURE T )

32
604 (® —=— Bio-oil
—e— Residue v
50 / / oA
. =
404 T TT~—80 28 2
@ L ! o >
\ 2
30 "t T
T
204
24
10 /
22
0 T L T L
200 220 240 260

Temperatue (°C)

B8 [E KB AC-SOHME A WAL /N BREE () L & (b) T3 2R W00k 777 30 L AV B T WA 3 o Y il 2 70 A2 e (19X 2% R 1)

T AR ANFR R AR AL 5 /N EREEAN R, X T B
THEER 2PN A, AR R RY)
JRAR. T v BV IR B 2 3 K 73 T s 4 £, AR
TAD RO TE . S5 S SCHR AT, AL TR BN N R A
AN 5T S RAL 7 BB FE AR A A, W]

MR JBE G 2% 2 B M B S AL &5 SR (1 e O B A 3

3.6 iAo A

it o AR T - I R (GC-MS) X A Wi
() F R BEAT o0 B, G5 R W3, IR R, AN B
WAL T A5 A2 B 2 B AR NSRS, IR /NER
B v i AR A L v A A B 0 ) KA L T
AEE R . SeAb, ALl o e S — R R
WEY, KRN EREE B A Tl K. HAL.
JB7K M A S R AR 2 [ A R AC-SOHAFAE T,
P M ot 1) 5 B WY A 1 T, R W [ A IR AC-SOsH g {2
FH A BE N ER BT RE T A AL B B, IX T B A
EH-SOHAE 2] T BRAL B K KPR, oAb, Lk )&

B R, UL AR TR AC-SOSHIE A I F i 2 = v
AIEAT. IR, 0N [ A R AC-SOsH T 153 4= 4 ith v
TRFY G B E RS, LY E AR AC-SOHAE —
E TR b OAR T /INEREE Hh B R TR R A B A, 1T
il 1 38 R A I B 34T (K19).

W& WAL BT AR 10 32 B WLk 4, 45 R
B, eI, 3 & AL ET S AR R N
BRERYI, X FERE T E T 2 BRI, 1A
WEH—EERNERMBRENEY. SRR
FH LG, BRI 70045 380 6 A 4 3 A G U A 28] il 255
P S SRR B AT A, F BN B4 BR AC-SOsH
Ji 6-deoxy-L-galactose ¥ & it 35 P& K. A SCHRFE B, B
Rk HEEA B -OHTE AL X T4 R WE 55 2+ H M
R PR B AR R, AT ST JHE AE A i b ) o 1 L TR
VO R TR R ) A R R, X — R
R T @ APl i s 5. sk Ak, N ER R 5 s 2510
& W) Palmitic acid ethyl ester (%A R Z. ) F1Oleic acid
ethyl ester (Ji1 & £ JiE) B & & DL A B2 284 b Palmitic acid
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F3 NBREEAL TR AP ) 3 B Y

Area (%)
Name of compound
No catalyst With catalyst
1-Ethyl-2,5-pyrrolidinedione (CsHoNO») 1.34 0.95
3-Phenylpropionic acid ethyl ester (Ci;Hi40:) 2.83 1.44
4-Methylindole (CoHoN) 2.51 1.88
Heptadecane (Ci7Hse) 6.86 11.56
9-Hexadecenoic acid ethyl ester (CisH340:) 3.88 6.85
Palmitic acid ethyl ester (CisH3602) 30.12 37.44
cis-octadeca-9,12-dienoic acid ethyl ester (C20Hzs0:) 7.88 11.93
9-Eicosenoic acid (C2Hzs0,) 5.53 4,98
Palmitic acid amide (C;cH33sNO) - 3.89
Linolenic acid ethyl ester (C2H3402) - 2.90
Dodecylamide (Ci,HsNO) 5.86 -
Octadecanoic acid ethyl ester (CHs00:) 1.49 1.99
F4 WE BALETS A L R
Name of compound Area (4)
No catalyst With catalyst
Hexahydro-1,2,4-triazine-3,5-dione (CsHsN3O,) 3.95 6.18
2-Methylpropyl-2-hydroxydecanoate (CisH250;3) 3.15 -
Oleic acid (CisH3405) - 7.32
Palmitic acid (CisH320z) 3.02 15.16
Oleic acid ethyl ester (CH3302) 2.46 6.93
Palmitic acid ethyl ester (CisHz602) 2.52 18.37
Linolenic acid ethyl ester (C2H3402) - 3.51
9,12-Octadecadienoic acid ethyl ester (C20H360-) - 2.96
6-Deoxy-D-Galactose (C¢H;20s) 11.18 13.23
6-Deoxy-L-Galactose (C¢H120s) 45.12 17.64
on
Polysaccharides — (2 et -
CH,OH ¢ CH,OH ’

Maillard reaction
N-containing heterocycles

— H
proteins amino acids

@ H o

o H R [ y

| NIl intermolecular on N - . /

Protei N _~ hydrolyzation OH m. dehyaraion "M [
N —_—

roteins N | L

R 0 o T OH R N R
H [

/\OH

Esterification /\/\/\N\/\A)l\o/\

Lipids _—

Decarboxylation

B9 AC-SO;HE B £ PR b 2 B k(2 ) M) (20 €0 B S B2 (1) 265 i B2 P )
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(ERAATR) BH S 36 22, I HAA H 1 FR 24 I Oleic acid (V1
BR) AN Eg 254 i Linolenic acid ethyl ester (V. JFRER 2. Fig)
9,12-Octadecadienoic acid ethyl ester (9,12-1 )\ lx — /i
R W) A2 1, X 3k — 20 IE B M AR B 0% 2 35 12 W
ATt 2 R TR A S B, DT I ) B R AR TR AR . 4R
AR, [ AR AC-SOsH AN 2 Z2 e 3k 1 /NEREEAN
W AL R B A0 R0 R i A2 (19).

4 g

K AC-SO;H X /N BR 88 R &5 43 591 i3k 47 20 B 4

WAL LT, S5 R KB AC-SOHIN R &= 5 X B
LR AR BE A 00, TSR ) B R ' s KN
0.878 mmol g '; AC-SO;HRE WS I {2 3t 5 2 2l Hil
A BT A5 A 0 7 IR R v R B LR 1 B AR, BT
PR AC-SOsH A4 71 R B K, 95 R Ak BT 45 2R P ik
PRI R AC-SOHAZAE N, /NEREAN I &5 fe i
A IR FE 43 591 9260 F1220°C . A% 70 5t 4 FH B 5%.
AC-SO;H T ZAZ3E 1 ¥ Ak b (0 I8 A0 A e 32 1o 72,
S AL T A9 A il ) B SRR R SR R 2 I 3
I, FHEANE] T B A5 20 3R A R B, & B R
P, T B T A b e

S Ak
1 Tekin K, Karagdz S. Res Chem Intermed, 2013, 39: 485-498
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Application of sulfonated activated-carbon solid acid in ethanol
thermal liquefaction of algae
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Abstract: Sulfonated activated-carbon solid acid (AC-SO;H) was synthesized by sulfuric acid sulfonation of
activated-carbon. The effects of sulfonation temperature and particle size of activated-carbon on total acid amount
of AC-SO;H was investigated. Results showed that the higher the sulfonation temperature was and the finer the
activated-carbon was, the higher the total acid amount of AC-SO;H was. The maximal total acid amount was
0.878 mmol g . The catalytic properties of AC-SO;H on Chlorella vulgaris (C. vulgaris) and Enteromorpha prolifera
(E. prolifera) ethanol thermal liquefaction were investigated. Results showed that the catalytic activity was improved
along with the increase of total acid amount of AC-SO;H. The suitable dosage of AC-SOsH was 5%. Under the
optimized catalytic liquefaction condition, bio-oil yield of C. vulgaris and E. prolifera increased 12.32% and 10.33%,
respectively. Residue yield of C. vulgaris and E. prolifera decreased 4.11% and 4.49%, respectively. Higher heating
value of bio-oil slightly increased 1.18 and 2.38 MJ kg ', respectively. Solid acid AC-SO;H mainly promotes
esterification and decarboxylation, and probably changes the decomposition and conversion pathway of proteins and
inhibits Maillard Reaction, which play an important role in improving the quality of bio-oil.

Keywords: AC-SO;H, bio-oil, liquefaction, Chlorella vulgaris, Enteromorpha prolifera
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