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1 REHREFGE
1.1 FERLERSH &

WG FRAEFF L B R FH, SRR 4 2
JEIEEL 60~120 H IOk ASURL % A, 1d/E CS. iR 2 7
7E 105 CHIMEFE AL 48 h RIET &

TR0 FH R VA EX 58 1 15 et 20 2 0 o A SR B P B
I H A K AR 2> (7KE 91% 54D, Al
R NIRZE 69%( 1R 67.88% TR 1.12%) T35 12.9%.
M2 2.56% BE2K 1.77%55 . S8 T3 W25 A= ) ol A At B =
ARG H A R R R e X st = S
WIACIE I E S REIRA PR A 7 S E %, DURSFF N AL,
W RREA, ESAEFEMIRAR . AR A,
SEIUEES. R U, DN B R AR X B A
(AT Rz

BRI R AR 30 ¢ FKFEFFH AR S 600 mL ERIK
(pH {4 3.4) JRAELI, 1£30 CF, ES:HHE 4 n'Y
RIEKVEIIE, HEMREN RS FREL R, Kk
JEIFKFEFPR ARTCE T 105 CHRIMLAE i ft 245 )5 & .
BB 5 1) EOKFEFR R 1dE WCS.

1R FRFEFFERDERT IS 221 AAEMS [ B &
S AR RS (ICP-MS) 43#T. AILLEH WSC #iEL
SC, BR¥eXt K. Na. Ca. Mg. Fe [ltBR%= 5 HiEF] 97.53%.
81.38%- 27.16%- 84.86%. 43.05%, iX FWIFEVENT AAEMSs
B IRUF R BR AR, I, ERR PR FE R P 1 3
AN AT BERR S T — 2 MIYER, Karnowo 25K
Ty 2 2 0Ri8 BIE NI R A P& H B, TR KA
R 13 L BRFIK BE 25 Zy il ik B LT, 284 v xof Bt & 7
AHUFR E I AAEMs HIBLRR RN i3k 2 Biow, BREext
AW B 20 B2, WCS HHEL CS, K& & AR
65.89%, X & W TERVEWLER T T KA FF IR AE A 16358 7
AAEMs KAl MEZR )i

x1 BRENEEREHHERRBLERERI T
Table 1 AAEMs analysis of corn stalk before and after
acid-washing

. 86 e B L 6 e o A 43 45z ) B W 4 I e T
P AAEMs content/(mg-kg™") Elution rate of AAEMs/%
Samples
K Na Ca Mg Fe K Na Ca Mg Fe
Mggﬁ” 10020 290 2890 1440 360 - — — _—  _
Hﬁ\;ﬁz}sa 250 54 2105 218 205 97.53 81.38 27.16 84.86 43.05

1.2 SRR

MR RIS TE B2 FaET, SR R4E N, S, N,
Ui 300 mL/min; EHURIHERSRE 73008 230, 260
290 CU; BbaUbris 2 HARIRE 5, WIE 3 g B RKAS
FER ACHE 2 e b g B B, 7EUGIRE T E IR 30 min.
CS FI WCS 7£ 230, 260. 290 CHLRIRFE R 1)f
S AlieAE €S230. CS260. CS290. WCS230. WCS260-
WCS290.

PRRI RGUNE BRIV R G RIS+, K
FH &40 Ny A8, Ny LR BEE N 400 mL/min. FOKFEFF

MATEN 3 g, RN E T = E] 550 CHY, Peidiif
I VA R B R B, PRI ) 30 min'™; IARIE K
A VKKIB G B G, AEIESACR AR EE. )
SR AT S5 AR B A A B AT RR &, B A R
AR T2, SR RiER WA S 8] Bes KA
ARG ER 3k, HEMHERI, WHEIRZETE 5%,
B GE RN 3 IR BT M .

1.3 BB TEE

TCER MR 12 55 [H H SR R BR A |1 AE P2 1) 2400
ZH 11 284 CHNS/O Jo g /AT, Wl s A ) FH 4l S R 0%
HI77v2 0 Al 4344 /& SDTGAS000a %Y Tl /34T,
SR 1 2 R PR AR B

AAEMs ¥ 5 R F 95 18 51 & 45 R BR A W) A 77 1)
ELAN DRC-e B! B & 55 B TR iS4 (ICP-MS) i
ATIRE . K2 A/, 75 B0K [ RRE i s, RA
HGO08Z-8/10/12/16 24 vy 18 5 5 Be AU M AR XON R i 1B 4T
TH

RS AR 2 8 23 A R 7890B A AH (i
1%, FIH Agilent OpenLAB CDS ¥ {it4Ti547. FIHS
AHETE AT LA E S AR H Y CO, Hav CHy A1 CO FARNT
RS .

FRAAI ZH 53 0 2 128 F 22 A8 A =1 1) 19091S- 433U1
RS EIE RSB FUGERE 1 WL, MEREN
ImL/min, 21T 45 min. MS KRGS EN: IR
R FE 300 C, FFEEACN MM, sl 10:1,
B4R &= 10 mL/min.

1.4 RIEBIELIESE

DO R4 2 | TV T TR I = 4 A R
{4 SPSS (Statistical Product and Service Solutions), hiX
AN 22,0, WHEHEZ AN EEEZE ST T oM. 85
TGS TR PR FEAR TRIRVE, B XEE
EL i8N 95%.

2 #R5i1R

2.1 BRHER ERFEFFRIE =S RN M

PR et FRAEFFHLRS: =S R e 1 R
M1 T RLEH, BRUERTE, bR =S R AL
IR B IRESER, CPEEARW TR, W
SRR W, B2, MR, FRyEHt
R PRI TR E NS 290 CHEE A= RE R
49.67%, TMERYE-290 CHUEE AR mIE 68.50%,
ZFRE (P<0.05). XA T HA BRI e
HEE R M U ROE F AAEMSs FO B ERPY. BRUE)S, BEMLSE:
BEESE R, R SR AR = P 7= R AR SR = BTt
B, ERRTE-290 CHUREEFMT, SUE=ARAR =)
PRI N 17.67%F0 13.59%. (B2, BRWEIG LR < 4
PR =W 7= 2 T R AR LR e AT — & (9 LTt
R RN
2.2 FARFALIBIT ERFEFHFERIF T

PR 2 THAL HE HT J5 FOKRFEFF I Dok A oo R i 45
B 2 fam. WE 2 hafLUEH, XFHUE b EE,
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B & MR e, R EREHERED, BERS
MK S EARRII, 290 CHEEEEMLEL CS, #X
I3 B o BB AR 30.91%, [ i ik & A0 K 43 4 ol 3
hn151.32%41 50.25%, ZRMEARE (P>0.05). XA[IH
DR T 4 ot R R 2 T H A A FH A i 1 5 22
IR WIREH o ST PR TACER, Bl MR 2 s
PR fr R E R RES, WCS290 i CS [E1f
2.14%; [ 2 i & B4R - 21 SA, WCS290 AHLE CS
BN 20.24% (P<0.05); K& &%k LHFEN,
WCS290 itk WCS, ZRALZE (P>0.05).

=4 Semi-coke gz /A Liquid SN 544 Gas (JFikE CS)
E2f 4 Semi-coke ZAWEAA Liquid NN K& Gas (BRBEGHES: WCS)

722 Yield/%
A o ®
s & 3

[\
=1

(=]

230 260 290
LR S Torrefaction temperature/'C

B 1 B BREATRE =& F e Ra
Fig.1 Effect of acid-washing on yield of torrefaction products of
corn stalk

R2 MAMLBAIRERBHIULSHT. TRIFER
Table 2 Proximate analysis and ultimate analysis of corn stalk
before and after two-stage pretreatment

Tk #

¥4 Proximate analysis/%
Samples 74 Ay =
SV A BREC
CS 8221 3.02 14.77 4557 540 4829 074 0.79 1.42
CS230 7940 3.46 17.17 48.03 528 46.02 0.66 0.72 1.32
CS260 73.97 442 21.61 5032 5.11 4392 0.65 065 1.22
CS290 56.80 6.07 37.12 5623 498 3822 0.56 051 1.06
WCS  86.60 1.03 12.37 49.26 587 4455 032 068 143
WCS230 83.23 142 1421 50.11 571 4394 024 0.66 137
WCS260 82.14 149 1638 5091 5.62 4323 025 0.64 132
WCS290 80.45 1.79 17.76 52.82 5.52 4136 030 0.59 1.25
¥ A EHEREEA N, RPEIEBHLT T
Note: The oxygen content was determined by difference; Value in table were
calculated based on dry basis.

Wb, FRFEEEICERAAFREENEN,
Hp C JLEA O JLRABME N T WK 2 Faf LLEH,
XFFHERE AL, BEE MR 3RS, C LR & IR
T, O TETEM O/C 43 FEE/RLLIZHT FRK, 1XFKH
HERS AL FEEA AR 4T I B AR €S290 #IEL €S, C
JLER RN 23.39%, O JLER S &AM O/C 7 T EE/R L4
A 20.85%F1 25.35%, ZRMHEE (P<0.05), X1]
AR FRRr I i R 2R T KRN AR EE . BRI N,
AT KR HyO. CO,. CO £ 1 & b St 13221,
TP TAC S, BEE ORI iR, C uR &Rk
FEF S, WCS290 AL CS BN 15.91%, Z&H
B3 (P<0.05); O LEEEMO/C 7> FEE/RLLEEA L2
FEAiash, WCS290 ML CS, O JtE S EM O/C 4> 1B
IREEZY R BE 14.35%01 25.32%, 21 E3 (P<0.05).

TR T Ultimate analysis/%

C H (6] N O/C H/C

H R B FH TG, X2FENES H Jt& L HO.
CHsv CHe AR 2.
2.3 PRI IR =S R

PR 2% TRAL B K FEFT #0 il =257 R (W s an ] 2
fiim. BRIETIALTE Y J5, WCS B =27 F M CS #
il =3RRI AT T 10%. XTI RE AR
RRFRAFE > C-O Wi, “Perdiz. 4 LK =N
TSR AT, R R S AN R T A Ak e
HEECT 4%, FTREZE RN TR R o A IR
fif ]S () AAEMsY,

—a— S A Gas(FRYER{Before acid-washing)
&S AR Gas(FRYE S5 After acid-washing)

FEH Yield/%
w IS ©»
& & A

N
W
T

CS/WCS 230 260 290
#£5h Sample

B2 AATUEN ERBAARMZEZH = R0
Fig.2 Effect of two-stage pretreatment on yield of pyrolysis
products of corn stalk

ME 2 FRTLLE H, BEERGIRE T, BRbe- e
e £ A R R AR T RN R AR, A 7 AR AR T Y
We X AT CAUH R F RS I FE 3R A AT H . A8 IR B
Tt Ak S 0L B AR08 B T v v A W s 5 2270 (O, A
POb RS £, R BE-HE S ~F- £ I P it = 22 PR £ ok 7=
RGN A AT B NSz 8 WCS290 #HEL CS290, H
PRI 2RI T 127.66%, MR R T T 46.27%.
X AT AR AR e T AAEMSs, 0] 7 St fEdh 2F
i NS YNGR N g ol |1 ) A G . 3
1, (EHET AR 0 A AN TR R BT R
2.4 BPRIMCIBEITABES AR

PR 2% T AL B 0T T KRG T A A = A 2 4 1 R T
Bl 3 Fime M 3 HRaTRUEH, X TR T, B
RHR IS, CO R EME TR, CS290 Htk
CS TFE T 37.77%. XAJHART CO FE R A A 4R+
B ) BB DL & S8 T IR, A 4E AR & b
JR R B R IR PR, BB RS R R R, PR
AT CO, & EIZWIE N, CS290 AHEL CS BN T 40.01%.
XA AXT 500°C LA BRI #EERE, CO, AR EE S
KIFEH R, MR FEF A %R ST ERNT 2R
R T AR ESE, Wt Co, SEEF =P, CH,
5 H, K& EBA%, Bk ERAISEKESA.

X IR G- R AL B, A R IR E 2 5, COL CO,.
CH, 5 H, &2 RA RN ES . X RFNTER
VRIS ER T FORFEFT A S 3 8 A - )R
T 42 J Sl 4 i B (R dE5 K 70 R AR — R S L)
TEACAE R, B8 st < Y ot o o 73 X o e A A FH 8
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Before acid-washing ~ After acid-washing
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S
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w
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CS/WCS 230 260 290
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B3 AR B RBAF A IARE D 97k
Fig.3 Effect of two-stage pretreatment on pyrolysis gas
composition of corn stalk

2.5 FARFRLIBRIT AR RAE =R

THAL X TR F MR = P 4 43 B s o 1] 4
Fime ME 4 FRTDLES], P TIALHE B 2 1 20t 1 44
FEAR =N R, F B R TR & R eIt
[ FRAR T 325 RIS, MRS, BARMIS &,

CS Je MRS - F5 (1) AR ety #1005 A G 00 280 3 2 1 5
o X AREE RN AAEMs X [l 7K SN o Bk 4R S N K
AP I o A (R ER, A3 — L[] ok dn
YT B R BUR AR T P BRI AR EE 2 )
PG PR A X S IR E] 20.80%; HLEEME RS IR TH
PERE EAWHETE, WCS290 155 45.89%. X 7] AE &K
N AAEMs DURTR £k 8k DL I S5 T AP AE TR & L 4F
Yem I YeT iR 2 0], BRPEIFE+ AAEMs 8 HEAR,
SECT MRS TR, TERR T —FRA R S5 R, X
S B AR S AR TR BRI RS, Ak, pFgER
A2 F A8 FLAE F 2 BB 2R I AR e, B DU 22 e 55
KR HAER, R RS SR Ak A R S A A R BT,

CS MFRMERT=Wd, MR EER S, N
25.92%. XPHUREEE, BEAE MU, A
My EANWTE N, CS290 A% 47.32%. XA [K 8y
REECRIETARBREM R, A R AR & 2R
BT AW I W ERT-HRr e fE, BEHER IR
B, LI B RS IR RS, B WCS 1 18.42%
FAAR 2 WCS290 ] 9.76%. Mourant 251k AAEMs LL§5
B ARAAE TR R =G . RJER-AF4E R KR % -
N Ye R 2], O R X B S W A N TR
TGl . 1M AAEMs HIBiRR, (0751 0 555 % 7 FRAIC, i
TARBREMMASR, W9 7 KRR WIICTEE, SRk
1234 0] S

CS PR, BRISHXT & Bk 2] 20.79%
XPHERE AR AR Ve -Jb R AR, FLAIR T TR RS =R
JERS IR $2 = i AN RS,  C€S290 A1 WCS290 437l f& 2=
16.81%F1 6.31% o X /& KBRS 2 BRYE T2 A 4 R AN 4F
YEF IR, T AT B R v 2 4 o FORD 1 o ORI
ARURW AL« Hopth A 2 21 R G R SRR IR S 1 25 A7

fE—E R BT R, MRS SN /MBI EETT .

EcS cs230 NCS260

50 FEwesZZ4wes230 N WS 260838 WCS290

S

40

30

AT A 43 LL Relative peak area percent/%

85 os ) acs “‘ &;{e_
L S S g
& @ﬁ @)&' @)& oF %ﬁcﬁ‘
B4 WAL IS R FEAT AR 44569 %))

Fig.4 Effect of two-stage pretreatment on pyrolysis oil
composition of corn stalk
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AL TR T T AR KA G- B e P 2 TIAL EE X &
KFEFF RS PIHIR W, G580

1) B TIAL 2R R 0% A UM PR 1 il -4 08, % K.
Na. Mg iR HiA ] 97.53%. 81.38%. 84.86%; Al
I, K55 BRI 65.89%

2) P TAL IR RE 6% B R PRI O/C, H O/C Bt R5 IR
FERR ST AWHE: FRPE—290 CHERS A b T R AEATH
¥, O/C FEK T 25.32%.

3) FRE-IERS 2 AR AT LU RE £, SO T 7 SR BRI A
FEIR PRI A A T INGES . BRYE-290 CHLRE V- FAH
tt 290 CHERSAE, BRI T 127.66%, fifE
IRFZZTE T 46.27%. XK B P TALBEAH L L RS Tl b
L, BRIAE| 7RI, RS T R R,

4) P TR ER 2T T IR Y R 2R
&, PR TERAIREN G E. BRYE-290 CHUE: -
fiE i PR RS R IA 45.89%, TRy ANER 543 )
%4 9.76%F1 6.31%.
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Effect of two-stage pretreatment combined acid-washing with aqueous
portion of pyrolysisoil and torrefaction on pyrolysis characteristics of
corn stalk

Hu Zhichao, Mei Yanyang, Yang Qing”™, Wang Xianhua, Yang Haiping, Shao Jingai, Chen Hanping
(State Key Laboratory of Coal Combustion, Huazhong University of Science and Technology, Wuhan 430074, China)

Abstract: Torrefaction and acid-washing are both the pretreatment methods to improve the quality of biomass. Torrefaction
can remove oxygen in the biomass, and acid-washing can effectively remove alkali metals and alkaline earth metals (AAEMs).
Both oxygen and alkali metals and alkaline earth metals have effect on the quality and yield of pyrolysis oil. However, after
torrefaction, there are still a lot of alkali metals and alkaline earth metals remaining in the biomass. Therefore, it is necessary to
take appropriate pretreatment methods to remove alkali metals and alkaline earth metals. But acid-washing can not remove
oxygen from the biomass. Therefore, for improving the quality of biomass, torrefaction and acid-washing have some
limitations. At present, there are many researches on torrefaction and acid-washing, but the the coupling effect of the
torrefaction and acid-washing on pyrolysis characteristics is rarely reported. In this paper, a method of two-stage pretreatment
by acid-washing and torrefaction was proposed and the coupling effect of the torrefaction and acid-washing on pyrolysis
characteristics of corn stalk was studied. The acid liquor was taken from the aqueous portion of the pyrolysis oil from a
demonstration project. If the aqueous portion can be used for washing biomass, it is beneficial to increase the benefit of the
system and realize the internal circulation of industrial materials. The torrefaction temperature is 230, 260 and 290 C. It is
found that the AAEMs can be effectively removed by acid-washing, and the removal rates of K, Na, and Mg are 97.53%,
81.38% and 84.86%, respectively. Two-stage pretreatment can significantly reduce O/C ratio; compared to the original corn
stalk, the O/C of semi-coke with washing-torrefaction under 290 C reduces by 25.32%. Two-stage pretreatment can
obviously reduce the unfavorable effects of torrefaction on oil yield; compared to 290 ‘C torrefaction semi-coke, the oil yield
of semi-coke with washing —290 ‘C torrefaction increases by 127.66%. Compared to original corn stalk, there is still a 3.88%
increase in the oil yield. Two-stage pretreatment can significantly enhance the carbohydrate content in pyrolysis oil, while
reducing the content of phenols and acids. There is no carbohydrate in the pyrolysis oil of corn stalks and torrefaction
semi-coke. With the increasing of torrefaction temperature, the relative content of carbohydrate in the pyrolysis oil of
washing-torrefaction semi-coke gradually increases. For semi-coke with washing —290 °C torrefaction, the content of the
carbohydrate in the pyrolysis oil is 45.89%. The relative content of phenols in the pyrolysis oil of corn stalks is the highest,
reaching 25.92%. With the increasing of torrefaction temperature, the content of phenols in the pyrolysis oil decreases
gradually from 18.42% of sampling with acid-washing to 9.76% of sampling with acid-washing and 290°C torrefaction. For
straw without pretreament, the relative content of the acids in the pyrolysis oil is 20.79%. With the increasing of torrefaction
temperature, the relative content of acids in the pyrolysis oil of the torrefaction semi-coke and the washing-torrefaction
semi-coke decreases. For 290 C torrefaction semi-coke and the washing and 290°C torrefaction semi-coke, the content falls
to 16.81% and 6.31%, respectively. Contents of other chemical components such as ketones and furans reduce to a certain
extent, but there is a small increase in aldehydes content. On the whole, the two-stage pretreatment not only improves the yield
and quality of the pyrolysis oil, but also finds a good way for the use of the aqueous portion.

Keywords: torrefaction; straw; pyrolysis; acid-washing; alkali metals and alkaline earth metals



