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o ire ik, ARSI A @R & 17— Fh SPA JF
SR FH T 7 PR A i BT Jre AL Ak o 3 X HE A R
J& SPA VLRI NI RAL 73 M, RGEWETC T SPA Xt
PER TR ) o A S AR R

1 #MR5REZE

1.1 JE&} (Feed-stock)

WRIGHM A (poplar wood, PW) HX H i e 4 & A7+
BT, 8 A A S B A B 5T 97 345 2 100~250 pm #F
i, BT 105 C M PR RREAL, BRI
PR 1 frn. W50 H 85% iR . A JER) (quartz sand,

QS) FitEE L (diatomite, DE) 4T3 s MkAEL R
AMRAT . K2 10 g AR E TR S 85% BiR VA
R BUR S I SRS 1E 105 C T2 mE
ANAEFELE 500 C HEMEUF N BRE 2 h J515 34 b H [
7 1% R f# 1L 77 ( quartz sand-based solid phosphoric acid
catalyst, PS) o A [F) 2% At T~ il 4 10 ik v 1 ik ] 40l 1 fhe
. 77  diatomaceous earth-based solid phosphoric acid
catalyst, PD), HTXfHEortr. ASEH AL [FE KB 1)
TR I RIS R ] PS-PWy KRR,y AR AT
M5 MARRA G (14, 125 1, #lln PS-PW1/4
FORIE ARG 5K 1 R BR A 1:400,

® 1 HARBBARHEE

Table 1  Fuel properties of poplar
L4t Proximate analysis /% JLE AT Ultimate analysis /% )
y ey, ey #/H Heating value/
7)27} 3‘$7i)3\ [i] 5 i C H N O* (MJAkg*I)
Ash Volatile Fixed carbon*
4.43+0.06 76.69+0.28 18.88+0.33 47.49+0.47 6.03+£0.26 0.53+0.07 41.52+0.28 19.08

T TR, P TR,
Note: * by difference method; ® Dry base.
1.2 AL

ufe B R AN 1 s L AR e N
FEH N, 7R AT AR E . TEIEE
i AR OEEEE ARG, GRS
WSCHR [13] aBe i FE i, & SRR i 5 AR 7R 4 TR
G BRI E T BT . SR 2% N 18
N, SREAT R DGEREE R 285, BA 10 'C/min
() TH L R S B A I 500 °C,  FFRE 256 K 5
(AR AE N S S IX 38, ORHF %R BE 30 min DA R FAE 58
AT IR RE T, R ME BT SO # AR
HAaT B e BRI A G, i & AEL
BENVED M ARSI TR G, EESRLE
o WRIRAE WS, A=A A0 2 % IR S B AR &
AT A DL J5 8200 A RAE . A Ol 45 2R 1Y
ArEG M, FHRRHES 2~3 K.

R

Mass flowmeter

__________

TATEB R W

1 1

Component analysis : 200 ¢ :

of pyrolysis char - PWSPA :

g ERE . .

1 mﬁ 1

L T3

7y ' - - 1

) w0 ES -
M| (9) S ng, |
y 2 53

R 5 & @ & ] g | |

Temperature =9 [+ W 1 1

controller _‘ [ S S 1
J L .

e = B =0
— I s
. diece:
GCMS A THRAEE SRS S O
(Gas chromatography Two-stage Drying  Gas sample GC
and mass spectrometry) condensation device bag

e PWOARIA, SPA Jy[EABERR AL 7).
Note: PW: poplar, SPA: Solid phosphoric acid catalyst.

B 1 g ERS AT
Fig.1 Component analysis of pyrolysis char

1.3 YIS RIESE

KH X S 2 K R AT 5 (XRD, Rigaku/SmartLab
SE) Mg kS ¥ % (FE-SEM, FEI-Quanta
FEG 250) 43l i FH AT f5 SPA 1 &k 25 ¥4 1 3% 1 T
o MHSHEE (GC, B A60) MRS+ CO.
CO,v Hyv CHy Cy-Cy AR LU I 1H 543 B AH B 1S
= SR A, A A % B X ( GC-MES,
Agilent, 7890A/5975) Ff-454 NIST 2011 bR i 22 Mk AE
VI I . fE TR AT (Vario EL 11T, £ () il
EHERIITCER . A B R 4 2 bk (FTIR,
PerkinElmer Frontier) FTRAFAERFM I E A, 1XEEH0H
HEE Y 400~4 000 cm ™', 73 #E%E N 0.09 cm .

RIS Qg BT (1) 55

ans:ZaiX‘/i QD)

& ¢, ¥ H,» CO. CH,. C,H¢. C,H,. CH,. C;Hg#
C,H, MIHVE, HAE 5 %N 10.79. 12.64. 35.88. 64.35.
59.44. 56.49. 93.18 F1 87.61 MJ/Nm®, V, Jy*H M <Ak 4
SRR B, %.

AW SRR ) FAELAR 4 Sk [14] R (2
Fifs

0=-13675+0.3137C+0.7009H +0.0318 0*  (2)

KA C. Hy O NFEAEY R FRN TR I E 755
FERMPITZR Y (%) SWREABAT G AR EZE
TFEAAR, A NIRRT EABRMEE S, %.
R SPA TE SR ok #2 v i & ARk, IR IR OR BT
A G N
Cp
" (-G,
A CERPRMRE R, % C . ERTCHL, %;
C,, Wi C b, %: Y NERTZE, %.

Cr XY (3)
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2 GERE55H

2.1 EFBBRETIRRIE

I A Bof TR 2 T TEZ SR A AR 5 A I 2 PiTos o o b
R LI BN B AR, BERR BB b 5 O
JRBEIRHE B 45K, JF HALRRZS A B R agoR. R A
A 2 FLH B EAR B ZR A5 M, BRI BUIBUGR o A L B
IR S LR, Rl 23 EIRA LI S FLIREE R -

b. A LRSI [ R (A6 771
EEEFT=RAEd
b. PS SEM image

a. FrOERb I LT A
a. QS scanning electron microscope
(SEM) image

d. T ] PR R M AL
EEELLER A
d. PE SEM image

c. T B
c. DE SEM image

+8i0, * $i,0(PO,), *SiP,0,

! PS-PW1
=l I SR PS-PW1/2
A S PS-PW1/4
> v
gl s PD-PW1/4
é’ Rt Ay v v PS
il
=

L ss
10 20 30 40 50 60 70 80
20/°)
. XGTLATHT IS
e. X-ray diffraction spectra (XRD)
e QSN PS: A7 S A BEER AL PD-PW1/4: ek KL (5]
B AL S MR M B RABRECA 1:4; PS-PW1/4: A3 JERDJE [ AR 1R
AT S AR R RBIRLN 1:4; PS-PW1/2: i JEib 5 [ o8 BR 41 14771
EBARMREEBIRINY 1:2: PS-PW1: A4 SCrb JE [ AR BERR M40 7] S5 A
BRI 1:1. FR.
Note: QS: quartz sand; PS: quartz sand-based solid phosphoric acid catalyst;
PW: poplar; PD-PW1/4: the mass blending ratio of diatomaceous earth-based
solid phosphoric acid catalyst to poplar was 1:4, PS-PW1/4: the mass blending
ratio of quartz sand-based solid phosphoric acid catalyst to poplar was 1:4, PS-
PW1/2: the mass blending ratio of quartz sand-based solid phosphoric acid
catalyst to poplar was 1:2, and PS-PW1: the mass blending ratio of quartz and-
based solid phosphoric acid catalyst to poplar was 1:1. Same below.

B2 BRI EAE
Fig.2 Characterizations of the used SPA (solid phosphoric acid
catalyst)

2 N [E AR R 4L 5 /Y BET A1 NHy-TPD K AE 45
B ARSCHI % PD AL FIEL R AN 0.52 mYg, BRE
9 0.96 mmol/g, 5 LA SCRASE AL [9-15]. PS fE4LF
FLR AN 4.91 mYg, BREN 1.35 mmol/g, FHILRIHH

FER &5 5) PD I 9.44 f5 1 1.4 fiF o X AT LG4 7
SR B R PS BT HONBOA I FLERE M, RN 3L
MRVEA N F . XRY], ARSI REF, PS e
SR RO 5 R A AW K 731 B T A AR AL AR
WA Bl T IR42 5 52 P e vk

*2  BEASERHECTIRRAE

Table 2 Characterization of solid phosphoric acid catalysts

v B LA FLARIR TR [i7a s
"M Specific surface Pore volume/ Average pore  Amount of acid site/
Sample 2. -1 3, -1 : ol
area/(m™-g ) (cm’g ) size/nm (mmol-g ')
QS 491 0.015 11.78 1.35
DE 0.52 0.0015 9.74 0.96

XRD ¥ & % B PS Hi B SiP,0, Al SisO(PO,), %5 i 12
fE R RS, T PD U 32 EEAE R SiP,0,. RN 32 2
RS A R R LERE TR TR (2 ~ (D
SN T AN IR RR 2, S MBhgh B AT WL SR [9-16].
ARG PS B B R R AR 4k 32 BARILAE SiP,O, U
o B [ BEAR, AT RE A T SiP,0, [ SisO(PO,), I #: 1k
(7fE (6)) BR_FHKMILA (5FE (4) 1 (5) (Wil
JRED IR i 55 K Ui 2 Tl S ) A o

5Si0, + 6H;PO, < Si;O(PO,) + 9H,0 4
5810, + 10H;PO, < 5SiP,0, + 15H,0 (5
5S1P207 + 6H20 d SlsO(PO4)6 + 4H3PO4 (6)

2.2 [ERBEER LT3 AR = 7S PR R SN

Kl 3 8 PS HEALIER TRV S W (=72
SER. MLCERERE, PS EF FRVAREERIEIN T 18.8%~
28.2%, EVIHrERTCRE R SRR T 32.2%~
41.2%, HPBfEZE PS LB m s . amms,
PS {4k 38 1 g > SRS AR SR B T R R PR R T .
00 ] A Tl o R AT AR TR MR B S KR K A
WL R e B A BRI BT, g B 22 B WL IR e B 7
W T IR A AR R R A 4 SR T LT
FRIZ AR i i 7 A, AR ER R U S
PEBE/RET] SR AAEMSs J NP0, i T Hu 1 R
R DL S RS S R RN AR Y, AR Ak
RFFAG. WHECARFE TR PS A1 PD 1R R Pors e 45 51
ATCAR I, PD XA = R AT R, (E fER e
RRTFURARRE .

75 F

50 F

72K Yields/%

25 ¢

&
¢ ¢
fiE L7 Catalyst
B3 EMRBRERAE A T A AL AR 40 5 E
Fig.3 Catalytic pyrolysis product yield of poplar under the action
of solid phosphoric acid
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2.3 [EIACBEER AL 57 3 #A MR SR LE AR R R B RO $2 00

K 4 A AL IR S AR PR DA st SR . A EL R
R, PSHYER FHRBEA T COMRMIELIER T 27.1%~
32.4% HBE PS W N LLBIIE I 2 260 B Co, [k
FULLBE PS ¥ in Eb 7] 52 01 B BB 34 s CH, A AN LL FRAIG
6.9%~31.7%, H, W LEARIF HEE PS LLfl b A B & .
AN, B 4b £ CHyw CH,w CiHg Z5/N o TS B
JRFE R I B AR RS MHEEZ T, PD XJ#uig
K CO RFALLARTHY N 4.02%, H ARG BISK T PS.

. = H, =-CO, +CH, #fg
=- Heating value

f=)
=4

—CO Gy,

S84 Gas composition/%
IS
#h [t Heating value/(MJ-Nm 3)

fiEfL7 Catalyst

a.CO. H,» CO,. CH/&R! 5Lt
a. Volume proportion of CO. H,. CO,. CH,

20 ¢  GHg

= C,H,
mm C;H

m C.H,

050

S &40 4> Gas composition/%

| |
\\V

&g
R R &
O FF 8
45 Catalyst

b. C~Cy A F i Lk
b. Volume proportion of C,-C;

B4 ARk T 2 AAR T AR,
Fig.4 Composition of the main gas products from pyrolysis
experiments
P FEd, PS 1 SiP,0, Al SisO(PO,), R i@ T /K fif
T B 1 W R ST M AR ], X SRR S AR K T
MRS A E R R (WRE) RTYRCBERR R, ] 1R
BB Ae HITE SR R W CO, AR [RIR, [ AT

#*=3

g R AR VAL ST SAE R TS G, S48
Wk B =B A C-C. C-0 BERE, {4 5 2% 5
AR CO SR, ghah, TEHEREE I 5 H LS
T RAEZEERSL, 0] T B AN e 5 Ny TR R 1)
F4R, W T CH, I Co~Cy /N AR I A P,
2 PSRN LL B T 20 % B, PR AIAE (Qg) A
BT R REREIRT 5.6%~16.2%-
2.4 [EIBEER fE AL 57 3 A P 1 2E AR A 521

Kl 5 9 PS AL T B AR i A= Witk 26 4 AR B AR
e R ST AEMMA S Z AN, KB ARE .
TRAEY. BRI WA . By, Bk, Bk
e AR, BARERE 500 °C i AL i 2wy
(342%) « BEEAZE (27.1%) . B (123%) E5H
AR, AU ST WL STk [27-28]. PS fEALIEH
T, BRI S YIAR S R R E S, A& PS BiR
LA B 38 0 S 2t BT, AR R IR 2R A A A
X 2E i e i AT IA 88.6%. PD ERAR IR T Az )3 A kIR
FUEWREREE, EILBEREHEALT PS. & 3 ¥4
FUH T SRR G AR &, FEAREREE (2-
Furaldehyde j#% FF) . 5-FRRMEME . 3-Wkmg I . £k
FEMRIR ., 5-F H IEHEEE  (5-hydroxymethylfurfural HMF)
PAK D B, LR S SRS R sE
BERESR LK AE B, SPA FETSUH Rl P 20 23 i 5k 2F
YEF . PEFYER S Y I AR Hh R (4 25 K TF R
Ji A AN IR AL, R E FF A 3 A 0k IR 25752 400 F AR 55 B
BN, YUAN 25000 th 45 HH R 35 P R (e k4 4 3R 40 itk
FErh 3-OH M1 2-H A7 BRI MK RN, A R T 24E 55 %
1219 FF =1L .

100

Pw
g EZ2PD-PW1/4
g 80 ESIPS-PW1/4
g BEPS-PW1/2
o 60F EPS-PWI
z
=
& 40t 5
it
&1
' 20f
_Dé[
0 rﬂ..nnm‘l ﬂ 0o I'ﬂm_ i
EISPESELIEIBENEELYS
<=2 = £ 2 3 g
ﬂ«g < —i
G &
7 4IProduction

B 5 BERBEEL R B iR An b ) T 69 R AR A i R
Fig.5 Composition of poplar pyrolysis bio-oil under different
solid phosphoric acid and addition ratio

RRIEE S HIRE B &

Table 3 Relative contents of furan products

M5 & & Relative content/%

25 category

PW PD-PW1/4 PS-PW1/4 PS-PW1/2 PS-PW1
5- A B L 2-BRIHE % 5-Acetoxymethyl-2-furaldehyde - - 1.02211 0.6242 -
2-Z.k 3 Ethanone, 1-(2-furanyl)- - 2.1114 1.758 2.0917 1.662 1
3-$§i% 3-Furaldehyde - - - 58.380 1 -
5-HIJLPERS 2Furancarboxaldehyde, 5-methyl- 0.146 5 5.1674 8.294 8 11.9955 13.896 7
5-F MRS SHydroxymethylfurfural - - 12114 - -
FERE Furfural 4.1815 21.976 3 27.194 6 - 73.075 3
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AW TR Y SR AR R R AR R, SRR
FERER YD TR I S B, PS 1A T AL S A= il
R AR S B PR, (RIS BB T — AN R R 5 ) 1 Ty
Hr=W) . HEMSE T PS SR TH BRIE PR, s A dE 1 he R iy &5
PO 1) FE R ARG, 30 5 i 5 72 SR 488 i ) 48 SR A —
o LGSR AT LT3R (337
2.5 [EAHAER 16 b 35 X AR = 4014 R
2.5.1 BERAFLHR

KA NPIRFEIRITTER T A SRR Z 2

gL

ATLAE ., PSAEM TR H/C 1 O/C BE/R LA A A 2
FEXEm, HiZEAME PS SR LLE s in i 5, X (A
FRUGAIE 7 [ A B8 I Tl v 1 2 4] 5 8 e e N T ik N B
WEERIF, BEEERFF-OH S8R H/C A1 O/C ¥,
HIEE ML, PSIEH FRMBmMAHE RN T
40.6%~72.3%, H.BE PS ECf1 34 hn 2 b a3, X 55T
@ PS W T A BB 2L DL 2 -CH, C~Cs /N T
SARPIAE A FF . PD 1R A T B OR B 2 A bE R REA 3R T
6.8%, [ET SR B AT PS.

®4 RBERNTIUSH, BREZRURTESHT

Table 4 Ultimate analyses, carbon retention rates and ultimate analyses of pyrolytic char samples

e oy RIREES JLE M Ultimate analysis /% YA Heating value/
Sample Ash/% CR/% C H N 0 H/C orc (MI-kg 1)

PC 12.90 40.61 73.75 2.71 0.47 10.17 0.037 0.138 30.93
PD-PW1/4 47.13 4741 42.78 1.66 0.27 8.16 0.039 0.191 16.99
PS-PW1/4 41.03 57.12 48.07 1.35 0.37 9.19 0.028 0.191 18.72
PS-PW1/2 53.76 65.95 37.50 1.52 0.29 6.93 0.041 0.185 14.73

PS-PW1 63.52 72.28 26.19 1.19 0.23 8.87 0.045 0.339 9.47

i CR: BREREE; PCHIAJFEHMFEEER
Note: CR: Carbon retention rate; PC: Poplar wood pyrolysis char.
252 AR LIMER

K 6 PR IR I ZLAMEIE . PS AL 22k
R BRI MR B AALE, B 5T NHTI S B E RE
PS £ T £k 7 -OH F1-C=0 45 5 H (1 4R 20 i A BT ik 55
B, HAZZONEE PS NN BRI sE N o iz A g 5 [F
if-C=C LA L5 #F ik C-H {45k sl 5 fE s A3 89 . f2 T
1167 em " W R BEBRIAL B VDI RHAEIERY, %5 T C-O-
P 1 C-O MR, R MR RE T P ERAR] T
KRR LA AT 1130 om™" BT WA oF [0 1 98 o = A
BERR B0 (19-P=0 M 44BN, BEHE PS 53R LUl
i, £EHR T C-O-P Ml P=0 FIRFIEIE IR 38, 3t — DAk
B T WS A 5 RIS . FER C-O-P Ml P=O I
S [ A BEIR 151 LIS N T 4G5 . XRD S9RE0R, Bl
% PS UNANELBIRIIE N, A2t ICHLBRRR Eh (1 & B AR N
B, X SLAOEE A R, RUIRR T S ER
LG HIBESL, 3O M B LU LI £ 1B A7
TE . TEMEAL R R IR 13 B T 495 om ! HIE ¥ IEERT 1 Sii-
O EREHICT, T A JERE R A o OF T B, X —
BYSIE T PS KR ELHTE AR Si0, HRE & PEmEE 4] .

Jig s 42 e
Aliphatic hydrocarbons Aromatic hydrocarbon
CH _ cpa
R i L e
h : : —_—
PD-PWIN._ | ! NN siosi
PSPWIM | IR o ST
PS-PW 3 1 TN v
+

%12 2 Transmittance/%

Lot

4000 3500 3000 1500 1000 500
P K Wavenumber/cm™!

B 6 500 C ERBRERMEALA AMME ER = sl ik B
Fig.6 Infrared spectrum of solid products of poplar pyrolysis
catalyzed by solid phosphoric acid at 500 C

3 & i

AL % T P Se R R B AR B R AL ) (PS) JF

WHIE T H XA IR =) o3 AT S AL R RE e, EEEEE 1R
W

1) PS i Ab #5545 RS AR R 7= 3R R0 #E A BL
FESX FIBEAR T 32.2%~41.2% A1 27.1%~32.4%, SRJ5#
= CO PR AR EEJERERE I 27.1%~32.4%.

2) PS R HER T ALY b R IR 2 1) a1
HAZADHE] TR BRI R AE N ER. 7 PS 51
ARIBIRLL R 1:1 B, RIS i B 53 = T ik 88.6%

3) PS B A v PR 2R ] 5 R R K B AU RE
RN, BERE T RABERNIRE R, 78 PS
5®ARMBIRNEN 1R, AR KB 5w ik
72.3%.

4) FUERDHE SPA FE IR iy AV i R SR AL A P 1)
R DL S A R B AR R R 5 T, R B ER T &
W&+ SPA IRE.

(& % x W]
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Analysis of catalytic biomass pyrolysis by a novel solid phosphoric acid

ZHU Youjian** , LIU Diyu! , HUO Guangxin! , WU Lei' , LIU Huihui' , YANG Wei' ,
LI Yu!, XU Yonggui*, YANG Haiping>*

(1. College of New Energy, Zhengzhou University of Light Industry, Zhengzhou 450002, China; 2. International Joint Laboratory of
Ceramic-based New Energy Materials, Zhengzhou 450002, China; 3. Henan Collaborative Innovation Center for New Energy Vehicles,
Zhengzhou 450002, China; 4. Henan Science and Technology Exchange Center, Zhengzhou 450002, China; 5. State Key Laboratory of
Coal Combustion, Huazhong University of Science and Technology, Wuhan 430074, China)

Abstract: Pyrolysis can convert the biomass into pyrolysis gas, coke, and bio-oil. With the aid of pyrolysis, the biofuels can be
utilized to produce the high-value value-added chemicals. Recently, the phosphorous catalysts have been introduced into
biomass pyrolysis to produce the chemicals, such as levoglucosan, furans, and high-surface-area activated carbon. However,
most research has focused mostly on the directed preparation of bio-oil. It is still lacking on the effects of the solid phosphoric
acid on the biomass catalytic pyrolysis. This study aims to explore the catalytic performance of solid phosphoric acid in
biomass pyrolysis. A quartz sand-based solid phosphoric acid catalyst (PS) was also prepared using impregnation. A series of
experiments were conducted on the catalytic pyrolysis using poplar wood. A diatomaceous earth-based solid phosphoric acid
catalyst (PD) was also prepared for comparison. Firstly, the catalysts were characterized using BET, SEM, and XRD
techniques. A comparison was then made on the composition and morphology of the catalysts before and after the reaction. The
catalytic mechanisms were then determined during pyrolysis. Finally, the pyrolysis experiments were performed to investigate
the effect of the PS catalyst and its addition ratio on the yield and composition of pyrolysis products. The results showed that
the PS was reduced the yield of pyrolysis gas by 32.2% to 41.2%, compared with non-catalytic pyrolysis, while the yield of
coke increased by 18.8% to 28.2%. This trend was attributed to the cross-linking reactions between the phosphoric acid and the
macromolecular organic structures in the poplar wood. In terms of pyrolytic gas, the proportion of CO increased by 27.1% to
32.4%, whereas the proportions of CH,, CO,, and C,-C; decreased, leading to a reduction of 5.6% to 16.2% in the heating value
of the gas. Furthermore, the PS was has significantly enhanced the selectivity of furan compounds in the bio-oil. The relative
abundance of furan compounds reached 88.6%, when the PS-to-poplar wood ratio was 1:1. Although the PD was also enhanced
the selectivity of furan compounds in the bio-oil, its effect was significantly lower than that of PS. In terms of the char, the
carbon retention rate increased by 40.6% to 72.3% in the catalytic pyrolysis, compared with the non-catalytic pyrolysis. The
active species in the PS were formed C-O-P, C-PO;, and C,-PO, chemical bonds on the char surface after the cross-linking
reactions with the oxygen-containing functional groups of the biomass, indicating the inhibited cracking of side-chain
structures. In contrast, the PD was improved only the carbon retention rate by 6.8%, indicating the a much lower retention of
solid carbon, compared with the PS. The products were obtained from the solid phosphoric acid-catalyzed pyrolysis of poplar
wood. It was found that the PS exhibited the a strong selectivity for the furan compounds in bio-oil, indicating the great
potential to for the production of furans from biomass pyrolysis. Additionally, the PS significantly was improved the carbon
retention rate in char after cross-linking reactions with oxygen-containing functional groups. Therefore, the PS shared the
significant potential in the preparation of furan chemicals for the high carbon retention rate during biomass pyrolysis. These
findings can provide valuable insights into the new solid phosphoric acid catalysts and the high-value utilization of
lignocellulosic biomass.

Keywords: solid phosphoric acid; biomass; catalytic pyrolysis; carbon retention
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